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Eastern Srednogorie is part of the Apuseni^Banat^Timok^

Srednogorie magmatic belt in SE Europe, the main arc related to

the Late Cretaceous subduction and closure of the Tethys Ocean

between Africa and Europe. Extrusive and shallow intrusive mag-

matism in the Eastern Srednogorie is abundant and extremely diverse

in composition, covering a wide range from ultramafic volcanic

rocks to granites; this provides a unique opportunity to study processes

of primitive melt formation and magma evolution in an arc environ-

ment. In contrast to other parts of the belt, relatively mafic lavas pre-

dominate here. Three magmatic regions are distinguished within

Eastern Srednogorie from south to north: Strandzha, Yambol^

Burgas and East Balkan. Systematic differences exist between these

regions, notably the increased alkalinity of samples from the

Yambol^Burgas region in the central part. All rocks display a clear

subduction-like signature in their trace-element patterns, particu-

larly the enrichment in large ion lithophile elements and light rare

earth elements relative to high field strength elements. A distinct pri-

mitive nepheline-normative ankaramite magma type is recognized

among the mafic volcanic rocks from theYambol^Burgas region and

melt inclusions entrapped in olivine and clinopyroxene from a cumu-

litic rock. Lower crustal clinopyroxene and amphibole cumulates car-

ried to the surface as xenoliths in a mafic dike represent a possible

source for the ankaramite. Modeling of the melting process

suggests that low degrees of batch melting of a clinopyroxene-rich,

amphibole-bearing source similar to the cumulate xenoliths at 1

GPa, temperatures of 1240^13008C, oxidized conditions and a

water content of 0�2 wt % reproduce accurately most of the observed

major- and trace-element characteristics of the studied ankaramites.

The elevated Rb, K2O,Th, Ba content and higher Pb isotope ratios

of the predicted liquids compared with the ankaramites are explained

by mixing of the ankaramite magma with lherzolite partial melts

derived from the subduction-modified mantle wedge. Underplating

of such mantle-derived magmas at the crust^mantle boundary in an

extensional environment as a response to slab roll-back provides also

the necessary heat to melt lower crustal cumulates. Fractional crys-

tallization of mainly clinopyroxene plus olivine and Fe^Ti oxides in

a deep (equivalent to 8 kbar pressure) magma chamber produced

most of the observed range of shoshonitic basalts and basaltic ande-

sites in Eastern Srednogorie.The more evolved intermediate varieties

were probably formed by mixing and crystallization at lower tem-

peratures in lower pressure magma chambers. Whole-rock Sr and

Pb isotope compositions indicate variable degrees of admixing of

basement rocks to generate the intermediate to acid Late Cretaceous

magmas, but assimilation was minimal for magmas with less than

53 wt % SiO2.The proposed model for the evolution of the magma-

tism in Eastern Srednogorie involves initial formation of the calc-

alkaline and high-K arc magmatism in the Strandzha and East

Balkan regions, followed by roll-back induced intra-arc rifting and
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the formation of high-K, shoshonitic and ultra-high-K magmatism,

including primitive ankaramites in theYambol^Burgas region.

KEY WORDS: ankaramites; Eastern Srednogorie arc; geochemistry;

primitive magmas; source components

I NTRODUCTION
The European section of subduction-related magmatism in
the Alpine^Himalayan orogen formed during the complex
subduction of the Western Tethys oceanic lithosphere
beneath the European continent. The southeastern part of
the European Alpine orogen comprises a distinct belt of
Late Cretaceous igneous rocks, variably known as the
‘Banat^Srednogorie zone’ (Popov, 1981, 1987); ‘Banatitic
magmatic and metallogenic belt’ (Berza et al., 1998),
‘Laramian belt’ (Cioflica & Vlad, 1973) or ‘Carpatho-
Balkan segment of the Tethyan Eurasian metallogenic
belt’ (Jankovic¤ , 1997; von Quadt et al., 2001). The term
Apuseni^Banat^Timok^Srednogorie (ABTS) magmatic
and metallogenic belt (Popov, 2002) best represents the
geographical extent and geological context of this belt
and will be used here.
This Late Cretaceous arc contains a wide compositional

range of predominantly calc-alkaline magmatic rocks that
host some of Europe’s largest Cu and Au deposits. The
belt is 30^70 km wide and more than 1000 km in length
and can be traced more or less continuously from
Romania through Serbia to Bulgaria until it reaches the
Black Sea (Fig. 1). It has an L-shaped trend, with a north^
south orientation from the Apuseni mountains and Banat
region extending further south in eastern Serbia (Ridanj-
Krepoljin and Timok regions), and then changing to an
east^west orientation in Bulgaria.
The Eastern Srednogorie zone occupies the easternmost

parts of the ABTS belt, adjacent to the Black Sea. In con-
trast to the rest of the ABTS magmatic belt, which is char-
acterized by mostly normal calc-alkaline to shoshonitic
and predominantly intermediate magmatism, the Eastern
Srednogorie zone exhibits significant geochemical variabil-
ity and a predominance of primitive mafic to intermediate
magmas. The most striking characteristic of the mafic
magmas is the range of their compositions covering the
entire spectrum of chemical series observed in volcanic
arcs: from tholeiitic through calc-alkaline to alkaline
(shoshonitic) compositions (Boccaletti et al., 1978; Manetti
et al., 1979; Stanisheva-Vassileva, 1980, 1989; Popov, 1981;
Stanisheva-Vassileva & Daieva, 1990). The magmatism in
Eastern Srednogorie exhibits a specific zonation with
more evolved calc-alkaline magmas to the south and
north and mafic shoshonitic to ultrapotassic magmas in
the centre (Georgiev et al., 2006).
The presence of high-K ankaramites in Eastern

Srednogorie (Marchev et al., 2007) may provide a key to

understanding the origin of the magmatism in this zone.
Ankaramites are mafic lavas with a large proportion of oli-
vine and clinopyroxene phenocrysts. They share some
common characteristics with other primitive or parental
arc magmas, specifically the presence of olivine pheno-
crysts with Mg number490, and coexisting Cr-rich or alu-
minous spinel (Green et al., 2004). The distinctive
chemical features of ankaramites are their high CaO con-
tent (up to 19wt %), and high CaO/Al2O3 ratios well
above the upper mantle value of 0�8, or higher than the
CaO/Al2O3 ratio of �1 in picrites (Green et al., 2004). The
main phenocryst phase in the arc ankaramites is high-Mg
diopside (Mg number� 94), in addition to olivine and
Cr-rich or aluminous spinel. Olivine is Mg-rich (Fo94^84)
and has a characteristically higher CaO and lower NiO
content for a given Mg number, compared with olivines
from other primitive rocks (Green et al., 2004). Previously,
ankaramitic rocks have been interpreted as a variety of
picrite enriched in accumulated clinopyroxene crystals
(Gunn et al., 1970; Hughes, 1982); however, recent findings
of melt inclusions with ankaramitic compositions (Della
Pasqua & Varne, 1997; Schiano et al., 2000; Elburg et al.,
2006) provide compelling evidence for the existence of
such high-CaO melts. The observed chemical characteris-
tics of the ankaramites cannot be reproduced by melting
of lherzolite lithologies under hydrous or anhydrous condi-
tions (Della Pasqua & Varne, 1997; Schiano et al., 2000;
Kogiso & Hirschmann, 2001; Schmidt et al., 2004),
or by fractionation of olivine from lherzolite-derived
melts (Kogiso & Hirschmann, 2001). Instead, nepheline-
normative ankaramite formation is attributed to melting
of amphibole-bearing clinopyroxene-rich lower crustal or
upper mantle cumulates (Schiano et al., 2000; Me¤ dard
et al., 2006).
In this study we combine field geology with whole-rock

major- and trace-element, and Sr and Pb isotope data to
constrain the origin and evolution of the magmatism in
the Eastern Srednogorie zone. Special attention is given
to the most primitive ankaramitic magmas and their rela-
tion to the more evolved magmatism.We address the pro-
blem of the origin of primitive nepheline normative arc
ankaramites by combining our results with melt inclusion
and phase mineralogy data for the ankaramites, published
in a companion paper (Marchev et al., 2009). Xenoliths of
pyroxene-rich cumulates found in a basaltic dike are dis-
cussed as a likely source for the ankaramite melts. The
combined data provide the first integrated study that
supports the mostly experimental-based model for
nepheline-normative ankaramite formation by melting of
clinopyroxene-rich cumulates (Me¤ dard et al., 2004, 2006).
Melting of the observed amphibole-bearing clinopyroxe-
nite cumulates is quantitatively consistent with thermo-
dynamic and mass-balance modeling of ankaramite
formation. The evolution of the more evolved shoshonitic
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rocks from Eastern Srednogorie is explained by fractional
crystallization of the primitive ankaramitic magmas con-
current with assimilation of basement rocks. The com-
bined information is incorporated into a geodynamic
model explaining the origin and evolution of the magma-
tism in a key segment of theTethyan arc.

GEOLOGICAL SETT ING AND
PREV IOUS GEOCHEMICAL DATA
Several tectonic models have been proposed to explain the
formation of the ABTS belt. Older models considered it
as an extensional structure that originated in an epiconti-
nental rift environment that formed as a result of post-
collisional collapse and related asthenospheric diapirism
following Early^Middle Cretaceous deformation
(Antonijevic et al., 1974; Popov, 1981, 1987). Since the first
plate-tectonic interpretations the formation of the ABTS
belt has been linked to the continuous subduction of the
Vardar Ocean (a branch of theTethys Ocean) beneath the
Serbo-Macedonian^Rhodope massif (Dewey et al., 1973;
Boccaletti et al., 1974; Aiello et al., 1977; Hsu« et al., 1977;

Dabovski et al., 1991; Jankovic¤ , 1997; Stampfli & Borel,
2004). New plate-tectonic reconstructions and paleomag-
netic data show that the Late Cretaceous subduction front
had an east^west orientation and the present-day L shape
of the ABTS belt resulted from an �808 clockwise rotation
of the Apuseni Mountains and Banat sectors during the
Paleogene^Early Miocene (Pa› tras� cu et al., 1992, 1994;
Csontos, 1995; Neubauer, 2002; Fu« genschuh & Schmid,
2005; Schmid et al., 2008).
The distribution of the magmatic rocks and the varia-

tion in their major-element geochemistry along the ABTS
belt has been reviewed in Popov (1981), Berza et al. (1998)
and Popov et al. (2002). Existing geochronological data
from the ABTS belt have been summarized by von Quadt
et al. (2001), Ciobanu et al. (2002), Neubauer (2002) and
von Quadt et al. (2005); until recently, these consisted
mostly of K^Ar whole-rock and mineral data. In the
Central Srednogorie transect of the belt high-precision
U^Pb zircon (von Quadt et al., 2005; Kouzmanov et al.,
2009) and Re^Os ages (Zimmerman et al., 2008) reveal a
14 Myr age progression from north to south, which has
been explained by hinge retreat (slab roll-back) leading to

Fig. 1. Sketch map of SE Europe showing the location of the Apuseni^Banat^Timok^Srednogorie (ABTS) Late Cretaceous magmatic belt
(hatched field). Continuous black line represents the main front of the Alpine^Carpathian^Balkan orogen. The studied Eastern Srednogorie
zone occupies the easternmost parts of ABTS belt (grey dashed square). Modified after Ciobanu et al. (2002).
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crustal thinning in the arc to back-arc region (von Quadt
et al., 2005). The slab roll-back model is consistent with the
transtensional structures that host the magmatic products
and the observed across-strike age progression in the
Central Srednogorie and Timok parts of the belt.
Conventional high-precision U^Pb isotope dilution ther-
mal ionization mass spectromtry (ID-TIMS) zircon
dating and stratigraphic constraints in the Eastern
Srednogorie zone reveal a similar 92 to 78 Ma age span
of the magmatic activity (Georgiev, 2008).
The Late Cretaceous magmatic products in the Eastern

Srednogorie zone occur within SE Bulgaria within the
Strandzha Mountains to the south, the Yambol^Burgas
depression in the central part and the Eastern Balkan
Mountains to the north (Fig. 2). These areas belong to
three tectonic zones that represent the main elements of
the Alpine thrust belt in the region: the Sakar^Strandzha
tectonic zone, Sredna Gora tectonic zone and East Balkan
tectonic zone (Fig. 2, inset).

Strandzha Mountains
The Strandzha Mountains (Fig. 2) are a NE-vergent thrust
belt with four major thrust slices (Banks, 1997) extending
through NW Turkey and SE Bulgaria. The basement con-
sists of high-grade metamorphic rocks with presumably
Precambrian protoliths, intruded by Paleozoic granites,
followed by locally preserved Paleozoic greenschist rocks
and Permian clastic deposits (Okay et al., 2001; Dabovski
et al., 2002). The pre-Cretaceous Mesozoic section consists
of two low-grade metamorphosed sedimentary units. The
autochthonous unit in the central and northwestern
Strandzha Mountains comprises more than 2500m of
Triassic carbonates and shallow to deeper marine Jurassic
shales and clastic rocks (Dabovski et al., 2002). The
allochthonous unit covers the eastern parts of the
Strandzha zone and comprises a Late Triassic deep-
marine clastic sedimentary sequence, which was thrust
above the carbonate rocks of the autochthonous unit in
the Middle Jurassic (Banks,1997).The main phase of defor-
mation in the Strandzha Mountains occurred after the
Middle Jurassic and prior to the Cenomanian (Banks,
1997). During the Early Cretaceous the Strandzha zone
was exhumed and Cenomanian shallow-marine sediments
were deposited.This Cenomanian cover is rarely preserved
because of the strong erosion. The whole section is cut by
Late Cretaceous intrusive bodies and extensional dike
swarms.
To the west, the Sakar^Strandzha zone is separated from

the Central Srednogorie zone by a major transform fault
with a NE^SW orientation, which is now sealed by the
Neogene^Quaternary deposits of the Thrace depression
(Ivanov, 1983). The northern border of the Strandzha
Mountains with the Yambol^Burgas depression is marked
by a zone of intensive fold and fault deformations with
NW^SE orientation (Bonc› ev, 1971).

