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Abstract Fe–Ni-bearing serpentine from the saprolite horizon
is the main Ni ores in hydrous silicate-type Ni laterites and
formed by chemical weathering of partially serpentinized ul-
tramafic rocks under tropical conditions. During lateritization,
Mg, Si, and Ni are leached from the surface and transported
downwards. Fe2+ is oxidized to Fe3+ and fixed as insoluble Fe-
oxyhydroxides (mostly goethite) that incorporate Ni. This Ni is
later leached from goethite and incorporated in secondary ser-
pentine and garnierite. As a result, a serpentine-dominated sap-
rolite horizon forms over the ultramafic protolith, overlapped
by a Fe-oxyhydroxide-dominated limonite horizon. The ser-
pentine from the protolith (serpentine I) is of hydrothermal
origin and yields similar Ni (0.10–0.62 wt.% NiO) and lower
Fe (mostly 1.37–5.81 wt.% FeO) concentrations than the pri-
mary olivine. In contrast, Fe–Ni-bearing serpentine from the
saprolite (serpentine II) shows significantly higher and variable
Fe and Ni contents, typically ranging from 2.23 to 15.59 wt.%
Fe2O3 and from 1.30 to 7.67 wt.% NiO, suggesting that ser-
pentine get enriched in Fe and Ni under supergene conditions.
This study presents detailed mineralogical, textural, and chem-
ical data on this serpentine II, as well as new insights by ther-
modynamic calculations assuming ideal solution between Fe-,
Ni- and Mg-pure serpentines. The aim is to assess if at

atmospheric pressure and temperature Fe–Ni-bearing serpen-
tine can be formed by precipitation. Results indicate that the
formation of serpentine II under atmospheric pressure and tem-
perature is thermodynamically supported, and pH, Eh, and the
equilibrium constant of the reaction are the parameters that
affect the results more significantly.

Keywords Fe–Ni-serpentine . Saprolite . Ni-laterite
deposits . Caribbean . Thermodynamics

Introduction

Fe–Ni-serpentine represents one of the main sources of Ni in
many Ni-laterite deposits worldwide (Freyssinet et al. 2005).
Ni-laterite deposits account for about 40 % of the world’s
annual production of Ni, they host over 60 % of the world
land-based Ni resources (Gleeson et al. 2003; Kuck 2013) and
the amount of Ni being mined from laterite ores is increasing
steadily (Mudd 2010).

Ni-laterite deposits result from the tropical weathering of
ultramafic rocks, typically serpentinized peridotite
(harzburgite, lherzolite, and dunite), and ~67 % forming part
of ophiolite complexes (Mudd and Jowitt, 2014; Golightly,
personal communication). Ni-laterites are classified into three
groups, according to the main Ni-bearing assemblages: (a)
oxide type, dominated by Fe-oxyhydroxides, (b) clay silicate
type, in which Ni is concentrated in smectite group minerals,
and (c) hydrous silicate type, where ore minerals are mainly
Mg–Ni phyllosilicates, including Fe–Ni-serpentine and garni-
erite, the latter being the one with highest grades (1.8–
2.5 wt.% Ni) (Brand et al. 1998; Freyssinet et al. 2005).

Hydrous Mg silicate Ni-laterite deposits are characterized
by a thick serpentine-dominated saprolite horizon covered by
a Fe-oxyhydroxide-dominated limonite horizon.
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The combination of tropical climate with intense rainfall,
low water table and continuous tectonic uplift produces phys-
ical and chemical weathering that leads to the dissolution of
the primary ferromagnesian minerals of the ultramafic
protolith and the formation of Fe-oxyhydroxides (Roqué-
Rosell et al. 2010) and secondary Ni-bearing Mg
phyllosilicates (Villanova-de-Benavent et al. 2014;
Cathelineau et al. 2015).

Alteration begins in crystal joints and cracks in peridotite
that provides access for water (Pelletier 1996). Among peri-
dotite forming minerals, olivine is considered the most unsta-
ble mineral and the first to weather following the hydrolysis
reaction 1 (modified from Freyssinet et al. 2005):

FexMg1−xð Þ2SiO4 þ 4xH2O ¼ H4SiO4 þ 2xFeOOH

þ 2−2xð ÞMg2þ þ 2xe−

þ 6x−4ð ÞHþ ð1Þ

Mg is ultimately leached out of the profile, whereas Fe2+ is
oxidized to Fe3+ and subsequently concentrated as Fe-
oxyhydroxides (mainly goethite) in the limonite horizon
(Golightly 2010).

As olivine represents also the main Ni-bearing mineral in
the protolith, Ni gets released during weathering but is
retained in the profile by absorption onto goethite. As
weathering continues, goethite may be eventually dissolved
and reprecipitated, leaching some Ni following reaction 2
(Freyssinet et al. 2005):

FeOOH Nið Þ OHð Þ2 þ 2Hþ ¼ FeOOHþ Ni2þ þ 2H2O ð2Þ

Ni released by goethite can be incorporated in primary
(hydrothermal) serpentine (hereafter serpentine I) from the
protolith, formed prior to weathering and lateritization of the
peridotite body, thus leading to the formation of a secondary
Fe–Ni-enriched serpentine (serpentine II) following reaction 3
(Freyssinet et al. 2005) or the precipitation of garnierites in
open fractures (Pelletier 1996).

