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The Sakar batholith — petrology, geochemistry and magmatic
evolution
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Abstract. Based on a new sample set and extensive re-mapping an attempt is made to elucidate the field
relations, mineral composition, nomenclature, geochemical features, magmatic and postmagmatic evolution,
and to find new evidence for geodynamic reconstructions of the Sakar batholith.

The dome-like batholith is emplaced into high-grade metamorphic rocks of still unclear age. It is covered
by Permian and Triassic sedimentary rocks. The batholith is composed of the following granitoid units:
equigranular in the inner parts, porphyroid with large microcline megacrysts in the outer parts, and small
aplitoid bodies. Large xenoliths of gneisses and orthoamphibolites occur in the marginal parts of the
batholith. The modal petrographic species are quartz-monzodiorite, quartz-monzonite, granodiorite, granite,
quartz-syenite and leucogranite.

The main rock-forming minerals are separated from artificial heavy concentrates and studied optically,
chemically, by X-ray and IR-analysis. No characteristic differences are observed for the plagioclase
composition in the equigranular and porphyroid granitoids — Anso-An;g, but plagioclases in the aplitoid
granitoids are more acid — Ans-An,o. Potassium feldspars are high microclines. Their rims are poorer in Sr,
Ba, Li, Co and richer in Th and U. Biotite is a common variety with prevailing siderophyllite isomorphism.
Muscovites are primary magmatic and secondary postmagmatic.

Based on 147 new analyses for 36 elements, some specific petrochemical and geochemical features are
revealed and arguments in favour of primary and secondary petrogenetic evolution are discussed. Crystal
fractionation is required to explain the geochemical pattern of the rocks. Late-magmatic to post-magmatic re-
crystallization is supposed for the microcline porphyry crystals. The rocks are typically calc-alkaline and
exhibit REE distributions intrinsic to plate margin orogenic settings. Mixed volcanic-arc and post-collisional
discriminations argue for the presence of mantle component in the magma source and crustal contamination
of the magmas. Presumably, melting of amphibolite/basaltic rocks from the lower crust could generate the
parental magmas, which produced the rocks of the batholith by differentiation, fluid input and postmagmatic
reworking.
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Pe3tome. Bb3 ocHOBa Ha HOBa CHBKYIHOCT OT NPOOH M OOIIMPHO MOJICBO MPEKApPTHPAHE € HAIIPaBEH OIHT 3a
U3SICHSABAaHE Ha IMOJICBUTE B3aHMOOTHOIICHHUs, MHHEpAJHHS CbhCTaB, HOMEHKJIATypara, TCOXMMHYHHTE
0CcOOCHOCTH, MarMaTH4YHaTa ¥ MOCTMarMaTHYHaTa €BOJIONMS M ca IOTbPCEHH HOBH apryMeHTH 3a
reoJMHAaMUYHHUTE peKOHCTpyKiun Ha Cakapckus Oatonut. KymnonomonoOHHAT 0aTONUT € BMECTEH BEHB
BHCOKOCTEIICHHH METaMOp(GHHM CKaJli C BCE OIIE HEACHA BB3pacT. IIOKPUT € OT NEepMCKH U TPUACKH
ceqUMEHTHH KoMmiuiekcH. CienHute neTporpadckM pasHOBHIHOCTH TI'PAHUTOMAM H3Tpakaar Oaronura:
PaBHOMEPHO3BPHECTH BBB BBTPEIIHUTE YacTH HA TSUIOTO, NMOPGUPOUAHM C KPYHNHH MHUKPOKIMHOBH
METaKpUCTAIN BbB BHHIIHUTE YacTH M AIUIUTOUIHHU B NO-MaJKK PasKpUTHs. ['0JeMH KCEHOJIMUTH OT THalCH U
oproampubOIUTH Cce cpelar B OKpaifHHTe ydacTbl. MojainHUTe meTporpad)ckd BHIOBE ca KBapl-
MOHIIOUOPHT, KBAPLIMOHIIOHHUT, IPaHOJUOPUT, TPAHHUT, KBAPLICUEHHUT U JICBKOT DAHUT.

I'naBHUTE CcKamooOpa3yBallM MHUHEpAIN ca CelMaphpaHd OT M3KYCTBEHU CKAIHM IUIMXH U ca HU3y4YeHH
ONTHYHO, XUMUYHO, PEHTIeHOBO U upe3 MU-ananu3. He ca HabiroqaBaHy XapaKkTepHH pa3yinyuis B ChCTaBa Ha
IUIArMOKJIA3UTE OT PABHOMEPHO3bPHECTUTE U MOPGUPOUTHUTE TPAHUTONIN — Ansg-Ang, HO TIIaTHOKIIA3UTE B
aIUTUTOUIHUTE IPAHUTH ca MOo-Kucelau — Ans-Anyo. Kanuesure denammnaru ca BUCOK MUKPOKINH. TexHuTe
nepudepHn yacTu ca mo-6exuu Ha Str, Ba, Li m Co u mo-6orati Ha Th u U. Buotuture ca oOMKHOBEHA
Pa3HOBHAHOCT CbC cHACPOGUINTOB M30MOP(U3bM. MyCKOBUTHTE Ca MBPBUYHO MAarMaTM4HH M BTOPUYHU
MOCTMarMaTH4HH.

V3cnenBaHd ca METPOXMMHYHHM W TEOXHMMHYHH MPOOJIEMH M ca M3BEICHH JOBOJAM 3a IbPBHYHATA H
BTOpHYHA NETPOTeHETUYHA €BOJIOIMA C U3Noi3BaHe Ha 147 HOBU aHanu3u 3a 36 enemeHTa. KpucramHo
(pakuyoHNpaHe € TPHUBJICYEHO 32 OOSICHEHHETO Ha HOBHTE I€OXMMHYHH JAHHH 3a CKaluTe, HO KBHCHO-
MarMaTH4Ha JI0 MOCTMarMaTH4YHa NPEKPUCTANU3aLus € MPEAINooKeHaTa NMpUYMHa 3a 0o0pa3yBaHETO Ha
¢dengmmnarosure noppupounan. CKaluTe ca THIMYHO KaJILMEBO-JIKAIHU NPOLYKTH U PEIKO3EMHUTE UM
pasmpeneneHusl ca INPUCHIIM Ha OPOTCHHHTE OOCTAHOBKM OT KOHTHHEHTAJHUTE OKpalHMHH. CMeceHH
BYJIKaHCKO-bIOBH U MOCT-KOJIM3HOHHU JUCKPUMHHALIMY apTyMEHTHPAT PUCHCTBHE HA MAHTHEH KOMITIOHEHT
B MarMaTHYHUS H3TOYHHK M KOPOBO 3aMbpCsBaHE Ha MarmMute. BeposTHO ToreHe Ha aM(HOOIUTOBH WITH
0a3aJITOBM CKajJd OT JOJHAaTa Kopa OM MOIJIO Ja Ch3Jage poJoHayajHaTta Marma, KosTo 4pe3 audepeH-
1uanust, GiryuaHo BIUSHEE M IOCIE/Balla II0CTMArMaTHYHA IIpepadoTKa € Ch3zalla CKaluTe Ha OaTonura.

Introduction of complex prospecting works in the area of

he Sak lith . fal Sakar Mts. However, the prevailing part of the
The Sakar batholith occupies the core of a large ¢ 1j00ted then numerous new data remained

dome-like structure of high-grade metamorphic unpublished (Vergilov et al. 1986').
rocks. Considered as Caledonian (Boyanov et This
al. 1965), Hercynian (Dimitrov 1946; Dabovski
1968; Savov 1983; Arnaudov 1979; Dabovski
& Haidutov 1980; Vergilov et al. 1986;
Chatalov 1990), Late Jurassic (Skenderov et al.
1986) or Early Cretaceous (Ivanov et al. 2001)
in age and interpreted as post-metamorphic,
pre-metamorphic or syntectonic, the batholith
still raises many unsolved problems concerning
mainly the time of emplacement, the temporal
relations emplacement/metamorphism/host
rock deformations, its petrological evolution

and geodynamic setting.
gBrie}; informationg about the petrographic ! Vergilov V, Kamenov BK, Ivchinova L, Vergilov I,
p grap Genov I, Dabovski C, Andreev A, Savov S, Haidutov I

units, S.trucmral CharaCteriSticsa. emplacement (1986). Petrology and structure of the Sakar Batholith,
mechanism, as well as the mlneralogy and Lessovo type granites in the area of Radovets village and
geochemistry of the batholith was presented in ~ some intrusive bodies in the region east of Tundza River.

. . . Geoarchive of the Prospecting Enterprise of State company
an extended abstract, including the main results “Rare metals”, Project 154/82. 371 p.

paper aims to “revive” these
unpublished data in the framework of a modern
overview on the mineralogy, petrology and
geochemistry of the Sakar batholith and to
propose a model for its petrological evolution.

The field observations and the laboratory
analyses were carried out between 1982 and
1986 when a geological map in scale of M 1:
50 000 was also compiled.




Abbreviations and symbols

Modal nomenclatures

Mgb monzogabbro
Qmd quartz-monzodiorite
Qmz quartz-monzonite
Qsy quartz-syenite
Mg monzogranite
Lmg leucomonzogranite
Slg transitional leucogranite
Lg leucogranite
Gr granite
Sg syenogranite
Gd granodiorite
Gb gabbro
D diorite

Trends

O equigranular
/\ porphyroid

¢ aplitoid
Series
TH tholeiitic
CA calc-alkaline
HKCA  high-potassium calc-alkaline
SH shoshonitic
UKSH  ultra-high-potassium shoshonitic

Lessovo orthometamorphites
—+ metagranites

X metaquartz-diorites
\V4 orthoamphibolites

Geological setting

The Sakar batholith is hosted into a high-grade
metamorphic complex (Fig. 1) of ortho- and
parametamorphic rocks, metamorphosed in
Barrovian type amphiboilite facies (kyanite-
sillimanite subfacies). They are unconformably
overlain by Permian (?) and Lower-Middle
Triassic metasediments.

The high-grade metamorphic complex in
Sakar area has been for a long time subject of
debate concerning its lithologic subdivision,
age of the protholith and of the metamorphic
overprint. In general, two different concepts
have been proposed.

According to the widely accepted ideas of
the last century and the 1:100 000 Geological
Map of Bulgaria (Kozhoukharov et al. 1994,
1995), the metamorphic rocks are assigned to
the so-called Pra-Rhodopian Supergroup. It is
subdivided into two groups (Strazhets and
Boturche) and the latter — into several litho-
stratigraphic units. The lower Strazhets Group
consists of leptite-gneisses, porphyroblastic
gneisses and gneisses, and the upper Boturche
Group — of gneisses, gneiss-schists and schists
with intercalations of metaquartzites, amphib-
olites and metamorphosed ultrabasic (metapy-
roxenites, metagabbro) rocks. The age of the
protholith and of the amphibolite facies meta-
morphic event is assumed to be Precambrian.
In this scheme the Sakar pluton was emplaced
during the Upper Paleozoic, i.e. is post-
metamorphic.

A recent model (Gerdjikov & Ivanov,
2000; Ivanov et al. 2001; Gerdjikov 2005)
advocates another concept — the protolith of the
high-grade metamorphic rocks in Sakar Mts. is
a continuous sedimentary-volcanogenic suc-
cession of Late Paleozoic—Early Mesozoic age
that was deformed and metamorphosed in
amphibolite facies in Late Jurassic—Early
Cretaceous time. The Sakar pluton was
emplaced in this parametamorphic complex
approximately during the same time span as a
synkinematic intrusion.

