787

The Canadian Mineralogist
Vol. 47, pp. 787-799 (2009)
DOI: 10.3749/canmin.47.4.787

GEOLOGY AND CHEMICAL VARIATIONS IN TOURMALINE FROM THE
QUARTZ-TOURMALINE BRECCIAS WITHIN THE KERKENEZ GRANITE-MONZONITE
MASSIF, CENTRAL ANATOLIAN CRYSTALLINE COMPLEX, TURKEY

SErHAT DEMIREL
Galata Energy, Resit Galip Cad. 111/54, G.O.P, TR-06700, Cankaya, Ankara, Turkey

M. CeEmaL GONCUOGLU?

Middle East Technical University, Department of Geological Engineering, TR-06531, Ankara, Turkey

GULTEKIN TOPUZ

Istanbul Teknik Universitesi, Avrasya Yer Bilimleri Enstitiisii, TR-34469 Ayazaga, Istanbul, Turkey

VEYSEL ISIK

Department of Geological Engineering, Ankara University, TR-06100 Ankara, Turkey
ABSTRACT

A hydrothermal breccia zone 6 km long and 2 km wide, crossed by quartz—tourmaline veins, occurs to the south of the Late
Cretaceous Kerkenez granite—monzonite massif in the northern part of the Central Anatolian Crystalline Complex, Yozgat,
Turkey. This breccia zone is characterized by numerous veins, a few millimeters to 1 meter in width, and display typical micro-
tectonic features of multiple brecciation. Trace amounts of albite, K-feldspar, epidote, muscovite and rutile are associated with
quartz and tourmaline. Petrographic features indicate three successive stages of tourmaline generation. The first generation is
represented by feruvite, and the second and third generations consist of schorl. These distinct generations of tourmaline show
successive enrichment in Al and Na, and depletion in Ti and Ca. The Na/(Na + Ca) values vary in the range 0.41-0.49 in the first
generation, and 0.53-0.86 and 0.91-0.99 in the second and third generations. The development of the breccia zone and formation
of three successive generations of tourmaline are most probably related to fluid-assisted brecciation and infiltration of low- to
medium-pH hydrothermal fluids under subsolidus conditions. Successive enrichment in Na and Al in the younger generations is
ascribed to late-stage fractionation in the B-rich granitic source.
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SOMMAIRE

Nous décrivons une zone de bréche hydrothermale exposée sur une distance de 6 km et une largeur de 2 km et traversée par
des veines a quartz—tourmaline au sud du massif granitique—monzonitique de Kerkenez, d’4ge crétacé supérieur, situé dans la
partie nord du complexe cristallin de I’ Anatolie centrale, prés de Yozgat, en Turquie. Dans cette zone bréchifiée, les nombreuses
veines varient de quelques millimétres a un metre en largeur, et démontrent les textures microtectoniques typiques de bréchi-
fication multiple. Des traces d’albite, de feldspath potassique, d’épidote, de muscovite et de rutile sont présentes. Les attributs
pétrographiques indiquent trois stades de formation de la tourmaline. La premiére génération a donné la feruvite, tandis que la
deuxieme et la troisieme génération ont produit le schorl. Dans 1’ensemble, ces trois générations de tourmaline définissent un
enrichissement successif en Al et Na, et un appauvrissement en Ti et Ca. Les valeurs de Na/(Na + Ca) varient entre 0.41 et 0.49
dans la premiére génération, et dans les intervalles 0.53-0.86 et 0.91-0.99 dans les générations suivantes. Le développement
de la zone bréchifiée et la formation de trois générations successives de tourmaline résulteraient d’une libération de la phase
fluide et de I’infiltration de fluides de pH faible a modéré en dessous du solidus. L’enrichissement progressif en Na et Al dans
les générations tardives serait dd au fractionnement tardif d’'un magma granitique borifere.

