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Abstract

Late Devonian felsic volcanic rocks of the Grand Beach complex (GBC) of Avalonia from the Burin Peninsula, southeastern
Newfoundland (northwestern Appalachians) are part of an overstep sequence overlying the Neoproterozoic basement. The
volcanic complex is composed of volcanic and volcaniclastic rocks deposited in a post-tectonic extensional setting proximal
to the St. Lawrence granite (SLG), a Devonian pluton associated with a prominent vein-type fluorite mineralization. The
volcanic rocks are alkali rhyolites, which are weakly peraluminous and exhibit geochemical characteristics of A-type felsic
magmas, such as low FeO,, MgO, CaO, and TiO, but high contents of alkalis, Nb, Y, and Zr and high Ga/Al and FeO,/MgO
ratios. They have positive eyy(?) values (~+2.5) and their Nd-depleted mantle model ages (~0.9 Ga) are consistent with
derivation of the parental magma from metasomatized dry Avalonian lower crustal basement via partial melting followed by
fractional crystallization. The U-Pb zircon age for the volcanic complex (375.6 + 1.1 Ma) is closely comparable to the age
of the SLG, suggesting that they were emplaced during the same magmatic episode. They also have similar chemical and
isotopic compositions, suggesting that the GBC represents a volcanic equivalent of the SLG. The compositional differences
between the volcanic rocks and the main phase of the granite pluton, including higher oxidation state of the GBC, reflect the
interaction of the parental magma with crustal material and fluids. The close proximity of SLG and GBC suggests that the
volcanic complex could host fluorite mineralization.
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Introduction rare metal mineralization (e.g., Annen et al. 2015; Lund-

strom and Glazner 2016). These links also allow relating

Understanding the relationship between the highly evolved
plutonic and volcanic systems is essential to the knowledge
of the evolution of highly silicic magma systems. These sys-
tems play an important role in discussions of the growth of
continents, continental crust evolution through time, and the
formation of highly evolved magma associated with various
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magmatic activity in modern volcanic settings to exposures
of the plutonic roots of ancient magmatic belts. During such
an investigation, basic questions are—how do plutons and
volcanic rocks relate petrogenetically? Did the same pro-
cesses form them, or did they arise from different processes
(e.g., Bachmann et al. 2007; Cheng et al. 2018)? Do spatially
and temporally related volcanic and plutonic rocks have
similar major- and trace-element characteristics and similar
ranges in isotopic ratios?

To evaluate the possible genetic link between approxi-
mately coeval Paleozoic volcanic and plutonic rocks associ-
ated with fluorite mineralization, we investigated the Devo-
nian volcanic rocks from southeastern Newfoundland (Grand
Beach complex, GBC hereafter) and their potential relation
to the St. Lawrence Granite (SLG), which hosts a significant
deposit of fluorite.
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Fig.1 a Map showing the major lithotectonic units of the northern
Appalachian orogenic belt (modified after Williams 1984; Hibbard
et al. 2006; van Staal et al. 2009). NE New England, NB New Brun-
swick, NS Nova Scotia, PEI Prince Edward Island, NFLD Newfound-
land. b Geologic map of southern part of the Burin Peninsula (south-

Geologic background

The GBC is located in the Avalon terrane (Avalonia) of
the Northern Appalachians (Fig. 1a), which is extended
along the eastern margin of North America from eastern
Newfoundland through Nova Scotia and Maine to north-
ern Georgia. In Newfoundland, Avalonia, the eastern-
most composite terrane of the Northern Appalachians is
bounded by the Dover Fault in the west and the Grand
Banks in the east.

Avalonia (an exotic peri-Gondwanan terrane or suspect
crustal block) was accreted to the composite Laurentia
(North American craton) during the Late Silurian (e.g., van
Staal et al. 2009). The terrane is composed of fault-bounded
Neoproterozoic volcano-sedimentary belts, which were
affected by the Neoproterozoic Avalonian orogeny (low-
grade metamorphism only) and subsequently overlain by
Cambrian—lower Ordovician platformal strata (O’Brien et al.
1996; Mills et al. 2021). The Avalon terrane was intruded
by numerous Neoproterozoic plutons and several Paleozoic
granitic intrusions.

The GBC lies in the southern part of the Burin Peninsula
of southwestern Newfoundland (Fig. 1b). In this area, the
peninsula is dominated by the Neoproterozoic Marystown
Group (590-575 Ma), a bimodal sequence of volcanic and
volcanoclastic rocks with minor clastic sediments and by the
SLG, a Devonian granitic pluton associated with a promi-
nent vein-type fluorite mineralization.
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The GBC is a Devonian sequence of felsic volcanic and
volcaniclastic rocks and associated comagmatic quartz por-
phyries overlying Neoproterozoic rocks along Fortune Bay
(O’Brien et al. 1977; Strong et al. 1978). The complex is
about 12 km long with a width up to about 5 km. It underlies
an area of about 40 km?. The volcanic rocks have a thickness
of about 200 m (O’Brien et al. 1977).

The SLG is an elongated (NE-SW trending) pluton, about
35 km long and up to~ 15 km wide (Fig. 1b). It superim-
posed a distinct contact metamorphic aureole on the country
rocks, has generally sharp external contacts, and appears
to be emplaced along north—south extensional faults (e.g.,
Kerr et al. 1993a). The SLG hosts over 40 significant fluo-
rite-bearing veins, varying in width from a few centimeters
to locally over 30 m with a strike length ranging up to 3
km. These veins occur in faults and are composed of sev-
eral phases/generations of fluorite. Their textures indicate
the epithermal character of the deposit (Magyarosi 2022).
The deposit is estimated to contain about 22 Mt of fluorite
(Magyarosi 2022). Several studies postulated that there is
a genetic relationship between granites and related rocks
and the fluorite deposit (e.g., Teng and Strong 1976; Strong
et al. 1984; Kerr et al. 1993a; Magyarosi 2022; Magyarosi
et al. 2019).

