Gahnite, chrysoberyl and beryl co-occurrence as accessory minerals in a highly
evolved peraluminous pluton: The Belvis de Monroy leucogranite (Caceres, Spain)
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ABSTRACT

Gahnite (ZnAl,0.), chrysoberyl (BeAl,O,Jand beryl{Be;AlSig0,5) have been found as accessory minerals in the external, highly fractionated, leucogranitic
unit within the Hercynian reversely zoned Belvis de Monroy pluton {westernmost part of the Montes de Toledo batholith, Caceres, Spain). The highly felsic {SiO;
=72 wt.%) and peraluminous (ACNK= 1.2} character of this leucogranite, together with the high content of some incompatible elements (F, Li, B, and P}, seems to
be a primary consequence of fractional crystallization in a magmatic closed-system. The high Be contents and Zn/Ferq, ratio (=0.01) are relevant factors which have
favoured the precipitation of these minerals. Moreover, the Si, Al, P, B, and F activities might be high, favouring the magmatic crystallization of such exotic mineral
phases together with Be-rich cordierite, F-rich micas, sillimanite and Al-rich phosphates. In fact, the interplay between the silica and alumina activities likely
controls the stabilization and the preferential crystallization of gahnite + chrysoberyl or beryl + chrysoberyl assemblages in mm-sized microdomains. The P-T
crystallization conditions are constrained by the muscovite and sillimanite stability fields and the minimum granite Al;0s-saturated solidus, and have been estimated

at temperatures between 670 and 700 °C, and pressures between 1 and 2 kbar.

1. Introduction

The co-occurrence of gahnite (Zn-rich hercynite), chrysoberyl and
beryl is uncommon in igneous rocks. This mineral association has
anhr haan Adac~rihed in Na-metasomatized pegmatites (

but chrysoberyl was interpreted as a secondary

menaner AT A eamlacamsamt Damsl 5o oa o cassine assanone s mmdmoaeal e

smlllll.l: TN ORI MR M R AT L Y ILIULOL Y LUPLLLEAL LLL OAFLLIC ATLICLL pcs-
matites , but never associated with beryl.
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interpreted as crystallized from an immiscible melt included during the
beryl crystal growth.

The Belvis de Monroy granite, located in central Spain, is a singular
felsic intrusion in part due to the presence of an uncommon group of
accessory minerals, among which is the gahnite-chrysoberyl-beryl
association. This pluton is a highly evolved leucogranite enriched in in-
compatible elements, such as P, F, Li, Be, Rb, Nb, Ta, U, Cs and Sn. The
Belvis pluton shows a reverse zoning with an enrichment of incompati-
ble elements and a depletion of mafic components towards the border
unit of the pluton. The exotic mineral assemblage, composed of Be-rich
cordierite, sillimanite, (Al-Li}-rich micas, gahnite, chrysoberyl, beryl
and a variety of Al-Fe-(Mn}-rich phosphates, appears in the most exter-
nal part of the massif. A similar mineral assemblage has also been found
in the associated aplopegmatitic dike swarm surrounding the Belvis
pluton. To our knowledge, this is the first report of the assemblage
gahnite + beryl + chrysoberyl as magmatic accessory minerals in a
felsic igr-—--- -'-*== M-o=~tk-leee s described in granulite-facies
gneisses , the three Al-rich minerals have
not been vuserveu W UL LuiaCt, suggesting a lack of chemical
equilibrium, thus not forming a true magmatic paragenesis.

The present study is focused on the origin and the relationships
between the highly fractionated granitic facies that conforms the
reversely zoned Belvis pluton, with special emphasis on the origin and






geochemistry and the isotope signatures of the W-MTB suggest
that this granitic segment is mostly derived from metasedimentary
Neoproterozoic sequences, and particularly from the Schist-Greywacke
Complex, which is characterized by high phosphorus concentrations
and a ranea nf inifial ientnnic (Sr N ratjos similar to that measured

in tk A recent study has provided
an a I + 3 Ma for the Belvis intru-
sion

Tne pevi« iencoeramnge rnunn s (ne most highly fractionated body
of the MTB ‘ It intrudes into low-grade Lower
Palaeozoic (Upper Urd0viues. . Lower Silufan} metasediments,
consisting of alternating sandstone and shale 1A}. The intrusion
induces a zoned contact metamorphic aureole, showing low-pressure
(<2 kbar) mineral associations: i} K-feldspar + sillimanite + biotite +
cordierite, in the nearest contact, and ii} andalusite + bintita L
miuscnvite 4 cordierite 4 sillimanite in the outer zone

E. Merino, personal communication}. Local tourmalinizauon
______ -+neration of F-rich phosphates occur within the closest con-
tact with the leucogranite. This pluton crops-out over an area of
about 5 km?. The NW part of the Belvis pluton is cross-cut by a NE to
SW late-Hercynian inverse fault {Belvis Fault), reactivated during the
Alpine orogeny, and covered bv Palaeogene and Neogene sediments
of the Tajo basin .

