Zeitschrift: Schweizerische mineralogische und petrographische Mitteilungen =
Bulletin suisse de minéralogie et pétrographie

Band: 76 (1996)

Heft: 2

Artikel: Metasomatic tourmalinite formation along basement-cover
décollements, Orobic Alps, Italy

Autor: Slack, John F. / Passchier, Cees W. / Zhang, Jia S.

DOl: https://doi.org/10.5169/seals-57697

Nutzungsbedingungen

Die ETH-Bibliothek ist die Anbieterin der digitalisierten Zeitschriften auf E-Periodica. Sie besitzt keine
Urheberrechte an den Zeitschriften und ist nicht verantwortlich fur deren Inhalte. Die Rechte liegen in
der Regel bei den Herausgebern beziehungsweise den externen Rechteinhabern. Das Veroffentlichen
von Bildern in Print- und Online-Publikationen sowie auf Social Media-Kanalen oder Webseiten ist nur
mit vorheriger Genehmigung der Rechteinhaber erlaubt. Mehr erfahren

Conditions d'utilisation

L'ETH Library est le fournisseur des revues numérisées. Elle ne détient aucun droit d'auteur sur les
revues et n'est pas responsable de leur contenu. En regle générale, les droits sont détenus par les
éditeurs ou les détenteurs de droits externes. La reproduction d'images dans des publications
imprimées ou en ligne ainsi que sur des canaux de médias sociaux ou des sites web n'est autorisée
gu'avec l'accord préalable des détenteurs des droits. En savoir plus

Terms of use

The ETH Library is the provider of the digitised journals. It does not own any copyrights to the journals
and is not responsible for their content. The rights usually lie with the publishers or the external rights
holders. Publishing images in print and online publications, as well as on social media channels or
websites, is only permitted with the prior consent of the rights holders. Find out more

Download PDF: 09.01.2026

ETH-Bibliothek Zurich, E-Periodica, https://www.e-periodica.ch


https://doi.org/10.5169/seals-57697
https://www.e-periodica.ch/digbib/terms?lang=de
https://www.e-periodica.ch/digbib/terms?lang=fr
https://www.e-periodica.ch/digbib/terms?lang=en

SCHWEIZ. MINERAL. PETROGR. MITT. 76, 193-207, 1996

Metasomatic tourmalinite formation along basement-cover
décollements, Orobic Alps, Italy

by John F Slack!, Cees W. Passchier? and Jia S. Zhang?

Abstract

Cryptocrystalline tourmalinites that occur discontinuously for ~30 km along basement-cover décollements of the
Orobic Alps (Italy) formed by the metasomatism of aluminous cataclasites derived from Permian conglomerates
and/or feldspathic sandstones. Using Al as an immobile element monitor, calculations show that the majority of tour-
malinites in the region formed through the addition of moderate to significant amounts of B, Mg, Na, Sr. and Be, and
the loss of moderate to significant Mn, Ca, K, P, Rb, Ba, and Cr; minor Si,Ti, V. light REE. and Eu also were lost. Data
for relatively immobile Al, Zr, Th, Sc. Nb, and heavy REE indicate that, on average, these tourmalinites formed
through ~12% net mass loss assuming an original conglomerate protolith, or through ~7% net mass loss assuming
a sandstone protolith. The B and other introduced constituents in the tourmalinites were deposited by hydrothermal
fluids focused along and near basement-cover décollements. These fluids, believed to be associated with late Her-
cynian felsic magmatism, probably are related to fluids that formed the tourmaline-rich U-Mo-Zn deposits at the
nearby Novazza mine and the U-Zn deposits at the nearby Val Vedello mine.

Kevwords: tourmalinite, geochemistry, metasomatism, basement-cover décollement, cataclasite, Orobic Alps,

Italy.
Introduction

The formation of cataclasites, mylonites, and re-
lated rocks commonly involves a variety of tex-
tural, mineralogical, and chemical changes (e.g..
SiBSON, 1977; SINHA et al., 1986; ToBISCH et al.,
1991; ConNDIE and SINHA, 1996). Depending on
factors such as the nature of the protolith, tem-
perature and pressure conditions, fluid composi-
tion, and the time-integrated fluid flux, significant
metasomatism may be realized during formation
of these rocks. With rare exception (KRAMER and
ALLEN, 1954; LABERNARDIERE, 1967: BERG, 1977),
previous studies of cataclasites and mylonites
have not identified abundant tourmaline or
anomalous concentrations of boron. We report
here on a major and trace element geochemical
study of unusual cryptocrystalline tourmaline-
rich rocks and tourmalinites that formed by the

metasomatism of cataclasites and associated sed-

imentary rocks along and near basement-cover

décollements of the Orobic Alps, northern Italy.
The purpose of this paper is to provide a geo-
chemical database for this unusual transforma-
tion and an interpretation of related metasomatic
effects. Also, because some of the tourmalinites in
the Orobic Alps strongly resemble pseudotachy-
Iyte in the field and in thin section, the data pre-
sented here establish a geochemical framework
for distinguishing these tourmalinites from
pseudotachylyte.

Geologic setting
The Orobic Alps are characterized by a Variscan

metamorphic basement overlain by a volcano-
sedimentary cover sequence of Carboniferous to

I U.S. Geological Survey, National Center, Mail Stop 954, Reston, Virginia 20192, USA.
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Permian age (CassINIS et al., 1986; CADEL et al.,
1987; MI1LANO et al., 1988). Basement rocks com-
prise mainly metapelites, metapsammites, and or-
thogneisses. The metapelites (mica schists) and
metapsammites (quartzites) are probably derived
from early Paleozoic shales and quartz-rich clastic
sediments, respectively; the orthogneisses repre-
sent metamorphosed and deformed late Caledo-
nian granitoids and subvolcanic intrusions
(Cassinis et al., 1986). Volumetrically minor base-
ment lithologic units in the region include meta-
gabbro, calcareous metapelite, and marble.
Overlying the basement is a widespread con-
glomerate unit and a sequence of volcanic and
sedimentary rocks that makes up the Carbonifer-
ous to Permian Collio Formation (G10OBBI et al.,
1981; CADEL, 1986; CassiNis and PEROTTI, 1993).