Mg3Si2O5 OHð Þ4 þ 3Ni2þ ¼ Ni3Si2O5 OHð Þ4
þ 3Mg2þ ð3Þ

Serpentine II is the main constituent of the saprolite horizon
and the main Ni ore mineral in volume in hydrous silicate-type
Ni-laterite profiles. Serpentine II has already been described
by others; however, different names have been used: “weath-
ered serpentines” (Golightly and Arancibia 1979; Golightly
1981), “primary weathered serpentine” (Pelletier 1996),
“nickeloan serpentine” (Brand et al. 1998), and “altered pri-
mary serpentine” (Freyssinet et al. 2005).

Whereas recent studies have focused on Ni-rich garni-
erite mineralization (Tauler et al. 2009; Wells et al. 2009;

Villanova-de-Benavent et al. 2014; Cathelineau et al.
2015), only three studies investigated compositional vari-
ations of these serpentines II of the saprolite horizon in
detail (Golightly and Arancibia 1979; Pelletier 1996; Chen
et al. 2004).

Golightly and Arancibia (1979) studied several samples of
unweathered and weathered serpentines from Indonesia,
where 6 % of the world’s Ni reserves are located (Kuck
2015). They observed, in the Ni-laterite profile of Soroako,
that weathered serpentine (serpentine II in this contribution)
had a lowMg content and increased Fe (4–8 wt.% Fe2O3) and
Ni (1–8 wt.% NiO) contents relative to the unweathered ser-
pentine (here serpentine I). Pelletier (1996) performed a study
on hydrous silicate Ni-laterite deposits of New Caledonia,
which represent 15 % of the world’s Ni reserves (Kuck
2015). Pelletier (1996) observed that secondary nickeliferous
serpentine (serpentine II), associated with garnierite and
resulting from weathering of serpentine I, was enriched in
Ni (1–7 wt.% NiO) and also in Fe (7–17 wt.% Fe2O3).

The Caribbean region hosts 10 % of the world’s Ni re-
sources, mostly in the northern part, which includes the Moa
Bay and Punta Gorda deposits in eastern Cuba and the
Falcondo deposit in central Dominican Republic (Dalvi et al.
2004; Lewis et al. 2006; Nelson et al. 2011; Aiglsperger et al.
2016). Preliminary mineralogical, textural and chemical stud-
ies on serpentine from the saprolite horizon of Caribbean Ni-
laterites revealed two different serpentine generations (Tauler
et al. 2007; Proenza et al. 2007; Gallardo et al. 2010).
Serpentine I, which surrounds olivine grains in a mesh texture
arrangement, has low Ni and Fe contents, comparable with
those of the primary olivine (mostly less than 0.5 wt.%
NiO). In contrast, the serpentine II that replaced serpentine I
is enriched in Ni (up to 3 wt.%NiO) with respect to serpentine
I. In addition, serpentine II yielded higher Fe contents than
serpentine I (Tauler et al. 2007).

The replacement of Mg2+ by Ni2+ or Fe3+ in serpentine
would stabilize the silica excess in serpentine caused by the
incongruent dissolution of serpentine that enhances the
leaching of Mg2+ (Golightly 1981). Freyssinet et al. (2005)
suggested that Ni exchanges for Mg in octahedral sites of
serpentine II without solution, recrystallisation, or
neoformation.

Given the economic importance of Ni, these studies mostly
focus on the incorporation of this element in serpentine in the
lateritic environment. In contrast, the presence of Fe in ser-
pentine has recently been studied as a key factor during
serpentinization (Klein et al. 2009) but has not been studied
in lateritic environments. In addition to these authors, Streit
et al. (2012) reported that serpentine may contain significant
amounts of Fe3+. The incorporation of ferric iron in serpentine
takes place in the form of a ferri-Tschermak substitution,
where Fe3+ substitutes for Mg (in octahedral sites) and for Si
(in tetrahedral sites) to form the cronstedtite component of
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serpentine (Fe2+2Fe
3+)(SiFe3+)O5(OH)4). It also may substi-

tute in the octahedral site, that would be charge balanced by
some vacancies, forming a ferrian serpentine with the formula
(□Fe3+2)Si2O5(OH)4, the Fe-analog of kaolinite (Wicks and
Plant 1979; Evans 2008; Evans et al. 2009).

Whereas Golightly and Arancibia (1979) and Golightly
(1981) suggested that Fe3+ in serpentine comes from the dis-
solution of magnetite according to reaction 4 (modified from
Golightly 1981), the incorporation of Fe3+ in the serpentine
structure is not well constrained under weathering conditions.

