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Abstract: The geochemistry of apatite crystals from fifteen fertile and infertile Acadian-related
granitoids of New Brunswick (Canada) was studied in situ, using electron microprobe and laser
ablation-inductively coupled plasma-mass spectrometry to further investigate petrogenesis and
fertility index among these intrusions. The results indicate a clear geochemical contrast between
barren and mineralized samples where apatite grains from barren intrusions are the most hydrous
(OH > 0.3 wt. %), with lowest Mn (<1700 ppm), Fe (<800 ppm), and Sn (<0.01 ppm). In contrast, apatite
grains from Cu-Mo related intrusions are distinguished by higher CI (>0.1 wt. %), (La/Yb)y ratios of
21.17, (Eu/Eu*)y ratios of 0.30, and LREE/HREE ratios of 6.03. Apatites from Sn-W related magmatic
suites have the highest F (>3 wt. %), Mn (>5350 ppm), Fe (>2200 ppm), Y (>4900 ppm), Sn (>2 ppm),
and the lowest Cl (<0.01 wt. %), Sr (<60 ppm), U (<18 ppm), Th (<29 ppm), (Eu/Eu*)y ratios (<0.01),
and (La/Yb)y ratios (<0.88). Lastly, apatite grains from Mo-bearing systems have the lowest SiO,
(<0.4 wt. %), St (<33 ppm), Th (<28 ppm), a moderate Mn (~3800 ppm), Y (~3500 ppm), and highest
FeOt (<0.9 wt. %). However, the results indicated apatite Mn, Sr, LREE/HREE, and (Eu/Eu*)y ratios
as the best fertility indices used for discriminating barren from fertile granite intrusions.

Keywords: apatite; trace element composition; granite; New Brunswick; Appalachian

1. Introduction

Apatite, Ca5(POy);(F, Cl, OH), is one of the most common accessory minerals and the most
abundant phosphate phase in most igneous rocks (Piccoli and Candela [1]). Its composition depends
mainly on the composition of the host melts, temperature, and oxygen fugacity (Pan and Fleet [2],
Marks et al. [3]). Despite appearing as an accessory phase, apatite chemistry plays a significant role in
documenting the history of magmatic evolution of magmas. In fact, the crystallization of phosphate
phases, especially apatite, is an important process in magmatic systems as the residence of U, Th,
Sr, and REE is controlled through melt/phosphate mineral equilibria (Hughes et al. [4], Toplis and
Dingwell [5]). Furthermore, apatite can preserve information about magmatic and post-magmatic
processes due to its early formation and long stability during the differentiation of magmatic systems
(Lisowiec et al. [6]). Many elements can substitute within apatite crystal structure, making this
mineral a proxy for thermochronological studies, radiometric, and fission track dating (Nemchin and
Pidgeon [7], Chamberlain and Bowring [8], Gleadow et al. [9], Harrison et al. [10], Carrapa et al. [11],
Chew et al. [12], Tang et al. [13], Vamvaka et al., [14]), determination of oxygen fugacity (Cao et al. [15],
Miles et al. [16], Marks et al. [3]), determination of halogen fugacity (Zhu and Sverjensky [17],
Teiber et al. [18]), thermometry (Stormer and Carmichael [19], Ludington [20], Wones [21], Munoz [22],

Minerals 2018, 8, 598; d0i:10.3390/min8120598 www.mdpi.com/journal/minerals


http://www.mdpi.com/journal/minerals
http://www.mdpi.com
https://orcid.org/0000-0002-9338-4837
https://orcid.org/0000-0002-9562-6211
http://dx.doi.org/10.3390/min8120598
http://www.mdpi.com/journal/minerals
http://www.mdpi.com/2075-163X/8/12/598?type=check_update&version=3

Minerals 2018, 8, 598 2 of 30

Zhu and Sverjensk [17], Sallet [23]), and the study of magma evolution history (Ishihara [24], Nash [25],
Teiber et al. [26], Ishihara and Moriyama [27]). Furthermore, apatite geochemical characteristics
can be used to study granitoid petrogenesis (Sha and Chappell [28], Chu et al. [29], Cao et al. [15],
Ding et al. [30]) and secondary metasomatic processes (Zirner et al. [31], Broom-Fendley et al. [32]).
More importantly, apatite trace element composition can also be used as a mineral exploration tool
(e.g., Roegge et al. [33], Williams and Cesborn [34], Belousova et al. [35,36], Imai [37,38], Cao et al. [15],
Boswell [39], Mao et al. [40], Duan and Jiang [41]).

Felsic intrusions in New Brunswick are commonly associated with different styles of granophile
element mineralization including porphyry, skarn, greisen, and vein-related deposits. However,
some of the intrusions are barren despite their highly fractionated nature (Whalen [42]). This motivated
the authors to investigate apatite geochemical characteristics including major and trace elements,
along with the halogen content from fifteen of these Late Silurian to Late Devonian intrusions formed in
the Acadian orogeny to investigate the petrogenesis of these granitoids and to examine the application
of detailed apatite compositions as a proxy to differentiate between barren and mineralized granitoids
of New Brunswick (Figure 1).

2. Geological Setting

Fifteen felsic intrusions of Late Silurian to Late Devonian age in New Brunswick were selected
for this study; these intrusions vary in composition from granodiorite to granite and are mostly
(except Blue Mountain Granite and Nicholas Dénys Granodiorite) located within the Central plutonic
belt of New Brunswick (Table 1). The plutonic belt extends from Chaleur Bay in northeastern
New Brunswick and extends toward the southwest of the province passing the American border
into adjacent Maine (Azadbakht et al. [43]). The belt encloses many calc-alkaline, non-foliated and
foliated Silurian-Devonian felsic intrusions, which intrude the Cambrian to Early Ordovician rocks
of the Woodstock, Miramichi, and Meductic groups, Bathurst Supergroup, and the Trousers Lake
metasedimentary Suite (Wilson and Kamo [44]). The plutonic belt cuts three out of four (excluding
Humber zone) lower Paleozoic tectonomagmatic zones including Dunnage, Gander, and Avalon
from northwest to southeast. The Humber Zone stretches across the Gaspésie, Quebec and northern
New Brunswick and represents the western margin of the Iapetus Ocean, which was deposited over
the Grenville lower crustal block (Whalen [42], Whalen et al. [45]). The Dunnage Zone occurs in
northern New Brunswick and is comprised of the allochthonous remnants of Iapetus ocean floor, arc
and back-arc sequences and is underlined by the Grenville basement in the western part and by the
Central lower crustal block in the eastern part (Whalen [42], Whalen et al. [45]). The Gander Zone
occurs in most of New Brunswick and represents the eastern continental margin of the Iapetus Ocean.
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Table 1. Summary of sample localities, ages, associated mineralization, and accessory phases of granitoids in New Brunswick. Mineral abbreviations are after Whitney
and Evans [46].

. . Associated Other Halogen Accessory Mineral
# Sample Locality Lithology Age Ma) Mineralization Bearing Min%rals Pl?;se
1 WXS85NB-47 Nicholas Dénys Bt granodiorite 381 +41 Porphyry Cu-Mo Bt, Amp Mag, llm, Zrn, Ttn, Ep
2 WX85NB-46 Pabineau Falls Alf porphyry Bt granite 397.24+1.92 Vein Mo Bt, Amp Zrn, Mnz, Xtm, IIm
3  WX86NB-254 Mt LaTour Bt granite 4177 + 443 Barren Bt, Zrn, Mnz
4 DS06-0077-2 Long Lake Ms leucogranite 406.1 +1.9% Vein U-Mo Bt, Chl, Ms Zrn, Mnz, Ilm
5  WX85NB-226 Dungarvon Qz porphyry Bt granite 376 +£4° Vein Sn-W Bt Zrn, lIm
6  WX85NB-225 Trout Lake Qz porphyry Bt granite 380.6 +0.3° Vein Sn-W Bt Zrn, Ilm, Mnz, Ep, Xtm
7  WX85NB-161 Lost Lake Bt-Ms granodiorite 409.7 +0.5° Barren Bt, Ms Ilm, Ttn, Zrn
8  WX85NB-11 Hawkshaw Afs porphyry Bt granite 411417 Vein Cu-Au-W Chl Mag, Ilm, Zrn, Rt
9 WX85NB-38 Allandale Bt-Ms granite 402 +18 Vein Be-Mo Bt Zrn, lIm, Ep, Mnz, Ttn
10 LG Lake George Granodiorite 412 4+2° Barren Bt, Chl, Amp Zrn, Mnz, Cal, Ep
11 2010-CB-16B Evandale Granodiorite 3904+ 151  Porphyry Cu-Mo Bt, Amp Mag, Zrn, Ilm, Ep, Rt
12 WX85NB-196 Magaguadavic Afs porphyry Bt-Amp granite 403 +2H1 Vein Cu-Mo Bt Zrn, Ttn, Ilm, Mag, Aln
13 x;ggﬁgégg Mount Douglas Bt granite-Dmd; 366 12 Barren B t?éhl;,l Fl M;\g:aglrﬂ,nlllm
14  WX85NB-188 Beech Hill Fsp-Qz-Bt porphyry granite 343 £33 13 Vein Sn-W Bt, Chl Zrn, Ilm
15  WX85NB-189 Utopia Bt granite 4283 +1.01" Vein Mo-Sn Bt Zrn, Ilm, Mag, Mnz, Aln

1 Walker et al. [47]; 2 Whalen [42]; 3 Azadbakht et al. [43]; ¢ Shinkle [48]; ® MacLellan et al. [49]; ® Wilson and Kamo [44]; 7 Bevier and Whalen [50]; 8 Beal et al. [51]; ° Yang et al. [52]; 10
White [53]; 1! Mohammadi et al. [54]; 12 McLeod [55]; 13 Yang [56].
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Figure 1. Lithological map of New Brunswick (Canada) modified after Fyffe and Richard [55]
showing the location of the studied granitoid intrusions. 1—Blue Mountain Granite, 2—Nicholas
Dénys Granodiorite, 3—Pabineau Falls Granite, 4—Mount LaTour Granite, 5—Long Lake Granite,
6—Dungarvon Pluton, 7—Lost Lake Granite, s—Hawkshaw Granite, 9—Allandale Granite, 10—Lake
George Granodiorite, 11—Evandale Granodiorite, 12—Mount Douglas Granite, 13—Magaguadavic
Granite, 14—Beech Hill Granite, 15—Utopia Granite.

