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The granitoids of the Dipilto Batholith in northern Nicaragua range in composition from amphibole-biotite tonalite to
cordierite-biotite and biotite granite. The petrographic and geochemical features indicate hybrid origin for the metalu-
minous granodiorite and tonalite (El Paraiso Suite). Dominant peraluminous granites (leucogranite dykes, Yumpali and
La Piedra suites) represent a typical product of fractional crystallization of crust-derived melts.

Tourmaline occurs as rare mineral in peraluminous granites of the Yumpali Suite (randomly distributed grains and quartz—
tourmaline nodules), but is common in the younger leucogranite, pegmatite dykes and hydrothermal veins. Chemical
variations (mainly X_, and F) in tourmaline as well as in biotite are consistent with magmatic differentiation processes
in granites and pegmatites. The presence of quartz—tourmaline hydrothermal veins indicates involvement of B-rich post-
-magmatic hydrothermal fluids at the final stage of the Dipilto Batholith evolution. Tourmaline chemistry evolved from
Mg-rich schorl in peraluminous granites, to F-rich schorl—foitite in the hydrothermal veins. This evolutionary trend is

6. Crech
©Ological 500

typical of F-poor granite—pegmatite systems.

Keywords: tourmaline, pegmatite, granite, geochemistry, Dipilto Batholith, Nicaragua
Received: 12 March 2014; accepted: 3 February 2015; handling editor: Milan Novak
The online version of this article (doi: 10.3190/jgeosci.189) contains supplementary electronic material.

1. Introduction

Tourmaline is a common accessory-to-minor mineral
in peraluminous granitoids, pegmatites and associated
hydrothermal veins. Its chemical composition depends
on the origin and evolution of the parental magma or
fluid phases (Henry and Guidotti 1985). Tourmaline may
have crystallized during the early magmatic evolution of
granitic rocks (London et al. 1996), through early sub-
solidus to hydrothermal conditions (e.g., Pichavant and
Manning 1984; Sinclair and Richardson 1992; London
and Manning 1995; London et al. 1996; Williamson et
al. 2000; Dini et al. 2007). Chemical zonality in tour-
maline crystals of magmatic and hydrothermal origins is
different (e. g., London 1999). A number of studies have
shown that there exists link between textural position
and chemical composition of tourmalines in the granitic
bodies (e.g., Sinclair and Richardson 1992; Broska et
al. 1998; Kubi$ and Broska 2005; Burianek and Novak
2007). Changes in tourmaline chemical composition
primarily depend on many factors such as degree of
fractionation of granitic melts, temperature and B con-
tent in the melt or fluids (London et al. 1996; London
1999). Therefore, tourmaline can potentially be used in
interpretation of the evolution of boron-rich magmatic

systems (London et al. 1996; Wolf and London 1997,
Kubi$ and Broska 2005).

In our contribution, we characterize a wide range of
textural types of tourmalines related to Cretaceous per-
aluminous granites in the Dipilto Batholith, Nicaragua.
These rocks are suitable for studying the behaviour of
boron at various stages of granitic systems develop-
ment: from magmatic crystallization to the subsolidus
conditions.

The Dipilto Batholith has been previously interpreted
as petrographically relatively homogeneous granite intru-
sion (Hradecky et al. 2005, and the references therein).
However, we describe several types of granitoids with
distinct evolution in this paper. According to field obser-
vations, coupled with petrography and geochemistry, the
Dipilto Batholith can be described as a composite intru-
sion of hybrid origin. The chemical and mineralogical
characteristics indicate that metasediments represented a
major source for the tourmaline granite. However, inter-
action with hybrid and/or basic magma strongly affected
distribution and textural diversity of tourmaline in the
granitic melt (e.g., Balen and Broska 2011). Therefore
behaviour of the boron-rich melt is difficult to interpret
without understanding evolution of all igneous suites in
the Dipilto Batholith.
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2. Geological setting

The Dipilto Batholith is situated at the Honduras—Nicara-
gua state border (Fig. 1a). This area pertains to the east-
ern part of the Chortis Block (Eastern Chortis Terrane),
which consists of slightly metamorphosed carbonate and
siliciclastic sediments intruded by Cretaceous plutonic
rocks (Ritchie and Finch 1985; Rogers 2003; Burianek
and Dolnicek 2011). The Eastern Chortis Terrane belongs
to the rifted continental margin of the North American
Plate developed during the Jurassic separation of the
North and South American plates (e.g., Dengo 1969;
Rogers 2003; Rogers et al. 2007).

The NE-SW trending Dipilto Batholith (Fig. 1b) rep-
resents one of the largest plutonic bodies in the Eastern
Chortis Terrane. The main part of this batholith is situ-
ated between the towns of Ocotal and Jalapa in northern
Nicaragua. The modal composition of plutonic rocks
ranges from diorites, granodiorites to granites with subor-

dinated gabbros. The dominant rock types are porphyritic
biotite granites to granodiorites (Yumpali Suite) locally
with cordierite and/or tourmaline (Fig. 2a-b); however,
in NE part of batholith, biotite and amphibole—biotite
granodiorites to tonalites (EI Paraiso Suite) predominate.
Boundaries between EIl Paraiso and Yumpali suites are
transitional and interfingered. Medium-grained biotite to
muscovite granites (La Piedra Suite) form small bodies
inside the porphyritic biotite granites to granodiorites.
Numerous tourmaline-bearing leucogranite, aplite and
pegmatite dykes and small stocks occur in the Dipilto
Batholith and within its metamorphic aureole. Radio-
metric dating indicates a Cretaceous intrusion age of the
Dipilto Batholith (Zoppis-Bracci and Del Giudice 1961;
Donnelly et al. 1990; Hodgson 2000). The Rb—Sr whole-
rock age 140+ 15 Ma (Donnelly et al. 1990) represents
the best estimate of the emplacement age and K—Ar ages
(110+ 1.2 Ma on biotite and 115+ 1.5 Ma on hornblende;
Hodgson 2000) are interpreted as cooling ages.

This intrusive body is sur-
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The contact-metamorphic as-
semblage is relatively simple:
cordierite + biotite + graphite
+ muscovite + K-feldspar +
andalusite + chlorite (Burianek

Fig. 1 Simplified geological maps of
Nicaragua (a) and of the Dipilto Batho-
lith (b). After Rogers (2003), Zagek and
Hradecky (2005), Rogers et al. (2007),
Burianek et al. (2010), modified.
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and Dolnic¢ek 2011). Three main stages of ductile defor-
mation were distinguished in the contact aureole of the
Dipilto Batholith (Burianek and Dolnicek 2011). The first
deformation phase D, was related to low-grade regional
metamorphism and was followed by D, accompanied by
emplacement of the Dipilto Batholith at depths of c. 6
km. Deformation event D, formed subsolidus foliation
in granitoids oriented ~ NNW-SSE with steep dip to
the E-NE.

assuming that all Fe is present as Fe?*. The empirical
formulae of tourmalines were calculated on the basis
of 15Y + Z + T cations; the O%* content in the W-site
was obtained from the charge-balanced formula (OH =
4 — F WO apfu, B = 3 apfu). The garnet formulae were
obtained on the basis of 12 oxygen atoms; the ferric iron
contents were estimated based on charge balance and
stoichiometry (Droop 1987). The amphibole formulae
were calculated on the basis of 23 oxygen atoms (Leake
et al. 1997). The Fe*/Fe’ ratios were estimated assum-

3. Analytical techniques

Metamorphic rocks
3.1. Electron microprobe Dipilto Batholith
El Paraiso Suite
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Electron-microprobe analyses
(EMPA) were performed by
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R. Copjakova with the Cam-
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Microscopy and Microanaly-
sis of Masaryk University and
the Czech Geological Survey
(Brno, Czech Republic). The
measurements were carried out
using a wave-dispersion mode
under the following conditions:
accelerating voltage of 15 kV,
beam current of 10 nA for tour-
maline, feldspar and mica, and
20 nA for garnet; beam diam-
eter of 5 um for tourmaline,
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ing the cation sum = 13 atoms without Ca, Na and K (13
eCNK). The abbreviations of the mineral names used in
the text are taken from Kretz (1983) and Whitney and
Evans (2010).