The Ordovician to Siurian metasedimentary sequences are also
intruded by a heteroger~~~ aplopegmaltitic dilce-system, which sur-
rounds the Belvis pluto 1A). The thickness of these dikes varies
from centimetres to less than 5 m. Aplopegmatitic dikes with N-S to
NE-5W direction (NO°-N20"}, located to the east of the pluton, crosscut
another previous aplopegmatitic system (NW-SE, [rom N110° to
N160°), emplaced to the westem part of the Belvis plutor LA
Both dike complexes seem to be slightly younger, or almost coetaneuus,
with the emplacement of the Belvis pluton, as they are occasionally
crosscut and partially bulged by the granitic intrusion. A schematic
cross-section is given to illustrate the suggested geometry of the pluton
at depth T

3. Analytical methods

Around 55 fresh samples from 40 field stations from the Belvis pluton
and the surrounding aplopegmatitic dike complex were collected for
petrographic characterization Five representative samples from the dif-
ferent Belvis units were selected for whole-rock analyses. The material
processed and arushed was about 8 kg per sample, separating a fragment
of each sample for thin and thick section analyses (petrography under
transmitted light microscope, EPMA and LA-ICP-MS mineral analyses}.
Crushing was performed using a steel jaw crusher, followed by milling
with a disc mill and an agate mortar, respectively. A last sieving process
was carried outin order to avoid possible grain sizes higher than 0.3 mm.

Whole-rock analyses {major and trace elements) of the different
Belvis units were cairied out at ACTLABS (Ancaster, Ontario, Canada}.
Whole-rock major and trace-element compositions are presented in
1 The samples were fused using a LiBO, flux and dissolved with
huvus. 1ne solutions were analyzed by inductively coupled plasma atom-
ic emission spectrometry (ICP-AES) for major elements, whereas trace
elements were determined by inductively coupled plasma mass
spectrometry (ICP-MS). Uncertainties in major elements are bracketed
between 1 and 3% relative, except for MnO (5-10%). The precision of
ICP-MS analyses at low concentration levels has been evaluated from
repeated analyses of the intemational standards BR, DR-N, UB-N, AN-G
and GH. The precision for Rb, Sr, Zr, Y, V, and Hf and most of the REE
ranges from 1 to 5%, and between 5 and 10% for the rest of trace ele-
ments. Some granite samples have concentrations of certain elements
below detection limits {(V: 5 ppm, Cr: 20 ppm, Sc: 1 ppm, Co: 10 ppm,
Cuw: 10 ppm, As: 5 ppm, Sb: 0.2 ppm, and Bi: 0.1 ppm) and almost
all the granites have Ni < 20 ppm, Mo < 2 ppm, Ag < 0.5 ppm, and
In < 0.1 ppm. More information on the procedure, precision and accuracy

of ACTLABS ICP-MS analyses can be found : Fand Li
contents have been determined at the Instituto Geologico ¥ Minerc de
Espaiia (IGME} laboratories. F was extracted by pyrohydrolysis and the
element abundance was determined by spectrophotometric methods.
After sample digestion with HF-HNO;-HClO,, Li was determined by
atomic absorption spectrophotometry. An analytical error of 4 10% has
been estimated.

Table 1
Whole-rock major (wt#) and trace-element (ppm) composition and isotopic (Sr, Nd)
signature of the Belvis granites.

Belvis CU Belvis IU  Belvis BU
Sample 111401 112106 106796 106792 106793 111329
SiD; 73.46 72.02 74.08 73.34 7451 7271
TiD, 0.18 0.114 0.1 0.04 0.3 0.044
AlyDs 15.19 14.75 14.87 15.17 14.85 1444
Feys 1.31 1.07 0.9 05 0.37 052
MO 0.021 0.022 0.02 0.05 0.02 0.013
MgOD 0.32 0.24 0.19 0.09 0.06 03
Ca0 045 0.51 046 039 0.41 056
Naz0 341 357 377 411 43 421
K, 0 476 46 396 384 3.68 38
P05 047 0.52 0.63 0.85 0.76 0.66
Lol 1.23 1.1 1.19 0.99 0.4 164
Total 100.9 98.53 100.2 99.37 99.92 989
F 410 560 2087 1173 826 1279
Li 150 132 289 219 85.8 212
Ba 167 73 63 16 16 47
Rb: 355 354 459 569 430 428
St 50 29 97 48 123 110
Ph 31 27 18 10 10 20
Th 7.99 282 19 073 0.59 121
U 7.68 124 6.82 135 115 105
Zr 78 46 44 28 20 34
Nb 10.8 13.7 135 14.4 117 133
Y 7.9 8.1 73 21 2.9 4.1
Sc 3 2 2 1 <1 1
Ga 24 23 21 21 20 19
Ta 1.98 2.38 534 498 5.29 366
Hf 2 1.6 16 1.4 13 13
Cs 26.1 17.6 706 13.7 16.9 315
Sn 24 20 50 k> 23 44
Be 5 6 18 54 33 23
Zn 60 60 50 60 40 40
Ge 21 25 23 28 2.8 34
Tl 1.89 212 298 349 227 225
Bi 1.9 10.8 33 21 1.1 22
La 12.1 6.62 5 173 1.46 265
Ce 276 13.9 113 384 323 6.09
Pr 364 1.77 13 0.42 0.35 0.75
Nd 14.6 6.57 538 162 1.47 285
Sm 352 1.82 134 037 0.38 0.77
Eu 0.352 0.179 0.153 0.034 0.3 0.074
Gd 2.77 1.73 145 038 0.41 0.81
Th 043 0.32 0.28 0.07 0.09 0.14
Dy 1.93 1.63 147 038 0.51 0.78
Ho 0.27 0.24 0.2 0.06 0.08 0.13
Er 0.68 0.52 048 0.15 0.21 033
Tm 0.096 0.076 0.065 0.021 0.031 0.044
Yh 0.54 0.42 039 0.13 0.18 025
Lu 0.068 0.06 0.053 0.02 0.024 0.034
3 REE 68.6 35.88 28.86 923 8.46 15.7
Zn/Fereal 0.007 0.008 0.008 0018 0.016 0011
TWEH 74632 70219 7(3.17 669.98 64564  677.71
™ 77400 74013 73567 692.06 68457  703.24
(*7Sr/*8s1) na 0.8746  0.7768 08560 07604 07699
(*7St/%Sr)ap D 07213 07180 07074 07170 07215
("Nd/"Nd)  na 05123 05123 05122 05123 05123
£(Nd}ap0 na —608  —549 —548  —534 618