The parametamorphic complex in the
southern exocontact zones of the batholith is
affected by periplutonic migmatization (Fig. 1)
in narrow zones of more abundant foliation-
parallel and cross-cutting aplitoid injections
and potassium feldspar porphyroblastesis.

A special feature of the parametamorphic
complex is the development of porphyroblastic
large-flaked reddish-brown biotite, superim-
posed on the usual brown biotite of the meta-
pelitic rocks (gneisses and paraamphibolites)
even over the regressive mineral association
(chlorite, calcite, muscovite, pale-green acicu-
lar amphibole, and epidote). Along with the
large-scale irregular microclinization, this
biotitization is understood as an exocontact
effect of the granitoid magma.
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Fig. 1. Geological sketch map of the Sakar batholith (after Vergilov et al. 1986 and Ivanov et al. 2001)

The foliated granites emplaced within the
metamorphic complex close to the southern
margin of the pluton (Fig. 1) are referred to the
Lessovo orthometamorphic complex (Kamenov
et al. 1986). These rocks Ivanov et al. (2001)
describe as “Sakar type” schistose granites of
the so-called Izvorovo Dome. As a facial
variety of the Sakar pluton, they were
described also by Boyanov et al. (1965) and
Dimitrov (1956, 1959). The idea of their
Precambrian age was adopted by Savov (1983),
Kozhoukharova & Kozhoukharov (1973),
Kozhoukharov (1984a). Vergilov et al. (1986)
assumed Late Paleozoic age. Dimitrov (1999)
studied in detail the internal structure of the
metagranitoids in the area of Radovets village.

Small bodies of metagranite porphyry and
metarhyolite of the so-called Melnitsa orthome-
tamorphic complex (Vergilov et al. 1986") are
exposed close to the southwestern and south-
eastern margin of the batholith (Fig. 1). The
outcrops near Shishmanovo village were des-
cribed by Ivanov (1964) and those east of Tun-
dzha river valley — by Chatalov (1992). Per-
mian age of these rocks seems most probable.

The high-grade metamorphic basement is
unconformably covered by the rocks of
Tchernogorovo Formation (Catalov, 1961) of
assumed Permian age (Kozhoukharov et al.
1968). The unit consists mainly of metamor-
phosed breccia-conglomerates, which contain
pieces of metamorphic rocks, metaquartz-
diorites of Lessovo type, aplitoid two-mica
granites, equigranular granites of Sakar type
and metarhyolites.

The overlying Triassic terrigenous and
carbonate sediments, known as “Sakar type
Triassic” (Chatalov, 1990), are metamorphosed
in the lower-temperature staurolite-almandine
subfacies of the amphibolite facies. They are
subdivided into three lithostratigraphic units
(Paleokastro, Ustrem, and Srem) of faunis-
tically proven Lower—Middle Triassic age. The
idea of Ivanov et al. (2001) that the parameta-
morphic, Paleozoic and Triassic sequences
suffered equal-grade regional metamorphism
remains only a hypothesis.

The published Rb/Sr radioisotope dating
of the batholith is conflicting. The dates of
320+18 Ma (Zagorchev et al. 1989), 499+70



Ma (Lilov 1990), and 250+£35 Ma (Skenderov
& Skenderova 1995) are obtained from
approximately the same bulk rock samples and
their interpretation is problematic (see the
discussion in Ivanov et al. 2001). Uncon-
vincing are also the available K-Ar data, which
range in the interval 144—-111 Ma (Palshin et al.
1989; Skenderov et al. 1986; Lilov 1990;
Boyadjiev & Lilov 1972; Firsov 1975). They
reflect only a regional thermal event, but not
the emplacement age of the granitoids. New
U/Pb zircon dating of samples from the
batholith (Georgiev et al. 2006) yields
306.3+2.7 Ma. They suggest Carboniferous
crystallization age and are in accord with the
age deduced from geological evidence — clasts
of equigranular and porphyroid granitoids
(resembling those of Sakar pluton) are observ-
ed in the metaconglomerates of Chernogorovo
Formation (Permian?) and in the basal
conglomerate of the Lower Triassic Paleokas-
tro Formation. From this viewpoint the idea of
Ivanov et al. (2001) that the Sakar pluton was
emplaced at least after the end of the Middle
Triassic seems for the time being ill-founded.

Materials and method

The rock-forming minerals are examined in
thin sections optically and in monomineral
fractions, separated from 14 bulk rock samples
for artificial heavy concentrates, representative
for all rock varieties (Fig. 2). Moreover, large
porphyroids of potassium feldspar are picked
out by hand and some of them are analyzed
chemically, separately for their internal cores
and rims. The separation of the samples is done
in the Department of Petrology of Sofia
University with the methodical assistance of V.
Arnaudov. X-ray measurements are on
difractogrammes, obtained in DRON-2 and
TUR M62 instruments. Filtered Co-rays are
used and chemically pure NaCl for internal
standard is applied. The IR-spectra are made on
spectrometer IR-20 using standard methods in
pressed pallets. The instrument is calibrated
with the frequency of the absorption bands of
the 1, 2, 4-trichlorbenzen. 14 samples of
plagioclases and 41 of potassium feldspars are
processed and their X-ray and IR-ordering
degrees are calculated.
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The geochemical results are based on 147
silicate assays on rock samples and on 64
analyses on rock-forming minerals (plagio-
clases — 12, potassium feldspars — 40, biotites —
10 and muscovites — 2) performed by the
classical wet method in the Chemical Labo-
ratory of the Department of Petrology under the
guidance of L. Ivchinova. 110 rock samples
and 64 monomineral samples are analyzed by
XRF in the Geological Institute at the
Bulgarian Academy of Sciences under the
guidance of G. Panayotov for determination of
Ba, Sr, Zr, Rb, V, Ti and Mn; by INAA in the
Laboratory of the former Geological Survey
under direction of Z. Tchoubriev for the
elements Th, U, Hf, Ta, Cr, Sc, Au, Co, Cs, La,
Ce, Sm, Eu, Tb, Yb, Lu and Au and by AAS in
the Faculty of Geology and Geography, Sofia
University executed by E. Landjeva for the
elements Zn, Cu, Ni and Li.

Petrography

The Sakar pluton is a dome-like granitoid body
of Dbatholithic size elongated in east-west
direction — its long axis is about 20 km and the
width is between 7 and 15 km. The dome
structure is outlined by planar flow structures
of biotite, microcline and flattened xenoliths as
well as by mineral lineation (Dabovski &
Haidutov 1980; Vergilov et al. 1986). Most
often the contacts are sharp and intrusive but
conformable to the foliation in the host rocks.
Numerous aplite veins and some basic dykes
cut the plutonic rocks. The degree of preferred
orientation of the magmatic inclusions, xeno-
liths and phenocrysts increases towards the
marginal porphyroid facies, whereas the in-
ternal parts of the pluton are almost structure-
less. The increasing degree of deformation
toward the contact zones supports the idea of
“balloon mechanism” of emplacement.

Three petrographical units compose the
pluton: (1) equigranular granitoids, outcropping
in the internal parts along the crest of Sakar
Mountain, (2) porphyroid on the microcline
granitoids and (3) aplitoid leucogranites,
occurring mainly in the peripheral parts of the

pluton. The transitions between the units are
gradual and only the aplitoid leucogranites
have sharp contacts. The advanced assimilation
of amphibolite packets from the host rocks
leads to appearance of mesocratic granitoids
containing much more biotite. The granitoids
around gneiss xenoliths become richer in mus-
covite and acquire schistose structure. Mag-
matic mafic inclusions are also observed. The
porphyroid granitoids occupy large areas in the
northwestern, western and southern marginal
parts of the batholith. The mineral composition
of the porphyroid and equigranular granitoids
is qualitatively equal. The difference is only in
the content and size of microcline.

The modal relationships of the major
rock-forming minerals (Fig. 3) show that the
equigranular granitoids are quartz-monzo-
diorite, granodiorite and monzogranite, the last
being the prevailing nomenclature. Almost the
same is the modal composition of the porphy-
roid granitoids, but granodiorites predominate
and, instead of quartz-monzodiorite, there are
single cases of quartz-monzonites. The rela-
tively more basic varieties are richer in femic
minerals and occur in the mesocratic con-
taminated rocks around amphibolite xenoliths.
The aplitoid granitoids plot in the fields of the
granodiorites and mainly of the monzogranites,
but individual specimens are even quartz-
syenites and granosyenites. A characteristic
feature of these rocks is their poorness in femic
minerals — a good reason for naming them
leucogranites. The main trends of the three
rock units suggest some differences in their
conditions of formation. The main trend in the
equigranular rocks (trend 1 in Fig. 3) is
connected with a process of synchronously
increasing modal contents of quartz and alkali
feldspars. Trend 2 in the porphyroid granitoids
is disturbed and deformed by the late- to post-
magmatic microcline recrystallization and is
indicative for increasing quartz quantities at
relatively constant ratio plagioclase/alkali
feldspars. Trend 3 in the aplitoid granitoids
follows mainly the variation direction of the
alkali feldspars/plagioclases ratios.



Fig. 3. APQ classification diagram for modal
analyzed rocks from the Sakar batholith

Massive coarse-grained structure of the
rocks is most commonly observed, but parallel
orientation of micas, feldspar porphyries and
xenoliths in the marginal parts of the batholith
is also typical. Some indications of later re-
orientation are registered in these areas. The
monzonitic texture of the rocks is usually
combined with myrmekite and perthite sym-
plectites. Micrographic intergrowths of micro-
cline and quartz are also found in the aplitoid
granites. The sequence of crystallization is
generally plagioclase—biotite—quartz—allanite—
potassium feldspar.

The xenoliths in the batholith consist of
amphibolites and gneisses. They can be met
almost everywhere, being most abundant in the
marginal parts of the batholith. Showing
conformable orientation with the metamorphic
schistosity of the host rocks, they are nearly
parallel to the primary planar flow structures
and it seems as if they form a semi-transparent
“ghost” dome-like structure, similar to the real
dome-like shape of the batholith. The packets
of gneisses are granitizated and their bound-
aries with the granitoids are gradual. The
granitization of the mafic xenoliths leads to the
development of biotite and amphibole,

sometimes to increasing quartz quantity or to
appearance of rare large microcline crystals.
The amphiboles associate with rutile followed
by titanite. The extreme result of the process is
the transformation of the orthoamphibolites
into amphibole-biotite and biotite gneisses, rich
in titanite. Typical magmatic textures are
preserved in the weakly metamorphosed
metabasites.

