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(����������	
����, ����, �� 710069)�

���������������	
�, �������������������

�� !"#$%&'(�)�, *+,(���-./Grt+Per(012) + Tit(012)

+ Ky + Zoi + Qz/Coe ±Cpx, 3��4Ap�Ru, *5678��9:;�<=>�'?

@01�, AB'8�012(Tit)'CD�EFGH' Si�, IHD�J5 Si KLM

1.032 ~ 1.047NO, P� CaSi2O5-D4 3.1%~4.6%. �QRS���TU�VWXY

;�Z[A, \+,(�]^4 3.7~4.3 GPa �_ 1000`, a.����bc'd Al-

8�,efgRh��� !idj(�. ����kl
�, h���' SiO2 �m

>70%, Al2O3�m4 12.58 ~ 14.08%, K2O�mnd(>5%), Na2O/ K2OoKLM 0.4~0.6

NO, pqGDr LREEstu, (La/Yb)NoKLM 4.3 ~ 9.1NO, v9w
'x Euy

z(δEu=0.06~0.59), *{�|}45~�����'��. f�, ���*r��@�

O�@�0'���������������5�Y����� !idj(�'

�	C�, efgR��idj��'�C/������Q'��, ������

��idj���C� ¡'¢£�¤¥¦§!�¨'_©.

��� ��� ��	
��  Si-�� ���	 �����

�������-���	
������	���
��������[1,2]����

�[1~8], ��� !"�#$%&'()��-������*+,�'-./01��-��

�23, (45678��-�����9,��!:, ;<=>?9@ABC�'-DE

�F�GHIJK!LM. NOPQRS178����	���
����*+,�-T�

	��UV3WX�/0���23���Y�Z[Y\].

1 ����

�����-���	
�^_`abcdE����e-fghijk�l�mnop

(q 1), rstuvwxyz-{�|}l~�������fg��Zrm������}

l, �r~�� 200 ���, h?����p��-���23�l. wxyz-{�|}l	


����23����(475~504 Ma)[4~7].

���������	���
���[2], 9T�	�����WX��NOL$��

�T�	��UV3WX� , ��cdE����p��-���23�l���x yz

2003-03-15��, 2003-06-12����

* ����	
�����(��: G1999075508)�������	�(���: 49972063,140032010)������

� 	�(��:40133020)!"�#$%�&'()*+�,-./012��345(67)89:;	�<=>?

@A



B � 12 � � ��: ���	
������������� 1185

� 1 ��������	
�(��[3]��)
1. CDE; 2. FGDE(HI�J); 3. "-KGDE; 4. DLE; 5. "-MLE; 6. NO&; 7. P	Q&; 8. RSTU; 9. TU;

10. VWTU; 11. XY&Z#; 12. 'X'[\&!]'X^'NO$_`&Z#. TRBabcde#; QLafgh; QDB

aijde#. kabcd#l; maijd#l; naHI�*ho; n1aHpq$#l; n2arst-uvwxy&o;

n3az{|-�}h#l; n4aH~-��)*xy&o

¡¢£¤��Z}l. d¥��	��
���¦�	��
��(§¨©l)9T�	�U

V3WX�(ª¨©l)�T�	�����WX�(�«¨©l)^¬b¦®b¯c(q

2(a)); })°�ª¨UV3WX�9�«¨���WX�h?©lbhi, ©l�±²³

2´Eµ¶�·�¸�·¹®(q 2(b)), =�ª¨©l9�«¨©l�Z[�º»¼½¾¬¿

À; ÁnÂ�«¨���WX�^_`abÃÄEª¨UV3WX�¹�(q 2(c)~(d)), _`

aÅºÆÇ2>; T�	��UV3WX�È�Qhi2>IJÉiÊË, Ì2>l�ÍÂ

ÎÏÐ2ÑÒ(q 2(d)). ()ÓÔËÕ, 78T�	���Ö���×Ø�Ù��/01¾�

¦¾Ú�2>23. ��, Û�}sh?}ÜÝÞØ�ßà�_`a(�má� 800 m, �r~

Æ� 2500 m), ¯âã5�'äåæ����ç�WX�¹�[9], è_`a�Æé97êWX

½�ë~�N}ì[2]. 7êWX½�ë~� 290°~330°, 9����pí�î(NEE)ë~^ï

Ï!:. ���ç�WX�íMðT	Æ�3WX�ÇT	ïÆñòWX�ÇT	óôïÆW

X�Ç�ôõW�ö÷?, øùúû����-���23�¼�.

