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Composite dykes consisting of leucominette and dacite as well as
discrete dykes and flows of minette and lamproite composition, occur
in the Veliki Majdan area, western Serbia. This area is part of the
Serbian Tertiary magmatic province, which consists of numerous
small occurrences of ullrapotassic igneous rocks. The composite dykes
have leucominette margins (up to 150 cm thick) enclosing a central
part of dacite up to 100 m in width. Between these two lithologies, a
decimetre-sized transition zone may occur. Petrography, mineral
chemustry and bulk-rock geochemustry, including Sr, Nd and Pb
isotopes, provide evidence that the minettes and leucominettes formed
by hybridization between a_felsic magma similar in composition to
dacite and a mantle-derived lamproitic magma. The leucominettes
and munetles contain all phenocryst types (bwtite, plagioclase,
quartz) present in the dacites, but in partly resorbed and reacted
Jorm. The mica displays a great diversity of resorption lextures as a
result of partial dissolution, incipient melting and phlogopitization,
suggesting superheating of the felsic melt during hybrnidization; the
mineral modes and mineral compositions of the leucominettes and
munetles resemble those in the lamproites. A model for the modifica-
tion of lamprotte melt towards minette is presented in which minette
is_formed by mixing of lamproite and <350% felsic magma. The
lack of any significant correlation between Pb isotopic ratios and
some of the ‘mixing-indices’ (SiOq, Zr, Zr/Nb, "8 Nd/"* Nd;)
recognized in the hybridization model for the Veliki Maydan dykes
may be a result of sumilarity of the Pb-isotopic signature in the two
end-members. Highly phlogopitized biotite xenocrysts in the minettes
are ascribed to the retention of volatile components afler magma
muxing and crystallization of a new generation of phlogopute from the
hybridized magma. The magma-mixing model explains the reverse
zoning and resorption features of phlogopite macrocrysts commonly
recognized in calcalkaline lamprophyres elsewhere. Therefore, this
mixing mechanism may be globally applicable for the orgin of
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INTRODUCTION

The idea that calcalkaline lamprophyres might originate
by mixing of lamproites and crustally derived silicic melts
was first proposed by Rock (1983, 1991), based on geo-
chemical relationships. He suggested that within orogens,
especially in areas of active granitoid plutonism, mantle-
derived lamproite melts find passage through the contin-
ental crust very difficult and are usually thoroughly
modified by the uptake of crustal components, resulting
in the formation of minette melts. Although Rock sug-
gested that this may be a common process, no compre-
hensive model of the modification process has been put
forward, and very few natural examples in which this
process can be observed are known.

Lamproites are rare, potassium-rich igneous rocks,
strongly enriched in incompatible trace elements, but with
high Mg number [100 x Mg/(Mg + Fe)] and high com-
patible trace element contents characteristic of mantle-
derived melts (Jaques et al., 1984, 1986; Foley et al.,
1987; Mitchell & Bergman, 1991). They are generally
associated with intra-continental tectonic settings or post-
orogenic collapse, post-dating convergent tectonics and
active margin processes (Mitchell & Bergman, 1991).
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In the latter setting, lamproites may be associated with
calcalkaline lamprophyres and calcalkaline silicic mag-
matism, so that the mixing of melts with contrasting
composition might be expected in this environment.

Deciphering crustal assimilation and melt interaction
involving lamproitic magmas is complicated by their high
incompatible trace element concentrations relative to
‘normal’ basaltic melts. Furthermore, lamproites charac-
teristically have Nd—Sr—Pb isotopes that may be further
removed from those of the depleted upper mantle than
are most continental crustal rocks (Vollmer et al., 1984;
Fraser et al., 1985; Nelson et al., 1986; Murphy et al.,
2002). The major effects of contamination of lamproitic
magma by crustal components should be merely dilution
of both compatible and incompatible elements with
increasing degree of assimilation (Conticelli, 1998),
because the concentrations of these elements are lower
in the crustal rocks. In cases where no textural evidence
for incomplete blending, resorption or the presence of
xenolithic material is preserved, these chemical effects
will, therefore, be difficult to recognize.

In this paper, we present the results of detailed geo-
chemical, mineralogical and petrographic studies of four
composite dykes comprising hybrid mafic and dacitic
rocks from the Veliki Majdan area, western Serbia
(Yugoslavia), as well as for nearby lamproites and a dis-
crete minette dyke. These localities are part of a mag-
matic province of Tertiary age consisting of numerous
small occurrences of ultrapotassic volcanic rocks, many of
them lamprophyres and lamproites, as well as a whole
spectrum of ultrapotassic rocks ranging from potassic
trachybasalt to latite in composition (leucominettes)
occurring in composite intrusions and as xenoliths in
rhyodacite and quartz latite lavas (Prelevic et al., 2001a).

This study focuses on the genetic relationships between
minette and lamproitic melts. We emphasize the signific-
ance of the high reactivity and potential for magma
mixing of lamproitic melts. The hybrid rocks of Veliki
Majdan show many types of reaction textures indicating
incomplete equilibration, and provide evidence for an
important role for magma mixing in the origin of calc-
alkaline lamprophyres. Finally, we present a compre-
hensive model by which lamproitic melts are involved
in the origin of calcalkaline lamprophyres in general.

CALCALKALINE LAMPROPHYRES

Our understanding of the petrogenesis of lamprophyres is
perhaps the poorest of any igneous rock group. The main
reason for this is the confusion that reigns concerning
their relationships with other rock and magma types.
Systematic studies and groupings of lamprophyres were
pioneered mostly by Rock (1977, 1983, 1986, 1991), who
produced a series of publications aimed mostly at classify-
ing the rocks and understanding their interrelationships.
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These works rationalized the previously existing confus-
ing morass of local rock names, but have still left con-
siderable ambiguities regarding their origins.

According to generally accepted earlier definitions
(Wimmenauer, 1973; Rock, 1977, 1991; Streckeisen,
1978) lamprophyres are melanocratic hypabyssal igneous
rocks with microporphyritic textures carrying hydrous
mafic phenocrysts. Feldspars and other felsic minerals
are restricted to the groundmass. The calcalkaline or
shoshonitic lamprophyres received their group name
from the common association with calcalkaline granitic
rocks (Rock, 1977), and consist entirely of feldspar-
bearing lamprophyres, excluding glassy, carbonate- and
feldspathoid-dominated lamprophyres. Many are min-
ettes, for which Mitchell (1994) proposed a redefinition
to restrict its use to rocks associated with calcalkaline vol-
canism and plutonism. The term ‘minette’ thus survives
the general terminological elimination of the lampro-
phyres by the IUGS subcommission on nomenclature
(Woolley et al., 1996; Le Maitre, 2002). The high modal
phenocryst content, reverse zonation and resorption of
macrocrysts in the most calcalkaline lamprophyres indi-
cate a complex origin including crystal fractionation,
hybridization and possibly accumulation of phenocrysts.

The lamproite connection

Although more than 160 examples of intimate associa-
tions between calcalkaline lamprophyres and granitoid
rocks were reported by Rock (1991), only two have
been thoroughly investigated: Caledonian appinites
(Fowler & Henney, 1996) and Hercynian vaugnerites
(Sabatier, 1991; Gerdes et al, 2000; Ferré & Leake,
2001). The appinites are considered to represent plutonic
spessartites and vogesites, whereas vaugnerites corres-
pond to kersantites and minettes (Rock, 1991). Although
the occurrence of lamproites in these associations has
never been reported, the lamproitic affinity of these
rocks is emphasized (Sabatier, 1991; Ferré & Leake,
2001), and 1s indicated by good correlations between
MgO and K,O, high K;,O/NayO ratio and low Al,O4
of the most primitive rocks. Nevertheless, even the most
primitive representatives of the appinites and vaugnerites
display many mineralogical, textural and geochemical
features typical of hybridized rocks.

Rock’s (1991) arguments for the modification of lam-
proite melts to minette in orogenic regions were based on
geochemical similarities between crustally derived melts
and the parental lamproitic melts, which he named M5.
Contamination of Al-rich lamproite by peraluminous
granite has been claimed for an unusual orthopyroxene-
bearing minette suite from the eastern Andean Cordillera
in Peru (Carlier et al., 1997).

Mitchell & Bergman’s (1991) attempts to define essen-
tial differences between lamproites and calcalkaline
lamprophyres, especially minettes, are not entirely
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convincing. Although they agreed that many minettes
reported in the literature resemble high-silica lamproites
in some aspects, they concluded that minettes and
lamproites may be discriminated by the higher alumina
contents in minettes, which lead to the diverging evolu-
tionary trends of phlogopite compositions in minettes and
lamproites. Also, lamproites are generally more enriched
in incompatible trace elements. However, in our opinion,
these differences are not substantial enough to claim that
‘phlogopite phenocrysts are the only feature that these
disparate rock types (lamproites and lamprophyres) have
in common’ (Mitchell & Bergman, 1991).

