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ABSTRACT 

 

Partial melting of the lower continental crust and subsequent melt emplacement at higher 

structural levels is an important crustal differential process that is predicted to produce an 

enriched granitic upper crust and depleted, more mafic lower crust. However, the common 

occurrence of accessory mineral-rich migmatite residues and upper crustal granites that are 

depleted in incompatible elements (U, Th, and REE) suggests our understanding of the controls 

on element distribution during recycling is limited. The behavior of key accessory minerals 

during partial melting of metasedimentary rocks, is interpreted to impact the composition of 

melts generated and extracted from mid-crustal migmatites, and therefore has important 

implications for our understanding of the process of recycling in the continental crust. 

Two broad approaches were used in this research project to assess the behavior of 

accessory minerals in anatectic melts: a natural migmatite study, and modeling of theoretical 

melts generated through migmatization of metasedimentary rocks. 

Detailed in situ textural and mineral chemical characterization of migmatitic paragneiss 

from the Larsemann Hills, east Antarctica, provides insight into the behavior of migmatitic rocks 

during polycyclic metamorphism. Important trace element-bearing accessory minerals (zircon 

and monazite) record complex trace element zoning patterns that are linked with major mineral 

(garnet) growth and breakdown. The work provides insight into the utility of trace element 

analysis in the interpretation of complex age relationships and constrains the relative extent of 

melting during overprinting anatectic events. The extraction of melts generated during the first 

partial melting event, D1, left a predominantly residual composition, and the overprinting partial 

melting that occurred during D2 was localized to fertile domains. Results also suggest that the 

textural location and assemblage context affects accessory mineral growth and breakdown, and 

as a result affect the flux of trace and heat producing elements from the site of melting into the 

upper crust. 

Modeled S-type granitic melts calculated from thermodynamic phase equilibria show that 

pressure, temperature, and changes to melt composition (e.g. XH2O) affect the behavior of zircon 

in partial melts. Under equilibrium conditions zircon will be saturated in the melt at the site of 

melting. Slight decreases in XH2O in the melt and/or in temperature will facilitate zircon 
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crystallization. This suggests that zircon may grow close to the site of melting in the presence of 

melt, and zircon in granulites does not necessarily reflect growth during cooling of the terrane 

below the solidus. The lower crust will be enriched in Zr and therefore zircon, which is 

supported by petrographic observations in some natural granulites. As a consequence of zircon 

enrichment, trace elements (REEs, HPEs) will also not be depleted in residual lower crustal 

rocks. Modeling also demonstrates that the major and accessory element compositions of melts 

that are extracted from the deep crust and emplaced at higher structural levels are highly 

dependent on melt segregation, extraction rate and interaction with wall rock.  
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CHAPTER 1 

INTRODUCTION 

 

The extraction of melts from the lower crust and their subsequent emplacement at higher 

structural levels is possibly the most important crustal differentiation mechanism (Rudnick and 

Gao, 2005; Brown and Rushmer, 2006; Hawkesworth and Kemp, 2006; Brown, 2007, 2010). 

This process leads to the transfer of major and trace elements, volatiles and heat through the 

crust, and allows recycling of crustal materials. Granites that are considered the product of 

magmatic and/or crustal differentiation, are spatially linked to high-grade metamorphic and 

anatectic rocks (White and Chappell, 1977; Milord et al., 2001; Solar and Brown, 2001) leading 

many workers to propose a model for granulite metamorphism in which the extraction of granitic 

material leaves behind a refractory, anhydrous lower crust (e.g., Tarney and Windley, 1977; 

Nesbitt, 1980). Most trace elements display incompatible behavior during magmatic processes 

(Rollinson, 1993) and as a result the large-scale extraction of granitic melts should leave behind 

a lower crust with a broadly residual chemistry (McCarthy, 1976; Tarney and Windley, 1977; 

Hawkesworth and Kemp, 2006). However, S-type granites and leucogranites are commonly 

depleted in REE and other incompatible elements such as U and Th relative to what would be 

predicted from the source composition (Villaseca et al., 2007). Therefore, if extensive melting 

and melt extraction has occurred, it has not led to the expected large-scale chemical depletions in 

trace elements in the source regions to granites. The major disparity between what is expected to 

occur during anatexis in high-grade metamorphism and what is observed in these terranes 

reflects our limited understanding of the partitioning of trace elements during melting and can be 

solved though analysis of local-scale melt processes and controls on geochemical signatures 

(Watt and Harley, 1993; Brown et al., 1995; Johannes et al., 1995; Bingen et al., 1996; Watt et 

al., 1996; Brown, 2007, 2010; Clemens and Stevens, 2012). 

A central control on the trace element character of melts generated in the middle to lower 

crust and the residues produced during melting is the behavior of key trace-element bearing 

phases (Zeng et al., 2005; Bea et al., 2007). Because accessory minerals such as zircon, 

monazite, apatite, rutile and ilmenite contain high abundances of trace elements as essential 
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structural components, their participation in metamorphic and partial melting reactions will exert 

strong compositional controls on the mineral products of melting and melt composition. 

 

1.1 Aim of the research 

The research presented in this dissertation addresses the fundamental problem of quantifying 

the influence of accessory minerals on the composition of anatectic melts in the continental crust. 

Key questions are:  

• How do the key trace element-bearing accessory minerals behave during anatexis and 

how do major and accessory minerals record this interaction through trace element 

zoning? 

• How does the textural location, assemblage context and relative timing of accessory 

mineral growth or breakdown affect melt compositions? 

• How does pressure, temperature, and changes to melt composition (e.g., XH2O) affect 

accessory mineral behavior in partial melts? 

• How does melt segregation, extraction rate and melt interaction with wall rocks, affect 

the growth versus dissolution of accessory minerals and therefore the composition of 

melts that are extracted from the deep crust and emplaced at higher structural levels? 

 

1.2 Background to the problem 

Many studies have focused on the composition of upper crustal magmatic rocks to better 

understand the large-scale controls on the flux of trace elements and crustal differentiation (e.g., 

Chappell and White, 1992; Chappell, 1999). However, migmatites are better suited to address 

retention versus liberation of trace elements at site of melting in the deep crust. Here, mineral-

mineral and mineral-melt reactions involving the trace element carriers (largely accessory 

minerals, but also minerals such as garnet) can be studied and local scale controls better 

evaluated. 

 

1.2.1 Migmatites 

 Melt-bearing rocks occur at depth and are considered the sources of magma for upper 

crustal intrusions; thus, residual migmatites and granulites exposed at the Earth’s surface 
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represent former melt-bearing crust and preserve evidence for melt transport on the micro- and 

meso-scale. Migmatites are complex metamorphic rocks formed by prograde melt-producing 

reactions and the subsequent loss of most of this melt (Sawyer, 2008; Sawyer and Brown, 2008). 

Partial melting of rocks changes a single-phase solid into a two-phase material: a low viscosity 

and low density melt co-existing with a high viscosity and high density solid. Deviatoric stresses 

drive the movement of material and the two phases separate. The deformation changes the 

geometry of the rocks by folding, transposition and boudinage, which result in morphological 

and/or structural complexity that adds to further petrological heterogeneity. 

There are four basic parts of a migmatite, although not all may be found in any particular 

migmatite, and they fall under two broader categories: neosome and paleosome (Table 1.1). 

Neosome includes the parts of the migmatite that are newly formed or reconstituted by partial 

melting, specifically: 

1) parts that partially melted and in which the melt and solid remained intermingled; 

2) parts that partially melted, but lost some or virtually all melt; 

3) parts that gained melt (complement to 2) by accumulation or injection. 

4) the non-neosome part of the migmatite that did not melt, and in which structures older 

than the partial melting are preserved (paleosome may include the final part). 

Table 1.1 Migmatite nomenclature following Sawyer (2008) 
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1.2.2 Crustal melts 

Melting of crustal rocks is mainly a function of heat, but is also dependent on bulk 

composition, the presence or absence of an H2O-rich fluid phase, pressure and time. In the 

presence of aqueous fluid, pelites and greywackes begin to melt at temperatures of 650–700 °C 

at crustal pressures (Brown and Korhonen, 2009). Because rocks in the deep crust have very low 

porosity and contain very little aqueous fluid at near-solidus conditions (Yardley and Valley, 

1997; Yardley, 2009), it is suggested that fluid-present melting is not a prevailing process in the 

lower crust. Thus, the breakdown of hydrous minerals in protoliths that also contain quartz and 

feldspar is required for significant melt generation. Mica-bearing rocks melt at temperatures 

above 750–800 °C and amphibole-bearing rocks above 850–900 °C (Thompson, 1982, 1990; 

Clemens and Vielzeuf, 1987; Clemens, 2006). The quantity of melt produced is strongly 

dependent on the amount of micas and amphiboles (hydrous reactants) and the proportions of 

feldspars and quartz (anhydrous reactants). Generalized examples of hydrate-breakdown melting 

reactions are summarized by Clemens (2006):  

Muscovite + Plagioclase + Quartz = Aluminosilicate + K-feldspar + Liquid   (1) 

 

Biotite + Aluminosilicate + Quartz = Garnet/Cordierite + K-feldspar + Liquid  (2) 

 

Biotite + Plagioclase 1 + Aluminosilicate + Quartz =  

Garnet/Cordierite + Plagioclase 2 (±K-feldspar) + Liquid  (3) 

 

Biotite + Plagioclase + Quartz =  

Orthopyroxene (± Clinopyroxene ± Garnet) + Liquid   (4) 

 

Hornblende + Quartz =  

Plagioclase + Orthopyroxene + Clinopyroxene (±Garnet) + Liquid (5) 

 

After the hydrate phases have been dissolved and assuming that the temperature continues to 

rise, the melt become increasingly dehydrated as anhydrous-phases are dissolved into the melt. 
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1.2.3 Melt extraction and ascent 

Leucosome acts as a record of melt flow networks in residual migmatites and granulites; 

it is argued that melt segregates and accumulates in these networks until a drainage event occurs 

when approximately 7 vol. % melt is present in the source – know as the melt critical threshold 

(Rosenberg and Handy, 2005). Mesoscale pods of leucosome or diatexite may record local 

ponding of melt. These storage networks feed drainage channels that transport melt from the 

source to emplacement as granite at shallower levels in the crust. It is important to note here that 

leucosome represents crystallization products from melt that has ponded and/or transited through 

the rock, and will therefore not represent the composition of the melt itself, nor the volume of 

melt produced from that specific location. 

It is recognized that emplacement geometry is not necessarily a good corollary for ascent 

mechanism, and the melt – magma extraction – magma ascent process is poorly understood (e.g., 

Brown, 2007). Several geologically viable mechanisms have been proposed to account for 

magma ascent including flow in dykes (e.g., McKenzie, 1984; Wickham, 1987), stepwise 

accumulation of melt and ascent in mobile hydrofractures (e.g., Bons, 2001; Bons et al., 2001), 

pervasive migration by mesoscale porous melt flow (e.g., Collins and Sawyer, 1996; Brown and 

Solar, 1998; Sawyer et al., 1999; Weinberg, 1999), and as diapirs (e.g., Clemens and Mawer, 

1992; Miller and Paterson, 1999). It is likely that many or all of these processes contribute at 

some degree to melt transport and ascent in the crust (Brown, 2007). 

 

1.2.4 S-type granites 

S-type granites are strongly peraluminous and result from the partial melting of 

aluminous clastic sedimentary rocks (metapelites and metapsammites), in contrast to I-type 

granites that are derived from much less evolved mafic to intermediate crust (Chappell and 

White, 1974, 1984, 1992; Chappell, 1999; Clemens, 2003). S-type granites have relatively high 

A/CNK [0.5Al/(Ca + 0.5Na + 0.5K)] ratios (>1.1), low sodium content (Na2O < 3.2 wt%), K/Na 

(molar) ratios in excess of 1, as well as Sr and O isotopic ratios consistent with derivation from 

sedimentary rocks. 

The generation of S-type granites is well known through theoretical considerations (e.g., 

Clemens and Watkins, 2001), experimental studies (e.g., Vielzeuf and Montel, 1994) and studies 

of migmatites (e.g., Johnson et al., 2001). Fractional melting of pelitic and semi-pelitic 
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metasedimentary rocks results in the production of a granitic melt and an aluminous residue. A 

wide spectrum of melt compositions may be produced from a single source as a result of 

variations in the rates at which solid-melt partitioning and dissolution of melting phases proceed 

(Watt et al., 1996; Zeng et al., 2005; Bea et al., 2007). These rocks typically show a wide range 

in trace element compositions as well (Elburg, 1996; Villaros et al., 2009). Many different 

processes have been proposed to account for this geochemical variation, including source-

induced variation in initial melt composition (e.g., Brown and Pressley, 1999), fractional 

crystallization (e.g., Foden et al., 2002; Breaks and Moore, 1992), magma mixing (Gray, 1990; 

Collins, 1996), restite unmixing (e.g., White and Chappell, 1977; Chappell, 1996) and selective 

entrainment of peritectic garnet in the source (Stevens et al., 2007). 

 

1.2.5 Role and importance of accessory minerals 

Provided that chemical equilibrium is attained and maintained between crystals and melt, 

the residual assemblage will control the trace element content of the melt (Hanson, 1978; Harris 

et al., 1992; Bea et al., 1994). The extent to which equilibrium is attained during melting may 

depend upon the relative rates of melt segregation, melt-solid dissolution and mineral-melt 

partitioning (Watt et al., 1996; Bea et al., 2007). Equilibration between melt and solid can also be 

limited by a number of factors including kinetic effects, such as the restricted dissolution of 

phases within the melt (Watt and Harley, 1993), or by armoring of phases in the residual 

material, thereby isolating them from the melt (Bea et al., 1994; Nabelek and Glascock, 1995). It 

is essential then to consider more than just melts or minerals in isolation. In particular, 

consideration must be given to the important influence of accessory minerals – their separation, 

entrainment and dissolution – on the observed trace element chemistries of melts. 

A comprehensive knowledge of the behavior of accessory minerals during magmatic and 

metamorphic processes is required to correctly interpret the significance and styles of melt 

extraction and migration in the crust, and hence the petrogenetic signatures, isotopic 

characteristics and ages of felsic rocks (Brown, 2007). In contrast to rocks of mafic or 

intermediate compositions, for which the evolution of trace-element concentrations may be 

governed by processes involving major minerals (Sawyer, 1991), accessory minerals play the 

dominant role in felsic rock suites (Wark and Miller, 1993; Watt and Harley, 1993; Bea et al., 

1994; Bea, 1996; Watt et al., 1996; Bea and Montero, 1999; Hoskin et al., 2000). Despite their 
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low modal abundance in most crustal rocks, accessory minerals commonly contain up to 90% of 

the trace element budget in a rock, including important radioactive, heat-producing elements 

(Gromet and Silver, 1983; Reid, 1990; Hinton and Paterson, 1994; Bea, 1996; Vervoort et al., 

1996; Hoskin et al., 2000). Our limited knowledge of their behavior has important consequences 

given the widespread use of Zr and LREE contents to determine melt temperatures based on 

solubility of zircon and monazite (e.g., Miller et al., 2003). 

As key trace elements are essential structural constituents in accessory minerals such as 

zircon (Zr) and monazite (P, Th, LREE), their concentration in melts are controlled by the 

physio-chemical behavior of accessory phases in addition to trace element partitioning (Montel, 

1986), including rate/time dependent factors such as dissolution, extraction, solubility and 

mineral-melt reaction, as well as mineral stability, reaction relations with other phases, P-T and 

textural setting (Watt and Harley, 1993; Bingen et al., 1996). For example, the dissolution rate of 

some accessory minerals, such as zircon, monazite and apatite, is slower in high-T water-

undersaturated magmas (Watson and Harrison, 1983; Watt and Harley, 1993; Watt et al., 1996), 

which leads to incomplete equilibration between anatectic melt and residuum. If a melt is then 

extracted and accessory minerals are efficiently separated, the melt will be depleted in the trace 

elements that are important components in these phases (Watt and Harley, 1993; Bingen et al., 

1996). 

 

1.2.6 Trace element geochemistry 

The integration of U-Pb ages with the geochemistry (in particular REE) of dateable 

accessory minerals such as zircon and monazite, and major minerals such as garnet, has been 

successfully applied to evaluate event significance of individual mineral ages and constrain the 

duration of metamorphic events (e.g., Hermann et al., 2001; Rubatto et al., 2001, 2006; Kelly 

and Harley, 2005; Buick et al., 2006; Monteleone et al., 2007). The concentration of certain trace 

elements in accessory minerals will reflect equilibrium partitioning with a coexisting mineral 

assemblage present during growth or recrystallization (Rubatto, 2002; Hermann and Rubatto, 

2003; Whitehouse and Platt, 2003; Kelly and Harley, 2005), and may also reflect the prior 

growth of minerals that partition key elements (Kelly and Harley, 2005; Rubatto et al., 2006). 

For example, the presence of garnet during zircon growth will result in a zircon composition that 

is depleted in HREE relative to zircon grown in the absence of garnet (Schaltegger et al., 1999; 
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Rubatto, 2002; Hoskin and Schaltegger, 2003; Kelly and Harley, 2005), whereas Y depletion or 

enrichment in monazite may reflect the concurrent growth or breakdown, respectively, of garnet 

or xenotime (e.g., Pyle et al., 2001; Foster et al., 2000, 2004; Kohn et al., 2005). The 

compositions and zoning patterns preserved in metamorphic major and accessory minerals can 

therefore be successfully used to establish links to specific assemblages, reactions and P-T 

conditions or histories (e.g., Pyle and Spear, 1999; Foster et al., 2000; Hermann et al., 2001; 

Hermann and Rubatto, 2003; Pyle and Spear, 2003; Kohn and Malloy, 2004; Kelly and Harley, 

2005; Kelly et al., 2006a, 2012; Clarke et al., 2007; Harley and Kelly, 2007). 

Essential to this process, and critical to our ability to model trace elements in anatectic 

melts formed under equilibrium or disequilibrium conditions, is a precise knowledge of the 

distribution of trace elements between major minerals, accessory minerals and melts (Hanson, 

1978; Harris et al., 1992; Hanchar and van Westrenen, 2007; Harley et al., 2007). The effects of 

equilibrium versus disequilibrium can be independently evaluated in the cases of garnet-bearing 

migmatites and leucogranites utilizing zircon-garnet and monazite-garnet REE distribution data 

(e.g., Harley et al., 2001; Rubatto, 2002; Hermann and Rubatto, 2003; Kelly and Harley, 2005; 

Kelly et al., 2006b; Kelsey et al., 2007), provided those data are reliable and well-constrained for 

the ranges of P-T-aH2O conditions and bulk compositions over which melting proceeds. For 

example, while the HREE chemistry of zircon crystallized from a partial melt coexisting with 

peritectic garnet is likely to reflect equilibrium zircon-garnet distribution, the HREE chemistry of 

zircon crystallized in a garnet-absent partial melt that segregates and later invades garnet-bearing 

wall rocks is unlikely to do so; the zircon may be ‘anomalously’ enriched in HREE. 

 

1.3 Approach and methodology 

The importance and influence of accessory minerals on the mass transfer of trace elements in the 

continental crust was addressed in this research using two contrasting but complementary 

approaches. 

(1) A ‘natural’ laboratory approach that targets a carefully selected suite of metapelitic 

migmatites from the Larsemann Hills, east Antarctica (Fig. 1.1). This first research facet 

(addressed in Chapter 2 of this dissertation) involved comprehensive characterization of 

accessory mineral involvement in partial melting processes. This detailed textural and 
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geochemical investigation has defined the spatial and modal distribution of accessory 

minerals within leucosome, melanosome and selvage zones produced during 

migmatization of metapelite and, through the application of mineral geochemical 

signatures, has established sites where melting and accessory mineral growth occurred. 

(2) A phase equilibria modeling approach that aimed to evaluate the effects of melt 

extraction rates (through periodic melt entrapment and ponding) on the composition of, 

and mineral growth in, melts derived from the partial melting of sedimentary protoliths. 

In addition, this modeling was used to compare modeled melt compositions and 

mineralogy with natural granulites and S-type granites to evaluate the role of accessory 

minerals in the partial melting process. This work built on facet (1) of the research, which 

characterized the timing and involvement of accessory minerals in the key melting 

reactions, and expanded that concept to reactions that occur between melt and wall-rock 

during melt transit. The models produced evaluated the significance of P-T-XH2O on the 

stability of zircon in melts, and integrated modeled melt compositions with whole rock 

geochemistry from sedimentary rocks, granulites, and S-type granites to characterize the 

trace element budgets and fluxes from the sites of melting into the melts themselves. 

 

1.4 Natural sample study – Broknes Paragneiss, Larsemann Hills 

This study used paragneiss and leucogneiss samples collected from the Broknes 

Paragneiss in the Larsemann Hills, a high-grade migmatite terrane from Prydz Bay, east 

Antarctica (Fig. 1.1), which preserves evidence for in situ melting, segregation and extraction. 

The Larsemann Hills were chosen because: 

(1) the rocks there have a well-constrained structural, metamorphic (P-T and fluid) and 

geochronological history; 

(2) structural frameworks constraining melt generation, segregation and migration have been 

observed and analyzed on fine- (cm to meter) and meso-scales (meters to tens of meters); 

(3) excellent preservation of textural variety exists in garnet-cordierite-sillimanite 

migmatites, which can be used to place partial melting and the growth or breakdown of 

key trace element-bearing phases within a P-T-X context; and  
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Figure 1.1 Geological map of Prydz Bay and adjacent regions in the East Antarctic Shield, 
showing the locations of the Larsemann Hills and the Brattstrand Bluffs. 
 

(4) composition of rocks and mineral assemblages are within the ranges of those with which 

REE distribution coefficients between garnet and zircon (DREE
(zrc/grt)) were previously 

established, providing a solid framework with which to interpret accessory mineral 

behavior. 

 

Detailed outcrop-scale mapping and sampling in the Larsemann Hills (Fig. 1.1) was 

conducted during the 2006-2007 Austral summer on two distinct outcrop areas that preserve 

evidence for in situ partial melting, melt mobilization and melt connectivity. The Larsemann 

Hills experienced two cycles of metamorphism, the first, D1, at ≥900 Ma followed by D2 at 

~540-525 Ma. All samples come from the Broknes Paragneiss, a sub-unit within the Brattstrand 
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Paragneiss, and the dominant unit underlying Broknes and Mirror Peninsulas (Carson and Grew, 

2007). The Broknes Paragneiss is composed of heterogeneous quartzofeldspathic paragneiss, 

including migmatitic semipelite and metapelite, interlayered with minor mafic gneiss, 

leucogranite and leucocratic dikes and pegmatites (e.g., Stüwe et al., 1989; Dirks et al., 1993; 

Zhao et al., 1995; Carson and Grew, 2007). 

Migmatitic Broknes paragneiss commonly contains in source leucosome (Fig. 1.2a, b), 

but is also cut by small leucocratic veins that feed into larger dikes indicating melt-network 

connectivity and mobilization (Fig. 1.2a, c). Varying scales of leucosome suggest local melt 

generation of some melts, but connectivity on meter to several 100-meter scales to form larger 

leucogranitic sheets indicate melting and melt transport on a larger than outcrop scale. Dark-

colored cordierite and biotite rich selvages occur between the leucosome and the host rock (Fig. 

1.2b, d) and are interpreted to represent reaction between relatively anhydrous host rocks and the 

more water-rich melts crystallizing late during cooling of the terrane. 

 
Figure 1.2 Migmatitic outcrop in the Larsemann Hills. (a) Melt connectivity and mobilization on 
multiple scales. (b) Leucosome connectivity from wall rock into larger veins, suggesting local-
scale melt generation. Cordierite ± garnet ± biotite selvage is developed at the boundary 
leucosome and host rock. (c) Sketch showing transport into and accumulation of segregated melt 
in a leucogranite dike. (d) Sketch highlighting the textural relationships in (b) between 
leucosome, host rock, and cordierite selvage. 
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1.4.1 Mineralogy and microtextures 

Previous work (Pidgeon, 1992; Hanchar and Miller, 1993; Hoskin and Black, 2000; 

Rubatto, 2002; Kelly et al., 2006a, 2012; Harley and Kelly 2007; Rubatto, 2013) and the results 

of this research demonstrate the importance of the textural context of accessory minerals with 

respect to major minerals in melanosome, leucosome and selvage. Mineral assemblages and 

textures were documented and characterized through optical petrography, including 

identification and location of accessory minerals relative to major minerals. Zircon and monazite 

are located in nearly all textural settings. However, it is preferentially located with cordierite, 

sillimanite and spinel in selvage zones, in lower abundances with cordierite, garnet and 

sillimanite in the melanosome, and in lowest abundances in leucosome. For example, xenoblastic 

garnet from the melanosome is commonly surrounded by cordierite halos, which are thought to 

have developed during late-stage interaction of garnet with crystallizing melt; zircon and 

monazite occur as inclusions in garnet cores and in the cordierite halos (Fig. 1.3). In situ analysis 

of zircon and monazite is critical not only to constrain the timing of growth and/or breakdown of 

garnet in reaction textures, but also to interpret the potential for equilibrium and disequilibrium 

in complex textures. 

 
Figure 1.3. Photomicrograph of a xenoblastic garnet surrounded and embayed by cordierite. 
Garnet has inclusions of sillimanite, spinel and zircon, and cordierite has inclusions of zircon, 
monazite, and spinel. Plane polarized light, field of view is 1 mm. 
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1.4.2 Major and trace element characterization and U-Pb isotopic analysis 

Key major and accessory minerals were analyzed using in situ microbeam techniques to 

integrate geochemical data with textural relationships identified through petrographic 

characterization. Electron microprobe (EMP) analysis identified major element concentrations in 

major and accessory minerals on multiple thin sections from migmatite samples that cover 

leucosome, melanosome and selvage domains. Laser Ablation Split Stream (LASS) 

instrumentation was used for simultaneous determination of U-Pb ages and trace element 

compositions (REE, P, Y and Ca) of in situ zircon and monazite. U-Pb isotopic analysis is 

essential to (1) determine the relative volume of mineral material that grew during a given 

melting event, (2) ensure that the growth domains from which trace element data are being 

collected formed during the same event, and (3) assess the impact of recrystallization on 

accessory phases during late stages of melt crystallization or during overprinting events. LASS 

techniques enable simultaneous collection of select trace elements during U-Th-Pb isotopic 

analysis, which allows all ages to remain within a trace element context. While the uncertainties 

on analysis of grains as old as those that were targeted in this study (>1 My) do not allow for 

absolute timescales to be placed on rates of melt generation, segregation and extraction (possibly 

104-105 yrs), integration of age and trace element data collected by micro-beam techniques 

allows for discrimination of minerals grown during different (overprinting) melting events. In 

conjunction with DREE
(zrc/grt) data, this linked mineral growth to mineral textures and melting 

reactions. 

 

1.5 Phase equilibria modeling 

To fully understand the effects of accessory minerals on trace element budgets in 

structurally related granulites and S-type granites it is important to assess the behavior of 

accessory minerals in anatectic melts. The second part of this dissertation (Chapters 3, 4 and 5) 

presents the results of phase equilibria modeling that was used to aid the evaluation of granitic 

melts expected to be generated from natural greywacke and pelite protoliths. In these models, 

variations in pressure, temperature and melt composition (primarily XH2O) were used to simulate 

how melt extraction, transport and emplacement rates can influence zircon dissolution and/or 

precipitation (Chapter 4). Modeled melt compositions were also compared with natural bulk 

compositions from sedimentary rocks (protoliths), granulites (residuum) and S-type granites 
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(potentially the melt), to better quantify, in terms of major and accessory mineralogy and major 

and trace elements, the relationship between the lower and upper crust (Chapter 5). 

Modeling was conducted using the thermodynamic software THERMOCALC v3.33 

(Powell et al., 1988; Holland and Powell, 1998), which allows P-T and T-X pseudosections 

(phase diagrams that include only those assemblage stability fields specific to a particular bulk 

rock composition) to be constructed and compared against observed mineral assemblages and 

mineral compositional data. 

THERMOCALC has been successfully used to model partial melting of pelitic (White et 

al., 2001, 2007) and greywacke (Johnson et al., 2008) composition rocks. Mineral and melt 

thermodynamic models (e.g., Holland and Powell, 2001; White et al., 2007) allow 

pseudosections to be contoured for parameters such as modal abundances of minerals and the 

percentage and composition of melt produced for specific rock compositions (e.g., White and 

Powell, 2002; White et al., 2005). Zirconium has recently been incorporated into the 

THERMOCALC database (Kelsey et al., 2008; based on the zircon saturation models of Watson 

and Harrison, 1983) and has been used to assess zircon growth and breakdown in pelitic 

migmatites (Kelsey et al., 2011). 

THERMOCALC Uses an internally consistent thermodynamic dataset (Holland and 

Powell, 1998) and can be used for the forward modeling calculations of phase diagrams for 

model systems. Pseudosections are constructed by calculating each curve individually and 

Schreinemaker's analysis is performed manually. The curves are then built up one by one and are 

manually combined using the complimentary program, DRAWPD, which creates a graphical 

output (i.e. P-T diagram). 

Other thermodynamic modeling programs are available, including Perplex (Connolly, 

1990, 2005) and MELTS (Ghiorso and Sack, 1995). Perplex is similar to THERMOCALC And 

uses a Gibbs energy minimization algorithm to create pseudosections from a known bulk 

composition. Pseudosections can be created rapidly, although this feature may cause users to not 

fully understand the final outcome or the implications for actions and choices made during its 

construction. In addition, Perplex is calculated on a grid that divides solutions into discrete 

pseudocompounds and the program may be unable to identify features that are in close proximity 

to each other potentially leading to diagrams with portions that violate the Phase Rule (Connolly, 

2005). MELTS can be used to model partial melting, equilibrium crystallization, fractional 
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crystallization and melt assimilation. However, it is an inappropriate program for this study 

because it is calibrated for igneous systems with mafic compositions, particularly peridotite, mid-

ocean ridge basalts and alkali mafic magmas (Ghiorso and Sack, 1995; Ghiorso et al., 2002). In 

addition, Zr has not been incorporated into its database. 

 

1.6 Dissertation organization 

This dissertation is organized into six chapters, three of which are manuscripts that have 

been prepared for submission to scholarly journals. Chapter 1 titled “Introduction” (this chapter) 

introduces the problem to be solved and provides a comprehensive background to the importance 

of crustal melting and melt extraction on the evolution of the continental crust, and the influence 

of accessory minerals on the mass transfer of trace elements in the continental crust. It also 

describes the natural laboratory and modeling approaches used to evaluate the role of accessory 

minerals on the flux of trace elements from the site of melting in the lower crust to melt 

emplacement in the upper crust. Three manuscripts comprise Chapters 2, 4 and 5, and address 

the two main research facets. Chapter 2 is a comprehensive textural and geochemical 

characterization of accessory mineral involvement in partial melting processes from a suite of 

natural rocks from the Larsemann Hills, east Antarctica, and (2) Chapters 4 and 5 apply 

thermodynamic modeling techniques to quantitatively describe conditions associated with partial 

melting, including the stability of zircon (as proxy for trace elements) in anatectic melts. 

Compositions of S-types melts are modeled to evaluate the link between inferred melt source and 

natural granulites and S-type granites, paying particular attention to accessory mineral and trace 

element concentrations. 

Chapter 2, Constraints on the timing and intensity of migmatization in the Larsemann 

Hills, Prydz Bay, east Antarctica: An integrated U-Pb and trace element study of zircon, 

monazite and garnet, is a detailed textural and geochemical investigation that defines the spatial 

and modal distribution of accessory minerals within leucosome, melanosome and selvage zones. 

The Larsemann Hills show evidence for two different prograde melting events separated by ~400 

Ma. The manuscript characterizes the timing and involvement of accessory minerals in the key 

melting reactions and the conditions at which these minerals grow and breakdown. This includes 

reactions that occur between melt and wall-rock during melt transit. Using these observations, 

the paper identifies the main melting event in the Larsemann Hills, and discusses the 
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implications of melting and melt extraction on how overprinting metamorphic and melting 

events impact rock structure. In addition, the paper reveals new insights into the utility of 

mineral trace element chemistry on deciphering age relationships in complex polycyclic 

metamorphic rocks. 

Chapter 3, Introduction to thermodynamic modeling of partial melting, introduces details, 

advantages, limitations and nuances of THERMOCALC to establish a framework for Chapters 4 

and 5. 

Chapter 4, Pressure, temperature and XH2O controls on growth of zircon in S-type 

granitic melts, models the stability of zircon in anatectic melts generated from average 

greywacke and average pelite starting compositions. The manuscript describes the melting of 

these sedimentary sources at regional metamorphic (granulite facies) conditions and uses the 

composition of a melt produced under these conditions to evaluate the behavior of zircon in S-

type granitic melts under evolving P-T-XH2O conditions. The modeling shows that zircon is 

almost always stable in anatectic melts at melting P-T conditions and remains stable with 

decreasing P-T-XH2O. Also demonstrated is the observation that the amount of zircon found in 

upper crustal melts is highly dependent on the P-T-t path of extraction, i.e., melts with faster 

extraction rates will have relatively more zircon than melts that ponded and partially crystallized 

along the extraction path (assuming that starting conditions of melts were identical). 

Chapter 5, The role of melting, melt extraction and evolution on the composition of S-type 

granites, uses the same modeled data set from Chapter 4, but focuses on the geochemistry and 

mineralogy of the modeled melts. The modeled melts are compared with whole rock 

geochemistry of average pelites and greywackes, granulites from the Larsemann Hills and 

adjacent Brattstrand Bluffs and with average S-type granites to evaluate the (trace) geochemical 

link between inferred source and natural products of partial melting. 

Chapter 6 will conclude this dissertation with a summary and discussion of future work. 
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CHAPTER 2 

CONSTRAINTS ON THE TIMING AND INTENSITY OF MIGMATIZATION IN THE 

LARSEMANN HILLS, PRYDZ BAY, EAST ANTARCTICA: AN INTEGRATED U-Pb AND 

TRACE ELEMENT STUDY OF ZIRCON, MONAZITE AND GARNET 

 

A paper to be submitted to Chemical Geology 

 

Jessica A. Matthews1,2, Nigel M. Kelly1,  

Andrew R.C. Kylander-Clark3, Alan E. Koenig4, Simon L. Harley5, Chris Clark6 

 

2.1 Abstract 

 Accessory minerals that record U-Pb ratios also host key trace elements (REEs, Y) that 

can be used as geochemical tracers during metamorphic processes. In polycyclic terranes where 

the interpretation of age data is inherently complicated, zircon and monazite ages can be linked 

to specific garnet compositions via REEs and Y to unravel parts of P-T-t histories. The behavior 

of accessory minerals is also important to the distribution of trace elements in the crust, and the 

stability of zircon and monazite in high-grade (in particular anatectic) rocks has important 

implications for the flux of trace elements from the deep crust. Migmatites represent former melt 

bearing crust, and can provide insight to processes operating at the site of melting and elucidate 

the role of zircon and monazite in partial melting processes. This study uses granulite facies (7 

kbar, 800 °C) metasedimentary migmatites from the Larsemann Hills, east Antarctica where 

evidence for in situ melting, segregation and extraction is preserved. The Larsemann Hills 

experienced two cycles of metamorphism, the first, D1, at ≥900 Ma followed by D2 at ~540-525 

Ma. Field and petrographic evidence indicates that substantial melting occurred during D1 and 

that the terrane was later reworked and locally re-melted during D2. Trace element signatures in 
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garnet are integrated with in situ, microbeam age and geochemical analysis of zircon and 

monazite to establish the relationships between accessory minerals and major minerals that are 

involved in partial melting and evaluate the relative intensities of the two partial melting events. 

Many garnet cores from melanosome and leucosome domains developed during partial melting 

are found to be in equilibrium with ≥900 Ma zircon rims, whereas many garnet rims from the 

leucosome are found to be in equilibrium with ~540-525 Ma zircon rims. Monazite grains are 

dominated by ~540-510 Ma ages. It is argued here that the dominant phase of partial melting in 

the Larsemann Hills occurred at ≥900 Ma, and that the partial melting that occurred at ~540-525 

Ma, although likely hotter, was less extensive and localized in fertile domains. This study also 

shows that zircon and monazite are sensitive to local-scale geochemical variations in growth 

environment. Trace element compositions of accessory minerals in the presence of competitor 

phases depend on partitioning and environment of growth. Therefore, it is important to evaluate 

in situ textures and trace element compositions of accessory and major minerals together. 

 

2.2 Introduction 

 Resolving the timing of high-temperature metamorphism and partial melting in 

polycyclic terranes is critical to understanding the evolution of major episodes of continental 

assembly and provides more robust constraints on processes operating during major continental 

collision events. The integration of U-Pb ages with the trace element geochemistry of dateable 

accessory minerals such as zircon and monazite, and major minerals such as garnet, has been 

successfully applied to evaluate event significance of individual mineral ages and constrain the 

duration of metamorphic events (e.g., Hermann et al., 2001; Rubatto et al., 2001, 2006; Kelly 

and Harley, 2005; Buick et al., 2006; Monteleone et al., 2007; Kelly et al., 2012). The 

concentration of certain trace elements in accessory minerals will reflect equilibrium partitioning 

with a coexisting mineral assemblage present during growth or recrystallization (Rubatto, 2002; 

Hermann and Rubatto, 2003; Whitehouse and Platt, 2003; Kelly and Harley, 2005) and may also 

reflect the prior growth of minerals that partition key elements (Kelly and Harley, 2005; Rubatto 

et al., 2006). For example, the presence of garnet during zircon growth will result in a zircon 

composition that is depleted in heavy rare earth elements (HREE) relative to zircon grown in the 

absence of garnet (Schaltegger et al., 1999; Rubatto, 2002; Hoskin and Schaltegger, 2003; Kelly 

and Harley, 2005), whereas Y depletion or enrichment in monazite may reflect the concurrent 
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growth or breakdown of garnet or xenotime (e.g., Bea and Montero, 1999; Pyle et al., 2001; 

Foster et al., 2000, 2004; Kohn et al., 2005; Kelly et al., 2012). The compositions and zoning 

patterns preserved in metamorphic major and accessory minerals can therefore be successfully 

used to establish links to specific assemblages, reactions and pressure-temperature (P-T) 

conditions or histories (e.g., Hickmott et al., 1987; Pyle and Spear, 1999, 2003; Foster et al., 

2000; Hermann et al., 2001; Hermann and Rubatto, 2003; Kohn and Malloy, 2004; Kelly and 

Harley, 2005; Kelly et al., 2006a; Clarke et al., 2007; Harley and Kelly, 2007). 

 Essential to this process, and critical to our ability to model trace elements in anatectic 

melts formed under equilibrium or disequilibrium conditions, is a precise knowledge of the 

distribution of trace elements between major minerals, accessory minerals and melts (Hanson, 

1978; Harris et al., 1992; Hanchar and van Westrenen, 2007; Harley et al., 2007). The effects of 

equilibrium versus disequilibrium can be independently evaluated in the cases of garnet-bearing 

migmatites and leucogranites utilizing zircon-garnet and monazite-garnet REE distribution data 

(e.g., Harley et al., 2001; Rubatto, 2002; Hermann and Rubatto, 2003; Kelly and Harley, 2005; 

Kelly et al., 2006b, 2012; Kelsey et al., 2007; Rubatto et al., 2013) provided those data are 

reliable and well-constrained for the ranges of P-T-aH2O conditions and bulk compositions over 

which melting proceeds. For example, while the HREE chemistry of zircon crystallized from a 

partial melt coexisting with peritectic garnet is likely to reflect equilibrium zircon-garnet 

distribution, the HREE chemistry of zircon crystallized in a garnet-absent partial melt that 

segregates and later invades garnet-bearing wall rocks is unlikely to do so; the zircon may be 

‘anomalously’ enriched in HREE. 

 The following contribution discusses granulite facies (7 kbar, 800 °C) metasedimentary 

migmatites from the Larsemann Hills, east Antarctica. The Larsemann Hills are thought to have 

experienced two cycles of metamorphism, the first at ~ 900 Ma followed by a second event at 

~540-525 Ma. However, the timing and intensity of migmatization relative to these two 

metamorphic events remains uncertain. This paper reports detailed integrated petrographic and 

mineral geochemical analysis of melanosome, leucosome, and selvage domains from the 

migmatitic Brattstrand Paragneiss. Trace element signatures in garnet are integrated with in situ, 

microbeam age and geochemical analysis of zircon and monazite to establish the relationships 

between accessory minerals and major minerals that are involved in partial melting. Many garnet 

cores and rims from the melanosome and leucosome are found to be in equilibrium with 
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metamorphic rims from texturally compatible zircon. Garnet preserves little, if any, major 

element zoning. In contrast, it records systematic within-grain variations in HREE 

concentrations, demonstrating that the trace element composition of granulite-facies garnet can 

be a powerful tool in tracking metamorphic and melting processes where major element zoning 

is no longer preserved. This study also shows the utility of textural context when interpreting 

trace element patterns and ages from dateable accessory minerals in migmatites from polycyclic 

metamorphic terranes. 

 

2.3 Geological context 

 The Larsemann Hills are located on the Ingrid Christensen Coast of southern Prydz Bay, 

east Antarctica (Fig. 2.1). Outcrops are composed of Mesoproterozoic to Cambrian aged 

granulite-facies rocks that are divided into two main lithological associations: the Søstrene 

Orthogneiss and Brattstrand Paragneiss (Fig. 2.1; Tingey, 1981; Sheraton and Collerson, 1983; 

Stüwe et al., 1989; Fitzsimons and Harley, 1991; Dirks et al., 1993; Thost et al., 1994; Carson et 

al., 1995; Dirks and Hand, 1995; Dirks and Wilson, 1995; Fitzsimons, 1997). The Søstrene 

Orthogneiss is a composite unit dominated by felsic orthogneiss, which locally contains 

discontinuous lenses and pods of mafic granulite (Fitzsimons and Harley, 1991; Thost et al., 

1992, 1994; Carson et al., 1995; Fitzsimons, 1997). The extensively migmatized Brattstrand 

Paragneiss is interpreted to unconformably overlie the Søstrene Orthogneiss and includes 

metapelite, semipelite, psammite and metaquartzite (Stüwe et al., 1989; Fitzsimons and Harley, 

1991; Dirks et al., 1993; Thost et al., 1994; Carson et al., 1995; Dirks and Hand, 1995; 

Fitzsimons, 1997). The Søstrene Orthogneiss and the Brattstrand Paragneiss are now tectonically 

interleaved and intruded by granite, leucogranite, enderbite and pegmatite (Fitzsimons and 

Harley, 1991; Carson et al., 1995; Dirks and Hand, 1995; Fitzsimons, 1997). 

 It is generally accepted that two dominant metamorphic events affected the Larsemann 

Hills, but the relative intensities and regional extent of these events, and timing relative to 

deposition of the precursors to the Brattstrand Paragneiss has been debated (e.g., Tingey, 1981; 

Sheraton and Collerson, 1983; Stüwe, 1989; Fitzsimons and Harley, 1991; Dirks et al., 1993; 

Thost et al., 1994; Carson et al., 1995, 1996; Dirks and Hand, 1995; Dirks and Wilson, 1995; 

Hensen and Zhou, 1995; Zhao et al., 1995; Fitzsimons, 1997; Kelsey et al., 2007; Wang et al., 

2008; Grew et al., 2012). A number of detailed summaries of the structural history of rocks in  
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Figure 2.1 Location and regional geological map of the Larsemann Hills, east Antarctica, 
adapted from Stüwe et al. (1989), Dirks et al. (1993) and Carson and Grew (2007). 
 

the Larsemann Hills and correlated areas have previously been presented (Larsemann Hills: 

Dirks et al., 1993; Carson et al., 1995; Brattstrand Bluffs: Fitzsimons and Harley, 1991; Bolingen 

Islands: Thost, et al., 1994; Dirks and Hand, 1995). The nomenclature used here is simplified 

into three principal high-grade events, D1, D2, and D3, after Fitzsimons (1997) and Grew et al. 

(2012). 

 Early work in Prydz Bay recognized the regional extent of a metamorphosed basement, 

which based on a Sm-Nd isochron age of ~1.0 Ga for mafic granulite from Søstrene Island 

(Hensen and Zhou, 1995) was interpreted to be Mesoproterozoic in age. Recent U-Pb zircon age 

data indicates that the felsic precursors to the Søstrene Orthogneiss in the Larsemann Hills and 
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surrounding areas crystallized at ~1130-1120 Ma (e.g., Wang et al., 2008; Grew et al., 2012). 

Detrital age spectra (U-Pb zircon) and zircon Lu-Hf TDM2 model ages from the Tassie Tarn 

metaquartzite provide a provenance link to magmatic zircons from the Søstrene Orthogneiss, but 

also suggest additional sedimentary contributions from crustal sources as old as ~2540 Ma 

(Grew et al., 2012). Therefore it is inferred that Brattstrand Paragneiss was deposited as clastic 

sediments, potentially in a back-arc basin (Wang et al., 2008; Grew et al., 2012), on a basement 

composed in part by the Søstrene Orthogneiss precursor. 

 A second phase of magmatism occurred at ~1030-1000 Ma, expressed as granitic bodies 

on both Broknes and Stornes Peninsulas (Fig. 2.1; Wang et al., 2008). The youngest concordant 

age group in the Tassie Tarn metaquartzite detrital spectra (~1025 Ma) corresponds with this 

source age, suggesting deposition of the Brattstrand Paragneiss, at least in part, occurred in the 

period after the intrusion of these granitic magmas and the onset of regional deformation and 

metamorphism (Grew et al., 2012). 

 Mesoproterozoic intrusive and sedimentary rocks were tectonically “interleaved” during 

regional deformation and underwent high-temperature metamorphism (here called D1) at ≤1000 

Ma. Pre- to syn-S1 metapelitic assemblages that preserve biotite-sillimanite-quartz inclusions in 

garnet grains and the presence of extensive syn-D1 migmatite (Fitzsimons and Harley, 1991; 

Dirks et al., 1993; Thost et al., 1994; Carson et al., 1995; Dirks and Hand, 1995; Fitzsimons, 

1996) suggests that metamorphic conditions accompanying D1 reached temperatures equivalent 

to the biotite-dehydration melting reaction: 

 biotite + sillimanite + quartz = garnet + cordierite + K-feldspar + melt  (1). 

Estimates from S1 mineral assemblages yield P = 7.5-9 kbars at T = 800-850 °C (Ren et al., 

1992; Carson et al., 1995), similar to estimates of D1 for adjacent areas (Brattstrand Bluffs: 6 

kbar and 850 °C, Fitzsimons and Harley, 1994; Bolingen Islands: 6 kbar and 760 °C, Motoyoshi 

et al., 1991). 

 The timing of D1 deformation and metamorphism is poorly constrained. However, zircon 

rim ages from Søstrene orthogneiss and Brattstrand paragneiss, and metamorphic zircon in mafic 

gneisses, indicate growth during an event spanning between ~1000 and ~940 Ma (Wang et al., 

2008, Grew et al., 2012). The intrusion of the Grovnes orthogneiss (enderbite) and Blundell 

orthogneiss (composite granitic orthogneiss complex) at ~970 Ma (Wang et al., 2008; Grew et 

al., 2012), and the Zhongshan gneiss (garnet-bearing leucogneiss of Carson et al., 1995) at ~940 
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Ma (206Pb/207Pb: Zhao et al., 1995) suggest that significant magmatism occurred until at least this 

time. In addition, Lu-Hf model ages for zircon from the Blundell orthogneiss, which is 

extensively exposed on Stornes Peninsula, are interpreted to suggest a magma source that 

involved melts derived from both the Søstrene orthogneiss and Brattstrand Paragneiss (Grew et 

al., 2012), indicating widespread anatexis of the crust at this time. 

 A second regional episode of granulite-facies deformation and metamorphism, D2, is 

interpreted to have affected the Larsemann Hills at ~540-525 Ma, and is correlated with 

widespread tectonothermal activity across Prydz Bay. In the Larsemann Hills, strain 

accompanying this event was heterogeneously partitioned, resulting in the formation of low and 

high strain zones (LSZ and HSZ, respectively), best preserved on Broknes and Mirror Peninsulas 

(Fig. 2.1). In areas affected by high D2 strain, D1 fabrics and structures are deformed into 

isoclinal folds or completely transposed into an intense, layer-parallel S2 gneissosity, and 

interpreted to record southwest over northeast sense of thrusting (Dirks et al., 1993). In areas of 

low D2 strain, open to tight folding allows preservation of D1 structures, including leucosome-

melanosome relationships in migmatite. Conditions of metamorphism have been estimated from 

assemblages in D2 HSZs at P = 4-7 kbars and T = 650-850 °C (Stüwe and Powell 1989; Ren et 

al., 1992; Carson et al., 1997), and are interpreted to have potentially involved further partial 

melting. 

 The final event to affect the Larsemann Hills, D3, is a regionally extensive, high-strain 

event that is characterized by extensional movement along mylonite zones containing a 

southwest plunging mineral lineation (D4 of Fitzsimons and Harley, 1991). The final stages of D3 

are associated with coarse-grained leucosome localized in boudin necks and intrusion of granites 

(e.g., Progress granite) and pegmatites between ~524 and 500 Ma (Dirks et al., 1993; Carson et 

al., 1995, 1996). Poorly constrained P-T estimates for equilibration of assemblages within D3 

mylonites at T = 400-600 °C and P = 3.5 kbars (Carson et al., 1997) and are interpreted to 

represent minimum temperatures for D3 conditions. In addition, the absence of muscovite, the 

presence of semi-plastically deformed K-feldspar augen that partly define the D3 foliation, and 

coarse sillimanite that defines a lineation within the mylonite suggest that D3 occurred at ~550 

°C (Carson et al., 1997). 
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2.4 Analytical methods 

 Major element analysis of mineral compositions was carried out using a JEOL JXA-733 

electron microprobe at the Laboratory for Environmental and Geological Studies, Department of 

Geological Sciences, University of Colorado, Boulder. Backscattered electron (BSE) images of 

zircon and monazite were acquired using a FEI Quanta 600i environmental scanning electron 

microscope at the Electron Microscopy Laboratory in the Department of Metallurgical and 

Materials Engineering, Colorado School of Mines (CSM). False-color thin section maps for 

major and accessory mineral locations and context were made by automated mineral analysis in 

the QEMSCAN Facility, Department of Geology and Geological Engineering, CSM. Trace 

element concentrations in garnet and zircon separates were determined on the CETAC LSX-500 

laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS) with a 266 nm 

excimer laser at the United States Geological Survey (USGS) Denver Office. Instrument 

operating conditions were: wavelength = 266 nm, energy = 1 mJ, spot size = 110 µm, pulse rate 

=12 Hz, carrier gas = 1.05 l/ min Ar. Basaltic glass primary calibration standards used for garnet 

are USGS GSD-1G and USGS GSE, and the secondary standard is the NKT-1G nephelinite. For 

zircon, standards Temora and BR266 were used. Analyses include 30s for gas blank plus 

ablation time. Raw intensity data were converted to concentrations using the GeoPro offline data 

processing package. 

 Laser Ablation Split Stream (LASS) Instrumentation at the Dual-ICP Geochronology and 

Geochemistry Laboratory, University of California, Santa Barbara was used for simultaneous 

determination of U-Pb ages and trace element compositions of in situ zircon and monazite in 

multiple thin sections from migmatite samples that cover leucosome, melanosome, and selvage 

domains. U-Pb isotope ratios were determined using Nu Instruments Plasma HR multi-collector 

ICP-MS and trace element concentrations were measured using a Nu Instruments AttoM high-

resolution single-collector ICP-MS. Isotopic ratios were obtained from material ablated by a 

Photon Machines 193 nm excimer laser operated at 4 Hz and 4mJ. Beam diameter was 20 µm for 

zircon and 10 µm for monazite. U-Pb isotopic ratios were corrected using the primary reference 

standards GJ-1 (206Pb/238U age = 601.7 ± 1.3 Ma, and 207Pb/206Pb age = 607 ± 4 Ma; Jackson et 

al., 2004) and 91500 (206Pb/238U age = 1062.4 ± 0.4 Ma; Wiedenbeck et al., 1995). Over the 

duration of analysis for this study the GJ-1 zircon standard gave a weighted mean 206Pb/238U age 

of 605.9 ± 2.2Ma (2σ, MSWD = 1.15, n = 23). The 91500 zircon for the same period gave 
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1064.4 Ma ± 2.3 (2σ, MSWD = 1.9, n= 21). For monazite, the primary U–Th–Pb chronometric 

standard used in this study is the 44069 monazite (206Pb/238U and 207Pb/235U age = ~424.9 Ma; 

Aleinikoff et al., 2006). The long-term 206Pb/238U average of 44069 was 425.3 ± 1.9 Ma (2σ, 

MSWD = 0.68). Secondary standards were Bananeira (206Pb/238U age = 508.9 ± 0.9 Ma, 

Kylander-Clark et al., 2013), and FC1 (206Pb/238U age = 56.3 ± 0.2 Ma; Horstwood et al., 2003). 

Over the duration of our study, the average 206Pb/238U age of Bananeira was 511.6 ± 1.0 Ma (2σ, 

MSWD = 0.53, n = 19) and average 206Pb/238U age of FC-1 was 55.96 ± 0.41 Ma (2σ, MSWD = 

4.3; n = 26). U-Pb ratios were reduced using the Iolite 2.15 software plugin for Igor Pro, and 

ages were calculated using Isoplot 3.75 (Ludwig, 2012). 

 In addition, because of the low abundance of accessory minerals in leucosome samples, 

zircon U–Th–Pb isotope data were collected on separates by Secondary Ion Mass Spectrometry 

(SIMS), using the Sensitive High Resolution Ion Microprobe Mass Spectrometer (SHRIMP II) 

based in the John de Laeter Centre of Mass Spectrometry, Curtin University, Perth, Western 

Australia. A detailed description of the analytical parameters used for SHRIMP U-Pb dating is 

given by Clark et al. (2009). U-Pb isotopic ratios were corrected using the BR266 standard 

zircon megacryst (559 ± 0.3 Ma, 206Pb/238U ratio = 0.09059; Stern, 2001). Over the duration of 

this study the BR266 zircon standard gave a weighted mean 206Pb/238U age of 559.5 ± 1.9 Ma 

(2σ, MSWD = 5.58; n = 26). Within analytical runs Temora zircon standard (206Pb/238U ID-

TIMS age = 416.75 ± 0.24 Ma; Black et al., 2003) was used to check for precision and accuracy. 

Over the duration of analytical sessions in this study the Temora zircon standard gave a weighted 

mean 206Pb/238U age of 411.3 ± 4.8 Ma (2σ, MSWD = 0.039; n = 7). Data was reduced using 

SQUID2 and Isoplot 3.66 (Ludwig, 2003). 

 

2.5 Sample descriptions – Broknes Paragneiss 

 Detailed outcrop-scale mapping and sampling of the Broknes Paragneiss was conducted 

during the 2006-2007 Austral summer on two distinct outcrop areas that preserve evidence for in 

situ partial melting, melt mobilization and melt connectivity, but were affected by differing 

degrees of D2 strain: (1) Stüwe Hill, in a low D2 strain zone and (2) Seal Cove, in a high D2 

strain zone (Fig. 2.1). All samples come from the Broknes Paragneiss, a sub-unit within the 

Brattstrand Paragneiss, and the dominant unit underlying Broknes and Mirror Peninsulas (Carson 

and Grew, 2007). Sample locations and brief descriptioins are in Appendix A-1. The Broknes 
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Paragneiss is composed of heterogeneous quartzofeldspathic paragneiss, including migmatitic 

semipelite and metapelite, interlayered with minor mafic gneiss, leucogranite, and leucocratic 

dikes and pegmatites (e.g., Stüwe et al., 1989; Dirks et al., 1993; Zhao et al., 1995; Carson and 

Grew, 2007). Migmatite nomenclature used here follows Sawyer (2008) and Sawyer and Brown 

(2008). 

