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abstract

7KH�YDVW�PDMRULW\�RI�SUHFLRXV�RSDO�RQ�WKH�ZRUOG�PDUNHW�FRPHV�IURP�RSDO�¿HOGV�LQ�WKH�*UHDW�$UWHVLDQ�
%DVLQ�RI�$XVWUDOLD�SRLQWLQJ�WR�YHU\�VSHFLDO�SUHUHTXLVLWHV�IRU�DPRUSKRXV�VLOLFD�WR�FRQVROLGDWH�LQ�D�ZD\�
WKDW�OHDGV�WR�WKH�IDPRXV�SOD\�RI�FRORU��:H�DQDO\]HG����RSDO�$�VDPSOHV�IURP�WKH�$QGDPRRND��6RXWK�
$XVWUDOLD��DQG�<RZDK��4XHHQVODQG��SUHFLRXV�RSDO�¿HOGV��XVLQJ�SHWURJUDSKLF�PLFURVFRS\��;53'��6(0��
DQG�(30$�WR� LGHQWLI\�DQG�FKDUDFWHUL]H�RSDOLQH�VLOLFD�� WKH�PLQHUDO�DVVHPEODJH��DQG� WKH�KRVW� URFN��
2SDO�$�FRQVLVWV�RI�VXEPLFURPHWHU�VL]HG�VLOLFD�VSKHUHV�ZLWK�DQ�DYHUDJH�GLDPHWHU�RI����±����QP��7KH�
DYHUDJH�GLDPHWHU�RI�PRQRGLVSHUVH�VSKHUHV�LV����±����QP�ZLWK�D�UHODWLYH�VWDQGDUG�GHYLDWLRQ��56'��
RI������3RO\GLVSHUVH�VSKHUHV�VKRZ�DQ�DYHUDJH�GLDPHWHU�RI����±����QP�ZLWK�D�56'�ODUJHU�WKDQ������
7KLV�GLFKRWRP\�LQ�VL]H�LV�UHÀHFWHG�E\�WKH�1D�.�UDWLR�DW�ERWK�ORFDOLWLHV��0RQRGLVSHUVH�VSKHUHV�VKRZ�
YDOXHV�EHORZ�����ZKLOH�SRO\GLVSHUVH�RQHV�VKRZ�D�UDWLR�ODUJHU�WKDQ������ZKHUHDV�RWKHU�FRQWDPLQDWLRQV�
ZLWK�KLJKHU�YDOHQFH�VKRZ�QR�FRUUHODWLRQV�DW�DOO��:H�WKHUHIRUH�VXJJHVW�WKDW�WKH�MXPS�LQ�1D�.�VLJQDOV�D�
IXQGDPHQWDO�FKDQJH�RI�S+�DQG�VDOLQLW\�RI�WKH�VLOLFD�EHDULQJ�PLQHUDOL]LQJ�ÀXLGV��-XGJLQJ�IURP�WKH�S+�
VWDELOLW\�RI�WKH�KRVW�URFN�PLQHUDOV�ZLWK�SUHGRPLQDWLQJ�DOXQLWH��NDROLQLWH��LOOLWH�DQG�J\SVXP��DQG�RPQL-
SUHVHQW�EDULWH�DQG�DQDWDVH�ZH�FRQFOXGH�WKDW�WKH�GRPLQDQW�ODWH�VWDJH�PLQHUDOL]DWLRQ�OHDGLQJ�WR�SUHFLRXV�
RSDO�KDSSHQHG�DW�DFLGLF�S+��2XU�¿QGLQJV�LQGLFDWH�WKDW�WKH�KRVW�URFNV�DQG�DVVRFLDWHG�PLQHUDOV�DUH�WKH�
NH\�WR�XQUDYHO�WKH�FRPSOH[�KLVWRU\�RI�RSDO�IRUPLQJ�VROXWLRQV��$�TXDQWLWDWLYH�RSDO�FODVVL¿FDWLRQ�EDVHG�
RQ�VSKHUH�GLDPHWHUV�DQG�WKHLU�YDULDELOLW\��GHFRXSOHG�IURP�JHPRORJLFDO�SURSHUWLHV��LV�WR�EH�HVWDEOLVKHG�
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introduction

2SDO�$�LV�D�QRQ�FU\VWDOOLQH�IRUP�RI�K\GURXV�VLOLFD��6L22·nH22��
WKDW�RIWHQ�FRQVLVWV�RI�VXEPLFURPHWHU�VL]HG�VSKHUHV��,Q�SUHFLRXV�
RSDO�$��PRQRGLVSHUVH�VSKHUHV�ZLWK�D�GLDPHWHU�RI�DERXW����±����
QP�IRUP�D�UHJXODU�WKUHH�GLPHQVLRQDO�DUUD\�WKDW�GLIIUDFWV�YLVLEOH�
OLJKW��JLYLQJ�WKH�FKDUDFWHULVWLF�SOD\�RI�FRORU��-RQHV�HW�DO��������
6DQGHUV��������ZKLFK�LV�DEVHQW�LQ�FRPPRQ�RSDO�$��+RZHYHU��
there are many factors that can suppress this optical effect in 
common opal, even if composed of monodisperse spheres in 
UHJXODU�DUUDQJHPHQWV��QRWDEO\��VSKHUH�VL]HV�WRR�VPDOO�RU�WRR�ODUJH��
VWURQJ�FHPHQWDWLRQ�RI�VSKHUHV��RU�DQ�XQVXLWDEOH�FRQWUDVW�EHWZHHQ�
WKH�UHVSHFWLYH�UHIUDFWLYH�LQGLFHV�RI�VSKHUHV�DQG�FHPHQW��6DQGHUV�
������'DUUDJK� HW� DO�� �������$�TXDQWLWDWLYH�RSDO� FODVVLILFDWLRQ�
GLVWLQJXLVKHV�EHWZHHQ�PRQRGLVSHUVH�VSKHUHV�DQG�WKRVH�ZLWK�D�
EURDG�VSKHUH�VL]H�GLVWULEXWLRQ��:KLOH�WKH�V\QWKHVLV�RI�VLOLFD�FRO-
ORLGV�ZLWK�D�QDUURZ�VSKHUH�VL]H�GLVWULEXWLRQ�LV�DPRQJ�WKH�EHWWHU�
FKDUDFWHUL]HG� SURFHVVHV� LQ�PDWHULDOV� VFLHQFH� �H�J��� ,OHU� ������
;LD�HW�DO��������DQG�UHIHUHQFHV�WKHUHLQ���WKH�IDFWRUV�FRQWUROOLQJ�
sphere diameter and dispersity in geological systems are still a 
PDWWHU�RI�GHEDWH�

3UHFLRXV�RSDO�$�DW�$QGDPRRND��6RXWK�$XVWUDOLD��DQG�<RZDK�
�4XHHQVODQG��LV�DVVRFLDWHG�ZLWK�WKH�GHHSO\�ZHDWKHUHG�(DUO\�&UH-
WDFHRXV�VHGLPHQWV�RI�WKH�0DUUHH�6XEJURXS�DQG�:LQWRQ�)RUPD-
WLRQ��UHVSHFWLYHO\��6HQLRU�HW�DO��������%DUQHV�HW�DO���������)URP�

WKH�/DWH�&UHWDFHRXV�WR�(DUO\�0LRFHQH��ZHDWKHULQJ�RI�IHOGVSDU��
PLFD��DQG�FOD\�PLQHUDOV�OLEHUDWHG�VLOLFD�LQWR�VROXWLRQ�WKDW�PLJUDWHG�
IURP�D� IHZ�GHFLPHWHUV� WR�KXQGUHGV�RI�PHWHUV� �'DUUDJK�HW� DO��
������%DUQHV�HW�DO���������6LOLFD�ODGHQ�VROXWLRQV�ZHUH�WUDSSHG�
ZLWKLQ�DERXW����P�EHQHDWK�WKH�VXUIDFH�LQ�YRLGV��FUDFNV��DQG�DORQJ�
JURXQGZDWHU� SHUPHDELOLW\� EDUULHUV�� H�J��� NDROLQLWLF� VDQGVWRQH�
RYHUO\LQJ� OHVV�SHUPHDEOH� FOD\VWRQH��6ORZ�HYDSRUDWLRQ�JUDGX-
ally supersaturated these trapped solutions, eventually leading 
WR�SUHFLSLWDWLRQ�RI�DPRUSKRXV�VLOLFD�DQG�IRUPDWLRQ�RI�RSDO�$�

7KH�SUHFLSLWDWLRQ�RI�RSDO�$�IURP�VROXWLRQ�LV�SUHGRPLQDQWO\�
dependent on the degree of supersaturation, ionic strength, and 
S+��$W�DPELHQW�FRQGLWLRQV�DQG�S+�����WKH�VROXELOLW\�RI�DPRU-
phous silica is a���±����SSP��ZLWK�D�PD[LPXP�DW�S+��±��DQG�
D�PLQLPXP�DURXQG����$OH[DQGHU�HW�DO��������,OHU��������(OHF-
WURO\WHV�JHQHUDOO\�UHGXFH�WKH�VROXELOLW\��ZLWK�SRO\YDOHQW�FDWLRQV�
EHLQJ�PRUH�HIIHFWLYH�WKDQ�PRQRYDOHQW�RQHV��0DUVKDOO�DQG�:DUD-
NRPVNL�������&UHUDU�HW�DO���������)URP�VXSHUVDWXUDWHG�VROXWLRQV��
SDUWLFOHV�JURZ�E\�DGGLWLRQ�RI�VLOLFD�PRQRPHUV�DQG�SRO\PHUV�RQ�
WKH� VXUIDFH�RU�E\�DJJUHJDWLRQ�ZLWK�RWKHU� VROLG�SDUWLFOHV� �H�J���
%RJXVK� DQG�=XNRVNL� ������ ,FRSLQL� HW� DO�� ������� 6SKHUHV� LQ�
RSDO�$�FRQVLVW�RI���±���QP�VL]HG�VXESDUWLFOHV��'DUUDJK�HW�DO��
������-RQHV�DQG�6HJQLW�������*DLOORX�HW�DO������E��DQG�DUH�PRVW�
OLNHO\�WR�IRUP�E\�DQ�DJJUHJDWLYH�JURZWK�SURFHVV��([SHULPHQWV�DQG�
modeling on silica colloid formation from natural hydrothermal 
EULQH� VROXWLRQV� VKRZ� WKDW� SDUWLFOHV�ZLWK� D� GLDPHWHU� RI� ��±���
nm are aggregates of nanoparticles a��QP�LQ�VL]H��,FRSLQL�HW�DO��
������&RQUDG�HW�DO���������7KHVH�VPDOO�SDUWLFOHV�KDYH�QRW�EHHQ�
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