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ABSTRACT

Tourmaline-bearing rocks occur in the Pontide volcanic island arc of northeastern Turkey, which hosts numerous small- to
medium-sized Cu—Pb—Zn and Cu—Mo deposits. Weakly developed porphyry-style Cu-Mo mineralization accompanies the calc-
alkaline volcano-plutonic rocks of Salikvan, in southwestern Artvin. Various types of tourmaline have been analyzed chemically,
of which three main environments of formation are identified: (1) quartz-tourmaline veins, (2) tonalite porphyry and, to a lesser
extent, coarse granodiorite, and (3) tourmaline-rich rocks at the contacts of coarse granodiorite and basic volcanic rocks. Elec-
tron-microprobe data indicate that the tourmaline is relatively ferrous and calcic, and shows a general trend from dravite to uvite
end-members; the tourmaline at Salikvan formed by the reaction of Fe-rich hydrothermal fluids with Ca-rich amphibole and
plagioclase in tonalite porphyry and granodiorite. The dominant variability in composition seems controlled by the exchange
vector CaMgOL]_jAL |(OH)_;  Tourmaline in quartz—tourmaline veins has moderate Fe/(Fe + Mg) values (0.37-0.51; mean
0.43), whereas that in tonalite porphyry is rich in iron, with a Fe/(Fe + Mg) of 0.45-0.53 (mean 0.48). Tourmaline in tourmaline-
rich rocks is relatively rich in magnesium, with a Fe/(Fe + Mg) of 0.30-0.46 (mean 0.39). Trace-element contents of the tourma-
lines are low relative to those in tourmaline from massive sulfide deposits. Tourmaline has a tendency to scavenge trace elements
during crystallization, yielding correlations among Ag — (Au, Li, Mo, P, Pb, Sb, V, W), Au— (P, Pb, Sb, V, W), Li - (P, Pb, Sb,
V, W), Mo~ (Pb, Sb, V), P—(Sb, V, W), Sb— (V, W), Co — (Cr, Mn), Pb — (Sb, V), Ba-Sr, Zn—Cu, V-W, and Cr—Mn. Chondrite-
normalized patterns of the rare-earth elements point out the possible contribution of hydrothermal processes to tourmaline forma-
tion. Boron isotope analyses of tourmaline from quartz—tourmaline veins and tourmaline from tourmaline-rich rocks have 3B
values of —9.4 and —9.0%o, respectively, consistent with late-magmatic hydrothermal fluids.

Keywords: tourmaline, porphyry Cu-Mo deposit, electron-microprobe data, trace elements, rare-earth elements, boron isotope,
Pontide belt, Turkey.

SOMMAIRE

Nous décrivons des roches 4 tourmaline provenant de 1’ arc insulaire des Pontides, dans le secteur nord-est de la Turquie, hotes
de plusieurs petits on moyens gisements de type Cu—Pb-Zn et Cu-Mo. Une faible minéralisation 2 Cu-Mo de type porphyre
accompagne les roches volcano-plutoniques calco-alcalines de Salikvan, dans le sud-ouest de la région d’ Artvin. Nous avons
analysé plusieurs variétés de tourmaline, dont trois principales: (1) veines a quartz—tourmaline, (2) tonalite porphyrique et, de
moindre importance, granodiorite 2 grains grossiers, et (3) roches enrichies en tourmaline au contact de la granodiorite avec des
roches volcaniques basiques. D’aprés les données 2 la microsonde €lectronique, la tourmaline est relativement ferreuse et calcique,
et fait preuve d’une évolution générale allant de dravite & uvite; la tourmaline de Salikvan se serait formée par la réaction de
fluides porteurs de Fe avec I’amphibole calcique et le plagioclase de la tonalite et de la granodiorite. La substitution prédominante
semble étre régie par le vecteur d’échange CaMgO[] Al ((OH) ;. La tourmaline des veines 4 quartz—tourmaline possede une
valeur moyenne de Fe/(Fe + Mg) (0.37-0.51; en moyenne, 0.43), tandis que celle de la tonalite porphyrique est plus riche en fer,
avec Fe/(Fe + Mg) dans ’intervalle 0.45-0.53 (en moyenne, 0.48). La tourmaline des roches enrichies en tourmaline est plutdt
magnésienne, avec Fe/(Fe + Mg) dans Iintervalle 0.30-0.46 (en moyenne, 0.39). Les teneurs en éléments traces sont faibles en
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comparaison de la tourmaline des gisements de sulfures massifs. La tourmaline a tendance 2 concentrer les éléments traces au
cours de la cristallisation, ce qui méne aux corrélations suivantes: Ag—(Au, Li, Mo, P, Pb, Sb, V, W), Au - (P, Pb, Sb, V, W), Li
— (P, Pb, Sb, V, W), Mo — (Pb, Sb, V), P - (Sb, V, W), Sb — (V, W), Co — (Cr, Mn), Pb — (Sb, V), Ba-St, Zn—Cu, V-W, et Cr—
Mn. La teneur en terres rares, par rapport au modéle chondritique, fait penser A une contribution possible de processus
hydrothermaux pour expliquer la formation de la tourmaline, L’analyse des isotopes du bore dans la tourmaline de veines 2
quartz—tourmaline et de roches enrichies en tourmaline a donné des valeurs de 3''B de —9.4 et —9.0%o, respectivement, indication

supplémentaire d’une phase fluide tardi-magmatique.

(Traduit par la Rédaction)

Mots-clés: tourmaline, gisement & Cu-Mo de type porphyre, données de microsonde €lectronique, éléments traces, terres rares,

isotopes de bore, ceinture des Pontides, Turquie.

INTRODUCTION

Tourmaline is a complex borosilicate mineral com-
monly found as an accessory phase in a variety of rocks
and ore deposits. Its occurrence in granite-related de-
posits has been divided into six categories by Slack
(1996): (1) Sn £ W greisens, veins, skarns, and replace-
ments, (2) Cu+ Au breccia pipes and Cu = Mo porphy-
ries, (3) Au-bearing veins, (4) Cu-bearing veins and
replacements, (5) U-bearing veins, and (6) Pb—Zn veins
and replacements. Studies of granite-related porphyry
systems have focussed on Sn, W, Cu, and Mo associa-
tions (Sillitoe 1973, Patterson et al. 1981, Warnaars et
al. 1985, Pirajno et al. 1987, Lynch 1989, Wright &
Kwak 1989, Layne & Spooner 1991, Koval et al. 1991,
Pirajno & Smithies 1992, Lubis et al. 1994, London &
Manning 1995, Lynch & Ortega 1997). We focus here
on tourmaline in the Salikvan porphyry Cu-Mo deposit.

The northern metallogenic belt of Turkey, also called
the Pontide belt, represents a volcanic island-arc sys-
tem that contains many small- to medium-sized
polymetallic (Cu—Pb—Zn + Ag £ Au) sulfide deposits.
Within this belt, numerous small porphyry copper de-
posits are hosted by volcano-plutonic rocks of Creta-
ceous to Paleogene age. The weakly mineralized
Salikvan porphyry Cu—Mo deposit is part of the Balkan
— Caucasus - Iran Cu—Mo belt, and constitutes its north-
eastern extension in Turkey. Mineralization shows simi-
lar characteristics to the Balcili Cu-Mo occurrences
(Yavuz 1992), located in the southeastern part of the
study area, except for its porphyritic groundmass and
tourmaline content. Field studies indicate that the
Salikvan area represents the upper part of the Balcih
Cu-Mo mineralized system.

