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Abstract

Apatite is a common resistate mineral occurring in a range of host rocks and ore-related hydrothermal alteration
assemblages. Apatite in several porphyry copper deposits in British Columbia has a unique set of physical and
compositional characteristics that can be used to evaluate the chemical conditions of magmas that formed the
causative intrusions or associated hydrothermal alteration.

Apatite under visible light and SEM shows no notable variations between unaltered and altered varieties but
cathodoluminescence reveals significant differences. Apatite in unaltered rocks displays yellow, yellow-brown,
and brown luminescence, whereas in K silicate-altered rocks apatite displays a characteristic green lumines-
cence. The green-luminescent apatite replaces yellow- or brown-luminescent apatite and locally overgrows it.
Apatite occurring with muscovite (i.e., phyllic)-altered rocks displays characteristic gray luminescence.

The chemistry of apatite, as determined by electron microprobe and laser ICP-MS analyses, directly reflects
its alteration and luminescence. The unaltered yellow-luminescent apatite has high concentrations of Mn (0.3-
0.5 wt % MnO) and a high Mn/Fe ratio (>1), whereas the brown-luminescent apatite has low Mn, but higher
concentrations of S and REE + Y. The green K silicate alteration-related luminescence is caused by lower Mn/
Fe ratios (ca. 1) along with depletions of other trace elements such as Cl, S, and Na. Gray-luminescent apatite
occurring with muscovite-altered rocks results from significant Mn loss (<0.15% MnO) contemporaneous with
depletion in Na, S, Cl, and REE during low pH phyllic alteration in calc-alkalic porphyry deposits.

The correlation between apatite texture, luminescence, and chemical composition with the type and intensity
of porphyry alteration offers a potentially fast and effective method to utilize it as an indicator for porphyry
mineralization in a range of exploration materials including soils, regoliths, and heavy mineral concentrates

from glacial and fluvial materials.

Introduction

Indicator minerals are those resistate minerals that have diag-
nostic features and indicate direct derivation from a mineral-
ized rock. Such minerals are useful for mineral exploration
because they persist in the surficial environment despite
weathering and transport. Their physical and chemical prop-
erties allow them to be easily recovered from exploration
samples such as heavy mineral concentrates, so that they can
be evaluated and analyzed. Indicator minerals have most suc-
cessfully been applied to diamond exploration (e.g., Griffin
and Ryan, 1995; Averill, 2001; McClenaghan and Kjarsgaard,
2007).

The common occurrence of resistate minerals, such as apa-
tite, rutile, and titanite, as alteration products in many por-
phyry copper deposits (e.g., Williams and Cesbron, 1977;
Czamanske et al., 1981) suggests that these minerals could be
utilized as porphyry indicator minerals (PIMS). Such appli-
cations have only rarely been considered as exploration tools
for porphyry copper deposits (e.g., Force et al., 1984; Aver-
ill, 2011; Kelley et al., 2011), possibly because of the lack of
descriptive studies that document the features and usefulness
of these minerals. Characterization of these minerals in known
settings in the porphyry copper environment could therefore
provide the basis for a new exploration toolkit.

t Corresponding author: e-mail, fbouzari@eos.ubc.ca
*A digital supplement containing Appendices for this paper is available at
http://economicgeology.org/ and at http://econgeol.geoscienceworld.org/.

Apatite [Cas(PO4)sF,OH,Cl] is a common accessory mineral
that occurs in the volcanic and plutonic host rocks of many
ore deposits, in causative hypabyssal intrusions such as those
that form porphyry copper deposits, as well as in many ore
or hydrothermal alteration types. Because the apatite crystal-
lographic structure can incorporate a wide range of transition
metals, REE, and anions into its structure, apatite can record
magma chemistry, fluid evolution, and physiochemical condi-
tions at the time of mineral deposit formation such as C1:F:OH
proportions (Holland, 1972; Roegge et al., 1974; Webster et
al., 2009; Patifio Douce et al., 2011; Bath et al., 2013), sulfur
content or oxidation state (Boudreau, 1995; Peng et al., 1997;
Streck and Dilles, 1998, Parat and Holtz, 2004; Bath et al.,
2006; Liaghat and Tosdal, 2008; Boyce and Herving, 2009).

This widespread interest in apatite is mainly related to its
association with a causative magma (e.g., Piccoli and Candela,
2002; Webster and Piccoli, 2015) or metamorphism (e.g., Pan
etal., 1993; Harlov, 2015). Apatite has also been shown to be a
useful tool to evaluate hydrothermal fluid evolution (Williams
and Cesbron, 1977; Streck and Dilles, 1998; Hernindez,
2009; Bouzari et al., 2011a, b). In this paper, we utilize cath-
odoluminescence and trace element geochemistry to char-
acterize the nature of magmatic apatite in several porphyry
copper deposits in British Columbia, but more importantly
demonstrate that apatite can fingerprint the existence, nature,
and evolution of a mineralizing hydrothermal fluid. We show
that apatite can record hydrothermal fluid interactions during
mineralization and alteration and that it has distinct physical
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and chemical properties that can easily distinguish them from
those in barren host rocks. Recognition of such evidence can
potentially provide a fast and effective method for mineral
exploration, particularly in weathered or covered areas.