3.2. Whole-rock geochemistry

Twenty-two samples (3—4 kg) represent all the main pet-
rogenetic types rocks of the Dipilto Batholith including
10 samples of tourmaline-bearing rocks (Tab. 1). Most
whole-rock chemical analyses were carried out at Acme
Analytical Laboratories, Vancouver, Canada. Major-
element oxides were determined by the ICP-OES method.
Loss on ignition (LOI) was calculated from the weight
difference after heating to 1000 °C. The rare earth and
other trace elements were analysed by INAA and ICP-MS
following LiBO, fusion. The whole-rock chemical analy-
ses 238, 248, 300, 361 were performed in the laboratories
of the Czech Geological Survey in Prague (Dempirova
2010; Dempirova et al. 2010). Because of differences in
the analytical methods (Nb, Y, Zr and U were analysed
by X-ray fluorescence; Sr, Ba, Cs, Rb, Zn, V and Ni by
atomic absorption spectrometry and Co, Cr, Cu, Ga, Mo,
Pb, Zn by optical emission spectrometry) only major
oxides and some trace elements were used in this work.

Geochemical data were recalculated and plotted using
the GCDKkit software package (Janousek et al. 2006). The

Tab. 1 Location of the studied samples

fractional crystallization in rocks of Dipilto Batholith was
interpreted using a FC—AFC-FCA and mixing modeller
(Ersoy and Helvac1 2010). Fractional crystallization
trends were interpreted using crystal/melt partition coef-
ficients for K-feldspar, plagioclase and biotite recom-
mended for granite by Ersoy and Helvaci (2010).

4. Petrography of plutonic rocks of the
Dipilto Batholith

The Dipilto Batholith is a body about 130 km long and
40 km wide that crops out over several thousands of
km?, consisting of four main igneous suites (Za¢ek and
Hradecky 2005; Burianek et al. 2010; Fig. 2a—b; Tab. 2):
(1) biotite and amphibole—biotite granodiorites to tonal-
ites, which locally contain abundant mafic enclaves or
bodies, (2) porphyritic biotite granites to granodiorites
locally with cordierite and/or tourmaline, (3) medium-
grained biotite to muscovite granites, (4) leucocratic
dykes and stocks (leucogranites to pegmatites).

4.1. Biotite and amphibole—biotite
granodiorite to tonalite (El Paraiso Suite)

The EIl Paraiso Suite is exposed in NE-SW elongated
body east of Jalapa and La Mia (Fig. 2a). Dominant bio-

Sample Longitude (°E) Latitude (°N) Locality Rock Suite
DO008* -86.1908 13.8624 Lugar Aquas Calientes Bt granite (Tur nod.) Yumpali
DO12* —86.1656 13.9500 El Escambray Bt granite Yumpali
D034 -86.2391 13.8981 Casa Quemada Tur-Qtz vein Yumpali
D041 —86.1483 13.9074 Loma EI Trompo Tur pegmatite Leucogranite
D064* -86.1716 13.9637 Cerro JesUs Bt granite Yumpali
DO71* -86.1577 13.9094 Yumpali Crd-Bt granite Yumpali
DO71C* -86.1577 13.9094 Yumpali leucogranite (Tur) Leucogranite
D090 -86.1031 13.9919 Cerro La Piedra Bt granite Yumpali
D095 -86.2547 13.8572 La Ceiba Crd-Bt granite (Tur nod.) Yumpali
D099* —86.2430 13.8364 Lugar Plan EI Hornito Bt granite Yumpali
D107* —-86.2076 13.9189 Rio Arriba Bt granite Yumpali
H022* -86.0147 13.9860 Poza Redonda Amp-Bt gabbro El Paraiso
HO045* -86.0008 13.9683 Cerro los Esclavos Bt granite (Tur nod.) La Piedra
HO046* -86.0035 13.9737 Cerro Los Esclavos Tur granite Leucogranite
HO056* —86.0118 13.9384 Rio Macarali Amp-Bt granodiorite El Paraiso
HO064 —86.0319 13.9328 Rio Macarali Ms-Bt granite La Piedra
HO034 -86.0100 13.8942 Cerro Casa Fuego Bt granite (Tur nod.) Yumpali
238%* -86.5776 13.7364 Rodeo Grande Amp-Bt tonalite El Paraiso
248%* —-86.5830 13.6848 Macuelizo Bt tonalite El Paraiso
300%* -86.4141 13.7361 Mosonte Bt granite (Tur nod.) Yumpali
302 —86.4460 13.6893 Mosonte Tur veinlet in granite Yumpali
361%** -86.5052 13.7130 Dipilto Bt granite Yumpali

Whole-rock chemical analyses performed in:
* Acme Analytical Laboratories, Vancouver, Canada

** laboratories of the Czech Geological Survey in Prague

nod. = nodules, Tur = tourmaline, Bt = Biotite, Amp = amphibole, Crd = cordierite
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Tab. 2 Main features of the individual granitoid suites making up the Dipilto Batholith

Group basic rocks H,_ and H_-type granitids  H, and S-type granitoids S-type granitoids
Suite El Paraiso El Paraiso Yumpali, La Piedra leucogranite dykes
Rock tvoes Amp and Amp-Bt gabbro Amp-Bt tonalite Bt to Crd-Bt granite Tur to Ms—Bt aplite,
yp to diorite to Bt granodiorite to granodiorite pegmatite and granite
medium-grained medium-grained medium to coarse-grained fine to coarse-grained,
Texture . . . . - - .
hypidiomorphic hypidiomorphic sometimes porphyritic variable textures
. - metasedimetary
Enclaves - |gneou? (diorite to gabbro) (restite and hornfelses) -
Occurrence enclaves (up to several m) mainly eastern part western part of the batholith dykes up to 1 m thick

Rock-forming
minerals
Accessory minerals
Secondary minerals
ZST (W-H 1983)
Major elements
(wt. %)

Sio,

CaO

K,0

FeO/MgO

A/CNK

Trace elements

(ppm)
Rb

Ba

Sr

Th
Zr/Hf
Nb
La

Amp + Pl + Bt

Ap, Mnz, lIlm, Mag
Ep, Chl, Cal, Scp, sericite

49-60
6.6-12.5
0.8-1.5
0.7-1.6
0.68-0.77

32-62
155-231
214-498
2.3-2.6
33-35
2-10
7-11

of the batholith
Bt + Pl + Qtz + Kfs + Amp

Ap, Mnz, Zrn, llm, Ttn
Chl, Cal, Prh, Hem, zeolite
743-777°C

63-69
3.3-4.1
2.8-3.3
1.9-2.7

0.94-0.97

83-107
90-555
227-433
9.4
32
7-11
13-24

Bt + Pl + Qtz + Kfs + Cdr

Tur, Grt, Ap, Mnz, Zrn, Ilm
Prh, Chl, sericite
746-843°C

69-75
1.0-2.3
3.7-6.1
3.1-6.9

0.95-1.30

161-263
546-1988
49-156
11.6-18.8
32-36
8-17
24-40

Bt + P1 + Qtz + Kfs + Tur
+ Ms
Ap, Mnz, Zrn, Grt
Chl, sericite
653-739°C

73
0.6-0.2
5.2-5.7
4.6-7.7

1.30-1.43

197-242
96-675
20-85
7.7-4.3
20-31
3-12
5-18

granitoid classification after Castro et al. (1991)
ZST (W-H 1983) = zircon saturation thermometry (Watson and Harrison 1983)

tite and amphibole-biotite granodiorites to tonalites are
grey, medium-grained (Fig. 3a), occasionally porphyritic
rocks. Volumetrically subordinated gabbros or diorites
form stocks, up to 80 m in diameter, but mostly occur as
elongated enclaves up to 30 cm long enclosed by grano-
diorites and tonalites of the El Paraiso Suite.

