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ABSTRACT 

 

Birefringence in some cubic silicate garnet was observed over 100 years ago, but 

the origin of this anisotropy is still not known.  This study examines four birefringent 

andradite garnet samples (ideally, Ca2Fe3Si2O12) from Crowsnest Pass, Alberta (CP-1), 

Graham County, Arizona (GCA-1 and GCA-2), and Ambanja, Madagascar (AM-1) using 

synchrotron high-resolution powder X-ray diffraction (HRPXRD), electron microprobe 

analysis (EMPA), and single crystal X-ray diffraction (SXTL) to understand the observed 

anisotropy or birefringence.   

The average chemical analyses for the four samples, in the general 

formula [8]X3
[6]Y2

[4]Z3
[4]O12, are as follows:  CP-1:  {Ca2.85Mn0.06

2+ Fe0.05
2+ Mg0.04}Σ=3.00 

[Fe1.27
3+ Al0.47Ti0.19

4+ Fe0.07
2+ ]Σ=2.00(Si2.88Al0.12)Σ=3.00O12 , Adr64Grs19Mrm7;  

GCA-1:  {Ca3.04}Σ=3.04[Fe1.90
3+ Al0.04Mn0.02

3+ Mg0.01]Σ=1.96(Si2.92Al0.04Fe0.04
3+ )Σ=3.00O12, 

 Adr95 ; AM-1:  {Ca3.04}Σ=3.04[Fe1.95
3+ Mg0.02]Σ=1.97(Si2.95Al0.04Fe0.01

3+ )Σ=3.00O12 , Adr97 ; 

GCA-2:{Ca2.99Mg0.01}Σ=3.00[Fe1.99
3+ Mn0.01

3+ ]Σ=2.00(Si2.95Al0.03Fe0.02
3+ )Σ=3.00O12, Adr98.   

HRPXRD data were analyzed using the Rietveld method and space group Ia3�d.  

Three phases were observed in the HRPXRD trace of each sample.  The R(F)2 value, a 

cell parameter, and weight percent (wt. %) of each phase, for each sample are as follows.  

CP-1:  R(F)2 = 0.0315, for phase-1 a = 12.00006(2) Å, 62.85(7) wt. %; for phase-2 a = 

12.04951(2) Å, 19.14(9) wt. %; for phase-3 a = 12.01968(3) Å, 18.0(1) wt. %.  GCA-1:  

R(F)2 = 0.0291, for phase-1 a = 12.06314(1) Å, 51.9(3) wt. %; for phase-2 a = 11.9931(1) 

Å, 14.15(6) wt. %; for phase-3 a = 12.0564(1) Å, 33.9(3) wt. %.  AM-1:  R(F)2 = 0.0231, 

for phase-1 a = 12.062764(6) Å, 52.21(8) wt. %; for phase-2 a = 12.00599(2) Å, 9.26(8) 
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wt. %; for phase-3 a = 12.05647(3) Å, 38.5(1) wt. %.  GCA-2:  R(F)2 = 0.0308, for 

phase-1 a = 12.05416(2) Å, 71.52(7) wt. %; for phase-2 a = 12.048854(5) Å, 24.5(1) wt. 

%; for phase-3 a = 12.06868(2) Å, 3.98(8) wt. %.  SXTL results of samples CP-1 and 

GCA-1 indicate:  a = 11.9930(9) Å, R1 = 0.0331, and wR2 = 0.0469 for the CP-1 sample, 

and a = 12.0510(7) Å, R1 = 0.0187, and wR2 = 0.0320 for the GCA-1 sample.  The 

refinement results show that the HRPXRD method provides superior data and has the 

ability to observe multiple phases, both of which the SXTL method lacks.  For the 

dominant phase in each sample, the following bond distances and site occupancy factor 

(sof) were observed:  for CP-1, <X-O> = 2.4196, Y-O = 2.831(1), and Z-O = 2.765(1) Å; 

sof, X = 0.970(2), Y = 0.763(1), and Z = 0.954(2).  For GCA-1, <X-O> = 2.4348, Y-O = 

2.819 (1), and Z-O = 2.755(1) Å; sof, X = 0.955(2), Y = 0.930(2), and Z = 0.917(2).  For 

AM-1, <X-O> = 2.4319, Y-O = 2.884(0), and Z-O = 2.748(1) Å; sof, X = 0.955(2), Y = 

0.941(2), and Z = 0.939(2).  For GCA-2, <X-O> = 2.4339, Y-O = 2.753(1), and Z-O = 

2.753(1) Å; sof, X = 0.939(2), Y = 0.901(2), and Z = 0.950(2).  The multiple cubic phases 

cause strain due to mismatch of the different cubic cells at the boundaries between each 

phase and give rise to the birefringence observed in each sample.  This is the first study to 

show that birefringent garnet samples consist of multiple cubic phases.   
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CHAPTER 1 

INTRODUCTION 

 

 Common silicate garnet-group minerals occur in a wide variety of parageneses.  

Found in numerous metamorphic environments (thermal, regional, or contact 

metamorphism), as well as in granites, syenites, pegmatites, kimberlites and detrital 

sediments (Deer et al. 1982a; Deer et al. 1982b).  Detrital varieties are dominantly of 

almandine and pyrope variety.  

Garnet-group minerals are cubic, belonging to space group Ia3�d and point group 

4/m3�2/m (Skinner 1956; Novak and Gibbs 1971; Armbruster and Geiger 1993).  Garnet 

is characterized by euhedral to subhedral crystals of high density, high refractive index, 

and hardness (6 to 7.5), due to the dense arrangement of atoms (Novak and Gibbs 1971; 

Merli et al. 1995).  Although garnet is an isotropic mineral, the ugrandite-series 

frequently shows marked anisotropy (Deer et al. 1982a).  Andradite often display 

anomalous birefringence ranging from 0.001 to 0.005 observed as zones of anisotropy 

that are length slow and show parallel extinction at zone contacts (Lessing and Standish 

1973; McAloon and Hofmeister 1995; Shtukenberg et al. 2002).  Spessartine can also 

show weak anisotropy in some samples (Deer et al. 1982a).  Optically, birefringent 

andradite is biaxial with a 2Vx = 86 - 88° (Akizuki 1984; Shtukenberg et al. 2002; Badar 

et al. 2010), an average a cell parameter of 12.058(1) Å (Novak and Gibbs 1971; Kingma 

and Downs 1989) and reactive index (RI) > 1.81 (Lessing and Standish 1973; Adamo et 

al. 2011).  The cause of the birefringence in normally cubic garnet-group minerals is still 

unknown and is examined in this study.  With the use of electron microprobe analysis 
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(EMPA), single-crystal X-ray diffraction (SXTL), and synchrotron high-resolution 

powder X-ray diffraction (HRPXRD), the crystal chemistry of four near end-member 

andradite garnet samples will be compared.  Compositional and structural trends will be 

discussed and analyzed throughout this thesis.  Three different cubic phases were 

observed in the HRPXRD refinement of each andradite sample.  The strain caused from 

these multiple phases is the cause of the birefringence observed in each of the four 

samples. 

Silicate garnets are divided into six common end-members based on their 

chemical composition and structural properties. They include pyrope, almandine, 

spessartine, grossular, andradite, and uvarovite.  These garnets, with general 

formula [8]X3
[6]Y2

[4]Si3
[4]O12, can be further subdivided in two groups (1) ugrandite 

series, where X is filled with Ca, and (2) pyralspite series, where X is not Ca and Y is 

filled with Al (Table 1.1; Novak and Gibbs 1971; Takéuchi et al. 1982).  Ugrandite 

garnets include grossular, uvarovite, and andradite, whereas pyralspite garnets include 

pyrope, almandine, and spessartine.   

 

Table 1.1.  Garnet series 

1. Ugrandite series  2. Pyralspite series 

Grossular Ca3Al2Si3O12  Pyrope Mg3Al2Si3O12 

Uvarovite Ca3Cr2Si3O12  Almandine Fe3Al2Si3O12 

Andradite Ca3Fe2Si3O12  Spessartine Mn3Al2Si3O12 
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Both ugrandite and pyralspite garnets display specific bonding, structural, and 

chemical properties that are specific to each group. For example, pyralspites are 

characterized by having a shorter shared octahedra-octahedra (Y-Y) and dodecahedra-

octahedra (X-Y) edges than unshared edges, whereas ugrandites display the exact 

opposite (Ungaretti et al. 1995).  Meagher (1975) reported that solid solutions can 

develop between the ugrandite and pyralspite groups when the bulk chemistry and 

crystallization pressure and temperature conditions are just right.  Almandine-grossular 

and spessartine-grossular solid solutions have been observed in nature as well as 

synthesized in a laboratory setting, the pyrope-grossular solid solution has only been 

synthesized in a laboratory setting (Geiger 2008).  At least 16 additional end-member or 

theoretical garnet species exist, including schrolomite, and morimotoite. 

(Chakhmouradian and McCammon 2005; see Locock (2008) for additional end-

members).  This study will focus exclusively on andradite garnets of the ugrandite-series. 

 Solid solutions can exist between garnet end-members within an individual group, 

particularly grossular and andradite, which form the grandite series.  Garnets belonging to 

the grandite series contain Al3+ and Fe3+ on the Y octahedral site, and Ca2+ in the X 

dodecahedral site (Akizuki 1984; Shtukenberg et al. 2001).  Intermediate compositions as 

well as end-member andradite or grossular compositions often display anomalous 

birefringence.  Growth dissymmetrization related to geometrical differences between 

positions equivalent in the bulk crystal and growth surface have been observed in some 

grandite garnets (Akizuki 1984; Shtukenberg et al. 2005).  This leads to minor structural 

distortions, specifically, deformation of the unit cell, differences in reflection intensities, 

and forbidden reflections, which all result in an apparent symmetry reduction from the 
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normal cubic symmetry (Ia 3�𝑑 ) to orthorhombic (Fddd) or triclinic (I 1�)  symmetry 

(Takéuchi et al. 1982; Akizuki 1984; Hirai and Nakazawa 1986; Allen and Buseck 1988; 

Shtukenberg et al. 2001; Shtukenberg et al. 2002; Frank-Kamenetskaya et al. 2007; Badar 

et al. 2010).  Numerous authors have attributed the growth dissymmetrization hypothesis 

as the cause of birefringence in garnet (Akizuki 1984; Shtukenberg et al. 2001; 

Shtukenberg et al. 2002; Frank-Kamenetskaya et al. 2007).   

 Heating experiments have shown that birefringent grandite garnets become 

isotropic at temperatures between 800 and 1200 °C (Chase and Lefever 1960; Takéuchi 

et al. 1982; Allen and Buseck 1988; Hatch and Griffen 1989).  Annealing at lower 

temperatures can cause the grandite garnet to regain birefringence, suggesting the 

observed lower symmetry is related to temperature-induced order-disorder phase 

transformations (Hatch and Griffen 1989).  However, additional studies by Takéuchi et 

al. (1982) show that samples may revert to isotropic conditions even after annealing at 

lower temperatures for several hours.  However, heating of a multiphase sample can 

show these same effects. 

 

1.1  Crystal structure of andradite  

 Garnet-group minerals are classified as orthosilicates, with formula units Z = 8 

and the general formula [8]X3
[6]Y2

[4]Z3
[4]O12.  The X site is occupied with Na+, Mg2+, 

Ca2+, Mn2+, and Fe2+; Y site with Mg2+, Al3+, Si4+, Ti4+, Cr3+, and Fe3+; and Z site with 

Si4+, Al3+, and Fe3+ cations (Frank-Kamenetskaya et al. 2007; Locock 2008).  The crystal 

structure of andradite, ideally, Ca3Fe23+Si3O12 , consists of a slightly distorted X 

dodecahedra, isolated Z tetrahedra, and Y octahedra that are connected by their corners 



5 
 

 

forming a three dimensional framework (Novak and Gibbs 1971; Armbruster and Geiger 

1993; Armbruster et al. 1998; Fig. 1.1 and Fig. 1.2).  In the crystal structure, each 

dodecahedron shares edges with four adjacent dodecahedra, four octahedra and two 

tetrahedra (Novak and Gibbs 1971; Merli et al. 1995; Geiger 2008).  In silicate garnets, 

the shared edges are not equal to the unshared edges resulting in a distorted polyhedra 

(Deer et al. 1982a).  The relationship between each polyhedra is shown in Figure 1.3, 

such that each dodecahedron shares four edges with four different adjacent dodecahedra, 

an octahedron shares six edges with six different adjacent dodecahedra, and a tetrahedron 

shares two edges and four corners with adjacent dodecahedra.  

The X, Y, and Z sites lie in the special positions (⅛, 0, ¼), (0, 0, 0), and (⅜, 0, ¼), 

respectively, whereas O lies in a general position coordinated by one tetrahedron, one 

octahedron, and two dodecahedra (Fig. 1.4; Menzer 1928; Abrahams and Geller 1958; 

Deer et al. 1982b; Hazen and Finger 1989).  The X site occupies the 24c position, Y site 

occupies the 16a position, and the Z site occupies the 24d position (Table 1.2; Abrahams 

and Geller 1958; Hazen and Finger 1978; Geiger 2008). 

 

 

Table 1.2.  Structural symmetry, coordination, and wyckoff position of the 
garnet structure (modified after Geller 1967) 

 Dodecahedron Octahedron Tetrahedron Anion 

Point symmetry 222 3� 4� 1� 

Wyckoff position 24c 16a 24d 96h 

Coordination to oxygen 8 6 4  

 



6 
 

 

 The large size of the X site has various effects on bond lengths, bond angles, and 

stability.  In andradite, Ca2+ occupies the X site causing a decrease in the Y-O distance 

and a more regular Z tetrahedron when compared to the pyralspite-series (Novak and 

Gibbs 1971).  Regarding the Ca dodecahedron, there are two types of X-O bonds, four 

shorter X-O bonds and four longer X’-O bonds (Novak and Gibbs 1971; Geiger 2008).  

For andradite, the average <X-O> distance is ~ 2.433 Å, and decreases as the Y site 

occupancy changes from Ca2+ to Al3+ and moves towards the grossular end-member 

(Novak and Gibbs 1971; Armbruster et al. 1998).  In the octahedron, the edges shared 

with the dodecahedra are significantly longer than the unshared edge.  This is because as 

the composition changes from grossular to andradite, the shared edge increases linearly 

while the unshared edge decreases in length (Novak and Gibbs 1971).  Therefore, as Ca2+ 

is introduced into the X site, the X-Y distance increases, causing a weaker cation-cation 

repulsion across the shared edge, forcing the two oxygen of the unshared edge closer 

together (Novak and Gibbs 1971).  The tetrahedra Si-O distance varies slightly across all 

silicate garnets, where andradite has a distance slightly smaller than grossular.  

 High pressures studies of andradite reveal that the dodecahedron, octahedron, and 

tetrahedron all undergo significant compression with increasing pressure (Gibbs and 

Smith 1965; Hazen and Finger 1989).  The a cell parameter decreases by 3.1 % as 

pressure increases up to 19 GPa.  Similarly, the Si-O, Fe-O, and Ca-O distances 

experience nearly 4.0 % total compression between room pressure and 19.0 GPa (Hazen 

and Finger 1989).  The O-Si-O and O-Fe-O angles however, remain relatively unchanged 

as pressure increases to 12.5 GPa.     
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Figure 1.1.  Polyhedral representation of the garnet crystal 
structure containing a framework of alternating purple 
dodecahedra, yellow octahedra, and dark-gray tetrahedra.  
Oxygen symbol is excluded for simplicity.  The structure is 
viewed down the c-axis.  The dashed black box is the unit cell 
outline. 
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Figure 1.2.  Two garnet unit cells highlighting the high 
percentage of shared edges, resulting in a tightly packed 
structure that leads to the high density and high refractive index 
observed in garnet.  The dodecahedral, octahedral, and 
tetrahedral sites are represented by purple, yellow, and dark-
gray, respectively.  The structure is viewed down the c-axis.  The 
dashed black box is the unit cell outline. 
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Figure 1.3.  A portion of the garnet crystal structure showing the relationship between 
the polyhedra.  (a) Edge-sharing relationship between adjacent dodecahedra.  Four edges 
are shared.  (b) Edge sharing relationship between an octahedron and the adjacent 
dodecahedra.  Six edges are shared between an octahedron and dodecahedra.  
(c) Relationship between a tetrahedron and the adjacent dodecahedra.  The tetrahedron 
shares two edges and four corners with the dodecahedra.  The dodecahedra, octahedra, 
and tetrahedra are shown in purple, yellow, and dark gray, respectively.   

 

 

 

(a) 

(b) (c) 
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Figure 1.4.  Ball and stick model of andradite showing 
the oxygen coordination.  X (Ca), Y (Fe), and Z (Si) are 
shown as purple, yellow, and dark gray, respectively.  Note 
the X’-O bond is longer than the X-O bond.   

 

X’ 

X 

Z Y 

O 
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1.2  Crystal Chemistry of Andradite  

 

1.2.1  Ti Components in Andradite 

 Ti-bearing andradites are usually dark in colour, often black or deep red, and 

described by the variety name melanites.  Depending on the Ti concentration and 

substitution mechanism, melanites can be subdivided into either schorlomite, 

{Ca3}[Ti24+](SiFe23+)O12 , or morimotoite, {Ca3}[TiFe2+](Si3)O12  (Deer et al. 1982a; 

Armbruster et al. 1998; Chakhmouradian and McCammon 2005).  Melanite is 

characterized by Ti4+ occupation on the Y site, whereas, schorlomite is characterized by a 

greater Ti4+ occupation, where Ti4+ > Fe3+ on the Y site (Deer et al. 1982a).  The 

substitution of Fe3+ and Al3+ for Si4+ in the tetrahedral site results in Ti4+ entering the 

Y site to maintain charge balance leading to a schrolomite end-member (Armbruster et al. 

1998; Chakhmouradian and McCammon 2005; Locock 2008).  The hypothetical end-

member schorlomite-Al, {Ca3}[Ti24+](SiAl2 )O12, has been established to accommodate 

the range of major-element compositions of natural garnets (Locock 2008).   

 The incorporation of Ti into the andradite crystal structure causes an expansion of 

the Z tetrahedra and a decrease in the Y-O distance (Armbruster and Geiger 1993; 

Armbruster et al. 1998).  Normally, Ca2+ in andradite is slightly overbonded, so the 

substitution of Ti4+ allows the X dodecahedron to expand, resulting in an increase in the 

Ca-O distance and a reduction in strain (Armbruster and Geiger 1993).  The Ca-O 

distances increase from 2.362 and 2.502 Å in andradite to 2.38 and 2.52 Å for 

schorlomite (Armbruster and Geiger 1993; Armbruster et al. 1998).  An increased a cell 

parameter is observed in schorlomite and morimotoite (~ 12.166 Å; Kühberger et al. 
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1989) when compared to andradite (12.058(1) Å; Novak and Gibbs 1971).  Armbruster et 

al. (1998) attributes the increase of the unit-cell dimension to repulsion between the 

dodecahedra and octahedra, which results in a decrease in the shared octahedra-

dodecahedra edge (Y-X) and an increase in the shared tetrahedra-dodecahedra edge (Z-

X).  As the Ti content increases, the X-Y distance increase and the Y-O distance 

decrease, resulting in a decrease in length of the shared octahedra-dodecahedra edge 

(Armbruster et al. 1998).  In order to favour octahedra Ti substitution, the X-Y separation 

must be large enough to avoid excess strain (Armbruster et al. 1998).  

 

1.2.2  Hydrous Components in Andradite 

 Hydrous andradite commonly referred to as hydroandradite [ideally, 

Ca3Fe22+(OH12)] form from coupled substitution of H and tetrahedral vacancies in place 

of Si, giving rise to the hydrogarnet substitution mechanism, (O4H4)4- = (SiO4)4- (Lager 

et al. 1989; Armbruster 1995; Amthauer and Rossman 1998).  Ti can also play an 

important role within the structure, usually causing an increase in the hydrous component 

(Armbruster 1995).  