(Traduit par la Rédaction)

Mots-clés: tourmaline, composition, bréche hydrothermale, Kerkenez, Anatolie centrale, Turquie.
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INTRODUCTION

Tourmaline is the most common expression of
boron in natural rocks, occurring mostly as an acces-
sory phase. Boron is a highly incompatible and fluid-
mobile element that is of low abundance in crustal and
mantle rocks (e.g., Ryan & Langmuir 1993, Chaussidon
& Marty 1995, McDonough & Sun 1995, Taylor &
McLennan 1985). The formation of tourmaline (~3 wt%
B,03) requires the effective concentration of boron,
mostly by magmatic differentiation and fluid-dominated
processes. Consequently, tourmaline can locally become
the main constituent of particular rock-types, such as
tourmalinite (e.g., Slack et al. 1984), tourmaline-bearing
granite, pegmatite, greisen (e.g., Trumbull & Chaussidon
1999), quartz—tourmaline breccias and breccia pipes
within granites (e.g., London & Manning 1995,
Williamson et al. 2000) and metasomatic blackwalls
around eclogite knockers within serpentinite mélanges
(e.g., Altherr et al. 2004, Marschall et al. 2006). Several
features, such as a complex composition, the common
presence of compositional zoning, and resistance to
chemical diffusion and alteration make tourmaline an
important chemical monitor of changing conditions
during its growth (Henry & Guidotti 1985, Henry &
Dutrow 1992, 1996). Although there are several studies
on tourmalines and tourmalinites, studies on tourmaline
breccias are relatively rare. Tourmaline breccias are
generally attributed to magmatic—hydrothermal systems
related to magma emplacement. Generally, mechanisms
of formation include: collapse of the overlying rocks
due to dissolution action of hydrothermal fluids (Sillitoe
& Sawkins 1971), explosive ascent of hydrothermal
solutions to the surface and fracturing the overlying
rocks (Warnaars et al. 1985), explosive loss of volatiles
(London & Manning 1995), rapid uplift, unroofing by
erosion and exsolution of magmatic fluids (Skewes et
al. 2003).

In this paper, we describe a zone of quartz—tourma-
line breccias within the Kerkenez granite—monzonite
massif, Sorgun, central Anatolia, Turkey, and docu-
ment compositional variations in the tourmaline-group
minerals. These data are discussed in terms of the forma-
tion of the quartz—tourmaline breccias. We suggest that
the tourmaline—quartz breccias were formed in an open
system following crystallization of the magma.

REGIONAL GEOLOGICAL SETTING

Turkey constitutes an important part of Alpine—
Himalayan collision system and comprises several
oceanic and continental terranes with different geolog-
ical features (Gonctioglu et al. 1997). Neotethys
opened in this region during the Triassic and closed
in the Late Cretaceous (Sengdr & Yilmaz 1981,
Gonciioglu et al. 1997). During the closure of the
northern branch of Neotethys, represented by the
Izmir — Ankara — Erzincan Suture Belt, allochthonous
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nappes of ophiolitic sequences and tectonic mélanges
were thrust southward onto the passive margin of the
Tauride—Anatolide Platform (Gonctioglu et al. 2000).
This led to intense metamorphism and magmatism in
central Anatolia. The assemblages of magmatic, meta-
morphic and ophiolitic rocks in central Anatolia are
defined as the Central Anatolian Crystalline Complex
by Gonctioglu et al. (1991). The rocks that crop out
within the Central Anatolian Crystalline Complex
include metamorphic rocks, mélange slices and felsic
to intermediate plutonic rocks known as the Central
Anatolian Granitoids (Gonctioglu et al. 1991). The
plutonic rocks comprise granitic to syenitic rocks that
are products of either syn-collisional or post-collisional
magmatism (Gonctioglu et al. 1991, 1992, 1993). They
are in general represented by I-, S-, A-type granite
rocks ranging in age from 70 to 80 Ma (e.g., Erler ez al.
1991, Akiman et al. 1993, Gonctioglu & Tiireli 1993,
Kadioglu & Gtilec 1999, Ilbeyli et al. 2004, Koksal et
al. 2004, Boztug et al. 2007a, b).