 

2.5.1 Stüwe Hill - low D2 strain zone 

 Stüwe Hill is found in an area dominated by migmatitic semipelite and metapelite of the 

Broknes Paragneiss at the center of Broknes Peninsula in a relatively low strain zone between 

two D2 shear zones (Fig. 2.1). The area preserves open to closed F1 folds cut by leucosome and 

pegmatites parallel to axial planes (Fig. 2.2a; Dirks et al., 1993; Fitzsimons, 1997). Rocks locally 

preserve a well-developed mm- to cm-scale compositional layering and layer-parallel gneissosity 

(S1) defined in melanocratic domains by oriented aggregates of garnet, cordierite, sillimanite, 

and minor biotite and spinel, alternating with K-feldspar- plagioclase- and quartz-rich leucocratic 

layers and domains that locally contain minor garnet, cordierite and sillimanite (Fig. 2.2a). In 

mesocratic domains, where leucosome occurs as nebulitic patches between aggregates of 

ferromagnesian minerals, the intensity of S1 is variable and less well pronounced. 

 Leucosome occurs in a number of structural contexts. Leucosome within the ‘host 

migmatite’ is commonly found interlayered with melanosome aligned with S1 or occurs as 

patches within mesocratic domains (Fig. 2.2a, b). Leucosome may also form veins that cross-cut 

the S1 foliation, but are themselves folded with axial planes parallel to S1 (Fig. 2.2a), or 

boudinaged (Fig. 2.2b, c). This second type of leucosome may form larger accumulations (10s 

cm scales) that can lie parallel to the S1 foliation (Fig. 2.2b-d) or display connectivity with larger 

(meter scales) dikes (here called leucogranite) that transgress layering and can be followed for 

10s to 100s of meters (Fig. 2.2e). The larger leucocratic dikes may contain a weak foliation that 

is locally disrupted by a more pegmatitic phase (Fig. 2.2f). Leucosomes of all scales show 

remarkable connectivity (Fig. 2.2a-e). 

 Adjacent to larger leucosome veins melanosome may be separated from the leucosome 

by a cordierite-rich selvage (0.5-1.0 cm wide), that locally has a biotite-rich rim (1-2 mm; Fig. 

2.2c). In addition, in situ accumulations of leucocratic material (locally plagioclase-rich with.  
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Figure 2.2 Outcrop pictures from Stüwe Hill, Broknes Peninsula. (a) Migmatitic semipelite with 
well-developed mm- to cm-scale compositional layering and layer-parallel gneissosity (S1). (b) 
Migmatitic metapelite with boudinaged leucosome. (c) Migmatitic metapelite with boudinaged 
leucosome. Cordierite- garnet- and biotite-rich selvage separates leucosome from host 
metapelite. (d) Large accumulation of leucocratic material (10s cm scales) that lies partly parallel 
to the S1 foliation and locally cuts it. (e) Larger leucosome connectivity with larger (meter 
scales) leucogranite dikes that transgress layering and can be followed for 10s to 100s of meters. 
(f) Leucogranite dike where a weak foliation is locally disrupted by a more pegmatitic phase.  
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biotite) within melanosome may also develop cordierite-rich selvages (Fig. 2.2b). However, 

these smaller-scale in source leucosomes commonly do not show evidence of a selvage 

 The S1 foliation-leucosome-leucogranite dike relationships relative to the weak D2 

overprint – layering and large leucogranitic dikes are commonly deformed by broad, open to 

tight F2 folds – suggest that the dominant melting event at this locality occurred during D1, with 

melt extraction extending late in syn-D1. 

 

2.5.1.1 Microtextures and mineral chemistry 

 The melanosome domains are predominantly composed of variable abundances of garnet, 

sillimanite, cordierite, spinel, plagioclase and rare biotite (Fig. 2.3a, c). Sillimanite is prismatic 

(0.1 – 0.5 mm) and commonly occurs as aggregates that are elongate parallel to the dominant 

foliation, S1. Garnet grains in melanosome are typically 0.5 - 5 mm in diameter and are 

subidioblastic with rounded grain boundaries. Garnet in semipelitic compositions is inclusion-

free. However, melanosome garnet grains from more pelitic compositions commonly have cores 

rich in inclusions of very fine-grained, aligned, acicular sillimanite needles, and have inclusion-

free rims. Sillimanite inclusions are commonly parallel to S1, but are locally folded. Cordierite is 

massive and is intergrown with, or overgrows garnet, sillimanite and spinel (Fig. 2.3a-c). Zircon 

and monazite are found as inclusions in cordierite and garnet, and less commonly along grain 

boundaries or in sillimanite clusters. 

 Leucosome within migmatite (in source and small veins) is composed mainly of coarse-

grained K-feldspar, quartz, plagioclase and minor garnet and xenoblastic biotite (Fig. 2.3a, e). 

Garnet predominately occurs as idioblastic, inclusion-free grains (Fig. 2.3e). However, garnet 

may also occur as subidioblastic to xenoblastic grains that contain aligned inclusions of 

sillimanite, biotite and quartz, and are commonly associated with aggregates of cordierite, spinel 

and prismatic sillimanite at their grain boundaries. This second garnet population is interpreted to 

have been entrained from melanosome. Zircon and monazite are rare in the leucosome, and if 

present are found as inclusions in plagioclase and biotite, or along K-feldspar, plagioclase and/or 

quartz grain boundaries. 

 Where selvages (5-10 mm layers) occur between melanosome and leucosome, cordierite 

is present as 3-6 mm grains forming aggregates that overgrow (or are intergrown with) garnet, 

sillimanite and spinel (Fig. 2.3b) that are interpreted to be part of the melanosome. Cordierite is   
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Figure 2.3 Microtextures from Stüwe Hill migmatite. (a-b) Simplified QEMSCAN images. (c-e) 
Plane polarized light photomicrographs of key textures. (a) mm-scale compositional layering of 
melanosome and in situ leucosome. The leucosome (quartz, K-feldspar - light green) contains 
subidioblastic biotite (dark red) and rare monazite (yellow triangles). Melanosome is composed 
of garnet (pink) plagioclase (blue), sillimanite (yellow), zircon (white circles) and monazite, and 
is overprinted by cordierite (gray), spinel (black) and biotite. (b) Locations of zircon and 
monazite relative to melanosome, selvage and leucosome. Immediately adjacent to the 
leucosome, 3.0-6.0 mm grains of cordierite form aggregates, locally with garnet. Fine-grained 
sillimanite is overprinted by cordierite, with or without spinel, and aligned with the selvage-
leucosome boundary. (c) Melanosome from migmatitic metapelite lens. Garnet is coarse grained 
(1.0-3.0 mm), subidioblastic, and occurs in clots with biotite, spinel, sillimanite and cordierite. 
(d) Selvage adjacent to leucosome from migmatitic metapelite. The selvage garnet is 
subidioblastic and grain boundaries are scalloped adjacent to both leucosome and cordierite. 
Zircon occurs with sillimanite and spinel in cordierite selvage. (e) Leucosome that is interlayered 
with melanosome, dominantly composed of coarse-grained K-feldspar and quartz, with lesser 
plagioclase. Leucosome is locally garnet and biotite bearing. Leucosome garnet is inclusion-free 
and subidioblastic. 
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locally retrogressed to pinite along grain boundaries adjacent to leucosome. Biotite may also 

form a 1-2mm layer at the edge of the selvage adjacent to leucosome. 

 Leucogranite (Fig. 2.2e, f) is composed mainly of coarse-grained K-feldspar, quartz, 

plagioclase and minor garnet and xenoblastic biotite. Garnet predominately occurs as idioblastic, 

inclusion-free grains. Zircon and monazite are rare, and if present are found as inclusions in 

plagioclase and biotite, or along K-feldspar, plagioclase and/or quartz grain boundaries. 

 The mineral compositions of garnet, biotite, cordierite, spinel, plagioclase and K-

feldspar, from leucosome, melanosome and selvage migmatite domains across eight samples 

were analyzed from this location, and representative analyses are summarized in Table 2.1. 

Complete EMP analyses are in Appendix A-2. Garnet from melanosome domains is unzoned 

with respect to major element compositions and is dominantly almandine-rich (average XAlm = 

0.72, XGrs = 0.04; Table 2.1). Leucosome garnet is also unzoned (major elements) and is similar 

in composition to garnet in melanosome (average XAlm = 0.71, XGrs = 0.03). Garnet that occurs 

adjacent to or within selvages commonly have unzoned core domains (XAlm = 0.71, XGrs = 0.03), 

but adjacent to cordierite show elevated Fe2+ compositions (XAlm = 0.75, XGrs = 0.03). Cordierite 

in melanosome domains and cordierite existing as selvages are similar in composition, 

suggesting a similar origin, and magnesium-rich (average XMg = 0.63-0.64). In contrast, spinel in 

melanosome domains is more iron-rich (average XHc = 0.83) compared with spinel present in 

selvage domains (average XHc = 0.78). Melanosome biotite is relatively magnesium-rich (average 

XMg = 0.63) and halogen-rich (average Cl = 0.25 wt%, F = 1.11 wt%) compared with biotite from 

leucosome domains (average Cl = 0.15 wt%, F = 0.25 wt%. average XMg = 0.63). Plagioclase 

within melanosome and leucosome domains is similar in composition and albite-rich (average 

XAn = 0.35 and 0.38, respectively). Leucosomes and leucogranites are typically more abundant in 

K-feldspar than plagioclase (average XOr = 0.80). 

 

2.5.1.2 Zircon analysis 

 Zircon, monazite and apatite predominantly comprise the accessory mineral populations 

from samples analyzed from Stüwe Hill. Zircon is located in nearly all textural settings. 

However, it is preferentially located with cordierite, sillimanite and spinel in selvage zones (Fig. 

2.3b), in lower abundances with cordierite, garnet and sillimanite in the melanosome (Fig. 2.3a), 

and in lowest abundances in leucosome (Fig. 2.3a, b). There are no obvious internal zoning 
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Table 2.1 Representative electron microprobe analyses 

 
 

 

 

core rim core rim core rim core rim core rim core rim core rim core rim core rim core L-rim C-rim core rim core rim
9b.26 9b.29 9b.11 9b.13 9b.18 9b.16 9b.10 9b.8 8c.18 8c.17 8c.50 8c.51 8d.14 8d.15 8b.12 8b.11 8b.38 8b.39 8b.1 8b.6 8b.10 8b.13 8b.11 8c.13 8c.12

SiO2 38.30 38.39 36.80 37.01 58.50 58.12 65.34 64.62 38.12 38.19 35.88 35.98 59.18 58.52 45.53 45.67 - - 36.67 37.06 37.53 44.33 45.67 0.00 0.00
TiO2 0.13 0.07 3.63 3.98 - - - - 0.00 0.03 4.91 4.79 - - 0.03 0.00 0.00 0.04 0.00 0.04 0.05 0.06 0.00 0.06 0.09
Al2O3 21.48 21.50 14.75 14.62 25.98 25.87 19.06 18.94 21.49 21.52 15.59 15.39 25.50 26.54 35.36 34.82 59.37 60.11 21.75 21.45 21.01 35.01 34.82 60.93 61.28
Cr2O3 0.01 0.06 - - - - - - 0.01 0.00 - - - - 0.01 0.00 0.55 0.53 0.02 0.03 0.04 0.02 0.00 0.97 0.93
FeO 32.50 32.51 14.53 14.47 0.03 0.05 0.04 0.13 33.49 32.86 15.66 16.05 0.04 0.24 8.70 8.47 36.77 36.32 33.56 32.88 34.53 8.70 8.47 32.11 32.26
MnO 0.66 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.74 0.00 0.00 0.00 0.00 0.06 0.04 0.10 0.10 0.68 0.78 0.79 0.09 0.04 0.07 0.09
MgO 6.33 6.55 14.08 13.89 0.00 0.00 0.00 0.00 5.82 6.05 11.65 11.57 0.00 0.00 8.36 8.41 4.05 4.05 5.80 5.76 5.00 8.29 8.41 3.94 3.95
CaO 0.96 0.97 - - 7.69 7.93 0.21 0.12 1.22 1.29 0.00 0.01 7.11 8.19 0.01 0.02 0.00 0.00 1.32 1.09 1.13 0.01 0.02 0.00 0.00
ZnO - - - - - - - - - - - - - - - - 0.46 0.44 0.00 0.01 0.00 0.00 0.00 2.27 2.45
BaO - - - - - - - - - - - - - - - - - - - - - - -
Na2O - - 0.11 0.13 7.01 6.92 2.96 1.53 - - 0.13 0.13 7.78 7.30 - - - - - - - - - - -
K2O - - 11.29 11.27 0.28 0.30 12.81 14.90 - - 11.09 10.93 0.29 0.14 - - - - - - - - - - -
Cl - - 0.61 0.61 - - - - - - 1.00 1.00 - - - - - - - - - - - - -
F - - 0.55 0.55 - - - - - - 2.41 2.40 - - - - - - - - - - - - -
Total 100.37 100.71 96.35 96.53 99.49 99.19 100.43 100.23 100.86 100.68 98.33 98.25 99.91 100.93 98.07 97.43 101.31 101.59 99.81 99.10 100.08 96.50 97.43 100.34 101.05

No. ox 24 24 22 22 8 8 8 8 24 24 22 22 8 8 18 18 4 4 24 24 24 18 18 ! !
Si 6.01 6.00 5.27 5.30 2.63 2.62 2.97 2.96 5.99 5.98 5.23 5.26 2.63 2.59 4.73 4.76 - - 5.81 5.91 5.97 4.76 4.68 0.00 0.00
Ti 0.02 0.01 0.39 0.43 - - - - 0.00 0.00 0.54 0.53 - - 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Al 3.97 3.96 2.49 2.47 1.38 1.37 1.02 1.02 3.98 3.97 2.68 2.65 1.34 1.38 4.33 4.28 1.96 1.97 4.06 4.03 3.94 4.28 4.36 1.99 1.98
Cr 0.00 0.01 - - - - - - 0.00 0.00 - - - - 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.02 0.02
Fe2+ 4.27 4.23 1.74 1.73 0.00 0.00 0.00 0.00 4.26 4.32 1.91 1.96 0.00 0.04 0.76 0.74 0.86 0.84 4.13 4.26 4.49 0.74 0.77 0.74 0.74
Fe3+ 0.00 0.02 - - - - - - 0.05 0.07 - - - - - - - - 0.32 0.13 0.10 - - - -
Mn 0.09 0.09 0.00 0.00 - - - - 0.10 0.09 0.00 0.00 - - 0.01 0.00 0.00 0.00 0.09 0.10 0.11 0.00 0.01 0.00 0.00
Mg 1.48 1.53 3.01 2.97 - - - - 1.41 1.36 2.53 2.52 - - 1.29 1.31 0.17 0.17 1.37 1.37 1.19 1.31 1.31 0.16 0.16
Ca 0.16 0.16 - - 0.37 0.38 0.01 0.01 0.22 0.21 0.00 0.00 0.34 0.39 0.00 0.00 0.00 0.00 0.22 0.19 0.19 0.00 0.00 0.00 0.00
Zn 0.00 - - - - - - - - - - - - - - - 0.01 0.01 - 0.00 - 0.00 0.00 0.04 0.04
Ba - - - - - - - - - - - - - - - - - - - - - - - - -
Na 0.00 - 0.03 0.04 0.61 0.60 0.26 0.14 - - 0.04 0.04 0.67 0.63 - - - - - - - - - - -
K 0.00 - 2.06 2.06 0.02 0.02 0.74 0.87 - - 2.06 2.04 0.02 0.01 - - - - - - - - - - -
Cl 0.00 - 0.15 0.15 - - - - - - 0.25 0.25 - - - - - - - - - - - - -
F 0.00 - 0.25 0.25 - - - - - - 1.112 1.111 - - - - - - - - - - - - -
Total 16.00 16.00 15.00 15.00 5.00 5.00 5.00 5.00 16.00 16.00 15.00 15.00 5.00 5.03 11.11 11.10 3.01 3.00 16.00 16.00 16.00 11.10 11.13 2.96 2.95

XMg 0.26 0.26 0.63 0.63 0.25 0.24 0.57 0.56 0.63 0.64 0.16 0.17 0.25 0.24 0.21 0.64 0.63 0.18 0.18
XK 0.98 0.98 0.98 0.98 0.24 0.23 0.20
Xpyr 0.25 0.25 0.24 0.23 0.04 0.03 0.03
Xgrs 0.03 0.03 0.04 0.03 0.02 0.02 0.02
Xsps 0.01 0.01 0.02 0.02 0.71 0.72 0.75
Xalm 0.71 0.70 0.71 0.72 0.33 0.38
XAn 0.37 0.38 0.01 0.01 0.65 0.61
XAb 0.61 0.60 0.26 0.13 0.02 0.01
XOr 0.02 0.02 0.73 0.86
XSpl 0.16 0.16 0.17 0.17
XHc 0.83 0.83 0.79 0.78
XGh 0.01 0.01 0.04 0.04

Spinel Garnet SpinelBiotite Plagioclase K-feldspar Biotite Plagioclase Cordierite

Stüwe Hill Low D2 Strain Zone
Leucosome Melanosome Melanosome Selvage

Garnet CordieriteGarnet
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Table 2.1 (continued) Representative electron microprobe analyses 

 
 

 

Biotite Plagiocalse
Melano L-core L-rim L-core Melano Melano Melano Melano rim core core# core^ rim# core# rim#% core rim core rim core rim rim core core* rim* core rim core rim

4b.13 4a.22 4a.32 4a.33 4a.72 4a.73 4a.74 4a.75 4b.56 4b.55 2c.1 2c.3 2c.22 2c.23 2c.25 2c.16 2c.15 2c.B4 2c.B3 2c.F2 2c.F3 2c.F12 2c.F15 2c.46 2c.48 2c.49 1A1.27 1A1.25 1A1.8 1A1.12 1A1.38 1A1.41
SiO2 37.55 37.80 37.92 38.00 36.31 35.71 59.15 59.29 !"#"$ 64.31 37.34 37.97 37.67 36.71 37.48 - - 35.88 35.81 60.43 58.75 64.98 64.30 46.06 45.66 46.82 38.61 38.51 38.58 38.38 - -
TiO2 0.02 0.00 0.06 0.01 4.47 4.44 - - - - 0.03 0.02 0.01 0.06 0.05 0.00 0.00 4.24 3.43 - - - - 0.00 0.00 0.00 0.00 0.03 0.00 0.07 0.05 0.02
Al2O3 21.07 21.28 21.08 21.01 14.74 14.51 25.86 25.96 %$#" 19.69 21.45 21.81 22.16 22.07 22.05 59.31 59.70 16.10 16.29 25.19 25.64 19.17 19.14 35.91 35.68 35.29 22.99 22.75 22.95 22.66 61.19 58.54
Cr2O3 0.00 0.01 0.04 0.06 - - - - - - 0.06 0.02 0.03 0.00 0.05 0.29 0.33 - - - - - - 0.01 0.00 0.03 0.04 0.02 0.00 0.02 0.07 0.04
FeO 34.04 33.41 33.56 33.56 16.70 17.56 0.00 0.00 &#&% 0.00 32.69 32.17 31.13 31.28 32.04 36.04 36.59 15.02 15.32 0.04 0.00 0.02 0.37 6.36 6.44 6.41 28.79 28.34 29.31 28.84 33.61 36.05
MnO 0.82 0.79 0.89 0.89 0.04 0.02 - - - - 1.00 0.97 0.85 0.87 1.02 0.10 0.10 0.03 0.02 - - - - 0.07 0.04 0.06 1.13 1.10 1.04 1.11 0.15 0.13
MgO 4.88 5.65 5.24 5.47 12.02 11.13 - - - - 6.93 6.68 7.82 7.82 6.90 5.51 5.53 14.06 14.58 - - - - 9.78 9.67 9.78 7.11 7.09 7.06 7.02 5.43 4.76
CaO 1.04 1.02 1.18 1.06 0.00 0.00 7.53 7.54 &#'"() 0.526 0.99 1.10 1.03 1.02 1.01 0.00 0.00 0.00 0.01 7.04 7.48 0.15 0.20 0.00 0.01 0.01 0.89 0.87 0.97 0.90 0.00 0.00
ZnO - - - - - - - - - - 0.00 0.02 0.00 0.02 0.00 0.14 0.16 - - - - - - 0.00 0.00 0.00 0.00 0.03 0.00 0.02 0.07 0.17
BaO - - - - - - - - - - - - - - - - - - - 0.01 0.01 0.48 0.32 - - - - - - - - -
Na2O - - - - 0.18 0.16 7.42 7.48 '#%)$' 1.6411 - - - - - - - 0.05 0.05 7.55 7.28 1.67 1.37 - - - - - - - - -
K2O - - - - 10.94 10.96 0.2379 0.23 %%#'( 13.21 - - - - - - - 12.09 11.96 0.52 0.41 15.45 15.87 - - - - - - - - -
Cl - - - - 1.10 1.08 - - - - - - - - - - - 0.75 0.79 - - - - - - - - - - - - -
F - - - - 2.37 2.36 - - - - - - - - - - - 2.91 2.88 - - - - - - - - - - - - -
Total 99.41 99.97 99.96 100.06 98.86 97.93 100.20 100.50 98.79 99.38 100.48 100.76 100.71 99.85 100.61 101.39 102.40 101.13 101.14 100.78 99.58 101.92 101.56 98.20 97.50 98.40 99.57 98.74 99.91 99.03 100.57 99.71

No. ox 12 12 12 12 22 22 8 8 8 8 24 24 24 24 24 4 4 22 22 8 8 8 8 18 18 18 24 24 24 24 4 4
Si 3.01 2.99 3.01 3.01 5.53 5.52 2.64 2.64 2.98 2.95 5.88 5.94 5.83 5.73 5.85 - - 5.03 5.00 2.67 2.63 2.93 2.91 4.72 4.72 4.79 6.04 6.0704 6.0169 6.04 - -
Ti 0.00 0.00 0.00 0.00 0.51 0.52 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.45 0.36 - - - - 0.00 0.00 0.00 0.00 0.0031 0 0.01 0.00 0.00
Al 1.99 1.99 1.97 1.96 2.65 2.65 1.36 1.36 1.03 1.06 3.99 4.02 4.04 4.06 4.05 1.95 1.95 2.66 2.68 1.31 1.35 1.02 1.02 4.34 4.34 4.25 4.24 4.2278 4.2197 4.20 1.99 1.96
Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 - - - - - - 0.00 0.00 0.00 0.01 0.003 0.0001 0.00 0.00 0.00
Fe2+ 2.28 2.19 2.23 2.22 2.13 2.27 0.00 0.00 0.002 0.001 3.96 4.08 3.75 3.64 3.95 0.84 0.85 1.76 1.79 0.00 0.00 0.00 0.01 0.55 0.56 0.55 3.76 3.7361 3.8229 3.80 0.78 0.85
Fe3+ 0.00 0.03 0.00 0.01 - - - - 0.34 0.14 0.28 0.44 0.23 - - - - - - - - - - - 0.00 0.00 0.00 0.00 - -
Mn 0.06 0.05 0.06 0.06 0.00 0.00 - - - - 0.13 0.13 0.11 0.12 0.14 0.00 0.00 0.00 0.00 - - - - 0.01 0.00 0.00 0.15 0.1475 0.1373 0.15 0.00 0.00
Mg 0.58 0.67 0.62 0.65 2.73 2.57 - - - - 1.63 1.56 1.80 1.82 1.60 0.23 0.23 2.94 3.03 - - - - 1.49 1.49 1.49 1.66 1.6656 1.6409 1.65 0.22 0.20
Ca 0.09 0.09 0.10 0.09 0.00 0.00 0.36 0.36 0.00 0.02 0.17 0.18 0.17 0.17 0.17 0.00 0.00 0.00 0.00 0.33 0.36 0.01 0.01 0.00 0.00 0.00 0.15 0.1464 0.1622 0.15 0.00 0.00
Zn - - - - - - - - - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - - - - - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba - - - - - - - - - - - - - - - - - - - 0.00 0.00 0.01 0.01 - - - - - - - - -
Na - - - - 0.05 0.05 0.64 0.64 0.10 0.16 - - - - - - - 0.01 0.01 0.65 0.63 0.15 0.12 - - - - - - - - -
K - - - - 2.13 2.16 0.014 0.013 0.89 0.78 - - - - - - - 2.16 2.13 0.03 0.02 0.89 0.92 - - - - - - - - -
Cl - - - - 0.06 0.06 - - - - - - - - - - - 0.18 0.19 - - - - - - - - - - - - -
F - - - - 0.48 0.49 - - - - - - - - - - - 1.29 1.27 - - - - - - - - - - - - -
Total 8.00 8.00 8.00 8.00 15.73 15.74 5.01 5.01 5.00 4.99 16.11 16.06 16.00 16.00 16.00 3.03 3.04 15.00 15.00 5.00 5.00 5.00 5.00 11.11 11.11 11.09 16.00 16.00 16.00 16.00 3.00 3.02

XMg 0.20 0.23 0.22 0.23 0.56 0.53 0.29 0.28 0.32 0.33 0.29 0.21 0.21 0.63 0.63 0.73 0.73 0.73 0.31 0.31 0.30 0.30 0.22 0.19
XK 0.98 0.98 0.99 0.99
Xpyr 0.19 0.22 0.21 0.21 0.28 0.26 0.31 0.32 0.27 0.29 0.29 0.28 0.29
Xgrs 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Xsps 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03
Xalm 0.76 0.73 0.74 0.74 0.67 0.69 0.64 0.63 0.67 0.66 0.66 0.66 0.66
XAn &#&! 0.35 0.35 0.00 0.02 0.33 0.35 0.01 0.01
XAb &#)( 0.63 0.63 0.10 0.17 0.64 0.62 0.14 0.11
XOr *garnet, near type-2 monazite 0.01 0.01 0.89 0.81 0.03 0.02 0.85 0.87
XSpl

#CG-garnet, clean 0.21 0.21 0.22 0.19
XHc ^CG-garnet, with sillimanite inclusions 0.78 0.78 0.77 0.80
XGh

%CG-garnet, near spinel 0.00 0.00 0.00 0.00

Biotite Plagiocalse
Late syn-D2 Leucosome

Garnet K-feldspar CordieriteGarnet

Seal Cove High D2 Strain Zone 

K-feldspar
Cordierite GneissBiotite Gneiss

Garnet SpinelSpinel
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Figure 2.4 Representative backscattered electron (BSE) images for in situ zircon grains from 
migmatitic semipelite and metapelite at Stüwe Hill and Seal Cove. All scale bars are 50 µm. 
LASS spots are indicated by a white circle with corresponding 207Pb/206Pb (>800 Ma) and 
206Pb/238U age (< 800 Ma) – errors quoted at 2σ level. (a-b) Zircon grains from Stüwe Hill 
melanosome. (c-e) Zircon grains from Stüwe Hill leucosome. (f) Zircon from leucogranite 
separate. (g-j) Zircon grains from Stüwe Hill selvage. (k-l) Zircon grains from a cordierite corona 
around garnet in cordierite-felsic gneiss. (m-o) Zircon grains separated from in source leucosome 
hosted in cordierite-felsic gneiss. (p) Zircon grain from biotite-felsic gneiss leucosome. (q) 
Zircon grains separated from leucogneiss dike hosted in biotite-felsic gneiss. (r-s) Zircon grains 
from a wall rock-leucosome boundary zone in biotite-felsic gneiss. (t-u) Zircon grains from a late 
syn-D2 leucocratic vein. 
 

 

 

 

 

 

 

 

 

 



	  
	  

45	  

 
  



	  
	  

46	  

differences in BSE images between zircon grains that occur in melanosome (Fig. 2.4a, b), 

leucosome (in-source leucosome Fig. 2.4c-e; leucogranite separates Fig. 2.4f), or selvage (Fig. 

2.4g-j) domains, indicating a similar history of growth and/or recrystallization. Zircon grains are 

idioblastic to subidioblastic, and range in habit from slightly elongate to equant (100-200 x 50-

150 µm). Grains commonly have fractured cores that display weak oscillatory zoning patterns in 

BSE and are interpreted to be detrital. In some grains, the fine oscillatory zoning in cores may be 

blurred and now form broad diffuse bands (Fig. 2.4c, d, g-i). Surrounding these cores are BSE-

brighter outer cores and rims that are weakly banded, sector zoned, or relatively homogeneous in 

BSE images (Fig. 2.4a-j). Many of the zircon grains separated from leucogranite are rounded and 

equant (Fig. 2.4f; 100-200 x 100-200 µm), but grains may also be elongate and more acicular 

(100-300 x 50-150 µm) than grains found in the melanosome or selvage. The mix of broad planar 

banding and sector zoning in rims that truncate zoning in cores is interpreted to represent partial 

dissolution of detrital zircon and re-growth from or in the presence of anatectic melt (e.g., Vavra 

et al., 1996, 1999; Schaltegger et al., 1999; Kelly et al., 2002; Kelly and Harley, 2005). 

 In total, 120 in situ LASS analyses were collected from 69 zircon grains from multiple 

thin sections covering spatially related metapelitic melanosome, selvage and leucosome (sample 

8; Table 2.2). Analysis in situ enabled retention of all textural contexts. These are complemented 

by additional SIMS analyses of zircon from a leucogranite dike (below). All individual dates 

quoted are based on 206Pb/238U ratios unless otherwise noted (e.g., dates between ~1300 and 900 

Ma are based on 207Pb/206Pb ratios). 

 Sixty-one analyses were collected from 35 zircon grains from the melanosome (Fig. 2.5a, 

Table 2.2). Sixteen analyses have been rejected because they comprise overlaps between zones 

or have high analytical error. Eleven analyses from detrital cores show 207Pb/206Pb dates ranging 

between ~1325 and 1020 Ma. Most rim analyses regardless of age have Th/U ratios between 

0.02-0.12, with the exception of the two oldest analyses (8d-z7-7: Th/U = 0.18; 8d-z18-18: Th/U 

= 0.50). A cluster of 11 rim analyses from zircon grains that are included in cordierite and biotite 

(blue ellipses in Fig. 2.5a, asterisked in Table 2.2) lie on or near the concordia curve between 

~540 and 525 Ma, giving a weighted average age of 533.1 ± 3.4 Ma (95% confidence limit; 

MSWD = 3.3). The remaining 23 rim analyses from zircon grains that are included in garnet, 

cordierite and biotite scatter along concordia up to a concordant 207Pb/206Pb rim analysis   
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Table 2.2 Summary of LASS and SIMS U-Pb zircon analyses 

 
 

Spot Type U Th 232Th/238U %com. 
206Pb

206Pb/238U ±(%) 207Pb/235U ±(%)2 207Pb/206Pb ±(%) 206Pb/238U ±2 207Pb/206Pb ±2 % discor-
dant1

Stüwe Hill
Melanosome Cores
8d_z7 _8  grt LASS 56 34 0.65 n.a 0.219 7.0 2.45 10.0 0.0811 11.0 1276 37 1223 17 2
8d_z7 _9 grt LASS 121 63 0.51 n.a 0.190 5.0 2.09 6.7 0.0809 9.5 1123 26 1217 14 -1
8d_z12 _14 grt2 LASS 402 397 1.00 n.a 0.225 3.0 2.63 3.2 0.0854 4.3 1306 14 1325 7 0
8d_z18_19 spl LASS 1247 239 0.17 n.a 0.176 3.0 1.93 4.6 0.0796 5.0 1043 19 1185 7 -4
8c_z16_17 grt LASS 583 118 0.19 n.a 0.163 3.7 1.69 4.2 0.0750 4.7 974 20 1067 7 -3
8c_z17_19 grt LASS 358 107 0.30 n.a 0.166 3.2 1.71 3.3 0.0743 4.1 989 17 1049 6 -2
8d_z15 _16 sil LASS 755 249 0.33 n.a 0.174 4.0 1.77 4.4 0.0735 3.8 1038 20 1028 5 0
8d_z9 _11 crd LASS 1278 146 0.12 n.a 0.150 2.0 1.50 2.3 0.0732 3.6 903 12 1020 5 -3
8d_z10 _13 crd LASS 568 120 0.22 n.a 0.151 3.0 1.54 3.4 0.0750 5.9 905 14 1068 8 -4
8d_z23_28 crd LASS 253 140 0.59 n.a 0.205 4.0 2.11 4.9 0.0743 5.2 1199 21 1050 7 4
8d_z29_41 crd LASS 1002 98 0.10 n.a 0.182 2.0 2.01 2.7 0.0805 3.2 1079 10 1208 5 -4
Melanosome rims
8d_z18_18 spl LASS 922 446 0.50 n.a 0.163 2.0 1.64 2.1 0.0731 3.0 971 11 1017 4 -1
8d_z7_7 crd LASS 481 83 0.18 n.a 0.156 3.0 1.52 3.8 0.0717 6.1 932 17 977 8 -1
8d_z24_30 crd LASS 2340 181 0.08 n.a 0.133 1.0 1.20 1.4 0.0649 1.9 805 8 771 2 1
8d_z16 _17 grt LASS 1096 52 0.03 n.a 0.119 4.0 1.10 5.7 0.0667 10.0 725 24 828 12 -4
8d_z10 _12 crd LASS 946 51 0.05 n.a 0.115 2.0 1.04 2.7 0.0661 4.2 701 14 809 5 -3
8d_z30_42 crd LASS 776 27 0.03 n.a 0.113 2.0 1.00 2.0 0.0638 4.7 693 10 734 5 -1
8d_z22_27 crd LASS 2610 193 0.08 n.a 0.103 2.0 0.93 2.1 0.0653 2.7 629 11 782 3 -6
8d_z19 _20 crd LASS 725 76 0.11 n.a 0.102 2.0 0.90 3.0 0.0637 8.2 625 14 733 9 -4
8d_z28_39 crd LASS 914 16 0.02 n.a 0.096 1.0 0.80 1.3 0.0606 4.3 592 7 623 4 -1
8d_z1_1 sil LASS 1136 27 0.02 n.a 0.096 1.0 0.80 0.8 0.0606 2.9 592 5 624 3 -1
8d_z26_35 crd LASS 956 33 0.04 n.a 0.092 1.0 0.76 1.4 0.0597 5.6 569 7 592 6 -1
8d_z20 _23 crd LASS 1004 26 0.03 n.a 0.092 1.0 0.75 1.1 0.0588 3.9 565 7 560 4 0
8d_z28_38 crd LASS 696 69 0.10 n.a 0.092 1.0 0.75 1.0 0.0598 3.9 565 5 597 4 0
8d_z21_25 crd LASS 968 14 0.02 n.a 0.089 1.0 0.74 1.0 0.0593 3.3 552 6 578 3 -1
8d_z20_22 crd* LASS 1153 46 0.04 n.a 0.087 1.0 0.70 0.9 0.0578 3.7 537 6 523 3 0
8d_z19_21 crd* LASS 984 38 0.04 n.a 0.087 1.0 0.69 0.9 0.0576 3.5 536 6 512 3 0
8d_z25 _32crd* LASS 956 58 0.06 n.a 0.086 1.0 0.68 0.9 0.0572 3.2 534 6 499 3 1
8d_z28_40 crd* LASS 722 83 0.12 n.a 0.086 1.0 0.69 0.7 0.0583 3.8 534 3 542 4 0
8d_z21_24 crd* LASS 1012 62 0.05 n.a 0.086 1.0 0.68 1.0 0.0573 3.0 530 7 502 3 0
8d_z27_33 crd* LASS 969 42 0.04 n.a 0.085 1.0 0.68 0.9 0.0578 3.1 527 6 521 3 0
8d_z27 _34 crd* LASS 664 45 0.07 n.a 0.085 1.0 0.74 1.7 0.0628 12.0 527 6 701 13 -6
8d_z30_43 crd LASS 1175 23 0.02 n.a 0.084 1.0 0.67 0.5 0.0577 3.0 520 3 517 3 0
8c_z2_1 grt LASS 938 36 0.04 n.a 0.108 1.5 0.97 1.5 0.0652 2.8 660 9 781 3 -4
8c_z4_2 crd* LASS 1421 57 0.04 n.a 0.088 1.2 0.72 1.0 0.0591 1.8 543 7 570 2 -2
8c_z4_3 crd LASS 1197 52 0.04 n.a 0.097 1.6 0.81 1.5 0.0609 2.6 594 9 635 3 -2
8c_z5_4 crd LASS 707 50 0.07 n.a 0.104 2.1 0.88 2.0 0.0613 3.7 638 12 649 4 0
8c_z5_5 crd LASS 1089 39 0.04 n.a 0.097 1.7 0.85 1.8 0.0624 4.1 599 10 689 5 -3
8c_z6_6 crd* LASS 737 52 0.07 n.a 0.088 1.3 0.71 1.0 0.0588 2.6 541 8 557 2 -1
8c_z6_7 crd* LASS 981 53 0.05 n.a 0.085 1.3 0.69 1.1 0.0586 2.1 526 8 553 2 -2
8c_z6_8 crd LASS 989 20 0.02 n.a 0.103 2.0 0.89 1.8 0.0624 2.5 631 12 686 3 -2
8c_z9_9 bt* LASS 1314 38 0.03 n.a 0.085 1.4 0.69 1.1 0.0584 1.9 526 8 543 2 -1
8c_z11_11 bt LASS 916 68 0.07 n.a 0.105 1.8 0.95 1.9 0.0648 2.9 645 10 766 3 -5
8c_z14_15 bt LASS 783 65 0.08 n.a 0.094 1.9 0.78 1.7 0.0600 2.1 578 11 602 2 -1
8c_z15_16 grt LASS 601 50 0.08 n.a 0.097 2.5 0.83 2.2 0.0617 2.9 596 14 663 3 -3
Selvage cores
8b_z4_7 crd LASS 764 120 0.16 n.a 0.182 2.3 1.88 2.8 0.0753 6.0 1076 12 1075 9 0
8b_z16_34 crd LASS 381 199 0.52 n.a 0.169 2.2 1.73 3.1 0.0745 7.0 1008 12 1053 10 -1
8b_z5_9 crd LASS 190 120 0.63 n.a 0.158 3.4 1.55 4.3 0.0724 11.0 942 19 997 15 -1
8b_z7_13 crd LASS 369 199 0.54 n.a 0.126 1.6 1.14 2.3 0.0658 9.2 766 9 800 11 -1
8b_z3_5 cd LASS 1059 18 0.02 n.a 0.117 3.6 1.06 4.2 0.0660 6.6 713 21 805 8 -3
8b_z9_17 cd LASS 721 60 0.08 n.a 0.114 1.8 0.94 1.9 0.0601 5.5 695 10 606 6 4
8b_z10_19 cd LASS 167 93 0.55 n.a 0.104 2.0 0.90 2.6 0.0630 13.0 639 12 708 15 -2
Selvage rims
8b_z7_15 crd LASS 901 26 0.03 n.a 0.155 2.4 1.43 2.6 0.0672 4.4 930 14 844 6 3
8b_z20_41 sil LASS 1222 9 0.01 n.a 0.149 2.0 1.41 2.3 0.0687 3.7 896 11 890 5 0
8b_z21_42 grt LASS 1119 74 0.07 n.a 0.145 1.3 1.39 1.8 0.0694 4.5 874 7 910 6 -1
8b_z6_11 crd LASS 1077 32 0.03 n.a 0.126 1.2 1.09 1.4 0.0625 4.4 765 7 691 5 2
8b_z20_40 sil LASS 1047 22 0.02 n.a 0.124 1.6 1.10 1.9 0.0644 4.5 751 9 756 5 0
8b_z14_30 grt LASS 1029 69 0.07 n.a 0.118 1.6 1.05 2.1 0.0651 7.8 718 9 776 9 -1
8b_z14_29 grt LASS 1328 14 0.01 n.a 0.115 1.7 0.99 1.8 0.0625 5.4 699 10 692 6 0
8b_z22_43 grt LASS 850 48 0.06 n.a 0.105 1.2 0.92 1.5 0.0635 6.4 646 7 726 7 -2
8b_z15_32 crd LASS 865 18 0.02 n.a 0.099 1.3 0.85 1.0 0.0620 6.8 608 8 674 7 -3
8b_z22_44 grt LASS 694 7 0.01 n.a 0.099 0.7 0.82 0.9 0.0603 5.1 606 4 615 5 0
8b_z1_1 grt LASS 897 53 0.06 n.a 0.094 0.8 0.80 1.0 0.0614 4.7 578 5 654 5 -3
8b_z1_2 grt LASS 851 49 0.06 n.a 0.092 1.0 0.78 1.0 0.0612 4.5 566 6 647 5 -3
8b_z10_20 crd LASS 544 51 0.09 n.a 0.092 1.2 0.72 1.3 0.0569 6.3 566 7 486 5 3
8b_z16_33 crd LASS 1009 14 0.01 n.a 0.088 0.5 0.69 0.7 0.0574 4.2 543 3 508 4 2
8b_z15_31 crd* LASS 828 44 0.05 n.a 0.087 0.8 0.67 0.9 0.0561 5.9 541 4 456 5 3
8b_z11_22 crd* LASS 651 83 0.13 n.a 0.087 1.1 0.70 1.3 0.0586 6.8 540 6 550 6 0
8b_z12_24 crd* LASS 755 47 0.06 n.a 0.087 1.3 0.68 1.4 0.0567 7.0 539 8 478 6 3
8b_z11_21 crd* LASS 742 86 0.12 n.a 0.087 1.1 0.67 1.1 0.0561 6.1 537 7 454 5 4
8b_z7_14 crd LASS 1168 10 0.01 n.a 0.087 1.1 0.68 1.0 0.0566 4.8 536 7 475 4 2
8b_z12_25 crd* LASS 761 41 0.05 n.a 0.086 1.1 0.66 1.2 0.0564 7.0 534 7 466 6 3
8b_z13_27 crd* LASS 589 96 0.16 n.a 0.086 1.0 0.67 1.1 0.0568 7.5 531 6 484 6 2
8b_z12_23 crd* LASS 907 51 0.06 n.a 0.085 1.1 0.66 0.9 0.0563 6.3 525 6 465 5 3
8b_z13_26 crd* LASS 757 44 0.06 n.a 0.085 1.1 0.67 1.1 0.0574 6.5 524 6 507 6 0
8b_z17_36 crd LASS 726 40 0.05 n.a 0.084 0.8 0.68 0.9 0.0588 6.3 518 5 558 6 -2
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Table 2.2 (continued) Summary of LASS and SIMS U-Pb zircon analyses 

 
 

 

 

Spot Type U Th 232Th/238U %com. 
206Pb

206Pb/238U ±(%) 207Pb/235U ±(%)2 207Pb/206Pb ±(%) 206Pb/238U ±2 207Pb/206Pb ±2 % discor-
dant1

Stüwe Hill
in situ leucosome
8a_z4_1 LASS 682 80 0.12 n.a 0.140 2.0 1.36 2.0 0.0705 2.7 845 11 942 4 -3
8a_z6_3 LASS 1041 28 0.03 n.a 0.093 1.2 0.77 1.1 0.0599 2.2 573 7 600 2 -1
8a_z6_4 LASS 675 137 0.20 n.a 0.122 2.8 1.24 4.2 0.0734 9.7 743 16 1025 14 -9
8a_z11_5 LASS 1150 19 0.02 n.a 0.102 1.4 0.84 1.2 0.0607 2.0 623 8 630 2 0
8a_z11_6 LASS 961 31 0.03 n.a 0.090 1.4 0.72 1.2 0.0587 2.2 553 8 557 2 1
8a_z8_7 LASS 1735 118 0.07 n.a 0.086 1.2 0.68 1.0 0.0580 1.7 529 7 530 2 1
8a_z8_8 LASS 1092 32 0.03 n.a 0.091 1.5 0.75 1.3 0.0600 2.2 562 9 602 2 -1
8a_z13_9 LASS 1155 12 0.01 n.a 0.103 2.0 0.88 1.9 0.0622 3.0 633 12 679 3 -1
8a_z16_13 LASS 1487 206 0.14 n.a 0.107 1.7 1.08 4.2 0.0743 25.0 654 10 1049 35 -12
8a_z14_11 LASS 1275 14 0.01 n.a 0.109 2.0 0.97 2.1 0.0648 3.9 666 11 768 5 -3
8d_z22_26 LASS 1153 45.5 0.04 n.a 0.094 1.0 0.790 1.0 0.0602 4.0 581 6 611 4 5
leucogranite
10_z1_2 SIMS 435 62 0.15 0.16 0.132 2.4 1.20 3.1 0.0660 1.9 799 18 807 40 1
10_z16_20 SIMS 731 83 0.12 0.04 0.124 1.4 1.07 2.9 0.0627 2.5 755 10 697 53 -9
10_z3_6 SIMS 651 68 0.11 0.02 0.085 0.9 0.69 1.3 0.0583 1.0 528 4 541 22 3
10_z4_7 SIMS 630 61 0.10 -- 0.126 1.7 1.15 2.2 0.0658 1.4 767 12 800 29 4
10_z7_10 SIMS 905 82 0.09 0.06 0.127 2.1 1.12 2.2 0.0640 0.7 770 15 740 16 -4
10_z10_13 SIMS 648 53 0.09 0.96 0.095 1.3 0.78 3.8 0.0593 3.6 586 7 580 77 -1
10_z8_11 SIMS 637 48 0.08 0.13 0.111 2.2 0.95 4.3 0.0621 3.7 677 14 677 79 0
10_z15_19 SIMS 919 63 0.07 0.05 0.128 1.6 1.10 1.8 0.0623 0.8 775 12 684 17 -14
10_z2_3 SIMS 1103 71 0.07 0.01 0.126 2.5 1.22 4.3 0.0703 3.5 763 18 938 72 20
10_z13_17 SIMS 694 43 0.06 0.74 0.119 1.5 1.11 3.0 0.0675 2.7 725 10 854 55 16
10_z6_9 SIMS 597 31 0.05 0.37 0.117 4.2 1.02 6.3 0.0629 4.7 715 28 704 101 -2
10_z2_4 SIMS 825 39 0.05 0.07 0.129 0.9 1.25 3.0 0.0700 2.9 784 6 930 59 17
10_z5_8 SIMS 885 32 0.04 0.11 0.090 0.9 0.75 1.9 0.0608 1.7 555 5 632 38 13
10_z9_12 SIMS 1333 18 0.01 0.24 0.138 3.6 1.31 5.0 0.0692 3.5 831 28 906 73 9
10_z11_14 SIMS 735 8 0.01 0.43 0.127 3.0 1.19 4.5 0.0681 3.4 772 21 871 71 12
10_z12_16 SIMS 1173 9 0.01 0.05 0.143 2.4 1.40 4.6 0.0708 3.9 863 20 950 80 10
Seal Cove
Biotite-felsic gneiss Leucosome
cores
4b_z12_15 grt LASS 1317 66.8 0.06 n.a 0.138 2.0 1.25 1.9 0.0650 4.2 832 9 785 5 1
4b_z12_16 grt LASS 1523 127 0.09 n.a 0.134 1.0 1.22 1.2 0.0650 3.8 812 7 781 5 0
4b_z13_17 grt LASS 1216 118.3 0.11 n.a 0.134 2.0 1.22 1.8 0.0660 3.9 810 9 795 5 0
4b_z18-22 leu LASS 1477 194.3 0.16 n.a 0.141 2.0 1.32 1.8 0.0670 3.6 852 9 846 5 0
4b_z6_6 grt LASS 753 284 0.45 n.a 0.168 2.0 1.71 2.2 0.0730 5.4 999 10 1023 8 -1
4b_z7_7 grt LASS 1448 100.1 0.08 n.a 0.087 1.0 0.71 0.9 0.0590 4.2 536 5 559 4 -2
4b_z8-10 grt LASS 1485 105.9 0.09 n.a 0.159 2.0 1.58 2.4 0.0710 4.7 951 10 968 6 -1
4b_z9-11 grt LASS 1027 96.2 0.11 n.a 0.137 2.0 1.26 1.6 0.0660 4.5 826 9 813 6 0
rims
4b_z10_12 leu LASS 1083 91.6 0.10 n.a 0.100 1.0 0.86 1.3 0.0610 4.4 616 7 655 5 -3
4b_z11_13 leu LASS 946 127.3 0.16 n.a 0.138 1.0 1.26 1.4 0.0660 4.1 831 8 812 5 0
4b_z11_14 leu LASS 1301 157.7 0.14 n.a 0.130 1.0 1.18 1.6 0.0650 4.3 786 7 783 5 -1
4b_z14_18 grt LASS 1560 218.6 0.16 n.a 0.134 2.0 1.21 1.6 0.0650 3.7 809 9 781 4 1
4b_z14_19 grt LASS 1125 53.8 0.05 n.a 0.116 1.0 1.01 1.3 0.0630 4.4 707 7 705 5 0
4b_z15_20 leu LASS 1147 195.2 0.20 n.a 0.145 2.0 1.34 2.0 0.0670 4.5 870 9 824 6 1
4b_z15_21 leu LASS 1144 183.5 0.19 n.a 0.138 2.0 1.28 1.9 0.0670 4.9 831 9 839 6 -1
4b_z17_24 grt LASS 1097 57.2 0.04 n.a 0.138 2.0 1.29 2.3 0.0670 5.0 835 9 836 6 -1
4b_z2_1 leu LASS 896 154.5 0.21 n.a 0.140 2.0 1.34 1.9 0.0690 4.7 845 8 891 6 -2
4b_z2_2 leu LASS 1770 105.3 0.07 n.a 0.123 1.0 1.13 1.3 0.0660 3.6 746 8 816 4 -3
4b_z20_23 leu LASS 1243 142.9 0.14 n.a 0.132 1.0 1.22 1.6 0.0670 4.3 799 8 829 5 -1
4b_z3_4 leu LASS 1522 217.7 0.18 n.a 0.138 1.0 1.30 1.6 0.0680 4.0 832 8 855 5 -1
4b_z3_5 leu LASS 568.3 139.9 0.30 n.a 0.116 2.0 1.04 2.4 0.0650 6.5 710 10 758 8 -2
4b_z8_8 grt LASS 1490 164.2 0.14 n.a 0.144 1.0 1.34 1.5 0.0670 3.7 867 7 838 5 0
4b_z8_9 grt LASS 1144 72.8 0.08 n.a 0.122 1.0 1.08 1.3 0.0640 3.7 739 7 742 4 -1
Biotite-felsic gneiss boundary zone
4a_z2_1 LASS 681.7 65 0.10 n.a 0.099 1.8 0.84 1.8 0.0611 2.1 606 11 640 2 -2
4a_z2_2 LASS 420.1 28.3 0.07 n.a 0.080 1.4 0.64 1.2 0.0576 2.3 497 8 513 2 -1
4a_z3_3 LASS 706 35.05 0.05 n.a 0.131 1.8 1.18 1.7 0.0654 1.7 794 10 788 2 0
4a_z9_6 LASS 677.3 30.6 0.05 n.a 0.129 1.9 1.16 1.8 0.0666 2.6 780 11 825 3 0
4a_z10_8 LASS 422.4 7.78 0.02 n.a 0.142 1.7 1.29 1.6 0.0671 1.9 854 10 842 2 2
4a_z11_9 LASS 554.6 12.67 0.02 n.a 0.144 1.9 1.32 1.8 0.0678 1.8 866 11 861 2 1
4a_z11_10 LASS 572 13.72 0.02 n.a 0.100 1.1 0.83 1.0 0.0611 2.1 615 7 640 2 1
4a_z12_11 LASS 436 21.62 0.05 n.a 0.106 1.2 0.90 1.1 0.0624 2.2 652 7 687 2 0
4a_z13_12 LASS 583 69.9 0.12 n.a 0.090 1.1 0.72 0.9 0.0589 2.1 553 6 561 2 1
4a_z13_13 LASS 662 27.34 0.04 n.a 0.123 1.5 1.09 1.4 0.0654 2.2 746 8 786 3 0
4a_z14_14 LASS 714 25.39 0.04 n.a 0.119 1.4 1.06 1.4 0.0655 1.8 727 9 790 2 -1
4a_z14_15 LASS 432.7 10.25 0.02 n.a 0.138 1.7 1.26 1.7 0.0672 2.3 832 10 843 3 1
4a_z15_16 LASS 471.9 17.68 0.04 n.a 0.109 1.5 0.94 1.4 0.0636 2.6 665 9 729 3 -1
4a_z15_17 LASS 589.5 21.31 0.04 n.a 0.095 1.2 0.79 1.2 0.0608 2.1 587 7 631 2 -1
4a_z16_18 LASS 647 22.31 0.03 n.a 0.107 1.1 0.93 1.0 0.0639 1.6 656 7 737 2 -2
4a_z16_19 LASS 772 11.91 0.02 n.a 0.132 1.6 1.22 1.6 0.0677 1.7 799 9 859 2 -1
4a_z18_22 LASS 418.2 9.69 0.02 n.a 0.137 2.5 1.27 2.7 0.0673 2.6 821 13 846 3 0
4a_z19_24 LASS 438.9 17.97 0.04 n.a 0.122 1.5 1.10 1.6 0.0659 2.4 741 9 802 3 -2

Conc. (ppm) Ages
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Table 2.2 (continued) Summary of LASS and SIMS U-Pb zircon analyses 

 
  

Spot Type U Th 232Th/238U %com. 
206Pb

206Pb/238U ±(%) 207Pb/235U ±(%)2 207Pb/206Pb ±(%) 206Pb/238U ±2 207Pb/206Pb ±2 % 
discordant1