Mineral composition

Plagioclase. Two morphological types of
plagioclases are  distinguished in the
equigranular and the porphyroid granitoids: a
coarse-grained and fairly euhedral (PI') and a
fine-grained and isometric one (PI'). The
coarse-grained plagioclase is prismatic and
usually no polysynthetic twinning is observed
or the twinned lamellae are a few or indistinct.
The anorthite composition of PI' is Ans-An
and more often with uniform variation in the
range Anyc-An;s. Plagioclases of blurred
zoning are also found in the central parts of the
batholith — Anjy in the cores and Any, in the
rims of the crystals. Sometimes thin edges of
nearly pure albite (Anj-Ans) coat the
plagioclases. Usually the crystals of this
generation are overfilled by alteration products
mostly muscovite and epidote. The second
generation plagioclase is clean of secondary
minerals. It occurs in aggregates together with
fine-grained microcline and quartz. It should be
noted that almost everywhere PI" shows
reversed zoning. Its anorthite composition is of
narrow range — Anp-Any in the cores and
Any;-Anys in  their rims. No essential
differences between the contents of the trace
elements Sr, Ba, Rb, Zr and Li in the
equigranular and porphyroid granitoids are
established (Table 1). The IR-spectra of
plagioclases were examined applying the
method of Plyusnina & Hachatrjan (1980) to
estimate their anorthite composition and
structural ordering degree. The coincidence
with the results of other methods is good and
the prevailing ordering degree corresponds
totally to partly ordered plagioclases.



Table 1. Chemical composition of representative plagioclases from artificial heavy concentrates from Sakar

batholith

Granitoids Equigranular Porphyroid Aplitoid

Sample S-V | S-XIV | S-XII S-X1I S-XVIII | S-IX
Analysis Pl-1 PI1-2 P1-3 Pl-4 P1-5 P1-6
SiO, 65.61  68.14 68.51 64.20 64.31 71.95
TiO, 0.08 0.12  0.16 0.12 0.15  0.12
ALO; 19.80 17.59 17.50 20.88 20.76  15.98
Fe,0; 0.58 027  0.32 0.35 045 035
FeO 0.15 - - - - 0.18
MnO 0.006  0.006 0.006 0.007 0.02 0.003
MgO 0.27 0.15 042 0.28 031 034
CaO 3.46 3.10 293 4.99 4.93 1.10
Na,O 7.40 557 558 6.73 6.65 6.83
K,O 1.70 3.82 332 1.89 1.59 212
P,0s 0.38 0.04  0.09 - - 012
H,O 0.04 0.18 0.16 0.07 0.05  0.06
H,0" 0.40 053  0.55 0.16 033 037
Total 99.87  99.52 99.55 99.68 99.55 99.52
Sr 429 427 437 630 678 166
Ba 203 929 934 730 470 113
Zr 28 68 87 10 10 50
Rb 45 140 125 60 28 55
Li 7 15 15 13 5 5
An 18.3 17.5 17.2 25.7 26.2 6.9
Ab 70.9 569 595 62.7 63.8 773
Or 10.8 25.6 233 11.6 100 158

The plagioclases of the aplitoid gra-
nitoids are not altered and their composition is
a bit more acid — Any-Anyo. They are fine-
grained and polysynthetically twinned. Ac-
cording to the IR-data they have preserved their
partial structural disorder.

Superimposed irregular albitization on the
primary composition of the plagioclases is
locally observed. In particular cases, as for
example south of Orlov Dol village, the
albitization has spread over larger areas and has
obliterated the primary magmatic twinning.

Microcline is developed in all rock
varieties of the pluton. The large-sized crystals
reach to 10—-12 cm in the porphyroid unit. They
are white in colour, have low contents of iron
oxides and contain poikilitic inclusions of
plagioclase, quartz and rarely biotite.
Everywhere the microcline exhibits cross-
hatching and very often perthitic exsolutions
are noted. Myrmekitic textures and outer

envelopes of albite are observed. The measured
value of the angle 2V, on single crystals is
between 81° and 87°. X-ray and IR-data of
separated monomineral samples of K-feldspars
are shown in Table 3. It is noteworthy that the
admixtures of plagioclase, included into the
porphyries, cannot be separated perfectly from
the exsoluted perthitic albite and that is why
the calculated albite component in the
potassium feldspars is slightly higher. It
concerns chiefly the porphyroid granitoids. The
K-feldspars are more contaminated with quartz
inclusions and show higher albite components,
as well as hematite products in theirs outer
parts, whereas more apatite accessories are
observed in their internal cores. This hampers
the correct estimation of the bulk chemical
composition of the feldspars. An attempt is
made to estimate the proportion between the
isomorphic albite component in the microcline
porphyries and the mechanically included in



Table 2. Chemical composition of selected potassium feldspars

Granitoids Equigranular Porphyroid AGr
Sample \4 XIV XII 1158 113 108 XVIII
Analyses KFdl | KFd2 | KFd3 | KFc | KFr | KFc | KFr | KF10 | KFIl
SiO, 63.92 62.77 63.93 63.59 63.73 64.51 68.18 64.34 63.92
TiO, 0.04 0.04 0.04 0.07 0.09 0.92 0.19 0.12 0.05
ALO; 17.77 18.63 17.47 18.37 18.50 18.15 15.90 18.14 18.08
Fe,05 0.28 0.37 0.15 0.73 0.57 0.52 1.23 0.65 0.21
FeO 0.09 - - 0.12 0.14 0.15 0.27 0.23 0
Mn* 15 140 40 0.01 0.01 0 0 0 0.005
MgO 0.20 0.37 0.17 0.34 0.32 0.30 0.52 0.31 0.37
CaO 0.37 1.01 1.07 0.26 1.04 1.00 1.40 1.38 1.09
Na,O 1.17 1.26 1.59 2.88 2.72 3.20 3.05 3.00 1.47
K,0 15.94 14.43 14.26 12.30 12.22 11.43 8.34 11.95 14.24
P,05 0.07 0.06 0.06 0.10 0.16 0.02 - 0.26 -
H,O 0.08 0.23 0.13 - - - - 0.05 0.13
H,0" 0.08 0.87 0.60 0.27 0.35 0.35 0.60 0.32 0.44
Total 100.01  100.05 99.47  100.04 99.83 99.75 99.68 100.10  100.01
Sr 348 401 440 493 479 387 284 519 534
Ba 2663 4370 4900 4102 4041 3883 2365 4258 7190
Zr P20 <20 25 <20 <20 37 56 23 <20
Rb 381 623 490 222 204 299 233 276 285
Li* 30 110 25 20 20 18 15 20 20
Cs 3 38.7 3.5 0.8 1.0 1.7 4.8 1.9 1.2
Th 0.4 1.2 2.0 1.0 1.0 2.8 8.5 2.7 0.6
U 0.2 0.6 0.9 0.5 0.6 2.0 4.5 1.0 0.2
Hf - 0.5 0.9 0.4 0.6 0.7 1.9 0.6 0.1
Ta - 10.2 0.1 0.2 0.1 0.5 1.2 0.1 0.1
Sc 0.1 0.1 0.2 0.2 0.4 0.6 1.5 0.6 0.2
La 1.5 3.6 7.5 3.4 3.9 6.6 16.2 16.0 1.3
Ce 2.1 5.2 12.0 6 8 9 21 23 3.1
Sm 0.1 0.6 1.2 0.4 0.5 1.3 3.6 1.5 0.2
Eu 0.6 0.4 0.2 0.35 0.63 1.22 0.77 1.44 0.3
Tb - - 0.1 - - 0.3 0.8 0.1 -
Yb - 22 0.2 - 0.1 0.5 1.2 0.2 -
Lu 0.01 - 0.09 - - 0.18 0.44 0.03 -

Or % 99 85.3 84.3 78 75 70 62 77 84

Ab % 1 6.7 10.5 21 22 28 32 21 10

An % 0 2.6 0 1 2 2 6 11 1
Quartz % 0 0 0.3 0 0 0.4 1.5 1 0
Purity % 95 95 95 94 96 96 80 96 95

AGr — aplitoid granitoids

them plagioclase using the 201 reflexes ratio of
the microcline and the albite, located at about
21° and 22° (26¢,). The albite component in
microclines, estimated by X-ray data, is less
than 10 mol% in all analyzed microclines.
Within the framework of the accuracy it
corresponds well to the chemically determined

bulk sodium content in microclines from the
equigranular granitoids. On the contrary, in the
porphyroid granitoids where the large
porphyries are picked out by hand, the
difference is significant. There the average
chemically analyzed content of the albite
component is 25.1%, whereas the X-ray data



Table 3. Phase composition, Al-sites in the crystallographic cell, structural ordering degree of selected
monomineral potassium feldspars, according to chemical, X-ray and IR-analyses

Granitoids Equigranular Porphyroid AGr
Samples S-V_[s-X1v[s-XiI| S-I1 | S-IT [ 296 | 226 | 229 | 667 | 765 [XVIII
Composition Or 99.0 853 843 862 940 660 543 759 787 762 84.0
from silicate Ab 1.0 67 105 11.1 9.5 244 454 171 156 58 100
analysis %  An 00 26 00 00 05 80 03 - 57 76 60

OrinKF 100.00 68.80 83.20 88.00 100.00 66.20 51.00 76.00 85.00 96.90 94.90
4.00 8.00 020 800 2.00 400 7.60 9.60

Composition sp i 6.00 8.00 8.80
from

X-ray T10 0.955 0.934 0.934 0.934 0955 0913 0.935 0.865 0.885 0.920 0.901

analysis Tlm 0.045 0.03 0.032 0.027 0.019 0.053 0.025 0.035 0.055 0.028 0.009

26Cu T20=T2m 0.000 0.018 0.017 0.047 0.013 0.017 0.020 0.050 0.030 0.026 0.045
Ap 0.89 0.88 0.87 091 09 083 095 083 08 0.87 0.86

Ordering

degree from AR 092 098 095 094 083 095 1.00 1.00 1.00 092 0.98

IR-analysis

Purity in per cent 95 95 95 97 94 90 99 93 94 92 95

gave 3.2%. This means that at least 20% of the
chemically analyzed albite component owes its
value to the monzonitic plagioclase inclusions
and that the isomorphic albite component
before the exsolution of the perthites was lower
than that of the microclines in the equali-
granular granitoids.

The ordering degree of Al and Si in the
tetrahedral sites of the potassium feldspars is
calculated using the splitting of the reflexes
131 and 131 (Laves & Goldschmidt 1956) and
the statistical occupancy of Al in the four
possible crystallographic sites in the cell — by
the method of the “three peaks” (Wright 1968;
Stewart & Wright 1974). The IR-ordering
degree is obtained by means of the frequency
difference in the bands 650 cm™ and 550 cm™
after Kouznetsova (1970) and Kouznetsova et
al. (1974). All samples are with split reflexes
20131.131 and show essential differences in the
contents of Al in the sites T;0 and T;m. Hence,
the potassium feldspars are represented only by
a triclinic high microcline. A systematic
decrease in the content of Al in the site T,0 is
established in the sequence equigranular
(average 0.942) — porphyroid (average 0.905) —
aplitoid (0.901) granitoids. A valid reason for
this specific feature is the relatively quicker
crystallization in the peripheral parts of the
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pluton, as well as the smaller size of the
aplitoid granite bodies. We must not discount
the role of increasing fluid pressure in the final
stages of the growth of the porphyries.

Microclines of the Sakar batholith have
similar structural characteristic as those from
the so-called “Sredna Gora granitoids” or the
“Rila and Rhodope granitoids” (Arnaudova et
al. 1981; Arnaudova & Arnaudov 1982;
Sarafova 1966; Grancharov et al. 1981;
Arnaudova et al. 1990).