The age of the GBC is poorly known. It was considered
to belong to the Late Precambrian volcanic suite of the
Marystown Group (Strong et al. 1978; Krogh et al. 1988).
Alternatively, Strong et al. (1978) suggested that the com-
plex could be related to the nearby SLG. Krogh et al. (1988)
obtained a U-Pb zircon age of 394 + 6/—4 Ma for the GBC,
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Table 1 Whole-rock analyses of the volcanic rocks of the GBC

(a) Wt.% 73-1 73-2 73-3 73-4 73-5 73-6 73-7 74-1 74-2 74-3
SiO, 77.15 77.06 77.64 77.71 77.03 77.96 77.23 77.06 77.47 78.09
TiO, 0.09 0.11 0.08 0.08 0.07 0.09 0.08 0.08 0.08 0.08
Al O4 11.79 11.67 11.72 11.62 11.80 11.80 11.74 11.76 11.75 11.75
Fe,0;' 1.36 1.42 1.37 1.28 1.21 1.19 1.31 1.34 1.29 1.32
MnO 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
MgO 0.17 0.20 0.17 0.17 0.17 0.16 0.15 0.13 0.16 0.14
CaO 0.36 0.51 0.34 0.33 0.28 0.23 0.33 0.28 0.33 0.33
Na,O 3.59 3.62 3.59 3.43 3.30 3.49 3.54 3.46 3.52 3.65
K,0 4.64 4.72 4.80 4.96 5.13 4.87 4.86 5.01 4.81 4.71
P,04 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
LOI 0.29 0.41 0.28 0.31 0.30 0.30 0.27 0.29 0.30 0.26
Total 99.47 99.74 100.02 99.91 99.31 100.11 99.53 99.44 99.74 100.37
ppm

Li 204 22.3 20.3 17.8 17.8 17.9 19.1 20.9 21.4 20.1
Co 0.7 0.8 0.71 0.47 0.48 0.63 0.45 0.56 0.52 0.54
Ni 2.55 2.53 3.01 2.15 2.33 2.64 2.19 3.08 2.09 2.49
v 3.60 4.65 3.69 3.11 3.94 5.98 2.89 2.86 3.59 2.85
Ga 22.8 223 21.9 22.0 223 20.5 21.8 21.5 21.8 21.0
Rb 203 198 203 218 228 209 211 212 208 200
Sr 324 334 35.1 43.5 40.2 44.3 343 29.7 30.6 320
Y 63.1 64.1 64.6 74.5 70.9 54.5 69 70.6 65.5 59.4
Zr 144 146 154 172 149 142 147 149 149 148
Nb 40.9 41.7 43.1 41.6 40.7 42.2 42.3 41.5 43.1 41.4
Sn 5.96 6.43 6.30 6.06 6.32 5.98 6.09 5.95 5.98 5.65
Cs 2.25 2.24 222 3.09 2.73 2.38 2.57 2.31 2.39 2.28
Ba 65.2 60.6 65.3 58.9 65.7 70.1 59.0 65.1 60.7 62.6
La 42.4 42.9 40.2 38.3 45.0 353 41.7 43.6 38.2 36.7
Ce 88.2 89.9 88.6 85.8 91.2 75.0 88.0 84.0 84.9 81.8
Pr 10.8 11.1 10.7 10.3 11.6 9.17 10.9 11.1 10.0 9.54
Nd 41.9 42.9 40.2 39.8 45.5 353 42.4 44.2 39.6 36.6
Sm 10.1 10.2 9.84 10.4 10.8 8.67 10.8 10.8 10.5 9.23
Eu 0.15 0.19 0.15 0.14 0.18 0.18 0.17 0.18 0.16 0.13
Gd 9.67 10.1 9.39 9.97 11.0 8.52 10.4 10.6 9.75 8.99
Tb 1.77 1.84 1.84 1.89 2.00 1.62 1.97 1.95 1.83 1.69
Dy 11.1 11.4 11.3 12.3 12.2 10.1 11.8 12.2 11.4 10.6
Ho 2.16 2.24 2.19 2.53 2.45 2.06 2.40 2.44 2.38 2.04
Er 5.98 6.10 6.17 6.82 6.63 5.67 6.56 6.79 6.33 5.57
Tm 0.96 0.94 1.01 1.04 0.96 0.84 0.96 1.02 0.96 0.87
Yb 6.14 6.21 6.34 6.91 6.60 5.84 6.69 6.67 6.46 5.76
Lu 0.86 0.9 0.89 0.97 0.89 0.81 0.91 0.95 0.91 0.85
Hf 6.37 6.04 6.61 6.90 6.31 5.95 6.07 5.97 6.11 5.99
Ta 3.00 2.99 3.14 3.05 2.99 3.07 3.14 3.09 3.15 3.00
Pb 12.7 12.5 8.35 6.93 8.71 7.73 9.71 8.21 10.1 10.1
Th 20.7 212 21.3 20.6 21.1 214 21.7 214 21.2 20.5
8] 4.58 4.57 4.26 4.36 4.30 4.76 5.11 4.39 4.91 4.35
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Table 1 (continued)

(b) Wt.% 862 87-1 872 87-3 88 662 66-3 664 24 25
SiO, 70.08 77.55 77.46 77.29 77.15 77.82 77.92 77.51 75.44 76.50
TiO, 0.40 0.08 0.09 0.09 0.09 0.09 0.08 0.09 0.23 0.22
Al O4 14.01 11.68 11.60 11.57 12.12 11.89 11.88 11.80 10.51 10.70
Fe,0;' 4.14 1.43 1.78 1.75 1.75 1.16 1.12 1.32 3.69 3.60
MnO 0.10 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.10 0.12
MgO 0.87 0.16 0.24 0.23 0.18 0.16 0.19 0.22 0.13 0.15
CaO 1.63 0.15 0.14 0.15 0.14 0.15 0.17 0.16 0.28 0.16
Na,O 3.32 3.36 3.04 3.09 3.32 3.63 3.55 3.55 291 2.99
K,0 2.86 5.22 5.47 5.39 4.98 4.86 4.76 4.84 5.77 5.45
P,04 0.08 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01
LOI 2.73 0.30 0.37 0.37 0.42 0.25 0.39 0.29 0.35 0.24
Total 100.21 99.97 100.21 99.96 100.19 100.03 100.09 99.80 99.40 100.14
ppm

