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ABSTRACT 

 Garnet compositions and zoning, which are important records of crustal processes, are 

often used to constrain P-T-t paths for deep crustal rocks now exposed at the surface.  These 

P-T-t paths require knowledge of the stable minerals and effective bulk composition during 

each increment of garnet growth, because effective bulk composition may change due to 

compositional fractionation by mineral growth and/or mass transfer. The importance of 

changing effective bulk composition as the result of partial melting is shown for two samples 

from the Western Fiordland Orthogneiss, New Zealand.  Both samples experienced partial 

melting during garnet granulite metamorphism. High grossular garnet rims in granulite from 

Fiordland and elsewhere have been interpreted to result from pressure increases during garnet 

growth. Pseudosection models presented here indicate that changes in effective bulk 

composition from host, to garnet reaction zone, and then to leucosome, could produce 

peritectic garnet with high-grossular rims which grew along an isobaric path during melting 

and/or melt injection. 
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INTRODUCTION 

Garnet compositions can record temperature, pressure, rates, and timing of garnet 

growth and information about the equilibrium composition of the rock at the time of 

metamorphism (Marmo et al., 2002; Carlson, 2006; Evans, 2004; Gatewood et al., 2015). 

Thermodynamic forward models, or pseudosections, can be used to analyze the relationships 

between these variables. Pseudosections are typically constructed for a single bulk 

composition and track two intensive properties such as pressure and temperature. Addition of 

garnet compositions, plotted as isopleths, provides a basis for P-T estimation because 

intersection of the observed garnet component isopleths creates a point on a pseudosection. 

Assuming that changes in whole rock composition by elemental sequestration have not 

significantly fractionated the bulk rock, then garnet core and rim compositions can be used to 

construct a P-T-t path for the petrogenesis of the rock sample. However, significant volumes 

of garnet may fractionate the rock composition and invalidate the use of whole-rock bulk 

compositions for modeling garnet rims (Marmo et al., 2002; Evans, 2004; Zuluaga et al., 

2005; Stowell, 2014). Open system behavior during garnet growth may also have a 

significant effect on the equilibrium bulk composition of the rock.  Partial melting may result 

in chemical zoning and open system behavior making the choice of effective bulk 

composition critical. Therefore, effective bulk composition of the rock must be considered in 

P-T-t path construction. Determination of the effective bulk composition is critical to creating 

a meaningful pseudosection and requires careful consideration of rock texture, mineral 

compositional zoning, grain size, and fluid movement.  In this study, changing the effective 
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bulk composition of the rock during partial melting is shown to produce high-grossular rims 

on garnet during partial melting at isobaric conditions.   

The incorporation of the aluminum silicate garnet components (i.e., almandine, 

pyrope, grossular, and spessartine) into common garnets is dependent on pressure, 

temperature, and bulk composition. Experimental studies used to calibrate thermobarometers 

quantify the pressure dependence of the Ca component, grossular, when garnet is in 

equilibrium with common silicate minerals.  The following are examples of end-member 

reactions in intermediate-to-mafic silicate rocks that have been calibrated as barometers using 

grossular: 

Hedenbergite + Anorthite = Grossular + Almandine + Quartz 

Diopside + Anorthite = Grossular + Pyrope + Quartz 

(Moecher et al., 1988) 

In these two barometers, as well as others, grossular is stable on the high-pressure side of the 

reactions. As a result of this pressure dependence, numerous field studies have inferred that 

high-grossular rims on garnet grains result from pressure increases during metamorphism 

(Enami, 1998; Konrad-Schmolke et al., 2008). Conversely, low-grossular rims have been 

used to interpret pressure decreases (Enami, 1998). In thermobarometric studies the effective 

bulk composition is restricted to a set mineral assemblage.  Pseudosections permit 

consideration of more complex systems but the role of partial melting remains poorly 

understood. In the Fiordland granulite facies rocks, high grossular garnet rims have been 

interpreted to result from pressure increases, up to 6 kbars, which occurred after intrusion of 

diorite and monzodiorite plutons (Bradshaw, 1989; Brown, 1996; Daczko and Halpin, 2009).  

Effective bulk composition 

The equilibration volume is defined as the volume of rock at a set of P-T conditions in 

chemical equilibrium (Spear, 1995). For a growing crystal during metamorphism, the 
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equilibration volume is likely to vary between the bulk rock to a subset of minerals, or parts 

of minerals, near the growing grain (Stüwe, 1997). The effective bulk composition, defined 

as the composition of this equilibration volume (Spear, 1995), is required for construction of 

meaningful phase diagrams. When the effective bulk composition is inferred to include the 

whole rock, the entire sample volume may be analyzed and used for construction of phase 

diagram sections or pseudosections. However, this composition is unlikely to be appropriate 

for pseudosection construction if the effective bulk composition changes during the 

metamorphic history of the rock. For examples, fractionation of elements into growing 

crystals (e.g., Mn into garnet) and partial melting with melt migration will change the 

effective bulk composition.  A number of methods have been utilized to adjust the bulk 

composition to approximate the effective bulk composition, including Rayleigh fractionation 

(Evans, 2004), X-ray elemental intensity maps of rock and/or mineral segments (Marmo et 

al., 2002), and volumetric subtraction of specific minerals (Zuluaga et al., 2005).  

Mineral compositional zoning occurs during growth as intensive (e.g., pressure and 

temperature) or extensive variables (e.g., availability of elemental components) change. 

Assuming no intragranular or volume diffusion, components incorporated into garnet are no 

longer available to the matrix. Some components like Mn are preferentially incorporated into 

garnet, while others (Fe, Mg, and Ca) are dependent on the specific equilibrium conditions. 

This process is known as elemental fractionation. In the case of Mn, which is generally a 

minor bulk rock component (less than 0.5 weight percent), this leads to greatly decreasing 

availability and decreased spessartine content during garnet growth (Hollister, 1966).  

However, Fe, Mg, and Ca are generally far more abundant and their incorporation into garnet 

may be dictated by exchange and net transfer reactions for example, Fe-Mg exchange with 

pyroxene or Ca net-transfer reactions with anorthite. Large volumes of zoned minerals, which 
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remove components from the bulk rock, and/or mass transfer reactions, may result in 

significant changes in the effective bulk rock composition.  

Estimates of the effective bulk composition can be made in several ways. First, use of 

the bulk rock composition may be appropriate in situations where chemical zoning is limited 

or elemental sequestration is not significant. Second, specific components of the bulk 

composition determined to be out of equilibrium can be subtracted either computationally or 

physically. Computational removal is based on mineral compositions and accomplished by 

mapping compositions and/or using mineral zoning to predict changes in the bulk rock. 

Electron probe microanalysis coupled with X-ray elemental mapping may be used to define 

the minerals or portions of minerals to be included in the effective bulk composition (Marmo 

et al., 2002).  Mineral grains or portions of grains are identified by compositional 

characteristics and then combined with modal data to remove specific components from the 

bulk composition. Alternatively, the Rayleigh fractionation equation can be used to calculate 

the proportions of the major components in garnet, which are removed from the bulk 

composition (Hollister, 1966; Evans, 2004). Physical separation of the effective bulk 

composition may be impractical in many rocks; however, migmatite with well-defined melt 

veins and selvages provides an opportunity for evaluating the importance of effective bulk 

composition during garnet growth. This method is employed in this study for understanding 

garnet zoning in migmatitic garnet granulite from Fiordland, New Zealand. 

The stability of hydrous minerals and partial melting in rocks are highly dependent on 

the volatile content (Spear, 1995); therefore, estimation of content is critical for modeling 

metamorphism and melting. Fluids hydrate grain boundaries facilitating elemental mobility 

during metamorphic recrystallization. Even in rocks with low volatile contents, dehydration 

reactions will produce fluids during metamorphism and facilitate partial melting.  Much of 

the fluid available during melting can be incorporated into the evolving melt because silicic 
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magmas can contain up to ca. 7 wt% water (Clemens, 1984).  As a result, introduction of 

water may enhance melting; effectively dehydrating the rock as water goes into the melt, and 

then, rehydrates the rock when melt is present during crystallization. 

