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magma-mixing origin
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Abstract. The Capitan-Dimitrievo pluton, intruded into the basement of the Rhodopian tectonic units near to
the border area with Srednogorie zone, is situated in the southernmost end of the Etropole-Panagyurishte-
Pazardjik magmatic and metallogenic strip. It represents a composite small body of Late Cretaceous age and
is one of the examples of the barren plutons in the Central Srednogorie sector. Past ideas postulated a multi-
stage crystallization inward of the body, result of normal fractional differentiation. The new field
observations did not find sharp intrusive contacts between the intermediate rock varieties, which merge into
one another. Mafic gabbro bands and enclaves are wide dispersed, bearing evidences of existence of magma-
mingling and mixing processes. According to the revised petrographic nomenclature the dominant rocks are
with transitional alkalinity — monzogabbro, monzodiorite, quartz-monzodiorite, monzonite and quartz-
monzonite. Granodiorites are poorer presented. Various dykes cut the plutonic rocks. High-temperature
foliation is found in the rocks as a sign for their syntectonic character. The mafic minerals are clinopyroxene,
amphibole and biotite. The alkali feldspar is high orthoclase. Normal and reverse zonings and relics of some
crystal grains and zones in disequilibrium with the host magmas are signs for an open-system evolution of the
crystallizing magmas. Oscillatory and reverse zonings are typical for most of the plagioclase. The patchy
sieve textured plagioclases in several crystal populations, with a complex history indicate rapid changes in
crystallization environment, most likely due to convective transport between crystallizing boundary layer and
the new pulses from the interior of the magma reservoir.

New whole-rock chemistry data, included trace-element geochemistry outlined two separate trends:
high-K calc-alkaline and shoshonitic one. Harker’s diagrams and the spidergrams confirm the two new-
outlined trends. The chondrite-normalized REE patterns are in accord with an evolution from an enriched
mantle source complicated by crust contamination. All geochemical features indicate a general destructive-
plate environment and the transitional in alkalinity arc-related origin of the primary magmas. A complex
interplay between crust-derived and mantle-originated parental magmas on the background of continuing
crystallization differentiation is deduced.

The petrological and geochemical data are combined with precise U-Pb single grain zircon dating for
the timing of the pluton. The intrusion age of 78.54 Ma is obtained for the prevailing quartz-monzodiorite
variety of the pluton. Hf-isotope data of the zircons and Sr- and Nd-whole rock data provide additional
information about the magma sources.

Many peculiarities of the geochemical and isotope variations are consistent with three-component
magma-mingling and magma-mixing of magmas with contrasting compositions: basic mantle-derived,
quartz-monzonitic evolved by crystallization or produced from deeper asthenospheric levels and granodioritic
crust-originated. The Capitan-Dimitrievo pluton shows the similar isotope-geochemical characteristics with
some of the composite plutons in the Central Srednogorie and its barren character is explained by the rapid
uplift and deeper erosion than in the other ore-magmatic centers in the metallogenic zone
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KamenoB, Bb. K., A. don Kyaar, H. Ileiiuera 2003. Kanuraun-JIUMHTpHEBCKHAT IIYTOH B
LentpanHoro CpemHoropue, DBbiarapus: MHHEpanHO-XMMHYHH, TEOXMMHYHM M H30TONHH OaHHH,
MOAKPENAIIHA NPOU3X0/ Ype3 CMecBaHe Ha MarMu. [eoxum., munepan. ¥ nempon., 40, 21-53.

Pesiome. Kanutan-JIHMHTPHEBCKUAT IUTYTOH, BHEAPEH BB GpyHAaMeHTa Ha PONONICKHTE TEKTOHCKH €MHHULIH
611130 0 rpaHMYHaTa 30Ha cb¢ CpenHOropcKara 30Ha, ¢ PasloOXEH B HAH-I0XHHS Kpaif Ha MarMaTHyHaTa
u metanorenHa usuna Erponone-TTanarropume-TTasapmxuk. Tolt € chcTaBHO ManKo TANO ¢ KCHOKpeIHA
Bb3pacT H € eJIMH OT HpUMepHTe 3a Ge3pyAHH IUTYTOHH Ha CyONYKLHOHHHA OCTPOBHOABIOB MarMaTH3bM B
Ilentpannoro CpenHoropue. ITo-crapure Bp3rienn o60CHOBaBaxa, Y€ CIOKHUAT My ChCTAaB € PE3yNTaT Ha
(paKUMOHHHA KPUCTANM3aUUs M BHEJApABAaHE OTBBH HaBbTpe. HOBUTE moneBH HaOmioneHus He OTKPHBAT
Pe3KH MHTPY3MBHH KOHTAaKTH MEXAY NPOMEXIYyThUHHTE IO CHCTAB CKAalIHU DPasHOBHAHOCTH, KOWTO
npexoXaaT IuIaBHO eAuH B Apyr. Lllmpoko pasmpocTpaHen ca MaduuyHM raGpoBH MBHMUHM K BIJIIOYEHUS,
HOCELM JOKa3aTeJCTBa 3a NpOLECH HAa MarMeHo pa3MecBaHe M cMecBaHe. CBIJIaCHO peBH3MpaHaTa
nerporpadcka HOMEHKIATypa NpeoOnafaBallliTe CKAIH €3 C INpPeXOHa AIKAIHOCT — MOHLOra6po,
MOHUOAMOPHT, KBapLUMOHLIOJIMOPUT, MOHLIOHMT M KBapUMOHIUOHHT. [lo-cnmaGo mnpeacraBeHu ca
rpaHonMOpHTHTe. PasHooOpasHH paiik¥ CeKaT IUIyTOHWYHHTe cKanu. Ckanure ca MOMIOKEHH Ha
BHCOKOTEMIIepaTypHa aedopMauus, Geser 3a CHHTEKTOHCKHA XapakTep Ha ILTyToHa. MaduunnTe MUHepaiu
ca KIHHOMMPOKCEH, aM(pu60a M GHOTUT. ANKAIHUAT (QeNqunar € BUCOK opTokias. Hopmanuara u oGpatHa
30HANHOCT M PENHKTHTE OT HAKOM KPMCTANTHH 3bPHA M 30HH B HEpaBHOBECHE C BMECTBAILATa Marma ca
NpH3HALK 33 EBOJIIOLMA Ha KPHCTAIM3HpalllMTe MarMH B OTBOpeHa cucreMma. [lo-ronsmara 4acT ot
IUIarvoKJIa30BUTe MHIMBHIM Ca ¢ THIHYHA OCLHJIATOPHAa U OOpaTHa 30HAIHOCT. IleTHECTO-CUTOBHIHHTE
MIarkok/iasd B HAKOJKO KPHCTANHM MOMYNAUMH CBC CIOXKHA MCTOpHMA Ha ofpasyeawe, codar 3a Obp3m
NPOMEHH B KPHCTAIM3aLMOHHATA Cpela, ABKALIO Ce Hali-BEpPOATHO Ha KOHBEKTMBEH TPAHCHOPT MEXKAY
KPHCTANM3Upallisi I'PaHN4EH CIOH M HOBHTE HMITYJCH OT BBIPEIIHOCTTAZ HA MarMaTHYHHA PE3epBOap.
HoBuTe aHanu3u Ha CKaNHWTe, B CHYETAHHE C [E€OXMMHATA HA €JIEMEHTHTE-CNIEIH, OYepTaBaT ABE CEpUH:
BHCOKO-KQJIHEBO KAaJLMEBO-ajKajHA M IIOLIOHHTOBA, H3pa3eHH M Ha XapKepoBHTE [AMArpaMH H
cnajineprpamure. MozenuTe Ha pasnpenelieHHe Ha PEAKHTE 3€MH Ca B CBIVIACHE C €BONIOLMATA HA €NUH
oforaTeH MaHTHEH H3TOYHMK, YCIOXHEH OT KOPOBO 3aMbpcsBaHe. Bcuuku reoXHMHUHHTE 0COOEHOCTH ca
XapaKTepHH 3a efHa OOCTaHOBKAa Ha JECTPYKTHBHAa OKpaliHHHa W €AWH INPEXOJeH IO aIKaJHOCTTa
OCTPOBHOJBIOB NMPOM3XOJ HA IMBPBHYHATa MarMa. M3BeseHO € CI0XKHO B3auMoZAeicTBHE Mexay KOPOBH H
MaHTHIHH pOOHaYalHU MarMH Ha $oHa Ha NPOIB/KaBAIATa KPUCTAIN3aLUHOHHA AHdepeHIanus.

INeTponosKKHTe H reOXMMHYHHU JaHHU ca chueTaHu ¢ U-Pb naHHH 32 BB3pacT OT eJUHHYHH CeNapUpany
mypkoHH. IlonyueHa e Bw3pact ot 78,7 Ma 3a mpeoGnapasaiata KBapLMOHLOAHOPHTOBA CKajlHAa pasHO-
BHAHOCT Ha IUTyTOHa. J{OIIBJIHHTENHA HHQOPMAallis 33 XapaKTepa Ha MarMEHHTE M3TOYHHILM € MONyYeHa OT
Hf-n3oTonHu faHHK 32 LUPKOHUTE U OT Sr- 1 Nd-aaHHu Ha o6y cKaiHH npo6u.

MHOro OT TreOXMMHYHHTE M M30TONHH BapHauuH ce OOACHABAT C TPH-KOMIIOHEHTHO pasMecBaHe M
CMeCBaHE Ha MAarMHu ¢ pasiHYyaBallli ce ChCTaBH: 6a3H4YHa MaHTHiiHA, KBAPLIMOHLIOHHTOBA €BONIOUpPAJIa Ype3
KPHCTA/IM3aLMs HIIM NPOU3BEEHA OT N0-AbIGOKM acTeHOChepHH HHBA M IPAHOAMOPUTOBA Kopoa. Kamurau-
JIMMHTPHEBCKHAT IUTYTOH TOKa3Ba CXOAHH M30TOIHO-TEOXUMHYHH XapaKTEPUCTHKH C HAKOHM OT ChCTABHHUTE
niayronH B Llentpannoro Cpennoropue. Herosata npoMuiuieHa 6e3pyaHoct € 06aCHeHa ¢ 6bp30TO H3AHUraHe
H 0-AbI60KATa €pO3Us B CPABHEHHE C APYTUTE PyAHO-MarMaTHYHH LEHTPOBE B METANIOrEHHATA 30Ha.

Introduction

The Late Cretaceous magmatism in the currently mined resources (Andrew, 1997).
Srednogorie zone of Bulgaria has been Among the many Late Cretaceous volcano-
considered for a long time as the main plutonic centres, exposed in the Central
metallogenic factor, bearing to formation of Srednogorie zone in Bulgaria, the Capitan-
various ore deposits. Almost all major Cu-Au  Dimitrievo pluton is the only one, which is not
deposits of Bulgaria are emplaced within the accompanied by economic ore mineralizations.
confines of this zone and some of them are The Capitan-Dimitrievo pluton is located
estimated as world-class type from the in the southernmost end of the transversal
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deep-seated faulted magmatic and metallogenic
strip Etropole — Panagyurishte — Pazardjik -
Peshtera. Being one of the rare barren plutonic
exposures of supposed Upper Cretaceous age,
the pluton is not well studied petrologically. Its
petrographic nomenclature is more or less
known, but the magmatic evolution paths are
not based on reliable data. Neither detailed
mineralogical studies and contemporary
geochemical analyses, nor isotope data are
published for the rocks of the pluton.
Previously the pluton was misunderstood
(Boyadjiev, 1986) as a multi-stage body,
crystallized inward in the sequence of rocks
derived by several crystallization differen-
tiation steps. The new field observations and
specialized mapping did not find sharp
intrusive contacts between the various
intermediate rock varieties, which turned out to
merge into one another. The extensive bulk-
rock re-sampling accompanied by new wet
silicate and trace-element analyses (2000-2003)
gave rise to new idea of its origin. The aim of
the present study is to demonstrate some lines
of evidence supporting the idea of three-
component mixing as well as to fill up the gaps
in our knowledge and understanding of the
magma evolution in the area. This first detailed
mineralogical study will add more confidence
to the origin of the pluton. In this paper we will
combine the petrological and geochemical data
with precise U-Pb single grain zircon dating
from representative rocks of the pluton for the
timing of the pluton. Hf-isotope data of the
zircons and Sr-and Nd-whole rock data provide
additional information about the sources of the
magma,

Although the scanty porphyry copper
mineralizations within the pluton are sub-
economic today, it belongs to the Srednogorie
metallogenic ore province, one of the most
prospective in south-eastern Europe. We
believe that the defining the temporal and
chemical evolution of the igneous rocks of the
pluton will contribute to the understanding of
regional metallogenesis, associated with the
Late Cretaceous geodynamic regime.

