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ABSTRACT

The Coxheath deposit is a zoned Cu—Mo—Au porphyry system related to Hadrynian calc-alkaline volcanic and plutonic rocks
of the Avalon Zone in northeastern Nova Scotia. Alteration minerals are distributed over 30 km?, and cross the contact of a
composite porphyritic granitic pluton and overlying volcanic units. In the core of the pluton, a zone of potassic alteration
comprises quartz—feldspar stockwork veinlets that contain varying proportions of chalcopyrite + bornite + molybdenite and
accessory magnetite + hematite. Hydrothermal titanite, apatite, and actinolite also occur. Peripheral to the potassic zone,
propylitic alteration assemblages contain chlorite + epidote + calcite + pyrite in veins or as patchy replacements. Farther outward,
volcanic units have been affected by widespread and intense phyllic alteration and sericitization, and by the formation of quartz
stockworks and up to 2-5% disseminated pyrite. The outermost zones were overprinted by argillic alteration, characterized by
kaolinite, pyrophyllite, and local chalcedonic quartz. Tourmaline occurs in stockwork veinlets with albite, defining a restricted
zone of sodic alteration that overlaps the central potassic zone and inner margin of the propylitic zone. Compositions of the
tourmaline tend toward dravite, with significant dravite—povondraite solid solution marked by Fe—Al exchange in the octahedral
site. A minor proportion of the uvite component and charge balance according to stoichiometry indicate Fe2+/(Fe2*+ + Fe3+) values
of 0.4 to 0.9. Fluid-mineral equilibria at the hematite-magnetite buffer suggest that tourmaline precipitation is strongly
influenced by cooling, and by the activity of boric acid, B(OH)s. Boric acid is the dominant aqueous species of boron in
hydrothermal systems, and is stable across a wide range in pH encompassing alkaline to acidic mineralizing conditions. As a
relatively non-volatile component, modeling suggests that boric acid becomes concentrated in the liquid fraction of boiling fluids,
contributing to the precipitation of tourmaline within the residual hydrothermal component, and ephancing the zoning of
hydrothermal minerals.

Keywords: boric acid, tourmaline, povondraite, Coxheath porphyry deposit, boiling, Avalon Zone, Nova Scotia.
SOMMAIRE

Le gisement de Coxheath est un exemple d’un gisement zoné de type “porphyre 3 Cu—Mo—Au” lié 2 un cortége de roches
hadryniennes calco-alcalines volcaniques et plutoniques de la zone avalonienne, dans le nord-est de la Nouvelle-Ecosse. Les
assemblages de minéraux d’altération sont distribués sur une superficie de 30 km?, traversant le contact entre un pluton composite
de granite porphyrique et un cortége d’unités volcaniques sus-jacents, Dans le centre du pluton, une zone 2 altération potassique
comprend un réseau de veinules & quartz + feldspath contenant des proportions variables de chalcopyrite + bornite + molybdénite,
ainsi que magnétite + hématite accessoires. La titanite, ’apatite et 1’actinolite, toutes d’origine hydrothermale, sont aussi
présentes. Disposés de facon périphérique autour de la zone potassique, les assemblages d’altération propylitique contiennent
chlorite + épidote + calcite + pyrite en veines ou en remplacements sous forme de taches. Encore plus loin du centre, les unités
volcaniques ont subi les effets d’une altération phyllique et d’une séricitisation répandues et intenses, et de la formation de
stockworks 2 quartz avec jusqu’a 2-5% de pyrite disséminée. Les zones externes montrent les effets d’une altération argillique,
qui a produit kaolinite, pyrophyllite et, ici et 13, du quartz, variété chalcédoine. La tourmaline se présente en réseaux de veinules
avec de Ialbite, et definit ainsi une zone restreinte d’altération sodique qui chevauche la zone centrale 2 altération potassique et
la bordure interne de la zone d’altération propylitique. Les compositions de tourmaline sont dravitiques, mais tendent au pdle
povondraite, signalant un remplacement de Al par Fe appréciable dans la position octaédrique. Une composante mineure d’uvite
et un bilan balancé des charges pour des compositions stoechiométriques indiquent des valeurs du rapport Fe2+/(Fe2* + Fe3+)
entre 0.4 et 0.9. Les équilibres entre minéraux et phase fluide aux conditions imposées par le tampon hématite — magnétite font
penser que la précipitation de la tourmaline serait fortement favorisée par un refroidissement, et par I’activité de 1’acide borique,
B(OH);. L’acide borique serait I’espdce dominante du bore en milieu aqueux dans un systéme hydrothermal, et stable sur un
grand intervalle de pH, allant de conditions favorisant la minéralisation en milieux alcalins 2 acides. Comme il s’agit d’une espece
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relativement peu volatile, notre modele fait penser que 1’acide borique devient concentré dans la fraction liquide d’un systéme
en ébullition, contribuant ainsi 2 la précipitation de la tourmaline 3 partir du syst®me hydrothermal résiduel, et ajoutant au schéma

de zonation des minéraux hydrothermaux.

(Traduit par la Rédaction)

Mots-clés: acide borique, tourmaline, dravite, povondraite, gisement de type “porphyre” de Coxheath, ébullition, zone

avalonienne, Nouvelle-Ecosse.