These tectonomagmatic zones are underlain by the Central lower crustal block (Whalen [42],
Whalen et al. [56,57]). Finally, the Avalon Zone occurs in southwestern New Brunswick and indicates a
stable platform in the early Paleozoic. Avalonia was accreted on the Avalon lower crustal block
(Whalen [42], Whalen et al. [58], Whalen et al. [56]). The accretion and deformation of these
tectonomagmatic zones during different stages of the Appalachian orogenic cycle is represented by a
series of orogenic events including Taconic, Salinic, Acadian, and Neo-Acadian spanning Ordovician
to Early Carboniferous time, respectively (van Staal et al. [59]). These rocks were then subsequently
covered by the Late Devonian to early Permian Maritimes successor basin (Yang et al. [60]).

3. Studied Mineral Deposits and Their Host Rocks

Two series of felsic intrusions were emplaced during the later stages of the Appalachian orogenic
cycle in New Brunswick. These intrusions show a variety of geochemical characteristics from
primitive to highly evolved A-, S-, and I-types granitoids (see Whalen [42]). Those associated with
crustal thickening processes of the Acadian orogeny and post-Acadian uplift are locally mineralized
with granophile elements. Fifteen of these Late Silurian to Late Devonian intrusions (Figure 1)
with diverse characteristics were selected to investigate detailed apatite compositions (major elements,
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halogens, and trace elements geochemical composition) to test whether apatite can be used as a
mineral exploration tool to distinguish between barren and mineralized Acadian-related granitoids.
The following descriptions of the intrusions are taken from the Lexicon of NB geology as posted on
the website of New Brunswick Department of Energy and Resource Development [61].Associated
mineral occurrences (Unique Reference Number-URN) are cited from the New Brunswick Department
of Energy and Resource Development computerized database [62]. The depth of emplacement of the
plutons are not precisely known as there are few available Al in hornblende data for the examined
intrusions. However, the presence of porphyritic texture, miarolithic cavities, and pegmatitic dikes
associated with many of the intrusions, points to the high level of emplacement (1.5-2.5 km). To further
investigate the depth of emplacement, the pressure of crystallization was calculated following the
method of Yang [63] where the pressure varies between 0.5 to 5.3 kbar among the studied intrusions.

3.1. Barren Intrusions

3.1.1. Mount LaTour Granite

This Early Devonian (U-Pb monazite age of 417.7 & 4.4 Ma; Azadbakht et al. [43]), heterogeneous
granitic intrusion forms the western portion of the South Nepisiguit River Plutonic Suite in northeastern
New Brunswick. It comprises five phases, and the most abundant phase (WX85NB-254) is an
amphibole-bearing medium- to coarse-grained, equigranular alkaline granite, which contains only
alkali-feldspar (i.e., hypersolvus granite). The sample is a coarse-grained equigranular white biotite
granite with A/CNK (Al,O3/(CaO + Nay,O + K;0)) of 1.01 and A/NK (Al,O3/(NayO + K,0)) of
1.16 identifying the sample as a peraluminous I-type granite. In general, the sample is altered and
most of the amphibole and mica grains are replaced by secondary minerals.

3.1.2. Lost Lake Granite

This Early Devonian heterogeneous granitic body (U-Pb zircon age of 409.7 + 0.5 Ma; Wilson
and Kamo [44]) covers an area of 120 km? in central New Brunswick. It is composed mainly of
medium-grained equigranular biotite-muscovite granite (WX85NB-161), with minor muscovite granite
and pegmatite in southern portion (Whalen [42]; Whalen et al. [57]). The pegmatitic pods in this
granite are related to minor Be mineralization (URN 295). The sample is a coarse-grained equigranular
biotite-muscovite granite with A/CNK of 1.06 and A/NK of 1.63 identifying the sample as a weakly
peraluminous I-type granite. In general, all the phenocrysts show signs of deformation like undulose
extinction in quartz and curved cleavage lines in both biotite and muscovite.

3.1.3. Mount Douglas Granite

This heterogeneous granite forms the eastern portion of the Saint George Batholith (SGB) in
southwestern New Brunswick and underlies an area of 600 km? (Whalen et al. [56]). An agreement
between ca. 367 Ma *°Ar-% Ar biotite age reported by McLeod et al. [64] and U-Pb zircon age
(367 £ 1 Ma; Bevier [65]) identified this intrusion as the youngest phase of the SGB. McLeod [66]
divided this intrusion into three sequentially emplaced phases from a coarse-grained seriate, biotite,
hornblende granite of Dmd; (WX85NB-198 and 220) to pink medium- to fine-grained, seriate, biotite
granite of Dmdy, and red, medium-grained, equigranular, biotite granite of Dmds. The first phase
(Dmd,) is barren; however, the other two phases are associated with significant endogranite Sn, W,
Ag, Mo, As, Bi, Cu, Pb, and Zn-bearing veins, as well as, wall rock alteration in more than thirty
localities including URNSs 18, 218, 225 to 330 containing 0.2% Sn, 123 g/t Ag, 1.89 g/t Au, 0.36% Cu,
and 8.32% Zn. The samples are white-pink medium- to coarse-grained seriate biotite granite with
rapakivi feldspars, large (greater than 1mm) brown biotite crystals, ACNK of 0.97, and A/NK of 1.13
identifying them as a metaluminous I-type granite.
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3.2. Fertile Intrusions Associated with Cu-Mo Mineralization

3.2.1. Hawkshaw Granite

This Early Devonian granite (U-Pb titanite age of 411 + 1 Ma; Bevier and Whalen [50],
Whalen et al. [57]) underlies an area of about 700 km? and forms most of the eastern half of the Pokiok
Batholith in southwestern New Brunswick (Figure 1). It is composed of a coarse-grained porphyritic
biotite granite (WX85NB-11) to granodiorite with minor equigranular biotite granite (Whalen [42]).
This intrusion is related to minor greisen and stockwork vein Sn mineralization (URN 530), veins of
purple fluorite (RF 534), and significant quartz-carbonate veins containing Cu, Au, and W (URN 657)
with up to 0.52% W. The sample is a medium-grained pink potassium feldspar porphyry biotite granite
with ACNK of 0.99 and A/NK of 1.38 identifying it as a metaluminous I-type granite.

3.2.2. Nicholas Dénys Granodiorite

This middle Devonian (U-Pb zircon age of 381 + 4 Ma; Walker et al. [47], Whalen et al. [45])
medium-grained, equigranular, biotite granodiorite (WX85NB-47) underlies an area of 12 km? in
northeastern New Brunswick. The Nicholas Dénys granodiorite is associated with quartz veinings,
stockworks, and disseminated base metal (commonly Cu, Fe) mineralization along its contact aureole
with the highly fractured Silurian Chaleur Group, containing 0.11 g/t Ag, 156 ppm Cu, and 107 ppm
Mo (URNSs 47, 440, and 1063). The sample is a medium-grained equigranular biotite granodiorite with
A/CNK of 0.96 and A/NK of 1.46 identifying it as a metaluminous I-type granite. The sample shows
signs of secondary alteration with many of the minerals displaying resorbed boundaries.

3.2.3. Evandale Granodiorite

This circular stock is a heterogenous Middle Devonian (U-Pb zircon age of 390.4 £+ 1.5 Ma;
White [53]) granodiorite (2010-CB-16B), which covers an area of about 20 km?. Tt is composed of a
medium-grained equigranular hornblende-biotite granodiorite to monzogranite, which is cut by minor
narrow, north-northwest-trending aplite dikes (White [53]). This intrusion has characteristics of a
porphyry deposit, and its aplitic dikes are related to disseminated Cu, Au, Ag mineralization with
322 g/t Ag, 16.1 g/t Au, 2.4% Cu, 4.7% Pb, and 6.7% Zn (URN 11). Further study by White [53]
proposed the possibility of more enriched portions of the intrusion at depth or the erosion of
mineralized zone. The sample is a coarse-grained amphibole-bearing granodiorite with A/CNK
of 1.13 and A/NK of 1.24 identifying it as a peraluminous granodiorite.

3.2.4. Magaguadavic Granite

This Early Devonian multiphase granite (U-Pb zircon age of 396 & 1 Ma by Bevier and Barr [67],
403 &+ 2 Ma by Mohammadi et al. [54]) is a large pluton (21 km x 15 km), which forms the western
to central portion of the Saint George Batholith in southwestern New Brunswick (McLeod [66]).
Pegmatitic to aplitic felsic dikes of this intrusion are associated with disseminated Au mineralization
containing up to 6.33 g/t Au (URN 1405) (Thorne et al. [68]). This granite (WX85NB-196) is also related
to hornfels Mo, Cu mineralization of Spring Brook and Clarence Brook occurrences with 0.25% Mo
(URN 347 and 775). The sample is a very coarse-grained potassium feldspar porphyry biotite granite
with rapakivi feldspar and large biotite crystals (greater than Imm). It has A/CNK of 0.95 and A/NK
of 1.30 identifying the intrusion as metaluminous I-type granite.