Partial melting is often accompanied by melt aggregation resulting in mass transfer of 

components out of one volume of rock and into another. The results may be complex because 

aggregation into veins may move melt components significant distances removing them from 

the source and injecting them into a rock elsewhere. During these processes the original host 

may undergo depletion of melt components, then addition if melt is subsequently injected. 

Similarly, metasomatic depletion and addition of components could result from fluid 

movement. Models presented here evaluate changes in effective bulk composition and 

provide insights into these processes using estimates of the water content required to predict 

the observed garnet core and rim compositions.  Fluid flow from the host to leucosome is 

critical to defining pressure-temperature conditions of garnet growth in migmatitic garnet 

granulite.  

Geologic setting  

The South Island, New Zealand is divided into three geologic regions: the Eastern 

Province, Western Province, and Median Batholith.  The Eastern Province is composed of 

Permian to Cretaceous terranes. The Western Province is composed of meta-sedimentary and 

meta-igneous rocks into which the inboard batholith intruded.  Country rock to Median 

Batholith in western Fiordland includes the Paleozoic Arthur River Complex and the Early 

Paleozoic Takaka Terrane.  The Western Fiordland Orthogneiss (WFO) dominates the 

inboard, Separation Point Suite dominated, belt of plutons of the batholith.    These terranes 

are arc-derived sedimentary and volcanic rocks.  The Median Batholith is dominated by of 

Mesozoic, subduction related plutonic rocks. 
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 The WFO is formed of seven major and numerous minor dioritic and monzodioritic 

plutons, which were emplaced in the mid- to lower-crust of a magmatic arc along the coast of 

Gondwana (Allibone et al., 2009, Tulloch and Kimbrough, 2003).  Volumetrically the 

Worsley, Misty, and Malaspina plutons dominate the WFO from north to south, respectively.   

Metamorphosed samples from the Misty and Malaspina plutons are the focus of this 

study. Three episodes of metamorphism have been identified in the Western Province 

(Bradshaw, 1989; Gibson and Ireland, 1995; Brown, 1996; Klepeis et al., 2003). The first 

occurred during the Carboniferous (Ireland and Gibson, 1998; Chavez et al., 2007) at ca. 4 

kbar and 580°C (Daczko and Halpin, 2009). The second episode of metamorphism occurred 

during the Early Cretaceous between emplacement of Worsley (c. 123 Ma) and Malaspina (c. 

117 Ma) plutons and is tentatively interpreted to have produced high temperature, medium 

pressure two-pyroxene granulite from amphibole diorite (Oliver, 1977). The final episode of 

metamorphism is also Early Cretaceous ranging from ca. 116-110 Ma. This final episode is 

the most important for this study when diorite gneiss was metamorphosed to garnet granulite 

with local partial melting.  The WFO plutons were emplaced and metamorphosed before, and 

perhaps during, this final event.  Emplacement of the WFO occurred at mid (0.6 Gpa; 

Worsley) and lower-crust (Malaspina) at pressure of 1.2-1.4 Gpa (Bradshaw, 1989; Gibson 

and Ireland, 1995; Brown, 1996; Klepeis et al., 2003). Garnet granulite mineral assemblages 

are locally pervasive, but are commonly found replacing only parts of the rock and 

volumetrically account for only a tiny proportion of the rock that was subject to granulite T, P 

condition. In these cases, they are often found as narrow zones of clinopyroxene + garnet 

adjacent to trondhjemite veins known as garnet reaction zones. Many of the garnet reaction 

zones include selvages of coarse euhedral garnet interpreted as peritectic (e.g., Stowell et al., 

2014). Amphibolite facies minerals overprint the granulite minerals in areas within and 

adjacent to prominent shear zones. 
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Garnet in the region records not only compression and loading but also extensional 

collapse. In the northern WFO plutons, Bradshaw (1989) suggested a large-scale loading 

event, ca. 6 kbar increase, resulted in metamorphism in the Worsley Pluton.  Brown (1996) 

also inferred this loading event for the Misty Pluton. Daczko and Halpin (2009) defined a 

smaller pressure increase in the Worsley Pluton of >2 kbar. However, the Malaspina Pluton 

may have intruded at high-pressure and undergone high-pressure metamorphism during 

extension with little pressure change (Stowell et al., 2010). In both the northern and southern 

plutons high-Ca rims on garnet are observed; however, there is still uncertainty about their 

significance as barometric indicators (Daczko and Halpin, 2009; Stowell et al., 2014). 

Samples 

 Two previously studied garnet granulite samples were selected for this investigation.  

High-Ca rims are observed on garnet in both localities.  Garnet growth occurs in a garnet 

reaction zone between a trondhjemitic vein and diorite host.  The changing effective bulk 

composition observed in samples from the WFO is ideal for this investigation. 

Metamorphism is restricted to the region adjacent to the trondhjemite veins while the igneous 

host rock is retained.  

The first sample 09NZ22A was collected by Karen Odom Parker (Odom Parker, 

2010; Stowell et al., 2014) from Crooked Arm south of Doubtful Sound in the Malaspina 

Pluton (Fig. 1).  High-grossular rims on garnet in the Malaspina Pluton from Crooked Arm 

are well documented (e.g., Stowell et al., 2014). Garnet in sample 03NZDS03 has 

pronounced grossular zoning ranging from 15 to 24% in the core and rim, respectively, with a 

sharp increase in grossular in the outer 250 microns adjacent to rim.   Sample 09NZ22 was 

chosen for this investigation due to its well-defined leucosome that is lacking in 03NZDS03, 

which has a diffuse leucosome (Stowell et al., 2014).  Although garnet zoning in sample 

09NZ22 is not as pronounced as described in other samples, it is pervasive. This sample has 
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 a granulite facies L-S tectonite fabric, which 

formed during the early stages of extensional 

collapse (Klepeis et al., 2007; Klepeis and 

King, 2009; Stowell et al., 2014).  Sm-Nd 

garnet geochronology indicates that 

metamorphism occurred at 112.8 ± 2.2 Ma 

(Stowell et al., 2014).  U-Pb zircon ages for 

sample 09NZ22b indicates that pluton 

emplacement occurred at 116.1 ± 1.7 Ma 

(Stowell et al., 2014).  The second sample 

(12NZ39) was collected by Harold Stowell 

along Bradshaw Sound north of Doubtful 

Sound in the Misty Pluton (Fig. 1).  This sample has an igneous two-pyroxene diorite fabric 

and locally developed granulite facies assemblages.  Sm-Nd garnet geochronology indicates 

metamorphism occurred at 109.2 ± 2.0 Ma (Stowell, 2013).   

  

Figure 1: Map of Fiordland, NZ around Doubtful 

Sound.  Sample 09NZ22a and b were collected 

from the east side of Crooked Arm.  Sample 

12NZ39 was collected on the east side of 

Bradshaw Sound. Modified from Stowell et al., 

2014. 
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METHODOLOGY 

 Migmatite samples with well-defined leucosomes were selected to examine the role of 

partial melting and effective bulk composition on garnet zoning and composition.  In the 

WFO, the host orthogneiss contains planar leucosomes bordered by narrow selvages of 

coarse garnet and garnet reaction zones of fine-grained garnet and clinopyroxene.  Two 

samples from the Malaspina and Misty Plutons (Fig. 1) were analyzed by electron probe 

microanalysis (EPMA) to determine mineral compositions and zoning.  Bulk rock 

compositions were determined using X-ray fluorescence (XRF) spectrometry. 

Petrography and mineral compositions  

Quantitative analyses for major element concentrations, backscattered electron images (BEI), 

and X-ray intensity maps were obtained using the JEOL 8600 EPMA in the Central 

Analytical Facility at the University of Alabama. Analytical procedures follow those 

described in Stowell et al. (2010).  Quantitative analyses of garnet grains were produced with 

wavelength dispersive detectors using the following standards: Kakanui pyrope, NMNH 

143968, for Si, Fe, Mg, and Al, Diopside #5a, C.M. Taylor, for Ca, and Spessartine, 

C.M.Taylor, for Mn. 

