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Abstract 
 

Tourmaline is an aluminoborocyclosilicate mineral with a complex arrangement 
of atoms. With highly variable chemistry and multiple cation sites, tourmaline is one of 
the last complex minerals whose structure was unraveled, and its response to changes in 
Pressure-Temperature-Time (P-T-X) are not well understood. Due to its stability at high 
temperature and pressure, tourmaline has the potential to be an informative mineral in 
terms of petrogenetic indicators and could be used in assessing provenance, 
thermobarometry and geochronology. Three reactions were proposed to understand the 
cation exchange and disordering between the Y- and Z-sites in the tourmaline structure. 
These reactions include: 1. YFe2+ + ZAl + OH ↔ ZFe3+ + YAl + O + H↑ in two samples 
with varying Fe2+ content. 2. YMg + ZAl ↔ ZMg + YAl. 3. YFe3+ + ZAl ↔ ZFe3+ + YAl. 
Using single crystal X-ray diffraction and stepwise heating, the extent and effect of the 
exchange between the Y- and Z-sites in response to changes in temperature was 
described.  

 
In response to increased temperature, equivalent amounts of Fe2+, Fe3+, Mg2+ of 

the Y-sites exchange with Al of the Z-sites. This leads to decreases in Y-site average bond 
length, increases in Z-site average bond length, shortening of a lattice parameters, 
lengthening of c lattice parameters and decreases in quadratic elongation. Additionally, 
the T-site experienced an increased in tetrahedral rotation and ditrigonality and changes 
to the crimping of the tetrahedral ring upon heating. The cation exchange and disordering 
in these samples relates to the stability of tourmaline at elevated temperatures in that 
tourmaline will undergo cation exchange and disordering to maintain the stability of the 
mineral. This has implications on the conditions in which tourmaline is formed as well as 
stability of tourmaline and other minerals and materials in different P-T-X conditions. 
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CHAPTER 1: INTRODUCTION 

 High-temperature studies on naturally occurring materials have implications 

outside of the field of geology and mineralogy. An understanding of the structural 

behavior of materials and changes in chemical composition can be determined in high 

temperature experiments. There are great benefits to understanding the response of 

materials to non-ambient temperatures in the chemistry and material sciences fields. For 

example, studies on high temperature behaviors such as the strength, spalling and 

elasticity of concrete (Xiao & König, 2004; Phan et al., 2001), superconductivity in 

copper-oxides (Orenstien & Millis, 2000) and the strength of temper in ceramics 

(Feathers, 1989) can be used to assess the stability and resilience of these materials. 

Thermally induced disordering in minerals is a field of study with applications 

relating to crystal chemistry and structure. Minerals are considered ordered when an 

individual atom occupies a single atomic position in the structure of the mineral. 

Although atoms in a unit cell of a mineral occupy discrete locations, the occupancy of 

particular sites can change in response to temperature and pressure. Disordering occurs 

when random changes or interruptions in the atomic arrangement arise causing more than 

one individual atom to occupy an atomic site. For the vast majority of minerals, ordering 

in a mineral is greatest at low temperatures and less extensive at high temperatures. 

Conversely, disordering is least at low temperatures and greatest at high temperatures. 

Perfect ordering in a mineral occurs at 0 K (Klein & Dutrow, 2007). Random ordering or 

total disorder in a mineral can occur at extreme temperatures. In accordance with the 

second law of thermodynamics, an ordered structure will have lower entropy than a 

randomly disordered structure. 
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Many mineral species display thermally induced disordering. For example, one 

group of minerals in which such disordering is apparent is the potassium feldspar 

polymorphs (KAlSi3O8). Potassium feldspars have four tetrahedral sites over which one 

Al and three Si are distributed. Disordering in the potassium feldspar group occurs at 

different temperatures and gives rise to three different polymorphs, microcline, orthoclase 

and sanidine. The low temperature polymorph of the potassium feldspar group is 

microcline. Microcline is perfectly ordered wherein ¾ of the tetrahedra are occupied by 

Si exclusively, and ¼ tetrahedra are occupied by Al exclusively. The moderate 

temperature potassium feldspar polymorph, orthoclase, is partially ordered, where ½ of 

the tetrahedra are occupied by Si exclusively and ½ of the tetrahedra disordered, with an 

occupancy of Si0.5Al0.5. Finally, the high temperature potassium feldspar polymorph is 

sanidine. Sanidine is completely disordered, wherein all tetrahedra have an occupancy of 

Al0.25Si0.75. Disordering in the potassium feldspars gives rise to changes in stability and 

symmetry without changes in chemistry. 

Thermally induced disordering is a topic that has not been fully investigated for 

many mineral groups. One group of minerals in which thermal disordering is not well 

understood is the tourmaline mineral group. Although thermal experiments have been 

performed on a few members of the tourmaline mineral group, no study has used single 

crystal x-ray diffraction to study disordering through stepwise heating experiments. In 

this study, tourmaline will be thermally treated in step-wise increments to investigate the 

exchange of the cations between polyhedra in the tourmaline atomic arrangement. 
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CHAPTER 2: BACKGROUND 

2.1. Tourmaline 

Tourmaline was discovered in Sri Lanka during the 18th century. Tourmaline 

sources include buried and altered sediments, ore deposits, silica-rich and poor melts, 

metastomatism, igneous bodies undergoing fractional crystallization and contact, regional 

and subduction related metamorphism as well as late stage igneous formations (Morgan 

& London, 1989; Henry & Dutrow, 1996; London et al., 1996; Slack, 1996; Henry et al., 

1999; Nakano & Nakamura, 2001; Roda-Robles et al., 2011). Tourmaline is pyroelectric 

and piezoelectric. 

The structural components of tourmaline are displayed in Figure 1. Figure 1a 

displays the structural components of tourmaline projected down the c axis with the a 

axis horizontal, Figure 1b displays structural components of tourmaline projected with 

the a axis horizontal and the c axis vertical. Tourmaline crystalizes in the hexagonal-

rhombohedral crystal system and space group R3m. This gives rise to the threefold axis 

of rotation and three mirror planes. 
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Figure 1a) Tourmaline structural components projected down the c axis with the a axis 

horizontal. Key: Red: X-site; grey: T-site; yellow: Y-site; orange: Z-site; blue: trigonal 

BO3; purple: H. 

 

  

Figure 1b) Tourmaline structural components with the a axis horizontal and the c axis 
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vertical. 

Tourmaline, a ring silicate, has a six-member ring of tetrahedra (T) on top of a 

concentric arrangement of three Y-octahedra and six Z-octahedra (Hawthorne & Dirlam, 

2011). The Y-site and Z-sites share O3-O6 edges, allowing for cation exchange between 

the Y-site and Z-site. Each Y-polyhedron shares two edges with Z-polyhedra. Figure 2a 

shows the ball-and-stick model of the shared O3-O6 edges between the Y-site and Z-site. 

Figure 2b shows the polyhedral model of the shared edges between the O3 and O6 

oxygen atoms. Due to tourmaline nomenclature, the O3 and O6 atoms represent 

symmetry equivalents and thus individual, sole O atoms occupy the O3 and O6 atom 

positions but as previously mentioned, are referred to as O3 and O6 due to symmetry 

equivalency. 
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Figure 2a) Ball-and-stick model of shared edges between Y-site and Z-site O3 and O6 

oxygen atoms. 

 

Figure 2b) Polyhedral model of shared edges between Y-site and Z-site O3 and O6 
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oxygen atoms. 

The X-site is a nine-coordinated polyhedron on top of the six-member ring. Three 

trigonal-planar boron groups are present within the layer of octahedra approximately 

perpendicular to the c axis (Hawthorne & Dirlam, 2011). The W-site is located on the 

threefold axis as it passes through the origin of the unit cell and is coordinated by the 

three crystallographically equivalent Y-site cations. The three V-sites are coordinated by 

two Z-octahedra and one Y-octahedron and is associated with O3 (Hawthorne, 2002). 

 Tourmaline is typically among the last minerals to crystalize in igneous rocks and 

it is common to find many substituents in the tourmaline crystal structure. The general 

tourmaline formula is displayed in Table 1 (Van Hinsberg et al., 2011). Table 2 displays 

the chemistries of various tourmaline species and the assignment of elements to the 

various sites (Hawthorne & Henry, 1999). 

 

Table 1: Tourmaline constituents and bonding site nomenclature following Hawthorne & 
Henry (1999). 
 

General Formula: XY3Z6(T6O18)(BO3)3V3W 
X: K, Ca, Na, Pb2+ and/or vacancy ( ☐ ) 
Y: Li, Mg, Fe2+, Fe3+, Mn2+, Mn3+, Cu2+, Al, V3+, Cr3+ and/or Ti4+ 
Z: Mg, Fe2+, Fe3+, Al, V3+ and/or Cr3+ 
B: B 
T: Si, Al and/or B 
V: OH, O 
W: OH, O and/or F 

Modified from Hawthorne & Dirlam (2011) 
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Table 2: Tourmaline species chemistries and cation distribution. 

Species: (X) (Y3) (Z6) T6O18 (BO3)3 V3 W 
Alkali        
Elbaite Na Li1.5Al1.5 Al6 Si6O18 (BO3)3 (OH)3 (OH) 
Dravite Na Mg3 Al6 Si6O18 (BO3)3 (OH)3 (OH) 

Chromite Na Mg3 Cr6 Si6O18 (BO3)3 (OH)3 (OH) 
Schorl Na Fe2+

3 Al6 Si6O18 (BO3)3 (OH)3 (OH) 
Olenite Na Al3 Al6 Si6O18 (BO3)3 O3 (OH) 

Buergerite Na Fe3+
3 Al6 Si6O18 (BO3)3 O3 F 

Povondraite Na Fe3+
3 Fe+3

4Mg2 Si6O18 (BO3)3 (OH)3 O 
Calcic        
Uvite Ca Mg3 Al5Mg Si6O18 (BO3)3 (OH)3 F 

Hydroxyferuvite Ca Fe2+
3 Al5Mg Si6O18 (BO3)3 (OH)3 (OH) 

Liddicoatite Ca Li2Al Al6 Si6O18 (BO3)3 (OH)3 F 
X-site-vacant        
Rossmanite  LiAl2 Al6 Si6O18 (BO3)3 (OH)3 (OH) 

Foitite  Fe2+
2Al Al6 Si6O18 (BO3)3 (OH)3 (OH) 

Magnesiofoitite  Mg2Al Al6 Si6O18 (BO3)3 (OH)3 (OH) 
 Modified from Hawthorne & Henry (1999) 

 

Depending on composition, tourmaline is stable at pressures up to 70 kilobars and 

temperatures up to 1000°C. A pressure-temperature plot of tourmaline stability is 

displayed in Figure 3 (Robbins & Yoder, 1962; Werding & Schreyer, 1984; Holtz & 

Johannes, 1991; Krosse, 1995; von Goerne et al., 1999; Kawakami, 2004; Spicer et al., 

2004; Ota et al., 2008a; Ota et al., 2008b). The fact that tourmaline can withstand high 

pressure and temperature conditions without losing its crystallinity makes tourmaline a 

useful mineral for this study. In addition to being stable at high temperatures and 

pressures, intramolecular diffusion rates in tourmalines for both trace and major elements 

are negligible, even at continuous elevated temperatures (Voll, 1969; Van Hinsberg & 
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Marschall, 2007; van Hinsberg & Schumacher, 2007). Hydrogen, the fastest-diffusing 

element in any mineral, diffuses out of tourmaline at a rate three orders of magnitude 

lower than in mica or epidote and six times lower than in olivine or quartz (Brady, 1995; 

Guo & Qian, 1997; Desbois & Ingrin, 2007). This low rate of intramolecular diffusion 

means that characteristics such as chemical zoning are possible. Because tourmaline is 

able to be compositionally zoned, these low intramolecular diffusion rates mean that 

cation exchange must be induced and does not occur under normal circumstances. 

Despite elements in tourmaline having low diffusion rates, I will attempt to induce 

disorder through cation exchange between the Y-site and Z-site. 

 

Figure 3: Pressure-temperature plot of tourmaline stability. 

 
Taken from Van Hinsberg et al. (2011) 
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2.2. Previous Work 

Thermal treatment of tourmaline has been performed in previous studies 

(Bogdanova et al., 1981; Povondra & Laštovičková, 1989; Afonina et al., 1993; Fuchs et 

al., 2002; Taran & Rossman, 2002; Pieczka & Kraczka, 2004; Castañeda et al., 2006; 

Desbois & Ingrin, 2007; Ertl & Rossman, 2007; McKeown, 2008; Bačík, et al. 2011). 

These studies have indicated that between 500–550°C oxidation of Fe2+ begins. Pieczka 

& Kraczka (2004) proposed that further increments of thermal energy induce transfer of 

some amounts of Y ions (Fe3+ or others) to the Z sites and of Al in the reverse direction. 

Bačík et al. (2011) found that after heating tourmaline at 700°C, when Fe2+ at the 

Y-site oxidized, the OH at the W-site deprotonated. Deprotonation balances the charge 

change due to the oxidation of Fe2+ to Fe3+. These studies also indicated that at 

temperatures between 900–1000°C, incongruent melting of tourmaline occurs to form 

mullite, magnetite, hematite and amorphous borosilicate glass (Guo & Qian, 1997; 

McKeown, 2008). 

Tourmalines with a high Fe3+ content occur rarely in nature (Filip et al., 2012). 

