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Abstract  
      The Mahneshan sheet area lies in Zanjan Province in the northwest of Iran. From the morphotectonic point of view, it is 
generally zoned in a number of parallel northwest � southeast trending mountain ranges and their intervening valley plains. 
From the northeast to southwest, the subzones are as follows:  
- The Andabad - Moshampa basin of thick sequence of Lower Oligocene detrital sediments and KXPPRFN\ Neogene red-
green beds of shallow and evaporating environments (subzone No.1).  
- The Habash - Moghanlu mountains of longitudinal imbricate subzone resulted from the stacking of many thrust sheets 
verging to northeast and subsequently exposed the Precambrian (only Kahar FM.) and Phanerozoic rock units (subzone NR.2). 
-  The Duzkand - Mahneshan- Yengejeh plain of relatively steppe characters diagonally placed across the sheet area (subzone 
No.3). 
- The Ebrahimabad - Inche-Almalu mountain that on the northwest side formed exclusively by Precambrian high- grade 
metamorphic rock-units and few outcrops of Kahar formation. (Subzone No.4).  
-  The Dandi - Anguran plain of QPl fluvial - colluvial sediments dissected intensely by affluence (subzone No.5). 
The lithostratigraphic settings and petrological characteristics of rock sequences in two main upland subzones (No.2 & No.4) 
reflect two sedimentary rift basins and platform regimes for their initial protolith creations. 
The initial sediments and related volcanic rocks in subzone No. 4 have been intensely transformed by metamorphism to 
produce gneisses, amphibolites, green schists and marbles, whereas in subzone No. 2 slates, phyllites and semischists 
developed. It should be noted that the geothermal gradient and metamorphic intensity from rift basin (subzone No. 4) towards 
platform environment (subzone No. 2) are gradually decreased. Furthermore, ultrametamorphism had occurred and generated 
the anatectic S-type granitoids throughout the rift basin (subzone No. 4). 
Some of these anatectic granitoids (such as Moghanlu graintoid) were emplaced as powerful diapiric intrusives very later than 
their magmatic crystallization and produced brecciated halos instead of metamorphic aureoles around the granitoid masses. 
Such brecciated halos play the role of suitable channel ways for hydrothermal ore-fluid migrations and development of 
pervasive alterations alongside the related ore-mineralization. For example, potassic, moderate to advanced argillic alterations 
and their associated epithermal Sb-mineralization around the Moghanlu S-type granitoid are described in text. 
 
Keywords: Morphotectonic, Imbricate subzone, Fluvial-colluvial sediments, Protolith, semischist, S-type granitoid, Diapiric 
intrusives, Brecciated halos, Prevasive alterations, Ore-fluid migrations, Epithermal ore- mineralization. 
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ƶƣŹƹ�ƾĮŤƃŚŞƳř�źŧř�źŝ�ƩŚưƃ�ƝźƏ�ƶŝ�ƾĭŶƳřŹ�Ŝǀƃ�Śŝ�ƵŶƳřŹƹŹ�ƽŚƷ�ŝ�ƽŹƹŚų�ƶ
ƹŻƹźƳŚƟ� ƹ�ƲƿźŞƯŚƧźě�ƾĮƴſ�ƽŚƷŶůřƹ�Ʊō� Źŵ�ƹ� ƵŶƯō� ŵƺūƹǀƿ�ŵżƳƹźŝ�Ʀ

ŶƳŹřŵ���
Ð� ŵ�Ţƃŵ��ŶƴƧŻƹ��ƱŚƄƳ� ƵŚƯ���ƾŞƿźƤţ�ƩƺƏ� Śŝ� �ƶŬĮƴƿ�ÓÏ�ƹ�źŤƯƺƬǀƧ�

�ƽŚƴƸěÒ�Śţ�Ò�ÎÏƾŝ�ƽŚƸŤƃŵ�ƾĭĦƿƹ�ƽřŹřŵ��źŤƯƺƬǀƧ��ŝ�ƹ�Ţſř�ƞƬƗ�ƹ�śō�ƶ



 ��
���������������������������������������������������������������������������������������ƶƳŚƧ�ƽŚƷŶƴƿřŹ�����������������������������������������ƽŶǀŗƺŤǀƳřźĭ�ƽŚƷ�Ƶŵƺţ�Źŵ�ƾƳŚſźĭŵ�ƹ�ƾƿřŻ(gd)ƵŚƯ�ƶƤƐƴƯ�ƾƀƨţŚƳō�ƕƺƳ��ƹ�ƱŚƄƳ�����

����������

��ÎÏ���������������������������������������������������������������������������ŹŚƸŝÕÒ�ƩŚſ��ƮƷŵżƳŚěƵŹŚưƃ���ÒÖ���������������������������������������������������������������

 

ƶŤƄƸƳ� ƶƬǀſƹ�ƶģŚƿŹŵ� Śƿ� ƾŝǈǀſ�ƽŚƷ�Ư�ƽřŰ�Ŷůřƹ� Żř�ƾƬQPl��ƵŶƃ� ƵŶǀƃƺě
Ţſř� �� ƕŚƠţŹř� Śŝ� ŶƴƧŻƹŵ� Żř� Ʊō� ƮƿǈƯ�ŜǀƃÎÓÍÍ�ƕŚƠţŹř� Śţ� ƹ� ƕƹźƃ� źŤƯ�
ÎÏÍÍŵ�źŤƯ��ƱŻƹř�Ʃżƣ�ƶƳŚųŵƹŹ�ŵřŶŤƯř� �ŚŤſřŹ�Ʋƿř�Źŵ�ƹ�ŵŹřŵ�ƶƯřŵř�ƶŬĮƴƿ�Ź

Ţſř�ƶƔůǈƯ�ƪŝŚƣ����
Ñ� ƶŤƃŹ��ƮǀƷřźŝř� ƽŚƸƷƺƧ�ŵŚŝō�� ƶĤƴƿř��� ƕŚƠţŹř� Śŝ� �ƺƫŚưƫō�ÏÐÕÑ�Żř� źŤƯ�

śƺƴū� ƶŤŴǀƷō� ƶƴƸě� źƿŻ� �ŚƿŹŵ� ŮƐſ�ƶŤƃŹ� ƪŝŚƤƯ� Źŵ� řŹ� ƽźŤųŚŝ��ƽŚƸƷƺƧ
� ƺƬƳŚƜƯ� ƶŤŴǀƷō�ƩŚưƃ� ƶƸŞū� Źŵ� ƂŞů��ƾƯ� ƽŹƹŚų�ŵŻŚſ� ��ƂŴŝ

ƩŚưƃ�ƶŤƃŹ�Ʋƿř�ƽźŤųŚŝ�Ʊƺĭźĭŵ�ƾĮƴſ�ƽŚƷŶůřƹ�řŹ�ŚƸƷƺƧ�Ŷƃ�ǇŚŝ�ƶūŹŵ�Ƶ
ƶŤųŚſ�ƵŶƃśƺƴū� ƂŴŝ� ƹ��ƶŤƄƸƳ� Żř� Ʊō� ƽŹƹŚų��ƵŶǀƃƺě� ƱĥƺŘƳ� ƽŚƷ
ƵŶƃ�Ţſř���
Ò� � ƽŶƳŵ� Ţƃŵ��ŝ� �ƱřŹƺĮƳř�� ƶƶŤƄƸƳ� ƶƬǀſƹ�ƵżƿŹřƹ� ƹ� ƾŝǈǀſ� ƽŚƷ��ƽř

ƶŝŚųŚƃ� Ǝſƺţ� ƹ� ƵŶƃ� ƵŶǀƃƺě��ƶŝ� ƭŚŬƳřźſ� ƶƧ� ƵŶƃ� ƵŶƿźŝ� ŶƴƳŚƯ� ƵŹŵ� ƽŚƷ
ŚųŵƹŹƾƯ�ƱŻƹř�Ʃżƣ�ƾƬƇř�ƶƳ�ŶƳŶƳƺǀě���
ƲǀƯŻ�Ĭƴſ�ƹ�ƾſŚƴƃ���ƽŹŚĮƳ��

ưƿŶƣ� Śŝ� �ƲƿźŞƯŚƧźě� ƾĮƴſ� ƽŚƷŶůřƹ� ƶƗƺưŬƯƾ��Źŵ� ŚƸĮƴſ� Ʋƿźţ
�ƂŞů� �ƺƬƳŚƜƯ� ƶŤŴǀƷō�ƽŚƸƳŚŤƀƷƺƧ�� ƵŹŚưƃ�ƶƴƸěźƿŻÏ� ��ƽŚƷŹŚƀƷƺƧ�Źŵ� ƹ

