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Abstract
Nickel-cobalt (Ni-Co) laterite deposits are supergene 

enrichments of Ni±Co that form from intense chemical and 
mechanical weathering of ultramafic parent rocks. These 
regolith deposits typically form within 26 degrees of the 
equator, although there are a few exceptions. They form 
in active continental margins and stable cratonic settings. 
It takes as little as one million years for a laterite profile 
to develop. Three subtypes of Ni-Co laterite deposits are 
classified according to the dominant Ni-bearing mineralogy, 
which include hydrous magnesium (Mg)-silicate, smectite, 
and oxide. These minerals form in weathering horizons that 
begin with the unweathered protolith at the base, saprolite 
next, a smectite transition zone only in profiles where drain-
age is very poor, followed by limonite, and then capped 
with ferricrete at the top. The saprolite contains Ni-rich 
hydrous Mg-silicates, the Ni-rich clays occur in the transi-
tion horizon, and Ni-rich goethite occurs in the limonite. 
Although these subtypes of deposits are the more widely 
used terms for classification of Ni-Co laterite deposits, most 
deposits have economic concentrations of Ni in more than 
one horizon. Because of their complex mineralogy and het-
erogeneous concentrations, mining of these metallurgically 
complex deposits can be challenging. Deposits range in size 
from 2.5 to about 400 million tonnes, with Ni and Co grades 
of 0.66–2.4 percent (median 1.3) and 0.01–0.15 percent 
(median 0.08), respectively. Modern techniques of ore delin-
eation and mineralogical identification are being developed 
to aid in streamlining the Ni-Co laterite mining process, and 
low-temperature and low-pressure ore processing techniques 
are being tested that will treat the entire weathered profile. 
There is evidence that the production of Ni and Co from 
laterites is more energy intensive than that of sulfide ores, 
reflecting the environmental impact of producing a Ni-Co 
laterite deposit. Tailings may include high levels of magne-
sium, sulfate, and manganese and have the potential to be 
physically unstable.

Introduction
Nickel-cobalt (Ni-Co) laterites are supergene deposits of 

nickel (Ni) ± cobalt (Co) formed from the pervasive chemical 
and mechanical weathering of ultramafic rocks. The forma-
tion of secondary concentrations of Ni±Co substantial enough 

for an economic resource requires a protolith lithology that 
is primarily enriched in Ni. Ultramafic rocks can contain as 
much as 0.3 percent Ni (Lelong and others, 1976). These rocks 
occur within ophiolite complexes as harzburgite and dunite 
or within komatiites and layered complexes as peridotites and 
dunites (Brand and others, 1998). The extreme weathering 
breaks down all susceptible primary minerals. Their chemical 
components are dispersed in groundwater or become incor-
porated into altered or new minerals that are stable in the 
weathering environment. The residual material can average 
as much as 5 percent Ni and 0.06 percent Co (Freyssinet and 
others, 2005). Since Ni-Co laterites were first studied, scien-
tists recognized that the enrichment of Ni in the weathering 
profile is controlled by several interplaying factors, as with the 
development of all pedoliths, that include parent rock, climate, 
chemistry/rates of chemical weathering, drainage, and tecton-
ics (Norton, 1973; Lelong and others, 1976; de Vletter, 1978; 
Golightly, 1981, 2010; Ogura, 1986; Gleeson and others, 
2003; Freyssinet and others, 2005).

The Ni-Co laterites have been classified on the basis of 
their weathering profile and their mineralogical characteristics. 
Wet, wet-to-dry, and dry-to-wet climate scenarios are used to 
classify Ni-Co laterites with regard to the weathering profile 
and the interplay of the factors mentioned above (Golightly, 
1981, 2010). These three regional climate scenarios help 
describe the variation in Ni-Co laterite deposits (table 1). This 
classification focuses more on process than product, whereas 
the mineralogical characteristics classification relies on the 
products formed by these processes. This deposit model will 
concentrate on the mineralogical classification and illustrate 
that the factors involved in the development of the weathering 
profile are key to the concentration of Ni and Co in particu-
lar minerals. The mineralogical characteristics subdivide 
the Ni-bearing ores into oxide, clay, or hydrous magnesium 
(Mg)-silicate subtypes, which have critical differences in 
their profile development, structure, and chemistry that affect 
extraction and processing techniques (Samama, 1986; Brand 
and others, 1998; Gleeson and others, 2003; Freyssinet and 
others, 2005; Golightly, 2010). All three mineralogical types 
of ore may be present in a single Ni-Co laterite deposit. The 
metalliferous laterite deposits are mineralogically complex, 
discontinuous, and commonly have Ni enrichment in more 
than one of the weathering profile zones (Lelong and others, 
1976). Some deposits are subsequently mechanically weath-
ered, redeposited, reconcentrated, and possibly covered by 
new sediment (Golightly, 1981).
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The Ni-Co laterite deposits make up 72 percent of the global 
Ni resource and only 50 percent of the global Ni produced (M. 
Elias, Nickel at CSA Global Pty Ltd., written commun., 2012). 
This disparity stems from the expense and complexity of the met-
allurgy involved in extracting Ni from the mineralogically diverse 
and erratic Ni concentrations through a laterite profile. Three dif-
ferent processes are used to extract Ni and Co from the respective 
enriched layers. The processes include either the Caron process 
or high-pressure acid leaching (HPAL) for the oxide subtype ore, 
HPAL for clay subtype ore, and a smelting process for hydrous 
Mg-silicate subtype ore (Elias, 2002; Dalvi and others, 2004). 
Because of the current metallurgical intricacies encountered while 
dealing with heterogeneous Ni-Co laterite profiles, a number of 
recent studies have focused on ore delineation and mineralogical 
identification, including the application of diffuse reflectance spec-
troscopy to distinguish ore mineralogy (Basile and others, 2010; 
Wells and Chia, 2011). A new ore-processing technique, DNi, was 
developed by Direct Nickel to treat the entire laterite profile. This 
innovation is a hydrometallurgical process capable of extracting 
95 percent of the Ni and 85 percent of the Co in laterites (Direct 
Nickel, 2010). With the potential success of the DNi hydrometal-
lurgical process or any other low-temperature and low-pressure 
Ni-Co laterite processing, these supergene deposits will be a much 
larger contributor to the future production of Ni and Co. 

The Ni-Co laterite deposits are an important source of 
Ni. Currently, there is a decline in Ni resources (Dalvi and 
others, 2004) in Ni-bearing magmatic sulfide lode deposits 
(for example, Schulz and others, 2010; Naldrett, 2011). New 
efforts to develop an alternative source of Ni, particularly with 
improved metallurgical processing, make the Ni-Co laterites 
an important exploration target in anticipation of the future 
demand for Ni. Although this model is defined as a Ni-Co 
laterite model, not every deposit classified by this model 
has a mining history with recovered Co. Although Co may 
not be recovered from every deposit, it commonly is present 
at economic levels. This deposit model provides a general 
description of the geology and mineralogy of Ni-Co laterite 
deposits and contains a discussion of the influences of climate, 
geomorphology (relief), drainage, tectonism, structure, and 
protolith on the development of favorable weathering profiles. 
This model of Ni-Co laterite deposits represents part of the 
effort of the U.S. Geological Survey Mineral Resources Pro-
gram to update the existing models to be used for an upcoming 
national mineral-resource assessment. 

Deposit Type and Associated 
Commodities

The Ni-Co laterites are regolith or supergene deposits 
of Ni±Co. They are the product of prolonged and pervasive 
mechanical and chemical weathering of harzburgite, dunite, 
and peridotites and their metamorphic derivatives, such as ser-
pentinite. They can be associated with platinum group element 
(PGE) placers (Cox and Singer, 1986). The primary com-
modity is Ni; the most common associated commodity is Co. 
These deposits have a geochemical association with iron (Fe), 
Mg, and chromium (Cr) and, less consistently, with zinc (Zn), 
copper (Cu), and PGEs (Lelong and others, 1976; Derkmann 
and Jung, 1986; Alcock, 1988; Brand and others, 1998). 

Other deposits genetically related to Ni-Co laterites are 
bauxites and gold (Au), Fe, niobium (Nb), and phosphate 
laterite deposits (Freyssinet and others, 2005). Magmatic Ni 
sulfide and podiform Cr deposits may be present in the same 
region as Ni-Co laterite deposits because of their association 
with various ultramafic intrusions.

Example Deposits

There are three major subtypes of Ni-Co laterite 
deposits—hydrous Mg-silicate, clay, and oxide. The Ni-Co 
laterites can occur surficially as in situ deposits, buried as 
karst (Albania and Greece), or as linear/fault-hosted deposits 
(Urals) (Golightly, 1981). This model will mainly focus on 
the in situ deposits.

Linear- and karst-type deposits share some mineralogi-
cal similarities to in situ deposits but have added complexities 
because of their setting in fault zones or along unconformi-
ties between ultramafic and carbonate rocks. They may have 
experienced more extensive secondary transport and enrich-
ment than those that have been simply reconcentrated because 
of downslope erosion from plateaus to lowlands, as seen in 
Brazil and Cuba (for example, Glaskovsky and others, 1977; 
Maksimovic, 1978; Valeton and others, 1987; Eliopoulos and 
Economou-Eliopoulos, 2000; Freyssinet and others, 2005). The 
karst-type deposits may deserve a deposit model of their own. 
Not only are the deposits located on unconformity surfaces, but 
they also are commonly derived from mixtures of ultramafic 

Table 1. Factors defining the climate scenarios used to describe the variation in nickel-cobalt laterite deposits 
(Golightly, 1981, 2010). 

[Ni, Nickel; Co, Cobalt; Mg, Magnesium]

Climate 
scenario

Tectonic stablity Terrane Climate Profile development

Wet Active uplift Elevated Rainforest Ni in hydrous Mg-silicates
Wet-to-dry Stable peneplain Flat Increasing aridity/time Ni and Co in the oxide, clay transition zone
Dry-to-wet Dissected peneplain Elevated Increasing moisture/time Ni and Co in clay and saprolite zones
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and felsic parent material, so they can have bauxite attributes 
(Maksimovic, 1978; Laznicka, 1985). Additionally, they contain 
takovite, a Ni-bearing hydrated carbonate mineral that is not 
seen in other Ni-Co laterite deposits (Valeton and others, 1987; 
J.P. Golightly, Golightly Geoscience, written commun., 2012). 
The final enrichment of Ni varies from in situ deposits in that 
many of the karst-type deposits are noted to have been diagenet-
ically altered or metamorphosed to pumpellyite through green-
schist and possibly as high as amphibolite facies (Mposkos, 
1981; Valeton and others, 1987; Economou-Eliopoulos, 2003; 
M. Economou-Eliopoulos, cited by J.P. Golightly, Golightly 
Geoscience, written commun., 2012), with a mineralogy of 
hematite, quartz, and nimite as the main Ni-bearing mineral 
(Zevgolis and others, 2010). Unlike the minerals that weather to 
form in situ Ni-Co laterite deposits, the precursors (chrysotile, 
clinochlore, talc, and perocaite) to the supergene enrichment of 
Ni in deposits in the Urals are products of low-grade metamor-
phism (Talovina and others, 2007; Dill, 2010).

It is helpful to look at specific occurrences to illustrate the 
development and diversity of Ni and Co in a laterite deposit. 
The Nickel Mountain deposit in Riddle, Oregon, is a hydrous 
Mg-silicate subtype Ni laterite, although for this type of deposit 
it has a relatively low average grade of 1.18 percent Ni. It is 
given as an example here because it is the only economically 
substantial deposit in the continental United States. The Ni-Co 
laterite deposits in New Caledonia, the Dominican Republic, 
Indonesia, and Guatemala, as well as minor occurrences in Cal-
ifornia and North Carolina, are also hydrous Mg-silicate sub-
type deposits (Ross and others, 1928; Troly and others, 1979; 
Foose, 1992). Murrin Murrin in Western Australia is a classic 
clay ore Ni-Co laterite deposit. The Cawse deposit in Western 
Australia is an oxide ore Ni-Co laterite deposit, as are many 
of the deposits in Cuba. The Goro deposit in New Caledonia 
contains minable Ni concentrations in the limonite (less than or 
equal to 1.7 percent Ni and 0.5 percent Co), smectite (less than 
or equal to 2 percent Ni and 0.5 percent Co), and saprolite (less 
than or equal to 3 percent Ni) layers of the laterite profile (Goro 
Nickel, 2008). More detailed grade and tonnage summaries of 
known Ni-Co laterite deposits are presented by Berger and oth-
ers (2011). The details of the Nickel Mountain deposit, as well 
as the more well-known hydrous Mg-silicate, clay, and oxide 
subtype deposits from outside the United States, are summa-
rized below.

Nickel Mountain, Riddle, Oregon
The Nickel Mountain deposit is in the Klamath Moun-

tains near Riddle, Oregon. Its setting is unusual in that it lies 
farther than 26 degrees from the equator (fig. 1); most of the 
other Ni-Co laterite deposits are within 26 degrees. The Nickel 
Mountain deposit developed from the Tertiary weathering of 
Jurassic peridotite, dunite, and serpentinite. The orebodies are 
at the crest of the uplifted Klamath Peneplain and along the 
terrace below. The top of the laterite profile has been weath-
ered away, leaving only the saprolite layer with a thin, oxide-
weathered cap that developed during more recent exposure 

(fig. 2; Chace and others, 1969). The average Ni grade was 
between 1.18 and 1.5 percent; a total of 26.7 million tonnes 
(Mt) was produced between 1954 and 1998, and an estimated 
total size of the deposit was 63.8 Mt (Cumberlidge and Chace, 
1968; D.F. Briggs, unpub. data, 2006; Eckstrand and others, 
2008; U.S. Geological Survey, 2011). Although hydrous Mg-
silicate is the dominant ore at Nickel Mountain, 20 percent of 
the reserve is held in oxides (U.S. Geological Survey, 2011).

Falcondo District, Dominican Republic, 
Hispaniola

Mineral resources, inclusive of reserves, for the Falcondo 
property reported by Xstrata, on June 30, 2010, were 39.7 
Mt grading at 1.55 percent Ni (measured), 34.5 Mt grading at 
1.56 percent Ni (indicated), and 4.9 Mt grading at 1.4 percent 
Ni (inferred) (Xstrata, 2011). This district developed from the 
weathering of ultramafic rocks of the Loma Caribe ophiolite—
serpentinized harzburgite with some dunite, lherzolite, and 
pyroxenite—of the northern margin of the Caribbean Plate that 
was emplaced during the late Albian (Lewis and others, 2006; 
Proenza and others, 2008). Uplift of this region took place in 
the late Oligocene followed by transpression due to movement 
along a regional strike-slip fault. This tectonic activity caused 
continual fluctuation in elevation, keeping the water table low 
and promoting development of a complete hydrous Mg-silicate 
subtype laterite profile with a well-developed saprolite horizon 
that contains most of the ore reserves and the highest grade of 
Ni (Lewis and others, 2006; Berger and others, 2011). Weather-
ing began during the early Miocene (Lewis and other, 2006).

