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In the past, Raman spectroscopy was considered to be inconvenient analytical method 
because of its high running cost and time consuming. Recently, this technique has become one 
of the most famous non-destructive analytical methods for materials in many scientific interests 
(e.g. gemology, geology and material sciences). Raman Effect is an inelastic scattering light 
wave activated by the monochromatic light within structure of material. The Raman scattering 
usually has wavelength that differs from the origin light; the different values of wavelength are 
specific pattern depending on structure of material.  All Raman spectra used under this study 
were obtained by Renishaw laser Raman spectroscope (Model 1000) at the Gem and Jewelry 
Institute of Thailand (Public organization). Green Ar/Ar laser source is used to generate the laser 
with wavelength of 514.5 nm.  
 Olivine is one of the most common rock-forming mineral in silicate group, originated 
particularly in the earth�s upper mantle. Naturally, it consists mainly of 2 abundant solid-solution 
members; Forsterite (Mg2SiO4) and Fayalite (Fe2SiO4). Twenty single crystals and seven batches 
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assigned to the SiO4 internal mode (1000- 800 cm-1) because most of the spectrum peaks in this 
range are usually present. In addition, grain size of olivine does not effect positions of Raman 
peaks, but it would only broaden the peak shape. 
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CHAPTER I 
 

INTRODUCTION 
1.1  General statement 
 

The Raman effect was initially discovered by an English physicist, named 
Professor Sir C. V. Raman and his colleague in 1928. They found  that when a certain 
material has been shone  by monochromatic light, two frequencies of light will scatter 
out. Most of the light is scattered elastically without changing in frequency (Reyleigh  
scattering) while very small portion of light is scattered inelastically and have different 
frequency. This inelastic scattering of light is now known as Raman scattering. The 
Raman scattering is caused by partially losing energy of incident light to  molecular 
vibrations. Each of molecular vibrations results in different frequencies. As a results, 
Raman spectra of each material are unique and reflect crystal structure of that material. 
 

In the first period after discovery of Raman spectroscopy, many scientists did 
not consider it as a useful instrument because it was very expensive and time- 
consuming analytical instrument. Therefore, most researches were restricted in small 
fields.  Around 1990.s, when many related technologies (e.g. computer processor, 
material technology,  laser technology, etc.) have been  developed, it is the begining of 
new age of Raman spectroscopy. Many weakness points in the past have been 
improved; that leads to increasing its performance to support various applications. 
However, databases for each application are still not enough. Recently, Raman 
spectroscopy  is a crucial  instrument  among  many non-destructive analytical  
instruments which are used in standard analytical laboratories, particularly in 
gemological works.     
 

Olivine is one of the most common rock-forming silicate minerals; its general 
formula  is X2SiO4 where X is divalent cation (e.g. Fe, Mg, Mn, Ca, Ni and Co). In nature, 
olivine is mainly composed of 2 end-members; i.e. Forsterite (Mg2SiO4) and Fayalite 
(Fe2SiO4), but pure phases of both forsterite and fayalite are rarely found. However, they 
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usually  form as solid solution mineral ((Fe, Mg)2SiO4). In addition, the other types of 
olivine can be merely found in natural system or may be synthesized; some more 
information of olivine are reported in the next chapter. Chemical compositions of olivine 
can be analyzed using many destructive analytical methods, that are not suitable for 
gemological aspects. Based on the principle of Raman spectroscopy, positions of 
Raman peaks can be changed related to three major causes, i.e. chemical composition, 
temperature and pressure. Hence, it is possible to apply Raman spectroscopy to 
determine approximate end-member values of olivine; that may lead to new approach 
for gemological analysis.  
 
1.2  Purpose of study 
 

The purpose of this research is to study relationship between position changes 
of Raman spectrum and chemical compositions, especially magnesium (Mg) and iron 
(Fe), of some natural olivines.  This study aims at illustrating the shift of Raman peak 
position in relation to different chemical composition. This will help to estimate the end-
member value of this mineral and also to be used as a guide line for further researches 
in related field.  
 
1.3 Methodology  

 
The method of study can be summarized as follows (see also Figure 1.1) : 

1. Literature survey of previous works was taken place to understand 
olivine.s nature and also theoretical background of Raman spectroscopy. In addition, 
work plan was consequently designed on the basis of their information. 

2. Sample collection was carried out  from two main sources. Coarse-
grained natural samples were bought from gem market, whereas fine-grained  samples 
with known end-member contents were provided by Professor Dr. C.M.B. Henderson of 
the Manchester University.  

3. Twenty coarse-grained samples were selected based on their variety.   
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4. Selected samples were cut into 2 parts and then polished. One part 

was prepared for determining its general properties including Raman spectrum, 
whereas the other part was used for quantitative analysis.  

5. Physical and optical properties (e.g. refractive index (RI), 
birefringence, specific gravity (SG), and luminescence under short wave (SW, 254 nm) 
and long wave (LW, 365 nm)) were examined by using basic gemological instruments at 
the Gem and Jewelry Institute of Thailand (GIT).  

6. Quantitative analyses of the coarse-grained samples were completely 
done using Electron Probe Micro-Analyzer (EPMA) at Center of Gemstone Research, 
University of Meinz, Germany. 

7. Raman spectra of all selected samples (both coarse-grained and fine-
grained olivines) were subsequently collected to cover the whole range of end-members 
available for this project by using a Renishaw-1000 Raman Spectroscope at the GIT. 

8. Discussion and summary of this study were finally constructed to 
clarify all aspect and objectives. 

9. Thesis report has been consequently wrap up to fulfill the research 
project.  
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Literature survey of previous works

Classification of samples

Sample preparation (e.g. cut and polish) for analyses

Determination of physical and optical properties

Quantitative analysis using EPMA

Collection of Raman spectra
Figure 1.1  Schematic diagram showing methodology of this study
Discussion and summary
Reporting and presentation



CHAPTER II 
 

RAMAN SPECTROSCOPY AND OLIVINE 
 

2.1 Raman Spectroscopy  
 

Raman spectroscopy  is a  result of vibrational phenomena of molecular 
structure activated by light energy. The principal of vibrational spectroscopy is 
interaction between electrical field associated with  photon and changes induced by 
vibrational movements in electronic charges distribution within the substance. Generally, 
unit utilized to describe the frequency of these vibrational motions is wavenumber (cm-1)
which can be converted to wavelength(nm) by following equation  2.1: 

 
ν (cm-1) = 107/λ (nm)�����������.(2.1) 

where ν is  wavenumber  and λ is wavelength. 
 
The Raman effect was initially  discovered in 1928 (Raman and Krishnan, 1928). 

This effect has been studied using a light scattering experiment (Figure 2.1) in which the 
beam of incident light is usually in  visible region of electromagnetic spectrum. The light 
energy is slightly increased or decreased  by inelastic interaction with the vibration 
modes. The Raman spectra consist of the set of scattering peaks as a function of 
energy. Individual peaks of spectrum correspond to energies of the vibrational 
transitions within specimen+s molecule; that was given simplified terminology as -the 
frequencies of vibrational modes..
Figure 2.1  Professor Dr. C.V.Raman  and his experimental equipment using to       
 observe  Raman effect. 
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The most obvious application of Raman spectroscopy is qualitative and 

quantitative analyses  because it is a sensitive probe for microscopic structure and 
bonding  within material and it can determine crystalline solids, liquids or gases. Raman 
spectroscopy can provide very useful structural information, that earn from positions, 
symmetries and relative intensities of the observed peaks . In addition, changes in some 
variable conditions (e.g.  temperature, composition, and pressure) may effect molecular 
structure of substance, in turn, it leads to modification of Raman pattern. 
 