GEOLOGICAL SETTING OF THE
VELIKI MAJDAN INTRUSIONS

Several composite dykes of Oligocene to early Miocene
age (Delaloye et al., 1989) occur in the Veliki Majdan area
of western Serbia, and contain a large spectrum of ultra-
potassic hybrid rock types. The Veliki Majdan locality is
part of a Tertiary magmatic province comprising many
small outcrops of ultrapotassic volcanic rocks related to
the intracontinental post-collisional collapse and litho-
sphere delamination of the Dinaride orogen that followed
the closure of Vardar Tethys at the end of the Mesozoic
(Karamata & Krstic, 1996; Karamata et al., 1997,
Cvetkovi¢ et al., 2000q). The positions of the rocks of
this magmatic province are shown superimposed on a
map of the tectonic units of the Serbian part of the Balkan
Peninsula in Fig. 1 together with the distribution of
Tertiary plutonic and volcanic formations in Serbia,
mostly of high-K—calcalkaline character.

Many of these ultrapotassic rocks are varieties of
calcalkaline-lamprophyres and lamproites (Prelevic &
Milovanovi¢, 1998; Cvetkovic et al., 20005; Prelevic et al.,
2001a, 20014, 2002), occurring as dykes, veins, small
plugs, scarce lava flows, small volcanic cones and rarely
as composite intrusions and xenoliths in acid volcanic
rocks. Several lines of evidence demonstrate an essential
role for magma mixing or mingling processes in the
origin of the compositional variation in many of these
ultrapotassic rocks: specifically composite intrusions in
which gradations between mafic and felsic rock types
are seen, lamprophyric xenoliths in dacites and rhyoda-
cites, and reaction textures.

The samples considered here are parts of composite
dykes and a discrete minette dyke from Veliki Majdan, as
well as nearby silica-rich lamproite intrusions. The ratio-
nale for invoking a role for lamproitic melt in the origin of
the Veliki Majdan composite intrusions and the minette
dyke is that lamproites occur in close proximity to the
composite intrusions and they are the most primitive
ultrapotassic rocks of similar age. Also, the mineralogical
and geochemical resemblance to minettes and leuco-
minettes is exceptional.

ORIGIN OF MINETTE

The Veliki Majdan area is situated on the southeastern
margin of the Oligocene granodiorite pluton of Boranja
(Delaloye et al., 1989), which belongs to the Dinaridic
granitoid suite of Late Paleogene—Early Neogene age
(Cvetkovic et al., 2000a), and 1s situated on the border of
three terranes—the Jadar block terrane, the Vardar
zone composite terrane and the Drina—Ivanjica terrane
(Karamata & Kursti¢, 1996; Karamata et al, 1997).
A swarm of dykes in the Veliki Majdan area penetrates
basement mostly composed of Triassic limestones.
Hydrothermal activity, which produced vein-type
Pb—Zn deposits, is related to the Tertiary magmatism:
all samples are taken from underground exposures in the
Veliki Majdan Pb—Zn mine. No surface exposures of the
composite dykes are known.

Composite dykes of dacite and leucominette composi-
tion range in width from a few metres up to 100m.
However, discrete dacite dykes of similar thickness are
more common. We have identified more than 10 com-
posite dykes and have investigated four in detail. They
have marginal zones up to 1-5m wide composed of
leucominette, with dacitic rocks forming the much
thicker central parts. A discrete subvertical minette dyke
occurs in the Veliki Majdan area and cuts the same
lithological units as the composite dykes and has a similar
east—west orientation.

Lamproites form a distinct group amongst the ultra-
potassic rocks of Serbia with petrological and geochem-
ical features clearly resembling other Mediterranean-type
lamproites (Prelevi¢ et al., 2001a, 2002). Some lamproites
occur in close proximity to composite bodies and minette
dykes as very rare metre-sized dykes and remnants of lava
flows. The nearest lamproite occurrence to Veliki Majdan
is a relict of a small, silica-rich, lamproite lava flow
situated about 50km east at Zabrdica (Fig. 1). Another
nearby occurrence with a lamproite dyke is at Rudnik.
Dykes and lava flow relicts of similar composition are
scattered in many small occurrences in central Serbia.

ANALYTICAL METHODS

Whole-rock major and trace (Cr, Ni, Co, V, Cu, Zn, Ba,
Ga, Rb, Sr, Y, Zr and Nb) elements were determined by
X-ray fluorescence (XRF) spectrometry on fused discs at
the University of Greifswald. The sequential wavelength-
dispersive Philips PW2404 X-ray spectrometer was
equipped with a single goniometer-based measuring
channel, covering the complete measuring range. Details
of the accuracy and analyses of international standards
using this method are given in the Appendix.
Whole-rock rare earth elements (REE), Li, Sc, Cs, Hf,
Th and U were measured by inductively coupled plasma
mass spectrometry (ICP-MS) at the University of Bristol
under standard conditions using a VG PlasmaQuad PQ2
Turbo-plus ICP-MS system with a Meinhard Nebulizer.
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Fig. 1. Location of the study area together with occurrences of Serbian Tertiary lamproitic rocks. The locations of Tertiary plutonic and volcanic
formations in Serbia (mostly of intermediate and acid calcalkaline composition) are also indicated. The terranes of the central part of the Balkan
Peninsula are according to Karamata et al. (1999): ESCT, East Serbian composite terrane; SMCT, Serbo-Macedonian composite terrane; VZCT,
Vardar zone composite terrane; JBT, Jadar Block terrane; DIT, Drina—Ivanjica terrane; DOBT, Dinaridic ophiolite belt terrane. F.Y.R.O.M.,

Former Yugoslav Republic of Macedonia.

Minerals were analysed using a JEOL 8900 RL
wavelength-dispersive electron microprobe at the Geo-
chemical Institute of the University of Gottingen and by a
CAMECA SX 100 microprobe at the GeoForschungs-
Zentrum Potsdam using PAP correction procedures.
Counting times for all elements were 20 s for the peak
position and 10 s for the background on each side of the

peak. Operating conditions were 15kV and 20 nA, and
well-defined natural minerals were used as standards.
Whole-rock Sr and Nd isotopes were determined at the
GeoForschungsZentrum Potsdam laboratories using pro-
cedures described by Romer et al. (2001). Samples were
dissolved with 52% HF for 4 days at 160°C on a hotplate,
and digested samples were dried and taken up in 6N HCl
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overnight. Sr and Nd were separated and purified
using cation-exchange chromatography. 87Sr/%Sr and
"SNd/"*Nd were analysed on a VG 54-30 Sector and
a Finnigan MAT262 multi-collector mass spectrometer,
respectively, operated in dynamic mode. Ratios were
normalized to ®Sr/#Sr = 0-1194 and **Nd/"Nd =
0-7219, respectively. Multiple measurements of NBS 987
Sr reference material and La Jolla Nd reference material
gave 0-710277 £ 0-000009 (n = 4) and 0-511860 =+
0-000007 (n = 4), respectively. Static **Nd/**Nd values
were adjusted to the value obtained for dynamic mea-
surements (0-511850 £ 0-000004, n = 14). Analytical
uncertainties are reported as 26 of the mean. 8 Sr/®Sr;
and "SNd/!"Nd; were calculated using known K—Ar
ages, using ’Rb = 1-42E — 11 years™! and '¥Sm =
6-54F — 12 years ™.

Pb from whole-rock samples was separated using anion
exchange resin Bio Rad AG1-X8 (100—200 mesh) in
0-5ml Teflon columns by HCI-HBr ion exchange chem-
istry using procedures described by Romer ¢t al. (2001)
and references therein. Pb was purified by a second pass
over the column. Pb was loaded together with H3PO,
and silica gel, on single Re filaments. The isotopic com-
position of Pb was determined at 1200—1250°C on a
Finnigan MAT262 multicollector mass spectrometer
using static multicollection. Instrumental fractionation
was corrected with 0-1% per a.m.u. as determined from
repeated measurement of lead reference material NBS
981. Accuracy and precision of reported Pb ratios is
better than 0-1% at the 2o level.

PETROLOGY AND MINERAL

CHEMISTRY
Composite dykes

The composite dykes are up to 10m in width and com-
prise dacitic central parts with marginal parts of leuco-
minette up to 1-5>m wide (see Fig. 7, below). There may
be a decimetre-sized transitional zone between the felsic
and mafic parts, indicating that they coexisted in partially
molten form.

The leucominettes are dark grey microporphyritic
rocks. They are composed of rare olivine phenocrysts
(Fig. 2d), idiomorphic microphenocrysts and xeno-
morphic phlogopite, as well as variable amounts of biotite
(Fig. 2a), quartz (Fig. 2c) and scarce plagioclase xeno-
crysts and resorbed amphibole. These are immersed
in a microcrystalline phlogopite—quartz—alkali-feldspar
groundmass. Numerous rounded vesicles containing epi-
dote, phlogopite and chlorite also occur (Fig. 2b). We use
the term leucominette (Wimmenauer, 1973) because of
the clear compositional and modal resemblance of the
samples to nearby minettes: these correspond to shoshon-
ites and latites in terms of the total alkali—silica (TAS)

ORIGIN OF MINETTE

diagram (Fig. 3; Le Maitre, 2002). Esperanca & Holloway
(1987) used the term felsic minette for similar rocks.