The laterite profile consists of unaltered serpentinized 
harzburgite at the base, then an overlying hard saprolite zone 
(40 percent of the reserves; 1.74 percent Ni) that transitions 
through a soft saprolite zone (31 percent of the reserves; 
1.7 percent Ni) upward into a nickeliferous limonite zone 
(21 percent of the reserves; 1.42 percent Ni). It is capped by 
a thin layer of ferricrete or hematite cap (fig. 3; Berger and 
others, 2011). Nickel-bearing minerals include poorly crystal-
line hydrous Mg-silicates (approximately 10 angstrom and 
approximately 7 angstrom garnierites), serpentine, smectite, 
gibbsite, goethite, and falcondite (Berger and others, 2011; 
Villanova-de-Benavent and others, 2011). Ferguson and oth-
ers (1979) commented that Co was found in the transition 
between the limonite and saprolite horizons in the weathered 
profile. Lewis and others (2006) mentioned the presence of 
asbolane at the base of the limonite zone and Co grades of as 
much as 0.25 weight percent (wt%); however, because smelt-
ing is used to process the ore, Co is not recovered. 

Murrin Murrin, Western Australia
The Murrin Murrin deposit contained a resource of 

268 Mt at 1.01 percent Ni and 0.074 percent Co, with reserves 
of 196 Mt at 1.05 percent Ni and 0.078 percent Co in 2010 
(Minara Resources Limited, 2010). The topography of the area 
is generally low and subdued. The ore deposit developed from 
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thoroughly serpentinized peridotite, which was a komatiitic 
olivine cumulate in the Late Archean Norseman-Wiluna green-
stone belt (Monti and Fazakerley, 1996; Wells and Butt, 2006). 
The cumulate exhibits all textural variations from orthocumu-
late to adcumulate (Gaudin and others, 2005). This important 
feature has an effect on the thickness and development of 
the weathered zones in the laterite profile. The serpentinized 
peridotite contains 0.2 percent Ni, mostly hosted in lizardite 
(Gaudin and others, 2005). Two areas of serpentinized perido-
tite outcrop in the Murrin Murrin area. 

The laterite profile consists of five main horizons upward, 
which include unweathered serpentinized peridotite at the 
base, saprolite, smectite, limonite (known as the ferruginous 
zone at Murrin Murrin), and a cap of duricrust and unconsoli-
dated sediment (fig. 4). Intercalated with these main weather-
ing horizons are minor mineral horizons of Fe-rich saprolite, 

which can occur at the top of the saprolite in the transition to 
the smectite zone; an Fe-rich smectite zone at the transition to 
the limonite; manganese (Mn)-oxide pods and lenses enriched 
in Co and Ni; silicate- and magnesite-rich veins and fracture 
fill; and pods and layers of kaolinite and chlorite plastic clays 
(fig. 4; Camuti and Riel, 1996; Monti and Fazakerley, 1997). 
For the main weathered horizons of saprolite, smectite, and 
limonite, the mineralogy includes serpentine±chlorite, smec-
tite, opal, magnetite, talc, and dolomite; smectite±chlorite, 
serpentine, opal, quartz, serpentine, Fe-oxides, and oxyhy-
droxides; and goethite and hematite±kaolinite, respectively 
(Camuti and Riel, 1996; Monti and Fazakerley, 1997; Wells, 
2003; Gaudin and others, 2005). 

The developed profile is locally influenced by faulting 
and shearing, but most of the variation in the profile mineral-
ogy can be directly correlated to the underlying lithology, 
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20 - Gag Island

21 - Marlborough
22 - Devolli
23 - Thio
24 - Wowo Gap
25 - Santa Fe

EXPLANATION
26 - Kouaoua
27 - Ramu
28 - Acoje/Zambales
29 - Jacaré

Ni and Ni-Co laterite deposits

25

Figure 1. Global distribution of nickel (Ni) and nickel-cobalt (Ni-Co) laterite deposits. Locations from the Geological Survey of Canada 
World database of platinum group elements, nickel, and chromium deposits (Eckstrand and others, 2008) and U.S. Geological Survey 
Open-File Report 2011–1058 (Berger and others, 2011).
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Figure 2. Cross section of an idealized laterite profile from Nickel Mountain, Riddle, Oregon, United States, with photographs of hand-specimen samples of (counterclockwise) 
topsoil, limonite, silica veins and breccia, serpentinized protolith, leached-oxidized protolith, and saprolite. Profile adapted from Data Metallogenica (2008) (http://www.
datametallogenica.com/); photographs from Data Metallogenica by Peter Laznicka (1980). (Mg, magnesium)

Saprolite

NORTH

SOUTH

Topsoil, rubble
Limonite

Hydrous Mg-silicate, silica in veins, breccia and fractures
Leached and oxidized protolith

Serpentinized harzburgite and dunite protolith

EXPLANATION

0 20 METERS

0 20 FEET

http://www.datametallogenica.com/
http://www.datametallogenica.com/


6 
 

N
ickel-Cobalt Laterites—

A Deposit M
odel

Figure 3. Cross section of an idealized laterite profile from the Falcondo district in the Dominican Republic of Hispaniola with photographs of hand-specimen samples of 
(counterclockwise) ferricrete, hematite cap; limonite; soft saprolite; serpentinized harzburgite; and (last two images) hard saprolite with poorly crystalline garnierite veinlets and 
breccia cement. Profile adapted from Data Metallogenica (2008) (http://www.datametallogenica.com/); photographs from Data Metallogenica by Peter Laznicka (1980).
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Figure 4. Cross section of an idealized laterite profile from Murrin Murrin, Western Australia, Australia, with photographs of hand-specimen samples of (counterclockwise) 
ferruginous duricrust, limonite, manganese (Mn)-oxide, smectite, ferruginous saprolite, serpentinized komatiite peridotite, leached serpentinized komatiite peridotite, saprolite, 
chrysoprase in a silicate- and magnesite-rich vein, and smectite. Profile adapted from Data Metallogenica (2008) (http://www.datametallogenica.com/); photographs from Data 
Metallogenica by Peter Laznicka (1980). (Mg, magnesium)
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where aluminum (Al)-rich orthocumulates develop more chlo-
rite and therefore thicker clay zones (Wells and Butt, 2006; see 
the section “Weathering/Supergene Processes” in this report, 
p. 20). The highest Ni concentrations (as much as 2.5 percent 
Ni; Gaudin and others, 2005) are in the clay zone. The Co 
occurs in Mn-oxides in the limonite zone and upper part of 
the clay zone. Unlike many other Ni-Co laterites, there is no 
garnierite at Murrin Murrin, which may be due to the parent 
rock at Murrin Murrin being entirely serpentinized (Gaudin 
and others, 2005) and possibly the relatively poor drainage 
of the Yilgarn craton. In deposits in Indonesia, for example, 
Golightly (1981) speculated that garnierite is only present 
where the parent rock is fresh to partially serpentinized, which 
may explain its absence in Western Australia. 

Moa Bay, Cuba
In general, Ni laterite deposits in northeastern Cuba are 

oxide subtype (Gleeson and others, 2003). As with many Ni 
laterite districts, there are areas of exceptions in northeastern 
Cuba where hydrous Mg-silicate is the main ore type (Pro-
enza and others, 2007). Because the dominant ore-processing 
method in Moa Bay is HPAL, it is difficult to treat the hydrous 
Mg-silicate subtype ore because Mg consumes acid in this 
process, making it uneconomical (Golightly and others, 2008).

The Moa Bay district is along the north coast of eastern 
Cuba. The measured and indicated metal resource for 2010 
was reported as 66.60 Mt with a grade of 1.26 percent Ni 
and 0.13 percent Co and a proven and probable reserve of 

47.77 Mt with a grade of 1.19 percent Ni and 0.13 percent Co 
(Beaton and others, 2011). The oxide subtype deposits in Moa 
Bay developed from the weathering of serpentinized perido-
tites (harzburgite), as well as dunite, of the Mayari-Baracoa 
ophiolite belt, which prior to weathering contained 0.2 percent 
Ni (de Vletter, 1955; Roqué-Rosell and others, 2010). In an 
environment of low relief and heavy rainfall, the olivine, 
clinopyroxene, and antigorite of the partially serpentinized 
ultramafic rocks were gradually leached of their most soluble 
elements, Mg and silicon (Si), whereas the less-soluble com-
ponents, Fe, Ni, Co, Al, and Cr, were enriched. 

A weathering profile containing economic amounts of Ni 
and Co formed in a continuous process and caused the zone of 
enrichment to progressively move down through the weather-
ing profile (de Vletter, 1955; Lelong and others, 1976). At the 
Yagrumaje oxide-subtype Ni laterite deposit in Moa Bay, the 
laterite profile consists of a ferricrete cap underlain by limo-
nite containing goethite, maghemite, hematite, and gibbsite, 
as well as Mn-Ni-Co oxyhydroxides (fig. 5; Roqué and oth-
ers, 2008). The limonite is underlain by saprolite consisting 
of lizardite, goethite, magnetite, maghemite, chromite, and 
hydrous Mg-silicates. Because some areas of the Moa Bay 
district have lower relief, Ni and Co have been enriched because 
of the lateral transportation and subsequent reweathering of 
lateritic material from higher elevation (Linchenat and Shi-
rokova, 1964). In many of the laterite ore profiles of the Moa 
Bay district, saprolite is absent, due possibly to erosion during 
a long submarine stage or from the subsequent weathering of 
transported laterite (Linchenat and Shirokova, 1964; Golightly, 

Figure 5. Idealized cross section through the nickel-cobalt laterite profile of Moa Bay, Cuba, with photographs of 
horizon examples of (from surface to base) ferricrust, limonite, saprolite, and protolith. Profile modified from Linchenat 
and Shirokova (1964); photomicrographs from Mosselmans and others (2008). (Mn, manganese)
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2010). In some areas, a layer of rocky limonite occurs, which 
represents the erosional surface during a mid-Tertiary period 
when saprolite and limonite horizons were combined in a 
coastal and submarine erosional environment (Golightly and 
others, 2008). These layers overlie the protolith of serpentinized 
peridotite and harzburgite (Roqué-Rosell and others, 2010). The 
Mn-Ni-Co oxides occur in the lower part of the limonite zone 
as veins and coatings or concretions along fractures (de Vletter, 
1955; Proenza and others, 2007). The Ni and Co are present 
in goethite (0.3–4.5 wt% Ni; 0.1–1.7 wt% Co), maghemite 
(0.5–8 wt% Ni; 1.1 wt% Co), and lithiophorite (less than or 
equal to 12 wt% Ni; 6 wt% Co) (Proenza and others, 2007). 

Historical Evolution of Descriptive and 
Genetic Knowledge and Concepts

The term laterite was first defined by Buchanan (1807). 
The term is derived from the Latin word for brick and was 
used to describe the indurated clay in India, which Buchanan 
saw contained a large concentration of Fe that hardened upon 
surface exposure. Buchanan’s application of the term is quite 
specific to material used for building. Depending on the per-
spective of the researcher, the term laterite has been applied to 
a variety of aspects of tropically weathered rocks. Laterite has 
been known as a variably cemented sesquioxide-rich soil and a 
surficial or near-surface reddish soil, as well as by an assort-
ment of mineralogical definitions (Helgren and Butzer, 1977; 
Schellmann, 1986). The term has since developed to describe 
a profile in a tropically weathered regolith in which the most 
soluble elements are removed and the least soluble elements 
are progressively redistributed throughout a series of more 
to less weathered protoliths to form a concentrated deposit 
(Samama, 1986). 

Regional Environment

Nickel-cobalt laterite deposits developed within 
26 degrees of the equator with a few exceptions, such as the 
hydrous Mg-silicate deposit in Riddle, Oregon, and the laterite 
deposits in the Urals, Greece, and the Balkans. 

Geotectonic Environment

The deposits are located in both presently active conti-
nental margins, in accreted terranes and obducted ophiolite 
sheets (New Caledonia; Moa Bay, Cuba; Falcondo, Domini-
can Republic) and in older accreted terranes and obducted 
ophiolites (Riddle, Oregon; Fifield, New South Wales; Brolga, 
Queensland), as well as in komatiite and cumulates that are 
now parts of stable cratons (Murrin Murrin, Western Australia; 
Goias, Brazil; Ambatovy, Madagascar) (Besairie and other, 

1961; Colin and others, 1990; Windley and others, 1994; 
Bruce and others, 1998; Brand and others, 1998; Freyssinet 
and others, 2005; Platina Resources Limited, 2011). 

Temporal (Secular) Relations

The global distribution of Ni-Co laterite deposits is a 
reflection of their ultramafic protolith and climate. Retallack 
(2010) gives a complete analysis of the secular variation of 
laterites. He describes the deposits as suffering from “the 
pull of recent,” a concept discussed by Hay and Wood (1990) 
and Wilkinson and others (2009), because they are surface 
deposits and thus easily susceptible to denudation. Retal-
lack (2010) notes that the formation of the laterite deposit 
initiated at approximately 2,300 million years ago (Ma), just 
subsequent to the onset of the first “Great Oxidation Event” 
(Rye and Holland, 1998), and that what were considered older 
laterites (approximately 3430 Ma; Ohmoto and others, 2007) 
are actually weathered banded Fe formations. Retallack (2010) 
also describes the importance of carbon dioxide (CO2) in the 
process of hydrolytic weathering. He notes that laterite forma-
tion was scarce prior to 392 Ma because the high amount of 
CO2 produced in rainforest soils was not present (Sheldon, 
2006). The efficiency of rainforests to fix CO2 in the soil can 
be seen in the drastic reduction in atmospheric CO2 subsequent 
to the onset of rainforest development (see Royer and others, 
2004, fig. 1). A combination of atmospheric CO2 spikes and 
paleoclimatic fluctuations occurred during the development of 
the deposits that formed far from the equator, such as those in 
Oregon and the Ural Mountains (Retallack, 2010). As for the 
deposits in Australia, continental drift moved them from tropi-
cal regions to their more arid present-day locations.

Duration of Mineralizing Processes

The time required for the formation of a Ni-Co laterite 
deposit depends on the rate of weathering, the tectonic stabil-
ity, and the rates of mechanical erosion. The rate of weathering 
depends on the amount of rainfall and evaporation in a region, 
which determines the amount of water infiltrating the laterite 
profile each year (Nahon and Tardy, 1992). The amount of rain-
fall and the proficiency of drainage help determine the extent of 
the development of the weathered profile. The thickness of the 
profile depends on how the weathering front and rate of erosion 
progress and the time in which these processes are allowed 
to develop (Elias, 2002). Calculating the rate of weathering 
requires an understanding of the hydrology and the effects of 
leaching on a profile (Nahon, 1982, 1986; Nahon and Tardy, 
1992). Rates of chemical weathering for felsic, intermediate 
and ultramafic rocks are listed in table 2. Trescases (1973) and 
Leprun (1979) stressed that the rate of weathering for ultra-
mafic rocks was about two to three times that of felsic rocks. 
The rate of weathering in stable tectonic environments is about 
10 meters per million years (m/m.y.) (Golightly, 1981). In more 
active tectonic settings, the rate of profile development may 
reach about 50 m/m.y. (Golightly, 2010).
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Regionally, the results of these interplaying factors can 
be seen in the thick profiles of Western Australia, where there 
was a prolonged period of temperate to tropical weathering but 
little uplift and thus limited surface erosion with poor drain-
age. Resulting stunted development of the weathered profile 
included little or no saprolite and lower grade clay or oxide 
subtype ore. Therefore, these deposits are quite thick but of a 
lower grade. In active tectonic settings, such as New Caledonia, 
there is a high rate of weathering and continued uplift coupled 
with a high rate of surface erosion allowing for good drain-
age, which leads to the complete development of the higher 
grade, hydrous Mg-silicate subtype ores. The local geomorphic 
landscape affects the rate of development of a profile in an 
active tectonic setting because it controls rates of mechanical 
weathering, drainage of percolating water, and level of ground-
water. For example, the rate of weathering in the highlands 
of New Caledonia is faster than on the plateaus and terraces 
(125–140 and 12.5–14 m/m.y., respectively; Trescases, 1975; 
Elias, 2002). 