Only the tourmaline species buergerite and povondraite contain high Fe3+ content, 

however, both of these species are limited in their abundance, with Fe2+ tourmaline being 

substantially more common. Previous experiments have proposed that Fe may diffuse 

from the Y-site to the Z-site at elevated temperatures and oxidation of Fe2+ to Fe3+ will 

cause the loss of a H+ from tourmaline samples (Bogdanova et al., 1981; Povondra & 

Laštovičková, 1989; Afonina et al., 1993; Fuchs et al., 2002; Taran & Rossman, 2002; 

Pieczka & Kraczka, 2004; Castañeda et al., 2006; Desbois & Ingrin, 2007; Ertl & 
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Rossman, 2007; McKeown, 2008; Bačík, et al. 2011). However, no study has used single 

crystal x-ray diffraction to study the response of the atomic arrangement to this process 

through stepwise heating experiments. I undertook stepwise heating experiments on four 

tourmalines to induce the following reactions: 

1. YFe2+ + ZAl + OH ↔ ZFe3+ + YAl + O + H↑ in two samples with varying Fe2+ content. 

2. YMg + ZAl ↔ ZMg + YAl. 

3. YFe3+ + ZAl ↔ ZFe3+ + YAl. 

[↑ = evolve from the system] 

Although the reaction proposed in Reaction 1 was presented in Pieczka & Kraczka, 2004, 

this research will use single-crystal X-ray diffraction to study how stepwise heating will 

effect the cation exchange between the Y- and Z-sites. 
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CHAPTER 3: METHODS 
 

Filip et al. (2012) summarized the methods and results of notable thermal studies 

completed to date on tourmaline. This experiment is modeled after Filip et al. (2012) in 

which Fe-rich tourmaline was heated to 700, 800 and 900°C to determine the effects of 

temperature on the structure of tourmaline. In samples oxidized in air, disordering of Fe3+ 

and Mg in the Y- and Z-sites was evident. In samples heated in a reducing atmosphere 

(hydrogen), Filip et al. (2012) described that disorder was found for Fe2+ over the Y- and 

Z-sites as well as ordering of Fe3+ at the Y-site. All samples in Filip et al. (2012) had 

evident disorder of Al over the Y- and Z-sites. Previous studies (Bogdanova et al., 1981; 

Afonina et al., 1993; Pieczka & Kraczka, 2004; Castañeda et al., 2006; Bačik et al., 

2011; Filip et al., 2012) have confirmed that diffusion of Fe to the Z-site from the Y-site 

is possible. However, no study has used single crystal X-ray diffraction to study this 

process through stepwise heating experiments from room temperature to 900°C. The aim 

of this research is to determine the extent of diffusion of octahedral cations in response to 

temperature in tourmaline. We will be heating to 900°C as done in Filip et al. (2012) to 

determine if melting and a loss of crystallinity of our specific tourmaline samples 

(described below) occurs at 900°C. Preliminary experimentation indicated that additional 

time heated at elevated temperatures beyond 216 hours did not result in any further cation 

exchange and disordering. 

 

 
3.1. Sample Selection 

 
Three of our tourmaline samples were supplied by our collaborator Andreas Ertl 
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at the University of Vienna. The fourth sample, a sample of buergerite from its type 

locality, was purchased from a private collection. The Fe-rich samples, TK1C1 and 

TK1R1, represent the core (C) and the rim (R) of a tourmaline with extensive Fe2+ at the 

Y-site; both TK1C1 and TK1R1 were selected due to their high ferrous iron content at the 

Y-site. These samples were used to determine is if it is possible to use elevated 

temperatures to initiate cation exchange between Y-site Fe2+ and Z-site Al and oxidize Y-

site Fe2+ as it diffuses to the Z-site. In order to balance the charge within the crystal, the 

evolution of H+ is required if Fe2+ diffuses as Fe3+. An Mg-rich sample, DRFR, was used 

to determine if cation exchange between Y-site Mg and Z-site Al is possible. Sample 

DRFR was selected from among other Mg-rich samples due to its high YMg content. A 

Fe-rich sample of buergerite (10689) was used to determine if cation exchange between 

Y-site Fe3+ and Z-site Al is possible. Buergerite was selected due to its being one of the 

only tourmaline species to have only Fe3+ at the Y-site. 

Chemical analyses were obtained prior to thermal treatment for TK1C1 and 

TK1R1 (Ertl et al., 2012), DRFR (Pertlik et al., 2003) and buergerite (Donnay et al., 

1966). Formulas of the samples used in this experiment are displayed in Table 3. 

Chemistry data was obtained using Electron Microprobe Analysis (EMPA) for all 

samples except for buergerite. Chemistry data for buergerite was obtained using wet 

chemical methods; however, Dunn (1976) used EMPA on buergerite from its type 

locality to confirm uniform and homogenous composition. 
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Table 3: Chemistry and cation distribution of samples used in this study prior to heating. 

 
 
 

 
 

  

Sample X Y Z T W & V 
 

TK1C1* 

& 

TK1R1* 

(Fe2+-rich) 

Na0.76Ca0.05 

K0.01☐0.18 

Fe2+
1.77Al0.62 

Mg0.19Ti4+
0.12 

Mn2+
0.10 

Fe3+
0.09Li0.07 

Zn0.01☐0.03 

 
Al5.76Mg0.23 

 
Fe3+

0.01 

Si5.77Al0.21
B0.02 

(OH)3.18F0.58
O0.24 

DRFR^ 

(Mg2+-rich) 

 

Na0.66Ca0.18 

☐0.16 

Mg2.46Al0.54 

Fe2+
0.01Ti0.01 

Al5.64Mg0.36 Si6.00 (OH)3.51F0.12
O0.37 

10689+ 

(Fe3+-rich) 

Na0.84Ca0.06 

K0.01☐0.09 

Fe3+
2.62Al0.26 

Mg0.04Ti4+
0.07 

Mn2+
0.02 

 

Al6.00 Si5.82Al0.18 (OH)0.29F0.84
O2.87 

 

 
Crystal chemistry obtained from: 
*: Ertl et al., 2012; ^: Pertlik et al., 2003; +: Dyar et al., 1998 
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3.2. Heating 
 

All of the samples were exposed to stepwise heating to specific temperatures from 

room temperature (20°C) to 900°C. All samples were heated at 200, 400, 600, 800, 850 

and 900°C in porcelain crucibles in a Thermo Scientific FB1300 bench-top muffle 

furnace for 216 hours (9 days), at one atmosphere pressure. The same crystal was used 

for each heating step. Once the allotted heating time was completed, the samples were 

immediately removed from the oven and quenched in air.  

 
3.3. Crystal Structure 

 
Tourmaline crystals ~80 µm in size were mounted on a Bruker APEXII single crystal X-

ray diffractometer equipped with a graphite-monochromatized MoKa radiation 

(λ=0.71075Å), and were scanned for 5.0−15.0 seconds per frame at room temperature. 

Detector distance was 5 cm. 4,500 frames were collected with a scan width of 0.200°. 

Redundant data were collected for a sphere of reciprocal space and were integrated and 

corrected for Lorentz and polarization factors; absorption was corrected using the 

program SADABS in the Bruker Apex2 package of programs. The structure was refined 

using a tourmaline starting model and full-matrix least-squares on F2 in SHELXL-97 

(Sheldrick, 2008). Anisotropic thermal parameters were used for refinement for all non-

hydrogen atoms. Information on the data collection and structural refinement can be 

found in Table 4. Estimated standard deviation values for both bond length values and 

site occupancy were calculated in APEX 2 from the numerous reflections collected.  

Values in parenthesis represent the estimated standard deviation values of least units 

cited. Propagation of error was performed on estimated standard deviation values.
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Table 4: Crystallographic data for all analyzed samples. 
 

TK1C10 (YFe2+) 
      Temperature (°C) 20 200 400 600 800 850 

a (Å) 15.9755(9) 15.9754(4) 15.9740(3) 15.9447(4) 15.8688(11) 15.8699(9) 

c (Å) 7.1569(4) 7.1579(2) 7.15820(10) 7.1589(2) 7.1744(5) 7.1784(4) 

V3 (Å) 1581.85(15) 1582.05(7) 1581.84(5) 1576.19(7) 1564.60(19) 1565.69(15) 

Theta range (°) 2.55 to 29.97 2.55 to 29.96 2.55 to 29.96 2.55 to 29.98 2.57 to 30.00 2.57 to 29.99 

h,k,l indices  
range 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

Total Reflections 10148 10134 10168 10208 10123 10070 
Unique 
Reflections 1128 1131 1131 1130 1119 1119 

% coverage 99.8 100 100 100 100 99.8 

Avg. Redundancy 8.996 8.96 8.99 9.034 9.046 8.999 

Rint 0.0132 0.0136 0.014 0.0126 0.0113 0.0115 

Data/Parameters 1128/95 1131/95 1131/95 1130/95 1119/95 1119/95 

GOOF (F2) 1.176 1.164 1.18 1.202 1.165 1.184 

R1, I > 2σ(I) 0.0119 0.012 0.0124 0.0135 0.0107 0.0105 

wR2a, I > 2σ(I) 0.033 0.033 0.0342 0.0367 0.031 0.0305 

R1, all data 0.0119 0.012 0.0124 0.0135 0.0107 0.0105 

wR2a, all data 0.033 0.033 0.0342 0.0367 0.031 0.0305 

Largest (+) Peak 0.393 0.381 0.388 0.307 0.325 0.232 

Largest (-) Peak 0.218 0.262 0.258 0.267 0.23 0.252 

       TK1R1 (YFe2+) 
      Temperature (°C) 20 200 400 600 800 850 

a (Å) 15.9862(3) 15.9844(3) 15.9842(6) 15.946(3) 15.884(3) 15.8722(5) 

c (Å) 7.1666(2) 7.16700(10) 7.1685(3) 7.1669(15) 7.1797(14) 7.1916(2) 

V3 (Å) 1586.11(6) 1585.84(5) 1586.14(11) 1578.2(6) 1568.8(5) 1569.03(8) 

Theta range (°) 2.55 to 29.98 2.55 to 29.98 2.55 to 29.98 2.55 to 29.96 2.56 to 29.98 2.57 to 29.95 

h,k,l indices  
range 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

Total Reflections 10160 10186 10196 10184 10047 9957 
Unique 
Reflections 1138 1138 1138 1130 1121 1119 

% coverage 100.0 100.0 100.0 100.0 100.0 99.8 

Avg. Redundancy 8.928 8.951 8.96 9.012 8.963 8.898 

Rint 0.0199 0.0224 0.0229 0.0136 0.0114 0.0147 

Data/Parameters 1138/95 1138/95 1138/95 1130/95 1121/95 1119/95 

GOOF (F2) 1.142 1.149 1.164 1.199 1.203 1.151 

R1, I > 2σ(I) 0.0115 0.0115 0.0117 0.0134 0.0104 0.0121 
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wR2a, I > 2σ(I) 0.0315 0.0314 0.0324 0.0363 0.03 0.0348 

R1, all data 0.0115 0.0115 0.0117 0.0134 0.0104 0.0121 

wR2a, all data 0.0315 0.0314 0.0324 0.0363 0.03 0.0348 

Largest (+) Peak 0.426 0.404 0.357 0.277 0.22 0.243 

Largest (-) Peak 0.247 0.277 0.239 0.349 0.232 0.267 

       DRFR (YMg2+) 
      Temperature (°C) 20 200 400 600 800 

 a (Å) 15.9465(7) 15.9490(4) 15.9463(15) 15.958(3) 15.9445(5) 
 c (Å) 7.1749(3) 7.1754(2) 7.1758(7) 7.1773(13) 7.1912(2) 
 V3 (Å) 1580.07(12) 1580.68(7) 1580.2(3) 1582.9(5) 1583.27(8) 
 Theta range (°) 2.55 to 30.00 2.55 to 30.00 2.55 to 30.00 2.55 to 29.99 2.55 to 29.97 
 

h,k,l indices 
range 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

 Total Reflections 10320 10281 10250 10226 10257 
 Unique 

Reflections 1137 1135 1137 1137 1135 
 % coverage 100.0 99.8 100.0 100.0 99.8 
 Avg. Redundancy 9.077 9.058 9.015 8.994 9.037 
 Rint 0.0119 0.0124 0.0123 0.0124 0.0127 
 Data/Parameters 1137/96 1135/94 1137/94 1137/94 1135/94 
 GOOF (F2) 1.174 1.11 1.135 1.148 1.12 
 R1, I > 2σ(I) 0.0118 0.0132 0.0146 0.0138 0.0132 
 wR2a, I > 2σ(I) 0.0322 0.038 0.0417 0.0404 0.0391 
 R1, all data 0.0118 0.0132 0.0146 0.0138 0.0132 
 wR2a, all data 0.0322 0.038 0.0417 0.0404 0.0391 
 Largest (+) Peak 0.271 0.527 0.551 0.547 0.495 
 Largest (-) Peak 0.258 0.213 0.273 0.25 0.218 
 

       10689 (YFe3+) 
      Temperature (°C) 20 200 400 600 800 850 

a (Å) 15.8580(2) 15.8568(3) 15.8572(4) 15.8567(10) 15.8540(16) 15.8489(6) 

c (Å) 7.19260(10) 7.19210(10) 7.1906(2) 7.1945(5) 7.1978(7) 7.2055(3) 

V3 (Å) 1566.44(4) 1566.09(5) 1565.84(7) 1566.60(18) 1566.8(3) 1567.45(11) 

Theta range (°) 
2.57 to  
29.95 

2.57 to 
29.96° 

2.57 to  
29.96 

2.57 to 
29.95° 

2.57 to  
29.95 

2.57 to  
29.96 

h,k,l indices  
range 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-11/11 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-11/11 

-22/22,  
-22/22,  
-10/10 

-22/22,  
-22/22,  
-10/10 

Total Reflections 10086 10053 10101 10116 10092 10120 
Unique 
Reflections 1120 1119 1121 1119 1119 1121 

% coverage 100.0 100.0 100.0 99.8 99.8 100.0 
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Avg. Redundancy 9.005 8.984 9.011 9.04 9.019 9.028 

Rint 0.0118 0.0117 0.0119 0.0119 0.0111 0.0119 

Data/Parameters 1120/91 1119/91 1121/91 1119/91 1119/91 1121/94 

GOOF (F2) 1.129 1.14 1.132 1.174 1.176 1.181 

R1, I > 2σ(I) 0.0138 0.014 0.0141 0.0137 0.0141 0.0112 

wR2a, I > 2σ(I) 0.0383 0.0386 0.0386 0.0376 0.0389 0.0325 

R1, all data 0.0138 0.014 0.0141 0.0137 0.0141 0.0112 

wR2a, all data 0.0383 0.0386 0.0386 0.0376 0.0389 0.0325 

Largest (+) Peak 0.655 0.563 0.641 0.561 0.541 0.305 

Largest (-) Peak 0.43 0.472 0.423 0.477 0.473 0.242 
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CHAPTER 4: RESULTS 
4.1. TK1C10 (Fe2+-rich) 

 Heating of this Fe2+-rich sample resulted in equivalent cation exchange of 

YFe2+ and ZAl between the Y- and Z-sites with a simultaneous oxidation of Fe2+ to Fe3+ 

and the evolution of a H+ upon exchange. 