INTRODUCTION

The Coxheath deposit, on Cape Breton Island in
northeastern Nova Scotia (Fig. 1), is a vein and stock-
work Cu-Mo—Au system. Since its discovery in 1875,
it has undergone various phases of exploration and
development, including extensive drilling, shaft sink-
ing, and cross-cut driving (Oldale 1967). It was initially
developed as a high-grade, low-tonnage prospect (Beaton
& Sugden 1930), but eventual recognition of the porphyry-
stockwork style of mineralization changed exploration
strategies to that of a low-grade, high-tonnage prospect
(Oldale 1967). Reported grades include values of up to
2% Cu, 1% MoS,, and 8.6 ppm Au across limited
widths (Oldale 1967). However, to date, only the core
potassic zone, tourmaline veining, and propylitic zone
of alteration within the deposit have been described
(Oldale 1967, Hollister et al. 1974, Clarke et al. 1989).

In this study, we establish and document at the Coxheath
deposit all of the zones that characterize typical porphyry
systems, including the potassic core, phyllic margin,
and outer argillic and epithermal assemblages, as well
as propylitic (calcic alteration) and albite—tourmaline

(sodic alteration) facies. Identification of these new .

zones has resulted in significant expansion of the area
affected by the mineralized hydrothermal system. Surface
mapping was carried out at various scales, and included
detailed descriptions of trenches, excavated sites, and
drill core. Petrographic examination was supplemented
by X-ray diffraction and electron-microprobe analysis.
Our study has emphasized tourmaline because of its
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Fic. 1. Map showing location of the Coxheath porphyry
Cu-Mo-Au deposit within the Avalon Zone of the Cana-
dian Appalachians.

recognized association with the higher-grade parts of
the deposit, and because it has considerable potential as
a petrogenetic indicator mineral (e.g., Henry & Guidotti
1985, Povondra & Novak 1986, Clarke et al. 1989).

Tourmaline is an important vein and alteration mineral
that occurs in a wide variety of hydrothermal deposits,
including different types of granite-related porphyry
systems (Sillitoe 1973, Lynch 1989, Koval et al. 1991,
London & Manning 1995), mesothermal Au veins
(King & Kerrich 1986, Robert & Brown 1986, King
1990), and massive sulfide ores (Slack 1982, Taylor &
Slack 1984, Palmer & Slack 1989), among others (e.g.,
Clarke er al. 1989, Slack 1996). Compositionally,
hydrothermal tourmaline spans a wide range between
the schorl and dravite end-members, and in some deposits
has a substantial Fe+-rich or uvite component (Slack
1996). In zoned porphyry-stockwork Sn + W deposits,
tourmaline may be concentrated in parts of the potassic
core and phyllic margin (Forsythe & Higgins 1990),
where selective tourmalinization of host-rock shales
can be common (Hsu 1943, Ahlfeld 1945, Lynch
1989). Tourmaline also is an abundant matrix mineral
in breccia pipes spatially associated with, or cross-cutting,
porphyry Cu deposits in volcanic terranes (Sillitoe &
Sawkins 1971, Sillitoe 1973, Warnaars et al. 1985,
Lubis ef al. 1994). In some cases, tourmaline occurs in
high-level epithermal systems (Shelnutt & Noble 1985,
Foit ef al. 1989, Meldrum et al. 1994, Fuchs & Maury
1995). Tourmaline occurrences appear to be volumetri-
cally most abundant in regions underlain by thick accu-
mulations of clastic marine sediments (Ethier &
Campbell 1977), by virtue of the high boron content of
the argillaceous components of such sediments
(Goldschmidt & Peters 1932, Landergren 1945, Harder
1959), or in volcanic arcs where boron is recycled
during volcanic activity into upper crustal reservoirs
from subducted sediments and altered oceanic crust
(e.g., Palmer 1991a, Bebout et al. 1993, Ishikawa &
Nakamura 1994, Leeman ef al. 1994, You et al. 1995).

Although field relations and experimental data demon-
strate that tourmaline has a wide field of stability, parame-
ters that control the mobilization and transport of boron,
and the precipitation of tourmaline, are not well under-
stood. Low-temperature authigenic tourmaline from
limestone and sandstone has been reported by many
investigators (e.g., Krynine 1946, Robbins & Yoder
1962, Henry & Dutrow 1992); tourmaline is a well-
known constituent of medium- to high-grade pelitic
schists (Henry & Guidotti 1985), and is common as a
primary igneous phase in pegmatites (e.g., Joliff ez al.
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1986) and as a late-magmatic to hydrothermal phase
within orbicules in granmites (Sinclair & Richardson
1992). At its upper stability limit near 900°C, hydrother-
mal tourmaline breaks down to form spinel + cordierite
(Fuh 1965), or kornerupine + sapphirine (Robbins &
Yoder 1962). Other experimental results (Vorbach
1989) suggest a more restricted field of stability for
hydrothermal tourmaline, approximately 250°~750°C.
Pressure apparently does not exercise a strong control
on the stability of tourmaline (Fuh 1965), but solutions
of intermediate pH with low to high solute concentra-
tions favor its precipitation (Smith 1949, Morgan &
London 1989). And fluid inclusions in tourmaline from

mineralized breccias at El Teniente in Chile record
hypersaline fluids (3444 wt.% NaCl equivalent), under
boiling conditions at 300°-400°C (Skewes 1992).