Yambol^Burgas depression
TheYambol^Burgas depression (Fig. 2) is situated between
the Strandzha Mountains to the south and the East
Balkan Mountains to the north. It is a low-lying area of
outcropping Late Cretaceous mainly marine volcanic and
volcaniclastic rocks and several intrusions. Basement
rocks are not exposed, nor reached by 3300m deep
drill-holes near the town of Pomorie (Fig. 2); however, geo-
physical data indicate that they are probably similar
to the basement in Strandzha (Georgiev et al., 2001).
Sedimentation in the Yambol^Burgas depression com-
menced at the end of the Early Cretaceous with deposition
of alluvial, lake and swamp sediments, overlain by
Cenomanian shallow-marine deposits. During the
Coniacian^Campanian the geodynamic setting changed
significantly and deep-marine flysch sediments, limestones
and volcanic tuffs were deposited in the evolving
Srednogorie intra-arc trough (Nachev&Dimitrova,1995b),
associated with effusive submarine rocks and intruded by
shallow plutons. Post-Campanian compression, folding and
uplift terminated the trough and the intra-arc successions
were transgressively overlain by Maastrichtian shallow-
marine limestones and sandstones. The volcano-sedimen-
tary complex has an estimated total thickness of46000m
(Stanisheva-Vassileva,1989), and is subdivided in four major
groups as shown in Fig. 2 (Dabovski et al., 2009b): Varshilo
(Cenomanian^Turonian^Early Coniacian sediments), and
Grudovo, Michurin and Burgas (Coniacian^Campanian
volcanic rocks and sediments).

East Balkan Mountains
The East Balkan Mountains are an east^west-trending
thrust belt of mainly Paleogene age (Doglioni et al., 1996).
Their boundary with the Yambol^Burgas depression to
the south is marked by a series of steep normal faults west
of the town of Aytos, whereas east of Aytos the rocks from
Yambol^Burgas are thrust onto the East Balkan flysch sedi-
ments. The Mesozoic basement of the East Balkan region
consists of Triassic and Jurassic relatively deep-marine
limestones, sandstones and flysch-like sediments exposed
in a narrow belt (Dabovski et al., 2002). This Mezocoic
basement is overlain by Late Cretaceous and Paleogene
clay^carbonate and clastic flysch deposits with a total
thickness exceeding 2000^3000m. Sedimentation started
in the Cenomanian with deposition of shallow-marine con-
glomerates, sandstones, siltstones and shales. During the
Turonian the area of the East Balkans was subjected to
strong extension and deepening of the basin (Nachev &
Dimitrova, 1995a). The Turonian to Maastrichtian lime-
stones and thick flysch deposits are associated in some
places with intermediate lavas and pyroclastic rocks. The
Late Cretaceous successions are covered by continental
to shallow-marine Paleogene and Neogene^Quaternary
sediments.
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Subdivision of magmatic regions
The Eastern Srednogorie volcano-intrusive zone
(Dabovski, 1991) comprises Late Cretaceous magmatic
rocks from all of the three units described above. Based on
the local geology and existing whole-rock major-element
data, Dabovski et al. (1991) distinguished four magmatic
regions: the Strandzha volcano-intrusive region, the
Yambol^Burgas volcano-intrusive region, the North
Burgas volcanic region and the Luda Kamchya volcanic
region in the East Balkans. In the current study we use a
similar but simplified terminology with the following
regions from south to north: Strandzha, Yambol^Burgas,
North Burgas and East Balkan (Fig. 2).
The Strandzha region comprises Late Cretaceous multi-

phase plutons intruded into the pre-Cretaceous basement
of the Strandzha Mountains. The largest intrusive bodies
are Monastery Heights, Granitovo, Oman-Fakya and
MalkoTarnovo (Fig. 2). Dikes are also common, especially
in the pre-Mesozoic basement of Strandzha, where they
form extensive basic to intermediate dike swarms
(Stanisheva-Vassileva et al., 1994).Volcanic rocks are rarely
preserved.
The Yambol^Burgas region consists of Late Cretaceous

sediments, volcanoclastic deposits, lava flows and pillow
lavas. The volcanic structures are of central polyphase, or
linear fissure type. The most prominent volcano-intrusive
centres are Izgrev, Rossen, Vurli Brjag and Bakadzhik
(Fig. 2).
The North Burgas region is a narrow strip of outcrop-

ping ultrapotassic (K2O/Na2O42) pillow lavas and pyro-
clastic rocks, comprising volcanoes of linear fissure type.
The subdivision of this zone is based mainly on the ele-
vated K2O content of the rocks, and there is no clear struc-
tural or compositional border with the magmatic
products from theYambol^Burgas region.
The East Balkan region is characterized by minor

igneous activity, mostly dikes and subvolcanic bodies
intruding Triassic and Jurassic metamorphosed sediments
in the Eastern Balkan Mountains. Small remnants of lava
flows are also observed.
In contrast to the numerous major-element analyses

of magmatic rocks, published trace-element data are lim-
ited to 10 basaltic rocks reported by Manetti et al. (1979).
Those workers argued that the mafic magmas in the
Yambol^Burgas region formed by variable degrees of melt-
ing of an enriched mantle source (spinel and garnet peri-
dotite), followed by crystal^liquid fractionation of mainly
olivine and some pyroxene and spinel. Isotopic studies in
Eastern Srednogorie are limited to Sr isotopic data from
three intrusions and one volcanic center (Lilov &
Stanisheva-Vassileva, 1998; Kamenov et al., 2000).
Previous studies interpreted the Eastern Srednogorie

region as an island arc system, consisting of three

consecutively formed units: an axial part (Strandzha
region), a rear-arc part (Yambol^Burgas region) and the
North Burgas back-arc rift (Dabovski et al., 1991; Georgiev
et al., 2001). The geodynamic position of the East
Balkan region in these models has not been discussed.
Recent geochemical studies (Georgiev et al., 2006;
Marchev et al., 2009) indicate that magmatism in the inter-
mediate North Burgas andYambol^Burgas regions is simi-
lar and the two units have been merged (see also Ivanov,
1979; Dabovski et al., 2009a). In this study we follow
the traditional four-unit subdivision to present additional
geochemical and isotope evidence for the similarity
between theYambol^Burgas and the North Burgas regions.
The voluminous high-K primitive to intermediate submar-
ine volcanism in these two regions, combined with the
deepening of the basin and the orientation of primitive
dikes parallel to the arc, suggests that they formed
in an extensional setting during the Late Cretaceous. This
is in accord with available geophysical data indicating
a relatively thin crust (�27 km), observed today below the
Yambol^Burgas and North Burgas regions (Yosifov &
Pchelarov, 1977). The two units together form the axial
part of the Eastern Srednogorie, located between the
more evolved and less potassic high-Al basaltic andesites
and andesites in the East Balkan region to the north
and similar, although more differentiated, volcanic and
intrusive rocks in the Strandzha region to the south.
Therefore, we interpret this axial zone (Yambol^Burgas
and North Burgas regions) as an intra-arc rift, rather
than a back-arc rift as previously proposed. Examples of
similar intra-arc rifting approximately parallel with the
arc are known from the Cascade and Kamchatka arcs
(Kersting & Arculus, 1994; Bacon et al., 1997; Conrey
et al., 1997).

SAMPLE SELECT ION AND
ANALYT ICAL TECHNIQUES
Ninety-nine magmatic rocks from the Eastern Srednogorie
zone were analyzed for major and trace elements in this
study. An additional 31 previously published analyses
(Boccaletti et al., 1978; Manetti et al., 1979; Marchev et al.,
2009) were also used in the discussion.We tried to include
in the dataset a broad areal coverage and the full range of
compositions of both extrusive and intrusive rocks, and to
sample the different stages of the evolution of single volca-
nic or intrusive centers where field relations indicate clear
temporal succession of emplacement. Most abundant are
the samples from the Yambol^Burgas region (77), followed
by the Strandzha region (21), the North Burgas region (17),
and the East Balkan region (9). No estimation of the
volume of the Late Cretaceous magmatic rocks in the dif-
ferent regions exists. The tentative volume proportions
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based on surface outcrop, stratigraphy and limited geophy-
sical data are 7:10:4:1 for the Strandzha:Yambol^
Burgas:North Burgas:East Balkan regions. Five Paleozoic
granites from the Strandzha and the Eastern Balkan
Mountains and two xenoliths entrained in a mafic dike
from the Yambol^Burgas region were also studied. The
macroscopically freshest samples were selected for geo-
chemical analysis and petrographic study; all exposed
areas and weathered surfaces were carefully removed
prior to analysis.
Rocks were powdered in a tungsten-carbide disk vibra-

tory mill. The abundances of the major-element oxides
(SiO2, TiO2, Al2O3, Fe2O3

�, MnO, MgO, CaO, Na2O,
K2O, P2O5) were determined by X-ray fluorescence
(XRF) analysis on Li2B4O7-fused glass discs, using a
Philips 2404 spectrometer at the University of Salzburg
and an Axios PANalytical WD-XRF spectrometer at
ETH-Zurich. The reproducibility for the major elements is
better than 1% relative. Accuracy and precision were
monitored using several international rock standards.
Loss on ignition (LOI) was determined by weight differ-
ence after heating the powders to 10508C for 120min. The
bulk-rock major-element composition and selected trace-
element abundances in a smaller dataset of rocks were
measured by XRF using a Philips PW1480 spectrometer
at the University of Florence. MgO, Na2O and FeO con-
centrations in these samples were determined by wet che-
mical analyses.
Trace-element and rare earth element (REE) abun-

dances in most samples were determined on freshly
broken cross-sections of the glass discs at ETH Zurich by
laser ablation-inductively coupled plasma-mass spectrome-
try (LA-ICP-MS) using an Excimer 193 nm system with a
60 mm laser beam diameter and 10Hz repetition rate. The
NIST 610 glass was used as an external calibration stan-
dard, and the XRF values for Al2O3 and CaO were used
as internal standards and for cross-checking. The reported
concentrations are the average values of three replicate
analyses in different domains of the pellet. The analytical
reproducibility of the method is concentration dependent
and generally better than 5% for concentrations above
1ppm; and somewhat greater for lower concentrations
down to the sub-ppm limits of detection of the method.
The accuracy of the method was estimated by repeated
analyses of the BHVO and BCR2 USGS standards and
was better than 10% for concentrations above 1ppm and
better than 15% for lower concentrations. Nb, Ta and Ni,
Pb measured in the BCR2 standard showed higher values
of �20 and 30%, respectively. Experimental setup, limits
of detection and a more detailed description of the
method have been given by Gu« nther et al. (2001).
Comparison of the LA-ICP-MS data with solution ICP
measurements on selected samples and XRF data for

some trace elements shows good agreement between the
three methods.
For the isotope analyses, �100mg of whole-rock powder

was digested in HF and HNO3, followed by Pb and Sr
separation by exchange chromatography techniques on PP
columns with Sr spec Eichrom resin. Sr and Pb isotopes
were analyzed on a Finnigan MAT 262 by static mode
TIMS at ETH Zurich. Sr was loaded with aTa emitter on
Re filaments. The measured 87Sr/86Sr ratios were normal-
ized to a 88Sr/86Sr value of 8�37521. The mean 87Sr/86Sr
value of the NBS 987 standard obtained during the
period of measurements was 0�710252�12 (2s, n¼18). Pb
was loaded with a silica gel on Re filaments. A mass-
fractionation correction of 1�1ø per atomic mass unit was
applied, based on replicate analyses of the NBS 982 refer-
ence material. Age-corrected Sr and Pb isotope ratios
were calculated using Rb, Sr, U,Th and Pb concentrations
determined by LA-ICP-MS.

CLASSI F ICAT ION OF ROCK
TYPES
Eastern Srednogorie contains a wide range of rock types of
variable composition. Intrusive and dike rocks have been
classified based on their modal proportions of minerals,
and volcanic rocks based on their chemical composition.
Sample coordinates and classification are given in
Electronic Appendix 1 (available for downloading at
http://www.petrology.oxfordjournals.org/).
The rocks from the Strandzha region range from gab-

bros through diorites to granodiorites and rare granites.
Some rocks belong to a monzogabbro^monzodiorite^
quartzmonzodiorite^quartzmonzonite^quartzsyenite dif-
ferentiation trend. The final residues are normally aplites
or post-plutonic dikes. Dike swarms are usually basic to
intermediate. The magmatic rocks from the East Balkan
region are basaltic to andesitic lava flows and subvolcanic
porphyry stocks and dikes. In the K2O vs SiO2 diagram
of Rickwood (1989) the rocks from the Strandzha and
East Balkan regions fall mainly in the fields of the tholeii-
tic, calc-alkaline and high-K calc-alkaline series, whereas
in the TAS classification diagram of Le Maitre et al. (1989)
they range from basalts to dacites (East Balkan) or from
basalts to rhyolites (Strandzha).
The magmatic rocks from the Yambol^Burgas and

North Burgas regions have been previously classified as
picrite, basanite, picro-basalt, absarokite, shoshonite,
latite, trachyte and a local variety of ultra-K trachyte
named bulgarite (Stanisheva-Vassileva, 1980). In the K2O
vs SiO2 diagram, the rocks belong predominantly to the
shoshonitic series with subordinate high-K calc-alkaline
rocks. According to the Le Maitre et al. (1989) classifica-
tion, the rocks range from trachybasalts to trachytes and
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subordinate basalts and basaltic andesites. The most mafic
rocks (samples SG11and SG12), previously named picrites
and basanites, are most probably cumulitic (Marchev
et al., 2009). The most mafic non-cumulitic samples of the
two regions are characterized by high CaO/Al2O3 ratios
and have been referred to as ankaramites (Marchev et al.
2007, 2009).