Tonalites to granodiorites consist of subhedral to
euhedral plagioclase (35-49 vol. %), anhedral quartz
(25-31 vol. %), perthitic K-feldspar (1-8 vol. %), biotite
(814 vol. %) and amphibole (0-8 vol. %). K-feldspar
(Or,, o Ab, ) is relatively homogenous whereas plagio-
clase frequently displays an oscillatory-zoned pattern
(sometimes with resorption zones) and occasionally
preserves boxy-cellular cores (An,, . ). Homogeneous
biotite (X, = 0.53-0.54, VAl = 2.41-2.45 apfu; Fig. 4a)
and slightly heterogeneous magnesiohornblende (Mg/
(Mg + Fe) = 0.55-0.61, Si = 7.13-7.41 apfu) are pres-
ent. Accessory zircon, monazite and apatite mostly occur
as small inclusions in biotite. The secondary minerals
include clinozoisite, prehnite and muscovite partially
replacing plagioclase cores.

Mostly subangular mafic enclaves (Fig. 3a) are ran-
domly distributed in host rocks. They are medium- to
fine-grained and occasionally porphyritic with mi-

crogranular structure. Their groundmass consists of
plagioclase, biotite and amphibole with plagioclase
megacrysts.

Medium- to coarse-grained amphibole and amphibole-
biotite gabbro usually form small bodies, up to 50 m in
diameter, composed of dominant magnesiohornblende
(55-73 vol. %) and plagioclase (23—45 vol. %) with
more or less continuously normally zoned cores (often
surrounded by a resorption zone) and oscillatory-zoned
rim (An,, ,.). Subhedral to anhedral magnesiohornblende
grains (Mg/(Mg + Fe) = 0.59-0.63, Si = 7.16-7.25 apfu)
are locally replaced by actinolite. Subordinated, (0—4
vol. %), partially chloritized biotite (annite with X_ =
0.53-0.54, VAl = 2.41-2.48 apfu; Fig. 4a) often contains
small inclusions of amphibole. Epidote, clinozoisite and
prehnite are secondary minerals.

4.2. Porphyritic biotite granites to
granodiorites locally with cordierite
and/or tourmaline (Yumpali Suite)

The pinkish-grey porphyritic granites to granodiorites
of the Yumpali Suite (Fig. 3b) dominate western part of
the Dipilto Batholith (Fig. 2a—b). They consist mainly
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Fig. 3 Field characteristics of the Dipilto Batholith. a — Mafic microgranular enclave in the tonalite, H0O56 (El Paraiso Suite); b — K-feldspar phe-
nocryst in biotite granite with cordierite, DO71 (Yumpali Suite); ¢ — Incipient tourmaline nodule in the biotite granite with cordierite (tourmaline
partially replaced by feldspar and thus the leucocratic halo is indistinct), D034 (Yumpali Suite); d — Leucogranite with small tourmaline nodules;
e — Pegmatitic dyke with tourmaline in strongly weathered granite, D092; f — Quartz and tourmaline in the central parts of pegmatitic miaroles, H022.

of groundmass anhedral quartz (30-35 vol. %), fine- to  sometimes resorbed plagioclase; An,, .;; 24-29 vol. %),

medium-grained K-feldspar (Org, 4, Ab, ,; 27-36 vol. %), biotite (annite; X_ = 0.59-0.61, Al = 2.62-2.70 apfu;

92-90
subhedral to euhedral plagioclase (oscillatory-zoned and ~ Tab. 3) and occasional cordierite (X, =0.46-0.52). In ad-
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Tab. 3 Representative electron-microprobe analyses of biotite (wt. % and apfu on the basis of 22 oxygens + 2 OH groups)

D071/60 HO056B2 H056B1 D090/39 D107B/54 D071B1 D071B2 DO071B3
Sio, 34.49 35.85 35.78 34.89 36.02 34.93 34.62 34.65
Tio, 4.14 3.65 3.77 2.33 3.38 4.64 3.49 2.48
AlO, 18.83 14.05 14.03 18.74 17.86 17.63 18.78 19.01
FeO 21.91 20.93 20.88 21.29 19.57 20.81 19.77 19.15
MnO 0.37 0.28 0.28 0.23 0.28 0.21 0.39 0.39
MgO 6.01 10.17 10.15 8.20 8.62 7.56 8.36 9.42
CaO 0.01 0.14 0.10 0.00 0.00 0.07 0.01 0.00
Na,0 0.13 0.07 0.11 0.07 0.13 0.21 0.12 0.08
K,0 9.31 9.01 9.05 9.67 9.21 9.11 9.64 9.39
H,0* 3.78 3.83 3.82 3.79 3.68 3.75 3.80 3.76
F 0.18 0.00 0.00 0.21 0.46 0.27 0.20 0.27
Cl 0.08 0.05 0.09 0.04 0.14 0.07 0.08 0.06
O=F,ClI 0.09 0.01 0.02 0.10 0.22 0.13 0.10 0.13
Total 99.15 98.01 98.04 99.37 99.14 99.12 99.15 98.53
Si 5.328 5.590 5.580 5.364 5.485 5.369 5.309 5.321
Ti 0.481 0.428 0.442 0.270 0.387 0.536 0.402 0.286
VAl 2.672 2.410 2.420 2.636 2.515 2.631 2.691 2.679
VIAI 0.756 0.173 0.159 0.761 0.692 0.562 0.704 0.764
Fe 2.831 2.729 2.723 2.738 2.493 2.675 2.536 2.460
Mn 0.048 0.036 0.037 0.029 0.037 0.028 0.050 0.051
Mg 1.383 2.365 2.360 1.880 1.956 1.731 1.911 2.156
Ca 0.002 0.024 0.017 0.000 0.000 0.011 0.002 0.000
Na 0.039 0.020 0.034 0.022 0.039 0.062 0.034 0.024
K 1.835 1.792 1.800 1.897 1.789 1.786 1.885 1.840
S Cat 15.376 15.567 15.572 15.597 15.394 15.392 15.525 15.581
OH* 3.892 3.986 3.975 3.889 3.743 3.850 3.885 3.855
F 0.088 0.000 0.000 0.100 0.220 0.133 0.095 0.129
Cl 0.020 0.014 0.025 0.011 0.036 0.017 0.020 0.017

dition, 10-50 mm long euhedral K-feldspar phenocrysts
are also present. Muscovite is rare and usually occurs as
a secondary mineral in feldspars.

Tourmaline (Tab. 4) forms small subhedral randomly
distributed grains or small nodules (Fig. 3¢) with leuco-
cratic haloes up to several cm in diameter. Tourmaline
nodules (up to 25 cm across) are mostly concentrated in
5-20 m thick zones located mainly at the batholith mar-
gins. The nodules are composed of two distinct zones: the
central zone (a) and a leucocratic halo (b). The centre (a)
consists of tourmaline (40-76 vol. %) and quartz (21-35
vol. %), with variable amounts of plagioclase (2—19
vol. %), K-feldspar (1-18 vol. %), and fluorapatite. The
leucocratic biotite-free halo (b) surrounds the majority
of the nodules. Accessory phases of tourmaline nodules
include zircon, apatite, monazite, xenotime and ilmenite.