GEOLOGICAL SETTING

The Avalon Zone of the Canadian Appalachians
(Fig. 1) is characterized by a vast Late Proterozoic
volcano-plutonic arc, constructed on a Gondwana base-
ment, with correlative units extending to other portions
of the North Atlantic, Africa, and South America (Williams
1984). On Cape Breton Island, the Avalon Zone contains
five volcanic belts (Barr et al. 1988), ranging in age
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F1G. 2. Geology and alteration map of the Coxheath deposit. Mineral abbreviations are as follows: quartz (Qtz), calcite (Cal),
epidote (Ep), chlorite (Chl), actinolite (Act), apatite (Ap), titanite (Ttn), tourmaline (Tur), albite (Ab), K-feldspar (Kfs),
kaolinite (KlIn), pyrophyllite (Prl), sericite (Ser), muscovite (Ms), pyrite (Py), chalcopyrite (Ccp), bornite (Bn), molybdenite
(Mo), magnetite (Mag).
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from 575 to 680 Ma (Bevier et al. 1993). However,
unconformably overlying Cambrian—Ordovician, as
well as extensive Devonian—Carboniferous sedimen-
tary rocks, cover much of the region. Metamorphism
typically is only weakly developed within the Protero-
zoic units, being of subgreenschist to lower-greenschist
grade. Rocks of the Coxheath belt in the vicinity of the
Coxheath Cu-Mo—Au deposit consist of flows and pyro-
clastic deposits ranging in composition from basalt,
andesite, and dacite, to rhyolite. Geochemical studies
have identified a calc-alkaline trend (Thicke 1987,
Dostal & McCutcheon 1990, Barr 1993), with trace-
element patterns indicating a continental-margin arc
setting (Dostal & McCutcheon 1990). The volcanic
rocks are cut by a large composite pluton comprising a
core of granite to granodiorite and a broad margin of
diorite to monzonite containing an abundance of volcanic
xenoliths. The diorite, typically fine- to medium-
grained and equigranular, grades inward to porphyritic
monzonite that displays scattered, very coarse phenocrysts
of plagioclase. The granitic core is medium-grained and
equigranular, and locally contains xenoliths of diorite,
indicating a cross-cutting relationship with the border
phase. However, compositional variations within the
pluton are thought to have resulted from in situ differ-
entiation of the crystallizing magma (Chatterjee &
Oldale 1980).

Rhyolite within the Coxheath belt has been dated at
613 + 15 Ma by the U-Pb zircon method (Bevier et al.
1993). The composite pluton described above has
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yielded “°Ar/?Ar ages of 621.9 £ 4.2 Ma and 620.6 *
4.7 Ma, obtained from hornblende interpreted to be of
igneous origin (Keppie et al. 1990). Within the error
limits of the dating methods, the pluton and volcanic
rocks thus may be coeval. Bedding in the volcanic
succession typically is poorly defined. Carboniferous
normal faults bound much of the Proterozoic units, with
the most pronounced set striking north—-northeast and
having a subvertical dip.

HYDROTHERMAL ALTERATION AND MINERAL ZONING

Hydrothermal alteration and stockwork veining of
varying intensity have been documented across an area
of approximately 30 km?, measuring 7 by 4 km. Five
principal zones (Fig. 2) comprise the alteration types
typical of porphyry Cu—Mo—Au and epithermal systems
(e.g., Lowell & Guilbert 1970, Sillitoe 1993). From the
plutonic core to the outer overlying volcanic edifice,
these consist of potassic, tourmaline, propylitic, phyllic,
and argillic zones. Mineral parageneses of the principal
vein-types and alteration facies are summarized in
Figure 3, based on cross-cutting relations established by
field and petrographic observations.

Potassic zone
Two sets of stockwork veinlets occur in each of the

monzonite and diorite border phases of the Coxheath
pluton. Within the central part of the monzonite body,
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Fic. 3. Paragenesis diagram of principal vein and alteration minerals. Designation of early
and late is an approximation based on cross-cutting relations and overlapping mineral

assemblages.
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(A) -

F1G. 4. Photomicrographs of (A) vein chalcopyrite (light grey, cp)

rimmed by a layer of bornite (dark grey, bn); (B) hematite rim

(light grey, ht) on magnetite (dark grey, mt). Both samples are from the potassic zone. Field of view is 1 mm along base for

(A) and 0.7 mm for (B).

quartz veinlets have developed a strong alteration-halo
dominated by K-feldspar accompanied by varying
amounts of albite, epidote, apatite, as well as veinlet or
disseminated chalcopyrite, and pyrite. Veins in the second
set contain quartz with actinolite, surrounded by a halo
of K-feldspar, titanite, and apatite, with disseminated or
veinlet chalcopyrite, bornite, pyrite, and magnetite.
Bornite typically occurs as a rim on chalcopyrite
(Fig. 4A), associated with varying proportions of pyrite
or magnetite. Qutward, to the diorite margin, the potas-
sic alteration facies lacks pyrite, but contains molybde-
nite and magnetite. Within the diorite, quartz veinlets
display a halo of K-feldspar with variable amounts of
albite, epidote, chlorite, titanite, and apatite, as well as
vein or disseminated chalcopyrite, bornite, molybde-
nite, and magnetite. Magnetite commonly has either a
hematite rim (Fig. 4B), or hematite developed along
cleavage and fracture planes. Coarse specular hematite
also is observed, and occurs as radial aggregates dissemi-
nated in the altered rock. Bornite forms a rim on chal-
copyrite, or is intergrown with chalcopyrite and
molybdenite. A late set of quartz-molybdenite veins
associated with a K-feldspar halo cuts earlier stock-
works of potassic alteration in the diorite, and comprises
thicker veins that may be up to 20 cm thick. Late-stage,
fine-grained muscovite alters hydrothermal feldspar in
the potassic zone, and quartz—muscovite veins locally
cut K-feldspar veinlets.

