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Abstract The Yusufeli area, in the Eastern Black Sea
Region of Turkey, contains a crystalline complex that
intruded into the Carboniferous metamorphic basement
and is composed of two intrusive bodies: a gabbro-dio-
rite and a tonalite-trondhjemite. The mafic body (45—
57 wt% Si0O,) displays a broad lithological spectrum
ranging from plagioclase-cumulate to quartz diorite.
Primitive varieties of the body have Mg-number, MgO
and Cr contents that are close to those expected for
partial melts from mantle peridotite. Data are consistent
with the magma generation in an underlying mantle
wedge that was depleted in Zr, Nb and Ti, and enriched
in large ion lithophile elements (K, Rb, Ba, Th). How-
ever, high Al,O3, CaO and generally low Ni (<65 ppm)
contents are not in agreement with the unfractionated
mantle-derived primitive magmas and require some
Al,O3- and CaO-poor mafic phases, in particular, oliv-
ine and orthopyroxene. Absence of orthopyroxene in
crystallization sequence, uralitization, and a common
appearance of clinopyroxene surrounded by hornblende
imply an anhydrous phase fractionated from highly
hydrous (5-6%) parent. Geochemical modelling sug-
gests derivation by 15-20% melting of a depleted-
lherzolitic mantle. The tonalite-trondhjemite body (58—
76 wt% Si0,) ranges in composition from quartz diorite
to granodiorite with a low-K calc-alkaline trend. Al-
though LILE- and LREE- enriched characteristics of the
primitive samples imply a metasomatic sub-arc mantle
for their source region, low MgO, Ni and Cr concen-
trations rule out direct derivation from the mantle
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wedge. Also, lack of negative Eu anomalies suggests an
unfractionated magma and precludes a differentiation
from the diorites of mafic body, which show negative Eu
anomalies. Their Na enrichments relative to Ca and K
are similar to those of Archean tonalites, trondhjemites
and granodiorites and Cenozoic adakites. However, they
exhibit important geochemical differences from them,
including low-Al (<15 wt%) contents, unfractionated
HREE patterns and evolution towards the higher Y
concentrations and lower Sr/Y ratios within the body.
All these features are obtained in experimentally pro-
duced melts from mafic rocks at low pressures
( £ 5 kbar) and also widespread in the rocks of arc
where old (Upper Cretaceous or older) oceanic crust is
being subducted. Major and REE modelling supports
formation of the quartz dioritic parent to the felsic
intrusive rocks by 70% partial melting of a primitive
gabbroic sample (G694). Therefore, once taking into
account the extensional conditions prevailing in the
Pontian arc crust in Early Jurassic time, former basic
products (gabbros) seem to be the most appropriate
source for the tonalite-trondhjemite body. Magmatic
emplacement of stratigraphically similar lithologies in
the Pulur Massif, just southwest of the Yusufeli, was
dated to be 184 Ma by the “°Ar/*Ar method on
amphibole, and is compatible with the initiation of Early
Jurassic rifting in the region.

Keywords Low-K bimodal suite - Trace elements -
Crystallization conditions - Subduction - Rifting -
Emplacement - Demirkent intrusive complex -
Yusufeli-Artvin - Eastern Pontides - Turkey

Introduction

Palaeozoic rocks in the Eastern Pontian arc occupy
nearly 10% of the whole area, mainly on the southern
flank of the arc, and are conventionally known as a
Hercynian or a Palaeozoic basement. The regionally



metamorphosed gneisses and schists are the dominant
rock types in the basement. Minor constituents include
mafic/ultramafic to felsic rocks that intruded into pre-
existing metamorphic suites. Comparison of the geol-
ogy, geochemistry and petrogenesis of these intrusive
rocks show that they are separable into two groups in
terms of their source areas, age of formation and stress
conditions affecting the crust during their emplacement.
The first group is the medium- to high-K granitoids,
such as the Giimiighane granitoid pluton (Yilmaz 1972;
Cogulu 1975) and the Kose granitoid pluton (Bergou-
gnan 1987), which are relatively abundant and larger
than the mafic/ultramafic intrusions and formed during
the Hercynian orogeny. The other group is the low-K
bimodal suites found in Upper Palacozoic metamorph-
ics, such as the Pulur Massif, south of Bayburt (Topuz
2002), and the Yusufeli-Artvin metamorphics (Dokuz
2000), as cross-cutting relatively small intrusives, which
formed during the Early Jurassic arc rifting.

Although all the intrusive complexes cutting the
metamorphic basement generally have been evaluated as
the subduction products formed in the overlying volca-
nic arc during the consumption of Paleo-Tethyan ocean
floor, there are also considerable disagreements con-
cerning the petrogenetic and geodynamic evolution of
these rocks. The Demirkent intrusive complex from the
Yusufeli area has played an important role in model
studies concerning the Late Palaeozoic to Early Jurassic
geological history of the Eastern Pontides. These crys-
talline rocks and stratigraphically similar lithologies in
other domains (e.g. Kelkit and Sinop-Daday areas) were
included in an oceanic assemblage and have been
interpreted as being remnants of Permian-Triassic Pa-
leo-Tethys (Sengor et al. 1980; Sengoér and Yilmaz 1981;
Yilmaz et al. 1997). Moreover, Adamia et al. (1995)
named these crystalline rocks as Ahalt massif and sug-
gested that clinopyroxenes of gabbros and diabases have
been strongly uralitized and that their bulk composition
corresponds to oceanic basaltic and plutonic rocks with
a very distinct tholeiitic trend. In addition, tonalites and
trondhjemites of the complex have been interpreted as
plagiogranites due to their low K,O contents. On the
other hand, Konak and Hakyemez (1996) have sug-
gested that there is no similarity to sheeted-dike com-
plexes of the ophiolite suite, although they named the
same rocks as Demirkent Dike Complex. They also
proposed that these rocks are of tholeiitic composition,
have an island-arc character, and were developed in a
paleo-subduction zone. In addition, mafic and ultra-
mafic parts of these crystalline complexes have been
interpreted as Alaskan-type cumulative ultramafic rocks
including biotite and hornblende, forming the root of
the Eastern Pontide magmatic arc (Bektas and Giiven
1995). It is therefore clear that the determination of the
major and trace element characteristics of the crystalline
rocks found in the basement is crucial to find out in
which tectonic environments these rocks formed and to
understand of the Late Palacozoic to Early Mesozoic
tectonic history of the Eastern Pontides in general.
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When considered together with the other pre-Jurassic
crystalline rocks, further study of these crystalline rocks
is critical to test radically different models of Paleo-
Tethyan evolution and to understand petrogenetic pro-
cesses accompanying the formation of these two differ-
ent generations.

In this paper, we report for the first time the petro-
logic, geochemical and field characteristics of the Early
Jurassic Demirkent intrusive complex. The well-pre-
served magmatic fabrics and mineralogy of the mafic
and felsic rocks with their mineral analyses permit pos-
tulation of crystallization sequences and estimates of
emplacement depths.

Summary of the basement geology of the Eastern
Pontides

The Eastern Pontides form a 500 km long and 100 km
wide mountain chain along the southeastern coast of the
Black Sea (Fig. 1). The Eastern Pontides are well known
as one of the best-preserved examples of a paleo-island
arc of the Late Palaeozoic age (Akin 1978; Sengdr and
Yilmaz 1981; Akincit 1984; Okay and Sahintiirk 1997
Yilmaz et al. 1997). The pre-Jurassic basement is ex-
posed in only a number of small isolated areas and has a
limited range of rock types in the Eastern Pontides.
Tokat Massif, situated in the westernmost part of the
Eastern Pontides, has the largest exposure. The other
basement outcrops are, from the west to the east,
Agvanis Massif, Glimiighane-Bayburt metamorphics,
Pulur Massif and Yusufeli-Artvin metamorphics. All the
massifs display broadly similar geological features and
may be regarded as the basement to the post-Triassic
rocks. Rock types of these basement units can be
grouped mainly into two: a medium to high-grade
metamorphic complexes of Carboniferous age, and a
cutting pre/Early Jurassic granitoid complexe.

The metamorphic complexes vary mineralogically
and texturally from quartzo-feldspatic gneiss (Yilmaz
1972; Tanyolu 1988; Okay 1996; Dokuz 2000; Topuz
et al. 2004) to metabasite (Alp 1972; Okay 1984; Akti-
mur et al. 1992) in Eastern Pontides. Sm—Nd garnet-
whole rock age of 330 Ma for the mesocratic gneisses
and *°Ar/*’Ar muscovite age of 314.9+2.4 Ma (and
Rb-Sr muscovite age of ~315 Ma) yielded for the peg-
matites have been suggested as the time of peak and
cooling metamorphic conditions, respectively, of the
Massif (Topuz et al. 2004).

Pre/Early Jurassic granitoid complexes are repre-
sented volumetrically in high proportion by Early Car-
boniferous to Permian granitoid plutons lying on the
southern flank of the Eastern Pontides. Although they
include a variety of granitic rocks with a medium-K calc-
alkaline trend, hornblende-biotite granodiorite and ad-
amellite make up the main bodies of the plutons (Yilmaz
1972; Bergougnan 1987). The Giimighane granitoid
pluton approximately dated to be 298-338 Ma by the
whole-rock Pb isotope method (Cogulu 1975), whereas
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Fig. 1 Simplified geological map of the Eastern Black Sea region
(after the geological map of Turkey with a scale of 1/500,000, MTA
1961) and the location of the area mapped in detail. /nset shows the

the Kose granitoid pluton has yielded a well-defined
earliest Carboniferous (360 £2 Ma) Rb/Sr isochron age
(Bergougnan 1987). Another type of granitic intrusion
associated with the metamorphic basement of the East-
ern Pontides is a bimodal intrusive suite, but such
intrusive bodies are much smaller and low-K gabbro-
trondhjemitic in character (Dokuz 2000), and seem to be
younger than the medium to high-K Carboniferous
granitoids. A mafic to ultramafic complex intruded into
the metamorphic rocks of the Pulur Massif, southwest of
Bayburt, has yielded a well-defined Plateau age of
184.2+4.4 Ma (Early Jurassic) by “°’Ar/°’Ar method on
amphibole (Topuz 2002).

Geology of the Yusufeli area basement rocks

The Yusufeli area is located about 75 km south of
Artvin, at the eastern end of the Black Sea. There are
numerous studies of the investigated area along the
Sarp-Artvin-Erzurum traverse, carried out by the Gen-
eral Directorate of Mineral Research and Exploration
[Maden Tetkik ve Arama Enstitiisi (MTA)]. These
investigations were aimed principally at the mapping of
the areas. The area has been further mapped (Fig. 2) and

tectonic units of Turkey with the location of Eastern Pontides in it.
P pontides, 4 anatolides, T taurides and BF border folds (from
Ketin 1966)

investigated in detail more recently by Konak and Ha-
kyemez (1996) and Dokuz (2000).