PETROGRAPHY
The magmatic rocks from the Strandzha and the East
Balkan regions are mostly intrusive rocks and contain
hydrous phases, whereas in the central Yambol^Burgas
and North Burgas regions they are dominantly basic to
intermediate submarine volcanic rocks devoid of hydrous
minerals
The basic rock types from the Strandzha region contain

plagioclase, amphibole and clinopyroxene � olivine and
Ti-magnetite; orthopyroxene is rare. Several samples from
this group, as indicated in Electronic Appendix 2, have a
cumulitic origin. The intermediate rocks contain plagio-
clase, amphibole � relicts of clinopyroxene�biotite�
K-feldspar�quartz. The acid varieties contain variable
proportions of quartz, plagioclase and K-feldspar, and
minor biotite. The lavas from the East Balkan region are
porphyritic with a crystallized groundmass. Their most
common phenocrysts are calcic plagioclase, clinopyroxene
and green^brown amphibole; plagioclase is the dominant
phase in the andesites and clinopyroxene in the basaltic
andesites. Amphibole is a major phase in the andesites.
Accessory minerals areTi-magnetite and apatite.
The most voluminous rocks in the Yambol^Burgas and

North Burgas regions are of shoshonitic affinity and lack
hydrous minerals. Ankaramites and absarokites are
strongly porphyritic with fresh clinopyroxene with Mg-
rich cores (Mg-number 91^87) and outer zones of Mg-
number 85^72 and altered olivine as the only phenocrysts,
along with minor spinel inclusions (Cr-number¼ 75^77)
andTi-magnetite. Abundant plagioclase joins these phases
in the basalts and shoshonites, accompanied by pheno-
crysts of Ti-magnetite and apatite. Groundmasses are
fine-grained to glassy, consisting of olivine, clinopyroxene,
biotite, plagioclase, K-feldspar, apatite needles and altered
glass. The more altered samples contain chlorite, albite,
carbonate and zeolites. Regardless of the unsaturated and
high-K nature of the rocks, neither leucite nor other feld-
spathoids have been observed. However, leucite basanites
and leucite-bearing basalts (with leucite replaced by a
mixture of K-feldspar, nepheline and analcime) have been
described in the Bakadzhik center (Stanisheva, 1969;
Banushev, 2003). The most evolved trachyandesites, latites
and trachytes have plagioclase (often with thin sanidine
rims), clinopyroxene and Ti-magnetite set in a perlitic,
spherulitic, hyalopilitic or holocrystalline K-feldspar^
quartz groundmass. Amphibole and microphenocrysts of

orthopyroxene are rarely present in some intermediate
lavas (e.g. sample SG2). The less common high-K ande-
sites, described in detail by Boccaletti et al. (1978), have
abundant plagioclase and hornblende phenocrysts, joined
by biotite in the more silicic rocks and augite as pheno-
crysts and in the groundmass.
The cumulitic sample SG12 consists of equal amounts of

olivine (Fo91^85) and clinopyroxene (Mg-number 89^69),
which make up �80% of the rock. Melt inclusions in
these minerals have ankaramitic compositions similar to
the whole-rock ankaramites (Table 1). A more detailed
description of the melt inclusions and the mineralogy of
the cumulitic rock has been given in a companion paper
(Marchev et al., 2009).
Several basaltic dikes from the Izgrev pluton (Fig. 2)

carry xenoliths of clinopyroxenite, hornblendite and
gabbro, including clinopyroxenite^hornblendite centi-
metre-scale layered xenoliths up to 10 cm in size.
Representative analyses of amphiboles and clinopyroxenes
from two xenolith samples (SG 084-5a and SG 084-5b)
are given inTable 1. For additional information on the pet-
rography of the rocks from the individual centers in
Eastern Srednogorie the reader is referred to Boccaletti
et al. (1978), Popov et al. (1979), Stanisheva-Vassileva (1980)
and Dabovski et al. (2009a). A detailed description of
major- and trace-element compositions of phenocrysts
from the mafic volcanic rocks of Yambol^Burgas region
has been presented by Marchev et al. (2009).

GEOCHEMISTRY
Major-element geochemistry
Major- and trace-element data for the studied rocks, xeno-
liths and melt inclusions from sample SG12 are listed in
Electronic Appendix 2. The samples span a wide range in
SiO2 (40^79%), MgO (0�2^25%), FeOt (1^18%), TiO2

(0�07^1�40%) and Al2O3 (5^25%) contents. However, if
we exclude the cumulitic rocks with high contents of
MgO and CaO (clinopyroxene accumulation), Al2O3

and CaO (plagioclase accumulation) or FeO and TiO2

(Ti-magnetite accumulation), the variations are much
smaller. The most striking characteristic of the magmatic
rocks is the systematic north-to-south variation in their
alkalinity (Fig. 3) with most of the rocks from the central
Yambol^Burgas and North Burgas regions being shoshoni-
tic and nepheline-normative, whereas those from the
Strandzha and East Balkan regions belong to the low- to
medium-K calc-alkaline series (Fig. 3b) and are subalka-
line and Qz-normative (Electronic Appendix 3).
Variation diagrams of major elements vs MgO are

shown in Fig. 4. The SiO2 and Na2O contents increase sys-
tematically with decreasing MgO content, whereas FeOt

and CaO contents decrease with decreasing MgO. The
TiO2 content increases smoothly with decreasing MgO
content down to about 3wt % MgO, indicative of limited
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Fe^Ti oxide fractionation from the most primitive
magmas. In the more evolved samples from the Yambol^
Burgas and Strandzha regions, theTiO2 content decreases
with further decrease of MgO, indicating increased frac-
tionation of Fe^Ti oxides. The Al2O3 content of the noncu-
mulitic rocks varies from 10 to 20wt %, increasing
smoothly from the most primitive samples to compositions
with �4wt % MgO. With further fractionation, Al2O3

remains constant or decreases slightly. The latter tendency
is visible in the rocks from the Strandzha region, and is
the result of plagioclase fractionation. The enrichment
trend of Al2O3 in compositions with MgO more than
4wt % implies that plagioclase fractionation was insignifi-
cant in the early stages of magma evolution, consistent
with the observed clinopyroxene-dominated phenocryst
assemblage of the most mafic lavas. The Na2O concentra-
tions in the Strandzha region intrusive rocks increase
with decreasing MgO content. A similar but more scat-
tered trend is observed in the other regions. The FeOt con-
tent of the non-cumulitic samples generally decreases with
decreasing MgO content.

Trace-element geochemistry
Systematic variations in the XRF and LA-ICP-MS trace-
element data with MgO are visible in Fig. 5. The abun-
dance of the incompatible elements such as Rb, Ba and
partly of Zr is inversely correlated with the MgO content.
The rocks from the Strandzha region have generally
lower Rb and Ba concentrations at a given MgO, and
show a different trend of Zr enrichment compared with
those from theYambol region, with Zr content being rela-
tively constant in the evolved varieties with MgO
53wt %. The compatible elements Ni, V and Co (not
shown) decrease systematically with decreasing MgO con-
tent. Mafic rocks from the Yambol^Burgas region have
higher Ni and Co concentrations compared with rocks
from the other regions.
Trace-elements patterns of the Eastern Srednogorie

magmatic rocks normalized to normal mid-ocean ridge
basalt (N-MORB) are presented in Fig. 6. Plotted in the
order of increasing compatibility in MORB, any concen-
tration spikes or troughs on the diagram result from pro-
cesses other than normal, upper mantle decompression

Table 1: Representative analyses of minerals and melt inclusions (MI) from an ankaramitic cumulate (sample SG 12),

clinopyroxenite xenolith (sample SG 084-5a) and amphibole-rich xenolith (sample SG 084-5b)

Ol MI in Ol Sp Cpx Cpx Cpx Cpx Amph Amph

Sample: SG 12 SG 12 SG 12 SG 12 SG 084-5a SG 084-5b SG 084-5b SG 084-5a SG 084-5b

SiO2 40�77 49�06 0�08 52�90 53�14 48�91 52�33 43�24 42�33

TiO2 0�00 0�63 0�60 0�17 0�39 0�92 0�22 1�58 1�47

Al2O3 0�04 12�86 8�20 1�76 2�80 5�83 2�22 12�82 13�88

Cr2O3 0�04 0�04 41�60 0�52 0�29 0�01 0�25 0�46 0�12

FeOt 8�92 6�44 34�46 4�95 4�22 5�84 4�38 7�80 9�49

MnO 0�19 0�11 0�30 0�12 0�05 0�24 0�20 0�08 0�10

MgO 49�47 8�00 11�42 16�82 16�74 14�37 16�23 16�84 15�26

CaO 0�46 14�90 0�02 22�59 22�18 23�70 24�10 12�48 12�30

Na2O 0�01 2�22 0�10 0�16 0�16 0�14 0�07 2�12 1�61

K2O 2�78 0�05 0�56 1�43

P2O5 0�01 0�34 0�01 0�01 0�02

NiO 0�09 0�02 0�01 0�01

Total 100�0 97�4 96�8 100�0 100�0 100�0 100�0 98�0 98�0

Fo 90�6

Mg-no. 90�8 68�9 37�1 85�8 87�6 81�4 86�9 79�4 74�1

Fs 7�9 6�8 9�8 7�1

Wo 45�2 45�4 48�9 48�0

En 46�9 47�7 41�3 44�9

CaO/Al2O3 10�7 1�2 0�0 12�8 7�9 4�1 10�8 1�0 0�9

Microprobe analyses were conducted at the University of Florence. Olivine (ol) and clinopyroxene (cpx) analyses are
recalculated to 100wt %, and amphibole (amph) to 98wt % for ease of comparison. The composition of olivine-hosted
silicate melt inclusion (MI) is from Marchev et al. (2009), who described analytical techniques. All published melt inclusion
data are given in Electronic Appendix 2.
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melting (Sun & McDonough, 1989). The shape of all
the patterns in Fig. 6 is typical of magmas formed in
subduction-related tectonic settings.The rocks are enriched
in large ion lithophile elements (LILE), U, Th and Pb,
and to lesser extent in light REE (LREE) relative to the
heavy REE (HREE) and high field strength elements
(HFSE) (Fig. 6).The HFSE Zr, Hf, Nb,Ta andTi form dis-
tinct negative anomalies in the trace-elements patterns.
Only the most evolved varieties do not show Zr and Hf
negative troughs. There are large positive K and Pb
anomalies, and weaker positive Sr anomalies. In each of
the SiO2 groups, the four regions display remarkably simi-
lar patterns, but the relative abundances of the elements,
especially the most incompatible ones, are lower in the
Strandzha and East Balkan regions compared with the
central Yambol^Burgas and North Burgas regions.
The rocks from the four regions also have similar

chondrite-normalized REE patterns (not shown) with
enrichment in LREE and relatively flat HREE patterns
typical for rocks from subduction-related geotectonic
settings. The most basic rocks have the flattest LREE pat-
terns; with progressive fractionation the LREE enrichment
becomes more prominent. The cumulitic intrusive samples
display flat REE patterns. The rocks lack significant
Eu anomalies; only the evolved acid rocks with
SiO2458wt % show an increasingly negative Eu anomaly.
Similar to their higher LILE and HFSE abundances, the
majority of rocks from the central Yambol^Burgas and
North Burgas regions have higher REE contents compared
with rocks with similar SiO2 contents from the East
Balkan and Strandzha regions.

Isotope geochemistry
The measured 87Sr/86Sr ratios in the Late Cretaceous
igneous rocks display significant variations between
0�70409 and 0�70659 (Table 2). Most samples from the
Yambol^Burgas and a few samples from the Strandzha
and East Balkan regions have initial Sr ratios between
0�70392 and 0�70437. The published initial 87Sr/86Sr data
for the Tamarino Bakadzhik volcano (0�7038^0�7045,
Lilov & Stanisheva-Vassileva, 1998) and Zidarovo pluton
(0�7036^0�7088, Kamenov et al., 2000; Ruskov et al., 2006)
in the Yambol^Burgas region show larger variations and
partly overlap with our data. The rocks from the
Strandzha region have more radiogenic initial 87Sr/86Sr
ratios compared with the Yambol^Burgas region (Fig. 7a).
Initial 87Sr/86Sr ratios, calculated from previously pub-
lished data for the Polski Gradets and MalkoTarnovo plu-
tons in the Strandzha region are similar to our data and
are in the range of 0�7048^0�7052 and 0�7044^0�7086,
respectively (data from Kamenov et al., 2000). The Late
Cretaceous magmatic rocks from the Central Srednogorie
zone (Kouzmanov et al., 2009) have consistently higher
initial Sr isotopes compared with the studied rocks and
overlap only partly with the intrusive rocks from the
Strandzha region (Fig. 7a). The Paleozoic basement gran-
ites have markedly elevated 87Sr/86Sr ratios at 80 Ma
ranging from 0�70656 to 0�7092. The least radiogenic
compositions (0�70387 and 0�70388) were determined in
the clinopyroxenite and hornblendite xenoliths from
Izgrev (Table 2).
The 206Pb/204Pb ratios of the studied rocks vary between

18�393 and 19�040 (Table 3), and are consistent with the
Pb isotopic composition of galenas from ore deposits in
Eastern Srednogorie (Amov & Arnaudov, 2000; Kamenov
et al., 2000) and K-feldspars from Late Cretaceous intru-
sions (Kamenov et al., 2000). The variations in 207Pb/204Pb
are from 15�581 to 15�662, and for 208Pb/204Pb from 38�261
to 38�811. The Late Cretaceous rocks form a well-defined
positive Pb^Pb isotope correlation, with more radiogenic
initial Pb ratios than the common MORB^OIB (ocean

Fig. 3. Chemical classification of rocks from the Eastern Srednogorie
zone. (a) Total alkalis vs silica (TAS) diagram, fields from Le Maitre
et al. (1989); (b) K2O vs SiO2 classification diagram (Rickwood,
1989). It should be noted that most of the samples from the southern-
most Strandzha region are intrusive rocks.
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island basalt) array (Fig. 7b). The rocks from the adjacent
Central Srednogorie zone have a similar range in
207Pb/204Pb (Fig. 7b), but extend to lower 206Pb/204Pb
values. The rocks from the Strandzha region have consis-
tently higher 207Pb/204Pb ratios compared with the other
regions. The least radiogenic Pb isotopes were measured
in the clinopyroxenite and hornblendite xenoliths from
Izgrev (206Pb/204Pb: 17�920^17�998; 207Pb/204Pb: 15�575^
15�583; 208Pb/204Pb: 37�620^37�718). The basement
Paleozoic granites show clearly elevated Pb isotope ratios
(Fig. 7b).

