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������ 5-2  �	
��
������SEM �����
���������TrBr 31 ��������������2 ���������!"#�2 phases 

!"#��� P1 (diopsidic clinopyroxene) �	� P9 (2
nd

 material) [$����%�
� = 0.2 $$.] 

 

SE

Mg Fe

Al Si

Ca Na

TrBr 31-P2

P9

P1
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������ 5-3  �	
��
������SEM �����
���������TrBr 31 ��������������3 ���������!"#�3 phases 

!"#��� P1 (diopsidic clinopyroxene), P2 (plagioclase) �	� P5 (kalyphite) [$����

%�
� = 0.2 $$.] 

 

SE

Mg Fe

Al Si

Ca Na

TrBr 31-P3

P2

P1

P5
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������ 5-4  �	
��
������SEM �����
���������TrBr 31 ��������������4 ���������!"#�3 phases 

!"#��� P1 (diopsidic clinopyroxene), P2 (plagioclase) �	� P5 (kalyphite) [$����

%�
� = 0.2 $$.] 

 

SE

Mg Fe

Al Si

Ca Na

TrBr 31-P4

P2

P1P5
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������ 5-5  �	
��
������SEM �����
���������TrBr 31 ��������������5 ���������!"#�2 phases 

!"#��� P1 (diopsidic clinopyroxene) �	� P2 (plagioclase) [$����%�
� = 0.2 $$.] 

  

SE

Mg Fe

Al Si

Ca Na

TrBr 31-P5

P2

P1
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6. �������	
��
N 8: Pyriclasite 

  

  

  

  

�������6-1  �	
��
������SEM �����
���������N 8 ��������������1 ���������!"#�2 phases !"#��� 

P8 (clinopyroxene) �	� P5 (kalyphite) [$����%�
� = 0.2 $$.] 

Al-Ca-Si

Mg Fe

Al Si

Ca Na

N 8-P1

P5P8
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������ 6-2  �	
��
������SEM �����
���������N 8 ��������������2 ���������!"#�1 phase !"#���  

P8? (clinopyroxene?) [$����%�
� = 0.2 $$.] 

Al-Ca-Mg

Mg Fe

Al Si

Ca Na

N 8-P2

P8?
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7. �������	
��
TrBrc 1: Corundum – plagioclase bearing clinopyroxinite�

 

 

  

  

  

������ 7-1  �	
��
������SEM �����
���������TrBrc 1 ��������������6 ���������!"#�1 phases 
&��

P1 (diopsitic pyroxene) [ $����%�
� = 0.2 $$.] 

 

SE

Mg Fe

Al Si

Ca Na

TrBrc1-P6

P1
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�������7-2  �	
��
������SEM �����
���������TrBrc 1 ��������������7 ���������!"#�3 phases 

!"#��� P5?/P2? (kalyphite? or plagioclase?) P7? (orthopyroxene?) �	���
%�$��%

��'���      '�*�	���(Bs) [$����%�
� = 0.2 $$.] 

Al-Ca-Mg

Mg Fe

Al Si

Ca Na

TrBrc1-P7

P1

P5?/P2?

Bs



 

 

 

 

������	�
�
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��/+,5 �
1-1������
�����(�	=0��(.�?��������� !��(	(��?�%�&'��(��((���?�%)&'�*+,-.	�.��"#")� @A��394!'

!�)����B�
6�8��6-������.�C6(8��%!D#EF�G�	�-�6
���6H�*�6�I�*
J���-�G������*K,-���- �

�

�

LM ��!� �B����N�FEOEP+EOER�S��

Isochron age: 9.667+0.111 Ma 

Reciprocal Y-intercept: 299.89 + 2.01 

STUVN�FOWWWX�

D)� ��"����N�YOZX�+�EOEX�S��

     4 steps (950-1100oC) 

D)� ��"N�4 steps (950-1100oC)�

D)� ��"N�4 steps (950-1100oC)�
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��/+,5 �
1-2������
�����(�	=0��(.�?��������� !��(	(��?�%�&'��(��((���?�%)&'�*+,-.	�.��"#")� @A��394!'

!�)����B�
6�8��6-������.�C6(8��%!D#E\�G�	�-�6
���6H�*�6�I�*
J���-�G������*K,-���- 

�

 

LM ��!� �B����N�FEO\F+EOFE�S��

Isochron age: 11.70+0.578 Ma 

Reciprocal Y-intercept: 293.01 + 1.59 

STUVN�FOEWEP�

D)� ��"����N�FEORF�+�EOEZ�S��

     6 steps (800-950oC) 

D)� ��"N�6 steps (800-950oC)�

D)� ��"N�6 steps (800-950oC)�
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��/+,5 �
1-3������
�����(�	=0��(.�?��������� !��(	(��?�%�&'��(��((���?�%)&'�*+,-.	�.��"#")� @A��394!'

!�)����B�
6�8��6-������.�C6(8��D]U�E^�G�	�-�6
���6H�*�6��*K,-�.;�,�G ������*�K�.��0� 

�

�

 

LM ��!� �B����N�YORE+EOEP�S��

Isochron age: 9.579+0.261 Ma 

Reciprocal Y-intercept: 303.69 + 10.137 

STUVN�FOYZWP�

D)� ��"����N�YOZ\�+�EOER�S��

     12 steps (650-975oC) 

D)� ��"N�12 steps (650-975oC)�

D)� ��"N�12 steps (650-975oC)�
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�����(�	=0��(.�?��������� !��(	(��?�%�&'��(��((���?�%)&'�*+,-.	�.��"#")� @A��394!'

!�)����B�
6�8��6-������.�C6(8��_!S"EW�G�	�-�6
���6H�*�6*
6̀��G������.;�,� �
-� 

�

LM ��!� �B����N�EO^^+EOE^�S��

Isochron age: 0.727+0.068 Ma 

Reciprocal Y-intercept: 153.65 + 40.36 

STUVN�FORERX�

D)� ��"����N�EOW^�+�EOEF�S��

   4 steps (850-1000oC) 

D)� ��"N�4 steps (850-1000oC)�

D)� ��"N�4 steps (850-1000oC)�
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��/+,5 �
1-X������
�����(�	=0��(.�?��������� !��(	(��?�%�&'��(��((���?�%)&'�*+,-.	�.��"#")� @A��394!'

!�)����B�
6�8��6-������.�C6(8��_!S"E\G�	�-�6
���6H�*�6*
6̀��G������.;�,� �
-� 

�

�

LM ��!� �B����N�EOW\+EOE^�S��

Isochron age: 0.449+0.053 Ma 

Reciprocal Y-intercept: 294.36 + 2.89 

STUVN�FO\^ZP�

D)� ��"����N�EO\W�+�EOE^�S��

   5 steps (850-1050oC) 

D)� ��"N�5 steps (850-1050oC)�

D)� ��"N�5 steps (850-1050oC)�
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�����(�	=0��(.�?��������� !��(	(��?�%�&'��(��((���?�%)&'�*+,-.	�.��"#")� @A��394!'

!�)����B�
6�8��6-������.�C6(8��a]bcEX�G�	�-�6
���6H�*�6�H:�-�̀G������6;.(��K���, 

LM ��!� �B����N�WOE\+EOEW�S��

Isochron age: 3.072+0.204 Ma 

Reciprocal Y-intercept: 302.20 + 15.41 

STUVN�FORYX\�

D)� ��"����N�WOF\�+�EOEW�S��

     6 steps (750-1000oC) 

D)� ��"N�6 steps (750-1000oC)�

D)� ��"N�6 steps (750-1000oC)�
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1-P������
�����(�	=0��(.�?��������� !��(	(��?�%�&'��(��((���?�%)&'�*+,-.	�.��"#")� @A��394!'

!�)����B�
6�8��6-������.�C6(8��%]')EF�G�	�-�6
���6H�*�6
(;��G������G��+.;�, 

�

�

LM ��!� �B����N�^O^E+EOEW�S��

Isochron age: 1.457+0.296 Ma 

Reciprocal Y-intercept: 502.98 + 74.56 

STUVN�FOEX\F�

D)� ��"����N�FOY\�+�EOE^�S��

     5 steps (700-825oC) 

D)� ��"N�5 steps (700-825oC)�

D)� ��"N�5 steps (700-825oC)�
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1-Z������
�����(�	=0��(.�?��������� !��(	(��?�%�&'��(��((���?�%)&'�*+,-.	�.��"#")� @A��394!'

!�)����B�
6�8��6-������.�C6(8��d!b]EF� G�	�-�6
���.e����6�.6�6H�*�6.�6f���G ������

8��� 

�

�

LM ��!� �B����N�EORX+EOEF�S��

Isochron age: 0.715+0.073 Ma 

Reciprocal Y-intercept: 295.92 + 8.01 

STUVN�FOPREW�

D)� ��"����N�EORY�+�EOEF�S��

     9 steps (600-925oC)

D)� ��"N�9 steps (600-925oC)�

D)� ��"N�9 steps (600-925oC)�
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6�8��6-������.�C6(8��d!_!E\� G�	�-�6
���.e���(6�g���6H�*�6.�6f���G ������

8��� 

 

 

LM ��!� �B����N�FOXY+EOEZ�S��

Isochron age: 1.396+0.09 Ma 

Reciprocal Y-intercept: 294.82 + 0.26 

STUVN�FOFZ\X�

D)� ��"����N�FOWW�+�EOEY�S��

     6 steps (600-950oC) 

D)� ��"N�6 steps (600-950oC)�

D)� ��"N�6 steps (600-950oC)�
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6�8��6-������.�C6(8��d!_!EP�G�	�-�6
���.e���(6�g���6H�*�6.�6f���G ������

8��� 

LM ��!� �B����N�FO\\+EOEX�S��

Isochron age: 3.080+0.279 Ma 

Reciprocal Y-intercept: 258.92 + 6.00 

STUVN�FOZY\F�

D)� ��"����N�FORE�+�EOEX�S��

     6 steps (800-1050oC) 

D)� ��"N�6 steps (800-1050oC)�

D)� ��"N�6 steps (800-1050oC)�



�

�

�

�

������	�
2 

8����������-(�*6,-������*������8���h +,5f�e8�

� :�86�	����6�-;�������������������������������

�e�-���,�\E4!&394!�f6gCg+/�

��

� �



91

8
��

��
+,5

�

-1

��
��

��
�-

(�
*6

,-�
�

� ��
(�

� *�
��

��
��(

��
��

�� �
�

��
�

�� �
��

� ��
4!

�f
6g

Cg
+

/
8

� ��
h

�+
,5�

��
f�

e�

6�

8
��6

-� �
��

� �
G�

	�
��

*�
�̀

6�

T(
o %?

�
4�

��
jS

�?
�

k&
-�

%"
#

O�39
4!

'�
4 

#
l�

Ojm
?�

%�
&'

�
k&

-�
%)

&'
�

k&
-�

�WR
4!

&39
4!

��
WP

4!
&39

4!
��

WZ
4!

&39
4!

���
\E

4!
&WY

4!
�

�\E
4!

&WR
4!

���
�

FO
�%

!D
#

EF
�

(2
03

.5
 m

g)
�

�
D)

� 
��

"�
4�

��
n�

YO
ZX

k&
-E

OE
X�

S
��

��L
M 

��
!�

 �
B�

4�
��

n�
FE

OE
Pk

&-E
OE

R�
S

��
L�

l�
p!

lM
�4

��
�n

�Y
OR

RP
k&

-E
OF

FF
�S

��

PX
E�

10
.0

4 
1.

07
 

0.
01

9 
99

.2
18

 
5.

72
58

 
0.

00
58

 
0.

02
41

 
2E

-0
4 

   
0.

18
89

  
   

2.
21

30
  

0.
04

54
 

57
.2

2 
30

3.
00

 
 

ZE
E�

12
.0

1 
1.

00
 

0.
04

6 
97

.2
81

 
4.

03
30

 
0.

00
11

 
0.

01
00

 
1E

-0
4 

   
0.

06
47

  
   

1.
68

60
  

0.
02

38
 

20
.5

0 
31

6.
80

 
 

ZX
E�

11
.5

1 
0.

34
 

0.
09

9 
92

.7
73

 
3.

07
26

 
0.

00
13

 
0.

00
53

 
0.

00
00

 
   

0.
02

88
  

   
1.

53
40

  
0.

01
75

 
9.

81
 

34
0.

60
 

 

YE
E�

10
.7

8 
0.

15
 

0.
18

6 
85

.8
27

 
2.

79
48

 
0.

00
13

 
0.

00
39

 
0.

00
00

 
   

0.
01

33
  

   
1.

63
60

  
0.

01
46

 
5.

12
 

38
6.

30
 

 

YX
E�

10
.1

0 
0.

09
 

0.
32

5 
74

.5
12

 
2.

98
08

 
0.

00
11

 
0.

00
32

 
0.

00
00

 
   

0.
00

69
  

   
1.

63
40

  
0.

01
36

 
3.

21
 

46
5.

40
 

 

FE
EE

�
9.

85
 

0.
09

 
0.

49
7 

60
.1

9 
2.

97
72

 
0.

00
08

 
0.

00
30

 
0.

00
00

 
   

0.
00

44
  

   
1.

61
80

  
0.

01
33

 
2.

49
 

56
1.

20
 

 

FE
XE

�
9.

89
 

0.
07

 
0.

68
2 

48
.3

09
 

2.
94

70
 

0.
00

09
 

0.
00

29
 

0.
00

00
 

   
0.

00
33

  
   

1.
80

20
  

0.
01

30
 

2.
09

 
64

2.
40

 
 

FF
EE

�
9.

62
 

0.
10

 
0.

85
4 

40
.0

58
 

3.
28

34
 

0.
00

12
 

0.
00

29
 

0.
00

00
 

   
0.

00
35

  
   

2.
42

70
  

0.
01

34
 

2.
11

 
59

7.
90

 
 

  J
-v

al
ue

 =
 0

.0
04

31
91

07
+/

-0
.0

00
00

50
36

 
  3

9A
r  

vo
lu

m
e 

= 
 .2

68
2E

-0
9 

 c
cS

TP
/g

 
 

Re
cip

ro
ca

l Y
-in

te
rc

ep
t =

 2
99

.8
9+

/-2
.0

1 
 

 

  A
ir-

sh
ot

_r
at

io
 =

 2
98

.4
28

6 
 

  4
0A

r* 
vo

lu
m

e 
= 

 .3
45

8E
-0

9 
 c

cS
TP

/g
 

 
M

SW
D 

= 
1.

33
35

 
 

 
 

 

� � � � �



92

8
��

��
+,5

�

-1

�(8
� 6?

��
��

��
�-

(�
*6

,-�
�

� ��
(�

� *�
��

��
��(

��
��

�� �
�

��
�

�� �
��

� ��
4!

�f
6g

C
g+

/
8

� ��
h

�+
,5�

��
f�

e�

6�

8
��6

-� �
��

� �
G�

	�
��

*�
�̀

6�

T(
o %?

�
4�

��
jS

�?
�

k&
-�

%"
#

O�39
4!

�
4 

#
l�

Ojm
?�

%�
&'

�
k&

-�
%)

&'
�

k&
-�

�WR
4!

&39
4!

��
WP

4!
&39

4!
��

WZ
4!

&39
4!

���
\E

4!
&WY

4!
�

�\E
4!

&WR
4!

���
�

^O
�%

!D
#

E\
���

(2
01

.6
 m

g)
�

�
D)

� 
��

"�
4�

��
n�

FE
OR

Fk
&-E

OE
Z�

S
��

��L
M 

��
!�

 �
B�

4�
��

n�
FE

O\
Fk

&-E
OF

E�
S

��
L�

l�
p!

lM
�4

��
�n

�F
FO

PE
k&

-E
OX

PZ
�S

��

RE
E�

14
.3

3 
0.

56
 

0.
05

4 
97

.5
44

 
1.

36
46

 
0.

00
11

 
0.

01
33

 
0.

00
00

 
   

0.
24

82
  

   
0.

74
94

  
0.

06
04

 
75

.1
5 

30
2.

80
 

 

PE
E�

10
.6

9 
0.

27
 

0.
14

2 
95

.1
22

 
3.

17
91

 
0.

00
07

 
0.

00
66

 
0.

00
00

 
   

0.
09

11
  

   
1.

74
50

  
0.

02
98

 
28

.2
0 

30
9.

50
 

 

ZE
E�

10
.4

0 
0.

17
 

0.
29

5 
92

.4
77

 
5.

10
75

 
0.

00
28

 
0.

00
51

 
0.

00
00

 
   

0.
05

63
  

   
2.

80
10

  
0.

02
31

 
17

.7
8 

31
6.

00
 

 

ZX
E�

10
.8

6 
0.

11
 

0.
47

4 
91

.3
40

 
5.

52
98

 
0.

00
20

 
0.

00
49

 
0.

00
00

 
   

0.
05

06
  

   
3.

03
20

  
0.

02
21

 
16

.1
4 

31
9.

10
 

 

ZP
X�

10
.7

2 
0.

14
 

0.
59

9 
91

.4
58

 
5.

75
87

 
0.

00
18

 
0.

00
49

 
0.

00
00

 
   

0.
05

07
  

   
3.