Golightly (1981) estimated the rate of chemical weather-
ing from the amount of Mg and Si in the surface water from 
lateritic terranes. He showed that a substantial Ni-Co laterite 
ore deposit could develop in as little as one million years in an 
island arc setting, but it would take about 10 times as long on 
stable cratons; in both cases, the complete development of the 
profile probably takes longer. The durations of the weather-
ing events that produced Ni-Co laterite deposits are summa-
rized in figure 6. In the cratonic setting, protoliths for Ni-Co 
laterites have been exposed to weathering for long periods. 
For example, Western Australia and Brazil have ultramafic 

rocks within their cratons that have been exposed throughout 
the Phanerozoic (fig. 6) and likely for much longer. Buried or 
fossil laterite deposits in Greece and the Urals formed from 
the Devonian into the Cretaceous and were preserved below 
overlying sedimentary rock sequences. More recently formed 
deposits in an active tectonic setting in the southeast Pacific 
and the Caribbean formed from the Eocene to the present 
(Freyssinet and others, 2005).

Table 2. Rate of weathering for felsic and ultramafic rocks.

[m/m.y., meters per million years]

Rock type Location
Weathering rate 

(m/m.y.)
Reference

Felsic Ivory Coast 5–55 Leneuf (1959)

Felsic Ivory Coast 14 Boulangé (1984)

Felsic Chad 13.5 Gac (1979)

Felsic Norway 12 Tardy (1969)

Felsic France 10–24 Tardy (1969)

Felsic Ivory Coast 15 Tardy (1969)

Felsic Madagascar 25 Tardy (1969)

Intermediate Puerto Rico, ridgetop 211 Buss and White (2012)

Intermediate Puerto Rico, watershed 43–58 Buss and White (2012)

Ultramafic New Caledonia 29–47 Trescases (1973)

Ultramafic 10–50 Elias (2002)

Ultramafic New Caledonia, highlands 125–140 Trescases (1975)

Ultramafic New Caledonia, plateaus and terraces 12.5–14 Trescases (1975)

Ultramafic Stable craton 10 Golightly (1981)

Ultramafic Tropical highlands 50 Golightly (2010)

Figure 6. Periods of nickel-cobalt laterite formation in 
various locations. Solid and dashed lines represent the 
periods of principal weathering and minor alteration, 
respectively. Modified from Freyssinet and others (2005). 
(P, Paleozoic; J, Jurassic; Є, Cretaceous; E, Eocene; O, 
Oligocene; M, Miocene; R, Recent)
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Relations to Structures

Structures, faults, and fractures, as well as joints and 
cleavage, can play a key role in the development of Ni-Co 
laterite deposits. One of the most important factors in form-
ing Ni-Co laterite deposits is the degree of permeability 
of the parent material (Norton, 1973; de Vletter, 1978). 
Structure controls Ni mineralization and weathering (Pel-
letier, 1996). Faults and shears increase the permeability of 
the protolith in well-drained and saturated profile scenarios 
(Elias, 2002; Golightly, 2010). Faults also play a key role 
in Ni-Co laterite mineralization in the Urals where some 
deposits occur along steeply dipping faults in serpentinite 
protoliths. Rather than the traditional horizontal progres-
sion of weathering horizons, these deposits have a zona-
tion dependent on the proximity to faults (Jubelt, 1956). 
Laznicka (1985) speculated that these linear-type deposits 
in the Urals are remnants of blanketed deposits that have 
been eroded away. Faults allow for pervasive circulation of 
water through susceptible protolith, developing limonite and 
saprolite alteration layers that are greater than 3 kilometers 
(km) in length, 80 meters (m) in width, and 120 m in depth, 
such as the Nowo-Akkermann deposits (fig. 7; Jubelt, 1956; 
de Vletter, 1978).

Fluid follows fractures and intricacies of the cracked 
protolith along a path of least resistance, causing the boundaries 
between weathering layers in a profile to be highly irregular 
(de Vletter, 1955). The structurally and texturally influenced 
increase in permeability causes enrichment along fissures, set-
tling of boulders, and rim enrichment of the protolith fragments, 
such that deposit complexity can stem from the structure in 
the protolith (de Vletter, 1955). The morphology of the profile 
is heavily influenced by the extent of the development of the 
tectonic features; the better developed the fracturing and breccia-
tion, the deeper the weathering front (Samama, 1986). Golightly 
(1981) noted that the rate of development of a Ni-Co laterite pro-
file is controlled by joint spacing (see Golightly, 1981, fig. 16), 
and Elias (2002) stated that joints and cleavage allow for per-
vasive percolation of water and greater potential for alteration. 
At the Cawse deposit in Australia, secondary structures and 
localized shear zones influence development of the weathering 
profile because they provide the initial permeability for water 
to penetrate the protolith, leading to alteration and secondary 
enrichment (Brand and others, 1998). Wells (2003) noted that the 
development of the laterite profile at Murrin Murrin in Australia 
is locally influenced by faulting and shearing.

Fractures are important to ore control. Saprolite devel-
oped on unserpentinized dunites is composed of mostly rich 
garnierite ores that rim barren dunite boulders and fill fractures 
and voids. This type of ore can be upgraded easily by screen-
ing (Samama, 1986). For example, in Soroako, Indonesia, 
ore is upgraded by milling the saprolite from the rims of the 
unserpentinized harzburgite corestones (Golightly, 1979a).

Relations to Igneous Rocks

The Ni-Co laterites develop from the pervasive chemi-
cal and mechanical weathering of ultramafic igneous rocks 
and serpentinite. Generally, two classes of ultramafic rocks 
can produce an economic Ni-Co laterite deposit if exposed to 
prolonged weathering: (1) dunite, peridotite, harzburgite, and 
wehrlite in Alpine-type ophiolite sequences and in large thrust 
sheets of obducted ophiolites, and (2) olivine dominant komati-
ites and mafic-ultramafic layered intrusions, which are present 
within many Precambrian shields (Brand and others, 1998). 
When an ultramafic magma cools, Ni and Co tend to fraction-
ate into the lattice of olivine and pyroxene, respectively.

Globally, 15 percent of the known Ni-Co laterites 
develop from the weathering of komatiites and layered mafic-
ultramafic intrusions, and 85 percent develop from dunites, 
harzburgites, and peridotites in accretionary terranes (Brand 
and others, 1998; Elias, 2006). On a local scale, variation 
in the primary lithology can influence the ore subtype. For 
example, the Australia clay subtype ores at Bulong and Mur-
rin Murrin developed from olivine orthocumulate; the oxide 
subtype deposit at Cawse developed from an olivine meso-
adcumulate (Brand and others, 1998).
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Figure 7. Perpendicular cross sections through the 
Nowo-Akkermann deposit, Russia. A, The weathering 
zonation occurs as a function of the proximity to the faults, 
rather than the traditional horizontal differentiation of the 
weathering horizons. B, Longitudinal cross section through 
an ore zone proximal to a fault. Modified from Jubelt (1956).
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Relations to Sedimentary Rocks

Sedimentary rocks are present as cover sequences that 
preserve Ni-Co laterite deposits in Albania and Greece. These 
deposits are lithified, tilted, and folded. Some of these depos-
its, as well as various deposits in the Urals, formed from 
the subsequent transport of in situ laterite concentrations. In 
Greece and Albania, oxide and hydrous Mg-silicate subtype 
Ni-Co laterite deposits developed from the pervasive weath-
ering of ultramafic rocks of an ophiolite nappe emplaced in 
the Jurassic. These deposits were subsequently covered in the 
Cretaceous by shallow water limestone and, in some locations, 
molasse, thus preserving the Ni-Co laterite mineralization. 
The cover restricted surficial weathering, and associated burial 
allowed for reconcentration of the residual elements by low-
grade metamorphism (Valeton and others, 1987). 

Relations to Metamorphic Rocks

The primary alteration of ultramafic rocks by regional 
metamorphism results in serpentinization. This initial altera-
tion enhances the development of Ni-Co laterite deposits 
because the metamorphic mineralogy and textures are 

conducive to pervasive chemical and mechanical weathering. 
Refer to the section “Petrology of Associated Metamorphic 
Rocks” on p. 25 for further discussion.

The ores in Greece, Albania, and the Urals have been 
metamorphosed to as high as amphibolite facies subsequent 
to Ni-Co laterite formation (Mposkos, 1981; Valeton and 
others, 1987; Economou-Eliopoulos, 2003; Zevgolis and oth-
ers, 2010; M. Economou-Eliopoulos, cited by J.P. Golightly, 
Golightly Geoscience, written commun., 2012). Although 
these Ni-Co laterites have been metamorphosed, the Ni grade 
is similar to the in situ deposits (1.02–1.3 percent Ni; Berger 
and others, 2011)

Physical Description of Deposit

Dimensions in Plan View

The average area of the Ni-Co laterite deposits that have 
been mined is about 24 square kilometers (km2) (fig. 8; Berger 
and others, 2011). The largest and smallest reported areas 
of the economic deposits are 188 and 0.16 km2, respectively 
(Berger and others, 2011).
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Figure 8. Deposit areas for the 20 largest exploited nickel-cobalt laterite deposits (see fig. 1 for deposit locations). 
Compiled from Berger and others (2011). 
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Vertical Extent and Form/Shape

In general, Ni-Co laterites are laterally extensive depos-
its, with dimensions as much as 28 km in length (Berger and 
others, 2011). They are in the form of a weathered profile 
(fig. 9); tectonic setting, geomorphology, and structure are key 
controls on the physical properties of Ni-Co laterite deposits. 
The Ni-Co laterites range in thickness from a few meters to 
several tens of meters (Golightly, 1981). The variable thick-
ness of the Ni-bearing ores stems from the nature of the 
weathering process occurring along weaknesses in the parent 
rock forming an uneven contact with the saprolite horizon (see 
Golightly, 1981, fig. 16). Where porosity and permeability are 
high, the profile is thickest, and where the profile is thickest, 
the grades of Ni and Co are higher (Elias, 2006). 

Host Rocks

The Ni-Co laterites most commonly form above 
ultramafic igneous rocks that have undergone varying 
degrees of serpentinization (see the sections “Relations 
to Igneous Rocks,” p. 11, and “Relations to Metamor-
phic Rocks,” p. 12). Because the laterites form from the 
pervasive weathering of the ultramafic rocks, the degree 
of weathering of the protolith places the initial constraint 
on the shape and size of the deposit. The laterites can also 

occur above sediments, such as the extensively transported 
limestone-based laterites in Greece and Albania, or on 
other types of igneous rocks, such as some of the depos-
its in Brazil that are laterites redeposited from erosion of 
the surrounding ultramafic plateau (Trescases and oth-
ers, 1979; Eliopoulos and Economou-Eliopoulos, 2000). 
Nickel-cobalt laterites formed from accreted ophiolite 
sequences are restricted by the preservation potential in 
tectonically active regions. Those that formed from weath-
ering of cumulates in more stable cratonic environments 
may be more laterally extensive because the lack of uplift 
in a region prevents the mechanical weathering of a laterite 
profile, creating a single planation surface (Samama, 
1986). Geomorphological setting affects the size and shape 
of the deposits because they can form on summits, pla-
teaus, and slopes as blankets of regolith.

Structural Setting and Control

In rare cases, Ni-Co laterites form linear deposits along 
major structures, such as the fault-hosted deposit in the Urals 
(Glaskovsky and others, 1977). In some regions, the later-
ite deposits have been elongated by years of displacement 
along major structures. At a deposit scale, structure controls 
the pervasiveness of the weathering into the parent lithology 
(see Golightly, 1981, fig. 16).
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Figure 9. Idealized cross section through a nickel laterite weathered profile illustrating all the possible layers. Natural 
profiles are more complex and contain diverse sequences of any or all of the layers shown. Modified from Samama 
(1986). (Mg, magnesium)
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Geophysical Characteristics

 Modern geophysical methods employed at multiple 
scales can be useful during exploration for Ni-Co laterite 
deposits. At a regional scale, aeromagnetic, radiometric, grav-
ity, and optical remote-sensing techniques provide insight into 
the broad crustal framework in which Ni-Co laterite deposits 
may be hosted. These methods are effective for mapping 
ultramafic and serpentinized rocks, as well as their weathered 
products. In addition, gravity and magnetic methods can be 
used to map fault zones. At a deposit scale, magnetic, grav-
ity, electromagnetic, electrical, and ground-penetrating radar 
(GPR) methods can be useful in delineating the weathering 
profile in which Ni-Co laterite deposits form. Interpretation of 
these data is non-unique and, therefore, should be constrained 
with independent information, such as geologic mapping and 
drilling, or multiple geophysical techniques. 

Magnetic and Gravity Methods

Aeromagnetic data provide information on the distribu-
tion of magnetic minerals, mainly magnetite. The magnetic 
property of a rock is quantified by its magnetic susceptibility. 
In general, rocks with larger concentrations of magnetite have 
high magnetic susceptibilities and produce magnetic anomaly 
highs when compared to rocks with low magnetic susceptibili-
ties. Mafic and ultramafic igneous rocks tend to have higher 
magnetic susceptibilities and produce stronger magnetic 

anomaly highs relative to felsic igneous rocks (table 3). In 
general, the magnetic technique can be an important tool for 
Ni-Co exploration because small ultramafic bodies that have 
been serpentinized can be distinguished from other lithologies 
by the magnetic signature of magnetite associated with serpen-
tinization. The Ni-rich olivine core zones of komatiitic flows 
tend to be anomalous for the same reason.

Patterns in aeromagnetic anomaly maps can be used to 
infer the distribution of geologic units and are particularly 
useful where bedrock is concealed by unconsolidated material 
or vegetation. With Ni-Co laterite deposits commonly found in 
tropical climates, where vegetation is abundant, this technique 
can prove particularly useful. The Ni-Co laterite deposits form 
as the result of complex weathering of serpentinized mafic and 
ultramafic rocks. During serpentinization, the ultramafic rocks 
are hydrated and oxidized. Such processes commonly result in 
the formation of magnetite. If magnetite forms in concentra-
tions that are high enough, a positive magnetic anomaly will 
be produced, although differentiating such anomalies from 
those produced by nearby ultramafic rocks, if present, is diffi-
cult. Subsequent geologic processes can destroy the magnetite, 
and the serpentinite may be represented as magnetic anomaly 
lows. Therefore, interpretation of magnetic anomalies associ-
ated with serpentinized rock is complex. 

Studies in northeastern Cuba provide a good example of 
the use of magnetic data in targeting lateritic ores. The Ni-Co 
laterite deposits are within the 170-km-long Mayarí-Baracoa 
ophiolite belt that consists of two complexes, the Mayarí-
Nicaro to the west and the Moa-Baracoa to the east. The 

Table 3. Physical properties of some common rock types associated with nickel-cobalt laterite deposits (Peric, 1981; Ford and others, 
2008).

