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����������,  !"#$%&'()*+,-./�0�1234, 56

789:�;�<�������=�>?<@(A<@1.4 nmBC78)@DE<@F

!DE<. ��GH���I���
����JK����,  L�#$%&M'

NO()*+,-P1QRS�3T2UV�#$WX, 56789:�;�<���

�Y=�Z.<�F!DE<@UV*. [\]^W_, ���������#$Q`

abcdef+,2ghijQ`akl, m, ��DnFo, Rpqr, stuv'

(wx, yzBgh{|; ��Dn}o, Rp~M, stuvM'NO(wx.

��� ��� ��	 
��
 ��� ����

��������	
��
�����������. 
�����������[1�8]

� !�[9�12]"#$%&, ����������'([1�3])���	*+,�-.-/012

�34,56[3�6]7��8�9:[7,8]". ;<=>�:?@3��5@A�BC, D@3�

�EFG(�>)HI)�J3��CK7LMFGN��OP�QRSTUVW��.

XYZ[\]^_`abcdefbcgh>��*ijZk�l�m�n5, o�p

qr?�+r?sC�m�, ����t%u*[13]. v:w, xy�z{|0*=XYZ}

~�sC�[14], ;������gh��������8. �y�XYZ�)a������

�Z�������8�$, ��D���	*�o���n���+,-.-/0)�� 

!�����5���)�� !m����K7�y<LM ¡�¢j£¤�¥¦.

1 �����

XYZ��§¨Z©ªB«¬�����8(SKS)4=­®¯q°±²³´�µ 6 km¶.

·¸����¹º»¼, ½���¹¾¿¼. ���(A �)À 40Á50 cm, º¾¼, C�ÂÃ,

�ÄC� !ÅÆÇÈ, �nÉÊËÌ; NnÍÎ�(E�)�ÏÈ�(B�)ÀÐ 270 cm, Ñ¿¾

¼, C�ÒÓsÔ, �Õ�Ö×; BC�(C�)ÀØ110 cm, º»¼, ÙÚ��Û¢. o���
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� !m��: 40%Ü¬Ý)30%Þ¬Ý)20%Ýß)5%©ªB�àáÝK7â= 5%�ã 

!äÝ)åºÝ�æç . ©ªB 40Ar-39Ar:è� 124.2é0.3 Ma[15].

a�³ê©ªBë¬�����8(HP)4=­®¯ìí±µ�î³êXïðñò. ��

óô����¹õ¿¼. A�À 20Á30 cm, Ñ¾¼, C�ÂÃ,  !ÅÆ�ö÷��ÄCÇÈ,

�nÉÊËÌóQ. E�� B�ÀÐ 300 cm, øº¼, C�sÔ. C�ÀØ130 cm, º¿¼, Ù

Ú��Û¢. ùú�o�Jû·¸, u !m��: 45%Þ¬ÝüFý¬Ýþ�)25%Ü¬Ý)

20%Ýß)8%©ªB�ö÷�äÝ)åºÝ�æç . ©ªB 40Ar-39Ar:è� 124 Ma[16].

���8�$|¶=Z����, HID 300Á400 m��. � A�d E����	ÒÓ


, u�������s
V. SKS� HP<�, ���(A, E, B�)ËÌ	�J", ����

À)���)¼��, a����)��ö)¼�Ñ.

2 �������

<���$�Nn���B���n���VW��. ���x���, ����� 

!� 20 cm"#, ���lÐ 1Á2 kg, $��%½&'(5�)%*+,-./Õ01.

X 23425{{67(XRF)89�÷+,, 59:�(RSD%)� 0.4%Á0.8%. �P;<

=>?<���(A, E, B�)�%�@���(C�)�%ABÆC5D, 5Y�: Ø1 mm, 1Á

0.43 mm, 0.43Á0.002 mm�<0.002 mm. <=>0.002 mm�ÅÆ, PEFG��HI, JD

{�ÓKLNWM�ÆC� !m�. <=�� !(<0.002 mm), P X-2342(XRD)59

#?N9uO�, P42P�È5Q��P~�<�?89u@<R÷. �� !*�ST

ÝUVÝW� !P+«X¶E(EG). DYCZË[*P 0.5 mol � NaOH \]��(1�

100)2.55^, _�P 650 nm{AB�¼89�� !*�`�Ca. ;<=>?5D�%�

3�TP pHbf8÷789��cd� pHe.