The metamorphic rocks range in grade from the
upper greenschist to upper amphibolite—granulite facies
(Seymen 1981, Whitney & Dilek 2001). The timing of
metamorphism is constrained by regional geological
relationships and U-Pb monazite dating at 85 Ma
(Gonciioglu 1982, Whitney & Hamilton 2004). The
metamorphic rocks are tectonically overlain by Late
Cretaceous mélanges with dismembered and partially
preserved ophiolitic rocks (Yaliniz & Gonctioglu 1999).
These basement rocks are disconformably overlain by
uppermost Maastrichtian clastic sediments. The Eocene
carbonates, volcanic rocks and clastic rocks rest with an
angular unconformity on the older rocks. The Neogene
sediments are represented by Oligocene—Miocene
evaporites and clastic rocks and Miocene—Pliocene
continental clastic rocks (Gonctioglu ef al. 1991).

THE KERKENEZ GRANITE-MONZONITE MASSIF
AND QUARTZ-TOURMALINE BRECCIAS

The Yozgat Batholith constitutes the largest intru-
sive complex of the overall post-collisional Central
Anatolian magmatism. It has distinct units produced
by mixing-mingling between underplating mafic and
crustal felsic magmas. Geochemical data show that
the Yozgat Batholith formed by partial melting in a
post-collisional, crust-thickening environment (Boztug
2000). The Kerkenez granite—monzonite massif is
located at the southeastern border of the Yozgat Batho-
lith and is exposed over an area of 160 km? (Fig. 1). The
dominant rocks of Kerkenez granite—-monzonite massif
are quartz monzonite, monzogranite and monzonite.
The Kerkenez massif intrudes the Late Cretaceous
ophiolitic mélange (radiolarite, pelagic limestone and
basalt) and small stocks of the intrusion cross-cut the
metamorphic rocks. The biotite K—Ar ages obtained
from the quartz monzonites and monzogranites of the
southwestern part of the Kerkenez complex are between
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68 and 71 Ma (Boztug et al. 2007b). These ages are in
accordance with the hornblende Ar—Ar ages of about
72 Ma, recently obtained from the granitic rocks in the
study area that host the Kerkenez Quartz—Tourmaline
Breccia Zone (Isik et al. 2008).

The main structural features of the Kerkenez
granite—monzonite massif are the NE-SW striking
dip-slip faults. A breccia zone ~6 km long and up to
2 km wide (the Kerkenez Quartz—Tourmaline Breccia
Zone, KQTBZ) occurs within the southern part of the
Kerkenez granite—monzonite Massif. The vertically
dipping (~80-85°) KQTBZ continues several kilome-
ters with a NE-SW trend and can be traced along the
western and southwestern margins of the massif in
the form of thin tourmaline-filled veins and networks.
Faults along the zone are generally coated with tour-
maline, and the boundaries between the host granite

are sharp. Tourmaline-filled veins are abundant along
the zone, and cataclastic deformation is clearly visible.
Outcrop relations are relatively poor owing to soil cover.
Nonetheless, the zone rocks are generally found in the
field as fragmented blocks that range up to 1 meter
across. The blocks of the host granite range from 30 to
250 cm across. Depending on the relative proportions of
the quartz—tourmaline cements to fragments of the host
granite, three different rock units can be distinguished
along the zone: quartz—tourmaline rocks, tourmaline
breccias and quartz—tourmaline veins. It should be noted
that this subdivision is only for descriptive purposes;
these rocks are closely related to each other. Quartz—
tourmaline rocks display a massive texture and have
a characteristic black color; they contain few or no
granitic fragments. Tourmaline, the dominant mineral,
makes up 70-90% of the rock by volume. Tourmaline
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breccias show a brecciated texture, suggestive of brittle
deformation and formation under subsolidus conditions.
Breccias consist of angular—subangular granitic frag-
ments. Dislocated blocks of the host rock and irregular
brecciated texture with network of tourmaline—quartz
veinlets are common. The volume of tourmaline is
limited compared to the quartz—tourmaline rocks.
Quartz—tourmaline veins are very abundant and occur
in granites around the main quartz—tourmaline breccia
zone in form of thin veins or networks with variable
widths ranging from several mm to 30 cm. A general
view of the rocks can be seen in Figure 2.

