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ABSTRACT

Appinite suite rocks occur as small plutonic bodies, ranging from ultramafic to felsic in
composition, that are characterized by abundant idiomorphic amphibole suggesting they are the
products of water-rich mafic magmas. Appinites are also understood to record tectono-magmatic
processes during the waning stages of subduction in convergent to collisional tectonic settings.
Measuring D/H and *80/*%0 ratios of hornblende in appinitic rocks offers opportunities to
constrain the sources of water (mantle, crustal, sea water and or meteoric) in the magma during
its crystallization, and to shed light on the role of water as arc magmatism shuts down. The ca.
607 Ma Greendale Complex in the Avalon terrane of Nova Scotia, Canada, is characterized by
spectacular exposures of appinite suite rocks ranging from ultramafic to felsic in composition.

Two populations of amphiboles are identified: one is characterized by 30 values between 4.7—
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6.8 %o and anomalously low 8D values (ca. < -90 %o). These isotopic signatures are interpreted to
represent incorporation of mantle-derived fluids into the crystal structure, possibly associated
with mixing between a region of mantle upwelling and a subducting slab. This mixing process
allows for hydration of the magma during its ascent into the overlying lithospheric mantle
wedge. Some amphiboles retain mantle-like §*0 and 5D values, but others may have partially
re-equilibrated during low T assimilation of supracrustal units (e.g. organic-rich sediments) and
or fluids derived from such bodies. A second generation of hornblende yields §*80 varying from
0.9 t0 4.6 %0 and 6D from ca. -106 to -64 %o, which supports equilibration with fluids from
crustal sources. Assimilation of volatiles sourced from previously hydrothermally altered
intruded sheets and or country rock is interpreted to produce these second-generation isotopic
signatures. Regional syntheses indicate that arc magmatism in the Avalon terrane ended with the
generation of a transform system, implying the potential generation of a slab window behind that
system. In that context, the Appinites in the Avalon terrane have previously been interpreted to
have been emplaced after the cessation of subduction in a slab window or slab failure setting
behind the transform system, in which asthenospheric upwelling generated juvenile magmas
and/or facilitated melting of the overlying continental lithospheric mantle. Our 8D and §*80 data
support this model and together with available Sm-Nd data, suggest asthenospheric upwelling
triggered melting of the continental lithospheric mantle that was previously hydrated by

subduction and this mantle-derived water contributed to the origin of appinites.

1. Introduction
Appinitic suite rocks occur in relatively small plutonic complexes typically around the
periphery of voluminous granitoid batholiths (Atherton and Ghani, 2002; Bea et al., 1999; Castro
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et al., 2003; Fowler, 1988; Fowler et al., 2001; Murphy, 2013, 2020; Pitcher, 1997; Pitcher and
Berger, 1972). They are characterized by abundant idiomorphic amphibole, relative to olivine
and pyroxene, in rocks of mafic and ultramafic composition which, together with the widespread
development of mafic “pegmatites”, indicate that precursor magmas were anomalously water-
rich (e.g. Bowes and McArthur, 1976; Murphy, 2013, 2020; Pitcher and Berger, 1972; Pitcher
and Hutton, 2003). This interpretation is supported by a plethora of experimental studies which
shows that at high pH2O the stability field of amphibole expands relative to olivine, pyroxene,
and plagioclase (Moore and Carmichael, 1998; Miintener et al., 2001). However, the source(s) of

this water in appinites has never been directly investigated.

Appinites have a geochemical signature indicative of calc alkaline to shoshonitic
affinities (e.g. Atherton and Ghani, 2002; Castro et al., 2003; Fowler, 1988). Their distinctive
geochemistry has led to hypotheses postulating genetic relationships with high-Mg basalts
(Tiepolo et al., 2011), shoshonitic lamprophyres (Rock, 1990), adakites (Ye et al., 2008), and
sanukitoid and tonalite-trondhjemite-granodiorite (TTG) suites (Wilkin and Bornhorst, 1993).
Sanukitoids have been postulated as markers of the beginning of post-Archean-style subduction
(Fowler and Rollinson, 2012). Many studies also propose a genetic relationship between appinite
complexes and granitoid batholiths (e.g. Bowes and McArthur, 1976; Fowler, 1988; Pitcher,
1997). Recent syntheses suggest that appinite suite rocks may preserve evidence of mantle
processes that produce voluminous granitoid batholiths (Murphy, 2020) implying that
understanding the source of the water from which they crystallize may also constrain models for
granitoid magma genesis thus providing insight on the generation of continental crust (Collins et

al., 2020).
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Appinites are spatially associated with deep crustal faults and geodynamic processes
associated with the cessation of subduction, such as post-subduction slab-break off, slab window
generation and slab delamination during the latest stages of an orogeny (Atherton and Ghani,
2002; Castro et al., 2003; Murphy, 2013, 2020; Murphy and Hynes, 1990; Ye et al., 2008). Given
the important role of water genesis in the production of arc magmas, the origin of water in
appinite complexes has the potential to shed light on processes operating as subduction shuts

down.

In this study, we focus on the late Neoproterozoic Greendale Complex, a spectacularly
exposed body of appinite suite rocks in the Avalon terrane of northern Nova Scotia. We provide
oxygen and hydrogen isotopic data on hornblende in various lithologies in this complex to
constrain the sources of the water that resulted in hornblende crystallization. Our data identify an
important component of mantle-derived water, which has implications for the origin of magmas

in the waning stages of arc magmatism.

2. Geological setting and field relationships
The late Neoproterozoic (607 + 2 Ma, U-Pb titanite) Greendale Complex is a local
representative of subduction-related magmatism that characterizes the Avalon terrane in the
Canadian Appalachians (Murphy et al., 1997a). This magmatic activity occurred when Avalonia
was located along the northern Gondwanan margin prior to its Late Cambrian-Early Ordovician
separation from Gondwana and Late Silurian-Early Devonian accretion to Laurentia (Fig. 1a;

Murphy et al., 1997b). The Greendale Complex occurs between two faults, the Hollow and
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Greendale faults, which were active at the time of its emplacement (Fig. 1b, c; Murphy and
Hynes, 1990). The complex intrudes the Chisholm Brook Formation (dominated by basalt with
minor limestone) and the Morar Brook Formation (dominated black organic mudstone and
siltstone, with minor limestone and chert) of the late Neoproterozoic Georgeville Group, a
polydeformed arc-related sequence largely composed of greenschist facies volcanic and
sedimentary rocks (Murphy et al., 1990). A maximum depositional age of 613 + 5 Ma (U-Pb,
detrital zircon; Keppie et al., 1998) implies limited time between deposition, deformation and
metamorphism of the Georgeville Group rocks and intrusion of the Greendale Complex.
Intrusion of the complex is coeval with larger 615-605 Ma granitoid intrusions in the central and
southern Antigonish Highlands and two smaller (and poorly exposed) appinite bodies in the
southernmost highlands (Keppie et al., 1990; White et al., 2021). These relationships imply that
the Greendale Complex has a similar peripheral location with respect to coeval granitoid bodies
to that documented in the type area for appinites in the Scottish Caledonides. The emplacement
of the Greendale Complex is interpreted to be broadly synchronous with regional strike-slip

activity, which occurred after cessation of subduction (Murphy and Hynes, 1990).