JE SLACK, C.W. PASSCHIER AND J.S. ZHANG

The conglomerate, of Carboniferous to Early Per-
mian age, consists of quartz and minor basement-
rock pebbles and cobbles within upward-fining cy-
cles deposited in a non-marine braided plain en-
vironment ( CASSINIS et al., 1986). Discontinuous
andesitic tuffs occur directly above basement
rocks in places (CADEL et al., 1987). Conformably
overlying the andesites and conglomerates are
rhyolitic volcanic rocks and minor sedimentary
rocks (chiefly feldspathic + micaceous sand-
stones) of the lower Collio Formation. Rhyolitic
volcanic rocks in this sequence consist of multiple
cycles of welded ash-flow tuffs (ignimbrites) and
lesser airfall tuffs, which were erupted in an
extensional half-graben that may represent a
caldera-collapse structure (CADEL, 1986; CADEL
et al., 1987). Minor andesitic domes and breccia
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(A) Simplified geologic map of the Orobic Alps showing location of the study area (box); N = Novazza ura-

nium mine, P = Lake Pescegallo, V = Val Vedello uranium mine. (B) Sketch map of the geology near Lake Publino
and Lake Diavolo showing tourmalinite settings. Modified from ZHANG et al. (1994).
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pipes occur above the lower Collio. The upper
Collio Formation comprises mainly lacustrine and
alluvial fan deposits that are unconformably over-
lain by non-marine fluviatile deposits of the Up-
per Permian Verrucano Lombardo Formation
(CADEL, 1986).

The earliest deformation (D, and D,) in the re-
gion produced two generations of pre-Alpine
tight to isoclinal folds and related amphibolite-fa-
cies assemblages in the Variscan basement (CASSI-
NIS et al., 1986; MILANO et al., 1988; DIELLA et al.,
1992). Permian normal faults (D5) formed as a re-
sult of regional extension, preferentially along
and near the basement-cover contact (CADEL,
1986; C.W. PasscHIER and J.-K. BLoM, in prep.).
Alpine deformation involved D, south-directed
thrust faulting of basement over cover rocks, ac-
companied by reactivation of the extensional nor-
mal faults as thrusts; Dy produced intense ductile
shortening and associated low-grade, prehnite-
pumpellyite facies metamorphism (MiLANO et al.,
1988). Deformation during Ds also developed
kilometer-scale upright folds, a slaty cleavage in
the Collio Formation, and a crenulation cleavage
in basement rocks. South-directed thrust faulting
during D, was followed locally by late normal
faulting. MILANO et al. (1988) recognized two ages
of formation of fault rocks in the region, an older
pre-Alpine generation of blastomylonites that are
folded by F, structures, and a younger generation
associated with D, deformation. The later fault
rocks, which occur both in the basement and cov-
er rocks, are aligned at a low angle to F, axial
structures preferentially near the base of the cov-
er sequence (MiLANO et al., 1988). Formation of
the younger fault rocks has been related by Mi-
LANO et al. (1988) to major decoupling of the cov-
er from the basement during south-directed
Alpine thrust faulting (see also DE SITTER and
DE SitTER-KOOMANS, 1949; LAUBSCHER, 1985;
SCHONBORN and SCHUMACHER, 1994).

Tourmalinites

Tourmalinites in the Orobic Alps (Fig. 1) were re-
cently studied by ZHANG et al. (1994) who de-
scribed their unusual cryptocrystalline (common-
ly glassy) textures and localization at or near the
base of the Collio Formation. These tourmalinites,
which in hand specimen resemble dark pseudo-
tachylyte, form discontinuous stratabound lenses
< 10 cm thick that extend for ~30 km along Per-
mian normal faults of the basement-cover con-
tact. Some of these normal faults were reactivated
during D,, but the tourmalinite lenses formed pri-
or to this reactivation. The tourmalinites are in-

terlayered with conglomerates, feldspathic sand-
stones. and thin (< 2 cm thick) cataclasites in con-
tact with, or < 1 m stratigraphically above, base-
ment gneisses (Fig. 2). Contacts between gneiss
and immediately overlying cataclasite are sharp,
as are those between cataclasite and overlying
tourmalinite;tourmalinite-conglomerate contacts,
however, are gradational (ZHANG et al., 1994).
The tourmalinites display the effects of ductile
(e.g., Alpine) deformation, but not of brittle de-
formation. Whole-rock chemical analyses, X-ray
powder diffraction, and transmission electron
microscopy have documented ~20-70 modal % of
extremely fine-grained (< 0.02 wm) schorl-dravite
in these rocks, which together with lesser quartz
and sheet silicates form a matrix to angular frag-
ments of quartz and cataclasite (see ZHANG et al.,
1994, Fig. 5). Trace to minor amounts (< 5%) of
pyrite also occur in the tourmalinites as isolated
cubes and/or aggregates. Variable tourmaline (to
10%) is present locally within some of the con-
glomerates, especially those in contact with the
cryptocrystalline tourmalinites. Abundant tour-
maline is unknown in the basement rocks, except

