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ABSTRACT. - Tourmaline breccias in the pre
Alpine basement in Val Trompia (Southern Alps, 
Northern Italy) are related to late Palaeozoic granites 
and are associated with Sn-W -bearing ore deposits. 
The breccias are rich in acicular tourmaline with 
variable textural and compositional characteristics. 
At least four stages of tourmaline crystallization are 
distinguished, mainly by Mg/Fe ratios. All tourmali
nes can be classified as «alkali group» varieties 
using recent nomenclature schemes. Compositions 
vary from schorl-dravite for earlier, main-stage type 
I and II coarse crystals, to highly Fe-enriched tour
malines, probably approaching the povondraite 
endmember (typical of oxidized hydrothermal envi
ronments), for type Ill and IV fine-grained tourmali
nes within late veinlets. Whole-rock REE geochemi
cal data show variable, locally remarkable enrich
ments in LREE related to the action of hydrothermal 
fluids. Coarse tourmalines occurring in the crypto
crystalline groundmass of the Orobic tourmalinites, 
which are hosted in cataclastic zones along the tecto
nic contact between basement and Permian volcano
sedimentary cover rocks in the Lake Diavolo area 
(southern Alps), have schorl-dravite compositions 
similar to type I and II, main-stage Val Trompia 
tourmalines. The Orobic tourmalinites were conside
red of metasomatic origin by previous studies. 

The V al Trompia tourmalinites can be interpreted 

* Correspon d in g  author, 
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as having formed by magmatic-hydrothermal fluids 
that produced metasomatic tourmalines with 
different compositions at different distances from 
the fluid source (magma). Compositional analogies 
between tourmalinites of the two areas may 
therefore reflect similarities between the 
tourmalinization processes that developed in relation 
to large-scale Permian magmatic-tectonic activity. 
The Val Trompia tourmalinites thus may represent 
deeper metasomatic products, closer to the magma 
chamber, whereas the Orobic tourmalinites would 
have formed from hydrothermal fluids injected 
along shallower faults during coeval volcanic 
activity. 

RIASSUNTO. - Brecce a tormalina affioranti nel 
basamento sudalpino in Val Trompia, in relazione 
con lineamenti e granitoidi tardo-paleozoici ed asso
ciate a mineralizzazioni a Sn e W, sono caratterizzate 
da tormaline con caratteri tessiturali e composizionali 
variabili. Tormaline appartenenti ad almeno quattro 
stadi genetici sono riconoscibili principalmente dalla 
variazione del rapporto Mg/Fe. Tutte le tormaline 
sono definibili come «alkali group tourmalines», in 
accordo con la piu recente classificazione. La compo
sizione varia da termini della serie schorlite-dravite, 
per i cristalli riferibili agli stadi di cristallizzazione 
piu antichi (tipo I e Il), fino a quelli estremamente 
arricchiti in Fe affini al termine povondraitico (tipico 
di ambiente idrotermale ossidato), per tormaline 
entro vene tardive (tipo Ill e IV). Dati relativi alle 
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terre rare su roccia totale mostrano arricchimenti 
variabili, talora notevoli di terre rare leggere, proba
bilmente legati all' azione di fluidi idrotermali. Sono 
state analizzate anche le tormaline di maggiori 
dimensioni nelle tormaliniti criptocristalline affioran
ti entro fasce cataclasitiche al contatto tra basamento 
e copertura vulcano-sedimentaria permiana nella 
zona del La go del Diavolo (Alpi Orobie ), gia prece
dentemente definite di origine metasomatica. Queste 
tormaline ricadono nel campo composizionale della 
serie schorlite-dravite e sono analoghe a queUe trum
pline di tipo I e II, la cui formazione e attribuita 
all' evento principale di tormalinizzazione, fortemente 
influenzato dal chimismo della roccia originaria. Le 
tormaliniti dell a V al Trompia so no interpretabili 
come originate da fluidi magmatico-idrotermali che, 
a distanze differenti dalla sorgente, per reazione 
metasomatica hanno prodotto tormaline di differente 
composizione. Analogie composizionali tra le torma
liniti delle due aree sembrano quindi riflettere una 
somiglianza tra i processi di tormalinizzazione avve
nuti su larga scala e legati all' attivita magmato-tetto
nica permiana. In questo ambito le tormaliniti della 
Val Trompia potrebbero rappresentare i prodotti 
metasomatici di maggior profondita, in prossimita 
della camera magmatica, mentre quelle orobiche 
rappresenterebbero il prodotto legato ai fluidi, convo
gliati lungo sistemi di fratture, che alimentavano il 
vulcanismo superficiale. 

KEY WORDS: Southern Alps, Permian, tourmaline 
chemistry, tounnalinite, boron metasomatism. 

INTRODUCTION 

Tourmalines and tourmaline-rich rocks occur 
in direct and indirect association with a vmiety 
of geologic environments and ore deposits of 
diverse age, as summarized extensively in the 
recent  volume on boron edited b y  the  
Mineralogical Society of  America (Grew and 
Anovitz, 1996). 

Due to  i ts  c omplex chemical  n ature , 
tourmaline is known to acquire a specific 
compositional signature according to different 
c ondition s  of crystal l izat ion .  Therefore 
tourmaline represents  a v aluable tool  for 
evaluating the geochemistry of a mineralizing 
environment and may b e  an important 
pathfinder for ore deposit s .  This  w ork 
investigates for the first time the geological and 

geochemical characteristics of tourmaline-rich 
breccia rocks recently found in Val Trompia 
(central southern Alps, northern Italy) .  There, 
Alpine c ompre s sive tectonics  only partly 
concealed late P al aeozoic geological and 
s truc tural elements belonging to  the post
Variscan rifting, which greatly influenced the 
geology and metallogeny of the entire southern 
Alpine domain in northern Italy. V al Trompia 
tourmalinites show textural complexities and 
spatial relationships  to late  Palaeozoic  
lineaments, magmatic rocks, and ore deposits. 
For these reasons they have been studied in 
detail in order to evaluate their compositional 
variability and gain insights into their genesis. 
These tourmalinites are further compared with 
tourmaline-rich rocks of metasomatic origin 
hosted by Permian palaeo-faults (Zhang et al., 
1994; Slack et al., 1996) and those geologically 
related to the  Permian boron -bearin g  U 
mineralization at N ovazza and V al V edello in 
the central Orobic Alps (Fuchs and Maury, 
1995).  An attempt is also made to construct a 
model relating the Val Trompia and Orobic 
tourmaliniz ation s  to the late  Palaeozoic 
geologic and metallogenic framework of the 
central southern Alps. 

REGIONAL GEOLOGY 

The areas  of V al Trompia  and of Lake 
Diavolo-Lake Publino (indicated below as 
Lake Diavolo in short) are located in Lombardy 
(Northern Italy) and belong to the central sector 
of the South Alpine domain (fig.l) . 

The Val Trompia area (labelled 1 in fig. 1; 
fig. 2) includes the southernmost exposure of 
the pre-Alpine crystalline basement: it consists 
of a small crystalline massif 3-4 km wide that 
crops out for about 15 km in a ENE-WSW 
direction. The Lake Diavolo area (labelled 2 in 
fig. 1; fig. 4) is at the southern margin of the 
central part of the wide Orobic Massif (Orobic 
Alps), exposed with continuity over a distance 
of more than 1 00 km in a E-W direction from 
the Insubric Line southwards. 

The main structure of the region reflects the 
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Fig. 1 - S implified regional geological sketch map of the cen tral sector of the S outh Alpin e d omain showin g relative 
d istribution of Variscan basemen t an d post-Variscan cover, main tecton ic lin eamen ts, an d the two stud y areas of Val 
Trompia (area 1 )  an d Lake Diavolo-Lake P ublin o (area 2) . Labels: P :  Lake P escegallo; VV: Val Ved ello; N :  N ovazza; M: 
Man iva Pass-Val d i  Vaia. 

complex tectonic relationships between the pre
Alpine, Variscan basement and post-Variscan, 
upper Palaeozoic -Lower Trias sic volcano
sedimentary cover sequence. 

Major tectonic lineaments show two main 
structural trends : E-W ( «Orobic» trend) and 
NNE-SSW ( «Giudicarie» trend). The Insubric, 
the Orobic, and the V al Trompia lineaments 
belong to the first trend. The second trend is 
named after the Giudicarie Lineament, which 
c o nnects  the « Orobic» -type Val Trompia 
Lineament and the Insubric Lineament to the 
north, and limits extension of the pre-Alpine 
basement to the east  (fig .  1 ) .  Along these 
lineaments thrusting of the basement onto the 

post-Variscan cover sequence occurred during 
the Alpine orogeny. However, during upper 
Palaeozoic time several of these lineaments 
were already active as transtensional faults . 
They controlled development of the so-called 
«Collio B asin » s. l. , a maj or E-W - trending 
volcano-tectonic strike-slip and pull-apart basin 
system, consisting of a series of E-W -trending 
asymmetric graben b asins ( Orobic B asin , 
Boario Basin, Collio Basin s.s., etc . )  separated 
by basement horsts ( Cassinis, 1985; Cassinis 
and Perotti, 1993;  Cadel et al. , 1996) .  The 
regional Collio basin represents a phase of 
crusta} thinning related to a continental-scale, 
left -lateral strike-slip displacement along the 
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palaeo-Insubric fault system that dismembered 
the Variscan collisional belt. 

In both areas the basement shows a dominant 
retrogressive greenschist-facies metamorphic 
imprint  of V ari s c an age, c o n s i s t ing  of 
metasediments (phyllite and paragneiss) with 
minor amphibolite and marble intercalations 
(the latter in the Orobic basement only), and 
orthognei s s ic  uni t s  (Giobbi  Origoni  and 
Gregnanin, 1983; Diella et al., 1992; Cadel et 
al., 1996; Gosso et al., 1997). In the whole 
region the upper Palaeozoic-Lower Triassic 
volcano-sedimentary cover sequence filling the 
Permian tectonic basins is characterized by 
b asal Upper Carboniferous-Lower Permian 
continental, alluvial to lacustrine terrigenous 
sediments (conglomerates, sandstones, slates) 
associated with abundant felsic volcanics and 
volcaniclastic deposits (B asal Conglomerate, 
C ol l io  Fm . ), overlain  by Upper Permian 
continental, red bed-type sandstones and 
conglomerates of the V errucano Lombardo 
Formation (Cassinis, 1985; Ori et al., 1986; 
Cadel et al., 1996). Stratigraphically above the 
Verruc ano conglomerates, shall ow-water 
limestones and marls (Servino Fm.) mark the 
Lower Triassic marine transgression leading to 
the opening of the Jurassic Tethys Ocean. 

