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Abstract
The Santa Fé Ni-Co deposit is a major undeveloped lateritic deposit located in the Goiás State of Central Bra-
zil. The deposit comprises two properties that together have indicated resources of 35.7 million tonnes (Mt), 
grading 1.14% Ni and 0.083% Co, and inferred resources of 104.3 Mt at 1.03% Ni and 0.054% Co. The laterite 
was derived from Late Cretaceous alkaline ultramafic lithologies that experienced an initial silicification from 
Eocene to Oligocene, followed by lateritization and partial reworking in Miocene-Pliocene. The deposit is char-
acterized both by oxide- and phyllosilicate-dominated ore zones. In the former, Ni- and Co-bearing hematite 
and goethite dominate the supergene mineralogical assemblage, while ore-bearing Mn oxyhydroxides occur as 
minor components. In the phyllosilicate-dominated horizons the major Ni-carrying phase is chlorite.

Multivariate statistical analyses (factor analysis and principal components analysis) conducted on the drill core 
assay database (bulk-rock chemical analyses) showed that significant differences exist between Ni and Co distri-
butions. The Ni distribution is not controlled by any clear geochemical correlation. This is because the highest Ni 
concentrations have been measured in the ferruginous and in the ochre saprolite zones, where Ni-bearing min-
erals (chlorite and goethite) are mostly associated with reworked material and only in a limited way, with zones 
affected by in situ ferrugination. Cobalt has an atypical statistical distribution at Santa Fé if compared with other 
laterites, correlated not only with Mn but also with Cr in the majority of the laterite facies. From microchemical 
analyses on several potential Co-bearing minerals, it was found that the Co-Cr association is related to elevated 
Co contents in residual spinels, representing unweathered phases of the original parent rock now included in the 
laterite. This element distribution is atypical for Ni-Co laterite deposits, where Co is normally associated with 
Mn in supergene oxyhydroxides. In the case of the Santa Fé laterite, the Co concentration in spinels is likely 
related to magmatic and postmagmatic processes that affected the original parent rock before lateritization, 
specifically (1) orthomagmatic enrichment of Co in chromite, due to its high affinity to spinels in alkaline melts, 
and (2) trace elements (i.e., Co, Mn, Ni, and Zn) redistribution during the hydrothermal alteration of chromite 
into ferritchromite. The Santa Fé deposit represents a good example of how the prelateritic evolution of a parent 
rock strongly affects the efficiency of Co mobilization and enrichment during supergene alteration. Based on the 
interpretation of metallurgical test work, a fraction of total Co between 20 and 50% is locked in spinels. 

Introduction
Nickel laterite deposits are the product of weathering of ultra-
mafic parent rocks at tropical latitudes (Gleeson et al., 2003; 
Freyssinet et al., 2005; Butt and Cluzel, 2013; Herrington et 
al., 2016). During lateritization, interaction between ferro-
magnesian minerals in the subaerial environment and acid soil 
solutions enhances leaching of mobile cations (e.g., Si, Mg) 
from primary minerals and residual enrichment of transition 
metals in newly formed phases, such as oxyhydroxides and 
phyllosilicates (e.g., Golightly, 2010). Nickel laterites often 

contain economically exploitable reserves of Ni and Co (e.g., 
Freyssinet et al., 2005; Mudd and Jowitt, 2014), accounting for 
about 60% of worldwide Ni resources. Brazilian Ni reserves 
consist of 11,000,000 t, which represent approximately 12% of 
the total global reserves (U.S. Geological Survey, 2020). 

The general features of a laterite profile, such as the mineral-
ogy and chemistry, are products of the interplay between many 
factors, such as climate, relief, drainage conditions, tectonic 
lineaments, parent rock mineralogy, and degree of serpentini-
zation (Gleeson et al., 2003; Freyssinet et al., 2005; Golightly, 
2010; Porto, 2016; Putzolu et al., 2019). Nickel laterites can be 
subdivided in three main types: (1) oxide-type deposits, charac-
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terized by laterite profiles dominated by a ferruginous saprolite 
(i.e., ferruginous saprolite horizon or oxide zone), where Ni is 
hosted in Fe and Mn oxyhydroxides, (2) clay-type deposits, dom-
inated by Ni-bearing smectites occurring in massive and poorly 
jointed saprolite units, and (3) hydrous Mg silicate deposits, also 
called “garnierite-type,” where Ni is hosted in mineralogically 
complex mixtures of serpentine, talc, and sepiolite occurring as 
vein filling and cement in faults and open spaces in the sapro-
lite unit (Butt and Cluzel, 2013, and references therein). The 
genetic dynamics between these deposit types are significantly 
different, as oxide-type and smectite-type ores develop from 
a continuous lateritization process in stable terranes, whereas 
in garnierite-type ores, lateritization depends on the lowering 
of the water table and, thus, on the leaching level within the 
weathering profile. Moreover, the formation of cracks and open 
spaces is crucial for garnierite precipitation (Cluzel and Vigier, 
2008; Butt and Cluzel, 2013, and references therein; Villano-
va-de-Benavent et al., 2014). Several studies have highlighted 
the fact that the original features of the magmatic bedrock can 
exert a primary role in defining the Ni mineralogy and fertil-
ity in laterite ores. For example, the alteration of olivine-rich 
cumulates (i.e., dunite) generally produces oxyhydroxide-dom-
inated ores, whereas the alteration of pyroxene-rich bedrocks 
(i.e., peridotite and pyroxenite) gives rise to laterites contain-
ing well-developed Ni-rich clay zones (e.g., Freyssinet et al., 
2005, and references therein). Furthermore, Lambiv Dzemua 
and Gleeson (2012) showed that the variable mineralogy of the 
Ni carriers in the ultramafic parental rocks, and in particular 
the differential weathering rate of Ni-bearing phases, can play 
a primary role in defining the Ni fertility of laterites deposits. 
Another significant aspect to consider is that many laterite ores 
can experience postformation diagenetic-metadiagenetic stages 
that can enhance the ore redistribution. For example, in some 
Greek laterites, it was shown that Co and other transition metals 
(i.e., Mn and Zn) can be concentrated in chromite grains, due 
to the onset of a more reducing environment after the main 
supergene event (Economou-Eliopoulos, 2003). 

The Santa Fé Ni-Co laterite deposit (property of Compan-
hia Niquel Santa Fé Ltda., held 75% by Mineradora INVI 
Ltda.) is one of the largest unexploited deposits of the South 
Goiás alkaline province (Brod et al., 2005), with an indicat-
ed resource of 35.7 million tonnes (Mt), grading 1.14% Ni 
and 0.083% Co, and inferred resources of 104.3 Mt, grading 
1.03% Ni and 0.054% Co (Dreisinger et al., 2008). Although 
the ore potential of the Santa Fé deposit is relatively high, the 
specific mineralogical and geochemical features of the deposit 
are still poorly known. The aim of this work is to shed new 
light on the genesis, the nature of the main ore-carrier phases, 
and the Ni and Co deportment within the deposit. A particu-
lar focus will be on how the original geochemistry and nature 
of the magmatic parent rock and its alteration history acted on 
the Co deportment during supergene alteration and thus on 
the metal recovery. 

Regional Geology
The Santa Fé Ni-Co laterite deposit originated from the weath-
ering of the Santa Fé ultramafic massif (Fig. 1A, B). Mafic to 
ultramafic complexes crop out throughout the Brazilian Shield 
and represent common exploration targets for both hypogene 
and supergene Ni ores. The Goiás State in Central Brazil is 

home to Ni resources associated with two types of ultramafic 
complexes, which differ in emplacement ages and petrological 
characteristics (de Oliveira et al., 1992, and references there-
in). The oldest ultramafic massif is the Tonian Goiás Stratiform 
Complex, which is part of the Goiás Massif. The Tonian Goiás 
Stratiform Complex is located in the northeastern sector of the 
Goiás State and is considered one of the biggest mafic to ultra-
mafic complexes worldwide. The emplacement of the Tonian 
Goiás Stratiform Complex is believed to be Mesoproterozoic 
to Neoproterozoic in age (800–770 Ma; Pimentel et al., 2000; 
Giovanardi et al., 2017), although its geodynamic setting is still 
a matter of debate. Many authors (e.g., Pimentel et al., 2004, 
2006; Giovanardi et al., 2017) suggested that continental rift 
and back-arc extension in continental crust settings are the 
most appropriate geodynamic scenarios for the Tonian Goiás 
Stratiform Complex emplacement. The Tonian Goiás mag-
matic sequence consists of layered mafic to ultramafic units, 
such as norites, gabbros, peridotites, pyroxenites, and anortho-
sites. The mafic basal zone hosts elevated Cu and Ni sulfide 
concentrations, whereas chromite pods occur in the ultramafic 
zone of the complex (de Oliveira et al., 1992). Lateritic weath-
ering of the Proterozoic massifs has produced the world-class 
Niquelândia and Barro Alto Ni deposits (Colin et al., 1990; de 
Oliveira et al., 1992). 

The youngest ultramafic massif is the Late Cretaceous  
(86.7 Ma) South Goiás alkaline province (Sonoki and Garda, 
1988; de Oliveira et al., 1992), which hosts the Santa Fé de-
posit. The Goiás alkaline province lithologies are located in 
the southwestern sector of the Goiás State, surrounded by the 
Paleozoic to Cretaceous Paraná basin (Fig. 1A). The alkaline 
ultramafic massif consists of scattered and relatively small plu-
tons, which intruded into the Precambrian basement of the 
Brazilian belt (Valeriano et al., 2008). Almeida (1967, 1983) 
proposed that the Goiás alkaline province formed during mul-
tiple alkaline magmatic events related to the opening of the 
southern Atlantic Ocean. In contrast, other authors (Gibson et 
al., 1995; Van Decar et al., 1995) suggested that alkaline mag-
matism in the Goiàs region could have been due to a mantle 
plume impacting the Brazilian basement. The Goiás alkaline 
province is characterized by significant spatial changes in the 
dominant magmatic and volcanic lithologies: the plutonic 
alkaline mafic to ultramafic complexes are mainly located in 
the northern zone, whereas the subvolcanic bodies and their 
volcanic products are dominant in the central and southern 
zones, respectively (Brod et al., 2005, and references there-
in). The subvolcanic bodies are mainly kamafugites, whereas 
the volcanic products consist of a kamafugite-carbonatite as-
sociation. The Santa Fé alkaline ultramafic massif is one of 
the plutonic bodies belonging to the Goiás alkaline province 
and has a subcircular to ellipsoidal shape, with the ultramafic 
units (i.e., serpentinized dunite, peridotite, and pyroxenite) in 
the center of the intrusion and the more differentiated mafic 
to intermediate products (i.e., alkali gabbros and syenites) at 
its border. In a few localities, as in Santa Fé, peralkaline and 
ultrapotassic subvolcanic tabular bodies, such as lamprophyre 
and phonolite dikes, crosscut the main pluton (Barbour et al., 
1979; Brod et al., 2005). 