In the leucominettes two generations of phlogopite can
be distinguished: Type 1 are idiomorphic micropheno-
crysts of golden-yellow phlogopite (Fig. 2a), whereas
Type 2 are pale yellow tabular to xenomorphic grains
(Fig. 2a). The abundance of Type 1 phlogopite flakes
correlates negatively with the modal abundance of biotite,
quartz and plagioclase xenocrysts, and is least common in
the most intensely hybridized rocks, where Type 2 clearly
dominates. Type 2 phlogopite occurs as xenomorphic
grains and sometimes as kinked microphenocrysts and
groundmass plates but also as pseudomorphs after large
biotite grains. They often exhibit dark skeletal outgrowths
developing at the corners and rims (Fig. 2a and f).

Dacites have phenocryst contents of up to 60 vol. %
quartz, biotite and plagioclase in an alkali feldspar and
quartz matrix. The original igheous mineralogy is inten-
sely altered and all samples contain calcite, sericite,
chlorite and feldspar neoblasts. Tabular plagioclase
phenocrysts are extensively pseudomorphed by alkali
feldspar and sericite. The alteration is always polyphase:
homogeneous pseudomorphs of alkali feldspar are super-
imposed by tiny flakes of sericite, calcite and rare quartz.
Biotite comprises less than 10% of the original igneous
mineralogy of the dacites, and is extensively pseudo-
morphed by chlorite, muscovite, calcite and leucoxene.
This corresponds to the classical type of propylitic altera-
tion (Jacobs & Parry, 1979). The alteration of the dacites
in composite intrusions (but also in discrete dacitic dykes)
is homogeneous in intensity and mineralogy.

In the leucominette, all phenocryst phases of the dacitic
parts of the composite intrusions also occur. Here, they
are fresh without signs of propylitic alteration and display
reaction textures suggesting a xenocrystic origin (Fig. 2a
and c). They exhibit a wide range of resorption textures:
quartz has embayed rims and/or mantles of clino-
pyroxene sometimes with an intermediate zone of silica
dendrites (Fig. 2c); feldspars are resorbed, and biotites
show reverse zoning, incipient melting or other composi-
tional heterogeneities (Fig. 2a) (see below). Leucominettes
from different composite dykes have the same types of
phenocrysts, but vary in modal xenocryst content and in
the intensity of resorption textures, suggesting a similar
origin but different extents of hybridization.

The decimetre-sized transitional zone that occurs at
the contact between the felsic and mafic components in
some intrusions is characterized by chemical gradations
between the two lithologies. In other cases where the
transition zone is absent, the composite intrusion has
the appearance of a simple multiple intrusion. In both
cases, mafic and felsic magmas coexisted, whereas com-
mingling is apparent in the transition zones.

Representative microprobe analyses of minerals that
occur in the leucominettes and the dacites from the
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Fig. 2. Photomicrographs (plane-polarized light) of Veliki Majdan leucominettes (a—d) and minettes (e, f). (a) Typical appearance of leucominette
with biotite plates (Bi), resorbed biotite (exBi) and Type 1 (Phl-1) and Type 2 (Phl-2) phlogopites; (b) vesicle filled with phlogopite + chlorite 4 Ti-
magnetite; (c) quartz xenocryst mantled with clinopyroxene with an intermediate zone of dendritic silica crystals; (d) olivine phenocrysts in
leucominette, completely pseudomorphed by iddingsite + chlorite + phlogopite + Ti-magnetite; (e, ) cumulophyric texture in minette. The
Type 1 (Phl-1) and Type 2 (Phl-2) phlogopite and resorbed biotite xenocryst (exBi) should be noted.
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Fig. 3. Total alkali—silica classification diagram for investigated rocks (Le Bas et al., 1986). Analyses are recalculated on a volatile-free basis.

composite intrusions are presented in Tables 1 and 2. We
place emphasis on the micas because they are the key to
understanding mixing relationships within the composite
intrusions.

The composition of micas from the leucominettes var-
ies widely, which is a characteristic for micas from calc-
alkaline lamprophyres in general (Rock, 1991). The two
phlogopite types recognized in the leucominettes display
considerable compositional variations. Cores of pheno-
crysts (Type 1) have almost identical composition and
compositional variation to Type 1 phlogopites from the
minettes (see below), especially in terms of high Mg
number, low Al and high Cr (Table 1). Type 2 phlogo-
pites show a wide range of composition (Mg number
61-91), low CryOs3 (<0-5%) and higher AlyOs (up to
13-5%). Leucominette biotites have high Al,O5 contents
(up to 15 wt %) and slightly lower Mg number (46) in
comparison with biotite in minettes.

Rather small relicts of amphibole crystals occur rarely
in the leucominettes; these are pargasitic amphibole with
Mg number of 73 and relatively high K,O/NayO ratios
(Table 2).

Because of the intense propylitic alteration of the
dacites, we have not been able to measure the unaltered
composition of phenocrysts of plagioclase and biotite.
Plagioclase is completely pseudomorphed by alkali feld-
spar and calcite, and biotite is chloritized. The secondary
chlorite (Table 2) is devoid of systematic changes in
tetrahedral Al occupancy within dacitic dykes, which is
sensitive to temperature (Braxton & Petersen, 1999). This
is in accordance with the homogeneity of the hydrother-
mal alteration of dacites.

Minettes

Minette is more melanocratic than leucominette (Fig. 2e),
but has almost identical phenocryst and macrocryst
types. Minette is composed of >40 vol. % phlogopite,
biotite and olivine (which is replaced by iddingsite +
chlorite + phlogopite + Ti-magnetite), and rare rounded
and embayed quartz xenocrysts set in a groundmass of
quartz and alkali feldspar. As in leucominettes, two mor-
phological types of phlogopites are recognized (Fig. 2e).
The xenomorphic Type 2 phlogopite clearly crystallized
at a later stage and tends to form tabular crystals (Fig. 2f).
Minette differs from leucominette in its higher abun-
dance of Type | phlogopite phenocrysts. Hydrothermal
alteration of primary minerals to chlorite, magnetite and
alkali feldspar occurs irregularly. It is most probably
related to the hydrothermal front from which a decimetre-
sized vein of Pb—Zn ore at the contact of the minette dyke
and Triassic limestone has been deposited.

The more melanocratic character of the minette gives
the impression that it is more primitive than leucomin-
ette. However, the minette shows signs of evolved char-
acter and hybridization through the presence of rare
resorbed quartz xenocrysts and biotite, revealing reaction
textures similar to those in leucominette parts of the
composite intrusions (Fig. 2e and f).

Representative analyses of minerals from the discrete
minette dyke are presented in Tables 1 and 2. Here, cores
of Type 1 phlogopite microphenocrysts and phenocrysts
rimmed by magnetite aggregates have high Mg number
(up to 92), high CryOj3 contents (up to 2:0%) and low
Al O3 contents (around 12-0%). They display moderate
zoning from core to rim, becoming richer in Al, Fe and
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Fig. 4. (a) TiOy vs AlyO3 (wt %) diagram for phlogopites from leucominettes, minettes and lamproites. Data fields from Mitchell & Bergman (1991);
wide grey arrow denotes typical evolutionary trend for phlogopites from calcalkaline lamprophyres and ultrapotassic rocks from the Roman
Province (b). The inset shows that phlogopites from Veliki Majdan leucominettes and minettes exhibit a trend of increasing Al,O3 with increasing
TiO, that is typical for calcalkaline lamprophyres and ultrapotassic rocks from the Roman Province. Phlogopites from Serbian lamproites evolve
towards compositions with lower AlyOs5 and higher TiO,, following a typical lamproite trend as seen at Smoky Butte.

Ti, and poorer in Mg and Cr. The quench outgrowths at
the corners and edges of the phlogopites have similar
compositions to the Type 2 groundmass grains except
for slightly higher Al,O3 (up to 13-6%) and lower Mg
number (down to 79) and CryOj contents. Coexisting
biotite 1s mostly completely phlogopitized; rare excep-
tions have Mg number 57—78, no measurable CryOsg
and high Al,O3 content (up to 15-0%). In leucominettes,
biotite shows similar types of resorption to those in min-
ette, but mostly with less intensity and with more abun-
dant reverse zoning.

A summary of evolutionary trends and
reaction textures in micas from
leucominettes and minette

Phlogopites from Veliki Majdan leucominettes and min-
ettes exhibit a core—rim trend of increasing Al,O5 content
with increasing FeOr and TiO4 contents (Fig. 4). Similar
trends are typical of calcalkaline lamprophyres and
have been used to discriminate minette micas from
those from lamproites and other ultrapotassic rocks
(Mitchell & Bergman, 1991).

The reaction textures demonstrated by the investigated
biotites from leucominettes and minette can be summar-
ized as being of two types.