British Columbia Porphyry Deposits

Apatites were studied from several porphyry copper deposits
in British Columbia (BC), including Highland Valley (2.31 bil-
lion metric tons (Bt), production and reserve, at 0.37% Cu,
and 0.01% Mo; Byrne et al., 2013), Mount Polley (86 million
metric tons (Mt) reserve at 0.30% Cu and 0.30 g/t Au, http://
www.imperialmetals.com), Huckleberry (42.2 Mt reserve at
0.33% Cu, http//Awww.imperialmetals.com), as well as the
Endako (33.4 Mt reserve at 0.05% Mo, http:/www.thomp-
soncreekmetals.com) porphyry molybdenum deposit (Fig. 1).
These porphyry deposits have a range of characteristics and
metal associations with both calc-alkalic and alkalic igneous
rocks (McMillan et al., 1995). Calc-alkalic varieties typically
have K silicate alteration and abundant quartz stockwork-
hosted sulfide mineralization overprinted by sericite altera-
tion, whereas alkalic-associated deposits are characterized by
intense K silicate-magnetite alteration, locally with Ca silicate
and albite, and generally lack quartz veins and overprinting ser-
icite alteration (Sillitoe, 2010; Bissig and Cooke, 2014). These
deposits and prospective exploration areas are variably covered
by extensive veneers of till and related glacial sediments (Fig.
2) that increase the difficulty in exploration for new deposits.
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The Highland Valley Cu-Mo district consists of a cluster of
several deposits in southern BC that formed in the central
part of the large, zoned Late Triassic calc-alkaline Guichon
Creek batholith which intruded Triassic Nicola Group volca-
nic and sedimentary rocks (Casselman et al., 1995, Byrne et
al. 2013). Most of the ore deposits are hosted in the coarse-
grained Bethsaida phase quartz-monzonite to granodiorite
(Fig. 3a). K silicate alteration is characterized by pervasive
and veinlet-controlled K-feldspar alteration and recrystallized
biotite (Fig. 3b). The K silicate alteration commonly occurs as
pink K-feldspar (Fig. 3b) which facilitates the mapping of the
intensity of the potassic alteration. Much of the sulfide min-
eralization is associated with overprinting quartz and green
muscovite alteration (Fig. 3b, ¢). Further details of alteration
and mineralization are well documented by Casselman et al.
(1995), Alva Jimenez (2011), and Byrne et al. (2013).

The Mount Polley Cu-Au deposits in central BC are hosted
in Triassic-Jurassic diorite-monzonite intrusions and associ-
ated breccia bodies. Alteration progresses outward from a
core of K-feldspar-biotite-magnetite-diopside/actinolite to
an intermediate K-feldspar-magnetite-biotite-chlorite-calcite
zone and an outer zone of albite-epidote-pyrite (Fraser et al.,
1995; Logan and Mihalynuk, 2005; Pass et al., 2014; Rees et
al., 2014). Fracture-controlled to pervasive “reddening” due
to nanoscale hematite inclusions in secondary K-feldspar is
common (Rees et al., 2014). The intensity of K silicate altera-
tion can be estimated by abundance of pink and red K-feld-
spar occurring with secondary biotite and magnetite. Copper

116°W

13.2°W

58°N+—]

\Fort I(\)Ielson
3 WR - Wrangellia
3 AX - Alexander

1 1|
CORDILLERAN TERRANES
Insular

o
3 KS - Kluane, Windy, Coast ] 58°N

<

Intermontane

NAc [ CC - Cache Creek
@ OK - Okanagan
3 QN - Quesnellia

== SM
= ST-
= YT-

- Slide Mountain

Stikinia
Yukon-Tanana

54°N+

50°N+

~ Highland Valley g M
; : O :

Ancestral N America
1 CA- Cassiar
== NAb - NA basinal
1 NAp - NA platform
3 NAc - NA craton & cover
#~= Major fault
Alkalic porphyry Cu-Au:
Silica saturated
[0 Silica undersaturated
QO Calc alkalic Cu-Mo/Mo

AN
"\

3

\
W

 Mount Polley

- ,y.’ e
Afto'r'f/iNew

Y
s %ig@u),}\ e

H54°N

-50°N

Fig. 1. Location map showing Cordilleran terranes and major porphyry deposits in British Columbia (modified after Bissig

and Cooke, 2014).

124°W



APATITE LUMINESCENCE & CHEMISTRY: A POTENTIAL INDICATOR MINERAL

g e

Fig. 2. Bench wall at the margin of the Huckleberry porphyry Cu-Mo deposit,
showing thin glacial sediments covering the altered and mineralized bedrock.

and gold values are closely correlated with high magnetite
concentrations (Deyell and Tosdal, 2005).

The Huckleberry Cu-Mo porphyry deposit is hosted in
Jurassic andesite and dacite volcanic rocks and tuffs, which
are intruded by at least two small stocks of Late Cretaceous
porphyritic hornblende-biotite-feldspar granodiorite. Miner-
alization is closely associated with intense fine-grained bio-
tite-albite alteration (also commonly referred to as hornfels
by mine geologists) with minor K-feldspar, amphibole, and
chlorite (Jackson and Illerbrun, 1995).