Li 6.20 5.65 6.03 6.47 4.93 12.8 12.9 14.7 55.8 53.4
v 28.0 4.53 5.95 4.12 4.77 4.52 4.15 5.21 1.78 2.51
Co 4.81 0.55 1.01 0.86 0.58 0.51 0.61 0.62 0.28 0.22
Ni 522 2.18 3.23 2.66 1.90 1.70 243 292 2.55 1.83
Ga 17.1 18.0 18.4 17.8 19.6 21.0 214 21.9 30.4 31.0
Rb 109 194 198 204 174 190 188 196 275 267
Sr 159 26.3 31.5 30.7 23.8 40.4 322 39.2 11.3 12.4
Y 36.0 40.6 80.2 71.0 39.8 534 48.3 52.7 102 104
Zr 189 159 164 138 168 149 182 163 812 828
Nb 7.94 39.1 38.7 39.5 35.7 394 40.4 41.1 64.1 60.4
Sn 2.03 5.13 5.49 4.99 5.11 5.35 5.67 6.04 7.25 7.05
Cs 6.84 2.77 2.92 2.88 2.52 2.55 2.60 2.54 3.11 3.65
Ba 612 98.2 120 113 96.7 71.2 65.8 69.2 118 168
La 25.3 17.1 62.0 532 52.5 30.2 17.1 24.3 88.5 88.5
Ce 50.2 51.8 56.5 51.0 56.0 84.0 394 76.1 187 187
Pr 6.34 4.08 15.3 13.1 12.3 7.06 3.46 5.54 222 22.5
Nd 27.1 15.7 59.4 51.8 473 25.9 11.8 19.9 88.3 91.1
Sm 5.87 3.96 13.5 12.0 10.5 6.39 2.83 5.72 17.5 18.5
Eu 1.43 0.11 0.31 0.25 0.25 0.15 0.11 0.12 0.69 0.66
Gd 5.60 4.37 12.9 12.1 9.58 6.76 3.86 5.87 17.3 17.3
Tb 0.96 0.99 2.21 1.99 1.48 1.44 1.11 1.33 2.97 3.03
Dy 6.01 6.67 12.5 11.4 7.57 9.5 8.14 9.26 18.6 18.8
Ho 1.24 1.52 2.5 2.29 1.42 1.99 1.73 1.95 3.53 3.58
Er 3.50 4.33 6.67 6.08 3.59 5.46 4.94 5.59 10.0 10.3
Tm 0.58 0.72 1.11 0.99 0.58 0.87 0.77 0.85 1.49 1.56
Yb 391 4.81 6.38 5.98 3.61 5.93 5.32 5.78 10.6 10.2
Lu 0.67 0.79 0.96 0.97 0.68 0.82 0.75 0.81 1.41 1.5
Hf 5.28 6.35 6.34 5.68 6.2 6.32 6.82 647 20.8 20.9
Ta 0.55 2.95 2.78 2.86 2.57 2.93 292 3.05 3.93 3.82
Pb 9.93 11.9 15.2 14.1 9.93 9.75 11.0 9.37 18.6 44.4
Th 7.29 20.5 20.1 20.3 18.9 19.9 20.0 20.2 21.4 21.6
8] 1.73 2.10 2.34 2.53 3.02 4.08 3.44 4.46 4.56 5.77

Fresh samples 73—1 to 74-3, Altered group 1 samples 86, 87 and 88, Altered group 2 samples 66, Winterland porphyry (SLG) 24, 25
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but considered to be tentative, because it was based on two
discordant fractions. Kerr et al. (1993a) questioned the valid-
ity of this age determination. Thus, the age of the GBC is
uncertain.

There are several age determinations for the St. Lawrence
granite intrusion. Bell et al (1977) reported a whole-rock
Rb-Sr isochron age of 344 +5 Ma. Subsequently, Kerr
et al. (1993a) obtained a U-Pb zircon age of 374 +2 Ma,
whereas Magyarosi et al. (2019) reported a U-Pb zircon
age of 377.2+ 1.3 Ma from a sill in the central part of the
pluton (AGS porphyry). These age determinations are typi-
cal of the ages of the widespread Devonian intrusions of the
Avalon terrane in Newfoundland (e.g., Kerr et al. 1993a;
Kellett et al. 2014).

Analytical methods

Major-elements analyses of whole rocks were done by an
X-ray fluorescence spectrometer (Rigaku 3080E1) at the
Analytical Institute of the Bureau of Geology and Min-
eral Resources, Hubei Province (China). Relative standard
deviations are within 5%. Trace elements were determined
using an Agilent 7700e ICP-MS at the Wuhan SampleSolu-
tion Analytical Technology Co., Ltd. (Wuhan, China). The
samples were digested by HF and HNO; in Teflon bombs.
The detailed procedure for ICP-MS analyses and analytical
precision and accuracy were described in Liu et al. (2010).
Analytical precision (relative standard deviation) estimated
from repeated analyses of the standard reference samples is
better than 5% for rare-earth elements and 5-12% for other
trace elements (Table 1a and b).

The Sr—Nd isotopic compositions of two samples (74-3,
73-6) were determined using a Thermo Triton Plus ther-
mal ionization mass spectrometer at the Institute of Geol-
ogy of the Czech Academy of Sciences, Prague (Czech
Republic) following the methods described by Ackerman
et al. (2020). The external reproducibility of the analyses
was monitored through the long-term analyses of NIST
SRM 987 (Sr) and JNdi-1 (Nd) solutions, which yielded
87S1/36Sr of 0.710249 + 5 (20, n=44) and '**Nd/"**Nd of
0.512099 +6 (20, n=26), respectively. The third sample
(74-1) selected for the isotope determinations was analyzed
by isotope dilution at the Atlantic Universities Regional
Facility at the Department of Earth Sciences of Memorial
University of Newfoundland (St. John’s, Newfoundland,
Canada). The Nd and Sr isotopic ratios were determined
using a multicollector Finnigan MAT 262 thermal ionization
mass spectrometer. Replicate analyses of the LaJolla stand-
ard determined during the run yielded an average value for
Nd/'**Nd=0.511849 + 9 (26), while replicate runs for the
NIST SRM 987 (Sr) standard gave 8’Sr/%°Sr=0.710250+ 11

(20). Dostal et al. (2021) gave more information on these
procedures.