Tourmaline chemistry plays an important role in
constraining the genesis of hydrothermal deposits in
granite-related porphyry systems. In most porphyry Cu—
Mo systems, the tourmaline is rich in ferric iron, with
compositions ranging from dravitic to schorl end-mem-
bers. Tourmaline from the Salikvan area, however,
shows a dominantly dravitic composition and, to a lesser
extent, an enrichment in the uvite component. In this
paper, we describe recently discovered occurrences of
tourmaline in the Salikvan porphyry Cu-Mo deposit,

document its chemical composition, and speculate on
the use of some trace elements in tourmaline as an ex-
ploration guide for porphyry Cu—Mo deposits without
breccia pipe associations. A regression analysis of the
trace-element contents of tourmaline from the Salikvan
Cu-Mo deposit shows that Li — (Ag, P, Pb, Sb, V, W),
P - (Ag, Au, Li), Pb — (Ag, Au, Li, Mo, Sb, V), Sb -
(Ag, Au, Li, Mo, Pb), V — (Ag, Au, Li, Mo, Pb, W), W
- (Ag, Au, Li, V), Mn - (Co, Cr), Sr — (Ba), and Sn —
(Zr) can be used as indicator elements in defining the
characteristics of mineralization and the processes of
hydrothermal alteration in the Salikvan deposit.

GEOLOGICAL SETTING

The Pontide metallogenic belt in northern Turkey
lies within the Black Sea region and hosts a number of
ore deposits related to Upper Cretaceous calc-alkaline
volcanic rocks, which are generally dacitic in composi-
tion. In the eastern Pontide island arc environment, sev-
eral types of mineral deposits are present. These include:
(1) massive sulfide deposits (Cu—Zn—Pb), (2) skarn-type
deposits (Fe, Fe—Cu), (3) vein-type deposits (Pb, Pb-
Zn, Cu—Zn), and (4) porphyry-type deposits (Cu, Cu—
Mo). The oldest unit in the eastern Pontide belt consists
of pre-Paleozoic metamorphic rocks. These rocks are
unconformably overlain by Jurassic spilitic basalts and
keratophyric andesites, which are called the lower basic
series. This series is overlain by Upper Cretaceous units
including ore-bearing dacites, their pyroclastic equiva-
lents, basalts, and a volcano-sedimentary series. All
these units are intruded by later granitic rocks, up to
Tertiary age. Skarn-type deposits are present arround the
contacts of granitic rocks. Ore-bearing dacites of Upper
Cretaceous age are host to many massive sulfide depos-
its. Vein-type deposits are widespread in the eastern
Pontide metallogenic belt. Porphyry Cu—Mo deposits
are generally developed at the border and apex of gra-
nitic plutons (Aslaner ez al. 1995).

The Salikvan area is located in the northeastern part
of the Black Sea region, about 50 km southwest of
Artvin (Fig. 1). The study area is composed of felsic to
intermediate intrusive rocks of Upper Cretaceous to
Tertiary age; these make up the border zone of the Rize
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FiG. 1. Map showing location of the Salikvan porphyry Cu—
Mo deposits (shaded rectangle) within the northeast Black
Sea region of Turkey.

batholith. Moore e al. (1986) obtained a K-Ar age of
62.4 + 4.2 Ma for the Balcili granodiorite exposed south-
east of the study area. In this paper, we present new
high-analytical-precision K—Ar data on biotite from the
Balcili granodiorite. The K—Ar isotope data correspond
to 64.5 = 1.7 Ma, as determined by Geochron Laborato-
ries, Acton, Massachusetts. The Salikvan porphyry con-
stitutes the upper part of this intrusive unit.

The geology of the area (Fig. 2) was first investi-
gated by geologists of the Institute of Mineral Research
and Exploration (Kahraman et al. 1987), but was exam-
ined in detail for this study. The oldest unit in the area is
Lower Cretaceous and comprises andesitic and basaltic
lavas and related pyroclastic units of the lower basic
series. The lower basic series is characterized by pale
and dark green colors in outcrops. Depending on the
degree of alteration, the indicators of alteration include
quartz, calcite, white mica, chlorite, and pyrite. Upper
Cretaceous dacitic, andesitic and basaltic lavas and as-
sociated tuffs and pyroclastic rocks overlie this series.
Most of the polymetallic mineralization in the eastern
Pontide accompanies dacitic rocks. Intense hydrother-
mal alteration is observed in these rocks. The major-
element geochemistry of the Upper Cretaceous
magmatic rocks indicates I-type features. Their multi-
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element chondrite-normalized spectra yield patterns
similar to those of normal subduction-related granites
(Yavuz & Biirkiit 1993, Tokel 1995). All parts of this
unit are cut by younger granites, which are grouped into
five categories: coarse granodiorite, microgranodiorite,
monzodiorite, tonalite porphyry, and Balcili granodior-
ite. The coarse granodiorite, typically medium to coarse
grained, is associated with tourmaline-rich rocks at the
contact of the lower basic series. The concentration of
tourmaline increases from the coarse granodiorite to the
lower basic series and reaches nearly parallel bands up
to 5 cm thick intercalated with the lower basic series.
Tourmaline occurrences are dominant in the tonalite
porphyry, both as anhedral to subhedral grains and as
euhedral grains in quartz veins; these veins cut the
coarse granodiorite, tonalite porphyry and monzodiorite.
The tourmaline in the quartz veins is generally observed
as needle-like and prismatic euhedral to subhedral crys-
tals up to 3 cm long.

PETROGRAPHY

Three modes of tourmaline occurrence have been
established in the Salikvan porphyry Cu—-Mo deposit.
The first comprises medium- to fine-grained prismatic
tourmaline (0.5 mm — 3.0 cm) in quartz—tourmaline
veins, the width of the crystals attaining 2.0 mm. Wide-
spread euhedral chlorapatite accompanies the tourma-
line (Fig. 3A). This type of tourmaline typically shows
concentric color-zonation, with a light bluish green core
and a deep green to brown rim under crossed nicols (Fig.
3B). Reverse color-zonation has also been observed lo-
cally in some of the vein-hosted tourmaline. The sec-
ond mode of occurrence is most common in tonalite
porphyry. The tourmaline in this case is in general
unzoned, but color zonation without major-element
variation is present in some anhedral crystals. Well-de-
veloped microscopic tourmaline suns are encountered
in the matrix of the tonalite porphyry (Fig. 3C). In am-
phibole-bearing tonalite porphyry, tourmaline occurs as
disseminated anhedral to subhedral grains and shows
brown and bluish green pleochroism (Fig. 3D). Replace-
ment of amphibole by tourmaline was observed in some
cases. Microscopic needles of tourmaline occur as frac-
wure fillings in tonalite porphyry, with blue to colorless
pleochroism (Fig. 3E). Secondary tourmaline also is
present in tonalite porphyry in association with chlorite
in the core of altered plagioclase. Tourmaline in this type
of occurrence was developed at the expense of plagio-
clase. The compositions of tourmaline change slightly
in terms of magnesium content toward the north side of
the study area, where tourmaline-rich rock is encoun-
tered between the contact between the lower basic series
and coarse granodiorite. In the third mode of occurrence,
tourmaline forms small crystals and is associated with
pyrite and magnetite. Late-stage tourmaline developed
in fractured tonalite porphyry contains inclusions of
subhedral to euhedral zircon and apatite (Fig. 3F).
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F1G. 2. Geological sketch-map of the Salikvan porphyry Cu—
Mo deposit and vicinity. Other metal deposits and occur-
rences also are shown.