The Yusufeli area is one of the very few areas com-
prising both the Hercynian crystalline basement together
with the Early Jurassic bimodal intrusives and the
Jurassic to Middle Eocene sedimentary cover. Litho-
logically, the basement seems to be a northeasterly
extension of the Pulur Massif, southwest of Bayburt,
elongated in a NE-SW direction and including the
metamorphic rocks of Yusufeli area. Dokuz (2000) first
studied the geology of the region in detail (Fig. 2). Rock
types of the basement are quite similar to those of the
basement geology of the Eastern Pontides. The oldest
unit in the crystalline basement, named the Karadag
metamorphics, is composed of lithologically varied
schists, gneisses and metabasites. All these rocks have
generally medium to strong schistosity and in some
places gneisses show ptygmatic structure and migmatitic
texture. Some parts of the metamorphics have been
extensively mylonitized. There is no age determination
for the metamorphics. As for metamorphism age, the
Middle Carboniferous age is assigned to the metamor-
phics on the basis of analogy to the high-grade meta-
morphics of the Pulur Massif (Topuz et al. 2004). These
crystalline metamorphics were cut first by an Early
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Fig. 2

Detailed geological map of the Yusufeli (Artvin) area including locations of the analysed samples (after Dokuz 2000)
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Jurassic mafic intrusive. This mafic intrusive body has an
area of 30 km? and an elliptical shape with NE-SW
trending long axis and lithologically ranges from pla-
gioclase-cumulate to quartz diorite. All these lithologies
show gradational transition to each other with textural
transformations.Textural transitions and transfor-
mations are best shown between the gabbros and gab-
bro-pegmatites in the field in decimetre scale. The
metamorphics and the mafic intrusion were later cut by
two felsic intrusives, which are made up mainly of ton-
alite, trondhjemite and subordinately quartz diorite and
granodiorite. They cover areas of about 2 and 20 km?,
respectively, and the latter was emplaced nearly into the
central part of the mafic intrusion. As a result of this, the
mafic intrusion took a concentric appearance sur-
rounding the felsic intrusion. The felsic intrusion has

also a linear shape elongating in the same direction as
the mafic intrusion and an extremely straight linear and
a vertical contact with the mafic intrusion along the
northeastern boundary. In places, dikes of the felsic
intrusion alternate with wall rocks of the mafic intru-
sion; but this pattern does not occur throughout the
entire intrusive complex as implied in prior studies
(Konak and Hakyemez 1996). This structure, probably
indicating the importance of structural elements during
the emplacement of the felsic intrusion melt, was in-
tensely developed only along the northern and the
southern margins of the felsic intrusion. It differs from
sheeted-dike complexes in the spacing of the dikes within
a country rock. Strikes of these dikes are largely parallel
to the general direction of long axis of the intrusions.
In many places, fragments of the wall rocks can be
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observed as isolated bodies or mega inclusions in the
dike system. In some places, especially at the junction of
the Coruh and Tortum Rivers (Fig. 3), the wall rocks of
the mafic intrusion are cut irregularly by veins branching
from the felsic dikes in various directions. Their age of
emplacement into the metamorphic basement can be
evaluated as Early Jurassic because of their elaborate
similarity to those dated as being 184+4.4 Ma in the
Pulur Massif (Topuz 2002). All the basement rocks were
thrusted over the unconformably overlying Mesozoic
cover units along their northwestern boundary during
the Cenozoic compressive events.

Analytical procedure

Over 100 samples from the Demirkent intrusive complex
outcrops were collected. Of these, 36 samples have been
analysed. Bulk-rock chemical compositions of the sam-
ples were determined by inductively coupled plasma-
mass spectrometry (ICP-MS) at the commercial Acme
Analytical Laboratories Ltd. in Vancouver, Canada. In
the ICP-MS analyses, a 0.2 g aliquot was weighed into a
graphite crucible and mixed with 1.5 g of LiBO, flux.
Crucibles are placed in an oven and heated to 1,050°C
for 15 min. The molten sample is dissolved in 5% HNO;
(ACS grade nitric acid diluted in demineralized water).
Calibration standards and reagent blanks are added to

Q

% samples of
the small intrusion

+ samples of
the large intrusion

A P

Fig. 3 Modal Q-A-P diagram showing the location of represen-
tative points for the felsic rocks of the Early Jurassic Demirkent
intrusive complex in the field of quartz diorite, tonalite and
granodiorite according to the Streckeisen (1976) classification. Kd
quartz diorites, 7 tonalites (and trondhjemites), Gd granodiorites,
and G granites. Arrows show typical differentiation trends (after
Lameyre and Bowden 1982) for various magmatic series: tholeiitic
(TH), K,O-poor calc-alkaline (a), intermediate K,O content calc-
alkaline (b), K,O-rich calc-alkaline (¢), and alkali (d). The
representative points for the felsic rocks of Early Jurassic
Demirkent intrusive complex closely follow a K,O-poor calc-
alkaline trend

the sample sequence. Sample solutions are aspirated into
an ICP emission spectrograph (Jarrel Ash Atom Comb
975) for major oxides and certain trace elements (Ba,
Nb, Ni, Sr, Sc, Y and Zr), while the sample solutions are
aspirated into an ICP mass spectrometer (Perkins-Elmer
Elan 6000) for determination of the trace elements
including rare earth elements. Accuracy for major ele-
ments is 2% and for trace elements 10%.

Mineral analyses were carried out with a five spec-
trometer CAMECA-SXS51 electron microprobe equip-
ped with five wavelength-dispersive spectrometers and
an additional Si—Li detector (Oxford Instruments) at the
Mineralogical Institute of Heidelberg University. Natu-
ral and synthetic oxide and silicate standards were used
for calibration before each measurement session. Stan-
dard operating conditions were a 15 kV accelerating
voltage, 20 nA beam current and 10 s counting times for
all the elements except for those in feldspars. A beam
size of 1 pm was used in analyses except for plagioclases.
Feldspar analyses were conducted on a beam size of
~10 um to minimize the alkali loss due to volatilization
and to integrate microperthitic lamella. Raw data were
corrected for matrix effects with the help of the PAP
algorithm (Pouchou and Pichoir 1985) implemented by
CAMECA. Detection limits are generally in the order of
0.1 wt% of the element under consideration.

Results
Petrography and mineral chemistry

The petrographic names of rocks of the Demirkent
intrusive complex presented below are based on modal
mineral composition obtained by point counting. The
mafic intrusion grades from gabbro to quartz diorite but
gabbro (more common) and diorite constitute the main
body. The rocks of the felsic intrusion vary from quartz
diorite to granodiorite (tonalite the most common) in
the classification of Streckeisen (1976) (Fig. 3) with a
K,O-poor calc-alkaline trend (Lameyre and Bowden
1982). As the quartz diorites dominate the small intru-
sion, and more than half of the modally tonalitic sam-
ples of the large intrusion have K-feldspar and colour
indices less than 10%, the general characteristic of the
intrusion is trondhjemitic. Representative chemical
compositions of clinopyroxene (cpx), hornblende (hb)
and plagioclase (pl) are given in Table 1.

The mafic intrusion

The mafic inrusive rocks are generally composed of pl,
cpx, hb and magnetite with subordinate apatite, k-feld-
spar (k-fs), quartz (q), epidote = rutile +ilmenite. Of
these minerals, only pl occurs as cumulus (Angs 76),
while cpx and hb form the intercumulus phase in pla-
gioclase cumulates. Pl crystals, with some needle-shaped
laths (An;_g;) within cpx, are unzoned or weakly zoned
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| em 22 o in plagioclase cumulates, whereas the amount of zoned
=2 | 2223 ¢ pl is greater in non-cumulate gabbro, diorite (Anj4 4¢)
and quartz diorites. Cpx, with a composition of diopside
- - e in gabbros and diopside-hedenbergite in diorites, was
5l_s|=8gaz8 commonly mantled by hb and is poikilitic, with inclu-
E|RE | memees sions of generally needle-shaped pl, in plagioclase
§ cumulates. It was generally altered to hb and chlorite in
%’ 2 lze IR4 5 increasing proportions from rim to core and Fe—Ti oxide
ElEE |ss=28kz along the cleavages of grains. Hb is the main ferro-
magnesian mineral in all the rocks of the mafic intrusion.
o oo Generally, it is present as subhedral primary magmatic
_¥ | 2853233 minerals and as subsolidus reaction products after cpx in
AR esaras decreasing proportions towards the centre of the crystal.
Locally, transformation to fibrous actinolitic hb is also
% ca NRS o Widqspread. Primary Fef"l?i o?gides occur in small to
A | sSRR2c medium aggregates. Apatite is a relatively common
accessory mineral shown as rod-like inclusions. Q and
o - —n k-fs occur as interstitial aggregates in quartz dioritic
_B8|188gxxd samples, which volumetrically constitute the least com-
ARl ee=TTd mon lithology.
2| _B|zadxfq The felsic intrusion
E|EE | SS88F -
; The rocks of the felsic intrusion are composed essentially
3 2|gs § i E S of pl_, q and va}riable amounts of k-fs, hb and biptite (bi);
Olar | SsarRaAs apatite and zircon are accessory minerals with some
magnetite whereas secondary minerals are represented
o e by chlorite, epidote and sericite. Al.l the pl grains are
=5 |22 S 2 str_ongly zoneq; the cores of these grains vary from Anyg_
60 In quartz diorites (modal nomenclature) and Ang,_s
in trondhjemites. These compositions grade gradually to
@ = 253 % Anz.s,.lg and. to Ansg 12, respectively, in thg .rims. Pl
EO | Sss8F 8= exhibits variable degree of alteration. Sericite and,
occasionally, epidote occupy the pl in decreasing rates
£ “ - oo from the centre to rim. K-fs is perthitic orthoclase (Orgs_
S _5|8=grre g4) In composition and occurs as interstitial grains in
AlIED |es=—=s nearly half of the trondhjemite-tonalite samples. Hb,
with a magnesio-hb composition, is the main mafic
§ "o 58 S mineral in quartz diorite to tqna!itic samples. Alteration
O | cS288s of hb to chlorite and actinolite is uncommon in quartz
diorite and tonalite but common in trondhjemite and
_g - oo granodiorite. Bi is the second order mafic component in
S0 |=823%¢ these rocks. Unaltered bi with an annite Fe/
Olal |sssvns (Fe+Mg)=47-49, and phlogopite Mg/(Fe +Mg)= 51—
53 compositon is scarce and is found only in quartz
2| ac8e dioritic to tonalitic samples. They are generally chlori-
=5 | 22g¢eas tized and oxidized along their cleavages.
x|l 888 .. .
o | E Hl22Sz=2 ~ P-T conditions of crystallization
S “o
E E‘; The intrusions discussed in this study contain hb and pl,
G LR < which can be used to constrain the P-T conditions of
EIEO | SSq&R&S < crystallization. The method of Al-in-hb barometry of
s Anderson and Smith (1995) was utilized to deduce the
02 I pressure at which the magma crystallized. The total-Al
gE QS o |H content of hb is a function of both pressure and tem-
A aAll<<o | = perature. The Anderson and Smith (1995) calibration

Table 1 (Contd.)



has an advantage over the other Al-in-hb barometry
calibrations of Hammarstrom and Zen (1986), Hollister
et al. (1987), Johnson and Rutherford (1989) and
Schmidt (1992), as it considers the effect of temperature.

