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Abstract: In this study, we present mineralogical and geochemical characterization of samples sys-
tematically collected from a nickel laterite profile at the Sta. Cruz nickel laterite deposit, Zambales,
Philippines. Wavelength-dispersive X-ray fluorescence spectroscopy (WDSXRF), mass-balance el-
ement mobility calculations, transmitted and reflected light microscopy, and previously reported
results from coupled X-ray diffraction (XRD) and Rietveld refinement analyses reveal that the laterite
profile investigated is composed of two main horizons—the limonite and saprolite zones—separated
by a thin transitional zone. Based primarily on the mineral assemblage and major element chemistry,
the main zones are further subdivided into subzones: upper limonite, lower limonite, transitional
zone, upper saprolite, and lower saprolite. Garnierite veins were observed cutting the upper and
lower saprolite subzones. Investigation of the structure of goethite within the limonite zone via
Rietveld refinement shows that the crystallinity of goethite decreases with increasing Ni content and
increasing crystallite size. This suggests that upwards through the limonite zone, as goethite ages,
its crystallinity increases, which possibly results in the removal of Ni from its crystal structure and
eventual remobilization to the lower laterite zones.

Keywords: nickel laterites; lateritization; serpentinization; weathering; goethite ageing

1. Introduction

Tectonic emplacement of variably serpentinized ultramafic host rock on land and
subsequent chemical weathering under humid tropical to subtropical conditions results in
the formation of nickel laterite deposits [1–7]. Nickel laterites typically occur as weathering
mantle over ophiolite complexes, as well as komatiites and layered complexes in Archean
to Phanerozoic stable cratonic platforms [2,5]. Nickel laterite deposits have a characteristic
profile (from the bottom to the top): (1) bedrock consisting of partially altered ultramafics;
(2) a silicate or saprolite zone characterized by Mg-silicates, such as serpentine and gar-
nierite; and (3) an oxide or limonite zone, predominantly composed of iron oxyhydroxides,
principally goethite, hematite, and maghemite [1–6]. Garnierite is a general term for a dis-
tinctively green, neoformed, fined-grained, and poorly crystalline mixture of one or more
Mg-Ni phyllosilicates including serpentine, talc, chlorite, smectite, and/or sepiolite [8–13].
The term “garnierite” has been used as a field term to describe this mineral assemblage
in the absence of a more detailed mineral identification. Garnierites have been classified
into two groups: (a) 1:1 phyllosilicate or serpentine group and (b) 2:1 phyllosilicate group
(e.g., talc, kerolite, chlorite, and sepiolite) [10,13]. They are Ni-rich and typically occur as
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veins along joints and shear zones, as matrix within breccias, and as coatings on saprolite
blocks [4,5,14–17].

An earlier study [18] emphasizes the primary role of “goethite ageing” with the
downward decrease in the bulk Ni content within the limonite of lateritic ores from New
Caledonia. Goethite ageing refers to the upward increase in crystallinity of goethite within
the limonite zone resulting from the expulsion of Ni from the crystal structure of goethite.
Nickel is then either leached from the limonite or is sorbed on the surface of goethite
crystals. This is supported by previous works [19,20] that observed a decrease in the
crystallinity of goethite with increasing depth. These results suggest that as the nickel
laterite profile evolves, goethite crystallinity increases, and nickel content decreases upward
through the profile. Goethite ageing is therefore an important aspect of the evolution of the
nickel laterite profile.

Here, we investigate samples collected from a nickel laterite profile from the Zambales
Ophiolite, Philippines. We describe the mineralogy and geochemistry of the outcrop and
confirm previous work on goethite ageing [18–20]. We show that small changes in the
structure of goethite within the limonite zone is related to its nickel content and to the
overall evolution of the laterite profile.

1.1. Zambales Ophiolite Complex

The Zambales ophiolite complex (ZOC), located in Zambales, Philippines (Figure 1a),
is a generally north–south trending, east dipping complete ophiolite suite comprised of a
succession of volcanic rocks, dike-sill complexes, ultramafic and mafic cumulates, residual
harzburgite, and lherzolites [21–24]. The ZOC is subdivided into three massifs from north
to south: the Masinloc, Cabangan, and San Antonio massifs, with each massif separated by
west-northwest fault boundaries [25,26]. The Masinloc massif is made up of two blocks:
the Acoje block in the north and the Coto block in the south. The Acoje block and the San
Antonio massif are compositionally similar, having an island arc tholeiite (IAT) affinity,
whereas the Coto block and the Cabangan massif have a signature transitional from a mid-
ocean ridge basalt to island arc (MORB-IA) [22,26]. The ZOC has been dated Eocene based
on the fossil assemblage of the overlying Aksitero formation [27,28]. Direct radiometric
dating of various units from the ZOC concurs with the Late Eocene age of the Aksitero
formation and yielded a Middle Eocene age for the ophiolite [29,30]. Schweller et al. [31]
suggest an early Miocene eastward tilting and erosion of the ZOC, likely related to the
subduction initiation along the ancestral Manila Trench. The Eocene age of the ophiolite
implies that it is 10–15 Ma years older than the South China Sea (SCS) crust [32], suggesting
that it cannot originate from the SCS [29].

1.2. Sta. Cruz Nickel Laterite Deposit

The Sta. Cruz nickel laterite deposit formed from the weathering of the ultramafic
massif of the ZOC Acoje block (Figure 1). The selected nickel laterite profile is located in
the municipality of Santa Cruz, northern Zambales. The deposit exhibits a typical laterite
zonation, consisting of an upper limonite layer, which is underlain by the saprolite layer
and bedrock. Nickel mineralization in the deposit is associated with the low-Ni, high-Fe
limonite zone and the more extensive low-Fe, high-Ni saprolite zone [33]. The underlying
bedrock is harzburgite with sporadic dunite lenses and minor chromitite. The harzburgite
is partly serpentinized, with olivine replaced by serpentine pseudomorphs, but the grain
shape has been retained. Orthopyroxene, on the other hand, is partly replaced by talc and
chlorite [22].
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sifs—separated by west–northwest fault boundaries. The Masinloc massif is subdivided into the 

Acoje and Coto blocks. Yellow star indicates the location of the Sta. Cruz nickel laterite deposit. (b) 

Photo of the nickel laterite profile investigated. The saprolite zone is overlain by the limonite zone. 

The topmost unit is a mechanically transported layer and is therefore not sampled for this study. 

Modified from Aquino et al. [34]. 

The nickel laterite profile investigated (Figure 1b) is approximately 12 m high and 

composed of two main units—an upper limonite zone (~7 m) and a lower saprolite zone 

(~5 m)—as well as a thin transitional zone (~10 cm), each characterized by a distinct set of 

physical, mineralogical, and geochemical properties. The detailed mineralogy of this out-

crop can be found elsewhere [34,35] and is summarized in Figure 2.  

 

Figure 2. The laterite profile is subdivided into five subzones based on the mineralogy. The topmost 

zone is the upper limonite subzone, dominated by goethite with minor hematite, and is underlain 

by the lower limonite subzone composed of goethite and minor chromite. The transition to the sap-

rolite is marked by the first appearance of silicate minerals and a decrease in goethite abundance. 

The saprolite zone is marked by the dominance of Mg-silicates and a decrease in the abundance of 

goethite. The upper saprolite subzone is comprised mostly of serpentine, with minor chlorite and 

tremolite. The lower saprolite subzone is distinguished by the presence of relict olivine. The sample 

taken at a depth of 10.5 m represents the least altered rock in the profile. This sample is moderately 

serpentinized (~40%) and has significant primary minerals. Lastly, garnierite veins are composed of 

about 90 wt% serpentine and 10 wt% goethite. Note that abundant chromite of primary origin was 

observed in the upper saprolite zone. Data are obtained from Aquino et al. [34]. 

Figure 1. (a) Location of the study area. The Zambales Ophiolite Complex is in west Central
Luzon, Philippines. It is subdivided into three massifs—the Masinloc, Cabangan, and San Antonio
Massifs—separated by west–northwest fault boundaries. The Masinloc massif is subdivided into
the Acoje and Coto blocks. Yellow star indicates the location of the Sta. Cruz nickel laterite deposit.
(b) Photo of the nickel laterite profile investigated. The saprolite zone is overlain by the limonite zone.
The topmost unit is a mechanically transported layer and is therefore not sampled for this study.
Modified from Aquino et al. [34].