Supergene alteration of the Brazilian ultramafic massifs 
started during the Eocene to Oligocene and was coincident 
with the onset of the Sul-Americano geomorphological cycle 
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(Braun, 1971). During this cycle, the main alteration dynam-
ics were silicification under arid to semiarid conditions and 
lateritization of the ultramafic bodies during warm and humid 
periods (Melfi et al., 1979). During Miocene-Pliocene, the 
onset of the Velhas geomorphological cycle led to the disman-
tling of the Sul-Americano surface and partial reworking and 
sedimentation of the ancient regolith profiles in the lowlands. 
Silicified horizons protected the profiles from erosion dur-
ing the Velhas cycle (de Oliveira et al., 1992, and reference 
therein). Weathering continues today in the majority of the 
lateritic districts, with the exception of the São João do Piauì, 
where the current climatic conditions are arid to semiarid, 
and mechanical erosion dominates over chemical weathering 
(de Oliveira et al., 1992).

Local Geology and Laterite Profile
The studied Ni-Co laterite lies upon the ultramafic massif 
of Santa Fé (Fig. 1B), which consists of a subcircular pluton 

with an area of about 38 km2. The intrusive body comprises 
a serpentinized dunite core surrounded by peridotite, clino-
pyroxenite, and minor alkaline gabbro (Barbour et al., 1979; 
Dreisinger et al., 2008; Golightly, 2010). The laterite cover is 
mainly located in the flat-lying lowlands, which correspond to 
the Velhas surface. The remnants of this surface, developed 
during the Sul-Americano cycle, are still visible and form top-
ographic highs capped by silcrete. De Oliveira et al. (1992) 
first described the Santa Fé laterite profile as composed of 
four main horizons and observed that, despite the highest 
Ni grades being associated with ferruginous saprolite (up to  
1.65 wt % Ni), the better-developed and largest ore zone corre-
sponds to the coarse saprolite (minimum Ni content 1.25 wt %  
NiO). For our study the chemistry and features of the rego-
lith have been analyzed in 613 drill holes and in a number of 
pits and open cuts, leading to the recognition of eight regolith 
units within the laterite profile and of three main lithologies in 
the ultramafic bedrock. The ultramafic bedrock consists of the 

Fig. 1. A) Geologic map of the south Goiás region showing the location of Goiás alkaline province (modified after Lacerda 
et al., 2000). B) Simplified geologic map of the Santa Fé ultramafic massif (modified after Golightly, 2010) with the drill hole 
grid. The drill holes used in this work are shown in colors: red circles indicate the location of the drill cores used for the geo-
chemical survey, while the dark green circles show the location of the drill cores sampled for the mineralogical study. Inset 
map shows location of the study area in the Goiás region.

province
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following: (1) serpentinized and locally oxidized dunite (litho-
logical code = U1), (2) peridotite (lithological code = U2), (3) 
pyroxenite (lithological code = U3). The laterite profile is dis-
played schematically in Figure 2. The thickness of each unit 
represents the median value taken from the drill holes. The 
preliminary step in classifying the regolith facies was based on 
geochemistry, initially defining the oxide- and phyllosilicate-
dominated units of the deposit using Mg, recognizing the 
Mg discontinuity—i.e., the geochemical surface at which Mg 
phyllosilicates are decomposed in the laterite profile (Freys-
sinet et al., 2005; Butt and Cluzel, 2013). Further discrimi-
nation of regolith units was based on macroscopic features, 
aimed at recognizing deposit facies affected by mechanical 
reworking. The laterite profile demonstrates three distinct 
zones, further subdivided into seven units from bottom to top. 

The lowermost zone preserving the original structures and 
texture of the magmatic parent rock comprises the following: 
(1) saprock (lithological code = R8), a greenish rock with sili-
ca-filled fractures, occurring in all drill cores; its median thick-
ness is 4 m, measured in all drill holes whether they reached 
bedrock or not, and (2) green saprolite horizon (lithological 
code = R7, median thickness = 3 m), which is ubiquitous and 
consists of a brownish to greenish clayey saprolite preserving 
the original structure of the parent rock. The textures and pri-
mary minerals are partly replaced by fine-grained phyllosili-
cates and oxides. 

The ferruginous zones of the profile have been subdivided 
in two horizons: (3) ferruginous saprolite (lithological code = 
R6, median thickness = 1.2 m), which is only present in about 
50% of drill holes, and (4) ochre saprolite (lithological code 
= R5, median thickness = 1 m), which occurs only in about 
20% of the drill holes and shows the highest Ni grades (mean 
Ni = 1.44 wt %). The R5 unit marks the transition between 
saprolite and the ferruginous zones sensu lato. In the ochre 
saprolite, the original rock features are completely destroyed. 

The uppermost ferruginous zones are characterized by red-
dish hematite-rich layers, subdivided into three further units: 
(5) a lowermost transition zone (lithological code = R3, medi-
an thickness = 0.8 m), comprising a fine-grained and reddish 
horizon, (6) an overlying indurated ferruginous lateritic crust 
(lithological code = R2, median thickness = 1.1 m), which has 
a pisolitic texture with local coatings of Mn oxyhydroxides; 
this unit has been observed in only about 10% of the drill 
holes and show the highest Co grades (mean Co = 0.12 wt %), 
and (7) an uppermost pisolitic topsoil layer (lithological code 
= R1, median thickness = 3 m) that covers the whole project 
area. It has a granular texture composed of loose ferruginous 
pisolites and oolites in a silty to clayey matrix. 

Another common lithology is silcrete (lithological code = 
R4), which consists of an indurated chalcedony-rich layer 
sporadically occurring on hilltops. The silcrete also occurs as 
more irregular, discontinuous, and thinner intervals across the 
regolith units.

Analytical Methods
Mineralogical and petrographic characterization was carried 
out on 29 samples of the regolith profile collected from select-
ed drill cores (i.e., FDSF-01, SFDD-003, SFDD-017, SFDD-
041, SFDD-308; Fig. 1B; App. 1–6). The identification of ma-
jor minerals was carried out using X-ray powder diffraction 
(XRPD) analyses, performed with a Panalytical X’Pert PRO 
MPD diffractometer equipped with an X’celerator PSD 2.1° 
detector at the Natural History Museum (NHM) in London 
(UK). The instrument was operated using a Co Kα radiation 
at 40 kV and 40 mA° with a Fe filter and a 1/4° divergence slit. 
The XRPD patterns were collected between an incident angle 
of 5 and 100° 2θ at a step size of 0.02° 2θ. The run time per 
step was 75 s. The analyses were interpreted with the High 
Score Plus software, using the PDF-4 database from the In-
ternational Centre for Diffraction Data (ICDD). 

Fig. 2. Schematic section of the Santa Fé laterite profile, based on the considered drill cores and geochemical logs, showing 
the average chemical composition of each regolith unit. 
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The study of mineral chemistry of the ore-bearing phases 
occurring on selected specimens was performed using scan-
ning electron microscopy equipped with energy dispersive 
X-ray spectroscopy (SEM-EDS) and then refined by elec-
tron microprobe analysis (EMPA). SEM-EDS analyses have 
been carried out at the NHM with a ZEISS EVO LS 15  
operating with a working distance of 8.5 mm, an acceler-
ating voltage of 20 kV, and a current of 3 nA. EDS micro-
analyses were obtained with an X-Max detector. EMPA were 
performed at the NHM using a Cameca SX100 electron mi-
croprobe analyser equipped with five wavelength dispersive 
spectrometry (WDS) Bragg spectrometers. Peak overlaps 
corrections were performed prior to matrix correction for 
the following elements: V (overlapping element: Ti; used  
standard: RUT STD082), Cr (overlapping element: V; 
used standard: VAN STDIC), Mn (overlapping element:  
Cr; used standard: CRO2 STDIC), Fe (overlapping element: 
Mn; used standard: MNT STDIC). A beam current of 20 nA, 
an accelerating voltage of 20 keV, and a spot size of 1 µm were 
used to quantify the following elements: Al (TAP, Kα), Mg (TAP, 
Kα), P (TAP, Kα), K (PET, Kα), Ca (PET, Kα), Fe (LIF, Kα),  
Mn (LIF, Kα), Ti (PET, Kα), Co (LIF, Kα), Ni (LIF,  
Kα), V (LIF, Kα), Cr (PET, Kα), Na (TAP, Kα), Si (TAP, Kα), 
Cl (PET, Kα), and Zn (PET, Kα). 

High-resolution elemental maps were obtained using a 
FEI Quanta 650 FEG SEM at the NHM. The instrument 
was equipped with a Bruker Flat Quad 5060F EDS detec-
tor for hyperspectral mapping. The maps were acquired at an 
HV mode and the instrument operated at 15 Kv, with 28-mm 
working distance and 8-µm pixel time.

The whole-rock geochemical data was treated using multi-
variate statistical analyses—i.e., principal components analysis 
(PCA) and factor analysis (FA)—in order to evaluate the as-
sociations between the major and minor elements in the lat-
erite profile and to assess the Ni and Co distributions in the 
different facies of the ore. Combining PCA and FA methods 
was chosen in order to ensure a much more robust quantita-
tive analysis of geochemical interdependencies (Toffolo et al., 
2020). The advantage of PCA is that the number of compo-
nents is not dependent on the operator’s decision, and it is 
thus effective as an explorative analytical tool. Regarding FA, 
although the factors produced by this statistical method may 
be controlled by the user, this will not significantly distort the 
variance of the data set entirely, resulting in a more reliable 
result (Reimann et al., 2002, 2011). Therefore, during FA, the 
approach to the factor extraction was based on (1) the selec-
tion of factors with eigenvalues >1 and (2) the reduction of the 
data dimensionality performed by previous PCA (Reimann et 
al., 2011).

The statistical analyses of the whole-rock geochemical data 
were conducted on 9,509 samples from ~617 drill holes, pro-
vided by Mineradora INVI Ltda. Prior to analysis, each sam-
ple was dried at 105°C for 12 h and then crushed to 2 mm. 
Afterward, a fraction of about 300 g was pulverized in a ring 
pulverizer to 150 mesh, from which a 10-g portion was se-
lected for whole-rock assays. Major oxides and trace elements 
were analysed by SGS Geosol Laboratories Ltd. in Belo Hori-
zonte (Brazil), using X-ray fluorescence (XRF). The statistical 
analyses were performed with the R software. The data were 
normalized using the isometric log ratio transformation, in or-

der to favor the opening of the data. This transformation re-
quires a matrix of data with no zero. The concentrations below 
the detection limits have been represented as a multiplication 
between the detection limit and 0.65 (Martín-Fernández et 
al., 2003). In order to quantify and to visualize the enrichment 
of immobile elements (i.e., Fe and Al), as well as the leaching 
of the mobile components (i.e., Si and Mg) during the weath-
ering process, bulk-rock concentrations were also used for the 
calculation of the ultramafic index of alteration (UMIA), ac-
cording to the equation proposed by Babechuk et al. (2014, 
and references therein): 

UMIA = 100 ∙ [(Al2O3 + Fe2O3(T))/(SiO2 + MgO + 
         Al2O3 + Fe2O3(T))]. (1)

Following the procedure of Aiglsperger et al. (2016, and 
references therein), the UMIA was calculated with molar ra-
tios by converting into moles the bulk-rock elemental concen-
trations (wt %).