The Greendale Complex consists of steeply dipping intrusive sheets ranging from ultramafic
to felsic in composition thought to have been emplaced by multiple and repeated injections of
compositionally diverse magma. Orientations of igneous layers within the complex are consistent
with emplacement along extensional fractures during dextral shear along the Greendale and
Hollow faults (Murphy and Hynes, 1990). Though the complex is largely dominated by
hornblende-rich medium grained to porphyritic gabbro, abundant heterogeneity is observed at all

scales with obvious mixing and mingling between units (Fig. 2a, b; Murphy et al., 1997b).
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Lithologies vary in grain size from fine grained “salt and pepper” texture to pegmatite with
euhedral amphibole crystals up to 15 cm in length (Fig. 2a, ¢, d). The pegmatitic amphiboles
commonly enclose plagioclase cores and appear acicular and skeletal — these textures are
attributed to rapid growth from a water-rich magma (Murphy et al., 2012). Internal contacts
between intrusive units vary from sharp to gradational, planar to irregular and scalloped (Fig. 2a,
b). These contacts commonly show varying degrees of assimilation and disintegration resulting
in locally hybrid intermediate rocks characterized by trains of autoliths and autocrysts (Murphy
et al., 1997b). Xenoliths of the host rock Morar Brook and Chisholm Brook Formation are also

common, especially adjacent to external contacts.

A study of crystal-chemical parameters of white micas in Georgeville Group host rocks
from the aureole of the Greendale Complex indicates emplacement at pressures of no more than
3-5 kbar (Abad et al., 2011). The Al content in hornblende (see Anderson and Smith, 1995;
Putirka, 2016) supports hornblende crystallization at 5-7 kbar at temperatures between 650

750 °C (Pe-Piper and Piper, 2018).

3. Petrography and geochemistry
3.1 Mineralogy and textures
The mineralogy and main textural features of the Greendale Complex are described in
detail in Murphy et al. (2012) and are summarized below, further details are added where
relevant. Amphibole is the overwhelmingly dominant mafic mineral in both the mafic and

ultramafic rocks.
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Ultramafic rocks account for 5-10 % of exposed lithologies and are dominated by
hornblende, pyroxene and olivine and are classified as hornblende peridotites, pyroxene
hornblendites or olivine—pyroxene hornblendites (Murphy et al., 2012; ‘corlandtites’ e.g. Bea et
al., 1999). Olivine occurs as medium grained (0.1-3.5 mm) rounded hypidiomorphic chadacrysts
hosted within hornblende and or clinopyroxene. The olivine ranges from Fogs to Fo7s, contains
inclusions of chromite and is variably altered to talc or serpentine (Fig. 3a). Pyroxene
(dominantly clinopyroxene) occurs as xenomorphic to hypidiomorphic chadacrysts (0.5-6 mm)
within hornblende. Clinopyroxene includes endiopside, augite and sub-calcic augite with Mg#
ranging from 0.62 to 0.79. Rare orthopyroxene (hypersthene) has Mg# between 0.85 and 0.86
and very low Ca (> 0.05). Hornblende appears as two populations: 1) large (1.0-8.0 mm)
hypidiomorphic oikocrysts enclosing clinopyroxene and olivine, defining a poikilitic texture
(Fig. 3b, ¢) and 2) modally minor grains (0.5-5.0 mm), that are interstitial with plagioclase,
phlogopite, and opaques. In most samples, plagioclase ranges from Anso_eo; rare grains with Anzs

occur.

Mafic rocks are dominantly defined by the presence of plagioclase and hornblende.
Plagioclase appears as hypidiomorphic to idiomorphic tabular grains of variable size (ca. 0.2-1.0
mm). It is typically extensively saussuritised, though euhedral forms are preserved as stubby
lath-shaped crystals (Fig. 3d). Plagioclase may also have fresh irregular albitic rims that surround
saussuritised cores (Fig. 3e). Interlocking grains are dominantly found in the phaneritic matrix.
Plagioclase shows regular polysynthetic twinning and is typically labradorite in composition
(Ango—Anss) with normal to oscillatory zoning also occurring (ranging from Anso— Anes).

Hornblende occurs in mafic rocks as hypidiomorphic prismatic to acicular grains (0.5-7.0 mm)
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that may contain inclusions of plagioclase and boundaries that are commonly impinged by
plagioclase laths. Plagioclase inclusions contain both saussuritised cores and albitic rims which
implies that this feature likely results from chemical zonation (e.g. Ca-rich core) rather than
sequential growth events. Taken together, these textures indicate hornblende and plagioclase

were co-precipitating liquidus phases (Fig. 3d, f).

Felsic rocks make up 5-10 % of the Greendale Complex and occur as discrete sheets,
isolated pods and segregations within relatively mafic lithologies. They range from aplite to
pegmatite in texture and rhyodacite to rhyolite in chemical composition. Hornblende is less
abundant than in the mafic rocks and is observed as xenomorphic grains (ca. 0.5-2.0 mm)
commonly pseudomorphed by chlorite and/or actinolite. Plagioclase is the dominant matrix
phase and occurs as an interlocking network of heavily saussuritised tabular grains (0.5-3.0

mm). Inclusions of plagioclase within hornblende show lesser degrees of saussuritisation.

These petrographic observations suggest that two populations of hornblende occur in the
suite of rocks studied. One population, dominant in ultramafic rocks, displays oikocrysts of
hornblende enclosing chadacrysts of olivine and pyroxene. The other population, dominant in the

mafic and felsic rocks, exhibits impinged grain boundaries and/or inclusions of plagioclase.

3.2 Geochemistry
Previously published mineral geochemical data for amphiboles in mafic and ultramafic
samples and lithogeochemical data for representative rock specimens (Murphy et al., 1997b;
Murphy et al., 2012), are summarized here. Amphibole compositional data from felsic rocks was

8
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not collected by previous studies. All amphiboles are calcic according to the classification of
Leake et al. (2004) and their compositions are typical of igneous amphiboles. Classification is
based on the following general chemical formula:

Ag-1B,C" TV 504, (OH, F, C1),
A plot of four-fold Al (AI'Y, T site) vs total Al (Al*®Y) data from amphiboles of ultramafic and
mafic rocks (Fig. 4) shows that Al resides in both AI'Y, T and AIY', C sites but appears to have a
preference for the tetrahedral site, consistent with the interpretation that edenite substitution
(Na,KA+AI'V=Si'V) dominates over tschermak (AI'Y + AIV' = Si'V + (Fe, Mg)V! substitution

(Murphy et al., 2012).