3Mg3Si2O5 OHð Þ4 þ 18Hþ þ § O2 þ 2 Fe3O4

¼ 3 Fe2Si2O5 OHð Þ4 þ 9Mg2þ þ 9H2O ð4Þ

Thermodynamic modelingmay give further insight into the
Fe3+ enrichment in a Ni-laterite environment. Therefore, the
aim of the present study is to shed light on the process of Fe
and Ni enrichment in Fe–Ni-serpentine of Ni-laterite deposits
by combining the knowledge on compositional variations of
serpentine II and detailed mineralogical analyses, with ther-
modynamic and geochemical calculations concerning serpen-
tine II stability. This is used to discuss if serpentine II might
form under atmospheric pressure and temperature conditions
through dissolution/precipitation processes.

Geological setting

This study considers two hydrous Mg silicate Ni-laterite de-
posits located in the Caribbean region: Yamanigüey (Eastern
Cuba) and Falcondo (Central Dominican Republic). The Ni-
laterite deposits in the Caribbean region developed from
ophiolite-related peridotites, which were emplaced during
the Cretaceous, with lateritization and subsequent ore deposit
formation commencing in the Miocene (Lewis et al. 2006).
The Yamanigüey Ni-laterite deposit, located in Moa Bay min-
ing area, eastern Cuba, developed on serpentinized
harzburgite and dunite from theMayarí-Baracoa ophiolite belt
(Proenza et al. 1999; Marchesi et al. 2006). The ultramafic
protolith consists of olivine (Fo86–92) with 0.16–0.39 wt.%
NiO, orthopyroxene (En69–89 with NiO below 0.1 wt.%),
and clinopyroxene (Mg from 78 to 92, Wo43–48, Al2O3 from
2.2–4.2 wt.%; Proenza et al. 2007). The thickness of the pro-
file in Yamanigüey is about 12 m. The main mineral phases in
the saprolite horizon are serpentines I and II, with minor mag-
netite and goethite (Proenza et al. 2007). According to
Normando (2006), the Ni grade in the saprolite horizon can
reach values of 1.76 wt.% Ni.

The Falcondo Ni-laterite mining area comprises different
ore deposits, and samples were taken from the Loma Ortega
and Loma Caribe deposits. These deposits developed on the
serpentinized Loma Caribe peridotite belt, which was

interpreted by Lewis and Jiménez (1991) as a serpentinized
harzburgite from an ophiolite complex. The major constituent
of the host ultramafic rocks is olivine (Fo80–92) with NiO
contents between 0.35 and 0.55 wt.%, followed by
orthopyroxene (En89–92) with NiO below 0.1 wt.%, and minor
clinopyroxene (Haldemann et al. 1979; Lewis et al. 2006;
Lithgow 1993; Marchesi et al. 2012). The thickness of the
Falcondo Ni-laterite profile varies from 1 to 60 m
(Haldemann et al. 1979). The major Ni-bearing mineral
phases are located in the lower saprolite horizon, and comprise
serpentine II and garnierites (Tauler et al. 2009; Villanova-de-
Benavent et al. 2014). The Falcondo Ni-laterite deposit has
67.8 Mt. indicated Ni resources at an average grade of
1.5 wt.% Ni (Aiglsperger et al. 2016).

Materials and methods

For this study, one sample from the saprolite horizon of the Ni-
laterite deposit of Yamanigüey, two of Loma Caribe and one
of Loma Ortega were selected. These four samples were char-
acterized mineralogical and chemically by means of powder
X-ray diffraction (XRD), optical and scanning electron mi-
croscopy (SEM-EDS), and electron microanalysis (EPMA)
in the Centers Científics i Tecnològics of the Universitat de
Barcelona (CCiT-UB). The data were used to perform geo-
chemical calculations in order to determine the stability field
of serpentine II and to study whether this Ni and Fe enrich-
ment can take place in supergene conditions.

The samples were powdered with an agate mortar and pes-
tle. The instrument used is a PANalytical X’Pert PRO MPD
Alpha1 powder diffractometer in Bragg-Brentano θ/2 θ ge-
ometry, using Cu kα1 radiation (λ = 1.5406 Å) and working
power of 45 kV–40 mA. Polished thin sections were exam-
ined under optical microscopy and using a Scanning Electron
Microscope (SEM) Quanta 200 FEI, XTE 325/D8395,
equipped with an INCA Energy dispersive spectrometer 250
microanalysis system (EDS), with the operating conditions of
20 kV and 5 nA. Mineral chemistry was determined by elec-
tron microanalysis (EPMA). The Cameca SX-50 EPMA is
equipped with four wavelength dispersive spectrometers
(WDS) and an energy dispersive spectrometer (EDS), and
operated at 20 kV, 15 nA, 2 μm beam diameter, and counting
time of 20 s/element. The JEOL JXA-8230 EPMA is
equipped with five WDS and an EDS. The operation condi-
tions were 20 kV, 10 nA, 2 μm beam diameter, and counting
time of 20 s/element. The calibration standards used were:
hematite (Fe, LIF, Kα), rutile (Ti, PET, Kα), periclase (Mg,
TAP, Kα), rhodonite (Mn, LIF, Kα), Al2O3 (Al, TAP, Kα),
Cr2O3 (Cr, PET, Kα), diopside (Si, TAP, Kα), NiO (Ni, LIF,
Kα), wollastonite (Ca, PET, Kα), albite (Na, TAP, Kα), or-
thoclase (K, TAP, Kα), and metallic cobalt (Co, LIF, Kα).
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The structural formulae of serpentine were calculated on
the basis of seven oxygens. In the case of serpentine II, mass
and charge balance was only achieved if all iron was disposed
as Fe3+ in the octahedral layer. This is in agreement with
Roqué-Rosell et al. (2016), who determined that most of iron
in serpentine II is in the ferric form, by Fe K-edge XANES on
samples from the saprolite horizon of the Falcondo Ni-laterite.
This observation is coherent with Golightly and Arancibia
(1979) who considered Fe to be in its oxidized form in ser-
pentine II from Indonesia, and with Streit et al. (2012), who
concluded that only the substitution of Fe3+ in octahedral sites
in serpentine from Oman could explain the compositions they
observed.