3.3. Fertile Intrusions Associated with Mo Deposits

3.3.1. Pabineau Falls Granite

This Middle Devonian coarse-grained equigranular to sub-porphyritic biotite granite
(WX85NB-46);U-Pb zircon age of 397.2 + 1.9 Ma; Whalen [42]) underlies an area of 150 km? in
northern New Brunswick (Whalen et al. [57]). This intrusion is related to both minor and significant
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endogranitic disseminated and aplitic dikes associated Mo, Be mineralization containing 5.02% Mo
(URN 65,123, 133, and 1314). It is also related to minor gold-bearing quartz veins containing 0.69 g/t
Au (URN 166). The sample is a coarse-grained potassium feldspar porphyry biotite granite with
A/CNK of 1.03 and A/NK of 1.30 identifying it as a weakly peraluminous I-type granite.

3.3.2. Long Lake Leucogranite

The Long Lake occurrence is associated with high level, highly fractionated phases of the Devonian
North Pole Stream Granitic Suite. Long Lake granite is a U-rich strongly peraluminous, slightly
perphosphoric, muscovite leucogranite dike (DS06-0077-2), which crosscuts the North Pole Stream
Granite (NPSG) at the Long Lake area (Shinkle [48]). The 11-million-year time difference from the
emplacement of the North Pole intrusive complex (**Ar/% Ar muscovite age of 406.1 + 1.9 Ma;
Shinkle [48]) indicates that the dikes must have been emplaced during the latest stages of the Acadian
Orogeny. This dike is associated with disseminated U-Mo mineralization (URN 64) containing 20.04%
Mo and 0.4% UO; and U-Mn mineralization (URN 1274) containing 0.58% UQO;. The sample is a
medium-grained biotite granite with A/CNK of 1.53 and A/NK of 1.73 identifying it as a highly
peraluminous S-type granite. The sample show signs of secondary alteration with most of the biotites
replaced by chlorite.

3.3.3. Allandale Granite

This granite represents the youngest (U-Pb monazite age of 402 £ 1 Ma; Bevier and Whalen [50];
Whalen et al. [56]) and the most evolved phase of the Pokiok Batholith (PKB), which intrudes
the Hawkshaw Granite. Allandale Granite (WX85NB-38) is primarily a fine- to medium-grained
equigranular muscovite-biotite granite, which underlies an area of 375 km?. This intrusion is related to
pegmatite-aplite dikes and vein-type Be and Mo mineralization at Zealand Station with 6.8 g/t Au and
0.74% BeO (RN 219) and Au mineralization with 6.8 g/t Au at the Zealand Au occurrence (RN 902)
(Beal et al. [51]). The sample is a medium- to coarse-grained seriate biotite-muscovite granite with
A/CNK of 1.03 and A/NK of 1.30 identifying it as a weakly peraluminous I-type granite.

3.3.4. Utopia Granite

This homogenous Late Silurian (U-Pb monazite age of 425.5 &+ 2.1 Ma; Mohammadi et al. [54])
intrusion forms the southwestern part of the Saint George Batholith and covers an area of about 90
km? (McLeod [66]). The Utopia Granite (WX85NB-189) consists mainly of medium- to coarse-grained,
light to dark red transition syenogranite to monzogranite. This intrusion is related to minor
disseminated mineralization of Sn, Mo, and Cu (URN 595), U mineralization with 0.01% U3Og (URN
700), greisen F-Sn mineralization with 0.96% F and 0.01% Sn (URN 816), and significant disseminated,
vein filling F Mo, Sn, and Ag mineralization containing 0.83% Mo (URN 596). The sample is a medium-
to coarse-grained equigranular pink biotite granite with A/CNK of 1.00 and A/NK of 1.13 identifying
it as a metaluminous I-type granite.

3.4. Fertile Intrusions Associated with Sn-W Deposits

3.4.1. Dungarvon Pluton

This Middle Devonian (*°Ar-* Ar muscovite age of 376 + 4 Ma; MacLellan et al. [49]) composite
pluton comprises the eastern part of the Burnthill Granites in central New Brunswick. It covers
an area of about 140 km? (MacLellan et al. [49], Whalen et al. [57]). It is composed mainly of an
equigranular to porphyritic biotite microgranite (WX85NB-225 and 226) with minor pegmatite, aplite,
and granophyric granite, and a medium- to coarse-grained equigranular to porphyritic biotite granite
(MacLellan et al. [49], Smith and Fyffe [69]). This intrusion is related to significant vein mineralization
of Sn, W, E Mo, Cu, Ag, Mn, Zn at several localities containing 0.67% Sn, 0.43% Mo, 5.35% W, 17.5 g/t
Ag, 2% Zn, 14.4% Mn (URN 298, 300, 302 510, 511, 512, 1191, 1169). It is also associated with minor
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vein related U anomaly (URN 297) and disseminated Cu mineralization (URN 303, 1170). The samples
are medium -grained pink feldspar-quartz porphyry biotite granite with A/CNK of 1.00 and A/NK of
1.20 identifying them as metaluminous I-type granite.

3.4.2. Beech Hill Granite

This granite is a circular porphyritic biotite granite (WX85NB-188), which covers an area of about
8 km? (Whalen et al. [56]). Yang et al. [60] recalculated the Butt [70] data and indicated a Rb-Sr whole
rock age of 343 & 33 Ma with an initial 87Gr-86Gr ratio of 0.712 £ 0.020 (MSWD = 4.4). These authors
consider that the age does not reflect the emplacement or the mineralization age. Mineralized fractures
and veinlets in both sedimentary rocks and the greisenized granite are associated with Sn, F, Zn,
and Mo mineralization containing 0.17% Mo, 0.13% Sn, and 0.77% WOs3 (RN 683, 684). The sample
is a fine-grained beige feldspar-quartz-biotite porphyry granite with A/CNK of 0.96 and A /NK of
1.09 identifying it as a metaluminous I-type granite. The sample is highly altered.

3.4.3. Lake George Granodiorite

This Early Devonian (U-Pb zircon age of 412 &+ 2 Ma; Yang et al. [52]) granodiorite (LG) is related
to the Hawkshaw Granite, a phase of the Pokiok Batholith produced through fractional crystallization
(Yang et al. [71,72]). The Lake George granodiorite stock is considered the source for heat and water
for early hydrothermal W-Mo-Au and later Au-Sb mineralization containing up to 11.7 g/t Au and
3.45% Sb (URNSs 6, 7, and 1280) (Yang et al. [52]) associated with the granodiorite. Samples vary from
fine- to medium-grained white biotite granite to granodiorite with A/CNK of 0.98 to 1.04 and A/NK
1.53 to 1.82 identifying them as metaluminous to peraluminous I-type granitoids. Most of the samples
are highly altered and biotite is completely replaced by either chlorite or muscovite.

4. Materials and Analytical Techniques

A detailed petrographic study of representative granitoid samples identified textural relations of
apatite to other rock-forming minerals that allowed us to select those apatite crystals free of mineral
inclusions for chemical analysis. Major, minor element, and halogen compositions of apatite were
determined in situ on carbon-coated polished thin sections using a JXA JEOL-733 electron microprobe
analyzer (EPMA) (JEOL, Ltd., Akishima, Japan), equipped with dQant32 and dSpec automation from
Geller Microanalytical Laboratories at the University of New Brunswick. The wavelength dispersive
spectroscopy (WDS) operating conditions were 15 kV accelerating voltage, 30 nA beam current, and a
maximum of 200s counting for Ce. The Wilberforce Apatite was used as the standard, and the accuracy
of the data is better than 2% for all the elements. Detection limit is 0.02, 0.03, 0.01, and 0.01 wt. %
for Cl, F, Ba, and S. Formula calculation for apatite is based on 25 oxygen. OH =1.79 (1 — F/3.767)
— (Cl1/6.809) and O=F, Cl = (Fx(16/70.9)) + (Cl x (16/38)) where F and Cl are in wt. % (Piccoli and
Candela [68]). Mole fractions of fluorapatite (FAp), chlorapatite (Cl1Ap), and hydroxyapatite (HAp)
were calculated following the equations presented in Piccoli and Candela [1].

Cathodoluminescence (CL) emission of the apatite crystals was collected using a Jeol-JSM-6400
Scanning electron microscope (SEM) (JEOL, Ltd., Akishima, Japan) equipped with a Gatan ChromaCL
Cathodoluminescence imaging system at the University of New Brunswick. The accelerating voltage
was 15 kV, with a probe current of approximately 11 nA, and using a dwell time of 200 us per pixel.

The studied apatite grains were then analyzed for trace elements including rare earth elements
(REEs) by a laser ablation-inductivity coupled plasma-mass spectrometer (LA-ICP-MS) using a
Resonetics RESOlution Series M-50-LR 193 nm ArF Excimer laser ablation system (Resonetics,
Nashua, NH, USA) coupled to an Agilent 7700x quadrupole ICP-MS (Agilent Technologies,
Santa Clara, CA, USA) at the University of New Brunswick. The Ca content of each spot as measured
by EPMA was used as the internal standard, with an internally standardized data reduction scheme to
obtain the most accurate trace element data. The NIST SRM 610 glass was used for external calibration,
whereas the NIST SRM 612 glass was analyzed as a quality control check in runs [73]. Standards
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and unknowns were ablated with 33 um diameter craters using a repetition rate of 4 Hz, and 140 m]
energy. Typical ablation time was 35 s, with 35 s background collection. Zoned apatite crystals
were analyzed along a 5 pm-sized crater raster line, oriented perpendicular to the observed zoning
feature, from rim to rim. Collected data agree with the recommended values of the standards with
precision better than 5% for most of the 20 elements. It is noted that apatite grains from several of the
intrusions including Lake George, Nicholas Dénys, and Evandale granodiorites, Allandale, Long Lake,
and Papineau Falls granites are beam sensitive in a way that all the grains were extensively damaged
(pitted out) or destroyed by either of the EPMA or LA-ICP-MS beams. As a result, a complete data set
is not available for all the investigated apatite grains from these intrusions. Representative chemical
compositions of the apatites are shown in Table 2. Whole rock SiO; content is cited and tabulated in
Whalen [42].
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Table 2. Mean major- and trace-element composition of apatites from Acadian-related granitoids of New Brunswick.