Figure 2
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2.1.1 Raman scattering experiment
While the visible light (commonly a monochromatic beam from laser source)  

shone on the specimen, most of the photons scatter  from the specimen without any 
change. However, there is a very small portion of the incident light  (~ 10-3 of the incident 
intensity) is scattered by the atoms, and around 10-6 of this scattered light interacts with 
the atoms in such a way to induce a vibrational mode. During the vibration, the energy of 
scattered light is reduced by an amount corresponding to the vibrational transition. This 
inelastic scattering is known as Raman scattering, while elastic scattering without any 
change in energy  is known as Reyleigh scattering  (Figure 2.3).  
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Figure 2.3   Schematic diagram showing Reyleigh scattering and   Raman scattering
(Ferraro et al., 2003). 
In Raman spe
 spectrometer. H

shift in energy fr
 of energy level 
y of incident ray 

ent ray. It should
 energy obtaine
s are related to th
e vibration modes
ctroscopy, the inelastic scattering light can also be analyzed  
owever, sets of Raman spectrum usually  appear as weak peaks 
om the Reyleigh scattering peak and the incident beam. These 
were named as stoke+s shift when the energy is less than the 
and anti-stoke+s shift when the energy is higher than the energy of 
 however notified that Reyleigh scattering is characterized by the 
d from the incident light (Figure 2.4).  The positions of Raman 
e incident laser line and correspond to the frequencies of Raman-
 in the specimen. 
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The  Raman-
induces an instanta
wave function. This
vibration. Conseque
destroyed with this 
equation 2.2:    

2.1.2  Instrum
Monochroma
Raman spe

Usually, laser is the
monochromatic ligh
range of spectrum. T
generate high powe
green region usually
about 1-2 W output 
Figure 2.4.   The origin and character of stoke and anti-stoke (Smith and Dent, 2005). 
active vibration mode will be caused when  the incident light beam  
neous dipole moment in the molecule by deforming its electronic 
 dipole moment is corresponding to the certain set of molecular 
ntly, particular mode of molecular vibration can be set up or 
incident lights. The Raman shift can be expressed by following 

ν∆ Raman shift = νlaser - νlight scattered ..................2.2 
 

where ν is  wavelength (cm-1)

entation for Raman experiments
tic light sources:

ctroscopic experiment requires actually particular light source. 
 best choice for this purpose because it can give high intensity of 
t.  Most Raman spectroscopic studies  use  laser  in the visible 
he most famous excitation source is Argon ion gas laser which can 

r  laser with extreme stability. The wavelength of this laser is in blue-
 at  488 nm and 514.5 nm and generally provides the power of 
for  4-5 W laser. The other continuous gas lasers used for Raman 
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spectroscopy include the Krypton and Helium-Neon lasers. He-Ne laser is produced by 
a lasing transition of Ne+ in red region  which is occasionally used for Raman work. The 
Krypton laser has a number of lasing lines in yellow to ultraviolet region and it is suitable 
for studies in samples that have fluorescence or absorption in blue-green region of the 
light spectrum. Other light sources, such as dyed laser, are rarely used for Raman 
experiment.   
 

Spectrometer: 
 In general, grating monochromater,  which  dispersion takes place by selective 
reflection of the grating surface due to constructive and destructive interference caused 
by the regularly ruled surface, is considered to be the most suitable spectrometer for 
Raman spectroscope. 
 

Detectors: 
 In the early development of Raman spectrometry, the standard detector was 
photomultiplier. The photosensitive element is a semiconductor material  (commonly 
GaAs).  But  the recent Raman spectrometers  contain commonly  charge couple device 
(CCD) as a detector because of its obviously higher sensitivity. 
 
2.2.   Olivine 
 

Olivine is one of the most significant  rock-forming minerals occurred in the earth 
crust. Its general formula is X2SiO4 where X is cations that mostly occupy octahedral 
coordination within 2 distinct crystallographic sites, M2 and M1, respectively. Olivine 
group mineral  is systematically subdivided into  9 end-members as shown in Table 2.1. 
Some of them are generally occurred in the natural system, on the other hand, several 
members are more common in synthetic system.  
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Table 2.1.    End-Members of olivine group and their chemical compositions. 
Mineral Formula 
Fayalite Fe2SiO4

Forsterite Mg2SiO4

Liebenbergite Ni2SiO4

Tephroite Mn2SiO4

Laihunite Fe3+
2SiO4

Monticellite CaMgSiO4

Kirschsteinite Ca(Fe,Mg,Mn)SiO4

Glaucochroite MnCaSiO4

Calcio-olivine Ca2SiO4

menclature of olivine in the past was complicated because of the persistence 
names, such as picrotephroite (MnMgSiO4) and knebelite (MnFeSiO4), 
plified nomenclature for intermediate members of solid solution series were 

aken addition of prefix, such as manganoan, ferroan and magnesian into 
he other alternative way to name series of chemical composition is utilization 
end-member percentage,  e.g.    Fo 90.5. The most abundant mineral olivine 
ommon rock is usually in Forsterite F Fayalite series; in addition, this olivine  
 typically used for gem material. Therefore, this report would be more 
 to review properties of forsterite and fayalite only; that will directly provide 
 for this research project. 

.1   Optical and Physical properties 
 refractive indices of olivine vary linearly with their chemical compositions, 
 γ will increas by about 0.002 per atomic percent of Fe2SiO4 (Figure 2.5). The 

l angle (2Vγ) varies systematically from 82o of forsterite to  134o of  
ures 2.5 and 2.6). The other optical and physical properties are summarized 
. These properties are conclusively related to Mg:Fe ratio directly.   
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Crystal system 
α

β

γ

Bire 
2Vγ
SG 
H
Unit cell 
Pleochroism 
Table 2.2.        Physical  properties of forsterite and fayalite. 
Figure 2.5          Relationship between refractive index (RI), density and        
optical axis (Klein  and Hurlbut, 1999).
Forsterite (Mg2SiO4) Fayalite(Fe2SiO4)
Orthorhombic Orthorhombic 

1.635 1.827 
1.651 1.869 
1.670 1.879 
0.035 0.052 
82o 134o

3.222 4.392 
7 6.5 

a 4.75 Å, b 10.20 Å, c 5.98 Å a 4.82 Å, b 10.48 Å, c 6.09 Å
None α = γ pale yellow, β orange yellow,

reddish brown 
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2.2.2  Str
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Figure 2.6.        Crystal morphology of forsterite (left) and fayalite(right)  (Deer et al., 1992). 
ucture 
cture of olivine generally  consists of individual silica-oxygen (SiO4)
 by cation atoms (e.g. Mg,Fe, etc.). Consequently each cation atom has 
en neighbours forming octrahedral coordination (Figure 2.7). The 
heet parallel to the (100) plane and form approximately in hexagonal 
tahedral voids occupied by metal cations are defined systemically as 
sites are located in centres of symmetry (Cs), so called M 1 site; the 

m are on reflection plane, called M2 site (Figure 2.7). Besides, one-
ailable tetrahedral voids are occupied by Si atoms.  Each oxygen is 
 to one silicon and three octahedrally coordinated atoms.  

are classified as orthosilicate minerals or island silicates; however,  their 
feature is not the silicate tetrahedral. Chain of  edge-sharing octahedral 
ntain cation atoms and these chains lie parallel to the direction of  
re 2.7). 
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ositions of natural olivines commonly vary from Mg2SiO4

fayalite). Names of both end-members are related to the 
0 and Fo 0-10 respectively. The other intermediate members 
nd fayalite are listed below. 

e                         Fo 90-100 
ite                        Fo 70 F 90 
erite                   Fo 50 F 70 

lite                       Fo 30 F 50 
rtonolite               Fo 10 -30 
                            Fo 0-10 

stem, partial replacements of cation appear to have been  taken 
lite series. Fe-rich olivines tend to be replaced by Mn and Ca 
h olivines are frequently substituted by  Ni and Cr. Besides,  

ur in form  of minute exsolved plate of chromite. Ca contents are 
en  0.0 and 1.0 %weight  in common olivine. In addition, 

 amount would be found  in some olivine.  
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2.2.4  Paragenesis 
Olivine is a major constituent in many ultramafic rocks.  Mg-rich olivines, which 

have compositions ranging between Fo96 FFo87 are commonly found in dunite and 
peridotite.  Ultramafic nodules in basalt and kimberlite  usually have olivines with 
composition in range between Fo91 and Fo86. Olivine with compositional range of Fo80-
Fo50 can be found in gabbroic rocks (Deer et al., 1992). 
 

Iron-rich olivine occurs in both alkaline and acid hypabyssal to plutonic rocks. 
Fayalite  is also present with small amount in many acid and alkaline volcanic rocks, 
such as obsidians, rhyolite, trachytes and phonolites, in some specific locality (Deer et 
al., 1992). 
 

The other types of olivines are mostly metamorphic origin. These metamorphic 
olivines appear to occur principally in ultramafic compositions, impure carbonates and 
iron-rich sediments. Metamorphism could deviate these compositions and produce 
olivines with either high magnesium- or iron-rich phases. Development  of Mg-rich 
olivine is found in various mineral assemblages formed during  progressive 
metamorphism of serpentinites as revealed by reactions below. 
 
