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ARTICLE INFO ABSTRACT

Blue-colored corundum (sapphire) is found in syenitic pegmatites in Alvand

Article History igneous complex in the Khako area. From the petrographic point of view,

Received: 27 August 2022 the host rock is composed of feldspar and small amounts of quartz, which
Revised: 12 November 2022 includes corundum crystals of transparent to translucent blue color, 1 to 6
Accepted: 14 November 2022 cm long, covered with a sheath of mica with a composition of muscovite to
phengite. It seems that the core of corundum crystals crystallized in the
magmatic stage in equilibrium with mica + aluminosilicate + feldspar +
perthite, and in the next metasomatic stage, corundum crystals grew from
Ke d the reaction of plagioclase and mica. The chemical composition of the main
ywords . . . .- . .

i minerals in pegmatite rocks indicates the magmatic origin of these rocks,
Pegmatite which were formed during the magmatic differentiation process. In the
Corundum continuation of the metasomatic cycle, the geochemical conditions for
Feldspar formation of new corundum crystals and regrowth of primary corundum
iﬁ;ﬁ'ﬁ,’re have been prepared by reducing the silica content (de-silicification) and
Alvand increasing the Al/Si ratio. These processes during post-magmatic cycles in
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granite masses, are known as Plumasite processes. The classifications done
in pegmatites, based on abundance of rare elements and phosphorus content
in feldspar crystals, indicate fertility of these rocks from rare elements.
These pegmatites are included in the group rich in lithium and beryllium.
Moreover, comparison of the chemical composition of corundum crystals
with famous corundum deposits in other parts of the world shows that these
rocks have a special similarity with magmatic corundum deposits in
connection with synthetic intrusive masses. In addition, these rocks show a
composition similar to magmatic deposits created by metasomatic
processes.
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EXTENDED ABSTRACT

Introduction

The corundum crystals found in the southern part of
Alvand's intrusive mass have been introduced as the
most important sapphire gem potential in Iran
(Sadeghi et al., 2022; Sajjadi Alehashem et al.,
2021). The corundum crystals in this area have been
reported in preliminary studies conducted by
different researchers (Beharifar, 2012). Although it
is not possible to determine certain criteria for the
gem value of a mineral., characteristics such as
transparency, color, hardness, refractive index,
reflection, and absorption of light are among the
most important factors in determining the quality of
colored gems. The crystallized oxide of pure
corundum is colorless However, corundum has five
main coloring elements, including Cr3+, Fe3+, Fe2+,
Ti4+ and VV3+. Geochemical factors in the formation
of corundum are usually magmatic or high-grade
metamorphic processes that cause formation of
aluminum oxide crystals from a magma with a low
silica content (Cerny, 1991; Cerny and Ercit, 2005)
or a differentiated pegmatite magma (Sanchez-
Mufioz et al., 2017). These rocks can provide special
conditions to produce corundum with the help of
fluids originating from magmatic fractionation and
metamorphic processes (Zwaan et al., 2015; Peucat
et al.,, 2007). Many studies have been done on
classification and genesis of corundum deposits
(Sutherland et al., 2009, Schmetzer and Peretti, 1999;
Simonet et al., 2004). Classification of corundum
reserves is essential in choosing detailed prospecting
and exploration methods and prospecting for new
reserves in similar structural zones.

Materials and methods

25 thin sections were prepared from the collected
samples. 5 thin polished sections have been used in
electron microscope studies and electron probe
microanalysis (EPMA). 5 samples of pegmatites
containing corundum crystals found in the Khaku
deposit Index and 10 single crystals of separated
corundum crystals, have been chemically analyzed
by XRF and ICP-MS methods in Zarazma Company
of Tehran under standard conditions for major
elements and trace elements. Also, EPMA analysis
of accompanying minerals and corundum crystals
was performed by a Cameca-SX-100 device with a
beam diameter of 5 microns and accelerating voltage

of 2400 mA at the Iranian Mineral Materials
Processing Research Center in Karaj.