 Sample TK1C10 represents one of the two samples in which the reaction 

YFe2+ + ZAl + OH ↔ ZFe3+ + YAl + O + H↑ is proposed. A crystal structure of TK1C10 

was determined at room temperature, the crystal was then heated at 200, 400, 600, 800, 

850 and 900°C for 9 days. Crystal structures were determined following each heating 

step. Due to TK1C10 containing (OH)3.18 atoms per formula unit (apfu), the site that is 

occupied by H was refined. 

A list of atomic positions is given in Table 5. A list of selected bond lengths is 

provided in Table 6, and Figure 4a displays average Y-O bond length. The average Y-site 

bond length remained essentially constant at ~2.037(3)Å on the materials heated from 

20–400°C. At 600°C, the <Y-site> bond length decreased to 2.022(3)Å and, at 850°, the 

average Y-site bond length was 1.978(3)Å, yielding a net decrease of 0.059Å from 20°C 

to 850°C. Figure 4b shows <Z-O> bond length plotted against temperature. The average 

Z-site bond length remained constant at ~1.918(3)Å from 20–600°C. From 600°C to 

850°C, the average Z-site bond length increased to 1.926(2)Å. A net decrease of 0.008Å 

was observed in the Z-site from 20°C to 850°C. A loss of crystallinity was observed at 

900°C. 

 Table 7 displays the content of Y- and Z-sites as determined through 

refinement of the crystal structure. The variables from the refinement were used to 
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calculate the Y- and Z-site apfu. Y-site cation content, displayed in Figure 5, remained 

constant from 20–400°C, with Al1.300(6)Fe1.700(6). At 600°C, Y-site cation content changed 

to Al1.330(7)Fe1.670(7). At 800°C, Y-site cation content was determined to be 

Al1.870(5)Fe1.130(5). Finally at 850°C, Y-site cation content changed to become 

Al1.900(5)Fe1.100(5). At the Y-site, a total of 0.60 Al atoms were exchanged for 0.60 Fe2+ 

atoms. Z-site content remained constant from 20–400°C at Al5.83(2)Fe0.17(2). At 600°C, Z-

site content changed to become Al5.87(2)Fe0.13(2). The Z-site content, displayed in Figure 6, 

became Al5.37(1)Fe0.63(1) when additional 0.50 atoms were exchanged when heated to 

800°C. A final composition of Al5.35(1)Fe0.65(1) was displayed by the sample heated to 

850°C. Figure 7 displays the Fe occupancy of the Y- and Z-sites, and Figure 8 displays 

the Al occupancy of the Y- and Z-sites over the range of temperatures studied. From 20°C 

to 850°C the Y-site exchanged 0.59 Fe atoms for Al while the Z-site exchanged 0.48 Al 

atoms for Fe. 
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Table 5: Atomic coordinates and equivalent isotropic atomic displacement for sample 

TK1C10. 

Temperature (°C) Atom x y z U(eq) 
20 Na 0 0 1/4 0.0235(9) 
 Si 0.19184(2) 0.18986(2) 0.0243(4) 0.00567(9) 
 B 0.11014(7) 0.22028(13) 0.4788(4) 0.0081(3) 
 AlY 0.12414(2) 0.062071(11) 0.6529(4) 0.00925(11) 
 FeY 0.12414(2) 0.062071(11) 0.6529(4) 0.00925(11) 
 AlZ 0.29830(2) 0.26157(2) 0.6347(4) 0.00632(10) 
 FeZ 0.29830(2) 0.26157(2) 0.6347(4) 0.00632(10) 
 O1 0 0 0.8034(5) 0.0290(6) 
 O2 0.06173(5) 0.12347(9) 0.5116(4) 0.0157(3) 
 O3 0.26691(11) 0.13346(5) 0.5338(4) 0.0135(2) 
 O4 0.09344(5) 0.18689(9) 0.0926(4) 0.0108(2) 
 O5 0.18731(9) 0.09366(5) 0.1156(4) 0.0106(2) 
 O6 0.19746(6) 0.18707(6) 0.8000(4) 0.00933(16) 
 O7 0.28513(6) 0.28563(6) 0.1031(4) 0.00860(16) 
 O8 0.20985(6) 0.27069(6) 0.4647(4) 0.01020(17) 
      

200 Na 0 0 3/4 0.0244(9) 
 Si 0.80818(2) 0.81016(2) 0.9759(4) 0.00569(9) 
 B 0.88982(7) 0.77965(14) 0.5214(4) 0.0082(3) 
 AlY 0.87588(2) 0.937938(11) 0.3472(4) 0.00930(11) 
 FeY 0.87588(2) 0.937938(11) 0.3472(4) 0.00930(11) 
 AlZ 0.70171(2) 0.73844(2) 0.3655(4) 0.00624(10) 
 FeZ 0.70171(2) 0.73844(2) 0.3655(4) 0.00624(10) 
 O1 0 0 0.1969(5) 0.0286(6) 
 O2 0.93828(5) 0.87655(9) 0.4887(4) 0.0156(3) 
 O3 0.73315(11) 0.86657(5) 0.4665(4) 0.0135(2) 
 O4 0.90659(5) 0.81319(9) 0.9075(4) 0.0108(2) 
 O5 0.81276(10) 0.90638(5) 0.8846(4) 0.0105(2) 
 O6 0.80252(6) 0.81297(6) 0.2002(4) 0.00944(17) 
 O7 0.71486(6) 0.71435(6) 0.8971(4) 0.00878(16) 
 O8 0.79012(6) 0.72931(7) 0.5355(4) 0.01020(17) 
      

400 Na 0 0 1/4 0.0242(9) 
 Si 0.19185(2) 0.18987(2) 0.0237(4) 0.00561(9) 
 B 0.11017(7) 0.22033(14) 0.4782(4) 0.0080(3) 
 AlY 0.12419(2) 0.062094(12) 0.6523(4) 0.00926(11) 
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 FeY 0.12419(2) 0.062094(12) 0.6523(4) 0.00926(11) 
 AlZ 0.29831(2) 0.26157(2) 0.6342(4) 0.00628(11) 
 FeZ 0.29831(2) 0.26157(2) 0.6342(4) 0.00628(11) 
 O1 0 0 0.8027(5) 0.0289(6) 
 O2 0.06172(5) 0.12344(9) 0.5110(4) 0.0156(3) 
 O3 0.26691(11) 0.13346(5) 0.5333(4) 0.0134(2) 
 O4 0.09342(5) 0.18684(9) 0.0921(4) 0.0107(2) 
 O5 0.18729(10) 0.09364(5) 0.1150(4) 0.0106(2) 
 O6 0.19748(6) 0.18709(7) 0.7994(4) 0.00936(17) 
 O7 0.28512(6) 0.28563(6) 0.1026(4) 0.00859(16) 
 O8 0.20986(7) 0.27070(7) 0.4641(4) 0.01014(17) 
      

600 Na 0 0 1/4 0.0238(11) 
 Si 0.19171(2) 0.18990(3) 0.0278(4) 0.00598(10) 
 B 0.11025(8) 0.22050(16) 0.4804(5) 0.0086(3) 
 AlY 0.12375(3) 0.061875(14) 0.6572(4) 0.01003(13) 
 FeY 0.12375(3) 0.061875(14) 0.6572(4) 0.01003(13) 
 AlZ 0.29796(3) 0.26088(3) 0.6364(4) 0.00683(12) 
 FeZ 0.29796(3) 0.26088(3) 0.6364(4) 0.00683(12) 
 O1 0 0 0.8004(6) 0.0233(6) 
 O2 0.06161(5) 0.12321(11) 0.5140(5) 0.0142(3) 
 O3 0.26455(13) 0.13228(6) 0.5385(5) 0.0135(3) 
 O4 0.09386(6) 0.18772(11) 0.0981(5) 0.0112(3) 
 O5 0.18687(11) 0.09343(6) 0.1185(5) 0.0111(3) 
 O6 0.19610(7) 0.18654(7) 0.8030(5) 0.00976(19) 
 O7 0.28550(7) 0.28583(7) 0.1053(4) 0.00897(19) 
 O8 0.20994(7) 0.27087(8) 0.4671(4) 0.0102(2) 
      

800 Na 0 0 3/4 0.0239(7) 
 Si 0.808835(18) 0.810299(19) 0.9675(3) 0.00610(8) 
 B 0.88993(6) 0.77986(12) 0.5171(4) 0.0078(3) 
 AlY 0.87718(2) 0.938589(12) 0.3346(3) 0.00939(11) 
 FeY 0.87718(2) 0.938589(12) 0.3346(3) 0.00939(11) 
 AlZ 0.70312(2) 0.74150(2) 0.3637(3) 0.00802(9) 
 FeZ 0.70312(2) 0.74150(2) 0.3637(3) 0.00802(9) 
 O1 0 0 0.2067(4) 0.0104(3) 
 O2 0.93899(4) 0.87798(8) 0.4794(3) 0.0106(2) 
 O3 0.74186(11) 0.87093(5) 0.4551(3) 0.0114(2) 
 O4 0.90501(4) 0.81001(8) 0.8929(3) 0.0111(2) 
 O5 0.81459(9) 0.90730(4) 0.8777(3) 0.0120(2) 
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 O6 0.80771(5) 0.81588(5) 0.1928(3) 0.00943(14) 
 O7 0.71363(5) 0.71424(5) 0.8935(3) 0.00892(14) 
 O8 0.79041(5) 0.72942(6) 0.5316(3) 0.00976(15) 
      

850 Na 0 0 1/4 0.0234(7) 
 Si 0.191162(18) 0.189704(19) 0.0321(3) 0.00618(7) 

 B 0.11001(6) 0.22003(12) 0.4827(4) 0.0080(3) 
 AlY 0.12278(2) 0.061391(12) 0.6652(3) 0.00928(11) 
 FeY 0.12278(2) 0.061391(12) 0.6652(3) 0.00928(11) 
 AlZ 0.29685(2) 0.25843(2) 0.6358(3) 0.00805(9) 
 FeZ 0.29685(2) 0.25843(2) 0.6358(3) 0.00805(9) 
 O1 0 0 0.7929(4) 0.0104(3) 
 O2 0.06098(4) 0.12197(8) 0.5203(3) 0.0105(2) 
 O3 0.25777(8) 0.12889(4) 0.5450(3) 0.0113(2) 
 O4 0.09503(4) 0.19006(8) 0.1069(3) 0.0111(2) 
 O5 0.18527(9) 0.09263(4) 0.1219(3) 0.0120(2) 
 O6 0.19215(5) 0.18400(5) 0.8069(3) 0.00951(14) 
 O7 0.28639(5) 0.28574(5) 0.1061(3) 0.00898(14) 
 O8 0.20955(5) 0.27054(6) 0.4680(3) 0.00987(15) 
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Table 7: Occupancy of the Y- and Z-sites for sample TK1C10. 

Temperature (°C) AlY/FeY Al occupancy Fe occupancy 
20 0.435(2) 1.310(6) 1.690(6) 
200 0.434(2) 1.300(6) 1.700(6) 
400 0.433(2) 1.300(6) 1.700(6) 
600 0.443(2) 1.330(7) 1.670(7) 
800 0.622(2) 1.870(5) 1.130(5) 
850 0.633(2) 1.900(5) 1.100(5) 

    
Temperature (°C) AlZ/FeZ Al occupancy Fe occupancy 

20 0.970(2) 5.83(2) 0.17(2) 
200 0.973(2) 5.84(2) 0.16(2) 
400 0.971(3) 5.83(2) 0.17(2) 
600 0.978(3) 5.87(2) 0.13(2) 
800 0.895(2) 5.37(1) 0.63(1) 
850 0.892(2) 5.35(1) 0.65(1) 

 
 

 
 
Figure 4a: Average Y-O bond length (Å) for each temperature step (°C) for sample 

TK1C10. Error bars indicate one estimated standard deviation. 
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Figure 4b: Average Z-O bond length (Å) for each temperature step (°C) for sample 

TK1C10. Error bars indicate one estimated standard deviation. 

 

 

Figure 5: Y-Site apfu for each temperature step (°C) for sample TK1C10. Values for any 

given temperature sum to 3 apfu. Error bars indicating one estimated standard deviation 

are contained within the marker symbol. 
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Figure 6: Z-site apfu for each temperature step (°C) for sample TK1C10. Values for any 

given temperature sum to 6 apfu. Error bars indicating one estimated standard deviation 

are contained within the marker symbol. 
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indicating one estimated standard deviation are contained within the marker symbol. 

 

 

Figure 8: Al occupancy (apfu) of the Y- and Z-sites for sample TK1C10. Error bars 

indicating one estimated standard deviation are contained within the marker symbol. 
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4.2. TK1R1 (Fe2+-rich) 

 Heating of this Fe2+-rich sample resulted in equivalent cation exchange of 

YFe2+ and ZAl between the Y- and Z-sites with a simultaneously oxidation of Fe2+ to Fe3+ 

and the evolution of a H+ upon exchange. 

 Sample TK1R1 represents the other sample in which the reaction YFe2+ + ZAl 

+ OH ↔ ZFe3+ + YAl + O + H↑ is proposed. Crystal structure data for sample TK1R1 

were obtained at room temperature, and subsequently the crystal was heated at 200, 400, 

600, 800, 850 and 900°C for 9 days at each step. Crystal structures were obtained after 

each heating step. Due to TK1R1 containing (OH)3.18 apfu, the position that is occupied 

by H was refined.  

 A list of atomic positions for sample TK1R1 is displayed in Table 8, and a 

list of bond lengths is provided in Table 9. Figure 9a displays average Y-O bond lengths. 

The average Y-O bond length remained constant at 2.043(3)Å from 20–400°C; however 

at 600°C, the average Y-O bond length decreases to ~2.025(3)Å followed by a further 

decrease to 1.983(2)Å at 800°C and to 1.981(3)Å at 850°C. A net decrease of 0.62Å was 

observed at the Y-site from 0 to 850°C. Figure 9b displays the average Z-O bond length 

plotted against temperature. This plot shows that average bond lengths remained constant 

at ~1.919(2)Å from 20°C to 600°C, and the average Z-O bond length increased to 

1.927(2)Å at 800°C and to 1.929(2)Å at 850°C. A net increase of 0.01Å was observed at 

the Y-site. 

 Table 10 displays the content of the Y- and Z- sites as determined through 

refinement of the crystal structure. Figure 10 displays the Al vs. Fe content of Y-site. The  
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Y-site content remained stable from 20 to 400°C, at approximately Al1.200(6)Fe1.800(6). At 

600°C, cation exchange takes place, yielding Y-site content of Al1.230(7)Fe1.770(7). 

