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This dissertation focuses on two areas of garnet porphyroblast crystallization that 

have until now remained largely uninvestigated: epitaxial nucleation of garnet 

porphyroblasts and yttrium and rare earth (Y+REE) uptake in metamorphic garnet.  

The mechanism of epitaxial nucleation is explored as a step towards determining 

which aspects of interfaces are significant to interfacial energies and nucleation rates. 

Garnet from the aureole of the Vedrette di Ries tonalite, Eastern Alps, shows a clear case 

of epitaxial nucleation in which garnet nucleated on biotite with (110)grt || (001)bt with 

[100]grt || [100]bt. The occurrence is remarkable for the clear genetic relationships 

revealed by the microstructures and for its preservation of the mica substrate, which 

allows unambiguous determination of the coincident lattice planes and directions 

involved in the epitaxy. Not all epitaxial nucleation is conspicuous; to increase the ability 

to document epitaxial relationships between garnet and micas, I develop and apply a 

method for determining whether evidence for epitaxial nucleation of garnet is present in 

porphyroblasts containing an included fabric. Although the magnitude of uncertainties in 
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orientation measurements for garnets from Passo del Sole (Switzerland), the Nevado 

Filabride Complex (Spain), and Harpswell Neck (USA) preclude definitive identification 

of epitaxial relationships, the method has potential to become a viable technique for 

creating an inventory of instances and orientations of epitaxial nucleation with 

appropriate sample selection. Using lattice-dynamics simulations, I explore the most 

commonly documented epitaxial relationship, (110)grt || (001)ms.  The range of interfacial 

energies resulting from variations in the intracrystalline layer within garnet at the 

interface, the initial atomic arrangement at the interface, and the rotational orientation of 

the garnet structure relative to the muscovite structure shows that the intracrystalline 

layer within garnet has the greatest effect on interfacial energy.  

A complete understanding of the role of intergranular diffusion for yttrium and 

rare-earth-element uptake in porphyroblastic garnet is critical because the complexities of 

Y+REE zoning in garnets and the mechanisms of Y+REE uptake have implications for 

petrologic interpretations and garnet-based geochronology. Y+REE distributions in 

garnets from the Picuris Mountains (USA), Passo del Sole (USA), and the Franciscan 

Complex (USA) imply diverse origins linked to differing degrees of mobility of these 

elements through the intergranular medium during garnet growth. 
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PREFACE 

Much research in metamorphic petrology in the last few decades has raised—and 

sought to answer—questions about the role and extent of disequilibrium in metamorphic 

rocks (e.g., Carlson, 2002; Hirsch et al., 2003; Waters & Lovegrove, 2002; Pattison & 

Tinkham, 2009).  Research in disequilibrium follows almost four decades of examining 

metamorphic rocks under the nearly universal assumption of thermodynamic equilibrium 

at all scales.  As our understanding of crystallization mechanisms progresses, we begin to 

see more clearly the deficits in our knowledge.  

The two dominant rate-limiting factors for porphyroblast crystallization are 

commonly the kinetics of nucleation and of intergranular diffusion (Carlson, 2011). A 

great effort has been made to understand the role of intergranular diffusion for major 

elements in porphyroblast crystallization, including quantification of the kinetics (e.g. 

Carmichael, 1969; Fisher 1973, 1978; Foster, 1977, 1999; Carlson, 1989,1991, 2002; 

Carlson et al., 1995; Farver & Yund, 1995a,b; Spear & Daniel, 2001; Carlson & Gordon, 

2004; Meth & Carlson, 2005), but no comprehensive framework has yet been proposed to 

explain the role of intergranular diffusion for yttrium and rare-earth-element uptake in 

garnet. A complete understanding is critical because the complexities of Y+REE zoning 

in garnets and the mechanisms controlling Y+REE uptake have implications not only for 

petrologic interpretations, but also for garnet-based geochronology. Recently, several 

investigations focusing on nucleation mechanisms have appeared (e.g., Spiess et al., 

2007; Robyr et al., 2009; Gaidies et al., 2011; Ruiz Cruz, 2011; Schwarz, 2011; Kelly et 

al., 2013), but although nucleation kinetics is one of the most fundamental determinants 

of the extent of thermal overstepping and thus the degree of disequilibrium during 
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crystallization, the metamorphic community knows little about it and much of our 

understanding is rooted in theories from materials science. This dissertation focuses on 

two aspects of the crystallization of garnet porphyroblasts that have been little studied: 

epitaxial nucleation of garnet, and the uptake of yttrium and rare-earth elements in 

metamorphic garnet.   

In the first three chapters, the mechanism of epitaxial nucleation is explored, as a 

step towards determining which aspects of interfaces are significant to interfacial free 

energies and therefore to nucleation rates. To date, the metamorphic community has 

adopted the classical theory of nucleation that was developed in the materials-science 

literature for metals and ceramics.  Thus, much of our understanding of nucleation in 

metamorphic rocks is based on a theory designed for much simpler systems—one that 

has not incorporated the complications that arise in multi-component metamorphic 

systems. By focusing on epitaxial interfaces, we are able to test one part of this theory, 

which suggests that nucleating garnet uses the crystal lattice of mica, already present in 

the rock, as a template for its own crystal structure to reduce the energy barrier to 

nucleation. We first examine an unusual natural occurrence in which epitaxial nucleation 

is conspicuously evident (Chapter 1); then develop a technique for evaluating possible 

epitaxy when evidence for it is more cryptic (Chapter 2); and finally undertake atomistic 

simulations in the form of lattic-dynamics calculations to estimate the magnitude of 

epitaxial interfacial energies and to compare the relative influence on those energies of 

various atomic-scale factors. 

In the fourth chapter, highly variable distributions of yttrium and rare-earth 

elements (Y+REEs) are documented in garnet from three diverse localities, and compared 
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to prior observations of these elements' distributions in multiple well-studied occurrences 

in the literature. The interpretation of the disparity and complexity of Y+REE 

distributions in metamorphic garnet centers on the concept that these distributions vary 

primarily in response to the length scales over which these elements can equilibrate 

during garnet growth—a framework also used for interpreting major-element 

distributions. 

These chapters are written as individual papers intended for publication and 

because the projects were collaborative, they have or will have co-authors. For Chapter 1, 

Bernardo Cesare provided the three samples investigated and contributed his wealth of 

knowledge on the geologic background for the locality. For Chapter 2, and for all other 

chapters, William D. Carlson provided spirited discussion, financial support, and 

encouraged development of the ideas presented. For Chapter 3, Julian D. Gale and Kate 

Wright were instrumental in the design of the slab model. As the author of the program 

(GULP) used for the simulations, Gale modified the force-field potentials and provided 

technical support.  The greatest portion of the learning curve was overcome during a 

seven-week visit to Gale and Wright’s computational chemistry research laboratory at 

Curtin University, Perth, Australia. For Chapter 4, Marc A. Hesse wrote the program for 

the diffusion model used to explore zoning variability for Y+REE in garnet. Chapter 4 

has been published as Moore et al., 2013. 
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CHAPTER 1: EPITAXIAL NUCLEATION OF GARNET ON BIOTITE IN 

THE POLYMETAMORPHIC METAPELITES SURROUNDING THE 

VEDRETTE DI RIES INTRUSION (ITALIAN EASTERN ALPS) 

 

ABSTRACT 

Garnet in a metapelite from the aureole of the Vedrette di Ries tonalite, Eastern 

Alps, is found in two distinctive microstructural settings relative to a large single crystal 

of biotite: it forms a narrow polycrystalline layer in a reaction zone between plagioclase 

and biotite, and nearby it occurs in clusters of crystals interspersed with the biotite. In the 

reaction zone, morphological and microchemical evidence document multiple nucleation 

events along the interface between biotite and plagioclase, with ilmenite inclusions 

marking the original plagioclase-biotite boundary. Electron backscatter diffraction 

analysis shows that for all garnet in both microstructural settings, (110)grt || (001)bt with 

[100]grt || [100]bt. This single, recurring orientation for all garnet crystals adjacent to the 

biotite grain implies that nucleation was dominantly epitaxial during crystallization of the 

garnet. The occurrence is remarkable for the clear genetic relationships revealed by the 

microstructures and for its preservation of the mica substrate on which the garnet 

nucleated, which allows unambiguous determination of not only the coincident lattice 

planes but also the coincident lattice directions involved in the epitaxy. 
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INTRODUCTION 

 The nucleation of new crystals is a process fundamental to metamorphic 

crystallization, yet in nature it remains poorly characterized and incompletely understood. 

Rates of nucleation, together with rates of intergranular diffusion, are principal 

determinants of the kinetics of metamorphic crystallization, particularly in 

porphyroblastic rocks (Carlson, 2011). Thus, the rate of nucleation can be a key factor 

governing the ability of metamorphic rocks to record changes in physical conditions by 

generating new mineral assemblages (cf. Ridley & Thompson, 1986; Rubie, 1988, 

Carlson, 2011; Pattison et al. 2011; Kelly et al. 2013a,b). Nucleation kinetics therefore 

underpins a wide-ranging suite of interpretational tools used universally by metamorphic 

petrologists.  

Energy barriers to nucleation are themselves a dominant control on the kinetics of 

crystallization: in classical theories of nucleation, rates of nucleation are an exponential 

function of the cube of the interfacial energy between a new nucleus and its surroundings 

(cf. Carlson, 2011, Eq. 1).  Epitaxial nucleation is a form of heterogeneous nucleation in 

which the nucleating phase takes on a particular low-energy orientation with respect to a 

pre-existing crystal, which serves not only as an atomic substrate but also as a template 

for initial organization of the new crystal structure. The reduction in interfacial energy 

due to epitaxy can provide a substantial kinetic advantage, both by reducing the degree of 

overstepping of a reaction required to initiate crystallization, and by increasing nucleation 

rates. 
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Despite the importance of nucleation to metamorphic crystallization, few 

observational studies in natural systems have tackled this subject, because of the 

difficulty in studying such inherently transitory events.  Subsequent to the nucleation 

event, growth of the nucleus becomes the dominant process and much of the evidence for 

nucleation can be overprinted.  But when nucleation is epitaxial, evidence for the 

character of the nucleation event may linger in the relative orientations of the crystal 

lattices, if the precursor substrate is preserved. When this occurs, the epitaxial 

relationship captures and records the earliest products of a local metamorphic reaction, 

providing information rarely available otherwise. In many circumstances, however, the 

precursor phase may no longer be present at or near the site of nucleation; this is 

especially likely when the precursor reacts to produce the nucleating phase. 

Epitaxial nucleation is observed in experimental systems (e.g. Keller et al., 2010) 

and has been documented for diverse mineral pairs in natural metamorphic rocks (e.g. 

Frondel, 1940; Brown et al., 1962; Powell, 1966; Gresens and Stensrud, 1971; Cesare 

and Grobéty, 1995; Clarke and Bogutyn, 2003; Spiess et al., 2007; Padrón-Navarta et al., 

2008; Robyr et al., 2009; Ruiz Cruz, 2011). Among the above studies, those that focused 

on garnet provided preliminary evidence that, in certain instances, nucleating garnet uses 

the surface of a precursor mica crystal as a template for its own crystal structure. 

Evidence for this mechanism of nucleation may be recorded in an epitaxial relationship 

revealed by the mutual crystallographic orientations of the garnet and the mica. 

Inclusions of micaceous phases at the site of nucleation for the garnet 

porphyroblast generally are not preserved, so in most cases only indirect relationships are 
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used to infer epitaxial nucleation. The example presented in this paper, however, is a 

well-constrained, conspicuous example of epitaxial nucleation with a clearly defined 

relationship between the precursor biotite and the nucleating garnet.  

PREVIOUS WORK 

Several occurrences of epitaxial relationships involving garnet and mica have 

been documented or inferred in the literature. In all cases, a low-index plane in the garnet 

structure — (110), (111), or (100) — was found to be coincident with the (001) basal 

plane of mica.  

The first published example of a preferred orientation for garnet described minute 

crystals of garnet included in muscovite in a coarse-grained ("pegmatitic") zone in pelitic 

schist (Frondel, 1940). Using optical microscopy, Frondel observed that a statistically 

significant portion of the population of garnet crystals (514 out of 607, or 85%) was 

flattened on (110) faces, and that those faces were attached parallel to the (001) basal 

plane of muscovite (i.e., (110)grt || (001)mus). A smaller, but still significant, portion of the 

garnet crystals (93 out of 607, or 15%) was flattened on (111) faces attached to (001) of 

muscovite (i.e., (111)grt || (001)mus). The orientations of individual directions in the two 

parallel planes could not be determined directly by Frondel's optical technique, but he 

measured the angle in the plane of the microscope stage between [100] of muscovite 

(located in an interference figure) and a "reference direction" in the garnet structure 

identified from the morphology of the idioblastic inclusions. Among garnets oriented 
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with (110)grt || (001)mus, an angle of 0° was most commonly measured between [001] of 

garnet and [100] of muscovite.  

Powell (1966) examined garnet in thin and thick sections using a two-axis 

universal stage mounted on a stereoscopic non-polarizing microscope and showed that 

bands and trails of quartz and "iron-ore" inclusions in garnet were oriented parallel to a 

(110) face of garnet. It was proposed that in these pelitic, schistose rocks, the bands and 

trails of inclusions represent an earlier planar fabric in the rock. The micas, then present 

but since digested, were presumed to have been oriented with their basal planes sub-

parallel to the inclusion planes, making the orientation of the inclusion bands and trails a 

proxy for the orientation of the micas present during garnet nucleation. The relationship 

indirectly recorded is nucleation of garnet with (110)grt || (001)mica. 

Spiess et al. (2007) used electron backscatter diffraction (EBSD) to evaluate the 

degree to which garnet crystals in a deformed rock shared a common lattice preferred 

orientation (LPO). The nature of the epitaxy was greatly obscured by the initial presence 

of a crenulated foliation and the fact that garnet crystals had been re-oriented by later 

deformation. Nonetheless, restoration of original attitudes suggested a common LPO for 

garnet, consistent with nucleation controlled by (110)grt || (001)mica.  

Robyr et al. (2009) regarded helicitic inclusion trails in garnet porphyroblasts as 

representing planar fabrics incorporated during synkinematic growth, and used them as 

proxies for the orientation of basal planes of micas. High-resolution X-ray computed 

tomography scans, combined with X-ray element maps, were used to locate the 

morphological centre (assumed site of nucleation) of a snowball garnet, and to determine 
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the three-dimensional orientation of its included fabric. EBSD then defined the garnet 

orientation relative to the basal planes of mica at the site of nucleation. In all crystals, an 

epitaxial relationship was observed in which (100)grt || (001)mica. 

A reversal in the order of nucleation, so that muscovite nucleates on garnet, also 

may lead to epitaxial relationships. Ruiz Cruz (2011) studied atoll garnets and ring 

garnets and found that, although several diverse relationships were observed, the 

predominant relationship for mica replacing garnet is (001)mica || (111)grt. Furthermore, in 

later stages of atoll development, rings of garnet nucleated on biotite with (110)grt  || 

(001)bt. 

GEOLOGIC CONTEXT 

We studied three samples (VR36, coordinates 46°52'52.85"N, 11°59'33.59"E; 

VR491, coordinates 46°53’07.18"N, 12°03’57.79”E; CARG 30-1, coordinates 

46°51’15.52"N, 11°51’16.26”E) of the rocks outcropping to the south and west of the 

Vedrette di Ries intrusion, at variable distance from the contact (Fig. 1-1). The rocks 

belong to the Austroalpine basement of the eastern Alps (Spiess et al., 2010), which in 

this area is composed primarily of micaschists and paragneisses, with intercalations of 

pegmatitic orthogneisses, marbles, quartzites and amphibolites. The basement is strongly 

deformed, and characterized by a marked, steep, south-dipping E-W foliation. 

The Austroalpine basement represents the former palaeo-African continental 

margin that was involved in continental collision and Alpine orogenesis. It is 

polymetamorphic, and displays evidence of a complex evolution including “Caledonian” 
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metamorphism and igneous activity at 500-450 Ma, and pre-Alpine (Variscan, 300-280 

Ma) high-grade metamorphism and anatexis, followed by an Eo-Alpine (c. 100 Ma) event 

at 7.5±1.5 kbar, 450±50 °C, and by contact metamorphism in the Vedrette di Ries aureole 

(Schulz et al., 2008 and references therein).  

The contact metamorphism took place at 30±3 Ma (Borsi et al., 1979), producing 

a well-developed contact aureole with maximum outcrop extension of c. 1.5 km in the 

region of Rieserfernerhütte (Cesare, 1999a). The widespread occurrence of andalusite-

staurolite-bearing assemblages (Cesare et al., 2010) and the absence of cordierite in this 

last phase of metamorphism are consistent with type 2bii in the facies series scheme 

proposed by Pattison & Tracy (1991). These conditions, as well as thermodynamic 

modelling, constrain the pressure of contact metamorphism at 4.0 – 4.2 kbar 

(Tajcmanova et al., 2009), with maximum temperatures reaching 600 – 620 °C at the 

contact (Cesare, 1994). 

Cesare (1999a) divided the aureole into six mineralogical zones of progressively 

higher metamorphic grade. Sample VR36 was collected in the outermost zone 1 (chlorite-

biotite zone), where the effects of contact metamorphism are weak and restricted to the 

occurrence of biotite, Mg-chlorite, and rare garnet overgrowing the main foliation. The 

rock is a fine-grained paragneiss made of plagioclase, quartz, muscovite, biotite, garnet 

and ilmenite, locally with larger porphyroblasts of heavily altered plagioclase, several 

millimetres in size. Biotite occurs as abundant millimetre-sized crystals, rich in exsolved 

ilmenite, which suggests a pre-Alpine origin for the primary Ti-rich biotite. Sample 

VR491 is located in zone 2 (biotite-staurolite) and is described in detail in Cesare (1999a, 
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b). Incipient epitaxial replacement of kyanite by staurolite (Cesare & Grobéty, 1995) is 

observed in this graphite-bearing muscovite schist. Sample CARG 30-1 was collected 

outside the contact aureole. It is a migmatitic paragneiss, rich in microgranular kyanite 

and very similar to sample VR491, but free of contact-metamorphic overprint. Its garnet 

porphyroblasts and the fragments derived from their cataclasis probably grew during the 

Variscan high-grade metamorphism and anatexis, but also show a thin overgrowth that 

probably formed during the Eo-Alpine event (Stöckhert, 1985). 

In sample VR36, some of the biotite crystals, where formerly in contact with 

plagioclase, display a reaction texture with garnet and ilmenite as products (Fig. 1-2). The 

reaction as evident in thin section, biotite+plagioclase = garnet+ilmenite, is clearly 

incomplete and requires exchange of elements (e.g., loss of K and Na) with the 

surroundings. It also suggests, due to the low amount of Mn in the reacting biotite, that 

Mn was transported along the Bt-Pl boundary, possibly by diffusion in an H2O-bearing 

fluid released by biotite dissolution. Such element mobility, suggesting the occurrence of 

ionic reaction cycles during microstructure development (cf. Carmichael, 1969), has been 

proposed in similar rocks of the Vedrette di Ries aureole by Cesare (1999b) on the basis 

of algebraic analysis of mineral assemblages.  

The morphology of the garnet, biotite, and plagioclase crystals clearly indicate 

that garnet grew after biotite and plagioclase. However, the timing of garnet growth is not 

well constrained, as this mineral was probably stable during the Eo-Alpine regional 

metamorphism (Stöckhert, 1987) or in the outermost parts of the Oligocene Vedrette di  
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Fig. 1-2. Photomicrograph in plane-polarized light of biotite-plagioclase reaction texture and 
garnet-biotite texture. Portions outlined in black and labelled as Maps A, B and C correspond 
to images in Figs. 1-5 and 1-6. Biotite = "bt"; garnet = "grt"; plagioclase = "plg".
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Ries contact aureole (Cesare, 1992). In both events, the temperature of garnet growth did 

not exceed 450 - 500 °C. 

METHODS 

The microstructural environment of the garnet-biotite textures of interest was 

examined optically. Plane- and cross-polarized transmitted light and reflected light aided 

in identification of mineral phases and microstructural relationships.  

The variation in chemical composition of garnet, biotite, and plagioclase was 

investigated through the acquisition of X-ray element maps supplemented with major-

element quantitative analysis for selected mineral grains. Wavelength-dispersive X-ray 

maps were collected and quantitative analyses of mineral compositions were made on a 

JEOL JXA-8200 Superprobe at the University of Texas at Austin. X-ray maps for Ca, 

Mg, Fe, Mn, and Y were made at 15 kV, 150 nA cup current with minimum spot size. 

Quantitative analyses for garnet were measured for Si, Al, Ca, Mg, Fe and Mn at 15 kV 

and 150 nA cup current. Peak count times of 15 s and background times of 10 s were 

used for Al and Si, while 30 s peak count times and 15 s background times were used for 

Mg, Ca, Mn, and Fe. Quantitative analyses for biotite were measured for Na, Mg, Al, Si, 

K, Ca, Mn, Fe and Ti at 15 kV with a 10 nA cup current and a 10 µm spot. Peak count 

times of 20 s and background times of 10 s were used for all elements. Quantitative 

analyses for plagioclase were measured for Na, Mg, Si, Al, K, Ca and Fe at 15 kV with a 

10 nA cup current and 10 µm spot. Peak count times of 15 s and background times of 15 
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s were used for all elements. Natural and synthetic standards were used to calibrate all 

quantitative analyses and a ZAF correction was used for data reduction. 

The crystallographic orientations of minerals within the textures of interest were 

investigated using electron backscatter diffraction (EBSD). Analyses were carried out at 

the University of Texas at Austin using an Oxford (HKL) Channel 5 system mounted on 

a Philips/FEI XL30 Environmental SEM at 30 kV, 0.2 Torr, working distance of 15 mm 

and spot size 5. Beam maps were acquired with step size 3-5 µm. Orientation maps show 

raw data with no smoothing; pole figures are contoured with 10° half width. 

EVIDENCE FOR EPITAXIAL NUCLEATION 

Our results and interpretations focus primarily on one spectacular microstructural 

environment in Sample VR36, which was the inspiration for this study. To better 

understand the context of the orientational relationships found in Sample VR36, Samples 

VR491 and CARG 30-1 from the Vedrette di Ries aureole were examined in 

reconnaissance.  

Sample VR36 

Thin-section petrography 

The first texture of interest consists of a single crystal of biotite surrounding a 

plagioclase porphyroblast on three of its four sides, featuring an elongate string of garnet 

crystals, c. 100 µm wide, separating plagioclase and biotite (regions enclosed by "Map 

A" and "Map B" boxes in Fig. 1-2). The garnet crystals are sub-idioblastic, with a more 

idioblastic habit at garnet-biotite contacts than at garnet-plagioclase contacts. The 
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morphology and optical properties indicate that both plagioclase and biotite are single 

crystals, and that the (001) basal plane of the biotite nearly parallels the plane of the thin 

section. The plagioclase is highly fractured, and its central portion is saussuritized, with 

inclusions too small to be readily identified in thin section. An array of opaque inclusions 

(confirmed as ilmenite by EDS analysis) within the string of garnet crystals traces a curve 

parallel to the edge of the plagioclase, lying closer to the plagioclase porphyroblast than 

to the biotite crystal (Fig. 1-2).  

 The second texture of interest is a cluster of garnet interspersed with biotite 

(region enclosed by “Map C” box in Fig. 1-2). Several of the garnet crystals abut 

plagioclase porphyroblasts at the edge of the cluster, but most crystals are surrounded by 

biotite; it is possible that reactant plagioclase was present above or below the plane of the 

section. The morphology and optical properties indicate that in addition to the much 

larger single crystal of biotite that is prominent in Figure 1-2, multiple crystals of biotite 

in different orientations are also present amidst and around the garnet crystals in the 

cluster. The garnet crystals themselves are xenoblastic to sub-idioblastic with small 

inclusions of ilmenite. 

EPMA: Elemental X-ray maps and analyses 

 The garnet in the biotite-plagioclase reaction texture has variable major-element 

zoning (Fig. 1-3). Fe and Mg concentrations are highest at the centre of the garnet string 

and lowest at the interface with the plagioclase (e.g. Analyses 1 & 3, Table 1-1). Higher 

concentrations of Mn are seen in garnet at multiple discrete locations along the string 

(e.g., Analysis 2, Table 1-1). These Mn highs in garnet are closer to the plagioclase than 
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Table 1-1. Representative compositions for garnet at points located in Figs. 1-3 and 1-4. 
Analysis 1 2 3 4 5 16 17 18 19 20 

 Wt% oxides  

SiO2 36.23 36.25 36.17 38.39 37.24 36.68 36.63 36.88 36.60 36.80 
Al2O3 21.11 20.99 21.09 21.15 21.63 21.30 21.17 21.39 21.46 21.23 
FeO 27.27 28.42 30.69 29.70 29.45 27.69 28.30 29.07 29.82 28.49 
MnO 5.02 5.81 5.19 2.07 0.73 3.37 2.76 0.84 1.05 0.47 
MgO 2.06 2.00 2.61 2.25 2.42 2.03 1.99 2.22 2.28 2.33 
CaO 6.81 5.50 3.25 7.35 8.46 8.34 8.47 9.18 8.25 9.48 
Total 98.50 98.97 99.00 98.91 99.92 99.41 99.31 99.56 99.46 98.80 

Cations per 12 oxygens 

Si 2.95 2.96 2.95 2.95 2.97 2.95 2.96 2.96 2.94 2.96 
Al 2.03 2.02 2.03 2.02 2.03 2.02 2.01 2.02 2.03 2.02 
Fe 1.86 1.94 2.09 2.01 1.96 1.87 1.91 1.95 2.01 1.92 
Mn 0.35 0.40 0.36 0.14 0.05 0.23 0.19 0.06 0.07 0.03 
Mg 0.24 0.24 0.32 0.27 0.29 0.24 0.24 0.27 0.27 0.28 
Ca 0.60 0.48 0.28 0.63 0.72 0.72 0.73 0.79 0.71 0.82 
  Mole fraction  

 
  

XMg 0.08 0.08 0.10 0.09 0.10 0.08 0.08 0.09 0.09 0.09 
XCa 0.20 0.16 0.09 0.21 0.24 0.24 0.24 0.26 0.23 0.27 
XMn 0.11 0.13 0.12 0.05 0.02 0.08 0.06 0.02 0.02 0.01 
XFe 0.61 0.63 0.69 0.66 0.65 0.61 0.62 0.64 0.66 0.63 
Analysis numbers refer to analytical locations in Figs. 1-3 and 1-4 for 1-5 and 16-20, respectively.   
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to the biotite. Mn concentrations remain relatively elevated in garnet at the interface with 

plagioclase (Analysis 1, Table 1-1). In contrast, the Mn concentration in the garnet 

decreases markedly closer to the biotite (Analysis 4, Table 1-1), and reaches its minimum 

slightly inward of the garnet-biotite contact (Analysis 5, Table 1-1). At several locations 

there is a sharp increase in the Mn concentration in garnet at the garnet-biotite interface. 

The highest concentrations of Ca are at the rims of the garnet strings, near both the 

garnet-biotite interface and the garnet-plagioclase interface. The lowest Ca concentrations 

are near the Mn-highs and the ilmenite inclusions in the garnet. The width of the region 

of elevated Ca-content is greater on the side adjacent to biotite than on the side adjacent 

to plagioclase, relative to the line of ilmenite inclusions. Y maps (not displayed in Figs. 

1-3 & 1-4) revealed no discernible variation within the garnet crystals. 

The major-element distribution for a second set of garnet crystals, separate from 

the garnet string but clustering on the same biotite grain (Fig. 1-2, Map C), is shown in 

Fig. 1-4. Most of the crystals in the garnet cluster are not in contact with plagioclase in 

the plane of section and are completely surrounded by biotite. The garnet crystals that 

abut the large biotite crystal and are in contact with plagioclase have Ca zoning similar to 

that seen in the garnet string: a wider band of higher Ca concentration is present at the 

interface with biotite than at the interface with plagioclase and these highs are separated 

by a band of low Ca concentration. The Mg and Fe zoning patterns are essentially flat 

throughout the garnet cluster (Analyses 16-20, Table 1-1), but there is a region of 

elevated Mn concentration spread across several garnet grains (Analyses 16 & 17, Table 

1-1). A Ca low correlates to this Mn high.  
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The biotite is relatively uniform in composition (Analyses 6-10 and 21-24 of 

Table 1-2). The plagioclase appears to have been originally more calcic in its core, as 

indicated by the saussuritization there, but relict plagioclase exhibits only very modest 

compositional variation (Analyses 11-15 of Table 1-3). 

EBSD 

  Euler orientation maps use colour variation to indicate a difference in orientation, 

although dramatically different colours do not necessarily represent dramatic differences 

in orientation. Such maps of the reaction texture (Fig. 1-5) show essentially the same 

orientation (<5° misorientation) for garnet throughout the reaction band. Euler orientation 

maps for biotite show consistency in orientation across most of the crystal, with some 

change (<7° misorientation) at one end. Correspondingly, pole plots show a single 

dominant orientation for all garnet crystals in the reaction band and one dominant 

orientation for the biotite crystal (Fig. 1-5). The relationship between the garnet and 

biotite is (110)grt || (001)bt with [100]grt || [100]bt.  

 The garnets in the cluster (Fig. 1-6) also have a single orientation (<3° 

misorientation), which is the same as the orientation of the garnets in the string (Fig. 1-5), 

so again the relationship of garnet to biotite orientation is  (110)grt || (001)bt with [100]grt || 

[100]bt. 

Sample VR491 

In sample VR491, a highly fractured cluster of garnet occurs amongst several 

biotite crystals (Fig. 1-7a) with (111)grt sub-parallel to (001)bt (i.e., within ±15°). The 

EBSD orientation map of the garnet cluster (Fig. 1-7) shows distinct boundaries between 
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Table 1-2. Representative compositions for VR36 biotite at points located in  
Figs. 1-3 and 1-4. 
Analysis 6 7 8 9 10 21 22 23 24 

 Wt% oxides 

SiO2 36.26 36.89 36.81 37.05 36.99 36.45 37.05 37.52 37.11 
TiO2 1.58 1.49 1.48 1.53 1.59 1.58 1.54 1.58 1.51 
Al2O3 18.27 18.04 18.24 18.26 18.35 18.39 18.61 17.90 18.83 
FeO 17.67 17.02 16.84 16.63 16.96 17.33 16.89 16.60 17.24 
MnO 0.22 0.15 0.16 0.13 0.16 0.17 0.11 0.18 0.13 
MgO 9.11 9.30 9.17 9.09 9.29 9.27 9.03 9.18 8.93 
CaO 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.01 0.05 
Na2O 0.05 0.12 0.12 0.10 0.14 0.11 0.07 0.11 0.10 
K2O 8.60 8.78 8.97 9.00 9.03 8.85 8.93 8.98 8.79 
Total 91.75 91.80 91.79 91.80 92.51 92.16 92.23 92.08 92.70 

                
 Cations per 10 oxygens and 2 (OH)- 

 
Si 2.82 2.86 2.86 2.87 2.85 2.82 2.86 2.89 2.85 
Ti 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 
Al 1.68 1.65 1.67 1.66 1.66 1.68 1.69 1.63 1.70 
Fe 1.15 1.10 1.09 1.08 1.09 1.12 1.09 1.07 1.11 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 1.06 1.08 1.06 1.05 1.07 1.07 1.04 1.06 1.02 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 
K 0.85 0.87 0.89 0.89 0.89 0.88 0.88 0.88 0.86 

Mole fraction 
Fe/(Fe+Mg) 0.52 0.51 0.51 0.51 0.51 0.51 0.51 0.50 0.52 
Mg/(Mg+Fe) 0.48 0.49 0.49 0.49 0.49 0.49 0.49 0.50 0.48 
Analysis numbers refer to analytical locations in Figs. 3 and 4 for 6-10 and 21-24,  
respectively.  Low biotite totals are the result of a section thinner than the standard. 
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Table 1-3. Representative compositions for plagioclase at points  
located in Figs. 1-3 and 1-4. 
Analysis 11 12 13 14 15 

                                                  Wt.% oxides 
   

SiO2 62.92 61.30 61.43 59.39 62.14    
Al2O3 23.31 24.56 23.71 25.34 23.34    
FeO 0.14 0.06 0.17 0.26 0.09    
MgO 0.07 0.02 0.10 0.60 0.05    
CaO 5.11 6.24 4.81 4.00 6.64    
Na2O 8.00 7.90 8.78 7.57 6.77    
K2O 0.04 0.08 0.37 2.01 0.04    
Total 99.59 100.16 99.38 99.18 99.06    

Cations per 8 oxygens    

Si 2.79 2.72 2.75 2.68 2.77    
Al 1.22 1.28 1.25 1.35 1.23    
Fe 0.01 0.00 0.01 0.01 0.00    
Mg 0.01 0.00 0.01 0.04 0.00    
Ca 0.24 0.30 0.23 0.19 0.32    
Na 0.69 0.68 0.76 0.66 0.59    
K 0.00 0.01 0.02 0.12 0.00    

    Mole fraction    

XAn 0.26 0.30 0.23 0.20 0.35    
XAb 0.74 0.69 0.75 0.68 0.65    
XOr 0.00 0.00 0.02 0.12 0.00    
Analysis numbers refer to analytical locations in Figs. 1-3 and 1-4. 
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Fig. 1-5. (See figure caption on the following page.)
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(Fig. 1-5 continued) Electron backscatter diffraction (EBSD) data for biotite-plagioclase reac-
tion zone in VR36. In parts (a) and (b), two maps at different resolution make up the image: 
Map A (5 µm step size) at left, Map B (3 µm step size) at right. (a) EBSD phase map of the 
texture of interest showing indexed garnet (red) and biotite (blue). (b) Euler orientation map of 
indexed garnet and biotite. (c-f) Lower-hemisphere, equal-area projections of poles to lattice 
planes. Dashed white circles highlight congruent planes. (g-j) Lower-hemisphere, equal-area 
projections of lattice directions. Dashed white circles highlight congruent directions.
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Fig. 1-7. EBSD data for garnet in Sample VR491. (a) Backscattered electron image (BSE). (b) 
Crystal orientation map for garnet. Step size is 5 µm. Orientations are colour coded with respect 
to the direction in the plane of the map shown by the arrow.
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sections of the garnet with slightly different orientations (±15°), but the distribution of 

Mn (Appendix A) is not consistent with these orientation boundaries representing 

chemically distinct crystals. X-ray maps for Ca and Mg show patchy distributions, and 

there is little variation in Fe and Y concentrations (Appendix A). Although the 

morphology of the garnet cluster suggests multiple crystals, particularly at the interface 

with biotite, an alternative explanation for the slight variations in orientation of the garnet 

is that a single crystal of garnet was fractured into multiple fragments, each of which 

underwent different degrees of rotation.  

Sample CARG 30-1 

In sample CARG 30-1, a second generation of garnet crystals grew among 

multiple biotite crystals and along biotite cleavage planes that are adjacent to a relict 

garnet porphyroblast (Fig. 1-8a). The variation in Ca distribution is similar to what is 

seen in the reaction texture in Sample VR36: high concentrations near the rims of the 

garnet strings and lower concentrations in the cores (Appendix A). X-ray maps for Mn, 

Fe, Mg, and Y show little to no variation. These second-generation garnet crystals have a 

wide variety of orientations relative to the biotite, and do not have the same orientation as 

the relict garnet porphyroblast (Fig. 1-8b). All garnets in two separate strings of 

morphologically distinct crystals share the same orientation, with (111)grt || (001)bt for 

two different biotite crystals, whereas no epitaxial relationships are evident in the other 

garnet strings. In string A of epitaxial garnet (Fig. 1-8b), [110]grt is coincident (±15°) with 

[100]bt, whereas there is no coincidence along low-index directions in string B (Fig. 1-
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8b). There is no textural evidence to distinguish these strings of epitaxial garnet from the 

strings of non-epitaxial garnet.  

INTERPRETATION AND DISCUSSION:  

EPITAXY IN SAMPLE VR36 AND ITS STRUCTURAL BASIS 

Interpretation 

Because the ilmenite inclusions in the reaction band in Sample VR36 are 

localized in a narrow region parallel to the rim of the relict plagioclase (Fig. 1-3b-BSE), 

occur in proximity to regions of higher Mn concentration (Fig. 1-3b-Mn), and lie in a 

zone of low Ca concentration in the interior of a set of progressively higher-concentration 

bands that run parallel to the relict plagioclase rim (Fig. 1-3b-Ca), they are interpreted to 

mark the original boundary between the plagioclase and the biotite. Higher Ti content in 

reactant biotite than in product garnet apparently stabilized ilmenite as a minor additional 

product phase, and it was evidently concentrated at the site of its initial precipitation.  

Measured from the boundary marked by the ilmenite inclusions, the high-Ca 

region in garnet is wider on the side abutting biotite than on the side abutting plagioclase; 

correspondingly, low concentrations of Mn occur over a broader area on the biotite side 

than on the plagioclase side. These features are interpreted to result either from lower 

growth rates or shorter growth durations for garnet at the plagioclase interface than at the 

biotite interface. 

The morphology and variation in chemical composition indicate that multiple, 

separately nucleated garnet crystals are present in the reaction texture. Multiple Mn highs 

32



along the garnet string are particularly strong evidence for this. In pelitic rocks, Mn 

generally has a high affinity for garnet and is therefore incorporated into garnet 

preferentially at the beginning of growth. With continued growth, the concentration of 

Mn in garnet decreases as the concentration of Mn in the matrix diminishes. This pattern 

of Mn distribution suggests that there were multiple sites of nucleation of garnet along 

the string.  

There is no one-to-one correspondence between the smaller number of separately 

discernible Mn highs and the larger number of morphologically distinct garnet crystals, 

but this would be expected if the plane of the thin section does not intersect the site of 

nucleation, or centre, for each garnet. An alternative supposition, in which the entire 

string of garnet grew from a single nucleus somewhere along its length, is regarded as 

inconsistent with the morphology (e.g., the elongate garnet string with multiple re-

entrants along its length) and the mineral chemistry (e.g., dispersed highs and lows for 

Mn that correlate with shape variations and positions of idioblastic boundaries along the 

string). 

EBSD analysis confirms that in Sample VR36, all garnet grains in the two textural 

settings described have nearly identical orientations and the same crystallographic 

relationship to the biotite crystal. We regard this as clear evidence for epitaxial 

nucleation, and infer that the documented orientational relationship, namely (110)grt || 

(001)bt with [100]grt || [100]bt, must have been energetically favourable for garnet to 

nucleate. In comparison, the evidence in Samples VR491 and CARG 30-1 for epitaxial 
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nucleation with (111)grt || (001)bt is much less persuasive; it is nonetheless consistent with 

the prior observations of Frondel (1940) and Ruiz Cruz (2011). 

Discussion 

The epitaxial relationship (110)grt || (001)mica, as described for Sample VR36 in 

this study, has been documented more frequently than any other orientational relationship 

between garnet and mica (Frondel, 1940; Powell, 1966; Spiess et al., 2007; Ruiz Cruz, 

2011). This suggests that there is something energetically favourable about nucleating 

garnet in this orientation relative to mica, but atomic-scale explanations of how this 

epitaxial relationship produces a reduction in interfacial energy have yet to emerge. 

The first proposed explanation for the predominance of particular orientation 

relationships is that pre-formed garnet crystals “skated” (altered their positions and 

orientations) after precipitation from solution onto a cleavage surface of muscovite, in 

response to the energy fields at the surfaces of the two crystals (Frondel, 1940). Powell 

(1966, p. 1105), however, re-interpreted Frondel's observations as evidence of nucleation 

and growth in preferred orientations: Powell noted a similarity in the positions of the K 

atoms in (001) of mica and the Al atoms in (110) of garnet, such that O atoms in layers 

adjacent to the K layer in mica could, with modest re-arrangement, accommodate the Al 

in (110) of garnet. Ruiz Cruz (2011) noted that there is no coherent coincidence in the 

arrangement of close-packing O atoms in (110) of garnet and (001) of micas, but called 

attention to small lattice misfits of only ~1% in the direction perpendicular to these 

planes.  
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Currently, no atomic-scale explanation for epitaxial nucleation of garnet on mica 

has gained a consensus in the published literature, despite empirical observations of the 

prevalence of the orientation (110)grt || (001)mica, which suggests that it must produce an 

interface that is energetically favoured. The additional information in this study that 

identifies [100]grt and [100]bt as coincident directions in the plane of the interface might 

provide an important clue to the energetics. Lattice-dynamics calculations that seek to 

quantify the relative interfacial energies for a variety of epitaxial and non-epitaxial 

orientations for garnet nucleation on (001) of mica are currently underway, and will be 

reported separately. 

CONCLUSIONS AND IMPLICATIONS 

 Nucleation in metamorphic rocks remains poorly understood, and only a handful 

of studies on natural occurrences have investigated this phenomenon. The analysis of 

epitaxial nucleation of garnet provides a focused approach leading to more in-depth 

understanding of this early step in the crystallization process. 

Across a variety of studies, a small number of orientational relationships between 

garnet and mica recur commonly, which singles them out as particularly significant in 

reducing energetic barriers to garnet nucleation. In all of these commonly observed 

relationships, the (001) basal plane of mica is found to parallel a low-index plane in the 

garnet structure; the available evidence suggests that parallelism with (110) of garnet is 

the most prevalent case, with (111) observed less commonly, and with (100) involved 

still more rarely.  Here we have documented a conspicuous example of (110)grt || (001)bt 
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with [100]grt || [100]bt. Both the relative prevalence of this orientation in the literature, and 

the fact that epitaxy is not ubiquitous throughout similar rock samples in the Vedrette di 

Ries aureole pose significant questions: How common are epitaxial relationships for 

garnet porphyroblasts? What crystallographic and structural interactions are responsible 

for the energetic advantages of epitaxial nucleation in each of the commonly observed 

orientations? How large are these energetic advantages in comparison to driving forces 

for nucleation in natural systems? In this respect, it is interesting to note that the reaction 

rims of garnet between plagioclase and biotite in the Monte Rosa nappe studied by Keller 

et al. (2006), despite showing striking microstructural analogies with the occurrence from 

Vedrette di Ries Sample VR36 (see their Fig. 1-1), do not exhibit epitaxial relationships 

between garnet and biotite. Instead, the garnets are separated from each other by high-

angle boundaries with > 15º mismatch. These reaction-rims of garnet formed at eclogite-

facies conditions and are much thinner (c. 10 µm) than those studied here (50 µm). They 

also contain quartz and phengite and do not contain ilmenite, among reaction products, 

and appear to have propagated at similar rates toward both plagioclase and biotite.  

The variety of orientations for garnet—both epitaxial and otherwise—in the present 

examples and in the literature highlights the complexity of garnet nucleation, and focuses 

special emphasis on the need to quantify the energetics of epitaxial vs. non-epitaxial 

nucleation. If the energetic and thus kinetic advantages of epitaxial nucleation are small, 

epitaxy may be restricted to circumstances in which garnet-forming reactions are 

overstepped only modestly: when driving forces remain low, nucleation will occur only 

at the lowest-energy (epitaxial) sites, but as driving forces increase, progressively higher-
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energy (non-epitaxial) sites of nucleation can also be activated. One might be tempted to 

conclude that the garnets from Keller et al. (2006) nucleated at larger oversteppings of 

the garnet-forming reaction when the driving forces were greater and higher-energy (non-

epitaxial) sites of nucleation were activated. Certainly the garnet-forming reaction 

temperature of 650 ºC in the Monte Rosa nappe is greater than 500 ºC, the maximum 

temperature of garnet growth recorded in the Vedrette di Ries garnets; however, we 

cannot directly compare the former, which is an equilibrium reaction temperature, to the 

latter, which is a maximum temperature of growth. The additional information required to 

draw a conclusion would have to include the knowledge of the temperature of reaction 

and the temperature at the onset of nucleation for the garnet from Vedrette di Ries and the 

temperature of nucleation for the Monte Rosa nappe garnets. 

The petrologically constrained models of Kelly et al. (2013b) imply that in regional 

metamorphic rocks, much garnet crystallization, including a large proportion of the 

nucleation events, takes place at conditions far removed from equilibrium, under the 

influence of large driving forces. If the energetic advantages of epitaxial nucleation are 

small, then it may be that epitaxy is significant only during a brief interval in the early 

stages of reaction overstepping; on the other hand, if the energetic advantages are large, 

then the favourable kinetics of epitaxial nucleation should be preserved across much of 

the crystallization interval, and epitaxy should be a common feature in metamorphic 

rocks. 
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CHAPTER 2: A PROMISING METHOD FOR DETECTING EPITAXIAL 

NUCLEATION OF GARNET PORPHYROBLASTS 

 

ABSTRACT 

We develop and apply a method for determining whether evidence for epitaxial 

nucleation of garnet is present in porphyroblasts containing an included fabric. High-

resolution X-ray computed tomography measures the orientation of the fabric at the 

inferred nucleation site at the crystal center; that orientation is taken as a proxy for the 

attitudes of the basal planes of micas on which the garnet may have nucleated. Electron 

backscattered diffraction analysis establishes the crystallographic orientation of the 

garnet crystal relative to the included fabric, and the mutual orientational relationship is 

evaluated to determine if low-index planes in garnet—(100), (110), or (111)—are parallel 

to (001) of mica, which would correspond to epitaxial relationships identified previously 

in the literature. Results are evaluated within the framework of observational probabilities 

for particular orientations, taking into account potential uncertainties in measurement. 

Measurements are reported here for garnet crystals from three localities: Passo del Sole 

(Switzerland), the Nevado Filabride Complex (Spain), and Harpswell Neck (USA). The 

overall suite of measurements does not deviate appreciably from that expected of a set of 

measurements drawn from a parent population with a random distribution of orientations; 

it is not possible, however, to exclude epitaxy as a nucleation mechanism, considering the 

size of the measurement uncertainties in relation to the precision required to recognize an 

epitaxial relationship unambiguously. The greatest contributor to measurement 
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uncertainty in this preliminary data set is difficulty in ascertaining the attitude of the 

included fabric at the site of nucleation. Crystals ideal for such studies would contain a 

non-crenulated, planar (not helicitic) foliation, defined by numerous small, well-aligned 

inclusions.  With careful selection of appropriate samples, this approach has the potential 

to become a viable technique for creating an inventory of instances and orientations of 

epitaxial nucleation of garnet porphyroblasts. 