THE CANADIAN MINERALOGIST

HYDROTHERMAL ALTERATION AND MINERALIZATION

Tourmaline in porphyry Cu + Mo mineralized sys-
tems is most abundant in granite-related breccia pipes
(e.g., Chile: Sillitoe & Sawkins 1971), and is less com-
mon in non-breccia associations (e.g., Bajan—Ula, Rus-
sia: Koval er al. 1991). Tourmaline in non-breccia
associations typically is concentrated in white-mica-rich
alteration zones (e.g., El Teniente, Chile: Camus 1975),
but in some porphyry Cu-Mo deposits, it occurs in
zones of Na—-Ca or K-feldspar alteration (e.g.,
Yerington, Nevada: Carten 1986). A detailed listing of
tourmaline-bearing breccia pipes and porphyry depos-
its was given by Slack (1996).

Numerous polymetallic and Cu—-Mo anomalous areas
in northern Turkey were defined within the context of a
cooperative geochemical project between the United
Nations and the Mineral Research and Exploration
(MTA) in 1975. Kamitani & Takaoglu (1976) later stud-
ied the areas of Cu—Mo anomaly. The Salikvan Cu—Mo
anomaly, which outcrops 10 km northwest of the Balcili
deposit, was investigated in detail in this study. On the
basis of detailed field, microscopic, and geochemical
studies, Yavuz (1992) distinguished three zones of alter-
ation in the Balcili area (potassic, phyllic, and propylitic),
with insignificant copper and molybdenum mineraliza-
tion. Electron-microprobe data on hydrothermal biotite
(unpubl. data) from the Balcili porphyry Cu—Mo miner-
alization area give a mean of 390°C for the development
of potassic alteration zone using the BIOTERM software
(Yavuz & Oztas 1997). Potassic, phyllic, propylitic, and
late-stage sodic alteration zones also were observed in
the Salikvan deposit and surrounding rocks (Fig. 4). The
weakly developed zone of potassic alteration is charac-
terized by fine-grained biotite + quartz + chalcopyrite +
pyrite £ molybdenite. In the phyllic alteration zone, white
mica + quartz + chlorite + pyrite * chalcopyrite consti-
tutes the main mineral assemblage. Propylitic alteration
led to the assemblage epidote + calcite + chlorite * albite
* pyrite £ chalcopyrite. In this zone, albite formed by
release of calcium from calcium-rich plagioclase. Late-
stage sodic alteration, developed at shallow depths, is
characterized by an albite + tourmaline assemblage that
is superimposed on the propylitic assemblage. Tourma-
line is generally absent in the potassic and phyllic alter-
ation zones, but is widespread in the sodic alteration zone,
where tonalite porphyry constitutes the main rock-type.
Pyrite is the dominant sulfide mineral in association with
chalcopyrite + molybdenite in quartz veins and quartz
veinlets in the groundmass of the porphyry. Quartz veins
up to 20 cm thick contain the assemblage pyrite + chal-
copyrite + stibnite £ molybdenite; they are generally lo-
cated along northeast—southwest-trending and north-dip-
ping tensional fissures (Kamitani et al. 1977). The copper
and molybdenum contents of samples taken from the
Salikvan and surrounding mineralized area range from
0.3t0 1.5% and 0.07 to 0.15%, respectively (Yavuz 1992,
Kahraman ef al. 1987).
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FiG.3. Photomicrographs (crossed polars). A, Euhedral crystals of tourmaline (T) associated with apatite (A) and quartz (Q). B.
C-axis section of zoned tourmaline (T) in quartz-tourmaline vein. C. Well-developed tourmaline sun (T) in tonalite porphyry
together with quartz (Q). D. Anhedral to subhedral tourmaline (T) in tonalite porphyry. E. Tourmaline needles (T) developed
in association with albite (P) in coarse granodiorite. F. Apatite and zircon inclusions in tourmaline crystals.
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FiG. 4. Generalized diagram showing the tourmalinization
and alteration zones in the Salikvan porphyry Cu—-Mo de-
posit.

CoOMPOSITION OF THE TOURMALINE
Sampling and analytical methods

A total of 20 samples were collected trom the study
area. They were selected from representative quartz—
tourmaline veins, tourmaline-rich rocks, and tourma-
line-bearing magmatic rocks. Tourmaline separates
were hand-picked with a binocular microscope to re-
move other mineral grains, and then ground in an agate
mortar for chemical analysis. The trace- and rare-earth-
element (REE) contents of the tourmaline samples were
carried out by a commercial laboratory in Canada using
ICP-AES and INAA techniques.

Chemical analyses of the tourmalines were done at
the Sisecam Research Center in Istanbul using an auto-
mated JEOL 733 electron microprobe operated at a volt-
age of 15 kV, a beam current of 15 nA, a beam diameter
of 5 wm, 30 s counting times, and a ZAF correction
scheme. Natural minerals and synthetic compounds
were used as standards. Compositions of tourmaline
were obtained on 21 grains in six polished thin sections.
Representative electron-microprobe data are listed in
Table 1, with unit formula calculated on the basis of
24.5 anions. Boron contents were assumed to total 3 B
atoms per formula unit, apfu. The TOURMAL computer
program of Yavuz (1997) was used for calculations and
for plotting of the chemical data.

Major elements
The general formula of tourmaline is given as

XY3ZGSi6013 (BO3) W, where X = Na*, C32+, K+, or
vacancy; Y = Mg?*, Fe?*, Mn>*, AI**, Fe**, Mn**, Li*;

THE CANADIAN MINERALOGIST

Z = AI**, Mg?*, Fe?*, Cr**, V3, and W= 0>, OH, F,
CI". In general, schorl (Na—Fe?*) and elbaite (Al-Li)
constitute the main end-members in granitic rocks and
their associated aplites and pegmatites, whereas tour-
maline associated with massive sulfide deposits gener-
ally tends toward dravitic (Na—Mg) compositions (Slack
1996). Compositions intermediate between dravite and
schorl are observed in tourmaline from many sedimen-
tary and metamorphic rocks (Henry & Guidotti 1985,
Henry & Dutrow 1990).

The tourmaline samples range from 5.82 to 12.69
wt% FeO, 6.32 to 8.18% MgO0, 0.33 to 2.02% Ti0,, 1.02
to 2.59% CaO, 1.01 to 2.09% Na,O, and 25.12 to
30.55% Al,O3. Contents of Mn are negligible (< 0.09%
MnO). Mg values are generally uniform at close to 1.80
apfu. Si is commonly 6 atoms per formula unit (apfu).
There is no major variation in Al content, but Fe varies

TABLE 1. REPRESENTATIVE COMPOSITIONS OF TOURMALINE
FROM THE SALIKVAN PORPHYRY Cu-Mo DEPOSIT

1 2 3 4 5 6 7 8 9 10

Si0, (wt%) 35,67 36.68 36,12 35.47 36.70 35.80 35.29 37.56 38.52 35.98
AlO, 27.56 28.59 29.19 25.12 29.06 26.43 28.41 30.55 30.43 26.78
TiO, 148 050 0.60 189 048 101 073 049 058 165
FeO" 978 841 9381229 968 1269 1026 582 705 961
MgO 699 681 701 671 654 632 696 757 746 745
Ca0 220 178 174 231 170 244 184 124 113 259
Na,0 1.80 205 198 126 132 154 192 101 139 101
K,0 0.00 0.09 000 000 000 000 0.00 000 0.09 0.00
Total 85.48 84.91 86.02 85.05 85.48 86.23 85.41 84.24 86.65 85.07
Structurat formulae on the basis of 24.5 atoms
B apfu 300 300 3.00 300 300 300 3.00 3.00 300 3.00
St 603 616 603 611 614 609 598 620 624 6.09
Al, 000 000 000 000 000 000 002 000 000 000
T 600 600 600 600 600 600 600 600 600 600
Al, 549 566 574 510 573 530 565 594 581 534
Fe™* 051 034 026 090 027 070 035 006 019 066
2z 600 600 600 600 600 600 600 600 600 600
Al, 000 000 000 000 000 000 000 000 0.00 000
Ti 0,15 006 008 024 006 013 009 006 007 021
Fe** 087 084 105 087 108 111 110 074 076 070
Mg 176 171 174 172 163 160 176 186 180 188
Y 282 261 287 283 277 284 295 266 263 279
Ca 040 032 031 043 030 044 033 022 020 047
Na 0.59 067 064 042 043 051 063 032 044 033
K 0.00 001 000 000 000 0.00 000 000 001 0.00
X 099 100 095 085 073 095 099 054 065 080
Z Cations 15.84 15.77 15.85 1579 15.64 1588 15.94 1540 15.52 15.68
R1+R2 413 3.88 400 434 372 436 417 324 339 405