Significant exchange occurs at 800°C, indicated by an Al and Fe content of 

Al1.820(5)Fe1.180(5). At the 850°C step, Y-site content became Al1.840(5)Fe1.160(5). Between 

400 and 850°C, 0.65 Al atoms are exchanged between the Y- and Z-sites. Figure 11 

displays the Al vs. Fe content of Z-site.  

 The Z-site content remained stable from 20 to 400°C, at approximately 

Al5.80(2)Fe0.20(2). At 600°C, exchange took place, yielding a Y-site content of 

Al5.83(2)Fe0.17(2). The Z-site content at 800°C was Al5.29(1)Fe0.71(1). At the 850°C heating 

step the Z-site content was Al5.26(2)Fe0.74(2). In the heating stages between 400 and 850°C, 

a total of 0.53 Fe atoms are exchanged between the Y- and Z-sites. Figure 12 displays the 

Fe occupancy of the Y- and Z-sites,  and Figure 13 displays the Al occupancy of the Y- 

and Z-sites. From 20°C to 850°C the Y-site exchanged 0.65 Fe atoms for Al while the Z-

site exchanged 0.53 Al atoms for Fe. 
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Table 8: Atomic coordinates and equivalent isotropic atomic displacement for sample 

TK1R1. 

Temperature (°C) Atom x y z U(eq) 
20 Na 0 0 3/4 0.0239(7) 
 Si 0.808147(19) 0.81010(2) 0.9749(3) 0.00573(8) 
 B 0.88981(6) 0.77962(13) 0.5206(4) 0.0080(3) 
 AlY 0.87576(2) 0.937878(10) 0.3458(3) 0.00947(10) 
 FeY 0.87576(2) 0.937878(10) 0.3458(3) 0.00947(10) 
 AlZ 0.70159(2) 0.73835(2) 0.3643(3) 0.00632(10) 
 FeZ 0.70159(2) 0.73835(2) 0.3643(3) 0.00632(10) 
 O1 0 0 0.1943(4) 0.0285(6) 
 O2 0.93840(4) 0.87679(9) 0.4894(3) 0.0151(3) 
 O3 0.73247(10) 0.86623(5) 0.4651(3) 0.0133(2) 
 O4 0.90677(4) 0.81354(9) 0.9062(3) 0.0109(2) 
 O5 0.81323(9) 0.90661(5) 0.8837(3) 0.0108(2) 
 O6 0.80244(6) 0.81270(6) 0.1992(3) 0.00936(16) 
 O7 0.71490(6) 0.71445(5) 0.8958(3) 0.00876(15) 
 O8 0.79019(6) 0.72938(6) 0.5343(3) 0.01025(16) 
      

200 Na 0 0 3/4 0.0237(7) 
 Si 0.80814(2) 0.81009(2) 0.9752(3) 0.00574(9) 
 B 0.88985(6) 0.77970(13) 0.5208(4) 0.0081(3) 
 AlY 0.87576(2) 0.93788(11) 0.3460(3) 0.00945(10) 
 FeY 0.87576(2) 0.93788(11) 0.3460(3) 0.00945(10) 
 AlZ 0.70160(2) 0.73834(2) 0.3645(3) 0.00629(10) 
 FeZ 0.70160(2) 0.73834(2) 0.3645(3) 0.00629(10) 
 O1 0 0 0.1946(4) 0.0284(6) 
 O2 0.93836(4) 0.87672(9) 0.4897(3) 0.0151(3) 
 O3 0.73247(10) 0.86623(5) 0.4652(3) 0.0133(2) 
 O4 0.90677(4) 0.81353(9) 0.9065(3) 0.0109(2) 
 O5 0.81326(9) 0.90663(5) 0.8839(3) 0.0108(2) 
 O6 0.80246(6) 0.81271(6) 0.1993(3) 0.00949(16) 
 O7 0.71490(6) 0.71446(6) 0.8961(3) 0.00871(15) 
 O8 0.79018(6) 0.72941(6) 0.5345(3) 0.01037(17) 
      

400 Na 0 0 3/4 0.0239(7) 
 Si 0.80813(2) 0.81007(2) 0.9753(3) 0.00578(9) 
 B 0.88982(6) 0.77964(13) 0.5208(4) 0.0080(3) 
 AlY 0.87568(2) 0.937842(11) 0.3462(3) 0.00950(10) 
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 FeY 0.87568(2) 0.937842(11) 0.3462(3) 0.00950(10) 
 AlZ 0.70158(2) 0.73835(2) 0.3647(3) 0.00632(10) 
 FeZ 0.70158(2) 0.73835(2) 0.3647(3) 0.00632(10) 
 O1 0 0 0.1948(4) 0.0283(6) 
 O2 0.93838(4) 0.87675(9) 0.4898(4) 0.0152(3) 
 O3 0.73243(10) 0.86622(5) 0.4654(3) 0.0134(2) 
 O4 0.90680(5) 0.81361(9) 0.9066(3) 0.0110(2) 
 O5 0.81324(9) 0.90662(5) 0.8842(3) 0.0109(2) 
 O6 0.80248(6) 0.81271(6) 0.1995(3) 0.00952(16) 
 O7 0.71491(6) 0.71445(6) 0.8962(3) 0.00883(16) 
 O8 0.79017(6) 0.72940(6) 0.5347(3) 0.01033(17) 
      

600 Na 0 0 1/4 0.0224(8) 
 Si 0.19174(2) 0.19001(3) 0.0291(4) 0.00612(10) 
 B 0.11023(8) 0.22047(17) 0.4814(5) 0.0087(4) 
 AlY 0.12409(3) 0.062044(14) 0.6590(4) 0.01047(12) 
 FeY 0.12409(3) 0.062044(14) 0.6590(4) 0.01047(12) 
 AlZ 0.29801(3) 0.26076(3) 0.6375(4) 0.00707(12) 
 FeZ 0.29801(3) 0.26076(3) 0.6375(4) 0.00707(12) 
 O1 0 0 0.8019(5) 0.0225(6) 
 O2 0.06151(5) 0.12301(11) 0.5137(4) 0.0137(3) 
 O3 0.26474(13) 0.13237(6) 0.5406(4) 0.0134(3) 
 O4 0.09372(6) 0.18745(11) 0.0999(4) 0.0114(3) 
 O5 0.18614(12) 0.09307(6) 0.1194(4) 0.0116(3) 
 O6 0.19592(7) 0.18672(7) 0.8043(4) 0.0098(2) 
 O7 0.28554(7) 0.28572(7) 0.1067(4) 0.00903(19) 
 O8 0.20992(8) 0.27085(8) 0.4685(4) 0.0102(2) 
      

800 Si 0.19123(19) 0.189846(19) 0.0324(2) 0.00629(7) 
 B 0.11001(6) 0.22003(12) 0.4832(3) 0.0082(3) 
 AlY 0.12326(2) 0.06163(12) 0.6659(3) 0.00976(11) 
 FeY 0.12326(2) 0.06163(12) 0.6659(3) 0.00976(11) 
 AlZ 0.29699(2) 0.25826(2) 0.6362(2) 0.00823(9) 
 FeZ 0.29699(2) 0.25826(2) 0.6362(2) 0.00823(9) 
 O1 0 0 0.7939(3) 0.0109(3) 
 O2 0.06088(4) 0.12176(8) 0.5196(3) 0.0106(2) 
 O3 0.25864(9) 0.12932(4) 0.5467(3) 0.0114(2) 
 O4 0.09481(4) 0.18961(8) 0.1076(3) 0.0113(2) 
 O5 0.18440(9) 0.09220(4) 0.1214(3) 0.0122(2) 
 O6 0.19225(5) 0.18441(6) 0.8074(3) 0.00966(14) 
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 O7 0.28642(5) 0.28570(5) 0.1068(3) 0.00912(14) 
 O8 0.20945(6) 0.27038(6) 0.4688(3) 0.00984(15) 
      

850 Na 0 0 1/4 0.0236(6) 
 Si 0.19120(2) 0.18982(2) 0.0321(3) 0.00662(8) 
 B 0.10990(7) 0.21981(13) 0.4831(4) 0.0085(3) 
 AlY 0.12325(3) 0.061624(13) 0.6661(3) 0.01003(12) 
 FeY 0.12325(3) 0.061624(13) 0.6661(3) 0.01003(12) 
 AlZ 0.29696(2) 0.25817(2) 0.6358(3) 0.00856(10) 
 FeZ 0.29696(2) 0.25817(2) 0.6358(3) 0.00856(10) 
 O1 0 0 0.7934(4) 0.0110(4) 
 O2 0.06077(4) 0.12154(8) 0.5197(3) 0.0106(2) 
 O3 0.25848(11) 0.12924(6) 0.5464(3) 0.0119(2) 
 O4 0.09480(5) 0.18959(9) 0.1075(3) 0.0119(2) 
 O5 0.18413(10) 0.09206(5) 0.1211(3) 0.0126(2) 
 O6 0.19203(6) 0.18429(6) 0.8074(3) 0.01006(16) 
 O7 0.28646(6) 0.28563(5) 0.1064(3) 0.00960(16) 
 O8 0.20936(6) 0.27033(6) 0.4686(3) 0.01023(17) 
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Table 10: Occupancy of the Y- and Z-sites for sample TK1R1. 

Temperature (°C) AlY/FeY Al occupancy Fe occupancy 
20 0.397(2) 1.190(6) 1.810(6) 
200 0.399(2) 1.200(6) 1.800(6) 
400 0.400(2) 1.200(6) 1.800(6) 
600 0.410(2) 1.230(7) 1.770(7) 
800 0.605(2) 1.820(5) 1.180(5) 
850 0.612(2) 1.840(6) 1.160(6) 

    
Temperature (°C) AlZ/FeZ Al occupancy Fe occupancy 

20 0.964(2) 5.79(2) 0.21(2) 
200 0.965(2) 5.79(2) 0.21(2) 
400 0.966(2) 5.80(2) 0.20(2) 
600 0.971(2) 5.83(2) 0.17(2) 
800 0.882(2) 5.29(1) 0.71(1) 
850 0.876(3) 5.26(2) 0.74(2) 

 

 

 

Figure 9a: Average Y-O bond length (Å) for each temperature step (°C) for sample 

TK1R1. Error bars indicate one estimated standard deviation. 
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Figure 9b: Average Z-O bond length (Å) for each temperature step (°C) for sample 

TK1R1. Error bars indicate one estimated standard deviation. 

 

 

 

Figure 10: Y-Site apfu for each temperature step (°C) for sample TK1R1. Values for any 
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are contained within the marker symbol. 

 

 

Figure 11: Z-Site apfu for each temperature step (°C) for sample TK1R1. Values for any 

given temperature sum to 6 apfu. Error bars indicating one estimated standard deviation 

are contained within the marker symbol. 
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Figure 12: Fe occupancy (apfu) of the Y- and Z-sites for sample TK1R1. Error bars 

indicating one estimated standard deviation are contained within the marker symbol. 

 
 
Figure 13: Al occupancy (apfu) of the Y- and Z-sites for sample TK1R1. Error bars 

indicating one estimated standard deviation are contained within the marker symbol. 
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4.3. DRFR (Mg2+-rich) 

 Heating of this Mg2+-rich sample resulted in equivalent cation exchange of YMg2+ 

and ZAl between the Y- and Z-sites. 

Sample DRFR represents an Mg2+-rich sample, in which the reaction YMg + ZAl  

↔  ZMg + YAl may occur. Diffraction data for sample DRFR were obtained at room 

temperature, and subsequently the crystal was heated at 200, 400, 600, 800, and 850°C 

for 9 days for each step. The occupancy of the H position in the crystal structure was not 

refined in sample DRFR because no H is needed to evolve to compensate for charge 

imbalances that arise due to deprotonation. 

A list of atomic positions is displayed in Table 11. A list bond lengths is provided 

in Table 12. Figure 14a displays the <Y-site> bond lengths. From 20–600°C, <Y-site> 

bond lengths remained constant at 2.039(3)Å. At 800°C average Y-site bond lengths 

decrease to 2.029(3)Å. After being heated to 850°C, the sample no longer displayed a 

tourmaline diffraction pattern. <Z-site> DRFR bond lengths remained constant at 

~1.920(2)Å from 20–600°C. At 600°C, bond lengths increase from 1.921(2)Å to 

1.925(2)Å at 800°C (Figure 14b).  

Al and Mg are difficult to discern from each other in x-ray diffraction due to Al 

and Mg possessing virtually identical atomic scattering factors. Thus, bond length 

measurements provide a better look into the cation exchange between Mg and Al in 

sample DRFR. A VIMg-IIIO bond length is 2.08Å and VIAl-IIIO bond length is 1.895Å 

(Shannon, 1976). At 20°C, the Y-site the average Mg-O bond length is 2.039(3)Å. This 

indicated that the Y-site contains ~78% Mg, an interpolation of this value yielded a Y-site 
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of Mg0.78Al0.22. At 800°C, the Y-site Mg-O bond length is 2.029(3)Å, or Mg0.73Al0.27. A 

net bond length decrease of 5.38% was observed in the Mg-O bond length from 20 to 

800°C in the Y-site.  

In the Z-site, the average Al-O bond length is 1.920(3)Å at 20°C, this bond length 

increased to 1.925(2)Å at 800°C. On a scale with the 2.08Å Mg-O bond = 0% and the 

1.895Å Al-O bond = 100%, the initial bond length of 1.920(3)Å indicates that the Z-site 

contained 86.02% Al. At 800°C, the Z-site had bond length indicated the Z-site contained 

83.33% Al. A net decrease of 2.69% Al was observed in the Z-site from 0 to 800°C. 

Figure 15 shows the interpolated Y-site content and Figure 16 shows the interpolated Z-

site content. Figure 17 shows the interpolated Y- and Z-site Mg content and Figure 18 

shows the interpolated Y- and Z-site Al content. 
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Table 11: Atomic coordinates and equivalent isotropic atomic displacement for sample 

DRFR. 