5Mg3Si2O5(OH)4 + 2CaMgSi2O6 ↔ 6Mg2SiO4 + Ca2Mg5Si8O22(OH)2 + 9H2O
serpentine             diopside             forsterite tremolite     

 
5Mg3Si2O5(OH)4 ↔ 6Mg2SiO4 + Mg3Si4O10(OH)2 + 9H2O

serpentine             forsterite talc 
 
5Mg3Si2O5(OH)4 + Mg(OH)2 ↔ 2Mg2SiO4 + 3H2O

serpentine         brucite          forsterite 

The formation of Mg-rich olivines in metamorphosed impure carbonate 
rocksunder anhydrous and hydrous conditions can be illustrated using the following 
reactions. 
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Anhydrous condition: 

 2CaMg(CO3)2 + SiO2→ Mg2SiO4 + 2 CaCO3 + 2CO2

dolomite     quartz      forsterite calcite 
 Hydrous condition: 
 Ca2Mg5Si8O22(OH) + 11CaMg(CO3)2 ↔ 8Mg2SiO4 + 13CaCO3 + 9CO2 + H2O

Tremolite                     dolomite            forsterite calcite            
 

On the other hand, fayalite is often associated with iron-rich augite 
((Ca,Na)(Mg,Fe,Al)(Si,Al)2O6) and grunerite (Fe7Si8O22(OH)2), and typically occurs in 
medium-grade thermal metamorphism within compositions of iron-rich sediment and  
cherty rock. Reaction of these iron-containing silicate compositions is described below. 
 

2FeCO3 + SiO2 → Fe2SiO4 + 2CO2

siderite     quartz fayalite 
 

In addition, thermodynamic data of equilibration between forsterite - fayalite 
composition and temperature have been carried out by many researchers. As shown in 
Figure 2.8, forsterite is crystallized at higher temperature (1,890 o C for pure phase) and 
reductions of liquidus and solidus are significantly related to increasing of Fe (fayalite) 
content. 
 

Figure 2.8   Temperature-composition diagram for the system Mg2SiO4-Fe2SiO4 at    
 atmospheric pressure (Klein  and Hurlbut, 1999)..  
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2.3  Vibrational Spectra of Olivine   
 

Olivine is an orthorhombic mineral group belonging to the space group Pbnm 
which has 4 M2SiO4 formula units per unit cell.  The current data of olivine crystal optic 
vibration modes can be predicted into  81 modes that are shown in the irreducible 
presentation below (Chopelas, 1991): 
 

11Ag + 11B1g + 7B2g + 7B3g +10Au + 9B1u + 13B2u + 13B3u 

where   Ag refers to the modes belonging to symmetrical vibration of a    
 molecule with respect to the center of symmetry. 
 Au refers to the modes belonging to symmetrical vibration of a  
 molecule with not respect to the center of symmetry. 
 Bg refers the modes belonging to asymmetrical vibration of a    
 molecule with respect to the center of symmetry. 
 Bu refers the modes belonging to asymmetrical vibration of a    
 molecule with not respect to the center of symmetry. 
 The subscript numeric (i.e.1,2 or 3) refer to the off-axis configurations. 
 

Among 81 normal modes of the lattice, 36 modes are Raman active (i.e. 11Ag,
11B1g, 7B2g and 7B3g ), whereas 35 modes are infrared active (i.e. 9B1u, 13B2u and 13B3u), 
besides 10Au modes are able to be both Raman and infrared inactive.  In addition, 36 
raman active modes can be assigned into 2 major modes of vibration.  The high-
wavenumber modes between 800F 1000 cm-1 fall in the region expected for SiO4 internal 
mode. However, observed bands may be due to combinations of the ν1 (symmetric) 
and ν3 (asymmetric) stretching modes of the SiO4 groups in the structure. This  internal 
mode assignment appears to be an useful  approximation. The SiO4 groups in the 
structure are distorted  (Cs site symmetry) and raman spectra tend to show systematic 
change according to degree of distortion. The lower-wavenumber modes are described 
as lattice modes consisting  of mixed vibrations of  M2 cation translations and external 
vibration of SiO4 tetrahedra. 
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Table 2.3 . Classification of 81 vibration modes of olivine (modified from Chopelas,1991). 
Mode 11Ag 11B1g 7B2g 7B3g 10Au 9B1u 13B2u 13B3u 

SiO4 internal 6 6 3 3 3 3 6 6
ν1 1 1 0 0 0 0 1 1
ν2 1 1 1 1 1 1 1 1
ν3 2 2 1 1 1 1 2 2
ν4 2 2 1 1 1 1 2 2

Lattice 5 5 4 4 7 6 7 7
SiO4 rot 1 1 2 2 2 2 1 1 

SiO4 trans 2 2 1 1 1 0 1 1 
M1 trans 0 0 0 0 3 3 3 3 
M2 trans 2 2 1 1 1 1 2 2 
Activity R R R R 0 IR IR IR 

R: Raman Active,  IR: Infrared Active,  O: Raman and infrared Inactive 



CHAPTER  III 
 

EXPERIMENTS AND RESULTS  
 

3.1 Sample Preparation 
 

The natural olivine samples available for this study were collected from 2 
sources. The gem quality  coarse-grained  samples were   bought  from the gem 
market (Figure 3.1). However, their end-member percentages and origins are not 
known.  In addition, seven batches of fine-grained samples with grain size of about 
100 microns were provided  by Prof. Dr. C.M.B. Henderson, University of  
Manchester. They were mostly natural gabbroic olivine from Zimbabwe (Figure 3.2); 
their end-member percentages have been published and accepted.  The first 
sample group was initially characterized on the basis of colors that vary slightly from 
yellowish green to dark yellowish green (Figure 3.1);  consequently, 20 samples 
were selected as representatives for this study. 
 

Figure 3.1  Coarse-grained  olivine samples with  gem quality  from gem trade are  
 separated   into 5 groups  based on colors (i.e. yellowish green to   

dark yellowish green).
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The chosen samples were cut into 2 parts; the first parts were prepared for 
Electron Probe Micro-Analysis (EPMA) at Center of Gemstone Research, University 
of Mainz, Germany. Four olivine grains were placed together in a mold and then 
filled by resin. Subsequently, 5 wafer samples (Figure 3.3) with 4 olivine grains each 
were polished until their surfaces are appropriate to be analyzed. The second parts 
were brought to gemstone lapidary shop for surface polishing (Figure 3.3)  then their  
physical and  optical  properties were carried out as well as collection of Raman 
spectra. 
 

Figure 3.2.  Some fine-grained gabbroic olivine samples with average grain size of    
about 100 microns from Zimbabwe. 
Figure 3.3 Selected coarse-grained olivine samples were cut and separated into 2    
parts; the first group was prepared for EPMA analysis (left), the other   
group was used   for determination of physical and optical  properties    

 and raman spectroscopy (right).   
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3.2 General  Properties  
 
The 20 samples of coarse-grained natural olivines were determined for their 

physical and optical properties, such as size, color, refractive indices , specific 
gravity and ultraviolet fluorescence. 

 
In general, samples have size ranging between 0.80 and 7.59 carat. Their colors 

shade slightly from greenish yellow to yellowish green within light to dark tones. They 
are mostly   transparent to semi-transparent, partly effected by  abundance of 
inclusions. 

 
All of  samples were well polished on one side to be used for measurement of 

refractive indices (R.I.)  using refractometer. Monochromatic, sodium equivalent light 
source was combined with A-Kruss refractometer (Figure 3.4) and used for this 
research. Refractive indices of all samples are slightly ranging between 1.650-1.668 
for nα and 1.690-1705 for nγ; however, they fall conclusively in range of normal 
olivine. In addition, dark samples are likely present higher R.I. than the others; that is 
suspected to have higher Fe content. 

 

Figure 3.4
 

.   A-Kruss refractometer with sodium light source used in this    
research project. 
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These samples were weighed in air and in water at room temperature using   

Mettler Toledo (model  AG204) electronic balance (Figure 3.5). Consequently, 
specific gravity (S.G.) of each sample was automatically determined. They yield S.G. 
within a narrow range of about  3.3 -3.4. These values are  actually accepted for 
olivine range. 