15
80

  
0.

02
22

 
16

.1
4 

31
8.

50
 

 

YE
E�

10
.4

5 
0.

29
 

0.
68

8 
92

.2
52

 
5.

94
34

 
0.

00
25

 
0.

00
51

 
0.

00
00

 
   

0.
05

49
  

   
3.

25
90

  
0.

02
30

 
17

.3
5 

31
6.

00
 

 

Y^
X�

10
.5

0 
0.

25
 

0.
74

3 
93

.4
91

 
6.

15
98

 
0.

00
21

 
0.

00
56

 
0.

00
00

 
   

0.
06

64
  

   
3.

37
70

  
0.

02
52

 
20

.7
6 

31
2.

40
 

 

YX
E�

10
.4

8 
0.

68
 

0.
78

2 
95

.0
71

 
6.

44
82

 
0.

00
24

 
0.

00
64

 
0.

00
01

 
   

0.
08

87
  

   
3.

53
50

  
0.

02
91

 
27

.3
3 

30
8.

00
 

 

YP
X�

8.
95

 
0.

42
 

0.
81

3 
96

.8
71

 
7.

13
43

 
0.

00
29

 
0.

00
79

 
0.

00
00

 
   

0.
12

14
  

   
3.

91
00

  
0.

03
56

 
36

.7
5 

30
2.

80
 

 

FE
EE

�
7.

56
 

1.
28

 
0.

83
8 

98
.2

09
 

10
.2

88
 

0.
00

41
 

0.
01

03
 

1E
-0

4 
   

0.
18

13
  

   
5.

63
20

  
0.

04
66

 
54

.1
4 

29
8.

70
 

 

FF
EE

�
7.

48
 

1.
39

 
0.

86
2 

99
.0

39
 

23
.0

89
 

0.
01

11
 

0.
01

64
 

2E
-0

4 
   

0.
33

60
  

 1
2.

58
00

  
0.

07
37

 
99

.3
2 

29
5.

60
 

 

FF
XE

�
6.

49
 

0.
70

 
0.

88
0 

99
.4

52
 

24
.0

65
 

0.
01

97
 

0.
02

34
 

2E
-0

4 
   

0.
51

13
  

 1
3.

11
00

  
0.

10
53

 
15

0.
90

 
29

5.
20

 
 

F^
EE

�
8.

25
 

2.
01

 
0.

89
9 

99
.3

83
 

24
.0

31
 

0.
01

66
 

0.
02

56
 

1E
-0

4 
   

0.
57

71
  

 1
3.

09
00

  
0.

11
56

 
17

0.
60

 
29

5.
70

 
 

F^
XE

�
9.

04
 

0.
70

 
0.

93
6 

98
.6

13
 

25
.5

67
 

0.
00

96
 

0.
01

42
 

1E
-0

4 
   

0.
28

08
  

 1
3.

92
00

  
0.

06
38

 
83

.0
9 

29
6.

00
 

 

FW
EE

�
9.

94
 

0.
46

 
0.

96
5 

98
.7

79
 

25
.9

37
 

0.
01

88
 

0.
01

71
 

1E
-0

4 
   

0.
35

04
  

 1
4.

12
00

  
0.

07
69

 
10

3.
80

 
29

6.
20

 
 

F\
XE

�
10

.4
6 

0.
85

 
1.

00
0 

98
.6

09
 

16
.7

25
 

0.
00

96
 

0.
01

57
 

1E
-0

4 
   

0.
32

33
  

   
9.

13
50

  
0.

07
11

 
96

.2
2 

29
7.

60
 

 

  J
-v

al
ue

 =
 0

.0
04

31
91

07
+/

-0
.0

00
00

50
36

 
  3

9A
r  

vo
lu

m
e 

= 
 .2

26
1E

-0
9 

 c
cS

TP
/g

 
 

Re
cip

ro
ca

l Y
-in

te
rc

ep
t =

 2
93

.0
1+

/-1
.5

9 
 

 

  A
ir-

sh
ot

_r
at

io
 =

 2
98

.4
47

5 
 

  4
0A

r* 
vo

lu
m

e 
= 

 .3
03

1E
-0

9 
 c

cS
TP

/g
 

 
M

SW
D 

= 
1.

03
07

 
 

 
 

 

� ��



93

8
��

��
+,5

�

-1

�(8
� 6?

��
��

��
�-

(�
*6

,-�
�

� ��
(�

� *�
��

��
��(

��
��

�� �
�

��
�

�� �
��

� ��
4!

�f
6g

C
g+

/
8

� ��
h

�+
,5�

��
f�

e�

6�

8
��6

-� �
��

� �
G�

	�
��

	(
��

�

T(
o %?

�
4�

��
jS

�?
�

k&
-�

%"
#

O�39
4!

�
4 

#
l�

Ojm
?�

%�
&'

�
k&

-�
%)

&'
�

k&
-�

�WR
4!

&39
4!

��
WP

4!
&39

4!
��

WZ
4!

&39
4!

���
\E

4!
&WY

4!
�

�\E
4!

&WR
4!

���
�

FO
�D

]U
�E

^�

(2
01

.7
 m

g)
�

�
D)

� 
��

"�
4�

��
n�

YO
Z\

k&
-E

OE
R�

S
��

��L
M 

��
!�

 �
B�

4�
��

n�
YO

RE
k&

-E
OE

P�
S

��
�

L�
l�

p!
lM

�4
��

�n
�Y

OX
PY

k&
-E

O^
RF

�S
��

RE
E�

4.
37

 
1.

41
 

0.
02

0 
87

.9
06

 
0.

94
62

 
0.

00
07

 
0.

00
37

 
0.

00
01

 
   

0.
01

39
  

   
0.

51
97

  
0.

01
70

 
4.

67
 

33
5.

00
 

 

RX
E�

9.
09

 
0.

32
 

0.
08

6 
60

.4
81

 
0.

71
97

 
0.

00
02

 
0.

00
35

 
0.

00
00

 
   

0.
00

62
  

   
0.

39
54

  
0.

01
60

 
2.

99
 

48
5.

20
 

 

PE
E�

9.
80

 
0.

19
 

0.
18

1 
53

.4
74

 
0.

68
05

 
0.

00
03

 
0.

00
35

 
0.

00
00

 
   

0.
00

50
  

   
0.

37
38

  
0.

01
59

 
2.

74
 

54
7.

80
 

 

PX
E�

9.
96

 
0.

13
 

0.
28

3 
50

.5
58

 
0.

72
45

 
0.

00
06

 
0.

00
35

 
0.

00
00

 
   

0.
00

45
  

   
0.

39
80

  
0.

01
57

 
2.

62
 

57
7.

70
 

 

PP
X�

10
.2

0 
0.

20
 

0.
37

1 
46

.6
42

 
0.

84
57

 
0.

00
04

 
0.

00
34

 
0.

00
00

 
   

0.
00

40
  

   
0.

46
45

  
0.

01
53

 
2.

49
 

62
2.

00
 

 

ZE
E�

10
.1

7 
0.

26
 

0.
44

9 
43

.3
61

 
1.

03
52

 
0.

00
04

 
0.

00
33

 
0.

00
00

 
   

0.
00

35
  

   
0.

56
86

  
0.

01
48

 
2.

34
 

66
1.

70
 

 

Z^
X�

9.
69

 
0.

11
 

0.
51

0 
40

.8
51

 
1.

30
78

 
0.

00
07

 
0.

00
31

 
0.

00
00

 
   

0.
00

31
  

   
0.

71
82

  
0.

01
41

 
2.

14
 

68
9.

80
 

 

ZX
E�

10
.1

5 
0.

17
 

0.
56

8 
31

.7
55

 
1.

60
44

 
0.

00
08

 
0.

00
29

 
0.

00
00

 
   

0.
00

23
  

   
0.

88
10

  
   

0.
01

32
  

   
 1

.9
4 

 
85

1.
50

  
 

ZP
X�

9.
96

 
0.

35
 

0.
61

7 
25

.4
53

 
1.

92
69

 
0.

00
09

 
0.

00
29

 
0.

00
00

 
   

0.
00

17
  

   
1.

05
80

  
   

0.
01

31
  

   
 1

.7
5 

 
99

8.
30

  
 

YE
E�

10
.1

3 
0.

16
 

0.
67

5 
26

.0
48

 
2.

30
47

 
0.

00
15

 
0.

00
28

 
0.

00
00

 
   

0.
00

19
  

   
1.

26
50

  
   

0.
01

27
  

   
 1

.7
9 

 
95

4.
60

  
 

Y^
X�

9.
62

 
0.

22
 

0.
72

8 
42

.9
73

 
2.

88
68

 
0.

00
10

 
0.

00
28

 
0.

00
00

 
   

0.
00

36
  

   
1.

58
50

  
   

0.
01

29
  

   
 2

.2
0 

 
61

7.
60

  
 

YX
E�

9.
30

 
0.

13
 

0.
77

5 
34

.0
78

 
3.

70
08

 
0.

00
25

 
0.

00
28

 
0.

00
00

 
   

0.
00

26
  

   
2.

03
10

  
   

0.
01

25
  

   
 1

.8
4 

 
 7

06
.0

0 
 

 

YP
X�

9.
54

 
0.

11
 

0.
81

9 
27

.1
77

 
4.

50
96

 
0.

00
15

 
0.

00
28

 
0.

00
00

 
   

0.
00

22
  

   
2.

47
40

  
   

0.
01

26
  

   
 1

.7
1 

 
78

5.
70

  
 

FE
EE

�
8.

48
 

0.
56

 
0.

85
4 

35
.5

15
 

5.
26

54
 

0.
00

26
 

0.
00

27
 

0.
00

01
 

   
0.

00
28

  
   

2.
88

80
  

   
0.

01
23

  
   

 1
.7

2 
62

0.
80

  
 

FE
XE

�
8.

41
 

0.
39

 
0.

88
8 

41
.4

27
 

6.
18

33
 

0.
00

25
 

0.
00

27
 

0.
00

00
 

   
0.

00
34

  
   

3.
39

00
  

   
0.

01
23

  
   

 1
.8

7 
 

54
2.

80
  

 

FF
EE

�
8.

63
 

0.
19

 
0.

92
1 

46
.5

73
 

6.
95

81
 

0.
00

36
 

0.
00

29
 

0.
00

01
 

   
0.

00
42

  
   

3.
81

40
  

   
0.

01
33

  
   

 2
.1

0 
 

49
5.

70
  

 

F^
EE

�
8.

90
 

0.
85

 
0.

95
8 

53
.0

52
 

7.
98

51
 

0.
00

50
 

0.
00

3 
0.

00
00

 
   

0.
00

55
  

   
4.

37
50

  
   

0.
01

35
  

   
 2

.4
6 

 
44

8.
90

  
 

FW
XE

�
8.

44
 

0.
31

 
1.

00
0 

80
.0

03
 

11
.8

21
0 

0.
00

41
 

0.
00

38
 

0.
00

00
 

   
0.

01
63

  
   

6.
46

80
  

   
0.

01
70

  
   

 5
.4

3 
 

33
3.

70
  

 

  J
-v

al
ue

 =
 0

.0
04

31
91

07
+/

-0
.0

00
00

50
36

 
  3

9A
r  

vo
lu

m
e 

= 
 .3

09
7E

-0
9 

 c
cS

TP
/g

 
 

Re
cip

ro
ca

l Y
-in

te
rc

ep
t =

 3
03

.6
9+

/-1
0.

13
7 

 
 

  A
ir-

sh
ot

_r
at

io
 =

 2
97

.1
59

6 
 

  4
0A

r* 
vo

lu
m

e 
= 

 .3
78

5E
-0

9 
 c

cS
TP

/g
 

 
M

SW
D 

= 
1.

98
37

 
 

 
 

 



94

8
��

��
+,5

�

-1

�(8
� 6?

��
��

��
�-

(�
*6

,-�
�

� ��
(�

� *�
��

��
��(

��
��

�� �
�

��
�

�� �
��

� ��
4!

�f
6g

C
g+

/
8

� ��
h

�+
,5�

��
f�

e�

T(
o %?

�
4�

��
jS

�?
�

k&
-�

%"
#

O�39
4!

�
4 

#
l�

Ojm
?�

%�
&'

�
k&

-�
%)

&'
�

k&
-�

�WR
4!

&39
4!

��
WP

4!
&39

4!
��

WZ
4!

&39
4!

���
\E

4!
&WY

4!
�

�\E
4!

&WR
4!

���
�

FO
�%

]'
)E

F�

(2
00

.1
 m

g)
�

�
D)

� 
��

"�
4�

��
n�

FO
Y\

k&
-E

OE
^�

S
��

LM
 �

�!
� 

�B
�4

��
�n

�^
O^

Ek
&-E

OE
W�

S
��

�
L�

l�
p!

lM
�4

��
�n

�F
O\

XP
k&

-E
O^

YR
�S

��

RE
E�

2.
92

 
0.

13
 

0.
03

6 
53

.6
33

 
0.

67
6 

0.
00

0 
0.

00
42

 
0.

00
00

 
   

0.
00

15
  

   
0.

20
36

  
   

0.
01

90
  

   
 0

.8
4 

 
55

1.
00

  
 

RX
E�

2.
42

 
0.

03
 

0.
10

8 
39

.3
10

 
0.

50
2 

0.
00

0 
0.

00
40

 
0.

00
00

 
   

0.
00

07
  

   
0.

15
12

  
   

0.
01

82
  

   
 0

.5
4 

 
75

1.
30

  
 

PE
E�

2.
07

 
0.

04
 

0.
22

4 
31

.3
60

 
0.

37
4 

0.
00

0 
0.

00
39

 
0.

00
00

 
   

0.
00

04
  

   
0.

11
28

  
   

0.
01

77
  

   
 0

.4
2 

 
94

5.
90

  
 

PX
E�

1.
94

 
0.

03
 

0.
38

9 
24

.6
90

 
0.

31
3 

0.
00

0 
0.

00
38

 
0.

00
00

 
   

0.
00

03
  

   
0.

09
44

  
   

0.
01

73
  

   
 0

.3
6 

 
1,

19
6.

00
  

 

PP
X�

1.
85

 
0.

04
 

0.
54

5 
25

.0
97

 
0.

31
0 

0.
00

0 
0.

00
38

 
0.

00
00

 
   

0.
00

03
  

   
0.

09
33

  
   

0.
01

71
  

   
 0

.3
4 

 
1,

18
0.

00
  

 

ZE
E�

1.
86

 
0.

04
 

0.
67

8 
27

.1
54

 
0.

34
4 

0.
00

0 
0.

00
37

 
0.

00
00

 
   

0.
00

03
  

   
0.

10
36

  
   

0.
01

70
  

   
 0

.3
6 

 
1,

08
8.

00
  

 

Z^
X�

2.
02

 
0.

02
 

0.
78

1 
27

.4
97

 
0.

42
5 

0.
00

0 
0.

00
37

 
0.

00
00

 
   

0.
00

04
  

   
0.

12
80

  
   

0.
01

70
  

   
 0

.3
9 

 
1,

05
7.

00
  

 

ZX
E�

2.
28

 
0.

08
 

0.
84

6 
26

.7
82

 
0.

60
6 

0.
00

0 
0.

00
37

 
0.

00
00

 
   

0.
00

04
  

   
0.

18
27

  
   

0.
01

69
  

   
 0

.4
3 

 
1,

04
8.

00
  

 

ZP
X�

2.
49

 
0.

10
 

0.
88

9 
59

.8
04

 
1.

02
1 

0.
00

0 
0.

00
37

 
0.

00
00

 
   

0.
00

17
  

   
0.

30
74

  
   

0.
01

70
  

   
 0

.8
3 

 
48

8.
20

  
 

YE
E�

2.
84

 
0.

15
 

0.
92

1 
57

.7
92

 
1.

93
1 

0.
00

1 
0.

00
37

 
0.

00
00

 
   

0.
00

18
  

   
0.

58
15

  
   

0.
01

66
  

   
 0

.8
9 

 
48

5.
70

  
 

Y^
X�

3.
09

 
0.

32
 

0.
94

4 
55

.4
18

 
3.

54
9 

0.
00

1 
0.

00
35

 
0.

00
00

 
   

0.
00

19
  

   
1.

06
80

  
   

0.
01

60
  

   
 0

.9
2 

 
47

3.
10

  
 

YX
E�

2.
76

 
0.

76
 

0.
96

2 
63

.4
06

 
5.

90
8 

0.
00

2 
0.

00
34

 
0.

00
01

 
   

0.
00

25
  

   
1.

77
80

  
   

0.
01

54
  

   
 0

.9
9 

 
39

3.
90

  
 

FE
EE

�
3.

82
 

0.
39

 
0.

97
4 

57
.5

04
 

9.
98

4 
0.

00
5 

0.
00

33
 

0.
00

00
 

   
0.

00
30

  
   

3.
00

20
  

   
0.

01
51

  
   

 1
.1

8 
 

39
2.

60
  

 

FF
EE

�
4.

61
 

0.
85

 
0.

98
6 

72
.9

05
 

14
.1

08
 

0.
00

5 
0.

00
33

 
0.