[g/cm3, grams per cubic centimeter; %, percent; ppm, parts per million; mS/m, millisiemens per centimeter] 

Rock type
Magnetic 

susceptibility 
(SI*10–3)

Density 
(g/cm3)

Radioelement
Conductivity1 

(mS/m)Potassium 
(%)

Uranium 
(ppm)

Thorium 
(ppm)

Limestone 0.3 2.6 0.3 2 1.3 0.01–1
Dolomite 0.1 2.7 0.01–1
Laterite crust 0.4 1.9 3.4
Saprolite (mafic volcanic rocks, schist) 50–500
Saprolite (felsic volcanic rocks, granite, gneiss)
Felsic igneous rocks 8 2.6 3.4 4.5 25.7
Mafic igneous rocks 25 2.8 0.8 0.8 2.3
Basalt 70 3.0 0.7 0.8 2.2 0.2
Gabbro 70 3.0 0.4 1.4 1.7 0.0
Hornblende gabbro 3.1
Peridotite 250 3.2 1.7
Pyroxenite 125 3.2
Serpentinite 3–17 2.8 0.4 1.7 2.3 8

1Conductivity is the inverse of resistivity.
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ophiolites were tectonically emplaced on volcano-sedimentary 
rocks. The typical ophiolite sequence constitutes serpen-
tinized peridotite overlain by gabbros. At a regional scale, the 
comparison of geology and magnetic anomaly maps shows 
the strongest positive magnetic anomalies are associated with 
the thickest ophiolitic rocks, and the negative anomalies were 
attributed to volcano-sedimentary rocks and areas where 
hydrothermal alteration occurred subsequent to the emplace-
ment of the ophiolitic belt (Batista-Rodríguez, 2006). Three-
dimensional inversions of the magnetic field data constrained 
by magnetic susceptibility measurements and mapped geol-
ogy provided thickness estimates for the ophiolite rocks and 
volcano-sedimentary rock units in the region and suggested 
prospecting targets where thin layers of serpentinized perido-
tites overlie basement (Batista-Rodríguez and others, 2007). 
The inversions also correlated well with mapped faults and 
suggested the presence of new faults not previously mapped 
or observed. At a deposit scale, aeromagnetic data can be used 
to help develop the three-dimensional geologic framework. 
Using complex transformations of the magnetic field that 
include horizontal gradients, vertical gradients, and upward 
continuation led to a better understanding of the subsurface 
geometry of ultramafic rocks (Batista-Rodríguez, 2006). 
Magnetic anomaly highs were attributed to thicker sections of 
the ultramafic rocks. Known Ni-Co laterite deposits correlated 
with magnetic anomaly lows and suggested thin serpentinized 
bodies in outlying areas of the ophiolite massif or tectonic 
uplift, where erosion has removed overlying gabbroic units 
(Batista-Rodríguez, 2006).

Gravity data measure the variations in the gravity field 
that result from differing densities of underlying material. In 
general, igneous rocks have higher densities than sedimentary 
rocks, and mafic igneous rocks tend to have higher densi-
ties than felsic rocks (table 3). During serpentinization, large 
amounts of water are absorbed into the rocks. This process 
increases the volume of the rocks and decreases the density 
from 3.3 to 2.7 grams per cubic centimeter (g/cm3). This 
density contrast can potentially be imaged in a high-resolution 
gravity survey and thereby help direct exploration efforts. For-
ward modeling using gravity and magnetic data constrained by 
physical property values and known geology can help deter-
mine the thickness of the weathered profile and help establish 
favorable areas for exploration. 

Radiometric Method

Airborne radiometric surveys, also known as gamma-ray 
spectrometry, measure the concentrations of potassium (K), 
uranium (U), and thorium (Th) in the upper few centimeters 
of the surface of the Earth. The abundances are measured 
by detecting the gamma rays produced during their natural 
radioactive decay. These elements are the three most abundant 
naturally occurring radioactive elements present in various 
proportions in all rocks and soils. In general, mafic and 
ultramafic rocks have lower concentrations of K, U, and Th 
than felsic rocks (table 3). Weathering of all rock types leads 

to loss of K, and for felsic rocks, loss of U and Th as well, 
whereas weathering of intermediate through ultramafic rocks 
may result in enrichment of U and Th (Dickson and Scott, 
1997). The U increase may be the result of adsorption in clays 
and precipitation of Fe-oxides, whereas Th is relatively stable 
during weathering. 

The distribution of the radioelements provides clues to 
the understanding of the geology. Unfortunately, freestanding 
water and moisture in soils and transported materials can mask 
the radioelement response, so care must be taken when con-
ducting surveys in tropical environments typically favorable 
for laterite formation. It is important to note that a measured 
point from airborne data is an average element concentration 
over a larger surface area, so absolute localized concentra-
tion measurements are not possible unless one uses a ground 
instrument. Depending on the survey design, mainly the line 
spacing, these data can be examined either on a profile basis 
or by concentrations gridded as a continuous surface. The data 
should be interpreted in terms of surface chemistry. 

In general, because ultramafic rocks cause a strong nega-
tive radiometric anomaly, an airborne radiometric survey can 
be useful for finding ultramafic rocks in deeply weathered 
areas, as in the recent discoveries of the Serra dos Tapas and 
Vale dos Sonhos Ni-Co laterite deposits in Brazil (Golightly, 
2010). In addition, radiometric data over the allochthonous 
Mayarí-Baracoa ophiolitic belt of northeastern Cuba enhanced 
the understanding of Ni-Co laterite formation and distribution 
(Batista and others, 2008). The lateritic soils showed elevated 
concentrations of U and Th. In places where laterites were 
redeposited, the element concentrations were even greater. A 
correlation was shown between high concentrations of U and 
Th over thicker, more developed or redeposited laterites that 
overlay serpentinized ultramafic rocks. 

Optical Remote Sensing Method

Optical remote sensing measures the way in which 
incident light from the sun reflects off surface material. In 
mineral exploration, the measured wavelengths typically range 
from visible to shortwave infrared regions of the electromag-
netic spectrum. Generally, in the relation between wavelength 
and reflectance, various lithologic units and minerals yield a 
unique spectra with diagnostic absorption features. The spectra 
of the target material can be compared to spectral libraries, 
and a material identification can be made. Hyperspectral data 
have narrow and contiguous spectral bands, providing greater 
certainty in material identification. These data can be costly 
and typically are not readily available. Multispectral data 
have wider spectral bands and can be useful in distinguishing 
alteration mineral groups such as hydrous clays and Fe-oxides. 
These data are relatively inexpensive and are nearly global in 
coverage. Multispectral images readily detect lateral varia-
tions in surface material and cover large swaths of land on the 
order of thousands of square kilometers. Landsat and ASTER 
(Advanced Spaceborne Thermal Emission and Reflection 
Radiometer) contain six and nine spectral bands, respectively, 
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from the visible to shortwave infrared region of the electro-
magnetic spectrum. One drawback of optical remote sensing is 
that it only measures surficial material and may not be optimal 
in highly vegetated areas, a considerable drawback when 
exploring for Ni-Co laterites in tropical regions.

During exploration, hyperspectral scanning and infrared 
spectroscopy can be used for preliminary determination of 
mineralogy. During production, these techniques can be used 
as tools for orebody definition and grade control (Freyssinet 
and others, 2005). Wells and Chia (2011) combine geochemi-
cal and hyperspectral scanning data, using partial least-squares 
regression, to predict Ni content in oxide subtype ores. Basile 
and others (2010) tried to quantify the amount of serpentinite 
in Ni-Co laterite profiles using diffuse reflectance infrared 
Fourier transform spectroscopy (FTIR) and multivariate statis-
tical analysis. Such information is useful for maximizing ore 
processing because serpentinite, although host to substantial 
amounts of Ni, consumes acid during leaching. 

Multispectral imagery has proven useful for Ni-Co 
laterite exploration in the Conceição do Araguaia region of 
the Araguaia belt in Brazil (Sícoli Seoane and others, 2009). 
The Araguaia belt is part of the Neoproterozoic Paraguai-
Araguaia orogeny that formed as cratons collided during the 
assembly of West Gondwana. Ophiolite fragments within the 
belt were thrust over metasedimentary rocks. The ophiolites 
are composed of serpentinized peridotites and pods of dunite, 
talc schists, tremolite-actinolite schists (harzburgites), mas-
sive basalts, and pillow basalts. Weathering has been ongoing 
since early Tertiary. Advanced image processing techniques 
were applied to ASTER imagery and successfully mapped 
prospective mineral alteration and key mineral groups (Sícoli 
Seoane and others, 2009). The mineral groups included ser-
pentine, pyrophyllite, smectite (±kaolinite), chlorite, kaolin-
ite, amorphous silica, and limonite. The results of the ASTER 
mapping also demonstrate various Ni-bearing simple oxides 
of the periclase group, multiple oxides of the spinel group, 
and telluride and phosphates that represent potential minerals 
for vectoring Ni mineralization and are detectable in multi-
spectral images.

Electrical Methods

Electrical methods, including electrical resistivity and 
electromagnetic (EM) techniques, respond to the electri-
cal conductivity of rocks and minerals. Such measurements 
can span many orders of magnitude (table 3). Electrical 
resistivity surveys are achieved by injecting current into the 
ground using a pair of electrodes and measuring the voltage 
at another pair of electrodes. The induced polarization (IP) 
method measures the voltage decay (chargeability) after the 
current has been interrupted. Electromagnetic surveys are 
carried about by transmitting an EM field, which penetrates 
the ground and produces a secondary field when conductive 
material is encountered. The secondary field is then measured 
by a receiver. The technique can be performed in both the 
frequency and time domains. 

Electrical resistivity methods were applied during explo-
ration for Ni-Co laterite deposits in Burundi (Peric, 1981). 
Mafic and ultramafic rocks are aligned in a north-northeastern 
trend. The ultramafic rocks consist of harzburgite, wehrlite, 
and partially serpentinized dunite. Minor occurrences of 
pyroxenite are also present. The laterite profile consists of a 
limonite and saprolite zone overlying unweathered ultramafic 
rocks. The Ni concentrations are present at the base of the 
limonite zone and in the saprolite zone. Resistivity and IP 
logs mapped the different zones of the laterite profile. The 
limonite zone showed high resistivity attributed to magnetite 
content, whereas the saprolite zone showed low resistivity and 
chargeability attributed to high concentrations of clay subtype 
minerals. The underlying peridotites displayed a moderate 
resistivity. The electrical resistivity methods, complemented 
with a ground gravity survey, can be effective in mapping the 
laterite zone. 

Airborne EM data have been used to better understand 
Ni-Co laterite deposits in Western Australia (Rutherford and 
others, 2001). The study utilized multiparameter borehole 
geophysical techniques and laboratory analysis of mineralogy, 
geochemistry, and soluble salt content to help constrain the 
airborne EM data. In the Yilgarn craton of Western Australia, 
olivine-rich cumulate rocks and their metamorphic deriva-
tives have weathered to form nickeliferous laterite deposits. 
Rutherford and others (2001) demonstrated that the electrical 
response is indicative of a complex interplay between textural 
and mineralogical variations, acting in concert to control the 
movement of water through the regolith. The main constraints 
on electrical conductivity are related to the distribution and 
abundance of soluble salts and inferred presence of moisture 
in the unsaturated zone. Therefore, an understanding of hydro-
stratigraphic units is essential when interpreting airborne EM 
data while exploring for Ni-Co laterite deposits. 

Ground-Penetrating Radar Method

Ground-penetrating radar (GPR) can be an effective 
tool for understanding the weathering profile where Ni-Co 
laterite deposits may be present. The method is effective 
where laterite thickness ranges from extremely thin to 50 m 
(Francké and Nobes, 2000). In tropical weathering profiles, 
GPR is sensitive to water content, conductivity, and Fe con-
tent (Francké and Nobes, 2000). Variations of the percentage 
of bound water present are a major controlling factor for the 
reflection of radar waves. Water can slow or impede the pas-
sage of radar waves. Unsaturated soil and limonite are porous 
material with relatively low bounding water; therefore, radar 
waves can travel at higher velocities. Radar waves travel at 
relatively low velocities through the saprolite zone, where 
clay minerals with high water content can concentrate. Radar 
waves travel at substantially higher velocities through rock 
because of a relatively low water content. Highly conductive 
materials, such as clays, can absorb radar energy and limit the 
depth of investigation. High concentrations of Fe can lead to 
reflections in horizontal bands. 
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In a series of studies, Francké and Nobes (2000) showed 
the effectiveness of GPR during the advanced phases of 
exploration at multiple Ni-Co laterite deposits. The stud-
ies showed that the GPR technique could clearly define the 
saprolite horizon in a laterite profile. The thickness of the 
weathered horizons in a laterite profile is highly variable, but 
the GPR technique provides a continuous image of the bed-
rock at depth, leading to a much higher resolution and a more 
complete projection of the orebody. The GPR technique is a 
cost effective tool that can detect troughs and pillars that are 
potentially missed by drilling programs. 

Data Integration

Horton (2008) describes the necessity of achieving a 
comprehensive geologic understanding of laterite profiles for 
resource estimation by combining the traditional geologic tech-
niques of mapping and drill-hole logging with geophysical tools 
such as GPR and high-resolution topographic data. In addition, 
interpreted geological information derived from other geophysi-
cal datasets should be considered. Magnetic and gravity data 
may lead to a better understanding of the bedrock geology. 
Radiometric data and optical remote sensing may provide infill 
information for geologic-mapping efforts and lead to a better 
understanding of surficial material. Electrical methods may 
help to understand the distribution of subsurface material with 
contrasting electrical properties. During exploration, hyperspec-
tral scanning and infrared spectroscopy can be used initially to 
determine ore grade and mineralogy. During production, these 
techniques can be used as tools for orebody definition and grade 
control (Freyssinet and others, 2005). As Wells and Chia (2011) 
and Basile and others (2010) demonstrated, various geophysical 

tools can be used to determine ore grade and distinguish min-
eralogy that can be detrimental to ore-processing proficiency. 
Evaluation and integration of these disparate datasets should 
lead to more reliable resource estimation.

Hypogene Ore Characteristics
Hypogene ore, gangue, or alteration characteristics are 

not associated with the Ni-Co laterite deposits because these 
are deposits formed in the weathering environment.

Supergene Ore and Gangue 
Characteristics

Mineralogy, Textures, Structures, and Grain Size

The fine-grained nature of minerals in Ni-Co laterite 
deposits requires more advanced analytical techniques for 
definitive identification than classic optical petrography. Tra-
ditionally, alteration sequences were interpreted from petrog-
raphy, such as the work of Troly and others (1979) in New 
Caledonia. More modern research on deposits in Cuba and 
Australia, for example, uses X-ray diffraction, transmission 
electron microscopy–energy-dispersive X-ray spectroscopy 
(TEM-EDX), electron microprobe analysis, scanning electron 
microscope, hyperspectral scanning, and infrared spectroscopy 
to more definitively identify the laterite profile mineralogy 
(Gaudin and others, 2005; Proenza and others, 2007; Basile 
and others, 2010; Wells and Chia, 2011). 