3 �	�
�

3.1 ����

! 1fùg��8�$����5h.. SKS�o�� E�, SiO2i5R÷jk<l, u

em= 70.7%Á67.6%, D E2��enâ� 67.6%; oÍpm5Na2O, CaO� K2O�qrÍp;

��cd pHem= 5Á6��. HP�o�� E�, SiO2�$st, uem= 64.2%Á66.6%, D

E1�u�nXe 66.6%; oÍpm5 Na2O, CaO� K2OÍpJÒÓ; ��cd pHem= 6Á

7��. SKS� HPv3��[�Èm5 Al2O3� Fe2O3wxst, S�m5 FeOyzö, P2O5,

TiO2� MnO o�Js. D SKS, nÒÓ���[ E2 �� B2 �du@{����@�, l

SiO2, Na2O� CaO, ~ Al2O3� Fe2O3. D HP, nÒÓ���[��m5|9.

��$ A/NK-A/CNK }~(} 1)!Ò, SKS � HP �o�|���C. ����(A/CNK)

D SKS ����%*3��~, ��[ Na2O, CaO � K2O �Íp� Al2O3��È$�, ue

m= 1.03Á1.28, D B2 �� 1.21, D E2 ��e� 1.28, ÒÓ~=u@{����e. ���

�(A/CNK)D HP ����%*s�JÒÓ, ��[ Na2O, CaO � K2O Ípô, uem=

1.08Á1.13. $K, ���8����%|���C.

���8�������QR3���&D���s��(CIA))����(OI)�a�(
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� 1 �������	
��
������������(%)����� a)

�������	(��
��) 
�����	(��
��)

�� ��� ��� ��� �� ��� ��� ���
��

R C B3 B1 B1 E2 E1 R C B3 B2 B1 E2 E1

SiO2 70.7 67.8 69.6 68.3 67.7 67.6 69.7 65.5 65.3 64.2 66.0 66.1 66.5 66.6

Al2O3 14.3 14.8 14.8 15.5 15.5 16.0 15.1 15.0 15.1 15.0 15.7 15.2 15.1 15.4

Fe2O3 1.0 2.9 2.3 2.7 2.9 2.9 2.2 2.3 2.2 4.9 3.6 3.9 4.0 3.5

FeO 1.4 0.9 0.5 0.5 0.6 0.5 0.5 1.7 0.8 0.5 0.2 0.4 0.5 0.5

MgO 1.0 1.2 0.8 0.9 1.1 1.0 0.8 1.5 1.5 1.6 1.1 1.2 1.2 1.2

CaO 2.2 2.5 2.0 1.7 2.2 1.6 1.8 2.0 1.7 1.9 1.0 1.2 1.3 1.3

Na2O 4.0 4.0 3.8 3.2 3.8 3.2 3.4 4.5 4.2 4.1 4.7 4.5 3.8 4.1

K2O 4.2 3.6 4.1 4.2 3.8 4.0 4.4 4.4 3.8 3.9 4.4 4.3 4.4 4.2

MnO 0.0 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1

TiO2 0.4 0.6 0.4 0.5 0.5 0.5 0.4 0.7 0.9 0.9 0.7 0.7 0.7 0.7

P2O5 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.3 0.4 0.4 0.3 0.3 0.3 0.3

CO2 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.7 0.1 0.1 0.0 0.1 0.1 0.1

H2O+ 0.4 1.2 1.2 1.9 1.4 2.3 1.3 1.0 1.7 2.1 1.8 1.9 1.7 1.7

�� 99.8 99.8 99.7 99.6 99.9 99.8 99.7 99.7 99.8 99.7 99.6 99.9 99.7 99.7

CIA 49.6 50.8 51.8 55.4 53.1 56.8 53.3 53.8 53.8 53.5 53.7 53.8 54.7 54.9

Si/Al 8.4 7.8 8.0 7.5 7.4 7.2 7.8 7.4 7.4 7.2 7.1 7.4 7.5 7.3

OI 0.3 1.5 2.1 2.6 2.3 2.7 2.2 0.6 1.3 4.4 7.4 5.0 4.0 3.3

A/CNK 0.95 1.04 1.03 1.21 1.05 1.28 1.11 0.94 1.06 1.05 1.1 1.08 1.12 1.13

���

� pH�
5 6 6 7

a) CIA=Al2O3/(Al2O3+CaO*+Na2O+K2O)!100; Si/Al=SiO2/Al2O3; OI=Fe2O3/FeO; A/CNK=Al2O3/(CaO+Na2O+K2O). "