The nickel laterite profile investigated (Figure 1b) is approximately 12 m high and
composed of two main units—an upper limonite zone (~7 m) and a lower saprolite zone
(~5 m)—as well as a thin transitional zone (~10 cm), each characterized by a distinct set
of physical, mineralogical, and geochemical properties. The detailed mineralogy of this
outcrop can be found elsewhere [34,35] and is summarized in Figure 2.
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Figure 2. The laterite profile is subdivided into five subzones based on the mineralogy. The topmost
zone is the upper limonite subzone, dominated by goethite with minor hematite, and is underlain
by the lower limonite subzone composed of goethite and minor chromite. The transition to the
saprolite is marked by the first appearance of silicate minerals and a decrease in goethite abundance.
The saprolite zone is marked by the dominance of Mg-silicates and a decrease in the abundance of
goethite. The upper saprolite subzone is comprised mostly of serpentine, with minor chlorite and
tremolite. The lower saprolite subzone is distinguished by the presence of relict olivine. The sample
taken at a depth of 10.5 m represents the least altered rock in the profile. This sample is moderately
serpentinized (~40%) and has significant primary minerals. Lastly, garnierite veins are composed of
about 90 wt% serpentine and 10 wt% goethite. Note that abundant chromite of primary origin was
observed in the upper saprolite zone. Data are obtained from Aquino et al. [34].
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2. Materials and Methods

Soil samples from the limonite and transitional zones and rock samples from the
saprolite zone were collected from the nickel laterite outcrop described above (Figure 1b).
The topmost 2 m of the outcrop are composed of mechanically transported materials
and were not sampled for this study. Depths presented in Tables 1 and 2 and discussed
throughout this paper are measured with respect to the top of the upper limonite zone. A
total of 33 soil samples were collected at an interval of 20 cm, while 13 rock samples were
collected at an interval of 50 cm. Samples collected near the transition zone between the
limonite and saprolite zones (i.e., from 6.4 to 6.5 m) were collected at an interval of 10 cm.

2.1. Petrographic Analysis

Eight polished thin sections of the saprolite samples and the least altered rock were
prepared at the Energy Research and Testing Laboratory at the Philippine Department of
Energy (Taguig City, Philippines). Chromite-rich samples (>70 wt%) from the upper sapro-
lite zone were not selected for microscopy. The samples were observed under transmitted
and reflected light using a TrueVision petrographic microscope and an Olympus BX53P
polarizing microscope equipped with DP74 camera at the University of the Philippines,
National Institute of Geological Sciences (Quezon City, Philippines).

2.2. X-ray Diffraction Analysis

A total of 46 soil and rock samples were prepared for X-ray diffraction analyses. The
samples were pulverized to ~200 mesh (<0.075 mm) using an agate mortar and pestle
and were subsequently oven-dried at 105 ◦C for 24 h. The powdered samples were then
packed on a cylindrical top-filled sample holder. The diffractograms of the samples were
determined using a Bragg–Bentano Shimadzu XRD-7000 X-ray Diffractometer with CuKα

radiation at the University of the Philippines, National Institute of Geological Sciences. The
samples were analyzed using a step size of 1◦ per min at a 3◦ to 90◦ scan range and voltage
of 30 kV. The mineral phases were then identified using the PDF4+ Minerals Database by
the International Center for Diffraction Data (ICDD), as well as the Materials Data, Inc.
MINERAL database [36]. Mineralogical phases were quantified via Rietveld refinement
of the diffractograms using the program Siroquant, version 3.0 [34]. Furthermore, the
crystallinity of the goethite phase was evaluated by observing the change in the full width
at half maximum (FWHM) of the goethite (110) peak. The FWHM was calculated via the
Debye–Scherrer equation [37]:

D =
kλ

β cos θ
(1)

where k is a dimensionless shape factor, λ is the wavelength of the X-ray source (1.5418 Å
for CuKα), D is the crystallite size of goethite phase as obtained from Rietveld refinement, θ
is the peak position of the (110) peak in radians (0.1844), and β is the FWHM.

2.3. Whole Rock Analyses and Loss on Ignition

The samples were pulverized and dried at 105 ◦C for a minimum of 6 h and then cooled
in a desiccator. Fused beads for each sample were then prepared using an AFM—ModuTemp
automated fusion machine. The major and minor element concentrations of the samples
were analyzed using a PANalytical Axios PW4400 X-ray fluorescence wavelength disper-
sive spectrometer. Preparation of fused beads, XRF, and loss on ignition (LOI) analyses were
performed at Intertek Testing Services Philippines, Inc. (Muntinlupa City, Philippines).

2.4. Mass Balance Calculations

Mass balance calculations were performed following the isocon method [38,39]. Briefly,
this method involves the evaluation of the relative changes in the concentration of an altered
rock with respect to the parent rock. This is done by plotting the chemical composition of
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the altered rock (CA) against the composition of the parent rock (CO). The isocon is a line
defined by one or more immobile species and the origin and has the following equation:

CA =

(
MO

MA

)
CO. (2)

Isocons were calculated using Fe and Ti as the immobile components, as has been done
in similar deposits [40,41]. The relative mass changes of a component can be evaluated
as follows:

• Relative mass gain—species plotting above the isocon
• Relative mass loss—species plotting below the isocon.

Additionally, the slope of the isocon gives information on the overall change in the
mass relative to the protolith (MO/MA).

2.5. Ultramafic Index of Alteration

For each sample, an ultramafic index of alteration (UMIA) was calculated [41]. This
chemical alteration index, which is a modified version of the mafic index of alteration
(MIA) [42], as well as other previously used chemical alteration indices [43,44], quantifies
the chemical changes that occurred during the chemical weathering process. The UMIA is
defined as:

UMIA = 100×
[(

Al2O3 + Fe2O3(T)

)
/
(

SiO2 + MgO + Al2O3 + Fe2O3(T)

)]
(3)

where molar ratios of the respective major elements are used. The following UMIA values
are expected for each of the laterite zones: unweathered peridotite bedrock, ~3: saprolite,
4–8; limonite, 60–90 [41]. No UMIA values were previously reported for samples taken
from the transition zone.

3. Results
3.1. Petrography

Samples from the limonite and transition zones are extremely weathered, with no
primary minerals or textures observed in hand specimen (Table 1). The saprolite samples
are also heavily weathered and altered in hand specimen and thin section (Figures 3–5).
Primary minerals, such as olivine and orthopyroxene, are sparse in most samples except for
the least weathered sample, N-1050 (Figure 6). These primary minerals are altered mostly to
serpentine (~60–85%), although poorly crystalline Fe oxides (~5–15%) and magnetite (trace)
are also present. All samples contain small amounts (<5%) of chromite, except for samples
N-690 and N-1000. N-690 is adjacent to a chromitite layer located at depths between 6.8 m
and 7.0 m and thus contains a significant amount of chromite (~20%, Table 2). N-1000
contains visible chromite bands (Figure 3f) in hand specimen.

Table 1. Macroscopic description of samples from the limonite and transition zones.

Depth (m) Zone 1 Munsell Color Descriptive Short Description

0 UL 7.5YR 5/8 dark brown mostly very fine soil (<1 mm) to coarse fragments (>10 mm) of
Fe oxides

0.8 UL 5YR 4/8 reddish brown
mostly very fine to fine soil (<1 mm) to medium fragments
(<5 mm) of Fe oxides; slightly darker red color probably due to
presence of small amounts of hematite

1.6 UL 5YR 4/8 reddish brown
fine to medium (1–5 mm) grained fragments of Fe oxides; slightly
darker red color probably due to presence of small amounts
of hematite



Minerals 2022, 12, 305 6 of 22

Table 1. Cont.

Depth (m) Zone 1 Munsell Color Descriptive Short Description

2.4 UL 5YR 4/8 reddish brown
mostly very fine soil (<1 mm) to coarse fragments (>10 mm) of Fe
oxides; slightly darker red color probably due to presence of small
amounts of hematite

3.2 LL 5YR 4/8 reddish brown
mostly medium to coarse grained (5–10 mm) fragments of Fe
oxides; slightly darker red color probably due to presence of small
amounts of hematite

4.0 LL 7.5YR 5/8 dark brown fine soil (~1 mm) to medium fragments (<5 mm) of Fe oxides

4.8 LL 7.5YR 5/8 dark brown fine soil (~1 mm) to coarse fragments (>10 mm) of Fe oxides

5.6 LL 7.5YR 5/8 dark brown mostly medium to coarse grained (5–10 mm) fragments of
Fe oxides

6.4 T 7.5YR 5/8 dark brown poorly sorted mixture of mostly very coarse grained (>30 mm)
and medium grained (1–5 mm) Fe oxide-rich rock fragments