TWEH: Zircon saturation temperatures (in °C) calculated .

| geothermometer.

™ Monazite saturation temperatures (in "C), according t

calculated at 1% HD.

(3751/%981 )5 and £(Nd )agp isotopic ratios calculated at 300 Ma. n.a.: not anabyzed.



Table 2
Mean major (wt.%) and trace-element composition (ppm) of K-feldspar and plagioclase from the Belvis granites.

Sample Belvis CU Belvis [U Belvis BU Aplopegmatites Aplitic segregate in CU

Mineral Kfs Pl Kfs Pl Kfs Pl Kis Pl Kfs Pl

No. of analyses 4,3 53 6,2 5,2 17,14 40, 15 22,7 31.8 9,5 7.4

SiD; 63.11  (121) 6537  (0.32) 6271  (036) 65.86  (047) 6310  (047) 6588  (062) 6301  (0.63) 66.09  (0.84) 6304  (033) 6562  (048)
AlOs 18.99 (0.24) 20.89 (0.49) 15.24 (0.32) 20.60 (0.42) 18.52 (0.32) 20.35 (041) 18.79 (0.24) 2048 (041) 1871 (0.14) 20.35 (0.22)
a0 001 (o01) 0.76 (0.28) 0.01 (0.01) 0.59 (0.15) 0.01 (0.01) 044 (0.18) 0.01 (0.01) 0.50 (0.22) 0.01 (0.01) 061 (0.20)
Nap0 230 (0.78) 11.53 (0.29) 0.54 (0.12) 11.05 (0.42) 0.79 (0.26) 11.59 (037) 0.52 (0.25) 11.56 (0.23) 1.14 (0.22) 11.78 (0.18)
K;0 1270 [158) 0.22 (0.06) 1612  [0.17) 0.21 (0.06) 1552  [0.58) 0.22 (0.09) 1578 (0.40) 0.21 (0.07) 1542  [0.43) 0.20 (007)
Py 051 [0.22) 0.52 (0.05) 0.78 (0.08) 0.59 (0.17) 0.81 (0.18) 071 (0.18) 0.77 (0.23) 0.68 (0.14) 0.79 (0.09) 0.81 (0.16)
F 001 (oon) 0.01 (0.00) 0.01 (0.02) 0.02 (0.02) 0.02 (0.02) 0.02 (0.02) 0.02 (0.02) 0.02 (0.02) 0.01 (0.01) 0.02 (002)
% AN 0.03 (003) 348 (1.27)  0.03 (0.03) 2.86 (0.76) 004 (0.04) 2.03 (0.87) 0.06 (0.05) 232 (1.00) 0.06 (0.07) 2.75 (080)
% Ah 2177 (8.14) 9534  (1.14) 486 (1.04) 8503  (0.84)  7.15 (237) 8677  (117) 6.55 (2.18) 8653  (1.14) 1009 [1.96) 9620  (125)
%0r 78.20 (8.13) 1.18 (0.33) 95.10 (1.05) 121 (0.41) 92.81 (2.36) 1.20 (051) 93.39 (2.19) 1.14 (0.36) 89.85 (2.00) 1.05 (036)
Li 15.75 (9.50) 0.64 (0.00) 18.80 (9.00) 15.82 113 (7257) 60.64 (84.38) 95.71 (97.02) 25.78 (8.68) 7.96 (2.27) 3230 (000)
Be 2.88 (017) 1005  (0.10) 1031 (250} 1068  (1.82) B52 (3.22) 1382 (343) 3.77 (1.83) .86 (24) 3196 (0.84) 1206  (3.64)
B bdl 5.04 (0.00) b.dl b.dl 10.19 (1.54) 8.84 (3.18) 17.51 (13.29) 8.95 (2.65) b.dl 7.99 (224)
Sc 225 (0.15) 246 (0.17) 4.04 (0.10) 442 (0.00) 4.56 (1.16) 448 (0.85) 340 (0.16) 348 (0.23) 261 (0.15) 266 (0.18)
n 273 (0.00) 2.50 (0.00) 2.58 (1.42) b.dl 4.65 (2.12) 431 (2.85) 337 (2.07) 2.54 (2.14) 2.62 (0.68) 8.79 (652)
Rh 745 (41) 0.41 (0.04) 1485 (115) 1.48 (122) 1358 (153) 336 (1.89) 896 (87) 1.89 (1.11) 773 (67) 488 (546)
Cs 20.97 (0.88) b.dl 23.50 (14.50) 0.17 (0.00) 22.22 (8.17) 073 (0.50) 2371 (4.96) 0.17 (0.00) 17.46 (2.38) 055 (046)
Sr 27.33 (464) 3140 (1.70) 27.40 (2.00) 25.95 (1.35) 11.50 (7.37) 14.20 (781) 12.56 (6.26) 2348 (10.80) 2334 (1.03) 27.73 (443)
Ba 206 (3733) 5.4 (0.40) 4430  [1.40) 4.83 (0.58) 7818 [(46.08) 230 (1.34) 8794  (5262) 366 (1.64) 124 (13.44) 377 (0.71)
Eu 0.19 (0.05) 0.22 (0.06)  ©0.15 (0.01) .15 (0.04) 005 (0.09) 0.08 (0.02) 0.10 (0.02) 0.14 (0.05) 0.13 (0.01) 0.12 (003)
Hf bd.l b.dl b.dl bdl 0.57 (0.00) 033 (0.00) 0.11 (0.01) 0.18 (0.00) bd.l b.dl