Results

Geochemistry of the laterite profile

Whole-rock geochemistry: The average chemical composi-
tion of the Santa Fé profile’s regolith is reported in Figure 
2. The dominant oxide in the laterite profile is Fe2O3, (mean 
~43.9 wt %), followed by SiO2 (mean ~27.1 wt %) and MgO 
(mean ~9.7 wt %). The Fe2O3 content increases progressively 
from the saprock (mean ~10.9 wt %) to the uppermost rego-
lith units (i.e., R6-R1), where it reaches mean concentrations 
always at or above 50 wt %. SiO2 and MgO show a significant 
depletion toward the surficial zone of the profile, from a mean 
of 43.5 wt % SiO2 and 30.7 wt % MgO in the saprock to val-
ues around 1.4 wt % SiO2 and 14.5 wt % MgO in the pisolitic 
soil. Al2O3, Cr2O3 and TiO2 have similar concentrations (~3.5, 
2.96, and 2.0 wt %, respectively), while CaO, MnO and P2O5 
are very low (~0.83, 0.75, and 0.11 wt %, respectively). 

Regarding MgO, a significant drop in its concentration was 
observed at the transition between green and ferruginous sap-
rolite. A slight increase in the MnO concentration is observed 
at the transition between the green saprolite (~0.29 wt %)  
and the uppermost section of the ore zone (i.e., R6-R1, mean 
>~0.60 wt %), with the highest MnO concentration occurring 
in the lateritic crust (~1.43 wt %). In the regolith profile, Ni 
and Co have mean concentrations ~0.84 and 0.08 wt %, re-
spectively, with the highest Ni grades occurring in the ferrugi-
nous and the ochre saprolite horizons (mean 1.3 and 1.4 wt %,  
respectively). The Co grade is negligible in the saprock and  
in the green saprolite (mean < 0.05 wt %), while it is higher in  
the surficial regolith (0.06–0.12 wt %). The dominant oxide 
in the silcrete unit is SiO2 (~64.6 wt %), followed by MgO 
and Fe2O3 (mean ~16.5 and 11.4 wt %, respectively). The Ni 
and Co grades measured in the silcrete are significantly lower 
(~0.3 and 0.04 wt %, respectively), in comparison with the 
other regolith units (Table 1).

The saprock and the green saprolite units have the low-
est UMIA (Figs. 2, 3; Table 1) (~4.9 and 11.4, respectively), 
whereas the samples from the ferruginous saprolite to the 
pisolitic topsoil (R6-R1) show a significant increase in the 
UMIA (up to 63.9 in the R1 unit), due to the enrichment of 
Al2O3 and Fe2O3 in the uppermost zones of the profile. As ex-
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pected, the silcrete unit has a low UMIA (5.5), characterized 
by a progressive trend toward elevated SiO2 content. Despite 
the general rise of the UMIA in the oxyhydroxide-dominated 
zones of the orebody (R6-R1), the Fe2O3 and Al2O3 increase 
in these zones is not accompanied by a total MgO loss. In 
fact, some compositions measured in the R6, R5, and R3 are 
displaced toward more MgO-rich compositions in comparison 
with the typical in situ lateritization trend observed in other 
deposits (e.g., Wingellina, Putzolu et al., 2019; Moa Bay, Aigl-
sperger et al., 2016). The UMIA does not show any relation-
ship with the Ni grades, while a slight covariance between Co 

and UMIA is observed in samples from the ferruginous sap-
rolite to the pisolitic topsoil (Fig. 4). However, the highest Co 
concentrations (>0.20 wt % Co) fall outside the correlation 
trends, giving rise to outliers.

Principal component analysis: To visualize the interelemen-
tal relationships, a PCA has been carried out on the bulk-rock 
chemical assays, firstly taking into account all the major and mi-
nor oxides, together with Ni and Co (Fig. 5A), and secondly se-
lecting only MnO, Cr2O3, Fe2O3, SiO2, Ni, and Co (Fig. 5B-E). 

In the first PCA (Fig. 5A; App. 7), the first two components 
explain ~71% of the total variance (52.3% PC1 and 19.3% PC2)  

Fig. 3. MgO-SiO2-(Al2O3 + Fe2O3) molar ternary plot, showing the geochemical variations in the Santa Fé deposit during 
chemical weathering. The UMIA has been calculated following the equations of Babechuk et al. (2014) and Aiglsperger et 
al. (2016).

Table 1. Average Chemical Composition (wt %) of the Santa Fé Laterite Regolith Units (R8-R11), the Magmatic Bedrock (U1, U2, U3),  
and the Silcrete Horizon (R4)

SiO2 Al2O3 MgO MnO Fe2O3 TiO2 P2O5 CaO Cr2O3 Co Ni UMIA
Avg regolith units (R8-R1)1 27.16 3.5 9.74 0.75 43.93 2.01 0.11 0.83 2.96 0.08 0.84 N/A
Avg dunite (U1) 40.6 0.34 34.77 0.17 10.99 0.23 0.04 0.62 0.51 0.01 0.21 4.57
Avg peridotite (U2) 41.38 0.13 36.07 0.16 9.68 0.13 0.04 0.34 0.66 0.01 0.19 3.81
Avg pyroxenite (U3) 41.95 1.88 28.08 0.18 11.67 1.15 0.27 4.28 0.39 0.01 0.14 6.88
Avg bedrock (U1, U2, U3) 41.31 0.78 32.97 0.17 10.78 0.5 0.12 1.75 0.52 0.01 0.18 N/A
Avg silcrete (R4) 64.67 0.71 16.51 0.19 11.47 0.36 0.09 0.24 0.78 0.04 0.34 5.59

1The silcrete horizon is not included in the calculation
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of the geochemical data set. Along the PC1 axis, the MgO 
and the SiO2 eigenvectors show a positive correlation toward 
negative PC1 values. They form an anticorrelated group with 
Fe2O3-MnO and are relatively less anticorrelated with TiO2-
Al2O3-Co-Cr2O3-Ni, which have variably positive and nega-
tive PC2 values. However, PC1 was able to discriminate the 
(phyllo)silicate- and oxide-dominated sections of the orebody 
(bedrock samples to ochre saprolite and silcrete; ferruginous 
saprolite to pisolitic topsoil, respectively). Along the PC2 axis, 
Al2O3 and TiO2 show a good correlation in the R6 to R1 units, 
while CaO and P2O5 are significantly displaced toward higher 
PC2 values and are correlated within the lower section of the 

profile (U-R7). The MnO, Co, Cr2O3 and Ni eigenvectors dis-
play a progressive displacement toward negative PC2 values 
and are mostly distributed within oxide-dominated sections of 
the ore. The PCA of the full data set highlighted a complex Co 
deportment, which is associated with a relatively wide group 
of elements (mostly Cr2O3-Mn and less Ni-Fe2O3). There-
fore, the second PCA was conducted on selected variables to 
better constrain the Co behavior (Fig. 5B-E; App. 8). In this 
PCA, PC1 explains ~67% of the total variance, PC2 accounts 
for 14%, and the components that are subsequent to PC2 ac-
count for significant proportions of the bulk variance. In the 
PC1 versus PC2 plot (Fig. 5B) Co is closely associated with 

Fig. 4. Binary plots showing the relationship between the metal grades and the UMIA.

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/116/4/837/5297088/4819_putzolu_et_al.pdf
by guest
on 27 July 2021



844 PUTZOLU ET AL.

MnO and Cr2O3 (R1, R2, R3, and R5 units), while Ni (R6 
unit) and Fe2O3 (R1 unit) are displaced toward negative and 
positive PC2 values, respectively. The Co-Cr2O3-Mn group is 
dominant also in the PC1 versus PC3 plot (Fig. 5C), but here 

Co is slightly decoupled toward positive PC3 values. In addi-
tion, Ni and Fe2O3 are strongly correlated with negative PC3 
values. The PC1 versus PC4 plot shows a similar scenario, 
with a correlation between Co and Fe2O3 along positive PC4 

Fig. 5. A) PC1 versus PC2 biplot showing the association between the major and minor oxides in the Santa Fé geochemical 
data set. B-E) PC1 versus PCn biplot showing the association of Ni and Co with MnO, Cr2O3, and Fe2O3 and SiO2. 
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values and a strong association between MnO, Ni, and Cr2O3. 
Lastly, the PC1 versus PC5 (Fig. 5E) plot is the only computa-
tion where Cr2O3 is decoupled from the other variables, which 
form the Fe2O3-Ni-Co-MnO group characterized by low to 
moderately positive PC5 values. 

Factor analysis: A factor analysis (after Varimax rotation) has 
been performed on each regolith unit and on the magmatic 
bedrock (App. 9). The MnO-Fe2O3-Co-Cr2O3 group, showing 
positive weightings, is widespread in almost the whole data set 
(i.e., in the magmatic bedrock and in the R8, R7, R5, R4, and 
R3 units) and occurs in the first factor in association with the 
SiO2 and MgO pair, which is instead characterized by negative 
loadings. These groups collectively account for 20 to 34% of 
the explained variance. The association between MnO-Fe2O3-
Co-Cr2O3 becomes more complex in the lateritic crust, in the 
pisolitic topsoil, and to a lesser extent in the ochre saprolite 
horizons. In the former, Fe2O3 shows a positive weighting in 
association with negative weightings of SiO2 and MgO in F1, 
while MnO and Co are positively correlated with Al and Ni in 
F2. In this context, Cr is geochemically decoupled and shows 
a positive weighting in F3. In the pisolitic topsoil, Fe2O3 oc-
curs in F1, while the F4 and F5 factors highlight the Mn-Ni-
Co and Cr-Co associations, respectively. Although the Cr-Co 
association occurs in the last factor (F5), it accounts for 9% 
of the explained variance. The Cr-Co association, accounting 
for 10% of the total variance, has been detected also in the F3 
of ochre saprolite unit. Other important associations are the 
Al2O3-TiO2-CaO-P2O5 group, occurring throughout the pro-
file, and Ni-Mg (and locally TiO2-Al2O3-Fe2O3), which have 
been detected from the ferruginous and ochre saprolites and 
in the pisolitic topsoil. 