The highly act ive  magm ati s m  in the 
Carboniferous-Permian basins is recorded by 
widespread caldera-type volcanism and coeval 
plutonic to subvolcanic intrusions of magma 
with silicic to intermediate-basic compositions. 

Evidence of hydrothermal acti vity and 
mineralization related to the Carboniferous
Permian geological and structural setting are 
also widespread in the region.  Two maj or 
mineralized systems stand out. The Novazza
Val Vedello district, in the central-eastern 
Orobic Chain, is the largest  hydrothermal 
uranium field in Italy, consisting of Permian 
fault-related uranium orebodies  hos ted in  
volcanic rocks of  the Collio Formation (Cadel, 
1986; Cadel et al., 1987; Fuchs and Maury, 
1995). The V al Trompi a  d i s trict, to the 
southeast, includes major swarms of siderite
sulphide-quartz veins (and associated Sn-W 
greisens ), the Torgola fluorite vein system and 

the large Maniva Pass-Val di Vaia quartz-only 
vein system (indicated by M in fig. 1 ), all of 
which are in spatial rel ationship to upper 
Palaeozoic granitoid intrusions or faults (Frizzo, 
1997; Moroni, 1994; Cassinis et al., 1997). 

V AL TROMPIA TOURMALINITES 

Geological setting 

In Val Trompia tourmalinite occurrences 
(fig .  2) are closely associated with the Val 
Trompia Lineament (VTL) along the southern 
margin of the crystalline massif, and with the 
distribution of both pre-Alpine magmatic and 
hydrothermal rocks . The palaeo-VTL, active 
during Permian time (Cassinis and Perotti, 
1993), underwent Alpine reactivation by south
directed fragile reverse faulting and thrusting 
with limited deformational imprint on the pre
Alpine structures and units .  Along the VTL 
phyllites are in tectonic contact with Permian 
and Lower Triassic strata, except along tracts 
near B ovegno and Graticelle where basement 
rocks crop out on both sides of the thrust plane 
and relationships with the cover units  are 
governed by swarms of faults conformable to 
the VL T trend. 

Pre-Alpine magmatic rocks also are closely 
related to the VTL. Upper Palaeozoic silicic 
v o lcanics  of  the C o ll io  Format ion  o c c ur 
extensively in the northeastern part of the 
region, near the intersection of the VTL and the 
Giudicarie Line (fig .  1 ), an area where the 
Collio Formation crops out extensively and that 
represents a major center of volcanic activity 
feeding one of the main depocenters of the 
Collio basin (Cassinis and Perotti, 1993). 

Plutonic rocks are sparsely exposed along the 
central and western sector of the VTL: the Val 
Torgola-Val Navazze (shortened to Torgola) 
K-Al-rich granite complex (outcropping near 
Grati c el le  l o c at i o n ;  fi g .  2) and the V al 
Cavallina mildly alkaline gabbro stock (to the 
w e s t  of the s tudy are a ;  De C api tani  and 
Moroni, 1992). Other intrusives, the Val di  
Rango quartz-dim·ite and the Maniva Pass Al
rich granodiorite (Mora, 1992), occur to the 
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Fig. 2 - S chematic geological map of the cen tral Val Trompia area showin g d istribution of the tourmalin e breccia bodies 
relative to the reactivated Val Trompia Lin eamen t, min eraliz ed vein sy stems, outcroppin g gran itic rocks of the Val 
Torgola-Val Navazz e gran itoid complex, an d z on es of thermal metamorphism in basemen t phy llites. 

north of the VTL, close to the unconformity 
between the basement and the upper Palaeozoic 
cover, at a short distance from the study area 
(c lose  to M in fig .  1 ) ;  tourmaline-beari ng 
pegmatite veinlets are associated with the 
Maniva Pass granodiorite. All intrusives are 
post-kinematic relative to the main Variscan 
foliatio1,1 (S2) in the basement host rocks. The 
Torgola complex was eroded and covered by 
the Upper Permian Verrucano sandstones .  A 
rel iable, R b - S r  i s o c hron c o ol ing age of 
27 1 +/-4 Ma was obtained only for the Torgola 
complex, which w a s  emplaced at P-T 
conditions of ea .  1 . 5 kb ar and 5 5 0 ° C  (De 
Capitani et al . ,  1 994) . Hence this intrusive 
complex appears to be broadly coeval with the 
Collio volcanics (approximate U/Pb zircon age 
of 280 Ma for Collio ignimbrites in the Orobic 
Alps and Val Trompia; in Philippe et al., 1987) 
and may represent a portion of the magmatic 
chamber that fed Collio volcanism. 

There is abundant evidence of pre-Alpine 
hydrothermal activity within the schists and the 

upper Palaeozoic cover units near the VTL. 
Some of the main deposits are shown in fig. 2 ;  
their distribution overlaps with that of the 
tourmalinites. North of Pezzaze and Bovegno, 
swarms of siderite-quartz-base metal sulfide 
veins, and associated greisen-type wolframite
scheelite-cassiterite breccias, occur along the 
southwestern margin of the crystalline massif 
close to the VTL and proximal to a zone of 
thermally metamorphosed s i l l imani  te
andalu site-bearing schis t s  suggest ing the 
presence of the Val Torgola-Val N avazze 
granitoid complex at shallow depths to the west 
(Moroni, 1 994 ). To the east, a large fluorite 
vein system (fig. 2) cuts the Torgola intrusive 
complex and the Upper Permian Verrucano 
conglomerates (Frizzo, 1 997). 

Field Relationships 

Tourmaline-qu artz brecc i a  bodies  
(tourmalinites) represent an additional product 
of hydrothermal activity in the area ;  their 
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distribution closely follows the VTL trend in 
i ts  central s ector,  between the vil lages of 
Pezzaze and Collio (fig. 2 ) .  Tourmalinite 
bodies cut the basement chlorite-muscovite 
phyllites and commonly form dm- to m-thick, 

• 

fault-related, pseudo-concordant to discordant 
pods and veins of brecciated rock with a black 
microcry stal l ine  groundmas s .  Typical  i s  
hydraulic breccia-type texture with whitish, 
angular ,  quartz-rich l i th i c ,  metamorp h i c  

Fig. 3 - Val Trompia tourmalin ites. (a) Fragmen t of paragn eiss breccia affected b y  mod erate tourmalin ization ; replacemen t 
by fin e-grain ed , acicular tourmalin e aggregated follows fractures an d foliation plan es; (b) coarse, prismatic, ty pe II 
tourmalin e cry stal in clud in g  remnan ts of darker, ty pe I tourmalin e in the core an d hosted in q uartz -rich matrix (sample 
RDCl l ;  plan e polarized light; scale bar is approximately 250 Jlm) ; (c) rad iatin g aggregates of acicular, ty pe Ill tourmalin e 
cry stals in the late q uartz -tourmalin e vein lets (sample 880; plan e polariz ed light; scale bar is approximately 4 0  11m) ; (d ) 
back scatter"ed electron (BSE) image of the ty pe IV tourmalin e occurrin g as rims aroun d cores of ty pe Ill tourmalin e in the 
late-stage vein let shown in (c) (sample 880). 
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fragments (phyllite, quartzi tic p aragneis s )  
cemented and variably replaced b y  a felt-like 
groundmas s of microcrys tall ine, acicular 
tourmal i n e .  Thin quartz-tourmaline and 
younger quartz-only veinlets cros scut  the 
breccia. Extreme tourmalinization locally has 
produced a black, massive, very hard rock in 
which  the quartz fragments  are almo s t  
completely replaced. I n  l e s s  tourmalinized 
facies, replacement by tourmaline commonly 
follows foliation planes of the schists (fig. 3a), 
mylonitic bands in strained quartzite levels and 
discordant fractures .  

N e ar Roccolo  Pomo (fi g .  2 ), a large 
tourmalinite outcrop i s  located along the 
reactivated VTL, truncated and in part in direct 
contact with the Upper Permian Verrucano 
sandstones, which are not tourmalinized. Near 
Grat ice l le  and w e s t  of B ovegno several 
tourmalinite bodies are near and above the zone 
of thermally metamorphosed phyllites, and in 
faul t s  n e ar the o u tcrop s of the Pezz aze
Bovegno siderite-sulphide-quartz vein system. 
In both locations tourmalinites contain small, 
unaltered pieces of fine-grained leucogranite 
(consisting of euhedral albite and interstitial 
q u artz),  p artly o vergrown by the  micro
crystalline aggregates of tourmaline. Fragments 
of fresh tourmalinite also occur in the greisen
type S n-W breccia mineralization (Moroni, 
1 994) . 

Textures 

At the micro-scale mineral components are 
dominated by micro-crystalline green to yellow 
tourmaline (average size about 10 �m) in dense 
felt-like aggregates, mosaic- and comb-textured 
vein quartz, polycrystalline quartz fragments of 
metamorphic origin (locally showing highly 
strained, mylonitic textures), sericite, abundant 
rutile, chlorite, and accessory oxidized pyrite. 

By textural analysis four generations or types 
of tourmalines are distinguished. Yellow-green 
tourmaline (main stage or type II) is commonly 
in felt-like aggregates of microcrystalline, pale 
green, ac icular tourmal ine  cry sta ls  wi th  
average s ize  of about 10  �m, pervasively 
replac ing  the  bre c c i ated s c h i s t s .  Where 

tourmalinization is less intense, conformable 
overgrowths of type II tourmaline occur around 
rrietamorphic blue-green tourmaline crystals 
(type I) oriented along the foliation of the 
brecciated host schist. Rarely, aggregates of 
coarse (average diameter of about 1 00 �m), 
prismatic, type ll yellow-pale green crystals 
stand out in the acicular groundmass and may 
preserve irregular type I cores (fig. 3b). The 
c o arse  type I I  tourmal ines  are w e akly 
p leochroic and may show irregular, w eak 
opt ical zoning  c ommonly n o t  related t o  
compositional variations. Stockworks o f  quartz 
veinlets, rimmed by radiating aggregates of 
acicular (about 1 0  �m), deep green tourmaline 
(type Ill), generally cut the type II groundmass 
in the breccia (fig. 3c). These veinlets may be 
lined by thin selvedges of fine-grained, flaky, 
hydrothermal muscovite . In some s amples 
(Pezzaze-B ovegno area, nearest the s iderite 
veins) B S E  i mages of the type Ill acicular 
crystals  show the la tes t  generation o f  
tourmaline (type IV) occurring a s  very thin (2-
3 �m) rims around more or l e s s  regular 
(fragmental) cores of type Ill tourmalines (fig. 
3d). In most cases at least the first three types 
of tourmalines coexist in the same samples. 