�ƺƫŚưƫō�� ƶĤƴƿř��źƿŻ�� ƵŹŚưƃ� ƶƴƸěÑ� �ŶƳŹřŵ� ŵżƳƹźŝ� ��Źŵ� ŚƸĮƴſ� ƶƗƺưŬƯ�Ʋƿř
źƿŻ�� ƵŹŚưƃ� ƶƴƸěÑ�ŶƳŻŚſ� Żř�ƽŵƹŶŰƯ�ƽŚƸƳƺưƴųŹ� ƹ�ƾƨǀŤƨţŚƳō�ƾƫřƺţ� Żř� �

ƾţŹƺƇ�Źŵ��ƵŶƃ�ƪǀƨƄţ�źƸƧ��ƵŹŚưƃ�ƶƴƸěźƿŻ�ƶƧÏ�ŚƸƴţ�ŵŚƿŻ�ľŚŤŞƀƳ�ƵźŤƀĭ�Śŝ��
Ʊƺĭźĭŵ�ƽŚƷŶůřƹ�źĮƿŵ�Żř�Źƹŵ�ƶŝ�ƹ�źƸƧ�ŶƳŻŚſ�ƵŶƃ�ƆŴƄƯ�ƲƿźŞƯŚƧźě�

ƾƯ�ŶƃŚŝ� �ƾƳƺĭźĭŵ� ƶūŹŵ� Ŝǀţźţ� ƶŝ� ƾƨǀŤƨţŚƳō� ƾƫřƺţ��ƽŚƷŶůřƹ� ƪƯŚƃ�
Ţſř�źƿŻ�ƾĮƴſ���

ƣƾưƿŶ��Ŷůřƹ�ƲƿźţŻřžǀƴĭ���ƦǀŤſǈŝƺƳřźĭ�Śţ�ƦǀŤſǈŝƹźǀƟŹƺě�ƽŚƷPCgn��
ƶƿǇ�ƱŚǀƯ� Śŝ� ƵřźưƷ��ŢǀƫƺŞǀƠƯō�ƹ�ŢƀǀƃŚƨǀƯ�Żř�ƾƿŚƷƪǀƨƄţ�ƵŶƃ�ŢƸū�ƶƧ�

žǀƴĭ�� ƾĭŹřƹ� ƹ� ƾĭŹřƺĭźŝ� ƱōN50W/54NE Ţſř�� ��ƱŚǀƯ� ƱřżǀƯ
ƶƿǇ�ƢƟř�ƽƺſ�ƶŝ�ŢǀƫƺŞǀƠƯō�ƽŚƷ�ǇŚŝ�ƽŚƷƿ�Ŷůřƹ�ƹ�ƶŤƄĭ�ƱřƹřźƟ��ƾ(PCgn)�
ŝ�ƶƿŹŶţ�Ŷůřƹ�ƶŝ�řŹ�ŵƺų�ƽŚū�Ū(PCa)ƾƯ���ŢƟŚŝ�Śŝ�ŢƀǀƃŚƨǀƯ�Żř�ƶƧ�ŶƷŵ

ŚƸǀſŶƗ� Śŝ� ƵřźưƷ� ƦǀŤſǈŝƺţŚưƳ� ŢƟŚŝ� Śŝ� ŢǀƫƺŞǀƠƯō� ƹ� ƦǀŤſǈŝƹŶǀĜƫƿ�ƾ
� ƦǀƟŚƯřźŤƫƹř� ƽŚƸĮƴſ� Żř� ƵŶƃŵźų�ƾŤǀƫƹŻźƫ� ƾŤųŚƴƃ� Ĭƴſ� ŢǀƧźţ��

Ţſř� ƵŶƃ� ƪǀƨƄţ� �� ŶůřƹPCaŢƀǀƃ� ƵŹŚƀųŹ� ƶŝ��� żŞſ(PCm)�Śŝ�
ƱŚǀƯ�ƶƿǇ�ŚƷƿŶŞţ� źƯźƯ� Żř� ƾƾƯ� ƪƿ�ŵƺƃ� �� Ŷůřƹ(PCm)ŝ�� ƶ�ƮǀƤŤƀƯźǀƛ� ŹƺƏ

�źƸƧ�ŶƳŻŚſ�Ǝſƺţ(PCk)�ƾƯ�ƵŶǀƃƺě���ŢǀƬſř� �ŢǀƬǀƟ� �ƪǀƃ�ƪƯŚƃ�ƶƧ�ŵƺƃ
ƱŚǀƯ�ƹ�ŽŹŚƳ�Ţƀǀƃ�ƶƿǇ�ŚƷƿŢſř�ŢƿŻŶƳōŚŤƯ�ƹ�Ɲƺţ�Żř�ƾ����
�ƹ�ƽŹřŸĮŝƺſŹ�ƎǀŰƯŻŚſ�ƹ�ŹŚƧƵŵƺţ�ƪǀƨƄţ���ƽŶǀƿƺŤǀƳřźĭ�ƦǀŤƨţŚƳō�ƽŚƷ��

Śů�ƂƿřżƟř�ƹ�ƾƳƺĭźĭŵ�ƶūŹŵ�ƱŶƃŹŚŝ�řźƟ�Śŝžǀƴĭ��ƶƏƺŝźƯ�ŻřŶĭ�Ţƫ��ƽŚƷ
ŢǀƳřźĭ�ŢƿŚƸƳ�Źŵ�ƹ�ƦǀŤſǈŝƺƳřźĭ�ŢƟŚŝ�Śŝ�ƾŤǀƳřźĭ��šřźƧƺƧƺƫ�ƽŚƷ(gd)�

�ƾƀǀƴĭ�Ŷůřƹ�ƲƿźƿŻ�ƂŴŝ�Źŵ(PCgn)�ŶŝŚƿ�ƾƯ�ƶƘſƺţ���ƲưƋ�ŚŤſřŹ�Ʋƿř�Źŵ

Ʊō��ƾƀǀƴĭ�Ŷůřƹ�ƲƿźƿŻ�ƂŴŝ�Źŵ� ƶƧ(PCgn)ˬ��ŶƴƧ�ƾƯ�Żƹźŝ�ŢǀţŚưĮǀƯ
��ƪƨƃÏ��ƽŶǀƿƺŤǀƳřźĭ�ƽŚƷ�Ƶŵƺţ��(gd)� �� �ƺƬƳŚƜƯ��ƲǀģźěŶƴƬŝ� �ƶĤƴƿřźŤųŚŝ�

� ŹŚƨƃƺƣ� ƹ� ŵŚŝōŶſř�� ƪƨƃÎ� ��ŻŚƟ� ƾƏ� ƹ� ƾƨǀŤƨţŚƳō� śƹŷ� ŶƳƹŹ� Źŵ
ƾƯ� ƪƨƃ� ƾƿŚĮƳŚţŚƧ�ŶƳźǀĭ� �� ŵƺūƹ� ƾƨǀŤƨţŚƳō� śƹŷ� ŶƷŚƃŶƳŚƯŻŚŝ� ƽŚƷ 

(restites)�Ţſř�Ţǀţƺǀŝ�Żř�ƾƴƛ�ŹŚǀƀŝ���ƪƨƃÐ��ŝ�ƶƧ�ƶ�źǀƛ�ƽŚƿŚƤŝ�ƱřƺƴƗ
ŢǀƳřźĭ�ƱƹŹŵ�Źŵ�śƹŷ�ƪŝŚƣ�ƵŶƳŚƯ�Śū�ƶŝ�ƦǀŤƨţŚƳō�ƽŚƷ�řŶƳ���żǀƳ�ŶƳƹŹ�Ʋƿř�Źŵ

Ťƀǀƃ��ƦǀŤſǈŝ�ƽŚƸŤƟŚŝ�ƶƬưū�Żř��ƱƺĭŚƳƺĭ�ƾƳƺĭźĭŵ�ƽŚƸŤƟŚŝƾ�ƲǀƴĤưƷ�ƹ�
� ƾŤǀƳƺƬǀƯ�ŢųŚſ�� ƪƨƃÑ� ƹ�Ò� �ƵŶƃ� ŹřŶƿŶě�ŶƳř� ��ƹ�ŢųŚſ� Ʋƿř� ƾſŹźŝ� Śŝ

ƵŻřŶƳř� ŶƳƹŹ� �ŚƸŤƟŚŝ�Ţƀǀƃ� ŭƺƐſ� ƽźǀĭ�ƹƾĭŹř� ƹ�ƾĭŹřƺĭźŝ�ƶƗƺưŬƯ�
źƿŻ�ƾƳƺĭźĭŵ�ƵŹŚưƃ� ƶƴƸě�Ñ� Żř� � N35WŚţN55W ř� źǀƜŤƯ� ��Śŝ� ƶƧ�Ţſ