 

Although olivines are 
sample testing on fluores
research project.  Under d
lamp (UVGL 25) that can p
ultraviolet radiations (Figure
inert and do not reveal p
olivine samples are present

 

Figure 3.5    Mettle
 and d
not expected to be activated by ultraviolet wave, additional 
cence under ultraviolet light was also concerned in this 
ark box condition, all samples were placed into Mineralight 
roduce both long-wave (365 nm) and short-wave(254 nm) 
 3.6). Result of this investigation confirms that all olivine are 
hosphorescence. The properties of most coarse-grained 
 in Table 3.1. 

r Toledo (model  AG204) electronic balance used to weigh 
etermine specific gravity of coarse-grained samples. 
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Table 3.1  Sho
Sample 

No. 
Colo

PD 01 
PD 02 
PD 03 
PD 04 
PD 05 
PD 06 
PD 07 
PD 08 
PD 09 
PD 10 
PD 11 
PD 12 
PD 13 

Dark g
Dark g
Dark g
Dark g
Dark g
Dark g
Dark g
Dark g
Dark g
Dark g

gY 
gY 
gY 

Figure 3.6.    Mine
short-

 phen
w the RI and SG of 20 coarse-grained samples 
r Weight 

(ct) 
Refractive Index

(nα - nγ)
Specific 
Gravity 

Fluorescence
under UV light

Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 

1.43 
6.48 
4.83 
3.04 
2.26 
7.59 
3.44 
4.07 
3.43 
2.42 
2.42 
1.94 
1.17 

1.668-1.705 
1.660-1.692 
1.660-1.690 
1.660-1.690 
1.655-1.690 
1.665-1.700 
1.660-1.695 
1.658-1.690 
1.660-1.690 
1.650-1.690 
1.651-1.690 
1.650-1.690 
1.658-1.690 

3.43 
3.35 
3.35 
3.35 
3.34 
3.41 
3.37 
3.34 
3.33 
3.35 
3.32 
3.31 
3.37 

Inert 
Inert 
Inert 
Inert 
Inert 
Inert 
Inert  
Inert 
Inert 
Inert 
Inert 
Inert 
Inert 

ralight lamp (UVGL 25) generating both long-wave (365 nm) and 
wave(254 nm) of ultraviolet engaged to observe fluorescence 
omena of the studied olivines. 



23
PD 14 
PD 15 
PD 16 
PD 17 
PD 18 
PD 19 
PD 20 

gY 
yG 
yG 

Light yG 
Light yG 
Light yG 
Light yG 

2.03 
1.22 
3.43 
1.41 
1.17 
0.80 
4.06 

1.651-1.690 
1.650-1.690 
1.652-1.690 
1.650-1.690 
1.652-1.690 
1.652-1.690 
1.655-1.690 

3.33 
3.33 
3.32 
3.32 
3.30 
3.35 
3.33 

Inert 
Inert 
Inert 
Inert 
Inert 
Inert 
Inert 

gY = greenish yellow   yG = yellowish green 
3.3 Chemical Composition   

 
All 20 samples of coarse-grained natural olivines have been analyzed 

using  the JEOL Electron Probe Micro-Analyzer (EPMA) model JXA 8900 
equiped with EDXRF system at  Center of Gemstone Research, Institute of 
Geosciences, University of Mainz, Germany. Analytical condition of sample 
analysis was set as focused beam at 20 kV and 20 nA with  different counting 
times for each element. The TAP crystal in spectrometer 1 was selected to 
analyze Al, Si and Mg with counting times of 40, 40 and 100 seconds, 
respectively. The PET crystal in spectrometer 2 was used for Ti, Cr and Ca with 
equal counting times of 100 seconds. The LiFH in spectrometer 5 was used for 
Fe and Mn  with identical counting times of 100 seconds. Standards used for 
calibration were wollastonite for Si and Ca, synthetic corundum for Al,  pure 
metal MgO for Mg, pure metal Fe2O3 for Fe, metallic chromium for Cr, pure metal 
MnTiO3 for Mn and Ti. All analyses were automatically undertaken ZAF collection 
before reporting in form of % oxide, in which detection limit of each element is 
about 0.01 weight %. Each sample was set to analyze  5 spots, this is designed 
to check  homogeneity of composition of each sample. All analyses were then 
recalculated based on 4 oxygens to atomic formula and end-member 
(Appendix1). Mean analyses, averaged from 5 spots, were also calculated 
statistically; these analyses and their end-member proportions are present in 
Table 3.2. 
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In conclusion, end-member compositions  of all analyzed samples fall in  

range of Fo91.5  - Fo83.9. In addition, seven  fine-grained samples are characterized 
by Fe-richer olivines (Fo 73.5 E Fo50.5). Thus,  the whole range of Fo content 
available for this study is Fo 91.5 -  Fo 50.5.
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Table 3.2 Average of 5 EPMA analyses for each coarse-grained olivine sample.
PD01 PD02 PD03 PD04 PD05 PD06 PD07 PD08 PD09 PD10

MgO 45.52 48.63 49.47 48.95 45.74 48.92 48.84 48.86 49.35 50.43
Al2O3 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
SiO2 40.39 39.82 40.49 41.10 39.32 39.12 39.56 40.00 39.40 38.85
CaO 0.13 0.13 0.11 0.13 0.10 0.13 0.13 0.13 0.07 0.10
MnO 0.17 0.15 0.15 0.15 0.18 0.15 0.14 0.16 0.15 0.10
FeO 15.40 10.65 10.32 10.96 14.43 10.30 10.86 10.81 10.23 9.24
NiO 0.29 0.35 0.34 0.36 0.31 0.33 0.35 0.35 0.38 0.39

Cr2O3 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.05 0.06
Total 101.93 99.78 100.92 101.71 100.12 99.01 99.93 100.37 99.64 99.18

Formula 4(O)

Mg 1.675 1.794 1.800 1.770 1.710 1.819 1.802 1.793 1.822 1.865
Al 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.001
Si 0.997 0.985 0.988 0.996 0.986 0.976 0.979 0.984 0.976 0.964
Ca 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.003 0.002 0.003
Mn 0.003 0.003 0.003 0.003 0.004 0.003 0.003 0.003 0.003 0.002
Fe 0.318 0.220 0.211 0.222 0.303 0.215 0.225 0.223 0.212 0.192
Ni 0.006 0.007 0.007 0.007 0.006 0.007 0.007 0.007 0.008 0.008
Cr 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Total 3.003 3.014 3.012 3.003 3.013 3.024 3.020 3.015 3.024 3.035
%Fo 83.9 88.9 89.4 88.7 84.8 89.3 88.8 88.8 89.4 90.6
%Fa 16.1 11.1 10.6 11.3 15.2 10.7 11.2 11.2 10.6 9.4



26

Table 3.2. (continued)
PD11 PD12 PD13 PD14 PD15 PD16 PD17 PD18 PD19 PD20

MgO 50.82 50.77 50.26 51.24 51.58 51.51 52.36 51.65 50.56 51.62
Al2O3 0.04 0.04 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.03
SiO2 38.49 37.85 38.16 38.19 37.94 38.24 38.71 38.21 37.58 38.81
CaO 0.09 0.10 0.08 0.10 0.10 0.07 0.07 0.07 0.09 0.11
MnO 0.09 0.13 0.15 0.11 0.13 0.14 0.12 0.13 0.12 0.11
FeO 8.47 8.86 9.77 8.69 8.55 8.37 8.50 8.55 9.24 8.87
NiO 0.39 0.39 0.32 0.38 0.38 0.38 0.37 0.36 0.36 0.38

Cr2O3 0.06 0.05 0.06 0.05 0.04 0.05 0.04 0.04 0.04 0.05
Total 98.45 98.19 98.81 98.80 98.76 98.77 100.18 99.00 98.00 99.96

Formula 4(O)

Mg 1.889 1.899 1.873 1.902 1.916 1.910 1.914 1.912 1.899 1.893
Al 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.001
Si 0.960 0.950 0.954 0.951 0.945 0.951 0.949 0.949 0.946 0.955
Ca 0.002 0.003 0.002 0.003 0.003 0.002 0.002 0.002 0.002 0.003
Mn 0.002 0.003 0.003 0.002 0.003 0.003 0.003 0.003 0.003 0.002
Fe 0.177 0.186 0.204 0.181 0.178 0.174 0.174 0.177 0.195 0.182
Ni 0.008 0.008 0.006 0.008 0.008 0.008 0.007 0.007 0.007 0.007
Cr 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Total 3.039 3.049 3.045 3.048 3.054 3.048 3.050 3.051 3.053 3.044
%Fo 91.4 91.0 90.0 91.2 91.4 91.5 91.5 91.4 90.6 91.1
%Fa 8.6 9.0 10.0 8.8 8.6 8.5 8.5 8.6 9.4 8.9
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3.4 Raman Experiment 

The ambient Raman spectra were collected using  RenishawE1000 Raman  
microprobe at the Gem and Jewelry Institute of Thailand (Public Organization) 
(Figure 3.7). All measurements were carried out without polarization analyzer. The 
monochromatic light source for this experiment is Argon ion laser which produces 
green laser line with wavelength of 514.5 nm. All spectra were recorded with a Leica 
50 microscope objectives. 
 

