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abStract

7KH�VXO¿GHV�DUH�DQ�LPSRUWDQW�JURXS�RI�PLQHUDOV��$V�D�JHRFKHPLFDO�WUDFHU��WKH�VXOIXU�LVRWRSH�IUDFWLRQ-
DWLRQ�LQ�VXO¿GHV�FDQ�EH�XVHG�WR�DQDO\]H�WKH�RUH�IRUPLQJ�SURFHVV�DQG�WKH�RUH�IRUPLQJ�PDWHULDO�VRXUFH��
)H��&R��1L��DQG�0Q�DUH�WKH�¿UVW�URZ�WUDQVLWLRQ�PHWDOV��DQG�S\ULWH��)H62���FDWWLHULWH��&R62���YDHVLWH��1L62), 
DQG�KDXHULWH��0Q62��FU\VWDOOL]H�LQ�WKH�S\ULWH�W\SH�VWUXFWXUH��+RZHYHU��WKHUH�DUH�IHZ�VWXGLHV�RQ�WKH�VXOIXU�
LVRWRSH�IUDFWLRQDWLRQ�LQ�WKHVH�GLVXO¿GHV��6R�VWXG\LQJ�WKH�LVRWRSH�IUDFWLRQDWLRQ�EHWZHHQ�WKHP�SURYLGHV�
WKH�RSSRUWXQLW\�WR�H[DPLQH�WKH�YDULRXV�PHPEHUV�RI�D�VWUXFWXUDO�JURXS�LQ�ZKLFK�RQO\�WKH�PHWDO�DWRP�
is changed, thereby providing information that permits a systematic development of concepts regard-
LQJ�VXOIXU�LVRWRSH�IUDFWLRQDWLRQ�LQ�WUDQVLWLRQ�PHWDO�GLVXO¿GHV��,Q�WKH�SUHVHQW�SDSHU��WKH�VXOIXU�LVRWRSH�
IUDFWLRQDWLRQ�SDUDPHWHUV�IRU�S\ULWH��FDWWLHULWH��YDHVLWH��DQG�KDXHULWH�ZLWK�WKH�S\ULWH�W\SH�VWUXFWXUH�KDYH�
EHHQ�FDOFXODWHG�XVLQJ�¿UVW�SULQFLSOHV�PHWKRGV�EDVHG�RQ�GHQVLW\�IXQFWLRQDO�WKHRU\�LQ�WKH�WHPSHUDWXUH�
range of 0–1000 °C. The structure parameters of these four minerals and the vibration frequencies of 
S\ULWH�DUH�LQ�JRRG�DJUHHPHQW�ZLWK�SUHYLRXV�H[SHULPHQWDO�YDOXHV��7KH�PHWDO�VXOIXU�GLVWDQFH�LQFUHDVHV�
in the order FeS2, CoS2, NiS2, and MnS2, the sulfur-sulfur distance decreases in the order FeS2, CoS2, 
MnS2, and NiS2��WKHVH�WZR�VHTXHQFHV�DJUHH�ZLWK�WKH�H[SHULPHQWDO�UHVXOWV��2XU�FDOFXODWLRQV�VKRZ�WKDW�
the order of heavy isotope enrichment is pyrite > cattierite > vaesite > hauerite. It seems that the sulfur 
LVRWRSH�IUDFWLRQDWLRQ�LQ�GLVXO¿GHV�GHSHQGV�PDLQO\�RQ�WKH�PHWDO�VXOIXU�ERQGV�
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introduction

Sulfides have great economic importance as the major source 
of most of metals. Among them, pyrite is the most abundant 
PHWDO�VXOILGH�PLQHUDO�LQ�QDWXUH�DQG�RFFXUV�LQ�D�ZLGH�UDQJH�RI�
JHRORJLFDO�HQYLURQPHQWV��PHWDOOLF�PLQHUDO�GHSRVLWV��VHGLPHQWDU\�
rocks, metamorphic rocks, granite, basic-ultrabasic magmatic 
URFNV��DQG�S\UROLWH���&UDLJ�HW�DO��������:DQJ�������9DXJKDQ�DQG�
Lennie 1991). The pyrite structure, based on NaCl structure, is 
FRPPRQ�WR�D�FRPSOHWH�VHULHV�RI�ILUVW�URZ�WUDQVLWLRQ�PHWDO�GLVXO-
ILGHV�H[WHQGLQJ�IURP�0Q�WR�=Q��7HPPHUPDQ�HW�DO���������7KLV�
family of minerals exhibits a fascinating diversity in structural 
chemistry, electrical, magnetic, and other physical properties 
�:XHQVFK�������9DXJKDQ�DQG�&UDLJ��������6R�VWXG\LQJ�WKH�VXOIXU�
LVRWRSH�IUDFWLRQDWLRQ�RI�S\ULWH��)H62���FDWWLHULWH��&R62), vaesite 
�1L62���DQG�KDXHULWH��0Q62���ZKLFK�FU\VWDOOL]H�LQ�WKH�S\ULWH�W\SH�
structure, may provide the opportunity to examine the various 
PHPEHUV�RI�D�VWUXFWXUDO�JURXS�LQ�ZKLFK�RQO\�WKH�PHWDO�DWRP�LV�
changed, thereby providing information that permits a systematic 
development of concepts regarding sulfur isotope fractionation 
in transition-metal sulfides.