Mineralogy and textures

X-ray powder diffraction (Fig. 6) shows that the saprock 
unit consists of remnant magmatic olivine and pyroxene, of 
layered silicates (i.e., chlorite, serpentine, and vermiculite), 
together with spinel group minerals. The mineralogy of the 
green saprolite is similar to that of the saprock, except that it 
also contains smectite. In the uppermost units of the laterite 
profile (R6 to R1), goethite, hematite and magnetite are the 
dominant oxyhydroxides, while chlorite is the only phyllosili-
cate. Mn oxyhydroxides have been also detected and occur as 
minor constituents of the ore. 

In the saprock, olivine is crosscut by several generations of 
serpentine with typical mesh-like textures (Fig. 7A), while py-
roxenes are cut by veinlets of serpentine and/or cryptocrystal-
line quartz (Fig. 7B, C). In the green saprolite, newly formed 
serpentine has totally obliterated the magmatic texture; it oc-
curs in two generations: massive (srp I) and vein-filling (srp 
II) serpentine (Fig. 7D). Chlorite occurs extensively in the 
saprock and green saprolite units, either as filling of cavities in 
cryptocrystalline silica (Fig. 7E) or as replacement of spinels 
(Fig. 7F). Smectite clays only occur as alteration rims around 
olivine in the phyllosilicate-dominated section of the profile 
(Fig. 7F). Remnants of perovskite and apatite occur exten-
sively mostly in the lowermost section of the profile (Fig. 7H, 
I), with the former commonly exhibiting Al-bearing Ti oxide 
alteration rims (Ti/Al oxide I, Fig. 7H).

Hypogene Cr-Fe oxides (chromite, ferritchromite, and 
magnetite) are abundant throughout the whole laterite pro-

file. Based on its texture, two types of magnetite were detect-
ed: coarse-grained magnetite I (mt I) (Fig. 8A), which com-
monly shows either hematite lamellae (hem I, martitization, 
Fig. 8B) or ilmenite exsolutions (Fig. 8C), or magnetite II (mt 
II), which mainly occurs in the saprock and in the green sap-
rolite as tiny rims around serpentine (Fig. 7A-D). Chromite 
commonly shows porous/spongy alteration zones that are lo-
cally spread toward the grain core, thus indicating a pervasive 
alteration of the Cr spinel (Fig. 8D). Two ferritchromite (Fe-
chr) generations were also recognized, with Fe-chr I occur-
ring as massive grains, which host amphibole and Ni-Fe(Co) 
sulfide inclusions (Fig. 8E). Furthermore, a late generation 
of zoned ferritchromite (Fe-chr II) was observed partially re-
placing Fe-chr I (Fig. 8F).

Among newly formed Fe oxyhydroxides, a first type of goe-
thite (ght I) occurs as skeletal aggregates in the lowermost 
section of the profile (i.e., saprock and green saprolite, Fig. 
9A). The textures of the more surficial ferruginous saprolite 
show a certain degree of reworking, with ubiquitous compos-
ite Fe oxyhydroxide-rich oolites (Fig. 9B) and detrital chlorite 
(Fig. 9C). Supergene hematite (hem II) is commonly found 
in the core of the ooids, while goethite occurs at their external 
rims (Fig. 9B). Hematite locally occurs also as massive crusts 
(Fig. 9D). Late generations of Ti and Al oxyhydroxides have 
been extensively detected: a second generation of Ti/Al oxide 
(Ti/Al oxide II) was observed as globular and concentric ag-
gregates (Fig. 9E). Veinlets of gibbsite cutting the hematite/
goethite ooids have been observed (Fig. 9F). Mn hydroxides 
occur in the lowermost section of the profile as replacement 
of chlorite (Fig. 9G, H), while in the oxide-dominated units 
they form massive to layered encrustations (Fig. 9I).

Mineral chemistry 

Selected microprobe analyses of ore-bearing and gangue 
minerals are reported in Tables 2 to 7, while box and whisker 
plots, showing the full data sets in chemical variance of the 
pre-lateritic and the supergene phases are reported in Appen-
dixes 10 and 11, respectively.

Ferromagnesian minerals: Forsteritic olivine (Fo# mean 
= 87.56) has average Ni and Co contents of 0.35 wt % NiO 
and 0.03 wt % CoO, respectively. Clinopyroxene (diopside) 
and amphibole (K-bearing ferropargasite) have very low Co 
(mean CoO = 0.03 wt % and below detection limit, respec-
tively) and Ni grade contents (mean NiO = 0.17 wt % and 
below detection limit, respectively).

Prelateritic Fe-Cr oxides: Chromite displays significant 
amounts of Cr, Fe2+, Al, Mg, and Ti (mean = 50.61 wt % 
Cr2O3, 19.69 wt % FeO, 7.99 wt % Al2O3, 7.49 wt % MgO, 
and 2.88 wt % TiO2). In a limited group of analyses, chromite 
grains are also enriched in Fe3+ (up to 14.36 wt % Fe2O3), 
indicating an incipient transformation to Fe3+-bearing chro-
mite (ferritchromite). In ferritchromite I, Fe is the dominant 
element, while the Cr amounts are relatively low (mean = 
39.82 wt % Fe2O3, 26.05 wt % FeO, and 23.91 Cr2O3). Minor 
concentrations of Ti, Al, Mg, and Zn have been also detected 
(mean = 3.62 wt % TiO2, 1.08 wt % Al2O3, and 4.10 wt % 
MgO, 1.54  wt % ZnO). In comparison with ferritchromite 
I, ferritchromite II displays higher Al, Cr, and Zn concen-
trations (mean = 5.57 wt % Al2O3, 39.51 wt % Cr2O3, and 
12.16 wt % ZnO, respectively) and lower Fe3+ concentra-
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Fig. 6. Representative XRPD patterns of the regolith units in the Santa Fé laterite. Mineral abbreviations: Am = amphibole, 
Ant = anatase, Chl = chlorite, Chr = chromite, En = enstatite, Fo = forsterite, Gbb = gibbsite, Ght = goethite, Hem = hematite, 
Ilm = ilmenite, MnO/OH = Mn oxyhydroxide, Qtz = quartz, Sme = smectite, Spl = spinel, Srp = serpentine, Vrm = vermiculite. 
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Fig. 7. Backscattered electron photomicrographs showing the typical textures of the magmatic minerals and of the newly 
formed phyllosilicates. A) Serpentine and magnetite II enveloping olivine grains (saprock). B) Mesh of serpentine replacing 
pyroxene grains (saprock). C) Cryptocrystalline quartz cementing pyroxene (saprock). D) Mesh serpentine II crosscutting 
pseudomorph serpentine I (green saprolite). E) Layered chlorite within cryptocrystalline silica. F) Newly formed chlorite 
replacing a spinel grain (green saprolite). G) Pelitomorphic smectite replacing olivine. H) Primary perovskite grains crosscut 
by Ti/Al-oxide I (transition zone). I) Apatite and pyroxene grains cemented by cryptocrystalline silica (saprock). Mineral 
abbreviations: ap = apatite, chl = chlorite, chr = chromite, ex-ol = ex olivine, Fe-chr = ferritchromite, gt = goethite, mt = 
magnetite, ol = olivine, prv = perovskite, px = pyroxene, sme = smectite, srp = serpentine, Ti/Al-ox = Ti/Al-oxide.

Table 2. Chemical Composition (wt %) of Selected Ferromagnesian Minerals

Oxides Olivine Clinopyroxene Amphibole
Na2O 0.04 0.00 0.27 0.38 5.61 5.31
MgO 46.19 45.61 16.68 16.53 21.62 21.82
Al2O3 0.00 0.08 1.10 1.23 0.15 0.09
SiO2 37.97 37.80 53.40 53.27 54.89 53.91
K2O 0.02 - - - 2.63 2.58
CaO 0.14 0.08 24.79 25.28 6.69 6.65
TiO2 - 0.03 0.98 1.05 1.10 1.08
Cr2O3 - 0.00 0.63 0.92 0.04 -
MnO 0.27 0.21 0.04 0.01 - 0.06
FeOt 11.42 11.08 3.92 3.67 1.96 2.02
CoO 0.01 0.08 0.08 - 0.05 0.03
NiO 0.33 0.41 0.25 0.17 0.06 0.17
Fo# 87.82 88.01 - - - -
Total 96.41 95.38 102.14 102.51 94.81 93.72

Notes: - = not detected
Fo = forsterite
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tions (mean = 6.21 wt % Fe2O3). Iron is the main cation in 
magnetite (mean = 69.83 wt % Fe2O3 and 34.74 wt % FeO), 
which locally exhibits relatively high Ti and Al amounts (up to 
8.56 wt % TiO2 and 3.25 wt % Al2O3). Moreover, the Fe-Cr  
oxides contain traces of Ni, Co, and Mn. There are signifi-
cant amounts of Co in the chromite grains (up to 0.53 wt 
% CoO), whereas their Ni content is lower (<0.20 wt %  
NiO) and is similar to that of ferromagnesian minerals. High 
Ni and Co contents were measured in ferritchromite. Ferrit-
chromite I has Ni and Co concentrations up to 1.94 wt % NiO 
and 1.63 wt % CoO, while in ferritchromite II the Ni and Co 
grades reach values up to 2.29 wt % NiO and 1.23 wt % CoO. 

Manganese occurs as a minor element mainly in chromite and 
ferritchromite I (up to 1.73 and 1.41 wt % MnO). 

Other significant chemical features of Fe-Cr oxides can be 
observed on the Al-Cr-Fe3+ projection of the spinel prism 
(Fig. 10). In particular, the analyzed minerals are character-
ized by a progressive chemical evolution between the chro-
mite and magnetite end members, following an increase of 
Fe3+ (Fig. 10A). Interestingly, in the Al-Cr-Fe3+ system (Fig. 
10B) the analyzed primary chromite plots within the very 
low grade metamorphic field (i.e., greenschists facies), while 
most of the ferritchromite data are spread within the meta-
morphic field ranging from lower to upper amphibolite fa-

Fig. 8. Backscattered electron photomicrographs showing the typical textures of the spinels. A) Coarse magnetite I grain asso-
ciated with partially altered perovskite. B) Magnetite I grain exhibiting hematite exsolutions (hem I; martitization) (transition 
zone). C) Magnetite I with trellis-type ilmenite exsolutions (ferruginous saprolite). D) Chromite grain with pervasive altera-
tion rim (transition zone). E) Ferritchromite I enclosing amphibole and Ni-Fe(Co) sulfide inclusions (transition zone). F) 
Ferritchromite II replacing ferritchromite I (ferruginous saprolite). Minerals abbreviations: am = amphibole, chr = chromite, 
Fe-chr = ferritchromite, hem = hematite, ilm = ilmenite, mt = magnetite, pev = perovskite. 
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cies. This is also confirmed by the data distribution in the 
cross plot of Figure 10C, where ferritchromites (I and II), as 
well as a few chromite analyses, show Cr and Mg numbers 
(i.e., Cr/[Cr + Al] and Mg/[Mg + Fe2+], respectively) differ-
ent from the conventional mantle spinels, being instead lo-
cated in the high-temperature compositional field of altered 
spinels observed in other ultramafic suites (Arai and Akiza-
wa, 2014, and reference therein). Another relevant aspect is 
shown by the geochemical transect performed in a residual 
chromite grain, which exhibits a well-developed reaction rim 
(Fig. 10D). The main chemical variations between the fresh 
chromite core and the altered rim are the decrease of the Cr, 
Mg, and Al concentrations and the increase of the total Fe 
content (Fe2+ and Fe3+).