Nh hdl b.dl b.dl bdl 0.08 (0.01) 044 (0.16) 0.04 (0.00) 0.48 (0.00) b.dl 0.17 (0.00)
Pb 4833 (288) 1767  (1.50) 2155  [0.85) 1685  (0.25) 2743  ([8.28) 1386  (2.70) 4496  (467) 1878 (1.44) 4218 [2.42) 1565  (185)

Number of analyses refers to EPMA and LA-ICP-MS analyses, respectively.
b.d.l: below detection limit. Nvmberg jp narenthesis refer to 1o mean standard deviations.
Mineral abbreviations are alte (1



Table 3
Mean major (wt.%) and trace-element composition (ppm) of micas from the Belvis granites and cordierite from the BU.

Sample Belvis CU Belvis IU Belvis BU Aplopegmatites Aplitic segregate in CU

Mineral Ms Bt Ms Bt Ms Bt Crd Ms Bt Ms Bt

No. of analyses 4,4 6,3 11,3 52 46, 21 21,11 9,9 22,9 7.5 32 3,2

sia, 4536 (031) 3468  (046) 4573  (034) 3508 (D53) 4513 (DA5S) 3482  (027) 4507 (D51} 4552 (043) 3465  (033) 4568 (D44} 3458  (D38)
Tio, 054 (0.16) 238 (017} 039 (006) 203 (011} 030 (010} 152 (03%) 001 (001) 019 (016} 177 (055 032 (019) 287 (037
ALLO, 3563 (0.17) 2100 (026) 3549  (061) 2188  (DA6) 3482 (D58} 2148  (037) 2930 (D46} 3584  (074) 2146 (056) 3460  [0D36) 2048  (D30)
FeO 108 (0.16) 1970 (051 148 (014) 2052 (05%) 170 (020) 2170  (089) 1419 (D28 108  (036) 2166  (0.63) 138 (013} 2116  (DOB)
Mno 001 (001) 007 (002) 001 (001) 021  (D05) D02 (DDZ) 019 (D04} 105 (D16) 002  (002)  ©0O6  (DD6) D01 (002) 002 (DO1)
Mg0 0.68 (0.04) 5.26 (0.09) 069 (005)  3.25 (028) 059 (010 332 (070) 207 (019 035 (015 347 (057) 059  (008) 466 (D21
Qo 001 (0.01) 002 (001 001 (001) 001 (001} 001 (001 001 (001) 003 (002) 001 (002) 003 (0.03) 004 (003 001 (0.01)
Na,0 071 (0.05) 048 (027} 088 (006) 009 (003} 049 (023) 008 (0.03) 208 (012) 06 (011} 008 (0.01) 058 (040) 013 (0.05)
K0 956 (0.15) 853 (0.14) 978 (059) 941 (009) 1023  (042) 900 (032) 002 (001 1012 (048) 911 (0.15) 1008 (037} 924 (D18)
NiD 000 (000) 002 (002) 003 (003) 002 (002) o002 (002) 002 (001) 000 (000) 002 (002 002 (002) 002 (001 001 (0.01)
Cr,0; 004 (001} 003 (001 001 (002) 001 (002) 0m (002) 003 (002) 0.1 001y 002 (002} 003 (0.02) 001 (001) 000 (00D}
P05 0.03 (0.02) 006 (002)  DOB (002) 005 (001) 005 (003) 006  (002) 0OOB (003) 00B  (004) 003 (0.02) 007 (005) 007 (00D}
F 030 (006) 071 (0.03) 061 (013) 080 (D18} 050 (008} 1.18 (011) 001 (001) 024 (012} 082 (011) 023 (008) 057 (001}
a D05 (005) 016 (0.14) 000 (00D) 001 (00D} 001 (001 003 (002) 0Dl (001 001  (001) 091 (001} D15 (DI} DDA (D03)
Mg 053 (0.02) 032 (000} D46 (002) 022  (002) 038 (003) 021 (004) 021 (001) 036  (DOB) 022 (003) 043 (005) 028 (0.01)
X Ms 078 (001} 079 (0.01) 082 (0.04) 083 (002) 080 (007)