Although secondary K-feldspar is the characteristic
mineral of the potassic alteration facies, secondary albite
defines a clear sodic component to the alteration assem-
blage; actinolite, titanite, apatite, and epidote compose
a distinctive calcic component. The sodic and calcic

components are interpreted to reflect alteration of igne-
ous plagioclase in the plutonic rocks, whereas titanium
for the hydrothermal titanite was likely derived from the
breakdown of hornblende during hydrothermal alteration.
On the basis of the abundance of K-feldspar in this
hydrothermal zone, we infer that potassium was intro-
duced during alteration. Also, molybdenite is concen-
trated outward, away from the monzonite and toward
the diorite border phase.

Tourmaline—albite zone

The tourmaline zone is defined by the presence of
tourmaline, and is limited to diorite near its northeastern
contact with the volcanic units. Here, quartz—tourma-
line veins form complex stockworks that overprint
rocks previously affected by potassic alteration. In
some outcrops, steeply dipping veins of tourmaline
strike predominantly north-northeast. Where dense
clusters of stockwork veinlets occur, the host may be
completely black owing to replacement by tourmaline.
Tourmaline selvages along the vein margins typically
are 1-2 cm wide, and progress outward to solid pink
albite selvages, also 1-2 cm wide, in a small-scale
zoned configuration. Quartz, tourmaline, and albite occur
with accessory muscovite, chlorite, and epidote. The
veins are strongly zoned, with alternating encrustations
of layers composed of either quartz + tourmaline, or
pyrite with accompanying chalcopyrite and bornite. A
sharp segregation of the layered assemblages is common.
Single layers within a vein are generally less than
0.5 cm thick; however, a vein may be as wide as
3-5 c¢m. Tourmaline occurs as subhedral to euhedral
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randomly oriented crystals, with a dark brown colora-
tion and no apparent internal zoning.

Propylitic, phyllic, and argillic zones

Disseminated or veinlet calcite, epidote, chlorite, and
accessory pyrite characterize the propylitic assemblage.
Propylitic alteration occurred in the volcanic units adja-
cent to the margins of the pluton, as well as within
western outcrops of the granite; it also completely over-
printed the potassic and tourmaline-bearing alteration
zones, as distinct cross-cutting sets of late propylitic
veins. The intensity of the propylitic alteration is vari-
able, and in portions of the zone, it is quite weak. In
contrast, phyllic alteration is intense through most of
the phyllic zone, where pervasive sericitization, silicifi-
cation, and pyritization (5-10% pyrite) replaced much
of the rock and destroyed primary textures. The phyllic
zone covers a wide area within the volcanic rocks away
from the pluton and central zones of alteration (Fig. 2).
Very thin veinlets of quartz form subtle stockworks. In
outcrop, the phyllic alteration is striking owing to a
white coloration and abundance of rust staining.

The argillic zone occurs at the eastern end of the
hydrothermal system, adjacent to the phyllic zone, and
is unconformably covered by Carboniferous clastic
sedimentary rocks to the east. This zone is characterized
by fine-grained clay minerals and an intense silicifica-
tion of the host rock. Both kaolinite and pyrophyllite
were identified by X-ray diffraction. The degree of
silicification is greater in this zone relative to the other
alteration facies. Large exposures of rock occur that are
almost completely converted to very fine-grained

TABLE 1. ELBCI'RON NHCROPROBE DATA ON TOURMALINE FROM COXHEATH
T-1 T3 T4 T6 7 T8 T-10 _ T-11 T-12
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2262 2780 2710 2480 2233 2570 2698 23504 2544 2210 2457
728 766 822 848 734 747 740 724 717 7.02 6.80
0.79 023 036 0.71 042 0.22 029 0.59 0.76 (] 0.78
1734 1022 1089 1234 1787 1375 1204 1461 1455 1811 1653
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192 078 125 188 200 l 14 131 17 149 198 165
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quartz, with minor associated clay and pyrite. Minute
veinlets of quartz are found in much of the rock, and
locally, veins up to 20 cm wide contain very fine-
grained quartz or chalcedonic quartz. The host rock in
this zone is predominantly rhyolite, which can be iden-
tified by the presence of squarish paramorphs after
B-quartz.