00
01

 
   

0.
00

65
  

   
4.

23
90

  
   

0.
01

51
  

   
 2

.2
1 

34
1.

90
  

 

F^
XE

�
3.

16
 

0.
41

 
1.

00
0 

84
.7

74
 

13
.5

89
 

0.
00

5 
0.

00
38

 
0.

00
00

 
   

0.
00

87
  

   
4.

08
40

  
   

0.
01

70
  

   
 2

.6
8 

 
31

0.
00

  
 

  J
-v

al
ue

 =
 0

.0
04

31
91

07
+/

-0
.0

00
00

50
36

 
  3

9A
r  

vo
lu

m
e 

= 
 .6

59
2E

-0
9 

 c
cS

TP
/g

 
 

Re
cip

ro
ca

l Y
-in

te
rc

ep
t =

 5
02

.9
8+

/-7
4.

56
 

 
 

  A
ir-

sh
ot

_r
at

io
 =

 2
98

.3
01

3 
 

  4
0A

r* 
vo

lu
m

e 
= 

 .1
89

0E
-0

9 
 c

cS
TP

/g
 

 
M

SW
D 

= 
1.

05
41

 
 

 
 

 

� �



95

8
��

��
+,5

�

-1

�(8
� 6?

��
��

��
�-

(�
*6

,-�
�

� ��
(�

� *�
��

��
��(

��
��

�� �
�

��
�

�� �
��

� ��
4!

�f
6g

C
g+

/
8

� ��
h

�+
,5�

��
f�

e�

6�

8
��6

-� �
��

� �
G�

	�
��

8
��

��
66

	�

T(
o %?

�
4�

��
jS

�?
�

k&
-�

%"
#

O�39
4!

�
4 

#
l�

Ojm
?�

%�
&'

�
k&

-�
%)

&'
�

k&
-�

�WR
4!

&39
4!

��
WP

4!
&39

4!
��

WZ
4!

&39
4!

���
\E

4!
&WY

4!
�

�\E
4!

&WR
4!

���
�

^O
�d

!b
]E

F�

(2
04

.7
 m

g)
�

�
D)

� 
��

"�
4�

��
n�

EO
RY

k&
-E

OE
F�

S
��

��L
M 

��
!�

 �
B�

4�
��

n�
EO

RX
k&

-E
OE

F�
S

��
�

L�
l�

p!
lM

�4
��

�n
�E

OP
FX

k&
-E

OE
PW

�S
��

RE
E�

0.
77

 
0.

08
 

0.
08

9 
81

.5
47

 
0.

17
02

 
0.

00
04

 
0.

00
29

 
0.

00
00

 
   

0.
00

15
  

   
0.

09
35

  
   

0.
01

31
  

   
 0

.5
6 

 
37

5.
80

  
 

PE
E�

0.
74

 
0.

02
 

0.
23

8 
73

.0
67

 
0.

17
54

 
0.

00
02

 
0.

00
31

 
0.

00
00

 
   

0.
00

09
  

   
0.

09
64

  
   

0.
01

42
  

   
 0

.3
8 

42
5.

50
  

 

PX
E�

0.
69

 
0.

02
 

0.
37

0 
71

.8
81

 
0.

23
18

 
0.

00
04

 
0.

00
34

 
0.

00
00

 
   

0.
00

08
  

   
0.

12
74

  
   

0.
01

57
  

   
 0

.3
4 

 
43

0.
40

  
 

ZE
E�

0.
74

 
0.

02
 

0.
49

1 
65

.1
24

 
0.

26
06

 
0.

00
04

 
0.

00
37

 
0.

00
00

 
   

0.
00

06
  

   
0.

14
32

  
   

0.
01

66
  

   
 0

.3
0 

 
47

2.
90

  
 

Z^
X�

0.
73

 
0.

01
 

0.
60

2 
60

.8
81

 
0.

25
75

 
0.

00
02

 
0.

00
37

 
0.

00
00

 
   

0.
00

05
  

   
0.

14
15

  
   

0.
01

68
  

   
 0

.2
7 

 
50

6.
40

  
 

ZX
E�

0.
64

 
0.

04
 

0.
68

9 
77

.1
78

 
0.

24
02

 
0.

00
04

 
0.

00
36

 
0.

00
00

 
   

0.
00

10
  

   
0.

13
20

  
   

0.
01

66
  

   
 0

.3
9 

 
39

9.
10

  
 

ZP
X�

0.
53

 
0.

09
 

0.
76

5 
79

.9
89

 
0.

22
23

 
0.

00
02

 
0.

00
35

 
0.

00
00

 
   

0.
00

09
  

   
0.

12
21

  
   

0.
01

59
  

   
 0

.3
7 

 
38

7.
50

  
 

YE
E�

0.
57

 
0.

07
 

0.
82

3 
71

.1
29

 
0.

20
59

 
0.

00
02

 
0.

00
33

 
0.

00
00

 
   

0.
00

06
  

   
0.

11
31

  
   

0.
01

51
  

   
 0

.2
8 

 
44

1.
70

  
 

Y^
X�

0.
69

 
0.

02
 

0.
87

1 
54

.0
49

 
0.

20
12

 
0.

00
03

 
0.

00
32

 
0.

00
00

 
   

0.
00

04
  

   
0.

11
06

  
   

0.
01

44
  

   
 0

.2
2 

 
58

1.
50

  
 

YX
E�

0.
39

 
0.

04
 

0.
90

6 
69

.4
62

 
0.

21
67

 
0.

00
05

 
0.

00
31

 
0.

00
00

 
   

0.
00

04
  

   
0.

11
91

  
   

0.
01

39
  

   
 0

.1
9 

 
46

3.
50

  
 

YP
X�

0.
26

 
0.

08
 

0.
93

4 
79

.8
71

 
0.

26
76

 
0.

00
03

 
0.

00
30

 
0.

00
00

 
   

0.
00

05
  

   
0.

14
70

  
   

0.
01

37
  

   
 0

.1
9 

 
40

0.
50

  
 

FE
EE

�
0.

61
 

0.
11

 
0.

95
5 

54
.3

18
 

0.
39

99
 

0.
00

03
 

0.
00

30
 

0.
00

00
 

   
0.

00
04

  
   

0.
21

97
  

   
0.

01
36

  
   

 0
.2

0 
 

53
9.

20
  

 

FF
EE

�
0.

32
 

0.
24

 
0.

97
1 

85
.8

39
 

1.
21

86
 

0.
00

26
 

0.
00

30
 

0.
00

00
 

   
0.

00
10

  
   

0.
66

93
  

   
0.

01
38

  
   

 0
.3

2 
31

4.
30

  
 

FE
XE

�
0.

37
 

0.
24

 
0.

99
1 

77
.8

 
0.

73
55

 
0.

00
12

 
0.

00
30

 
0.

00
00

 
   

0.
00

07
  

   
0.

40
40

  
   

0.
01

37
  

   
 0

.2
4 

 
36

4.
10

  
 

F^
EE

�
0.

72
 

0.
09

 
1.

00
0 

88
.2

12
 

3.
86

05
 

0.
00

61
 

0.
00

33
 

0.
00

01
 

   
0.

00
29

  
   

2.
11

80
  

   
0.

01
50

  
   

 0
.8

1 
 

28
1.

80
  

 

  J
-v

al
ue

 =
 0

.0
04

31
91

07
+/

-0
.0

00
00

50
36

 
  3

9A
r  

vo
lu

m
e 

= 
 .1

27
7E

-0
8 

 c
cS

TP
/g

 
 

Re
cip

ro
ca

l Y
-in

te
rc

ep
t =

 2
95

.9
2+

/-8
.0

1 
 

 

  A
ir-

sh
ot

_r
at

io
 =

 2
97

.4
91

2 
 

  4
0A

r* 
vo

lu
m

e 
= 

 .1
07

1E
-0

9 
 c

cS
TP

/g
 

 
M

SW
D 

= 
1.

76
03

 
 

 
 

 

� �



96

8
��

��
+,5

�

-1

�(8
� 6?

��
��

��
�-

(�
*6

,-�
�

� ��
(�

� *�
��

��
��(

��
��

�� �
�

��
�

�� �
��

� ��
4!

�f
6g

C
g+

/
8

� ��
h

�+
,5�

��
f�

e�

6�

8
��6

-� �
��

� �
G�

	�
��

8
��

��
66

	�

T(
o %?

�
4�

��
jS

�?
�

k&
-�

%"
#

O�39
4!

�
4 

#
l�

Ojm
?�

%�
&'

�
k&

-�
%)

&'
�

k&
-�

�WR
4!

&39
4!

��
WP

4!
&39

4!
��

WZ
4!

&39
4!

���
\E

4!
&WY

4!
�

�\E
4!

&WR
4!

���
�

WO
�d

!_
!E

\�

(2
02

.9
 m

g)
�

�
D)

� 
��

"�
4�

��
n�

FO
WW

k&
-E

OE
Y�

S
��

LM
 �

�!
� 

�B
�4

��
�n

�F
OX

Yk
&-E

OE
Z�

S
��

�
L�

l�
p!

lM
�4

��
�n

�F
OW

YR
k&

-E
OE

YE
�S

��

RE
E�

1.
42

 
0.

26
 

0.
07

3 
97

.1
66

 
2.

40
24

 
0.

00
13

 
0.

00
48

 
0.

00
00

 
   

0.
02

15
  

   
1.

31
90

  
   

0.
02

17
  

   
 6

.4
7 

 
30

0.
70

  
 

PE
E�

1.
16

 
0.

12
 

0.
22

5 
95

.2
70

 
1.

25
83

 
0.

00
05

 
0.

00
46

 
0.

00
00

 
   

0.
01

03
  

   
0.

69
11

  
   

0.
02

07
  

   
 3

.1
8 

 
30

7.
70

  
 

ZE
E�

1.
54

 
0.

15
 

0.
35

6 
92

.3
71

 
1.

18
39

 
0.

00
05

 
0.

00
42

 
0.

00
00

 
   

0.
00

83
  

   
0.

65
02

  
   

0.
01

93
  

   
 2

.6
3 

 
31

7.
00

  
 

ZX
E�

1.
03

 
0.

35
 

0.
45

4 
94

.4
48

 
1.

28
40

 
0.

00
06

 
0.

00
40

 
0.

00
00

 
   

0.
00

78
  

   
0.

70
52

  
   

0.
01

83
  

   
 2

.4
0 

 
30

9.
30

  
 

YE
E�

1.
42

 
0.

21
 

0.
52

6 
92

.2
31

 
1.

68
36

 
0.

00
10

 
0.

00
40

 
0.

00
00

 
   

0.
00

75
  

   
0.

92
45

  
   

0.
01

82
  

   
 2

.3
7 

 
31

4.
20

  
 

YX
E�

1.
59

 
0.

27
 

0.
58

1 
89

.9
51

 
2.

84
71

 
0.

00
10

 
0.

00
40

 
0.

00
01

 
   

0.
00

66
  

   
1.

56
30

  
   

0.
01

83
  

   
 2

.0
6 

 
31

3.
00

  
 

FE
EE

�
0.

20
 

0.
36

 
0.

63
4 

98
.3

95
 

5.
60

39
 

0.
00

25
 

0.
00

39
 

0.
00

00
 

   
0.

00
60

  
   

3.
07

30
  

   
0.

01
76

  
   

 1
.6

1 
26

6.
10

  
 

FE
XE

�
0.

51
 

0.
46

 
0.

69
0 

95
.1

51
 

11
.7

65
8 

0.
00

59
 

0.
00

38
 

0.
00

00
 

   
0.

00
60

  
   

6.
43

80
  

   
0.

01
73

  
   

 1
.3

8 
 

23
0.

10
  

 

FF
EE

�
0.

24
 

0.
58

 
0.

73
6 

98
.3

72
 

19
.4

07
3 

0.
00

53
 

0.
00

39
 

0.
00

01
 

   
0.

00
91

  
 1

0.
59

00
  

   
0.

01
75

  
   

 1
.9

4 
 

21
4.

20
  

 

FF
XE

�
1.

81
 

0.
24

 
0.

82
9 

88
.0

06
 

24
.6

67
4 

0.
01

13
 

0.
00

39
 

0.
00

00
 

   
0.

00
91

  
 1

3.
44

00
  

   
0.

01
77

  
   

 1
.9

5 
21

3.
00

  
 

F^
EE

�
3.

40
 

0.
12

 
0.

89
0 

86
.6

96
 

28
.9

25
3 

0.
00

82
 

0.
00

42
 

0.
00

00
 

   
0.

01
35

  
 1

5.
73

00
  

   
0.

01
87

  
   

 3
.2

8 
 

24
2.

00
  

 

F^
XE

�
3.

65
 

0.
34

 
0.

94
5 

89
.3

39
 

32
.7

82
1 

0.
00

96
 

0.
00

42
 

0.
00

01
 

   
0.

01
77

  
 1

7.
80

00
  

   
0.

01
89

  
   

 4
.3

8 
 

24
7.

50
  

 

FW
EE

�
4.

70
 

0.
70

 
0.

97
7 

93
.5

09
 

34
.1

92
3 

0.
02

44
 

0.
00

50
 

0.
00

01
 

   
0.

03
38

  
 1

8.
56

00
  

   
0.

02
23

  
   

 9
.2

3 
27

2.
60

  
 

F\
XE

�
8.

34
 

1.
38

 
1.

00
0 

96
.1

02
 

30
.3

78
0 

0.
02

42
 

0.
00

70
 

0.
00

01
 

   
0.

09
28

  
 1

6.
51

00
  

   
0.

03
17

  
  2

7.
27

  
29

3.
80

  
 

  J
-v

al
ue

 =
 0

.0
04

31
91

07
+/

-0
.0

00
00

50
36

 
  3

9A
r  

vo
lu

m
e 

= 
 .1

89
1E

-0
9 

 c
cS

TP
/g

 
 

Re
cip

ro
ca

l Y
-in

te
rc

ep
t =

 2
94

.8
2+

/-0
.2

6 
 

 

  A
ir-

sh
ot

_r
at

io
 =

 2
97

.4
55

5 
 

  4
0A

r* 
vo

lu
m

e 
= 

 .4
22

8E
-1

0 
 c

cS
TP

/g
 

 
M

SW
D 

= 
1.

18
45

 
 

 
 

 

� � �



97

8
��

��
+,5

�

-1

�(8
� 6?

��
��

��
�-

(�
*6

,-�
�

� ��
(�

� *�
��

��
��(

��
��

�� �
�

��
�

�� �
��

� ��
4!

�f
6g

C
g+

/
8

� ��
h

�+
,5�

��
f�

e�

6�

8
��6

-� �
��

� �
G�

	�
��

8
��

��
66

	�

T(
o %?

�
4�

��
jS

�?
�

k&
-�

%"
#

O�39
4!

�
4 

#
l�

Ojm
?�

%�
&'

�
k&

-�
%)

&'
�

k&
-�

�WR
4!

&39
4!

��
WP

4!
&39

4!
��

WZ
4!

&39
4!

���
\E

4!
&WY

4!
�

�\E
4!

&WR
4!

���
�

\O
�d

!_
!E

P�

(2
01

.6
 m

g)
�

�
D)

� 
��

"�
4�

��
n�

FO
RE

k&
-E

OE
X�

S
��

LM
 �

�!
� 

�B
�4

��
�n

�F
O\

\k
&-E

OE
X�

S
��

�
L�

l�
p!

lM
�4

��
�n

�W
OE

ZE
k&

-E
O^

PY
�S

��

RX
E�

4.
27

 
0.

60
 

0.
02

9 
95

.2
23

 
4.

28
45

 
0.

00
27

 
0.

00
59

 
0.

00
00

 
   

0.
03

76
  

   
2.

35
10

  
   

0.
02

67
  

  1
1.

50
  

30
6.

10
  

 

PE
E�

0.
83

 
0.

37
 

0.
09

0 
98

.4
94

 
2.

70
63

 
0.

00
15

 
0.

00
57

 
0.

00
00

 
   

0.
02

40
  

   
1.

48
60

  
   

0.
02

61
  

   
 7

.1
3 

 
29

6.
50

  
 

PX
E�

1.
43

 
0.

15
 

0.
18

0 
95

.3
96

 
1.

68
73

 
0.

00
05

 
0.

00
57

 
0.

00
01

 
   

0.
01

31
  

   
0.

92
66

  
   

0.
02

60
  

   
 4

.0
2 

 
30

6.
40

  
 

ZE
E�

1.
14

 
0.

06
 

0.
29

9 
93

.1
65

 
1.

06
17

 
0.

00
05

 
0.

00
52

 
0.

00
00

 
   

0.
00

69
  

   
0.

58
31

  
   

0.
02

38
  

   
 2

.1
7 

 
31

4.
50

  
 

ZX
E�

1.
48

 
0.

11
 

0.
42

3 
90

.1
67

 
0.

89
62

 
0.

00
03

 
0.

00
46

 
0.

00
00

 
   

0.
00

60
  

   
0.

49
23

  
   

0.
02

10
  

   
 1

.9
6 

 
32

5.
70

  
 

YE
E�

1.
75

 
0.

13
 

0.
54

3 
83

.8
65

 
0.

