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ABSTRACT

Anatectic granites from the Fosdick migmatite—granite complex yield U-Pb zircon
crystallization ages that range from 115 Ma to 100 Ma, with a dominant grouping at 107-100 Ma,
which corresponds to the timing of dome formation during the regional oblique extension that
facilitated exhumation of the complex. The occurrence of leucosome-bearing normal-sense shear
zones in migmatitic gneisses indicates that suprasolidus conditions in the crust continued into the
early stages of doming and exhumation of the complex. The structure allows access to variably
oriented granites in networks of dykes at deeper structural levels and sub-horizontal sheeted
granites at shallower structural levels within the complex. This feature enables an evaluation of
the mechanisms that modify the composition of granite melts in their source and of granite
magmas during their ascent and emplacement using whole-rock major, trace element and Sr and
Nd isotope compositions, zircon Hf and O isotope compositions, and phase equilibria modelling
of potential source rocks. Geochemical variability within the granites is attributed to source
heterogeneity and blending of melts, which themselves are consistent with derivation from
regional metasedimentary and metaplutonic source materials. The granites typically contain
coarse blocky K-feldspar and, or, plagioclase grains within interstitial quartz, and have low
Rb/Sr ratios and large positive Eu anomalies. These features are inconsistent with the
composition of primary crustal melts derived from metasedimentary and metaplutonic source
materials, but consistent with early fractional crystallization of feldspar and subsequent drainage
of the fractionated melt. Processes such as peritectic mineral entrainment and accessory mineral
dissolution, entrainment and crystallization did not have any significant influence on the major
and trace element composition of the granites. The granites in the networks of dykes are

interpreted to represent choking of magma transport channels through the middle crust as the rate
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of magma flow declined during doming and exhumation, whereas the sheeted granites record
collapse of sub-horizontal, partially crystallized layers of magma by filter pressing and melt

exfiltration during vertical shortening associated with doming and exhumation. These processes

O©oOoO~NOOOPRWN -

11 separated feldspar-rich residues from evolved melt. Based on the results of this study, caution is
13 urged in estimating melt proportion from the volume of granite retained in migmatitic gneiss

15 domes, since the granites may not represent liquid compositions.

20 KEY WORDS: cumulate granite, Hf and O isotope geochemistry, migmatite, Nd—Sr isotope

geochemistry, zircon
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INTRODUCTION
The generation and segregation of granite melt in the deep crust followed by extraction, ascent
and emplacement of magma into the shallow crust are important processes by which the
continental crust has become differentiated into a depleted lower portion and a complementary
enriched upper portion (Sawyer ef al., 2011; Brown, 2013). Reworking of the crust by these
processes plays a major role in the redistribution of mass and energy within the continents as
well as the heat-producing elements. This has important implications for the tectonic history of
large hot mountain belts (Jamieson ef al., 2011), cooling ultrahigh-temperature (UHT)
metamorphic terranes (Korhonen et al., 2013), priming the crust for future UHT metamorphic
events (Brown & Korhonen, 2009; Clark et al., 2011), the particular style of some Proterozoic
‘hot’ orogens (McLaren & Powell, 2014), and the long-term stability of the continental crust
(Sandiford & McLaren, 2002).

The composition of melt produced by fluid-absent hydrate-breakdown reactions in deep
crustal settings has been determined from experimental melting studies (Skjerlie et al., 1993;
Patifio Douce & Harris, 1998; Koester ef al., 2002), the analysis of former melt inclusions in
peritectic minerals (Cesare et al., 2007; Acosta-Vigil et al., 2007; Ferrero et al., 2011, 2012,
2014; Bartoli et al., 2013) and thermodynamic modelling (White et al., 2011). However, the
liquid compositions obtained in these studies may not be representative of the melt extracted
from the deep crust during anatexis due to processes operating throughout extraction and ascent,
including: peritectic mineral entrainment and dissolution (Brown et al., 1999; Villaros ef al.,
2009; Taylor & Stevens, 2010; Clemens & Stevens, 2012); mixing between magmas of different

sources (e.g. Kemp et al., 2007); variable rates of accessory mineral dissolution and melt
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extraction (Sawyer, 1991; Watt & Harley, 1993; Zeng et al., 2005a, b, c); fractional
crystallization during melt segregation, transport and emplacement (e.g. Sawyer, 1987; Milord et
al., 2001; Solar & Brown, 2001; Morfin et al., 2014); and source heterogeneity (e.g. Hill et al.,
1986; Deniel et al., 1987; Pressley & Brown, 1999). Using benchmarks from experiments, melt
inclusions and thermodynamic modelling of source materials, residua and granites enables these
processes to be discriminated.

In Marie Byrd Land, West Antarctica, the Fosdick migmatite—granite complex (hereafter
the Fosdick complex) is exposed in a mid-Cretaceous syn-anatectic structural dome. Given the
oblique section through the crust provided by the dome, the Fosdick complex offers a rare
opportunity to evaluate the processes that may modify the composition of anatectic magmas in
the source, while migrating through the mid-crust and during emplacement contemporaneous
with dome formation.

The timing of polyphase metamorphism, deformation and granite crystallization in the
Fosdick complex is well characterized (Korhonen et al., 2010a, b; Yakymchuk et al., 2015a). In
this study we are concerned with the petrogenesis of granites related to the mid-Cretaceous
tectonic event. After a summary of the geology of the Fosdick complex, we describe the field
relationships and petrology of the gneisses and granites. We use U-Pb zircon geochronology to
distinguish Cretaceous granites from older rocks and to assess the duration of granite
crystallization in relation to doming. Elemental and isotope geochemistry of lower grade rocks
from outside the Fosdick complex and for gneisses and granites from the inside the complex are
used to assess source heterogeneity and to determine the contribution of different source
components to the granites. The lower grade rocks exposed outside the Fosdick complex are

isotopically similar to the gneisses inside the complex. Therefore, these protolith compositions
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may be used to model maximum melt production during the Cretaceous event. The geochemical
data are also used to assess processes such as fractional crystallization, peritectic mineral
entrainment and accessory mineral dissolution, entrainment and crystallization on the

compositional evolution of granite magma during syn-tectonic transport and emplacement.

REGIONAL GEOLOGY

West Antarctica

In the Phanerozoic, the continental margin of East Gondwana was an active convergent plate
margin that stretched from eastern Australia through Antarctica to South America (Veevers,
2012; Fig. 1). A diachronous shift from oblique convergence to oblique divergence along the
plate margin during the Albian predated the development of the West Antarctic rift system that
eventually separated Zealandia, a continental terrane that includs the Western Province of New
Zealand, from West Antarctica (Weaver ef al., 1994; Mukasa & Dalziel, 2000; Tulloch et al.,

2009b; McFadden et al., 2010a,b).

Marie Byrd Land

Outside the Fosdick Mountains

Marie Byrd Land lies along the eastern side of the Ross Sea in West Antarctica (Fig. 1). The
oldest exposed unit in western Marie Byrd Land is the Cambrian—Ordovician Swanson
Formation, a sub-greenschist to greenschist facies folded and cleaved metaturbidite sequence
with detrital zircon ages indicating derivation from granite in the Ross—Delamerian orogen and
largely unexposed Proterozoic basement (Adams, 1986; Pankhurst et al., 1998; Yakymchuk et

al., 2015b). The Devonian—Carboniferous calc-alkaline Ford Granodiorite suite was intruded into

http://www.petrology.oupjournals.org/



Page 7 of 90

O©oOoO~NOOOPRWN -

Manuscript submitted to Journal of Petrology

the Swanson Formation. These granodiorites have yielded whole rock Rb—Sr isochron and
SHRIMP U-Pb zircon ages in the range 375-339 Ma (Adams, 1987; Pankhurst et al., 1998;

Siddoway & Fanning, 2009; Tulloch et al., 2009a; Yakymchuk et al., 2015b).

The Fosdick migmatite—granite complex

In the Fosdick Mountains, Cretaceous extensional deformation has exposed an 80 km by 15 km
elongate dome of deeper crustal rocks comprising migmatitic gneisses and granites. The Fosdick
complex is bounded to the north by an inferred steep dextral strike-slip fault (Siddoway et al.,
2004, 2005), and to the south by the South Fosdick detachment, a south-dipping, dextral oblique
detachment zone (McFadden et al., 2010a). The complex comprises layered sequences of
migmatitic paragneisses and orthogneisses, and associated granites that are cross-cut by mafic
dykes (Fig. 2; Richard et al., 1994). Based on whole-rock geochemistry and a similar distribution
of detrital zircon age populations from the paragneisses, the migmatitic gneisses are inferred to
be the high-grade metamorphic equivalents of the Swanson Formation and the Ford Granodiorite
suite (Siddoway et al., 2004; Korhonen et al., 2010b; Yakymchuk et al., 2013a, 2015b).

The Fosdick complex comprises several lithological units that consist of similar rock
types but in different proportions (Korhonen et al., 2010a; McFadden et al., 2010a; Yakymchuk
et al., 2013b). In the western and central Fosdick Mountains, at deeper structural levels in the
complex, a layered plutonic sequence of migmatitic orthogneisses with minor granites and
migmatitic paragneisses dominates much of the outcrop from Mt Iphigene to Mt Lockhart (Fig.
2). In the extreme west of the study area and around Mt Avers in the centre (Fig. 2), a thick unit
of residual migmatitic paragneiss comprising biotite—sillimanite bearing melanosomes and garnet

and, or, cordierite bearing leucosomes dominates the outcrops, and orthogneisses are rare . The
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leucosomes commonly link to granite in dykes that cut across the layering. In the eastern Fosdick
Mountains, at shallower structural levels, a sheeted leucogranite complex dominates the outcrop
from Mt Bitgood to Bird Bluff (Fig. 2). This unit is composed of thick subhorizontal
leucogranites interlayered with thinner migmatitic paragneiss and orthogneiss horizons. A
prominent subhorizontal foliation is defined by biotite and sillimanite and is parallel to
alternating leucogranite sheets and layers of gneiss. Cretaceous mafic dykes in this unit are
generally folded and boudinaged (Siddoway et al., 2005; McFadden et al., 2010a; Saito et al.,
2013).

Based on U-Pb zircon and monazite ages, two episodes of regional metamorphism and
crustal anatexis affected the Fosdick complex, one related to arc magmatism in the Devonian—
Carboniferous and a second higher-grade event due to crustal thickening in the Lower
Cretaceous (Siddoway et al., 2004; Korhonen et al., 2010a, b, 2012). Anatectic granites were
produced during both metamorphic events (Siddoway et al., 2004; Korhonen et al., 2010b;
Yakymchuk ef al., 2015a). Devonian—Carboniferous metamorphism is cryptic due to the
Cretaceous overprint, but it is unambiguously recorded by Carboniferous-age cores in monazite
grains with Cretaceous rims (Korhonen ef al., 2012; Yakymchuk ef al., 2015a). The pressure (P)
and temperature (7)) conditions of this metamorphism have proven difficult to constrain due to
uncertainty about the age of peritectic garnet (Korhonen et al., 2012). However, recent Lu—Hf
garnet geochronology indicates that garnet is part of the Cretaceous metamorphic phase
assemblage (Yakymchuk et al., 2015a). Without garnet in the phase assemblage, peak conditions
of the older metamorphic event are estimated to have been 680-800°C at 0-60-0-95 GPa

(Yakymchuk et al., 2015a).
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For the Cretaceous metamorphism, Korhonen et al. (2010a) and Yakymchuk et al.
(2015a) calculated peak metamorphic conditions of 830-870°C at 0-60-0-75 GPa. The
significantly higher temperatures for the younger metamorphism, combined with the monazite
and garnet geochronology, indicate that the dominant anatectic event in the formation of the
migmatitic gneisses occurred during the Cretaceous. Mafic dykes were emplaced into the
Fosdick complex during and after final crystallization of residual melt within the migmatitic

gneisses.

FIELD RELATIONS AND PETROGRAPHY

Swanson Formation

Outside the Fosdick Mountains, the Swanson Formation is dominated by poorly sorted
metagreywackes with subordinate amounts of slate and phyllite and rare ovoid calcareous
nodules. Finer-grained layers have proportionally more biotite and less quartz; the schistosity is

defined by the parallel alignment of biotite.

Ford Granodiorite suite

The Ford Granodiorite suite is well exposed outside the Fosdick Mountains, where it forms
kilometer-scale plutons that crop out as isolated peaks. The Ford Granodiorite suite ranges in
composition from granodiorite to monzogranite, with the former being the most common
(Weaver et al., 1991; Yakymchuk et al., 2015b). These rocks are generally equigranular,
although some outcrops are porphyritic with plagioclase phenocrysts, and typically unfoliated.

Brown biotite dominates over green hornblende as the dominant ferromagnesian mineral.

http://www.petrology.oupjournals.org/
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The Fosdick complex

Migmatitic gneisses

Paragneiss Migmatitic paragneiss is composed of alternating thicker metapelite layers, up to
several tens of centimeters thick, and thinner metapsammite layers (Fig. 3a). Leucosome is
concentrated in the metapelite layers, defining a stromatic layering that is generally parallel to
primary compositional layering and sub-horizontal to shallow-dipping throughout the Fosdick
complex. Leucosomes up to 30 cm thick make up 43—72 vol. % of the outcrop (Yakymchuk et
al., 2013b); they comprise quartz, plagioclase and K-feldspar, with or without biotite, garnet and
cordierite (Fig. 3b). Melanosomes are finer grained than leucosomes and typically contain biotite,
quartz, cordierite, garnet, sillimanite, plagioclase, K-feldspar, and rare oxides. Accessory
monazite, zircon and apatite are found as inclusions in the rock-forming minerals or along grain

boundaries.

Orthogneiss Migmatitic orthogneiss is more homogeneous than the paragneiss (Fig. 3c). There is
a shallow to moderately dipping foliation defined by the parallel alignment of individual biotite
grains. Stromatic leucosomes, which are continuous over >20 cm and range from a few cm up to
2 m thick, form an anastomosing network rather than the strongly defined layering of the
migmatitic paragneiss (Fig. 3¢). Associated melanosomes comprise quartz, plagioclase, K-
feldspar and biotite, with or without garnet. The stromatic leucosomes, which are in petrographic
continuity with leucosome in normal-sense shear zones (Fig. 3c), have the same mineralogy as
the melanosome, but commonly with coarse tabular feldspar phenocrysts and lesser amounts of

biotite and garnet (Fig. 3d). Cordierite is rare and typically occurs in discordant leucosomes as

10
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inclusion free euhedral grains. Accessory zircon, monazite and apatite occur as inclusions in the

rock-forming minerals or along grain boundaries.

Cretaceous granites Cretaceous granites throughout the Fosdick complex exhibit a range of field
relationships with the host-rock, have variable mineralogy and microstructures, and may be
heterogeneous at the dm- to m-scale. Individual granite bodies vary from dykes to tabular sills
(Fig. 4a—d) and range from dm to dacametres thick. In the east, at shallower structural levels,
most granites are concordant with the dominant sub-horizontal foliation throughout the Fosdick
complex (Fig. 4a), whereas to the west at deeper structural levels, the granites tend to be
discordant (Fig. 4b—e), in some cases intersecting to form cylindrical structures (Fig. 4b) that
may represent conduits for faster melt transport (Brown, 2013). These discordant granites
generally show petrographic continuity with concordant leucosome and granite in the host-rock,
and have similar mineralogy, mode and grain size (Fig. 4f), which is inferred to record
simultaneous final crystallization. Thus, the leucosomes and granites are interpreted to have
formed part of the same melt extraction network (e.g. Yakymchuk et al., 2013b). Schollen of
paragneiss, orthogneiss and mafic rock are commonly present aligned parallel to the layering in
the wall-rocks (Fig. 4a), and schlieren of biotite + garnet + cordierite occur locally in the smaller
granite dykes and towards the margins of larger dykes.