TOURMALINE CHEMISTRY

Tourmaline is a chemically complex mineral with a
large number of possible substitutions; it has the fol-
lowing generalized formula:

(Na,Ca)(Mg,Fe,Mn,Li,Al);Al[SisO;s]
(BO 3);(OH.F)4 ¢))]

A site-reference scheme may be represented by
(R1)(R2)3(R3)s(BO3)3Si015(OH,F);, with RI repre-
senting Na, Ca, K, or vacant; R2 representing Fe?*, Mg,
Mn?*, and Fe**, Cr3*, V3+, Ti*, or Al (where Rl is
vacant), or Li (where coupled with Al substitution), and
R3 representing Al, Fe3*, Cr3+, V3, and Fe?* or Mg
(where coupled by Ca substitution in R1), or 1.33 Ti*
(Burt 1989, London & Manning 1995). Also, it has
been shown that Al may substitute for Si in the tetrahe-
dral site (Hawthorne 1996). The numerous possible
substitutions within tourmaline, as well as its wide field
of stability, render it a useful petrogenetic indicator
mineral for discriminating mineralizing regimes (Henry
& Guidotti 1985, Povondra & Novdk 1986, Slack
1996). As many as eleven end-members have been
defined.

Results of thirty-one analyses of tourmaline from the
Coxheath deposit are presented in Table 1. The chemi-
cal analyses were obtained at the Geological Survey of
Canada in Ottawa, using a Cameca SX-50 electron
microprobe. Quantitative wavelength-dispersion analy-
ses (WDA) were done at 15 kV accelerating potential,
and 10-20 s counting time. Standards used include
NaCl (Na), KBr (K), wollastonite (Ca), corundum (Al),
quartz (Si), MgO (Mg), and pure metal standards for
each of Mn, Ti, Cr, V, and Fe. However, Mn, Cr, and

TABLE 1. CONTINUED
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0010 0006 0005 0005 0008 0003 0013 0005 0 0.008
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Fia. 5. Plots of tourmaline composition. (A) Fe versus Al, and
(B) Fe versus Mg, in atoms per formula unit (apfir) for
tourmaline from the Coxheath deposit. For comparison
with other porphyry Cu deposits, average values for tour-
maline from the Los Bronces, El Teniente, and Los Pelam-
bres deposits in Chile also are shown (Skewes 1992).
Arrows in (B) emphasize trends toward end-member com-
positions, as well as fields for Al-rich (Al in R2) and
Al-poor (upper right-hand field) tourmaline. Star symbol is
average value for Coxheath samples.

V are below detection limits or present in trace amounts
and are not included in Table 1.

Oxide totals for most analyses are near 85%. The
Si0, contents are quite uniform at 34-35 wt.%, approxi-
mating 6 atoms per formula unit (apfir) Si. Fe and Al
show the greatest amount of variability (Fig. 5A); Mg
is remarkably uniform at close to 2 apfu (Fig. 5B). Fe
varies by 1.5 apfu, from 1.2 to 2.7, whereas Al varies
by 1.3 apfu, from 4.7 to 6.0 (Fig. 5A, Table 1). The Fe
versus Al plot in Figure SA shows a linear correlation
defining a slope of approximately minus one, demon-
strating that Fe substitutes directly for Al in the R3 site,
since Al is below 6 apfie. Consequently, with Mg filling
two thirds of the R2 site, Fe occupies a portion of both
R2 and R3, requiring the likely presence of both ferrous
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FiG. 6. Plots of tourmaline composition (A) Total Fe in R3 ver-
sus Ca, and (B) calculated Fe?+ versus Fe?*, in atoms per
formula unit for tourmaline from the Coxheath deposit.
The amount of ferric iron in the R3 site was calculated as
the total amount of Fe in R3 in excess of the number of Ca
atoms in R1 [Fe3* = Fe — (3 — Mg) — Ca]. Star symbol is the
average value for Coxheath samples. Note that the ratio of
ferrous to ferric iron in (A) refers to proportions within the
R3 site only, whereas the ratios in (B) are for total iron
including both R2 and R3 sites.

and ferric iron. The amount of Fe?* in the R3 site may
be approximated by the total amount of Fe in R3 in
excess of the number of Ca atoms in R1 (i.e., Fe? = Fe
— (3 — Mg) — Ca; Fig. 6A), required for charge balance
according to the following stoichiometry:

(Na,Ca)(Mg,Fe)s(Fe,Alg[SisO151(BO3)3(OHF),.

The Fe2+/(Fe2+ + Fe3+) value calculated in this manner
ranges from 0.4 to 0.9, with an average value of
0.7 (Fig. 6B). Tourmaline at Coxheath shows only a
limited uvite component, with Ca at 0.4 apfu or less,
which allows for up to 1 atom of Fe?* to reside in R3.
The presence of ferric iron within Al-depleted R3 and
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FiG. 7. Plot of tourmaline compositions on an Fe,,,—Al-Mg triangular diagram. The samples from Coxheath define a linear trend
characterized by Fe-Al exchange in the field of Fe**-bearing tourmalines. Average values for samples from three other
porphyry-Cu deposits fall close to this trend, whereas tourmaline from granite-related Sn deposits (diamond symbol) are
typically Al-enriched and Mg-poor, tending more toward the schorl end-member.

the Mg dominance of R2 characterize this tourmaline as
dravite with a povondraite component (c¢f. Grice et al.
1989). The average composition for Coxheath tourma-
line is represented by the following formula:

(Nag 6sCao26)(Mgy osFetl)
(Als 33Fed’s; Feds )[SicO1s]
(BO3)3(OH,F), (2)

Figure 7 is an Al-Fe-Mg plot of tourmaline from
Coxheath and other porphyry-stockwork systems. This
plot displays the Al-Fe exchange, at relatively constant
Mg, in the Coxheath tourmaline, as well as its distribu-
tion within the domain of ferric tourmaline. Tourmaline
compositions from three Chilean porphyry-Cu deposits
are plotted for comparison, and are close to the trend
defined by the Coxheath tourmaline, although one has
distinctly higher Al/Fe. Tourmaline from a number of
other mineral deposits, mostly Sn + W stockwork systems,
are characterized by a stronger tendency toward the
schorl end-member (Fig. 7). These other tourmaline
samples are for the most part distinguished by high Al

contents, with Al typically exceeding 6 apfu, filling
R3 and part of the R2 sites.