The first resulted from incipient melting of biotite and
1s characterized by a spongy texture, accompanied by
varying degrees of pervasive replacement of biotite
by phlogopite (Fig. 5e—g). This grades from grains
with spongy cellular portions filled by glass similar to
alkali-feldspar in composition and exsolution of tiny
Ti-magnetites (Fig. 5e), through grains in which small
1slands of biotitic composition are preserved (Fig. 5f), to

completely phlogopitized grains of high-alumina phlogo-
pite composition (Fig. 5g). Similar features are seen in
biotite xenocrysts from lamproites from southern Peru
(Carlier et al., 1994) and Spain (Toscani et al., 1993). A
similar example in pelitic gneiss enclaves entrained by
doleritic magma was interpreted by Brearley (1987a,
19875) to be caused by thermal breakdown and resorp-
tion of biotite. However, in this case, the magma was
neither enriched in volatiles nor depleted in alumina, and
therefore the decomposition products of biotite were
magnetite, Al-spinel and melt. The chemical effects of
this reaction are further illustrated by element-mapping
of a sieve-textured biotite from a leucominette (Fig. 6).
Element maps of Fe, Al, Ti, Cr and Si distribution show
that the glassy patches and Ti-magnetite (red points on
the Ti map) are distributed evenly throughout the grain.
The area enclosing the melt pockets in the grain interior
1s now of phlogopitic composition (see Fe map),
approaching the composition of high-Al Type 2 phlogo-
pite. This phlogopitization process appears to be driven
by the compositional contrast between biotite and the
hybrid melt in which it is now enclosed.

The second type is indicated by strong and sudden
reverse zonation of mica crystals from biotite cores to
high-Al phlogopitic rims (Fig. 5e, ¢ and a).

In Fig. 5, we arranged the back-scattered electron
(BSE) images of resorbed biotites from leucominettes
and minette according to the progression of intensity
of reaction textures and degrees of hybridization indic-
ated by their bulk whole-rock chemistry. The horizontal
arrow denotes the degree of phlogopitization, which
increases from left to right (the first type of the reac-
tion textures). The phlogopitization is most intense
in minette samples where already incipiently molten
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Fig. 5. BSE images of resorbed biotite xenocrysts from leucominettes and minette arranged according to the changing intensity of reaction textures.
(a, b) Reverse zoning; (c, d) reverse zoning of biotite plates with different intensity of incipient melting; (e, f) more intense incipient melting
superimposed on different levels of phlogopitization; (g) replacement of originally partially melted biotite by homogeneous high-Al phlogopite. The
vertical arrow shows that the intensity of hybridization increases from the bottom towards the top. In the same direction, the intensity of incipient
melting of biotite decreases. The horizontal arrow indicates the degree of phlogopitization, which increases from left to right. The phlogopitization is
most intense in minette samples, with complete replacement of partially melted biotite by homogeneous high-Al phlogopite (f, g).

biotites are transformed to homogeneous high-Al
phlogopites (Fig. 5f and g). The vertical arrow indicates
increase of the intensity of hybridization from the bottom
towards the top. In the same direction, the intensity of
incipient melting of biotite decreases. In less mafic
leucominettes, biotite xenocrysts exhibit sudden and
reverse zonation resulting in rims of high-Al phlogopite
(Fig. 5a). Phlogopitization and incipient melting of the
biotite cores does not occur in these cases. The reverse
zonation may mantle biotites that had already experi-
enced various degrees of incipient melting and pervasive
phlogopitization (Fig. 5f, d and b).

Lamproites

The lamproites studied here from Zabrdica and Rudnik
are olivine—leucite and phlogopite—sanidine lamproites.
They have phenocrysts of olivine and phlogopite set in a

groundmass of sanidine, leucite, apatite, ilmenite, Cr-
spinel, Ti-magnetite and rare rutile. They are devoid of
felsic xenocrysts.

Idiomorphic, tabular olivine phenocrysts are strongly
altered to iddingsite. When fresh, olivine displays very
primitive composition (Mg number up to 93; Table 3).
Phlogopite phenocrysts are characterized by core
compositions with Mg number up to 92, Al,O5 11-7—
14-0 wt %, and CryO5 up to 2-0 wt %, very similar to the
phlogopites in the minette (Table 4). However, their
core—rim compositional trend is opposite to the trend
observed in the micas from the leucominettes and min-
ettes (Fig. 4). The lamproite phlogopites evolve towards
lower Al, higher Fe and higher Ti contents, following a
typical lamproite trend (Mitchell & Bergman, 1991).

Cr-spinels often occur as inclusions in olivine pheno-
crysts, typically comprising idiomorphic crystals up to
Spum in size that mostly resisted the alteration that
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Fig. 6. Element-distribution maps (a, c, d, e and f) of a resorbed biotite xenocryst from leucominette sample VMVI/2. The same grain is enlarged
in BSE image (b). Glassy patches (melt inclusions similar to alkali feldspar in composition) and Ti-magnetite grains (red points on the T1 distribution
map) are distributed evenly throughout the grain and enclosed by high-Al phlogopite.
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affected most of their host olivines. They are dominated
by magnesiochromites (Table 3) with Cr number [Cr/
(Cr + Al)] ranging up to 0-92 and Fe** /ZFe 0-10-0-30,
compositions that approach those of diamond inclusions,
chromites associated with diamondiferous kimberlites
and lamproites (Barnes & Roeder, 2001). Based on the
equilibrium composition of coexisting Ti—Fe oxides using
QUILF software (Andersen et al., 1993), log fo, is estim-
ated to be around FMQ — 2-1 (where FMQ) is the fayalite—
magnetite—quartz buffer).

Feldspar in the groundmass is mostly sanidine with up
to 3% FeO, (Table 3), a common feature of lamproites
(Mitchell & Bergman, 1991). Leucite microphenocrysts
are universally transformed to analcime, as is typical also
for other Serbian ultrapotassic rocks (Prelevi¢ et al.,
20016). Rutile, ilmenite and Ti-magnetite form tabular
accessory grains not larger than 10 pm (Table 3). Further
details about the mineralogy and geochemistry of lam-
proites from other Serbian localities have been given
elsewhere (Prelevic et al., in preparation).

GEOCHEMISTRY

Analyses of whole-rock major (%) and trace elements
(ppm) as well as Sr, Nd and Pb isotope compositions
of samples from the Veliki Majdan composite dykes,
minette dyke and nearby lamproites are presented in
Tables 5 and 6. Lithological and chemical cross-sections
through two composite dykes are presented in Iig. 7.

Major and trace elements

Leucominettes, minettes and lamproites are ultrapotas-
sic rocks with KoO >3%, MgO >3% and K,O/Na,O
>2 (Foley et al., 1987), whereas the dacites are high-K
calcalkaline peraluminous silica-rich rocks. Major ele-
ment oxide and trace element contents range widely
from minettes and leucominettes to dacites: 50—65%
S10,, 11-16% AlyOg, 8—2% MgO, 18—2% total Fe as
Fe,04, 8—3% K50, 1:2—0-5% TiOy, 550—20 ppm Cir,
300—10 ppm Ni, 600-160 ppm Zr and 2200—800 ppm
Ba. Leucominettes from different composite intrusions
display a wide range of variation: almost every mafic
member of composite dykes has a distinct composition.

The minette dyke possesses most of the characteristics
ascribed to near-primitive mantle melts, with Mg number
up to 69, and high Cr and Ni (up to 450 and 200 ppm,
respectively). Normalized incompatible trace element
patterns (Fig. 8) display generally similar patterns for
leucominettes and minettes, with enrichment in Ba, Rb
and Cs more than 1000 X primitive mantle, and high
values of large ion lithophile element to high field
strength element ratios (LILE/HFSE). Troughs are

ORIGIN OF MINETTE

evident at Nb, Ti, Sr, Ba and P, whereas peaks of variable
size are present at Pb. Leucominettes and minettes have
very similar REE patterns with slight negative Eu anoma-
lies. The level of enrichment of REE and the size of the
Eu anomaly decrease from minette through leucomin-
ettes to dacites. Some of the dacite samples exhibit heavy
REE (HREE) lower than 10 x chondrite.

Selected whole-rock analyses of lamproites are pre-
sented in Table 5. They have primitive characteristics
with high Mg number (73—80) and high Cr and Ni, up to
850 and 530 ppm, respectively. They are mostly silica
saturated without normative feldspathoids, but with a
very small amount of normative quartz (<1%). Low
Al,O3 content (mostly around 10 wt %) is a common
feature of lamproites (Mitchell & Bergman, 1991). LILE/
HFSE ratios are extremely high, with Ba, Rb and Cs
more than 1000 X primitive mantle; other troughs and
peaks are similar to those for minettes and leucominettes
(Fig. 8a). The trace element patterns shown by lam-
proites, minettes and leucominettes resemble those of
silica-rich lamproites of the Mediterranean region
(Spain and Italy, Fig. 8a) (Venturelli et al, 1984b;
Conticelli & Peccerillo, 1992).

Sr, Nd and Pb isotopic composition

Minettes, leucominettes and dacites from Veliki Majdan
vary significantly with respect to #Sr/®Sr; vs *3Nd/
MINd; values (Table 6), covering the full range between
Serbian granites and central Serbian silica-rich lam-
proites (Fig. 9).