TOURMALINITES IN THE LAKE DIA VOLO AREA 

Geological Setting 

The tourmalinites at Lake Diavolo were first 
studied by Zhang et al. ( 1 994) and Slack et al. 
( 1 9 9 6 )  from widespread, d i scontinuously 
tourmalinized Collio-basement contact zones 
( «Orobic Tourmalinites» of Fuchs and Maury, 
1 995) extending from Lake Pescegallo in the 
west to N ovazza and V al V edello in the east (P, 
VV, and N in fig. 1 ) . 

In the Lake Diavolo area (fig. 4) a complex 
system of E-W -trending Alpine thrusts along 
reactivated Permian strike-slip faults gives way 
to a mutual tectonic overlapping between upper 
P al aeozoic  c o v er and V aris c an b a s ement  
(dominated by orthogneisses  of the Gneis s  
Chiari Fm. ) .  The upper Palaeozoic units are 
here represented by discontinuous outcrops of 
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Fig. 4 -S chematic geological map of the Lake Diavolo-Lake P ublino area in the central O robic Alps (after Agazz i, 1 997 ; 
D' Angiuro, 1 997 ) .  Location of the sampling sites along the tourmaliniz ed P ermian contacts and approximate position of 
previous sampling z ones labelled according to Z hang et al. (1 994 ) are shown. 

B as a l  C onglomerate , and b y  exten s i v e  
exposures o f  the volcano-sedimentary Collio 
Formati o n ,  to which wedges  of s y n 
s ediment ary , faul t-related debri s  are 
intercalated (Mount  Aga Conglomerate s )  
(Cadel et al., 1 996; Agazzi, 1 997 ; D' Angiuro, 
1 997). Collio volcanic rocks (rhyolitic domes, 
tuffs, and ignimbrites) were erupted in several 
s tages  from a regional caldera- c ollap s e  
s truc ture extending E S E  and E N E  to t h e  
Novazza  a n d  Val V e d e l l o  m i n i n g  are a s ,  

respectively (Cadel, 1 986; Cadel et al., 1987, 
1 996) . No granitic intrusions coeval with the 
volcanic units are exposed in the area. 

Tourmalinites are hosted by portions of the 
upper Palaeozoic fault system preserved by late 
reactivation and representing the original 
contact zone between basement orthogneisses 
with the cover units (B asal and Mount Aga 
C o n glomerate s ,  Coll i o  s an d s t on e s , and 
volcaniclastic units) (fig .  4 ) .  These contact 
zones are believed to represent original, steep 
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dec o llements  with an act ive  e s c arpment 
towards  the south along which alluvial  
sediments , volcanics, and fault-related debris 
flows were deposited. This upper Palaeozoic 
fault system was named the Mt. Masoni-Mt. 
Aga-Val Vedello Fault System by Cadel et al. 
( 1 996),  and is also host to the Val Vedello
Novazza uranium district (Cadel, 1 986; Cadel 
et al., 1 987). 

The s trong influence  of the Alpine 
deformation on primary Permian structural 
features (tourmalinites included) is evidenced 
at various scales by km-scale upright folds with 
E- W axe s ,  intense ductile shortening and 
l o c al ized formation  of myloni t ic  zones  
accompanied by  very low-grade metamorphism 
during southward-directed reverse faulting and 
thrusting (e .g . ,  in fig .  4, Mt.  S asso Thrust ,  
related to the Orobic Lineament) along the 
older, upper Palaeozoic basin-bounding faults 
(Cadel et al., 1 996) . On the meso- and micro
scale, the ductile shortening is recorded in well 
developed crenulation and slaty cleavages and 
in a localized mylonitic foliation (Milano et al., 
1 988 ;  Zhang et al., 1 994; Cadel et al., 1 996). 
The contact zones hosting the tourmalinites are 
moderately disturbed by folding and affected 
by the Alpine cleavage. 

In the study area contact-zone tourmalinites 
were sampled in detail, as indicated in fig. 4 
(which also shows sampling sites of previous 
authors) .  Our sampling included cataclastic 
Mount Aga and B asal conglomerates along the 
contact zone, which contain quartz fragments 
rich in coarse tourmaline aggregates , either 
with undeformed vein-type or with foliated 
metamorphic textures (sampling sites T101  and 
C 1 7 ,  respectively, fig. 4). 

Field Relationships and Textures 

Tourmalinites occur as cm- to dm-sized, 
irregular bands and lenses of massive, black, 
aphanitic rock with rarely coarse, but more 
commonly ultra-cataclasite texture (fig. Sa). 
They are included in fault-rock (cataclasite) 
zones dm- to m-thick that affect the cover units 
(Basal and Mt .  Aga conglomerates ,  Collio 
volcanics) and, to a lesser extent, basement 

orthognei s s  (Zhang et al . ,  1 9 9 4 ) . The 
tourmalinite zone is disrupted by late quartz 
veinlets and cut by the Alpine slaty cleavage 
with an angle of about 3 0 °  relative to the 
tourmalinite (fig.  Sa). In the study area, the 
contact is characterized by a single, cm- to dm
thick, massive tourmalinized zone involving 
the Mt. Aga Conglomerate, or by multiple mm
to cm-thick, discontinuous lenses intermixed 
with cataclastic material at the contact with the 
B asal Conglomerate and Collio volcaniclastic 
rocks and sandstones.  Faults and shear zones 
reactivated during Alpine time show often the 
development of mylonitic foliation and pseudo
tachylitic bands which can be mistaken with 
the tourmalinized zones .  The discrimination 
between the two types was possible only by 
means of the analysis of the boron contents on 
bulk rock. 

According to Zhang et al. ( 1 994) the crypto
crystalline tourmalinite groundmass consists of 
over 70 vo l% equant and extremely fi ne
grained ( <0.02 !Jm) tourmaline crystals, with 
minor sheet s i licates (probably clays)  and 
quartz. Additional components are white mica 
(phengite ; identified by X-ray diffraction),  
altered plagioclase, and rare pyrite and titanite. 
The cryptocrystalline groundmass commonly 
includes  c o arser  subhedral  to rounded 
tourmaline crystals with  maximum size of 
about 50 11m (fig. 5b ) .  Most of these tourmaline 
crystals are unzoned and light green, although 
locally some show a deep green colour and 
moderate pleochroism. These crystals locally 
exhibi t  thin  recry s tall ized  rims and 
p hyl los i l i cate -bearing pre s s ure shadows  
concordant with the  Alpine cleavage ; thus 
these tourmaline crystals were formed before 
the Alpine time and were affected by the 
Alpine deformation. Local coarser cataclastic 
textures reveal the metamorphic and volcanic 
nature of subangular lithic clasts, which can in 
some cases make up over 20 vol% of the rock. 

As mentioned above, rock fragments in the 
Mount Aga and Basal conglomerates along the 
c ontact  zone c ontain c o arse tourmaline 
aggregates .  The first type of tourmaline-bearing 
clasts in conglomerate consists of undeformed 



Fig. 5 -La ke Dia volo tourma lin ites. (a) bla ck, tourma lin iz ed ca ta cla site with 
roun d ed meta morphic q ua rtz cla sts an d a ffected by the Alpin e clea va ge (bla ck 
stra ight lin es) (sa mple Tl06) ; (b) coa rse subhed ra l  tourma lin e cry sta l  in clud ed in 
the la mina ted cry ptocry sta llin e groun d ma ss of the tourma lin ite (sa mple T7 ; 
plan e pola riz ed light; sca le ba r is a pproxima tely 50 f.! m) ; (c) a ggrega te of coa rse
gra in ed ,  euhed ra l, unz on ed tourma lin e cry sta ls in un d eformed vein q ua rtz within 
a fra gmen ts in con glomera te n ea r  the tourma lin iz ed con ta ct z on e  (sa mple TlOl; 
plan e pola riz ed light; sca le ba r is a pproxima tely 50 f.!m) . 
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vein quartz and vuggy aggregates of euhedral, 
weakly pleochroic ,  unzoned,  l ight  green 
tourmaline crystals (fig .  5c ) .  Fragments of 
metamorphic origin show thin lenses of strongly 
pleochroic, yellow to deep green tourmalines 
cry s tall ized along fol iat ion planes  in the 
basement schist .  These two types of coarse 
tourmalines are characterized by different 
composi t ional trends ( see be low) .  The 
tourmaline-bearing fragments are hosted in 
lithologies cmresponding to coarse alluvial and 
debris flows related to the tectonic activity along 
the late-Palaeozoic boundary faults which have 
been tourmalinized. These different tourmaline
rich fragments may be useful in evaluating the 
nature of the coarse tourmaline grains in the 
contact -zone cryptocrystalline tourmalinites. 

On chemical and geological grounds, Slack 
et al. ( 1 9 9 6 )  c ompared the Lake Diavolo 
tourmalinites with the tourmaline-rich rocks 
occurring in the alteration envelope of the 
fault-hosted U mineralization in the Collio 
votcanics at Novazza (U-Pb and Pb-Pb dating 
of 249-240 Ma; in Cadel et al., 1987) .  Slack et 
al. ( 1 996) proposed a metasomatic origin and a 
Permian age for the L ake Diavolo  
tourmalinites. 

MINERAL AND WHOLE-ROCK CHEMISTRY 

Analytical Methods 

The chemical composition of the tourmalines 
was determined using an ARL-SEMQ electron 
microprobe. Operating conditions for the WDS 
method app l ied  were 1 5  kV acc elerati on  
voltage, 20  nA beam current for all elements, 
and a 3 �m spot size. Some tourmalines were 
imaged with back scattered electrons (BSE) for 
better positioning of the spot on the surface of 
the smal les t  crystals  (d iameter <5 �m) . 
Analytical data were corrected by the ZAP 
method. The following natural standards were 
u s e d  for c alibrati o n :  c orundum for AI ,  
rhodonite for Mn, kaersutite for S i ,  Fe, Mg, Ca, 
Na, and K. Boron was not analyzed. Detection 
limits under the specified working conditions 

v ary between 0 . 05 and 0 . 1 wt % .  S ome 
tourmalines from the Val Trompia samples 
were checked for F content under the following 
operating conditi on s :  1 5  kV acceleration  
voltage, 1 00 nA beam current, 10  �m spot size, 
and calibration on a synthetic fluorine-bearing 
standard. 

Whole-rock c hemi c al analy s e s  of  
tourmaline-rich rocks were performed by X-ray 
fluorescence. Maj or, minor, and some trace 
elements, except the rare earth elements (REE), 
were determined on powder discs using an 
automated Philips PW 1400 spectrometer. Loss 
on ignition was determined on powders kept at 
1 000°C overnight. REE were determined by 
means of ICP-MS at C . R . P . G .  ( C . N . R . S . 
Vandoeuvre les Nancy, France) on selected 
samples from V al Trompia. 