Geological background

The Capitan-Dimtrievo pluton, exposed
between the villages Capitan-Dimitrievo,
Radilovo and Byaga (Fig. 1) has a surface
outcrop of around 18 km®. It is emplaced into
the Rhodopian basement metamorphic seq-
uences near to the border area with the
crystalline rocks of the Srednogorie zone.
Recent exposures of the pluton represent a
fragment of a bigger igneous body ~ 25 km’
according to the drilling and geophysical
studies (Dobrev et al., 1986). The preserved
small graben-like block is covered to the north
and east by Quaternary sedimentary deposits of
the Upper Thracian Depression and to the
south and west — by Paleogene sedimentary-
volcanogenic sequences of the Peshtera graben
(Dabovski, 1969). From northeast the marbles
of the Rhodopian metamorphic sequences are
overthrusted on the pluton. The west outline of
the pluton meets another uplifted metamorphic
block along a system of steep faults. Fragments
of marbles are also overthrusted on this block.
The country rocks are leptitoid gneisses and
marbles. The contacts with the marbles are
tectonic. Insignificant iron-ore mineralizations
are known only north of the village Capitan-
Dimitrievo and they should be genetically
connected with the contact phenomena
(!Kostov, 1947). The contact influence on the
country rocks is clear expressed in the south-
eastern flank of the pluton, where the Upper
Cretaceous  volcano-sedimentary  complex
(Boyadjiev, Ivanova-Panayotova, 1982) con-
tains pyroxene hornfelses. The available
several K-Ar radio-isotopic determinations on
whole rock of quartz-monzodiorites and
separated K-feldspar samples yielded ages in
the span of 78.3-82.4 Ma (Boyadjiev, Lilov,
1981).

The movements along the Maritza strike-
slip shear zone control the spatial position of

! Kostov, 1. 1947. Iron-ore and copper-ore deposits in
between the villages of Padalovo and Byaga, Peshtera
district. - Geofond Comm. Geol., 13-23.
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Fig. 1. Schematic geological map, based on new field revisions and the maps of Dabovski (1969) and

Boyadjiev (1986). The black circles represent the sites
oxides and trace elements

of the new whole rock samples, analyzed for major

@ur. 1. CxeMaTH4Ha reoyoxkKa KapTa, ChCTaBeHa 10 HOBH IIOJIEBH PEBH3MH U KapTute Ha Dabovski (1969)
and Boyadjiev (1986). UepHuTe TOUKH ca MeCTaTa Ha HOBUTE CKJIHU NMPpoGH, aHATM3KPaHH 32 NIaBHH OKCHIH

H CJICMCHTHU-CJICAN

the pluton. The Late Alpine tectonic reworking
of the plutonic rocks is strong, especially close
to the contacts. A rather expressive high-
temperature foliation is observed in the rocks.
The predominant direction of S; is 10-50°
dipping to the WNW at 55-88°. The foliation in
individual sectors is directed 110-140° with dip
to WS/30-70°. The elongated amphibole prisms
show mineral lineation on some places
(L1=20°35°. In the regional-tectonic or
general geological papers the rocks of the
pluton has been variably described as diorites,
granosyenites and granites (Bonchev, 1938;
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Yaranov, 1940; 1Katzkov, 1964), syenites and
syenite-diorite  (Dimitrov, 1939, 1946).
Gabbro-diorites, diorites, granodiorites are the
rock varieties mentioned by Kostov (1947) and
2Boyzmov (1957). According to Dabovski
(1969) “contaminated” facies followed by
quartzdioritic and quartz-monzodioritic ones
are presented. The meso- and microstructural

! Katzkov, N. 1964, Report on the geology of the northern
parts of Rhodopes between the town of Pashtera and
the village of Krichim. Geofond Comm. Geol.

2 Boyanov, 1. 1957. Report on the geological mapping in
scale 1:100 000 with reconnaissance works for the
eastern part of the Western Rhodopes and partly the
basin of Arda river, Bulgaria. Geofond Comm. Geol.



studies of Dabovski (1969) revealed the
morphology of the magma-including structure
of the pluton with a general direction of the
long axis 150-160° and steep dip to the interior
of the body.

The only paper devoted to the petrology
and geochemistry of the pluton in more details
is the one of Boyadjiev (1986). A wide range
of rocks is described there — gabbro, diorites,
quartz-monzodiorites, granodiorites, related
through crystallization differentiation. - The
potential metallogeny of the pluton is defined
by the content of Cu, Pb and Mo, determined
above the Clark values. The past ideas
(Dabovski, 1969; Boyadjiev, 1986) postulated
that the pluton is multi-stage body crystallized
inward.

Materials and methods

To obtain representative material for the
magmatic history of the plutoh 70 new fresh
rock samples were collected. A total of 49 thin
and 15 polished sections were examined by
optical microscopy. Whole-rock major oxides
were performed in the Chemical Laboratory of
the Department of Petrology, Sofia University,
by wet silicate analysis. Based on thin section
studies, only 28 new silicate analyses and trace
element data were obtained and they were used
in a common set with additional 17 old and
already published analyses for the inter-
pretations. The localities of the samples are
given in Fig. 1.

The chemical composition of the minerals
was carried out using JEOL JSM 35 CF
electron microprobe with Tracor Northern TN-
2000 analysing system at the EUROTEST Co,
Sofia. Operating conditions were 15 kV
accelerating voltage with counting times of
100s and sample current of 2.10° A. Synthe-
sized pure oxides and natural mineral standards
were used. Oxide ZAF correction was applied
to the analyses.

The trace and REE determinations are
carried out using the laser ablation ICP-MS
method. For further details we refer to Guenter
et al. (2001).
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High-precision “conventional” U-Pb ana-
lyses were carried out on single zircon grains at
ETH, Zirich. Measurements were made using
an ion counter system (Finnigan MAT 262
thermal ionisation mass-spectrometer). For
further details we refer to von Quadt et al.
(2002). The PBDAT (Ludwig, 1988) and
ISOPLOT programs of Ludwig (1991) were
used for calculating the uncertainties,
correlations of U/Pb ratios, and all errors are
reported at the 26 level. The decay constants of
Steiger and Jieger (1977) were used for age
calculation, and corrections for common Pb
were made using the values of Stacey and
Kramers (1975).

Hf isotope ratios in zircon were measured
in MC-ICPMS (David et al., 2001). For the
calculation of the €Hf values the following
present-day ratios (‘"*Hf/'""Hf)cy 0.28286 and
("Lu/'""Hf)cy 0.0334 are used, and for 79 Ma
a "7*Lu/"""Hf ratio of 0.0050 for all zircons was
taken into account.

The procedures for the whole rock
isotopic analysis of Sm, Nd, Rb and Sr are
modified from those reported by Richard et al.
(1976) and further detailed by von Quadt
(1997). Nd isotopic ratios were normalized to
6N d/"“Nd 0.7219. Analytical reproducibility
was estimated by periodically measuring the La
Jolla standard (Nd) as well as the NBS 987
(Sr).

Petrography and mineralogy

According to the new study the pluton consists
of gabbro, monzogabbro, monzodiorite, quartz-
monzodiorite, monzonite, quartz-monzonite
and granodiorite (the modal nomenclature of
Le Maitre et al., 1989). Not a single diorite
specimen is found. The petrographical
composition is variegated and changeable.
These rock varieties can be incorporated into
the following groups: basic rocks, hybrid group
and evolved group. The contacts between these
groups are more or less clear (Fig. 1). The
basic group is composed of cumulates and
gabbro. The rock varieties in this group are
gradually passing over one into another. The



Table 1. Chemical composition of selected plagioclases

Tabnuua 1. Xumuven cocmae Ha u36panu naazuoxIasu

Rock | MGb Md oMd Gd Gd Gb-p
Sample] 71-a 73 72-a 127 130 84-b
Points | Pli-c | Ply-c| Plysr| Pleg-c] Plor | Plggs-c | Pl -r | Plegc | Plsr | Plg-c
Si0, 5517 5609 5691 62.60 6103 5721 6035 6059 6395 58.57
TiO, 0 0.06 0.06 0 0 0 0 0 0 0
ALO; 28.68 27.83 2832 2299 2374 27.14 2518 2514 2329 25.58
FeOt 0.35 0.34 0.14 0 0.24 0 0.14 021 017 025
MnO 0 0.09 0 0 0.12 0.19 0 0 0 0
MgO 0.48 0.64 0.30 0 0 0 0 0 0 016
Ca0 9.47 8.47 8.49 8.50 9.53 8.31 6.49 607 3.85 1098
Na,O 5.43 6.20 536  5.65 491 6.77 7.18 772 851 415
K.O 0.35 0.18 0.23 0.15 024  0.10 0.21 027 018 015
Total 9993 99.84 9981 99.89  99.81 9972 100.15 100.00 99.95 99.80
An% 48.1 42.6 459 45.0 510 401 31.2 299 199 588
Ab% 49.8 56.4 52.6 54.1 475 59.2 67.6 685 790 402
Or% 2.1 1.0 1.5 0.9 1.6 0.7 1.2 1.6 1.1 1.0

Notes: MGb — monzogabbro, Md — monzodiorite, QMd — quartz-monzodiorite, Gd — granodiorite, Gb-p —

gabbro porphyry dyke. c - core, r — rim

3aGenexxu: MGb — monuoraépo, Md — moHuoauopur, QMd - kBapuMoHLoanopuTt, Gd — rpanoguopur, Gb-

p — raGponopdupuTHa Aalika. ¢ - AApo, r — nepudepus

hybrid group of rocks is dominating in the area
and it is the most varied (monzogabbro,
monzodiorite, quartz-monzodiorite, monzonite
and occasionally quartz-monzonite). The
evolved group includes some extreme quartz-
monzonites and granodiorites and occupies
small area in the southern marginal part of the
pluton. All transitional varieties between the
gabbro, granodiorite and the extremely evolved
quartz-monzonite can be traced in the outcrops.

The rocks have a medium-grained,
essentially equigranular and rarely porphyrytic
texture. Hypidiomorphic sequence of crystal-
lization (monzonitic and granitic textures) is
observed. The structure is massive to foliated
close to the tectonic contacts. The major
mineral is plagioclase. The mafic mineral
assemblage is dominated by clinopyroxene,
amphibole and biotite. Minor constituents are
K-feldspar and quartz. Quartz amounts
between 0-15 % in the hybrid rocks and
between 18 and 21 % - in the granodiorite.
Common accessory minerals include apatite,
zircon, titanite, magnetite and ilmenite.
Secondary minerals are epidote, tourmaline,
chlorite, actinolite, adularia, calcite and clay
minerals.
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Colour index ranges 38-65 for the gabbro,
16-26 ~ for the hybrid intermediate varieties
and 10-17 - for the granodiorites. The plutonic
rocks are intruded by microgabbro and gabbro
porphyry dykes with sharp and well-defined
contacts. Rare quartz-monzodiorite porphyry
and granodiorite porphyry dykes cut also the
plutone. Pegmatites (including rare-metal
microcline type tourmaline-bearing ones) and
aplites are scarce. The wall-rock alterations are
mainly K-silicate type, the propylitization
being rarely presented. Hydrothermal quartz
veins and disseminated pyrite and occasionally
chalcopyrite are usually found in the rock, but
the intensity of the alterations is weak on the
today’s erosional level.