Seal Cove
Garnet absent leucogeniss
5_z3_1, core SIMS 286 168 0.61 1.26 0.177 1.2 2.09 2.3 0.0857 2.0 1048 12 1332 38 23
5M_z7_1, core SIMS 105 87 0.85 0.50 0.170 1.2 1.64 2.8 0.0697 2.6 1014 11 919 53 -11
5_z9_1 SIMS 466 318 0.70 0.09 0.155 1.8 1.52 2.2 0.0713 1.3 926 15 966 26 4
5M_z6_1 SIMS 800 32 0.04 0.12 0.152 2.0 1.48 2.1 0.0705 0.7 911 17 943 14 4
5_z3_3 SIMS 242 105 0.45 0.26 0.151 1.0 1.44 1.8 0.0692 1.5 908 8 905 32 0
5_z6_1 SIMS 357 67 0.19 0.05 0.135 0.9 1.28 1.3 0.0690 0.9 816 7 899 19 10
5M_z7_2 SIMS 563 164 0.30 0.15 0.146 1.1 1.39 1.4 0.0689 0.9 881 9 895 18 2
5M_z8_1 SIMS 671 30 0.05 0.45 0.138 1.7 1.30 2.0 0.0683 1.1 836 13 879 24 5
5M_z5_1 SIMS 1803 24 0.01 0.08 0.114 1.0 1.02 1.1 0.0648 0.5 696 7 767 11 10
5_z5_1 SIMS 2033 75 0.04 0.14 0.100 0.8 0.83 1.0 0.0602 0.6 615 5 610 12 -1
5_z8_1 SIMS 667 119 0.18 0.63 0.085 0.9 0.70 3.9 0.0598 3.8 528 5 595 83 12
5_z8_2 SIMS 2755 34 0.01 0.60 0.089 0.8 0.72 1.7 0.0589 1.5 549 4 564 34 3
5_z1_1 SIMS 771 205 0.28 0.10 0.086 1.0 0.69 1.4 0.0587 1.0 531 5 558 23 5
5_z2_2 SIMS 597 130 0.23 0.32 0.088 0.9 0.71 1.7 0.0586 1.5 546 5 553 32 1
5M_z1_1 SIMS 774 33 0.04 0.05 0.087 0.9 0.70 1.2 0.0583 0.9 535 4 542 20 1
5_z6_2 SIMS 469 44 0.10 0.19 0.086 0.9 0.69 1.7 0.0582 1.4 531 5 539 31 2
Cordierite-felsic gneiss
2c_z17_13 spl core LASS 476.2 19.9 0.04 n.a 0.132 2.5 1.22 2.7 0.0667 3.0 799 14 829 4 -1
2c_z14_11 grt core LASS 596 111.5 0.19 n.a 0.132 1.5 1.23 1.6 0.0676 2.8 798 8 855 4 -2
2c_z10_6 crd core LASS 480 65.3 0.14 n.a 0.093 1.1 0.77 1.0 0.0599 2.1 571 7 601 2 -1
2c_z7_3 grt incl LASS 494 15.98 0.03 n.a 0.129 1.5 1.18 1.4 0.0665 2.3 780 8 821 3 -1
2c_z11_7 crd incl LASS 327 21.6 0.07 n.a 0.127 2.0 1.15 1.9 0.0658 2.4 769 11 799 3 -1
2c_z11_8 crd incl LASS 324 24.3 0.08 n.a 0.133 2.1 1.22 2.2 0.0668 2.7 802 12 831 3 -1
2c_z24_17 crd corona LASS 441 77.46 0.18 n.a 0.131 2.0 1.19 2.1 0.0660 2.7 793 11 807 3 0
2c_z17_14 spl corona LASS 517 59.91 0.12 n.a 0.118 1.5 1.05 1.4 0.0646 2.3 717 9 762 3 -2
2c_z25_18 crd corona LASS 533 56.9 0.11 n.a 0.115 1.5 1.01 1.4 0.0640 2.1 700 9 741 2 -1
2c_z19_15 spl corona LASS 499 53.1 0.11 n.a 0.104 1.1 0.90 1.1 0.0627 2.5 636 6 698 3 -2
2c_z1_2 crd LASS 376 96.9 0.26 n.a 0.090 0.9 0.73 0.8 0.0594 2.7 555 5 581 3 -1
2c_z13_9 spl/crd LASS 557 61.27 0.11 n.a 0.090 1.2 0.72 1.0 0.0583 2.1 554 7 540 2 1
2c_z21_16 spl/crd* LASS 369.2 81.75 0.22 n.a 0.088 1.0 0.70 0.8 0.0579 2.4 544 6 524 2 1
2c_z15_12 spl/crd* LASS 313.7 91.97 0.29 n.a 0.088 1.0 0.71 0.8 0.0582 2.7 543 6 537 2 0
2c_z1_1 crd* LASS 352.1 84.7 0.24 n.a 0.088 1.1 0.70 1.0 0.0581 3.3 541 7 535 3 0
2c_z13_10 crd* LASS 398.6 63.23 0.16 n.a 0.086 1.0 0.69 0.9 0.0583 2.4 533 6 539 2 0
In Situ leucosome, separates
6_z12_16 core SIMS 1159 33 0.03 0.05 0.155 1.4 1.54 2.1 0.0717 1.6 931 13 979 32 5
6_z10_13 core SIMS 725 7 0.01 0.10 0.141 1.3 1.29 1.5 0.0664 0.7 850 11 818 15 -4
6_z17_24 SIMS 1356 22 0.02 0.03 0.148 1.5 1.42 1.7 0.0692 0.9 892 12 906 18 2
6_z8_1 SIMS 3138 29 0.01 0.01 0.091 0.8 0.73 0.9 0.0588 0.4 559 4 560 8 0
6M_z6_1 SIMS 1032 26 0.03 0.10 0.090 0.8 0.72 1.2 0.0581 0.8 554 4 535 17 -4
6_z15_20 SIMS 1060 400 0.39 0.03 0.087 0.9 0.69 1.5 0.0580 1.1 536 5 530 25 -1
6_z6_7 SIMS 1487 505 0.35 0.01 0.086 0.8 0.69 1.0 0.0584 0.6 533 4 546 13 2
6_z1_2 SIMS 559 57 0.11 0.13 0.086 0.9 0.68 1.6 0.0574 1.3 531 4 506 28 -5
6_z3_1 SIMS 467 86 0.19 0.05 0.085 0.9 0.69 1.4 0.0586 1.1 529 5 553 24 5
6_z2_1 SIMS 450 135 0.31 0.18 0.085 0.9 0.68 1.6 0.0576 1.4 526 4 513 30 -3
6_z5_6 SIMS 877 124 0.15 0.20 0.085 0.8 0.67 1.4 0.0568 1.1 526 4 483 24 -9
6_z7_9 SIMS 448 68 0.16 0.28 0.084 0.9 0.66 1.9 0.0571 1.7 522 5 496 38 -5
6_z18_26 SIMS 713 30 0.04 0.37 0.084 0.9 0.66 1.7 0.0570 1.5 522 4 490 33 -7
6_z9_12 SIMS 2180 59 0.03 0.03 0.084 0.8 0.67 1.0 0.0577 0.5 522 4 519 12 0
6_z4_4 SIMS 1164 182 0.16 0.14 0.084 0.8 0.67 1.2 0.0574 0.9 521 4 505 19 -3
6_z15_21 SIMS 571 142 0.26 0.17 0.084 0.9 0.67 1.6 0.0579 1.3 521 4 526 29 1
6_z16_22 SIMS 858 198 0.24 0.03 0.084 0.8 0.67 1.2 0.0581 0.8 521 4 533 18 2
6_z4_5 SIMS 1139 181 0.16 0.10 0.084 0.8 0.67 1.2 0.0578 0.8 521 4 523 18 0
6a_z12_1 SIMS 415 70 0.17 0.21 0.084 0.9 0.66 1.8 0.0565 1.6 520 5 474 35 -10
6_z16_23 SIMS 405 126 0.32 -- 0.084 0.9 0.69 1.6 0.0595 1.3 520 5 586 28 12
6_z14_19 SIMS 624 136 0.22 -- 0.084 0.9 0.67 1.3 0.0578 0.9 519 4 523 20 1
6a_z3_1A SIMS 1034 298 0.30 0.12 0.084 0.8 0.67 1.2 0.0581 0.9 519 4 535 19 3
6_z1_1 SIMS 520 101 0.20 0.13 0.084 0.9 0.70 2.1 0.0605 1.9 518 4 620 41 17
6a_z1_1A SIMS 492 49 0.10 0.32 0.083 0.9 0.66 1.9 0.0573 1.7 515 4 502 38 -3
6a_z9_2 SIMS 1045 151 0.15 0.13 0.083 0.9 0.66 1.3 0.0577 0.9 512 4 519 21 1
6a_z1_.2 SIMS 484 119 0.25 0.33 0.082 1.4 0.64 2.7 0.0568 2.3 509 7 484 51 -5
6_z8_11 SIMS 469 188 0.41 0.16 0.082 0.9 0.65 1.7 0.0575 1.5 508 4 509 33 0
6_z3_3 SIMS 959 37 0.04 0.26 0.081 0.8 0.63 1.6 0.0567 1.4 501 4 480 31 -5
Late syn D2 leucocratic veins
cores
1A1_z1_1 grt LASS 332 58.5 0.20 n.a 0.166 3.1 1.64 2.4 0.0716 5.7 991 17 974 8 1
1A1_z2_4 grt LASS 372 83.3 0.27 n.a 0.169 3.7 1.69 2.7 0.0726 5.3 1005 20 1003 7 0
1E1_z1_1 grt LASS 766 11.13 0.01 n.a 0.091 1.2 0.75 1.0 0.0595 1.5 562 7 585 1 -1
rims
1A1_z1_2 grt LASS 1483 18.2 0.02 n.a 0.128 2.6 1.21 1.4 0.0681 3.1 777 15 870 4 -3
1A1_z2_3 grt LASS 903 23.9 0.03 n.a 0.087 1.7 0.70 0.9 0.0580 3.9 537 10 529 4 0
1A1_z2_5 grt LASS 853 28.9 0.03 n.a 0.085 1.5 0.69 0.8 0.0586 4.4 527 9 553 4 -1
1E1_z1_2 grt LASS 392.3 30.69 0.08 n.a 0.094 1.1 0.77 1.0 0.0592 2.8 581 7 575 3 0
1E1_z2_3 grt LASS 386 34.81 0.09 n.a 0.102 1.8 0.87 1.7 0.0624 2.9 627 11 689 3 -2
1E1_z4_4 grt LASS 813 13.78 0.02 n.a 0.104 1.2 0.90 1.3 0.0626 2.4 639 7 696 3 -2
1E1_z6_5 grt LASS 526 58.3 0.11 n.a 0.119 2.0 1.07 2.3 0.0653 3.7 722 12 782 4 -2
1 % discordance = 100 - (100 x (206Pb/238U age) / (207Pb/206Pb age)).
2 not plotted on Terra-Wasserburg

Conc. (ppm) Ages
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Figure 2.5 U–Pb isotope and REE data from zircon grains in melanosome, selvage, leucosome 
and leucogranitic dikes from Stüwe Hill. In U-Pb diagrams, filled ellipses with dashed margins 
represent analyses for which REE corresponding data were not collected. Dashed lines in REE 
diagrams are for ease of visualization. Colors in Tera Wasserburg plots correspond to colors in 
Matsuda diagrams. (a) Tera-Wasserburg concordia diagram showing all data from grains located 
in melanosome. Inset: Th/U ratios vs. 206Pb/238U age for melanosome zircon. (b) Tera-
Wasserburg concordia diagram showing all data from grains located in selvage domains. Inset: 
Th/U ratios vs. 206Pb/238U age for selvage zircon. (c) Tera-Wasserburg concordia diagram 
showing all data from leucosome zircon analyzed by LASS and leucogranite analyzed by SIMS. 
Inset: Th/U ratios vs. 206Pb/238U age for leucosome zircons analyzed by LASS. (d-f) Chondrite-
normalized “Matsuda” diagrams for REE in zircon from melanosome (d) selvage (e), and 
leucogranite dike (f). 
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at 977 ± 8 Ma (8d-z7-7). 

 Forty-five analyses were collected from 23 zircon grains from the selvage domain (Fig. 

2.5b, Table 2.2). Fourteen analyses have been rejected because they comprise overlaps between 

zones. Three analyses from detrital cores have 207Pb/206Pb dates that range between ~ 1075 and 

997 Ma. Th/U ratios are highest for most core analyses (0.16-0.65) two younger cores have 

lower Th/U ratios (8b-z3-5 = 0.02; 8b-z9-17 = 0.08). Th/U ratios for rim analyses range from 

0.01-0.16, and there is no apparent trend between Th/U ratios and ages for rim analyses. Eight 

rim analyses (identified by asterisks in Table 2.2) from zircon grains that are included in 

cordierite cluster below concordia (probable artifact of no common Pb correction) and have 
206Pb/238U dates between ~545 and 524 Ma, giving a weighted average age of 534.4 ± 5.6 Ma 

(95% confidence limit; MSWD = 4.9). The remaining 16 analyses, from both rims and cores of 

grains that are included in garnet and cordierite, scatter along concordia up to a concordant 

analysis at 930 ± 14 Ma. 

 Fourteen LASS analyses were collected from nine zircon rims from grains from in source 

leucosome that are included in or along the grain boundaries of K-feldspar, quartz and/or 

plagioclase (green ellipses in Fig. 2.5c, Table 2.2). Th/U ratios for these analyses range from 

0.01-0.12. Three analyses have been rejected because they comprise overlaps between zones. 

The youngest analysis has a 206Pb/238U date of 529 ± 7.3 Ma (8a-z8-7) and eight of the remaining 

analyses form a scatter along concordia up to ~650 Ma. Population ages for this sample were not 

calculated due to excess scatter, but importantly, an age cluster at ~530 Ma, present in other 

domains, is absent. 

 Twenty-one SIMS analyses were collected from the rims of 18 zircon grains from a 

weakly deformed leucogranite dike (Fig. 2.2f). Five analyses have been rejected because they 

comprise overlaps between zones. The analyses of zircon rims scatter along concordia from the 

oldest analysis at 938 ± 72 Ma and the youngest analysis at 528 ± 4 Ma (Table 2.2), with a 

greater number of analyses forming a loose cluster between ~900 and ~800 Ma (orange ellipses 

in Fig. 2.5c). Population ages for this sample were not calculated due to excess scatter. Th/U 

ratios for these analyses range from 0.01-0.15. 

 REE data were not collected on all U-Pb analysis spots (dashed outlines on Fig. 2.5a). 

However, analyses of zircon rims from the melanosome fall into two distinct REE compositional 

groups (Fig. 2.5d, Table 2.3; Appendix A-3). Seven zircon rims with ages that are concordant at   
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Table 2.3 Average zircon LASS REE analyses 

 
 

~900 Ma or show moderate Pb-loss along a chord toward ~530 Ma (hereafter referred to as 

“Neoproterozoic” zircon) have elevated chondrite-normalized HREE patterns that are positively 

sloping (average YbN/GdN ≈ 32), have positive Ce anomalies (average Ce/Ce* ≈ 20.7) and have 

moderately negative Eu anomalies (average Eu/Eu* ≈ 0.15). Four outliers are positively sloping 

but HREE-depleted relative to the other Neoproterozoic rim analyses (dashed lines on Fig. 2.5d). 

Five analyses of zircon rims with near to- and concordant ages between ~537-527 Ma (hereafter 

referred to as “Cambrian” zircon) are HREE-depleted (flat HREE patterns) relative to the older 

Leuco-
gneiss 
Dike 

La 0.01 0.01 0.01 0.03 0.11 -- 0.02 -- 0.16 0.55 0.01 0.01 0.01 0.06 0.01 0.02

Ce 1.95 1.32 1.70 0.85 0.53 5.58 3.68 0.97 4.94 9.29 1.10 1.64 2.27 2.57 1.36 1.48

Pr 0.06 0.05 0.05 0.03 0.09 0.51 0.07 0.02 0.19 0.53 0.02 0.03 0.02 0.08 0.20 0.08

Nd 0.60 0.73 0.72 0.99 0.80 5.06 2.09 0.36 2.19 5.05 0.32 0.45 0.53 0.88 1.40 0.45

Sm 1.39 2.33 1.33 3.24 3.75 3.91 4.14 1.73 3.10 6.82 1.81 1.69 2.05 4.17 1.98 1.39

Eu 0.19 0.06 0.18 0.06 0.15 0.49 0.58 0.12 1.15 0.94 0.30 0.16 0.16 0.17 0.31 0.26

Gd 9.72 11.12 11.54 17.04 22.51 14.49 21.56 14.40 16.20 28.72 15.83 15.87 17.04 27.85 22.72 30.74

Tb 4.34 2.77 5.14 4.46 6.94 5.87 7.78 5.45 6.17 12.10 6.78 7.45 6.95 10.47 6.89 9.07

Dy 72.18 18.44 63.46 28.16 49.59 72.99 70.63 49.40 75.80 150.45 70.83 97.43 77.38 106.35 83.78 133.47

Ho 25.38 3.23 20.56 4.73 9.58 23.29 18.96 10.74 27.28 50.36 18.53 34.86 23.67 28.09 22.16 54.95

Er 111.84 8.98 88.33 9.98 27.37 87.73 54.05 26.40 116.15 203.30 58.83 151.03 88.70 85.11 68.03 263.17

Tm 27.77 1.52 19.18 1.24 5.06 16.26 9.75 3.80 32.30 53.15 9.20 30.92 16.40 16.22 10.21 54.77

Yb 255.44 11.93 202.13 7.34 31.56 142.57 67.56 26.10 273.04 403.91 70.70 304.90 141.65 96.28 84.83 607.33

Lu 42.99 1.88 36.25 1.00 4.04 27.53 10.02 4.90 46.23 66.65 12.43 61.38 26.76 13.83 14.03 115.90

chondrite normalized
La 0.04 0.02 0.04 0.11 0.47 -- 0.08 -- 0.67 2.35 0.02 0.03 0.03 0.22 0.05 0.09

Ce 3.23 2.19 2.82 1.41 0.86 9.26 6.10 1.61 8.19 15.41 1.83 2.72 3.76 4.26 2.25 2.57

Pr 0.62 0.55 0.51 0.34 0.92 5.76 0.77 0.21 2.10 5.97 0.17 0.36 0.25 0.85 2.19 1.28

Nd 1.32 1.61 1.58 2.19 1.86 11.18 4.62 0.79 4.84 11.16 0.70 0.99 1.16 1.96 3.10 1.11

Sm 9.46 15.84 9.06 22.06 26.78 26.60 28.15 11.77 21.06 46.36 12.29 11.46 13.95 28.34 13.49 10.20

Eu 3.33 1.12 3.22 1.12 2.55 8.80 10.38 2.14 20.46 16.81 5.36 2.87 2.79 2.95 5.49 4.55

Gd 49.44 56.54 58.72 86.70 115.40 73.68 109.68 73.25 82.38 146.10 80.50 80.73 86.69 141.67 115.55 211.09

Tb 119.59 76.25 141.60 122.83 193.36 161.66 214.19 150.14 170.10 333.33 186.69 205.10 191.46 288.44 189.88 303.03

Dy 297.38 76.00 261.49 116.03 204.74 300.75 291.00 203.54 312.33 619.90 291.86 401.42 318.81 438.18 345.18 650.39

Ho 456.54 58.04 369.83 85.03 172.44 418.88 341.05 193.17 490.69 905.73 333.33 626.98 425.63 505.25 398.56 1163.67

Er 703.85 56.51 555.85 62.81 169.29 552.09 340.15 166.14 730.95 1279.41 370.25 950.44 558.21 535.65 428.10 1910.01

Tm 1147.54 62.74 792.67 51.24 206.85 672.09 402.89 157.02 1334.51 2196.39 380.03 1277.69 677.58 670.35 421.90 2475.21

Yb 1571.93 73.44 1243.85 45.16 194.96 877.37 415.77 160.62 1680.25 2485.61 435.08 1876.31 871.69 592.46 522.00 4040.00

Lu 1768.95 77.20 1491.56 41.15 166.66 1132.92 412.14 201.65 1902.62 2742.85 511.39 2525.72 1101.13 569.04 577.47 4870.37

YbN/GdN 31.80 1.30 21.18 0.52 1.69 11.91 3.79 2.19 20.40 17.01 5.40 23.24 10.06 4.18 4.52 19.14

Eu/Eu* 0.15 0.04 0.14 0.03 0.05 0.20 0.19 0.07 0.49 0.20 0.17 0.09 0.08 0.05 0.14 0.10

Ce/Ce* 20.7 18.8 19.4 7.2 1.3 24.3 6.9 4.1 28.0 25.6 40.8 9.9 7.0 7.6

HREE 551.2 62.3 448.1 77.3 160.5 395.1 265.0 143.0 597.4 976.4 265.2 705.7 400.7 388.5 314.9 1271.1

Seal Cove
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zircon rims from the melanosome (average YbN/GdN ≈ 1.3). In addition, these younger zircon 

rims have more pronounced negative Eu anomalies (average Eu/Eu* ≈ 0.04). Five outliers that 

are slightly older (~565-550 Ma) have positively sloping HREE-enriched patterns (dashed lines 

on Fig. 2.5d). 

 Zircon rims from the selvage also have two distinct REE compositional groups (Fig. 2.5e, 

Table 2.3; Appendix A-3). Eight Neoproterozoic zircon rims (~960-600 Ma) are HREE-enriched 

with positively sloping patterns (average YbN/GdN ≈ 21.2). Three rims are outliers that are 

HREE depleted and have negatively sloping patterns. Eleven Cambrian zircon rims are more 

depleted in HREE with flat to slightly negatively sloping patterns (average YbN/GdN ≈ 0.5). Two 

rims are outliers that are HREE enriched and have negatively sloping patterns that are more 

similar to the Neoproterozoic population. The Neoproterozoic population has more strongly 

positive Ce anomalies (average Ce/Ce* ≈ 19.4) and less pronounced negative Eu anomalies 

(average Eu/Eu* ≈ 0.14) relative to Cambrian zircon rims (average Ce/Ce* ≈ 7.2; Eu/Eu* ≈ 

0.03). 

 Most zircon rims from the leucogranite dike are HREE-depleted with flat patterns 

(average YbN/GdN ≈ 1.7), small Ce anomalies (average Ce/Ce* ≈ 0.3) and pronounced negative 

Eu anomalies (average Eu/Eu* ≈ 0.05; Fig. 2.5f; Table 2.3; Appendix A-3). One Neoproterozoic 

rim analysis (770 ± 15 Ma) outlier is HREE-enriched (YbN/GdN ≈ 10.9) and has similar Ce and 

Eu anomalies (average Ce/Ce* ≈ 3.4, Eu/Eu* ≈ 0.03). Zircon REE patterns are not available for 

the 11 rim analyses from the small-volume leucosome (green ellipses on Fig. 2.5c). 

 

2.5.1.3 Monazite analysis 

 Monazite is preferentially located in cordierite, plagioclase and sillimanite at the 

boundaries between selvage zones and leucosome, and is less commonly found as inclusions in 

garnet from all parts of the migmatite (Fig. 2.3a, b). Monazite grains are typically 100-200 µm 

wide, are variably shaped from elongate to equant (Fig. 2.6a-h) and may have sillimanite, apatite, 

or zircon inclusions. Monazite grains that are included in garnet are typically smaller and more 

rounded than matrix monazite, and have simple concentric zoning patterns with cores that are 

Th-poor and Y-rich relative to their rims (Fig. 2.6a-c). Matrix monazite typically preserves more 

complicated, patchy zoning patterns (Fig. 2.6d-h), with cores that are Th-poor, Y-rich zones and 

appear as darker patches in BSE (Fig. 2.6d-f). Cores commonly display jagged edges that are   
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Figure 2.6. Representative backscattered electron (BSE) images and X-ray element maps for in 
situ monazite grains from migmatitic semipelite and metapelite at Stüwe Hill and Seal Cove All 
scale bars are 50 µm. LASS spots are indicated by a white circle with corresponding 206Pb/238U 
age – errors quoted at 2σ level. (a-f) Monazite grains from Stüwe Hill leucosome. (g-h) Monazite 
grains from Stüwe Hill selvage. (i-n) Monazite grains from Seal Cove late syn-D2 leucocratic 
vein. (o) Monazite grain from biotite-felsic gneiss leucosome. 
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interpreted to have been resorbed. Th-rich, Y-poor rims (bright rims in BSE; Fig. 2.6f, g) are 

common but may be absent (Fig. 2.6h). 

 In total, 107 in situ LASS analyses were collected from 27 monazite grains in three thin 

sections from the same metapelitic melanosome-selvage-leucosome suite from which zircon data 

were collected (Fig. 2.3a, b; Table 2.4). Data define a loose scatter along concordia from ~ 950 

Ma, with dominant clusters in data between ~550 and 510 Ma (Fig. 2.7a-c). Twenty-two 

analyses are from seven melanosome monazite grains (Fig. 2.7a; Table 2.4). Three rim analyses 

(monazite 8d-m5: 8, 9, 10) yield 207Pb/206Pb dates between ~990-880 Ma and are from a 

monazite inclusion in garnet. These analyses have low Th/U ratios, are LREE-enriched, HREE-

depleted (average YbN/GdN ≈ 0.008), and have moderate Eu anomalies (average Eu/Eu* ≈ 0.34; 

Fig. 2.7d; Table 2.5; Appendix A-4). Seventeen rim analyses plot at or near the concordia curve 

in a cluster between ~545 and ~530 Ma (Fig. 2.7a). The youngest analysis from a monazite rim 

is 514.9 ± 8.8 Ma (Th/U = 13.48). Two groups are distinguished in this cluster based on Th/U 

ratios. Eleven analyses have lower Th/U ratios (9.6-2.9; single asterisks in Table 2.4) and a 

weighted average age of 540.1 ± 2.4 Ma (2 σ internal; MSWD = 1.4). Six of the analyses have 

higher Th/U ratios (43.7-14.4; identified with two asterisks in Table 2.4) and give a weighted 

average age of 537.9 ± 3.4 Ma (2 σ internal; MSWD = 2.2). Both populations are LREE-

enriched, HREE-depleted (average YbN/GdN ≈ 0.00013 and 0.00015, respectively) and have 

pronounced Eu anomalies (average Eu/Eu* ≈ 0.04 and 0.02), although the younger population is 

slightly HREE depleted relative to the older (Fig. 2.7d; Table 2.5). 

 Forty-one analyses are from monazite in selvage domains. Three of the analyses have 

been rejected because they comprise overlaps between zones. Thirty-eight analyses from ten 

monazite grains form a cluster that lies at or near the concordia curve between ~570 and ~510 

Ma (Fig. 2.7b; Table 2.4). Two groups are distinguished in this cluster based on Th/U ratios. 

Twenty-four of the 38 analyses have relatively low Th/U ratios (8.9-2.6; single asterisks in Table 

2.4) and a weighted average age of 543.0 ± 1.7 Ma (2 σ internal; MSWD = 1.10). Seven of the 

38 analyses have elevated Th/U ratios (40.5-10.5; 2 asterisks in Table 2.4) and give a weighted 

average age of 534.3 ± 3.1 (2 σ internal; MSWD = 1.7). Both populations are LREE-enriched, 

HREE-depleted (average YbN/GdN ≈ 0.0006 and 0.0008, respectively) and have pronounced Eu 

anomalies (average Eu/Eu* ≈ 0.04 and 0.02), although the younger population is slightly HREE 

depleted relative to the older (Fig. 2.7e; Table 2.5; Appendix A-4). The youngest monazite   
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Table 2.4 Summary of LASS and SIMS U-Pb monazite analyses 

 
 

Spot U Th
232Th/238

U
206Pb/238

U
±(%)

207Pb/235

U
±(%)2

207Pb/206

Pb
±(%)

206Pb/238

U
±2

207Pb/206

Pb
±2

% 
discord

ant1

Stüwe Hill
Melanosome
8d_ m5_10 grt 12650 43220 3.42 0.143 2.4 1.408 2.4 0.072 2.4 859 14 993 3 13
8d_ m5_9 grt 11880 58700 4.94 0.131 2 1.234 1.9 0.070 3.2 791 11 915 4 14
8d_ m5_8 grt 8950 60000 6.70 0.128 1.6 1.192 1.8 0.068 3.2 777 9.4 882 4 12
8b_m10_35 pl* 9210 47100 5.11 0.088 1.5 0.745 1.5 0.059 3.3 544 8.7 585 3 7
8b_m10_37 pl* 9780 51000 5.21 0.088 1.3 0.739 1.2 0.059 3.4 543 7.8 560 3 3
8d_ m3_4 grt* 18320 54300 2.96 0.088 1 0.699 0.85 0.058 2.6 543 6.2 538 2 -1
8b_m1_5 pl* 9650 60700 6.29 0.088 1.5 0.728 1.3 0.059 2.8 543 8.9 572 3 5
8b_m2_7 sil* 11300 59800 5.29 0.088 1.6 0.708 1.4 0.058 3.2 542 9.3 547 3 1
8b_m10_34 pl* 5956 56800 9.54 0.088 1.5 0.747 1.4 0.059 3.7 542 8.8 583 4 7
8d_ m3_5 grt* 16840 62100 3.69 0.088 1.2 0.691 1 0.058 2.4 542 6.9 526 2 -3
8d_ m3_3 grt* 19200 55400 2.89 0.087 1.1 0.706 0.91 0.059 2.3 540 6.4 579 2 7
8b_m2_8 sil* 7060 58400 8.27 0.087 1.4 0.701 1.3 0.058 4.1 539 8.3 545 4 1
8b_m1_3 pl* 7660 73300 9.57 0.086 1.5 0.722 1.4 0.060 3.1 534 9 594 3 10
8b_m10_36 pl* 8410 49800 5.92 0.086 1.3 0.718 1.3 0.059 3.3 529 7.9 567 3 7
8b_m10_38 pl** 1880 82200 43.72 0.088 1.5 0.736 1.8 0.058 7.4 541 9 539 7 -0.4
8b_m9_31 pl** 3039 74500 24.51 0.087 1.2 0.714 1.5 0.059 5.7 539 7.3 563 5 4
8b_m1_4 pl** 3177 77500 24.39 0.088 1.4 0.726 1.5 0.059 6.3 541 8.3 577 6 6
8b_m2_6 sil** 3526 78300 22.21 0.088 1.4 0.734 1.5 0.060 5.1 545 8.4 602 5 9
8d_ m5_11 grt** 3670 77900 21.23 0.086 1.3 0.700 1.3 0.059 4.9 532 7.9 571 5 7
8d_ m7_12 crd** 4520 65200 14.42 0.086 1.5 0.683 1.3 0.058 4.0 529 8.8 541 4 2
8d_ m7_13 crd 4414 59500 13.48 0.083 1.5 0.675 1.4 0.059 5.3 515 8.8 565 5 9
8b_m9_33 pl 4940 41800 8.46 0.091 1.3 0.743 1.3 0.059 4.3 560 7.6 572 4 2
Selvage
8b_m5_19 crd* 15800 41300 2.61 0.088 1.4 0.704 1.3 0.058 2.6 546 8 547 2 0.3
8b_m5_18 crd* 21700 57700 2.66 0.089 1.2 0.711 1.2 0.059 2.0 547 7.4 555 2 2
8b_m4_15 crd* 24500 65500 2.67 0.088 1.4 0.716 1.3 0.060 2.4 545 8.1 593 2 8
8b_m7_25 crd* 21500 57900 2.69 0.088 1.4 0.725 1.3 0.060 2.2 546 8.4 594 2 8
8b_m8_28 crd* 22900 62300 2.72 0.087 1.4 0.716 1.3 0.060 2.3 539 8.5 603 2 11
8b_m8_30 crd* 21200 58500 2.76 0.088 1 0.718 1.1 0.060 2.2 542 6.1 598 2 9
8b_m5_17 crd* 22400 64500 2.88 0.088 1.4 0.712 1.3 0.059 2.1 544 8.5 580 2 6
8b_m4_16 crd* 23900 70200 2.94 0.088 1.4 0.715 1.2 0.060 2.3 544 8.3 586 2 7
8b_m12_46 crd* 15100 58700 3.89 0.087 1.4 0.710 1.4 0.059 2.5 538 8.6 572 2 6
8b_m7_23 crd* 12500 58200 4.66 0.089 1.5 0.710 1.4 0.059 3.0 549 8.7 573 3 4
8b_m7_26 crd* 15800 74600 4.72 0.089 2.2 0.671 2 0.060 4.3 548 13 594 4 8
8b_m7_27 crd* 12200 58500 4.80 0.088 1.5 0.718 1.3 0.059 3.2 543 8.7 579 3 6
8b_m13_50 crd* 11100 53900 4.86 0.089 1.4 0.722 1.4 0.059 3.0 549 8.4 578 3 5
8b_m8_29 crd* 11800 63900 5.42 0.088 1.4 0.723 1.4 0.060 3.0 544 8.3 587 3 7
8b_m6_20 crd* 10400 58300 5.61 0.089 1.4 0.700 1.3 0.058 3.2 548 8.3 537 3 -2
8b_m6_22 crd* 9760 55000 5.64 0.088 1.3 0.710 1.2 0.059 3.0 545 7.4 554 3 2
8b_m6_21 crd* 9460 54800 5.79 0.088 1.4 0.710 1.3 0.059 3.0 545 8.1 551 3 1
8b_m13_49 crd* 9270 56000 6.04 0.087 1.3 0.706 1.2 0.059 3.1 540 7.8 567 3 5
8b_m3_10 crd* 9690 62400 6.44 0.088 1.3 0.709 1.3 0.059 3.0 542 7.6 549 3 1
8b_m13_55 crd* 8860 57100 6.44 0.088 1.5 0.701 1.4 0.059 3.5 543 9 564 3 4
8b_m13_54 crd* 8860 57500 6.49 0.087 1.5 0.699 1.3 0.059 3.1 535 8.8 563 3 5
8b_m3_12 crd* 9100 60200 6.62 0.088 1.3 0.710 1.4 0.059 3.4 543 7.9 567 3 4
8b_m3_13 crd* 8960 65200 7.28 0.088 1.3 0.710 1.2 0.059 3.5 545 7.9 553 3 1
8b_m11_43 crd* 6780 60700 8.95 0.086 1.2 0.697 1.2 0.059 3.8 532 7 555 4 4
8b_m11_40 crd 10400 49200 4.73 0.089 1.2 0.736 1.3 0.059 2.8 551 6.9 552 3 0.2
8b_m11_42 crd 6040 50600 8.38 0.092 1.4 0.753 1.4 0.059 4.3 565 8.4 565 4 0
8b_m11_39 crd 6160 63800 10.36 0.083 1.2 0.686 1.2 0.058 3.6 511 7.2 544 3 6
8b_m13_48 crd 5700 63900 11.21 0.084 1.3 0.670 1.2 0.058 4.5 518 8.1 534 4 3
8b_m12_45 crd 4642 70000 15.08 0.084 1.1 0.678 1.1 0.058 4.2 521 6.7 536 4 3
8b_m11_41 crd 3001 77700 25.89 0.089 1.4 0.739 1.5 0.058 4.8 552 8 541 4 -2
8b_m12_47 crd 4610 77100 16.72 0.090 1.4 0.742 1.4 0.059 4.1 555 8.3 577 4 4
8b_m3_11 crd** 5960 62600 10.50 0.087 1.3 0.703 1.3 0.059 3.8 536 7.6 560 4 4
8b_m7_24 crd** 4150 70100 16.89 0.087 1.6 0.689 1.4 0.058 5.2 534 9.3 547 5 2
8b_m12_44 crd** 4000 76100 19.03 0.085 1.3 0.700 1.3 0.059 4.7 526 7.6 566 5 7
8b_m13_53 crd** 3740 71700 19.17 0.086 1.3 0.694 1.3 0.059 4.8 532 7.9 554 5 4
8b_m4_14 crd** 3740 78900 21.10 0.088 1.3 0.711 1.5 0.059 5.0 542 8 577 5 6
8b_m3_9 crd** 3128 79200 25.32 0.086 1.4 0.705 1.5 0.059 5.6 531 8.1 581 5 9
8b_m13_52 crd** 2230 90200 40.45 0.087 1.4 0.706 1.6 0.059 6.2 539 8.5 567 6 5

Conc. (ppm) Ages
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Table 2.4 (continued) Summary of LASS and SIMS U-Pb monazite analyses 

 

Spot U Th
232Th/238

U
206Pb/238

U
±(%)

207Pb/235

U
±(%)2

207Pb/206

Pb
±(%)

206Pb/238

U
±2

207Pb/206

Pb
±2

% 
discord

ant1

Stüwe Hill
Leucosome
8a_m2_5 grt, core 14000 66000 4.71 0.168 2.6 1.720 2.6 0.074 1.8 1002 14 1034 3 1
8a_m2_6 grt, core 15800 67500 4.27 0.162 2.4 1.674 2.6 0.075 1.7 967 13 1056 2 1
8a_m2_7 grt, core 16200 68300 4.22 0.162 2.4 1.662 2.5 0.074 1.6 966 13 1042 2 1
8a_m1_1 3690 132000 35.77 0.098 1.2 0.862 1.9 0.063 10.0 601 6.8 711 11 -9
8a_m1_2 8310 89200 10.73 0.105 1.7 0.910 1.5 0.063 2.8 645 10 693 3 1
8a_m1_3 7280 88400 12.14 0.114 2.1 0.989 1.9 0.063 2.2 697 12 697 2 -2
8a_m3_8 pl 5300 76100 14.36 0.130 1.8 1.197 1.8 0.067 2.6 786 10 822 3 -3
8a_m3_9 pl 9560 101000 10.56 0.122 1.6 1.121 1.6 0.066 2.1 744 9.4 812 3 -3
8d_ m1_2 leu 14870 51300 3.45 0.125 2.0 1.196 1.8 0.070 3.4 762 11 928 5 18
8a_m4_12 Kfs 7080 53900 7.61 0.117 1.8 1.041 1.6 0.064 2.5 713 10 752 3 4
8d_ m1_1 leu 7460 57700 7.73 0.134 2.0 1.323 2.1 0.072 3.2 809 11.0 981 4 18
8d_ m6_18 leu* 13550 49100 3.62 0.089 1.2 0.733 1.1 0.060 2.7 547 7.4 597 3 8
8a_m3_11 pl* 24800 90000 3.63 0.087 1.3 0.716 1.1 0.060 1.9 537 7.9 599 2 1
8d_ m6_20 leu* 12640 50700 4.01 0.089 1.2 0.731 1.1 0.060 3.1 549 7.3 588 3 7
8d_ m4_7 leu* 10720 43700 4.08 0.090 1.3 0.720 1.0 0.059 3.0 553 7.5 578 3 4
8d_ m6_19 leu* 10820 53300 4.93 0.088 1.1 0.718 0.9 0.059 2.9 544 6.5 579 3 6
8a_m10_31Kfs* 10500 53300 5.08 0.091 1.6 0.735 1.4 0.059 1.8 559 9.7 568 2 0
8d_ m6_21 leu* 11180 61500 5.50 0.089 1.3 0.725 1.1 0.059 3.2 548 7.6 577 3 5
8d_ m6_16 leu* 9390 52600 5.60 0.088 1.2 0.719 1.0 0.059 3.1 541 7.0 570 3 5
8a_m9_28 Kfs* 13600 79200 5.82 0.085 1.5 0.688 1.3 0.059 1.7 525 9.0 575 2 4
8a_m3_10 pl* 12600 75200 5.97 0.089 1.5 0.729 1.3 0.059 2.3 550 8.8 568 2 0.5
8a_m4_14 Kfs* 14000 90500 6.46 0.088 1.3 0.729 1.2 0.060 2.5 545 7.7 586 2 -0.2
8a_m5_15 Kfs* 10700 70400 6.58 0.089 1.1 0.726 0.9 0.059 2.3 552 6.3 558 2 -1
8a_m7_23 Kfs* 9620 83300 8.66 0.089 1.3 0.728 1.0 0.059 2.0 547 7.5 578 2 0
8a_m11_32 Kfs* 7930 75200 9.48 0.090 1.3 0.730 1.1 0.059 2.1 556 7.5 563 2 2
8d_ m6_17 leu* 5570 53800 9.66 0.089 1.1 0.727 1.0 0.059 3.9 548 6.6 572 4 4
8d_ m6_14 leu* 6220 60500 9.73 0.088 1.0 0.711 0.9 0.059 4.0 544 6.2 558 4 3
8a_m4_13 Kfs 6230 65600 10.53 0.091 1.2 0.750 1.0 0.059 3.0 563 7.3 584 3 -2
8d_ m6_15 leu 5630 60600 10.76 0.092 1.3 0.743 1.2 0.059 4.4 564 7.7 560 4 -1
8d_ m4_6 leu** 5510 56400 10.24 0.086 1.3 0.693 1.1 0.059 4.2 532 7.5 570 4 7
8a_m9_26 Kfs** 5080 66500 13.09 0.088 1.5 0.725 1.3 0.059 2.5 545 9.1 571 2 -0.3
8a_m9_29 Kfs** 6900 93400 13.54 0.086 1.4 0.699 1.2 0.059 2.4 532 8.3 566 2 6
8a_m9_25 Kfs** 6320 115000 18.20 0.086 1.5 0.704 1.3 0.059 2.7 533 9.0 558 3 -7
8a_m7_24 Kfs** 6420 141000 21.96 0.086 1.3 0.697 1.1 0.059 2.3 530 7.6 555 2 -3
8a_m5_16 Kfs** 5140 195000 37.94 0.085 1.0 0.693 0.8 0.058 3.4 528 5.7 545 3 -7
8a_m7_22 Kfs 5580 103000 18.46 0.124 1.7 1.128 1.6 0.066 2.8 752 9.5 800 3 -3
Seal Cove
Late syn-D2 leucocratic veins
1A1_m4_22 grt (T1) 3350 68100 20.33 0.087 1.7 0.700 1.4 0.059 5.1 539 10.0 565 5 0.0
1A1_m6_25 grt (T1) 4390 54900 12.51 0.086 1.5 0.681 1.3 0.058 4.2 530 9.1 522 4 0.7
1A1_m6_26 grt (T1) 4130 43300 10.48 0.088 1.8 0.712 1.5 0.059 5.1 545 10.0 566 5 -0.4
1A1_m7_28 grt (T1) 6190 69700 11.26 0.088 1.7 0.704 1.3 0.058 3.7 541 10.0 529 3 -0.1
1A1_m7_30 grt (T1) 6750 62800 9.30 0.087 1.6 0.699 1.3 0.058 4.1 537 9.5 546 4 -0.2
1A1_m8_31 grt (T1) 6750 64100 9.50 0.087 1.5 0.697 1.2 0.058 3.7 539 8.9 536 3 0.3
1A1_m8_32 grt (T1) 6900 65700 9.52 0.085 1.4 0.687 1.1 0.059 3.6 525 8.1 555 3 -1
1A1_m9_34 grt (T1) 4716 98200 20.82 0.086 1.8 0.698 1.5 0.059 4.4 535 11.0 563 4 -0.4
1A1_m9_35 grt (T1) 4470 66200 14.81 0.086 1.4 0.696 1.3 0.058 5.0 532 8.2 542 5 -0.8
1E1_m1_1 grt (T1) 8590 67400 7.85 0.087 1.5 0.699 1.3 0.059 2.2 534 9.0 558 2 -0.7
1E1_m1_2 grt (T1) 10700 71500 6.68 0.086 1.6 0.691 1.2 0.058 2.2 535 9.6 537 2 0.1
1E1_m3_3 grt (T1) 10700 66000 6.17 0.087 1.6 0.702 1.3 0.059 2.0 537 9.4 550 2 -0.3
1E1_m5_4 grt (T1) 7620 65000 8.53 0.087 1.6 0.692 1.3 0.058 2.5 537 9.4 525 2 0.5
1E1_m5_5 grt (T1) 13600 79100 5.82 0.087 1.5 0.689 1.2 0.058 1.8 535 8.8 524 2 0.7
1E1_m5_6 grt (T1) 14500 72900 5.03 0.086 1.4 0.686 1.1 0.058 1.8 534 8.5 521 2 0.6
1E1_m9_18 grt (T1) 15200 81000 5.33 0.085 1.5 0.686 1.2 0.058 2.6 525 9.0 547 2 -1
1E1_m9_19 grt (T1) 8770 81700 9.32 0.084 1.6 0.678 1.3 0.058 2.1 522 9.4 541 2 -0.6
1E1_m9_20 grt (T1) 8500 81200 9.55 0.084 1.6 0.673 1.2 0.058 2.3 519 9.3 531 2 -0.6
1E1_m10_21 grt (T1) 4026 88500 21.98 0.090 1.8 0.731 1.5 0.059 3.4 556 10.0 555 3 -0.1
1E1_m10_22 grt (T1) 12600 71100 5.64 0.086 1.5 0.689 1.3 0.058 2.3 531 9.0 547 2 -0.3
1E1_m10_23 grt (T1) 13400 75600 5.64 0.086 1.8 0.698 1.4 0.059 2.1 530 10.0 556 2 -1
1E1_m10_24 grt (T1) 7840 76700 9.78 0.084 1.4 0.669 1.2 0.058 2.3 519 8.6 535 2 -0.2
1E1_m10_25 grt (T1) 8030 82000 10.21 0.083 1.4 0.660 1.2 0.058 2.4 512 8.6 530 2 -0.6
1E1_m12_26 grt (T1) 11500 69000 6.00 0.085 1.3 0.688 1.0 0.058 1.9 528 7.7 544 2 -0.6
1E1_m12_27 grt (T1) 11700 75200 6.43 0.085 1.2 0.683 1.0 0.058 1.9 527 7.4 538 2 -0.1
1E1_m12_28 grt (T1) 11400 72500 6.36 0.086 1.7 0.689 1.4 0.058 2.1 532 10.0 536 2 0.0

Conc. (ppm) Ages
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Table 2.4 (continued) Summary of LASS and SIMS U-Pb monazite analyses 

 
  

Spot U Th
232Th/238

U
206Pb/238

U
±(%)

207Pb/235

U
±(%)2

207Pb/206

Pb
±(%)

206Pb/238

U
±2

207Pb/206

Pb
±2

% 
discord

ant1

Seal Cove
Late syn-D2 leucocratic veins
1A1_m1_4 spl (T2) 4740 93800 19.79 0.085 1.2 0.687 0.9 0.059 4.3 526 6.9 550 4 -0.8
1A1_m2_7 spl/qtz (T2) 3910 86000 21.99 0.085 1.3 0.681 1.3 0.059 5.3 525 7.7 551 5 -0.5
1A1_m2_8 spl/qtz (T2) 3610 82500 22.85 0.085 1.4 0.683 1.4 0.058 5.6 526 8.3 543 5 -0.3
1A1_m2_9 spl/qtz (T2) 3800 84000 22.11 0.085 1.4 0.680 1.2 0.058 5.5 527 8.4 546 5 -0.3
1A1_m2_11 spl/qtz (T2) 5100 90300 17.71 0.083 1.4 0.663 1.3 0.058 4.8 516 8.8 523 4 0.0
1A1_m3_13 spl/qtz (T2) 3241 92600 28.57 0.086 1.7 0.686 1.5 0.059 5.0 529 10.0 555 5 -0.5
1A1_m3_14 spl/qtz (T2) 7720 70500 9.13 0.087 1.4 0.688 1.1 0.058 3.5 536 8.3 521 3 0.9
1A1_m3_15 spl/qtz (T2) 1522 111000 72.93 0.087 1.6 0.696 1.5 0.058 8.0 537 9.2 520 7 0.4
1A1_m3_17 spl/qtz (T2) 2735 79000 28.88 0.085 1.5 0.683 1.2 0.058 5.6 527 9.0 545 5 -0.3
1A1_m5_18 grt/qtz (T2) 3710 71600 19.30 0.085 1.2 0.684 1.1 0.059 4.8 528 7.1 549 5 -0.2
1A1_m5_19 grt/qtz (T2) 5070 71600 14.12 0.084 1.4 0.669 1.2 0.058 4.3 520 8.2 539 4 0.1
1A1_m5_21 grt/qtz (T2) 4470 69300 15.50 0.083 1.4 0.664 1.2 0.058 4.9 515 8.2 536 5 -0.2
1E1_m6_7 grt/qtz (T2) 13400 79200 5.91 0.086 1.6 0.682 1.2 0.058 1.8 529 9.2 526 2 0.3
1E1_m6_8 grt/qtz (T2) 17500 67500 3.86 0.086 1.4 0.692 1.2 0.058 1.8 533 8.3 538 2 0.0
1E1_m6_9 grt/qtz (T2) 11700 71100 6.08 0.087 1.5 0.690 1.2 0.058 1.9 537 8.7 522 2 0.9
1E1_m7_11 spl (T2) 11800 70000 5.93 0.085 1.4 0.681 1.2 0.058 2.0 528 8.6 528 2 0.3
1E1_m7_12 spl (T2) 3460 148000 42.77 0.087 1.3 0.685 1.3 0.058 3.6 535 8.0 524 3 1
1E1_m7_13spl (T2) 4930 48900 9.92 0.088 1.7 0.701 1.4 0.058 3.2 542 9.8 539 3 0.6
1E1_m8_14 qtz (T2) 6490 59100 9.11 0.088 1.6 0.705 1.3 0.059 2.4 541 9.2 554 2 0.0
1E1_m8_15 qtz (T2) 16900 69300 4.10 0.086 1.4 0.693 1.1 0.058 1.5 534 8.0 542 1 -0.1
1E1_m8_16 qtz (T2) 11100 68900 6.21 0.084 1.3 0.677 1.1 0.058 2.1 519 7.9 538 2 -1.0
1E1_m8_17 qtz (T2) 13000 72200 5.55 0.085 1.5 0.683 1.2 0.058 1.9 526 8.8 542 2 -0.4
4b_m3_1 pl 9270 58300 6.29 0.084 1.3 0.692 1.1 0.060 3.0 520 7.9 590 3 -2
4b_m3_2 pl 4670 81400 17.43 0.084 1.3 0.684 1.1 0.059 4.1 521 7.8 560 4 -1
4b_m3_3 pl 7220 59100 8.19 0.086 1.5 0.700 1.2 0.059 3.3 533 8.8 558 3 -1
4b_m3_4 pl 6630 61100 9.22 0.086 1.3 0.687 1.1 0.058 3.7 532 7.8 543 3 0.3

Conc. (ppm) Ages
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Figure 2.7 U–Pb isotope and REE data from monazite grains in melanosome, selvage, and 
leucosome at Stüwe Hill. In U-Pb diagrams, unfilled ellipses with dashed margins represent 
analyses excluded from population age calculations. Colors in Tera Wasserburg diagrams 
correspond to colors in Matsuda diagrams (a) Tera-Wasserburg concordia diagram showing all 
data from melanosome. Inset: Th/U ratios vs. 206Pb/238U age for melanosome monazite. (b) Tera-
Wasserburg concordia diagram showing all data from selvage domains. Inset: Th/U ratios vs. 
206Pb/238U age for selvage monazite. (c) Tera-Wasserburg concordia diagram showing all data 
from leucosome monazite. Inset: Th/U ratios vs. 206Pb/238U age for leucosome monazite. (d-e) 
Chondrite-normalized “Matsuda” diagrams for REE in monazite from melanosome (d) and 
selvage (e). 
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Table 2.5 Average monazite LASS REE analyses  

 
 

 

 

Late syn D2 leucocratic vein

low Th/U, 
melanosome 

in Grt

low Th/U, 
melanosome 

no Grt

high Th/U,  
melanosome

low Th/U, 
Selvage

high Th/U, 
Selvage Type 1 Type 2

P 702333 445714 296400 434958 360417 333000 334250
Y 75867 7233 3202 16187 7753 34438 43447
La 548000 383143 249600 358583 278417 270875 234167
Ce 1333333 897143 501200 708042 644417 573250 490250
Pr 170667 95429 72240 86621 79025 73538 67008
Nd 651333 356000 272600 320958 282417 254625 252000
Sm 113333 67171 41600 57413 50408 49875 51725
Eu 10380 634 210 699 219 1576 923
Gd 76467 41857 21900 42279 24700 36388 42850
Tb
Dy 35067 6343 2562 9605 4129 13538 17028
Ho
Er 3627 183 81 472 309 1420 1895
Tm
Yb 517 5 3 20 17 100 111
Lu
Th 133982 300930 739226 65944 82167 466626 518875
U 42132 46165 29712 13692 4255 35138 21257

Th/U 3.18 6.52 24.9 4.8 19.3 13.3 24.4
P/Y 9.3 61.6 92.6 26.9 46.5 9.7 7.7

P/REE+Y 0.23 0.24 0.25 0.27 0.26 0.25 0.28

LREE 2703333 1731714 1095640 1474204 1284275 1172288 1043425

HREE 239391 116193 66355 110488 79782 102897 114531

REE 2942724 1847907 1161995 1584692 1364057 1157956 1157956

REE+Y 3018591 1855140 1165197 1600879 1371810 1201402 1201402
Eu/Eu* 0.34 0.04 0.02 0.04 0.02 0.09 0.06
YbN/GdN 0.00819 0.00013 0.00015 0.00056 0.00082 0.00154 0.00312

La 2334896 1632479 1063485 1527837 1186266 1154133 997728
Ce 2210433 1487306 830902 1173809 1068330 998840 812749
Pr 1915451 1071028 810774 972175 886925 810045 752058
Nd 1439729 786914 602564 709457 624263 605659 557029
Sm 770975 456948 282993 390561 342914 335714 351871
Eu 185357 11324 3746 12487 3912 23080 16473
Gd 388945 212905 111394 215052 125636 202314 217955
Tb
Dy 144486 26135 10555 39577 17013 54697 70159
Ho
Er 22824 1149 508 2969 1944 6498 11927
Tm
Yb 3184 28 17 121 103 311 680
Lu

Stüwe Hill
Metapelite

Seal Cove
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analysis in the selvage (8b-m11-39) has an age of 510.8 ± 7.2 Ma (Th/U = 10.4). 

 Forty-four analyses are from fourteen monazite grains in the leucosome (Fig. 2.7c, Table 

2.4). Eight of the leucosome monazite analyses have been rejected because they comprise 

overlaps between zones. Three monazite core analyses from a grain included in garnet (8a-m2: 5, 

6, 7) yield 207Pb/206Pb dates between ~1060-1030 Ma. Thirty-three analyses of rims and core 

domains from matrix monazite grains scatter along concordia between ~810 and 525 Ma. A 

cluster of 24 rim analyses plots at or near the concordia curve between ~550-525 Ma. Two 

populations can be defined based on Th/U ratios. Sixteen analyses have lower Th/U ratios (13.1-

3.6; single asterisks in Table 2.4) give a weighted average age of 547.5 ± 2.7 Ma (95% 

confidence limit, MSWD =1.9). Six analyses analyses have higher Th/U ratios (38.1-10.2; 2 

asterisks in Table 2.4) give a weighted average age of 532.2 ± 3.1Ma (95% confidence limit, 

MSWD = 2.1). The youngest analysis from a monazite rim in the leucosome (8a-m9-28), which 

has an age of 525.0 ± 8.9 Ma (Th/U = 5.9), is not included in the calculated average age. 

 

2.5.1.4 Garnet analysis 

 Despite little or no LREE and MREE zoning within grains from all garnet types, most 

garnet grains show pronounced within-grain zoning with respect to HREE (Fig. 2.8a-c; Table 

2.6; Appendix A-5). Zoning patterns in melanosome and leucosome garnet are similar – core 

domains are relatively HREE-enriched (positively sloping chondrite-normalized HREE patterns; 

YbN/GdN ≈ 5.4 and 3.3 respectively; Fig. 2.8a, b) compared to rims, which have flat 

(melanosome, YbN/GdN ≈ 1.5, Fig. 2.8a) to slightly negatively sloped (leucosome, YbN/GdN ≈ 

0.4; Fig. 2.8b) patterns. In contrast, garnet from selvage domains have cores that have flat to 

humped patterns (YbN/GdN ≈ 1.35; Fig. 2.8c) compared to rims adjacent to leucosome minerals 

(K-feldspar, quartz and plagioclase), which are slightly depleted (YbN/GdN ≈ 0.43), and rims 

adjacent to cordierite, which are slightly enriched (YbN/GdN ≈ 1.83). Zoning patterns in garnet 

from the leucogranite dike are similar to in source leucosome garnet. However, they show a 

progressive decrease in HREE from HREE-enriched cores to HREE-rims, and a distinct 

“mantle” composition (average YbN/GdN ≈ 3.0, 1.0, 0.4 for cores, mantles and rims, respectively; 

Fig. 2.8b). 
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2.5.2 Seal Cove - high D2 strain zone 

 Seal Cove lies within a high D2 strain zone on the eastern margin of Mirror Peninsula 

(Fig. 2.1). Two rock types from the Broknes Paragneiss are common at Seal Cove, (1) ‘biotite-

felsic gneiss’ and (2)‘cordierite-felsic gneiss’ (‘blue gneiss’ of Stüwe et al. (1989), ‘cordierite-

spinel gneiss’ of Dirks et al. (1993), and ‘high-Al-Fe-Mg gneiss’ of Zhao et al. (1995)). The high 

D2 strain domain is characterized by heterogeneously partitioned strain, where HSZs alternate 

with zones of medium strain (MSZ). In HSZs, leucosome occurs parallel to and attenuated within 

the high-grade S2 foliation and compositional layering (Fig. 2.9a). In MSZs, S1 foliation and 

layer parallel leucosomes are folded with axial planes parallel to S2 in HSZs (Fig. 2.9b). 