Beam size o
wavenumber  w
determined usin
polarized Rama
the wavenumbe

Figure 3.7
f laser on surface was set as  approximately 5 micron. Calibration of  
as carried on until accuracy was close to + 1 cm-1 that was 

g plasma emission lines at 520 cm-1 of silicon standard. The  non 
n spectra of each sample were obtained at room temperature within 
r range of 250 E 2000 cm-1(Figure 3.8). For coarse-grained sample, 

 Renishaw E 1000 Raman  microprobe used in this study (top) 
and the schematic of its configuration (bottom). 
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three analytical points have been performed on the polished surface. On the other 
hand, fine-grained samples (with average grain size of about 100 microns) have 
been selected three grains to represent each sample and to obtain good spectrum; 
each selected grain must have smooth surface.  It seems to have no change on 
Raman peak positions which can be observed from all spectra analyzed in the same 
sample. However, presence or absence of some minor peaks can be distinguished. 
Spectra and frequency reported in this work are the average from those spectra. 
 

-1

counts
Figure 3.8. Non polarized Raman spectrum of olivine in range 250-2000 cm-1
Raman shift (cm )
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3.5 Raman spectroscopy result 

 
The Raman spectra can be observed mostly in the range below 1000 cm-1 only; 

in addition, they  can be subdivided  into 2 main regions: high-wavenumber region 
consisting of 4 main peaks in range of 800-1000 cm-1 and low-wavenumber region 
consisting of several small peaks in the range below 600 cm-1(Figure 3.9). The spectra 
belong to coarse-grained samples show very well sharp peaks. In contrast, the raman 
spectra obtained from fine-grained samples are broadening, especially in the low-
wavenumber region. 

91.5
 

-1

counts

Coarse -grained sample PD17 (Fo

Low    High
Low    

Raman shift (cm )
.5

High
counts

-1

Fine-grained sample PD735 (Fo 73
Raman shift (cm )
)

 )
Figure 3.9   Raman spectra of studied samples;   coarse-grained         
sample PD17 with Fo content of 91.5 (top) and fine-grained sample 
PD735 with Fo content of 73.5 (bottom).
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Thirteen peak positions of Raman spectra were observed and recorded in Table 

3.3 from high Fo content to low Fo content.     
 
Table 3.3  Peak positions of Raman spectra observed from all studied samples. 

%Fo  sample no. p1  p2  p3   p4  P5  p6  p7  p8  p9  p10  p11  p12  p13  
91.5 PD16 958 917 np 853 821 np 588 540 426 405 369 328 np 
91.5 PD17 960 917 878 854 822 603 584 541 429 np 370 np 301 
91.5 PD18 960 915 878 853 821 603 582 np 433 np np 323 300 
91.4 PD11 958 917 878 853 822 604 586 542 428 np 369 np 301 
91.4 PD15 959 917 878 853 821 603 583 542 431 np 370 np 300 
91.2 PD14 960 918 np 854 822 np 588 541 429 406 370 327 np 
91.1 PD20 957 916 np 853 821 np 587 539 429 406 369 331 301 
91.0 PD12 959 916 877 853 821 602 583 540 428 np 368 np 301 
90.6 PD10 957 916 np 852 821 np 586 538 np 404 367 329 303 
90.5 PD19 957 916 878 853 821 602 584 540 428 np 369 np 300 
90.0 PD13 959 917 np 853 822 np 588 541 426 405 369 327 np 
89.5 PD3 958 919 np 856 824 606 588 543 431 408 371 np 304 
89.5 PD9 960 918 np 854 823 np 589 541 428 405 369 327 302 
89.4 PD6 958 918 880 855 823 603 585 540 430 np np np 302 
89.0 PD2 960 919 np 855 824 np 589 543 433 408 372 330 304 
88.8 PD8 961 919 np 856 824 np 589 543 431 408 371 328 304 
88.7 PD4 961 918 np 854 822 np 588 541 428 406 371 np np 
88.7 PD7 959 919 np 856 825 np 590 543 np 408 370 np 302 
84.8 PD5 960 919 np 855 823 606 587 541 433 np 372 np 302 
83.9 PD1 957 919 np 854 823 606 588 541 428 407 369 325 301 
73.5 PD735* 951 913 np 849 818 591 578 533 417 np np np 299 
70.6 PD706* 951 912 np 848 818 592 578 534 415 np np 338 302 
67.8 PD678* 950 913 np 850 819 np 578 533 415 np np np 306 
61.7 PD617* 944 912 np 848 819 591 np 531 416 np np 337 304 
60.5 PD605* 940 912 np 847 817 np 575 529 np 408 np 334 304 
58.8 PD588* 941 910 np 847 817 591 np 529 420 400 np 335 304 
50.5 PD505* 938 910 np 846 817 np  578 526 419 405 np 329 301 

Remark:  *  : fine-grained sample,   np:  not present 
 

3.6 Relationship between composition of olivine and Raman spectra 
 

Comparison of equivalent peak positions clearly illustrates downshift of Raman 
spectra in higher iron (Fe) olivines. This downshift occurs clearly in high-wavenumber 
region of spectra which contains 4 main peaks at about 960-938, 919-910, 854-846 and 
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824-817 cm-1(Figure 3.10). Meanwhile, low-wavenumber region (below 600 cm-1) shows 
very little variation  of peak position.    
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Counts

Region 1Region 2Region 3
Figure 3.11  Three regions of spectra  divided for correlation plot; region 1 ranges 
 from1000 -800 cm-1; region 2 ranges from 650 E 500 cm-1; region 3      

ranges from  500 -  250 cm-1.

Raman shift (cm )
-1
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Figure 3.12.  Correlation between Fo contents and Raman spectra peak positions of  
 region 1 (1000 E 800 cm-1). 
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Figure 3.13  Correlation between Fo contents and Raman spectra peak positions of 
region 2 (650 E 500 cm-1). 
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From the correlation plot above, region 1 consists of 5 peaks at about 960-940, 
920-910, 880-877, 855-846 and 825-817 cm-1, respectively; every observe peak position   
reveals obviously down shift of iron-richer samples (less Fo content) in this region 
except the peak at about 880-877 cm-1 which is present in some samples only.  Region 2 
contains 3 peaks at about 606-591, 589-578 and 540-526 cm-1, respectively, and also 
reveal downshift of peak positions of lower Fo contents. Region 3 comprises 5 peaks at 
about 430-415, 408-400, 370-369, 325-335 and 300-304 cm-1, respectively,  but the 
peak positions in this region show very slightly variation.    
 

Linear regression equations were carried out from plots between Fo contents 
and peak positions. Most abundance  peaks  expected  in region 1 (i.e. p1(960-940 cm-

1), p2 (920-910 cm-1) ,p4(855-846 cm-1) ,p5(825-817cm-1)) were considered for this 
investigation  because these 4 peaks always present  in every samples and peaks p4 
and p5 have highest intensity. Peaks in the other regions are not suitable to find out the 
relationship,  even though  some positions tend to show high downshift value. However, 
these peaks are weak and broaden especially in fine-grained samples. Consequently, 
some peak positions of these regions are not clearly marked and might not be represent 
the exact value of their modes.  The linear regression equations and their chi-square 
values are present in (Figures 3.15 to 3.18). 
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Figure 3.15 Plots between Raman peak position (960-940 cm-1; p1) and Fo    
 content and linear regression equation with chi-square value. 
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Figure 3.16  Plots between Raman peak position (920-910 cm-1; p2) and Fo    
 content and linear regression equation with chi-square value. 
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Figure 3.17  Plots between Ram
 Fo content and line
 

an peak position (855-846 cm-1; p4) and   
ar regression equation with chi-square value. 