 Bulk rock compositions 

XRF spectrometry was used to determine the major element compositions of the host, 

garnet reaction zone and leucosome of both samples (Table 1) for use in constructing T-X 

phase diagram sections. Samples were cut to separate each of the bulk rock compositions and 

ground to remove the remaining rinds of the adjacent zones.  The garnet reaction zones were 
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sampled as garnet + clinopyroxene-rich rock between the leucosome and the unaltered host 

and include the peritectic garnet selvage. The host composition rock was sampled as close to 

the garnet reaction zone as possible.  Fused glass discs were analyzed using the University of 

Alabama Geological Sciences Phillips PW2400 X-ray Fluorescence Spectrometer following 

the analytical procedures described in Stowell et al. (2010). 

T-X phase diagrams 

 Isochemical phase diagram sections (pseudosections) were constructed in the 9-

component system: Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2 chemical system.  

Manganese was not included in thermodynamic models because current activity models for 

Mn in garnet are inadequate (White et al., 2007) for this and extension of these models to 

include Mn resulted in over prediction of garnet. T-X pseudosections were constructed using 

THERIAK-DOMINO v. 01.08.09 (de Capitani and Brown, 1987; de Capitani and Petrakakis, 

2010) compiled by Doug Tinkham and the internally consistent thermodynamic dataset of 

Holland and Powell (1998), v. 5.5. The following solution activity models were used: 

plagioclase (Holland and Powell, 2003), garnet and biotite (White et al., 2007), 

clinoamphibole and clinopyroxene (Diener and Powell, 2012), orthopyroxene (White et al., 

2002).  

The first step in creating a new T-XEBC pseudosection is to define one of the 

unknowns: pressure, temperature or water content. Water content was estimated using the 

observed garnet composition in the garnet reaction zone. Sequential T-XH2O pseudosections 

were made at constant pressure in the 10-15 kbar range at 1 kbar increments until the peak 

mineral assemblage for the effective bulk composition was observed and the garnet isopleths 

intersected within this mineral assemblage field.  After the garnet reaction zone water content 

was determined T-XEBC pseudosections were constructed to determine if additional T-XH2O  
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Table 1: Effective bulk compositions for sample 09NZ22 and 12NZ39 

09NZ22a 09NZ22b 12NZ39 

Oxide wt. % L GRZ H L GRZ H 

SiO2 57.25 52.00 54.21 72.72 55.33 54.69 

TiO2 0.19 1.41 1.11 0.40 1.03 1.01 

Al2O3 26.45 18.89 18.85 13.99 19.01 19.17 

Fe2O3 0.64 8.93 7.56 3.40 7.70 7.79 

MgO 0.03 4.76 3.84 1.19 3.45 3.53 

CaO 8.22 8.81 7.16 2.89 6.96 7.02 

Na2O 6.45 3.80 4.94 3.47 4.88 4.96 

K2O 0.75 0.90 1.88 1.77 1.10 1.28 

P2O5 0.04 0.38 0.34 0.12 0.44 0.43 

H2O 1.41 0.38 0.04 1.24 2.74 2.73 

Total 101.42 100.26 99.93 101.19 102.63 102.61 

Cation Mole proportions 

Si4+ 19.82 19.01 19.62 25.21 19.99 19.79 

Ti4+ 0.05 0.39 0.30 0.11 0.28 0.28 

Al3+ 10.79 8.14 8.04 5.72 8.09 8.18 

Fe2+ 0.17 2.46 2.06 0.89 2.09 2.12 

Mg2+ 0.02 2.59 2.07 0.62 1.86 1.90 

Ca2+ 3.04 3.35 2.69 1.04 2.58 2.61 

Na+ 4.33 2.69 3.46 2.33 3.42 3.48 

K+ 0.33 0.42 0.87 0.78 0.51 0.59 

H+ 3.10 0.90 0.10 2.75 6.00 6.00 

were needed for the host or leucosome effective bulk compositions.  

Construction of the T-XEBC pseudosections varied slightly between the two samples. 

For sample 09NZ22, two pseudosections were constructed and stitched together.  The first 

spans the compositional space between the leucosome and garnet reaction zone, the second 

between the garnet reaction zone and the host. Sample 12NZ39 only required a single 

pseudosection from the leucosome to the host. New mineral assemblages were not produced 

by a garnet reaction zone to host pseudosection for this sample. Garnet isopleths for 

almandine, pyrope, and grossular were also calculated for all of the pseudosections. Isopleths 

were plotted using +/- 1 mole fractions for the observed garnet compositions. The intersection 

of the mole fraction fields for each garnet component provides estimates of the pressure, 

temperature and bulk composition predicted for growth of the observed garnet core and rim 

compositions.    
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SAMPLE DESCRIPTIONS 

Sample 09NZ22 

The effective bulk composition of the garnet reaction zone in sample 09NZ22 shows 

decreased Si and increased Ti, Fe, Mg and Ca relative to the host composition.  The effective 

bulk composition of the leucosome has increased Si, Al, and Na but decreasing Ti, Fe, Mg, 

Ca, and K relative to the garnet reaction zone. This change in effective bulk composition 

necessitates the addition of a second pseudosection because a single pseudosection 

constructed between the leucosome and host will not predict the observed garnet reaction 

zone.    

 Sample 09NZ22 was collected from the Malaspina Pluton on the east shore of 

Crooked Arm. Sample 09NZ22A is highly strained orthogneiss with extensive  

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Sample 09NZ22a with trondhjemite leucosome vein, coarse selvage 

of peritectic garnet, and fine-grained garnet reaction zone. Photo: Karen Odom 

Parker 



 13

migmatization and a granulite assemblage L-S tectonite fabric. Trondhjemitic veins cut L-S 

tectonite fabric with peritectic garnet selvages along the vein (Fig. 2). Sample 09NZ22b, 

collected ca. 1 m from 09NZ22A, is a partly recrystallized monzodiorite containing igneous 

orthopyroxene, clinopyroxene, and amphibole defining a weak  

fabric in the host.   

Peritectic garnet in the selvage between the leucosome and reaction zone is subhedral 

to euhedral. Garnet is 1 cm to 1.5 cm in diameter (Fig. 3a). Narrow cores of the selvage 

garnet have the following composition defined by averaging five points from the core (Fig. 

3b and c): 47% almandine, 37% pyrope and 16% grossular (Table 2). Locally, garnet is 

weakly zoned near the rims with increasing grossular content (ca. 18 mole fraction) in ca. 

100-micron rims in contact with leucosome plagioclase or other selvage garnet grains.  

Garnet in the garnet reaction zone is poikioblastic, forming clusters of small grains 

around clinopyroxene inferred to be replacement textures. Oriented rutile exsolution needles 

are common in the selvage and garnet reaction zone garnet.  The mineral assemblage of the 

garnet reaction zone is clinopyroxene + garnet + plagioclase + biotite + amphibole + rutile. 

The leucosome is dominated by plagioclase and quartz, but also includes small (2-3 

mm) aggregates of garnet replacing clinopyroxene. Garnet has subhedral to euhedral crystal 

faces around anhedral clinopyroxene. Locally, biotite and granular amphibole occur as thin 

films between the garnet-clinopyroxene clusters and the plagioclase-quartz matrix.  Rutile 

inclusions in clinopyroxene are numerous. The mineral assemblage in the leucosome is 

plagioclase + quartz + garnet + clinopyroxene + biotite + rutile ± amphibole.  

The host contains elongate ca. 10 mm clusters of clinopyroxene and orthopyroxene. 

Amphibole and biotite form narrow rims of ca. 1-2 mm grains around these clusters. Ilmenite 

is common in the host both within the matrix and as inclusions in clinopyroxene. Rutile is not 

observed in the host. The mineral assemblage in the host is plagioclase + clinopyroxene + 
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orthopyroxene + ilmenite + amphibole + biotite ± clinozoisite.  