 Amthauer and Rossman (1998) studied andradite samples from a variety of 

geological environments, and observed a common absorption peak on fourier transform 

IR spectroscopy, which they attributed to represent hydrogarnet substitution. They 

concluded that the incorporation of hydroandradite in andradite decreases with increasing 

temperature, and even more so with increasing pressure.  Therefore OH- substitution is 

unlikely to be very large at higher grades of metamorphism.  Amthauer and Rossman 

(1998) suggest that as OH- content increases the colour of the crystal will darken.  This is 
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the case for Ti-andradite, which display a black colour and a slight Si deficiency, where 

the OH- content increases up to ~ 2.5 wt. % H2O (Amthauer and Rossman 1998).  

Therefore if elevated OH- apfu are reported in other Fe3+ rich garnets, it is likely that H 

incorporation into garnets is a regular phenomenon.  It is important to note that the term 

hydroandradite is not an accepted mineral name by the IMA Commission on New 

Minerals and Mineral Names (Aleph Enterprises 1993). 

 

1.3  Purpose of this Study 

 The main goal of this study is to compare the crystal chemistry of four garnet 

samples, identify structural trends, and explain the anisotropy observed in andradite 

garnet.  Regarding cubic garnet, the main problem that arises is the discrepancy between 

light microscopy and X-ray diffraction.  Light microscopy reveals anisotropy but X-ray 

diffraction reveals cubic symmetry.  With the use of electron microprobe analysis 

(EMPA), single-crystal X-ray diffraction (SXTL), and synchrotron high-resolution 

powder X-ray diffraction (HRPXRD) the chemistry and crystal structure can be 

compared and discussed, and the origin of the anisotropy can be addressed.  HRPXRD is 

a very important tool as it provides high quality data and therefore more superior results 

than some of the other diffraction methods, especially for samples that are multi-phase.  

HRPXRD results reveal three different cubic phases present in each of the four near end-

member andradite samples.  These phases are believed to cause strain within the crystal 

structure due to lattice mismatch at the boundary of each phase, resulting in 

birefringence.  All previous research on birefringence and garnets has been done with 

SXTL and therefore multiple phases have never been observed until now.   
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 In order to properly compare this study with previous work, a brief outline of 

previous research on birefringence and garnet is discussed and analyzed in Chapter 2.  

The experimental techniques of each method (EMPA, SXTL, and HRPXRD) used in this 

study along with sample descriptions for the CP-1, GCA-1, AM-1, and GCA-2 samples 

are highlighted in Chapter 3.  The EMPA results comparing homogeneous and 

heterogeneous compositions, the SXTL results for the CP-1 and GCA-1 samples, and the 

HRPXRD results for the CP-1, GCA-1, AM-1, and GCA-2 samples are discussed and 

analyzed in Chapter 4.  In Chapter 5 the conclusions of this study are presented, and a 

new hypothesis regarding the origin of birefringence or anisotropy in near end-member 

andradite garnet is proposed.   

 

 



15 

 

CHAPTER 2 

PREVIOUS RESEARCH ON BIREFRINGENCE IN GARNETS 

 

 Numerous studies (Brauns 1891; Ingerson and Barksdale 1943; Chase and 

Lefever 1960; Akizuki 1984; Frank-Kamenetskaya et al. 2007; Badar et al. 2013) have 

been carried out on the garnet structure because of the anisotropy observed in andradite 

and grandite garnets.  The origin of this anomalous birefringence has been attributed to 

numerous factors, such as, twinning (Ingerson and Barksdale 1943), uneven strain related 

to compositional inhomogeneity (Lessing and Standish 1973; McAloon and Hofmeister 

1995), distribution of OH- groups (Rossman and Aines 1986; Allen and Buseck 1988; 

Akizuki 1989; Amthauer and Rossman 1998), partial ordering of Fe3+ and Al3+ on the 

octahedral Y site (Akizuki 1984; Allen and Buseck 1988; Shtukenberg et al. 2002), and 

partial ordering of Ca2+ and impurities of Mg2+, Mn2+, and Fe2+ on the dodecahedral X 

site (Griffen et al. 1992).  Currently, the most accepted theory related to anisotropy in 

garnet is that of Fe3+-Al3+ ordering on the octahedral Y site.  This study does not agree 

with the findings in the above studies and shows that birefringence arises from strain due 

to different cubic phases intergrown together.  

 

2.1  Twinning 

 Ingerson and Barksdale (1943) studied a birefringent grossularite-rich andradite 

displaying two distinct colour variations each with a different specific gravity.  Under the 

microscope, in orientated thin sections, they observed well-defined banding or twinning 

parallel to the external striations displaying parallel extinction, herringbone lamellae 
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parallel to (111) plane, and complex mottling similar to that observed in microcline 

(Chase and Lefever 1960).  Heating experiments were performed to determine the 

temperature at which the sample reverts back to cubic symmetry thus losing its 

anisotropy or birefringence.  Ingerson and Barksdale (1943) determined that this 

temperature likely correlates to the conditions at which the grandite formed.  Heated 

garnet sections displayed a decrease in birefringence at around 1060 °C and continued to 

decrease until the melting point at ~ 1250 °C.  As the temperature nears melting, the 

birefringence becomes very low, but the twinning lamellae and iridescence remain 

visible.  Ingerson and Barksdale (1943) believed that birefringence is related to 

reflections from fine polysynthetic twinning, and the intensity of that birefringence is 

dependent on the thickness of the individual lamellae.  These observations led Ingerson 

and Barksdale (1943) to attribute iridescence to very fine (111) lamellae, which appear to 

show higher birefringence as the lamellae grow smaller.   

 Twinning represents a symmetrical intergrowth of two or more crystals of the 

same mineral, indicating different parts of the crystal are related to each other.  

Therefore, the chemistry and structure are exactly the same throughout the crystal.  

Because twinning is common in many minerals, it does not cause anomalous 

birefringence.  

 

2.2  Residual Strain and Chemical Inhomogeneity 

 Zoned crystals are important as they contain a record of chemical and 

mineralogical changes that occurred during formation.  The core of the crystal will have 

one composition as it first grows, then as the crystal grows larger the composition of each 
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new layer changes.  Garnets can display a variety of oscillatory, growth-sector, and 

subsector zoning as well as dodecahedral twinning (Chase and Lefever 1960; Lessing and 

Standish 1973; Hirai and Nakazawa 1982; Badar et al. 2010; Badar et al. 2013).  Wavy 

extinction, zoning, and twinning, are all typical examples of optical anomalies (McAloon 

and Hofmeister 1993; Badar et al. 2010).  

 Lessing and Standish (1973) studied grandite garnets from Crested Butte, 

Colorado that displayed both oscillatory zoning and dodecahedral twinning.  They 

discovered that the oscillatory zones fluctuated between pure andradite and grandite 

(Adr50-Grs50) compositions.  This chemical heterogeneity can be explained by cyclical 

variations of Fe2+, Fe3+, and Al3+ in the hydrothermal fluids during formation (Lessing 

and Standish 1973).  The oscillatory zoning observed was relatively narrow with sharp 

contacts, suggesting rapid crystal growth and/or compositional changes of the 

hydrothermal solution (Lessing and Standish 1973; Badar et al. 2010).  Although the 

differences in composition might be slight, the presence of subsector zoning controls the 

growth steps and thus, formation of optical anomalies (Shtukenberg et al. 2001).  Optical 

properties will vary from one growth face or zone to another, mainly because of 

differences in growth direction and rate (Badar et al. 2010; Badar et al. 2013).  

 Shtukenberg et al. (2001) attributed mismatched strain as a possible mechanism for 

the presence of optical anomalies.  They suggest that if birefringence is low, the 

distribution of birefringence throughout the crystal will be complex and depend greatly 

on the compositional inhomogeneity.  Kitamura and Komatsu (1978) found that 

compositional variations result in lattice mismatch at growth contacts and give rise to 

stress birefringence.  Chase and Lefever (1960) found that birefringence decreases 
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sharply when sections were annealed at 1200 °C for 24 hours, suggesting strain develops 

in the crystal as it cools.  McAloon and Hofmeister (1993) suggest that the presence of 

strain accounts for changes in space groups.  However, the amount of strain needed for 

birefringence does not change from one space group to another (e.g. from I1� to Ia3�d; 

McAloon and Hofmeister 1995).  If the crystal has deformation, strain or cracks, then 

birefringence will likely result due to mismatched strain (Shtukenberg et al. 2001).  

Although the above can give rise to strain, these authors have not observed different 

cubic phases intergrown together, as shown in this study, as the cause for the strain that 

gives rise to birefringence.  Additionally, zoning was not observed in any of the four 

samples in this study, so cannot be the cause for anisotropy or birefringence.   

 

2.3  Hydrous Components 

 Integral absorbance studies reveal that the hydroxide ion, shown as H2O, is a 

common minor component in many silicate garnets, specifically, grossular and andradite.  

When present, it occupies tetrahedral vacancies in place of Si, where charge is balanced 

by (O4H4)4- substituting for (SiO4)4- (Allen and Buseck 1988; Lager et al. 1989; 

Amthauer and Rossman 1998).  Studies by Aines and Rossman (1985) and Rossman and 

Aines (1991) suggest that H enters the garnet structure when structurally bonded to O 

forming OH-. 

 Rossman and Aines (1986) and Allen and Buseck (1988) observed birefringence in 

nearly end-member grossular and indicated that the cause of the birefringence was 

attributed to a non-cubic distribution of OH groups.  However, they could not determine 

if the low-symmetry OH orientation was a primary feature or in response to another 
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factor related to preferential ordering during crystal growth.  Rossman and Aines (1986) 

concluded that the lack of anisotropy in the Fe2+ spectra and the nearly end-member 

composition suggest that octahedra ordering of Fe3+ and Al3+ cannot be the cause of 

anisotropy in garnet.  Later studies by Rossman and Aines (1991) showed limited 

amounts of OH, and weakly anisotropic absorption bands, indicating OH is not 

responsible for birefringence.   

 IR spectrum studies of grossular and andradite show a higher degree of complexity.  

More complex absorption bands suggest another possible mechanism involving OH- 

incorporation into the X or Y sites.  Amthauer and Rossman (1998) suggest that coupled 

substitution with cations may be responsible for anisotropy and birefringence in garnet 

(Amthauer and Rossman 1998).  Thus, OH- is incorporated into the garnet structure by 

another mechanism, not just exclusively (O4H4)4-  = (SiO4)4- (Rossman and Aines 1991).  

Allen and Buseck (1988) carried out unpolarized IR spectra on anisotropic grossular and 

found that the spectra reveal anisotropy with respect to OH orientation. 

 The exact reason for the higher degree of complexity in IR spectra is not clear.  

However, zoning and Si deficiency are the main mechanisms believed to be the 

controlling factors (Amthauer and Rossman 1998).  When Si is deficient, Ti4+, Fe3+, 

Mn3+, and Al3+ are easily distributed over the octahedral and tetrahedral sites (Allen and 

Buseck 1988; Armbruster 1995).  As a garnet’s crystal chemistry becomes more 

complex, incorporating more cations, it may allow the incorporation of OH- to increase 

(Amthauer and Rossman 1998).  Similarly, zoning in garnets may also result in a 

complex crystal chemistry, which again, may allow for the incorporation of OH- to 

increase.  Although the above studies provide reasonable explanations for birefringence, 



20 

 

end-member or near end-member andradite contain little to no OH- and the symmetry 

remains cubic.  As shown in this study, three of the andradite samples (GCA-1, AM-1, 

and GCA-2), are nearly pure end-member andradite, are fully occupied by Ca2+, Fe3+, and 

Si4+ cations in the dodecahedral, octahedral, and tetrahedral sites, display cubic 

symmetry, and contain no OH groups, therefore OH ordering cannot give rise to 

birefringence.   

 

2.4  Fe3+-Al3+ Ordering in Y-site 

 Cation ordering can be explained as differences in the immediate surroundings of 

the Fe3+ or Al3+ site in the octahedra (Akizuki 1984).  This ordering occurs along with 

displacement of oxygen atoms resulting in an increase in the mean Y-O interatomic 

distance proportional to the Fe content (Shtukenberg et al. 2001). 

 Akizuki (1984) and Akizuki (1989) observed that if growth steps kink, curve, or 

deform during growth, the Fe3+ and Al3+ partitioning on either side might differ from one 

another resulting in complex optical textures.  Akizuki (1984) proposed a growth 

dissymmetrization hypothesis where the atomic positions specifically, Y, are equivalent 

in the crystal volume, and can be geometrically and energetically non-equivalent on the 

actual crystal surface causing preferential site selection by the Fe3+ and Al3+ cations.  This 

gives rise to an ordered distribution of isomorphous atoms on the surface that is then 

incorporated into the volume of the crystal as it grows (Shtukenberg et al. 2001; 

Shtukenberg et al. 2002).  The appearance of reflections forbidden in the cubic space 

group Ia3�𝑑, result in the lowering of crystal symmetry to triclinic (I1�) or orthorhombic 

(Fddd), leading to optical anomalies (Takéuchi and Haga 1976; Takéuchi et al. 1982; 
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Akizuki 1984; Shtukenberg et al. 2001; Frank-Kamenetskaya et al. 2007).  Shtukenberg 

et al. (2005) found that if a grandite garnet has birefringence greater than 0.001, it is then 

characterized by partial ordering of cations on octahedral sites. 

 X-ray diffraction data shows both Fe3+-Al3+ ordering on octahedral sites and Ca2+-

Fe2+ ordering on dodecahedral sites (Allen and Buseck 1988).  When comparing 

anisotropic garnet (space group I1�) with that of an isotropic garnet (space group Ia3�𝑑), it 

can be seen that as temperature increases, so does disorder.  Allen and Buseck (1988) 

concluded that birefringence is strongly related to order and therefore, a strong link 

between anisotropy and ordering on the octahedral and dodecahedral sites must exist.  

 The exact origin of this ordering remains unknown, but it is thought to be either 

thermodynamic or kinetic order-disorder phase transition (Shtukenberg et al. 2001; 

Shtukenberg et al. 2002).  The size difference between the Al3+ and Fe3+ is an important 

factor related to ordering (Lessing and Standish 1973; Allen and Buseck 1988).  Because 

Al3+ is slightly smaller than Fe3+; 0.53 and 0.65 Å, respectively; it will occupy the 

smallest octahedral site on the crystal surface, and may cause enough stress necessary to 

cause anisotropy (Lessing and Standish 1973; Allen and Buseck 1988).  Shtukenberg et 

al. (2001) suggests that Fe3+-Al3+ ordering is strongly related to growth 

dissymmetrization, since compositional variations occur exclusively on Y sites.  

Therefore, if birefringence is high, and the optical pattern or compositional distribution is 

relatively simple, then it is likely that the optical anomalies are attributed to cation 

ordering or growth dissymmetrization (Shtukenberg et al. 2001; Shtukenberg et al. 2002).  

However, symmetry lower than cubic is difficult to prove with SXTL data because cell 

parameters achieved from lower symmetry show no difference from the cubic cell 
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parameters (Takéuchi et al. 1982; Frank-Kamenetskaya et al. 2007).  Additionally, the 

resulting symmetry violations (see Armbruster et al. 1992) and structures (e.g. I1�) are 

highly questionable as the differences between the a, b, and, c unit cell parameters are 

well within reasonable error.   

 

2.5  Ordering of Ca2+ and (Mg2+, Mn2+, and Fe2+) in X-site 

 Griffen et al. (1992) reported that chemical heterogeneities, if significant enough, 

could cause distortions to the crystal system and thus provide changes in symmetry, 

resulting in birefringence.  The garnet samples studied by Griffen et al. (1992) displayed 

chemical heterogeneity in Mn2+ (0.89 to 2.19 wt. %) and Mg2+ (0.05 to 0.18 wt. %), when 

all other elemental concentrations remained virtually constant.  They suggested that 

mutual substitution of spessartine and pyrope components could explain these elemental 

variations.  With the use of Mössbauer spectroscopy Griffen et al. (1992) determined 

peaks that indicated 94 % of the total Fe is Fe2+ and the other 6 % belongs to Fe3+, 

making a garnet composition of pyralspite75-grandite25.  Based on the single-crystal 

refinement Griffen et al. (1992) determined the unit cell to be pseudocubic, showing a 

true symmetry of tetragonal, based on the lower R-factor when compared to the cubic 

space group.  From the comparison of electron density and average weighted atomic 

number for the X site, they determined that the ionic radius and average weighted atomic 

number, respectively, vary from 0.92 Å and 24.4 for pyralspite and 1.12 Å and 20 for 

grandite.  The differences between mean bond length and electron density for the two X 

sites is very small and results in small shifts of the O and Si positions relative to those 

positions in the average cubic structure.  Griffen et al. (1992) suggests that these values 
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are consistent with ordering of (Fe2+, Mg2+, and Mn2+) into the X1 site and Ca2+ into the 

X2 site and are thus responsible for the observed anisotropy.  The exact cause of the 

ordering is attributed to a combination of the high pressure and low temperature in which 

the garnet sample crystallized (Griffen et al. 1992).  Again, refining a structure in a lower 

space group does not make it correct, especially since there is no convincing evidence 

that the symmetry is lower than cubic.   

 Since Brauns (1891) discovered birefringence in garnet, it has remained quite an 

interesting puzzle until now.  In this study, new evidence is provided which shows that 

birefringence arises from strain because of three cubic phases intergrown together. 
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CHAPTER 3 

EXPERIMENTAL TECHNIQUES 

 

3.1  Sample Description 

 Four birefringent andradite samples were used in this study and are summarized 

in Table 3.1.  Two samples are from Graham County, Arizona.  One sample is black in 

colour (GCA-2) and the other is honey yellow (GCA-1).  The large crystals of GCA-2 (~ 

3 cm in diameter) show weak birefringence.  GCA-1 is found as translucent 

interconnected crystals up to 1 cm in diameter and show weak birefringence.  AM-1 is 

from Ambanja, Madagascar (Diana Mine, Diego Suarez).  The crystals are very clear, 

translucent, light green yellow in colour and show weak birefringence.  CP-1 is from 

Crowsnest Pass, Alberta, is deep red brown in colour and weakly birefringent. 

 

3.2  Optical Microscopy 

All four samples were examined under both reflected and transmitted light to 

assess physical characteristics.  High quality, high purity, inclusion, and zone-free 

crystals were selected for the following experiments:  electron microprobe analysis 

(EMPA), single-crystal X-ray diffraction (SXTL), and synchrotron high-resolution 

powder X-ray diffraction (HRPXRD).  

In order to determine anisotropy, crystals were crushed and examined under a 

polarizing microscope.  Birefringence was observed along the edges of the crystals and 

tabulated based on no birefringence, weak birefringence or strong birefringence.   
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3.3  Electron Microprobe Analysis (EMPA) 

Electron microprobe analyses were conducted on the JEOL JXA-8200 electron 

microprobe in the Department of Geoscience, University of Calgary.  The JEOL software 

program performed ZAF corrections to correct the matrix effects related to sample 

composition.  Four garnet samples, were loaded into individual chambers on a disk, and 

fixed with epoxy resin.  The disk was polished to remove scratches from the sample using 

sand paper and diamond paste (Table 3.2) and finally, carbon coated to make the samples 

conductive.  Analysis was conducted with a beam diameter of 5 µm, beam current of 20 

Table 3.1.  Physical and optical properties of the garnet samples from this study 

Sample 
# 

Locality Composition* Description δn
**  

CP-1 Crowsnest Pass, 
Alberta 

Adr64Grs19Mrm7 Deep red brown 
homogeneous crystals, 
ranging from 1 mm to 4 mm 

Weak 

GCA-1 Graham County, 
Arizona 

Adr95 Honey yellow homogeneous 
crystals, with sizes ranging 
from 3 mm to 1 cm 

Weak 

AM-1 Ambanja, 
Madagascar (Diana 
Mine) 

Adr97 Small light yellow green 
homogeneous crystals 

Weak 

GCA-2 Graham County, 
Arizona 

Adr98 Weathered black crystals, 
with sizes ranging from 2 
mm to 3 cm 

Weak 

*Adr = Andradite, Grs = Grossular, Mrm = Morimotoite (after Whitney and Evans 2010).  
The exact composition is given on pp. 45 and Appendix A Table A1.1 to Table 
A1.4.  **δn = Birefringence. 
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nA, and an accelerating voltage of 15 kV.  Calibration of the instrument to detect the 

presence of various cations was performed using numerous standards (Table 3.3).  An 

average of seven to eight points were analyzed along the maximum dimensions of the 

crystal avoiding areas that were scratched, uneven, or contained inclusions.  