Thermodynamic calculations were carried out with the
MEDUSA software package (Puigdomènech 2010), based
on chemical equilibrium, and PHREEQC v.3 (Parkhurst and
Appelo 2012). Thermodynamic data from Thermochimie v.9
database (Giffaut et al. 2014) were used in the calculations. Its
domain of application is mainly within a pH range of 6 to 13,
Eh of −0.5 to +0.5 V and temperatures below 80 °C. Si, Ni,
Mg, and Fe aqueous speciation has been calculated consider-
ing the aqueous species and corresponding logK0 values.

Results and discussion

Mineralogy and chemistry of Fe–Ni-serpentine
in the saprolite horizon

The X-ray powder diffractograms indicate that the saprolite
samples are mostly composed by serpentine (Figs. 1a-c and
2a–d) and minor goethite (Figs. 2a–c). Variable amounts of

olivine and pyroxene relicts are detected in the Yamanigüey
and Loma Ortega samples (Figs. 2a, b). In addition, minor
quartz is found in the two Loma Caribe samples (Figs. 2c,
b), which is interpreted to be precipitated during weathering.

Fig. 1 Location of the Ni-laterite deposits studied in the Caribbean, schematic geological maps and field photographs depicting the mining pits of
Yamanigüey, in Cuba (a), and Loma Caribe (b) and Loma Ortega (c) in the Dominican Republic

Fig. 2 Powder X-ray diffractograms of saprolite from Yamanigüey (a),
Loma Ortega (b), and Loma Caribe (c, d). Mineral abbreviations from
Whitney and Evans (2010)
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Examination of one sample from Loma Ortega under the
Transmission Electron Microscope confirmed that it consists
mostly of lizardite with very few chrysotile tubes.

Observations under the optical microscope show that ser-
pentine forms yellowish rims around brown, rounded, silici-
fied Fe-oxyhydroxide cores, and fills micron-thick veinlets
(Figs. 3a–d). The examination under SEM confirms that ser-
pentine is Fe–Ni rich and therefore can be labeled as
serpentine II. These textures are in agreement with the
formation model described by Trescases (1973, 1979) and
Streit et al. (2012). Trescases (1973), in New Caledonia, ob-
served that serpentine in unweathered, serpentinized peridotite
(serpentine I) was colorless, whereas serpentine in the sapro-
lite (serpentine II) was strongly colored by Fe hydroxides,
despite showing the mesh texture intact. Furthermore,
Trescases (1979), on saprolite fragments from various Ni-
laterite localities, found that olivine, surrounded by serpentine
in a mesh arrangement, was replaced by Fe-oxyhydroxides,
and the serpentine mesh remained intact after olivine
weathering. Streit et al. (2012), when studying carbonatized,
serpentinized peridotites from Oman, described that Fe-rich

secondary serpentine, formed from a primary Fe-poor serpen-
tine, develops mesh textures around quartz and Fe-
oxyhydroxide cores, which were formerly olivine fragments.
The difference between Streit et al. (2012) and this study is
that the serpentinite from Oman did not undergo weathering
under lateritic conditions and therefore did not experiment Ni
enrichment from an upper horizon. The secondary serpentine
is Fe rich but with low Ni and comes from the alteration of a
Fe-poor serpentine precursor.

No traces of serpentine I were found in any of the four
studied samples. However, partially altered pyroxene and ol-
ivine relicts are in the Yamanigüey sample (Fig. 3e),
surrounded and crosscut by yellowish serpentine II (formerly
serpentine I), along fractures and cleavage planes.