In spite of the fact that the mafic intrusion has suit-
able mineral assemblage to obtain quantitative P-T
estimates, low temperature subsolidus alterations is
widespread, in particular along the rims of the minerals.
A common example is the late-stage alteration of hb
rims to actinolite, which, if undetected, will result in
anomalously low pressure estimates. Pressure conditions
of hb crystallization is calculated to be 2.0-2.5 kbar for
the selected unaltered hb analyses from gabbros (Ta-
ble 2), with lower estimates from the diorites (Table 2),
demonstrating low pressure conditions for the crystalli-
zation and implying a shallow depth of emplacement for
the mafic intrusion.

The felsic intrusion with the mineral assemblage pl,
hb, k-fs, bi and magnetite resembles those calcic plutons
of Hammarstrom and Zen (1986), which are suitable for
estimating crystallization pressures by using Al-in-hb
barometry. Crystallization temperatures were calculated
from coexisting hb and pl, using the hb-pl thermometer
recommended by Blundy and Holland (1990) for quartz-
bearing assemblages. The results are shown in Table 2.
Accordingly, the P-T conditions of crystallization for
the felsic intrusion were estimated to be 700-750°C and
1.5-2.0 kbar. Some rim compositions of the hb yield
estimates of 0.3-0.5 kbar, which may indicate an
extensional or a transtentional condition in the crust
during crystallization and/or may have also been caused
by some subsolidus transformation to actinolitic hb.

Geochemistry
The mafic intrusion

The mafic rocks are characterized by an extended range
of silica (46-58 wt% Si0,), alumina (15-23 wt%
Al,03), magnesium (3-10 wt% Mg0O), Cr and Ni (Ta-
ble 3). K,O, Na,O and Sr contents are relatively low
through the range of composition. In the variation dia-
grams of SiO, versus K,O (Fig. 4a) and total alkali
versus silica (Fig. 4c¢), the samples scatter along the low-
K and subalkalic sides, respectively (Wilson 1989; Pec-
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cerillo and Taylor 1976). They have moderate iron
enrichments with their Mg-numbers (MgO/MgO + FeO)
ranging from 0.31 to 0.75. On an A-F-M ternary dia-
gram (Fig. 5), the rocks lie in the transition between
tholeiitic and calc-alkaline character (Irvine and Baragar
1971). On the FeO'/(FeO'+MgO)-SiO, and Al,O5—
CaO-MgO diagrams (not shown), all of them grouped
in the field of mafic cumulates of Coleman (1977).
Harker diagrams show clear trends for the most major
and trace elements (Fig. 4). Al,O3, CaO, MgO, Fe,0s,
Sr and Sc all show strong negative correlation with SiO,,
whereas Na»O, Zr, Y, Nb and Ce show strong, and K,O
and TiO, show poorer positive correlations.

Figure 6 indicates that all the rock types of the mafic
intrusion have depletion in high field strengh trace ele-
ments (HFSE), such as Nb, Ta, Zr, Hf and Ti. They
show enrichment in large ion lithophile elements (LILE),
but some gabbros have low concentrations of U and Th
relative to K and Ba. Sr is compatible in plagioclase
(Bindeman et al. 1998) and consequently the positive Sr
anomaly is in first approximation a function of the
amount of plagioclase. Diorites are characterized by
negative Sr anomalies in agreement with negative Eu
anomalies, indicating possible plagioclase fractionation.

Chondrite-normalized REE diagram of the gabbroic
and dioritic rocks (Fig. 7a) shows flat patterns, with
values of La,/Lu, from 1.48 to 5.37. Total REE abun-
dances increase from gabbros (3x chondrite) to diorites
(30x chondrite) and correlate positively with decreasing
MgO. Gabbros have higher alumina (18-23 wt% Al,O3)
values and show positive Eu anomalies. This confirms
the presence of some cumulus plagioclase as observed in
thin sections. The magnitude of negative Eu anomaly
gradually increases whereas Al,O; content decreases
towards the diorites and quartz diorites as the cumulus
plagioclase decreases.

The felsic intrusion

The quartz diorite samples are metaluminous, with
values of alumina saturation index [(ASI: molecular
AlLO3/(CaO + Na,O +K,0)] ranging from 0.91 to 1
(Table 3). The tonalite to trondhjemite samples are
metaluminous to marginally peraluminous with ASI
values from 0.87 to 1.16 (Table 3). In the total alkalies

Table 2 Comparison of results of various Al-in-hb geobarometric calibrations for representative analyses of hornblende from the tonalitic
and gabbroic sample of the Demirkent intrusive complex, Yusufeli area, Eastern Turkey

Analysis Rim Centre Rim Centre Centre Rim Rim Centre Rim Rim Centre
Al pfu 0.93 1.15 1.06 1.21 1.23 0.87 1.11 1.18 0.98* 1.02% 1.33%
Estimated temperature Estimated pressure (kbar)

Blundy and Holland 9990) Anderson and Smith (1995)

At 700°C (T'=800°C”) 1.2 2.2 1.8 2.5 2.8 0.9 2.1 24 1.3 1.5 29

At 725°C (T=825°CP) 0.96 1.9 1.7 2.2 2.5 0.7 1.8 2.1 1.0 1.2 2.6

At 750°C (T=850°C") 0.6 1.6 1.2 1.8 2.1 0.3 1.4 1.7 0.6 0.8 2.1

Al pfu Aluminum per formula unit
“Hornblende analysis from a gabbroic sample
°Crystallization temperature for the gabbroic sample
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Table 3 Bulk-rock compositions of the mafic and felsic intrusive phases of the Demirkent intrusive complex

Sample (wWt%) G499 G503 G504 G515 G518 G607 G612 G621 G624 G625 G630 G633

Si0, 50.17 4735 4831 575 4707 4688 464 50.57 5226 54.65 5423  49.06
TiO, 2.34 0.22 0.42 0.78 2.54 0.22 0.75 2.32 0.78 0.72 0.93 0.73
AlLO; 15.3 2266 214 1746 1592 2288 2056 149 18.7 1791 1838  15.71
Fe,05 4.70 1.84 1.75 1.85 5.30 1.80 3.06 4.04 2.11 2.61 2.82 2.37
FeO 7.87 3.22 3.90 3.29 9.08 3.17 4.70 8.53 4.67 4.40 4.66 6.25
MnO 0.2 0.07 0.09 0.09 0.19 0.08 0.12 0.19 0.11 0.17 0.13 0.15
MgO 4.0 5.41 5.29 3.55 4.64 5.79 6.11 4.75 6.06 5.34 3.81 8.15
CaO 6.78 1508 1428  6.61 8.7 1297 1285 791 8.73 7.62 7.51 11.3
Na,O 4.19 1.9 2.08 5.73 3.49 1.56 2.28 4.29 3.43 3.58 3.86 2.9
K,0 0.56 0.08 0.1 0.68 0.58 0.81 0.1 0.36 0.65 0.95 1.26 0.13
P,0; 1.42 0.01 0.01 0.1 0.06 0.04 0.03 0.25 0.23 0.1 0.21 0.06
LOI 2.2 2.0 2.1 1.3 1.3 2.9 2.0 1.2 2.1 1.8 2.1 3.2
Mg# 0.34 0.63 0.58 0.52 0.34 0.65 0.56 0.36 0.56 0.55 0.45 0.57
(ppm)

Rb 6.5 1.6 5.3 11 9.0 2.0 4.0 8.0 17.8 8.1 24.4 6.0
Ba 142 40 97.2 279 141 199 29 133 1392 1517 227 48
Th 2.8 0.1 0.2 NA 1.0 0.4 NA 2.2 2.2 8.0 1.9 NA
8] 1.2 0.05 0.06 NA 0.2 0.1 NA 0.3 0.4 1.2 0.5 NA
Nb 3.5 0.3 0.5 7.0 4.3 1.0 3.0 5.0 2.3 55 3.3 4.5
Ta 0.1 0.06 0.05 2.0 0.2 0.25 1.2 0.35 0.1 0.4 0.2 1.0
Pb NA 10.5 34.9 NA 3.1 NA NA NA 4.8 37.9 5.0 NA
Sr 225 2499  211.6 285 2522 377 299 248 166.1 217 249.7 141
Zr 97 6.8 12.6 110 54.1 10 12 209 51.1 1275 1156 42
Hf 3.0 0.2 0.3 NA 1.6 0.4 NA 4 1.5 3.0 3.0 NA
Y 26 5.2 6.4 25 23 10 10 38 20.1 22 31.2 11
Ce 38 22 3.6 42 13 5.0 25 42 19.5 39.5 23.5 35
Cr 12 103 92 27 14 230 89 51 103 38 21 137
Ni 20 1448 514 20 0.4 35 48 41 55.7 1.9 6.6 50
Sc 18 27 19 13 33 23 24 28 35 17 30 34
K/Rb 715 415 157 513 535 3202 208 360 303 974 429 180
Rb/Sr 0.03 0.01 0.03 0.04 0.04 0.01 0.01 0.03 0.11 0.04 0.10 0.04
Sr/Y 8.70 48.1 33.1 11.4 11.0 37.7 29.9 6.50 8.30 9.90 8.00 12.8
La 17 1.0 1.6 NA 53 2.0 NA 18 8.9 21.2 10.9 NA
Ce 38 22 3.6 NA 13 5.0 NA 42 19.5 39.5 23.5 NA
Pr NA 0.32 0.49 NA 1.77 NA NA NA 2.34 4.34 3.03 NA
Nd 27 1.7 2.6 NA 9.7 5.0 NA 23 10.5 18 15.7 NA
Sm 6.1 0.5 0.8 NA 2.5 0.7 NA 5.9 2.3 32 4.1 NA
Eu 2.4 0.39 0.36 NA 1.12 0.5 NA 2.2 0.83 0.85 1.24 NA
Gd NA 0.82 1.04 NA 3.44 NA NA NA 2.74 3.22 4.65 NA
Tb 1.3 0.13 0.18 NA 0.59 0.5 NA 1.5 0.43 0.51 0.82 NA
Dy NA 0.93 1.06 NA 3.6 NA NA NA 2.92 2.94 4.99 NA
Ho NA 0.18 0.23 NA 0.78 NA NA NA 0.65 0.71 1.04 NA
Er NA 0.55 0.61 NA 2.16 NA NA NA 1.78 2.03 3.26 NA
Tm NA 0.08 0.09 NA 0.32 NA NA NA 0.33 0.34 0.43 NA
Yb 3.9 0.49 0.59 NA 2.23 0.6 NA 5.5 2.16 2.58 3.07 NA
Lu 0.6 0.07 0.08 NA 0.28 0.08 NA 0.87 0.31 0.41 0.46 NA
La,/Lu, 2.94 1.48 2.08 - 1.97 2.60 - 2.15 2.98 5.37 2.46 -
La,/Yb, 4.36 1.37 1.83 - 2.40 3.33 - 3.27 2.78 5.55 2.40 -
Eu/Eu* 1.13 1.85 1.21 - 1.17 0.99 - 0.98 1.01 0.802  0.87 -