Mafic microgranular and rounded encla-
ves occur often in all mesocratic rock varieties,
some of them showing preserved chilled rims.
They are composed of monzogabbro, mela-
monzodiorite or melaquartz-monzodiorite. The
enclaves have a range in size from less than 1
cm to 30-40 cm and they are with sharp
contacts with the host rock. Rough layering and
cumulative packets of mafic minerals can be
observed on some places. The ultramafic
samples (pyroxene-amphibole cumulates) are



composed of almost monomineral pseudo-
morphs of hornblende after clinopyroxene.

Plagioclase composition (Table 1) spans
almost all crystallization history of the pluton
(Anjo-Ang). A general consecutive decreasing
of the average composition from gabbro to
granodiorite samples is revealed. The average
composition of the cores in the plagioclases
from the gabbro is Angg (range Ang;-Ansg) and
in the rims it is Ansy (Ang-Ans).
Monzogabbro shows slightly more acid
plagioclases — average Anss (Anss-Any,) for the
cores and Anzs (Ans;-Ans) for the rims.
Normal and reverse zonings are present in the
mafic rock varieties. Quartz-monzodiorite and
monzodiorite contain plagioclases mainly
within the range of andesine (average Any at
range of Ang-Ans; for the cores and average
Angg at range of Ang-Ansy for their rims).
Quartz-monzonite  displays the average
anorthite composition An;g (Anjs-Anys) in the
cores and An;; (An;;-Angs) in the rims.
Plagioclases from the granodiorite vary in their
anorthite composition in rather wide range. The
average anorthite composition in this rock is
Anss (Ans-Angg) for the cores and Anys (Any,-
Anyy) for the rims of the grains.

Table 2. Chemical composition of selected K-feldspars

Plagioclase porphyries of the mafic dykes
are with average Anss (Ang-Ang) in their
cores and Ans; (Ans;-Ansz) in their rims.
Porphyry plagioclases of the quartz-
monzodiorite-porphyry and granite-porphyry
dykes are nearly within the same ranges —
Ang-Anys average in the cores and Anys-Angs -
- in the rims.

Oscillatory and patchy zonings are
observed and the reverse pattern is typical for
most of the plagioclases from the hybrid rocks.
Complex normal zoning with inner cores
overgrown by sharply more basic intermediate
zones, measuring up to the gabbro anorthite
levels (Anss) is sometimes their specific
feature. Some of these peaks are in
disequilibrium with the more evolved magmas.
Sieve textured plagioclases, the several crystal
populations with a complex history, saw-tooth
zoning and smaller resorption zones indicate
rapid changes in crystallization environment
(Hibbard, 1981, 1991; Tsuchiama, 1985) most
likely due to convective transport between
crystallizing boundary layer and a new mafic
pulse of the gabbro magma from the interior of
the magma reservoir.

The availability of resorbed grains in wide
range of anorthite compositions and of

Tabnuya 2. Xumuuen cocmas Ha usbpanu xanuesu geronamu

Sample 311 | BK/73 | BK/30 BK/128 BK/130 BK/118
Mineral KF, KFi; KFy, KFys [ KFig-c LKFlg-r KF;, | KFxc [ KF,s-t
Rock MGb Md QMd QMz Gd

Si0, 6290 6225  62.60 63.12 6304 6229 6625 6494 64.63
ALO, 19.15 2023  20.55 20.68 2073  20.30 1566  18.03 1829
FeOt 0 0.31 0 0 0 0.23 0.09 0 0.13
MnO 0 0 0 0 0 0.12 0 0 0
Ca0 0 0 0 0.09 0.08 0 0 0.12 0.40
Na;O 1.30 0.85 0.94 0.96 0.91 0.50 2.28 1.22 1.26
K;0 1569 1563  15.55 1445 1390 16.17 1477 1528 1451
BaO 0.42 0 0 0.58 0.41 0.15 0.74 0.57 0.28
Total 99.46 9927 99.64  99.84 9907  99.76 9979 100.16  99.50
Or 88.1 924 91.6 89.4 89.8 95.2 80.1 87.7 86.0
Ab 111 7.6 8.4 9.0 8.9 4.5 18.7 10.7 115
An 0 0 0 0.5 0.4 0 0 0.6 2.0
Cn 0.8 0 0 1.1 0.9 0.3 1.2 1.0 0.5

Notes: The abbreviations are the same as in Table 1

3abenexka: ChKpallleHHATA ca ChIMTE, KakTo B Tabnuua 1

27



corroded cores, the observed several
oscillations in the intermediate zones of the
crystals from the hybrid rock varieties support
also the wide-spread manifestations of magma-
mingling and magma-mixing events during the
crystallization of the plagioclases.

Potassium feldspar (0-25 vol.%) is
orthoclase-microperthite having 80-95% Or
(Table 2). Usually it occurs interstitially as a
minor constituent in the monzogabbro (0-8
vol.%) and in the hybrid rocks (7-17 vol.%).
Quartz-monzonite and granodiorite contain K-
feldspar in the range 20-25% with larger size —
up to 1.5-2.5 mm, sometimes porphyroid
textures being typical. Overall, K-feldspar
compositions in the more evolved rocks are
richer in celzian component. Ba content of the
K-feldspars decreases from their cores to the
rims, in spite of the fact that in general feldspar
large crystals are not apparently zoned, nor
there are systematic directions of zoning for the
other components. This suggests that the melt,
from which they grew, was well-stirred during
their growth or that the crystal growth rate was
small compared to the diffusion rates in the
remnant melt for K, Al, Na and Si.

Clinopyroxene represents the highest
Mg/(Mg+Fe) phase among the constituent
minerals. Its composition (Table 3) records a
much more complex open-system evolution, in
which the steady-state crystallization of the
acid magma is linked to episodic injections of
mafic magma into Capitan-Dimitrievo magma
reservoir system. A rather small range of
compositions in Ca-Fe-Mg space (Morimoto,
1988) is revealed. None of the rocks show
consistent intracrystal patterns of zoning,
except some grains from the gabbro, in which
the rims are more calcic than the cores.
Clinopyroxene is one of the principal mafic
minerals in the gabbro and monzogabbro (10-
20 vol.%), but it is a minor constituent (1-5
vol.%) in the intermediate hybrid rock
varieties. Most of the clinopyroxene grains are
replaced partly or entirely by late-magmatic
amphibole. The intensity of this process
increases to the more acid rock varieties.
Quartz-monzodiorites contain only rare relics
and normally the granodiorites are pyroxene-

28

Table 3. Chemical composition of selected
clinopyroxenes

Tabmuua 3. Xumuuen covcmas Ha usbpanu
KAUHORUPOKCEHY

Sample BK/71-a BK/30
Analysis CPx; | CPx, | CPx3{ CPx4{ CPxp

c r c c m

Rock MGb QMd
SiOo, 50.09 5090 5091 51.01 50.52
TiO, 026 013 0.13 0.15 0.12
AlLO, 381 377 373 404 3.03
FeO 10.11 10.05 9.44 10.21 8.17
MnO 087 060 072 092 0.77
MgO 12.58 12.89 13.56 1335 12.85
Ca0 21.77 2099 21.02 1995 23.60
Na,O 0 0 0 0 0.85
K;O 0 006 0.06 0 0
Total 9949 99.39 99.57 99.63 99.91
Si 1.889 1918 1.908 1916 1.875
VAl 0.111 0.082 0.092 0084 0.125
T 2.000 2.000 2.000 2.000 2.000
ViAl 0.059 0.086 0.073 0.095 0.008
Ti 0.007 0.004 0.004 0.004 0.003
Fe** 0.037 0 0014 0 0171
Fe* 0.190 0.186 0.152 0.153 0.083
Mg 0.707 0.724 0.758 0.748 0.711
M1 1.000 1.000 1.001 1.000 0.976
Fe?* 0.092 0.130 0.130 0.168 0
Mn 0.028 0.019 0.023 0.029 0.024
Ca 0.880 0.848 0.844 0.803 0.939
Na 0 0 0 0 0.061
K 0 0.003 0.003 0 0
M2 1.000 1.000 1.000 1.000 1.024
Wo 455 444 439 422 487
En 366 380 395 393 369
Fs 174 176 166 184 144
Mg # 0.672 0.683 0.704 0.681 0.719

Notes: Mg # = Mg/(Mg + Fe) (apfu); the other
abbreviations are the same as in Table 1

3abenexxu: Mg # = Mg/(Mg+Fe) (apfu); Apyrure
ChKpaIEeHHs ca KakTo B Tabnuua 1

free. Two sets in size of the grains are
observed. The smaller grains have average
diameter of around 0.1-0.3 mm and the larger -
0.8-1.4 mm. The majority of the crystals record
crystallization from a liquid comparable to the
emplaced gabbro magma. They are auguites
with average Mg# of 0.68-0.71 and their
wollastonite constituent is 42-45% (Cr,0; <
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Fig. 2. Biotite composition in the plot AI vs.
Fe/(Fe+ Mg)
®ur. 2. Cberas Ha GHOTHTH B Auarpamara Al vs.
Fe/(Fe+ Mg)

0.10 wt. %; Al/Ti 41-45). However, interesting
is the findings of some small diopside grains
from the monzogabbro and occasionally from
the monzodiorite cored by low-Cr crystals,
similar to the above described and rimmed by
moderate-Cr rims (Cr,O5 0.10-0.20 wt. %; Mg#
72-75; W0q6.49; AUTI ~ 25). The presence of the
last clinopyroxene grains suggests a complex
open-system evolution of the crystallizing
chamber. They might be a result of some input
of more primitive mafic magma intro the base
of a vigorously convecting chamber.

Biotite (2-10 vol.%) is less frequent in the
gabbro and more often found in the hybrid
varieties. Compositional variations (Table 4) in
the averaged Mg# values for different rock
varieties are narrow and all samples fall within
the biotite of normal Al-bearing varieties. The
Mg# average ratio ranges from 0.44 to 0.56,
being 0.50 (range 0.49-0.52) in the gabbro,
0.53 (range 0.51-0.54) in the quartz-
monzodiorite, 0.45 (range 0.44-0.50) in the
quartz-monzonite and 0.52 (range 0.47-0.56) in
the granodiorite. Granite-porphyry dykes
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contain biotite with Mg# in the range of 0.52-
0.54. The evolution of biotite composition can
be followed on the ™Al vs. Fe/(Fe+Mg)
diagram in Fig. 2. The difference between the
rocks varieties fields is due mainly to the
divergence of the values of ™Al (apfu) of their
biotites. The significant decreasing of these
values from the gabbro to the granodiorite
varieties is likely to be related with the depth of
the biotite crystallization. The mixing of basic
deeper-derived and acid shallower magmas is
also in accord with the regular changes in these
compositional features. Biotites from the
porphyry dykes and hybrid rock varieties are
located between the mafic and felsic mixing
magma components.

The MgO vs. Al,O; (wt. %) diagram of
Abdel-Rahman (1994) provides discrimination
for the biotites from the pluton (Fig. 3). All
samples fall in the field of the calc-alkaline
rocks. The general trend showing a gradual
increase in MgO with decreasing Al,O; is
remarkable for the biotites studied. It suggests
the following substitution between Mg and Al
in octahedral sites: 3Mg —2Al.