The Endako Mo deposit is hosted within the composite
calc-alkaline Endako batholith that ranges in composition
from diorite, to gabbro, granodiorite, and monzogranite
(Whalen et al., 2001). The mineralization occurs within the
central quartz-monzonite and is associated with early stage
K-feldspar and biotite alteration and subsequent quartz-seric-
ite-pyrite assemblage (Bysouth and Wong, 1995; Selby et al.,
2000; Villeneuve et al., 2001).

Apatite

The apatite group minerals belong to the apatite super-
group (Pasero et al., 2010) with a chemical formula of
M12M23(TO4)sX and include hexagonal and pseudohexago-
nal phosphates, arsenates, and vanadates containing the same
dominant element in the M1 and M2 sites, and having P, V,
or As in the T site. Most common among apatite group min-
erals are fluorapatite, chlorapatite, and hydroxylapatite. In
this paper, the name “apatite” will refer to the three calcium
phosphate apatites, and solid solutions among them, with
the general formula Cas(PO4)3(F,Cl,OH). Apatite structure
can incorporate a wide range of transition metals, REE, and
anions into its structure. Some common substitutions occur-
ring in apatite are as follows (Elliot, 1994; Waychunas, 2002;
Hughes and Rakovan, 2015): Sr2+, Mn2+, Fe?r, REE, Y3+, Na*
< Ca2+; Si4*, As>+, S6+ and C4 < P5+; Cl” and OH < F;
2Ca2+ < Na* + REE3+; and Ca2+ + P5+ < REE3+ + Si4+.

Apatite in ore systems

Apatite can be used to identify features and process that
are important in ore systems. Trace element compositions
of apatite have been used to recognize the characteristics of
mantle fluids, assimilation and degree of fractionation, as well
as the oxidation state of magma (Tepper and Kuehner, 1999;
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Fig. 3. Samples of the unaltered and altered host rocks at Highland Val-
ley. (a). Unaltered Bethsaida phase with compositions ranging from quartz-
monzonite to granodiorite, characteristic rounded quartz phenocrysts, and
abundant coarse biotite and plagioclase phenocrysts (ALW-5). (b). Altered
Bethsaida phase showing quartz-chalcopyrite-bornite vein with green mus-
covite alteration halo overprinting earlier K feldspar (pink) alteration (HLV-
3b). (¢). Weakly altered granodiorite at the margin of the Bethlehem deposit,
Highland Valley, with minor secondary biotite after mafic minerals and cut by
a thin epidote-chlorite-(sericite) veinlet (BET-1).

Belousova et al., 2002; O'Reilly and Griffin, 2000; Patifio
Douce et al., 2011; ). Studies on apatite from the Yerington
batholith, Nevada (Streck and Dilles, 1998), Galore Creek
(Liaghat and Tosdal, 2008), and Mount Polley porphyry
Cu-Au, deposits British Columbia (Bath et al., 2006), dem-
onstrated that zoned magmatic apatites may have sulfur-rich
cores that abruptly change to sulfur-poor rims, indicating that
early sulfate-rich magma evolved to sulfate-poor magma via
crystallization of anhydrite.

Bath et al. (2006) demonstrated that apatite crystals from
Mount Polley show fractured inclusion-rich cores and fracture-
free inclusion-poor rims with cores enriched in sulfur (4,000—
5,500 ppm) compared to crystal rims (2,000-3,500 ppm). The
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decrease in the solubility of sulfur into apatite was attributed
to the fluids/melt becoming more reduced, decrease in pres-
sure, increase in temperature, and/or decrease of sulfur within
the melt/fluids (Bath et al., 2006).

Moreover, apatites associated with porphyry copper depos-
its are commonly Cl rich (e.g., Roegge et al., 1974). Thus,
apatite can be used as a record for chloride content of the
crystalizing melt which may have played a key role in trans-
porting copper (Holland, 1972). Bath et al. (2013), in a study
of the East Repulse gold deposit, Australia, showed that flu-
orine content of apatite decreases at shallower levels in the
mineralized zone and suggested that apatite can be used to
show pathways of oxidizing fluids. More recently, Ding et
al. (2015) used apatite major and trace element concentra-
tions and 87Sr/86Sr ratios in southern China to show that the
granodiorite porphyry intrusions related to Cu-Pb-Zn miner-
alization were oxidized, whereas those related to W and Sn
deposits were moderately oxidized to reduced.

Apatite luminescence

Luminescence is a property of apatite that is caused by transi-
tion metal, REE, and anion substitutions (Waychunas, 2002).
Apatite is readily stimulated to luminescence under ultravio-
let (UV) light, i.e., fluorescence, or by an electron beam, i.e.,
cathodoluminescence (CL). Early work by Williams and Ces-
bron (1977) showed that apatite from porphyry copper depos-
its displays a characteristic bright orange fluorescence under
UV light and displays a complicated history of corrosion and
redeposition. They showed that apatite with such characteris-
tics could commonly be detected up to 1 km away from the
intrusive core of a mineralized system. Other studies showed
that apatites from different deposit types display diagnostic
CL emissions. For example, Mariano (1988) and Kempe and
Gotze (2002) have shown that apatite from mineralization
related to carbonatites commonly displays blue CL, and that
from peralkaline syenite has pink-violet CL due to activation
by trace quantities of rare earth element ions (Ce®, Eu2-,
Sm?+, Dy%, and Nd3+), whereas those from P-rich granite
show strong Mn?+-activated yellow-greenish luminescence.
Therefore, luminescence provides a powerful tool to study
internal structures and alteration features in apatite in detail,
and obtain rapid and essential information on rock formation
and mineralization processes.