Temperature (°C) Atom x y z U(eq) 
20 Na 0 0 3/4 0.0127(3) 
 Si 0.80809(2) 0.80992(2) 0.97867(16) 0.00540(7) 
 B 0.89025(7) 0.78050(13) 0.5249(3) 0.0068(3) 
 AlY 0.87410(4) 0.93705(2) 0.35067(19) 0.0096(4) 
 MgY 0.87410(4) 0.93705(2) 0.35067(19) 0.0096(4) 
 AlZ 0.70214(2) 0.73848(3) 0.36586(17) 0.00616(8) 
 O1 0 0 0.2051(3) 0.0047(3) 
 O2 0.93901(4) 0.87801(9) 0.4988(2) 0.0101(2) 
 O3 0.73256(10) 0.86628(5) 0.4676(2) 0.0102(2) 
 O4 0.90705(5) 0.81411(9) 0.9074(2) 0.0100(2) 
 O5 0.81604(10) 0.90802(5) 0.8867(2) 0.0099(2) 
 O6 0.80365(6) 0.81316(6) 0.2016(2) 0.00849(16) 
 O7 0.71474(6) 0.71500(6) 0.89769(19) 0.00812(15) 
 O8 0.79006(6) 0.72916(6) 0.5365(2) 0.00887(16) 
      

200 Na 0 0 1/4 0.0127(4) 
 Si 0.19191(2) 0.19007(2) 0.02132(16) 0.00551(9) 
 B 0.10978(7) 0.21957(13) 0.4751(3) 0.0071(3) 
 AlY 0.12589(4) 0.06295(2) 0.64935(19) 0.0095(4) 
 MgY 0.12589(4) 0.06295(2) 0.64935(19) 0.0095(4) 
 AlZ 0.29787(2) 0.26152(3) 0.63416(17) 0.0053(3) 
 MgZ 0.29787(2) 0.26152(3) 0.63416(17) 0.0053(3) 
 O1 0 0 0.7951(3) 0.0047(3) 
 O2 0.06101(4) 0.12203(9) 0.5012(2) 0.0105(3) 
 O3 0.26738(10) 0.13369(5) 0.5324(2) 0.0104(2) 
 O4 0.09294(5) 0.18588(10) 0.0926(2) 0.0100(2) 
 O5 0.18399(10) 0.09200(5) 0.1133(2) 0.0101(2) 
 O6 0.19633(6) 0.18681(6) 0.7984(2) 0.00863(16) 
 O7 0.28524(6) 0.28499(6) 0.1024(2) 0.00817(16) 
 O8 0.20993(6) 0.27084(6) 0.4635(2) 0.00902(17) 
      

400 Na 0 0 1/4 0.0126(4) 
 Si 0.19192(2) 0.19007(2) 0.02129(18) 0.00551(9) 
 B 0.10983(8) 0.21966(15) 0.4751(3) 0.0072(3) 
 AlY 0.12595(5) 0.06298(2) 0.6492(2) 0.0096(5) 
 MgY 0.12595(5) 0.06298(2) 0.6492(2) 0.0096(5) 
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 AlZ 0.29788(3) 0.26152(3) 0.63410(19) 0.0053(3) 
 MgZ 0.29788(3) 0.26152(3) 0.63410(19) 0.0053(3) 
 O1 0 0 0.7952(3) 0.0048(4) 
 O2 0.06103(5) 0.12206(10) 0.5013(3) 0.0107(3) 
 O3 0.26742(11) 0.13371(5) 0.5319(3) 0.0104(2) 
 O4 0.09296(5) 0.18592(11) 0.0924(3) 0.0100(3) 
 O5 0.18408(12) 0.09204(6) 0.1131(3) 0.0103(3) 
 O6 0.19633(7) 0.18677(7) 0.7984(2) 0.00875(18) 
 O7 0.28515(7) 0.28500(6) 0.1023(2) 0.00821(18) 
 O8 0.20994(7) 0.27079(7) 0.4634(2) 0.00893(19) 
      

600 Na 0 0 3/4 0.0126(4) 
 Si 0.80809(2) 0.80995(2) 0.97870(18) 0.00564(9) 
 B 0.89022(7) 0.78044(15) 0.5249(3) 0.0070(3) 
 AlY 0.87401(4) 0.93701(2) 0.3507(2) 0.0099(4) 
 MgY 0.87401(4) 0.93701(2) 0.3507(2) 0.0099(4) 
 AlZ 0.70211(3) 0.73847(3) 0.36586(18) 0.0055(3) 
 MgZ 0.70211(3) 0.73847(3) 0.36586(18) 0.0055(3) 
 O1 0 0 0.2048(3) 0.0048(4) 
 O2 0.93898(5) 0.87796(10) 0.4986(3) 0.0108(3) 
 O3 0.73256(11) 0.86628(5) 0.4680(2) 0.0106(2) 
 O4 0.90701(5) 0.81403(10) 0.9075(2) 0.0103(3) 
 O5 0.81597(11) 0.90798(6) 0.8868(3) 0.0104(2) 
 O6 0.80368(7) 0.81322(7) 0.2016(2) 0.00883(18) 
 O7 0.71482(7) 0.71500(6) 0.8976(2) 0.00828(17) 
 O8 0.79007(7) 0.72920(7) 0.5365(2) 0.00898(18) 
      
 Na 0 0 3/4 0.0136(4) 
 Si 0.80819(2) 0.81007(2) 0.98015(17) 0.00573(9) 
 B 0.89029(7) 0.78058(14) 0.5256(3) 0.0076(3) 
 AlY 0.87368(4) 0.93684(2) 0.3511(2) 0.0102(4) 
 MgY 0.87368(4) 0.93684(2) 0.3511(2) 0.0102(4) 
 AlZ 0.70196(3) 0.73831(3) 0.36735(18) 0.0058(3) 
 MgZ 0.70196(3) 0.73831(3) 0.36735(18) 0.0058(3) 
 O1 0 0 0.2076(3) 0.0069(4) 
 O2 0.93924(5) 0.87848(9) 0.4977(3) 0.0116(3) 
 O3 0.73373(10) 0.86686(5) 0.4687(2) 0.0117(2) 
 O4 0.90708(5) 0.81416(10) 0.9087(2) 0.0109(2) 
 O5 0.81645(11) 0.90823(5) 0.8882(2) 0.0108(2) 
 O6 0.80421(6) 0.81397(6) 0.2025(2) 0.00925(17) 
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 O7 0.71498(6) 0.71516(6) 0.8997(2) 0.00888(17) 
 O8 0.79037(7) 0.72965(7) 0.5381(2) 0.00985(18) 
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Figure 14a: Average Y-O bond length (Å) for each temperature step (°C) for sample 

DRFR. Error bars indicate one estimated standard deviation. 

 

 

Figure 14b: Average Z-O bond length (Å) for each temperature step (°C) for sample 

DRFR. Error bars indicate one estimated standard deviation. 
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Figure 15: Interpolated Y-site occupancy (apfu) for each temperature step (°C) for sample 

DRFR. Values for any given temperature sum to 3 apfu. 

 

 

Figure 16: Interpolated Z-site occupancy (apfu) for each temperature step (°C) for sample 

DRFR. Values for any given temperature sum to 6 apfu. 
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Figure 17: Interpolated Mg occupancy (apfu) of the Y- and Z-sites for sample DRFR.  

 

 

Figure 18: Interpolated Al occupancy (apfu) of the Y- and Z-sites for sample DRFR. 
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4.4. 10689 (Fe3+-rich) 

 Heating of this Fe3+-rich sample resulted in equivalent cation exchange of 

YFe3+ and ZAl between the Y- and Z-sites. 

 Sample 10689 (buergerite) represents a Fe3+-rich sample in which the 

reaction YFe3+ + ZAl ↔ ZFe3+ + YAl is proposed. Sample 10689 was ground into a sphere 

and then the crystal structure was determined. The sample was then heated at 200, 400, 

600, 800, 850 and 900°C for 9 days per step. Due to 10689 only containing (OH)0.29  apfu, 

the position in the crystal structure occupied by H was not refined.  

 A list of atomic positions is given in Table 13. A list of bond lengths is 

provided in Table 14. Figure 19a displays average Y-O bond lengths. Average Y-O bond 

length was approximately constant from 20–600°C at 2.003(3)Å. However, at 600°C the 

average Y-O bond length decreases, approximately logarithmically, from 2.003(3)Å to 

1.985(3)Å at 850°C. After being heated to 900°C, the sample no longer displayed a 

crystalline diffraction pattern. Figure 19b shows the average Z-O bond length plotted 

against temperature. This plot shows that average bond lengths remained constant at 

~1.918(2)Å from 20°C to 600°C; however, the average bond length increased from 

1.918Å(2) at 600°C to 1.924(2)Å at 850°C.  

 Table 15 shows the content of Y- and Z-sites as determined through 

refinement of the crystal structure. Figure 20 displays the Al vs. Fe content of Y-site. The 

Y-site content remained stable from 20 to 600°C at approximately Al1.000(6)Fe2.000(6). At 

800°C, exchange allowed a Y-site content of Al1.170(7)Fe1.830(7). At 850°C, further 

exchange takes place yielding a content of Al1.740(9)Fe1.260(9). Between 600 and 850°C,  

 



 

49 

0.78 Al atoms are exchanged between the Y- and Z-sites. Figure 21 displays the Al vs. Fe 

content of Z-site. The Z-site content remained essentially constant from 20 to 600°C with 

a content of approximately Al5.66(2)Fe0.34(2). At 800°C, exchange takes place yielding a Z-

site content of Al5.46(2)Fe0.54(2). At 850°C, an additional exchange occurs, giving rise to the 

Z-site content of Al5.13(1)Fe0.87(1). Between 600 and 850°C, 0.47 Fe3+ atoms are exchanged 

between the Y- and Z-sites. Figure 22 displays the Fe3+ occupancy of the Y- and Z-sites, 

Figure 23 displays the Al occupancy of the Y- and Z-sites. From 20°C to 850°C the Y-site 

exchanged 0.74 Fe atoms for Al while the Z-site exchanged 0.53 Al atoms for Fe. 
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Table 13: Atomic coordinates and equivalent isotropic atomic displacement for sample 

10689. 

Temperature (°C) Atom x y z U(eq) 
20 Na 0 0 1/4 0.0238(7) 
 Si 0.19154(2) 0.19046(3) 0.0328(3) 0.00586(10) 
 B 0.10998(8) 0.21996(16) 0.4862(4) 0.0079(3) 
 AlY 0.13344(3) 0.066721(13) 0.6530(3) 0.01145(12) 
 FeY 0.13344(3) 0.066721(13) 0.6530(3) 0.01145(12) 
 AlZ 0.29879(3) 0.25873(3) 0.6373(3) 0.00735(13) 
 FeZ 0.29879(3) 0.25873(3) 0.6373(3) 0.00735(13) 
 O1 0 0 0.8020(4) 0.0129(5) 
 O2 0.06049(5) 0.12098(10) 0.5204(4) 0.0100(3) 
 O3 0.26359(11) 0.13180(5) 0.5532(3) 0.0097(3) 
 O4 0.09455(5) 0.18910(10) 0.1095(3) 0.0097(3) 
 O5 0.18257(12) 0.09129(6) 0.1177(3) 0.0105(3) 
 O6 0.19286(7) 0.18655(7) 0.8081(3) 0.00853(19) 
 O7 0.28672(7) 0.28593(7) 0.1085(3) 0.00790(18) 
 O8 0.20965(7) 0.27001(7) 0.4722(3) 0.00836(18) 
      

200 Na 0 0 3/4 0.0244(7) 
 Si 0.80849(2) 0.80955(3) 0.9673(3) 0.00581(10) 
 B 0.88999(8) 0.77997(16) 0.5139(4) 0.0078(3) 
 AlY 0.86656(3) 0.933278(14) 0.3471(3) 0.01131(12) 
 FeY 0.86656(3) 0.933278(14) 0.3471(3) 0.01131(12) 
 AlZ 0.70122(3) 0.74129(3) 0.3628(3) 0.00733(13) 
 FeZ 0.70122(3) 0.74129(3) 0.3628(3) 0.00733(13) 
 O1 0 0 0.1981(4) 0.0126(5) 
 O2 0.93954(5) 0.87907(10) 0.4795(4) 0.0098(3) 
 O3 0.73642(11) 0.86821(5) 0.4469(3) 0.0094(3) 
 O4 0.90544(5) 0.81088(10) 0.8908(3) 0.0096(3) 
 O5 0.81750(12) 0.90875(6) 0.8823(3) 0.0104(3) 
 O6 0.80712(7) 0.81344(7) 0.1920(3) 0.00838(19) 
 O7 0.71328(7) 0.71408(7) 0.8915(3) 0.00789(19) 
 O8 0.79036(7) 0.72997(7) 0.5279(3) 0.00831(18) 
      

400 Na 0 0 1/4 0.0240(7) 
 Si 0.19153(2) 0.19046(3) 0.0328(3) 0.00586(10) 
 B 0.11000(8) 0.22000(16) 0.4862(4) 0.0081(3) 
 AlY 0.13342(3) 0.066712(14) 0.6530(3) 0.01149(12) 
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 FeY 0.13342(3) 0.066712(14) 0.6530(3) 0.01149(12) 
 AlZ 0.29879(3) 0.25873(3) 0.6373(3) 0.00736(13) 
 FeZ 0.29879(3) 0.25873(3) 0.6373(3) 0.00736(13) 
 O1 0 0 0.8019(4) 0.0128(5) 
 O2 0.06048(5) 0.12096(10) 0.5204(4) 0.0100(3) 
 O3 0.26359(11) 0.13179(5) 0.5532(3) 0.0097(3) 
 O4 0.09452(5) 0.18904(11) 0.1093(3) 0.0097(3) 
 O5 0.18259(12) 0.09129(6) 0.1177(3) 0.0105(3) 
 O6 0.19288(7) 0.18657(7) 0.8081(3) 0.00849(19) 
 O7 0.28672(7) 0.28592(7) 0.1085(3) 0.00789(19) 
 O8 0.20964(7) 0.27000(7) 0.4721(3) 0.00838(18) 
      