Granites are generally coarse-grained (2—10 mm), but some individual bodies contain
discontinuous layers with different mean grain sizes. Discordant granites are commonly coarser-
grained in the centre and finer-grained towards the margins; they are biotite-bearing, leucocratic
and locally may contain up to 30 vol.% garnet or cordierite. Many granites contain blocky

euhedral plagioclase or K-feldspar with interstitial quartz (Fig. 5).

11
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Nine Cretaceous granites from the Fosdick complex were the focus of this study.
Samples 10CY-039, Y1-AE064 and Y1-AWO038 are biotite + garnet granites collected from Mt
Avers in the Central Fosdick Mountains; they are characterized by coarse-grained K-feldspars.
The remaining six samples are from Mt Avers (Y1-AE033, Y1-AE051; C6-AW86-1) and Mt
Iphigene (Y1-1G052, Y1-IG062, and Y 1-IG070); they are coarse-grained biotite + garnet +
cordierite granites with euhedral tabular plagioclase and K-feldspar. In addition, ten Cretaceous
granites for which analytical data were previously reported in Korhonen ef al. (20105) are

included in the discussion of granite petrogenesis.

ANALYTICAL METHODS
U-Pb zircon geochronology
Zircon U-Pb geochronology was used to determine the age of the orthogneiss protoliths and to
evaluate the timing of Cretaceous granite crystallization in the Fosdick complex. Two different

analytical techniques were used during this study, as discussed below.

Sensitive high-resolution ion microprobe (SHRIMP)

U-Pb zircon age determinations were made using SHRIMP II and SHRIMP-RG at the
Australian National University Research School of Earth Sciences (ANU-RSES) following the
procedures described in Williams (1998 and references therein) and using a spot size of ~20 pum.
Data were reduced using the SQUID Excel Macro (Ludwig, 2001). The zircon U/Pb ratios have
been normalized relative to a value of 0-0668 for the Temora reference zircon, equivalent to an

age of 417 Ma (Black et al., 2003); analytical uncertainties for the respective analytical sessions

12
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are given in the footnotes to Supplementary Data Electronic Appendix Table 1. Uncertainties

reported for individual analyses (ratios and ages) are given at the 1o level.

Laser-ablation inductively coupled plasma mass spectrometry (LA—ICP-MS)
Zircon grains (generally 50—100) were incorporated into a 1”” epoxy mount together with
fragments of the Sri Lanka standard zircon at the University of Arizona. The mounts were
sanded down to a depth of ~20 microns, polished, imaged, and cleaned prior to isotopic analysis.
U-Pb geochronology of zircons was conducted by laser ablation multicollector inductively
coupled plasma mass spectrometry (LA-MC-ICP-MS) at the Arizona LaserChron Center. The
analyses involved ablation of zircon with a Photon Machines Analyte G2 excimer laser using a
spot diameter of 30 pm, a fluence of ~5 J/em” and a repetition rate of 7 Hz. Isotopes of U, Th and
Pb were measured simultaneously using a Nu Plasma HR-ICP-MS. The complete analytical
protocol is described in Gehrels et al. (2008). Results are provided in Supplementary Data
Electronic Appendix Table 2.

For both SHRIMP and ICP-MS U-Pb zircon geochronology, Tera—Wasserburg (Tera &

Wasserburg, 1972) concordia plots and weighted mean 2**U/*%

Pb ages were calculated using
ISOPLOT/EX (Ludwig, 2003). Where appropriate the “Mixture Modelling” algorithm of
Sambridge & Compston (1994) via ISOPLOT/EX has been used to un-mix statistical age

populations or groupings. From such groupings weighted mean **U/*%

Pb ages have been
calculated and the uncertainties reported as 95% confidence limits, including incorporation, in

quadrature, of the uncertainty in the reference zircon calibration. These ages are summarized in

Table 1.

13
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Major oxide, trace element and REE chemistry

Whole-rock major and trace element compositions were determined for gneisses and granites to
quantify the chemical variation of these rocks and, together with literature data, to evaluate the
different processes that potentially could have modified anatectic melt compositions.

Major oxide and select trace elements were analysed by X-ray fluorescence spectrometry
at Franklin and Marshall College. A PANanalytical 2404 X-ray fluorescence spectrometer
equipped with a PW2540 X-Y sample handler was used following the procedures described by
Boyd & Mertzman (1987). Fe,0; was measured by XRF and FeO was determined by Fe**
titration.

Rare earth elements were analysed by inductively coupled plasma mass spectrometry at
the University of Maryland. Twenty milligrams of powdered sample was dissolved in closed
Savillex” Teflon beakers using 0-5 ml of 14M HNO; and 3 ml of 29M HF. Samples were
digested for 24 hours, dried down and subjected to a second dissolution in 0-:25 ml 12M HCIOy,
0-5 ml of 14M HNOj; and 3 ml of 29M HF for 72 hours. The solution was dried down, brought
up in 6M HCI and dissolved for a further 24 hours; this last procedure was repeated until the
sample was fully dissolved. Samples were diluted by a factor of 100. One ml of a 20 ppb '"°In
solution was added to the diluted sample to enable correction for instrumental drift.

The following isotopes s In, 139La, 140Ce, 141Pr, 143Nd, 147Sm, 153Eu, 15 8Gd, 159Tb, 163Dy,
1%Ho, 'Er, 'Tm, '*Yb and '"*Lu were analysed using a Finnigan Element 2 single collector
ICP-MS; solutions were introduced into the plasma using an APEX desolvating nebulizer.
Concentrations were determined using a standard-bracketing method using USGS standards G-2,
a granite, and MAG-1, a marine sediment. Element concentrations in gneisses and granites were

determined using G-2 as the primary standard, whereas the concentrations of metasedimentary

14
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and paragneiss samples were determined using MAG-1. Signals were corrected for instrumental

115

drift, by normalizing all data to the *’In signal in the G-2 standard, and the blank, which was

<0-1% of the signal for standards and <0-7% of the signal for unknowns. Uncertainties from

O©oOoO~NOOOPRWN -

11 counting statistics ranged from 1% to 6%, and propagated uncertainties for concentrations

13 ranged from 4% to 12%.

18 Whole-rock Rb, Sr, Sm and Nd isotope compositions

20 Whole-rock isotope compositions were acquired to evaluate the heterogeneity of the inferred
source rocks and the granites, and to quantify the relative contributions of possible source

25 components to granite petrogenesis.

27 Rb, Sr, Sm and Nd isotope compositions were determined in the Isotope Geochemistry
Laboratory at the University of Maryland. The rocks were prepared in a manner similar to that of
32 Korhonen e al. (20105). Fifty milligrams of powder were dissolved in Savillex” Teflon beakers
34 using 3 ml of 29M HF and 0-5 ml of 14M HNOj3, together with isotopic spikes enriched in *'Rb,
37 $Sr, 1*°Sm, and '"°Nd, using a closed digestion at 180—190°C for 24 hours. Samples were dried
39 and re-dissolved in 3 ml of 29M HF, 0-5 ml of 14M HNOs, and 0-25 ml of 12M HCIOy, and

41 digested for a further 72 hours at 180—190°C, then dried. To finish, 2 ml of 6M HCI was added to
44 the samples, which were digested at 180°C for 24 hours and dried again; this last procedure was
46 repeated until the resulting solution was clear, after which samples were finally dried and

48 brought up in 2 ml of 2-5M HCI.

51 Rubidium, Sr and REE were separated from each other using a primary cation exchange
23 column filled with AG50Wx4 (200—400 mesh) resin. Samples were loaded in chloride form.

Rubidium and Sr were eluted in 2-5M HCI, while the REE were eluted from the column in 6M

15

http://www.petrology.oupjournals.org/



O©oOoO~NOOOPRWN -

Manuscript submitted to Journal of Petrology Page 16 of 90

HCI. Rubidium cuts were dried and diluted in 2% HNOj. Strontium cuts were passed through a
cleanup column filled with Eichrom™ Sr-spec resin and eluted in 0-05M HNOs. The REE cuts
from the primary column were passed through a secondary column filled with 0-225M 2-
methyllactic acid (MLA). Samarium and Nd were eluted in 0-225M MLA (pH = 4-67).

Strontium, Nd and Sm isotope ratios were analysed using a VG Sector 54 TIMS or a Nu
Plasma multi-collector (MC) ICP-MS. Samples 10CY-003, Y1-AWO039, Y1-CB080, Y1-1G070,
and Y1-LHO77 were analyzed for Nd using a Nu Plasma multi-collector (MC) ICP-MS. Sample
10CY-039 was analysed for Sm also using the Nu Plasma ICP-MS. For the remaining samples,
Sr, Nd and Sm isotope ratios were analysed using TIMS. Rubidium ratios were measured using a
Nu Plasma MC-ICP-MS at the University of Maryland. Samples were diluted by a factor of 100
and were introduced into the plasma using an Aridus I desolvating nebulizer. A 50 ppb Rb
SpecPure” plasma standard was introduced after every three sample analyses and was used to
correct for instrumental fractionation and drift. Rubidium blanks averaged 8-04 ppm (n = 4),
<1% of the sample Rb concentrations.

Strontium cuts (~390 ng) were loaded onto a single Re filament with a Ta-oxide activator,
and analysed in a multi-dynamic mode. Strontium isotopes were corrected for mass fractionation
by normalizing the measured 87S1/*%Sr ratio to an **Sr/**Sr ratio = 0-1194. The mass fractionation
and spike corrected *’Sr/*Sr ratio was normalized to an average SRM 987 ¥'Sr/**Sr value of
0.71034 (NIST) to correct for instrumental bias. Strontium blank concentrations averaged 14-0
ng (n =4), <1% of sample Sr concentrations.

Neodymium cuts (~200 ng) were loaded on two Re filaments with phosphoric acid and
loaded into the machine in a triple filament arrangement. Neodymium ratios were measured in

dynamic mode and corrected for mass fractionation by normalizing the measured '**Nd/"**Nd
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ratio to "**Nd/"*'Nd = 0-7219. All "**Nd/"**Nd ratios measured in the samples were corrected for
instrumental bias to an AMES standard "*Nd/'**Nd value of 0-512153 (in-house TIMS

measurements). Samarium was measured in static mode. Samarium blanks averaged 0-311 ng (n

O©oOoO~NOOOPRWN -

= 3) while Nd blanks averaged 2-28 ng (n = 3); both <1% of sample Sm and Nd concentrations.
13 The USGS G-2 granite was analysed 7 times over a period of 12 months. Repeat analyses
15 yielded an average *’Sr/**Sr of 0-709767 + 0-000038 (n = 7) and an average '*Nd/'**Nd of

18 0-512243 + 0-000010 (n = 7). Rubidium concentrations averaged 167-6 ppm (range 162-9-174-2
20 ppm), Sr concentrations 488-8 ppm (range 482-1-496-2 ppm), which are slightly offset from the
USGS recommended values of 170 + 3 ppm for Rb and 478 + 2 ppm for Sr. Samarium

25 concentrations averaged 7-1 ppm (range 7-0—7-3 ppm), Nd concentrations 52-6 ppm (range

27 52:2-53-2 ppm), which are within uncertainty of the USGS recommended values of 7.2 + 0.7 for

Sm and 55 + 6 for Nd.

34 Lu—Hf and O analysis of zircon

37 Hf and O isotope compositions of zircon were determined to quantify heterogeneity of the

39 inferred source rocks and the granites, and to assess the relative contribution of possible source
components to the petrogenesis of the granites.

44 Following the U-Pb analyses, the SHRIMP 1-2 pm deep U-Pb pits were lightly polished
46 away and oxygen isotope analyses made in the same location using a SHRIMP II fitted with a Cs
ion source and electron gun for charge compensation as described by Ickert et al. (2008).

51 Oxygen isotope ratios were determined in multiple collector mode using an axial continuous

33 electron multiplier (CEM) triplet collector, and two floating heads with interchangeable CEM—

Faraday Cups. The Temora 2 and FC1 reference zircons were analysed to monitor and correct for
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isotope fractionation. The measured '*0/'°0 ratios and calculated 8'O values have been
normalised relative to an FC1 weighted mean 8'%0 value of +5-4 %o (Ickert ef al, 2008).
Reproducibility in the Duluth Gabbro FC1 reference zircon 8'*0 value ranged from =+ 0-30%o to
0-37%o (20 uncertainty) for the analytical sessions. As a secondary reference, the Temora 2
zircon was analysed in the same sessions, which gave §'*0 values of +8-2%o in agreement with
data reported by Ickert et al. (2008).

Lu—Hf isotope measurements were conducted by laser ablation multicollector inductively
coupled plasma mass spectroscopy (LA-—MC-ICP-MS) using the ANU-RSES Neptune MC-ICP-
MS coupled with a 193 nm ArF Excimer laser, following procedures similar to those described
in Munizaga et al. (2008). For all analyses of unknowns or secondary standards, the laser spot
size was ~47 um in diameter. Laser ablation analyses targeted the same locations within single
zircon grains used for both the U-Pb and oxygen isotope analyses described above. The mass
spectrometer was first tuned to optimal sensitivity using a large grain of zircon from the Mud
Tank carbonatite. Isotopic masses were measured simultaneously in static collection mode. A gas
blank was acquired at regular intervals throughout the analytical session (every 12 analyses).
Typically the laser was fired with a 5-8 Hz repetition rate and 50-60 mJ energy. Data were
acquired for 100 seconds, but in many cases only a selected interval from the total acquisition
was used in data reduction.

Throughout the analytical session several widely used reference zircons were analysed to
monitor data quality and reproducibility. Signal intensity was typically ~5-6 V for total Hf at the
beginning of ablation, and decreased over the acquisition time to 2 V or less. Isobaric
interferences of '"*Lu and '"°Yb on the '"*Hf signal were corrected by monitoring signal

intensities of '°Lu and '*Yb, '"*Yb and '7"Yb. The calculation of signal intensity for SHf also
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involved independent mass bias corrections for Lu and Yb (see Munizaga et al. (2008) for
further details). During the course of data collection the reference zircons gave the following

weighted mean '"°Hf/'""Hf ratios: 91500 = 0-282310 + 14 (+20) for 23 analyses, Mud Tank =

O©oOoO~NOOOPRWN -

0-282516 + 11 for 8 analyses, FC1 =0-282173 + 9 for 22 of 23 analyses, Plesovice = 0-282486
13 + 11 for 16 of 17 analyses, and Monastery = 0:282744 + 12 for 8 analyses. These are within

15 analytical uncertainty of the values reported by Woodhead & Hergt (2005).

20 ZIRCON U-Pb GEOCHRONOLOGY

The Fosdick complex

25 Orthogneisses

27 Zircons from sample Y1-AWO039 show oscillatory zoning in cathodoluminescence (CL) images;
they are a mix of elongate and stubby, euhedral to anhedral grains and some have xenocrystic

32 cores (Fig. 6). The LA-ICP-MS data from this sample yield a generally uniform age of 3685 +
34 5-3 Ma (Fig. 7; n = 15; MSWD = 1-1), which is interpreted as the crystallization age of the Ford
37 Granodiorite suite protolith.