Sample WX85NB-254 WX85NB-198  WX85NB-220  WX85NB-161 WX85NB-47 WX85NB-196 2010-CB-16
Intrusion Mount LaTour Mount Douglas (Dmd1) Lost Lake Nll;;lr:);ss Magaguadavic Evandale
Mineralization Barren Barren Barren Cu-Mo Cu-Mo Cu-Mo
No of Grains 1 9 6 3 2 2 2
Major elements (wt. %) Av. lo Av. lo Av. lo Av. lo Av. 1o Av. 1o
P,05 41.05 40.10 0.8 39.71 1.3 41.40 0.9 37.66 5.1 40.50 0.7 40.46 0.1
CaO 53.86 54.05 1.1 53.32 1.6 54.82 0.0 49.37 7.9 54.30 0.3 53.88 0.0
SiO, 0.32 0.83 0.5 0.75 0.5 0.40 0.2 2.69 3.4 0.56 0.2 0.35 0.1
FeO 0.52 0.60 0.3 0.65 0.1 0.23 0.1 1.58 15 0.25 0.1 0.36 0.0
MnO 0.12 0.08 0.0 0.21 0.0 0.21 0.1 0.15 0.0 0.10 0.0 0.08 0.0
SrO 0.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.02 0.0 0.02 0.0
Y>03 0.38 0.25 0.2 0.85 0.6 0.13 0.0 0.26 0.1 0.00 0.0 0.00 0.0
CeyO3 0.30 0.64 04 0.68 0.3 0.13 0.0 0.14 0.1 0.58 0.0 0.38 0.1
Uo, 0.04 0.01 0.0 0.00 0.0 0.10 0.1 0.00 0.0 0.00 0.0 0.22 0.2
BaO 0.00 0.00 0.0 0.00 0.0 0.00 0.0 0.09 0.1 0.00 0.0 0.00 0.0
Cl 0.11 0.01 0.0 0.02 0.0 0.01 0.0 0.24 0.0 0.04 0.0 0.29 0.0
F 3.38 3.08 0.4 3.40 0.2 3.13 0.1 2.82 14 3.00 0.0 2.81 0.3
SO3 0.00 0.05 0.1 0.02 0.0 0.01 0.0 0.09 0.1 0.14 0.0 0.14 0.0
O=ECl 1.45 1.30 0.2 1.44 0.1 1.32 0.0 1.24 0.6 1.27 0.0 1.25 0.1
Total 98.63 98.40 - 98.17 - 99.25 - 93.85 - 98.23 - 97.72 -
Trace elements (ppm)
Sr 36 74 31 27 9 93 3 - - 120 34 - -
Th 15 289 145 93 26 23 13 - - 108 49 - -
8) 13 62 30 24 9 264 97 - - 26 12 - -
La 883 3411 1228 2184 280 201 69 - - 2142 724 - -
Ce 2606 8154 3186 6849 994 913 294 - - 3803 1202 - -
Pr 378 952 394 1016 126 177 50 - - 316 91 - -
Nd 2048 3961 1795 4690 622 1123 299 - - 997 278 - -
Sm 638 824 411 1320 164 503 118 - - 123 33 - -
Eu 5 26 13 7 4 75 17 - - 18 4 - -
Gd 765 752 405 1449 154 689 152 - - 93 28 - -
Tb 122 103 56 243 44 104 23 - - 10 3 - -
Dy 713 611 295 1554 245 541 121 - - 72 15 - -
Ho 135 123 62 309 56 91 20 - - 16 5 - -
Er 324 323 159 807 133 171 38 - - 40 11 - -
Tm 41 47 20 122 24 15 3 - - 7 2 - -
Yb 241 330 152 817 209 117 27 - - 49 20 - -
Lu 30 48 22 105 29 25 6 - - 8 3 - -
Y 3900 3706 1695 9627 1754 1882 404 - - 465 86 - -
Mn 1136 903 101 2362 191 1575 405 - - 904 115 - -
Sn 4 0 2 -1 2 0 0 - - 1 4 - -
S 366 957 1034 472 777 355 13 - - 994 833 - -
No of grains - 13 - 12 - 13 - - - 9 - - -

10 of 30
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Table 2. Cont.

Sample WX85NB-11 WX85NB-226 WX85NB-225 WX85NB-188  WX85NB-46 WX85NB-189 DS06-077 WX85NB-38
Intrusion Hawkshaw Lake George Dungarvon Beech Hill Papineau Falls Utopia Long Lake Allandale
Mineralization Cu-Mo Sn-W Sn-W Sn-W Mo Mo-Sn U-Mo Be-Mo
No of Grains 3 20 2 6 1 1 6 2 3
Major elements (wt. %)
P,05 Av. lo Av. lo Av. lo Av. lo - - Av. lo Av. lo Av. lo
CaO 42.06 0.2 40.54 2.9 40.61 0.4 40.70 0.5 40.70 39.27 40.41 0.6 4235 0.7  41.60 0.7
SiOy 54.83 0.3 54.23 3.8 53.48 0.0 53.23 04 51.85 50.83 53.43 0.2 53.91 0.1 5277 04
FeO 0.38 0.1 0.61 1.2 0.67 0.3 0.40 0.2 043 0.75 0.53 0.1 0.31 0.2 0.17 0.1
MnO 0.25 0.1 0.63 1.2 0.58 04 0.73 0.1 0.68 2.14 0.80 0.2 0.83 0.5 1.00 0.1
SrO 0.26 0.0 0.11 0.1 0.21 0.0 0.70 0.1 0.57 1.01 0.37 0.0 0.14 0.0 1.58 0.0
Y03 0.00 0.0 0.01 0.0 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.0
Cey03 0.39 0.1 0.15 0.1 0.89 04 0.68 0.2 0.79 0.52 0.88 0.1 0.29 0.0 0.27 0.0
UO, 0.13 0.0 0.14 0.1 0.38 0.1 0.28 0.1 0.69 0.19 0.40 0.0 0.09 0.1 0.11 0.0
BaO 0.01 0.0 0.01 0.0 0.00 0.0 0.01 0.0 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.0
Cl 0.00 0.0 0.01 0.0 0.00 0.0 0.01 0.0 0.00 0.00 0.00 0.0 0.01 0.0 0.00 0.0
F 0.01 0.0 0.05 0.0 0.01 0.0 0.02 0.0 0.02 0.07 0.03 0.0 0.01 0.0 0.04 0.0
SO3 3.08 0.4 2.62 0.7 2.81 0.0 3.44 0.3 3.81 3.25 3.24 0.4 297 0.2 3.32 0.0
O=ECl 0.05 0.0 0.10 0.1 0.00 0.0 0.08 0.2 0.02 0.03 0.01 0.0 0.01 0.0 0.01 0.0
Total 1.30 0.2 1.12 0.3 1.19 0.0 1.45 0.1 1.61 1.38 1.37 0.2 1.25 0.1 1.41 0.0
Trace elements (ppm)
Sr 100 1 - - 128 17 52 14 65 - 33 6 - - - -
Th 21 9 - - 80 19 18 7 88 - 28 12 - - - -
U 35 11 - - 38 1 14 5 28 - 13 5 - - - -
La 186 62 - - 812 274 560 47 1191 - 985 156 - - - -
Ce 768 266 - - 2931 1085 2069 187 5009 - 3576 521 - - - -
Pr 139 44 - - 507 202 349 28 916 - 531 91 - - - -
Nd 811 249 - - 2769 1080 1817 190 4994 - 2383 316 - - - -
Sm 389 113 - - 964 386 878 89 2042 - 852 149 - - - -
Eu 29 6 - - 10 4 5 4 21 - 5 2 - - - -
Gd 502 150 - - 1073 433 987 111 2349 - 1091 224 - - - -
Tb 92 29 - - 188 76 184 17 443 - 201 31 - - - -
Dy 539 178 - - 1165 470 1026 138 2712 - 1299 214 - - - -
Ho 98 35 - - 234 92 182 22 503 - 252 42 - - - -
Er 242 90 - - 655 243 461 57 1302 - 660 102 - - - -
Tm 32 12 - - 98 34 69 9 178 - 101 23 - - - -
Yb 199 78 - - 678 218 459 76 1134 - 636 150 - - - -
Lu 25 10 - - 92 26 60 8 142 - 93 20 - - - -
Y 2639 929 - - 7950 2828 5162 398 13270 - 7649 1278 - - - -
Mn 2189 295 - - 1511 288 5893 344 5444 - 3867 226 - - - -
Sn 0 0 - - 2 2 4 6 0 - 2 2 - - - -
S 358 7 - 404 12 582 926 356 - 785 334 - - - -
No of grains 9 - - 2 14 1 - 6

11 of 30
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5. Petrographic Study of Apatite Occurrences