Sample 12NZ39 

The effective bulk compositions of sample 12NZ39 show progressive increases in Si, and K 

and decreases in Al, Fe, Mg, Ca, and Na, from the host to garnet reaction zone. The effective 

bulk composition from the garnet reaction zone to the leucosome show increases in Si, and K 

and decreases in Ti, Al, Fe, Mg, Ca, Na, K and P. In this case, a single pseudosection predicts 

Figure 3: Sample 09NZ22a garnet 1.  Garnet is 1.11 cm in length. A. Photomicrograph of garnet 1.  B. 

Calcium Kα X-ray map showing high and low grossular rims on garnet 1.  EPMA run conditions: 

15keV and 20 nA.  C. Line of 134 analyses rim-to-rim across garnet 1.  Note the low-grossular sections 

in contact with clinopyroxene and the right side of the grain (garnet reaction zone side) and the high-

grossular sections in contact with garnet and plagioclase of the leucosome.  The garnet rim and core 

compositions were defined as the averarage of 5 points. 
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the observed garnet reaction zone mineral assemblage because the garnet reaction zone to 

host section does not introduce new mineral assemblages.  

Sample 12NZ39 was collected from the Misty Pluton along Bradshaw Sound. 

12NZ39 has an igneous fabric with crosscutting planar ca. 5 mm wide leucosomes. Two 

episodes of leucosome veining are evident with an older vein and well-developed garnet 

selvage cut by a younger vein with little to no garnet selvage (Fig. 4).  

 
 

 

 

 

Aggregates of anhedral to subhedral, 1-2 mm in diameter, peritectic garnet form a diffuse 

selvage between the reaction zone and leucosome. Two types of garnet are 

defined by the proximity to the garnet reaction zone-leucosome boundary. Type 1  

garnet occurs within the garnet reaction zone (Fig. 5a).  Garnets in this region are unzoned, 

subhedral aggregate grains with limited crystal face development around the grain boundary 

(Fig. 5 b-d). Garnet compositions in this region are: 51% almandine, 33% pyrope, and 17% 

grossular (Fig. 5e). Along the boundary between the garnet  

Figure 4: Sample 12NZ39 showing two crosscutting leucosome veins.  A narrow (< 0.5 

cm) garnet reaction zone, lighter in color, borders the upper leucosome.  The primary 

igneous host, darker than the garnet reaction zone, occurs along the lower leucosome.  
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reaction zone and leucosome Type 1 garnet develops a poikioblastic texture around quartz 

inclusions. Type 2 garnets occur within the leucosome. Like Type 1 garnets, Type 2 garnets 

are subhedral aggregate grains with limited crystal face development around the grain 

boundaries. Unlike Type 1 garnet, Type 2 garnet is chemically zoned with high-grossular 

rims (Fig. 6). Garnet compositions range from 53% almandine, 38% pyrope, and 9% 

grossular in the core to 51% almandine, 33% pyrope, and 17% grossular in the rim (Table 2). 

Type 2 garnet rims have near identical compositions to Type 1 garnet. 

The leucosome is composed of antiperthitic plagioclase and quartz with biotite adjacent to 

Type 2 garnet and within the matrix. The observed mineral assemblage is plagioclase + 

quartz + biotite + garnet + rutile. Biotite in the leucosome is retrograde forming during 

cooling. The garnet reaction zone is composed of Type 1 garnet and clinopyroxene in a 

matrix is plagioclase with minor quartz growth with biotite around the garnet aggregates. The 

observed mineral assemblage is plagioclase + garnet + clinopyroxene + biotite + rutile ± 

quartz ± amphibole. The garnet reaction zone and leucosome are clearly defined by the 

presence or absence of antiperthitic plagioclase. The host matrix is plagioclase around 

igneous orthopyroxene, clinopyroxene and amphibole clusters. Orthopyroxene within these 

clusters is a relict igneous phase  

surrounded by stable clinopyroxene and amphibole. The stable mineral assemblage is 

plagioclase + amphibole + clinopyroxene + orthopyroxene + biotite + rutile.   



 17

 

Figure 5: Sample 12NZ39 Type 1 Garnet.  A. Thin section of sample 12NZ39 showing the localities of Type 1 

(garnet reaction zone) and Type 2 (leucosome) garnet.  B.  Backscatter electron image of garnet along the garnet 

reaction zone – leucosome boundary.  Garnet along this boundary is characterized by quartz inclusions.  C. 

Backscatter electron image of Type 1 garnet shown in 5a with line showing location of 58 analytical points in 

[5E] with starting point shown (S).  D. Calcium Kα X-ray map showing constant Ca concentration across garnet 

grains.  Type 2 garnet is observed along the lower edge.  Note the high-grossular rim (white arrow.  EPMA run 

conditions: BEI: 15.0 kev, 1 μm beam diameter, 70 nA, 150x magnification.  E. Line of 58 analytical points 

shown in [5C].  Note the constant grossular concentration of the garnet.  EPMA run conditions: 15.0 kev, 1μm 

beam diameter, 20 nA, 20 μm step size 
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Figure 6: Sample 12NZ39 Type 2 Garnet.  A. Thin section of sample 12NZ39 showing the location of type 1 

and type 2 garnet relative to the garnet reaction zone and leucosome respectively.  B.  Calcium Kα X-ray map 

showing high-grossular rims on garnet (white arrows)  C. Backscatter electron image of garnet in contact with 

biotite.  Line shows location of 75 analytical points in [5C] starting point shown (S).   D. Calcium Kα X-ray 

map showing high-grossular rim in garnet.  EPMA run conditions: 15.0 kev, 1 µm beam diameter, 70 nA, 150x 

magnification E.  Line of 75 analytical points shown in A. Note high-grossular rims on garnet. EPMA run 

conditions: 15.0 kev, 1 µm beam diameter, 20.0 nA, 15 µm step size. 
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Table 2: Garnet compositions for samples 09NZ22 and 12NZ39 

09NZ22a 12NZ39 

Grt 1 Type 1 Grt  Type 2 Grt 

Rim Core Rim Core Rim Core 

Ave. of X Pts 5 5 2 2 2 2 

Wt % Oxides 

SiO2 39.57 38.60 39.00 39.13 38.44 39.28 

TiO2 0.04 0.05 0.04 0.02 

Al2O3 21.88 21.81 22.00 22.03 21.90 22.06 

FeO 20.88 22.13 23.77 23.43 23.72 25.01 

MgO 10.02 9.67 8.50 8.69 8.61 10.06 

MnO 0.63 0.83 0.57 0.55 0.41 0.49 

CaO 6.77 6.02 6.13 6.05 5.50 3.24 

Total 99.75 99.07 100.01 99.92 98.61 100.16 

Cations per 12 oxygen 

Si 3.02 2.99 3.00 3.00 2.99 3.00 

Ti 0.00 0.00 0.00 0.00 

Al 1.97 1.99 1.99 1.99 2.01 1.99 

Fe2+ 1.33 1.43 1.53 1.50 1.54 1.60 

Mg 1.14 1.12 0.97 1.00 1.00 1.15 

Mn 0.04 0.06 0.04 0.04 0.03 0.03 

Ca 0.55 0.50 0.51 0.50 0.46 0.27 

Mole fractions 

Fe/(Fe+Mg) 0.46 0.44 0.39 0.40 0.39 0.42 

Pyrope 0.37 0.36 0.32 0.33 0.33 0.38 

Almandine 0.43 0.46 0.50 0.50 0.51 0.53 

Spessartine 0.01 0.02 0.01 0.01 0.01 0.01 

Grossular 0.18 0.16 0.17 0.16 0.15 0.09 

Renormalized without Spessartine 

Pyrope 0.38 0.37 0.32 0.33 0.33 0.38 

Almandine 0.44 0.47 0.51 0.50 0.51 0.53 

Grossular 0.18 0.16 0.17 0.17 0.15 0.09 
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PSEUDOSECTION MODELS 

Sample 09NZ22a  

 Water content in this sample was estimated separately for the leucosome, garnet 

reaction zone, and host rock. The trondhjemite leucosome contains negligible hydrous 

minerals, the garnet reaction zone contains minor late amphibole, and the host rock contains 

< 5 mode of amphibole; therefore, the rocks are under-saturated and the water content is 

critical for pseudosection construction. Water content was estimated from T-XH2O diagrams 

at 14 kbar by determining the mole proportion H+ required to produce the observed peak 

metamorphic mineral assemblage in the garnet reaction zone (garnet + clinopyroxene + 

plagioclase + rutile + melt). Garnet compositional isopleths for the observed garnet rim 

composition intersect at T= 1025°C and H= 2.5 mole proportion for the rim and T=1015°C 

and H=0.9 mole proportion for the core. The garnet core composition was used to estimate 

the water content of the garnet reaction zone as described in Methods (Appendix A, Fig. 1).  