Metamorphic xenoliths, which are occasionally pres-
ent in the Yumpali Suite, vary widely in size (< 1 to
40 cm) and shape (rounded to angular and irregular).
They are mostly represented by cordierite hornfelses
and cordierite-rich restites. Xenoliths of calc-silicate
rocks, amphibolites and biotite—plagioclase mafic mi-
crogranular enclaves are scarce. More than 90 % of all
the observed enclaves in the Yumpali Suite are hornfels
xenoliths. They exhibit characteristic fine- to medium-

grained equigranular mosaic textures. Biotite (annite;
X, = 0.53-0.57, VAl = 2.68-2.69 apfu; Fig. 4a), cor-
dierite and normally zoned plagioclase (An,, ) are the
main constituents. Quartz and needles of sillimanite are
scarce. Cordierite-bearing restitic enclaves are grano-
blastic to lepidoblastic and medium- to coarse-grained.
The mineral assemblages are dominated by biotite (an-
nite; X_, = 0.52-0.55, VAl = 2.69 apfu; 30-70 vol. %)
and cordierite (X_, = 0.56-0.57, 15-60 vol. %) with
subordinated plagioclase, quartz, sillimanite, hercynite
and rare almandine-rich garnet (Alm_, Prp,, Sps, Adr,)
frequently replaced by biotite.

4.3. Medium-grained biotite to muscovite
granites (La Piedra Suite)

The granites of the La Piedra Suite contain mainly plagio-
clase (28-39 vol. %), quartz (30-35 vol. %), K-feldspar
(15-30 vol %) and biotite (2—8 vol %). Euhedral to sub-
hedral plagioclase phenocrysts have homogeneous or rare
boxy-cellular cores (An,, ,,) and albite-rich rims (< An,,).
Subhedral K-feldspar (Or,, ., Ab, ) and biotite (annite;
X, = 0.59-0.61, VAl = 2.62-2.68 apfu; see Fig. 4a) are
chemically relatively homogeneous. Garnet and/or mus-
covite are accessory minerals.
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Compositional variations of tourmaline of the Dipilto Batholith
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Fig. 4 Chemical composition of biotite in a — Fe/(Fe + Mg) vs. V'Al and
b — Fe/(Fe + Mg) vs. F plots.

Up to several cm long biotite- and cordierite-biotite
restitic enclaves are locally abundant. They are composed
of over 40 vol. % biotite (annite; X, = 0.55-0.59, VAl
= 2.59-2.64 apfu), plagioclase (up to 30 vol. %) with
patchy zoning (An,, ) and various amounts of cordierite,
hercynite and almandine-rich garnet (Alm
Sps, (Adr,, Grs_ ).

68-69 P rp22—23

4.4. Leucogranites, aplites and pegmatites

Tourmaline to muscovite—biotite leucogranites, aplites
and pegmatites form several cm to m thick dykes or
small stocks up to 600 m in diameter intruded into all
remaining igneous suites and metasediments in the roof
pedants of the Dipilto Batholith (Fig. 3d). Leucogranites
are rich in subhedral quartz (30-38 vol. %) and perthitic
K-feldspar (Or,, ,. Ab, ..; 25-40 vol. %). Weakly nor-

mally zoned plgggigtl)clas?en(An o115 20-25 vol. %) is partly
altered to secondary muscovite. Biotite (up to 12 vol. %;
X, = 0.67-0.69, VAl = 2.64-2.67 apfu; Fig. 4a) is fre-
quently altered to chlorite. Muscovite (X_, = 0.66-0.96,
Si = 6.07-6.20 apfu) is rare. Anhedral tourmaline is
concentrated in nodules, up to 4 cm in diameter (Fig. 3d),
or forms small subhedral grains disseminated in the rock
occasionally associated with euhedral almandine-spes-
sartine (Alm Sps Prp, , Adr,, Grs_; grains up
to 5 mm).

Medium- to coarse-grained pegmatites form dykes, up
to 1 m wide, consisting of K-feldspar, albite, quartz and
tourmaline (Fig. 3e—f), the latter forming euhedral colum-
nar crystals (Fig. 3e). Occasionally is present magmatic
layering with K-feldspar crystals oriented perpendicular
to the individual layers. Fine-grained aplites consist of
K-feldspar, albite, quartz and biotite or tourmaline. The
tourmaline usually occurs in nodules or nests, up to 3 cm
in diameter.

47-67 30-52

5. Geochemistry of granitoids

Based on the R, vs. R, classification diagram (De la
Roche et al. 1980), studied rocks correspond to tonalite
to granodiorite (El Paraiso Suite), granodiorite to granite
(Yumpali Suite) and granite (La Piedra Suite) (Fig. 5a,
Tab. 5). All the granitoids are calc-alkaline (Irvine and

Tab. 5 Major-element analyses of representative rocks from the Dipilto Batholith (in wt. %)

Suite Yumpali La Piedra Leucogranite El Paraiso
Sample D008 D012 D071 HO045 D064 D071/C HO046 H022 HO56/A
Sio, 71.75 70.81 69.10 73.37 67.03 73.34 73.24 49.30 71.47
TiO, 0.35 0.52 0.71 0.24 0.54 0.18 0.03 0.51 0.45
AlO, 14.52 14.16 14.34 13.78 14.66 14.95 15.21 17.76 14.13
Fe,0, 2.17 3.24 4.21 2.10 4.34 1.52 1.28 6.91 2.94
MnO 0.04 0.06 0.06 0.05 0.09 0.04 0.08 0.13 0.07
Cr,0, <0.002 0.003 0.006 <0.002 0.008 <0.002 <0.003 0.019 0.004
MgO 0.49 0.79 1.21 0.41 211 0.30 0.15 8.30 0.73
CaO 1.35 2.27 2.03 1.39 4.11 0.62 0.23 12.54 1.70
Na,O 2.78 3.12 2.31 2.97 2.80 2.67 3.09 1.47 3.04
K,0 5.06 3.96 4.40 4.72 2.84 5.18 5.72 0.78 4.36
PO, 0.10 0.15 0.23 0.10 0.13 0.15 0.06 0.09 0.13
LOI 1.2 0.7 1.1 0.7 1.1 0.9 0.9 1.9 0.8
Sum 99.81 99.78 99.71 99.83 99.80 99.85 99.99 99.70 99.79
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Fig. 5 Chemical composition of the plutonic rocks of the Dipilto Batholith. a — R, vs. R, classification diagram (De La Roche et al. 1980); b — AFM
diagram (A = Na,0 + K,O, F = FeO + Fe,O,, M = MgO, all oxides are in wt. %; Irvine and Baragar 1971); ¢ - SiO, vs. K,O plot (Peccerillo and
Taylor 1976); d - A/CNK vs. A/NK plot (A = AlO,, C = CaO, N = Na,0, K = K,0; all oxides are in mol. %; Shand 1943).

Baragar 1971; Fig. 5b) and belong to the shoshonitic or
high K-series (Peccerillo and Taylor 1976; Fig. 5¢). Bi-
nary plots (Fig. 6) display negative correlations of SiO,
with CaO, FeO,, and MgO but positive correlations with
K,O and Rb.