�ŢƸūNE/SW ŶƳŹřŵ�ƾƿƺƀưƷ�ƾƃŹŚƄƟ�ŻŚƟ�Ʀƿ�Żř�����
Ʊƺĭźĭŵ�ƽŚƸƿźſ� ƹ� źƸƧ� ŶƳŻŚſ� ƱŚǀƯ� ƮǀƤŤƀƯ� źǀƛ�ƽźŞưƷ� Żř�ƵŶƃ�ƹ� ƲƸƧ�

řźŰƇ�šřŶƷŚƄƯ�ƶƿŚěźŝƿ�ƶƧ�Ŷƿō�ƾƯ�źŝ�Ʋǀƴģ��ƾƿŚǀƳŚƧ�ƹ�ƾŤƟŚŝ�ƾƳŚƀưƷ�ƹ�ƾ
ŝ�ƹ�Ţſř�ƾƫŚƤŤƳř�ŚƸƳō�ƽŶƳƹŚƄƿƺų�ƶ�ƽŚƸĮƴſ�ƶƧ�ŵƹŹ�ƾƯ�ƱŚưĭ�ƪǀƫŵ�ƱŚưƷ

ĮŤſŚų�ƹ�ƶǀƫƹřƱƺĭźĭŵ�ƽŚƸƿźſ�ƵŚ�Ŷƃ�ƢǀưƗ�ƶưǀƳ�Śţ�ƢǀưƗ�ƶƋƺů�Ʀƿ�Źŵ�Ƶ
ƢƟř�Źŵ�ƹ�ƵŶƃ�ƶŤƄƸƳ�ŝ�ƾƬůŚſ�ƽŚƷ�ƶ�ƶƋƺů�Ʀƿ�ƱřƺƴƗźŝƵŹŚƣ��ƶƳƺĭ�ƶŝ�ƹ�ƽř

ƵŶƃ� ƪƿŶŞţ� źƸƧ� ŶƳŻŚſ� ƶŝ� ƾƫŚƤŤƳř�ŶƳř� �ƾƯ� ƶƔůǈƯ� Ŝǀţźţ� ƲƿŶŝ��ƶƧ� ŵƺƃ
Ƶŵƺţ�ƾƴƿżĮƿŚū�ƹ�ƽŹřŶƿŶě��ƽŶǀƿƺŤǀƳřźĭ�ƽŚƷ(gd)�ƶƤƐƴƯ�Źŵ�ơƺƟ�ƶƳŚĮŬƴě�

ƵŚƯ�ƱŚƄƳ���Ʊō�Źŵ�ƶƧ�Ţſř�ƾŝƺſŹ�ƶƋƺů�Ʀƿ�Źŵ�ƾƨǀŤƨţŚƳō�śƹŷ�ƪƇŚů
Ţſř�ƵŵŚŤƟř�ơŚƠţř�ƽŹřŸĮŝƺſŹ�ƮƿĥŹ�ƹŵ����

Î� ��ƹ� ƵŵŚŤƟř� ơŚƠţř� ƵŹŚƣ� šǈƟ� Źŵ� ƽŹřŸĮŝƺſŹ� Ʊō� Źŵ� ƶƧ� ƾƿƺƨſ� ƮƿĥŹ
�ƽŚƷŶƳŻŚſ� �ƶǀƳŚƐƬſ� ŢǀƯƺƫƹŵ� �źƸƧ� ŶƳŻŚſ� ƶŝ� ƭƺſƺƯ� ƾŝƺſŹ� ƽŚƷŶůřƹ

šƹŹŚŝ�� ƱƺĮƿřŻ��źƿŻ� Źŵ� řŹ�ǈǀƯ� ƹ�ƱƺƫǇ��ƵŹŚưƃ� ƶƴƸě�Ï�ƶŤƃřŸĭ�ƽŚūźŝ�
Ţſř� �ƄƴƯƹŵ�ŢǀƫŚƘƟŐ�řŹ� ŚƸƳō� �żǀƳ�ŢƿŻŶƳō� ƹ�ŢǀƫƺƿŹ�ƕƺƳ� Żř�ƾƿŚưĭŚƯ�ƾƿ

ƾƯ� ƾƷřźưƷ�źƧŢſř� Ƶŵ� �ƶǀůŚƳ� ƾƳƺĭźĭŵ� źŧř� Źŵ� šŚŝƺſŹ� Ʋƿř��ƽźſ� �ƽř
ƮǀƳ�Ţƀǀƃ�ƹ�ŢǀƬǀƟ��ŢǀƬſř�ƕƺƳ�Żř�ƞǀƘƋ�ƾƳƺĭźĭŵ�ƶūŹŵ�Śŝ�ƽŚƸĮƴſ��ŽŹ

ŝ�řŹ�ƶƴƯ�ƶƧ�ƵŵŹƹō�ŵƺūƹƺƀƾƯ�źƸƧ�ŶƳŻŚſ�ƶŝ�ś�ŶƴƃŚŝ�����
Ï���ƪǀƃ� �ƽŹřƹō� šŚŝƺſŹ� ƪƯŚƃ� ƾŤƟŚƧ� ƶƴƸě� Źŵ� ƽŹřŸĮŝƺſŹ� ƮƿĥŹ�

ƶſŚƯ��Śŝ�ƵřźưƷ�ƦƷō�ƽŹřŶƤƯ�ƹ�ĬƴſƾƳŚƄƠƄţō�ŢǀƫŚƘƟƄƴƯ�ƹŵ�ƿŐ�ŢƫřŻŚŝ�ƾ
Ţſř�ŢǀƫƺƿŹ�ƹ��ƲǀƯŻ�Ŝǀƃ�ƎǀŰƯ�Ʋƿř�Źŵ�ŚƯźĭƿ�ǇŚŝ�ƾƳƺĭźĭŵ�šŶƃ�ƹ�ƾ

Ƶŵƺŝ� ƹ�Ʊƺĭźĭŵ� ŜūƺƯ�ƶŤƄƸƳ� ŶƿŶƃ� ƱŶƃ��ƶƗƺưŬƯ� ƽŹřŶƿŶě� ƹ� ŚƷ
ŞǀƠƯō��żŞſ�Ţƀǀƃ�ƾƳƺĭźĭŵƵŶƃ�ƾƀƨţŚƳō�ŢǀƳřźĭƹ�žǀƴĭ�Ţǀƫƺ�ŶƳř����

ƵŚƯ�ƶƤƐƴƯ�Źŵ�ƾƀƨţŚƳō�ƽŚưĭŚƯ�ƪǀƨƄţ�Ǝƿřźƃ��ƱŚƄƳ��
řźŰƇ�ŶƷřƺƃƿĬƴſ�ŪƿŚŤƳ�ƹ�ƾ��Źŵ�śō�ŹŚŴŝ�ŹŚƄƟ�ƱŵƺŝǇŚŝ��ŚƸĮƴſ�ƽŹŚĮƳ

ƪǀƨƄţ� ƽŚưĭŚƯ�Ƶŵƺţ� ƵŶƴƷŵ�ƵŚƯ� ƶƤƐƴƯ� ƽŶǀƿƺŤǀƳřźĭ� ƽŚƷ�ţ� řŹ� ƱŚƄƳƿŐ�Ŷǀ
ƾƯ�ŶƴƧ��Żř�ŶƴţŹŚŞƗ�ŶƷřƺƃ�Ʋƿř���



 
�ƽŶǀŗƺŤǀƳřźĭ�ƽŚƷ�Ƶŵƺţ�Źŵ�ƾƳŚſźĭŵ�ƹ�ƾƿřŻ�ƶƳŚƧ�ƽŚƷŶƴƿōźƟ(gd)�ƹ�ƱŚƄƳ�ƵŚƯ�ƶƤƐƴƯ�ƾƀƨţŚƳō�ƕƺƳ������

��

��ŹŚƸŝÕÒ���ƩŚſ��ƮƷŵżƳŚě�ƵŹŚưƃ����ÒÖ��                                                          ÎÐ ��
 

Î� �Ƶŵƺţ� Źŵ�ĭ� ƽŚƷƶƴƸě� ŜƬƛř� �ƽŶǀƿƺŤǀƳřź�� ƾŤǀţŚưĮě� ƽŚƷ��ŢǀƳřźĭ� ŶƴƳŚƯ
ƺƬƳŚƜƯ��ƪƨƃ�Ó� �ƶĭŹ� ƹ�� ƾŤǀţŚưĮě� ƽŚƷ�Ƶŵƺţ� źĮƿŵ� Źŵ�ƽŶǀƿƺŤǀƳřźĭ� ƽŚƷ��

ƾƯ�ŢƟŚƿ�ƪǀƨƄţ�ƽŚưĭŚƯ�Ʊŵƺŝ�ŹřŶŝō�źĮƳŚǀŝ�ƶƧ�ŵƺƃ�ŢſŚƸƳō�ƵŶƴƷŵ���
Ï� �ƺƨƀƯ� ŵƺūƹƹ�Źŵ�śō� ŹŚŴŝ� ŹŚƄƟ� Ʊŵƺŝ� ǇŚŝ� ƶƳŚƄƳ� �ŚƸĮƴſ� Ʋƿř� Źŵ�Ţƿ

ŶǀƿƺŤǀƳřźĭ� ƪǀƨƄţ� ƎǀŰƯƵŚƯ� ƶƤƐƴƯ� ƽŚƷ�Ţſř� ƱŚƄƳ� ��ƽŹřŶƿŚě� řźƿŻ
ŵŹřŵ�ƾĮŤƀŝ�ŚƯŵ�ƹ�śō�ŹŚŴŝ�ŹŚƄƟ�ƶŝ�ŢƿƹƺƨƀƯ��źŝ��ƪƨƃ�ŽŚſřÔ��ƾƴŰƴƯ

ŢǀƳřźĭ�śƹŷ� ƾƴŰƴƯ� ŹŚƴƧ� Źŵ�ŢƿƹƺƨƀƯ� ƽŹřŶƿŚě��ƹ�Ţſř� ƵŶƃ� ƮſŹ� ŚƷ
ƱŚưƷ� ƶƳƺĭ��ƽŚƯŵ� Źŵ� řŹ� źĮƿŶưƷ� ƾƴŰƴƯ� ƹŵ� Ʋƿř� �ŵƺƃ� ƾƯ� ƶƔůǈƯ� ƶƧ

�ŵƹŶůÔÍÍƾŤƳŚſ�ƶūŹŵ���ŵƹŶů�ŹŚƄƟ�ƹ�ŵřźĭÎÒÍÍŶƳř�ƵŵźƧ�ƖƐƣ�ŹŚŝ�� ��Ʋƿř
�ƱŚƄƳ� źƯř�ƾƯ�ŢǀƳřźĭ� ƶƧ�ŶƷŵ��ƽŚƷŵřƽřŹƺƨƀƯ�ƹ�ŹŚŴŝ� ŹŚƄƟ� Źŵ� ľŚưŤů�Ţƿ

�Żř�Ƃǀŝ�śōÎÒÍÍƵŶƃ�ŹƺƬŞŤƯ�ŹŚŝ��ŶƳř����
Ð���ŹřŵƺưƳ�ƽŚŤſřŹ�Źŵ�ơƺƟ�ŜƬƐƯ�ƾĮŤƀŝřƹQz-Ab-Or���ƪƨƃÕ���ƾƧŚů

Ʊō� Żřř�Ƶŵƺţ� ƶƧ�Ţſ��Ǝƿřźƃ� Źŵ�ƽŶǀƿƺŤǀƳřźĭ�ƽŚƷŢſŵ�ƮƧ� Żř�Ƃǀŝ�Ò�Ï�
ŚƄƟ� ŹŚŝ� ƺƬǀƧ�śō�ŹŚŴŝ�ŹƽŚƯŵ�Źŵ�ƹ�ÓÒÍ� Śţ�ÕÓÍ�ƪǀƨƄţ�ŵřźĮǀŤƳŚſ� ƶūŹŵ�

ƵŶƃ�ŶƳř���
��

� ƽŚƸǀĭĦƿƹĬƴſ�� ƎǀŰƯ� �� ƾƿŚǀưǀƃƺŗĥƲǀƯŻ�ŢųŚſ�ŚưĭŚƯƿ�ƢưƗ� ƹ� ƾ
Ƶŵƺţ��ƾƨǀŤƨţŚƳō�ƽŚưĭŚƯ��ƽŶǀƿƺŤǀƳřźĭ�ƽŚƷ(gd)���

Ƶŵƺţ�Żř��ƽŶǀƿƺŤǀƳřźĭ�ƽŚƷ(gd)�ŚƯ�ƶƤƐƴƯ�ŹŵƵ�ƱŚƄƳ��ŵřŶƘţ�ÏÐ�ƁƹŹ�ƶŝ�ƶƳƺưƳ�
XRFƽřźŝ��ƹ�ƾƬƇř�źƇŚƴƗ�żūƾŗ�ƶŤƟźĭ�Źřźƣ�ƶƿżŬţ�ŵŹƺƯ����ƩƹŶūç���ƶƧ

�šŚŞſŚŰƯ�ŹŵĬƴſ�Ƶŵƺţ�Ʋƿř�ƾƿŚǀưǀƃƺŗĥ�ŝ�ŚƷ�ƶŢſř�ƶŤƟŹ�ŹŚƧ���
Î� �ƵŵŹ�Źŵ��ƽŶƴŝĬƴſ�ƶƳƺưƳ�ƾŗŚǀưǀƃƺŗĥ�ŹřŵƺưƳ�Żř� �ŚƷ��ƽŚƷSiO2��ƪŝŚƤƯ�Źŵ

� ƕƺưŬƯƾƿŚǀƬƣ�� ŚƷNa 2O+K2O) ���� ŹřŵƺưƳ(AFM)��Ʋƿƹźƿř��ŹŚĭřŹŚŝ�
ÎÖÔÎ�ƪƨƃ�Öƹ�ÎÍ� �ưƳ� ƹºººưŤƿŹŚĮƫ� Źřŵƺ� ŶƇŹŵ�ƾSiO2�� Źŵźŝřźŝ�ŢŞƀƳ�
TiO2��Zr� ���ŶƿƺƬƟ� ƹ�źŤƀĤƴƿƹÎÖÔÓ�� � ��ƪƨƃÎÎ� ��Ʋǀƴģ� ƹ� ƵŶƃ� ƵŵŚƠŤſř
ƶŬǀŤƳ�� ƽźǀĭƃŚưĭŚƯ� ƽźſ� ƶƧ� ŶƿƶƳƺưƳ� ƾ�� ŚƷƮǀƀƬƧ�ƾƿŚǀƬƣ��ƲưƋ� �Ƶŵƺŝ�

Śǀưǀƃ�ŜǀƧźţ� ƵŚĭŶƿŵ�Żř�ƶƨƳōƿ�Źřźƣ�ŢǀƳřźĭ� Śţ�ŢƿŹƺƿŵƺƳřźĭ�ƹźưƬƣ�Źŵ�ƾ
ƾƯ�ŶƳźǀĭ��ţ�ƕƺƋƺƯ�ƲƿřƿŐſ�ƽŚƸǀſŹźŝ�ƵŶƴƴƧŶǀĬƴ�Ţſř�ƽŹŚĮƳ����
Ï� �ŝ� ƶ� ƵŚĮƿŚū� ƲǀǀƘţ� ŹƺƔƴƯƲǀƯŻ�ŢųŚſ��ŚưĭŚƯƾƿƵŵƺţ���ƽŶǀƿƺŤǀƳřźĭ� ƽŚƷ

(gd)ŹŚǀƳŚƯ�ŹřŵƺưƳ�Żř�����ƾƫƺƨǀě��ÎÖÕÖ��ƱŚưƷ�ƹ�ƵŶƃ�ƵŵŚƠŤſř�ƶƳƺĭ��Źŵ�ƶƧ�
� ƪƨƃÎÏ��ƾƯ� ƶƔůǈƯ�� �ŵƺƃźŤƄǀŝƶƳƺưƳ��� ƹźưƬƣ� Źŵ� ŚƷ(POG)�*�Źřźƣ�
ƶŤƟźĭ�ŶƳř� �Ƶŵƺţ� ƾƴƿżĮƿŚū� Śŝ� ƹźưƬƣ� Ʋƿř�ǀƳřźĭ� ƽŚƷƵŚƯ�ƽŶǀƿƺŤ��Żř�žě� ƱŚƄƳ

ŵŹřŵ�ƽźŝřźŝ�ƾƿƺƨſ�ƹ�ƚƫŚŝŚƳ�ƾŤƟŚƧ�ƶƴƸě�Źŵ�ƾƳƺĭźĭŵ�ŵřŶųŹ����
Ð� �ŚưĭŚƯ�ƢưƗ�ƲǀǀƘţ�Źŵ��ŽŚſř�źŝ�ƪƨƃ�ÎÐ�ƾưŤƿŹŚĮƫ�ŹřŵƺưƳ� �(Rb)�Źŵ�

� źŝřźŝ(Sr)��Ƨ� ŹřŵƺưƳŚ� ƽŶƳÎÖÔÍ� �ŝ� ƶƱŚưƷ� ƹ� Ŷƃ� ƶŤƟźĭ� ŹŚƧƶƳƺĭ��ƶƧ�
ƾƯ� ƶƔůǈƯ�ƶƳƺưƳ� ƽźǀĭŹřźƣ� ƵŵƹŶŰƯ� �ŵƺƃ�� ƹ� ƾƴƿżĮƿŚū� �ŚƷ�ƪǀƨƄţ�

�Ʋǀŝ�ƢưƗ�Źŵ�ŚƷŶǀƿƺŤǀƳřźĭ�ƽŚưĭŚƯÏÍ�Żř�Ƃǀŝ�Śţ�ÐÍ�źŤƯƺƬǀƧ���ƢưƗ�Śţ�ľŚŤƿŚƸƳ
ÑÍźŤƯƺƬǀƧ���ƾƯ�ƱŚƄƳ�řŹ�ţ�ƶƧ�ŶƷŵƿŐƵŹŚƣ�ƶŤſƺě�ƵŚĮŤſŚųźŝ�ƽŶǀ�ŢſŚƸƳō�ƽř����
��

ŚƷŶǀƿƺŤǀƳřźĭ�ƕƺƳ�ƲǀǀƘţ��
ƱƹżƟřƾƯ� żǀƳ� źƿŻ�ŜƫŚƐƯ� �ơƺƟ� ŵŹřƺƯ� źŝ��ţ� ŶƳřƺţǀƿŐ�ƶŤſƺě� ƵŚĮŤſŚų� źŝ�ƽŶ
ƵŹŚƣ�Ƶŵƺţ� ƽř�� ƽŚƷƵŚƯ� ƶƤƐƴƯ� ƽŶǀƿƺŤǀƳřźĭ�ƺƀưƷ� ƹ� ƱŚƄƳƿ�Śŝ� ŚƸƳō� ƾ

�ƕƺƳ�ƽŚƷŶǀƿƺŤǀƳřźĭ�S��ŶƃŚŝ���
Î� � �ūƺţ� Śŝººưƃ� ƩƹŶū� ƶŝ� ƶºº� ƵŹŚÎůǈƯ� �ººƾƯ� ƶƔ�ƃººººŞƀƳ� ƶƧ� ŵƺºº�Ţ

Al2O3 / (CaO+K2O+Na2O)ƶƳƺưƳ� ƶǀƬƧ��īŹżŝ� ŚƷ�� Żř� źţÎ�Î�ƱřżǀƯ� ƹ�
ƶƳƺưƳ�źŨƧř�Źŵ�ƭƹŶƳźƧ�ƭŹƺƳ�ŶƇŹŵ��Ŷůřƹ�Żř�źŤƄǀŝ�ŚƷŢſř����

ç� �řźưƷƵŵƺţ� ŜƬƛř� Ʊŵƺŝ� Ƶ���ŢǀƫƺŞǀƠƯō� �ŢǀţŚưĮǀƯ� Śŝ� ƽŶǀƿƺŤǀƳřźĭ� ƽŚƷ
žǀƴĭ�ƹ�ŢƀǀƃŚƨǀƯ��

è��ŵƺŞƳ�ƶƳƺưƳ�Źŵ�ƩƺŞǀƠƯō�ƶƳƺĭ�źƷ�ƹ�ŶƴƬŞƳŹƺƷ��ƽŶǀƿƺŤǀƳřźĭ�ƾĮƴſ�ƽŚƷ��
é���Źŵ�ƲƿżǀƴƯƹźƟ�ƾƳŚƧ�ŚƸƴţ�ƭŚƳ�Śŝ��ǇŚŝ�ƾưŬů�ŶƇŹŵ�ŹřŶƤƯ�Śŝ�Ţǀţƺǀŝ�ŵƺūƹ

ƶƳƺưƳ�ƾĮƴſ�ƽŚƷ���
ê� �� ŵƺūƹŶƳŚƯŻŚŝ�ŚƷƿ� ƶƗƺưŬƯ� Żř� ƾ�ƪŝŚƣźǀƛ� ƽŚƿŚƤŝ� ƭŚƳ� Śŝ�Ţǀţƺǀŝ� ƽŚƸǀƳŚƧ

�Źŵ�śƹŷŤƄǀŝƶƳƺưƳ�ź�ƽŶǀƿƺŤǀƳřźĭ�ƽŚƷ���
ë� �Ĭƴſ� ŜǀƧźţ� Ʊŵƺŝ� ŵƹŶŰƯ�ƶƳƺưƳ� ƾŤųŚƴƃ��Śţ� ŢƿŹƺƿŵƺƳřźĭ� Żř� ŚƷ

ŢǀƳřźĭ� 

ì� � �� ƾŨƬŨƯ� ŹřŵƺưƳ� ƶŝ� ƶūƺţ� Śŝ5E� �%D�� ƹ6U�� ƪƨƃ�æé�ƹźưƬƣ� �
ƵŚƯ� ƶƤƐƴƯ� ƽŚƷŶǀƿƺŤǀƳřźĭ�ƖƬƣ� ƽŚƷŶǀƿƺŤǀƳřźĭ� ƵŵƹŶŰƯ� Źŵ� ƱŚƄƳ�ƣ� Źřŵ�Źřź

ƾưƳ�ŶƳźǀĭ���
ƪƨƃ�Żř�žě�Ƶŵƺţ��ƾƴƿżĮƿŚū�ƹ�ƽźǀĭ��Źŵ�ŵƺūƺƯ�ƶƳŚĮŬƴě�ƽŶǀƿƺŤǀƳřźĭ�ƽŚƷ
ƵŚƯ� ƶƤƐƴƯ�Ƅƴţ� źŧř� Źŵ�ƱŚƄƳƸ�ƦƿźŝŚƟ� ŚƸƳō� Źŵ� �ƵŶƃ�ƪƨƃźĭŵ�ƾƨǀƯŚƴƿŵ�ƽŚ

Ţſř�ƵŶƃ�ŹřŶƿŶě�ƾŤǀƳƺƬǀƯ����
��

ƵŶƿŶě�ƳŚƧ� ƹ� ƾƳŚſźĭŵ� ƽŚƷƾ�řŻƿƿźŝŚƟ� Śŝ� ŚƸƳō� ƍŚŞţŹř� ƹ� ƾƨ�ƽŚƸ
�ƾƨǀƯŚƴƿŵƺŗĥ��
ŤǀƳřźĭ�ƽŚưĭŚƯ�� ƕƺƳ�ƾ�S��ƽŶǀƿƺŤǀƳřźĭ� Ƶŵƺţ�ŶƴƳŚƯ�ƍŚƤƳ�ƾƌƘŝ� Źŵ�ơƺƟ�

�ƽźŞưƷ�ƾƳƺĭźĭŵ�ŜūƺƯ�ƲǀģźěŶƴƬŝ�ƹ�ƶĤƴƿřŶƃ�ƶƧ�Ţſř�ƾƫŚů�Źŵ�Ʋƿř��Ƶ
� źƸƧ� ŶƳŻŚſ� ƪųřŵ� Źŵ� ŹŚƨƃƺƣ� ƹ� ƺƬƳŚƜƯ� ƽŶǀƿƺŤǀƳřźĭ� ƽŚƷ� ƵŵƺţƱƹŶŝ�

ƪƨƃ�� ƽźǀĭ� ƾƳƺĭźĭŵ� ƶƫŚƷ� ƽƺƤƬů� ŀŚŞƿźƤţ� ŢųŚſ� ŚŝŚūƿƵŶƃ� ƲƿżĮ�ŶƳř��
ƿř�ƽźǀĭŚū�ƵƺŰƳ�ƶƬŘƀƯƵŵƺţ�Ʋ�ƾƯ�ŚƷ��ŶƳřƺţ�źǀŧŚţ�Żř�ƾƃŚƳ�ƽźǀěŚƿŵ�šŚƧźů�Śŝ

ŶƃŚŝ� ƶŤƃřŵ� ƢǀŞƐţ� ƾƄƳřźĭ� ƽŚƷƹźǀƳ� �� ƱŚƯŻ�ŢƄƸƳ� Żř� ƪŞƣ� ƽźǀĭŚū� Ʋƿř
ƾƯ� źƸƧ� ŶƳŻŚſ� Żř� ŶƘŝ� ƹ� ƶǀƳŚƐƬſ� ŢǀƯƺƫƹŵ�ŶƃŚŝ� �� Ŝǀţźţ� ƲƿŶŝƵŵƺţ��ƽŚƷ