The average contents of Rb in the potas-
sium feldspars (in ppm) from the batholith
decrease in the following direction: equigran-
ular (497, n=5) — porphyroid (335, n=35) — ap-
litoid (285, n=1) granitoids. Still lower are the
average Rb contents in microcline from peg-
matite — 252 ppm. These figures differ con-
siderably from the published data for the
potassium feldspars from Rila and Sredna Gora
areas (225, n=5) and also from the Rhodope
type granitoids (290, n=41), but they are ap-
proximately of the same order as the feldspars
from Osogovo (460, n=3) and Pirin (390, n=6)
granitoids (Arnaudova & Arnaudov 1982).

The correlations between Rb concen-
tration in the rocks and in their feldspars (Fig.
4a) indicate different conditions of formation in
both rock units — negative correlation for the
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Fig. 4. Correlative relationships of some trace-ele-
ments in microclines: a) concentration of Rb in rock
(Rb-rock) vs. concentration of Rb in microcline (Rb-
Mi); b) concentration of K (%) vs. Ba (ppm) in K-
feldspars

equigranular and positive for the porphyroid
granitoids.

The contents of Ba in the potassium
feldspars range 2300—7500 ppm. A tendency of
increasing average quantities is outlined in the
direction equigranular (3930 ppm, n=3) -
porphyroid (4930 ppm, n=26) and probably to
the aplitoid (7190 ppm, n=2) granitoids.
Comparatively low are the Ba contents in the
feldspars from pegmatites — 1179 ppm. Some
granitoids from Rila and Rhodopes are quite
similar — the average Ba content in their
feldspars is 4440 ppm (n=41, Arnaudova &
Arnaudov 1982). A similar tendency of
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increasing average contents of Sr in the
potassium feldspars from equigranular (445
ppm, n=5) to porphyroid (474 ppm, n=26) and
to aplitoid (544 ppm, n=2) granitoids is also
noted. The microclines from the pegmatite
veins and nests within the batholith are most
depleted of Sr — the average content there is
289 ppm. Geochemical differences between the
feldspars from the equigranular and porphyroid
granitoids are shown on Fig. 4b, where the
relationships between K and Ba in the
microclines are compared. The correlation is
negative for the equigranular and positive for
the porphyroid granitoids.

The concentrations of Sr in microclines
from Sakar batholith are approximately of the
same order as in some granites of the so called
“biotite-bearing  facies” (Arnaudova &
Arnaudov 1982) from Rila and Rhodopes
(average 540 ppm, n=41) and from Sredna
Gora (500 ppm, n=5).

Comparisons between the contents of
trace elements in the cores and the rims of the
microcline porphyries show that the rims are
poorer in Sr, Ba, Rb, Li and Co, and richer in
Th and U than the cores. This zoning is likely
to be related to the higher albite component in
the peripheral zones of the microclines and is
indicative for the magmatic conditions of
crystallization.

Biotite is the only femic rock-forming
mineral in the rocks of the batholith. It is
unevenly distributed in the rocks — around 5
vol.% in the central parts of the batholith and
up to 22 vol.% in the western and southern
marginal parts. The pleochroism scheme is
ordinary dark-brown to dark-greenish-brown
along the Z and Y axes. Biotites contain inclu-
sions of apatite and zircon and are replaced by
epidote and titanite. The more intensively
altered biotites are full of chlorite with sagenite
grid of acicular titanite crystals (Vergilov
1966). Around shear zones in the granitoids,
the biotite flakes are grouped in indistinct strips
and lenses or show planar orientation. In such
cases biotites usually associate with secondary
epidote, titanite and apatite.
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The chemically studied 13 samples of
biotite are separated from artificial heavy rock
concentrates (Fig. 5, Table 4). Almost all
analyzed samples show lack of water in the site
(OH),, which hints for the higher potential of
oxygen in their magma. The absence of distinct
changes in the parameters of the ferriferous,
titanium and alumina contents of biotites from
the different rock wunits indicates roughly
constant and equal crystallization conditions.
The combined phlogopite-eastonite and phlo-
gopite-annite isomorphic replacement in the
cell classify the biotites as ordinary varieties
(Fig. 5) — the richer in Fe are the richer in VAL
It seems that the biotites from the porphyroid
and from the aplitoid granitoids have a little
higher Mg and lower 'YAl content than the
biotites from the equigranular granitoids. The
estimated oxidizing conditions of crystal-
lization of biotites from Sakar batholith (Fig. 6)
are higher than those from the biotites in
Lessovo metagranitoids (Kamenov et al. 1986).

The agpaitic coefficient of the biotites is
indicative for the alkalinity of their magmas
(Marakushev & Tararin 1965). It determines
also the progress of the eastonite isomorphic
replacement (Mg, Fe)+Si — “'Al, VAL The
average value of this coefficient for the
equigranular rocks is 0.61 (range 0.56-0.71),
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whereas biotites from the porphyroid granites
display higher and up to 0.69 (range 0.66—0.75)
values. This supports the idea that there the
crystallization of the large porphyroblastic
microclines occurred at higher alkalinity
conditions and had also an effect on the biotite
composition. A comparison with biotites from
Lessovo metagranitoids shows that the average
value of this coefficient is lower (0.55) and
hence, they should have been formed at lower
alkalinity of their magma. According to the
method of Marakushev & Tararin (1965) the
biotites from the equigranular granitoids plot in
the fields characteristic of normal and reduced
alkalinity and those from the porphyroid
granitoids — in the fields with moderately
increased alkalinity. The application of the
method of Abdel-Rahman (1994) refers biotites
from the Sakar batholith to the calc-alkaline
granites (Fig. 7). The relatively lower content
of Al in biotites from the batholith in
comparison with the biotite compositions in
Lessovo orthometamorphic complex is typical
for shallower depth of crystallization.

3+
Fe

Fig. 6. Diagram Fe?'-Fe’*-Mg (after Wones &
Eugster 1965) for biotites from the Sakar batholith
and Lessovo orthometamorphites



Table 4. Selected chemical composition of biotites and calculated formulae (based on 22 oxygens)

Granitoids Equigranular Porphyroid AGr
Sample 1I/Bt | V/Bt | 101/Bt | XIV/Bt | 1I/Bt | XIII/Bt | 129/Bt | I/Bt | XVIII/Bt
Analysis 1 2 3 4 5 6 7 8 9
SiO, 36.27 359 3577 3811 3523 3577 34.85 36.14 36.81
TiO, 387 4.17 249 228 273 229 681 3.15 2.25
AlL,O4 15.15 146 1647 17.13 15.03 17.54 1191 14.33 17.54
Fe,04 62 7.1 475 7.63  7.66 6.86 799 7.46 8.47
FeO 1321 124 1399 13.87 15.07 1296 1421 15.11 10.74
MnO 032 043 034 0.68 0.55 048 046 045 0.46
MgO 11.01 1039 10.96 8.03 8.8 10.63  9.56 9 10.21
CaO 042 191 1.77 1.46 0.56 1.08  2.67 1.5 1.43
Na,O 0.1 0.12 025 0.66 0.15 0.01 02 035 0.56
K,0 1042 8.88  8.11 686 3.74 8.67 7.57 896 8.55
P,0s 0.12 02 041 0.08 0.13 0.09 035 - 0.1
H,O 03 0.27 0.4 041 045 047 084 0.34 0.24
H,0" 223 354 473 296 4.41 3.15 293 3.69 2.52
Total 99.62 99.8 1004 100.16 100.5 99.99 1004 100.5 99.88
Cs 6.2 49.1 - 28 265 16.2 17.8  20.1 14.6
Ba 362 238 - 430 381 455 505 473 408
Rb 429 988 - 650 605 456 590 474 420
Cr 63 77 - 55 30 55 66 50 56
v 354 - - 112 - 273 - - 274
Th 23 20 - 16.7 122 3.9 10 158 53
U 02 65 - 3.6 5 - - 31 -
Hf 1 58 - 56 4.1 1 13 42 1.6
Ta - 138 - 2 1.1 0.8 52 27 0.4
Sc 72 112 - 9 68 8.8 16.2 10.1 8.7
Zn 241 449 - 704 474 204 318 232 201
Co 34 42 - 31 23 293 337 26 28.4
K 2.08 1.72 1.54 1.32 1.9 1.68 1.5 174 1.66
Na 0.02 0.04 0.08 0.18 0.04 - 006 0.1 0.16
Ca - 024 0.2 0.22  0.06 0.16 036 0.16 0.18
X 2.1 2 1.82 1.72 2 1.84 1.92 2 2
Ca 0.04 0.01 - - - - - 0.08 0.04
Mg 254 236 244 1.8 2 24 222 204 2.32
Fe** 1.72 158 1.74 1.74 192 0.78 1.86 1.92 1.36
Fe** 072 082 054 086 0.88 1.64 094 0.86 0.96
Mn 0.04 0.06 0.04 0.08 0.06 0.06  0.06 0.06 0.06
Ti 046 048 0.28 026 0.32 026 044 0.36 0.26
Al 042 0.1 0.24 0.8 0.08 0.58 - 01 0.74
Y 594 5.41 5.28 5.54 5.26 572 552 542 5.74
Si 564 548 534 576 5.38 5.44 58 5.52 5.6
Al 236 252 266 224 262 2.56 22 248 24
Oy O 20 20 19.28 20 19.52 20 20 20 20
OH - - 072 - 048 - - - -
(OH), O 1.68 04 0 1.02 - 0.8 094 024 1.44
OH 232 36 4 2.98 4 32 3.06 3.76 2.56
Mg" 06 06 058 0.51 0.51 0.75 054 0.51 0.63
Fe'"/Fe’ 042 052 031 049 046 21 05 045 0.7
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Fig. 7. Discrimination plot MgO vs. ALO; after
Abdel-Rahman (1994) for biotites with fields for the
Sakar batholith and Lessovo orthometamorphites

Compared to the biotites from other
complexes using Al,O; contents, biotites from
Sakar batholith are similar to the biotites from
Rila-Rhodopes and Sredna Gora granites, but
with their higher contents of TiO, they are
closer to the Osogovo and Pirin granitoids
(Arnaudova & Arnaudov 1982).

Muscovite. Two types of muscovite are
distinguished. The coarse-flaked (up to 1.5
mm) variety with fully developed faces and co-
existing with the biotite is more common in the
peraluminous granites. The analyzed two mon-
omineral samples of this type (Table 5) plot on
the discrimination Mg-Fe-Ti (Speer 1984;
Monier et al. 1984) clearly in the field of the
muscovite of magmatic origin. In some places
muscovite flakes are grouped into parallel
strips and obviously are deformed. The fine-
flaked muscovite is developed mainly over the
coarse-grained plagioclases and associates
often with epidote and clinozoizite, less com-
monly with calcite. It is a secondary by origin
result of the autometasomatic influence of late
solutions on the granite, but could be also a
sign of regressive metamorphism around the
zones of deformation or close to shear zones.