2 �����

��^«ü¨ , ÷?Z[ÊË�·� 2 Üýþ . �ý�bZ[íM��	��(5% ~

20%)Ç©�Æ�(10% ~ 15%)��lb��(10% ~ 20%)�����(±3%)Çñò�(±3%)Ç±

ï
�(<3%)��	�(<2%)¦óôõ(±5%)�
��(<1%); �ý�3Z[íM���ÇÆ

�Ç�ïÆ�Çóôõ�ñò�ö, �Z[���Ç���Ç�«�Ç��Z����ö. �

���ý�bZ[�ÍÅ���23Z[¦Å�ý�3Z[·���, ��	��ÍÅ��

�23�ýóôõ¦ïÆ�Ã�, �	�ÅïÆ���, �ý©�Æ�Å�ýïÆ�+��Ã

�ö. �ý�	��ÍÂ©�Æ�¦ð©�Æ�+�	��(q 3(a))¦�ð�	���Þa(q

3(b))÷?�ÃÄa �!"#bî�, (}ÓÔ9����	����$%&b'_Æ�+�
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� 2 �������	
���������

(a)���������	(
�)��������	+������	(��)�����������	(���)���

������ ; (b) ���������	(
�!")�����������	(���!")����� ; (c)~(d)��

��������	�#$%�(���)&'(
������	)�, (d)*+,-.
����������	/01

2345

�Ãa�(��)*+�¾Ú[10~12]; })�ý�	��,ÍÂ��Ç���Ç
��Ç�«

�¦�	�Z[Ãa, �µ-.Â�	��9�	�Ç��Ç
��Ç�«�¦±ï
��/

(q 3(c)). �3��ñò��·�E�	��¦±ï
��0,, Ë1'=�23�¯[.

����«�23c45b67�(q 3(d)). �ý��89Ü:~ÂðïÆ�+ñò�÷

?�5bc4[(q 3(e)~(f)), ��0,�ð��Z�;�Z÷?�<=o(q 3(e)), c4Z[

�>?'�@A�;B·C\D�. �«�c467���*EFÂâGHrnWX�7[13]Ç

à?I[14]�Jy¤KLKokchetav massif[15]ö°������, MðâNODP��YQRø

ùúÖÙSc(Tc4=c4ùU4=�V�©W. ��c4ñò� 9±ï
�c4X

Æ�}s¯cYZRSâ Bohemian massif �[\]^à½�[16]. ��, ��c4(��Ââ

Kokchetav massif ���Ö_:`�à½��[17], (}��Ö�aÊè��bcdE>6 GPa

��e©W, ft\D=gh@Aiì��c4'E(���cd©Wj�/�(k>2.8 GPa

����©W).

�lÓÔaÊ, ���T�	��UV3WX�/01Ýk�m�23n´, Z�23Z

[÷Þ�Ù' Grt + Per(c4ù)+ Tit(c4ù)+ Ky + Zoi + Qz/Coe ± Cpx, �Z[� Ap� Ru.�
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� 3 �����������

(a) �����/!78���9&'%:;<=>7, ?@A; (b) �����/BC�9DE%, FG@A; (c) ���

��HC�IJ�IKL�IM���?N��OP, ?@A; (d) M�� QR�ST�, ?@A; (e) J�/UVWXY

Z[ QN8��-\�, J�]^_`(F,Z�+a-).bcde�fdegh/ijk, ?@A; (f) (e)*lV=m

/no>p�q. Grtr����, Cpxr?N��, TitrJ�, Perr!78�, PlrN8�, Ampr-\�, AprM��,

MonrST�, ZorKL�, ilrcde, Magrfde, KyrHC�, Qzr�9

3 ����

���í����äopdErmàYà�qeYDPrs?. ·CtuaÊ, 78U

V3WX�v�ß�� SiO2 T�(>70%, wâ 71.9% ~ 76.6%¹®), Al2O3 T�� 12.58% ~
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14.08%, ��� K2OT�x�(>5%), Na2O/K2Oyzwâ 0.4 ~ 0.6¹®, {|, }�=ã��

Ù9�F���!. E SiO2-TiO223ã�}?q`�(q 4(a)), -.~E23�?�923�

���@�7, E=�ã�}?q`�(q�).v�¾��ÓÔ. �����T�ß�, REE

��wâ 139~385 µg/g ¹®, E�ý����´� REE �·q`�, ��^ LREE ��Ø,

(La/Yb)Nyzwâ 4.3~9.1¹®, v�ÊË�� Eu�Í(q 4(b)), δEuzwâ 0.06 ~ 0.59¹®.

�a��, è����ã��Ù��Ç�°FL��¯[.

� 4 �������	�
���(a)�������� REE���(b)

4 ����

78���Z[?·íM'Jm�àY JXA-8100ØA�;B�·C�, �I©W���

A� 15 kV, AÐ 20 nA, ��*��Í� 3 µm, 4c4Z[��*��J 1 µm; n·Z[?

·'J���Y�°39°�[½U CAMBX -SX51ØA�;B�·Cs?�, �I©W: �

�A� 15 kV, AÐ 20 nA, ��*� 3 µm; 67��pd'��àY JEOL-JXA8800MØA

�;B�s?�, �I©W: ��A� 15 kV, ��AÐ 20 nA, ��*� 1 µm. UJ�- �

¡��¢�-ÁZ[�-. =�íM�a�Z[�?·£âa 1, Û��ÓÔ·?�j: (¤)

�	��. �	���?·�Ncd, MgOT�� 6.27% ~ 7.33%, CaO� 8.25% ~ 9.71%, ¥¦

÷·��§	�(Alm)�í, ¨�©·µ� 48% ~ 52%, ª§	�(Prp)÷·9[§	�(Grs)÷

·¸«¾ö, ¨�©·µ·?� 24% ~ 28%� 23% ~ 27%. ?·�l·CËÕ, �ý�	��

¬n�[§	�÷·(27%)Y�. () ��. ÃÄE�	���ÖTc4[���� Al2O3 =

10.58% ~ 10.77%, F = 3.21% ~ 4.00%, XAl = 0.39 ~ 0.41, XF = 0.39 ~ 0.48, �� Al, � F��[18];

fv�c4[���(Ttn2)�Al2O3 = 4.70% ~ 5.71%, F = 1.55% ~ 1.90%, XAl = 0.19 ~ 0.23, XF =

0.33 ~ 0.39. ()���� Ti9(Al+Fe3+) ^�¾!, f F9(Al+Fe3+) ^®¾!, aÊDE

Al+F = Ti+O ¯Þ°�!:[19~21]. ù}×� Al ���?·9à?I-±²[21~23]ÇWestern

Norway[18]� Tauern Window[18]ö°���	
�¦à½���� Al ��¾Ú, ³}×��

�?·9à?���®WX�����¾Ú[12]. =Q, 78� Al��T��� MgO(0.15% ~

0.28%), E´�RS��§���, µ���¦�����¶¦�¦�TMgO[18~23]. ·0, 4

âv�c4[��ý��, NOE BES q¸�A�;B·C��¹�, º»Z[c4cdß

¼�Ö�7ê,  J Photoshop½¾�¿À=c4�ïÆ�Çñò��c4³���(Tit)�

Á�yÂ ,  z]()Z[�´Y?·ÀÃÄÅ�Z[¥¦÷· , Æ JZ[¥¦÷·�
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� 1 �������	
�������������(�����)a)

Tit Tit Tit Tit Tit �������

�	

Grt Grt Grt Cpx Cpx

���� ���
Ky Zo Bi Bi

Amp
Sph��

Amp
���

Pl
Sph��

Pl��

� Kf Ab

SiO2 39.77 39.09 39.05 50.55 50.06 31.73 31.67 31.96 30.20 30.24 37.02 38.74 34.27 37.51 43.34 41.32 56.18 57.98 63.72 66.53

TiO2 0.14 0.07 0.08 0.33 0.46 24.21 23.06 23.38 30.83 29.80 0.00 0.06 5.68 3.54 1.99 1.94 0.20 0.00 0.02 0.00