I tourmalinite
[[IIl cataclasite
[ pelitic siltstone

Variscan basement gneiss
J clastic sediments
=2 conglomerate

Fig. 2 Sketch showing cross sections of representative
tourmalinite occurrences along basement-cover con-
tacts south of Lake Publino. (A) Continuous layers of
tourmalinite and cataclasite occur along the the contact
zone of basement gneiss and overlying conglomerate.
(B) Complex sequence showing several layers of tour-
malinite alternating with cataclasite and clastic sedi-
ments of the Collio Formation (feldspathic + micaceous
sandstones); note lack of conglomerate above some
tourmalinite layers. S, and Ss represent a slaty cleavage
and the main foliation. respectively. Modified from
ZHANG et al. (1994).
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Tab. 1 Representative whole-rock analyses of tourmaline-rich rocks from the Orobic Alps.
No. 2 38B 38C 1542 1577-2 1577-3 15802 ADI11 ADI12 ADISA AD60A TI3A
Major elements (wt%)
Si10, 64.1 61.2 69.6 61.3 75.8 52.0 59.5 61.5 574 57.9 58.0 54.3
TiO, 0.48 0.34 0.29 0.38 0.44 0.60 0.44 0.80 0.88 0.89 0.38 0.64
AlLO, 172 18.5 16.3 18.4 11.4 22.1 18.3 17.4 207 2172 18.7 20.7
B,O, 4.51 515 2.03 5.47 2.32 6.76 6.12 322 2.67 3.86 6.44 6.76
Fe, O, 5.01 7.14 3:37 5.94 3.78 8.65 8.05 6.23 5.71 547 8.52 9.12
MnO < 0.01 0:02 <2001 <001 - < 0.01 0.02 0.02 0.06 0.03 <0.01 0.02 0.02
MgO 2.68 2.30 1.30 2.78 1.20 3.27 2.70 2.46 2.18 2.54 2.83 3.10
CaO 0.12 0.07 0.03 0.14 0.09 0.19 0.11 0.36 0.47 0.19 0.14 0.14
Na,O 1.14 1107 0.40 1251 1.03 1.89 1.36 0.80 0:73 1.44 1.48 1055
K,O 1.09 0.82 3.64 0.95 1.28 0.77 0.32 2.38 4.44 2.90 0.13 0.55
P,Oq 0.07 0.06 0.06 0.10 0.11 0.09 0.05 0.12 0.11 0.14 0.05 0.07
H,O 233 2.53 2.33 2.44 1.55 2.99 2.33 2572 3.30 2.94 2.55 2.80
Total 98.73 9930 99.35 9941 99.00  99.33 9950  98.05 98.62 9897 9924 9975
Trace elements (ppm)
Rb 63 46 215 49 68 42 15 132 255 144 11 38
Sr 200 170 62 120 84 280 250 140 140 140 310 260
Ba 98 68 140 90 56 75 77 230 420 280 43 51
Y 37 40 46 24 44 40 41 26 33 31 50 44
La 19 34 45 35 160 32 49 18 42 29 22 30
Ce 35 57 86 68 320 63 96 35 71 51 42 60
Nd 14 18 32 27 130 28 41 13 26 18 17 26
Sm 3.8 4.7 7.9 5.4 23 6.9 9.1 33 59 4.7 44 5.9
Eu 0.67 0.40 0.57 0.78 33 1.3 0.93 0.88 1.2 1.1 0.53 1.1
Gd 5.1 53 7.3 4.5 11 7.6 7.6 4.5 6.0 5.9 55 7:3
Tbh 0.96 0.85 1.1 0.66 153 1.1 18] 0.78 0.93 0.96 1.0 1.3
Dy 71 6.5 8.3 5.1 8.8 77, 8.2 52 6.3 ST 74 7.8
Ho 1.4 1.4 1.6 1.0 1.6 1.4 1.5 .2 1.2 1.1 1.6 1.7
Er 4.4 4.5 5.1 2.8 4.8 4.5 4.0 38 4.0 3.4 43 4.9
Tm 0.72 0.73 0.76 0.47 0.78 0.68 0.61 0.55 0.57 0.54 0.71 0.75
Yb 45 4.7 5. 2.9 53 4.4 4.5 35 3.0 3.9 49 52
Nb 92 14 17 15 18 15 19 15 18 15 18 20
2 215 172 210 146 215 168 180 194 265 245 172 200
Sc 15 15 16 15 13 18 16 18 18 19 16 21
Er 44 28 18 35 ) 62 41 120 99 110 27 58
\% 61 34 27 57 44 90 47 130 100 130 39 82
Co 17 <4 <4 7 42 14 12 19 17 25 8 18
Cu <4 15 5 5 11 <4 9 65 <4 7 <4 <4
Ni 45 11 <8 15 51 53 21 64 64 62 16 58
Pb <20 30 <20 21 <20 <20 23 <20 <20 19 25 21
Zn 100 81 47 2l 31 81 88 55 62 59 80 100
Be 24 21 7L 18 9 34 25 16 15 21 37 3
Li 100 61 57 51 41 75 73 61 54 59 T 50
As 54 80 43 100 92 130 140 70 <40 92 140 130
Th 17.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 16.5 n.a. n.a.
U 22.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 4.4 n.a. n.a.

Sample descriptions and locations: 2 = fine-grained tourmalinite from west of Lake Diavolo: 38B = fine-grained tour-
malinite from west of Lake Diavolo:; 38C = tourmaline-rich conglomerate from west of Lake Diavolo: 1542 = fine-
grained tourmalinite from near Lake Pescegallo: 1577-2 = tourmaline-rich cataclasite from south of Lake Publino;
1577-3 = fine-grained tourmalinite from south of Lake Publino; 1580-2 = fine-grained tourmalinite from south of
Lake Publino; AD11 = fine-grained tourmalinite from east of Lake Diavolo: AD12 = fine-grained tourmalinite from
east of Lake Diavolo; AD15A = fine-grained tourmalinite from north of Lake Diavolo: AD60A = fine-grained tour-
malinite from west of Lake Diavolo: T13A = fine-grained tourmalinite from south of Lake Publino. Note: Total iron
as Fe,O;: n.a. = not analyzed: Nos AD11.ADI12, ADI5A = Group B, others Group A.
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Tab. 2 Representative whole-rock analyses of basement and cover rocks from the Orobic Alps.
No. 1577-1 JK-24 AD37 AMI13 AD42 JKIS JK21 2 JK19 JK20 1559 JK23
Major elements (wt %)
SiO, 80.4 86.6 754 78.8 60.0 64.8 69.4 62.3 59.4 62.0 68.5 62.5
TiO, 0.08 0.05 0.81 0.70 1.0 0.83 0.62 0.93 0.96 1.06 0.52 0.67
AlLO, 10.7 678 112 10.3 20.9 17.3 12.9 22.2 19.1 19.6 5] 13.4
B,0, 0.06 0.04 0.04 0.04 0.03 0.07 0.61 0.14 0.77 0.19 0.22 0.20
Fe,O,! 1.38 1.71 3.89 2 3 3.34 572 6.94 212 6.05 4.61 4.50 6.28
MnO < 0.01 0.03 0.03 0.03 0.02 0.07 0.16 <0.01 0.09 0.05 0.04 0.24
MgO 0.53 0.59 1.56 0.82 2.03 1.03 1.01 1.00 1.44 1.08 0.76 2.4
CaO 0.31 0.23 0.70 0.21 0.24 0.18 0.21 0.10 0.60 0.21 0.03 2.36
Na,O 0.40 0.28 247 1.42 <0.15 1.11 0.41 0.79 0.35 049 <015 <015
K,O 3.59 2.04 1.61 2.51 7.10 4.62 392 6.54 5.66 6.36 4.85 4.42
PO 025 0.16 0.22 043 0.18 0.13 0.16 0.11 0.14 0.16 0.12 0.20
H,O 1.58 1.37 1.97 1.48 4.05 3.36 3.03 3.23 3.46 3.39 4.90 2.78
Total 9928 99.88 99.60 99.19 98.89 99.16 99.17 99.46 98.02 9920  99.54 99.094
Trace elements (ppm)
Rb 220 122 64 87 330 225 210 330 315 355 260 260
Sr 14 11 120 110 24 66 42 54 74 43 41 69
Ba 150 120 440 530 1700 540 350 620 540 630 410 350
% 10 <8 21 20 39 23 20 25 27 29 28 21
La 9.2 4.2 39 42 68 48 27 52 42 69 51 28
Ce 17 8.2 78 83 130 88 47 93 77 130 100 49
Nd 8.9 4.2 28 32 49 35 19 34 30 54 42 21
Sm 3.0 0.97 5.7 6.0 10 6.6 3 6.5 6.3 11 8.5 4.1
Eu 0.69 0.18 1:2 1:3 2.6 1.5 0.93 1:3 1.4 2.0 22 1.1
Gd 31 1,2 4.8 54 9.7 6.0 3.9 6.1 6.2 8.5 0.8 4.8
Tb 0.43 0.22 0.65 0.66 1.3 0.84 0.64 0.80 0.86 1.2 0.80 0.67
Dy 2.0 1.3 3.9 4.3 72l 5.2 4.1 5.0 6.0 6.8 54 4.1
Ho 0.36 0.20 0.73 0.84 155 0.89 0.79 0.93 1.1 153 0.98 0.83
Er 141 0.60 2.2 25 44 2. 2.6 2.9 3.3 3.9 33 2.3
Tm 0.14 0.06 0.31 0.37 0.72 0.40 0.37 0.39 0.50 0.59 0.41 0.32
b 1.1 0.58 2.3 2.5 5.3 2.4 2.5 2.8 3.1 4.2 3.0 2.3
Nb 14 <10 12 12 16 16 16 18 18 18 18 11
Zr 63 32 325 485 240 158 162 192 186 290 250 174
Sc <8 <8 11 <8 23 14 12 19 17 15 13 14
Cr 4 4 67 48 140 98 70 120 120 88 44 79
A% 11 <8 T2 47 160 90 75 120 100 90 44 110
Co 7 <4 4 S <4 15 16 4 12 5 4 16
Cu <4 49 15 <4 12 <4 72 <4 <4 5 <4 58
Ni 18 <8 20 1.5 16 39 35 13 42 21 28 25
Pb <20 <20 <20 54 <20 <20 <20 27 <20 <20 <20 25
Zn 8 17 46 310 23 59 41 11 39 27 62 23
Be <4 <4 <4 <4 7. <4 6 5 7 6 9 4
Li 43 33 31 27 60 56 35 79 41 49 Sl 40
As <40 <40 40 <40 <40 <40 50 <40 <40 < 40 <40 64
Th n.a. n.a. 19.9 n.a. 15.3 n.a. n.a 18.9 n.a. n.a. n.a. n.a.
U n.a. n.a. 3.2 n.a. 4.9 n.a. n.a 6.0 n.a. n.a. n.a. n.a.