39 Zircons from sample Y 1-IG053 are stubby to elongate, prismatic and oscillatory zoned in
41 CL images; a few grains have bright, resorbed cores (Fig. 6). The LA-ICP-MS data for this

44 sample yield a Devonian age of 366-8 + 6-2 Ma (Fig. 7; n =23 of 24; MSWD = 2-9). In contrast,
46 SHRIMP data yield a range of dates from 390 to 345 Ma (with three dates of 533, 300 and 287
48 Ma), with a dominant group of 14 dates that yield an age of 3666 + 2-2 Ma (MSWD = 0-56),

51 essentially the same as the LA-ICP-MS age (Figs 7, 8). The two younger SHRIMP dates of 300
23 and 287 Ma are from narrow dark rims that mantle bright oscillatory zoned cores. These younger

dates are interpreted to result from modification by a process such as Pb loss during the
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Cretaceous metamorphic overprint. Therefore, the c. 366 Ma age is interpreted to be the
crystallization age of the Ford Granodiorite suite protolith.

Zircons from sample K6-B26 are elongate and prismatic with oscillatory zoning in CL
images (Fig. 6). A minor population of zircon has resorbed bright oscillatory zoned cores
mantled by dark rims (Fig. 6). SHRIMP data from zircons with simple oscillatory zoning in this
sample yield a range of dates from c. 376 to c. 335 Ma, with three younger dates of 317, 285 and
105 Ma. A group of 17 of the oldest dates yield an age of 365-7 + 2-1 Ma (Fig. 7, MSWD = 3-3).
Two of the younger dates (317 and 285 Ma) are interpreted to result from Pb loss during the
Cretaceous metamorphic overprint. A single date of ¢. 105 Ma, which is from a dark rim
surrounding a resorbed and bright oscillatory-zoned core, is interpreted to represent new zircon
growth from anatectic melt. This interpretation is supported by monazite U-Pb geochronology
for this sample, which yielded exclusively Cretaceous ages (Korhonen ef al., 2012). The
Devonian age is interpreted to be the crystallization age of the Ford Granodiorite suite protolith.

Oscillatory zoned zircons from sample Y1-AWO049 are stubby to elongate and prismatic;
a few grains have embayed cores (Fig. 6). LA-ICP-MS analysis of zircon cores and rims yields a
Devonian age of 361-2 £ 6-2 Ma (Fig. 7; n =19 of 20; MSWD = 1-8). Since high-grade
metamorphism and anatexis of the orthogneiss is interpreted to be of Cretaceous age
(Yakymchuk et al., 2015a), the Devonian age retrieved from this sample is interpreted to be the
crystallization age of the Ford Granodiorite suite protolith.

Zircons from Y1-MJ075 are stubby to elongate (Fig. 6). The LA-ICP-MS data yield dates
that range from c. 1520 to c. 100 Ma for this sample, with a dominant population that gave an
age of 115-5 +3-7 Ma (Fig. 7; n=7; MSWD = 2-2), which is interpreted to date the Cretaceous

high-grade metamorphic event.
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Zircons from sample 10CY-035 are elongate and prismatic. They have bright cores with
darker zoned mantles surrounded by very thin bright rims in CL images (Fig. 6). The LA-ICP-
MS data for this sample yield a range of dates from c¢. 380 to c¢. 100 Ma, with three dominant
populations at c. 360 Ma (n = 8) and ¢. 320 Ma (n = 6), from the darker zoned mantles, and c.
100 Ma (n = 4) from the bright rims (Fig. 7). The Cretaceous age group at c. 100 Ma is
interpreted to record the Cretaceous metamorphic overprint, whereas the older age groups likely
represent the Ford Granodiorite suite protolith age and the effects of Carboniferous

recrystallization, respectively.

Cretaceous granites
Granites from Mt Iphigene (Y 1-1G070, Y1-1G052) and from Mt Avers (Y1-AWO038, Y1-AE033,
10CY-039, Y1-AEO051, Y1-AE064) have zircons that are euhedral to anhedral with dark and
generally unzoned cores mantled by bright oscillatory-zoned rims in CL images (Fig. 6, Table 1).
LA-ICP-MS data from the bright rims yield weighted mean ages that range from c. 108 to c¢. 103
Ma (Fig. 7). High 294pb in the dark cores prohibits the calculation of meaningful ages.

Zircons from three of these granites were also analysed using the SHRIMP. For sample
Y 1-1G070, °°Pb/**U dates range from c. 115 to ¢. 104 Ma (with one date of ¢. 126 Ma); an older
group defined an age of 1132 = 1-8 Ma (Fig. 8; n=35; MSWD = 1-3), whereas a younger group
yielded an age of 106-6 = 1-1 Ma (Fig. 8; n=10; MSWD = 1-7). The younger age is interpreted
as the timing of crystallization, whereas the older age may represent grains scavenged during
reworking of a slightly older Cretaceous component in the Fosdick complex, such as ¢. 115 Ma
granites reported by Korhonen ef al. (2010b) and McFadden et al. (2010a). For sample Y 1-

AWO038, °°Pb/***U dates range from c. 117 to ¢. 102 (excluding two dates of ¢. 326 and c. 143
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Ma); a group of younger dates yield an age of 103-0 + 1-1 Ma (Fig. 8; n=4; MSWD = 0-69),
interpreted as the crystallization age of the granite. This age is younger than the LA-ICP-MS age
(Fig. 7), which may have been affected by the larger laser spot size inadvertently sampling
zircon from a slightly older Cretaceous component.

An additional granite from Mt Iphigene (Y 1-1G062) yielded zircons that are zoned, and
predominantly prismatic and euhedral, although a few grains have bright, zoned cores in CL
images that show evidence of recrystallization (Fig. 7). This sample contains both Devonian—
Carboniferous and Cretaceous zircon age populations, with three Permian dates (Figs 7, 8). The
older population includes concordant dates from c. 393 to c. 324 Ma (LA-ICP-MS and
SHRIMP); for the LA-ICP-MS data, 13 analyses define an age of 363-5 + 3-9 Ma (Fig. 7;
MSWD = 1-9), which likely reflects a population of zircon grains inherited from the Ford
Granodiorite suite. The younger population includes concordant dates from c. 114 to c. 98 Ma
(LA-ICP-MS and SHRIMP); no statistically significant age can be calculated from these data.
Based on field relations as well as the Cretaceous zircon dates, this granite in interpreted to be of

Cretaceous age.

GEOCHEMISTRY

Major oxide, trace element and rare earth element chemistry
Major oxide, trace element and rare earth element (REE) analyses are presented in Table 2.
These data are combined with published data (Weaver et al., 1991, 1992; Pankhurst ef al., 1998;

Tulloch et al., 2009a; Yakymchuk et al., 2015b; Korhonen et al., 2010b) and shown as variation
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diagrams for major oxides and trace elements in Figs 9 and 10, and as chondrite-normalized REE

patterns in Figs 11 and 12.

Swanson Formation

Samples of the Swanson Formation (n = 9) have SiO; contents ranging from 61 to 74 wt %; they
are peraluminous with aluminum saturation indices (ASI= Molar [Al,O3/(CaO+Na,O+K,0)]) of
1.28-2-00 (Fig. 9). With increasing SiO,, Ca0, Na,O and P,0Os remain relatively constant,
whereas Al,O3, FeO*+MgO+TiO; and K,O decrease (Fig. 9). With the exception of U, Zr and
La, which are positively correlated with increasing SiO; (Fig. 10), and Rb and Rb/Sr, which are
slightly negatively correlated with increasing SiO, (Fig. 10), trace element concentrations remain
relatively constant (Fig. 10). The Swanson Formation exhibits a narrow range of REE
abundances and smooth normalized REE patterns (Fig. 11) that are convex for the LREE (La—
Sm), with Lan/Luy of 8:64—10-2 and have moderate negative Eu anomalies (Eun/Eun™ = 0-62—

0-70).

Ford Granodiorite suite

Samples of the Ford Granodiorite suite (n = 24) have SiO; contents ranging from 64 to 76 wt %

(Fig. 9); they are metaluminous to peraluminous, with ASI = 0-90—-1-12 (Fig. 9). With increasing
Si0;, Al,O5, FeO*+MgO+Ti0,, CaO, P,0s, Ba, U, Sr and Zr generally decrease, Na,O, La and

Th remain relatively constant, and K,O, Rb and Rb/Sr tend to increase (Figs 9, 10). These rocks

have a wide range of REE abundances, smooth to convex LREE patterns and smooth to concave
up HREE (Gd-Lu) patterns (Fig. 11), Lan/Luy of 2:3-9-92 and variable negative Eu anomalies

(Eun/Eun*=0-31-0-85).
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The Fosdick complex

Paragneisses and orthogneisses Paragneisses have major oxide and trace element abundances,
and geochemical trends that are similar to those for the Swanson Formation, although with more
variability (Figs 9, 10). The aluminum saturation indices and Rb/Sr ratios tend to be higher than
the Swanson Formation, whereas CaO, P,Os and Sr tend to be lower. One biotite-rich paragneiss
sample, Y1-1G057, has 42 wt % SiO,, an ASI value of 3-13 and higher FeO*+MgO+TiO,, AL,O3,
Rb, Rb/Sr, and Th, and lower CaO, Na,O, and Sr than the other samples. The paragneisses have
a wider range of REE concentrations than the Swanson Formation, but otherwise show similar
chondrite-normalized REE patterns (Fig. 11), with Lax/Luy of 6-:3—22-2 and variable negative
Eu anomalies (Eun/Eun® = 0-17-0-90). Sample Y 1-1G057 has elevated HREE compared with
the other samples.

Orthogneisses have major oxide and trace element abundances and trends that are
consistent with a Ford Granodiorite suite parentage (Figs 9, 10). However, the Al,O; contents
and ASI of the orthogneisses are slightly higher, whereas Th is lower (Figs 9, 10); K,O is lower
and P,Os higher at low Si0O, (Fig. 9). The orthogneisses have a wider range of REE
concentrations than the Ford Granodiorite suite, with Lax/Luy of 7-7—116-8, more variability in
the HREE patterns (Fig. 11), and, with one exception (10CY-035, Eun/Eun® = 1-48), negative Eu

anomalies (Eun/Eun* = 0-33-0-96).

Cretaceous granites The granites have a limited range of silica contents (70—76 wt %), with ASI

values similar to the orthogneisses. Al,Os, FeO*+MgO+TiO,, Rb, Rb/Sr, Zr, La and Th are
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generally negatively correlated with increasing Si0,, whereas K,O increases with increasing
Si0, except for two high silica granites (Figs 9, 10). CaO, Na,O, P,0s, Ba, U and Sr show no

clear trend, although Ba and Sr are highly variable (Figs 9, 10). For major elements, there is no
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11 discernable difference between the garnet-present and the garnet-absent variants. However, the
13 garnet-present granites generally have higher ZHREE than the garnet-absent granites (Fig. 10).
Although quite variable, decreasing Zr is correlated with decreasing ZHREE, particularly in the
18 garnet-absent granites, P>Os is negatively correlated with increasing ZLREE, and decreasing Th
is weakly correlated with decreasing XLREE (Fig. 10).

23 The granites have lower ZREE relative to their potential sources. Garnet-absent granites
generally have low to moderate negatively sloping normalized REE patterns (Lan/Luy of 5.88—
28 25-6), whereas the garnet-present granites have flatter concave-up normalized REE patterns with
30 rising convex HREE, as expected from the presence of garnet (Fig. 12). Four of the garnet-absent
33 granites have small negative Eu anomalies, one of which (C6-AWS86-1) has a particularly steep
35 normalized REE pattern (Lan/Lun = 82-6) showing strong depletion in the HREE with a concave
up slope (Fig. 12). However, a majority of the garnet-absent and all but one of the garnet-present
40 granites have variable, typically moderate to large positive Eu anomalies (Eun/Eun™ = 0-37—

42 10-3); this variation is unrelated to SiO, content.

47 Sr and Nd isotope compositions
49 Nd and Sr isotope results for 20 samples are presented in Table 3 and are summarized, together
52 with additional data from the literature, in Fig. 13. Although the Cretaceous metamorphism is the

54 dominant anatectic event in the Fosdick complex, for completeness the Sr and Nd isotope
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compositions for the migmatitic gneisses are reported at 360 and 100 Ma in Table 3, but are only

plotted for 100 Ma in Fig. 13.

The Fosdick complex

Migmatitic gneisses Paragneiss samples have *’St/*°Srgoma values that vary from 0-71980 to
0-73344 and eNdooma values that range from -10-5 to -8-7 (with one value of -13-1), generally
consistent with values from the Swanson Formation (Fig. 13). Orthogneiss samples have
87Sr/86Sr100Ma values that vary from 0-71238 to 0-72501 and eNd,oma values that range from -6-8
to -3-6 (with one value of -11-2), generally consistent with values from the Ford Granodiorite

suite.

Cretaceous granites Granites within the Fosdick complex have 87S1/%0S 1) goma ratios that vary

from 0-71169 to 0-73900 and eNd,oma values that range from -8-0 to -3-9 (Fig. 13).

Hf and O isotope compositions of zircon
Five samples were selected for Hf and O isotope analysis of zircon; the data are given in Table 4
and summarized, together with an additional sample (C6-AW86-1, data from Yakymchuk et al.,

2013a), in Figs 14 and 15.

Fosdick complex
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Orthogneiss Sample Y 1-1G053 contains zircon with eHfs4y values of -4:3 to -0-2, 5'%0 values of
8-3 to 9-3 (Fig. 14), and weighted means of -2-8 + 0-4 and 8-8 &+ 0- 1, respectively (2c; 19 of 20).

Sample K6-B26 contains zircon with eéHf values of -4-2 to -0-6, 8'*0 values of 8-0 to 9-7 (Fig.
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14), and weighted means of -2-1 + 0-4 and 8-6 & 0-2, respectively (2o; 18 of 19). A single

13 Cretaceous age spot yields eHfoy and 5'%0 values of -6-1 and 9-8.

18 Cretaceous granites Sample Y1-AWO038 contains zircon with ¢Hf} ¢ values of -6-6 to -3-3, 5'*0
20 values of 8:8 to 9-9 (Fig. 15), and weighted means of -5:0 = 0-3 and 9-3 £+ 0-2, respectively (2c;
22 n = 18). Sample Y 1-1G070 contains zircon with ¢Hf}(o values of -7-1 to -4-0, 5'%0 values of 8-7
25 to 10-3 (Fig. 15), and weighted means of -5-3 £ 0-5 and 9-4 + 0-3, respectively (26; n = 13).