About 1 kg of the quartz porphyry sample selected for
U-Pb geochronology was crushed, ground, and the heavy
minerals concentrated using standard techniques (e.g.,
Solari et al. 2007). About 50 zircon crystals were mounted
in epoxy resin, polished to expose their internal structure,
and targeted for U-Pb analyses. The selected zircons are
elongate, prismatic in shape, with well-preserved bipyrami-
dal terminations. The observed elongation ratio is up to 8:1.
Cathodoluminescence (CL) imaging was performed to be
able to observe internal structures, potential zoning, help in
choosing the analysis target, as well as to help in interpreting
the U-Pb results.

Isotope measurements were performed by laser ablation
ICP-MS at the Laboratorio de Estudios Isotdpicos, Centro de
Geociencias, Universidad Nacional Auténoma de Mexico,
using a Thermo ICap Qc quadrupole mass spectrometer cou-
pled to a Resolution M050, 193 nm excimer laser ablation
workstation. A 23 pm spot was employed, with a repetition
rate of 5 Hz and a 6 J/cm-2 of fluence, following the analyti-
cal procedures described in Solari et al. (2018). The standard
zircon 91,500 (1065.4 +0.6 Ma, TIMS age, Wiedenberck
et al. 1995) was employed as a primary standard, whereas
PleSovice standard zircon (337.13+0.37 Ma, TIMS age,
Slama et al. 2008) was employed as a control standard.
During the analytical session, the control standard yielded
a concordant age of 338.4+1.6 Ma (n=12, MSWD=1.02),
in agreement with its accepted age. The NIST 610 glass was
used as an external standard for the recalculation of trace and
REE element concentrations, employing 2°Si as an internal
standard isotope, and assuming a stoichiometric Si value of
15.323 mol. Data processing was performed offline using
Iolite software v. 4.5 (Paton et al. 2010) and the Vizual-
Age data reduction scheme of Petrus and Kamber (2012).
No common Pb correction was applied, since the 2**Pb sig-
nal (non-radiogenic Pb) is disturbed by the isobar **Hg.
Data were exported from Iolite and the concordia diagrams
and mean ages were calculated using IsoplotR (Veermesch
2018). The calculated age uncertainties are 2-sigma.

Results
Petrography

Among various volcanic and volcaniclastic rocks of the
Grand Beach complex, felsic ash-flows and felsic ash-falls
are abundant and composed mainly of fine-grained quartz-
feldspathic groundmass. Other rock-types are volcaniclas-
tic breccia, mudflow deposits, conglomerates, and fine-
grained red sandstone. Ash flows pass into massive rhyolite
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concordia age = 375.6 + 1.1 Ma
n =27, MSWD = 3.1

Fig.2 U-Pb Concordia diagram of the dated sample of the GBC
quartz porphyry. Ellipses are plots at 2-sigma uncertainty

porphyry and rhyolite flows. Both these rock-types (“quartz
porphyry”) are porphyritic with phenocrysts of euhedral to
embayed quartz, which are 0.1-5 mm in size. Subordinate
altered subhedral feldspar phenocrysts sit in a microcrystal-
line quartz-feldspathic groundmass that is usually altered.
The alteration is also manifested by widespread hematiza-
tion of feldspars and groundmass. The porphyry contains
isolated lithic fragments suggesting that they are extrusive
(O’Brien et al. 1977). The volcanic and volcaniclastic rocks
of the complex contain fragments of rocks, which resemble
underlying Neoproterozoic units (O’Brien et al. 1977). Due
to poor exposure, it is difficult to recognize the age relation-
ships among the various rock-types.

The SLG rocks are typically medium-grained, equig-
ranular and dominated by quartz and perthitic feldspar with
minor mafic minerals-riebeckite—arfvedsonite and aegirine.
Accessory minerals include fluorite, calcite, Fe—Ti oxides,
zircon, monazite, and apatite. Granites host locally miarolitic
cavities and mm- to cm-scale fluorite veinlets. Magyarosi
(2022) subdivided the pluton according to geological posi-
tion into four parts: E- and W-lobes, AGS dikes and sills and
Winterland porphyry (along the north margin of the pluton).
There are subtle compositional differences among the four
parts. The rocks were also modified to varying degrees by
several types of alteration (Magyarosi 2022).

U-Pb geochronology
We dated a quartz porphyry of the GBC. Thirty-two out

of 35 zircon analyses were considered meaningful, with
a discordance of less than 30% (Fig. 2). Of those, five
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analyses were not considered (uncolored ellipses in Fig. 2).
One is inherited (concordant analysis of 556.8 Ma). Three
show discordance of 19-23%, probably reflecting a mixing
domain. One analysis gave a slightly younger and discordant
result (2°°Pb/>*U age of 358.3 Ma, 6% discordant) probably
because of Pb loss. The remaining analyses yield a concord-
ant age of 375.6 + 1.1 Ma that, together with the oscillatory
zoning of the zircon growth bands observed under CL, and
the REE igneous patterns obtained for the analyzed zircons
(Fig. 3) indicate that it represents the crystallization age for
the sample. The zircon with an age of ~557 Ma is probably
inherited from late Neoproterozoic bimodal volcanic rocks,
which underlie a large part of the southern Burin Peninsula
(O’Brien et al. 1977, 1996; Strong et al. 1978).

Zircon chemistry

The chondrite-normalized REE abundances of the ana-
lyzed zircons (Fig. 3) show a depletion of light REE, and an
enrichment of heavy REE accompanied by positive Ce and
negative Eu anomalies. The patterns are typical of magmatic
zircons (e.g., Zhu et al. 2020).