For the Orobic s ample s ,  X-ray powder 
diffrac t ion al lowed a prelimin ary 
discrimination between tourmaline-poor and 
tourmaline-rich l i thol ogi e s .  B oron 
concentrations  of the latter s amples were 
determined by graphite furnace-AAS on a 
Perkin Elmer 3030 Zeeman spectrometer. This 
analysis allowed further separation of a batch 
of tourmaline-rich samples with a B203 content 
> 1 %, corresponding to tourmalinites with > 15  
vol% tourmaline (as  defined by  Slack et  al., 
1 984) . Estimate of the tourmaline content of 
rocks was  made by knowing the rock B 
concentration determined by GF-AA S ,  by 
considering the average concentration of B203 
in the analyzed tourmalines and by assuming 
that all B is included in tourmaline, as the only 
B-bearing phase present. 

Tourmaline Chemistry 

Tourmaline  c omp o sitiOn s may be  
represented by the general formula X Y 3 Z6 
(B03) 3 T6 018 V3 W, for which X= Na, Ca, K, 
vacancies ;  Y = Mg, Fe2+, Fe3+, Li, AI, Mn, 
Ti4+, Cr3+; Z = AI, Mg, Fe3+, Cr3+ ;  T = Si, AI; 
V = OH, 0;  W = OH, F, 0 (Hawthorne and 
Henry , 1 99 9 ) .  C at ion contents  have  been 
calculated from the electron microprobe data 
on the basis of 3 1  oxygen atoms with 3 B and 4 



TABLE 1 

Representative· electron microprobe analyses of the four types of tourmaline in the Val Trompia tounnalinites. Average composition 
and corresponding standard deviation for tourmaline crystals from the pegmatite dike associated with the granitoid intrusion at 

Maniva Pass is included for comparison. 

Type I Type 11 Type Ill Type IV Maniva Pass 

430 450 410 32 469 479 48 49 34 37 38 880/10 880/5 880/7 vn23/7 vn23/8 vm8/4 vm8/1 n=15 
SiOz 36.63 36.38 36.48 37.04 36.98 37.31 36.93 37.24 37.70 36.35 37.97 34.23 33.28 33.24 36.54 36.22 36.36 35.02 36.69 (0.71) 
Ti02 0.72 0.61 0.74 0.63 0.45 0.23 0.31 0.16 0.42 1.97 0.65 0.40 0.39 0.31 0.31 0.61 0.33 0.45 0.73 (0.13) 
AhO, 30.93 31.06 31.34 31.91 32.45 35.32 35.36 34.76 27.16 27.47 29.04 24.09 18.91 18.27 23.46 23.72 28.60 28.98 31.40 (0.49) 
FeO 8.22 8.87 7.97 8.13 5.63 3.62 3.73 4.61 13.50 12.70 11.66 22.46 30.83 31.14 22.91 21.48 17.70 17.32 8.83 (0.51) 
M nO 0.03 0.05 0.03 0.04 0.03 0.00 0.03 0.00 0.01 0.02 0.05 0.04 0.02 0.04 0.05 0.05 0.00 0.02 0.02 (0.02) 
M gO 7.02 6.88 7.42 7.29 7.84 7.94 8.35 8.14 5.77 5.43 4.95 2.79 1.49 1.23 2.75 2.77 3.29 3.01 6.77 (0.32) 
CaO 0.77 0.79 1.00 0.82 0.75 0.63 0.84 0.42 0.63 0.71 0.59 0.42 0.24 0.18 0.62 0.60 0.41 0.48 0.60 (0.13) 
NazO 2.30 2.19 1.95 1.91 2.51 2.54 2.44 2.47 2.57 2.37 2.33 2.49 2.64 2.59 2.39 2.60 2.67 2.34 2.20 (0.12) 
K20 0.03 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.03 0.03 0.02 0.05 0.12 0.14 0.05 0.05 0.05 0.03 0.04 (0.01) 
BzO,§ 10.60 10.59 10.66 10.77 10.76 11.02 11.05 10.99 10.44 10.36 10.52 9.76 9.33 9.23 10.03 9.98 10.39 10.20 10.66 
total 97.25 97.43 97.60 98.55 97.43 98.63 99.05 98.81 98.23 97.41 97.78 96.73 97.25 96.36 99.11 98.08 99.80 97.85 97.94 

B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Si 6.005 5.971 5.951 5.975 5.973 5.882 5.811 5.886 6.278 6.099 6.272 6.099 6.202 6.269 6.334 6.310 6.078 5.970 5.809 (0.067) 
Ah 0.000 0.029 0.050 0.025 0.027 0.119 0.189 0.114 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.030 0.191 

Alz 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 5.330 5.432 5.653 5.058 4.152 4.061 4.792 4.871 5.636 5.791 6.000 (0.000) 

Alv 0.000 0.000 0.000 0.042 0.151 0.444 0.369 0.361 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.423 
Ti 0.089 0.076 0.091 0.077 0.055 0.028 0.037 0.019 0.053 0.249 0.081 0.054 0.055 0.043 0.041 0.080 0.042 0.057 0.077 (0.0 15) 
Fe 1.127 1.218 1.087 1.097 0.761 0.477 0.491 0.610 1.880 1.782 1.611 3.346 4.805 4.910 3.320 3.130 2.475 2.469 1.088 (0.066) 
Mn 0.004 0.007 0.004 0.006 0.004 0.000 0.004 0.000 0.002 0.003 0.007 0.050 0.003 0.007 0.008 0.007 0.000 0.003 0.008 (0.004) 
Mg 1.716 1.684 1.805 1.753 1.888 1.866 1.959 1.918 1.433 1.358 1.219 0.740 0.413 0.344 0.711 0.721 0.820 0.764 1.290 (0.080) 

Ca 0.135 0.139 0.175 0.142 0.130 0.107 0.142 0.071 0.113 0.128 0.105 0.080 0.049 0.037 0.115 0.112 0.073 0.088 0.109 (0.023) 
Na 0.731 0.697 0.617 0.598 0.786 0.777 0.745 0.757 0.830 0.771 0.746 0.860 0.954 0.945 0.805 0.878 0.866 0.774 0.610 (0.037) 
K 0.007 0.002 0.002 0.002 0.006 0.002 0.002 0.002 0.007 0.007 0.004 0.011 0.029 0.033 0.012 0.011 0.010 0.006 0.006 (0.003) 
XTotal 0.873 0.838 0.794 0.741 0.922 0.885 0.888 0.830 0.949 0.905 0.855 0.950 1.031 1.015 0.932 1.002 0.949 0.868 0.725 

Mg/Fe 1.52 1.38 1.66 1.60 2.48 3.91 3.99 3.14 0.85 0.77 0.76 0.22 0.09 0.07 0.21 0.23 0.33 0.31 1.19 
n =number of analyses; numbers in parentheses are standard deviations of the mean; B203§ is calculated on the basis of 3 apfu 
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(OH) assumed so that the factor used is 24 .5 
oxygen atoms. An approach equal to that of 
other Authors (e.g. Foit and Rosenberg, 1 977 ; 
Gallagher, 1 9 8 8 )  was followed in the site 
filling. B203 is calculated on the assumption of 
stoichiometric 3 B atoms per formula unit 
(a.p.f.u.) .  Six AI atoms are placed in the Z site; 
S i  is exclusively in the tetrahedral s i te .  If  
calculated Si  is less than 6, AI is used to  fill the 
tetrahedral site (Foit and Rosenberg, 1 977)  
even if  AI  does  not  exceed 6 atoms . Any 
remaining AI not assigned in  the previous sites 
is placed in the Y site. 

Val Trompia tourmalines 

Representative analyses of the Val Trompia 
tourmalines are given in Table 1 ,  where four 
types are distinguished based on textures and 
compositions. Table 1 also includes the average 
value and corresponding standard deviation for 
tourmaline crystals from a pegmatite associated 
with the granitoid intrusion at Maniva Pass.  

Compositions of most analyzed points may 
be generally ascribed to the schorl-dravite solid 
solution series. Principal variations involve Fe 
and Mg for type I and II tourmalines but Fe and 
AI, and to a lesser extent Mg, vary for type Ill 
and IV tourmalines.  Tourmalines of different 
types and compositions may occur in the same 
sample. Mg/Fe ratios clearly discriminate the 
four tourmaline types. Type I tourmalines are 
characterized by Mg/Fe from 1 .3 8  to 1 .66; type 
II by M g/Fe fro m  2 . 4 8  to 3 . 9 9 ;  type I l l  
tourmalines by  Mg/Fe of  about 0 .7  and the type 
IV by Mg/Fe less than 0.35.  An extraordinary 
abundance  of Fe i s  shown b y  type IV 
tourmaline, that forms rims on the �m-sized 
acicular crystals bordering the youngest quartz
tourmaline veinlets . In these rims the Mg/Fe 
ratio can be as low as 0.01 . By BSE imaging, 
the Fe-rich rims are sharply distinguished from 
the cores, which show an irregular morphology 
(like fragments) and a composition comparable 
with that of type Ill tourmaline (fig. 3d). 

According to the newest classification of 
Hawthorne and Henry ( 1 999), the Val Trompia 
tourmalines plot within the field of «alkali 

group» varieties (fig. 6a), with Na+K dominant 
in the X site and a moderate tendency to X -site 
vacancies. Data about occupancy of the OH
bearing sites (V and W), necessary for this new 
classification scheme, are however incomplete, 
as only F was analyzed and is below detection 
l imi t s . Therefore it is as sumed that O H  
o c c up i e s  t h e  W s i te i n  type I a n d  I I  
tourmalines, with Y site dominated by bivalent 
cations. Assumption of the V site occupancy by 
OH i s  b ased  on c urrent  knowledge (in 
Hawthorne and Henry, 1 999) .  The Z site is  
total ly occupie.d b y  A I  in type I and II  
tourmalines, whereas it is moderately to highly 
deficient in AI (4.06 a.p.f.u.) in type Ill and IV 
tourmalines. 