Materials and Methods

Sampling
Samples were selected from different, well-characterized
alteration assemblages and unaltered host rocks at Highland
Valley (33 samples), Mount Polley (8), Huckleberry (7), as well
as the Endako (6) porphyry molybdenum deposit to deter-
mine and characterize the occurrence of resistate minerals.

Samples were evaluated petrographically employing opti-
cal and CL microscopy and scanning electron microscopy
(SEM) to characterize the abundance and physical proper-
ties of apatite, including shape, size, color, and luminescence.
Selected grains were analyzed by electron-probe microanaly-
sis (EPMA) and laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) for their major and trace
element compositions in order to test whether there are key
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chemical features in apatite that are unique to mineralized
porphyry copper deposits. All analyses were conducted at the
Department of Earth, Ocean and Atmospheric Sciences, Uni-
versity of British Columbia, Canada.

Methods

A Cambridge Image Technology Ltd. MK 4A model cold CL
stage mounted on a petrographic microscope was used to
study the internal textures of the apatite grains. The samples
were irradiated in a vacuum chamber with an electron beam
of approximately 15 kV and the current set at 350 to 500 ©A.
Petrographic studies of apatite grains under transmitted light,
SEM, and CL showed that most grains did not have obvious
inclusions, and those inclusions that could be observed were
small in size (<0.5 um). Areas suspected of having inclusions
were avoided during the analyses. Electron-probe micro-
analyses of apatite were conducted using a fully automated
CAMECA SX-50 instrument, operating in the wavelength-
dispersion mode with the following operating conditions:
excitation voltage, 15 kV; beam current, 10 nA; peak count
time, 20 s (40 s for F, Cl); background count-time, 10 s (20 s
for Cl); spot diameter of 10 um for improved detection of
more volatile elements or elements thought to be affected
by diffusion processes such as F, Cl, and Na (Stormer et al.,
1993). For the elements considered, the following standards,
X-ray lines, and crystals were used: albite, NaKa, TAP; kya-
nite, AlKe;, TAP; diopside, MgKa, TAP; apatite, PKa, TAP;
apatite, CaKa, PET; barite, SKa, PET; synthetic rhodonite,
MnKea, LIF; SrTiOs, SrLa, TAP, topas, FKa, TAP; scapolite,
and ClKa, PET. Data reduction involved the "PAP” ¢(pZ)
method (Pouchou and Pichoir, 1985).

Three standard deviations (99.7% confidence level) were
used for the calculation of detection limits that are shown in
elecronic Appendix 1. Analyses with values below 99.7% confi-
dence level are assumed to be part of background and are not
reported. These values however are displayed graphically to
show the relative concentrations in various types of lumines-
cent apatite with those that fall below detection limit. Mea-
surements for F are thought to be inaccurate because of the
effects of crystal orientations (Stormer et al., 1993) and there-
fore the F values are not reported. The low totals (95-99%)
were due to not accounting for F and other elements that were
not analyzed, such as H (OH). Apatite formulae were calcu-
lated on the basis of five atoms of Al, Ce, Fe, Mn, Mg, Ca,
St, and Na. We assumed that Si and S substitute for P (Elliot,
1994). Stoichiometry and total values were used to determine
acceptance of each analyses. Because the Al;O3 contents of
apatite are typically close to zero (e.g., Peng et al., 1997), the
Al concentrations were used to determine any contamination
by inclusions or other phases. In total, 162 spots were analyzed
and three of them were rejected because of contamination.

LA-ICP-MS analyses were carried out using a Resonetics
m50-LR 193 nm excimer laser coupled to an Agilent 7700x
ICPMS with laser diameter of approximately 15 um. An
ablation time was 40 s with He gas flow (750 ml/min He and
2ml/min N2). Thirty-two masses were analyzed in this study,
including #3Ca as the internal standard using the concentra-
tions obtained by EPMA. Glitter 4.0 software was used to
determine elemental concentrations using an NIST SRM 612
glass standard for external standardization. Intervals for data
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reduction were chosen based on the flattest part of the Ca
plateau, typically ~2 s after the laser turned on and around 2 s
before the laser was turned off. During the data reduction a
careful check on the multielement mass spectra eliminated any
possible impurities that may have been encountered across the
depth profile of each laser-ablated area by assessing the #3Ca
profile and inspecting for depressions, and examining for spikes
of other masses that indicated the presence of inclusions. In
total, four of the 38 spot analyses were rejected. The preci-
sion and accuracy of the analyses undertaken during this study
are better than +15%. Results and detection limits are shown
in Appendix 1. If the elemental concentrations of LA-ICP-MS
data were below detection limits, for the purpose of graphic
display of data, value of half of detection limit was used.