Amphiboles from ultramafic rocks are also dominated by magnesio-hornblende with low
SiO2 (44.3-52.1 wt.%) and Al>0O3 (6.2-11.9 wt.%) and high MgO (13.4-23.9 wt.%) and high
Fe>O3 (8.6-12.8 wt.%). A small amount of variation is observed in Mg# (0.71-0.79). Two
groupings of amphiboles are distinguished on the basis of REE abundances. Group A amphiboles
display a slight LREE enrichment, small negative Eu anomaly, minor decrease in HREE and
significant enrichment in LILE. Group B amphiboles display enrichment in LREEs, depletion in
HFSEs and HREEs and lack a negative Eu anomaly (Fig. 5). Lithogeochemical analyses of
ultramafic rocks are characterized by a depletion in HFSE and high abundances of MgO (13.4—

23.9 wt.%), Cr (462-2146 ppm), Ni (54-510 ppm) and Ba (< 5-246 ppm).

Amphiboles from mafic rocks are tschermakite, tschemakitic hornblende, and magnesio-
hornblende in composition (Murphy et al., 2012). Amphiboles from mafic rocks have a

significantly lower Mg# (0.31-0.48) than the ultramafic rocks (0.71-0.79) though amphiboles
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from both rock types share a remarkably uniform Mg# over a range in Si (up to one formula
unit). REE profiles are characterized by depletion in LREE (La/Sm~0.61), a slight depletion in
HREE (Gd/Yb~1.55) as well as a negative Eu anomaly, which is interpreted to reflect co-
precipitation of plagioclase (Group A). Compared to ultramafic rocks, lithogeochemical analyses
of mafic samples have a limited range in SiO (45.8-52.08 wt.%), a higher Al.O3 (17.3-19.6
wit%), slightly lower Fe>Os (7.6-11.5 wt.%), and substantially lower MgO (4.0-8.6 wt.%), Ni
(<5-31ppm) and Cr (11-200 ppm). Although REE and HFSE patterns for mafic rocks have
broadly similar profiles to the ultramafic rocks, depletion of HFSE (e.g. Nb, Zr and Ti) isn’t as

strong and they also record a pronounced negative Eu anomaly.

Intermediate to felsic rock samples have wide ranges in SiO2 (58.0-80.8 wt.%) and Al,Os
(10.7-22.9 wt.%), but relatively low MgO (0.6-1.6 wt.%), V (6-59 ppm), and Cr (25-47 ppm).
They have similar Mg# (0.33-0.48) to the mafic samples, are weakly depleted in HSFE and
exhibit a pronounced negative Eu anomaly. Whole rock Sm-Nd data (Murphy and Dostal, 2007)
imply an origin by crustal anataxis. Field and geochemical evidence indicate that most of the

intermediate rocks formed from mixing and mingling of mafic and felsic end members (Fig. 2a).

Amphibole groups A and B (defined by contrasting REE and normalized trace element
profiles) are interpreted to be coincident with the two petrographic populations outlined in the
previous section (Group A = coprecipitation of hornblende and plagioclase, Group B =
hornblende poikilitically enclosing olivine and clinopyroxene). As such these “geochemical

groups” and “petrographic populations” will be referred to exclusively as Group A and Group B

10
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herein. In the following discussion, groups A and B will be placed in context of their 6D and

580 isotopic characteristics.

4. Methods
Magma systems may incorporate volatiles of several components and phases, though
given the textures and amphibole rich mineralogy of the appinite suite, such features indicate that
water acts as the dominant component (e.g. Murphy et al., 2012). As such, we will be focusing

on the behavior of water in magmatic systems.

Individual amphibole grains were separated from hand specimens using either a Dremel
microdrill or picked under binocular microscope following light crushing of specimens. Drilled
samples were collected by excavating ca. 1-2 mm into fresh hornblende grains. Hand-picked
grains were sonicated in distilled water to remove associated micas and powder from crushing.
Fresh hornblende grains with few inclusions, and minimal or no alteration were preferentially
selected to reduce contamination and the effects of late-stage alteration on analysis. For felsic
samples, where late-stage alteration is widespread, grains with the least amount of alteration
were selected. Petrographic observations were key in constraining the degree of alteration
present in the thin sections and thus informed where rock specimens were inappropriate for
sampling. Given that the methodology for isotopic analysis removes drilled or crushed/picked
grains from a cut-off rather than a thin section (where textural relationships are clear),
petrographic observations simply provided useful context for the degree of alteration within a

given specimen number.
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Oxygen was extracted from amphibole separates (ca. 0.1-0.2 mg) via silicate fluorination
with excess CIFs following the method of (Sharp, 1990). Overnight pre-fluorination at room
temperature removes unbound water. Fluorination with a CO- laser at temperatures in excess of
1500 °C results in total sample reaction and release of Oz from the mineral lattice. The Oz is
converted to CO> by reaction with hot graphite and analyzed on a VG SIRA Il mass
spectrometer. §'80 values reported as per mil (%o) deviations from Vienna Standard Mean Ocean
Water (V-SMOW). Mineral separates for hydrogen isotopic analysis (ca. 40 mg) were degassed
overnight (150 °C). Hydrogen was extracted by in vacuo bulk heating using the method of
Donnelly et al. (2001). Water was reduced using a chromium powder furnace (830 °C) and
resulting Hz (from the OH site) analyzed on a VG Optima mass spectrometer. 6D values are
reported as per mil (%o) deviations from V-SMOW. The yield (%) from hydrogen isotope
analysis was used to estimate the water content (wt. %) of each sample. Water content estimates
for samples should be considered as minimum estimates only as amphiboles contained variable
amounts of pyroxene, olivine and feldspar inclusions in some cases. Reproducibility of O isotope
data, based on repeat analyses of international and internal lab standards, was typically better
than + 0.3 %o, with standards averaging as follows: garnet UWG-2 = 5.7 (U Wisconsin
international garnet standard with accepted value = 5.8 %o); YP-2 = 16.4 %o (internal quartz
standard should be 16.4 %o); SCXO = 5.2 %o (San Carlos olivine standard should be 5.2 %o).
Reproducibility of hydrogen isotope analyses of pure water secondary standards was better than
+ 2 %o around the time of these analyses, with standards averaging as follows: seawater = -5 %o
(versus accepted value of -6); Lt Std = -93 %o and -95 %o (versus accepted of -94 %,); and GISP