AcTIvirY DIAGRAMS

Activity diagrams are commonly used when portray-
ing equilibrium assemblages of alteration minerals and
mineral reactions in porphyry systems. Mineralogical
changes that occur across alteration zones have been
extensively studied by a number of investigators, with
emphasis placed on silicates, phyllosilicates, clay miner-
als, sulfides, and oxides. Although tourmaline is locally
an important vein and alteration phase in porphyry
systems, tourmaline-producing reactions have not been
investigated or illustrated with activity diagrams. Aside
from the inherent chemical complexity of tourmaline,
one of the problems encountered is that it most often is
the only boron-bearing phase present, in which case
reactions that attempt to explain tourmaline precipita-
tion must be balanced using aqueous boron species. On
the one hand, boron in granitic magmas partially disrupts
the aluminosilicate network, has a low solubility, and is
largely expelled from magma as an incompatible
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FIG. 8. Calculated concentration — pH diagram for boron under
hydrothermal conditions demonstrates that boric acid
[B(OH)] is the dominant species at pH levels (e.g., 2 < pH
< 7) that encompass principal zones of alteration within
porphyry systems. Equations for temperature- and pres-
sure-dependent acidity constants for B(OH); and B(OH),~
speciation are from Gieskes (1974). An activity of 0.05 is
used for K* in estimating the stability limits of silicates in
terms of pH.
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Fic. 10. Plot of an open-system (Rayleigh, partition coeffi-
cients as in Figure 9) boiling—distillation mode! that dem-
onstrates segregation of the volatile species H,S, which
becomes strongly depleted in concentration within the re-
sidual fluid (Cl) relative to its initial concentration (Co).
Conversely, B(OH); is progressively enriched in the resid-
uval fluid with increased boiling.
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Fic. 9. Comparison of volatilities of major dissolved gases in
hydrothermal systems (Giggenbach 1980) with that of bo-
ric acid (Ellis & Mahon 1977), where Cv represents the
concentration in vapor and Cl represents the concentration
in water. The partitioning demonstrates that boric acid is a
non-volatile species. However, data are not available for
very high temperatures, where partition coefficients con-
verge.

substance (Pichavant 1987, London et al. 1988). On the
other hand, boric acid B(OH); is the dominant B species
in the hydrothermal regime, on the basis of studies of
active geothermal systems, seafloor systems, fumaroles
and volcanic emanations (e.g., Shuvalov 1974, Chio-
dini ez al. 1988, Palmer 1991b, Shaw & Sturchio 1992),
and on high-temperature experimental determinations
and theoretical considerations (Mesmer ef al. 1972). A
number of minor polyborates may also exist (Mesmer
et al. 1972). Boric acid has a wide range of stability and
converts to borate only under conditions of very high
alkalinity (Fig. 8). B(OH); remains as the dominant
species across a pH range (Chiodini e al. 1988, Shaw
& Sturchio 1992) that encompasses all of the minera-
logical zones within porphyry-alteration haloes, includ-
ing potassic, phyllic, and argillic (Fig. 8). Compared to
the dominant neutral and gaseous species dissolved
within hydrothermal systemns, boric acid is a relatively
non-volatile component (Ellis & Mahon 1977) (Fig. 9),
that concentrates in the residual hydrothermal fluid in
boiling hydrothermal systems. Boiling consequently
provides an effective mechanism for increasing B contents
in hydrothermal fluids associated with porphyry systems
(Fig. 10). Thus for many reasons, boric acid is an ideal
choice for balancing chemical reactions involving tour-
maline, and for use as a principal component on activ-
ity—activity diagrams.

Petrographic observations in the tourmaline zone of
the Coxheath deposit demonstrate a close paragenetic
link between tourmaline and albite: tourmaline may be
directly intergrown with albite, or occur in veinlets with
an albite halo. Tourmaline and albite are the two domi-
nant Na-bearing minerals in the deposit, making up the
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mineral assemblage that defines sodic alteration. To
investigate the chemical changes that occurred, and
those that may have controlled the precipitation of tour-
maline and albite, chemical reactions were written for
the system H-B—O-Na—Al-Si—Fe under quartz satura-
tion, with hydrogen activity defined by the magnet-
ite-hematite buffer, at T and P encompassing
mineralization in porphyry systems. For simplicity,
only schorl was considered, and, as a starting point for
balancing the equations, Al was treated as an immobile
element. The above assumptions were made because of
the following observations: (1) quartz is ubiquitous
throughout the Coxheath deposit in veinlets and as a
replacement mineral, (2) although tourmaline at Coxheath
contains approximately equal proportions of Fe and
Mg, compositions of tourmaline from other porphyry
systems are mainly schorl-rich, and (3) magnetite and
hematite occur together in the core of the Coxheath