40
p5 y = 0.1485x + 808.84

R2 = 0.6515

810

812

814

816

818

820

822

824

826

50 60 70 80 90 100

Fo cont

R
am

an
sh

ift
cm

-1

Fo content
Figure 3.18  Plots between Raman
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regression equation with chi-square value. 
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Appendix 1 
 

Chemical analyses of 20  coarse-grained samples 
 obtained from Electron Probe Micro-Analysis (EPMA) 
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PD01-1 PD01-2 PD01-3 PD01-4 PD01-5 PD02-1 PD02-2 PD02-3 PD02-4 PD02-5
MgO 45.39 45.52 45.60 45.89 45.22 48.67 48.92 48.89 48.87 47.78
Al2O3 0.02 0.02 0.02 0.03 0.02 0.01 0.02 0.02 0.00 0.03
SiO2 40.70 40.25 40.30 40.55 40.15 40.25 39.97 39.83 39.85 39.22
CaO 0.12 0.14 0.13 0.14 0.13 0.13 0.12 0.13 0.12 0.13
MnO 0.14 0.15 0.21 0.18 0.15 0.17 0.14 0.13 0.15 0.16
FeO 15.46 15.41 15.36 15.45 15.31 10.69 10.44 10.88 10.92 10.34
NiO 0.28 0.28 0.28 0.28 0.31 0.35 0.36 0.35 0.33 0.37

Cr2O3 0.03 0.02 0.02 0.00 0.02 0.03 0.02 0.04 0.05 0.02
Total 102.14 101.79 101.92 102.50 101.31 100.30 99.98 100.27 100.29 98.04

Formula 4(O)

Mg 1.665 1.677 1.678 1.679 1.674 1.785 1.799 1.797 1.796 1.793
Al 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.000 0.001
Si 1.002 0.995 0.995 0.995 0.997 0.990 0.986 0.982 0.982 0.987
Ca 0.003 0.004 0.003 0.004 0.003 0.003 0.003 0.003 0.003 0.004
Mn 0.003 0.003 0.004 0.004 0.003 0.003 0.003 0.003 0.003 0.003
Fe 0.318 0.319 0.317 0.317 0.318 0.220 0.215 0.224 0.225 0.218
Ni 0.006 0.006 0.006 0.006 0.006 0.007 0.007 0.007 0.007 0.008
Cr 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.000

Total 2.998 3.004 3.005 3.005 3.003 3.009 3.014 3.017 3.017 3.013
%Fo 83.8 83.9 83.9 84.0 83.9 88.9 89.2 88.8 88.7 89.0
%Fa 16.2 16.1 16.1 16.0 16.1 11.1 10.8 11.2 11.3 11.0
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PD03-1 PD03-2 PD03-3 PD03-4 PD03-5 PD04-1 PD04-2 PD04-3 PD04-4 PD04-5

MgO 48.89 50.45 49.59 49.32 49.12 49.26 48.52 49.60 48.32 49.07
Al2O3 0.04 0.02 0.01 0.01 0.01 0.03 0.01 0.02 0.03 0.00
SiO2 40.38 41.31 40.04 40.29 40.41 40.42 40.88 41.94 40.47 41.78
CaO 0.10 0.10 0.12 0.11 0.11 0.13 0.13 0.14 0.13 0.12
MnO 0.14 0.16 0.14 0.17 0.13 0.15 0.13 0.17 0.18 0.13
FeO 10.39 10.39 10.25 10.38 10.18 10.83 11.04 11.17 10.76 11.02
NiO 0.35 0.32 0.34 0.35 0.33 0.37 0.35 0.37 0.38 0.35

Cr2O3 0.02 0.04 0.04 0.02 0.05 0.02 0.03 0.03 0.04 0.04
Total 100.30 102.79 100.53 100.66 100.33 101.20 101.08 103.44 100.31 102.51

Formula 4(O)
Mg 1.789 1.800 1.812 1.800 1.796 1.792 1.765 1.763 1.771 1.757
Al 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.000
Si 0.991 0.989 0.982 0.986 0.991 0.986 0.998 1.000 0.995 1.004
Ca 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.003
Mn 0.003 0.003 0.003 0.004 0.003 0.003 0.003 0.003 0.004 0.003
Fe 0.213 0.208 0.210 0.212 0.209 0.221 0.225 0.223 0.221 0.221
Ni 0.007 0.006 0.007 0.007 0.007 0.007 0.007 0.007 0.008 0.007
Cr 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.001

Total 3.008 3.010 3.018 3.013 3.008 3.013 3.002 3.000 3.004 2.996
%Fo 89.2 89.5 89.5 89.3 89.5 88.9 88.6 88.6 88.7 88.7
%Fa 10.8 10.5 10.5 10.7 10.5 11.1 11.4 11.4 11.3 11.3
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PD05-1 PD05-2 PD05-3 PD05-4 PD05-5 PD06-1 PD06-2 PD06-3 PD06-4 PD06-5

MgO 48.26 49.19 49.26 49.06 48.85 46.14 45.53 45.80 45.74 45.49
Al2O3 0.02 0.01 0.03 0.02 0.03 0.01 0.03 0.02 0.01 0.02
SiO2 38.87 39.45 39.45 38.80 39.03 40.92 38.93 38.73 39.29 38.72
CaO 0.13 0.13 0.12 0.14 0.12 0.11 0.09 0.09 0.08 0.10
MnO 0.16 0.15 0.15 0.16 0.16 0.16 0.20 0.17 0.17 0.18
FeO 10.28 10.34 10.32 10.26 10.31 14.58 14.38 14.55 14.39 14.26
NiO 0.34 0.36 0.32 0.31 0.35 0.35 0.30 0.28 0.32 0.31

Cr2O3 0.04 0.03 0.04 0.02 0.04 0.02 0.02 0.03 0.06 0.03
Total 98.09 99.65 99.68 98.76 98.87 102.29 99.48 99.67 100.06 99.11

Formula 4(O)
Mg 1.811 1.817 1.818 1.829 1.819 1.684 1.715 1.724 1.711 1.720
Al 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.001
Si 0.978 0.977 0.977 0.971 0.975 1.002 0.983 0.978 0.986 0.982
Ca 0.004 0.003 0.003 0.004 0.003 0.003 0.002 0.003 0.002 0.003
Mn 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.004 0.004 0.004
Fe 0.216 0.214 0.214 0.215 0.215 0.298 0.304 0.307 0.302 0.302
Ni 0.007 0.007 0.006 0.006 0.007 0.007 0.006 0.006 0.006 0.006
Cr 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.001

Total 3.021 3.022 3.023 3.029 3.024 2.998 3.016 3.022 3.013 3.018
%Fo 89.2 89.3 89.4 89.4 89.3 84.8 84.8 84.7 84.8 84.9
%Fa 10.8 10.7 10.6 10.6 10.7 15.2 15.2 15.3 15.2 15.1
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PD07-1 PD07-2 PD07-3 PD07-4 PD07-5 PD08-1 PD08-2 PD08-3 PD08-4 PD08-5

MgO 48.71 49.18 48.83 48.84 48.64 49.02 48.99 49.16 48.66 48.50
Al2O3 0.01 0.02 0.02 0.01 0.02 0.03 0.01 0.03 0.02 0.02
SiO2 39.60 39.94 39.04 39.95 39.28 39.07 39.99 40.27 40.47 40.18
CaO 0.13 0.14 0.13 0.15 0.13 0.11 0.14 0.14 0.13 0.12
MnO 0.15 0.13 0.12 0.14 0.19 0.14 0.18 0.17 0.16 0.14
FeO 10.86 11.03 10.69 10.82 10.89 10.86 10.58 11.11 10.70 10.81
NiO 0.33 0.35 0.34 0.35 0.38 0.36 0.38 0.36 0.35 0.33

Cr2O3 0.02 0.03 0.02 0.04 0.03 0.04 0.02 0.04 0.03 0.04
Total 99.81 100.81 99.19 100.28 99.55 99.62 100.29 101.27 100.52 100.13

Formula 4(O)
Mg 1.799 1.799 1.815 1.794 1.803 1.816 1.798 1.790 1.780 1.782
Al 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.001
Si 0.981 0.980 0.974 0.984 0.977 0.971 0.984 0.984 0.993 0.990
Ca 0.003 0.004 0.004 0.004 0.003 0.003 0.004 0.004 0.004 0.003
Mn 0.003 0.003 0.003 0.003 0.004 0.003 0.004 0.004 0.003 0.003
Fe 0.225 0.226 0.223 0.223 0.227 0.226 0.218 0.227 0.219 0.223
Ni 0.007 0.007 0.007 0.007 0.008 0.007 0.008 0.007 0.007 0.006
Cr 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.001