Textural Characteristics

Apatite as a primary igneous mineral commonly displays
euhedral crystal shape and its hexagonal form is distinctive.
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However, small apatite grains surrounded by quartz or feld-
spar are difficult to recognize under the optical transmitted
light (TL) microscope. Apatite commonly appears homoge-
neous if examined under the optical petrographic microscope
or the SEM. However, under cathodoluminescence, apatite
shows a wide range of colors and textures depending on its
origin and alteration that may have affected it. As a result,
most observations and descriptions of apatite textures pre-
sented here are based on its luminescence properties.

Apatite in unaltered host rocks

Apatite in unaltered host rocks, i.e., magmatic apatite, occurs
as homogeneous euhedral grains 100 to 200 um in diam-
eter. Smaller grains (<10 um) locally occur as inclusions in
other minerals, such as in magnetite. Under CL, apatites in
unaltered granodiorite at Highland Valley commonly dis-
play strong luminescence of yellow to yellow-green (Fig. 4a).

Fig. 4. Cathodoluminescence images of apatites from unaltered host rocks. (a) Tivo grains of apatite with uniform yellow and
yellow-pale-green luminescence in unaltered Bethsaida granodiorite, Highland Valley (ALW-5). (b). Apatite grains in unal-
tered Bethlehem granodiorite with a light-brown core, a distinct dark-brown zone and a more green-brown CL at the rim.
The smaller apatite grain, in the lower-left side of the photo, shows a similar relationship but with a dark-brown CL in the core
as well. Moreover, it shows that the dark-brown zone formed after euhedral crystallization of the apatite. A-B line indicates
the profile along which 42 spots were analyzed (BET-1). (c). Apatite from unaltered porphyritic monzonite of the Bootjack
Stock, Mount Polley, showing zoned yellow-brown luminescence with a brownish zone (see arrows) occurring in the core
and as a narrow zone between the core and rim (PTB042). (d). Apatite from unaltered granodiorite host rocks, Huckleberry,

showing zoned brown to orange luminescence (HDM024).
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Although many grains have homogeneous luminescence,
some apatite grains show zoning with a yellow to light-brown
core and a distinctive dark-brown zone/band or rim (Fig. 4b).

At Mount Polley, unaltered monzonitic host rocks have
zoned yellow-brown-luminescent apatite with more brownish
phases occurring in the core, or as one or two narrow zones
in the middle or at the rim of the apatite crystal (Fig. 4c).
Apatite in the least altered granodiorite host rock at Huck-
leberry displays orange to yellow-brown luminescence, com-
monly with fine zoning (Fig. 4d). Samples of unaltered quartz
monzonite host rocks from the Endako deposit were not avail-
able, but examination of the least altered host rocks reveals
apatites with remnants of brown-yellow luminescence cores
with green rims. Thus, magmatic apatites in these porphyry
deposits are homogeneous or concentrically zoned and dis-
play yellow to orange and brown luminescence.

Apatite with K silicate alteration

Apatite in K silicate-altered granodiorite at Highland Valley
appears similar to that occurring with unaltered granodio-
rite when examined using a polarizing microscope and SEM
(Fig. 5a, ¢). However, CL. microscopy reveals that apatites in
K silicate-altered host rocks display green luminescence. The
green luminescence preferentially occurs on the outside mar-
gins of the crystals and along fractures within weakly altered
apatite (Fig. 5b), and more pervasively as replacements of the
entire grain in strongly altered samples (Fig. 6b).

Apatite in K silicate-magnetite-altered rocks at Mount Pol-
ley shows bright green luminescence where it has replaced or
overgrown brown-luminescent apatite (Fig. 6a). The occur-
rence, abundance, and intensity of green-luminescent apatite
correlate with the intensity of the K silicate alteration. The
green-luminescent apatite at Mount Polley is similar to that
observed in K silicate-altered rock at Highland Valley.

Apatite occurring with biotite-albite-altered rocks at Huck-
leberry has orange to red-brown luminescence that has been
partially replaced by green and green-brown-luminescent
apatite. However, unlike simple replacement or overgrowth
of green-luminescent apatite, the K silicate-altered apa-
tite at Huckleberry displays a complex texture of coalescing
patches of green luminescent with remnants of red-brown-
luminescent apatite (Fig. 6¢). Endako apatites occurring with
K-feldspar-altered rocks display dominantly green lumines-
cence with remnants of brown-yellow-luminescent apatite
commonly preserved (Fig. 6d).

Apatite with muscovite (phyllic) alteration

Apatite in green muscovite-altered and mineralized rocks at
Highland Valley (Fig. 3b) displays a distinct dull gray lumi-
nescence. The gray-luminescent apatite overprinted and
replaced the green-luminescent apatites (Fig. 6b) that are
remnants of the K silicate alteration. Figure 6b also shows
a narrow rim of green-brown apatite that has mantled both
green and gray apatites. This suggests that K silicate-related
apatite locally formed after muscovite-related apatite. Apa-
tite occurring in intense pervasive muscovite-altered rocks
has been replaced by gray-luminescent apatite producing a
“messy” texture (Fig. 6e) with zones and bodies of green-gray
to dark gray-luminescent apatite. Luminescence zoning on
both sides of a microfracture-hosting chalcopyrite and cutting
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Fig. 5. Highland Valley apatite associated with K silicate alteration. (a). Plane-
polarized photomicrograph showing apatite crystal surrounded by quartz and
K feldspar and weakly altered biotite and minor sulfide. (b). Cathodolumi-
nescence image of the same apatite grain showing that the dull yellow-brown
apatite is replaced by a brighter green-luminescent apatite at the rims and
along fractures. (c). SEM image of the same apatite grain showing no internal
structure. Abbreviations: ap = apatite, bio = biotite, chl = chlorite, Kspar =
K feldspar.