The dacites fall within the range of Serbian granites.
The minette and leucominettes display —similar
"SNd/"Nd; values falling in a narrow range of
0-512223—-0-512162, but show significant differences in
87Sr/8%Sr; values: leucominettes are typically around
0-710, whereas the minette lies at 0-713, and is more
radiogenic than the Serbian lamproites. As a Pb—Zn ore
vein occurs at the contact of the minette dyke with Triassic
limestone, the most reasonable explanation for the more
radiogenic Sr isotope composition could be the alteration
of the minette triggered by the fluids from the hydrother-
mal front. To test whether the alteration of minette is
responsible for increasing its %7 Sr/# Sr;, we leached sam-
ple VMO1/3 with acetic acid and measured the Sr isotope
composition of the leachate. This gave 0-717445 £+ 16,
which clearly confirms the interpretation that alteration
has raised its Sr isotopic ratio. This alteration affected only
Sr isotopes noticeably, because of the greater mobility of
Sr relative to Nd in hydrothermal fluids.

Serbian lamproites display a marked consistency and
homogeneity in their Sr and Nd isotope composition and
are restricted in the plot of 7Sr/®8r; vs 3Nd/"*Nd, to
the area around 0-71155 and 0-512190, respectively
(Fig. 9, Table 6).
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Fig. 7. Characteristic lithological and geochemical cross-sections through composite dykes 2 and 4 from Veliki Majdan. LM, leucominette. Data

from Table 5.
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Fig. 8. (a) Primitive mantle-normalized trace element variation diagrams and (b) chondrite-normalized REE patterns for the studied rocks.
Coeflicients for normalization after Sun & McDonough (1989). Fields for Italian and Spanish lamproites from Conticelli et al. (2002) and Turner et al.

(1999), respectively.

The Pbisotope systematics (T'able 6) do not show the signi-
ficant heterogeneity seen for the Sr—Nd isotopes. Also, no
considerable differences and clear isotopic correlation are
observed between lamproites, minette, leucominette and
dacite samples (Fig. 10c and d). All lithologies are
enriched in radiogenic components, with **°Ph/2%*Ph
ranging from 18-698 to 18:906, 2’Ph/?**Pb between
15:660 and 15-700 and 2%Pb/***Pb between 38-843
and 39-070. All analysed samples overlap the pelagic
sediments array (Ben Othman et al., 1989), and overlap

the Pb isotopic composition of Spanish and Italian
lamproites (Turner et al., 1999; Conticelli et al., 2002).

DISCUSSION

Hybridization processes in Veliki Majdan
rocks
Petrographic and mineral chemical evidence for hybridization

The mutual coexistence of two magmas is the first pre-
condition for any hybridization processes. On the level of
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Fig. 9. Sr—Nd isotope diagram for the studied rocks. Also shown for comparison are fields for: Central Serbian Si-rich lamproites (Prelevi¢ et al.,
in preparation); Eastern Serbian alkali basalts (Cvetkovi¢ et al., in preparation); Taiwan ultrapotassic rocks (Chung et al., 2001); Serbian high-K
calcalkaline to shoshonitic (HKCA-SHO) basalts (Cvetkovi¢ et al., in preparation); Serbian granites (Karamata ez al., 1990); Utah lamproites (Tingey
et al., 1991; Wannamaker et al., 2000); Schirmacher Oasis, East Antarctica, minette (Hoch et al., 2001); Gaussberg lamproite (Murphy et al., 2002);
Leucite Hills lamproites (Nelson et al., 1986); Italian lamproites (Conticelli ef al., 2002); Tibet ultrapotassic rocks (Turner et al., 1996; Miller et al.,
1999); Spanish lamproites (Benito ez al., 1999; Turner et al. 1999); mid-ocean ridge basalt (MORB; Zindler & Hart, 1986); European asthenospheric

reservoir (EAR; Cebria & Wilson, 1995).

the whole Serbian ultrapotassic province, this is indicated
by the presence of composite dykes and lamprophyric
xenoliths in dacites and rhyodacites, which show charac-
teristically finely contorted contacts with the host, imply-
ing the role of magma mingling. At Veliki Majdan, on a
smaller scale, the textures and compositions of minerals,
presented above, provide evidence for mixing of magmas
rather than mingling. In particular, the micas in the
Veliki Majdan rocks indicate hybridization, whereas
similar processes have previously been described mostly
on the basis of plagioclase or clinopyroxene compositions
(e.g. MacDonald et al., 1992; Stimac & Pearce, 1992).

Evidence supporting the mixing history of the
Veliki Majdan rocks includes diverging core—rim and
phenocrysts—groundmass evolutionary trends recorded
by the phlogopite composition from leucominettes, min-
ettes and lamproites. We interpret the similarity of phlo-
gopite phenocryst core compositions in leucominettes,
minettes and lamproites (Fig. 4) as a result of their deriva-
tion from similar lamproitic parental magma, whereas
their diverging trends reflect their differing low-pressure
crystallization histories; namely, the morphology and
composition of Type 2 phlogopites from minettes and
leucominettes may reflect their crystallization from a
hybrid magma [‘*hybrogenic’, according to Hibbard
(1995)]. This behaviour reflects the whole-rock enrich-
ment of AlbO3 as a consequence of contamination of
lamproite melt.

The diversity of resorption textures identified in biotite
xenocrysts in minettes and the most mafic leucominettes
indicates a role for two major processes, incipient melting

and phlogopitization, which have in most cases occurred
together. The incipient melting of biotite is recognized by
resorption and corrosion, by sieve textures and spongy
inner portions filled by glass similar to alkali feldspar in
composition, and by the exsolution of tiny Ti-magnetite
grains (Fig. 5e and f). These textural characteristics
record an abrupt and dramatic rise in temperature as a
result of incorporation of the biotite in the lamproitic
melt, which itiated the incipient melting and triggered
its phlogopitization. In some cases phlogopitization pro-
ceeded beyond the stage depicted in Figs 5e and 6, result-
ing in homogeneous high-Al grains (Fig. 5g). Spongy
areas In homogeneous high-Al phlogopites (Fig. 5g)
occur in minettes, whereas phlogopitization is less intense
at a similar degree of incipient melting in more mafic
leucominettes (Fig. Se).

The partial dissolution and incipient melting features
indicate that biotite crystals from a dacitic crystal mush
were entrained in a higher-temperature mafic melt that
invaded the magma chamber. Taking into account the
estimated temperatures of these biotites based on the
thermometer of Wones & Eugster (1965), the tempera-
ture of the hybrid magma during the hybridization pro-
cess must have been considerably above 950°C (Prelevi¢
& Milovanovi¢, 1998). Mineral dissolution rates
(T'suchiyama & Takahashi, 1983; Donaldson, 1985;
Tsuchiyama, 1985; Hammouda & Pichavant, 1999) indi-
cate a large impact of this interaction on minerals (other
than biotite) originating from the dacitic magma and
immersed in the new hybrid. During the hybridization
process, all minerals whose liquidus temperatures were
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Fig. 9. (c, d) Data from this study enlarged.

below that of the hybrid melt would be out of equilibrium
and would tend to melt (e.g. quartz, Fig. 2c). This indi-
cates that during the mixing of magmas, the portion of
felsic magma entrained in the lamproitic one has been
superheated. Moreover, a high volatile content is indi-
cated by the presence of phlogopite throughout the crys-
tallization sequence; this tends to reduce the stability field
of feldspars (Yoder & Tilley, 1962), promoting the com-
plete elimination of feldspar phenocrysts in the hybrid
magma. The rapid rates of melting of plagioclase relative
to quartz in such an environment (Donaldson, 1985;
Hammouda & Pichavant, 1999) may explain the very
low abundance of plagioclase xenocrysts relative to
quartz in the hybrid magma.

The mineralogical, mineral chemical and textural evi-
dence presented above documents an intimate genetic
relationship between leucominettes, dacites and minettes
by magma mixing and mingling. Furthermore, the textural
relationships in Fig. 5f and g suggest that minette is also an
integral part of the hybridization sequence and thus is also
derived by modification of lamproitic parental melts.

Chemical and isotopic evidence for mixing processes

The choice of the dacite members of the composite
intrusions as the silicic end-member for modelling the

mixing and hybridization processes is much clearer than
the choice of mafic end-member. The origin of the
dacites from Veliki Majdan area is related closely to
the SiOg-rich magmatism that gave rise to the nearby
Boranja pluton, an I-type granite that forms part of the
widespread granitic magmatism of western and central
Serbia (Fig. 1) (Cvetkovi¢ et al., 2000q). The depletion of
HREE in some dacite samples may be explained by the
presence of residual garnet in the source. Melting of
metabasites situated in the lower crust would be com-
patible with this kind of REE pattern.

In Fig. 11, plots of major element oxides and trace
elements against SiO or *3Nd/!*'Nd; indicate that the
lamproite samples are located on the apparent continua-
tion of trends defined by the composite intrusions and
minettes towards more primitive compositions. Geo-
chemically, therefore, they are the best candidates for
the mafic end-member in a magma-mixing model. Con-
versely, the positive SiO0y vs Al,O3 and negative SiOy vs
K5O, and SiOy vs Zr/Nb correlations (not shown) are
not compatible with the origin of these trends by fractio-
nation of any of the observed mineral phases.