INTRODUCTION 

 Relationships between garnet and mica that imply epitaxial nucleation have been 

reported with increasing frequency in the metamorphic literature: in the last decade, the 

number of such publications has more than doubled the entire inventory (Spiess et al., 

2007; Robyr et al., 2009; Ruiz Cruz, 2011; Moore et al., in prep.). This interest 

surrounding epitaxial nucleation is a direct reflection of recent progress in our 

understanding of porphyroblast crystallization: nucleation is perhaps the most poorly 

characterized and incompletely understood crystallization process. 

Crystallization requires the generation of an appreciable chemical affinity for a 

reaction; dissolution of the reactant phases; nucleation of product phases, especially 

crystals that become porphyroblasts; transportation of the dissolved components to the 

growing porphyroblasts; and growth by accretion onto the porphyroblast (cf. Carmichael, 

1969; Kretz, 1966, 1969, 1973, 1974; Foster 1977; Fisher, 1978; Walther & Wood, 1984; 

Rubie & Thompson, 1985; Carlson 1989). Carlson (2011) argued that the two dominant 

rate-limiting factors for porphyroblast crystallization are the kinetics of nucleation and 

intergranular diffusion. Much has been done to understand the role of intergranular 
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diffusion in porphyroblast crystallization, including quantification of the kinetics (e.g. 

Carmichael, 1969; Fisher 1973, 1978; Foster, 1977, 1986; Carlson, 1989,1991, 2002; 

Carlson et al., 1995; Farver & Yund, 1995a,b; Spear & Daniel, 2001; Carlson & Gordon, 

2004; Meth & Carlson, 2005; Skora et al., 2006; Moore et al., 2013), but only recently 

has there been substantial progress in our understanding of nucleation mechanisms and 

kinetics. Several investigations show the importance of sluggish nucleation to 

disequilibrium that is recorded in metamorphic rocks (Rubie, 1998; Waters & Lovegrove, 

2002; Carlson 2002; Wilbur & Ague, 2006; Pattison & Tinkham, 2009), and numerical 

models of crystallization (e.g. Schwarz, 2011; Gaidies et al., 2011; Kelly et al., 2013) 

have attempted to place quantitative constraints on the rates and timing of nucleation, as 

well as interfacial energies for homogeneous and heterogeneous nucleation.  

What these models have not yet incorporated are the effects of epitaxial 

nucleation on rates and durations of nucleation in metamorphic rocks. Epitaxial 

nucleation lowers the energy barrier to nucleation, which in turn leads to nucleation at 

lower thermal overstepping of a reaction. Consequently, where we see evidence for 

epitaxial nucleation, we may also find examples of garnet nucleating at near-equilibrium 

conditions. The increasing number of occurrences of garnet-mica epitaxial relationships 

in the literature begs the question: how common are these relationships? Is epitaxial 

nucleation a common nucleation mechanism for garnet, or is the number of published 

examples disproportionate to the prevalence of epitaxial nucleation in nature? To address 

these questions, a method is needed that can be used to create a large inventory of 

measured garnet-mica nucleation relationships from natural samples.  
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It is unusual for both garnet and the precursor mica to be preserved in a 

metapelite; but in some rocks an inclusion fabric, representing an earlier foliation, may be 

preserved in the garnet porphyroblasts. This inclusion fabric can be used as a proxy for 

the orientation of the basal planes of phyllosilicates when the assumption is made that the 

basal planes of the phyllosilicates were parallel to the preserved inclusion fabric. This is 

not always a correct assumption, as in the case of some composite foliations in which 

remnants of earlier isoclinal folds or foliations are present and not perfectly parallel to the 

latest foliation (Tobish & Paterson, 1988), or in cases where the structural foliation is at a 

small angle to the compositional banding. In this work, the assumption is made for all 

samples that the included fabric is parallel to the basal planes of the phyllosiclicates 

previously present in the rock when garnet nucleated. We explore a new methodology: 

employing high-resolution X-ray computed tomography (HRXCT) to render 3-D views 

of inclusions in a garnet porphyroblast, and electron backscatter diffraction (EBSD) to 

determine the crystallographic orientation of the garnet. Combining HRXCT and EBSD 

allows assessment of the orientation of inclusion planes—and by proxy, basal planes of 

mica—relative to the orientation of garnet crystals. This allows for relatively rapid 

evaluation of potential epitaxial orientations for a large number of garnet crystals.  

BACKGROUND: PREVIOUS METHODS FOR ASSESSING EPITAXIAL 

RELATIONSHIPS INVOLVING GARNET 

The difficulty in studying garnet nucleation lies within the process itself: it is 

unobservable, as it operates at exceeding small length scales and geologically 
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instantaneous time scales.  Once nucleation occurs, growth of the crystal becomes the 

dominant process, overprinting much of the evidence that might reveal the factors 

governing nucleation.  But when epitaxial nucleation occurs, evidence of the nucleation 

process lingers in the relative orientations of the crystal structures involved, if these 

phases are still present.  In many circumstances, however, the precursor phase may no 

longer be present in the rock and a proxy must be used, when possible.   

Conspicuous epitaxy: Garnet and mica present in sample 

When both garnet and precursor mica are preserved in the rock, it is possible to 

directly measure the orientations for the epitaxial relationship. In early work, Frondel 

(1940) noted a distribution of orientations of garnet inclusions within crystals of 

muscovite from a pegmatitic zone in the Manhattan schist, Manhattan Island, NY, USA, 

which deviated from a statistically random distribution. Most of the garnets (514 out of 

607, or 85%) were oriented with (110)grt || (001)ms, but a significant number (93 out of 

607, or 15%) were oriented with (111)grt || (001)ms. Frondel's method of using a universal 

stage to determine orientations worked well on idioblastic garnets—it was possible to 

determine the angular orientation of the two parallel planes by measuring the angle in the 

plane of the microscope stage between [100] of muscovite (located in an interference 

figure) and a "reference direction" in the garnet structure identified from the morphology 

of the idioblastic crystals. The most common angle measured was 0° between [001] of 

garnet and [100] of muscovite for garnets oriented with (110)grt || (001)ms, and 0° between 

[112] of garnet and [100] of muscovite for garnets oriented with (111)grt || (001)ms.  
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Ruiz Cruz (2011) noted the same coincident planes between garnet and muscovite 

as Frondel (1940) in medium-grade schists from the Alpujárride complex of the Betic 

Cordillera, Spain. EBSD was used to determine the epitaxial relationships between mica 

and garnets still present in the rocks in atoll and ring textures. Although several 

relationships were documented, the predominant relationship for mica replacing garnet 

was (001)mica || (111)grt. In later stages of atoll development, rings of garnet nucleated on 

biotite with (110)grt  || (001)bio.  

Moore et al. (in prep) also documented the relationship (110)grt  || (001)bio for a 

string of garnet crystals produced in a plagioclase-biotite reaction texture in an 

amphibolite-facies pelitic schist from the Eastern Swiss Alps. The partial preservation of 

biotite in the reaction zone also allowed determination of the directional orientation of the 

garnet relative to the biotite within the parallel planes: [100]grt || [100]bio.   

Cryptic epitaxy: Garnet and included fabrics as a proxy for mica orientation 

The examples discussed above are ideal scenarios in which both phases involved 

in epitaxial nucleation are still present in the rock.  This makes determination of the 

textural relationships and analysis of the orientations relatively simple. More commonly, 

the micaceous phase is consumed in the garnet-forming reaction, leaving only the garnet 

for analysis. One way to infer epitaxial relationships in samples in which the mica is no 

longer present is to use the fabrics defined by solid inclusions in garnet. In deformed 

metapelites, a foliation is commonly defined by the alignment of sheet silicates, but 

between these sheet silicates other phases, such as quartz, may be found.  When the sheet 

silicates are reacted away, the quartz grains may remain as inclusion trails within garnet 
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porphyroblasts that mimic the fabric originally defined by the sheet silicates.  Previous 

studies have exploited this relationship by examining the relative orientations of garnet 

porphyroblasts and their included fabrics.  

Powell (1966) was the first to make use of this relationship in idioblastic garnets 

with well-preserved inclusion trails of quartz and “iron ore” from garnet-grade Moine 

metapelites from Skye, Scotland. Using a two-axis stage and the crystal faces of the 

garnets, Powell recognized that (110)grt was parallel to the included planar fabric. 

Assuming that the micas in the metapelite had previously been oriented subparallel to the 

foliation, the plane of the included fabric was taken to represent the basal plane of mica, 

and the relationship (110)grt || (001)mica was inferred.  

Spiess et al. (2007) combined EBSD with structural analysis to determine garnet 

orientations relative to an initial foliation in highly deformed mica schist from the 

Brossasco-Isasca Unit, Western Alps. Through a complicated process of restoring garnet 

orientations to their original attitudes, it was determined that a lattice preferred 

orientation for the garnet crystals was consistent with garnet nucleation controlled by 

(110)grt || (001)mica. 

Robyr et al. (2009) combined X-ray element maps, HRXCT and EBSD to 

determine orientations at the center of snowball garnets relative to their included fabrics 

in amphibolite-facies pelitic schist from the central Swiss Alps. They considered the 

helicitic inclusion trails in garnet porphyroblasts to represent rotation of the garnet 

crystals relative to planar fabrics incorporated during synkinematic growth, and used 

them as proxies for the orientation of basal planes of micas. HRXCT scans, combined 
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with X-ray element maps, were used to locate the site of nucleation of a snowball garnet, 

and to determine the three-dimensional orientation of its included fabric. EBSD then 

defined the garnet orientation relative to the basal planes of mica at the site of nucleation. 

In all crystals, an epitaxial relationship was inferred in which (100)grt || (001)mica. 

The method presented here builds on the technique of Robyr et al. (2009), using 

HRXCT to identify the orientation of an included fabric at the center of a garnet, 

combined with garnet crystal orientation data from EBSD measurements to determine if 

epitaxial orientations are present. We evaluate the data within the framework of 

observational probabilities for particular orientations, taking into account potential 

measurement errors.   

SAMPLE SELECTION 

Samples with well-defined inclusion trails visible in thin section were chosen, 

spanning three different localities. While recognizing that planar included fabrics like 

those exploited by Powell (1966) are advantageous because they facilitate precise 

measurement of their attitudes, we also sought to investigate examples with helicitic 

included fabrics, because of the importance of synkinematic crystallization to the 

relationships reported by Spiess et al. (2007) and by Robyr et al. (2009).  When possible, 

multiple thin sections were examined from each locality, and samples in which all garnets 

contained inclusion trails were selected. A high number density of garnet crystals was 

viewed as beneficial because multiple garnets could be imaged by HRXCT in the same 

core. 
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Passo del Sole, Switzerland 

 Samples PDS02-2, PDS03-1 and AG4 are metapelites from the middle-

amphibolite-facies Orange Gneiss (originally referred to as Orange Group of Gneisses in 

Chadwick, 1968) at Passo del Sole, Switzerland. Sample locations can be found in Berg 

(2007). The mineral assemblage for the samples is garnet ± staurolite ± kyanite + biotite 

+ muscovite + plagioclase + quartz, and the mean size of garnet crystals is ~ 1 mm. Peak-

metamorphism estimates from the highest-grade rocks are 580 ± 30 °C and 0.9 ± 0.1 GPa 

(Janots et al., 2009, p. 12). In thin section, the garnets display central regions with planar 

fabrics that transition to outer regions with helicitic fabrics; the onset of rotation, and 

accelerated rates of rotation, correspond to zones of anomalous composition that are 

correlated with influx of externally derived fluids (Berg, et al., 2013). Figure 2-1a is an 

HRXCT slice image of garnet PDS02-2 G1 showing a representative inclusion fabric for 

the garnets investigated from Passo del Sole. 

Nevado Filabride Complex, Spain 

Sample WB137 is a piece of float rock from the Tahal schist from the Nevado 

Filabride Complex, Spain (N 36° 55.604’, W 3° 24.922’). Sample WB140 is a graphitic 

mica schist from the Ragua unit (N 36° 57.923’, W 3° 19.892’) and WB142 is a greenish 

garnet mica schist (N 36° 57.786’, W 3° 20.421’). The metamorphic history for the 

Nevado Filabride Complex is complicated and there are competing models for the P-T 

history (summarized in Platt et al., 2013). There is evidence for early HP-LT 

metamorphism with estimates ranging from 1.4 GPa and 400 °C (Augier et al., 2005) to 

1.2 GPa and 480 °C (Bakker et al., 1989; Puga et al., 1999). Some areas record later 
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Fig. 2-1. X-ray images showing included fabric in garnet crystals for (a) Passo del Sole, Swit-
zerland; (b) the Nevado Filabride Complex, Spain; and (c) Harpswell Neck, Maine, USA.
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decrompression to 0.3 GPa and 500 °C (Augier et al., 2005), while others show an east to 

west increase in pressures and temperatures up to 2.2 GPa and 650 °C (Bakker et al., 

1989; Puga et al., 1999), but conditions vary throughout the sequence. The mineral 

assemblage for the samples is garnet + quartz + white mica ± kyanite ± sillimanite ± 

chlorite. Figure 2-1b is an HRXCT slice image of garnet WB142 C2G1 showing a 

representative inclusion fabric for the garnets from samples WB137 and WB142. 

Harpswell Neck, Maine, USA 

 Sample HN05-18 is a metapelite from the Jewell Formation, a pelitic unit of the 

Casco Bay Group in Harpswell Neck, Maine, USA. The mineral assemblage is biotite + 

chlorite + garnet + muscovite + quartz + plagioclase + ilmenite + chalcopyrite, and the 

mean size of garnet crystals is 400 µm (Hixon, 2006). Peak-metamorphism estimates are 

550 ± 25 °C (Hixon, 2006) and 0.2-0.3 GPa (Lang & Dunn, 1990). The garnets show 

aligned, planar or slightly curved inclusion trails in thin section. Figure 2-1c is an 

HRXCT slice image of garnet HN05-18 C3G1 showing a representative, planar inclusion 

fabric for the garnets investigated from Harpswell Neck.  

METHODS 

To begin, a chip of the hand sample was cut. Each chip was then imaged using 

HRXCT at the University of Texas High-Resolution X-ray Computed Tomography 

Facility (UTCT) (Fig. 2-2a). Chips were scanned at ~200 kV and 0.22 mA, with slice 

thicknesses and inter-slice spacing both in the range 0.05197 - 0.07841 mm, depending 

on sample size. Data were acquired with 31 slices per rotation and 25 slices per set, using 

52



3-D visual rendering with fitted plane

HRXCT slice

Fig. 2-2. Visual representation of method for defining inclusion trail and fitting a plane to it. (a) 
X-ray image of sample chip with garnet of interest circled in red. (b) Photograph of 
cylindrical core cut around garnet of interest. (c) Ultra-high resolution X-ray image of garnet of 
interest circled in (a). (d) Three-dimensional visual rendering of inclusion fabric with fitted 
plane.

Cylindrical core for single garnet

Ultra high resolution scan with XRadia

a

dc

b

1 mm 3 mm

1 mm 1 mm
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the ACTIS scanner (ultra-high-resolution subsystem) to produce a fast initial scan that 

could be used to locate particular garnets of interest within the chip. Following the 

selection of a garnet crystal, a small core (5 -13 mm) containing that crystal was drilled 

(Fig. 2-2b) and surrounded by hard-drying epoxy to create a 2.5 cm diameter cylinder for 

stability during later polishing. A line was etched into the outer surface of the epoxy and 

used as an orientation marker. Each individual garnet and its included fabric were 

oriented with the etched marker in a specific, reproducible position and imaged via a 

cone-beam technique with the XRadia MicroXCT scanner using the 4X objective at 100-

120 kV and 10 W. As an example, the following are the settings were used for garnet 

WB142 C3G1: with a 4X objective, a total of 1261 views at 8 seconds/view were 

acquired through a 360 degree rotation, with the source position at -40.1 and the detector 

position at 29.2. The data were then reconstructed with byte scaling of [50, 900] and a 

smoothing kernel of 0.7, yielding 858 slices with a voxel size of 23.3 microns (Fig. 2-2c). 

Using the image-rendering software Avizo® Standard, each garnet and its inclusions 

were visualized in three dimensions and a plane was fitted to the included fabric at the 

geometric center of the crystal (Fig. 2-2d). Using angle-measuring tools within Avizo® 

Standard, the orientation of the fitted plane was determined relative to the plane of the X-

ray imagery. The angle between these planes was measured five or more times and an 

average was used for analysis. 

The orientation of each garnet was measured using EBSD. The cylinder 

containing the small core with the garnet was ground down to reveal a surface near the 

center of the garnet crystal parallel to the X-ray image planes. A 1-micron mechanical 
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polish was applied before adding a chemo-mechanical silica polish. The cylindrical 

sample containing the core and garnet was placed in the sample chamber of the 

environmental scanning electron microscope (ESEM) with the etched marker oriented 

relative to the EBSD detector in the same orientation used for obtaining the HRXCT data. 

This allows for a direct comparison without making adjustments for imaging in different 

orientations. Garnet-orientation measurements were carried out at the University of Texas 

at Austin using an Oxford (HKL) CHANNEL5 system mounted on a Philips/FEI XL30 

Environmental SEM at 30 kV, 0.2 torr, working distance of 15-20 mm and spot size 5. 

Beam maps were acquired near the center of the garnet with step size 5-10 µm.  

The relative orientation of the garnet and the included fabric is equivalent to the 

relative orientation of the garnet and the basal plane of a phyllosilicate substrate when the 

attitude of the included fabric is taken as a proxy for the attitude of the basal planes of 

micas. The garnet orientation recorded with CHANNEL5 was imported into PFCH5, which 

plotted and calculated the [100], [110] and [111] directions. These were used to orient a 

crystallographic net for the low-index planes of garnet in OSXStereonet v.8 (Cardozo & 

Allmendinger, 2013) relative to the fitted inclusion plane. OSXStereonet v.8 was then 

used to rotate both the garnet and inclusion plane to a common viewing position, in 

which the inclusion plane is E-W in the stereonet. 

RESULTS 

Equal-area stereonets are used in Figure 2-3 to display the relative orientations of 

the central included fabric (shown as a vertical E-W plane) and the crystal structure of the 

enclosing garnet (shown as a net made up of the projections of planes in the {100}, 

55



PDS02-2 g1: (110)

AG4 g23: (111)PDS03-1 g64: (110)PDS03-1 g41: (100)

PDS02-2 g4: (100)PDS02-2 g3: (110)

pole to (100)

pole to (111)

pole to (110)

trace of inclusion plane

WB137 C1G1: (100) WB137 C3G1: (111) WB137 C4G1: (100)

WB142 C1G1: (110) WB142 C2G1: (100)

Fig. 2-3. Equal-area stereonet plots displaying the relative orientations of the central 
included fabric (shown as a vertical E-W plane) and the crystal structure of the enclosing 
garnet (shown as a net made up of the projections of planes in the {100}, {110}, and 
{111} forms).
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{110}, and {111} forms). Insofar as previous work has identified epitaxial relationships 

with the (100), (110) or (111) plane of garnet parallel to the basal (001) plane of mica, 

each measurement is characterized in Table 2-1 by identifying which of these low-index 

planes is most nearly parallel to the included fabric, and then by measuring the angular 

distance between the two. 

Passo del Sole, Switzerland 

 Six garnets in three samples from Passo del Sole were analyzed (Table 2-1 & Fig. 

2-3). Available funding and time limited the number of garnet crystals measured. For the 

three garnets from sample PDS02-2—g1, g3, and g4—the plane of the included fabric 

was 17° from the (110)grt in one case and 16° in a second; the third garnet recorded the 

plane of the included fabric at 13° from (100)grt. Two garnets were analyzed from sample 

PDS03-1. In garnet g41 the plane of the included fabric was 13° from (100)grt, and in 

garnet g64 the included fabric was 18° from (110) of the garnet. Only one garnet from 

sample AG4 was analyzed; in garnet g23 the included fabric deviated by 13° from 

(111)grt.  

Nevado Filabride Complex, Spain 

 Three samples were analyzed from the Nevado Filabride Complex (Table 2-1, 

Fig. 2-3). Three garnets were analyzed in sample WB137 with the following results: the 

plane of the central included fabric was 14° from (100)grt in garnet C1G1, 11° from 

(100)grt in garnet C4G1, and 15° from (111)grt in garnet C3G1. Three garnets were 

analyzed from sample WB142. The plane of the central included fabric was 20° from 

(110)grt in garnet C1G1, and 6° from (100)grt in garnet C2G1. The inclusions in garnet 
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Table 2-1. Garnet-inclusion plane  
orientations and angular distance from  
plane to inclusion trail at center of garnet.  
Bold font indicates plane with smallest  
angular distance. 

Garnet Plane θ (°) Ptot 
WB137 C1G1 (100) 14 0.39 
 (110) 31  
 (111) 43  
WB137 C3G1 (100) 48  
 (110) 19  
 (111) 15 0.44 
WB137 C4G1 (100) 11 0.24 
 (110) 36  
 (111) 46  
WB142 C1G1 (100) 27  
 (110) 20 0.78 
 (111) 30  
WB142 C2G1 (100) 6 0.07 
 (110) 39  
 (111) 50  
PDS02-2 g1 (100) 46  
 (110) 17 0.57 
 (111) 18  
PDS02-2 g3 (100) 29  
 (110) 16 0.50 
 (111) 36  
PDS02-2 g4 (100) 13 0.33 
 (110) 35  
 (111) 54  
PDS03-1 g41 (100) 13 0.33 
 (110) 32  
 (111) 46  
PDS03-1 g64 (100) 30  
 (110) 18 0.64 
 (111) 31  
AG4 g23 (100) 42  
 (110) 26  
 (111) 13 0.33 
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C1G1 were only several pixels in size and therefore poorly resolved. The high number of 

inclusions, lack of a flattened shape, and curvature of the inclusion trail at the core of the 

garnet made fitting a plane difficult and likely inaccurate. The inclusion trail was poorly 

defined at the core of garnet C3G1, making it impossible to reliably fit a plane to the 

central fabric in this garnet. HRXCT data were analyzed for two garnets, C1G1 and 

C2G2, from sample WB140. Upon closer inspection, what appeared as “inclusion trails” 

in the initial sample scan turned out to be mineral-filled fractures in the garnets, making 

these crystals unsuitable for further analysis.  

Harpswell Neck, Maine, USA 

 One sample from Harpswell Neck was analyzed. The initial scan of sample 

HN05-18 and its thin section showed promising inclusion trails within the garnets. 

However, image rendering of HRXCT scans of garnets C2G1 and C3G1 showed that the 

included foliation was crenulated, making it impossible to reliably fit a plane to the 

included fabric at the center of the garnet.  

Imprecision of measurements 

 Several aspects of the technique of measuring the relative orientations between 

the garnet porphyroblasts and the inclusion trails leave room for the introduction of error. 

Although each individual source of error may contribute only a few degrees of 

misorientation, their effects could be additive, so the net result can be a significant 

uncertainty in the measured orientational relationships.  

The greatest error is likely to be introduced when fitting the plane to the included 

fabric. This fit is performed by visual inspection and is therefore susceptible to any 
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number of visual cues that might bias the fit. Inclusions in the garnet porphyroblasts are 

generally not evenly distributed throughout the crystal and may be more prominent at the 

rims of the garnet than in the cores. When there are fewer inclusions in the core of the 

garnet, there is likely to be greater error in the orientation of the fitted plane, particularly 

when the included fabric in curved. Our best—albeit merely subjective—estimates of the 

magnitude of such errors suggest that fitting errors may be as small as ≤ 5° in the most 

favorable cases, but as large as 20° in others; and as described above, in some instances 

the orientation of included fabrics was so poorly defined that no reliable fit could be 

obtained. 