Results

In the newest pegmatite classification (Cerny, 1991;
Cerny and Ercit, 2005), which is most widely used
by researchers nowadays, a combination of factors,
including depth of establishment, metamorphic
degree, and rare element contents are considered.
This classification has 4 main categories or classes
including 2 Abyssal classes (high grade, high
pressure to low), Muscovite (high pressure, low
temperature), and Miarolitic (shallow level of rare
element with low temperature and pressure). The
class of pegmatites with rare elements is divided into
LCT and NYF types based on abundance of rare
elements: LCT Type is rich in lithium, cesium, and
NYF type tantalum and rich in niobium, yttrium, and
fluorine. Descriptions of sub-groups by Pezzotta
Corundum-bearing pegmatites are included in the
Abyssal sub-group. This group is of high pressure
and temperature type and is formed at a temperature
between 700 and 800 degrees Celsius and a pressure
of 4 to 6 kbar (Cerny and Ercit, 2005). The mineral
abundance of muscovite and biotite shows that
Alvand pegmatite shows few characteristics of the
muscovite  subgroup  (high  pressure, low
temperature). This indicates formation of these rocks
at temperatures lower than 700 degrees Celsius. A
mineralogical classification is based on the latest
classification done in pegmatites (Mdller et al.,
2022). The pegmatites of the Khaku area are in the
corundum pegmatites, a product of magmatism, and
are affected by the processes of subsolidus fluids.
This group of pegmatites are mostly rich in rare
elements and aluminum. Chlorite is the most
abundant secondary mineral in corundum-bearing
rocks. The chemical composition shows that
chlorites of the region are rich in iron and poor in
titanium and calcium, their XMg varies from 0.23 to
0.37 (Table 3), and in the classification of chlorites,
they are in the range of pycnochlorite to diabenitite
(Fig 4-A). The 8 samples of biotite and muscovite
from the Khaku region were analyzed by EPMA
(Tab 4). There were four biotite crystals in sample
SH-1, and four other muscovite crystals in sample
SH-3. The structural formula of micas has been
calculated based on 11 oxygen atoms and 8 cations
(Deer et al., 2013). The lowest amount of Xwg in
sample SH-1 is equal to 0.46, and the highest amount
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of Xwmg in sample SH-3 is equal to 0.56. According to
Al versus Fe/Fe+Mg variations (Deer et al., 2013).
These biotites are a compositional variety between
polar siderophyllite and anite (Fig 3-B). The
chemical composition of feldspars in the Khaku
region shows a relatively uniform chemical
composition rich in albite and a major part that is rich
in an orthosis in pegmatites such that Xap is equal to
0.90 to 0.95. Most of the feldspars have a
composition of orthosis type Xor 85 % to 90% (Tab
5). In the ternary diagram of albite-anorthite-orthoses
(Deer et al., 2013), feldspars in pegmatites are
located in the orthosis zone and in the zone of pure
albite and oligoclase (Fig 3-C). The results obtained
from chemical analysis of corundum crystals show
that they all contain 86% to 97% aluminum oxide
(Al203). In all the samples analyzed by theSiO,
method as the second main oxide, there is more than
one percent in the crystal., and it varies in the range
1.01%-1.46% to.

Discussion

The geochemical and geotectonic characteristics of
pegmatites in the Khaku area are like those of group
Il and 111 pegmatites of the classification of Sanchez-

Mufoz et al., (2017), indicating that they are the
result of primary crystallization from magmatic
melts After those subsolidus reactions during
exhumation and cooling rock mass has caused
crystallization of corundum and condensation of rare
elements (Fig 5). The samples of Khaku are in the
range of corundums of magmatic origin and along
the dividing line of the magmatic and metamorphic
region. These crystals have significant similarities
with blue sapphires from the Bo Phloi mine in
Thailand (Bo Phloi/Thailand), which are magmatic-
metasomatic corundums rich in titanium and
magnesium (Fig 6-A). Chromium is also an
important tracer in corundum with metamorphic
genesis, especially corundum crystallized in
alumina-rich  marbles and  under  severe
metasomatism. From this point of view, the
corundums of the Hamedan Khaku deposit have
relatively low amounts of chromium and vanadium
and are among the metasomatic magmatic deposits.
They are comparable to the sapphires of the Mogok
mine in Myanmar (Mogok/Myanmar) (Fig 6-B).
This mine is of the metamorphic magmatic type
containing ruby in alumina-rich marbles with intense
metasomatism (Peucat et al., 2007).
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(s 3 S Crd (olS Ky (s S :MUs ‘p,u};: Crn) cl s L3l (Whitney and Evans, 2010) 515l 5 =5 5 s bz
Fig. 2. Field geology and petrography photos of the samples taken from corundum potential in the Khakho area, A:
Granite contact and migmatite halo cut by corundum pegmatite veins, B: The photo taken in polarized light of Prismatic
corundum crystals within migmatitic leucosome sections, C: Blue corundum crystals inside the pegmatites in centimeter
dimensions, D: The photo taken in polarized light of Pseudomorphic crystallization of corundum from kyanite at the
margin and within replaced pegmatites in the migmatitic section, E: Penetration of pegmatite veins within the
metamorphic section and interruption of previous pegmatite veins, and F: The photo taken in polarized light of