79
22

 
0.

00
05

 
0.

00
41

 
0.

00
00

 
   

0.
00

41
  

   
0.

43
52

  
   

0.
01

84
  

   
 1

.4
2 

34
9.

80
  

 

YX
E�

1.
48

 
0.

19
 

0.
64

2 
86

.3
32

 
0.

85
44

 
0.

00
04

 
0.

00
38

 
0.

00
00

 
   

0.
00

42
  

   
0.

46
93

  
   

0.
01

74
  

   
 1

.4
2 

 
33

9.
40

  
 

FE
EE

�
1.

95
 

0.
19

 
0.

72
5 

83
.7

49
 

0.
94

36
 

0.
00

05
 

0.
00

37
 

0.
00

00
 

   
0.

00
45

  
   

0.
51

83
  

   
0.

01
68

  
   

 1
.5

7 
 

34
8.

80
  

 

FE
XE

�
2.

08
 

0.
07

 
0.

80
2 

80
.8

65
 

1.
08

58
 

0.
00

05
 

0.
00

34
 

0.
00

00
 

   
0.

00
40

  
   

0.
59

64
  

   
0.

01
55

  
   

 1
.4

3 
 

35
8.

70
  

 

FF
EE

�
0.

77
 

0.
17

 
0.

88
2 

91
.5

98
 

1.
39

58
 

0.
00

06
 

0.
00

34
 

0.
00

00
 

   
0.

00
38

  
   

0.
76

65
  

   
0.

01
54

  
   

 1
.2

1 
 

31
3.

70
  

 

FF
XE

�
1.

44
 

0.
33

 
0.

95
1 

83
.2

64
 

2.
30

68
 

0.
00

13
 

0.
00

35
 

0.
00

00
 

   
0.

00
34

  
   

1.
26

60
  

   
0.

01
59

  
   

 1
.1

3 
 

32
9.

90
  

 

F^
EE

�
1.

29
 

0.
21

 
1.

00
0 

86
.0

84
 

4.
47

54
 

0.
00

24
 

0.
00

35
 

0.
00

00
 

   
0.

00
41

  
   

2.
45

50
  

   
0.

01
58

  
   

 1
.2

2 
 

29
7.

60
  

 

  J
-v

al
ue

 =
 0

.0
04

31
91

07
+/

-0
.0

00
00

50
36

 
  3

9A
r  

vo
lu

m
e 

= 
 .2

32
4E

-0
9 

 c
cS

TP
/g

 
 

Re
cip

ro
ca

l Y
-in

te
rc

ep
t =

 2
94

.8
2+

/-0
.2

6 
 

 

  A
ir-

sh
ot

_r
at

io
 =

 2
97

.2
14

6 
 

  4
0A

r* 
vo

lu
m

e 
= 

 .4
55

1E
-1

0 
 c

cS
TP

/g
 

 
M

SW
D 

= 
1.

89
41

 
 

 
 

 

� �



98

8
��

��
+,5

�

-1

�(8
� 6?

��
��

��
�-

(�
*6

,-�
�

� ��
(�

� *�
��

��
��(

��
��

�� �
�

��
�

�� �
��

� ��
4!

�f
6g

C
g+

/
8

� ��
h

�+
,5�

��
f�

e�

6�

8
��6

-� �
��

� �
G�

	�
��

8
��

��
66

	*
q,

-�
*�

�̀
6�

T(
o %?

�
4�

��
jS

�?
�

k&
-�

%"
#

O�39
4!

�
4 

#
l�

Ojm
?�

%�
&'

�
k&

-�
%)

&'
�

k&
-�

�WR
4!

&39
4!

��
WP

4!
&39

4!
��

WZ
4!

&39
4!

���
\E

4!
&WY

4!
�

�\E
4!

&WR
4!

���
�

FO
�_

!S
"E

W�

(2
00

.0
 m

g)
�

�
D)

� 
��

"�
4�

��
n�

EO
W^

k&
-E

OE
F�

S
��

��L
M 

��
!�

 �
B�

4�
��

n�
EO

^^
k&

-E
OE

^�
S

��
�

L�
l�

p!
lM

�4
��

�n
�E

OP
^P

k&
-E

OE
RZ

�S
��

PE
E�

-1
.7

5 
1.

20
 

0.
00

6 
**

**
**

 
1.

30
07

 
0.

00
11

 
0.

00
37

 
0.

00
01

 
   

0.
00

52
  

   
0.

71
44

  
   

0.
01

68
  

   
 1

.3
0 

 
24

7.
90

  
 

PX
E�

-0
.3

3 
0.

19
 

0.
02

3 
**

**
**

 
0.

96
01

 
0.

00
04

 
0.

00
30

 
0.

00
00

 
   

0.
00

17
  

   
0.

49
77

  
   

0.
01

37
  

   
 0

.4
6 

 
26

5.
90

  
 

ZE
E�

0.
02

 
0.

06
 

0.
06

9 
**

**
**

 
0.

59
74

 
0.

00
04

 
0.

00
28

 
0.

00
00

 
   

0.
00

14
  

   
0.

32
82

  
   

0.
01

29
  

   
 0

.4
0 

 
29

6.
30

  
 

ZX
E�

0.
35

 
0.

02
 

0.
32

0 
70

.1
43

 
0.

55
94

 
0.

00
02

 
0.

00
28

 
0.

00
00

 
   

0.
00

04
  

   
0.

30
73

  
   

0.
01

27
  

   
 0

.1
8 

 
41

1.
30

  
 

YE
E�

0.
35

 
0.

02
 

0.
53

1 
68

.8
35

 
0.

69
98

 
0.

00
04

 
0.

00
28

 
0.

00
00

 
   

0.
00

04
  

   
0.

38
44

  
   

0.
01

27
  

   
 0

.1
7 

 
39

8.
60

  
 

YX
E�

0.
28

 
0.

03
 

0.
67

5 
75

.6
68

 
0.

90
3 

0.
00

03
 

0.
00

28
 

0.
00

00
 

   
0.

00
05

  
   

0.
49

60
  

   
0.

01
28

  
   

 0
.1

8 
 

34
9.

20
  

 

FE
EE

�
0.

22
 

0.
04

 
0.

78
0 

82
.6

62
 

1.
28

22
 

0.
00

06
 

0.
00

28
 

0.
00

00
 

   
0.

00
06

  
   

0.
70

42
  

   
0.

01
29

  
   

 0
.1

9 
 

30
1.

40
  

 

FE
XE

�
0.

11
 

0.
08

 
0.

85
4 

92
.8

18
 

2.
24

99
 

0.
00

07
 

0.
00

29
 

0.
00

00
 

   
0.

00
09

  
   

1.
23

50
  

   
0.

01
30

  
   

 0
.2

3 
 

24
2.

60
  

 

FF
EE

�
0.

02
 

0.
11

 
0.

89
8 

99
.2

43
 

5.
71

02
 

0.
00

32
 

0.
00

30
 

0.
00

00
 

   
0.

00
17

  
   

3.
13

10
  

   
0.

01
35

  
   

 0
.3

1 
 

17
7.

00
  

 

FF
XE

�
-0

.1
1 

0.
18

 
0.

92
6 

**
**

**
 

9.
26

04
 

0.
00

36
 

0.
00

30
 

0.
00

00
 

   
0.

00
28

  
   

5.
07

10
  

   
0.

01
36

  
   

 0
.4

7 
 

16
6.

20
  

 

F^
EE

�
-0

.6
1 

0.
22

 
0.

94
5 

**
**

**
 

10
.8

63
 

0.
00

51
 

0.
00

31
 

0.
00

00
 

   
0.

00
49

  
   

5.
94

60
  

   
0.

01
40

  
   

 0
.9

4 
 

19
3.

00
  

 

FW
EE

�
0.

43
 

0.
33

 
0.

96
3 

96
.9

39
 

16
.5

57
 

0.
00

79
 

0.
00

34
 

0.
00

00
 

   
0.

00
83

  
   

9.
04

30
  

   
0.

01
52

  
   

 1
.8

4 
 

22
3.

10
  

 

F\
XE

�
0.

15
 

0.
98

 
0.

97
3 

99
.9

05
 

18
.0

54
 

0.
00

56
 

0.
00

58
 

0.
00

00
 

   
0.

06
98

  
   

9.
85

60
  

   
0.

02
61

  
  1

9.
94

  
28

5.
50

  
 

FW
EE

�
0.

21
 

0.
26

 
0.

99
0 

98
.5

57
 

16
.5

57
 

0.
00

79
 

0.
00

34
 

0.
00

00
 

   
0.

00
84

  
   

9.
04

30
  

   
0.

01
52

  
   

 1
.8

4 
 

22
0.

50
  

 

F\
XE

�
0.

15
 

0.
98

 
1.

00
0 

99
.9

05
 

18
.0

54
 

0.
00

56
 

0.
00

58
 

0.
00

00
 

   
0.

06
98

  
   

9.
85

60
  

   
0.

02
61

  
  1

9.
94

  
28

5.
50

  
 

  J
-v

al
ue

 =
 0

.0
04

31
91

07
+/

-0
.0

00
00

50
36

 
  3

9A
r  

vo
lu

m
e 

= 
 .8

34
1E

-0
9 

 c
cS

TP
/g

 
 

Re
cip

ro
ca

l Y
-in

te
rc

ep
t =

 1
53

.6
5+

/-4
0.

36
 

 
 

  A
ir-

sh
ot

_r
at

io
 =

 2
97

.2
60

4 
 

  4
0A

r* 
vo

lu
m

e 
= 

 .2
30

8E
-1

0 
 c

cS
TP

/g
 

 
M

SW
D 

= 
1.

60
65

 
 

 
 

 



99

8
��

��
+,5

�

-1

�(8
� 6?

��
��

��
�-

(�
*6

,-�
�

� ��
(�

� *�
��

��
��(

��
��

�� �
�

��
�

�� �
��

� ��
4!

�f
6g

C
g+

/
8

� ��
h

�+
,5�

��
f�

e�

6�

8
��6

-� �
��

� �
G�

	�
��

8
��

��
66

	*
q,

-�
*�

�̀
6�

T(
o %?

�
4�

��
jS

�?
�

k&
-�

%"
#

O�39
4!

�
4 

#
l�

Ojm
?�

%�
&'

�
k&

-�
%)

&'
�

k&
-�

�WR
4!

&39
4!

��
WP

4!
&39

4!
��

WZ
4!

&39
4!

���
\E

4!
&WY

4!
�

�\E
4!

&WR
4!

���
�

^O
�_

!S
"E

\�

(2
01

.2
 m

g)
�

�
D)

� 
��

"�
4�

��
n�

EO
\W

k&
-E

OE
^�

S
��

��L
M 

��
!�

 �
B�

4�
��

n�
EO

W\
k&

-E
OE

^�
S

��
�

L�
l�

p!
lM

�4
��

�n
�E

O\
\Y

k&
-E

OE
XW

�S
��

RE
E�

-F
FO

YE
�

ZO
EW

�
EO

EE
F�

**
**

**
�

\O
ZF

^\
�

EO
EW

WE
�

EO
EF

\F
�

EO
EE

EY
�

���
EO

^Z
WY

��
���

^O
R\

EE
��

���
EO

ER
\E

��
Z^

OF
Y�

^Z
YO

XE
�

�

PE
E�

-^
OF

X�
FO

^^
�

EO
EE

X�
**

**
**

�
WO

RR
RW

�
EO

EE
\X

�
EO

EE
YW

�
EO

EE
E^

�
���

EO
F\

ER
��

���
^O

EF
^E

��
���

EO
E\

^W
��

\F
OF

R�
^Y

^O
PE

�
�

ZE
E�

EO
R\

�
EO

Z^
�

EO
EF

Y�
YY

OW
F\

�
FO

RP
W\

�
EO

EE
FP

�
EO

EE
\\

�
EO

EE
FE

�
���

EO
E\

E\
��

���
EO

YF
ZY

��
���

EO
E^

E^
��

FF
OY

Z�
^Y

RO
XE

�
�

ZX
E�

EO
WP

�
EO

EP
�

EO
FY

\�
YR

OY
\P

�
EO

Y\
\E

�
EO

EE
EX

�
EO

EE
WE

�
EO

EE
EE

�
���

EO
EE

XW
��

���
EO

XF
ZX

��
���

EO
EF

W\
��

FO
XY

�
WE

^O
RE

�
�

YE
E�

EO
\^

�
EO

E^
�

EO
\F

E�
Y\

OY
WP

�
FO

E^
RX

�
EO

EE
EW

�
EO

EE
^Y

�
EO

EE
EE

�
���

EO
EE

WX
��

���
EO

XR
WZ

��
���

EO
EF

W^
��

FO
EY

�
WE

RO
PE

�
�

YX
E�

EO
\X

�
EO

EX
�

EO
XZ

F�
YW

OF
\F

�
FO

EW
XY

�
EO

EE
E\

�
EO

EE
^Y

�
EO

EE
EE

�
���

EO
EE

^Z
��

���
EO

XR
YE

��
���

EO
EF

WF
��

EO
ZR

�
WF

FO
EE

�
�

FE
EE

�
EO

X\
�

EO
EX

�
EO

RZ
E�

ZY
O\

FR
�

FO
EY

XX
�

EO
EE

E\
�

EO
EE

^Y
�

EO
EE

EE
�

���
EO

EE
^F

��
���

EO
RE

FP
��

���
EO

EF
WF

��
EO

RY
�

W^
EO

^E
�

�

FE
XE

�
EO

\F
�

EO
E\

�
EO

ZE
\�

ZY
OY

^X
�

FO
\Y

^Y
�

EO
EE

ER
�

EO
EE

^Y
�

EO
EE

EE
�

���
EO

EE
FZ

��
���

EO
ZF

YZ
��

���
EO

EF
WF

��
EO

XX
�

WE
RO

WE
�

�

FF
EE

�
EO

WX
�

EO
ER

�
EO

ZZ
F�

YE
OZ

Y^
�

WO
ZE

XF
�

EO
EE

FZ
�

EO
EE

^Y
�

EO
EE

EE
�

���
EO

EE
^E

��
���

^O
EZ

ZE
��

���
EO

EF
W^

��
EO

X^
�

^X
\O

\E
�

�

FF
XE

�
-E

O^
^�

EO
FE

�
EO

Y^
P�

**
**

**
�

ZO
FE

XW
�

EO
EE

W\
�

EO
EE

WE
�

EO
EE

EE
�

���
EO

EE
WF

��
���

\O
\\

FE
��

���
EO

EF
WX

��
EO

XY
�

FZ
ZO

^E
�

�

F^
EE

�
-E

OR
F�

EO
FR

�
EO

YX
W�

**
**

**
�

FE
OX

\R
^�

EO
EE

\E
�

EO
EE

WE
�

EO
EE

EE
�

���
EO

EE
\Z

��
���

XO
PP

WE
��

���
EO

EF
WZ

��
EO

Y\
�

FY
XO

EE
�

�

F^
XE

�
EO

XY
�

EO
FW

�
EO

YP
^�

Y\
O^

PX
�

FW
OY

^R
Y�

EO
EE

\P
�

EO
EE

WW
�

EO
EE

EE
�

���
EO

EE
RF

��
���

PO
RF

\E
��

���
EO

EF
\Z

��
FO

W\
�

^F
ZO

ZE
�

�

FW
EE

�
-E

O^
R�

EO
W^

�
EO

YY
E�

**
**

**
�

FP
O^

RE
W�

EO
EE

R^
�

EO
EE

WW
�

EO
EE

EE
�

���
EO

EE
ZR

��
���

YO
\^

RE
��

���
EO

EF
XE

��
FO

Z^
�

^F
^O

WE
�

�

F\
XE

�
-F

OE
X�

EO
XF

�
FO

EE
E�

**
**

**
�

FP
OR

\P
F�

EO
EE

RE
�

EO
EE

\\
�

EO
EE

EF
�

���
EO

EW
^F

��
���

YO
RW

XE
��

���
EO

EF
YZ

��
ZO

RR
�

^R
YO

RE
�

�

  J
-v

al
ue

 =
 0

.0
04

31
91

07
+/

-0
.0

00
00

50
36

 
  3

9A
r  

vo
lu

m
e 

= 
 .6

94
1E

-0
9 

 c
cS

TP
/g

 
 

Re
cip

ro
ca

l Y
-in

te
rc

ep
t =

 2
94

.3
6+

/-2
.8

9 
 

 

  A
ir-

sh
ot

_r
at

io
 =

 2
98

.4
77

 
 

  4
0A

r* 
vo

lu
m

e 
= 

 .2
89

8E
-1

0 
 c

cS
TP

/g
 

 
M

SW
D 

= 
1.

42
87

 
 

 
 

 

� � �



10
0

8
��

��
+,5

�

-1

�(8
� 6?

��
��

��
�-

(�
*6

,-�
�

� ��
(�

� *�
��

��
��(

��
��

�� �
�

��
�

�� �
��

� ��
4!

�f
6g

C
g+

/
8

� ��
h

�+
,5�

��
f�

e�

6�

8
��6

-� �
��

� �
G�

	�
��

8
��

��
66

	*
q,

-�
*�

�̀
6�

T(
o %?