 Leucosome that occurs within the migmatitic host gneisses may be tightly folded and 

partially transposed parallel to S2. Within the cordierite-felsic gneiss leucosome locally contains 

small aggregates of garnet and cordierite (Fig. 2.9c, d), and within biotite-felsic gneiss 

leucosome is patchy and locally contain small aggregates and individual poikiloblasts of garnet 

(Fig. 2.9b, e). Leucosome may also be attenuated in planar bands parallel to fold axial planes 

(Fig. 2.9b), or occur as boudinaged bodies that can be up to 20-30 cm wide (Fig. 2.9a, c). High 

intensity S2 foliations may be cut by leucocratic veins, which are also weakly deformed. 

Interpreted to have formed in late syn-D2, thin veins occur with distributed <1 cm to 3-4 cm 

porphyroblasts of garnet, with or without cordierite (Fig. 2.9c, center), or as wider veins and 

dikes that contain large (4-8 cm) radial intergrowths of garnet, quartz, spinel and magnetite (Fig. 

2.9f), which may occur as trains within veins (Fig. 2.9a, d). 

 

2.5.2.1 Microtextures and mineral chemistry 

 Biotite-felsic gneiss is predominately composed of biotite, plagioclase and quartz, with or 

without garnet, spinel, ilmenite and magnetite (Fig. 2.10a, b). In contrast to migmatite at Stüwe 

Hill, it does not have well-developed melanosome, but it does host leucosome and garnet-absent 

leucogneiss dikes. Matrix biotite is less magnesian than seen in Stüwe Hill rocks (average XMg = 

0.54) and is high in Cl (average = 0.06 wt%) and F (average = 0.48 wt%). Together with 

plagioclase (average XAn = 0.35) and quartz, biotite helps to define the dominant foliation, 

interpreted to be S2. Garnet (0.5 - 4.0 mm; XAlm = 0.76, XGrs = 0.03) is rare in matrix domains, 

commonly occurring in leucosomes and the immediate matrix to leucosomes (Fig. 2.10a).   
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Figure 2.8 Chondrite-normalized “Matsuda” diagrams for REE in garnet from melanosome (a), 
in source leucosome and leucogranite dike (b), and selvage (c).  
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Table 2.6 Average garnet LA-ICP-MS trace element analyses 

  

Si 75420.28 79787.17 179165.88 114683.55 88290.98 94069.48 177600.00 177600.00 177600.00
P 138.33 136.77 132.28 108.05 130.89 160.67 147.44 114.11 153.95 189.06
Ca 7207.62 7429.63 6268.51 7083.17 8522.10 7737.73 8169.98 8132.19 7771.71 7785.81
Y 424.50 319.90 374.08 198.86 313.25 212.94 429.87 467.89 346.83 268.90
Zr 37.87 26.79 47.14 22.56 15.59 27.99 12.98 20.48 18.35 22.69
Ti n.a. n.a. n.a. n.a. n.a. n.a. n.a. 336.72 338.08 326.75
Sr 0.07 0.07 0.04 0.01 0.03 0.02 0.05 0.05 0.07 0.25
Nb 0.01 0.01 0.03 0.01 0.06 0.04 0.03 n.a. 0.03 0.03
Ba 0.10 0.09 0.00 0.40 0.11 0.19 0.18 0.15 0.12 1.09
La 0.04 0.02 0.01 0.00 0.01 0.01 0.01 0.01 0.02 0.03
Ce 0.04 0.11 0.09 0.16 0.15 0.17 0.09 0.07 0.11 0.16
Pr 0.06 0.10 0.12 0.19 0.11 0.14 0.08 0.11 0.13 0.16
Nd 1.98 2.50 4.08 4.26 3.06 2.95 2.40 2.73 3.16 3.30
Sm 10.65 11.15 11.39 10.81 4.88 8.66 6.14 10.12 10.33 10.00
Eu 0.14 0.12 0.10 0.11 0.08 0.16 0.06 0.13 0.13 0.13
Gd 23.93 26.40 23.25 24.73 16.12 28.08 22.03 26.09 30.67 34.07
Tb 4.86 5.73 4.98 5.51 5.31 6.71 7.07 6.14 6.99 7.55
Dy 48.28 48.45 46.70 38.96 50.77 44.83 67.08 58.27 55.78 51.10
Ho 16.76 11.94 13.80 6.57 11.11 7.54 15.96 17.76 13.06 9.23
Er 77.83 39.66 58.52 15.25 30.08 17.42 48.91 66.66 38.18 21.58
Tm 14.68 5.71 10.17 1.61 3.54 1.97 6.30 11.70 5.52 2.72
Yb 128.79 39.71 76.32 9.87 21.73 12.08 40.35 78.14 31.97 14.68
Lu 21.47 5.05 13.50 1.08 2.63 1.46 5.62 12.13 4.32 1.72
Hf 0.73 0.45 0.91 0.25 0.30 0.46 0.25 0.35 0.28 0.41
Pb 0.03 0.10 0.00 0.13 0.15 0.08 0.09 0.07 0.13 0.27
Th 0.01 0.06 0.03 0.07 0.01 0.03 0.02 0.02 0.03 0.03
U 0.02 0.09 0.06 0.15 0.08 0.05 0.11 0.20 0.25 0.25

HREE 347.38 193.92 258.73 114.50 146.24 128.92 219.53 287.14 196.95 152.78
Th/U 0.25 0.75 0.46 0.49 0.08 0.52 0.17 0.09 0.13 0.13
Yb/Gd 5.38 1.50 3.28 0.40 1.35 0.43 1.83 3.00 1.04 0.43
Yb/Dy 2.67 0.82 1.63 0.25 0.43 0.27 0.60 1.34 0.57 0.29
Y/Ho 25.33 26.79 27.11 30.29 28.19 28.25 26.93 26.34 26.56 29.14
Sm/Nd 5.39 4.46 2.79 2.54 1.59 2.94 2.56 3.71 3.27 3.03
Y/Zr 11.21 11.94 7.94 8.82 20.09 7.61 33.12 22.85 18.90 11.85

La 0.10 0.05 0.03 0.00 0.06 0.02 0.05 0.05 0.09 0.13
Ce 0.07 0.19 0.15 0.26 0.25 0.28 0.15 0.11 0.18 0.25
Pr 0.69 1.16 1.20 2.08 1.25 1.59 0.93 1.09 1.38 1.62
Nd 4.37 5.52 8.60 9.24 6.77 6.52 5.31 5.75 6.67 6.96
Sm 72.48 75.83 73.94 72.30 33.20 58.94 41.77 65.72 67.10 64.92
Eu 2.43 2.13 1.68 1.93 1.39 2.84 1.12 2.32 2.26 2.31
Gd 121.71 134.31 113.82 124.31 81.98 142.84 112.04 127.69 150.11 166.74
Tb 133.75 157.98 132.93 150.14 146.32 184.87 194.71 163.83 186.63 201.53
Dy 198.94 199.64 183.78 157.97 209.18 184.73 276.41 229.32 219.52 201.09
Ho 301.45 214.80 243.35 117.19 199.83 135.55 287.07 313.23 230.33 162.76
Er 489.79 249.58 352.52 94.09 189.30 109.62 307.82 401.58 230.01 130.00
Tm 606.44 235.76 397.26 64.88 146.18 81.48 260.48 456.80 215.46 106.32
Yb 792.57 244.37 462.28 60.33 133.73 74.35 248.29 473.30 193.66 88.93
Lu 883.55 207.72 531.83 43.65 108.09 59.98 231.45 477.59 169.96 67.78
Hf 70.25 43.53 87.76 24.44 29.02 44.62 24.49 33.92 27.00 39.65

YbN/GdN 6.51 1.82 4.06 0.49 1.63 0.52 2.22 3.71 1.29 0.53
YN/HoN 0.93 0.93 0.93 0.93 0.93 0.93 0.93 1.93 2.93 3.93
ErN/GdN 4.02 1.86 3.10 0.76 2.31 0.77 2.75 3.14 1.53 0.78
YbN/DyN 3.98 1.22 2.52 0.38 0.64 0.40 0.90 2.06 0.88 0.44
Eu/Eu* 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.03 0.02 0.02
Eu* 93.92 100.92 91.74 94.80 52.17 91.75 68.41 91.61 100.36 104.04

S-Grt rim 
(Crd)

Stüwe Hill
Migmatitic Metapelite Leucogranite Dike

L-Grt core L-Grt rim L-Grt core L-Grt 
middle L-Grt rimM-Grt core M-Grt rim S-Grt core S-Grt rim 

(Leu)
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Table 2.6 (continued) Average garnet LA-ICP-MS trace element analyses 

  

syn D2 Leuco.

Si 180151.91 177042.72 175873.62 179952.32 178939.64 177600.00 177600.00 113164.66
P 193.57 228.48 246.24 170.02 141.41 307.34 311.24 238.12
Ca 6217.43 6231.09 6330.18 6336.34 5957.83 8210.46 7547.82 6766.46
Y 92.92 527.72 318.43 927.55 1065.54 834.28 718.74 678.05
Zr 43.41 21.59 18.31 37.79 39.10 30.16 33.14 29.74
Ti n.a. n.a. n.a. n.a. n.a. 160.73 154.85 n.a.
Sr 0.04 0.04 0.03 0.04 0.07 0.06 0.24 0.08
Nb 0.04 0.02 0.01 0.02 0.02 0.04 0.02 0.02
Ba 0.07 n.a n.a n.a. 0.13 0.10 0.77 0.08
La 0.10 0.01 0.01 0.01 0.01 n.a. 0.06 0.02
Ce 0.35 0.10 0.11 0.01 0.01 0.04 0.04 0.03
Pr 0.12 0.04 0.08 0.01 0.01 0.06 0.03 0.02
Nd 2.07 0.93 1.65 0.40 0.48 1.34 0.81 0.45
Sm 7.25 3.96 4.33 5.90 7.49 2.82 2.97 2.72
Eu 0.34 0.24 0.26 0.30 0.29 0.27 0.28 0.22
Gd 28.04 18.94 21.21 42.23 50.02 14.48 15.85 19.43
Tb 5.18 6.80 6.87 15.08 16.27 7.23 7.43 8.08
Dy 26.16 75.52 58.06 146.64 160.30 97.19 91.59 92.85
Ho 3.44 20.54 11.52 35.15 41.86 30.00 25.88 26.16
Er 7.26 70.41 30.46 110.22 145.41 104.59 82.62 92.60
Tm 0.79 9.99 3.42 14.05 20.91 16.30 12.27 13.81
Yb 4.90 63.39 20.48 82.14 134.77 100.82 72.17 98.80
Lu 0.74 10.26 2.78 11.20 21.55 14.53 10.03 14.80
Hf 0.88 0.43 0.39 0.89 0.77 0.69 0.83 0.61
Pb 0.06 0.00 n.a. 0.05 n.a. 0.1 0.1 0.01
Th 0.13 0.04 n.a. 0.05 0.02 n.a 0.02 0.01
U 0.22 0.07 n.a. 0.08 0.09 0.22 0.18 0.02

HREE 84.10 280.05 159.39 462.90 598.88 388.23 321.08 369.48
Th/U 0.57 0.56 n.a. 0.68 0.19 -- 0.12 0.36
Yb/Gd 0.17 3.35 0.97 1.95 2.69 6.96 4.55 5.08
Yb/Dy 0.19 0.84 0.35 0.56 0.84 1.04 0.79 1.06
Y/Ho 26.99 25.69 27.63 26.39 25.46 27.81 27.78 25.92
Sm/Nd 3.51 4.28 2.62 14.69 15.70 2.10 3.68 5.99
Y/Zr 2.14 24.44 17.39 24.55 27.25 27.66 21.69 22.80

La 0.30 0.01 0.01 0.03 0.02 0.00 0.06 0.07
Ce 0.54 0.15 0.17 0.02 0.01 0.06 0.05 0.04
Pr 1.22 0.46 0.88 0.03 0.11 0.63 0.28 0.20
Nd 4.36 1.95 3.48 0.85 1.01 2.82 1.70 1.00
Sm 47.11 25.71 28.10 38.33 48.62 18.28 19.27 18.51
Eu 5.90 4.20 4.52 5.11 4.97 4.60 4.76 4.01
Gd 137.24 92.69 103.80 206.70 244.86 70.89 77.57 98.84
Tb 138.24 181.66 183.45 402.68 434.50 193.18 198.28 222.53
Dy 102.94 297.21 228.51 577.10 630.87 382.49 360.44 382.59
Ho 60.71 362.26 203.23 619.90 738.23 529.18 456.36 470.45
Er 43.74 424.14 183.48 663.95 875.95 630.04 497.73 582.76
Tm 30.83 389.97 133.66 548.42 816.66 636.42 479.15 570.85
Yb 29.68 383.93 124.03 497.53 816.32 610.66 437.13 608.02
Lu 29.21 404.26 109.35 440.95 848.68 572.46 395.12 608.95
Hf 85.04 40.93 37.24 85.75 74.00 66.22 79.95 58.38

YbN/GdN 0.22 4.14 1.19 2.41 3.33 8.61 5.64 6.15
YN/HoN 2.12 1.24 1.74 0.94 0.95 1.95 1.44 0.93
ErN/GdN 0.32 4.58 1.77 3.21 3.58 8.89 6.42 5.90
YbN/DyN 0.29 1.29 0.54 0.86 1.29 1.60 1.21 1.59
Eu/Eu* 0.07 0.09 0.08 0.06 0.05 0.13 0.12 0.09
Eu* 80.40 48.82 54.01 89.01 109.11 36.00 38.67 42.77

 M-Grt  L-Grt 
core L-Grt rim M-Grt 

core

Grt-Qtz 
inter-

growths 
M-Grt rim L-Grt cores L-Grt rims

Cordierite-felsic gneiss
Seal Cove

Biotite-felsic gneiss
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Matrix garnet is commonly poikiloblastoc to skeletal in habit, which contrast with the inclusion 

poorer leucosome grains that may also be sub-idioblastic. Both garnet tyes contain quartz and 

ilmenite inclusions. Zircon and monazite are rare. 

 Cordierite-felsic gneiss does preserve melanosome, which is predominantly composed of 

aligned-aggregates of cordierite, garnet, sillimanite, plagioclase, spinel and ilmenite, with or 

without magnetite. Melanosome may locally contain borosilicates including prismatine, 

kornerupine and tourmaline, but these minerals are generally restricted to isolated layers. Garnet 

commonly occurs as large subidioblastic to xenoblastic poikiloblasts (0.5-3.0 mm) that have 

cores with aligned inclusions of acicular sillimanite (XAlm = 0.69, XGrs = 0.03), and rims that may 

be inclusion-poor (XAlm = 0.64, XGrs = 0.03, Table 2.1; Fig. 2.10c). Inclusion-poor garnet may 

also occur as separate grains (average XAlm = 0.64, XGrs = 0.03), but locally contains inclusions of 

small (0.5 - >1.0 mm) rounded spinel (Fig. 2.10d). Mg-rich cordierite (average XMg = 0.73) 

occurs as coronas around some garnet grains. Larger clusters (1.0 - 2.0 mm) of hercynitic spinel 

(average XHc = 0.78) are commonly intergrown with cordierite in coronas that surround garnet,  

but spinel never shares grain boundaries with garnet (Fig. 2.10c, d). Inclusion-free garnet rims 

adjacent to cordierite-spinel coronas are slightly almandine-enriched relative to other garnet rims 

(XAlm = 0.67, XGrs = 0.03). These complex microtextures may indicate breakdown of garnet 

through a reaction similar to: 

 

 garnet + sillimanite + melt = cordierite + spinel      (2) 

 

where garnet interacted with evolving melt compositions during cooling. Biotite (average XMg = 

0.63, Cl = 0.18 wt%, F = 1.28 wt%) occurs as fine-grained coronas that may embay garnet, 

which in turn may be partially replaced by chlorite (Fig. 2.10c). Zircon and monazite occur as 

inclusions in garnet (cores and rims) and in spinel. In addition, cordierite coronas adjacent to 

sillimanite-bearing garnet commonly host monazite and zircon inclusions (Fig. 2.10c), 

suggesting that zircon and monazite are inclusions liberated from garnet, or that some zircon and 

monazite may have grown with cordierite as garnet was breaking down. 
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Figure 2.9 Outcrop pictures from Seal Cove migmatite. (a) Cordierite-felsic gneiss from a high 
D2 strain zone. Leucosome occurs attenuated within the high-grade S2 foliation and as 
boudinaged bodies that can be up to 20-30 cm wide. Radial garnet-quartz intergrowths occur as 
trains within late syn-D2 leucocratic veins. (b) Biotite-felsic gneiss from a medium D2 strain 
zone. S1 foliation and layer parallel leucosomes are folded with axial planes parallel to S2. 
Leucosomes are patchy and locally contain small aggregates and individual poikiloblasts of 
garnet. (c) Cordierite-felsic gneiss from a high D2 strain zone. High intensity S2 foliations are cut 
by late syn-D2 leucocratic veins that are weakly deformed. Thin veins have distributed <1 cm to 
3-4 cm porphyroblasts of garnet with or without cordierite. (d) Cordierite-felsic gneiss with late 
syn-D2 leucocratic veins that house trains of radial garnet-quartz intergrowths. (e) Leucosomes 
within biotite-felsic gneiss leucosomes are patchy and locally contain small aggregates and 
individual poikiloblasts of garnet. (f) Large (4-8 cm) radial intergrowths of garnet, quartz, 
hercynite-spinel, and magnetite that occur in a late syn-D2 leucocratic vein. 
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Figure 2.10 Microtextures from Seal Cove migmatite. (a) Wall rock-leucosome relationship in 
biotite-felsic gneiss. Wall rock contains biotite, plagioclase, quartz, and xenoblastic garnet. 
Leucosome contains K-feldspar, quartz, plagioclase, and subidioblastic leucosome garnet. A ~1 
mm-wide boundary between the leucosome and wall rock, indicated by red dashed lines, 
contains a trail of zircon and monazite grains. (b) BSE image of the boundary between wall rock 
and leucosome in biotite-felsic gneiss preserving a trail of zircon grains. (c) Cordierite corona 
around sillimanite-bearing xenoblastic garnet from cordierite-felsic gneiss. Zircon, monazite, and 
spinel occur as inclusions in the cordierite corona immediately adjacent to xenoblastic garnet. 
Inclusion-free garnet occurs adjacent to plagioclase. (d) Inclusion-free garnet is separated from 
spinel clusters by a thin rim of cordierite in cordierite-felsic gneiss. (e) Garnet-quartz intergrowth 
from late syn-D2 leucocratic vein. Center of the intergrowth is to the left in the image; edge of 
the intergrowth (right) contains spinel and biotite. (f) BSE image of spinel-magnetite-monazite-
quartz texture at the edge of the radial intergrowth, see text for detail. 
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 In source leucosomes within biotite-felsic gneiss and cordierite-felsic gneiss are 

composed of medium- to coarse-grained K-feldspar (average XOr = 0.86), quartz and plagioclase 

(average XAn = 0.34), minor spinel and biotite, and are locally garnet and/or cordierite bearing 

(Fig. 2.10a). Zircon and monazite occurs as inclusions in plagioclase, garnet, cordierite and 

biotite, and along grain boundaries in the leucosome. All leucosomes that occur at Seal Cove are 

biotite-poor and in general there is little to no selvage developed on the edges of these 

leucosomes. However, some interfaces between leucosome and biotite-felsic gneiss are marked 

by thin trails of accessory minerals (Fig. 2.10a, b). 

 Garnet-absent leucogneiss dikes within biotite-felsic gneiss (boudinaged and sub-parallel 

to S2) are composed of medium- to coarse-grained K-feldspar, quartz and plagioclase, minor 

spinel and biotite (Fig. 2.9c). Zircon and monazite occurs as inclusions in and along the grain 

boundaries of K-feldspar, plagioclase, quartz and biotite. 

 Large (4-8 cm in diameter), spherical intergrowths of garnet and quartz occur in late syn-

D2 leucocratic veins (associated with cordierite-felsic gneiss), which may be subparallel to the 

dominant S2 foliation, but also transgressive to it (Fig. 2.9a, d). Leucocratic veins around these 

intergrowths commonly contain foliated stringers of spinel, with or without magnetite, that 

extend from matrix domains and are parallel to the dominant foliation (S2). Late syn-D2 

leucocratic veins may be connected to narrower veinlets that sit within and cut across the 

dominant host rock foliation. The radial intergrowths are composed of 1-5 mm septae of garnet 

(average XAlm = 0.66, XGrs = 0.03; Table 2.1) and quartz, and grain sizes and textures can be 

zoned within a single cluster (Figs. 2.9f, 2.10e). The edges of the blasts commonly contain 

hercynitic spinel (average XHc = 0.79), magnetite and monazite, with minor cordierite and 

plagioclase (Fig. 2.10e, f). Hercynitic spinel never shares grain boundaries with garnet, and in 

some cases has exsolution lamellae of magnetite. These associations may suggest that garnet 

broke down to hercynite, magnetite and quartz: 

 

 garnet + melt = spinel + magnetite + quartz       (3) 

 

Monazite is associated with this assemblage (Fig. 2.10f) and may have grown as a result of the 

reaction that involved crystallizing melts. Monazite and zircon also occur as inclusions in garnet 

that is not associated with the reaction texture. 
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2.5.2.2 Zircon and monazite analysis 

 Zircon and monazite predominately comprise the accessory mineral populations from 

samples analyzed from Seal Cove. Zircon is located in nearly all textural settings. However, it is 

preferentially located with cordierite and spinel in coronas surrounding xenoblastic garnet (Fig. 

2.10c), in lower abundances with garnet, biotite, cordierite and sillimanite within and adjacent to 

melanosome or wall rock (Fig. 2.10b), and in lowest abundances in biotite-felsic gneiss matrix 

and all leucosome. 

 Zircon grains in the cordierite-felsic gneiss, biotite-felsic gneiss and late syn-D2 

leucocratic veins are dominantly subidioblastic and equant (100-150 µm x 100-150 µm). Zircon 

from cordierite-felsic gneiss (Fig. 2.4k, l) and associated leucosome (Fig. 2.4m, n), biotite-felsic 

gneiss (Fig. 2.4p-s) and late syn-D leucosome (Fig. 2.4t, u) are morphologically similar to zircon 

from Stüwe Hill. They commonly have fractured cores with weak oscillatory zoning patterns (in 

BSE) that are interpreted to be detrital. In some grains, the fine oscillatory zoning in cores may 

be blurred and now form broad diffuse bands (Fig. 2.4k, l, n, r, s). Surrounding many of these 

cores are BSE-brighter outer cores and rims that are weakly banded or relatively homogeneous in 

BSE images (Fig. 2.4k, l, q, t, u). 

 

2.5.2.3 Biotite-felsic gneiss 

 In total, 51 LASS analyses were collected from 32 zircon grains in thin sections covering 

spatially related biotite-felsic gneiss and leucosome (Fig. 2.11a, Table 2.2). Nine of the analyses 

were rejected because they comprise overlaps between zones. 

 Twenty-three of the 51 analyses are from zircon cores (8) and rims (15) in leucosome. 

Two detrital zircon cores give older 207Pb/206Pb ages (1023 ± 7.5 and 968 ± 6.4 Ma). The 

youngest analysis in the data set is 536 ± 5.1 Ma, the age of a discordant zircon core of a grain 

that is included in a garnet in the leucosome (4b-z7-7), however this analysis is singular in this 

population and is not considered further. The majority of data form a loose cluster along 

concordia from ~870 to 780 Ma, with additional analyses that scatter along concordia down to 

~650 Ma. Rims are slightly HREE-enriched (average YbN/GdN ≈ 3.8; Fig. 2.11b; Appendix A-3) 

and Th/U ratios decrease with decreasing age (0.38-0.05). One zircon grain from biotite-felsic 

gneiss wall rock (722.7 ± 8.7 Ma, 4a-z17-20) has a more HREE-depleted, humped pattern 

(YbN/GdN ≈ 2.19; Fig. 2.11b) and a more pronounced negative Eu anomaly (Eu/Eu* = 0.07). 
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 Eighteen analyses are from rims of zircon grains within a narrow boundary between 

leucosome and wall rock (Fig. 2.10a, b). Analyses scatter along concordia from ~ 880 to 500 Ma 

(Fig. 2.11a). The youngest zircon rim analysis is 497 ± 8.4 Ma. Rims are HREE-enriched with 

more positively sloping patterns (average YbN/GdN ≈ 11.9; Fig. 2.11b; Appendix A-3). Th/U 

ratios range from 0.01-0.12 and are lower than the ratios for similarly aged leucosome zircons. 

Eighteen SIMS analyses were collected from the rims of 13 zircon grains separated from a 

boudinaged garnet-absent leucogneiss dike that is sub-parallel to the high D2 strain foliation 

adjacent to biotite-felsic gneiss (Fig. 2.11c). Two analyses were rejected because they comprise 

overlaps between zones. Two detrital cores give 207Pb/206Pb Ma spot ages of 1332 ± 38 Ma (not 

plotted on Fig. 2.11c) and 919 ± 53 Ma. A cluster of six rim analyses overlaps with concordia 

and gives a weighted average 206Pb/238U age of 535.1 ± 7.6 Ma (95% confidence limit; MSWD = 

9.1). Most Cambrian rims are HREE-enriched with steep positively sloping patterns (average 

YbN/GdN ≈ 17) and moderate Ce and Eu anomalies (average Ce/Ce* ≈ 4.1, Eu/Eu* ≈ 0.2). The 

remaining rim analyses scatter along concordia up to the oldest rim analysis at 966 ± 26 Ma 

(207Pb/206Pb date). Four of the older rim analyses give a weighted average 207Pb/206Pb age of 894 

± 11 Ma (2 σ internal; MSDW = 0.80) and are HREE-enriched with steep, positively sloping 

patterns (average YbN/GdN ≈ 20.4), and moderate Ce and Eu anomalies (average Ce/Ce* ≈ 6.7, 

Eu/Eu* ≈ 0.5). Th/U ratios for Neoproterozoic aged grains show larger scatter (up to Th/U = 

0.70), compared with lower, more clustered values for Cambrian zircon (inset, Fig. 2.11a). 

 

2.5.2.4 Cordierite-felsic gneiss 

 In total, 18 in situ LASS analyses were collected from 13 zircon grains from a 

melanosome within cordierite-felsic gneiss (Fig. 2.12a, Table 2.2). Two analyses were rejected 

because they comprise overlap between zones. Two populations of Neoproterozoic rims are 

identified based on textural location and geochemistry. Four rim analyses from grains that are 

intergrown with spinel in cordierite coronas around xenoblastic garnet have Th/U ratios of 0.11-

0.18, and are relatively HREE-enriched (average YbN/GdN ≈ 23.2). In comparison, three analyses 

from grains occurring as inclusions in garnet or in cordierite coronas very close to garnet rims 

(<50 µm) have low Th/U ratios (0.03-0.08) that are less HREE-enriched (average YbN/GdN ≈ 

5.4) and have less-pronounced negative Eu anomalies (average Eu/Eu* ≈ 0.17 and 0.09, 

respectively; Fig. 2.12b; Table 2.3; Appendix A-3). The spread in dates within these populations   
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Figure 2.11 U–Pb isotope and REE data from zircon and REE data from garnet grains in biotite-
felsic gneiss. In U-Pb diagrams, unfilled ellipses with dashed margins represent analyses 
excluded from population age calculations. (a) Tera-Wasserburg concordia diagram showing all 
LASS data. Inset: Th/U ratios vs. 206Pb/238U age for zircon. (b) Tera-Wasserburg concordia 
diagram showing all SIMS data from zircon in leucogneiss. Inset: Th/U ratios vs. 206Pb/238U age 
for zircon. (c) Chondrite-normalized “Matsuda” diagrams for REE in zircon from wall rock, 
boundary zone, and leucosome in biotite-felsic gneiss. (d) Chondrite-normalized “Matsuda” 
diagrams for REE in zircon from leucogneiss dike hosted by biotite-felsic gneiss. (e) Chondrite-
normalized “Matsuda” diagrams for REE in leucosome and melanosome garnet from biotite-
felsic gneiss. 
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is similar (~800 to 640 Ma), so no significance is easily drawn for the differences in 

geochemistry. Six Cambrian analyses from grains that are inclusions in cordierite coronas around 

xenoblastic garnet have elevated Th/U ratios (0.11-0.29), have HREE compositions intermediate 

to the Neoproterozoic zircon rim populations (average YbN/GdN ≈ 10.0), strongly positive Ce 

anomalies (average Ce/Ce* ≈ 40.8) and pronounced negative Eu anomalies (average Eu/Eu* ≈  

0.08). Four of these analyses form a near-to concordant cluster giving a weighted average age of 

539.9 ± 8.0 Ma (95% confidence limit; MSWD = 2.8). 

 Twenty-eight SIMS analyses were collected from 21 zircon grains separated from a 

coarse-grained leucosome that is parallel to the high D2 strain foliation and layering in cordierite-

felsic gneiss (Fig. 2.12c, Table 2.2). Two cores interpreted from zoning patterns to be detrital 

were analyzed and have 207Pb/206Pb dates of 979 ± 34 Ma and 818 ± 15 Ma, and one rim analysis 

yields a 207Pb/206Pb date of 906 ± 18 Ma. The remaining 25 analyses of zircon rims form a cluster 

on or near the concordia curve between ~530 and 520 Ma. These rims are less HREE-enriched 

compared with melanosome zircon (average YbN/GdN ≈ 4.2), have moderate Ce anomalies 

(average Ce/Ce* ≈ 9.9) and pronounced negative Eu anomalies (average Eu/Eu* ≈ 0.05; Fig. 

2.12d; Appendix A-3). After eliminating six analyses because they comprise overlaps between 

zones, the remaining 19 analyses give a weighted average of 523.1 ± 2.6 Ma  (95% confidence 

limit; MSWD = 6.1). 

 

2.5.2.5 Late syn-D2 leucocratic veins  

 Ten LASS analyses were collected from six zircon grains (Fig. 2.13a, Table 2.2) that are 

included in garnet from radial intergrowths in late syn-D2 leucocratic veins; no zircon grains 

were found in the leucocratic parts of these thin sections. The cores of two rounded zircon grains 

display truncated oscillatory zoning patterns, yield concordant ages of 974 ± 7.8 Ma and 1003 ± 

7.3 Ma (207Pb/206Pb), and are HREE-enriched (average YbN/GdN ≈ 37.8). They are interpreted to 

be detrital grains inherited from the local migmatites by the leucosome. A cluster of three 

concordant rim analyses gives weighted average 206Pb/238U age of 536.0 ± 4.7 Ma (2 σ internal; 

MSWD = 2.9). The remaining five rim analyses scatter along concordia from ~580 Ma up to 

~780 Ma (Fig. 2.13a). All eight rim analyses have low Th/U ratios (0.02-0.11) and are more 

HREE-depleted with less positively sloping pattern compared with detrital zircon (average 

YbN/GdN ≈ 4.52; Appendix A-3). The zircon core and rim populations have similar positive Ce   
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Figure 2.12. U-Pb isotope and REE data from zircon and REE data from garnet in cordierite-
felsic gneiss. In U-Pb diagrams, unfilled ellipses with dashed margins represent analyses 
excluded from population age calculations. (a) Tera-Wasserburg concordia diagram showing all 
LASS data. Inset: Th/U ratios vs. 206Pb/238U age for zircon. (b) Chondrite-normalized “Matsuda” 
diagrams for REE in zircon from in cordierite-felsic gneiss melanosome. (c) Tera-Wasserburg 
concordia diagram showing all SIMS data from leucosome. Inset: Th/U ratios vs. 206Pb/238U age 
for zircon. (d) Chondrite-normalized “Matsuda” diagrams for REE in zircon rims from 
leucosome associated with cordierite gneiss. (e) Chondrite-normalized “Matsuda” diagrams for 
REE in inclusion-bearing and inclusion-absent garnet in cordierite-felsic gneiss. 
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anomalies (average Ce/Ce* ≈ 7.6 and 7.0 respectively) and similar pronounced negative Eu 

anomalies (average Eu/Eu* ≈ 0.10 and 0.14). 

 Monazite is relatively abundant in late syn-D2 leucocratic veins and is typically 

associated with radial garnet-quartz intergrowths. In total, 61 LASS analyses were collected from 

19 monazite grains (Table 2.4). Six analyses were omitted due to overlaps or analytical artifacts. 

The remaining 55 analyses form a broad cluster that lies on or near to the concordia curve 

between ~570-510 Ma. Two populations are identified on the basis of textural setting, internal 

zoning patterns and Th/U ratios, which give different average U-Pb ages. Type-1 monazite 

grains occur as inclusions in garnet and are typically elongate (50-100 µm x 100-200 µm) with 

rounded edges and corners (Fig. 2.6i, j). Type-1 monazite grains also have Y-rich cores and Th-

rich rims, (Fig. 2.6i, j; Table 2.5) and low Th/U ratios (~22-5; Fig. 2.13c). Twenty-six analyses 

are from type-1 monazite, 12 analyses of which give a weighted average 206Pb/238U age of 534.5 

± 3.0 Ma (95% confidence limit; MSWD = 0.38). The youngest type-1 monazite age is 511.7 ± 

8.6 Ma. Type-2 monazite grains are typically larger than type-1 monazite (100-300 µm x 100-

300 µm) and share grain boundaries with spinel, ilmenite and quartz at the edges of the radial 

intergrowths, but not garnet (Fig. 2.10f). Type-2 monazite has Y-rich cores and Th-rich rims, but 

zoning patterns are patchier than type-1 monazite. Many type-2 monazite grains have domains 

that have elevated Th/U ratios (~73-14), have more pronounced negative Eu anomalies compared 

with type-1 monazite (average Eu/Eu* = 0.06 and 0.09, respectively) and are more elevated in Y, 

U and HREE (type-2; Table 2.5; Fig. 2.6g; Appendix A-4). Of twenty analyses from type-2 

monazite, ten analyses give a weighted 206Pb/238U age average age of 524.6 ± 2.6 Ma (2 σ 

internal; MSWD = 0.56). The youngest analysis for type-2 monazite is 510.5 ± 9.6 Ma. 

 

2.5.2.6 Garnet analysis 

 Most garnet types across biotite-felsic gneiss and cordierite-felsic gneiss have 

pronounced within-grain HREE zoning (Figs. 2.11e, 2.12e; Appendix A-5). In the melanosome 

of cordierite-felsic gneiss, inclusion-free garnet rim domains are HREE-enriched (average 

YbN/GdN ≈ 3.3) relative to inclusion-bearing garnet cores (average YbN/GdN ≈ 2.4; Fig. 2.12e). 

In contrast, garnet from within leucosome displays distinct zoning – HREE-enriched cores and 

slightly depleted rims – with positively sloping patterns in chondrite-normalized diagrams 

(average YbN/GdN ≈ 8.6 and 5.6, respectively). Xenoblastic matrix garnet from biotite-felsic   
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Figure 2.13. U–Pb isotope and REE data from zircon and monazite, and REE data from garnet 
from late syn-D2 leucocratic vein. In U-Pb diagrams, unfilled ellipses with dashed margins 
represent analyses excluded from population age calculations. (a) Tera-Wasserburg concordia 
diagram showing all LASS data in late syn-D2 leucocratic veins. Inset: Th/U ratios vs. 206Pb/238U 
age for zircon. (b) Chondrite-normalized “Matsuda” diagram for REE in zircon (red, green, and 
blue lines) and garnet (gray shaded area). (c) Tera-Wasserburg concordia diagram showing all 
monazite data. (d) Chondrite-normalized “Matsuda” diagrams for REE in type-1 and type-2 
monazite. (e) Th/U ratios vs. 206Pb/238U age for monazite. (f) Chondrite-normalized “Matsuda” 
diagram for REE in garnet, linear scale. Garnet from the center of the intergrowth (blue), edge of 
the intergrowth (red) and edge of the intergrowth adjacent to spinel (green). 
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gneiss preserves relatively homogeneous compositions, which are HREE-depleted (negatively 

sloping on chondrite-normalized diagrams; average YbN/GdN ≈ 0.2; Fig. 2.11e), with no 

systematic variation between grain centers and edges. In contrast garnet from within leucosome 

displays distinct zoning, with HREE-enriched cores and slightly depleted rims (average YbN/GdN 

≈ 4.1 and 1.2, respectively). 

Garnet within radial intergrowths with quartz from late syn-D2 leucocratic veins show 

only subtle variation in trace element concentrations, with an average HREE pattern that is more 

enriched relative to garnet from biotite-felsic gneiss (average YbN/GdN ≈ 6.2; Fig. 2.13b; 

Appendix A-5). However, the subtle variation in concentration within the radial intergrowths is 

systematic (Fig. 2.13e): cores of the blasts are enriched in HREE relative to edges of the 

intergrowth. In addition, garnet rims adjacent to spinel in garnet embayments are slightly HREE-

enriched relative to the typically HREE-depleted rims. The minor enrichment in HREE 

concentration in resorbed garnet rims may be a result of diffusion of HREE into the retreating 

garnet rim. 

 

2.6 Discussion 

 The trace element composition of minerals reflects partitioning, equilibrium or 

disequilibrium, with their environment during growth and/or recrystallization. First order 

controls on zircon composition include the overall bulk composition of a rock or melt and the P-

T conditions of formation. It is also influenced by which phases are concurrently growing or 

breaking down, or have already formed and remain stable during the zircon growth episode and 

so sequester specific elements. Empirical studies of zircon have shown that REE chemistry can 

be very sensitive to these factors, especially in the presence of high-modal abundance 

metamorphic phases such as garnet (Rubatto, 2002; Whitehouse and Platt 2003; Kelly et al., 

2006b; Harley et al., 2007), and that pressure and temperature may also influence partitioning 

behavior (Hanchar and van Westrenen, 2007; Rubatto et al., 2009). 

 Two contrasting sets of partitioning coefficients have been proposed for REE 

equilibration between zircon and garnet in high-grade rocks. The first suggests that starting at 

DEu ≈ 1, zircon is increasingly favored over garnet for the HREE through to DLu ≈ 10 (Rubatto, 

2002; Rubatto et al., 2006). This viewpoint was supported by experimental data that further 

suggested a potential temperature effect on partitioning, with DHREE values approaching unity 
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with increasing temperature (toward 1000 °C). However, these experiments were conducted at 

high pressures (P = 20 kbars) and with garnet grossular compositions approaching 20% at typical 

granulite facies conditions (Rubatto et al., 2009). An alternative view (Harley et al., 2001; 

Whitehouse and Platt 2003; Kelly et al., 2006; Harley et al., 2007) suggests that in granulite 

facies rocks, in particular migmatites, DHREE
(zrc/grt) will be in approximate unity, with HREE 

partitioning favoring neither garnet nor zircon. In this current contribution, studied rock 

compositions (low Ca, pelitic and semi-pelitic metasediments) are closer to those used in the 

latter studies, and metamorphism at medium-pressure granulite facies conditions, and so we 

favor the use of DHREE ≈ 1. 

 

2.6.1 Using trace elements to interpret complex age data  

 Field observations as part of this study, which correlate well with previous work (e.g., 

Tingey, 1981; Stüwe et al., 1989; Dirks et al., 1993; Carson et al., 1995; Dirks and Hand, 1995; 

Dirks and Wilson, 1995), indicate that significant melting occurred in the Larsemann Hills 

during D1. This implies that some or all of the migmatite structure observed (melanosome, 

leucosome and selvage) was in place prior to reworking of the terrane during ~540-525 Ma 

events. However, uncertainty exists about how much melting was related to ~900 Ma 

metamorphism, the extent of melting associated with ~540-525 Ma tectonism, and which parts of 

the preserved migmatite structure formed in the second melting event. Understanding these 

facets of the Larsemann Hills migmatites in turn sheds more light on the utility of mineral REE 

chemistry to deciphering event history in polycyclic metamorphic rocks. 

 Despite complexity, similar patterns in U-Pb data and interpreted zircon and monazite 

age populations can be deciphered in samples from Stüwe Hill and Seal Cove. Zircon grains 

from both areas commonly have detrital cores that are identified by weak oscillatory zoning 

patterns in BSE and have age distributions typically older than 1000 Ma. Surrounding these 

cores are rims and rare outer cores, which have BSE characters that contrast with cores – brighter 

or darker and weakly banded or relatively homogeneous. Many of these rims form concordant or 

near-concordant clusters between ~540 and 525 Ma (“Cambrian” zircon). The comparatively 

tight populations in these age ranges are interpreted to reflect growth and not recrystallization, 

during D2 reworking. Other rims and rare outer cores with diffuse zoning are interpreted to have 

formed during metamorphism, and based on textural context, also grew from a melt. Age data 
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typically form a spread from just greater than ~900 Ma (but less than 1000 Ma) to ~550 Ma 

(called “Neoproterozoic” zircon here). These zircon populations can typically be separated on 

the basis of REE composition and provide a loose constraint on D1 to between 1000-900 Ma that 

is consistent with previous studies (Wang et. al., 2008; Grew et al., 2012). The significant Pb-

loss in the older zircon population, inferred to have occurred during the ~540-525 Ma event, 

suggests the potential that at least some ~1000-900 Ma zircon was fully reset in this event. This 

will be evaluated below in the context of REE compositions. 

 Texturally constrained analysis targeted zircon and monazite in leucosome, melanosome 

and selvage domains. Leucocratic domains are interpreted to represent the crystallization 

products of melt either during melt transport or final cooling of the terrane. Melanosome 

domains are interpreted to reflect accumulated solid products of melting reactions and residues 

of reactant assemblages. Therefore, accessory phases preserved in these domains may have 

formed during prograde metamorphism, potentially during melting, and during late interaction 

with trapped melts during cooling. Finally, selvages, developed between leucosome and 

melanosome, are interpreted to reflect domains where melanosome reacted with melt; either 

during melt extraction or final crystallization of melt during cooling. In the discussion that 

follows, the REE compositions of zircon and garnet occurring in the same textural domains will 

be integrated with monazite age data to evaluate the timing of accessory mineral growth, and the 

implications this has for the evolution of Larsemann Hills migmatite. These relationships are best 

preserved at Stüwe Hill, where it is clear that melting was ≥900 Ma (D1) and that there was a 

~550-525 Ma overprint. Knowing the timing of melting there unequivocally allows us to 

evaluate the behavior of REE in zircon, monazite and garnet, and then apply that understanding 

to Seal Cove, where relationships are less clear. 

 

2.6.2 Stüwe Hill 

 Most zircon rims from melanosome that have Neoproterozoic ages are relatively HREE-

enriched (YbN/GdN ≈ 31.8; Fig. 2.5d; Table 2.3), which can be interpreted to reflect growth prior 

to substantial garnet growth, or that zircon grew with garnet in an HREE-enriched environment. 

In contrast, most zircon rims from melanosome with Cambrian ages have HREE-depleted 

compositions (YbN/GdN ≈ 1.3), indicating that growth occurred in a more HREE-depleted 

reservoir and likely grew after substantial garnet growth. Several Neoproterozoic and Cambrian 
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zircon rim analyses have HREE compositions that fall between the relatively HREE-enriched 

Neoproterozoic population and the HREE-depleted Cambrian population (dashed lines on Fig. 

2.5d). Some of these patterns are from zircon rims with U-Pb dates intermediate between 900 

and 550 Ma, others with concordant ~530 Ma dates – both are interpreted to represent ≥900 Ma 

zircon that was partially reset during D2. 

 In melanosome domains, cores of garnet are HREE-enriched (YbN/GdN ≈ 6.5; Fig. 2.8a, 

Table 2.7), suggesting that cores also grew from a REE-enriched reservoir similar to 

Neoproterozoic zircon rims. Using average HREE compositions for these two domains gives 

DHREE
(zrc/grt) values that are close-to, but greater than 1 (DEu ≈ 1.4, DGd ≈ 0.4, DLu ≈ 2.0; Fig. 

2.14a; Table 2.7), indicating zircon that is slightly HREE-enriched relative to garnet. In contrast, 

the rims of garnet are more HREE-depleted (YbN/GdN ≈ 1.8), which suggests that the 

composition of these rims reflect either continued growth during D1 melting from a reservoir 

progressively depleted in HREE, or that garnet grew or was modified during D2 metamorphism 

and melting (~540-525 Ma). Garnet rim compositions are significantly different than 

Neoproterozoic (DHREE
(zrc/grt) >> 1) or Cambrian zircon rims (DHREE

(zrc/grt) << 1; Fig. 2.14a). In 

addition, Cambrian zircon rims do not have compositions equivalent to equilibrium growth with 

garnet core domains. These relationships indicate a near equilibrium condition for the 

melanosome garnet cores and Neoproterozoic zircon rims, and zircon ages could be interpreted 

to reflect the timing of garnet growth during migmatization and development of the melanosome 

≥900 Ma. These data suggest Cambrian zircon grew after garnet developed in the melanosome. 

 Garnet within leucocratic domains (small-volume leucosome and leucogranite dikes) is 

also compositionally zoned. Garnet compositions are progressively depleted in HREE from cores 

(YbN/GdN ≈ 4), to mantles (~300-1000 µm from garnet rims; YbN/GdN ≈ 1.3), to rims (up to 

~300 microns from grain boundaries; YbN/GdN ≈ 0.5; Fig. 2.8b). This progressive decrease in 

HREE concentration from core to rim indicates that garnet, whether located in small-volume 

leucosome domains or larger melt conduits such as the leucogranite dikes, was growing from a 

similar, progressively HREE-depleting reservoir, possibly during a single event, or depleted rim 

domains relates to growth during a separate event.  

Zircon rims with ages between 540 and 525 Ma are rare in leucocratic domains. 

Neoproterozoic zircon rims from leucogranite dikes have HREE-depleted patterns (YbN/GdN ≈ 

1.7; Fig. 2.5f), similar to patterns from garnet mantles. Comparing average compositions from 
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Table 2.7 Average DREE
(zrc/grt) values 

 
 

	  

Zrc/ M-
grt core

Zrc/ M-
grt rim
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grt core
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Zrc /Grt 
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Zrc 
(incl.)/ 
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Zrc (crd-
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Zrc (crd-
spl)/grt 

rim

Zrc (crd-
spl)/grt 

core

Zrc (crd-
spl)/grt 

rim

Zrc / grt 
core

Zrc / grt 
rim

La 0.40 0.79 0.25 0.50 0.67 2.09 0.78 1.84 5.69 2.12 9.92 4.99 3.65 0.19 0.89 5.52 6.74 0.77 1.17 0.96 1.46 1.07 1.61 0.00 3.39
Ce 47.18 17.34 31.98 11.75 11.08 9.97 18.34 5.55 4.99 9.18 8.38 5.40 7.83 4.80 3.52 8.92 5.75 40.54 36.24 61.56 55.03 89.92 150.79 133.85 224.47 184.99 310.23 75.05 89.14 0.72
Pr 0.90 0.54 0.80 0.48 0.40 0.32 0.55 0.27 0.21 0.37 0.27 0.16 0.84 0.67 0.57 0.34 0.21 1.67 0.87 12.52 6.56 5.62 1.53 11.90 3.24 8.06 2.20 1.35 3.07 52.21
Nd 0.30 0.24 0.37 0.29 0.23 0.24 0.30 0.32 0.34 0.41 0.17 0.24 0.32 0.28 0.27 0.23 0.32 2.36 1.33 5.72 3.21 0.83 0.70 1.17 0.99 1.37 1.15 0.69 1.15 11.04
Sm 0.13 0.12 0.22 0.21 0.27 0.15 0.22 0.66 0.37 0.53 0.22 0.31 0.41 0.40 0.41 0.24 0.34 1.09 1.00 1.03 0.95 0.32 0.25 0.30 0.24 0.36 0.29 1.55 1.47 3.09
Eu 1.37 1.56 0.46 0.52 2.31 1.13 2.86 0.80 0.39 0.99 0.58 0.58 1.10 1.13 1.10 0.48 0.48 2.47 2.30 2.09 1.95 1.05 1.08 0.56 0.58 0.55 0.56 0.64 0.62 0.73
Gd 0.41 0.37 0.46 0.42 0.72 0.41 0.52 1.06 0.61 0.77 0.45 0.70 0.90 0.77 0.69 0.34 0.52 1.18 1.06 0.79 0.71 0.39 0.33 0.39 0.33 0.42 0.35 2.00 1.83 1.37
Tb 0.89 0.76 0.57 0.48 0.97 0.77 0.73 0.84 0.66 0.63 0.51 0.82 1.18 1.04 0.96 0.38 0.61 1.18 1.17 0.89 0.88 0.46 0.43 0.51 0.47 0.48 0.44 1.49 1.45 1.17
Dy 1.49 1.49 0.38 0.38 1.25 1.42 0.95 0.55 0.63 0.42 0.48 0.73 0.89 0.93 1.02 0.38 0.58 0.98 1.27 1.01 1.32 0.51 0.46 0.70 0.64 0.55 0.51 1.15 1.22 0.85
Ho 1.51 2.13 0.19 0.27 1.85 2.73 1.29 0.43 0.63 0.30 0.50 0.73 0.55 0.75 1.06 0.36 0.52 0.94 1.68 1.16 2.06 0.54 0.45 1.01 0.85 0.69 0.58 0.95 1.11 0.90
Er 1.44 2.82 0.12 0.23 2.94 5.07 1.81 0.33 0.57 0.20 0.60 0.67 0.42 0.74 1.30 0.43 0.48 0.80 1.85 1.30 3.01 0.56 0.42 1.43 1.09 0.84 0.64 0.85 1.08 0.85
Tm 1.89 4.87 0.10 0.27 5.42 9.73 3.04 0.35 0.63 0.20 0.97 0.79 0.45 0.96 1.95 0.59 0.48 1.03 3.01 1.72 5.03 0.69 0.47 2.33 1.56 1.24 0.83 1.05 1.40 0.73
Yb 1.98 6.43 0.09 0.30 9.30 16.73 5.01 0.34 0.61 0.18 1.22 0.75 0.41 1.01 2.19 0.83 0.51 1.08 3.35 2.29 7.07 0.87 0.53 3.77 2.30 1.75 1.07 0.97 1.36 0.74
Lu 2.00 8.52 0.09 0.37 13.80 24.87 6.44 0.38 0.69 0.18 1.77 0.94 0.35 0.98 2.46 1.14 0.61 1.02 3.77 2.80 10.36 1.16 0.60 5.73 2.98 2.50 1.30 0.99 1.44 0.86

YbN/GdN 4.88 17.48 0.20 0.71 12.99 40.70 9.56 0.32 1.00 0.24 2.68 1.07 0.46 1.31 3.17 2.44 0.98 0.92 3.17 2.87 9.97 2.25 1.62 9.66 6.97 4.18 3.02 0.49 0.74 0.54

Cambrian 
Zircon rim

late syn-D2 leuco.Leucosome 
Neoproterozoic 

Zircon rim 
Neoproterozoic 

Zircon rim 
Cambrian 
Zircon rim

Neoproterozoic 
Zircon rim

Metapelite Melanosome
Neoproterozoic Zircon 

rim Cambrian Zircon rim

Metapelite Selvage
Cambrian 
Zircon rim 

Cambrian 
Zircon rim 

Leucogranite Dike Leucosome Biotite Gneiss

NP Zrc rim

Zrc/ Grt

Cordierite-Felsic Gneiss

Neoproterozoic Zircon rim Cambrian 
Zircon rim

Neoproterozoic 
Zircon rim



	  
	  

90	  

these garnet and zircon populations gives DHREE
(zrc/grt) patterns that suggest near-equilibrium 

growth (DEu ≈ 1.1, DGd ≈ 0.8, DLu ≈ 0.9; Fig. 2.14b; Table 2.7). This observation is consistent 

with syn-melting growth, after some garnet was produced (both in melanosome and leucosome), 

but prior to late growth of garnet from a melt composition somewhat depleted in HREE. They 

also suggest that the analyzed leucosome and the larger leucogranite dikes in the Stüwe Hill area 

were generated during D1 melting. However, Cambrian zircon rims from the melanosome have 

HREE-depleted patterns (YbN/GdN ≈ 1.3; Fig. 2.5f) that are similar to rim compositions from in 

source leucosome garnet. Using average HREE compositions for these two domains gives 

DHREE
(zrc/grt) values that are close to one (DEu ≈ 0.6, DGd ≈ 0.5, DLu ≈ 1.8; Fig. 2.14b; Table 2.7). 

These observations might reflect zircon growth in melanosome with garnet rims in small-

volume, depleted melt generated during D2. 

Cordierite-rich selvage zones at Stüwe Hill are interpreted to represent melanosome-melt 

reaction during melt transport and/or melt crystallization. Garnet, which occurs associated with 

selvage zones, has core compositions that are HREE-depleted (YbN/GdN ≈ 1.6), similar to the 

rims of garnet from melanosome domains (Fig. 2.8c; Table 2.7). These core compositions are not 

in equilibrium with Neoproterozoic (DHREE
(zrc/grt) >> 1) or Cambrian zircon rims (DHREE

(zrc/grt) << 

1) analyzed in selvage domains (Fig. 2.14c; Table 2.7). Therefore, it is likely that garnet 

associated with selvage zones does represent late-stage melanosome garnet that grew during D1 

melting. The rim compositions of this garnet textural type are different depending on whether 

they are adjacent to leucocratic domains or cordierite. Rims adjacent to the leucocratic domains 

(occurring within melanosome) are HREE-depleted (YbN/GdN ≈ 0.5) and are compositionally 

similar to rims of garnets from in source leucosome and leucogranite dikes, which are interpreted 

to represent growth from a late HREE-depleted melt. In contrast, the rims of garnet grains that 

are adjacent to cordierite in selvage domains are scalloped (Fig. 2.3b, d) and appear to have been 

resorbed, are HREE-enriched (YbN/GdN ≈ 2.2) relative to their cores. This is possibly the result 

of new garnet growth during crystallization of ponded melts enriched in HREE through 

fractional crystallization. However, previous studies (Kelly et al., 2006a; Harley and Kelly, 

2007) have shown that resorbed garnet rims within reaction textures may be progressively  

 

 

 



	  
	  

91	  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. DREE
(zrc/grt) patterns calculated for combinations of average zircon rims with garnet 

domains. DREE
(zrc/grt) = REEzircon/REEgarnet using measured values (ppm). Representative published 

values (red) are provided for comparison and are discussed in the text. Average REE patterns 
from (a) Neoproterozoic and Cambrian zircons with melanosome garnet cores and rims from 
Stüwe Hill. (b) Neoproterozoic zircons with garnet cores, mantle and rims from leucogranite 
dike hosted in Stüwe Hill migmatite. (c) Neoproterozoic and Cambrian zircons with selvage 
garnet cores and rims from Stüwe Hill. (d) Boundary zone and leucosome zircons with 
melanosome garnet and leucosome garnet cores and rims from biotite-felsic gneiss. (e) 
Neoproterozoic and Cambrian zircons in cordierite coronas with garnet cores (inclusion-bearing) 
and rims (inclusion-absent) from cordierite-felsic gneiss. (f) Cambrian zircons from cordierite-
felsic gneiss with garnet from leucosome hosted in cordierite-felsic gneiss (blue), and Cambrian 
zircons from garnet-quartz intergrowths with garnet from late syn-D2 leucocratic vein hosted in 
cordierite-felsic gneiss. 
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enriched in HREE through diffusion. Therefore, we suggest that HREE-enrichment is likely due 

to reaction texture development. Comparing enriched garnet compositions with Neoproterozoic 

(DEu ≈ 2.9, DGd ≈ 0.5, DLu ≈ 6.4; Fig. 2.14c; Table 2.7) and Cambrian zircon rims (DEu ≈ 1.0, DGd 

≈ 0.8, DLu ≈ 0.2; Fig. 2.14c; Table 2.7) indicates that neither zircon population grew in 

equilibrium with the reacting garnet rims. 