Crystallization corundum in kyanite forms in pegmatites of the Khakho region. Abbreviations after Whitney and Evans
(2010) (Crn: Crundum, Mus: Muscovite, Ky: kyanite, Crd: Corderite).
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Table 1. The results of chemical analysis of the main elements of the Khakho area samples by XRF method. The sign <
in the table means that the desired element was less than the detection limit.

Sample SK-102 SK-117 SK-120 SK-137 SK-138 SK-14
Rock granite pegmatite
SiO, 61.45 66.25 71.08 70.85 71.21 69.01
TiO; 0.67 0.69 0.73 0.82 0.67 0.96
Al;03 19.54 12.38 15.35 16.35 15.64 17.03
Fe,03" 2.02 3.58 3.49 4.49 6.61 7.11
MnO < 0.05 0.05 0.16 0.19 0.18
MgO 2.75 3.7 1.95 1.2 1.28 1.19
Cao 0.51 1.54 0.8 0.64 0.38 0.54
Na,O 10.09 2.82 1.74 1.53 0.97 1.54
K20 0.32 4.18 2.39 2.35 1.52 1.21
P20s 0.16 0.06 0.1 0.22 0.22 0.15
Cr,03 < < 0.13 < < <
SO3 < < < 0.08 < 0.27
L.O.I 2.48 6.46 2.91 2.31 1.73 0.97
Total 99.99 101.71 99.62 101.2 100.42  100.16
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Table 2. EPMA results of corundum in pegmatites of the Khakho region. Cations were calculated based on 3 oxygens

(Deer et al., 2013).

Sample SH-1 SH-3
Crystal 1 2 3 4 1 2

1 2 1 2 3 1 2 1 2 3 1 2 1 2
SiO; 0.07 002 001 006 001 004 003 0.04 0.08 0.01 0.07 0 0.08 0.06
AlOs 98.38 98.48 97.86 98.12 98.37 96.75 97.05 97.97 96.76 96.93 98.81 96.49 96.52 97.13
FeO 0.2 03 031 02 022 013 012 016 017 0219 02 022 019 0.22
Na.O 0.01 0 0 0 0 0 0 0 0 0 0.04 0.04 0 0
TiO2 0 0 0.26 0.03 0.06 0.18 0.17 0 019 017 021 025 021 0.27
CuO 0.07 0.02 0 0.05 0.03 002 004 01 0 0.04 0 0 0 0
ZnO  0.03 0 0 0 0 0 0 0 0 0.03 0.05 0 0 0
Cr.0Os 001 001 003 001 001 001 001 0.02 001 001 005 001 0.01 o0.01
GaO3 002 001 01 006 013 005 0.05 0.02 009 006 007 0.07 0.08 0.05
V:0s 0.01 0.02 001 001 001 002 005 002 004 001 0.03 005 003 001
Total 98.78 98.91 9857 98.56 98.82 97.19 97.46 98.29 97.29 97.43 99.45 97.07 97.08 97.73

Formula based on 3 O

Si 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0
Al 198 196 194 193 196 192 191 192 196 195 191 194 191 192
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe 001 001 001 o001 001 002 002 002 001 001 001 002 0.02 o0.01
Sum 2 2 2 2 2 2 2 2 2 2 2 2 2 2
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Table 3. EPMA results of chlorite in Khakho pegmatites. Cations were calculated based on 14 oxygens (Deer et al.,

2013).