 Additional error may be introduced when positioning the garnet in the ESEM 

sample chamber. To compare the garnet orientation to the fitted plane, the cylindrical 

sample containing the core and garnet is placed in the chamber with the etched marker 

oriented in a specific position relative to the EBSD detector, which is the same 

orientation used for obtaining the X-ray images. However, this positioning is performed 

by visual inspection and could introduce an error of several degrees (< 3°). Where the 

orientation of the cylinder in the ESEM chamber is clearly inaccurate, based on 

secondary electron images, a rotational adjustment to counteract the misorientation is 

made with OSXStereonet.  

Small errors (< 2°) might be introduced when grinding down the core and 

polishing the garnet surface used for EBSD analysis, but great care is taken to keep the 

polished surface parallel to the HRXCT slices. 
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Finally, a small error (< 1°) might be introduced when measuring the angle 

between the plane of the X-ray image and the fitted plane of the inclusion trail; however 

this angle is measured five or more times and an average measurement is used to 

decrease potential error.  

 Although it is not possible to quantify the uncertainties rigorously, our best 

estimates are that the best fits for the Passo del Sole samples were subject to uncertainties 

of ± 5°, and the worst fits were likely subject to uncertainties up to ± 10°. Inclusion trails 

were more difficult to fit in garnets from the Nevado Filabride Complex; the best fits 

were likely subject to uncertainties of ± 10°, and the worst fits may be subject to 

uncertainties up to ± 20°. 

INTERPRETATIONS 

Probability that measured angular correspondence has arisen by chance 

 To infer an epitaxial relationship, we must identify coincident directions in paired 

crystallographic lattices. For the case of garnet nucleating with one of its low-index 

planes—that is, (100), (110), or (111)—parallel to the basal plane of mica, we seek 

correspondence between the pole to one of those low-index planes and the pole to the 

(001) plane of the mica. If imprecision in measurement introduces angular divergence 

between measured poles, it becomes important to assess the probability that any inferred 

correspondence, within given error, could have arisen simply by chance. Here we 

calculate the probability of a randomly chosen direction in space falling within a 
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specified angular distance θ of any one of the poles to the (100), (110) and (111) planes 

of the garnet lattice. 

 The probability Pθ that a randomly chosen direction falls within angular distance 

θ of a single predetermined direction is the ratio of the solid angle subtended by a cone 

with apex angle 2θ (Ωcone) to the solid angle of all space (4π). The known formula 

(Mazonka, 2012) for Ωcone is 2π·(1 – cos θ), so Pθ = 2π·(1 – cos θ) / 4π  = ½ (1 – cos θ). 

 The symmetry of the garnet lattice produces multiple equivalent poles to low-

index planes, specifically: 6 poles to (100), 12 poles to (110), and 8 poles to (111), or 26 

poles in total. Consequently the overall probability Ptot that a random direction falls with 

angular distance θ of one of these poles is 26·Pθ, and thus Ptot = 13 (1 – cos θ). Because 

any two neighboring low-index poles lie 45° apart from one another, Ptot approaches 

unity at a θ value of 22.5°, and becomes unity at ~22.62°. 

Application to measured sample suite 

 Overall, there is great variation within the suite of samples studied. There is no 

low-index plane, i.e. (100), (110), or (111), that is significantly more prominent than the 

others: in the full dataset, the planes fitted to the included fabrics are most closely parallel 

to (100)grt in five crystals, (110) grt in four crystals, and (111) grt in two crystals. The 

angular distance between the fitted plane to the included fabric and the nearest low-index 

plane in garnet ranges from 6° to 20°.  

 The overall suite of 11 measurements does not deviate appreciably from that 

expected of a set of the same number of measurements drawn from a parent population 

with a random distribution of orientations, as illustrated in Figure 2-4. The same holds 
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Fig. 2-4. Plots showing the minimum angular distance to poles to (100), (110), or (111) 
for garnets in the full dataset and a random distribution for a population of 11 garnets. 
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true for each locality examined separately: as Table 2-1 shows, roughly half of the 

crystals in each group yield probabilities < 0.5 for the minimum angular distance. There 

is, therefore, no statistically significant evidence in these data that the garnets display 

epitaxial relationships with the micas that their included fabrics represent.  

Although the measured data do not provide evidence of epitaxial nucleation of 

garnet, neither do they rule out the possible influence of epitaxy, given the significant 

uncertainties in the measurements. Estimated uncertainties for the measurements 

described in the methods and results sections leave room for errors on the order of 5° in 

the best cases and 20° in the worst cases. It is therefore possible that epitaxial 

relationships exist for the garnet crystals evaluated, but that they have been obscured by 

measurement errors. For the current dataset, there is no way to determine with certainty if 

the garnets nucleated in random orientations or epitaxially with respect to micas.  

DISCUSSION 

 This technique for documenting epitaxial relationships between garnets and micas 

when the micas are no longer present has the potential for efficiently creating a large 

inventory of observations, but only if measurement errors can be reduced substantially. 

For example, to produce 90% confidence that a measurement indicating an epitaxial 

relationship was not simply a matter of random chance, the measurement uncertainty 

must be ≤ 7°, insofar as Ptot = 0.1 for θ = 7°. Based on the uncertainties estimated above, 

it appears possible to achieve this level of uncertainty, but only in favorable instances.  
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 Minimizing the potential for measurement errors in the technique can be achieved 

by focusing on samples better suited to the technique. In the current dataset, the smallest 

estimated error was ~5° for the most ideal garnets from Passo del Sole, which had 

inclusion planes that were planar in the core of the crystals. As noted above, the greatest 

error is introduced when fitting a plane to the included fabric; therefore, samples with 

planar, as opposed to curved inclusion trails, will make fitting a plane significantly easier 

and will reduce error. In particular, if a planar fabric is present throughout the garnet 

crystal, there is no need to determine, with precision, the center of the garnet (the inferred 

site of nucleation) and the tangent to the included fabric at the center. Crystals with 

included sheet silicates, ilmenite rods, or flattened quartz grains make fitted planes more 

reliable—the flattened plane is likely to be parallel to the included fabric, which can aid 

in fitting the plane. In addition, minimizing any error introduced when measuring the 

garnet orientation relative to the included fabric would improve the accuracy. This could 

be achieved by adding orientation markers in the sample chamber that could be used to 

align the marker on the sample. Finally, a larger dataset would improve the legitimacy of 

the results, and this requires examining more garnet crystals for each sample. With these 

improvements, we envision this technique as a promising method for determining the 

prevalence of epitaxial nucleation for garnet in metapelites. 

CONCLUSION 

 The method presented for evaluating the possibility of epitaxial nucleation for a 

large number of garnets crystals holds some promise, but requires additional refinement 

and testing before it can be considered reliable. In particular, potential measurement 
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errors must be reduced; because these errors depend strongly on the characteristics of the 

included fabrics within the garnet crystals, selection of optimal samples becomes crucial. 

The data for garnet porphyroblasts from Passo del Sole and the Nevado Filabride 

Complex do not provide statistically significant evidence for epitaxial relationships with 

the micas that their included fabrics represent; nonetheless, such relationships may exist, 

but be obscured by measurement uncertainties. 
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CHAPTER 3: A LATTICE-DYNAMICS APPROACH 

TO THE ENERGETICSOF GARNET-MICA INTERFACES 

 

ABSTRACT 

 Lattice-dynamics simulations of garnet-muscovite interfaces with the epitaxial 

relationship (110)grt || (001)ms are used to investigate the range of interfacial energies 

resulting from variations in the intracrystalline layer within garnet at the interface, the 

initial arrangement of atoms at the interface, and the rotational orientation of the garnet 

structure relative to the muscovite structure. We construct a slab for each mineral in 

which the structure is periodic in the two dimensions parallel to the interface, and 

truncated in the direction perpendicular to the interface. When the two slabs are brought 

together to form an interface, the rotational relationship between them must be chosen; 

we investigated two rotational orientations, selected because of their documented 

importance in nature: [100]grt || [100]ms  and [110]grt || [100]ms. The General Utility Lattice 

Program (GULP) is employed to perform all energy-minimization simulations using a 

modified version of the CLAYFF general force field for garnet and muscovite. The 

energy of the interface is calculated by subtracting the sum of the initial energies of the 

garnet and muscovite slabs from the energy of the optimized system and dividing this 

resulting quantity by the area of the interface. The energy of the interface ranges from 

5.68-8.83 J/m2 and is dependent upon the choice of intracrystalline layer within garnet at 

the interface, the initial atomic arrangement, and the rotational orientation. The results 

indicate that the choice of the intracrystalline layer within garnet at the interface, and 

therefore the choice of which garnet atoms are closest to the muscovite atoms, has the 
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greatest effect on the energy of the interface. The importance of the intracrystalline layer 

at the interface, combined with the impossibility at present of identifying this layer 

through experiment or analysis of natural samples, highlights the importance of 

computational simulations to furthering our understanding of garnet nucleation. 

INTRODUCTION 

 The energy of the interface between a new crystal and the substrate on which it 

nucleates is a fundamental control on the rate of heterogeneous nucleation: in classical 

rate theories, the nucleation rate decreases as an exponential function of the cube of the 

interfacial energy (cf. Porter & Easterling, 1992).  In metamorphic rocks, sluggish 

nucleation kinetics can be a dominant factor contributing to crystallization under 

disequilibrium conditions (Carlson, 2011; Kelly et al. 2013b), which in turn may severely 

compromise our ability to extract the physical conditions under which they formed.  

Epitaxial nucleation is a type of heterogeneous nucleation in which the nucleation 

barrier is lowered because the substrate provides a template for crystallization of the 

nucleating phase; this produces an atomic-scale correspondence between the structures 

that may decrease the interfacial energy. As described below, a growing literature 

documents epitaxial orientations for garnet nucleating on mica in metamorphic settings, 

but there has been no quantitative analysis of the energetics involved.  

Extracting interfacial energies from natural samples is a difficult task because of 

the transitory nature of nucleation and the challenge of studying two-dimensional 

surfaces in a three-dimensional rock. Numerical models based on crystallization theory 

(e.g., Gaidies et al., 2011; Kelly et al., 2013a) have provided generalized estimates of 

interfacial energies affecting garnet nucleation, but these do not account explicitly for the 
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detail and complexity of epitaxial interfaces. Experiments are challenging to design and 

execute for multi-component systems and have not been undertaken to determine garnet-

mica interfacial energies. Several investigations of grain-boundary and interfacial 

energies of geologic minerals have been successful, but these focus primarily on twist, 

tilt, and other special boundaries within a single phase (e.g., Cooper & Kohlstedt, 1982; 

Hay & Evans, 1988; Penn et al., 1999; Ashworth & Chambers, 2000; Duyster & 

Stöckhert, 2001; Hiraga et al., 2002) and only a few are concerned with garnet 

(Miyazaki, 1996; Okamoto & Michibayashi, 2005). There is a substantial materials-

science literature that characterizes grain boundaries and calculates interfacial energies 

using computational models, including atomistic simulations, molecular statics and 

dynamics, and first-principles calculations, but these methods have only recently been 

applied to geologic materials (e.g. Watson et al., 1996; Watson et al., 1997; Farkas, 2000; 

Verma & Karki, 2010; Adjaoud et al., 2012). 

 The dearth of information regarding garnet-mica interfacial energies, which are 

critical to understanding epitaxial nucleation of metamorphic garnet, led us to undertake 

calculation of energies for garnet-muscovite interfaces. We consider slabs of garnet and 

muscovite, each with an initially pristine crystalline structure, that meet at an interface 

with a (110) plane of garnet coincident with the (001) basal plane of muscovite. We then 

use lattice dynamics to optimize the atomic configuration in the vicinity of the interface, 

comparing different intracrystalline layers within the garnet, variable initial atomic 

arrangements at these interfaces, and two relative orientations of the minerals' structures. 

The study yields quantitative estimates of garnet-muscovite interfacial energies for these 
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epitaxial orientations and identifies the key parameters affecting the interfacial energy of 

the relaxed boundary. 

BACKGROUND: GARNET-MICA INTERFACES IN NATURE 

The difficulty in studying nucleation lies within the process itself.  Subsequent to 

the moment of nucleation, growth of the nucleus becomes the dominant process and 

much of the evidence for the factors governing the nucleation event is overprinted.  

However, when epitaxial nucleation occurs, an indication of the character of the 

nucleation event lingers in the relative orientations of the crystal structures involved, if 

these phases are still present.   

Several occurrences of epitaxial relationships involving garnet and mica have 

been documented in the literature.  One consistency among these examples is that a low-

index plane in the garnet structure is always found to be coincident with the (001) basal 

plane of mica. In early work, Frondel (1940) uncovered an occurrence of epitaxially 

oriented garnet inclusions within mica from the pegmatitic zone in the Manhattan schist, 

Manhattan Island, NY, USA. The primary relationship was dodecahedral (110) faces of 

garnet parallel to the basal plane (001) of muscovite. A smaller portion of the garnets 

examined had orientations of (111)grt || (001)ms. An especially notable aspect of Frondel’s 

findings was determination of the angle in the plane of the microscope stage between 

[100] of muscovite and a “reference direction” in the garnet structure identified from the 

morphology of the idioblastic inclusions. This provides additional insights into the 

possible rotational orientation of the parallel garnet and muscovite planes. In subsequent 

studies looking at inclusions in garnets from garnet-grade Moine metapelites from Skye, 

Scotland, Powell (1966) inferred that the same relationship existed: epitaxial nucleation 
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of garnet porphyroblasts yielded (110) of garnet coincident with (001) of mica. Work by 

Spiess et al. (2007) on lattice preferred orientation of garnet porphyroblasts in highly 

deformed mica schist from the Brossasco-Isasca Unit, Western Alps again led to the 

inference that garnet nucleation was controlled by (110)grt || (001)mica. Recently, further 

progress has been made by using electron backscatter diffraction (EBSD) to determine 

with precision the planes and orientations of garnet-mica epitaxial relationships. In 

medium-grade schists from Alpujárride complex of the Betic Cordillera, Spain, Ruiz 

Cruz (2011) showed mica replacing garnet with (001)mica || (111)grt in ring and atoll garnet 

structures, while in later stages of atoll development, garnet nucleated on biotite with 

(110)grt  || (001)bt. Moore et al. (in prep.) documented the relationship (110)grt || (001)bt 

with [100]grt || [100]bt in a biotite-garnet zone fine-grained paragneiss surrounding the 

Vedrette di Ries tonalite, Eastern Alps. Another relationship has been documented in 

amphibolite-facies pelitic schist from the central Swiss Alps, where Robyr et al. (2009) 

inferred that a different surface, (100)grt, has an epitaxial relationship with (001)mica.  

Because it is the most commonly reported epitaxial garnet-mica interface (Frondel 

1940; Powell 1966; Spiess et al. 2007; Ruiz Cruz 2011; Moore et al., in prep.), we chose 

to focus our modeling efforts on (110)grt || (001)mica. The specific mica chosen to model 

was muscovite because the greatest level of detail for the orientation relationships was 

available for garnet-muscovite interfaces (Frondel, 1940). We explore several of the 

possible variations for the configuration of this interface to develop an understanding of 

which parameters are most important to garnet-muscovite interfacial energies. 

 

75



METHODS: MODELING GARNET-MUSCOVITE INTERFACES  

WITH LATTICE DYNAMICS 

We use molecular-statics simulations, in the form of lattice dynamics, to optimize 

the configuration of atoms in a slab (infinite half-space) of the almandine-garnet structure 

and a slab of the muscovite structure that meet at an interface; the optimal configuration 

minimizes the overall lattice energy of the compound structure. Energies of the pristine 

garnet and muscovite structures are subtracted from the energy of the optimized 

compound structure to calculate the interfacial energy. Modification to the initial 

configurations of the garnet and muscovite allows investigation of different possibilities 

for the intracrystalline atomic layers of the garnet structure at the contact with muscovite, 

different atomic arrangements at the interface, and different crystallographic orientations 

for the interface. 

Model 

With the visualization program GDIS (Graphical Display Interface for Structures, 

authored by Sean Fleming and compatible with GULP and other computational chemistry 

packages), crystallographic data on the minerals' structures are used to construct a slab of 

each mineral in which the structure is periodic in two dimensions, but truncated in the 

third dimension to yield a finite thickness. The thickness is determined so that the slab 

constitutes only the pertinent portion of each half-space in the vicinity of the interface; at 

distances sufficiently far away from the interface, only negligible displacements occur 

due to interactions at the interface, so distant regions make no contribution to the 

interfacial energy, and expanding the slabs to include more of them has no effect on the 

result of the calculation, due to cancellation during subtraction of the pristine structures' 
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energies from the energy of the compound structure.   The two slabs are brought together 

to form an interface within the compound structure, which is divided into three regions 

(Fig. 3-1): (1) a flexible region of garnet and muscovite that includes the interface, in 

which all individual atoms can move in the x, y, and z directions; (2) a region of garnet 

that is rigid and fixed in x, y, and z coordinates; and (3) a region of muscovite that is rigid 

but can move as a unit in x, y, and z.  

Two requirements were satisfied when determining the thickness of the slabs: (1) 

the number of atoms in the slabs was small enough to be tractable; and (2) the slabs were 

thick enough that displacements of atoms due to interface interactions became negligible 

before reaching the rigid, bulk regions of the compound structure. To satisfy the second 

requirement, we ran simulations testing the effects of the thicknesses of the rigid and 

flexible regions on the optimization of surface-energy calculations. The slabs must 

contain anions and cations in numbers that balance to preserve electroneutrality, so 

thicknesses were chosen to include integral multiples of unit-cell repeats in the direction 

perpendicular to the interface. For the first orientation examined, the muscovite slab was 

119.14 Å thick (6 repeatable units) and the garnet slab was 32.23 Å thick (2 repeatable 

units).  For the second orientation examined, the muscovite slab was again 119.14 Å 

thick (6 repeatable units) but the garnet slab was 64.46 Å thick (4 repeatable units). 

An arbitrary choice must be made to determine where in each structure the 

truncation occurs, that is, which intracrystalline layer in each structure appears at the 

interface.  For the case of muscovite, this choice was dictated by the weakest bonds, 

which are between the K atoms and the adjacent O atoms in the tetrahedral sheets. The 

truncation occurred at the level of the alkali sites, halfway between the two tightly 
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rigid
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region 3
rigid
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�exible

garnet

muscovite

Fig. 3-1. Schematic illustration of slab model for garnet-muscovite interfaces. The model is 
divided into three regions: (1) a flexible region of garnet and muscovite that includes the 
interface, in which all individual atoms can move in the x, y, and z directions; (2) a region of 
garnet that is rigid and fixed in x, y, and z coordinates; and (3) a region of muscovite that is 
rigid but can move as a unit in x, y, and z. 
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bonded T-O-T (tetrahedral-octahedral-tetrahedral) units in the sheet-silicate structure of 

the micas.  No similarly obvious criterion was evident in the garnet structure that would 

dictate the choice of a single layer for truncation, so three different levels of truncation 

were explored, as pictured in Figure 3-2.  

Simple truncation of the structure will in general produce a slab that, while 

preserving electroneutrality, may have its charge asymmetrically distributed, so as to 

produce a net dipole moment. To correct for this, atoms were moved from one surface of 

the slab to the other; different choices for redistribution yield different atomic 

arrangements at the interface that will alter the interfacial energy.  For muscovite, 

arrangement 1 involved moving to the bottom surface every other row of K atoms, in 

rows along [100]ms; arrangement 2 involved moving to the bottom surface every other 

row of K atoms, in rows along [010]ms; and arrangement 3 was a checkerboard 

rearrangement of the K atoms. For layer 1 of garnet (Fig. 3-2), only one atomic 

arrangement was considered—in arrangement 1, every other row of Al parallel to [110] 

was moved to the bottom surface. For layer 2 of garnet (Fig. 3-2), two atomic 

rearrangements were considered: for arrangement 2, every other row of Fe and Si parallel 

to [100] was moved to the bottom surface; for arrangement 3, a random selection of half 

of the Fe and Si atoms were moved to the bottom surface. For layer 3 of garnet (Fig. 3-2), 

two rearrangements were considered: arrangement 2 was used again in which every other 

row of Fe and Si parallel to [100] was moved to the bottom surface; for arrangement 4, 

half of the Fe and Si atoms were moved to the bottom of the surface in a checkerboard 

arrangement. 
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1
2

Fig. 3-2. Truncation at different intracrystalline layers for (a) looking down [100]grt, and (b) 
looking down [010]ms. Truncation of muscovite is at the alkali site between the tightly bonded 
T-O-T layers. Truncations indicated by dashed lines. Red = O, green = Fe, blue-green = Al, 
purple = Si, white = H, blue = K.
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Finally, when the two slabs are brought together to form an interface, a choice 

must be made to determine the rotational relationship between them.  We investigated 

two rotational orientations for (110)grt || (001)ms: rotational orientation 1 is [100]grt || 

[100]ms  and rotational orientation 2 is [110]grt || [100]ms. These orientations were  selected 

because of their apparent importance in nature. Frondel (1940) documented both of these 

orientations for a large number of garnet inclusions in muscovite, and Moore et al. (in 

prep.) describe a clear example of [100]grt || [100]bt for garnet nucleating on biotite. The 

entire structure must be periodic in the two dimensions parallel to the interface, and 

because the two minerals do not share precisely equivalent cell dimensions, multiple unit 

cells of each mineral are used to produce superstructures that have nearly equal 

periodicity for both minerals in the two dimensions parallel to the interface. However, 

because the repeat distance is not exactly the same, small strains are introduced into the 

muscovite structure to bring the two superstructures into coincidence. Figure 3-3 

illustrates schematically the superstructures used for the two orientations we investigated.  

The strains required for orientation 1 are +0.9% in [100]ms and +2.0% in [010]ms; those 

for orientation 2 are +3.1% in [100]ms and +1.0% in [010]ms.  The size of these 

superstructures, combined with the thickness of the slabs, determines the number of 

atoms in the simulation and thus exerts first-order control on the computational time 

needed.  For orientation 1, the simulation required simultaneous relaxation of the 

positions of 61,224 atoms (45,864 in muscovite and 15,360 in garnet); for orientation 2, 

the simulation required simultaneous relaxation of the positions of 12,680 atoms (7,560 

in muscovite and 5,120 in garnet). 
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Fig. 3-3. Views parallel to interface for the simulations. (a) Superstructures for rotational 
orientation 1 are made of 24 repeatable units of garnet and 91 repeatable units of muscovite. 
(b) Superstructures for rotational orientation 2 are made of 4 repeatable units of garnet and 15 
repeatable units of muscovite.

82



Program and Potentials 

 All simulations were performed using the General Utility Lattice Program 

(GULP), version 3.4.9 (Gale, 1997; Gale & Rohl, 2003). GULP was compiled to run in 

parallel to utilize the high-performance supercomputer Stampede at the Texas Advanced 

Computing Center, University of Texas at Austin.  