The water content of the leucosome was assumed to correspond with the higher water content 

required by the rim compositions from the selvage garnet because most high-grossular rims 

occur on the leucosome side of these garnet grains. The host rock water content was 

calculated to be 0.1 mole fraction based on 2% H2O in ca. 5 mode of amphibole. The garnet 

reaction zone water content is estimated to be 0.9 mole fraction H+, between the near 

anhydrous host and more hydrous leucosome.  

 The calculations for water content, described above, constrain the peak pressure to ca. 

14 kbar, identical to estimates in Stowell et al. (2014). Therefore, the T-XEBC model was 

constructed at 14 kbar using the effective bulk compositions of the leucosome, garnet 
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Figure 7: T-XEBC pseudosection for sample 09NZ22 with garnet core isopleths highlighted.  Pseudosection shows the predicted mineral assemblages for leucosome to 

garnet reaction zone to host effective bulk compositions from 600 to 1100°C at 14 kbar.  Garnet isopleths are shown +/- 1 mode line from the observed garnet 

composition. Observed garnet core compositions are predicted  ranging from 15% leucosome to 75% host with a small gap between 40 and 45% host and T > 975 and 

< 1025°C. Additional fields are as follows: 1. Grt Bt Pl Kfs Qtz Ky Rt Cz Melt 2. Bt Pl Qtz Ky Rt Cz Melt 3. Grt Bt Pl Qtz Ky Rt Cz H2O 4. Grt Amp Bt Pl Qtz Ky Rt 

Cz 5. Grt Cpx Bt Pl Qtz Ky Rt Cz 6. Grt Amp Bt Pl Qtz Ky Rt Cz Melt 7. Grt Amp Bt Pl Qtz Rt Cz Melt 8. Grt Amp Bt Pl Qtz Rt Cz 9. Grt Cpx Amp Bt Pl Qtz Ky Rt 

10. Grt Bt Pl Ky Rt Cz Melt 11. Grt Bt Pl Crn Rt Cz Melt 12. Grt Bt Pl Melt Rt Cz 13. Grt Bt Pl Qtz Rt Cz Melt 14. Grt Cpx Amp Bt Pl Qtz Rt 15. Grt (2)Cpx Bt Pl 

Kfs Rt 16. Grt Bt Pl Crn Rt Melt 17. Grt Bt Pl Ilm Melt 18. Grt Cpx Bt Pl Ilm Melt 19. Cpx Bt Pl Ilm Melt 20. Cpx Bt Pl Ilm Rt Melt 21. Grt Cpx Bt Pl Ilm Rt 22. Grt 

Cpx Bt Pl Ilm 23. Grt Cpx Bt Pl Ilm Mag 24. Grt Cpx Bt Pl Ilm Mag Melt 25. Grt Cpx Pl Ilm Mag Melt 
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reaction zone and host (Fig. 7 and 8). The solidus temperature is <600°C at the leucosome 

composition and ca. 625°C at 90% leucosome then climbs steadily to 950°C at 100% host. A 

free water phase occurs at 90% leucosome and T=600°C. This phase continues below the 

solidus down to 55% leucosome and T=650°C. Garnet is stable throughout the majority of 

the pseudosection. However, at the leucosome garnet is not stable below ca. 625°C. At 90% 

leucosome, garnet is unstable above ca. 925°C in a field extending to 50% leucosome up to 

T=1100°C. The peak mineral assemblage observed in the garnet reaction zone composition is 

garnet + clinopyroxene + plagioclase + rutile. The pseudosection predicts that this mineral 

assemblage + melt would be stable in a field which extends from ca. 60% leucosome to 35% 

host at temperatures from ca. 950 to over 1100°C. The observed mineral assemblage in the 

leucosome is garnet + biotite + plagioclase + rutile. This field + melt occurs at ca. 80% to 

97% leucosome and from 750 to ca. 900°C and does not extend to 100% leucosome 

composition where corundum is predicted, but not observed in the sample. The observed host 

mineral assemblage does not occur on the pseudosection. Instead, garnet is predicted with the 

observed minerals: Pl+Cpx+Ilm+Bt±Amp±Opx±Cz. The mode of garnet increases from the 

leucosome and host inwards towards the garnet reaction zone where a mode of up to 26% 

garnet is predicted. The peak garnet mode occurs around 650°C at the garnet reaction zone. 

 Garnet compositions, shown as compositional isopleths, predict that the mole 

proportion of almandine is lowest at the leucosome and increases towards the garnet reaction 

zone before decreasing toward the host.  Pyrope isopleths are near isothermal between the 

leucosome and host with mole proportion increasing with increasing temperature. Grossular 

isopleths have a negative slope between the leucosome and garnet reaction zone with the 

highest mole proportion at the leucosome. Between the garnet reaction zone and host the 

isopleths have a positive slope and increasing mole proportion with decreasing temperature. 

The isopleths for the observed garnet core composition intersect in two locations (Fig. 7).
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Figure 8: T-XEBC pseudosection for sample 09NZ22 with garnet rim isopleths highlighted.  Garnet isopleths are shown +/- 1 mode line from the observed garnet 

composition.  Pseudosection shows the predicted mineral assemblages for leucosome to garnet reaction zone to host effective bulk compositions from 600 to 

1100°C at 14 kbar.  Observed garnet rim composition is predicted ranging from 15% l to 35%eucosome and T > 1000 and < 1050°C.  Additional fields are as 

follows: 1. Grt Bt Pl Kfs Qtz Ky Rt Cz Melt 2. Bt Pl Qtz Ky Rt Cz Melt 3. Grt Bt Pl Qtz Ky Rt Cz H2O 4. Grt Amp Bt Pl Qtz Ky Rt Cz 5. Grt Cpx Bt Pl Qtz Ky Rt 

Cz 6. Grt Amp Bt Pl Qtz Ky Rt Cz Melt 7. Grt Amp Bt Pl Qtz Rt Cz Melt 8. Grt Amp Bt Pl Qtz Rt Cz 9. Grt Cpx Amp Bt Pl Qtz Ky Rt 10. Grt Bt Pl Ky Rt Cz Melt 

11. Grt Bt Pl Crn Rt Cz Melt 12. Grt Bt Pl Melt Rt Cz 13. Grt Bt Pl Qtz Rt Cz Melt 14. Grt Cpx Amp Bt Pl Qtz Rt 15. Grt (2)Cpx Bt Pl Kfs Rt 16. Grt Bt Pl Crn Rt 

Melt 17. Grt Bt Pl Ilm Melt 18. Grt Cpx Bt Pl Ilm Melt 19. Cpx Bt Pl Ilm Melt 20. Cpx Bt Pl Ilm Rt Melt 21. Grt Cpx Bt Pl Ilm Rt 22. Grt Cpx Bt Pl Ilm 23. Grt 

Cpx Bt Pl Ilm Mag 24. Grt Cpx Bt Pl Ilm Mag Melt 25. Grt Cpx Pl Ilm Mag Melt 



 

 24

 

 
  

The first intersection occurs between 45% and 75% host and 1000 and 1050°C. The second 

intersection occurs between 15% leucosome and 40% host and 1000 and 1050°C. This 

intersection occurs within the observed mineral field: garnet + clinopyroxene + plagioclase + 

rutile + melt. The core composition intersections extend across several fields, which show the 

transition from ilmenite to rutile and the consumption of biotite. The garnet rim composition 

intersection is between 15% and 35% leucosome and between 1000 and 1050°C within the 

observed garnet reaction zone mineral assemblage (Fig. 8). 