As seen in Figs. 3f and 4 and Table 1, EPMA analyses
reveal a wide range of compositions with variable and
high Ni and Fe contents across the samples. A total of
14 EPMA serpentine II analyses from the Yamanigüey
sample show a variation from 5.26 to 13.48 wt.%
Fe2O3 (0.19–0.57 apfu Fe3+) and from 1.30 to
7.67 wt.% NiO (0.06–0.39 apfu Ni), and the average

Fig. 3 Optical and scanning
electron micrographs of typical
yellowish serpentine II mesh
texture surrounding brownish Fe-
oxyhydroxide and quartz rounded
aggregates of the saprolite
horizon: a–b plane polarized light
(a) and crossed polarized (b)
image of serpentine II from Loma
Ortega; c–d plane polarized light
(c) and detail backscattered
electron image (d) of serpentine II
(Srp II) and silicified goethite
(Gth) from Loma Caribe; e plane
polarized light (left) and crossed
polarized (right) images of
primary pyroxene (Px) and
olivine (Ol) relicts crosscut and
surrounded by yellowish
serpentine II in the saprolite
sample from Yamanigüey; f
backscattered electron image
depicting the high variation of Fe
and Ni contents in serpentine II
from Loma Ortega

Miner Deposita (2017) 52:979–992 983



structural formula is Mg2.40Fe
3+

0.35Ni0.11Si1.92O5(OH)4.
Twenty-three EPMA serpentine II analyses from the
Loma Ortega sample show Fe contents from 2.23 to
15.59 wt.% Fe2O3 (0.08–0.57 apfu Fe3+) and Ni contents
between 1.99 and 4.72 wt.% NiO (0.08–0.19 apfu Ni).
The average structural formula of serpentine II from
Loma Ortega is Mg2.50Ni0.13Fe

3+
0.24Si2.00O5(OH)4.

Thirty-nine EPMA serpentine II analyses were carried
out in the two Loma Caribe samples. Serpentine II has
3.84–13.51 wt.% Fe2O3 (0.14–0.50 apfu Fe3+) and 1.75–
7.00 wt.% NiO (0.07–0.28 apfu Ni), with an average
structural formula of Mg2.54Fe

3+
0.13Ni0.13Si1.95O5(OH)4.

These Ni and Fe contents are higher than those of ser-
pentine I from samples of less weathered saprolite rocks
collected at greater depths in the Ni-laterite profiles of
Yamanigüey, Loma Ortega and Loma Caribe (Fig. 4).
The composition of serpentine I from Yamanigüey ranges
from 3.55 to 5.81 wt.% FeO (0.14–0.24 apfu Fe2+) and
from 0.10 to 0.34 wt.% NiO (below 0.01 apfu Ni), and
the average structural formula from 10 analyses is
Mg2.73Fe

2+
0.07Ni0.02Si2.11O5(OH)4. Serpentine I from

Loma Ortega has 1.37–1.87 wt.% FeO (0.06–0.08 apfu
Fe2+) and 0.15–0.53 wt.% NiO (0.01–0.02 apfu Ni), and
the average structural formula from 12 analyses is
Mg2.63Fe

2+
0.24Ni0.01Si1.99O5(OH)4. In addition, one anal-

ysis of serpentine I from Loma Caribe was obtained, with
2.91 wt.% FeO (0.11 apfu Fe2+) and 0.62 wt.% NiO
(0.02 apfu Ni) and the corresponding structural formula
Mg2.67Fe

2+
0.11Ni0.02Si2.06O5(OH)4.

The high Fe contents in serpentine could be explained by
contamination of the analyses by micro- or nano-magnetite
inclusions. Magnetite usually forms during serpentinization
of ultramafic rocks: olivine in the presence of water is trans-
formed into serpentine and ferroan brucite, which in turn can
react with aqueous silica to become serpentine and magnetite
(Sleep et al. 2004).

However, magnetite was not detected by powder XRD or
when examining the samples under SEM and TEM. In addi-
tion, serpentines are not stoichiometric and displayed vacan-
cies in the octahedral layer (possibly as a consequence of
Mg2+–Fe3+ substitution). This non-stoichiometry was also ob-
served by Goligthly and Arancibia (1979) and Orberger et al.
(1990). Therefore, Fe is considered to be contained in the

Fig. 4 Comparison between the major octahedral elements (Ni–Fe (a);
Ni–Mg (b); Fe–Mg (c); Ni + Fe–Mg (d)) in serpentine II of the studied
samples from Yamanigüey, Loma Ortega, and Loma Caribe, compared
with serpentine I from other samples of the same occurrences, and the
data of serpentines I and II from Indonesia (Golightly and Arancibia
1979; Chen et al. 2004), and from New Caledonia (Pelletier 1996;
Chen et al. 2004). In (a), the curves indicate the general trend of the
analyses obtained in serpentines II from Yamanigüey (red), Loma
Ortega (yellow), and Loma Caribe (blue), and the corresponding arrows
mark the Ni–Fe-enrichment paths between serpentines I and II in each
deposit

b
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octahedral layer of serpentine. The relationship between the
octahedral cations (Mg, Ni, and Fe) is plotted in Fig. 4, which
includes data from serpentine I and II from Yamanigüey,
Loma Ortega and Loma Caribe and data from Golightly and
Arancibia (1979), Pelletier (1996), and Chen et al. (2004).
According to Fig. 4a, Ni and Fe in serpentine II from the
Caribbean are positively correlated. This correlation
indicates that serpentine II is enriched in Ni and Fe with
respect to serpentine I, and therefore the incorporation of Fe
and Ni can be linked to weathering. Furthermore, the slope is
steeper in Loma Caribe than in LomaOrtega and Yamanigüey.
This indicates that Ni increases more rapidly than Fe in
serpentine II from Loma Caribe than in the other two
occurrences. This was also observed by Golightly and
Arancibia (1979) in serpentine II from Indonesia. The results
are comparable to serpentine II from the literature, although
serpentine II from Indonesia have a narrower range of Fe

contents (Golightly and Arancibia 1979), whereas those from
New Caledonia display a wider range of Fe and Ni contents
(Pelletier 1996).