Quartz in the equigranular and in the
porphyroid varieties usually forms irregular
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Table 5. Chemical composition and calculated for-
mulae of selected muscovites from equigranular
granitoids

Sample | VI/Ms | XII/Ms
Sio, 4699  46.64
TiO, 1.22 1.18
ALO; 28.51 26.27
Fe,0; 5.28 5.14
FeO 1.46 1.82
MnO 0.07 0.11
MgO 1.79 2.28
CaO 0.75 1.09
Na,O 0.40 tr.
K,O 7.67 10.14
P,05 0.45 0.07
H,O 0.20 0.36
H,0" 4.83 4.84
Total 99.62  99.94
Li 95 140
Rb 617 501
Ba 772 476
Th 21.0 19.8
U 7.9 6.6
W 9.0 4.9
Hf 1.5 5.3
Ta 6.0 5.1
Cr 14 18
Sc 16.0 26.6
Ce/SY 20.9 59.8
Th/U 2.7 3.0
Cu - 7
Zn 207 184
Calculated formulae-10 O
K 0.66 0.88
Na 0.05 0
Ca 0.01 0.07
X 0.72 0.95
Mg 0.18 0.23
Fe* 0.08 0.10
Fe** 0.27 0.26
Mn 0.004  0.006
Ti 0.06 0.06
Al 1.44 1.29
Y 2.03 1.96
Si 3.17 3.18
Al 0.83 0.82
Z 4.00 4.00
0 9.93 9.80
OH 0.17 0.20
O 10.00 10.00
(OH), 2.00 2.00

Sample VI/Ms contains 1.08 % apatite and sample XII/Ms
—0.84 % apatite



Table 6. Chemical composition of selected representative samples from Sakar batholith

Granitoids Equigranular Porphyroid

Sample 137/S | 121/S | 1I/S VI/'S | XII/S | 1V/S 101 119 141
Rock Qmz Gd Gr Gr Slg Mz Qsy Gr Gr
SiO, 61.80 6447 7135 7245 7331 62.14 6423  66.60  68.57
TiO, 0.46 080 034 024 0.14 0.85 0.60 0.47 0.48
Al,O4 17.89 1533 14.12  14.12 13.52 1645 1447 1578 1436
Fe,0; 3.07 312 0.70 0.84  0.68 1.74 2.12 2.55 1.84
FeO 1.70 1.90 133 085 055 2.59 1.98 0.99 0.84
MnO 0.09 0.07  0.04 0.03 0.03 0.09 0.12 0.06 0.09
MgO 1.61 2.10 0.74 0.78  0.40 2.60 2.15 1.39 1.27
CaO 3.98 3.62 226 .82 1.77 3.79 3.72 2.77 2.75
Na,O 4.60 430 396 379 327 3.99 4.30 4.46 3.53
K,O 3.40 320 413 441 5.5 4.48 432 3.82 4.26
P,05 0.37 030 0.11 0.15 - 0.35 0.28 0.22 0.23
H,O 0.18 0.10  0.04 0.05 0.11 0.12 0.13 0.08 -
H,0" 1.13 082  0.52 071  0.57 0.52 1.71 1.01 1.41
SO, 0.07 0.12  0.07 0.09 - 0.09 0.19 0.10 0.11
Total 100.35 100.25 99.71 10033 99.50 99.81 100.32 100.30  99.74
An% 37 26 20 20 20 29 17 24 26
Li 15 20 20 10 24 10 15 20 30
Cs 5.7 3.0 5 3 22 2 3.5 3.7 1.5
Th 13.6 12.7 9.3 10.1 8.6 10.8 4.6 17.4 9.6
18] 9.4 3.7 6.5 33 4.1 4.0 29 5.4 5.8
La 314 383 25 30 213 25 48.2 31 24.2
Ce 55 61 37 46 315 40 72 53 40
Sm 5.8 6.0 4.4 49 44 4.0 7.6 4.9 4.8
Eu 1.06 097 0.5 0.82 0.5 0.30 0.85 0.51 0.63
Tb 1.0 1.1 0.7 0.85 0.5 0.6 1.5 0.8 0.8
Yb 1.2 24 1.6 1.9 0.9 1.2 2.6 1.6 2.1
Lu 0.44 053 034 040 0.34 0.31 0.51 0.38 0.50
Ba 724 618 424 537 1259 984 1009 306 649
Sr 415 381 268 311 305 362 328 284 237
Zr 210 143 111 124 75 185 195 137 146
Rb 133 225 190 215 240 165 199 182 156
Hf 6.0 4.5 32 3.7 24 2.5 52 3.1 3.4
Ta 3.0 1.3 0.9 1.0 0.9 0.9 2.7 1.0 1.7
Cr 13 18 14 60 10 4.0 - 6.0 6.0
Sc 6.3 6.0 50 110.0 1.4 2.0 7.0 33 5.0
A% 115 133 38 32 <20 122 76 73 70
Zn 41 61 44 37 23 18 220 42
Ni 3 4 - 13 12 - 2 1 -
Au 0.001 0.0014 0.009  0.006 0.009 0.0066 - 0.0075 0.0016

nest-like or even strip-like coarse-grained
aggregates. It contains abundant inclusions of
difficult to diagnose acicular mineral, probably
rutile and very rare fine-grained biotite flakes,
zircon and epidote crystals. The fine-grained
quartz crystals are quite pure of inclusions.
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Within the aplitoid granites quartz is anhedral
and forms isometric crystals, containing only
some evenly distributed dust-like inclusions.
Accessories are titanite, apatite, zircon
and allanite. The aplitoid granites contain also
garnet. Titanite is particularly common, being



best developed in the porphyroid granitoids.
Allanite forms elongated along the crystal-
lographic axis b up to 0.5 mm large crystals, all
overgrown epitaxially with epidote envelopes.
Metamict altered crystals are also met. The
magmatic origin of allanite is supported by it
strong zonation.

Petrochemistry

Statistical parameters of the oxide distributions
are shown in Table 7. The correlation coeffi-
cients between the oxides are investigated se-
parately for each rock unit. One of the substan-
tial differences between the equigranular and
porphyroid units is the number of significant
correlations, which is higher in the first unit
(7), while no one of these correlations is
preserved in the porphyroid granitoids. The
implication is that these correlations are typical
for the magmatic crystallization. For instance,
SiO, in the equigranular granitoids correlates
highly positive with K,O and weakly negative
— with Na,O, whereas in the porphyroid
granitoids there is no correlation between K,O
and SiO,, but such a correlation exists between
SiO, and Na,O. The secondary re-distribution
of Na,O, related to the superimposed albitiza-
tion, disturbed the magmatic correlation, but
did not affect the correlation between K,O and
SiO,. On the contrary, the superimposed re-
distribution of K,O (on account of the late-
magmatic porphyroblastesis) in the porphyroid
granitoids influenced all significant correla-
tions, provoked by the magmatic crystalliza-
tion, and obliterated them. If we disregard the
modified correlative relationships, both rock
units do not differ essentially in their other
statistical parameters of the major oxides.

Most of the rock samples are
metaluminous and a small part of them are
peraluminous (Fig. 8). The juxtaposing of the
normative colour index with the normative
anorthite composition of the plagioclases (Fig.
9) does not reveal important differences
between the equigranular and the porphyroid
granitoids, but the aplitoid granites are
distinguished with their poorness of femic
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Fig. 8. A/CNK vs. A/NK diagram for samples from
the Sakar batholith

components and their more acid plagioclases.
Harker’s diagrammes (Fig. 10) illustrate the
most important distributions of the major
oxides in the rocks. The negative correlations
between SiO, and TiO,, Al,O;, FeO, MnO,
MgO, CaO and P,0Os are characteristic for a
common magmatic evolution of a calc-alkaline
serial type caused by fractionation of femic
minerals and plagioclase. The petrochemical
evolution is well seen on the TAS diagram in
Fig. 11 (Efremova & Stafeev 1985) where the
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Fig. 9. Variation diagram color index (CI) vs. norm-
ative anorthite composition (An %) for rocks from
the batholith



Table 7. Statistical parametres for the wt.% major oxides and ppm trace elements of the rocks from the

batholith

Granitoids Equigranular Porphyroid Aplitoid
Parameter | X | S [V%]| X | S [v% | X | S [V%
Number n=63 n=37 n=25

SiO, 68.16 345 5 68.14 049 1493 7368 149 2
TiO, 049 027 1.2 049 0.13 26 0.12  0.09 7
AlLO; 154 123 8 1493 083 6 13.82 0.78 6
Fe,0; 1.30  1.19 91 1.56  0.77 50 0.61 0.35 58
FeO 1.56  0.86 55 1.56  0.95 61 038 0.25 66
MnO 0.06  0.03 48  0.08 0.03 37 0.03 0.02 94
MgO 1.20  0.57 47 131 058 44 044 022 51
CaO 285  1.02 36 287 0.73 26 120 0.35 29
Na,O 4.09 1.08 26  4.03 054 13 371 0.68 18
K,O 387  1.04 27 376 017 15 5.01 1.28 26
P,0s 0.18  0.08 43 0.19 0.07 37 0.14 0.07 48
H,0" 035 039 112 059 049 82 032 034 11
Number n=33 n=33 n=17

Rb 155 39 26 156 37 24 175 50 28
Li 24 10 43 22 8 39 12 3.5 28
Cs 3.4 1.5 47 3.0 1.3 38 2.5 1.2 78
Ba 787 212 27 684 222 38 335 294 88
Sr 355 88 25 309 62 20 125 64 49
Zr 144 29 20 150 26 18 60 33 55
La 32.6 8.8 27 347 14 41 8.1 10 129
Ce 527 157 30 56.2 23 41 12 9 74
Sm 5.1 1.6 32 5.7 2 30 2.6 2.8 107
Eu 0.7 0.3 37 0.8 0.4 47  0.19 0.1 51
Tb 0.8 0.2 30 0.9 0.4 41 059 0.6 96
Yb 1.5 0.5 31 1.8 0.8 43 1.8 1.5 84
Lu 0.4 0.1 37 0.4 0.1 32037 05 149
Th 16.3 7.6 47  12.6 6 43 6.8 81 118
U 5.1 2.1 42 4.8 2 35 5.1 8.6 168
Hf 3.6 0.9 27 3.8 1.1 29 1.9 1.6 84
Ta 1.3 0.5 40 1.7 1 48 29 2.6 88
Cr 24 26 108 19 16 84 5.6 33 60
Sc 4.5 2.5 56 4.7 1.6 34 1.7 0.5 30
As 1.1 0.5 50 1.2 1 66 1.3 0.4 34
Sb 0.17 0.1 60 0.18 0.12 64 0.14 0.08 57
Zn 53 18 35 58 39 68 46 15 32
Mo 8.7 4.1 47 7.2 4.8 66 4.2 32 75
Ni 18 14 75 14 13 96 6.2 3.7 60
Co 52 3.1 60 4.8 2 22 0.96 0.5 55
\Y% 53 33 62 59 22 37 16 49 30
Au 0.004 0.003 78 0.003 0.002 70 0.003 0.002 57
K/Rb 230 54 23 204 40 19 258 75 29
Th/U 3.5 1.4 40 25 073 29 2.0 1.2 61

fields of the equigranular and porphyroid
granitoids almost fully overlap. The total
alkalies range is too wide, which is indicative

for their mobility due to the influence of

postmagmatic re-distribution.
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The principal part of the analyzed samples
falls in the high-potassium calc-alkaline series
on the K,O vs. SiO, diagram (Fig. 12). The
deviations to the calc-alkaline and the sho-
shonite series are comparatively few. Only the
concentrations of K,O in the aplitoid granitoids
are too dispersed and they fall into several
series. The probable reason is the stronger fluid
impact on their magmas.

K,O
o =~ N W dh O O N 00 ©

[$)]
0 [ LA AL A [ A ok A

Fig. 12. SiO, vs. K,O plot (Peccerillo & Taylor
1976) extended (hatched lines) by Dabovski et al.
(1989). Points in solid ellipse: albitized granites
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Eventually, the depletion of K,O in the more
acid rocks of the porphyroid unit and the
obvious lack of positive correlation between
K,O and SiO, are due to re-crystallization
connected with the porphyry formation in the
endocontact parts of the pluton, in spite of the
fact that the average chemical compositions of
the equigranular and porphyroid units almost
coincide.