Mg-Ni phyllosilicates: The chemistry of mesh-like (srp I) 
and vein-filling (srp II) serpentine is characterized by very 
similar Mg contents (mean = 34.38 and 32.49 wt % MgO re-
spectively), while Ni, Fe, and Al differ significantly among 
the two serpentine generations. In srp I, Al, Fe, and Ni are 
relatively low (mean = 0.49 wt % NiO, 7.80 wt % FeOt, and 
0.17 wt % Al2O3), while in srp II Al (mean = 0.74 wt % Al2O3) 
as well as Ni and Fe are significantly increased (1.64 wt % 
NiO and 11.08 wt % FeOt). In smectite clays the octahedral 
site is characterized by high Mg and Fe contents (mean = 
16.89 wt % MgO and 12.16 wt % FeOt), while Al and Ni oc-
cur as minor cations (mean = 1.88 wt % Al2O3 and 1.54 wt % 
NiO). Chlorite contains variable amounts of Ni (0–11.50 wt 
% Ni, mean = 3.04 wt % Ni). Overall, Mg is the dominant 
octahedral cation (mean = 23.61 wt % MgO), followed by Al 
and Fe (mean = 9.06 wt % Al2O3 and 7.35 FeOt). Further-
more, chlorite contains variable amounts of Ti and Cr, which 
can reach concentrations up to ~5 wt % TiO2 and 1 wt %  
Cr2O3. 

Secondary oxyhydroxides: Among Mn oxyhydroxides, 
three mineral species have been identified at Santa Fé: ro-
manèchite, asbolane, and lithiophorite-asbolane intermedi-
ates. Overall, Co is almost equally distributed within Mn 
oxyhydroxides, with romanèchite showing a slight enrichment 
(mean = 3.62 wt % CoO) in comparison with asbolane and 

lithiophorite-asbolane (mean = 2.58 and 2.35 wt % CoO, re-
spectively). Nickel is rich in asbolane (mean = 20.20 wt % 
NiO), and to a lesser extent in romanèchite and lithiophorite-
asbolane (13.16 and 12.43 wt % NiO, respectively). Barium is 
a major constituent of romanèchite (mean = 5.13 wt % BaO), 
whereas lithiophorite-asbolane shows high Al concentrations 
(12.32 wt % Al2O3). In the Al-Ni-Co system (Fig. 11), the 
chemistry of Mn oxyhydroxides from Santa Fé is significantly 
different from those of other world-class Co-bearing laterite 
deposits, such as Wingellina (Western Australia; Putzolu et al., 
2018) and Nkamouna (southeast Cameroon; Lambiv Dzeuma 
et al., 2013). In particular, despite the observation that Mn 
oxyhydroxides have high Ni concentrations, the Co grades 
are significantly lower in comparison with the above-men-
tioned deposits. Hematite has average Ni and Co contents of  
0.80 wt % NiO and 0.23 wt % CoO, while goethite is more Ni 
rich (mean = 0.97 wt % NiO) and has a lower Co grade (mean 
= 0.18 wt % CoO). 

To better constrain the elements deportment in Fe and Mn 
oxyhydroxide-bearing zones of the ore, energy dispersive X-
ray microanalysis (EDX) high-resolution maps were carried 
out on selected hydroxide-rich regions of the ferruginous sap-
rolite (R6; Fig. 12), where relict skeletal goethite is coated 

Table 3. Chemical Composition (wt %) of Selected Fe-Cr Oxides

Oxides Chromite Ferritchromite I Ferritchromite II Magnetite
Na2O 0.16 0.17 0.05 - - 0.35 - 0.01
MgO 0.4 0.53 3.57 3.67 0.44 0.21 0.06 -
Al2O3 8.88 7.34 0.01 1.18 5.16 5.08 2.56 3.15
SiO2 1.19 0.94 0.05 0.03 4.14 4.91 1.13 0.89
K2O 0.01 0.01 - - - 0.05 0.09 -
CaO - - 0.11 0.09 0.41 0.23 0.03 -
TiO2 2.85 2.6 5.64 3.76 2.03 2.29 2.6 0.42
Cr2O3 62.93 58.33 13.94 17.87 39.25 40.49 0.62 0.35
MnO 1.72 1.88 0.59 0.27 0.06 - - 0.28
Fe2O3 - - 45.27 43.57 7.58 6.1 57.87 61.66
FeO 20.99 26.25 25.83 24.8 23.16 24.14 34.45 32.14
CoO 0.52 0.52 1.63 1.25 1.23 0.7 0.4 0.26
NiO 0.11 0.12 0.48 0.45 1.35 1.9 0.2 0.28
ZnO - - 2.26 2.68 13.75 12.51 - -
Tot 99.77 98.7 97.17 96.93 84.81 86.44 100.02 99.45
Cr/[Cr+Al] 0.83 0.84 1 0.91 0.84 0.84 0.14 0.07
Fe2+/[Fe2++Fe3+] 1.6 1.23 0.39 0.39 0.77 0.81 0.4 0.37
Fe3+/(Fe3++Fe2+) 0 0 0.61 0.61 0.23 0.19 0.6 0.63
Mg/[Mg+Fe2+] 0.03 0.03 0.2 0.21 0.03 0.02 0 0

Notes: Fe2+ and Fe3+ by stoichiometry; - = not detected

Table 4. Chemical Composition (wt %) of Selected Ti Oxides

Oxide Ilmenite Ti/Fe-Al oxide Perovskite
Na2O - 0.11 0.24 0.05 0.73 0.57
MgO 8.3 2.59 0.18 - - 0.09
Al2O3 0.01 0.24 8.29 6.21 0.06 0.13
SiO2 0.01 0.13 0.91 0.86 0.02 -
K2O - - 0.03 - 0.07 0.1
CaO - - - 0.02 38.68 38.93
TiO2 54.62 46.9 86.24 88.53 56.46 56.23
Cr2O3 0.06 0.22 0.1 0.29 - -
MnO 0.71 1.87 0.17 0.02 - -
FeOt 35.68 47.35 2.78 2.89 0.66 1.24
CoO 0.03 0.15 - 0.08 0.24 -
NiO 0.03 0.11 0.09 0.08 0.21 0.12
Total 99.46 99.67 99.03 99.02 98.9 99.76

Notes: - = not detected 
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by Mn oxyhydroxide encrustations, while spinels grains are 
enclosed in a Fe oxyhydroxide-rich matrix. As expected, Fe is 
distributed in Fe oxyhydroxides and spinels (Fig. 12B). Man-
ganese and Cr are mostly concentrated in Mn oxyhydroxides 
(Fig. 12C) and spinels (Fig. 12D), respectively. Moreover, 
lower Mn amounts were also detected in spinel grains. Inter-
estingly, Mn oxyhydroxides exert a strong control on the Ni 
distribution (Fig. 12E). Conversely, Co is found to be equally 
distributed among Fe and Mn oxyhydroxides and is highly 
concentrated in spinels grains (Fig. 12F).

Discussion

Genesis and evolution of the Santa Fé deposit: From an  
alkaline ultramafic intrusion to an oxide-dominated laterite

The mineral paragenesis of the Santa Fé laterite is shown in 
Figure 13. Ferromagnesian minerals (olivine and pyroxene), 
apatite and primary Fe-Cr (chromite, ferritchromite I and 
II, magnetite I, and hematite I), and Ti oxides (perovskite, 
ilmenite, and Ti/Al oxide I) represent the earliest formed 
minerals. Olivine and pyroxene represent remnants of parent 
rocks preserved in the saprock horizon, while Fe-Cr oxides, 
as well as apatite and Ti/Al oxides occur also in the upper 
zones of the profile. Although ilmenite and Ti/Al oxide are 
found as exsolution lamellae in magnetite I and perovskite, 
respectively, their formation from alkaline melts is gener-

ally related to very different stages of the evolution of the 
orthomagmatic system. Such trellis-type ilmenite exsolution 
commonly indicates an oxyexsolution process occurring at 
magmatic temperatures (T > 600°C; Tan et al., 2016), while  
Ti/Al oxide-rich exsolution in perovskite mainly forms at low-
er temperatures (T < 350°C; Chakhmouradian and Mitchell, 
2000), typical of later hydrothermal alteration stages. The 
olivine and pyroxene replacement by serpentine I is also re-
lated to a hydrothermal alteration stage that occurred prior 
to lateritization. Mineralogical characteristics of serpentinites 
are related to both the original mineralogy of the protolith 
and to the hydrothermal fluid oxidation state (e.g., Mével, 
2003; Lambiv Dzemua and Gleeson, 2012; Evans et al., 2013, 
and references therein). Hydrothermal alteration of olivine-
pyroxene–dominated cumulates produces a serpentine-bru-
cite-magnetite assemblage (e.g., Mével, 2003), whereas high 
silica activity allows formation of cryptocrystalline quartz, as 
observed at Santa Fé. 