ANALYTICAL TECHNIQUES

Tourmaline compositions were determined in
Heidelberg University (Germany) with a CAMECA
SX-51 electron microprobe equipped with five
wavelength-dispersive spectrometers and an additional
Si-Li detector (Oxford Instruments). Operating condi-
tions were 15 kV accelerating voltage and 20 WA beam
current. For the analysis of tourmaline, the beam size
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was defocused to 5 wm. Synthetic and natural oxide
and silicate standards were used for calibration: MgO
for Mg (20 s), albite for Na (10 s), Al,O3 for Al (10 s),
wollastonite for Si (10 s) and Ca (10 s), orthoclase for K
(10 s), TiO, for Ti (20 s), Cr,O3 for Cr (20 s), rhodonite
for Mn (10 s), and Fe,O3 for Fe (10 s). Analytical
uncertainties are +1% relative for major elements and
+5% relative for minor elements. A PAP correction was
applied to the raw data (Pouchou & Pichoir 1985).
The structural formula of tourmaline is XY3Z4(T¢O1g)
(BO3)3V3W (e.g., Hawthorne & Henry 1999), where X
= (Ca, Na, K, vacancy), Y = (Li, Mg, Fe?*, Mn>*, Al,
Cr¥*, V3, Fe*, Ti*h), Z = (Mg, Al, Fe, V3*, Cr’*),
T = (Si, Al, B), V= (OH, O) and W = (OH, F, O).
Abundances of Li, B, F and H and the ratio Fe3*/3Fe
cannot be measured with the electron microprobe. These
unknowns lead to problems in calculating a formula.
For the Kerkenez tourmalines, a Si = 6 normalization
procedure was applied, total Fe is considered as diva-
lent, and three B atoms per formula unit were assumed
(e.g., Henry & Dutrow 1996, Clark 2007). With this
procedure, one assumes that the tetrahedral site is totally

Fic. 2. Field images of tourmaline breccias in the Kerkenez granite-monzonite massif. (a) Highly fractured granitic rock with
abundant cross-cutting veins of tourmaline. (b) A tourmaline vein ~15 cm thick within the granite. (c) Tourmaline breccia and
host-rock fragments. (d) A tourmaline-coated fault surface indicating reactivation of faults after tourmaline formation.
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occupied by Si. In cases of the presence of tetrahedrally
coordinated boron and Al, this will be an overestimate.
On the other hand, the other schemes of normalization
(24.5 atoms of oxygen, T+ Z + Y = 15, etc.) result in
Si contents above 6 cations per formula unit.
Representative compositions are reported in Table 1;
the full set of data is available from the Depository of
Unpublished Data [document Kerkenez CM47_787].