 The interatomic potentials (force fields) used for almandine and muscovite are 

modifications of the CLAYFF model (Cygan et al., 2004).  CLAYFF is a general force 

field that was developed for molecular simulations of hydrated phases and their 

interactions with fluid phases. This makes it particularly well suited to describe the 

complex interface between muscovite (a hydrous phase) and almandine. The interactions 

are described as ionic (nonbonded) for metal-oxygen pairs with atoms represented as 

point charges within the force-field framework. The metal-oxygen interactions are 

defined by a Lennard-Jones potential combined with electrostatics (Table 3-1). The only 

variation on the CLAYFF model is a difference in charge for species Si1 because we 

average Si and Al (75% Si and 25% Al) in the muscovite tetrahedra. The empirical 

parameters were optimized based on experimental crystal structures and quantum-

mechanical calculations. Bonded interactions describing OH– anions are defined by the 

SPC water model (Berendsen et al., 1987), which includes harmonic terms to describe the 

bond stretch and bond angle bend. A three-body term is used to describe the H-O-Al 

angles in the sheets of muscovite, to make the angle at the oxygen stiffer so that the 

orientation of the OH- group is better fixed relative to Al. We use a harmonic spring 

constant to keep the OH– group together instead of a Lennard-Jones potential, which 
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Table 3-1. Nonbond parameters for the ClayFF force field used for the GULP 
calculations. 

species symbol Charge (e) Do (kcal/mol) Ro(Å) 
Hydroxyl hydrogen H1 0.425   
Hydroxyl oxygen O1 -0.950 0.1554 3.5532 

Terminal oxygen in muscovite O3 -0.939598 0.1554 3.5532 
Bridging oxygen in muscovite O4 -1.050000 0.1554 3.5532 

Oxygen of almandine O5 -1.181250 0.1554 3.5532 

75% Si, 25% Al in tetrahedral sites of 
muscovite 

Si1 1.739598 - - 

100% Si in tetrahedral sites of almandine Si2 2.100000 1.8405 x10-6 3.7064 
Octahedral Al Al 1.575000 1.3298x10-6 4.7943 

Potassium K 1.000000 0.28178 3.69695 
Iron Fe 1.575000 9.0298x10-6 5.1070 
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would allow the ions to separate. See Appendix B for the full library used for the GULP 

simulations. 

Optimization 

   All calculations are for the static limit, i.e., at T = 0 K and P = 0 GPa. The 

electrostatic interactions for the system were calculated using the Wolf summation (Wolf 

et al., 1999), which is an approximation of the Ewald sum, using η = 0.2/Å and rmax = 

16.0 Å. The maximum interatomic potential cutoff for interactions was set to 8.5 Å, with 

a taper range of 0.5 Å. The simulations were deemed to have achieved a minimum-

energy configuration when the net forces on all individual atoms were ≤ 0.02 eV/Å; 

further minimization had a negligible affect on the energy of the interface. 

Calculation of interfacial energies 

 The energy of the interface for each simulation is calculated using the equation:  

 

Energy of the interface = (E(grt+ms),final – (Egrt,initial + Ems,initial)) / Ainterface 

 

where Ei,initial is the energy of the slab of mineral i before relaxation, E(grt+ms),final is the 

sum of the energies of the slabs of garnet and muscovite after relaxation, and A is the area 

of the interface. Because the energies of the slabs are negative, and the final energy of the 

system is smaller than the sum of the two initial slabs, the energy of the interface is a 

positive quantity. 
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RESULTS: EFFECTS OF LAYER, ATOMIC ARRANGEMENT,  

AND ORIENTATION 

 As described above, several epitaxial orientations for garnet-muscovite interfaces 

have been documented in the literature. We chose to model two rotational orientations, 

[100]grt || [100]ms and [110]grt || [100]ms, of the most common epitaxial relationship 

(110)grt || (001)ms. But these crystallographic relationships do not fully describe the 

parameters necessary for defining a interface between two phases at the atomic level. 

Therefore, different choices for the garnet layer and initial atomic arrangement at the 

interface were modeled to explore the energetic significance of these factors. Because 

these variations create significant differences in the energy of the garnet-muscovite 

interface, each of the following sections presents the results for a different parameter. The 

architecture of each simulation is described in Table 3-2 and all simulation results are 

summarized in Table 3-3. 

 The simulations were deemed to have achieved a minimum-energy configuration 

when the net forces on all individual atoms were ≤ 0.02 eV/Å; however, in simulation G 

the cutoff distances for the force field potentials produced a discontinuity in energy that 

limited optimization to reducing forces ≤ 0.5 eV/Å; in simulations B, C, and I one atom 

was 0.035 eV/Å, 0.035 eV/Å, and 0.021 eV/Å, respectively. 

Layer within garnet 

 The layer chosen within the crystalline structure that is parallel to the plane of the 

interface has the greatest effect on the energy of the interface for the two epitaxial 

relationships modeled. As described above, the truncation layer for the muscovite slab 

was chosen to be the layer of K atoms parallel to (001) for all simulations, as the strong 
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Table 3-2. Architecture of simulations 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 
	  
	  
	  
	  
	  
	  
	  
	  

Simulation Rotational 
orientation 

Garnet layer Grt atomic 
arrangement 

Mus atomic 
arrangement 

% strain in muscovite 
[100]     [010] 

Interfacial 
energy 
(J/m2) 

A 2 2 2 1 +3.1 +1.0 5.68 
B 2 2 2 2 +3.1 +1.0 5.68 
C 2 2 2 3 +3.1 +1.0 5.69 
D 1 2 2 1 +0.9 +2.0 5.87 
E 2 2 3 1 +3.1 +1.0 6.05 
F 2 1 1 1 +3.1 +1.0 6.32 
G 1 1 1 1 +0.9 +2.0 6.58 
H 2 3 4 1 +3.1 +1.0 7.15 
I 2 3 2 1 +3.1 +1.0 8.66 
J 1 3 2 1 +0.9 +2.0 8.83 
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Table 3-3. Interfacial energies for simulations. 
Simulation Total cycles Egrt,Initial 

(eV) 
Ems,Initial 

(eV) 
Egrt+ms,Final 

(eV) 
A (Å2) Interfacial 

energy (J/m2) 
A 135,972 -64,527.64 -62,558.72 -126,826.08 734.42 5.68 
B 110,000 -64,527.64 -62,558.72 -126,825.97 734.42 5.68 
C 120,000 -64,527.64 -62,558.72 -126,825.50 734.42 5.69 
D 42,381 -193,582.88 -379,774.54 -571,743.56 4406.50 5.87 
E 111,000 -64,527.64 -62,558.72 -126,809.01 734.42 6.05 
F 196,312 -64,527.64 -62,558.72 -126,796.91 734.42 6.32 
G 51,754 -193,582.88 -379,774.54 -571,547.84 4406.50 6.58 
H 119,806 -64,527.64 -62,558.72 -126,758.67 734.42 7.15 
I 131,000 -64,527.64 -62,558.72 -126,689.36 734.42 8.66 
J 30,080 -193,582.88 -379,774.54 -570,929.02 4406.50 8.83 
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bonding within the T-O-T sheets makes this layer the most likely to be an available 

surface for heterogeneous nucleation of garnet in nature.  

 Three different garnet layers at the interface were modeled, resulting in distinctly 

different interfacial energies (Fig. 3-2, Table 3-3). Simulations D, G, and J compare the 

three garnet layers for rotational orientation 1: of these three simulations, layer 2 yields 

the lowest-energy interface at 5.87 J/m2; the energy increases by 0.71 J/m2 for layer 1 and 

2.96 J/m2 for layer 3. Simulations A, F, and H compare the three garnet layers for 

rotational orientation 2: of these three simulations, layer 2 yields the lowest-energy 

interface at 5.68 J/m2; the energy increases by 0.64 J/m2 for layer 1 and 1.47 J/m2 for 

layer 3.  

Initial atomic arrangement 

 Creating a dipole-free slab requires that the charge is evenly distributed between 

the top and bottom surfaces of the slab; this requires rearrangement of some atoms from 

the top to bottom surface of the slab. Multiple rearrangements, described above, were 

modeled to determine the effect of the initial atomic arrangement on the energy of the 

interface for the optimized system. The atomic rearrangement for garnet had a moderate 

effect on the energy of the interface. Changing the garnet atomic arrangement from 

moving every other row of Fe and Si parallel to [100]grt (arrangement 2) to moving a 

random selection of half of the Fe and Si atoms to the bottom of the slab (arrangement 3) 

increased the energy of the interface by 0.36 J/m2 (Table 3-3, simulations A and E). 

There was a greater effect on the highest-energy configurations; the energy of the 

interface increased by 1.51 J/m2 when half of the Fe and Si atoms were moved to the 

89



bottom of the slab in a checkerboard arrangement (arrangement 4) instead of moving 

every other row (arrangement 2) (Table 3-3, simulations I and H).   

Rotational orientation 

 Two different rotational orientations were investigated for the (110)grt || (001)ms 

epitaxial relationship; orientation 1, [100]grt || [100]ms, and orientation 2, [110]grt || 

[100]ms, are both documented epitaxial orientations (Frondel, 1940; Moore et al., in 

prep). When using the lowest-energy garnet layer and the lowest-energy arrangements for 

both phases, the difference in energy between these two angular orientations is 0.19 J/m2 

(Table 3-3, simulations A and D), which is significantly less than the ≥ 0.64 J/m2 

disparities for different garnet layers.  

Relaxed atomic arrangements for lowest-energy configurations 

 The simulations begin with perfectly crystalline garnet and muscovite slabs. The 

initial layers for the lowest-interfacial-energy simulations (A, B, and C) have K from the 

muscovite slab and O, Fe, and Si from the garnet slab near the interface. As the system 

evolves toward its optimal configuration, the atoms move into new positions as they 

respond to the force fields acting on them. The configuration of atoms at the interface for 

an optimized simulation is disorganized, non-symmetric, and chaotic in appearance (Fig. 

3-4); this incoherency likely reflects the large mismatch between the two structures at the 

atomic scale. There is still a semblance of the original structure, particularly in the 

muscovite slab where some, but not all, of the K atoms have shifted slightly, but the 

majority of O, Si, Al, and OH- remain in their original locations near the boundary. Most 

of the movement of atoms is in the garnet slab, within 4 Å of the interface; all of the 

atoms in this space have shifted, but an outline of the original structure defined by the O 
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a b

Figure 3-4. Cropped portion of simulation C showing the configuration of atoms at the interface 
for (a) the initial, pristine arrangement, and (b) the optimized system, which is disorganized, 
non-symmetric, and chaotic in appearance.
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positions is still visible in the relaxed configuration—there is empty space in the relaxed 

configuration that corresponds to empty space in the initial configuration.  

DISCUSSION 

Significance of parameters to energy of the interface 

Determining the relative orientations of two minerals from natural samples does 

not provide complete, unique information about the interface between them. Two 

minerals with coincident crystal planes at the interface can adopt any relative rotational 

orientation, and thus they have an infinite number of possible coincident crystal 

directions within the plane of the interface. In addition, an abundance of intracrystalline 

layers could lie at the interface. Even if the rotational orientation and intracrystalline 

layers involved in an interface could be determined, it is possible that the interface will 

not be planar. It is therefore necessary to rely on simulations, like the ones presented 

above, which explore the effects of variations in the intracrystalline layer, the initial 

atomic arrangement, and the rotational orientation, on the energy of garnet-muscovite 

interfaces. 

 The results show that the choice of the garnet intracrystalline layer at the interface 

has the greatest effect on the energy of the interface—greater than the initial atomic 

arrangement and the rotational orientation. The garnet intracrystalline layer at the 

interface exerts control over which garnet atoms are closest to—and will therefore have 

the most interaction with—the muscovite atoms. Most of the interactions are between the 

K atoms in muscovite and whichever garnet atoms are within 4 Å of the interface 

boundary (Fig. 3-4). Although 4 Å into the garnet structure includes all three 

intracrystalline layers investigated, the force fields at the interface will vary based on 
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which layer of garnet atoms is nearest to the K layer in muscovite and this will affect the 

atomic arrangement and energy of the interface for the optimized interface.  

 The effects of rotational orientation and initial atomic arrangement on the energy 

of the interface are secondary, because variation of these parameters only affects the 

starting locations of the atoms within the intracrystalline layer closest to the interface and 

does not affect which garnet atoms are closest to the interface. Due to the high symmetry 

of the garnet and muscovite structures in the plane of the interface, variation in x, y 

coordinates of garnet atoms closest to muscovite atoms has a much smaller effect on the 

energy of the interface than variation in z. 

Comparison of results to literature values for interfacial energies 

There is an abundance of grain-boundary energy determinations in the literature, 

but a distinct lack of information on interfacial energies for crystalline structures. 

Therefore, we place our findings within a small, but growing framework of interfacial-

energy calculations alongside the larger catalogue of grain-boundary energies. 

Grain-boundary-energy determinations for minerals span a wide range, on the 

order of 0.001-1.0 J/m2. Semicoherent olivine grain boundaries have been reported to 

have energies of 0.006-0.4 J/m2 (Ashworth & Chambers, 2000), while high-angle olivine 

grain boundaries have a higher energy range of 0.5-1.3 J/m2 (Cooper & Kohlstedt, 1982) 

and 0.9-1.8 J/m2 (Duyster & Stöckhert, 2001). Adjaoud et al. (2012) used atomistic 

simulations to determine grain boundary energies of 1.0-2.75 J/m2 for specific 

misorientations in olivine. Sillimanite grain boundaries treated as dislocation arrays put 

grain boundary energies at 0.3-1.0 J/m2 (Penn et al., 1999), and calcite-calcite grain 

boundary experiments at 800 °C give energies on the order of 0.13 J/m2 (Hay & Evans, 
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1988). Quartz-quartz grain boundary energies of 0.36 J/m2 were reported by Miyazaki 

(1996) and calculated using a qtz-qtz dihedral angle of 60° combined with qtz-H2O 

interfacial energies of 0.36 J/m2 from Parks (1984).  

Interfacial energies, for two-phase boundaries, are perhaps more relevant than 

grain boundary energies. An early estimate for interfacial energies came from Spry 

(1969), who compiled surface energies and, with the assumption that interfacial energies 

are likely 3 times less than surface energies, calculated a range of 0.03-2.0 J/m2. Hiraga et 

al. (2002) calculated interfacial energies for quartz-albite boundaries to be 0.25 ± 0.12 

J/m2 in low-grade pelitic schist using measured dihedral angles at quartz and albite triple 

junctions combined with a low-angle quartz grain boundary determination. Miyazaki 

(1996) obtained garnet-quartz interfacial energies of 0.817 J/m2. This was calculated 

using a qtz-H2O interfacial energy from Parks (1984) to first determine a qtz-qtz grain 

boundary energy of 0.624 J/m2; then, using θ =135° for the qtz-grt-qtz triple junction, a 

grt-qtz interfacial energy was calculated. Okamoto & Michibayashi (2005) also 

calculated interfacial energies for garnet-quartz interfaces of garnet inclusions in quartz 

grains by combining published quartz-quartz grain boundary energies with measured 

dihedral angles for quartz-garnet-quartz triple junctions. Their calculations of 0.34 ± 0.14 

J/m2 for quartz-garnet interfaces are in a range similar to that of Hiraga et al. (2002) for 

quartz-albite interfaces.  

The interfacial energies described above are obtained from samples in which the 

crystals have moved beyond the nucleation phase of crystallization; they are energies of 

well-defined interfaces for established crystals. The only interfacial energy estimates that 

are directly relevant to nucleation come from Gaidies et al. (2011) and Kelly et al. 
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(2013a). Gaidies et al. (2011) estimated interfacial energies for homogeneously and 

heterogeneously nucleating garnet in the range of 0.03-0.3 J/m2 using numerical models 

of nucleation and growth of garnet in a metapelite. Kelly et al. (2013a) also estimated 

interfacial energies of heterogeneously nucleating garnet using numerical models of 

nucleation and growth and came up with similar estimates of 0.007-0.255 J/m2.  

It is unclear exactly how our calculations should be compared to previous 

estimates. We model the interface between two phases and therefore cannot make a direct 

comparison to single-phase grain boundary energies. Although we determine the energy 

of an interface, this not the same as calculating an interfacial energy of the sort described 

above in which wetting angles are used on well-established crystalline textures. The 

interfaces in our simulations are not likely to be a perfect replication of a natural system. 

Because the muscovite is strained to create the lengths and widths required for 2-D 

periodicity, the ratio of garnet versus muscovite atoms at the interface may not be correct. 

We modeled the interface so that no dipole exists for either slab; the presence in nature of 

dipoles in micas may have an effect on the atomic interactions and resulting energies of 

the interfaces that our model is not designed to capture.  The most relevant estimates are 

those of Gaidies et al. (2011) and Kelly et al (2013a) because they provide a range of 

interfacial energies that spans the duration of nucleation and includes nucleation and 

small and large oversteppings of the garnet-forming reaction. The range for our 

calculations of energies of garnet-muscovite interfaces is 5.68-8.83 J/m2. These energies 

are an order of magnitude greater than what is reported by Gaidies et al. (2011) and Kelly 

et al. (2013a), and all prior estimates for interfacial energies. A nontrivial factor that may 

be contributing to our higher values for energies of the interfaces is the choice in 
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interfaces we have modeled. The results point to significant energetic differences for 

interfaces at various intracrystalline layers within the garnet. It is certainly possible that 

we have not modeled the lowest-energy interfaces; there are intracrystalline layers within 

garnet and muscovite that have not yet been explored. Beyond this, the results showing a 

chaotic boundary for a relaxed interface hint at a non-planar interface. It is also possible 

that the garnet-muscovite interface is perpendicular, and not parallel, to the (110)grt and 

(001)ms. We have treated the garnet nucleation process as though it occurs on the basal 

plane of muscovite; in nature it may occur on steps or on a plane perpendicular to the 

basal plane. Ruiz Cruz (2011) noted a close correspondence between garnet and mica 

oxygen arrangements in the direction perpendicular to  (110)grt and (001)mica. 

The model presented is internally consistent and allows for direct comparison of 

variations from simulation to simulation. The advantage of this is that the intricacies of 

interface definition (e.g. intracrystalline layer, rotational orientation, initial atomic 

arrangement) can be explored and the resulting energies can be compared. However, this 

is a new model and although the interatomic potentials are optimized to fit parameters for 

naturally formed almandine and muscovite, there is no other form of crosscheck to 

natural samples. To test the validity of the model and to discern any deficits, it would be 

useful to run simulations for mineral interfaces with interfacial energies previously 

determined by other means. For example, there are several estimates for garnet-quartz 

interfaces in the literature that could be modeled (Miyazaki, 1996; Okamoto & 

Michibayashi, 2005). This would provide a bridge between interfacial energies in the 

literature and the energies of the interfaces calculated from our model. 
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Shortfalls of 2-D periodic slabs in modeling garnet-mica interfaces 

 Lee & Choi (2004, p. 622) noted, “Periodic boundary conditions are not always 

possible when grain boundaries with an arbitrary misorientation are considered.” This has 

proved to be true not only for arbitrary misorientations, but also for documented epitaxial 

orientations. The two epitaxial orientations examined here involved the same planes with 

different rotational orientations within those planes. The modeling resulted in relatively 

similar interfacial energies, leading to the next questions that require addressing: (1) does 

a non-epitaxial orientation result in significantly higher interfacial energy? and (2) does 

an epitaxial orientation involving a different crystallographic plane in garnet have a 

significantly different interfacial energy? An effort was made to address both of these 

questions by attempting to model two orientations identified by Fondel (1940), namely 

(110)grt || (001)ms, [100]grt ^ [100]mica = 45°, which is not an epitaxial orientation, and 

(111)grt || (001)ms with trace of [-1-12]grt || [100]ms, which is an epitaxial orientation. The 

slabs required for 2-D periodicity of garnet were intractably large for both of these 

simulations—more than five times as large as the largest simulation reported here. 

Optimization to obtain interfacial energies would have required computational power or 

time beyond what is currently available. Expanding the investigation of garnet-muscovite 

interfacial energies to arbitrary orientations will likely require an approach different from 

the one used for these simulations. A model that does not require 2-D periodicity and 

instead utilizes the symmetry of a sphere has been used to examine grain-boundary 

energies for misorientations in aluminum (Lee & Choi, 2004); this approach may prove 

to be better suited to modeling a large variety of arbitrarily oriented garnet-muscovite 

interfaces.  
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CONCLUSIONS 

 Natural samples have provided evidence for the relative planar and rotational 

orientations of epitaxial relationships between garnet and muscovite, but have not 

identified the intracrystalline layers or the atomic arrangements at the interface. Our 

results indicate that the intracrystalline layer within the garnet structure, which 

determines which garnet atoms are closest to the muscovite, has a greater effect on the 

energy of the interface than the initial atomic arrangement or the rotational orientation. 

Because it is not possible to preserve the garnet and muscovite intracrystalline layers at 

the garnet-nucleation interface in natural or experimental samples, a further role for 

atomistic simulations of garnet-muscovite interfaces is clearly indicated as the most 

promising means of identifying the factors that act to minimize energetic barriers to 

nucleation of garnet in nature. 
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CHAPTER 4: ORIGINS OF YTTRIUM AND RARE-EARTH-ELEMENT 

DISTRIBUTIONS IN METAMORPHIC GARNET 

 

ABSTRACT 

Highly variable distributions of yttrium and rare-earth elements (Y+REEs) are 

documented in pelitic garnets from the Picuris Mountains, New Mexico, and from Passo 

del Sole, Switzerland, and in mafic garnets from the Franciscan Complex, California. The 

wide variety of these Y+REE zoning patterns, and those described previously in other 

occurrences, imply diverse origins linked to differing degrees of mobility of these 

elements through the intergranular medium during garnet growth. In the Picuris 

Mountains, large, early-nucleating crystals have radial profiles of Y+REE dominated by 

central peaks and annular maxima, in patterns that vary systematically with atomic 

number. Superimposed on these features are narrow spikes in HREEs and MREEs, 

located progressively rimward with decreasing atomic number. In contrast, profiles in 

small, late-nucleating crystals contain only broad central maxima for all Y+REEs. In 

garnets from Passo del Sole, Y+REE zoning varies radically from sample to sample: in 

some rocks, crystals of all sizes display only central peaks for all Y+REEs; in others, 

profiles exhibit irregular fluctuations in Y+REE contents that match up with small-scale 

patchy zoning in Y and Ca X-ray maps. In the Franciscan Complex, Y+REE in garnet 

cores fluctuate unsystematically, but mantles and rims display concentric oscillatory 

zoning for both major elements and Y+REEs. Our interpretation of the complexity of 
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Y+REE distributions in metamorphic garnet centres on the concept that these 

distributions vary primarily in response to the length scales over which these elements 

can equilibrate during garnet growth. Very short length scales of equilibration, due to low 

intergranular mobility, produce overprint zoning characterized by small-scale 

irregularities. Higher but still restricted mobility yields diffusion-controlled uptake, 

characterized by patterns of central peaks and annular maxima that vary with atomic 

number and are strongly influenced by T-t paths during garnet growth. Still greater 

mobility permits progressively greater, potentially rock-wide, equilibration with major- 

and accessory-phase assemblages, leading to mineralogical controls: an unchanging 

mineral assemblage during garnet growth produces bell-shaped profiles resembling those 

produced by Rayleigh fractionation, whereas changes in major- and/or accessory phase 

assemblages produce profiles with distinct annuli and sharp discontinuities in 

concentration. The very high mobility associated with influxes of Y+REE-bearing fluids 

can cause these element distributions to be dominated by factors external to the rock, 

yielding profiles characterized by abrupt shifts or oscillations that are not correlated to 

changes in mineral assemblages.  