Figure 4b–d displays a negative correlation between Ni and
Mg, between Fe and Mg, and between Ni + Fe and Mg, re-
spectively; this correlation is better defined in the Ni + Fe–Mg
diagram (Fig. 4d). The steepest slopes are for serpentine II
from Loma Caribe (Fig. 4b) and Loma Ortega (Fig. 4b, c).
The Ni–Mg data from Loma Ortega and Loma Caribe are
more similar to those of Golightly and Arancibia (1979) and
Pelletier (1996) than those from Yamanigüey (Fig. 4b). In
contrast, the Fe–Mg data from Yamanigüey are close to those
of Pelletier (1996) whereas Fe–Mg data from Loma Ortega
and Loma Caribe are similar to those of Golightly and
Arancibia (1979). The negative correlation confirms that Ni
and Fe exchange for Mg in the octahedral layer of the serpen-
tine structure.

Table 1 Representative analyses obtained by EPMA in Fe–Ni-serpentines from Loma Ortega and Loma Caribe (Dominican Republic) and
Yamanigüey (Cuba) in weight percent and corresponding structural formulae calculated on the basis of seven oxygens

Locality Loma Ortega Loma Caribe Yamanigüey Indonesia New Caledonia

Label LO-28 LO-34 LO-17 LC-151 LC-107 LC-112 YAM-9 YAM-179 YAM-183 Table 2-2 Tiebaghi-N-S1

SiO2 38.56 41.86 44.79 41.54 38.39 41.78 40.47 31.75 37.07 41.16 36.27

TiO2 <0.01 0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 0.02 0.02 −
Al2O3 0.02 <0.01 0.07 0.02 0.02 0.02 0.01 0.01 0.43 0.39 −
Cr2O3 0.01 0.01 <0.01 0.04 0.02 0.02 0.05 0.03 0.04 0.00 −
Fe2O3 15.59 6.67 2.23 3.84 6.22 12.07 5.26 12.80 8.91 4.40 10.56

MnO 0.08 0.11 0.04 <0.01 0.05 0.07 0.02 0.07 0.07 0.12 −
CoO 0.03 <0.01 <0.01 0.07 0.01 0.02 <0.01 <0.01 <0.01 − −
MgO 32.12 35.19 37.29 38.14 32.88 23.61 36.98 26.13 31.58 33.94 16.87

NiO 2.15 3.27 3.49 1.91 2.91 7.00 2.00 2.21 2.22 3.60 5.40

CaO 0.04 0.03 0.01 <0.01 0.12 0.29 0.02 0.06 0.05 0.04 −
Na2O 0.01 0.01 0.03 <0.01 0.02 0.15 <0.01 <0.01 <0.01 − −
K2O <0.01 <0.01 <0.01 <0.01 <0.01 0.09 <0.01 0.03 <0.01 0.00 −
Total 88.61 87.17 87.95 85.58 80.65 85.12 84.81 73.09 80.39 83.67 69.10

Si 1.868 2.000 2.081 1.992 1.984 2.109 1.971 1.870 1.936 2.034 2.228

Ti − 0.000 − 0.001 − − − − 0.001 0.001 −
Al 0.001 − 0.004 0.001 0.001 0.001 0.001 0.001 0.026 0.023 −
Cr 0.000 0.000 − 0.002 0.001 0.001 0.002 0.001 0.002 0.000 −
Fe3+ 0.568 0.240 0.078 0.139 0.242 0.459 0.193 0.567 0.350 0.082 0.244

Mn 0.003 0.005 0.001 − 0.002 0.003 0.001 0.003 0.003 0.005 −
Co 0.001 − − 0.003 0.001 0.001 − − − − −
Mg 2.319 2.506 2.582 2.726 2.533 1.777 2.685 2.294 2.459 2.500 1.545

Ni 0.084 0.126 0.130 0.074 0.121 0.284 0.078 0.105 0.093 0.143 0.267

Ca 0.002 0.001 0.001 − 0.007 0.016 0.001 0.004 0.003 0.002 −
Na 0.001 0.001 0.003 − 0.002 0.015 − − − − −
K − − − − − 0.006 − 0.002 − 0.000 −

Selected data from Indonesia (Golightly and Arancibia 1979) and New Caledonia (Pelletier 1996) are included for comparison

apfu atoms per formula unit (atomic concentration)
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Thermodynamic modeling

Thermodynamic data selection for serpentines

The solubility constants for serpentine II depend on their com-
position in terms of Mg, Ni, and Fe(III) contents. These ser-
pentines can be described as a solid solution between three
end members: a pure Mg, a pure Ni and a pure Fe(III) serpen-
tine. Assuming that the solid solution is behaving ideally
(Boschetti and Toscani 2008), the equilibrium constant of ser-
pentine of a given composition can be calculated following
Eq. 5, where Ki is the equilibrium constant of end member i
(Mg-, Ni-, or Fe(III)-end members) and χi, the molar fraction
of this end member in the serpentine.