 

 

Table 3.2.  Sand paper and diamond paste used during polishing 

Type Hardness 

Coarse sand paper P400 
Fine sand paper P60 
Coarse diamond paste 9 μm 
Medium diamond paste 6 μm 
Fine diamond paste 3 μm 
Finest diamond paste 1 μm 

 

 

 

Table 3.3.  EMPA standards used for instrument calibration 

Oxide Cation Mineral 

MgO Mg2+ Garnet (almandine-pyrope) 
CaO Ca2+ Grossular 
FeO Fe2+ Almandine 
SiO Si4+ Almandine 
TiO2 Ti4+ Rutile 
MnO Mn3+ Spessartine 
Al2O3 Al3+ Spessartine 
Cr2O3 Cr3+ Chromite 
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Molar proportions and garnet end-member compositions were calculated using an 

Excel spreadsheet programmed by Locock (2008).  The spreadsheet assumes eight 

cations and twelve oxygen atoms.  Due to Fe being solely inputted as FeO weight 

percent, stoichiometric constraints are used to calculate the proportion of Fe2+ and Fe3+ in 

each sample.  If an oxygen deficiency is calculated, then Fe and Mn were recalculated as 

Fe3+ and Mn3+ in an attempt to achieve electroneutrality (Locock 2008).  Alternatively, if 

excess oxygen results, all iron is kept as Fe2+ and no Mn3+ or Fe3+ are calculated. 

End-members calculations are ordered based on the nature of their substitution, 

specifically the octahedra cation, and their abundance in nature.  In order to account for 

analytical difficulties or undescribed components, the spreadsheet calculates the 

remaining cations that could not be allocated into a remainder.  Unallocated Si on the 

tetrahedral and octahedral sites, unallocated Ti in schorlomite or morimotoite-type end-

members, cation proportions differing from ideal, and not achieving charge balance, 

contribute to a remainder (Locock 2008).  The magnitude of the remainder is alone not a 

sufficient measure of the quality of analysis.  Therefore, a quality index is used to 

objectively measure the quality of the analysis, using a simple scoring scheme.  Points are 

assigned based on original analytical total, variation in the cation proportions, presence of 

abundant Si on the octahedra, extent of charge balance, and magnitude of the remainder.  

Scores of 0-1 are superior, > 1 excellent, > 2 good, > 3 fair, and > 4 poor.  The EMPA 

results are presented and discussed in Chapter 4. 
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3.4  Single-Crystal X-ray Diffraction (SXTL) 

 Single-crystal X-ray diffraction analysis of samples CP-1 and GCA-1 were 

performed on the Nonius Kappa CCD diffractometer in the Department of Chemistry, 

University of Calgary.  The data was collected at a temperature of 173.0 K, MoKα 

wavelength of 0.71073 Å generated at 50 kV and 36 mA, and a maximum 2θ of about 

56°.  Both samples were collected with a detector distance of 3.5 cm and an exposure of 

42 s/frame and 242 s/frame for CP-1 and GCA-1, respectively. 

 The garnet samples were of an equidimensional “single crystal” roughly 0.08 mm 

in diameter, allowing for good data collection.  CP-1 was 0.09 x 0.08 x 0.06 mm and 

GCA-1 was 0.12 x 0.12 x 0.10 mm in diameter.  Samples were mounted evenly on the tip 

of a glass fiber 0.1 mm in diameter using an epoxy resin, placed on a goniometer head, 

and left for 24 hours to set.  The crystal was centered within the X-ray beam, by moving 

in the x, y, and, z directions.  Before data collection, the post-refined unit cell parameters 

were collected and compared to literature; if the values were reasonable and the mosacity 

was below 1.0°, then data were collected.  Both CP-1 and GCA-1 had a mosacity of less 

then 0.60°. 

 Initial crystal structure refinements were performed using the Maxus software 

package.  Both structures were solved by direct methods, and refined by full matrix least-

squares method using the WinGX program suite (Farrugia 1999) and SHELX-97 

program (Sheldrick 1997).  Refinements were done using the dominant neutral atom in 

each of the X, Y, and Z sites (Ca, Fe, and Si, respectively).  Any bad reflections as 

suggested by the program were omitted.  In order to allow flexibility with the refinement, 

the weighting scheme was left at the standard 0.1.  As the atoms were found, the 



29 

 

weighting scheme was changed to the factor the program recommended, and the 

refinement continued until completion.  Free variable constraints were used for the 

displacement parameters, providing an overall scale for the refined values.  Based on the 

relationship between the observed and calculated structure factor the program 

automatically selected a scale factor that was used throughout the refinement.  The site 

occupancy factor (sof) for all atoms, except O, were refined based on the neutral 

dominant atom in the X, Y, and Z sites.  Both samples were refined to a R1 of less then 

3.5 % upon completion.  The SXTL results are discussed and tabulated in Chapter 4.   

 

3.5  Synchrotron High-Resolution Powder X-ray Diffraction (HRPXRD) 

 Synchrotron high-resolution powder X-ray diffraction (HRPXRD) data was 

collected at the X-ray Operations and Research beamline 11-BM at the Advanced Photon 

Source, Argonne National Laboratory.  Samples were hand-picked under both reflected 

and stereomicroscopes to ensure they are of the highest quality.  Crystals roughly 0.5 mm 

in diameter were finely ground in an agate mortal and pestle for around 6 minutes, loaded 

into a Kapton capillary, and sealed with glass wool.  Data was collected to a maximum 2θ 

of 50°, a step size of 0.001°, step time of 1 s/step, and λ of 0.42465(2) or 0.41308(2) Å 

(see Table 4.2.5).  During the experiment, samples were rotated at a rate of 90 rotations 

per second.  The Beamline optics consists of a collimating mirror with a platinum stipe, a 

double-crystal Si (111) monochromator, and a vertically focusing platinum coated mirror.  

Data was collected using twelve silicon crystal analyzers that allow for high angular 

resolution and accuracy, high precision, and accurate diffraction peak position.  



30 

 

Calibration of the detector response, zero offset, and experimental wavelength, was done 

using a NIST silicon (640c) and alumina (676) (of ⅓ Si and ⅔ Al by weight) standard.   

All HRPXRD traces were refined using the GSAS program (Larson and Von 

Dreele 2000) with the assistance of EXPGUI (Toby 2001), and modeled using the 

Rietveld method (Rietveld 1969).  The HRPXRD results are discussed and tabulated in 

Chapter 4.   

 

3.6  Rietveld Refinement  

 Both the GSAS (Larson and Von Dreele 2000) and EXPGUI (Toby 2001) 

programs were used for all HRPXRD refinements.  The initial coordinates of the atoms 

(Ca, Fe, and Si) and cell parameters were taken from Armbruster et al. (1998) and used 

for samples CP-1, GCA-1, and AM-1.  Because the GCA-1 and GCA-2 samples are from 

the same locality and have very similar compositions, GCA-2 was refined using the 

initial parameters achieved from the GCA-1 refinement.  All samples were refined based 

on the dominant neutral atom in each of the X, Y, and Z sites (Ca, Fe, and Si, 

respectively). 

 Initially, isotropic displacement parameter (Uiso) values were set to 0.025, atomic 

position site occupancy to 1.0, and a background type of shifted Chebyschev polynomial 

with 10 terms.  In order to prevent divergence, all refinements were done on one 

parameter at a time and in the sequence:  scale factor, background, cell, zero offset, 

profile terms, atomic positions, site occupancy, and isotropic displacement parameters.  

Examining the “liveplot”, the cell was refined until the fit of the peaks lined up, 

suggesting the correct HRPXRD unit cell parameters.  Multiple phases were observed in 



31 

 

“liveplot” and added.  The cell for each new phase was refined until the fit was 

acceptable and phase fractions were refined to determine the percent of each phase.  Each 

phase was refined individually, then together with the other phases.  The reflection-peak 

profiles were fitted using the GV, GW, GU, GX, LX, and LY coefficients.  Due to the 

high sensitivity of the atomic positions (X), site occupancy (F), and isotropic 

displacement parameters (U), they were all refined last.  The O atom lies in a general 

position; therefore the atomic position was refined.  The O site was assumed fully 

occupied, as shown by the EMPA data.  The site occupancy for the X, Y, and Z sites in 

each phase were assumed to vary and therefore refined.  Finally, the isotropic 

displacement parameters for the X, Y, and Z sites were refined one at time.  Near the end 

of the refinement, all parameters were allowed to vary simultaneously and refined until 

completion.  The diffraction trace for each sample showed no data below 2° 2θ, and was 

therefore deleted accordingly.  The end of each refinement achieved an R(F)2 value of 

less the 5 % (see Table 4.2.5).   
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1  Electron Microprobe Analysis (EMPA) Results 

 Four garnet specimens, from the ugrandite-series were studied using electron 

microprobe analysis (EMPA); summary of the average results can be found in Table 

4.1.1 and Figure 4.1.1, a detailed summary can be found in Appendix A (Table A1.1 to 

Table A1.4).  Atoms per formula unit (apfu) were calculated based on eight cations and 

twelve O atoms (after Locock 2008).  The site occupancy factor (sof) was calculated from 

the chemical analysis and refined from the HRPXRD refinement in terms of the dominant 

neutral atom in each the X, Y, and Z sites (Table A1.1 to Table A1.4).  For all the 

samples studied, Ca was in the X site, Fe in the Y site, and Si in the Z site. 

The dodecahedral (X) site is dominantly occupied by Ca with minor component 

of Mn2+, Mg2+, and Fe2+ cations.  The octahedral (Y) site contains the most substitution, 

where Fe3+ occupies the majority of the site and any remaining occupancy is filled with 

Al3+, Ti4+, and minor Mn3+, Mg2+, and Fe2+.  The tetrahedral (Z) site, has the highest 

bond-valence, and is dominantly filled with Si in grossular, uvarovite, and andradite end-

members.  As the composition moves towards schorlomite, Fe3+ begins to occupy a larger 

proportion of the Z site with Al3+ as a minor occupant. 

All samples are divided into schorlomite-Al, schorlomite, morimotoite, uvarovite, 

spessartine, pyrope, almandine, grossular, and andradite based on composition (Table 

4.1.2; after Locock 2008).  Schorlomite-Al is a hypothetical Ti-bearing end-member 

established by Locock (2008) to accommodate a larger range of garnet compositions.  
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Since the octahedral site demonstrates the most substitution, the samples were sorted 

based on Y-site partitioning and arranged by increasing andradite composition.  EMPA 

results reveal two samples homogenous in composition (GCA-2 and AM-1) and two 

samples with varying chemistry (CP-1 and GCA-1) across selected points, indicating 

compositional variations.  These variations will be discussed below.  

Based on the EMPA results, the composition for each studied sample is as 

follows: 

{Ca2.85Mn0.06
2+ Fe0.05

2+ Mg0.04}Σ=3.00[Fe1.27
3+ Al0.47Ti0.19

4+ Fe0.07
2+ ]Σ=2.00(Si2.88Al0.12)Σ=3.00O12 ; 

Adr64Grs19Mrm7 for CP-1;  

{Ca3.04}Σ=3.04[Fe1.90
3+ Al0.04Mn0.02

3+ Mg0.01]Σ=1.96(Si2.92Al0.04Fe0.04
3+ )Σ=3.00O12; Adr95 for 

GCA-1;  

{Ca3.04}Σ=3.04[Fe1.95
3+ Mg0.02]Σ=1.97(Si2.95Al0.04Fe0.01

3+ )Σ=3.00O12 ; Adr97  for AM-1; and 

{Ca2.99Mg0.01}Σ=3.00[Fe1.99
3+ Mn0.01

3+ ]Σ=2.00(Si2.95Al0.03Fe0.02
3+ )Σ=3.00O12; Adr98 for  

GCA-2. 

 

4.1.1  Homogeneous and Heterogeneous Compositions 

 GCA-2 and AM-1 are both homogeneous in composition showing minor 

differences between the samples and marginal variations across the analyzed points 

(Table A1.3 and Table A1.4).  Examining the analyzed points, cation apfu varies by a 

maximum of ± 0.055 and oxide weight percent (wt. %) varies by a maximum of ± 0.75 

%.  Since this is such a small variation, the end-member composition exhibits little to no 

variation (± 0.73 %) across the analyzed points, and produce low reasonable errors.  
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GCA-2 and AM-1 both show constant andradite compositions across the eight selected 

points, and negligible schorlomite, uvarovite, and grossular end-member compositions.  

CP-1 and GCA-1 are both heterogeneous in composition, showing variations 

across the analyzed points (Table A1.1 and Table A1.2).  Cation apfu vary by a 

maximum of ± 0.205, oxide weight percent by a maximum of ± 2.93 %, and recalculated 

weight percent by a maximum of ± 3.28 %; these together result in a maximum end-

member deviation of ± 10.25 %.  Because of the large variations across the oxide weight 

percent and recalculated weight percent, the errors are extremely large (Table A1.1 and 

Table A1.2).  In the GCA-1 sample, this can be observed for Al2O3, FeOtot, and final 

Fe2O3 oxide weight percent across points four to seven, with the largest variation 

observed across points six and seven.  Al2O3 ranges from 2.91 to 0.42 % giving an 

average wt. % of 0.87(1.04), FeOtot changes from 24.78 to 27.71 % with an average wt. 

% of 27.30(1.31), and Fe2O3 changes from 27.54 to 30.79 % with an average wt. % of 

30.34(1.46).  Similarly, CP-1 shows abnormally large errors on final FeO, final Fe2O3, 

and CaO oxide weight percent across points one and two.  CaO changes from 29.86 to 

31.88 % with an average weight percent of 31.93(94) %, final FeO changes from 4.49 to 

1.62 % giving an average wt. % of 1.75(1.23), and final Fe2O3 changes from 17.13 to 

20.41 % with an average wt. % of 20.29(1.47).  The abnormally large errors are observed 

mainly on Al3+ and Fe suggesting the possibility of multiple phases, as observed by 

HRPXRD. 

The cations Ti4+, Al3+, Fe2+, and Fe3+ illustrate the relationship between octahedra 

apfu and end-member mole percent.  Where changes in schorlomite, grossular, 

morimotoite, and andradite end-members are directly related to changes in Ti4+, Al3+, 
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Fe2+, and Fe3+, respectively.  This is demonstrated for both GCA-1 and CP-1, where the 

largest variations are observed for Al2O3, Fe2O3, and FeO, which causes variations in 

Al3+, Fe3+, and Fe2+ and thus grossular, andradite, schorlomite-Al, and morimotoite end-

members.  In the GCA-1 sample (Table A1.2), as Fe3+ decreases across points four to six 

(1.939, 1.851, to 1.733 for points 4, 5, and 6, respectively) the Al3+ begins to show a 

sudden increase (0.000, 0.083, to 0.220 for points 4, 5, and 6, respectively) resulting in a 

decrease in andradite as Fe3+ decreases, and an increase in grossular as Al3+ is introduced.  

Similarly, CP-1 displays significant octahedra and tetrahedra variations across points one 

and two (Table A1.1).  The octahedral site shows a decrease in Ti4+ (0.229 to 0.189) and 

Fe2+ (0.158 to 0.065) resulting in a sharp decrease of morimotoite (15.82 to 6.51 %).  

This is in response to an introduction of Fe3+ (1.106 to 1.284) and thus andradite (55.30 

to 64.22 %).  The introduction of Al3+ into the tetrahedral site (0.071 to 0.124) causes a 

slight decrease in the amount of Al3+ found within the octahedra and results in an 

increase in the schorlomite-Al end-member (3.56 to 6.20 %).   

 These variations are all likely due to the intergrowth of different cubic phases 

within the crystal that result in cation variations, as shown by HRPXRD.  In order to 

estimate the spatial resolution of the EMPA the following calculation was used from 

Reed (1993):   

 

d =
 0.077(E𝑜1.5 − E𝑐1.5)

𝜌
 

 

Due to the resolution of the microprobe (Table 4.1.3) it is impossible to distinguish which 

analyzed point represents which phase.  No zoning was observed on the backscattered 
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image or under the microscope, and therefore cannot be considered responsible for the 

variations.  Numerous other studies have observed zoning, so, this is the first time 

chemical variations are due to multiple cubic phase intergrown together.   

 

4.1.2.  Comparison 

 The compositions of GCA-1, GCA-2, and AM-1 are all of nearly pure end-

member andradite, showing andradite in excess of 94.0 %, whereas CP-1 displays a 

different composition of Adr64Grs19Mrm7.  End-member andradite, ideally, 

Ca2Fe32+Si3O12 , cannot have cation order in any of the dodecahedral, octahedral, or 

tetrahedral sites as they are fully occupied with Ca2+, Fe2+, and Si4+, respectively and the 

structure is expected to be cubic and isotropic.  Minor deviations from nearly pure end-

members are also expected to show similar results.  

 Samples GCA-1, GCA-2, and AM-1 show very similar oxide weight percents 

across the selected points and calculated average.  Al2O3, Cr2O3, MnO, and MgO weight 

percents are all found as minor components (< 0.87 %).  GCA-1 contains the largest 

amount of Al2O3 and the highest amount of grossular, whereas AM-1 contains the least.  

The Cr2O3 content is very minor, ~ 0.01 %, and identical for all three samples.  MgO and 

MnO weight percents are very similar for the three samples, with GCA-1 showing the 

largest MnO content (0.23 %) and AM-1 showing the largest MgO content (0.13 %).  The 

Al2O3 wt. % is greatest in GCA-1 (0.87 %) and lowest in AM-1 (0.15 %), this is mainly 

due to the GCA-1 sample showing significant variation in Al2O3 across the selected 

points, as discussed earlier.  The CP-1 sample is quite different chemically than the other 

three samples.  There is a significant TiO2 (2.98 %) and Al2O3 (6.01 %) content when 
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compared to the GCA-1, GCA-2, and AM-1 samples.  Similar to the other three samples, 

Cr2O3, MnO, and MgO are all < 0.81 wt. %.  CaO and SiO2 remain consistent across all 

four samples, with an average CaO and SiO2 weight percent of 33.02 % and 34.74 %, 

respectively. 

 When comparing the total apfu, samples AM-1 and GCA-1 show Ca2+ apfu in 

excess of the ideal 3 in the X site as well as apfu lower than the ideal 2 in the Y site.  

Similarly, GCA-2 shows Ca2+ apfu lower than the ideal 3 in the X site and apfu in excess 

of the ideal 2 in the Y site.  According to Locock (2008) the cation sums for the 

dodecahedral and octahedral sites may not be ideal due to the inflexible allocation of 

various cations (e.g. Ca2+, Ti4+, etc.), resulting in charges not balancing.  For these 

samples the analysis does not achieve exact electroneutrality and the magnitude of that 

deviation is summarized in Table 4.1.4.  Figure 4.1.1 shows a breakdown of the 

dodecahedra, octahedra, and tetrahedra cation partitioning and how the samples vary 

from one to the next. 