Sample (Wt%) G635 G681 Go681B G683 G694 G884 G908 G909 T420 T502 To614 T615

SiO, 57.81 50.81 49.9 47.63 47.89 48.37 47.46 45.42 73.59 75.72 70.69 70.85
TiO, 1.61 0.29 0.28 0.54 0.30 0.89 1.20 0.42 0.29 0.13 0.37 0.36
AlLO4 16 19.81 19.28 23.47 19.91 16.17 21.56 18.3 12.95 12.44 14.37 14.08
Fe,05 1.66 1.76 2.35 2.40 1.74 3.08 3.63 4.35 1.47 0.95 0.33 0.94
FeO 6.42 3.44 3.11 3.25 3.06 5.71 5.14 6.25 2.11 2.02 293 2.32
MnO 0.13 0.1 0.1 0.09 0.09 0.12 0.2 0.2 0.04 0.04 0.06 0.1
MgO 2.87 7.24 7.44 4.89 9.12 9.3 4.63 9.93 0.98 0.12 0.77 0.7
CaO 7.51 12.71 13.37 13.91 15.09 11.22 9.67 10.66 0.74 0.64 241 2.62
Na,O 5.3 2.6 2.43 2.14 1.35 2.48 3.66 1.46 5.83 6.23 4.88 4.8
K,0 0.24 0.11 0.07 0.1 0.19 0.42 0.33 0.4 0.17 0.07 1.57 1.61
P,Os5 0.23 0.01 0.01 0.02 0.01 0.03 0.49 0.05 0.01 0.01 0.02 0.12

LOI 0.7 1.7 1.4 12 1.9 1.9 18 25 0.8 0.8 13 13
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Sample (wt%) G635 G681  G681B G683 G694 G884 G908 G909  T420  T502  T6l4  T6l5
Me# 0.31 0.68 0.71 0.60 0.75 0.62 0.47 0.61 0.32 0.06 0.21 0.23
ASI - - - - - - - - 1.46 1.08 1.02 0.98
(ppm)

Rb 13.4 3.0 0.1 2.4 3.9 10.7 7.0 4.0 30 24.1 37 35.9
Ba 3.9 1.6 34 37 55.4 111 176 106 90 8.0 349 382
Th 0.15 1.7 1.2 0.07 0.07 0.3 NA NA 8.7 9.9 7.3 4.98
U 11 3.0 0.1 0.02 0.02 0.2 NA NA 2.2 1.9 0.4 0.9
Nb 2.0 0.15 1.0 0.6 0.3 1.9 2.0 2.5 9.0 7.5 7.0 8.0
Ta 0.3 0.1 0.1 0.03 0.06 0.2 0.35 0.2 2.0 2.0 0.4 0.2
Pb 6.6 6.9 7.3 0.5 7.6 6.1 NA NA NA NA NA NA
Sr 207 212 248 264 156 213 603 296 49 15 114 125
Zr 355 43 16 16 8.9 39 115 6.0 466 410 128 90
Hf 4.7 0.6 0.7 0.4 0.3 1.3 NA NA 12 13 5.0 3.86
Y 45 9.0 11.3 7.4 6.7 15.5 15 7.0 46 49 17 20.4
Ce 20 160 7.1 4.0 7.3 7.2 12 10 72 81 69 31.8
Cr 14 160 96 151 438 89 41 144 24 22 10 8.0
Ni 20 35 22.3 18.8 103 38 41 32 <10 14 <10 18
Sc 17 4.0 41 29 35 34 21 28 4.0 2.0 8.0 1.3
K/Rb 149 261 5811 346 404 326 457 830 47.0 24.2 352 372
Rb/Sr 0.06 0.02 0.00 0.01 0.03 0.05 0.01 0.01 0.61 1.60 0.32 0.29
Sr/Y 4.40 21.2 22.0 35.7 232 13.8 40.2 4.3 1.07 0.31 6.71 6.11
La 23 9.0 33 1.9 1.3 3.9 NA NA 42 50 20 17.9
Ce 42 160 7.1 4.0 2.9 8.5 NA NA 91 100 36 31.8
Pr 5.34 NA 0.89 0.57 0.38 1.07 NA NA NA 1096  NA 3.95
Nd 25 2.1 3.9 3.2 1.9 6.0 NA NA 44 46 16 13.44
Sm 7.0 1.0 1.2 0.9 0.7 2.0 NA NA 9.2 11 2.9 3.19
Eu 2.1 0.5 0.47 0.55 0.36 0.91 NA NA 1.6 2.0 0.9 0.89
Gd 9.18 NA 1.47 1.07 1.01 2.23 NA NA NA 9.07 NA 2.77
Tb 1.7 0.3 0.28 0.21 0.16 0.47 NA NA 2.1 2.2 0.5 0.76
Dy 1219 NA 1.65 1.31 1.12 2.64 NA NA NA 13.7 NA 3.21
Ho 1.91 NA 0.37 0.27 0.22 0.58 NA NA NA 2.29 NA 0.67
Er 8.21 NA 1.03 0.8 0.62 1.59 NA NA NA 9.21 NA 2.34
Tm 1.21 NA 0.15 0.1 0.1 0.23 NA NA NA 1.42 NA 0.4
Yb 7.8 12 1.06 0.68 0.59 1.52 NA NA 11.5 11.3 3.5 2.09
Lu 1.19 0.22 0.14 0.12 0.08 0.22 NA NA 1.57 1.51 0.51 0.37
La,/Lu, 2.06 1.89 2.45 1.64 4.67 1.46 - - 2.78 3.44 4.07 5.02
La,/Yb, 1.99 3.33 2.10 1.89 1.49 1.73 - - 2.47 2.99 3.86 5.79
Eu/Eu* 0.80 1.21 1.08 1.71 1.31 1.31 - - 0.92 0.60 1.65 0.90
Sample (wt%)  T619  T620  T622  T631  T632  T653  T654  T655  T677  T678  T689  T69l
Si0, 7286 7217 6795  69.97 742 60.73  61.01  60.94  72.84  69.7 63.55  58.52
TiO, 0.33 0.30 0.40 0.39 0.21 0.66 0.67 0.61 0.20 0.34 0.50 0.72
AlLO; 13.65  13.84 1407 1429 1364 1675 171 1701 1378 1482 1617  19.72
Fe,0; 0.77 0.72 1.04 0.93 0.71 2.64 2.46 2.75 0.51 0.64 2.34 2.21
FeO 2.47 1.95 2.21 2.66 1.45 4.16 4.08 3.90 1.61 2.57 3.83 3.61
MnO 0.05 0.09 0.07 0.08 0.03 0.14 0.16 0.16 0.06 0.07 0.11 0.12
MgO 0.55 0.54 0.88 0.94 0.49 2.31 2.37 2.42 0.36 0.68 2.13 1.87
CaO 1.95 2.98 3.32 2.86 1.82 6.09 5.98 6.06 1.83 2.7 5.39 7.32
Na,O 4.83 5.4 5.69 4.52 5.51 3.87 3.55 3.52 5.39 5.43 3.26 372
K,O 1.51 0.36 0.74 1.24 0.49 0.82 0.7 0.63 1.23 0.38 0.96 0.85
P,0s 0.02 0.09 0.07 0.03 0.06 0.15 0.1 0.09 0.07 0.06 0.08 0.14
LOI 12 1.4 4.1 1.1 12 1.4 1.0 1.4 2.4 1.6 0.9 1.7
Mg# 0.18 0.22 0.28 0.26 0.25 0.36 0.37 0.38 0.18 0.21 0.36 0.34
ASI 1.04 0.94 0.87 1.02 1.06 0.91 0.98 0.97 1.02 1.04 1.0 0.97
(ppm)

Rb 34 6.52 20 26 9.57 1157 8.0 8.65 18 16 8.0 10
Ba 450 231 82 307 106 262 221 146 208 179 228 198
Th 7.7 6.09 6.2 NA 7.9 1.8 NA 1.8 9.6 NA NA 1.9
8] 2.3 1.1 0.5 NA 1.5 0.2 NA 0.26 1.7 NA NA 0.31
Nb 11 11 2.5 4.21 3.6 2.8 3.6 2.6 3.6 6.5 3.2 4.5
Ta 0.6 0.6 1.0 0.35 0.3 0.2 0.3 0.18 1.0 0.3 0.15 0.25
Sr 112 160 71 110 144 192 190 200 84 169 156 222
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Sample (wt%) T619 T620 T622 T631 T632 T653 T654 T655 T677 T678 T689 T691
Zr 233 122 120 110 79 53 69 80 113 139 72 59
Hf 7.0 4.99 4.0 NA 1.1 2.58 NA 3.0 4.0 NA NA 2.0
Y 28 343 12 12 15 26.7 19 20 15 16 16 19
Ce 41 64.7 22 50 29 19.1 27 21 44 50 25 22
Cr 14 7.0 30 50 18 30 50 40 20 40 50 30
Ni <10 1.1 <10 <10 3.6 6.2 <10 <10 <10 <10 <10 <10
Sc 6.0 1.4 6.0 10 7.0 19 19 19 3.0 10 13 18
K/Rb 369 458 307 396 425 588 709 605 567 197 978 697
Rb/Sr 0.3 0.04 0.28 0.3 0.07 0.06 0.04 0.04 0.21 0.09 0.05 0.05
Sr/Y 4.0 4.6 59 9.2 9.6 7.2 10.0 10.0 5.6 10.5 9.7 11.7
La 21 37.4 10 NA 15 10.3 NA 9.0 24 NA NA 9.0
Ce 41 64.7 22 NA 29 19.1 NA 21 44 NA NA 22
Pr NA 8.14 NA NA 10 2.64 NA NA NA NA NA NA
Nd 15 26.91 8.0 NA 3.28 11.35 NA 11 17 NA NA 9.0
Sm 3.6 5.62 1.9 NA 1.88 3.34 NA 2.8 2.7 NA NA 2.9
Eu 1.1 1.03 0.6 NA 0.71 1.1 NA 0.9 0.7 NA NA 1.1
Gd NA 4.81 NA NA 2.29 3.39 NA NA NA NA NA NA
Tb 0.8 1.23 0.5 NA 0.4 0.94 NA 0.35 0.5 NA NA 0.6
Dy NA 5.49 NA NA 2.37 4.31 NA NA NA NA NA NA
Ho NA 1.09 NA NA 0.47 0.88 NA NA NA NA NA NA
Er NA 3.84 NA NA 1.74 3.01 NA NA NA NA NA NA
Tm NA 0.63 NA NA 0.23 0.48 NA NA NA NA NA NA
Yb 59 3.59 2.5 NA 1.68 2.71 NA 3.5 3.0 NA NA 33
Lu 0.91 0.58 0.44 NA 0.26 0.43 NA 0.57 0.5 NA NA 0.54
Eu,/Eu* 1.62 0.59 1.68 - 1.05 0.99 - 1.71 1.38 - - 2.01
La,/Lu, 2.40 6.69 2.36 - 5.99 2.49 - 1.64 4.98 - - 1.73
La,/Yb, 241 7.04 2.70 - 6.03 2.57 - 1.74 5.41 - - 1.84