= -188 %o (versus accepted = -189 %o).
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5. Results

5.1 O and H isotopic variation

Measured 580 and 8D values are presented in Tables 1 and 2. The 580 values shown in
Figure 6 and Table 1, range between 0.9 %o and 6.8 %o with the lowest values recorded in the
amphiboles from felsic rocks and highest values recorded in the amphiboles from ultramafic
rocks. Individual ultramafic rock samples have amphibole §'0 sample averages ranging from
4.9 t0 6.2 %o with all ultramafic samples producing a rock type average of 5.7 %.. Amphiboles
from mafic rocks have 880 individual rock sample averages ranging from 3.6 to 5.2 %o with all
mafic samples averaging 4.4 %o.. Amphiboles from felsic rocks have §*80 individual rock sample
averages ranging from 2.1 to 3.1 %o with an overall rock type average of 2.6 %.. Large variations
are recorded within 6D measured across the samples. Amphibole 6D values range between -
135 %o and -64 %o (Table 2, Fig. 7) with the highest values recorded in the amphiboles from
felsic rocks (-68 to -64 %o, average -66 %o), moderate values in the amphiboles from mafic rocks
(-106 to -88 %o, average -99 %o) and lowest (most D depleted) values in the amphiboles from
ultramafic rocks (-135 to -88 %o, average -103 %o). Only sample GR5-F contained enough
amphibole for H isotopic analysis from the felsic units — though there was enough to run twice.
Thus, we take the value to be representative of amphiboles taken from felsic rocks as only 4 %o

deviation is recorded between the two measurements.

5.2 Fractionation of fluid phase

Calculating the composition of a fluid phase that has been removed from the original
mineral-fluid system requires knowledge of isotopic fractionation factors between hydrous
minerals and fluid. Fractionation factors are influenced by temperature, pressure, fluid
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composition and mineral composition (Chacko et al., 2001). Most fractionation factors are
derived from experimentally determined mineral-mineral fractionations as summarized in
Chacko et al. (2001) and Valley (2003). However, as no experimental data are available for O
isotopic fractionation in amphiboles, estimates of fractionation are based on theoretical
predictions (Zheng, 1993). Although this practice is inferior to experimentally derived
fractionation, until further studies have been completed, we are implementing the best available
values. Difficulty arises with amphibole-water H isotope fractionations given by Suzuoki and
Epstein (1976) and Graham et al. (1984), which show differences related to the effects of Fe on
mineral-water fractionations. Some of the differences are likely due to differences in pressures
used during their experiments, however the reason for this is not fully understood (Chacko et al.,
2001; Marks et al., 2004). No clear inverse relationship is visible between measured 6D and
Feot) as would be expected by Suzuoki and Epstein (1976; Fig. 8a), though given potential
errors involved in estimations of Fe®*/Fe?* ratios from electron microprobe analysis (e.g.

Feldstein et al., 1997) we do not take this to favour one set of calculations over the other.

The measured §'80 and 3D of the amphiboles can be used to calculate the isotopic
composition of the fluid phase the amphiboles precipitate from. Amphibole-water oxygen
isotope fractionation at a temperature average of 700 °C is -2.3 %o (expressed as
1000In4 gmpn-water) according to the equations of Zheng (1993). This produces a 5180 fluid
isotopic composition of 3.1 t0 9.1 %o (see Table 1). Amphibole-water hydrogen isotope
fractionations at 700 °C can be as large as -32 %o (Graham et al., 1984) or as low as -17 %o
(Suzuoki and Epstein, 1976). This produces a fluid phase composition of -118 to -47 %o for the

calculations of Graham et al. (1984) and -103 to -32 %o for the calculations of Suzuoki and
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Epstein (1976; see Table 2). Calculated fluid 5'0 and 8D are plotted against each other in

Figure 9a, b.

6. Discussion

6.1 Pressure-Temperature constraints
The calculation of pressure-temperature (P-T) conditions in igneous rocks may be used to
estimate the depth of magma crystallization and/or emplacement. When compared to mineral and
fluid isotope signatures, these two data sources may be used to derive if a given mineral
precipitated at the fluid source or away from it (e.g. Ulrych et al., 2018). The Greendale
Complex is interpreted to have been emplaced at shallow structural levels during dextral motion
along strike-slip faults (Murphy and Hynes, 1990). The abundance of pegmatitic hornblende
gabbro, widespread roof pendants, and miarolitic cavity textures indicate the Greendale Complex

is exposed near the pluton roof (Murphy et al., 2012).

Both Group A and Group B amphiboles are igneous in composition and their
geochemistry is sensitive to changes in pressure and temperature as well as magma composition.
A variety of amphibole-based thermobarometers have been proposed to estimate P-T conditions
of crystallization for different igneous systems (e.g. Putirka, 2016; Ridolfi and Renzulli, 2012).
Although the thermobarometer of Ridolfi and Renzulli (2012) is suitable for the host rock
composition, we deem it unsuitable for the purposes of this study as its sensitivity to
compositional variations in amphibole may introduce large uncertainties in estimations of
crystallization conditions (Ulrych et al., 2018). Although the Al content of hornblende indicates

crystallization at 5-7 kbar and between 650-750 °C (Anderson and Smith, 1995; Pe-Piper and
15



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

Piper, 2018), Figure 10a suggests that temperature conditions could have been closer to 650 °C
which supports crystallization between 5-8 kbar. The empirical barometer of Pal-Molnér et al.
(2015), calibrated using the Al.Oz contents of experimentally produced amphiboles, suggests
crystallization pressures concentrated between 6.7-9.0 kbar, though significant variation of
pressure is observed across Al>Os contents. Results using calculations in Pe-Piper and Piper
(2018) are thus preferred. Comparing the Al.O3 contents of Greendale Complex amphiboles
against the calculations of Anderson and Smith (1995) shows crystallization predominantly
occurred between 7-8 kbar at or near to 650 °C (Fig. 10b). Given the emplacement depth is
likely between 3-5 kbar (Abad et al., 2011), it appears that a significant proportion of hornblende

growth occurred at deeper structural levels, but was transported upwards by ascending magma.