The most convincing evidence for the origin of Veliki
Majdan rocks by mixing of dacitic and lamproitic end-
members comes from their Sr—INd isotopic composition,
which indicates that melts derived from distinct sources
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Nd/""Nd, for the investigated rocks.

were involved in their genesis (Fig. 9). The Sr and Nd
1sotopic composition of the dacites resembles that of con-
temporaneous Serbian granites (Karamata et al., 1990;
Cvetkovic et al., 2000a), whereas the lamproite samples
analysed here are typical for Serbian silica-rich lam-
proites (Prelevi¢ e al., in preparation). Leucominettes
clearly occupy the area between the dacitic and lamproi-
tic end-members, lending support to their hybrid origin.
The minette sample deviates from the linear trend
demonstrated by the other rocks in terms of its higher
Sr-isotope ratio, but has a Nd-isotopic ratio consistent

with the mixing hypothesis. The deviation to higher 87Sr/
88y for the minette sample can be attributed to alteration
of the minette dyke by later deposition of a Pb—Zn ore
vein at the contact with Triassic limestone, which is
confirmed by the highly radiogenic Sr-isotopic composi-
tion of the leachate obtained from the minette sample.
The unchanged nature of "> Nd/!**Nd; is emphasized by
the strong linearity between **Nd/!'**Nd; and most ele-
ments and element ratios (eg. Zr/Nb) plotted in Fig. 11.

The most reasonable explanation for the lack of any
clear correlation between Pb isotopic ratios and some of

782

220z 1snbny /| uo Jasn aonsnp jo Juswyedaq ‘SN Aq 269625 1/6G2/v/Sy/o101e/Abojosad/woo dno-ojwapeoe//:sdny woly papeojumoq



PRELEVIC ¢ al. ORIGIN OF MINETTE
0.09- @ Minette # Leucominette
i L ¥¢ Dacite <&» Lamproite
- S 0.07- E
N S .
S 1<
= < 0.05- —
b 0.03- -
OO L L Il | Il Il 001 L L L | Il Il 0
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Zr (ppm) Zr (ppm)
0.14 . . T | T 7 T T T T T
0.12 e i S )
5 i SE Yo L .
N 0.10 — e
2 s | o |
* kL
0.08 | & . % e
- * * p b |
7 k.
0.06 § i o0 o |
- ° & - 0T
0.04 1 1 1 | 1 1 <C> 1 1 1 1 | '2'0' ?@ {}
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Zr (ppm) Zr (ppm)
0.13 T T T T 7 T 17 T T T T T T
I . 1 o sk -
0.11+ e R
. o i 7
— I /D\ ] S 13- B
0.0} O 1 g L% ]
Bl = onf ]
i ST S B _
L. 20
r s T - ~ 20 .

100 200 300 400 500 600 700 800
Zr (ppm)

Fig. 12. Selected trace clement and major element oxide ratios vs Zr as
most mafic leucominette field, and the grey arrow shows remobilization
minette magma.

the ‘mixing-indices’ (SiOy, Zr, Zr/Nb, "3 Nd/**Nd;; not
shown) recognized in the hybridization model of the
Veliki Majdan dykes may be a similarity of the isotopic
signature between end-members. Both acid and mafic
end-members overlap with respect to their Pb isotope
ratios, having a strong crustal signature. Such a signature
is to be expected for the acid magmas of clear crustal
provenance. On the other hand, Serbian lamproites with
the same Pb isotope signature overlap lamproites from
Italy and Spain whose geochemical variations and pecu-
liar isotope characteristics have been attributed to crustal
contamination of their mantle source (Vollmer, 1976;

’7 1 1 1
100 200 300 400 500 600 700
Zr (ppm)

800

an index of magma mixing. The dotted area depicts the minette and the
and enrichment of some elements as a result of volatile retention in the

Rogers et al., 1985; Ellam et al,, 1989; Conticelli &
Peccerillo, 1992; Peccerillo, 1992).

Modelling of the magma-mixing process shows that
selected major and trace element ratios plotted versus
Zr plot very close to simple binary mixing hyperbolae
(Fig. 12). This confirms that different proportions of the
mixing end-members were involved in the formation of
the minettes and more mafic leucominettes (20:80 felsic/
mafic end-members) to leucominettes (up to 80:20;
Fig. 12). The wide range of mixing proportions
(20—80%) indicates that magma mixing, and not crustal
contamination, must be the process operating, as
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assimilation of solid silicic rocks would result in thermal
death and solidification of the whole system before such
high proportions of crust could be mixed in (Conticelli &
Peccerillo, 1992; Peccerillo, 1995; Conticelli, 1998).
However, deviations from the mixing trends are shown
by minette samples in the case of the Zr vs Ba/Zr, Zr vs
P,O5/Zr and Zr vs Th/Zr diagrams (Fig. 12), indicative
of enrichment in elements with a tendency for volatile-
induced redistribution (see below).

Conditions of crystallization and
hybridization
Pressure

Rare pargasitic amphibole relicts in leucominette allow
calculation of its pressure of crystallization (Table 2).
The hornblende barometer based on Al content
(Hammarstrom & Zen, 1986) gives the pressure of amphi-
bole crystallization as 6-7—7-Okbar for the mafic parts
of the composite dykes, corresponding to a depth of
around 20 km. This pargasitic amphibole is part of the
original xenocryst assemblage incorporated into the
mafic magma, and is not the product of equilibrium
crystallization in lamproite or minette magmas. The
stable amphibole in lamproitic melts is K-richterite, and
not pargasite, because of low AlyOj5 contents of the lam-
proites (Mitchell & Bergman, 1991). Pargasitic amphi-
boles are also not found in minettes. We infer that these
rare relicts of amphiboles originated from the same felsic
source as the other xenocrysts in the leucominette host. It
follows that the depth indicated by the amphiboles is the
maximum depth for the hybridization process.

The role of volatile components

Calcalkaline lamprophyres are rocks with high modal
proportions of hydrous mafic minerals, mostly micas
and/or amphiboles, indicating an important role for
volatiles (Mitchell & Bergman, 1991; Rock, 1991;
Mitchell, 1994). The Veliki Majdan minette has a
cumulophyric texture and xenomorphic phlogopite
grains (Fig. 2e and f); however, there are also quench
outgrowths at the corners and edges of some of the large
phlogopite plates (Fig. 2f). Rapid crystal growth, forming
large crystals, may have been facilitated by high volatile
contents, in keeping with the view that some phlogopite
macrocrysts in lamprophyres originate by rapid growth
in a volatile-rich hybrid melt (Rock, 1991).

The mixing of lamproitic melt with felsic melt did not
result in immediate vesiculation, meaning that the hybrid
magma was initially water undersaturated. This 1s indi-
cated by the crystallization of Type 2 Al-rich phlogopite
in the leucominette before the formation of the vesicles,
which probably occurred during later decompression.
This retention of volatiles during and after the mixing

VOLUME 45 NUMBER 4 APRIL 2004

process 1s important in keeping the resultant magmas
within the lamprophyre spectrum. The major difference
between minette and some of the more mafic leucomin-
ettes (leucominette samples that overlap minettes, situ-
ated in the stippled area in Fig. 12) is the intensity of
phlogopitization of former biotite crystals, which is com-
monly complete in minette. This may have been facili-
tated by retained hydrous components, indicating
prolonged differentiation of minette in a volatile-rich
state, implying growth in an essentially closed system.
Furthermore, the retention of water may explain the
enrichment of LILE in minettes, whereas increased Th,
U, P and light REE (LREE) concentrations may be due
to complexing with halogens (Fig. 12).

The compositional resemblance between minettes and
more mafic leucominettes (Figs 11 and 12) suggests that
they have crystallized from the same hybrid magma type.
Leucominettes probably failed to transform into minette
because of the ensuing volatile loss during rapid upwel-
ling, which caused degassing of the leucominette mush
during withdrawal from the magma chamber.

Theoretical and experimental constraints

There are many theoretical constraints on the processes
of magma mixing, especially in the case of interaction
between magmas with large compositional contrasts (e.g.
Blake & Campbell, 1986; Campbell & Turner, 1986;
Wiebe, 1991; Poli et al., 1996). Fluid dynamic experi-
ments have documented two major situations in which
mixing may occur (Campbell & Turner, 1986): (1) injec-
tion of a pulse of hot dense magma into a less dense,
colder, and more viscous magma; (2) establishment of a
double diffusive column in a compositionally zoned
magma reservoir.

In the first case, the most important factor is the
momentum with which a new batch of magma enters
the magma chamber; mixing is facilitated by the produc-
tion of a turbulent fountain, the possibility of which is
expressed by a Reynolds number above 400 (Campbell &
Turner, 1986). This is potentially the most efficient
method of mixing. Detrimental to mixing are a high
viscosity contrast, low velocity of the mafic magma invad-
ing the magma chamber and high viscosity of the SiO»-
rich magma already residing in the magma chamber,
which all serve to considerably depress the Reynolds
number. When silicic magma chambers are invaded by
‘normal’ water-undersaturated basalts, the Reynolds
number is too low to induce turbulent mixing (e.g.
Campbell & Turner, 1986; Snyder & Tait, 1995).