As shown in figure 7 a, the Y site is occupied 
by M g ,  Fe ; an d AI (the presence  of Li i s  
excluded) : m o s t  data points  are along the 
schorl-dravite solid solution line .  However, 
several points ( coiTesponding to type Ill and IV 
comp os i tions)  proj ect  towards the FeA1_1 
(povondraite) substitution .  High Fe v alues 
linked to an excess of cations in the Y site and 
an inverse correlation between Fe and AI  
shown in figure 7 b,  may suggest  some Fe  
sub sti tut ion for A I  i n  the Z s i te ,  thereby 
requiring the presence of both ferrous and 
ferric iron (Henry and Guidotti, 1985;  London 
and Manning, 1 995 ; Fuchs et al., 1 998) .  An 
approximate evaluation of contents in Fe3+ 
( typi c al of the p o v o n draite comp onent)  
according to  the method by Lynch and Ortega 
( 1 997), would indicate Fe3+ variable between 
0.0 1 2  and 2.2 17  a.p .f.u. in type Ill and type IV 
tourmalines. In some crystals, estimated Fe3+ is 
not sufficient to fill the vacancy in the Z site, 
thereby requiring the presence of other cations 
( e . g . ,  Mg2+ ;  in H awth orne et al., 1 9 9 3 ) .  
Mossbauer spectroscopy measurements and X 
ray refinements would however be necessary to 
assess the actual mode of occupancy in the Z 
site of type Ill and IV tourmalines. Also higher 
K c ontents  in type IV tourmalines  are 
c ompatible with the pos sible presence  of 
p o v ondraite component ,  even  if  the M g  
contents are lower than the theoretical ideal 
(Grice et al., 1 993).  In case of presence of Fe3+, 
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TABLE 2 

Electron microprobe analyses of the coarse tourmaline 
Average compositions and related standard deviations are indicated. Data for a tourmaline crystal 

C17 TlB T2 T3A TSA T7 TlOOB 

n=19 n=11 n=3 n=11 n=11 n=5 n=5 

Si01 37.22 0.50 37.21 0.31 37.18 0.34 35.42 0.99 37.11 0.36 37.17 0.28 36.72 0.30 

Ti01 0.51 0.28 0.80 0.08 0.82 0.06 0.78 0.49 0.63 0.25 1.02 0.29 0.80 0.17 

AI203 32.43 2.63 32.24 1.00 30.71 0.33 29.71 0.65 31.37 2.34 31.73 1.13 32.35 /. 72 
FeO 9.00 3.30 7.63 1.34 5.50 0.33 11.64 1.36 9.57 2.71 7.87 1.61 8.03 1.08 

M nO 0.03 0.02 0.01 0.01 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.03 0.01 0.01 

M gO 6.15 0.63 7.31 0.55 9.18 0.20 5.76 0.63 6.86 0.92 7.43 0.51 6.60 0.45 

CaO 0.53 0.31 0.38 0.11 0.44 0.01 0.48 0.29 0.57 0.51 0.36 0.24 0.39 0.12 

Na10 2.180.31 2.39 0.20 2.60 0.08 2.38 0.22 2.23 0.24 2.55 0.24 2.16 0.37 

K20 0.02 0.02 0.02 0.01 0.05 0.01 0.12 0.12 0.03 0.01 0.02 0.01 0.03 0.02 

BzOJ§ 10.78 10.83 10.73 10.34 10.76 10.82 10.71 

total 98.85 98.82 97.23 96.66 99.15 99.00 97.80 

B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Si 6.002 0.065 5.972 0.026 6.025 0.015 5.952 0.136 5.995 0.056 5.971 0.045 5.962 0.042 

Air 0.000 0.028 0.000 0.048 0.005 0.029 0.038 

Alz 6.000 0.295 6.000 0.048 5.864 0.046 5.909 0.096 6.000 0.294 5.980 0.073 6.000 0.049 

Alv 0.153 0.071 0.000 0.000 0.084 0.000 0.148 

Ti 0.062 0.036 0.096 0.009 0.100 0.007 0.099 0.063 0.077 0.029 0.124 0.036 0.097 0.022 

Fe 1.222 0.489 1.026 0.185 0.745 0.041 1.637 0.204 1.295 0.383 1.058 0.223 1.092 0.159 

Mn 0.004 0.003 0.001 0.002 0.002 0.003 0.005 0.003 0.003 0.002 0.004 0.004 0.002 0.002 

Mg 1.477 0.137 1.748 0.118 2.217 0.026 1.442 0.145 1.652 0.222 1.778 0.113 1.598 0.121 

Ca 0.091 0.052 0.066 0.018 0.077 0.002 0.087 0.053 0.099 0.091 0.061 0.040 0.067 0.019 

Na 0.683 0.113 0.743 0.064 0.815 0.017 0.774 0.065 0.699 0.077 0.794 0.080 0.681 0.126 

K 0.005 0.005 0.005 0.001 0.010 0.00/ 0.026 0.027 0.007 0.003 0.005 0.002 0.006 0.005 

XTotal 0.779 0.814 0.902 0.887 0.805 0.860 0.754 

Mg/Fe 1.21 1.70 2.98 0.88 1.28 1.68 1.46 

n =number of analyses; * data from Slack ( 1996); in italics are standard deviations of the mean; 8203§ is 
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crystals in the Orobic tourmalinites at Lake Diavolo. 
from the inner alteration zone at Novazza (Slack, 1996) are also included for comparison. 

TlOOC TlOl T102A T102B T103 T104 T106 Tl07 Nov * 

n=4 n=ll n=2 n=6 n=2 n=l n=8 n=5 n=l 

36.52 0.34 37.17 0.36 37.56 0.15 34.85 0.36 36.28 0.16 36.07 37.38 0.31 36.56 0.34 36.27 

0.83 0.11 0.52 0./9 0.76 0.05 0.06 0.02 0.93 0.01 0.75 0.74 0.21 1.07 0.63 0.07 

32.02 1.38 33.39 0.41 33.93 0.03 24.14 0. 75 30.54 0.00 32.02 32.78 1.04 31.65 1.39 36.88 

8.78 1.85 7.14 0.94 7.08 0.47 17.91 2.02 8.67 0.28 7.90 8.62 0.66 7.13 2.45 11.08 

0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.00 

6.24 0.66 6.64 0.99 6.76 0.10 5.46 0.59 6.71 0.01 6.52 6.42 0.50 7.52 1.27 2.34 

0.41 0.18 0.66 0.18 0.37 0.01 2.26 0.39 0.55 0.01 0.43 0.36 0.15 0.83 0.34 0.02 

2.24 0.27 1.92 0./6 2.05 0.02 1.58 0.20 2.34 0.02 2.07 2.20 0.42 2.04 0.30 0.76 

0.03 0.00 0.02 0.01 0.03 0.01 0.04 0.00 0.03 0.01 0.07 0.02 0.00 0.03 0.02 0.60 

10.65 10.83 10.97 9.90 10.50 10.55 10.86 10.69 

97.73 98.30 99.51 96.21 96.56 96.39 99.40 97.53 87.48 

3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

5.959 0.044 5.968 0.037 5.951 0.004 6.118 0.048 6.002 0.001 5.942 5.980 0.028 5.942 0.043 5.870 

0.041 0.032 0.050 0.000 0.000 0.058 0.020 0.058 0.130 

6.000 0.000 6.000 0.000 6.000 0.000 4.995 0.153 5.956 0.025 6.000 6.000 0.000 6.000 0.132 6.000 

0.115 0.286 0.287 0.000 0.000 0.159 0.160 0.003 0.904 

0.102 0.015 0.063 0.023 0.090 0.006 0.007 0.003 0.116 0.002 0.093 0.089 0.025 0.132 0.100 0.009 

1.200 0.265 0.960 0.131 0.938 0.059 2.629 0.297 1.200 0.035 1.089 1.153 0.091 0.974 0.366 1.500 

0.001 0.001 0.001 0.001 0.000 0.000 0.002 0.002 0.001 0.002 0.001 0.002 0.00/ 0.001 0.002 0.000 

1.515 0.143 1.587 0.228 1.597 0.028 1.428 0.151 1.655 0.004 1.600 1.532 0.118 1.818 0.320 0.564 

0.070 0.030 0.113 0.031 0.063 0.003 0.426 0.074 0.096 0.002 0.077 0.062 0.026 0.145 0.077 0.003 

0.711 0.095 0.597 0.047 0.629 0.010 0.538 0.068 0.750 0.004 0.661 0.681 0.136 0.645 0.121 0.238 

0.006 0.001 0.004 0.002 0.005 0.001 0.009 0.00/ 0.006 0.00/ 0.015 0.005 0.001 0.005 0.003 0.012 

0.787 0.713 0.697 0.972 0.852 0.752 0.748 0.794 0.253 

1.26 1.65 1.70 0.72 1.38 1.47 1.33 1.87 0.38 

calculated on the basis of 3 apfu 
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ea 

0 VaiTrompia 
tourmaline breccia (a) 

• toumaline in Maniva 
Pass Granodiorite 

X site vacancy Na+K 

ea 0 Lake Diavolo toumaline 

0 T101 sample 

(b) 8,. C17 sample 

X site vacancy Na+K 

Fig. 6 -Composition of Val Trompia (a) and Lake 
Diavolo (b) tourmalines on the basis of the X-site 
occupancy (after Hawthorne and Henry, 1999 ) .  

type Ill and IV tourmaline might have 02- in 
the W site (Grice and Ercit, 1 993) .  

The Al-Fe-Mg ternary diagram (Henry and 
Guidotti , 1 985)  in fig .  Sa allows tourmaline 
compositions to be compared to those of the 
p arental  rocks  and highl ights  d i s t inc t  
compositional trends for types I ,  II ,  and Ill 
relative to type IV tourmalines. The first three 
types mostly occupy fields 4 and 5, and partly 
fi eld 6 at the l imi t  with  fie ld  3 .  S u c h  
compositions are variably constrained b y  the 
chemistry of the precursor (untourmalinized) 
metamorphic rock (phyllite), and tend slightly 
towards compositions showing an affinity with 
granites (field 3) .  The sharply discordant trend 
of type IV tourmalines is parallel to the Fe-Al 
axis and crosses the line Al50Fe50-Al50Mg50, 

considered by Henry and Guidotti, ( 1 985) as an 
extreme boundary. This trend lies completely 
within field 3 and is characteristic of high Fe3+ 
tourmalines (Cavarretta and Puxeddu, 1 990),  
and those related to the hydrothermal alteration 
of granites. 

Lake Diavolo Tourmalines 

Table 2 shows average compositions and 
related standard deviations for 64 analytical 
points corresponding to the coarse tourmaline 
grains (maximum size 50 f.tm) isolated in the 
cryptocrystalline groundmass of the contact-
zone tourmalinites,  and to tourmaline crystals 
in metamorphic (C 1 7) and quartz vein clasts 
(T1 0 1 )  in the conglomerates. Data relative to a 
tourmaline crystal from the inner alteration 

a) 

Q) u.. 

b) 

Q) u.. 

FeAI-1 
4 povondraite 

0 0 

3 

2 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Mg 

I 
5- Lh -

4 b. 
b,. 

3 b. b,. 
� - -
b,. b. 

2 
b.
� 

o��--�--�---��--��--�--� 
3 4 5 

Alz+Aiv 
6 7 

Fig. 7 -(a) Fe vs Mg (a.p.f.u.) for all analyses of the Val 
Trompia tourmalines. (b) AlVI vs Fe (a.p.f.u.) for type Ill 
and IV tourmalines from the Val Trompia samples. 
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(a) 

AI 

(b) 

FesoA14o 

e tourmaline in Maniva 
Pass Granodiorite 

Uvite 

D Lake Diavolo torumalines 
() T101 sample 

L, C17samp/e 

* Novazza 

Fig. 8 - Al-Fe-Mg relationships for the Val Trompia (a) 
and Lake Diavolo (b) tourmalines. Field numbers as in 
Henry and Guid otti ( 1 9 85) . Any tourmaline plotting below 
the schorl(buergerite) -d ravite join will have AI< 6 a.p.f.u .. 

zone at the Novazza U deposit (from Slack, 
1 996) are also included for comparison. 