Ferritchromite is one of the main minerals in the saprock 
and green saprolite, widespread in the oxyhydroxide sec-
tion of the weathering profile. Ferritchromite did not form 
directly from the crystallization of the magma, but as an al-
teration product of Al spinel and chromite (e.g., Merlini et 
al., 2009; Lambiv Dzemua and Gleeson, 2012). Mellini et al. 
(2005) showed that chromite alteration to ferritchromite and/
or Cr magnetite is common during late stages of regional ser-

Table 5. Chemical Composition (wt %) of Selected Mg-Ni Phyllosilicates

Oxides Serpentine I Serpentine II Smectite Chlorite
Na2O - 0.01 - - - - - 0.03 0.08
MgO 37.04 37.46 31.82 31.12 20.78 22.72 20.43 20.01 23.2
Al2O3 0.64 0.47 0.83 0.85 2.87 2.65 15.15 16.02 12.7
SiO2 40.99 39.53 37.52 37.89 50.74 55.22 30.87 30.57 37.82
K2O - - - 0.04 0.08 0.05 0.02 - -
CaO 0.11 0.06 0.06 0.14 0.28 0.14 - - 0.01
TiO2 0.12 0.03 0.05 0.32 0.15 0.23 1.63 1.58 5.22
Cr2O3 0.07 0.1 0.16 0.12 0.7 0.77 0.15 0.13 1.14
MnO 0.04 0.05 0.21 0.22 0.01 0.05 0.04 - 0.09
FeOt 8.88 8.66 12.8 14.4 6.69 7.26 4.79 4.48 5.3
CoO - 0.1 0.25 0.14 0.08 0.14 0.04 - -
NiO 1.07 1.03 2.18 2.07 2.2 2.27 11.5 11.49 1.08
Total 88.96 87.52 85.87 87.3 84.59 91.49 84.63 84.32 86.65

a.p.f.u. on the basis of O5(OH)4 a.p.f.u. on the basis of O10(OH)2 a.p.f.u. on the basis of O10(OH)8

Si 1.95 1.92 1.92 1.92 3.81 3.83 3.2 3.17 3.59
AlIV 0.04 0.03 0.05 0.05 0.19 0.17 0.8 0.83 0.41
FeIV 0.01 0.05 0.03 0.03 - - - - -
SumTet 2 2 2 2 4 4 4 4 4

AlVI - - - - 0.07 0.05 1.06 1.13 1.02
FeVI 0.34 0.3 0.51 0.57 0.42 0.42 0.42 0.39 0.42
Mg 2.63 2.71 2.42 2.35 2.33 2.35 3.16 3.1 3.29
Ti - - - 0.01 0.01 0.01 0.13 0.12 0.37
Cr - - 0.01 - 0.04 0.04 0.01 0.01 0.09
Mn - - 0.01 0.01 - - - - 0.01
Co - - 0.01 0.01 - 0.01 - - -
Ni 0.04 0.04 0.09 0.08 0.13 0.13 0.96 0.96 0.08
SumOct 3.02 3.06 3.05 3.03 3 3.01 5.73 5.71 5.27

Na - - - - - - - 0.01 0.01
K - - - - 0.01 - - - -
Ca 0.01 - - 0.01 0.02 0.01 - - -
SumInt 0.01 - - 0.01 0.03 0.01 - 0.01 0.02

Notes: - = not detected; a.p.f.u. = atoms per formula unit
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pentinization of spinel-bearing dunites, accompanied by chlo-
rite precipitation. Moreover, Colás et al. (2017) showed that 
SiO2-rich hydrothermal fluids during low-temperature ser-
pentinization of ferromagnesian minerals enhance the meta-
morphism of primary chromite, leading to a Fe3+-rich spinel 
+ chlorite assemblage. At Santa Fé this process is visible in 
the early paragenetic evolution of chromite to ferritchromite 
I. Late chromite alteration to ferritchromite supplied high 
amounts of Cr, Mg, and Al to the system (Fig. 10D), which in 
the presence of high-SiO2, triggered chlorite formation. This 
explains the close paragenetic association observed between 
chlorite-ferritchromite (Fig. 7F) and chlorite with cryptocrys-

talline quartz (Fig. 7E). High Cr and low Mg numbers of fer-
ritchromite (Fig. 10C) and the occurrence of ferropargasite 
inclusions in spinels (Fig. 8H) indicate a high-temperature 
alteration process, under retrograde amphibolite facies meta-
morphism (Barnes and Roeder, 2001; Mellini et al., 2005; Arai 
et al., 2006; Arai and Akizawa, 2014).

Early supergene processes were likely related to the Sul-
Americano weathering cycle (Eocene to Oligocene; Braun, 
1970), largely recorded by silcrete layers. Silica-rich sections 
within the weathering profiles have been reported in many 
Ni laterite deposits, as in Australia (e.g., Mt. Keith and Win-
gellina, Butt and Nickel, 1981; Putzolu et al., 2018, 2019), in 

Table 6. Chemical Composition (wt %) of Selected Mn Oxyhydroxides

Oxides Romanèchite Asbolane Lithiophorite
Na2O - 0.03 - - - -
MgO 3.61 1.53 0.98 1.53 0.17 0.23
Al2O3 0.36 0.49 0.62 0.45 19.79 17.3
SiO2 4.6 2.55 0.89 1.06 0.43 1.11
K2O 0.01 0.05 - - - -
CaO 0.07 0.18 - - - -
TiO2 0.23 0.13 0.18 0.23 0.12 0.1
Cr2O3 0.04 - - - 0.03 -
MnO 37.74 41.86 42.56 46.7 39.17 40.43
FeOt 4.76 3.16 8.64 6.17 9.64 6.21
CoO 3.71 3.55 2 2.52 2.8 3.56
NiO 12.52 13.79 20.13 19.39 6.87 9.46
BaO 5.29 4.97 - - - 0.32
Total 72.88 72.27 76.01 78.06 79.02 78.72

a.p.f.u. on the basis of O10 a.p.f.u. on the basis of O2(OH)2 a.p.f.u. on the basis of O2(OH)2

Na - 0.01 - - - -
Mg 0.6 0.26 0.05 0.07 0.01 0.01
Al 0.05 0.07 0.02 0.02 0.64 0.57
Si 0.51 0.29 0.03 0.03 0.01 0.03
K 0 0.01 - - - -
Ca 0.01 0.02 - - - -
Ti 0.02 0.01 - 0.01 - -
Cr - - - - - -
Mn 2.92 3.32 0.96 1.02 0.74 0.78
Fe 0.4 0.27 0.21 0.15 0.2 0.13
Co 0.3 0.3 0.05 0.06 0.06 0.07
Ni 1.13 1.28 0.53 0.49 0.15 0.21
Ba 0.23 0.22 - - - -

Notes: - = not detected; a.p.f.u. = atoms per formula unit

Table 7. Chemical Composition (wt %) of Selected Fe Oxyhydroxides

Oxide Hematite Goethite
Na2O 0.15 - 0.31 0.19 0.07 - - -
MgO 1.53 0.38 0.02 0.13 0.02 0.27 - -
Al2O3 0.09 2.78 2.57 2.95 5.57 5.42 4.69 3.4
SiO2 1.3 2.46 2.8 2.59 2.74 1.58 2.91 2.05
K2O - - - - 0.04 - 0.01 0.02
CaO 0.06 0.07 0.07 0.06 - - - -
TiO2 0.12 0.38 0.3 0.58 0.32 0.68 1.52 0.83
Cr2O3 0.13 0.45 0.77 0.67 1.89 0.66 0.66 1.8
MnO 1.59 0.43 0.14 0.34 0.14 0.26 0.59 0.14
FeOt 94.82 91.1 90.52 89.69 78.08 79.02 78.68 80.71
CoO 0.36 0.43 0.37 0.34 0.36 0.37 0.39 0.19
NiO 0.22 0.55 0.61 0.85 0.74 1.63 0.41 0.59
Total 100.36 99.03 98.48 98.39 89.95 89.89 89.86 89.84

Notes: - = not detected
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the Mediterranean area (e.g., Çaldağ, Thorne et al., 2009), 
and in Brazil (de Oliveira et al., 1992), and are a common 
feature of laterites derived from olivine-dominated cumulates 
(i.e., dunite; Butt and Cluzel, 2013, and references therein). 
Silica precipitation occurs by evapotranspirative oversatura-
tion of silicic acid formed either during the olivine hydroly-
sis or due to serpentine decomposition (e.g., Thorne et al., 
2009). However, it is widely accepted that silicification is an 
alteration process mainly developed during arid to semiarid 
climatic stages, rather than during tropical weathering sensu 
stricto (e.g., Golightly, 2010, and references therein). 

Lateritic weathering sensu stricto likely started with the 
onset of the Velhas cycle (Braun, 1971). Evidence for this 
includes formation of Ni-rich serpentine (srp II), skeletal 
goethite (ght I), smectite clays, and Mn oxyhydroxides. Ser-
pentine II was developed directly from serpentine I, whereas 
both goethite I and smectite formed from olivine. Neverthe-

less, as shown by Golightly (2010, and references therein), 
genesis of smectite at Santa Fé was controlled by alteration 
of pyroxene. Given that minor smectite and Mn hydroxides 
are found in the lowermost section of the profile (i.e., sap-
rock), while in situ goethite I occurs in the green saprolite 
unit in the mesh cores, less acidic conditions and a lower de-
gree of leaching have enhanced the stability of clays and of 
Mn oxyhydroxides deeper in the profile (Velde and Meunier, 
2008; Golightly, 2010; Dublet et al., 2017). In contrast, in the 
uppermost zones, two distinct processes could have devel-
oped: either olivine weathered directly to skeletal goethite 
or smectite decomposed to Fe oxyhydroxides following the 
typical paragenetic sequence observed in many laterite pro-
files worldwide (e.g., Freyssinet et al., 2005, and references 
therein; Tauler et al., 2017; Putzolu et al., 2019; Teitler et 
al., 2019). The occurrence of newly formed Ti phases (i.e.,  
Ti/Al-Fe oxides) and gibbsite cements in the uppermost sec-

Fig. 9. Backscattered electron photomicrographs showing the typical textures of supergene oxyhydroxides. A) Skeletal goe-
thite enveloped in serpentine mesh (saprock). B) Oolitic Fe oxyhydroxides (ferruginous saprolite). C) Detrital chlorite and 
pyroxene in a goethite-rich matrix (ferruginous saprolite). D) Massive hematite crust (lateritic crust). E) Neoformed Ti/
Al oxide (Ti/Al-ox II) in goethite matrix (ferruginous saprolite). F) Gibbsite crosscutting hematite (lateritic crust). G) Mn 
hydroxide vein crosscutting chlorite (saprock). H) Mn oxyhydroxide replacing chlorite (saprock). I) Layered Mn oxyhydrox-
ide encrustation (lateritic crust). Mineral abbreviations: chl = chlorite, gbb = gibbsite, gt = goethite, hem = hematite, ilm = 
ilmenite, MnO/OH = Mn oxyhydroxide, px = pyroxene, srp = serpentine, Ti/Al-ox = Ti/Al oxide.  

E
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tion of the deposit indicates that during the ferrugination 
stage, Ti and Al were liberated from earlier mineral phases 
(i.e., Ti from Ti/Al oxide I and Al from chlorite, lithiophorite-
asbolane, and chromite) and concentrated in late-stage oxyhy-
droxides. The occurrence of oolitic Fe oxyhydroxides and of 
detrital goethite I and chlorite from the ferruginous saprolite 
likely records a partial reworking and collapse of the ferrugi-
nous zones, which, together with further coeval lateritization, 
obliterated the original textures. 