The spatial distribution of K,O contents
within the rocks of the batholith is shown in
Fig. 13. The lines of equal K,O contents
portray typical zoning, revealing the dome-like
structure of the batholith in another way. This
zoning is not only horizontal, but also vertical
since the highest hypsometric levels in Sakar
Mountain coincide with the central parts of the
batholith, so that the rocks there are richer in
K,0. The exposures of the aplitoid granites
were not considered when the map was
compiled because of their small outcrops.

Geochemical differences between the
rock units are sought by analysis of the
correlation between the ratio K,O/MgO and
Si0, (Fig.14). K,O is selected as one of the
most incompatible components, while MgO is
the oxide with the strongest compatible
behaviour in the course of the crystallization,
SiO, content being also a measure for its
progress. The positive correlation visualizes
well the chemical changes in the magma
evolution, but here the porphyroid granitoids
are also in the outlines of a common field with
the samples from the equaligranular granitoids
and no whatever correlation is expressed. The
intensively albitized rocks of the equigranular
granitoids are outlined distinctly with their
lower ratios K,O/MgO. Similar relationships
are shown in this figure for the xenoliths of
orthoamphibolites in the batholith.

Geochemistry

Analysis of the Clarke’s of concentration in the
rock samples leads to the following conclu-
sions: (1) the elements U, Hf, Sc, Mo, Ni, V
and W have over clarkes concentrations in the
rocks. It is most likely that the contamination
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left traces in the relative richness of biotite and  during the process of the endoblastic porphyry
this is the reason for the overclarkes growth influenced the re-distributions of Cs
concentrations of the elements Hf, Sc, V and and U and the superimposed later hydrothermal
Ni; (2) Nearly around the clarkes is the amount  impact introduced Zn, As and Au. It seems that
of Sr, Ba, Th, Zn, Co, Cr and Au; (3) Below in the course of re-crystallization and growth of
the clarkes are the trace elements Rb, Li, Cs, microcline porphyroids, the infiltration fluxes
Zr, REE, Ta, As, and Sb; (4) The compatible have exported U together with K.

elements with consecutively decreasing clarkes
of concentration are P, Cr, Sc, V, Co, Ni, and
Mo. These components are related to the
fractionation of biotite and apatite. Examples of
this geochemical association are shown in Fig.
15. The same association of elements includes 10
also Li, Ba, Sr, Zr, U and Th, which is depleted
predominantly in the aplitoid granites on
account of their combining in the -earlier
crystallized equigranular and porphyroid
granitoids. One of the reasons for this be-
haviour is the plagioclase fractionation in the
earlier magmas; (5) The elements with
consecutively increasing clarkes of concentra- 0,01
tion and having clear incompatible behaviour

are K, Rb and Ta. (6) A group of trace- Sio,

elements shows maxima in the porphyroid

granitoids, but the last aplitoid phases are Fig. 14. SiO, vs. K,O/MgO plot for rocks from the
strongly depleted in Cs, REE, Hf, Zn, As, and  batholith. Dash-dotted ellipse: samples from ortho-
Au. The preferable mobilization of alkalies —amphibolites
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The strong geochemical correlation
between K and Rb is demonstrated on the last
plot in Fig. 15. The fairly stronger correlation
for the granitoids showing lower Rb con-
centrations is typical for the processes of
crystallization differentiation. The diminution
of the correlation at higher concentrations
reflects the superimposed re-crystallization in
the porphyroid granitoids and the stronger fluid
input in the aplitoid remnants.

Plagioclase is the main mineral-carrier
and concentrator of Sr in the rocks. Regardless
of the fact that the average Sr contents decrease
in the rock units from the equigranular to the
porphyroid granitoids (Table 7), the differences
between these two units are not significant, but
the aplitoid granites differ distinctly by their
too low Sr concentrations. The ratio Rb/Sr in
these leucogranite rock wvarieties is much
higher, in spite of its wide range (Fig. 16). The
main reason for these differences is the
fractionation of the feldspars as the plotted
vectors (Harris et al. 1986) suggest, while the
width of the common field for the equigranular
and the porphyroid granitoids may depend on
the degree of biotite fractionation.

Plagioclase, biotite and microcline are
minerals-carriers of Ba, but the last mineral is
the main mineral-concentrator of this element.

10

C Pl plagioclase
r KF K-feldspar
Hb amphibole
Bt biotite

.
.,
v,
»

Rb/Sr

Fig. 16. Sr vs. Rb/Sr plot for samples from the
batholith. Fractionation vectors are after Harris et al.
(1986)

The ratios Ba/Sr and Ba/Zr are variable and
quite similar in the equigranular and porphy-
roid granitoids, but they are considerably high-
er in the aplitoid granites. At a relatively equal
level of Ba concentrations in the rocks, the
lower Sr and Zr concentrations in the aplitoid
granites are responsible for this specific fea-
ture. The metabasic xenoliths in the batholith
are clearly distinguished by their lowest Ba
contents.

The Th concentrations in the rocks are
approximately of the same order (Table 7), but
if only their average values are considered,
they are decreasing similarly to the U con-
centrations. The roughly equal range of the
ratios Th/U in all rock units emphasizes their
co-genetic character. It seems that only the
aplitoid granites are richer in U, which was
probably hydrothermally/fluid imported in the
remnants of the magmatic evolution.

Rare earth elements (REE) in the rocks
and minerals (Tables 1, 2, 3, 4, 5, and 6) are
studied in the chondrite-normalized patterns
(Figs. 17, 18). All samples display negative Eu-
anomaly. If the ratio (Eu/Sm)y is used as a
measure of this anomaly, then there is no
statistically meaningful difference between the
equigranular (average Eun/Smy=0.13) and the
porphyroid granitoids (average
Eun/Smy=0.14), but the depth of this anomaly
is essentially larger in the aplitoid granites
(average Eun/Smy=0.08). In the granitoids of
increased alkalinity in the first two units
(quartz-monzonite, monzogranite, and quartz-
syenite, Figs. 16b, d) the Eu-anomaly is
stronger, which is related to the increased
proportions of plagioclase fractionation in these
rock units. The negative Eu-anomaly in the
rock varieties with normal calc-alkaline
characteristic (granodiorite and granite — Figs.
17a, c) is relatively shallower. The degree of
enrichment of LREE relative to HREE and the
total sum of REFE refer the rocks from the
batholith to the group of granitoids with typical
for the marginal continental settings
geochemical affinity (Cullers & Graff 1984).
The average ratios (La/Lu)y between the
equigranular (8.5) and porphyroid granitoids
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samples from the batholith

for

(9.0) are again similar, but the slope of the
normalized curves in the aplitoid granitoids
(La/Lu)y=2.3) is much smaller or missing at all
and the total sum of REE is also lower.
Analyzing the features of the normalized REE
patterns in the aplitoid granites (Figs. 18a, b)
we could distinguish additionally two
subassociations: (1) of the typical aplitoid
leucogranites, characterized with the depleted
pattern similar to that of the aplites and bearing
to their residuum character and (2) of the
transitional in alkalinity leucogranites with
more fractionated LREE.
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Fig. 18. Chondrite-normalized REE patterns for
samples from the batholiths
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The enrichment degree of LREE is studied on a
diagramme La/Sm vs. MgO/MgO+FeO+Fe,0;
(an analogy to the melanocratic features of the
rocks). The systematic decrease of REE enrich-
ment in the sequence equaligranular—porphy-
roid—aplitoid granitoids (Fig. 19) is violated
just in the porphyroid unit, where no corre-
lation is practically found. The re-distribution
of components during the course of the late-
magmatic porphyry formation disturbed the
correlation so that the leucocratic-melanocratic
variations did not lead to changes in the La/Sm
ratio. An interesting fact is that the field of the
porphyroid granitoids includes a detached
group of samples of equaligranular granitoids,
which turned out to be melanocratic varieties
sampled around the amphibolite xenoliths,
hence influenced by contamination.

Except for the strong correlations between
the elements inside the group of REE, which is
a well-known geochemical feature, some
positive correlations of La and Ce with Th, Hf
and As are characteristic for the equigranular
granitoids. Unusual positive correlations are
expressed in the porphyroid granitoids of LREE
with the typically femaphile elements like Cr,
Sc, Zn, Ni and Co and also of HREE with U.
The obliteration of the primary magmatic
correlations and the appearance of new
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correlations is a consequence of the process of
endocontact re-distributions related to the
microcline porphyry formation. Almost all
REE are positive correlated significantly with
As in the aplitoid granites and in the
combination of strong correlations of LREE is
included also U.

Nearly all rocks in the batholith show
positive Lu-anomaly, which is difficult to
explain for the time being, not excluding
systematic analytical errors.

The separately analyzed cores and rims of
K-feldspar porphyries reveal that the rims are
richer in LREE and poorer in HREE. The
interpretation is that at the end of the processes
of endocontact re-crystallization, related to the
porphyry formation, the REE geochemical
specialization fixed higher amount of REE in
agreement with the higher alkalies potential.
Obviously, the differentiated behaviour of the
incompatible mobile elements in the marginal
zones of the batholith applies to REE as well.

Some distinctions of the REE contents in
the different granitoid varieties become appar-
ent when their potassium feldspars are ana-
lyzed. The microclines from the equigranular
granitoids are characterized by lower total REE
sum, a bit weaker degree of LREE enrichment
and more strongly expressed positive Eu-
anomalies, as compared to the microclines
from the porphyroid granitoids (Fig. 20a). The
lowest REE sum 1is established in the
microclines from the aplitoid granites. Similar
regularities are revealed for the REE
distributions in the biotites from different rock
units. The analyzed biotites from the equi-
granular granitoids are stronger enriched in
LREFE and at the same time in HREE, compared
to the biotites from the porphyroid granitoids
and they display deeper negative Eu-anomalies.
Except for the shallower Eu-anomalies, the
chondrite-normalized patterns of biotites from
the porphyroid granitoids are more often
disturbed and irregular. A possible explanation
is that perhaps some restitic biotites from the
xenoliths after their granitization were pre-
served and left traces in their REE models.
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rock-forming minerals

Another interpretation implicates some post-
magmatic re-equilibration as responsible for
this specific feature.

The REE-patterns of biotites from
Lessovo orthometamorphic complex have not
only lower total REE sums, but they are also
closer to the patterns of biotites from the
porphyroid granitoids in Sakar batholith (Fig.
20b). This similarity supports the speculation
that possibly biotite “ghost shadows” may be
preserved in the around-contact parts of the
batholith, where Lessovo type metagranitoids
are country rocks.