Table 4. Nickel laterite terminology and general mineralogy. Adapted from Samama (1986) and Freyssinet and others (2005).

Ore type Zone Section Alternative nomenclature Nickel-bearing minerals

Oxide Limonite Pisolitic Nodular ironstone, ferricrete layer, 
durricrust, iron pan, iron cap, canga, 
cuirasse

Geothite
Hematite
Asbolan

Lithophorite
HeterogeniteHematite 

dominant
Fine-grained saprolite, red laterite

Geothite 
dominant

In situ limonite zone, yellow laterite

Silicate Clay Intermediate zone, smectite-quartz zone, 
quartz goethite zone, nontronite zone, 
mottle clay zone 

Nontronite
Beidellite

Montmorillonite
Saponite

Hydrous Mg-silicate Saprolite, serpentine ore, soft serpentine, 
soft saprolite, saprolitic serpentine, 
coarse grained saprolite

Serpentine group
Talc group

Chlorite group
Sepiolite group
Garnierite group

Oxidized parent rock Hard saprolite, saprolitic peridotite, 
saprock
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The parent rock consisting of olivine, which is highly 
unstable at near-surface conditions, and varying forms of ser-
pentine (antigorite, chrysotile, lizardite, and brucite), depend-
ing on its previous alteration history, weathers to chlorite, talc, 
quartz, goethite, amorphous Fe-oxide, and silica. In the weath-
ered profile, serpentine is enriched in Ni that substitutes in the 
lattice for Mg. Within the three mineralogical subtypes of Ni 
laterite deposits (oxide, clay, and hydrous Mg-silicate), more 
than 30 Ni-bearing minerals have been recognized (Brand and 
others, 1998; Gleeson and others, 2003; Freyssinet and others, 
2005; Golightly, 2010). Their distribution as ore is not uni-
versal or consistent. Terms used to describe the progressively 
developed stages of weathering in a laterite profile are listed in 
table 4 along with their typical mineralogy.

The mineralogical paragenesis of a Ni laterite is a 
sequential process where over time, as the laterite profile 
develops, the mineralogy of the ultramafic parent rock weath-
ers to hydrous Mg-silicates, clays, and oxides. Golightly 
(1981, 2010) demonstrated that the paragenesis of a Ni laterite 
profile could be explained with the solubility equilibrium of 
the minerals. The most soluble minerals, olivine and pyroxene, 
remain in the youngest, freshest part of the profile, whereas 
the least soluble, goethite, constitutes the most developed part 
of the profile (fig. 10). Increase of pH with depth in a profile 
allows for elements to be deposited as secondary enrich-
ments. Thus, in general, mineralogy of a Ni laterite profile 

can be separated by paragenetic sections or horizons within a 
weathered profile (fig. 10). The lower section consists of the 
unweathered protolith, such as fresh or primarily serpentinized 
dunite or peridotites (see the section “Relations to Igneous 
Rocks,” p. 11). A saprolite layer consisting of remnants of 
the protolith and lizardite, goethite, magnetite, maghemite, 
chromite, and hydrous Mg- and Ni-rich silicates is above the 
protolith. The top of the saprolite transitions into a clay-rich 
layer that consists of smectite clays and amorphous silica, 
which forms in areas with restricted drainage, such as in 
many of the deposits in Western Australia. In areas where 
the profiles are well drained, such as in much of New Cale-
donia, this clay-rich layer does not develop. A limonite layer 
develops above with goethite, maghemite, hematite, gibbsite, 
and Mn-oxyhydroxides, such as lithiophorite and asbolane. 
The limonite generally consists of upper and lower zones. A 
hematite- and goethite-rich duricrust, called the ferricrete or 
iron cap, is at the top of the profile. 

There are generally five groups of silicate minerals in the 
hydrous Mg-silicate subtype Ni laterite ore. These include the 
poorly crystalline garnierite group, sepiolite group, serpentine 
group, talc group, and chlorite group (table 4; Brand and oth-
ers, 1998; Freyssinet and others, 2005).

Nontronite, beidellite, montmorillonite, and saponite make 
up the Ni-bearing minerals of the clay subtype Ni laterite ore 
(Brand and others, 1998; Freyssinet and others, 2005). Most of 
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Figure 10. Mineral stability for idealized mineral assemblage found in the 
progressive weathering of nickel-cobalt laterite deposits, and pH dependence on 
mineral stability that reflects the mineral progression in a laterite profile. Modified 
from Golightly (1981, 2010). (fo, forsterite; en, enstatite; sp, serpentine; tc, talc; qz, 
quartz; a, amorphous silica; gt, goethite; n, nickel serpentine; nt, nickel talc; hb, 
hornblende; Fe, iron) 
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the Co is present in the Mn-oxyhydroxides (Brand and others, 
1998; Freyssinet and others, 2005). In clay subtype deposits, 
such as Murrin Murrin, Ni is present mostly in the Fe(III)-
rich variety of nontronite, with minor Mg-Fe- and Fe-rich 
montmorillonite and saponite Ni-bearing clays (Elias, 2006). 
Manganese-oxides host most of the Co at the top of the clay 
zone above the transition between the clay and oxide horizons 
of the laterite profile. Magnetite-maghemite, chlorite, goethite, 
and opaline silica are the gangue minerals in the clay-rich 
smectite zone of the profile at Murrin Murrin (Elias, 2006). 

Mineral Assemblages, Paragenesis, and Zoning 
Patterns

A major decrease in Mg content and a drastic shift in 
mineralogy marks the transition between the saprolite and 
limonite horizons (Mg discontinuity; Brand and others, 1996; 
Elias, 2006). The Mg content of the ore horizon has a sub-
stantial effect on ore processing, as discussed below. The 
texture and structure of the minerals become progressively 
disordered and amorphous upward from the bedrock, through 
the saprolite and transition zone, and into the limonite and fer-
ricrete caprock. In the saprolite, the structure and fabric of the 
primary weathered minerals can still be seen, and the volume 
of the protolith is preserved (isovolumetric weathering). The 
lower zone of the limonite, which is sometimes referred to 
as the ferruginous saprolite or saprolite fine, can have some 
textures of the protolith preserved. It also hosts much of the 
asbolane growths and accumulations. The upper layer has 
no preserved protolith texture, and asbolane is absent, unless 
there are quartz veins cutting the protolith; because of the 
resilient nature of quartz, this texture can be preserved. There-
fore, at the base of the weathering profile, replacement of the 
parent minerals is isovolumetric. As the weathering advances 

up the profile, the replacement of chemistry, structure, and tex-
ture becomes absolute such that there is no remnant of parent 
rock mineralogy, texture, or structure.

The oxide minerals are goethite, hematite, asbo-
lane, lithiophorite, and heterogenite. Generally, to the 
naked eye, the oxide zone appears to be a matrix of Fe-
oxyhydroxides, which vary in size and crystalline habit, 
suggesting several crystallization events, with clumps of 
black Mn-oxyhydroxides (Roqué-Rosell and others, 2010). 
In oxide subtype deposits, the limonite horizon also hosts 
local veins of Mn-oxyhydroxide minerals that contain most 
of the Co concentration (Elias, 2006). Gangue minerals 
in the limonite horizon include opaline quartz and some 
hematite, with minor clays such as nontronite, montmoril-
lonite, and kaolinite (Elias, 2006).

In general, the Mn-oxides and oxyhydroxides are 
cryptomelane, heterogenite, asbolane, lithiophorite, and 
minerals with intermediate compositions between asbolane 
and lithiophorite. These minerals occur with supergene Si as 
aggregates forming blue-black tufts, as well as lining joints, 
cracks, root casts, faults, and fissures, forming as replace-
ments of Si minerals serpentine, pyroxene, and olivine, 
rather than primary formed minerals (Llorca, 1993). Typi-
cally, the Co content in the profile increases from the fresh 
protolith into the transition zone then decreases, commonly 
suddenly at a Mn discontinuity, similar to Mg at the top of 
the saprolite. It decreases farther upward towards the fer-
ricrete to a Co content less than that of the protolith, with 
the ferricrete, Fe cap being barren (Llorca, 1993). Cobalt is 
enriched in the lower limonite zone in hydrous Mg-silicate 
subtype deposits, such as Goro, New Caledonia; in oxide 
subtype deposits, such as Cawse, Western Australia; and in 
the transition between the lower limonite and the clay zone 
in clay subtype deposits, such as Murrin Murrin, Western 
Australia (Llorca, 1993; Elias, 2006). 
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Figure 11. Chemical profile through oxide and hydrous magnesium-silicate subtype nickel-
cobalt laterite deposits illustrating the loss of magnesium (Mg) and silicon (Si) along with the 
concentration of nickel (Ni) and iron (Fe) as the weathering profile develops from the protolith 
to the limonite. Modified from Schellmann (1971). (%, percent)
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The mineralogy of the ore and gangue minerals depends 
on the mineralogy of the parent rock and hydrology of the 
weathering profile. For example, in Australia, clay subtype 
deposits form over Al-bearing orthocumulate peridotites and 
the spinifex-textured komatiites, whereas the oxide subtype 
deposits form over mesocumulate and adcumulate dunites that 
contain little Al (Wells and Butt, 2006; Elias, 2006). All types 
of Ni-Co laterites generally lack Ni enrichment in hydrous 
Mg-silicate minerals in their saprolite horizon that formed in 
a stable tectonic environment with relatively poor drainage, in 
contrast to those more commonly found in tectonically active, 
well-drained terrain, such as in New Caledonia (Elias, 2006).

Nickel-cobalt laterite deposits generally exhibit 
enrichment of Ni toward the center and base of the later-
ite profile depending on the subtype of deposit. Lower Ni 
concentrations are present at the top of the limonite zone, 
increasing through this zone and peaking in the limonite, 
if it is an oxide subtype; in the clay/transition zone, if it 
is a clay subtype; and in the saprolite, if it is a hydrous 
Mg-silicate subtype. The concentration of Ni decreases 
substantially at the transition between saprolite and fresh 
protolith (fig. 11). Nickel enrichment in Brazil and in some 
deposits in South Africa is typically described as differ-
ent from other laterites. These Ni-Co laterite deposits are 
generally thin with Ni enrichment towards the top of the 
profile; weathering occurs in plateaus, and subsequent 
enrichment in transported deposits forms in lowlands (De 
Waal, 1971; Trescases and others, 1979; Maynard, 1983). 
Golightly (2010; written commun., 2011) observed that in 
some locations in Brazil this may not be the case and that 
the Ni-Co laterite deposits here are, in fact, in situ depos-
its. The deposits are relatively thin because the limonite 
and upper saprolite zones have been eroded in a region of 
plateau landforms that is typical of the dry-to-wet weather-
ing scenario of laterite development. 

Weathering/Supergene Processes

Mineralogical Reactions

Weathering forms Ni-Co laterite deposits. Many fac-
tors are involved in creating a complex profile. Weathering 
depends on the mineralogical characteristics of the par-
ent rock, the redox potential (Eh) and pH of the circulat-
ing water, geomorphology, and climate (Ogura, 1986). 
The Ni-Co laterite deposits are formed from the chemi-
cal weathering of ultramafic rocks that removes the most 
soluble elements (Mg, calcium [Ca], and Si) and con-
centrates the least soluble elements (Fe, Ni, Mn, Co, Zn, 
yttrium [Y], Cr, Al, titanium [Ti], zirconium [Zr], and Cu) 
(Brand and others, 1998). Mechanical weathering of the 
host material where there are abundant fractures and faults 
increases the surface area exposed to the water driving the 
chemical weathering (see the section “Relations to Struc-
tures,” p. 11).

Olivine, serpentine, enstatite, and chromite weather to 
residual assemblages of the same minerals, as well as to the 
secondary minerals listed in table 4. Magnesium, Ca, and 
silica leach from the parent mineralogy. Iron, Cr, Al, Ti, Zr, 
and Cu are residually concentrated. Nickel, Mn, Co, Zn, and Y 
are secondarily enriched (Golightly, 1981).

Rates of Reactions and Controlling Factors 

The earlier section “Duration of Mineralizing Processes” 
on p. 9 provides additional discussion on the rates and factors 
controlling reactions. Temperature, moisture, and pH can 
influence the rate of the chemical reactions involved in devel-
oping a Ni-Co laterite profile. Temperature can increase the 
rate of reaction by two or three times with every 10°C (Butt 
and Zeegers, 1992a). Golightly (Golightly Geoscience, written 
commun., 2011) argues that temperature is strongly buffered 
in the rainforest environment to a narrow range and that its 
main influence, perhaps, is to increase the rate of rainforest 
growth, rate of oxidation of organic detritus, and supply of 
soil acids to the weathering process. Water is a key factor in 
the weathering process. Water acts as a reagent in the hydro-
lysis of minerals that are unstable at surface conditions, such 
as olivine. It acts as the leaching agent for the least soluble 
elements in the profile and as the transporting agent for the 
elements that residually concentrate as secondary minerals 
that define the in situ Ni-Co laterite mineralization. Water is 
also the mechanism for the transport of primary Ni-Co laterite 
that is later reconcentrated in transported deposits (Butt and 
Zeegers, 1992a; Golightly, 1981). 

Effects of Micro- and Macro-Climates

Temperature and precipitation are key factors in the 
weathering process. A higher mean soil temperature can 
increase the kinetics of the weathering process (Butt and 
Zeegers, 1992a; Elias, 2002). The amount of water available to 
run through the soil profile determines the amount of weather-
ing that will take place—the more water available, the faster 
the weathering process, and the longer the exposure to perco-
lating water, the better. A tropical to subtropical climate, where 
there is a period of intense chemical weathering, allows for the 
dissolution of metals moving towards saturation, followed by 
a dry period allowing for precipitation (de Vletter, 1978). 

Most areas hosting Ni-Co laterite deposits experienced a 
tropical to subtropical climate, but some of these may cur-
rently be in an arid or semiarid environment. They have each 
experienced enough rainfall and sufficiently warm tempera-
tures in the past to allow for pervasive chemical weathering 
(Gleeson and others, 2003). Those deposits that lie in areas 
of currently arid climate, such as deposits in Australia, the 
United States, and Europe, are remnants of early, more humid 
climates (Brand and others, 1998). Tropical, savanna, sub-
tropical, or humid-to-warm Mediterranean climates have pro-
duced Ni-Co laterite deposits, although savanna climates are 
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considered to be the most productive (Freyssinet and others, 
2005). The Golightly (1981, 2010) classification of deposits as 
wet, dry-to-wet, and wet-to-dry focuses on the development of 
the deposits on the basis of their climate history.

Effects of Hydrologic Setting 

The effects of poorly drained and well-drained soil pro-
files have been discussed throughout this model. The subtypes 
of the Ni-Co laterite deposit are closely tied to the drainage or 
lack thereof in the weathering profile. Well-drained profiles 
generally have higher concentrations of Ni in the saprolite 
horizon in hydrous Mg-silicate minerals, whereas poorly 
drained profiles are more likely to have Ni enrichment in clays 
or Fe-oxides depending on the parent material. The Al-rich 
parent rocks yield clay subtype deposits, whereas Al-poor 
parent rocks produce oxide or siliceous oxide subtype depos-
its (Golightly, 1981; Elias, 2006). Supergene enrichment of 
Ni will not take place if the water table lies within the limo-
nite zone because Ni released into solution will be dispersed 
laterally rather than be trapped in a drained saprolite zone 
(Golightly, 2010). The topographic setting of Ni-Co laterite 
deposits can be attributed to drainage. For example, hydrous 
Mg-silicate subtype deposits that form in well-drained, tec-
tonically active regions are present on hills, ridges, and plateau 
edges. Lack of drainage increases the deposition of silica in 
a weathered profile. In regions where poorly drained profiles 
are now exposed, such as is characteristic of some deposits in 
Brazil, peneplain remnants form highlands where, because of 
the amount of Si in their profile, the Ni-Co laterite mineraliza-
tion is preserved (Golightly, 2010). 