XPa 010 (001) 0.10 (0.01} 007 (003 0.09 (002} 009 (005

Li 481 (20} 217 (189) 935 (28) 5150 (140) 967 (184} 5225 (500) 1906 (94} 335 (232) 3190 (208) 443 (4} 1510 (100
Be 1133 (129 455 (1.55) 1180 (073) 975 (125) 1887  (500)  8.13 (125) 3920  (262) 1253 (256) 846 (1.00) 1120 (0207 434 (091)
B 5988 (558) 1047  (828) 4180  (873) 484  [00D) 6670 (2701} 521 (084) 438 (063) 8793  (3470) 497 (0.89) 4110 (060) 854 (1.16)
Sc 3625 (1675) 1213 (311} 3383 (1871} 484  (DO%) 1285  (361)  7.38 (242) 399 (034) 1726  (1268) 1066 (441} 6165 (575) 2265  (D75)
Zn 6830 (5.05) 1403 (282) 122 (113 1665 (65) 132 (213 1635 (196) 493 (26) 64 (2010) 1530 (40) 6875 (005) 1245 (8%)
Rb 1046 (31) 247 (69) 1150  (47) 2330 (70) 1711 (336) 3745 (483) 138 (19 1079 (124 2626 (65) 1065 (15) 1980 (80}
Cs 4490 (745) 406 (278) 2223 (138) 321 (48) 108 (59} 290 (89 338 (18 3541 (792) 403 (263) 2400 (100} 237 (45)
Sr 118 (008) 386 (4.82) 1.63 (073) 019  (003) 098 (086) 031 (022) 035 (013) 089 (052} 065 (0.36) 102 (002) 225 (0.75)
Ba 5100 (510) 3390  (1140) 5383 (749) 3130 (180) 4581  (5859) 901 (348) 067 (008) 2416  (1404) 4004 (1497) 3520 (490) 1950  (D4D)
Zr 145 (051} 084 (028) 202 (087) 042 (001} 127 (036) 085 (025) 009 (002) 257  (241) 156 (061 175 (007) 119 (0.19)
Hf 0.15 (0.01) 013 (0.00y 019 (002) 008 (001} 015 o4y 013 (001)  bdl 021 (0.10) 009 (002) 016 (D00) 016 (D00
Ta 1008 (212) 4040 (553} 1167 (128) 6190  [3.20) 3116  (17.08) 241 (81} 0.02 (001 2346  (1081) 8468  (13.14) 1640  (1.00) 5835  (2.75)
Nb B6.95  (2205) 247 (33) 9557 (1469 321 (20} 139 (44 653 (198) 00 (001) 7862  (4226) 320 (21) 139 (3} 427 (34
w 864 (1363) 673 (1.37) 5037  (1204) 876  (0.19) 2929  [1668) 955 (221)  bdl 2512 (1481) 966 (1L11) 5900 (350} B30  (LI1)
Pb 208 {021) 188 (1.17) 178 (0.17) 1.73 (002) 133 020y 096  (021) 0l4 (003) 238 (090} 183 (0.63) 161 (011) 148 (0.38)

Number of analyses refers to EPMA and LA-ICP-MS analyses, respectively.

b.d.l.: below detection limit. Number- = =~~~ ithesis refer to 10 mean standard deviations.
Mineral abbreviations are after Kret:



The Sr-Nd whole-rock isotopic analyses were carried out at the CAl
de Geocronologia v Geoguimica Isotdpica of the Complutense University
of Madrid (Spain), using an automated VG Sector 54 multicollector
thermal ionization mass spectrometer. Analytical data were acquired in
multidynamic mode. The analyfical nrcadires nieed in this laboratory
have been described elsewhere Repeated analyses
of the NBS 987 standard gave ®__, __ . ____ 130 (2a,n=12)
and for the M Nd standard the values of **Nd/"Nd = 0.511854 + 3
(20, n = 63} were obtained. The 2¢ error on eNd calculation is +0.3.