1 UL = upper limonite, LL = lower limonite, T = transition zone.

Four types of serpentine, distinguished by their occurrence and association with
secondary magnetite, were observed in the saprolite of the Sta. Cruz nickel laterite deposit.
Type 1 serpentine (Figures 4–6) occurs immediately adjacent to partially or completely
dissolved relict olivine grains. It is characteristically magnetite-free, or, when present,
magnetite occurs only in minor amounts. Moreover, type 1 serpentine is pale green
and slightly pleochroic under plane-polarized light and exhibits up to first-order yellow
interference colors in crossed-polarized light. Type 1 serpentine is further subdivided into
types 1a and 1b serpentine. Type 1a has a thickness of not more than 30 µm, and it occurs
in the least altered rock along fractures and grain boundaries in olivine and pyroxene.
Type 1b occurs in the saprolite, exhibits a mesh texture around olivine fragment, and is
approximately 50 to 150 µm thick. Type 2 serpentine, on the other hand, occurs as roughly
parallel serpentine veins cross-cutting type 1 serpentine and is characteristically magnetite
and Fe-oxide stain free. They typically occur in the lower saprolite (e.g., N-900; Figure 5).
They are colorless in plane-polarized light and exhibit almost black interference colors
in crossed-polarized light. Type 3 serpentine, like type 2, occurs as veins and is typically
observed in the upper saprolite. It is often associated with moderate to abundant secondary
magnetite, which is usually within the core of the serpentine vein (e.g., N-650; Figure 4). In
plane-polarized light, type 3 serpentine is colorless to pale greenish yellow and has low
relief in crossed-polarized light. It exhibits very low interference colors of up to first-order
gray to white. Lastly, garnierite serpentine veins (type 4) are light green to pale green,
vein-type serpentine observed to crosscut the saprolite zone (Figure 3). In thin section,
type 4 serpentine is light yellowish brown in plane-polarized transmitted light and has a
bright yellowish green interference color in crossed-polarized light (Figure 5).
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Figure 3. Saprolite samples in hand specimen. (a) Sample N-650R showing black
serpentine–magnetite veins (type 3) being altered into light-green serpentine (type 4, N-650V).
(b) Sample N-1100, heavily altered saprolite sample with a garnierite vein (type 4). Note that
the serpentine vein emanates from what appears to be boundaries of relict grains. (c) Sample N-1050,
least altered saprolite sample showing pyroxene crystals about 2–3 mm in size. (d) Sample N-690,
containing unaltered chromite disseminated in a matrix of strongly weathered Fe (hydr)oxides.
(e) Sample N-850, heavily weathered sample with a less altered core. Small dissolution vugs later
filled by Fe hydr(oxides) are also present. (f) Sample N-1000, showing unaltered disseminated
chromite in an Fe hydr(oxide) weathered matrix. Dissolution vugs are also present.
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Figure 4. Upper saprolite sample N-650R in thin section. (a) Sample N-650R is a heavily serpentinized
rock with almost no primary olivine remaining. Type 1b (mesh-type) serpentine (srp) surrounding
partially or completely dissolved olivine, crosscut by type 3 (vein-type, magnetite-rich) serpentine
in plane-polarized transmitted light. (b) Same as (a) in crossed-polarized transmitted light. (c) Oc-
currence of poorly crystalline Fe-oxides (gt), as well as minor amorphous silica (sil), as precipitates
within dissolution vugs after olivine, in crossed-polarized transmitted light. (d) Detail of white
box in (c), showing a dissolution vug filled with Fe-oxides. Surrounding mesh serpentine (type 1b)
contains minor hematite (hem), likely from oxidation of magnetite. (e) Same as (c) in plane-polarized
transmitted light. (f) Same as (c) in crossed-polarized reflected light, showing bright orange internal
reflections of poorly crystalline Fe-oxides, red internal reflections of hematite, and white internal
reflections of amorphous silica.

3.1.1. Petrography of Upper Saprolite Samples

Samples from the upper saprolite (e.g., N-650R; Figure 4) are strongly weathered and
altered to serpentine (up to 85%). Most of the primary minerals are altered to serpentine,
15% poorly crystalline goethite (poorly crystalline iron oxide), and about 3% magnetite.
Primary minerals, including about 5% olivine, 2% tremolite, and trace amounts of orthopy-
roxene, are sparse. Olivine crystals, where present, are about 40 to 200 µm in size with
average size of about 100 µm, whereas orthopyroxene minerals are about 200 to 1400 µm in
size. Dissolution cavities occur within sites of relict primary minerals (Figure 4). In sample
N-660, the size of the cavities is approximately 50 to 300 µm, which is similar in size to the
cavities and relict olivine minerals observed in sample N-650R. These cavities are often
filled partially or completely with secondary, poorly crystalline goethite ± amorphous
silica (Figure 4c–f). Serpentine occurs both as vein-type serpentine (type 3), as well as



Minerals 2022, 12, 305 9 of 22

mesh-type serpentine (type 1b) around completely or partially dissolved olivine crystals
(Figure 4c).

Minerals 2022, 12, x FOR PEER REVIEW 9 of 23 
 

 

 

Figure 5. Thin section of samples from the lower saprolite. (a) Sample N-750 is strongly serpentin-

ized and contains a significant amount of primary olivine fragments in optical continuity. Note the 

brown discoloration on some of the type 1b serpentines, likely due to the presence of Fe-oxide. (b) 

Same as (a) in crossed-polarized transmitted light. (c) N-900 showing roughly parallel serpentine 

veins (type 2 serpentine) free from Fe-oxide discoloration. Further shown are partially dissolved 

relict olivine grains. (d) Same as (c) in crossed-polarized transmitted light. (e) Photomicrograph of 

type 4 serpentine crosscutting the lower saprolite in plane-polarized transmitted light. (f) Same as 

(e) in crossed-polarized transmitted light. 

3.1.2. Petrography of Lower Saprolite Samples 

Samples from the lower saprolite zone (Figure 5) are less altered to serpentine (~60%) 

than the upper saprolite samples. Primary minerals, mostly olivine, are more abundant 

(up to 30%) and occur as 2–4 mm-sized groups of optically continuous crystals, with each 

individual fragment about 30 to 300 µm in size. Minor minerals include chromite (5%), as 

well as amorphous Fe oxides and trace amounts of magnetite. In sample N-750, serpentine 

occurs both as vein-type and mesh-type (type 1b), with the vein-type serpentine associ-

ated with fillings of magnetite (type 3). Samples taken from the deeper sections (e.g., N-

900) are observed to contain both mesh-type (type 1b) and magnetite-free, subparallel ser-

pentine veins (type 2) (Figure 5c,d). Throughout the lower saprolite, olivine crystals show 

dissolution features and, in places, are observed to be directly altered to brown Fe-oxides 

(Figure 5). Poorly crystalline goethite imparts a generally brown tinge in the lower sapro-

lite samples as a result of either direct replacement of partially dissolved olivine (i.e., as 

discoloration in minerals) or infills within dissolution cavities.  

Figure 5. Thin section of samples from the lower saprolite. (a) Sample N-750 is strongly serpentinized
and contains a significant amount of primary olivine fragments in optical continuity. Note the brown
discoloration on some of the type 1b serpentines, likely due to the presence of Fe-oxide. (b) Same
as (a) in crossed-polarized transmitted light. (c) N-900 showing roughly parallel serpentine veins
(type 2 serpentine) free from Fe-oxide discoloration. Further shown are partially dissolved relict
olivine grains. (d) Same as (c) in crossed-polarized transmitted light. (e) Photomicrograph of type 4
serpentine crosscutting the lower saprolite in plane-polarized transmitted light. (f) Same as (e) in
crossed-polarized transmitted light.

3.1.2. Petrography of Lower Saprolite Samples

Samples from the lower saprolite zone (Figure 5) are less altered to serpentine (~60%)
than the upper saprolite samples. Primary minerals, mostly olivine, are more abundant
(up to 30%) and occur as 2–4 mm-sized groups of optically continuous crystals, with
each individual fragment about 30 to 300 µm in size. Minor minerals include chromite
(5%), as well as amorphous Fe oxides and trace amounts of magnetite. In sample N-750,
serpentine occurs both as vein-type and mesh-type (type 1b), with the vein-type serpentine
associated with fillings of magnetite (type 3). Samples taken from the deeper sections (e.g.,
N-900) are observed to contain both mesh-type (type 1b) and magnetite-free, subparallel



Minerals 2022, 12, 305 10 of 22

serpentine veins (type 2) (Figure 5c,d). Throughout the lower saprolite, olivine crystals
show dissolution features and, in places, are observed to be directly altered to brown
Fe-oxides (Figure 5). Poorly crystalline goethite imparts a generally brown tinge in the
lower saprolite samples as a result of either direct replacement of partially dissolved olivine
(i.e., as discoloration in minerals) or infills within dissolution cavities.

Minerals 2022, 12, x FOR PEER REVIEW 10 of 23 
 

 

 

Figure 6. Photomicrographs of the least altered rock in the profile investigated. (a) Olivine (Ol) cut 

by crosscutting serpentine (type 1a) in transmitted plane-polarized light and (b) in crossed-polar-

ized light. (c) Pyroxene (Opx) is also partially serpentinized parallel to its cleavage planes, in trans-

mitted plane-polarized light. (d) Same as (c) in crossed-polarized transmitted light. 

3.1.3. Petrography of the Least Altered Rock 

Sample N-1050 represents the least altered rock in the profile (Figure 6). The sample 

is moderately serpentinized and contains about 40% serpentine but is also composed of 

abundant primary minerals including about 50% olivine, 10% pyroxene, and trace 

amounts of chromite. Olivine is fragmented and is cut by crosscutting vein-type type 1a 

serpentine approximately 20–30 µm thick, forming isolated fragments about 100 to 200 

µm in size in optically continuous groups of about 2 to 4 mm. The olivine surface is rough 

and dissolved, as clearly seen in plane-polarized transmitted light. Dissolution cavities 

are also present locally in the sample and have not yet been filled with any secondary 

material. Unlike in other samples, olivine crystals are colorless with minimal alteration to 

Fe-oxides. The serpentine veins are also colorless and do not seem to have Fe-oxide stain-

ing. Pyroxene minerals are preserved in this sample and occur as large crystals more than 

4 mm in size, often cut by serpentine (type 1a) parallel to cleavage traces (Figure 6). 