6.2 Oxygen isotopes

Oxygen is the most abundant element in ordinary rocks, making up approximately 50
wt. %, thus silicate oxygen has a major influence on the observed 580 for the water-to-rock
ratios that likely exist in these systems. The 520 of a mineral and the related fluid from which it
crystallizes or re-equilibrates with, may be determined by the exchange of oxygen between the
mineral and fluid, and the temperature at which this exchange occurs (Sheppard, 1986a).
Equilibrium 520 values of igneous minerals decrease as follows: quartz > alkali-feldspar >
calcic plagioclase > biotite > apatite > orthopyroxene > zircon > clinopyroxene > amphibole >
garnet > olivine > oxides (Eiler, 2001; Valley, 2003). Minerals such as olivine, magnetite and
amphibole typically have lower §'80 values than basaltic melts at magmatic temperatures and so
precipitation of these minerals increases 520 in the residual melt. However, crystallization and
fractionation of quartz or albitic plagioclase or K-feldspar from a melt deplete the residual melt

16



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

in 80 (Bucholz et al., 2017). Relicts of clinopyroxene and olivine, which are the most significant
inclusions in amphibole samples, have a limited effect on the range in §*20 values because
pyroxene and olivine fractionation have a similar effect to amphibole (Zheng, 1993). Study of
variations in oxygen isotopic composition in magmas during fractional crystallization indicate

that higher temperature systems should experience limited increases in §*20 (Taylor, 1968).

The sampling method for isotopic analysis removes grains from their textural
relationships, therefore it is not possible to directly correlate isotopic results with groups A and B
as defined by their REE profiles, trace element abundances and petrographic observations.
However, there are two distinct isotopic signatures (e.g. Fig. 6), which trace the origin and depth
of fluids from which the two amphibole populations precipitate. We interpret these two distinct
isotopic signatures to likely represent the same processes acting to form the two petrographic and

geochemical populations previously described.

Group B amphibole: In general, minerals crystallizing in equilibrium with mantle-derived
magmas and fluids typically exhibit a restricted O isotopic range of 5.3 + 0.6 %o (Valley et al.,
1998) or 5.3-5.6 %o (amphibole, Chazot et al., 1997) or 5.5 £ 0.2 %o (MORB, Bindeman, 2008).
The first two studies imply that Group B amphiboles in both ultramafic samples (4.0-6.8 %.) and
mafic samples (2.5-5.3 %o) have predominantly mantle-derived water (which is supported by
petrographic observations where mafic and ultramafic samples both contain Group B
amphiboles). Whereas the final study implies only ultramafic Group B amphiboles contain
mantle-derived water (Fig. 6). Geochemical analyses show depletion of ultramafic rocks in
HFSE and high abundances of MgO, Cr, Ni and Ba. These geochemical signatures support a
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mantle fluid source in a subduction zone setting (Atherton and Ghani, 2002; Pearce, 1983).
Elevated O isotopic values (> 5.9 %o), as seen in Figure 6, are typically attributed to low T

melting or assimilation of supracrustal sedimentary or volcanic rocks (Valley et al., 2005).

The range in Group B amphibole values (ca. 4.7-6.8 %o) suggests that the water was
largely mantle-derived. Given that the amphiboles likely crystallized at depths equivalent to 5-8
kbar, these data imply that this water was dissolved in mantle-derived magma and ascended to a
depth of ca. 12-16 km whereupon Group B amphiboles began to crystallize. This scenario is
broadly consistent with that depicted by Collins et al. (2020) in which subduction generates
hydrous basaltic magmas in the overlying mantle wedge that exsolve water as they cool beneath

the Moho.

Some amphiboles retained mantle-like !0 values, whereas others with high §'¥0 may
have partially re-equilibrated during low T water-rock interactions in supracrustal conditions.
This is similar to the manner described by Pitcher (1997), olivine-pyroxene-hornblende textural
relationships in appinites are interpreted to result from the upward transport and hydration of
olivine-pyroxene cumulates in water-rich mafic magma. These cumulates reacted to form
amphibole during ascent. Group B amphiboles in mafic and ultramafic rocks display a
poikiloblastic texture of oikocrysts of hornblende enclosing chadacrysts of olivine and pyroxene.
Textural relations support the sequence of timing suggested by Pitcher (1997), however, olivine

and pyroxene did not react to form hornblende (Fig. 3b, c).
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Group A amphibole: The lower 580 values (< 4.7 %o) of Group A amphiboles indicate their
fluid source was contaminated by high-T hydrothermal cycling of meteoric water into shallow
(epizonal) magma systems before or during crystallization (Bindeman, 2008). Petrographic
observations show extensive saussuritisation of plagioclase and pseudomorphing of hornblende
by chlorite and/or actinolite, supporting availability of excess fluids during and/or after
crystallization. Field evidence for extensive mixing and mingling between intrusive phases
(Murphy et al., 1997b) suggests that the water source for some Group A amphiboles may have
come from earlier hydrothermally altered appinite sheets (see Valley, 2003; Valley et al., 2005).
According to Boroughs et al. (2012), direct interaction of crystallizing magma and meteoric
water is improbable because 1) meteoric-hydrothermal systems commonly reside at significantly
lower pressures than magmatic systems, and 2) magmas cannot ingest enough fluid to produce
very low &80 magma. Studies have shown that assimilated hydrothermally altered country rock
can produce relatively small shifts (< 2 %o) in §*30 (Wolff et al., 2002). Thus, water
accompanying crystallization of Group A amphiboles was possibly sourced from previously

intruded hydrothermally altered sheets.

Oxygen isotope exchange between hornblende and feldspar at decreasing temperatures
may also result in a negative 880 shift (Demény et al., 2008). Hornblende oxygen-self-diffusion
closure temperatures are around 600—800 °C (at 100-1000 °C Ma* cooling rate and 0.1-1.0 mm
grain size; Farver, 1989). These temperatures are broadly compatible with crystallization
temperatures for hornblende of the Greendale Complex (650-750 °C; Pe-Piper & Piper, 2018),

implying that oxygen isotope exchange between hornblende and feldspar was only possible
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during crystallization of the hornblende, therefore unlikely to solely responsible for the negative

880 shift.

The calculated composition of the fluid 580 from which the amphiboles crystallized ranges from

3.11t0 9.1 %o. The spread of these values support heterogeneity in the amphibole water source.

6.3 Hydrogen isotopes

Hydrogen is usually a trace element in rocks (ca. < 2000 ppm), a rock with 1 wt. % H>O
contains approximately 0.11 wt % hydrogen. In contrast to oxygen (ca. 50 wt. %), this means the
hydrogen budget is more strongly influenced by the interacting fluid (Sheppard, 1986a). Due to
limited fractionation of 6D between amphiboles and mantle fluids (-80 £ 5 %o from pristine
MORB glasses, Kyser and O’Neil, 1984), 8D variations in amphiboles and associated fluids
from which they crystallize may be interpreted to reflect mantle heterogeneities and/or the
influence of crustal contamination and metasomatic fluids within mantle-derived rocks.
Amphiboles analyzed in this study have highly D-depleted isotopic compositions (6D = -135 %o
to -64 %o) when compared to the normal range for mantle amphiboles (ca. D = -100 to -20 %e;
Hoefs, 2018 and references therein). Various explanations have been proposed to explain low 6D
amphibole values in magmatic rocks:

1. Oxidation of Fe?* to Fe*"in magmas. This causes degassing of molecular Hz2 (Mathez,
1984; Sato, 1978), which can result in enrichment in D in the residual phases (e.g. Kyser
1986) via reaction (1).