Apatite is the most common accessory phase among the Acadian-related granitoids of
New Brunswick. In studied samples, apatites are commonly subhedral to euhedral, small (<30um)
equant crystals enclosed in biotite (Figure 2a), except a few intergranular apatites in samples from
the Blue Mountain and Bocabec granites where large (>200 pm to ~Imm) partly resorbed crystals of
apatite form phenocrysts (Figure 2b). This may indicate apatite crystal’s earlier saturation from the
host in most of the samples. The study of Wyllie et al. [74] showed that near-equilibrium growth can
commonly produce small equant to subsequent apatite crystals in the presence of a liquid or vapor
phase. Apatite necklace in biotite was observed in addition to some regularly sized apatite in the
samples from the Lake George Granodiorite (Figure 2c). Most of the examined apatites, with exception
of some older intrusions including Utopia and Mount LaTour granites, are not fractured. In the Utopia
Granite the examined apatites are enclosed within biotite, which is locally highly altered to chlorite
and non-metamict allanite, is a common secondary phase where the alteration is intense (McLeod [66]).
Formation of the allanite and monazite inclusions could be attributed to fluid-mediated coupled
dissolution-reprecipitation process (DRP) during the later stages of subsolidus cooling of the granitic
intrusion (Putnis [75], Harlov [76,77]). Coupled dissolution-reprecipitation is a chemical reaction
driven by a minimization in the Gibbs free energy (Putnis [75], Harlov [76]). During this process and
in the presence of a fluid phase, a mineral phase is replaced either by a new composition of the same
phase or by a completely new phase (Putnis [75]). Broom-Fendley et al. [32] used cathodoluminescence
(CL) imaging to study DRP processes in apatites, showing different textures and colors of CL emission
in zones of any apatite affected by the DRP processes. Most of the examined apatites of this study
displayed a homogeneous texture in both SEM-BSE and SEM-CL imaging and show no distinctive
changes in the CL-color from core to rim (Figure 3). All the examined apatite grains from Utopia
Granite (Mo-bearing) are fractured, show greenish-yellow emission colors and are accompanied by
maroon-colored potassium feldspars. These indicate that this intrusion may in fact had been affected
by secondary hydrothermal fluid.

(b) (c)

Figure 2. Photomicrographs and SEM-BSE images of some New Brunswick granitoids illustrating
the mineralogy and texture of apatite occurrence: (a) Mineral inclusions of apatites in a biotite grain
from the Pabineau Falls Granite (WX85NB-46); (b) Partly resorbed apatite phenocryst located in the
groundmass close to several resorbed quartz grains and a laser ablated biotite grain in a sample from the
Blue Mountain Granite (96-DL-08); (c) Concentric zone of apatite inclusions close to the rim of the host
biotite in a sample from the Lake George Granodiorite (LG-1881). Mineral abbreviations after Whitney
and Evans [46] where Qz = Quartz, Pl = Plagioclase, Ap = Apatite, Bt = Biotite, and Kfs = K-feldspar.
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(b)

22 (g

Figure 3. SEM-BSE and SEM-CL images of examined apatite grains: (a) the Lost Lake Granite;
(b) the Magaguadavic Granite; (c) Utopia Granite. Note the maroon-colored potassium feldspar,
which indicates hydrothermal alteration of the sample.

6. Results
6.1. Apatite Major Elements

6.1.1. Calcium and Phosphorus

Notable variations in P,Os and CaO contents of apatite are evident within the analyzed samples.
The P,O5 ranges from 38 to 43 wt. %, while CaO varies between 46 and 56 wt. %. Two data points
from an altered sample of the Lake George Granodiorite have much lower values in rims compared to
their cores for both CaO and P,Os, which may be due to hydrothermal alteration and addition of other
components in the samples.

6.1.2. Fluorine and Chlorine

All the studied apatites are categorized as fluorapatite that is common in igneous rocks (Nash [25],
Piccoli and Candela [1], Belousova et al. [36]). Fluorine in apatite ranges from 1.2 to 3.0 wt. % (Table 2).
In general, Fluorine content of the apatites has a positive correlation with the whole rock SiO; content,
and it reaches to its highest value of 3.70 wt. % in highly fractionated Dungarvon Granite (Figure 4a).
Fluorine content also increases from core to rim in the larger size apatites, which might indicate its
response to fractionation of the parent magma. The small apatites in the Lake George Granodiorite
samples, where they form the zones along biotite rims, show the lowest F content (less than 2 wt. %)
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and the highest OH content (up to 1 wt. %). The barren and Cu-Mo systems contain lower F content
(mean value of 2.9 £ 0.6 wt. %) than Sn-W and Mo systems (mean values of 3.3 £ 0.4 and 3.2 £ 0.3 wt. %,
respectively; Table 3).

Table 3. Summary of geochemical characteristics in apatites from Acadian-related granitoids of
New Brunswick.

Barren 1s Cu-Mo System 1s Sn-W System 1s Mo Systems 1s
Major elements in wt. % (EPMA)
CaO 53.7 3.1 53.3 3.6 53.1 0.6 53.1 0.9
P,0s 405 22 404 25 40.7 0.5 40.8 1.1
SiO, 0.7 0.9 0.9 1.6 0.5 0.2 0.4 0.2
MnO 0.3 0.5 0.2 0.1 0.6 0.2 0.7 0.6
FeO 0.7 12 0.6 0.8 0.7 0.2 1.0 0.4
F 29 0.6 29 0.6 3.3 0.4 3.2 0.3
Cl 0.03 0.0 0.12 0.1 0.01 0.0 0.03 0.0
OH 0.4 0.3 0.4 0.3 0.2 0.2 0.3 0.1
Trace elements in ppm (LA-ICP-MS)
Mn 1582 6487 1546 696.1 5351 1484.1 3867 226.1
Sr 65 33.2 110 25.4 62 28.4 33 6.2
Y 4925  3540.5 1552 1288.4 5967 2240.7 7649 1278.3
U 117 121.4 31 12.0 18 9.7 13 5.3
Th 133 142.4 64 56.0 29 26.7 28 12.3
Sn 1 1.8 0.25 0.3 4 3.5 35 15
LREE ! 11,885 7752.5 4860 3075.8 6450 3606.0 8333 1177.2
HREE 2 8012  3298.0 2563 2128.2 9798 2302.2 11982 1968.5
(La/Yb)y3  3.88 3.6 17.61 20.2 0.88 0.1 1.14 0.2
(La/Sm)n 1.47 1.4 5.85 6.3 0.43 0.1 0.75 0.1
E3
EWEOIN 517 02 0.36 0.6 0.02 0.0 0.02 0.0
(Ce/Ce*)ny 175 0.6 1.25 0.2 2.24 0.9 2.83 0.3
LREE/HREE 1.64 1.0 5.07 4.8 0.66 0.0 0.70 0.0
fO,° -1322 13 —13.15 15 —21.52 3.3 —18.25 0.5

1 (La-Eu); 2 (Gd-Lu + Y); 3 N = Chondrite normalized. Chondrite REE values from [78]; * Eu* = (1/2) x Smy + (1/2)
x Gdy; ° fO, = —0.0022 (< 0.0003) Mn (ppm) — 9.75 (< 0.46).

On the other hand, CI content of apatites has a negative correlation with the SiO, content of the
whole rock [79]. Fluorine and Cl are negatively correlated, suggesting that they substitute for one
another in the hydroxyl site and that OH is passive (Figure 4b). Chlorine also decreases from core
to rim in large apatites, consistent with fractional crystallization of their host magma. Apatites from
Cu-Mo systems show much greater Cl content compared to the rest of the samples. These apatites have
the greatest mean Cl content (0.12 & 0.1 wt. %) followed by the apatites from barren, Mo, and Sn-W
systems with averages of 0.03 &= 0.01, 0.02 & 0.01, and 0.01 + 0.01 wt. %, respectively.
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Figure 4. Minor element composition of apatite from barren and mineralized granitoids of
New Brunswick: (a) apatite F versus whole rock SiO,; (b) apatite Cl versus F/CL (c) apatite Mn versus
whole rock SiO,.

6.1.3. Silicon

Silicon content of apatite vary markedly among the intrusions; however, most of the samples have
values typical of felsic plutonic rocks (<0.8 wt. %; Teiber et al. [26]). The lack of a direct relationship
between the whole rock and the apatite silica content indicates a different substitutional mechanism.
In general, average silicon content decreases in apatites from Cu-Mo to barren, Sn-W, and Mo bearing
systems with 0.9, 0.7, 0.5, and 0.4 wt. %. Our results also indicate increased SiO, from core to rim
(more than 1 wt. %) for most of the large apatites.

6.1.4. Sulfur

EPMA data show small SO3 values in apatites, all less than 0.5 wt. %. This result was also
confirmed by the LA-ICPMS data; S contents of the analyzed apatites do not exceed 400 ppm and
show no distinction between barren and mineralized samples. These SO5; values (300-400 ppm)
are comparable with apatites from more mafic I-type granites (Sha and Chappell [28]), suggesting
sulfur occurs as SOZ* substituting for POif within the apatite crystal structure in these relatively
oxidized I-type granites (Sha and Chappell [28]).

6.1.5. Iron and Manganese

Although FeO contents of apatites are low (<1 wt. %), their average contents increase from 828 ppm
in barren granitoids, 1108 ppm in Cu-Mo systems, 2503 ppm to 1108 ppm in Sn-W, and 3574 ppm in
Mo systems (see Table 3). Manganese values are almost identical in barren and Cu-Mo systems with
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the average of about 1560 ppm. However, the value increases to 3867 ppm in Mo systems and reaches
a high of 5351 ppm in Sn-W systems. In general, there is a positive correlation between the whole rock
Si0; and the apatite Mn contents (Figure 4c). Additionally, Mn content typically increases, but locally
decreases from core to rim in some of the examined samples, which might indicate crystallization of
other Mn-bearing minerals like magnetite and/or ilmenite in these rocks.