3.2. Goethite Crystallinity and Crystallite Size Measurements 

Crystallite size measurements of the goethite phase obtained from Rietveld refine-

ment of the limonite layer reveal a generally decreasing trend with depth (Figure 7a, Table 

A1). Goethite crystallite sizes, which initially increase from 115 to 139 Å  in the topmost 

upper limonite, show a pronounced decreasing trend from 139 to 112 Å  in the upper li-

monite (i.e., depths of 0.8 to 3.2 m). Towards the mid-lower limonite, at depths of 3.6 to 

4.8 m, the crystallite sizes slightly increase in value to 127 Å  before decreasing again to 

117 Å  towards the bottom of the lower limonite. In the transition zone, the value increases 

again to 124 Å .  

The calculated full width at half maximum (FWHM) values from the measured crys-

tallite sizes are shown in Figure 7b and Table A1. As expected from the Debye–Scherrer 

equation (Equation (1)) [37], the crystallite size and the FWHM have an inverse relation-

ship. Thus, a generally increasing trend with depth in the FWHM values is observed for 

the studied limonite samples. FWHM values first decrease slightly from a value of 1.09 

degrees at the uppermost limonite layer (0 m) to 0.91 degrees at 0.8 m and then generally 

Figure 6. Photomicrographs of the least altered rock in the profile investigated. (a) Olivine (Ol) cut
by crosscutting serpentine (type 1a) in transmitted plane-polarized light and (b) in crossed-polarized
light. (c) Pyroxene (Opx) is also partially serpentinized parallel to its cleavage planes, in transmitted
plane-polarized light. (d) Same as (c) in crossed-polarized transmitted light.

3.1.3. Petrography of the Least Altered Rock

Sample N-1050 represents the least altered rock in the profile (Figure 6). The sample
is moderately serpentinized and contains about 40% serpentine but is also composed of
abundant primary minerals including about 50% olivine, 10% pyroxene, and trace amounts
of chromite. Olivine is fragmented and is cut by crosscutting vein-type type 1a serpentine
approximately 20–30 µm thick, forming isolated fragments about 100 to 200 µm in size in
optically continuous groups of about 2 to 4 mm. The olivine surface is rough and dissolved,
as clearly seen in plane-polarized transmitted light. Dissolution cavities are also present
locally in the sample and have not yet been filled with any secondary material. Unlike
in other samples, olivine crystals are colorless with minimal alteration to Fe-oxides. The
serpentine veins are also colorless and do not seem to have Fe-oxide staining. Pyroxene
minerals are preserved in this sample and occur as large crystals more than 4 mm in size,
often cut by serpentine (type 1a) parallel to cleavage traces (Figure 6).

3.2. Goethite Crystallinity and Crystallite Size Measurements

Crystallite size measurements of the goethite phase obtained from Rietveld refinement
of the limonite layer reveal a generally decreasing trend with depth (Figure 7a, Table A1).
Goethite crystallite sizes, which initially increase from 115 to 139 Å in the topmost upper
limonite, show a pronounced decreasing trend from 139 to 112 Å in the upper limonite
(i.e., depths of 0.8 to 3.2 m). Towards the mid-lower limonite, at depths of 3.6 to 4.8 m, the
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crystallite sizes slightly increase in value to 127 Å before decreasing again to 117 Å towards
the bottom of the lower limonite. In the transition zone, the value increases again to 124 Å.

The calculated full width at half maximum (FWHM) values from the measured crys-
tallite sizes are shown in Figure 7b and Table A1. As expected from the Debye–Scherrer
equation (Equation (1)) [37], the crystallite size and the FWHM have an inverse relationship.
Thus, a generally increasing trend with depth in the FWHM values is observed for the
studied limonite samples. FWHM values first decrease slightly from a value of 1.09 degrees
at the uppermost limonite layer (0 m) to 0.91 degrees at 0.8 m and then generally increase
to a maximum of 1.11 degrees at a depth of 3.2 m. The FWHM values decrease slightly
again to 0.99 degrees at 4.8 m and decrease again up to 1.07 towards the bottom of the
lower limonite at a depth of 6.0 m.
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Figure 7. (a) Variations in crystallite size of goethite in the limonite and transition zones with depth,
as calculated via Rietveld refinement. (b) Bulk Ni content and calculated full width at half maximum
values of goethite in the limonite and transition zones with depth. (c) Relationship of bulk Ni content
and full width at half maximum (FWHM) of goethite and (d) bulk Ni content and crystallite size of
goethite in the limonite and transition zones. Further shown are the R2 values of the samples from
the upper limonite (red), lower limonite (orange), and whole limonite (black) zones.

3.3. Bulk Major and Minor Geochemistry
3.3.1. Limonite Zone

The limonite zone contains elevated Fe2O3 (up to 75.4 wt%) and Al2O3 (up to 14.4 wt%)
and relatively low MgO (average: 1.5 wt%) and SiO2 (average: 4.5 wt%) concentrations
(Table 2, Figure 8a). Within the limonite, Fe content slightly decreases upwards. Interest-
ingly, the Al2O3 content of the upper limonite zone is generally higher compared to the
lower limonite zone. Within the limonite, the MgO content slightly increases downwards
from an average value of 1.2 wt% in the upper limonite to 1.7 wt% in the lower limonite.
Contrary to the behavior of MgO values, SiO2 content shows a decreasing trend downwards
within the limonite, with an average value of 6.6 wt% in the upper limonite to 2.9 wt% in
the lower limonite. Significant concentrations of Ni, Mn, and Co are noted in the limonite
zone of the investigated profile (Figure 8b). Within the limonite, NiO content ranges from
1.1 to 1.6 wt% and generally increases with depth. Average values for MnO and Co are
0.91 and 0.10 wt%, respectively. Both MnO and Co show a slightly increasing trend in the
limonite zone with depth. MnO values are enriched up to 1.09 wt% at the lower limonite
while Co values are enriched up to 0.16 wt% near the transition zone to the saprolite.
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3.3.2. Transition Zone, Saprolite Zone, and Garnierite Veins

Fe2O3 shows a sharp decrease in concentration towards the transition and saprolite
zones (average of 43.2 wt% and 12.5 wt%, respectively; Figure 8a). Al2O3 content in the
transition zone is 6.2 wt%, which decreases further to an average of 3.1 wt% in the saprolite
zone. From the limonite zone, MgO and SiO2 increase to values of 12.6 wt% and 16.5 wt%,
respectively, in the transition zone and to values of 31.6 wt% and 32.7 wt%, respectively,
in the saprolite zone. NiO content is generally more elevated in the saprolite than in the
limonite, with values of up to 3.0 wt% (Figure 8b). MnO and Co values are generally not as
significant within the saprolite as in the limonite zone, with average values of 0.21 wt% for
MnO and 0.02 wt% for Co.

Minerals 2022, 12, x FOR PEER REVIEW 12 of 23 
 

 

not as significant within the saprolite as in the limonite zone, with average values of 0.21 

wt% for MnO and 0.02 wt% for Co. 

 

Figure 8. (a) Major and (b) minor element geochemistry of the studied profile and the corresponding 

laterite horizons. (c) Calculated ultramafic index of alteration (UMIA) [41]. Note the relatively high 

Ni contents of the upper garnierite vein. 

Overall, the two garnierite veins have slightly higher SiO2, MgO, and NiO and lower 

Fe2O3, Al2O3, and MnO than the average saprolite (Table 2). Interestingly, the serpentine 

vein sampled at a higher depth has a higher NiO content than the vein sampled below the 

lower saprolite. LOI values do not show any significant difference between each laterite 

horizon, with values ranging from 10.8 to 14.0 wt% within the profile.  

3.4. Ultramafic Index of Alteration 

The ultramafic index of alteration (UMIA) values calculated for the Sta. Cruz nickel 

laterite profile (Table 2, Figure 8c) are generally consistent with expected values [41]. 

UMIA values in the limonite zone range from 74.7 to 86.5. The upper limonite has slightly 

lower UMIA values than the lower limonite. Towards the transition zone, the UMIA val-

ues decrease to 36.1, before decreasing significantly to values less than 8 in the saprolite. 

There is no significant trend in the UMIA values between the upper and lower saprolite 

or the garnierite veins. 

Figure 9 shows plots of the Sta. Cruz nickel laterite samples in molar ternary AF-S-M 

(Al2O3 + Fe2O3‒SiO2‒MgO) and A-SM-F (Al2O3‒SiO2 + MgO‒Fe2O3) diagrams, including 

their corresponding UMIA values. Both diagrams show weathering of an initially Mg- 

and Si-rich peridotite bedrock towards an Al- and Fe-rich limonite. There is a clear sepa-

ration of the upper and lower limonite samples in both diagrams, indicating that the up-

per limonite contains relatively more Al and Si compared to the lower limonite. 