6LQFH�WKH�ZRUN�RI�8UH\�DQG�*UHLII��������DQG�8UH\��������RQ�
isotopic exchange equilibria and the thermodynamic properties 
of substances, using stable isotope fractionations to estimate the 
temperature of minerals formation in geochemical systems has 
EHHQ�ZHOO� HVWDEOLVKHG�E\� H[SHULPHQW� DQG� WKHRUHWLFDO� FDOFXOD-

WLRQ��$QG�WKH�UDSLG�GHYHORSPHQW�RI�QHZ�DQDO\WLFDO�WHFKQLTXHV�
provide an excellent opportunity to increase the scope of isotope 
geochemistry: the emergence of “nontraditional” stable isotopes 
RI�PHWDOV��WKH�LQYHQWLRQ�RI�FOXPSHG�LVRWRSH�JHRFKHPLVWU\��QHZ�
capabilities for measurements of position-specific isotope 
effects in organic compounds, and a great expansion of mass-
LQGHSHQGHQW�LVRWRSH�JHRFKHPLVWU\��(LOHU�HW�DO���������)RU�VXOIXU�
element, it has four stable isotopes, 32S, 33S, 34S, and 366�ZLWK�DQ�
DYHUDJH�DEXQGDQFH�RI��������������������DQG��������UHVSHFWLYHO\�
�0DFQDPDUD�DQG�7KRGH��������DQG�LQ�WKH�ODVW�GHFDGH��PXOWLSOH�
VXOIXU�LVRWRSHV�KDYH�EHFRPH�D�KRW�WRSLF�RI�UHVHDUFK��)DUTXKDU�
DQG�:LQJ�������2WDNH�HW�DO��������'DQLHODFKH�HW�DO��������%DODQ�
HW�DO��������*X\�HW�DO��������+DOHY\��������$QG�WKH�UHFHQW�VWXG\�
LQ�GHWHUPLQLQJ�WKH�į336�DQG�į36S values of terrestrial samples has 
VWHPPHG�IURP�WKH�ILQGLQJ�E\�)DUTXKDU�HW�DO���������WKDW�VRPH�
sulfide and sulfate minerals in sedimentary rocks older than 
a����*D�GR�QRW�IDOO�RQ�WKH�PDVV�GHSHQGHQW�IUDFWLRQDWLRQ�OLQHV��
this abnormal fractionation is termed “mass independent sulfur 
LVRWRSH�IUDFWLRQDWLRQV��6�0,)��´�+RZHYHU��WKH�LVRWRSLF�HIIHFWV�
of the various mechanisms suggested to generate S-MIF are un-
FOHDU��PDMRU�WKHRUHWLFDO�DQG�H[SHULPHQWDO�HIIRUWV�ZLOO�EH�UHTXLUHG�
WR�XQGHUVWDQG�WKHP��(LOHU�HW�DO���������)RU�WKHVH�UHDVRQV��WKLV�
VWXG\�RQO\�GHDOV�ZLWK�WKH�VXOIXU�PDVV�GHSHQGHQW�VXOIXU�LVRWRSH�
fractionations.

As for sulfides, the complexities of the sulfide system and 
the difficulty in making experiments on sulfur isotopic frac-
WLRQDWLRQV�EHWZHHQ�VXOILGHV�PDNH�WKH�VWXGLHV�RQ�VXOIXU�LVRWRSH�
IUDFWLRQDWLRQ�LQ�VXOILGHV�UHODWLYHO\�ZHDN��6R�IDU��WKH�H[SHULPHQWDO�


