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Abstract

Apatites from the major types of mainly magmatic-hydrothermal mineral deposits (30 localities, mostly in Brit-
ish Columbia, Canada) together with apatites from carbonatites (29 intrusive complexes) and unmineralized
rocks (11 localities) have been analyzed by electron microprobe and laser ablation-inductively coupled plasma
mass spectrometry. Discriminant analysis using Mg, V, Mn, Sr, Y, La, Ce, Eu, Dy, Yb, Pb, Th, and U reveals
that apatites from mineral deposits can be distinguished from apatites in carbonatites and unmineralized rocks.
Apatites from mineral deposits are characterized by higher Ca and correspondingly lower total contents of trace
elements that partition onto the Ca sites (rare earth elements (REEs), Y, Mn, Sr, Pb, Th, and U) than apatites
from unmineralized rocks and carbonatites. Apatites from the different deposit types also have distinct trace
element compositions that are readily discriminated by the discriminant functions. Apatites from worldwide
carbonatites have the most fractionated REE distributions with light REE enrichment (Ce/Ybon = 35-872),
high V (1.6-1,466 ppm), Sr (1,840-22,498 ppm), Ba (1.8-275 ppm), and Nb (0.4-19 ppm) contents, the low-
est W contents (0.05-0.55 ppm), and no significant Eu anomalies (EwEu* = 0.9-1.2). Apatites from alkalic
porphyry Cu-Au deposits in the North American Cordillera possess high V contents (2.5-337 ppm), whereas
apatites from calc-alkaline porphyry Cu-Au and Cu-Mo deposits have high Mn contents (334-10,934 ppm) and
typically large negative Eu anomalies (Ew/Eu® = 0.2-1.1). Apatites from iron oxide Cu-Au (IOCG) and related
Kiruna-type iron oxide-apatite (IOA) deposits in Canada, China, and Mexico typically have large negative Eu
anomalies (Ew/Eu® = 0.2-1.5) and low Mn contents (40-5,753 ppm). Apatites from orogenic Ni-Cu, porphyry-
related Cu-Au breccia, Au-Co skarn, Pb-Zn skarn, and Cu skarn deposits have relatively low abundances of
impurity cations. This study demonstrates that detrital apatite grains collected during regional geochemical
surveys are effective in identifying specific types of buried mineral deposits in glaciated terranes.

Introduction Apatite is a widespread accessory phosphate mineral that
occurs in many rocks and is relatively resistant to weathering

Regional hemical that collect h istant
egiona’ geochemnica: SUTveys that colect heavy or resistan (Bouzari et al., 2011). In general, felsic rocks such as granites,

indicator minerals (RIMs) in drift or drainage samples have e ) ,
proven successful in diamond exploration. gThey glso have gra.nodlol.'lte.s, and .rhyohtes contain ~0.01 to 0.5 wt % P20,
potential application to a wide range of other commodities mainly within apatite (Sha and ChaPPelL 1999; Belousova et
(e.g., Griffin and Ryan, 1995; Averill, 2001; Belousova et al., al 2001; C‘(.IO et al.., 2012). Intermediate an.d mafic ro.cks have
similar to slightly higher P»Os contents, typically ranging from
~0.1 to 1 wt % (Belousova et al., 2001; Campos et al., 2002;
Wang et al., 2003; Mukhopadhyay et al., 2011). Carbonatites
are much more enriched in phosphorous and can contain up
to 7.7 wt % P2Os (Hogarth et al., 1985; Biihn et al., 2001).
The crystal structure and chemistry of apatite results in
relatively high mineral-melt and mineral-fluid partition coef-
ficients for many trace elements (Hughes and Rakovan, 2002;
Pan and Fleet, 2002; Prowatke and Klemme, 2006). Cal-
cium, a large cation, has two structural sites in apatite (Cal
and Ca2), which are capable of accommodating high con-
centrations of many trace elements, including Na, Mg, Mn,
Fe, St, Y, Ba, lanthanides (hereafter referred to as REE), Pb,

2002). Exploration tools such as this are valuable in regions
where bedrock exposure is limited. For example, exploration
for porphyry Cu + Mo + Au deposits in the highly prospective
Late Triassic-Early Jurassic Quesnel and Stikine magmatic arc
terranes of south-central British Columbia is challenging due
to extensive cover by glacial sediments (Ward et al., 2009).
Bouzari et al. (2011) have undertaken preliminary studies
of RIMs associated with porphyry Cu + Mo + Au deposits
and proposed that apatite, rutile, titanite, and magnetite are
potential porphyry indicator minerals. An ideal indicator min-
eral should meet the following prerequisites: (1) widespread
occurrence in rocks related to or within the deposit, (2) chem-

ical composition sensitive to the crystallization environment, b and he abund ¢ o >l I
(3) resistance to physical and chemical weathering, and (4) eas- Th, and U. The abundance of some “trace” elements such as

ily identified and separated from its host rock or sediment. In Sr and Mn can be up to 8.96 and 7.59 wt %, respectively, in

consideration of these criteria, apatite, Cas(PO4)3(F,0H,Cl), natural apatite <Ral<ovan and Hughes, ZOQO; Hughes et al,
qualifies as a good RIM candidate. 2004). The apatite structure also allows anion groups such as

VO, AsO, SiOf and SOF to replace PO with or with-
4 . . out a charge compensator (Pan and Fleet, 2002). The abun-
t Corresponding author: e-mail address, alexei.rukhlov@gov.be.ca dances of these chemical impurities in apatite can be affected
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of REE in apatite increases with increasing melt SiOs content
and decreases with increasing temperature. Miles et al. (2014)
observed that Mn?+ substitutes into apatite more readily than
Mn3+ and concluded that redox conditions have more influ-
ence on the partitioning of Mn into apatite than does tempera-
ture. Based on these observations, it is apparent that the trace
element composition of apatite is sensitive to the environment
in which it forms. Importantly, the low solubility of P2Os in
silicate melts (Watson, 1980; Nash, 1984) commonly results in
early apatite crystallization that may continue until late-stage
fluid saturation and accompanying metallic mineralization.

Previous studies have used apatite as a petrogenetic indi-
cator, an oxygen fugacity (fo,) proxy, and as an indicator for
mineral exploration (Sha and Chappell, 1999; Piccoli and
Candela, 2002; Cao et al., 2012; Miles et al., 2014). Sha and
Chappell (1999) and Belousova et al. (2001, 2002) have sys-
temically investigated apatite in granitoids and suggested that
these rock types could be identified based on the contents
of specific trace elements (e.g., Mn, Fe, Sr, Y, and REE) in
apatite. For example, Sha and Chappell (1999) recognized
that depletion in LREE and Th in apatite from S-type and
felsic I-type granitoids was due to the occurrence of mona-
zite, whereas its absence in mafic I-type granitoids produced
an enrichment of these elements in apatite. Belousova et al.
(2002) documented very high (Ce/Yb)cx in apatites from
carbonatites and mantle-derived lherzolites. Little research,
however, has focused on possible correlations between trace
elements in apatites and different types of mineral deposits.
Studies of Cao et al. (2012) and Bouzari et al. (2011) on both
magmatic and hydrothermal apatites from porphyry Cu + Mo
+ Au deposits suggested that trace elements in apatites could
be used in exploration for these deposits. Therefore, devel-
oping a robust trace element classification for apatite could
provide a useful mineral exploration tool and an efficient way
to discriminate between deposit types.

This study evaluates apatite trace element compositions to
do the following: (1) discriminate between apatites formed
in association with mineral deposits from those formed in
unmineralized rocks; and (2) discriminate apatites from
the different types of mineral deposits. To achieve these
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objectives, we have analyzed more than 600 apatite grains
from porphyry Cu + Mo + Au deposits, epithermal Au-Ag
veins, iron oxide Cu-Au (IOCG) breccia and related Kiruna-
type iron oxide-apatite (IOA) deposits, orogenic Au veins,
polymetallic skarns, orogenic Ni-Cu deposits, and carbonatite
REE = Nb+Ta deposits, as well as approximately 300 apatite
grains from unmineralized rocks, including clinopyroxenites,
gabbros, diorites, granodiorites, monzonites, and syenites.
Discrimination diagrams are used to subdivide the apatites by
origin and the results indicate that apatite is a robust indicator
mineral for exploration.

Structural chemistry of trace elements in natural apatites

Apatite, Cas(POy4)s(F, OH, Cl), consists of hexagonal close
packing tetrahedral PO} groups, which form two types of
structural channels parallel to the hexagonal axis. Forty per-
cent of the Ca atoms occupy the smaller channels with nine-
fold coordination (Cal site), whereas the F (OH, Cl) occupies
the center of the larger channel. The other 60% of the Ca
surrounds the F (OH, Cl), forming seven-fold coordination
(Ca2 site) within the larger channel. This structure is capable
of tolerating relatively large structural distortions, allowing
for diverse substitutions (Hughes and Rakovan, 2002; Pan
and Fleet, 2002). The radius of Ca2+ in seven- and nine-fold
coordination is 1.06 and 1.18 A, respectively (Shannon, 1976).
This means that large cations preferentially occupy the larger
Cal site.

Monovalent ion impurities including Li*, Na*, K*, and Rb*
have been reported in natural apatites (Young et al., 1969;
Hughes et al., 1991; Simonetti et al., 2008), but only Na* is a
common minor constituent. The others all occur at very low
concentrations in natural apatites (Pan and Fleet, 2002). These
monovalent ions usually reside in the Cal site (Table 1), and
for charge balance reasons, their incorporation involves the
presence of other trace ions (groups) such as REE3+ or SOi~
(Fleet and Pan, 1997; Sha and Chappell, 1999). REE3+ and
Y3+, which can occur at significant concentrations (up to 27 wt
% REE:Os; Zirner et al., 2015), are very compatible in apatite
and prefer the Ca2 site (Fleet and Pan, 1995; Fleet et al., 2000;
Klemme and Dalpé, 2003; Prowatke and Klemme, 2006). The

Table 1. Radius and Site Occupancy of Common Impurity Cations in Apatites

Cation Cal site: XCa2* (A) Ca2 site: VICa2+ (A) Site preference Reference
Ca?+ 1.18 1.06 Stoichiometric

Sr2+ 1.31 1.21 Ca2 (almost exclusively) 1,2,3
Ba2+ 1.47 1.38 Ca2 4

Mg?+ 0.89 (VIII) 0.72 (VI) Possibly Cal in REE-rich enviroment 5

Mn2+ 0.96 (VIII) 0.9 Cal (may negatively correlate with Cl content) 6,7,8,9
Fe2+ 0.92 (VIII) 0.78 (VI, HS) Cal or Ca2 in Fe-poor environment 10

Eu+ 1.3 1.2 Ca2 (similar behavior to Eu3+) 2,11, 12
Pb2+ 1.35 1.23 Ca2 13, 14
Na+ 1.24 1.12 Cal 15,16
Y3+ 1.075 0.96 Ca2 211,12
REE3+ (La-Lu) 1.042-1.216 0.925-1.10 Ca2 2,11, 12
Thi+ 1.09 0.94 (VI) Cal or Ca2 17

U4+ 1.05 0.95 Cal or Ca2 17

Zrt+ 0.89 0.78 Incompatible 18

Cation radii data are from Shannon (1976), site preference references: 1 = Sudarsanan and Young (1974), 2 = Hughes et al. (1991), 3 = Rakovan and Hughes
(2000), 4 = Khudolozhkin et al. (1973), 5 = Tto (1968), 6 = Ryan et al. (1972), 7 = Warren and Mazelsky (1974), 8 = Ercit et al. (1994), 9 = Miles et al.
(2014), 10 = Khudolozhkin et al. (1974), 11 = Fleet and Pan (1995), 12 = Fleet et al. (2000), 13 = Engel et al. (1975), 14 = Verbeeck et al. (1981), 15 =

Fleet and Pan (1997), 16 = Sha et al. (1999), 17 = Baumer et al. (1983), 18 = Prowatke and Klemme (2006)
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SiOf group, which occupies the site of POY, is a common
charge compensator for REE3+ and Y3+ (Hughes et al., 1991;
Sha and Chappell, 1999; Wang et al., 2014). Possible charge
compensating reactions associated with trace element substi-
tution include (Ito, 1968; Roeder et al., 1987; Rgnsbo, 1989;
Fleet and Pan, 1995; Serret et al., 2000; Chen et al., 2002):

REE3+ + M* = 2Ca2+
REE3+ + SiO} = Ca2+ + PO}
REE3+ + X2- = Ca2+ + F~

2REE3+ + [] = 3Ca2+ (

Py

1)
2)
3)
4)

For divalent cations, the most common minor and trace ele-
ments in natural apatites include Sr2+, Ba2+, Mg2+, Mn2+, Fe?+,
Eu?* and Pb?+, and due to the same charge and similar cation
sizes to Ca2+ (Table 1), they can be incorporated in apatites
from several parts per million (ppm) to several weight percent
(Rakovan and Hughes, 2000; Pan and Fleet, 2002; Piccoli and
Candela, 2002; Hughes et al., 2004).

The most abundant tetravalent cations in natural apatites
are Th* and U*+, with contents that range from a few ppm to
thousands of ppm (Sha and Chappell, 1999; Belousova et al.,
2001, 2002; Tollari et al., 2008; Chu et al., 2009; Cao et al.,
2012). Baumer et al. (1983) showed that one Th#+ or U4+ ion
and a Ca vacancy can substitute for two Ca2+ ions.

Th4+(U4+) + [ = 2Ca2+ (5)

In natural apatites, the PO} group can be replaced by VO,
AsOF, SiOf, SOF and CO3 groups (Sudarsanan et al., 1977;
Rgnsbo, 1989; Hughes and Drexler, 1991; Binder and Troll,
1989; Peng et al., 1997; Comodi et al., 1999; Persiel et al.,
2000). To balance the charge difference with substitutions
(e.g., SiOf and SO}), the following substitutions have been
proposed (Rouse and Dunn, 1982; Peng et al., 1997):

SOF + SiOf = 2P0} (6)
SOF + Na* = PO} + Ca2+ (7)

It has been shown that MnO}~ can replace PO} in synthetic
Cl apatites (Kingsley et al., 1965), but Hughes et al. (2004)
found that MnOj~ does not exceed 5% of the total Mn content
in natural apatites.

Geologic Setting of Mineral Deposits

The central role of global tectonics in the formation and dis-
tribution of mineral deposits is firmly established and is the
basis for their classification (e.g., Guilbert and Park, 1986;
Groves et al., 2005; Lydon, 2007). Although evidence of the
linkage is principally Phanerozoic in age, most workers agree
that Phanerozoic tectonic models are applicable to the Pro-
terozoic and probably the Archean (e.g., Kerrich and Polat,
2006; Condie and Kroner, 2008). The most productive geo-
logic environment for the formation of metalliferous min-
eral deposits is destructive plate margins (Guilbert and Park,
1986; Groves and Bierlein, 2007). Specifically, volcanic arcs
and back arcs that were built upon, or accreted to, continen-
tal margins during supercontinent assembly (e.g., Barley and
Groves, 1992; Lydon, 2007; Goldfarb et al., 2010; Cawood
and Hawksworth, 2015). Accordingly, most of the mineral
deposit types considered in this study formed at destructive
plate margins and are directly related to magmatic and/or
associated convective hydrothermal systems. These deposits
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include porphyry, epithermal, skarn, orogenic Au, orogenic
Ni-Cu, and iron oxide-apatite systems. Constructive plate
margins are not highly productive for economic mineral
deposits, even though spreading centers in oceanic crust are
the most common site for modern metalliferous hydrother-
mal deposition (e.g., Lydon, 2007). Mineral deposits that form
in or on continental crust during the long periods of supercon-
tinent cohesion include carbonatites, diamonds, and possibly
some styles of iron oxide Cu-Au systems.

After classification by tectonic environment, major mineral
deposit types are characterized by commodity, morphology,
alteration, ore mineralogy, and host-rock associations (e.g.,
Hedenquist et al., 2000; Goodfellow, 2007). These character-
istics form the basis of the standard ore deposit models briefly
summarized below. Detailed information on the actual depos-
its sampled for this study, including their name, age, location,
material sampled, and apatite characteristics are given in
Table 2, Appendix 1, and Appendix Tables 1 and 2.

Porphyry deposits

Porphyry deposits are large, low-grade Cu, Mo, Au, Ag, W,
and/or Sn magmatic-hydrothermal deposits spatially associ-
ated with felsic to intermediate porphyritic intrusions formed
within 6 km of the paleosurface in continental- and island-
arc settings (Seedorff et al., 2005; Sillitoe, 2010). The deposits
typically contain hundreds of millions of tonnes of ore, but the
grades are low (generally <1% Cu and <0.1% Mo). Porphyry
Mo and Sn-W deposits are associated with A-type and S-type
granites, respectively, which form in back-arc continen-
tal environments (Christiansen and Keith, 1996; Newberry,
1998). Porphyry Cu-Mo and Cu-Au deposits are derived
from I-type granites (Loucks, 2014; Dilles et al., 2014) that
possess variable alkalinity (e.g., Barr et al., 1976; Lang et al.,
1995), degrees of silica saturation (Seedorff et al., 2005), and
oxidation states (Rowins, 2000; Smith et al., 2012; Cao et al.,
2014). Porphyry deposits are rare in Proterozoic and Archean
rocks, possibly due to differences in the style of plate tectonics

and diminished preservation potential of older orogens (e.g.,
Groves et al., 2005; Richards and Mumin, 2014).

Skarn deposits

Skarn deposits occur in rocks of all ages and are character-
ized by pervasive calc-silicate alteration (typically garnet and
pyroxene) of carbonate-rich rocks by magmatic-hydrothermal
fluids at the margins of felsic intrusions (e.g., Einaudi et al.,
1981; Meinert et al., 2005). There are seven major metallic
skarn types (Fe, Au, Cu, Pb-Zn, W, Mo, and Sn) with many
being parts of larger porphyry systems (Meinert et al., 2005;
Ray, 2013). The porphyry linkage may be obscure for skarn
deposits forming distal to pluton margins, and some W and Sn
skarns lack any apparent association with porphyry-style min-
eralization. Skarn deposits are commonly polymetallic with a
wide range of grades and tonnages.

Epithermal Au-Ag deposits

Epithermal Au-Ag deposits consist of quartz veins and sul-
fide disseminations that typically formed within 1.5 km of the
Earth’s surface (Cooke and Simmons, 2000). The ores are
dominated by precious metals (Au, Ag), but some deposits
may contain significant amounts of the base metals Cu, Pb,
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Table 2. Summary of Samples and Apatite Analyses

Classification Deposit/locality name Rock samples! Analyses Total analyses
Alkalic porphyry Cu-Au Dobbin (Alfy), BC 4 59 145
Mount Polley (Cariboo-Bell), BC 2 48
Shiko (Red Gold), BC 3 38
Porphyry Cu-Au Kemess South (Ron), BC 2 33 33
Porphyry-related Cu-Au breccia Willa (L.1529; Rockland Group), BC 1 34 34
Porphyry Cu-Mo Gibraltar, BC 1 6 55
Highmont (Highmont mine), BC 1 26
Highland Valley Copper (Valley), BC 1 7
Lornex (Lornex mine), BC 1 16
Porphyry Mo Endako (Endako mine), BC 1 3 61
Boss Mountain (Brynnor), BC 1 11
Cassiar Moly, BC 1 24
Brenda (Brenda mine), BC 1 23
10CG breccia Wernecke, Yukon 4 44 44
Kiruna-type Aoshan, China 5 37 267
Great Bear (Rainy Lake pluton), NWT 1 13
Durango, Mexico 1 217
Orogenic Ni-Cu Jason, BC 1 28 28
Orogenic Au Congress (Lou), BC 1 15 45
Dentonia (Dentonia mine), BC 1 2
Seabee, Saskatchewan 2 23
Kirkland Lake, Ontario 1 5
Au-Co skarn Minyari, Australia 2 12 15
Racine, BC 1 3
Cu skarn Little Bittle (Little Billy), BC 1 1 1
Pb-Zn skarn Gold Canyon, BC 1 1 1
W skarn Molly (L..14232; Molybdenite), BC 1 26 28
O’Callagham’s, Australia 1 2
Epithermal Au-Ag Cinola (Specogna/Harmony), BC 1 1 9
Cripple Creek, Colorado 2 8
Carbonatite 29 intrusive complexes worldwide 30 70 70
MOR (unmineralized) Southwest Indian Ridge (Atlantis Bank) 2 19 52
Mid Atlantic Ridge 2 20
East Pacific Rise 3 13
Intrusive rock (unmineralized) Kirkland Lake, Ontario (pyroxenite, monzonite, and syenites) 8 160 251
Kandaguba, Russia (apatite-calcite-feldspar-biotite ijolite) 1 3
Blu Starr, BC (metamorphosed alkali-feldspar syenite) 1 1
Thiemer Creek pluton, BC (diorites and granodiorites) 3 78
Beaver Cove pluton, BC (diorites and granodiorites) 1 9
Other First Mine Discovery, Madagascar (pegmatite) 1 230 230

1All samples from mineral deposits are from mineralized zones

and Zn (Hedenquist et al., 2000). The deposits commonly are
associated with centers of magmatism and volcanism that also
host large porphyry Cu-Au deposits. Epithermal Au-Ag depos-
its are distinguished on the basis of the sulfidation state of the
sulfide mineralogy as belonging to high-, intermediate-, or low-
sulfidation subtypes. The high-sulfidation subtypes are large,
low-grade (typically <1 g/t Au), disseminated orebodies and
form from magmatic-hydrothermal fluids immediately above
porphyry Cu-Au deposits. In contrast, low-sulfidation subtypes
form distal to the porphyry system at deeper levels, where mix-
ing with cool meteoric waters produces “bonanza” grade Au-Ag
veins containing hundreds of ounces of Ag and tens of ounces
of Au (Simmons et al., 2005; Duuring et al., 2009a). Intermedi-
ate-sulfidation subtypes occur in the transitional zone between
high- and low-sulfidation subtypes and contain abundant base
metals (Cu, Pb, and Zn), in addition to Au and Ag.

Orogenic Au deposits

Orogenic Au deposits encompass all epigenetic, structurally
hosted, lode gold vein systems in metamorphic terranes (Groves
etal., 1998). They consist of auriferous quartz-carbonate-sulfide

veins and were previously known as Archean lode Au, meso-
thermal Au, greenstone Au, mother lode Au, turbidite-hosted
Au, and slate-belt Au, among others. Orogenic Au deposits
occur in regionally metamorphosed terranes of all ages and are
second only to paleoplacers for annual global Au production
(Dubé and Gosselin, 2007). Ores form during compressional
to transpressional deformation at convergent plate margins in
accretionary and collisional orogens (e.g., Kerrich et al., 2000).
The average Au grade worldwide is 7.6 g/t with deposits nor-
mally containing between 20 and 40 Mt of ore (Dubé and Gos-
selin, 2007). Deposits form on or near major crustal shear zones
with mineralization commonly localized in re-activated second-
and third-order structures (Hagemann and Cassidy, 2000).
Most orebodies form at midcrustal depths (5-10 km) close
to the upper greenschist-lower amphibolite facies transition,
although deeper (~20 km) and shallower (~5 km) deposits are
recognized (Groves, 1993). In some Archean terranes, espe-
cially those in the Superior Province of Canada, felsic pluto-
nism is directly involved in the genesis of orogenic Au deposits
(e.g., Rowins et al., 1993; Robert, 2001; Ispolatov et al., 2008;
Bigot and Jebrak, 2015).
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Iron oxide Cu-Au and Kiruna-type iron oxide-apatite
deposits

Iron oxide Cu-Au (IOCG) deposits comprise a diverse group
of deposits better viewed as iron oxide-associated deposits
(Groves et al., 2010). Kiruna-type iron oxide-apatite depos-
its (IOA), hereafter referred to as “Kiruna-type,” are some-
times classified as the Cu-poor end member of the IOCG
class, although their genetic connection remains controversial
(Knipping et al., 2015a, b). The type location for IOCG depos-
its is the giant Olympic Dam Cu-U-Au deposit in South Aus-
tralia (Hitzman et al., 1992). The essential criteria for IOCG
deposits are as follows: (1) are formed by magmatic-hydrother-
mal processes, (2) have Cu + Au as economic metals, (3) are
structurally controlled—commonly with breccias, (4) are sur-
rounded by alteration and/or brecciation zones normally more
regional in scale relative to economic mineralization, (5) have
depleted SiOs content of altered wall rocks, (6) have abun-
dant low-Ti iron oxides or iron silicates, and (7) have a close
temporal, but not apparent spatial, relationship to causative
intrusions (Groves et al., 2010). This suite of characteristics
distinguishes IOCG deposits from most other hydrother-
mal Cu-Au deposits that are commonly dominated by pyrite
with accessory copper sulfides and gold (e.g., most porphyry
and VMS deposits) and/or have quartz veins or silicification
together with iron oxides. Precambrian deposits dominate the
I0CG group and their tectonic setting at formation was most
likely anorogenic, with magmatism and associated hydrother-
mal activity driven by mantle underplating and/or plumes
(Groves et al., 2010). Hunt et al. (2011), however, recently
proposed that the Wernecke IOCG breccias are unrelated to
magmatism, but are the result of periodic overpressuring of
formational and metamorphic waters due to the weight of the
overlying sedimentary rocks. In contrast to IOCG deposits,
Kiruna-type deposits (e.g., Kiruna and Gransgerberg in Swe-
den; El Romeral, Los Colorados, Cerro Negro in northern
Chile) occur in convergent margin settings, typically lack eco-
nomic Cu + Au, and are associated with calc-alkaline magma-
tism (Kerrich et al., 2005; Knipping et al., 2015b).

Orogenic Ni-Cu + PGE deposits

Orogenic Ni-Cu = platinum group element (PGE) deposits
are a newly recognized type of deposit. Unlike many of the
world’s giant magmatic Ni-Cu + PGE deposits such as Noril sk
and Pechenga (Russia), Thompson and Voisey’s Bay (Canada),
and Jinchuan (China), that occur in extensional settings (Nal-
drett, 2004), several subduction-related magmatic arcs also
host significant Ni-Cu + PGE deposits (Casquet et al., 2001;
Ortega et al., 2004; Pina et al., 2006). The best known of these
deposits is Aguablanca (Spain), a 15.7-Mt deposit grading
0.66% Ni, 0.46% Cu, 0.47 g/t PGEs, and 0.13 g/t Au (Pina
et al., 2006). In Canada, small Ni-Cu + PGE deposits such as
Lac Edouard and Giant Mascot formed from mafic and ultra-
mafic intrusions emplaced in island-arc settings (Sappin et al.,
2011, 2012; Manor et al., 2016).

Carbonatites

Carbonatites are igneous rocks that contain at least 50% pri-
mary carbonates (e.g., Bell, 1989, 2005). They are classified
according to their modal or chemical compositions (Woolley
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and Kemp, 1989). More than 500 occurrences have been
identified, with ages that range from the late Archean to the
present (Woolley and Kjsarsgaard, 2008). Carbonatites occur
in deep-seated, shallow, and extrusive environments on all
continents, including Antarctica. Although most carbonatites
are spatially associated with a variety of silicate rocks (e.g.,
nephelinites, phonolites, melilitites, ultramafic lamprophyres,
or their plutonic equivalents) of similar age, they may also
occur as isolated intrusions. Most intrusive carbonatite com-
plexes are surrounded by a zone of metasomatically altered
country rocks showing enrichment in Na and/or K. These
rocks are made up of metasomatic feldspar, sodic pyroxenes,
and alkali amphiboles and are termed “fenites.” Carbonatites
typically form in intracratonic rift settings or in association
with major faults and large-scale domal swells (Bell et al.,
1998; Bell, 2005). Carbonatites are enriched in REE, Ba, Sr,
F, P, Nb, U, Th, and sometimes Zr, V, Ti, Ta, and base metals
Cu, Pb, and Zn (Rankin, 2005). Presently, mineral produc-
tion from carbonatites is dominated by Cu and by-products
Zr, Fe, apatite, Ni, Au, and platinum group elements (PGEs)
from the Phalaborwa mine in South Africa (Rankin, 2005).
Carbonatites also account for most of the world’s current pro-
duction of Nb, REE, a significant proportion of its phosphate
and fluorite production (Rankin, 2005).

Others

For completeness of study, we also examined ores and altera-
tion zones associated with volcanogenic massive sulfide
(VMS) deposits and sedimentary-exhalative (SEDEX) depos-
its for hydrothermal apatite. Our investigation revealed that
hydrothermal apatite was exceedingly rare in these samples,
confirming that it is not a useful accessory mineral for identi-

fying these types of deposits.

Samples

In this study, we examined 230 rock samples from different
deposits and rock types (App. 1). Many of the rock samples
are from deposits located in British Columbia, Canada, part of
the North American Cordillera with an exceptional diversity
of deposit types (Fig. 1; Table 2). Apatite grains were analyzed
from 97 rock samples. Most of the apatite-bearing samples are
from porphyry Cu + Mo + Au, IOCG breccia, Kiruna-type,
orogenic Au, Au-Co skarn and W skarn deposits, and carbon-
atites. Orogenic Ni-Cu = PGE and epithermal Au-Ag deposits
yielded few apatite grains. Igneous apatites also were recov-
ered from 20 samples of fresh (unmineralized) igneous rock
types in order to identify any systematic differences between
apatites from the mineral deposits and their unmineralized
hosts. The fresh igneous rocks sampled include clinopyrox-
enite, calcite ijolite, gabbro, diorite, syenite, alkali-feldspar
syenite, quartz syenite, quartz monzonite, and granodiorite.
Appendix Tables 1 and 2 provide the detailed descriptions of
the rock samples and apatites studied, respectively.

Experimental Methods
Sample preparation

Thin sections for most samples (except samples from South-
west Indian Ridge, Mid-Atlantic Ridge, Great Bear, Aoshan,
Durango, Madagascar, and all carbonatites) were examined
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Fig. 1. Location of samples in this study. a) World map; box s
simplified geology after Colpron and Nelson (2011). The sym

hows location of Figure 1b. b) British Columbia map, showing
bols on both maps represent deposits which were examined in

this study; the larger symbols represent samples that yielded apatites investigated.

to estimate apatite abundance, morphology, and size (App.
Table 2). Those samples containing apatites then underwent
mineral separation. The separation process included the fol-
lowing seven steps.

1. Each rock sample (50-1,000 g) was crushed and pulverized
to <1-mm fragments.

2. The crushed samples were sieved to separate the 250- to
500-um-size fraction; if no apatites were found in this frac-
tion, the 180- to 250-um fraction was used.

3. After the sieved fraction was washed and dried, a hand mag-
net was used to remove magnetic minerals from the sample.

4. Samples were then sequentially separated in tetrabromo-
ethane (TBE) and methylene iodide (MI) to extract the
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fraction with a density between 2.97 and 3.32 g/cm?. Sam-
ples were submerged in each heavy liquid for at least 15
minutes to ensure complete separation. Between samples,
all glassware was washed thoroughly with acetone to avoid
cross contamination.

5. The mid-density (2.97-3.32 g/cm3) fraction was then pro-
cessed by Frantz isodynamic separator twice (at 0.1-0.5
and 1.5 A) to separate nonmagnetic minerals from para-
magnetic minerals. In addition, a few apatite grains from
pegmatitic samples were separated manually due to their
large size (1-5 mm) (App. Table 2).

6. Apatite grains that appeared clear and free of inclusions
were hand-picked from the nonmagnetic fraction under a
binocular microscope and mounted in epoxy pucks for elec-
tron microprobe analysis (EMPA) and laser ablation-induc-
tively coupled plasma mass spectrometry (LA-ICPMS).

7. The grain mounts were polished by hand using Buehler-
Met II lapping papers P400, P1200, P4000, and Buehler
lapping powder 1 and 0.3 um. All grain mounts were rinsed
thoroughly using deionized water between polishing steps
and cleaned in an ultrasonic bath for approximately 30
minutes prior to analysis.

EMPA

The EMPA was performed on a fully automated Cameca
SX50 Electron Microprobe, equipped with four wavelength-
dispersive spectrometers, at the Department of Earth, Ocean
and Atmospheric Sciences, University of British Columbia
(UBQC). Before each analysis, the apatite grains were exam-
ined by back-scattered electron (BSE) imaging; no promi-
nent zonation was observed. Although some apatites may
display complex zoning in cathodoluminescence imaging
(e.g., Bouzari et al., 2011), detailed investigation of within-
grain chemical variations was beyond the scope of this study,
which characterizes apatite chemistry between many differ-
ent types of rock and deposits. At least two spots analyzed
on random apatite grains (App. Table 2) did not reveal any
significant within-grain variations, consistent with the lack of
zoning in BSE. The EMPA was done using the wavelength-
dispersion mode with a 15-kV excitation voltage, 10-nA beam
current, and 10-um beam diameter. Peak and background
counting times were 20 s for F, S, Cl, and Fe, and 10 s for
Na, Si, P, and Ca. Fluorine was always measured on the first
cycle because of migration during analysis. The background
values for F were fixed and based on the first measured result
in each analytical session. Data reduction was done using the
“PAP” ®(pZ) method (Pouchou and Pichoir, 1985). The fol-
lowing standards (locations), X-ray lines, and crystals were
used: topaz (Topaz Valley, UT, USA), FKa, TAP; albite (Ruth-
erford mine, Amelia County, VA, USA), NaKa, TAP; diop-
side (C.M. Taylor Company, locality unknown), SiKe, TAP;
apatite (Wilberforce, ON, Canada), PKa, PET; barite (C.M.
Taylor Company, locality unknown), SKa, PET; scapolite (Lot
32, Con. XVIIL, Monmouth, ON, Canada), ClIKa, PET; apatite
(Wilberforce, ON, Canada), CaKa, PET; synthetic fayalite
(Los Alamos National Laboratory, NM, USA), FeKa, LIF.
The use of apatite to calibrate Ca and P minimizes the matrix
correction required.

The detection limits, based on counting statistics, were
0.11 wt % for Ca, 0.05 to 0.12 wt % for Na, Si, S, and CI, 0.11
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to 0.16 wt % for Fe, 0.19 wt % for P, and 0.65 wt % for F. The
average precision (20 relative %) was 1% for Ca, 3% for P,
40% for Fe, 20% for Cl, 29% for S, 27% for Si, 36% for Na,
and 17% for F.

LA-ICPMS analysis

All ICPMS analyses were performed on a Thermo X-Series
IT (X7) quadrupole ICPMS at the School of Earth and Ocean
Sciences, University of Victoria. For laser ablation analysis,
a New Wave UP-213 was coupled to the X-Series II with
helium as the carrier gas.

Appendix Table 3 lists the LA-ICPMS experimental con-
ditions per analytical session. Separated apatite grains (n =
793) were analyzed with a 30-um laser spot diameter (in some
cases 40 um), a pulse rate of 10 Hz, and measured fluence
ranged from 6.6 to 10.8 J-cm-2. For thin sections, the pulse rate
(2-5 Hz) and energy (fluence = 1.4-2.8 J-cm2) were reduced
to avoid burning through the samples (total 127 analyses). A
pre-ablation warm-up of 5 s was used to avoid unstable laser
energy at the beginning of each ablation. All LA-ICPMS spec-
tra were recorded for 120 s including ~30 s gas blank before
ablation started, 60 s during ablation, and ~30 s post ablation.
At least 60 s of gas flushing was allowed between analyses. The
ICPMS was optimized to maximize sensitivity and minimize
oxide formation. Forward RF was 1,400 watts. The dwell time
was 3 ms for all REE elements and 5 ms for all other elements
(App. Table 3).

Calcium was used as the internal standard for LA-ICPMS
calibration. Calcium concentrations for most samples were
determined directly by EMPA. Where direct EMPA data were
not available, the median Ca content from other apatites from
the same sample was used in the data-reduction calculations;
and when no EMPA data were available, ideal Ca content of
fluorapatite (39.5 wt %) was used (App. Table 4). NIST glasses
611, 613, and 615 (Jochum et al., 2011) were used as the
external calibration standards. To determine the effect of the
difference in matrix, and to determine experimental accuracy
and precision, fragments of two large natural apatite crystals
from Madagascar and Durango (Young et al., 1969; Thomson
et al., 2012) were analyzed 230 and 217 times, respectively,
and the analyte concentrations were also determined by solu-
tion ICPMS. Madagascar apatite was analyzed through all
experiment sessions, and Durango apatite was analyzed with
all samples except the apatites from carbonatites. A typical
analysis session started with NIST glasses 615, 613, and 611,
followed by Madagascar and Durango apatites, and then 6 to
7 unknowns and then all five standards were repeated. Dur-
ing the data reduction, time-resolved count rates were care-
fully checked and any spectra with spikes, indicating possible
inclusions, were excluded.

As with EMPA, we analyzed at least two spots on randomly
selected apatite grains to check within-grain homogeneity
(App. Table 2). Although time-resolved count rates from con-
tinuous ablation traverses of some apatite grains showed sys-
tematic patterns suggesting zonation, the difference between
within-grain spot analyses rarely exceeded analytical error
(App. Table 4). This is partly because the scale of zonation is
less than the laser spot diameter (30—40 um). Furthermore,
count rates from manually selected signal region were aver-
aged by the offline data reduction procedure for each element
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as follows: (1) selection of the time intervals for the back-
ground and signal region of each spectrum, (2) calculation
of the mean CPS (count per second) of these intervals, (3)
background correction of the signal CPS, (4) internal standard
normalization, (5) drift correction using a linear drifting factor
determined from repeat analysis of NIST 611, and (6) cali-
bration using sensitivities for each element determined from
the initial analyses of NIST 615, 613 and 611 in each load to
achieve the concentration value of each element.

Initially, 48 trace elements were analyzed by LA-ICPMS
during the first stage of reconnaissance analyses. This was
reduced to 29 elements in order to maximize the total time
collecting data for each element. The experimental preci-
sion was determined by repeat analyses of NIST glasses 611
and 613 and the Madagascar and Durango apatites. Based on
NIST 613 and Durango and Madagascar apatite, the precision
(20) for elements with concentrations ranging from dozens to
several hundred ppm is <10% for Mn, Sr, Nb, La, Ce, Pr, and
Nd; from 10 to 20% for Y, Zr, Ba, Pb, Th, U, and the rest of
the REEs; and >20% for Mg, V, and As. For NIST 611, which
contains higher concentrations of all elements than NIST
613, the precision is 6 to 10% for Mg, Fe, Cu, Zn, As, W, and
Pb, and <6% for other elements. The precision determined
from NIST 615 shows that elements with concentrations close
to the detection limit can be ranked as qualitative analyses
(Table 3).

Due to instrument variations, the detection limit has been
determined for each element per load (one load is one ses-
sion) using equation (8):

LOD - _ 30 background . ()
Sensitivity (per analyte, per session)

where 30 background is 3 times the standard deviation of the
signal for a given element collected before ablation for each
sample (gas blank), and Sensitivity is the slope of calibration
curve (i.e. internal-standard— and drift-corrected cps vs. true
concentration for external standards) determined from NIST
615, 613, and 611 per element in each session.

Except during the experimental sessions that used lower
laser energy, the detection limits are typically <900 ppm for
Fe; <70 ppm for Mg and Cu; <40 ppm for Mn; <20 ppm for
V, Zn, As, Sr and Mo; <10 ppm for Rb, Ba, Ce, Nd, Sm, and
Gd; and <5 ppm for the remaining elements (App. Table 3).
Although Fe was analyzed in some apatite samples by both
LA-ICPMS (n = 391) and EMPA (n = 807), most of the results
were below the detection limits (App. Table 4). Therefore, Fe
results will not be discussed here.

Solution ICPMS analysis

The Durango and Madagascar apatites were analyzed by
solution ICPMS as a test of the accuracy of the LA-ICPMS
results. Large fragments of both Durango and Madagascar
apatite crystals were crushed and triplicate samples of each
were obtained for analysis by randomly selecting 20 to 30
fragments (~40 mg). In the same run, a concentrate of apatite
of the certified reference material CTA-AC-1 (Dybczynski et
al., 1991) was also analyzed in triplicate to test the accuracy of
the solution ICPMS results. Samples and blanks were treated
the same way. All were digested in 16 N HNO3 (Anachemia
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Environmental Grade), then diluted to 120 mL with 18 MQ
ultrapure water, in a metal-free Class 100 total exhaust fume
hood prior to analysis on the X-Series I ICPMS in CCT-KED
mode (cell gas = 7% Hy in He). Indium was added on-line as
the internal standard, and calibration was by standard addi-
tion. The results (Table 3) show good agreement between the
measured and certified values of CTA-AC-1, and between
the average solution ICPMS and LA-ICPMS values for both
Durango and Madagascar apatites excluding As in the Mada-
gascar apatite.

Results

A total of 922 analyses from 902 apatite grains, excluding the
Durango and Madagascar apatites, were performed by LA-
ICPMS in this study. A smaller subset of 783 epoxy-mounted
grains also was analyzed by EMPA for major and minor ele-
ments (Table 4; App. Table 4). To account for detection limit
variance between different LA-ICPMS sessions (App. Table
3), an arbitrary replacement value equal to half of the lowest
detection limit per analyte (Table 3) was used for results less
than the detection limit. Results below abnormally high DL
were discarded, but complete raw analytical data are given in
Appendix Table 4B.

Calcium and phosphorous

Calcium and phosphorous are both major elements in apa-
tites and do not show large variations. In most of the apatites,
Ca contents range from 4.66 to 5.09 atoms per formula unit
(apfu) (36.7-40.6 wt % Ca). Apatites from unmineralized
rocks, except mid-ocean ridge-related samples (referred to as
MOR apatites), generally have lower Ca contents than those
of apatites from ore deposits, except for Kiruna-type deposits,
which approach the ideal fluorapatite Ca content (39.7 wt %).
Apatites from porphyry-related Cu-Au breccia, Au-Co skarn,
and W skarn deposits have the highest Ca contents (Fig. 2).
The Ca contents show a negative correlation with the sum of
main trace cation elements (Fig. 3a). The P contents range
from 2.78 to 3.07 (apfu) (15.2-19.6 wt % P) in the studied
apatites.