27 Sample Y 1-1G062 contains both Devonian—Carboniferous and Cretaceous zircon (Fig.
15a). Devonian—Carboniferous zircon spots have ¢Hf34) values of -5-9 to -1-9, 5'%0 values of 8-8
32 to 10-2, and weighted means of -3-1 = 0-6 and 9-4 £+ 0-2, respectively (20; 12 of 13). Cretaceous
34 zircon spots have ¢Hf) oo values of -7-3 to -1-7, 5'%0 values of 9-5 to 10-2, and weighted means
37 of -4:2 + 1-4 and 9-8 + 0-2, respectively (2o; n = 9). Devonian—Carboniferous zircon ¢Hf values
39 recalculated to 100 Ma are -11-6 to -7-5, which is less radiogenic than most Cretaceous zircon.
Furthermore, Cretaceous zircons generally have higher §'*0 values than Devonian—

44 Carboniferous zircons (Fig. 15a).

48 PHASE EQUILIBRIA MODELLING OF SOURCE ROCKS

23 The migmatitic gneisses in the Fosdick complex show unambiguous evidence of partial melting

and melt loss during the Cretaceous (Korhonen et al., 2012; Yakymchuk et al., 2015a). However,
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it is likely that partial melting and melt loss also occurred during the Devonian—Carboniferous
subduction-related metamorphism, at least in the Swanson Formation protoliths. Indeed, this is
suggested by the occurrence of Carboniferous S-type granites south of the Fosdick complex
(Tulloch et al., 2009a). If we assume the possibility of melt loss during the Devonian—
Carboniferous metamorphism, it becomes unclear whether the paragneisses or the orthogneisses
were more fertile during the Cretaceous event.

For the crustal level exposed in the Fosdick complex, previous forward modelling of
phase equilibria for Swanson Formation and Ford Granodiorite suite compositions, the putative
protoliths of the gneisses, suggested that the former could have produced up to 30 vol. % melt
but the latter less than 5 vol. % melt at the peak of Cretaceous metamorphism (Korhonen et al.,
2010a). However, if some melt was generated and lost during the Devonian—Carboniferous
subduction-related metamorphism, these estimates will be maxima. To assess the effect of the
Devonian—Carboniferous metamorphism and melting on the fertility of the gneisses during the

Cretaceous event we use phase equilibria forward modelling.

Methods

Calculations were performed using THERMOCALC v.3.35 (Powell & Holland, 1988) and the
internally consistent dataset of Holland & Powell (1998). Modelling was undertaken in the
Na,0—Ca0—K,0-FeO-MgO-Al,03-Si0,—H,0-TiO,—Fe,0; (NCKFMASHTO) chemical
system. P—T pseudosections were calculated for representative samples of the Swanson
Formation (sample 10CY-002) and the Ford Granodiorite suite (sample R7218 from Weaver et
al., 1991) from outside the Fosdick complex, and for a representative migmatitic paragneiss

(sample 10CY-015) and orthogneiss (sample Y 1-1G053) from inside the Fosdick complex. The
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FeO content of these samples was determined by Fe’ titration and Fe,O3 contents were
calculated by difference. For sample R7218 (Ford Granodiorite Suite), 10% of the total iron is

assumed to be ferric (Table 5). For the protolith samples (samples 10CY-002 and R7218), the

O©oOoO~NOOOPRWN -

11 amount of water in the bulk compositions was adjusted so that there was minimal (~0.01 mol%)
13 free H,O at the solidus at 0.7 GPa, which is consistent with fluid-absent conditions above the

15 solidus (White & Powell, 2002; White et al., 2005). If the actual prograde path crossed the

18 solidus at lower or higher pressures, this approach would slightly overestimate or underestimate
20 the quantity of melt produced, respectively. For the migmatitic gneisses (samples 10CY-015 and
Y 1-1G053), the amount of H,O in the bulk compositions was adjusted from the measured loss on
25 ignition value so that the observed mineral assemblage was stable just above the solidus, which
27 reflects the conditions at which this assemblage was in equilibrium with the last remnants of melt
(cf. White et al., 2004; Diener et al., 2008; Korhonen et al., 2010a).

32 The phases considered are: Bt — biotite; Crd — cordierite; Di — diopside; Ep — epidote; Grt —
34 garnet; H,O — aqueous fluid; Ilm — ilmenite; Kfs — K-feldspar; Ky — kyanite; Liq — silicate

37 liquid/melt; Mag — magnetite; Ms — muscovite; Opx — orthopyroxene; P1 — plagioclase; Pg —

39 paragonite; Qtz — quartz; Rt — rutile; Sil — sillimanite; Spl — spinel; Ttn — titanite. The activity—
composition (a—x) models for the phases considered are: biotite, garnet, and melt (White et al.,
44 2007); orthopyroxene and spinel-magnetite (White & Powell, 2002); cordierite and epidote

46 (Holland & Powell, 1998); K-feldspar and plagioclase (Holland & Powell, 2003); white mica
(Coggon & Holland, 2002); ilmenite—hematite (White et al., 2000); clinopyroxene (Green et al.,
51 2007); and hornblende (Diener et al., 2007). Phases modelled as pure end-members are: quartz,

33 rutile, titanite, aqueous fluid (H,0), kyanite and sillimanite.
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Results of phase equilibria modelling

P-T pseudosections for the representative samples are shown in Fig. 16. These phase diagrams
show the stable phase assemblage and the amount of melt (as mol. % (~vol. %) isopleths)
generated in a closed (undrained) system at P—T for each composition. Peak conditions for the
Devonian—Carboniferous metamorphic event are estimated to have been 680-800°C at 0-60—
0-95 GPa (Yakymchuk et al., 2015a). At these P-T conditions, the Swanson Formation
composition could have produced up to 10 mol. % melt, but the Ford Granodiorite suite
composition would have produced <I mol. % melt (Fig. 16a, b). Melt drainage from the
suprasolidus crust is expected when the proportion of melt reaches ~7 vol. % (e.g. Rosenberg &
Handy, 2005; Brown, 2010). Therefore, the Swanson Formation composition modeled was likely
to have lost melt at least once during the Devonian—Carboniferous event, resulting in a less
fertile composition for melting during the Cretaceous. Although there is variation in the fertility
of the Swanson Formation, this confirms that the melt volumes predicted by Korhonen ef al.
(2010a) for the Cretaceous metamorphism must represent maxima. By contrast, the Ford
Granodiorite suite is likely to have retained its original fertility through the Devonian—
Carboniferous metamorphism and into the Cretaceous event.

Phase equilibria modelling of the residual gneisses (Fig. 16¢, d) provides information
about the amount of melt left in the source after loss along the Cretaceous prograde evolution
path and throughout decompression to the final solidus assemblage at P of 0-75-0-60 GPa and T
of 870-830°C (Yakymchuk et al., 2015a). The representative residual paragneiss is expected to
have retained <2 vol. % melt at these P—T conditions, whereas the orthogneiss could have

retained up to 6 vol. % melt. However, it is clear from these P—T pseudosections that greater
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volumes of melt were potentially available at higher P-T conditions in the source beneath the
Fosdick complex during the doming event, particularly in the orthogneiss composition.

The amount of leucosome and granite measured at outcrop in the migmatitic gneisses
ranges from 40 vol. % to 70 vol. % (Yakymchuk et al., 2013b). Thus, even if the maximum of 30
vol. % melt was generated from the Swanson Formation (Korhonen ef al., 2010a) at the depth of
exposure during the Cretaceous, it is likely that a significant proportion of the leucosome and
granite in the Fosdick complex was sourced from deeper in the crust where ambient temperatures
were higher. This is consistent with geophysical surveys across the region, which show that the
crust beneath the Fosdick complex is composed of rocks similar to the Ford Granodiorite suite
and the Swanson Formation (Ferraccioli et al., 2000; Luyendyk et al., 2003).

Crustal thinning associated with doming increases the apparent thermal gradient.
Yakymchuk et al. (2013b) suggested that the apparent thermal gradient in the Fosdick complex
prior to doming was on the order of 770°C/GPa, whereas the apparent thermal gradient that
passes through P—T conditions for the end of doming is 1230°C/GPa (Fig. 16c, d). Extrapolating
from these P—T conditions, it is clear that the gneisses not far beneath the Fosdick complex
would have undergone a much greater degree of partial melting that could have sourced the
excess leucosome and granite within the complex. At 950°C, which equates to roughly 3 km
below the Fosdick complex along the 1230°C/GPa apparent thermal gradient, the paragneiss
modeled would have had ~11 vol. % melt available for extraction and the orthogneiss ~20 vol. %
melt (Fig. 16¢, d).

The forward modelling shows that the dominant source for granite magma at depth
beneath the Fosdick complex during the Cretaceous metamorphism was likely to have been the

high-grade equivalents of the Ford Granodiorite suite. By contrast, magma derived from
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paragneisses equivalent to the Swanson Formation would have been subordinate due to the
reduced fertility after Devonian—Carboniferous metamorphism and consequent upon melt
drainage during prograde heating to peak temperatures for the Cretaceous metamorphism (cf

Yakymchuk & Brown, 2014).

DISCUSSION

Origin of the migmatitic gneisses

Orthogneiss

The orthogneisses have major oxide and trace element compositions that are close to those of the
Ford Granodiorite suite, consistent with the hypothesis that they are the high-grade equivalents
of these igneous protoliths (Figs 9, 10, 11; cf. Korhonen ef al., 20105). Exceptions such as lower
K,0 and XREE, and higher Al,O3 at low SiO,, are consistent with modification of the
composition by variable loss of granite melt and variable dissolution of accessory minerals in the
source. The orthogneisses have Nd and Sr isotope compositions similar to those of the Ford
Granodiorite suite at both 360 Ma (not shown) and 100 Ma (Fig. 13). Sample Y1-AW039 is an
enclave of orthogneiss within Cretaceous granite that was emplaced into the thick unit of residual
paragneiss at Mt Avers. Although this sample has high P,Os and low Th, consistent with apatite
stability during melting, the less radiogenic éNd is more likely to be the result of variable
diffusive exchange with anatectic melt derived from the paragneiss prior to incorporation into the
granite (cf. Lesher, 1994; Elburg, 1996). Because the zircons in the orthogneisses yield mostly
Devonian—Carboniferous ages, their Hf isotope compositions were age corrected to 360 Ma.

These zircons have Hf and O isotope compositions that lie within the range for zircons from the
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Ford Granodiorite suite samples (Fig. 14), confirming the interpretation that the orthogneisses

were derived from this protolith.

Paragneiss

The paragneisses have detrital zircon age populations that are similar to those from the Swanson
Formation, consistent with the hypothesis that they are the high-grade equivalents of these
metasedimentary protoliths (Yakymchuk ef al., 2015b). Furthermore, they have similar major
oxide and trace element compositions (Figs 9, 10, 11). Exceptions such as higher
FeO*+MgO+TiO, and ASI at low SiO,, and higher Th and U are consistent with modification of
the composition by variable loss of granite melt and variable retention of accessory minerals in
the residue. When age corrected to 100 Ma, which is the preferred age for the dominant anatectic
event, all but one of the paragneiss samples have Sr and Nd isotope compositions similar to those
of the Swanson Formation (Fig. 13). The exception has a more radiogenic eNd isotope
compositions than the Swanson Formation, which we interpret to reflect variable diffusive
exchange with anatectic melt derived from the Ford Granodiorite suite (cf. Lesher, 1994; Elburg,
1996). Considering these data in the regional context, the Swanson Formation is considered to be

the likely protolith for the paragneisses in the Fosdick complex.

Petrogenesis of the granites

Granite compositions commonly depart from anatectic melt compositions generated in
experimental studies. Processes that may create differences include: accessory mineral
dissolution, peritectic mineral entrainment and fractional crystallization. Additional factors that

may account for the variable granite compositions are source heterogeneity and blending of
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melts derived from multiple sources. Below, we evaluate the relative contribution of each of

these processes to the petrogenesis of granites in the Fosdick complex.

Accessory mineral dissolution

Accessory minerals may play an important role in controlling the trace element concentrations
and isotope compositions of granites (e.g. Watt & Harley, 1993; Bea, 1996; Ayers & Harris,
1997; Zeng et al., 2005a,b,c). If the dissolution or growth of accessory minerals such as
monazite, apatite and zircon was a dominant control on the trace element chemistry of granites
then covariation is expected between various rare earth elements and P,Os (apatite), Th
(monazite) or Zr (zircon). As discussed above, the negative covariation between ZLREE and
P,0s in the granites is consistent with apatite stability during melting. However, the weak
covariation between ZLREE and Th and the variable moderate covariation between ZHREE and
Zr suggest that crystallization and fractionation of monazite and zircon had some influence on

the compositional variation (Fig. 10).

Peritectic mineral entrainment

Hydrate-breakdown melting of the deep crust is associated with the production of peritectic
minerals (Brown, 2013). Some I- and S-type granite suites show covariance in major element
compositions that are interpreted to represent selective entrainment of peritectic minerals from
the anatectic residua (e.g. Clemens ef al., 2011). These minerals may be dissolved or may
achieve equilibrium during melt extraction and ascent. Trends in the major element
concentrations of granite suites have been attributed to varying amounts of peritectic mineral

entrainment (Clemens & Stevens, 2012).
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Granites from the Fosdick complex contain sparse garnet and cordierite that are usually
associated with biotite-rich schlieren, which are interpreted to represent former residue entrained
in the melt during extraction and, or, ascent (cf. Solar & Brown, 2001). In addition, garnet and
biotite schlieren are observed locally in the smaller granite bodies and at the edges of the larger
granites comprising the network of transport conduits cutting through the migmatitic gneisses.
These features suggest that entrainment of peritectic garnet could have contributed to the
elevated HREE patterns in some of the Cretaceous garnet-bearing granites (Fig. 12).

While outcrop observations support some peritectic mineral entrainment, it is important
to evaluate if the major element chemistry of the granites in the Fosdick complex reflects this
process. The relationship between source rocks and granites is evaluated using the ternary molar
(Nat+Ca)—(Fe*+Mg+Ti)-K diagram in Fig. 17 (Solar & Brown, 2001). Since no melting
experiments have been conducted on either the Swanson Formation or the Ford Granodiorite
suite, experimental melt compositions from Skjerlie et al. (1993), Patifio Douce & Harris (1998)
and Koester ef al. (2002) are used as analogs based on similarity in chemical composition of
their starting materials to the Fosdick complex source compositions (Fig. 17). The experimental
melts from Skjerlie et al. (1993) represent proxies for melts derived from the Ford Granodiorite
suite, whereas the experimental results of Patifio Douce & Harris (1998) and Koester et al.
(2002) represent proxies for melts derived from the Swanson Formation. These glass
compositions are used to represent the melt compositions generated by anatexis of the Ford
Granodiorite suite and the Swanson Formation before any modification.

None of the granites plot within the fields defined by experimental glass compositions
(Fig. 17). Several granites, both garnet-absent and garnet-bearing, plot between the fields defined

by the experimental glasses and may represent compositions close to unmodified crustal melts.
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With the exception of one garnet-absent granite (K6-Mt38), there is no trend among the granites
projecting back to either the Ford Granodiorite suite or Swanson Formation source compositions
or towards garnet and, or, biotite in Fig. 17. We conclude that peritectic and, or, residual mineral
entrainment was a subordinate process that may have influenced the composition of some of the
garnet-bearing granites, but it was not the dominant process controlling the chemistry of granites

within the Fosdick complex.

Fractional crystallization

Fractional crystallization is a scale-invariant process that can operate in large magma chambers
and in individual leucosomes. Accumulation of early-crystallized feldspars through fractional
crystallization and residual melt extraction has been proposed as the dominant process that
controls the compositional evolution of anatectic granites (e.g. Milord & Sawyer, 1998; Solar &
Brown, 2001; Morfin et al. 2014).