#�: Al2O3($%&' , ())*(CaO+Na2O+K2O); +#�: (CaO+Na2O+K2O)(%)*Al2O3>(Na2O+K2O). CaO*=molCaO−1.5

molCO2−[(10/3)!molP2O5(,-.)]. /�01$%/

(Si/Al)��ws�J3(} 2, M�ðr�! 1). CIA[4,5]e¥¦��Q�. D SKS, CIAe�o�

� E�jkr�~, uem=o�� 49.6d E2�� 56.8��, nÒÓ���[D B1�ù&

R�le 53.1. D HP, CIAes�â, nXeD E1�[ 54.9, D B(� B1�
), E, A�l=

SKS, �Ò SKS ��	�~= HP. CIA D��$|â= 60, ¥¦XYZ�)a��¶=��

�����[17]. OI � Si/Al[9]5Y���

��	*���	��Va/��	�.

D SKS�o�� E�, OIjk�~, Si/Al

jk<l, nÓ����[ B2�� E2�

du@{����@�, ~ OI e5Y�

2.6� 2.7, l Si/Ale5Y� 7.5� 7.2. D

HP�o�� E�, OIsX, Si/Als�K

ô��$sX, nÓ����[ B2 ��

~� OIe� 7.4. <��$O OI-Si/Al}

~(} 3), D SKS, OI D 0.3Á2.7 ��Õ,

Si/Al�o�� 8.4<� E2�� 7.2; ;D

HP, Si/AlD 7.1Á7.5��Õ, OI�o��

0.6 x�� B2 �� 7.4. OI � Si/Al ¥¦

SKSKVa/����, ; HPK�a�Íp)/ç��Q���OP���.

� 1 SKS� HP� Al/(Na+K)-Al/(Ca+Na+K)� 
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� 2 CIA, OI� Si/Al! SKS� HP�"#$�

��, SKS D�~OP���mCFGNV�)V�)Va�/�, ¶= ¡�LM 

¡[10,11], J���	�~= HP. HPD��OP�ô�¢*��mCFGN�a�ÍpüÏÈ

a�/0ç , ¶=£¤~¥�LM 

¡[10,12].

3.2 ����

���8�$�Æ�h.!Ò(! 2),

p C�� A�, uv3��[Ø1 mm�¦

Æzö, ;§1 mm �ÅÆst; J3�[

§1 mm�ÅÆ/0��4�§0.002 mm�

�Æ5�J3. §1 mm�ÅÆ/0��4,

D SKS¨oÍpm5(© Na2O, CaO)�zö

;/0ªÆm5, ««3¬jks�, ­[

D HP ªÆm5��/0D�n���Õ.

§0.002 mm��Æi5R÷, D SKSjk

�~, nÒÓ���[ B2�� E2��e5

Y� 5.5%� 6.4%, ~=@{����e;

D HPnÒÓ���[ A��enX� 3.6%. §0.002 mm��ÆR÷, SKS� B1�ù&R�

le 1.8%
, A, E� B�R÷~= HP, �¥¦ SKS���	�~= HP, ����Û¢*�Æ

�@<R÷�[��	��®¯��[2].

WMÛ°Ó�(! 3), ��$�v3���Ø1 mm�¦Æ±Xn5�¬Ý+Ýß(+©ªB)

"� !0��m�, 0.043Á1 mm �ªÆp² !ÅÆ�³ !��(¬Ý+©ªBü«+Ý

ß0��)m�, 0.002Á0.043 mm�õÆp©ªB)Ýß"² !K7ö÷��´D�� !

!$�x�µ��� !m�, §0.002 mm ��Æ�µ��� !��ö÷�¶Ýß(} 2).

� 3 SKS� HP� OI-Si/Al� 
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­<=²��$;·, ÆC�Ø1 mm� 0.002Á0.043 mm, SKSK² !ÅÆ��, ¬Ý)Ý

ßzö, ©ªBst; HPK� !0�����¸±<¹º, ¬Ýzö, ©ªB)Ýßst.