Fluorine and chlorine

The EMPAs have a relatively high detection limit (0.7 wt %)
and poor precision (17%) for F compared with the quantitative
data for other elements. Consequently, F contents are consid-
ered semiquantitative (Table 4). In addition, about 55% of the
analyzed apatites have F in excess of the maximum F concen-
tration of ~3.77 wt % in end-member fluorapatite, indicat-
ing problematic EMPAs, or excess F bound to CO3™ (Piccoli
and Candela, 2002). Assuming that F~, CI', and OH" fill the
anion site, studied apatites indicate mainly F-OH exchange.
Apatites in hydrothermally altered MOR samples from mid-
Atlantic Ridge are mainly hydroxylapatites (55-81 mol % OH)
with the highest CI contents (11-36 mol % Cl) in this study
compared to apatites from fresh MORs and other rocks (<61
mol % OH, <28 mol % Cl). Apatites from the Kiruna-type
and alkalic porphyry Cu-Au deposits and the barren (grano)
diorites also show elevated Cl (up to 2.04 wt %) relative to
apatites from Au-Co skarns, porphyry CuxMozAu, orogenic
Au, orogenic Ni-Cu deposits, and some Wernecke 1I0CG
breccias, all of which have detectable Cl. The Cl contents are
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Table 3. LA-ICPMS Results for Quality Controls and Minimum Detection Limits
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Madagascar apatite
NIST glass 611 NIST glass 613 NIST glass 615

LA-ICPMS LA-ICPMS LA-ICPMS LA-ICPMS Solution ICPMS
Analyte? Mean 2RSD % Mean 2RSD % Mean 2RSD % Mean 2RSD %  Sample-1 ~ Sample-2  Sample-3
Mg 432 6 54 42 <23 53 55 98 37 51
\Y 450 5 41 23 <1.6 26 38 32 32 32
Mn 441 5 36 40 <3.4 251 7 245 241 243
Cu 435 10 36 52 <3.9 <0.35
Zn 455 7 38 33 <2.7 <18 11 11 9
As 323 9 35 48 <2.3 13 86 82 82 84
Rb 427 5 34 24 <1.0 <0.6
Sr 517 5 73 37 40 47 2,001 6 1,942 1,980 2,001
Y 463 5 37 11 <0.74 276 13 282 278 279
Zr 448 5 38 10 0.6 95 16 30 19 19 19
Nb 465 4 39 9 <0.89 <0.12
Mo 415 5 38 28 <0.95 <0.81
Ba 453 5 40 10 <2.8 <0.32 0.6 0.1
La 440 5 35 10 <0.63 2,058 9 2,106 2,127 2,098
Ce 453 4 35 50 <0.65 4,309 14 4,271 4,315 4,239
Pr 449 5 38 7 0.6 89 435 6 511 520 482
Sm 453 5 37 12 <0.47 186 14 205 201 203
Eu 448 5 35 8 0.7 57 27 16 30 29 30
Gd 448 6 37 13 <0.78 118 13 115 122 125
Dy 436 5 35 12 <0.40 56 15
Yb 448 6 37 13 0.5 120 15 28 17 16 17
W 440 7 39 25 0.6 130 <0.048 0.136 0.053 0.059
Pb 422 7 40 32 2.8 690 26 19 27 26 26
Th 454 5 37 8 0.6 53 599 17 709 654 658
U 459 5 39 21 0.8 56 23 22 27 26 26

Durango apatite Reference apatite CTA-AC-1

LA-ICPMS Solution ICPMS Solution ICPMS Certified MDL!
Analyte? Mean 2RSD %  Sample-1 ~ Sample-2 ~ Sample-3  Sample-1 ~ Sample-2 ~ Sample-3 Mean £ ppm
Mg 124 24 107 113 130 430 470 412 435 6.9
\% 43 36 54 50 49 97 102 99 104 10 1.6
Mn 97 8 95 93 94 300 302 289 317 50 3.4
Cu <34 48 60 46 54 5 0.35
Zn <2.7 5.9 12.2 10.2 38 33 26 38 8 18
As 1242 22 1354 1217 1257 72 72 75 2.3
Rb <1.0 0.6
Sr 513 6 520 477 510 23,006 21,563 22,588 20,000 0.3
Y 670 15 640 631 658 298 297 294 272 53 0.2
Zr <0.53 0.9 0.9 0.9 43 42 36 51 0.05
Nb <0.12 0.12
Mo <0.81 0.81
Ba <14 2.4 18 4.0 852 849 834 767 79 0.32
La 3,879 8 4,059 3,774 3,901 2,214 2,180 2,225 2,176 94 0.17
Ce 4,773 8 4,810 4,481 4,659 3,453 3,384 3,474 3,326 175 0.06
Pr 368 7 428 393 404 355 349 351 0.03
Sm 162 14 167 168 169 165 165 164 162 24 0.13
Eu 16 11 16 17 17 45.6 46.1 45.0 46.7 1.3 0.01
Gd 149 14 154 151 155 131 130 128 124 23 0.1
Dy 107 15 0.02
Yb 39 15 40 40 41 11 11 10 11 2 0.01
w <0.017 0.065 0.047 0.074 0.1 0.1 0.1 0.01
Pb <0.9 0.8 0.7 0.7 3.3 2.5 3.2 0.07
Th 222 19 281 269 250 22.0 21.9 21.6 21.8 2.1 0.01
U 10 19 12 11 11 4.0 3.9 3.9 44 0.9 0.01

Notes: Tron concentrations, which were analyzed by both LA-ICPMS and EMPA, are not listed due to poor detection limits (from ~150 to 2,200 ppm and
~0.14 wt %, respectively); consequently, only 44 analyses returned Fe concentrations above the detection limits; these data are not discussed here but are
given in the Appendix Table 4

IMinimum detection limit

2All units are parts per million (ppm)
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Fig. 2. Box plots showing Ca contents of apatites for each group. Line = median value; solid dot = mean value; box = inter-
quartile range (25th-75th percentile); whiskers: 5th and 95th percentiles; open circle: <5th and >95th percentile values.
Carbonatite group includes apatite data from carbonatites and related phoscorites and ijolite.
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Fig. 3. Scatterplots for apatite compositions calculated to apfu on the basis of oxygen atoms. a) Ca vs. (Mn + Sr+ZREE + Y
+Pb+ Th + U); ZREE = La + Ce + Pr + Sm + Eu + Gd + Dy + Yb. b) Cavs. (ZREE + Y). ¢) (ZREE + Y + S) vs. (Na + Si).
Least squares regression lines through the data are shown in Figure 3a-b, and the X=Y line is shown in Figure 3c.

1203



1204

rarely above the detection limit (0.07 wt %) in apatites from
porphyry Mo and W skarn deposits, carbonatites, and other
barren rocks (Table 4). Chlorine in apatites can be related
to the accommodation of LREE (Pan and Fleet, 2002), and
is also a petrogenetic indicator of magma fractionation or
the involvement of saline fluids (Barton and Johnson, 1996;
O'Reilly and Griffin, 2000; Piccoli and Candela, 2002; Oliver
et al., 2004).

Magnesium, manganese, strontium, barium, and lead

Magnesium concentrations in apatites range from below the
detection limit (7-30 ppm) to 2,741 ppm. Mg concentrations

MAO ET AL.

rarely exceed the detection limit in apatites from the Au-Co
skarn and porphyry-related Cu-Au breccia deposits and
syenitic rocks. Apatites from MORs have the highest Mg con-
tents in this study (47-2,741 ppm). Apatites from epithermal,
Kiruna-type, and orogenic Au deposits, and from carbon-
atites, also have high but variable Mg concentrations (Fig. 4).

Manganese contents of the apatites studied are between 35
and 2,576 ppm except for the porphyry Cu-Mo and porphyry
Cu-Au groups, some apatites from Wernecke IOCG breccia,
and a single analysis from a metamorphosed alkali-feldspar
syenite from the Omineca belt, British Columbia. Apatites
from these rocks have the highest Mn concentrations in this
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Fig. 4. Spider diagrams for median apatite compositions normalized to the average apatite in this study. Numerator indicates
number of rock samples and denominator number of analyses (Table 2). a) Unmineralized rocks. b) Mineral deposits except
Kiruna-type and IOCG. ¢) Porphyry, Kiruna-type, and IOCG deposits.
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study, ranging between 334 and 10,934 ppm for the porphyry
deposits and some IOCG breccias, and up to 20,602 ppm in
the Omineca syenite. Apatites from the Au-Co skarn, Kiruna-
type, orogenic Ni-Cu, and porphyry-related Cu-Au breccia
deposits, carbonatites, and unmineralized clinopyroxenite,
quartz monzonite, and syenitic rocks from the Abitibi belt of
the Canadian Shield have relatively low Mn contents (40-620
ppm). Although large variations exist between the differ-
ent apatite groups, Mn concentrations have fairly restricted
ranges within each deposit type (Table 4; Fig. 4). This sug-
gests that Mn, a redox-sensitive element (Miles et al., 2014),
is particularly useful in discriminating apatites formed in dif-
ferent geologic settings.

Strontium concentrations show large variations, from 38 to
26,037 ppm, across all analyzed apatites. Apatites from the por-
phyry Mo and Au-Co skarn deposits and the Omineca alkali-
feldspar syenite have the lowest Sr contents (38-599 ppm),
whereas apatites from carbonatites and unmineralized clino-
pyroxenite and syenitic rocks from Abitibi have the highest Sr
contents (1,744-26,037 ppm) in this study. Apatites from the
orogenic Au, epithermal Au-Ag, and alkalic porphyry Cu-Au
deposits are distinct from other groups and show a wide range
of Sr contents (118-5,106 ppm). Apatites from other groups
have Sr contents between 115 and 2,565 ppm. Similar to Mn,
the large variations of Sr contents between the different apa-
tite groups, coupled with the more restricted within-group
variations, suggest that the Sr content of apatite will be useful
in discriminating between different deposits and rock types
(Table 4; Fig. 4).

Barium is rarely detectable in the apatite groups. The high-
est Ba contents characterize apatites from carbonatites (1.8
275 ppm), epithermal Au-Ag deposits (<4.3-43 ppm), and a
grain from the Abitibi alkali-feldspar syenite (245 ppm). Apa-
tites are generally Ba poor, although the orogenic Ni-Cu, oro-
genic Au, and porphyry Cu-Mo deposits possess Ba contents
of up to 206 ppm. All other apatites contain <20 ppm Ba.

Apatite Pb concentrations range from <1 to 153 ppm, with
the highest values in apatites from both mineralized and
unmineralized rocks of the Neoarchean Abitibi belt. Unmin-
eralized rocks contain 6 to 153 ppm Pb similar to orogenic
Au from the Kirkland Lake (up to 104 ppm) and carbonatites
from Lac Shortt (up to 77 ppm). Apatites from the Wernecke
IOCG breccia also contain up to 42 ppm Pb. All other ana-
lyzed apatites contain <20 ppm Pb.

Sodium, silicon, and sulfur

The Na content of apatites varies from <0.07 to 0.37 wt %,
with the largest ranges of concentrations in unmineralized
rocks from the Abitibi belt, carbonatites, Kiruna-type, alkalic
porphyry Cu-Au, and porphyry Cu-Au deposits. The Na con-
tents of apatites from other samples are <0.15 wt % and rarely
exceed the detection limit.

Apatites from carbonatites possess the widest range of Si
contents from <0.05 to 1.30 wt %. Measurable Si contents
also occur in the majority of apatite grains from unmineral-
ized rocks (up to 0.79 wt %, and the alkalic porphyry Cu-Au,
porphyry Mo, Au-Co skarn, and Kiruna-type deposits (up to
0.43 wt %). The Si content of other apatites rarely exceeds the
detection limit (0.05-0.08 wt %), and are always <0.20 wt %
Si.
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Apatite S contents range from <0.07 to 0.49 wt %, with
most concentrations above the detection limit. The largest S
ranges are from the Kiruna-type and alkali porphyry Cu-Au
deposits, and the unmineralized rocks from the Abitibi belt.
Relatively high S contents (0.30-0.47 wt %) are measured in
apatites from one carbonatite complex (Magnet Cove). Other
apatites rarely show detectable S concentrations (<0.3 wt %).

Positive correlation of the Si and Na contents with the S
contents for some of the apatite groups in this study (e.g., alka-
lic porphyry Cu-Au and Kiruna-type deposits, and most of the
syenitic rocks) suggests the coupled substitutions described
by the equations (6) and (7). High concentrations of Na and S
in apatite can indicate sodic alteration and SOsin the parent
magma or fluid, respectively (Peng et al., 1997; Streck and
Dilles, 1998; Oliver et al., 2004).

REE and yttrium

Apatites from the epithermal Au-Ag deposits and most of
the unmineralized rocks, carbonatites, and the Kiruna-type
deposits show the strongest enrichment in light REE (LREE)
in this study. The sum of selected LREE (ZLREE = La +
Ce + Pr + Sm + Eu) range mostly from 835 to 35,534 ppm.
Some apatites from the Wernecke IOCG breccia deposit also
have very high ZLREE values (up to 19,050 ppm). Apatites
from the orogenic Ni-Cu and most of the samples from Au-Co
skarn, orogenic Au, and porphyry-related Cu-Au breccia
deposits show much lower ZLREE than the majority of the
studied apatites (158-1,318 ppm). The lowest XLREE values
of ~90 ppm are from the alkalic porphyry Cu-Au and por-
phyry Cu-Mo samples, although the majority of apatites from
these deposits are moderately enriched in LREE compared
with other samples.

The distribution of heavy REE (HREE) (Gd, Dy, Yb, and
Lu) is nearly identical to that of Y and differs from that of
the LREE. Apatites from alkali-feldspar syenite of the Omin-
eca belt have the highest sum of selected HREE (ZHREE
= Gd + Dy + Yb) and Y contents of 2,910 and 7,225 ppm,
respectively, in this study. Relatively hich Y>HREE and Y con-
centrations are found in apatites from unmineralized diorites
and granodiorites (251 to 1,175 ppm), and porphyry Cu-Au,
epithermal Au-Ag, and most of the Kiruna-type deposits and
MORs (392-2,473 ppm). The lowest ZHREE contents (33—
385 ppm) and Y contents (56-725 ppm) characterize apatites
from the orogenic Ni-Cu, porphyry-related Cu-Au breccia,
and W skarn deposits. Most apatites from carbonatites also
have <250 ppm XHREE and <280 ppm Y.

Trivalent rare earth elements and Y3+ substitute for Ca2+ in
apatite with the main charge compensators including Na* and
SiOf (eq. 1-4). SOF in apatites also correlates with Na+ and
SiOf (eq. 6, 7). The ZREE+Y (ZREE + Y =La + Ce + Pr +
Sm + Eu + Gd + Dy + Yb + Y) contents in this study generally
show a negative relation with Ca content in all apatites (Fig.
3b), and the ZREE + Y + S have a positive relation with Na
+ Si (Fig. 3c).