In general, more fractionated, peraluminous I-type granites of New Brunswick (i.e., Sn-W- and
Mo-bearing systems) have greater Mn and Fe contents among the studied samples (Table 3). The low
oxygen fugacity and peraluminous nature of these intrusions are favorable for more abundant divalent
Mn?* and Fe?" cations for substitution in the Ca?* site rather than more highly charged counterparts
(Fe3*, Mn**, and Mn®*; Sha and Chappell [28]).

6.2. Apatite Trace Elements

6.2.1. Strontium and Yttrium

Strontium values show a wide distribution in the analyzed samples, although it does not exceed
170 ppm. Apatite from the Mo system shows the lowest average value of 33 ppm, which increases
to around 65 ppm in both the barren and Sn-W systems, whereas Sr reaches its highest average of
110 ppm in Cu-Mo systems (Table 3). There is also a negative correlation between apatite Sr contents
and the whole rock SiO, contents (Figure 5a). Yttrium contents show a wide variation among the
different rock units and a positive correlation with the SiO, content of the whole rock (Figure 5b)
and negative correlation with apatite Sr content (Figure 5¢). The Y content of apatite increases on
average from Cu-Mo to barren, Sn-W, and Mo systems with values of 1500 + 1290, 4930 + 3550,
5970 £ 2250, and 7650 =+ 1280 ppm, respectively (Table 3). These correlations indicate a Sr decrease,
but Y increase through magmatic fractionation in the examined samples (e.g., Cao et al. [15]).
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Figure 5. Minor element composition of apatite from barren and mineralized granitoids of New
Brunswick: (a) apatite Sr versus whole rock SiO,; (b) apatite Y versus whole rock SiOj; (¢) Apatite Y
versus St; (d) U content variation from rim to rim (1Imm) in an apatite from the Mount Douglas Granite.
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6.2.2. Uranium and Thorium

Less fractionated, barren intrusions of New Brunswick have the highest U contents averaging
133 + 122 ppm. Conversely, apatites from the mineralized samples have much lower U contents of
around 28-64 ppm on average. Furthermore, U contents of apatite show no direct relationship to the
whole rock SiO, contents and increases from core to rim in most of the larger grains (Figure 5d).
Similarly, apatites from the barren intrusions have the greatest Th values with an average of
117 4 143 ppm. The average values decrease markedly from 31 & 56 ppm in Cu-Mo and 18 £ 27 ppm
in Sn-W systems to the lowest of 13 & 12 ppm in apatites from the Mo-related intrusions. There is no
direct relationship between the Th contents of apatite and the whole rock SiO, contents.

6.2.3. Tin

Tin values vary considerably among the analyzed samples. However, there is an increase in the
average Sn values of apatite from Cu-Mo (0.22 £0.35) to barren (1.04 & 1.82 ppm) to Mo (3.48 £ 1.47),
and Sn-W (3.92 & 3.54) related intrusions (Table 3). There is a weak positive correlation between the
whole rock SiO; and apatite Sn contents.

6.2.4. Rare Earth Elements (REEs)

Analyzed apatite grains have distinctly different REE contents in barren and fertile granitoid
samples. The total REE value (XREE) increases on average from Cu-Mo, Sn-W, barren and Mo-related
intrusions with 5870 £ 2600, 10,280 + 5700, 11,880 £ 9000, and 12,670 £ 1920 ppm, respectively
(Table 3). This is consistent with the degree of fractionation observed among these granitoid rocks
as indexed by increased F, Mn, and Rb/K ratio. Consequently, apatites from the Cu-Mo related
intrusions have the weakest Eu anomaly (Eu/Eu* of 0.35 £ 0.20 on average), barren systems have
a moderate Eu anomaly of 0.17 £ 0.20, and finally, Sn-W- and Mo-related systems display the most
prominent negative Eu anomaly of 0.01 & 0.01 Furthermore, apatites from the granitoids related to
different mineral deposits show a variety of chondrite-normalized REE patterns (Figure 5). In general,
apatite from mineralized intrusions displays higher chondrite-normalized ratios compared to the
apatite from the barren intrusions. Apatite from the least-fractionated member of the barren intrusions
(Lost Lake Granite) is characterized by a convex REE pattern ((La/Yb)y of 1.21) and a weak negative
Eu anomaly of 0.38. The more fractionated samples of the group from the Mount Douglas Granite
(WX85NB-198 and 220) also show two different patterns. WX85NB-198 shows a slight LREE-enriched
pattern with a stronger negative Eu anomaly of 0.10, while sample WX85NB-220 shows an almost
flat gullwing shape with a more pronounced negative Eu anomaly of 0.01 (Figure 6a—c). Apatite from
the Cu-Mo systems also display two different chondrite-normalized REE patterns. Apatites from the
Magaguadavic Granite displays LREE-enriched patterns with a small negative Eu anomaly of 0.51.
In contrast, apatites from the Hawkshaw Granite shows a convex pattern with a more pronounced
negative Eu anomaly (Eu/Eu* of 0.20; Figure 6d,e). Apatite from the Sn-W-related intrusions shows an
almost flattened gullwing shaped REE pattern ((La/Yb)y of 0.81) and strong negative Eu anomalies of
about 0.02 on average (Figure 6f-h). Lastly, apatite grains from the Utopia Granite, the only Mo-related
intrusion we studied, displays a similar pattern to the Sn-W-related intrusions with a deep negative Eu
anomaly of 0.01, and small positive Ce anomalies.
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Figure 6. Chondrite-normalized apatite REE patterns of apatites (colored lines with filled
symbols) and their host rocks (black with + symbols) for Acadian granitoids of New Brunswick
(black lines with + symbols). (a) Lost Lake Granite, (b, ¢) Mount Douglas Granite (Dmd,),
(d) Magaguadavic Granite, (e) Hawkshaw Granite, (f) Beech Hill Granite, (g, h) Dungarvon Granite,
(i) Utopia Granite: Chondrite REE values from Sun and McDonough [78].

7. Discussion

The REE abundance of each mineral depends on its compatibility relationships, the sequence of
crystallization, and partitioning of the elements between the minerals and melt. Titanite and magnetite
are common Ti-bearing minerals in oxidized I-type granites. High Ca, oxidized melt also favors allanite
saturation. Thus, apatite, titanite, and allanite crystallization controls the behavior of LREE in all but
the most felsic I-type granites.
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All the examined intrusions have similar Th and U whole rock contents, so that the contrast
observed in U and Th contents of apatite grains in barren and mineralized granitoid samples
are not due to whole rock (melt) differences, but to competing Th + U-bearing accessory phases.
Monazite, for instance, preferentially incorporates Th over U with Th/U of 20-25 in S-type and
~4 in I-type granites (Sha and Chappell [28]); however, monazite is a common accessory phase in
peraluminous fractionated I-type granites (Mo- and Sn-W-bearing granites) and is not observed
among the less fractionated I-type granites (Barren and Cu-Mo-related intrusions) of New Brunswick.
Other phases must be competing for U and Th in the New Brunswick systems. Both U and Th
occur almost exclusively as tetravalent elements (e.g., U** and Th**) in the igneous environment
(Robb [80]) and enter apatite crystal structure by a variety of complex substitutions (Pan and Fleet [2],
Li et al. [81]). Thorium and U may substitute within apatite crystal structure by any of the following
(Casillas et al. [82]):

2 Th* (U*) +[V]*~ = 2Ca%, (1)
2 Th* (U*) + Si ** = BREE>+P3* )
2 Th ** (U*) + Ca®* = 2REE3* (3)

As shown in Figure 7, Th and U show a good correlation with Si and REE + Y, indicating
that substitutions 2 and 3 play a more important role in substituting U and Th within the apatite
crystal structure rather than substitution 1. Bea et al. [83] measured high partition coefficient
values (phenocryst-groundmass) for both U (Kp =43.7) and Th (Kp = 41) for apatites from strongly
differentiated peraluminous perphosphorus granites of the Pedrobernardo pluton in central Spain.
The partition coefficient values of the examined apatite were calculated for both U and Th using apatite
trace element composition and taking whole rock data as the representative of the melt composition.
The calculated results in this study were much lower and variable with U partition coefficient varying
from 0.50 to 22.25 and Th partition coefficient varying from 0.20 to 15.85. Partition coefficient values
should be approached with caution as Nernst partition coefficient can be affected by composition
and oxygen activity of the melt, temperature, and pressure (Fujimaki [84], Rollinson [85]) and the
important and tenuous assumption that the rock represents a melt composition from which the apatite
crystallized. It is hard to fractionate apatite (specific gravity) from the melt-magma (specific gravity of
2.3 g/cmd). Apatite can fractionate from early to late if it is saturated in the melt, although the crystals
are so fine, they tend to not physically separate from the melts, but rather are entrained in that higher
viscosity melt, except under rare circumstances. Our samples are less fractionated, compared with
those of Bea et al. [83], are I-type, and are not perphosphoric; these facts may explain the different
partition coefficient values observed.
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Figure 7. Apatite compositions from the Acadian-related granitoids of New Brunswick. (a) Plot of
Th + U versus REE + Y variation; (b) plot of Th + U versus Si.