Geochemical Characteristics

Trace Element, Element Association, and Zoning 
Pattern

The Ni-Co laterites consist mostly of anomalous Si, Fe, 
Mg, Mn, Ni, and Co, with minor Al, Ca, and Cr enrichments 
(table 5; Golightly, 1981; Maynard, 1983). Trace elements 
used for exploration for Ni-Co laterite deposits are mainly Ni 
and Co themselves (see below). The laterite profile is essen-
tially a zoned pattern of mineralogy, texture, and structure 
such that, depending on the conditions of formation, one of the 
three subtypes of Ni-Co laterite deposits form. 

On a deposit scale, along with high concentrations of Ni 
and Co, an understanding of the content of Mg, Fe, and Si in 
the ore horizon is critical for economic ore processing. The 
content of Mg, Fe, and Si determines what ore processing can 
be implemented. General chemistry of some hydrous Mg-
silicate and clay subtype laterite profiles are listed in table 5. 
Evans and others (1979), Gleeson and others (2003), Imrie 
and Lane (2004), and Golightly (2010) provide more data 
on the average concentration of these elements. Typically, 

hydrous Mg-silicate subtype ore contains too high a concen-
tration of MgO to be suitable for HPAL treatment (Dalvi and 
others, 2004). 

Stable Isotope Geochemistry

Gaudin and others (2005) determined concentrations 
of isotopes of oxygen (δ18O) and hydrogen (δD) of smectite 
from the Murrin Murrin deposit in Australia. They noted 
the smectite has a light stable isotopic signature typical of 
weathering clays (δ18O of 20.3 to 24.3 per mil (‰) and δD of 
–98 to –60‰). This indicates the smectite formed from low-
temperature, meteoric water-rock interactions. 

Radiogenic Isotope Geochemistry

There are no direct radiogenic isotope dates of Ni-Co 
laterite deposits (Freyssinet and others, 2005). Aeromagnetic 
data and isotope measurements of the radiation defects in 
clays have been applied to narrow down periods of laterite for-
mation (Batista and others, 2008; Retallack, 2010). However, 
recent work by Shuster and others (2005) and Heim and others 
(2006) has shown that (U-Th)/helium (He) dating of goethite 
is a robust new application of this isotope system for weather-
ing geochronology. 

Retallack (2010) summarized 40Ar/39Ar and K-Ar age 
dating of Mn-oxide minerals from papers by Vasconcelos and 
others (1994), Li and Vasconcelos (2002), and Beauvais and 
others (2008). He notes the argon isotope ages reported on a 
few Mn-rich laterites represented the timing of weathering 
in the laterite profiles, and this can demonstrate that there are 
periods more favorable for laterite formation than others. With 
Mn-oxides occurring in many Ni-Co laterites, the application 
of (U-Th)/He geochronology of goethite and the development 
of dating techniques that can treat single grains (Thiry and 
others, 1999) provide new potential for future absolute dating 
of Ni-Co laterite profiles.

Petrology of Associated Igneous Rocks
The mineral constituents of the protolith determine its 

vulnerability to weathering and define the elements available 
for leaching and (or) concentration; the crystal texture and 
shape provide structure through which weathering occurs 
(Elias, 2002). The dominant minerals in metamorphosed 
ultramafic igneous rocks are olivine and serpentine, which 
are both highly susceptible to chemical weathering (Elias, 
2002). Minor minerals are pyroxene, chromite, and chlorite. 
Serpentinization of ultramafic rocks occurs at relatively shal-
low depths with a great quantity of water and temperatures 
not exceeding 450°C; this process results in a substantial 
increase in porosity because of the increase in bulk volume 
(Burger, 1996). The serpentinization of olivine benefits the 
development of Ni-Co laterite in several ways. Serpentine 
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Table 5. Bulk chemistry from the hydrous magnesium-silicate and clay subtype nickel-cobalt laterite profiles at the Bonsora Soroako deposit, Indonesia, and the Brogla 
deposit, Queensland, Australia. Data from Arancibia (1975) and Golightly (1981, 2010).—Continued

[m, meter]

Sample 
no.

Sample 
description

Depth 
(m)

Fe FeO Fe Co Al TiO MgO SiO CaO K2O Cr2O3 MnO Ni Co

Brolga, Queensland, Australia

2.5 Pisolite 0.8 41.50 59.34 0.02 - - 14.10 - - - 0.22 0.223 0.02

5 Pisolite 1.7 44.00 62.91 0.013 - - 11.70 - - - 0.14 0.17 0.013

8 Pisolite 2.7 41.00 58.62 0.019 - - 14.30 - - - 0.18 0.26 0.019

12.5 Pisolite 4.2 41.13 58.81 0.012 - - 14.90 - - - 0.1 0.25 0.012

16 Pisolite 5.3 41.13 58.81 0.028 - - 13.30 - - - 0.22 0.335 0.028

18 Pisolite 6.0 43.45 62.12 0.051 - - 11.60 - - - 0.39 0.48 0.051

20 Pisolite 6.7 44.03 62.95 0.033 - - 11.20 - - - 0.28 0.438 0.033

10 Pisolite 3.3 41.50 59.34 0.015 - - 1.20 14.90 - - - 0.16 0.223 0.015

22.5 Nontronite 7.5 36.27 51.86 0.033 - - 2.60 26.00 - - - 0.29 0.843 0.033

25 Nontronite 8.3 30.40 43.47 0.023 - - 4.00 41.00 - - - 0.13 1.123 0.023

37.5 Nontronite 12.5 28.73 41.08 0.283 - - 4.40 39.60 - - - 1.07 1.66 0.283

40 Nontronite 13.3 28.33 40.51 0.224 - - 4.40 38.60 - - - 0.96 1.6 0.224

42.5 Nontronite 14.2 28.23 40.36 0.179 - - 4.40 38.80 - - - 0.8 1.613 0.179

30 Nontronite 10.0 26.57 37.99 0.216 - - 4.40 43.20 - - - 0.99 1.607 0.216

27.5 Nontronite 9.2 27.10 38.75 0.051 - - 4.60 45.20 - - - 0.31 1.203 0.051

32.5 Nontronite 10.8 26.43 37.79 0.348 - - 4.60 42.30 - - - 1.35 1.78 0.348

35 Nontronite 11.7 26.20 37.46 0.341 - - 4.70 42.20 - - - 1.23 1.807 0.341

45 Nontronite 15.0 27.37 39.13 0.177 - - 5.10 41.20 - - - 0.96 1.83 0.177

47.5 Nontronite 15.8 25.00 35.74 0.136 - - 6.00 47.90 - - - 0.75 2 0.136

50 Serpentine saprolite 16.7 21.23 30.35 0.081 - - 6.80 48.40 - - - 0.46 1.96 0.081

52.5 Serpentine saprolite 17.5 28.43 40.65 0.059 - - 8.00 49.10 - - - 0.42 1.813 0.059

55 Serpentine saprolite 18.3 21.20 30.31 0.057 - - 12.60 48.60 - - - 0.45 1.81 0.057

57.5 Serpentine saprolite 19.2 15.83 22.63 0.03 - - 19.80 48.30 - - - 0.31 1.403 0.03

60 Serpentine saprolite 20.0 15.90 22.73 0.045 - - 19.90 48.50 - - - 0.37 1.503 0.045

62.5 Serpentine saprolite 20.8 12.93 18.49 0.029 - - 22.80 49.20 - - - 0.29 1.26 0.029

65 Serpentine saprolite 21.7 11.40 16.30 0.02 - - 24.60 47.10 - - - 0.23 0.833 0.02

70 Serpentine saprolite 23.3 11.28 16.13 0.024 - - 25.80 49.70 - - - 0.24 0.565 0.024

67.5 Serpentine saprolite 22.5 10.30 14.73 0.022 - - 32.70 48.50 - - - 0.19 0.595 0.022
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Table 5. Bulk chemistry from the hydrous magnesium-silicate and clay subtype nickel-cobalt laterite profiles at the Bonsora Soroako deposit, Indonesia, and the Brogla 
deposit, Queensland, Australia. Data from Arancibia (1975) and Golightly (1981, 2010).—Continued

[m, meter]

Sample 
no.

Sample 
description

Depth 
(m)

Fe FeO Fe Co Al TiO MgO SiO CaO K2O Cr2O3 MnO Ni Co

Bonsora Soroako, Indonesia

C 1-2 Limonite 2 45.08 0.00 64.45 0.092 7.30 0.18 4.10 6.50 0.11 0.00 3.12 0.60 1.12 0.092

C 3-4 Limonite 3.5 46.58 0.00 66.60 0.088 7.70 0.12 3.05 4.55 0.11 0.00 3.18 0.90 1.10 0.088

C 5-6 Limonite 5.5 46.86 0.00 67.00 0.154 7.50 0.13 2.75 4.85 0.16 0.00 2.86 1.18 1.27 0.154

C 7-8 Limonite 7.5 40.19 0.00 58.50 0.149 4.80 0.09 6.45 12.65 0.12 0.04 2.58 0.97 1.82 0.149

C 9-10 Serpentine saprolite 9.5 19.72 0.17 28.20 0.073 2.25 0.07 21.25 29.30 0.13 0.02 1.44 0.42 2.67 0.073

C 11-12 Serpentine saprolite 11.5 27.07 0.81 38.70 0.048 3.45 0.08 16.00 23.90 0.12 0.03 0.88 0.24 1.85 0.048

C 13-14 Serpentine saprolite 13.5 13.04 0.39 18.65 0.018 1.48 0.06 28.15 34.65 0.13 0.03 0.88 0.24 1.85 0.018

C 15-16 Serpentine saprolite 15.5 7.76 0.17 11.10 0.019 0.75 0.05 34.85 39.15 0.11 0.03 0.51 0.12 0.50 0.019

C 17-18 Serpentine saprolite 17.5 7.41 0.41 10.60 0.018 1.10 0.06 34.80 39.70 0.25 0.03 0.52 0.15 0.25 0.018

C 19-20 Serpentine saprolite 19.5 6.82 0.39 9.75 0.015 1.10 0.05 35.30 39.45 0.37 0.02 0.48 0.12 0.22 0.015

S220 Boulders 10.5 5.60 0.78 8.00 - 0.80 0.05 32.65 40.00 0.19 0.03 0.47 0.13 3.45 -

S224 Boulders 10.5 7.73 0.65 11.05 - 0.70 0.05 32.00 38.20 0.10 0.03 0.49 0.12 2.70 -

S225 Boulders 10.5 6.54 0.29 9.35 - 0.90 0.06 34.30 38.85 0.12 0.02 0.40 0.10 2.35 -

4 cut Boulders 13.5 5.57 0.22 7.96 - 0.65 0.05 34.38 39.65 0.11 0.02 0.41 0.10 2.70 -
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can be residually enriched in Ni during the supergene ore-
forming process, and the structure of the saprolite stems from 
the microscopic serpentine network developed along crystal 
surfaces and fractures in the parent rock (fig. 12; Pelletier, 
1996). Cumulate texture is prevalent in the komatiite parent 
rocks. Cumulus olivine crystals are present in a matrix of 
postcumulus crystals that formed or recrystallized from the 
intercumulus liquid (fig. 13). The serpentinization and cumu-
late textures provide the structure and porosity, which allow 
hydrolysis to occur (figs. 12 and 13). 

Olivine and pyroxene in ultramafic rocks tend to be more 
Mg-rich than those minerals in mafic and felsic rocks. The key 
feature of ultramafic lithologies that lend to them being the 
protoliths to Ni-Co laterite deposits is the instability of their 
principal mineralogy (fig. 10). Hydrolysis releases Mg, Ca, and 
Si from olivine and serpentine, which constitute 85–91 percent 
of the primary-rock material (Samama, 1986). Also critical are 
an original Ni content between 0.2 and 0.4 wt%, the absence of 
quartz thus increasing the instability of the rock, and the small 
amount of insoluble elements resulting in a highly concen-
trated residuum of stable secondary minerals containing Ni±Co 
(Golightly, 1981; Alcock, 1988; Elias, 2001, 2002; Gleeson 
and others, 2003). Australian deposits with Al-bearing protolith 
tend to form clay subtype deposits (Elias, 2006). 

Petrology of Associated Sedimentary 
Rocks

Sedimentary rocks do not play a role in the genesis of 
Ni-Co laterite deposits, but in some areas, they provide cover 
that can preserve the supergene mineralization from complete 
weathering and erosion. Deposits in Albania and Greece have 
been preserved under limestone or molasse, which formed 
in shallow-water environments during epeirogenic cycles of 
immersion and uplift (Valeton and others, 1987; Eliopoulos 
and Economou-Eliopoulos, 2000; Panagiotou and Michalako-
poulos, 2000). Limestones overlying Ni-Co laterite deposits 
in Albania generally have a clean contact with weathered 
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Figure 12. Graphical 
representation of the 
enhancement of serpentinization 
of peridotite around crystal 
faces and fractures illustrating 
the expansion of surface area 
made available to laterite 
weathering by the prograde 
metamorphism. Adapted from 
Pelletier (1996).
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Figure 13. Textures of serpentinized cumulate rocks.  
A, Orthocumulate texture. B, Mesoculumate texture.  
C, Adcumulate texture. Dotted line shows outer edge of 
olivine cumulate crystal; the outer rim is crystallized from 
intercumulate material. Adapted from Raymond (1995).
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horizons (Panagiotou and Michalakopoulos, 2000). Various 
textures and intercalations of silcrete and chert in many of the 
weathered profiles in this region give evidence of reworking, 
transport, redeposition, and metamorphism. In some locations 
in this region, limestone serves as the deposition surface, or 
footwall, on which laterite ore was redeposited after transport 
(Glaskovsky and others, 1977; Eliopoulos and Economou-
Eliopoulos, 2000; Freyssinet and others, 2005). 

Petrology of Associated Metamorphic 
Rocks

Preceding Ni-Co laterite formation, the primary hydra-
tion or prograde metamorphism of the protolith ultramafic 
rocks to serpentinite has a substantial effect on the formation 
of the deposits. The degree of serpentinization affects the type 
of mineralogy that develops in the laterite weathering process 
and the geomorphology of the laterite profile and has impli-
cations for concentrate of ore during mining and crushing. 
Golightly (1981) deemed the degree of serpentinization to be 
one of the two key factors in the development of Ni-Co laterite 
along with drainage. 