The behavior of Ce and Eu can differ from that of the
adjacent REEs due to redox sensitivity. The Ce anomalies
(Ce/Ce® = Cecn/(Lacx - Pren)3; Lodders, 2010) are mostly
between 0.9 and 1.4 in the studied apatites, but can be as high
as 1.7, as indicated by the data from carbonatites (Figs. 5, 6).
Apatites from carbonatites and epithermal deposits generally
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Fig. 5. Chondrite-normalized REE plots for median apatite compositions. Numerator indicates number of rock samples and
denominator number of analyses (Table 2). a) Unmineralized rocks. b) Mineral deposits except IOCG and Kiruna-type TOA.

¢) Porphyry, Kiruna-type, and IOCG deposits.

have positive Ce anomalies (Ce/Ce* >1.0), and some apatites
from the alkalic porphyry Cu-Au, Au-Co skarn, and porphyry-
related Cu-Au breccia groups may have weak negative Ce
anomalies (Ce/Ce” = 0.87-1.12). The rest of the studied apa-
tites generally lack Ce anomalies (Figs. 5, 6).

The Eu anomalies (EwEu* = Eucn/(Smex:Gden)05;
Lodders, 2010) in magmatic apatites generally track the role
of feldspar in the generation and fractionation of the melt
prior to apatite crystallization. The apatites in this study have
EwEu® values ranging from 0.08 to 1.54. Apatites from car-
bonatites generally lack Eu anomalies (Ew/Eu* = 0.85-1.16,
median = 0.98), whereas most of the apatites from other
groups have negative Eu anomalies of variable magnitude.

Apatites from the Kiruna-type deposits and the unmineral-
ized diorites, granodiorites, and the Omineca alkali-feldspar
syenites have the largest negative Eu anomalies (EwEu® =
0.08-0.42). Apatites from the alkalic porphyry Cu-Au, Au-Co
skarn, Wernecke IOCG breccia, and orogenic Au deposits
each span almost the entire range of the Ew/Eu* values in
this study, with some of the within-group variations being due
to the difference between the individual deposits (Figs. 5, 6).
Other apatite groups have more restricted ranges of EwEu*
(e.g., porphyry Cu + Mo = Au, porphyry Mo, and orogenic
Ni-Cu), which are quite distinct from each other and from
the Ew/Eu® ranges of apatites from carbonatites and unmin-
eralized rocks (Fig. 6). It would appear that the Eu anomalies
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Fig. 6. Ce/Ce® vs. Ew/Eu® plot for apatites; Ce/Ce* = Ceon (Lacy * Pren)05;
EwEu®* = Eucn- (Smen: Gden) 3. Normalization values are from Lodders
(2010).

in apatites will be effective in discriminating the different

deposit types.

Vanadium and arsenic

Vanadium concentrations in most apatite grains are <100 ppm,
with most sample suites possessing apatite grains with detect-
able V (usually >10 ppm). The lowest V contents (<12 ppm)
distinguish apatites from the Au-Co skarn, W skarn, orogenic
Ni-Cu, and orogenic Au groups. The highest V concentra-
tions, ranging from <2.5 to 337 ppm, generally characterize
apatites from alkalic porphyry Cu-Au deposits. Apatites from
carbonatites are an exception to this finding where ~14% of
apatite analyses have V contents >100 ppm, with apatites from
Magnet Cove and Oka containing up to 1,466 and 500 ppm,
respectively (Table 4; Fig. 4). Most of the apatite analyses
from the Kiruna-type and unmineralized quartz monzonite
and syenitic rocks also contain relatively high V contents
(9-151 ppm). High V contents in apatite suggest not only high
V content in host rocks (Cao et al., 2012), but also a high oxy-
gen fugacity during apatite crystallization owing to substitu-
tion mechanism that preferentially incorporates V3+ in apatite
(Kutoglu, 1974; Sha and Chappell, 1999).

Arsenic concentrations are <100 ppm in most apatites,
but are much higher (176-2,251 ppm) in apatites from two
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Kiruna-type samples (Durango and Great Bear) and one oro-
genic Au vein sample (Seabee). Apatites from IOCG, Kiruna-
type, and porphyry-related Cu-Au breccia deposits contain
As concentrations above the detection limit (2.3-11 ppm).
Apatites from both the Wernecke IOCG and porphyry-
related Cu-Au breccias also have relatively high As contents
(9-506 ppm). For Au-Co skarn, orogenic Au, alkalic porphyry
Cu-Au, porphyry Cu-Mo, porphyry Mo, and unmineralized
rock groups, more than half of the analyzed apatites from each
group contain As higher than the detection limit, and As is only
rarely present in apatites from the other sample suites. Incor-
poration of As in ];)atite is redox sensitive, and AsOj~ readily
substitutes for POj in apatite as opposed to As3+, which is
accommodated in (arseno)sulfides (Sha and Chappell, 1999).
Therefore, low As concentrations in apatite may indicate low
As>+/As3+ in the reducing environment, or early crystallization
of As-bearing phases. Because As is usually enriched in sedi-
mentary rocks, low As contents in apatite may be also useful
in ruling out a sedimentary source.

Zirconium, thorium, and uranium

Zirconium concentrations in apatites are usually <1l ppm,
except from MORs, carbonatites, unmineralized rocks, and
alkalic porphyry Cu-Au and epithermal Au-Ag deposits. The
apatites from MORs, carbonatites, and epithermal Au-Ag
deposits have the highest Zr contents in this study, ranging
from less than the detection limit (0.2-1.0 ppm) to 153 ppm
in apatite from one carbonatite sample (Oka). Eighty-eight
percent of analyzed apatite grains from the alkalic porphyry
Cu-Au deposits contain between 1 and 15 ppm Zr.

Thorium contents in most of the apatites are between 0.4
and 661 ppm. Only the Madagascar apatite has higher Th con-
tents of up to 910 ppm. Thorium concentrations in apatites
from the porphyry Cu-Mo, porphyry-related Cu-Au breccia,
Wernecke IOCG breccia, orogenic Au, and MOR groups are
typically <8 ppm, whereas most of the Kiruna-type apatites
contain from 102 to 262 ppm Th. Due to the large variations
between the apatite groups, Th contents are expected to help
discriminate between the different deposit types.

Uranium concentrations range from <0.02 to 119 ppm in
all studied apatites, except for the single apatite from the
Omineca alkali-feldspar syenite (681 ppm). The apatites from
carbonatites show the widest range of U contents for a single
group in this study (0.01-115 ppm), whereas most of the apa-
tites from the epithermal Au-Ag deposits contain between
11 and 119 ppm U. Uranium contents in apatites from other
groups are generally <30 ppm (Table 4; Fig. 4).

Copper, zinc, rubidium, niobium, molybdenum, and tungsten

Although these elements are rarely present at concentrations
above the detection limits (App. Table 4; Table 3) in the ana-
lyzed apatites, detectable levels of some of these elements
may be diagnostic for specific deposit groups (Table 4; Fig.
4). Unfortunately, we are unable to fully investigate the sig-
nificance of these trace elements in apatites due to the vari-
able detection limits from less than 1 ppm to tens of ppm, for
individual LA-ICPMS sessions (App. Table 4).

Rubidium concentrations are low (1-4 ppm) in Madagascar
apatite and in apatites from the alkalic porphyry Cu-Au, por-
phyry Mo, carbonatite, and unmineralized diorite-granodiorite
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groups. Rubidium is below the detection limit in apatites from
the other groups. Molybdenum was detected in a single apa-
tite grain from both the Boss Mountain and Cassiar Moly
porphyry Mo deposits (15 and 40 ppm, respectively), and in
two analyses from a sample of unmineralized alkali-feldspar
syenite from the Abitibi belt (1.0 and 1.3 ppm).

Zinc is detectable (12-46 ppm) in 50% of the apatites from
the porphyry Cu-Au subclass (Kemess South) but not in other
porphyry deposits, excluding a single apatite grain from the
alkalic porphyry Cu-Au subclass (Dobbin). Similarly, Zn was
detected (3—4 ppm) in 30% of the apatites from a single oro-
genic Au deposit (Congress). Zinc is present (2-17 ppm) in
some apatite grains from carbonatites (Alno and Manitou
Islands), MOR (Hess Deep), diorite (Thiemer Creek), and
the epithermal Au-Ag (Cripple Creek) groups.

The highest Cu contents (<5-736 ppm) occur in apatites
from alkalic porphyry Cu-Au deposits, with most apatites
(20%) from Dobbin. Copper is detected in 10% of the ana-
lyzed apatites from the Willa porphyry-related Cu-Au brec-
cia deposit (0.5-39 ppm). Noteworthy for other groups are
a few apatites (4-11% analyses per group) with appreciable
Cu from the Vancouver Island diorites and granodiorites (12—
407 ppm), the Abitibi alkali-feldspar syenites (5-9 ppm), and
the Wernecke IOCG breccia (6-33 ppm). Detectable Cu con-
tents are rarely present in other apatite groups (5-64 ppm).

Elevated Nb contents (up to 19 ppm) are diagnostic of apa-
tites from carbonatites, which show detectable Nb (>0.4 ppm)
in 40% of the samples. For other samples, only one grain
from the Cripple Creek epithermal Au-Ag deposit and three
Madagascar apatite analyses have measurable Nb (3 and 0.1-
1.4 ppm, respectively).

Tungsten was detected in 20% of the analyzed apatite grains
(>0.01 ppm), although 80% of all analyses had much higher
detection limits (up to 3.5 ppm), exceeding the 75t percentile
of all quantitative results and, therefore, were discarded (App.
Table 4). Most of the analyzed apatites from the Au-Co skarn
(90%) and porphyry-related Cu-Au breccia (80%) deposits
contain detectable W at similar concentrations (1-10 ppm).
Most of other groups include 7-40% apatites with detectable
W levels, except the porphyry Cu-Au group (single analysis).
Notably, the apatites from MORs have the highest W con-
tents (<0.2-17 ppm), whereas those from carbonatites have
the lowest contents (<0.05-0.6 ppm) in this study. The W con-
tent of apatites, therefore, may be diagnostic for these rock
types, although W contents in apatites from the Kiruna-type
deposits span almost the entire range of values reported in
this study (<0.02-16 ppm). Most of the results from other
apatite groups range between <0.02 and 6 ppm W, excluding
Madagascar apatite, which generally has a lower W content
(<0.05-3.3 ppm).

Discussion

Trace elements data for apatites from the different types of
deposits reveal that the abundances of some trace elements
vary depending upon the deposit type. Consequently, trace
elements have the potential for discriminating between the
various deposit types. For example, the apatites from car-
bonatites contain the highest Nb and lowest W contents in
this study. Also, apatites from porphyry Cu-Au deposits have
the highest Y and Yb, and the apatites from alkalic porphyry
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Cu-Au deposits have the highest V contents (Fig. 4). For
most types of deposits, however, it is impossible to use one
or two elements to differentiate one group from all others.
Therefore, multi-element discrimination diagrams have been
developed to allow the parental lithology or deposit type to be

determined from apatite compositions.

Discriminant analysis

In order to determine the optimum criteria for discriminat-
ing between barren rocks and various deposits using apatite
trace element compositions, we have undertaken a Discrimi-
nant Projection Analysis (DPA) in ioGAS® software. DPA is a
multivariate statistical technique that determines an optimum
projection of multivariate data into a lower dimensional space
to achieve the best separation between user-defined groups
(Flury, 1997). The DPA uses an a priori knowledge of the
group memberships to define these projection “rules” or func-
tions. Specifically, the DPA calculates a set of linear discrimi-
nant functions that maximize the ratio of the within-groups
(W) to between-groups (B) sum of squares matrices (W/B).
The between-groups matrix is effectively the covariance of
the group means and the within-groups matrix is the weighted
covariance matrix for all the groups. These discriminant func-
tions or projections (DP1, DP2, etc.) are linear combinations
of the original variables (i.e., element concentrations) that
maximize the differences between the predefined groups,
which allow the samples to be plotted in the discriminant
space so that group separation can be visualized and investi-
gated. The DPA also indicates which of the selected variables
are most important for determining maximum group separa-
tion based on the size of the structure coefficient.

Methodology

The DPA on apatite data involved three steps to discriminate
apatites associated with mineralization versus unmineralized
samples and different deposit types (Table 5). The number
of samples for each group varies depending on selected ele-
ments (App. Table 5). Because all variables of the multivariate
discriminant functions must be not nulls, we used only ele-
ments that were analyzed in all apatite grains (Mg, V, Mn, Sr,
Y, La, Ce, Eu, Dy, Yb, Pb, Th, and U). Most of these elements
have concentrations above the minimum detection limits
(DL) in all studied apatites; the percentage of analyses <DL
does not exceed 14% for Pb, 11% for V, 7% for Mg, 2% for
Th, and 0.4% for U (App. Table 4). To maximize the number
of multivariate samples, DPA calculations used combinations
of up to 11 elements.

The DPA structure coefficients of the discriminant func-
tions highlight critical variables that distinguish the groups
(App. Table 5A). In addition to the calculated discriminant
functions, the key elements determined by the DPA can be
used to construct simplified discrimination diagrams for some
of the apatite groups.