Amphibole. All amphiboles analysed in
our data set (Table 5) are calcic amphiboles,
according to the terminology of Leake et al.,
(1997). They are characteristic constituents of

ALO,, wt%

—

12

16 20 !
. Mgo,wi%

Fig. 3. MgO vs. AlLO; (wt. %) discrimination
diagram after Abdel-Rahman (1994). Settings: A —
alkaline, P — peraluminous, C - calc-alkaline

@ur. 3. MgO vs. AL,O5 (Tern. %) no Abdel-Rahman
(1994). OGcraHoBku: A — ankanHa, P — cBpBX-
ANIyMHHHEBA, C- KanuyueBO-aJIKalHaA



Table 4. Chemical composition of selected biotites
Tabauua 4. Xumuuen cocmag Ha usbpanu Guomumu

Sample BK/71-a BK/30 BK/128 BK/130 | BK/127 BK/32
Analysis Btyg-c I Btyo-r Btys-c Bt;s-c ] Btyo-C Bt;o-C Btys-c Bty l Btjas-¢
Rock MGb QMd QMz Gd [ Gd-p

SiO, 3524  34.04 3559 3606  35.07 38.00 37.09 3605  36.02
TiO, 248 232 3.10 2.02 1.69 1.62 2.35 1.94 1.54
ALO; 1633  16.83 16,76  18.00  18.35 16.22 1564 1757 1773
FeOt 2029  21.77 18.80 1942  20.68 18.83 1902 1847  18.00
MnO 0.29 0.34 0.59 0.28 0.24 0.30 0.51 0.60 0.62
MgO 1206  11.65 1119  10.66 9.54 11.35 1095 1115 1134
Ca0 0 0.07 0 0 0 0 0 0 0
K0 9.43 8.85 969 1010 1038 10.27 1049  10.16  10.03
Total 96.12  95.87 96.16 9654  95.95 96.12 96.05 9594 9528
Si 5.129  5.002 5165 5194  5.133 5.444 5382 5216  5.231
v 2799 2912 2835 2806  2.867 2.556 2618 2784 2769
Ny 0.072  0.086 0 0 0 0 0 0 0
Vial 0 0 0.030 0247 0.296 0.180 0.055 0210 0264
ViTi 0.199  0.170 0338 0219 0.186 0.175 0256  0.211 0.168
Fe* 2470 2675 2282 2339 2531 2.256 2308 2235  2.186
Mn 0.036 0042 0073 0034 0.030 0.036 0.063 0074  0.076
Mg 2617 2552 2421 2289 2082 2424 2369 2405 2455
Y 5322 5439 5144 5128  5.125 5.071 5051 5135  5.149
Ca 0 0011 0 0 0 0 0 0 0
K 1.750  1.659 1.833  1.856  1.938 1.877 1942 1875  1.858
X 1750  1.670 1.833  1.856  1.938 1.877 1942 1875 1.858
Mg # 0.514  0.488 0515 0495 0451 0.518 0506 0518  0.529

Notes: All abbreviations as in Table 1

3abenexka: Bcuuky chKpallleHus ca kakTo B Tabnuua 1

all rock varieties of the pluton. The modal
percentage of amphibole in the gabbro ranges
20-40, in the hybrid rocks — 13-22 and in the
granodiorite 5-10. Adopting the IMA-nomen-
clature the cation ratio Xy, = Mg/(Mg+Fe™),
the Si-content and the A-site occupancy
(Na+K), enable the amphibole compositions to
be illustrated in Fig. 4a-c. In spite of some
overlapping of the ranges for individual rock
varieties, certain important features are worthy
to be noted. Most of amphibole compositions
from the gabbro are magnesiohornblende and
tschermakite (Fig. 4b). The hybrid rocks
(monzogabbro, monzodiorite, quartz-monzo-
diorite) contain more often tschermakites and
magnesiohastingsites. The amphiboles of the
granodiorite are richer in alkalies — edenites
and magnesiohastingsite predominate in the
rocks. Quartz-monzonite has only magnesio-
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hastingsite as rock-forming mineral.

The Al vs. (Na+K), plot (Fig. 4c)
displays two trends. The first one confines the
amphiboles of all rock varieties without the
ones from the granodiorite. The elongation of
this trend is easily explained with the
substitution 3"Al < 1A site, which is
characteristic for some combination between
tschermakite and edenite type of exchange. The
mixing of quartz-monzonitic end member with
its typical magnesiohastingsite amphibole with
gabbro member (tschermakite and magnesio-
hornblende) might explain the hybrid rocks
bearing in their amphiboles all possible
combinations between these two mixing
components. In fact, this amphibole trend
corresponds to the shoshonitic trend in the
rocks. The granodioritic trend of their
amphibole composition is in sharp contrast to



Table 5. Chemical composition of selected amphiboles
Tabnuua 5. Xumuuen cocmas na usbpanu amgubonu

Rock Gabbro Monzogabbro mog;ls;tii-rite Granodiorite g{:ﬁ;
Sample BK/71-a BK/31-1 BK/30 BK/118 84-b
Analysis| Hbjsc | Hby-c | Hbjec | Hbgr | Hbgc | Hbyr | Hbs-c | Hbsr | Hbg
Sio, 43.94 43.95 43.17 43.67 45.18 42.25 44.98 44.36 43.05
TiO, 0.85 0.90 1.21 1.26 0.86 0.71 1.00 0.77 1.11
ALO, 10.33 10.84 10.25 10.57 9.14 11.22 9.60 10.29 12.46
FeO, 17.18 16.37 17.73 16.54 17.25 17.23 16.10 17.45 17.23
MnO 0.60 0.78 0.67 0.73 0.56 0.57 0.69 0.73 0.62
MgO 11.34 10.62 10.43 10.88 11.43 11.62 10.29 8.99 9.53
CaO 11.90 11.53 12.10 11.56 1061 11.44 11.78 12.12 11.51
Na,0 1.02 1.32 0.92 1.26 1.93 1.76 2.29 222 1.10
K,0 090 128 1.54 1.47 0.85 1.04 1.23 1.16 1.34
Total 98.06 97.59 98.02 97.94 97.81 97.84 97.96 98.09 97.95
Structural formulae based on 13 cations

Si 6.453 6.523 6.433 6.470 6.634 6.226 6.776 6.731 6.381
VAl 1.547 1.477 1.557 1.530 1.366 1.774 1.234 1.269 1.619
VAl 0.239 0.420 0.247 0.316 0.216 0.175 0.466 0.570  0.558
Ti 0.094 0.100 0.136 0.140 0.095 0.079 0.113 0.088 0.124
Fe** 0.917 0.566 0.609 0.839 0.913 1.131 - - 0.589
Fe* 1.193 1.466 1.604 1.211 1.205 0.992 2.025 2214 1.547
Mg 2.483 2.349 2.320 2.402 2.501 2.552 2.307 2034 2105
Mn 0.074 0.098 0.084 0.092 0.070 0.071 0.088 0094 0078
Ca 1.872 1.834 1.935 1.727 1.669 1.806 1.898 1.970 1.828
Na-M4  0.128 0.166 0.065 0.273 0.331 0.194 0.102 0.030  0.172
Na-A 0.163 0.214 0.201 0.089 0.219 0.309 0.566 0624  0.256
K 0.169 0.242 0.293 0.278 0.159 0.196 0.236 0.225 0.214
TA 0.332 0.456 0.494 0.367 0.378 0.505 0.802 0.849 0.470
Mi# 0.675 0.616 0.591 0.665 0.675 0.720 0.533 0.479 0.541
Ffz‘i+{:es+ 0.434 0.278 0.275 0.409 0.431 0.533 - - 0.169
_Type Tsc MHb Tsc Tsc MHb MHas Ed FEd Tch

Notes: 1. ¢ — core, r — rim. 2. Nomenclature after Leake et al. (1997): Tsc — tschermakite; MHb —
magnesiohornblende; MHas —~ magnesiohastingsite; Ed — edenite; Fed — ferro-edenite. 3. Mg # = Mg/(Mg +
Fez*) (apfu). 4. The crystallo-chemical formulae are calculated on the basis of 13 cations FM=13 apfu, after
Anderson, Smith (1995) and Fe®* and Fe** are relocated according to Spear, Kimball (1984)

3abenexxu: 1. ¢ - aapo, r - nepudepus. 2. Homenknarypa no Leake et al. (1997): Tsc — uepmakut; MHb —
MarHe3ues obukHoBeH ampubon; MHs — Marnesuoxeiictunrcut; Ed — enenur; Fed — depoenenur. 3. Mg # =
Mg/(Mg + Fe?) ( apfu). 4. KpucranoxuMudHuTe HOpMYJIH Ca M3YUCIEHH HA OCHOBaTa Ha 13 xaTuoHa FM=13
(apfu) o Anderson, Smith (1995), a Fe** u Fe** ca pasnpenenens mo Spear, Kimball (1984)

the first one. The later trend visualises the HK-
CA trend in their rocks, result of mixing
between a crust-derived acid magma and the
mantle-derived gabbro magma. The edenites
and the magnesiohastingsites are then a result
of such mixing and that is why the edenite
exchage is more typical for them.
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Normal and reverse zonings are observed
in the amphibole compositions, the last ones
prevailing. Reverse moderate zoning is typical
in amphiboles from the hybrid rock varieties
(monzogabbro, monzodiorite and quartz-
monzodiorite), whereas a normal one is a
feature of the amphiboles from the gabbro. The
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ratio Mg# in the amphiboles from the later rock
diminishes slightly from the cores (0.64 at
range of 0.61-0.68) to the rims (0.61 at range of
0.51-0.63). Amphiboles from the monzogabbro
have average Mgi ratio of 0.66 (range 0,59-
0.74) for their cores and 0.64 (range 0.58-0.67)
— for their rims. Both types of zonings are
characteristic for them. Amphiboles from
monzodiorite and quartz-monzodiorite are
typical for their reverse zoning. The ratio Mg#
ranges in these amphiboles from 0.64 to 0.68,
average 0.66 (core) to 0.70-0.75, average 0.72
(rim). The relationship between end members
of the magmatic amphiboles depends primarily
on the thermodynamic crystallization condi-
tions and also on the degree of magma evo-
lution progress (Wones, 1981). The ratio Mg#
is usually correlated with the temperature of
crystallization. The reverse zoning found in
most of the amphiboles from the hybrid rock
varieties should be explained as a mineralo-
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gical trace of an input of more primitive mafic
magma into the crystallizing acid magma
chamber.

Amphiboles from the granodioritic end
member of the magma-mixing process are
lower-temperature product of the crystal-
lization of the acid magma, judging by their
ratios Mg# - average 0.52 (range 0.51-0.54) for
the cores and 0.50 (range 0.48-0.52) for the
rims. The only representative of the mafic
dykes analyzed has amphiboles with average
ratio Mg# of 0.56 (core of the phenocrystals).

The clear correlation between the ratio
Mg# and Si (Fig. 4¢), Al, Ti, and alkalies is not
disturbed in the rims of the amphiboles analy-
zed, so the sub-solidus fluid reworking of the
rocks was weak and did not influence the
amphibole compositions. Probably this conclu-
sion has something to do with the lack of
economical ore mineralizations related to the
pluton.



The tetrahedral aluminium VAl (apfi) in
the amphiboles generally decreases with the
differentiation of their magmas and with
decreasing of temperature, at constant pressure,
aH,0, fO,, and bulk composition. These
contents are perceived also as an indicator of
the crystallization pressure (Thomas, Ernst,
1990), but could depend on the activity of Si
and on the degree of polymerization of the
magma. The average VAl (apfu) of the amphi-
boles from the gabbro is 0.480. The same
parameter for the amphiboles from the
monzogabbro is much lower — 0.248. For the
amphiboles from the hybrid monzodiorites and
quartz-monzodiorites it is 0.182. This tendency
is disturbed in the granodiorites, where VAl of
their amphiboles is average 0.500 and in the
gabbro-porphyry dykes it is average 0.520.
Since the total Al (apfu) of amphiboles from
the gabbro and for the hybrid varieties is more
or less similar, and usually it is directly related
with the crystallization pressure (Anderson,
Smith, 1995), we speculate that different
degrees of polymerization of the magmas are
responsible for the formation of this tendency.
An increasing of PH,O in the sequence gabbro-
hybrid magmas is in line with such assumption.