through apatite grains (Fig. 6f) is evidence of a fluid that
altered the apatite during muscovite alteration and deposited
sulfides. The overprinting phyllic alteration at the Endako Mo
deposit was not studied, and phyllic alteration at the Huck-
leberry Cu-Mo deposit is only weakly developed. Similarly,
gray-luminescent apatite is largely absent in the Mount Polley
alkalic deposit, where widespread phyllic alteration is lacking.
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Fig. 6. Cathodoluminescence images of apatites from altered host rocks. (a) Mount Polley apatite occurring with K feldspar +
magnetite alteration, showing that green-luminescent apatite has overgrown and locally replaced brown-luminescent apatite
(PTB045). (b). Apatite grain occurring with K silicate alteration overprinted by phyllic alteration, showing an early bright
green-luminescent apatite cut by dull gray-luminescent apatite. Note that thin green-brown apatite has formed at the rim,
presumably after the gray apatite. (c¢). Huckleberry apatite occurring with K feldspar alteration and sulfide mineralization,
showing that brown-luminescent apatite has been replaced by complex bodies of green-luminescent apatite (HDM022-2).
(d). Endako apatite occurring with typical K-feldspar alteration, showing dominantly green luminescence with remnant of
brown-green-luminescent apatite (EDM 026). (e). Apatite occurring with strong pervasive coarse muscovite and chalcopyrite
alteration at Highland Valley, showing that bright green-luminescent apatite is replaced by a variety of dull gray-luminescent
apatite phases with fine zoning patterns (ALW-8). (f). SEM image of the above apatite grain showing no internal texture—the
very bright phase at the rim and inside the apatite is chalcopyrite (cp), which has formed within a microfracture that has an
envelope of green- to gray-luminescent apatite. Acc.V = accelerating voltage (15 Kv), BSE = backscattered electron, Det
= detector, Magn = magnification (679x), Spot = refers to specimen current (8-10 nanoamperes), WD = working distance
(10.1 mm)
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Phyllic alteration at Mount Polley is volumetrically insignifi-
cant, being restricted mostly to narrow halos (~1 m wide)
around faults.

Chemical Characteristics

Apatite can contain high concentrations of REE, Sr, Mn, Na,
U, and Th, and other trace elements in its structure, making
it potentially a sensitive recorder of the trace element chem-
istry of the rock system (Fleet and Pan, 1997). The incorpo-
ration of trace elements in accessory apatite depends on the
geologic environment of host rock formation such as the SiO
activity, fo,, total alkalis, the aluminum saturation index (AST)
and subsequent alteration processes (e.g., Sha and Chappell,
1999; Belousova et al., 2002). These parameters, particularly
the relationship between fractionation and oxidation state,
are critical to the development of magma-related porphyry
and hydrothermal ore systems (Blevin and Chappell, 1995;
Webster and Piccoli, 2015). Thus, the geochemical signatures
recognized in apatite from specific rock types and alteration
assemblages can potentially provide discriminators that make
apatite useful as an indicator mineral in mineral exploration.

To better understand the chemical changes, patterns, and
relationships observed in the CL, and to provide additional
discriminating criteria in apatite related to porphyry miner-
alization, selected grains were analyzed for major and trace
elements and results were compared with alteration types,
textural characteristics, and luminescence color (e.g., yellow,
brown, green or gray). Appendixes 1 and 2 show results of
apatite analyses with concentrations in weight percent (wt %)
and per formula unit (pfu) for EPMA and ppm for LA-ICP-
MS analyses.

Electron probe microanalyses data indicate that analyzed
grains belong to the apatite group and because of lack of sig-
nificant amount of Ba, As, Sr, Pb, and V (Pasero et al., 2010),
all of grains are calcium phosphate with F, probably OH and
minor Cl. Results show that the CI content is low (0.1-0.2%)
but because of difficulty in measuring F content in apatite
(see above), it is not possible to differentiate between fluor-
apatite and hydroxylapatite. As a result, all the mineral grains
analyzed in this study can be best referred to as “apatite” with
a formula of Cas(PO4)(F, OH, Cl). The compositions of apa-
tites from this study are similar to those that commonly occur
in volcanic-plutonic rocks, with compositions between fluor-
apatite and hydroxylapatite end members (Webster and Pic-
coli, 2015).