DISCUSS ION
Primitive magmas from the Eastern
Srednogorie zone
Most mantle-derived subduction-related magmas are
affected by complex fractionation and contamination pro-
cesses that modify their starting compositions (e.g.
McCulloch & Gamble, 1991; Hawkesworth et al., 1993;
Tatsumi & Eggins, 1995; Elliott, 2003; Tatsumi, 2005). To
assess the origin of the magmatism in the Srednogorie seg-
ment of the Tethyan arc magmatism, we focused on the

Fig. 4. Variation diagrams for SiO2,TiO2, Al2O3, CaO, FeOt, and Na2O vs MgO (all in wt %).Two cumulate samples SG11 and SG12 (MgO
�26wt %) and the two xenolith analyses (MgO �15 and 17wt %) plot outside the area of the diagrams.
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most primitive Late Cretaceous rocks within Eastern
Srednogorie and filtered the geochemical analyses to select
volcanic rocks with relatively elevated MgO contents
(45wt %) and low SiO2 (553wt %), indicative of limited
crystal fractionation. These rocks are also the least affected
by crustal assimilation as indicated by their fairly homoge-
neous initial Sr isotope composition, which is at the least-
radiogenic end of the spectrum of all the studied rocks
(Fig. 8a). Based on geochemical and mineralogical charac-
teristics, we identify two groups of mafic magmas.
The first group comprises 12 ankaramitic to trachybasal-

tic lavas from the Yambol^Burgas and North Burgas
regions, with MgO47wt % and SiO2550�5wt % with
the exception of sample SG102a, which has 51�9wt %
(Electronic Appendix 2; including three analyses from
Boccaletti et al., 1978). Most of these lavas have Mg-
number 4 60, Cr contents �350 ppm and Ni contents
�95 ppm (determined by both XRF and LA-ICP-MS).
The most Mg-rich ankaramites have higher Cr contents
of �550 ppm and Ni contents of �160^240 ppm, which
makes this compositional group a likely candidate for a

near-primary mantle melt. The presence of melt inclusions
with similar major- and trace-element composition and
high CaO/Al2O3 of 1�2 (Fig. 9) provide compelling evi-
dence that the primary magma was very rich in CaO
(Marchev et al., 2009).
Using the whole-rock chemistry of the ankaramites pre-

sented here, melt inclusion and mineral data, Marchev
et al. (2009) provided important P^T^fO2 crystallization
constraints for two ankaramites (SG 090 and SG 097)
and the cumulate hosting the ankaramitic melt inclusions
(sample SG 12). Those workers calculated crystallization
temperatures of c. 1200^12608C, at high oxygen fugacities
of c. �FMQþ 2�9 (where FMQ is the fayalite^magnetite^
quartz buffer) and �3wt % H2O. These temperatures
coincide with the 1220^12608C typical range of homogeni-
zation temperatures of olivine-hosted CaO-rich silica-
undersaturated melt inclusions from arc settings worldwide
(Della Pasqua & Varne, 1997; Gioncada et al., 1998;
Metrich et al., 1999; Schiano et al., 2000). The estimated
crystallization pressures of 6^9 kbar (Marchev et al.,
2009) correspond to c. 20^30 km deep magma chambers;

Fig. 5. Variation of Rb, Ba, Zr, and Ni (ppm) vs MgO (wt %) for whole-rock compositions from the Eastern Srednogorie magmatic zone.
Symbols with crosses indicate XRF trace-element data; symbols with no crosses indicate LA-ICP-MS data.
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this depth is slightly above or near the Moho (27^30 km)
in the Eastern Srednogorie zone (Georgiev et al., 2001).
The second compositional group within the Eastern

Srednogorie mafic lavas, named here ‘other mafic’, consists
of slightly more evolved mafic lavas with lower

CaO/Al2O3 ratios. Compared with the ankaramites, six
basaltic andesites to basaltic trachyandesites are more
SiO2-rich (51�8^52�3wt %, sample SG 092 has �49wt %)
and have lower MgO contents (5�2^6�8wt %) and
lower CaO/Al2O3 ratios ranging from 0�66 to 0�49.

Fig. 6. N-MORB-normalized trace-element patterns of representative samples from the Eastern Srednogorie zone.To avoid the effects of differ-
entiation on the trace-element concentrations, the rocks are divided into five groups based on their SiO2 content.Within each SiO2 group, repre-
sentative samples for each of the four volcano-intrusive regions are reported (sample numbers shown on diagrams). Normalizing values from
Sun & McDonough (1989).
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Unlike the nepheline-normative ankaramites and melt
inclusions, these mafic lavas are mostly hypersthene-nor-
mative. Their primitive nature is questionable, because
they have lower concentrations of Cr and Ni, and could
be the products of differentiation of the ankaramites. Two
basalts from the Izgrev magmatic center with �51wt %
SiO2 and �11wt % MgO are also attributed to the ‘other

mafic’ group. They have CaO/Al2O3 ratios of �0�8çtran-
sitional values between the ankaramites and the basaltic
andesites and basaltic trachyandesites. The compatible
trace-element contents of the two rocks (discussed below)
indicate that the Izgrev basalts could represent primitive
mantle melts.
The chemical composition of the ankaramites, melt

inclusions and other mafic rocks is indicated on Fig. 9 and
compared with the composition of silica-undersaturated
ankaramitic rocks worldwide. The ankaramites have gen-
erally lower TiO2 and Al2O3 contents than the rest of the

Table 2: Sr isotope data for Late Cretaceous igneous rocks,

xenoliths and basement rocks from Eastern Srednogorie

Sample no. Region Type 87Sr/86Sr 2s 87Sr/86Sr80

SG 068 EB i 0�70489 0�00002 0�70474

SG 093 EB v 0�70440 0�00001 0�70430

SG 105 EB v 0�70409 0�00002 0�70400

SG 086 NB v 0�70456 0�00005 0�70423

SG 087 NB i 0�70445 0�00020 0�70419

AvQ 053 YB i 0�70490 0�00002 0�70402

AvQ 054 YB i 0�70443 0�00001 0�70426

AvQ 057 YB i 0�70438 0�00000 0�70437

AvQ 058 YB v 0�70423 0�00002 0�70407

SG 040 YB i 0�70452 0�00003 0�70429

SG 044 YB i 0�70643 0�00002 0�70501

SG 090 YB v 0�70421 0�00002 0�70403

SG 092 YB v 0�70414 0�00003 0�70397

SG 097 YB v 0�70420 0�00002 0�70400

SG 099a YB d 0�70437 0�00002 0�70414

SG 102a YB v 0�70472 0�00001 0�70435

SG 12 YB v 0�70450 0�00003 0�70392

SG 7 YB v 0�70450 0�00001 0�70435

AvQ 046 Str i 0�70438 0�00002 0�70435

AvQ 048 Str i 0�70659 0�00001 0�70590

AvQ 142 Str i 0�70419 0�00001 0�70417

SG 001 Str i 0�70604 0�00004 0�70559

SG 011 Str i 0�70485 0�00005 0�70482

SG 021 Str d 0�70523 0�00002 0�70482

SG 028 Str i 0�70604 0�00001 0�70561

SG 057 Str i 0�70536 0�00002 0�70533

SG 084-5-a YB x 0�70388 0�00004 0�70387

SG 084-5-b YB x 0�70393 0�00012 0�70388

SG 070 Bas i 0�70946 0�00001 0�70870

SG 047 Bas i 0�70691 0�00003 0�70656

SG 078 Bas? i 0�71186 0�00004 0�70912

Sr isotope data are corrected for mass-fractionation, 2s is
the absolute standard error of the measurement. The
87Sr/86Sr ratio at the time of 80 Ma was calculated
using whole-rock Rb and Sr concentrations (Electronic
Appendix 2). EB, East Balkan region; NB, North Burgas
region; YB, Yambol–Burgas region; Str, Strandzha
region; Bas, Paleozoic basement rocks; v, volcanic; i, intru-
sive; d, dike; x, xenolith.

Fig 7. Isotope diagrams for Eastern Srednogorie Cretaceous rocks
and Paleozoic basement: (a) 87Sr/86/Sr and 206Pb/204Pb; (b)
206Pb/204Pb vs 207Pb/204Pb. Isotope data are age-corrected to 80 Ma.
The Northern Hemisphere Reference Line (NHRL; Hart, 1984) is
shown for comparison. The field defined by magmatic rocks from the
adjacent Central Srednogorie zone is shown for comparison, includ-
ing the data of von Quadt et al. (2005) and Kouzmanov et al. (2009)
recalculated at 90 and 85 Ma, respectively. The field for MORB is
redrawn after Stracke et al. (2005). Error bars indicate the error on
the age-corrected isotopic ratios, calculated by quadratically adding:
(1) the 2s analytical errors on theTIMS-measured Pb and Sr isotope
ratios, which is typically less than symbol size, and (2) errors asso-
ciated with the propagation of the Pb, U,Th Rb and Sr uncertainties
of the LA-ICP-MS measurements on the age-corrected isotope ratios.
The small amounts of Rb and 235U in the studied samples result in
small age correction-induced errors on the 87Sr/86Sr and 207Pb/204Pb
initial ratios, compared with the errors on the 206Pb/204Pb initial
ratio.
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mafic magmas, and at the same time they are enriched in
MgO and CaO (Fig. 9). The K2O (Fig. 9c) and FeOt (not
shown) variations seem to be independent of the CaO/
Al2O3 ratio. The melt inclusions have more scattered
major-element compositions at a nearly constant CaO/
Al2O3 ratio of about 1�3. Nevertheless, all other character-
istics of the melt inclusions seem to be similar to those of
the ankaramitic lavas. Compared with other silica-under-
saturated high-calcium arc rocks and melt inclusions, the
Eastern Srednogorie ankaramitic compositions have lower
TiO2, Al2O3 and CaO and elevated K2O contents
(Fig. 9). Their range in MgO (8^13wt %) and FeOt

(8^11wt %) is commonly observed in arc ankaramites.
The studied lavas and melt inclusions with the
highest CaO/Al2O3 (41�1) range predominantly from 49
to 52wt % SiO2 (water-free basis), whereas the reported
Si-undersaturated arc ankaramites worldwide reach such
high CaO/Al2O3 ratios at lower SiO2 contents (45^
49 wt %). Based on the comparison of their major ele-
ments, Eastern Srednogorie ankaramites appear to be
most similar to the high-Ca inclusions from the Aeolian
arc (Metrich & Clocchiatti, 1996; Gioncada et al., 1998)
and ankaramitic lavas from Lihir, Papua New Guinea
(Kennedy et al., 1990).

Table 3: Pb^Pb isotope data for Late Cretaceous igneous rocks, xenoliths and basement rocks from Eastern Srednogorie

Sample no. Region Type 206Pb/204Pb 2s 207Pb/204Pb 2s 208Pb/204Pb 2s 206Pb/204Pb80
207Pb/204Pb80

208Pb/204Pb80

SG 068 EB i 18�496 0�005 15�602 0�004 38�505 0�010 18�457 15�600 38�442

SG 093 EB v 18�564 0�002 15�588 0�003 38�504 0�008 18�451 15�583 38�315

SG 105 EB v 18�649 0�012 15�635 0�013 38�498 0�044 18�522 15�629 38�378

SG 086 NB v 18�728 0�002 15�590 0�001 38�468 0�004 18�529 15�580 38�357

SG 087 NB i 18�708 0�001 15�611 0�001 38�528 0�002 18�567 15�604 38�451

AvQ 053 YB i 18�716 0�003 15�598 0�002 38�526 0�005 18�511 15�588 38�408

AvQ 054 YB i 18�572 0�007 15�606 0�008 38�540 0�022 18�549 15�605 38�519

AvQ 057 YB i 18�548 0�008 15�622 0�007 38�564 0�019 18�542 15�621 38�563

AvQ 058 YB v 18�393 0�003 15�627 0�003 38�368 0�010 18�389 15�627 38�364

SG 040 YB i 18�940 0�003 15�648 0�003 38�692 0�007 18�752 15�639 38�559

SG 044 YB i 19�040 0�002 15�662 0�002 38�800 0�005 18�673 15�644 38�573

SG 090 YB v 18�514 0�002 15�581 0�003 38�463 0�010 18�442 15�578 38�384

SG 092 YB v 18�526 0�002 15�589 0�003 38�261 0�011 18�495 15�587 38�231

SG 097 YB v 18�525 0�008 15�601 0�007 38�367 0�021 18�390 15�595 38�218

SG 099a YB d 18�560 0�008 15�599 0�007 38�497 0�019 18�439 15�593 38�362

SG 102a YB v 18�774 0�003 15�637 0�004 38�714 0�011 18�567 15�627 38�539

SG 12 YB v 18�499 0�010 15�607 0�007 38�438 0�021 18�408 15�602 38�359

SG 7 YB v 18�716 0�011 15�616 0�008 38�600 0�022 18�544 15�607 38�457

AvQ 046 Str i 18�531 0�005 15�631 0�005 38�579 0�014 18�531 15�631 38�579

AvQ 048 Str i 18�576 0�002 15�643 0�003 38�517 0�006 18�548 15�642 38�499

AvQ 142 Str i 18�628 0�004 15�638 0�003 38�694 0�010 18�601 15�637 38�683

SG 001 Str i 18�621 0�003 15�620 0�003 38�600 0�009 18�449 15�612 38�429

SG 011 Str i 18�721 0�004 15�626 0�004 38�809 0�011 18�618 15�621 38�538

SG 021 Str d 18�782 0�007 15�641 0�006 38�811 0�021 18�640 15�634 38�617

SG 028 Str i 18�684 0�002 15�637 0�001 38�669 0�005 18�607 15�633 38�566

SG 057 Str i 18�665 0�003 15�632 0�003 38�748 0�008 18�510 15�624 38�533

SG 084-5-a YB x 17�998 0�016 15�583 0�016 37�718 0�045 17�993 15�583 37�715

SG 084-5-b YB x 17�920 0�004 15�575 0�004 37�620 0�013 17�915 15�575 37�615

SG 070 Bas i 19�049 0�006 15�705 0�006 39�310 0�017 18�910 15�698 38�992

SG 047 Bas i 18�820 0�006 15�662 0�005 38�766 0�015 18�704 15�656 38�570

SG 078 Bas i 18�822 0�008 15�674 0�007 38�742 0�022 18�690 15�668 38�633

SG 107 Bas v 18�756 0�002 15�665 0�002 38�945 0�005 18�641 15�660 38�584

Pb isotope data are corrected for mass-fractionation, 2s is the absolute standard error of the measurement. The Pb–Pb
ratios at the time of 80 Ma were calculated using whole-rock U, Th and Pb concentrations (Electronic Appendix 2).
Abbreviations as in Table 2.

GEORGIEV et al. EASTERN SREDNOGORIE ARC EVOLUTION

1913



The trace-element compositions of ankaramites, other
mafic rocks, and melt inclusions in the ankaramites all dis-
play very similar patterns on N-MORB-normalized trace-
element diagrams, enriched in LILE and relatively
depleted in HFSE elements (Fig. 10). All analysed samples
show a strong negative Nb trough, and also Zr, Hf and Ti
minima. Their chondrite-normalized REE abundances
are also similar, enriched in LREE and with relatively
flat HREE patterns (Fig. 11). The (La/Yb)n values of the
ankaramitic lavas are �8, whereas the melt inclusions
have lower values of �5. The absolute abundances of REE
are lower in the ankaramites and their melt inclusions,
compared with the rest of the mafic magmas.
In summary, nepheline-normative ankaramites with

subduction-like trace-element patterns predominate
among the least differentiated lavas from Eastern
Srednogorie. Non-ankaramitic mafic lavas with elevated
MgO content (5^7wt %) have similar subduction-influenced

trace-element patterns, but their lower Cr and Ni contents
suggest that they are not primary magmas. Even though
some of these lavas seem to form continuous trends with
the ankaramites and melt inclusions (Fig. 9b and d), the
low-CaO/Al2O3, low-K2O mafic lavas in Fig. 9c show a
contrasting trend, suggesting a different genesis.