Sample descriptions and locations: 1577-1 = basement gneiss from south of Lake Publino: JK-24 = basement gneiss
from cast of Lake Diavolo: AD37 = basement schist from west of Lake Diavolo: AM13 = basement schist from east
of Ca.S. Marco: AD42 = basement pseudotachylyte from southwest of Lake Publino; JK18 = conglomerate from east
of Lake Diavolo: JK21 = conglomerate [rom cast of Lake Diavolo: T2 = conglomerate from south of Lake Publino:
JK19 = Collio Formation feldspathic sandstone from cast of Lake Diavolo; JK20 = Collio Formation feldspathic
sandstone from east of Lake Diavolo: 1559 = Collio Formation foliated volcanic from southeast of Lake Diavolo:
JK23 = calcareous Collio Formation pyroclastic from east of Lake Diavolo. Note: Total iron as Fe,Os: n.a. = not an-
alyzed. #lIncludes 3.90 wt% CO, from loss on ignition.
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for one cataclasite south of Lake Publino that
contains ~12 modal %.

Other tourmaline concentrations in the region
have been described by CADEL et al. (1987),
Fuchs (1987), Fuchs (1989), and FucHs and
MAURY (1995). At the Novazza uranium mine
(Fig. 1), abundant tourmaline occurs locally in dis-
seminations, veins, and stratabound lenses within
rhyolitic ignimbrites of the Collio Formation. The
nearby Val Vedello uranium mine lacks tourma-
line concentrations, but contains boron enrich-
ments (to 5000 ppm) in albite-rich cataclasites
present in mylonitic zones along the basement-
cover contact (FucHs and MAURY, 1995): tourma-
line also occurs along this contact 400 m east of
the mine (Y. Fuchs, pers. commun. to JES, 1996).
CADEL et al. (1987) additionally reported abun-
dant tourmaline near andesitic intrusive bodies in
the region, and locally pervasive tourmalinization
of fine-grained volcanic ash beds and sandstones
of the Collio Formation at and near the Novazza
mine.

Geochemistry

Whole-rock analyses of 12 tourmaline-rich rocks
and 23 tourmaline-poor basement and cover
rocks were acquired by X-ray fluorescence (major
elements, Rb, Nb, and Zr), inductively coupled
plasma-atomic emission spectrometry (B, Sr, Ba,
Y, Sc, Cr,V, Co, Cu, Ni, Pb, Zn, Be, Li, As), induc-
tively coupled plasma-mass spectrometry (La, Ce,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb), and op-
tical emission spectrometry (Sn, W). Fifteen sam-
ples were also analyzed for a broad suite of trace
elements by instrumental neutron activation
methods; only data for Th and U are presented
here!. Representative analyses for all major rock
types are given in tables 1 and 2. The tourmalin-
ites show distinctive major-element compositions
including B,O, contents of 2.03-6.76 wt%. These
rocks are also characterized by a wide range of
values for Si0, (52.0-75.8 wt%), Al,O; (11.4-22.1
wt%), Fe,OT (3.37-9.12 wt%), and K,O
(0.13-4.44 wt%); amounts of MgO (1.20-3.27
wt%), CaO (0.03-0.47), and Na,O (0.40-1.89
wt%) show smaller variations. By comparison,
samples of basement schist and gneiss, and of
overlying conglomerate, clastic sediment (feld-

I Among the 35 samples analyzed in detail for this study,
only five were submitted for determination of U, Th,
and other trace elements by instrumental neutron ac-
tivation analysis (INAA): 10 additional samples from
the region were also analyzed by INAA but a com-
plete database for them was not acquired because suf-
ficient material for analysis was not available.

spathic sandstone), and andesitic rock have
higher SiO, and K,O, and lower AlLO;, Fe,O;1,
and MgO than the tourmalinites (Figs 3A-C).
TiO, contents of the tourmalinites fall into two
populations, one defined by 0.34-0.64 wt% (n=7)
designated as Group A, and another by 0.80-
0.89 wt% (n = 3) from the Lake Diavolo area that
are designated as Group B.

Trace element concentrations of the tourma-
linites overlap those of surrounding basement and
cover rocks (Tabs 1, 2). Group A tourmalinites
contain low Rb (11-63 ppm), whereas the Group
B tourmalinites have 132-255 ppm Rb: conglom-
erates and sandstones contain 190-355 ppm Rb,
and basement schists and gneisses have 54-87 and
38-220 ppm Rb, respectively. A strong correlation
between Rb and K,O (Fig. 3C) suggests that the
Rb is contained within muscovite. Excluding
schist sample AD37 (120 ppm), St values are con-
sistently higher in both Group A and Group B
tourmalinites (120-310 ppm) than in any other
rocks of the study area (conglomerates and sand-
stones contain 31-74 ppm Sr). Ba contents vary
from 43-98 ppm in Group A tourmalinites and
230-420 ppm in Group B tourmalinites, and over-
all are broadly similar to those of their surround-
ing country rocks.