Alteration

The GBC rocks underwent low-grade metamorphism, which
replaced glassy groundmass of the porphyries by a fine-
grained matrix dominated by various secondary minerals.
The secondary processes modified the chemical composi-
tions of some GBC rocks. However, most of the analyzed
GBC samples appear to retain their original magmatic com-
position. In some localities, particularly along the margins
of the complex, the rocks show petrographic evidence of
alteration. This includes the sericitization and albitization
of feldspars and the accumulation of zeolites and calcite in
amygdales and fractures. To evaluate the effect of alteration
on the rock composition, additional samples were collected
from two sites containing distinctly altered samples. The
first site is an active quarry along Hwy 210 (Burin Peninsula
Hwy) where some samples were overprinted by pervasive
hydrothermal alteration (altered group 1, Table 1b). The
second site is in the village of Grand Beach where samples
were locally modified by fluids containing fluorine as indi-
cated by the presence of traces of fluorite (altered group 2,
Table 1b). Alteration affected some trace elements, includ-
ing the REE. The chondrite-normalized REE plots show dif-
ferences among the strongly altered samples. Most samples
of altered groupl display chondrite-normalized REE pat-
terns with a negative Ce anomaly, while the other altered
group 2 has a positive Ce anomaly (Fig. 4).

The irregular chondrite-normalized REE patterns
for the altered samples (Fig. 4) indicate non-CHARAC
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(CHArge-RAdius Controlled) behavior, i.e., non-mag-
matic effects (e.g., Bau 1996; Irber 1999; Monecke et al.
2002). Unlike a magmatic CHARAC REE pattern which
is characteristically smooth (with the exception of Eu),
non-CHARAC patterns likely reflect tetrad effects, which
break the lanthanides into four segments of four elements.
Enrichment or depletion of various elements results in either
convex-up “M-type” or concave-up “W-type” chondrite-
normalized REE patterns (e.g., Monecke et al. 2002). Irber
(1999) proposed a procedure to quantify the intensity of the
tetrad effect. Values of the total tetrad effects larger than
unity indicate M-type tetrads, whereas those < 1 indicates
W-type. Irber (1999) also argued that the values > 1.1 are
significant and clearly visible on the REE plots. The altered
rocks of group 1 have the total tetrad values ~0.85, while the
group 2 has the values ~ 1.2. The tetrad effect was probably
inherited from external fluids during or after emplacement
of the magma. The fluids were likely modified by altera-
tion of wall rocks (e.g., Monecke et al. 2002). Magyarosi
(2022) documented similar alteration processes in the St.
Lawrence granite and suggested that the SLG cooled slowly
and that the associated hydrothermal activity lagged and
lasted longer than the duration of crystallization.

Geochemistry

The quartz porphyries of the GBC have high-silica contents
(7577 wt.% -LOlI-free) and relatively uniform major- and
trace-element compositions. On the Na,O + K,0-CaO
(MALI)-silica diagram of Frost et al. (2001) (Fig. 5a), the
rocks plot in the calc-alkalic field, whereas on the Zt/TiO, vs
Nb/Y diagram of Pearce (1996) and the multi-element graph
of de la Roche et al (1980), they plot in the alkali rhyolite
field (Fig. 6). According to the K,O vs SiO, plot (Fig. 5b),
the rocks are high K accompanied by K,0/Na,0~1.3 to
1.5. The GBC porphyries are weakly peraluminous (Fig. 6)
and have high FeO/(FeO,+MgO) ratios (~0.9), typical of
ferroan granites (Frost et al. 2001). The porphyries have low
contents of FeO, (1-1.6 wt. %), MgO (0.13-0.24 wt. %),
Ca0 (<0.6 wt.%), and TiO, (~0.1 wt.%) but high contents of
alkalis. According to the classification of Sylvester (1989),
the GBC rocks are highly differentiated alkaline granitic/
rhyolitic rocks (Fig. 5¢). The GBC rocks have trace-element
characteristics (Fig. 7) of fractionated A-type post-collision
alkali rhyolitic rocks (Harris et al. 1986; Pearce 1996).

The chondrite-normalized REE patterns of the GBC rocks
have a distinct light REE (LREE) enrichment accompanied
by relatively flat heavy REE (HREE) segments (Fig. 8a) and
are characterized by (La/Yb),~4 to 5 and (Gd/Yb),~1.4.
The patterns are generally subparallel and accompanied by
negative Eu anomalies. On the primitive mantle-normalized
multi-element plots (Fig. 9a), the porphyries are enriched in
several large ion lithophile elements (LILE; e.g., Rb) as well
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Fig. 6 a Multicationic classification plot of De la Roche et al. (1980)
[R1: 4Si—11(Na+K)-2(Fe+Ti); R2: 6Ca+2 Mg+ Al] used for the
classification of GBC rocks (circles). The dotted curve outlines the
field for SLG rocks (data from Magyarosi 2022). b Plot of molar
Al,05/(Na,0+K,0) [A/NK] versus Al,0;/(CaO+Na,0+K,0) [A/
CNK] that discriminates metaluminous, peraluminous, and peralka-
line compositions of granitic rocks used for the GBC rocks (circles).
The dotted curve outlines the field for SLG rocks (data from Mag-
yarosi 2022). ¢ Zr/Ti versus Nb/Y classification diagram of Pearce
(1996) for the GBC rocks (circles). The dotted curve outlines the field
for SLG rocks (data from Magyarosi 2022)

as Th and La, but the patterns display negative anomalies for
Ba, Sr, P, Eu, Nb, and Ti.

The eyy(t) values (t=377 Ma; Table 2) for the porphy-
ries fall within a narrow range (~+2.5) and are similar to
the values reported by Kerr et al. (1995) for SLG and GBC
(Table 2). These values are also comparable to the Devonian
post-tectonic granitic plutons from the Avalon terrane of
Newfoundland (Kerr et al. 1995) and Nova Scotia (Cobequid
Highlands, Papoutsa et al. 2016). The Nd-depleted mantle
model ages of the porphyries and SLG have a relatively nar-
row range of ~0.9 Ga.