 Comparison of the X site between the samples (Table 4.1.1 and Fig. 4.1.1a) shows 

that samples GCA-1, AM-1, and GCA-2 are fully occupied by Ca2+ whereas, sample CP-

1 shows additional cations occupying the remaining vacancy.  CP-1 contains a large 

amount Ca2+, equal amounts of Fe2+ and Mn2+; where Fe2+ varies significantly across the 

selected points; and minor Mg2+.  For the four samples, Ca2+ remains relatively consistent 

across the selected points, and shows more variation between the samples.  CP-1 contains 

the least amount of Ca2+ [2.852(49) apfu] whereas AM-1 contains the most [3.037(5) 

apfu].  
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 The Y site contains the most substitution showing differences between the 

samples and across the analyzed points (Table 4.1.1 and Fig. 4.1.1b).  Ti4+ is a very minor 

occupant found in select points of GCA-2 and throughout the CP-1 sample.  When 

comparing Al3+ between the samples, GCA-1 and AM-1 show minor components in two 

of the selected points, whereas CP-1 shows an average Al3+ content of 0.472 apfu across 

the seven selected points.  The significant Al3+ content in CP-1 causes a relatively large 

grossular end-member component.  All four samples contain negligible amounts of Cr3+ 

resulting in a very minor uvarovite end-member composition.  If the initial Fe content is 

entered as FeO and an oxygen deficiency results, some of the Fe is recalculated as Fe3+ 

and the rest remains as Fe2+, presuming charges balance (Locock 2008).  This is the case 

for CP-1; a minor amount of Fe was kept as Fe2+ and the remainder was recalculated as 

Fe3+.  Electroneutrality was likely achieved and therefore Mn3+ was not recalculated.  The 

CP-1 sample is the only sample that contains Fe2+ (~ 0.069 apfu), and therefore also 

contains a morimotoite component (~ 6.87 %).  Alternatively, samples GCA-1, GCA-2, 

and AM-1 contain Fe3+ and minor Mn3+ apfu suggesting electroneutrality was not 

achieved so all Fe was recalculated as Fe3+ and Mn was recalculated as Mn3+.  The GCA-

1, GCA-2, and AM-1 samples display similar Fe3+ amounts to one another (~ 1.945 

apfu), which are much larger than the 1.272 apfu present in the CP-1 sample.  Mg2+ is 

found as a minor component in samples GCA-1, GCA-2, and AM-1, showing an average 

of ~ 0.008 apfu. 

 The Z site, similar to X, is nearly fully occupied by one cation, Si4+, and minor 

occupation by Al3+ and Fe3+ (Table 4.1.1 and Fig. 4.1.1c).  Samples GCA-1, GCA-2, and 

AM-1 show very similar Z site occupation and thus Si4+, Al3+, and Fe3+ apfu.  The Si4+ 
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content has an average value of 2.940 apfu for the three samples, where AM-1 contains 

the largest proportion of Si4+.  GCA-1 contains the largest amount of Al3+, with 0.044 

apfu, and AM-1 contains the least with 0.013 apfu.  Fe3+ shows similar values (~ 0.032 

apfu) between the three samples and across each selected point for the samples.  Again, 

the CP-1 sample is different chemically than the other three samples.  There is a lower 

Si4+ occupation, 2.882 apfu, compared to the 2.940 apfu observed for GCA-1, AM-1, and 

GCA-2.  This lower Si4+ occupation allows for a larger occupation of Al3+ (~ 0.118 apfu), 

resulting in a very different composition. 

 As mentioned previously, CP-1 displays the most complicated composition of the 

four samples.  Occupation of Ti4+ in the octahedral site and Al3+ in the tetrahedral site 

allows for a schorlomite-Al end-member composition, as shown by CP-1, points 5 and 6 

of GCA-1, and point 4 of GCA-2 (Table A1.1, Table A1.2, and Table A1.4).  The 

spessartine, pyrope, and almandine components of CP-1 are due to Mn2+, Mg2+, and Fe2+ 

occupation in the dodecahedral site and a significant proportion of Al3+ in the octahedral 

site.  The grossular end-member component is due to Al3+ in the octahedral site, which is 

displayed across the CP-1 sample, points 5 and 6 of GCA-1, and point 8 of AM-1.  The 

largest end-member component, andradite, is produced by the octahedra occupation of 

Fe3+, displayed in all four samples.  The GCA-1, AM-1, and GCA-2 samples are all of 

nearly end-member andradite composition, so it is expected that the oxide weight percent 

and cation partitioning be almost identical for all three samples.  This is the case, as 

shown by EMPA (Table 4.1.1). 

 The GCA-1, AM-1, and GCA-2 samples show a remainder for all of the selected 

points, with GCA-1 showing the largest (~ 2.92) and GCA-2 showing the smallest 
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(~ 1.74).  In this case, the remainder is likely due to cation allocations being non-ideal in 

the X and Y sites, resulting in an oxygen deficiency (Table 4.1.4). 

 The comparison between EMPA data and literature data is summarized in Figure 

4.1.2.  The garnet samples from this study are highlighted and the literature samples are 

denoted by numerical values.  The octahedral and tetrahedral sites show the most 

similarities between the studied samples and the literature samples, whereas the 

dodecahedral site shows more variation.  The CP-1 sample displays a similar composition 

to the Crowsnest Pass andradite studied by Dingwell and Brearley (1985) and the Mt. 

Vulture andradite studied by Scordari et al. (1999).  The average composition for 

Dingwell and Brearley (1985), Scordari et al. (1999), and CP-1 are Adr53Grs31Scm7, 

Adr54Grs22Mrm11, and Adr64Grs19Mrm7, respectively.  The octahedra occupancy of CP-

1 shows Ti4+, Cr3+, Mg2+, and Mn2+ cation apfu in equal proportions to those reported by 

literature (Fig. 4.1.1b).  The Al3+ apfu of CP-1 [0.472(37)] is quite a bit lower than the 

0.721 apfu reported by Dingwell and Brearley (1985) and slight lower than the 0.609 

apfu reported by Scordari et al. (1999).  Fe also shows a minor variation from the 

literature.  The Fe2+ in CP-1 [0.069(40) apfu] is greater than Dingwell and Brearley 

(1985) but lower than Scordari et al. (1999).  CP-1 shows a Fe3+ component significantly 

larger than the literature, as expected, because of the larger andradite content.  When 

comparing the X site between literature and the CP-1 sample, there is little variation 

between the Dingwell and Brearley (1985) sample and the CP-1 sample (Fig. 4.1.1a).  

Ca2+, Fe2+, and Mn2+ apfu are comparable across the two samples.  CP-1 does however 

show a lower Mg2+ content than both literature samples, but more similar to the 0.049 

apfu reported by Scordari et al. (1999).  Fig 4.1.1c shows that the tetrahedral site of CP-1 
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exhibits a similar occupancy to that reported by Dingwell and Brearley (1985).  Si4+ is 

comparable between the two samples ~ 2.8 apfu, however, the Al3+ apfu is slightly higher 

in the literature sample, 0.147 compared to 0.118(22) for CP-1.  The larger Al3+ in 

Dingwell and Brearley (1985) accounts for the larger schorlomite-Al component when 

compared to the CP-1 sample (Table A1.1).  It is important to note that Table A1.1 shows 

CP-1 containing a schorlomite-Al end-member, however, the average mole percent is not 

higher than six, so it is ignored when listing the composition.  Overall, the CP-1 sample is 

more comparable to the Dingwell and Brearley (1985) sample than to the Scordari et al. 

(1999) sample, as expected because they are from the same locality. 

 GCA-1, AM-1, and GCA-2 show similar dodecahedra, octahedra, and tetrahedra 

partitioning as those reported by literature.  The dodecahedral site of GCA-1, AM-1, and 

GCA-2 show Ca2+ apfu comparable to the 2.970 apfu reported by Amthauer and 

Rossman (1998) for their Val Malenco andradite (Fig. 4.1.1a).  The Amthauer and 

Rossman (1998) sample reported a minor Mg2+ component, which is not seen in either 

the GCA-1 or AM-1 samples.  GCA-2 shows a similar Ca2+ content [2.993(07) apfu] as 

reported by Adamo et al. (2011), however, the Mg2+ content of GCA-2 is lower than the 

0.017 apfu reported by Adamo et al. (2011).  The octahedral sites are very similar for the 

GCA-1, AM-1, and GCA-2 samples (Fig. 4.1.1b).  Both samples studied by Amthauer 

and Rossman (1998) show similar Fe3+, ~ 1.995 apfu, to GCA-1, AM-1, and GCA-2 

(Table 4.1.1).  GCA-1 shows a higher content of Al3+ compared to literature and the 

GCA-2 and AM-1 samples.  The tetrahedral sites of GCA-1, AM-1, and GCA-2 show 

similar compositions with one another, but nothing comparable to literature.  Adamo et 

al. (2011) reported a similar Si4+ content (~ 2.922 apfu) to the three samples, but lacks 
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Al3+ and contains too much Fe3+ (~ 0.076 apfu) to be comparable.  Overall, the three 

nearly end-member andradite samples (GCA-1, AM-1, and GCA-2) are more comparable 

to the Amthauer and Rossman (1998) sample, this is expected, because GCA-1 and 

GCA-2 are from the same locality.  When comparing the composition of the samples 

studied by Amthauer and Rossman (1998) with the GCA-1, AM-1, and GCA-2 samples, 

they are all comparable, showing nearly end-member andradite compositions. 

 The comparison of EMPA data and locality are summarized in Figure 4.1.3.  The 

garnet samples from this study are highlighted and numbers denote literature samples.  In 

order to make a proper comparison, the Hilton (2000) Crowsnest Pass, Alberta data was 

recalculated using the Locock (2008) spreadsheet.  When comparing the samples based 

on end-member mole percent, the literature samples compare very well with the garnets 

from this study.  The nearly end-member andradite compositions of GCA-1 and GCA-2 

are comparable to the Adr98 obtained by McAloon and Hofmeister (1995) and Amthauer 

and Rossman (1998) for their andradites from Stanley Butte, Graham County, Arizona.  

Similarly, the end-member andradite composition of AM-1 is comparable to Adr99 

obtained by Adamo et al. (2011) for their samples from Ambanja, Madagascar.  The 

Crowsnest Pass, Alberta andradite studied by Hilton (2000) has a similar composition 

(Adr69Grs19Scm6) as the CP-1 sample (Adr64Grs19Mrm7), because they are from the 

same locality.  The only difference between the CP-1 sample and the Hilton (2000) 

sample is the larger morimotoite component observed in the CP-1 sample.  This 

discrepancy has to do with the amount of Ti4+ occupying the Y site.  Comparison of the 

cation partitioning between the garnet samples from this study and the literature samples 

from the same locality shows variations that are outlined in Figure 4.1.3.  The samples 
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from Crowsnest Pass, Alberta show a different cation partitioning when compared to the 

CP-1 sample.  The Z site is the most comparable, with Si4+ remaining relatively constant 

(~ 2.8 apfu) however, the Al3+ apfu show variations between the samples.  The Y site 

shows varying Al3+ and Fe3+ apfu, and fairly consistent Ti4+ apfu.  Minor amounts of V3+ 

and Cr3+ were observed in the Hilton (2000) samples but not in the CP-1 sample.  Similar 

to the Y site, the X site shows significant variation between all Crowsnest Pass, Alberta 

samples.  Ca2+ is the only cation that remains relatively consistent across all Crowsnest 

Pass, Alberta samples.  Overall, the CP-1 sample is compositionally similar to the 

samples studied by Hilton (2000), there are however differences in the cation partition.  

McAloon and Hofmeister (1995) and Amthauer and Rossman (1998) both studied 

andradite samples from Stanley Butte, Graham County, Arizona.  Similar to the CP-1 

sample, the literature show partitioning variations from the GCA-1 and GCA-2 samples.  

Both McAloon and Hofmeister (1995) and Amthauer and Rossman (1998) show larger 

proportions of Si4+ and little to no Al3+ or Fe3+ apfu in the Z site.  The Y site also shows a 

variation with less Fe3+ and trace amounts of Ti4+, Al3+, Cr3+, and Fe2+ than the literature.  

The X site of GCA-1 and GCA-2 is dominantly Ca2+ with minor Mg2+ apfu; however, 

both the McAloon and Hofmeister (1995) and Amthauer and Rossman (1998) samples 

contain varying amounts of Fe2+, Mn2+, and Mg2+ apfu.  Adamo et al. (2011) studied 

andradite samples from the Ambanja area of Madagascar.  The AM-1 sample compares 

well with the Y site of the Adamo et al. (2011) samples, but show variation when 

comparing the X and Z site.  AM-1 has a larger proportion of Fe3+ and Al3+ in the Z site, 

and no Mg2+ in the X site. 
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Overall, samples from the same locality have the same composition; GCA-1 and 

GCA-2 with McAloon and Hofmeister (1995) and Amthauer and Rossman (1998); AM-1 

with Adamo et al. (2011); CP-1 with Hilton (2000).  Minor variations were observed 

when comparing cation partitioning between the samples from this study and literature. 

These variations are expected as the samples are not identical (e.g. colour changes) and 

EMPA experimental errors vary from one lab to the next. 
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Table 4.1.1.  Electron microprobe average analysis+ for all garnet samples in this study  

Oxide (wt. %)   CP-1   GCA-1   AM-1   GCA-2 

SiO2 34.57(27) 34.52(24) 34.81(11) 35.05(08) 
TiO2 2.98(28) 0.00(00) 0.00(00) 0.00(01) 
Al2O3 6.01(35) 0.87(1.04) 0.15(20) 0.28(07) 
Cr2O3 0.00(01) 0.01(00) 0.01(02) 0.01(01) 
FeOtot 20.00(25) 27.30(1.31) 27.96(46) 28.65(16) 
MnO 0.81(04) 0.23(02) 0.00(01) 0.10(02) 
MgO 0.30(03) 0.04(02) 0.13(13) 0.06(03) 
CaO 31.93(94) 33.49(17) 33.42(29) 33.22(13) 
∑ 96.60 96.45 96.48 97.37 
Recalc. (wt. %) 
Final FeO 1.75(1.23) 0.00(00) 0.00(00) 0.00(00) 
Final Fe2O3 20.29(1.47) 30.34(1.46) 31.08(52) 31.84(18) 
Final MnO 0.81(04) 0.00(00) 0.00(00) 0.00(00) 
Final Mn2O3 0.00(00) 0.25(02) 0.00(00) 0.11(02) 
∑(calc.) 98.63 99.51 99.59 100.57 

Cations Numbers of cations on the basis of 12 O atoms 
Fe2+ 0.054(51) 0.000(00) 0.000(00) 0.000(00) 
Mn2+ 0.057(02) 0.000(00) 0.000(00) 0.000(00) 
Mg 0.037(03) 0.000(00) 0.000(00) 0.005(04) 
Ca 2.852(49) 3.037(05) 3.035(14) 2.993(07) 
∑X 3.000 3.037 3.035 2.998 
Ti4+ 0.187(20) 0.000(00) 0.000(00) 0.000(01) 
Al 0.472(37) 0.043(84) 0.003(08) 0.000(00) 
Cr3+ 0.000(01) 0.000(00) 0.001(01) 0.001(01) 
Fe2+ 0.069(40) 0.000(00) 0.000(00) 0.000(00) 
Fe3+ 1.272(79) 1.898(80) 1.945(07) 1.991(06) 
Mn3+ 0.000(00) 0.017(02) 0.000(00) 0.007(01) 
Mg 0.000(00) 0.005(03) 0.016(17) 0.002(03) 
∑Y 2.000 1.963 1.965 2.002 
Si 2.882(22) 2.922(07) 2.951(11) 2.948(06) 
Al 0.118(22) 0.044(23) 0.013(13) 0.028(07) 
Fe2+ 0.000(00) 0.035(25) 0.037(21) 0.024(10) 
∑Z 3.000 3.000 3.000 3.000 

Sites sof (from chemical analysis) 
X (Ca) 1.005(05) 1.012(02) 1.012(05) 0.999(02) 
Y (Fe) 0.868(09) 0.969(20) 0.980(08) 1.000(03) 
Z (Si) 0.997(01) 1.009(08) 1.010(06) 1.006(03) 

End-member Mole % 
Schorlomite 0.00 0.00 0.00 0.02 
Schorlomite-Al 5.91 0.00 0.00 0.00 
Morimotoite 6.87 0.00 0.00 0.00 
Uvarovite 0.01 0.00 0.03 0.04 
Spessartine 1.91 0.00 0.00 0.00 
Pyrope 1.23 0.00 0.00 0.00 
Almandine 1.80 0.00 0.00 0.00 
Grossular 18.67 2.16 0.14 0.00 
Andradite 63.69 94.90 97.27 98.21 
Remainder 0.00 2.92 2.56 1.74 
∑ 99.99 100.00 100.00 100.00 
Quality Index   Superior Poor Poor Excellent 

+Analysis of the individual points are given in Appendix A (Table A1.1 to Table A1.4). 
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Figure 4.1.1.  EMPA results displaying changes in cations (apfu), arranged by 

increasing andradite composition to the right.  (a) X-site partitioning, where the 
Ca2+, Mn2+, Mg2+, and Fe2+ cations are represented by pink, yellow, orange, and 
turquoise, respectively.  (b) Y-site partitioning where the Al3+, Cr3+, Fe3+, Ti4+, 
Fe2+, Mg2+, and Mn3+ cations are represented by blue, light purple, green, purple, 
turquoise, orange, and yellow.  (c) Z-site partitioning where the Si4+, Al3+, and Fe3+ 
cations are represented by gray, blue, and green. 
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Table 4.1.2.  Garnet end-members discussed in this study 

End-members† Chemical formula 

Morimotoite (Mrm) {Ca}3[TiFe2+](Si)3O12 
Schorlomite (Scm)  {Ca}3[Ti]2(SiFe23+)O12 
Schorlomite-Al (Scm) {Ca}3[Ti]2(SiAl23+)O12 
Andradite (Adr) {Ca}3[Ti]2(Si)3O12 
Uvarovite (Uv) {Ca}3[Cr3+]2(Si)3O12 
Grossular (Grs) {Ca}3[Al]2(Si)3O12 
Spessartine (Sps) {Mn2+}3[Al]2(Si)3O12 
Almandine (Alm) {Fe2+}3[Al]2(Si)3O12 
Pyrope (Prp) {Mg}3[Al]2(Si)3O12 

†Mineral names are listed in normal font and hypothetical 
end-members are in italics.  Abbreviations after Whitney 
and Evans (2010).   

 

 

 

Table 4.1.3.  Calculated spatial resolution of the electron 
microprobe for the garnet samples from 
this study 

Sample *Spatial resolution (μm) 

CP-1 3.53 

GCA-1 3.49 

AM-1 3.46 

GCA-2 3.49 

*Calculated based on the excitation voltage of Silicon.  
Density calculated from HRPXRD.   
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Table 4.1.4. Oxygen deficiency calculated 
from Locock (2008) 

Sample Average O pfu deficiency 

GCA-1 -0.060 
AM-1 -0.050 
GCA-2 -0.027 
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Figure 4.1.2.  EMPA comparison with literature data, displaying changes in cations 
(apfu), arranged based on increasing andradite composition to the right.  (a) X-site 
partitioning, where the Ca2+, Mn2+, Mg2+, and Fe2+ cations are represented by pink, 
yellow, orange, and turquoise, respectively.  (b) Y-site partitioning where the Al3+, Fe3+, 
Ti4+, Fe2+, Mg2+, and Mn3+ cations are represented by blue, green, purple, turquoise, 
orange, and red, respectively.  (c) Z-site partitioning where the Si4+, Al3+, and Fe3+ 
cations are represented by gray, blue, and green, respectively.  Samples from this study 
are highlighted and literature are denoted by numbers, where; 1 is Dingwell and Brearley 
(1985); 2 is Scordari et al. (1999); 3 and 4 are Amthauer and Rossman (1998); 5 and 6 
are Adamo et al. (2011).   