Figure 8. (a) Major and (b) minor element geochemistry of the studied profile and the corresponding
laterite horizons. (c) Calculated ultramafic index of alteration (UMIA) [41]. Note the relatively high
Ni contents of the upper garnierite vein.

Overall, the two garnierite veins have slightly higher SiO2, MgO, and NiO and lower
Fe2O3, Al2O3, and MnO than the average saprolite (Table 2). Interestingly, the serpentine
vein sampled at a higher depth has a higher NiO content than the vein sampled below the
lower saprolite. LOI values do not show any significant difference between each laterite
horizon, with values ranging from 10.8 to 14.0 wt% within the profile.

3.4. Ultramafic Index of Alteration

The ultramafic index of alteration (UMIA) values calculated for the Sta. Cruz nickel
laterite profile (Table 2, Figure 8c) are generally consistent with expected values [41]. UMIA
values in the limonite zone range from 74.7 to 86.5. The upper limonite has slightly lower
UMIA values than the lower limonite. Towards the transition zone, the UMIA values
decrease to 36.1, before decreasing significantly to values less than 8 in the saprolite. There
is no significant trend in the UMIA values between the upper and lower saprolite or the
garnierite veins.

Figure 9 shows plots of the Sta. Cruz nickel laterite samples in molar ternary AF-S-M
(Al2O3 + Fe2O3-SiO2-MgO) and A-SM-F (Al2O3-SiO2 + MgO-Fe2O3) diagrams, including
their corresponding UMIA values. Both diagrams show weathering of an initially Mg- and
Si-rich peridotite bedrock towards an Al- and Fe-rich limonite. There is a clear separation of
the upper and lower limonite samples in both diagrams, indicating that the upper limonite
contains relatively more Al and Si compared to the lower limonite.
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Figure 9. Chemical evolution of the laterite profile during weathering as shown by (a) molar ternary
Al2O3+Fe2O3-SiO2-MgO (AF-S-M) and (b) molar ternary Al2O3-SiO2+MgO-Fe2O3 (A-SM-F) dia-
grams. Both diagrams show weathering of an initially Mg- and Si-rich peridotite bedrock towards an
Al- and Fe-rich limonite while (b) highlights that Fe-enrichment is predominant over bauxitization in
the Sta. Cruz nickel laterite. Further shown is the ultramafic index of alteration (UMIA) [41].

3.5. Relative Mass Changes

Relative mass changes (Figure 10, Table A2) calculated for the studied outcrop are sim-
ilar to those observed in other laterite deposits [40,45]. The limonite zone is characterized
by an almost complete removal of SiO2 (i.e., up to 99% relative mass loss) and MgO (up to
100% mass loss). Ni is also leached by up to about 50% in the limonite, with the amount of
depletion decreasing with depth. Co and MnO, on the other hand, are associated with mass
gains in the limonite. Co mass gains increase in the lower limonite towards the transition
zone. A similar behavior is observed for Mn but to a lesser degree.
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Figure 10. Isocon diagrams for each laterite zone in the outcrop investigated. Altered compositions
(CA) are the average composition of the samples from each zone. The composition of the parent rock
(CO) is the average composition of two peridotite samples collected near the study area (Table 2).
Dashed line is the isocon defined by the immobile species Ti and the origin, while dotted line is the
best-fit isocon defined by Fe, Ti, and the origin. Solid line represents MO/MA = 1. The numbers
are the slope of the isocon or MO/MA. Species plotting along the isocon did not change their mass
during transformation, species plotting above the isocon experienced mass gains, whereas species
plotting below the isocon experienced mass loss during transformation.

The transition zone is characterized by a slight decrease in the associated SiO2 and
MgO mass loss. Ni starts to experience a slight mass gain (+64%), while Co mass gains
are the highest around this zone. Towards the saprolite zone, MgO and SiO2 mass losses
decrease to an average of −34% and −33%, respectively. The saprolite zone is also charac-
terized by mass gains of NiO, MnO, and Co, with the NiO mass gains reaching more than
+600%. Interestingly, the least altered rock (N-1050) is associated with significant Ni mass
gain of +668%.
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Table 2. Bulk geochemistry and ultramafic index of alteration (UMIA) of samples from the Sta. Cruz nickel laterite. All compositions are in wt%.

Sample Horizon 1 Depth (m) SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO NiO Co MgO CaO BaO Na2O K2O P2O5 SO3 LOI Total UMIA

N-000 UL 0.0 3.28 0.12 10.08 62.91 7.91 0.94 1.27 0.12 2.42 <0.01 <0.005 <0.01 <0.01 0.01 0.29 10.78 100.0 81.1
N-040 UL 0.4 5.75 0.21 12.03 62.34 3.14 0.73 1.14 0.09 1.02 <0.01 <0.005 0.02 <0.01 0.02 0.39 12.96 99.7 80.8
N-080 UL 0.8 7.43 0.29 13.94 58.27 3.23 0.71 1.08 0.08 1.09 <0.01 <0.005 0.02 0.01 0.02 0.34 13.03 99.5 76.9
N-120 UL 1.2 8.53 0.31 14.42 57.04 3.33 0.81 1.12 0.08 1.07 <0.01 <0.005 <0.01 0.02 0.02 0.30 12.84 99.8 74.7
N-160 UL 1.6 7.74 0.26 13.17 59.67 3.33 0.76 1.17 0.08 1.01 <0.01 <0.005 0.01 0.01 0.02 0.30 12.65 100.1 76.6
N-200 UL 2.0 7.38 0.24 12.51 61.43 3.38 0.76 1.15 0.08 1.04 <0.01 <0.005 <0.01 <0.01 0.01 0.30 12.57 100.8 77.3
N-240 UL 2.4 5.92 0.18 10.78 63.52 3.16 0.83 1.20 0.09 0.95 <0.01 <0.005 0.02 <0.01 0.01 0.24 12.34 99.2 80.5
N-280 LL 2.8 3.27 0.08 6.27 69.67 4.38 0.96 1.43 0.09 1.51 <0.01 0.02 0.02 <0.01 0.01 0.18 11.86 99.7 84.4
N-320 LL 3.2 2.85 0.06 5.88 71.17 5.26 0.98 1.51 0.10 1.42 <0.01 0.01 0.01 <0.01 0.01 0.17 10.84 100.2 85.9
N-360 LL 3.6 2.84 0.06 5.02 71.05 5.76 0.95 1.44 0.09 1.75 <0.01 0.01 0.02 <0.01 0.01 0.15 10.81 99.9 84.5
N-400 LL 4.0 2.90 0.06 5.74 70.90 5.06 0.95 1.49 0.09 1.99 <0.01 <0.005 0.01 <0.01 0.01 0.16 11.19 100.5 83.7
N-440 LL 4.4 3.09 0.07 6.20 71.19 3.49 1.03 1.54 0.10 1.80 <0.01 <0.005 0.02 <0.01 0.01 0.17 11.66 100.3 84.1
N-480 LL 4.8 2.89 0.04 3.18 75.38 2.47 1.09 1.54 0.05 1.24 <0.01 0.06 0.03 <0.01 0.01 0.14 12.07 100.1 86.5
N-520 LL 5.2 2.76 0.06 4.33 71.31 5.24 1.09 1.36 0.09 1.86 <0.01 0.03 0.02 <0.01 0.01 0.12 11.25 99.4 84.2
N-560 LL 5.6 2.86 0.08 5.00 69.43 5.70 0.98 1.52 0.16 1.86 <0.01 <0.005 0.02 <0.01 0.01 0.13 11.65 99.2 83.8
N-600 LL 6.0 3.05 0.08 5.15 69.53 5.85 0.91 1.58 0.15 1.79 0.01 <0.005 <0.01 <0.01 0.01 0.14 11.82 99.9 83.6
N-640 T 6.4 16.48 0.13 6.18 43.23 6.16 0.66 2.37 0.13 12.57 0.65 <0.005 0.04 <0.01 0.01 0.06 10.77 99.3 36.1
N-650 V 6.5 38.04 <0.01 0.29 10.47 0.63 0.12 3.72 0.02 32.87 <0.01 <0.005 <0.01 <0.01 <0.001 0.02 13.98 100.1
N-690 US 6.9 32.52 <0.01 3.19 10.68 6.73 0.16 1.20 0.01 33.16 <0.01 0.01 0.19 <0.01 <0.001 <0.001 11.87 99.7 6.7
N-750 LS 7.5 38.74 <0.01 0.28 10.16 0.57 0.13 1.75 0.02 36.85 0.02 <0.005 0.01 <0.01 <0.001 0.01 12.20 100.7 4.1
N-900 LS 9.0 37.34 <0.01 0.43 12.51 0.90 0.17 2.75 0.02 33.94 0.01 <0.005 <0.01 <0.01 <0.001 0.01 12.36 100.4 5.3