Mg#=MgO/(MgO + FeO), Eu*=(Sm+ Gd)/2, G gabbro-diorite samples, 7 tonalite-trondhjemite samples, N4 non analysed

versus silica diagram (Fig. 4c), while the samples of
small intrusion fall into the field of diorite, the samples
of the larger intrusion fall into the fields of quartz diorite
and granodiorite; with their subalkalic characters (Wil-
son 1989). K,O contents range between 0.07 and
1.61 wt%. On the SiO,~K,O variation diagram
(Fig. 4a), the samples plot commonly in the field of low-
K tholeiitic series (Peccerillo and Taylor 1976). The
rocks have low MgO (2.0-2.4 wt%) contents and Mg-
numbers [MgO/(MgO + FeO)] < 0.38 (Table 3) and ex-
hibit a calc-alkaline character on the A-F-M diagram
(Fig. 5) (Irvine and Baragar 1971). On a normative An—
Ab-Or diagram (Fig. 8), while the small intrusion
samples plot in the tonalite field, the larger intrusion
samples plot in the trondhjemite field of Barker (1979).
A distinctive feature of the felsic intrusive rocks is that
they contain relatively high concentrations of Na,O, to
as much as 6.23 wt%. On a K,O-Na,O-CaO diagram
(Fig. 9a), the samples are characteristically scattered
along the trondhjemitic trend line (Barker and Arth
1976). Their Na enrichments relative to Ca and K are
similar to those of Archean tonalites, trondhjemites and
dacites (TTD) believed to be derived from partial melt-
ing of metamorphosed basalt (Martin 1987). This is in
strong contrast to the typical calc-alkaline differentia-
tion trend of most arc suites. A similar distribution is
shown on a normative Q-Ab-Or ternary diagram
(Barker and Arth 1976) (Fig. 9b). This differentiation
trend is also corroborated by the petrographic results,
which show the low-K trondhjemitic trend of Lameyre

and Bowden (1982) on the Q-A-P diagram (Fig. 3).
Most of the variation diagrams (Fig. 4) show a straight
line variation of elements with SiO,, implying that the
trondhjemites were evolved from the tonalites mainly by
fractionation processes.

The investigated rocks are characterized by the
following ranges in incompatible element contents and
ratios: Rb 7-36 ppm; Sr 15-222 ppm; K/Rb=24-978;
Rb/Sr=0.04-1.6; Sr/Y =1-12. The average K/Rb value
of 484 is higher than that of the upper continental
crust ratio of 250 (Taylor and McLennan 1985)
(Fig. 10a). On a Sr—Rb variation diagram (Fig. 10b),
the felsic intrusive rocks are characterized by high Sr
and Rb contents, and by moderately high Rb/Sr ratios
relative to oceanic plagiogranites of Coleman and Pe-
terman (1975). It is also clear that the bulk of quartz
diorites have higher Rb/Sr ratios, of an average of
0.04, and differentiate to higher Rb/Sr values towards
the tonalite and trondhjemite, which overlap, in part,
the field of continental trondhjemite. Only two samples
contain Rb/Sr values above 1 and represent the most
evolved rocks of the intrusion. The low Sr and high Y
signature of the samples is illustrated in Fig. 11 (De-
fant and Drummond 1993). All the samples plot in the
field of island arc (ADR). In contrast to Archean high-
Al TTD, the quartz diorite samples, which are the
least fractionated products of the unit, have high Y
(1626 ppm) and low Sr/Y (7-11) values and evolved
to higher Y and lower Sr/Y values towards the tona-
lites and trondhjemites.
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Fig. 4 a—o Harker variation diagrams for the samples from the
Demirkent intrusive complex. The boundary lines for low-,
medium- and high-K series are from Peccerillo and Taylor
(1976). The diagram of (c¢) of total alkali versus silica variation

The REE patterns for quartz diorite and tonalite-
trondhjemite are not much different (Fig. 7b). They are
all slightly enriched in LREE (La,/Lu,,=2-7). The REE

on which the curved solid line subdivides alkalic (4) from subalkalic
(SA) rocks and the boundary lines for plutonic rocks (a gabbro, b
diorite, and ¢ quartz diorite, granodiorite) adapted from Wilson
(1989)

enrichment factor is increased from quartz diorite (20X
chondrite) to tonalite and trondhjemite (100x chond-
trite), with distinctly positive Eu anomalies (Eu/



382

A gabbro
> pl. cumulate
A diorite
X quartz diorite

+ tonalite,
trondhjemite

Gabbro-trondhjemitic
trend

M

Fig. 5 A-F-M diagram showing tholeiitic to calc-alkaline trend for
the mafic intrusive rocks and calc-alkali trend for the felsic intrusive
rocks of the complex from the Yusufeli area (Irvine and Baragar
1971). Evolved rocks of the large felsic intrusion plot close to the
felsic end of trondhjemitic trend of Barker and Arth (1976)

Eu*=1.6-2.0) to moderately negative Eu anomalies
(Eu/Eu*=0.99-0.59), respectively. The REE pattern
slope is nearly flat and the Eu anomaly deepens with
fractionation.

Discussion
Inferred geological setting

The geological setting, the rock association, the miner-
alogy and the chemical composition of the rock types
within the intrusive complex, all support the hypothesis
that the igneous activity in the Yusufeli area occurred
above an active subduction zone. The geological setting
indicates a continental environment because mafic and

felsic magmas intruded into the continental crust rep-
resented by various gneisses and schists (Dokuz 2000).
However, the composite character and linear map pat-
terns of the mafic and felsic intrusions, the common
occurrences of hornblende-rich lithologies and the con-
temperaneous tonalitic to trondhjemitic magmatism
distinguish the intrusions of the Demirkent intrusive
complex from Alpine-type, ophiolitic bodies and strati-
form layered intrusions in stable cratonic settings. The
Demirkent intrusive complex far more resembles Alas-
kan-type bodies, such as those found in Sierra Nevada in
California (Snoke et al. 1981) and Alaska (Irvine 1974).

The Alaskan-type intrusions of the Sierra Nevada are
deeper parts of a volcanic arc, which formed at a con-
vergent plate boundary (Davis et al. 1978). The chemical
compositions also indicate that the mafic and felsic
magmas of the Demirkent intrusive complex resemble
those building up the Alaskan-type intrusions and they
were formed above a subduction zone. The felsic intru-
sive rocks follow a low-K calc-alkaline trend towards
trondhjemitic compositions, which has also been ob-
served in Alaskan-type complexes (Snoke et al. 1981).
Sr, K, Rb, Ba and Th (LILE) contents of the mafic and
felsic intrusive rocks are enriched above MORB and
ORG level (Fig. 12), probably indicating the contribu-
tion to the mantle wedge from dehydrated subducted-
oceanic crust (Pearce 1983; Pearce et al. 1984). Gabbroic
samples show a lesser degree of enrichment for the
immobile (HFS) elements compared to MORB, pre-
sumably reflecting the pre-subduction characteristics of
mantle wedge. High abundance of LILE relative to
HFSE have been interpreted by many workers as the
result of fluid enrichment processes related to the
dehydration of the subducting slab (Gill 1981; Pearce
1983; Pearce and Peate 1995). Similar behaviour in trace
element abundances and patterns can also be observed
among the felsic rock types.

Indeed, such bimodal suites have been reported from
a variety of environments closely linked to subduction
zones: (1) intra-oceanic island arcs display variable
volumes of mafic and felsic members (e.g. Meijer 1983;

Fig. 6 Primitive mantle- 1000
normalized incompatible
element spidergrams of the
mafic intrusive rocks of the
complex. Normalized values
taken from Sun and

McDonough (1989)

o
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Fig. 7 a, b Chondrite- a
normalized plots showing the
rare earth patterns for the mafic
(a) and felsic (b) rocks of the
complex from the Yusufeli area.
The enrichment of the REE
abundances increase within the
samples from gabbros to
diorites and tonalites to
trondhjemites with increasing
SiO,. Abundances normalized
to chondrites are from Taylor
and McLennan (1985)
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Brouxel et al. 1987), (2) mature island arcs, and volcanic
arcs built on comparatively young or thin continental
crust, are generally characterized by a predominance of

An

X quartz diorite

+ tonalite,
trondhjemite

Ab Or
Fig. 8 Rock classification for the felsic part of the intrusive
complex based on normative feldspar variation. The fields are
those drawn by Barker (1979). T tonalites, Gd granodiorites, G
granites, Tdj trondhjemites

Yb Lu

Gd Tb Dy Ho Er Tm

La

(I?e Pr Nld Slm Elu
andesites (e.g. Cascades, Grove and Donnelly-Nolan
1986; Central Chile, Frey et al. 1984; Japan, Notsu et al.
1987), (3) a back-arc basin environment is suggested in
some cases by the chemical characteristics range between
N-MORB and island-arc types (e.g. Saunders et al.
1980; Wood et al. 1981), but bimodal associations were
produced by, in particular, arc rifting, during the initi-
ation of back-arc spreading (Hochstaedter et al. 1990;
Ohki et al. 1994).