2.7

2.8

2.9

3.0

X
 c

at
io

ns
 (a

pf
u)

 

Fe

Mg

Mn

Ca

          2+ 

           2+ 

           2+ 

                2+ 

0.0

0.5

1.0

1.5

2.0

Y
 c

at
io

ns
 (a

pf
u)

 Mn

Mg

Fe

Ti

Fe

Al

           3+ 

        2+ 

      2+ 

     4+ 

          3+ 

           3+ 

2.7

2.8

2.9

3.0

Z 
ca

tio
ns

 (a
pf

u)
 

Fe

Al

Si

         3+ 

          3+ 

        4+ 

(a) 

(b) 

(c) 

Sample 



50 

 

 

 

 

Figure 4.1.3.  EMPA comparison with literature data based on locality, displaying 
changes in cations (apfu).  Where, 1 - 3 are from Crowsnest Pass, Alberta; 4 - 6 are from 
Stanley Butte, Graham Co., Arizona, and 7 - 8 are from Ambanja, Madagascar.  (a) X-
site partitioning, where the Ca2+, Mn2+, Mg2+, Fe2+, and Na2+ cations are represented by 
pink, yellow, orange, turquoise, and light green, respectively.  (b) Y-site partitioning 
where the Al3+, Fe3+, Ti4+, Fe2+, Mg2+, Mn3+, V3+, Cr3+, and Zr4+ cations are represented 
by blue, green, purple, turquoise, orange, red, light blue, light purple, and dark green, 
respectively.  (c) Z-site partitioning where the Si4+, Al3+, and Fe3+ cations are represented 
by gray, blue, and green, respectively.  Samples from this study are highlighted and 
literature are denoted by numbers, where; 1 - 3 are Hilton (2000); 4 and 5 are Amthauer 
and Rossman (1998); 6 is McAloon and Hofmeister (1995); 7 and 8 are Adamo et al. 
(2011).   
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4.2 Single-Crystal X-ray Diffraction (SXTL) and Synchrotron High-Resolution 

Powder X-ray Diffraction (HRPXRD) Results 

 

4.2.1  SXTL Results for the Sample from Crowsnest Pass, Alberta (CP-1) 

 The CP-1 SXTL data set was collected with a total of 3070 reflections, 

166 unique reflections, and 100.0 % data completeness.  The theta range for collection 

was 4.16 to 27.20°.  Crystals selected for analysis were of high quality, giving a mosacity 

of 0.606(4)°, and roughly 0.07 mm3 in size.  The data was refined to an R1 of 3.31 %, 

wR2 of 4.69 %, and a = 11.9930(9) Å (Table 4.2.1).  Atomic coordinates and anisotropic 

displacement parameters are given in Table 4.2.2.  Selected angles are given in 

Table 4.2.4a.  The CP-1 structure has an average <Ca-O> = 2.417, Fe-O = 1.989(2), Si-O 

= 1.655(3), and Ca-Fe = 3.3521(3) Å (Table 4.2.3a).  The interatomic distances are 

similar to the values reported by Novak and Gibbs (1971), Armbruster et al. (1998), and 

Scordari et al. (1999).  The a cell parameter is very similar to those reported by Dowty 

(1971), Hazen and Finger (1989), and Scordari et al. (1999). 

 

4.2.2  SXTL Results for the Sample from Graham County, Arizona (GCA-1) 

 The GCA-1 SXTL data was collected with 3183 total reflection, 170 unique 

reflections, and 100.0 % data completeness.  Crystals selected for analysis were of high 

quality, giving a mosacity of 0.592(3)°, and roughly 0.10 mm3 in size.  The theta range 

for data collection was 4.14 - 27.43°.  Data was refined to R1 of 2.65 %, wR2 of 3.20 %, 

and a cell parameter of 12.0510(7) Å (Table 4.2.1).  Anisotropic displacement parameters 

and atomic coordinates are summarized in Table 4.2.2.  Selected angles are given in 

Table 4.2.4b.  The GCA-1 structure has distances of average <Ca-O> = 2.429, Fe-O = 



52 

 

2.016(2), Si-O = 1.649(2), and Ca-Fe = 3.3684(2) Å (Table 4.2.3b).  These distances are 

similar to those reported by Novak and Gibbs (1971), Armbruster et al. (1998), and 

Adamo et al. (2011).  The a cell parameter is very similar to those reported by Dowty 

(1971) and Coombs et al. (1977).   
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Table 4.2.1.  SXTL structure refinement data for two garnet samples from 

this study 

 CP-1 GCA-1 

a (Å)  11.9930(9) 12.0510(7) 
Volume, V (Å3) 1725.0(2) 1750.1(2) 
Densitycalc (Mg/m3) 3.914 3.858 
Crystal size (mm3) 0.09 x 0.08 x0.06 0.12 x 0.12 x 0.08 
   
Absorption coefficient (mm-1) 5.644 5.563 
θ range for data collection 4.16 - 27.20° 4.14 - 27.43° 
Index ranges -15<=h<=15 

-15<=k<=15 
-13<=l<=15 

-15<=h<=15 
-15<=k<=15 
-13<=l<=15 

   
Total reflections  3070 3183 
Unique reflections 166 170 
Data / restraints / parameters 166 / 0 / 21 170 / 0 / 21 
   
Rint 0.0770 0.0265 
GooF on F2 1.227 0.966 
R1 0.0331 0.0187 
wR2 0.0469 0.0320 
R indices (all data) R1 = 0.0441 

wR2 = 0.0501 
R1 = 0.0206 
wR2 = 0.0332 

   
Extinction coefficient 0.0000(1) 0.00000(7) 
Largest difference 0.311 0.215 
Peak and hole (e/Å3) -0.259 -0.190 
Mosacity (°) 0.606(4) 0.592(3) 

Note:  Space group = Ia3�d; formula unit, Z = 8 based on Ca3Fe2Si3O12; 
both samples were collected using λ(MoKα) = 0.71073 Å, F(000) = 2000, 
temperature of 173.0 K and data completeness to 100.0 %.  Refinement 
method used was Full-matrix least squares on F2.  R-indices are calculated 
by wR2 = {Σ[w(F02 - F𝑐2)2 /Σ[w(F02)2]}½ and R1 = Σ|Fo| – |Fc | / Σ|Fo|. 
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Table 4.2.2.  SXTL atomic coordinates and aniso-
tropic displacement parameters (Å2) 
for two garnet samples from this study 

 CP-1 GCA-1 

Uij for Ca (x = 0, y = ¼, z = ⅛; U23 = U13 = 0) 
U11 0.010(1) 0.008(1) 
U22 0.010(1) 0.008(1) 
U33 0.006(1) 0.006(1) 
U12 0.002(1) 0.001(1) 
Ueq 0.009(1) 0.007(1) 

Uij for Fe (x = y = z = 0) 
U11 0.005(1) 0.006(1) 
U22 0.005(1) 0.006(1) 
U33 0.005(1) 0.006(1) 
U23 0.000(1) 0.000(1) 
U13 0.000(1) 0.000(1) 
U22 0.000(1) 0.000(1) 
Ueq 0.005(1) 0.006(1) 

Uij for Si (x = ⅜, y = 0, z = ¼; U23 = U13 = U12 = 0) 
U11 0.006(1) 0.005(1) 
U22 0.006(1) 0.005(1) 
U33 0.006(1) 0.005(1) 
Ueq 0.006(1) 0.005(1) 

Uij for O (x, y, z) 
x 0.0382(2) 0.0392(1) 
y 0.0481(2) 0.0486(1) 
z 0.6541(2) 0.6552(1) 
U11 0.012(1) 0.011(1) 
U22 0.010(1) 0.010(1) 
U33 0.011(1) 0.010(1) 
U23 0.001(1) 0.000(1) 
U13 0.002(1) 0.000(1) 
U12 0.000(1) 0.000(1) 
Ueq 0.011(1) 0.010(1) 

The anisotropic displacement factor exponent takes 
the form:   -2π

2
[h

2
a*2

U
11

 + ... + 2 h k a* b* U
12

]. 
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Table 4.2.3a.  Selected interatomic distances (Å) of all garnet samples from this study 

  CP-1*  CP-1†  AM-1† 
Phase  SXTL  1 2 3  1 2 3 

Tetrahedron 
Si-O 4x 1.655(3)  1.6542(6) 1.665(1) 1.658(2)  1.6460(6) 1.652(2) 1.651(1) 
O(1)-O(2) 2x 2.573  2.570(1) 2.596(2) 2.582(3)  2.563(1) 2.568(3) 2.579(2) 
O(1)-O(3) 4x 2.764  2.765(1) 2.778(2) 2.769(3)  2.748(1) 2.760(3) 2.754(2) 

Octahedron 
Fe-O 6x 1.989(2)  1.9882(5) 1.999(1) 1.992(2)  2.0220(6) 1.988(2) 2.012(1) 
O(1)-O(4) 6x 2.797  2.7925(9) 2.811(2) 2.798(3)  2.835(1) 2.786(3) 2.820(2) 
O(1)-O(5) 6x 2.830  2.831(1) 2.843(2) 2.836(3)  2.884(0) 2.835(3) 2.871(2) 

Dodecahedron 
Ca(1)-O(4) 4x 2.343(3)  2.3425(5) 2.359(1) 2.351(2)  2.3611(6) 2.345(2) 2.3646(9) 
Ca(2)-O(4) 4x 2.490(2)  2.4966(5) 2.495(1) 2.496(2)  2.5027(6) 2.504(2) 2.5006(9) 
<Ca-O>  2.417  2.4196 2.427 2.424  2.4319 2.425 2.4326 
O(1)-O(2) 2x 2.573  2.570(1) 2.596(2) 2.582(3)  2.563(1) 2.568(3) 2.579(2) 
O(1)-O(4) 4x 2.830  2.831(1) 2.843(2) 2.836(3)  2.884(1) 2.835(3) 2.871(2) 
O(1)-O(7) 4x 3.472  3.4745(4) 3.4910(8) 3.482(1)  3.4848(4) 3.478(1) 3.4894(7) 
O(4)-O(6) 4x 2.930  2.939(1) 2.941(2) 2.942(3)  2.935(1) 2.952(3) 2.945(2) 
O(4)-O(7) 2x 2.863  2.873(1) 2.862(2) 2.866(3)  2.860(1) 2.878(3) 2.854(2) 
O(7)-O(8) 2x 4.133  4.143(1) 4.146(2) 4.146(3)  4.173(1) 4.156(3) 4.169(2) 

Ca-Fe  3.3521(3)  3.35412(0) 3.36794(1) 3.35960(1)  3.37165(0) 3.35578(1) 3.36988(1) 
Ca-Si  2.9983(2)  3.00001(0) 3.01238(1) 3.00492(1)  3.01569(0) 3.00150(1) 3.01412(1) 
Ca-Si  3.6721(2)  3.67425(0) 3.68939(1) 3.68026(1)  3.69345(0) 3.67607(1) 3.69152(1) 

†Results from HRPXRD data.  *Results from SXTL data. 
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Table 4.2.4a.  Selected angles (°) of all garnet samples from this study 

  CP-1*  CP-1†  AM-1† 
Phase  SXTL  1 2 3  1 2 3 

Tetrahedron 
O-Si-O 4x 113.3(2)  113.36(2) 113.08(4) 113.19(6)  113.18(2) 113.32(6) 112.98(3) 
 2x 102.1(2)  101.95(4) 102.46(7) 102.3(1)  102.28(4) 102.0(1) 102.65(6) 

Octahedron 
O-Fe-O 6x 89.3(1)  89.22(2) 89.35(5) 89.23(7)  89.02(2) 89.00(7) 88.98(4) 
 6x 90.7(1)  90.78(2) 90.65(5) 90.77(7)  90.98(2) 91.00(7) 91.02(4) 

Dodecahedron 
O-Ca-O 4x 74.6(1)  74.72(2) 74.53(4) 74.68(6)  74.17(2) 74.91(6) 74.44(4) 
 4x 71.6(1)  71.53(3) 71.65(5) 71.57(8)  72.67(3) 71.48(8) 72.25(5) 
 2x 112.2(1)  112.14(3) 112.40(5) 112.30(8)  112.97(3) 112.21(8) 112.93(5) 
 4x 91.82(7)  91.73(2) 91.94(3) 91.80(5)  91.48(2) 91.59(5) 91.61(3) 
 2x 70.2(1)  70.25(2) 69.99(5) 70.08(7)  69.70(3) 70.16(7) 69.60(4) 
 2x 66.6(1)  66.55(3) 66.76(6) 66.63(8)  65.75(3) 66.40(8) 66.09(5) 

†Results from HRPXRD data.  *Results from SXTL data. 
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Table 4.2.3b.  Selected interatomic distances (Å) of all garnet samples from this study 

  GCA-1*  GCA-1†  GCA-2† 
Phase  SXTL  1 2 3  1 2 3 

Tetrahedron 
Si-O 4x 1.649(2)  1.6508(6) 1.652(1) 1.644(1)  1.6494(7) 1.648(1) 1.642(4) 
O(1)-O(3) 2x 2.563  2.573(1) 2.574(3) 2.577(3)  2.570(1) 2.567(2) 2.567(8) 
O(1)-O(2) 4x 2.738  2.755(1) 2.757(2) 2.737(2)  2.753(1) 2.752(2) 2.736(7) 

Octahedron 
Fe-O 6x 2.016(2)  2.0121(6) 1.975(1) 2.017(1)  2.0090(7) 2.016(1) 2.030(4) 
O(1)-O(4) 6x 2.888  2.872(1) 2.824(2) 2.886(2)  2.869(1) 2.873(2) 2.899(7) 
O(1)-O(5) 6x 2.833  2.819(1) 2.760(2) 2.818(2)  2.753(1) 2.830(2) 2.839(8) 

Dodecahedron 
Ca(1)-O(4) 4x 2.358(2)  2.3627(6) 2.348(1) 2.373(1)  2.3599(6) 2.3576(9) 2.371(4) 
Ca(2)-O(4) 4x 2.499(2)  2.5069(6) 2.509(1) 2.501(1)  2.5078(6) 2.4982(9) 2.498(4) 
<Ca-O>  2.429  2.4348 2.429 2.437  2.4339 2.4279 2.435 
O(1)-O(2) 2x 2.569  2.573(1) 2.574(3) 2.577(3)  2.570(1) 2.567(2) 2.567(8) 
O(1)-O(4) 4x 2.888  2.872(1) 2.824(2) 2.886(2)  2.869(1) 2.873(2) 2.899(7) 
O(1)-O(7) 4x 3.483  3.4901(4) 3.4809(9) 3.4911(9)  3.4877(4) 3.4821(7) 3.487(3) 
O(4)-O(6) 4x 2.934  2.950(1) 2.974(3) 2.953(3)  2.952(1) 2.931(2) 2.934(8) 
O(4)-O(7) 2x 2.846  2.866(1) 2.879(2) 2.838(3)  2.814(1) 2.859(2) 2.842(7) 
O(7)-O(8) 2x 4.173  4.176(1) 4.166(3) 4.182(3)  4.176(1) 4.162(2) 4.178(8) 

Ca-Fe  3.3684(2)  3.3718(0) 3.35218(2) 3.36985(3)  3.36924(0) 3.36776(0) 3.37330(0) 
Ca-Si  3.0128(2)  3.0158(0) 2.99828(3) 3.01409(3)  3.01354(0) 3.01221(0) 3.01717(0) 
Ca-Si  3.6899(2)  3.69357(0) 3.67212(3) 3.69149(3)  3.01354(0) 3.68919(0) 3.01717(0) 

†Results from HRPXRD data.  *Results from SXTL data. 
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Table 4.2.4b.  Selected angles (°) of all garnet samples from this study 

  GCA-1*  GCA-1†  GCA-2† 
Phase  SXTL  1 2 3  1 2 3 

Tetrahedron 
O-Si-O 4x 113.19(6)  113.11(2) 113.12(4) 112.69(4)  113.15(2) 113.20(3) 112.9(1) 
 2x 102.3(1)  102.42(4) 102.39(8) 103.21(8)  102.34(4) 102.25(6) 102.8(3) 

Octahedron 
O-Fe-O 6x 89.11(6)  88.93(2) 88.68(5) 88.64(5)  88.89(3) 89.13(4) 88.9(2) 
 6x 90.89(6)  91.07(2) 91.32(5) 91.36(5)  91.11(3) 90.87(4) 91.1(2) 

Dodecahedron 
O-Ca-O 4x 74.21(6)  74.51(2) 75.43(5) 74.51(5)  74.58(2) 74.19(4) 74.0(2) 
 4x 72.47(7)  72.21(3) 71.03(6) 72.55(6)  72.14(3) 72.49(5) 73.0(2) 
 2x 112.82(7)  112.81(3) 112.22(6) 113.44(6)  112.75(3) 112.82(4) 113.5(2) 
 4x 91.58(4)  91.52(2) 91.51(4) 91.44(4)  91.48(2) 91.59(3) 91.4(1) 
 2x 69.79(7)  69.72(3) 70.01(6) 69.13(6)  69.77(3) 69.80(4) 69.3(2) 
 2x 65.96(8)  66.00(3) 66.50(7) 65.76(6)  65.98(3) 65.96(5) 65.6(2) 

†Results from HRPXRD data.  *Results from SXTL data. 
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4.2.3  HRPXRD Results for the Sample from Crowsnest Pass, Alberta (CP-1) 

 The CP-1 HRPXRD data was collected using λ = 0.42465(2) Å, for a total of 

46664 reflections, and a 2θ range of 2 - 50°.  Data was refined to an R(F)2 of 0.0315 for 

1948 observed reflections and three different cubic phases.  The a cell parameter and 

weight percent for each phase are as follows:  Phase-1:  a = 12.00006(2) Å and wt. % = 

62.85(7).  Phase-2:  a = 12.04951(2) Å and wt. % = 19.14(9).  Phase-3:  a = 12.01968(3) 

Å and wt. % = 18.0(1) [Table 4.2.5].  Figure 4.2.1 displays the HRPXRD trace.  The 

calculated trace shows a very good fit with the observed profile (Fig. 4.2.2 and Fig. 

4.2.3).  Atomic coordinates and displacement parameters are summarized in Table 4.2.6.  

Selected angles are summarized in Table 4.2.4a.  The average <Ca-O>, Fe-O, Si-O, and 

Ca-Fe distances for each phase are as follows:  Phase-1:  <Ca-O> = 2.4196, Fe-O = 

1.9882(5), Si-O = 1.6542(6), and Ca-Fe = 3.35412(0) Å.  Phase-2:  <Ca-O> = 2.427, Fe-

O = 1.999(1), Si-O = 1.665(1), and Ca-Fe = 3.36794(1) Å.  Phase-3:  <Ca-O> = 2.424, 

Fe-O = 1.992(2), Si-O = 1.658(2), and Ca-Fe = 3.35960(1) Å (Table 4.2.3b).  Distances 

and angles obtained for the three phases are similar and consistent with values reported 

by Novak and Gibbs (1971), Coombs et al. (1977), and Scordari et al. (1999).  The a cell 

parameter varies from one phase to the next, due to compositional variations between the 

three phases.  Phase-2 and phase-3 are very minor in comparison to phase-1 and therefore 

the structural parameters are considered not as accurate of the entire crystal.  Since 

grossular compositions have lower a cell parameters, it is likely phase-1 has a larger 

grossular component than phase-2 or phase-3.  In order to assess birefringence, Δa was 

calculated for the three phases (Table 2.4.5).  The a cell parameters reported by Dowty 
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(1971) and Hazen and Finger (1989) are very similar to those achieved from the 

HRPXRD refinement.   