PETROGRAPHY AND TOURMALINE COMPOSITION

Petrographically, the host granitic rocks can be
defined as granites, quartz monzonites and monzonites.
They are phaneritic, holocrystalline and weakly porphy-
ritic to equigranular. The main constituents are plagio-
clase, orthoclase, hornblende and quartz. Biotite is rare
compared to other constituents. Accessory minerals
are apatite, titanite, zircon, allanite and fluorite. No
tourmaline is present within the undeformed host-rocks.
The KQTBZ rocks are generally fine-grained (~100
pm). Quartz and clasts of host rocks display fractures
and angular shapes; sizes range from 1.5 to 0.05 mm.
Tourmaline forms grains of variable sizes (5 to 0.01
mm). The tourmaline breccias are mainly composed
of quartz- and orthoclase-dominant angular fragments
of granitic rock and minerals and a microcrystalline
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matrix. The matrix is composed of light green acicular
grains of tourmaline and includes angular to subrounded
porphyroclasts of tourmaline of former generations.
The tourmaline in veins is microcrystalline and locally
cryptocrystalline. Multiple deformation events can be
differentiated in the tourmaline rocks. The first phase
of cataclastic deformation and tourmaline formation
was followed by other fracturing phases, which are
reflected in deformation of both quartz and tourmaline.
A thin-section view of the KQTBZ rocks is presented
in Figure 3.

Texturally, three different generations (groups) of
tourmaline are distinguished within the KQTBZ rocks.
Cross-cutting relationships suggest that Group A repre-
sents the oldest and Group C represents the youngest
generation. In accordance with the petrographic
observations, representation of the microprobe data
on the Ca—X,,—Na+(K) triangular diagram (Fig. 4) of
Hawthorne & Henry (1999) supports the petrographic
observations and shows that there are three chemically
distinct groups of tourmaline. Group-A tourmaline
consists of calcic feruvite, whereas schorl is found in
Groups B and C (Fig. 5).

The first generation (Group A) compositionally
corresponds to feruvite. It is composed of accumula-
tions of subhedral grains of tourmaline 0.05-2 mm in

TABLE 1. REPRESENTATIVE COMPOSITIONS OF TOURMALINE IN THE QUARTZ-TOURMALINE BRECCIAS

Anal. 12 17 45a 46a 47a 51a 66a 2 13 3a
Type Fer Fer Fer Fer Fer Fer Fer Srl Srl Srl
Group A A A A A A A B B B

4a 10a 14a 21a 6 9 31 la 12a 16a 43a
Sl sl Sl 8l O-8l Sr1 Srl Sl Sl Sl O-Srl
B B B B C C C C C C C

Sio,
TiO,
ALO,

0.80 0.63 0.57 0.74 0.70 055 068 041 0.28 1.27

35.08 35.08 35.19 34.62 34.94 35.08 34.77 34.99 35.64 34.87 34.28 34.95 34.93 35.50 36.30 35.73 35.61 35.97 35.80 35.71 36.30

0.90 0.82 0.22 0.20 0.01 0.06 0.08 0.07 0.50 0.23 0.02

21.93 21.91 23.66 22.25 22.24 23.31 22.44 25.69 26.41 25.96 24.45 27.16 27.64 28.91 30.25 28.96 28.91 29.89 29.54 30.18 29.01