The higher YAl (apfu) in the amphiboles
of the dykes is probably related to their a bit
deeper level of crystallization. Probably, the
granodiorites with their rather high Y'Al (apfu)
in the amphiboles, have crystallized from
magma with higher degree of polymerization
and poorer in H,O.

The zoning in amphiboles is accentuated
by tracing of the abundances of Si (apfu).
Average Si in the cores is lower than in the
rims. The quite wide range of Si in the span of
6.30-6.90 proves the availability of different
mixing proportions in the chamber of
crystallization. i

Calculated Fe*/(Fe** + Fe™) ratio in the
amphiboles, based on 13 cations and charge
balance shows that an increase of the oxidizing
conditions from the gabbro to the hybrid
magmas is recorded in these ratios. The ave-
rage ratio in the amphiboles from the gabbro is
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0.35 (range 0.21-0.40) and in the ones from the
hybrid rocks — 0.50 (range 0.35-0.54).

Fe-Ti oxides. Analyses of Fe-Ti oxides
are shown in Table 6. The oxide grains are
fairly homogeneous, but some small compo-
sitional differences exist between different
grains. Magnetite is an Al-poor (AL,O; < 0.40
wt. %), Ti-poor (< 0.70 wt. %, therefore
ulvospinel end-member is bellow 2%), Mn-,
Cr-, and V-poor variety (V,0; < 1 wt. %)
variety. Ilmenite is a pyrophanite-moderate
(0.1-0.2 mole fraction) and hematite-poor
(0.01-0.10 mole fraction) phase, usually
exsolved in lamellae. Manganese contents in
the ilmenite are between 5 and 8 wt. %.

Geochemistry

The new and selected published whole-rock
silicate analyses (Table 7) plotted on the
diagram (Na,O + K,0) vs. SiO, (Bogatikov et
al., 1981) are demonstrated in Fig. 5 a. Hybrid
varieties classified by their modal relationship
form a heavily populated field, localized
between the fields of the gabbro and the
granodiorite. Most of the samples fall in the
row of the transitional in alkalinity suites and
only the small number of the monzodiorites,
quartz-monzodiorite and the majority of the
granodiorites are displayed bellow the dividing
line. It seems that either normal fractionation,
or simple magma mixing could explain these
peculiarities. The large variations in SiO, range
and the low Al,03/(Na,O + K0 + CaO) ratio
(< 1.1 mole proportions) together with the
presence of magnetite, titanite and apatite
inclusions in the biotite are evidence for I-type
characteristics. All rocks are metaluminous and
comprise varieties from slightly Si-under-
saturated up to slightly Si-oversaturated.
Peackok’s index is around 56 referring to the
transitional in alkalinity suites.

Two serial trends are revealed in the
pluton on the K;O vs. SiO, diagram (Fig. 5b
after Peccerillo, Taylor, 1976, with the
additions by Dabovski et al., 1989) for the first
time: high-K calc-alkaline and shoshonitic one.



Table 6. Chemical composition of selected Fe-Ti oxide minerals
Tabnuua 6. Xumuuen cocmas na usbparu Fe-Ti oxcudnu munepanu

Type Primary Ti-Fe oxides
Sample BK/71-a BK/73
Mineral | Im; | Ims| Mup | Mu| My [ Mis
Rock MGb Md
SiO, 0.27 0.29 0.44 0.31 0.49 0.82
TiO, 47.43 51.13 0 0.26 0.43 0.64
Al,O4 0.37 0 0 0 0 0.33
Fe, O3 9.09 1.08 67.26 66.48 66.48 64.71
FeO 37.44 37.54 31.62 31.20 32.76 32.52
MnO 5.46 8.57 0 0.11 0.13 0
MgO 0 0 0 0 0 0
CaO 0 0.08 0 0 0 0.09
K;0 0 0 0 0 0 0
V.03 0.55 043 0.89 0.54 0.69 0.48
Total 100.6. 99.12 100.21 98.90 101.75 99.59
Si 0.007 0.07 0.017 0.012 0.018 0.032
Ti 0.896 0.978 0 0.008 0.012 0.018
Al 0.011 0 0 0 0 0.015
Fe* 0.172 0.021 1.947 1.949 1.925 1.875
Fe?* 0.787 0.798 1.017 1.016 1.027 1.047
Mn 0116 0.185 0 0.004 0.004 0
Mg 0 0 0 0 0 0
Ca 0 0.002 0 0 0 0.004
K 0 0 0 0 0 0
A" 0.011 0.009 0.018 0.011 0.014 0.010
Cations 2.000 2.000 2.999 3.000 3.000 3.001
Iim 79.6 80.4 - - - -
Phyr 117 186 - - - -
Hem 8.7 1.0 - - - -
Ulv - - - 0.8 1.2 1.9

Notes: Ilm- ilmenite, Mt — magnetite, Phyr — phyrophanite, Hem — hematite, Ulv —
ulvospinel; the other abbreviations are as in Table 1

3a6enexku: Ilm - wimenut, Mt - Marserut, Phyr - nupodanur, Hem - xeMatur,
Ulv — ynBomnuHe, ApyruTe CHKpallleHHs ca KakTo B Tabnuua 1

The first one includes the samples of the
gabbro, monzodiorite, quartz-monzodiorite and
granodiorite, arranged in one mixing line. The
second one includes samples of the gabbro,
monzogabbro, monzonite and quartz-monzo-
nite arranged in other line of mixing or
fractional crystallization. The ratios Y/Zr,
Zr/Hf and TiO,/Zr imply. fractionation of Ti
due to clinopyroxene and oxide phases sepa-
rated from the magma. A combination of the

Ol-CPx-Hb + Mt as fractionating phases is
indicated by these geochemical data. This
fractionation had been realized probably
concurrently with the magma-mingling and
magma-mixing events.

In the Harker diagrams (Fig. 6) the
evolution seems continuous from the gabbro to
the granodiorite at first sight, since there is no
compositional gap for some of the oxides (CaO
vs. Si0;; TiO, vs. Si0, — not shown ect.).
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Fig. 5a. Plutonic rocks from the Capitan-Dimitrievo pluton in the plot SiO, vs. (Na,O + K,0) after Bogatikov
et al. (1981). The rock names are after the nomenclature by Le Maitre (1989). Abbreviations: Cum -
cumulative gabbro, Gb — gabbro, MGb — monzogabbro, Md ~ monzodiorite, Mz — monzonite, QMd — quartz-
monzodiorite, QMz — quartz-monzonite, Gd - granodiorite, Ap — aplite and Hyb — hybrid varieties; b. Serial
trends in Capitan-Dimitrievo pluton in the K,O vs. SiO, plot (Peccerillo, Taylor, 1976) expanded (dashed
lines) by Dabovski et al. (1989). Series: TH — tholeiitic; CA ~ calc-alkaline; HKCA — high-potassium calc-
alkaline; SH — shoshonitic

®ur. 5a. Inyronuynure ckanu ot Kanutan-J[uMHTpHEBCKHA IUIyTOH B auarpaMara SiO, vs. (Na,O + K;0)
no Bogatikov et al. (1981). CkanHute HauMeHOBaHUA ca Mo HOMeHKiIaTtypata Ha Le Maitre (1989).
Cekpamenns: Cum - xymynatuBHo rabpo, Gb - rabpo, MGb - Monuorabpo, Md - Mounoauopur, Mz -
MoHIOHAT, QMd - KBapL-MOHHOAMOPHT, QMz - kBapll-MOHIOHUT, Gd - rpaHoAHOPHT, Ap - ammrT, Hyb -
xubpuaHu pasHoBuaHocTH; b. Cepnanuu Tpennose B KanuraH-J[UMHTpHEBCKHA TUIyTOH B auarpamara K,O
vs. SiO; (Peccerillo, Taylor, 1976) pasmupena (mpuxupanuTe Tuauy) ot Dabovski et al. (1989). Cepun: TH
- ronentoBa, CA- xanuuepo-ankanHa, HKCA - BUCOko-KanueBo KanuueBo-aiakanHa, SH - moniosutosa
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Some of the oxides and elements are correlated
also with SiO,, but with a great deal of
scattering. The steeper slopes for some oxides
in the quartz-monzonite and some monzonites
(e.g. MgO, CaO, FeOr, Al,O3;) may indicate a
change in the crystallizing assemblage.
However, the possible fractionation relation
between the revealed two trends is not
supported by the small compositional overlap
obvious between the granodiorite and the other
rocks. The trend connecting the end-samples of
quartz-monzonite and the gabbro is charac-
terized with greater fractionation of the mafic
minerals and the involving of the plagioclase in
the fractionating assemblage quite late in the
sequence of crystallization. Conversely, the
revealed different trends in the Harker plots
rule out such an evolutionary link, i.e. the one
trend could not be derived from the other. The
two trends in the Harker diagrams are another
expression of the magma-mixing relations
between the three above-stated magma
components. Most of the trace elements (Table
7) plotted against SiO; confirm the availability
of the both evolution lines. On the plots of Zr,
Hf, Pb, Co (Fig. 6) vs. SiO, the two trends
appear clearly. They are expressed also on the
plots of Rb/Sr, Th/Yb, Th/Hf, Y/P,0Os, Y/Nb,
TiO,/Zr and many other ratios against SiO,
(Fig. 7). The ratio Rb/Sr clearly increases with
differentiation progress.

The ratios La/Sm vs. SiO, and La/Yb vs.
SiO, (Fig. 7c,d) show again the two magma-
evolution trends. The shoshonitic trend reveals
steeper trend in the both plots in comparison
with the high-K-calc-alkaline trend. At the
value of the Peackok’s index of 56 % SiO, the
shoshonitic trend has ratio La/Sm close to 6
while in the high-K calc-alkaline trend it is
around 4.5. The ratio La/Yb is even more
indicative for these differences. At the same
Peackok’s index this ratio is close to 30 in the
first trend and around 13 in the second one.
The progressive increase of the LREE
enrichments is a consequence of both different
sources and process variation. The stronger
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increase of these REE ratios in the first trend is
indicative not only for the source charac-
teristics of the end-magma components, but
also for the influence of the fractionation,
amplifying the increase of the REE-enrichment.

Chondrite-normalized REE patterns (Fig.
8a-d) display regular variations only if the
samples are arranged in the following sets: (a)
gabbro-monzogabbro; (b) gabbro-monzogab-
bro-monzonite-quartz-monzonite; (c) gabbro-
monzodiorite-granodiorite; (d) dykes. The REE
enrichment relative to chondrite is quite large
(Lay=60-1200, but normally to 210). The
degree of enrichment of the LREE relative to
HREE measured by the ratio (La/Lu)y is 5.3-
6.6 in the gabbro, 7.9-8.5 in the monzogabbro
(Fig. 8a) and 7.1-63.7 - in the quartz-monzonite
(Fig. 8b).