Concentrations of ferromagnesian and high
field strength elements display diverse patterns.
Cr. for example, shows a large variation and broad
correlation with TiO, (Fig. 3D), in which Group A
tourmalinites contain 27-62 ppm and Group B
tourmalinites 99-120 ppm. Values for Sc and V
range from 15-21 and 34-130 ppm. respectively,
and are similar to those for surrounding basement
and cover rocks. Nb and Zr contents are not sys-
tematically different among the various lithologic
series analyzed. Concentrations of Y, however, are
generally higher in the tourmalinites and tourma-
line-rich conglomerates (31-52 ppm), as are those
of Yb (Fig. 3E). A correlation of Y with Yb (Fig.
3F) implies that these elements are contained in
accessory monazite and/or allanite that were rela-
tively resistant to dissolution during cataclasis and
metamorphism.

Some of the tourmalinites are enriched in Be,
As,and U relative to their country rocks. The tour-
malinites contain 7-37 ppm Be (avg 22 ppm),
compared to a maximum of 7 ppm Be in gneisses,
schists, pseudotachylytes, conglomerates, and
sandstones. Concentrations of As in the tourma-
linites vary from 43-140 ppm (avg ~92 ppm) rela-
tive to a maximum of 64 ppm (avg < 40 ppm) in
tourmaline-poor country rocks. the higher As
probably residing in minor disseminated pyrite
present in the tourmalinites. Reconnaissance data
also show concentrations of U in some of the tour-
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malinites (e.g., 22.8 ppm, sample 2, Tab. 1) and in
one cataclasite from south of Lake Publino in con-
tact with tourmalinite (sample T4B-
C.W. Passchier and J.S. Zhang, unpub. data). Sn

2.226

Ly Luds

ppm:

3
(C) K,O vs Rb; (D) TiO, vs Cr; (E) ALO, vs Yb; (F) Y vs Yb. Major element values in wt%, trace elements in ppm:

and W contents are below detection limits of 10
and 20 ppm, respectively, for all samples analyzed,
except for one tourmalinite from south of Lake
Publino (1580-2) that contains 30 ppm W. Con-
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centrations of base metals (Cu, Pb, Zn) are simi-
lar in the tourmalinites and their surrounding
country rocks and are not considered anomalous.

Chondrite-normalized rare earth element
(REE) data for the tourmalinites show systemat-
ic patterns (Fig. 4A) characterized by relatively
abundant light REE, low to moderate (La/Yb)cy
ratios (2.82-8.05), and small negative Eu anom-
alies. No systematic differences are apparent in
the REE contents of Group A and Group B tour-
malinites. Two cataclasite samples from the base-
ment-cover contact have very abundant light
REE, high (La/Yb)qy ratios of 19.9 and 20.1. and
very small negative Eu anomalies (Fig. 4B). Data
for tourmaline-poor conglomerates and sand-
stones (Fig. 4C) display REE patterns generally
like those of the tourmalinites, although the con-
glomerates contain slightly lower abundances of
heavy REE, and the sandstones slightly higher
light REE; both the conglomerates and sand-
stones show smaller negative Eu anomalies than
the tourmalinites. The basement schists (Fig. 4D)
have REE patterns somewhat similar to those of
the tourmalinites, although the schists display
lower abundances of heavy REE and smaller neg-
ative Eu anomalies. REE patterns of the base-
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ment gneisses are characterized by low abun-
dance levels (< 20x chondrite) and low (La/YDb)qy
ratios of 1.95-5.58 (Fig. 4D), which are very dif-
ferent from those of the tourmalinites and tour-
maline-rich conglomerates.

Protoliths

The likely mobility of some major elements dur-
ing tourmalinization (and related residual enrich-
ment/depletion associated with mass loss/gain)
precludes the direct use of major oxide composi-
tions for discriminating protolith(s) of the tour-
malinites. ZHANG et al. (1994) used molar Ti/Al
ratios, assuming relative immobility of these ele-
ments in rocks of the study area. Their calcula-
tions showed the tourmalinites to have average
Ti/Al ratios broadly similar to those of the con-
glomerates and sandstones, but unlike those of the
basement schists and gneisses. Additional evalua-
tion of tourmalinite protolith(s) has been made
here through the use of molar ratios of Al and oth-
er elements believed to be immobile during hy-
drothermal and metasomatic processes. A plot of
Zr/Al vs Y/Zr for all major rock types (Fig. SA)
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Fig. 4 Chondrite-normalized plots of rare earth element data. (A) tourmalinites: (B) cover cataclasites and tour-
maline-rich conglomerates: (C) tourmaline-poor conglomerates and sandstones; (D) tourmaline-poor basement
schists and gneisses. Chondrite data from NAKAMURA (1974). Symbols as in figure 3.
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shows that, excepting one sample of basement
gneiss, the only lithologic units similar to the tour-
malinites are the volcanic rocks, conglomerates,
and sandstones. Data for Collio Formation vol-
canics show Y/Zr ratios that range from < 0.22 for
andesites, to > 0.22 for rhyolites. Andesites can be
ruled out as protoliths in most cases based on their
geologic occurrence as local discontinuous units,
and rhyolites based on their stratigraphic distri-
bution well above the basement-cover contact
(Fig. 1;see also CADEL et al., 1987). Gneiss sample
1577-1 has a relatively low Y/Zr ratio (0.16) like
that of some tourmalinites, but unlike that of ad-
jacent tourmalinite sample 1577-3 (0.24). Gneiss-
esare also precluded as protoliths because of their
lower Sc/Al ratios (Fig. 5B), and their Th/Al ratios
of 0.16-0.23 relative to those of the tourmalinites
(0.34-0.45); tourmaline-free conglomerates have
Sc/Al ratios of 1.82-2.09 and Th/Al ratios of
0.37-0.40, in the range of the tourmalinites. The
schists cannot be protoliths based on their low
Y/Zr and high Zr/Al ratios. Overall, these data
suggest that the tourmalinites were derived from
conglomerates and/or sandstones of the cover
sequence, and not from the basement schists or
gneisses (or Collio Formation volcanics). The
presence of quartz fragments in the tourmalinites,
and quartz pebbles and cobbles in the conglomer-
ates, further suggests that the protolith of most of
the tourmalinites was conglomerate ( ZHANG et
al.. 1994). However. because some of the tourma-
linites lack directly associated conglomerate and
are in contact with sandstones (Fig. 2B), they
probably have a sandstone protolith.