Total 3.019 3.020 3.026 3.015 3.023 3.028 3.015 3.016 3.007 3.009
%Fo 88.7 88.7 89.0 88.8 88.7 88.8 89.0 88.6 88.9 88.8
%Fa 11.3 11.3 11.0 11.2 11.3 11.2 11.0 11.4 11.1 11.2



62

PD09-1 PD09-2 PD09-3 PD09-4 PD09-5 PD10-1 PD10-2 PD10-3 PD10-4 PD10-5

MgO 49.61 49.45 48.99 49.07 49.61 50.09 50.25 50.69 50.85 50.26
Al2O3 0.01 0.01 0.02 0.02 0.01 0.03 0.02 0.04 0.02 0.01
SiO2 40.26 38.98 39.19 39.00 39.57 39.25 38.27 38.96 39.63 38.14
CaO 0.07 0.08 0.07 0.07 0.06 0.11 0.09 0.10 0.10 0.08
MnO 0.15 0.13 0.18 0.15 0.15 0.10 0.08 0.11 0.11 0.12
FeO 10.20 10.45 10.07 10.06 10.36 9.11 9.29 9.22 9.35 9.21
NiO 0.37 0.41 0.39 0.39 0.36 0.40 0.37 0.40 0.39 0.40

Cr2O3 0.02 0.05 0.04 0.07 0.07 0.03 0.07 0.08 0.06 0.07
Total 100.67 99.56 98.95 98.82 100.19 99.12 98.42 99.60 100.50 98.28

Formula 4(O)

Mg 1.809 1.831 1.821 1.827 1.822 1.851 1.875 1.867 1.855 1.879
Al 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.000
Si 0.985 0.968 0.977 0.974 0.975 0.973 0.958 0.963 0.970 0.956
Ca 0.002 0.002 0.002 0.002 0.002 0.003 0.003 0.003 0.002 0.002
Mn 0.003 0.003 0.004 0.003 0.003 0.002 0.002 0.002 0.002 0.003
Fe 0.209 0.217 0.210 0.210 0.213 0.189 0.194 0.190 0.191 0.193
Ni 0.007 0.008 0.008 0.008 0.007 0.008 0.007 0.008 0.008 0.008
Cr 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001

Total 3.015 3.031 3.022 3.025 3.024 3.027 3.041 3.036 3.030 3.043
%Fo 89.5 89.3 89.5 89.5 89.4 90.6 90.5 90.6 90.6 90.6
%Fa 10.5 10.7 10.5 10.5 10.6 9.4 9.5 9.4 9.4 9.4
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PD11-1 PD11-2 PD11-3 PD11-4 PD11-5 PD12-1 PD12-2 PD12-3 PD12-4 PD12-5

MgO 50.69 51.08 50.46 50.51 51.37 50.69 50.73 50.62 51.28 50.53
Al2O3 0.02 0.03 0.05 0.04 0.04 0.05 0.03 0.04 0.05 0.03
SiO2 37.92 38.57 38.86 38.44 38.67 37.70 37.46 38.36 38.66 37.08
CaO 0.09 0.10 0.09 0.10 0.09 0.10 0.10 0.10 0.09 0.10
MnO 0.09 0.10 0.10 0.08 0.08 0.12 0.11 0.14 0.18 0.11
FeO 8.47 8.68 8.52 8.27 8.41 8.82 8.93 8.80 8.99 8.78
NiO 0.40 0.42 0.37 0.38 0.37 0.37 0.38 0.41 0.38 0.41

Cr2O3 0.04 0.08 0.07 0.05 0.06 0.06 0.04 0.05 0.06 0.06
Total 97.73 99.07 98.51 97.86 99.08 97.92 97.78 98.50 99.69 97.09

Formula 4(O)
Mg 1.900 1.889 1.872 1.886 1.896 1.901 1.907 1.884 1.888 1.913
Al 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001
Si 0.954 0.957 0.967 0.963 0.957 0.948 0.945 0.958 0.955 0.942
Ca 0.002 0.003 0.002 0.003 0.002 0.003 0.003 0.003 0.002 0.003
Mn 0.002 0.002 0.002 0.002 0.002 0.003 0.002 0.003 0.004 0.002
Fe 0.178 0.180 0.177 0.173 0.174 0.186 0.188 0.184 0.186 0.186
Ni 0.008 0.008 0.007 0.008 0.007 0.008 0.008 0.008 0.008 0.008
Cr 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Total 3.046 3.042 3.031 3.036 3.041 3.050 3.055 3.041 3.044 3.057
%Fo 91.3 91.2 91.3 91.5 91.5 91.0 90.9 91.0 90.9 91.0
%Fa 8.7 8.8 8.7 8.5 8.5 9.0 9.1 9.0 9.1 9.0
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PD13-1 PD13-2 PD13-3 PD13-4 PD13-5 PD14-1 PD14-2 PD14-3 PD14-4 PD14-5

MgO 50.31 50.01 50.11 50.58 50.27 50.90 51.74 51.34 51.06 51.18
Al2O3 0.00 0.02 0.03 0.03 0.02 0.03 0.02 0.04 0.03 0.04
SiO2 37.91 37.92 38.13 38.78 38.04 37.93 39.26 38.50 38.15 37.13
CaO 0.09 0.07 0.09 0.06 0.07 0.10 0.10 0.09 0.10 0.10
MnO 0.14 0.12 0.16 0.13 0.19 0.11 0.12 0.09 0.11 0.14
FeO 9.85 9.99 9.62 9.65 9.72 8.72 8.81 8.66 8.69 8.57
NiO 0.32 0.34 0.30 0.31 0.35 0.36 0.40 0.39 0.37 0.40

Cr2O3 0.07 0.06 0.06 0.09 0.03 0.05 0.04 0.05 0.04 0.04
Total 98.69 98.54 98.49 99.64 98.69 98.19 100.49 99.16 98.56 97.61

Formula 4(O)
Mg 1.880 1.872 1.872 1.866 1.877 1.901 1.886 1.897 1.900 1.927
Al 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Si 0.950 0.952 0.956 0.960 0.952 0.951 0.960 0.954 0.952 0.938
Ca 0.002 0.002 0.002 0.002 0.002 0.003 0.003 0.002 0.003 0.003
Mn 0.003 0.003 0.003 0.003 0.004 0.002 0.002 0.002 0.002 0.003
Fe 0.206 0.210 0.202 0.200 0.204 0.183 0.180 0.179 0.181 0.181
Ni 0.006 0.007 0.006 0.006 0.007 0.007 0.008 0.008 0.008 0.008
Cr 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001

Total 3.049 3.047 3.043 3.039 3.047 3.049 3.040 3.045 3.047 3.061
%Fo 90.0 89.8 90.1 90.2 90.0 91.1 91.2 91.3 91.2 91.3
%Fa 10.0 10.2 9.9 9.8 10.0 8.9 8.8 8.7 8.8 8.7
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PD15-1 PD15-2 PD15-3 PD15-4 PD15-5 PD16-1 PD16-2 PD16-3 PD16-4 PD16-5

MgO 51.69 51.66 50.97 51.75 51.82 51.60 51.46 51.53 51.46 51.49
Al2O3 0.04 0.03 0.03 0.03 0.01 0.00 0.03 0.02 0.03 0.03
SiO2 37.62 38.12 37.82 38.10 38.08 38.32 37.79 38.60 38.79 37.68
CaO 0.11 0.08 0.10 0.11 0.10 0.08 0.07 0.06 0.07 0.07
MnO 0.14 0.13 0.10 0.16 0.12 0.12 0.15 0.16 0.12 0.14
FeO 8.60 8.54 8.46 8.51 8.65 8.38 8.26 8.35 8.44 8.42
NiO 0.38 0.35 0.41 0.36 0.40 0.40 0.36 0.39 0.36 0.37

Cr2O3 0.05 0.02 0.04 0.04 0.06 0.06 0.05 0.05 0.03 0.04
Total 98.66 98.93 97.93 99.02 99.25 98.94 98.17 99.17 99.30 98.25

Formula 4(O)