Al2O3 21.63 21.98 22.19 3.15 4.55 10.62 10.77 10.58 5.09 5.70 62.59 31.92 13.52 14.71 12.38 12.34 26.37 27.37 18.45 21.51

Cr2O3 0.10 0.05 0.00 0.00 0.00 0.08 0.11 0.06 0.00 0.04 0.13 0.00 1.12 0.05 0.03 0.00 0.03 0.02 0.01 0.00

Fe2O3
� − − − − − 1.65 1.53 2.05 1.48 1.15 − − − − − − − − − −

MgO 6.79 6.27 7.33 13.04 11.74 0.28 0.15 0.28 0.12 0.07 0.01 0.10 11.53 16.20 12.27 11.02 0.01 0.00 0.34 0.02

FeO 22.40 24.68 22.66 9.44 9.79 * * * * * 1.77 2.00 16.35 15.47 12.28 14.67 0.00 0.26 0.48 0.60

MnO 0.00 0.00 0.68 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.07 0.05 0.00 0.00 0.00

CaO 9.71 8.78 8.25 22.09 20.69 28.92 29.17 28.73 27.87 28.07 0.03 23.83 1.82 0.26 12.07 11.20 9.18 8.99 0.08 1.48

NiO 0.02 0.00 0.05 0.00 0.08 0.02 0.02 0.00 0.03 0.00 0.00 0.00 0.05 0.00 0.00 0.06 0 0.02 0.08 0.00

Na2O 0.00 0.00 0.01 0.48 0.80 0.04 0.00 0.00 0.03 0.03 0.02 0.02 0.02 0.04 2.20 1.27 6.38 6.49 0.07 10.11

K2O 0.02 0.00 0.00 0.03 0.02 0.02 0.04 0.06 0.03 0.00 0.01 0.06 5.93 8.23 0.12 1.90 0.18 0.15 17.01 0.09

F − − − − − 3.21 4.00 3.45 1.51 1.90 − − − − − − − − − −
�� 100.58 100.92 100.29 99.11 98.24 100.79 100.52 100.55 97.18 97.00 101.58 96.74 90.30 96.01 99.68 95.78 98.58 101.32 100.24 100.34

Si� 3.037 2.993 2.987 1.899 1.901 1.005 1.012 1.019 1.006 1.007 0.993 2.983 2.713 2.768 6.410 6.275 2.561 2.568 2.963 2.907

Ti 0.008 0.004 0.005 0.009 0.013 0.577 0.554 0.561 0.772 0.747 0.000 0.003 0.338 0.197 0.221 0.221 0.007 0.000 0.001 0.000

Al 1.947 1.984 2.000 0.139 0.204 0.397 0.405 0.398 0.200 0.224 1.979 2.898 1.261 1.279 2.158 2.210 1.417 1.429 1.011 1.108

Cr 0.006 0.003 0.000 0.000 0.000 0.002 0.003 0.001 0.000 0.001 0.003 0.000 0.070 0.003 0.003 0.000 0.001 0.001 0.000 0.000

Fe3+ 0.000 0.019 0.018 0.080 0.027 0.020 0.018 0.025 0.019 0.014 + + + + 0.062 0.254 + + + +

Mg 0.773 0.716 0.835 0.730 0.665 0.013 0.007 0.013 0.006 0.004 0.000 0.011 1.360 1.782 2.705 2.495 0.001 0.000 0.023 0.001

Fe2+ 1.431 1.561 1.431 0.216 0.284 * * * * * 0.040 0.129 1.082 0.955 1.457 1.609 0.000 0.010 0.018 0.022

Mn 0.000 0.000 0.044 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.009 0.002 0.000 0.000 0.000

Ca 0.795 0.720 0.676 0.889 0.842 0.982 0.998 0.981 0.994 1.002 0.001 1.967 0.154 0.021 1.913 1.822 0.448 0.427 0.004 0.069

Ni 0.001 0.000 0.003 0.000 0.003 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.003 0.000 0.000 0.007 0.000 0.001 0.003 0.000