Origin of Eastern Srednogorie ankaramites
Ankaramites worldwide are divided in two major groups: a
silica-rich, alkali-poor hypersthene-normative group and
a silica-poor, alkali-rich nepheline-normative group
(Schiano et al., 2000; Kogiso & Hirschmann, 2001). The
two groups of ankaramitic melts originate from different
sources. The genesis of hypersthene-normative ankara-
mites, found in volcanic arc, back-arc, mid-ocean ridge
and oceanic island environments, has been variably
explained by: (1) melting of depleted lherzolite (Kogiso &
Hirschmann, 2001; Schmidt et al., 2004); (2) melting of
CO2-fluxed lherzolite (Della Pasqua & Varne, 1997;
Green et al., 2004); or (3) interaction between a picrite
melt and clinopyroxenite (Kamenetsky et al., 1998). These
models, however, are not applicable to the formation of
high-CaO/Al2O3, highly alkaline and silica-undersatu-
rated nepheline-normative rocks such as the studied
Eastern Srednogorie ankaramites.
Nepheline-normative ankaramites, found exclusively in

arc environments, can be produced by melting of wehrlitic
or pyroxenitic lithologies (Schiano et al., 2000; Kogiso &
Hirschmann, 2001; Me¤ dard et al., 2004). The source can be
a wehrlitic mantle (e.g. Barsdell & Berry,1990), a hydrated
sub-arc lithosphere veined by clinopyroxene-rich dikes
(Kamenetsky et al., 1998), a clinopyroxene-rich transitional
mantle^crust zone similar to that observed in the Oman
ophiolite, or wehrlitic lower crustal intrusions that origi-
nate from this transitional zone (Benn et al., 1988). On the
basis of major- and trace-element chemistry and thermo-
dynamic calculations, Schiano et al. (2000) argued that
upper mantle or lower crustal pyroxene-rich cumulates
within the arc lithosphere are a plausible source of
CaO-rich and Si-undersaturated melts. Experimental
studies show that nepheline-normative ankaramitic melts
become olivine and clinopyroxene saturated at pressures
of 0�2^1 GPa and temperatures of 1220^13208C (Me¤ dard
et al., 2004).
Amphibole is considered an essential phase in the pro-

duction of nepheline-normative ankaramites for two rea-
sons. First, its water content significantly lowers the
melting temperature of a clinopyroxenite to conditions rea-
listic for arc environments (Schiano et al., 2000; Me¤ dard
et al., 2004, 2006). Second, melting of amphibole also con-
tributes alkalis and lowers the SiO2 content compared
with pure clinopyroxenite melts and the resulting melts
shift towards nepheline-normative compositions.

Fig. 8. Variation of 87Sr/86Sr and 207Pb/204Pb vs SiO2 (wt %) for the
Eastern Srednogorie rocks. Isotope data are age-corrected to 80 Ma.
The symbols with dots represent intrusive or cumulitic rocks. Error
bar calculation is described in Fig. 7 caption.
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Nepheline-normative ankaramitic melts, similar to those
from Eastern Srednogorie, have been experimentally pro-
duced by melting of amphibole wehrlite at pressures of 1
GPa and temperatures411908C (Me¤ dard et al., 2006). The
presence of pyroxene, amphibole and layered pyroxene^
amphibole cumulate xenoliths in a basaltic dike (sample
SG099a) from the Izgrev pluton in the Yambol^Burgas
region provides a direct opportunity to test this model of
ankaramite genesis. These xenoliths could represent the
actual source of the ankaramites, because they are suffi-
ciently rich in clinopyroxene to provide the high CaO,
and they also contain amphibole to provide the alkalis for
the nepheline-normative character of the ankaramites.

Thermodynamic modeling

To test this link more quantitatively, we calculated the
composition of possible partial melts that can be produced
from pure clinopyroxenite or mixtures of clinopyroxene
with 5wt % and 15wt % amphibole cumulate (Table 4),
using the Adiabat_1ph program of Smith & Asimow
(2005) and its default partition coefficients taken from
McKenzie & O’Nions (1991, 1995). Melting models of a
depleted MORB mantle composition (Workman & Hart,
2005) are also computed for comparison. The underlying
thermodynamic model used for our calculations was
pMELTS (Ghiorso et al., 2002) and water was treated as a
trace element [details of the method have been given by

Fig 9. Variation diagrams for Eastern Srednogorie ankaramites and other mafic lavas with MgO45 wt %: (a) CaO vs Al2O3 (wt %);
(b) CaO/Al2O3 vs MgO (wt %); (c) CaO/Al2O3 vs K2O (wt %); (d) CaO/Al2O3 vsTiO2 (wt %). Olivine- and clinopyroxene-hosted melt
inclusions from the ankaramitic cumulate sample SG12 (Electronix Appendix 2, data from Marchev et al. 2009) are also shown for comparison.
Two ankaramitic samples (SG 11 and SG 12), which are not shown on the diagram, with CaO/Al2O3 ratios of 1�8 and 2�7 respectively, have
high phenocryst proportions, higher MgO and lower Al2O3 contents, and have probably accumulated olivine and clinopyroxene phenocrysts.
Continuous black lines mark constant CaO/Al2O3 ratios. Also shown in the diagram are high-calcium silica-undersaturated melt inclusions
with CaO/Al2O340�8 from South Sulawesi (Elburg et al., 2006), medium-K ankaramitic melt inclusions from Lombok, Indonesia (Elburg et
al., 2007), high-calcium melt inclusions from Batan, Philippines (Schiano et al., 2000), and representative analyses of high-calcium silica-
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Asimow et al. (2004) and Smith & Asimow (2005)].
Calculations were run in an isobaric mode at a pressure of
10 kbar. This pressure was selected based on the following
arguments: this is roughly the pressure of the crust^
mantle boundary in the region, it exceeds the crystalliza-
tion pressures of 6^9 kbar calculated for the ankaramites
(see above), and amphibole is a stable phase at this pres-
sure. Finally, a considerable amount of the published

experimental data on clinopyroxenite melting is at pres-
sures of 10 kbar, which facilitates the comparison of the
model with published data. Considering recent calcula-
tions for the oxidation state of the melts (Marchev et al.,
2009), we used fO2 buffering at 2 log units above FMQ.
Results from the calculations are presented in Electronic
Appendix 4 and indicated in Figs 10^13. It should be
noted that for compositions AA and CC the model
(pMELTS) predicts a clinopyroxene^phlogopite subsoli-
dus assemblage, because hornblende is treated as a K2O-
free phase. In these two models phlogopite melts out at
�4�2% and �2�5% melting, respectively, followed by clin-
opyroxene melting.
Results from our modeling confirm that the CaO/Al2O3

ratio of the melt is controlled mostly by the abundance of
clinopyroxene in the source. For example, melting of a
depleted MORB mantle produces a maximum CaO/
Al2O3 value of only 0�9 at about 23% melting, the point
at which clinopyroxene is exhausted (Fig. 12a). Further
melting of orthopyroxene þ olivine decreases this ratio.
The melting fraction is a function of the temperature at a
given pressure and therefore the CaO/Al2O3 ratio is also
dependent on the temperature of melting (Fig. 12b). For a
reasonable degree of melting and temperatures higher
than 12008C, a CaO/Al2O3 ratio41 is achieved when clin-
opyroxene is the dominant component in the source rock
(compositions CPX, AA and CC, Table 4). At similar
P^T^xH2O conditions, experimental melts from the
OCA2 amphibole wehrlite (Me¤ dard et al., 2006) reach
CaO/Al2O3 ratios 41 at higher temperatures and melt
fractions (Fig12), because of the higher starting proportion

Fig. 10. N-MORB-normalized trace-element patterns of representative ankaramites (SG 097; SG 090a), other mafic lavas from Eastern
Srednogorie (SG 043; SG101), average melt inclusions (MI) from sample SG12 (Table 4) and the composition of the clinopyroxene- and amphi-
bole-rich xenoliths. The shaded field shows the 1300^12008C range of predicted model liquids from batch melting of the clinopyroxene xenolith
(sample SG 084-5a). Normalizing values are taken from Sun & McDonough (1989).

Fig. 11. Chondrite-normalized REE patterns of representative
ankaramites (SG 097; SG 090a), other mafic lavas from Eastern
Srednogorie (SG 043; SG 101), average melt inclusions from sample
SG 12 and the composition of the clinopyroxene- and amphibole-rich
xenoliths. The irregular REE pattern of the clinopyroxenite is due to
its low concentrations of REE, close to the analytical limit of detec-
tion. The shaded field shows the 1300^12008C range of predicted
model liquids from batch melting of the clinopyroxene xenolith
(sample SG 084-5a). Normalizing values from Sun & McDonough
(1989).
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Table 4: Starting compositions used for thermodynamic modeling of melting, assimilation and fractional crystallization

processes

Composition: CPX AMPH AA CC Mean

basement

Mean

ankaramite

Mean melt

inclusions

Ratio CPX:AMPH: 100/0 0/100 85/15 95/5 n¼ 5 n¼ 12 n¼ 10

SiO2 (%) 52�32 43�00 50�93 51�86 72�41 49�28 50�94

TiO2 (%) 0�23 1�40 0�41 0�29 0�25 0�63 0�49

Al2O3 (%) 2�54 12�20 3�99 3�02 14�19 11�44 11�32

MnO (%) 0�14 0�14 0�14 0�14 0�03 0�17 0�15

MgO (%) 16�85 14�72 16�53 16�74 0�54 10�63 9�00

FeOt 4�69 9�83 5�46 4�95 1�70 9�77 8�92

CaO (%) 22�40 14�91 21�28 22�03 1�30 11�98 14�20

Na2O (%) 0�28 1�59 0�48 0�35 3�66 1�76 2�05

K2O (%) 0�01 1�09 0�17 0�06 3�91 3�14 2�66

P2O5 (%) 0�01 0�02 0�01 0�01 0�08 0�37 0�26

CaO/Al2O3 8�83 1�22 5�34 7�29 0�09 1�22 1�25

Sc 68 73 69 68 4 31 48

V 133 452 181 149 35 241 202

Cr 1733 508 1550 1672 170 471 889

Ni 170 175 170 170 34 129 128

Rb 0�1 5�3 0�9 0�4 106 69 63

Sr 49 321 90 62 230 842 678

Y 6 15 7 6 16 15 14

Zr 7 17 9 7 123 57 34

Nb n.a. 0�6 0�1 0�0 7�8 2�1 0�9

Ba 9 82 20 13 631 343 176

La 1�2 1�9 1�3 1�2 27 17 10

Ce 3�6 7�7 4�2 3�8 52 35 22

Pr 0�6 1�5 0�7 0�6 5�2 3�9 3�2

Nd 3�2 9�5 4�2 3�5 19 19 16

Sm 0�6 3�3 1�0 0�7 3�4 4�5 3�9

Eu 0�2 1�2 0�4 0�3 0�6 1�2 1�4

Gd 1�0 3�5 1�4 1�2 2�8 3�5 3�8

Tb 0�1 0�6 0�2 0�1 0�4 0�5 0�6

Dy 1�0 3�2 1�3 1�1 2�9 2�5 n.a.

Ho 0�2 0�7 0�2 0�2 0�5 0�5 0�5

Er 0�6 1�7 0�8 0�7 1�7 1�2 n.a.

Tm 0�1 0�2 0�1 0�1 0�2 0�2 n.a.

Yb 0�5 1�2 0�6 0�5 1�7 1�3 1�7

Lu 0�1 0�1 0�1 0�1 0�3 0�2 0�2

Hf 0�3 0�9 0�4 0�3 3�6 2�0 1�4

Pb 1�8 4�8 2�3 2�0 21 12 8

Th 0�02 0�09 0�03 0�03 14�3 4�5 2�1

U 0�01 0�03 0�02 0�01 2�9 1�8 0�7

Clinopyroxenite xenolith (CPX) and amphibole-rich xenolith (AMPH) were found in a dike in Izgrev pluton in the Yambol–
Burgas region (Fig. 2). Compositions AA and CC represent calculated bulk mixtures of the two cumulate xenoliths in the
specified proportions.
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of amphibole in the source (OCA2 has 36% amphibole,
46% clinopyroxene and 19% olivine). The major-element
content of the theoretical melts and the average melt inclu-
sion composition show the best agreement for composi-
tions CPX and CC at temperatures between 1220 and
13008C, except for the slightly higher TiO2 and lower
K2O and P2O5 content of the predictions. On the CMAS
projection (Fig. 13), melting of these compositions repro-
duces well the ankaramites and melt inclusions from
Eastern Srednogorie. The studied ankaramites and melt
inclusions plot away from the ol^cpx^opx cotectic line,
which excludes a predominant lherzolite source for their
formation. Melting of amphibole-free clinopyroxenite
results in lower normative nepheline contents, whereas
melting of AA composition (85/15wt % clinopyroxene/
amphibole cumulate) shifts the melt compositions towards
higher normative nepheline contents than the observed
values.These observations are in accord with the published
experimental data on olivine-clinopyroxene dominant
rocks and amphibole wehrlites, which show that the
amount of normative nepheline/hypersthene is a function
mainly of the starting composition (Me¤ dard et al., 2006).
Indeed, the OCA2 amphibole wehrlite experimental
melts (36% starting amphibole) have a higher normative
nepheline content and plot to the left of the Eastern
Srednogorie ankaramites in Fig. 13.
The studied ankaramites and melt inclusions plot in

the range of arc-related high-calcium undersaturated

compositions, being most similar to lavas from Lihir,
Papua New Guinea (Fig. 13). The temperatures and melt
fractions, which are necessary to obtain the CaO/Al2O3

ratio of about 1�3 in the melt inclusions, increase with the
increased proportion of amphibole in the starting material.
Experimental studies show that in the pargasite^olivine^
clinopyroxene system, amphibole is the first phase
that melts: when the temperature is raised to the
solidus, amphibole melts incongruently following the reac-
tion amphibole¼ clinopyroxeneþ olivineþmelt� spinel
(Holloway, 1973; Foden & Green, 1992; Me¤ dard et al.,
2006). Therefore, resulting melts can substantially increase
their CaO/Al2O3 ratio only when amphibole is consumed
and clinopyroxene enters the melting assemblage. For the
pure clinopyroxenite and the CC composition, the calcu-
lated temperatures necessary to obtain the CaO/Al2O3

ratio of the melt inclusions from Eastern Srednogorie are
1120 and 12208C, respectively, partly overlapping with the
calculated crystallization temperatures of the ankaramites.
Mixing of a clinopyroxenite melt with an even higher

CaO/Al2O3 ratio (formed at correspondingly higher melt-
ing temperature) with a picrite magma of lower CaO/
Al2O3 provides an alternative scenario for the formation
of the Eastern Srednogorie ankaramites. A similar process
was proposed for the genesis of ankaramite melt inclusions
from Batan, Philippines (Schiano et al., 2000) and is
thought to occur in a zone where the magma cools and
crystallizes olivine (Schiano, 2003; Me¤ dard et al., 2006).

