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abstRact

1LFNHO�LV�W\SLFDOO\�GLVWULEXWHG�DFURVV�VHYHUDO�¿QH�JUDLQHG�PLQHUDOV�LQ�QLFNHO�ODWHULWHV��IRUPHG�E\�
LQWHQVH� WURSLFDO�ZHDWKHULQJ�RI� XOWUDPD¿F� URFNV�� ,QGRQHVLD� DFFRXQWV� IRU� DSSUR[LPDWHO\�����RI� WKH�
world’s lateritic nickel reserves, which play an increasing role in global nickel production. However, 
UHODWLYHO\� IHZ�JHRFKHPLFDO� VWXGLHV�RI� ,QGRQHVLDQ� ODWHULWHV�KDYH�EHHQ�XQGHUWDNHQ�DQG�TXDQWL¿FDWLRQ�
of Ni speciation is unclear. In this study the Ni geochemistry of an Indonesian laterite composed of 
limonite and saprolite has been examined using synchrotron microprobe analysis (microprobe X-ray 
ÀXRUHVFHQFH�PLFURVFRS\��ȝ�;)0��PLFURSUREH�;�UD\�GLIIUDFWLRQ��ȝ�;5'��PLFURSUREH�;�UD\�DEVRUSWLRQ�
VSHFWURVFRS\��ȝ�;$6��DQG�EXON�;$6��7KLV�DSSURDFK�SURYLGHV�VHPL�TXDQWLWDWLYH�VSHFLHV�VSHFL¿F�LQIRUPD-
WLRQ�QRW�UHDGLO\�REWDLQDEOH�XVLQJ�WUDGLWLRQDO�ODERUDWRU\�PHWKRGV�WKDW�DUH�KDPSHUHG�E\�WKH�¿QH�JUDLQHG�
KHWHURJHQHRXV�QDWXUH�RI�ODWHULWHV��,Q�WKH�OLPRQLWH���������RI�WKH�1L�ZDV�IRXQG�WR�EH�VXEVWLWXWHG�IRU�$O�
LQ�OLWKLRSKRULWH�ZLWK���������EHLQJ�DVVRFLDWHG�ZLWK�OL]DUGLWH��D�VHUSHQWLQH��VXEVWLWXWHG�IRU�0J��$�PLQRU�
SURSRUWLRQ�RI�WKH�1L�LV�DGVRUEHG�RQWR�WKH�0Q�OD\HUV�RI�SK\OORPDQJDQDWH��H�J���OLWKLRSKRULWH���+RZHYHU�
WKH�PDMRULW\�RI�WKH�1L�����������LV�VXEVWLWXWHG�IRU�)H�LQ�JRHWKLWH��7KH�PDMRULW\�RI�WKH�1L������������
ZLWKLQ�WKH�VDSUROLWH�LV�IRXQG�WR�EH�DVVRFLDWHG�ZLWK�OL]DUGLWH��WKH�SUHGRPLQDQW�PLQHUDO��$�IHZ�UHODWLYHO\�
ODUJH�1L�DVERODQH�JUDLQV�DUH�DOVR�REVHUYHG��ZKLFK�DFFRXQW�IRU���������RI�WKH�1L�ZLWK�WKH�UHPDLQLQJ���
�������RI�WKH�1L�UHSODFLQJ�)H�ZLWKLQ�JRHWKLWH�
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IntRoductIon

Nickel laterites are formed by intense tropical weathering of 
ultramafic rocks, such as peridotites and serpentinites (Golightly 
�������7KH�UHVXOWLQJ�SURILOHV�FDQ�EH�KLJKO\�YDULDEOH�GXH�WR�IDFWRUV�
such as climate, topography, drainage, and other hydrological 
influences, mineralogy, and bedrock structure (Gleeson et al. 
�������'HVSLWH�WKH�GLYHUVLW\�RI�ODWHULWLF�SURILOHV��VRPH�FRPPRQ�
features can be found enabling laterite types to be classified as 
R[LGH��FOD\��RU�VLOLFDWH�ODWHULWHV��%UDQG�HW�DO��������

On prolonged weathering ultramafic strata decompose 
UHOHDVLQJ�PRELOH�HOHPHQWV�VXFK�DV�)H��1L��0J��DQG�6L��)H�DQG�
Al are less soluble than Mg and Si and hence are enriched in 
WKH�XSSHU�]RQH�IRUPLQJ�WKH�R[LGH�OLPRQLWH�OD\HU�WKDW�LV�ULFK�LQ�
goethite, hematite, and Mn oxides. Ni and Co are also strongly 
incorporated and co-precipitated into Mn oxides such as lithio-
SKRULWH�DQG�DVERODQH��(OLDV��������6RPH�1L�SHUFRODWHV�IURP�WKH�
overlying limonite layer and is incorporated into the underlying 
hydrous silicate saprolite layer that is rich in serpentine minerals 
�(OLDV��������6LOLFDWH�ODWHULWHV�DUH�IRUPHG�DIWHU�D�ORQJ�SHULRG�RI�
DJJUHVVLYH�ZHDWKHULQJ��7KH�VDSUROLWH�]RQH�PD\�DOVR�RFFDVLRQDOO\�
be composed of clay minerals, predominantly the smectite clay 
nontronite. Clay laterites are formed in less severe weathering 
FRQGLWLRQV��*DXGLQ�HW�DO��������

Ni speciation within a wide variety of mineral samples, 
VXFK�DV�JRHWKLWH��GH�&DUYDOKR�H�6LOYD�HW�DO��������0DQFHDX�HW�

DO��������6LQJK�HW�DO���������SK\OORPDQJDQDWH��0DQFHDX�HW�DO��
������ ����E��3HDFRFN� DQG�6KHUPDQ�������3HxD� HW� DO�� ������
5RTXp�5RVHOO�HW�DO��������DQG�SK\OORVLOLFDWHV��'lKQ�HW�DO��������
.LF]ND�HW�DO��������0DQFHDX�DQG�&DODV�������������KDV�EHHQ�
extensively investigated. However, these studies have mostly 
focused on individual mineral rather than natural laterites where 
Ni is typically distributed across several fine-grained minerals.

Traditional mineralogical measurements of such fine grained 
and heterogeneous samples, such as powder X-ray diffraction and 
selective chemical extraction, provide bulk, volume-averaged 
data that obscure important spatially variable information. Bulk 
XAS also provides volume-averaged information regarding the 
local environments of the metal of interest. The interpretation of 
bulk XAS data for a material containing multiple species, as is 
frequently the case in an ore or soil sample, requires a complete 
database of reference spectra. Microprobe XAS probes individual 
grains at a micrometer scale, offering selective local informa-
WLRQ�WKDW�FDQ�EH�XWLOL]HG�LQ�WKH�LQWHUSUHWDWLRQ�RI�EXON�;$6�GDWD��
Synchrotron-based microprobe X-ray fluorescence microscopy 
�ȝ�;)0���PLFURSUREH�;�UD\�GLIIUDFWLRQ��ȝ�;5'���DQG�PLFURSUREH�
;�UD\�DEVRUSWLRQ�VSHFWURVFRS\��ȝ�;$6���WRJHWKHU�ZLWK�EXON�;$6�
analysis, provide a powerful tool to examine both lateritic samples 
at micrometer scale and also semi-quantitative analysis of the 
predominant Ni associations within the bulk materials.

,QGRQHVLD�DFFRXQWV�IRU�DSSUR[LPDWHO\�����RI�WKH�ZRUOG¶V�ODWHU-
itic nickel reserves, which play an increasing role in global nickel 
SURGXFWLRQ��%HUJHU�HW�DO���������$V�IRU�3KLOLSSLQH¶V�ODWHULWHV��DQG�
due to the similar climatic conditions, Indonesian nickel laterites 