�
4�

��
jS

�?
�

k&
-�

%"
#

O�39
4!

�
4 

#
l�

Ojm
?�

%�
&'

�
k&

-�
%)

&'
�

k&
-�

�WR
4!

&39
4!

��
WP

4!
&39

4!
��

WZ
4!

&39
4!

���
\E

4!
&WY

4!
�

�\E
4!

&WR
4!

���
�

WO
�a

]b
cE

X�

(2
00

.1
 m

g)
�

�
D)

� 
��

"�
4�

��
n�

WO
F\

k&
-E

OE
W�

S
��

��L
M 

��
!�

 �
B�

4�
��

n�
WO

E\
k&

-E
OE

W�
S

��
�

L�
l�

p!
lM

�4
��

�n
�W

OE
P^

k&
-E

O^
E\

�S
��

RE
E�

1.
42

 
0.

46
 

0.
00

7 
98

.3
12

 
0.

64
34

 
0.

00
09

 
0.

00
51

 
0.

00
01

 
   

0.
03

61
  

   
0.

35
35

  
   

0.
02

34
  

  1
0.

84
  

30
0.

60
  

 

PE
E�

2.
97

 
0.

08
 

0.
05

5 
83

.9
93

 
0.

56
22

 
0.

00
02

 
0.

00
39

 
0.

00
00

 
   

0.
00

68
  

   
0.

30
88

  
   

0.
01

79
  

   
 2

.4
1 

 
35

2.
00

  
 

PX
E�

3.
14

 
0.

16
 

0.
13

2 
71

.4
04

 
0.

68
38

 
0.

00
03

 
0.

00
36

 
0.

00
00

 
   

0.
00

35
  

   
0.

37
56

  
   

0.
01

62
  

   
 1

.4
4 

 
41

0.
70

  
 

ZE
E�

3.
11

 
0.

11
 

0.
22

9 
60

.2
36

 
1.

02
19

 
0.

00
03

 
0.

00
33

 
0.

00
00

 
   

0.
00

22
  

   
0.

56
13

  
   

0.
01

49
  

   
 1

.0
3 

 
47

1.
60

  
 

ZX
E�

3.
19

 
0.

04
 

0.
38

5 
54

.0
84

 
1.

77
11

 
0.

00
10

 
0.

00
31

 
0.

00
00

 
   

0.
00

19
  

   
0.

97
25

  
   

0.
01

41
  

   
 0

.9
2 

 
48

9.
60

  
 

YE
E�

3.
17

 
0.

03
 

0.
53

0 
50

.1
38

 
1.

82
18

 
0.

00
08

 
0.

00
31

 
0.

00
00

 
   

0.
00

16
  

   
1.

00
00

  
   

0.
01

39
  

   
 0

.8
4 

 
51

5.
20

  
 

YX
E�

2.
94

 
0.

07
 

0.
62

1 
51

.2
47

 
1.

82
19

 
0.

00
08

 
0.

00
30

 
0.

00
00

 
   

0.
00

16
  

   
1.

00
00

  
   

0.
01

38
  

   
 0

.8
0 

 
50

2.
50

  
 

FE
EE

�
3.

21
 

0.
15

 
0.

69
7 

44
.3

25
 

1.
81

72
 

0.
00

06
 

0.
00

30
 

0.
00

00
 

   
0.

00
14

  
   

0.
99

78
  

   
0.

01
37

  
   

 0
.7

7 
56

3.
30

  
 

FE
XE

�
2.

85
 

0.
07

 
0.

75
6 

45
.5

28
 

2.
15

83
 

0.
00

10
 

0.
00

30
 

0.
00

00
 

   
0.

00
13

  
   

1.
18

50
  

   
0.

01
37

  
   

 0
.7

0 
 

52
3.

90
  

 

FF
EE

�
2.

92
 

0.
05

 
0.

81
6 

37
.4

22
 

4.
23

02
 

0.
00

23
 

0.
00

30
 

0.
00

00
 

   
0.

00
13

  
   

2.
32

10
  

   
0.

01
38

  
   

 0
.6

3 
46

4.
50

  
 

FF
XE

�
3.

11
 

0.
24

 
0.

83
9 

10
.1

91
 

6.
65

71
 

0.
00

32
 

0.
00

30
 

0.
00

00
 

   
0.

00
11

  
   

3.
64

90
  

   
0.

01
36

  
   

 0
.4

7 
 

43
6.

40
  

 

F^
EE

�
2.

91
 

0.
11

 
0.

91
1 

44
.2

49
 

9.
46

32
 

0.
00

68
 

0.
00

30
 

0.
00

00
 

   
0.

00
23

  
   

5.
18

20
  

   
0.

01
37

  
   

 0
.7

0 
 

30
0.

10
  

 

FW
EE

�
2.

87
 

0.
09

 
0.

96
7 

49
.6

14
 

10
.3

95
 

0.
00

37
 

0.
00

31
 

0.
00

00
 

   
0.

00
27

  
   

5.
69

10
  

   
0.

01
39

  
   

 0
.7

6 
 

28
3.

20
  

 

F\
XE

�
2.

73
 

0.
18

 
1.

00
0 

85
.1

2 
10

.9
39

 
0.

00
59

 
0.

00
32

 
0.

00
00

 
   

0.
00

83
  

   
5.

98
70

  
   

0.
01

47
  

   
 2

.3
8 

 
28

6.
60

  
 

  J
-v

al
ue

 =
 0

.0
04

31
91

07
+/

-0
.0

00
00

50
36

 
  3

9A
r  

vo
lu

m
e 

= 
 .5

64
7E

-0
9 

 c
cS

TP
/g

 
 

Re
cip

ro
ca

l Y
-in

te
rc

ep
t =

 3
02

.2
0+

/-1
5.

41
 

 
 

  A
ir-

sh
ot

_r
at

io
 =

 2
96

.7
34

4 
 

  4
0A

r* 
vo

lu
m

e 
= 

 .2
20

5E
-0

9 
 c

cS
TP

/g
 

 
M

SW
D 

= 
1.

69
54

 
 

 
 

 



 

 

 

������	���

 

 

�
�



��������	
��������	��
�������������������2548�

���������	
	� �

��
�
 : ���������
����	����������
��� �������	�
���� �����!�	"�	�����
�	��
"

Ruby-bearing xenoliths: new evidence and another 
possibility of Thai-corundum genesis
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Extended Abstract
Based on several field evidences, the alkali basaltic rock exposed in the 

vicinity of Borai area in Trat province is proved to be a corundum-carrying type. The 
newly-found corundum(ruby)-bearing xenoliths enclosed within the basalt, classified as 
basanite with olivine and nepheline normative, are the most essential clue among them. 
This discovery yields a rare opportunity to investigate the conditions under which Thai 
ruby could have been formed underneath the earth crust.

Petrologically, the ruby-bearing xenoliths have compositions ranging between 
garnet clinopyroxenite and garnet-bearing pyriclasite (Figure 1A-1D). The xenoliths 
exhibit metamorphic textures of granoblastic, equigranular and polygonal with 120o triple 
junction grain boundaries (Figure 2A-B). They consist of green diopsidic clinopyroxene
(25-95%), plagioclase (0-45%), kalyphitic garnet (0-20%), purplish pink to magenta 
corundum (5-50%), and spinel (0-2%). However, majority of the xenoliths observed 
normally comprise only 2 phases-clinopyroxene and ruby. Ruby is textural equilibrium 
with clinopyroxene and garnet and some grains are enclosed entirely within those 
minerals (Figure 2C-D). Ruby gains are barely observed to have direct contacts with 
plagioclase, except one specimen that found a large corundum grain mantling plagioclase.
Chemically, clinopyroxene contains high portion of Ca-Tschermax and plagioclase has 
about An90 content.  Garnet grains are wholly converted to kalyohite, but still retain high 
Mg content suggesting pyropic origin. Spinel has high chrome content, 60-65%Cr2O3 by 
average. By compilation with previous related studies, the formation of these xenoliths is 
likely constrained to a high-pressure metamorphic process within the upper mantle-lower 
crust transitional zone (Kornprobst et al., 1990; Sutthirat, 2001; Morishita and Arai, 2001; 
Promprated et al., 2003; Morishita et al., 2004) and ruby possibly crystallized by the 
reaction: plagioclase + spinel = 2 corundum + diopside, under an approximate P-T
ranges of 1.5-1.8 GPa and 1,100-1,200 oC, at equivalent depth of around 50-60 km. 
beneath the surface and latterly was brought up by basaltic magma.

Significantly, this finding reveals parts of the long-been mystery of the true 
origin of Thai corundum particularly of red variety, widely known as Siamese ruby;
although the figure of original parental rock type prior to transformation as well as the 
actual process cannot be obtained at this point. The ruby-bearing xenoliths themselves,
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then, have ruled the once-favored idea proposed corundum directly crystallizing from the 
corundum-carrying basaltic magma (Barr and Macdonald, 1977; Vichit et al., 1978) out of
a possible genesis model of the ruby from this area. They also put further constraints 
ensuring that the genesis of the ruby could actually be somewhat different from those of 
sapphire found elsewhere in Thailand, even that from Chantaburi in the same Eastern gem 
field as suggested by some authors (e.g. Pisutha-Arnond et al., 1998; Sutthirat, 2001;
Promprated et al, 2003).

Fig. 1 Showing ruby-bearing xenoliths from Ban Muendan-Ban Klong Sano basaltic field.
A) A garnet clinopyroxinite (the specimen belongs to Rak Hansawek) show a good 
reddish color of ruby grains scattering within green clinopyroxene matrix. B) The garnets
(Grt) were entirely kaltphitized.  C) A clinopyroxinite specimen, the most commonly 
found, comprises only clinopyroxene (Cpx) and ruby (Crn). D) A pyriclasite specimen,
containing large portions of both ruby (Crn) and plagioclase (Pl), is enclosed in fresh 
basalt. 
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Fig. 2 Photomicrographs show rock textures of ruby-bearing xenoliths under PPL (left) 
and XPL (right). The scale bars are 500 microns. A-B) The rock contains ruby (Crn), 
clinopyroxene (Cpx), and plagioclase (Pl) exhibiting polygonal texture.  C-D) The rock, 
comprising kalyphitic garnet (Grt), clinopyroxene (Cpx) and ruby (Crn), display prismatic 
laths of corundum enclosed within Cpx grains and some those in turn wrapping Cpx 
inside.  All garnet grains are converted into katyphites.  E-F) The rock is composed of 
greenish brown spinel (Spl), clinopyroxene (Cpx) and kalyphitic garnet (Grt).  Some 
clinopyroxenes have reaction rinds around the grains.
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Fig. 3 Photomicrographs taken under reflected light (left) are compared to a suite of SEM 
images (right) of 4 selected elements; i.e. alumina (Al), magnesium (Mg).  Blue dashed 
frames represent the scanned areas. A) 3 phases; corundum (P1), clinopyroxene (P2) and 
plagioclase (P3), can be identified. Corundum is outstanding by its high Al, but nil in 
other contents.  Plagioclase can be differentiated from clinopyroxene by lower contents of 
Al, Mg, and Ca. B) Kalyphitic garnet phase (P4) is distinguished by lower Si and Ca, but 
slight higher in Al and Mg compared to clinopyroxene. The SEM images, particularly of 
Ca, display closed textural relationship between corundum and clinopyroxene; of which
the clinopyroxene is both mantling and enveloping corundum. C) Spinel (P5) can be 
noticed by its pronouncingly high Al and Mg content, but low in others. 

500 um

Ca

Al

Si

Mg

Ca

Al

Si

Mg

Ca

Al

Si

Mg

P5

P2

P4

C)

B

A)

P2
P1

P3

P4

P1

P2



��������	
��������	��
�������������������2548�

Acknowledgements

The authors are grateful to Rak Hansawek for informing about the finding of 
ruby-bearing xenoliths and Boonmee Maneerat and his family for letting us collect 
specimens in their property, conveniently. We would like to extend our thanks to 
Charoemwong Ingkasumphan and Phissanu Yingyaud for preparing polished thin sections
and Panjai Saraphanchotwitthaya for field assistances. We are also indebted to Geology 
Department of Chulalongkorn University for the support on microprobe analyses. This 
research was financially supported by the Department of Mineral Resources under the
fiscal budget of 2004 and 2005 and in part funded by Thailand Research Fund (TRF)-
TRG4680004.

Reference

Barr, S.M. and Macdonald, A.S., 1977, Geochemistry and Petrogenesis of Late Cenozoic Alkaline Basalts of 

Thailand: Preprint-manuscript submitted to Bulletin of Geol. Soc. Malaysia., in April, 1977. 

Coenraads, R.R., Vichit, P., and Sutherland, F.L., 1995, An unusual sapphire-zircon-magnetite xenoliths from the 

Chanthaburi Gem Province, Thailand. Min. Mag. 59, 465-479.

Kornprobst, J., Piboule, M., Roden, M., and Tabit, A., 1990, Corundum-bearing garnet clinopyroxenites at Beni  

Bousera (Morocco): Original plagioclase-rich gabbros recrystallized at depth within mantle. Jour. Petrol. 

31, 717-745. 

Morishita, T. & Arai, S., 2001, Petrogenesis of corundum-bearing mafic rock in the Horoman Peridotite Complex,  

Japan. Jour. Petrol. 42, 1279–1299. 

Morishita, T., Arai, S., and Green, D. H., 2004, Possible Non-melted Remnants of Subducted Lithosphere:  

Experimental and Geochemical Evidence from Corundum-Bearing Mafic Rocks in the Horoman Peridotite  

complex, Japan. Jour. Petrol. 45, 235–252. 
Pisutha-Arnord, V., Wathanakul, P., Intasopa, S., and Griffin, W.L., 1998, Corsilzirspite, a corundum-silimanite-

zircon-hercynite rock: New evidence on the origin of Kanchanaburi sappire, Thailand: Proceedings of the 9th

Regional Congress on Geology, Mineral and Energy Resources of Southeast Asia (GEOSEA 98), Kuala 

Lumpur, Malaysia, 117(abstract).

Promprated, P., Taylor, L.A., and Neal, C.R., 2003, Petrochemistry of Mafic Granulite Xenoliths from the 

Chantaburi Basaltic Field: Implications for the Nature of the Lower Crust beneath Thailand. Inter. Geol. 

Rev. 45, 383-406. 

Suttirat, C., Saminpanya, S., Droop, G.T.R., Henderson, C.M.B., and Manning, D.A.C., 2001, Clinopyroxene-

Corundum Assemblages from Alkali Basalt and Alluvium, Eastern Thailand: Constraints on the Origin of 

Thai Rubies. Mineral. Mag. 65(2), 277-295.  

Suttirat, C., 2001, Petrogenesis of Mantle and Crustal Xenoliths and Xenocrysts in Basaltic Rocks Associated with 

Corundum Deposits in Thailand. Ph.D. thesis (unpublished), Department of Earth Sciences, Faculty of 

Science and Engineering, University of Manchester, England, 445p. 

Vichit, P., 1992, Gemstone in Thailand: in Proceedings of a National Conference on Geologic Resources of 

Thailand, Potential for Future Development. Bangkok, Thailand, 17-24 November 1992, Dept. Min. 

Res., Bangkok, Thailand, 126-134. 

Vichit, P., Vudhichativanich, S., and Hansawek, R., 1978, The distribution and some Characteristics of corundum 

bearing basalts in Thailand. Jour. Geol. Soc. Thailand 3, M4-1-M4-38. 