Granites from the Fosdick complex exhibit cumulate microstructures (Fig. 5) and
covariation between K,O and CaO+Na,O (Fig. 9). This covariation indicates that quartz, sodic
plagioclase and K-feldspar were present on the liquidus (Morfin ef al., 2014). Bearing in mind
that the compositions of most of the granites are displaced towards the K-feldspar—plagioclase
join relative to the experimental glass compositions in Fig. 17, these observations are consistent
with the early accumulation of plagioclase in the less evolved magmas and K-feldspar in the
more evolved magmas (cf. Morfin et al., 2014). The feldspar microstructures (Fig. 5), the low
>REE contents and the moderate to large positive Eu anomalies of the granites are consistent

with a cumulate origin for many of them.
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By projecting from a likely melt composition through each sample onto the K-feldspar—
plagioclase edge in the molar (Na+Ca)—~(Fe*+Mg+Ti)-K diagram (Fig. 17), an estimate may be

made of the amount and mode of cumulate material present in each granite (Solar & Brown,

O©oOoO~NOOOPRWN -

11 2001; Korhonen et al., 2010b). The cumulate proportions were evaluated relative to the glass

13 compositions from the experiments of Skjerlie ef al. (1993). Using this method, the Cretaceous
15 granites comprise 30% to 90% cumulate material composed of variable proportions of K-

18 feldspar (dominant) and plagioclase (subordinate). As pointed out by Morfin et al. (2014), the

20 dominance of K-feldspar indicates that the melts were sufficiently evolved due to early
plagioclase fractionation in the source that they were able to crystallize K-feldspar at the level of
25 emplacement. Thus, the melts are inferred to have been derived from deeper in the crust.

27 Several granites, both garnet-absent and garnet-bearing, plot between the fields defined
by experimental glasses and may represent compositions close to unmodified crustal melts.

32 These granites also plot in the centre of the array of granite compositions in the plot of K,O vs
34 CaO+Na,O (Fig. 9), and two garnet-absent granites from this group (C5-R23 and C5-1s54) have
37 the highest XREE concentrations and only small negative Eu anomalies (Fig. 12). The most

39 plagioclase rich granite (Y1-AE051) plots at the low K,O end of the granite array in the plot of
K,0 vs CaO+Na,0, whereas the most K-feldspar rich granite (Y 1-AWO038) plots at the high K,O
44 end of the array (Fig. 9). Since the granites exhibit early-crystallized feldspar (Fig. 5), they

46 cannot be related by simple fractional crystallization and separation of cumulate minerals from
49 evolved melt. It is more likely that the individual samples of granite represent the cumulate

51 products derived from a variably fractionated melt. Thus, each batch of melt that migrated

93 through the Fosdick complex followed its own fractional crystallization trend, as might be

56 expected from episodic drainage of melt from the suprasolidus crust. Thus, this study adds to the
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growing body of data supporting the progressive construction of injection complexes and granite
plutons (Brown, 2013; Yakymchuk et al., 2013b; Morfin et al., 2013, 2014).

The fractional crystallization model may be evaluated further using the large-ion
lithophile elements, as shown in Fig. 18. In Fig. 18, the effects of fractional crystallization of
plagioclase, K-feldspar and biotite are shown for two representative starting melt compositions
with Rb, Sr and Ba concentrations of 120 or 400 ppm, 75 or 400 ppm and 100 or 800 ppm, and
Rb/Sr ratios of 1 or 2, respectively. Fractional crystallization is modeled using the average of the
partition coefficients reported by Nash & Crecraft (1985). For the Cretaceous granites from
inside the Fosdick complex, biotite does not play a significant role, and the trends in the data are
reproduced satisfactorily by accumulation of dominantly K-feldspar, with only a subordinate role
for plagioclase (Fig. 18). Therefore, fractional crystallization appears to have been the major
process that controlled the major and trace element concentrations of anatectic granites in the

Fosdick complex.

Source heterogeneity

Chemical and isotopic heterogeneity of source rocks can produce granites with variable
compositions (e.g. Hill et al., 1986; Deniel et al., 1987; Pressley & Brown, 1999; Villaros et al.,
2012). Both the Swanson Formation and the Ford Granodiorite suite exhibit significant elemental
and isotopic heterogeneity. Consequently, extraction of multiple batches of melt generated
during anatexis of these sources is also expected to result in significant elemental and isotope
heterogeneity. However, if the isotope composition of the granites falls within the range of

values for the putative source rocks, then it is reasonable to posit that they were derived from
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such a source. Next we evaluate the petrogenetic relationship between the anatectic granites and
their putative sources in the Fosdick complex using Sr, Nd, Hf and O isotopes.

Figure 13 shows that the Cretaceous granites have whole-rock Sr and Nd isotope

O©oOoO~NOOOPRWN -

11 compositions that extend from those typical of the Ford Granodiorite suite and the orthogneisses
13 towards values typical for the Swanson Formation and the paragneisses. This suggests that the

15 granites represent variable combinations of melts derived from both sources. One of the garnet-
18 absent granites (C6-AW86-1) was originally argued to be part of the Devonian—Carboniferous

20 suite (Siddoway & Fanning, 2009), but the presence of Cretaceous zircons and its geochemical
characteristics indicate that it is likely to be Cretaceous in age.

25 In Fig. 15 the eHf values of detrital zircons in the Swanson Formation are recalculated to
27 100 Ma. The gHfj values of these zircons vary from -3 to -73, with a median value of -17-5 and
an interquartile range of -13-9 to -30-3. The 8'*0 value of zircons that crystallized from melt

32 produced from the Swanson Formation are expected be ~8-5-12-0%o, with a mean value of

34 10-5%o (Yakymchuk et al., 2015b). Figure 16 shows that Hf and O isotope data for zircons from
samples Y1-1G070, Y1-AW038 and C6-AW86-1 plot within the field defined by the Ford

39 Granodiorite suite, albeit in the sector with more radiogenic eHfjoo values and higher §'%0 values.
41 Samples Y1-1G070 and Y1-AWO038 have a similar range and mean of ¢Hf}oy and 5'*0

44 values. In addition, both samples have *’Sr/*Sr ratios (recalculated to 100Ma) that overlap

46 within uncertainty, but sample Y1-IG070 has an eNd;( value of -7-5 whereas sample Y'1-
AWO038 has a more radiogenic value of -5-5 (Fig. 13). This suggests decoupling of the Nd

51 isotope systematics from the other isotope systems for sample Y 1-IG070. Since both granites

23 have similar very low P,Os and ZREE, and Th is below detection, decoupling is unlikely to be

56 due to accessory mineral behavior in the source. We speculate that this difference might be due
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to variable diffusive exchange of Sm and Nd between anatectic melt derived from a Ford
Granodiorite suite source and the Swanson Formation during melt transport and emplacement. In
contrast, although zircons from sample Y 1-IG062 have a similar range of ¢Hfj values to the
other two granites, many plot at values of §'*O slightly above the Ford Granodiorite suite field
(Fig. 15b). Nonetheless, the Hf and O isotope values of zircon from this sample are within
uncertainty of the field defined by values from the Ford Granodiorite suite. Based on the Hf and
O isotope data, it is permissible that all three granites were derived from this source.

However, the Sr and Nd isotope data suggest some contribution of melt from the
Swanson Formation to the granites (Fig. 13). Considering the large Hf and O isotope
heterogeneity of the Ford Granodiorite suite, we cannot exclude the possibility that the granites
were sourced from a juvenile member of the Ford Granodiorite suite that mixed with melt

derived from the Swanson Formation. This hypothesis is evaluated in the next section.

Magma mixing

More than two thirds of the granites analyzed from the Fosdick complex have Sr and Nd isotope
values that lie between those of the two putative sources. To evaluate the relative contribution of
these sources to the final composition of the granites, binary mixing lines were calculated using
the Sr and Nd concentrations and calculated initial ratios of more and less radiogenic end-
members of the Swanson Formation and the Ford Granodiorite suite (Fig. 13). These binary
mixing lines also enclose the Sr and Nd isotope values for most of the orthogneisses and
paragneisses (Fig. 13). For four of the Cretaceous granites, the Sr and Nd isotope compositions

are consistent with being derived solely from a source similar to the Ford Granodiorite suite,
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whereas the Sr and Nd isotope compositions of the remainder allow a contribution of up to 40%
melt derived from a source similar to the Swanson Formation.

Limits may also be placed on the amount of Swanson Formation (or paragneiss) that
might have been involved in the petrogenesis of these granites using the eHf}oy and 8130 zircon
data discussed above. To account for source heterogeneity, Fig. 15b shows binary mixing lines
that connect representative end-member compositions for the Swanson Formation and the Ford
Granodiorite suite. Two scenarios are modeled, one in which anatectic melt derived from the
Ford Granodiorite suite is mixed with anatectic melt derived from the Swanson Formation, and
another in which it is mixed with Swanson Formation en masse by assimilation. The curvature of
the mixing lines is most sensitive to the relative concentrations of Hf in each of the end-members.
For the Swanson Formation, an average whole-rock concentration of 3-2 ppm Hf was assigned,
based on bulk chemical analyses (Korhonen ef al., 2010a). For anatectic melt derived from the
Swanson Formation or the Ford Granodiorite suite, a concentration of 1-0 ppm is used (e.g.
Yakymchuk et al., 2013a). Within uncertainty, zircons from the Cretaceous granites plot in the
field bounded by the two mixing lines. If anatectic melt derived from the Ford Granodiorite suite
mixed with anatectic melt derived from the Swanson Formation, then the maximum contribution
from the latter is 30% (Fig. 15b). By contrast, for en masse assimilation of the Swanson
Formation, the limit is 10% (Fig. 15b).

In the above model no juvenile input is required. However, a juvenile input cannot be
ruled out by the isotope data alone, since blending melts from an appropriate mantle source and
an upper crustal source similar to the Swanson Formation will also yield compositions that
enclose the data shown in Fig. 15, as discussed for Devonian—Carboniferous granites in the

Fosdick complex by Yakymchuk et al. (2015b). However, since there is no evidence of any
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juvenile input, the parsimonious interpretation favours derivation of the granites from the
putative crustal sources. Furthermore, the inferences from the Sr, Nd, Hf and O isotope data,
which require a larger component derived from a source similar to the Ford Granodiorite suite
and a smaller component derived from a source similar to the Swanson Formation, are consistent
with the predictions about melt sources based on the phase equilibria modeling discussed earlier

(Fig. 16).

Cumulate granites in migmatitic gneiss domes

The variable major oxide and trace element chemistry (Figs 9 & 10), relatively low Rb/Sr ratios,
dominance of pronounced positive Eu anomalies (Fig. 12) and location close to the K-feldspar—
plagioclase edge of the molar (Na+Ca)—(Fe*+Mg+Ti)-K diagram (Fig. 17) for many of the
granites are features consistent with fractional crystallization and accumulation of feldspar.
Granites forming sub-horizontal sheets and discordant networks in the Fosdick complex
commonly contain coarse euhedral feldspars, consistent with a cumulate origin. However, the
covariation between K,O and CaO+Na,O for these granites indicates fractionation of feldspar
during transport from the source prior to entrapment at their present structural level within the
complex. This process may involve continuous separation of feldspar from the evolving liquid in
the manner proposed by Morfin et al. (2014), and might be the mechanism that operated in the
granite networks within the deeper crust of the Fosdick complex. However, after entrapment,
melt drainage from the crystallizing granites within the Fosdick complex appears to have been
related to dome formation, particularly in the sheeted leucogranite complex immediately below
the South Fosdick detachment system. These granites are interpreted to record the collapse of

sub-horizontal partially crystallized layers of magma by filter pressing (e.g. Brown et al., 1995)
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during vertical shortening associated with normal-sense displacement across the South Fosdick
detachment system and dome exhumation, leaving behind cumulate-rich residues. The evolved

melt likely drained to shallow crustal levels and the resulting granites may have been lost to

O©oOoO~NOOOPRWN -

11 erosion. Some of this evolved melt may be preserved in the Byrd Coast granite suite, as

13 discussed by Korhonen et al. (2010b).

15 The Cretaceous granites in the Fosdick complex crystallized between 115 and 100 Ma,

18 with a dominant grouping at 107—-100 Ma (Fig. 19). Syntectonic granites in the South Fosdick

20 detachment zone yield U-Pb zircon ages of 109-102 Ma (McFadden et al., 2010a). This time
frame corresponds to a period of transition in regional tectonics from oblique convergence to

25 oblique extension that facilitated dome formation and exhumation of the complex (Siddoway,

27 2005, 2008; McFadden et al., 2010a, b). Exhumation was likely a fast process. The full set of
geochronological data now available for the complex is compiled in Fig. 19, from which it is

32 clear that the main period of granite crystallization (107—-100 Ma) coincides with the younger

34 period of emplacement of mafic dykes during lithosphere extension (Saito et al., 2013). In

37 addition, these granite ages overlap the younger part of the range of U-Pb metamorphic ages

39 retrieved from monazite, the post-peak Sm-Nd ages retrieved from garnet, and the YA Ar ages
retrieved from hornblende (Fig. 19). These concordent ages suggest rapid cooling and

44 exhumation of the Fosdick complex at c. 100 Ma. Dome formation and exhumation of the

46 middle crust is confirmed by the correspondence between crystallization ages of the younger
mafic dykes and the *’Ar/*’Ar ages retrieved from biotite, muscovite and K-feldspar (Fig. 19).

51 The results of this study contribute to a growing body of work which suggests that

33 leucosomes in migmatites and associated granites represent accumulations of feldspar and do not

reflect primary crustal melt compositions (e.g. Cuney & Barbey, 1982; Sawyer, 1987; Milord et
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al., 2001; Solar & Brown, 2001; Johannes et al., 2003; Korhonen et al., 20105b; Morfin et al.,
2014). There are two important implications if granites in migmatitic gneiss domes are typically
cumulate. First, it is possible that the accumulation of early-crystallized minerals in magma
transport conduits may restrict the flow of melt and even locally choke the plumbing system.
This possibility may need to be considered as a rate-limiting step in estimating the timescales of
melt extraction from the deep crust. Second, the drained melt is likely to have a more evolved
composition than that represented by melt inclusions in migmatites and, in particular, it is likely
to have higher concentrations of the heat-producing elements. This will have important
implications for the tectonic history of large hot mountain belts (Jamieson et al., 2011), cooling
ultrahigh-temperature (UHT) metamorphic terranes (Korhonen et al., 2013), priming the crust
for future UHT metamorphic events (Brown & Korhonen, 2009; Clark et al., 2011), the
particular style of some Proterozoic ‘hot’ orogens (McLaren & Powell, 2014), and the long-term

stability of the continental crust (Sandiford & McLaren, 2002).

CONCLUSIONS

In the Fosdick migmatite—granite complex of Marie Byrd Land in West Antarctica, Cretaceous
granites have Sr, Nd, Hf and O isotope compositions consistent with derivation from regional
sources that display significant isotope heterogeneity. The major oxide and trace element
concentrations of the granites are highly variable; they reflect fractional crystallization and the
accumulation of early-crystallized feldspar during magma ascent and emplacement. This
conclusion is supported by the cumulate microstructures, low XREE contents and common

positive Eu anomalies that characterize the Cretaceous granites in the Fosdick complex.
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Peritectic mineral entrainment and accessory mineral dissolution, entrainment and crystallization
exerted only minimal influence on the elemental variation of these granites.