R3 574 575 584 543 581 547 579 602 590 562
Fe®/(Fe+Fe™) 0.63 0.71 080 049 080 061 076 093 080 0.51
Fe*/(Fe** + Mg) 033 0.33 038 034 040 041 038 028 030 027
Mg/Mg+Fe) 056 059 057 049 055 047 055 070 065 058
Na/(Na+Ca) 060 068 067 050 058 053 065 0.60 069 041

Samples 1, 2, 3, 4: tourmaline in quartz—-tourmaline veins; 5, 6, 7: tourmekine in
tonalite porphyry; 8, 9, 10: tourmaline in tourmaline-rich rocks, R1 =Na + Ca; R2 =
Fe + Mg + Mn; R3 = Al + 1.33*Ti. “Total iron as FeO. Electron-microprobe data;
apfu: atoms per formula unit
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between 0.80 and 1.81 apfu. In all cases, FeO contents
are greater than MgO; most show CaO exceeding Na,O.
Tourmaline from the Salikvan area is generally ferrous
and calcic (dominant dravite and, to a lesser extent,
uvite, and displays a general trend toward ferric com-
ponents. On an Al-Fe-Mg diagram (Henry & Guidotti
1985), the tourmaline compositions plot in field of 5 and
6 (Fig. 5), which correspond to tourmaline from
metapelites and metapsammites not coexisting with an
Al-saturating phase (field 5) and Fe-rich quartz-tour-
maline rocks, calc-silicate rocks, and metapelites (field
6). The mean composition of tourmaline from Salikvan
and other porphyry-type systems is shown for compari-
son in Figure 5. Tourmaline from the investigated area
is compositionally similar to that from Chilean porphyry
copper deposits.

Trace elements

The composition of tourmaline is useful in geochem-
ical exploration; toumaline-group minerals crystallize
during late stages of magmatic evolution and scavenge
trace elements from their environment of formation. In
recent years, many studies have focussed on the trace-
element content of tourmaline in igneous and hydrother-
mal environments. Kitayev & Bogatyrev (1984) used
elevated Au, Ag, As, Bi, and Mo values in tourmaline
from quartz—tourmaline mineralization in gold deposits
as a prospecting tool. Smith ez al. (1987) used emission
spectroscopic data derived from hydrothermal tourma-
line from northern Mexico. Gorelikova & Naumova
(1987) presented trace-element data in tourmaline asso-
ciated with tin deposits in Siberia to identify levels of
mineralization. Geochemical characteristics of tourma-
line from Archean lode-gold deposits in the Superior
Province of Ontario were given by King (1988), based
on ICP and XRF methods combined with a modified
INAA technique. Koval ef al. (1991) used atomic ab-
sorption and emission spectroscopic methods to char-
acterize tourmaline from gold-bearing quartz veins and
porphyry Cu-Mo deposits in Russia. The concentrations
of trace elements, including the rare-earth elements,
were determined by the ICP-MS technique by Jiang &
Palmer (1995) in tourmaline from granite-related Sn and
stratiform Pb—Zn—Ag deposits. Mittwede et al. (1995a,
b) reported some trace-element contents in tourmaline
and tourmalinite from the area of Lake Bafa, southeast-
ern Anatolia, and in quartz-tourmaline nodules from
Irmadan (Mugla-Yatagan), Turkey.

Trace-element abundances of pure tourmaline con-
centrates from the Salikvan porphyry Cu-Mo deposit
were established by inductively coupled plasma —
atomic emission spectroscopy (ICP-AES) for Cu, Pb,
Zn, Mn, Ag, Bi, Cd, Ni, Co, Sr, V, P, Cr, Ba, Zr, Sn, Sc,
Nb, and Li. Concentrations of Mo, As, Au, Sb, W, U,
Th, Hf, Cs, Se, and Rb were established by instrumen-
tal neutron-activation analysis (INAA). A commercial
laboratory carried out both ICP-AES and INAA analy-
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TABLE 2, TRACE-ELEMENT CONCENTRATIONS IN TOURMALINE
AND GRANITIC ROCKS FROM THE SALIKVAN
PORPHYRY Cu-Mo DEPOSIT

Tl T2 T3 T4 T3 R1 R2
Cu ppm 3 4 3 3 4 21 16
Pb 39 35 8 10 25 30 14
Zn 22 76 19 25 53 53 92
Mo 3.36 5.07 263 203 445 6 S
Au* 1075 1521 10.5 81 39.6 na na
Ag 13 1 0.5 03 07 0.5 0.5
Mn 194 180 262 250 223 553 1404
Ni <2 <2 4 <2 3 13 S
Co 2 3 7 1 8 5 7
As <l 1520 <1 <1 <1 3 9
P 80 50 40 20 30 na. na,
Sb 3696 3498 262 162 2314 38 13
Bi 5 <5 <5 <5 <5 <5 6
v 164 163 161 161 162 70 76
Cr 5 4 11 14 10 12 34
w 4368 5070 4184 2430 2670 6 4
Zr 2 3 3 2 2 6 S
Sa 4 5 5 3 3 <2 <2
Sc 28 29 3 26 21 6 10
Sr 177 105 97 148 163 532 360
Ba 60 23 18 36 52 658 621
Li &) 6 5 5 6 na na

Samples T1, T2: tourmaline in quartz—tourmaline veins; T3, T4, T5: tourmaline in
tourmaline-rich rock; R1: coarse granodiorite; R2: tonalite porphyry. *: ppb; n.a.:
not analyzed)

ses (Table 2). Trace-element results for Cu, As, Ni, V,
Zr, Sn, and Li in tourmaline from quartz—tourmaline
veins and tourmalinite are similar. Small variations ex-
ist for Pb (8-39 ppm), Zn (19-76 ppm), Ag (0.5-1.3
ppm), Co (2-11 ppm), Au (8.1-107.5 ppb), Sr (97-177
ppm), Sb (1.6-36.9 ppm), Cr (4—14 ppm), Ba (18-60
ppm), W (1-16 ppm), Sc (15-29 ppm), P (40-80 ppm),
and Mn (194-262 ppm). Contents of some elements are
below detection limits, for example U (< 0.5 ppm), Th
(<0.2 ppm), Nb (<2 ppm), Be (< 1 ppm), Cd (< 1 ppm),
Cs (< 1 ppm), Hf (< 1 ppm), Rb (< 15 ppm), and
Se (< 3 ppm), and are not shown in Table 2.