The variations in the gabbro set and in the
shoshonitic trend are due mainly to the left side
of the plots — the ratio (La/Sm)y = 1.7-1.9 in
the gabbro, 2.6-2.8 in the monzogabbro and
2.7-5.3 in the quartz-monzonite. ZREE ranges
between 128 —195 ppm in the gabbro, 188-245
ppm in the monzogabbro and 216-1570 ppm in
the quartz-monzonite. The heavy REE-side of
the patterns is almost flat. Europium anomaly
is not detected in the more-primitive gabbro,
monzogabbro and monzonites, but it is quite
deep and expressive in the quartz-monzonite.
This feature contradicts to the previous idea
(Boyadjiev, 1986) that the normal crystal-
lization differentiation is the only magma
evolution process. The differences in the model
of the REE distributions manifest a likely
combination of the magma-mixing process
between the gabbro end-member and the
quartz-monzonite one (which is in sharp
discrepancy with the other samples in the
trend) and the continuing fractionation
crystallization. This extreme magma end-
composition could be derived in the same
magma chamber from the fractionation of the
parental basic magma, when the plagioclase
had been included in the fractionating mineral
association (the deep negative Eu-anomaly is
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Fig. 6. Selected Harker’s diagrams (major oxides and trace elements) for rocks from the Capitan-Dimitrievo
pluton. The abbreviations are as in Fig. 5. Symboles: filled squares — gabbro; filled circles — monzogabbro;
filled triangles — quartz-monzodiorites, monzonites and quartz-monzonites; empty triangles — monzodiorites;
crosses — granodiorites; diamonds — dykes. Trends: I - shoshonitic, II - high-K calc-alkaline

Qur. 6. W3bpaun xapkepoBu juarpamMu (rJaBHM OKCHAM M €JIEMEHTH-CNeIM) 32 ckanu oT Kamuran-
Humutpuesckus muyToH. ChKpallleHHATa ca KakTo Ha ¢ur. 5. CMMBOMM: NMIBTHH KBajparyera — rabpo;
NIBTHH KPbryeTa — MOHLOrabpo; 3albIHEHH TPUBIBIHKUM — KBapL-MOHIOXHOPHTH, MOHLIOHHTH M KBapli-
MOHLOHHTH, KyXH TPUBIBJIHHLM — MOHLOJMODHTH; KPBCTYETa — TIPAHOAMODHTH; pombyera — Aakku.
Tpengose: I — womonuTos, II — Bucoko-K xanuueso-ankanex

37



07 T T T
06F Qmz I 3
05F 3

04k 3

2oal x b
02F /AHyb/J/’/X OGd 3

7/ -~
01} e %G ]
%% 50 60 70 80
S0,
50 T T T
Qmz |
a0k

030F E

S

£

Fa0k x X

o -~ Gd
0F Mg, Ba 7 Xo
0 Gb, ﬂ/ﬂu i
40 50 gjo,80 70 80
20 . T T
I
£ |
Qmz
10 I A/ b
/
Mgb 7 Hyb
- [l
Gb Rt O
[} A Gd x
0 d . \
40 50 SiO, 60 70 80
200 T T T
11
g Qmz
>
{
100 8
/ ]
Mgb SO
5 SRR
A X~
Gbm .
® A XX Ga
O 1. 1 L
40 50 sio, 60 70 80

Oz2/Zr

T

20 T T
g u"
> [ Gb]| \
°
10 .\ \\ A 3
\ %\\ X
. AN
Mgb :*&_AA !
Qm;\‘\ ! X oGd
0 . T ,
40 50 Sio, 60 70 80
0,06 T T T
oost ©® E
0,04F Gb 3
0,03F 3
|
0,02F A E
AN
001F D,
—_ X Gd
0,00
40 50 gio, 60 70 80
10 ey T
E I X g1l 3
® Qmz ‘ X
P i /o E
7k / / E
4 X
a6 A A/ Hyb, 3
st \R 8/ 3
Mgb I8
4 Y o b E
SEGO™ E
2 N A R
40 50 sjo, 60 70 80
80 .y T
s0F 7 I J
40k / :
30 - -
5 / .
20F R /! A Hyg,,,,--»"o 3
2 - X Gd
10F Gb.-‘f&A X 9
0 . . .
40 50 $i0, 60 70 80

Fig. 7. Some noteworthy ratios for rocks of the Capitan-Dimitrievo pluton. The abbreviations, symbols and

trends are the.same in Fig. 5

@ur. 7. Hakou 3HEUINMMH OTHOWIEHMA 3a cKanu oT Kanutan-/lumurpueBckua miyToH. ChKpalleHHATa,

CHMBOJHTE H TPEHJIOBETE Ca CHINHTE KAKTO Ha (T, 5

remarkable). This component somehow .later
on was mixed with the more primitive new
basic input into the chamber. It is clear that the
mafic component was derived from a mantle
source not bearing plagioclases. Another
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alternative is the extreme composition of the
quartz-monzonite to be result of the melt from
the lower crust level, unusually reach in
alkalies. Then the Eu-anomaly could reflect the
plagioclase-bearing source characteristics of



Table 7. Representative analyses of rocks (major oxides in wt. % and trace elements in ppm)
Tabmuua 7. [Ipedcmagumennu ananusu va ckanu (2nasnu oxcudu 8 mezn. % u enemenmu-cneou @ ppm)

Ne 69-b 71-a 31-1 70-a 29 128 122 121 82-b 70-b
Rock Xen MGb MGb QMd QMd QMz Gd Gd Gb-p | Gr-p
Si0, 4607 47.82 50.51 54.82 5691 5848 6593 67.83 48.64 70.70
TiQ, 0.76 1.14 1.14 0.73 0.84 0.64 0.67 0.39 0.22 0.24
Al O, 19.92 18.43 16.95 15.81 14.63 20.37 1580 1599 1820 1329
Fe,03 5.80 4.50 497 5.17 5.05 3.38 1.03 1.29 6.30 1.61
FeO 4.73 6.04 5.53 4.49 4.08 0.60 245 1.01 5.07 245
MnO 0.34 0.37 0.39 0.36 0.25 0.05 0.07 0.05 0.35 033
MgO 3.26 5.00 443 4.00 353 1.34 1.12 0.82 3.68 1.18
CaO 11.12 10.50 9.16 7.81 6.91 6.98 3.87 3.87 10.20 3.19
Na,0O 3.29 3.50 333 332 3.14 391 4.29 421 3.80 3.16
K,0 0.72 1.16 2.55 2.63 2.67 3.73 3.02 3.4 1.22 3.17
P,0s 0.75 0.83 0.73 0.49 0.58 0.50 0.59 0.72 091 0.17
H20- 0.54 0.17 0.12 0.10 0.23 0.17 0.22 0.04 0.14 0.11
LOI 241 1.00 0.63 0.53 0.81 0.28 0.74 0.52 0.92 0.33
Total 99.71 10046 100.44 100.26 99.63 10043 9980 9979 99.65 99.93
Q 0 0 0 5.8 11.7 6.8 20.2 24.1 0 31.1
M 28.2 33.6 32.8 30.0 27.2 11.9 10.0 52 30.7 10.5
An % 574 52.7 45.7 42.1 40.3 449 29.1 29.6 474 322
Ba 269.5 3414 4684 404 4144 22454 6393 6723 5124 5709
Rb 16.4 18.7 56.0 73.55 119 558.3 1467 1077 253 76.8
Sr 1737 1328 941 7856  684.8 912.5 4799 5548 1672 359
Cs 1.09 2.94 1.77 2.4 5.06 12.47 7.24 2.85 247 0.82
Ta 0.81 0.19 0.44 0.69 0.26 372 223 1.59 0.18 0.53
Nb 1.69 148 5.14 5.65 5.04 42.36 33.76 2093 2.29 5.08
Hf 0.85 0.93  5.265 7.24 4.55 24.69 1529 1127 2.04 2.49
Zr 24.1 21.8 2042 2927 159.9 8436 5592 4443 66.1 106.5
Y 25.8 22.8 314 35.1 23.6 814 22.7 20.7 25.6 11.6
Th 1.68 143 1094  33.01 18.28 289.6 53.53 37.00 491 1049
U 1.13 0.52 3.61 7.60 5.97 1759 2143 6.07 1.76 2.44
Cr 24.17 30.0 42.5 30.5 236 14776 12421 3769 2098 56.1
Ni 4.76 6.28 8.14 7.22 4.04 58.45 60.71 2233 1.60 27.52
Co 24.33 3129 25,59 2452  22.66 8.47 6.05 3.89 2491 7.07
Sc 14.09 23.83 23.36 20.32 19.7 10.22 7.41 784 15.54 6.13
Cu 144.4 79.8 146 87.9 57.8 31.27 17.95 121 3551 3203
Pb 14.79 894 2309 2211 26.89 138.8 483 44.02 15.3 8.61
Zn 926 9176 9594 89.1 86.36 63.6 46.12 37.82 8639 2543
w 0.48 0.4 0.98 0.723 0.825 - - - 0.45 0.72
Mo 0.56 1.59 3.73 2.78 1.71 58.59  50.02 14.60 1.2 7.14
\Y - - - - - 1507 9135 5498 - -
Ga - - - - - 21.02 1997 1796 - -
La 22.35 20.74 36.14 3694  32.20 42.01 7047 59.26 3531 25.39
Ce 5164 4505 7276 7166 6145 7740 11995 10420 73.51 40.84
Pr 6.75 6.16 8.99 9.6 6.83 8.81 1263 10.03 9.39 424
Nd 35.78 28.71 38.69 4412 2898 3827 4581 40.08 43.35 1571
Sm 7.33 6.76 8.11 9.19 6.06 6.94 7.88 6.39 9.33 2.77
Eu 222 223 2.31 2.24 1.81 2.14 1.63 1.61 2.96 0.77
Gd 6.38 5.73 6.21 7.09 5.02 6.28 6.21 5.29 6.83 1.92
Tb 091 0.77 1.01 1.03 0.74 0.83 0.77 0.68 1.01 0.34
Dy 476 4.19 492 6.19 393 5.35 3.44 4.14 4.98 1.80
Ho 1.04 0.89 1.03 1.26 0.82 1.09 0.80 0.76 1.02 0.38




Table 7. Continued

Tabnuua 7. TIpogbnxkeHne

Er 2.59 1.81 314 3775
Tm 0.38 0.25 0.48 0.58
Yb 2.37 2.16 3.38 4.00
Lu 0.35 0.32 0.46 0.56

2.49 2.82 1.96 2.31 2.33 1.11
0.44 0.38 0.35 0.37 0.31 0.18
2.37 3.09 2.79 433 2.37 1.40

0.4 0.43 0.46 0.57 0.34 0.24

Notes: The analyses of the major oxides are wet silicate ones. Normative parameters: Q — quartz in %, M —
mafic index (CIPW). Rock — modal nomenclature (MGb — monzogabbro, QMd - quartz-monzodiorite, QMz
- quartz-monzonite, Gd — granodiorite, Gb-p — gabbro porphyry dyke, Gr-p — granite-porphyry, Xen — mafic

xenolith)

3aGenexku: ['naBHUTE OKCUAM Ca AHAIM3UPAHU .0 KIACHYECKH MOKBP CHIHKaTeH’ aHany3. HopmartuBuu
napamerpn: Q - xBapu B %, M — maduuen unpekc (CIPW). Rock — MopanHa Homenxiatypa (MGb -
MoHnorabpo, QMd - xBbpumoHUOAHOPUT, QMz - kBapuMoHUOHMT, Gd - rpaHomuopur, Gb-p -
rabponopdupuTHa Aaiika, Gr-p — rpaHuT-nopdupHa Aaiika, Xen — MaQuueH KCEHOMUT)

such rocks experienced melting under the
influence of the hotter and mantle-derived
magma emplaced to these levels. Again the
mixing of the both end-components is plausible
explanation.

Gabbro-monzodiorite-granodiorite mixing
relationships are registered in the Fig. 8c,
presenting the typical REE-patterns of the
second mixing trend — high-K calc-alkaline
one. The ratio (La/Lu)y 6.8-11.4 in the monzo-
diorite and quartz-monzodiorite samples. This
range is not much unlike to the one of the
monzogabbro, but it is a slightly lower than the
one in the monzonite and much lower than the
ratio in the quartz-monzonite. The same ratio is
11-16 in the granodiorite. The slope of the left
side of the pattern is expressed in the ratio
(La/Sm)y 2.3-3.7 in the monzodiorite and
quartz-monzodiorite and 5.7-5.5 in the
granodiorite. All mixing products of the end
gabbro and granodiorite compositions are
displayed just between these end distributions.
The same is valid for the XREE, which
increases from the gabbro, through monzo-
diorite (153-205 ppm) to the granodiorite (240-
275 ppm). In contrast to the published data by
Boyadjiev (1986) we did not record Eu-
anomalies.