To statistically outline samples within each group on the
discrimination diagrams, we used contours of constant Maha-
lanobis distance (MD) calculated in i0GAS® software. The
MD is a measure of central tendency of the multivariate data
that takes into account the shape of the data (Mahalanobis,
1936; De Maesschalck et al., 2000). The MD is conceptu-
ally similar to univariate Z-score as a measure of distance of
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—0.06461
0.20726
-2.927538
1.32092
0.00917

V (ppm)

DP1-2

Variables! Mg (wt %)
DP1-1

DP2-1-1
DP2-1-2

Ta

Fig.
Fig. 8a

Set 1

Step 1
Step 11
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0.11799 4.35154

1.17665

1.64166

DP2-1-3

§ S £ Z g § 2 [3 2 a sample point from center in terms of the number of stan-
2egn Eak g £ dard deviations from mean. Mahalanobis distance is based on
JeETE FeT e | £ the means and variances for the variables, and on the covari-
g ances between each pair of variables. The contour of constant
&3 23] S & MD is always an ellipse for two variables and an ellipsoid in a
Rz 33 g E higher dimensional space.
Nes— =99 E = To minimize the impact of atypical values or outliers, we
© © o = o o ;D% used a robust algorithm for the MD calculation that down-
2RLE 382 3 |4 g weighs “extreme” sample values (Campbell, 1980). The MD
SIS ¥ Z | 8% contours on all of the discrimination diagrams are shown for
oo ' g o0 an outlier cutoff of 0.95 percentile of the chi-squared distri-
I 5SSz 9 | SF bution. The calculated robust MD contours provide the basis
g &z 3 |£: for linear boundaries between the groups of apatite data on
$— gei—= 3 |52 the final discrimination diagrams (App. Figs. 1-4). Appendix
2z Table 6 provides worked examples of apatite data, with input
<t o™ 10 I~ —~ (e} L O . . . .
2233 833 5 [F¢& and output (calculated DP scores) tables, and live discrimina-
§ § E § 5 E 2 i B tion diagrams for each step. Below we discuss the three-step
P P I [ige® DPA results based on the apatite data from known deposits
Rg3 e ?om; comprising our training dataset. The DPA and statistically
§ ?1 g % =g defined linear boundaries between the training apatite groups
= (=] . . . . . . .
S5 S = £ constitute the basis of the proposed discrimination diagrams,
%-@ which we further test using available apatite analyses from
22wy mwge g (|£% literature.
S — M al © M I- [N} o
SpmpXac 0 B = > Z3
=399 235 I [Fw L ) ) )
fl,- g = $ ? ﬁl s 4| £ Discrimination of apatites from different deposits and
42 unmineralized rocks (step I, DP1)
NN D = = S=gn=]
§§ 23 §$ 5§ T3 The purpose of the first discrimination step is to separate
— 0 = . . . . . .
cgon Emng g ; k5 apatites from various mineralized systems, carbonatites, and
T ! ' %é related rocks, and rocks not associated with known miner-
[ N N .
=] alization. By using 11 elements (Mn, Sr, Y, La, Ce, Eu, Dy,
E = Yb, Pb, Th, and U), the discriminant-function scores for each
23S sample are obtained as follows:
- £
DRI Qo *E = DP1-1 = -0.06461 -log(Mn) - 1.56'10g(Sr) + 2.609'10g(Y)
2 § g % % § § 5 = + 0.3631 'log(La) - 1.766'10g(Ce) + ().6243'10g(Eu)
NETE SRS 58 ~3.642-log(Dy) + 0.7086 - log(Yb) — 1.178-log(Pb)
I 5= +0.4161 'log(Th) +0 963'10g(U) + 6.589 (9)
E ) : .589.
© © 0 a0 © §g
2 So3 2 [£: Table 5 provides the projection coefficients and constants
S @ © O © S e ... : . .
n 252 = |£% for all of the discriminant functions. The numbering of func-
b rrd EE E: tions reflects the discrimination step, DPA set (if more than
2sxg 22% = [|£:E2 one DPA were performed for a given step), and discrimination
Cfgs B8Rt & 522 function number (e.g., DP2-1-1 represents the discrimination
~SoS  Jes = [£E g step II, the first set of functions, and the first discriminant
<42 - function). These coefficients are applied to logarithms of the

% ; = ki concentration values, and all the DPA functions are calculated

5 2w similarly to the equation (9) (App. Table 5B).

7 ERS E Discriminant functions DP1-1 vs. DP1-2 (Fig. 7a) separate
el v e ls =k most of the apatite data from carbonatites, various mineral-
83 LA FEE ized systems, and the unmineralized rocks. Some data from

2 A >< Y
288 w2 2€< the Abitibi syenites partly overlap with carbonatites, reflectin
L3250 21z Ny syenites partly overlap wi natites, reflecting

! J 8B a close temporal and spatial association of some of these plu-
ARTA e o~ = E tons with carbonatites. A few data points from the mineralized
A Do F g S groups that also fall within the carbonatite field are for one
ARAA fAa A |g<d g sample from Cripple Creek epithermal Au-Ag and for Den-
- . - & é ‘jj’:@ tonia orogenic Au deposits. However, most of the apatite data
© @ - — 1 2=8 from MORs and the unmineralized diorites and granodiorites
L o | 552 o : L :
= = = 1225 fall within the field of various ore deposits in jche DP diagram

= = 283 (Fig. Ta). The apatites from MORs can be further discrimi-

S < = = o F EC nated by their relatively high Zr and low Sr contents (Fig. 7b),
S 3 e coupled with their relatively high Mg and W contents (Fig. 4a;
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Fig. 7. Discrimination diagrams for apatites from carbonatites, various ore deposits, and rocks that are not associated with
mineralization. Also shown are literature data (Belousova et al., 2002; Cao et al., 2012) that were not used in DPA for con-
struction of the discrimination diagrams. a) The first discriminant function (DP1-1) vs. the second discriminant function
(DP1-2), showing contours of constant Mahalanobis distance outlining bulk of the data in each group (step I; Table 5; App.
Table 5); DP1-1 = —0.06461 -logMn - 1.56 -logSr + 2.609-1ogY + 0.3631-logLa - 1.766 - logCe + 0.6243logEu - 3.642 -logDy
+ 0.7()86'10ng - l.lTS'lOng +0.4161 'logTh + 0.963'10gU + 6.589; DP1-2 = (),2073'10gMn - 1.()35'10gSr + 15.1'10gY +
4.995-logLa - 5.804-logCe + 0.1741 -logEu - 8.771 -logDy - 4.326-logYb + 2.022-logPb - 0.6719-logTh + 0.02096-logU -
10.45; variables are logl0-equivalents of element concentrations in ppm. b) log Sr (ppm) vs. log Zr (ppm) with boundary
separating bulk of the data for mid-ocean ridge (MOR) from ore deposits and other rocks based on the lowest Mahalanobis
distance. ¢) Ew/Eu® vs. Cl (wt %) with boundary separating bulk of the data for unmineralized diorites and granodiorites from
ore deposits and other rocks based on the lowest Mahalanobis distance; Ew/Eu® = Eucn -+ (Smoen - Gden) 3.

Table 4) and relatively low LREE/HREE (Fig. 5a). An excep-
tion is the apatite from highly altered MORs from the Mid-
Atlantic Ridge, which have much lower Zr contents (mostly
below the detection limit) and elevated Sr contents. It is note-
worthy that the apatites from diorites and granodiorites have
consistent negative Eu anomalies (EwEu* = 0.08-0.42—
among the largest negative Eu anomalies observed in this
study), and many of these apatites contain elevated Cl con-
tents compared with other apatite groups (Table 4). There-
fore, apatites from unmineralized diorites and granodiorites
can be further discriminated from other apatites in terms of
their Ew/Eu* vs. Cl content (Fig. 7c).

In general, apatites from the mineralized groups have
higher Ca and lower total contents of trace elements that par-
tition onto the Ca sites (REE, Y, Mn, Sr, Pb, Th, U) than apa-
tites from unmineralized rocks and carbonatites (Fig. 3a). A
similar observation was reported by Bouzari et al. (2011), who

investigated apatites from altered and fresh zones from three
porphyry deposits. They attributed the slightly higher Ca con-
tents of apatites from altered zones to loss of trace elements
during hydrothermal alteration and constraints of closure on
analytical data totals to 100 wt %. An alternative hypothesis is
that the apatites in mineralized rocks crystallized from hydro-
thermal fluids that contained relatively low concentrations of
the elements that partition onto the Ca sites. This is due to the
relatively lower temperatures and pressures of crystallization,
resulting in lower solubilities of many trace elements in most
aqueous fluids compared to silicate melts.

Unlike the apatites from other unmineralized groups, the
apatites from MOR (the unmineralized group) have Ca and
trace element content levels similar to the apatites from min-
eralized groups, most likely because the parental MOR melts
are depleted in trace elements. Interestingly, apatites from
one completely altered MOR sample (209 1270D 4R2 pc5:
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App. Table 4; Grimes et al., 2011) contain higher Na, CI, La,
Mn, Sr, and Ce and lower HREE, Y, and Zr than apatites from
other MORs. This difference probably reflects apatite crystal-
lization during greenschist facies fluid-rock reactions.

Apatites from carbonatites are characterized by high Si
(<0.05-1.3 wt %), V (<2-1,466 ppm), Sr (1,840-22,498 ppm),
Nb (<0.4-19 ppm), Ba (1.8-275 ppm), and Th (1.6-661 ppm)
contents, the lowest W (<0.05-0.55 ppm) contents, strongly
LREE enriched REE distribution, positive Ce anomalies (Ce/
Ce* = 1.0-1.7), and by the lack of Eu anomalies (Ew/Eu® =
0.9-1.2; Figs. 4a, 5a). Carbonate melts are characterized by
very high Sr, Ba, P, V, and REE (LREE-enriched) abundances
(Nelson et al., 1988; Bell, 1989, 2005; Hammouda et al., 2010;
Jones et al., 2013), explaining the consistently high Sr, Ba, and
LREE in apatites from carbonatites. Similar to Eu in whole-
rock carbonatite data, apatites from carbonatites also show
no Eu anomalies, consistent with little or no fractionation
of feldspar from these magmas (Cullers and Medaris, 1977;
Bell, 1989; Belousova et al., 2002; Ani and Sarapii, 2009).
The moderate positive Ce anomalies in apatites from carbon-
atites also imitate positive whole-rock Ce anomalies (Ani and
Sarapii, 2009). Niobium, a very incompatible element in apa-
tites (Klemme and Dalpé, 2003), is detectable (up to 19 ppm)
in apatites almost exclusively from carbonatites (Table 4),
likely reflecting the very high Nb content of the carbonatite
melt (Scales, 1989; Jones et al., 2013).

Discrimination of general deposit types (step 11, DP2)

The objective of the second step is to differentiate the min-
eralized apatites into the main deposit types: porphyry Cu-
Au-Mo, epithermal Au-Ag, IOCG, skarn, orogenic Au, and
orogenic Ni-Cu ore systems. Due to limited numbers of
apatites from epithermal Au-Ag deposits (9 grains from 3
samples), this group is combined with porphyry deposits and
will not be discriminated in the following steps. This step dis-
criminates apatites from orogenic Ni-Cu, orogenic Au, and
undivided IOCG and Kiruna-type deposits. Various types of
porphyries, skarn, IOCG, and Kiruna-type deposits are subdi-
vided in subsequent steps.

Six discriminant functions from three different sets of DPA
using Mn, Y, Ce, Eu, Dy, Yb, Th, and U (+ Mg + Sr + Pb) were
found to effectively discriminate these groups (Fig. 8; Table
5). The first two axes (DP2-1-1 vs. DP2-1-2 and DP2-3-1 vs.
DP2-3-2) from the DP2 sets 1 and 3 discriminate >90% of
apatites from iron oxide-associated deposits (IOCG breccia
and Kiruna-type) from the other groups (Fig. 8a, ¢). Likewise,
the second and third axes from the DP2 set 2 discriminate W
skarn (together with orogenic Ni-Cu) from orogenic Au and
Au-Co skarn deposits (Fig. 8b). The first and the second dis-
criminant functions from the DP2 set 3 also best separate the
orogenic Au from porphyry and from Au-Co skarn (Fig. Sc).
Most of the apatites from the orogenic Au and orogenic Ni-Cu
deposits can be separated from other deposit types (Fig. 8).
However, apatites from porphyry, W skarn, and Au-Co skarn
are not separated from one another in the DP2 discrimination
diagrams. A 3-D projection of the DP2 set 1 axes DP2-1-1,
DP2-1-2, and DP2-1-3 (App. Movie 1) illustrates the power
of the DPA functions in discriminating between the different
groups of apatite data, some of which appear to overlap in the
2-D diagrams.
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The apatites from iron oxide-associated deposits are from
three Kiruna-type deposits (Aoshan, Great Bear, and Cerro de
Mercado) and one postorogenic IOCG breccia deposit (Wer-
necke). Most of these apatites have consistently negative Eu
anomaly values, typically from 0.2 to 0.5, and low Mn contents
(<300 ppm; Fig. 9a). However, 11 grains from the Wernecke
IOCG breccia show much higher EWEu®, from 0.7 to 1.5,
and some of these grains and a few others from this deposit
have high Mn contents (up to 5,753 ppm). A recent model
(Hunt et al., 2011) suggests that the Wernecke ore fluids were
derived from formational waters via dewatering of the host
sedimentary basin. No temporally associated igneous rocks
are recognized. Elevated As abundances in the Wernecke
apatites (mostly 42-358 ppm As) are consistent with a sedi-
mentary source. The unusual geochemistry of some apatites
from the Wernecke breccia compared with that of Kiruna-
type deposits in our study may reflect a different origin for
this deposit, as proposed by Hunt et al. (2011).

The low Mn concentration in most of the apatites from
Kiruna-type deposits may be due to the associated mineral
assemblage. Apatites from the three Kiruna-type deposits are
intergrown with abundant magnetite and commonly actino-
lite (Lyons, 1988; Dong, 2005; Acosta-Géngora et al., 2014),
both of which incorporate Mn (Paster et al., 1974; Ewart and
Griffin, 1994). Likewise, apatites from the Wernecke IOCG
breccias are part of a hydrothermal alteration assemblage that
includes albite, K-feldspar, and magnetite (Brookes et al.,
2001; Hunt et al., 2011). The magnetite may have sequestered
large amounts of Mn and the prominent negative Eu anoma-
lies in the apatites may be caused by the presence of albite
and K-feldspar, which incorporate Eu more readily than other
REEs, leading to negative Eu anomalies in the coexisting
phases (Leeman and Phelps, 1981; Bea et al., 1994). Consis-
tent with the findings of Barton and Johnson (1996) and Oli-
ver et al. (2004), who proposed that brine is involved during
the K/Na alteration stage of Kiruna-type deposits, our results
show that apatites from the Aoshan Kiruna-type deposit
contain between <0.07 and 1.14 wt % CI. Most of the other
Kiruna-type apatites contain detectable Cl (up to 0.7 wt %;
Table 4), which supports the involvement of a Cl-rich fluid in
the formation of these deposits.

All apatites from the orogenic Ni-Cu group are from the
Jason mine in British Columbia. These apatites are character-
ized by very low concentrations of impurity cations, especially
the HREEs (Figs. 3a, 5b), Yb (2-9 ppm) and Eu (5-10 ppm)
(Fig. 9¢). These findings are considered preliminary, however,
because apatite data are restricted to one deposit. Additional
apatites from different orogenic Ni-Cu deposits are required
to confirm these trace element characteristics.