 

 

 

Table 4.2.5.  HRPXRD structure refinement data for all garnet samples from this study 

 CP-1 GCA-1 GCA-2 AM-1 
a (Å) Phase-1 

Phase-2 
Phase-3 

12.00006(2) 
12.04951(2) 
12.01968(3) 

12.06314(1) 
11.9931(1) 
12.0564(1) 

12.05416(2) 
12.048854(5) 
12.06868(2) 

12.062764(6) 
12.00599(2) 
12.05647(3) 

     
*Δa2 -0.050 0.070 0.005 0.057 
**Δa3 -0.020 -0.007 -0.015 0.006 
     
Volume, V (Å3)  Phase-1 

 Phase-2 
 Phase-3 

1728.024(5) 
1749.476(6) 
1736.514(8) 

1755.419(3) 
1725.02(3) 
1752.46(3) 

1751.505(4) 
1749.191(1) 
1757.841(5) 

1755.256(2) 
1730.591(6) 
1752.509(8) 

     
wt. % Phase-1 

Phase-2 
Phase-3 

62.85(7) 
19.14(9) 
18.0(1) 

51.9(3) 
14.15(6) 
33.9(3) 

71.52(7) 
24.5(1) 
3.98(8) 

52.21(8) 
9.26(8) 

38.5(1) 
     
Ndata 46664 47997 47991 47796 
+Nobs 1948 1914 2022 1964 
Overall §R(F)2 0.0315 0.0291 0.0308 0.0231 
Reduced χ2 1.384 1.980 1.300 1.362 

λ (Å) 0.42465(2) 0.42465(2) 0.41308(2)  0.42465(2) 

The 2θ range for data collection was 2 – 50°.  *Δa2 = a (phase-1) – a (phase-2).  **Δa3 
= a (phase-1) – a (phase-3).  +Nobs is the number of observed Bragg reflections.  §R(F)2 
= R factor based on the calculated and observed structure-amplitudes and calculated by 

�∑(𝐹𝑜2−𝐹𝑐2)
∑𝐹𝑜2

�
1/2

. 
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Figure 4.2.1.  HRPXRD trace for CP-1, showing the calculated (continuous green 
line) and observed (red crosses) profiles.  The trace beyond 30° has been scaled by 20x 
compared to the low-angle region.  This scale is also applied to the difference curve.  
Note for Figure 4.2.1 to Figure 4.2.12; the difference curve (Iobs – Icalc) is shown at the 
bottom in purple; the short lines indicate the positions of allowed reflections for each 
phase where the black, red, and blue colours represent phase-1, phase-2, and phase-3, 
respectively.   
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Figure 4.2.2.  HRPXRD trace for CP-1, showing a zoom of peaks (420), (332), and 
(422).  The calculated (continuous green line) and observed (red crosses) profiles are 
shown.   
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Figure 4.2.3.  HRPXRD trace for CP-1, showing a zoom of peak (420). The 
calculated (continuous green line) and observed (red crosses) profiles are shown.   
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Table 4.2.6.  HRPXRD atomic coordinates and displacement parameters (Å2) for all 
garnet samples from this study  

 GCA-1  GCA-2 
Phase 1 2 3  1 2 3 

Ca (x = 0, y = ¼, z = ⅛) 
Uiso 0.00508(9) 0.0006(2) 0.0043(3)  0.0046(1) 0.0052(2) 0.0111(8) 

Fe (x = y = z = 0) 
Uiso 0.00299(6) 0.0006(2) 0.0024(2)  0.00252(7) 0.00222(9) 0.0078(4) 

Si (x = ⅜, y = 0, z = ¼) 
Uiso 0.0025(1) 0.0084(5) 0.0033(4)  0.0036(2) 0.0022(2) 0.007(1) 

O (x, y, z) 
x 0.0393(5) 0.0387(1) 0.0403(1)  0.03921(5) 0.03914(8) 0.0402(3) 
y 0.0481(5) 0.0463(1) 0.0487(1)  0.04786(5) 0.04865(8) 0.0493(3) 
z 0.6548(5) 0.6532(1) 0.6549(1)  0.65476(5) 0.65525(8) 0.6558(3) 
Uiso 0.0080(2) 0.0122(6) 0.0105(4)  0.0092(2) 0.0071(3) 0.014(1) 

 
 CP-1  AM-1 
Phase 1 2 3  1 2 3 

Ca (x = 0, y = ¼, z = ⅛) 
Uiso 0.0068(1) 0.0050(3) 0.0048(3)  0.00548(9) 0.0059(6) 0.0036(2) 

Fe (x = y = z = 0) 
Uiso 0.00346(7) 0.0029(1) 0.0030(2)  0.00326(6) 0.0023(2) 0.0016(1) 

Si (x = ⅜, y = 0, z = ¼) 
Uiso 0.0047(2) 0.0059(4) 0.0067(5)  0.0034(1) 0.0034(8) 0.0021(3) 

O (x, y, z) 
x 0.03820(5) 0.0385(1) 0.0384(1)  0.03939(5) 0.0384(1) 0.03940(8) 
y 0.04756(4) 0.04862(9) 0.0480(1)  0.04860(5) 0.0471(1) 0.04855(8) 
z 0.65405(4) 0.65388(9) 0.6539(1)  0.65551(5) 0.6540(1) 0.65471(8) 
Uiso 0.0110(2) 0.0127(4) 0.0167(6)  0.0084(2) 0.0131(7) 0.0096(3) 
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4.2.4  HRPXRD Results for the Samples from Graham County, Arizona (GCA-1) 

 The GCA-1 HRPXRD data was collected with 47997 reflections, using λ = 

0.42465(2) Å, and a 2 theta range of 2 - 50°.  Data was refined to an R(F)2 of 0.0291 for 

1914 observed reflections and three different cubic phases.  The a cell parameter and 

weight percent for each phase are as follows:  Phase-1:  a = 12.06314(1) Å and wt. % = 

51.9(3).  Phase-2:  a = 11.9931(1) Å and wt. % = 14.15(6).  Phase-3:  a = 12.0564(3) Å 

and wt. % = 33.9(3) [Table 4.2.5].  Figure 4.2.4 displays the HRPXRD trace.  The 

calculated trace shows a very good fit with the observed profile (Fig. 4.2.5 and Fig. 

4.2.6).  Atomic coordinates and displacement parameters are summarized in Table 4.2.6.  

Selected angles are summarized in Table 4.2.4b.  The average <Ca-O>, Fe-O, Si-O, and 

Ca-Fe distances for each phase are as follows:  Phase-1:  <Ca-O> = 2.4348, Fe-O = 

2.0121(6), Si-O = 1.6508(6), and Ca-Fe = 3.3718(0) Å.  Phase-2:  <Ca-O> = 2.429, Fe-O 

= 1.975(1), Si-O = 1.652(1), and Ca-Fe = 3.35218(2) Å.  Phase-3:  <Ca-O> = 2.437, Fe-

O = 2.017(1), Si-O = 1.644(1), and Ca-Fe = 3.36985(3) Å (Table 4.2.3b).  The distances 

and angles obtained for the three phases are similar from one phase to the next and 

consistent with the values reported by Novak and Gibbs (1971), Armbruster et al. (1998), 

and Adamo et al. (2011).  The a cell parameter shows a variation from one phase to the 

next.  This variation is due to compositional variations between the three phases.  Phase-2 

and phase-3 are very minor in comparison to phase-1 and are therefore the structural 

parameters are not considered as accurate of the entire crystal.  These a cell parameters 

are consistent with the values reported by Armbruster and Geiger (1993) and Adamo et 

al. (2011).  Δa was calculated for the three phases to assess birefringence (Table 2.4.5).   
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Figure 4.2.4.  HRPXRD trace for GCA-1, showing the calculated (continuous green 
line) and observed (red crosses) profiles.   The trace beyond 30° has been scaled by 20x 
compared to the low-angle region.  This scale is also applied to the difference curve.   
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Figure 4.2.5.  HRPXRD trace for GCA-1, showing a zoom of peaks (420), (332), and 
(422).  The calculated (continuous green line) and observed (red crosses) profiles are 
shown.   
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Figure 4.2.6.  HRPXRD trace for GCA-1, showing a zoom of peak (420).  The 
calculated (continuous green line) and observed (red crosses) profiles are shown.   
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4.2.5  HRPXRD Results for the Sample from Ambanja, Madagascar (AM-1) 

 The AM-1 HRPXRD data was collected with 47796 reflections, using λ = 

0.41308(2) Å, and a 2 theta range of 2 - 50°.  Data was refined to an R(F)2 of 0.0231 for 

1964 observed reflections and three different cubic phases.  The a cell parameter and 

weight percent for each phase are as follows:  Phase-1:  a = 12.062764(6) Å and wt. % = 

52.21(8).  Phase-2:  a = 12.00599(2) Å and wt. % = 9.26(8).  Phase-3:  a = 12.05647 Å 

and wt. % = 38.5(1) [Table 4.2.5].  Figure 4.2.7 displays the HRPXRD trace.  The 

calculated trace shows a very good fit with the observed profile (Fig. 4.2.8 and Fig. 

4.2.9).  Atomic coordinates and displacement parameters are summarized in Table 4.2.6.  

Selected angles are summarized in Table 4.2.4a.  The average <Ca-O>, Fe-O, Si-O, and 

Ca-Fe distances for each phase are as follows:  Phase-1:  <Ca-O> = 2.4319, Fe-O = 

2.0220(6), Si-O = 1.6460(6), and Ca-Fe = 3.37165(0) Å.  Phase-2:  <Ca-O> = 2.425, Fe-

O = 1.988(2), Si-O = 1.652(2), and Ca-Fe = 3.35578(1) Å.  Phase-3:  <Ca-O> = 2.4326, 

Fe-O = 2.012(1), Si-O = 1.651(1), and Ca-Fe = 3.36988(1) Å (Table 4.2.3a).  The 

distances and angles obtained for the three phases are similar from one phase to the next 

and consistent with the values reported by Novak and Gibbs (1971), Armbruster et al. 

(1998), and Adamo et al. (2011).  The a cell parameter of phase-2 shows a variation from 

phase-1 and phase-3.  This is likely attributed to a compositional variation between 

phase-2 and the other two phases.  Phase-2 and phase-3 are very minor in comparison to 

phase-1 and are therefore the structural parameters are considered not as accurate of the 

entire crystal.  Armbruster et al. (1998) and Adamo et al. (2011) both reported similar a 

cell parameters to those determined from the HRPXRD refinement.  In order to compare 

birefringence with literature, Δa was calculated for the three phases (Table 2.4.5).   
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Figure 4.2.7.  HRPXRD trace for AM-1, showing the calculated (continuous green 
line) and observed (red crosses) profiles.  The trace beyond 30° has been scaled by 20x 
compared to the low-angle region.  This scale is also applied to the difference curve. 
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Figure 4.2.8.  HRPXRD trace for AM-1, showing a zoom of peaks (420), (332), and 
(422).  The calculated (continuous green line) and observed (red crosses) profiles are 
shown.   
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Figure 4.2.9.  HRPXRD trace for AM-1, showing a zoom of peak (420). The 
calculated (continuous green line) and observed (red crosses) profiles are shown.   
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4.2.6  HRPXRD Results for the Samples from Graham County, Arizona (GCA-2) 

 The GCA-2 HRPXRD data was collected using λ = 0.41308(2) Å, for a total of 

47991 reflections, and a 2θ range of 2 - 50°.  Data was refined to an R(F)2 of 0.0308 for 

2022 observed reflections and three different cubic phases.  The a cell parameter and 

weight percent for each phase are as follows:  Phase-1:  a = 12.05416(2) Å and wt. % = 

71.52(7).  Phase-2:  a = 12.048854(5) Å and wt. % = 24.5(1).  Phase-3:  a = 12.06868(2) 

Å and wt. % = 3.98(8) [Table 4.2.5].  Figure 4.2.10 displays the HRPXRD trace.  The 

calculated trace shows a very good fit with the observed profile (Fig. 4.2.11 and Fig. 

4.2.12).  Atomic coordinates and displacement parameters are summarized in Table 4.2.6.  

Selected angles are summarized in Table 4.2.4b.  The average <Ca-O>, Fe-O, Si-O, and 

Ca-Fe distances for each phase are as follows:  Phase-1:  <Ca-O> = 2.4339, Fe-O = 

2.0090(7), Si-O = 1.6494(7), and Ca-Fe = 3.36924(0) Å.  Phase-2:  <Ca-O> = 2.4279, 

Fe-O = 2.016(1), Si-O = 1.648(1), and Ca-Fe = 3.36776(0) Å.  Phase-3:  <Ca-O> = 

2.435, Fe-O = 2.030(4), Si-O = 1.642(4), and Ca-Fe = 3.37330(0) Å (Table 4.2.3b).  The 

distances and angles obtained for the three phases are consistent with values reported by 

Novak and Gibbs (1971), Armbruster et al. (1998), and Adamo et al. (2011) and therefore 

reasonable.  The a cell parameters of each phase are very similar to one another and 

consistent with the values reported by Novak and Gibbs (1971), Coombs et al. (1977), 

and Adamo et al. (2011).  However, phase-2 and phase-3 are very minor in comparison to 

phase-1 and therefore the structural parameters are considered not as accurate of the 

entire crystal.  Birefringence, Δa, was calculated for the three phases and remains 

consistent with literature (Table 2.4.5).   
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Figure 4.2.10.  HRPXRD trace for GCA-2, showing the calculated (continuous green 
line) and observed (red crosses) profiles.  The trace beyond 30° has been scaled by 20x 
compared to the low-angle region.  This scale is also applied to the difference curve.   
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Figure 4.2.11.  HRPXRD trace for GCA-2, showing a zoom of peaks (420), (332), and 
(422).  The calculated (continuous green line) and observed (red crosses) profiles are 
shown.  
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Figure 4.2.12.  HRPXRD trace for GCA-2, showing a zoom of peak (420). The 
calculated (continuous green line) and observed (red crosses) profiles are shown.   

In
te

ns
ity

 
 x

10
00

0 

2θ 

(420) 



77 

 

4.2.7  Comparison 

 For the HRPXRD refinement, multiple cubic phases were observed and recorded 

in different weight percents (Table 4.2.5).  However, phase-1 remains the most abundant 

phase in all four samples and is therefore used when comparing with literature.   

 Examining the a cell parameters achieved from both the SXTL and HRPXRD 

refinements, it can be observed that both methods give similar values to each other and 

literature values (Table 4.2.1 and Table 4.2.5).  The SXTL CP-1, phase-2 of GCA-1, 

phase-1 of CP-1, and phase-2 of AM-1 all show the smallest a cell values of 11.9930(9), 

11.9931(1), 12.00006(2), and 12.00599(2) Å, respectively.  The remaining phases of 

GCA-2, CP-1, GCA-1, and AM-1 have an average a cell of ~ 12.06 Å, this is the average 

a cell, Novak and Gibbs (1971) observed for andradite compositions, which is consistent 

with EMPA data.  When comparing the a cell parameters achieved from the SXTL 

refinement to the HRPXRD refinement, it can be observed that the HRPXRD results are 

of superior quality.  The SXTL refinement of CP-1 achieved an a of 11.9930(9) Å, 

whereas the HRPXRD refinement achieved 12.00006(2) Å.  Similar results are shown for 

GCA-1.  The SXTL refinement achieved an a cell parameter of 12.0510(7) Å, whereas 

the HRPXRD refinement achieved 12.06314(1) Å.  This suggests that the HRPXRD 

results are of higher quality than the SXTL results, and that multiple phases can be easily 

identified in the HRPXRD trace (Table 4.2.5).  SXTL CP-1 and phase-1 of GCA-1 show 

identical a cell parameters of 11.9930(9) and 11.9931(1) Å, respectively.  These values 

are both similar to the 11.992(1) Å, Hazen and Finger (1989) reported for their Val 

Malenco andradite.  Phase-1 of CP-1 [12.00006(2) Å] shows a similar value to the 

11.992(2) Å Scordari et al. (1999) reported for their melanites from Mt. Vulture.  Phase-2 
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of AM-1 and phase-3 of CP-1 have a cell parameters of 12.00599(2) and 12.01968(3) Å, 

respectively.  These values are similar to the 12.014(1) and 12.013(1) Å values Scordari 

et al. (1999) reported for their Mt. Vulture melanites.  Phase-2 from both GCA-2 and  

CP-1 [12.048854(5) and 12.04951(2) Å, respectively] show similar values to the 12.048 

Å reported by Skinner (1956) and the 12.049 Å value Dowty (1971) reported for the 

andradite from Adelaide, Nevada.  SXTL GCA-1, phase-1 of GCA-1, and phase-3 of 

GCA-1 and AM-1 [12.0510(7), 12.05416(2), 12.0564(1), and 12.05647(3) Å, 

respectively] all show similar a cell parameters to the 12.058(1) Å value Novak and 

Gibbs (1971) reported for an andradite and the 12.052(2) Å value Coombs et al. (1977) 

reported for their nearly end-member andradite samples from New Zealand.  Finally, 

phase-1 of AM-1, phase-3 of GCA-1, and phase-3 of GCA-2 [12.062764(6), 

12.06314(1), and 12.06868(2) Å, respectively] all show similar values to 12.063(1) Å 

Armbruster and Geiger (1993) reported for a synthetic andradite, the 12.0678 Å value 

reported by Hilton (2000) for a Crowsnest Pass, Alberta garnet, and the 12.0630(5) Å 

value Adamo et al. (2011) reported for their Val Malenco garnet.  Overall, the a cell 

parameter of CP-1, GCA-1, AM-1, and GCA-2 are very comparable to literature.  The 

comparison of cell volume with a cell parameter is described by a linear trend, showing a 

good fit to the experimental data from this study, and consistent with literature data (Fig. 

4.2.13).  As expected, an increase in the a cell parameter will cause an increase in 

volume.   

 The calculated birefringence, Δa (Table 4.2.5; Kitamura and Komatsu 1978), of 

the studied samples (CP-1, GCA-1, AM-1, and GCA-2) compares well with the measured 

birefringence from Allen and Buseck (1988), McAloon and Hofmeister (1993), and 



79 

 

Frank-Kamenetskaya et al. (2007).  The Δa2 from GCA-2 (0.005) compares well with the 

0.005 reported by Allen and Buseck (1988) and McAloon and Hofmeister (1993).  

Additionally, the Δa3 from GCA-1 and AM-1 (~ 0.0065) compares well with the 

0.0066(1) reported by Frank-Kamenetskaya et al. (2007).   

 In the tetrahedra, the Z-O distance attained from both the HRPXRD and SXTL 

refinements show similar values to each other and literature values (Table 4.2.3a and 

Table 4.2.3b).  The consistency observed on the tetrahedral Z site is due to minimal 

substitution of cations other than Si4+ in nearly pure end-member andradite specimens 

(Armbruster and Geiger 1993; Locock et al. 1995).  Novak and Gibbs (1971) reported a 

Si-O distance of 1.643(2) Å for their andradite and Armbruster and Geiger (1993) 

determined for synthetic andradite at room temperature a Si-O distance of 1.6477(5) Å, 

both are consistent with this study.  The smallest Si-O distance was found for phase-3 of 

GCA-2 with 1.642(4) Å, and the largest Si-O distance of 1.665(1) Å for phase-2 of CP-1.  

The Si-O distances obtained for CP-1 vary from 1.655(3) to 1.6542(6) Å for the SXTL 

and HRPXRD refinements, respectively.  Armbruster et al. (1998) discussed that in Ti-

andradite it is common for the Z tetrahedron to expand when compared to andradite.  The 

HRPXRD Si-O distance of CP-1 ranges from 1.6542(6) to 1.665(1) Å, which is larger 

than the 1.643(2) Å reported by Novak and Gibbs (1971) for a nearly end-member 

andradite.  AM-1 shows a Si-O distance of 1.6460(6) Å, similar to the andradite studied 

by Novak and Gibbs (1971) and Adamo et al. (2011).  The similarity between the AM-1 

sample and the andradite studied by Adamo et al. (2011) is expected as they are from the 

same locality.  Both GCA-1 and GCA-2 show similar Si-O distances to one another, 

which is expected as they are similar in composition and come from the same locality.  
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Figure 4.2.13.  Variation in the cell volume, V, (Å3), with respect to a cell parameter 
(Å).  Note for Figure 4.2.13 to Figure 4.2.17; the gray, purple, dark blue, green, and 
turquoise colours represent, literature, CP-1, GCA-2, AM-1, and GCA-1 data, 
respectively; the circle symbols represent SXTL data, the triangle symbols represent 
HRPXRD data, and the diamond symbols are literature data; the equation of the line is 
found on the graph.  The trend line is fit to the garnet samples from this study.  Literature 
data is from the following studies:  Skinner (1956), Abrahams and Geller (1958), Dowty 
(1971), Novak and Gibbs (1971), Coombs et al. (1977), Hazen and Finger (1989), 
Kingma and Downs (1989), Armbruster and Geiger (1993), Armbruster et al. (1998), 
Scordari et al. (1999), Hilton (2000), and Adamo et al. (2011).   
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 The slightly larger Si-O bond distance observed in CP-1 is likely due to the 

presence of a schorlomite-Al end-member, which requires Al3+ occupation in the 

tetrahedral site.  The O-Si-O angles also show limited to no variation between the 

samples (Table 4.2.4a and Table 4.2.4b).  The tetrahedra O-Si-O angles are nearly 

identical for all four samples and are consistent with the angles reported by Hazen and 

Finger (1989) and Adamo et al. (2011).  The O-Si-O angles obtained for GCA-1 are 

comparable for both the SXTL [113.19(6) and 102.3(1)°] and HRPXRD refinements 

[113.11(2) and 102.42(4)°].  Similarly, the CP-1 O-Si-O angles remain virtually 

unchanged from the SXTL [113.3(2) and 102.1(2)°] to the HRPXRD refinement 

[113.36(2) and 101.95(4)°]. 