INTRODUCTION 

Compared to our understanding of major-element zoning in metamorphic garnet, 

relatively little is known about the distribution of yttrium and the rare-earth-elements 

(Y+REEs), and what zoning patterns, if any, can be considered typical (cf. Hickmott et 

al., 1987; Hickmott & Shimizu, 1989; Hickmott & Spear, 1992; Pyle & Spear, 1999; 

Otamendi et al., 2002; Yang & Rivers, 2002; Skora et al., 2006; Yang & Pattison, 2006; 
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Tomkins & Pattison, 2007; Corrie & Kohn, 2008; Konrad-Schmolke et al., 2008; Kelly et 

al., 2011). The complexities of Y+REE zoning in garnets and the mechanisms controlling 

Y+REE uptake have implications not only for petrologic interpretations, but also for 

garnet-based geochronology: Sm-Nd and Lu-Hf ages based on analysis of bulk garnet 

separates can be accurately placed in a geologic framework only when the distribution of 

REEs in the garnet crystals is known (e.g., Skora et al., 2006; Konrad-Schmolke et al., 

2008; Kelly et al., 2011).  

This study investigates Y+REE distribution in metamorphic garnets in three 

localities spanning a range of bulk compositions, P-T histories, and crystal sizes. 

Electron-probe microanalysis (EPMA), laser-ablation inductively coupled plasma mass 

spectrometry (LA-ICPMS), and secondary ion mass spectrometry (SIMS) are used to 

determine Y+REE distributions in individual garnet crystals, sectioned through centres 

located by high resolution X-ray computed tomography (HRXCT). These data, 

considered in conjunction with results from numerical modelling, show that the measured 

REE distributions are controlled by a range of factors that include: diffusion-limited 

uptake of Y+REEs during growth; changes in major- and accessory-phase assemblages in 

the rock; inheritance of distributions in the precursor assemblage; and the solubility of 

Y+REE in the intergranular fluid. We infer that the underlying source of this diversity of 

controlling factors is variability in the length scale of intergranular transport for Y+REEs 

during garnet growth, which is therefore a key determinant of their distributions in 

metamorphic garnet.  
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PREVIOUS WORK 

Several previous studies have revealed diverse patterns of REE distribution in 

metamorphic garnet, and have provided contrasting explanations for their origins. Growth 

zoning has been attributed to Rayleigh fractionation, to diffusion-limited uptake, to 

incorporation governed by partitioning with major phases involved in garnet-forming 

reactions, and to partitioning with changing accessory-phase assemblages. Examples of 

the first three are shown in Fig. 4-1. Post-growth diffusional modification has also been 

documented.  

Rayleigh fractionation 

Otamendi et al. (1999, 2002) studied Y+REE distribution in garnets from high-

grade metamorphic rocks (0.7-0.8 GPa, 650-950 °C) from the northern Sierra de 

Comechingones, Argentina. LA-ICPMS spot analyses in two garnets from a migmatite 

and a granulite showed "bell-shaped" distributions for Yb, Er, Dy, Gd, and Y (Fig. 4-1a), 

which were attributed to Rayleigh fractionation (cf. Hollister, 1966). The modelled fits of 

Otamendi et al. replicated the Yb, Er, Y, and Dy distributions, using large partition 

coefficients KD that decrease for the lighter REEs (KD
Yb > KD

Er > KD
Y > KD

Dy).  

Diffusion-limited uptake 

Skora et al. (2006) examined REE distributions in garnet from UHP eclogites in the 

Zermatt-Saas Fee ophiolite, Switzerland, where garnet crystallization was estimated to 

span 450-600 °C and 1.5-2.0 GPa. Y+REE profiles measured on central sections of 

garnet using LA-ICPMS and SIMS spot analyses show significant differences in patterns 
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Fig. 4-1. Summary of data supporting previous suggested origins of REE distributions in 
metamorphic garnets. (a) Rim-to-rim traverses of REEs across a garnet from a granulite 
from the northern Sierra de Comechingones of Argentina (after Otamendi et al., 2002). 
All data are LA-ICPMS analyses. Central peaks for the heavy (Yb, Er, and Dy) and 
middle (Gd) REEs are attributed to Rayleigh fractionation during garnet growth. (b) Rim-
to-rim traverses of REEs across a garnet from an eclogite from the Zermatt-Saas Fee 
region of Switzerland (after Skora et al., 2006). Solid symbols (Lu, Er, Dy) are LA-
ICPMS data and open symbols (Eu) are SIMS analyses. Central peaks for Lu and Er and 
annular maxima for Er, Dy and Eu are attributed to diffusion-limited uptake of REEs 
during growth. (c) Core-to-rim traverses across a garnet from an eclogite from the 
Western Gneiss Region of Norway (after Konrad-Schmolke et al., 2008). All data are 
LA-ICPMS analyses. Central peaks for Lu and Er and annular maxima for Er, Dy and Eu 
are attributed to progressive breakdown of various major silicate minerals. 
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of distribution for the HREEs (Lu, Yb, Tm, Er), MREEs (Y, Ho, ±Dy), and LREEs (±Dy, 

Tb, Gd, Sm, Nd) (Fig. 4-1b). The HREEs appear as high-intensity central peaks and very 

low-intensity annular maxima; MREEs as central peaks and distinct annular maxima; and 

LREEs only as annular maxima. In addition, with decreasing atomic number, the central 

peak decreases in intensity relative to the annular maximum, and the annular maximum is 

located progressively rimward. 

Skora et al. (2006) attributed this pattern of REE distribution to uptake of REEs 

limited by rates of intergranular diffusion during growth. The progression of REE 

incorporation and matrix depletion is shown schematically in Fig. 4-2. When a garnet 

crystal nucleates and begins to grow in an undepleted matrix, the concentration of each 

REE at the garnet centre is dependent upon its concentration in the matrix and on the 

partition coefficient KD between the garnet and the matrix. Initially, steep chemical-

potential gradients for the REEs (diffusion halos) develop in the intergranular medium of 

the matrix surrounding the growing garnet because the effective intergranular 

diffusivities Deff of the REEs are small (Fig. 4-2a). Later, as growth continues along a 

prograde path, Deff increases as higher temperatures are reached, while decreases in KD 

are taken to be negligible in comparison. Faster diffusion relaxes the concentration 

gradient in the intergranular medium of the matrix, which allows the garnet to incorporate 

greater concentrations of the REE (Fig. 4-2b). Finally, at still higher temperatures, the 

concentration gradient is flattened contemporaneously with an overall depletion of REEs 

in the matrix, resulting in the incorporation of progressively smaller concentrations of 

REEs in the growing garnet (Fig. 4-2c). This model predicts central peaks for all REEs 
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Fig. 4-2. Schematic development of central peaks and annular maxima for the MREEs 
according to the model for diffusion-limited uptake of Skora et al. (2006). Concentration 
(C) plotted against garnet radius (r). Levels of the MREE in the intergranular medium are 
related to the concentrations in the rim of the growing garnet by the partition coefficient 
KD. See text for details of the model. (After Fig. 6 of Skora et al., 2006.) 

108



 
 

that have KD > 1, and annular maxima for all REEs. For each REE, the intensity of the 

central peak varies with KD and matrix concentration, while for a given growth history 

the location and intensity of the annular maxima are related to the magnitude of the 

diffusion coefficient and its temperature dependence. The only features of this pattern not 

present in the Zermatt-Saas Fee garnets are the central peaks for the lighter REEs. Skora 

et al. (2006) attribute their absence to slightly off-centre sections failing to intersect very 

narrow, low-intensity central peaks.  

Control by major-phase assemblages 

Konrad-Schmolke et al. (2008) document REE distributions in garnets from an 

UHP eclogite of the Western Gneiss Region, Norway, where peak P-T reached 750-800 

°C and 3.0 GPa (Wain et al., 2000). The REE distribution patterns are similar to those in 

the Zermatt-Saas Fee garnet, with high central peaks for HREE, central peaks and 

annular maxima for MREE, and low central peaks and high annular maxima for LREE. 

However, Konrad-Schmolke et al. (2008) attribute the pattern of REE distribution to 

sequestration of material into garnet interiors throughout crystallization, combined with 

changes in the garnet-forming reaction.  

That interpretation is based on integration of thermodynamic forward modelling, 

mass balance, and partition coefficients. Three stages of garnet crystallization were 

modelled between 530 and 830 °C. In the modelling, material is sequestered into and 

armoured by garnet, changing the effective bulk composition, while growth is punctuated 

by multiple modifications in the garnet-forming reaction—resulting from the altered 

effective bulk composition—that result in the progressive breakdown of chlorite, epidote, 
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and amphibole, followed by a reduction in modal clinopyroxene. Each of these precursor 

minerals releases varying amounts of REEs into the system upon its breakdown, which 

produces new mineral assemblages and partition coefficients that also alter the levels of 

REEs incorporated into growing garnet. Variation in REE concentration from the core to 

rim of the garnets is thus attributed to partitioning with a series of different major-phase 

assemblages in response to changes in the garnet-forming reaction. 

Control by accessory-phase assemblages 

Several studies have tied distributions of Y+REEs in metamorphic garnet to the 

prograde evolution of accessory phases such as xenotime, monazite, epidote, zircon, 

apatite, and titanite (Pyle & Spear, 1999 and references within). In combination with 

epidote, allanite breakdown has been invoked to explain high-Y annuli in garnets from 

calc-pelites (e.g., Hickmott et al., 1987; Hickmott & Spear, 1992). Pyle & Spear (1999) 

attribute steep, euhedral Y annuli to discontinuous accessory-phase reactions, and ascribe 

subhedral to anhedral Y annuli, with shallow gradients on the core-ward side of the peak, 

to continuous accessory-phase reactions and modification by garnet resorption. Yang & 

Rivers (2002) reasoned that spatial coincidence of Y peaks with heavy REE peaks may 

indicate breakdown of xenotime or zircon, coincidence with middle REE peaks may 

indicate breakdown of epidote, and coincidence with light REE peaks may indicate 

breakdown of allanite. The breakdown of allanite by discontinuous reaction has likewise 

been called upon to explain Y annuli (Yang & Pattison, 2006; Tomkins & Pattison, 

2007). 
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Syn- or post-growth intracrystalline diffusion 

Although intracrystalline diffusion of Y+REEs in garnet is significantly slower 

than the diffusion of major divalent cations (Carlson, 2012), it can substantially modify 

growth zoning in some granulite-facies environments. In pelitic rocks from the aureole of 

the Makhavinekh Lake Pluton, Labrador, Kelly et al. (2011) document both substantial 

flattening of initial Y+REE growth zoning during protracted residence at depth, as well as 

large increases (for Gd through Lu) and decreases (for Nd, Sm, and Eu) at the rims of 

relict garnets that were partially resorbed in a low-pressure contact-metamorphic episode.  

CHARACTERIZATION OF SPECIMENS 

 Samples for this study were selected to address the question of whether common 

patterns of REE distribution exist in metamorphic garnets across a variety of 

metamorphic settings. In particular, they were chosen to include a range of bulk-rock 

compositions, P-T conditions, and crystallization histories that complements and extends 

the previous studies shown in Fig. 4-1, which focused on UHP eclogites and mafic 

granulites. The sample suite therefore includes pelitic as well as mafic bulk compositions; 

P-T conditions corresponding to the amphibolite facies at both moderate and high 

pressures, and to the blueschist facies; and crystallization histories that include protracted 

and nearly-simultaneous nucleation, as well as metamorphic fluids that were both 

internally generated and externally derived. 
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Picuris Mountains 

Samples from the Picuris Mountains, New Mexico, USA, were found to contain 

complex yet systematic garnet zoning patterns that provide a rare opportunity to study the 

combined effects on REE distributions of nucleation at different stages along the T-t path, 

changes in reactions, and changes in accessory-phase assemblages. Numerous prior 

studies in this locality provide detailed descriptions of a protracted garnet nucleation-and-

growth history spanning a substantial range of temperature and clearly evincing changes 

in major- and accessory-phase assemblages (Grambling, 1988; Carlson, 1989; Pattison, 

1992; Chernoff & Carlson, 1997; Chernoff & Carlson 1999; Daniel & Pyle, 2006; 

Crawford, 2008; Kelly et al., 2013). 

Samples PM99-HC24b and PM99-HC2b are from a quartzose pelitic schist in the 

Rinconada Formation; sample localities can be found in Table 2 of Crawford (2008). The 

mineral assemblage of Grt + Bt + Ms + Qtz + Pl + Ilm + Zrn + Mnz + Ap + Rt 

(abbreviations after Kretz, 1983) reflects peak metamorphism near aluminumsilicate 

triple-point conditions (Grambling, 1988) at 0.45 GPa (Pattison, 1992) and 535 °C 

(Carlson, 1989; Daniel & Pyle, 2006). These particular samples were chosen for their 

simple mineralogy, which dictated that only limited changes in reaction could take place 

during garnet growth. Nucleation of garnet occurred throughout its crystallization history 

(Chernoff & Carlson, 1997; Kelly et al., 2013). Complicated zoning for Ca and trace 

elements (cf. Figs. 1 & 2 of Chernoff & Carlson, 1999) is a record of changes that 

occurred locally in the major- and accessory-phase assemblages during growth of earlier-
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nucleating, larger garnets. The detailed understanding of these changes from prior studies 

allows REE variations to be placed in the context of a well-constrained chemical history.  

Chernoff & Carlson (1997) documented a correlation between major-element 

composition (for Mn, Mg, Fe, but not Ca), crystal size, and timing of nucleation, 

demonstrating that larger garnets nucleated earlier in the crystallization history than 

smaller garnets. Earlier nucleation resulted in growth over wider temperature ranges that 

included changes in the local garnet-forming reaction. The same correlation was found in 

samples used for this study. Crawford (2008) tied radially symmetric small-scale 

variations in Ca, Y, P, and Ti in larger garnets to local changes in the garnet-forming 

reaction, coupled with: the breakdown of allanite; the nucleation of monazite, apatite, and 

xenotime; and the subsequent breakdown of xenotime. Details can be found in Appendix 

C.  Thus a Ca-spike in the larger garnets marks a change in the garnet-forming reaction, 

nearly coincident with a change from an allanite-bearing to a monazite-bearing 

accessory-phase assemblage. 

These changes in major- and accessory-phase assemblages in the Picuris samples 

are local in character: they do not occur simultaneously for all garnets in the rock; rather 

they occur for each growing porphyroblast at a well-defined stage of reaction progress for 

that particular crystal (Chernoff & Carlson, 1997, 1999). The Ca-spike, and the 

associated zoning features for trace elements, therefore appear in different crystals at 

variable positions with respect to other features representing larger length-scales of 

equilibration, such as the zoning in Mn, Mg, and Fe. 
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Passo del Sole 

 Garnet from Passo del Sole, Switzerland records a substantially different 

crystallization history than garnet from the Picuris Mountains. Major-element zoning in 

garnet from the Orange Gneiss (originally referred to as Orange Group of Gneisses in 

Chadwick, 1968) at Passo del Sole varies radically over metre-scale distances both across 

and along strike. This extraordinary variability has been attributed to "open-system 

behaviour linked to the passage of fluids capable of modifying local bulk compositions" 

(Berg et al., 2013). Although major-element zoning in many garnets from Passo del Sole 

is complex, relatively simple patterns appear in the two schistose samples chosen for this 

study, PDS02-3 and PDS02-13 (see Berg, 2007, Table 1.2 for sample locations). Their 

mineral assemblage is Grt + Bt + Qtz + Ms + St + Pl + Ilm + Zrn + Mnz + Ap + Rt + Cu-

Ni-Fe sulfide. TWQ calculations for three samples in the Lepontine area by Janots et al. 

(2009, p. 12) yielded peak P-T estimates of 580±30 °C and 0.9±0.1 GPa for the highest-

grade rocks. This agrees well with the findings of Berg et al. (2013), who constructed 

detailed pseudosections for two garnets from Passo del Sole and determined that growth 

began at 540 °C and ended at 600 °C in one garnet, and spanned 555 to 600 °C in the 

other.  

In one sample from Passo del Sole (Meth & Carlson, 2005), complex but nearly 

identical major-element zoning patterns in all crystals indicated that nucleation of all 

garnets occurred in the earliest stages of the crystallization interval, in contrast to the 

protracted period of garnet nucleation in samples from the Picuris Mountains. Subsequent 

growth for all garnets occurred over the entirety of the crystallization interval for garnet. 
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Similar evidence for very early completion of garnet nucleation at Passo del Sole was 

found by Berg et al. (2013) and by Stacy (2012). 

Franciscan Complex 

Garnets from a blueschist were studied from the Franciscan Complex, California, 

USA. The sample is from one of the exotic blocks within the mélange of the Central Belt; 

it was collected by Mark Cloos in 1980 on Fort Ross Road (38°32'03''N, 123°07'50''W).  

The mineral assemblage is Gln + Grt + Ms + Ep + Pl + Ttn + Zrn + Rt. Peak 

temperatures for blueschist and eclogite blocks in the Franciscan Complex are estimated 

at 450-600 °C, with a minimum pressure of 0.9 GPa (Moore & Blake, 1989). 

ANALYTICAL METHODS 

Garnets were located within 2.5-cm-diameter cylindrical sample cores using 

HRXCT at the University of Texas High Resolution X-ray Computed Tomography 

Facility (UTCT). The cores were scanned at ~200 kV and 0.14 mA with both slice 

thickness and inter-slice spacing of 0.029 mm. The data were acquired with 31 slices per 

rotation and 25 slices per set, using the ACTIS scanner (ultra-high-resolution subsystem). 

With this imagery as a guide, individual garnet crystals were sectioned to expose their 

morphological centres.  

Wavelength-dispersive X-ray maps were made and quantitative analyses of garnet 

compositions were measured on a JEOL JXA-8200 Superprobe at the University of 

Texas at Austin. X-ray maps for Ca, Mg, Fe, Mn, and Y were collected at 15 kV, 150 nA 

cup current (1 µA for Y), and 25 ms dwell time (50 ms for Y) with minimum spot size. 
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X-ray maps were used to identify the best radial traverse through the garnet centre that 

avoided visible inclusions and cracks. Quantitative analyses along rim-to-rim traverses 

were collected for Si, Al, Ca, Mg, Fe and Mn at 15 kV and 150 nA cup current. Peak 

count times of 15 s and background times of 10 s were used for Al and Si, while 30 s 

peak count times and 15 s background times were used for Mg, Ca, Mn, and Fe. Y 

analyses were collected at 15 kV, 500 nA cup current with peak count times of 90 s and 

background count times of 45 s. Natural and synthetic standards were used to calibrate all 

quantitative analyses and a ZAF correction was used for data reduction. 

LA-ICPMS analyses of 89Y, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 

169Tm, 172Yb, and 175Lu were carried out at the University of Texas at Austin, using a 

NewWave UP193-FX excimer laser (λ = 193 nm) coupled to an Agilent 7500ce 

quadrupole ICPMS. Continuous line scans with a 20-μm spot used the following laser 

settings: 15 Hz, 40% power, 6.5 J cm-2 fluence, ~60 s gas-blank acquisition times and 

scan rates of 5 μm s-1. NIST 612 was used as the external standard and EPMA 

measurements of Si served as an internal standard. This analytical protocol retrieved 

accepted values for USGS Standard Reference Material BCR-2g to within ±3 % relative 

(average) and to within ±14 % relative (worst recovery). Si, Ce, Zr, Ca, and Ba were 

monitored to reveal inadvertent ablation of inclusions of quartz, monazite, zircon, apatite, 

and plagioclase, respectively.  

Due to low concentrations of the lightest rare-earth elements, additional analyses 

of Nd, Sm, Eu, Gd, and Y (for comparison with LA-ICPMS data) were collected using 

the Cameca ims 6f secondary ion mass spectrometer (SIMS) at the Arizona State 
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University National SIMS Facility. An O– primary beam at 1-2 nA created ~20 x 30 μm 

spots. NIST 612 and Si EPMA measurements served as external and internal standards, 

respectively. The following settings were used: energy filtering with voltage offset of -75 

V, 180 μm field aperture, 400 μm contrast aperture, entrance slits wide open to slightly 

closed (setting 2), image field 75-150 μm. 

OBSERVED Y+REE DISTRIBUTIONS 

Picuris Mountains 

REE analyses were collected using LA-ICPMS for three garnets of varying sizes 

from sample PM99-HC2b and seven garnets of varying sizes from sample PM99-HC24b. 

Six garnets from PM99-HC24b were analysed further for Gd, Eu, Sm, and Nd 

distributions using SIMS. Presented here are results from four representative crystals 

ordered by decreasing size.  

REE distribution in large garnets 

Garnets Cg1 (1490 μm diameter) and Cg4 (1200 μm diameter) from sample 

PM99-HC24b are some of the largest garnets in these samples. Their central Mn 

concentrations indicate that they nucleated early in the garnet crystallization history and 

grew throughout most of the crystallization period (Chernoff & Carlson, 1997). X-ray 

maps for garnet Cg1 in sample PM99-HC24b (Fig. 4-3) are typical; they display normal, 

concentric zoning for Mn, Mg, and Fe, but Ca and Y show spikes in concentration 

associated with local changes in the garnet-forming reaction and local changes in the 

accessory-phase assemblage, as described above.  
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Fig. 4-3. EPMA X-ray maps and backscattered electron image (BSE) for centrally 
sectioned garnet Cg1 in sample PM99-HC24b. Warmer colours indicate greater 
concentrations; colour scale adjusted to highlight concentration variation in garnet. 
Concentric zoning is normal for Mn, Mg, and Fe, but Ca and Y show additional spikes in 
concentration associated with changes in the garnet-forming reaction and changes in the 
accessory-phase assemblage, as described in the text. Line across BSE image locates 
laser traverse. 
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Figure 4-4a illustrates the key features of these Y+REE profiles, using the Y 

profile from garnet Cg4 in sample PM99-HC24b as an example.  High concentrations in 

the innermost portions of the profile are identified as central peaks, although (as in this 

example) the presence of inclusions near the crystal's centre may result in data gaps that 

prevent the full shape from being readily discerned. Thin vertical lines mark the position 

of the Ca spike, a feature that is not seen in the Y profile itself, but that is instead located 

by reference to the major-element profile for Ca (and one that is easily visible in the Ca 

X-ray maps).  These Ca spikes, which of course appear at the same radial positions in all 

Y+REE profiles for a particular garnet, function as markers that allow one to appreciate 

more easily the subtle variations in the positions of the Y spike (and other REE spikes), 

which appear close to the position of the Ca spike, but lie in many cases just rimward of 

it, as seen in this example.  Additional peaks that appear roughly midway between the 

core of the crystal and its rim are identified as annular maxima, and relatively low-

intensity satellite peaks are resolvable in many HREE and MREE profiles, close to the 

crystal rim. 