A comparison between the REE nor-
malized contents in the rocks and the REE
patterns of the major rock-forming minerals
(Tables 1, 2, 3, 4 and 5) leads to the following
conclusions: (1) The amounts of REE in the
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rocks are unbalanced with respect to their
individual contents in the rock-forming
minerals (potassium feldspar, plagioclase,
biotite and muscovite). Our assumption is that
the shortage of REE was related to the
accessories, which were not analyzed due to
technical problems in their separation. The
most likely mineral-concentrators of REE in
the rocks of the batholith are epidote, allanite,
clinozoizite, apatite, titanite and zircon. The
high quantity of epidote minerals inevitably
would contribute to the negative Eu-anomalies
and to LREE enrichments in the rocks. (2) The
appearance of muscovite in the granitoids
increases the LREE enrichment in the rock
patterns; apatite also contributes to this feature.
(3) The main mineral-carriers of REE in the
rocks are biotite and plagioclase and also
muscovite in some cases. The bulk distribution
coefficient of REE concentration in biotite to
the one in the rock is D**>1. The main
mineral-carrier of LREE in the two-mica rock
varieties is muscovite, while biotite is a carrier
of HREE. (4) The increased proportion of
biotite in some of the rocks from the batholith
may be also a reason for the positive Lu-
anomaly in the patterns. (5) The essential rock-
forming minerals constitute the following
sequence of decreasing contribution of REE to
the rocks: biotite—-muscovite—plagioclase—
potassium feldspar. All essential rock-forming
minerals in the porphyroid granitoids have
most often a negative distribution coefficient of
their REE (concentration of REE in the mineral
to the concentration in the rock). There the
accessories and the secondary epidote minerals
are crucial for the whole REE balance. It is
worth noting that the contribution of biotite to
the bulk REFE balance is lower in comparison to
the biotite from the equigranular granitoids.
The most noteworthy characteristics of
the ORG-normalized diagrammes of selected
representative samples (Fig. 21) are their
similarity with the calc-alkaline orogenic
granites (Pearce et al. 1984). The patterns of all
rock units demonstrate similarities with the arc
magmas, but also with the collisional and post-
collisional settings in being predominantly
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LILE (K, Ba, Rb and Th) enriched and HFSE
(Ta, Ce, Zr, Hf, Sm and Yb) depleted. No
significant distinctions between the equi-
granular and the porphyroid granitoids are
established in their spidergrammes. Small
differences are found in the equigranular
granitoids between the patterns of the modal
granodiorite and granite (Fig. 21a) and the
patterns of the transitional in alkalinity quartz-
syenite and monzogranite (Fig. 21b). The
former display a bit deeper negative Ba-
anomaly and relatively higher normalized
values of Ce at the background of the lower Ce,
while the second modal species with higher
transitional alkalinity shows patterns with
increased normalized values of Ba, Ta and Sm
and weakly decreasing Ce and Hf values.
Similar differences are repeated at the analo-
gous modal varieties of the porphyroid
granitoids (Fig. 21c — normal calc-alkaline
granodiorites and granites and Fig. 21d —
transitional granodiorites and quartz-monzo-
nites with higher alkalinity). The aplitoid
granites (Fig. 22a-c) are distinguished by their
reduced normalized values for Sr, Rb, Ba, Th,
Ce and Zr and higher values of Ta. There
however, the negative Ta-anomaly is replaced
with a hint of a weak positive anomaly. The
depletion of these elements in the acid
magmatic residuum melts is a usual charac-
teristic for the aplitoid rocks because they have
already been fixed in their larger part in the
other earlier granitoids.  Several differing
patterns of normalized distributions can be
distinguished in this rock unit. The first of
these models (Fig. 22a) has a bifurcate part of
the spidergrams with preserved positive
anomalies at Rb and Th and negative at Ba, but
with deeper normalized values for Ba and
significantly lower at Th. The slight humpy
part at Ta is a characteristic difference from the
subduction-related settings. This sort of
patterns shows also differences between the
leucogranites and the transitional alkaline
granites, the last ones being with a more
fractionated models, clearer expressed Sm-
positive anomaly and distinctly higher
contributions of Ta. The leucogranites are
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stronger depleted in all trace elements and
especially in Sm, their normalized value
lacking the above positive anomaly. The
second model (Fig. 22b) is with still stronger
depletion in Zr, Hf and Yb, but with preserved
positive Sm-anomaly. Both modifications of
the trace-element distributions noted above are
also expressed clearly. The leucogranites are
more depleted of all trace-elements and the
difference from the transitional in alkalinity
leucogranites and granites is mainly in the
normalized concentrations of Ba, which is
higher in the last rock varieties. The third type
of models (Fig. 22c) is typical for the
transitional in alkalinity leucogranites and
granites. The normalized Th concentrations are
lower, which leads to the disappearance of the
positive peak at Th, as well as to negative
anomaly at Zr. At the same time a charac-
teristic negative anomaly at Hf appears. Both
modifications distinguished above for the other
models in the aplitoid granites are outlined here
again. The higher normalized values at Ba in
the transitional in alkalinity granites are an
essential feature leading to the disappearance
of the negative Ba-anomaly, so typical for the
leucogranites.

The alkalinity of the rocks could be
expressed also with the ratio Ta/Hf having the
same geochemical significance as the ratio
Nb/Y used by Pearce (1982) for discrim-
inations. On Fig. 23a this ratio Ta/Hf is
compared to SiO,. The higher alkalinity of the
aplitoid granites (3) is obvious as compared to
the other rock varieties as well as the
indiscernible under these framework rocks of
the equigranular (1) and porphyroid (2)
granitoids. However, if this measure of
alkalinity Ta/Hf ratio is compared with the
concentrations of Ba (Fig. 23b), in addition to
the already manifested higher Ta concen-
trations in the aplitoid granites, another
possibility for distinguishing of both differing
geochemical subgroups can be found. The
poorer in Ba aplitoid leucogranites (3a) and the
richer in Ba transitional in alkalinity granites
and leucogranites (3b) are clearly demarcated.
The samples from the amphibolite xenoliths are
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also plotted on the same diagramme and they
display specific character (4).

The trace-element evolution in the
magmatic rocks can be traced out on the log-
log diagramme (Cocherie 1986) comparing the
concentrations of a high-compatible component
(TiO; in the case) against a high-incompatible
component (here K,0). Fig. 24 is the graphic
expression of these relationships. Fractional
crystallization is the only differentiation
process, which causes trace elements to follow
a Rayleigh distillation pattern, defining straight
lines with steep slopes. It follows that the
residual liquids of the leucogranites are mostly
a result of fractional crystallization of an
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intermediate parental magma and all deviations
out of the linear strip are inconsistent with the
fractionation and owe their position to other
processes. Thus, part of the porphyroid
granitoid samples is displaced to the direction
of the vector of decreasing K,O values. The
logical explanation is that the mobilization of
K,O during the re-crystallization (related to the
growth of phenocrysts) is responsible for this
peculiarity. Probably the locally superimposed
albitization also influenced these deviations. It
seems that the formation of the aplitoid granites
was controlled by two factors because their
samples on the diagramme fall into two fields,
corresponding well to the deduced-above two
differing modifications in their ORG-
normalized patterns. The first field of the
aplitoid granites (3a) is a natural extension of
the fractional crystallization process and the
second one (3b) is significantly deviated as a
result of fluid impact. The last samples are
typical transitional in alkalinity granites and
leucogranites having also a wide range of the
ratios Ba/Th (a measure of the fluid influence
on magmatic differentiation).

Tectonic discriminations

Unequivocal discrimination of the geodynamic
setting does not follow from the ORG-
normalized patterns. The results of application
of De La Roch et al. (1980) discrimination are
also mixed. The samples from Sakar batholith
plot in the fields of the plate margin magmatic
series, in the post-collisional and late-orogenic
granitoids.

On the Ta vs. Yb (Fig. 25a) diagramme
after Pearce et al. (1984) the rocks from the
batholith bear the geochemical characteristics
of volcanic-arc and syn-collisional setting and
even part of them plot in the field of the within-
plate granites. Nearly the same are the results
of the Rb vs. SiO, discrimination plot (not
shown), where the main part of the samples
occupies the field of volcanic arc granites and
only a small part of them is in the field of syn-
collisional granites. In the discrimination
diagramme Rb vs. Yb+Ta (Fig. 25b) the
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prevailing number of samples is in the field of
volcanic-arc granites and only an insignificant
amount of samples falls within the fields of
syn-collisional granites and the within-plate
granites. The reasons for the unsuccessful
discriminations are due to the fact that the
fractionation between the liquidus and solidus
phases could have been imperfect due to the
high viscosity of the acid magmas. Some of the
plagioclase or potassium feldspar -crystals
probably could not fractionate fully and
remained within the solidifying magmas, thus
displacing the samples to the field of the
volcanic arc granites. The influx of volatile
components bearing also Ta has exported many
of the other trace-elements. This could be a
likely reason for the deviations in the fields of
the within-plate granites.

The plot after Harris et al. (1986) Rb/Zr
vs. SiO, (Fig. 25¢c) implies that syn-collisional
setting may be assumed only for part of the
aplitoid granites that were probably influenced
by fluid-related differentiation. The discri-
mination diagramme Hf-Ta-Rb on Fig. 25d
allows assuming a mixed geochemical charac-
teristic for the equigranular and for the
porphyroid granitoids — volcanic arc and late-
/post-collisional granites. The leucocratic and
aplitoid unit should be excluded from the
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discrimination owing to the strong fluid impact
during their formation. It may be assumed that
the parental magma had a mantle source but
was subjected to widely developed contam-
ination with crustal materials. The only one
more conclusive piece of evidence for the post-
collisional setting is the relatively increased Ta
abundances in the rocks, having shallower
negative Ta-anomalies in the ORG-normalized
patterns.

Discussion

The origin of the granitoid magma is debatable
for lack of sufficient modern and more precise
isotopic data. The initial *’Sr/**Sr ratios from
different combinations of bulk rock samples
vary in a wide range — from 0.7029 (Lilov
1990) or 0.7056 (Zagorchev et al. 1989) to
0.708 (Skenderov & Skenderova 1995) and
their interpretation in a plausible way is next to
impossible.

The petrographic features of the grani-
toids tentatively suggest that most probably the
parental magma derived from melting of lower
crust materials implying a source with mixed
mantle-crust geochemical characteristics. The
over-clarkes concentrations of the trace
elements Sc, Mo, Ni and V and the bellow-
clarkes amounts of Rb, Li, Cs, Zr and REE in
the rocks could be a geochemical fingerprint
of the mantle/or lower crust component in the
composition of their magma source. The
supposed petrographic composition of such a
source should be similar to the composition of
the orthoamphibolites, so often met in the
batholith. The orthoamphibolites might pertain
to gabbro, monzogabbro, diorite and monzo-
diorite judging from the relations in the TAS
diagramme. Their samples form a characteristic
bifurcate field in the serial diagramme K,O vs.
SiO, (Peccerillo & Taylor 1976 with the
extension of Dabovski et al. 1991). One of the
branches falls in the tholeiite and the calc-
alkaline series and the second one cuts steeply
all series and reaches up to the shoshonite
series (Fig. 26). The last trend reflects the re-
distributions of mobile components in the
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course of the alterations and is related with the
stronger expression of the granitization process
that led to the increase of the K,O contents.
Similar two-branched distributions are estab-
lished in some of their Harker’s plots as for
example the ones of P,O5 and MgO. It becomes
clear that the granitization was related to
relative decrease of MgO and input of P,Os.
The magma of the orthoamphibolites was
typical metaluminous (Figs. 10, 11). In view of
their basic composition, the orthoamphibolites
could be perceived as metamorphosed earlier
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parental products of the granitoid magma
because their fields in some geochemical
diagrammes are connected in common trends
with the fields of the granitoids from the
batholith (Figs. 14, 23a), but there are essential
differences in the distributions of their trace
elements. Thus, for example, orthoamphibolites
are far from geochemically similar with the
granitoids in their relationships between Ba and
Sr, in the range of the ratios Ta/Hf (Fig. 23b) or
of the ratios Ce/Th and the search of a direct
magmatic relation was unsuccessful. The
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al. (1989) for orthoamphibolites from the Sakar
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differences with the granitoids are especially
distinctive in the ORG-normalized models
(Fig. 22d) where the enrichment of LILE is
weaker and a typical minimum at the place of
K,O is established. All elements from Ta to Yb
are without the typical for the granitoids strong
depletion related to the standard and to LIL
elements. Some differentiation in the protoliths
of the orthoamphibolites in the sequence
gabbro—monzogabbro—diorite become apparent
following the consecutive increase of the
normalized concentrations of Th, Ce and Sm.
Chondrite-normalized REE patterns (Fig. 18c)
display the typical for basic rocks distribution
without enrichments in the LREE part, much
shallower negative Eu-anomalies and a nega-
tive Lu-anomaly different from the patterns of
equigranular and porphyroid granitoids (Fig.
17). The geochemical discriminations after De
La Roch (1980) and the other methods applied
(Fig. 25) undoubtedly point to a volcanic arc
origin of the basic magma. Probably, such was
the setting of the lower crust amphibolite
source — one of the components of the granitoid
parental magma. This setting was imprinted on
the volcanic arc characteristics of part of the
granitoid samples, which are discriminated
with ambiguity.