Although the apatites from different orogenic Au depos-
its display variable trace element behavior (Fig. 9), they are
effectively discriminated by the DPA functions (Fig. 8c). The
apatites from the Seabee and Dentonia mines have the lowest
(La/Sm)cx values (<0.4; Fig. 9d), possibly due to the pres-
ence of monazite and allanite, which incorporate the LREE
over the MREE (Mahood and Hildreth, 1983; Michael,
1988). Both of these minerals were recognized in thin sec-
tions from Seabee and Dentonia (App. Table 1). The Dento-
nia samples also show a large positive Eu anomaly (Ew/Eu® =
1.3-1.5), which is atypical of apatites analyzed in this study.
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Fig. 8. Discrimination diagrams for apatites from different ore deposits, showing contours of constant Mahalanobis distance
outlining bulk of the data in each group (step II; Table 5; App. Table 5). Also shown are literature data (Belousova et al.,
2002; Cao et al., 2012) that were not used in DPA for construction of the discrimination diagrams. a) The first discriminant
function (DP2-1-1) vs. the second discriminant function (DP2-1-2); DP2-1-1 = —2.275-logMn — 1.429logSr + 1.504 -logY +
3.247-logCe — 1088 -logEu + 0.1925-logDy + 0.7636 - logYb — 0.05301 -logTh — 1538 -logU — 3.655; DP2-1-2 = 1.321 - logMn
+ 1576 logSr + 14.63-logY — 0.005804-logCe + 1.605-logEu — 16,53 logDy + 3.251logYb — 0.2426logTh — 1.155-logU —
20.30. b) The second discriminant function (DP2-2-2) vs. the third discriminant function (DP2-2-3); DP2-2-2 = 1.882-logMg
- 1,872'IogMn — (),8039'10g5r —-12.21 'logY -0.6912 'logCe — 2.()14'10gEu + 14.84'10gDy - 3.946 'long - 0.734'10gTh +
2.513-logU + 24.20; DP2-2-3 = ~0.3009- logMg — 0.078-logMn — 1.591 -logSr — 6.697-logY — 0.6125-logCe — 0.2912 - logEu
+0.722logDy + 2.686 - logYb + 1.466-logTh + 0.4239-logU + 16.26. ¢) The first discriminant function (DP2-3-1) vs. the sec-
ond discriminant function (DP2-3-2); DP2-3-1 = 1.034-logMg — 3.069 - logMn + 4.045-1logY + 3.368-logCe — 3.127 - logEu —
0.2322logDy — 07732+ logYb — 0.1035 - logPb — 1.228 - logTh — 0.2231 -logU — 4.263; DP2-3-2 = 1.888logMg — 1.839 - logMn
— 4.813-logY — 0.3218-logCe — 3.421-logFu + 10.67-logDy — 5.662-logYb + 1.706-logPb — 1.043-logTh + 1.803-logU +
14.24. Variables are logl0-equivalents of element concentrations in ppm for all elements, except for Mg, which is in wt %.

One possible explanation is that apatite has inherited the
positive Eu anomaly from K-feldspar and/or plagioclase dur-
ing sericitic alteration of the feldspars. The REE are highly
incompatible with micas (Adam and Green, 2006); thus, the
coeval apatites would readily accommodate any REE released
by feldspar breakdown. Such anomalies are unlikely to be
characteristic of orogenic Au deposits, but they could form
wherever feldspar breakdown accompanies apatite growth.
The apatite in two Seabee samples shows very different trace
element contents (Fig. 9; App. Table 4), possibly owing to
variations in the redox conditions accompanying gold mineral-
ization in the Seabee deposit (Schultz, 1996; Tourigny, 2003).

The hydrothermal apatites in samples from the Kirkland
Lake orogenic Au deposits contain very high Mg contents

(969-1,334 ppm), perhaps reflecting their growth during
alteration of primary clinopyroxene. Igneous apatites from
two unmineralized samples associated with clinopyroxene
contain less Mg (generally <200 ppm). Rowins et al. (1991)
recognized that the syenitic Murdock Creek intrusion in the
Kirkland Lake mining camp formed at an intrinsically high
magmatic fo, that ranged between the nickel-nickel oxide
(NNO) and hematite-magnetite (HM) oxygen buffers. Con-
sequently, primary clinopyroxene and biotite have relatively
high Mg/Fe ratios due to the low Fe2*/Fe3+ in the magma,
which results in the substitution of Mg?+ for Fe?* in primary
ferromagnesian silicates. It can be inferred from petrogra-
phy that primary clinopyroxene crystallized prior to apatite
in the Kirkland Lake magmas, producing relatively low Mg
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contents in the apatites. Alteration of the clinopyroxene dur-
ing the gold mineralization event caused hydrothermal apatite
to inherit the Mg-rich nature of the primary clinopyroxene,
thereby producing the high Mg contents of the apatites.

In contrast to the Kirkland Lake Au deposits, which are
mid-crustal mesozonal orogenic systems (Rowins et al., 1991;
Robert, 2001; Ispolatov et al., 2008), geological features of
the Congress (Lou) orogenic Au deposit suggest formation at
shallower epizonal depths (e.g., Groves et al., 1998). The Con-
gress (Lou) deposit is hosted in mafic volcanic rocks and the
Au-bearing veins consist mainly of stibnite, arsenopyrite, and
other sulfide minerals (Harrop and Sinclair, 1986; Schroeter,
1987; Leitch et al., 1989). Interestingly, however, the apatites
from Congress (Lou) have Mg contents and (La/Sm)cx and
(Ce/Yb)cn ratios, and Euw/Eu*values similar to those of the
Kirkland Lake apatites (Fig. 9a, d). In the case of the Congress

deposit, the high Mg contents of hydrothermal apatites may
reflect the mafic protolith.

Discrimination of porphyries and skarns (step I11a, DP3)

Discrimination diagrams for this step were constructed using
apatite compositions from various porphyry and skarn depos-
its that were subdivided from the other deposit types in the
previous step. To perform the DPA, Mg, Mn, Sr, Y, Ce, Eu,
Yb, Pb, Th, and U were used (Table 5; App. Table 5).

Most of the apatite compositions from Au-Co skarns,
alkalic porphyry Cu-Au, and porphyry-related Cu-Au brec-
cia deposits are discriminated from one another and other
types of porphyries and skarns by the first two discriminant
functions (Fig. 10a). Although slightly overlapping with the
apatite compositions from alkalic porphyry Cu-Au deposits,
most of the apatites from porphyry Mo and porphyry Cu =
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Fig. 10. Discrimination diagrams for apatites from different porphyry and
skarn deposits, showing contours of constant Mahalanobis distance outlining
bulk of the data in each group (step IIla; Table 5; App. Table 5). Also shown
are literature data (Cao et al., 2012) that were not used in DPA for con-
struction of the discrimination diagrams. a) The first discriminant function
(DP3-1) vs. the second discriminant function (DP3-2). b) The first discrimi-
nant function (DP3-1) vs. the third discriminant function (DP3-3). DP3-1 =
0.8718 - logMg — 4.156-logMn — 3.065-logSr + 6.341-logY — 1.704-logCe —
1.806logEu - 7.320-logYb — 0.2802-logPb + 0.6948 logTh + 1.698-logU +
21.07; DP3-2 = —1.473-logMg + 2.550-logMn — 2.981-logSr — 5.398-logY +
0.5600-logCe —2.898 - logEu + 3.780logYb + 2.108 -logPb — 0.4108 - logTh —
0.1375-logU + 8.534; DP3-3 = 0.1617-logMg — 1.173-logMn — 4.364- logSr
+2.634-logY + 0.8452-logCe + 3.378logEu — 3.184-logYb + 1.619-logPb +
1.956-logTh — 0.6212-logU + 4.471. Variables are logl0-equivalents of ele-
ment concentrations in ppm for all elements, except for Mg, which is in wt %.

Mo = Au (this includes both porphyry Cu-Au and porphyry
Cu-Mo subtypes) are distinguished from other deposit types
in the DP3-1 vs. DP3-3 space (Fig. 10b). Apatites from W
skarns partly overlap with apatites from porphyry Mo deposits
in DP3-1 vs. DP3-2 space (Fig. 10a), but they are separated
effectively from each other in DP3-1 vs. DP3-3 space (Fig.
10b). The separation between these apatite groups is better
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illustrated in 3-D in terms of the DP3-1, DP3-2, and DP3-3
axes (App. Movie 2).

The apatites from the three alkalic porphyry Cu-Au depos-
its studied here (Dobbin, Mount Polley, Shiko) are character-
ized by very high V (<3-337 ppm; Table 4; Fig. 11a), high
Sr (131-2,488 ppm), and detectable Si (<0.05-0.43 wt %)
and S (<0.08-0.45 wt %) contents, and a wide range of Ce/
Ce® (0.87-1.71). This distinguishes them from apatites in the
other deposit types. The elevated V and S contents, coupled
with the relatively low Mn contents (122-1,611 ppm; Table
4) of these apatites, probably indicate crystallization in an
oxidizing environment (Sha and Chappell, 1999; Belousova
et al., 2002). The correlated Si and S contents likely indicate
their coupled substitution (eq. 6). Textural relationships and
mineral assemblages (App. Table 1) suggest that apatites sam-
pled in the alkalic porphyry Cu-Au deposits are both mag-
matic and hydrothermal in origin because all of these rocks
experienced some late-stage hydrothermal alteration (e.g.,
Richards, 1990). Vanadium, as V3+ and V#*, partitions prefer-
entially into magmatic magnetite, clinopyroxene, hornblende,
and biotite, but is released during late-stage alteration and
can be incorporated by apatites as V3+ under oxidizing condi-
tions (Luhr and Carmichael, 1980; Bea et al., 1994; Canil and
Fedorchouk, 2000; Toplis and Corgne, 2002). SOF may also
act as a complexing agent during alteration (Parsapoor et al.,
2009), and may be incorporated by apatites. Thus, the high V
and S contents, coupled with the variation in Ce/Ce* in apa-
tites from alkalic porphyry Cu-Au deposits, probably reflect
oxidizing conditions prevailing during both magma evolution
and deposit formation.

The calc-alkaline porphyry Cu + Mo + Au deposits in this
study include one porphyry Cu-Au deposit (Kemess South)
and four porphyry Cu-Mo deposits (Gibraltar, Highmont,
Highland Valley Copper, and Lornex), which all share simi-
lar lithologies, alteration, and mineral assemblages. Further-
more, because apatites from these deposits share many trace
element characteristics (Fig. 9), they are discussed together.
These apatites have very high Mn (334-10,934 ppm) and
relatively low Sr (186-904 ppm) contents, and generally very
strong negative Eu anomalies (Euw/Eu® = 0.18-1.11, averaging
0.36; Fig. 9a, b). Apatites from the Kemess South porphyry
Cu-Au deposit can be identified by their high HREE contents
such as Yb (Fig. 11b), but more data are needed to deter-
mine if this is a general characteristic of all porphyry Cu-Au
deposits.

Studies on porphyry Cu + Mo + Au deposits have shown
that mineralization is mainly hosted by potassically (K-feldspar
and/or biotite) and phyllically (quartz-sericite) altered quartz
monzonite to granodiorite compositions (McMillian, 1976;
Olade and Fletcher, 1976; Ash and Riveros, 2001; Duuring
et al., 2009b). These studies have found gradually decreasing
whole-rock Mn and Sr contents from the edge of the ore zone
to the core of orebody, coincident with the potassic and phyl-
lic alteration zones. These trends of the Mn and Sr depletion
in ore zones were attributed to the hydrothermal breakdown
of plagioclase and ferromagnesian minerals to sericite, quartz,
epidote, and chlorite (e.g., Olade and Fletcher, 1976; Ash and
Riveros, 2001; Duuring et al., 2009b). Since apatites incor-
porate Mn2+ more readily than Mn3+ or Mn*:, they tend to
be relatively Mn poor in oxidizing environments (Miles et al.,
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Fig. 11. Scatterplots for apatites. a) Sr (ppm) vs. V (ppm). b) Yb (ppm) vs. Mn (ppm). Larger-size symbols represent apatites

from specific deposits discussed in text.

2014). Some redox control over apatite Mn contents is con-
sistent with the porphyry deposits in this study, where alkalic
porphyry Cu-Au deposits, the most oxidized of all the por-
phyry deposit types (e.g., Lang et al., 1995), have the lowest
Mn contents. Strontium contents of apatites, unlike Mn con-
tents, are more likely to mimic those of whole rocks due to the
different site preferences for Sr and Mn in apatites (Piccoli
and Candela, 2002). The relatively low Sr contents in these
apatites are consistent with the Sr depletion in the ore zones
(Olade and Fletcher, 1976). The large variations in the size of
negative Eu anomalies (Fig. 9a) may reflect early plagioclase
fractionation or partial melting of source rocks that retained
feldspar (Watson and Green, 1981; Piccoli and Candela, 2002;
Tollari et al., 2008).

Apatites from porphyry-related Cu-Au breccia show some
of the lowest abundances of most trace elements in this study
(Fig. 3a). They can be discriminated from other groups using
Sr, Eu, and Yb (Fig. 9b, ¢) and their relatively high As (17—
419 ppm) and W (<1-10 ppm) contents (Table 4). The very
low impurity cation contents of apatites from the porphyry-
related Cu-Au breccia deposit are consistent with apatite

crystallization from relatively low temperature fluids where
cation mobility was restricted. Subsequent calcic altera-
tion associated with the Au-Cu-Ag mineralization may have
exchanged Ca2+ for impurity cations in these apatites.

Apatites from Au-Co skarn deposits (Minyari, Australia, and
Racine, British Columbia) typically contain the lowest Sr and
Eu contents (Table 4, Fig. 9b) found in this study. The low
contents of cation impurities, especially LREE, are similar to
those of apatites from Wernecke IOCG breccia and porphyry-
related Cu-Au breccia. Most Au (+ Co) skarns are hosted by
calcareous rocks and metasomatic fluids in the contact zone
are Ca rich (e.g., Ray, 1998). Based on crystal chemistry, apa-
tites formed from a Ca-rich but Sr- and REE-poor fluid at a
relatively low temperature will tend to have low abundances
of trace elements that include Sr.

Discrimination of IOCG and Kiruna-type deposits
(step I1Ib, DP4)

The discrimination diagrams for this step were constructed
using apatite data from the Wernecke IOCG breccia and
Kiruna-type deposits. These diagrams (Fig. 12), therefore, are
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Fig. 12. Discrimination diagrams for apatites from IOCG deposits. Also
shown is the median apatite from Kiruna-type IOCG deposits (Belousova
et al., 2002) that was not used in DPA for construction of the discrimina-
tion diagrams. a) The first discriminant function (DP4-1) vs. logU (ppm),
showing contours of constant Mahalanobis distance outlining bulk of the
data in each group (step IIIb; Table 5; App. Table 5); DP4-1 = 5.379-logV +
1.0285-logMn + 1.0004 - logSr — 0.0447-logCe + 3.169-logEu — 5.412-logYh
- 0.3302-logPb — 0.1080logTh + 5.385; variables are logl0-equivalents of
element concentrations in ppm. b) Mg-V-10-Mn (ppm) ternary plot, showing
boundary between apatites from breccia- and Kiruna-type IOCG deposits.

intended for use with samples determined to have an IOCG
or Kiruna-type affinity at step II. The concentrations of V, Mn,
St, Ce, Eu, Yb, Pb, and Th have been used in the DPA calcula-
tion (Table 5, App. Table 5) to separate these deposits into the
IOCG breccia-type and Kiruna-type groups.