Sample 12NZ39 

 Water content for this sample was defined using a T-XH2O pseudosection for 

the garnet reaction zone, and the observed and predicted garnet compositions (Appendix A, 

Fig. 2). The garnet reaction zone was chosen for the initial T-XH2O diagram because the any 

mixing of introduced fluids and host composition would occur in this region. The 

pseudosection was created to examine the effect of varying the water content on predicted 

mineral assemblages. H+ mole proportions were considered in the 0 to 10 range. The stable 

mineral field (garnet + clinopyroxene + biotite + plagioclase + rutile + melt) extends from 3.5 

to over 10 mole proportion.  The mole proportion H+ needed to produce the observed garnet 

composition in the garnet reaction zone is 6.0, which is equivalent to 2.74 wt% water. A T-

XEBC constructed with a constant water mole proportion of 6.0 does not predict the leucosome 

garnet core composition indicating that the water content likely differed from that in the 

adjacent rock. Differing water content between the leucosome and garnet reaction zone seems 

plausible given that these two portions of the rock are of similar small volumes and both 

could have cooled quickly. Therefore, a second T-XH2O diagram was constructed for the 

leucosome composition (Appendix A, Fig. 3) in order to constrain the water content. The 

observed garnet core compositions in the leucosome intersect at H= 4.0 and T=900°C when 
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two points were averaged in the core. A single point provided more useful, lower water 

content and was used with the T-XH2O to predict a H+ mole proportion of 2.75 or 1.24 wt% 

water.     

Figure 9 shows the resulting T-XEBC pseudosection using different water contents for 

the leucosome and host. The solidus has a positive slope increasing from ca. 600°C at the 

leucosome composition to ca. 660°C at the host composition. A free water phase is predicted 

along and slightly above and below the solidus. The garnet-in line on the leucosome side is at 

700°C and decreases to 575°C at ca. 85% leucosome. The garnet-out mode zero line is 

predicted at 1000°C and 85% for the leucosome composition, decreases in temperature to ca. 

625°C toward the garnet reaction zone and then increases to 1000°C at the host composition. 

The peak mineral assemblage for the leucosome is garnet + biotite + plagioclase + quartz + 

rutile + melt. This field occurs between ca. 650 and 900°C and from 100% leucosome to 70% 

leucosome. The garnet reaction zone peak mineral assemblage is garnet + clinopyroxene + 

biotite + plagioclase + rutile + melt.  This field occurs between ca. 775 to 990°C and extends 

from 100% host to 15% leucosome. The host peak mineral assemblage does not appear on the 

pseudosection.  Garnet is predicted to be stable throughout the pseudosection but is not 

observed in the host rock. The mode of garnet decreases from the garnet reaction zone to the 

leucosome.   

The highest mole fraction of almandine is predicted near the leucosome composition 

(Fig. 10). The lowest mole fraction is predicted below the solidus near the host composition. 

The pyrope mole fraction increases with increasing temperature and the mole fraction of 

grossular decreases with increasing temperature between the two rock compositions. The 

intersection of the isopleths for the observed garnet composition in the garnet reaction zone is 

within the peak mineral assemblage field. The intersection of the isopleths for the observed 
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core garnet composition in the leucosome is within the upper portion of the peak mineral 

assemblage field. The garnet rim compositions for leucosome garnet approach 

the composition observed for the garnet reaction zone garnet. 

  

Figure 9: T-XEBC diagram for sample 12NZ39.  Diagram shows the predicted mineral assemblages for 

leucosome to host bulk compositions from 575 to 1000 C at 12 kbar.  Additional fields are as follows: 

1. Bt Pl Kfs Qtz Ky Rt Cz H2O 2. Bt Pl Qtz Ky Rt Cz H2O 3. Grt Bt Pl Qtz Ky Rt Cz H2O 4. Bt Pl 

Kfs Qtz Ky Rt Cz Melt 5. Bt Pl Qtz Ky Rt Cz Melt 6. Bt Pl Qtz ky Rt cz H2O Melt 7. Bt Pl Qtz Rt Cz 

Melt 8. Bt Pl Qtz Rt Cz H2O Melt 9. Bt Pl Qtz Rt Cz H2O 10. Bt Pl Qtz Rt Melt 11. Grt Bt Pl Qtz Rt 

Melt 12. Grt Bt Pl Qtz Rt Tt Cz H2O 13. Grt Bt Pl Qtz Rt Tt H2O 14. Grt Cpx Bt Pl Qtz Tt H2O 15. 

Grt Amp Bt Pl Qtz Tt H2O 16. Grt Amp Bt Pl Qtz Tt Cz H2O 17. Grt Cpx Amp Bt Pl Qtz Tt H2O 18. 

Grt Cpx Bt Pl Qtz Tt Melt 19. Grt Cpx Bt Pl Qtz Rt Tt Melt 20. Grt Bt Pl Kfs Qtz Rt Melt 21. Grt 

Opx Bt Pl Qtz Rt Melt 22. Grt Opx Cpx Bt Pl Qtz Rt Melt 23. Grt Opx Cpx Bt Pl Rt Melt 24. Grt 

Cpx Bt Pl Ilm Rt Melt 25. Grt Pl Qtz Rt Melt 26. Opx Pl Qtz Rt Melt 
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Figure 10. T-XEBC diagram for sample 12NZ39 showing garnet compositional isopleths.  Observed 

leucosome garnet core composition corresponds with the dotted fields on the leucosome side of the 

pseudosection.  The intersection of the isopleths is in the observed mineral assemblage [garnet + bt 

+ plagioclase + quartz + rutile + melt] near the highest temperature of the field.  The leucosome rim 

and garnet reaction zone garnet composition is plotted on the host side of the diagram using solid 

fields.  The isopleth intersection occurs within the peak mineral assemblage [garnet + 

clinopyroxene + biotite + plagioclase + rutile + melt] of the garnet reaction zone. 
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DISCUSSION 

T-X diagrams allow direct evaluation of predicted mineral assemblages and mineral 

compositions resulting from changes in the effective bulk composition with time. Both 

granulite facies samples show that changing effective bulk composition at constant pressure 

and near constant temperature can explain high-grossular rims on garnet. This provides an 

alternative explanation from the prior interpretation of increased pressure during garnet 

growth. Pseudosections used to predict garnet compositions were constructed in T-X space 

holding pressure constant but could also be produced in P-X space with the same result 

because the inferred P-T path for both samples was near isothermal and isobaric. Sm-Nd 

garnet ages for sample 09NZ22a indicates that garnet grew at 112.8 ± 2.2 Ma. Additional 

isochrones for garnet core and rim are compatible with garnet growth over ca. 5 Ma (Stowell 

et al., 2014). Sm-Nd garnet ages for sample 12NZ39 indicate garnet grew at 109.2 ± 2.0 Ma 

(Stowell, 2013). The near constant pressure and temperature growth interpreted from the 

phase diagrams is compatible with rapid growth of garnet in both samples. These very similar 

garnet growth paths apparently occurred ca. 2.6 m.y. apart, however, there remains a 15% 

probability the samples are the same age.    