 Within selvage domains, Neoproterozoic zircon, which occurs as inclusions in garnet and 

in selvage cordierite, is HREE-enriched (YbN/GdN ≈ 21.2), regardless of textural location (Fig. 

2.5e; Table 2.3). These compositions do not correspond well with any selvage garnet 

composition, but they are similar to Neoproterozoic zircon rims and garnet cores from the 

melanosome (Figs. 2.5d, 2.8a). It is therefore likely from textures and compositional data that 

Neoproterozoic zircon rims grew concurrently with melanosome garnet cores and were later 

included in a more HREE-depleted garnet during D1 melting or during the D2 overprint. 

 In contrast, Cambrian-aged zircon rims, which only occur as inclusions in cordierite, are 

HREE-depleted (YbN/GdN ≈ 0.5) similar to Cambrian zircon from the melanosome (Fig. 2.5d, e). 

They are also similar in composition to garnet rims in selvage domains where they are adjacent 

to leucosome (DEu ≈ 0.4, DGd ≈ 0.6, DLu ≈ 0.7; Fig. 2.14c; Table 2.7) and with in source 

leucosome garnet rims (DEu ≈ 0.6, DGd ≈ 0.7, DLu ≈ 0.7; Fig. 2.14b; Table 2.7). These 

observations are consistent with zircon and garnet rim growth from a HREE-depleted small-

volume melt. 

 Monazite grains from melanosome, leucosome and selvage have dates that are consistent 

with metamorphic zircon rim ages, ranging from ~1000 Ma to ~510 Ma, but most analyses form 

a cluster around ~550-525 Ma (Fig. 2.7a-c). Leucosome preserves the most >550 Ma monazite 

(Fig. 2.7c), whereas melanosome and selvage monazite exclusively give ages at ~550-510 Ma, 

with the exception of three rim analyses (~990-880 Ma) from an inclusion in melanosome garnet 

(Fig. 2.7a). Cambrian monazite from each domain with lower Th/U ratios (13.1-2.6) and higher 

REE concentrations are typically slightly older (~548-540 Ma) than monazite with higher Th/U 

ratios (43.7-10.2) and lower REE concentrations (~537-532 Ma). Interestingly, the age of low 

Th/U monazite is older than Cambrian zircon in the selvage and melanosome (~534-533 Ma). 

Enriched HREE compositions may reflect growth during a period of garnet breakdown prior to 

melting during prograde Cambrian metamorphism and/or early stages of partial melting. This 

interpretation is supported by low Th/U ratios, with the Th budget controlled by previously 
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existing monazite (formed during the ≥900 Ma event). In this scenario, high Th/U ratios in the 

younger monazite population would be controlled by dissolution of monazite by D2 melts and 

reprecipitation during later crystallization. 

 

2.6.3 Seal Cove: Biotite-felsic gneiss 

 Biotite-felsic gneiss is not accessory mineral-rich (Fig. 2.10a). However, more zircon is 

hosted in leucosome (Fig. 2.9e) and garnet-absent leucogneiss (Fig. 2.9b, e), with zircon and 

monazite concentrated along narrow (< 0.5 mm) zones between biotite-felsic gneiss wall rock 

and leucosome (Fig. 2.10a, b). 

 Garnet in wall rock domains is xenoblastic, commonly skeletal, and therefore cores and 

rims are difficult to identify with confidence. However, garnet from these domains is similarly 

HREE-depleted (YbN/GdN ≈ 0.2; Fig. 2.11e, Table 2.6), suggesting that it grew from a REE-

depleted reservoir, possibly late in the melt evolution. A single Neoproterozoic zircon rim was 

identified in the wall rock and it has a flat HREE pattern (YbN/GdN ≈ 2.2; Fig. 2.11b), and likely 

also grew from a depleted REE reservoir. The zircon rim is enriched relative to garnet, but it is 

not prudent to comment on garnet-zircon equilibrium using a single zircon analysis. 

 Garnet within leucosome is compositionally zoned. Garnet cores are slightly HREE-

enriched (YbN/GdN ≈ 4.1), with compositions becoming more depleted with proximity to rims 

(YbN/GdN ≈ 1.2). This progressive decrease in HREE concentration from core to rim indicates 

that garnet was growing from a progressively HREE-depleting reservoir, possibly during a single 

event. Zircon rims with ages between 540-525 Ma are rare in leucosome domains. However, the 

more abundant Neoproterozoic zircon rims are slightly HREE-enriched (YbN/GdN ≈ 3.8; Fig. 

2.11b), and when compared with average compositions from these garnet cores give DHREE
(zrc/grt) 

values that suggest near equilibrium growth (DEu ≈ 2.5, DGd ≈ 1.2 DLu ≈ 1.0; Fig 14D). 

Therefore, zircon ages are interpreted to reflect the timing of garnet growth during migmatization 

and development of the leucosome at ≥900 Ma. 

 ‘Boundary zones’ between wall rock and leucosome (typically <0.5 mm wide) host 

zircon grains with rims that are dominantly Neoproterozoic in age and are HREE-enriched 

(YbN/GdN ≈ 11.9) relative to zircon compositions from leucosome and wall rock (Fig. 2.11b). 

These are also are significantly different than leucosome garnet cores (DHREE
(zrc/grt) > 1) and rims 

(DHREE
(zrc/grt) >> 1) and wall rock garnet (DHREE

(zrc/grt) >> 1). The data suggest that zircon grew at 
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the wall rock-leucosome interface during interaction between melt and host at ~900 Ma, but not 

in equilibrium with garnet. Rare Cambrian aged rims do occur, which have both HREE-enriched 

(positive slopes) and -depleted (flat slopes). These are interpreted to possibly reflect 

Neoproterozoic zircon that was reset during Cambrian events and compositions reflect the older 

zircon growth environment. 

 Garnet-absent leucogneiss dikes contain Neoproterozoic and Cambrian zircon with 

HREE-enriched rims (YbN/GdN ≈ 17.1 and 28.2, respectively; Fig. 2.11d). These REE patterns 

are interpreted to reflect growth locally in the absence of garnet. Dates suggest crystallization of 

the leucogneiss at ≥900 Ma. However, Cambrian-aged zircon indicates growth or 

recrystallization of zircon in the same environment at ~540 Ma, possibly from reworking or re-

melting of the leucogneiss at in the younger event. The HREE-enriched compositions of ≥900 

Ma zircon suggest that these were not inherited by the leucogneiss from the surrounding 

migmatites, which are dominated by more HREE-depleted zircon. The Cambrian zircon ages 

provide loose constraints on early D2 deformation and boudinage of the leucogneiss. 

 

2.6.4 Seal Cove: Cordierite-felsic gneiss 

 Within cordierite-felsic gneiss melanosome, inclusion-bearing garnet cores have flat 

chondrite-normalized HREE patterns (YbN/GdN ≈ 2.4), which are in contrast to inclusion-free 

HREE-enriched garnet rims (YbN/GdN ≈ 3.3; Fig. 2.12d; Table 2.6), indicating that the rims may 

have grown in a more HREE-enriched environment. However, these garnet rims are commonly 

embayed by cordierite coronas, with or without spinel (Fig. 2.10c, d). Reaction potentially 

occurred in the latter stages of the ≥900 Ma event or during subsequent reworking at ~540-525 

Ma. It is therefore possible that HREE-enrichment relates to reaction-driven modification of 

HREE compositions and not new growth (Kelly et al., 2006a; Harley and Kelly, 2007). 

 Two populations of Neoproterozoic zircon rims are identified based on textural location 

and HREE patterns. Zircon inclusions in garnet rims or zircon within 50 µm garnet rims 

(interpreted to be liberated garnet inclusions) are slightly HREE-enriched (YbN/GdN ≈ 5.4; Fig. 

2.12c; Table 2.3). In contrast, Neoproterozoic zircon associated with spinel in cordierite coronas 

is more HREE-enriched (YbN/GdN ≈ 23.2; Fig. 2.12c; Table 2.3). The HREE composition of 

garnet cores does not reflect an equilibrium condition with either Neoproterozoic zircon rim 

composition (DHREE
(zrc/grt) >> 1; Fig. 2.14e). Similarly, garnet rim HREE compositions do not 
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reflect equilibrium growth conditions with Neoproterozoic zircon in garnet (DHREE
(zrc/grt) <1), or 

in cordierite-spinel coronas (DHREE
(zrc/grt) >> 1). Cambrian-aged zircon rims that occur in 

cordierite coronas also have HREE-enriched patterns (YbN/GdN ≈ 10.1; Fig. 2.12c; Table 2.3) 

and are not in equilibrium with garnet cores (DEu ≈0.6, DGd ≈ 0.4, DLu ≈ 2.5) or rims (DEu ≈0.6, 

DGd ≈ 0.4, DLu ≈ 1.3; Fig. 2.14e; Table 2.7). 

 Similar to patterns seen in other locations (Stüwe Hill and Seal Cove), leucosome garnets 

show a progressive depletion in HREE from core (YbN/GdN ≈ 8.6) to rim (YbN/GdN ≈ 5.6), but 

are depleted in Gd relative to melanosome garnet. HREE compositional zoning likely indicates 

that garnet was growing from a progressively HREE-depleting reservoir, possibly during a single 

event. Cambrian zircon grains from the leucosome are young (~525 Ma), have high Th/U (0.15-

0.39) and are slightly HREE-enriched (YbN/GdN ≈ 4.2; Fig. 2.12e) relative to leucosome garnet 

rims (DLu ≈ 1.4), but that the zircon rims grew in or near equilibrium with garnet cores (DEu ≈0.6, 

DGd ≈ 2.0, DLu ≈ 1.0; Fig. 2.14f; Table 2.7). These data are interpreted to reflect zircon growth 

with garnet cores from a moderately HREE-depleted reservoir late in the melt evolution in the 

Seal Cove location at ~525 Ma. 

 

2.6.5 Seal Cove: Late syn-D2 leucocratic veins 

 Late syn-D2 leucocratic veins, which cut the high intensity S2 foliation in cordierite-felsic 

gneiss (Fig. 2.9c, d), contain no zircon grains that can be unequivocally linked to growth in the 

≥900 Ma melting event. Grain cores with ages >1000 Ma are interpreted to be detrital grains 

inherited from the migmatite by the leucosome, and discordant ages that lie along a weakly 

constrained chord between these older ages and ~540-525 Ma, are likely reset zircon also 

inherited from the migmatite. This interpretation is supported by a complete absence of 

Neoproterozoic-aged monazite in these samples. Cambrian zircon rims (~535 Ma), which all 

occur on grains included in garnet, are slightly HREE-enriched (YbN/GdN ≈ 4.5; Fig. 2.13c). 

Comparing average zircon rim compositions with garnet (which is weakly zoned from core to 

rim), gives DHREE
(zrc/grt) patterns that suggest near equilibrium growth (DEu ≈ 0.7, DGd ≈ 1.4, DLu 

≈ 0.9; Fig. 2.14f; Table 2.7). This observation is consistent with zircon and garnet growth at 

~535 Ma during D2 melting. 

 Two Cambrian-aged monazite populations are identified. Type-1 monazite grains (low 

Th/U), which are included in garnet and have a relatively older weighted average age (534.5 ± 
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3.0), correlate with the timing of zircon growth during melting, prior to inclusion in the garnet. 

Type-2 monazite grains (high Th/U), which occur with hercynite-spinel, magnetite and quartz, 

near embayed garnet (Fig. 2.10e, f), have elevated Y and HREE values relative to type-1 

monazite (Fig. 2.13d) and a younger population age (524.6 ± 2.6 Ma). In addition, resorbed 

garnet adjacent to spinel-magnetite-monazite textures is HREE-enriched, and is interpreted to 

suggest that type-2 monazite grew during the late stages of interaction between garnet and 

crystallizing melt. 

 

2.6.6 Migmatites in the Larsemann Hills: implications for melting in polycyclic terranes 

 Field and petrographic observations shows that significant melting occurred in 

Larsemann Hills during D1, prior to reworking of the terrane during younger, ~540-525 Ma 

events. Extensive resetting of U-Pb ages during the younger events means that the precise timing 

and duration of melting in D1 cannot be constrained with confidence. However, at Stüwe Hill 

zircon rims on detrital zircon cores are interpreted to have grown at ≥900 Ma, with growth 

occurring in or close to equilibrium with melanosome garnet cores and with leucogranite garnet 

mantles. Rare ~900 Ma monazite grains are preserved as inclusions in melanosome garnet and in 

the matrix of in source leucosome. These data suggest that D1 and associated significant melting 

occurred in the early Neoproterozoic and that some or all of the migmatite structure observed at 

Stüwe Hill (melanosome, leucosome, selvage) was in place prior to reworking of the terrane. 

 At Seal Cove, where the effects of Cambrian reworking are more pronounced, zircon 

growth at ≥900 Ma also occurred in or close to equilibrium with garnet cores in leucosome from 

biotite-felsic gneiss. In addition, ≥900 Ma HREE-enriched zircon located along margins between 

leucosome and wall-rock in biotite-felsic gneiss is interpreted to have grown during leucosome-

wall rock reaction, further supporting the conclusion that migmatization occurred in Seal Cove 

rocks during D1. Despite the presence of ≥900 Ma zircon rims in cordierite-felsic gneiss, zircon-

garnet compositional relationships are more ambiguous. For example, garnet rims contain zircon 

inclusions that give Neoproterozoic ages, but garnet and zircon are not compositionally linked. 

As a result, there is no strong geochemical evidence to support for melanosome formation during 

D1. However, the presence of Neoproterozoic-aged zircon in garnet rims suggests that the cores 

of these garnets did form during ≥900 Ma events. 
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 Clearer, less equivocal geochemical results allows the location, timing and significance 

of Cambrian metamorphism and melting to be evaluated. Monazite growth in leucosome at 

Stüwe Hill at ~547 Ma is the earliest evidence for metamorphism during the Cambrian event. 

Additional low-Th/U, high-HREE+Y monazite is found in melanosome and selvage domains at 

this location (~540 and ~543 Ma, respectively). The HREE+Y-enriched composition of these 

monazite grains suggests growth may have occurred during a period of garnet breakdown and so 

could have pre-dated or accompanied the early stages of melting. The earliest zircon ages 

associated with this event occur in Cordierite-felsic gneiss (~540 Ma) where rims occur on grains 

included within cordierite. The growth of the these rims, which are moderately HREE-enriched, 

cannot be linked to specific garnet growth or modification events, and therefore potential onset 

of melting in these rocks. However, the preponderance of zircon and monazite ages between 

~540-530 Ma indicates that melt generation and crystallization was occurring in these rocks 

during that time. 

 For example, HREE-poor and Th/U-rich monazite, interpreted to reflect growth from a 

melt, formed as early as ~538 Ma in melanosome domains of Stüwe Hill migmatite, with growth 

of monazite of similar composition in selvage domains and leucosome, and zircon in 

melanosome and selvage, at ~535-532 Ma. These zircon rims are similar in composition to 

garnet rims from low volume leucosome in the rocks, and are interpreted to date the growth or 

modification of garnet in the presence of melt at this time. These data combined with the absence 

of abundant zircon growth in leucosome and leucogranitic dikes, suggests that re-melting in the 

Stüwe Hill migmatites was focused in the melanosome domains. Both Cambrian monazite and 

zircon occur in melanosome and selvage as inclusions in cordierite that overprints garnet, and the 

zircon in these domains is depleted relative to resorbed garnet rims adjacent to cordierite. 

Therefore, these ages provide a maximum constraint on the timing of selvage formation, 

interpreted to have occurred due to interaction with late crystallizing melts at <534 Ma. It is 

interesting to note that high-Th/U monazite growth in these domains does not post-date the 

growth of zircon; instead, monazite growth pre-dates and overlaps with zircon growth. This 

contrasts with other studies (Williams et al., 1996; Buick et al., 1998; Collins et al., 2007; 

Korhonen et al., 2011) and thermodynamic modeling studies of zircon and monazite growth in 

pelitic migmatites (Kelsey et al., 2008; Kelsey and Powell, 2011), where monazite solubility in 

melts typically predict growth later during cooling of the terrane. If low-Th/U monazite in Stüwe 
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Hill migmatite is interpreted to reflect prograde reactions or incipient melting, and that onset of 

melting likely occurred at or near ~540 Ma, this would suggest that most zircon and monazite 

growth occurred as partial melting was ongoing in the terrane. It is likely that growth was 

occurring from small volume melts, and that host-melt interaction allowed local saturation and 

growth of zircon and monazite prior to substantial cooling. 

 In the Seal Cove migmatites, which have different bulk compositions relative to those at 

Stüwe Hill, ~540 Ma zircon rims occur with cordierite and spinel reaction textures in cordierite-

felsic gneiss. The rims are not in equilibrium with any garnet composition, so cannot be linked 

directly to reactions in the rock. However, inclusion relationships indicate that the coronas must 

have developed at <540 Ma. There is little evidence for local melting in biotite-felsic gneiss 

during D2, perhaps due to inappropriate (infertile) bulk compositions. However, garnet-absent 

leucogneiss that is hosted by biotite-felsic gneiss contains Neoproterozoic and Cambrian zircon 

that have similar, enriched HREE signatures. Both populations of zircon grew in similar REE 

environments, which may suggest re-melting of the leucogneiss early in D2 (~535 Ma; Fig. 2.15). 

 Late syn-D2 leucocratic veins, which locally host spectacular radial garnet-quartz 

intergrowths, provide some constraints on the timing of high D2 strain deformation relative to 

melting at Seal Cove. These veins cut S2, but are locally weakly deformed. Zircon and low Th/U 

monazite grains (~535 Ma) occur as inclusions in garnet in these veins, placing approximate 

constraints on the growth of the garnet textures. These observations suggest that D2 deformation 

at this location was waning by this time. However, ~523 Ma zircon rims grew in equilibrium 

with garnet cores in the cordierite-felsic gneiss leucosome, and high Th/U monazite grew during 

the formation of spinel-magnetite reaction textures during the breakdown of garnet in late syn-D2 

leucocratic veins at ~525 Ma. These data are interpreted to provide constraints on the last stages 

of melt crystallization and indicate that melt, either locally produced or injected from elsewhere, 

was present in the terrane until at least ~523 Ma in the Larsemann Hills. Terrane-wide, partial 

melting of the crust was continuing until at least ~500 Ma, indicated by numerous granites in the 

Larsemann Hills and adjacent areas (e.g., Larsemann Hills: Leucogneiss, 517 ± 4 Ma (garnet 

core, 147Sm/144Nd, Hensen and Zhou, 1992); Progress Granite, ~515 Ma, (206Pb/238U zircon 

Carson et al., 1996), Fig. 2.1. Brattstrand Bluffs: Amanda Bay Granite, 527 ± 21 Ma (Zhao, 

unpublished U-Pb data, reported in Zhao et al., 2003); Leucogneiss, 509 ± 5 Ma (whole rock 
147Sm/144Nd) and 488 ± 6 Ma (garnet 147Sm/144Nd), Hensen and Zhou, 1992). 
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Figure 2.15 Zircon, low Th/U monazite, and high Th/U monazite 206Pb/238U crystallization ages 
associated with D2 at Stüwe Hill and Seal Cove. 
 

The abundant evidence that the Larsemann hills rocks re-melted during ~540-525 Ma events 

despite extensive partial melting, and inferred associated depletion of the metapelitic precursors, 

occurring during ≥900 Ma events, is an interesting observation on a high-temperature terrane. 

The ability of a rock to melt at a given P-T will be dependent on its fertility (i.e. water content, 

bulk composition and availability of felsic phases). Water and felsic components are 

incorporated into melt, and therefore a rock that has lost melt will have reduced fertility and will 

need higher temperature conditions to reach the solidus. However, this shift in the position of the 

solidus reduces the impact of melt buffering temperature increases during thermal events and 

enables the crust to get hotter (Stüwe, 1995; Brown and Korhonen, 2009; Clark et al., 2011). 

Melt loss is one way to limit partial melting during a later metamorphism, and higher 

temperature conditions are reached more readily if melting is suppressed (Clark et al., 2011). 

 Indeed, major melting and melt extraction occurred in the Larsemann Hills at ~900 Ma 

may have facilitated higher temperature conditions during D2 events and enabled the solidus to 

be reached for the residual rocks compositions present. 

 Conversely, if melt extraction is not complete some water will be retained in the form of 

cordierite-biotite selvages (Sawyer and Brown, 2008; White and Powell, 2010). At high 



	  
	  

101	  

temperatures, H2O from the melt can diffuse into host melanosome due to the high chemical 

potential gradients established between hydrous melt and anhydrous residuum (White and 

Powell, 2010) locally enhancing the stability of biotite and cordierite at melt-melanosome 

interfaces at the expense of garnet. Similarly, inefficient melt extraction during the later stages of 

the melting event and during cooling could increase the potential for retrogression within 

migmatite. The exact migmatite structure that was in place in Stüwe Hill after D1 is unknown, 

but D2 melting must have been localized in zones of higher fertility, probably where biotite and 

cordierite (in melanosome domains) and feldspar and quartz (leucosome) would have been 

present. Cambrian-aged monazite and zircon (in equilibrium with leucosome garnet rims) are 

commonly found in selvage zones between melanosome and leucosome (Stüwe Hill), indicating 

that melting and accessory mineral crystallization occurred at the interface between melanosome 

and leucosome at this time. Cordierite, which dominates the selvage overprinting the 

melanosome-leucosome boundary, is interpreted to have formed through reaction with 

crystallizing melts <534 Ma. In contrast, biotite-felsic gneiss at Seal Cove has little evidence for 

re-melting during D2. It has a bulk composition that is more similar to semipelite or psammite 

than to pelite; semipelite and psammite are suggested to be about half as fertile as pelite, and 

biotite-dehydration melting occurs at higher temperatures in less pelitic compositions (Greenfield 

et al., 1998; White et. al, 2003; Johnson et al., 2008; Brown and Korhonen, 2009). Biotite-felsic 

gneiss also occurs in high D2 strain zones, and melt extraction may have been more efficient 

there reducing the ability for melts to evolve and crystallize monazite or zircon during melting. 

Generally, melting in the Larsemann Hills during D2 was a localized phenomenon that was 

restricted to zones of appropriate bulk composition and likely occurred at higher temperatures 

than D1 melting. 

 

2.6.7 Implications for REEs in migmatites 

 HREE concentrations in zircon and garnet are dependent on the bulk composition and P-

T conditions of growth (Rubatto, 2002; Hermann and Rubatto, 2003;Whitehouse and Platt, 2003; 

Kelly and Harley, 2005; Rubatto et al., 2006, 2013; Harley and Kelly, 2007). Many texturally 

constrained zircon-garnet pairs from this study have HREE compositions that are inferred to 

reflect equilibrium growth (Fig. 2.14a-c, d, f). However, despite growth in relative proximity in 
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some samples (Figs. 2.3b, d, 2.10c), zircon and garnet HREE compositions can reflect 

disequilibrium on small scales (Fig. 2.14c, e). 

 For example, most of the Cambrian zircon and monazite from Stüwe Hill occurs within 

cordierite selvage and it should follow that spatially related zircon and garnet are also in 

chemical equilibrium. However, selvage is interpreted to be a late-stage overprint (<534 Ma) on 

the fertile melanosome-leucosome boundary. Accessory minerals in these zones can be 

interpreted to have formed prior to selvage formation (i.e. associated with melanosome 

formation) or during selvage formation. Garnet in selvage zones has rim compositions that are 

different depending on whether they are adjacent to leucocratic domains (where garnet rims grew 

in melt but did not later react to form cordierite) or adjacent to cordierite grains that form the 

majority of the selvage (where HREE-enriched garnet rims formed through resorption and/or 

recrystallization). Zircon now included in cordierite did not form in REE equilibrium with garnet 

rims that were modified in the process of selvage formation. Instead, they are in equilibrium with 

garnet rims that grew during melting prior to selvage development but preserved their REE 

signatures and did not re-equilibrate (Fig. 2.14c). Similarly, garnet from cordierite-felsic gneiss 

is not in equilibrium with any local zircon population (Fig. 2.14e), despite some grains being 

inclusions in garnet, or occur within cordierite coronas around garnet (Fig. 2.10c). It is clear here 

that equilibrium versus disequilibrium may reflect local distribution and availability of melt, or 

zircon growth before, after, or as the result of garnet breakdown, and is consistent with previous 

studies (Harley and Kelly, 2007; Rubatto et al., 2013). 

 A common interpretation of zircon HREE patterns is that steep chondrite-normalized 

HREE patterns reflect zircon growth in the absence of a HREE competitor (e.g., garnet; Hinton 

and Upton, 1991; Schaltegger et al., 1999; Rubatto, 2002; Hoskin and Schaltegger, 2003; 

Lancaster et al., 2009) or where that mineral is breaking down (Rubatto, 2013). In contrast, flat, 

more depleted HREE compositions suggest zircon growth in the presence of a HREE competitor 

(Donaldson et al., 2013; Kylander et al., 2013). However, mineral trace element compositions 

indicate both partitioning and the composition of the growth reservoir. For example, garnet 

grown from REE-enriched reservoirs may have steeply sloping, HREE-enriched patterns 

(Hickmott et al., 1987; Sisson and Bacon, 1992; Draper and van Westrenen, 2007; van 

Westrenen and Draper, 2007; Corgne et al., 2012). Similar results are observed in this study 

where steep zircon HREE-enriched zircon compositions are interpreted to be in equilibrium with 
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HREE-enriched garnet compositions (Fig. 2.5d, e) and result is DREE
(zrc/grt) ≈ 1 (Fig. 2.14a). This 

suggests that absolute zircon and garnet HREE concentrations reflect local environment of 

growth, such as access to melts and the bulk composition of different equilibration volumes (e.g., 

Hanchar and van Westrenen, 2007). However, the equilibrium criterion of DREE
(zrc/grt) ≈ 1 is 

retained. Therefore, zircon composition should not be used in isolation of other HREE 

competitor minerals in the interpretation of growth histories relative to mineral reactions and P-T 

paths. A fully integrated textural-geochemical approach is required to more robustly determine 

the nature of mineral growth and the interpretation of potential equilibrium and disequilibrium 

textures. In complex polymetamorphic terranes such the Larsemann Hills it is the consideration 

of both zircon and garnet together that will give the most robust understanding of their growth 

histories. 

 

2.7 Conclusions 

 Detailed in situ textural and mineral chemical characterization of migmatitic Broknes 

paragneiss from Broknes and Mirror Peninsulas, Larsemann Hills, has provided insight into the 

complex tectonothermal history of this part of Prydz Bay, east Antarctica, and also into the 

behavior of migmatitic rocks during polycyclic metamorphism. Metasedimentary rocks in the 

Larsemann Hills were initially metamorphosed during an early event (≥900 Ma, D1) and then 

reworked during a second event, D2, in which strain was heterogeneously partitioned. The rocks 

that were the focus of this study were taken from two areas with contrasting effects of D2 strain: 

Stüwe Hill (low D2 strain) and Seal Cove (high D2 strain). Petrologically constrained analysis of 

zircon, monazite and garnet using integrated EMP, LA-ICP-MS and SIMS techniques has 

allowed the complex evolution to be unraveled and the relative extents of melting in each event 

to be constrained. The work has also provided insight into the utility of trace element analysis in 

the interpretation of complex age relationships. Major conclusions of the study are summarized 

below. 

• On the basis of field and petrographic evidence, substantial melting in the Larsemann 

Hills is interpreted to have occurred during D1 and the terrane was later reworked and 

locally re-melted during D2. Ages of ≥900 Ma are in general less well-preserved due the 

local intensity of reworking during D2. However, microtexturally constrained U-Pb and 

REE data show that zircon and monazite grew with garnet in melanosome and leucosome 
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at ~900 Ma at Stüwe Hill. At Seal Cove, zircon grew with garnet in biotite felsic gneiss 

leucosome and without garnet in leucogneiss dikes at ~900 Ma. These data confirm the 

field interpretation and suggest the preserved migmatitic structure, at least at Stüwe Hill, 

predominantly formed at this time. 

• More precise age data for zircon and monazite formed during D2 events (~543-523 Ma) 

has allowed the timing and duration of melting to be determined. Low Th/U, high 

HREE+Y monazite are interpreted to date growth on the high-temperature portion of the 

prograde path and possibly the onset of melting (~543-540 Ma). However, zircon that 

grew in equilibrium with garnet in low volume leucosome and monazite with high-Th/U 

and low HREE+Y compositions are interpreted to date crystallization during peak 

melting and as melt crystallized, but prior to substantial cooling of the terrane (~538-532 

Ma). The trace element composition of zircon that is included in cordierite-rich selvage is 

interpreted to have formed earlier than HREE-enriched garnet rims developed during 

selvage formation. This age (~534 Ma) provides a maximum age limit of melt 

crystallization and selvage formation. High-Th/U and HREE-depleted monazite grains at 

Seal Cove provide a lower age estimate for late crystallization of melts during cooling of 

the terrane at ~525-523 Ma. However, late granites that intrude the Larsemann Hills (e.g., 

Progress Granite) suggest that melts were still being extracted from deeper crustal levels 

until as late as ~496 Ma. 

• Despite extensive partial melting of the Larsemann Hills during D1, field, textural and 

mineral geochemical evidence indicate that minor localized, and in places more 

extensive, partial melting also occurred during D2 between ~547-525 M. Re-melting of a 

terrane can be difficult to reconcile, due to reduced fertility in the host rocks. However, 

localization of new zircon and monazite growth in specific microtextural locations has 

demonstrated that re-melting is possible in specific zones of preserved higher fertility 

(e.g., selvages that may have formed during the D1 event) and the higher temperatures 

enabled by overall decreased fertility in the rocks will further facilitate this effect. 

• This study has shown that zircon will be very sensitive to local scale textural and 

geochemical variations in the growth environment. In the Larsemann Hills rocks, zircon 

and monazite growth could be linked to specific garnet generations by comparing REE 

and Y compositions, allowing robust correlations to be made between ages and mineral 
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reaction processes. The work also demonstrated the important local scale controls on 

disequilibrium, even at very small scales. Outcomes show that despite textural proximity, 

zircon may not ‘equilibrate’ with mineral assemblages formed during subsequent 

reactions, but preserve its original growth environment. Further, results emphasize that 

zircon composition in the presence of garnet, or other competitor phases, will depend on 

partitioning and environment of growth and as such zircon compositions should not be 

interpreted in isolation. Instead, it is important to evaluate in situ textures and HREE 

compositions of zircon and garnet together.  
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CHAPTER 3 

INTRODUCTION TO THERMODYNAMIC  

MODELING OF PARTIAL MELTING 

 

 The second part of this dissertation focuses on the effect of growth versus dissolution of 

accessory minerals on trace element budgets in melts produced by anatexis of metasedimentary 

rocks, and the impact of extraction behavior on the compositions of S-type granites. The work 

has applied thermodynamic (phase equilibria) modeling techniques to quantitatively assess 

interactions between minerals and melt at conditions equivalent to partial melting in the middle 

to lower crust. Using melt compositions generated from phase equilibria models, the software 

package THERMOCALC was used to evaluate the link between behavior at the inferred melt 

source in granulite facies migmatites, interactions with host rocks during extraction and melt 

ascent, and the ultimate accessory mineral abundances in S-type granites in the upper crust. This 

following chapter provides a comprehensive introduction to the advantages and limitations of 

THERMOCALC, and introduces details specific to the model conditions used in Chapters 4 and 

5. 

 

3.1 Thermodynamic modeling 

 THERMOCALC is a phase equilibria modeling program (Powell and Holland, 1988) that 

uses an internally consistent thermodynamic dataset (Holland and Powell, 1998) for the forward 

modeling calculation of phase diagrams. Equilibrium thermodynamics can be used to calculate 

phase diagrams in two ways. One is based on the minimization of Gibbs energy, which is used to 

establish the most likely stable assemblage at a given P-T conditions for a specific bulk 

composition (e.g. Perplex; Connolly, 1990, 2005). The other is a derivative equivalent based on 

the solution of sets of non-linear equations (e.g. THERMOCALC). The main non-linear 

equations involved are the relationships for balanced chemical reactions between the end-

members of phases that are in chemical equilibrium: 

     0 = ΔG° +RT lnK      (1) 
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where ΔG° is the Gibbs energy of the reaction between the pure end-members, K is the 

equilibrium constant in terms of the activities of the end-members in their phases, T is 

temperature, and R is the gas constant. 

 Enthalpies of formation of the end-members of phases are determined by using weighted 

least squares on calorimetric data, phase equilibria, and natural (empirical) mineral partitioning 

data (Holland and Powell, 1998). Properties like entropies, volumes, heat capacities, thermal 

expansions and compressibilities are taken as known and are not derived by the regression. The 

thermodynamic properties of end-members are derived from equilibria involving pure end 

members where possible, but also from equilibria in which end-members occur as part of a solid 

solution (Holland and Powell, 1998). The end-member compositions that depend on solution 

models either require simple mixing models or are derived through cation exchange equilibria 

with other phases. 

 For modeling in THERMOCALC, each mineral that exhibits solid solution in a given 

chemical system must have an activity-composition (a–x) model that describes the distribution 

behavior of elements on sites and the interaction energies involved (Powell and Holland, 1993, 

1999; Holland and Powell, 1996a, b, 2003, 2006). The a–x relationships of the phases of interest 

are required in calculating the equilibrium constant, K, in (1) and are all macroscopic models 

with the interactions being written between end-members rather than between crystallographic 

sites (Holland and Powell, 1998). The models used are related to the distribution of an element 

on different sites and are related to the ideal/non-ideal nature of mixing between end-members. 

 

3.2 Phase diagram calculation with THERMOCALC 

 Standard phase diagrams or petrogenetic grids (e.g. the model systems KFASH, 

KMASH, or KFMASH: K2O-FeO-MgO-Al2O3-SiO2-H2O, Spear and Cheney, 1989; Fig. 3.1) 

can provide a simplified framework for all potential reactions in this compositional space 

between a specific array of phases in P-T space. However, their practical application is limited, 

because the petrogenetic grid shows all the reactions that will occur in a model system (e.g., 

KFMASH) regardless of whether a given bulk composition will “see” that reaction or not. In 

contrast, pseudosections (P-T, T-X / P-X, where X = any variable) are a type of phase diagram 

that predict the stability fields of different equilibrium mineral assemblages for a specific bulk-

rock composition (Fig. 3.2). These calculated diagrams are particularly useful in rock   
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Figure 3.1 Petrogenetic grid for the KFASH (light solid lines) and KMASH (dashed lines) 
systems, after Spear and Cheney (1989). 
 

compositions that commonly have high variance (low number of phases relative to the number of 

components being modeled) as they are sensitive to and track the appearance and disappearance 

of individual phases across stability field boundaries. In addition, the data generated in the 

calculation of the diagrams allows them to be contoured for phase abundance or composition. 
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Figure 3.2 P-T pseudosection for the system NCKFMASHTZr. Bulk composition (mol. % 
oxides) is listed above the grid. See text for details. 
 

 Pseudosections are constructed by calculating the position (e.g., in P-T space) of 

individual stability field boundaries in THERMOCALC. In practice, boundaries in 

pseudosections are calculated by searching for the positions in P-T space where the mode of one 

phase in the lower variance equilibrium assemblage is zero; points (intersections of stability 

phase fields) indicate where the modes of two phases are zero. Although the software may 

calculate the location of the boundaries, it does not predict where fields intersect and therefore 

Schreinemaker's analysis must be done manually. The stability field boundaries are then built up 
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one by one, and manually combined using the complimentary program, DRAWPD, which 

creates a graphical output (i.e. P-T diagram, Fig. 3.2). Fields on a pseudosection may then be 

labeled with the equilibrium mineral assemblage that is stable within that field, and lines may be 

labeled with the phase that goes to zero (e.g. the orthopyroxene-out line may be labeled (Opx)) . 

 

3.3 Quantitative features of THERMOCALC 

 THERMOCALC has several useful scripts to enhance the utility of P-T and T-X 

pseudosections. Mineral and melt thermodynamic models (e.g. Holland and Powell, 2001; White 

et al., 2007) allow pseudosections to be contoured for parameters such as modal abundances of 

minerals and the percentage and composition of melt produced for specific rock compositions 

(e.g. White and Powell, 2002; White et al., 2005). Composition isopleths are calculated for 

finished P-T or T-X pseudosections using the scripts setmodeiso and zeromodeiso in the 

THERMOCALC script file and are added to the pseudosections with DRAWPD. For example, 

the dashed line on Figure 3.2 is an isopleth for 20 mol. % liquid, and its slope demonstrates the 

P-T conditions where 20 mol. % liquid is present in the modeled system. 

 Quantitative information about the mode and composition of phases in the system at any 

P-T-X of interest can be generated with the read bulk info (rbi) script. THERMOCALC will print 

an output file (Table 3.1) that includes P-T conditions, mode % of the phases, and the oxide 

components of each phase. This information can be used to calculate melt compositions, mineral 

compositions, and can be used to investigate the loss of melt from a system. 

 

3.4 Modeling melts 

Modeling assemblage stability fields is not new, but the development of an internally 

consistent dataset (Holland and Powell, 1989) for use in THERMOCALC enables the calculation 

of larger quantitative phase diagrams to be done relatively quickly and with more accuracy. 

However, modeling rocks in the presence of melt was problematic until Holland and Powell 

(2001) developed a thermodynamic model for the silica-saturated portion of the haplogranitic 

system, CaO-Na2O-K2O-Al2O3-SiO2-H2O (CNKASH), by incorporating experimentally 

determined melting relationships in unary and binary subsystems of CNKASH into the Holland 

and Powell (1998) dataset. Dry and water-saturated melting curves for the individual minerals in  
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Table 3.1 Output file generated by the readbulkinfo script in THERMOCALC 

 
 

CNKASH, albite (NaAlSi3O8), K-feldspar (KAlSi3O8), anorthite (CaAl2Si2O8), quartz (SiO2), 

sillimanite (Al2SiO5) and water (H2O), as well as other binary subsystems were incorporated. 

The Holland and Powell (2001) melt model applies not only to haplogranitic melts but also to 

melts in the broader CNKASH system. However, the model does not apply to melts directly 

derived through melting of mafic protoliths. The predictive capabilities of the haplogranitic melt 

model were validated by comparison with experimental results in larger CNKASH subsystems. 

The melt model involves the macroscopic mixing of a set of liquid end-members 

formulated on an eight-oxygen basis and assuming that non-ideality is accounted for by 

symmetrical interactions (Holland and Powell, 2001, based on Burnham, 1975 and Nicholls, 

1980). CNKASH melt model has limitations, and several assumptions are made. 

liq bi g opx ksp pl ilm q z
mode 0.17 0.060 0.111 0.024 0.044 0.311 0.013 0.268 0.00034

% --------------------------------------------------------
% P = 7.0 kbar, T = 864 C liq, bi, g, opx, ksp, pl, ilm, q, z
% --------------------------------------------------------

% ==================================================================
% liq bi g opx ksp pl ilm q z
rbi 0.17 0.060 0.111 0.024 0.044 0.311 0.013 0.268 0.00034

% H2O SiO2 Al2O3 CaO MgO FeO K2O Na2O TiO2 O ZrO2

rbi 0.387 1.976 0.227 0.020 0.019 0.049 0.104 0.081 0 0 0.00046 % liq
rbi 0.807 2.736 0.764 0 1.587 0.956 0.500 0 0.193 0 0 % bi
rbi 0 3.000 1.000 0.084 0.992 1.924 0 0 0 0 0.00018 % g
rbi 0 1.859 0.141 0 0.943 0.916 0 0 0 0 0 % opx
rbi 0 2.976 0.512 0.024 0 0 0.346 0.142 0 0 0 % ksp
rbi 0 2.634 0.683 0.366 0 0 0.030 0.287 0 0 0 % pl
rbi 0 0 0 0 0 1.169 0 0 0.831 0.169 0 % ilm
rbi 0 1.000 0 0 0 0 0 0 0 0 0 % q
rbi 0 1.000 0 0 0 0 0 0 0 0 1.000 % z
% ==================================================================

liq = siiicate liquid/melt
bi = biotite
g = garnet
opx = orthopyroxene
ksp = K-feldspar
pl = plagiocalse
ilm = ilmenite
q = quartz
z = zircon
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(1) End-members used in the melt model are simple mineral-like units such as albite, K-

feldspar, anorthite, quartz, and sillimanite rather than oxide and multi-oxide units on a 

variable oxygen basis. 

(2) Partial molar volumes of H2O in the melt are modeled using experimental data (Ochs and 

Lange, 1997) and volumetric properties use the Murnaghan equation of state.  

(3) The melt model neglects the speciation of water and dissolved silicate in aqueous fluid. 

Structural changes in melts with pressure and temperature are not considered (e.g. viscosity 

changes). 

(4) It is assumed that the fluid coexisting with the melt phase is pure H2O, given that the 

silicate content of such fluids remains very small except close to the critical point for albite 

or quartz (Kennedy et al., 1962; Shen and Keppler, 1997). 

 

The melt model was calibrated with experimental data for heat capacity, volume, thermal 

expansion, compressibility, entropy and enthalpy for each end-member in the melt. Melt end-

member (Holland and Powell, 1998) heat capacitates are based on Stebbins et al., (1984) and the 

volumes, thermal expansions and compressibilities are derived from Ochs and Lang (1997) using 

the Murnaghan equation of state. Optimum enthalpy of formation, entropy and bulk modulus of 

each end-member were fit to melting experiments by non-linear regression to give best 

agreement to calculated melting curves and experimental brackets. The thermodynamic 

properties of the H2O-in melt end-member were derived from the solubility data for H2O in 

albitic melts (Goranson, 1931, 1932; Burnham and Jahns, 1962; Clark, 1966; Behrens, 1995) and 

melting experiments (Goldsmith and Jenkins, 1985). 

The CNKASH melt model was extended to NCKFMASH with the addition of FeO and 

MgO (White et al., 2001), allowing the calculation of mineral-melt equilibria in NCKFMASH. 

As a result, many more metasedimentary bulk compositions can be evaluated in the melt model, 

including rocks containing garnet and biotite. 

New experimental and analytical data has improved a–x models that interface with the 

melt model and incorporated into the internally consistent thermodynamic dataset. For example, 

TiO2 has been incorporated into NCKFMASH (White et al., 2007) through improved biotite a–x 

relationships that include the role of Ti in high-grade metamorphic mineral assemblages and the 

partial melting processes by which such assemblages are achieved. However, a Ti-in-melt a–x 
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model does not yet exist. Although experiments for titanium saturation in silicate melt have been 

done (Hayden and Watson, 2007), sufficient detail is not available for them to be used to 

constrain a–x models (White et al., 2007). Therefore, NCKFMASHTO is not necessarily an ideal 

system for calculating melt compositions like the ones addressed in Chapters 4 and 5. 

 

3.4.1 Modeling zirconium in melts 

Zirconium has recently been incorporated into the THERMOCALC dataset (Kelsey et al., 

2008; Kelsey and Powell, 2011). Zircon saturation models based on Watson and Harrison (1983) 

were used to calibrate a Zr-bearing a–x model for haplogranitic silicate melt, building on the Zr-

free melt model described above (Holland and Powell, 2001; White et al., 2001, 2007). The 

pseudosection calculations and Zr calibrations were completed in the model chemical system 

NCKFMASHZr. Zr was added as the melted equivalent of zircon, ZrSiO4. More detail is 

provided in Chapter 4. 

Zr occurs at the ppm level in most garnets (X3Y2Z3O12) and it is assumed that Zr 

substitutes for Si in the Z site. An a–x model was developed for Zr-bearing garnet (Kelsey and 

Powell, 2011) and added to the internally consistent dataset. Rutile also incorporates Zr into its 

structure (e.g. Zack et al., 2004; Watson et al., 2006; Ferry and Watson, 2007) and Zr can 

substitute for Ti in the A site in rutile (TiO2). Tomkins et al. (2007) developed an a–x model for 

Zr-in-rutile for the dataset. The calibration on these a–x models is limited by (1) uncertainty on 

a–x models, mostly due to limited experimental data (a bigger issue for garnet than rutile); (2) 

the absence of a–x models for other important Zr-bearing minerals, such as ilmenite (e.g. 

Nakamura et al., 1986; Bingen et al., 2001; Bea et al., 2006; Charlier et al., 2007; Morisset and 

Scoates, 2008; Nehring et al., 2010); and (3) the absence of a–x models for Ti-in-melt. 

 

3.5 Application of THERMOCALC to this study 

 THERMOCALC has been successfully used to model partial melting of pelitic (e.g. 

White et al., 2001, 2007) and greywacke (Johnson et al., 2008) composition rocks, primarily to 

constraint the P-T conditions of partial melting in high-temperature metamorphic rocks, but also 

to understand the role of melting and melt extraction on the preservation of high-temperature 

mineral assemblages during cooling of terranes. In this study, these application have been 

extended to where phase equilibria modeling is employed to investigate the behavior of zircon in 
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anatectic melts as the melts are generated and extracted from migmatites and transported to 

higher crustal levels. Two bulk compositions are modeled: greywacke from the Middle 

Proterozoic (1.8-1.6 Ga) global average of volcanogenic sedimentary rocks that occur in varying 

proportions in arc successions (Condie, 1993), and pelite from Post-Archean average Australian 

Shales (PAAS, Nance and Taylor, 1976), which is an average of 23 Australian shale bulk 

compositions. The melts are modeled using P-T pseudosections at regional metamorphic 

anatectic conditions (greywacke: 7 kbar, 864 °C, pelite: 7 kbar, 849 °C). The melt phase is then 

isolated and evaluated independently of the rest of the system using several T-XH2O 

pseudosections (each at constant P). Initially the melt-zircon behavior is evaluated in the context 

of melt ponding “in source” as leucosome in the migmatite. Following this, two possible 

extraction paths for the melt are considered: (1) extraction from 7 kbar and with melt evolution at 

3 kbar, which simulates nearly instantaneous melt extraction from source to pluton emplacement, 

and (2) extraction from 7 kbar with partial melt evolution at 5.5 kbar, followed by further 

extraction to 3 kbar to simulate stalling or ponding of the melt in the middle crust before further 

melt extraction to pluton emplacement in the upper crust. 

The calculations in this study were performed using THERMOCALC v3.33 (Powell and 

Holland, 1988; Powell et al., 1998) using the internally consistent thermodynamic data set file, 

tc-ds55.txt (Holland and Powell, 1998). The system chosen for the P-T modeling is Na2O–CaO–

K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–ZrO2, NCKFMASHTZ, and the T-X modeling of melt 

phases is in NCKFMASHZ because Ti is not incorporated in the melt a–x model. The phases 

considered were: Bt – biotite; Crd – cordierite; Grt – garnet; H2O – aqueous fluid; Ilm – ilmenite; 

Kfs – K-feldspar; Ky – kyanite; Liq – silicate liquid/melt; Ms – muscovite; Opx – 

orthopyroxene; Pl – plagioclase; Qtz – quartz; Rt – rutile; Sil –sillimanite; Zrn – zircon. The a–x 

models for the phases considered are biotite, garnet, and melt (White et al., 2007); orthopyroxene 

(White and Powell, 2002); cordierite, K-feldspar and plagioclase (Holland and Powell, 2003) 

white mica (Coggon and Holland, 2002); ilmenite-hematite (White et al., 2000); and zircon 

(Kelsey and Powell, 2011). Phases modeled as pure end-members include: quartz, rutile, aqueous 

fluid (H2O), kyanite, and sillimanite. P-T pseudosections were calculated with H2O sufficient to 

minimize free H2O at the solidus, which is consistent with fluid-absent conditions above the 

solidus (White and Powell 2002; White et al., 2005). 
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The compositions of melts extracted from P-T pseudosection calculations were then used 

to evaluate crystallization behavior independent of the rest of the system (i.e., solid residue) 

using several T-XH2O pseudosections (each at constant P). The T-XH2O pseudosections are 

contoured with isopleths of constant mol. % zircon and melt. As a result, inferences about the 

behavior of zircon in anatectic melt – and trace elements hosted by zircon – can be made based 

on these modeled pseudosections. 
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CHAPTER 4 

PRESSURE, TEMPERATURE, AND XH2O CONTROLS ON GROWTH 

 OF ZIRCON IN S-TYPE GRANITIC MELTS 

 

A paper to be submitted to Geology 

 

Jessica A. Matthews1,21and Nigel M. Kelly1 

 

4.1 Abstract 

Partial melting of the lower crust is the first stage in crustal differentiation, and the 

composition of the melts generated during this process significantly impacts the composition of 

the upper crust. Accessory minerals like zircon contain high abundances of trace elements (e.g., 

Zr, REE, Th, U), and their behavior in migmatites will control, or at the very least impact, the 

transport of these key components to the upper crust. In this study, thermodynamic modeling of 

melts expected to be generated in metasedimentary migmatites has targeted the behavior of 

zircon following immediate extraction from the migmatite residue and subsequently during melt 

transport to upper crustal conditions. Modeling has shown that the bulk of the zirconium budget 

–and therefore the zircon budget – remains in the ‘residual’ lower crust after melting and melt 

extraction. Modeling also shows that under typical granulite facies conditions zircon will always 

be saturated in the melt. Therefore, zircon has the capacity to grow at the site of melting at high 

temperatures and without cooling, which is consistent with observations from natural 

migmatites. Zircon saturation in the melt also indicates that growth can occur at any time in the 

melt, and may not necessarily indicate growth during cooling of the terrane below the solidus. 

The results of the modeling have implications for the use of trace elements as petrogenetic 

indicators in upper crustal granites, and our understanding of the distribution of heat producing 

elements in the continental crust. 
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4.2 Introduction 

Partial melting of the lower crust, extraction of melts and subsequent emplacement at 

higher structural levels is an important crustal differentiation mechanism (Brown, 2007, and 

references therein). A model proposed for high temperature metamorphism is one that involves 

recycling of the deep crust where the upper crust becomes enriched in trace elements (e.g., rare 

earth elements) and heat producing elements (HPE: e.g., U and Th) leaving a refractory, 

anhydrous lower crust. However, this model does not fit common observations of chemical and 

mineralogical compositions (Clemens, 1990; Vielzeuf et al., 1990), and although extensive 

melting and melt extraction can be demonstrated to have occurred in many high-grade terranes 

(Fig. 4.1a), it has not necessarily led to a corresponding large-scale chemical depletion in trace 

elements and/or HPE. For example, it is common to find granulite facies migmatites that have 

high abundances of trace element-bearing accessory minerals (e.g., zircon, monazite) in the 

mineral residues after melting (Fig. 4.1b) or in the boundaries of leucosome that are the former 

avenues of melt extraction (Fig. 4.1c). This has important implications because the distribution 

of HPE within the crust is considered a first order control on the thermal evolution of continental 

crust through time (e.g., Chamberlain and Sonder, 1990; Sandiford and McLaren, 2002; Furlong 

and Chapman, 2013). 

A central control on the trace element character of deep crustal melts and the residues 

produced is the physiochemical behavior of trace element-bearing accessory minerals, which 

participate in partial melting reactions and are exposed to the melts generated (Zeng et al., 2005; 

Bea et al., 2007). Accessory minerals such as zircon, monazite and apatite contain high 

abundances of trace elements as essential structural constituents, commonly up to 90% of a 

rock’s trace element budget of Zr, Y, Hf, P, REEs, U and Th (Gromet and Silver, 1983; Reid, 

1990; Hinton and Paterson, 1994; Bea, 1996; Vervoort et al., 1996; Hoskin et al., 2000). 

Therefore, dissolution versus growth at the site of melting, and the potential for growth from 

melt during extraction and transport, has important implications for the composition of melts 

reaching the upper crust. This has further significant consequences given the widespread use of 

trace element compositions of magmatic rocks as indicators of petrogenesis (e.g., Zr and LREE; 

e.g., Miller et al., 2003). While advances have been made in our understanding of solid-solid 

reactions that involve or impact the growth or breakdown of certain dateable accessory minerals 

(Fraser et al., 1997; Pan, 1997; Spear and Pyle, 2002; Pyle and Spear, 2003; Kohn and Mallow,   
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Figure 4.1 Images that give textural context for accessory migmatites and accessory mineral 
growth in migmatites. (a) Cordierite-felsic gneiss from the Larsemann Hills, east Antarctica. 
Melt was localized and transited through areas indicated by leucosome. Cordierite and garnet 
porphyroblasts occur in the leucosome, and are inferred to be either peritectic phases that grew as 
a result of incongruent melting, or phases that grew from transiting melt. (b) Automated 
mineralogy image of garnet-breakdown texture in melanosome to highlight the abundance of 
accessory minerals in migmatite residuum. Garnet (pink, now xenoblastic) is inferred to have 
reacted with melt to form cordierite (purple) + spinel + ilmenite (gray) + sillimanite (yellow) 
coronas. Monazite (blue) and apatite (red) occur as inclusions in cordierite coronas and may have 
been included in former garnet rims or may be a product of the inferred garnet + melt reaction. 
(c) BSE image of zircon grains in the interface between leucosome (quartz) and melanosome 
(plagioclase + garnet). Zircon is inferred to have grown during melt-wall-rock interaction. 

 

2004; Hetherington and Harlov, 2008; Janots et al., 2008; Kelly et al., 2012), dissolution versus 

growth behavior in partials melts, either in migmatites or during extraction and transport is still 

poorly constrained. Experimental evidence (e.g., zircon: Harrison and Watson, 1983; Watson and 

Harrison, 1983; Rubatto and Hermann, 2007; monazite: Rapp and Watson, 1986; Montel, 1993; 
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Stepanov et al., 2012) suggests that accessory mineral solubility is largely a function of 

temperature and melt composition (Si, Aluminum Saturation Index, H2O), but rate/time 

dependent factors such as melt production and extraction, mineral-melt reaction, as well as 

overall mineral stability, reaction relations with other phases, and textural setting (Watt and 

Harley, 1993; Bingen et al., 1996), will also influence the dissolution versus growth of these 

minerals. 

Considering that most, if not all granulite-facies rocks will be melt-present for some or all 

of their evolution (White et al., 2001, 2007), uncertainties in our understanding of controls on the 

location (texturally), timing and duration (P-T and temporally) of episodes of accessory mineral 

dissolution versus growth in the presence of melts have important implications for interpretation 

of age data and therefore tectonic models for crustal evolution. Initial attempts at modeling 

dissolution of zircon and monazite during prograde melting and along retrograde cooling paths 

(Kelsey et al., 2008) involved manually integrating melt compositional data output from the 

modeling software THERMOCALC with fundamental experimental constraints on mineral 

solubility (zircon: Watson and Harrison; 1983; monazite: Rapp and Watson, 1986), but did not 

consider components bound up in other phases (e.g., Zr in garnet, rutile). New thermodynamic 

models for zirconium in metamorphic minerals allowed Kelsey and Powell (2011) for the first 

time to directly constrain the behavior of zircon during prograde metamorphism and melting for 

specific bulk rock compositions. However, these models largely assumed melt produced along 

the prograde metamorphic path once above the solidus was retained by the system and then 

crystallized in situ on cooling, or used a simple one-stage melt extraction event. In these models, 

growth was only considered within the residual portions of the rock and growth was interpreted 

to be driven by cooling alone. 