Granitoids of the El Paraiso Suite (Tab. 5) are meta-
luminous (A/CNK = 0.93-0.97; Fig. 5d) with low K,0/
Na,O (0.8-1.0) and MgO/FeO, (0.37-0.54) ratios. They
are rich in FeO,, CaO, MgO and Sr (Fig. 6; Tab. 6).
The chondrite-normalized REE pattern (Boynton 1984;
Fig. 7) of tonalite indicates enrichment in LREE (La/
Yb,, = 3.3) and negative Eu anomaly (Eu/Eu* = 0.7). The
chondrite-normalized REE pattern for the dioritic mafic

microgranular enclave is relatively flat (La/Yb = 1.0)
with a deep negative Eu anomaly (Eu/Eu* = 0.3). Gabbro
is enriched in LREE (La /Yb, = 4.2) and shows a positive
Eu anomaly (Eu/Eu* = 1.2).

Rocks of the Yumpali (Tab. 5) and La Piedra Suites
are subaluminous to slightly peraluminous (A/CNK =
0.95-1.17), with K,O0/Na,0 = 1.3-2.2 and MgO/FeO,
= 0.13-0.32. In comparison with the rocks of the El
Paraiso Suite (Fig. 8), they exhibit slight enrichment in
K, Ba, Rb, Th, La and Ce. The chondrite-normalized REE
patterns (Fig. 6; Tab. 6) of both suites indicate variable
enrichment in LREE (La,/Yb, = 3.9-6.6) and negative
Eu anomalies (Ew/Eu* = 0.2-0.5).
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Two samples of felsic tourmaline leucogranites
(Tab. 5) have high contents of K,O (5.2-5.7 wt. %), with
K,O/Na,O ratios of c. 1.9 and high A/CNK (1.30-1.34).
Leucogranites are enriched in Rb, K and depleted in Sr,
Nb, Ta, P, Hf, Zr, and Ti compared with the average upper
continental crust (Fig. 8; Taylor and McLennan 1985).
These two samples exhibit various values of the frac-
tionation indexes (e.g., TiO,,

tents of Al _, (< 7.04 apfu) and F (< 0.46 apfu) indicate
the predominance of “oxy-foitite”, oxy-schorl and fluor-
schorl components. All the microprobe analyses display
low concentrations of Ti (< 0.17 apfu), Ca (< 0.13 apfu),
K (£0.02 apfu) and Mn (< 0.04 apfu). Five types of tour-
maline were distinguished in the granitoids of the Dipilto
Batholith and its contact aureole.

K/RD). Typical are lower total 2
contents of REE in comparison
with granitoids of the Yumpali 2 4
and La Piedra suites (37-101
vs. 160-211 ppm; Tab. 6). The g
decrease in Zr, REE and Th ¢ o
abundances from the Yumpali ~ < _
Suite to leucogranite (Fig. 8) O
is consistent with fractionation N
of accessory silicates and phos- e
phates (e.g., zircon, monazite).
The chondrite-normalized REE o ©
patterns of the leucogranites a
(Fig. 6) exhibit variable LREE SE
fractionation (La/Yb, = 1.6- o
4.8) and negative Eu anomalies o
(EwEu* = 0.2-0.5). & oA ©
Zircon saturation temper-
atures (Watson and Harrison N
1983; Tab. 2) calculated for ~ 4
the El Paraiso, Yumpali and La
Piedra suites (743—-843 °C) are o
higher than those obtained from o
the leucogranites (653-739°C). © 7
This difference can be interpret- 0w -
ed as an evidence for a higher
degree of leucogranites frac- g ~ 7
tionation (Hoskin et al. 2000). & o« |
~ —
6. Textural and para- -
genetic types and
chemical composi- ° T5
tion of tourmaline ® ]
Electron microprobe analyses © -
(Tab. 4) revealed predominantly
schorl-foitite tourmalines in % - - o
the granitoids of the Dipilto
Batholith (X_, = 0.53-0.98, Na
= 0.21-0.77 apfu). High con- N
Fig. 6 Variation diagrams of silica ver- o

sus selected major-element oxides (wt.
%) or trace elements (ppm) in magmatic
rocks of the Dipilto Batholith (same
symbols as in Fig. 5).
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Tab. 6 Trace-element analyses of representative rocks from the Dipilto Batholith (in ppm)

Sample D008 D012 D071 HO045 D064 Do71/C HO046 H022 HO56/A
Ba 855 711 1048 628 671 675 96 155 555
Co 2.7 4.6 7.6 2.4 4.3 1.0 0.9 24.7 8.8
Cu 3.3 6.6 20.2 2.0 8.0 3.1 1.6 10.0 2.0
Ni 5.7 6.1 14.0 3.6 8.0 3.4 1.4 2.7 7.7
Rb 231.5 165.6 162.3 161.1 190.3 197.0 242.0 31.7 90.9
Sr 83.9 124.0 155.9 101.1 114.1 84.8 19.8 497.5 226.3
V 23 32 69 14 32 9 8 247 62

Sn 9 5 4 4 6 5 7 2 3

Zn 47 67 64 34 53 2 4 12 49
As 4.5 5.3 5.0 1.4 2.8 0.6 <0.5 1.6 4.7
U 5.4 3.5 3.2 2.6 6.9 3.1 1.3 0.8 4.6
Nb 16.5 17.0 14.3 7.8 15.2 12.4 3.1 2.3 8.7
Mo 0.3 0.8 1.2 0.1 0.4 0.4 0.1 0.3 0.7
Y 47.0 40.1 46.1 49.4 48.0 26.7 18.5 111 23.3
Zr 193.4 245.9 270.8 122.0 220.1 68.5 21.9 60.3 173.9
Pb 3.9 4.1 3.5 3.7 3.3 6.6 4.7 1.7 3.2
Cd <0.1 <0.1 <0.1 0.1 0.2 <0.1 <0.1 0.1 0.1
Cs 14.0 6.0 6.8 8.6 13.9 7.0 5.8 2.6 4.4
Th 18.8 14.9 15.0 11.6 13.0 7.7 4.3 2.3 9.4
Ta 1.6 1.3 0.8 0.7 1.6 15 0.7 0.1 0.7
Hf 6.1 6.9 7.9 3.8 6.6 2.2 1.1 1.7 5.4
Sc 7 10 12 7 9 7 6 41 15
Au 1.9 6.9 0.9 15.1 13.1 1.0 0.6 2.0 0.9
Sh <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ag <0.1 <0.1 <0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
TI 0.6 0.6 0.6 0.4 0.7 0.1 0.1 0.1 0.2
Bi <0.1 0.2 0.1 <0.1 0.2 5.7 <0.1 <0.1 <0.1
w 0.7 <0.5 1.3 <0.5 0.8 0.8 11 <0.5 <0.5
Ga 15.8 17.4 16.7 15.3 17.3 17.0 21.1 15.6 15.1
Se <0.5 0.6 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
La 39.8 38.5 35.1 27.2 27.9 18.4 5.0 7.0 12.7
Ce 83.2 82.9 76.4 62.1 60.0 38.6 9.5 15.4 28.7
Pr 10.77 9.97 9.63 7.66 7.51 4.87 1.65 2.09 3.71
Nd 39.8 38.1 37.8 30.7 29.5 18.4 6.9 9.5 15.7
Sm 8.22 7.42 7.97 6.86 6.40 3.95 2.31 2.14 3.70
Eu 0.76 0.88 1.10 0.72 0.83 0.63 0.17 0.82 0.87
Gd 7.73 6.64 7.56 7.12 6.69 3.93 2.60 2.13 3.73
Th 1.41 1.20 1.38 1.36 1.27 0.74 0.59 0.36 0.67
Dy 8.03 6.64 7.82 8.03 7.58 4.36 3.31 2.00 3.81
Ho 1.60 1.36 1.56 1.72 1.56 0.87 0.65 0.40 0.82
Er 4.40 3.99 4.52 4.96 4.67 2.52 1.88 1.16 2.46
™ 0.69 0.63 0.68 0.75 0.78 0.40 0.32 0.17 0.41
Yb 4.37 3.91 4.16 4.49 4.81 2.61 2.16 1.13 2.59
Lu 0.63 0.57 0.61 0.66 0.70 0.38 0.31 0.16 0.41
Be 2 2 2 2 2 1 2 1 1