Water content 

 T-XH2O pseudosections presented here underline the importance of considering the 

water content during granulite facies metamorphism.  In both samples, the water content 

required to produce the observed garnet rim compositions is higher than the water content 

calculated from the hydrous minerals present in the host rock. In sample 09NZ22, the host 

rock is nearly anhydrous with an amphibole mode of < 5.  The adjacent garnet reaction zone 
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contains a lower mode of hydrous phases, yet the garnet compositions predict higher water 

content than that calculated from hydrous phases in the host.  T-X and P-T pseudosections 

can only predict the observed garnet core compositions, with water contents of ca. 0.9 mole 

proportion at an effective bulk composition near the garnet reaction zone. The required water 

content of the garnet reaction zone could have been produced from complete dehydration of 

host rock. If garnet reaction zone mineral assemblages were more pervasive than the volume 

rock that melted then a high ratio of dehydrating host / partially melted garnet reaction zone 

could produce sufficient partial melt to form the leucosome.  Alternatively, as little as 10% 

partial dehydration of the host would alter a larger volume of igneous rock and much or all of 

the observed host mineral assemblage would be metamorphic not igneous. Rocks in the 

Crooked Arm area around 09NZ22 are pervasively altered to garnet granulite and locally are 

likely to contain abundant melt (Stowell et al., 2014).  As a result, the dehydrating garnet 

reaction zone volume is difficult to estimate. The host rock in sample 12NZ39 contains more 

water with an amphibole mode of ca. 10.  Therefore, this host rock could produce sufficient 

water for partial melting with complete dehydration of the host in a 1:1 volume ratio to form 

the garnet reaction zone. Assuming 100% of the garnet reaction zone partially melted then 

water introduction is required. As shown in this study, the assumption that water content is 

constant is generally not valid even over very small distances. Sample 12NZ39 has a very 

narrow garnet reaction zone and leucosome < 5 mm each section and significant gradients of 

water activity are therefore inferred. 

If melts were locally derived in both of the samples, then based on the low mode of 

hydrous phases in the host mineral assemblages, introduction of fluid is the most likely 

scenario for local melt derivation. Figure 8 for sample 09NZ22 shows the solidus at the host 

composition lies above the temperature of garnet formation.  Given that the system is 

isothermal and isobaric the only change in the system considered is the effective bulk 
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composition. Sample 12NZ39 shows the observed mineral assemblage above the garnet 

reaction zone solidus. The predicted fluid content for these samples is much higher than what 

is predicted for the host. Melting of the host compositions require more fluid than what is 

available in the host. Introduction of fluids through a network of existing fractures is not a 

new theory for the WFO.  Bradshaw (1989) suggested that CO2-rich fluids were introduced 

into the northern plutons dehydrating the host rock and producing garnet reaction zones.  

Blattner (2005) inferred that sodium-rich fluids were responsible for dehydrating the host and 

forming the garnet reaction zones in Pembroke Granulite in northern Fiordland. Water must 

have been introduced from large volumes of host, which has all been partly dehydrated or 

water was introduced from an external source. The calculation of water content from garnet 

rim compositions is compatible with a late stage addition of water to garnet reaction zones, 

which initially had substantially lower water contents.  

Daczko et al. (2001) proposed that trondhjemite magma intruded mafic gneisses in the 

Pembroke Granulite. The magmas were derived from neighboring dioritic gneiss by partial 

melting. Alternately, melt may have been introduced from elsewhere in both of the samples 

along existing fractures. External melt production would not change the significance of the 

effective bulk composition models presented here because the effective bulk composition of 

the external melt is considered at the leucosome and the mixing site, the garnet reaction zone.  

Garnet zoning 

 High-grossular rims on garnet in the WFO have previously been used to infer pressure 

increases during granulite facies metamorphism (Bradshaw, 1989; Brown, 1996). Sample 

09NZ22 has asymmetric thin (< 100 micron) high-grossular rims that are most pronounced 

on the leucosome sides of selvage garnet. High-grossular rims are also well defined in Type 2 

garnet from the leucosome in sample 12NZ39. In both samples, the models presented here 

indicate that these rims may result from changing effective bulk composition localized 
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around garnet in the presence of melt. The path from core to rim with changing effective bulk 

composition is shown to occur along a near isothermal and isobaric pathway.  Given the 

small size of the garnet reaction zone and leucosome (ca. 5 mm each) in sample 12NZ39 

large temperature or pressure variations across them are implausible. Therefore, the 

variations in garnet compositional zoning within this small distance is most likely to result 

from the effective bulk composition for each garnet during growth and similar magnitudes of 

compositional variation within leucosome grains likely results from changing effective bulk 

composition experienced during growth.  

P-T-t Predictions  

The T-XEBC pseudosections calculated for garnet reaction zone mineral growth and 

predicted garnet compositions observed in the WFO provide robust estimates for P-T 

conditions during granulite facies metamorphism.  The best fit for observed garnet 

compositions indicate that metamorphism in the Malaspina Pluton (sample 09NZ22) peaked 

at 14 kbar, T= 1050°C and that metamorphism in the Misty Pluton (sample 12NZ39) was at 

12 kbar, T= 950°C.   

Previous studies of the WFO have found that the northern plutons were emplaced at 

lower pressure than the Malaspina (Allibone et al., 2009) and published P-T paths for the 

northern plutons (Worsley and Misty Pltuons) suggest emplacement at ca. 6 kbar followed by 

loading to 12 kbar (Bradshaw, 1989).  This large-scale loading event was determined using 

geobarometry for the country rock adjacent to the WFO.  Within the WFO, however, this 

loading event was inferred to be only 3.6 kbar (Bradshaw, 1989). The initial phase of 

metamorphism within the WFO was defined by the transition from two-pyroxene igneous to 

two-pyroxene granulite. The second episode of metamorphism produced the garnet granulite 

veins (Bradshaw, 1989). More recent studies of the Misty Pluton have determined that the 

two-pyroxene assemblages may be igneous (Sadorski, 2015; Schwartz, unpub). The pressure 
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determined with T-XH2O pseudosections in this study are in agreement with previous findings. 

P-T pseudosection modeling of sample 12NZ39 interpreted the peak granulite facies pressure 

as 12 kbar (Stowell et al, 2003). Published P-T paths for the Malaspina Pluton suggest that it 

was metamorphosed at ca. 14 kbar with little or no subsequent loading (Stowell et al., 2014).   

The garnet growth path through effective bulk composition space is quite different for 

the Misty and Malaspina samples. In sample 09NZ22, garnet grew during dehydration of the 

host rock with predicted increase in water content towards the leucosome. The garnet reaction 

zone is formed during this dehydration and is extensive extending ca. 1 m from the host to the 

leucosome. High metamorphic temperatures (ca. 1000°C) would have promoted melting in 

the near anhydrous host; forming the garnet reaction zone. This can be observed in the 

effective bulk composition of the samples, Si, Ca, Na, and Al all increase from the host 

through the garnet reaction zone to the leucosome. Fe, Mg and Ti were enriched in the garnet 

reaction zone and depleted in the leucosome, which results from garnet growth.  

As shown in Figure 8 (09NZ22 core) garnet core nucleation is first predicted at 75% 

host composition, 25% garnet reaction zone. Garnet core formation is predicted to be 

isothermal and nearly continuous to 15% leucosome, 85% garnet reaction zone. The garnet 

mode is highest at the 100% garnet reaction zone at the garnet core isopleth intersection. The 

predicted rim composition occurs along the isothermal path between 1000-1050°C.  From 

this path the composition of garnet is easily explained by changing bulk composition under 

constant pressure and temperature conditions.  The role of water in the changing effective 

bulk composition is also shown to be critical. The garnet reaction zone shows a late increase 

in the water content. The narrow (< 100 micron) high-grossular rims observed on the 

leucosome side of selvage garnet may result from water released from the leucosome during 

melt crystallization.  These garnet rims are interpreted to be retrograde forming during late 

re-equilibration with more melt or water from the leucosome. Grossular content is predicted 
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to increase as the temperature decreases towards the solidus and as effective bulk 

composition changes toward the leucosome composition. However, the latter would require a 

decrease in garnet mode and these higher grossular compositions require diffusional re-

equilibration during consumption.  