What is absent from recent research that addresses accessory mineral behavior, is an 

evaluation of how a segregated or extracted melt evolves within a leucosome during and after 

extraction, and how wall-rock interaction during melt transport, ponding and fractional 

crystallization impact the potential for growth of accessory minerals.  

 

4.3 Partial melting and the role of water in mineral crystallization 

The water content of melts produced during anatexis is dependent upon pressure, 

temperature and the amount of hydrous mineral that is being consumed in the melting reaction. 
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Water liberated though the breakdown of hydrous minerals will be partitioned into the melt 

phase, which during biotite-dehydration melting leads to a water-undersaturated melt (Le Breton 

and Thompson, 1988). With increasing temperature, melt-water content is predicted to decrease 

(Vielzeuf and Holloway, 1988; Holtz and Johannes, 1994; Spear et al., 1999). However, when 

this melt is initially produced as low volumes along grain boundaries, it is expected to remain in 

equilibrium with the solid host rock when at constant pressure and temperature. In other words, 

no chemical potential gradients will exist between the melt and solid phases. Changes in 

chemical potential between the host rock and leucosome will only be expected if P-T conditions 

change. This latter phenomena was demonstrated in a modeling study by White and Powell 

(2010) where diffusion of water from melts into wall rocks was enhanced during cooling, in 

particular after biotite stabilized in residues. This process was shown to promote the 

crystallization of anhydrous products in the melt. 

While this process explains the formation of anhydrous leucosome, observations of 

migmatites showing that zircon may have grown in residues and at leucosome-residue 

boundaries close to peak conditions and prior to substantial cooling (Chapter 2, Fig. 4.1) 

suggests that similar processes acting near the site of melting during melt production and 

extraction may promote accessory mineral growth. At high temperatures we would expect melt-

solid equilibrium to be maintained at the site of melting and such a condition would continue 

during increased temperatures. However, extraction of small volumes of melt along grain 

boundaries or small veins, and into contact with rocks of different compositions (e.g., rocks that 

have lost more melt and therefore are less hydrous) may lead to chemical potential gradients 

within the migmatite. It is therefore possible that observed accumulations of accessory minerals 

in residuum and along wall-rock / leucosome interfaces results from growth during melt 

transport (and not necessarily cooling) and is in part driven by water loss along a chemical 

potential gradient that would exist in the migmatite. 

This paper presents the results of phase equilibria modeling of zircon crystallization 

behavior in a partial melt that may be generated and isolated from migmatites of greywacke and 

pelitic bulk compositions, and have evolved along cooling and dewatering paths. Although the 

scenario modeled is not expected to occur in all rocks, it acts as one scenario that may explain 

observations from natural migmatite studies. The modeling demonstrates that decreasing melt 

XH2O can drive crystallization of zircon. Further, the modeling allows a simplified evaluation of 
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the effect on S-type granite compositions of melt ponding along the path of extraction and 

transport to the upper continental crust. 

 

4.4 Methods – Generating S-type granitic melt 

The calculations in this study were performed using THERMOCALC v3.33 (Powell et 

al., 1988) using the internally consistent thermodynamic data set file, tc-ds55.txt (Holland and 

Powell, 1998). The model system chosen for construction of P-T pseudosections and generation 

of appropriate melt compositions was Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–

Fe2O3–ZrO2 (NCKFMASHTOZr), which was simplified for further modeling in T-XH2O 

pseudosections to the system Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–ZrO2 

(NCKFMASHZr). This simplification is justified, firstly because Fe3+ content in the melt will be 

low, and does not affect the saturation of zircon in the melt and so the modeled growth of zircon. 

Secondly, the thermodynamic model for haplogranitic melt used does not incorporate TiO2 and 

therefore does not impact the phase equilibria being modeled in this study (White et al., 2007; 

Kelsey and Powell, 2011). The omission of TiO2 from the model system affects stability fields 

involving biotite, which is stabilized to higher temperatures, and therefore will influence the P-T 

conditions at which reactions involving melt production will occur. However, this is considered 

of minor importance for the models here because melt was extracted for modeling after a 

particular volume of melt was produced and not at a specific P-T condition. 

The mineral activity-composition (a-x) models used for the calculations in this study are 

those used in Kelsey and Powell (2011), which built on the a-x models used by White et al. 

(2007) for modeling metamorphism and melting in the expanded system NCKFMASHTO. A full 

treatment of these mineral models, in particular the incorporation of Ti in biotite, is presented in 

that contribution. The modeling of melt and melt-present equilibria in this current study and 

those presented in White and Powell (2002), White et al. (2007) and Kelsey and Powell (2011) 

are based on the haplogranitic melt model of Holland and Powell (2001) with minor changes 

made by White et al. (2001, 2007) to better approximate experimentally determined melt 

compositions. The a-x model presented by Kelsey and Powell (2011) describing the behavior of 

zircon above the solidus (sub-solidus growth or breakdown of zircon is not considered in the 

calculations – it is only considered as stable as part of all assemblages up to the solidus) is 

largely based on the zircon saturation models of Watson and Harrison (1983) modified for 
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observations from empirical studies. These experimentally derived models are based on the 

relationship between zircon solubility, temperature and melt composition (specifically the 

compositional parameter, M = Na + K + 2Ca / Al x Si). 

Kelsey and Powell (2011) considered the Watson and Harrison (1983) experiments to be 

the most applicable for melting of metasedimentary rocks, because the starting compositions of 

the experiments were equivalent to metapelites in the NCKMASHTZ system, and experiments 

were conducted over pressure conditions equivalent to those experienced by mid- to deep-crustal 

migmatites. This compares to experiments conducted by Rubatto and Hermann (2007) at ~20 

kbars, outside the range expected for typical granulites and at pressures where robust modeling 

of H2O behavior in a haplogranitic melt becomes more complex and less well understood. 

However, in contrast to use of the “M” or modified parameter “FM” (FM = Na + K + [2Ca + Fe 

+ Mg] / Al x Si; Ryerson and Watson, 1987; Baker et al., 2002; Kelsey et al., 2008), the Kelsey 

and Powell (2011) model adds Zr to melt as the melted equivalent of zircon (ZrSiO4), and 

activity coefficients for Zr were adjusted until modeled results could reproduce values produced 

in the Watson and Harrison (1983) experiments. 

Kelsey and Powell (2011) also presented models for the incorporation of Zr in garnet and 

rutile (for full details on these thermodynamic models see that contribution). However, these 

authors found that while Zr content of rutile can affect zircon stability in rocks with abundant 

rutile (likely uncommon and not the case here), garnet contains insufficient Zr to impact 

available Zr in the bulk rock or zircon stability despite its relatively high modal abundances in 

metasedimentary rocks. This is supported by the results of this research, where Zr contents in 

residuum garnet and garnet produced through crystallization from melts is typically less than 40 

ppm. 

 For this study, model anatectic melts were produced through metamorphic modeling of 

two bulk compositions (Table 4.1). The first is an average ‘pelite’ composition based on the 

Post-Archean average Australian Shales (PAAS) of Nance and Taylor (1976), which is an 

average of 23 Australian shale bulk compositions. The second is a ‘greywacke’ composition 

generated from a Middle Proterozoic (1.8-1.6 Ga) global average of volcanogenic sedimentary 

rocks that occur in varying proportions in arc successions (Condie, 1993). The active margin 

greywacke composition was used instead of a passive margin greywacke composition (e.g.,   
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Table 4.1 Bulk compositions used in P-T pseudosections 

 
 

Yakymchuk and Brown, in press), because the natural metasedimentary rock analogues that form 

part of this thesis (Chapter 2) are interpreted to have been deposited in an active margin setting 

(Grew et al., 2012). The majority of the outcomes of the modeling will be discussed in terms of 

melt output from greywacke. 

With the aim of modeling the evolution of a melt produced during granulites facies 

migmatization, the composition of this melt was determined through initially modeling the 

evolution of each rock composition up to conditions equivalent to typical mid-crustal migmatites 

(e.g., Larsemann Hills, east Antarctica: P = 7 kbars, T = 850-870 °C; Stüwe and Powell 1989; 

Ren et al., 1992; Carson et al., 1995, 1997). This was achieved through calculation of P-T 

pseudosections for the pelite and greywacke model compositions. The water content of 

sedimentary protoliths prior to metamorphism is composed of pore waters and mineralogically 

bound water, which decreases by 1-3 orders of magnitude with increasing temperature and 

pressure (Manning and Ingebritsen, 1999). Aqueous fluid present in a rock not only promotes 

melting, it strongly partitions into the melt produced. Therefore, the amount of water in a starting 

composition will greatly affect the P-T conditions of melting, the ultimate amount of melt that 

can be produced, and the composition of any melt extracted at different points along a P-T path. 

However, at upper amphibolite and granulite facies conditions, rocks have very low porosity and 

(normalized to 100%) (normalized to 100%) 91.3 % rest 8.7 % liq
Melt 1 

composition 
(normalized)

92 % rest 8 % liq
Melt 1 

composition 
(normalized)

Fig 2C - 
residue + 

2% liq

Fig 2D - 
residue + 

2% liq

Pelite 
(PAAS)  greywacke Pelite 

(PAAS)  greywacke

SiO2 63.69 67.18 67.57 70.11 61.85 5.84 67.21 64.76 5.34 66.81 67.73 70.31
TiO2 1.01 0.78 0.81 0.61 0.81 0.00 0.00 0.61 0.00 0.00 0.87 0.65
Al2O3 19.17 15.25 11.98 9.38 11.31 0.70 7.99 8.77 0.61 7.60 12.29 9.49
Fe2O3 7.33 6.48 0.19 0.10 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.10
FeO --- --- 5.85 5.09 5.81 0.05 0.61 5.03 0.07 0.81 6.24 5.37
MnO 0.11 --- --- --- --- --- --- --- --- --- --- ---
MgO 2.23 2.13 3.53 3.32 3.52 0.01 0.13 3.30 0.02 0.21 3.78 3.52
CaO 1.32 2.64 1.50 2.96 1.46 0.05 0.52 2.92 0.03 0.39 1.57 3.12
Na2O 1.22 2.85 1.25 2.90 1.02 0.23 2.65 2.63 0.27 3.36 1.15 2.87
K2O 3.75 2.54 2.54 1.69 2.24 0.31 3.54 1.47 0.22 2.76 2.47 1.62
P2O5 0.16 0.14 --- --- --- --- --- --- --- --- --- ---
Zr 0.03 0.0302 0.0210 0.0192 0.02015 0.00087 0.00998 0.01845 0.00073 0.00910 0.02181 0.01982

H2O --- --- 4.76 3.84 3.26 1.51 17.34 2.40 1.44 18.06 3.86 2.93

* compositions generated at 6 kbars and 790 °C following melting of original pelite protolith
** compositions generated at 5 kbars and 780 °C following melting of original greywacke protolith

Initial compositions for P-T pseudosections
Starting compositions 

(weight %)
Starting compositions 

(mol. %)

Melt and restite compositions calculated from P-T pseudosections Normalized 
compositions following 

first melt extraction
Greywacke**                      

(mol. %)
Pelite (PAAS)*                       

(mol. %)



	  
	  

136	  

at near-solidus conditions will contain only minor free water (that occurring along grain 

boundaries through progressive dehydration reactions), the rest being mineralogically bound 

water (Yardley, 2009). Therefore, P-T pseudosections were calculated with H2O sufficient to 

saturate mineral assemblages immediately subsolidus, consistent with previous studies (White 

and Powell 2002; White et al., 2003, 2005; Fig. 4.2a, b; Table 4.1; Appendix A-6 and A-7). 

An issue with modeling the behavior of zircon during metamorphism, especially with respect to 

melting, is how to estimate the ‘effective’ bulk Zr content of a rock. When producing P-T and 

T(P)-X pseudosections, the compositions input into the models assume complete system 

equilibrium. For major minerals this can be assumed to some extent due to rapid communication 

along grain boundaries. However, for large, stable porphyroblastic phases where diffusion is 

slow, components within core domains are not in equilibrium with their rims (demonstrated by 

zoning in components such as Mn or Ca) and so these do not constitute part of the ‘effective’ 

bulk composition and can lead to incorrect assemblages being predicted in P-T models. 

Therefore, these components must be proportionally removed from the modeled bulk 

composition (Marmo et al., 2002). At granulite facies conditions, diffusion of major elements is 

significantly fast to homogenize any zoning, so full system equilibrium can commonly be 

assumed. However, initially ignoring Zr substituted into garnet and rutile (discussed above), 

estimating the availability of Zr from zircon in a given metamorphic rock is more complex. 

Zircon, which can occur as detrital grains in metasedimentary rocks, commonly occurs as 

inclusions in porphyroblastic phases, some of which may be stable throughout the melting 

process (e.g., garnet). In such cases, zircon will only be exposed to melt when occurring along 

grain boundaries, or within minerals that break down during melting (e.g., biotite). This latter 

scenario can lead to localized changes in ‘effective’ Zr content as rocks cross particular P-T 

conditions that lead to increased or decreased rates of mineral breakdown. 

 The ‘effective’ Zr concentrations used in this study for pelitic and greywacke 

compositions were 300 ppm and 302 ppm, respectively (Table 4.1). These values correspond 

directly to the published Zr contents for the PAAS shale (Nance and Taylor, 1976) and Middle 

Proterozoic greywacke (Condie, 1993), and were used without modification because of 

uncertainties in the estimation of zircon exposure to melts during migmatization. These values 

are slightly higher than those included in the original work of Kelsey et al. (2008), and 

subsequently in Kelsey and Powell (2011), where most models were conducted at 200-250 ppm   
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Figure 4.2 P-T pseudosections calculated for an average pelite and average greywacke. The 
heavy solid line is the solidus and the light dashed lines are contours of mol. % melt. Modeled 
bulk compositions (mol. %) are listed above each diagram and are found in Table 4.1 (a) 
Average pelite. The heavy dashed line is 8.7 mol. % melt and the black star represents the P-T-X 
of Melt 1 that was extracted (see text for details, Appendix A-7). Phase assemblages are as 
follows in addition to Ilm, Qtz and Zrn: 1. Crd Bt Kfs Pl H2O; 2. Liq Crd Bt Kfs Pl H2O; 3. Crd 
Bt Kfs Pl Sil H2O; 4. Liq Crd Bt Kfs Pl Sil H2O; 5. Liq Crd Bt Kfs Pl Sil; 6. Bt Kfs Pl Sil H2O; 
7. Liq Bt Kfs Pl Sil H2O; 8. Bt Ms Kfs Pl Sil H2O; 9. Liq Bt Ms Pl Ky H2O; 10. Liq Bt Ms Kfs 
Pl Als; 11. Liq Crd Grt Bt Pl Kfs Sil; 12. Liq Crd Bt Kfs Pl Opx; 13. Liq Crd Bt Grt Opx Pl Kfs; 
14. Liq Crd Grt Opx Kfs Pl; 15. Liq Crd Grt Opx Pl; 16. Liq Crd Opx Pl (-Qtz); 17. Liq Crd Pl; 
18. Liq Crd Grt Pl Sil; 19. Liq Grt Pl Sil. (b) Average Greywacke. The heavy dashed line is 8 
mol. % melt and the black star represents the P-T-X of Melt 1 that was extracted (see text for 
details, Appendix A-6). Phase assemblages are as follows in addition to Ilm, Qtz and Zrn: 1. Crd 
Bt Pl H2O; 2. Liq Crd Bt Pl H2O; 3. Crd Bt Pl Sil Rt H2O; 4. Crd Bt Pl Sil H2O; 5. Bt Pl Sil H2O; 
6. Liq Crd Bt Pl Sil H2O; 7. Liq Bt Pl Sil H2O; 8. Liq Bt Grt Pl Sil H2O; 9. Liq Bt Pl Als Rt H2O; 
10. Liq Bt Grt Pl Als Rt H2O; 11. Liq Crd Bt Pl Sil; 12. Liq Crd Grt Bt Pl Sil; 13. Liq Bt Grt Pl 
Kfs Sil; 14. Liq Bt Grt Pl Kfs Sil Rt; 15. Liq Bt Opx Crd Pl Kfs; 16. Liq Crd Bt Grt Opx Pl; 17. 
Liq Crd Bt Grt Opx Pl Kfs; 18. Liq Bt Grt Opx Pl; 19. Liq Bt Grt Opx Pl Kfs; 20. Liq Bt Grt 
Opx Pl Kfs Rt; 21. Liq Grt Opx Pl Rt; 22. Liq Crd Grt Opx Pl; 22. Liq Opx Pl. (c) Pelite Restite 
1 + 2% Melt 1. The heavy dashed line is 20 mol. % melt and the black star represents the P-T-X 
of Melt 2 that was extracted (see text for details Appendix A-9). Phase assemblages are as 
follows in addition to Ilm, Qtz and Zrn: 1. Crd Bt Kfs Pl H2O; 2. Liq Crd Bt Kfs Pl H2O; 3. Crd 
Bt Kfs Pl Sil H2O; 4. Liq Crd Bt Kfs Pl Sil H2O; 5. Bt Kfs Pl Sil H2O; 6. Liq Bt Kfs Pl Sil H2O; 
7. Liq Crd Grt Bt Pl Kfs Sil; 8. Liq Crd  Bt Grt Opx Pl Kfs; 9. Liq Crd Bt Kfs Pl Opx; 10. Liq 
Crd Grt Opx Kfs Pl; 11. Liq Crd Grt Opx Pl; 12. Liq Crd Pl (-Qtz); 13. Liq Crd Pl; 14. Liq Crd 
Grt Pl Sil; 15. Liq Grt Pl Sil. (d) Greywacke Restite 1 + 2% Melt 1. The heavy dashed line is 17 
mol. % melt and the black star represents the P-T-X of Melt 2 that was extracted (see text for 
details, Appendix A-8). Phase assemblages are as follows in addition to Ilm, Qtz and Zrn: 1. Bt 
Crd Pl H2O; 2. Liq Bt Crd Pl H2O; 3.Bt Grt Crd Pl Sil; 4. Bt Grt Crd Pl Sil Rt; 5.Bt Grt Pl Sil Rt; 
6. Liq Crd Bt Grt Pl Sil; 7. Liq Bt Crd Grt Pl; 8. Liq Bt Crd Grt Opx Pl; 9. Liq Bt Crd Grt Pl Kfs; 
10. Liq Bt Grt Crd Opx Pl Kfs; 11. Liq Bt Grt Crd Pl Kfs; 12. Liq Bt Grt Pl; 13. Liq Bt Grt Pl 
Kfs Sil; 14. Liq Bt Grt Pl Kfs Als Rt; 15. Liq Bt Grt Opx Pl Kfs; 16. Liq Bt Grt Opx Pl Kfs Rt; 
17. Liq Grt Opx Pl; 18. Liq Grt Crd Opx Pl; 19. Liq Opx Pl. 
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‘effective’ Zr, and so serve as ‘maximum’ values of Zr content in melts and residues. These 

values are also considered reasonable given the compositions of residuum (greater than 300  

ppm) and leucosome (much less than 300 ppm) for rocks studied in the Larsemann Hills and 

Brattstrand Bluffs (Chapter 5). 

To generate melts of compositions equivalent to those produced during granulite facies 

metamorphism of a metasedimentary rocks, P-T pseudosections were constructed for both pelite 

and greywacke compositions. To arrive at the most accurate melt compositions, the melt 

component was not simply extracted at a specified P-T without consideration of the dynamics of 

naturally melted rocks. Experimental studies in static systems (i.e., not experiencing strain) show 

that extraction of anatectic melts generally takes place after 7-10 vol.% melt is produced – the 

melt percolation threshold (MPT; Rosenberg and Handy, 2005). If the modeled rock 

compositions were evolved to conditions equivalent to those experienced in granulite terranes 

(e.g., ~7 kbars, 850 °C) without loss of melt, approximately 19% (greywacke) and 28% (pelite) 

melt is produced. However, because we can assume some melt will have been lost from the 

system prior to this point, the composition of any melt generated under “undrained” conditions 

will be different when compared to melts generated in typical orogenic granulites. 

To address this issue, P-T pseudosections were constructed and evolved to the P-T 

condition at which the MPT (in this case a value of 8% was chosen) was first reached. For the 

pelitic composition, 8% melt was generated at ~6 kbars and 790 °C, whereas for the greywacke 

composition, 8% melt was generated at ~5 kbars and 780 °C (‘star’ on the bold dashed line in 

Fig. 4.2a, b; Table 4.1). This melt volume (Melt 1) was “removed” from the system to simulate 

melt loss. However, in nature some melt will be retained along grain boundaries or may not be 

incorporated into the extraction (pockets of melt may be isolated from the melt extraction 

network). To account for this effect 2% of the melt (relative to the entire ‘system’ volume; or one 

quarter of the 8%) was retained. Once this melt is removed from the system, the original starting 

bulk composition and the P-T pseudosection calculated from that is no longer appropriate for 

evolution to higher P-T. Therefore, a new residual composition (Residue 1) that reflects loss of 

6% of the system was used to calculate new P-T pseudosections (Fig. 4.2c, d; Table 4.1; 

Appendix A-8 and A-9). In addition to producing a more accurate melt composition at the 

conditions of interest, this procedure also ensures that the new bulk composition will be 

consistent with fluid-absent melting conditions above the solidus (White and Powell, 2002; 
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White et al., 2003, 2005) so that with further heating, the breakdown of hydrous minerals is 

responsible for producing melt through the process of dehydration melting. 

New P-T pseudosections were then calculated from ‘Residue 1’ compositions (Table 4.1) 

and evolved to conditions considered equivalent to near metamorphic peak for many regional 

granulite terranes that preserve evidence for extensive migmatization. In the pelitic composition 

model, at 7 kbar and 850 °C, approximately 20% melt has been generated (Fig. 4.2c). At the 

same conditions the greywacke produced slightly less melt (~15%; Fig. 4.2d). The model was 

terminated with ilmenite still stable and before rutile stabilized to remove the complexity of 

having a Zr-in-rutile model but not a Zr-in-ilmenite model; rutile will affect the Zr content of 

modeled melt but will not be accurate because a contribution from ilmenite will be lacking. The 

pelite was terminated at 850 °C because the melt volume was getting unreasonably high (~25 % 

at 864 °C). The composition of melts extracted at these conditions (Melt 2, stars on Fig. 4.2c, d; 

given in the THERMOCALC output file, summarized in Table 4.2) were used as the starting 

melt compositions for modeling of melt behavior in leucosome, where a melt could be 

considered isolated and evaluated independently from the remaining components of the system 

(Residue 2). Evolution of melt and growth of zircon in a leucosome was achieved using T-XH2O 

pseudosections (Fig. 4.3 and 4.4; Table 4.2; Appendicies A-10-A-15). In the case presented here 

the effects of temperature and water content of the melt (or system) are evaluated at a constant 

pressure of P = 7 kbars. T-XH2O pseudosections in Figure 4.3 are contoured for zircon modal 

abundance and percentage of melt remaining in the crystallizing leucosome. 

 

4.5 Results – modeling melt-zircon evolution 

 The following presentation of results primarily focuses on outputs of models in terms of 

melts generated from greywacke source compositions. These compositions are chosen because in 

collisional belts with voluminous S-type granite (e.g., Lachlan Fold Belt, SE Australia; Chappell 

and White, 1974, 1992), it is assumed that the dominant source material for these granites is 

greywacke in composition. This assumption is based on the facts that in many sedimentary 

successions, material of pelitic composition (e.g., shale) occurs in significantly lower abundances 

(e.g., Plank and Langmuir, 1998). Comparative compositions and data outputs for greywacke 

and pelite compositions are summarized in Tables 4.1, 4.2 and 4.3, and some direct comparisons  
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Table 4.2: Compositions of melt (mol %) at XH2O = 1 and 0 in T-XH2O diagrams 

 
 

will be made in the discussion. However, the primary differences between crystallization 

products from the two source compositions relate less to the abundance of zircon produced, but  

will significantly impact the stability fields and modal abundances of accompanying major 

minerals (e.g., garnet, cordierite, sillimanite and muscovite) that are formed  

From a starting greywacke bulk composition containing 302 ppm Zr, at the point of 

generation of 8% melt at 790°C and 5 kbars, Melt 1 contains 0.00073 mol. % ZrO2 (less than 4% 

of the bulk rock Zr budget), and the pre-extraction residue has 0.01845 mol. % ZrO2 (Tables 4.1 

and 4.3). Residue 1, which is the first residue (plus the remaining 2% melt after 6% melt 

extraction) renormalized to 100%, contains 0.0198 mol. % ZrO2. These data suggest that the first 

melting event in these compositions at upper amphibolite facies conditions will not lead to 

significant Zr-depletion from the rock (Table 4.3). With further heating (of Residue 1) to the 

point of Melt 2 generation and extraction (17% melt at 864°C and 7 kbars), this melt will contain 

0.00273 mol. % ZrO2, representing 13.8% of the entire bulk rock Zr budget (= Melt 2 + Residue 

2), a significant increase on the first melting event. This is in comparison to Residue 2, which 

contains 0.01709 mol. % ZrO2 (86.2% of the bulk rock Zr budget) prior to melt extraction. 

Despite an increase in the percentage of zirconium partitioned into the melt during the second 

melting event (Table 4.3), these values clearly demonstrate the disproportionate amount of 

zirconium, which will predominantly be bound in zircon, that remains in the residue after almost 

30% loss of melt from the system (Melt 1 and 2).  

XH2O 0 1 0 1 0 1 0 1 0 1 0 1

SiO2 79.80 69.03 79.67 68.91 80.98 67.86 80.49 68.95 80.42 68.73 81.38 68.41
Al2O3 9.17 7.93 9.22 7.98 8.88 7.44 10.05 8.61 10.06 8.60 9.68 8.14
FeO 1.98 1.71 2.08 1.80 1.50 1.26 0.91 0.78 0.95 0.81 0.77 0.65
MgO 0.75 0.65 0.72 0.62 0.48 0.41 0.33 0.28 0.32 0.27 0.20 0.17
CaO 0.81 0.70 0.73 0.63 0.45 0.38 1.02 0.87 0.93 0.80 0.62 0.52
Na2O 3.29 2.84 3.56 3.08 3.81 3.19 2.46 2.11 2.75 2.35 3.01 2.53
K2O 4.18 3.62 4.00 3.46 3.90 3.26 4.73 4.05 4.54 3.88 4.32 3.63
ZrO2 0.0185 0.0160 0.0187 0.0162 0.0120 0.0100 0.0171 0.0147 0.0171 0.0146 0.0120 0.0101
H2O 0.00 13.50 0.00 13.50 0.00 16.20 0.00 14.33 0.00 14.54 0.00 15.94

ASI (Al/ 
(Ca+K+Na)) 1.16 1.16 1.12 1.31 1.30 1.27

P 7 7 3 3 3 3 7 7 3 3 3 3
T 864 864 864 864 799 799 849 849 849 849 799 799

Pelite (PAAS)Greywacke
Fig.3a Melt 2 Fig.3b Melt 3 Fig.3c Melt 4 Fig.3d Melt 2 Fig.3e Melt 3 Fig.3f Melt 4
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Figure 4.3 T-X pseudosections calculated for an average greywacke and average pelite. The 
heavy solid line is the solidus and the purple dashed lines are contours of mol. % melt and the 
light dashed lines are contours of mol. % zircon. Modeled bulk compositions (mol. %) are found 
in Table 4.2. (a) Melt 2 from average greywacke at 7 kbar, (Appendix A-10). The white star 
represents the P-T-X of Melt 3 that was extracted after ~30% crystallization (see text for details). 
Phase assemblages are as follows: 1. Bt Ms Kfs Pl Qtz Zrn; 2. Bt Ms Kfs Pl Sil Qtz Zrn; 3. Bt 
Kfs Pl Sil Qtz Zrn; 4. Bt Grt Kfs Pl Sil Qtz Zrn; 5.Liq Bt Ms Kfs Pl Qtz Zrn; 6. Liq Bt Ms Kfs Pl 
Sil Qtz Zrn; 7. Liq Bt Kfs Pl Qtz Zrn; 8. Liq Grt Kfs Pl Sil Qtz Zrn; 9. Liq Grt Opx Kfs Pl Qtz 
Zrn; 10. Liq Opx Kfs Pl Qtz Zrn; 11. Liq Kfs Pl Qtz Zrn; 12. Liq Kfs Pl Qtz; 13. Liq Kfs Qtz. (b) 
Melt 3 from average greywacke at 3 kbar (Appendix A-11). Phase assemblages are as follows: 1. 
Bt Ms Kfs Pl Qtz Zrn; 2. Bt Ms Kfs Pl Sil Qtz Zrn; 3. Bt Kfs Pl Sil Qtz Zrn; 4. Bt Grt Kfs Pl Sil 
Qtz Zrn; 5. Crd Bt Grt Kfs Pl Sil Qtz Zrn; 6. Bt Ms Kfs Pl Sil Qtz Zrn H2O; 7. Crd Bt Kfs Pl Sil 
Qtz Zrn; 8. Crd Bt Kfs Pl Qtz Zrn; 9. Liq Bt Kfs Pl Sil Qtz Zrn; 10. Liq Crd Bt Kfs Pl Sil Qtz 
Zrn; 11. Crd Grt Bt Opx Kfs Pl Qtz Zrn; 12. Crd Grt Opx Kfs Pl Qtz Zrn; 13. Liq Bt Kfs Pl Sil 
Qtz Zrn H2O; 14. Liq Bt Kfs Pl Qtz Zrn H2O; 15. Liq Grt Crd Bt Opx Kfs Pl Qtz Zrn; 16. Liq 
Grt Crd Opx Kfs Pl Qtz Zrn; 17. Liq Crd Opx Kfs Pl Qtz Zrn; 18. Liq Opx Kfs Pl Qtz Zrn; 19. 
Liq Opx Kfs Pl Zrn; 20. Liq Opx Pl Zrn; 21. Liq Pl. (c) Melt 4 from average greywacke at 3 kbar 
(Appendix A-12). Phase assemblages are as follows: 1. Bt Ms Kfs Pl Qtz Zrn; 2. Bt Ms Kfs Pl 
Sil Qtz Zrn; 3. Bt Kfs Pl Sil Qtz Zrn; 4. Bt Grt Kfs Pl Sil Qtz Zrn; 5. Crd Bt Grt Kfs Pl Sil Qtz 
Zrn; 6. Bt Ms Kfs Pl Sil Qtz Zrn H2O; 7. Crd Bt Kfs Pl Sil Qtz Zrn; 8. Crd Bt Kfs Pl Qtz Zrn; 9. 
Liq Bt Kfs Pl Sil Qtz Zrn; 10. Liq Crd Bt Kfs Pl Sil Qtz Zrn; 11. Crd Grt Bt Opx Kfs Pl Qtz Zrn; 
12. Crd Grt Opx Kfs Pl Qtz Zrn; 13. Liq Bt Kfs Pl Sil Qtz Zrn H2O; 14. Liq Bt Kfs Pl Qtz Zrn 
H2O; 15. Liq Grt Crd Bt Opx Kfs Pl Qtz Zrn; 16. Liq Crd Bt Opx Kfs Pl Qtz Zrn; 17. Liq Bt Pl 
Kfs Zrn; 18. Liq Crd Bt Pl Kfs Zrn; 19. Liq Crd Bt Opx Pl Kfs Zrn; 20. Liq Bt Opx Pl Kfs Zrn; 
21. Liq Crd Bt Opx Pl Zrn; 22. Liq Crd Opx Pl Zrn; 23. Liq Bt Opx Pl Zrn; 24. Liq Bt Pl Zrn; 
25. Liq Crd Opx Pl Kfs Zrn; 26. Liq Opx Pl Kfs Zrn; 27. Liq Opx Zrn; 28. Liq Pl Zrn; 29. Liq 
Kfs Pl Zrn; 30.Liq Kfs Pl Qtz Zrn; 31. Liq Kfs Pl Qtz; 32. Liq Kfs Pl; 33. Crd Grt Opx Kfs Qtz 
Zrn; 34. Liq Crd Grt Opx Kfs Qtz Zrn; 35. Liq Opx Kfs Qtz Zrn; 36. Liq Kfs Qtz Zrn; 37. Liq 
Kfs Qtz. 38. Liq Crd Opx Kfs Qtz Zrn. (d) Melt 2 from average pelite at 7 kbar. The white star 
represents the P-T-X of Melt 3 that was extracted after ~30% crystallization (Appendix A-13). 
Phase assemblages are as follows: 1. Bt Ms Kfs Pl Qtz Zrn; 2. Bt Kfs Pl Sil Qtz Zrn; 3. Bt Grt 
Kfs Pl Sil Qtz Zrn; 4. Liq Bt Ms Kfs Pl Qtz Zrn H2O; 5. Liq Bt Ms Kfs Pl Sil Qtz Zrn; 6. Liq Bt 
Grt Kfs Pl Sil Qtz Zrn; 7. Liq Kfs Pl Sil Qtz Zrn; 8. Liq Kfs Pl Qtz Zrn; 9. Liq Kfs Pl Qtz; 10. 
Liq Kfs Qtz; 11. Liq Kfs. (e) Melt 3 from average pelite at 3 kbar (Appendix A-14). Phase 
assemblages are as follows: 1. Bt Ms Kfs Pl Qtz Zrn; 2. Bt Ms Kfs Pl Sil Qtz Zrn; 3. Bt Kfs Pl 
Sil Qtz Zrn; 4. Crd Bt Kfs Pl Sil Qtz Zrn 5. Crd Kfs Pl Sil Qtz Zrn; 6. Bt Ms Kfs Pl Sil Qtz Zrn 
H2O; 7. Liq Bt Kfs Pl Qtz Zrn H2O; 8. Liq Crd Bt Kfs Pl Qtz Zrn H2O; 9. Liq Crd Bt Kfs Pl Qtz 
Zrn; 10. Liq Crd Pl; 11. Liq Pl; 12. Liq Pl Zrn; 13. Liq Zrn; 14. Liq Crd Zrn. (f) Melt 4 from 
average pelite at 3 kbar (Appendix A-15). Phase assemblages are as follows: 1. Bt Ms Kfs Pl Qtz 
Zrn; 2. Bt Ms Kfs Pl Sil Qtz Zrn; 3. Bt Kfs Pl Sil Qtz Zrn; 4. Crd Bt Kfs Pl Sil Qtz Zrn; 5. Crd Bt 
Grt Kfs Pl Sil Qtz Zrn; 6. Crd Grt Kfs Pl Sil Qtz Zrn; 7. Bt Ms Kfs Pl Sil Qtz Zrn H2O; 8. Liq Bt 
Kfs Pl Sil Qtz Zrn H2O; 9. Liq Bt Kfs Pl Sil Qtz Zrn; 10. Liq Crd Grt Bt Kfs Pl Sil Qtz Zrn; 11. 
Liq Crd Grt Kfs Pl Sil Qtz Zrn; 12. Liq Crd Bt Kfs Pl Qtz Zrn; 13. Liq Crd Kfs Pl Qtz; 14. Liq 
Crd Kfs Qtz; 15. Liq Crd Kfs; 16. Liq Crd; 17. Liq Crd Pl Qtz; 18. Liq Pl Zrn; 19. Liq Crd Grt 
Kfs Pl Sil Qtz Zrn.  
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Figure 4.4 Enlargement of T-X pseudosections 4.3A-C, calculated for an average greywacke and 
average pelite from T = 600-700 °C, XH2O = 0-up to 0.15. The heavy solid line is the solidus. 
Modeled bulk compositions (mol. %) are found in Table 4.2. (a) Melt 2 from average greywacke 
at 7 kbar, XH2O = 0- 0.15. Phase assemblages are as follows: 1. Bt Kfs Pl Sil Qtz Zrn; 2.Liq Bt 
Ms Kfs Pl Qtz Zrn. (b) Melt 3 from average greywacke at 3 kbar XH2O = 0-0.15. Phase 
assemblages are as follows: 1 Bt Ms Kfs Pl Qtz Zrn; 2. Bt Ms Kfs Pl Sil Qtz Zrn; 3. Bt Kfs Pl Sil 
Qtz Zrn; 4. Bt Grt Kfs Pl Sil Qtz Zrn; 5. Crd Bt Grt Kfs Pl Sil Qtz Zrn; 6. Bt Ms Kfs Pl Sil Qtz 
Zrn H2O; 7. Crd Bt Kfs Pl Sil Qtz Zrn; 8. Crd Bt Kfs Pl Qtz Zrn; 9. Liq Bt Kfs Pl Sil Qtz Zrn 
H2O 10. Crd Grt Opx Kfs Pl Qtz Zrn. (c) Melt 4 from average greywacke at 3 kbar XH2O = 0-
0.10. Phase assemblages are as follows: 1. Bt Ms Kfs Pl Qtz Zrn; 2. Bt Ms Kfs Pl Sil Qtz Zrn; 3. 
Bt Kfs Pl Sil Qtz Zrn; 4. Bt Grt Kfs Pl Sil Qtz Zrn; 5. Crd Bt Grt Kfs Pl Sil Qtz Zrn; 6. Bt Ms 
Kfs Pl Sil Qtz Zrn H2O; 7. Crd Bt Kfs Pl Sil Qtz Zrn; 8. Crd Bt Kfs Pl Qtz Zrn; 9. Liq Bt Kfs Pl 
Sil Qtz Zrn H2O; 10. Crd Grt Opx Kfs Pl Qtz Zrn; 11. Crd Grt Bt Opx Kfs Pl Qtz Zrn. 
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Table 4.3 Zirconium composition of residuum and melt relative to starting bulk compositions 

(original protolith) 

 
 

 Once Melt 2 is isolated (i.e., considering only melt within a leucosome, so ZrO2 is 

renormalized relative to only those components in the extracted melt) and assuming limited or no 

loss of water (XH2O = 1), the bulk composition of the system will have 0.0160 mol. % ZrO2 

(Table 4.2). With decreasing XH2O this value will increase slightly due to normalizing for lost 

water (at XH2O = 0, ZrO2 = 0.0185 mol. %). At this point, the evolution of the melt can be 

followed in a T-XH2O diagram calculated to evaluate the growth of zircon. In the first scenario 

(Fig. 4.3a), the T-XH2O section simulates a melt that remains as in source leucosome, but isolated 

from the residue, at ~7 kbars. Assuming that a chemical potential gradient will exist between a 

more-hydrous melt and less-hydrous residue, water can be expected to diffuse from the melt into 

the residue wall rock, reducing the water content of the system (initially melt-dominated). In the 

calculated T-XH2O diagram (Fig. 4.3a), which is contoured for modal abundance of melt and 

zircon, the slopes of zircon contours are steeper at lower water contents, indicating that water has 

a more important effect on zircon than temperature at low XH2O (note that cooling at low XH2O 

will follow a path parallel to zircon contours and so will grow little zircon). It should be re-

iterated here that the models calculated assume complete equilibrium within the system (the 

ppm mol. % 
ZrO2 %a

% of 

systemc

mol % 
ZrO2 ppm mol. % 

ZrO2 %*
% of 

systemc

mol % 
ZrO2

Protolith Zr conc. 302 100 0.019 300 0.0210
Residue 1 293.0 0.01862 97.03 92 0.018 287.6 0.02033 96.81 91.3 0.0202
Melt 1 9.0 3.80 8 0.001 12.4 4.14 8.7 0.0009
Residue 1 + 2% Melt 1 94 0.019 93 0.0204

Residue 2 252.7 83.69 83 0.017 251.3 83.75 83 0.0189
Melt 2 40.3 0.00256 13.34 17 0.003 39.2 0.00274 13.06 17 0.0029
Total 0.020 0.0218

Peritectic 3b 13.1 4.34 0.005 13.2 4.39 0.0052
Melt 3 27.2 0.00173 9.01 0.011 26.0 0.00182 8.67 0.0102
Total 0.017 0.0154

Peritectic 4b 15.7 5.19 0.010 13.9 4.62 0.0081
Melt 4 11.5 0.00073 3.81 0.007 12.2 0.00085 4.05 0.0071
Total 0.017 0.0152

a Percentage Zr relative to original protolith Zr
b Crystallization products in leucosome after 30% of the melt has crystallized
c Percentage of previous total Zr

Greywacke Pelite (PAAS)Greywacke - normalized Pelite - normalized
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leucosome) and so although the water content of the remaining melt following fractional 

crystallization in the leucosome will increase, the overall water content in the system will not. 

 The first key outcome from the model is that zircon is immediately saturated at all but the 

highest XH2O conditions for conditions equivalent to common granulite facies migmatites (Fig. 

4.5). With lower amounts of water the leucosome, zircon will continue to grow (expected based 

on experimental constraints where zirconium solubility is in part water dependent; see Roberts 

and Finger, 1997). For full in source crystallization of a 103 cm3 volume of leucosome, the 

extracted composition of Melt 2 will produce 0.036 modal percent zircon, equivalent to ~14,500 

grains of zircon that are ~300 µm in size (compared with 170,000 grains of K-feldspar at 2 mm 

grain size; Table 4.5). These interpretations assume a simplified scenario where no new melt of a 

different composition (in particular water) is introduced during the crystallization event. 

Realistically, any ponded leucosome in a connected system at high temperature will be expected 

to either lose some or all remaining liquid prior to full crystallization, or be replenished by melts 

generated locally or elsewhere in the rock mass. As such, introduction of a higher XH2O liquid 

may lead to a zircon dissolution event. If the in source leucosome (Melt 2) is cooled at 7 kbars at 

or near constant water content (i.e., no loss of water to the surrounding residue), zircon grows as 

expected (Fig. 4.6a, b). However, the model predicts that zircon growth will be most rapid in the 

higher temperature portion of the cooling path (Fig. 4.3a, d and 4.6c, d), suggesting that in 

granulite facies migmatites a larger proportion of the zircon growth occurs prior to melt reaching 

the solidus. The model also confirms that higher zircon growth rates will correlate with periods 

of rapid melt crystallization (Fig. 4.6c, d). 

 Evaluating cooling scenarios also allows major mineral crystallization products in 

leucosome to be better understood. In some terranes, garnet, with or without cordierite, is 

common within leucosome (Fig. 4.1a). However, it is assumed that granitic melts produced 

during migmatization are very low in Fe-Mg. Here, the model indicates that garnet will grow 

from an extracted melt composition (despite the relative low Fe-Mg contents; Table 4.1), with 

the modal abundance of garnet produced from Melt 2 being ~6.5%. The common occurrence of 

large garnet porphyroblasts in some leucosomes could be explained by multiple melt ponding 

events at the same location, and is supported by REE data from natural leucosome garnet (see 

Chapter 2) where garnet compositions track progressively depleting melts. In support of the 

model outcomes for major minerals, the composition of garnet produced in the model is XAlm =  



	  
	  

148	  

 
Figure 4.5 Composite T-X grid with first appearance of zircon in two greywacke melts with 
different XH2O at 10, 7, 5.5 and 3 kbar. Melt 2 (see text) is the “starting melt” and is allowed to 
isothermally crystallize 30% (XLiq = 0.7, solid lines) and 70% (XLiq = 0.3, dashed lines). The 
zircon-in lines at 10 kbar (blue), 7 kbar (black), 5.5 kbar (green) and 3 kbar (red). Bold black 
horizontal line is the isotherm for 864 °C, the temperature that Melt 2 was generated at 7 kbar. 
With the exception of the wetter melt at 7 kbar, the curves of the zircon-in lines are all above the 
temperature of Melt 2, which indicates that zircon is almost always saturated in the modeled melt 
compositions at these pressures. 

 

0.71, XGrs = 0.03 (Table 4.4), equivalent to garnet seen in granulite facies migmatites elsewhere 

(e.g., Larsemann Hills: XAlm = 0.65-0.75; XGrs = 0.03-0.04). 

 Figure 4.3b was calculated to simulate the evolution at 3 kbars of a pure liquid (no 

crystals) extracted from a migmatite at 7 kbars following 30% crystallization of Melt 2 (indicated 

by the star in Fig. 4.3a; Table 4.2). This simplified model was designed to simulate the effect on 

the zircon budget of partial crystallization of melt in source prior to extraction to produce S-type 

granite in the upper crust. Following 30% crystallization of Melt 2, 32.5% of the total ZrO2 

budget will stay in the migmatite (at 7 kbars), and only 67.5% will be extracted in the liquid 

(equivalent to ~0.00173 mol. % ZrO2, Table 4.3). This liquid, Melt 3, when isolated (and re-

normalized to 100%) will have ~0.011 mol. % ZrO2 and from a volume of 103 cm3 is capable of 

producing 15,700 zircon grains at 300 µm size (Table 4.5). Although during crystallization of a  
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Figure 4.6 Molar proportions of phases as melt crystallizes. Modeled bulk compositions (mol. %) 
are found in Table 4.2. (a) Isothermal and isobaric crystallization of Melt 2 (greywacke) at 7 
kbars and 864 °C along XH2O =1 to XH2O = 0 path. (b) Isothermal and isobaric crystallization of 
Melt 2 (pelite) at 7 kbars and 849 °C. (c) Crystallization of Melt 2(greywacke) at 7 kbars and 
XH2O =1 and (d) Melt 2 (pelite) at 7 kbars and XH2O =1. 

 

 

Table 4.4 Mineral compositions as calculated in the models 

 
 

Bi opx crd Kfs Pl
XAlm XGrs XOr XAn

residue 0.64 0.03 0.62 0.51 0.68 0.54
7kb   864 C 0.71 0.02 0.49 0.57 0.37
3kb   864 C 0.71 0.02 0.21 0.40 0.51 0.36
3kb   799 C 0.89 0.01 0.11 0.30 0.49 0.24

XMg

Grt
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typical granitic body we would expect limited loss of H2O from the system (except late in 

crystallization in water-rich melts and other hydrothermal fluids), this diagram has been 

calculated as a T-XH2O pseudosection to allow potential loss of water during ascent to also be 

assessed. In the model, crystallization behavior of zircon is similar to cooling at deeper crustal 

levels, except that a rapid increase in zircon crystallization is predicted close to the solidus. In 

addition, the amount of zircon that can be produced in the granite is greatly reduced due to 30% 

melt crystallization within leucosome at 7 kbars (Table 4.3). 

To assess the effect of potential ponding en route between melt extraction at 7 kbars and 

emplacement as in upper crustal granites, an additional ponding event was inserted at 5.5 kbars. 

In this scenario, Melt 3 was evolved at 5.5 kbars until 30% of the liquid had crystallized (not 

pictured), before extraction of the remaining pure liquid to 3 kbars (Melt 4; Fig. 4.3c; Table 4.2). 

In this scenario, peritectic phases retained at 5.5 kbars will remove more than 50% of the ZrO2 

budget (57.7% of Melt 3 prior to any crystallization), further reducing the total abundance of 

zircon that can crystallize when the granitic liquid reaches 3 kbars. This liquid, Melt 4, when 

isolated (and re-normalized to 100%) will have ~0.007 mol. % ZrO2 and a 1000 cm3 volume is 

capable of producing ~9,200 zircon grains at 300 µm size (Table 4.5). A comparison of the 

modal abundance of zircon that can be produced at each crustal level and following loss of ZrO2 

during ponding events is summarized in Table 4.3. 

 

4.6 Caveats and limitations of the models 

 The results reported above and the discussion that follows relate to modeled melts in the 

system NCKFMASHZr, and are considered simplified approximations of natural S-type granite 

melts. Limitations inherent to the modeling program THERMOCALC are detailed in Chapter 3. 

Additional limitations and caveats of these models are discussed here. 

Initial limitations to the results presented here relate to how we model the thermodynamic 

behavior of complex phases. Results are limited by the validity and availability of a-x models, 

and therefore any modeled melt compositions will always be incomplete and an approximation 

of a natural system. For example, the a-x model for haplogranitic melt does not yet include 

substitution of Ti. This therefore limits the involvement and impact of rutile and ilmenite  (two 

important Zr-bearing phases: Nakamura et al., 1986; Bingen et al., 2001; Zack et al., 2004; Bea 

et al., 2006; Watson et al., 2006; Charlier et al., 2007; Ferry and Watson 2007; Nehring et al.	  	  
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Table 4.5 Number of zircon grains that can potentially grow from each melt (normalized) 

	  

Mass (mg) 
per 1000 cm3 wt %

Mass (mg) 
per 1000 cm3 wt %

Mass (mg) 
per 1000 cm3 wt %

Mass (mg) 
per 1000 cm3 wt %

Mass (mg) 
per 1000 cm3 wt %

Mass (mg) 
per 1000 cm3 wt %

liq 37.40 1.31
bi 363.84 12.75 0.53 0.02 16.17 0.60
cd 0.00 261.00 9.93 218.81 8.33
g 732.30 25.66 375.65 13.85 369.67 13.69 140.99 5.31 0.27 0.01 1.22 0.05

opx 77.95 2.73 0.00 65.71 2.48 144.24 5.49 342.07 13.02
ksp 173.15 6.07 1881.87 69.40 1927.87 71.38 1879.68 70.84 2119.05 80.66 2003.02 76.25

pl 1213.00 42.50 225.10 8.30 163.13 6.04 357.55 13.48 134.66 5.13 57.85 2.20
sill 0.46 0.02 1.22 0.05
ilm 22.02 0.77

q 233.49 8.18 227.19 8.38 221.89 8.22 208.15 7.85 228.29 8.69 223.35 8.50
z 1.030 0.036 0.957 0.035 0.958 0.035 1.15 0.043 1.0365 0.039 0.60772 0.023

mass of total (mg) 2854.20 2711.76 2700.91 2653.23 2627.28 2626.90
density of total 2.85 2.71 2.70 2.65 2.63 2.63

Total potential zircon grains grown from calculated melt compositions - based on melt volume =  1,000 cm3 or 1,000,000 1mm3 grains
grain size 

(µm)

Zircon 300
Zrn rims on 
300µm grains 50

garnet 3

Kfs 2

Zr in system (Normalized; ppm)
Zr in Grt 

Zr in Grt relative to system
Zr in Zrc relative to system

Total Zr in system

a Normalized liquid after 30% crystallized

K0.59Na0.39Ca0.03 K0.50Na0.47Ca0.03

15900
K0.54Na0.43Ca0.03K0.70Na0.28Ca0.02

172600 194600 184000
Fe2.67Mg0.29Ca0.04

13050 6394 2460 4.6 20.5
Fe2.14Mg0.81Ca0.05Fe1.92Mg0.99Ca0.08 Fe2.14Mg0.81Ca0.05 Fe2.14Mg0.8Ca0.05

9
156

5
153

K0.59Na0.39Ca0.03 K0.6Na0.37Ca0.03

6350

172800
Fe2.22Mg0.74Ca0.03

177010

36 38

21850

15620 14500 14515 17450 15700 9210

39000 34400 34500 41400 37290

number of grains 

Residue+ 2 mol% liq 7 kbar, 865°C, XH2O = 0 5.5 kbar, 863°C, XH2O = 0 5.5 kbar, 864°C, XH2O = 3 kbar, 864°C, XH2O = 0 3 kbar,799°C, XH2O = 0

number of grains number of grains number of grains number of grains number of grains 

165

33
5

152
157 158 189

187
2.0
38 38

0.4
170
170 99.8

99.8
0.014

30
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2010) on melt-bearing equilibria – both on the compositions of co-existing melts and also the P-

T locations of reactions involving melt and rutile or ilmenite. Further, the existing ilmenite a-x 

model does not include substitution of Zr, limiting our understanding of Zr budgets within 

metamorphosed rocks. The a-x models for Zr-bearing phases in the system (rutile, garnet, melt; 

Kelsey and Powell, 2011) are also constructed from a more limited experimental database in 

comparison to a-x models for major element substitution in minerals such as garnet, adding 

uncertainty to modeled melt compositions. 

The first caveat on the modeled system presented here relates to the nature of melt 

extraction and the question of equilibrium versus disequilibrium at the site of melting. The extent 

to which equilibrium is attained during melting may depend upon the relative rates of melt 

segregation, melt-solid dissolution and mineral-melt partitioning (Watt et al., 1996; Bea et al., 

2007). Equilibration between melt and solid can also be limited by a number of factors including 

kinetic effects, such as the restricted dissolution of phases within the melt (Watt and Harley, 

1993), or by armoring of phases in the residual material, thereby isolating them from the melt 

(Bea et al., 1994; Nabelek and Glascock, 1995). The compositions of leucogranite in granulite 

terranes (e.g., Watt and Harley, 1993; Johnson et al., 2001) and S-type granite in the upper crust 

(Chappell and White 1992; Clemens 2003, 2005; Stevens et al., 2007; Villaros et al., 2009) are 

commonly interpreted in terms of equilibrium versus disequilibrium melting, and the role of 

entrainment in transported melts. In a simplified system such as that presented here, it is difficult 

to model these complex factors. Instead, a boundary condition is presented in which the system 

is assumed to be in equilibrium with a specified amount of zircon. This is dealt with by having 

all of the zirconium in the starting composition  available to the modeled system. The effect here 

is that the amount of Zr that is incorporated into the modeled melts likely represents a maximum 

to what is available to natural partial melts. Therefore, the amount of Zr left is the residue 

represents a minimum and could be expected to be higher. 

The second caveat relates to the path of melts between initial extraction from the 

migmatite, to a final fate in a granitic body in the upper crust. The extraction and transport rates 

for melts from the lower crust to middle- or upper-crustal levels is interpreted to be on the time 

scale of days to weeks (effectively geologically instantaneous; Matzel et al., 2006) but 

temperatures will decrease and water compositions will change relative to the starting conditions. 

In the models presented here, the extraction of melts (from 7 to 5.5 kbars, 5.5 to 3 kbars, and 7 to 
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3 kbars) assumes instantaneous extraction and emplacement, isothermally and isochemically. 

This is considered an approximation of the P-T-XH2O conditions experienced during melt 

extraction, but is not necessarily realistic in natural systems. 

Further, the models here assume extraction of a pure liquid and do not account for 

entrainment, either at the source, or assimilation of country rocks more local to the emplaced 

pluton. Entrainment of source material has been invoked in a number of studies to account for 

disparities between experimentally derived melt compositions and those observed in natural 

granites (e.g., Stevens et al., 2007; Villaros et al., 2009, 2012). Comparisons between efficiently 

extracted melt and melts with high levels of entrained source materials have been made in 

granulite facies migmatite terranes (e.g., Brattstrand Bluffs; Watt and Harley, 1993). Evaluation 

of this effect is possible, through variable percentages of residuum being incorporated to melt 

compositions for further modeling, but this is beyond the scope of this study. However, the P-T 

and T-XH2O pseudosections presented here represent viable starting points for understanding how 

zircon behaves in granitic melts. 

The last caveat is the behavior of water within a migmatite during dehydration melting. It 

is understood that one expects during ongoing partial melting promoted by increasing 

temperatures, melt-residue equilibrium will be maintained for as long as the melt in that volume 

remains solely that produced by the local residue. However, zircon has been shown to grow in 

equilibrium with garnet in residues prior to cooling, suggesting that processes acting at this 

location in the rock volume can drive zircon saturation and growth. Therefore, these simplified 

models providing a starting point to address potential mechanisms contributing to this 

phenomenon. 