 

 107

���������	
	��

��
�
 : ���������
� 
���	����������
����������	����� �����!�	"�	�����
�	��
" 

 

������� ���	
���
������1, ��������� ����������2,3 ����������� ������
�����2,3 
1. �������	
���
�� 3 ���������	
���
�� ������	
�������  

�.������ 6 �	
�����
� �������� 10400, 
2. ��������������
� ������
������� �����������!����
���
  

�. ����� �	
����
�� �������� 10330 
3. �"�#������

��	�$��%�&���
��'��()%�*��+�#
!������ �����������!����
���
  

�. ����� �	
����
��  �������� 10330 
 

�������	 
���������	
	��

��
�

�������������	������	����� ��!�����"#��$�%��%���'�*$# ������	���
��+/�$

�;#�<���;��*=��#�>�	�+��-�
����$#� �.�$	��	? 	.�$	@;$ '.�;#� ��!�%���
�������	? ��$@
$@����!�������

�Q#����
���
�';��W	���	? '#��#;YZ�[#
#�Y��#*;;=�#���Y��#�>
���*$#���������	
	��

��
�
��� '����!������;

��;��\����;��\������;�\@��� 
��
�	�>��;��	�
#��;$>#�����?*;��*$#����@�;	���@��� ������@�;�>�#@��� �Z���;$

>	;����
(
��
�
)������	��������]#*��
���
#��;$����;$@�		�@��� ����#;���
(+��
�) +�?
����'�+	�>�� 

�����̂���(�����+�) ����;$*
 ������	�����;��@��*$#
��
�
�$#'��$	��*WZ��'#��<���;�?#:    
�������	
��(Plagioclase) + ��
	��(Spinel) = 2 ������(Corundum)  + ���������(Diopside) 

]#?���%$*�>*#
��� 15-18 Kb ���%$*�	�=�]\
� ~1,100-1,200 oC 
��;����>*#
�Z��;�
#= 50-60 �
. ��

�;��*=�W�;	?�$	W	�%�������	+���$*������%�������	�+���$*��$#� ���]#?����@��_\��Q#WZ��
#�\$/�*+��+�?�#;��
�

W	��������(�
�
$#)���	���
����!�/�'#��#;��	
���#?�#��$*�W	��������	+��
��;�����Z��*$#  /�W	��#;YZ�[#

��>;������@��%$*?���>*#
�W�#�'���;��*��#;�Q#����W	�
��
�
�?#
�;�'$#�%��WZ�����#���$
�
���
Q#���@��W�	?��?��

����������*>*#
>��
��*$#
��
�
@
?
��;��*��#;�$	�Q#��������$#�@�'#�W	���	?���@`;�
�������;��*='���*��

'��
��;� �;�	�;��*=	���jW	��;��
Y _Z��;�����;#?���	�?�W	�;\�����;��*��#;��;�]#���!������;�\@������

��	?;*
_Z�%������
��
#W	��������Q#�����������

��@������?��@
$%���'���	�	#Y�?/��#;YZ�[#�%���Z��$	@�  

 

>Q#�Q#>�q: ���������	
	��
��	? 
��
�
 ���@`;� �#;�Q#���� �;#�  

 

��
��  

�;��
Y@
? 
��;�*����#;
Q#��
�	���	?�;��\�

>	;����

���������	�?#*�#���!�;�	?�{ +�?�|�#�	?$#�?��� 

“��	?���” '#�]#>��*��		� �Z����!�
��;\�'��������#�

��	?+��]#?���%��	 “
��
�
�?#
 (Siamese Ruby)”   ��$


*$#>*#
�W�#�'���;��*��#;���};;
%#���#;�$	�Q#����


���
�';��W	���	?@
?%������ ����?��@
$%���'��
$#
��>*; 

����
�*$#@��
��#;�Q#���	��*>��W	��;��*��#;�Q#����

��	?�;��\�>	;����
W	�@
?@*���#?;\�������*��

�#
 �;������#�*�'�?
��/$#�
#�$*���q$
�$�����YZ�[#��

����
��
�������	?>	;����
%������@`;� 'Z�?��>�
��#�

��$
�

��?��W#�>*#
�;�'$#�%�� ���?��
��#;*��#�?���

�*�*�*�%#�#;���	?\$  +�?�|�#�	?$#�?������$*�
��

����?*W�	�����;��*��#;�#;�Q#����W	�
��
�
@
?*$#
�

>*#
��
�	��;�	�$#�'#�W	����@`;��;�	@
$ 	?$#�@; 

���
>*#
�����$�����	>*#
		���!��	��$*� 

+�?�$*��;���!��#;�Q#���	;\������*>���$#�jW	�

��������	��
�������
������� “����
������������������
��������������
��� �	 !�"#�$“ 
��
�%&��� 21 ��
���
 2548  ��%����' 



 

 108

�#;�Q#����W	���	?>	;����

����
���}����������	��� 
��

��!�/�'#��;=�YZ�[#*�'�?W	����$���	?�;��*=�$#�j
��

�>?
��#;����
���/?��;$(�
$#
���	'�;*�;*
@��)@*�

+�?����W� ������$*�������!��#;�Q#���	/��#;YZ�[#���

������	
	��

��
�
������	�����Z����!�/�
��@���$*���Z��

W	�+>;��#;YZ�[#*�'�?�#;�Q#����W	�
��
�
�?#

����
���}�

���������	���:'#����$���	?�;��*=]#>��*��		�W	�

�;��
Y@
?  /\��W�?��*��*$#(	?$#���	?)����
��@���Q#���	���'�

%$*?�������>*#
�W�#�'���;��*��#;���};;
%#���#;

�$	�Q#����
���
�';��W	���	?>	;��W	�@
? +�?�|�#� 

“��	?���” ���@��%���'�WZ�� 	��	#''��%���!���''�?��;�

��

%$*?����#;�Q#;*'�#���$���	?��
$j 
�+	�#����W��

>*#
�Q#�;�'���#;>�����\�WZ��   



�����������
���	���	��	��
���  

��%$*��;��
�;����*�'�?��?
��*>��
��*$#��	?

�;��\�>	;����
(
���
��
�
������@`;�)
�������
��*��

�;��*=����
��
����>��
��*?���]\�W#@` %���������	��� 

(�Z��;*
_Z����$���	?>	;����

�����$�W	�@
?)�����$#'�

�$	�Q#����WZ��'#��#;��/�Z�+�?�;�'#��
�
$#���	��� 

�;��]
	��>#@� 
����
�WZ��
#����W����*��!�������	����Q#

��	?���;��*=�����$#* +�?	#Y�?W�	�

��"#�'#��#;��

/�Z����@`;����������	������	��� 	#
� Barr and 

MacDonald (1978)  MacNevin (1972) Vichit (1975) 

��� Vichit and others (1978) �Z��/\��W�?�;#?����@�����

;#?���	�?�����
���
���;=�W	���	?>	;����
W	�@
?*$#

�#;��/�Z�W	���	?	#'��!�/�'#��#;����
�;�
#= 

Al2O3 �� � � ��� 	 � ' # � � ; � � * � � # ; / �Z � �Q # �� � �$ * �

(fractionation) 
������WZ��]#?���;���#��
�
$#���	��� 

����'#�
���
�
$#�Z������'#��#;��	
���#?�#��$*�

(partial melting)W	�����	+��(mantle)
��%$*�>*#
�Z�

�;�
#= 65-95 �
.  (20-30 Kb) @���>���	�WZ��
#���

��*
��;����>*#
�Z��;�
#= 25-35 �
. ? (7-10 Kb) 

��!�;�?��*�#��Z��(��$�#��	
����	?'���/�Z�) ���	#'


��#;������	�'#����;	�W�#��W�#
#����?*W�	���*? �$	�
��'�

��
�����Q#��	?WZ��
#�\$/�*+��  

�$	
#��*>��W	��#;�Q#������	?>	;����
@��

�;��W?#?���
���#���#?;\����
#�WZ�� +�?��?
�;	�

��*>������
��*$#�
�
$#���	�������		��>#@�
�������	?

(corundum-bearing alkali basaltic magma)������!�

��$���?���*��#��Q#��	?WZ��
#�\$/�*+�� �Z��	#''Q#���

�;	���*>����q$��� @����!��	����$
>;$#*j ���$
�;�
�

>*#
����?*W�	�����;��*��#;��/�Z�W	�>	;����

��

�%��	
+?�������	�>���#�#�(plutonic crystallization) 

	#
� Irving (1986 �� Sutherland and others, 1998) 

��$#**$#��	?����'#�	�����}������	
���#?�`����
��

@
$	��
��*(undersaturated fractionated felsic melts) 

�%$� ��� phonolite 
��;����>*#
������\� �;�	'#����

��	
���#?%���@�?�@���(syenitic melts) 
��
����$�

����Q#����
#'#����
��	?\$��%$*�����	�+��(crustal)_Z�

����	+���$*���(upper mantle) 
�����	+�? Aspen 

(1990 �� Sutherland and others, 1998) ��� Garneir 

and others (2005)   �$*� Coenraads and others (1990) 

��� Oakes and others (1996 �� Sutherland and others, 

1998) ���	*$# ��	?��/�Z�'#������	
���#?
��

����'#��;��*��#;��	
���*�#��$*���;������Q#W	�

����	+��(low degrees of partial melting of mantle) 

%���	��>#@���
��
��#;@	;���?�\�(volatile-rich alkaline 

melts)  ��$ Sutherland (1996) ���>*#
����*$# �����	


���#?%���	��>#@���
����!�����Q#����W	���	?����

�$ # ' � @�� 
 # ' # �� # ;��	
 ���*W	 ��� �
�� /$ # �

�;��*��#;��;�]#������������ ?�@	�#;

(metasomatized rocks) 
������WZ��]#?��};=�]#>%����	�

(lithosphere)  �$*� Guo  et  al., (1996a) �Q#���	;\����


������?*W�	�����#;/�
;*
W	������	
���#?>#;�-

�	��@
��(carbonetitic melts)�W�#��� silicic magmas 


��;����>*#
�Z��;�
#=%$*���#�W	�%�������	�+�� 

���*��/�Z������	?WZ��
# W=�
�� Sutherland and 

others (1998) @�����	����
���
*$#��	?%������@`;�

�$#'��$	�Q#����'#�������$*�};=�]#>%����	�
��
��;$�	


`^+��(amphibole-bearing)��!�	�>��;��	�
����	


���#?����	�'#����� magmatic plume  �Q#�;����*>��

���$

���	�
��;��*��#;��;�]#�(metamorphism) 

;�����Z� ��!���''�?����?*W�	��Q#>�q 	#
� Levinson and 

Cook (1994) ��� Barron and others (1996) ���	

*$#��	?�$	��*WZ����*?�;��*��#;��/�Z���
$
����!�/�



 

 109

'#���;�]#�(metamorphic recrystallization) W	�%������

����		��\
��#(aluminous rocks)
��_\��#��	?\$����/$�����	�


*�� (continental lithosphere) +�?�#;
����*(subduction) 

W	��/$�����	�+��   Sutherland and Coenraads (1996) 

@���Q# ���	*$# �#;��/�Z���
$	������	�
#'#��#;��;

�]#�/��;�����?�+�?�#;��������?�@	�#;W	�%������
��


�	��\
��#�\���*?�;��*��#;��;��
/����*?>*#
;�	�

(contact thermal processes) ��!�	��;\������Z��W	��#;

�Q#������	? �%$����?*��� Pisutha-Arnond and others 

(1999) 
�����	*$# �#;�Q#����W	����@`;�@
?'#����$�

��	?�#q'���;�
�>*#
����?*W�	�����;��*��#;��;�]#�

�����
/��/�#;��;�]#������������?�@	�#; ����#;

������	�W	������	
���#?���+�;(contaimination of 

gabbroic melt) �$	
# Sutthirat and others (2001) ��� 

Sutthirat (2001)  @��YZ�[#�;$�	�������	
@�;	����

(pyroxene megacryst)
��
�/�Z�>	;����
��!��;$
�
��
���� 

���;��*=��#���	��	� 	.�$	@;$ '.�;#� ������	

��*>��*$#
��
�
������@`;����;��*='���*���;#����

'��
��;� 
�����Q#����
������$#���� +�?
��
�
�$#'��$	��*

+�?��/�Z�	?\$]#?������
`^���;�\@���
��
�	��\
��#�\�

(Al-rich mafic granulite) 
��%$*�>*#
�Z� 45-65 �
. �Z��

	#'	?\$��%�������	+���$*���(upper mantle) �;�	���;��*=

%$*��$	;��*$#�����	+���$*������%�������	�+��
��
�>*#


��#(thick crust)  ��$�#;�$	��*W	����@`;��$#'�����WZ��

]#?��%�������	�+��
��;����>*#
�Z�
�������*$#W	�
��
�
  

W=�
�� Promprated and others (2003) �;��*$#/�Z��;$


�
��>	;����
W�#�����
���������������	
��;�\@���

'#����$���	?�;��*=��#��$	�*��-��#��#*� 	.W��� 

'��
��;� ������!�/�'#� incongluent melting W	����'�+	�>�� 


��;����>*#
�Z��;�
#= 50-60 �
. �$	�
���;��*��#;

��#?�]#�W	����������(protolith) @���!�����#;���
 

��;�\@���(garnet granulite)'���;�'�
�\;=� 

��������������� ��
��!	�"# 
����

�����	�
	$%������� 

����
��
�������������	
	��

��
�
��� ����	?\$���W�

>#�����?*;��*$#���#��
����$#������#�>�	�+�� �.�$	��	? 

	.�$	@;$ '.�;#�  �����	?\$������	���	�>��]\�W#@`%������	���


��+/�$�;#�<��!��?$	
����j >;	�>��
����	
���;�
#= 

2 �;.�
.  
��]#�
#�};=�*�
?#
�� *@�+�?;	�

�;��	���*?���"#�
����!�������	�?�>@
;�	����

(Triassic) �
*����+�����Q#;�	� %������	�?�>��
$

(Cenozoic)
��?��@
$�W����* ������+	��*�����	���	#?�

	$	� (*�;���Y� �����*;;= �����$�+%> 
����', 2542 

����� �%#*�Q#;�>�, 2535) �Z������'#��#;��	
���#?

���� 	 � ' #�� # ;>�#?�; ����� �W	� ���� 	� +��

(decompressional melting) 
��	#'��
���}�����#;���

W	��/$�����	�+��
������'#��#;?����*(extensional 

rifting)��%$*���#?W	�?�>��
$(late Cenozoic) (Bar 

and Macdonald, 1978 ��� Bunopas and Vella, 

1992 �� Promprated and others, 2003; Mukasa and 

others, 1996) ���*��
���!��#*#@���$#��>��
����/�*

�#
�]#�>*#
�\���Q#W	�]\
��;��
Y�������
 (paleo-

topography) +�?�#��$*�@���^�
��	?\$���
*����

+�����Q#;�	� �����%������	�?�>��
$
����!�������Q#��Q#��$#

(old terrace) �Z�����
��*	?\$�����"#�	��
	���Z�� 

(;\�
�� 1�) '#�/��#;�Q#;*']#>��#
(+�?/\��W�?�>��;�) 

��*$#%����;*����%������	������
�
��
�
���
��*	?\$ +�?
�

�
���@
��(�����������)�����	;�>	�(��
#?) ��!�

����	��;$ (;\�
�� 1W) �����(@;)
	�>Q#���
��*;$*
��*? 

���[=�
#��>
�W	�������	����;� �*=���

'����!����]\�W#@`����		��>#@�(alkali volcanic rock) 

%����#�#@��� 
������>$# olivine ��� nepheline 

normative 
��
� ����	����W�#����	�?�
#�(aphanetic 

groundmass) +�?/�Z��;$�	�(phenocrysts)W�#�����

(<2 

.)W	�+	��*�� 'Q#�*���	? (��	?�*$#;�	?����#+�?

����
��) ����;��$#�j ��$
����������	
(xenoliths)���

�	��;$������	
(xenocrysts/megacrysts) W�#�

�$#�j��� ����;�
��*@�������	>��#?���/�*��!��#� ���

������	
�$*���q$��!����	�>���#�#�;�����Z���

���$
 ultramafic _Z� mafic  ���������	

�W�#�

������$��Q#�*$# 2 �
. _Z��*$# 25 �
. ���
�;\�;$#�
� �Z�� 


�����_��<��;�?#�>
�(reaction band)����+�?;	�

��	��;$������	
@�;	�������;	����������	
  

�$*����������	
	��

��
�
 '����!������

�;��\������;�\@��� ����	�#���#�_Z��?#� 
����W�?*��



 

 110

_Z��W�?*��$�(pastal green)W	��;$@�;	���� �������*?�
��

�;$>	;����
������'�	
$*�_Z�%
�\
$*�(purplish magenta) 
�

W�#��|���? 1-3 

. �����q$����;�
#= 1 �
. ���	��
��	?

�#���	�
��;$�#;���

��_\������?��]#���!��;$
���?]\
����/

�;�	�;$���'�+	�>������;$*
��*? (;\�
�� 2�-�) �Z����	����

������	
���[=����?��@
$�>?
�;#?�#�*$#��������
����

W	��;��
Y
#�$	� 

&�������
�/&������� 
���������
���	���


�����	�	$%������� 

���%��Y��#*;;=�# (;\�
�� 3) ���������	
	��



��
�
(ruby-bearing xenolith) �$*���q$�������[=�

����	���W�#����?*(equigranular) �������	/�Z���#?

�����?
 (polygonal)  �Z������	����#��$*����� 120o 

junction grain boundaries 
��
�W�#��
���;$�;�
#= 1.5-

3 

. ��$�#��$*��������[=� granoblastic ������� ����	

����;��	���*?�;$@>�+�@�;	���� %���@�		�@��� 

(25-95%), ���'�+	�>�� (0-45%) >#��`^���

(kalyphitic) �#;���
 (0-20%) >	;����
(
��
�
) (5-

50%) �����̂���(�����+�) (0-2%) �Z���
��	'Q#����#


����$*�	�>��;��	�
#��;$ ���	��
��	?'�
�%��	�;�?�?$	?