From profile to profile, these peaks vary in relative radial position and relative 

intensity, and they are superimposed on one another to varying degrees. If individual 

peaks are not well-resolved, it becomes difficult to locate peak positions accurately, 

because when peaks overlap strongly, the actual peak positions are not simply the 

locations of maxima in the distributions. To improve estimates of the actual peak 

locations, positions of the key features making up the profile were determined via a 

fitting procedure (PeakFit®, v4) that accounted for shifts in the maxima due to these 
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Fig. 4-4. (a) Annotated Y concentration profile from garnet Cg4 in sample PM99-HC24b, 
highlighting features of key importance to interpretation of origins of Y+REE 
distributions, as described in text. (b) Example of how manually defined component 
peaks (thin lines) combine to produce fit to key features of observed distribution (thick 
line), using same concentration profile shown in part (a).  All peak positions reported in 
this work were determined from the centres of the component peaks.  

120



 
 

superposition effects. Figure 4-4b shows how a number of individual component peaks 

were manually defined, so that their superposition summed to reproduce key aspects of 

the measured distribution, although no attempt was made to replicate all details of it. The 

precision of this approach was limited by the fact that the peaks in the Y+REE 

distributions have irregular shapes (non-Gaussian, non-Laurentian), but visual estimates 

of the uncertainties in peak positions (~ ± 5 µm) were made simply by determining, in the 

fitting procedure, the extent to which peak positions could be adjusted before substantial 

misfit with the data became evident. 

Figures 4-5 and 4-6 are annotated concentration plots of LA-ICPMS data for Y 

and all analysed REEs in garnets Cg1 and Cg4, respectively. In both garnets, central 

peaks are present for the HREEs (Lu, Yb, Tm, Er) and MREEs + Y (Ho, Y, Dy, Tb, Gd), 

but absent for the LREEs. As atomic number decreases (i.e., moving from HREEs to 

LREEs), the central peak decreases in intensity relative to other features in the profile. 

Each MREE also exhibits an annular maximum in a position that trends progressively 

rimward with decreasing atomic number. This trend is strongest in garnet Cg1 (Figs. 4-5 

& 4-7; Table 4-1). In LREE profiles, data for garnets Cg1 and Cg4 show annular 

maxima, partially superimposed on satellite peaks, as the dominant features present.  

Garnets Cg1 and Cg4 experienced a change in the local garnet-forming reaction, 

as represented by the ‘spike’ for Ca in each garnet. For the HREEs, spikes are located 

almost exactly at the position of the spike in Ca; in contrast, spikes for MREEs and  

LREEs are located progressively rimward of the Ca-spike (Figs. 4-5 & 4-6). Figure 4-7 

documents that from Lu to Nd, the REE-spikes are located progressively rimward with 
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602
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L RLRLRL
440
443
443
441
432
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415
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--
357
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Element

--
--

325
320
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325
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--
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251
235
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262
300
187
199
199

518
517
519
510
503
501
491
485
442
425
444
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434
435
433
428
408
415
394
374
371
328
378
321

Table 4-1. Peak locations for garnets in PM99-HC24b.

Peak locations are distance from the garnet rim in µm.

Table 4-1. Peak locations for garnets in PM99-HC24b. L and R refer to peaks left and 
right of the garnet core, respectively. 
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Fig. 4-7. Positions of key features of REE distributions for Picuris Mountains garnets 
from sample PM99-HC24b. (a) Locations of REE spikes in garnet Cg4; (b) locations of 
REE spikes in garnet Cg1. REE-spikes step progressively rimward with decreasing 
atomic number. These REE spikes are associated with the Ca-spike, which marks a local 
change in the garnet-forming reaction. (c) Locations of annular maxima in garnet Cg1, 
which step rimward with decreasing atomic number. Accurate measurement for Eu, Sm, 
and Nd was prevented by interference from satellite peaks and REE spikes, together with 
high scatter.  
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decreasing atomic number (increasing ionic radius). Importantly, in garnet Cg1, the Ca-

spike appears rimward of the annular maxima, whereas in garnet Cg4, the Ca-spike 

appears core-ward of the annular maxima.  

Additional satellite peaks in REE concentrations are seen rimward of the REE-

spikes in Figs. 4-5 and 4-6. The peaks are most apparent for Er through Tb in Fig. 4-5 

(~300 µm from the start of the profile) and Er through Sm in Fig. 4-6 (~150 µm from the 

start of the profile). Although no P data were collected for these specific garnets, in other 

garnets a small peak in P is present at approximately the same fractional distance from 

the garnet rims, suggesting that local breakdown of a REE-rich phosphate mineral may be 

responsible for these peaks.  

The scatter evident in the LA-ICPMS data for the LREEs led us to make higher-

precision measurements via SIMS (Fig. 4-8), but it still proved impossible to resolve the 

multiple components (annular maxima, REE spikes, and satellite peaks) that appear to 

coalesce into broad maxima in these distributions.  

REE distribution in small garnets 

Garnets Bg1 (580 μm diameter) from PM99-HC24b and g2 (280 μm diameter) 

from PM99-HC2b are the smallest garnets analysed. Based on their sizes and central Mn 

contents, they nucleated late in the crystallization history and grew over a shorter interval 

of time and at higher temperatures than garnets Cg1 and Cg4. As a result of their 

abbreviated growth histories, Bg1 and g2 did not experience changes in the local garnet-

forming reaction. As illustrated in Figs. 4-9 and 4-10, all of the REEs from Gd to Lu are 

present as broad, central peaks; no annular maxima are present for the MREEs, as seen in 
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the larger garnets above. There is a strong correlation between atomic number and the 

width of the broad, central peaks for the REEs in garnet g2: the width of the peak, 

measured as the full width at half-maximum (FWHM), increases as the atomic number 

decreases (Fig. 4-11).  

Passo del Sole 

 Two garnets of different size from sample PDS02-3 and three from sample 

PDS02-13 were analysed. X-ray maps display normal, concentric zoning for Fe, Mg, and 

Mn and Ca in PDS02-13 garnets, and normal, concentric zoning for Fe, Mg, and Mn and 

patchy zoning for Ca in PDS02-3 garnets (Fig. 4-12). Figures 4-13 and 4-14 show the 

Y+REE distribution for garnets g1 (1500 μm diameter) and g2 (1280 μm diameter), 

respectively, from sample PDS02-3. In both garnets, central peaks are present for the 

HREEs and MREEs, although the intensities are much stronger for crystal g2, suggesting 

that crystal g1 was not sectioned precisely through its centre. No annular maxima are 

observed. Garnets from sample PDS02-13 are more complex. For garnet Cg1, the X-ray 

map for Y (Fig. 4-15) displays overall patchy zoning with the addition of a high-Y 

annulus, approximately two-thirds the distance from the core to the rim. This annulus is 

clearly seen in the LA-ICPMS data for Y (Fig. 4-16), and corresponding annuli appear 

for Lu through Gd. Two significant drops in concentration for Lu through Tb seen in the 

LA-ICPMS data correspond to two patches of low Y concentration in the X-ray map.  

Franciscan Complex 

Three garnets were analysed from a blueschist of the Franciscan complex (sample 

4-FR-80). X-ray maps show complex but consistent major-element zoning in all garnets; 
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Fig. 4-12. EPMA X-ray maps and backscattered electron image (BSE) for a centrally 
sectioned garnet in sample PDS02-3 g2. Warmer colours indicate greater concentrations; 
colour scale adjusted to highlight concentration variation in garnet. Radial linear features 
are topographic lows (trenches) resulting from prior LA-ICPMS analysis. Concentric 
zoning is normal for Mg, Fe, and Y, but Ca zoning is patchy and Mn concentration rises 
at the outermost rim of the garnet.  
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Fig. 4-15. EPMA X-ray maps and backscattered electron image (BSE) for centrally 
sectioned garnet Cg1 in Passo del Sole sample PDS02-13. Warmer colours indicate 
greater concentrations; colour scale adjusted to highlight concentration variation in 
garnet. Concentric zoning is normal for Mg, Fe, and Mn, but zoning is patchy for Ca and 
Y, with the addition of a high-Y annulus approximately two-thirds the distance from the 
core to the rim.  
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the maps of garnet Ag1 (Fig. 4-17) are representative. Mn zoning has high core 

concentrations and two narrow annuli at approximately three-quarters and at nine-tenths 

of the radial distance to the rim. Mg has low core concentrations and an annulus 

approximately two-thirds of the radial distance to the rim. Fe has low core concentrations 

and low annuli at approximately half and four-fifths the radial distance to the rim. Ca 

zoning is mottled in the inner three-fourths of the garnet with an annulus (corresponding 

to the Mn annulus) at nine-tenths of the radial distance to the rim. Y+REE concentrations 

were measured by LA-ICPMS for all REEs and also by SIMS for the LREEs. The LA-

ICPMS data show significant fluctuations in concentration for all REEs (Fig. 4-18). One 

striking difference in the Franciscan garnets is that the Y distribution does not match the 

Ho, Dy, Tb, and Gd distributions. In fact, no two MREE profile match, and no two LREE 

profiles match. The HREE distributions are somewhat more consistent, but no pattern is 

discernible. The significant annuli seen in the major-element zoning (Fig. 4-17) are not 

replicated in the REE fluctuations.  

Summary of Observations 

Y+REE zoning patterns in these garnets are highly variable, yet they exhibit 

several commonalities and systematic relationships. In the Picuris Mountains, garnets of 

similar size that experienced similar crystallization histories contain comparable REE 

distributions. In the large Picuris Mountains garnets, HREE distributions are dominated 

by central peaks, MREE distributions by less-dominant central peaks and annular 

maxima, and LREE distributions by annular maxima. The annular maxima for HREEs 

and MREEs step progressively rimward with decreasing atomic number, and changes in 
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Fig. 4-17. EPMA X-ray maps and backscattered electron image (BSE) for centrally 
sectioned garnet Ag1 in sample Franciscan sample 4-FR80. Warmer colours indicate 
greater concentrations; colour scale adjusted to highlight concentration variation in 
garnet. Major-element zoning is dominated by annuli of irregular width and spacing. Ca 
zoning is patchy in the garnet core with a steep discontinuous rise at the outer rim; Y 
concentrations appear uniform. Line across BSE image shows laser traverse. 
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the local garnet-forming reaction and accessory-phase assemblage are reflected in spikes 

for the HREEs and MREEs that are located progressively rimward with decreasing 

atomic number. In the small Picuris Mountains garnets, all REEs have broad central 

peaks and lack annular maxima. At Passo del Sole, in contrast to the size-dependence of 

REE distributions in the Picuris Mountains, garnets of all sizes from sample PDS02-3 

have all REEs present as central peaks. In garnets from sample PDS02-13, the REEs 

fluctuate significantly, in correspondence with patchy Y zoning and a high-Y annulus. 

Garnets from the blueschist from the Franciscan Complex display still more irregular and 

complicated REE distributions with no discernible patterns. 

INTERPRETATION: ORIGINS OF Y+REE DISTRIBUTIONS 

Five phenomena documented above require explanation: (1) the dependence of 

some REE distributions on atomic number — that is, HREE central peaks, MREE central 

peaks and annular maxima, and LREE annular maxima in the large Picuris Mountains 

garnets; (2) the absence of any such dependence in other cases — that is, central peaks 

but no annular maxima for the HREEs and MREEs in large garnets from Passo del Sole 

sample PDS02-03; (3) the variations in REE distribution with crystal size in the Picuris 

Mountains garnets; (4) the REE spikes at the change in the garnet-forming reaction and 

additional satellite REE peaks in the large Picuris Mountains garnets; and (5) the lack of 

a discernible pattern in garnets from the Franciscan Complex and in Passo del Sole 

sample PDS02-13.  
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Distributions dependent on atomic number:  

Diffusion-limited uptake with temperature increase 

The complicated Y+REE distributions in the larger Picuris Mountains garnets 

result from the superposition of multiple processes. The major trends correspond in most 

respects with the predictions of the model of Skora et al. (2006) for diffusion-limited 

uptake of REEs. The larger garnets studied, Cg1 and Cg4 from PM99-HC24b, have 

dominant central peaks for the HREEs, less-dominant central peaks and annular maxima 

for the MREEs, and annular maxima for the LREEs (Figs. 4-4 & 4-5). These garnets 

nucleated early in the crystallization history when temperatures, and therefore 

diffusivities, were low. Growth continued during a substantial temperature increase 

(Kelly et al., 2013), in turn producing a large increase in intergranular diffusivities for the 

REEs. As shown in the model of diffusion-limited uptake presented earlier (Fig. 4-2), 

significant increases in intergranular diffusivities during garnet growth, combined with 

more rapid diffusion for HREEs than for LREEs, should create patterns that vary from 

HREEs to LREEs in the manner observed in the larger Picuris garnets.  

The underlying physical basis for more rapid intergranular diffusion for HREEs 

than for LREEs is not clearly known. Skora et al. (2006, p. 713) speculated that 

differences in ionic size of the REEs are responsible, but differences in solubility in the 

intergranular medium should also be considered. Some observational data in magmatic 

hydrothermal systems (e.g., Banks et al., 1994; Lewis et al., 1997), and recent 

experimental data at temperatures below 300 °C and pressures below 100 bars (Migdisov 

et al., 2009), indicate that when fluoride and chloride are the dominant ligands in 
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solution, aqueous LREE species are more stable than aqueous HREE species; this would 

imply larger fluxes and more rapid transport of the LREEs, the opposite of what is 

required to produce the observed effects in garnet by diffusion-limited uptake. Limited 

data on the effects of sulphate ligands, however, suggest similar stabilities for aqueous 

species of all REEs (Williams-Jones et al., 2012), and the effects of carbonate and 

phosphate ligands remain unknown. Also unclear is whether or not solubilities in a bulk 

aqueous fluid under the P-T conditions described above are truly analogous to those in an 

intergranular medium during prograde metamorphism. Until more is learned about the 

factors exerting control on rates of intergranular diffusion in nature, the physical basis for 

the variation in rates with atomic number and the consequent REE distributions in garnet 

will remain obscure. 

Distributions independent of atomic number: Crystal growth at high T 

 Large and small garnets alike from Passo del Sole show all REEs present as 

central peaks. Because garnet nucleation was nearly simultaneous for all crystals in 

PDS02-3, the temperature corresponding to initial garnet growth was nearly the same for 

all crystals, resulting in similar patterns of REE distribution in crystals of all sizes. The 

absence of annular maxima is attributed to a high starting temperature for garnet 

nucleation and growth (~550 °C versus ~465 °C for the larger Picuris garnets that 

developed annular maxima). At sufficiently high temperatures, rapid intergranular 

diffusion will allow the matrix to be uniformly depleted in REEs without the 

development of a diffusion halo, leading to monotonic decreases of REE concentration in 

the growing garnets. The resulting distribution is similar to the distributions seen in 
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studies that invoke Rayleigh-fractionation mechanisms (e.g., Otamendi et al., 2002; 

Tirone et al., 2005). Indeed, Rayleigh fractionation is an end-member to the diffusion-

limited model, obtained when intergranular diffusion is so rapid in comparison to crystal 

growth that no appreciable concentration gradients exist in the matrix. 

Variations with crystal size: T at onset of crystal growth 

 In the Picuris Mountains garnets, variations of REE distribution with crystal size 

are explained by the initiation of growth at lower temperatures for early-nucleated garnets 

and at higher temperatures for late-nucleated garnets. As shown above, the larger garnets 

nucleated and began growing at low temperatures, and therefore low effective 

diffusivities, and developed a central peak for the REEs (cf. Fig. 4-2a). As growth 

continued at higher temperatures, annular maxima developed according to the diffusion-

limited mechanism (cf. Figs. 4-2b & c). Nucleation of the small garnets (e.g., Bg1 from 

PM99-HC24b and g2 from PM99-HC2b) occurred much later in the crystallization 

history, as indicated by their lower central Mn concentrations, when temperatures and 

diffusivities were already relatively high. Rapid intergranular diffusion precluded 

development of a steep concentration gradient in the matrix around the growing garnet. 

As a result, the REEs are present only as central peaks that developed as the matrix was 

steadily depleted in the REE.  

Spikes and satellite peaks:  

Changes in garnet-forming reaction and accessory-phase assemblage 

 The effects of changes in the local garnet-forming reaction and accessory-phase 

assemblages are seen clearly in the REE distributions of garnets from the Picuris 
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Mountains, superimposed on larger-scale patterns that qualitatively resemble the profiles 

resulting from diffusion-limited uptake in Skora et al. (2006). In the large Picuris 

Mountains garnets (PM99-HC24b Cg1 and PM99-HC24b Cg4), REE spikes coincide 

with (or fall slightly rimward of) a Ca spike that marks not only a change in the local 

garnet-forming reaction, but also a change in the local accessory-phase assemblage. The 

local breakdown of REE-bearing accessory minerals provides a proximal source for these 

elements, but they must diffuse from that source to the surface of the growing garnet. The 

positions of the resultant spikes in REE concentrations indicate that they are incorporated 

progressively later with decreasing atomic number (Fig. 4-7). This relationship reinforces 

the observation made above concerning the relative intergranular diffusivities of the 

HREEs and MREEs: the effective diffusivity decreases with decreasing atomic number. 

The satellite REE peaks mark the only other change in assemblage recorded by the 

Picuris garnets, and here again the effects on the Y+REE distributions are limited in 

radial scale.  

The variation in position of the Ca-spikes with respect to the annular maxima in 

garnets Cg1 and Cg4 is quite important; it demonstrates that the processes of diffusion-

limited REE uptake and of changes in assemblage are independent of one another, 

although their effects on REE distributions are superimposed in the garnet profiles. Thus 

assemblage changes alone cannot account for the distribution of peaks and maxima in 

these garnets.  
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Patchy and oscillatory distributions: Solubility control on intergranular diffusivities 

 The REE distributions in garnet Cg1 from Passo del Sole sample PDS02-13 are 

unsystematic, fluctuating irregularly at scales of a few tens of microns, but with a high-Y 

annulus apparent in the X-ray map (Fig. 4-15), which matches up with peaks for the 

HREEs and MREEs in the radial traverse (Fig. 4-16). Plausible explanations for the high-

Y+REE annuli include a change in the accessory-phase assemblage (although no 

evidence for this was found in the distribution of inclusions), or perhaps the influx of an 

externally derived Y+REE-rich fluid (although this fictive fluid left no corresponding 

imprint on major-element zoning). The patchy, irregular REE distribution elsewhere in 

the crystal is best interpreted as overprint zoning, in which pre-existing heterogeneities in 

the matrix are incorporated directly into the crystal during growth (e.g., Yang & Rivers, 

2002; Hirsch et al. 2003). This process would require very low intergranular mobility of 

Y+REEs, likely the result of low solubility in the intergranular medium, which 

necessitates an intergranular fluid composition in this sample that is much different from 

the one that promoted rapid intergranular diffusion in the nearby sample with central 

peaks (PDS02-3). The recognition by Berg et al. (2013) of highly localized fluid flow at 

Passo del Sole, with fluids that were variable at the scale of a few meters, is consistent 

with this interpretation.  

Fluid flow and variable Y+REE solubilities may also provide an explanation for 

the irregular and complicated Y+REE distributions in the blueschist Franciscan garnets. 

Patchy zoning of Ca is the dominant feature for the inner three-quarters of the garnet, but 

the start of concentric Ca zoning corresponds to the first annular rise in Mn (Fig. 4-17). 
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The change in Ca zoning and the rise in Mn may signify the beginning of fluid infiltration 

and therefore greater intergranular mobility of the major elements and Y+REEs. The 

simplest explanation for the complicated REE distributions in the Franciscan garnets is 

that, like Ca, they were controlled by precursor distributions for the first segment of 

garnet growth and then by infiltrating fluids for the remainder of the growth interval.  

MODELLING TEMPERATURE-TIME EFFECTS 

 The second and third interpretations above invoke differences in rates of 

intergranular diffusion for REE during garnet growth, resulting from variations in thermal 

histories. Numerical simulation was used to validate those interpretations and to test the 

previously unverified hypothesis that temperature-time paths significantly affect spatial 

distributions when REE uptake is diffusion-limited. 

Model 

 The mathematical model describes a spherical region of fixed size, at the centre of 

which a garnet nucleates and grows. The element of interest is initially distributed 

homogeneously throughout the spherical region. Redistribution of the element between 

the garnet and matrix during growth is governed by the effective diffusivity of the 

element in the matrix DM, the partition coefficient KD between the garnet and the matrix, 

and the growth rate. The effective diffusivity of the element in the matrix is related to 

temperature T by the Arrhenius relationship: DM = D0 exp(-Q/RT), in which D0 is a 

frequency factor, Q is the activation energy for intergranular diffusion, and R is the 

universal gas constant. The effective diffusivity of the element in the growing garnet 
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crystal is also described by the Arrhenius relationship with a corresponding set of 

variables. The concentration of the element at the rim of the growing crystal is 

determined by the concentration in the matrix via KD, which remains fixed throughout a 

simulation. A detailed description of this mathematical model is given in Hesse (2012), 

along with the appropriate numerical method for its solution. In the limit of no diffusion 

inside the growing garnet crystal, this model reduces to the one used by Skora et al. 

(2006). When intergranular diffusion is much more rapid than crystal growth, this model 

reduces to the case of Rayleigh fractionation. 

In this modelling effort, no attempt was made to replicate REE distributions for 

any particular garnet. Instead, geologically reasonable model inputs were chosen (roughly 

approximating the conditions determined for the Picuris Mountains samples or the Passo 

del Sole samples) to investigate the effects of varying temperature-time paths on 

diffusion-limited Y+REE uptake, starting with Y as an example.  

At the geologic conditions simulated, intracrystalline diffusion of Y+REE is 

negligible (Carlson, 2012). A variety of intergranular activation energies (200-400 kJ 

mol-1) was explored, but the activation energy and frequency factor are so closely linked 

that a wide range of combinations of the two can create nearly identical spatial 

distributions for growth across a modest temperature interval. The simulations presented 

here use Q = 300 kJ mol-1, chosen to match and thus maintain consistency with the 

modelling of Skora et al. (2006), and D0 = 9.0 x10-11 cm2 yr-1. Following Skora et al. 

(2006), a linear growth rate law was chosen; the radial growth rate is given by rgrt = αt 

with α = 7.8 x10-9 cm yr-1. Garnet growth spanned 467-535 °C for the largest garnets, 
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with a duration of crystallization of 11.5 Ma. The partition coefficient between the garnet 

and the matrix was fixed at 43; this is the median partition coefficient for garnet in 

metapelites (range: 2-250), calculated using whole-rock and core-garnet geochemical 

data from Corrie & Kohn (2008). An initial matrix concentration of 44 ppm was 

specified. The simulations reported here depart from those of Skora et al. (2006) in one 

important way that is essential for capturing the effects of crystals nucleating at 

progressively later times and higher temperatures in a single rock: the system size 

decreases for later-nucleating, smaller crystals. This is consistent with theoretical 

expectations that later-nucleating crystals will appear in the regions of higher reaction 

affinity that remain in the interstices between the depleted zones surrounding earlier-

formed crystals (cf. Carlson, 2011). Thus the system size SS (the radius of the sphere of 

the simulation space, which includes both matrix and garnet) is related to the final garnet 

radius rgrt,f by the expression SS =	   1.5 rgrt,f. Without this decrease in system size, the 

concentration of the Y+REE at the rim of the final garnet radius does not approach zero, 

a characteristic common to all studied garnets from the Picuris Mountains (Figs. 4-5, 4-6, 

4-10 & 11) and Zermatt-Saas Fee (Fig. 3 in Skora et al., 2006).  

Results 

 We first examined the effect of the variable temperature-time paths experienced 

by crystals of different sizes, a concept essential to the third interpretation made above. 