The o verall  compos i t ion  of the c o ar s e  
tourmaline grains is comparable t o  that o f  the 
type I and II tourmalines from V al Trompia 
(fig. 6b and fig. 8b ). Tourmaline crystals in the 
quartz vein fragment in conglomerate (sample 
T 1 0 1 )  are fully c o n s i s tent  with  the main 
composition . The only samples that deviate 
from the gen eral tre n d  are T 1 02B and ,  
partially, C 1 7 . S ample T 1 02B contains to a 
relic blue-green tourmaline relatively enriched 
in Ca (>0.4 a .p .f.u . )  and Fe (2 .629 a .p .f.u . ) .  
S ample C 17  has  tourmaline crystals with a 
heterogeneous composition showing maj or 
v ariations  in  Fe and Al . On the whole S i  
approximates t o  6 a .p . f. u . ,  with the Z site 
nearly full except in sample T102B . The Y site 

is almost fully occupied by Fe, Mg (slightly 
variable amounts) and Al. 

According to Hawthorne and Henry' s  ( 1 999) 
new c las s ifi c at i o n ,  the c o ar s e  Orobi c  
tourmalines are generally defined a s  alkali 
group varieties ,  with the sum of the X-site 
cations ranging between 0.697 to 0.972 a.p.f.u. 
(fig. 6b ) .  The higher values correspond to more 
calcic compositions relative to sample T 1 02B . 

In fig. 8b , most data points plot along and 
above the  s c horl - dravite  j oi n ,  wi th  the  
exception of samples T 1 02B and partly C 1 7  
(tourmaline-bearing metamorphic fragment in 
conglomerate) due to their relatively Al-poor, 
Fe-rich nature . The maj ority of the coarse
grained tourmalines in the metasomatized 
cataclasites and the coarse tourmaline crystals 
associated with undeformed vein quartz found 
in conglomerate (sample T101 )  occupy fields 4 
and 5, similar to the type I and main-stage type 
II V al Trompia tourmalines, and correspond to 
compositions with affinities to the basement 
phyl l i te s .  Thi s  may be dependent  on the  
c ontribut ion of components  for  the 
crystallization of the metasomatic tourmalines 
by the basement-derived phyllosilicate-rich 
matrix o f  the  Permian terrigenous

' 
rocks 

involved in the cataclasis along the contact
zone. 

In figs 6b and 8b the Novazza inner-zone 
tourmaline differs from the coarse Orobic 
tourmalines in displaying an evident alkali 
defect and a more schorlitic composition with 
Aly enrichment.  At Novazza comp ositions 
comparable with the Orobic coarse tourmalines 
are exhibited by the external zone tourmalines 
(in Fuchs and Maury, 1 995).  

Whole-rock Compositions of Tourmalinites 

Table 3a-b includes whole-rock analyses for 
major, minor, and some trace elements in the 
Val Trompia and Lake Diavolo tourmalinit� . 
Tourmalinite samples from Val Trompia derive 
fro m  the larger outcrops near Grat icel le ,  
Roccolo Pomo and Memmo, and were selected 
based on textural variations and different 
degrees of fracture-related tourmalinization. 
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TABLE 3 

a) - Whole-rock compositions of selected tourmaline breccia samples from Val Trompia; b) 
Whole-rock compositions of tourmalinites from Lake Diavolo. Major and minor elements are in 

weight %, trace ele1nents in ppm. 

a) 

Ba 

Rb 

Sr 

y 

Nb 

Zr 

Se 

Cr 

V 

Co 

Ni 

Zn 

Pb 

Th 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

(La!Yb)N 

Eu/Eu* 

RDC-1 RDC-2 RDC-3A RDC-3B RDC-4 RDC-7 RDC-8 RDC- l lA RDC-13 
b d f g 

72.77 79. 18  
0.95 0.52 

1 2.51 10.90 
2.65 2. 1 6  
4.82 2.96 
0. 1 4  0.02 
1 .04 0.94 
0.32 0.20 
1 .03 1 .03 
0.06 0.05 
0. 1 9  0.05 
1 .82 1 .33 

1 42 20 
<5 <5 

1 30 97 
3 1  1 5  
1 7  7 

273 1 32 
1 1  
66 4 1  
96 82 
23 14  
22  1 9  

<5 

97.03 8.89 
1 99.8 1 8.39 
22.26 1 .95 
80.03 7.30 
14.08 1 .30 
2.94 0.35 
8. 1 2  0.94 
1 .00 0. 1 9  
5.4 1 1 .3 1  
l . l 9 0.43 
3.92 1 .5 1  
0.7 1 0.3 
4.6 1 2.09 
0.74 0.33 

14.07 2.84 
0.84 0.97 

6 1 . 1 2  
0.76 

1 2 .48 
3.62 
7.32 
0.06 
3.7 1 
0.32 
1 .29 
0. 10  
0.07 
2.45 

67 
<5 

201 
25 
6 

1 30 
19  
54 

1 1 2 
37 
55 
26 
\ 0  

54.86 72.39 
1 . 1 9  0.67 

1 5.52 1 1 .4 1  
3.57 3.33 
5.03 4.52 
0.0 1 0.07 
8.2 1 1 .4 1  
0.77 0.21 
1 . 1 0  1 .05 
0. 1 5  0. 1 4  
0.08 0.06 
3. 1 7  2.06 

1 0  48 
<5 <5 

225 140 
1 8  35 
1 0  

192 245 
24 
66 44 

1 77 105 
23 28 

259 24 
20 1 5  
1 I 6 
<5 <5 

49.21 
96. 1 9  
10.46 
40.57 
6.65 
1 .20 
4.48 
0.62 
4.46 
1 .28 
3.77 
0.62 
3.94 
0.50 

8.35 
0.68 

75.39 
1 .26 

14.08 
1 .87 
2.33 
0.01 
1 .06 
0.27 
1 .05 
0.03 
0.05 
0.84 

20 
<5 
95 
3 1  
27 

263 
9 

85 
142 
1 2  
34 
5 

1 2  

58.63 
0.88 

1 3.40 
4.25 
6.60 
0.02 
4.65 
0.40 
1 .36 
0.03 
0.05 
2.22 

15 
<5 

2 1 9  
23 
1 5  

1 62 
1 6  
62 

1 33 
37 
84 
18 
10  
<5 

64.88 
0.81 

1 5.05 
2.77 
4.00 
0.02 
2.43 
0.34 
4. 1 1  
0. 1 1  
0. 10  
1 .88 

50 
<5 

1 23 
40 
1 3  

1 93 
1 2  
52 
95 
23 
43 
<5 

40.44 
93.81 
1 1 .04 
44. 1 6  
9.49 
2.57 
7. 19  
1 . 1 4  
7.0 1 
! .56 
4. 13 
0.64 
4. 1 3  
0.64 

6.55 
0.96 

72.39 
0.62 

14.28 
1 .73 
1 .65 
0.02 
0.90 
0.29 
4.68 
0.73 
0. 1 3  
1 .04 

1 1 3  
20 
75 
1 5  
1 1  

360 

36 
85 
8 

13 
38 
1 3  
10  

20.48 
35.58 
3.4 1 

1 2.37 
1 .95 
0.39 
1 .87 
0.32 
1 .98 
0.46 
1 .20 
0.20 
1 .34 
0.20 

1 0.22 
0.63 
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TABLE 3, continued 

b) TJA T7 TJOOC TJOOB Tl 02A Tl02B TJOJ Tl04 Tl06 Tl07 

Si02 

Ti02 

Ah03 

Fe203 t 

M nO 
M gO 
CaO 

Na20 

K20 

P20s 

B203 

LOI 

54.49 57.59 63.50 63.69 67.28 68.60 72. 1 2  77.44 67. 8 1  7 1 .42 

I. I I 1 .0 1  0.79 0.8 1 0.54 0.50 0.39 0. 1 7  0.5 1 0.40 

1 8 .67 1 8 .35 1 6.43 1 6.56 1 5 . 1 5  1 5 .48 I 1 .88 1 0.95 1 4.09 1 2 .67 

Ba 

Rb 

Sr 

y 

Nb 

Zr 

Se 

Cr 

V 

Co 

Ni 

Zn 
Pb 

Th 

9.57 

0.02 

2.75 

0.07 

1 . 1 1 

3 .70 

0 . 1 0  

4. 1 6  

4.05 

1 6 1  

235 

220 

2 1  

25 

262 

1 9  

66 

1 3 5  

2 5  

5 0  

9 9  

3 6  

1 74 

8.00 

0.02 

3 .27 

0. 1 6  

1 . 1 4 

1 .60 

0. 1 2  

5 . 1 2  

3.56 

1 58 

1 09 

362 

2 1  

1 9  

233 

1 0  

65 

1 36 

25 

95 

1 1 5 

24 

7 1  

6.84 

0 .0 1  

2 . 1 7  

0.05 

1 . 1 8  

2.35 

0.06 

3 .97 

3 . 1 8  

1 47 

1 4 1  

1 59 

22 

20 

1 90 

1 0  

42 

1 02 

2 1  

56 

84 

1 2  

25 

6.74 

0.0 1 

2.30 

0.08 

1 .22 

2.57 

0.08 

3 . 8 1  

3 .08 

! 5 1  

! 56 

! 55 

2 1  

20 

1 93 

1 2  

44 

1 00 

22 

58 

68 

22 

1 09 

5.4 1 

0.0 1 

1 .45 

0.20 

1 . 1 9  

2.68 

0.08 

3.2 1 

2 .59 

264 

1 53 

1 27 

22 

1 6  

1 68 

9 

33 

7 1  

1 1  

2 5  

4 9  

1 4  

9 

4.5 1 

0.0 1 

1 .72 

0.05 

0 .6 1  

3 .63 

0.07 

1 .69 

2.89 

320 

1 9 1  

1 04 

22 

1 4  

1 56 

7 

32 

70 

9 

1 8  

43 

23 

55 

a) breccia with metamorphic quartz clasts and minor late quartz veining; 
b) breccia with metam01phic quartz clasts and minor late quartz veining; 
c) tourmaline-rich breccia with phyllite ji-agments; 
d) black, massive, fine-grained tourmalinite with rare quartzji-agments; 
e) tourmaline breccia rich in metam01phic polycrystalline quartz fragments; 

6.86 4.25 

0.0 1 0.02 

1 .44 0.46 

0.04 0.02 

0.96 0.48 

0.86 2.35 

0.06 0.03 

3 .86 2 . 4 1  

2.39 1 .88 

1 04 1 1 2 

54 99 

267 1 1 0 

25 25 

6 1 0  

1 32 1 1 7 

8 9 

28 9 

44 1 9  

1 7  9 

1 1  

1 08 78 

1 0  1 4  

<5 <5 

7.49 6.09 

0.05 0.0 1 

1 .68 1 .03 

0.00 0.03 

0.86 0.79 

2.04 1 .5 1  

0.07 0.06 

3 .27 3 .22 

3. 1 1  2.49 

1 44 1 50 

1 0 1  74 

1 47 1 48 

22 24 

1 1  1 6  

1 24 1 58 

1 1  9 

4 1  22 

66 52 

22 1 1  

1 7  1 0  

46 65 

2 1  

1 9  <5 

f) breccia with highly strained quartz matrix; tourmaline CI)'Stallization along foliation planes; 
g) breccia moderately tourmalinized along cataclastic zones; 
h) paragneiss breccia rich in tourmaline grown in highly strained quartz matrix; 
i) paragneiss breccia; tourmalinization along foliation plans; presence of a/bite and sericite. 