Magmatic apatite composition

Results from the magmatic apatite grains analyses occur-
ring in unaltered host rocks show variations in compositions
that correlate with their luminescence. Apatites with yellow
luminescence from Highland Valley have high Mn (>0.2%
MnO) concentrations and chemically are similar to the apa-
tites occurring in felsic (>70% SiO2) I-type granite at the
Lachlan fold belt, Australia (Sha and Chappell, 1999; Fig. 7).
Magmatic apatite grains with brown or orange luminescence
from the Mount Polley, Huckleberry, and Endako deposits
have lower Mn concentrations, mostly below detection limit
(0.15% MnO) and plot near the boundary between felsic and
mafic (57-70% SiOg) I-type granite apatites (Fig. 7). More-
over, magmatic apatite samples with brown luminescence
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Fig. 7. Binary diagram comparing the Mn-Na composition of apatite in the
deposits studied with those occurring with felsic and mafic I-type granitoids
from the Lachlan fold belt, Australia (Sha and Chappell, 1999). Yellow-lumi-
nescent apatite occurs in the felsic I-type field, whereas brown-luminescent
apatites occur near, or probably within, the mafic I-type field. DL = detection
limit.

from Mount Polley and Endako commonly have higher sulfur
concentrations (0.1-0.4% SO3) compared to yellow to yellow-
brown-luminescent apatite from Highland Valley and Huckle-
berry (<0.1%). Yellow-luminescent apatites at Highland Valley
locally show core, rim, or zones with brown luminescence (Fig.
4b). Analysis of several spots across one apatite grain (Fig. 4b)
shows that the yellow-brown CL core is moderately enriched
in REE +Y (ca. 4,500 ppm) whereas the dark-brown CL zone
is highly enriched in REE + Y (5,000-9,000 ppm; Fig. 8). The
rim has light-brown to weak green CL and is largely depleted
in REE + Y (Figs. 4b, 8). This is probably related to weak K
silicate alteration, characterized by minor secondary biotite
after hornblende, or propylitic alteration, characterized by
thin epidote-chlorite-minor sericite veinlets at the margin of
the deposit (Fig. 3d).

Hydrothermal apatite compositions

Change in Mn/Fe: Manganese is above the detection limit
in most apatite samples from Highland Valley. Mn has the
greatest concentrations in magmatic yellow-luminesoent

apatite (0.3-0.5% MnO or 0.025-0.038 pfu Mn) with the K
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F ig. 8. Variation in trace element composition across a zoned apatite grain
(Fig. 4b), showing that the dark-brown CL zone has higher REE concentra-
tion. CL = cathodoluminescence.
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silicate-altered green-luminescent apatite typically containing
less than 0.3% MnO or 0.020 pfu Mn (Fig. 9a). The gray-
luminescent apatite occurring with muscovite-altered rocks
has characteristically the lowest Mn concentrations near or
below the detection limit of 0.15% MnO or 0.010 pfu Mn
(Fig. 9a). The decrease in Mn concentration correlates with
the decrease in Mn/Fe ratio (see below).

Sodium, sulfur, and chlorine depletion: Comparisons of
chemical compositions of magmatic and hydrothermal apa-
tite at Highland Valley show that nearly all magmatic apatites
have Na contents of 0.1 to 0.2% NayO (0.020-0.040 pfu Na),
whereas green-luminescent K silicate-altered apatites con-
tain less than 0.020 pfu Na (Fig. 9b). The Na contents of the
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Fig. 9. Trace element composition of apatite with yellow, green and gray
luminescence in unaltered and altered host rocks, Highland Valley, showing
that altered samples are depleted in Mn, Na, and Cl. CL = cathodolumines-
cence, DL = detection limit, pfu = per formula unit
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gray-luminescent apatite are commonly the lowest, generally
below the detection limit (0.05% NasO or 0.01 pfu). Similar
relationships were observed for chlorine (Fig. 9¢). Most of
the Highland Valley apatite analyses for sulfur were below
the detection limit (0.17% SOs); samples with concentrations
above the detection limit were mainly from unaltered rocks
with yellow-luminescent apatite. Therefore, hydrothermal
apatites consistently have lower concentrations of Na, Cl, and
S relative to magmatic apatites, indicating that these elements
were depleted from apatite during K silicate and subsequent
phyllic hydrothermal alterations. Similar relationships were
observed for apatite from Mount Polley, Huckleberry, and
Endako (Fig. 10). Thus, comparing magmatic and hydrother-
mal apatite, the K silicate-altered green-luminescent apa-
tite has lower concentrations of Na and S (commonly below
detection limit) than the magmatic brown-luminescent apa-
tite (Fig. 10a-d).

REE depletion: Laser ICP-MS analyses of apatite in vari-
ous alteration assemblages at Highland Valley show that Y and
most REE, including Ce, Nd, Sm, Eu, Er, and Yb, have lower
concentrations in altered samples (Fig. 11). This depletion
occurs in both K silicate- and muscovite-altered assemblages
but the latter shows the strongest depletion. Both LREE and
HREE are depleted, generating flat REE patterns in the chon-
drite-normalized spider diagrams for the muscovite-altered
samples (Fig. 12). Lanthanum, however, shows weaker deple-
tion and even slight enrichment in K silicate-altered rocks.
The magnitude of the Eu anomaly becomes weaker as a result
of alteration and depletion of REE, and some samples show
a negative Nd anomaly in muscovite-altered rocks (Fig. 12).