Major-element mineral compositions have been analyzed at the
Centro Nacional de Microscopia Electrénica “Luis Bru” (Universidad
Complutense de Madrid} using a Jeol JXA-8900 M electron microprobe
with five wavelength dispersive spectrometers. Analytical conditions
were an accelerating voltage of 15 kV and an electron beam current of
20 nA, with a beam diameter of 5 um. Elements were counted for 10 s
on the peak and 5 s on each background position. Coirections were
made using the ZAF method.

Trace-element analyses of major and accessory minerals were carried
out in situ on selected thick sections (~100 pm thick} by laser ablation—
ICP-MS at The Natural History Museum, London, using an Agilent 7500cs
ICP-MS coupled to an ESI New Wave UP193FX laser source (193 nm
short pulse width ArF excimer laser}. Mean EPMA and LA-ICP-MS anal-
yses and representative comnnsitinns nf selected major and accessory
minerals are presented in The trace-element dataset on

Table 4
Representalive major (wt%) and trace-element composition (ppm) of gahnite from the
Belvis granites.

Belvis BU Pegmatite  Aplopegmatite
Sample 111533 111533 112114 111545 112099
Analysis 24 160 48 36 25
Includedin Includedin  Includedin  Includedin  Included in
Pl Ms Pl Pl Pl
Alz0s 58.63 58.10 58.86 60.50 59.02
FeOD 1543 14.91 16.00 11.71 12.25
MnO 0.25 0.04 0.28 0.16 0.28
MgD 037 0.42 043 1.26 034
Crz04 0.03 0.01 0.00 0.05 0.01
Zno 25.02 26.6 23.86 25.60 27.36
Total 98.73 101.04 95.47 95.29 95.26
No. of ions in formulg based on 32 O atomns
Al 16.28 16.24 16.32 16.57 1642
Fe 3.04 291 3.15 228 242
Mn 0.05 0.01 0.06 0.03 0.06
Mg 0.13 0.15 0.15 0.44 0.12
Cr 0.01 0.00 0.00 0.01 0.00
Zn 4.35 4.57 415 438 4.77
% Ghn 575 58.92 55.25 61.54 64.76
% Hc 40.14 38.08 41.95 31.88 3z2.83
xsp 1.71 1.80 202 6.12 1.61
% Glx 0.65 0.09 0.77 0.45 0.80
LA-ICP-MS trace-element analyses
Li 104 112 143 63.0 97.1
Be 323 304 26.0 334 S.20
v 6.74 46.4 714 431 0.17
Cn 3.62 2.67 313 35.2 h.d.l
z 201,010 213,420 151,684 205,645 219,774
Rb b.dl b.dl 0.14 bud.l. b.dl
Sr 0.05 b.dl bdl b.dl b.dl
Zr 0.16 h.d.l bdl b.dl 0.07
Ta b.dl b.dl bdl 10.0 b.dl
Nb b.dl b.dl bdl 1.01 b.dl
Pb 0.22 b.d.l 0.14 0.17 0.14
U 0.33 b.dl 0.09 b.dl b.dl

% Ghn, % He, % Sp and % Glx refers to the molecular percentage of gahnite (Zn), hercynite
(Fe), spinel (Mg) and galaxite (Mn), respectively.
bd.l: below detection limit.
Mineral abhreviations are after 3.
* Data obtained by EPMA (W ..., s wuss2ited into ppm.

Al-Be-Zn accessory minerals is listed in Supplementary Tables 1 to 3,
including the correspondent detection limits. In some samples, beryl
was analyzed on thin section (33 wm-thick}; in these cases, however,
the time of analysis was long encugh for the detection and the acquisi-
tion of reliable (race element counts. During the time-resolved analysis
of minerals, the contamination from inclusions, fractures and zones of
different composition was detected by monitoring several elements
and integrating only the relevant part of the signal. The counting time
for one analysis was typically 90 s (36 s measuring gas blank to establish
the background and 54 s for the remainder of the analysis). The repeti-
tion rate of the laser was 10 Hz, with a fluence of approximately
3 J.cm 2. Spot size varied between 25 and 50 pm in diameter, com-
monly using an aperture of 30 um. The NIST 612 and BCR-2G glass
standards were used to calibrate relative element sensitivities [or
the mineral analyses and to determine accuracy. Each analysis was
normalized to 5i02 (K-feldspar, plagioclase, muscovite, biotite,
cordierite, and beryl) or Al,O5 {chrysoberyl and gahnite), using the
concentrations determined by electron microprobe in the different
minerals measured. LA-ICP-MS analyses of BCR-2G reference sample
are listed in Supplementary Table 4. Precision is estimated to be
between 2% and 8% for most of the analyzed trace elements. In general,
accuracy is better than 86% for most of the elements, although some of
them (B and Be) show slightly larger inaccuracies (Supplementary
Table 4}. REE mineral contents have not been included in the tables
as they are generally below their detection limits or they have
3" REE < 1.5 ppm, both in main and accessory minerals.