Minerals 2018, 8, 598 20 of 30

Apatite from the barren intrusion contains the most abundant LREE (£La-Sm) with the average
of about 12,000 ppm compared to the grains from mineralized intrusions with less than 10,000 ppm
LREE. Mafic (S5iO, between 57-70 wt. %) and felsic I-type granites (5iO, > 70 wt. %) have almost
the same REE contents and whole-rock REE patterns, except for highly fractionated I-type granites
(Sha and Chappell [28]). Therefore, the differences in apatite TE composition is not melt (rock)
composition controlled but depend on internal redistribution of the melt load to REE-bearing minerals
during fractional crystallization (Sha and Chappell [28]). Apatite, zircon, titanite, ilmenite, and perhaps
allanite are the major REE-bearing minerals in less evolved I-type granitic rocks (tonalites and
granodiorites), whereas plagioclase, K-feldspar, monazite, xenotime, zircon, and apatite are common
REE-bearing minerals in felsic I-type granites sensu stricto. Mafic I-type granites are more oxidized
and metaluminous compared to felsic I-type granites. Monazite solubility decreases with increasing
aluminum saturation index (ASI) in the metaluminous environment (Montel [86]). Consequently,
monazite becomes less readily saturated in less evolved I-type granitoid rocks. Furthermore, high Ca
content of these granitoids (magmas) would enhance an early saturation of apatite, which results in
REE depletion and would further postpone the saturation of monazite (Sha and Chappell [28]).

7.1. Source of Hydrothermal Fluids (F, Cl)

All the examined apatites from this study of granites are classified as fluorapatites. Fluorine is
more compatible in silicate melts comparing to fluids during fractional crystallization (Piccoli and
Candela [1], Ding et al. [30]) and given that apatite is an early crystallizing phase in many systems,
they take up the melt-available-F. Apatites in Cu-Mo systems have high Cl and low F contents compared
to the other apatites (Figure 4b) so how do they achieve this higher C1/F ratio. Webster et al. [87]
showed by experiment that Cl has a partition coefficient of 1.0 to 4.5 between apatite and granitic melts
(i.e., neutral to modest strong compatibility). Chlorine is highly compatible with apatite in Cl-saturated
melts, but if the system is water saturated, Cl would preferentially partition into the aqueous fluid
instead of the silicate melt and this mechanism is probably a strong controller in fluid saturated
(moderately felsic) melts and not fractional crystallization (i.e., evolved magmas could have the same
or even increase Cl content of the parent magma; Ding et al. [30]). Previous studies have shown that
magma concentration of Cl in basalts varies in different source regions, but that tectonic Cl recycling
is not a significant driver (Ding et al. [30]). Furthermore, experimental work on glass inclusions
interpreted as melt compositions from both melt inclusions (Lassiter et al. [88]) and submarine volcanic
glasses (Stroncik and Haase [89]) suggest that the mantle commonly contains low abundances of Cl
(<0.1 wt. %). The relatively high concentration of Cl in the Cu-Mo related granites of New Brunswick
cannot be produced from the addition of mantle compositions (e.g., Ding et al. [30]). These high C1/F
are also difficult to achieve by partial melting of crustal material, especially given sediments lose
their Cl content during weathering (witness sea water compositions; Blevin and Chappell [90]). As a
result, Cl must have been provided by a fluid component (ligand) in Cu-Mo related intrusions of
New Brunswick. Dehydration of sediments on the subducting slab can advance melting of mantle
wedge by releasing mainly Cl-rich brines (Lassiter et al. [88], Ding et al. [30]). The experiments of
Candela and Holland [91] and Eugster [92] clearly showed the effect of Cl on Sn%* transportation and a
combination of F, OH, and Cl on Mo**, Mo®"/, and W** transportation in granitic systems. Depending
a slab dehydration, however, this does not explain halogen behaviour Sn-W- and Mo-bearing granites
in an intraplate setting (Ding et al. [30]).

7.2. Oxidation State

Cerium, Eu, and Mn are three elements with variable oxidation states that substitute in apatite in
significant quantities. As a result, many researchers have used these elements to estimate the oxidation
state of the host magma (Sha and Chappell [28], Belousova et al. [36], Cao et al. [15], Miles et al. [16],
Ding et al. [30], Marks et al. [3]). Although Eu incorporation in apatite is mainly controlled by
the oxidation state of the magma, it is also strongly affected by feldspar fractionation on the melt



Minerals 2018, 8, 598 21 of 30

composition (Belousova et al. [36]). Apatite crystal structure itself is a controlling factor. Europium has
two valances of Eu?* and Eu3*, which allow it to substitute for Ca2* in both the seven and nine-fold
coordinated positions within apatite crystal structure (Sha and Chappell [28], Cao et al. [15]). Eu®* has
a smaller effective ionic radius (1.01 and 1.12 A) compared to both seven and nine-fold Ca?* (1.06 and
1.18 A, respectively) in apatite. Therefore, Eu®* preferentially substitutes for Ca?* in apatite rather than
Eu?*, which preferentially substitutes for Ca in plagioclase (Sha and Chappell [28], Cao et al. [15]).
In addition to the whole-rock (magma) oxidation state, Eu?* /Eu*, and Ce3*/Ce** in both melt and
mineral composition (i.e., apatite) are strongly affected by whole-rock composition, temperature,
and possibly pressure (Cao et al. [15]). Therefore, low oxygen fugacity of the magma results in high
Eu?* /Eu®" and Ce®* /Ce**, increasing availability of Ce®* to be incorporate by apatite. This would
lead to a considerable partitioning of Ce>* and limited Eu* into the apatite structure causing a strong
negative Eu and a positive Ce anomaly. Cao et al. [15] emphasized that (Eu/Eu*)y ratio where Eu* is
the value intermediate to normalized Sm and Gd, (i.e., gives a smooth chondrite-normalized pattern),
can better reflect the oxidation state of the host compared with (Ce/Ce*)n. They concluded deep
anomalies of (Eu/Eu*)y ratio represents a more reduced environment, whereas a weak to moderate
anomaly represents a more oxidized environment. Apatite from the Sn-W-related intrusions including
the Dungarvon and Beech Hill granites show the most pronounced negative anomalies with (Eu/Eu*)y
of 0.004 to 0.02, reflecting the reduced nature of their respective hosts (Figure 8). Apatite grains from
the Mo-bearing Utopia Granite also plot close to those from Sn-W related intrusions. However,
Mo mineralization is commonly associated with an oxidized environment (Blevin and Chappell [90],
Vigneresse [93]). Early crystallization of sufficient plagioclase prior to apatite could lower Eu content
and result in an Eu-depleted residual melt. Consequently, apatites of these systems can show much
more pronounced negative Eu anomalies (Ding et al. [30]). Conversely, apatite from the Cu-Mo systems
and barren intrusions shows a greater ratio of 0.11 to 0.85, reflecting the more oxidized nature of their
hosts. Interestingly, apatite grains from the Magaguadavic intrusion have the greatest (Eu/Eu*)y
ratio of 0.41 to 0.85 reflecting the highly oxidized nature of this Cu-Mo related intrusion (Figure 8).
These results agree with the color of the host biotite where apatites with the lowest Eu anomalies resides
in reddish brown biotites, while grains with the high ratio are enclosed in greenish brown biotites
where the biotite’s color is thought to reflect its ferrous/ferric ratio (cf. Lalonde and Bernard [94]).
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Figure 8. Apatite Eu anomalies versus Ce anomalies where (Eu/Eu*)N = Eun /[(1/2)*Smy + (1/2)*Gdn]
and (Ce/Ce*)N = Cen/[(1/2)*Smy + (1/2)*Pry].

The oxygen fugacity of a magma reflects not only the source, but also its tectonic environment
(Cao et al. [15], Ding et al. [30]). Previous studies suggest oxidized magma (I-type granite) come from
mantle constituents or slab melting, whereas reduced magmas (S-type granite) are from partial
melting of the upper crust (Ishihara [95], Belvin and Chappell [90], Ding et al. [30]). Therefore,
the deep Eu anomalies of apatite from the Magaguadavic intrusion may suggest that they have formed
from an oxidized magma that incorporated some fraction of mantle-derived material. Interestingly,
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this intrusion includes abundant irregular mafic pods and xenoliths, which may confirm the mantle
contribution in the source (McLeod [66]). This is confirmed by the positive ey, value of 1.5 that might
indicate a mantle-derived source for this intrusion (Whalen [42], Whalen et al. [58]). Apatites from the
barren granites display deeper Eu anomalies, suggesting formation under a moderate oxygen fugacity
condition and a mixture of a mantle and crust contributions in the source. Lastly, the low ratio of Eu
anomalies in apatite from the highly fractionated Sn-W related intrusion suggests that they formed by
a reduced magma derived from partial melting of the crustal material with limited mantle input.

The arguments above are bolstered by other multivalent constituents. Reduced systems should
have higher Mn content due to the close similarity of Mn?* in ionic radius and valence to Ca?* than
Mn3* and Mn** (Belousova et al. [36]). Miles et al. [16] presented an equation using Mn in apatite
as an oxybarometer in intermediate and silicic igneous rocks. Their study indicated that the oxygen
fugacity of the host magma could be calculated following Equation (4):

logfO, = —0.0022 (& 0.0003) Mn (ppm) — 9.75 (= 0.46), )

Using this to calculate fO, for the current study indicates similar oxygen fugacity for barren and
Cu-Mo related intrusions with an average logfO, value of about —13.2 atm (in hematite-magnetite
domain (Hm-Mt) [21]). Apatites from the Mo deposits shows a moderately lower oxygen
fugacity with the average of —18.2 atm (between quartz-fayalite-magnetite and nickel-nickel oxide).
Conversely, apatites from the Sn-W related intrusions lead to a much lower oxygen fugacity of
—21.5 atm (within methane-carbon dioxide domain), consistent with a reduced nature of these
granitoids. However, the results are not in agreement with the Eu anomalies. For example, oxygen
fugacity of the apatites from the Mount Douglas Granite was calculated to be around —11 atm
(above hematite-magnetite line [21]), which represent an oxidized environment. This contrast with its
highly reduced features like brown biotite and its association with Sn mineralization. Interestingly,
Marks et al. [3] indicated that using Mn as an oxybarometer may not be as simple as it looks, because
oxygen fugacity is strongly dependent on temperature. They concluded that for at least some rock
types, other parameters like the presence/absence of other Mn-bearing phases and melt composition
must have an important effect on Equation (4).