@�� 4 %��� >�	 ���@�;	���@���(pyroxenite) ����#;���
 

@�;	���@���(garnet pyroxenite) ������'�+	�>��-��;��� 

�#;���
 @�;	���@���(plagioclase-bearing garnet pyroxenite) 

������@�;�>�#@���(pyriclasite: ��!����
��
��;$	�>��;��	�

�$*���q$��!����'�+	�>�����@�;	���� +�?
�����$*�

W	��;$@�;	����@
$��Q#�*$#;�	?�� 15, 	#Y�?>Q#��?#
'#� 

Sutthirat, 2001) ��$
*$#��	����	��

��
�

���������$*�

��q$ 
���;��	���*?���?� 2 ��*>�	@�		�@������
��
�


�
$#���� ��������
��	
	�+�?;*
���*%��	��� “���'�+	�>��-

��;��� �#;���
 @�;	���@���” �$#'���!�%��	
����
#�
����� 

/�Z��;$��	?
��+	���	
��*?�;$@�		�@�>� (;\�
�� 

3�-� ��� 4�-�)  +�?�
���;$>	;����
(
��
�
) 
��
�W�#�

����
��������!��
$�/�Z��
�\;=� (euhedral prismatic) 
��

�����#;�;�?���*W	��
���;$��!���* (;\�
�� 3>, 3| ��� 4

�-�) �#�>;�������!��
$�/�Z�	?\$]#?��/�Z�W	�@�		�

@����;�	��>#��`^��� �#;���
 (;\�
�� 3>, 3| ��� 4>-�) 

�#�>;�����*$#@�		�@���������!����W	�/�Z�>	;����


��*?�%$���� (;\�
�� 4>-�)  ����;$@�		�@����#��$*�

@��;��/��;�
�'#��<��� ;� ?#�������� ?�@	�#;

(metasomatism)  �Z� � ���� ��� ��� � ��;\ �W	�W	�

�<���;�?# 2 %���(rind texture; ;\�
�� 3' ���4') ���

'#��#;*��>;#�����*? SEM(Scaning Electron 

Microscope) �����������%���'�*$#�;$@>�+�@�;	����


����
���}������	?
�����$*� Ca-Tsechermax ��

+ > ; � � ;� # � � ;$ *$ # 
� �\ � � *$ #  Mg-Tsechermax + � ?

��;�?��
�?�(;\�
�� 4�) �Q#�;���;$���'�+	�>��
����

	?\$;$*
���@�		�@��� ��̂�������#;���
 ��$'�@
$

��*$#
�/�*��
/��+�?�;�����;$��	? (;\�
�� 3 � ��� 4

�-W) ���
�>$# An90 �;$�#;���
������	�������@��_\�

�����?��]#�@���!��;$
���?]\
���;\�W	� kalyphite 

��$?��>�;��[#+>;�;$#�/�Z����
W	��#;���
@*� (;\�
�� 3

W, 3'-| ��� 4>-�) ���'#�]#�/��#;*��>;#�����*? 

SEM (;\�
�� 4�) 
��
�>$# Mg �\� %�����*$#�;$�#;���
���


�$#'�
� pyropic composition  �$*��;$��̂��� 
����
� 2 

%��� >�	 �
������?
��^���(����Q#�#����; ;\�
�� 3�) 

���+>;
��^���(����Q#�#���
����	�/��
�W�?*; ;\�
�� 3' 

��� 4'-|) �Z��
�>$# Cr2O3 �|���?	?\$��%$*� 60-65% 

'#����[=�����	���W�#������!�W�	�$�%��*$#���

������	
	��
��	?���@���$	��*���
��#;�;���
���

]#*�]#?���	�
}���W	��;��*��#;��;�]#� 

�	�'#����>*#
��
���}��%���;$
��@��'#��#;YZ�[#Y��#

*;;=�#���Y��#�>
� �$�%��*$#�;$��	? @�		�@��� ���

(>#��`^���)�#;���
 
��
���]#*�
#��;$;��*$#���� 

W=�
���;$���'�+	�>��
�>*#
��
���}�����%�������^��� 

@�		�@��� ����#;���
 ����
��	�Q#W�	�
�'';��
��@��
#

*��>;#����
�?��>�?����/��#�*�'�?	��� ��*$#W	����

������	
	��

��
�
���  
����[=������>�?�������

������	
 garnet-rich granulite 
��
�>	;����
��!��;$


�
�� (Promprated and others, 2003) �����	��;$

������	
@�;	����
��
�>	;����
������!�/�Z�
�
�� 

(Sutthirat and others, 2001) 
����'#����$���	?

�����>�?� ������ corundum-bearing mafic rock '#� 

Horoman Peridotite Complex W	� q������ (Morishita 

and Arai (2001) ��!�	?$#�?��� �Z�� Morishita and Arai 

(2001) @�����	*$#����
`^���;�\@��������$#*����'#�     
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;\�
�� 1  �. ���[=����#���%���������	��������	? *#���*�̂�
��%������	�?����
$ �;��*=��#��
����$#�-��#�>�	�+�� 

�. �$	��	? 	. �$	@;$ '. �;#� ���[=�
��
�
 (�|���%
�\-���) ����;$����	���	? 
�������
��*��%���

�;*����%������	��������$#* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
;\�
�� 2   ���[=����������	
	��

��
�
����$#�j
�������;��*=����
��YZ�[#  �.-W.  ����	��� garnet clinopyroxenite 


��
��;$�#;���
 (Grt) ����;$*
 (;�� �;;[#�*� �	��	�`��	��*	?$#��Q#�;��_$#?]#�) >.  ����	��� clinopyroxenit 
��


��|�#��;$@�		�@��� (Cpx) ���
��
�
(Crn)  �.  ����	��� pyriclasite 
��
��;$���'�+	�>�� (Pl) 

�. 

Pl 

 Crn 
Cpx 

�. 

Cpx 

 Crn 

1 cm. 

�. Grt 

1 cm. 

�. 

Cpx 

 Crn 

1 cm. 1 cm. 

22..55  ccmm  

�. 

��	;�>	���	;�>	�  

 �
���@
���
���@
��  


��
�

��
�
  

�. 

���	����� 

���	�?�>��
$���	�?�>��
$  

���	���/� 
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;\�
�� 3  ���[=����������	
	��

��
�
'#����	�'��
;;Y��  _$#?]#�]#?��� (������#?) ��� PPL ��� (����W*#) XPL 

�. ����	���
���;��	���*?�;$@>�+�@�;	���� (Cpx) 
��
�
 (Crn) �����̂��� (Spl) ����Q#�#����   W.  ����

+��������/�Z�
��
�
 (Crn) W�#���q$ >.  ����	���
���;��	���*?�;$@>�+�@�;	���� (Cpx)  >#��`^��� �#;�

��
 (Grt) ����
$�/�Z�
��
�
 (Crn) 
��
��#;�;�?���*�������  �.  ����	���
���;��	���*?�;$@>�+�@�;	���� 

(Cpx) ���'�+	�>�� (Pl) ���
��
�
 (Crn) ����������[=� polygonal 
��%���'����#��$*�  '.  ����	���
��

�;��	���*?�;$��̂��� (Spl) ����Q#�#�	
����	� @>�+�@�;	���� (Cpx) 
��
�W	��<���;�?# (reaction rind) 

����WZ�� (�;��*=�����#?
�	W	�]#�)  ���>#��`^��� �#;���
 (Grt)  |.  ����	���
�������]#*��
���
#��;$

;��*$#��;$@>�+�@�;	���� (Cpx)  >#��`^��� �#;���
 (Grt) ���
��
�
 (Crn) 
����/�Z������[=��
$��W�


]#?��/�Z�@>�+�@�;	���� 

 Crn 

 Grt 
 Grt  Cpx 

Pl 

 Crn 

 Cpx 

 Cpx 

 Cpx 

 Cpx 

 Grt 

 Grt 

 Spl 

Cpx 

 Crn 

 Crn  Crn  Crn 

Cpx 

Cpx 

 Spl 

 Crn 

 Grt 

 Grt 

 Cpx 

�. 

�. �. 

�. 

$. %. 
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;\�
�� 4   ��;�?��
�?����[=�����	���������	
	��

��
�
]#?��������
�	�W	����	�'��
;;Y�� (�����#?) ���]#� 

SEM (���W*#) ����>*#
�W�
W��W	�}#��(�%��>�=]#�)�#;
���;�'#?��*	?\$����$���;��*=W	�����	���  [�;	�

�����;�����Q#���������;��*=
��/$#��#;�;*'*��>;#���]#?����>;��	� SEM ��� ����
#�;#�$*�?#*�
�?��
$# 0.5 



.]  ����	�#;'Q#����Q#���W	��W�W	�%����;$@���
$�?Q#WZ��  �.-W.  �����#;��	�
��]#�W	� 3 }#��  

(	��\
��#:��%
�\; �
������?
:����Q#����; ����>����?
:���W�?*) �Z���#
#;_�;$		���!� 3 �`� >�	 >	;����
 

(P1) @>�+�@�;	���� (P2) ������'�+	�>�� (P3) 		�'#����@��%���'�  >.-�.  �����#;��	�
��]#�

W	� 3 }#�� (	��\
��#:��%
�\; �
������?
:����Q#����; ����>����?
:���W�?*) �Z���#
#;_�;$		���!� 3 �`� >�	 

>	;����
 (P1) @>�+�@�;	���� (P2) ���>#��`^��� �#;���
 (P4) ��� '.-|.  �����#;��	�
��]#�W	� 2 

}#�� (�
������?
:����Q#����; ��� �����#:���
#) �Z���#
#;_�;$		���!� 3 �`� >�	 ��̂��� (P5) @>�+�@�;	���� 

(P2) ����#;���
 (P4) (����
�����Q#��!��;��*=%$	�*$#�
��@
$
�����	���) 

 P2 

 P1 

 P1 

 

 P4 

 P5 

 P4  P2 

 P4 

 P2 

 P1 

 P1 

 P3 

 Grt 

 Grt 

 Cpx 

 Crn  Cpx 

 Spl 

 Cpx  Grt 

 Grt 

 Crn 

 Cpx 

 Pl 

�. 

�. �. 

�. 

$. %. 

 0.5 mm. 
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�#;��;�]#�W	����������(protolith)
���;��	�@���*?�;$

+	��*�� ���'�+	�>�� ���@>�+�@�;	����(�Z��
�	�>� 

�;��	�
#��;$�
�?��>�?�@�����������	����;�	���+�;) 

]#?���%$*�>*#
���;��*$#� 1.5-1.8 GPa ����;$>	;����


������$	��*WZ����*?�<���;�?#: plagioclase + spinel = 2 
corundum + diopside �Z��
�>*#
�	�>��	���������/��#;

>Q#�*= P-T constraint W	� Promprated and others 

(2003) ��� Sutthirat and others (2001) �
��	�Q#
#�
�?�

������[=�����	���������$
�;$
���������������	
	��



��
�
W	�@
?��*$#
�>*#
�	>��	����%$����  �	�'#���� ��� 

Morishita and others (2004) @��
Q#�#;
��	������*$#

��	?�#
#;_	?\$���
���]#*�;$*
��������	;�+�@
��

]#?���]#��*���	
W	�%�������	+���$*���@�� �Z��@���


�Y
#����?*���/��#;
��	�W	� Hong-sen and others 

(2002) ���W	� Kornprobst and others (1990 �� 

Morishita and others, 2004) ����	�;��������[=����

%���W	����������	
'Q#�*���	;�+�@
��
���#WZ��
#+�?

�
�
$#���	������;��*=
�������������	
	��
��	?��*?

�%$���� 

���������W������	#'��$#*@��*$#��	?
��
�
@
? 

+�?�|�#�'#����$���	?]#>��*��		��$#'�_�	�Q#����WZ��

'#����������
��
�	�>��;��	��>
��
�?��>�?�@��������	��>#@� 

���	����Z��	#'_\��Q#���Z��\$;�����Z��;�
#= 50-60 �
. 

���;��*=%$*��$	;��*$#�%�������	+���$*����������	�+��

�$*��$#�(�
�?��
$#>*#
��� 1.5-1.8 GPa)���
�%$*�

	�=�]\
� 1,100-1,200 oC +�?�#;
����*W	�����	�+��


Q#�����������#;��;�]#���!������;�\@��� ����;$��	?

@���$	��*WZ����*?�<���;�?#:  

plagioclase + spinel = 2 corundum + diopside 
�$	�
��'������;#�<�#;=�
��
Q#���%�������	+����;�����Z�>�#?

>*#
������� �Z��	#'��!�/�'#������#;=� extensional 

rifting ��%$*���#??�> Cenozoic �$/��������	+�������#;

��	
���#?�#��$*���!��
�
$#���	�������		��>#@�
����
�

/$#�%������	��
��	?
���$	��*	?\$��;����
�������*$#�;�	
���	


�	#��	?����������	+���#��$*�WZ��
#�\$/�*+���W����*��!�

������	����Q#��	?���/���#?������$���	?
���?]\
���

]#?���� ���'�����@��*$#;\�����#;�Q#������	?
��
�
��� 
�

>*#
����$#�@�'#�;\�����#;�Q#������	?���@`;� 
��*@�


��
��#;�Q#���	@*� (+�;��\����	�#����*W�	��*>���#;

�Q#������	?>	;����
�;��	�) 

	?$#�@;���#
;\�����#;�Q#����W	�
��
�
@
?


���Q#���	��>;�������%�/��#;YZ�[#��#�Y��#*;;=�#

�;��	����/�
#�Y��#�>
��#��$*���!���=��������

�#;	��
#��
�?��>�?� 'Z�'Q#��!�	?$#�?�����	�	#Y�?W�	
\�

/��#;YZ�[#�%���Z�
#��������?��?����]#?���� 

��'�$�  

���������	
	��

��
�

���� '����!����

��;��;��\����;��\������;�\@��� 
��
�	�>��;��	�


#��;$>#�����?*;��*$#����@�;	���@��� ������@�;�

>�#@��� ���_�	��!�����"#�
�����\'��?��?��*$#/�������

�	���
��?������	�;#�<	?\$�;��*=��#� �
����$#�-��#�

>�	�+�� �.�$	��	? 	.�$	@;$ '.�;#� ���$������	?


��
�
 W=����?*������$�%��*$#������	���%������	?���

@
$@����!��������Q#����
���
�';��W	���	? �Z����%���������

�;��*$#��	?
��
�
 ������@`;�@
?
�;\�����#;

�Q#����
������$#���� +�?��	?
��
�
'#����$��;��*= 

	.�$	@;$ '.�;#� �$#'��$	��*WZ��'#��<���;�?#:   

�������	
��+��
	�� = 2
�������(������+��������� 
]#?���%$*�	�=�]\
� ~1,100-1,200 oC �����%$*�

>*#
��� ~15-18 Kb �
�?��
$#;����>*#
�Z��;�
#= 

50-60 �
. ���;��*=�W�;	?�$	W	�%�������	+��

�$*������%�������	�+���$*��$#� ���]#?����@��_\��Q#

WZ��
#�\$/�*+��+�?�#;��
�W	��������(�
�
$#)��

�	���
����!�/�'#��#;��	
���#?�#��$*�W	��������	

+��
��;�����Z��*$#  

����	��$�  

/\��W�?�W	W	�>�= >�=;�� �;;[#�*�
�����

W�	
\�����?*����#;�����������	
	��
��	? 	����!�

'���;��
���W	��#�*�'�?%������ >�=��q
� 
=�;���� ���

>;	�>;�* ;*
_Z�>�=������� *���
}#];=� 
��	Q#�*?

>*#
���*����#;����W�	
\���#
��������*	?$#� 

������W�	
\�����?*������$���	?����#;
Q#��
�	�

��	?������
����!�	?$#���  W	W	�>�=]#>*�%#};=�*�
?# 

>=�*�
?#Y#��;� '��#���;=�
�#*�
?#��? �Q#�;��



 

 115

>*#
	���>;#������#;�%��>;��	�
�	*��>;#��� EPMA ���

�;�[�
 Rushmore Precision 'Q#��� 
�� �	��	�`��	���?�
�%��#�

���	�_$#?;\���'��	��Q#�;��������	�'��
;;Y�� ���>Q#

W	W	�>�=�Q#�;��>�=�|��
*�Y� 	��>��
���}����>�=��[=� 

?���?*� 
��%$*?��;�?
��*	?$#����'��
Q#����#�W��
�� >�=

�#��' �#;���+%��*�
?# �Q#�;��>*#
%$*?����	���#���#


����#�'��#_�	���j ���>�=���?# ��

#��? ���#;

�;*'
#�����;����$�;\�����
>*#
 

�#�*�'�?���	?\$]#?����/����;�
#= �{ 2547 ��� 

2548 W	��;

;��?#�;};=� ����$*���Z��@��;��
��

��������'#� �Q#����#��	�
�����������#;*�'�? (��*.) 

�Z��/\��W�?�W	W	��;�>�=
# = 
�������*? 

�	�'��	%��	�� 

�� �%#*��Q#;�>�, 2535, ;#?�#�/��#;�Q#;*'�#>*#
�$	����	�
#�

};=�*�
?#����
��]#>��*��		� 
#�;#�$*� 1:250,000: ;#?�#�

�#;�Q#;*'};=�*�
?# , �	�};=�*�
?#, �;

;��?#�;};=�, |���


�� 0187, 39 ���#. 

*�;���[� �����*;;= �����$�+%> 
����', 2542, �Q#;*'};=�*�
?# 


#�;#�$*� 1: 250,000  '���*���;#�: ;#?�#� �#;�Q#;*'

};=�*�
?#, �	�};=�*�
?#, �;

;��?#�;};=�. 

Barron L.M., Lishmund, S.R., Oakes, G.M., Barron B.J., and 
Sutherland, F.L., 1996, Subduction Model for the Origin of 
some Diamonds in the Paleozoic of Eastern New SouthWales: 
Aus. Jour. Earth Sci., Vol.43, p.257-267. 