203 

The anal y z ed L ake D i avolo  s ampl e s  
correspond t o  the most tourmaline-rich rocks 
distinguished on the basis of their high B203 
c ontents  (me asured by GF-AA S ) ;  these  

samples contain coarse tourmaline crystals that 
were analyzed by microprobe. 

Whole-rock data for the V al Trompia  
tourmalinites show wide variations in maj or 
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and minor element c o ncentrati on s .  These 
variations mainly reflect the relative proportion 
of tourmaline versus vein quartz and/or relic 
fragments  of h o s t  s c h i s t s .  Tourmaline i s  
however  t h e  m a i n  mineral c omponent ,  
exceeding 70% volume of total rock. Trace 
element contents lack any systematic internal 
variations. 

Whole-rock data for the Lake D i av o l o  
tourmal ini tes  are comparable w i t h  data  
pres ented b y  S l ack et  al .  ( 1 9 9 6 )  for  the 
sampling sites indicated in fig. 4. Fluctuations 
in element concentrations  are presumably 
dependent on the fraction of lithic components 
present in the metasomatized c ataclasi te s ,  
relative to  tourmaline abundance. 

Differences between the V al Trompia and 
Lake Diavolo tourmalinites are highlighted by 
some trace element contents .  The large ion 
lithophile elements (LILE) are more enriched 
in the Lake Diavolo samples, together with Th, 
Zn and Pb. Slack et al. ( 1 996) also reported the 
presence of high Be in the tourmalinites from 
the Lake Diavolo and Lake Publino areas ,  
which they considered strongly suggestive of a 
magmatic component in the tourmalinizing 
fluids. 

Val Trompia tourmalinites show relative 
enrichment  in  immobile  elements  (Zr, Y 
and Se) and depletion in mobile elements (Rb, 
B a, Zn and Sr ) ,  if c omp ared with  
the c omposi t ions  of Lake D i avolo  
tourmalinites. This may be  related to  stronger 
mass loss in the metasomatized protolith at Val 
Trompia ,  with consequent remobilization 
of mobile elements during tourmalinization, as 
observed by Slack et al. ( 1996) . The intensity 
of tourm al ini zat ion at V al Trompia was  
presumably stronger than a t  Lake Diavolo.  
Local Ni enrichments in Val Trompia samples 
may be due to the pre s ence  of access ory 
sulphides (mainly pyrite). 

Chondrite-normalized REE data for the Val 
Trompia tourmalinites are presented in fig. 9 ,  
where profiles for Torgola granite (De Capitani 
et al., 1 994) and basement schists and Orobic 
tourmalinites (Slack et al., 1 996) are shown for 
comparison. REE profiles for all Val Trompia 

s amples are characterized by s teep LREE 
trends and moderate to high LREE contents or 
slightly negative Eu anomalies, and a tendency 
towards  s l ight  HREE e nri c h me n t . The 
observed REE profiles may be attributed to 
effec t s  of  hydrothermal flu i d s ,  and n o t  
necessarily t o  the nature o f  the metasomatized 
protolith . Relative enrichments in LREE are 
compatible with mechanisms of transport and 
preferential  depos i t ion  of LREE fro m  
hydrothermal fluids, i n  which LREE-bearing 
complexes are less stable than HREE-bearing 
ones (Taylor and Fryer, 1 982) .  The weak or 
absent Eu anomaly may also be explained as 
relat ive Eu enri chment  related to the  
hydrothermal fluids (MacLean, 1 98 8) .  The 
shape of the REE pattern resembles profiles 
typical of tourmaline (Alderton, et al., 1 980;  
King et al., 1 988) .  The trends of whole-rock 
LREE enrichment are confirmed by similar 
enrichments in tourmaline crystals belonging to 
the main stage of tourmaliniz;ation (type II  
tourmalines) ,  as shown by preliminary ion 
probe analyses (Grieco et  al., in preparation) . 
This suggests that LREE enrichments in the 
Val Trompia tourmalinites may be ascribed 
primarily to tourmaline crystallization and not 
to  pre c ip itat ion of LREE-ri ch  ac c e s s ory 
minerals (e.g . ,  monazite, allanite) . 

The REE field of the Orobic tourmalinites, 
reported in fig. 9, differs from the Val Trompia 
trend in having negative Eu anomalies and 
generally lower La/Yb ratios, similar to the 
REE profiles obtained by Slack et al. ( 1 996) 
for the unaltered ( and tourmaline-free )  
conglomerate and sandstone host rocks i n  the 
Lake Diavolo and Lake Publino areas. . 

DISCUSSION 

Geological, textural, and geochemical data 
pre s ented h ere for the V al Tromp i a  
tourmal ini tes  al l o w  a s s e s sment  o f  t h e  
metasomatic  n ature o f  the s e  r o c k s  and  
reconstruction of  a model for their formation. 
The Val Trompia tourmalinites exhibit textural 
and mineralogical features comparable with 
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e VT tourmal inites 

T orgola Granite 

phyl l ites 

Orobic 
tourmal in ites 

La Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb 

F ig. 9 -Chon d rite-n orma liz ed REE pa tterns  for selected Va l Trompia tourma lin e breccias. REE profiles from the Torgola 
gran ite (De Ca pitan i et al., 1 994 ) ,  an d from phy llites an d the O robic tourma lin ites (S la ck et al., 1 996 ) a re reported for 
compa rison. Chon d rite da ta from Na ka mura (1974 ) .  

those of hydrothermal tourmaline-rich breccias 
in apical p arts of the Variscan granites of 
Cornwall, England (Allman-Ward et al., 1 982;  
London and Manning, 1 995).  Like the Cornish 
tourmalinites, the Val Trompia tourmalinites 
show hydraulic breccia textures that have been 
interpreted to result from explosive release 
(decompression) of B -rich, saline magmatic 
fluids from the apical parts of the granite,  
accompanied by hydrofracturing and boron 
metasomatism of the host rocks (Allman-Ward 
et al., 1 982). 

The Val Trompia  tourmal in i tes  are 
geo logic ally  related t o  a wel l -defined 
geological - s truc tural framework ,  which  
includes late-post-orogenic, shallow K-Al-rich 
graniti c rocks of upper Palaeozoic  age 
emplaced along regional crustal fractures, and 
systems of hydrothermal veins containing Sn
W and base-metal mineralization.  A direct 

correlation between host-rock tourmalinization 
and the Torgola granite intrusion cannot be 
proved sofar. A suggestion may however come 
from the recognized effect  of B in greatly 
lowering solidus temperatures in granitic melts 
(Pollard et al., 1 987 ; Dingwell et al., 1 996, and 
references therein) .  B oron enrichment in the 
Torgo l a  magma would  j u s ti fy the  l o w  
temperatures o f  crystallization (below 600°C) 
recorded by De C apitani et al. ( 1 994) . The 
limited exposures of the Torgola complex do 
n o t  show any evidence  of tourmal in e .  
However, they may not necessarily correspond 
to the apical parts of the pluton, that may have 
been eroded away during Upper Permian time. 

Tourmalinization occurred in a succession of 
distinct stages of brecciation and metasomatism 
of the host rock. A time-related sequence of 
crystallization is recognizable, recording rapid 
changes in the chemistry of the metasomatic 
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fluid. The main tourmalinizing event (type II 
s ch orl-dravite t ourmali n e s )  was s trongly 
influenced by the composit ion of the host  
basement schists. Only the later generations of 
tourmaline show an affinity with fluids having 
a magmatic source, evidenced mainly through a 
progressive increase in Fe. The enrichment in 
Fe3+ in type I l l  and I V ,  if c onfirmed b y  
M o s s b auer analy s e s ,  a n d  the  c o n s equent  
crystallization of  povondraite-type tourmalines 
in late veinlets may indicate a sudden change in 
the fluid oxidation state. Coupled substitution 
of Fe-Al and dramatic increases of Fe3+ with 
oxidation of the magmatic-hydrothermal fluid 
may be interpreted to reflect progressive influx 
of meteoric water to the hydrothermal system 
with increasing distance  from the granite 
contact ,  as o b s erved in  the  L arderello 
geothermal field in Tuscany, Italy, and in the 
S n-W provi n c e  of C ornwall ,  s outhwe s t  
England (Cavarretta a n d  Puxeddu , 1 99 0 ;  
London and Manning, 1 995) .  S aline, highly 
oxidized fl u ids  are al s o  comp atible  with  
magmatic-hydrothermal systems like porphyry 
Cu deposits , which are locally enriched in 
tourmaline ( e . g . ,  S lack, 1 9 9 6 ;  Lynch and 
Ortega ,  1 9 9 7 ) .  The tran s i t ion  from an 
«internal» magmatic-hydrothermal system, to 
an « external» one,  dominated by meteoric 
fluids, is characterized by drastic changes in T, 
P, pH, salinity, and styles of alteration and/or 
mineralization (Cavarretta and Puxeddu, 1 990; 
Fuchs and M aury , 1 99 5 ) .  In V al Trompia 
similar changes in hydrothermal conditions 
may be indicated by relative positions of the 
tourmalinite samples containing povondraite 
(fig. 1 0). To the east, late faulting brought the 
pluton c l o ser  to the  surface  an d ero s i o n  
removed t h e  apical parts o f  t h e  magmatic
hydrothermal system. There, only the deeper 
parts of the alteration system closest to the 
pluton (main s tage tourmalinizat ion)  are 
preserved. To the west of the samples with Fe
r ich tourmal i n e s  is the  area marking the  
«external» zone of  the system (with preserved 
siderite-quartz-sulphide veins and associated 
Sn-W breccias) .  The oxidation state recorded 
by pre s ence  of ferric component  in the  

tourmalines would have implications for Sn 
transport (as reduced Sn2+) and precipitation as 
cassiterite on fluid oxidation (Taylor and Wall, 
1 992). 

