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AbStrAct

In situ mineralization of CO2�LQ�XOWUDPD¿F�URFN�KRVWHG�DTXLIHUV�LV�RQH�RI�WKH�SURPLVLQJ�VROXWLRQV�
for decreasing CO2�FRQFHQWUDWLRQV�LQ�WKH�DWPRVSKHUH��1DWXUDOO\�DOWHUHG�XOWUDPD¿F�URFNV�VXJJHVW�WKDW�
FDUERQDWLRQ�SURFHVVHV�DUH�FRQWUROOHG�E\�ORFDO�KHWHURJHQHLWLHV�LQ�WKH�VWUXFWXUH�RI�WKH�URFN�DQG�ÀXLG�
WUDQVSRUW�DW�WKH�ZDWHU�URFN�LQWHUIDFHV��:H�VWXGLHG�WKH�UROH�RI�URFN�FU\VWDOORJUDSKLF�DQLVRWURS\�UHODWLYH�WR�
WKH�JOREDO�ÀXLG�ÀRZ�GLUHFWLRQ�RQ�WKH�PLQHUDOL]DWLRQ�RI�&22 by means of electron microscope analyses 
IURP�WKH�PDFUR��WR�WKH�PLFURPHWHU�VFDOH��(%6'�),%���7KH�VDPSOH�XVHG�IRU�WKH�PHDVXUHPHQWV�ZDV�D�
KRW�SUHVVHG�ROLYLQH�FRUH�SHUFRODWHG�E\�ZDWHU�HQULFKHG�LQ�&22��S&22� ����03D��DW������&��'XULQJ�WKH�
SHUFRODWLRQ�H[SHULPHQW��ROLYLQH�ZDV�GLVVROYHG�DQG�WZR�W\SHV�RI�FDUERQDWHV��GRORPLWH��DQG�PDJQHVLWH��
ZHUH�SUHFLSLWDWHG�RQ�ROLYLQH�VXUIDFHV��7KH�UHVXOWV�VKRZHG�WKDW�WKH�GLVVROXWLRQ�RI�ROLYLQH�LV�FRQWUROOHG�
E\�LWV�FU\VWDOORJUDSKLF�SURSHUWLHV�DV�VKRZQ�E\�WKH�GHYHORSPHQW�RI�HWFK�SLWV�RQO\�RQ�WKH������ol planes 
DQG�ZLWK�HORQJDWHG�VKDSHV�SDUDOOHO�WR�WKH�>���@ol D[HV��,Q�FRQWUDVW��WKH�SUHFLSLWDWLRQ�RI�FDUERQDWHV�LV�
JRYHUQHG�E\�K\GURG\QDPLF�SURSHUWLHV��&DUERQDWHV�DUH�KHWHURJHQHRXVO\�GLVWULEXWHG�LQ�WKH�SHUFRODWHG�
URFN��7KH\�DUH�PDLQO\�ORFDWHG�DORQJ�WKH�PRGHUDWH��IRU�GRORPLWH��DQG�WKH�PLQRU��IRU�PDJQHVLWH��ÀRZ�
SDWKV��ERWK�RULHQWHG�SDUDOOHO�WR�WKH�SULQFLSDO�ÀXLG�ÀRZ�GLUHFWLRQ��ZKLFK�DOORZ�FDUERQDWHV�WR�EH�VXSSOLHG�
ZLWK�GLYDOHQW�FDWLRQV��H�J���&D2+, Mg2+, and Fe2+���,Q�WKHVH�ÀRZ�SDWKV��FDUERQDWH�JURZWK�LV�V\VWHPDWL-
FDOO\�RULHQWHG�QRUPDO�WR�WKH�ÀRZ�WKDW�IDFLOLWDWHV�WKH�GHYHORSPHQW�RI�FKHPLFDO�JUDGLHQWV�ZLWK�FDWLRQLF�
VXSHUVDWXUDWLRQ�FRQGLWLRQV�IRU�FDUERQDWH�SUHFLSLWDWLRQ�QHDU�WKH�ZDOOV�

,Q�QDWXUDO�V\VWHPV��WKH������ol�SODQHV�DUH�SDUDOOHO�WR�WKH�0RKR�DQG�WKH������ol planes are vertical; 
RXU�VWXG\�VXJJHVWV�WKDW�ÀRZ�RI�&22�ULFK�ÀXLGV�ZLOO�LQGXFH�SUHFLSLWDWLRQ�RI�FDUERQDWHV�ORFDOL]HG�DORQJ��
DQG�SUHIHUHQWLDOO\�FORJJLQJ��YHUWLFDO�ÀRZ�SDWKV�ZKLOH�IDYRULQJ�ROLYLQH�GLVVROXWLRQ�DORQJ�KRUL]RQWDO�
ÀXLG�SDWKZD\V��7KLV�GXDO�FRQWURO�RI�VWUXFWXUH�DQG�ÀXLG�ÀRZ�RQ�FDUERQDWLRQ�PHFKDQLVPV�FRXOG�EH�DQ�
LPSRUWDQW�SDUDPHWHU�DOORZLQJ�VXVWDLQDEOH�&22�VWRUDJH�LQ�SHULGRWLWHV��ZKLOH�OLPLWLQJ�WKH�ULVNV�RI�OHDN-
DJH�WRZDUG�WKH�VXUIDFH�

.H\ZRUGV��(%6'�),%��&22�PLQHUDOL]DWLRQ��XOWUDPD¿F�URFNV��HWFK�SLWV��RULHQWHG�JURZWK��FU\VWDO-
ORJUDSKLF�UHODWLRQVKLSV�

introduction

,Q�VLWX�FDUERQDWLRQ�RI�XOWUDPDILF�URFNV�LV�SRWHQWLDOO\�DQ�HIIHF-
WLYH�DQG�VDIH�PHDQV�IRU�PLWLJDWLQJ�DWPRVSKHULF�FDUERQ�GLR[LGH�
�&22�� FRQFHQWUDWLRQV� �%DFKX� HW� DO�� ������*RII� DQG�/DFNQHU�
������ -XQ�HW� DO�� ������0DWWHU� DQG�.HOHPHQ�������2HONHUV� HW�
DO��������6HLIULW]��������&DUERQDWLRQ��RU�&22�PLQHUDOL]DWLRQ��
consists in transforming CO2�LQWR�VWDEOH�FDUERQDWHV�WKURXJK�D�
VXLWH�RI�FKHPLFDO�IOXLG�URFN�UHDFWLRQV��LW�LV�D�SURFHVV�FRPPRQO\�
REVHUYHG�LQ�QDWXUDO�RSKLROLWLF��IRU�H[DPSOH��.HOHPHQ�DQG�0DW-
WHU�������.HOHPHQ�HW�DO��������DQG�RFHDQLF�HQYLURQPHQWV��IRU�
H[DPSOH��$OW�DQG�7HDJOH�������%DFK�HW�DO��������.HOOH\�HW�DO��
������/XGZLJ�HW�DO���������7KHVH�FKHPLFDO�UHDFWLRQV�DUH�FRXSOHG�
WR� WKH� WUDQVSRUW� RI� UHDFWDQWV� DQG�SURGXFWV� RI� UHDFWLRQV� DW� WKH�
fluid-mineral interface: first, CO2�UHDFWV�ZLWK�ZDWHU�WR�SURGXFH�
H+�DQG�ELFDUERQDWHV�FDUERQDWHV�LRQV��+&23

�/CO3
2–���WKH�++ ions 

WKHQ�WULJJHU�WKH�GLVVROXWLRQ�RI�VLOLFDWH�PLQHUDOV�DQG�ELFDUERQDWHV�
FDUERQDWHV�LRQV�FRPELQH�ZLWK�WKH�GLYDOHQW�FDWLRQV�SURYLGHG�E\�
VLOLFDWH�GLVVROXWLRQ�DQG�RU�IOXLGV�SUHFLSLWDWH�FDUERQDWHV��.HOHPHQ�

HW�DO���������8OWUDPDILF�URFNV�DUH�ZLGHO\�GLVWULEXWHG�DW�WKH�(DUWK¶V�
VXUIDFH��%RGLQLHU�DQG�*RGDUG�������'HVFKDPSV�HW�DO���������WKH\�
DOVR�KDYH�WKH�KLJKHVW�SRWHQWLDO�WR�PLQHUDOL]H�&22�GXH�WR�WKHLU�KLJK�
SURSRUWLRQ�RI�GLYDOHQW�FDWLRQV����±���ZW��0J2�t CaO t�)H2��
DQG�WKHLU�KLJK�UHDFWLYLW\��0DWWHU�DQG�.HOHPHQ�������2HONHUV�HW�
DO��������;X�HW�DO���������7KXV�WKH\�FRXOG�UHSUHVHQW�RQH�RI�WKH�
QDWXUDO�VLQNV�IRU�DWPRVSKHULF�&22��$OW�DQG�7HDJOH�������)U�K�
*UHHQ�HW�DO���������7KH\�DUH�DOVR�D�SRVVLEOH�WDUJHW�IRU�LQGXVWULDO�
CO2�JHRORJLFDO�VWRUDJH��.HOHPHQ�DQG�0DWWHU�������0DWWHU�DQG�
.HOHPHQ��������SURYLGHG�WKH�GHYHORSPHQW�RI�PHWKRGV�DOORZLQJ�
WR�RYHUFRPH�WKH�PHFKDQLVPV�OLPLWLQJ�FDUERQDWLRQ�NLQHWLFV�>H�J���
IRUPDWLRQ�RI�VLOLFD�OD\HU�RQ�GLVVROYLQJ�ROLYLQH�JUDLQV��-RKQVRQ�
HW�DO��������6LVVPDQQ�HW�DO�������@��WKLV�UHTXLUHV�D�EHWWHU�XQGHU-
VWDQGLQJ�RI� WKH�PHFKDQLVPV�GULYLQJ� FDUERQDWLRQ� UHDFWLRQV� LQ�
XOWUDPDILF�V\VWHPV�

Laboratory experiments and natural observations of altered 
SHULGRWLWHV�LQGLFDWH�WKDW�FDUERQDWLRQ�UHDFWLRQV�DUH�FRQWUROOHG�E\�
IOXLG�IORZ�DQG�DOVR�E\�WKH�VWUXFWXUH�RI�WKH�UHDFWLQJ�URFNV��H�J���
$QGUHDQL�HW�DO��������.HOHPHQ�DQG�0DWWHU��������.HOHPHQ�DQG�
0DWWHU� ������� UHSRUWHG� D� JHRPHWULF� GLVWULEXWLRQ�RI� FDUERQDWH�
YHLQV� LQ� DOWHUHG�RSKLROLWH� RXWFURSV� �6DPDLO� RSKLROLWH�� 6XOWDQ-
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