In a wider context, granites in migmatite complexes typically do not represent melt
compositions; they are more likely to be cumulates left after melt drainage. Thus, the amount of
granite hosted within migmatitic crust cannot be used as an estimate of melt volume present at
any time during the suprasolidus evolution. Conversely, granites that have crystallized at
shallower levels in the crust are more likely to represent the complementary fractionated melts

with evolved compositions.
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FIGURE CAPTIONS
Fig. 1. Geometrical reconstruction of the East Gondwana active convergent margin (modified

from Figure 4 of Veevers, (2012))

Fig. 2. (a) Geological map and (b, ¢) schematic cross-sections (no vertical exaggeration) of the
Fosdick migmatite—granite complex (modified from Siddoway et al., 2004a; McFadden et al.,

2010b; Yakymchuk et al., 2013a). (d) Sample location map of the Fosdick complex.
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Fig. 3. (a) Stromatic leucosomes in migmatitic paragneiss. (b) Peritectic garnet and cordierite in
leucosomes in migmatitic paragneiss. (c) Anastomosing network of leucosomes in migmatitic

orthogneiss. (d) Peritectic garnet surrounded by leucosome in migmatitic orthogneiss.
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13 Fig. 4. (a) Sheeted leucogranite complex in the Eastern Fosdick Mountains. Sub-horizontal m- to
15 decametre-scale leucogranite sheets contain schollen of paragneiss, orthogneiss and mafic rocks.
18 CIiff height is approximately 600 m. (b) Residual paragneiss unit with multiple discordant

20 leucogranite bodies that intersect to form a pipe in the centre of the photograph. Red circle
indicates a person for scale. (¢c) Concordant and discordant granite bodies in migmatite

25 paragneiss. The red circle contains a person for scale and indicates the sampling location of Y1-
27 AEO051. (d) Heterogeneous garnet-bearing granite that contains schollen of paragneiss and mafic
rocks (sample Y1-1G062). The cliff height is approximately 100m. (e) Discordant granite

32 intruding migmatite paragneiss (sample 10CY-41). Field notebook for scale. (f) K-feldspar rich

34 granite (sample 10CY-039).

39 Fig. 5. Cumulate microstructures in Cretaceous granites from the Fosdick migmatite—granite
complex. (a, b) Coarse plagioclase grains with interstitial quartz and K-feldspar. (c, d) Euhedral
44 plagioclase grains in contact with interstitial quartz. (e, f) Interlocking plagioclase and K-feldspar
46 crystals with interstitial quartz. (g, h) Heterogeneous K-feldspar granite with coarse-grained
phenocrysts of K-feldspar. (i, j) Granite comprising K-feldspar and plagioclase grains with

51 interstitial quartz.

Fig. 6. Cathodoluminescence images of representative zircon grains from orthogneisses and
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Cretaceous granites. Cathodoluminescence images were collected on different dates and so
exhibit some variation in quality or sharpness. The contrast of images of individual zircons was

adjusted to best display internal zoning.

Fig. 7. U-Pb Tera—Wasserberg (1972) concordia plots of LA-ICP-MS zircon data for
orthogneisses and granites. Data point error ellipses and age uncertainties are reported at 2

confidence.

Fig. 8. U-Pb Tera—Wasserberg (1972) concordia plots of SHRIMP zircon data for orthogneisses
and granites from the Fosdick Complex. Error ellipses and age uncertainties are reported at 2

confidence.

Fig. 9. Major oxide data for Swanson Formation (n =9), Ford Granodiorite suite (n = 25), and
Fosdick Complex paragneisses, orthogneisses and Cretaceous granites. The shaded fields for the
Ford Granodiorite suite are based on the data from this study and data from Korhonen et al.
(2010b), Weaver et al. (1991, 1992), Pankhurst et al. (1998), and Tulloch et al. (2009a). FeO*
represents total ferrous iron. Aluminum saturation index (ASI) = molar [Al,O3/ CaO + Na,O +

K,O]. Oxides are plotted as weight percent.

Fig. 10. Trace element data for Swanson Formation (n=9), Ford Granodiorite suite (n = 25), and
Fosdick Complex paragneisses, orthogneisses and Cretaceous granites. The fields for the Ford

Granodiorite suite are based on the data from this study and data from Korhonen et al. (2010b),
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Weaver et al. (1991, 1992), Pankhurst et al. (1998), and Tulloch et al. (2009a). Trace element

abundances are plotted as parts per million (ppm).

Fig. 11. Chondrite-normalized rare earth element (REE) patterns for paragneiss, orthogneiss and
their putative protoliths. Data are from this study and Korhonen et al. (2010b). Chondrite

normalization values from McDonough & Sun (1995)

Fig. 12. Chondrite-normalized rare earth element (REE) patterns for Cretaceous granites from
the Fosdick complex (data from this study and Korhonen et al., 2010b). Chondrite normalization

after McDonough & Sun (1995)

Fig. 13. Sr—Nd isotopic compositions at 100 Ma for potential source rocks and granites from the
Ford Ranges. Data are from this study and Korhonen et al. (2010b), Weaver et al. (1992) and
Weaver et al. (1991). Tick marks along mixing curve are at 10% increments. The uncertainty on
each data point is smaller than the symbols.

Fig. 14. (a) Variation of 8'%0 and eHf; in zircon versus >**U/*

Pb age for migmatitic
orthogneisses. (b) 5'%0 versus eHf360 for migmatitic orthogneiss. The range of eHf values for the
Swanson Formation represents the interquartile range of zircon values recalculated to 360 Ma
and the 8'%0 value range is from oxygen isotope analysis of six whole-rock samples

(Yakymchuk et al., 2015b). The ¢Hf and 880 values of the Ford Granodiorite are from

Yakymchuk et al. (2013a, 2015b). The §'°0 value of mantle-derived rocks is 5-3 + 0-6%o
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(Valley et al., 1998). The cross in the bottom left shows the approximate +£2¢ uncertainties for
individual Hf and O isotope values.

Fig. 15. (a) Variation of 8'%0 and eHf; in zircon versus >*U/*%

Pb age for Cretaceous granites
from the Fosdick complex. (b) 80 versus eHf o for granites from the Fosdick Complex. Also
shown are the ranges of zircon eHf and 5'*O values for three potential sources: Swanson
Formation, Ford Granodiorite suite and the mantle. For the Swanson Formation, a portion of the
interquartile range of ¢Hf values of detrital zircon recalculated to 100 Ma is shown (the
interquartile range extends from -13-9 to -30-3). The 8'*0 value range of the Swanson Formation
is based on oxygen isotope analysis of six whole-rock samples (Yakymchuk ef al., 2015b). The
¢Hf and 8'0 values of the Ford Granodiorite suite are from Yakymchuk et al. (2013a, 2015b).
The 8'%0 value of mantle-derived rocks is 5-3 + 0-6%o (Valley et al., 1998). Two binary mixing
models were calculated for mixing between anatectic melt from the Ford Granodiorite suite
(FGD) with anatectic melt from the Swanson Formation or the assimilation of the Swanson
Formation en masse using representative end-members (stars) of each source as discussed in the
text. The cross in the bottom left shows the approximate +2¢ uncertainties for individual Hf and

O isotope values. The dashed field represents the range of ¢Hf values of Devonian—

Carboniferous zircon from Y 1-1G062 recalculated to 100 Ma.

Fig. 16. Calculated P-T pseudosections for a representative composition of: (a) Swanson
Formation, (b) Ford Granodiorite suite, (c) migmatitic paragneiss and (d) migmatitic orthogneiss.
The thick dashed line represents the solidus and the thin dashed lines represent melt isopleths in

mol.% (~vol.%). The fields outlined by the thick black lines represent the range of peak P-T
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conditions estimated for the Devonian—Carboniferous metamorphism (Yakymchuk ez al., 2015)
in (a) and (b), and the range of P—T conditions estimated for the final solidus assemblage during

the Cretaceous event in (c) and (d). The red lines in (c) and (d) represent the assumed thermal

O©oOoO~NOOOPRWN -

11 gradient (770°C/GPa) for thickened crust in Marie Byrd Land prior to crustal thinning associated
13 with the exhumation of the Fosdick Complex and an average thermal gradient though the P—T
15 conditions estimated for the final solidus assemblage after decompression (1230°C/GPa) from

18 Yakymchuk ef al. (2013a).

22 Fig. 17. Ternary (Na+Ca)—(Fe*+Mg+Ti)-K plot (after Solar & Brown, 2001) comparing the
25 compositions of granites from this study with experimental glass compositions (Skjerlie ef al.,

27 1993; Patifio Douce & Harris, 1998; Koester et al., 2002). See text for details.

32 Fig. 18. Log - log trace element plots for Rb, Sr, Ba and Rb/Sr showing fractionation trends for
34 K-feldspar, plagioclase and biotite compared with the Cretaceous granites from the Fosdick

37 migmatite—granite Complex. The amount of fractional crystallization is shown by 10%

39 increments. Distribution coefficients for Rb, Sr, and Ba in K-feldspar and plagioclase are the

average of values reported for each mineral in Nash & Crecraft (1985).

46 Fig. 19. Compilation of geochronological data for rocks from the Fosdick migmatite—granite
Complex. Data sources as follows: “Korhonen et al. (2012), bYakyrnchuk et al. (2015a),
51 “Richard et al. (1994), “Saito et al. (2013), °Yakymchuk e7 al. (20134), Korhonen et al. (20105),

53 ¢McFadden et al. (2010a), "McFadden et al. (2010b).
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Table 1. Summary of U-Pb geochronology results