� 2 ������������%&'�(�)* a)

2)3456&7�(%)
��	 8�9:/cm

>1 mm 0.043 1 mm 0.002 0.043 mm ;0.002 mm

A 30 40 52.5 37.5 5.9 4.1

E1 60 70 62 30.4 2.6 5

E2 110 120 54.9 35.6 3.1 6.4

B1 150 160 59 37.3 1.9 1.8

B2 210 220 55.7 35.9 2.9 5.5

B3 280 290 65.5 30.2 1.7 2.3

SKS

C 355 365 73.5 24.9 1.3 0.3

A 20 30 41.0 46.4 9 3.6

E1 50 60 60.6 35.4 2.2 1.8

E2 100 110 51.0 45.2 2.4 1.4

B1 150 160 53.7 41.4 2.9 2

B2 210 220 45.9 45.9 5.3 2.9

B3 300 310 57.1 38.1 2 2.8

HP

C 420 430 64 33.8 1.5 0.7

a) A, <=���; E(E1, E2), ���; B(B1, B2, B3), ���; C, ���

ÓKLN��Ó�, ��� !Ê���s�	����J3. ©ªB»�Ë�¼ªB

��½¾Ý�, J¿Ò�À(ç�µ�Á��!)n�È*Dn5��©ªB�ÂÃ)Ö×)~

EüÄ�Du!$, D~�����%*©ªB�?ÅÆ. Ü¬Ý��Ç��ÈÀÉÊu~

E�Ö×ù&, D~�����%*Ü¬ÝËÌÊ~ÍÝ$?Î. Þ¬ÝÉÊ!$�s, µ�

Ç!qªâ�?59. ÝßDÏ��$ÐÑÒ���, D���%*ÓÔX÷�¶D. ��,

SKS D��� ¡ ¡N, o�����j� !Ü¬ÝX÷��Íp, �Õ CaO, Na2O �

SiO2zö, Al2O3/0. HPDô�¢*��£¤ ¡N, ��j� !Þ¬Ý��óô, �Ö×

Q�Íp; ©ªB��Õ FeO��/0.

� 3 ������������	%&'+,-./0��(�)*(%)a)

>?@A� BCD>?

34/mm ��	

E>? F>? GH� IJ. KJ. .L

MCN�>?

SKS
;0.002

HP
0 OP� QR 100

SKS0.002 
0.043

HP
0 S 100

OP�(NT

UB C>?

VW)

SKS X3 X12 X25 X40 X10 X10
0.043 1

HP X2 X30 X7 X32 X14 X15

SKS X50 X30 X20
*1

HP X60 X35 X5

J.VWYZ

��

a) XV[\]=���^<=���5_06&7� , `a(b3'5cd�

3.3 �����	



����!Ò, ØÙÚ·¢jÛk��, XYZKa�ÜaÝ�KÞß;<��, XY

ZK��àá)à��x�âã�[18]. ��������Æ�59�Käù, ������8
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½×��OP�QY, å�æd�)a�¢jOP�QY�
. ���8�$��m5(© Si,

Na, Ca, Al� Fe)�Ípd/0, A/CNK, CIA, OI� Si/Al�e, K7�Æ(<0.002 mm)R÷��

ws���, ¥¦ SKS�ç�è��8, HP�|9è��8(} 4). <= SKS;·, nÒÓ�

��[ B2 �� E2 ����	�ÒÓ~=@{����. �o�� B2 �éê�µ��ëì,

D��8SÒ�ÊËÌ���íîNË�¢jï�, JÖ×ç��ÍÎ; � B1 �� E2 �¥

¦·��ð��; E1�¥¦·�ð�¢jï�, Õ��8�$ñµÖ×ç��ÍÎ. ��, �

��¢jï�[�qr�, D¢jOPQ����!&���8�ç�, D¢jOPô��

�!&���8���.

3.4 ��
�

SKSK 1�1è~ÍÝ)1.4 nm�ò !)

2�1èóÝ�STÝ��, uµ�ö÷�ST

ÝUVÝW� !��¶Ýß(} 5(a)). 1.4 nm

�ò ![�uôDfõö÷d!$�"�

C|m=÷(� !óÝ�`÷(� !½

¾Ý����ò ![10,11]. � C�� A�, ~

ÍÝw��~ÍÝø�, 1.4 nm�ò !s�,

óÝ)STÝ�SUW� !zö.

HP��[ 2�1èUVÝ)��~ÍÝ�

`�Ca , S�ö÷�SUW���¶Ýß

(} 5(b)). � C�� A�, X÷¶DUVÝ; ~

ÍÝo�|ø����~ÍÝ; STÝ|o�

��ùp, SUW�zö; `��úºÒÓ.