Bunopas, S., and Vella, P., 1992, Geotectonic and geologic 
Evolution of Thailand in Proceedings of National Conference 
on the Geological Resources of Thailand: Potential for Future 
Development. Bangkok, Thailand, p.209-228. 

Coenraads, R. R., Sutherland, F. L., and Kinney, P. D., 1990, 
The Origin of Sapphires: U-Pb Dating of Zircon inclusions 
Sheds New Light: Min. Mag., Vol.54, p.113-122. 

Coenraads, R.R., Vichit, P., and Sutherland, F.L., 1995, An  
unusual Sapphire-zircon-magnetite Xenoliths from the Chanthaburi 
Gem Province, Thailand: Min. Mag., Vol.59, p.465-479. 

Garneir, V., Ohnensteter, D., Giuliani, G., Fallick, A.E., Trong, 
T. P., Quang, V., H., Van, L., P., and Schwarz, D., 2005, 
Basalt Petrology, Zircon Ages and Sapphire genesis from 
Dak Nong, Southern Veitnam: Min. Mag., Vol.69(1), p.21-38.  

Guo, J.F., O’Reilly, S.Y., Griffin, W.L., 1996a, Corundum 
from Basaltic Terrains: A Mineral Inclusion Approach to the 
Enigma: Contrib. Mineral. Petrol., Vol.122, p.368-386. 

Hong-sen, X., Wei-go, Z.,Wei, H., Wen-ge, Z., Jie, G., and 
Ji-an, Xu, Discovery of Corundum in Alkali Basalt at High 
Temperature and High Pressure: J. Phy.:Condens. Matter, 
Vol.14, p.11,365-11,368.  

Irving A.J., 1986, Polybaric Magma Mixing in Alkali 
Basalts and Kimberites: Evidence from Corundum, 
Zircon, Illmenite Megacrysts. 4th Int. Kimberlite Conf. 
Perth: Geol. Soc. Aust. Abstr. Ser., Vol.16, p.262-
264. 

Levinson A.A,, Cook, F.A., 1994, Gem Corundum in Alkali 
Basalt: Origin and Occurrence: Gem. Gemol., Vol.30, 
p.253-262. 

Limtrakul, P., Zaw, K., Ryyan, C.G., and Mernagh, T.P., 
2001, Formation of the Denchai Sapphires, Northern 
Thailand: Evidence from Mineral Chemistry and 
Fluid/Melt Inclusion characteristics: Min. Mag., 
Vol.65, p.725-735. 

Morishita, T. & Arai, S., 2001, Petrogenesis of Corundum-
bearing Mafic Rock in the Horoman Peridotite Complex, 
Japan: Jour. Petrol., Vol.42, p.1279-1299. 

Morishita, T., Arai, S., and Green, D. H., 2004, Possible 
Non-melted Remnants of Subducted Lithosphere: 
Experimental and Geochemical Evidence from Corundum 
-bearing Mafic Rocks in the Horoman Peridotite Complex, 
Japan: Jour. Petrol., Vol.45, p.235-252. 

Pisutha-Arnord, V., Wathanakul, P., Intasopa, S., and Griffin, 
W.L., 1998, Corsilzirspite, a Corundum-silimanite-
zircon-hercynite Rock: New Evidence on the Origin of 
Kanchanaburi Sappire, Thailand: Proceedings of the 9th 
Regional Congress on Geology, Mineral and Energy 
Resources of Southeast Asia (GEOSEA 98), Kuala 
Lumpur, Malaysia, p.117(abstract). 

Promprated, P., Taylor, L.A., and Neal, C.R., 2003, 
Petrochemistry of Mafic Granulite Xenoliths from the 
Chantaburi Basaltic Field: Implications for the Nature of 
the Lower Crust beneath Thailand: Inter. Geol. Rev., 
Vol.45, p.383-406. 

Sutherland, F.L., and Coenraads, R.R., 1996, An Unusual  
Ruby-sapphire-sappharine-spinel Assemblage from the 
Berington Volcanic Province, New South Wales, Australia: 
Min. Mag., Vol.60, p.623-638. 

Sutherland, F.L., Hoskin, P.W.O., Fanning, C.M., Coenraads, 
R.R., 1998, Model of Corundum Origin from Alkali 
Basaltic Terrains: A Reappraisal: Contrib. Mineral. Petrol., 
Vol.133, p.356-372. 

Sutthirat, C., Saminpanya, S., Droop, G.T.R., Henderson, 
C.M.B., and Manning, D.A.C., 2001, Clinopyroxene-
Corundum Assemblages from Alkali Basalt and 
Alluvium, Eastern Thailand: Constraints on the Origin of 
Thai Rubies: Min. Mag., Vol.65(2), p.277-295.  

Sutthirat, C., 2001, Petrogenesis of Mantle and Crustal 
Xenoliths and Xenocrysts in Basaltic Rocks Associated 
with Corundum Deposits in Thailand: Ph.D. thesis 
(unpublished), Department of Earth Sciences, Faculty 
of Science and Engineering, University of Manchester, 
England, 445p. 

Vichit, P., Vudhichativanich, S., and Hansawek, R., 1978, 
The Distribution and some Characteristics of 
Corundum-bearing Basalts in Thailand: Jour. Geol. 
Soc. Thailand, Vol.3, p.M4-1-M4-38. 

 







The 2nd International Gem & Jewelry Conference (GIT 2008) 
December 11-14, 2008, Bangkok and Kanchanaburi, Thailand

Genetic Constraints of Siamese Ruby: Evidence from 
Ruby-bearing Xenoliths and a New 40Ar/39Ar Age of the 

Host Basalt from the Eastern Gem Field, Thailand 
Tawatchai Chualaowanich1, Chakkaphan Sutthirat2, Visut Pisutha-Arnond2,

Christoph Hauzenberger3, and Punya Charusiri2

1 Dept. of Mineral Resources, Rama VI Rd., Ratchathewi, Bangkok, Thailand.
2 Dept. of Geology, Faculty of Science,Chulalongkorn University, Phayathai, Bangkok, Thailand  
3 Dept. of Earth Sciences, Karlz-Fan University of Graz, Graz, Austria 

Extended Abstract
Corundum-bearing xenoliths are very crucial for solving the enigmatic origin 

of the basalt-related corundum, but they are rarely obtainable for detail 
investigation until recently. This article is aim to report on investigation results 
based upon field relationship evidences, petrographic study and multi-element 
SEM scanning done on corundum(ruby)-bearing xenoliths collected from the 
eastern gem field of Thailand in the vicinity of Amphoe Bo Rai, Trat province 
(Figure 1). These xenoliths were found enclosed within a fresh alkali basaltic flow, 
chemically classified as “foidite-basanite” with olivine and nepheline normative. 
Additionally, a new 40Ar/39Ar age of the host basalt is provided to constrain the 
time of eruption. As a suit these ruby-bearing xenoliths are classified as a 
“corundum-bearing clinopyroxenite.” They exhibit granoblastic polygonal textures 
and contain an assemblage of emerald-green clinopyroxene (25-95%), plagioclase 
(0-45%), kalyphitite after garnet (0-20%), purplish pink-magenta-red corundum (5-
50%), and spinel (0-2%). The corundum is in equilibrium, both texturally and 
chemically, with the clinopyroxenes and the kalyphited garnets and some 
corundum grains are enclosed entirely within those minerals (Figure 2A-B). 
However, the plagioclases are never been observed in direct contact with the ruby. 
According to SEM images (Figure 2C-F), the clinopyroxenes display high portion 
of Ca-Tschermark. All garnets are wholly converted to kalyphite, but still retain 
high Mg content suggesting pyropic origin. The plagioclases contain high An-
content. By compilation with previous related studies, the formation of these 
xenoliths is likely constrained to a high P-T metamorphic process (i.e. Kornprobst 
et al., 1990; Morishita and Arai, 2001) within the upper mantle-lower crust 
transitional zone (Sutthirat, 2001), within a possible P-T range of 15-18 kb and 
1,100-1,200oC (Promprated et al., 2003), and the rubies likely crystallized under 
subsolidus condition by two prograde reactions;

     (1) Plagioclase + Spinel = 2Corundum + Diopsidic pyroxene and
     (2) 3Plagioclase + 3Spinel = 4Corundum + Pyrope + Grossular 

These ruby-bearing clinopyroxinites could possibly be transformed from an alkali 
basaltic/gabbroic protolith that was brought down by subduction (Morishita et al., 
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2004) during the Shan-Thai-Indochina plate collision event.
Significantly, this finding confirms that the formation of Thai ruby was already 

pre-existed prior to be involved with the host basaltic magmas, but not directly 
crystallized from the hosts as previously proposed (i.e. Barr and Macdonald, 1977; 
Vichit et al., 1978). These xenoliths yield an additional genetic constraint ensuring 
that the formation of the ruby is actually different from that of the sapphire found 
elsewhere (i.e. Coenraads, et al., 1990&1995; Pisutha-Arnond et al., 1998&1999; 
Limtrakun et al., 2001; Sutthirat, 2001; Promprated et al, 2003; Sutherland et al, 
2003). The new 40Ar/39Ar age, 1.33+0.09Ma, together with the other existing 
radiogenic ages of nearby ruby-bearing basalt patches (Barr and Macdonald, 1977; 
Sutthirat et al, 1994; Chualaowanich et al, 2008) all point out that the eruption 
episode of these magmas was confined to Cenozoic, but periodically occurred at 
least 3 times during Pleistocene. Nonetheless, more detail investigation on mineral 
chemistry is needed to be undertaken to better quantify the genesis of the ruby.

Keywords: Siamese ruby, corundum-bearing xenolith, alkali basalt, 40Ar/39Ar Age, 
Cenozoic.

Figure 1 Distribution of gem-related alkali basalt in the eastern gem field of 
Thailand (modified from Vichit et al., 1992) with radiometric ages and 
geology in vicinity of the study site (in the upper right corner; from 
Chualaowanich, 2004). 
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Figure 2 Photomicrographs taken under reflected light showing rock textures of the 
ruby-bearing xenoliths (A-B) are compared to a suite of multi-element 
SEM images (C-F) of 4 selected elements; i.e. alumina (Al, in pink), 
magnesium (Mg, in blue), calcium (Ca, in green) and silicon (Si, in grey).  
Blue dashed frames represent the scanned areas. E and D represent Al-Mg-
Ca color combination. The scale bars are 500 microns. 
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Extended Abstract 
The present study carried out geochemical analyses and 40Ar/39Ar incremental 

heating experiments on 2 groups of whole-rock specimens taken from 5 discrete 
patches of Cenozoic basalts in Thailand (Figure 1), in order to define their eruption 
ages and to compare with the available radiogenic ages of basaltic bodies distributed 
nearby. The first group specimens (TrNb01, TrBr07, and CbKl01) were collected 
from the Chanthaburi-Trat gem (corundum) field of the east. They unconformably 
overlie Triassic clastic strata of Pong Nam Ron Formation (Chualaowanich, 2004). 
Whereas, the second group specimens were collected from the northeast provinces, 
which are Burirum (BrMu04) and Ubol Ratchthani (UbNy05). In the field, the 
basaltic bodies of second groups are underlain by Cretaceous red-bed formations of 
Khorat Group, namely Maha Sarakham and Khok Khruat Formation, respectively 
(Department of Mineral Resources, 1987). Geochemically, basalts of the first group 
are all plotted within “basanite” field and those of the second group are defined as 
“trachybasalt” (Figure 2a). All the samples exhibit chemical composition of high 
alkalic series, falling in the field of alkali basalt toward the foidite bound (Figure 2b). 
Trace-element discrimination plots (Figure 3a-c) also suggest that all the samples are 
of a within-plate alkali affinity, generated under a rifting environment. The chemical 
compositions of all samples are shown in Table 1. 

Geochronologically, all the samples, along with LP-6 biotite standards, were 
irradiated at the VT-C position of Tsing-Hua Open-Pool Reactor (THOR), for 30hrs. 
The irradiated samples were later heated stepwisely using a double vacuum Ta 
furnace, and the gas was analyzed VG1200 mass spectrometer at the Department of 
Geosciences, National Taiwan University. Detailed analysis procedure was outlined 
by Lo et al. (2002). The experiments yield well defined plateaus for most samples, 
except TrBr07. The plateau ages are 0.69+0.01, 1.60+0.05 and 1.94+0.02Ma for the 
specimens from the east and 0.43+0.02 and 3.28+0.03 Ma for those from the 
northeast. These ages are generally concordant with their respective total-fusion ages 
(Figure 4).

These new Ar ages are generally consistent with the published K-Ar and 
fission track ages obtained from nearby basaltic bodies, but all of the new ages appear 
to be younger and better confined. The discrepancy of ages observed among the 
specimens from different basalt patches implies that there were periodically eruption 
events, but not voluminous at the time, during the Neogene Period.  The age data 
suggest the eruption began as early as Late Pliocene, starting in the eastern-most of 
the NE region. It is also suggested that the Chanthaburi-Trat gem field was formed by 
the eruptions of multiple corundum-bearing basalts during Pleistocene Times. In 



addition, the age obtained from BrMu04 (0.43+0.02Ma) is the youngest one that has 
ever been reported in Thailand, compared to Mae Tha basalt (0.59+0.05Ma in
Sutthirat et al., 1995) exposed in Lampang province of the north and Tha Mai basalt 
(0.44+0.11Ma in Carbonnel et al., 1972) cropped out in the western part of 
Chanthaburi. These Cenozoic eruptions are thought to be consequences of 
Neotectonic activities (Bunopas and Vella, 1992 and Charusiri et al., 2002).  

Key words: 40Ar/39Ar ages, Alkali basalt, Corundum-bearing, Cenozoic, Thailand 

Table 1 Major (wt%), selected trace 
element and REE compositions 
for the samples. 

Figure 1 Map showing available Ar-Ar ages of 
basaltic bodies distributed in Thailand 
and sample locations collected for this  
investigation (modified after Sutthirat 
et al., 2005). 

Sample CbKl01 TrNb01 TrBr07 BrMu04 UbNy05
SiO2 44.60 41.50 41.80 49.20 46.90
TiO2 2.86 3.41 3.15 3.07 2.03
Al2O3 12.90 12.20 12.60 14.00 14.30
Fe2O3

t 13.70 15.20 12.60 11.50 12.40
MnO 0.22 0.21 0.17 0.14 0.16
MgO 8.57 8.24 9.41 6.95 7.98
CaO 9.36 10.30 9.93 7.49 7.97
Na2O 3.11 4.24 3.82 3.52 3.65
K2O 1.99 2.60 0.81 1.99 1.95
P2O5 0.89 1.28 1.28 0.59 0.57
Cr2O3 0.03 0.00 0.02 0.03 0.03
LOI 2.66 1.50 5.32 2.03 1.57
Total 100.89 100.68 100.91 100.51 99.51

Zr 284.00 334.00 238.00 212.00 160.00
Nb 76.00 104.00 81.00 55.00 46.00
La 48.20 72.20 56.40 20.70 26.70
Ce 90.40 136.00 103.00 43.10 50.70
Pr 10.30 15.30 11.70 5.87 6.01
Nd 41.90 60.80 45.80 27.40 24.30
Sm 8.50 11.80 9.10 7.20 5.70
Eu 3.00 3.87 3.08 2.59 1.96
Gd 9.01 11.70 9.05 6.86 6.25
Tb 1.23 1.50 1.30 0.90 0.81
Dy 6.06 7.20 5.72 4.77 4.46
Ho 1.03 1.21 0.97 0.74 0.76
Er 2.90 2.74 2.40 1.97 2.06
Tm 0.34 0.31 0.28 0.22 0.24
Yb 2.00 1.80 1.60 1.30 1.50
Lu 0.35 0.39 0.18 0.16 0.23
Y 27.90 30.60 24.50 20.00 20.50
Ta 4.90 6.20 4.40 3.70 3.60
Th 8.30 10.50 9.60 3.00 3.90



Figure 2 (a) The chemical classification and nomenclature of the basaltic specimens 
using the TAS diagram of Le Maitre et al. (1986) with line separating fields 
of alkaline and subalkaline magma series of Irvine and Baragar (1971); (b) 
the revised Nb/Y-Zr/Ti discrimination plot (after Winchester and Floyd, 
1977 and Pearce, 1996). 

Figure 3 Discrimination diagrams for basalts based upon (a) Nb/Y-Ti/Y variation from 
Pearce (1982); (b) Zr/117-Th-Nb/16 variation from Wood (1980); and (c) 
Y/15-La/10-Nb/8 variation from Cabanis and Lacolle (1989). 
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Figure 5 (a) Map showing available radiogenic ages of the basaltic bodies distributed 
nearby, of which (I) are Ar-Ar ages from Sutthirat et al. (1994); (II) 
represent K-Ar ages from Bar and Mcdonald (1981) and (III) is a fission-
track age from Carbonnel et al. (1972). (b)-(f) Diagrams showing 40Ar/39Ar
age spectra for samples (In-age = total fusion age and Is-age = reversed 
isochron age). 
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