6.1. Tourmaline nodules in granites of the
Yumpali Suite (type I)

Tourmaline nodules are often concentrated at the contact
of the Yumpali Suite granitoids with metamorphic rock
and granodiorites—tonalites of the EI Paraiso Suite. An-
hedral to subhedral tourmaline commonly replaces albitic
plagioclase and K-feldspar (Figs 8a—b, 9a—b) whereas

oligoclase (An,, ) is less affected and usually preserves
euhedral to subhedral crystal shape (Figs 9b, 10a-b).
In the central part, nodules are also present as skeletal
fan-shaped aggregates of subhedral columns. Tourmaline
(Fig. 11a—c) is present as Al-rich schorl (Al = 6.22-6.59
apfu, X_, = 0.72-0.83, Na = 0.58-0.72 apfu) with rela-
tively low contents of F (0.05-0.22 apfu). The grains
mostly show chemically inhomogeneous cores with
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Fig. 7 Chondrite-normalized (Boynton 1984) REE diagrams. Grey areas represent the fields obtained for all studied rocks from Dipilto Batholith.

smooth zoning (Fe = 1.69-1.90 apfu) o
rimmed by a zone with higher Fe content =
(2.08-2.10 apfu). The decrease in Al and
increase in Fe + Mg with constant Na
contents in the central part of the grains
(Fig. 11b) indicate the substitution Y(Fe
+ Mg),"(OH), YAl_"O_,. The rim com-
position of the tourmaline grains evolves

<& Gabbro, diorite (El Paraiso Suite)

o Granodiorite, tonalite (El Paraiso Suite)
A Granite, granodiorite (Yumpali Suite)
A Granite (La Piedra Suite)

+ Leucogranite

towards more Al-rich and Na-deficient F
compositions with a dominant foitite C
substitution of *o, YAl YOH, *Na_(Fe +
Mg)*_"F_, (Fig. 12a). -
6.2. Tourmaline in the leucogra- -

S -

nite dykes (type Il)

Tourmaline in the leucogranite dykes
is present as disseminated subhedral
columns up to 1 cm long or as anhedral
grains inside small tourmaline nodules
(up to 2 cm in diameter, Fig. 3d). It dis-
plays higher contents of Al (6.60-6.87
apfu), range of X_, (0.53-0.90) and Na
(0.33-0.60 apfu) and lower content of F
(0.00-0.16 apfu; Fig. 12b—c) compared
with the type I. Disseminated grains
are usually relatively homogeneous
(Fe = 1.53-1.84 apfu) in contrast to
tourmalines in nodules (Fig. 12d; Fe =
1.19-1.86 apfu). The decrease in the Al

El Paraiso Suite

Sample/upper continental crust

0.1
+
-
]

Fig. 8 Comparison of trace-element contents in
metaluminous (El Paraiso Suite) and peraluminous
(granites to granodiorites of the Yumpali Suite, gra-
nites of the La Piedra Suite and leucogranites) rocks

of the Dipilto Batholith in spider plots (normalized S Bb Th k( Ta Qe Nd |I'|f Slm Tb 'Il'm
by the upper continental crust according to Taylor o T T I\I T é T T . T T
and McLennan 1985). Ba U b La r P Zr Ti Y Yb
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Fig. 9 Photomicrographs of tourmaline (plane polarised light). a — Tourmaline preferably replacing albitic perthites in K-feldspar phenocrysts from
tourmaline nodule in the Yumpali Suite granite (D095); b — Tourmaline partially replacing mainly K-feldspar in the nodule from leucogranite dyke
(D046); in contrast, plagioclase, quartz and garnet preserve euhedral to subhedral crystal shapes.

Pl

Fig. 10 Back-scattered electron (BSE) images of tourmaline. a — Tourmaline partially replacing perthites and K-feldspar in nodules in the granite
of the Yumpali Suite (D095); b — Tourmaline partially replacing plagioclase in the small nodule from leucogranite dyke (D071C); ¢ — Dissemi-
nated tourmaline in pegmatite (D041); d — Euhedral oscillatory-zoned tourmaline from a quartz vein (D034). In Fig. 10a-b, the arrows indicate
replacement of feldspars by tourmaline (original tourmaline outlines are marked by white dotted lines).
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and Na contents and increase in Fe + Mg (Figs 10-11)  6.3. Tourmaline of pegmatite dykes (type IlI)
is related to foitite substitution *o,"Al, *Na_Y(Fe +

Mg)>* | coupled with the substitution of Fe for Mg (Mg  Pegmatite dykes contain euhedral or subhedral grains of
Fe ) (Fig. 12d). disseminated tourmaline, up to 2 cm long (Fig. 3e). It usu-
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Fig. 11 Classification diagrams for the tourmaline group minerals. a — Ternary Na (K)-X-site-vacancy-Ca and Al Fe, ~Al-Al_ Mg,  plots after
Hawthorne and Henry (1999). Dark grey area represents chemical composition tourmaline from F-rich granite systems (Sinclair and Richardson
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ally exhibits simple zoning (Fig. 10c) with a foitite-rich
core (Al = 6.94-7.04 apfu, X_, = 0.90-0.98, F = 0.00-0.12
apfu, Na = 0.44-0.57 apfu), and a thin schorl rim (Al =
6.86-6.91 apfu, X_, =0.91-0.98, F = 0.05-0.10 apfu, Na =
0.53-0.57 apfu). Tourmaline grains evolve towards more
Na-rich and Al-deficient compositions with predominant
substitution of *Na,(Fe + Mg)**, *o_ YAl , (Fig. 12a).

6.4. Tourmaline of quartz veins (type IV)

Quartz veins, 1 to 50 mm thick, having sharp con-
tacts with the metamorphic rocks and granitoids, lo-
cally contain small cavities or pockets with columnar to
needle-like crystals of tourmaline (Fig. 3f). Tourmaline
often partly replaces plagioclase and K-feldspars of the
surrounding granites of the Yumpali Suite. Sometimes,
hydrothermal quartz with tourmaline crystals partly fills
the miarolitic cavities in the pegmatites. Tourmaline (Al =
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6.26-6.83 apfu, X_, = 0.73-0.95, F = 0.23-0.46 apfu, Na
= 0.51-0.77 apfu) displays oscillatory zoning (Fig. 10d).
An increase in F and Na towards rim (Na = 0.58-0.60
apfu) and no systematic variations in Al, Fe and Mg were
observed (Fig. 11b—c). Thin younger foitite rims are very
rare (Al = 6.89-6.98 apfu, X_, = 0.92-0.98, F = 0.00 apfu,
Na = 0.21-0.43 apfu). The main substitution trend related
to the increase in Na and Mg + Fe?* and decrease in Al
and the X-site vacancy corresponds well to the substitu-
tion *Na,"(Fe + Mg)*,"(OH), *o_, YAl ,YO_, (oxy-schorl
type substitution; Figs 10b-c, 11a) and/or *o, YAl YOH,
*Na_,Y(Fe + Mg)** | YF | (Fig. 12b—c).