Crystallization temperature and oxygen fugacity
conditions

The saturation temperatures of several accessory minerals
in felsic magmas can be applied to characterize the origin
and thermal history of these felsic rocks. The saturation
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temperatures are, in part, related to magma evolution and
help assess petrogenetic similarities or differences among
the various units of the felsic rocks. In particular, the zircon
saturation temperatures (T,,) were utilized to classify the
granites as “hot” (anhydrous with T,.> 800 °C) or “cold”
(wet with T, <800 °C) (e.g., Miller et al. 2003). Our T,
results for SLG (E- and W-loops) using the whole-rock
analyses of Magyarosi (2022) are well above 800 °C, sug-
gesting that the SLG rocks crystallized from a “hot” and
“anhydrous” felsic melt (Table 3). The calculated tempera-
tures for AGS sills (whole-rock data from Magyarosi 2022)
and GBC (Table 3) are overlapping but lower relative to the
pluton data. We have also calculated the monazite satura-
tion temperatures for these rocks (Table 3). The calculations,
which are based on Montel (1993), relate the concentra-
tions of LREE to the bulk composition of the magma. The
temperatures are comparable to those obtained for zircon
(Table 3). The Ti-in-zircon thermometer (Triiy zircons Wat-
son et al. 2006) yielded a zircon temperature of 812+ 62 °C
(Table 3). The value is similar to 7, for the GBC, indicating

volcanic-arc granite, WP within-plate granite, SYN-COLG syn-colli-
sional granite, POST-COLG post-collisional granite. ¢ (10,000 x Ga/
Al) versus Nb (ppm) discrimination diagram of Whalen et al. (1987)
for the fresh GBC rocks. Fields: /&S I- and S-type granite, A A-type
granite. d Y-Nb—Ce diagram of Eby (1992) for the fresh GBC rocks

that the melt was relatively anhydrous (Li et al. 2018; Wang
et al. 2013).

The Ce anomaly of zircon (Fig. 3) can be employed to
quantitatively estimate the oxygen fugacity (fO2) of the
parental magma (Trail et al. 2012). The fO, value calcu-
lated according to Loucks et al. (2020) indicates nearly neu-
tral conditions for GBC (average of AFMQ=-0.61, where
FMQ is the fayalite—magnetite—quartz buffer). The GBC
rocks are more oxidized than the SLG rocks, which plot
into the field of reduced A-type granites (Fig. 10).

Discussion
Petrogenesis
GBC volcanic rocks are evolved, alkali- and silica-rich
rocks with high Fe/Mg and Ga/Al ratios. They are enriched
in incompatible trace elements including REE and LILE

relative to average granites (Winter 2001) typical of post-
orogenic felsic magmatism. The GBC rocks are similar
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Fig.8 Chondrite-normalized REE plots of rocks from a Grand Beach
Complex (Table 1); b St. Lawrence Granite (data from Magyarosi
2022). Normalizing values after Boynton (1984)

to several other Devonian granitic rocks from this part of
Avalonia in Newfoundland (e.g., Kerr et al. 1993a, b, 1995;
Kellett et al. 2014), particularly the SLG rocks, and in the
Cobequid Highlands of Nova Scotia (e.g., Papoutsa et al.
2016). According to various classification schemes, they are
“A-type” felsic rocks (Fig. 7). A-type granites and volcanic
equivalents are thought to be derived from magmas that have
an igneous source (Whalen et al. 1987), either by partial
melting of rocks or fractional crystallization of mafic magma
(Eby 1992; Frost et al. 2001). The low concentrations of
Co (<1 ppm), Ni (<4 ppm) and V (<6 ppm) in the GBC
rocks (Table 1a) argue against their origin by extensive frac-
tional crystallization of mantle-derived mafic magma. The
GBC rocks plot in the A2 field (Fig. 7) in the discrimina-
tion diagrams of Eby (1992) suggesting that the rocks were
probably generated by the melting of dehydrated crust. The
SLG granites [E-lobe, AGS porphyry (Magyarosi 2022) and
Winterland porphyry (Table 1b)] also plot into the A2 field.

Nd-depleted mantle model ages of GBC and SLG are
Neoproterozoic (~ 800 to 1000 Ma) comparable with the age
of the Avalonian basement rocks (Kerr et al. 1993b; Kel-
lett et al. 2014). This suggests that the parent magma was
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Fig.9 Primitive mantle-normalized incompatible element abun-
dances of the rocks from a Grand Beach Complex and b St. Law-
rence Granite (data from Magyarosi 2022). Normalizing values after
McDonough and Sun (1995). Elements are arranged in the order of
decreasing incompatibility from left to right

generated by partial melting of anhydrous Neoproterozoic
lower crust (Kerr et al. 1995). Such sources are also consist-
ent with Sr isotopic ratios, although there is a limited amount
of comparison data for the Devonian felsic rocks from this
part of Newfoundland (Kerr et al. 1993a). The range of &y
for the GBC and SLG is comparable to that of the Neopro-
terozoic Burin Group outcropping east of the SLG (Fig. 1b).
The isotopic signature of mafic rocks of ~760 Ma old Burin
Group (Fig. 11) is similar to that inferred for the source
of the main phase of the Avalon magmatism (Murphy and
Dostal 2007; Murphy et al. 2008a,b). In fact, Murphy et al.
(2008a) argued that the Burin Group is representative of
the geochemical and isotopic composition of the Avalonian
basement, although the group itself cannot be the source,
because its metamorphic grade is much too low. The chemi-
cal characteristics of the GBC and SLG, as well as other
Devonian A-type granitic rocks of this part of the Avalonia,
particularly their enrichment in some incompatible trace ele-
ments, imply that their source likely contained an admix-
ture of metasomatized lithospheric mantle (e.g., Kellet et al.
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Table 2 Sr and Nd isotopic composition of GBC and SLG rocks

TDM

26 SNd/MNdg  Eyy(®)

143Nd/l44Nd(m)