Water plays a different role in sample 12NZ39.  Here type 1 (garnet reaction zone) 

and type 2 (leucosome) garnet share compositional components.  The rims of type 2 garnets 

have similar compositions to unzoned type 1 garnet.  Thus, type 2 garnet cores must have 

nucleated under different conditions. These type 2 garnet core compositions are predicted to 

occur near the leucosome composition (Figure 10). Garnet growth must have proceeded with 

fluid introduction from the leucosome towards the garnet reaction zone. Introduction of fluid 

along pre-existing fractures could result in the inferred variations in water content. The 

pseudosections indicate that much of the garnet growth in this sample occurred during the 

introduction of fluids.  Fluid introduction from the leucosome into the host could initiate 

partial melting of the host resulting in dehydration observed in the garnet reaction zone.  Late 

rehydration of the garnet reaction zone is limited and observed in amphibole overgrowths on 

clinopyroxene and garnet.  Rehydration results from fluid release during crystallization of the 

leucosome.  
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CONCLUSSION 

P-T pseudosection modeling is an important and effective tool for providing information 

about the conditions of metamorphism in order to better understand tectonic processes and 

settings. However, the bulk compositions may vary spatially on a small scale and effective 

bulk compositions may vary during mineral growth and partial melting. T-XEBC diagrams can 

be used to examine the effect of changing effective bulk composition on the observed mineral 

assemblages. Together T-XH2O and T-XEBC pseudosections prove useful tools in examining 

the effects of partial melting during metamorphism. As used in this investigation they also 

provide an alternative method of formation for high-grossular rims.  While the sample 

population for this study is small the similarity of the result proves the usefulness of the 

technique.  Future studies will be conducted to examine lower grade metamorphism.   

Construction of isobaric T-XH2O pseudosections at a variety of pressures allows 

prediction of the fluid content for an effective bulk composition around a growing garnet 

crystal.  The garnet isopleths used in P-T pseudosections to help define the P-T path of a 

sample can also be utilized to provide information an estimation of water content needed for 

observed garnet compositions.    

High grossular rims on garnet may be interpreted as evidence of pressure changes 

when a P-T pseudosection is constructed for a single effective bulk composition.  

Pseudosections constructed using multiple bulk compositions show the importance of 

considering not only the fluid content of the sample but also effective bulk composition in 

determining the pressure-temperature conditions of garnet growth and zoning.  Previous 

studies within the Misty Pluton have indicated a large-scale loading event occurred which is 
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recorded in the high-grossular garnet rims (Bradshaw, 1989; Brown, 1996).  These rims are 

shown to result from changing effective bulk composition during partial melting.  Rather than 

defining a P-T path for a selected sample, a T-X path at isobaric conditions is defined.  In the 

Malaspina Pluton, high-grossular rims have been used as evidence of growth during 

extension (Stowell et al., 2014).  However, changing effective bulk composition during 

partial melting provides an alternative method for growth of these garnet rims.  Careful 

consideration of the effective bulk composition and fluid content of granulite facies samples 

must be performed prior to use in defining tectonic settings through P-T-t paths.  
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APPENDIX A: ADDITIONAL PSEUDOSECTION MODELS 

 

 

 

Figure 1: T-XH2O diagram for the garnet reaction zone, Sample 09NZ22a.  Garnet isopleths intersect at 

mole proportion H+ = 3.1 and T = 990°C for the garnet core and H+ = 0.9, T= 1000°C in the garnet + 

clinopyroxene + plagioclase + rutile + melt field.  Additional fields are as follows: 1. Grt Cpx Bt Pl Kfs 

Qtz Rt 2. Grt Cpx Bt Pl Qtz Rt 3. Grt Cpx Amp Bt Pl Qtz Rt 4. Grt Cpx Amp Bt Pl Qtz Rt Melt 5. Grt 

Cpx Bt Pl Kfs Qtz Rt Melt 6. Grt Cpx Pl Kfs Qtz Rt Melt 7. Grt Cpx Pl Qtz Rt Melt 8. Grt Opx Cpx Pl 

Qtz Rt Melt 9. Grt Opx Cpx Pl Rt Melt 10. Grt Cpx Pl Rt Tt Melt 11. Cpx Pl Rt Melt 12. Cpx Pl Rt Tt 

Melt 
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Figure 2: T-XH2O diagram for the garnet reaction zone, Sample 12NZ39.  Garnet isopleths intersect at 

mole proportion H+ = 3.1 and T = 990 C in the garnet + clinopyroxene + biotite + plagioclase + rutile + 

melt field.  Additional fields are as follows: 1. Grt Cpx Bt Pl Kfs Qtz Ky Rt 2. Grt Cpx Bt Pl Kfs Qtz Rt 

3. Grt Cpx Bt Pl Qtz Rt 4. Grt Cpx Amp Bt Pl Qtz Rt 5. Grt Cpx Amp Bt Pl Qtz Rt Cz 6. Grt Amp Bt Pl 

Qtz Rt Tt Cz 7. Grt Cpx Amp Bt Pl Qtz Rt Tt 8. Grt Cpx Amp Bt Pl Qtz Tt H2O 9. Grt Cpx Amp Bt Pl 

Rt Melt 10. Grt Opx Cpx Bt Pl Kfs Qtz Rt 11. Grt Opx Cpx Bt Pl Qtz Rt 12. Grt Opx Cpx Bt Pl Qtz Rt 

Melt 13. Grt Opx Cpx Bt Pl Rt Melt 14. Grt Opx Cpx Pl Kfs Ilm Qtz Rt Melt 15. Grt Opx Cpx Pl Ilm 

Qtz Rt Melt 16. Grt Opx Cpx Bt Pl Ilm Rt Melt 17. Grt Opx Cpx Pl Kfs Ilm Qtz Melt 18. Grt Opx Cpx 

Pl Ilm Qtz Melt 19. Grt Opx Cpx Pl Ilm Melt 20. Grt Opx Cpx Pl Ilm Rt Melt 21. Grt Opx Cpx Pl Rt 

Melt 22. Opx Cpx Pl Ilm Melt 23. Opx Cpx Pl Ilm Rt Melt 24. Opx Cpx Pl Rt Melt 25. Cpx Pl Rt Melt 
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Figure 3: T-XH2O diagram for the leucosome composition of sample 12NZ39.  Garnet isopleth 

intersection occurs at mole proportion H+ >3 and < 4.5 and T = 900 C.  Additional fields are as 

follows: 1. Grt Cpx Bt Pl Kfs Qtz Ky Rt 2. Grt Bt Pl Kfs Qtz Ky Rt 3. Grt Bt Pl Kfs Qtz Ky Rt Cz 4. 

Bt Pl Kfs Qtz Ky Rt Cz Melt 5. Bt Pl Qtz Ky Rt Cz Melt 6. Bt Pl Qtz Ky Rt Melt 7. Grt Bt Pl Kfs Qtz 

Rt 8. Grt Opx Bt Pl Kfs Qtz Rt 9. Grt Opx Bt Pl Qtz Rt Melt 10. Grt Opx Pl Kfs Qtz Rt Ilm Melt 11. 

Pl Qtz Rt Melt 
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APPENDIX B: ADDITIONAL PHOTOMICROGRAPHS 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

  

Figure 1. Sample 09NZ22a leucosome garnet 

aggregate replacing clinopyroxene with rutile 

inclusions in plagioclase matrix in ppl (A.) and xpl 

(B.)  

Figure 2. Sample 09NZ22a garnet and 

clinopyroxene in the garnet reaction zone.  Note 

the granular amphibole film around the 

clinopyroxene. 
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Figure 3: Sample 09NZ22b clinopyroxene and 

orthopyroxene in the diorite gneiss host.  Minor 

amphibole and biotite around the elongate 

pyroxene grains. 

Figure 4. Sample 12NZ39 host composition.  

Amphibole grains and minor biotite in plagioclase 

matrix surround clinopyroxene and 

orthopyroxene. 