6.5. Tourmaline in the contact metamorphic
aureole (type V)

Accessory tourmaline is also present in the andalusite—
cordierite schist in the contact aureole of the Dipilto
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Fig. 12 Diagrams illustrating substitution mechanisms in the tourmaline group minerals. a — Al vs. X-site vacancy; b — F vs. Na; ¢ — Al vs. F;

d — Mg vs. Fe (same symbols as in Fig. 11).
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Batholith. Columnar crystals have alignment following
the foliation and correspond to dravite (Al = 6.35-6.63
apfu, X_, = 0.50-0.44, F = 0.00-0.01 apfu, Na = 0.46—
0.63 apfu).

7. Discussion

7.1. Magmatic evolution of the Dipilto
Batholith

The estimated P-T conditions in the contact aureole of
the Dipilto Batholith (500-650 °C and ~ 0.2 GPa) as well
as those calculated for the rocks of the El Paraiso Suite
(630-730°C and 0.1-0.2 GPa) indicate emplacement at
a relatively shallow crustal level (c. 6 km; Burianek and
Dolni¢ek 2011).

The Cretaceous Dipilto Batholith represents a pet-
rographically and chemically heterogeneous granitoid
body, which consists principally of four distinct suites of
magmatic rocks (Tab. 2). The El Paraiso Suite tonalites—
granodiorites are metaluminous whereas Yumpali Suite
is subaluminous to slightly peraluminous, and La Piedra
Suite with leucogranitic dykes are strongly peraluminous.
This petrographical variability is typical of calc-alkaline
intrusions with a crustal-subcrustal hybrid origin (Castro
et al. 1991).

The El Paraiso Suite displays evidence of magma
mixing and mingling of the crustal melt with the
mantle-derived, basic magma. In terms of major- and
trace- element compositions, the El Paraiso Suite plots
systematically between the gabbro and the S-type gran-
ites of the Yumpali Suite. Textural evidence for magma
mixing (e.g., Sparks et al. 1977; Gamble 1979; Hibbard
1991; Janousek et al. 2004; Staby and Martin 2008)
is documented in plagioclase and mafic microgranular
enclaves. More calcic, partially resorbed, weakly zoned
cores (An,, ,.) are preserved in most of the oscillatory-
zoned andesine phenocrysts (An,, , ) in the tonalite and
mafic microgranular enclaves. These cores are interpreted
as relics of xenocrysts from a more mafic rock entrapped
by the tonalitic magma due to magma mixing (Hibbard
1981; Turner and Campbell 1986; Hess 1989; Barbarin
1990; Janousek et al. 2000; Castro 2001; Janousek et al.
2004). Magma mixing and mingling are also documented
for cordierite-bearing granodiorites of the Yumpali Suite
by the geochemistry (e.g., relative high content of Nij;
Fig. 6) and petrography (presence of small biotite-rich
mafic microgranular enclaves close to the gradual contact
with El Paraiso Suite tonalite).

The chemical composition and mineralogy (e.g., cordi-
erite, muscovite) indicate typically S-type signatures for
granites of the Yumpali and La Piedra suites. Cordierite-
rich xenoliths are richer in Al-minerals (e.g., sillimanite,

hercynite) and these rocks exhibit metamorphic textures
typical of the restites from partial melting of the crustal
rocks (e.g., Barbey 1991).

The variations in the Rb, K,0O, CaO, FeO, MgO, TiO,
and REE contents in the granitoids of the Yumpali and La
Piedra suites suggest that the plagioclase, K-feldspar and
biotite fractionation (probably together with ilmenite, ac-
cessory silicates and phosphates) played a significant role
in the evolution of these rocks. The majority of the gran-
ites with high Rb/Sr ratios can be modelled by removing
large proportions of a cumulate dominated by plagioclase
and K-feldspar from the cordierite-biotite granite sample
(D071, Fig. 13a). Whole compositional spectrum could
have been derived by up to 45% fractional crystallization
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Fig. 13 Magmatic evolution of the Dipilto Batholith. a — Diagram of log
(Sr) vs. log (Rb/Sr) with fractional crystallization trend for peralumi-
nous rocks of the Dipilto Batholith. Solid line with crosses corresponds
to increments of 5% fractional crystallization. Whole compositional
spectrum could have been derived by up to 45% fractional crystalliza-
tion of plagioclase (55 wt. %), K-feldspar (40 wt. %) and biotite (5 wt.
%). b — Schematic model for the emplacement of the Dipilto Batholith,
showing relationship between main rock types. Arrows indicate the
possible direction of magma flow.
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of plagioclase (55 wt. %), K-feldspar (40 wt. %) and
biotite (5 wt. %).

7.2. Chemical compositions of biotite
and tourmaline as indicators of the
evolution of the granitoids from the
Dipilto Batholith

Biotite (Tab. 3) is the most common rock-forming con-
stituent in all granitoids of the Dipilto Batholith and
can be used to distinguish between individual suites.
Biotite from metaluminous rocks of the El Paraiso Suite
exhibits relatively low X_, (Fe/(Fe + Mg) and Al values
compared with biotite in peraluminous granites of the
Yumpali and La Piedra suites (Fig. 4a). Biotite from gran-
ites of the latter two suites mostly has higher F contents
(0.08-0.13 apfu) than that in the other studied granitoids
(tonalite 0.00 apfu, tourmaline granite 0.04—0.09 apfu;
Fig. 4b). Biotite has a strong tendency to recrystallize
and the F values in the biotite are not a good monitor of
F in the melts (Icenhower and London 1995). However,
the relatively low F contents in the biotite from all stud-
ied peraluminous granites indicate that Dipilto Batholith
represents a F-poor granitic system. Igneous biotite con-
tinuously equilibrates with its host melt (Barbarin 2005)
and thus can be used to monitor its evolution. Biotite
in tourmaline granite dykes exhibits higher X_ values
compared with peraluminous granites of the Yumpali and
La Piedra suites (Fig. 4a). Increase in the biotite X_ indi-
cates progressive fractionation of the peraluminous melt
(e.g., Villaseca and Barbero 1994) during final stages of
the Dipilto Batholith formation.

Scarce appearance of tourmaline (Tab. 4) in dominant
peraluminous granites of the Yumpali and La Piedra suites
(tourmaline nodules, type 1) and common occurrence of
magmatic and/or hydrothermal tourmaline in pegmatite,
leucogranite dykes and quartz—tourmaline veins (types
I1-1V), provide evidence for the formation of this mineral
mainly during the late-magmatic to subsolidus evolution-
ary stages of the peraluminous granites in the Dipilto
Batholith. Schorlitic tourmaline | is rimmed by foititic
tourmaline (Fig. 11c) with low contents of F, reflecting the
hydrothermal stage of evolution of the tourmaline nodules
(e.g., Henry et al. 2002). Compared with schorlitic tourma-
line from the nodules (1), the tourmaline from leucogranite
dykes (1) exhibits lower contents of Na and F and higher
Al. Tourmalines Ill from pegmatite dykes have similar
or lower contents of Na and F than tourmalines from the
leucogranite dykes (I1). Their higher X__ indicates a growth
from a more fractionated granitic melt (e.g., Burianek and
Novak 2007). The chemical composition of the tourma-
lines from the quartz veins (1) with high contents of Fe,
F and Na points to crystallization from highly fractionated
hydrothermal fluids (Henry and Dutrow 2011).

Chemical composition of tourmaline evolved from
Mg-rich schorl (rare foitite) in peraluminous granite
nodules, through schorl-foitite in the pegmatite to F-rich
schorl—foitite in the hydrothermal veins (Fig. 11a—c). This
evolutionary trend is different from other F-rich granite
systems (Fig. 11a) previously published from many
localities (Sinclair and Richardson 1992; Burianek and
Novak 2007; Kubis and Broska 2010).