Although the chemical characteristics of the rocks
associated with the intra-oceanic island arcs fit rather
well with the data obtained from the Demirkent intru-
sive complex, age constraints and field relations display
more affinities with modern bimodal suites erupted
during the early stages of rifting of magmatic arcs. The
elongate map patterns of both the felsic and mafic
intrusions and the presence of multiple dikes parallel to
the long axis of the intrusions reflect the effects of
extension during their emplacement. Early interpreta-
tions of the Demirkent intrusive complex as an ophiolite
representing a fragment of oceanic crust formed at a
spreading centre (Sengor et al. 1980; Adamia et al. 1995;
Yilmaz et al. 1997) was based on the presence of dikes
interpreted as sheeted and their low-K contents. More
recent studies (Konak and Hakyemez 1996; Dokuz
2000), including this one, have shown important
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Fig. 9 a, b K-Na—Ca and normative Q—Ab-Or diagrams (Barker
and Arth 1976) showing the trondhjemitic character of Early
Jurassic felsic rocks of the intrusive complex. 7+ trondhjemitic
trend, CA calc-alkaline trend
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Fig. 11 Graph of Sr/Y versus Y of the Early Jurassic felsic
intrusive rocks of the complex. Adakite and Archean high-Al TTD,
island arc ADR, and Juan de Fuca Ridge fields are from Defant
and Drummond (1993). Felsic igneous rocks of the complex plot in
the field of island arc ADR and differentiate to lower Sr/Y and
higher Y values, which is in the reverse direction with regard to
those of derived from partial melting of oceanic crust

differences between the Demirkent intrusive complex
and ophiolites. First, the felsic rocks of the complex are
not plagiogranite and do not display a tholeiitic differ-
entiation trend. Although there is a compositional gra-
dation from mafic rocks to felsic rocks in Harker
diagrams (Fig. 4), which is also an important feature of
the plagiogranites, there is a clear-cut intrusive relation
developed between the mafic and felsic rocks of the
Demirkent intrusive complex. Besides, since the plagi-
ogranites occurred as end-products of differentiation
within ophiolite sequences, they occupy volumetrically
small areas, such as small intrusive plugs or parallel
dikes within diabase (Coleman and Peterman 1975). In
contrast, the felsic rocks of the Demirkent intrusive
complex cover a large area (22 km?) enough not to be
derived from the mafic rocks (exposed in the area of
30 km?) by crystal fractionation.

a
b CG
1004 RSG
CT and Qd
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Fig. 10 a, b K versus Rb and Rb versus Sr variation diagrams for
the felsic intrusive rocks of the Demirkent intrusive complex. In the
K versus Rb diagram (a), the analyses mainly plot above the lines
of average continental crust (K/Rb=250) of Taylor and McLennan
(1985). In the Rb versus Sr diagram (b), the felsic rocks of the

complex plot in the field of island arc and continental margin calc-
alkaline volcanic rocks (F). Other fields including oceanic plagiog-
ranites (OP), continental trondhjemites and quartz diorites (C T'
and Qd), Red Sea granophyres (RSG), and continental granophyres
(CG) are for comparison (after Coleman and Peterman 1975)



Fig. 12 a, b Oceanic ridge-
basalt and -granite normalized
diagrams showing
representative samples from
each of the intrusive units of the
complex. MORB and ORG
data are from Pearce (1983) and
Pearce et al.(1984), respectively

Fig. 13 MgO versus major and
trace element variation
diagrams for the selected
elements showing different
fractionating lines of each of the
intrusive rocks forming the
complex
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Table 4 Major element oxides fractional crystallization modelling for the mafic and felsic rocks of the Demirkent intrusive complex

Fractionated phases

G694* Cpx. Plag. Hornb G635° Calculated Residuals
SiO, 48.5 50.59 50.40 50.76 58.07 57.79 0.282
TiO, 0.30 0.87 0.00 0.93 1.62 1.76 —0.151
AlLO; 20.16 3.96 31.01 6.35 16.07 16.04 0.024
Fe,0; 4.86 7.10 0.30 11.56 8.12 8.26 —0.142
MnO 0.09 0.16 0.33 0.57 0.13 —0.275 0.404
MgO 9.24 12.84 0.00 17.77 2.88 2.80 0.081
CaO 15.28 24.06 14.75 11.60 7.54 7.54 0.002
Na,O 1.37 0.42 3.21 0.45 5.32 5.58 —0.251
K,0 0.19 0.00 0.00 0.00 0.24 0.49 —0.249
S R? 0.417
Proportion (wt%) of a 23.65 32 40.72 3243 76.35
phases fractionated
Percent solid 4.19 53.33 42.48
Fractionated phases
T653°  Plag.  Hornb Apt. Mt. T502¢  Calculated  Residuals
SiO, 62.09 53.06 50.93 0.60 3.71 76.97 76.866 0.11
TiO, 0.62 0.01 1.19 0.00 2.99 0.13 0.394 —0.263
ALO; 17.33 31.17 5.46 0.00 0.90 12.65 12.627 0.019
Fe,0; 6.78 0.27 14.76 0.00 89.18 3.02 2.903 0.121
MnO 0.16 0.03 0.50 0.05 0.0 0.04 0.091 —0.054
MgO 2.47 0.02 15.21 0.00 0.23 0.12 0.074 0.053
CaO 6.17 12.51 11.48 54.00 2.93 0.65 0.327 0.32
Na,O 3.59 2.86 0.06 0.48 0.06 6.33 5.985 0.351
K,O 0.64 0.06 0.42 0.00 0.00 0.07 0.59 —0.521
P,05 0.15 0.00 0.00 44.87 0.00 0.01 0.143 —0.135
S R? 0.62
Proportion (wt%) of a phases fractionated 46.7 33.80 16.08 0.03 3.39 53.30
Percent solid 63.42 30.17 0.05 6.36

Note that the parents and daughters were recalculated to 100% and the total iron is given as Fe,O3. The composition of clinpyroxene,
plagioclase, hornblende, magnetite and apathite are from Dokuz (2000).
4Gabbroic parent magma (clinopyroxene + plagioclase + hornblende) for the mafic rocks
Selected representative daughter for the mafic rocks of the complex
°Quartz dioritic parent magma (hornblende + plagioclase + apathite + magnetite) for the felsic rocks
dSelected representative daughter for the felsic rocks of the complex

Parental magma composition
The mafic intrusion

The composition of the parental magma to the gabbroic
rocks of the Demirkent intrusive complex can be esti-
mated from the composition of most primitive non-
cumulate gabbros and by comparison with crystalliza-
tion sequences from experimental studies. The non-
cumulate gabbros may be considered to represent near-
liquid composition derived from melting of an upper
mantle source.

The sample G694 is the most mafic non-cumulate
gabbro and is thought to approach the parental magma
composition with its Mg-number of 75.9, MgO, Cr and
Ni contents (9.12 wt%, 438 and 103 ppm, respectively),
REE abundance (~3x chondrite), flat REE-pattern
(La,/Lu,(4.6), and a slightly positive Eu anomaly (Eu/
Eu*=1.31) (Wilson 1989). It has low Ni content relative
to those of primitive unfractionated magmas (200—
450 ppm; Frey et al. 1978), interpreted to result from

some prior olivine or orthopyroxene fractionation. Also
Al,O3 content (20 wt%) is not consistent with basaltic
parent melt (ALO;<15wt%) in equilibrium with
mantle source, likely because of the fractionation of
some Al-poor mafic phases, such as olivine and ortho-
pyroxene. However, the rare earth element data for the
non-cumulate gabbros indicate that this fractionation
could not have been much extensive because their REE
patterns are slightly fractionated (Fig. 7a).

Most of the experimental parents from hydrous
melting of olivine tholeiites at high pressures closely
match the observed sequence in the gabbroic rocks of
the Demirkent intrusive complex in terms of crystalli-
zation sequences, mineral composition and modes
(Green 1982; Housh and Lurh 1991; Moore and Car-
michael 1998). The absence of orthopyroxene and
abundance of amphibole are the most important simi-
larities between the likely parent for the mafic intrusive
rocks and experimental melts under water-saturated
conditions. Orthopyroxene is a common mineral in
anhydrous basalt crystallization, but is replaced by



Fig. 14 Trace element
fractional crystallization
modelling of the Demirkent
intrusive rocks. The diorite
samples (a, b) of the mafic
intrusive and the tonalite
samples (c, d) of the felsic
intrusive were produced, in
turn, at 70-85 and 55-75 vol %
fractional crystallization
involving clinopyroxene,
hornblende and plagioclase
from a gabbroic magma, and
hornblende, plagioclase, apatite
and magnetite from a quartz
dioritic magma

Fig. 15 Variation in large ion
lithophile and light rare earth
elements and high field strengh
elements plotted against Na,O
for the most primitive mafic
rocks of the gabbro-diorite
body. Curves show non-modal
batch partial melting models for
depleted and enriched mantle
source regions calculated using
compositional data from
Michael (1988). Mineral/melt
partition coefficients used in the
calculations of bulk partition
coefficients (D) are compiled
from Fujimaki et al. (1984) and
Irving and Frey (1978). D
(solid/melt) values are for a
mantle source or residue
comprising 60% olivine, 30%
orthopyroxene and 10%
clinopyroxene. Bulk
distribution coefficients (P) of
minerals making up the melt of
10% olivine, 30%
orthopyroxene, and 60%
clinopyroxene calculated by
using same mineral/melt
partition coefficients. Curves are
marked in increments of 5%
melting and show a maximum
of 20% melting at far left

olivine, clinopyroxene and amphibole when water is
present. Amphibole completely replaces pyroxene at the
lowest temperature. Thus, the parents for the gabbroic
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rocks of the complex were apparently highly hydrous
(~5-6 wt%), implying early fractionation of anhydrous
phases, such as olivine and clinopyroxene and possibly
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Fig. 16 Nb versus Zr and TiO, versus Zr for the most primitive
tholeiitic mafic rocks of the Early Jurassic intrusive complex from
the Yusufeli area. Curves show batch partial melting models for
depleted and enriched mantle source regions as described in
Fig. 13. Curves are marked in increments of 10% melting and show
a maximum of 50 % melting at far left

orthopyroxene. With these guidelines, the parental
magma must have been a partly fractionated, high-
magnesian and high-aluminum tholeiite, rich in incom-
patible elements.

The felsic intrusion

On the variation diagrams of SiO, versus some major
and trace elements (Fig. 4), the samples of the felsic
intrusion fall on the same trend as samples of the mafic
intrusion, which might imply that the felsic intrusive
rocks were generated from the mafic rocks of the com-
plex by fractional crystallization. This is supported by
the modal mineralogical similarity between the most
evolved rocks (diorites) of the mafic intrusion and the
primitive or parental rocks (quartz diorites) of the felsic
intrusion. However, on the diagrams of MgO versus
some major and trace elements (Fig. 13), a clear dis-
crimination between the differentiation trends of both
the mafic and felsic intrusive rocks can be observed,
indicating necessity of an additional process in the
generation of the felsic rocks. Compositional scattering
in Ba, Y and to a lesser extent P,Os for the felsic rocks in
Harker diagrams may result from combined effects of
fractionation and assimilation, and, in part, may be an
artefact of insufficient sampling for the primitive rocks
of the large intrusion. Also, the lack of the negative Eu
anomalies in the quartz diorites and tonalites, which are
the least evolved rocks of the felsic intrusion, rule out the
fractional crystallization from the dioritic rocks of the

mafic intrusion, which show negative Eu anomalies.
Further, the felsic intrusion has an obvious intrusive
contact with the mafic intrusive rocks and includes
common mafic xenoliths. The presence of reaction rims
around the xenoliths indicates that wall-rock assimila-
tion should have been efficient during the magmatic
emplacement. All these data indicate a later and new
parental melt for the felsic part rather than generation
from the mafic rocks of the complex by fractional
crystallization. In the light of these data, a quartz dio-
ritic parental melt for the felsic part of the complex, is
suggested as it is the least evolved member.