In the second case, many processes could lead to min-
gling and mixing of magmas during the approach
towards thermal equilibrium (Huppert et al, 1982;
Huppert & Sparks, 1988, and references therein). The
formation of a compositionally zoned magma chamber is
commonly related to the intrusion of a large volume of
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basic magma at the base (e.g. Poli ef al., 1996), and may
result in the formation of hybrid magmas.

The evidence at Veliki Majdan, such as the remarkably
variable composition of the mafic parts of the composite
dykes, the correlation of reaction textures with the extent
of hybridization and the generally small volume of the
lamproitic magmatism, favours the first case for mixing
involving lamproitic and dacitic magmas.

The high hybridization potential of lamproitic magmas
Lamproite melts may be especially reactive with quartz-
and feldspar-bearing rocks or with magmas with high
normative quartz contents owing to their high alkali
contents and considerable undersaturation in AlyOs.
Lamproites also have high contents of volatiles that
reduce the viscosity and density of the melt. This is
indicated by the abundance of phlogopite phenocrysts
and suppression of feldspar crystallization in rocks with
less than about 55 wt % SiO0y (Yoder & Tilley, 1962;
Burnham, 1979) as well as by analyses of H,O and F in
whole rocks and minerals (Foley et al., 19864, 19866;
Edgar et al., 1996). Furthermore, many lamproitic phlo-
gopites have high-pressure characteristics, indicating that
high volatile contents are characteristic of lamproite
melts near their sources or at lower-crustal levels ( Jaques
et al., 1986; Foley, 1989; Righter & Carmichael, 1996).
Phase equilibrium experiments on minettes and lam-
proites show that about 3—5% HyO stabilizes phlogopite,
and that even higher contents are required to stabilize
it as the sole liquidus phase (Foley, 1990; Righter &
Carmichael, 1996).

According to experimental results, alkali-enriched pho-
nolite and trachyte melts with up to 4% HyO could have
viscosities of about 100Pa s at temperatures of about
1000°C (Whittington et al., 2001). Lamproitic melts
should have even lower values, as a result of their high
alkali and low AlyOg5 contents (Bottinga & Weill, 1972;
Whittington et al., 2001). Fluorine and water both con-
siderably reduce the effective melt viscosity (Dingwell &
Mysen, 1985; Dingwell, 1988), and this may be reduced
even further where HyO 1is in excess, as is the case for
lamproites, so that HF is the dominant fluorine species
(Foley et al., 198654). The influence of volatiles on magma
density should be even more marked. Because of its high
partial molar volume, as well as high coefhicients of com-
pressibility and thermal expansion (Lange, 1994; Ochs &
Lange, 1997), water may considerably affect magma
density, and therefore buoyancy.

A MODEL FOR THE ORIGIN OF THE
VELIKI MAJDAN DYKES

The existence of composite intrusions comprising mafic
and acid magmas is commonly reported from bimodal

ORIGIN OF MINETTE

magmatic provinces, demonstrating the frequent con-
temporaneous appearance of melts of contrasting com-
position (Nemec, 1973; Wiebe, 1984, 1991; Reid &
Hamilton, 1987; Perring & Rock, 1991; Fowler &
Henney, 1996; Snyder e al., 1997; Wiebe & Ulrich,
1997; Preston, 2001). Two main models have been used
to explain the origin of composite intrusions on the basis
of geological observations (Wiebe, 1984, 1991; Snyder &
Tait, 1995; Snyder et al., 1997; Wiebe & Ulrich, 1997)
and from experimental and numerical studies (Carrigan
et al., 1992; Carrigan, 1994; Koyaguchi & Takada, 1994).
According to the first model, composite dykes are formed
when a mafic dyke ruptures a magma chamber filled with
silicic magma (Snyder & Tait, 1995; Snyder et al., 1997;
Preston, 2001). The second model proposes that compo-
site intrusions are formed by tapping of a compositionally
stratified magma chamber (Blake & Campbell, 1986). In
both models, the major hybridization episode takes place
in a feeder dyke or pipe where the two magmas flow
together.

In the case of the Veliki Majdan composite intrusions,
several lines of evidence do not favour a single mixing
episode, as follows.

(1) Only the dacitic parts of the Veliki Majdan compo-
site dykes (but also discrete dacite dykes) are affected by
intense and homogeneous propylitic alteration; the leu-
cominettes and the xenocrysts in them derived from the
dacitic magmas are not affected by the alteration. The
lack of lateral zonation in hydrothermal mineral para-
genesis and in the composition of secondary chlorite
shows that there was no thermal gradient, indicating
that propylitization was not directly related to the intru-
sion of the leucominette magma into the composite dyke.

(2) The decimetre-sized transitional zones indicate
highly restricted commingling of partly solidified dacite
and leucominette magma.

(3) Leucominette itself is a hybrid rock type. The inten-
sity of resorption textures suggesting superheating of
silicic magma components incorporated within the lam-
proitic melt contradicts the one-episode mixing model.

Therefore, we favour a model involving two stages of
hybridization for the origin of Veliki Majdan composite
intrusions and minette dyke. First, leucominette magma
was formed by mixing of lamproitic melt with a silicic
magma similar in composition to nearby dacites; subse-
quently, the intermingling of leucominette and dacite
resulted in the chemical gradations in a transition zone
between them in the composite intrusions.

Both leucominette and minette are hybrid magmas
generated by mixing of lamproitic magma and felsic
magma compositionally similar to dacite. The amphibole
xenocrysts formed at around 20 km depth indicate that
this happened in the lower crust. Our geochemical results
imply that virtually every mafic part of the composite
dykes resulted from the hybridization of lamproitic and
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Table 7: Calculation of parameters influencing the physical conditions of mixing between lamproite melts
and the felsic end-member in the Veliki Majdan area

Lamproitic melt

Felsic end-member

7(°C) 1200 1200 1200
P (kbar) 30 20 10
wt % H,0 4 4 4
p (g/cmd) 2.91 2-66 2-45
0 (%) 0 10 20
logson (Pa s) 1-07 1-27 1-51
Q (m/s) 886 632
d (cm) 100 100
Re 1268 480

1200 7(°C) 940 1100
3 P (kbar) 10 10
4 wt % H,0 4 5
2:32 p (g/cm?®) 2:41 2:4
30 0 (%) 0 0
1-82 logion (Pa s) 465 3.9
1428 d (cm) 1000 1000
150
502 wd/v 9 70

p, density [using model of Lange (1994) and Ochs & Lange (1997)]; @, percentage of crystals; 1, viscosity (Pa s) [using model
of Shaw (1972)]; Q, velocity of the melt (m/s); d, width of feeder dyke (cm); v, dynamic viscosity (v = n/p); wd/v = Q/v,
criterion for mixing in the case of high viscosity of silicic melts: when wd/v = 70, mixing is complete; for values from 70 to 7,
mixing is gradually reduced; for values <7, mixing is completely inhibited (Campbell & Turner, 1986). The effects of crystals
on the viscosity of melts are calculated using the Einstein—Roscoe relation (Roscoe, 1953). Re, Reynolds number.

dacitic melts in different proportions. Such a situation
mvokes the presence of many small pulses of silicic
magma of different volumes, which migrate from their
source either through the dykes (Petford et al., 1993) or by
pervasive migration (Weinberg, 1999), rather than the
existence of one magma chamber filled with felsic
magma. In this scenario, during the invasion of the lam-
proitic melt, turbulent fountains were able to produce
rather homogeneous leucominette hybrids (Eichelberger,
1980; Huppert et al., 1982; Campbell & Turner, 1986;
Clynne, 1999). In response to mixing, the hybrid melt
reacted with all the phenocrysts originating in the silicic
magma, resulting in the reaction textures of the xeno-
crysts. The most extreme situation is superheating of acid
magma batches that are incorporated in the mafic melt,
resulting in almost complete elimination of quartz and
plagioclase, and causing incipient melting and phlogopi-
tization of biotite xenocrysts.

The hybrid mush cooled and crystallized, resulting in a
microporphyritic texture with a low phenocryst/ground-
mass ratio. Vapour saturation of the resultant lencomin-
ette magma caused vesiculation and resulted in extensive,
homogeneous propylitization of dacites already residing
in the plumbing system. Later batches of hybrid magma
also vesiculated producing a mafic foam, considerably
lowering its effective density, and inducing buoyancy
(Eichelberger, 1980; Huppert ¢t al., 1982). This promoted
the rise of leucominette melt into the fractures already
occupied by the dacite magma. Vesiculation of the leu-
cominette magma during its ascent is significant in lubri-
cating the viscous silicic magma and producing a pressure
gradient that facilitates its upward transport, which

would otherwise be strongly inhibited (Carrigan et al.,
1992). The minette dyke originated by a similar mixing
process, but with volatile retention and phlogopitization
of biotite in closed-system late-stage evolution.

Testing the physical conditions of the
mixing model

To test the feasibility of the mixing model for the origin of
Veliki Majdan intrusions, we estimated key parameters
that may control the process of hybridization. The esti-
mated initial conditions are given in Table 7.