Tourmaline from quartz—tourmaline veins has higher
Pb, Zn, Ag, Sr, Sb, Ba, W, P, Sn, Li, and Au, but lower
Ni, Co, Mn, Cr, and Zr contents than that from the tour-
maline-rich rock. The concentrations of Cu and V lack
systematic variations both in tourmaline-rich rock and
in quartz—tourmaline veins. Concentrations of Ni, Co,
Mn, and Cr in tourmaline-rich rocks, which are locally
widespread along the contacts of lower basic series and
coarse granodiorite, are considerably higher than in tour-
maline from the quartz—tourmaline veins. Widespread
euhedral crystals of chlorapatite occur in the quartz—
tourmaline veins and hence, amounts of P in this type
of rock are higher than in the occurrences of tourma-
line-rich rock.

Base-metal contents of tourmaline generally reflect
its associated sulfide mineralization. Griffin et al. (1996)
plotted data for Cu, Pb, and Zn in tourmaline samples
from many massive sulfide deposits on a triangular dia-
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Schorl
Buergerite

Al

Foitite
Alkali-Free
Dravite

Dravite

Mean tourmaline composition from Cornwall Sn=-Cu deposits, England
(Farmer & Halls 1993)

Mean tourmaline composition from the Guanggi tin deposit, China
(Mao 1995)

Mean tourmaline composition from the Coxheath porphyry Cu-Mo-Au
deposit (Lynch & Drtega 1997)

Tourmaline composition from the Los Bronces porphyry copper deposit,
Chile (Skewes 1992) o

Mean tourmaline composition from the Salikvan porphyry Cu-Mo
deposit (This study)

Mean tourmaline composition from Chilean deposits

Tourmaline composition from the Los Pelambres porphyry copper
deposit, Chile (Skewes 1992)

Tourmaline composition from the El Teniente porphyry copper deposit
(Skewes 1992)

Mean tourmaline compasition from the Ba jan-Ula porphyry Cu-Mo
deposit, Russia (Koval et al. 1991)

FiG. 5. Plot of the tourmaline compositions at Salikvan (shaded area) in terms of Al-Fe—

Mg, together with mean composition of tourmaline in other hydrothermal systems, All
data, except for the mean composition from the Los Pelambres porphyry copper deposit
in Chile and from hydrothermal veins in the Cornwall (England) district lie below the
schorl-dravite line (i.e., in the field of Fe3+—bearing tourmalines). The numbered fields
(after Henry & Guidotti 1985) correspond to: (1) Li-rich granitic rocks and their asso-
ciated pegmatites and aplites, (2) Li-poor granitic rocks and their associated pegmatites
and aplites, (3) Fe**-rich quartz—tourmaline rocks (hydrothermally altered granites), (4)
metapelites and metapsammites coexisting with an Al-saturating phase, (5) metapelites
and metapsammites not coexisting with an Al-saturating phase, (6) Fe**-rich quartz—
tourmaline rocks, calc-silicate rocks and metapelites, (7) low-Ca metaultramafic rocks
and Cr,V-rich metasedimentary rocks, and (8) metacarbonates and metapyroxenites.
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gram. Samples of tourmaline from the Salikvan area plot
in the middle of the diagram, close to the Cu-Zn join
(Fig. 6A). On an Ag—Au~Sb diagram, the data points
define a narrow range parallel to the Ag—Sb join and
close to the Sb apex (Fig. 6A). Limited data are avail-
able for trace-element contents of tourmaline from por-
phyry copper environments. The compositions of
tourmaline from the Salikvan porphyry Cu-Mo deposit
are plotted on a Sn—-Mo—Cu diagram (Fig. 6B) together
with the average compositions of tourmaline from the
Bajan—Ula porphyry Cu-Mo occurrence in Russia
(Koval et al. 1991). The concentration of tin in tourma-
line from the Salikvan area seems to be higher than in
that from the Bajan—Ula area. Trace-element contents
of tourmaline from the Salikvan deposit indicate that
molybdenum concentration cannot be correlated directly
with the degree of enrichment of the associated sulfide
mineralization. This finding is also supported by the
mean composition of tourmaline from the Bajan—-Ula
porphyry Cu—Mo deposit, which in terms of W—Mo—Sn
proportions lies toward the W apex (Fig. 6B). Chemical
compositions of the tourmalinites, in terms of Na, Ca,

Zn Aus10 Ag

)

Cu Pb b

Cu Mo w

Sn Mo Sn

F1G. 6.  Trace-element concentrations in tourmaline. A. Cu—
Pb-Zn and Ag-Au*10-Sb. B. Sn—-Mo-Cu and W-Mo-Sn.
Filled-square symbol in Figure 6B refers to the composi-
tion of tourmaline from the Bajan-Ula porphyry Cu—Mo
deposits in Russia (Koval ef al. 1991).
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K, Sr, Ba, and Zn/(Zn + Pb), are different from those of
tourmaline in the quartz—tourmaline veins. Tourmaline
in the tourmatine-rich rock has higher K, Zn/(Zn + Pb),
and lower Na, Ca, Ba, and Sr values than the vein tour-
maline.

Rare-earth elements

The rare-earth-element content of tourmaline pro-
vides important constraints for assessing its genesis.
Studies of the REE abundances of tourmaline from vari-
ous environments have increased in the last decade,
owing in part to developments in analytical techniques
(King & Kerrich 1986, King 1988, King et al. 1988,
Slack et al. 1993, Hellingwerf et al. 1994, Garba 1996,
Cleland et al. 1996). The REE concentrations in tour-
maline from a quartz-tourmaline vein, a tourmaline-rich
rock, and host coarse granodiorite and tonalite porphyry
are given in Table 3. Data for the REE were obtained
using the INAA technique. The determination of trace-
element and REE abundances in tourmaline and other
boron-bearing minerals by INAA is affected by suppres-
sion of the incident neutron flux in the target sample
during irradiation, arising from the intrinsically large
neutron-capture cross-section of boron. King et al.
(1988) reported that the neutron-capture effect lowers
the INAA-determined abundance of REESs in tourma-
line by about 60%. Taking this effect into account, the
REE concentrations of tourmaline samples from the
quartz—tourmaline veins and the tourmaline-rich rock in
Salikvan deposit are corrected using the procedure pro-
posed by Slack et al. (1993) and Slack (1996). The total
REE concentrations of the tourmaline samples are low.
Their total REE contents range between 17.5 and 45.5

TABLE 3. RARE-EARTH-ELEMENT CONCENTRATIONS IN
TOURMALINE AND GRANITIC ROCKS FROM THE SALIKVAN
PORPHYRY Cu-Mo DEPOSIT

Tt T2 T3 T4 R1 R2
La ppm 336 10.14 15.69 12.15 42 26
Ce 10.08 1521 2092 12.15 72 50
Nd 034 051 1.05 081 20 18
Sm 034 1.01 1.57 081 3 4
Eu 034 101 1.05 0.40 0.7 0.9
Yb 2.69 355 418 324 12 34
Lu 0.34 051 1.05 0.81 05 0.56
Lay/Smy 622 632 629 944 8.0 4.6
Lay/Yby 084 1.93 254 2.53 23.64 517
La/Cey 0.86 1.74 1.96 2.60 152 1.36
Ce/Cey 10.53 15.89 21.86 12.69 7523 52.25
Ew/Eu* 0.97 1.46 1.12 0.68 032 0.67
Sm/Nd 100 198 1.49 1.00 1.50 022
St/Eu 5206 103.9 924 370.0 760.0 400.0
La/Yb 125 2.86 3E7S) 375 35.00 7.65
I REE 17.49 3194 45.51 3037 1664 929