Na 0.000 0.000 0.001 0.035 0.059 0.002 0.000 0.000 0.002 0.002 0.001 0.003 0.002 0.006 0.630 0.374 0.564 0.557 0.006 0.857

K 0.002 0.000 0.000 0.001 0.001 0.001 0.001 0.003 0.001 0.000 0.000 0.006 0.599 0.775 0.023 0.368 0.011 0.008 1.009 0.005

�� 8.000 8.000 8.000 4.000 4.000 3.000 3.000 3.000 3.000 3.000 3.017 8.000 7.584 7.785 15.583 15.643 5.010 5.000 5.038 4.969

F − − − − − 0.322 0.404 0.348 0.159 0.201 − − − − − − − − − −

a) ������� Fe���� Fe3+��; � Grt(�� �)!Cpx("#$�)!Ky(%&�)!Bi('())!Amp(*+�),�����-. /012 O = 12, 6, 5, 11, 23, 8

�3456, Tit(��)!Zo(78�)012-. 9/� 3: 556; ��“−”�;<0=; “*”�; Fe���� Fe3+��; “+”�;<56 Fe3+
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¨�a�[24]ÇÃLÈc4ù��(Tit)�´Y?·Âa 2. Ea 2�, Tit±É·�Ê�� Sizw

â 1.032 ~ 1.047¹®, \D��c4ù� Si. 1f, Ö�7êLÈ� Tit�?·(a 2)�}dË

�, ÌÊc4¾(ÃÍïÆ��ñò�)·�Ö Î¦9c4ù��?·�Ö Î��!. (Ï)

±ï
�. ±ï
�� Al2O3 T�2´â 3.15% ~ 4.55%¹®, Na2O� 0.48% ~ 0.80%, Ð{÷

·wâ 4% ~ 11%,  T��� K2O(0.02% ~ 0.03%). (Ñ) �	�. ����	�T SiO2 =

36.56% ~ 37.02%, Al2O3 = 62.59% ~ 65.74%,  T�� FeO (<1.77%)�� CaO(<0.2%). (Ò)

��. 9�	��/����¬n�
��, Ó��¥¦÷·� 14%, =on�Ó��, Ó�

�¥¦÷·� 90%. (Ô ) Æ� . ©�Æ��XÆ�ÕW�?·� Or87Ab12An1,�Æ��

Or4Ab81An15, z] BES q¸¿À©�Æ��XÆ�9Æ��Á�yàì� 1�1, tÞ;B

·Cµ]ÖÃ×4a·�ùèÆ��?·� Or45.5Ab46.5An8, ØÙäÚ�Æ�. ��c4�ïÆ

���Æ�(An = 44); f·�E�	��9±ï
�<=o��ïÆ��Û-�Æ�(An = 26 ~

43). (Ü) óôõ. óôõ� TiO2T�23Ý�, wâ 3.54% ~ 5.68%¹®, Fe/Mg = 0.5 ~ 0.8.

� 2 ���������(Tit)�� !�
Pl 6.84 9.06 10.21 Pl 6.84 9.06 10.21
Amp 0.76 2.33 1.02 Amp 0.76 2.33 1.02���(%)
Tit 92.76 88.60 88.78

���(%)
Tit 92.76 88.60 88.78

Pl 3.71 5.33 5.96 Pl 3.71 5.33 5.96
Amp 0.15 0.49 0.21 Amp 0.15 0.49 0.21����(%)
Tit 96.13 94.19 93.82

����(%)
Tit 96.13 94.19 93.82

SiO2 31.23 31.69 31.82 Si 1.032 1.044 1.047
TiO2 28.66 28.08 27.97 Ti 0.713 0.696 0.692
Al2O3 6.48 6.84 6.95 Al 0.253 0.265 0.269
Cr2O3 0.04 0.04 0.04 Cr 0.001 0.001 0.001
Fe2O3

a) 1.12 1.14 1.10 Fe3+ 0.014 0.014 0.014
MgO 0.02 0.06 0.03 Mg 0.001 0.003 0.001
MnO 0.00 0.00 0.00 Mn 0.000 0.000 0.000
CaO 27.34 26.98 26.91 Ca 0.969 0.952 0.949
NiO 0.00 0.00 0.00 Ni 0.000 0.000 0.000
Na2O 0.27 0.38 0.41 Na 0.017 0.024 0.026
K2O 0.01 0.01 0.01 K 0.000 0.000 0.000
F 1.83 1.79 1.78 �	 3.000 3.000 3.000
�	 96.99 97.01 97.03 F 0.191 0.186 0.185

a) 
����������

ñò�.�Þ Leakeö�·×[25],��	�<=o��ñò��ªñò�;���c4�ñò�

�ßò�, Na2O� 2.20%~2.85%, K2O2´â 0.01% ~ 0.34%¹®, àÕc4ù���Ö�T

NaÇT K, ftTá.