147Sm/144Nd

26 ¥Sr/*Sr;,  Nd Sm

SRbAOST 7SSy,

Sr

Rb

Age

Sample

(Ma)

(ppm)

(ppm)

(ppm)  (ppm)

(Ma)

928
956
934
978

2.7

0.512290
0.512287
0.512277
0.512266
0.512321

7
5
8

0.512662
0.512664
0.512642
0.512636
0.512677

0.1506
0.1529
0.1478
0.1499
0.1450

8.59
9.07
10.80

10.3

34.5

0.704168
0.704018
0.704315

4
8
9

0.777945
0.801983
0.816356

13.7
18.3
20.9

443

209
200
212

377
377
377
377

375

QF porphyry
QF porphyry
QF porphyry
QF porphyry
SLG granite

73-6
74-3

2.6

35.86
442

32.0

24

29.7

74-1
Kerr

2.2

40.2

823

12.4

50.2

Kerr

87Sr/865r(m) and '*Nd/ '44Nd(m) are measured values; 87Sr/865r(i), N4/ '44Nd(i) and ey4(t) are age-corrected to 377 and 375 Ma, respectively

T depleted mantle age calculated according to DePaolo (1988); Kerr data from Kerr et al. (1995), QF porphyry quartz—feldspar porphyry from GBC, SLG granite peralkaline granite from

SLG intrusion

2014; Papoutsa et al. 2016; Murphy et al. 2008b). Felsic
magmas such as those of the SLG and GBC are considered
to reflect partial melting of the metasomatized lower crust
followed by fractional crystallization during ascent of the
melts. The enrichment of the source in incompatible ele-
ments, including F, Th, U, and REE through subduction and/
or metasomatism considerably enhanced the concentrations
of these elements in the melts. In the source, fluorine was
probably stored in phlogopite/biotite and amphibole. The
distinct negative Eu anomalies on the chondrite-normalized
REE plots (Fig. 8) are due to feldspar fractionation. The
weak fractionation of HREE likely reflects an absence of
garnet in the source, supported an origin at relatively low
pressure, at a depth that is shallower than the garnet stabil-
ity field.

The primitive mantle-normalized plots of the GBC rocks
with distinct negative Sr, Ba, and Eu anomalies (Fig. 9) sug-
gest that the rocks underwent extensive fractional crystalli-
zation dominated by feldspars, whereas the negative Ti and
P anomalies, respectively, reflect the fractionation of Fe-Ti
oxide and apatite. The Rb/Sr vs Sr relationships (Fig. 10)
imply that feldspar fractionation played a major role during
GBC magma evolution.

The K/Rb ratios of granitic rocks can provide information
on the role of fluids (e.g., Shaw 1968). The crustal aver-
age of K/Rb ratio is ~250 (Shaw 1968; Rudnick and Gao
2003). Shaw (1968) argued that K/Rb ratios < 150 result
from extensive fluid-melt/rock interaction. Both the GBC
and SLG have K/Rb values lower than the crust (Fig. 10),
indicating the influence of fluids in their genesis (e.g., Shaw
1968; Dostal and Chatterjee 1995). However, the GBC rocks
have higher K/Rb ratios (~ 190 to 220) than the SLG rocks
(~ 80 to 160), implying that the hydrothermal alteration
(including late magmatic and post-magmatic fluid interac-
tions) affected the SLG rocks notably more than the GBC
rocks. The hydrothermal alteration of the SLG might have
accompanied fluorite mineralization during degassing (Mag-
yarosi 2022).

Relation between the GBC and SLG and fluorite
mineralization

The obtained age (~376 Ma) for the GBC is closely
comparable to the age of the SLG, particularly the AGS,
implying they were emplaced during the same magmatic
episode. Comparison of major- and trace-element com-
positions of relatively unaltered samples from the SLG
and GBC suites shows that the rocks are rather similar
(Figs. 6 and 9). They are both highly fractionated leu-
cocratic high-silica rocks with low contents of MgO but
high alkalis and many incompatible trace elements, such
as REE, Th, U, Rb, and Cs. Although ferroan (Frost et al.
2001), within-plate and A-types (Fig. 7) with similar
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Table 3 SaturaFion temperatures Zircon T, (°C) Monazite Ty, (°C) Tri ingiveon °C)
of accessory minerals
W&H (1983) Boehnke et al. Montel (1993) Watson et al. (2006)
(2013)
n aver st. dev aver st. dev n aver st. dev n aver st. dev
GBC 17 787 8 742 10 17 798 22 25 807 58
SLG 30 873 38 843 46 35 804 52
AGS 2 779 4 731 6 2 769 4

T, zircon saturation temperature calculated according to Watson and Harrison (1983) (W&H), and
Boehnke et al. (2013), T,,, monazite saturation temperature calculated according to Montel (1993);

TTi in-zircon

calculated according to Watson et al. (2006), n number of analyses, aver average, st. dev. stand-

ard deviation, GBC Grand Beach Complex (data from Table 1), SLG St. Lawrence Granite (data from Mag-
yarosi 2022), AGS sills and dikes (data from Magyarosi 2022)

isotopic characteristics [(eyny(f) Table 2], they differ in
oxidation state and alkalinity. The GBC rocks are more
oxidized than the SLG (Fig. 10a). The SLG have both A/
CNK and A/NK ~ 1, whereas the GBC rocks are mildly
peraluminous and plot into the peraluminous field on the
conventional A/CNK versus A/NK diagram (Fig. 6b). The
subtle differences in oxidation state and alkalinity can-
not be readily explained by fractional crystallization but
require an additional process likely crustal contamination.
The role of crustal contamination is consistent with the
slightly lower ey4(t) value of the GBC compared to the
SLG granite (Table 2). Likewise, the GBC rocks have a
more pronounced negative Nb anomaly on the primitive
mantle-normalized plots, which suggests crustal involve-
ment (Fig. 9). There are also subtle dissimilarities in satu-
ration temperatures between these two suites. The SLG
has higher zircon and monazite saturation temperatures
relative to GBC (Table 3).