600 Na 0 0 3/4 0.0247(7) 
 Si 0.80848(2) 0.80954(3) 0.9670(3) 0.00579(10) 
 B 0.89000(8) 0.77999(16) 0.5134(4) 0.0079(3) 
 AlY 0.86651(3) 0.933257(13) 0.3469(3) 0.01141(12) 
 FeY 0.86651(3) 0.933257(13) 0.3469(3) 0.01141(12) 
 AlZ 0.70122(3) 0.74129(3) 0.3626(3) 0.00744(12) 
 FeZ 0.70122(3) 0.74129(3) 0.3626(3) 0.00744(12) 
 O1 0 0 0.1979(4) 0.0127(5) 
 O2 0.93952(5) 0.87904(10) 0.4793(4) 0.0100(3) 
 O3 0.73648(11) 0.86824(5) 0.4466(3) 0.0094(3) 
 O4 0.90548(5) 0.81096(10) 0.8905(3) 0.0096(3) 
 O5 0.81749(11) 0.90875(6) 0.8821(3) 0.0104(3) 
 O6 0.80714(7) 0.81344(7) 0.1917(3) 0.00838(19) 
 O7 0.71328(7) 0.71407(7) 0.8913(3) 0.00780(18) 
 O8 0.79037(7) 0.72997(7) 0.5276(3) 0.00828(18) 
      

800 Na 0 0 1/4 0.0235(7) 
 Si 0.19142(3) 0.19037(3) 0.0326(3) 0.00589(10) 
 B 0.10985(8) 0.21970(16) 0.4854(4) 0.0080(3) 
 AlY 0.13134(3) 0.065668(15) 0.6563(3) 0.01315(14) 
 FeY 0.13134(3) 0.065668(15) 0.6563(3) 0.01315(14) 
 AlZ 0.29849(3) 0.25835(3) 0.6365(3) 0.00767(12) 
 FeZ 0.29849(3) 0.25835(3) 0.6365(3) 0.00767(12) 
 O1 0 0 0.8004(4) 0.0118(5) 
 O2 0.06041(5) 0.12082(11) 0.5206(4) 0.0102(3) 
 O3 0.26267(11) 0.13134(5) 0.5533(3) 0.0095(3) 
 O4 0.09472(5) 0.18943(11) 0.1092(3) 0.0097(3) 
 O5 0.18241(12) 0.09121(6) 0.1174(4) 0.0104(3) 



 

52 

 O6 0.19233(7) 0.18602(7) 0.8080(3) 0.00861(19) 
 O7 0.28680(7) 0.28588(7) 0.1078(3) 0.00806(19) 
 O8 0.20957(7) 0.26994(7) 0.4714(3) 0.00864(19) 
      

850 Na 0 0 1/4 0.0231(6) 
 Si 0.19122(2) 0.19011(2) 0.0309(2) 0.00632(8) 
 B 0.10989(7) 0.21978(14) 0.4831(3) 0.0084(3) 
 AlY 0.12485(10) 0.06242(5) 0.6650(3) 0.0114(4) 
 FeY 0.12485(10) 0.06242(5) 0.6650(3) 0.0114(4) 
 AlZ 0.29762(2) 0.25778(2) 0.6344(2) 0.00845(10) 
 FeZ 0.29762(2) 0.25778(2) 0.6344(2) 0.00845(10) 
 O1 0 0 0.7952(4) 0.0114(4) 
 O2 0.06053(4) 0.12107(9) 0.5191(3) 0.0104(2) 
 O3 0.26103(10) 0.13052(5) 0.5514(3) 0.0102(2) 
 O4 0.09493(5) 0.18985(9) 0.1075(3) 0.0110(2) 
 O5 0.18224(10) 0.09112(5) 0.1165(3) 0.0112(2) 
 O6 0.19179(6) 0.18508(6) 0.8066(3) 0.00955(16) 
 O7 0.28657(6) 0.28565(6) 0.1056(3) 0.00900(16) 
 O8 0.20939(6) 0.26980(6) 0.4687(3) 0.00976(17) 
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Table 15: Occupancy of the Y- and Z-sites for sample 10689. 

Temperature (°C) AlY/FeY Al occupancy Fe occupancy 
20 0.333(2) 1.000(6) 2.000(6) 
200 0.334(2) 1.000(6) 2.000(6) 
400 0.333(2) 1.000(6) 2.000(6) 
600 0.331(2) 0.990(6) 2.010(6) 
800 0.390(2) 1.170(7) 1.830(7) 
850 0.578(3) 1.740(9) 1.260(9) 

    
Temperature (°C) AlZ/FeZ Al occupancy Fe occupancy 

20 0.944(3) 5.66(2) 0.34(2) 
200 0.942(3) 5.66(2) 0.34(2) 
400 0.944(3) 5.67(2) 0.33(2) 
600 0.941(3) 5.65(2) 0.35(2) 
800 0.910(3) 5.46(2) 0.54(2) 
850 0.855(2) 5.13(1) 0.87(1) 

 

 

Figure 19a: Average Y-O bond length (Å) for each temperature step (°C) for sample 

10689. Error bars indicate one estimated standard deviation. 
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Figure 19b: Average Z-O bond length (Å) for each temperature step (°C) for sample 

10689. Error bars indicate one estimated standard deviation. 

 

 

Figure 20: Y-site apfu for each temperature step (°C) for sample 10689. Values for any 

given temperature sum to 3 apfu. Error bars indicating one estimated standard deviation 

are contained within the marker symbol. 
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Figure 21: Z-site apfu for each temperature step (°C) for sample 10689. Values for any 

given temperature sum to 6 apfu. Error bars indicating one estimated standard deviation 

are contained within the marker symbol. 

 

 

Figure 22: Fe occupancy (apfu) of the Y- and Z-sites for sample 10689. Error bars 
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indicating one estimated standard deviation are contained within the marker symbol. 

 

Figure 23: Al occupancy (apfu) of the Y- and Z-sites for sample 10689. Error bars 

indicating one estimated standard deviation are contained within the marker symbol. 
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CHAPTER 5: DISCUSSION 
 

5.1. Effect of Heating on Polyhedral Bond Lengths 
 
  Heating of each sample yielded significant changes in the average bond lengths 

at the Y- and Z-sites. In the Y-site, the average bond length of each sample remained 

constant (within the standard deviation) at room temperature (20°C), 200 and 400°C. At 

600°C, the average bond length of the Fe2+-bearing samples decreased by 0.018(3)Å 

(TK1R1) and 0.015(3)Å (TK1C10), reflecting the concomitant cation diffusion. At 

800°C, the average bond length of all samples decreased again; the Fe3+ (10689) and the 

Mg2+-bearing (DRFR) samples decreased by 0.007(3)Å and 0.011(3)Å respectively. The 

Fe2+-bearing samples decreased by 0.042(2)Å (TK1R1) and 0.043(2)Å (TK1C10). 

Although the Mg2+ sample became polycrystalline at 850°C, the Fe3+ samples average 

bond length decreased by 0.011(3)Å at this temperature. Additionally, 850°C saw a 

minimal decrease in the average bond length of the Y-site for the Fe2+ samples. TK1R1 

decreased by 0.002(3)Å whereas TK1C10 decreased by 0.001(2)Å. Figure 24 displays 

the average Y-site bond lengths for all samples at each temperature. Overall, significant 

decreases in the Y-site average bond length are observed, especially between 400–800°C; 

these decreases result from the cation exchange documented previously. 
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Figure 24: Average bond length (Å) of the Y-site for each sample at each temperature 

step (°C). Error bars indicate one estimated standard deviation. 
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all samples upon heating.  

 
Figure 25: Average bond length (Å) of the Z-site for each sample at each temperature 

step (°C). Error bars indicate one estimated standard deviation. 
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5.2. Effect of Heating on Y- and Z-Site Occupancy and Disordering 

 As demonstrated by the results presented above, the site occupancy of the Y- and 

Z-site in the samples experimented on exchanged from initial conditions to fully oxidized 

at 850°C. In the Fe2+, Mg2+ and Fe3+-rich samples, Al occupying the Z-site was 

exchanged for Y-site occupants. As shown in Figure 26a and 26b, in all samples, 

extensive cation exchange between the Y-site and Z-sites did not begin below 600°C. At 

800°C, cation exchange occurring between the Y- and Z-site allowed significant Z-site Al 

to exchange with the Y-site contents in the Mg2+ and Fe2+-samples. The Fe3+ sample 

displayed little change from 600°C to 800°C as compared to the other three samples. At 

850°C, the Fe2+-rich samples displayed a minor amount of cation exchange with only 

~0.02 YFe  for ZAl atoms, conversely, the Fe3+-rich sample displayed its greatest amount 

of cation exchange, exchanging 0.57 YFe3+ for ZAl. The cation content of both the Y- and 

Z-sites in the Fe2+ and the Fe3+-rich samples are almost identical at 850°C. 
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Figure 26a: Y-site Fe2+, Fe3+ or Mg2+ content for each sample at each temperature step 

(°C). Error bars indicating one estimated standard deviation are contained within the 

marker symbol. 

 

 

Figure 26b: Y-site Al content for each sample at each temperature step (°C). Error bars 

indicating one estimated standard deviation are contained within the marker symbol. 
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Figures 27a and 27b display the Al (33a) and Fe or Mg (33b) content of the Z-site. 

As evident within the figures presented below and as seen in the figures above, major 

cation exchange between the Y- and Z-sites occurs above 600°C. At 800°C, significant 

cation exchange took place within the Mg2+, Fe2+, and Fe3+-rich samples allowing Z-site 

Al to enter the Y-site in exchange for Fe or Mg. Upon final heating to 850°C, the Fe2+-

rich samples exchanged only ~0.02 atoms of Fe2+ from the Y-site in exchange for Al from 

the Z-site. In the Fe3+-rich sample, cation exchange was observed between the Y- and Z-

sites with 0.24 YFe3+ atoms exchanged for an equivalent amount of ZAl. 

 

 

Figure 27a: Z-site Al content for each sample at each temperature step (°C). 
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Figure 27b: Z-site Fe or Mg content for each sample at each temperature step (°C). Error 

bars indicating one estimated standard deviation are contained within the marker symbol. 
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equivalent with the amount of Al moved from the Z-site. 

 

 

Figure 28: Al content for the Y- and Z-sites at each temperature step (°C). Error bars 

indicating one estimated standard deviation are contained within the marker symbol. 
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Figure 29:  Fe and Mg content for the Y- and Z-sites at each temperature step (°C). Error 

bars indicating one estimated standard deviation are contained within the marker symbol. 
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Table 16: Site occupancy of the Y- and Z-sites at initial and final conditions for all 

samples. 

 Initial Y-Site Final Y-Site  Initial Z-Site Final Z-Site 
DRFR (Mg2+) Al0.54Mg2.46 Al0.82Mg2.18  Al5.64Mg0.36 Al4.99Mg1.01 
10689 (Fe3+) Al1.00Fe2.00 Al1.74Fe1.26  Al 5.66 Fe0.34 Al5.13Fe0.87 
TK1R1 (Fe2+) Al1.15Fe2.85 Al1.52Fe1.48  Al4.69Fe1.31 Al4.63Fe1.37 
TK1C10 (Fe2+) Al1.31Fe1.69 Al1.90Fe1.10  Al5.83Fe0.17 Al5.35Fe0.65 
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5.3. Effect of Heating on Lattice Parameters 

 As shown above, the exchange of cations within the unit cell affects the bond 

distances within the sites previously discussed. In addition to the changes in bond 

lengths, the unit cell parameters (the a and c axes) are also affected by cation exchange in 

response to thermal treatment. Table 17 details the changes to the unit cell parameters (Å) 

of the samples experimented on for each temperature step in °C. 

 
Table 17: Lattice parameters a and c (Å) for all samples at each temperature step (°C). 

a Lattice 
Parameter (Å) 

    

Temperature (°C) TK1C10 (Fe2+) TK1R1 (Fe2+) DRFR (Mg2+) 10689 (Fe3+) 
20 15.976(4) 15.986(2) 15.947(7) 15.858(2) 
200 15.975(2) 15.984(1) 15.949(4) 15.857(3) 
400 15.974(1) 15.984(3) 15.946(2) 15.857(4) 
600 15.945(2) 15.946(2) 15.958(3) 15.857(1) 
800 15.869(5) 15.884(1) 15.945(5) 15.854(2) 
850 15.870(4) 15.872(2)  15.849(6) 

     
c Lattice 

Parameter (Å) 
    

Temperature (°C) TK1C10 (Fe2+) TK1R1 (Fe2+) DRFR (Mg2+) 10689 (Fe3+) 
20 7.157(9) 7.167(3) 7.175(3) 7.193(1) 
200 7.158(4) 7.167(3) 7.175(2) 7.192(1) 
400 7.158(3) 7.169(6) 7.176(7) 7.191(2) 
600 7.159(4) 7.167(3) 7.177(1) 7.195(1) 
800 7.174(1) 7.180(3) 7.191(2) 7.198(7) 
850 7.178(9) 7.192(5)  7.206(3) 

 

Figures 30 and 31 show the changes to the a and c lattice parameters respectively. 

As seen in Figure 30, the a unit cell parameter for the Fe3+ sample was unaffected by 

heating. The Mg2+ sample displayed fluctuations to its a unit cell parameter however 
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these fluctuations are mostly within the given measurement error (+/- 0.01Å). Only the 

Fe2+-rich samples TK1R1 and TK1C10 display significant change to their a unit cell 

parameter. In these samples, the unit-cell parameter changed from ~15.98(1)Å to 

15.87(1)Å upon heating to 850°C stepwise from 20°C. Similar to the results found in 

Bačík et al., 2011, the unit cell parameter a in the Fe2+ samples did not change 

significantly below 400°C. It should be noted that the a unit cell parameters of the Fe2+ 

samples somewhat resemble the a unit cell parameter of the Fe3+ sample upon heating of 

both samples. 

 

 

Figure 30: Unit-cell parameter a (Å) for each sample at each temperature step (°C). Error 

bars indicate one estimated standard deviation. 
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parameter c increasing with temperature. The Mg2+ and the Fe2+-rich samples both 

display essentially identical slopes regarding c unit cell parameters between 600 and 

800°C. The unit cell parameters c of the samples with Y-site 2+ cations increased at a 

faster rate than the unit cell parameters c of the sample with Y-site 3+ cations. Unlike the 

unit cell parameters a, the unit cell parameters c of the Fe2+ samples do not resemble the 

unit cell parameter c of the Fe3+ sample. Additionally, each Fe2+ sample does not display 

the identical changes to the c unit cell parameters that they display in unit cell parameters 

a at each temperature step. Most measurements of the unit cell parameters c do not vary 

significantly above or below the given error (~ 0.008Å). A correlation noted by Bosi et 

al. (2010), that the unit-cell parameter c is negatively correlated with the amount of ZAl 

was found to be true for these samples and is displayed by Figures 28 and 31. 

 

 

Figure 31: Unit-cell parameter c (Å) for each sample at each temperature step (°C). 