HS-1 HS-2

Analysis 1 1 2 3 4
SiO2 25.41 29.07 33.07 28.17 28.24 27.75
Al203 18.74 18.46 15.97 16.21 17.65 18.84
FeO 39.18 36.78 31.74 34.19 39.23 37.23
MnO 0.41 0.37 0.54 0.89 0.16 0.37
MgO 1.16 0.71 0.87 0.65 0.35 0.66
CaO 0.12 0.16 0.17 0.23 0.1 0.22
Na20O 0.04 0.1 0.11 0.13 0.19 0.21
K20 0.75 4.42 5.36 6.38 4.56 5.01
TiO2 0.17 0.71 0.34 044 0.19 0.28
CuO 0 0.06 0.06 0.06 0.06 0.06
Zn0O Bd< Bd< Bd< Bd< Bd< Bd<
Cr203 Bd< Bd< Bd< Bd< Bd< Bd<
Gaz0s 0.05 0.02 0.09 0.12 0.05 0.45
Total 86.03 90.86 88.32 87.47 90.78 91.08

Formula based on 14 O

Si 2.87 3.23 4.02 331 3.18 4.03
AlY 2.15 1.76 0.97 169 181 1.96
AlY 3.03 3.02 3.17 2.74  2.86 2.99
Ti 0.02 0.11 0.05 0.07 0.03 0.045

Fe3* 0.43 0.27 0.62 0 0.02 0
Fe? 7.14 6.32 5.01 6.51 7.17 6.79
Mn 0.08 0.06 0.09 0.17 0.03 0.06
Mg 0.39 0.22 0.27 022 0.11 0.21
Ca 0.02 0.03 0.03 0.06 0.02 0.05
Na 0.03 0.08 0.09 0.11 0.16 0.17
K 0.44 241 2.9 3.64 254 2.77
Xmg 0.37 0.0.24 0.30 0.28 0.21 0.28
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Table 4. EPMA results of chemical analysis of biotites and muscovites of Khakho pegmatites from corundum-bearing
rocks. The structural formula was calculated based on 11 oxygens and 8 cations (Deer et al., 2013).

Sample SH-1 SH-3
P 1 2 3 4 Mu Mu 1 2 3 4
SiO; 3242 3530 36.78 36.75 46.94 46.86 37.24 37.24 3898 38.01
AlOs  20.05 19.02 18.07 18.09 3595 36.13 17.89 18.65 20.31 21.05

FeO 36.68 34.94 1827 19.67 0.74 0.67 2239 20.34 19.35 3854
MnO 0.29 0.26 0.01 0.01 0.00 0.00 0.06 0.06 0.06 0.29
MgO 1.79 282 1063 9.79 0.47 0.49 6.18 7.03 7.21 1.72
CaO 0.1 0.14 0.42 0.55 0.06 0.01 0.3 0.3 0.3 0.1

Na2O 0.09 0.08 0.13 0.21 1.43 1.03 0.06 0.07 0.01 0.09
Li2O 0.05 0.08 0.09 0.08 0.09 0.01 0.06 0.06 0.05 0.07
K20 3.52 4.34 9.63 9.29 9.60 842 1051 8.98 9.67 3.81
TiOz 0.17 0.14 1.38 1.33 0.17 0.44 1.43 2.36 1.98 0.17
Cr203 0.01 0.01 0.06 0.04 0.01 0.02 0.02 0.03 0.04 0.03
Totals 9511 97.04 9537 9572 9537 9407 96.09 9506 96.17 9511

Formula based on 18 O

5.25 5.46 4.84 5.09 4.65 4.93 4.62 4.57 4.58 4.94

Si Aliv 2.5 2.54 2.51 2.05 0.89 0.91 2.17 2.22 231 2.47
Alvi 1.03 0.92 0.66 0.67 2.82 2.75 0.81 0.76 1.01 1.03
Cr 0.03 0.01 0.05 0.1 0.00 0.00 0.16 0.26 0.21 0.02
Fe3+ 0.01 0.03 0.01 0.02 0.87 0.79 0.04 0.03 0.01 0.01
Fe2+ 0.94 0.51 0.28 0.45 0.05 0.02 0.62 0.54 0.31 0.96
Mn 0.04 0.03 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.04
Mg 0.43 0.65 1.33 1.01 0.04 0.02 1.38 1.54 1.43 0.43
Ca 0.02 0.02 0.06 0.08 0.00 0.00 0.04 0.04 0.05 0.02
Na 0.03 0.02 0.03 0.06 0.09 0.07 0.02 0.02 0.01 0.02

K 0.72 0.81 1.23 1.47 1.59 151 1.13 0.81 1.17 1.06
Sum 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00
Fe/(g)e+M 0.52 0.46 0.54 0.54 0.81 0.74 0.66 0.56 061 0.69

XMg 0.48 0.46 0.47 0.49 0.17 0.14 0.48 0.47 0.45 0.56
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Table 5. EPMA results of of feldspar in the Khaku corundum-bearing pegmatites. Cations were calculated based on 8
oxygen and end members based on (Deer et al., 2013).