Residual primary serpentine can be Ni-enriched during 
weathering because Ni is present in lizardite, the serpentine 
mineral formed during post-magmatic serpentinization as a 
substitution for Mg. In a laterite profile developed from a highly 
serpentinized parent, garnierite is rare, and lizardite is the main 
ore mineral (Golightly, 1981; Pelletier, 1996; Freyssinet and 
others, 2005). The subtype of deposit can be influenced by 
degree of metamorphism. Clay subtype deposits are noted to 
develop only from serpentinized peridotites (Gleeson and oth-
ers, 2003; Elias, 2006) because serpentinization contributes to 
poor drainage that is key in the development of clay-rich ores 
(Pelletier, 1996; Gleeson and others, 2003). Garnierite is not 
typically present in Ni-Co laterite deposits developed from per-
vasively serpentinized ultramafic protoliths (Golightly, 1981). 
Mineralogy of the weathering profile horizons can be affected 
by the degree of metamorphism because protoliths of partially 
serpentinized ultramafic rocks can form smectite in the saprolite 
horizon where the terrain is poorly drained (Golightly, 1981). 

Because serpentine is more resistant than fresh olivine 
during the lateritic weathering process, saprolite derived from 
serpentinized rocks exhibits better relative cohesion (Orloff, 
1968; Pelletier, 1996). This stability can have an influence 
on the thickness, where serpentinized protoliths tend to have 
thicker saprolite zones because serpentinization develops a 
microscopic network allowing for deeper penetration of water 
through the rock compared to the fresher parent lithology (Orl-
off, 1968; Pelletier, 1996; Gleeson and others, 2003). Troly 
and others (1979) claimed that parent rock with 0–10 percent 
primary serpentinization relies more on mineral cleavage 
than fractures to determine the pervasiveness of weathering 
because the distance between fractures is 10 times less than a 
protolith with 70–95 percent serpentinization. 

In regions where pyroxene in the parent rock has been 
metamorphosed to clinochlore, as in Brazil, the chlorite is 
replaced by nickeliferous vermiculite during weathering and 
laterite formation (Brindley and de Souza 1975 a, b; Barros de 
Oliveira and others, 1992).

In Ni-Co laterite deposits developed from unserpen-
tinized ultramafic rocks, ore in the saprolite zone of the 
weathering profile develops as weathering rims surrounding 
fragments of fresh parent rock with a matrix of garnierite and 
quartz veining. This ore can be upgraded before processing by 
crushing and separating the barren unserpentinized rock cores 
(Golightly, 1981). 

Theory of Deposit Formation

Ore Deposit System Affiliations

The Ni-Co laterite deposits are affiliated by process 
with bauxite and Au-, Fe-, Nb- and phosphate-bearing laterite 
deposits (Freyssinet and others, 2005).

Sources of Nickel and Cobalt

The Ni-Co laterites are supergene deposits that form from 
pervasive chemical and mechanical weathering of ultramafic 
rocks. These ultramafic rocks hold 0.2–0.4 percent Ni within 
olivine or serpentine. It is present, but less abundant, in acces-
sory pyroxene and chromite.

Sources of Fluids Involved in Ore Component 
Transport and Character of Conduits/Pathways 
that Focus Ore Forming Fluids

The water responsible for this process is circulating rain 
water and water within the water table. Nickel re-precipitation 
occurs upon saturation; it is deposited with the hydrated altera-
tion minerals rather than remaining dissolved in the solution 
leaching the Mg and Si. The percolating water travels the path 
of least resistance, relying on protolith crystal structure and 
inherited structure, cracks, fissures, and faults.

Chemical Transport and Transfer Processes

The process of ore formation is the hydrolysis and 
oxidation of Ni- and Co-bearing minerals and the progressive 
weathering of the Fe-oxyhydroxides and clays that form in 
this process. This process includes leaching the most soluble 
elements (Mg and Si) from the parent material and residu-
ally concentrating the least soluble elements (Fe, Ni, and 
Co). Olivine is weathered to an amorphous ferric-silicic gel, 
smectite, or quartz; serpentine is partially dissolved and re-
precipitated with goethite. 
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Supergene Enrichment Processes

The enrichment of Ni is controlled within the mineral-
ogy of the profile relative to Mg by the hierarchy of mineral 
solubilities shown in figure 10. Dissolved Mg, Ni, and Si 
may be precipitated as colloform crusts of the amorphous 
garnierite minerals, serpentine-nepouite, kerolite-pimelite, 
sepiolite-falcondoite, and quartz in open fractures and open 
breccia matrices. Manganese-oxide minerals, such as asbolane, 
lithiophorite, and cryptomelane, form within fractures and 
open spaces by the precipitation of the dissolved Mn, Co, and 
Ni. Smectite minerals or talc replace pyroxene. The secondary 
silicates are progressively weathered through the top of the 
saprolite zone until they are entirely depleted. The lower part of 
the limonite zone consists of Fe-oxide and insoluble chro-
mite, which accumulate with Ni- and Co-bearing Mn-oxides. 
Mechanical transport and further meteoric water leaching 
release Ni, Co, and Mn from the upper part of the limonite 
zone to be re-precipitated at deeper levels in the profile. Finally, 
at the top of the profile, goethite is oxidized to hematite. 

If the profile is well drained, serpentine and pyroxene 
may not be replaced by smectites, and a hydrous Mg-silicate 
zone develops. If poorly drained, a smectite clay zone contain-
ing Ni-rich nontronite develops. If improperly drained because 
of too few fractures in the bedrock, little or no hydrous Mg-
silicates form. If the water table lies in the lower limonite 
zone, Ni may be entirely removed from the profile laterally 
in the groundwater without absolute enrichment of Ni occur-
ring. It is possible that Mn, Co, and Ni may diffuse upwards, 
precipitating at a redox front in profiles with poor drainage. 

Exploration/Resource Assessment 
Guides

Geological and Geophysical

Several factors interplay to form Ni-Co laterite deposits. 
On a regional scale, parent-rock lithology and climate history 
are paramount to determining a permissive tract. A variety 
of technical and traditional techniques to understand the 
geology, such as remote sensing, high-resolution geophysi-
cal surveying, and ground mapping, can identify ophiolite 
sequences and komatiites that contain dunite, peridotite, and 
olivine cumulates with varying degrees of serpentinization. 
Analysis of aerial photography and satellite imagery for criti-
cal geomorphology has led to deposit discoveries (Golightly, 
2010). For a region to be prospective, there must be ultra-
mafic rocks with the dominant mineralogy of olivine or the 
primary alteration phase, serpentine, which have had expo-
sure to pervasive weathering. Developing an understanding 
of regional paleoclimate to place these identified ultramafic 
rocks in a suitable environment for at least one million years 
of their history is required to identify undiscovered Ni-Co 
laterite deposits.

Geochemical

Stream sediment and soil geochemistry have aided in 
the discovery of Ni-Co laterites, such as in Cote d’Ivoire, 
Cameroon, Burundi, and Brazil (Golightly, 2010). The 
Ni-Co laterite deposits have a geochemical signature of Fe, 
Mg, Ni, and Cr, less consistently Mn and Co, and rarely 
Cu, Zn, and PGEs (Lelong and others, 1976; Derkmann and 
Jung, 1986; Alcock, 1988; Butt and Zeegers, 1992b; Brand 
and others, 1998; Cornelius and others, 2001; Golightly, 
2010). They commonly lack the PGE and Cu enrichments 
that are a common indication of the lateritic weathering of 
Ni-sulfide deposits. Australian companies discovered Ni-Co 
laterite deposits, such as Murrin Murrin, while exploring 
for Ni-sulfide deposits. When drilling Ni and Co anoma-
lies, Ni-Co laterite deposits were discovered laying over 
cumulates rather than a Ni-sulfide deposit (Wells, 2003; 
Butt, 2009). 

Attributes Required for Inclusion in Permissive 
Tract at Various Scales

The history of discovery and exploitation of Ni-Co 
laterites, in general, initially focused on tectonically active 
regions as areas of supergene enrichment of Ni and Co 
from obducted sheets of ophiolite or Alpine-type ophio-
lites, such as those in New Caledonia, Cuba, the United 
States, and southern Europe. More recently, Ni-Co laterites 
have been discovered and exploited in tectonically stable 
cratonic environments in Australia and Brazil. Under-
standing the tectonic history of ultramafic rocks exposed 
to pervasive weathering can open new possibilities for 
prospective areas. 

Knowledge that Enables Favorability Zonation of 
Permissive Tracts

In an area that has permissive geology and a favor-
able climate or paleoclimate, an understanding of modes of 
preservation of these supergene deposits is essential. Under-
standing the keys to Ni-Co enrichment, such as drainage and 
a cyclical dry season giving the profile the time and oppor-
tunity to develop into a more enriched laterite profile, are 
essential. An understanding of past and present climates in 
an area is necessary. For example, the Australian deposits are 
preserved not only because they are in a stable craton, but 
also because they transitioned into a dry climate, prevent-
ing further leaching and erosion of the Ni-Co mineralization 
developed in a wetter past. The deposits in Riddle, Oregon, 
have been preserved because the area has transitioned from 
a subtropical or humid-to-warm Mediterranean climate to a 
comparatively less tropical climate in the present day. Other 
deposits, such as those in Albania and Greece, formed in the 
Jurassic and were buried in the Cretaceous, preserving them 
for present-day exploitation.
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Geoenvironmental Features and 
Anthropogenic Mining Effects

Pre-Mining Baseline Signatures in Soil, 
Sediment, and Water

Mine permitting and remediation require an estimate of 
pre-mining natural background conditions to serve as a goal 
for post-mining reclamation. Complete baseline characteriza-
tion studies for Ni-Co laterites are limited in the literature, 
particularly in regard to the widespread climatic settings in 
which they are found. Baseline data are available in the litera-
ture for soil and stream sediment from a variety of deposits. 
Within and adjacent to the lateritic profile, soil and stream 
sediments may contain anomalous abundances of Ni, Fe, Co, 
Al, and Cr and possibly Mn, Pb, Zn, and PGEs (Golightly, 
1979b, 1981; Bowles, 1986; Butt and others, 1992; Grey and 
others, 1996). Soil development depends mainly on the lithol-
ogy of the parent material and slope stability. Typically, as in 
the Loma Ortega Ni-laterite deposit, Dominican Republic, Ni 
concentrations strongly increase upward from the peridotite 
protolith through to the saprolite and then sharply decrease in 
the ferruginous saprolite (Gallardo and others, 2010). Nickel 
is highly enriched in the saprolite zone and may be as great as 
3.16 NiO wt%. The soils are generally nutrient poor.

Groundwater and surface-water baseline geochemical 
data from these deposit areas are sparse in the literature. 
Therefore, extrapolation of the insights provided by the case 
studies summarized herein to other deposits should be done 
with caution. However, groundwater samples collected in 
the Sukinda valley, Orissa, India, upstream and away from 
the mining area, contain low total dissolved solids (TDS) 
ranging from 50–507 milligrams per liter (mg/L). These water 
samples were nearly neutral to mildly alkaline (pH 6.1–7.6). 
The electrical conductivity of these samples varied from low 
to moderate (300–750 microsiemens per centimeter [µS/cm]) 
for a post-monsoon period, whereas it was somewhat less for 
a pre-monsoon period (50–490 µS/cm) (Dhakate and Singh, 
2008). The electrical conductivity and pH of this water are 
within the permissible limits of potable water (World Health 
Organization, 1993). The concentrations of total suspended 
solids (TSS) of 12–64 mg/L for the post-monsoon period and 
4–35 mg/L for the pre-monsoon period are indistinguishable 
from water draining the mined Ni laterite. The permissible 
limit of TSS in potable water is only 10 mg/L (World Health 
Organization, 1993). The Cr(VI) concentration varies from 
0.001 to 0.018 mg/L in dug wells and bore wells upstream 
from the mined area. Values for Fe and Cu ranged from 0.18 to 
0.34 mg/L and 0.02 to 0.183 mg/L, respectively. 

Surface-water concentrations for Cr(VI) range from 0.03 
to 0.07 mg/L from the upstream reaches of the Damsal Nala 
River that run through the mining area. Ni values were not 
reported for the waters, although the area is considered one 
of the richest chromite- and Ni-producing areas and supplies 
90 percent of India’s demand (Rao and others, 2003).

Similar pH values are reported from mine and local 
groundwater geochemical surveys at and near the Cerro 
Matoso deposit, Colombia (6.5–8.1; Gleeson and others, 
2003), and 16 sites in New Caledonia (5.5–8.3; Trescases, 
1975) (table 6). The chemistry of the water from these two 
studies reveals the process of the weathering of the profile 
more than it provides a clear indication of background levels 
from an environmental impact perspective. It illustrates the 
removal of Mg and Si from the profile and indicates that 
major complexing anions are probably carbonate, bicarbon-
ate, and organic acids because the chloride and sulfate levels 
are relatively low, <150 ppm (table 6). Although Ni, Fe, Mn, 
and Co were detected in analyses of surface water, spring, and 
well samples, the average values (Ni = 0.30 parts per million 
[ppm], Fe = 1.16 ppm, Mn = 0.13 ppm, Co = 0.30 ppm) 
suggest the elements are relatively immobile in waters drain-
ing the developed lateritic profiles.

Past and Future Mining Methods, Ore Treatment, 
and Footprint

Nickel laterites generally are mined via open-pit meth-
ods, although some deposits in Greece have been exploited 
underground. A variety of process routes are used to extract 
Ni from the ore. Hydrometallurgical processes include HPAL 
and heap leach, both of which generally are followed by sol-
vent extraction–electrowinning (SX-EW) for recovery of Ni. 
Another hydrometallurgical option is the Caron process, which 
consists of roasting followed by ammonia leaching and precipi-
tation as Ni carbonate. Most commonly, pyrometallurgical pro-
cesses, such as ferronickel and matte or high carbon ferronickel 
smelting, are used (see Dalvi and others, 2004, table 2). The 
dominant Ni mineralogy has a substantial influence on what 
ore process is used: HPAL and Caron processes work well for 
oxide subtype ores; HPAL and smelting are effective for clay 
subtype ores; and pyrometallurgical processes are most appro-
priate for hydrous Mg-type ores, although they do not allow for 
the extraction of Co (Dalvi and others, 2004). Current Ni-Co 
laterite processing methods are summarized in table 7.

Most Ni-Co laterite deposits have at least some uneco-
nomic overburden, which needs to be considered in mine 
planning. Either permanent or temporary storage of the uneco-
nomic material needs to be established. 