The following reaction models the coexistence of
tourmaline and albite:

12 albite + 6 magnetite + 6 boric acidqg
+ 10 B+

= 2 schorl + 24 quartz + 6 hematite
+ 10 H,O + 10 Na* ®3)

This reaction requires the presence of important
quantities of iron oxides, which are, along with other
iron-bearing minerals such as pyrite, irregularly dispersed
in the Coxheath deposit, whereas tourmaline and albite
are closely intergrown at a microscopic scale. Both
magnetite and hematite occur in the potassic assem-
blage that was overprinted by the tourmaline stock-
work, suggesting that the magnetite—hematite buffer
provided a useful means of balancing iron and fixing

deposit and in the tourmaline zone. the hydrogen fugacity in the system. Also, this buffer is
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FiG. 11. Activity diagrams generated at 1 and 3 kbar pressure and from 300° to 600°C for tourmaline (Tur), albite (Ab), paragonite
(Prg), andalusite (And), sillimanite (Sil), pyrophyllite (Prl), and kaolinite (Kln), in presence of quartz — magnetite — hematite
— water. Diagrams indicate an expanding field of stability of tourmaline upon cooling, and show that the Na*/H* ion ratio
only significantly affects tourmaline stability relative to albite. Thermodynamic data are taken Kuyunko et al. (1984) for
tourmaline, from Shock et al. (1989) for boric acid, and from Helgeson et al. (1978) for other silicates. Adjustments to
equilibrium constants to high temperatures were made using the Maier & Kelley (1932) power-series equation for heat
capacities; the effects of pressure on equilibrium constants were estimated by determining volumetric changes assuming

incompressible reactants.
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typically used when calculating mineral equilibria in
porphyry-Cu systems (e.g., Beane 1982). Inspection of
equation (3) reveals that iron obtained from the break-
down of magpnetite is distributed between hematite and
tourmaline, which is consistent with the presence of
ferric iron in the Coxheath tourmaline. Also, relative to
albite, tourmaline becomes stable with decreasing pH,
which is consistent with the experimental work of Morgan
& London (1989). Figure 11 is an activity—activity diagram
displaying mineral equilibria for temperatures ranging
from 300° to 600°C and pressures of 1-3 kilobars.
Mineral equilibria were calculated using data from
Kuyunko et al. (1984) for tourmaline, Shock et al.
(1989) for boric acid, and Helgeson et al. (1978) for
other silicates. Adjustments to equilibrium constants for
high temperatures were calculated using a power-series
equation for heat capacities (Maier & Kelley 1932) and
assuming incompressible reactants in an evaluation of
the effects of pressure. Under all conditions, tourmaline
is stable at a high activity of boric acid. However, the
stability field for tourmaline is strongly affected by
temperature, and expands greatly upon cooling. The
Na*/H* value also affects relative mineral stabilities,
but the steeper slope of the reaction boundary between
tourmaline and albite compared to the slopes for reac-
tions involving mica, clay, and alkali-free aluminosili-
cates, indicates that the ratio Na*/H* is relatively less
important for the latter equilibria.

DiISCUSSION AND CONCLUSIONS

Although most porphyry deposits occur in Mesozoic
and Cenozoic volcano-plutonic arcs, an increasing
number are being recognized in Precambrian terranes.
The Coxheath deposit is a good example of a
Cu-Mo—Au mineralized porphyry from the Protero-
zoic, which displays alteration and zoning patterns typi-
cal of younger, well-characterized deposits. The
presence of clay alteration at Coxheath shows that argillic
alteration linked to porphyry systems may also occur in
Precambrian examples. Furthermore, the Coxheath deposit
contains a number of features that distinguish it as a
Au-bearing porphyry (Sillitoe 1993), including (1) dissemni-
nated mineralization that yields assays near or above
4 ppm Au, as well as a positive correlation between Au
and Cu (data from unpublished assessment files in provin-
cial archives), (2) the presence of magnetite as an impor-
tant hydrothermal mineral in the Au zone, (3)
occurrence of both calcic and sodic alteration subtypes
within the potassic zone, and (4) the predominance of
propylytic alteration over phyllic alteration in the zone
immediately next to the potassic core. Consequently,
the Coxheath deposit, together with a number of other
porphyry deposits (Hollister et al. 1974) and epithermal
deposits such as Hope Brook in Newfoundland (Stewart
1992, Dubé et al. 1996), help define the Avalon Zone
of the Appalachian orogen as a potentially significant

meteoric water

Fig. 12. Generalized diagram illustrating volcano-plutonic setting for the Coxheath
Cu-Mo-Au deposit and the distribution of principal zones of alteration (see text for

detailed description).
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metallogenic province for porphyry-epithermal
systems.