Crystal fractionation

Crystal fractionation was responsible for the generation
of various evolved lithologies within each intrusion.
Trend lines through data for the mafic and felsic intru-
sions suggest fractional crystallization as a possible cause
for compositional variation within the intrusion (Fig. 4).
Also, the rocks of both intrusions show similar REE
patterns with a general increase of both the light and the
heavy REE with increasing SiO, (Fig. 7). The magnitude
of the negative chondrite-normalized Eu anomalies in-
creases with increasing SiO, contents (Fig. 7), suggest
crystallization of plagioclase for both the intrusions.
Crystallization of plagioclase is also consistent with the
decrease in abundances of Al;03 and CaO (Fig. 4e, f) and
the negative MORB-normalized Sr anomalies, which in-
crease in magnitude with increasing SiO, content
(Fig. 12). Crystallization of other minerals is also sug-
gested by these geochemical data. Abundances of Sc (Ni
and Cr) decrease with increasing abundances of SiO,
(Fig. 40) and decreasing abundances of MgO content
(Table 3), suggesting Cr and Ni were compatible with the
crystallizing minerals including clinopyroxene for the
mafic intrusion and hornblende for the felsic intrusion.
Abundances of Y also increase with increasing abun-
dances of SiO, (Fig. 41) and suggest the accumulation of
amphibole for the mafic intrusion. Increasing TiO, (and
P,Os) contents (Fig. 4d) and magnitutes of slightly neg-
ative to positive Ti and P MORB-normalized anomalies
(Fig. 12) with increasing SiO, content may indicate
accumulation of ilmenite, magnetite and apatite for the
mafic intrusion, which accord with the modal calcula-
tions. As for the felsic intrusion, the trends of these ele-
ments are in reverse direction (Figs. 4d, 13), which may
demonstrate fractionation of ilmenite, magnetite and
apatite. These geochemical features together with their
mineralogy are consistent with a genetic relationship be-
tween the least and most evolved products of both the
intrusions. Considering all these data together, it is likely
that fractional crystallization affected the magmas rep-
resented by Demirkent intrusive complex.

Crystal fractionation in the intrusions was modelled
by using the least-squares mass balance calculations for
the major elements as outlined by Stormer and Nicholls
(1978). The composition of plagioclase, clinopyroxene,
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Fig. 17 a, b REE-normalized
batch partial and fractional
melting values to acquire the
parents of each of the mafic and
felsic intrusive rocks of the
complex. In the diagram of (a),
depleted mantle and least
evolved sample of G694 are
chosen as source and parent for
the mafic intrusion,
respectively. Depleted mantle
source REE values are from
Michael (1988). Mineral/melt
partition coefficients used in the
calculations of bulk partition
coefficients (D) for the mafic
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hornblende and magnetite used in the models are
microprobe analyses of minerals from the rocks of mafic
and felsic intrusions. The results of these calculations are
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Fig. 18 Major element partial melting modelling of the felsic
intrusive. The quartz diorite samples (crosses) were yielded at 70—
80% partial melting from a gabbroic (G694) magma
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shown in Table 4. Most solutions given here have sums
of squared residuals less than 1. The sample G694, a
clinopyroxene-rich non-cumulate gabbro, is the most
undifferentiated sample of the mafic intrusion that has
the mineralogical and geochemical attributes of non-
cumulate rocks. These include elevated incompatible
element contents, flat LREE pattern and zoned plagio-
clase. It is also very mafic and alkali-poor, but is similar
in composition to the most mafic arc basalts. The deri-
vation of evolved diorites (G635) by fractional crystal-
lization from the more basic magma (G694) was
modelled. The model allows formation of evolved dior-
ites by ~77% crystal fractionation (Table 4). The crys-
tallizing  mineral phases are dominated by
clinopyroxene, plagioclase and hornblende, which con-
stitute by ~99% of the mineralogy. The residual sum of
squares is 0.41, indicating that predictions of the crys-
tallizing mineral phases and their proportions were
reasonable. The fractionation-derivation process was
repeated for the felsic intrusion to produce a represen-
tative evolved rock composition (Table 4). The sample
T653 and the sample T502 are chosen as parent and
daughter, respectively. The trondhjemitic sample (T502)
was produced succesfully form the tonalitic parent
(T653) by a ~54% fractionation of plagioclase, horn-
blende, apatite and magnetite with residual sum of
squares of 0.62. Fractionating proportions of minerals
are shown in Table 4.
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Trace element fractional crystallization modelling
supports the major element models. The Rb/Y versus Y
and Rb/Sc versus Sc diagrams (Fig. 14a, b) suggest that
evolved members of the mafic rocks require 70-87%
fractional crystallization of 53% plagioclase, 43%
hornblende and 4% clinopyroxene from the gabbroic
sample, presumed to be representative of starting
material. In the same way, derivation of fractionated
materials of the felsic rocks from a quartz dioritic
sample needs 50-65% fractional crystallization of 63%
plagioclase, 30% hornblende, 6% magnetite and 0.05%
apatite (Fig. 14c, d). The fractionation models demon-
strate that crystal fractionation is a permissible mecha-
nism for producing the range in rock compositions in the
mafic and felsic intrusions of the Demirkent intrusive
complex.

Considerations on the source compositions
of the intrusions

The mafic intrusion

The mafic intrusive rocks of this study display a wide
range of elements characteristic of mafic rocks such as
MgO (9.12-2.87 wt%), Ni (159-20 ppm) and Cr (438-
7 ppm). These characteristics generally suggest a vari-
ably fractionated melt derived from upper mantle
source. Furthermore, higher LILE and lower HFSE
concentrations relative to MORB indicate a mantle
source that is enriched in the LILE relative to the HFSE
(Fig. 12). Such a source is commonly invoked for sub-
duction-related magmas (e.g. Pearce and Peate 1995)
and is presumably located in the convecting astheno-
spheric mantle wedge above subducting slab (McCul-
loch and Gamble 1991; Stolper and Newman 1994).

Sample G694 has Mg-number and MgO content as
high as 75 and 9.12 wt%, respectively, which would be
consistent with the sub-continental lithospheric mantle
(Wilson 1989). The flat chondrite-normalized REE pat-
terns and low abundances of REE contents (approxi-
mately 3x chondritic) of the cumulate and non-cumulate
rocks are typical for a moderate degree of melting of a
garnet-free peridotitic mantle source. Undepleted HREE
contents in the gabbroic rocks rule out the presence of
residual garnet in the mantle source. Basaltic sources
such as MORB and metamorphosed basalts can also be
ruled out, because their partial melting gives rise to
HREE-depleted magmas. Luais and Hawkesworth
(1994) have demonstrated that there is no garnet in the
residue at 8 kbar, and hence the melts would have flat
HREE patterns. In contrast, the higher-pressure melts
(22-32 kbar) are in equilibrium with an eclogite residue,
and therefore have strongly fractionated REE patterns
(La/Yb, =18-47) with low Yb contents (Yb=1.5) (Lu-
ais and Hawkesworth 1994).

On the other hand, all the mafic rocks have alumina
contents > 15 wt% which increases up to 22 wt% with
increasing MgO. This is inconsistent with the lower

AlLLO3 (<15 wt%) values of mantle-derived magmas.
Similarly, parent rocks to the mafic intrusion have also
enriched CaO contents, reaching upto 15 wt%, with
respect to mantle-derived, primitive tholeiitic magmas.
Derivation of such high-Al and Ca-bearing magmas
from tholeiite would require significant fractionation of
Al,O3- and CaO-poor mafic phases, in particular, oliv-
ine, as suggested by Perfit et al. (1980) and Kay et al.
(1982). Partial melting experiments of hydrous peridotite
indicate that Al,O3; concentrations decrease with
increasing melt fraction, such that melts in equilibrium
with a refractory source would have relatively low Al,O3
(Kushiro 1990; Hirose and Kawamoto 1995; Hirose
1997). This suggests that a mantle source region that has
been depleted in Al during previous partial melting
events would melt to yield relatively Al,O;—poor mag-
mas. Similar behaviour would be shown by Ca if the
previous partial melting was sufficient to remove clino-
pyroxene from the residual mantle assemblage (Tatsumi
1982). If such depletions had occurred in the mantle
source, it should account for the anomalously low Al,O3
and CaO in the primitive tholeiitic mafic parent of the
intrusive complex. In contrast, CaO and Al,O; contents
of primitive tholeiitic parent to the mafic rocks of the
intrusive complex are higher than for primitive magmas,
suggesting a small amount of melt fraction from the
harzburgitic mantle. But, this interpretation is con-
tradicted by the low REE abundances (3—6x chondritic)
of parent rocks and partial melting models, which imply
relatively an extensive partial melting. Hence, clinopy-
roxene-free (harzburgitic) mantle source cannot account
for the formation of the parent to the mafic intrusive
rocks. On the other hand, melts in equilibrium with
refractory lherzolitic mantle have higher CaO and Al,O5
than those in equilibrium with a harzburgitic assemblage
(Tatsumi 1982). Furthermore, the abundant Ca-bearing
minerals, such as diopside, calcic amphibole and anor-
thitic plagioclase, in the parent rocks indicate a clino-
pyroxene-bearing (lherzolitic) mantle source.

In order to place constraints on the compositions of
mantle source regions in which Early Jurassic tholeiitic
magmas throughout the Eastern Pontides were gener-
ated, it is useful to compare the compositional data with
partial melting models for various end-member mantle
reservoirs. To illustrate this, batch partial melting
models were carried out on source compositions varying
from depleted to enriched lherzolitic mantle sources. The
modal composition of mantle source is taken as lherz-
olite with the following mineralogy: olivine:orthopy-
roxene:clinopyroxene = 55:30:15. The geochemical
compositions for the depleted and enriched mantle
source regions are from Michael (1988). K,O and Ba in
the primitive tholeiitic rocks of the mafic intrusion are
significantly greater than would be expected for melting
of a depleted mantle source region (Fig. 15). In contrast,
TiO,, Zr, Nb and Ce concentrations for most of the
rocks of the mafic intrusion scatter around the values
predicted for melting of depleted mantle. These relations
indicate a mantle source region for Early Jurassic



primitive tholeiitic magmas in the Yusufeli area that is
enriched in the LILE relative to HFSE. Besides, the
abundances of TiO,, Zr, Nb and Ce in primitive magmas
of the mafic rocks are consistent with the hypothesis that
these magmas are generated from a mantle source region
that has been depleted by previous partial melting
events. The composition of parental gabbroic rocks fits
best with 15-20% batch partial melting from a depleted
lherzolitic mantle, consistent with the generally accepted
degree of melting of about 20% or less for tholeiitic arc
basalts and MORB:s.