 

4.7 Discussion 

The growth of minerals from magmas is understood to occur when the P-T conditions for 

stable mineral growth coincide with saturation of the primary components required to grow that 

specific mineral. The saturation of zircon in magmas relates to magma composition (the 

relationship between Si content and peraluminosity, but also including water content), but 

temperature is thought to be the primary control (Watson and Harrison, 1983; Vielzeuf and 

Montel, 1994; Baker et al., 2002; Miller et al., 2003). Zircon Hf and O isotope data suggests that 

crystallization of zircon does not necessarily happen only with final crystallization of a pluton, 
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but can track progressive stages of crystallization that may or may not include addition of new 

magmas with different compositions (Appleby et al., 2008, 2010). In contrast, zircon growth in 

high-grade rocks has been interpreted in a number of different ways, including sub-solidus 

metamorphic reactions involving Zr-bearing silicates and other accessory minerals (Fraser et al., 

1997; Degeling et al., 2001; Möller et al., 2003), partial to complete recrystallization of pre-

existing zircon in the solid-state (Pidgeon, 1992; Ashwal et al., 1999; Schaltegger et al., 1999; 

Hoskin and Black, 2000; Kelly and Harley 2005), and partial melting and melt crystallization 

(e.g., Roberts and Finger, 1997; Schaltegger et al., 1999; Vavra et al., 1999; Rubatto, 2002; 

Hokada and Harley, 2004). The focus of this discussion is the interpretation of where and when 

zircon grows from anatectic melts, what processes may influence this behavior, and the impact 

that this may have on how we interpret trace element budgets in deep crustal environments and 

the ages recorded in high-grade rocks. 

 

4.7.1 Growth of zircon in anatectic melts 

It is commonly assumed that melts generated by equilibrium melting are typically 

undersaturated with respect to zircon, so that zircon will dissolve, its components will be 

transported from the site of melting, and new zircon will crystallize when melts are emplaced in 

the upper crust (Sawyer 1991; Harris and Inger, 1992; Davies and Tommasini, 2000). The Zr and 

other trace element compositions of many magmatic rocks are interpreted in terms of this 

process, and in some cases used to infer the conditions associated with melting (e.g., hot vs cold 

granites; Chappell et al., 1998; Miller et al., 2003). However, observations from many high-

temperature migmatites suggest that in some cases zircon may grow at or near the site of melting 

(Fig. 4.1c; Chapter 2; Kelly et al., 2006) and that granulites may not be as ‘depleted’ as initially 

thought. 

In the models presented in this paper, the process of partial melting (initially leaving 

aside the processes that affect crystallization of zircon) does not lead to large-scale depletion of 

zircon from the protolith. For the model greywacke composition (effective starting bulk 

composition = 302 ppm Zr) at the first point of melt extraction, less than 4% of the rock budget 

is lost to the melt (corresponding to less than 10 ppm; Table 4.3). With heating to the second 

melt extraction event, which in the modeling involved a higher melt volume than is possibly 

expected to be produced before extraction (17% melt generated), leads to a further loss of less 
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than 14% of the Zr budget (~40 ppm) but the total Zr total loss from both events is still only 

~16%. Although further successive melting events will lead to an increasing loss of Zr from the 

migmatite or residue as more of the zircon in the source rock is exposed, the data suggest that 

unless the heating cycle extends to much higher temperatures (>870 °C for the modeled 

composition) enabling more melt to be generated and lost, only about 16% of the rock’s Zr 

budget is lost to melt. 

Assuming that 16% of a protolith’s Zr budget is segregated into a melt, a 1000 cm3 

volume of leucosome, at this composition, can produce on the order of 14,500 grains of zircon 

(300 µm size; Table 4.5). Although this seems a high number of grains, this constitutes only 

~0.04 wt% of the mass of the leucosome. These data suggest that if enough melt is produced 

during partial melting and no material is lost during ascent, a high volume of zircon will still 

crystallize in upper crustal granites. However, observations of natural rocks (both textural and 

geochemical evidence) suggest that some of this zircon is retained in the pathways of melt 

escape – leucosomes – and therefore additional mechanisms could influence the overall 

elemental budget of the melt. 

One suggestion tested in this paper is the concept of water loss through diffusion into 

less-hydrous wall rocks. T-XH2O pseudosections generated indicate that for a segregated anatectic 

melt at conditions common in high-grade migmatites, zircon is always saturated, and growth 

will occur across the pressure range (Fig. 4.5). In this scenario it is possible that zircon can grow 

at high-temperatures and without cooling in a typical melt composition. In addition, the model 

generated suggests that ponding of melts through initial but incomplete extraction from the 

migmatite, could lead to further zircon growth. At high temperatures, H2O from the melt can 

diffuse into host melanosome due to the high chemical potential gradients that are likely 

established between hydrous melt and anhydrous residuum (White and Powell, 2010). The T-

XH2O model predicts that diffusion of water from the melt will promote the crystallization of 

anhydrous minerals in the melt including zircon (Figs. 4.3, 4.6a, b). This process can be 

demonstrated isothermally, but the melt dehydration by H2O diffusion will be enhanced with 

decreasing temperature (White and Powell, 2010). Melt water and Zr contents may also be 

driven by dynamic influxes of new melts from elsewhere, or perhaps by strain-driven 

fragmentation of a melt-bearing rock that allows access to fertile areas for interaction with melt. 

Wall rocks do host accessory minerals like zircon (e.g., Fig. 4.1c; Chapter 2; Nabelek and 
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Glascock, 1995; Jung et al., 1999), and melt-wall rock interaction has the potential to change Zr 

content of the melt through crystallization or liberation of zircon from the wall rock. The 

conclusion from the modeled results here is that any crystallization close to source in the 

migmatite will further deplete the melt of zirconium. 

While considering the role of ponding in the migmatite source as a mechanism of zircon 

depletion from anatectic melts, the transport and cooling path of a melt should also be evaluated 

as an impact on the final Zr budget in upper crustal granites. The T-XH2O models here tested the 

hypothesis that if melts are paused in the middle crust prior to continued transport to the upper 

crust, more zircon will crystallize, thereby depleting liquids that continued ascent. In this 

simplified scenario, where entrainment of crystals formed during transport is not considered, the 

model predicts that approximately 70% more zircon is produced from a melt that undergoes 

near-instantaneous transport to the upper crust compared with a melt that has ponded (in this 

case at 5.5 kbars) and lost 42% volume through crystallization (Fig. 4.7c, d; Table 4.3). While 

this is a simplified model, it does demonstrate the significant influence of staged ascent and loss 

of material during each pause in ascent, on the overall zircon budget of upper crustal granites. 

 

4.7.2 Zircon controls on trace element budgets 

The outcomes from T-XH2O pseudosection models of melt crystallization presented here 

have further implications for petrogenetic interpretations of granitic rocks using trace elements. 

Causes for the enrichment or depletion of particular trace elements and the petrogenetic 

significance is debated (e.g., McCarthy and Hasty, 1976; Harris and Inger, 1992; Villaros, et al., 

2009; Clemens and Stevens 2012). The concentration zirconium in felsic to intermediate rocks is 

used to estimate temperatures at the source of magmas or at the time of emplacement. A number 

of models have been invoked to explain enrichment or depletion in the intrusive rock: 1) that 

trace elements are retained at the source by sequestration into major minerals (Villaseca et al., 

2007), or 2) that it relates to the temperatures at which melting occurs (Chappell et al., 1998; 

Miller et al., 2003).In a study of lower crustal xenoliths, accessory mineral-poor peraluminous 

granulite was found to have major minerals enriched in Zr and LREE (Villaseca et al., 2007). In 

particular, garnet and rutile combined to make up between 10-35% of the total Zr budget of these 

rocks, and feldspars controlled nearly all the LREE+Eu budget. This was interpreted to suggest 

that the melts produced during the migmatization event that produced these granulites would   
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Figure 4.7 Molar proportions of phases as melt crystallizes with decreasing temperature. 
Modeled bulk compositions (mol. %) are found in Table 4.2. (a) Melt 3 (greywacke) at 3 kbars 
and XH2O =1. Extraction path is 7 kbar to 3 kbar. (b) Melt 3 (pelite) at 3 kbars and XH2O =1. 
Extraction path is 7 kbar to 3 kbar (c) Melt 4 (greywacke) at 3 kbars and XH2O =1. Extraction 
path is 7 kbar to 5.5 kbar to 3 kbar. (d) Melt 4 (pelite) at 3 kbars and XH2O =1. Extraction path is 
7 kbar to 5.5 kbar to 3 kbar. 

 

have been depleted in these key trace elements, because they were residing in major minerals 

that either grew or were stable during melting reactions. These rocks were metamorphosed at 

850-1000 °C and 11 kbars, slightly higher P-T conditions than assumed for the modeling study 

here. In addition, metamorphism was interpreted to have occurred at low water activities. 

However, T-XH2O modeling here of leucosome from migmatite contradicts these results, and 

resulted in Zr being mostly bound in zircon, and very minor amounts sequestered into garnet. 

The modeled results agree with Zr contents in garnet analyzed in natural migmatites (e.g., 

summary in Kelsey and Powell, 2011), and so it is possible that the rocks studied by Villaseca et 
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al. (2007) were anomalous with respect to garnet compositions, which ranged from 40-120 ppm 

Zr in that study. Conditions of melting used in the current models stopped short of reactions that 

formed rutile, so the effect of this mineral cannot be directly evaluated. However, growth of 

rutile would be expected to compete with garnet for Zr, and therefore lead to even lower 

estimates of Zr concentrations. In the Villaseca et al. (2007) study, rutile is particularly Zr-

enriched (up to 7000 ppm) and in many cases higher than expected from equilibrium 

relationships between rutile-zircon-quartz, where for conditions of 1000 °C and 10 kbars Zr 

contents in rutile would be approximately 3500 ppm (Tomkins et al., 2007). This also supports 

the interpretation that the rocks used in the Villaseca et al. (2007) study are anomalous. 

The second mechanism used to explain variations in trace element (e.g., Zr) 

concentrations in granitic rocks is the temperature of melting. Based on an empirical study of 

upper crustal granites, Miller et al. (2003) presented a temperature-based model to explain 

differences in zircon inheritance and overall Zr contents in the rocks. In their study, the granitic 

rocks fell into two categories, 1) “hot” granites, which have low abundances of inherited zircon 

but overall Zr contents were high, giving high Zr-saturation temperatures (TZr); and 2) “cold” 

granites, where inheritance was commonly high (although not always) but the Zr contents were 

low and gave low TZr. The “hot” granites were interpreted to represent melts formed at higher 

temperatures, which were undersaturated at the source (with TZr interpreted to be minimum 

estimates of the melting temperature). Undersaturation is inferred to result from more complete 

dissolution of zircon early during high-T melting and subsequent dilution in the melt due to 

higher degrees of total melt produced. The “cold” granites are interpreted as melts that formed at 

lower temperatures of metamorphism, where Zr was not diluted by higher degrees of melting, 

and were therefore zircon-saturated. This interpretation was based on experimental studies 

(Watson et al., 1996), which indicated that in zircon-undersaturated melts zircon will dissolve 

completely in short (few thousands of years) timescales. 

When compared to the results of this modeling study, these results are intriguing. The T-

XH2O models were run at conditions equivalent to the “hot” granite sources in Miller et al. (2003), 

but in all models zircon was immediately saturated at peak temperature conditions, even for a 

relative “wet” melt (~13.5 mol. % H2O; Fig. 4.3a). With cooling, at even higher water 

conditions, zircon was also always saturated (Fig. 4.3b, c). The approximate zirconium 

concentration of the melt when extracted at 7 kbars and 850 °C falls within the limits of that 



	  
	  

159	  

predicted by the Watson and Harrison (1983) zircon model thermometer (825-850 °C), 

suggesting that a comparison between the modeled data here and natural granites is valid, and 

zircon saturation at high temperatures should be considered. Although saturation of some 

migmatitic melts is recognized through the presence of inherited zircon (Hogan and Sinha, 

1991), the generalized saturation of zircon in metapelitic partial melts is not always recognized 

petrographically (e.g., Sawyer, 1991; Watt and Harley, 1993; Nabelek and Glascock, 1995; Bea, 

1996; Watt et al., 1996; Bea and Montero, 1999). In such scenarios, the absence of inheritance 

and low zirconium / trace element compositions are explained by rapid melt-melanosome 

segregation or by shielding of zircon by major phases during melt production. Still, partial melts 

generated via significant breakdown of biotite – where substantial amounts of zircon may be 

housed and therefore available to the melt upon biotite breakdown – are recognized as melts that 

can be saturated in zircon (e.g., Bea and Montero, 1999). Although the modeled melts do not 

consider the effects of shielding or rapid melt extraction before equilibration, the immediate 

saturation of zircon in these modeled melts – even at very low Zr concentrations relative to the 

system –indicates that natural granite melts may also be commonly saturated in zircon, and this 

needs to be considered within petrogenetic interpretations. 

In addition to hosts of various trace element ‘indicators’ of petrogenetic processes (e.g., 

Zr, REE), accessory minerals such as zircon and monazite are hosts of the radioactive heat 

producing elements, U and Th. Many numerical models for the evolution of the lithosphere 

through time, and in particular during orogenic events (Sandiford and McLaren, 2002; Clark et 

al., 2011; Bodorkos and Sandiford, 2013), account for heat production in the crust by such 

elements. While some models assume an even distribution through the crust (e.g., England and 

Thompson, 1984; Haugerud, 1989), others construct models that involve a lower crust that is 

depleted in radioactive elements and an upper crust that is enriched (Sandiford and McLaren, 

2002; Clark et al., 2011). The heat generation rate per mass for U and Th is very high (~97 and 

~26 µW kg-1, respectively), four orders of magnitude higher than K (~0.0035 µW kg-1; Birch, 

1954; Hamza and Beck, 1972; Rybach, 1988; Emsley, 1989; Jessop, 1990). Therefore it follows 

that the nature of zircon (and monazite) growth during partial melting and melt extraction will 

exert a significant control on the distribution of radioactive heat production following melting 

events, and then impact future episodes of orogenesis. The presence of specific layers in the crust 

with enhanced heat flow has been modeled (e.g., McLaren et al., 2006) and has demonstrated 
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that high heat production domains in the crust can significantly influence the overall thermal 

structure and drive higher-than-expected temperatures of metamorphism. The high abundance of 

zircon and monazite recognized in middle and deep crustal migmatites (e.g., Kelly et al., 2006; 

Chapter 2), could explain low abundances of these phases in upper crustal granites. While in the 

latter case this phenomenon has been invoked for erroneous temperatures of magma formation, 

the process has serious implications for the thermal structure of the middle and lower crust. 

 

4.7.3 Implications for dating high-temperature metamorphic terranes 

The improved understanding of where and when zircon may grow in migmatites, and 

during melt extraction, has further important implications for the interpretation of zircon ages in 

high-temperature terranes. Zircon ages from high-temperature metamorphic rocks are commonly 

interpreted to reflect the timing of peak metamorphism (Roberts and Finger, 1997), largely due 

to the high closure temperature to diffusion of U and Pb in zircon (Cherniak and Watson, 2000). 

However, metamorphic zircon growth requires a source of Zr, which is not easily justified during 

common solid-solid reactions at high temperatures (Roberts and Finger, 1997; Harley et al., 

2007). With improvements to our understanding of granulites as melt-present systems for much 

of the high-T portion of their P-T evolution (White and Powell, 2002, 2010; White et al., 2007), 

it is more reasonable to invoke growth of zircon from melts that crystallize in source during 

cooling (Vavra et al., 1996; Roberts and Finger, 1997; Korhonen et al., 2013). Understanding the 

mechanism of zircon growth in high-grade terranes is important for more than dating regional 

geologic events. Increasingly, age data are used to constrain the timescales of thermal events, in 

particular the duration of more extreme conditions of metamorphism (e.g., ultra-high 

temperatures [UHT]: >900 °C; Clark et al., 2011; Korhonen et al., 2013). In some UHT terranes, 

scatter in ages collected from individual rocks has been interpreted to reflect resetting of zircon 

due to heating above the closure to Pb diffusion. However, more recent studies have interpreted 

such spread to reflect zircon growth from local volumes of melt below the melt percolation 

threshold retained by the migmatite, which because of subtly different bulk compositions will 

cross the solidus at different times during cooling (Korhonen et al., 2013, based on the models of 

Kelsey et al., 2008, and Kelsey and Powell, 2011). 

The new models shed light on these interpretations, and contrast with the behavior 

predicted by the Kelsey models. In the Kelsey and Powell (2011) model, by the time a rock 
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reaches conditions equivalent to those modeled here, nearly all zircon will be dissolved, and the 

melt produced undersaturated with respect to zircon. Zircon growth in those models requires 

cooling, and the lack of saturation at the highest temperatures may reflect the melt being 

modeled as part of the entire system (including residue) and not isolated. The new models 

presented here provide alternative means of growing zircon at high-temperatures (loss of water 

to wall-rocks) and may help to better explain the commonly observed spread in ages from zircon 

grains collected from relatively small volumes of sample. The key, also recently iterated in the 

Korhonen et al. (2013) study but demonstrated with models here, is that local scale controls on 

melt composition may have as big an impact on zircon growth at high-temperatures as overall 

cooling of the terrane near the end of orogenic events. This can be demonstrated here through 

close examination of Figure 4.3a. At low XH2O values, the zircon modal abundance contours are 

steep (near vertical), which indicates cooling of a water-poor melt will not grow significant new 

zircon. 

Therefore, the P-T-t path – from residuum, local melt accumulation in the lower crust to 

extraction to the mid and upper crust has implications for zircon ages in high-grade migmatites 

and associated S-type granites. Some zircon grains in the lower crust that are the result of 

melting reactions may date the timing of melting, whereas others may date the crystallization of 

that melt. In the melt itself, zircon ages and growth zoning could represent growth from a single 

melt, with most significant growth occurring immediately after melt generation, during any 

ponding or stagnation, and at the solidus. Growth zoning could also be related to pulses of melt 

that exploit the same melt pathways (leucosomes) and rims could grow on zircon grains that are 

located within these leucosome pathways. A zircon crystallization age in melt-present systems 

may not represent peak metamorphism, but represent an instant in an evolving melting, melt 

extraction and melt transport period, and should be considered when interpreting of complex U-

Pb age data from high-grade terranes. Moreover, these individual growth processes may be 

discernible in young terranes where age resolution is high.  

 

4.8 Conclusions 

 This paper presents the results of thermodynamic modeling of granitic melts generated 

from metasedimentary rock compositions in the system NCKFMASHZr and evaluates the 

growth of zircon under evolving P-T-XH2O conditions. The models are considered simplified 
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approximations of the precursors to natural S-type granite melts but can offer insight into the 

behavior of zircon as melt is generated in the lower crust and subsequently extracted to upper 

crustal levels. 

• The modeling shows that generation and extraction of melts leaves a residuum that is 

enriched in Zr. The extraction of ~30 % melt removes only ~16% of the Zr budget from 

the starting composition. This is a minimum estimate for the retention of Zr in the lower 

crust because the model does not account for armored phases or rapid melt extraction 

prior to attaining equilibrium (therefore dissolution of zircon grains at the source). The 

modeling has shown that melts under typical granulite facies conditions will always be 

saturated with respect to zircon. Therefore, zircon has the capacity to grow at the site of 

melting in the presence of melt, and zircon in granulites does not necessarily reflect 

growth during cooling of the terrane below the solidus. Both of these observations 

indicate that Zr and therefore zircon will not be depleted in the lower crust, which is 

supported by petrographic observations in some natural granulites. As a consequence of 

zircon enrichment, trace elements (REEs, HPEs) will also not be depleted in residual 

lower crustal rocks. 

• The modeling shows that zircon is almost always stable in anatectic melts produced at 

high P-T conditions and remains stable with decreasing P-T-XH2O. Slight decreases in 

XH2O in the melt (by H2O diffusion into anhydrous residuum) will facilitate zircon 

crystallization. 

• The rate of zircon growth decreases as zircon grows and removes Zr from the melt, but 

crystallization occurs rapidly at the solidus. Complex growth zoning could reflect growth 

from a single magma during different stages of exhumation, or may indicate growth in 

melt pathway as new, Zr-rich melt is extracted. 

• The amount of zircon found in upper crustal melts is highly dependent on the P-T-t path 

of extraction, i.e., melts with faster extraction rates will have relatively more zircon than 

melts that ponded and partially crystallized along the extraction path (assuming that 

starting conditions of melts were identical). 
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CHAPTER 5 

THE ROLE OF MELTING, MELT EXTRACTION AND EVOLUTION ON THE  

COMPOSITION OF S-TYPE GRANITES  

 

A paper to be submitted to Earth and Planetary Science Letters 

 

Jessica A. Matthews1,21and Nigel M. Kelly1 

 

5.1 Abstract 

S-type granites are peraluminous rocks that are produced from the partial melting of 

metasedimentary rocks, and can have large variations in major and trace element compositions. 

Many different processes have been proposed to account for this geochemical variation, with the 

basic problem being that measured S-type granitoid compositions generally do not match the 

compositions of experimentally produced melts from sedimentary starting compositions. Model 

S-type granitic melts are generated from metasedimentary rock compositions to evaluate the role 

of melt extraction path on the chemical evolution of S-type granitoids. The composition of 

modeled melt produced at peak conditions (prior to evolution within the system) reflects a 

predicted “pure” melt without entrainment, and so represents an end-member scenario that can 

be tested by comparison with experimental melt compositions.  

Model melts approximate natural rock compositions at different stages in the melt 

extraction process. Modeled residue is compositionally similar to metapelitic gneiss, and evolved 

modeled melts are compositionally similar to S-type granite compositions from the upper crust. 

Modeling also demonstrates that the major and accessory element compositions of melts that are 

extracted from the deep crust and emplaced at higher structural levels are highly dependent on 

melt segregation, extraction rate and interaction with wall rock. 
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5.2 Introduction 

S-type granitoids are strongly peraluminous A/CNK [0.5Al/(Ca + 0.5Na + 0.5K)] > 1.1 

and are interpreted to result from the partial melting of aluminous metasedimentary rocks 

(metapelites and metapsammites; Chappell and White, 1974, 1992; Chappell, 1999; Clemens, 

2003). They are produced mainly by fluid-absent partial melting reactions at amphibolite and 

granulite facies conditions in the lower crust (e.g. Stevens and Clemens, 1993; Clemens and 

Watkins, 2001), but are commonly emplaced at shallow crustal levels. The melting reactions that 

produce S-type granitoids are well known (e.g., Vielzeuf and Montel, 1994; Clemens and 

Watkins, 2001) however compositions can range from tonalitic to leucogranitic: SiO2 (65 to 79 

wt%), Al2O3 (11 to 17 wt%), Na2O (1 to 4 wt%), K2O (2.2 to 6 wt%), FeO (~0 to 8 wt%), MgO 

(0 to 3.5 wt%), CaO (0 to 3 wt%). In general, Mg + Fe values are strongly positively correlated 

with Ca/Na and correlate negatively with Si. These rocks also show a wide range in trace 

element compositions (Elburg, 1996) that correlate positively with increasing Mg + Fe (Villaros 

et al., 2009a). For example, Zr and HREE concentrations are highest in the most mafic S-type 

granites from the Cape Granite Suite, southwestern Africa (Stevens et al., 2007), which may be 

the result of co-entrainment of zircon and garnet at the melt source. 

Many different processes have been proposed to account for this geochemical variation in 

S-type granitoids, with the fundamental issue that measured granitoid compositions do not 

typically closely match the compositions of experimentally produced melts from sedimentary 

starting compositions (e.g., Miller et al., 1985; Montel and Vielzeuf, 1997). To explain this 

disparity, models have invoked types of hybridization such as wall-rock bulk assimilation 

processes (DePaolo, 1981), restite unmixing (e.g., Chappell et al., 1987) and progressive partial 

melting (Clemens and Watkins, 2001). Alternatively, types of differentiation such as liquid 

immiscibility (Kovalenko, 1978) or vapor-phase alkali leaching (e.g., Currie and Pajari, 1981) 

have been used to explain compositional variation. However, many of these models have been 

discounted. Wall-rock assimilation, for example, requires bulk assimilation of ingested xenoliths 

by either mechanical disaggregation or by reactive dissolution and precipitation of crystals. 

These processes are endothermic and would cool and crystallize the hybrid magma to a point 

where it would become immobile (Spera and Bohrson, 2001; Glazner, 2007). Also, many 

assimilation models based on isotope or trace element data have major-element chemistries that 

do not agree with modeled ‘hybrid’ rocks (e.g., Clemens et al., 2009, 2010). Other models, for 
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example liquid immiscibility, are deemed geologically insignificant in most S-type granitoid. 

Experimental work has shown that immiscibility can occur when a granitic melt with very low 

Fe and Mg is doped with percent-level concentrations of fluorine (Kovalenko, 1978) to produce 

tiny amounts of immiscible hyperaluminous, fluorine-rich melt (Manning et al., 1980). In 

granitic systems with high concentrations of Cl, tiny quantities of chloride-rich hydrosaline melt 

may coexist with hydrous silicate melt at the last stages of crystallization (e.g., Frezzotti, 1992) 

but this process will not be volumetrically significant in creating chemical variability in ordinary 

S-type granitic magmas. 

Entrainment of minerals at the site of melting has recently been explored as an 

explanation for chemical variation in granitoids, where the compositional variation within some 

granitoid suites is explained by varying degrees of entrainment (e.g., Cape Granite Suite; Stevens 

et al., 2007; Villaros et al., 2009a). Three types of crystals could potentially be entrained at the 

source of melting. First, major minerals that were present in the protolith prior to partial melting 

(prograde) and which were either in excess or did not participate in the melting reactions. 

Second, accessory minerals (e.g., zircon, monazite, apatite) that are not directly involved in the 

major mineral melting reactions but commonly occur along grain boundaries or contained as 

inclusions in the hydrous mafic minerals (biotite and hornblende) that break down in the partial 

melting reactions. Conversely, these accessory minerals can also be housed in anhydrous 

minerals like prograde garnet and may be shielded from melt. Third, anhydrous minerals that are 

either crystalline products of incongruent melting reactions or crystallized directly from the melt 

(e.g., pyroxenes, garnets, Fe-Ti oxides, plagioclase, K-feldspar and quartz). 

The mineral entrainment hypothesis has been tested in some S-type granitoid suites 

(Stevens et al., 2007; Villaros et al., 2009a) that have compositions showing strong correlations 

between Ti and Mg + Fe, because Ti/Mg + Fe ratios in high-grade biotite are similar to that seen 

in these granitoids (Stevens et al., 2007). However, a lack of corresponding increase in K that 

would indicate biotite entrainment, suggests that Ti in biotite is partitioned into garnet and 

ilmenite that grow during biotite dehydration melting and that those minerals are entrained in the 

melt during extraction. Strong, positive correlations also exist between Ti, Mg + Fe and Zr 

within S-type granitoids (Villaros et al., 2009a) indicating that zircon is also co-entrained in the 

melt with the peritectic assemblage (peritectic assemblage entrainment). Accessory minerals and 

peritectic grains are expected to be present with melts in the same physical locations in the 
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partially melting rock, which enables extraction of source materials along with the melts. 

However, S-type granitoids provide limited insight to the relationships between rock texture, 

mineral nucleation kinetics, crystal size distributions, the physics of magma segregation and 

peritectic mineral entrainment (Clemens and Stevens, 2012). If peritectic assemblage 

entrainment is a viable mechanism for explaining chemical differences in S-type melts, there is 

no clear reason preserved in S-type granitoids for why melts leave their protoliths with various 

proportions of entrained minerals. Metasedimentary migmatites that represent the extracted 

source of many S-type granitoids do preserve evidence of major and accessory mineral 

entrainment at the site of melting. One of the aims of this study is to test the entrainment 

hypothesis of Stevens et al. (2007) on migmatites that have clear evidence for mineral 

entrainment.  

This contribution examines the role of melting and melt extraction path on the 

composition of modeled S-type granitic melts. The composition of modeled melt produced at 

peak conditions (prior to evolution within the system) reflects a predicted “pure” melt without 

entrainment, and so represents an end-member scenario that can be tested by comparison with 

experimental melt compositions. The model is tested against natural migmatites and S-type 

granitoids to evaluate compositional changes in melts from source to emplacement. 

 

5.3 Methods 

The starting and evolved compositions of theoretical melts generated through phase 

equilibria modeling from metasedimentary rock compositions are compared with natural 

migmatites, S-type granitoids and experimentally produced S-type melts. 

Model melt compositions were determined through phase equilibria modeling of the 

evolution of metasedimentary rock compositions up to conditions equivalent to typical mid-

crustal migmatites, using the Larsemann Hills, east Antarctica, as an example (P = 7 kbars, T = 

850-870 °C; Stüwe and Powell 1989; Ren et al., 1992; Carson et al., 1995, 1997). Modeling was 

performed using the phase equilibria modeling program THERMOCALC, where subsystems of 

the modeled melts were isolated from the system and evolved: 
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• The major and trace element melt compositions of melt phases generated from pelite and 

greywacke starting compositions at P = 7 kbar and T = 849 °C and 864 °C, respectively, 

are compared with leucogranites and leucosomes. 

• The remaining residual subsystem compositions (solid products remaining after melting) 

are compared with melanosome and metapelitic gneiss (melanosome + leucosome). The 

melt compositions are isolated from the system and extracted along two different melt 

ascent paths, the first from 7 kbar to 3kbar, and the second from 7 kbars to 3 kbars but 

with an intermediate ponding event at 5.5 kbars. The compositions of the extracted and 

evolved melts are compared with S-type granite experimental melt compositions. 

The metapelitic migmatites against which modeled melts are compared are from the Brattstrand 

Paragneiss of the Larsemann Hills and Brattstrand Bluffs, east Antarctica (Fig. 5.1). These rocks 

preserve melanosome domains that are the inferred refractory residue after melting and melt 

extraction has occurred (Fig. 5.2a; Appendix A-16) as well as small volume leucosomes that 

represent former melt and melt extraction pathways (Fig. 5.2a-d). The migmatites are 

interlayered with and cut by leucogranites and leucogneisses (deformed equivalents of 

leucogranites), which can contain varying amounts of entrained major and accessory minerals 

(Fig. 5.2d, f). 

 The S-type granitoids, which are from the Cape Granite Suite (CGS), (Scheepers, 1995; 

Scheepers and Armstong, 2002; Scheepers and Poujol, 2002; Stevens et al., 2007; Villaros et al., 

2009a; Appendix A-16), represent evolved granitic magmas that were sourced through melting 

of metasedimentary rocks and emplaced in the upper crust. S-type granitoids in the CGS are 

strongly peraluminous (A/CNK ≈ 1.3) and have a substantial variation in total FeO + MgO 

values (between 0.8 and 9 wt%; Table 5.1). These granitoids may contain garnet, cordierite and 

tourmaline, indicating contribution from an aluminous metasedimentary source. The 

experimental melt data is based on inferred metasedimentary protolith compositions and melting 

conditions of the CGS (Stevens et al., 2007; Table 5.1; Appendix A-16). Comparisons are also 

made to compiled S-type granitoid compositions (Appendix A-16) from the Lachlan Fold Belt, 

southeastern Australia (Chappell and White, 1992; Waight et al., 2001), Massif Central, France 

(Williamson et al., 1996; Solgadi et al., 2007), southeastern China (Jiang et al., 2011; Xia et al., 

2012), Mkhondo Valley Metamorphic Suite, Swaziland (Taylor and Stevens, 2010), Sierra de 
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Velasco, Argentina (Grosse et al., 2011) and Western Cameroon (Djouka et al., 2008). 

Comparisons in data compositions are predominantly made using Mg + Fe variation diagrams to 

be consistent with the study of Stevens et al. (2007). 

 

 
Figure 5.1 Location map of the Larsemann Hills and Brattstrand Bluffs, Prydz Bay, east 
Antarctica. 
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Figure 5.2 Migmatites from the Larsemann Hills (a-c) and Brattstrand Bluffs (d-f). (a) 
Boudinaged leucosome within migmatite with a cordierite-rich (± biotite) selvage. Fine 
leucocratic veins are referred to here as “in source” leucosome. (b and c) Leucogranite dikes 
within migmatite that are connected to leucosomes within migmatite. (d) Garnet and sillimanite-
rich (± spinel, cordierite) residuum interlayered with abundant leucosome. (e) LG1 leucogneiss 
(pale dikes) interlayered with migmatitic metapelite; migmatite is leucosome rich. (f) Migmatite 
with melanosome adjacent to LG1 leucogneiss; note the garnet grains that are being entrained in 
the leucogneiss. 
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5.3.1 Generating modeled melts 

 The calculations in this study were performed using THERMOCALC v3.33 (Powell et 

al., 1998) using the internally consistent thermodynamic data set file, tc-ds55.txt (Holland and 

Powell, 1998). The model system chosen for construction of P-T pseudosections was Na2O–

CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–ZrO2 (NCKFMASHTZ), which for further 

modeling in T-XH2O pseudosections was simplified to the system Na2O–CaO–K2O–FeO–MgO–

Al2O3–SiO2–H2O–ZrO2 (NCKFMASHZ) because the thermodynamic model for haplogranitic 

melt used does not incorporate TiO2 and therefore does not impact the phase equilibria within the 

melts being modeled in this study (White et al., 2007; Kelsey and Powell, 2011). The mineral 

activity-composition (a–x) models used for the calculations in this study are those used in Kelsey 

and Powell (2011), which build on the a-x models used by White et al. (2007) for modeling 

metamorphism and melting in the expanded system NCKFMASHTO (where O = Fe2O3). S-type 

granite melts were produced through phase equilibria modeling of melts produced through 

theoretical modeling of two bulk compositions (Table 5.2). The first is an average ‘pelite’ 

composition based on the Post-Archean average Australian Shale (PAAS) of Nance and Taylor 

(1976). The second is a ‘greywacke’ composition generated from a Middle Proterozoic (1.8-1.6 

Ga) global average of volcanogenic sedimentary rocks from arc successions (Condie, 1993). 

Turbidites from passive margins, cratons and rifts are not included  

in this average (cf., Yakymchuk and Brown, in press), with an active margin greywacke 

composition used because the natural rock analogues that form part of this thesis (Chapter 2) are 

metasedimentary rocks that are interpreted to have been deposited in an active margin setting 

(Grew et al., 2012). 

The compositions of model melts were determined from P-T pseudosections for the pelite 

and greywacke bulk compositions. To best approximate the expected water content of the rocks 

at higher grades of metamorphism, the P-T pseudosections were calculated in such a way that 

H2O is sufficient to saturate mineral assemblages immediately subsolidus, consistent with 

previous studies (White and Powell 2002; White et al., 2003, 2005; Fig. 4.2a, b). A detailed 

explanation for the modeling protocols used to generate granitic melts from P-T pseudosections 

is presented in Chapter 4.	  
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Table 5.1 Summary of whole rock geochemical data for the Larsemann Hills, Brattstrand Bluffs, and Cape Granite Suite

 

Larsemann Hills Brattstrand Bluffs Cape Granite Suite

Grt-
leucosome Leucosome Leucogneiss 

dike Granitic dyke Residue Average 
LG1

Average 
LG2

Average 
LG3

Average 
Metapelite

Average 
Melanosome

Average 
Leucosome

Average 
Granite

Micro-
granite

Psammite 
Raft

Average 
CGS S-
type*

Standard 
Deviation

Experiment
al S-type 
glasses**

Standard 
Deviation

NK-04 NK-08L NK-10 NK-05 NK-08R n = 26 n = 14 n = 12 n = 10 n = 4 n = 3 n = 8 NK-41 SH-94 n =184 n =184 n =35 n =35

SiO2 62.72 59.92 73.41 73.18 45.65 74.16 68.23 70.81 65.25 46.45 72.80 69.23 73.56 76.15 73.50 3.03 74.49 1.35
Al2O3 18.77 18.32 14.20 14.10 33.40 13.97 15.31 14.55 16.92 28.93 14.60 14.53 14.78 9.34 13.69 0.91 14.57 1.23
Fe2O3 4.72 8.48 1.26 0.36 9.23 1.46 5.57 2.55 8.24 16.78 1.07 3.54 0.21 7.75 2.95 1.49 1.67 0.51
MgO 0.99 2.10 0.34 0.13 3.45 0.29 1.44 0.61 2.22 4.32 0.20 0.95 0.07 1.57 0.60 0.57 0.43 0.29
CaO 4.48 0.94 1.22 0.60 0.77 1.31 1.89 1.38 1.27 0.40 1.62 1.47 0.70 0.97 1.30 0.78 0.79 0.48
Na2O 4.51 1.66 2.08 2.06 0.91 2.39 1.73 2.29 1.58 0.37 2.77 2.19 2.51 0.75 2.31 0.69 2.55 0.83
K2O 1.04 6.29 5.69 7.52 2.29 4.70 3.68 5.61 2.99 1.82 4.77 4.58 8.01 0.82 5.03 0.74 5.45 0.94
TiO2 1.320 0.814 0.14 0.05 1.844 0.14 0.77 0.44 0.91 1.46 0.08 0.68 0.03 0.71 0.34 0.20 0.43 0.18
MnO 0.079 0.157 0.03 0.00 0.118 0.03 0.08 0.02 0.13 0.25 0.02 0.04 0.00 0.13 0.05 0.04
P2O5 0.075 0.060 0.08 0.06 0.067 0.09 0.10 0.17 0.09 0.03 0.05 0.17 0.08 0.00 0.17 0.08

LOI 0.24 0.22 0.64 0.56 0.73 0.33 0.86 0.42 0.00 0.57 0.90 0.39 0.26

Total 98.94 98.96 98.46 98.06 97.73 98.59 99.00 98.44 99.60 100.82 98.50 98.26 99.95 98.45 99.94 100.38
n =42 n =42

K 0.00 0.03 45382 24556 46770.92 0.02
Gd 25  23  13  14  66  13 21 14
Ni 18  36  6  9  86  9 25 12 35 133 2 19 14 22 8 4
Cr 75  107  14  8  252  11 62 6 176 301 0 49 9 165
V 193  115  13  10  274  13 79 31 152 302 0 53 3 91
Sc 24  29  5  1  18  4 13 4 23 52 2 7 0 15
Cu 10  8  5  12  12  27 29 2 34 20 6 9 23 4
Zn 18  76  14  4  272  17 64 50 120 234 10 68 12 82
Sr 29  353  231  335  156  141 179 197 115 44 270 207 405 66 90 18
Rb 249  128  161  191  69  186 141 277 168 140 195 267 159 35 249 50
Zr 275  226  49  57  500  91 445 229 189 231 52 410 32 456 223 95
Nb 20 22 4.4 3.1 44.9 4 13 8 15 28 1 13 2 13 18 8
Ba 118  865  875  2103  430  573 845 1014 889 412 589 1248 694 215 390 169
Pb 9  46  60  18  21  53 40 66 33 14 49 68 98 16
Th 7  16  7  6  84  7 46 92 17 15 2 135 1 10 18 7
La 35  43  23  20  129  19 87 145 48 15 237 12 45 40 15
Ce 76  80  42  26  284  40 167 289 94 27 451 18 93 78 31
Nd 30  31  16  8  123  14 59 92 38 7 149 7 36 35 14
Y 37  66  10  1  42  12 29 20 39 94 7 17 0 40 40 24
U 1  2  1  1  9  1 1 2 2 1 2 0 1

A/CNK 1.49 1.76 1.33 1.17 7.14 1.26 1.42 1.16 0.09 0.15 1.32 1.88 1.10 3.11 1.31 1.35
XMg 0.17 0.20 0.21 0.26 0.27 0.28 0.33 0.23 0.34 0.37 0.21 0.19 0.24 0.17 0.27 0.32

Fe+Mg 0.09 0.17 0.03 0.01 0.21 0.02 0.08 0.05 0.16 0.32 0.02 0.08 0.00 0.15 0.60 0.03

* Scheepers 1995; Scheepers and Armstrong, 2002; Scheepers and Poujol, 2002; Stevens 2007; Villaros et al., 2009
**Stevens et al., 2009
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Table 5.2 Modeled melt compositions (wt% oxides) 

 
 

To arrive at the most accurate modeled melt compositions, the melt component was not 

simply evolved to peak conditions and extracted. Experimental studies show that extraction of 

anatectic melts will take place after 7-10 vol% melt is produced – the melt percolation threshold 

(MPT; Rosenberg and Handy, 2005). At peak conditions equivalent to those experienced in 

granulite terranes (e.g., ~7 kbars, 850 °C) and without loss of melt, approximately 19% 

(greywacke) and 28% (pelite) melt can be produced. However, in the models presented here it is 

assumed that some melt will have been lost from the system prior to this point, and the 

composition of any melt subsequently generated will vary based on the degrees of melt produced 

and extracted along the prograde P-T path. Therefore, P-T pseudosections were constructed and 

evolved to conditions at which the MPT (in this case a value of 8% was chosen) was first 

reached (Melt 1, ~6 kbars / 790 °C, and ~5 kbars / 780 °C, pelite and greywacke, respectively; 

Appendicies A-6 and A-7).  

Expecting in nature that some melt will be retained along grain boundaries or may not be 

incorporated into the extraction (pockets of melt may be isolated from the melt extraction 

network), 2% of the melt (relative to the entire ‘system’ volume; or one quarter of the 8%) was 

retained, and the remainder of Melt 1 was extracted. A new residual composition (Residue 1) 

that reflects loss of 6% of the system was used to calculate new P-T pseudosections (Fig. 4.2c, 

Greywacke Pelite BS4* Greywacke Pelite Melt 2 Melt 3 Melt 4 Melt 2 Melt 3 Melt 4

SiO2 67.18 63.69 65.5 67.20 63.70 73.23 73.12 74.54 73.31 73.30 74.42
Al2O3 15.25 19.17 15.0 15.39 19.62 14.28 14.36 13.87 15.54 15.56 15.03
FeO 6.48 7.33 5.3 6.25 7.02 2.17 2.29 1.65 0.99 1.04 0.84
MgO 2.13 2.23 3.1 2.26 2.38 0.46 0.44 0.30 0.20 0.19 0.12
CaO 2.64 1.32 1.5 2.78 1.38 0.70 0.63 0.38 0.86 0.79 0.53
Na2O 2.85 1.22 2.7 2.83 1.12 3.11 3.37 3.61 2.31 2.59 2.84
K2O 2.54 3.75 3.4 2.43 3.65 6.02 5.75 5.62 6.75 6.49 6.19
TiO2 0.78 1.01 0.8 0.83 1.09
MnO 0.11 0.1
P2O5 0.14 0.16

Zr (ppm) 302 300 348 388 421 349 353 226 320 319 226
Total 100.0  100.0  97.4  100.0  100.0  100.00 100.00 100.00 100.00 100.00 100.00

A/CNK --- --- 1.58 1.57 2.79 1.16 1.16 1.12 1.31 1.30 1.27
XMg 0.37 0.27 0.25 0.18 0.16 0.15 0.17 0.16 0.13

Fe+Mg 0.15 0.14 0.16 0.04 0.04 0.03 0.02 0.02 0.01

*Villaros et al., 2009

Residue + 2% liquid Greywacke Pelite (PAAS)"Protolith" in P-T models
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D; Appendicies A-8 and A-9). This process aims to produce a more accurate melt composition at 

the conditions of interest, and ensures that the new bulk composition will be consistent with 

fluid-absent melting conditions above the solidus (White and Powell 2002; White et al., 2003, 

2005) so that with further heating, the breakdown of hydrous minerals is responsible for 

producing melt through the process of dehydration melting. 

New P-T pseudosections calculated from ‘Residue 1’ compositions were evolved to peak 

conditions. In the pelitic composition model, at 7 kbar and 850 °C, approximately 20% melt 

(Melt 2) has been generated (Fig. 4.2c). At the same conditions the greywacke produced slightly 

less melt (~15%; Fig. 4.2d). The compositions of Melt 2 extracted at these conditions were used 

as the starting melt compositions for modeling of melt behavior in leucosome, where a melt 

could be considered isolated and evaluated independently from the remaining components of the 

system. Evolution of Melt 2 was achieved using T-XH2O pseudosections (Figs. 4.3, 4.4; Tables 

4.2, 5.2; Appendicies A-10-A-15). In the case presented here the effects of temperature and 

water content of the melt (or system) are evaluated at a constant pressure of P = 7 kbars. T-XH2O 

pseudosections in Figure 4.3 are contoured for zircon modal abundance and percentage of melt 

remaining in the crystallizing leucosome. 

Villaros et al. (2009a) investigated the positive correlation of trace elements with 

maficity in S-type granitoids (Elberg, 1996) by comparing trace element equilibrium and 

disequilibrium melting in a modeled melt composition. In this study equilibrium melt models 

were also compared with natural S-type granitoids to interpret mineral the trace element-maficity 

correlation. Villaros et al. (2009a) modeled a single S-type melt using a starting bulk 

composition from a biotite-quartz-plagioclase schist (BS4) that is the highest-grade non-

xenolithic sample from the proposed source of the CGS (Table 5.2). Melt was modeled at T = 

850 °C and P = 10 kbar, the estimated P-T conditions for melting at the source to the CGS S-

type granitoids (Schoch, 1975; Villaros et al., 2009b). Modeling was carried out with the 

thermodynamic modeling program PerpleX (Connolly, 1990; Connolly and Petrini, 2002) and P-

T pseudosections evolved to peak conditions generated ~40% melt. The stable solid phases are 

biotite, quartz, plagioclase, and garnet in a normalized ratio of 10:31:29:30. 

In the Villaros et al. (2009a) study, zircon solubility was calculated for trace element 

equilibrium melting conditions (TEEM) separate from the modeled melt, similar to the methods 

of Kelsey et al. (2008) using the effective bulk composition Zr of 348 ppm, equivalent to the 
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concentration in BS4 (348 ppm). The TEEM composition was generated using this Zr 

concentration, the modeled mineral proportions, self-consistent partitioning coefficients and a 

batch melting equation. Zircon saturation levels were calculated to be 199 ppm in the melt using 

the modified melt composition variable, FM (Baker et al., 2002; Kelsey et al., 2008) after M of 

Watson and Harrison (1983) and Montel (1993). To simulate rapid melt extraction before 

significant dissolution of zircon can occur at the source, a trace element disequilibrium melting 

(TEDM) composition was calculated in the same manner as above, but with no trace element 

contribution from BS4. The TEDM melt was strongly depleted in trace elements that would be 

hosted in zircon. 

The approach to modeling melts presented here contrasts with that of Villaros et al. 

(2009a) for several reasons: 

• Although two trace element concentrations are used in the modeled melt, only one 

starting composition (BS4) was used.  

• No melt extraction events were considered and so the amount of melt generated by 850 

°C and 10 kbars (40%) is likely unreasonable for natural conditions, considering MPT of 

Rosenberg and Handy (2005).  

• The relative control of different phases on the dissolution and growth of zircon in high-

grade melt-bearing rocks is not considered by calculating zircon saturation separate from 

the rest of the melt composition.  

• The modeled melt composition generated at elevated P-T conditions is directly compared 

with S-type granitoid compositions that are emplaced at higher crustal levels. Modeled 

melts are not compared with migmatites, and modeled residues are not considered in their 

study. 

The work presented here is considered complementary to the Villaros et al. (2009a) 

study, and in many ways uses a more robust approach. 

 

5.3.2 Geochemical analysis  

New whole rock geochemical data was gathered from six samples from the Larsemann 

Hills and nine samples from the Brattstrand Bluffs (Tables 5.1 and 5.3). Major and trace element 

compositions were determined by X-ray fluorescence (XRF) and inductively coupled plasma-
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mass spectrometry (ICP-MS) at the Peter Hooper GeoAnalytical Lab, School of the 

Environment, Washington State University. Sample preparation followed the method of Johnson 

et al. (1999). Major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P reported as oxide wt%; 

total Fe reported as FeO, and designated FeOT) and selected trace and rare earth elements (Ni, 

Cr, V, Sc, Cu, Zn, Sr, Rb, Zr, Nb, Ba, Pb, Th, La, Ce, Nd, Y, U reported as ppm) were analyzed 

using a Thermo-ARL automated X-ray fluorescence spectrometer (XRF) following procedures 

published by Johnson et al. (1999). Trace elements (Ba, Th, Nb, Y, Hf, Ta, U, Pb, Rb, Cs, Sr, Sc, 

Zr, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were analyzed on an Agilent 7700 

ICP-MS following procedures of Knaack et al. (1994). The Ba, Nb, Y, Pb, and Rb analyses 

duplicate the XRF analyses, to provide a degree of internal monitoring, and analyses were 

internally standardized with Ru, In, and Re to correct for instrument drift and sample 

introduction effects. These new whole rock major and trace element data were added to 

previously published geochemical data for 62 samples from the Brattstrand Bluffs (Watt, 1993; 

Tables 5.1 and 5.3; Appendix A-16) and the combined data set used for comparison to the 

modeled melts. The Watt (1993) data base includes leucogneiss (32), metapelitic migmatite (10), 

and melanosome (3) sample compositions, which were analyzed via XRF (major and trace 

elements) using a Phillips PW 1450 automatic X-ray spectrometer at the University of Edinburgh 

and atomic emission spectroscopy (AES; rare earth elements) using the Phillips PV8210 1.5-m 

ICP-atomic emission spectrometer at Royal Holloway and Bedford College, University of 

London, Egham. 

 

5.4 Results 

The following presentation of results focuses on the variation in melt compositions from 

outputs of models generated from greywacke and pelite source compositions. 

 

5.4.1 Modeled Melts 

Both bulk compositions generate a melt phase that is relatively enriched in water, while 

the residue is relatively depleted. For example, the greywacke composition at P = 7 kbars, T = 

864 °C will produce a Melt 2 that has 13.502 mol. % H2O (Table 4.2). These molar proportions 

generated in THERMOCALC are converted to weight percent oxides and then normalized 

without H2O to provide better comparison with the whole rock compositions from the natural 
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samples presented below (Table 5.2). The melt is peraluminous (A/CNK = 1.16), enriched in 

SiO2 (≈ 73.2 wt%) and depleted in FeO (≈ 2.2 wt%) and MgO (≈ 0.5 wt%). Normalized 

concentrations of Zr are high (349 ppm). At high temperatures, garnet, K-feldspar, plagioclase, 

quartz, and zircon are stabilized in this melt composition with decreasing XH2O (Fig. 4.3a). 

However, sillimanite is only stabilized in the driest melt compositions at peak temperature 

conditions. When the temperature falls below ~ 800 °C, biotite is stabilized and will grow at the 

expense of garnet, which is not stable in the melt below ~720 °C above XH2O ≈ 0.07. Muscovite 

is stabilized in the melt at ~710 °C at the expense of sillimanite. The predicted mineral 

assemblage stable the small amount of melt remaining at ~710 °C and below the solidus (~632 

°C) resemble a typical two-mica granite. Predicted mineral modal abundance will be 

approximately: K-feldspar = 33%, quartz = 33%, plagioclase = 22%, biotite 8%, muscovite = 4% 

and zircon = 0.04% (Fig. 4.6c). 

The evolution of the pelitic compositions is similar to that observed for greywacke. At P 

= 7 kbars, T = 849 °C the pelitic bulk composition will produce a Melt 2 that has 14.5 mol. % 

H2O (Table 4.2). The pelitic melt is more aluminous (A/CNK = 1.31), is similarly enriched in 

SiO2 (≈ 73.3 wt%) and depleted in FeO (≈ 1.0 wt%) and MgO (≈ 0.2 wt%; Table 5.2). 

Concentrations of Zr are high (320 ppm). Garnet, K-feldspar, plagioclase, sillimanite, quartz, and 

zircon stabilize in this melt composition with decreasing XH2O (Fig. 4.3d). At XH2O conditions 

>0.05 biotite is stabilized at the expense of garnet below ~ 770 °C, and garnet is not stable in the 

melt below ~720 °C. Muscovite is stabilized at ~710 °C at the expense of sillimanite, and the 

stable minerals in the melt through to temperatures below the solidus (~638 °C) also resemble a 

typical two-mica granite. Predicted mineral modal abundance will be approximately: K-feldspar 

= 35%, quartz = 34%, plagioclase = 16 %, muscovite = 12 %, biotite 3 %, and zircon = 0.03% 

(Fig. 4.6d). 

Residue 2, which in the models is the residuum remaining after the second melting event 

and extraction of Melt 2, is composed of the part of the system that did not melt, plus 2 % melt 

that is included to simulate that expected to be retained on grain boundaries. This represents 

retention of 85% of the staring material (greywacke composition) and what would be expected to 

remain in the lower crust. With continued melting and melt extraction, remaining residues are 

more mafic and drier. At P = 7 kbars, T = 864 °C normalized Residue 2 contains ~2.9 mol. % 

H2O (Table 5.2), is depleted in SiO2 (≈ 67 wt%) and is enriched in FeO (≈ 6.3 wt%), MgO (≈ 2.3 
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wt%) and Zr (388 ppm). Modal mineralogy predicted for the stable assemblage in the residuum 

at peak conditions is: plagioclase = 43%, garnet = 26%, biotite = 13%, quartz = 8%, K-feldspar = 

6%, orthopyroxene = 3%, liquid = 1.3%, ilmenite = 0.8% and zircon = 0.04%.  

After extraction of Melt 2 approximately 82% of the starting pelitic material is retained. 

At P = 7 kbars, T = 849 °C the normalized residue is relatively anhydrous (~3.9 mol. % H2O; 

Table 5.2), is even more depleted in SiO2 (≈ 64 wt%) and is more enriched in FeO (≈ 7 wt%), 

MgO (≈ 2.4 wt%) and Zr (421 ppm). Modal mineralogy predicted for the stable assemblage in 

the residuum to peak conditions is: quartz = 33%, garnet = 18%, K-feldspar = 12%, plagioclase = 

11%, biotite = 11%, sillimanite = 11%, liquid = 2.4%, ilmenite = 1.5% and zircon = 0.05%. 

The first stage of the melt evolution modeled here is the extraction of the melt from the 

residue at peak temperatures, and then evolved in source. To simulate ponding of melts in 

source, both melts are thermodynamically isolated from their residues (i.e., considered as a 

separate bulk composition for phase equilibria purposes) and isothermally crystallized at 7 kbar 

by removing H2O from the system until ~30% of the melt has crystallized. Decreasing water in 

the T-XH2O pseudosection (Fig. 4.3a) simulates diffusion of H2O into anhydrous residue due to a 

significant chemical gradient that would be predicted to exist. Even though the system loses 

~30% of its H2O the normalized melt compositions remain enriched in H2O because anhydrous 

minerals crystallize during this process. For example, the greywacke Melt 2 composition at P = 7 

kbars and T = 864 °C when has 13.502 mol% H2O, but crystallized by 30%, the remaining melt 

(Melt 3) when normalized has 13.5018 mol. % H2O (Table 4.2). 

The second stage of the melt evolution modeled is the compositional and mineralogical 

behavior of melts extracted to upper crustal levels after some ponding at source. The melts are 

isothermally extracted to 3 kbars to simulate rapid melt ascent and melt emplacement. The 

evolved greywacke melt emplaced at 3 kbars and 864 °C is slightly less peraluminous than the 

unevolved melt (A/CNK = 1.16), but is still enriched in SiO2 (≈ 73.1 wt%) and Zr (353 ppm) and 

depleted in FeO (≈ 2.3 wt%) and MgO (≈ 0.5 wt%; Table 5.2). At T = 864 °C and XH2O = 1 

(≈13.5 mol% H2O) only zircon is stable in the melt (Fig. 4.3b). However, with decreasing XH2O, 

plagioclase, cordierite, K-feldspar, quartz and sillimanite are progressively stabilized (Figs. 4.3b, 

4.4b). At very low water contents, the defined pressure, and temperature conditions above 750 

°C, the solidus is near vertical, with full crystallization of the melt even at relatively high 

temperatures (Fig. 4.3b). Cooling at constant and high XH2O (=1), plagioclase, orthopyroxene, 
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cordierite, K-feldspar will progressively stabilize along with zircon by ~770 °C. Garnet is never 

stable in the melt at P = 3 and melt-water contents above XH2O = 0.8, but is progressively 

stabilized at high-T with decreasing water contents in the melt. The predicted stable mineral 

assemblage immediately above the solidus (~648 °C) has the mineral modal abundance: K-

feldspar = 37%, quartz = 34%, plagioclase = 21 %, biotite 6 % and zircon = 0.024% (Fig. 4.7a). 