The SLG is a shallow-seated high temperature A-type
granitic pluton (emplaced at depth of ~1 to 2 km, Magya-
rosi 2022) associated with the late magmatic hydrothermal
fluorine-rich fluids, which produced fluorite mineraliza-
tion as well as extensive alteration of the intrusion. Mag-
yarosi (2022) argued that some of the mineralizing fluids,
which resulted from devolatilization of the granitic magma,
escaped into the surrounding rocks where they also gener-
ated fluorite mineralization. The close proximity of the SLG
and the contemporaneous volcanic complex suggests that the
GBC can host fluorite mineralization. The SLG and GBC
show similarities to the NYF (Nb—Y-F) granites/pegmatites
of Cern)’/ et al. (2005).

Tectonic settings
The Appalachian orogen was formed by the Paleozoic accre-
tion of several distinct tectonic terranes (microcontinents,

blocks, arcs, etc.) to the eastern margin of the Laurentia dur-
ing the progressive closure of the Iapetus and Rheic oceans

@ Springer

(e.g., van Staal et al. 2009). In Newfoundland, closure of
Tapetus was completed by Late Silurian (at~420 Ma). The
last stage was characterized by accretion of the Avalonia
microcontinent to Ganderia (an eastern part of Laurentia
accreted during the Early Silurian). The juxtaposition of
Avalonia against Ganderia (e.g., Schofield and D’Lemos
2000; van Staal et al. 2009) was accompanied by emplace-
ment of voluminous plutonic suits of Silurian—Early Devo-
nian age along the eastern boundary of Ganderia (e.g., Kel-
lett et al. 2014). Subsequently, these rocks were intruded by
undeformed Middle-to-Late Devonian (400-360 Ma) gra-
nitic plutons (Kellett et al. 2014) encompassing a variety of
granitic compositions: S-, I-, and A-type granites (Fig. 11;
van Staal et al 2009). In southeastern Newfoundland, these
rocks form a curvilinear belt of post-tectonic granitic intru-
sions that occur along the boundary between Ganderia and
Avalonia. The SLG and GBC are the part of this Devonian
belt, which contains granitic intrusions with similar ages
such as the Francois pluton (378 +2 Ma) and Ackley granite
(377 £3 Ma) (Kerr et al. 1993a; Kellett et al. 2014). Some
undeformed intrusions host rare metal mineralization (e.g.,
Kerr et al. 1993b; Kerr and McNicoll 2012). Kellett et al.
(2014) noted that the reactivation of the Ganderia—Ava-
lonia bounding faults lasted at least 30 Ma, from ~395
to~365 Ma.

Granitic plutons of similar age also occur in Nova Scotia
(e.g., Bickerton et al. 2022; Currie et al. 1998; Papoutsa
et al. 2016; Dostal et al. 2004, 2006), suggesting that the
emplacement of all these granitic bodies was a regional
event. The origin of the Late Paleozoic felsic rocks in this
part of the Appalachians is probably related to failed slab
subduction with melting triggered by mantle upwelling
through the slab breach (Fig. 12). Magmatism was post-
tectonic and associate with extension, widespread uplift,
and exhumation (Schofield and D’Lemos 2000; Kellet et al.
2014). Some Avalonian A-type felsic rocks in Newfoundland
including the SLG and GBC were derived from lower crus-
tal basement, which contained variable but minor amounts
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fresh GBC rocks (circles) showing compositional fields of reduced
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Fig. 11 eyy(?) versus time plot comparing Sm—Nd isotopic data of the
SLG and GBC with basaltic rocks of Avalonia of the Canadian Mari-
times (Murphy et al. 2011; Dostal et al. 2022). Shaded area (enve-
lope) is the Avalonian basement and subcontinental lithospheric man-
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Fig. 12 Schematic diagram illustrating the tectono-magmatic evolu-
tion of the Avalonian Late Devonian felsic igneous rocks in south-
eastern Newfoundland highlighting the process of partial melting in
the lower crust caused by the upwelling of mantle material through
the slab breach due to slab failure and delamination. Not to scale

of metasomatized lithospheric mantle. Melting of such a
source produced parental melts that fractionated to produce
SLG and GBC (Fig. 12). A-type granites are common in the
Paleozoic of Avalonia, because the crust was dehydrated
in the late Neoproterozoic (e.g., Murphy et al. 2018). The
Sm-Nd signature of the juvenile crust (Fig. 11) that melted
to yield the A-type magmas in this part of the Avalonia
may be derived from the source of the 760 Ma Burin Group
(Murphy et al. 2008a).
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Conclusions

The quartz porphyries of the Grand Beach volcanic complex
have a composition characteristic of alkali rhyolites, high in
silica but low in Mg, Fe, and Ca and have a low Mg/Fe ratio.
They are weakly peraluminous A-type felsic rocks with high
contents of incompatible trace elements, such as REE Th, U,
and Rb. They have positive gy4(f) values (~+2.5) and their
Nd-depleted mantle model ages (~ 0.9 Ga) are consistent
with the derivation of parental magma of these rocks from
metasomatized Avalonian lower crustal basement followed
by fractional crystallization (Fig. 11). These highly fraction-
ated rocks are compositionally similar to the rocks of the
SLG. They are a part of the Devonian magmatic episode,
which produced the SLG and several other granitic intru-
sions. In particular, the emplacement of the GBC coincides
with the emplacement of mineralized AGS sills and dikes
(in the central part of the pluton). Both AGS and GBC rep-
resent slightly earlier phases of the SLG and host fluorite
mineralization. GBC probably represents a volcanic equiva-
lent of SLG. The subtle compositional differences between
the volcanic and plutonic rocks are likely the result of the
interaction of the parental magma with crustal material and
fluids (including late magmatic or post-magmatic fluids).

The results show that the spatially and temporally related
felsic plutonic and volcanic rocks have a similar major- and
trace-element characteristics and similar range of isotopic
ratios. Both rock-types were formed by the same processes
and derived from similar sources. The minor differences
between these two types of rocks are related to the last stages
of evolution and emplacement.
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