Sample Method U-Pb age MSWD n
Orthogneiss
Y1-AW039 LA-ICP-MS  368.5+53 1.1 15
Y1-1G053 LA-ICP-MS  366.8+6.2 29 23 of 24
SHRIMP 366.6£2.2 0.56 14 of 17
K6-B26 SHRIMP 365.7+2.1 33 17
Y1-AW049 LA-ICP-MS  361.2+6.2 1.8 19 0f 20
Y1-MJ075 LA-ICP-MS 1155+3.7 22 7
10CY-035 LA-ICP-MS  c¢. 360, 320, 100 - -
Granites
Y1-1G062 LA-ICP-MS  363.5+3.9 1.9 13 0f 16
SHRIMP No Age - -
Y1-AWO038 LA-ICP-MS 107.9+2.6 29 16
SHRIMP 103.0+ 1.1 0.69 4 of 25
Y1-1G070 LA-ICP-MS 106.9£0.8 1.2 18
SHRIMP 106.6 + 1.1 1.7 10 of 25
10CY-039 LA-ICP-MS 106.5+ 1.5 1.9 22
Y1-AE033 LA-ICP-MS 1062+ 2.1 0.4 18 of 19
Y1-AE051 LA-ICP-MS 1048+ 1.8 3.7 23
Y1-1G052 LA-ICP-MS 103.5+2.9 4 14 of 17
Y1-AE064 LA-ICP-MS 1032+ 1.5 1.7 19 of 24
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2
2 Table 2: Major element, trace element and REE concentrations
5 Rock Type:  Paragneiss
6 Sample: 10CY-010  10CY-015  10CY-021  10CY-023 10CY-033  10CY-041 Y1-BBO13  Y1-CB08O
7 wt %
8 SiO, 61-55 68-82 67-40 66-51 67-85 67-32 60-89 70-39
9 TiO, 0-94 0-81 0-94 1-05 076 077 0-85 076
10 Al,Os 17-54 14-67 14-56 14-76 14-39 14-26 19-04 13-15
11 Fex0s 1-32 1-24 076 1-06 1-36 1-08 1-21 0-67
12 FeO 605 4-55 5-50 5-87 4-21 4-61 5-87 5-04
13 MnO 0-09 0-05 0-07 0-08 0-08 0-05 0-07 0-08
14 MgO 371 276 326 359 274 289 3-90 3-00
15 Ca0 0-91 0-82 1-31 0-71 1-37 1-75 0-93 1-75
16 Na,O 1-91 1-64 1-81 0-99 203 255 1-33 1-85
17 K20 398 305 331 352 360 369 523 261
18 P,Os 013 0-06 0-14 0-08 013 0-14 015 0-19
19 Lol 2:21 1-77 1-50 1-90 1-85 1-18 265 1-69
20 Total 100-34 100-24 100-56 100-12 100-37 100-29 100-12 100-05
21 ppm (XRF)
22 Rb 276 247 198 228 201 188 299 141
23 Sr 106 66 133 80 126 161 135 152
24 Y 40 29 34 37 33 33 35 29
25 zr 218 245 253 232 200 193 140 214
26 v 138 113 127 135 110 110 121 115
27 Ni 76 50 51 61 51 51 54 53
28 Cr 188 139 141 159 141 129 120 118
29 Nb 22 32 19 28 22 15 22 17
30 Ga 26 28 22 27 23 20 29 20
31 Cu 43 15 13 5 18 10 11 14
32 Zn 138 141 114 138 107 110 129 100
33 Co 28 21 22 27 20 20 23 22
34 Ba 682 306 399 373 428 456 901 427
35 La 28 28 28 32 22 26 28 26
36 Ce 74 57 65 75 54 54 72 68
37 U 34 56 1-2 26 3-8 23 23 2-1
38 Th 21 25 19 24 16 15 14 18
39 Sc 18 15 17 13 16 14 16 15
40 Pb <1 <1 <1 <1 <1 <1 18 14
41 ppm (ICP-MS)
42 Sc 18-4 13-8 - 16-7 13-6 14-2 166 13-4
43 Y 40-5 344 - 45-2 280 344 23-9 25-9
44 La 57-1 47-8 - 68-7 43-9 356 41-5 486
45 Ce 114 97-0 - 140 91-1 727 83-7 98-4
46 Pr 13-5 11-3 - 165 10-7 872 9-58 115
47 Nd 51-6 43-1 - 63-2 40-6 331 375 44-0
48 Sm 10-3 872 - 12-8 7-96 6-89 7-61 856
49 Eu 1-60 0-98 - 1-09 1-13 1-22 1-41 1-31
50 Gd 807 666 - 9-31 579 5-65 575 6-35
1 Tb 1-33 1-11 - 1-45 0-94 0-99 0-90 0-98
S Dy 7-36 6-11 - 819 521 5-90 476 519
52 Ho 1-47 1-17 - 1-66 0-99 1-23 0-87 0-93
53 Er 3-90 307 - 470 256 343 212 2:24
54 Tm 0-55 0-43 - 0-70 0-36 0-50 0-27 0-29
95 Yb 3-31 264 - 4-47 217 314 1-56 1-73
g? Lu 0-43 0-35 - 0-62 0-28 0-43 0-20 0-23
58 (continued)
59
60
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Rock Type:  Paragneiss Orthogneiss
Sample: Y1-1G057 Y1-1G061  Y1-LHO77  Y1-MJ074 10CY-035  Y1-AWO039 Y1-AW049 Y1-1G053
wt %
SiO; 42:01 71-00 69-59 68-37 74-19 67-82 64:19 65-51
TiO, 1-57 0-68 0-76 0-74 0-08 0-76 0-92 0-89
Al,O3 23-10 14-34 13-58 1571 14-29 15-85 16-48 16-60
Fe,O3 3-89 0-94 1-06 1-00 0-06 0-91 1-65 1-03
FeO 12:78 4-34 4-17 4-53 0-50 342 370 3-86
MnO 0-44 0-09 0-04 0-09 0-01 0-08 0-07 0-07
MgO 7-74 2:45 2-90 2:75 0-23 1-71 1-95 2-:02
Ca0O 0-43 117 2:22 0-85 0-89 2-86 3:62 3-95
NaO 0-37 1-43 2-21 1-69 2:43 417 4-09 3-40
K20 5-54 3:42 2-89 3-92 7-22 2:23 217 2:20
P20s 0-15 0-19 0-18 0-14 0-08 0-31 0-29 0-30
LOI 3-49 2:22 1-42 2-30 0-43 1-18 1-08 1-01
Total 99-44 100-53 100-06 100-29 100-04 100-50 99-54 100-26
ppm (XRF)
Rb 394 176 158 201 201 149 131 128
Sr 18 157 147 151 264 186 291 280
Y 91 38 32 31 5-9 31 16 25
Zr 155 177 215 166 93 198 260 191
\ 222 95 103 105 15 93 101 102
Ni 90 55 49 55 4 14 12 12
Cr 166 98 128 107 24 59 61 65
Nb 39 13 15 17 3 20 17 14
Ga 39 19 19 22 15 24 23 23
Cu 69 16 5 7 3 10 5 17
Zn 296 81 102 100 14 74 88 78
Co 51 18 18 19 <1 14 17 16
Ba 262 822 459 875 963 267 388 486
La 16 25 23 26 19 23 28 18
Ce 53 60 59 63 32 49 60 38
U 1-2 2:6 2:2 4-3 19 39 21 29
Th 34 14 17 1" 6-8 8:0 67 1-5
Sc 41 11 14 14 <1 14 16 16
Pb <1 14 20 22 47 2 14 15
ppm (ICP-MS)
Sc 58-17 12-59 12-49 10-88 1-46 13-92 14-80 14-76
Y 99-2 34-3 31-5 21-8 7-83 337 157 26-0
La 68-0 281 451 359 14-7 334 435 24-5
Ce 138 57-9 91-9 72:7 301 70-3 89-2 525
Pr 16-2 6-87 10-8 8-57 374 8-94 10-6 6-89
Nd 60-7 266 416 332 13-8 34-8 38:3 277
Sm 12:0 5-54 8-38 6-66 2-95 7-56 6-55 5-82
Eu 0-63 1-53 1-58 1-34 1-35 1-28 1-28 1-63
Gd 10-1 4-62 6-54 4-97 2:45 7-09 5-44 5-52
Tb 2-16 0-84 1-06 0-78 0-37 1-23 0-77 0-95
Dy 16-0 5-41 5-84 4-21 1-71 6-76 3-67 5-33
Ho 3-58 1-20 1-11 0-79 0-28 1-22 0-61 0-98
Er 9-84 3-55 2-82 2-:04 0-73 3-38 1-46 2:63
Tm 1-40 0-54 0-37 0-29 0-11 0-52 0-19 0-36
Yb 8-36 3-48 218 1-74 0-73 310 1-07 2-01
Lu 1-09 0-46 0-28 0-23 0-12 0-45 0-17 0-29
(continued)
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2 Table 2: Continued
5 Rock Type:  Orthogneiss Cretaceous granite
6 Sample: Y1-MJ0O75 10CY-039  Y1-1G062 C6-AW86-1  Y1-AE051  Y1-AE064  Y1-1G052 Y1-1G070
7 wt %
8 SiO; 72-84 73-95 75-60 75-85 76-08 75-01 75-33 77-50
9 TiO, 0-29 0-04 0-01 0-08 0-02 0-04 0-02 0-01
10 Al,O3 14-80 14-85 13-97 13-47 14-62 14-64 14-17 13-85
11 Fe,03 0-28 0-08 0-03 0-05 0-11 0-22 0-11 0-03
12 FeO 1-49 0-22 0-76 0-43 0-39 0-40 0-83 0-08
13 MnO 0-03 0-01 0-06 0-01 0-03 0-05 0-07 0-01
14 MgO 0-63 0-15 0-17 0-22 0-14 0-18 0-20 0-00
15 Ca0O 1-30 0-89 1-05 1-02 2-50 1-65 1-22 1-98
16 NaO 3-44 2-80 2:77 2:60 3:60 313 2:74 3:66
17 K20 5-03 6-81 5-80 5-93 2-84 5-15 5-43 3-21
18 P20s 0-16 0-11 0-09 0-05 0-10 0-06 0-09 0-08
19 LOI 0-69 0-61 0-58 0-39 0-65 0-48 0-48 0-33
20 Total 100-46 99-93 100-39 99-76 100-47 100-57 100-30 100-42
21 ppm (XRF)
22 Rb 236 182 167 183 80 147 137 91-6
23 Sr 158 236 225 321 209 210 250 224
24 Y 13 4-8 274 3 147 10-3 155 4
25 Zr 261 39 76 122 56 73 57 28
26 \ 26 5 <1 12 1 6 6 1
27 Ni 6 6 2 2 2 3 2 1
28 Cr 28 35 21 11 33 21 18 19
29 Nb 17-2 2 1-2 2 1 21 0-9 0-8
30 Ga 20-8 14-9 14-2 15 17-4 159 14-1 15-8
31 Cu 4 4 7 3 2 4 7 25
32 Zn 41 11 11 13 9 13 10 7
33 Co 1 <1 <1 <1 <1 <1 <1 <1
34 Ba 945 895 632 803 402 515 1073 434
35 La 51 11 19 25 19 26 17 13
36 Ce 122 13 37 53 23 39 20 17
37 U 84 11 31 2 3 17 <0-5 11
38 Th 171 <0-5 32 7-4 <0-5 5-9 <0-5 <0-5
39 Sc 5 <1 4 <1 4 2 3 1
40 Pb 38 65 52 36 46 47 62 43
41 ppm (ICP-MS)
42 Sc 5-03 0-79 7-32 1-11 4-51 3-96 6-40 0-51
43 Y 14-4 5:63 24-9 3-50 127 11-9 17-8 2:95
44 La 93-4 6-12 14-4 276 779 201 111 4-34
45 Ce 169 111 300 55-4 13-2 40-7 201 714
46 Pr 18:3 1-28 379 6-87 1-48 4-86 2:32 0-76
47 Nd 60-3 4-54 13-8 24-9 5-06 17-3 8:13 2:43
48 Sm 8:73 0-99 3-20 4-54 1-04 3-33 1-48 0-45
49 Eu 1-10 1-32 113 0-98 1-44 1-16 1-58 113
50 Gd 5-97 0-94 2:77 3:25 0-99 2-54 1-33 0-41
1 Tb 0-83 0-18 0-52 0-34 0-22 0-39 0-31 0-08
5 Dy 3-61 1-00 3-51 1-12 1-70 210 2-51 0-47
52 Ho 0-50 0-19 0-86 0-13 0-45 0-41 0-61 0-10
53 Er 1-04 0-52 3-31 0-26 1-73 1-43 2-30 0-33
54 Tm 0-12 0-08 0-65 0-03 0-33 0-30 0-48 0-06
95 Yb 0-63 0-45 4-95 0-21 2:36 2-51 3-80 0-45
g? Lu 0-08 0-07 0-84 0-03 0-39 0-46 0-62 0-08
58 (continued)
59
60
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Table 2: Continued

Rock Type:  Cretaceous granite Microgranite Other Granite

Sample: Y1-AW038  Y1-AE033 10CY-024 21220-3 Billey Bluff  Y2-MP083  Y2-BR087

wt %

SiO, 71-16 74-06 74-25 74-96 75-53 75-44 74-63
TiO2 0-03 0-10 0-28 0-14 0-21 0-21 0-16
Al,Og 16-02 15-58 13-99 13-26 13-28 12-59 13-51
Fe20, 0-04 0-09 0-12 0-17 0-55 0-60 0-15
FeO 0-54 0-14 1-31 0-55 0-58 1-16 1-20
MnO 0-08 0-01 0-03 0-01 0-05 0-04 0-04
MgO 0-11 0-10 0-31 0-34 0-23 0-20 0-19
Ca0O 0-44 1-37 1-20 1-10 0-63 0-86 1-14
NaO 2-80 2:74 2:82 2:29 4-28 3-55 3:23
K20 8-89 5-91 5-34 6-31 4-58 4-55 4-93
P20s 0-07 0-11 0-07 0-15 0-05 0-05 0-07
LOI 0-47 0-62 0-78 0-40 0-43 0-63 0-70
Total 100-24 100-23 99-87 99-34 100-03 99-38 99-38
ppm (XRF)

Rb 284 178 195 239 228 358 267
Sr 167 194 222 191 119 86 121
Y 14-6 8-9 337 6-6 231 27-4 357
Zr 76 23 227 130 189 126 145
\ 5 8 23 17 17 18 19
Ni 1 1 1 1 1 1 2
Cr 14 8 4 26 15 31 65
Nb 2:4 2:2 14-8 7-2 326 329 277
Ga 14-9 185 20 17-3 241 24-8 233
Cu 4 3 7 1 4 1 2
Zn 13 10 27 24 31 41 45
Co <1 <1 2 <1 <1 <1 1
Ba 457 640 834 427 461 252 557
La 15 21 48 25 56 39 37
Ce 13 28 108 52 109 72 80
U 1-4 1-4 24 26 5-3 5-8 37
Th <0-5 <0-5 357 13 34-6 336 135
Sc 3 1 3 3 2 7 8
Pb 64 58 29 48 12 26 17
ppm (ICP-MS)

Sc 3-57 1-04 3-80 - - - -
Y 10-9 9-77 354 - = - -
La 1-87 15-2 66-2 45-3 59-8 39-7 74-9
Ce 2:45 31-3 141 56-4 79-2 44-4 92:2
Pr 0-24 3-90 171 9-46 10-2 7-63 16-1
Nd 0-75 14-4 627 330 324 261 55-0
Sm 0-23 3:26 11-0 5-67 4-65 4-85 9:05
Eu 0-6 1-49 1-22 0-79 0-55 0-43 0-74
Gd 0-41 2-93 8-33 3-96 3-41 4-10 6-59
Tb 0-13 0-47 1-25 0-48 0-51 0-70 0-92
Dy 1-21 217 6:65 2-:00 3:04 4-27 4-91
Ho 0-35 0-33 1-26 0-26 0-59 0-81 0-84
Er 1-51 0-79 3-68 0-52 1-81 2:43 2-31
Tm 0-34 0-10 0-56 0-06 0-32 0-42 0-38
Yb 2-87 0-57 3-38 0-32 213 2:77 2-56
Lu 0-53 0-08 0-52 0-05 0-35 0-43 0-40
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2

2 Table 3: Sr—Nd isotope compositions

5 Rock Type Paragneiss Orthogneiss

6 Sample no-  10CY-010 10CY-015 10CY-023  10CY-033 Y1-CB080 Y1-IG057  Y1-LHO77 10CY-035  Y1-AW039  Y1-1G053

7 Rb (ppm) 284-9 246-8 2324 2065 147-3 453-1 1647 196-2 1313 114-4

8 Sr (ppm) 104-4 64-28 99-59 98-35 144-3 11-92 139-3 269-8 181-0 285-9

9 Rb/Sr 2729 3-840 2333 2:100 1-021 38-02 1-182 0.7272 07253 0-4002

10 ¥Rb/*Sr 7-919 111 6-762 6-090 2-960 111-8 3-429 2-105 2-101 1-159

11 87gr/%gr 0739606  0-747548  0-729249  0-734213  0-731586  0-876719  0-738234 0718274  0-721603 0716186

12 S7S1/%Sr 1ooma) 0728538  0-731965  0-719797  0-725700  0-727449  0-720467  0-733440 0-715331 0-718667 0-714567

13 S7S1/%Sr seoma) 0-699687 0-691346  0-695159  0-703511  0-716666  0-313191  0-720946 0-707661 0-711013 0-710346

14 Sm (ppm) 13-23 9-802 10-50 7-233 7-593 12-45 7-506 2.494 6-301 6-469

15 Nd (ppm) 69-90 51-43 46-59 35-57 38-56 65-74 38-24 11-52 28-76 34.52
Sm/Nd 0-1893 0-1906 0-2253 0-2034 0-1969 0-1895 0-1963 0-2166 0-2191 0-1874

16 “TSm/"*Nd 0-1144 0-1152 0-1210 0-1229 0-1190 0-1145 0-1187 0-1309 0-1324 0-1133

17 “Nd/**Nd 0512100 0-512089 0512139  0-512134 0-512073  0-512046  0-511914 0-512255 0-511908 0-512254

18 eNd (oua) -105 107 97 9-8 -11-0 115 -14-1 7-4 -14.2 75

19 eNd 10w 94 96 87 89 -10-0 105 131 66 13-4 64

20 eNd (s60ma) 67 69 62 64 74 77 105 4-4 113 36

21 Rock Type Orthogneiss Cretaceous Granite

22 Sample no-  Y1-AW049  Y1-MJ075 10CY-039  Y1-IG062 CB6-AW86-1 Y1-AE064 Y1-1G052  Y1-IG070 Y1-AW038  Y1-AE033

23 Rb (ppm) 133-2 224-8 164-9 154-4 167-2 1307 131-0 84-6 255-2 154-9

24 Sr (ppm) 288-3 1565 240-1 2258 328-8 2107 252-9 219-1 1723 195-2

25 Rb/Sr 0-4620 1-436 0-6871 0-6838 0-5085 0-6204 0-5180 0-3860 1-481 0-7934

26 ¥Rb/**sr 1-337 4-164 1-901 1-987 1-472 1-736 1-532 1-118 4-244 2:125

27 ¥'sr/®sr 0-714254  0-730827 0723275  0-719905 0713751 0-721116  0-719866 0721597  0-726049 0-728855

28 ¥3r/*°Sr 0oma) 0-712385  0-725007 0720617  0-717127  0:711694  0-718689  0-717725 0720034  0-720117 0-725884

29 *'SI/*°Sr z6oma) 0-707513  0-709837 0713690 0709887  0-706332  0-712365  0-712143 0715961  0-704654  0-718141

30 Sm (ppm) 6532 6-997 0-4368 3-471 4-972 2-625 1-073 0-4497 0-3425 2-927

31 Nd (ppm) 38-37 46-79 1-975 15-02 25-77 13-39 5-652 2:956 1-120 12-29

32 Sm/Nd 0-1702 0-1496 0-2211 0-2310 0-1930 0-1961 0-1898 0-1521 0-3057 0-2382

33 "“Tsm/"*Nd 0-1029 0-0904 01337 0-1361 01166 01133 0-1400 0:0919 01848 0-1440

34 3Nd/*Nd 0-512238  0-512380 0-512211  0-512259  0-512284 0-512221  0-512208 0-512183  0-512348 0-512192