logK* ¼ ∑i¼n
i¼1χilogKi þ ∑i¼n

i¼1χilogχi ð5Þ

Lizardite (Mg3Si2O5(OH)4) is taken as the Mg-end
member. ThermoChimie v.9 database (Giffaut et al.
2014) provides a logK0 value of 33.100 (±0.900) for
reaction 6 at 25 °C and 1 bar. Thermoddem database
(Blanc et al. 2012) gives a logK0 value of 32.82 for
the same reaction, which falls within the uncertainty
range of data of ThermoChimie. Golightly (1981) re-
ported a ΔG0

f for lizardite of −4036.51 kJ/mol from
data of Luce (1971), very similar to the value provided
by Wilson et al. (2006) of −4040.2461 kJ/mol. Blanc
et al. (2015) reported a ΔH0

f value of −4362.00 kJ/
mol (±3.0) and a S0 of 216.30 J K−1 mol−1 (±0.8) for
lizardite, both values from Evans (2004) and Robie and
Hemingway (1995). The logK0 (reaction 6) values cal-
culated from these thermodynamic and auxiliary data of
ThermoChimie v.9 database are 32.45, 31.79, and
33.08, respectively, being close to the value selected
from ThermoChimie.

Mg3Si2O5 OHð Þ4 þ 6 Hþ ¼ 3 Mg2þ þ 2 H4SiO4

þ H2O ð6Þ

The Ni-end member is népouite (Ni3Si2O5(OH)4).
Few logK data are reported in literature for népouite
solubility (reaction 7) at 25 °C and 1 bar. Golightly
(1981) provided a ΔG0

f for népouite of −2881.93 kJ/
mol , f rom ext rapo la t ion of exper imen ta l da ta .
Boschetti and Toscani (2008) selected the ΔG0

f value
of −2893.24 kJ/mol and logK0 (reaction 7) of 16.80 of
Mondesir and Decarreau (1987), which came from sol-
ubility data of a synthetic népouite measured at 25 °C.
Ga l í e t a l . ( 2012 ) e s t ima t ed a ΔG 0

f va lue o f
−2866.69 kJ/mol following Nriagu (1975) approach

from which they calculated a logK0 (reaction 7) of
21.4688.

Ni3Si2O5 OHð Þ4 þ 6 Hþ ¼ 3 Ni2þ þ 2 H4SiO4

þ H2O ð7Þ

Following previous authors (Wicks and Plant 1979;
Evans 2008; Evans et al. 2009), Streit et al. (2012) pro-
po s ed a pu r e Fe ( I I I ) - e nd membe r o f f o rmu l a
Fe3+2Si2O5(OH)4, which differs from greenal i te
(Fe2+3Si2O5(OH)4) in the sense that Fe is +III instead
of +II. Thermodynamic data of Fe(III)-serpentine in the
literature is scarce. As experimentally derived thermody-
namic data of Fe(III)-serpentine were not available, Klein
et al. (2009) reported a ΔG0

f value of −2963.77 kJ/mol,
estimated with the Chermak and Rimstidt (1989) polyhe-
dral sum approach. No logK0 values for reaction 8 have

Fig. 5 a Histogram showing the logK0 values calculated for the
serpentine II compositions analyzed with EPMA. b Average, minimum,
and maximum logK0 values calculated for serpentine compositions of
Loma Ortega, Loma Caribe, and Yamanigüey Ni-laterites and for
serpentine compositions from Indonesia and New Caledonia (Golightly
and Arancibia 1979; Pelletier 1996, respectively)
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been found in literature.

Fe3þ2Si2O5 OHð Þ4 þ 6 Hþ ¼ 2 Fe3þ þ 2 H4SiO4

þ H2O ð8Þ

Available ΔG0
f values for népouite and Fe(III)-serpentine

in the literature are estimated following different methods.
The estimations proposed in Nriagu (1975) and Chermak
and Rimstidt (1989) are statistical methods that describe the
thermodynamic functions as a linear combination of one or
several chemical and physical variables (Blanc et al. 2015).
However, there are other methods that estimate thermodynam-
ic values by using empirical parameters in the prediction cal-
culations such as the Pauling electronegativity (Blanc et al.
2015). One of these methods was proposed by Vieillard
(2000, 2002) which estimates the Gibbs free energy from the
electronegativity difference concept for hydrated and
dehydrated clays. Recently, Blanc et al. (2015) presented a
model for estimating the enthalpy of formation based on site
specific interactions that uses an electronegativity scaling of
the excess energy (Viellard 1994a, b) and a model for
predicting entropies, based on the polyhedral decomposition
method.