N-1000 LS 10.0 33.31 0.04 2.93 11.96 6.33 0.20 2.52 0.02 31.83 <0.01 <0.005 <0.01 <0.01 <0.001 0.01 11.01 100.1 7.2
N-1050 LS 10.5 38.27 <0.01 0.25 10.88 0.54 0.14 2.99 0.01 35.29 0.01 <0.005 <0.01 <0.01 <0.001 0.01 11.98 100.4 4.5
N-1100 V 11.0 38.55 0.01 0.64 13.08 0.65 0.14 1.15 0.01 34.60 <0.01 <0.005 <0.01 <0.01 <0.001 0.01 11.82 100.7

PH-S-15A BR 37.42 0.04 2.16 7.29 0.19 0.08 0.19 0.01 39.61 1.99 0.01 <0.01 0.01 0.01 10.89 99.9 4.0
PH-S-15B BR 40.13 0.04 1.70 8.93 0.36 0.06 0.40 0.01 40.05 1.49 <0.01 <0.01 0.01 0.01 7.73 100.5 4.2

1 UL = upper limonite, LL = lower limonite, T = transition zone, V = vein, US = upper saprolite, LS = lower saprolite, BR = bedrock.
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4. Discussion
4.1. Laterite Zonation

Based on mineralogy, geochemistry, and calculated UMIA, the Sta. Cruz nickel laterite
deposit can be divided into two main zones—an upper limonite layer and a lower saprolite
layer—separated by a transition zone. The transition zone is characterized by mineralogy
and geochemistry intermediate between the limonite and saprolite layer. The limonite is
further subdivided into two layers: upper and lower limonite. Similarly, the saprolite can
be divided into upper and lower saprolite zones. Lastly, garnierite veins were observed
cutting the upper and lower saprolite layers.

4.1.1. Limonite Zone

The limonite zone represents the most evolved layer of the laterite profile investigated,
with a UMIA value of 78. It is an Fe- and Al-rich layer, completely devoid of primary
minerals and made up of the mineral assemblage goethite + hematite for the upper limonite
and goethite + chromite for the lower limonite. Mg and Si are almost completely leached
out of this layer, with relative mass losses of almost 100%. The upper limonite contains
a slightly higher amount of SiO2 than the lower limonite, resulting in a lower UMIA for
the upper limonite. This is probably due to the presence of amorphous silica, a common
reaction product of weathering, along with amorphous Fe-oxides. Amorphous silica could
not be detected by X-ray diffraction due to the absence of a crystalline structure. Within
the limonite, MnO, NiO, and Co generally increase with depth and are enriched in the
lower limonite. Bulk chemistry of the samples reveals a significant amount of Al2O3 of
more than 10 wt%, although Al-bearing minerals, such as gibbsite, were not observed in
the limonite zone. Goethite with 18% Al substitution best fits the X-ray diffractogram of
samples from the upper limonite [35]. Therefore, in the absence of mineral chemistry data,
it is inferred here that Al is hosted in the limonite by goethite. We hypothesize that Ni
within the limonite is hosted primarily by goethite, with the nickel contents observed to be
directly proportional to the FWHM of the goethite (110) peak and inversely proportional
to the goethite crystallite size (Figure 7). A stronger correlation (R2 = 0.83) is observed in
the upper limonite than in the lower limonite (R2 = 0.016) for both FWHM and crystallite
size. One possibility is that Ni is not exclusively hosted by goethite in the lower limonite
zone. For example, Mn oxyhydroxides, which are often reported in lower oxide zones
of Ni laterites [5,46], including two other deposits from the Philippines [47,48], can host
Ni. In particular, significant amounts of Ni (up to 15.6 wt%) have been reported to be
associated with Mn oxyhydroxides from the Intex deposit in Mindoro, Philippines [48].
Mn oxyhydroxides are difficult to detect with the methods performed in this paper, but
the slight increase in Mn and Co concentrations towards the lower limonite may hint at
their presence in the Sta. Cruz laterite. Because phases other than goethite may host Ni,
a weaker correlation between the bulk Ni contents and both goethite crystallite size and
FWHM of the goethite (110) peak is observed. The stronger correlation between bulk Ni
and goethite crystallinity in the upper limonite support our hypothesis that goethite is the
main host of Ni.

4.1.2. Transition Zone

The transition zone (~6.5 m) is a thin layer between the saprolite and limonite zone
and is characterized by an abrupt mineralogical, textural, and geochemical transition from
the limonite into the saprolite layer. This layer is comprised of the mineral assemblage
goethite + lizardite + chlorite + tremolite + chromite. Goethite is the dominant mineral in
the limonite zone, whereas lizardite, together with minor amounts of chlorite and tremolite,
is characteristic of the saprolite zone. The change in the mineral assemblage in the transition
zone is reflected in the geochemistry: abrupt increase in Mg and SiO2 corresponds to the
first appearance of Mg-silicates and a decrease in the Fe2O3 associated with a decrease
in abundance of goethite. The transition zone has a UMIA of 36, a value in between the
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expected value of at least 60 for the limonite zone and the expected value of 4–8 for the
saprolite zone.

Ni in the transition zone is hosted predominantly by goethite, but other phases, such
as serpentine and chlorite, may also host Ni. Thus, bulk Ni content cannot be used to
determine the effect of Ni content on the structure of goethite in the sample from the
transition zone. For both FWHM and crystallite size, the sample from the transition zone is
a clear outlier in the generally observed trends.

4.1.3. Saprolite Zone

The saprolite zone is comprised mostly of serpentine and has a geochemistry domi-
nated by MgO and SiO2. The upper saprolite (6.6 to 6.9 m) is composed of the assemblage
lizardite + chlorite + chromite + goethite ± tremolite. The lower saprolite (7.5 to 11 m)
contains a significant amount of primary minerals, mostly olivine, and is made up of the
mineral assemblage lizardite + olivine + goethite. Except for the topmost sample from the
upper saprolite, samples from the saprolite zone have UMIA values between 4 and 7. Fe
is hosted in the saprolite within serpentine, chromite, and poorly crystalline Fe-oxides,
occurring as alteration of olivine and serpentine. Minor amounts of Al2O3 in the saprolite
suggest the absence of Al-bearing minerals, although small amounts of Al may substitute
for Si in the serpentine crystal structure [49,50]. Significant concentrations of Al were
observed in saprolite samples containing chlorite.

Four types of serpentine have been recognized in the saprolite zone of the deposit.
Type 1a serpentine is interpreted to have formed earlier during the initial hydrothermal
serpentinization of the ZOC [51–54]:

(Mg,Fe,Ni)2SiO4 + 1.5 H2O→ 0.5 (Mg,Fe,Ni)(OH)2 + 0.5 (Mg,Fe,Ni)3Si2O5(OH)4.
Olivine Fe-Brucite Serpentine

(4)

This is supported by the pseudomorphic nature of type 1a serpentine after primary
minerals. Although both olivine and orthopyroxene can be altered to serpentine, olivine is
more abundant and has more Ni content (0.24 to 0.36 wt%) than orthopyroxene (0.07 to
0.08 wt%) in the ZOC peridotite [22]. It follows that olivine is the main source of Ni in the
deposit. Over time and with further reaction with water, serpentinization may continue,
resulting in the continued formation of serpentine along olivine grain boundaries and
thickening of type 1a serpentine to form type 1b serpentine, which were observed in the
upper levels of the saprolite.

One major consequence of the hydration of peridotite is the associated volume in-
crease that occurs as a rock composed of dense minerals is altered to less-dense secondary
minerals [55–57]. Volume expansion associated with serpentinization has been discussed
earlier [56]. More recently, a volume increase of 44 ± 8% [55] has been experimentally
measured associated with serpentinization for a duration of 10 to 18 months. The associated
volume expansion can both seal existing fractures in the system and induce new fractures
at the same time. These tension cracks or cross-fractures [56] are formed during earlier,
moderately high-temperature (>200 ◦C) serpentinization, although we recognize that this
process may continue at lower temperatures (<100 ◦C) [58–64]. Relatively high Ni content
in the least. altered rock relative to unaltered protolith (1.15% vs. 0.29 wt% NiO), which con-
tains only type 1 serpentine, may hint at the lower temperature formation of the serpentine,
although further analyses will be needed to confirm this. Roughly parallel serpentine veins
(type 2 serpentine) may later form in these cracks, likely from solutions leached [4,5,12]
from the upper horizons of the profile. Type 2 serpentine have been observed to cut earlier
formed type 1 serpentine in the saprolite samples (Figure 5).

Type 3 serpentine are characteristically magnetite rich. As suggested earlier [54],
magnetite may form from the oxidation of pre-existing Fe-rich serpentine via:

Fe3Si2O5(OH)4 + 0.5 O2(aq) → Fe3O4 + 2 SiO2(aq) + 2 H2O.
Serpentine Magnetite

(5)
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Thus, we interpret type 3 serpentine to have formed from oxidation of earlier-formed
type 1 or type 2 serpentine. Lastly, type 4 serpentine (garnierite) were observed to either
directly crosscut oxidized saprolite samples or alter pre-existing serpentine, suggesting that
type 4 serpentine is formed during weathering after the formation of the saprolite zone. In
addition, the upper garnierite vein contains significant amounts of Ni (up to 3.72 wt% NiO)
and is similar to garnierite serpentine described in previous studies [12,48].

4.2. Goethite Ageing and Hematite Formation

Structural investigation of the mineral goethite allows us to highlight the importance
of this mineral in the development of the oxide zone of the laterite deposit. Reaction of
oxidized rainwater and dissolution of primary minerals in the upper horizon result in the
leaching of mobile elements such as Mg and Si downwards the profile while immobile
elements, such as Fe and Al, are enriched in the limonite zone. Residually enriched Fe can
be oxidized to form poorly crystalline goethite [3,5,65,66]:

4 Fe2+ + O2 + H2O→ 4FeO(OH) + 8 H+

Goethite
(6)

Goethite initially has low crystallinity [3,18,65], which is attributed to the incorpo-
ration of elements, including Ni, that introduce structural defects in the goethite crystal
structure [18]. As this stage, lateritization proceeds and goethite ages, and Ni and other
impurities are expelled from the structure of goethite and subsequently leach away towards
the lower horizons [7,18,65]. The expulsion of Ni from goethite results in goethite ageing or
the upward increase in the crystallinity of goethite within the limonite zone as lateritization
progresses [18–20]. In the Sta. Cruz deposit, goethite ageing is supported by the observed
correlation between the bulk Ni content in the limonite and FWHM of the goethite (110)
peak. Ni expelled during goethite ageing may contribute to the supergene Ni enrichment
in the saprolite zone and in the garnierite veins. Higher up in the profile, hematite may
form from the dehydroxylation of goethite according to [67]:

FeO(OH)→ 0.5 H2O + 0.5 Fe2O3.
Goethite Hematite

(7)

Petrographic investigation of saprolite samples revealed that secondary magnetite
is altered to hematite, especially at higher depths (e.g., N-650, N-660; Figure 4). In the
presence of oxygen, magnetite can be altered to maghemite and then to hematite [67],
according to the following reaction:

Fe3O4 + 0.25 O2 → 1.5 Fe2O3.
Magnetite Maghemite/Hematite

(8)

Over time, the limonite zone expands as oxide-forming reactions continue to progress,
deepening the limonite-saprolite zone boundary and increasing the thickness of the limonite
zone. The expansion of the limonite zone is affected by a number of factors, including time,
the rate of erosion, relief, and climate. A moderate to low-lying relief in a tropical climate
provides the ideal conditions for laterite formation. Low to moderate relief results in a
limited erosion rate allowing the preservation of the newly formed limonite zone and at
the same time providing a low-lying water table. Since leaching occurs above the water
table, a deep water table allows leaching of a thicker layer of rock and, consequently, an
enhanced supergene Ni enrichment below the water table [1,6].

5. Conclusions

We report the mineralogy and geochemistry of a laterite profile formed from the
alteration of the ultramafic rocks from the Zambales Ophiolite Complex. Combined
mineralogical–geochemical analysis reveal that the Sta. Cruz nickel laterite deposit is
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composed of two main zones—the limonite and saprolite zones—separated by a thin tran-
sition zone. Late-stage, Ni-rich serpentine garnierite veins are observed to crosscut the
saprolite zone. The limonite zone is characterized by Mg and Si mass loss and residual
enrichment of Fe, Al, and Ni. The saprolite zone, on the other hand, is associated with Mg
and Si mass gains. Similar to other deposits, the limonite zone is dominated by goethite
with minor hematite, while the saprolite zone is dominated by the mineral serpentine. At
least four types of serpentine are characterized and distinguished based on occurrence
and association with magnetite. Structural investigation of goethite within the limonite
zone resulted in a negative correlation between the bulk nickel content and crystallinity of
goethite and between bulk nickel content and crystallite size, emphasizing the important
role that goethite plays during the formation of the limonite zone.
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Appendix A

Table A1. Goethite crystallite size obtained from Rietveld refinement and calculated full width at
half maximum values (FWHM).

Sample Crystallite size FWHM

N-000 115 1.09
N-040 127 0.99
N-080 139 0.91
N-120 136 0.93
N-160 134 0.94
N-200 130 0.96
N-240 125 1.00
N-280 116 1.08
N-320 112 1.12
N-360 121 1.04
N-400 125 1.01
N-440 125 1.01
N-480 127 0.99
N-520 127 0.99
N-560 124 1.02
N-600 117 1.07
N-640 124 1.02
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Table A2. Calculated relative mass changes of the samples from the Sta. Cruz laterite.

Sample Horizon 1 Depth (m) SiO2 Al2O3 Fe2O3 Cr2O3 MnO NiO MgO Co LOI

N-000 UL 0 −99 −27 8 307 90 −40 −99 101 16
N-040 UL 0.4 −98 −13 8 62 47 −46 −100 53 39
N-080 UL 0.8 −97 1 0 66 43 −48 −100 36 40
N-120 UL 1.2 −97 5 −2 71 63 −47 −100 33 38
N-160 UL 1.6 −97 −4 3 72 53 −45 −100 31 36
N-200 UL 2 −97 −9 6 74 53 −45 −100 33 35
N-240 UL 2.4 −98 −22 10 63 67 −43 −100 53 33
N-280 LL 2.8 −99 −56 17 119 88 −34 −99 40 27
N-320 LL 3.2 −99 −59 19 163 92 −30 −100 64 16
N-360 LL 3.6 −99 −65 19 188 86 −34 −99 39 16
N-400 LL 4 −99 −60 19 153 86 −31 −99 39 20
N-440 LL 4.4 −99 −56 19 74 102 −29 −99 58 25
N-480 LL 4.8 −99 −78 26 24 113 −29 −100 −15 30
N-520 LL 5.2 −99 −70 19 162 113 −37 −99 48 21
N-560 LL 5.6 −99 −65 16 185 92 −30 −99 153 25
N-600 LL 6 −99 −64 16 192 78 −27 −99 143 27
N-640 T 6.4 −91 −35 8 361 93 64 −94 206 16
N-690 US 6.9 −33 32 5 1876 84 225 −34 33 27
N-750 LS 7.5 −25 −89 −5 60 42 350 −30 35 31
N-900 LS 9 −27 −83 16 151 85 605 −36 70 33
N-1050 LS 10.5 −35 15 1 49 53 668 −33 17 29

1 UL = upper limonite, LL = lower limonite, T = transition zone, US = upper saprolite, LS = lower saprolite.
Calculated for each component using the equation ∆C/CO = (MA/MO)(CA/CO) − 1 [38,39] using the Fe and
Ti isocon.

References
1. Golightly, J. Nickeliferous laterite deposits. Econ. Geol. 1981, 75, 710–735.
2. Brand, N.W.; Butt, C.R.M.; Elias, M. Nickel Laterites: Classification and Features. J. Aust. Geol. Geophys. 1998, 17, 81–88.
3. Elias, M. Nickel laterite deposits—Geological overview, resources and exploitation. Cent. Ore Depos. Res. Univ. Tasmania 2002, 4,

205–220.
4. Gleeson, S.A.; Butt, C.R.M.; Elias, M. Nickel Laterites: A Review. SEG Newsl. 2003, 54, 9–16. [CrossRef]
5. Butt, C.R.M.; Cluzel, D. Nickel laterite ore deposits: Weathered serpentinites. Elements 2013, 9, 123–128. [CrossRef]
6. Golightly, J.P. Progress in Understanding the Evolution of Nickel Laterites. In The Challenge of Finding New Mineral Resources:

Global Metallogeny, Innovative Exploration, and New Discoveries; Goldfarb, R.J., Marsh, E.E., Monecke, T., Eds.; Society of Economic
Geologists: Littleton, CO, USA, 2010; Volume 15, pp. 451–485.

7. Trescases, J.-J. Weathering and geochemical behaviour of the elements of ultramafic rocks in New Caledonia. Bur. Miner. Resour.
Geol. Geophys. Canberra 1973, 141, 149–161.

8. Pecora, W.T. Nickel-silicate and associated nickel-cobalt-manganese-oxide deposits near Sao Jose do Tocantins, Goiaz, Brazil. US
Geol. Surv. Bull. 1944, 935, 247–305.