Element distribution and Ni-Co deportment

In accordance with the model of direct formation of Ni later-
ites (e.g., Golightly, 2010), in which groundwater flushing en-
hances leaching of Mg and Si following the decomposition of 
ferromagnesian minerals, we also see almost complete leach-
ing of Mg and Si at Santa Fé. This process normally produces 
an oxide-dominated regolith, where Ni and other transition 
metals are enriched into Fe oxyhydroxides (e.g., Freyssinet 
et al., 2005; Elias, 2006; Butt and Cluzel, 2013). However, at 
Santa Fé, most of the variance of Ni is not correlated with 
Fe (Fig. 5A, B). To decipher the Ni distribution in the San-
ta Fé deposit, it has to be considered that PC1 explains the 
behavior of elements whose pathways are totally controlled 
by the lateritization-related leaching (i.e., Mg and Si) or pre-
cipitation in neoformed phases (i.e., Fe). In this context, the 
geochemical decoupling of the Ti-Al-P-Ca and Mn-Co-Cr-Ni 
groups from the anticorrelated Mg-Si versus Fe group (Fig. 
5B) can be explained by some key elements being hosted in 
weathering-resistant phases. In detail, the Ti-Al-P-Ca group is 
indicative of the occurrence of preweathering primary Ti ox-
ides (Ti/Al oxide I, ilmenite, and perovskite) as well as apatite 
throughout the weathering profile. The Mn-Co-Cr-Ni group 

also includes Cr, suggesting that part of the variance might 
be controlled by the element distribution in the magmatic to 
hydrothermal Cr-Fe oxides, widely identified in oxide-domi-
nated zones of the deposit. Therefore, the occurrence of the 
Ni eigenvector in that group indicates that Ni distribution is 
not explained only by the distribution of newly formed Ni-
bearing Fe oxyhydroxides. At Santa Fé the highest Ni grades 
occur in chlorite minerals (up to 11 wt % NiO), which are not 
only are the main constituents of the phyllosilicate-rich zones 
of the orebody but are also enriched as detrital minerals in the 
uppermost section of the regolith profile. Although the forma-
tion of chlorite at Santa Fé cannot be directly ascribed to the 
lateritization stage sensu stricto, many studies (e.g., Wiewiòra 
and Szpila, 1975; Noack and Colin, 1986; Suarez et al., 2011) 
have highlighted that chlorite can act as scavenger for Ni. The 
importance of chlorite distribution in the Fe oxyhydroxide-
rich units of the orebody can be also deciphered by the MgO-
SiO2-(Al2O3 + Fe2O3) ternary plot (Fig. 3), where a significant 
increase of the UMIA can be followed from the R6 unit up 
core. In spite of this, many analyses from the transition zone 
and the lateritic crust fall outside the compositional field of 
typical oxide-dominated lithologies observed in the in situ de-
posits (e.g., Aiglsperger et al., 2016; Tauler et al., 2017; Put-
zolu et al., 2019) and are shifted toward the MgO-rich field of 
the plot. Therefore, the complex Ni distribution in the Santa 
Fé deposit and the noncorrelation between Ni and Fe ob-
served in the full data set PCA (Fig. 5A) are related to the 
in situ coeval ferrugination, which accounted for both a par-
tial Ni scavenging by Fe oxyhydroxides and partial reworking, 
producing an exotic input of Ni-rich chlorite.

The Co speciation in laterite profiles is commonly con-
trolled by the distribution of Mn oxyhydroxides because 
of their high capability incorporate trace elements (Burns, 
1976; McKenzie, 1989; Manceau et al., 1992; Kay et al., 2001; 
Lambiv Dzemua and Gleeson, 2012; Aiglsperger et al., 2016; 
Putzolu et al., 2018, 2019). The enrichment process during 
lateritization is controlled by the availability of Co and Mn in 
the magmatic bedrock and by the reaction pathways during 
the regolith evolution. In most ultramafic-derived laterites, 
Co and Mn (as well as Ni) are sourced from olivine (e.g., Dub-
let et al., 2017). Under neutral pH to slightly alkaline condi-
tions, commonly detected in the deeper parts of the laterite 
profile, the oxidation of Co to the trivalent state (Co3+) and 
of Mn to the tetravalent state (Mn4+) would cause the forma-
tion of Co-bearing Mn oxyhydroxides (Burns, 1976; Dublet 
et al., 2017) and eventually the economic concentration of 
Co. At Santa Fé, the presence of Co-bearing Mn oxyhydrox-
ides is limited, and their Co grade is generally lower com-
pared with other oxide-dominated laterite deposits (Fig. 11).  
Moreover, the variation of Co in the whole data set (Fig. 
5A, B) suggests that the Co deportment is not entirely con-
trolled by Mn oxyhydroxides. Moreover, initial Mn and Co 
contents of the Santa Fé ultramafic rocks (mean = 0.01 wt 
% Co and 0.17 wt % MnO) are comparable with protoliths 
of other Ni- and Co-fertile laterites, like Wingellina (West-
ern Australia, Putzolu et al., 2019). However, the Santa Fé 
weathered profiles are relatively depleted in Co and Mn 
(mean = 0.08 wt % CoO and 0.75 wt % MnO), compared to 
other Ni- and Co-fertile laterites. The most important rea-
sons for the lack of enrichment in Co in the Santa Fé later-

Fig. 11. Co-Ni-Al ternary plot (cationic composition wt %) displaying the 
mineral chemistry of Mn oxyhydroxides from Santa Fé and comparing their 
composition to those from Wingellina, Western Australia (Putzolu et al., 
2018) and Nkamouna, southeast Cameroon (Lambiv Dzemua et al., 2013). 
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ites, as well as for its peculiar association not only with Mn 
but also with Cr, are linked to the petrological characteristics 
of the parent rock and to its hydrothermal alteration his-
tory. Here, fresh bedrock represents the mafic to ultramafic 
plutonic component of a large magmatic province with al-
kaline affinity (e.g., Barbour et al., 1979; Brod et al., 2005). 
The behavior of Co in subalkaline basaltic melts, such as in 
the parent rocks of the Ni-Co Wingellina deposit in Western 
Australia (Ballhaus and Glikson, 1995), favors its incorpora-
tion in olivine (partition coefficient [Kd] up to 6.5; Mysen, 
2007) and less in clinopyroxene (Kd = 1.32; Bougault and 
Hekinian, 1974). In basaltic melts with alkaline affinity, Co 
has instead a higher affinity with spinels (Kd = 4.7–8.3; Horn 
et al., 1994) than with ferromagnesian minerals (i.e., olivine 
Kd = 5.1, clinopyroxene Kd = 1.02; Villemant et al., 1981). 
In the case of Santa Fé, this process would explain the rela-
tive high Co content detected in primary Cr spinels (up to 
0.53 wt % CoO in chromite), and the corresponding low Co 
concentration in olivine (up to 0.08 wt % CoO). Moreover, 
another factor that has enhanced the trace element gain in 
Cr-Fe spinels is the hydrothermal alteration of chromite, 
leading to formation of ferritchromite I and II. At Santa Fé, 

the significant redistribution of transition metals during the 
hydrothermal alteration of magmatic spinels is shown by el-
evated Mn, Ni, Co, and Zn in late-stage spinels, and by the 
presence of Ni- and Co-bearing Fe-sulfide inclusions within 
the spinels themselves (Fig. 8E). Moreover, the postmag-
matic alteration of spinels at Santa Fé is also corroborated 
by their Mg and Cr numbers, highlighting a hydrothermally 
related depletion of Al and Mg compared to nominal mag-
matic chromite (Barnes and Roeder, 2001). Postmagmatic 
alteration of Cr spinel plays a primary role also in defining 
the trace element (mostly Mn, Zn, Co, Ni) budget in late-
stage spinels (e.g., Economou-Eliopoulos, 2003; Ożóg and 
Pieczonka, 2019). At the scale of the whole deposit, the Co 
(and Mn) affinity to spinels has been observed through PCA 
(Fig. 5B-E), where most of the Co variance is correlated to 
Cr and Mn (Fig. 5B, C), while a clear geochemical and thus 
mineralogical Co differentiation to spinels is visible only in 
minor components (i.e., PC4 and PC5), highlighting that 
part of Co has been scavenged to Fe and Mn oxyhydroxides 
(Fig. 5D, E).

The Co pathway during the prelateritic and early supergene 
stages in the Santa Fé deposit is summarized in a three-stage 

Fig. 12. (A-F) EDX high-resolution maps of Fe and Mn oxyhydroxide region in the ferruginous saprolite (R6). Abbreviations: 
gt = goethite, spl = spinel.
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model (Fig. 14). This model shows that primary Cr spinels 
(i.e., chromite) contain Co and Mn because of their relatively 
high partitioning during the orthomagmatic stage (Fig. 14A). 
During the early alteration stage, the hydrothermal process 
was only effective in triggering the olivine-to-serpentine 
transformation (i.e., serpentinization), which led to the leach-
ing of Mg, Si, Ni, and Co2+ hosted in olivine. In this context, 
primary Cr spinels (i.e., chromite) remained unaltered, likely 
because of the highly reducing conditions occurring during 
serpentinization (Bach et al., 2006). However, while the SiO2 
and O2 activity of the hydrothermal fluids increased, chromite 
lost Al3+ and Mg while Fe2+ in the Cr spinels oxidized to Fe3+ 
(Gonzáles-Jimenez et al., 2009). These processes, occurring 
during the retrograde metamorphic amphibolite stage, led 
to the formation of the Fe3+-bearing ferritchromite rims, the 
chlorite alteration patches on spinels and the ferro-pargasite 
inclusions (Fig. 14B). A big part of Ni released by dissolution 
of olivine was taken up by chlorite, with less concentrated in 
late-stage spinels (i.e., ferritchromite I and II). On the con-
trary, the bulk of available Co was concentrated in spinels, the 
only phases able to do so at this time. When early supergene 
processes were superimposed on prelateritic processes (Fig. 
14C), goethite I pseudomorphs formed from relict olivine and 
Mn oxyhydroxides replaced Ni chlorite and Fe oxyhydroxide 
rims formed upon spinels. In this scenario, the close parage-
netic association between chlorite and Mn oxyhydroxides is 
clear evidence of the Ni uptake in lithiophorite-asbolane and 

in other Mn species. However, as most of the Co was concen-
trated in late-stage spinels, little Co was available for redistri-
bution and enrichment in supergene Mn oxyhydroxides, lead-
ing to the low Co concentrations displayed by these phases at 
Santa Fé (Figs. 11, 12).

The characteristics of the Santa Fé bedrock are also a likely 
strong control to the paucity of Mn oxyhydroxides in the later-
ite profile. Many studies (e.g., Taylor et al., 1964; McKenzie, 
1989; Dowding and Fey, 2007; Roqué-Rosell et al., 2010; Lam-
biv Dzemua et al., 2013; Putzolu et al., 2018) have highlighted 
the primary role of late-stage lithiophorite and/or lithiophorite-
asbolane intermediates in improving the stability of Mn oxy-
hydroxides. The formation of significant amounts of lithiopho-
rite occurs if sufficient Al is available in the system (Cui et al., 
2009). In the specific case of laterites, lithiophorite formation 
is restricted to those deposits derived from a magmatic intru-
sion containing Al-rich phases (e.g., plagioclase; Putzolu et al, 
2018). Low levels of such minerals at Santa Fé in the protolith 
would have limited the formation of stable Mn oxyhydroxides. 
In fact, the majority of the lithiophorite-asbolane is associated 
with chlorite, the only phase containing significant Al.