Dykes manifest nearly the same REE-
characteristics (Fig. 9d) as in the other plutonic
rocks. The slope of the enriched REE-patterns
is less steep in the quartz-monzodiorite
porphyry dyke than in the quartz-monzonite,
the ratio (La/Lu)y being 6.2. The LREE-half of
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the pattern is also less steep — (La/Sm)y= 2.3.
The depleted pattern for the granite-porphyry
dyke is an interesting detail, bearing to its
residuim character.

Chondrite-normalized REE-patterns (Fig.
8a-d) are in accord with an enriched mantle
source. All of them are generally similar and
resemble closely those of the typical island-arc
rocks with fractionated light REE.

Trace elements plotted on MORB-norma-
lized spidergrams (Fig. 9) are divided in the
same manner as for the REE-patterns (different
trends of gabbro, shoshonitic, high-K calc-
alkaline and dyke rocks). The most noteworthy
characteristic of the diagrams is the typical
negative Ta and Nb anomalies found in the
calc-alkaline arcs. All patterns are typical of
arc magmas in being predominantly LILE-
enriched and HFSE- and Cr and Sc depleted.
Subduction-enriched mantle source is charac-
teristic for the gabbro and its pattern differs
from the one of the hybrid rocks with lower
LILE-enrichment and deeper negative peaks at
Ta, Nb, Zr and Hf. The hybrid monzogabbro
representatives are closer in their MORB-
patterns to the monzonites. Such difference is
compatible to the idea that the monzonites and
the monzogabbro are results of the mixing
between the quartz-monzonite and the gabbro.
The source of the gabbro end-member was
more enriched in zircon, hornblende, and rutile
accessories than the one of the quartz-
monzonite. Typical of the gabbro is the
positive peak for P in contrast to the
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quartz-monzonite end-component. This peak
disappears in the other rock varieties in the
shoshonitic trend and in the quartz-monzonite
sample a deep negative anomaly for P is
recorded. Strong fractionation of P could be
realized by fractionation of apatite. The second
mixing line is evidenced clearly in Fig. 9c. The
general outline of the patterns is more ore less
similar. Monzodiorite hybrid varieties are
emplaced between the both end-magma
components (gabbro and granodiorite). The
only essential difference of the granodiorite
patterns from the ones of the other rock types is
the behaviour of the Cr with its high positive
anomaly. This feature is repeated in the
granite-porphyry dykes (Fig. 9d). As the Cr is
one important conservative element, this
should be the result of the different magma
sources of the both end-magmas of this mixing
line. Melting of the lower crust from
hornblende-rich source could produce the
granodiorite, while the gabbro is likely to have
mantle source, contained chromites in addition
to pyroxene, olivine -and biotite and horn-
blende. The granite-porphyry dykes bearing
close similarity with the granodiorite are closer
in their geochemical signature to this end-
member of the mixing process.

Volcanic-arc setting is well substantiated
in the discrimination diagram of Pearce et al.
(1984) presented in Fig. 10.

Fig. 8. Selected chondrite-normalized REE-patterns
for representative rock samples arranged in the
following groups: a — gabbro-monzogabbro; b -
gabbro-monzogabbro-monzonite - quartz-monzonite
(shoshonitic trend); ¢ — gabbro- monzodiorite and
quartz-monzodiorite — granodiorite (high-K calc-
alkaline trend); d — dykes

®ur. 8. U36pann XOHAPUT-HOPMAIH3HPAHH MOJIENH
Ha REE 3a mpencTaBMTENHM CKalHH mpobw
NOAPEACHH B CIHCAHHTE TpynH: a ra6po-
MOHLOrabpo; b - raGpo-MOHIOrabpo-MOHUOHHT-
KBapI-MOHUOHHUT (IIOMOHKUTOB TpeHn); ¢ — rabpo-
MOHLOJHOPHT-KBAPLI-MOHLOAHOPHT -TPaHOAHOPHUT
(Bucoxo-K kanuueBo-ankaieH TpeHn); d - nakixu
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Fig. 9. Selected MORB-normalized trace-element
patterns for representative rock samples arranged in
the same way as in Fig. 8

®ur. 9. U36paun MORB-HOpManu3upanu moaenu
Ha pasNpe/cICHHETO Ha ENeMEHTHTE-CISAH 3a
NPEACTaBUTENHH nNpo6H, MNOAPENEeHH IO CHINUA
HaYHH KaKTo Ha ¢wr. 8
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Geothermometry and geobarometry

The applied geothermometer of Blundy and
Holland (1990) yielded reasonable magmatic
temperatures of crystallization between 700
and 900°C (Table 8). The temperature
estimations for the individual samples are
harmonised with the pressure estimations using
the geothermo-barometric method of Anderson
and Smith (1995) on selected amphibole-
plagioclase pairs in equilibrium. The revealed
general negative correlation between the
pressures and the temperatures of crystal-
lization is a strange peculiarity not in line with
the normal regularity derived from crystal
fractionation of a common parental magma.
The lack of thermal trend in time or in the
seeming sequence of the rock varieties,
arranged in their acidity, is also significant.
Pressure and thermal calculations cluster
usually in two levels. A normal temperature

2000 ————rrr———rrrry r
1000 -Rb F
. Syn-COLG s
100 — -
wl VAG ORG 1
3 ]
1‘ sl aaud
1 10 100 1000
Y+Nb

Fig. 10. Rb vs. (Y + Nb) discriminant diagram after
Pearce et al. (1984). Syn-COLG - syn-collisional
granites; WPG — within-plate granites; VAG -
volcanic-arc granites; ORG — ocean-ridge granites.
The sample symbols are the same as in the Fig. 6
®ur. 10. JuckpumuHanTHa auarpama Rb vs. (Y +
Nb) mo Pearce et al. (1984). Syn-COLG - cun-
KONH3HOHHH rpaHuTH; WPG — BBTPEIIHO-ILIOYOBH
rpanuTH; VAG — ByJKaHCKO-broBH rpanutd; ORG
— OKeaHCKO-xpeGeTHM rpaHuTH. CHMBONHTE ca
CBHILUATE KAKTO Ha Qur. 6



Table 8. Averaged thermobarometric estimations
from amphibole-plagioclase pairs in rocks from
Capitan-Dimitrievo pluton

Tabmuua 8. Vcpednenu mepmobapomempuunu
OYeHKYU Om aM@ubON-NIasUOKNA306U 080UKU Om
cxanu Ha Kanuman-Jumumpueeckus niymox

Depth in
Rocks °C P kbar .
Gabbro c-835:900 | 3.7-39 | 10.0-11.0
r-770-850 | 2.3-25 | 6.0-7.0
Monzogabbro| c- 850-870 | 1.8-1.9 | 5.0-5.5
r- 800-840 | 2.4-3.0 | 7.0-8.0
Monzodiorite| ¢-900-970 2.2-23 6.0-6.5
r- 870-900 | 2.2-2.3 | 6.0-6.5
Quartz- c-820-850 | 5.9 16.0
monzodiorite | r- 700-900 1.1 3.0
Granodiorite | c- 750-770 | 3.8-4.8 10.0-13.0
r-735-745 | 3.2-4.0 | 8.0-10.0
r- 720-730 | 2 5.0-6.0

Notes: P is estimated after Anderson and Smith
(1995) and T is after Blundy and Holland (1990). c-
cores; r — rims. The averaged results are based on 25
mineral pairs

3abenexxu: Hansranuara ca ouenenu mo Anderson,
Smith (1995), a Temmeparypure — no Blundy,
Holland (1990). ¢ - spmpa; r — nepudepus Ha
MHHEpAJIHH 3bpHA. YCpENHEHHTe pe3yNTaTH ca OT
25 paBHOBECHM MUHEPAHH JBOHKH

zoning between the cores and the rims is
established only for the gabbro pairs. The
reverse temperature zonings are more typical
for the hybrid rock varieties. The irregular
distributions of the pressure and temperature
estimations are probably due to magma-mixing
evolution. Reverse temperature changes could
be traces of such processes. We conclude,
therefore, that the Capitan-Dimitrievo
magmatic system was open and actively
mixing periodically with more primitive
magmas. The heating of the mantle derived
basic magma produced the crust-derived
melting (granodiorite partial magma) at a level
approximately of 8-12 km. The magmatic
lower chamber of crystallization and
differentiation was at level of about 16 km
(some of the quartz-monzodiorites bear traces
of this level in their amphibole-plagioclase
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pairs). The segregated granodiorite magma
moved to the level of around 4-8 km as a
crystal-rich mush. Later influx of more-
primitive magma (gabbro in composition)
started its crystallization at about 10 km (the
first cluster of pressure estimates in the gabbro)
and rises to the level of 4-8 km, where the
mingling with the acid granodiorite mush was
realized. This level is recorded in the
monzogabbro, monzodiorite and other hybrid
rock varieties by the unusual reverse zonings or
the appearance of peaks of high anorthite
compositions in the plagioclases. The system
was in approximate thermal steady state in this
level of mixing. The homogenization between
the “drier” and hotter granodioritic mush and
the richer in water more primitive gabbro
magma happened probably at this level. It is
difficult to gain insight into the dynamics of the
complex processes of magma mixing, even
with detailed eyewitness of the field relations
and petrographic and mineralogical docu-
mentation. In spite of that, using the estimates
of temperature, total pressure and water content
of the magma reservoir, we could have at least
an idea for the availability of such
manifestations, like the presented new data in
the case of Capitan-Dimitirevo pluton, bearing
to the new idea of its origin.

Isotope geochronology and geochemistry

U-Pb dating on single zircons from the Q-
monzodiorite variety of the pluton (Table 9)
reveals an upper intercept intrusion age of 78.7
+ 1.8 Ma, using all data points (Fig. 12; the
corresponding point of zircon 1 is not shown
on the graphic). Some of the zircons have
negligible lead inheritance (points 1 and 4 of
Table 9) or lead loss (zircon 5), which leads to
the bigger 2-0 error of the age determination.
The mean “Pb/*U age of the two most
concordant points is calculated as 78.54 + 0.13
Ma and interpreted therefore as the time of the
crystallization of the Q-monzodiorites.

The e-Hf values - corrected for the time
of formation (T 79 Ma) of all measured zircons
change in a narrow range from +8.10 to +9.20
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33 Capitan Dimitrievo pluton

E AvQ-015
00125 + &
00123 | |Mean 206pp/2ey age‘|_> /
78.54£0.13 Ma
/ ¢ Hf +8.49
0,0121 +
Upper intercept age
78.7 1.8 Ma

0,0119 ¢ MSWD = 0.42

7 207Pb/235U
0,0117 +—0~ + . . : ; '
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Fig. 11. U-Pb concordia diagram of zircons from monzogabbro sample AvQ-0015. The mean age is
calculated from the weighted average of the 2%°Pb/*®U ratio

@ur. 11. U-Pb guarpama koHKOpAMa Ha WHPKOHH OT MoHLorabposa npo6a AvQ-0015. Cpennarta Bb3pacT €
H3YHCJIEHA OT PETETJIEHOTO CPEIHO Ha OTHOWEHHeTo 22°Pb/2 U ratio

(Table 10) indicating an island arc basalt
mantle dominated magma source (Nowell et
al.,, 1998), contaminated negligible with conti-
nental crust material. This conclusion is in
accordance with the major chemistry of sample
BK/32, determined as one of the basic
members of Capitan-Dimitrievo pluton. The
zircon population of the rock consists of
similar beige short prismatic zircons without
older cores or lead inheritance and they are
typical for gabbro magma without crustal
contamination.