Historically, most Ni-Co production has been derived 
from sulfide ores; laterite ores provided only a modest 
source. Worldwide, large Co production and reserves are 
derived from the sedimentary Cu deposits of Congo (Kin-
shasa) and Zambia. Since the late 1990s, major new Ni-Co 
laterite projects have been developed using improvements in 
materials and processing technology, such as HPAL. There-
fore, future production is increasingly shifting to laterite 
ores. With the increasing proportion of more technically and 
economically viable laterite Ni-Co coming into production, 
the corresponding associated environmental cost is greater 
(for example, an increasing footprint from Ni-Co production; 
Mudd, 2009, 2010). Data compiled by Mudd (2009) from 
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Table 6. Mine and local groundwater chemistry (in parts per million) from samples collected from the Cerro Matoso S.A. mine and surrounding area, Colombia, and areas 
throughout New Caledonia. Data from Gleeson and others (2003).—Continued

[<, less than]

Location Setting pH HCO3 Cl SO4 Ca Na K Mg Si Fe Mn Al Ni Co Cr Zn NH4

New Caledonia1

Kouaoua Ferricrete water table 5.5 36.6 4.3 0.4 2.5 0.2 0.0 0.0 - - - - - - - -
Pourina Ferricrete water table 7.5 18.0 7.8 1.0 0.0 4.3 0.2 0.4 0.1 - - - - - - - -
Tiébaghi Ferricrete water table 6.9 8.5 8.5 1.5 0.4 4.4 0.1 1.1 1.7 - - - - - - - -
Ile des Pins Base of profile water table 7 32.0 18.5 0.2 9.2 0.3 7.2 5.9 - - - - - - - -
Kouaoua Base of profile water table 7.3 41.5 7.1 0.4 2.2 0.2 11.5 1.9 - - - - - - - -
Bumbéa Base of profile water table 7.5 50.1 6.0 1.1 3.0 0.1 7.5 5.8 - - - - - - - -
Bumbéa Base of profile water table 7.5 50.1 6.0 1.2 3.0 0.1 7.8 5.0 - - - - - - - -
Bumbéa Base of profile water table 7.5 50.1 6.0 1.1 3.0 0.1 7.7 5.3 - - - - - - - -
Bumbéa Base of profile water table 7.5 50.1 6.0 1.5 3.0 0.1 8.2 3.6 - - - - - - - -
Bumbéa High in the water catchment 7.6 67.4 6.7 3.9 0.2 2.7 0.4 13.2 9.3 - - - - - - - -
Bumbéa High in the water catchment 7.8 53.8 5.9 3.3 0.2 2.7 0.2 12.3 8.3 - - - - - - - -
Bumbéa High in the water catchment 7.8 54.0 6.7 6.8 0.2 2.6 0.2 11.8 7.9 - - - - - - - -
Bumbéa High in the water catchment 7.5 56.1 6.2 7.9 0.2 2.7 0.2 12.0 8.0 - - - - - - - -
Ile des Pins High in the water catchment 8.3 156.3 27.0 0.3 14.7 0.4 36.2 22.7 - - - - - - - -
Kouaoua High in the water catchment 7.1 34.2 7.8 0.2 4.2 0.4 7.7 6.8 - - - - - - - -
Tiébaghi High in the water catchment 7.9 449.5 12.6 3.8 7.8 1.2 95.6 5.5 - - - - - - - -
Dumbea Springs over piedmont 7.3 72.1 8.5 0.8 3.9 0.2 10.6 7.0 - - - - - - - -
Dumbea Springs over piedmont 7.7 66.4 11.1 6.5 0.4 5.1 0.2 13.9 10.1 - - - - - - - -
Dumbea Springs over piedmont 6.9 29.2 6.7 2.0 0.3 4.4 0.2 5.7 4.2 - - - - - - - -
Creek Pernod Springs and streams on ferricrete 7.5 31.0 10.1 3.4 0.2 4.4 0.2 6.9 4.2 - - - - - - - -
Creek Pernod Springs and streams on ferricrete 7.0 29.2 8.5 2.4 0.2 4.5 0.2 6.8 4.1 - - - - - - - -
Creek Pernod Springs and streams on ferricrete 7.5 36.0 14.6 0.2 4.0 0.2 8.1 4.6 - - - - - - - -
Creek Pernod Springs and streams on ferricrete 7.5 35.8 9.8 2.8 0.1 6.5 0.2 7.7 5.3 - - - - - - - -
Koué Springs and streams on ferricrete 7.5 29.3 12.4 3.5 0.1 6.2 0.2 6.7 4.9 - - - - - - - -
Koué Springs and streams on ferricrete 7.0 22.5 12.8 3.0 0.1 5.2 0.2 5.5 3.2 - - - - - - - -
Koué Springs and streams on ferricrete 7.6 45.6 17.5 0.1 5.4 0.2 10.8 5.6 - - - - - - - -
Koué Springs and streams on ferricrete 7.6 41.8 8.3 2.2 0.2 5.6 0.2 8.9 6.9 - - - - - - - -
Prony Springs and streams on ferricrete 7.6 41.3 11.7 4.5 0.2 6.1 0.2 9.5 6.3 - - - - - - - -
Prony Springs and streams on ferricrete 7.1 42.7 11.2 2.9 0.1 5.9 0.2 9.6 5.9 - - - - - - - -
Prony Springs and streams on ferricrete 7.6 46.1 15.7 0.1 5.3 0.2 10.6 5.1 - - - - - - - -
Prony Springs and streams on ferricrete 7.3 17.6 8.1 1.7 0.1 6.5 0.2 3.8 2.1 - - - - - - - -
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Table 6. Mine and local groundwater chemistry (in parts per million) from samples collected from the Cerro Matoso S.A. mine and surrounding area, Colombia, and areas 
throughout New Caledonia. Data from Gleeson and others (2003).—Continued

[<, less than]

Location Setting pH HCO3 Cl SO4 Ca Na K Mg Si Fe Mn Al Ni Co Cr Zn NH4

New Caledonia1

Lacs Shallow groundwater 7.3 15.3 13.3 2.6 0.2 6.3 0.2 3.9 1.9 - - - - - - - -
Lacs Shallow groundwater 6.8 13.9 10.8 2.2 0.1 5.8 0.2 3.7 1.6 - - - - - - - -
Lacs Shallow groundwater 7.5 19.3 18.8 0.1 6.5 0.3 4.9 2.6 - - - - - - - -
Lacs Shallow groundwater 7.5 109.9 5.7 8.9 2.6 3.8 0.2 22.3 13.9 - - - - - - - -
Dumbea Shallow groundwater 7.3 134.2 9.7 8.2 3.6 4.3 0.2 21.6 11.9 - - - - - - - -
Tontouta Shallow groundwater 7.5 356.4 29.1 2.5 14.6 12.6 0.2 125.0 11.9 - - - - - - - -
Mé Maoya Rivers flowing of the the west 

coast massif
7.7 123.3 4.3 2.9 0.1 27.5 11.8 - - - - - - - -

Kopéto Rivers flowing of the the west 
coast massif

7.6 327.4 19.9 1.5 16.9 0.7 70.4 19.3 - - - - - - - -

Koniambo Rivers flowing of the the west 
coast massif

7.7 130.1 8.1 4.0 0.1 28.5 14.6 - - - - - - - -

Ouazangou Rivers flowing of the the west 
coast massif

7.5 286.3 9.8 0.6 5.6 0.2 58.5 19.9 - - - - - - - -

Kaala Rivers flowing of the the west 
coast massif

8.2 199.2 8.5 5.0 0.2 45.1 15.0 - - - - - - - -

Tiebaghi Rivers flowing of the the west 
coast massif

7.7 166.2 12.4 2.0 0.3 7.7 0.2 37.9 12.5 - - - - - - - -

Colombia2

Cerro Matoso S.A. Mine: spring 7.95 - 1.37 5.10 2.87 0.88 0.15 17.59 10.50 0.92 0.16 <0.1 0.28 0.01 <0.05 0.02 0.02
Cerro Matoso S.A. Mine: trench 7.75 - 1.75 75.63 9.70 0.73 0.03 19.86 3.10 <0.02 0.03 <0.1 <0.05 0.01 0.23 0.03 <0.05
Cerro Matoso S.A. Mine: spring 8.11 - 1.35 105.04 16.33 1.43 0.21 33.49 10.10 <0.02 0.02 <0.1 <0.05 0.01 <0.05 <0.01 <0.05
Cerro Matoso S.A. Mine: trench 7.60 - 1.65 52.35 8.33 1.39 0.28 25.72 13.10 0.19 0.02 <0.1 0.11 0.02 <0.05 0.02 0.28
Cerro Matoso S.A. Mine: waterfall 8.12 - 1.34 64.67 9.15 2.29 0.14 28.02 9.50 <0.02 0.04 <0.1 0.04 0.01 <0.05 0.03 0.10
Cerro Matoso S.A. Surface: Ure River 7.20 - 1.13 1.07 6.82 3.43 0.45 3.52 10.70 1.17 0.05 <0.1 <0.05 0.01 <0.05 0.02 0.18
Cerro Matoso S.A. Surface: Ure River 7.30 - 1.06 0.60 7.69 3.25 0.49 3.76 11.10 0.02 0.04 <0.1 <0.05 0.01 <0.05 0.20 0.13
Cerro Matoso S.A. Surface: well 6.50 - 1.98 0.47 <0.0005 1.09 0.14 5.83 7.60 <0.02 0.01 <0.1 0.76 0.01 <0.05 0.02 0.07
Cerro Matoso S.A. Surface: steam 6.63 - 1.67 6.34 2.06 0.96 0.15 5.38 4.30 3.51 0.80 <0.1 0.29 0.04 <0.05 0.02 0.06

1Trescases, 1975
2Gleeson and others, 2004
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various major Ni-Co mines and producers are displayed on 
figure 14, showing the type of ore processed, ore grades, and 
metals produced, as well as unit energy consumption and 
emissions discharges (carbon dioxide). Mudd (2009) ana-
lyzed these data with respect to ore type and other important 
factors (such as electricity source) and concluded that the 
production of Ni from laterite ores is clearly more energy 
intensive than sulfide ores. This greater cost is closely asso-
ciated with a higher greenhouse intensity where greenhouse 
costs are also closely linked with electricity supply, such as 
gas or hydroelectricity.

Volume of Mine Waste and Tailings

Typical Ni-laterite ore deposits are very large-tonnage, 
low-grade deposits located close to the surface. They are com-
monly greater than or equal to 18 Mt of mineralized material, 
with a contained resource of greater than 18,000 tonnes of 
1 percent Ni; some examples approach 1 billion tonnes of 
material. Ore deposits of this type are restricted to the weath-
ering mantle developed above ultramafic rocks. These tend 
to be tabular, flat, and large in area, covering many square 
kilometers of the surface of the Earth. 

Table 7. Processing methods of nickel laterites.

Processing type Processing method

Pyrometallurgical processing 
(ore is melted)

Ferro-nickel
Nickel-matte
Nickel pig iron

Hydrometallurgical processing 
(ore is leached by acid)

Pressure acid leaching (PAL) or  
high-pressure acid leaching (HPAL)

Atmospheric leaching (AL)
Heap leaching

Caron processing 
(ore is reduced at high temperature then leached)

Combines pyrometallurgical and hydrometallurgical processes
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Figure 14. The relations of ore grade (percent nickel ± copper ± cobalt) and deposit type (laterite and sulfide) to 
(A) unit energy consumption and (B) carbon dioxide (CO2) emission. Approximate linear trend lines are included 
for some series showing trends of lower and higher use of energy for sulfide and laterite ore processing with 
higher grade, respectively. Modified from Mudd (2009). (1 kilowatthour = 0.0036 gigajoule)
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Mine-Waste Characteristics

Physiochemical Characteristics
The most common ore processing of Ni-Co laterite ores 

is electric smelting from which the main waste is slag consist-
ing mostly of Fe-oxide, Mg-oxide, and silica, with lesser Ni-
oxide, Ti-oxide, Ca-oxide, Cr-oxide, and Al-oxide (Utigard, 
1994; den Hoed, 2000; Mu and others, 2010). Other common 
mine waste produced by acid-leaching methods generally 
consists of three components: Fe precipitates (the largest frac-
tion), sulfates (gypsum, Mg sulfate), and small quantities of 
other process sludges. They can be produced as conventional 
or thickened slurry, paste, or filtered material.

Management options for these materials include (1) con-
ventional tailings impoundments for slurries or paste or (2) in-pit 
disposal for slurry, paste, or filtered tailings. The resultant slurry 
or paste will require containment berms similar to those required 
for ex-pit disposal; filtered residue can be dry stacked in the pit 
and may require little or no structural containment. Because the 
waste products contain very high levels of sulfate and Mg and 
commonly elevated Mn and have a low pH, an environmental 
containment system, such as a base liner, drains, and closure cap, 
will be required unless natural geologic containment and suitable 
climate factors are present (Steemson and Smith, 2009).

Leached Ni-lateritic mine waste has low permeability, 
which is worsened by re-precipitation of Fe compounds. This 
increased saturation in the tailings pile results in a vulner-
ability to liquefaction of the impoundment. High saturation of 
the material also reduces the ability to support the weight of 
ground equipment. In addition to having poor slope stability 
and very poor drainage properties, the residue can be prone 
to erosion. Nickel laterite residue poses a stark contrast to 
conventional tailings because it predominantly consists of 
chemical precipitate of Fe, Mg, and gypsum instead of ground 
rock with interstitial traces of chemical residue.

Pit Lakes
Studies of pit lakes associated with lateritic Ni-Co depos-

its are lacking.

Human-Health Issues
Contaminated groundwater plumes associated with 

tailings impoundments may pose threats to drinking-water 
supplies, depending on hydrologic and geologic setting and 
engineering aspects of the mine and the waste piles. Rocks 
with higher neutralization potentials, such as carbonate rocks, 
tend to limit the mobility of metals and related compounds. 
Nickel-cobalt laterite deposits buried by limestone may have 
this neutralizing advantage. Hydrologic and climatic set-
tings that experience net evaporative loss of water may cause 
evaporative concentration of solutes that enter groundwater 
used as drinking-water supplies near mines and waste piles. 
Improperly constructed water-containment structures may 

allow contaminated mine water to enter surrounding ground-
water. Elements or compounds with the greatest likelihood of 
contaminating aquatic ecosystems and drinking-water sources 
for terrestrial organisms include, in alphabetical order, Al, Co, 
Cu, Cr, Fe, Mn, Ni, sulfate, and Zn.

Climate Effects on Geoenvironmental Signatures
Present climate controls the active weathering on a Ni-Co 

laterite profile; however, when relief is greatly increased, 
mechanical erosion is more influential on the elemental disper-
sion process than climate conditions (Butt, 2009). As mentioned 
above, temperature and precipitation are critical factors in the 
development of Ni-Co laterite. Warming of the Earth’s atmo-
sphere is thought to (1) increase the amount of water vapor 
carried by the atmosphere, resulting in increased precipitation 
and humidity, and (2) increase the mean surface (soil) tempera-
tures. In some areas, such as the southwestern United States, 
heavy rainfall-drought cycles may become more enhanced 
end-member patterns. The overall effect would be an increase 
in the kinetics of the weathering process and a possible increase 
in areas where lateritic horizons are developing. An additional 
factor of a cycle of increased rainfall (and rainfall intensity) and 
drought is a change (presumable increase) in erosion of existing 
primary Ni-Co laterite deposits. Because of increased incision, 
down-cutting, and removal of soil, these deposits could poten-
tially be greatly modified, dispersed into non-economic regions, 
or reconcentrated as transported deposits.

When dealing with laterite processing as in a heap-leach 
operation, climate consideration is critical in managing safe 
water flow through a system. Steemson and Smith (2009) 
argue that the high levels of Mn and Mg dispersion in laterite 
processing can possibly be controlled in a dry climate with 
the use of evaporation ponds but not in a wet climate, where 
drainage from tailings needs to be completely contained or 
discharged at regulated levels into the ocean. 

As noted above, saturation features of the tailings 
greatly enhance the risk of liquefaction and physical 
degradation of the tailings impoundment. Given that most 
Ni-Co laterites are found in tropical or subtropical climates 
characterized by very high annual precipitation and intense 
peak storm events, careful monitoring and the application of 
a temporary geomembrane cover to divert water around the 
residual pile is necessary.
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