7.3. Evolution of boron-rich melt in the
Dipilto Batholith

Rare tourmaline is present in the peraluminous granit-
oids of the Yumpali Suite and common in the younger
leucogranites, pegmatites and quartz dykes spatially and
genetically related to the Yumpali Suite. The distribution
of tourmaline suggests that the parental peraluminous
melt was boron-undersaturated during most of its crystal-
lization because the majority of the granites and grano-
diorites of the Yumpali Suite are tourmaline-free. At the
same time, the activities of B, Al, Fe, Mg and Ti are es-
sential in controlling the formation and separation of the
boron-rich granitic melt (e.g., Pesquera et al. 2013). For
example crystallization of tourmaline in peraluminous
granite requires a high content of boron (1-4 wt. % B,O,
in melt at ~750°C, Wolf and London 1997).

Formation of tourmaline nodules marked the initial
stages of the boron saturation from melts during the
crystallization of peraluminous granites of the Yumpali
Suite. Boron enrichment caused depolymerization of
the some domains in the parental melt and decreased
its density, viscosity, liquidus and solidus temperatures
(London et al. 1996; Wolf and London 1997; Kubis and
Broska 2005). Hence tourmaline nodules grew from
bubbles of such an immiscible volatile-rich melt (e.g.,
Veksler and Thomas 2002; Veksler et al. 2002; Thomas
et al. 2003; Veksler 2004, Balen and Petrinec 2011).
Tourmaline in the central part of the nodules sometimes
forms fan-shaped aggregates, which are typical of mag-
matic crystallization (Perugini and Poli 2007). However,
tourmaline partially replaced rock-forming minerals (e.g.,
plagioclases and albitic perthites in the K-feldspar; Figs
8a—b, 9a) in the external part of the nodules. These fea-
tures indicate the formation of tourmaline under a wide
range of conditions from late magmatic crystallization
to the subsolidus stage (see e.g., Sinclair and Richardson
1992; Burianek and Novak 2004; Trumbull et al 2007;
Balen and Broska 2011; Balen and Petrinec 2011).

Tourmaline nodules are often concentrated in the
narrow zones in granitoids of the Yumpali Suite that
are approximately perpendicular to the contact with the
metamorphic aureole. Such a spatial distribution of
the nodules may be related to the thermal contrast (Jo-
hannes and Holtz 1996) between the cooler, fluid-rich
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peraluminous granitic melt of the Yumpali Suite (Fig.
13b) and the more mafic melt of the EIl Paraiso Suite
with higher solidus temperature (Wyllie 1977; Schmidt
and Thompson 1996). Magma convection caused by
this thermal gradient perhaps resulted in movement
of bubbles of overheated peraluminous water- and/or
boron-rich melts forming spheres in order to decrease
surface tension (Shinohara and Hedenquist 1997).
These individual bubbles buoyantly rose to the top of
the magma body. The low viscosity and density of the
B-rich hydrous melt enhanced the mobility in the highly
polymerized dominant peraluminous melt and the forma-
tion of narrow zones of tourmaline nodules (Trumbull et
al 2007; Balen and Petrinec 2011).

Second stage of boron saturation was related to forma-
tion of fluid-rich residual melt. The younger pegmatite
and leucogranite dykes represented final-stage fractional
crystallization of the Yumpali Suite peraluminous gran-
ites. Two studied leucogranites exhibit different degrees
of magmatic fractionation (Figs 6, 12a). The sample
of evolved leucogranite contains the lowest TiO, (0.03
wt. %), Sr (20 ppm) and Ba (96 ppm) contents in the
dataset; in contrast, the second sample has the same com-
position as the host granites of the Yumpali Suite. Wide
range of tourmaline chemical compositions (e.g., X_, =
0.53-0.98) also indicates a variable degree of magmatic
fractionation in leucogranite and pegmatite dykes.

Subsequently, fluorine-rich schorl to foitite in quartz
veins crystallized from B- and F-rich hydrothermal fluids.
On the other hand, euhedral tourmaline in coarse-grained
pegmatite grew directly from the residual boron-rich
melt, together with other rock-forming minerals (e.g.,
feldspars or biotite) and is relatively F-poor. These dif-
ferences between the hydrothermal and magmatic tour-
maline probably reflected the distribution of F between
the micas (Fig. 4b) and the tourmaline in the pegmatite,
because the experimental data show that the F is concen-
trated in the granitic melt relative to the coexisting fluid
(Xiaolin et al. 1998).

8. Conclusions

The Cretaceous Dipilto Batholith is composed of four
main suites: (1) biotite and amphibole-biotite granodio-
rites to tonalites (El Paraiso Suite), (2) porphyritic biotite
granites to granodiorites sometimes with cordierite and/or
tourmaline (Yumpali Suite), (3) medium-grained biotite
to muscovite granites (La Piedra Suite), (4) leucogranites
and pegmatites. The petrographic and geochemical fea-
tures suggest that the parental magmas of the El Paraiso
and Yumpali suites were emplaced simultaneously. Tex-
tural and chemical data provide evidence for magma-
mixing processes mainly in the El Paraiso Suite. Granites

La Piedra and Yumpali suites together with dykes of
leucogranites and pegmatites represent typical products
of a fractional crystallization of crustally derived melts.

The distribution of tourmaline nodules in the prevail-
ing cordierite—biotite to biotite granites was strongly
affected by magma convection triggered by the thermal
contrast between the granitoids of the Yumpali and El
Paraiso suites. Tourmaline in nodules grew under condi-
tions transitional between those of the boron-rich melt
and hydrothermal fluids; it partially replaces the early-
crystallized feldspars. Individual nodules are interpreted
as pockets of boron-rich melt without significant mag-
matic fractionation. In contrast, the dykes of pegmatites
and leucogranites are a result of variable degrees of the
granitic melt fractionation.

Evolution of the tourmaline chemical composition
reflects crystallization from melt and fluids generated
in the F-poor granite system. The wide compositional
range is most consistent with substitutions represented
by *o,YAl, *Na_ Y(Fe + Mg)** , *o,YALYO, *Na_"(Fe
+ Mg)* ,"(OH)_,, Mg Fe_ and *o,"Al, YOH, *Na_"(Fe
+ Mg)* "F ..

The described tourmaline samples record at least two
stages of B-rich melt formation during the crystallization
of the peraluminous granites of the Dipilto Batholith. The
first stage corresponded to crystallization of tourmaline
nodules in the cordierite—biotite to biotite granites of the
Yumpali Suite. Tourmalines in this closed system evolved
from Mg-rich schorl to foitite. Relatively variable F, Al,
X_, (0.72-0.83) contents are typical.

Second stage of boron-rich melts formation represented
leucogranite and pegmatite dykes as the product of Yump-
ali and La Piedra suites fractional crystallization. Increas-
ing degrees of residual melt fractionation are indicated
by the chemical composition of leucogranites (e.g., Sr
and Ba decrease and Rb increases) and also by the tour-
maline chemistry (e.g., X, = 0.53-0.90). Disseminated
tourmaline (schorl to foitite) in pegmatites, with high X_,
(0.90-0.98), Al (6.86—6.91 apfu) and low F (0.00-0.12
apfu), crystallized during the final magmatic stage.

The second stage magmatic crystallization was termi-
nated by the formation of hydrothermal quartz—tourma-
line veins, which filled the cracks in the granites and sur-
rounding metamorphic rocks. Oscillatory-zoned, F-rich
schorl to foitite is characterised by variable but usually
high X_, (0.73-0.95) and high F (0.23-0.46 apfu), which
increase at the expense of Na. Tourmaline chemical
compositions in the pegmatite and hydrothermal veins
evolve from schorl through F-rich schorl to foitite. This
trend reflects fractionation of the residual granitic melt
and subsequent hydrothermal fluids.
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