2Fe(2,,+lelt) + 2H,0 - 2Fe§‘,,telt) +20H™ + H, (D
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Released molecular hydrogen is typically depleted in deuterium relative to water. Thus, if
amphibole crystallizes at increasingly oxidizing conditions with significant degassing,
there should be a resulting increase in the 8D of amphibole with increasing Fe®*/Fe?*
ratios (Kyser, 1986; Marks et al., 2004). However, the variations in 8D show a weak
inverse correlation with Fe3*/Fe?* (Fig. 8b), suggesting that variations in oxidation state
of the magma cannot account for the low values or the range in amphibole dD.

Major degassing of magmatic water. Experimental studies by Kuroda et al. (1982) and
Dobson et al. (1989) show that water exsolved from a melt may be enriched (+20 to

+50 %o) in 8D relative to the remaining melt. Exsolved water ascends and percolates to
upper parts of the magma system (Agemar et al., 1999; Collins et al., 2020). According to
Rayleigh-type models, degassing should be characterized by a correlation of
exponentially decreasing 6D values and decreasing water content in magmatic rocks or
constituent minerals (Marks et al., 2004; Taylor et al., 1983). In our data set however, on
average, the lowest 6D values are more typically derived from the less fractionated
ultramafic-mafic samples that dominantly contain Group B amphibole, which are less
evolved than Group A amphibole (Murphy et al., 2012), which is inconsistent with the
degassing trend (Fig. 11a, b). Furthermore, the extreme water loss required to acquire the
low 6D values would destabilize formation of late amphibole (Marks et al., 2004).
Magmatic degassing is thus not regarded as a viable process to explain the low 8D
values.

Input of volatiles from recycled oceanic lithosphere. Mixing between a water-rich high
oD subduction-related component and a separate component characterized by water-poor
and low oD has been proposed as a possible explanation for linear trends between H20
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(wt. %) and 0D (Shaw et al., 2008, 2012). Experimentally determined fractionation
factors between hydrous minerals and water indicate that fluid released from a
dehydrating subducting slab, should be D-enriched (Graham et al., 1984; Suzuoki and
Epstein, 1976; Vennemann and O’Neil, 1996). Consequently, recycled oceanic
lithosphere is predicted to yield a low 6D water component as the progressively
dehydrated slab releases D-enriched fluids into the overlying mantle wedge (Shaw et al.,
2008). Given the field evidence for extensive mingling between intrusive phases (Murphy
et al., 1997b), this process is unlikely to be solely responsible for the 6D isotopic
signature, however it explains the linear trend of amphibole 6D values with water content
and is thus interpreted to be a dominant source of fluids for ultramafic-mafic samples of
Group B amphiboles (ca. < -100 %o; outside the normal mantle amphibole range provided
in Hoefs, 2018 and references therein).

Influx of hydrothermal-meteoric fluids during crystallization (e.g. Agemar et al., 1999).
This process is consistent with the abundance of low 580 values (< 4.7 %o) found
dominantly within mafic and felsic amphiboles (Group A), which support a fluid source
from previously intruded hydrothermally altered sheets. This process could thus explain
some of the 6D signatures found within some felsic and mafic rocks (6D -106 to -64 %o).
However, it does not explain the anomalously low 6D values abundant in the ultramafic
rocks, which dominantly contain Group B amphiboles from petrographic observations

and have mantle-like 8180 values.

. Fluid input derived from organic matter and/or assimilation of organic-rich sedimentary

rocks (e.g. Sheppard, 1986b). The Hollow Fault (Fig. 1c) was active during magma
emplacement and directed fluid and magma migration, mixing and mingling from various
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sources and crustal levels (Murphy and Hynes, 1990). Assimilation of organic-rich
sediments such as those of the Morar Brook Formation or fluid derived from such
sediments can explain why a portion of D and &*80 fluid values do not plot in the
magmatic H2O field, and instead lie within the organic waters field (6D ca. < -90 %o; Fig.
9a, b). This process is consistent with high 5'80 values (> 5.9 %o) related to low T

supracrustal contamination for Group B amphiboles (Valley et al., 2005).

Amphibole-water 6D isotope fractionations at 700 °C can be as large as -32 %0 (Graham
etal., 1984) or as low as -17 %o (Suzuoki and Epstein, 1976). However, the range in values is
much smaller than the observed variations in 8D and given the poor correlation to amphibole Fe-
content, neither can explain the range of values measured. Thus, the data supports heterogeneity

in the 8D isotopic composition of the source fluid rather than fractionation from it.

6.4 Summary and implications

Appinites may, in principle, form in any tectonic environment in which mafic magmas
become anomalously water-rich. However, geochemical, geochronological and field studies
indicate appinite complexes are preferentially emplaced after the cessation of subduction
(Atherton and Ghani, 2002; Murphy, 2013, 2020 and references therein). In the aftermath of
continent-continent collision, such as in the Variscan belt of continental Europe, appinitic
magma may be generated by decompression melting (e.g. Castro et al., 2003). The Greendale
Complex, however, is one of several late Neoproterozoic appinite complexes documented in
Avalonia and Cadomia, two neighboring terranes located along the northern Gondwanan margin
at that time. Regional syntheses indicate that in each region, these complexes were emplaced at
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the termination of arc magmatism, which is interpreted to reflect ridge-trench collision and the

diachronous propagation of a San Andreas-style transform fault along the length of the northern
Gondwanan margin (Murphy and Nance, 1989). Such an environment generates a slab window
setting on the landward side of the transform fault that enables asthenospheric upwelling and the

generation of mafic magmas (Fig. 12; e.g. Johnston and Thorkelson, 1997; Sisson et al., 2003).

Upwelling asthenosphere advects heat into an overlying continental lithospheric mantle
previously metasomatised by subduction-derived fluids and underplating hydrous mafic magmas.
Experimental evidence indicating that much of this water is stored in calcic amphiboles (such as
pargasite) is supported by the widespread occurrence of pargasite in xenoliths from several
supra-subduction zone localities (Corgne et al., 2018 and references therein). In the case of the
Greendale Complex, asthenospheric upwelling induced melting of a previously hydrated
continental lithospheric mantle. This scenario is consistent with Sm-Nd isotopic values of mafic
rocks in the Greendale Complex, which are significantly lower than the contemporary depleted
mantle and lie within the Avalonian envelope for the Neoproterozoic-Paleozoic evolution of its
lithospheric mantle (Murphy et al., 1997b; Murphy and Dostal, 2007). Melting of this hydrated
mantle formed a fluid-rich mafic (appinitic) magma. The high 5'80 values of Group B
amphiboles (between 4.7-5.9 %o) reflect incorporation of mantle-derived fluids into the crystal
structure. These mantle-derived fluids were initially extracted from the vicinity of a dehydrated
(D-depleted) subducting slab producing anomalously low 6D values (ca. < -100 %o) and
contaminated the overlying lithospheric mantle wedge either directly (as fluids) or indirectly as
hydrous magma which exsolved water as it cooled beneath the Moho (e.g. Collins et al., 2020).