 The SXTL and HRPXRD octahedra distances are reported in Table 4.2.3a and 

4.2.3b.  The values reported for both the SXTL and HRPXRD refinement are consistent 

with literature and across both refinements.  Both Novak and Gibbs (1971) and Adamo et 

al. (2011) reported a Fe-O distance of 2.024(2) and 2.0191(7) Å, respectively, for their 

andradite samples.  These distances are consistent with the Fe-O distances of 2.0121(6), 

2.0090(7), and 2.0220(6) Å, achieved in this study for the GCA-1, GCA-2, and AM-1 

samples, respectively.  Armbruster et al. (1998) observed a slight decrease from 2.010 to 

1.992 Å when Ti was present in the structure.  Since the CP-1 sample shows significant 

cation substitution of Ti4+ and Al3+ on the Y site, the Fe-O distance is smaller than the 

other three samples and more similar to the 1.996(1) Å reported by Armbruster et al. 

(1998) for a melanite from Switzerland and the 1.993(1) Å Scordari et al. (1999) reported 

for a Mt. Vulture melanite.  The smallest Fe-O distance was reported for CP-1 with 

1.9882(5) Å and the largest Y-O distance was reported for AM-1 with 2.0110(6) Å.  The 
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SXTL and HRPXRD Fe-O distances reported for both CP-1 and GCA-1 show that both 

refinements provide similar distances.  The octahedra distance for CP-1 varies from 

1.989(2) Å for the SXTL refinement to 1.9882(5) Å for the HRPXRD refinement.  

Similarly, for GCA-1, the Fe-O distance varies from 2.016(2) Å for the SXTL refinement 

to 2.0121(6) Å for the HRPXRD refinement.  GCA-2 has a Fe-O distance of 2.0090(7) Å, 

which is consistent with the 2.016(2) Å value Hazen and Finger (1989) reported for an 

andradite from Val Malenco and 2.0191(7) Å Adamo et al. (2011) reported for an 

andradite from Russia.  When comparing GCA-1 with GCA-2, it can be observed that 

both samples show very similar Fe-O distances due to their similar composition and 

locality.  The Fe-O distance of 2.0220(6) Å reported for AM-1 is similar to the Fe-O 

distance reported for the GCA-1 and GCA-2 samples [2.0121(6) and 2.0090(7) Å, 

respectively] and is consistent with values reported by Adamo et al. (2011).  The 

similarities between the AM-1, GCA-1, and GCA-2 samples are due to all three samples 

being of nearly pure end-member andradite composition.  The octahedra O-Fe-O angles 

(Table 4.2.4a and Table 4.2.4b) show a slight variation across the samples; however, still 

remaining reasonable and consistent with the angles reported by Hazen and Finger (1989) 

and Frank-Kamenetskaya et al. (2007).  The O-Fe-O angles obtained for GCA-1 vary 

slightly from the SXTL refinement [89.11(6) and 90.89(6)°] to the HRPXRD refinement 

[88.68(5) and 91.32(5)°].  However, this is not evident in the CP-1 sample as the values 

are comparable for the SXTL [89.3(1) and 90.7(1)°] and HRPXRD refinements [89.22(2) 

and 90.78(2)°]. 

 Examining the dodecahedron, it can be observed that all samples show similar 

X-O distances for both the SXTL and HRPXRD refinements, and values consistent with 
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literature (Table 4.2.3a and Table 4.2.3b).  Similar to the tetrahedral site, the 

dodecahedral site is nearly fully occupied by Ca2+; in nearly pure end-member andradite; 

resulting in two unique Ca-O distances, Ca-O and Ca’-O.  The bond length of Ca-O is ~ 

0.16 Å shorter than the length of Ca’-O.  The Ca-O and Ca’-O distances determined for 

the CP-1, GCA-1, AM-1, and GCA-2 samples remain consistent with the distances 

reported by Novak and Gibbs (1971), Hazen and Finger (1989), and Armbruster and 

Geiger (1993). The largest average <Ca-O> distance was reported for GCA-1 with 

2.4348 Å, whereas the smallest average <Ca-O> distance of 2.417 Å was found for 

SXTL CP-1.  This small variation in the average bond length is still well within the 

reported literature values for andradite samples.  When comparing the distances achieved 

from the SXTL and HRPXRD refinements, the Ca-O lengths seem to compare very well.  

The Ca-O distances obtained for CP-1 are nearly identical for both refinements, varying 

from 2.343(3) and 2.490(2) Å for SXTL to 2.3425(5) and 2.4966(5) Å for HRPXRD.  

Similarly, for GCA-1, the Ca-O distances vary from 2.358(2) and 2.499(2) Å for SXTL 

to 2.3627(6) and 2.5069(6) Å for HRPXRD.  The O-Ca-O angles (Table 4.2.4a and Table 

4.2.4b) obtained for the studied samples show a slight variation between the samples, but 

remain consistent with the angles reported by Novak and Gibbs (1971) and Hazen and 

Finger (1989).  The CP-1 and GCA-1 samples show comparable O-Ca-O angles for both 

the SXTL and HRPXRD refinement.  

 The Ca-Fe distance determined from the SXTL and HRPXRD refinement vary 

across the multiple phases, although remain comparable to literature (Table 4.2.3a and 

Table 4.2.3b).  When comparing the distance across the multiple cubic phases of each 

sample, there is an observed deviation of 0.007, 0.01, 0.002, and 0.008 for CP-1, GCA-1, 
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GCA-2, and AM-1, respectively.  The smallest Ca-FE distance was reported for SXTL 

CP-1 with 3.3521(3) Å and the largest was reported for GCA-1 with 3.3718(0) Å.  The 

SXTL and HRPXRD Ca-Fe distances reported for both CP-1 and GCA-1 show that both 

refinements provide similar distances.  The Ca-Fe distance for CP-1 varies from 

3.3425(5) Å for the HRPXRD refinement to 3.3521(3) Å for the SXTL refinement; both 

are comparable to the Val Malenco andradite [3.3628(1) Å] studied by Hazen and Finger 

(1989).  Similarly, the GCA-1 Ca-Fe distance varies from 3.3684(2) Å for SXTL to 

3.3718(0) Å for HRPXRD, both are similar to the 3.365 Å value reported by Armbruster 

et al. (1998) for their melanite.  The AM-1 and GCA-2 samples have a Ca-Fe distance of 

3.37165(0) and 3.36924(0) Å, respectively, which are both consistent with 3.370 and 

3.365 Å reported by Novak and Gibbs (1971) and Armbruster et al. (1998), respectively.  

The relationship between X-Y distance and a cell parameter is summarized in Figure 

4.2.14.  There is an excellent linear relationship between increasing X-Y distance and 

increasing a cell parameter, shown by R2 = 1.0000.  This trend is due to the X-Y distance 

being directly related to the a cell parameter, and how the repulsion between the X and Y 

cations varies linearly.  Armbruster et al. (1998) observed a similar trend for Ti-andradite.  

As the TiO2 content increased, the X-Y distance and a cell parameter also increased in 

response to the repulsion between X and Y.   

 The relationship between the average <X-O> distance and Y-O distance is shown 

in Figure 4.2.15.  The average <X-O> distance does not correlate well with increasing Y-

O distance with R2 = 0.4871.  Because the range of the Y-O distance for these samples is 

so small, a trend is very difficult to see. However, it is possible a trend may be observed 

over the entire ugrandite-series [see Merli et al. (1995)].   
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Figure 4.2.15.  Relationship between the average <X-O> length (Å) and the Y-O 
length (Å).  All garnet samples were refined with Ca as the dominant X atom and Fe as 
the dominant Y atom.  The trend line is fit to the garnet samples from this study.  
Literature data is from the following studies:  Abrahams and Geller (1958), Novak and 
Gibbs (1971), Gongbao and Baolei (1986), Hazen and Finger (1989), Kingma and Downs 
(1989), Peterson (1995), Armbruster et al. (1998), Scordari et al. (1999), 
Chakhmouradian and McCammon (2005), and Adamo et al. (2011). 
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Figure 4.2.14.  Relationship between the X-Y length (Å) and a cell parameter (Å).  
All garnet samples were refined with Ca as the dominant X atom and Fe as the dominant 
Y atom.  The trend line is fit to the garnet samples from this study.  Literature data is 
from the following studies:  Gongbao and Baolei (1986), Hazen and Finger (1989), 
Novak and Gibbs (1971), Armbruster et al. (1998), and Chakhmouradian and 
McCammon (2005). 
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 Figure 4.2.16 shows the variation in bond-lengths as a function of the a cell 

parameter.  A comparison of the average <X-O> bond length with changes in a are 

shown by a good correlation of R2 = 0.6633 (Fig. 4.2.16a).  A good correlation is 

observed when comparing the Y-O length with increasing a cell parameter, as shown by 

R2 = 0.8576 (Fig. 4.2.16b).  No significant pattern emerges when comparing the Z-O 

length to changes in a, as shown by R2 = 0.2011 (Fig. 4.2.16c).  Similar to Figure 4.2.15, 

the data range of the Z-O length is too small to see any significant pattern.  Figure 4.2.17 

shows the variation in bond-lengths as a function of the a cell parameter over a larger 

a range, due to the inclusion of grossular.  A similar trend can be observed as Figure 

4.2.16.  The Y-O distance shows a good correlation with increasing a, whereas the 

average <X-O> and Z-O distances show no correlation.  Merli et al. (1995) compared the 

X, Y, and Z lengths for the entire garnet series and found that the largest variation in 

bond length is due to chemical substitutions in that particular site.  When X is completely 

occupied by Ca2+, the <X-O> bond increases due to increased Fe3+ substituting for Al3+ at 

the Y site, and Fe3+ substituting for Si4+ in the Z site (Merli et al. 1995).  Overall, the 

andradite-schrolomite series shows a very good correlation with increasing a cell 

parameter when compared with the pyralspite series (as shown by Merli et al. 1995).   

 It is important to note that when comparing the parameters (specifically 

interatomic distances and angles) achieved from the SXTL refinement, the parameters are 

similar to those obtained from the HRPXRD refinement.  However, the a cell parameter 

and volume determined from the HRPXRD refinement contain errors in the fifth and 

third decimal place, whereas the SXTL refinement contain errors in the fourth and first 

decimal place.  This suggests parameters obtained using HRPXRD are of superior 
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quality.  The HRPXRD method also allows for multiple phases to be observed, which is 

impossible when using the SXTL method.   

 In order to compare the EMPA and HRPXRD experiments, the site occupancy 

factor (sof) was calculated for both the chemical analysis and HRPXRD refinement 

(Table A1.1 to Table A1.4).  Three phases were observed in the HRPXRD refinement, 

and due to phase-1 having the largest weight percent, it was considered the most accurate 

and therefore used for comparison.  In general, the sof calculated from the chemical 

analysis is larger than the sof from the HRPXRD refinement.  This is due to the 

HRPXRD refinement being performed on the dominant neutral atom (Ca, Fe, and Si), 

whereas the chemical analysis takes into account all the cations present in that site.  In the 

CP-1 sample, the sof of the Y site shows the largest variation from the chemical analysis 

(~ 0.105 lower in refinement).  This is likely due to the large component of Al3+ and Ti4+ 

observed in the chemical analysis, resulting in a larger grossular and morimotoite 

component.  The sof of the X and Z site are slightly smaller than the chemical analysis, 

because of Al3+ in the Z site and minor Fe2+ and Mn2+ in the X site.  The sof obtained 

from the HRPXRD refinement for the CP-1 sample, shows that the X and Z sites have a 

value greater than 95.0 %, again suggesting that these sites are nearly fully occupied with 

the neutral atom from the refinement (Ca and Si, respectively).  The Y site however, is 

only 76.0 % occupied by Fe and from the chemical analysis, it can be observed that other 

cations are present (Ti4+ and Al3+).  The GCA-1 sample shows lower sof values in the X 

and Z sites (~ 0.057 and 0.092, respectively) when compared to the chemical analysis.  

The sof of the Y site is slightly lower than the chemical analysis; from the chemical 

analysis this site contains dominantly Fe3+, which accounts for the similarity.  The AM-1 
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sample shows a lower sof in the X and Z site (~ 0.057 and 0.071, respectively) when 

compared to the chemical analysis.  The Y site is slightly lower in the HRPXRD 

refinement because this site is dominantly Fe, as shown by the chemical analysis.  The 

GCA-2 sample shows lower sof values in the X, Y, and Z sites (~ 0.06, 0.099, and 0.056, 

respectively) when compared to the chemical analysis.  It is likely there are minor cation 

components in these sites filling the remaining vacancy.  The HRPXRD refinements of 

GCA-1, AM-1, and GCA-2 give sof values that are larger than 90 % for the X, Y, and Z 

sites, suggesting these sites are nearly fully occupied by the dominant atom from the 

refinement.  This is supported by the chemical analysis and by the nearly end-member 

andradite composition (Adr95, Adr97, and Adr98 for GCA-1, AM-1, and GCA-2, 

respectively).  As discussed earlier, the X and Y sites of GCA-1, AM-1, and GCA-2 are 

not ideal, so the sof obtained from the chemical analysis may not be as accurate, and 

therefore the discrepancy between the chemical analysis and the HRPXRD refinement 

may be lower. 

 When comparing the EMPA with the HRPXRD refinement there are minor 

differences.  The EMPA shows one dominant phase, suggesting resolution is low and the 

phase intergrowths occur on a fine scale.  The HRPXRD data shows three different cubic 

phases, however three different compositions are not available, so a proper sof 

comparison cannot be done.  However, the differences between the sofs from the 

chemical analysis and HRPXRD refinement are about 1 - 2 estimated standard deviations 

(e.s.d’s), which is acceptable, thus making the methods comparable.  If accurate EMPA 

was available for each different phase, then the refinement would be fixed to the EMPA, 

but this cannot be done. 
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Figure 4.2.16.  Variation in the site dimensions (Å) for the analyzed garnets with 
respect to a cell parameter (Å).  (a) Relationship between the average <X-O> length and 
a cell parameter; the X-site was refined with Ca as the dominant atom.  (b) Relationship 
between the Y-O length and a cell parameter; the Y-site was refined with Fe as the 
dominant atom.  (c) Relationship between the Z-O length and a cell parameter; the Z-site 
was refined with Si as the dominant atom.  Trend lines are fit to the garnet samples from 
this study.  Literature data is from the following studies:  Novak and Gibbs (1971), Hazen 
and Finger (1989), Kingma and Downs (1989), Armbruster et al. (1998), Scordari et al. 
(1999), and Adamo et al. (2011).   
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Figure 4.2.17.  Variation in the average <X-O>, Y-O, and Z-O length (Å) for the 
studied garnets with respect to a cell parameter (Å).  Where, the X, Y, and Z sites were 
refined with Ca, Fe, and Si as the dominant atoms, respectively.  Near end-member 
grossular literature compositions are on the far left of the graph.  Morimotoite and 
schrolomite literature compositions are shown on the far right of the graph.  The trend 
lines of each data series are fit to literature data.  Literature data is from the following 
studies:  Abrahams and Geller (1958), Novak and Gibbs (1971), Meagher (1975), 
Gongbao and Baolei (1986), Hazen and Finger (1989), Kingma and Downs (1989), 
Peterson (1995), Armbruster et al. (1998), Scordari et al. (1999), Chakhmouradian and 
McCammon (2005), and Adamo et al. (2011).   
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CHAPTER 5 

CONCLUSION 

 

 This study investigated the chemical and structural properties of four different 

andradite samples from Crowsnest Pass, Alberta; Graham County, Arizona; and 

Ambanja, Madagascar to discover a possible explanation for the birefringence observed 

in some andradite samples.  All samples in this study show evidence of birefringence or 

anisotropy.   

 The samples were studied with EMPA to determine cation partitioning and end-

member composition.  Three of the samples (GCA-1, AM-1, and GCA-2) are nearly pure 

end-member andradite (> Adr95) and sample CP-1 is of a mixed grossular-andradite 

composition (Adr64Grs19Mrm7).  Initially, two of the andradite samples (CP-1 and GCA-

1) were analyzed with the SXTL method, however, HRPXRD data show that the CP-1 

and GCA-1 samples are multiphase, therefore SXTL is not the appropriate method to 

examine multiphase samples.  Because multiple phases were observed with HRPXRD 

and not with the SXTL method, only HRPXRD was used to examine the remaining two 

samples (AM-1 and GCA-2).  The crystal structures were refined and the results were 

compared.  Three cubic phases were observed in the HRPXRD trace of all four samples.  

When comparing the weight percent of the three phases, in all cases, phase-1 is the 

dominant phase and phase-2 and phase-3 are minor in comparison.  Based on this 

observation, the birefringence observed in these samples is attributed to the multiple 

phases, where different a cell parameters cause strain that give rise to birefringence.  
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 Previous authors have attributed the birefringence or anisotropy observed in 

andradite garnet to twinning, chemical inhomogeneity, hydrous components, partial 

ordering of Ca2+ on the dodecahedral X-site along with impurities of Mg2+, Mn2+, and 

Fe2+, and Fe3+-Al3+ ordering on the octahedral Y-site.  However, with this study these 

hypotheses have been disproved and an alternative hypothesis proposed.  Ingerson and 

Barksdale (1943) observed birefringence in a twinned grandite garnet, and suggested that 

the complex mottling or banding observed was responsible for the birefringence.  

However, all four samples from this study showed no evidence of twinning or banding 

under the microscope, and yet still showed weak birefringence.  Therefore birefringence 

cannot be explained by twinning as suggested by Ingerson and Barksdale (1943).  

Lessing and Standish (1973) observed oscillatory zoning and dodecahedral twinning that 

fluctuated between pure andradite and grandite composition, which suggest cyclical 

variations of Fe2+, Fe3+, and Al3+ during formation.  They proposed that these 

compositional changes control growth steps and thus the formation of optical anomalies.  

Shtukenberg et al. (2001) attributed mismatched strain as a possible mechanism for 

optical anomalies, because low birefringence suggests a complex distribution of 

birefringence throughout the crystal that is dependent on chemical heterogeneity.  From 

the EMPA data, both AM-1 and GCA-2 show no evidence of changes in composition 

across the selected points, as they are homogeneous in composition, but the samples 

remain weakly birefringent.  However, the CP-1 and GCA-1 samples show minor 

evidence of compositional variation and are weakly birefringent.  The compositional 

variations shown in CP-1 and GCA-2 are minor in comparison to those observed by 

Lessing and Standish (1973) and therefore chemical inhomogeneity cannot explain the 
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birefringence observed in all four of the samples from this study.  Additionally, twinning 

is observed in numerous minerals with various amounts of birefringence, so, it cannot be 

the cause of birefringence.  Rossman and Aines (1986) and Allen and Buseck (1988) 

observed anisotropy in samples that contained minor amounts of H2O (< 0.035 wt. %).  

However, numerous other andradite studies have found anisotropy with no hydrous 

components, as has this study, therefore suggesting this hypothesis is not the cause for 

anisotropy.  As mentioned previously, the most accepted theory related to birefringence 

in garnet is that of Fe3+-Al3+ ordering on the octahedral Y site (Akizuki 1984; Allen and 

Buseck 1988; Shtukenberg et al. 2001) and possibly minor Ca2+ and Fe2+ ordering on the 

dodecahedral X site (Allen and Buseck 1988; Griffen et al. 1992).  Examining the 

samples from this study, GCA-1, AM-1, and GCA-2 are all nearly pure end-member 

andradite (> Adr95) and it is not possible for Ca2+-Fe2+ ordering on the dodecahedral X 

site, as it is fully occupied by Ca2+, or Fe3+-Al3+ ordering on the octahedral Y site, as it is 

fully occupied by Fe3+.  Allen and Buseck (1988) attributed birefringence to octahedra 

ordering of Fe3+-Al3+ in their end-member grossular (Grs99), even though the site is 

nearly fully occupied with Fe3+, and the idea of ordering is not possible.  The CP-1 

sample has a different composition than the other three samples, so it will be the best 

candidate to show ordering.  When examining the EMPA data, there is a minor 

component of Al3+ on the octahedral Y site, which could suggest the possibility of Fe3+-

Al3+ ordering.  The dodecahedral X site also shows minor components of Fe2+, Mn2+, and 

Mg2+, again suggests the possibility of ordering.  In the HRPXRD trace, different peaks 

were observed but they were all indexed using different cubic phases.  There were no 

symmetry violations that suggest cation order and lower symmetry.  If symmetry lower 
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than cubic was observed, the trace would have been different, showing more peaks.  