The extremely fine-grained nature of the tour-
malinites provides an additional constraint on
their origin. No other rocks in the study area have
such aphanitic textures except for basement cat-
aclasites and pseudotachylytes, and cataclasites
occurring along the Dbasement-cover contact
("cover" cataclasites). The basement cataclasites
and pseudotachylytes cannot be protoliths of the
tourmalinites because of their restricted occur-
rence and commonly deformed nature (cf. Mi-
LANO et al., 1988). The cover cataclasites, howev-
er, are attractive as protoliths because they form
semicontinuous narrow layers between the
gneisses and tourmalinites, and display similar
cryptocrystalline textures (ZHANG et al., 1994,
Fig. 3). Such cataclasites thus represent the most
probable direct precursors of the tourmalinites.
Because of their thin (<2 cm) geometry these cov-
er cataclasites are very difficult to sample without
contamination from adjacent lithologic members
(gneiss and tourmalinite ), and our only complete-
ly analyzed sample (1577-2, Tab. 1) unfortunately
contains significant B,O;. This cover cataclasite
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Fig. 5 Immobile element ratio plots discriminating
protoliths of tourmalinites. (A) Zr/Al vs Y/Zr:(B) Zr/Al
vs Sc/Al. All data based on molar element values. Sym-
bols as in figure 3.

nevertheless displays immobile-element geo-
chemical signatures generally like those of the
tourmaline-poor conglomerates and sandstones
of the study area, although it has greater light
REE abundances (Fig. 4B) and a slightly higher
Zr/Alratio (Figs SA, B). The gneisses, by compar-
ison, have lower average Sc/Al and Zr/Al and
higher average Y/Zr, and the gneiss in direct con-
tact with this cataclasite (1577-1) has a lower
Sc/Al ratio of 0.84 and a higher Y/Zr ratio of 0.43
relative to the Sc/Al and Y/Zr ratios of 2.56 and
0.21 calculated for the adjoining cataclasite, and
1.83 and 0.23 calculated for the adjoining tourma-
linite (sample 1577-3). A detailed geochemical
study of the cover cataclasites would be necessary
to rigorously evaluate their protolith(s). which is
beyond the scope of this paper. However, avail-
able data suggest that the cataclasites along the
basement-cover contact most likely derive from
the conglomerates and/or sandstones, and not the
gneisses. If this interpretation is correct, then the
typical fine-grained tourmalinites of the study
area must have formed from previously cata-
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Tab. 3 Average molar element ratios of tourmalinites, conglomerates, and sandstones from the Orobic Alps.*

Element Tourmalinite Conglomerate Sandstone Tourmalinite/  Tourmalinite/
(n=7) (n=3) (n=3) Conglomerate Sandstone

Si/Al 2.542 +0.3821 3.374 +0.9022 2913 +0.3558 0.7533 0.8728
Ti/Al 0.0151 = 0.0027 0.0293 + 0.0018 0.0276 + 0.0080 0.5161 0.5477
B/AI 0.4439 + 0.0407 0.0274 + 0.0280 0.0261 + 0.0224 16.21 17.01
Fe/Al 0.2666 + 0.0538 0.2052 = 0.1154 0.1759 £ 0.0213 1.299 1.516
Mn/Al 0.0069 + 0.0035 0.0410 = 0.0380 0.0260 = 0.0062 0.1688 0.2659
Mg/Al 0.1899 = 0.0133 0.0771 £ 0.0172 0.1122 + 0.0433 2.463 1.693
Ca/Al 0.0067 = 0.0016 0.0095 = 0.0044 0.0219 = 0.0086 0.7048 0.3047
Na/Al 0.1303 = 0.0167 0.0721 £ 0.0238 0.1513 £ 0.1636 1.806 0.8613
K/Al 0.0324 + 0.0208 0.3067 = 0.0128 0.3325 +0.0134 0.1057 0.0975
P/Al 0.0027 = 0.0006 0.0060 = 0.0022 0.0058 =+ 0.0004 0.4469 0.4585
Rb/Al 2315 +=1.176 17.43  +1.583 18:24- - +3.113 0.1328 0.1269
Sr/Al 13.64 +3.440 3:570 £0.5557 2.822 +0.6343 3.822 4.835
Ba/Al 2.961 =+0.7948 2191 +2.289 22518 0.1352 0.1304
Y/Al 2.349 +0.4425 1.520° +=0.1953 1.800 +0.2352 1.545 1.305
La/Al 1.206 + 0.3662 1.751 £ 0.2052 1.987 +0.4185 0.6884 0.6068
Ce/Al 2273 +0.7199 3.111 +0.4298 3.769 +0.7856 0.7307 0.6031
Nd/Al 0.8940 = 0.3155 1.176 +0.1727 1.502 + 0.3446 0.7601 0.5951
Sm/Al 0.2015 + 0.0581 0.2156 = 0.0291 0.3051 + 0.0653 0.9345 0.6605
Eu/Al 0.0279 + 0.0084 0.0483 = 0.0076 0.0553 + 0.0089 0.5792 0.5054
Gd/Al 0.2051 + 0.0335 0.1982 = 0.0189 0.2620 + 0.0404 1.035 0.7828
Tb/Al 0.0331 + 0.0054 0.0285 = 0.0039 0.0357 + 0.0052 1.160 0.9270
Tm/Al 0.0210 + 0.0031 0.0139 + 0.0027 0.0183 + 0.0024 1:512 1.147
Yb/Al 0.1361 +0.0214 0.0894 + 0.0171 0.1204 + 0.0201 15522, (L)
Nb/Al 1.023 +0.1838 1.081 =+ 0.1966 1.056 + 0.0697 0.9470 0.9693
Zr/Al 10.45 =+1.616 1122+ £1:91.8 13.08 +2.429 0.9311 0.7988
Sc/Al 1.945 +0.1513 1.958 +0.1112 1.982 +0.2135 0.9987 0.9817
Cr/Al 4239 +1.037 10,71 2202238 9.564 +1.808 0.3960 0.4432
V/AI 6.000 = 1.636 10.88 +0.4993 9.598 +0.4895 0.5516 0.6251
Ni/Al 2. 760 21525 3189 +1.57/3 2.615 +0.8149 0.8657 1.056
Zn/Al 6.504 +1.843 3.653 +2.045 T21T. %6505 1.780 0.9012
Be/Al 1672 £ 3832 3.017 x1.636 2966 +1.137 5.542 5.636
Li/Al 53.63 +14.90 46.23 +5.139 61.88 +39.88 1.160 0.8675

* Major element data based on bulk compositions recalculated to 100% on a volatile-free basis: uncertainties shown
are lo values. Note: Na data for sandstones are strongly affected by one albite-rich sample.

clasized conglomerates and/or sandstones, as
these precursors best explain the observed geo-
chemical and textural features of the tourma-
linites.