SKS� HP�� !�m��s���¥

¦gXYZ�)a�J3��� ¡����

	. D SKS, ~ÍÝ��g~¥�û�LM ¡7��mCFG[10]; 1.4 nm�ò !��g£

� 4 ��������

� 5 SKS 	 HP 
 X ��
���

(a) SKS, De1 nm; (b) HP, De1 nm
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¡õÎ�LM ¡���mCFG[10]; óÝzö, ¥¦g�~ Sil Al�V Si/ Al�s��

	[10]. HPd SKSÒÓJ3�¶D=X÷¶DUVÝ�`��OPÓ�. UVÝ?!g~ Si7

Mg mCFG�£¤�LM ¡[10,12]. �üÆ�, `��ù&D ¡LMFGN��	�ó~

����$. _;����!Ò, HP `��	�ÒÓ~= SKS, 3�¥¦g��$ËÌ�	

*¢j|9��J3, HP �Ö×ç�, `��&ýÙ¶Ëþ, ; SKS `�C�Tö[��$

Ö×ç�Íp�Û°. ��, SKS� HPDQR���	*, �� !¶D©NJ3����f:

x� !����×KNÐOOP��: (1)Rç !(©ªB)*� Fe2+��� Fe3+; (2)¬

Ý�©ªBn��~��~ÍÝüUVÝ, ¬Ý�(STÝ)�~ÍÝ:

2(Na,K)AlSi3O8 + 2H+ + 9H2O �Al2Si2O5(OH)4+2(Na+, K+)+4Si(OH)4
[6,9]

c (¬Ý) aq l c (~ÍÝ) aq aq

©ªB�óÝ�1.4nm�ò !�~ÍÝ:

2K(Mg,Fe)3[AlSi3O10](OH)2 + 14H+ + H2O� Al2Si2O5(OH)4 + 2K+ +6(Mg,Fe)2++4Si(OH)4

c (©ªB) aq l c (~ÍÝ) aq aq aq

r* c���, l�d�, aq�c�, g�L�; (3)~ÍÝ������~ÍÝ; (4)~ÍÝ)UV

Ý��	Ê
�>�`�C.

x�a��������
�¥�#	r� : �a��+H2O+H+��� !+ôDf

+Si(OH)4. DÏ��~¥��	*, H+��w�= H2CO3(H2O+CO2=H++HCO3
-[9]), u��©�

Ä��[ H+�l�w�. H+�öoõöôDf Ca2+, Na+, K+� Mg2+", ÕXn5��ôDf

ü«�ÚD��*(© HP)ü«A%��cdÍp(© SKS), ân5��µ��� !�	�

�n5üÊG�KÆ!$$>´. �9è Si(OH)4Dë� pH e��[�cG�, n5¨��

���Íp, Õ Si�R÷¨��	��sQ;zö, SKS �[�è��. ; HPD£¤LM 

¡*, Si(OH)4 G�d��*u�Dfb�*�;;Ï, $K¨Ê��	��sQ, !&� Si

R÷�stü� Si�Íp.

4 ��


x$�, XYZ�)a���OP�QR��!&�: (1)D�
��8�$, �� SKS
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��À, ���, ¼��; a� HP���, ��ö, ¼�Ñ. (2)������#$, SKS�$

KV�)��aK7/����; ; HPK/çOP�Ò�a�ÍpüÏÈa���. (3)
=

���� !��, SKSK² !����, ;HPK� !0����¸±<¹º. (4)<0.002

mm�Æ�R÷, SKS~= HP, ��«jks�ÒÓ. (5)�� !���#$, SKSp¬Ý)

©ªB���s�STÝ�(óÝ�1.4 nm �ò !)�~ÍÝ���~ÍÝ; HP *�¬Ý�

©ªB�s�UVÝ)��~ÍÝ�`�Ca. (6)¢j£¤�LM ¡�¶DQY, SKS�ç

�è��8, ½��¢jï�, ¶=~¥�û)£¡õÎ�LM ¡���mCFG; HP�|

9è��8, Ò�½��¢jï�, ¶=£¤~¥�LM ¡�ô�¢*�mCFG.

�� ��������	
��
���������� X �����������

� !"#$, %&� Roger Mason 
��'(�)*+,-, ./�012345678,

9:;�<=.
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