Fig. 12. Relationship between the CaO/Al2O3 ratio of the melt and: (a) predicted melt fraction; numbers show the temperature required to
achieve 10% melting at the studied conditions; (b) temperature of melting (8C); numbers indicate the melting percentage at 13008C. Melting
process modeled at 1 GPa, fO2¼ þ2 relative to FMQ buffer and 0�2wt % H2O present in the solid assemblage. Also shown is the observed
range in the CaO/Al2O3 ratios of the studied melt inclusions from sample SG 12 (grey field) and whole-rock ankaramites (dashed lines) from
Eastern Srednogorie. The three starting compositions for the melting modeling are given inTable 4. Experimental data on amphibole wehrlite
(OCA2) melts at 1GPa and 1% initial H2O content after Me¤ dard et al. (2006). (See text for discussion.)
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In Eastern Srednogorie, the presence and nature of this
possible picritic component is not clearly defined. Two
mafic lavas from the Izgrev center have �11wt % MgO
(samples AvQ 058 and SG 084a) and plot in the field of
lherzolite melts in Fig. 13. They have CaO/Al2O3 ratios of
about 0�8, which is typical of picrites and at the lower end
of the ankaramites. These two rocks have high concentra-
tions of compatible elements (590^710 ppm Cr; 240^
290 ppm V; 190^240 ppm Ni), measured by LA-ICP-MS.
Taking into account the accuracy and precision of this
method for Cr and Ni determinations, these values are at
the higher end of the observed range of compatible element
concentrations in all the studied lavas, suggesting that
the two rocks might represent relatively unfractionated
mantle melts.

The lower CaO/Al2O3 ratios of these two rocks cannot
be formed by fractional crystallization from typical high-
CaO magmas, or by lower degrees of melting of the same
source material as for the ankaramites. The lower K2O
content of the two basalts (�1�3wt %) compared with
ankaramites with slightly higher CaO/Al2O3 ratios
(Fig. 9c) and the high Ni and Cr content of the two sam-
ples rule out the fractional crystallization hypothesis. The
higher Cr and Ni in the two rocks and their notably
higher TiO2 content (�0�9wt %) compared with the
ankaramites (Fig. 9d) are not consistent with derivation of
the two lavas by lower degrees of melting of the same start-
ing wehrlite source. Their major- and trace-element fea-
tures can be best explained either by small degrees of
fractional crystallization of an enriched mantle source

Fig. 13. Schematic CMAS phase diagram showing the Eastern Srednogorie primitive rocks, melt inclusions, xenoliths and predicted isobaric
melting trends for three starting compositions at 1 GPa in the 1100^14008C temperature range. Also shown for comparison are analyses
of Si-undersaturated high-calcium melt inclusions and lavas from arc settings worldwide (data sources given in Fig. 9 caption). Data have
been recalculated as CMAS components (O’Hara, 1968) using the following formulae: C¼ (CaO^ 0�33P2O5þ2Na2Oþ 2K2O);
M¼ (MgOþFeO� þMnO); A¼ (Al2O3þNa2OþK2O); S¼ (SiO2 ^ 2Na2O ^ 2K2O), and then projected from the olivine (M2S) onto the
Di^Ne^Qz (CMS2^CA^S) face of the basalt tetrahedron. The continuous black lines for the Ol^Cpx^Amph peritectic, Opx^Cpx^Ol cotectic
at 1�2 GPa and water-undersaturated conditions, and Ol^Opx^Amph cotectic at 1�5 GPa at water-saturated conditions are taken from Me¤ dard
et al. (2006, Fig. 8). Grey field delimits the compositions of lherzolite partial melts at 1 GPa, compiled from Me¤ dard et al. (2006, fig. 9). Starting
compositions and xenoliths from Table 4, numbers in parentheses indicate the temperatures and melt fractions necessary to produce CaO/
Al2O3 ratios of 1�3. Dashed black line is the experimental melt trend of OCA2 amphibole wehrlite (19% Ol, 45% Cpx and 36% Amph) at 1
GPa and 0�5 GPa, taken from Me¤ dard et al. (2006). Compositions with equivalent CaO/Al2O3 ratios (indicated by the numbers) lie on the
fine dotted lines.
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melt, or by mixing of a primitive ankaramite melt with
a picrite melt having lower K2O and higher Al2O3. The
remaining mafic non-ankaramitic rocks plot within or
close to the field of experimental lherzolite melts (Fig. 13);
they have rather low MgO contents (5�1^6�8wt %) and
lower content of Ni and Cr than typical mantle melts.
Their major-element compositions form continuous trends
with the ankaramites (Fig. 9b and d), suggesting that at
least some of them have been derived by clinopyroxene
fractionation from a primitive ankaramitic melt.
Based on these observations, we consider the ankara-

mites as the one clearly defined primitive melt. However,
the lack of primitive lherzolite-derived rocks does not
necessarily mean that such melts could not have existed
below the crust^mantle boundary. The high density of
lherzolite primary melts compared with the overlying
crustal rocks, and/or the efficient mixing with the volume-
trically dominant clinopyroxenite melts could explain the
lack of primitive picritic or boninitic volcanic rocks at the
surface.
The chondrite-normalized REE patterns of the calcu-

lated clinopyroxenite melts match reasonably well the
REE patterns of the ankaramites and the melt inclusions,
except for the lower abundances of Sm and Eu (Fig. 11).
The higher middle REE in the ankaramites can be
explained by melting of small amounts of the studied
amphibole cumulate, which has an upward-concave pat-
tern with a maximum at Sm and Eu (Fig. 11). Most of the
trace-element concentrations and N-MORB-normalized
patterns of the primitive rocks can also be explained
by melting of an amphibole-bearing clinopyroxenite.
Moreover, the elevated Pb and Ba, as well as the low
HFSE and negative Nb, Zr andTi anomalies in the ankar-
amite composition compared with N-MORB could also
be produced only by melting of a clinopyroxene-rich
source (Fig. 10). Thus, melting of a clinopyroxene cumulate
at 1 GPa and temperatures of 1200^13008C is able to
explain the trace-element content of the Eastern
Srednogorie ankaramites. The presence of residual amphi-
bole (or perhaps) phlogopite in the source may account
for the elevated K2O, Sm and Eu, and partly for Rb in
the ankaramites compared with the clinopyroxenite melt
prediction. However, the ankaramites and melt inclusions
have higher Sr, U andTh contents compared with the pre-
dicted melts, which requires addition of those elements
from another component.

Subduction modification and sediment addition

The increased abundance of fluid-mobile elements (Rb,
Ba, Sr, K, U, Pb) in all of the mafic lavas compared with
the predicted wehrlite melts (Fig. 10) could be also linked
to the increased fluid flux in a subduction setting. La and
Th, however, are normally considered to be immobile in
aqueous fluids; they are not enriched during seafloor
alteration (Staudigel et al., 1996) or during blueschist- and

eclogite-facies metamorphism (Spandler et al., 2003). The
most plausible mechanism for their enrichment in arc
magmas is addition of sediments or sediment melts to the
sub-arc basalt magma source. Plank (2005) showed that
variations inTh/La of arc basalts are influenced mostly by
the composition and quantity of the subducted sediment
component, and are little dependent on the composition
of the altered oceanic crust or the mantle. Magmatic frac-
tionation of apatite can also raise significantly the Th/La
ratio of the remaining liquid, because apatite favours La
10� overTh (Table 5; Plank, 2005).
The effects of possible sediment addition, apatite fractio-

nation and assimilation of upper or middle crustal grani-
toids on the wehrlite melt are shown in Fig. 14. In this
diagram, mafic lavas from the Yambol^Burgas region and
the intrusive rocks from the Strandzha region form two
distinct diverging trends. The increase in the Th/La ratios
of the Yambol^Burgas lavas is coupled with a slight
increase in their initial 87Sr/86Sr values from c. 0�7040
to 0�7043. This correlation is best reproduced by an
assimilation^fractional crystallization (AFC) model invol-
ving apatite fractionation and assimilation of Paleozoic
granitoids (model A) or sediment (model B), consistent
with petrographic evidence for apatite fractionation in the
mafic shoshonitic lavas of Eastern Srednogorie (Marchev
et al., 2009). Bulk assimilation of sediments (models D and
E) or of basement granitoids (model C) can also account
for the highTh/La ratios of the ankaramites, but addition
of such materials would rapidly shift the Sr isotope compo-
sition of the magma towards much higher values than
observed. However, the model of bulk assimilation of
Paleozoic granitoids by a wehrlite melt (models C and E)
approximates the trend defined by the Strandzha region
intrusive rocks. Assimilation of other lower crustal granu-
lites or mafic cumulates is also possible but it will not influ-
ence significantly the Th/La ratios, because most basaltic
cumulates have lowTh/La (Plank, 2005).
In summary, interaction of the wehrlite melts with sub-

duction-derived fluids and sediment melts could explain
the elevated LILE, Pb, Sr Th and LREE contents of the
ankaramites with respect to the predicted cumulate melt
compositions (Fig. 10). Addition of such subduction compo-
nent can explain the observed trace-element concentra-
tions, because it will have high concentrations of both
fluid-mobile elements (from slab-released fluids percolat-
ing the mantle wedge) and fluid-immobile elements (from
sediment melts rising through, and reacting with the sub-
arc mantle). This component was probably added to the
cumulate melts in the form of a spinel lherzolite-derived
melt from the subduction-modified sub-arc mantle wedge.

Isotopic constraints

The isotope compositions of the primitive ankaramites and
the remaining mafic lavas are similar and they define a
tight cluster (Fig. 15). The two cumulate samples have
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similar 87Sr/86Sr and 207Pb/204Pb ratios, but lower initial
206Pb/204Pb and 208Pb/204Pb compared with the ankara-
mites (Fig. 15). We argue for two possible explanations of
these isotope features. The isotope composition of the
assumed wehrlite source is based here on the two studied
xenoliths, which are obviously not directly representative
of the source with respect to their Pb isotopes. It is possible
that the Eastern Srednogorie ankaramites formed by melt-
ing of a wehrlite source having similar mineralogy, geo-
chemistry and Sr isotope composition to the studied
xenoliths, but slightly more radiogenic Pb isotopes.
Alternatively, if we consider the studied xenoliths as the
exact source of the ankaramites, then the isotope composi-
tion of the cumulate melts must have been modified by
interaction with additional components.
Injection of lherzolite-derived melts from the subduction

fluid infiltrated mantle wedge at the crust^mantle bound-
ary can trigger melting of the wehrlite cumulates by pro-
viding excess heat and fluids. Subsequent mixing of these
subduction melts with the wehrlite melts may reproduce
the trace-element content and the isotope composition of
the ankaramites. However, assimilation of clinopyroxenites
by mantle melts, or mixing of lherzolite melts with clino-
pyroxenite melts, requires a high mixing ratio of at least
40wt % clinopyroxenite to explain the high CaO/Al2O3

ratios of �1�2 observed in the ankaramites. Moreover, if
the lherzolite melts are the dominant component, the
resulting mixtures would be too rich in MgO compared
with the ankaramites and too rich in Ni to precipitate the
low-Ni olivines observed in the cumulitic ankaramite.
Therefore we consider the mixing hypothesis possible
only if the mixing ratio is in favor of wehrlite melts.
Another possible explanation for this isotopic shift could

be the assimilation of other lower crustal lithologies such
as cumulate gabbros, granulites or other pyroxene-rich
cumulates by the ankaramite magma. LA-ICP-MS and
TIMS zircon dating is consistent with this idea and indi-
cates the presence of inherited zircons with an age of 460
Ma in rocks from the Yambol region, even in some primi-
tive ankaramites (Georgiev, 2008). Further speculations
on the lithology of the source rock of these 460 Ma zircons,
however, require additional age dating and geochemical

Fig. 14. Th/La vs initial 87Sr/86Sr of ankaramites and other mafic
rocks from the Yambol^Burgas region and intrusive rocks from the
Strandzha region. Starting composition for the modeling is the theo-
retical CC melt at 13008C, with 316 ppm Sr, 0�3 ppmTh and 9 ppm
La and initial 87Sr/86Sr of 0�70386. Two AFC models (equation of
DePaolo, 1981) with this starting composition involving fractionation
of 1�5% apatite, 80% clinopyroxene and 18�5% olivine reproduce the
composition of the ankaramites and other mafic rocks. Model A
involves assimilation of basement granitoids (Table 4, initial
87Sr/86Sr¼ 0�70812), whereas model B involves assimilation of sedi-
ment with the characteristics of the South Sandwich trench sediments
(115 ppm Sr, 4�7 ppm Th, 10 ppm La, 87Sr/86Sr¼ 0�70919; Plank &
Langmuir, 1998). Assimilation of basement granitoids (model C) and
the South Sandwich trench sediments (model E) approximate the
trend of the intrusive rocks of the Strandzha region, whereas assimila-
tion of GLOSS (327 ppm Sr, 6�9 ppm Th, 29 ppm La, 87Sr/86/
Sr¼ 0�7173; Plank & Langmuir, 1998) results in lower Th/La values
at higher 87Sr/86Sr (model D). Numbers indicate the per cent of crys-
tallization. Partition coefficients used in the calculations are given in
Table 5. Error bars (normally smaller than symbol size) calculated
as in Fig. 7.