4. Petrographic features
4.1. General features of the Belvis pluton

The Belvis intrusion is composed of three different leucogranitic
units, sharing a medium- to coarse-grained hypidiomorphic texture,
and showing accessory amounts of biotite and cordierite (commonly
pinnitized). Although most of the cordierite is altered, it seems to be a
late crystallizing phase as it is found as allotriomorphic nodules (up to
1.5 cm) which commonly include drop-like quartz grains, and occa-
sionally sub-idiomorphic to allotriomorphic chrysoberyl and beryl crys-
tals. The major minerals in all facies are quartz (sub-idiomorphic to
allotriomorphic grains included in other major minerals or forming
individual to polycrystalline big crystals), plagioclase {mostly sub-
idiomorphic polysynthetic twinned crystals}, and K-feldspar (most
of them late allotriomorphic perthitic crystals}.

There are no sharp contacts between the distinguished granite units.
Each facies seems to intrude in a short, probably coetaneous, time span,
so that most of the exposed contacts are difficult to delimitate. The cen-
tral and mostintemal granite unit ( CU} consists of a medium- to coarse-
grained leucogranite with biotite = muscovite and with a magmatic
foliation defined by linear arrays of micas (+sillimanite} parallel to
the pluton shape. Occasionally it is possible to recognize extensional
micro-shear bands, probably related to the pluton emplacement. Al-
though the internal unit is more biotitic when compared to other Belvis
granitic facies, both micas are present in almost accessory amounts.
Other accessory phases are altered cordierite, tourmaline (not only
compositionally dravite, mostly replacing biotite crystals, but also as
allotriomorphic grains included in other main minerals), brownish to
colourless (Fe-Mn-F}-rich apatite, sillimanite (fibrolite associated
with muscovite and/or biotite, or included as small needles or, more
scarcely, as prisms in quartz, feldspars, muscovite and tourmaline},
monazite and zircon. The high modal abundance of quartz, K-feldspar
and plagioclase (92%) gives this unit a light white colour. This central
leucogranitic unit is the only one that contains small micaceous
aggregates (<2 cm) and scarce meta-igneous xenoliths (up to 40 cm).
This facies presents small biotite-rich pegmatitic patches (up to 3 cm}
or thin tourmaline-rich micropegmatitic veinlets, and also some
cordierite-bearing aplitic veins parallel to the granite structure. These



latter veins contain sub-idiomorphic to allotriomorphic chrysoberyl
~~A idiamorphic to allotriomorphic beryl crystals as accessory phases

J. Although these minerals do not appear in the host granite
ume, weir presence in these granitic segregations confirms their
magmatic origin.

The intermediate unit (IU} consists of a two mica medium- to
coarse-grained leucogranite with muscovite > biotite. Mica crystals
are generally more idiomorphic and bigger {1-2 mm) than those
from the central unit. Biotite appears in accessory amounts, whereas
muscovite is one of the main magmatic phases. Other accessory phases
are tourmaline {schorl, allotnomorphic grains induded in biotite and
quartz), cordierite (altered to mica aggregates or pinnite), sillimanite
{mostly fibrolite varnety included in primary muscovite and quartz or
associated to biotite rims), (Fe-Mn-F}-rich apatite, (Nb-Ta)-rutile,
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leucogranite {(muscovite > biotite}, displays the most heterogeneous
mineral composition. Similar magmatic structures as those described in
the CU are also present (occasional micro-shear bands). Muscovite and
biotite grains can reach up to 3 and 1 cm, respectively. Muscovite is
not only found as primary sub-idiomorphic big crystals, but it is also
present as late smaller allotriomorphic grains. Accessory phases include
biotite, cordierite (in most cases altered, though this is the only unit
which preserves fresh nodules}, tourmaline (sub-idiomorphic small
grains and allotriomorphic big crystals up to 3 mm, with a rossmanite—
schorl-dravite composition}, (Fe-Mn-F}-rich apatite, sillimanite

Table 5
Representative major (wt.%) and trace-element composition (ppm) of chrysoberyl (Cht) and beryl (Brl) from the Belvis granites.
Belvis BU Aplitic segregate in CU Aplopegmatite
Sample 111533 112114 111533 112114 112109 112108 111545
Mineral Chb Chb Bil Brl Chb Brl Chb
Analysis 37 11 12! 51 133 101 62
Included in Qtz Included in Crd Included in Qtz Included in altered Crd Included in Qtz Included in Kfs Included in Qtz