Any chosen sample from the Picuris Mountains would have followed a single heating 

path, but individual garnets would have nucleated at different points along that path: the 

larger, early-nucleating garnets would have experienced larger segments of the heating 
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path, while the smaller, late-nucleating garnets would have experienced smaller segments 

of the heating path; this is shown schematically in Fig. 4-19a. The simulations (Fig. 4-

19b) show that early-nucleated, large garnets that began growth at low temperatures have 

well-developed central peaks and annular maxima, whereas late-nucleated, small garnets 

that began growth at high temperatures have central peaks but no annular maxima. The 

sharp central peaks seen for low initial temperatures give way to bell-shaped profiles at 

higher temperatures. A progression from well-developed annular maxima to the complete 

absence of annular maxima can also be seen along the temperature-time path. The 

simulations therefore support the interpretation that the variations in Y+REE distributions 

for crystals of different sizes in the Picuris rocks result from their different thermal 

histories. 

The modelling also demonstrates that the temperature at the onset of growth is 

more important to the REE distribution than the magnitude of temperature increase 

during growth, a concept essential to the second interpretation made above. At starting 

temperatures as low as 450 °C with only a 25 °C increase throughout growth, subtle 

annular maxima develop (Fig. 4-20a), and as the final temperature is increased, the 

simulations show better-developed annular maxima. When the starting temperature is 

varied, but the total increase is fixed at 50 °C, the simulations show that an annular 

maximum develops at low starting temperatures but not at high starting temperatures 

(Fig. 4-20b). This result supports the interpretation that the absence of annular maxima in 

the garnets at Passo del Sole is due to the higher temperatures at which growth began, in 

comparison to the lower temperatures assigned to the initiation of growth for the large 
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Fig. 4-19. (a) The temperature-time path for the simulation, with temperature increasing 
in proportion to the square of time. Hexagons represent relationships among nucleation 
time, nucleation temperature, and final crystal size for the modelled garnets along the T-t 
path. (b) Y distributions in the modelled garnets are shown as concentration versus radius 
of the garnet. Garnets that nucleated and began growth at lower temperatures have high 
central peaks and annular maxima, while garnets that nucleated and began growth at 
higher temperatures have lower central peaks and no annular maxima. The following 
model parameters are used: KD = 43; Q = 300 kJ mol-1; D0 = 9 x 1011 cm2 yr-1; rgrt = ! t, 
with !  = 7.8 x 10-9 cm yr-1; and SS = 1.5rgrt,final. 
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Fig. 4-20. Diffusion-limited-uptake models of REE distributions. (a) Modelled REE 
distributions plotted as concentration versus radius of garnet for garnets beginning 
growth at the same temperature. Angular maxima develop even for narrow intervals of 
growth temperatures, but are more prominent when growth spans a wider temperature 
range. (b) REE distributions plotted as concentration versus radius of garnet for garnets 
growing over a 50 °C range, but with different starting temperatures. At higher starting 
temperatures the annular maximum disappears and only a central peak is present. The 
following parameters from the Skora et al. (2006) simulations are used in both plots: KD 
= 15; system size = 0.6 cm; Q = 300 kJ mol-1; D0 = 4.0 x 1013 cm2 yr-1; T ~ t2; rgrt = ! t 
with !  = 2.25 x 10-8 cm yr-1. 
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Picuris garnets and those of Skora et al. (2006) from Zermatt-Saas Fee, both of which 

display prominent annular maxima. It should be noted, however, that rates of 

intergranular diffusion of Y+REEs will depend not only on temperature but also on their 

solubility in the intergranular medium (and on the volume fraction of the interconnected 

porosity); consequently, annular maxima might be produced during higher-temperature 

garnet growth if these other factors reduce intergranular diffusivities. 

In the Picuris Mountains garnets, the positions of the REE spikes indicate that 

they are incorporated progressively later with decreasing atomic number (Figs. 4-7a and 

7b), an observation attributed to decreases in the effective diffusivity of the lighter REEs. 

This hypothesis was tested and confirmed with the numerical model. The scenario of 

local accessory-phase breakdown was modelled by greatly increasing the concentration 

of the REE in a single cell in the matrix midway through the simulation. In a series of 

such simulations for which only D0 varied, the position of the REE spike appeared 

progressively closer to the rim of the garnet with decreasing values for D0. 

There is a strong correlation between atomic number and the width of the broad, 

central peaks for the REEs in garnet g2 from PMM99-HC2b (Figs. 4-10 & 4-11). 

Reconnaissance modelling shows that no single factor (e.g., the rapidity of intergranular 

diffusion) accounts for this variation in peak width, but that a combination of the initial 

concentrations in the matrix, the KDs, and the diffusivity must be involved. 

Several simulations were executed to investigate the lack of central peaks for the 

LREEs in the Picuris Mountains samples; the results confirm that this is a consequence of 

values for KD that are < 1. Values of KD for Sm, calculated from the data of Corrie & 
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Kohn (2008), range between 0.008 and 0.4 for pelitic rocks, and simulations using such 

small values invariably lack any central peak. Instead, the concentration of Sm is lowest 

in the core of the modelled garnet and forms a broad shoulder before increasing towards 

the rim. 

Discussion 

 The close similarity between our modelling efforts and those of Skora et al. 

(2006) encourages comparisons. To help test and validate our own modelling, we first 

sought to replicate the Skora et al. results published in their Figs. 4-5, 4-7, 4-8, and 4-9. 

Our results were an exact match in all cases, with one exception: in Fig. 8a of Skora et 

al., large variations in the activation energy are shown (values of 200, 300, and 400 kJ 

mol-1), whereas our modelling produces similar, but not identical, curves with values of 

295, 300, and 305 kJ mol-1 for a constant value of D0 = 4 x 1013 cm2 yr-1. This 

discrepancy was traced to the inadvertent use by Skora et al. of different frequency 

factors for each of the curves (S. Skora, written communication, 2013). When this is 

corrected, it becomes apparent that REE distributions are far more sensitive to changes in 

the activation energy Q (when D0 is held fixed) than the previously published figure 

would imply. 

Although such a high sensitivity might be thought to indicate that fits to measured 

profiles can provide rigorous constraints on activation energies in nature, this is not the 

case. As noted above, the narrow range of temperature over which garnet growth occurs 

means that correlated changes in both D0 and Q can offset one another, so that fits of 

comparable quality can be obtained for a wide range of Q if D0 is adjusted appropriately. 
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This may be important, because the modelling of Skora et al. (2006) would imply values 

of Q for Lu, Y, and Sm that span a very wide range (180, 300, and 380 kJ mol-1 

respectively), a result that is difficult to reconcile with the expectation of strong similarity 

in chemical behaviour for these elements, e.g., comparable speciation and solubility in 

intergranular fluids. 

We re-fit the profiles for Lu, Y, and Sm that appear in Skora et al. (2006) as their 

Figs. 5a, 5b, and 9, with an eye to minimizing differences in the modelled activation 

energies. Reasonable agreement with measured data was obtained using a much smaller 

range of activation energies, to wit: for Lu, Q = 300 kJ mol-1 and D0 = 6.0 x 1013 cm2 yr-1; 

for Y, Q = 300 kJ mol-1 and D0 = 4 x 1013cm2 yr-1; and for Sm, Q = 310 kJ mol-1 and D0 = 

5.0 x 1012 cm2 yr-1. For Lu, the lower activation used by Skora et al. generates a superior 

fit to the data when all parameters other than D0 are fixed, and indeed one might suspect 

that activation energies as high as 300 kJ mol-1 are unlikely, in the light of recent 

findings. Values that large are approaching the values for intracrystalline diffusion of 

Y+REE in deep crustal garnets (e.g., 316 kJ mol-1 at 1 GPa; Carlson, 2012), whereas 

values for intergranular processes are surely smaller. Indeed, activation energies for 

intergranular diffusion of Al3+ in fluid-saturated crustal systems are considerably lower, ~ 

140 kJ mol-1 (Carlson, 2010; Kelly et al., 2013).  Although the modelling for Y reported 

above used Q = 300 kJ mol-1 to maintain consistency with earlier studies, reconnaissance 

runs using smaller activation energies (200 and 250 kJ mol-1) yielded qualitatively similar 

behaviours. 
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CONCEPTUAL FRAMEWORK  

FOR INTERPRETATION OF Y+REE DISTRIBUTIONS 

 Clearly, distributions of Y+REEs in metamorphic garnet are complex and highly 

variable, reflecting diverse origins and controls. Yet much of the variability in these 

patterns can be traced to a single factor: differences in the length scales over which these 

elements are mobile during crystal growth. On the basis of this study and the previous 

work by others cited above, we identify the following five categories of processes, each 

linked to observable zoning features that are common across multiple occurrences; these 

processes govern the uptake and distribution of Y+REE during garnet growth, either 

individually or superimposed on one another. Each has distinct implications for the 

length scale over which Y+REE can be inferred to have equilibrated during garnet 

growth. 

Overprint zoning. Concentrations of Y+REEs in garnet may be inherited directly 

from the distribution of Y+REEs in the precursor, in which case the compositional 

variation in garnet is dictated by the grain sizes and dispositions of precursor phases and 

the concentrations of Y+REE in them. This mode of origin is characterized by small-

scale patchy zoning, as exemplified by that seen in this work in the X-ray maps and LA-

ICPMS traverses for the interiors of the Franciscan garnets, and in the interiors of garnet 

Cg1 from Passo del Sole sample PDS02-13. For zoning that originates in this way, 

transport of Y+REEs during garnet growth is extremely limited, presumably restricted by 

very low solubilities in the intergranular medium. Consequently, length scales of 

equilibration are extremely short, perhaps micron-scale or smaller, and at all larger 
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scales, garnet Y+REE concentrations do not represent equilibrium between garnet and 

other phases in the rock. 

Diffusion-limited uptake during growth. Concentrations of Y+REEs in garnet may 

be governed by the rate at which Y+REEs are able to diffuse through the intergranular 

medium, in the manner first described by Skora et al. (2006), and summarized above 

(Fig. 4-2). This mode of origin is characterized by zoning patterns dominated by central 

peaks and annular maxima, as exemplified by those shown in Skora et al. (2006), and by 

those documented here—after the superimposed spikes have been stripped away—in 

large, early-nucleating crystals in the Picuris Range rocks. Zoning that originates in this 

way can exhibit a wide range of variation, owing to the significant dependence of uptake 

on the relative rates of crystal growth and the intergranular diffusion of Y+REEs, and on 

temperature as a control on rates of intergranular diffusion—both the initial temperature 

when growth begins and the range of temperatures over which growth occurs. Because, 

in this mode of origin, the Y+REEs incorporated into a garnet crystal are derived locally 

from the region immediately surrounding each porphyroblast, there is again no 

expectation of equilibration of garnet Y+REE concentrations with either major or 

accessory mineral assemblages in the rock as a whole. 

Equilibration with unchanging matrix assemblage. When intergranular diffusional 

transport is sufficiently rapid, Y+REEs in growing garnet may approach equilibrium with 

phases in the matrix surrounding it. In this mode of origin, if the matrix remains 

essentially unchanged during garnet growth, then partitioning with the constant matrix 

assemblage will produce zoning similar to that generated by a Rayleigh-fractionation 
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process, characterized by central peaks for Y and all REEs, as exemplified by the patterns 

seen for garnet g2 in Passo del Sole sample PDS02-3 in this study, or in the garnets 

investigated by Otamendi et al. (2002). The diffusion-limited case above grades into this 

situation, as the rate of intergranular diffusion becomes rapid in comparison to the growth 

rate of the crystal. In the end-member case, intergranular diffusion is rapid enough to 

eliminate any appreciable gradients in concentration across the matrix, leading to 

chemical equilibration of the garnet with its surroundings. 

Equilibration with reaction-modulated major- and accessory phase assemblages. 

When intergranular diffusional transport is similarly rapid, but the matrix assemblage 

evolves during garnet growth—with either major-phase or accessory minerals entering or 

leaving the assemblage as growth progresses—then concentrations at the surface of the 

growing garnet will fluctuate as they adjust to equilibrium with the changing matrix. This 

mode of origin will be characterized by zoning with peaks or sharp discontinuities and/or 

oscillations	   that can be correlated with reactions inferred from phase equilibria, as 

exemplified by the studies of Konrad-Schmolke et al. (2008) and Pyle & Spear (1999); it 

can be verified by correlative changes in zoning of coexisting minerals (e.g., Pyle & 

Spear, 1999; Gieré et al. 2011) or perhaps via measurements of partitioning between 

garnet and inclusions (envisioned but not implemented by Konrad-Schmolke et al., 

2008). In this circumstance, individual zones within a garnet will reflect equilibration 

with specific, but transient, mineral assemblages. 

Equilibration with externally sourced fluids. Finally, some patterns of Y+REE 

zoning may result from the infiltration of an externally derived fluid whose Y+REE 
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concentrations are out of equilibrium with the mineral assemblage present in the rock at 

the time of infiltration. This mode of origin is characterized by zoning dominated by 

abrupt changes that cannot be correlated with reactions inferred from phase equilibria, 

but that may be plausibly connected to pulses of externally derived fluid affecting the 

rock during garnet growth, as exemplified in this study by the outer portions of the 

Franciscan garnet Ag1 in sample 4-FR-80. Such changes represent time-markers during 

growth, and should therefore produce similar patterns and equivalent concentrations of 

Y+REEs in all crystals for the growth interval influenced by the infiltration event. 

CONCLUSION 

 The preceding categorization of processes affecting Y+REE distributions in 

metamorphic garnet, based on observable zoning features linked to the length scales at 

which equilibration does and does not occur, should provide a valuable framework for the 

petrological and geochronological interpretation of these distributions as they come to be 

measured and analysed more routinely. It should be kept in mind that processes are 

possible that are gradational among categories, because length scales of equilibration are 

not discrete but instead represent a continuum. Similarly, these processes may be 

superimposed on one another, as alluded to by Konrad-Schmolke et al. (2008) and as 

made evident by the reaction-generated spikes set amidst the diffusion-controlled patterns 

of the large Picuris garnets in this study. Likewise, different processes may operate at 

different stages in the growth history of any given garnet crystal. 
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The challenge presented by these findings is to identify the geologic and 

metamorphic circumstances under which each of these processes becomes dominant; to 

do so will require that we develop deeper understanding of the fundamental controls on 

the intergranular mobility of Y+REEs. 
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APPENDIX A: X-RAY MAPS AND EPMA ANALYSES  
FOR SAMPLES VR491 AND CARG 30-1 
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Representative compositions for garnet at points located in Figs. 1-7 and 1-8. 
Analysis 1 2 3 4 5 6 7  

Wt.% oxide 
SiO2 35.45 35.80 35.43 34.95 34.48 35.47 24.78 
Al2O3 21.09 21.17 21.07 20.98 20.75 21.08 20.96 
MgO 2.56 2.78 3.69 2.81 2.92 2.56 2.54 
CaO 0.62 0.60 0.69 0.66 0.35 1.16 1.29 
MnO 1.74 1.65 0.62 1.59 1.55 1.40 5.50 
FeO 38.06 37.83 37.78 37.81 38.02 37.62 33.64 
Total 99.51 99.83 99.19 98.81 98.07 99.29 98.71 

Cations per 12 oxygens 
Si 2.91 2.93 2.91 2.90 2.88 2.92 2.92 
Al 2.04 2.04 2.04 2.05 2.04 2.04 2.04 
Mg 0.31 0.34 0.44 0.35 0.36 0.31 0.31 
Ca 0.05 0.05 0.06 0.06 0.03 0.10 0.10 
Mn 0.12 0.11 0.04 0.11 0.11 0.10 0.10 
Fe 2.62 2.59 2.59 2.62 2.66 2.59 2.59 

Mole fraction 
XMg 0.1 0.11 0.14 0.11 0.11 0.10 0.10 
XCa 0.02 0.02 0.02 0.02 0.01 0.03 0.03 
XMn 0.04 0.04 0.01 0.04 0.03 0.03 0.03 
XFe 0.85 0.85 0.83 0.84 0.84 0.84 0.84 
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Table A2. Representative compositions for biotite in VR491 and CARG 30-1 at points located in  
Figs. 1-7 & 1-8. 
Analysis 8 9 10 11 12 13 14 15 16 17 18 19 20 

Wt% oxides 
Na2O 0.33 0.19 0.11 0.29 0.19 0.23 0.23 0.23 0.17 0.25 0.24 0.24 0.23 
MgO 9.02 8.93 8.95 8.72 8.71 9.56 9.31 9.46 9.54 9.14 9.32 9.24 9.66 
Al2O3 20.12 20.08 19.97 20.01 19.94 19.80 19.92 19.80 19.29 20.05 19.82 19.95 19.79 
SiO2 36.91 37.04 36.57 36.76 36.49 36.69 36.50 36.84 36.61 36.20 36.59 36.38 37.03 
K2O 8.82 9.13 8.80 8.99 8.65 9.05 9.15 8.90 8.67 8.94 9.19 8.88 9.09 
CaO 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
TiO2 1.44 1.38 1.36 1.44 1.34 1.52 1.52 1.34 1.35 1.53 1.62 1.47 1.60 
MnO 0.08 0.03 0.06 0.08 0.06 0.01 0.03 0.03 0.02 0.05 0.04 0.05 0.02 
FeO 18.88 18.96 19.82 19.24 19.79 18.64 18.63 19.30 19.71 19.40 18.94 18.88 18.61 
Total 95.64 95.73 95.61 95.55 95.16 95.48 95.25 95.88 95.35 95.53 95.76 95.08 96.03 

Cations per 10 oxygens and 2 (OH)- 
Na 0.03 0.02 0.04 0.06 0.03 0.03 0.03 0.03 0.02 0.04 0.03 0.04 0.03 
Mg 1.01 1.00 1.00 0.98 0.98 1.07 1.05 1.06 1.07 1.03 1.04 1.04 1.07 
Al 1.77 1.78 1.77 1.78 1.77 1.76 1.77 1.75 1.72 1.78 1.75 1.77 1.74 
Si 2.77 2.77 2.75 2.77 2.76 2.75 2.75 2.76 2.76 2.73 2.75 2.75 2.76 
K 0.84 0.87 0.85 0.86 0.83 0.87 0.88 0.85 0.83 0.86 0.88 0.85 0.87 
Ca 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 
Ti 0.08 0.08 0.08 0.08 0.08 0.09 0.09 0.08 0.08 0.09 0.09 0.08 0.09 
Mn 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 1.18 1.19 1.25 1.21 1.25 1.17 1.17 1.21 1.24 1.22 1.19 1.19 1.16 

Mole fraction 
Fe/(Fe+Mg) 0.54 0.54 0.55 0.55 0.56 0.52 0.53 0.53 0.54 0.54 0.53 0.53 0.52 
Mg/(Mg+Fe) 0.46 0.46 0.45 0.45 0.44 0.48 0.47 0.47 0.46 0.46 0.47 0.47 0.48 
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APPENDIX B: GULP SIMULATION INPUT AND OUTPUT FILES 
 
The disc at the back of the dissertation includes the input files, final output files, and 
library (stephanie_partial.txt) for the simulations in Chapter 3. The file “Simulation 
Labels Table” matches the simulation names used in the dissertation (simulations A-J) 
with the appropriate input and output file names. 
 
Included Files: 
interface 3 final output.txt 
interface3 input.txt 
interface4 final output.txt 
interface4 input.txt 
interface6 final output.txt 
interface6 input.txt 
interface8 final output.txt 
interface8 input.txt 
interface9 final output.txt 
interface9 input.txt 
interface10 final output.txt 
interface10 input.txt 
interface11 final output.txt 
interface11 input.txt 
interface12 final output.txt 
interface12 input.txt 
interface13 final output.txt 
interface13 input.txt 
interface14 final output.txt 
interface14 input.txt 
Simulation Labels Table.pdf 
Stephanie_partial.txt 
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APPENDIX C: REACTION AND PHASE-ASSEMBLAGE HISTORY IN 

GARNETS OF THE PICURIS MOUNTAINS 

 Figure C-1 schematically illustrates the following summary of Crawford’s (2008) 

detailed explanation of the reaction and phase-assemblage history in garnets of the 

Picuris Mountains like those examined in this study. The core of the garnet shows normal 

zoning (Fig. C-1a) produced while garnet grew via a reaction approximated by 

chl + qtz = grt + H2O.  

At approximately one-third of the radial distance from the core to the rim, there is a sharp 

rise and fall (a 'spike') in Ca, a sharp decrease then increase in Y, and a decrease in Ti and 

P (Fig. C-1b). The presence of biotite inclusions exclusively outside the Ca spike, tied 

with the decrease of Ti in garnet, indicates a change in the garnet-forming reaction to one 

approximated by 

chl + ms + pl + qtz = grt + bt + H2O.  

Breakdown of plagioclase releases Ca, and the nucleation of Ti-bearing biotite explains 

the reduction of Ti in garnet and the appearance of biotite inclusions. The presence of Ca 

and Y spikes, combined with the presence of monazite inclusions rimward of these 

spikes, indicates a change in the accessory-phase assemblage from a phosphate-absent 

assemblage to a phosphate-present assemblage. Although there is no direct evidence for 

allanite in the rocks, its breakdown would release Ca and Y, which would be incorporated 

into garnet (accounting for the Ca and Y spikes) and newly present monazite. Monazite 

would also consume the P released by the breakdown of plagioclase, which explains the 

drop of P in the garnet. A subsequent decrease in Ca and Y is coupled with continued low 

abundances of P and Ti (Fig. C-1c). Apatite, found only in the matrix and outside of the 
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Ca-spike in the garnet as inclusions, and xenotime are strong candidates for causing 

decreases in Ca and Y in addition to keeping P concentrations low. Xenotime is not found 

in the matrix or as inclusions in the garnets, but its presence as a transitory phase is 

plausible. Ca, Y, and P would partition more strongly into the nucleated apatite and 

xenotime, leaving low abundances to be incorporated in the growing garnet. A continued 

decrease of Ca along with sharp increases in Y, P, and Ti are observed only slightly 

closer to the rim of the garnet (Fig. C-1d). The simplest explanation for these features is 

the breakdown of xenotime. This would release Y and P into the matrix, to be 

incorporated into the garnet, causing the sharp rise seen in the garnet zoning. The cause 

of the Ti increase cannot be identified with certainty, but it is likely linked to changes in 

the stability of either ilmenite or rutile or both. The last stage of garnet growth (Fig. C-1e) 

occurs within the final matrix assemblage of qtz + pl + bt + ms.  
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Fig. C-1 Schematic illustration of reaction history recorded by zoning in Picuris garnets 
(after Crawford, 2008). (a) Normal garnet growth begins according to a reaction 
approximated by chl + qtz = grt + H2O. (b) The garnet-forming reaction changes to one 
approximated by chl + ms + plg + qtz = grt + bt + H2O. Plagioclase breakdown raises Ca 
concentration in garnet; biotite production lowers Ti in garnet. Simultaneously, allanite 
breaks down to form monazite, which raises Y while lowering P in garnet. (c) Nucleation 
of apatite and xenotime accounts for decreases in Ca and Y, while maintaining P at low 
levels. (d) Xenotime becomes unstable and breaks down, raising Y and P in garnet. The 
Ti increase is likely related to changes in the stability of ilmenite and/or rutile. (e) Normal 
garnet growth resumes. 
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