Mass changes

The clastic sedimentary (conglomerate/sand-
stone) protolith identified for the tourmaline-rich
rocks precludes the use of standard mass-balance
calculations to quantify gains and losses of ele-
ments during tourmalinization. Unlike granitoids
and volcanic rocks that chemically may be rela-
tively homogeneous and thus suitable for quanti-
tative mass-balance studies, clastic sediments
commonly show a large range of major and trace
element concentrations due to sorting and other
sedimentary processes (e.g., SAWYER, 1986; AR-

GAST and DONNELLY, 1987). As a result, any cal-
culation of a single unaltered protolith composi-
tion for a suite of clastic sediments will, in most
cases, yield an unacceptably large uncertainty (see
AGUE, 1994). The approach taken here is to calcu-
late relative mass changes using Al as an immobile
reference element. Such an approach is consid-
ered reasonable given the documented immobili-
ty of Al during most hydrothermal and metamor-
phic processes, including those involving shear
zones, cataclasites, and tourmalinites (e.g., KER-
RICH et al., 1977; FERRY, 1979; MARQUER et al.,
1985; SLACK et al., 1993; GUNDERSEN and GATES,
1995; ConpIE and SINHA, 1996). General immo-
bility of Al in rocks of the study area is also sug-
gested by broad correlations between Al,O; and
Yb for most of the tourmaline-rich rocks and their
unaltered (tourmaline-poor) precursor sediments
(Fig. 3E), and by its coherent behavior relative to
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Fig. 6 Relative change (in percent) of elements in average Group A tourmalinite (7 = 7) compared to those in pro-
toliths of average conglomerate (n = 3) shown by the black bars, and of average sandstone (1 = 3) shown by the open
bars. Data based on molar element compositions recalculated on a volatile-free basis, and normalized to average mo-

lar Al values (see Tab. 3).

other characteristically immobile elements in-
cluding Zr, Y, Nb, Th, Sc, and other heavy REE.
Table 3 lists average molar element ratios of the
more common Group A tourmalinites compared
to those of tourmaline-poor conglomerates and
sandstones. The Group A tourmalinites consis-
tently display the greatest amount of chemical
change relative to their precursor sediments, and
are emphasized here; Group B tourmalinites are
characterized by less change and are not discussed
further. Compared to average data for the con-
glomerates and sandstones, the Group A tourma-
linites display moderate to significant (> 50%) ad-
dition of B, Mg, Na?, Sr, and Be, and minor addi-
tion (10-50%) of Fe. Y, Tm, Yb, and Zn (Fig. 6).
Moderate to significant loss (> 50%) is shown by
Mn, Ca, K, P, Rb, Ba, and Cr; Si,Ti, La, Ce,Nd, Sm,

2 The Na value calculated assuming a sandstone pro-
tolith is strongly affected by one albite-rich sample. In-
clusion of this sample in the average (Tab. 3; Fig. 6)
yields a relative change of —14%: exclusion of this sam-
ple yields a relative change of +266%. which is more
consistent with the value obtained using a conglomer-
ate protolith. Considered overall, Na in the tourmalin-
ites shows an increase relative to its clastic sedimenta-
Iy precursors.

Eu, Zr, and V display minor (10-50%) loss. Rela-
tive changes for Gd, Tb, Nb, S¢, Ni, and Li are not
significant (+ 10% or less). In general, changes cal-
culated using a conglomerate protolith are similar
to those for a sandstone protolith, although some
discrepancies occur for Ca,Na, Gd.Tb,Tm,Yb, Ni,
Zn, and Li. Use of a sandstone protolith results in
a more consistent pattern in which most of these
elements (especially the heavy REE) are essen-
tially immobile. Adapting the recently devised
least-squares method of BAUMGARTNER and
OLSEN (1995) for the relatively immobile ele-
ments Al, Zr, Th, Sc, Nb, and the heavy REE, a net
mass loss of ~12% is calculated for the average
Group A tourmalinite relative to a conglomerate
protolith;a lower net mass loss of ~7% is obtained
using a sandstone protolith (Fig. 7). These calcu-
lated net mass losses for tourmalinite formation
are also consistent with the distribution of data for
Y and Yb in tourmalinites, conglomerates, and
sandstones of the study area (Fig. 3F), in which the
higher concentrations of Y and Yb in the tourma-
linites, relative to their precursor sediments, re-
flect an increase in resistant accessory monazite +
zircon + allanite due to removal of other compo-
nents (chiefly K and Ca). Other enrichments in
immobile elements, relative to tourmaline-poor
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Fig. 7 Concentrations of relatively immobile elements
in average Group A tourmalinite (n = 7) compared to
those of average conglomerate (12 =3) and average sand-
stone (n = 3) of the study area: Th data based on only
three samples of tourmalinite and two samples of con-
glomerate (no sandstone analyses are available). Some
values are scaled to fit; calculations were made using un-
scaled values. Note proximity of data for average sand-
stone to 1:1 line of equal composition and zero net mass
change, and systematic shifts to lower concentrations
in conglomerates (open squares) relative to sandstones
(open diamonds). Conglomerate protolith requires
~12% net mass loss: sandstone protolith requires ~7%
net mass loss (see text).

sandstone and conglomerate (Tab. 3), are due to
the overall net mass loss associated with tourma-
linite formation (cf. MAcCLEAN and BARRETT,
1993; SLAck, 1996). Because of the density in-
crease involved in the transformation of quart-
zose cataclasite (S.G. ~2.7-2.8) to tourmalinite
(S.G. ~2.8-2.9), a small volume loss must have ac-
companied tourmalinization in the study area,

which also contributed to residual enrichment of

immobile elements in the tourmalinites (e.g.,
O’HARA and BLACKBURN, 1989).

Discussion

Textural and geochemical data clearly document
formation of the Orobic tourmalinites by the
metasomatism of conglomerates and/or sand-
stones along and near basement-cover décolle-
ments. Geologic constraints outlined by ZHANG et
al. (1994) show that the tourmalinites are unrelat-
ed to submarine-hydrothermal processes (e.g.,
SLACK et al., 1984; SLACK, 1993, SLACK, 1996), in-

cluding syngenetic exhalation and subseafloor re-
placement. Formation of the Orobic tourmalinites
involved the development of cryptocrystalline
schorl-dravite (ZHANG et al., 1994) by boron
metasomatism of aluminous clays, feldspars,
and/or micas, in precursor sediments (see SLACK,
1993; SLACK et al., 1993). Based on the preserva-
tion of extremely fine-grained tourmaline in the
tourmalinites, and on the observation of tourma-
line breakdown in major shear zones elsewhere
(SLAack and ROBINSON, 1990), we suggest that the
Orobic tourmalinites formed from previously cat-
aclasized conglomerates and/or sandstones. This
model is similar to that proposed by BERG (1977)
for tourmaline-rich protomylonites in the Bitter-
root Range of southwestern Montana, in which
preexisting mylonitic rocks were tourmalinized
during the emplacement of nearby tourmaline
pegmatite. It differs, however, from the model of
LABERNARDIERE (1967). who proposed formation
of a tourmaline-rich mylonite in the Massif Cen-
tral by deformation of tourmaline-quartz veins re-
lated to a local leucogranite. The origin of cryp-
tocrystalline blue tourmaline in a fault zone near
Barstow, California (KRAMER and ALLEN, 1954) is
unknown.