ƾŤǀƳřźĭ�ƽŚƷźǀěŚƿŵ�šŹƺƈŝ�ƽŶǀƿƺŤǀƳřźĭ(S)�ƾƯ�ƖƐƣ�řŹ�źƸƧ�ŶƳŻŚſ���ŶƴƿŚưƳ



 ��
���������������������������������������������������������������������������������������ƶƳŚƧ�ƽŚƷŶƴƿřŹ�����������������������������������������ƽŶǀŗƺŤǀƳřźĭ�ƽŚƷ�Ƶŵƺţ�Źŵ�ƾƳŚſźĭŵ�ƹ�ƾƿřŻ(gd)ƵŚƯ�ƶƤƐƴƯ�ƾƀƨţŚƳō�ƕƺƳ��ƹ�ƱŚƄƳ�����

����������

��ÎÑ���������������������������������������������������������������������������ŹŚƸŝÕÒ�ƩŚſ��ƮƷŵżƳŚěƵŹŚưƃ���ÒÖ���������������������������������������������������������������

 

ƶƧ�ŢƫŚů�Ʋƿř�Śŝ�ƾưƳ�źƷŚƓ�ƽźŞưƷ�ƾƳƺĭźĭŵ�ƶƫŚƷ�ŚƸƳō�ƝřźƏř�Źŵ�ŵƺƃ���Źŵ
�ƶǀƃŚů�ƉƺƗƾƳƹźǀŝƵŵƺţ�Ʋƿř���ŚƷƵŶƃ�ƾƃźŝ�ƹ�ŵźų�šŶƃ�ƶŝ�řŶƳ���

ƶƫŚƷ�Ʋǀƴģ�ŵƺūƹ����ƵŶƃŵźų�ƽřƵŚĮƿŚū�ƾŞſŚƴƯ�ŹŚǀƀŝ�ƽřźŝ�ƽŚƸƫƺƬŰƯ�ŷƺƠƳ�
�Ʊřƺū�ŹŚǀƀŝ�ƾŝŚƯźĭŶƃƵŵźŤƀĭ�ƽŚƸǀƳŚſźĭŵ�ƶƧ�Ţſř�Ʋǀƴģ�ƹ�Ƶ��ƕƺƳ�Żř�ƽř

�ƦǀƬƿĥŹō�ƶŝŝ�źƷŚƓ�ƶ�ŵƺƃ�ƾƯ�ƵŶƿŵ�ƽźŞưƷ�ƾƳŚſźĭŵ�šŹƺƇ��ƪƨƃæê���
�ƶƧ�Ţſř�źƧŷ�ƶŝ�ƭŻǇ�ŷƺƠƳ�źƸƧ�ŶƳŻŚſ�Źŵ�ƽźǀěŚƿŵ�šŹƺƈŝ�ƶƧ�ƾŤǀƳřźĭ�

ƾƯ�ƴƧŶ�Żř��ƵŶƯō�ǇŚŝ�ƶŝ�ƽŵŚƿŻ�ľŚŤŞƀƳ�ơŚưƗř�ƹ�Źƺƈţ�Ʊřƺţ�ƾƯ�ƲƿřźŝŚƴŝźƧ�ƶƧ�ŵ
ƲǀƯŻ�żǀų��ƾŤǀƳřźĭ�ƮƀƿźǀěŚƿŵ�ŚƯźĭƾƿ�ƾŞſŚƴƯ�ƽřźŝ�ƱŵźƧ�ƩŚƘƟ�ƹ�ƂƿŚƯźĭ�

źǀěŚƿŵ�šǇŚǀſ� ƮƷřźƟ�ƽƵŵźƧƾŝŚƯźĭ�ƾƳŚſźĭŵ�ŦƗŚŝ� ƹ�� ƵŶƃ��řŸƫ� ��Ţſř
ƾŝŚƯźĭ� ƽŚƷŶƴƿřźƟ� ƹ� ƮƀƿźǀěŚƿŵ�ŶƴŤƀƷ� ƱŚƯżưƷ�� ��ƱŶƃ� ƲƃƹŹ� źŤƸŝ� ƽřźŝ

Ƣǀƣŵ�ƾſŹźŝ�ƶŝ�ơƺƟ�ŜƬƐƯ�ƾƯ�ƺƬƳŚƜƯ�ƽŶǀƿƺŤǀƳřźĭ�Ƶŵƺţ�źţ�ƮƿŻřŵźě����
�Źŵ�źƿŻ�ŭźƃ�ƶŝ�ƂŴŝ�ƶſ��ƾŤųŚƴƃ�ƾƳŚƧ�šřźǀǀƜţ�ŽŚſřźŝ�ƹ�ƢƿźƠţ�ŶƳƹŹ�Źŵ

ƽŶǀƿƺŤǀƳřźĭ� ƵŵƺţƶŤƟźĭ� Źřźƣ�ƾſŹźŝ� ŵŹƺƯ� ƹ�ƦǀƨƠţ� ƺƬƳŚƜƯ��Ţſř���ƪƨƃ
ë�����
Î� ��ƪƯŚƃ� �Ţſř� ƾŤǀƳřźĭ�ŜǀƧźţ� ƾƬƇř�ƂŴŝ� ƵŶƴƿŚưƳ� ƶƧ� ƽżƧźƯ�ƂŴŝ

ƪƨƃ�ƽŚƷŹƺƬŝ�ƶưǀƳ� Śţ� Źřŵ�ƪƨƃ�ŚĜſŶƬƟ� �żţŹřƺƧ� ŹřŵŹ�Źŵ�Ţǀţƺǀŝ� ƹ� ƾŤǀţźě�
� ŢƟŚŝ� śƺģŹŚģƶưǀƳ�ŵƺų�ŢŴƿŹŢſř�� �ŹƺƬŝ� ƶūŹŵ��ƽŶƃźưƷ� ƹ� ƾĭŶƃ

Ŵŝ� ƶŝ� ŢŞƀƳ� ƂŴŝ� Ʋƿř� ƲƿŹƺƬŝƄƶǀƃŚů� ƽŚƸ��ƂŴŝ� ŹƺƬŞţ� Żř� ƾƧŚů� ƽř
ƶƬůźƯ�ƾƏ�ƺƬƳŚƜƯ�ƽŶǀƿƺŤǀƳřźĭ�Ƶŵƺţ�ƽżƧźƯ�ƲƸƧ�ƽř�Ţſř�źţ���

Ï��ŝ�ƾŤǀţŚưĮě�ŜǀƧźţ� Śŝ�ƾƳŚǀƯ�ƂŴŝ� ƶƳŚƧ� ƶŝ�ƾƫŚƤŤƳř� ŹƺƏǀ�ƱĥƺţŚƯƺƴě�ƽŚƸ
ŚĜſŶƬƟ�ŶƴƳŚƯŹ�ƹ�Ţǀţƺǀŝ� ��ŢƿƹƺƨƀƯ� �żţŹřƺƧ� �ŢǀŞƫō�ŻǈƧƺƿĥǈě� �ƾŤǀţźě�

ĭ�ŵŹřƺƯ�ƾųźŝ�ŹŵŚƳŹŢŢſř�ƵŶƃ�ƪƿŶŞţ���ŵ��ƵŶƃ�ŵŚƿ�ƾŤǀƫƺţŚƯƺƴě�Ǝƿřźƃ�Ź
�ŢƟŚŝ�ŜƫŚƣ� Źŵ� ƹ� ƵŶƃ� ƶƳřŵ�ŢƃŹŵ� �Ĭƴſ� ƵŶƳŹƹōŶƿŶě�ƽŚƸǀƳŚƧ� ƶƗƺưŬƯ

ƶưǀƳ�ŵƺų�ŢŴƿŹƶŤƟźĭ�ƽŚū�źĮƿŶƨƿ�ŹŚƴƧ�Źŵ�ƦǀƟřźĭ�ƹ��ŶƳř���
Ð��ƶǀƃŚů�ƂŴŝ�ƽř����

ţ� Śŝ�ƂŴŝ� ƲƿřŐŧǀźźŝ� ƲŤƃřŸĭ�ŝ� �ƶƤƐƴƯ� ƪƧ� ƶ�Ƶŵƺţ� Żř� ƾƄŴŝ� ƪƯŚƃ� ƵĦƿƹ
�ƽŶǀƿƺŤǀƳřźĭŢſř�ƽŚƷŶƴƿřźƟ�Ǝſƺţ�ƶƧ��ƵŶƃ�ƱŚſźĭŵ�šŶƃ�ƶŝ�ƾŝŚƯźĭ��

Ţſř���Żř�ƂŴŝ�ƲƿřźƔƳ�ƾƿŚǀưǀƃ�šřźǀǀƜţ�ƹ�ŢƟŚŝ��ĬƳŹ��ƾƳŚƧ���Śŝ�ƾŤųŚƴƃ��
�Ƶŵƺţ� Żř� ƾƳŚǀƯ� ƹ� ƽżƧźƯ� ƽŚƸƄŴŝ� źĮƿŵ� Śŝ� �źƿŸě� źǀǀƜţ� ƽŚƸƧǈƯ� ƭŚƳ

Ţſř�šƹŚƠŤƯ�ƺƬƳŚƜƯ�ƽŶǀƿƺŤǀƳřźĭ� �źǀǀƜţ�ƽŚƸƧǈƯ��ƂƤƳ�śŚţŻŚŝ� �ơƺƟ�źƿŸě
�ƽŚƷŻŚĭ� Żř� ƶƧ�Ţſř�ƾŝŚƯźĭ� ƩŚǀſ�ƾƗƺƳH2O� ��H2S� ��HCl�źƇŚƴƗ� ƹ�

ŶƳř�ƵŶƃ�ƶƿŚƯźě��źĮƿŵ�ŹŚĭŻŚſŚƳ��ƫŚǀſ�ƲƿřŚƸ�Źŵ�ƶųźģ�ƽŚŤſřŹ�Źŵ�ƹ�ƾŝŚƯźĭ�
�ƶŝ��ƱŶƃ�ƾŤǀƳƺƬǀƯ�ƹ�ƾĭŶƃŵźų�Żř�ƾƃŚƳ�ŹƺŞƗ�ƽŹŚŬƯ�źĮƿŵ�ƹ�ŚƸǀĮŤƀƨƃ

ƢƟř�ƾƯ�ƩŚƤŤƳř�źţǇŚŝ�ƽŚƷ��ƽŚƸǀƳŚſźĭŵ�ƹ�ƱřƺưǀŤƳō�ƾŗřŻ�ƾƳŚƧ�ŜūƺƯ�ƹ�ŶƴŝŚƿ
ƾƯ� ƵŹřƺƿŵ� Ĭƴſ� ŻŹŚŝ�ŶƳƺƃ��ŚƸǀƳŚſźĭŵ�ƕƺƳ� Żř� ƵŹřƺƿŵ� Ĭƴſ� źǀĭřźƟ� ƽ

ŝ� ƹ� Ţſř� ƶŤƟźƄǀě� Śţ� ƎſƺŤƯ� ƦǀƬƿĥŹō� ƶŢǀƴǀƫƺŗŚƧ� ƽŚƸǀƳŚƧ� ƶƬǀſƹ���

�ŢǀƬǀƟƹźǀě��ƪƨƃæê��ţ�ŵŹƺƯǀƿŐƾƯ�Źřźƣ�Ŷ�ŶƳźǀĭ� ��ŢǀƫŚƘƟ�Śŝ� ŚƸǀƳŚſźĭŵ�Ʋƿř
�ƱĥƹŹŶǀƷ�ƶŝ�ƮǀſŚŤě�ƽŚƸƳƺƿ�ŢŞƀƳK+/H+)���ƾƏ��ŸƟŚƳ�ƾŝŚƯźĭ�ƽŚƸƫƺƬŰƯ�

ƂƴƧřƹ�ƢŞƏ�ƾŤǀƫƹźŤƨƫř�ƶƿżŬţ�ƹ�Ɓƹřźţ�ŚƷƾƯ�ƩźŤƴƧ�źƿŻ�ƽ�ŶƳƺƃ����
3KAlSi3O8+2H+(aq) >                                
KAl3Si3O10(OH)2 +2K+(aq)+6SiO2 

����������������������������Ţǀƀƿźſ�����������������������������������������ǀſŚŤěŹŚĜſŶƬƟ�Ʈ��
��

 2KAl3Si3O10(OH)2+2H+(aq)+3H2O � >>      
3Al2Si2O5(OH)4 + 2K+ (aq) ������������������������������������������������� 

���     �ŢǀƴǀƫƺŗŚƧ��
��

2KAl3Si3O10(OH)2 + 2H+(aq)+6SiO2 >>                

6AlSi2O5(OH) + 2K+(aq) 
���������ŢǀƬǀƟƹźǀě������
� ŹŵŵŹƺƯ�ƽŚƷ� ƶƴƸě� Źŵ� ƲƿżǀƴƯƹźƟ� ŵřƺƯ� ƱŶƃ� ŵřŻō� Śŝ� ƹ� ơƺƟ� ƽŚƸƄƴƧřƹ�

ƹřźţ� Śŝ�ƹ�ƵŶƃŵźųƿřŚŝ�ƾƵŵƺţ� �Ǉ��ƵŻřŶƳř� Śŝ�ƹ�ƪƨƃ�ƾſŶƗ�ƽřÑÍ�ÎÏÍźŤƯ���
ŝ�ƶŤƄƸƳ�ƶŚĜſŶƬƟ�ŭǈƐƇřŹ���żţŹřƺƧ�Ɩƣřƹ�Źŵ��ŚĜſŶƬƟŹ� ��ƽźŤųŚŝ�ƩŚưƃ�Źŵ

ƾƯ� ƪƨƃ� ƺƬƳŚƜƯ� ƽŚŤſƹŹ�� ŵźǀĭ�� ƪƨƃæë� ��ŚŤſřŹ� Ʋƿř� Źŵ��ŚƷŵřŶųŹ�ƽ
�ƶŤƟźĭ�ƪƨƃ�żǀƳ� ƺƬƳŚƜƯ�ƽŶǀƿƺŤǀƳřźĭ� Ƶŵƺţ� ƶǀƃŚů� Źŵ�ƲƫƺŗŚƧ�Żř�ƾƳƺĭŚƳƺĭ

Ţſř����
ŚǀƬƣ�ƶŝ�Śŝƿĭ�ƾřźŶǀƿ�ƱS+ƫŚǀſ�Źŵ�ƽŚƸƶƳŚƧ��ŝ�ƱŚƨƯř�Ʋƿř� �Źřŵ�ƶƾƯ�ŵƺūƹ��Ŷƿō

ƶƧřżūř�ƽŶƴƷŵ�śƺſŹ�ŶǀƠƫƺſ�ƪƨƃ�ƶŝ�ľŚŞƫŚƛ�řŹ�ŵƺų�ƽżƬƟ����ŵŹƺƯ�Ʋƿř�Źŵ
ƶƳŚƧ�ŭźƃ�ƶŝ��ŵƺƃ�ƾƯ�ƶŤųřŵźě�ƺƬƳŚƜƯ�ƱřƺưǀŤƳō�ƩŚƯźţ�ƾěř�ƕƺƳ�ƾƿřŻ��ƪƨƃ

æì����
�ƽŚŤſƹŹ� ƩŚưƃ� ƽźŤƯƺƬǀƧ�Ʀƿ� ŵƹŶů� ƶƬƇŚƟ� Źŵ� ƺƬƳŚƜƯ� ƱřƺưǀŤƳō� ŹŚƀƳŚƧ

ƜƯ�ŢƘſƹ� ƶŝ� ƵŶƃŵźų�ƶƴƸě�Ʀƿ� ŵřŶŤƯř� Źŵ�ƹ�ƺƬƳŚÎÏ�ÏÒÍ�ŢƸū� Śŝ� ƹ�źŤƯ�
N50EŵŹřŵ� Źřźƣ�� �ƶƳŚƧ� ƶƗƺưŬƯ��ƪǀƀƳŚŤě� Ǝƿřźƃ� Źŵ� ƶƧ� Ʊō� ƾƳŶƘƯ� ƽŚƷ
ƵŶƴƷŚƧƺƫƺƧ�ŢƿźƫŚƠſř��ŢǀƴŞǀŤſř�ƪƯŚƃ�ŶƳř�ƵŶƃ�ƶŤƄƸƳ�ƿŶǀƽ�ŢƿźǀěƺƴſŹō��

�ŢƿżƯźƧ�ƶƿƺƳŚŧ�ƽŚƸǀƳŚƧ�ƹ(Sb2S2O)�ƽŚƷŶǀƀƧƹŹŶǀƷ�źĮƿŵ�ƹ�Ţǀţƺĭ�����
��

ƲƷōſř��Ţ��ƪƨƃæí����
ƾƯ� ƪƨƃ� ƾƐƿřźƃ� Źŵ� żƳĥřŹŚě� Ʋƿř�ŚǀưǀƃƺƨƿżǀƟ� ƽŚƸǀĭĦƿƹ� Śŝ� ƶƧ� ŵźǀĭƿ�ƾ