Sillimanite is stabilized at the solidus but is retrogressed to muscovite at ~632 °C (Fig. 4.3b). 

The evolved pelite Melt 3 is peraluminous (A/CNK = 1.30), is enriched in SiO2 (≈ 73.3 

wt%) and Zr (319 ppm) and is depleted in FeO (≈ 1.04 wt%) and MgO (≈ 0.2 wt%; Table 5.2). 

When isothermally extracted to 3 kbars (at 849 °C), only zircon is stable in the melt at high XH2O 

conditions (Fig. 4.3e). With decreasing XH2O, the progressive stabilization of plagioclase, 

orthopyroxene, K-feldspar, quartz, cordierite and garnet occurs. A similar pattern occurs with 

decreasing temperature at constant XH2O = 1, and plagioclase, orthopyroxene, cordierite, K-

feldspar all progressively stabilizing with zircon in the melt by ~770 °C. Garnet is never stable in 

melt-water contents above XH2O = 0.03, and so is not expected to grow or survive entrainment in 

melts similar to these compositions (Fig. 4.3d). The predicted stable mineral assemblage 

immediately above the solidus (~661 °C) has the modal abundance: K-feldspar = 44%, quartz = 

33%, plagioclase = 14 %, biotite 4 %, sillimanite = 3% and zircon = 0.034%. Sillimanite is 

retrogressed to muscovite at ~632 °C (Fig. 4.7b). 

To assess the effect of a potential ponding event en route between melt extraction at 7 

kbars and emplacement as upper crustal granites, an additional crystallization event was modeled 

at 5.5 kbars. Melt 3 extracted at 7 kbars, was crystallized by ~30% at 5.5 kbar by simulating loss 

of H2O from the system and by cooling the melt to 799 °C. In greywacke compositions, the 

remaining liquid – Melt 4 is more enriched in H2O (16.2 mol. %; Table 4.2) and SiO2 (≈ 74.5 

wt%) but is slightly less peraluminous than the unponded Melt 3 (A/CNK = 1.12; Table 5.2). It 

also has less Zr (226 ppm) and is more depleted in FeO (≈ 1.7 wt%) and MgO (≈ 0.3 wt%). 

During crystallization at P = 3 kbars (starting at T = 799 °C) the first phase to stabilize is zircon. 

With decreasing XH2O, plagioclase, orthopyroxene, K-feldspar, cordierite, quartz and garnet 

progressively stabilizes (Fig. 4.3d). A similar pattern occurs with decreasing temperature at 

constant XH2O of 1, with plagioclase, orthopyroxene, biotite, K-feldspar and quartz all forming in 

equilibrium with zircon and melt by ~650 °C. Garnet is never stable at these conditions, and is 

only stabilized at XH2O < 0.05. The predicted stable mineral assemblage immediately above the 
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solidus (~641 °C) has the mineral modal abundance: K-feldspar = 36%, quartz = 33%, 

plagioclase = 22 %, biotite 9 %, sillimanite = 1% and zircon = 0.037% (Fig. 4.7c). Sillimanite is 

retrogressed to muscovite below the solidus at ~632 °C (Fig. 4.3c). 

In pelite compositions, Melt 4 is more enriched in H2O (15.9 mol. %; Table 4.2) and SiO2 

(≈ 74.4 wt%) but is slightly less peraluminous than the unponded melt (A/CNK = 1.27; Table 

5.2). It also has less Zr (226 ppm) and is more depleted in FeO (≈ 0.8 wt%) and MgO (≈ 0.1 

wt%). The first phase to crystallize from the melt is plagioclase. With decreasing XH2O, the 

progressive stabilization of zircon, cordierite, K-feldspar, cordierite, quartz and garnet occurs 

(Fig. 4.3f). With decreasing temperature at a constant XH2O of 1, plagioclase, zircon, cordierite, 

K-feldspar, quartz, sillimanite and biotite will all stabilize in the melt by ~670 °C. Garnet is 

never stable at these conditions, and is only stabilized at XH2O < 0.03. The predicted stable 

mineral assemblage immediately above the solidus (~657 °C) has the mineral modal abundance: 

K-feldspar = 45%, quartz = 34%, plagioclase = 14 %, biotite 3 %, sillimanite = 3% and zircon = 

0.024% (Fig. 4.7d). Sillimanite is replaced by muscovite below the solidus at ~632 °C (Fig. 

4.3f). 

 

5.4.2 Whole rock geochemistry of migmatites of the Brattstrand Paragneiss 

Whole rock geochemical data from samples of exposed mid-crustal migmatites in the 

Larsemann Hills and Brattstrand Bluffs, east Antarctica, provide a natural dataset to chemically 

and mineralogically evaluate the migmatite-granite link, and a comparison to the “source” and 

early extraction stages of the modeled melt compositions. Both sampling localities occur on the 

Prydz Bay coastline (~50 km apart, Fig. 5.1) and expose outcrops of the same metasedimentary 

unit, the Brattstrand Paragneiss (Fitzsimons and Harley, 1991). This unit is composed of 

metapelite, semipelite, psammite and metaquartzite (Stüwe et al., 1989; Fitzsimons and Harley, 

1991; Dirks et al., 1993; Thost et al., 1994; Carson et al., 1995; Dirks and Hand, 1995; 

Fitzsimons, 1997), and was extensively migmatized at granulite facies conditions (P = 7.5-9 

kbars and T = 800-850 °C; Ren et al., 1992; Carson et al., 1995). Partial melting in both 

locations was most extensive during tectonothermal events at ~1000-900 Ma, with minor melting 

during reworking at ~540-510 Ma (Chapter 2).  

The samples presented here provide a cross-section through most structural/assemblage 

elements of the migmatite and more evolved products of melting: 
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• melanosome – the solid residue remaining after melting, including non-melted components 

and solid products of the melting reactions; 

• leucosome – crystallization products of melts extracted from the site of melting and melts 

transiting the migmatite system (dominantly felsic, locally mafic); 

• leucogranites and leucogneisses – larger leucocratic bodies typically occurring as dikes that 

contain variable abundances of mafic minerals; 

• samples classified in the field as “granite”, which are garnet-, cordierite- and/or biotite-

bearing, but texturally appear better “mixed” than leucogranites that may contain variable 

but locally high-degrees of entrained phases. 

 

Five samples of aluminous migmatite from the Larsemann Hills (Fig. 5.2a-c) were 

analysed for whole-rock geochemistry – residuum (1), leucosome (2), leucogneiss / granitic dike 

(2). The residuum in the Larsemann Hills migmatite is characterized by abundant garnet, with 

variable abundances of sillimanite, cordierite, spinel, plagioclase and rare biotite, and is enriched 

in accessory minerals like zircon and monazite. The sample analysed here is silica poor (~46 

wt% SiO2), rich in iron and magnesium (MgO + Fe2O3T ~13 wt%), and very aluminous 

compared to other parts of the migmatite (~33 wt% Al2O3; Table 5.1). As expected from the 

mineralogy, the rock is low in CaO and Na2O (reflecting low plagioclase abundances), and 

moderate K2O (2.3 wt%) reflects contributions from K-feldspar. The presence of elevated Ti 

(1.84 wt% TiO2) stabilized ilmenite in the residue. Residuum is also Zr-rich (500ppm), but P 

poor (0.07 wt% P2O5). It is LREE-enriched but more depleted in HREE concentrations, and the 

REE patterns on chondrite-normalized diagrams are relatively flat but negatively sloping (Fig. 

5.3a; Table 5.3). It has a pronounced negative Eu anomaly (average Eu/Eu* ≈ 0.2). 

The two leucosome samples (blue dashed lines in Figure 5.3b) are predominantly 

composed of coarse-grained K-feldspar, quartz, plagioclase, and contain clots of garnet, 

cordierite, sillimanite, spinel and biotite. Zircon and monazite grains are typically found with or 

as inclusions in more mafic minerals. These samples have moderate to low SiO2 (≈ 60-62 wt%) 

and low in Al2O3 (14 wt%; Table 5.1). Concentrations of Fe2O3T and MgO are variable due to 

different contributions of mafic minerals in these samples, but typically lower than in residue.  
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Figure 5.3 Chondrite-normalized “Matsuda” diagrams for REE in migmatites (a and b) and S-
type granites (c). 
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Table 5.3 Summary of whole rock rare earth element data for the Larsemann Hills and the Brattstrand Bluffs

 

Larsemann Hills Brattstrand Bluffs
Grt-

leucosome Leucosome Leucogneiss 
dike

Granitic 
dyke Residue Average 

LG1
Average 

LG2
Average 

LG3
Average 

Metapelite
Average 

Melanosome Grt-graniteGrt-granite Micro-
granite

NK-04 NK-08L NK-10 NK-05 NK-08R n = 14 n = 13 n = 10 n = 7 n = 3 NK-56 NK-65 NK-41

La 38.23 43.72 21.90 17.01 128.86 24.69 116.94 172.65 50.64 26.78 404.05 485.58 13.05
Ce 74.34 80.25 42.54 27.39 289.52 36.82 216.64 317.14 99.91 52.17 763.09 889.43 23.59
Pr 8.36 8.46 4.65 2.58 32.77 3.95 22.38 31.91 10.82 6.03 78.77 87.36 2.40
Nd 30.84 30.40 16.61 8.05 122.04 12.93 74.68 101.79 38.84 24.88 261.77 273.37 7.32
Sm 5.78 7.21 3.28 1.34 23.00 2.09 10.59 15.89 7.72 10.79 32.94 39.45 1.19
Eu 1.86 1.99 2.29 1.47 1.20 1.45 1.85 1.80 1.37 0.59 3.25 3.38 1.67
Gd 4.94 8.38 2.49 0.94 15.54 1.85 7.26 8.27 7.72 17.01 14.51 17.69 0.50
Tb 0.90 1.63 0.35 0.11 1.90 0.55 0.88 1.25 1.55 0.04
Dy 6.39 11.04 2.02 0.51 9.45 1.67 6.27 4.81 7.94 20.74 4.19 5.46 0.16
Ho 1.37 2.52 0.40 0.08 1.67 0.32 1.15 0.79 1.47 3.96 0.48 0.75 0.02
Er 3.83 7.67 1.10 0.17 4.08 0.94 3.35 1.95 4.36 12.50 0.81 1.43 0.06
Tm 0.58 1.23 0.17 0.02 0.56 0.28 0.16 0.09 0.16 0.01
Yb 3.72 8.18 1.08 0.13 3.46 0.99 3.12 1.22 4.08 13.31 0.45 0.97 0.08
Lu 0.58 1.30 0.16 0.02 0.52 0.16 0.47 0.18 0.61 1.93 0.06 0.16 0.02

Normalized to chondrite
La 162.9 186.3 93.3 72.5 549.0 105.20 498.25 735.64 215.76 114.10 1721.6 2068.9 55.6
Ce 123.2 133.0 70.5 45.4 480.0 61.04 359.16 525.76 165.64 86.48 1265.1 1474.5 39.1
Pr 93.8 94.9 52.2 28.9 367.8 44.36 251.19 358.15 121.45 67.71 884.1 980.4 26.9
Nd 68.2 67.2 36.7 17.8 269.8 28.58 165.08 225.00 85.86 55.00 578.6 604.3 16.2
Sm 39.4 49.0 22.3 9.1 156.5 14.19 72.06 108.07 52.50 73.42 224.1 268.4 8.1
Eu 33.2 35.5 41.0 26.3 21.5 25.97 33.10 32.07 24.49 10.60 58.0 60.3 29.8
Gd 25.1 42.6 12.6 4.8 79.0 9.40 36.93 42.05 39.27 86.50 73.8 90.0 2.6
Tb 24.8 44.9 9.5 3.2 52.3 15.08 24.36 34.4 42.6 1.2
Dy 26.3 45.5 8.3 2.1 38.9 6.89 25.84 19.81 32.72 85.47 17.3 22.5 0.7
Ho 24.6 45.4 7.3 1.4 30.0 5.75 20.75 14.14 26.49 71.22 8.7 13.4 0.4
Er 24.1 48.2 6.9 1.1 25.7 5.90 21.09 12.30 27.44 78.69 5.1 9.0 0.4
Tm 24.0 50.6 7.1 0.8 23.2 11.68 6.79 3.7 6.8 0.4
Yb 22.9 50.3 6.7 0.8 21.3 6.10 19.22 7.52 25.11 81.89 2.8 6.0 0.5
Lu 23.7 53.5 6.7 0.9 21.5 6.53 19.29 7.28 24.93 79.42 2.4 6.5 0.7

Eu/Eu* 1.1 0.8 2.4 4.0 0.2 3.70 0.73 0.58 0.55 0.15 0.5 0.4 6.5
La/Yb 7.1 3.7 14.0 93.5 25.8 26.79 136.01 228.20 9.18 1.45 616.1 346.8 107.4
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Concentrations of Zr are lower than residue (226-275 ppm), but have similar P (~0.06-0.07 wt% 

P2O5) and Ti (0.8 – 1.3 wt% TiO2). They are LREE-depleted relative to the residue, and the 

REE patterns on chondrite-normalized diagrams are relatively flat but negatively sloping (Fig. 

5.3b; Table 5.3). 

The two leucogranitic samples (black dashed lines in Figure 5.3b) are predominantly 

composed of coarse-grained K-feldspar, quartz, plagioclase, and rare xenoblastic biotite. Zircon 

and monazite are rare, and when present are found as inclusions in plagioclase and biotite, or 

along K-feldspar, plagioclase, and/or quartz grain boundaries. These samples are comparatively  

silica-rich (~73 wt% SiO2) and aluminium-poor (~14 wt% Al2O3) compared to samples of 

residue and leucosome (Table 5.1). They have similar alkali and calcium contents to leucosome 

samples, and are typically poor in iron and magnesium. Concentrations of Zr and P are also very 

low (~50 ppm and 0.06-0.08 wt%, respectively). They are LREE- and HREE-depleted relative 

to residue and leucosome, and REE patterns on chondrite-normalized diagrams are relatively 

flat but negatively sloping (Fig. 5.3b; Table 5.3). 

New samples from the Brattstrand Bluffs analysed as part of this study (collected during 

the 2006-2007 Austral summer; Table 5.1; Fig. 5.2d-e) have been integrated with a larger data 

set originally presented in Watt (1993) and discussed further in Watt and Harley (1993). In the  

Watt (1993) study, leucogneisses were subdivided into 3 different groupings based on two 

criteria: 1) field identification of mafic mineral abundances, and 2) whole rock geochemistry. 

This subdivision has been followed here for consistency with previous studies: 

• LG1 – characterized by being feldspar and quartz rich, having very low modal abundances 

(less than 10 %) of mafic minerals (e.g., garnet and biotite), and poor in zircon and 

monazite. 

• LG2 –containing up to 25 % mafic minerals, characterized by more abundant accessory 

phases and larger proportions of garnet and cordierite. Schlieren are common. Garnet 

may contain inclusions of acicular sillimanite (interpreted to be entrained components of 

residuum), or be inclusion free (solid product of incongruent melting reactions or 

crystallized from melt). 

• LG3 – originally separated from the LG1/LG2 groupings based on major and trace element 

geochemistry by Watt (1993) and subsequently grouped with LG2 in Watt and Harley 

(1993). These samples are commonly LREE-rich compared to LG1 and LG2 
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Also included for comparison here are samples classified (typically from field observations) as: 

• leucosome – smaller volume leucocratic veins, which may content garnet and cordierite; 

• residuum – melanosome components, rich in garnet, sillimanite and spinel; 

• metapelite - leucosome-bearing ‘migmatite’, which is predominantly composed of variable 

abundances of garnet, sillimanite, cordierite, spinel, plagioclase and rare biotite, and are 

commonly enriched in accessory minerals (zircon and monazite). 

• “granite” – which are commonly garnet-bearing, with or without cordierite and biotite; 

these are separated from “leucogneiss” (LG2) based on the absence of preserved 

schlieren, although compositionally they are similar (see below). 

• “microgranite” – a fine-grained granitic rock that lacked garnet or cordierite, but contained 

biotite; 

• metapsammite – a quartz and feldspar-rich metasedimentary rock that occurred as a raft in 

a LG1 dike. 

 

LG1 compositions are silica-rich (> 72 wt% SiO2), poor in Al2O3, Fe2O3T and MgO, and 

average A/CNK ≈ 1.26 (Fig. 5.4 Table 5.1). Concentrations of Zr, Th and P are low, but 

variable (8-300 ppm Zr, and commonly<10 ppm Th and <0.1 wt% P2O5). They typically have  

depleted LREE and HREE concentrations, and the REE patterns on chondrite-normalized 

diagrams are relatively flat but negatively sloping (Fig. 5.3b; Table 5.3). They have positive Eu 

anomalies (average Eu/Eu* ≈ 3.7). 

LG2 compositions are variable, which tends to correlate with the modal abundance 

mafic minerals in each sample. By comparison to LG1, they are predominantly poorer in SiO2 

and more aluminous (A/CNK ≈ 1.42) and Fe-Mg rich, but overlap in composition (average SiO2 

= 68 wt%, Fig. 5.4; Table 5.1). They contain higher concentrations of Zr (up to 1000 ppm) and 

Ti (< 0.77 wt%), but are also Th and P-poor (averages = 46 ppm Th, 0.10 wt% P2O5). LG2 

samples have LREE contents that overlap with the upper end of LG1 compositions, but are 

typically more HREE-rich, and have a small, negative Eu anomaly (Fig. 5.3b; Table 5.3). 

LG3 leucogneisses have major element chemistry that is similar to LG1 (SiO2 average ≈ 

70 wt%, A/CNK ≈ 1.16) but lower Al2O3, Fe2O3T and MgO than LG2. They are typically 

enriched in Zr and Th (Zr ≈ 229, Th ≈ 92; Table 5.1). The REE patterns are very steep (Fig.  
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Figure 5.4 Major and trace element variation diagrams versus (Mg + Fe) for natural migmatites 
(triangles: Brattstrand Bluffs; squares: Larsemann Hills), S-type granites (light gray fields: Cape 
Granite Suite, Scheepers, 1995; Scheepers and Armstrong, 2002; Scheepers and Poujol, 2002; 
dark gray fields, Appendix A-16: Lachlan Fold Belt, southeastern Australia (Chappell and 
White, 1992; Waight et al., 2001), Massif Central, France (Williamson et al., 1996; Solgadi et 
al., 2007), southeastern China (Jiang et al., 2011; Xia et al., 2012), Mkhondo Valley 
Metamorphic Suite, Swaziland (Taylor and Stevens, 2010), Sierra de Velasco, Argentina 
(Grosse et al., 2011) and Western Cameroon (Djouka et al., 2008) and experimental glasses 
(small black circles, Stevens et al., 2007). Truncated scale. 
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5.3B) and they have more marked negative Eu anomalies compared with LG2 (average Eu/Eu* 

≈ 0.6; Table 5.3). 

 Additional samples included here for comparison are the metapelitic migmatite, 

residuum (melanosome) and leucosome. Metapelitic migmatite is composed of variable 

abundances of garnet, sillimanite, cordierite, spinel, plagioclase and rare biotite. They are 

enriched in accessory minerals such as zircon and monazite. Metapelitic gneiss is more mafic 

than the leucogneisses and has lower SiO2 and much higher Al2O3, Fe2O3T and MgO (Table 

5.1). Compositions lie on an approximate continuum between pure melanosome and leucosome 

samples, reflecting the mixture of these components (Fig. 5.5). Residual melanosome samples, 

which are rich in garnet, sillimanite and spinel, with or without cordierite, K-feldspar, quartz 

and biotite, are SiO2-depleted (average ≈ 46 wt%) and have much higher Al2O3, Fe2O3T and 

MgO (Fig. 5.5; Table 5.1). They are also enriched in Zr but are also Th and P-poor. 

Concentrations of LREE are similar to metapelitic gneisses, but are relatively HREE-enriched 

and have strongly negative Eu anomalies (average Eu/Eu* ≈ 0.15; Fig. 5.3c; Table 5.3). By 

comparison, smaller volume leucosome is more consistent with LG1 compositions, but may 

also be more silica-rich and Fe-Mg, Zr, Th and P poor (Fig. 5.4). Compositions reflect directly 

the modal abundance of garnet and cordierite present in each leucosome sampled.  

 Lastly, granitic rocks sampled fall into two categories – garnet- and cordierite-bearing 

and biotite-bearing, garnet- and cordierite-absent. Garnet-cordierite granites have compositions 

that overlap with LG2 leucogneisses (Fig. 5.4). However, biotite-bearing microgranite is silica-

rich and Fe-Mg-depleted compared with all leucogneiss samples, but overlaps in composition 

with some garnet-poor leucosomes. 

 

5.5 Discussion 

A principal aim of developing phase equilibria models to track the compositional 

evolution of melts generated in metasedimentary rock compositions, was to integrate modeled 

melt compositions with whole rock geochemical data from mid-crustal migmatites (the 

Larsemann Hills and Brattstrand Bluffs; Watt, 1993; this study), S-type granitoid suites (Cape 

Granite Suite; Scheepers, 1990, Scheepers and Armstrong, 2002; Scheepers and Poujol, 2002; 

Stevens et al., 2007; Villaros et al., 2009a) and experimentally produced melt compositions   
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Figure 5.5 Major and trace element variation diagrams with increasing (Mg + Fe) for pelite and 
greywacke modeled melts 2, 3 and 4 and Residue 2 (white circles), natural migmatites 
(triangles: Brattstrand Bluffs; squares: Larsemann Hills), S-type granites (light gray fields: Cape 
Granite Suite, Scheepers, 1995; Scheepers and Armstrong, 2002; Scheepers and Poujol, 2002; 
dark gray fields Appendix A-16: Lachlan Fold Belt, southeastern Australia (Chappell and 
White, 1992; Waight et al., 2001), Massif Central, France (Williamson et al., 1996; Solgadi et 
al., 2007), southeastern China (Jiang et al., 2011; Xia et al., 2012), Mkhondo Valley 
Metamorphic Suite, Swaziland (Taylor and Stevens, 2010), Sierra de Velasco, Argentina 
(Grosse et al., 2011) and Western Cameroon (Djouka et al., 2008) and experimental glasses 
(small black circles, Stevens et al., 2007). Full scale. 
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(Stevens et al., 2007) in order to test some of the hypotheses presented for the sources of S-type 

granitoids and the compositional variability observed in S-type granitoid suites worldwide.  

Experimental studies (e.g., Carrington and Harley, 1995; Stevens et al., 2007) have shown that 

the composition of pure melt that is produced during melting of metapelitic rocks does not 

directly correspond to the composition of S-type granitoids. As presented above, a number of 

hypotheses have been presented to explain this difference, and also the variability in 

composition seen in natural granitoid suites. Based on studies of migmatite terranes, rapid or 

efficient melt segregation and extraction leading to disequilibrium between melts and residual 

phases has been proposed to explain trace element (Zr, REE, Th) depleted compositions in 

leucogranitic rocks (e.g., Watt, 1993; Watt and Harley, 1993). Substantial scatter in major 

elements and element ratios (e.g., ASI, K/Na, Mg + Fe, Ti; Stevens et al., 2007) has been 

interpreted to be the result of partial entrainment of source assemblages. The composition of 

modeled melt produced at peak conditions (prior to evolution within the system) reflects a 

predicted “pure” melt without entrainment, and so represents an end-member scenario that can 

be tested as such by comparison with experimental melt compositions. The evolved melt 

compositions allow further testing of hypotheses through comparison with data from real rocks.  

 

5.5.1 The migmatite-granite link 

 The compositions of leucocratic material in the Brattstrand Paragneiss with increasing 

Mg + Fe generally have increasing Ca, Ti, A/CNK, LREE, HREE, and Zr but decreasing Si and 

K (Fig. 5.4). LG1 leucogneiss, microgranite and leucosome from the Brattstrand Bluffs and 

granite dikes and leucogneiss dikes from the Larsemann Hills have similar major element 

concentrations and are Mg + Fe poor. They all have similar mineralogical make up, and are 

interpreted to have formed through melting of a common protolith composition. These rocks 

also have very low Zr concentrations (~30-90 ppm) and P2O5 (0.05-0.09 wt %), suggesting that 

either zircon and monazite have dissolved and their components extracted with the melt, or 

these components remained at the source of melting. LG2 leucogneiss shows a wide range of 

Mg + Fe concentrations and generally plots with Brattstrand Bluffs garnet-cordierite granites 

and, except for Si, with Larsemann Hills garnet- or cordierite-bearing leucosomes. These rocks 

are also leucocratic, but contain variable amounts of garnet, sillimanite, cordierite, spinel, 

ilmenite, zircon and monazite. They have elevated Zr concentrations (~220-450 ppm) 
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suggesting that zircon has been entrained and preserved, or has grown and been retained. 

However, low P2O5 (~0.06-0.1 wt %) indicates that monazite is not likely present, probably 

through dissolution at the source. LG3 leucogneiss has Mg + Fe and other major element 

concentrations that are intermediate to LG1 and LG2, generally on-trend. LG3 is enriched in Zr, 

HREE, LREE, and P2O5 indicating that zircon and monazite are present, possibly entrained and 

preserved or have grown and been retained. LG3 is not enriched in Ca, supporting the 

interpretation that monazite, and not apatite, is the major source of phosphorus in these rocks. 

 Metapelitic migmatite is more mafic than the leucogranites and leucogneisses, but 

generally plots on trend with all leucocratic rocks (e.g., Si, A/CNK and Ti), and for select 

element with LG1 and LG2 (Ca and Zr; Fig. 5.6). This suggests that these rocks are genetically 

linked and that felsic melts similar in composition to the leucogranites were extracted from 

metapelitic gneisses. Metapelitic gneisses have moderate Zr concentrations (~190 ppm) that fall 

between the most and least Zr-depleted leucocratic compositions. This suggests some zircon 

was retained at the melt source, but that some zircon either dissolved in or was entrained into 

the melt. Low P2O5 indicates that monazite was not retained in the metapelitic migmatite but 

dissolved into the extracted melt. In contrast, melanosomes (residuum only) are enriched in Mg 

+ Fe, Al2O3, Ti, and Zr and do not plot on leucogranite / leucogneiss – metapelitic gneiss 

chemical trends. They are interpreted to represent the part of the migmatite from which melt 

was more efficiently extracted than the metapelitic gneiss. Average Zr is commonly moderate 

(~230 ppm), but individual samples can be enriched to twice that concentration (500 ppm; NK-

08R, Table 5.1). This indicates that zircon retention is variable at the sites of melting, and that 

local melting and extraction conditions will affect accessory mineral abundance even on small 

scales. P2O5 is consistently low in melanosome suggesting a high degree of dissolution of 

monazite and/or apatite. The absence of monazite in melt residues and melt products that 

crystallized within the migmatite terrane (leucogranites, leucogneisses) indicates that monazite 

stayed under-saturated within melts and was mostly removed form the system. 

 For the purposes of understanding the links between migmatites (modeled and natural) 

and granites, compositions are compared against S-type granitoids from the Cape Granite Suite, 

(Scheepers, 1995; Scheepers and Armstong 2002; Scheepers and Poujol 2002; Stevens et al., 

2007; Villaros et al., 2009; Appendix A-16). The CGS S-type granitoids are strongly	  	    
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Figure 5.6 Major and trace element variation diagrams with increasing (Mg + Fe) for pelite and 
greywacke modeled melts 2, 3 and 4, natural migmatites (triangles: Brattstrand Bluffs; squares: 
Larsemann Hills), S-type granites (light gray fields: Cape Granite Suite, Scheepers, 1995; 
Scheepers and Armstrong, 2002; Scheepers and Poujol, 2002; dark gray fields, Appendix A-16: 
Lachlan Fold Belt, southeastern Australia (Chappell and White, 1992; Waight et al., 2001), 
Massif Central, France (Williamson et al., 1996; Solgadi et al., 2007), southeastern China (Jiang 
et al., 2011; Xia et al., 2012), Mkhondo Valley Metamorphic Suite, Swaziland (Taylor and 
Stevens, 2010), Sierra de Velasco, Argentina (Grosse et al., 2011) and Western Cameroon 
(Djouka et al., 2008) and experimental glasses (small black circles, Stevens et al., 2007). 
Truncated scale. 
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peraluminous (1 < A/CNK < 2), K-rich and have a substantial range in total FeO + MgO values 

(between 0.8 and 9 wt%). These rocks may contain garnet, cordierite and tourmaline, indicating 

contribution from an aluminous metasedimentary source, and higher Mg + Fe values recorded 

in many of these samples has been linked to entrained peritectic garnet (Stevens et al., 2007). 

The granitoids have REE compositions similar to the LG2 leucogneiss from the Brattstrand 

Bluffs, but with slightly more pronounced negative Eu anomalies. 

The S-type granitoids from the CGS have major element trends that mirror the trends 

seen in middle crustal migmatites (Fig. 5.4). For example, leucogranites and leucogneisses with 

the least amount of material inferred to be entrained (LG1 group) overlap with compositions of 

S-type granitoids with the lowest Mg + Fe concentrations. These granitoids were interpreted by 

Stevens et al. (2007) to have had limited ferromagnesian mineral entrainment. In comparison, 

the LG2 leucogranites and leucogneisses have high abundances of entrained material, and lie 

along trends in S-type granitoid compositions toward higher Mg + Fe ratios. Metapelitic 

gneisses, interpreted to be a mix of melanosome and leucosome, also fall along this trend, and 

have similar Si/Mg + Fe ratios as S-type granitoids that were interpreted by Stevens et al. 

(2007) to have entrained the most garnet. These chemical trends indicate that metasedimentary 

migmatites similar to those formed in the Brattstrand Paragneiss could be compositionally 

similar to the source of CGS S-type granitoids. This observation supports the supposition of 

Stevens et al. (2007) that garnet entrainment at the source of melting can significantly affect S-

type granitoid composition. 

Comparisons can also be made against the experimental melting dataset presented in 

Stevens et al. (2007), which is based on melting of starting compositions equivalent to CGS 

granitoids and estimated anatectic conditions (black dots in Figures 5.4-6; Appendix A-16). The 

experimental glasses (melt) are silicic (average SiO2 ≈ 74.5 wt %), peraluminous, A/CNK ≈ 

1.35, and total FeO + MgO values for the 100 wt% normalized glass compositions vary between 

0.9 and 3.9 wt%, with a general increase in this parameter with temperature. There is broad 

overlap between the experimental glasses and leucocratic elements of the Larsemann Hills and 

Brattstrand Bluffs migmatites, correlating well with Si and Mg + Fe contents, as well as 

aluminosity (Fig. 5.4). However, the experimental melts tend to be more K-rich and Ca-

depleted relative to leucogranites and leucogneisses.  
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5.5.2 Further testing the entrainment hypothesis with modeled melt compositions 

To test the validity of the modeled melts for understanding natural melting processes, 

they can be compared with natural migmatites from the Brattstrand Bluffs and the Larsemann 

Hills, to S-type granitoids from the Cape Granite Suite, SA and to experimental S-type melts 

(Figs. 5.5, 5.6). A key aspect of this comparison is to address the high degree of compositional 

variation in S-type granitoids, with several processes suggested for that variation. 

There is evidence that entrainment of material at the source of melting (major peritectic 

and restite minerals and accessory minerals) may be responsible for this variation (Stevens et 

al., 2007) and comparisons with components of natural migmatites from Prydz Bay support this 

interpretation. However, in this current study the modeled melts are evaluated in isolation, and 

do not incorporate any entrained material. Therefore the models provide a liquid-only boundary 

condition to be compared with natural migmatites and S-type granitoids (also experimental 

melts) to help determine the role of entrainment in S-type granitoids. This boundary condition 

does provide the opportunity to test another contribution to granitoid composition – extraction 

path. Here, the model melts are evolved along the extraction path (at 7 kbars, 5.5 kbars and 3 

kbars) allowing the affect of fractional crystallization on the compositions of the S-type 

granitoids that are emplaced at higher structural levels to be examined. 

It has been established based on geochemical trends that metapelitic migmatite and 

leucocratic material in the Brattstrand Paragneiss are genetically related, and that the metapelitic 

migmatite has a refractory composition that reflects melt extraction events.  

The pelite and greywacke residues (Residue 2) are compositionally similar, and despite 

a minor difference in Mg + Fe, can be considered together for the purposes of this discussion. 

These residues show remarkable compositional agreement with metapelitic melanosome and 

residuum (Fig. 5.5). This result indicates that the model produces valid approximations of melt-

depleted metasedimentary rocks. In contrast, the natural melanosome is enriched in Al2O3, FeO, 

MgO and TiO2 and depleted in all other oxides, suggesting that the melanosomes analysed 

likely represent a phase in the migmatite that has undergone efficient melt extraction and/or 

further melting events than modeled in this study. 

Residue 2 compositions do have Zr (ppm) concentrations that are higher than metapelitic 

gneiss (Fig. 5.5; Table5.1). Petrographic work presented in Chapter 2 and discussions on zircon 

saturation in anatectic melts in Chapter 4 demonstrated that most of the Zr (zircon) budget in 
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migmatites stays at the source. Since there is major oxide consistency between the natural 

metapelitic gneiss and both modeled residues, we should expect higher Zr concentrations in the 

natural metapelitic gneiss. The lower Zr content of the migmatitic metapelite can be in several 

ways, including: (1) the metapelitic gneiss protoliths had lower Zr concentrations than use in the 

models; (2) zircon crystals were extracted with melt (through dissolution or entrainment); or (3) 

sampling bias excluded more residual parts of the migmatite (melanosome) where accessory 

minerals may be preferentially located and included more accessory mineral depleted 

leucosome (dilution effect). Indeed, melanosome is more enriched in Zr than metapelitic gneiss 

(Table 5.1), indicating that the overall Zr budget in the protolith was higher than what is 

represented in the metapelitic gneisses. This does not preclude the possibility of efficient zircon 

extraction or the effect of a smaller Zr budget: the average melanosome has Zr values of ~ 230 

ppm which is still lower than predicted from the modeled systems. However, individual samples 

are Zr-enriched, (e.g., NK-08R, ~500 ppm Zr). It must be emphasized that metapelitic gneisses 

are variable in composition for a variety of reasons and individual components of a migmatite 

must be examined in a larger context to understand what they represent in the entire anatectic 

system. 

Melt 2 is a pure liquid composition that was generated at P = 7, and T ≈ 850 °C. 

Although no natural rock would be expected to reflect this composition, it is worthwhile to 

compare this melt composition to leucosomes and LG1 leucogneiss – those rocks that contain 

the least amount of entrained material. Pelite Melt 2 has a Mg + Fe, Si and A/CNK composition 

that is most similar to LG1-type rocks. However, the leucogranites and leucogneisses are 

depleted in K and enriched in Ca relative to the modeled melts, confirming the interpretation 

that these leucogranites are a felsic residue (fractional crystallization products from a melt that 

has been subsequently extracted. The modeled melts are also more enriched in Zr, indicating 

that the parent melt to LG1-type leucogneisses could have been extracted from their source 

before equilibration with zircon occurred, that limited amounts of zircon were entrained in the 

melt, or that zircon stayed in the liquid that was extracted from the LG1. 

LG3-type rocks generally have Mg + Fe values that are higher than Melt 2. They are 

depleted in Si and K but are enriched in Ca and especially Zr relative to the modeled melts. 

These compositions are a clear departure from a pure liquid composition and indicate that 

material was entrained, which is supported by petrographic observation of entrained material. 
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The major oxide compositions of greywacke and pelite Melt 2 are least similar to LG2, 

as expected, because LG2 has a high proportion of entrained ferromagnesian minerals (Fig. 

5.1d). Elevated Zr compared with Melt 2 suggests that zircon was extracted along with residual 

garnet and cordierite in LG2 leucogneiss. 

The above comparisons aimed to evaluate the similarities between an un-evolved melt 

with leucosomes and leucogranites that crystallized at or close to the source. However, because 

granites reaching the upper crust can be expected to have evolved through some fractional 

crystallization, either close to the source or during transport, it is useful to test this using 

modeled melts. Melt 3, a pure liquid composition extracted from 7 kbars after 30% 

crystallization and emplaced at 3 kbars, and Melt 4, evolved from Melt 3 by simulating a further 

30% crystallization at 5.5 kbars, can be compared with the S-type granitoids from the CGS and 

experimentally produced melt compositions. 

In key compositional parameters such as Si, Mg+Fe and A/CNK, Melt 3 and 4 

compositions from greywacke are similar to the CGS S-type granitoids that have the least Mg + 

Fe (Fig. 5.6), the granitoid compositions interpreted to be closer approximations of pure 

extracted melts with limited garnet entrainment (Stevens et al., 2007). Although Melt 4 has less 

Mg + Fe than Melt 3, these compositions are relatively similar for most major elements when 

compared against the large spread in natural granitoid compositions. Pelite Melt 3 and 4 

approximate the same trends as greywacke Melt 3 and 4, but their lower Mg + Fe suggesting 

that for a different bulk composition modeled pelite melts could approximate an entrainment-

free S-type granitoid. 

Experimental melting data based on CGS compositions and estimated anatectic 

conditions (Stevens et al., 2007) are also plotted on Figure 5.6. Unsurprisingly, experimental 

melt data are similar to greywacke Melt 3 and 4. The experimental melts, like the modeled 

melts, have no entrained material, and both correspond well with CGS S-type granitoids with 

low Mg + Fe values. The major element agreement between low Mg + Fe CGS S-type 

granitoids, experimental melts, and modeled melts suggests that the melt models presented here 

are valid approximations of S-type granitic melts, and that for low Mg + Fe compositions, 

compositions can be achieved through fractional crystallization during transport alone. 

Zr concentrations are available for some CGS rocks (Villaros et al., 2009). The Zr 

concentrations in greywacke Melts 3 and 4 do not approximate the values and trend of the 
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Zr/(Mg + Fe) for CGS (Fig. 5.6, light gray field). When these are compared to Zr concentrations 

in Melts 3 and 4 (see Chapter 4 for detail), they are Zr-rich relative to the CGS granitoids. In the 

generation of the modeled melts, zircon was always saturated (reflecting melt-mineral 

equilibrium in the source), which suggests that complete equilibration of zircon in the CGS 

source did not occur.  

Some natural rock and experimental melt compositions are similar to the Zr / Mg + Fe in 

modeled melts (Fig. 5.6). This is in contrast to the assumption that co-entrainment of zircon and 

ferromagnesian minerals is a dominant mechanism for Zr-enrichment, indicating that it is 

possible that some S-type granitoids have enriched Zr concentrations without entraining garnet, 

either by entraining zircon alone or by nearing zircon saturation concentrations in the melt. 

Zirconium concentrations in the modeled melt however, are not similar to Zr in most 

natural S-type granitoids. Given that the melt is an end member case where zircon is saturated 

in the melt but not in entrained from the source, the Zr compositions of the modeled melts is 

higher than natural melts with similar Mg + Fe compositions. The lower Zr in natural melts – 

even in melts where entrainment of other phases like garnet is demonstrated - means that most 

melts were extracted before complete equilibration with zircon and that any entrainment of 

zircon is equal to or less than what is expected for end member melts. This observation is 

consistent with a refractory lower crust that is enriched in zircon, and is further supported by 

petrographic evidence (Chapter 2) and the modeling (Chapter 4). It must be emphasized that 

there is clear evidence for accessory mineral entrainment in melts both at the source of melting 

(LG2 and LG3) in melts that made it to higher levels in the crust (Villaros, 2009). However, the 

consistency of modeled melts and the garnet-free S-types also suggests that it is also possible to 

have S-type granitoids formed with limited entrained zircon at the source of melting. 

The consistency of the modeled melts and the natural and experimental S-type melts 

allows for the modeled mineralogy to be explored. The models predict that for most H2O 

contents regardless of modeled melt ascent paths, garnet-free two-mica granites will be 

produced from greywacke and pelite metasedimentary protoliths. Modal abundance of minerals 

in the final S-type granitoids, however, will depend on composition and melt path.  

Ferromagnesian minerals may be produced by these felsic melts, and at higher 

temperatures and/or lower H2O content minerals including garnet, cordierite, orthopyroxene and 

sillimanite are stable as solid phases. In equilibrium conditions, with decreasing P-T conditions 
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these minerals will retrogress to biotite and muscovite. Therefore garnet and cordierite should 

not be present in a wet granite, and if they were entrained at the site of melting the model 

predicts that a S-type granitoid with a garnet Mg + Fe signature will be garnet absent. However, 

garnet and cordierite are preserved in some S-type granitoids (e.g., S-type granites of the 

Cooma Complex, Ellis and Obata, 1992; Cape Granite Suite, Scheepers and Armstrong, 2002), 

indicating that disequilibrium conditions were operating that could be attributed to late 

entrainment of material at the site of emplacement, rapid melt extraction, or sluggish kinetics. 

Considering the wide range of compositions in S-type granitoids, there are likely many 

sources that contribute to the chemical variation, from disequilibrium melt extraction without 

mineral entrainment to equilibrium melt extraction with entrainment of accessory and major 

minerals. This contribution shows that it is possible to model the pure liquid melt extraction, 

and that the liquids are very similar to most S-type granitoids. 

Along the same lines, modeled Residue 2 and natural metapelitic gneiss from Prydz Bay 

are compositionally very similar. Therefore, Residue 2 may approximate a migmatitic 

metapelite. However, migmatitic metapelite is highly compositionally variable, and the context 

of the sample relative to the migmatite is necessary to understand its role in the partial melting 

process. In addition, it has been demonstrated that zircon is retained in migmatite. Therefore, 

the modeled Zr concentrations approximated by the model are likely realistic, meaning that in 

this scenario ~85 % of the original Zr budget should remain at the source. This Zr is housed in 

zircon with other important trace and heat-producing elements, in the refractory lower crust. 

Major element concentrations in the modeled melts, while similar to leucogranites in 

granulites, do not approximate leucogranites in migmatites. This is expected, considering that 

leucogranites represent part of the migmatitic system that crystallized at source and did not go 

on to form S-type granitoids. However, leucogranites do play an integral role in the melt 

extraction process, and they provide evidence for different styles of melt extraction in the lower 

crust. For example, LG1 leucogneisses represent a scenario where melt extraction was efficient 

and not much foreign material was entrained. LG2 and LG3 leucogneisses demonstrate that 

different amounts and types of material can be entrained as melt is extracted. The melt 

extraction process is neither simple nor singular. 
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5.6 Conclusions 

This paper presents the results of thermodynamic modeling of granitic melts generated 

from metasedimentary rock compositions and evaluates the role of melt extraction path on the 

chemical evolution of S-type granitoids. Compositions generated by the model are tested 

against natural migmatites and S-type granitoids by integrating modeled melt compositions with 

whole rock geochemical data from mid-crustal migmatites, S-type granitoid suites and 

experimentally produced melt compositions. The models are considered simplified 

approximations of natural S-type granitoid melts but can offer insight into compositional 

changes melt in generated in the lower crust as it is extracted to upper crustal levels. 

• This study shows that modeled melt compositions can approximate natural rock 

compositions at different stages in the melt extraction process. Modeled residue is 

compositionally similar to metapelitic gneiss, and modeled melts are compositionally 

similar to S-type granitoid compositions from the upper crust. Modeled Melt at 7 kbars 

is not compositionally similar to leucogranites. The modeled melt composition probably 

represents a melt that was extracted away from the lower crust and therefore should not 

represent leucogranite compositions. 

• This study has shown that chemical trends exist among spatially related melt-extracted 

metapelitic gneisses and leucogneisses and leucogranites. Leucogranites with larger 

amounts of entrained material have compositions that approach metapelitic gneiss 

compositions. A similar chemical trend observed in S-type granitoids has been attributed 

to increasing amounts of entrained garnet from the site of melting (Stevens et al., 2007). 

The similarity between of the migmatite trend and the S-type granitoid trend supports 

this hypothesis.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

 

Recycling of the continental crust through partial melting, melt extraction and 

emplacement at higher structural levels is a key process that should produce an enriched granitic 

upper crust and depleted lower crust. However, the common occurrence of accessory mineral-

rich migmatite residues, and upper crustal granites that are depleted in some incompatible 

elements (e.g., U, Th, and REE), suggests our understanding of the controls on element 

distribution during recycling is limited. 

This study aimed to evaluate how melting behavior in migmatites, with particular focus 

on the controls imparted by key accessory minerals, impacts the composition of melts generated 

and extracted from mid-crustal migmatites. The thesis presented research that was conducted 

using two broad approaches: a natural migmatite study, and modeling of theoretical melts 

expected to be generated through migmatization of metasedimentary rocks. 

Detailed in situ textural and mineral chemical characterization of migmatitic paragneiss 

from the Larsemann Hills, east Antarctica, provided insight into the behavior of migmatitic 

rocks during polycyclic metamorphism. In this study, important trace element-bearing accessory 

minerals (zircon and monazite) were shown to record complex trace element zoning patterns 

that were linked with major mineral (garnet) growth and breakdown. The textural location and 

assemblage context was shown to affect accessory mineral growth and breakdown, and as a 

result interpreted to affect the flux of trace and heat producing elements from the site of melting 

into the upper crust. 

Modeled S-type granititc melts calculated using phase equilibria diagrams show that 

pressure, temperature, and changes to melt composition (e.g., XH2O) affect the behavior of zircon 

in partial melts. Under certain conditions, zircon will be saturated in the melt and able to 

crystallize from the melt close to the site of melting.  These results have implications for 

interpretation of zircon crystallization ages, but also for our understanding of trace element 

budgets within the lower crust. Modeling also demonstrates that the major and accessory 

element compositions of melts that are extracted from the deep crust and emplaced at higher 
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structural levels are highly dependent on melt segregation, extraction rate and interaction with 

wall rock. 

 

6.1 Petrology of natural migmatites 

Chapter 2 describes detailed in situ textural and mineral chemical characterization of 

migmatitic Broknes paragneiss from the Larsemann Hills, which has provided insight into the 

complex tectonothermal history of this part of Prydz Bay, east Antarctica, and also into the 

behavior of migmatitic rocks during polycyclic metamorphism. Petrologically constrained 

analysis of zircon, monazite and garnet using integrated EMP, LA-ICP-MS, and SIMS 

techniques has allowed the effects of polymetamorphism to be unraveled and help constrain the 

relative extent of melting during overprinting anatectic events. The work has also provided 

insight into the utility of trace element analysis in the interpretation of complex age 

relationships. 

Field and petrographic evidence suggests that substantial melting in the Larsemann Hills 

occurred during D1 (≥900 Ma) and the terrane was later reworked and locally re-melted during 

D2 (~ 540-525 Ma). More precise age and trace element data is available for texturally 

constrained zircon and monazite that formed during D2 events. These data date monazite growth 

on the high-temperature portion of the prograde path and possibly the onset of melting (~543-

540 Ma), zircon and monazite growth during peak metamorphism and melt crystallization 

(~538-532 Ma), selvage formation (~534 Ma), and late crystallization of melts during cooling of 

the terrane at ~525-523 Ma. The extraction of melts generated during D1, which likely left a 

predominantly residual composition is interpreted to have enabled the Larsemann Hills to attain 

higher temperatures during D2. The overprinting partial melting that occurred during D2 was 

localized to domains of higher fertility (e.g., melanosome or selvages formed during the D1 

migmatization event). 

This study has shown that zircon is very sensitive to local scale textural and geochemical 

variations in growth environment and that zircon composition in the presence of garnet, or other 

competitor phases will depend on partitioning and environment of growth. In addition, the 

results demonstrate that zircon HREE compositions should not be interpreted in isolation but 

compared with the major mineral assemblage (e.g., garnet, if present), to fully understand the 

implications of their chemical signatures. 
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6.2 Modeled melts 

Phase equilibria modeling of granitic melts generated from metasedimentary rock 

compositions in the system NCKFMASHZr evaluates the growth of zircon and behavior of S-

type melts under evolving P-T-XH2O conditions. The models are considered simplified 

approximations of the precursors to natural S-type granite melts but can offer insight into the 

behavior of zircon in melts generated in the lower crust and subsequently extracted to upper 

crustal levels. Modeled melt compositions are also tested against the compositions of natural 

migmatites and S-type granites by integrating modeled melt compositions with whole rock 

geochemical data from mid-crustal migmatites, S-type granite suites and experimentally 

produced melt compositions. 

Modeling results presented in Chapter 4 show that generation and extraction of melts 

leaves a residuum that is enriched in Zr and that melts under typical granulite facies conditions 

will always be saturated with respect to zircon. Slight decreases in XH2O in the melt (potentially 

by H2O diffusion into anhydrous residuum) will facilitate zircon crystallization. Therefore, 

zircon may grow close to the site of melting in the presence of melt, and zircon in granulites 

does not necessarily reflect growth during cooling of the terrane below the solidus. The lower 

crust will be enriched in Zr and therefore zircon, which is supported by petrographic 

observations in some natural granulites. As a consequence of zircon enrichment, trace elements 

(REEs, HPEs) will also not be depleted in residual lower crustal rocks. 

Modeling results presented in Chapter 5 show that modeled melt compositions can 

approximate natural rock compositions at different stages in the melt extraction process. 

Modeled residue is compositionally similar to metapelitic gneiss, and evolved modeled melts 

are compositionally similar to S-type granite compositions from the upper crust. Modeling also 

demonstrates that the major and accessory element compositions of melts that are extracted 

from the deep crust and emplaced at higher structural levels are highly dependent on melt 

segregation, extraction rate and interaction with wall rock. 

 

6.3 Broader implications 

The results of the modeling study support observations from the petrologic study. The 

retention of Zr in the residue is consistent with the concentration of zircon grains in metapelitic 

melanosome and selvage zones in the Larsemann Hills, and demonstrates that zircon does grow 



	  
	  

220	  

during partial melting and not just during cooling. The models also predict that under 

equilibrium conditions zircon is saturated in the melt produced at the source, and that zircon can 

grow in the melt. These observations have important implications for how we interpret ages, 

how we interpret the compositions of granites, and the process of recycling versus retention of 

trace and heat producing elements. 

This study also illustrates that melt-depleted migmatites can be re-melted during 

overprinting anatectic events. This is an interesting problem at the melt source, where melt-

depleted migmatites should resist re-melting due to infertile bulk compositions. Re-melting is 

restricted to fertile zones (e.g., melanosome-leucosome boundaries) and requires higher 

temperatures than the initial melting event. The localization of melting during overprinting 

events has implications for the amount and composition of melt that can be extracted from 

previously melt-depleted lower crust, and therefore the recycling versus retention of crustal 

materials. 

Research presented here also suggest that although compositions of S-type granites depend on 

the composition of the melt source, melt fractional crystallization and wall rock interaction 

during melt extraction and ascent, and the rates at which they occur, may also influence magma 

compositions. Ultimately, S-type granite compositions are intimately linked with micro- meso- 

and crustal-scale processes operating from deep crust to the upper crust. 

 

6.4 Future work 

In light of the results of the current study, many research questions still remain 

unanswered leaving ample opportunity for future work evaluating accessory mineral behaviors 

in migmatites and S-type granites. 

• This study examined metasedimentary migmatites from a very narrow P-T window in 

mid-crustal rocks. Detailed petrologic studies that focus on accessory mineral 

distribution in migmatites from different settings (e.g., higher-P, lower-T) and different 

compositions (e.g. more mafic rock types) will be useful to constrain accessory mineral 

behavior during anatexis. 

• Migmatites that are structurally linked to S-type granites can be used to track the 

compositional and mineralogical characteristics from source to sink. 
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• Garnet records fine-scale variations in REE compositions. More detailed and extensive 

garnet analysis will be useful to better constrain the effect of overprinting events and 

late-stage garnet-melt interaction on REE signatures. 

• Modeled compositions can be used to evaluate the entrainment (at source) versus growth 

of mafic minerals in melts on the final S-type granite composition, including trace 

element and isotope data (e.g., impact of garnet on REE composition of melts). 

• More metasedimentary protolith compositions should be modeled. Melt compositions 

can be evaluated at different P-T conditions and along different melt ascent paths. 

Similarly, the modeled compositions and mineral modal abundances should be 

compared with more S-type suites. 

The scope of the study can be expanded to include non-S-type granites (I-type) by incorporating 

use of the new calcic melt model for modeling of partial melting of intermediate and 

mafic rocks (Green et al., 2012).  
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APPENDIX A 

SUPPLEMENTAL ELECTRONIC FILES 

 

Data files Files containing sample locations, 
geochemical measurements of whole-rock 
compositions and minerals. A-1-A-5, A-16 
are in Microscoft Excel 2011 format. A-6-
A-15 are .txt files. 

Appendix A-1_Sample locations List of sample locations  

Appendix A-2_EMP data Electron microprobe (EMP) mineral 
analyses  

Appendix A-3_Zircon REE data Zircon LA-ICP-MS rare earth element 
analyses  

Appendix A-4_Monazite REE data Monazite LA-ICP-MS rare earth element 
analyses  

Appendix A-5_Garnet REE data Garnet LA-ICP-MS rare earth element 
analyses 

Appendix A-6_PT1_greywacke dr-txNCKFMASHTOZr file generated 
with THERMOCALC tc333i for 
DRAWPD dr115i. Greywacke P-T 
pseudosection 1. 

Appendix A-7_PT1_pelite dr-txNCKFMASHTZr file generated with 
THERMOCALC tc333i for DRAWPD 
dr115i. Pelite P-T pseudosection 1. 

Appendix A-8_PT2_greywacke dr-txNCKFMASHTOZr file generated 
with THERMOCALC tc333i for 
DRAWPD dr115i. Greywacke P-T 
pseudosection 2. 

Appendix A-9_PT2_pelite dr-txNCKFMASHTZr file generated with 
THERMOCALC tc333i for DRAWPD 
dr115i. Pelite P-T pseudosection 2. 

Appendix A-10_TX1_greywacke (Melt2) dr-txNCKFMASHZr file generated with 
THERMOCALC tc333i for DRAWPD 
dr115i. Greywacke T-X pseudosection 7 
kbar. 

Appendix A-11_TX2_greywacke (Melt3) dr-txNCKFMASHZr file generated with 
THERMOCALC tc333i for DRAWPD 
dr115i. Greywacke T-X pseudosection 3 
kbar (from 7 kbar, unponded). 
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Appendix A-12_TX3_greywacke (Melt4) dr-txNCKFMASHZr file generated with 
THERMOCALC tc333i for DRAWPD 
dr115i. Greywacke T-X pseudosection 3 
kbar (from 7-5.5-3kbar, ponded). 

Appendix A-13_TX1_pelite (Melt2) dr-txNCKFMASHZr file generated with 
THERMOCALC tc333i for DRAWPD 
dr115i. Pelite T-X pseudosection 7 kbar. 

Appendix A-14_TX2_pelite (Melt3) dr-txNCKFMASHZr file generated with 
THERMOCALC tc333i for DRAWPD 
dr115i. Pelite T-X pseudosection 3 kbar 
(from 7 kbar, unponded). 

Appendix A-15_TX3_pelite (Melt4) dr-txNCKFMASHZr file generated with 
THERMOCALC tc333i for DRAWPD 
dr115i. Pelite T-X pseudosection 3 kbar 
(from 7-5.5-3kbar, ponded). 

Appendix A-16_Migmatite and S-type 
data 

Whole-rock and REE analyses from 
Brattstrand Bluffs; Cape Granite Suite, 
experimental glasses, and other S-types. 
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