Cr,0, 0.01 0.00 0.05 0.01 0.04 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
FeO 17.74 17.35 15.67 16.73 17.38 18.04 17.83 17.60 14.99 16.34 20.31 15.22 16.67 14.51 15.42 15.77 16.45 12.80 15.03 14.27 13.95
MnO  0.05 0.05 0.05 0.09 0.07 0.13 0.07 0.07 0.06 007 0.03 0.07 0.03 0.08 0.02 0.02 0.07 001 0.08 005 0.16
MgO 6.07 676 673 653 6.37 538 6.34 3.88 553 395 279 4.08 3.19 366 2.66 3.30 2.82 423 364 3.36 3.80
CaO 273 305 264 285 272 292 285 140 159 1.02 1.71 087 0.87 068 0.30 043 037 044 023 0.15 020
Na,0 1.34 118 1.38 124 131 120 129 2.00 1.94 215 1.84 226 225 228 236 246 247 2.34 235 226 2.25
K,O 004 004 002 0.02 0.04 0.05 0.04 0.07 005 0.06 0.03 0.04 0.04 0.04 0.03 0.03 0.04 0.03 0.00 0.00 0.02
Total 85.79 86.05 85.96 85.08 85.81 86.66 86.31 86.13 86.50 85.69 86.34 85.47 85.87 85.86 87.35 86.76 86.82 85.78 87.18 86.21 85.71
Siapfu 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 600 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Ti 0.10 0.08 0.07 0.0 0.09 0.07 0.09 0.05 0.04 0.16 0.12 0.11 0.03 0.03 0.00 0.01 0.01 0.01 0.06 0.03 0.00
Al 442 442 475 455 450 470 456 519 524 527 504 550 560 576 5.89 573 574 588 584 598 565
cr 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe* 254 248 223 243 250 258 2.57 252 211 235 2.97 219 240 2.05 213 2.22 232 179 2141 2.01 1.93
Mn 001 0.01 0.01 0.01 0.01 0.02 001 0.01 0.01 001 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.02
Mg 155 1.72 171 1.69 163 1.37 1.63 0.99 1.39 1.01 073 1.04 0.82 092 0.66 0.83 0.71 1.05 0.91 0.84 0.94
Ca 050 056 048 0.53 050 0.54 0.53 0.26 0.29 0.19 0.32 0.16 0.16 0.12 0.05 0.08 0.07 0.08 0.04 0.03 0.04
Na 044 0.39 046 0.42 044 040 043 0.67 0.63 0.72 0.62 0.75 0.75 0.75 0.76 0.80 0.81 0.76 0.76 0.74 0.72
K 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Fe# 062 059 057 0.59 0.60 0.65 0.61 0.72 0.60 0.70 0.80 0.68 0.75 0.69 0.76 0.73 0.77 0.63 0.70 0.70 0.67
Na# 047 041 049 0.44 047 043 045 0.72 0.69 0.79 0.66 0.82 0.82 0.86 0.93 0.91 0.92 0.91 0.95 0.96 0.95

Fe#: Fe/(Fe + Mg); Na#: Na/(Na + Ca).

Symbols: Fer: feruvite, Srl: schorl, O-Srl: “Oxy-schorl”.
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FiG. 3. (a, b) Photomicrographs showing the intense brittle deformation in quartz—tourmaline breccias. Black matrix is made
up of microcrystalline tourmaline. (c) Coarse-grained tourmaline matrix and prismatic tourmaline overgrowths. (d) Group A
(feruvite) and Group B (schorl). (e) Acicular and radiating Group C schorl overgrowths. (f) Compositionally zoned prismatic
tourmaline showing the core-rim relationship between different generations of tourmaline. (Fer: Feruvite, Qtz: Quartz, Srl:
Schorl, Tur: Tourmaline); A, B, C: group names.
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C FiG. 4. General chemical groups and subdivisions
a of the tourmalines. Classification of the principal
o )% groups of tourmaline based on X-site occupancy.

Group-A tourmalines are members of the calcic
tourmaline subgroup; Group-B and -C tourma-
lines belong to the alkali tourmaline subgroup
(Hawthorne & Henry 1999).
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FiG. 5. Plot of Na/(Na + Ca) versus Fe/(Fe + Mg) in tourmalines of Group A (feruvite)
and Groups B and C (schorl).
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size. They form clusters of short prismatic crystals and
exhibit a granular texture. They are dark brown to dark
blue in color and less plentiful compared to other tour-
maline generations. The second generation (Group B)
encloses and replaces Group A and forms an overgrowth
on host-rock minerals. Group-B tourmaline is green to
bluish green in color, and schorl in composition. The
third generation of tourmaline (Group C, also schorl
in composition) is fine grained (0.5-0.05 mm), pale
green and acicular. It occurs commonly in the matrix
and fractures and cross-cuts earlier-formed tourmaline.
This relation is clearly observed in the back-scattered
electron image (Fig. 6), where the Group-C schorl
cross-cuts dark-colored Group-A feruvite.