Mg 1.924 1.914 1.908 1.916 1.916 1.910 1.920 1.901 1.895 1.922
Al 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.001
Si 0.939 0.947 0.950 0.945 0.944 0.951 0.946 0.955 0.958 0.944
Ca 0.003 0.002 0.003 0.003 0.003 0.002 0.002 0.002 0.002 0.002
Mn 0.003 0.003 0.002 0.003 0.002 0.002 0.003 0.003 0.003 0.003
Fe 0.180 0.177 0.178 0.177 0.179 0.174 0.173 0.173 0.174 0.176
Ni 0.008 0.007 0.008 0.007 0.008 0.008 0.007 0.008 0.007 0.007
Cr 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Total 3.059 3.052 3.050 3.054 3.055 3.048 3.053 3.044 3.041 3.056
%Fo 91.3 91.4 91.4 91.4 91.3 91.5 91.6 91.5 91.5 91.5
%Fa 8.7 8.6 8.6 8.6 8.7 8.5 8.4 8.5 8.5 8.5
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PD17-1 PD17-2 PD17-3 PD17-4 PD17-5 PD18-1 PD18-2 PD18-3 PD18-4 PD18-5

MgO 52.62 52.34 51.94 52.02 52.87 52.18 51.77 51.21 51.97 51.12
Al2O3 0.00 0.02 0.03 0.02 0.02 0.00 0.02 0.02 0.01 0.03
SiO2 38.83 38.36 38.63 38.84 38.91 38.77 38.32 37.83 39.08 37.06
CaO 0.07 0.06 0.07 0.07 0.07 0.07 0.07 0.08 0.06 0.06
MnO 0.13 0.14 0.11 0.13 0.10 0.12 0.12 0.14 0.14 0.11
FeO 8.39 8.64 8.32 8.53 8.61 8.65 8.60 8.58 8.45 8.45
NiO 0.38 0.37 0.34 0.40 0.34 0.36 0.37 0.35 0.33 0.37

Cr2O3 0.05 0.06 0.04 0.03 0.04 0.04 0.01 0.06 0.05 0.03
Total 100.46 99.98 99.49 100.03 100.96 100.18 99.27 98.26 100.08 97.23

Formula 4(O)

Mg 1.917 1.920 1.910 1.904 1.918 1.908 1.911 1.911 1.899 1.930
Al 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.001
Si 0.949 0.944 0.953 0.953 0.947 0.951 0.949 0.947 0.958 0.939
Ca 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001
Mn 0.003 0.003 0.002 0.003 0.002 0.002 0.003 0.003 0.003 0.002
Fe 0.171 0.178 0.172 0.175 0.175 0.177 0.178 0.180 0.173 0.179
Ni 0.007 0.007 0.007 0.008 0.007 0.007 0.007 0.007 0.007 0.008
Cr 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001

Total 3.051 3.055 3.047 3.046 3.052 3.049 3.051 3.052 3.042 3.061
%Fo 91.7 91.4 91.6 91.5 91.5 91.4 91.4 91.3 91.5 91.4
%Fa 8.3 8.6 8.4 8.5 8.5 8.6 8.6 8.7 8.5 8.6
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PD19-1 PD19-2 PD19-3 PD19-4 PD19-5 PD20-1 PD20-2 PD20-3 PD20-4 PD20-5

MgO 50.35 50.64 50.17 50.59 51.07 51.74 50.98 51.33 51.81 52.21
Al2O3 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.04 0.02 0.02
SiO2 36.93 37.78 38.05 37.13 37.99 39.08 38.34 38.84 38.65 39.12
CaO 0.08 0.10 0.09 0.07 0.09 0.11 0.12 0.11 0.10 0.11
MnO 0.13 0.11 0.13 0.15 0.09 0.11 0.12 0.12 0.10 0.11
FeO 9.02 9.50 9.20 9.24 9.21 8.94 8.78 8.94 8.93 8.75
NiO 0.35 0.37 0.33 0.35 0.38 0.36 0.35 0.42 0.39 0.35

Cr2O3 0.04 0.06 0.02 0.02 0.06 0.03 0.04 0.05 0.06 0.05
Total 96.92 98.57 98.00 97.57 98.92 100.40 98.77 99.85 100.06 100.72

Formula 4(O)

Mg 1.912 1.892 1.880 1.910 1.899 1.889 1.892 1.885 1.900 1.899
Al 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Si 0.941 0.947 0.957 0.940 0.947 0.957 0.955 0.957 0.951 0.954
Ca 0.002 0.003 0.002 0.002 0.002 0.003 0.003 0.003 0.003 0.003
Mn 0.003 0.002 0.003 0.003 0.002 0.002 0.003 0.002 0.002 0.002
Fe 0.192 0.199 0.193 0.196 0.192 0.183 0.183 0.184 0.184 0.178
Ni 0.007 0.007 0.007 0.007 0.008 0.007 0.007 0.008 0.008 0.007
Cr 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001

Total 3.059 3.052 3.043 3.059 3.052 3.042 3.044 3.042 3.049 3.045
%Fo 90.7 90.4 90.6 90.6 90.7 91.1 91.1 91.0 91.1 91.3
%Fa 9.3 9.6 9.4 9.4 9.3 8.9 8.9 9.0 8.9 8.7
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Appendix 2 
 

Raman spectra of 27 studied samples which consist of 20 coarse-
grained samples and 7 fine-grained samples;  
three spectra of each sample were collected. 
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Raman shift (cm-1)

counts
Figure A2.1 Three raman spec
tra of sample no.PD01  which has 83.9%Fo.
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Raman shift (cm-1)

counts
Figure A2.2 Three raman spec
tra of sample no. PD02 which has 88.9% Fo 
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Raman shift (cm-1)
Figure A2.3 Three raman spect
ra of sample no. PD03 which has 89.4%Fo
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Raman shift (cm-1)
Figure A2.4 Three raman spectra o
f sample no. PD04 which has 88.7% Fo
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Raman shift (cm-1)
Figure A2.5 Three raman spectr
a of sample no. PD05 which has 89.3 % Fo 
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Raman shift (cm-1)
Figure A2.6 Three raman spec
tra of sample no. PD06 which has 84.8% Fo 
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Raman shift (cm-1)
Figure A2.7 Three raman spectr
a of sample no. PD07 which has 88.8% Fo 
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Raman shift (cm-1)
Figure A2.8 Three raman spectr
a of sample no.PD08 which has 88.8% Fo 
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Figure A2.9 Three raman spectra
Raman shift (cm )
 of sample no. PD09 which has 89.4% Fo 
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Raman shift (cm-1)
Figure A2.10    Three raman sp
ectra of sample no. PD10 which has 90.6% Fo 
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Raman shift (cm-1)
Figure A2.11 Three raman spe
ctra of sample no. PD11 which has 91.4% Fo 
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Raman shift (cm-1)
Figure A2.12   Three raman sp
ectra of sample no. PD12 which has 91.0% Fo  
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Raman shift (cm-1)
Figure A2.13    Three raman sp
ectra of sample no. PD13 which has 90.0% Fo 
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Raman shift (cm-1)
Figure A2.14     Three raman s
pectra of sample no.PD14 which has 91.2% Fo 
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Raman shift (cm-1)
Figure A2.15   Three raman spec
tra of sample no. PD15  which has 91.4% Fo 
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Raman shift (cm-1)
Figure A2.16    Three raman sp
ectra of sample no. PD16 which has 91.5% Fo 
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Raman shift (cm-1)
Figure A2.17  Three raman spe
ctra of sample no. PD17 which has 91.5% Fo 
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Raman shift (cm-1)
Figure A2.18    Three raman spe
ctra of sample no. PD18 which has 91.4% Fo 
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Raman shift (cm-1)
Figure A2.19     Three raman s
pectra of sample no. PD19 which has 90.6% Fo 
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Raman shift (cm-1)
Figure A2.20    Three raman spectr
a of sample no. PD20 which has 91.1% Fo 
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Figure A2.21     Three raman spect
Raman shift (cm )
ra of sample no. PD735 which has 73.5% Fo 
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Raman shift (cm-1)
Figure A2.22     Three raman spectra of
 sample no. PD706 which has 70.6% Fo 
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Raman shift (cm-1)
Figure A2.23    Three raman spectra of 
sample no. PD678 which has 67.8% Fo 
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Raman shift (cm-1)
Figure A2.24    Three raman spectra 
of sample no. PD617 which has 61.7% Fo 
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Raman shift (cm-1)
Figure A2.25 Three raman spect
ra of sample no. PD605 which has 60.5% Fo 
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Raman shift (cm-1)
Figure A2.26 Three raman spectra of 
sample no. PD588 which has 58.8% Fo 
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Fi
gure A2.27 Three raman spectra of 
sample no. PD505 which has 50.5% Fo 
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