Samples T1, T2: tourmaline in tourmaline-quartz veins; T3, T4: tourmaline in
tourmaline-rich rocks; R1: coarse granodiorite; R2: tonalite porphyry
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Chondrite-normalized patterns of the REE from the
tourmaline in quartz—tourmaline veins and tourmaline
from the tourmaline-rich rock are shown in Figure 7,
together with the tourmaline-bearing magmatic rocks.
The plot of REE concentrations shows a different spec-
trum in terms of rock types and tourmaline occurrences.
Tourmaline from the quartz—tourmaline veins and tour-
maline from the tourmaline-rich rocks show poorly frac-
tionated chondrite-normalized patterns (Lan/Yby= 0.84
and 2.54, respectively), and generally decrease in light
REE and increase in heavy REE (Fig. 7). The coarse
granodiorite shows a highly fractionated pattern with a
chondrite-normalized value of Lan/Yby = 23.6. On the
other hand, the tonalite porphyry, which hosts exten-
sive tourmalinization, has a poorly to moderately
fractionated pattern, with Lay/Yby = 5.2. The tourma-
line-bearing tonalite porphyry is moderately enriched in
light REE, with normalized Lay abundances of 70-114
times chondrite and Lan/Smy values from 4.6 to 8.0.
Tourmaline from the quartz—tourmaline veins (T1 and

1000 E T T T T T T T
100 |=— —
o = =
g | i
=1
a - -
=
__(-3_ 10 =— —
© = =
L 15, il
1= =
0.1 1 L L 1 L L 1
La Ce Nd Sm Eu Ybh Lu
o Granodigrite (R1)
4 Tonalite porphyry (R2)
B Tourmaline in quartz-tourmaline veins (T1)
o Tourmaline in quartz-tourmaline veins (T2)
¢ Tourmaline in tourmaline-rich rocks (T3)
¢ Tourmaline in tourmaline-rich rocks (T4)

FiG. 7. Chondrite-normalized diagram showing REE patterns
of coarse feldspar-bearing granodiorite (R1), tonalite por-
phyry (R2), tourmaline in quartz—tourmaline veins (T1,
T2), and tourmaline-rich rock (T3, T4). Chondrite data
from Taylor & McLennan (1985).
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T2 in Table 3) is depleted in the light REE, with nor-
malized Lay contents of 9.15 and 27.68 times chondrite
and a Lan/Smy of 6.2 to 6.3, in contrast to tourmaline in
the tourmaline-rich rocks (T3 and T4 in Table 3) with
normalized Lay abundances of 42.8 and 33.1 times
chondrite and Lan/Smy values between 6.3 and 9.4. The
tourmaline from quartz—tourmaline veins is character-
ized by a small positive Eu anomaly (Ew/Eu* in the
range 0.97-1.46), whereas tourmaline from tourmaline-
rich rocks shows a variable Eu anomaly (Euw/Eu* in the
range 0.68—1.12). Both tourmaline from quartz—tourma-
line veins and that from tourmaline-rich rocks are
marked by a progressive depletion from La to Sm and
enrichment in the heavy REE (Yb, Lu) with a small
positive Eu anomaly. Low total REE concentration, to-
gether with small positive Eu and negative Ce anoma-
lies, suggest that the REE were contributed to the system
by hydrothermal solutions (Klein & Beukes 1989). The
chondrite-normalized REE pattern of tourmaline from
tourmaline-rich rocks shows a trend similar to that of
tourmalinite formed in submarine environments.

COMPOSITIONAL V ARIATIONS

The average composition of tourmaline at Salikvan
corresponds to (Nags3Cag33) (Mgi.7sFe0.01) (Alsso
Fe’*y.42) [SisO15] (BO3) (OH,F),. Tourmaline from this
area generally has insufficient Al to fill the Z site. Tour-
maline in quartz—tourmaline veins has greater R1 (Na +
Ca) site occupancy (mean R1 = 0.90 apfir) and R3 (Al +
1.33*Ti) site occupancy (mean R3 = 5.77 apfu) than
tourmaline in the tonalite porphyry (mean R1 = 0.88,
mean R3 = 5.69 apfu) and in tourmaline-rich rocks along
the contact between coarse granodiorite and the lower
basic series. Tourmaline from the tonalite porphyry
shows a higher R2 (Fe + Mg + Mn) site occupancy
(mean R2 = 3.20 apfu) compared to tourmaline both in
the quartz veins (mean R2 = 3.03 apfu) and tourmaline-
rich rocks (mean R2 = 3.09 apfu). In general, tourma-
line from tourmalinite has higher concentrations of Mg
and lower Fe than tourmaline in tonalite porphyry and
in quartz—tourmaline veins. The tourmaline from tour-
maline-rich rocks has also higher Ca/(Ca + Na) values.
In comparison, tourmaline in the tonalite porphyry dis-
plays lower Mg and higher Fe contents. Tourmaline in
quartz—tourmaline veins lacks systematic compositional
differences relative to the other types of tourmaline.

A plot of tourmaline compositions is given in Figure 8
in terms of Mg versus Fe. Compositional trends for dif-
ferent porphyry Cu-Mo deposits are shown for com-
parison. Magnesium is generally uniform between 1.50
and 2.00 apfie. The samples range from dravite to uvite;
the slope of the regression between aluminum and iron
has a correlation coefficient r of —0.88. Iron thus substi-
tutes to a considerable extent for Al in the R3 site. Elec-
tron-microprobe traverses (Fig. 9) also indicate coupled
Fe**—Al variations.
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FiG. 8. Tourmaline compositions in terms of FeT versus Mg
diagram. Chemical trends of tourmaline from other por-
phyry Cu—Mo deposits are plotted.

The chemical composition of tourmalines is shown
on a tourmaline quadrilateral in Figure 10. The Ca con-
tent of the tourmalines from the Salikvan area ranges
from 0.18 to 0.47 apfu and is correlated with the Fe/(Fe
+ Mg) value (correlation coefficient 0.74). An increase
in the Ca content of tourmaline reflects the uvite substi-
tution. Depending on the amount of magnesium in the
R2 site, the excess iron occupies the R2 and R3 site.
Thus, it gives rise to ferrous and ferric iron content in
the tourmaline structure. The chemical composition of
tourmaline samples from the Salikvan deposit on R1 +

7.0 1
Light core Dark core
6.0 Si g m -
S U
&
2]
g 50
" 2.0’: T
;S Mga—w
L &
E 1.5 i /\I-N'
g 1.0 _FB +‘-~—*__+__..|.-—-+
& w
Q 0.5 | Na o—¢—%—, o
Ca x*—-x\*(_*/x Hmg— Koy X
0.0 | Ti o9 4 o—® "%

Rim core rim Rim core rim

FiG. 9. Electron-microprobe traverses across zoned crystals
of tourmaline from quartz—tourmaline veins,
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R2 versus R3 diagram (Fig. 11) presents a trend toward
the uvite [Ca(Fe,Mg)}(NaAl)_; end-member. Tourma-
line from the quartz—tourmaline veins shows concentric
zonation about the ¢ axis (Fig. 9). Optical and composi-
tional zoning were identified in tourmaline from quartz—
tourmaline veins. Tourmaline with a light-colored core
(Fig. 3B) has low Fe, Ca, Mg and Ti contents, but the
Na and Al content in this type of tourmaline shows an
increase toward the rim. Tourmaline with a dark core is
richer in Mg, Ca, Fe and Ti, but depleted in Al and Na
contents. Diverse patterns of chemical zoning in tour-
maline indicate that distinct mineralizing events char-
acterized by different hydrothermal processes played an
important role in determining the compositions of tour-
maline.
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Fic. 10. Ca/(Ca+ Na) at the X site versus Fe/(Fe + Mg) at the
Y site of the tourmalines.
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Fic. 11. Variation of (R1 + R2) versus R3 in tourmaline from
the Salikvan porphyry Cu-Mo deposit. Data for tourma-
line from various types of porphyry Cu—Mo deposits are
shown for comparison.
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Boron ISOTOPE STUDIES

Boron isotope analyses were carried out on pow-
dered pure separates of tourmaline from crushed tour-
maline-rich rocks and quartz—tourmaline veins. The
samples were dissolved in HF + HNO; acids with addi-
tion of mannitol in closed Teflon beakers (Nakamura et
al. 1992), and the boron fractions were purified by
cation-resin chemical columns and then analyzed using
a negative-ion (BO%) thermal-ionization mass spec-
trometer (Swihart 1996). The 5!'B values (in %o) are
reported as 3B = [(HB/IOB)sample / (HB/IOB)standard
- 171*1000. The boron standard is NIST boric acid SRM
951, prepared by the National Institute of Standards and
Technology, Bethesda, Maryland. During the course of
this study, about 20 analyses of this standard in the labo-
ratory at Mainz have yielded an average ''B/'°B value
of 4.0090 £ 0.7%¢ (20). Samples were analyzed with an
average precision of the measurements better than
+0.7%o0 (20).