Relationships Between Alteration, Apatite Texture,
and Chemistry

Our study of apatite from 54 samples representing a range of
alteration types and intensities from four porphyry deposits
in British Columbia has highlighted several distinct features.
Apatite from the unmineralized felsic igneous host rocks typi-
cally display yellow and brown luminescence. The strong yel-
low luminescence is attributed to the higher concentration of
Mn relative to Fe (Mn/Fe >1). The Mn-enriched apatites are
characteristic of felsic (>70% SiOz) granites (Sha and Chap-
pell, 1999) such as in the Bethsaida granodiorite phase at
Highland Valley (Olade, 1977). Higher Mn and lower S con-
tents in apatites from felsic I- and S-type granites are attrib-
uted to the lower oxygen fugacity and higher peraluminosity
of these magmas compared to their mafic I-type counterparts
(Sha and Chappell, 1999). The yellow-brown to orange-
brown-luminescent apatite occurs with largely mafic I-type
intrusions that host alkalic porphyry deposits, e.g., Mount
Polley diorite and monzonite (49-56% SiOs, Bath and Logan,
2006), or less felsic calc-alkalic host rocks such as Endako
quartz monzonite (ca. 67% SiOs, Whalen et al., 2001). The
brown to orange luminescence in these samples is attributed
to their high REE + Y and probably S. Dark-brown cores or
zones in apatite (Figs. 4b, 8) are highly enriched in REE.
Similar zonation was described in the Karkonosze granitoid
pluton, Poland (Lisowiec et al., 2013) and the Idaho batholith,
United Stars (Tepper and Kuehner, 1999) where it was attrib-
uted to magma-mixing processes.

Apatite occurring with K silicate-altered host rocks in all
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Fig. 11. Ce, Y, and Nd concentration in various types of apatite occurring
with unaltered and altered host rocks at Highland Valley. Note that unaltered
yellow CL apatite with weak green luminescence has slightly lower REE con-
centration. Other REE show similar trends. CL = cathodoluminescence.

that REE concentration potentially can be used to map distal
weak alteration where commonly visible alteration phases are
absent and other chemical variations are not easily detectable.

Apatite occurring with muscovite or phyllic alteration dis-
plays gray luminescence. The gray—luminescent apatites
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samples, have green luminescence, and a lower REE and Mn/Fe ratio. Ser-
icite-altered apatites have gray luminescence and lowest REE and Mn/Fe.

replace green-luminescent apatite. At Highland Valley, a
small fracture in apatite, filled with sulfide minerals, and with
a halo of gray-luminescent apatite overprinting green-lumi-
nescent apatite shows that hydrothermal fluids caused the
alteration in apatite and deposited sulfide minerals (Fig. 6e,
f). The acidic fluids, typical of phyllic alteration in porphyry
deposits, significantly depleted Mn, Na, Cl, and REE which in
turn resulted in the loss of luminescence, thus producing the
gray—luminescent apatite.

Although our database only represents porphyries from a
limited geographic and temporal range, it suggests that apatite
luminescence and chemical compositions can provide a new
approach for fingerprinting porphyry-related hydrothermal
alteration. K silicate alteration in both calc-alkalic and alkalic
porphyry deposits is characterized by green-luminescent apa-
tite. The green-luminescent apatite has lower Mn/Fe ratio,
REE (Fig. 13), Na, and S (Fig. 14) relative to magmatic apa-
tite. Phyllic alteration in the calc-alkalic deposits generated
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gray-luminescent apatite characterized by depleted trace ele-
ments, particularly Mn and REE (Fig. 13). These results now
need to be tested in other porphyry provinces and other proto-
liths, in order to demonstrate the robustness of the technique.

Exploration Implications

Apatite is a recorder of hydrothermal processes in porphyry
copper deposits. The correlation between hydrothermal min-
eral assemblages and apatite luminescence and chemistry,
particularly Mn/Fe, Na, S, and REE concentrations, suggests
that textural and chemical characteristics of apatite can be
used to identify specific types and indicate intensity of hydro-
thermal alteration related to porphyry copper deposits. Rec-
ognition of features that are directly related to mineralizing
processes, in a range of exploration materials such as soils,
regolith, or heavy mineral concentrates from glacial and fluvial
materials, provides a promising tool for explorers to link back
to a porphyry deposit, related causative intrusion or alteration
assemblage. This is particularly useful where common silicate
alteration minerals are extensively weathered to clay during
surficial processes. Therefore, CL study on apatite grains con-
centrates can provide a fast screening tool to assess existence
of hydrothermal alteration in bedrock and select more prom-
ising areas. This can be followed by further detailed sampling
backed by microprobe analyses to investigate specific targets
and evaluate types of alteration.

Apatite therefore has the potential to be an effective por-
phyry indicator mineral. The unique physical and chemical
characteristics and properties of apatite along with other
resistate minerals that typically occur in porphyry copper
deposits, such as red rutile (Williams and Cesbron, 1977;
Scott, 2005; Rabbia et al., 2009), Ti-rich garnet (Watson,
1969; Russell et al., 1999; Micko, 2010), rose inclusion-rich
zircon (Ballard et al., 2002; Averill, 2007), blond titanite
(Nakada, 1991; Piccoli, et al., 2000; Celis et al., 2015), and
magnetite (Canil et al., 2015; Nadoll et al., 2015), indicate that
with further characterization, these minerals can contribute in
developing a porphyry indicator minerals methodology akin
to accessory minerals and G10 garnets widely used for dia-
mond exploration.
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