ƫŚǀſƽŚƸƱŚƧ��ƾěř�ƕƺƳ�Źřŵ�ŝ�ƩŚƯźţ�ƶ�ƽŻŚſ�ƲĮưƷ�ƽŚƯŵ�źƔƳ�Żř�ƵĦƿƹ(TH)�ƹ�
�ŶƇŹŵƽŹƺƃŶƃŚŝ�ƶŤƃřŵ�ƽźŝřźŝ�����

řźŰƇ� šřŶƷŚƄƯ� Źŵƿ�źŝ� ŵƺưƗ� ƽŚƸƬƳƺţ� ƶƬưū� Żř� ƾưƿŶƣ� ŹŚƧ� Ŷƴģ� �� ƾ
ƶƿǇ�ƵŶƴƧ��ƶƄƳřźţ� �ƽŶƴŝ�ŚƧƶŤƃŚŞƳř�ƹ�ŻŚŝƹŹ�ƽŚƸƿŹ��ƾƳŶƘƯ�ƽŚƷ(dumps)�Źŵ�

ƾƃźŝ�ƽŚƸǀĮŤƀƨƃ�ƽŚŤſřŹ�� ƹ� ƵŶƃƾƳŚƧ�ƾƿřŻ�ƵŶƃƱō� ����ƶƐƤƳ� ŹŚƸģ�Źŵ�ƮƷ
Ŷƃ� ƵŶƿŵ� ƺƬƳŚƜƯ�ƽŚŤſƹŹ�ƩŚưƃ� Źŵ�Ɩƣřƹ� ��ƾưƿŶƣ�ƽŚƷŹŚƧ�Ʋƿř� Żř�ƾƨƿ� Źŵ

�ƪƨƃ�ŶƴƳŚƯÎÔŶƃ�ƶŤųŚƴƃ�źƿŻ�ŭźƃ�ƶŝ�ƾĮƴſ�Ŷůřƹ�ŹŚƸģ�����



 
�ƽŶǀŗƺŤǀƳřźĭ�ƽŚƷ�Ƶŵƺţ�Źŵ�ƾƳŚſźĭŵ�ƹ�ƾƿřŻ�ƶƳŚƧ�ƽŚƷŶƴƿōźƟ(gd)�ƹ�ƱŚƄƳ�ƵŚƯ�ƶƤƐƴƯ�ƾƀƨţŚƳō�ƕƺƳ������

��

��ŹŚƸŝÕÒ���ƩŚſ��ƮƷŵżƳŚě�ƵŹŚưƃ����ÒÖ��                                                          ÎÒ ��
 

� ŶůřƹÎ� ��ƳƺƬǀƯ� ƹ� ƵŶƃŵźų�šŶƃ� ƶŝ�ƾƨƿřŵ�ŢǀƫƺƯźţ� Żř� ľŚţŶưƗ� ƶƧ�ƾŤǀ��
ŝ� ƹ� ƵŶƃ�ƪǀƨƄţ�šƹŶǀěř� Ƶƹźĭ�ƽŚƸǀƳŚƧ�ƽŹřŶƤƯ� ƹ�ŢƿźƬƧ� �ŢǀƫƺƴǀŤƧō�ƶ

ƶĭŹ�ƶƬǀſƹ�ƶƳŚƧ�ŵřƺƯ�ƹ�żţŹřƺƧ�ƽŚƷ��ƾĮŤƄƛō�ƹ�ƖƐƣ�ƱřƺưǀŤƳō�ƽřƶŤƟŚƿ�Ţſř���
�ƶŝ�Ʊō�ŢƯŚŴƋÑƾƯ�źŤƯ��ŶſŹ���

�ŶůřƹÏ����Śţ�ƾţŹƺƇ�ĬƳŹ�ƶŝ�ƾĮƴſ�űźſŝ���ƶ�ƹ�ƵŶƃ�ƾŤǀƳƺƬǀƯ�ƹ�ŵźų�šŶƃ
�ƶĤĭŹ� ŚŝŚƷƿ�ƶŤŴǀƯō� �ƾƬųřŶţ�ŢƟŚŝ� Śŝ�żţŹřƺƧ�ƹ�ŢǀƴŞǀŤſř�Żř�ƾƃŢſř�ƵŶ��

ƵźƸģ��ǇŚŝ�ƾƨǀƳŚƨƯ�ŢƯƹŚƤƯ�ƶŝ�ƶūƺţ�Śŝ�Ŷůřƹ�Ʋƿř�ř�řŹ�ƾĭŵŻřƺƷ�Żř�ƲƄų�ƽ
ŶƷŵ�ƾƯ�ƱŚƄƳ����

�ŶůřƹÐ���Ʀƿřŵ�Ʀƿ�ƶŝř�ƽŻŚŝ�ŜǀƧźţ�Śŝ�ƹ�ƾŤǀƴǀŤƳŚěźſ�Śţ�ƾŤƿźƬƧ�šŶƃŢſ�
Ǝſƺţ�ƶƧƶƬƏŚŝ�żţŹřƺƧ�ƽƶƜǀţ�ƽŚƷŹƺƬŝ�Śŝ�ƵřźưƷ��ƳŻƺſ��ƽřƾ��ƾƗŚƘƃ�ƹ�ƪƨƃ

Ţſř� ƵŶƃ� ƵŶƿźŝ� ŢǀƴŞǀŤſř� ƶƳŚƧ� Żř� ��ƵŻřŶƳř� Śŝ� żǀƳ� ƾƟŚƄŤƧř� ƶƄƳřźţ� Ʀƿ
Ð�ÎÏ�ÏÐ�źƠů�źŤƯ�ƃŢſř�ƵŶ���ƾĮŤƀƨƃ�ŵřŶŤƯř�Źŵ�ƾưƿŶƣ�ƽŚƷŹŚƧ�źĮƿŵ

ƾƳŚƧ�ƾƿřŻ�ŶƃŶƿŵ�ƪŝŚƣ�ƲǀƴĤưƷ�Ŷůřƹ�Ʋƿř�Żř�ƵƱŶƴŤƀƷ�����
� ŶůřƹÑ� �� ŢƯŚŴƋ� Śŝ� Ŷůřƹ� ƲƿřÏ�ƶǀƃŚů� Źŵ� �ƵŶƃ� ŵźų�ŢǀƳřźĭ� Żř� źŤƯ�
ŹƹŚųţ�ƽŝ�ƶƧ�ŵŹřŵ�Źřźƣ�ƾƟŚƄŤƧř�ƶƄƳřź�ƶ�ƪƿŶŞţ�ƾƫƺưƘƯ�ŢǀƳřźĭ�ƶŝ�ŪƿŹŶţ

ŵƺƃ�ƾƯ��ƵƺƸƣ�ŵřƺƯ�ƶĤĭŹ�ƹ�ƶĭŹ���žǀƬǀſ�ƹ�šŚƴŝźƧ�ĬƳŹ�ƽř�ŚƷƿ�Ʋƿř�Źŵ�ƾ
�ŵŚŬƿř�ŶůřƹŵźƧƵ�ŶƳř����

ƶƳŚƧ�żƳĥřŹŚě�ŹřŵƺưƳ�Ź�ƽřŵřŶų�ƺƬƳŚƜƯ�ƩŚưƃ�Źŵ�ŢǀƴŞǀŤſř�ƾƳŶƘƯ��ƪƨƃ�Źŵæí�
ƵŶƃ�ƵŵŹƹō�Ţſř����

��
ƶŬǀŤƳ��ƽźǀĭ��

�ƾĭĦƿƹĬƴſ�ǀģƶƴ�ƽřĬƴſ� ƹ��ƪǀƨƄţ�ƾĮƴſ�ƽŚƷŶůřƹ�ƾŤųŚƴƃ��ƹŵ� ƵŶƴƷŵ
� ƵŹŚưƃ� ƶŤŴǀƷō� ƶƴƸěźƿŻÏ��ƶŤƃŹ�� ƺƬƳŚƜƯ� ƽŚƸƷƺƧ�ƂŞů�� �� ƵŹŚưƃ� ƹÑ�

�ƶŤƃŹ�ƮǀƷřźŝř� ƽŚƸƷƺƧ�� ŵŚŝō�� ƶĤƴƿř��ƺƫŚưƫō�� �ƵŚƯ� ƶƤƐƴƯ� Źŵ��źĮƳŚƄƳ� �ƱŚƄƳ
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