67� . �«�c4�67�T P2O5 � 34.89%, CaO 19.27%, La2O5 14.77%, Ce2O5

25.05%, Nd2O5 5.5%.

5 ����

�â�, DP��Y4 CaTiSiO5-CaSi2O5a:E 1350ãV³��e2´â 3.5 ~ 16.0 GPa

¹®�¾¿ä��(q 5)[26]5�, ��	athÊ(CaTi�Si�O5)��c� Si4åÁaÉæ� Ti

�×3�¸°Ç, k>?� Si-��¦aç� Ca(Ti1-x, Six)
�Si�O5, è�e>5.3 GPa³, èa:

� CaSi2O5÷·éÊËê�, �ë�sì×3�*×4acdE>8 GPa��e©Wj.

���UV3WX����c4ù(Tit)?·� Si, ±É·�Ê� Siz� 1.032 ~ 1.047, Ì

ÊT CaSi2O5÷·� 3.1% ~ 4.6%, z]q 5íî��ewâ 3.7 ~ 4.3 GPa¹®. ·0, º»Ã
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ÄE�	����©�Æ�ÖÃ�×4a�

4ù�?·(Or45.5Ab46.5An8),  JÙ¦Ú�Æ

�V³À[27]í=>?V³�� 1000ã. ´�

��aÊ , 789è��ï/�����	

���
������23©W� 3.8~5.1

GPa � 880~970ã[2]. ]|·C, NOÖÃ�

UV3WX��Z�23�ewâ 3.7~4.3

GPa ¹®'Þ½�. ��, tÞ�	��ÃÄ

�� Al-���ÓÔ, �5�78UV3WX

��Z�23'E 3.7 ~ 4.3 GPa�� 1000ã

����©Wj�/�.

6 �����

(1) �lQRaÊ, �������	��
���*+,�-T�	��UV3WX�

/01Ýk�m�23n´, =Z�23Z[÷Þ�Ù' Grt+Per(c4ù)+Tit(c4ù)+ Ky +

Zoi + Qz/Coe ± Cpx. =��ý��T�ïÆ�ðñò��5bc4[, LÈ���c4ù(Tit)

�?·� Si, ±É·�Ê� Siz� 1.032 ~ 1.047, kT CaSi2O5¥¦÷·E 3.1% ~ 4.6%¹®.

 JDP��YQR�ÙäÚ�Æ�V³À, í��>?©WE 3.7 ~ 4.3 GPa �� 1000ã,

tÞ�	��ÃÄ�� Al-��, ��\Dè��Z�/01���23.

(2) °�´YÓÔËÕ, ���UV3WX�� SiO2 T�>70%, Al2O3T�� 12.58% ~

14.08%, K2O T�x�(>5%), Na2O/K2O yzwâ 0.4~0.6 ¹®, ^ LREE ��Ø, (La/Yb)N

yzwâ 4.3~9.1¹®, v�ÊË�� Eu�Í, δEuzwâ 0.06~0.59¹®, =ã��Ù��Ç

�°FL��¯[.

(3) ������UV3WX��ñd, �9=^¬b¦®b¯c�����	

���
���[2]�T�	�����WX�ò/01���23(óôö, õö)���?u,

��aÊ78������>?'�F�GHIJ�¯[. (4��;<78�����>

?9@A�qeYBC÷ø1LM���.

�������������	
�����������������������

� !��������"#$%&'()*+,-./�$(01234(5, ����

����678�9:;%& ���������������<=>?@�ABC��

D�E;F��GH.IJK0LM�N+, O���P�Q%&RS.TUVW, XYZ[
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