Sample SH-1 SH-3

Analysis 1 2 1 2
SiO; 68.18 69.15 | 68.74 68.41
Al203 16.55 17.36 | 13.94 15.02
FeO 0.05 0.06 0.01 0.07
MnO 0.02 0.02 0.02 0.02
MgO 0.08 0.08 0.08 0.06
CaO 2.54 0.03 0.06 0.69
Na2O 12.33 12,69 | 1.33 1.2
Li2O 0.09 0.05 0.06 0.05
K20 0.42 042 | 1542 1441
TiO; 0.01 0.01 0.01 0.02
Zn0O 0.06 0.06 0.06 0.03
Ga,03 0.05 0.06 0.01 0.01
Rb,O 0.01 0.01 0.03 0.02
P20s 0.13 0.18 0.11 0.09
Total 100.41 100.08 | 99.67  99.93

Si 3.21 3.42 3.01 3.32
Al 1.01 1.21 1 1.31
Na 89.25 9546 1.54 1.74
K 0.3 0.2 85.69 90.32

Ca 9.57 1.32 0.11 0.13
Xor 0.01 0.01 0.85 0.91
Xab 0.89 0.95 0.01 0.01
XAn 0.09 0.08 0 0

s olsdls 575 57 sl (Gordiyenko, 1971) Sos, 8 2l 5 psd S 5 ae JT GacS 5 sl OISl Sl i o
)y Lasaly Olge a4 Aslg 0 Cs s Rb (Li (oYL o ble U Sobadld slasl L 51y Sl e o T Gl i 4 glad S
Ly o3limal laS 636 ol ol GLESLE o swddh 3 OlaS —olie oy SeddS S e B0l

sKIRb sl ji(Linnen et al., 2012) o5 5 5 5~ Aa (P205 &y 50 4) P sBa Sr (Cs (Rb (Li 3ty

DOI: 10.22067/ECONG.2021.77895.1050 ¥ oslad OF 6505 AP Y (oslasl wlid o

YA


https://doi.org/10.22067/ECONG.2022.77895.1050

w3 Bl (2315 40 pem o 53 ST lap sk S SESLS 5555 OKen 5 Sslo

Gk SOl b & Glaols o (S50 m Blss s 2UlF b Sl 5 e sl sl )3 Cs il
35 oy Bolwdls 53 OlS ole eslinal s jite eSS S dal,y byl s salasl
;ﬁq@&@;;;&&&m}w,ﬂ@ﬂ.mﬁ

Al
0.2 04 06 08

2.00 T T T T
Corundophilite \Pscudothuringiu\
2.4 . .
® 21, ; Sidcrophyllite
Ripidolite Daphnite
2.80

Clinochlor* Pycnochlorit\ Brunsvigite\

Pennine
3.60 ) : .
) Diabantite Annite

Tale-chlorite

Muscovite

Phengite

Formula positions occupied by Si

4.00 1 1 . L 1 1 1 1
0 1 2 3 4 5 Fe / (Fet+tMg) Si
Fe total
6- Or
Li-Fe Micas /\ Mg-Fe Micas IE
| epidomelang
g
=
=3 2
g 5
é |3
z 2 1EIERE
L 2 = =) ]
A 2|9 R )
& slale |2 |y
S O &
oy 2 2 Anorthose
& b=} = =
2 g Z 2 -~
= | 2 g o -9
SREIR <4
| Li-Al Micas . : , Ab An
-4 -2 0. 2 4 Albite Andesine Bytownite
Mg-Li (a.p.f.u) Oligoclase Labradorite =~ Anorthite
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(Deer etal., 2013) &, 5T — 55,5l —CdT 5b 4w Jla 505 D 5 cuy 5,50
Fig. 3. A: The position of chlorite samples in the chlorite classification (Hey, 1954) where the decomposed samples of
corundum-bearing rocks of Khakho region are placed in the range of pynochlorite to diabanite, B: The position of biotite
and muscovite micas in the diagram (Rieder et al., 1998), all of which are located near the muscovite and phengite pole,