Mass change data suggest high fluid fluxes dur-
ing tourmalinite formation. In geochemical stud-
ies of stratabound tourmalinites in the Broken
Hill (Australia) district, SLack et al. (1993)
showed their formation to have involved, on av-
erage, major gain of B, minor gain of Mg and Na.
major loss of Mn, Ca, and K, and minor loss of Si.
In contrast are data for discordant tourmalinites
in the large feeder zone of the Sullivan Pb-Zn-Ag
deposit (British Columbia) that show major gain
in B, Mg, and Mn and major loss of Ca, Na,and K
(Stack et al., 1996). Compositional differences
between these two groups of tourmalinites are be-
lieved to reflect time-integrated water/rock ratios
(i.e., fluid fluxes), in which the Broken Hill tour-
malinites formed under relatively low water/rock
conditions whereas the Sullivan tourmalinites
formed under relatively high water/rock condi-
tions (see also Srack, 1996). Average mass
changes calculated for the common (Group A)
Orobic tourmalinites suggest that they formed
under high water/rock conditions accompanied
by moderate to significant loss of elements such as
Ti, Cr, and the light REE. These same elements
were mainly conserved during tourmalinite for-
mation at Broken Hill (SLAcCK et al., 1993), but lo-
cally were lost at Sullivan, except for Ti that re-
mained largely immobile (SLACK et al., 1996).
Both the Broken Hill and Sullivan tourmalinites
display general loss of Rb and Ba as in the Orobic
tourmalinites (Fig. 6), but the major gain in Sr
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shown by the Orobic tourmalinites is not charac-
teristic of tourmalinites of submarine-hydrother-
mal origin (see BANDYOPADHYAY et al., 1993;
SLack et al., 1993, 1996).

The minor silica loss documented during for-
mation of the Orobic tourmalinites is similar to
that found by SLACK et al. (1993) at Broken Hill.
Thisloss of SiO, reflects metasomatic changes dur-
ing the replacement of clays, feldspars, and/or mi-
cas by tourmaline, in which quartz is generated as
a product of various tourmaline-forming reac-
tions. At Broken Hill, evidence of silica loss is
shown by the local occurrence of siliceous haloes
along tourmalinite-wall rock contacts (SLACK et
al., 1993). Although such haloes have not been
found surrounding the Orobic tourmalinites, geo-
chemical data suggest introduction of silica into
the underlying cover cataclasites, as these litho-
logic components contain high Si0O, values (75.8
and 85.3 wt%) and high Si/Al ratios (5.64 and
10.8) that are much greater than those of their in-
ferred conglomerate and/or sandstone protoliths
(59.4-69.4 wt% and 2.38-4.57, respectively). The
very high SiO, contents and Si/Al ratios of the
basement gneisses in contact with tourmalinites
(80.4-86.6 wt% and 6.12-10.8, respectively) clear-
ly are not primary (e.g..granite) compositions, and
probably reflect silicification during tourmalinite
(or carlier cataclasite) formation. Related to this
proposed silicification is an apparent net mass gain
in the gneisses that produced low overall REE
abundances (Fig.4D).The source of the light REE
concentrated in the tourmaline-poor cataclasites
of the study area (Fig. 4B) may be locally derived
from the conglomerate and/or sandstone precur-
sors to the tourmalinites that show systematically
larger Al-normalized ratios of light REE than the
tourmalinites (Tab. 3).

The source of boron and other elements intro-
duced into the tourmalinites is uncertain. ZHANG
et al. (1994) suggested that these components
were related to widespread development of tour-
maline alteration at and near the Novazza and Val
Vedello uranium mines, the latter containing
abundant uraninite and minor sphalerite and
molybdenite in fault zones along basement-cover
contacts (see CADEL et al., 1987; Fucns, 1989). A
genetic link between the tourmalinites discussed
here and the tourmaline-rich rocks at Novazza
and near Val Vedello is further supported by the
involvement of Mg and Na addition during their
formation (Fig. 5; CADEL, 1986; CADEL et al.,
1987), and by the presence of 22.8 ppm U in one
of the Orobic tourmalinites (Tab. 2) and 226 ppm
U in a cover cataclasite in direct contact with tour-
malinite (C.W. Passchier and I.S. Zhang, unpub.
data). According to FucHs (1989). tourmaline al-

teration at the Novazza deposit formed during
resurgent doming of the ash-flow caldera respon-
sible for erupting ignimbrites of the Permian Col-
lio Formation. This model is consistent with the
timing of brittle normal faulting developed along
the basement-cover contact, and with U-Pb and
Pb-Pb ages of 249 and 240 Ma, respectively, ob-
tained for the Val Vedello mineralization (Simp-
SON et al.. 1981 in CADEL, 1986). Enrichment of
the tourmalinites in Be (Fig. 6), which is unknown
in tourmaline-rich rocks of submarine-hydrother-
mal origin (SLACK et al., 1993, 1996), strongly sug-
gests that the tourmalinizing fluids had a magmat-
ic component. The Tertiary Adamello granites
~35 km to the cast are unlikely candidates for
having provided this component because they
contain only rare accessory tourmaline and lack
related tourmalinized country rocks (BIANCHI et
al., 1970; CALLEGARI and DAL Piaz, 1973): these
granites also have K-Ar, Rb-Sr,and U-Pb ages of
~30-42 Ma (DEL MoORO et al., 1985; HANSMANN
and OBERLI, 1991) and postdate the Alpine struc-
tures that cut the tourmalinites (see ZHANG et al.,
1994). More attractive is a connection to the late
Hercynian Val Biandino plutonic complex ~25 km
to the west, which contains tourmaline locally in
granites and pegmatites, and pervasively in some
contact metasomatic aureoles (DE SITTER and DE
SITTER-KOOMANS, 1949; PASQUARE, 1967). How-
ever, this suite of plutons was emplaced at 286 +
15 Ma based on K-Ar and Rb-Sr geochronology
(DE CaPITANI et al., 1988; THONI et al., 1992), and
would appear to be too old to have played a role
in generating the Val Vedello mineralization and
the tourmalinites described herein, assuming that
the U-Pb and Pb—Pb ages cited above are correct
and that the Val Vedello ores and our studied
tourmalinites are contemporaneous. While evi-
dence for an association with the Val Biandino
plutons is thus problematic, geologic and geo-
chemical data (especially Be) for the tourmalin-
ites best support a link to late Hercynian felsic
magmatism, or possibly to emplacement of Trias-
sic (~238 Ma) alkaline intrusions and related hy-
drothermal activity like that recognized in the
Southern Alps to the east (Borsi et al., 1968;
BarTH et al., 1993). Future studies employing
stable isotopes (80, 8D, 8'"'B) could test this
magmatically-based hypothesis, and shed addi-
tional light on the source of the boron and other
constituents in tourmalinites of the region.
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