Sr and Nd isotope characteristics give
evidence for both processes: fractionation of
normal MORB or enriched mantle magma and
mixing with at least one type (but probably two
types) of crustal dominated member. Two
distinctive trends are shown in Figs. 12a-c, 13
and 14. Fig. 12a, using ®7S1/*8r); versus Sio,
content: in the first group (samples 69a, 71a,
311, 118 and 128) the initial strontium ratio
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remains constant with the increase of SiO;. A
simple fractionation of enriched mantle
derivative magma for this group with the
deepest initial Sr could be supposed. An
alternative explanation could be the mixing
between the already evolved by fractionation
quartz-monzonite member and more primitive
basic magma influx, derived from the same
enriched mantle source. For the second group
of samples (70a, 29, 121, 122 and 70b) the
increase of the (¥Sr/*Sr); of rock varieties is in
line with this of SiO,. The same relations are
observed on the 1/Sr*100 vs. (¢'St/*Sr)
diagram (Fig. 12b), where the increasing of the
87S1/*Sr ratios is correlated with a decreasing
of the Sr content. We consider this group
therefore as a result of mixing with radiogenic
crustal material. The observed correlations are
in accordance with the availability of the
second geochemical trend between grano-
diorites and the gabbro.
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Fig. 12a. Si0; vs. 'Sr/*%Sr), b. 1/S1)*1000 vs. (’St/*Sr); and c. $i0; vs. (“*Nd/'*Nd); diagrams for
samples of the Capitan-Dimitrievo pluton demonstrating the influence of the assimilation and mixing on the

characteristics of the intermediate and acid rock varieties
@ur. 12a. Si0, vs. (¢"St/*°Sr);, b. 1/Sr)*1000 vs. ¢'St/*°Sr); u c. Si0, vs. (**Nd/*“Nd), JMarpaM 3a npo6u

oT Kanmaﬂ-l[nMn’rpuescxm IUTYyTOH, NOKa3Ballld BJIMAHHUETO HA acUMMIALMAT2 H CMECBAHCTO BBPXY
XapaKTEPUCTUKHTE HA NPOMEXIYTHYHHUTE H KHCEIIH CKAJIHH Pa3SHOBHAHOCTH
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Fig. 13. Rb-Sr isotope diagram for rock samples of the Capitan-Dimitrievo pluton. The two reference lines
correspond to ages of 80 £10 Ma (MSWD=11) and 170 + 32 Ma (MSWD=88). Comments — in the text

@ur. 13. MzotomHa amarpamMa Rb-Sr 3a npobu or Kanuran-JlumuTpueBckus IUTyTOH. JIBeTe JMHHM
CHOTBETCTBAT Ha Bb3pacTy oT 80 +10 Ma (MSWD=11) u 170 + 32 Ma (MSWD=_88). KomenTapuu — B TekcTa

Speculatively we tried to calculate the age
of the two groups of samples, as they are
present also on the Rb-Sr isotope diagram (Fig.
13). The slope of the reference line corresponds
to an age of T 80 + 10 Ma for this group. The
obtained age is in good agreement with the real
age of the magmatic activity, as it is
determined using the U-Pb zircon method (Fig.
11). The second group plots on a reference line,
corresponding to an age of T 170 + 32 Ma,
which has no geological meaning. This line is a
result of mixing of the mantle dominated
Cretaceous magma with older crustal (radio-
genic isotopes rich) materials.

On the Si0, vs.(**Nd/“Nd); diagram
(Fig. 12c) the two trends are observed again:
first, with simultaneous increase of SiO, and
decrease of the neodimium ratio, and the one of
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quite constant (**Nd/"Nd);. Some of the rock
samples deviate from the usual inverse
negative correlation of (87Sr/868r)i and
(**Nd/"**Nd), (Tabl. 11, Fig. 14). One possible
expla-nation is the more mobile behaviour of
Sr compared to Nd and hence the increase of
the initial Sr ratio, when the Nd ratio changes
just negligible (the horizontal trend on Fig. 14).
In this case the vertical trend on Fig. 14 (rock
varieties, which we interpreted as a result of
fraction crystallization - of initial mantle
magma) is due on an initial Nd-inhomogeneity
of the mantle source. Such trend could be only
explained with mantle enrichment, despite the
points are lying to the left of the out pointed
enriched mantle (EM1 field of Zindler and Hart
(1986). The decreasing Nd ratios of sample 70b
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Fig. 14. (¥7St/*Sp); vs. (***Nd/**Nd); diagram for rock samples of the Capitan-Dimitrievo pluton. Fields of
the DMM (depleted MORB mantle), HIMU (magma source having a high p — *U/%*Pb ratio), EM1 and
EM2 (enriched mantle 1 and 2) and BSE (bulk silicate earth) are given (corrected for 80 Ma) according to
Zindler and Hart (1986). Dashed lines correspond to the Sr and Nd isotope values of the undifferentiated
reservoir — identical to CHUR (DePaolo, 1988; Faure, 2001), corrected for 80 Ma

Our. 14. Tuarpama (“Sr/“Sr)l vs. ('43Nd/mNd), 3a ckajuHu npobu or Kanuran-J{MMHTpHEBCKHA TUTYTOH.
MNonerara 3a DMM (o6eauena MORB wmaurns), HIMU (MarMeH M3TOYHHK C BHCOKO OTHOIUEHME W —
13%/2%Pb), EM1 and EM2 (o6oraresa mants 1 and 2) and BSE (06061meHo 3a CHIIKAaTHHS 3eMeH Ci10i) ca
Janenu (kopurupanu 3a 80 Ma) no Zindler u Hart (1986)

and 122 show the participation of a second
source material during the fractionation pro-
cess, probably a type of EM1 source (Fig. 14).

Discussion of the results

The Capitan-Dimitrievo pluton marks the
youngest magmatic activity in the Central
Srednogorie (von Quadt et al., 2003) and
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shows similar isotope-geochemical charac-
teristics with the composite plutons in the
southern parts of this zone (Kamenov et al.,
2003). The magmatic system has been an open
system with a periodic influx of primitive
magma. We found support for this in the field
observations, mineral chemistry fluctuations
and in the revealed two geochemical trends.
The isotope data also reveal pseudo-isochrones



and two mixing lines. We may figure interplay
of three end-components responsible for the
rock variety within the pluton. The passage of
large masses of subduction-related magma
through the crust may transfer heat and perhaps
volatiles to the crust to cause melting if
sufficient basalt volume traverses the crust
(Marsh, 1984). It is quite possible that mafic
melts and their dissolved volatiles may interact
more directly with granitic melts once silicic
magmas begin to accumulate within the crust.
Because the mafic magma has a higher
crystallization temperature, it will also tend to
partially quench against the cooler acid mush
and would underplate the less dense silicic
magma. The last one will act as a density and
thermal barrier for upwelling mafic magma.
The original mantle source undoubtedly
was metasomatized to some extent (horn-
blende- and biotite-bearing), based on the
enriched trace-element patterns, found in most
mafic samples of the pluton. The Sr and Nd
isotope data provide support for such an
enriched mantle source typical for an island arc
environment — in contrast to the Hf data
showing the domination of the mantle matter.
Probably, the Hf data detect the characteristics
of the more primitive basic input of magma,
which have come from deeper MORB-like
source, while the Sr-Nd data were typical for
the magma evolution in the lower chamber of
differentiation, located somehow in the more
moderate level (let us say around 15 km,
according to our geobarometric estimations).
The last chamber was the place where an
essential part of the bulk magma evolution
occurred, probably. At this level, the
subduction-related magma through different-
tiation evolved from gabbro to rich in K quartz-
monzonite. The melted lower crust source
either was built up by amphibolites or
metadiorites to produce granodiorite melt. The
crust-derived granodioritic system crystallized
at level of about 10 km underplated by the
crystallizing gabbro. The level of 4-8 km
appears to be the last stop of the magma
interactions. At this level the two lines of
mixing were realized. The first one was
between the rich in potassium quartz-
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monzonitic  fractionation-produced  partial
magma from one side (the first mixing compo-
nent) with the influx of parental more primitive
magma (the second mixing component) raised
some later on from the same 15 km chamber
level. The second line was between
granodioritic' crust-derived magma (the third
mixing component) with basic influxes of
mantle-derived mafic and more primitive
magma (the second mixing component).
Convection and mixing in the granitic magma
transported thermal energy throughout the
body, aiding an additional assimilation, and at
times disrupting the mixed, semi-solid bound-
ary layer, strewing fragments of the mixed
zone throughout the magma chamber.
Granitoid plutons formed by such a mixing
process can be quite variable in composition
because their characteristics depend on the
nature of granitic melts formed in the crust, the
composition of more mafic magmas, which
interact with them, the relative quantity of such
mafic magmas, and the degree of interaction
(Whitney, 1988). This was just the case in
Capitan-Dimitrievo pluton, where not only the
rock variety is great, but the mixing portions of
the mafic component were higher than the acid
ones.

No economic ores are known to exist
related to the pluton, in spite of its resemblance
to the other ore-productive plutons in the zone.
Poor iron-copper vein-type and disseminated
type mineralizations occur within the plutonic
rocks, some of them prospected by trenches
and even drilling, but they turned out to be only
of academic significance. The rapid uplift and
the deeper erosion than in the other ore-
magmatic centers in the zone are probably one
of the reasons for its barren character at the
today’s surface. The lack of intensive
alterations of the rocks confirms such a
speculation. We did not find even a sub-solidus
fluid reworking of the rock-forming amphi-
boles, which usually are very sensitive to low-
temperature equilibration. The interacting
magmas carried enough water and fluids to
produce hydrothermal economical concen-
trations of sulphide ores and it is most likely
that such ores existed outside of the now a



day’s surface of the pluton. Neither tempe-
rature, nor the pressure estimates of the magma
crystallization are too much different from the
crystallization conditions deduced out of the
other plutons in the Srednogorie zone. The
oxidizing conditions were also similar. The
more primitive character of the mantle-derived
component of magma mixing and the lower
degree of melting of its metasomatized mantle
source (Kamenov et al, 2003) is a subtle
difference with the other magmatic centres in
the zone. The involvement of crust-derived
melts from the Rhodopian metamorphic units,
combined with interrelations with. island-arc
differentiated ones and with more primitive
magmas explains the observed geochemical
and isotope peculiarities of the rocks, but
hardly has direct influence on its barren nature.
It is possible the input of anatectic melt from
the Rhodopian tectonic units, instead of the
Srednogorie unit, to have some effect on the
case, but with the available geochemical and
isotope data, the comparison between the both
crustal materials is not possible.

Conclusions

1. The petrographic diversity in the Capitan-
Dimitrievo pluton is a result of magma-mixing
process, combined with fractional crystal-
lization. The complex interplay between three
components (gabbro, granodiorite and quartz-
monzonzonite magmas) is responsible for the
petrological features of the rocks.

2. The chemical range within the rocks of the
pluton confirms the presence of two serial
trends — a high-K calcalkaline and a shosho-
nitic, the last one prevailing.

3. Tectonic discriminations support the
subduction-related arc-like affinity of the
plutonic rocks. An enriched and metasomatised
homblende- and biotite-bearing mantle source
was involved in the derivation of the parental
melt basic component of mixing.

4, Compositional variations in the rock-
forming minerals found arguments for the
physical and chemical conditions of crystal-
lization and the levels of mixing and
fractionation. The prevailing temperatures of
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crystallization were moderately high and the
last level of crystallization and mixing with the
granodiorite crust-derived magma was 4-8 km.
5. The Capitan-Dimitrievo pluton should be
affiliated to the same metallogenic province of
the Srednogorie zone. The petrological
correlation of the pluton with the other ore-
productive centers in the zone is an argument
for its ore-productive potential, in spite of the
fact that at today’s erosion level the prospects
for finding economic ores are not promising.
The rich mineralized part of the island-arc
system probably was destroyed within several
million years after the uplift of the arc area.

6. The new isotope data reported here provide
the first persuasive evidence for its Late
Cretaceous age — 78.5 Ma. Isotope ratios and
trace-element data confirm that the pluton had
crystallized out of the most uncontaminated
magma, compared with the other magmatites
of the zone.
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