C: Location of feldspar samples in corundum-bearing rocks in the study area, and D: The ternary diagram of albite-
orthose-anorthite (Deer et al., 2013)
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Fig. 4. A: diagram of K/Rb versus P,0s (Cerny, 1991) in which analysis samples corundum-bearing rocks of the Khakho
region fall in the range of beryl-albite-muscovite, B: K/Rb vs. Cs ratios (Cerny, 1991) of Khakho feldspars are in the
beryl-albite-muscovite range and Li-rich pegmatites, C: Iron content in feldspars in Fe vs. P ratio diagram (Sanchez-

Mufioz et al., 2017) shows, the pegmatites of Khakho region are on the border of the second group, and D: Li content
relative to P (Cerny, 1991)
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Table 6. Chemical decomposition of the main oxides of corundum crystals by XRF method are natural corundum crystals
from Khakho mine (<DI=Detection limit means less than the detection limit of the device).

Sample SH-3 SH-6 SH-7 SH-7
SiO; 3.14 451 2.47 2.35
AlO3 90.24 88.56 92.11 92.11
Fe20s 1.99 1.69 1.18 1.84
MnO 0.10 0.11 0.14 0.09
MgO 0.09 0.08 0.05 0.07
Ca0 0.06 1.46 0.06 0.06
BaO <Dl 0.12 0.71 0.71
Na.O 0.23 0.42 0.22 0.18
K20 2.67 2.08 1.36 1.34
P20s 0.03 0.06 0.11 0.02
NiO; 0.01 0.09 0.03 0.12
TiO; 0.16 0.10 0.15 0.15
Ga,03 0.1 0.08 0.07 0.1
V20s 0.01 0.01 0.05 0.01
SOs 0.08 0.20 0.43 0.42
Cr,03 0.27 0.22 0.14 0.21
LOI 0.74 111 1.28 1.20
Total 99.65 100.51 100.13  100.64
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Table 7. Chemical analysis of secondary elements of natural corundum crystals by ICP-MS method. The blue squares
are natural corundum crystals from the Khakho mine (<=Detection limit means the detection limit of the device).

Sample SH-2 SH-3 SH-4 SH-5 SH-6 SH-7 SH-15 SH-17
Ag <0.1 <01 <01 <0.1 <01 <0.1 <0.1 <0.1

As <0.1 0.3 0.1 7.5 <0.1 <01 1 <0.1
Ba 52 58 1925 582 437 229 177 55
Be 0.6 1.2 1.2 0.6 0.5 0.5 1.6 0.3
Bi <0.1 <01 <01 0.2 <0.1 <0.1 <0.1 <0.1

Ca 1706 545 496 55222 1233 636 2886 294
Cd <0.1 <0.1 0.1 0.2 0.1 <0.1 <0.1 <0.1

Ce <1 <1 <1 14 <1 <1 <1 <1
Co 3.1 <1 <1 7.5 2.8 <1 <1 <1
Cr 71 9 9 28 31 14 12 9
Cs <0.5 1.6 2 5.2 0.5 0.7 2.1 <0.5
Cu 22 8 17 19 36 15 8 9

Dy 022 026 0.23 0.43 0.36 023 027 0.18
Er 011 017 0.1 0.21 022 011 0.16 0.08
Eu <01 <01 026 0.49 <01 <01 <01 <0.1
Fe 2784 2939 9038 2429 2785 1264 1991 1018
Ga 10 28 30 47 21 12 10 14
Hf 0.6 0.74 0.6 0.68 0.62 057 0.69 0.56
In <0.5 <0.5 <0.5 <0.5 <05 <05 <0.5 <0.5
K 1551 25732 19908 7798 5651 3833 21162 257
La <1 <1 <1 8 1 <1 <1 <1
Li 10 65 51 1075 11 12 138 <1
Lu <0.1 <0.1 <0.1 <0.1 <0.1 <01 <0.1 <0.1
Mg 696 324 257 1303 377 232 367 <100
Mn 185 155 210 540 675 108 95 50
Mo 6.4 <0.1 <0.1 0.2 0.4 <0.1 <0.1 <0.1
Na 2269 2081 2751 7093 2335 1150 2554 404
Nb 6.6 356 183 35.1 101 6.3 28.2 9.5
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Table 7 (Continued). Chemical analysis of secondary elements of natural corundum crystals by ICP-MS method. The
blue squares are natural corundum crystals from the Khakho mine (<=Detection limit means the detection limit of the
device).