Tourmaline is an accessory mineral associated with
potassic and phyllic alteration zones and hydrothermal
breccias in numerous porphyry-Cu deposits (e.g., Silli-
toe & Sawkins 1971, Camus 1975, Gustafson & Hunt
1975, Gustafson & Quiroga 1995), and in some cases is
linked directly to sodic—calcic alteration subtypes
(Carten 1986, Dilles & Einaudi 1992). Mineral zona-
tion and paragenesis at Coxheath, as at other deposits,
provide important information regarding hydrothermal
processes in porphyry systems (Fig. 12). Typically, potas-
sic alteration in the core of porphyry systems is directly
linked to late-magmatic hydrothermal fluids in crystal-
lizing plutons (e.g., Lowell & Guilbert 1970, Beane &
Titley 1981, Sillitoe 1993, Hedenquist & Lowenstern
1994). This is likely true at Coxheath as well, because
of the direct link between the potassic zone and the
intrusive rocks. Furthermore, a link to magmatic-hydrother-
mal processes can also be inferred for the sodic altera-
tion because of the mineralogical association;
experimental work by Pichavant (1981, 1987) has
shown that with the addition of B to granitic melts, the
aqueous vapor phase coexisting with the melts becomes
enriched in Na relative to K, and that B also is parti-
tioned into the vapor phase relative to the melt (as
NaBO,, among others). Thus the tendency for paired
exsolution of B and Na from a crystallizing magma is
possibly indicated by the close association of tourma-
line and albite, together as an alteration assemblage at
Coxheath. Strong temperature-gradients are also expected
with magmatic-hydrothermal processes, and at Coxheath,
decreasing temperature during the course of mineraliza-

tion is indicated by textures recorded in sulfides, oxides,
and silicates: the development of a rim of bornite on
chalcopyrite, and of hematite on magnetite (Fig. 13), as
well as hydrothermal alteration of K-feldspar to musco-
vite, are all features that can be indicative of decreasing
temperature. Furthermore, it has been shown in the
activity diagrams that the stability field of tourmaline
relative to those of albite, paragonite, and clay minerals
increases significantly during cooling. However, tour-
maline occupies a restricted area in the Coxheath system;
it separates the outer pyrite-enriched zone, charac-
terized by acidic alteration assemblages, from the pyrite-
depleted core, characterized by more strongly alkaline
alteration assemblages. Investigations at a number of
deposits have shown that boiling is an important hydro-
thermal process in the formation of porphyry deposits,
and that the escape and condensation of acid volatile
species contribute to the formation of argillic alteration
adjacent to or above the potassic core, effectively seg-
regating mineralogical domains (e.g., Hedenquist &
Lowenstern 1994). Tourmaline precipitation can be
placed in a context of boiling by considering the behav-
ior of boric acid in the hydrothermal environment.
Fluid-mineral equilibria suggest that tourmaline precipita-
tion is strongly influenced by the activity of boric acid
B(OH)s, which is concentrated in the residual hydrother-
mal fluid during boiling. Thus for porphyry systems, B
may be concentrated in two stages, first as an incompat-
ible element in granitic melts, and subsequently as a
nonvolatile component of boijling-water-dominated hy-
drothermal systemns. Tourmaline at the Coxheath deposit is
found adjacent to the core zone, where tourmaline pre-
cipitation may have been induced by boiling. If this was

-25

log a0,

F1G. 13. Activity diagram illustrating stability fields of the principal opaque mineral phases
from the Coxheath deposit, at relatively high (550°C, dashed lines) and low (300°C)
temperatures. Note significant expansion of the stability fields of bornite + pyrite and
hematite relative to those of chalcopyrite and magnetite upon cooling (arrows), which
may promote the formation of bornite and hematite rims in Coxheath samples (Fig. 4).

Modified from Beane & Titley (1981).
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Fi6. 14. Schematic model depicting context for tourmaliniza-
tion within a boiling porphyry-related hydrothermal sys-
tem. Segregation of acidic and alkaline alteration zones
based on loss of acidic volatiles (e.g., H,S) from the core
of the system results in increased boric acid content within

the residual fluid, thus promoting tourmalinization along
the boiling front.

the case, then the position of the tourmaline zone de-
lineates the boiling interface within the deposit
(Fig. 14). This is consistent with results of a number of
studies done on fluid inclusions in tourmaline (Skewes
1992) and within intergrown quartz (Sillitoe & Sawkins
1971, Carlson & Sawkins 1980) from other porphyry
Cu deposits, which indicate that tourmaline was precipi-
tated during boiling from hypersaline fluids.
Tourmaline compositions at Coxheath may also provide
information on the mineralizing environment; relatively
low aluminum and high iron contents suggest that ferric
iron is an important constituent. Compositional trends
characterize the tourmaline as povondraite. The pres-
ence of ferric iron in tourmaline at Coxheath and in
similar deposits may be interpreted to indicate rela-
tively oxidizing environments for porphyry-copper
mineralization compared to tourmalines from most

granite-related Sn £ W deposits, which typically con-
tain more aluminum and little or no ferric iron (e.g.,
London & Manning 1995, Slack 1996). This is substan-
tiated by the common presence of magnetite and hema-
tite in porphyry-copper deposits, and the scarcity of
these minerals in most Sn £ W deposits.

The presence of tourmaline may also be an indicator
of material provenance. Typically, in volcanic arcs, B
isotope studies have shown that B is principally derived
from subducted sediments (e.g., Palmer 1991a). Conse-
quently, the presence of tourmaline in some porphyry
Cu deposits, such as Coxheath, may be interpreted to
indicate the incorporation into the hydrothermal system
of material from a subducted slab, subsequent to
plutonic—volcanic recycling. However, for deposits
that are surrounded by argillaceous sedimentary rocks,
local derivation of B from the host rocks seems more
likely.
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