The density and viscosity of lamproitic melts with vary-
ing crystal contents were estimated assuming 4% of initial
H,O (Righter & Carmichael, 1996) in lamproite sample
Zb01/2 from Zabrdica. The initial temperature of the
melt 1s taken to be around 1200°C, based on liquidus
experiments on the Gaussberg lamproite, which has simi-
lar liquidus olivine and Mg-chromite compositions
(Foley, 1985). Estimated densities for the lamproite melt
are around 3-0g/cm® and 2:32g/cm® at 30kbar and
3kbar, respectively, giving it a strong buoyancy with
respect to the upper mantle and the average continental
crust (3-30 and 275 g/cm?; Philpotts, 1990). At the point
of vesiculation, the effective density of a crystal-bearing
foam can drop considerably below 1g/cm® (Huppert
et al., 1982).

The viscosity of the lamproite melt was estimated to be
as low as 10 Pas based on Shaw’s (1972) model with 4%
water and taking most of the Fe to be Fe?", correspond-
ing to low log fo, conditions (FMQ — 2-1) estimated
from the compositions of coexisting microphenocrysts
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of ilmenite and Ti-magnetite from lamproites. Increas-
ing the crystal content from 0 to 30% increases the
viscosity to not more than 10'*Pas at 20kbar (not
shown in Table 7). The velocity of the lamproite melt
is estimated to be 223m/s using the model of
Campbell & Turner (1986) for a feeder dyke around
50 cm wide, leading to a Reynolds number of 548 and
consequently to turbulent movement within the
magmatic feeder.

The high viscosity of the silicic melts may completely
inhibit mixing with mafic magma of any type. Phase
relationships of melts of dacitic composition suggest a
minimum of 4% HyO for the crystallization of
hornblende (Rutherford & Devine, 1988) and tempera-
tures would be not lower than 940°C (Nekvasil, 1991).
This allows estimation of viscosity at around 10*° Pas for
the Veliki Majdan dacites (even without phenocrysts)
based on Shaw’s (1972) model. Using the equation of
Campbell & Turner (1986), our estimations show that
for such conditions, turbulent mixing with lamproite melt
1s allowed only if the dacite is devoid of phenocrysts and
the temperature of dacite magma rises above 1000°C for
a minimum width of the feeder dyke of around 10m
(Table 7), when its viscosity drops below 10*Y Pas. Such
a situation is possible if the batches of dacitic magma
enclosed by the lamproite melt were superheated by the
first batches of lamproitic magma (as suggested on the
basis of the biotite reaction textures), facilitating turbulent
mixing. Although these values are highly conservative,
they confirm that the mixing scenario for the origin of the
Veliki Majdan composite intrusions indicated by the
mineral chemistry and textures is possible.

Low-viscosity lamproitic melts are able to travel rapidly
to shallow depths without losing much heat, and could
intrude a silicic magma chamber very rapidly, maintain-
mng its Reynolds number beyond 400, especially in
the case of superheating of the silicic melt. Hydrous
melts such as lamproites must be potentially the most
capable of all mafic melts for creating high Reynolds
numbers during intrusion into silicic magma chambers,
initiating highly turbulent fountains and causing magma
mixing.

APPLICABILITY TO THE ORIGIN
OF MINETTES IN GENERAL

Our results demonstrate that hybridization of a lamproite
melt with felsic magma led to the production of the Veliki
Majdan minette. Prolonged crystallization under volatile-
rich conditions resulted in micas with variable composi-
tions that are typical of calcalkaline lamprophyres
(Mitchell & Bergman, 1991; Rock, 1991; Mitchell, 1994).
The model for the Veliki Majdan minettes may be a
globally applicable process for calcalkaline lamprophyres

ORIGIN OF MINETTE

spatially and temporally related to granitic plutonism.
The advantage of this locality is the demonstration that
lamproites, which are exceptionally reactive with conti-
nental crustal rocks, may be an essential component in
the formation of minettes. This high hybridization poten-
tial of lamproitic magmas means that in other areas they
may play a role in lower-crustal hybridization even where
they are not seen at the surface. The prerequisites are that
the geodynamic setting is suitable for the production of
both lamproitic and granitic melts, which are generated
in areas of post-orogenic collapse and relaxation that
follow convergent tectonics. Post-orogenic granitoids of
calcalkaline character are commonly present in such
environments (Barbarin, 1999), and lamproites also
occur in this setting, particularly in the Mediterranean
region, with localities in Serbia (Cvetkovi¢ et al., 2000q;
Prelevic et al., 20015), southeastern Spain ( Venturelli et al.,
1984a, 1991; Toscani et al., 1995; Benito et al., 1999;
Turner et al., 1999), the Italian Alps (Venturelli et al.,
1984b), and Tuscany (van Bergen et al., 1983; Conticelli
et al., 1992), but also in the Andean Cordillera (Carlier
et al., 1994, 1997; Carlier & Lorand, 1997). Comparable
geodynamic settings apply for lamprophyres associated
with granites from western and central Europe in the
Variscan orogen (Sabatier, 1991; Gerdes et al, 2000;
Ferré & Leake, 2001), as well as Late Caledonian granitic
and syenitic plutons (Rock & Hunter, 1987; Fowler &
Henney, 1996), where involvement of ultrapotassic melts
in magma-mixing processes has been invoked.

In this geodynamic environment, the generation of
lamproitic melts is favoured by the recent formation of
phlogopite-bearing veins from slab-derived fluids and/or
melts in a previously depleted mantle peridotite (Foley &
Venturelli, 1989; Foley, 1992). The presence of numer-
ous magma chambers of different volume and composi-
tion is favoured by the repetitive switching between
extensional and wrench tectonics, which may serve to
block the paths of lamproitic melts, which would other-
wise rapidly reach the upper crust.

Lamproite melts have high volatile contents, low den-
sities and viscosities, and high hybridization potentials,
making interaction with crustal melts rapid and efficient.
However, as lamproitic melts are usually of small volume
(Mitchell & Bergman, 1991), the mixing may be hardly
traceable once it has thoroughly occurred.

The late crystallization of Type 2 phlogopite and evi-
dence for vesiculation during magma ascent demonstrate
that the hybrid magmas were still highly charged with
volatiles, in contrast to established arguments that rapid
cooling would result in exsolution of volatiles immedi-
ately after injection of mafic melts into a silicic magma
chamber. The retention of volatiles is very important for
the further evolution of the hybrid mush, as it allows
accumulation of hydrous minerals, which grow rapidly
in this environment (Rock, 1991). Minettes are the least
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intensely hybridized rocks with less than 30% of the silicic
component, but are associated with the most extreme
type of resorption textures, suggesting superheating of a
silicic crystal mush. Subsequent complete phlogopitiza-
tion of partly resorbed biotite, together with accumula-
tion of phlogopite crystals, occurred in separate melt
batches in a closed system.

Lamproites range in composition from extremely silica-
poor (madupitic lamproites) to silica-rich (e.g. sanidine
lamproites) magmas with variable Ca and Mg and vola-
tile contents (Mitchell & Bergman, 1991). The mixing
model proposed here is more plausible for the petro-
genesis of silica-rich lamproites, which are the common
types in Mediterranean-type settings (Foley & Venturelli,
1989).
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APPENDIX
Analyses of international standards and their recommended values determined by XRF spectrometry on fused discs
at the Unwersity of Greifswald

Sample: AGV-1 AGV-1- + BHVO-1 BHVO-1- + STM-1 STM-1-
recommended* recommended”* recommended*
Si0, (wt %) 58-91 58-84 0-58 49-67 49-94 0-54 59-38 59-60
TiO, 1-04 1-05 0-05 274 271 0-06 0-14 0-14
Al,O3 16-92 17-15 0-34 13-63 13-80 0-21 18-34 18-40
TFe,03 6-63 6-77 0-19 12-09 12:23 0-20 5.22 5.22
MnO 0-09 0-09 0-01 0-17 0-17 0-01 0-22 0-22
MgO 1-65 1-63 0-09 7-18 7-23 0-22 0-13 0-10
Ca0 4-91 4.94 0-14 11-32 11-40 0-17 120 1-09
Na,0 4-30 4.26 0-12 2:27 2:26 0-07 891 894
K20 2-90 2:92 0-37 0-50 0-52 0-04 4-30 4.28
P,0s 0-50 0-50 0-03 0-27 0-27 0-03 0-16 0-16
Total 97-75 9805 192 99-84 100-53 1-55 98-00 9815
Cr 26 10 3 276 t i 9 4
Ni 21 16 } 113 t i 1 3
Co 13 15 1 38 45 2 <4 1
\ 11 120 11 312 317 12 <1 9
Cu 1 60 6 94 136 6 5
Pb 32 36 5 <2 3 0 15 18
Zn 91 88 9 102 105 5 237 235
Rb 72 67 1 19 1" 2 119 118
Ba 1196 1230 16 147 139 14 575 560
Sr 628 660 9 380 403 25 674 700
Ga 20 20 3 20 21 2 36 35
Nb 13 15 t 22 19 T 242 270
zr 252 227 18 185 179 21 1263 1210
Y 19 20 3 19 28 2 47 46

*http://minerals.cr.usgs.gov/geo_chem_stand/index.html.
tValues are not given.
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