Error bars indicate one estimated standard deviation. 
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 Bačík et al. (2011), noted that upon heating Fe-bearing tourmaline samples, the 

samples that displayed lattice parameters similar to schorl or foitite prior to heating 

displayed a decrease in the parameter a and increase in the parameter c similar to values 

found within fluor-buergerite upon heating. In the samples discussed above, a similar 

trend was found in which the Fe2+ schorl samples were heated causing the samples to 

undergo a decrease in the parameter a and increase in the parameter c, resembling the 

lattice parameters of Fe3+ buergerite. Similar to Bačík et al. (2011), the change in the 

lattice parameter a was larger than that found in the parameter c. This was due the 

compression of the Y-octahedra and the expansion of the Z-octahedra as observed in the 

samples described above and in Bačík et al. (2011).  
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5.4. Effect of Heating on the T-Site Tetrahedra 
 
 In tourmaline, Foit (1989) determined that the six-membered tetrahedral ring in 

alkali-deficient schorl deviated slightly from hexagonal symmetry. The tetrahedral ring 

can be characterized using “crimping, ditrigonality and tetrahedral rotation” as 

parameters. As the samples were heated and cation exchange and disordering was taking 

place, the structural parameters that define the T-site tetrahedra changed as well. 

Foit (1989) defines the tetrahedral angle of rotation as being measured as the 

normal to O(4)-O(5) from O(7) when projected down (001). Foit (1989) defines 

puckering as “the inward rotation of the tetrahedra of the six-membered ring”. Bosi & 

Luccchesi (2007) identified that the tetrahedral rotation shows a negative correlation with 

<Y-O> with the relationship between <Y-O> and tetrahedral rotation given by the 

equation: Tetrahedral Rotation = 40.312 – 19.651 * <Y-O>. It was determined that as <Y-

O> decreases, the O6 atom moves toward the threefold axis and the tetrahedra rotate 

around the O4-O5 edge, causing the puckering of the tetrahedral ring and a slight 

deviation in hexagonal symmetry in the T-site. Any change to the size of the Y-site will 

move the O6 atom in relation to the threefold symmetry axis, producing puckering of the 

tetrahedra due to the Y-site being linked to the O6 atoms of two separate tetrahedra. 

 In the samples detailed above, as cation exchange took place, the <Y-O> bond 

distance decreased. Given the <Y-O> values presented above, tetrahedral rotation was 

calculated on the basis of the equation above and is displayed in Table 18. Figure 32 

displays the values given within Table 18 and show the negative correlation with <Y-O> 

discussed above. This indicates that as the samples were heated and <Y-O> decreased, the  
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tetrahedral sites rotate toward the threefold symmetry axis, producing a puckering of the 

tetrahedral ring. As temperature and tetrahedral rotation increased, the puckering of the 

tetrahedral ring increased as well. 

 Rotation of the tetrahedra began above 400°C when cation exchange first started 

taking place in the Fe2+ and Fe3+ samples. Tetrahedral rotation was greatest in the Fe2+ 

samples and Fe3+ samples, the Mg2+ sample displayed little tetrahedral rotation. The Fe2+  

samples had almost identical values of tetrahedral rotation upon heating. The amount of 

tetrahedral rotation in the Fe2+ and Fe3+ samples is within 0.151° of other samples at 

850°C. 

 

Table 18. Tetrahedral rotation (°) of all samples at each temperature step (°C). 

Temperature (°C) DRFR (Mg2+) 10689 (Fe3+) TK1R1 (Fe2+) TK1C10 (Fe2+) 
20 0.253° 0.953° 0.163° 0.285° 
200 0.253° 0.961° 0.161° 0.287° 
400 0.251° 0.959° 0.163° 0.291° 
600 0.232° 0.957° 0.521° 0.576° 
800 0.434° 1.094° 1.340° 1.423° 
850 - 1.297° 1.376° 1.448° 
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Figure 32: Tetrahedral rotations for all samples at each temperature (°C). 
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buergerite samples (Foit, 1989; Bosi & Lucchesi, 2007). Finally, the Mg2+ sample did not 

display much change in the amount of crimping upon heating (Δz = ~0.113(2)). 

 

Table 19: Crimping (Δz) of the T-site tetrahedra for of all samples at each temperature 

step (°C). 

Temperature (°C) DRFR (Mg2+) 10689 (Fe3+) TK1R1 (Fe2+) TK1C10 (Fe2+) 
20 0.114(2) 0.063(2) 0.124(3) 0.127(2) 
200 0.113(2) 0.064(2) 0.125(3) 0.127(2) 
400 0.113(2) 0.063(2) 0.123(3) 0.126(2) 
600 0.113(2) 0.063(2) 0.115(3) 0.120(2) 
800 0.115(2) 0.064(2) 0.102(3) 0.111(2) 
850  0.072(2) 0.102(3) 0.111(2) 

 

 

 

Figure 33: Crimping (Δz) of the tetrahedra bases relative to (001) for all samples at each 

temperature (°C). Error bars indicate one estimated standard deviation. 
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Barton (1968) defined ditrigonality as “where rl and rs are the longer and shorter 

distances, respectively, between the vertices and the center of the ditrigon”. Ditrigonality 

values range from 0.0 to 1.0, with 0.0 being a hexagonal ring and 1.0 for a configuration 

approaching a equilateral triangle. Barton (1968) and Gorskaya et al. (1982) define the 

equation for calculating ditrigonality (δ) as δ = [(x04 − y05) / y05], where x04 is the position 

of O4 along x and y05 is the position of O5 along y. Table 20 display ditrigonality for all 

of the samples. Upon heating, the both Fe2+ samples increased in ditrigonality (Figure 34) 

with values increasing from 0.0002(2) at 20°C though 400°C in both samples to 

0.0298(2) in TK1R1 0.0259(2) in TK1C10 at 850°C. The Fe3+ sample (buergerite) 

remained near constant in ditrigonality with values similar to those found by Barton 

(1968) and Foit (1989) (δ =0.038(2)) despite step-wise heating from 0°C  to 800°C, 

however, at 850°C, values of ditrigonality were above those found. The Mg2+ sample 

increased by 0.002 upon heating from 0.0105(2) at 20°C to 0.0125(2) at 800°C, however 

these values are below the reported value of ditrigonality found in Buerger et al. (1962) 

of δ = 0.032(7).  

 

Table 20: Ditrigonality (δ) of the T-site tetrahedra for of all samples at each temperature 

step (°C). 

Temperature (°C) DRFR (Mg2+) 10689 (Fe3+) TK1R1 (Fe2+) TK1C10 (Fe2+) 
20 0.0105(2) 0.0357(2) 0.0002(2) 0.0002(2) 
200 0.0102(2) 0.0363(2) 0.0002(2) 0.0002(2) 
400 0.0100(2) 0.0357(2) 0.0002(2) 0.0002(2) 
600 0.0105(2) 0.0358(2) 0.0070(2) 0.0046(2) 
800 0.0125(2) 0.0385(2) 0.0283(2) 0.0247(2) 
850  0.0418(2) 0.0298(2) 0.0259(2) 
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Figure 34: Ditrigonality or hexagonality of the tetrahedral ring for all samples at each 

temperature (°C). 

 

 The values of crimping and ditrigonality for the Fe2+ samples show how these two 

parameters are negatively correlated as discussed in Foit (1989). It has been noted by Foit 

(1989) that the values of crimping and ditrigonality found in buergerite (the Fe3+ sample) 

are due to the small X-O5 bond distances found within the structure. As heating takes 

place, the values of ditrigonality increase as well as the values for crimping indicating 

that in buergerite, crimping and ditrigonality are not negatively correlated.  

 Overall, as the samples are heated and the Y- and Z-sites disorder and exchange 

their occupants, the parameters that define the T-site are altered. As heating takes place 

tetrahedral rotation and ditrigonality increase in the Fe-rich samples. Crimping appears to 

increase in the Fe3+ sample and decrease in the Fe2+ samples. This indicates that the 

amount of crimping in the Fe2+-rich samples could converge at similar value to the  
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amount of crimping in the Fe3+-rich sample upon further heating. The Mg2+ sample did 

not experience much tetrahedral rotation, crimping or change in ditrigonality, however 

this could be due to the limited cation exchange that took place upon heating. Overall, 

cation exchange and disordering of the tourmaline Y- and Z-sites will increase the 

ditrigonality of the tetrahedral ring, pucker the tetrahedral apices and decrease the 

crimping of the tetrahedra bases.  
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5.5. Effect of Heating on Distortions 

 According to Robinson et al. (1971), within coordination polyhedra, a perfectly 

symmetrical polyhedron will have equal bond lengths and bond angles. However, 

complexes that form octahedra often display distorted holosymmetry. Distortions from 

holosymmetry in octahedra involve bond angles deviating from 90° and bond lengths 

becoming unequal in length. In tetrahedra, distortions from holosymmetry also involve 

bond lengths becoming unequal in length but also deviation in bond angles. Any 

deviation from holosymmetry is known as quadratic elongation. Quadratic elongation is a 

dimensionless, quantitative measure of the distortion present within polyhedra. 

 In tourmaline, polyhedral distortion was described by Ertl et al. (2002). Ertl et al. 

(2002) derived the formulae required to calculate the bond length and bond angle 

distortion of the X, Y, Z, and T-sites. Polyhedral bond length distortion calculations of the 

Y- and Z-site octahedra and the T-site tetrahedra were performed on all samples at each 

temperature in this study. The results of the bond length distortion calculations are 

presented in Table 21 for the Y, Z, and T-sites. Figure 35a and b displays the Y- and Z-site 

octahedral bond length distortions, respectively, whereas 35c displays the T-site 

tetrahedral bond length distortion. 
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Table 21. Polyhedron distortion of all samples at each temperature step (°C). 

Y-Site Distortion       
Temperature (°C) 20 200 400 600 800 850 
TK1C10 (Fe2+) 0.72 0.71 0.71 0.53 0.36 0.34 
TK1R1 (Fe2+) 0.72 0.71 0.71 0.46 0.32 0.33 
DRFR (Mg2+) 0.38 0.38 0.39 0.39 0.32  
10689 (Fe3+) 0.87 0.87 0.86 0.88 0.41 0.19 

       
Z-Site Distortion       
Temperature (°C) 20 200 400 600 800 850 
TK1C10 (Fe2+) 0.48 0.48 0.48 0.38 0.23 0.23 
TK1R1 (Fe2+) 0.48 0.47 0.48 0.35 0.24 0.23 
DRFR (Mg2+) 0.43 0.43 0.44 0.44 0.38  
10689 (Fe3+) 0.31 0.32 0.31 0.32 0.33 0.33 

       
T-Site Distortion       
Temperature (°C) 20 200 400 600 800 850 
TK1C10 (Fe2+) 0.046 0.045 0.047 0.035 0.021 0.020 
TK1R1 (Fe2+) 0.051 0.053 0.050 0.040 0.023 0.024 
DRFR (Mg2+) 0.095 0.096 0.092 0.095 0.097  
10689 (Fe3+) 0.021 0.020 0.021 0.020 0.018 0.020 

 

 

Figure 35a: Calculated Y-site octahedral distortion for all samples at each temperature 
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(°C). 

 

 

Figure 35b: Calculated Z-site octahedral distortion for all samples at each temperature 

(°C). 

 

 

Figure 35c: Calculated T-site tetrahedral distortion for all samples at each temperature 
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(°C). 

 

 Based on Figure 35a, changes in the distortion of the Y-site did not begin until 

above 400°C in the Fe2+ samples and above 600°C in the Mg2+ and Fe3+ samples. As 

temperature increased, Y-site distortion was greatest between 400°C and 800°C in the 

Fe2+ samples and between 600°C and 850°C in the Fe3+ sample. Significant Y-site 

distortion decreases coincided with oxidation of Fe2+ to Fe3+ in the Fe2+ samples from the 

Y-site to the Z-site in exchange for Al. Similarly, the Fe3+ samples Y-site distortion 

decreased when Fe3+ was moved from the Y-site to the Z-site in exchange for Al. The 

Mg2+ sample only displayed minor decreased distortion after 600°C. Distortions within 

the Fe2+ samples are identical at 850°C, at a value of 0.34. 

 Similar to the Y-site, distortions within the Z-site showed that significant 

decreases coincided with oxidation of Fe2+ to Fe3+ in the Fe2+ samples from the Y-site to 

the Z-site in exchange for Al above 400°C until 800°C. Again, distortions within the Fe2+ 

samples are identical at 850°C at 0.227. In the Fe3+ sample, a slight increase in Z-site 

distortion was observed when Fe3+ was moved from the Y-site to the Z-site in exchange 

for Al after 600°C. The Mg2+ sample displayed a slight increase in bond length distortion 

from 0.427 at 20°C to 0.437 at 600°C; at 800°C, significant decrease in distortion was 

observed with Z-site distortion decreasing from 0.437 to 0.375. 

 Like distortions within the Y- and Z-sites, distortions within the T-site were most 

significant within the Fe2+ samples. The calculated T-site distortion of the Mg2+ sample 

was variable, varying between 0.09 and 0.1 regardless of the temperature. The Fe3+  
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sample displayed little variability in the calculated bond length distortion; values 

remained 0.02 regardless of temperature. In the Fe2+ samples, T-site distortion decreased 

after 400°C from 0.047 to 0.021. At 850°C, distortion values for the Fe3+ and Fe2+ 

samples were virtually identical. 

 As presented above, heating of the samples reduced the bond length distortions in 

the Y-, Z- and T-sites. This reduction in distortion is associated with the exchange of 

cations from the Y-site to the Z-site in all samples and the oxidation of Fe2+ to Fe3+ in the 

Fe2+ samples. The decrease in the bond length distortions in the polyhedra indicate that 

quadratic elongation is decreasing with temperature and that the disordering, exchange 

and oxidation of cations is a mechanism in which quadratic elongation can be reduced 

and holosymmetry increased. 
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5.6. Effect of Heating on Stability 

 As described by Bosi and Lucchesi (2007), the tourmaline structure is formed of a 

framework of the three ZO6 octahedra with channels parallel to the c-axis occupied by the 

six YO6 octahedra, in addition to the X-polyhedra, the three borate groups and the six TO6 

tetrahedra. As a result, the entire tourmaline structure is stable if the framework of the 

three ZO6 octahedra is able to accommodate the disordering of Y-octahedra cations into Z. 