Inter-element ratios between HFSE in primitive tho-
leiitic magmas of the mafic intrusion are also consistent
with the derivation from a depleted mantle source region
(Fig. 16). However, in contrast to major element model,
the calculated degree of partial melting varies from 40 to
50%, with an average of 45%. It is also favoured by the
REE modelling, which indicates 40-50% partial melting
to form primitive tholeiitic parent from the depleted
mantle source (Fig. 17a). This contradiction may result
from the higher HFSE and REE concentrations of as-
sumed mantle source because such an extent of melting
is highly model-dependant. Furthermore, as observed in
the diagrams (Fig. 15), parent rocks plot on the lower
side of the calculated line, indicating that depletion in
HFSE in possible source would have more than those in
the selected source. Absolute values of elemental abun-
dances in the depleted mantle source used for the cal-
culations are not nearly as well constrained as are the
ratios of elements (e.g. Michael 1988).

The felsic intrusion

Based on the experimental, petrological and geochemical
data presented in literature, possible mechanisms for the
generation of silicic rocks are: (1) fractional crystalliza-
tion from basaltic magma, (2) partial melting of imma-
ture greywackes, (3) direct partial melting of the mantle,
(4) partial melting of basaltic source material, which has
been transformed into either amphibolite, quartz eclog-
ite or some transitional rock type.

As discussed earlier, the derivation from the mafic
intrusive rocks by crystal fractionation process seems
unsuitable. Moreover, if this process had worked during
the generation of the felsic rocks, basic rocks would have
been much more common relative to the felsics. The
voluminous nature of the felsic rocks relative to the
mafics in the study area (Fig. 2) argues against the for-
mation of the felsic rocks by direct fractional crystalli-
zation from these mafic rocks. Melts directly derived
from immature greywackes are also unsuitable due to
the lack of these kinds of rocks in the basement repre-
sented by metamorphic rocks and granitoids. Low
fraction partial melting of the mantle to yield magmas as
felsic as dacite is unreasonable and is capable of yielding
melts only as felsic as basaltic andesite, alkali basalt or
boninite (Jahn et al. 1984). Low MgO concentrations of
the samples of the felsic intrusion and other geochemical
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parameters rule out a direct derivation from mantle
wedge. The lack of negative Eu anomalies in the least
fractionated tonalites of the felsic intrusion—provided
they represent unfractionated magma—reflects the ab-
sence of differentiation in terms of plagioclase exctrac-
tion in their parent melt. In order to evolve to a tonalite
from mantle-derived basic parental magma would re-
quire a prominent fractionation, as discussed earlier.

On the other hand, partial melts, particularly from
tholeiitic basalts and to a lesser extent calc-alkaline
basaltic amphibolites, yield parent magmas that have
lower K,O and higher (usually greater than 65 wt%)
SiO, contents, suitable for the differentiation within the
tonalite-trondhjemite field. The most suitable source
material for the tonalite-trondhjemite magma is, there-
fore, tholeiitic and calc-alkaline basic rocks. But, the
rocks plotting in this field can be subdivided into two
geochemically separable types at the 70 wt% SiO, level:
a high Al-type containing > 15 wt% Al,O3, and a low-
Al type containing <15 wt% Al,O5 (Barker et al. 1981).
Numerous experimental studies on natural basalt com-
positions at high pressures (generally > 5 kbar) indicate
that melts approaching the composition of tonalites and
tonalite like melts such as tonalite-trondhjemite-gran-
odiorites (TTG) and adakite have high Al,O3
(>15wt%) and HREE-depleted rare earth element
patterns (Rushmer 1991; Beard and Lofgren 1991; Rapp
et al. 1991; Sen and Dun 1994; Rapp and Watson 1995;
Springer and Seck 1997). However, melts obtained at
low pressure ( < 5 kbar) are distinctly lower in Al,O3
than those at higher pressures and also show flat or
slightly concave upward REE patterns (Green and
Ringwood 1968; Hollaway and Burnham 1972; Helz
1976; Ellis and Thompson 1986; Beard and Lofgren
1989; Springer and Seck 1997). In SiO, versus Al,Os3,
CaO and Na,O Harker variation diagrams (not shown),
the felsic rocks of this study are compared with those of
liquids experimentally produced at 5 and 10-15 kbar
pressures by Springer and Seck (1997). K,O, Al,O5; and
CaO contents of the quartz diorites match more with
those occurred at 5 kbar. The tonalities and trondhje-
mites have lower ALLO; (<15 wt%) and CaO (<4 wt%)
than 5 kbar melts of Springer and Seck (1997), sug-
gesting that these rocks would be crystallised at much
lower pressures (<5 kbar). In addition, they have sim-
ilar geochemical characteristics to those of low Al-type
TTG with their low ALO; (<15 wt%), low Sr
(<200 ppm) contents, lack of any prominent Eu
anomaly (Eu/Eu*=0.8-1.1) and flat HREE patterns
(Barker et al. 1981). Besides, flat to slightly LREE-en-
riched rare earth element patterns (Fig. 7b) suggest the
presence of plagioclase and lack of initial garnet
extraction as a residue in their genesis. As a result, an
origin of tonalitic melts with flat REE patterns at lower
crustal depth or mantle must be rejected. Nevertheless,
the occurrence of the fact that a tensional and/or
transtensional period may lead to form, as a result of
rifting, low pressure conditions in the lower crust where
basic rocks are found.
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Based on these experimental studies and the geo-
chemical characteristics, it can be concluded that the felsic
intrusive rocks have resulted from partial melting of basic
tholeiitic rocks at lower pressures (<5 kbar). The pres-
ence of former gabbroic rocks of the complex in the area
and certain imprints (e.g. gabbro-pegmatites, multiple
dike structure and low crystallization pressures of horn-
blende) of a prevailing extensional period during their
emplacement are in agreement with the partial melting of
tholeiitic gabbroic or amphibolitic rocks located at the
bottom of the intrusive complex. Due to the much higher
heat flow in the lower crust during the extensional period,
conditions for lower crust melting or former basic rocks
could have achieved more easily than during the com-
pressional period. This rationale apparently explains the
generation of felsic rocks of the intrusive complex later
than mafic rocks. All these corroborate the hypothesis
that the tonalites-trondhjemites of the Demirkent intru-
sive complex have been formed by partial fusion of a basic
material of a magmatic arc complex. In addition, REE
and major element models suggest that 70-80% frac-
tional melting from a gabbroic source (G694) shows an
excellent fit with the primitive varieties of the felsic
intrusion (Figs. 17b, 18). The source has the following
mineralogy: plagioclase:clinopyroxene:hornblende:mag-
netite = 54:30:15:1 (Dokuz 2000).

Conditions of the mafic rocks

The temperature and pressure of any magma at the time
of intrusion can be estimated on the basis of observed
mineral sequences and the chemical composition. In the
studied rocks, no olivine and orthopyroxene was ob-
served. Assuming a likely MgO content of 810 wt% in
the parental basaltic melt, non-crystallization of olivine
indicates that the temperature of the parent was lower
than 1,000 +50°C according to the experiments of
Roeder and Emslie (1970). Lack of olivine and ortho-
pyroxene results from the low Fe- and Mg-activity in a
residual melt and crystallization of Ca-bearing minerals,
such as plagioclase, clinopyroxene and amphibole. Pla-
gioclase is a cumulus phase and included in clinopy-
roxene indicating crystallization prior to clinopyroxene.
This is only possible at pressures below 3 kbar (Green
1982). The needle-shaped plagioclase inclusions, which
have An;;_g; forms at 1,000°C and 2 kbar H,O pressure
(Housh and Lurh 1991). In order to obtain such low
temperatures and pressures at the basaltic liquidus, a
significant amount of H,O (5-6 wt%) is necessary
(Green 1982; Moore and Carmichael 1988). The agree-
ment of experimental data with observed crystallization
sequence and chemical composition of the plagioclase
inclusions indicate that the temperature of the parental
magma was about 900-1,000°C and the depth of intru-
sion was approximately 8—10 km. The latter has also
been supported by the pressure calculations according to
Al-in-horblende (Table 2), and the field and petro-
graphic features, which indicates a period of exhumation

prior to the formation of the mafic intrusive rocks. These
are the linear shapes of the intrusion on the map view;
abundance of hb-rich lithologies; occurrence of micro-
gabbros and micro diorites; volumetrically widespread
pegmatitic pods and dikes; absence of olivine and
orthopyroxene in crystallization sequence; and wide-
spread transformation of clinopyroxene to hornblende,
which all suggest intrusion into a shallow level and/or an
extensional condition during the crustal deformation.

Conclusions

The main conclusions drawn from this study are:

1. The low-K mafic and felsic intrusive rocks cross-
cutting the Hercynian metamorphic basement in the
Eastern Black Sea Region of Turkey are presumably
of Early Jurassic age due to a close analogy to the
counterparts (184+4.4 Ma) from the Pulur Massif
(Bayburt), just southwest of Yusufeli.

2. The geological setting, the rock association, the
mineralogy and the chemical composition of the rock
types within the intrusive complex all support the
hypothesis that the igneous activity in the Yusufeli
area occurred above an active subduction zone.

3. The linear shapes of the intrusives on map view,
vertical dike structure at the two end points and
certain petrographic features including the existence
of pegmatites, fine-grained lithologies and low cry-
tallisation temperatures of hornblendes can be inter-
preted as the result of structural or extensional
control on their emplacement during the intra-arc
rifting.

4. Variation diagrams and geochemical modelling show
that crystal fractionation was the major operating
system to produce the evolved lithologies within each
body.

5. The major oxide, REE and HFSE compositions of
inferred parental rocks to the gabbro-diorite body of
the Demirkent intrusive complex can succesfully be
generated by 15-20% melting of a lherzolite, proba-
bly in the mantle wedge above a subduction zone.

6. Trace element and REE characteristics of the tona-
lite-trondhjemite body preclude a direct derivation
from a mantle wedge. Also, the highly voluminous
nature of the felsic body and lack of negative Eu
anomalies in the most primitive rocks rules out its
derivation from the gabbro-diorite body by fractional
crystallization. All the evidence suggests that it could
be derived by 70% partial melting of a mafic source,
possibly the parent rock of the gabbro-diorite body.
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