Distinct groups of tourmaline display marked
compositional differences. Systematically, Na and Al
contents increase from Group A to C, whereas Ti and
Ca contents decrease (Table 1). The Na/(Na + Ca) value
increases from 0.41-0.49 in Group A through 0.53-0.86
in Group B t0 0.91-0.99 in Group C (Table 1). The TiO,
contents systematically decreases from 0.55 to 0.80
wt% in Group A to 0.03-0.55 wt% in Group C. The
ratio Fe/(Fe + Mg) increases from Group A to Groups
B and C, in which the value is the same.

op
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Compositional variations from different groups are
best described by the exchange vector NaAlCa Mg,
(Fig. 7); changes from Group B to Group A are more
consistent with operation of the exchange vectors
CaMg_gOHI:‘,]AL_gO,] and CaMgZD,lALz (Flg 8)
Differentiation within the groups can also be described
by these exchange reactions. Apart from Group A and
B, Group C shows a reverse order, which is more
consistent with the exchange vector [ JAINa_;Mg_;.
According to the exchange vector, the proportion of
vacancies and Al increases, and that of Na and Mg
decreases within Group C (Fig. 6).

DiscussiON AND CONCLUSIONS

The KQTBZ rocks are characterized by cataclastic-
brecciated textures and a dark color due to the crystal-
lization of tourmaline. The presence of an irregular
brecciated texture with non-oriented quartz fragments,
the angular and weakly rounded character of the
rock—mineral fragments, a paucity of corrosion and of
tourmaline crystallization in the Kerkenez monzonite—
granite indicate that the breccias formed by fluid-
assisted (hydraulic) brecciation (Lorilleux et al. 2002).

1S5S.0kKU

F1G. 6. Back-scattered electron image showing EMPA points and cross-cutting relationship of tourmaline groups. Younger
Group-C schorl cross-cuts dark-colored Group-A feruvite and display acicular intergrowths. Dots indicate analyzed points;

the dark colored mineral is quartz.
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FiG. 7. Plot of Na versus Al. The vectors represent the possible exchange-operator that
could have been effective in these tourmalines.
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FiG. 8. Plot of Ca versus X[]. The vectors represent the possible exchange-operators that

could have been effective in these tourmali

There were multiple episodes of tectonic movement
and associated brecciation in the Kerkenez monzonite—
granite. Tourmaline-rich breccias within the KQTBZ
seems to be cataclastically deformed rocks that lie close
to faults and formed by penetration of boron-rich fluids
into fault zones, hydraulic brecciation and crystalliza-
tion of tourmaline within the matrix. The general char-
acteristics of the quartz—tourmaline rocks indicate that

nes.

they formed in an environment represented by a high
fluid:rock ratio. A high activity of fluid and paucity of
host-rock fragments indicate that these rocks formed
in larger open spaces within the Kerkenez monzonite—
granite. The hydrothermal solutions may represent the
hydrothermal fluids related to the crystallization of the
Kerkenez monzonite—granite or they could have been
derived externally. However, no tourmaline is found
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in the host Kerkenez monzonite—granite. The stability
of tourmaline in aqueous solutions primarily depends
on pH and B content of the fluid and on temperature.
Weisbrod et al. (1986) and London et al. (1989) have
demonstrated that the minimum content of boron
necessary for tourmaline crystallization increases with
pH and temperature, and tourmaline synthesis was not
possible at high B contents under relatively high pH. As
tourmaline is a peraluminous species, we argue that the
Kerkenez quartz—tourmaline breccias are formed from
the low- to medium-pH hydrothermal fluids.

Formation of the KQTBZ requires infiltration of
enormous volumes of boron-rich fluids. High concen-
trations of boron in granites facilitate emplacement at
shallow levels. Because of the high volatile content,
the magma can impose high fluid pressures on the host
rocks by its degassing (London et al. 1989).