Sample SH-2 SH-3 SH-4 SH-5 SH-6 SH-7 SH-15 SH-17

Nd <05 <05 <05 2.7 <05 <0.5 <0.5 <0.5

Ni 48 18 13 37 14 6 7 9
P 78 79 81 111 94 85 91 79
Pb 17 14 101 73 79 31 26 2
Pr <0.05 <0.05 <0.05 098 <0.05 <0.05 <0.05 <0.05
Rb 11 121 118 45 28 23 129 7
S 152 106 610 268 215 128 110 76

Sb <05 <05 <05 1 <05 <05 <0.5 <0.5
Sc <05 <05 <05 <0.5 <05 <0.5 <0.5 <0.5
Se <05 072 <05 <0.5 0.7 <0.5 1.01 0.76
Sm <0.02 <0.02 0.29 048 <0.02 <0.02 <0.02 <0.02
Sn 35 7.6 7.8 1.6 3.9 3.1 6.6 2

Sr 7.7 11.3 53.1 320 364 223 36.7 5.6

Ta 0.85 221 0.68 1.2 043 045 0.89 1.84
Th 0.11 0.11 0.11 0.14 0.13 011 0.12 0.11
Te <0.1 <01 <01 <0.1 <0.1 <01 <0.1 <0.1
Th <0.1 1.2 <0.1 0.94 <0.1 <0.1 0.79 <0.1

Ti 164 228 190 690 158 203 167 83
TI <0.1 035 042 0.31 012 <01 0.39 <0.1
Tm 011 012 o011 0.12 013 011 012 0.11
u 0.7 2.3 0.3 0.91 0.2 0.1 0.7 0.1
\% 10 9 9 36 11 10 10 9

W <1 1.3 <1 <1 <1 <1 <1 <1

Y <05 <05 <05 <0.5 <05 <05 <0.5 <0.5
Yb <0.05 <0.05 <0.05 0.2 0.1 <0.05 <0.05 <0.05

Zn 22 37 39 274 68 40 64 8
Zr <5 <5 <5 6 <5 <5 5 <5
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Table 8. Calculated cation ratios from ICP-OES chemical analysis values of corundum crystals from Khakho mine.

Sample SH-2 SH-3 SH-4 SH-5 SH-6 SH-7 SH-15 SH-17
Fe3* 2598 2743 8435 2267 2599 1179 1858 950
Fe?* 185 195 602 161 185 84 132 67
Ti* 149 207 172 627 143 184 151 75
Tiz 14 20 17 62 14 18 15 7
Cr¥ 76 9 10 30 33 15 13 8
Cr# 5 1 1 2 2 1 1 7
Ni%* 44 17 12 34 12 6 6 8
Ni2 4 1 1 3 2 1 1 8

Fe2/Ti**  1.24 0.94 348 025 129 045 0.87 0.07

Fe?*/Fe¥*  0.07 0.08 101 009 005 0.08 0.1 1
V/Cr 0.14 1 1 128 035 071 0.83 1.28
V+Cr/Ga 8.1 0.64 0.6 1.36 2.3 2.01 2.21 2.51

Fe/Mg 4 9.07 3516 186 738 544 5.42 6.21

Ga/Mg 0.01 0.08 011 0.03 0.05 0.06 0.03 12.26
Fe/Ti 16.97 1289 4756 352 1762 6.22 11.92 0.64

Cr/Ga 7.1 0.32 0.3 059 147 1.16 1.2 9
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Fig. 6. Analysis of corundums from Khakho Hamadan region based on the results of chemical analysis. ICP-MS. A: in
Mgx100 - Fe - Tix10 diagram. The samples are located along the separating line of magmatic and metamorphic
corundums and are located in the magmatic area and are located in the area of Bo Phloi deposits in Thailand (Bo
Phloi/Thailand), and B: x10-Ti corundums from Khakho mine are comparable to Mogok mines in Myanmar
(Mogok/Myanmar). Base diagram from Peacock et al. (Peucat et al., 2007).
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Fig. 7. Graphs drawn based on the data of chemical analysis of corundum Khakho crystals by XRF and ICP-MS method,
A: Iron (Fe) vs. Ga/Mg. Basic graph based on Peucat et al. (2007) and Zwaan et al. (2015), B: Cr203 vs. Fe;03 chart
showing different African deposit types Base chart from Schwarz et al. (2008), and C: Cr,03/Ga203 vs. Fe;O3/TiO- chart
presented presented by Simonet et al. (2004); Van Long et al. (2004); Rakotondrazafy et al. (2008); Sutherland et al.
(2009).
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