Si0, 0.02 0.04 65.95 65.16 0.02 66.21 011
TiD, 0.11 0.23 0.00 0.00 0.54 0.00 0.0z
Al04 78.63 80.36 18.54 18.08 78.26 18.40 79.14
FeD 0.55 0.55 0.30 0.41 0.44 0.16 0.27
MnO 0.00 0.00 0.02 0.00 0.01 001 0.01
Mg0 0.00 0.00 0.10 0.13 0.02 0.10 0.01
Ca0n 0.00 0.01 0.01 0.01 0.03 001 0.01
Na;0 0.02 0.00 0.22 0.34 0.02 021 0.03
K0 0.00 0.00 0.02 0.02 0.01 0.00 0.03
Crz05 0.02 0.04 0.04 0.00 0.04 0.00 0.00
Total 78.33 81.23 95.83 §8.72 75.38 95.83 75.60
Be 18.32 21.10 15.76 15.57 18.96 15.88 15.93
No. of ions in formula
Si 0.00 0.00 5.84 5.83 0.00 5.85 0.00
Ti 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Al 1.88 1.96 1.93 151 2.00 152 197
Fe 0.01 0.01 0.02 0.03 0.01 001 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.02 0.00 001 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.04 0.06 0.00 0.04 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Be 1.00 1.05 335 3.36 0.55 337 1.04
% BeD 52.03 51.54 33.00 32.81 49.68 33.11 51.33
% AlLDs 47.95 4842 9.52 5.44 50.30 541 48.67
% Si0; 0.02 0.04 5747 57.74 0.03 57.48 0.00
LA-ICP-MS trace-element analyses
L b.dl b.dl 203 313 b.dl 155 bdl
Be 63,600 76,000 56,800 56,100 68,300 57,200 71,800
B 104 133 b.dl b.dl b.dl bdl 10.5
Sc b.dl b.dl 3.68 5.46 b.d.l 3.04 bdl
v 1.55 11.7 1.94 b.dl 172 bdl 035
Co b.dl b.dl 14.9 b.dl b.dl 0.2 048
Zn bl 475 193 120 h.d.l 138 hd.L
Rb b.dl b.dl 329 224 b.d.l 19.1 bdl
Sr b.d.l. b.dl 0.29 0.16 b.dl bdl 0.04
Cs b.dl b.dl 673 280 b.dl 705 bdl
Zr 042 b.dl 0.19 b.dl 0.22 bdl bdl
Ta 225 17.5 bdl bdl 327 0.07 121
Nb 306 1.36 bdl b.dl 133 bdl 771
W 5.84 b.dl 0.18 b.dl 0.54 bdl bdl
Pb bdl b.dl 155 b.dl b.dl bd.l b.dl
U bdl b.dl 003 1.06 b.dl bd.l bdl

Structural formula calculated on basis on 4 oxygen atoms (chrysoberyl) and on 18 oxygen atoms (beryl).

b.d.l: below detection limit.

Mineral ahhreviations are afte
? Data obtained by LA-ICP-.vus ppaus, 10 cOnverted into % oxide.
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Fig. 6. Trare-element variation diagrams of the Belvis leucogranites. Shaded areas represent the trace-element compositional field of the W-MTB granitoids

are as in

thus defining a reverse zoned pluton. In contrast, the border unit has the
highest Na»0 and P,05 contents (up to 4.3 wt.¥ and 0.85 wt.%, respec-
tively; 5}, more enriched than other perphosphorous and
peralu~ -~ yg"-~1 ~anites of central Spain (e.g., the Pedrobernardo
pluton ., This external unit is mostly enriched in Rb, Sr,
Ta U and Be, when conpared to the intermediate and central units

. 6). The border and intermediate granitic 1nits al<o show higher F
and Li contents than the central leucogranite . The chondrite-
normalized REE patterns of the Belvis leucogranitic umts are sub-parallel
and show decreasing REE contents and (La/Yb), ratios from the central
to the external 1nit The BU reaches the largest Eu negative anomaly of
all granite units

It is worth uvuany that, although the Zn whole-rock content of
the Belvis samples is much lower than that from other plutonic
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1. Symbols

bodies within the western batholith, the Zn/Fer,y; ratio is the highest
in these samples, and it increases towards the most fractionated
leucogranites of the BU (Zn/Fergy > 0.01 1)

Although the bulk composition of the tnree unifs plots near the
granite minimum in the Qtz-Or-Ab diagram , samples from
the BU plot beyond the eutectic composition towards a higher Ab
component. This evoluti~= ~=meen ~n increasing the fluxing
components in the melt . Hence, the presence of B
(F} and P in the most external umt ot tne Belvis pluton promotes
the reduction of the eutectic temperatures and an increase in the
solubiliny limit nf H-0 reducing further the viscosity of this silicate
melt

6. Mineral chemistry

Mean and representative major and trace-element composition of
selected mineral phases from the granites described above are shown
in n Supplementary Tables 1 to 3 are shown the whole
trace-element dataset of gahnite, chrysoberyl and beryl.

6.1. Major minerals

6.1.1. Feldspars

K-feldspar from the CU (and its aplitic segregation} has the highest
albite component (Orgp_g2Abg_zp). In the U the composition is more
restricted and evolved (Orgs_gsAbs_7). K-feldspar from the BU and the
aplopegmatitic dikes reach the highest Or component although
displaying a wide compositional range (Orgs_1p04bp_17 S

Plagioclase from the three units of the Belvis pluton, the aplitic
segregation and the aplopegmantic dikes has a Na-rich (Ab > 92 mol¥)
and F-rich (up to 0.16 wt.%; composition. Plagioclase from the
Rll is compositionally the wmwse uccerogeneous {Abgs_jopAng 4Org_3;

iB).
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