The residual enrichment of Mn and Ni in late-stage goe-
thite reflects the dissolution of preexisting Mn-Ni phases, 
such as more unstable Mn oxyhydroxides (e.g., asbolane and 
romanèchite). A similar partitioning of Mn has been observed 
by Dublet et al. (2015, 2017) in the New Caledonia laterites, 
with the notable exception that here, the dissolution of Mn 

Fig. 13. Mineral paragenesis in the Santa Fé laterite deposit.

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/116/4/837/5297088/4819_putzolu_et_al.pdf
by guest
on 27 July 2021



 Co IN LATERITIC SYSTEMS, SANTA FÉ DEPOSIT, BRAZIL 857

oxyhydroxides do not lead to a significant Co enrichment in 
the latest goethite formed. 

Implications for ore processing and metal recovery

The Santa Fé lateritic ore, characterized by a dominant oxide-
rich zone (goethite and hematite), is different from other ma-
jor laterite deposits of the Goiás State, such as Niquelândia 
and Barro Alto (de Oliveira et al., 1992). In both of these de-
posits, the exploitation is focused on Ni, recovered from the 
saprolitic layers enriched in Mg(Ni) phyllosilicates (e.g., Colin 

et al., 1990; Ratié et al., 2015). In the Niquelândia deposit the 
main ore mineral is Ni smectite, while at Barro Alto the main 
orebody is composed of Ni serpentine and garnierite (Ratié et 
al., 2015). The chemistry of the saprolite ore in these depos-
its, also characterized by negligible Fe contents and by low  
SiO2/MgO ratios, is ideal for pyrometallurgical ore processing 
(i.e., smelting), to produce ferronickel alloys with a favorable 
Fe/Ni ratio (Crundwell et al., 2011; Ratié et al., 2016, and ref-
erences therein). In the specific case of Santa Fé, the most sig-
nificant characteristics to take into account while planning the 
processing method are (1) oxide-bearing units dominate com-
pared to phyllosilicate-rich layers, (2) the highest Ni grades 
occur within the ferruginous saprolite, associated with goe-
thite and chlorite, and (3) the cobalt deportment in the laterite 
profile is controlled by both newly formed oxyhydroxides and 
spinels. A key observation is the strong affinity of Co to spinel 
phases. Metallurgical processes most widely adopted for Ni 
laterites are not effective at dissolving spinels, leaving behind 
a residuum consisting either of silicate slag produced by pyro-
metallurgical methods or of quartz, spinels, and other minerals 
and/or alloys if leaching methods as high-pressure acid leach-
ing (HPAL; Valix and Cheung, 2002; Dalvi et al., 2004, and 
references therein). The proportions of Co locked in spinels 
versus Co concentrated in late-stage minerals can be assessed 
by looking at the results of preliminary metallurgical tests un-
dertaken on the Santa Fé oxide ore (Dreisinger et al., 2008). 
Metal recoveries were tested through HPAL, by using H2SO4 
(at 250°C for 60 min) as leaching agent and saprolite litholo-
gies (R7 unit) as acid neutralization agent. The feeds consisted 
of several blends of the R3, R5, and R6 units (Table 8). Prior 
to the leaching test, and in order to upgrade the Ni content of 
the feed, test material was subjected to a mineral beneficiation 
step using magnetic and heavy mineral separation, likely re-
sulting in the removal of the bulk of the Co-bearing spinels. By 
comparing the chemistry of the feeds after the mineral ben-
eficiation step with the chemistry of the average Santa Fé ore 
(Fig. 15), it can be observed that the pretreatment of the ore 
was effective only in upgrading Ni and not Co. Increase in Mg 
can be explained by its occurrence in chlorite together with Ni. 
Cobalt and Cr were actually downgraded during beneficiation 
with respect to the chemistry of the R3, R5, and R6 ore zones 
(Fig. 15), thus confirming that Co-bearing spinels are removed 
during the beneficiation. The observed downgrade indicates 
that the portion of Co locked in spinels varies between 20 and 
50% in the various ore zones (Table 8). 

Conclusions and Implications
The Santa Fé laterite has a complex multistage history, start-
ing with a postmagmatic hydrothermal alteration of the par-
ent rock, followed by two main supergene alteration stages, 
involving an early-stage silicification followed by a lateritiza-
tion sensu stricto. 

The Santa Fé deposit can be classified as an oxide-type de-
posit, where goethite and hematite represent the most abun-
dant Ni-containing minerals. The silicate-dominated sections 
of the orebody host also a Ni-rich chlorite and serpentine. De-
spite the above classification, the Ni pathway in the Santa Fé 
deposit is different from other oxide-dominated ores and thus 
cannot be only explained by its uptake by Fe oxyhydroxides. 
As shown by multivariate analyses, in situ ferrugination does 

Fig. 14. Schematic sketch illustrating the mineralogical and compositional 
changes in prelateritic and synlateritic phases at Santa Fé. Emphasis is given 
to the relationship between the element pathways and the paragenetic evolu-
tion of the mineralogical assemblage. Minerals abbreviations: am = amphi-
bole, chl = chlorite, chr = chromite, Fe-chr = ferritchromite, FeO/OH = Fe 
oxyhydroxide, MnO/OH = Mn oxyhydroxide, ol = olivine, srp = serpentine, 
sulf = sulfide. Notes: A and B correspond to the incipient and late phases, 
respectively, of the (ii) stage in the paragenetic sketch; C corresponds to the 
(iv) phase in the paragenetic sketch.
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not account for the statistical distribution of Ni throughout the 
laterite facies of the Santa Fé ore. The process accounting for 
the geochemical decoupling between the Fe2O3- and Ni-rich 
facies of the deposit is the extensive erosion of the regolith 
during the lateritization stage, which resulted in the reworking 
of Ni-bearing chlorite in the ferruginous units of the ore that 
has obscured the in situ geochemical footprint of Ni.

The Santa Fé deposit is an atypical oxide-type laterite also in 
terms of the observed Co distribution and speciation. Accord-
ing to the multivariate analyses, most of the statistical distribu-

tion of Co is correlated with that of Cr, rather than following 
the typical association with Mn and thus with Mn oxyhydrox-
ides. The Co-Cr association is mainly related to the relatively 
high Co content detected in magmatic and hydrothermal (i.e., 
chromite and ferritchromite, respectively), which are residu-
al phases inherited from the parent rock and are ubiquitous 
throughout the laterite profile. The prelateritic processes ac-
counting for the Co enrichment in spinels can be related to 
the formation of the parent rock during the orthomagmatic 
stage and to its later hydrothermal history. During the ortho-

Table 8. Comparison Between the Chemistry of the Feeds for Metallurgical Test Works and the Assay Data

Metallurgical test data (wt %)
Description Reference Al Co Cr Fe Mg Mn Ni Si
Pressure acid leach blend 1 Dreisinger et al. (2008) 1.50 0.06 2.05 34.30 6.30 0.63 1.59 10.30
Pressure acid leach blend 2 1.15 0.05 1.70 30.50 6.50 0.53 1.47 12.70
Pressure acid leach blend 3 1.73 0.04 1.06 30.20 6.20 0.52 1.49 12.70
Saprolite neutralization blend 1 1.71 0.02 0.83 14.50 15.00 0.28 1.66 16.60
Saprolite neutralization blend 2 0.40 0.02 0.71 17.70 13.80 0.31 1.76 16.10

Whole-rock chemical data (wt %)
Description Al Co Cr Fe Mg Mn Ni Si
R3 unit avg chemistry (assay) This study 2.12 0.10 2.89 38.40 1.88 0.66 0.91 10.59
R5 unit avg chemistry (assay) 1.46 0.09 2.11 39.29 2.42 0.72 1.43 9.82
R6 unit avg chemistry (assay) 2.27 0.06 1.44 30.22 4.67 0.53 1.37 13.11
Average chemistry R3+R5+R6 (assay) 1.95 0.09 2.15 35.97 2.99 0.64 1.24 11.17
Santa Fé bulk chemistry (assay) 1.85 0.08 2.03 30.73 5.87 0.58 0.84 12.70

Concentration ratios
Description Al Co Cr Fe Mg Mn Ni Si
Avg chemistry of blends/R3 avg assay This study 0.69 0.50 0.55 0.82 3.37 0.85 1.67 1.12
Avg chemistry of blends/R5 avg assay 1.00 0.55 0.76 0.81 2.61 0.78 1.06 1.21
Avg chemistry of blends/R3 + R5 + R6 avg assay 0.64 0.80 1.11 1.05 1.36 1.05 1.11 0.91
Avg chemistry of blends/R6 avg assay 0.75 0.59 0.75 0.88 2.12 0.88 1.23 1.07
Avg chemistry of blends/Santa Fé bulk chemistry 0.79 0.64 0.79 1.03 1.08 0.96 1.81 0.94

Fig. 15. Elemental ratios between the average composition of the 
screened feeds used for metallurgical test work and the various 
Santa Fé laterite ore facies. It can be seen that Ni and Mg are rich 
in the feed in respect to the ore, whereas Co and Cr are poor, sug-
gesting that the Co-bearing phases have been removed during the 
screening. For tabulated data see Table 8.
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magmatic stage, part of the Co was concentrated in chromite 
due to its high partitioning in Cr spinels forming from alka-
line melts. The occurrence of the ferritchromite ± amphibole 
± Fe-Ni(Co)-sulfide ± chlorite ± silica assemblage overprinting 
the magmatic mineralogical assemblage (i.e., olivine ± pyrox-
ene ± Cr spinels) suggests that during the hydrothermal stage 
the Santa Fé ultramafic suite experienced amphibolite facies 
retrograde metamorphic conditions, which were able to trig-
ger a mineralogical and chemical reset of primary spinels that 
enhanced the Co concentration in late-stage spinels. Both mag-
matic and hydrothermal processes ended with the Co concen-
tration in phases that hardly experience significant dissolution 
during lateritization, thus limiting the Co availability during the 
supergene ore-formation stage and its secondary precipitation 
in the newly formed Mn and Fe oxyhydroxides. 

Considering that during orthomagmatic processes the Co 
enrichment in primary Cr spinels might be significant in ul-
tramafic alkaline systems, it is reasonable to suppose that lat-
erites formed over alkaline intrusions are in general unlikely 
to become enriched in Co. However, as the Santa Fé case 
represents to date the first mentioned Ni laterite ore devel-
oped from an alkaline ultramafic body, this conclusion has to 
be verified conducting further studies on deposits originating 
from similar magmatic suites. 

Since the Co enrichment in late-stage Fe spinels is closely 
related to the formation of ferritchromite and Al chlorite, 
these phases can be used as indicators to warn of potentially 
refractory Co in laterite systems. In the Santa Fé case, the 
interpretation of preliminary metallurgical test works suggests 
that spinels control a significant fraction of Co ranging be-
tween 20 and 50%. 
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