Apatites from the subduction-related Kiruna-type deposits
tend to have more restricted compositions than those from
the postorogenic Wernecke IOCG breccias. The latter have
higher Mn concentration at the same V and Mg concentra-
tions (Fig. 12b) and a much wider range of Eu/Eu® values
(0.3-1.5) than the former (EwEu® = 0.2-0.4). Apatites from
Kiruna-type deposits have relatively hich LREE, Na, Si, and S
contents (Table 4) which are correlated as charge compensa-
tors (Fig. 3c). The low Ca contents of apatites {from Kiruna-
type deposits are close to those of apatites from unmineralized
rocks (Fig. 2). In contrast, apatites from the Wernecke IOCG
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breccia deposit generally have higher Ca contents and cor-
respondingly lower abundances of impurity cations, although
some apatite grains have much higher XLREE contents
(14,872-19,050 ppm) than those of apatite from Kiruna-type
deposits (171-9,582 ppm). Light rare-earth elements are
abundant in many Kiruna-type and IOCG deposits, although
not always at economic levels (Hitzman et al., 1992; Sillitoe,
2003; Mao et al., 2008). The typical mineral assemblage for
Kiruna-type deposits is magnetite + actinolite + apatite with
apatite serving as the main repository for the REEs.

Apatites from some Kiruna-type deposits (Cerro de Mer-
cado and Great Bear) have the highest As contents (929-
2,251 ppm) measured in this study. Arsenic is typically
sourced from (meta)sedimentary rocks (Lollar, 2004), where
it accumulates during the weathering cycle (Cornett et al.,
1992). Consequently, an ore-forming fluid passing through
(meta)sedimentary rocks may liberate As and make it avail-
able for incorporation into later forming minerals such as apa-
tite. The geologic setting of the Cerro de Mercado and Great
Bear deposits is consistent with this explanation (e.g., Mumin
et al., 2007; Rakovan, 2007; Acosta-Géngora et al., 2014). The
high As contents (up to 506 ppm; Table 4) in some apatites
from the Wernecke IOCG breccia deposit are also consistent
with its formation in a Proterozoic metasedimentary basin.
In contrast, apatite from the Aoshan Kiruna-type deposit has
much lower As contents (<332 ppm). Other deposit types
with elevated As contents in apatites include the Seabee oro-
genic Au deposit (up to 1,079 ppm As; Table 4) and some
alkalic porphyry Cu-Au and porphyry-related Cu-Au breccia
deposits (up to 879 ppm As). The variability of As abundances
in apatite suggests that elevated As is probably a good local
indicator of Au and/or Cu mineralization, but is not specific
to a deposit type.

Classification of literature data from known deposits

The discrimination approach developed in this study was
tested by applying it to published apatite compositions of
known affinity that were not used in developing the approach
described above (Belousova et al., 2002; Cao et al., 2012). The
apatite data from Belousova et al. (2002) are median apatite
compositions from carbonatites (Fen, Kovdor, Mud Tank,
and Phalaborwa), Kiruna-type deposits (Kiruna and Cerro de
Mercado), granite pegmatites (5 occurrences from Norway),
and unmineralized syenites (Oslo Rift) and dolerite (Crimea
Mountains). Note that Durango apatite (Cerro de Mercado)
was used to calibrate the approach, but due to the paucity
of apatite analyses in the literature, we still used the median
value based on this apatite. The apatite data from Cao et al.
(2012) are from the Aktogai porphyry Cu-Mo deposit and an
unmineralized batholith.

Using the discriminant functions DP1-1 vs. DP1-2 (step I;
Table 5), most of the literature data are correctly classified.
The median carbonatite falls within the carbonatite field
and the porphyry Cu-Mo and Kiruna-type data points all fall
within the mineralized apatite contour. The unmineralized
batholith apatite also falls within the unmineralized field (Fig.
7a). The published apatite compositions for barren syenites
and dolerite fall within the mineralized field, overlapping our
data from MOR, in the DP1-1 vs. DP1-2 diagram (Fig. 7a).
They are separated from the mineralized systems in the log
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Sr vs. log Zr diagram (Fig. 7b), consistent with their mafic
parental magmas (Belousova et al., 2002). The median apa-
tite composition for several Norwegian granite pegmatites,
including Li-rich, tourmaline-bearing type, also falls within
the mineralized field in Figure 7a and b, reflecting the hydro-
thermal origin of these apatite megacrysts (Belousova et al.,
2002). Only the published data from the Kiruna-type and por-
phyry Cu-Mo deposits are projected into the discrimination
diagrams for various deposit types (steps II and III).

In terms of the discriminant functions for general deposit
types (DP2-1-1 vs. DP2-1-2, DP2-2-2 vs. DP2-2-3, and DP2-
3-1 vs. DP2-3-2; step 1I; Table 5), the published data from
porphyry Cu-Mo and Kiruna-type deposits plot within their
corresponding fields (Fig. 8). However, where projected using
the discriminant functions for porphyries and skarns (DP3-1
vs. DP3-2 and DP3-1 vs. DP3-3; Table 5), only about half of
the data from the porphyry Cu-Mo deposit are classified cor-
rectly as apatite from a porphyry Cu + Mo + Au, with a few
data points falling within the alkalic porphyry Cu-Au field
and the rest of the data straddling the boundary between the
porphyry Cu + Mo + Au and the porphyry Mo fields (Fig.
10). It should be noted that apatite from the Aktogai porphyry
Cu-Mo deposit has a lower Mn content than apatite from five
porphyry Cu = Mo = Au deposits in this study (Table 2). This
difference may be due to different analytical methods, which
were EMPA in Cao et al. (2012) and LA-ICPMS in this study.
Since Mn is an important contributor to the discriminant
functions DP3-1 and DP3-2 (App. Table 5), the difference in
Mn contents may explain the partial misclassification of the
data in Fig. 10. Despite this discrepancy, much of the apatite
data from the Aktogai porphyry Cu-Mo deposit are still cor-
rectly classified in these discrimination diagrams.

A plot of the discriminant function DP4-1 (step IIIb;
Table 5) vs. log U content and a ternary Mg-V-Mn plot for
separating IOCG and Kiruna-type deposits correctly classify
the median Kiruna and Cerro de Mercado apatite compo-
sition of Belousova et al. (2002) as a Kiruna-type (Fig. 12).
Although little trace element data were available on apatite
from Kiruna-type deposits, our results demonstrate that apa-
tite trace element chemistry has the potential to discrimi-
nate between Kiruna-type and IOCG deposits. Future work
should test this finding by analyzing apatites from world-class
IOCG deposits such as Olympic Dam, Candelaria, Carajas,
Cloncurry, as well as other Kiruna-type deposits from Sweden
and northern Chile.

The correct identification of these published apatite data
in step I, step II, and step IIIb indicates that the discrimi-
nant diagrams/functions are capable of classifying unknown
apatite grains according to their unmineralized/mineralized
origins and primary deposit types. Thus, the trace element
compositions of detrital apatite in sedimentary overburden
(e.g., stream sediments, tills, etc.) can be used as a robust new
tool for mineral exploration. The proposed discrimination
diagrams do require further testing with apatite data from
known deposits. As the body of literature with high-quality
apatite trace element data continues to grow, the discrimina-
tion diagrams may be refined by new DPA. Presently, carbon-
atites are the most robustly discriminated deposit type in our
study because apatites come from many complexes world-
wide. The porphyry Cu-Mo-Au deposit types are also robustly
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discriminated because a relatively large number of samples
from numerous individual deposits were examined, albeit all
from British Columbia. A few deposit types (e.g., orogenic
Ni-Cu + PGE), however, are based on samples from a single
locality and thus their fields in the discrimination diagrams
are not as robust as others. We note, however, that these apa-
tite discrimination diagrams are best used in conjunction with
other available data including regional geochemistry, geo-
physics, other indicator minerals, ice-flow history, and local

geology in confirming deposit types.

Conclusions

In this study we analyzed the trace element compositions of
apatite grains (922 analyses) from most major types of mineral
deposits by LA-ICPMS and constructed optimized discrimi-
nation diagrams from DPA using the multi-element data set.
The calculated discriminant functions highlight distinct trace
element differences between apatites from barren rocks and
the different deposit types. In general, the discrimination dia-
grams successfully predicted known deposit-type affinities of
apatites from previous studies. The discrimination of apatites
from the different deposits relies on the multivariate DPA
approach because trace element contents of apatites show
large variations owing to many controlling factors, including
fluid/melt source variation, degree of fractionation, crystal-
lization history, coexisting mineral assemblage, alteration
types, and redox conditions. Even for individual deposit types
where apatites displayed significant variation in trace element
contents, the linear discriminant functions derived from the
multivariate data successfully minimized differences between
the data within the same deposit group while enhancing the
contrast between the groups. Moreover, scaled contributions
from individual variables identify critical elements in discrim-
inating apatites from different deposits, which may not be
otherwise apparent from the multi-element data.

Through the four discrimination steps, the apatites from
many ore deposits can be readily separated from the other
groups. Specifically, step I draws three distinct groups for
apatites from carbonatites, ore deposits, and unmineralized
rocks (Fig. 7a). Those apatites from barren MOR and (grano)
dioritic rocks in an overlapped area between ore deposits
and unmineralized rocks can be further separated by Sr,
Zr, and Cl contents and Eu anomalies (Fig. 7b, c). Within
different ore deposits, apatites from orogenic Au, orogenic
Ni-Cu = PGE, and undivided Kiruna-type and IOCG depos-
its stand out from other types of deposits in step II (Fig. 8),
and the apatites determined to have iron oxide-associated
affinity at this step are further subdivided into Kiruna-type
and IOCG breccia-type deposits in step I1Ib (Fig. 12). Apa-
tites classified as having porphyry or skarn affinities at step 1T
are further successfully discriminated into alkalic porphyry
Cu-Au, porphyry Cu + Mo + Au, porphyry Mo, porphyry-
related Cu-Au breccia, and Au-Co skarn deposits, with most
of the apatites from W skarn deposits separated by elimi-
nation of other deposit types in these discriminant-function
diagrams (Fig. 10).

Hydrothermal apatites in mineralized rocks generally con-
tain relatively low concentrations of elements that partition
onto the Ca sites due to relatively low crystallization tempera-
tures and resultant decreased mobility of impurity elements.
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The main trace element characteristics of apatites from differ-
ent deposit types are as follows:

1. Apatites from carbonatites are characterized by the high-
est Si (<0.05-1.30 wt %), V (<1.6-1,466 ppm), Ba (1.8—
275 ppm), Nb (<0.4-19 ppm), high Sr (1,840-22,498
ppm), and the lowest W (<0.05-0.55 ppm) contents. They
exhibit strongly LREE enriched REE distribution (Ce/
Yben = 35-872), with moderate positive Ce anomalies (Ce/
Ce* = 1.0-1.7) and lack Eu anomalies (Ew/Eu* = 0.9-1.2).
The very high Sr, LREE, V, Ba, and Nb contents in apatites
are attributed to the high abundances of these elements
in carbonate melts and related fluids. Silicon, along with
S and Na, is present as charge compensators. High Nb,
coupled with low W contents, is diagnostic of carbonatitic
apatites.

2. Apatites from alkalic porphyry Cu-Au deposits have high V
(<2.5-337 ppm) and S (<0.08-0.45 wt %) contents. They
show the widest range of Ce/Ce” (0.9-1.7) of all apatite
groups, consistent with high but variable redox conditions
during their formation.

3. Apatites from porphyry Cu + Mo + Au deposits show very
high Mn contents (334-10,934 ppm) and variable, but gen-
erally strongly negative, Eu anomalies (Ew/Eu® = 0.2-1.1,
averaging 0.4). The high Mn contents are probably related
to Mn-rich fluid responsible for phyllic alteration.

4. Apatites from Kiruna-type deposits have the highest Na
(<0.07-0.37 wt %) and S (<0.08-0.49 wt %), and lowest
Mn (40-245 ppm) contents, and display strong negative Eu
anomalies (Ew/Eu* = 0.2-0.4). The low Mn contents are
interpreted to be due to the coexisting actinolite and mag-
netite, both of which incorporate Mn. The strong negative
Eu anomalies probably reflect crystallization of K-feldspar
during early-stage potassic alteration. The high Na and S
contents correlate with relative enrichment in LREE as
charge compensators.

5. Compared with Kiruna-type apatites, most apatites from
the Wernecke IOCG breccia contain higher Mn and lower
LREE, Na, Mg, Si, and S contents. Apatites from Wer-
necke IOCG breccia also show much higher Ew/Eu* (0.3—
1.5) than those from Kiruna-type deposits. These apatites,
along with those from porphyry-related Cu-Au breccia
deposit, tend to have relatively low contents of impurity
cations compared with apatites from other deposit types,
perhaps reflecting the lower formation temperatures of
these deposits.

6. The high As contents found in some apatites from Kiruna-
type (up to 2,251 ppm), orogenic Au (up to 1,079 ppm),
and other deposit types are interpreted to relate to a (meta)
sedimentary source and may indicate Au and/or Cu miner-
alized systems, but are not specific to a particular deposit
type.

This study demonstrates that the trace element contents
of natural apatites possess enough variability to accurately
determine their igneous source rocks and/or the type of
deposit from which they were derived. The study focused
on the Canadian Cordillera, where the complex geology has
produced an extraordinarily diverse spectrum of ore deposit
types making it an ideal natural laboratory in which to study
apatites and their host rocks. Therefore, we see no reason
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why the proposed discrimination approach should not work
globally in addition to being a particularly useful exploration
tool in glaciated terrains of the North American Cordillera.
Finally, despite the large size of the dataset reported here (n
= 922, not including analyses from Durango and Madagascar
apatites), some apatite-bearing source rocks have either not
been analyzed or have few analytical data. Additional work
targeting these rocks will help to refine and further test the
novel approaches developed in this study.
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