However, due to the HRPXRD refinement in the cubic space group (Ia3�d) and the lack of 

evidence suggesting a lower symmetry, ordering cannot explain the birefringence.  

Additionally, Shtukenberg et al. (2005) reported that if birefringence were above 0.001, 

then ordering of cations is likely to occur.  However, all four samples from this study 

have a calculated birefringence > 0.005, and none of the samples show evidence of cation 

order, again suggesting order cannot explain the birefringence.  The growth 

dissymmetrization hypothesis proposed by Akizuki (1989) that results in lower symmetry 

(Takéuchi and Haga 1976; Takéuchi et al. 1982; Akizuki 1984; Shtukenberg et al. 2001; 

Frank-Kamenetskaya et al. 2007) shows no convincing evidence of an actual lowered 

symmetry.  The triclinic and orthorhombic unit cell parameters (a, b, and c) remain 

virtually identical, and the deviation of the angles (α, β, and γ) from 90° is not significant 

and well within error.  These refinements all point towards a cubic space group.  

Additionally, the cubic symmetry violations observed are likely due to absorption of X-

rays or multiple diffraction, as shown by Euler and Bruce (1965) and Armbruster et al. 

(1992).  Euler and Bruce (1965) and Armbruster et al. (1992) applied tests for multiple 

diffraction and empirical corrections related to absorption, and all reflections were in 

agreement with Ia 3� d space group symmetry.  Akizuki (1984) mentioned that the 

distortions from cubic symmetry were very small, so, refining in a lower space group 

does not mean the refinement is correct.  Many of these authors (Takéuchi and Haga 

1976; Allen and Buseck 1988) refined their samples in the triclinic or orthorhombic space 

group because the resulting R-factor was lower, suggesting a better fit, again not making 

the refinement correct.  Overall, the above hypotheses proposed by the various authors 
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have not been observed in these samples and consequently cannot be attributed to the 

observed birefringence in these samples.   

 The importance of this study is that it shows the significance of HRPXRD in 

analyzing the structure of a multiphase sample.  All previous research on andradite garnet 

has been done with SXTL, where values are accurate for the dominant phase but minor 

phases are impossible to observe.  HRPXRD provides values of high quality and 

accuracy and allows for multiple phases to be easily observed in the HRPXRD trace.  It 

may be possible to speculate that if previous studies had the opportunity to observe 

multiple phases, they may have attributed the observed anisotropy to multiple phases 

instead of the other explanations discussed.  
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Appendix A:  Electron Microprobe Analysis (EMPA) 

 

 Electron microprobe data were analyzed using the spreadsheet from Locock 

(2008).  The sof was calculated or refined in terms of the dominant neutral atom in the X, 

Y, and Z sites.  Average (Avg) is calculated based on the number of points selected 

across the maximum dimensions of the sample.  Mineral names are listed in normal font 

and hypothetical end-members are in italics (Table 4.1), as given by Locock (2008). 
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Table A1.1.  Electron microprobe analysis of andradite from Crowsnest Pass, Alberta (CP-1) 

Oxide (wt. %) 1 2 3 4 5 6 7 Avg 
SiO2 34.13 34.39 34.77 34.46 34.93 34.51 34.77 34.57(27) 
TiO2 3.55 3.01 2.80 3.00 2.71 2.95 2.81 2.98(28) 
Al2O3 5.71 5.94 6.01 5.50 6.18 6.16 6.57 6.01(35) 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00(01) 
FeOtot 19.91 19.98 20.15 20.51 19.80 19.88 19.79 20.00(25) 
MnO 0.76 0.80 0.82 0.77 0.82 0.86 0.85 0.81(04) 
MgO 0.28 0.31 0.30 0.29 0.34 0.31 0.26 0.30(03) 
CaO 29.86 31.88 32.28 32.54 32.48 32.29 32.19 31.93(94) 
∑ 94.20 96.30 97.12 97.07 97.25 96.96 97.26 96.60 
Recalc. (wt. %) 
Final FeO 4.49 1.62 1.37 0.91 1.17 1.13 1.54 1.75(1.23) 
Final Fe2O3 17.13 20.41 20.87 21.78 20.70 20.83 20.29 20.29(1.47) 
Final MnO 0.76 0.80 0.82 0.77 0.82 0.86 0.85 0.81(04) 
∑(calc.) 95.92 98.35 99.22 99.25 99.32 99.04 99.30 98.63 

Cations Number of cations on the basis of 12 O atoms 
Fe2+ 0.164 0.048 0.039 0.013 0.026 0.030 0.058 0.054(51) 
Mn2+ 0.055 0.057 0.057 0.054 0.057 0.061 0.060 0.057(02) 
Mg 0.035 0.039 0.037 0.036 0.042 0.038 0.032 0.037(03) 
Ca 2.745 2.857 2.866 2.897 2.876 2.871 2.850 2.852(49) 
∑X 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Ti4+ 0.229 0.189 0.175 0.187 0.169 0.184 0.174 0.187(20) 
Al 0.506 0.461 0.468 0.401 0.488 0.467 0.514 0.472(37) 
Cr3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000(01) 
Fe2+ 0.158 0.065 0.056 0.050 0.055 0.048 0.048 0.069(40) 
Fe3+ 1.106 1.284 1.301 1.361 1.288 1.301 1.262 1.272(79) 
∑Y 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Si 2.929 2.876 2.881 2.863 2.887 2.864 2.874 2.882(22) 
Al 0.071 0.124 0.119 0.137 0.113 0.136 0.126 0.118(22) 
∑Z 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Sites sof (from chemical analysis) 
X (Ca) 1.016 1.004 1.004 1.001 1.002 1.003 1.007 1.005(05) 
Y (Fe) 0.856 0.870 0.869 0.885 0.865 0.869 0.864 0.868(09) 
Z (Si) 0.998 0.997 0.997 0.997 0.997 0.997 0.997 0.997(01) 

 sof (from HRPXRD refinement) 
Sites  Φ-1  Φ-2  Φ-3      
X (Ca) 0.970(2) 0.928(4) 0.896(5)      
Y (Fe) 0.763(1) 0.825(3) 0.754(4)      
Z (Si) 0.954(2) 0.964(4) 0.936(5)      

End-member Mole % 
Schorlomite-Al 3.56 6.20 5.94 6.87 5.67 6.80 6.32 5.91 
Morimotoite 15.82 6.51 5.57 5.00 5.53 4.83 4.80 6.87 
Uvarovite 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.01 
Spessartine 1.83 1.88 1.91 1.81 1.91 2.02 1.99 1.91 
Pyrope 1.18 1.29 1.24 1.19 1.38 1.27 1.06 1.23 
Almandine 5.47 1.60 1.30 0.45 0.85 1.01 1.94 1.80 
Grossular 16.83 18.29 18.97 16.61 20.27 19.02 20.70 18.67 
Andradite 55.30 64.22 65.07 68.06 64.38 65.04 63.09 63.69 
∑ 99.99 99.99 100.00 99.99 99.99 99.99 100.00 99.99 
Quality Index  Superior  Superior  Superior  Superior  Superior  Superior  Superior Superior 

The detection limit for each element is as follows:  Mg = 150, Ca = 92, Fe = 190, Si = 175, Ti = 153, Mn = 166, Al = 140, 
and Cr = 167 ppm.  Composition:  {Ca2.85Mn0.06

2+ Fe0.05
2+ Mg0.04}Σ=3.00[Fe1.27

3+ Al0.47Ti0.19
4+ Fe0.07

2+ ]Σ=2.00(Si2.88Al0.12)Σ=3.00O12; 
Adr64Grs19Mrm7.   
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Table A1.2.  Electron microprobe analysis of andradite from Graham County, Arizona (GCA-1) 

Oxide (wt. %) 1 2 3 4 5 6 7  Avg 
SiO2 34.46 34.46 34.48 34.30 34.51 35.05 34.38 34.52(24) 
Al2O3 0.22 0.29 0.31 0.29 1.67 2.91 0.42 0.87(1.04) 
Cr2O3 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01(00) 
FeOtot 28.08 27.96 28.23 28.13 26.20 24.78 27.71 27.30(1.31) 
MnO 0.21 0.24 0.23 0.20 0.27 0.23 0.25 0.23(02) 
MgO 0.04 0.04 0.07 0.05 0.02 0.00 0.04 0.04(02) 
CaO 33.45 33.35 33.43 33.41 33.61 33.81 33.34 33.49(17) 
∑ 96.47 96.32 96.76 96.38 96.30 96.79 96.14 96.45 
Recalc. (wt. %) 
Final Fe2O3 31.20 31.07 31.38 31.26 29.11 27.54 30.79 30.34(1.46) 
Final Mn2O3 0.23 0.26 0.25 0.22 0.29 0.25 0.27 0.25(02) 
∑(calc.) 99.62 99.46 99.93 99.53 99.24 99.57 99.24 99.51 

Cations Number of cations on the basis of 12 O atoms 
Ca 3.041 3.036 3.030 3.039 3.043 3.031 3.039 3.037(05) 
∑X 3.041 3.036 3.030 3.039 3.043 3.031 3.039 3.037 
Al 0.000 0.000 0.000 0.000 0.083 0.220 0.000 0.043(84) 
Cr3+ 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000(00) 
Fe3+ 1.938 1.943 1.944 1.939 1.851 1.733 1.938 1.898(80) 
Mn3+ 0.015 0.017 0.016 0.015 0.019 0.016 0.018 0.017(02) 
Mg 0.006 0.004 0.009 0.007 0.003 0.000 0.005 0.005(03) 
∑Y 1.959 1.964 1.970 1.961 1.957 1.969 1.961 1.963 
Si 2.924 2.928 2.916 2.913 2.916 2.932 2.925 2.922(07) 
Al 0.022 0.029 0.031 0.029 0.084 0.068 0.042 0.044(23) 
Fe3+ 0.054 0.044 0.053 0.058 0.000 0.000 0.033 0.035(25) 
∑Z 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Sites sof (from chemical analysis) 
X (Ca) 1.014 1.012 1.010 1.013 1.014 1.010 1.013 1.012(02) 
Y (Fe) 0.978 0.981 0.982 0.978 0.957 0.929 0.979 0.969(20) 
Z (Si) 1.015 1.012 1.014 1.016 0.998 0.998 1.008 1.009(08) 

 sof (from HRPXRD refinement) 
Sites  Φ-1  Φ-2  Φ-3      
X (Ca) 0.955(2) 0.899(4) 0.922(3)      
Y (Fe) 0.930(2) 0.676(3) 0.890(3)      
Z (Si) 0.917(2) 0.898(4) 0.931(4)      

End-member Mole % 
Schorlomite-Al 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 
Uvarovite 0.04 0.01 0.02 0.00 0.04 0.00 0.02 0.02 
Grossular 0.00 0.00 0.00 0.00 4.13 10.98 0.00 2.16 
Andradite 96.90 97.13 97.18 96.96 92.56 86.67 96.92 94.90 
Remainder 3.06 2.86 2.80 3.04 3.26 2.34 3.06 2.92 
∑ 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Quality Index Poor Poor Poor Poor Poor Poor Poor Poor 

Composition:  {Ca3.04}Σ=3.04[Fe1.90
3+ Al0.04Mn0.02

3+ Mg0.01]Σ=1.96(Si2.92Al0.04Fe0.04
3+ )Σ=3.00O12; Adr95 
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Table A1.3.  Electron microprobe analysis of andradite from Diana Mine, Diego Suarez, Ambanja, Madagascar 
(AM-1) 

Oxide (wt. %) 1 2 3 4 5 6 7 8  Avg 
SiO2 34.76 34.79 34.65 34.69 34.92 34.98 34.88 34.82 34.81(11) 
Al2O3 0.02 0.04 0.12 0.15 0.09 0.13 0.03 0.64 0.15(20) 
Cr2O3 0.00 0.00 0.00 0.01 0.01 0.03 0.01 0.00 0.01(02) 
FeOtot 28.21 28.42 27.75 27.27 28.19 28.21 28.36 27.31 27.96(46) 
MnO 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00(01) 
MgO 0.07 0.13 0.07 0.45 0.10 0.07 0.10 0.03 0.13(13) 
CaO 33.69 33.53 33.33 32.76 33.51 33.54 33.65 33.34 33.42(29) 
∑ 96.76 96.92 95.91 95.33 96.81 96.95 97.03 96.13 96.48 
Recalc. (wt. %) 
Final Fe2O3 31.35 31.59 30.83 30.30 31.32 31.35 31.52 30.35 31.08(52) 
Final Mn2O3 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00(00) 
∑(calc.) 99.90 100.09 98.99 98.37 99.94 100.09 100.19 99.17 99.59 

Cations Number of cations on the basis of 12 O atoms 
Ca 3.053 3.034 3.046 3.005 3.035 3.033 3.041 3.034 3.035(14) 
∑X 3.053 3.034 3.046 3.005 3.035 3.033 3.041 3.034 3.035 
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.022 0.003(08) 
Cr3+ 0.000 0.000 0.000 0.001 0.000 0.002 0.001 0.000 0.001(01) 
Fe3+ 1.938 1.949 1.946 1.937 1.953 1.956 1.946 1.940 1.945(07) 
Mn3+ 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000(00) 
Mg 0.008 0.016 0.008 0.058 0.012 0.009 0.012 0.003 0.016(17) 
∑Y 1.947 1.966 1.954 1.995 1.965 1.967 1.959 1.966 1.965 
Si 2.940 2.938 2.955 2.969 2.951 2.952 2.942 2.958 2.951(11) 
Al 0.002 0.004 0.012 0.016 0.009 0.012 0.003 0.042 0.013(13) 
Fe3+ 0.057 0.058 0.033 0.015 0.040 0.035 0.055 0.000 0.037(21) 
∑Z 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Sites sof (from chemical analysis) 
X (Ca) 1.018 1.011 1.015 1.002 1.012 1.011 1.014 1.011 1.012(05) 
Y (Fe) 0.971 0.979 0.975 0.982 0.979 0.981 0.997 0.976 0.980(08) 
Z (Si) 1.016 1.017 1.009 1.004 1.011 1.010 1.016 0.999 1.010(06) 

 sof (from HRPXRD refinement) 
Sites  Φ-1  Φ-2 Φ-3       
X (Ca) 0.955(2) 0.934(5) 0.929(3)       
Y (Fe) 0.941(2) 0.770(4) 0.903(2)       
Z (Si) 0.939(2) 0.916(6) 0.934(3)       

End-member Mole % 
Uvarovite 0.00 0.00 0.00 0.04 0.02 0.10 0.04 0.00 0.03 
Grossular 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.10 0.14 
Andradite 96.89 97.44 97.28 96.84 97.63 97.81 97.28 97.02 97.27 
Remainder 3.11 2.56 2.72 3.12 2.35 2.09 2.67 1.89 2.56 
∑ 100.00 100.00 100.00 100.00 100.00 100.00 99.99 100.01 100.00 
Quality Index Poor Poor Poor Poor Poor Poor Fair Fair  Poor 

Composition:  {Ca3.04}Σ=3.04[Fe1.95
3+ Mg0.02]Σ=1.97(Si2.95Al0.04Fe0.01

3+ )Σ=3.00O12; Adr97 
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Table A1.4.  Electron microprobe analysis of andradite from Graham County, Arizona (GCA-2) 

Oxide (wt. %) 1 2  3 4  5  6  7  8 Avg 
SiO2 34.98 35.02 34.95 35.10 35.13 34.96 35.09 35.13 35.05(08) 
TiO2 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00(01) 
Al2O3 0.22 0.32 0.41 0.31 0.34 0.27 0.23 0.19 0.28(07) 
Cr2O3 0.02 0.00 0.00 0.02 0.03 0.02 0.00 0.00 0.01(01) 
FeOtot 28.72 28.76 28.42 28.84 28.40 28.68 28.67 28.71 28.65(16) 
MnO 0.10 0.08 0.10 0.14 0.11 0.12 0.09 0.08 0.10(02) 
MgO 0.02 0.01 0.05 0.07 0.09 0.08 0.07 0.07 0.06(03) 
CaO 33.29 33.31 32.92 33.26 33.22 33.22 33.32 33.20 33.22(13) 
∑ 97.35 97.51 96.85 97.76 97.32 97.33 97.47 97.40 97.37 
Recalc. (wt. %) 
Final Fe2O3 31.92 31.97 31.58 32.05 31.56 31.87 31.86 31.91 31.84(18) 
Final Mn2O3 0.11 0.09 0.11 0.15 0.12 0.13 0.10 0.09 0.11(02) 
∑(calc.) 100.55 100.72 100.02 100.98 100.49 100.54 100.67 100.60 100.57 

Cations Number of cations on the basis of 12 O atoms 
Ca 3.002 2.998 2.982 2.986 2.994 2.995 2.999 2.992 2.993(07) 
∑X 3.002 3.000 2.988 2.995 3.000 3.000 3.000 3.000 2.998 
Ti4+ 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000(01) 
Cr3+ 0.001 0.000 0.000 0.001 0.002 0.001 0.000 0.000 0.001(01) 
Fe3+ 1.987 1.995 2.004 1.992 1.986 1.986 1.985 1.993 1.991(06) 
Mn3+ 0.007 0.006 0.007 0.010 0.008 0.009 0.006 0.006 0.007(01) 
Mg 0.003 0.000 0.000 0.000 0.004 0.004 0.008 0.001 0.002(03) 
∑Y 1.998 2.000 2.012 2.005 2.000 2.000 2.000 2.000 2.002 
Si 2.944 2.942 2.955 2.941 2.954 2.942 2.948 2.955 2.948(06) 
Al 0.022 0.032 0.040 0.030 0.034 0.026 0.022 0.019 0.028(07) 
Fe3+ 0.035 0.026 0.005 0.029 0.012 0.032 0.029 0.027 0.024(10) 
∑Z 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Sites sof (from chemical analysis) 
X (Ca) 1.001 1.000 0.995 0.997 0.999 0.999 1.000 0.999 0.999(02) 
Y (Fe) 0.998 1.000 1.006 1.002 0.999 0.999 0.998 1.000 1.000(03) 
Z (Si) 1.009 1.007 1.000 1.008 1.003 1.008 1.008 1.007 1.006(03) 

 sof (from HRPXRD refinement) 
Sites  Φ-1  Φ-2  Φ-3       
X (Ca) 0.939(2) 0.966(3) 1.00(1)       
Y (Fe) 0.901(2) 0.898(2) 0.97(1)       
Z (Si) 0.950(2) 0.931(3) 0.94(1)       

End-member Mole % 
Schorlomite 0.00 0.00 0.02 0.09 0.01 0.00 0.00 0.01 0.02 
Uvarovite 0.07 0.00 0.00 0.00 0.11 0.05 0.01 0.00 0.04 
Andradite 98.06 98.06 98.49 97.93 98.36 98.01 98.27 98.48 98.21 
Remainder 1.87 1.94 1.49 1.91 1.52 1.94 1.72 1.51 1.74 
∑ 100.00 100.00 100.00 100.00 99.99 100.00 100.00 100.00 100.00 
Quality Index Good Good Fair Good Excellent Excellent Excellent Excellent Excellent 

Composition:  {Ca2.99Mg0.01}Σ=3.00[Fe1.99
3+ Mn0.01

3+ ]Σ=2.00(Si2.95Al0.03Fe0.02
3+ )Σ=3.00O12; Adr98 
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Appendix B:  Structure Factor Table for Sample GCA-1 

 

 

 



107 

 

Appendix C:  Structure Factor Table for Sample CP-1 

 

 

 