A study of the isotopic composition of boron in tour-
maline provides valuable information regarding the
source of boron and the genesis of related mineraliza-
tion. Boron isotope studies of tourmaline from hydro-
thermal ore deposits have largely focussed on massive
sulfide deposits and tourmalinites (Palmer & Slack
1989, Slack et al. 1993). However, the number of other
studies of boron isotopes on granite-related hydrother-
mal Sn—W, mesothermal Au, evaporites, and metamor-
phosed borate deposits has increased in recent years
(Smith & Yardley 1996, Rowins ef al. 1997, Palmer &
Helvaci 1997, Jiang et al. 1997). Limited boron isotope
data are available from granite-related hydrothermal
deposits. In a study of tourmaline from a number of
granite-related Sn—W veins, polymetallic deposits, and
barren rocks in Nova Scotia, Clarke er al. (1989) re-
ported 8!'B values of —18.5 to 3.5%¢ with a low analyti-
cal precision (£7%o). Smith & Yardley (1996) analyzed
tourmaline from the granite-related Sn deposits at
Cornwall, southwestern England. They reported 3''B
values of —10.8 to —2.8%o for tourmaline from hydro-
thermal veins and altered rocks; these show a similar
range to that defined by tourmaline in granitic rocks (—
12.7 t0 —5.9%0) and from tourmalinites (—10.5 to 0.7%o).
Jiang & Palmer (1998) reported boron isotope data from
granites and related hydrothermal metasomatic halos in
the Guangxi tin province, southeastern China. They re-
ported 8B value of —13.9%. for tourmaline from gran-
ites, and ~12.7 to —11.9%. for tourmaline from greisen
near granite in the Yidong granite-related tin deposit.

In the Salikvan deposit, tourmaline from a quartz—
tourmaline vein has a 8!!B value of —9.4%., whereas
tourmaline from a tourmalinite has a similar 8''B value,
—9.0%o. The boron isotopic compositions of these
samples fall within the 3''B range of tourmaline from
granite-related settings (Jiang & Palmer 1998). The
boron isotope systematics indicate that the tourmaline
grew during late-stage magmatic hydrothermal activity.
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Tourmaline from quartz—tourmaline veins has a higher
content of Ag, Au, Pb, Sc, Sb, Mo, W, P, and Li than
tourmaline from tourmaline-rich rocks (Table 2). How-
ever, tourmaline from quartz—tourmaline veins has
lower contents of Mn, Ni, Co, and Cr than that from
tourmalinite. Because of our limited boron isotope data
on tourmaline, we are unable to establish correlations
between trace-element contents and 8''B values, but a
decrease in Ag, Au, Pb, Sc, Sb, Mo, W, P, and Li con-
tents accompanies an increase in 3'!'B values.

Discussion
Trace-element variation in tourmaline

Trace-element data on tourmaline from a mineral-
ized area may give important insights into the chemical
characteristics and evolution of the hydrothermal sys-
tem. Economic constraints and availability of tourma-
line, however, restrict its practical application for
geochemical exploration. Smith ez al. (1987) discussed
the use of trace-element geochemistry of tourmaline for
certain districts on the basis of the widespread distribu-
tion of tourmaline in Mexican porphyry Cu-Mo depos-
its; in contrast, there is a lack of associated tourmaline
in southwestern U.S. porphyry deposits. Tourmaline, in
most of porphyry copper deposits, is found as an acces-
sory mineral associated with potassic and phyllic alter-
ation zones and hydrothermal breccias. In some
porphyry copper deposits, tourmaline also accompanies
late-stage sodic—calcic alteration subtypes.

In this study, the major, trace, and REE content of
tourmaline from the weakly developed Salikvan por-
phyry Cu-Mo deposit is evaluated. Its major-element
variations, together with that of tourmaline in other por-
phyry copper deposits, are discussed as an exploration
guide for this style of mineralized systems. Tourmaline
in the Salikvan deposit is found as an albite + tourma-
line assemblage that is superimposed on the propylitic
alteration zone. This formation reflects the mode of tour-
maline occurrence developed at shallow depths.

Because of limited trace-element data on tourmaline
from porphyry Cu—Mo deposits elsewhere, we are un-
able to make comparisons with our findings. Correla-
tions between trace elements in tourmaline are
categorized as excellent (i.e., r 2 0.95; Pb—Ag, Sb-Ag,
V-Ag, V-Au, Si-Ba, Cr—Co, W-P, V-P, Sb-Pb, V-
Sb), very good (i.e., 0.90 <r < 0.95; Au-Ag, Li-Ag, P-
Ag, W-Ag, Pb-Au, Mn-Cr, Zn—Cu, Mo-Li, Sb-Li,
V-Li, Pb—Mo, Zr-Sn), good (i.e., 0.80 <1 <0.90; Mo—
Ag, P-Au, Sb—Au, W—Au, Mn-Cu, Pb-Li, Sb-Mo, V-
Mo, Sb-P, V-P, W—Sb, W-V), and moderate to good
(i.e., 0.70 <r £0.80; Li-Au, Mo-Au, Li-Ba, Pb-P, Sc—
Pb, W-Pb). Correlations between trace elements in tour-
maline indicate the similar geochemical behavior of
these elements during tourmaline crystallization and
later sodic alteration. Strong correlation coefficients
between elements having similar ionic radii (i.e., Pb—
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Ag, Sr—Ba, Cr—Co) may hint at replacement during
tourmalinization. Correlations involving pairs of ele-
ments with distinct ionic radii, however, may arise from
both trace amounts of ore minerals trapped in the tour-
maline and possible replacements in these minerals. A
principal component analysis on 18 trace elements in-
dicates that two components mainly are responsible for
the variation according to lithology, mineralization and
alteration processes, with 80.9% total variance. Princi-
pal component 1 is a strong association of P, Au, Ag,
Sb, V., W, and Li, and a strong negative association of
Mn, Co, and Cr, explaining 57.2% of the total variance
in the data. Principal component 2 is a strong positive
association of Ba and Sr, and a strong negative associa-
tion of Zr and Sn, explaining 23.7% of the total vari-
ance in the data.