35 eNd (ova) 78 50 83 74 69 81 -84 88 56 87

36 eNd (100ma) 66 -3-6 75 66 -5-8 71 -7-3 75 55 -8-0

37 eNd (s6oma) 35 01 54 4.7 32 45 46 41 51 62

38 Notes:

39 Arp= 13968 x 10"

40 Asm =654 x 1072

41 "N/ Ndenur 0= 0-512638

jg Sm/"**Ndcurg) = 0-1967

44

45
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spot 232%&2‘? ®0/%0 #1070 % +2SE TOHETTHE  +10° TLu/TTHE #10° ewo)  TCHETHE G ey £2SE Emso)  Erioo)
Y1-IG053 — orthogneiss
1G053-1-1 345 00020439 1 8-67 0-35 0-282485 34 0-00050 1 -106 0282482  -3:0 12 27 -
1G053-1-2 377 0-0020448 2 9-11 0-36 0-282503 41 0-00121 7 -100 0282495  -1-9 15 22 -
1G053-2-1 350 00020449 1 9-14 0-36 0-282488 34 0-00045 1 -105 0282486 28 12 26 -
1G053-2-2 533 0-0020400 1 675 0-35 0-282328 41 000116 12 -161 0282317  -47 15 -84 -
1G053-3-2 367 00020441 2 874 0-36 0-282480 40 0-00131 5 -108 0282471 29 14 31 -
1G053-4-2 367 00020448 1 9-11 0-35 0-282465 40 0-00110 2 113 0282458  -3-4 14 36 -
1G053-5-1 367  0-0020439 1 8-67 0-35 0-282560 40 0-00101 4 79 0282554 00 14 02 -
1G053-5-2 287 0-0020439 1 8-68 0-35 0-282460 38 0-00101 3 115 0-282455 53 13 - -
1G053-6-1 356 00020442 1 8-82 0-35 0-282475 35 0-00041 1 -109 0282473  -3-1 12 -3-0 -
1G053-6-2 367 0-0020433 1 8-36 0-35 0-282492 32 0-00055 5 -103 0282489 23 11 25 -
1G053-7-1 367 00020438 2 8-61 0-37 0-282497 35  0-00077 1 -102 0282492 22 12 24 -
1G053-8-1 367 00020441 2 8-76 0-36 0-282441 31 0-00059 2 121 0282437  -4-1 11 43 -
1G053-9-1 346  0-0020440 2 8-73 0-36 0-282503 37 0-00079 3 -100 0282498 24 13 21 -
1G053-13-1 367  0-0020438 2 8-61 0-36 0-282509 38 0-00136 3 97 0-282500  -1-9 13 21 -
1G053-14-1 350 00020445 2 8-96 0-36 0-282476 40 0-00104 3 -109 0282470  -3-4 14 32 -
1G053-16-1 367 00020445 1 8-96 0-35 0-282477 35 0-00070 1 -109 0282473 29 12 -3-0 -
1G053-17-1 367 00020452 1 9-30 0-35 0-282501 30  0-00146 4 -100 0282491 22 11 24 -
1G053-181 355  0-0020443 3 8-87 0-38 0-282447 37 0-00045 1 119 0282444  -42 13 -41 -
1G053-18-2 367  0-0020446 0 8-99 0-35 0-282497 41 0-00037 1 -102 0282495  -2-1 15 23 -
1G053-19-1 355  0-0020445 1 8-98 0-35 0-282484 28 0-00072 1 -106 0282480 29 10 28 -
1G053-19-2 378 00020431 2 8-27 0-37 0-282526 35 0-00071 2 -91 0-282521 09 12 13 -

(continued)
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3 Table 4: Continued

4

2 spot 232%&2‘? ®0/%0  +107  5%0% +2SE: TOHETTHE  #10°  OLU/MTHE #10° ee PHETTHEW  ewg  £2SE Emeso)  Erioo)

7 K6-B26 — Orthogneiss

g K6B26-1-1 366 0-0020437 3 856 0-37 0-282494 42 0-00110 2 -10:0 0282487 -2+4 15 25 -

10 K6B26-2-1 338 0-0020435 0 8-47 0-35 0-282448 34 000125 4 119 0282441  -4-7 12 -42 -

11 K6B26-3-1 336 0-0020447 2 9-04 0-36 0-282479 42 0-00093 3 -102 0-282474 -35 15 30 -

12 K6B26-4:2 366 0-0020429 5 8:20 0-42 0-282536 48 0-00090 3 -106 0-282530  -0-9 17 <10 -

13 K6B26-61 366 0-0020429 2 816 0-36 0-282485 36  0-00073 3 91 0282481 -26 13 28 -

1 g K6B26-7-1 366 0-0020432 1 834 0-35 0-282505 34 0-00095 7 95 0282499  -2:0 12 21 -

16 K6B26-81 366 0-0020435 1 846 0-35 0-282527 40 000113 3 91 0282520 -1-2 14 14 -

17 K6B26-9-1 366 0-0020443 1 8-88 0-35 0-282510 38 0-00164 6 88 0282499  -2:0 13 21 -

18 K6B26-10-1 366 0-0020433 2 8:37 0-36 0-282505 36  0-00127 5 -85 0282497  -2:0 13 22 -

;g K6B26-10-2 366 0-0020426 3 8-03 0-39 0-282509 52 0-00113 14 82 0282502 -1-9 18 =20 -

o1 K6B26-11-1 366 0-0020430 1 825 0-35 0-282475 59  0:00312 5 79 0-282454 -36 21 37 -

22 K6B26-12-1 366 0-0020433 2 8-40 0-36 0-282526 46 0-00089 3 76 0282520 -1-2 16 -14 -

23 K6B26-13-1 366 0-0020441 2 879 0-36 0-282464 38 0-00088 2 73 0-282458  -3-4 13 -36 -

24 K6B26-14-1 366 0-0020442 1 8-84 0-35 0-282490 41 0-00075 3 70 0282485 -2'5 15 26 -

gg K6B26-15-2 366 0-0020436 1 854 0-36 0-282549 45 0-00096 0 67 0282543  -0-4 16  -06 -

o7 K6B26-161 335 0-0020459 1 9-67 0-35 0-282486 81 0-00091 4 64 0282481 -3-3 29 28 -

28 K6B26-17-1 366 0-0020440 2 871 0-36 0-282542 43 0-00080 5 61 0-282537 -0'6 15  -08 -

29 K6B26-181 366 0-0020440 1 873 0-35 0-282521 33 0-00076 4 57 0282516  -1-4 12 <15 -

g? K6B26-19-1 366 0-0020449 1 9-16 0-35 0-282511 47 0-00108 1 54 0-282504 -1-8 17 <19 -
K6B26-20-1 105  0-0020461 2 9-77 0-36 0-282549 26 0-00039 0 51 0282549  -60 0-9 - 82

32

33 Y1-1G062- granite

34 1G062-1-1 98  0-0020470 2 1021 0-36 0-282582 32 0-00047 1 72 0282582 -50 11 - 50

35 1G062-1-2 1621  0-0020386 1 6:05 0-35 0-282082 77 0-00131 3 248 0282042 10-3 27 - -

gg 1G062-2-1 110 0-0020456 2 9-51 0-37 0-282675 31 0-00048 0 -39 0-282675 -1'5 11 - 7

38 1G062-2-2 344  0-0020458 1 9-58 0-35 0-282492 26 0-00064 1 -103 0282488 -2:8 09 25 -

39 1G062-3-1 98  0:0020465 1 9-94 0-35 0-282530 38 0-00057 2 90 0282529  -6:9 13 - 68

40 1G062-4-1 331 0-0020469 1 10-16 0-35 0-282457 26 0-00111 1 116 0-282451  -4'5 09 -39 -

3; (continued)
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spot zzzi%&zd) ®o/%0  +107  5%0% +2SE: TOHETTHE  +10° OLu/MTHE #10° ewey TCHETHEG emy £ 2SE Emen)  Ewiron
1G062-6-1 359  0-0020448 1 9-12 0-35 0-282504 39 0-00128 3 99 0282496 22 14 22 -
1G062-6-2 368  0-0020456 0 9-50 0-35 0-282513 29 0-00105 1 96 0-282506 17 10 -19 -
1G062-6-3 126  0-0020455 1 9-47 0-36 0-282557 31 0-00073 2 80 0-282556 53 11 - 59
1G062-10-1 390  0-0020456 2 9-51 0-36 0-282397 83  0-00087 9 -137 0282391 52 29 59 -
1G062-10-2 361 0-0020446 1 9:02 0-35 0-282497 48 0-00103 9 -102 0282491 24 17 24 -
1G062-11-1 119 0-0020466 2 9-99 0-36 0-282608 50  0-00123 9 62 0-282606  -37 18 - 41
1G062-11-2 377 0-0020454 2 9-39 0-36 0-282483 38 0-00101 3 -107 0282476 25 13 2.9 -
1G062-12-1 114 0-0020462 2 9-78 0-36 0-282638 28 0-00082 2 52 0282637 27 10 - 30
1G062-12-2 393 0-0020467 3 1006 0-37 0-282413 40 0-00033 2 131 0282411  -45 14 52 -
1G062-12-3 333 0-0020442 2 8-81 0-37 0-282507 42 0-00053 2 98 0282504 25 15 1.9 -
1G062-14-1 109 0-0020465 2 9-94 0-36 0-282618 36 0-00060 2 59 0282617  -3'5 13 - 37
1G062-171 107 0-0020457 2 9-53 0-37 0-282602 30 0-00054 1 65 0-282601  -4-1 11 - 43
1G062-181 108  0-0020463 1 9-84 0-35 0-282622 39 0-00070 3 57 0282621  -3:4 14 - 36
1G062-18-2 359  0-0020455 1 9-45 0-35 0-282480 34 000124 5 -108 0282472 -3-1 12 -31 -
1G062-19-1 375  0-0020451 1 9-25 0-35 0-282462 28 0-00079 5 -114 0-282457  -3-2 10 -36 -
1G062-20-1 379 0-0020448 1 9-13 0-35 0-282459 33 0-00107 7 115 0282452  -3-3 12 38 -
1G062-21-1 107 0-0020461 2 9-76 0-36 0-282518 36 0-00057 5 94 0282517  -7-1 13 - 73
Y1-AWO038 - Granite
AW038-1-1 103 0-0020461 2 9-35 0-31 0-282575 31 0-00106 1 -10-0 0282573 52 11 - 53
AW038-1-2 113 0-0020471 1 9-85 0-30 0-282585 29 0-00098 1 -119 0282583  -4-6 10 - 49
AW038-3-1 113 0-0020462 1 9-40 0-30 0-282601 37 0-00131 0 -102 0282599  -4-1 13 R
AW038-4-2 110 0-0020460 1 9-32 0-30 0-282583 30  0-00135 3 -106 0282581  -4-8 11 - 50
AW038-51 103 0-0020451 1 8-87 0-30 0-282551 37 0-00155 7 -91 0282549  -6-1 13 - 62
AW038-61 112 0-0020466 1 9-60 0-30 0-282608 29 0-00103 1 95 0282606  -3-8 10 - 41
AW038-6-2 107 0-0020460 1 9-33 0-30 0-282580 27 0-00088 1 91 0-282579  -4-9 10 - 51
AW038-7-1 112 0-0020460 0 9-33 0-30 0-282574 43 000148 4 88 0-282571  -5-1 15 - 53
AW038-8-1 103 0-0020457 2 9-18 0-31 0-282573 53 0-00046 0 -85 0282573 52 19 - 53
AW038-10-1 110 0-0020467 2 9-65 0-31 0-282583 24 0-00116 2 -82 0-282581  -4-8 0-8 - 50

(continued)
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2 Table 4: Continued

2 spot zzzi%&zd) ®o/%0  +107  5®0% +2SE TOHETTHE  +10° TOLu/TTHE #10° ey TOHITTHE g ewy  £2SE- mso oo
7 AW038-12-1 103 0-0020452 1 894 0-30 0-282538 68  0-00178 4 79 0282535 66 2:4 - 66
g AW038-14-1 111 0-0020472 2 9-92 0-31 0-282565 24 0-00085 2 76 0282564  -54 08 - 56
10 AW038-15-1 115 0-0020459 2 9-30 0-30 0-282576 38 0-00102 2 73 0282574  -4-9 1-3 - 52
11 AW038-16-1 108 00020450 2 883 0-31 0-282565 39 0-00123 2 70 0282563  -54 1-4 - 56
12 AW038-17-1 116 0-0020465 2 9-59 0-31 0-282604 34 0-00108 1 67 0282602  -3-9 1-2 - 43
13 AW038-18-1 114 0-0020451 2 8-88 0-31 0-282583 25 0-00071 0 64 0282582  -4'6 09 - 50
12 AW038-19-1 113 0-0020457 2 9-20 0-32 0-282622 77 0-00096 1 =61 0282620 -3-3 27 - 36
16 AW038-20-1 117 0-0020459 1 9-29 0-30 0-282632 35  0-00127 4 57 0282630  -2:9 1-2 - 33
17 Y1-1G070 — Granite

18 IG070-1-1 107  0-0020447 1 869 0-30 0-282582 32 000177 2 -100 0282579  -4:9 11 - 51
;g 1G070-2-1 107  0-0020466 1 963 0-30 0-282528 37 0-00287 12 119 0282523  -6:9 1-3 - 71
21 1G070-3-1 107  0-0020455 1 906 0-30 0-282574 39  0-00164 2 102 0282571  -52 1-4 - 54
22 IG070-4-1 107  0-0020458 2 923 0-31 0-282583 34 0-00148 1 -106 0282581  -4-9 1-2 - 50
23 1G070-5-1 107 0-0020467 1 967 0-30 0-282586 43 0-00152 1 91 0282583  -4-8 1-5 - 49
24 1G070-6-1 107  0-0020457 1 919 0-30 0-282561 33 0-00136 2 95 0282559  -56 1-2 - 58
gg 1G070-7-1 107 0-0020451 1 8-90 0-30 0-282608 36 0-00192 9 91 0282605  -4-0 1-3 - 42
27 1G070-8-1 107  0-0020467 2 967 0-31 0-282575 37 0-00123 4 88 0282573  -5-1 1-3 - 53
28 1G070-9-1 107  0-0020473 1 997 0-30 0-282576 41 000223 10 -85 0282572  -52 1:5 - 53
29 1G070-11-1 110 0-0020471 0 9-86 0-30 0-282555 35  0-00125 4 82 0282553  -5:8 1-2 - 60
g? 1G070-12-1 112 0-0020453 1 896 0-30 0-282613 44 0-00170 2 79 0282610  -3-7 1-6 - 40
32 1G070-13-1 113 0-0020479 1 10-27 0-30 0-282551 36  0-00144 1 76 0282548  -5:9 1-3 - 62
33 1G070-15-1 115 0-0020471 2 9-84 0-31 0-282587 40 0-00112 2 73 0282585  -4'5 1-4 - 49
34 Notes:

35 "®Lu decay constant of 1-865 x 10" (Soderlund ez al. 2004).

36 eHE/'"THF and '"°Lu/!""Hf cyyur values of 0-282785 and 0-0336, respectively (Bouvier et al. 2008).
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Table 5: Compositions used for phase equilibria modelling
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Weight % (from XRF whole rock analyses)

Sample SiO, TiO, ALO;  Fe,03 FeO MnO MgO CaO Na,O KO P,0s LOI Total

10CY-15 68.82 0.81 14.67 1.24 455 0.05 2.76 0.82 1.64 3.05 0.06 1.77 100.24
Y1-1G0O53 65.51 0.89 16.60 1.03 3.86 0.07 2.02 3.95 3.40 2.20 0.30 1.01 100.84
10CY-002 63.92 0.70 16.52 0.74 5.82 0.11 3.76 1.25 2.44 4.24 0.17 1.86 101.53
R7218 71.13 0.38 13.97 2.44 - 0.05 0.91 2.36 3.45 3.64 0.14 1.05 99.52

Normalized molar proportions (mol.%)

Sample Figure H,O SiO, ALO; CaO MgO FeO K,O Na,O TiO, (6] Total

10CY-15 6¢ 0.92 74.27 9.34 0.95 4.44 5.11 2.10 1.72 0.65 0.51 100
Y1-1G053 6d 1.59 69.84 10.43 451 3.21 4.26 1.50 3.52 0.71 0.42 100
10CY-002 6a 5.56 65.69 10.00 1.38 5.76 5.58 2.78 243 0.54 0.28 100
R7218 6b 3.70 75.24 8.71 2.67 1.44 1.94 2.46 3.54 030  0.10" 100

“10% of iron assumed to be ferric. All other Fe**/Fe’* values were determined by titration.
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