Table 5: Mineral^melt partition coefficients used for calcu-

lation of the AFC and fractional crystallization models pre-

sented in Figs 14 and 16d

Basaltic rocks� (Fig. 14)

Sr Th La

Clinopyroxene 0�14 0�00026 0�05

Olivine 0�0035 0�0001 0�0004

Apatite 1�2 7�5 75�00

Basaltic andesites to andesitesy (Fig. 16d)

Sr Rb Nd

Clinopyroxene 0�054 0�263 0�787

Amphibole 0�172 0�321 1�277

Apatite 2�278 0�370 0�038

Biotite 0�400 3�567 42�083

Plagioclase 0�165 3�324 0�135

K-Feldspar 0�826 3�594 0�032

�Apatite Kd for Th and La from Plank (2005); Th and La Kd

values for olivine and clinopyroxene from McKenzie &
O’Nions (1991); Kd values for Sr from the GERM database
(http://earthref.org/GERM/).
yMean Kd values for basaltic andesites and andesites from
the GERM database.
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Fig. 15. Isotope diagrams comparing the ankaramites and other mafic lavas from Eastern Srednogorie with the studied xenoliths, currently
subducting sediments (compilation from Gasparon & Varne, 1998; Plank & Langmuir, 1998), the Low Velocity Component (LVC) of the
European asthenosphere (Hoernle et al., 1995), and younger (�28 Ma) alkali basalts from the Eastern Rhodopes (P. Marchev, unpublished
data, age-corrected). MORB field is redrawn after Stracke et al. (2005). Fields of depleted MORB mantle (DMM), bulk silicate Earth (BSE),
enriched mantle type I (EM I), mantle with high U/Pb ratio (HIMU), frequently observed prevalent mantle composition (PREMA) are
taken from Zindler & Hart (1986). The isotopic composition of enriched mantle type II (EM II) is taken from Faure & Mensing (2005). The
fields of the lower and upper continental crust are redrawn after Rollinson (1993). (a) 206Pb/204Pb vs 207Pb/204Pb.The field defined by magmatic
rocks from the adjacent Central Srednogorie zone is from von Quadt et al. (2005) and Kouzmanov et al. (2009), recalculated at 90 and 85 Ma,
respectively. Also shown here are Jurassic island-arc tholeiites from the Eastern Rhodopes after Bonev & Stampfli (2008), calculated at 180
Ma. (b) 87Sr/86Sr vs 206Pb/204Pb. Isotope data for the Eastern Srednogorie rocks and xenoliths are age-corrected to 80 Ma. The two insets
show a close-up view of the Sr and Pb isotope data for the ankaramites and other mafic rocks. Error bar calculation is described in Fig. 7 cap-
tion. The Northern Hemisphere Reference Line (NHRL) is taken from Hart (1984).
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studies on the various basement lithologies exposed in the
Strandzha region.
The isotope composition of the wehrlite melts could

be shifted to higher 206Pb/204Pb and 208Pb/204Pb values
by mixing with small amounts of asthenospheric material,
or alkali basalts derived predominantly from the astheno-
sphere (Fig. 15). The asthenosphere below Europe, repre-
sented by the Low Velocity Component (LVC; Hoernle
et al., 1995), has a more uniform and radiogenic Pb isotope
and less radiogenic Sr isotope composition compared with
the xenoliths. Addition of such material to the xenolith
melts would shift the Pb ratios. Mixing of the wehrlite
melts with small amounts of alkali basalt melts, isotopically
similar to the the Rhodope Massif alkali basalts
(Marchev et al., 1998), would have a similar effect (Fig 15).
However, the LVC and the Rhodope alkali basalts have
markedly less radiogenic Sr isotope compositions
(Fig. 15b) and hence their contribution to the ankaramite
magma must have been volumetrically insignificant.
Additionally, we find no evidence for significant involve-
ment of such a source in the trace-element chemistry of
the most primitive rocks and melt inclusions, which would
result in increased Nb and Ta contents and steep HREE
chondrite-normalized patterns.

Depth of crystallization of the studied xenoliths

The origin of the studied xenoliths and especially their
depth of formation are central for the interpretation of the
ankaramite magmatism in Eastern Srednogorie. However,
the lack of garnet, Cr-spinel, olivine or orthopyroxene in
the cumulates hinders the use of the most commonly
applied thermobarometers. The presence of amphibole in
the xenoliths indicates a hydrous parental magma and
constrains the upper limit of the crystallization tempera-
tures at the limit of amphibole stability to less than 1050^
11008C (Hill & Boettcher, 1970; Holloway & Burnham,
1972; Allen et al., 1975; Jenkins, 1983). Similarly, the maxi-
mum crystallization pressure of the cumulates is con-
strained by the upper limit of amphibole stability to �2�5
GPa (Hill & Boettcher, 1970; Allen et al., 1975; Mysen &
Boettcher, 1975). High-pressure experimental work on pri-
mitive basalts and high-Mg andesites clearly demonstrates
that olivine-free predominantly pyroxenite ultramafic
cumulates at the base of arc sections crystallize from
hydrous (43% H2O) magmas at pressure of 1�2 GPa
(Mu« ntener et al., 2001). The rarity of olivine in the experi-
ments is explained by the narrow crystallization tempera-
ture interval of olivine-bearing assemblages in a relatively
SiO2-rich primary melt and/or by olivine consumption by
the peritectic reaction olivineþ liquid ! pyroxene. This
study indicates that in the upper mantle or lower crust
and under H2O-undersaturated conditions, crystallization
of plagioclase is suppressed. Experimental work on the
effect of water on tholeiitic basalt phase equilibria show
that at low-pressure conditions of 1 kbar plagioclase starts

to crystallize before clinopyroxene at all water contents
(Feig et al., 2006). Even at higher pressures of 5 kbar, plagi-
oclase starts to crystallize before clinopyroxene as long as
the water content of the melt is less than �4wt % (Feig
et al., 2006). The lack of plagioclase in the studied xenoliths
therefore indicates relatively deeper conditions of crystalli-
zation for the clinopyroxenite cumulates. Clinopyroxenes
from the xenoliths SG 084-5a have high Mg-number of
�87�6 (Table 1), indicating that the melts that crystallized
those pyroxenes were primitive enough to be in equili-
brium with mantle olivine, based on a KD¼1�2 for
Fe^Mg exchange between olivine and clinopyroxene in
Mg-rich magmas (Kawasaki & Ito, 1994). The high Mg-
number of the clinopyroxenes from the studied xenoliths,
combined with their high Cr2O3 contents of �0�3wt %
and low Al2O3 contents (53wt %) are characteristic for
clinopyroxenes from ultramafic and mafic rocks from the
base of the arc sections in Alaska (De Bari & Coleman,
1989; De Bari, 1997; Greene et al., 2006), the Aleutians
(Conrad & Kay, 1984) and Kohistan (Mu« ntener et al.,
2001; Jagoutz et al., 2007).The AlVI/AlIVratio of clinopyrox-
enes from SG 084-5a varies between 0�2 and 1�0 and the
minerals plot in the granulite^clinopyroxenite field of
the AlVI vs AlIV diagram of Aoki & Shiba (1973), outside
the field of low-pressure phenocrysts in volcanic rocks.
However, the NaO content of the clinopyroxenes
(�0�2wt %) is at the lower end of typical spinel- or
garnet-lherzolite clinopyroxenes, suggesting that crystalli-
zation conditions were shallower than the upper mantle,
or close to the upper mantle^lower crust transition. The
geobarometer of Nimis (1995), based on cation distribution
between M1 and M2 sites in the clinopyroxene structure,
provides additional constraints on the pressure conditions
at which the xenoliths were formed. Using mineral data
from the clinopyroxenite xenolith, calculations with the
Cpxbar program of Nimis & Ulmer (1998) and Nimis
(1999) gave a pressure range of 4�5^8�5 kbar for an
assumed temperature of 10008C, and 9�3^13�3 kbar for an
assumed temperature of 9008C. Based on their high CaO
content the cumulates belong to the crustal pyroxenite
field (Schiano et al., 2000, fig. 14). Their Pb and Sr isotope
compositions fall in the field of lower crustal materials
(Fig. 15a) and preclude crystallization from any of the stu-
died Late Cretaceous magmas. The cumulates are there-
fore more likely to be the products of an earlier magmatic
event.Whole-rock isotope compositions indicate a possible
genetic link with Jurassic tholeiites from the neighboring
Eastern Rhodopes (Fig. 15a; data from Bonev & Stampfli,
2008), and unpublished trace-element data for clinopyrox-
enes from the xenoliths indicate that they also formed in a
subduction-related environment. Based on the above argu-
ments, we conclude that the studied xenoliths most prob-
ably represent lower crustal or upper mantle cumulates,
which were formed during a previous, possibly Jurassic,
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subduction cycle and were later remelted during the Late
Cretaceous event to form the ankaramitic magmas.

Origin of more evolved magmas in the
Eastern Srednogorie zone
Although the magmatism in Eastern Srednogorie is unu-
sually mafic in composition, only one clearly primitive
magma type is evident. Non-ankaramitic mafic rocks can
be derived by the fractionation of clinopyroxene plus a
small amount of olivine from the ankaramitic primitive
magmas, as suggested by variations in the major- and
trace-element compositions of the studied rocks (Figs 4, 5
and 9). To test this hypothesis quantitatively and explain
the formation of the wide range of compositions in the
Eastern Srednogorie arc, we calculated possible fractional
crystallization pathways of the primitive ankaramites
using the adiabat_1ph program (Smith & Asimow, 2005).
For the starting composition we used the mean value of
the ankaramites (Table 4), and ran the calculations in iso-
baric mode and at an oxygen fugacity of þ2 FMQ and
temperatures decreasing from 1400 to 8008C. After trial-
and-error attempts, the most consistent results were
obtained at 8 kbar pressure and 2wt % initial water con-
tent. Resulting liquids for these conditions are indicated
in Fig. 16, together with volcanic and dike rocks from
all the regions of Eastern Srednogorie, the volcanic-
dominated Yambol^Burgas and North Burgas regions
being best represented.The simulation predicts crystalliza-
tion of small amounts of spinel starting at 13308C, �4%
olivine crystallization between 1280 and 12208C, major
clinopyroxene fractionation from 12508C, and K-feldspar
crystallization starting at 9608C. The onset of olivine and
clinopyroxene crystallization overlaps with the range of
the calculated crystallization temperature for these phases
in the ankaramites (Marchev et al., 2009).
The composition of the predicted liquids is similar to the

observed range of SiO2, MgO and Al2O3 contents and
CaO/Al2O3 ratios of rocks with basaltic and basalt^andesi-
tic SiO2 content (Fig. 16a and b). The FeOt, Na2O, CaO
and P2O5 contents of the predicted liquids (not shown)
are also similar to those of the studied basalts and basaltic
andesites. Fractional crystallization from the ankaramitic
magma can also explain the high K2O concentrations in
the shoshonitic rocks from the Yambol^Burgas and North
Burgas regions. Using a least-squares major-element mass-
balance calculation, Marchev et al. (2009) demonstrated
that the series from ankaramite to absarokites can be
obtained through clinopyroxene and olivine fractionation
in the ratio 3:1 to 4^6:1. The studied high-K calc-alkaline
volcanic rocks, however, deviate significantly from the pre-
dicted liquid trend. Their evolution can be modeled by
fractional crystallization of a similar clinopyroxene^
olivine assemblage at the same P^T conditions using the
two low-K2O (�1�3wt %) and high-MgO (�11wt %)

Izgrev lavas (Fig. 9c) as the starting composition of the
lower-K2O fractional crystallization trend in Fig. 16c.
For the more evolved compositions with SiO24

c. 58 wt % the model predicts clinopyroxene and K-feld-
spar crystallization, which leads to increasing Al2O3 con-
tents in the remaining liquids until �23% Al2O3 at
�60% SiO2. In contrast to the prediction, the Al2O3 con-
tent of the studied andesitic rocks seems to remain rela-
tively constant at c. 16�5^17�5wt % and decreases further
with increasing SiO2 (Fig. 16b). One possible explanation
for the discrepancy between the observed and the pre-
dicted trend is that the andesites evolved at shallower
depths at mid- or upper-crustal levels, assimilating base-
ment granitoids with low Al2O3 and high SiO2.
Fractionation of biotite, observed as a phenocryst phase in
the rocks from the Strandzha and East Balkan regions
and the high-K rocks from the Yambol^Burgas and North
Burgas regions, can also account for the SiO2 vs Al2O3

trend of the evolved lavas. The trace elements Sr, Rb and
Nd are sensitive indicators of the effects of possible crystal
fractionation. The more evolved rocks have significantly
higher Rb/Sr ratios compared with the basalts and most
of the basaltic andesites (Fig. 16d). From the observed
mineral phases in the Eastern Sredsnogorie rocks, feld-
spars are the only phase that readily accommodates Sr
relative to Rb or Nd (Table 5). Therefore removal of feld-
spars from a basaltic andesite (SG 25 used as a starting
point for the models) is able to raise the Rb/Sr ratio of
the resulting melt. Fractionation of clinopyroxene, amphi-
bole or a minor amount of apatite will drive the remaining
liquids toward higher Sr/Nd values at relatively constant
Rb/Sr ratios, whereas biotite fractionation will lower both
Rb/Sr and Sr/Nd (Fig. 16d). However, the major-element
characteristics of the evolved magmas, such as increasing
SiO2 coupled with small variations in Al2O3, are not con-
sistent with simple feldspar fractionation and indicate pos-
sible assimilation of basement granitoids. Figure 16d
shows an AFC model involving crystallization of Pl, Kfs,
Px and small amounts of apatite and assimilation of base-
ment granitoids (r¼ 0�4). This model matches relatively
well the Rb/Sr and Sr/Nd systematics of the andesitic and
rhyolitic rocks but requires a high amount of basement
material to account for the major-element features. The
relative proportion of plagioclase and K-feldspar does not
influence significantly the AFC calculations, as plagioclase
and K-feldspar have similar partition coefficients for Sr,
Rb and Nd. The increase of Rb/Sr at relatively constant
Ba contents (not shown) is indicative of a high plagioclase
to K-feldspar ratio in the fractionating assemblage, consis-
tent with the observed plagioclase-dominated assemblage
in the evolved lavas. The proportion of fractionated apa-
tite, however, can change the slope of the AFC model
curve significantly (Fig. 16d). The andesitic and rhyolitic
compositions can be formed by fractionation of a
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plagioclase^apatite-containing assemblage with a 0^3%
starting apatite proportion and assimilation of basement
granitoids to account for the major-element contents of
the rocks.
This model represents a first-order approximation of the

assimilation and fractional crystallization process. Further
refinement of the AFC model can be achieved by

implementing more sensitive indicators of crustal assimila-
tion such as whole-rock Sr and Pb isotope data. Isotope
data presented in this study are mostly for the mafic volca-
nic rocks from the Yambol^Burgas region, which have
SiO2553wt %, and intrusive rocks from the Strandzha
region with a wide range of SiO2 contents and more radio-
genic isotope compositions (Fig. 8a and b). The increase