Age constraints for the tourmalinization 
event in the Val Trompia area are gained from 
the Rb- Sr  radiometric c o ol ing age of the 
Tor go la Granite (27 1 +/-4 Ma;  De Capitani e t  
al ., 1 9 9 4 )  and b y  the  obs ervatio n  that  at  
Roccolo Pomo (fig.  2)  the tourmalinization 
does not affect the Upper Permian V errucano 
sandstones that are in tectonic contact along the 
reactivated Val Trompia Lineament. 

It is difficult to correlate tourmalinization 
and granite intrusion with the large Torgola 
fluorite vein system (fig .  2 ) .  According to 
several workers (e .g . , London and Manning, 
1 9 9 5 ) ,  tourmal i ni z at ion  is mos t  s trongly 
developed in association with fluorine-rich 
granitic systems . In contrast,  Pollard et al. 
( 1 9 8 7 )  dist inguished between b oron- and 
fluorine-rich systems, claiming that intense 
tourmalinization of host rocks is typical of B
rich ,  F-poor s y s t em s ,  which  are a l so  
characterized by  different styles of  associated 
hydrothermal deposits . Our situation at Val 
Trompia is more compatible with Pollard ' s  
framework. M oreover,  w e  do n o t  s e e  any 
connect ion  between the tourmalini te  and 
fluorite mineralization ; the tourmalines are 
uniformly fluorine-poor, and no relationships 
are app aren t  b e tw e e n  the flu orite 
mineral izat ion and the  S n-W bre c c i a s  
(containing tourmali n i te fragments ) .  The 
fluorite veins cut the Torgola granite complex 
and the  Upper Permian s ands tones  and 
therefore postdate the tourmalinization. Also, 
the Torgola granite complex is characterized by 
fluorine contents that do not exceed average 
values for normal granites (700 ppm F; De 
Capitani, unpubl. data) . 

A new contribution to knowledge of the 
Orobic tourmalinites  i s  given by  the data 
pre s ented for c o arse  t ourmaline cry sta ls  
d i s seminated i n  the  cryptocrys tal l ine 
groundmas s .  The texture o f  the c o arse  
tourmalines suggests that their crystallization 
predates the Alpine event : they record the 
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1 1 1 1 1 1 1 1  
Zone with Sn-W 
and Siderite veins 

Zone with 
high-Fe tourmaline 

0 Quartz-tourmaline breccia 

....... Siderite-quartz-su/phide 
vein systems and greisen 
Sn-W breccias 

0.5 1 km 

Fig. 1 0 -Z onal d istribution of high-Fe tourmal in e relative to gran ite outcrops an d to sid erite-q uartz-sul phid e vein d eposits 
an d associated Sn-W greisen breccias. 

Alpine deformation by developing thin  
recrystallized rims and by producing pressure 
shadows oriented according to the Alpine 
mylonitic foliation.  In these cataclasites the 
disseminated coarse tourmaline crystals and the 
fragments of undeformed, coarse tourmaline
r ich ve in  qu artz ( s ample T 1 0  1 )  show a 
relatively homogeneous c omposit ion that 
d i s ti n gui shes  them from the  fol ia t ion
c on c ordant tourmaline e nrichments  in 
metamorphic basement clasts (sample C 1 7) .  
Exceptions are rare, such a s  the tourmaline 
crystal in sample T l  02B that has a composition 
like that of the Fe-rich data point in sample 
C 1 7  (fig .  8b ) , which probably is  a relic of 
metamorphic origin. As stated in the previous 
section, the overall composition of the coarse 
tourmaline grains in the groundmass and in the 
quartz vein fragment is comparable to that 
shown by the type II tourmalines  in  Val  
Trompia. 

We could not determine the composition of 
the individual cryptocrystalline tourmaline 

grains in the groundmass. However on the basis 
of the geological, textural and analytical data 
presented, we propose a relationship between 
c oarse and cryptocrystall ine tourmalines  
involving a multi-stage tourmalinization process 
related to long-lived tectonic and v olcanic 
activity along Permian s trike-sl ip  fau l t s .  
According t o  this model , the first phase of 
tourmalinization occuned with the emplacement 
of tourmaline-bearing quartz veins  within 
dilation zones along the basin-bounding shear 
zones . Remnants of these veins  may be  
represented by fragments of  quartz-tourmaline 
veins in conglomerates along the contact zones. 
Fault reactivation with deep cataclasis of wall 
rocks and c ontinued input  of b oron-rich 
hydrothermal fluids  then formed mas s ive  
tourmaline aggre gates with grain  s izes  
comp atible with that of  the c ataclas i te .  
Development of  tourmalinization in  the Permian 
conglomerates rather than in the basement 
orthogneiss  was interpreted by Zhang et al. 
( 1 994) as related to different degree of porosity 
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between the twO. rock types. Alternatively, the 
boron-rich fluids may have found a favourable 
Al-rich environment for tourmaline deposition 
preferentially in the cataclastic conglomerates 
because of the high c ontent of aluminous 
phyllosilicate minerals in their matrix. 

According to our interpretation, the gross  
compositional similarities between the type II 
(main-stage) Val Trompia and coarse-grained 
Lake D i avolo  tourmal ines  may reflec t  
similarities between the two  tourmalinizing 
processes which can be considered basically 
c o e v al . Loc al c hemical and p aragenet ic  
complexities are recorded in the Val Trompia 
tourmalinites (gradual change from schorl
dravite  to highly  Fe-enriched ,  p o s s ib ly 
povondraite-type composition) as well as those 
from Novazza ( trans it ion from « internal» 
alkali-deficient to «external» schorl-dravite 
compositions; Fuchs and Maury, 1 995).  These 
c omplexit ie s  may rec ord the interplay of 
various parameters (rapid variations of fluid 
composition, fluctuations in T, fluid pressure, 
pH, fOz, etc.) ,  characteristic of the zones most 
proximal to the fluid and heat source. 

C o n s i derat i o n s  on the geologi c al and 
s tructural setting of Val Trompi a  and the 
central Orobic Alps  during Permian time 
suggest a genetic affinity between the Val 
Trompia and Orobic tourmalinites .  B oth are 
seen as products of a large-scale hydrothermal 
system coeval with upper Palaeozoic plutono
volcanic activity and tectonism, which was also 
responsible for the emplacement of various 
types of magmatic-hydrothermal deposits (Sn
W ,  U - M o - Z n ,  Fe c arb onate s ,  su lphi d e s ,  
quartz) . I n  this framework the Val Trompia 
tourmalinites should represent deeper levels of 
the sys tem (fi g .  1 1 ) ,  and be c loser to the 
shallow magma chamber (mildly alkaline, Al
r ich ,  Torgola- type magma) that  fed the  
volcanic edifices v ia  deep-reaching fractures 
along which the Orobic tourmalinites and 
boro s i l i c ate alterat ion  zones  related to  
mineralization formed. This interpretation of a 
magmatic affinity for the Orobic tourmalinites 
i s  supported by their high B e  content s ,  as 
reported by Slack et al. ( 1 996) . 

Novazza-Val Vedello might represent the 
foc u s  of the  c entral Orobic  v olcanic 
hydrothermal system. So  the  compositional 
d ifferen c e s  b e tween L ake Diavolo  and 
N ovazza tourmalines may be interpreted in  
terms of  relative distance of  the Lake Diavolo 
tourmalinites from the Novazza-Val Vedello 
caldera-related hydrothermal center, where, 
l ike at Val  Trompia ,  tourmal inizat ion  i s  
spatially related t o  ore deposition. 

Temperature estimates based on sulphur 
i s otope  frac t ionat ion  between cogenet ic  
sulphides a t  Novazza are 300°C ± 40°C for the 
inner-zone sulphide mineralization that formed 
after the inner-zone tourmaline alteration, for 
which  a temperature around 400 ° C  w a s  
propo s e d  b y  Fuch s  and M aury ( 1 9 9 5 ) .  
Temperatures involved i n  the formation of 
tourmaline breccias at V al Trompia may have 
ranged between 400 and 500°C on the basis of 
relationships with the granite and with the 
greisen-type Sn-W mineralization, which are 
c ompatible with the temperature in terv al 
typical of this type of mineralization (e . g . ,  
Lehmann, 1 990) . 

CONCLUDING REMARKS 

Metas omatic  tourmaline-r ich rocks i n  
different parts o f  the Southern Alpine Belt (at 
Val Trompia and in the central Orobic Alps) 
are related t o  geological ,  s tructural ,  and 
metallogenic features that developed during 
late Palaeo z o i c  p o s t -V ari s c an r ift ing .  
Tourmalinites from two areas are texturally 
different: phyllite breccias variably replaced by 
acicular tourmaline and quartz at V al Trompia 
and ultra-cataclasites of basement rocks and 
Lower Permian cover strata metasomatized by 
cryptocrys talline tourmaline in the Orobic 
Alp s .  C omp ari s o n  of the chemical  
c h aracteri s t i c s  o f  tourmal ines  and  
tourmalinites, using data presented here and 
those in the literature, and evaluation of the 
geological, magmatic, and structural settings in 
which the S outhern Alpine tourmalini tes  
presumably formed, suggest a genetic link 
between the two types of occurrences. 



Geological and geochemical characteristics of Permian tourmalinization 209 

Val Vedello Novpzza 

Vat Trompia 

crystalline basement 
(Palaeozoic) 

Collio Formation (Upper Carboniferous - Lower Permian) 

granite intrusion 
{upper Palaeozoic) 

volcanics sediments 

Fig. 1 1  -P osition of the boron-bearin g min eraliz ed systems of Val Trompia an d of the O robic Alps (N ovazza an d Val 
Ved ello) within the Collio rift system prior to U pper P ermian (n ot to scale; mod ified after Cad el et al . ,  1 9 84 ) .  

Important information was gained b y  the 
i n v e s ti g at ions  of the V al Trompia  
tourmalinites. The compositional variations of 
tourmaline in these granite-related quartz
tourmaline breccias help in distinguishing 
successive stages of tourmalinization, which 
record changing fluid conditions. The different 
c h emical s i g n atures of the  h o s t  roc k s  
undergoing metasomatism (basement schists) 
and of the magmatic fluids involved were 
pre served and rec orded by the crys tal 
chemistry and compositions of the tourmalines. 
Moreover, variations in the chemistry of the 
Val Trompia tourmal ine s ,  c o n s idered in  
relation to  the distribution of  the ore deposits, 
further confirms that tourmaline can be a 
valuable means for distinguishing different 
zones  of a magmati c -hydrothermal 
mineralizing system exposed at different levels 
in the crust. 
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