As heating takes place in tourmaline samples, cation exchange and changes to the 

bond lengths and lattice parameters occur within the mineral. These changes in the Fe2+ 

samples include the increase in the c unit cell parameter, decrease in a unit cell 

parameter, shortening of <Y-O> and lengthening of <Z-O>. Afonina et al. (1993) 

indicated that the transfer of oxidized Fe2+ as Fe3+ from the Y-site in exchange for an 

equivalent amount of Al from the Z-site is responsible for the changes observed. The 

changes observed in the samples weaken the bonds within the octahedra due to the misfit 

in size of the Y- and Z-site occupants and cause the structure of the mineral to be 

polycrystalline or unstable. Structural breakdown of the sample with amorphous phases 

forming occurs between 880–920°C (Pieczka & Kraczka, 2004). 

In Mg-Al tourmaline samples, <Y-O> decreases and <Z-O> increases with 

temperature. This reflects the incorporation of the smaller trivalent Al into the Y-site and 

the larger divalent Mg into the Z-site from their original crystallographic position. This 

cation exchange between the different sites allows for the disordering of equivalent 

amounts of Mg and Al. Due to the structure of tourmaline needing to maintain a 

difference in <Y-O> and <Z-O> of smaller than ~0.15 Å, the disordering of 2+ and 3+ 
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cations across the Y- and Z-sites allows the structure to reduce the problems associated 

with the structural misfit between the ZO6 and YO6. This is by maintaining the difference 

in length between in <Y-O> and <Z-O> (Bosi et al., 2010), caused by the disordering of 

Mg2+ and Al (Bosi & Lucchesi, 2007). With <Y-O> being the larger of the two octahedra, 

the disordering of Al and Mg across the Y- and Z-sites causes a decrease in the free 

energy in the system due to the smaller size of the Al cation decreasing the size of the Y-

site and Mg increasing the size of the Z-site. This increase in disordering increases the 

stability of the structure of tourmaline. The samples experimented on displaying 

disordering at elevated temperatures in agreement with the findings of Bosi et al. (2010) 

that a disordered structure being more stable than an ordered structure. In our samples, 

the Al occupancy of crystallographic sites is due to the disordering of Y- and Z-site 

occupants caused by heating of the tourmaline sample at elevated temperatures.  

By subjecting the tourmaline samples to heat treatment, the initiation and 

completion of the proposed reactions allowed for the disordering and cation exchange 

within the samples that has been observed. When the tourmaline structure undergoes 

heating, the structure allows the sample to be stable through cation exchange and the 

disordering of trivalent and divalent cations across the Y- and Z-sites. Upon heating Fe2+-

rich samples, trivalent Fe is exchanged in the Z-site in exchange for trivalent Al. This 

cation exchange allows the mineral to remain stable by reducing the mismatch between 

the two octahedral sites. Eventually, continued cation exchange will weaken the 

octahedral bonds of the Y- and Z-sites, leading to a loss of crystallinity (Afonina et al., 

1993). The tourmaline structure is most likely metastable at elevated temperatures 
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however when quenched or cooled quickly, it will not crystallize as a single crystal or 

will cool too quickly and form a borosilicate glass. If the tourmaline structure is heated to 

extreme temperatures, and then cooled at a rate similar to the cooling rates of pegmatites, 

the structure might have a chance to become stable upon cooling. 

 Hawthorne & Henry (1999) and Pieczka & Kraczka (2004) identified the fact that 

divalent cations within the octahedra such as Mg2+, when disordered across the Y- and Z-

sites, can stabilize the structure in oxytourmalines. Oxytourmalines are tourmalines with 

disordering of cations across the Y- and Z-sites instead of ordering of cations in those 

sites. Oxytourmalines such as oxydravite [Na(Al2Mg)(Al5Mg)(Si6O18)(BO3)(OH3)O] 

would display an ideal formula similar to that displayed by the dravite sample in this 

experiment DRFR upon heating. Sample DRFR displayed similar unit-cell parameters c 

to oxydravite upon heating to 800°C (Bosi & Skogby 2013). 

Table 22 displays the bond valence parameters for both the Y- and Z-sites. Bond 

valence parameters were calculated from Brese & O’Keeffe (1991). DRFR (Mg2+-rich) 

and 10689 (Fe3+-rich) were calculated for Mg & Al and Fe3+ & Al, respectively. TK1R1 

and TK1C10, both Fe2+-rich, were calculated for Al, Fe2+, and Fe3+ due to the oxidation 

and exchange of YFe2+ to YFe3+ with ZAl. The results of these calculations indicate that 

with temperature, Fe3+ will become more stable in the Z-site and Al will become more 

stable in the Y-site. Upon heating to 850°C, both TK1R1 and TK1C10 (Fe2+; schorl) have 

bond valence parameters that resemble the buergerite sample (10689), after heating to 

850°C.  

Changes in the bond valence parameters of DRFR indicated that the divalent Mg 
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atom becomes more stable in the Z-site upon heating, however this increase in stability is 

minor. This minor change in stability indicates that divalent cations have a greater 

instability in the Z-site than trivalent cations in the same position, despite cation exchange 

and disordering with heating. This instability could explain why so little cation exchange 

and disordering occurred in the Mg2+ sample and shows Mg2+ affinity for the Y-site. 

Additionally, as shown in the results, even as cation exchange and disorder occurs, the 

mismatch in size between the Al and Mg atoms in the Y- and Z-sites stabilizes the 

structure. Finally, In the Mg2+ sample, the bond valence parameters of Al3+ show that at 

temperature Al3+ stabilized in the Y-site, despite Mg2+ occupancy in the Z-site, 

highlighting that Al3+  is stable in both the Y- and Z-sites. 

 

Table 22: Bond valence sums for the Y- and Z-sites. 
 
DRFR 
Temperature (°C) Valence Species Y-Site Z-Site 

20 Al3+ Vi = 2.12 2.92 
 Mg2+ Vi = 2.37 3.27 
    

200 Al3+ Vi = 2.12 2.92 
 Mg2+ Vi = 2.37 3.27 
    

400 Al3+ Vi = 2.12 2.92 
 Mg2+ Vi = 2.37 3.27 
    

600 Al3+ Vi = 2.11 2.91 
 Mg2+ Vi = 2.36 3.26 
    

800 Al3+ Vi = 2.17 2.88 
 Mg2+ Vi = 2.43 3.22 

 
10689 
Temperature (°C) Valence Species Y-Site Z-Site 



 

88 

20 Al3+ Vi = 2.35 2.93 
 Fe3+ Vi = 3.14 3.93 
    

200 Al3+ Vi = 2.35 2.93 
 Fe3+ Vi = 3.15 3.93 
    

400 Al3+ Vi = 2.35 2.93 
 Fe3+ Vi = 3.14 3.93 
    

600 Al3+ Vi = 2.35 2.93 
 Fe3+ Vi = 3.14 3.92 
    

800 Al3+ Vi = 2.38 2.92 
 Fe3+ Vi = 3.18 3.90 
    

850 Al3+ Vi = 2.44 2.88 
 Fe3+ Vi = 3.26 3.86 

 
TK1R1 
Temperature (°C) Valence Species Y-Site Z-Site 

20 Al3+ Vi = 2.10 2.92 
 Fe2+ Vi = 2.63 3.66 
 Fe3+ Vi = 2.81 3.91 
    

200 Al3+ Vi = 2.10 2.92 
 Fe2+ Vi = 2.63 3.66 
 Fe3+ Vi = 2.81 3.91 
    

400 Al3+ Vi = 2.10 2.92 
 Fe2+ Vi = 2.63 3.66 
 Fe3+ Vi = 2.81 3.91 
    

600 Al3+ Vi = 2.29 2.92 
 Fe2+ Vi = 2.75 3.66 
 Fe3+ Vi = 2.94 3.91 
    

800 Al3+ Vi = 2.46 2.86 
 Fe2+ Vi = 3.07 3.58 
 Fe3+ Vi = 3.29 3.83 
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850 Al3+ Vi = 2.47 2.85 
 Fe2+ Vi = 3.09 3.56 
 Fe3+ Vi = 3.30 3.81 

 
TK1C10 
Temperature (°C) Valence Species Y-Site Z-Site 

20 Al3+ Vi = 2.14 2.93 
 Fe2+ Vi = 2.67 3.67 
 Fe3+ Vi = 2.86 3.93 
    

200 Al3+ Vi = 2.14 2.93 
 Fe2+ Vi = 2.67 3.67 
 Fe3+ Vi = 2.86 3.93 
    

400 Al3+ Vi = 2.14 2.93 
 Fe2+ Vi = 2.68 3.67 
 Fe3+ Vi = 2.86 3.93 
    

600 Al3+ Vi = 2.19 2.93 
 Fe2+ Vi = 2.74 3.67 
 Fe3+ Vi = 2.93 3.92 
    

800 Al3+ Vi = 2.49 2.89 
 Fe2+ Vi = 3.11 3.59 
 Fe3+ Vi = 3.33 3.84 
    

850 Al3+ Vi = 2.49 2.86 
 Fe2+ Vi = 3.12 3.58 
 Fe3+ Vi = 3.34 3.83 
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CHAPTER 6: CONCLUSION 

Due to heating, cation exchange and disordering takes place in the tourmaline 

atomic arrangement. The effect of heating and disordering reactions on the cations within 

the structure of tourmaline is visible in Figure 36. Figure 36a displays the tourmaline 

structural components projected down the c axis with the a axis horizontal while Figure 

36b displays the tourmaline structural components with the a axis horizontal and the c 

axis vertical. As shown in the figure, the initial state found at 20°C show how the Y-site 

Al and Z-site Fe and Mg occupants are ordered with the Y-site yellow and the Z-site 

orange. Upon heating, cation exchange and disordering take place such that both the Y- 

and Z-sites show a disordered occupancy of Al, Fe and Mg as represented by bronze in 

the final state. 

In following with the results and discussion chapters presented above, we can 

conclude that the three reactions proposed (1. YFe2+ +ZAl + OH ↔ ZFe3+ + YAl + O + H↑ 

of two samples with varying Fe2+ content; 2. YMg + ZAl ↔ ZMg + YAl; 3. YFe3+ + ZAl ↔ 

ZFe3+ + YAl) proceeded in the four samples. Based on the results provided, we can see 

that upon heating the samples, cation exchange took place allowing Y-site Fe and Mg to 

exchange for Z-site Al. This cation exchange took place above 400°C in all samples and 

resulted in the oxidation of Fe2+ to Fe3+ in Fe2+ rich samples as well as disordering of the 

Y- and Z-sites occupants across the Y- and Z-sites in all samples. The exchange of YFe2+ 

as ZFe3+ for an equivalent amount of Al involves the deprotonation of an OH to balance 

the resulting charge. 

 Within their respective octahedra, the effect of this cation exchange and  
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disordering upon heating was to lengthen the <Z-O> bond distance and shorten the <Y-

O> bond distance. These changes resulted in the rotation and puckering of the tetrahedral 

apices, an increase in the ditrigonality of the tetrahedral ring and a decrease the crimping 

of the tetrahedra bases. Additionally, cation exchange and disordering resulted in 

decreases in the distortion of the Y-, Z-, and T-sites. Within the samples discussed above, 

cation exchange caused the a unit cell parameter to decrease in size whereas the c unit 

cell parameter increased in size, causing the Fe2+ and Fe3+ samples to have nearly 

overlapping unit cell parameters. This indicates that the Fe2+  schorl samples, upon 

heating, have potentially overprinted the Fe2+  and now resemble Fe3+ buergerite. This is 

in line with the findings of Filip et al. (2012), who suggested that in highly oxidizing 

conditions associated with a high temperature-low pressure volcanic system, a fluor-

schorl might alter and “overprint” to buergerite. This is also supported by the findings of 

Bogdanova et al. (1981) who noted that the oxidation of Fe2+ to Fe3+ changes the unit cell 

parameters of schorl to resemble buergerite. 

 Cation exchange between the Y- and Z-sites resulted in changes to the stability of 

the mineral. In the Mg2+ sample, as the sample is heated, the cations within the Y- and Z-

sites become stable in their respective site as exchange and disordering occur. Cation 

exchange and disordering occur to stabilize the tourmaline before the structure breaks 

down and transforms into polycrystalline minerals at 800°C. This disordering reduces the 

misfit between the Y-site and the Z-site in the crystal structure. Thus, in the Mg sample, 

the disordering of Mg into the Z-site helps keep the sample stable at high temperature. In 

the Fe2+-rich samples, increased heating causes cation exchange and disordering of Al  
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and Fe across the Y- and Z-sites, which results in the instability within the Y- and Z-

octahedra. This instability causes the mineral to become unstable and transforms into 

polycrystalline products after 850°C.  

By understanding of the effects of cation exchange and disordering through 

stepwise heating, a view of the structure of the mineral tourmaline at the temperature 

when it crystalizes is realized. Additionally, through this research we are able to 

understand how the structure and chemistry of minerals respond to changes in its 

stability, structural parameters, occupancy and bond valence parameters. This 

information will allow us to gain a better understanding into the structure and stability of 

minerals and materials such as tourmaline experience and respond to high temperatures. 

Tourmaline is a complex mineral. It interests both scientists and researchers for its 

ability to record P-T-X and chemistry, as well as the mineral collectors, jewelers and the 

general public for its beauty and style as a gemstone or collection piece. Tourmaline is 

used in hair irons and pressure gauges; some even believe it has healing powers. In 

describing how the atoms within the crystal structure are ordered, or disordered, we can 

understand how the mineral that interests and attracts some many people, is arranged and 

remains stable.  
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Initial:      Final: 

  
 

 

Figure 36a: Initial and final tourmaline structural components projected down the c axis 

with the a axis horizontal.  

 

Initial: Key: Red: X-site; grey: T-site; yellow: Y-site; orange: Z-site; blue: trigonal BO3; 

purple: H. 

 

Final: Key: Red: X-site; grey: T-site; bronze: Y-site; bronze with crosses: Z-site; blue: 

trigonal BO3; purple: H. 
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Initial:      Final: 

  
 
 

Figure 36b: Initial and final tourmaline structural components projected with the a axis 

horizon and the c axis vertical. 

 

Initial: Key: Red: X-site; grey: T-site; yellow: Y-site; orange: Z-site; blue: trigonal BO3; 

purple: H. 

 

Final: Key: Red: X-site; grey: T-site; bronze: Y-site; bronze with crosses: Z-site; blue: 

trigonal BO3; purple: H. 
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