Fig. 16. Variation diagrams for Eastern Srednogorie volcanic rocks: (a) CaO/Al2O3 vs MgO (wt %); (b) SiO2 (wt %) vs Al2O3 (wt %);
(c) CaO/Al2O3 vs K2O (wt %); (d) Rb/Sr vs Sr/Nd. The rocks are subdivided into four groups based on their SiO2 content (wt %):
basalts (SiO2 48^53%), basaltic andesites (SiO2 53^58%), andesites (SiO2 58^63%) and rhyolites (SiO2463%). Rocks from the Paleozoic
basement and the ankaramitic melt inclusions (Electronic Appendix 2) are also shown. Filled symbols are used for high-K rocks from the
Yambol^Burgas and North Burgas regions (grey) and calc-alkaline and high-K rocks from the Strandzha and East Balkan regions (black).
The bold black line represents the calculated fractional crystallization trend of the average ankaramite magma (fromTable 4) at 8 kbar in the
temperature range 1350 and 10708C.With further decrease in temperature the model liquids strongly deviate from the observed compositions
(see text for discussion). The dashed black line is a calculation at the same conditions with the basaltic sample AvQ 058 used as a starting com-
position. Major-element compositions of the rocks and predicted liquids have been normalized to 100% on a water-free basis. (d) represents
the effects of fractional crystallization of different minerals on the Rb/Sr vs Sr/Nd of the rocks (FC equation of Neumann et al., 1954). Basaltic
andesite SG 25 is used as a starting composition for the models. Two AFC models involving crystallization of plagioclase, clinopyroxene, K-feld-
spar and apatite can explain the Rb/Sr vs Sr/Nd of the andesitic and rhyolitic compositions. Numbers indicate the percentage of crystallization;
partition coefficients used for the calculations are given inTable 5.
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in the initial 87Sr/86Sr ratio of the mafic volcanic rocks
from �0�7040 to �0�7043 (Fig. 15b, inset, and Fig. 17a) is
coupled with an increase in the SiO2 content of the sam-
ples from 48 to 52wt % (Fig. 8a). Although the increase
in the Sr and Pb isotope compositions of the mafic
magmas can be approximated by assimilation of basement
granitoids by the ankaramites (model AB in Fig. 17a), the
major- and trace-element compositions of the mafic
magmas indicate a minimum amount of granitoid assimi-
lation. Therefore, the variations in the initial 87Sr/86Sr
of the magmas with SiO2553wt % can be attributed to
a limited amount of sediment addition to the source, or to
assimilation of local non-granitoid basement within each
of the magmatic centers. Major-element modeling suggests
that the more evolved magmas with SiO2 4 �54wt %
assimilated significant amount of Paleozoic basement
(Fig. 16b and d). Therefore a more likely scenario is the
model CB in Fig. 17a, which involves assimilation of base-
ment granitoids by the geochemically most evolved ankar-
amite (sample SG 102a). The intrusive rocks from the
Strandzha region have more radiogenic 87Sr/86Sr and
207Pb/204Pb initial ratios and plot away from the trend
defined by the magmas from the other regions (Figs 7, 8,
14 and 17a). With the exception of one data point, the
rocks from the Strandzha region define a mixing line
(Fig. 17b). One possible end-member is a magma with a
relatively low Sr content (�350 ppm) and 87Sr/86Sr
(�0�7040), similar to the least radiogenic 87Sr/86Sr values
of the entire Eastern Srednogorie (point D on Fig. 17b).
The other end-member has a higher Sr concentration and
more radiogenic 87Sr/86Sr ratios of at least 0�7065 (point E
in Fig. 17b). Assimilation of Triassic marbles (not ana-
lyzed), which are widespread in the Mesozoic basement of
the Strandzha region (Fig. 2), would have the desired
effect. Pb isotope compositions do not show such clear
mixing relations when plotted against 1/Pb (not shown).
Further improvements to the AFC model require more
detailed information on the chemistry of the phenocryst
assemblage in the full range of rock types, a more detailed
geochemical investigation of each of the magmatic centers
of Eastern Srednogorie, and additional isotope data on
the evolved Late Cretaceous rocks and the various base-
ment lithologies.

CONCLUSIONS : ANKARAMITE
MAGMATISM IN AN EVOLV ING
ARC
Based on whole-rock geochemistry, mineral and melt
inclusion compositions and Sr^Pb isotope data, we con-
clude that the primitive ankaramitic magmas in the
Eastern Srednogorie zone most probably formed in an
intra-arc setting by remelting of a clinopyroxene-rich
lower crustal or upper mantle source. Thermodynamic

models using clinopyroxene- and amphibole-rich xenoliths
as starting compositions are quantitatively consistent with
a lower crustal cumulate melting model. Magma genesis
is intimately connected with the geodynamic evolution of
the Eastern Srednogorie arc and has important implica-
tions for plate interaction during Tethys closure in SE
Europe. The following two-stage geodynamic model
explains the compositional distribution of diverse magma
types in the Eastern Srednogorie zone and the characteris-
tic formation of primitive ankaramitic magmas found
exclusively in the central parts of the evolving arc system.
The first phase of arc evolution followed the northward

thrusting of the Strandzha block and its accretion against
the European margin during the Early Cretaceous
(Banks, 1997). In the Late Cretaceous, this collision
initiated north-dipping subduction of the Vardar Ocean
beneath the Strandzha and the East Balkan zone, which
at this stage were immediately adjacent to each other. The
trench was located south of the present Strandzha^
Rhodope Mountains, now covered by young sediments of
the Mediterranean basin or possibly the thick Eocene sedi-
ments of the Thrace depression. The mantle wedge of the
European plate above the subduction zone was infiltrated
by fluids ascending from hydrated peridotite dragged
downward by the Vardar slab. The fluids migrated
upwards and accumulated in a first melt-producing region
in the spinel stability field of the lithospheric mantle
(Fig. 18a), which initially had the chemical characteristics
of MORB source mantle, but became enriched by addition
of subducted sediment melts and fluid-mobile elements
from the subducted slab, and possibly a small component
of asthenosphere-derived melts enriched in radiogenic Pb.
These mantle-derived melts rose to the base of the crust,
which was thickened by the preceding accretion. Partial
crystallization of the magma and assimilation of �300
Ma Variscan granitoids (Georgiev, 2008) and/or other
crustal lithologies led to the emplacement of tholeiitic to
calc-alkaline magmas into the middle and upper crust
now exposed in the Strandzha and East Balkan regions.
This first phase of magmatism occurred in a compression-
dominated environment (Fig. 18a), in the period of 90^81
Myr (Georgiev, 2008).
In the second phase of arc evolution, the geodynamic

regime evolved to more extensional conditions, as a result
of sinking and roll-back of the subducting slab. Evidence
for slab roll-back comes from a progressive younging of
magma emplacement from north to south, already indi-
cated during the 90^80 Myr period in the Eastern
Srednogorie region (Georgiev, 2008) but shown more
clearly in the Central Srednogorie (von Quadt et al.,
2005). Extension resulting from slab roll-back pulled
the East Balkan and the Strandzha blocks apart, thereby
opening the Yambol^Burgas and North Burgas regions
to subsidence, submarine volcanism and deep-water
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sedimentation. Crustal thinning combined with increased
asthenospheric corner flow below the extending crust
(Fig. 18b) allowed high-Mg melts to rise from the sub-arc
mantle and reach the crust^mantle boundary, which
became heated to temperatures at which amphibole-
containing clinopyroxenite cumulates started to melt
extensively and produced a primitive ankaramitic magma
component. The high-Mg island-arc basalts have typical
temperatures of 1180^13308C (e.g. Pichavant et al., 2002),
which considerably exceed the breakdown temperature of
amphibole (10508C at 1GPa; Holloway, 1973), hence under-
plating of high-Mg basalts into the base of lower crustal
clinopyroxeneþ amphibole� olivine cumulates is a plausi-
ble driver for melting of the cumulates and production of
nepheline-normative ankaramites. The presence of amphi-
bole in the source cumulates provided additional alkalis
to generate the nepheline-normative character of the
ankaramites, as well as additional water facilitating the
melting and assimilation process. The studied ankaramites
formed by melting of lower crustal cumulates with slightly
more radiogenic Pb isotope compositions and similar
major- and trace-element compositions to the two studied
xenoliths. Alternatively, chemical interaction between par-
tial melts of the studied wehrlite xenoliths and a small
amount of subduction-modified mantle melt or subduction
fluid can explain the slightly modified Pb isotope composi-
tion of the ankaramites, compared with the source cumu-
lates. Crystallization of the ankaramitic rocks from these

hybrid parental melts started upon cooling by a few tens
of degrees (down to �12408C) at pressures close to the
crust^mantle boundary (�8 kbar), high water contents
and oxidizing conditions. The extensional environment
provides the pathways which facilitate rapid ascent and
extrusive emplacement of the ankaramitic magmas into a
topographically depressed, partly submarine surface envir-
onment. Fractional crystallization of the ankaramitic melt
in deep-seated magma chambers close to the crust^mantle
boundary and assimilation of lower crustal wall-rocks con-
taining predominantly Ordovician zircons (Georgiev,
2008) resulted in the formation of the voluminous mafic
shoshonitic volcanism in the central Yambol^Burgas and
North Burgas regions of Eastern Srednogorie. The less
common high-K calc-alkaline series in these intermediate
regions also formed by fractionation of a clinopyroxene^
olivine-dominated assembladge, but from a less K2O-rich
starting composition, possibly a fractionated lherzolite
melt. Assimilation was limited in the mafic shoshonitic
rocks, whereas the andesitic and more evolved rocks in
those two regions formed in shallower magma chambers
with more significant assimilation of upper crustal
lithologies.
This high-K to ultrapotassic, but rather mafic magma-

tism formed in a narrow time interval between 81 and 78
Ma (Georgiev, 2008). The presence of contemporaneous
(81^78 Ma) tholeiitic, calc-alkaline and high-K intrusions
in the Strandzha region suggests that wehrlite melts were

Fig. 17. Isotope diagrams comparing the Late Cretaceous magmatic rocks from Eastern Srednogorie with the local basement, represented by
Paleozoic granitoids. Symbols with dots are intrusive or cumulitic rocks. (a) 87Sr/86Sr vs 206Pb/204Pb. Calculated mixing line between (A) the
average melt inclusion composition and (B) average basement (fromTable 4), as well as sample SG 102a (point C) and average basement (B)
are shown. The isotopic values used for the calculation are as follows: for melt inclusions 87Sr/86Sr ¼ 0�70392 and 207Pb/204Pb¼15�592; for the
basement rocks 87Sr/86Sr¼ 0�70812 and 207Pb/204Pb¼15�670. Numbers indicate the percentage of assimilated basement. (b) 87Sr/86Sr vs 1/Sr.
The grey line is a possible mixing line between two components with different isotope ratios and different Sr concentrations (E and D) (see
text for discussion). Dashed line delimits the field of the Paleozoic granitoids. Isotope data are age-corrected to 80 Ma. Error bars (normally
smaller than symbol size) calculated as in Fig. 7 caption.
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not the dominant source for the magmatism in the area,
either because wehrlite cumulates were absent in the
lower crust of Strandzha, or because the thicker crust
and/or overall compressional setting in this region pre-
vented large-scale melting of such cumulates. Our data

are the most compelling field-based evidence that nephe-
line-normative ankaramite magmas can form by remelting
of lower crustal wehrlites, as previously indicated by ther-
modynamic modeling (Schiano et al., 2000) and the experi-
mental data of Me¤ dard et al. (2006), who interpreted the

Fig. 18. Schematic illustration of the model for the evolution of magmatism in Eastern Srednogorie in the Late Cretaceous. (a) Normal subduc-
tion sequence with the formation of mostly tholeiitic and calc-alkaline intrusive rocks, shallow porphyries and volcanic rocks in present-day
Strandzha and East Balkan region. (b) TheYambol^Burgas and North Burgas regions are formed as an intra-arc rift that split the former arc
in two. Rifting resulted from slab retreat, break-off, or because of the continuing extension in the adjacent Black Sea basin, or some combination
of these factors. The overall crustal thinning led to decompression of lower crustal or upper mantle amphibole-containing pyroxene-rich cumu-
lates. Decompression, combined with increased heat flux from the increased corner flow of mantle material and the injection of mantle melts
at the bottom of the crustal cumulates led to large-scale melting of clinopyroxene-rich material. Amphibole provided fluids, which further facili-
tated melting, as well as the alkalis for the high-K ankaramite volcanism in theYambol^Burgas region. Fractional crystallization of the ankara-
mites in deep (equivalent to pressure of 8 kbar) magma chambers resulted in the formation of more evolved basalts and basaltic andesites.
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presence of ankaramite melt inclusions and whole-rocks to
reflect localized assimilative recycling of previous cumu-
lates from the same volcanic edifice. Geochronology, geo-
logical evolution and temporally evolving Pb-isotope
contrasts between magmas and xenoliths suggest a more
limited role of such local assimilative recycling in the
Eastern Srednogorie, and instead indicate a larger-
scale two-stage process of early cumulate formation and
subsequent remelting of lower crust in a tectonically
evolving arc.
Mafic ankaramites from Lihir in the New Ireland region

of eastern Papua New Guinea (Kennedy et al., 1990) share
common mineralogical and geochemical characteristics
with the Eastern Srednogorie ankaramites. The Lihir
lavas are clinopyroxene^olivine^plagioclase^Ti-magnetite-
and apatite-containing silica-undersaturated, alkali-rich
rocks, which have an arc-like trace-element signature and
relatively unradiogenic Sr and Pb isotope compositions
that show little variability. The two-stage model can also
be applied to explain the formation of the Pliocene^
Quaternary Lihir high-CaO rocks in a region with no
active subduction or evidence for significant upper crustal
contamination. The Middle Miocene subduction reversal
in Papua New Guinea from a SSW to a NNE direction
changed the tectonic setting in the area of Lihir from a
forearc to a back-arc environment (Kennedy et al., 1990).
Similar to the slab roll-back induced intra-arc rift in the
Yambol^Burgas region of Eastern Srednogorie, the ten-
sional regime that followed in New Ireland led to progres-
sive thinning of the crust (10^15 km present thickness) and
the formation of fault-bounded sediment-filled stuctures
along the length of the former arc. These geochemical
and tectonic similarities to theYambol^Burgas region may
suggest a similar large-scale model for the formation of
the Lihir alkaline arc lavas and the Eastern Srednogorie
shoshonitic ankaramites, involving decompressional melt-
ing of former subduction-related amphibole-bearing clino-
pyroxenites in a tensional tectonic setting that followed
calc-alkaline arc magmatism in New Ireland.
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