This water then became incorporated into appinitic magmas when heat was advected into the
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continental lithospheric mantle by asthenospheric upwelling, resulting in progressively D-
enriched signatures as supported by the linear trend between 6D and water contents (wt. %).
Hornblende compositions (Murphy et al., 2012; Pe-Piper and Piper, 2018) indicate equilibration
between 3—7 kbar suggesting that mantle water dissolved in the magma and became incorporated
into the hornblende structure as the magma rose through the crust by exploiting the Hollow-
Greendale fault system. Textures indicative of high growth rate (Murphy and Hynes, 1990) are

consistent with rapid ascent of magma as it exploited this fault system.

As the magma migrated further upwards in the crust, it was contaminated by assimilation
of organic-rich host rock (which provided a fluid source for supracrustal Group B amphiboles,
8180 > 5.9 %o, some 3D signatures < -90 %o) and/or by previously hydrothermally altered bodies
(dominant fluid source for Group A amphiboles, 5'80 < 4.7 %o, 8D ca. -106 to -64 %o). Overlap
between isotopic signatures emphasizes that these processes are not mutually exclusive and that
fluid interaction in subduction zones represents a dynamic system. The Hollow-Greendale fault
system likely facilitated assimilation into the magma of 1) fluids derived from previously
hydrothermally altered bodies, and 2) supracrustal rocks and associated fluids from organic
sediments at low T. Felsic 8D values are significantly higher and show extensive 80 variation
when compared to amphibole isotopic signatures from mafic and ultramafic rocks. The late-stage
intrusion history of felsic magmas and their extensive alteration implies they likely formed
separately to the ultramafic and mafic magmas. This interpretation is compatible with field

evidence of extensive mingling between intrusive phases (Murphy et al., 1997b).
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Figure Captions

Figure 1.

(a) Global reconstruction of Avalonia and Cadomia along the periphery of Gondwana (after
Keppie et al., 1996; Nance and Murphy, 1996, 1994) showing subduction along the length of
Avalonia and Cadomia with a transform fault. (b) Tectonic map of the northern Appalachian
orogen (from Murphy et al., 2012 after Hibbard et al., 2007) with inset showing northern
Antigonish Highlands, within the Avalon terrane (Avalonia) of Nova Scotia. CBI, Cape Breton
Island; NB, New Brunswick; NE, New England; NL, Newfoundland; NS, Nova Scotia; QUE,
Quebec. (c) Geological map of the northern Antigonish Highlands displaying the Greendale
Complex between the Hollow and Greendale faults, intruding late Neoproterozoic Georgeville
Group (from Murphy et al., 2012 after Murphy et al., 1997b). U-Pb data boxed (see text for

details).

Figure 2.

(a) Mixing and mingling of felsic, mafic and ultramafic appinite. Acicular hornblendes appear to
co-precipitate with plagioclase. (b) Ultramafic layer intruded by a conjugate set of felsic veins.
(c¢) Mafic porphyry displaying a “stacked log” linear fabric defined by amphibole oriented
perpendicular to vein walls. Felsic veins cross-cut this sequence. (d) Acicular hornblende crystals

in cross section displaying “salt and pepper” texture and co-precipitation with plagioclase.

Figure 3.
(a) Hornblende (Hbl) from an ultramafic rock with inclusions of olivine (Ol) and serpentine
(Srp), olivine has locally broken down to serpentine. (b) Ultramafic sample displaying poikilitic
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hornblende enclosing olivine and clinopyroxene (Cpx). (c) Hornblende from an ultramafic
sample showing mineral growth sequence with olivine enclosed by clinopyroxene which itself is
enclosed by hornblende. (d) Hornblende from a mafic sample showing coprecipitation of
hornblende and plagioclase (PI). (e) Core of saussurite (Sst) with rim of fresh albite (Ab) in
contact with hornblende in a mafic rock. (f) Hornblende from a felsic rock showing co-

precipitation with plagioclase, extensive sericitisation of feldspathic matrix is visible.

Figure 4.

4-Fold Al apfu (AI'Y) plotted against Al total apfu (AI*) for amphiboles from mafic and
ultramafic rocks (data from Murphy et al., 2012). Procedure for assigning Al according to Leake
et al. (2004). Dashed line indicates composition of Edenite (Ed) and Tschermak (Ts)

substitutions.

Figure 5.
Chondrite-normalized REE diagram for Group A and B amphiboles from ultramafic rocks
(modified from Murphy et al. 2012). Chondrite normalized values from Sun and McDonough

(1989).

Figure 6.
Histogram showing 580 values for amphiboles from ultramafic, mafic and felsic rocks.
Interpreted Group B and Group A ranges are shown above the histogram using data for mantle

zones from Valley et al. (1998), zircon 5.3 £+ 0.6 %o; Bindeman (2008), MORB 5.7 £ 0.2 %o;
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Chazot et al. (1997), amphibole 5.3-5.6 %o, and associated supracrustal zones from Valley et al.

(2005), > 5.9 %.. Group A range interpreted from Bindeman (2008).

Figure 7.

Histogram showing 6D values for amphiboles from ultramafic, mafic and felsic rocks.

Figure 8.

(@) Fetot a.p.f.u. (atoms per formula unit; from Murphy et al., 2012) versus 6D. No correlation
between these two parameters is visible. (b) Calculated Fe**/Fe?* ratios (from Murphy et al.,
2012) versus 6D values for amphiboles from mafic and ultramafic rocks. A weak inverse

correlation is visible.

Figure 9.

(a) Calculated 8Duig-6*8Onuig plot of amphibole fluid source from ultramafic, mafic and felsic
rocks. Fields for organic, metamorphic and primary magmatic waters are from Sheppard
(19864a). 5Dsid is calculated using fractionation equation from Graham et al. (1984). 5'Osyiq is
calculated using fractionation equation from Zheng (1993). Both calculations are made for a
temperature estimate of 700 °C. (b) Calculated SDsuig-5"®Onuia plot of amphibole fluid source
from ultramafic, mafic and felsic rocks. Fields for organic, metamorphic and primary magmatic
waters are from Sheppard (1986a). 6Dsuid is calculated using fractionation equation from
Suzuoki & Epstein (1976). 5'®0nuid is calculated using fractionation equation from (Zheng,

1993). Both calculations are made for a temperature estimate of 700 °C.
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Figure 10.