Variations in ferric and ferrous iron in tourmaline

The tourmaline from well-known porphyry Cu—Mo-
Au deposits [e.g., Bajan—-Ula, Russia: Koval et al.
(1991), Coxheath, Nova Scotia: Lynch & Ortega (1997)]
is generally rich in ferric iron, suggesting that they are
formed under relatively oxidizing hydrothermal condi-
tions. The calculated ferric iron content of tourmaline-
rich rocks is 0.53 apfu on average. The ferric iron
content of tourmaline-rich rocks is higher than that of
quartz—tourmaline veins (mean 0.36 apfi) and tonalite
porphyry (mean 0.44 apfis). Calculated Fe?*/Fe?* val-
ues of tourmaline from Salikvan range from 0.04 to 1.92
(mean 0.51). The higher Fe**/Fe?* values suggest that
tourmalines in the Salikvan deposit formed under rela-
tively oxidizing hydrothermal conditions. Tourmalines
from the Bajan—Ula (Koval ez al. 1991) and Coxheath
porphyry Cu—-Mo deposits (Lynch & Ortega 1997) also
have higher Fe**/Fe”* values in the range of 0.03 to 1.01
(mean 0.60) and 0.38 to 1.55 (mean 0.87), respectively.
The interpretation that tourmalines from both of these
deposits developed under relatively high AO,) condi-
tions agrees with the copper + molybdenum metallogeny
of the granitic rocks, which contain magnetite rather
than ilmenite. Pirajno & Smithies (1992) proposed that
the ratio FeO/(FeO + MgO) (i.e., Fe#) of tourmaline can
be a useful discriminant in distinguishing Sn—W depos-
its in terms of their distance from the granitic source.
The tourmaline data are plotted on a Fe# versus MgO
diagram (Fig. 12); we contend that the Salikvan deposit
formed at shallow depths, possibly as a result of fluids
that moved a long way from the main granitic source.
This application of tourmaline composition is also in
harmony with the field observation and microscopic
studies. Most of amphiboles in the lower basic series
and coarse granodiorite, especially at the top of the se-
quence in the study area, near Lake Karagdl, have been
converted to tourmaline by hydrothermal fluids. Tour-
maline-rich rocks (up to 5 cm thick) are observed at the
contacts of these two lithologies. To convert amphibo-
lite to tourmaline, Morgan & London (1989) demon-
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the Salikvan porphyry Cu-Mo deposit.

strated experimentally that an introduction of Al along
with B (and local conservation of Fe and Mg) provide
the most satisfactory conservation of mass and volume,
and that Al in particular is soluble in B-rich aqueous
fluids. Alteration of calcic amphibole to the tourmaline
yielded the uvite component, especially in tourmaline-
rich rocks. This type of substitution is observed in
tonalite porphyry at the expense of plagioclase.

Chemical substitutions

Despite incomplete electron-microprobe data, tour-
maline provides useful information about possible
chemical substitutions during its crystallization. Differ-
ent types of chemical substitutions in the X, ¥ and Z sites
give rise to complex compositions (Foit & Rosenberg
1977, Henry & Guidotti 1985, Gallagher 1988, Burt
1989, Henry & Dutrow 1990). Aluminum-rich tourma-
line generally contains enough Al to fill completely the
Z site; excess Al is located in the Y site according to the
AlOMg_(OH)_; and [JAINa_;Mg ; substitutions
(Henry & Dutrow 1990). In lithium-poor aluminous
tourmaline, calcium incorporation in the structure can
be controlled by the dominant CaMgO[]_;Al ;(OH)_;
substitution and, to a lesser extent, CaMgNa_;Mg_; and
AlOMg {(OH)_;. Henry & Dutrow (1990) pointed out
that in cases of CaMgOM[] 1Al ;(OH)., as the domi-
nant mechanism of substitution in aluminous tourma-
line, there should be a general inverse correlation
between Ca and X-site vacancies, and a poor correla-
tion between Ca and Na. This substitution develops only
in tourmaline in relatively aluminous bulk compositions,
and is associated with significant X-site vacancies
(Henry & Dutrow 1990). In the Salikvan tourmalines,
(Na + Fe) is inversely correlated with Al (r = —0.75).
The variation between Na and Ca with Al shows an in-
verse relationship, with r = —0.54. Electron-microprobe
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results indicate that vacancies in the X site range up to
0.46 (mean 0.14), such that no significant X-site vacan-
cies (Xiora < 0.50) exist at Salikvan. Deficiencies in the
X site show a positive correlation (r = 0.52) with Al in
the Z site. A negative correlation (r = —0.69) between
Fe?* and Mg shows the existence of dravite and uvite
components in the tourmaline. A plot of the data on the
exchange-vector diagrams of Henry & Dutrow (1990)
indicate that the Salikvan tourmaline contains the domi-
nant substitutions CaMgO[J_;Al ;(OH)_;, CaMg[]4
Al and CaMg;OHL] Al 30_; There is an inverse re-
lationship between Ca and vacancies in X site, with a
correlation coefficient of r =—0.66 (Fig. 13A). On a Na*
+ Al* versus Ca + Mg* plot, tourmaline data from the
Salikvan area yield a least-squares fit with a slope of
—0.70 and correlation coefficient of r=-0.71 (Fig. 13B).
No correlation (r = +0.008) exists between Ca and
(Na + K) at the X site. These results indicate that
CaMgO[]_AL{(OH)_; is the dominant mechanism for
calcium incorporation in tourmaline from Salikvan.
These variations are similar to those in the feruvite oc-
currences from footwall samples of the Sullivan Pb—Zn—
Ag deposit in British Columbia. Jiang er al. (1996)
attributed these variations to the dominant substitution
vector CaMgO{]_;Al_;(OH)_ in the deep footwall
samples of the Sullivan deposit. According to them, the
Ca in feruvite also diminishes X-site vacancies. It seems
that calcium-rich plagioclase and calcic amphiboles
have controlled the incorporation of Ca into the Salikvan
tourmalines and thus yielded the uvite instead of the
feruvite component.

CONCLUSIONS

1. Tourmaline from the Salikvan porphyry Cu-Mo
deposit is identified in three main types: (i) quartz—tour-
maline veins, (ii) tonalite porphyry, and (iii) tourmaline-
rich metasomatic rocks.
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0.458 - L3A y=-10192"+0470 | _|
r=-0.661

0.327 - 4 l
O 0.19 |- i
0.065 - ]
0,000 - =

L 1 | I \

0.181 0.253 0.325 0.397 0.470
Ca

THE CANADIAN MINERALOGIST

2. The chemical composition of tourmaline is domi-
nantly dravitic and, to a lesser extent, there is a uvite
component. The uvite component formed by the reac-
tion of Fe-rich hydrothermal fluids with Ca-rich am-
phibole and plagioclase in the magmatic host-rocks.

3. The tourmaline from quartz—tourmaline veins has
higher levels of Pb, Zn, Ag, Sr, Sb, Ba, W, P, Sn, P, Li,
and Au, but lower levels of Ni, Co, Mn, Cr and Zr than
the tourmaline from tourmaline-rich rocks. According
to correlation studies between trace elements in tour-
maline, there are similar patterns of geochemical behav-
ior during tourmaline crystallization and later processes
of alteration.

4. The tourmaline from Salikvan is generally rich
in ferric iron, as is the tourmaline from other porphyry
Cu-Mo-Au deposits in the world. The calculated
Fe}*:Fe?* ratio of the tourmaline reflects the relatively
oxidizing hydrothermal conditions of crystallization.

5. Chemical substitution in tourmaline of the Sa-
likvan suite involves the exchange vector CaMgO[] ;
Al 1(OH)_;.

6. Boron isotope compositions of tourmalines point
out the granite-related tourmaline settings and source
of the boron in the late-magmatic hydrothermal fluids.

7. Chondrite-normalized patterns of REE are poorly
fractionated, with general decrease in light REE and
increase in HREE.

8. Concentric zonation, with a light and dark pleo-
chroic schemes at the core of crystals, indicates that
compositionally different hydrothermal fluids are re-
sponsible for the development of tourmaline.
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