7.3. Petrogenesis

The REE pattern, Sr, and Eu anomalies of apatite are interpreted to reflect the compositional
evolution of the host magma and can be used as an indicator of compositional heterogeneity or magma
mixing and the fractionation of the magma source (Chu et al. [29]). Furthermore, the Sr content of
apatite reflects the Sr content of the crystallizing system. For example, Sr partition coefficient of
apatite varies from 1.1 to 1.3 in basanite-basalt, 1.3 to 1.4 in tholeiite-andesite, 2.1 to 2.4 in granitic
systems, and 0.85 to 2.4 in carbonatites (Watson and Green [96], Dawson and Hinton [97], Klemme
and Dalpé [98]). Apatite Sr content is typically less than of the host and rarely exceeds 200 ppm
in granitic rocks (Chu et al. [29]). All the examined apatites have lower Sr contents in comparison
with their host and does not exceed 170 ppm. The Lost Lake Granite, the least fractionated member
of the barren intrusions, displays a convex REE pattern with a small Eu anomaly. Additionally,
apatite La/Sm ratio is not considerably influenced by either fractional crystallization or partial melting.
However, it is significantly controlled by the amount of melting of subducted oceanic sediments
(Turner and Foden [99], Labanieh et al. [100], Ding et al. [30]). As a result, an increase in the amount of
sedimentary melting would increase the range of La/Sm ratio of apatite. This would also increase
the Th content that in part lowers the apatite Sr/Th ratio (Ding et al. [30]). In contrast, addition of
fluid derived from dehydration of subducting slab will stabilize La/Sm ratios but increase the range
of Sr/Th ratios in the resulting magmas (Ding et al. [30]). These two processes can be recognized
using Sr/Th vs. La/Sm binary plot (Figure 8). Apatites from the barren intrusions also show evidence
consistent with oxidized melts derived from subducting slab dehydration (Figure 8) and their high Eu
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anomalies also reflect the oxidized nature of the melt and record formation in a magmatic arc related
to an oceanic plate subduction environment (Belvin and Chappell [79,90], Belvin [101], Imai [38],
Cao et al. [15], Ding et al. [30]). In contrast, apatite in the highly fractionated member of the barren
intrusions (the Dmd; phase of the Mount Douglas Granite) shows a distinctly different trace-element
composition, chondrite-normalized REE patterns, prominent negative Eu anomalies, and higher F/Cl
and La/Sm ratios. This is interpreted to reflect the reduced environment of the host, suggesting that
the reduced magma was produced by partial melting of crustal material with limited oxidized supra
subduction mantle input (Figure 9).
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Figure 9. Sr/Th versus La/Sm for apatites from granitoids of New Brunswick.

The apatites from the Cu-Mo related intrusions show less variations in terms of both major- and
trace-element compositions compared with the barren counterparts (Tables 2 and 3). The two members
of this group have a different degree of fractionation reflected by their chondrite-normalized REE
patterns and Eu anomalies. The Magaguadavic Granite, the least fractionated member of the group,
displays a LREE-enriched pattern with a moderate negative Eu anomaly. It also shows evidence of
sedimentary melting in its source (Figure 8). The moderate Eu anomaly of these apatites records an
oxidizing, perhaps subduction zone, environment for the host. However, sedimentary re-melting has
contributed to its source reflected by its high La/Sm ratio.

Conversely, Mo-related Utopia Granite, has an almost flat REE pattern with a deep negative
Eu anomaly reflecting the fractionated nature of its host magma. However, the deep negative Eu
anomalies of apatites from this intrusion may refer to abundant plagioclase fractionation prior to the
apatite crystallization. REE elements are among the least mobile elements; although, they might be
mobilized through secondary hydrothermal alteration and fluid interaction, if the host REE-bearing
mineral becomes altered, whereas the rest of the host rock remained inert (Exley [102]).

Strontium is a more mobile element compared with the REE elements (Exley [102]); therefore,
the Sr values of the apatite should be lower than normal if the apatite has been altered. Interestingly,
all the examined apatites from the Utopia Granite have much lower Sr content (average of 35 ppm)
compared with apatites from other intrusions (average of about 100 ppm). These observations may
suggest that apatite from the Utopia Granites have been hydrothermally altered in a way that some of
the REE elements redistributed from apatite to allanite (or monazite).

Lastly, several lines of evidence including almost identical major- and trace-element contents
including Sr, Mn, and Y in addition to the REE patterns among the apatites from the Sn-W related
intrusions suggest a similar magmatic source for these intrusions. The flat REE pattern and
strong negative Eu anomalies of these intrusions reflect the highly fractionated nature and reduced
environment of the evolved magmas (cf. Cao et al. [15], Ding et al. [30]). Their high F/Cl ratios
also suggest re-melting of sedimentary rocks in their source (Cao et al. [15]). As a result, they a
may have formed mainly from partial melting of crustal material with limited mantle input in an
arc environment.
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7.4. The Potential Detector of Mineralization

The results of this study indicate that magmatic apatite from barren, Cu-Mo, Sn-W, and Mo related
intrusions have distinctly different geochemical characteristics, which can be used to differentiate
their associated mineral deposits. For example, apatite from the Sn-W related intrusions have the
highest Mn, Fe, Y, Th, Sn, and ~REE contents and display the deepest negative Eu anomaly. Plots of
Sr versus Mn, Sr versus LREE/HREE, and Mn versus (La/Yb)y, and Mn versus(Eu/Eu*)y allow
classification of apatite compositions for granitoid rocks associated with different mineralization types
(Figure 10). The Sr and Mn contents of apatites vary markedly among the samples and display a
negative correlation (Figure 10a), reflecting the degree of fractionation of the host magmas. A weaker
correlation is observed between Sr contents versus LREE/HREE ratios of apatite, but it still can be used
to differentiate different mineral deposits (Figure 10b). Apatites from highly differentiated granites
and pegmatites are characterized by extreme LREE depletion relative to the HREE, while apatites
from more mafic counterparts are characterized by a stronger LREE enrichment (Belousova et al. [36]).
Furthermore, Mn versus (La/Yb)y displays a negative correlation. The slope of the REE pattern
increases from granites and pegmatites toward intermediate, mafic and reaches to its steepest in
ultramafic rocks with no direct relationship to the total REE content (Belousova et al. [36]). Mn versus
the Eu anomaly displays a strong negative correlation, reflecting degree of magmatic fractionation
(Figure 10d).
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Figure 10. Trace element discrimination plots for apatites from Acadian-related granitoids of
New Brunswick: (a) Mn versus Sr; (b) LREE versus Sr; (¢) (La/Yb)y versus Mn; (d) (Eu/Eu*)y
versus Mn.

8. Conclusions

Apatite composition is an excellent fertility index that can be used as an exploration tool to
distinguish barren and mineralized reduced or mineralized-oxidized felsic intrusions as shown in this
study. We used a combination of electron probe microanalysis and laser ablation-inductively coupled
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plasma-mass spectrometry major- and trace-element apatite data for both barren and mineralized
magmatic suites of Acadian-related granitoids of New Brunswick and can be assign-characteristic
apatite signatures to types of metallogenic fertility. Apatites from the Cu-Mo related intrusions have
the shallowest negative Eu/Eu* (mean of 0.36 = 0.60) and lowest positive Ce/Ce* (mean of 1.25 &£ 0.20)
among the analyzed grains, suggesting that they may have incorporated mantle-derived material
in oxidized magmas. Apatites from barren intrusions have moderate Eu/Eu* (mean of 0.17 & 0.20)
and Ce/Ce* (mean of 1.67 £ 0.63), suggesting they host formed under moderate-oxygen-fugacity
conditions and contained less mantle-derived and more crust-derived material. Lastly, apatites from
Sn-W have the deepest negative Eu/Eu* (mean of 0.02 £ 0.01) and the highest positive Ce/Ce* (mean
of 2.24 + 0.90) among the analyzed samples, suggesting that these granites may have formed from a
reduced magma derived from partial melting of crustal material with limited mantle input.

The results of the study indicate that apatite Mn, Sr, and LREE/HREE ratios can be used as fertility
indices. The apatite grains from the Mo systems have the lowest 5iO, (<0.4 wt. %), Sr (<33 ppm),
Th (<28 ppm), a moderate Mn (~3800 ppm), Y (~3500 ppm), and highest FeO (<0.9 wt. %). Sn-W related
magmatic suites have the highest F (>3 wt. %), Mn (>5350 ppm), Fe (>2200 ppm), Y (>4900 ppm),
Sn (>2 ppm), and the lowest Cl (<0.01 wt. %), Sr (<60 ppm), U (<18 ppm), Th (<29 ppm), (Eu/Eu*)y
ratios (<0.01), and (La/Yb)y ratios (<0.88). Conversely, apatite grains from the Cu-Mo related intrusions
are classified by their highest Cl (>0.1 wt. %), (La/Yb)y ratios of 21.17, (Eu/Eu*)y ratios of 0.3,
and LREE/HREE ratios of 6.03. Apatite grains from the barren intrusions are the most hydrous grains
(OH > 0.3 wt. %), and lowest Mn (<1700 ppm), Fe (<800 ppm), and Sn (<0.01 ppm).
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