(a) 4-Fold Al apfu (AI'Y) plotted against Al total apfu (Al for amphiboles from mafic and
ultramafic rocks (data from Murphy et al., 2012). Procedure for assigning Al according to Leake
et al. (2004). Pressure estimates for 650 °C and 750 °C calculated using Anderson & Smith
(1995). (b) Al203 (wt. % from Murphy et al., 2012) plotted against pressure estimates, technique
from Pal-Molnér et al. (2015). Laser ablation sample sites listed on x-axis. PG4, PG12, PG6,
PG11, PG1 refer to amphiboles from ultramafic rocks. GR8-M, GR15-M, GR10-M and GR9-M

refer to amphiboles from mafic rocks samples.

Figure 11.

(a) Calculated dDswig-H20 (wt. %) plot showing progressive hydration trend of amphiboles from
ultramafic, mafic and felsic rocks. dDsuid is calculated using fractionation equation from Graham
etal. (1984) at 700 °C. (b) Calculated 6Dswia-H20 (wt. %) plot showing progressive hydration
trend of amphiboles from ultramafic, mafic and felsic rocks. dDsuid IS calculated using

fractionation equation from Suzuoki & Epstein (1976) at 700 °C.

Figure 12.

Conceptual model showing the development of a slab window by ridge-trench interaction
(modified from Murphy, 2020 after Sisson et al., 2003). Note location of Greendale Complex
next to Hollow-Greendale fault and association with Antigonish Granites and other felsic
magmas. Detail on right (modified from Murphy, 2020) shows progressive ascent of magma
next to Hollow-Greendale fault. Symbols indicate throw on Hollow-Greendale fault system. 1)
dissolved mantle water in magma system, 2) crystallization of Group B hornblende with mantle
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derived fluids, 3) shallow crust crystallization of Group A hornblende with mixed water sources

including assimilation of earlier hydrothermally altered phases. Progressive ascent of magma

system results in re-equilibration of Group B hornblende following the assimilation of

supracrustal sedimentary and volcanic rocks. Felsic magmas form by fractionation of a mafic

parent, by anatexis (hydrous melting) of the lower crust as shown by Sm-Nd data from Murphy

& Dostal (2007). They rise to the mid- and upper-crust and form a rheological barrier to the

subsequent ascent of mafic magma. Early mafic intrusions are entrained as enclaves so that only

the appinites at the extremities of the system are preserved intact.
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Table captions
Table 1. §*80 of drilled amphibole and single mineral separates from Greendale Complex
litholigies (%0 V-SMOW). 5180 water is calculated using the equations of Zheng (1993) at a

temperature average of 700 °C.

Table 2. 6D of single mineral separates from Greendale Complex litholigies (%o V-SMOW). 6D
water? is calculated using the equations of Graham et al. (1984) and 8D water”® is calculated using
the equations of Suzuoki & Epstein (1976), both calculations use a temperature average of

700 °C.
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Tables

Table 1
. 880 water (%o V- Average 620
18,
Sample Unit iyo‘irg&héti/(\)/l)e SMOW) amphibole (%o V- c
o T 700 °C SMOW)
PG1-A 4.2 6.4
PG1-B 5.6 7.8
PG1-C ultramafic 52 7.4 4.9 0.7
PG1-D 55 7.8
PG1-X 4.0 6.3
PG2-A* 6.4 8.7
PG2-B* . 55 7.7
PG2-C* ultramafic 53 76 5.4 0.8
PG2-X* 4.6 6.8
PG4-A 6.0 8.2
PG4-B . 4.6 6.8
PGA-C ultramafic 56 79 5.7 0.8
PG4-X 6.4 8.7
PG5-A* 6.8 9.0
PG5-B* . 6.0 8.3
PGE-C* ultramafic 6.0 82 6.2 0.4
PG5-X* 6.0 8.2
PG6-A 5.6 7.8
PG6-B ) 6.3 8.6
PG6-C ultramafic 59 82 59 0.3
PG6-X 6.0 8.2
PG7-A 5.6 7.8
PG7-B . 4.3 6.6
PG7-C ultramafic 56 78 53 0.7
PG7-X 55 7.7
PG-11-A 5.9 8.2
PG11-C . 6.8 9.1
PG11-D* ultramafic 65 87 6.2 0.5
PG11-X 5.7 8.0
PG12-A 4.2 6.4
Egi;g ultramafic gg gg 5.6 1.2
PG12-X2* 6.5 8.8
GR9-M-A 4.1 6.3
GR9-M-B 2.7 5.0
GR9-M-C . 4.4 6.6
GR9-M-D mafic 48 71 4.3 0.4
GR9-M-E* 2.1 4.4
GR9-M-X 4.1 6.3
GR15-M-A 25 4.8
GR15-M-B 35 5.7
GR15-M-D mafic 3.9 6.2 3.6 0.7
GR15M-E* 4.4 6.6
GR15-M-X 3.9 6.1
GX1-A 4.3 6.5
GX1-B 4.4 6.7
GX1-C mafic 4.6 6.9 45 0.6
GX1-D 3.7 5.9
GX1-X 5.3 7.6
GX2-X . 5.3 75
GX2-X2* mafic 51 73 52 0.2
GR8-F-A felsic 2.1 4.4 2.1
GR9-F-A felsic 2.1 4.3 2.1
GR5-F-A 0.9 3.1
GR5-F-B 1.8 4.0
GR5-F-C felsic 3.9 6.2 31 1.6
GR5-F-E* 4.4 6.6
GR5-F-X 4.4 6.7
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* Indicates use of second standard set (2019 samples) YP2, GP147 and UWG2. Labels without *

indicate initial sample set (2017 samples) using TOR1, YP2, SCXO, JJB8 and GP147 standards.

Table 2
sample Unit 3D amphibole (% V-SMOW) 3D wateﬁ %’5 YéSMOW) oD wa‘efrb %8 YéSMOW)
PG1 ultramafic -92 -60 -75
PG2 ultramafic -88 -57 -71
PG4 ultramafic -90 -58 -72
PG5 ultramafic -107 -75 -90
PG6 ultramafic -104 -72 -87
PG7 ultramafic -135 -103 -118
PG11 ultramafic -116 -84 -99
PG12 ultramafic -94 -62 =77
GR9-M mafic -106 -74 -88
GR15-M mafic -88 -56 -71
GX1 mafic -102 -70 -85
GX2 mafic -100 -68 -82
-64 -32 -47
GR5-F felsic
-68 -37 -51
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