The evaluation of physical parameters
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during the generation and cooling of the
granitoids is important, but the available tools
are scanty. Partial melting of tonalitic rocks,
similar to the orthoamphibolites in Sakar
batholith is able to generate acid or interme-
diate parental magmas. Published experiments
(Naney 1983; Piwinskii 1968; Skjerlie &
Johnston 1993; Schmidt 1993) estimate such
temperature range as 850-825°C at the pressure
range of 5-8 kbar. The increased Rb and Ta
contents in the granitoid melts in comparison
with the depleted amphibolite source is a result
of their incompatible behaviour in the melting
process, but possibly can be also a consequence
of the contributions from the upper crust. Thus,
the mixed mantle-crust magma composition
can explain why the samples plot into the fields
of volcanic arc and post-collisional settings.

The oxidizing conditions of crystallization
are estimated by the application of the method
of Wones & Eugster (1965). All analyzed
biotites fall around the buffer magnetite-
hematite (HM) or between the buffers HM and
NNO (Ni-NiO), which defines rather high pO,
during their crystallization. There are some
cases of biotites even exceeding this buffer.
The registered consecutive increase of the
oxidation degree in the magmas of the later
granitoids is indicative for almost attained
water saturation at the latest acid magmas. This
conclusion is supported by the presence of
graphic textures in the aplitoid granites.

The occurrence of allanite in the
granitoids from Sakar batholith is a function
partly by magma composition and partly by the
depth of crystallization. At temperatures above
the water saturated solidus the stability of
epidote (and of allanite as being LREE-
enriched epidote) strongly depends on fO,
(Schmidt & Thompson 1996). More oxidizing
conditions favor greater temperature and thus
lower pressures. The intersection of the
solidus-epidote dehydratation at fO, between
HM and NNO buffers with the water-saturated
tonalite solidus is located at a pressure range 3-
5 kbar. These experimental data confirm the
minimum pressure required for allanite
formation in Sakar granitoids. The lower limit



is more probable because fO, is buffered at
higher value in some cases (e.g. HM in some of
the biotites, Fig. 6). This estimation of the
pressure is comparable with the minimum
pressure of the co-crystallization of biotite and
muscovite — 3.4 kbar (Kistler et al. 1981)
evaluated by means of the intersection of the
stability curve of the association muscovite +
quartz with the solidus of the water-saturated
granite. Probably this barometric estimation
should be questioned because of the wide-
spread subsolidus re-equilibration of mus-
covite, but generally the similar results for the
crystallization of the allanite are significant.

Applying the LREE saturation in felsic
melts with SiO, ~ 73 wt.% we may evaluate
the crystallization temperature roughly (Watt &
Harley 1993). The obtained results are in the
range 730-800°C for the equigranular and
porphyroid granitoids and 600-700°C — for the
aplitoid granitoids. Almost the same are the
estimations when the method of Watson &
Harrison (1983) of the zircon saturation effects
on temperature and compositions of acid melts
is exercised. Additional consequence is that
most of the zircons from the Sakar granitoids
are inherited from their country rocks.

The high ordering degree of the
microclines in the rocks corresponds both to
the advanced erosion and to the mesozonal
facies of the batholith, where the fluid pressure
was sufficiently high. The correlation between
the amount of Al atoms in the site T;O and the
temperature at the stopping of the process of
the ordering (Stewart & Wright 1974) in the
microclines is used to estimate the crystalli-
zation temperature. The obtained temperatures
of microclines from the equigranular granitoids
are 540—-420°C and for the microclines from the
porphyroid granitoids — 585-450°C. Compa-
rable temperatures are obtained applying the
geothermometer of Stormer (1975) based on
the model of distribution equilibrium of the co-
crystallizing plagioclase and potassium feld-
spar under 5 kbar pressures. The results support
the idea that the equilibration of the potassium
feldspars was accomplished in relatively water
rich conditions.
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The variety of the rocks in Sakar batholith
may be explained by fractionation of an
intermediate partial melt, but contaminated
with upper crust materials and accompanying
fluid differentiation, more intensive during the
latest stages of magma evolution. The parental
magmas were primarily rich in water and
fluids, and had high potential of their alkalies.
The experimental data (Holtz et al. 1992) may
help in understanding the modal tendencies.
The modal trend 1 (Fig. 3) could be a result of
normal polybaric fractional crystallization in
the equigranular granitoids. The modal trend 2
is related to almost constant water activity
(aH,0) during the crystallization, but with
increased activity of the alkali components in
the trans-magmatic fluxes, provoked the
porphyroid formation. The modal trend 3 of the
aplitoid granites indicates almost isobaric
crystal fractionation of quartz and feldspar
phases in the residuum magma, leading to
progressive enrichment of the melt with water.
The following observations witness high water
pressure: the wealth of aplitic and pegmatitic
veins accompanying the granitoids, the occur-
rence of muscovite with features of primary
magmatic origin, the exceptional poorness of
magnetite in the rocks, the relatively low con-
tent of FeO and K,O in the plagioclases, etc.

All obtained estimations for the physical
parameters during generation and crystalli-
zation of the granitoid magmas in Sakar
batholith lead to the conclusion that the pa-
rental magma of the pluton has been generated
at depths of about 13—15 km and transported to
depths of 89 km, where fractionated and
partly solidified. The crystallization was
continuing in the rising melt and reached the
water-saturated conditions in its final stages.
The estimated crystallization temperatures for
the Sakar granitoids characterize them as “cold
granites” (Miller et al. 2003).

The origin of potassium feldspar por-
phyries in the rocks is late-/or postmagmatic.
The porphyry formation is related to transmag-
matic solutions with transitional characteristics
between diffusion and infiltration fluxes,
according to the ideas of Korzhinskii (1953).



These solutions, rich in water vapor and
potassium ions, form in the peripheral zones of
the granitoid pluton and penetrate into the
country rocks. The export of potassium ions
forms areas with locally low K,O concentra-
tions and this favours the growth of potassium
feldspar endoblasts, owing to dissolution of the
fine-grained microclines and their re-crystal-
lization into large crystals. Field observations
show an alternation of strips strongly enriched
in microcline porphyroids and others with very
rare porphyroids, which are parallel to the
contact surfaces of the pluton. The thickness of
such strips is of the order of 5 to 10 m. Most
likely these zones within the porphyroid
granitoids reflect periodical changes in the
concentration gradients of potassium ions.
Later, the growing by re-crystallization large
microclines suffered re-orientation caused by
shear zones or pericontact and regional defor-
mations. According to the logics of the
accepted model for porphyroid formation, the
infiltration fluxes rich in K,O should fix the
latter in exoblastic potassium feldspars growing
in the host rocks. Large-sized microclines
found in the meta-granites around Izvorovo
village (Fig. 1) probably have such an origin.
Previously these rocks have been mapped as
classical regional migmatites. It is significant
that the porphyroblasts of the zones of exocon-
tact microcline growth have the same structural
features and the same microchemical compo-
sition as the feldspars of the aplitoid or
pegmatite residuum of the rich in vapor acid-
alkali granite magma.

The emplacement of the main phase of
the equaligranular and porphyroid granitoids
can be explained by the “balloon mechanism”.
In the course of the consecutive intrusion of
new portions of magma into the central parts of
the dome, the older more or less consolidated
batches were stretching and inflating like
balloon and deformed in the same way as
metamorphic rocks. In this way originated
structures resembling crystallization schis-
tosity, lenticular enclaves, deformed feldspars
and elongated quartz aggregates. This sort of
deformations is syn-intrusive and occurred
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before the emplacement of the aplitoid granites
and leucogranites, aplites and pegmatites,
which were not affected by the deformations.
The imposed albitization is not reliably dated.
It can be much later than the crystallization of
the batholith, maybe post-Triassic, because
albitization is established also in the low-grade
metamorphic Triassic sediments.

Conclusions

The Sakar batholith consists of three granitoid
units: equigranular, porphyroid and aplitoid.
The modal petrographic varieties in the first
two units are quartz-monzodiorite, quartz-mon-
zonite, granodiorite, monzogranite, and in the
aplitoid granitoids — leucogranodiorite, leuco-
granite and granosyenite. Indications for late-
magmatic to post-magmatic re-crystallization
and porphyroblastic growth of microcline are
established as well as traces of superimposed
deformation and metamorphic processes.

Plagioclases are fully to partially struc-
turally ordered and occur as two morphological
types, distinguished by their zonal patterns.
According to anorthite composition and trace-
element concentrations, the difference between
plagioclases from the equaligranular and por-
phyroid granitoids is unessential. The potas-
sium feldspars are high ordered microcline-
microperthite. However, there are some distinc-
tions between their trace-element compositions,
depending on the affiliation to a specific rock
unit. Zonal distribution of some trace-elements
in their crystals is typical. There are also traces
of late- or post-magmatic re-crystallization,
related to the fluid evolution of the batholith.
Biotites also show specific features for dif-
ferent rock units. Muscovites are of magmatic
and of post-magmatic types. Among the
accessories, titanite and allanite are typical.

The composition of minerals provides a
possibility to estimate the physical-chemical
crystallization conditions — moderate depth,
low temperatures, high potential of water and
oxygen, slightly increased alkalinity of the
magmas. The parental magma was of calc-
alkaline affinity.



The most likely magma source contained
lower crust materials and the mantle com-
ponent in the rocks was probably inherited
from this source. Upper crust contamination
was essential.

The discriminations determine mixed geo-
chemical characteristics, indicating volcanic
arc and late-/or post-collisional settings. We as-
sume that the last one is more realistic due to
the somewhat increased Ta concentrations in
the rocks. The partial magmas were products of
fractional crystallization, fluid impact and as-
sim-ilation phenomena that generated metalu-
minous and peraluminous rock varieties. Part
of the deformations in the batholith is interpre-
ted by the “balloon mechanism” of emplacement.

The obtained new petrological and geo-
chemical data, together with the speculations
for their origin, could be a basis for future
comparative detailed studies on other Late
Paleozoic acid intrusions in Bulgaria.
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