The presence of a magmatic source, cataclastic
deformation, intense faulting and fracturing within the
KQTBZ indicate that tourmaline crystallization took
place at shallow depths within the continental crust.
Such an intrusion seems to be a cupola, i.e., a finger-like
intrusion emplaced at a depth of few kilometers (Titley
& Beane 1981, Shinohara et al. 1995, Guillou-Frottier
& Burov 2003). Concentration of fractures and faults
around plutonic apices allows circulation of hydro-
thermal and magmatic fluids. The small diameter of
the cupola provides lateral cooling from the host rocks
and can enable brittle deformation around and above the
apex (Guillou-Frottier & Burov 2003). Breccia pipes
generally occur in such systems. However, the KQTBZ
occurs as an elongate zone parallel to the regional struc-
tural trend (NE-SW) (Dirik & Gonctioglu 1996, Dirik
et al. 1999). The process considered to have promoted
fluid infiltration before formation of a breccia pipe is
the tectonic activity that produced shear zones within
the Kerkenez monzonite—granite.

Shear zones can act as conduits for focused flow
of overpressured fluids as the fluid phase moves from
high- to low-pressure areas and slows down in the
strongly fractured low-pressure regimes (Helgeson
1992, Ridley 1993). Such a scenario could have led to
fracturing and fracture propagation within the solidified
host pluton. Flow along a negative temperature-gradient
from the intrusion into the host rock tends to crystal-
lize tourmaline from boron-bearing fluids (Norton &
Dutrow 2001).

Operation of the same exchange-vectors and the
chemical similarity of Group A and B tourmalines indi-
cate that faults became reactivated after a short time, and
then Group-B tourmalines formed, or these two groups
of tourmalines formed contemporaneously during the
first fracturing and fluid-injection event. Feruvite forma-
tion is reported to be controlled by the reaction of hydro-
thermal fluids with Ca-rich minerals in the host rocks
(Grice & Robinson 1989, Jiang et al. 1996). The latest
generation of tourmaline, Group C, is distinctly more
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evolved than Group A and B. The gradual change in the
chemical compositions of the different generations of
tourmaline implies that the source of fluid giving way to
their crystallization were undergoing fractionation and
becoming successively enriched in Na and Al. General
chemical characteristics of tourmaline groups indicate
that the internal fractionation and differentiation of
the magmatic source continued during the formation
of the KQTBZ. This situation might be explained by
the closure of the system, during which hydrothermal
fluids injected into faults and fractures, and sealed the
faults by new crystallization and produced new accu-
mulations of fluid pressure, which led to reactivation of
the faults (Clark & James 2003). In the KQTBZ, this
process appears to be has been repeated several times.
These stages of opening, sealing and reopening of veins
produced three different generations of tourmaline. The
most likely mechanism of generation for the Kerkenez
monzonite—granite is shown in Figure 9. We plan more
detailed analytical work and boron isotope analysis, to
establish the source and the nature of the magma and
the boron.
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FiG. 9. (a) Formation of cupola and pressure release by regional tectonic activity. Upwelling and crystallization led to separa-
tion of the interstitial fluid and increase in fluid overpressure. (b) Local extensional regime due to the emplacement of the
boron-rich magma. Faulting and fracturing created a low-pressure regime in the host rock. Infiltration of boron-rich fluids into
the low-pressure regime (host rock) triggered fracture propagation and enlarged the main deformation by further brecciation
and fracture formation and propagation. (c) Crystallization of Group-A feruvite as the first phase and Group-B as a second-
ary phase. The chemical similarity of Group A and B tourmalines indicate that faults were reactivated after a short time, and
Group-B tourmalines formed, or they formed together during the first faulting. Crystallization of tourmaline and quartz led to
sealing of open spaces. (d) Further episodes of brecciation and crystallization of Group-C schorl. Sealing isolated the magma
and allowed more fractionation and further build-up of the fluid pressure. Regional tectonic activities and increasing fluid
overpressures led to reactivation of the faults and produced further brecciation and crystallization of Group-C schorl.
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