9. Faust, G. The hydrous nickel-magnesium silicates—The garnierite group. Am. Mineral. 1966, 51, 279.
10. Brindley, G.W.; Hang, P.T.H.I. The Nature of Garnierites—I Structures, Chemical Compositions and Color Characteristics. Clays

Clay Miner. 1973, 21, 27–40. [CrossRef]
11. Galí, S.; Soler, J.M.; Proenza, J.A.; Lewis, J.F.; Cama, J.; Tauler, E. Ni enrichment and stability of Al-free garnierite solid-solutions:

A thermodynamic approach. Clays Clay Miner. 2012, 60, 121–135. [CrossRef]
12. Villanova-de-Benavent, C.; Proenza, J.A.; Galí, S.; García-Casco, A.; Tauler, E.; Lewis, J.F.; Longo, F. Garnierites and garnierites:

Textures, mineralogy and geochemistry of garnierites in the Falcondo Ni-laterite deposit, Dominican Republic. Ore Geol. Rev.
2014, 58, 91–109. [CrossRef]

13. Brindley, G.W. The Nature and Nomenclature of Hydrous Nickel-Containing Silicates. Clay Miner. 1974, 10, 271–277. [CrossRef]
14. Wells, M.A.; Ramanaidou, E.R.; Verrall, M.; Tessarolo, C. Mineralogy and crystal chemistry of “garnierites” in the Goro lateritic

nickel deposit, New Caledonia. Eur. J. Mineral. 2009, 21, 467–483. [CrossRef]
15. Villanova-De-Benavent, C.; Nieto, F.; Viti, C.; Proenza, J.A.; Galí, S.; Roqué-Rosell, J. Ni-phyllosilicates (garnierites) from the

Falcondo Ni-laterite deposit (Dominican Republic): Mineralogy, nanotextures, and formation mechanisms by HRTEM and AEM.
Am. Mineral. 2016, 101, 1460–1473. [CrossRef]

16. Roqué-Rosell, J.; Villanova-de-Benavent, C.; Proenza, J.A. The accumulation of Ni in serpentines and garnierites from the Falcondo
Ni-laterite deposit (Dominican Republic) elucidated by means of µXAS. Geochim. Cosmochim. Acta 2017, 198, 48–69. [CrossRef]

17. Putzolu, F.; Abad, I.; Balassone, G.; Boni, M.; Mondillo, N. Ni-bearing smectites in the Wingellina laterite deposit (Western
Australia) at nanoscale: TEM-HRTEM evidences of the formation mechanisms. Appl. Clay Sci. 2020, 196, 105753. [CrossRef]

http://doi.org/10.5382/SEGnews.2003-54.fea
http://doi.org/10.2113/gselements.9.2.123
http://doi.org/10.1346/CCMN.1973.0210106
http://doi.org/10.1346/CCMN.2012.0600203
http://doi.org/10.1016/j.oregeorev.2013.10.008
http://doi.org/10.1180/claymin.1974.010.4.05
http://doi.org/10.1127/0935-1221/2009/0021-1910
http://doi.org/10.2138/am-2016-5518
http://doi.org/10.1016/j.gca.2016.11.004
http://doi.org/10.1016/j.clay.2020.105753


Minerals 2022, 12, 305 21 of 22

18. Dublet, G.; Juillot, F.; Morin, G.; Fritsch, E.; Fandeur, D.; Brown, G.E. Goethite aging explains Ni depletion in upper units of
ultramafic lateritic ores from New Caledonia. Geochim. Cosmochim. Acta 2015, 160, 1–15. [CrossRef]

19. Kuhnel, R.A.; Roorda, H.J.; Steensma, J.J.; Kühnel, R.A.; Roorda, H.J.; Steensma, J.J.; Kuhnel, R.A.; Roorda, H.J.; Steensma, J.J.;
Kühnel, R.A.; et al. The crystallinity of minerals-A new variable in pedogenetic processes: A study of goethite and associated
silicates in laterites. Clays Clay Miner. 1975, 23, 349–354. [CrossRef]

20. Trescases, J.-J. L’évolution Géochimique Supergène des Roches Ultrabasiques en Zone Tropicale et la Formation des Gisements Nickélifères de
Nouvelle-Calédonie; Université Louis Pasteur: Strasbourg, France, 1975; Volume 78, ISBN 2709903628.

21. Abrajano, T.A.; Pasteris, J.D.; Bacuta, G.C. Zambales ophiolite, Philippines I. Geology and petrology of the critical zone of the
Acoje massif. Tectonophysics 1989, 168, 65–100. [CrossRef]

22. Hawkins, J.W.; Evans, C. A Geology of the Zambales Range, Luzon, Philippine Islands—Ophiolite derived from an island
arc-backarc basin pair. In The Tectonic and Geologic Evolution of Southeast Asian Seas and Islands, Part 2; Geophysical Monographs
Series; Hayes, D.E., Ed.; American Geophysical Union: Washington, DC, USA, 1983; Volume 27, pp. 95–123.

23. Rossman, D.L.; Castañada, G.C.; Bacuta, G.C. Geology of the Zambales ophiolite, Luzon, Philippines. Tectonophysics 1989, 168,
1–22. [CrossRef]

24. Yumul, G.P.; Dimalanta, C.B. Geology of the Southern Zambales Ophiolite Complex, (Philippines): Juxtaposed terranes of diverse
origin. J. Asian Earth Sci. 1997, 15, 413–421. [CrossRef]

25. Bacuta, G.C. Geology of some Alpine-type chromite deposits in the Philippines.pdf. J. Geol. Soc. Philipp. 1979, 33, 44–80.
26. Yumul, G.P.; Dimalanta, C.B.; Faustino, D.V.; De Jesus, J.V. Translation and docking of an arc terrane: Geological and geochemical

evidence from the southern Zambales ophiolite complex, Philippines. Tectonophysics 1998, 293, 255–272. [CrossRef]
27. Garrison, R.E.; Espiritu, E.; Horan, L.J.; Mack, L.E. Petrology, sedimentology, and diagenesis of hemipelagic limestone and

tuffaceous turbidites in the Aksitero Formation, central Luzon, Philippines. US Geol. Surv. Prof. Pap. 1979, 1112, 15–16.
28. Amato, F.L. Stratigraphic paleontology in the Philippines. Philipp. Geol. 1965, 19, 1–24.
29. Fuller, M.; Haston, R.; Almasco, J. Paleomagnetism of the Zambales ophiolite, Luzon, northern Philippines. Tectonophysics 1989,

168, 171–203. [CrossRef]
30. Encarnación, J.P.; Mukasa, S.B.; Obille, E.C. Zircon U-Pb geochronology of the Zambales and Angat Ophiolites, Luzon, Philippines:

Evidence for an Eocene arc-back arc pair. J. Geophys. Res. 1993, 98, 19991. [CrossRef]
31. Schweller, W.J.; Karig, D.E.; Bachman, S.B. Original Setting and Emplacement History of the Zambales Ophiolite, Luzon,

Phillipines, from Stratigraphic Evidence. In The Tectonic and Geologic Evolution of Southeast Asian Seas and Islands: Part 2; Hayes,
D.E., Ed.; American Geophysical Union: Washington, DC, USA, 1983; Volume 27, pp. 124–138, ISBN 978-1-118-66409-4.

32. Taylor, B.; Hayes, D.E. The tectonic evolution of the South China Basin. In The Tectonic and Geologic Evolution of Southeast Asian
Seas and Islands; American Geophysical Union: Washington, DC, USA, 1980; Volume 23, pp. 89–104, ISBN 1118663799.

33. de Santiago, A.P.B. Evaluation of Ni-Bearing Saprolite Resources Contained in Filipinas Mining Corporation MPSA No. 268-2008-III
Located Barangay Guinabon, Sta. Cruz, Zambales, Philippines; Muntinlupa City, Philippines, 2015.

34. Aquino, K.A.; Arcilla, C.A.; Schardt, C.S. Mineralogical Zonation of the Sta. Cruz Nickel Laterite Deposit, Zambales, Philippines
Obtained from Detailed X-ray Diffraction Coupled with Rietveld Refinement. J. Geol. Soc. Philipp. 2019, 73, 1–14.

35. Aquino, K.A. Spatio-Temporal Evolution of Laterization: Insights from Detailed Mineralogical Characterization and Reactive Transport
Modelling of Sta. Cruz Nickel Laterite Deposit, Zambales, Philippines; University of the Philippines: Quezon City, Philippines, 2018.

36. Nickel, E.H.; Nichols, M.C. Mineral Database; MDI Minerals Data: Livermore, CA, USA, 2003.
37. Cullity, B.D.; Stock, S.R. Elements of X-ray Diffraction; Prentice Hall: Englewood Cliffs, NJ, USA, 2001; p. 664.
38. Grant, J.A. Isocon analysis: A brief review of the method and applications. Phys. Chem. Earth 2005, 30, 997–1004. [CrossRef]
39. Grant, J.A. The isocon diagram-a simple solution to Gresens’ equation for metasomatic alteration. Econ. Geol. 1986, 81, 1976–1982.

[CrossRef]
40. Quesnel, B.; de Veslud, C.L.C.; Boulvais, P.; Gautier, P.; Cathelineau, M.; Drouillet, M. 3D modeling of the laterites on top of the

Koniambo Massif, New Caledonia: Refinement of the per descensum lateritic model for nickel mineralization. Miner. Depos. 2017,
52, 961–978. [CrossRef]

41. Aiglsperger, T.; Proenza, J.A.; Lewis, J.F.; Labrador, M.; Svojtka, M.; Rojas-Purón, A.; Longo, F.; Ďurišová, J. Critical metals (REE,
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