In order to increase the internal consistency of the database
used in this study, ΔG0

f values for népouite and Fe(III)-ser-
pentine have been estimated following the approach of Blanc
et al. (2015).ΔG0

f values estimated by interpreting equations
of Blanc et al. (2015) and using auxiliary data from
Thermochimie v.9 were −2884.8 kJ/mol for népouite and
−2894.7 kJ/mol for Fe(III)-serpentine. Given thatΔG0

f values
for kaolinite and greenalite estimated with Blanc et al. (2015)
were −3794.01 and −2996.50 kJ/mol respectively, which only

differ 0.3 and 6 kJ/mol from values reported in ThermoChimie
v.9 for kaolinite (−3793.715 ± 4.100 kJ/mol) and greenalite
(−3002.910 kJ/mol, uncertainty not specified), an uncertainty
of 10 kJ has been assigned to the estimated ΔG0

f values.
LogK0 for reactions 7 and 8 calculated using auxiliary data
from ThermoChimie v.9 were 19 ± 4 and −1 ± 4, respectively.

Solubility constants for all serpentine II analyses were
then calculated using Eq. 5. Calculated values range from
31.4 ± 0.9 to 25 ± 1 and correspond to those samples
with higher and lower Mg respectively. Most of logK0

values are in the range between 28.0 and 32.0, with an
average of 29 ± 1 (Fig. 5a). No significant differences in
logK0 values have been observed between serpentines of
Loma Ortega, Loma Caribe and Yamanigüey, which is
coherent with the low variation of serpentine composi-
tions among the three localities (Fig. 5b). In addition,
logK0 values calculated for serpent ines II from
Indonesia reported in Golightly and Arancibia (1979)
are also within the range of values calculated for
Caribbean serpentines, and similar to the values calculat-
ed for the samples from New Caledonia of Pelletier
(1996). The minimum logK0 value obtained in a serpen-
tine from Pelletier (1996) corresponds to an analysis of a
serpentine II with extremely low Mg content in compar-
ison with the other samples provided by Pelletier (1996).
Taking into account that calculated logK0 values for the
different serpentines are all within a narrow range
(31.4 ± .0.9 to 25 ± 1), only three samples have been
selected to carry out the thermodynamic calculations.

T h e a n a l y s i s L C - 1 0 7 f r om L om a C a r i b e
(Mg2.625Fe

3+
0.166Ni0.126)Si2O5(OH)4) with a logK0 of

29.4 ± 0.9 has been selected as representative of the most
common serpentine composition. The analysis LO-17 from

Table 2 Chemical water analyses of the Falcondo Ni-laterite (Dominican Republic) obtained from Landauro Sotelo (2008)

A1a A2a A3a A4a A5a A6a A7a A8a A9a

pH 8.57 9.07 8.82 8.76 8.73 8.28 9.17 8.89 9.26

Na 4.09 6.12 6.86 5.03 6.26 7.21 4.85 6.57 4.54

K 0.09 0.22 0.09 0.1 0.14 0.12 0.06 0.11 0.25

Ca 1.62 7.85 1.04 0.74 0.81 0.63 1.65 1.06 1.24

Mg 24.06 20.15 35.21 13.85 22.4 18.23 42.21 21.12 24.53

Cl 5.1 7.29 7.29 5.83 5.83 4.37 8.74 5.83 6.56

SO4
2− 26.59 13.58 4.39 11.45 6.19 5.41 2.13 2 17.95

HCO3
− 100.4 106.52 168.96 67.34 111.42 105.3 171.41 112.64 100.4

SiO2 35.89 32.02 54.82 26.5 27.1 26.31 48.92 26.74 34.4

P 2.54 3.06 4.57 2.92 2.52 2.53 4.01 2.9 3.39

Fe 0.2181 0.1968 0.1284 0.1243 0.1264 0.1468 0.1628 0.1004 0.1379

Mn 0.1288 0.07949 0.04374 0.0353 0.0244 0.01719 0.0188 0.01633 0.01257

Ni 0.1181 0.00887 0.02698 0.0178 0.01126 0.00253 0.02173 0.01629 0.0325

Concentrations are given in milligrams per liter
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Loma Ortega ((Mg2.776Fe
3+

0.056Ni0.140)Si2O5(OH)4) and the
analysis YAM-179 ((Mg2.321Fe

3+
0.382Ni0.106)Si2O5(OH)4)

from Yamanigüey, have been selected as representative of

the highest (31.4 ± 0.9) and the lowest logK0 (25 ± 1),
respectively.

Saprolite porewaters

Information on groundwater composition associated with the
saprolite horizon is scarce. Landauro Sotelo (2008)provided
chemical analyses of nine groundwater samples from the
Falcondo Ni-laterite deposit (Dominican Republic). The sam-
ples are from groundwater flowing through the saprolite hori-
zon (Table 2). pH values varies from 8.28 to 9.26. The most
abundant cations are Mg, Si, and Na, with concentrations
between 13 and 42 mg/L (~1 × 10−3 M), 25 and 55 mg/L
(~4 × 10−4 M), and between 4 and 7 mg/L (~2 × 10−4 M),
respectively. Nickel concentrations are between 2
(4 × 10−8 M) and 120 μg/L (4 × 10−6 M) while iron concen-
trations are between 100 and 220 μg/L (2 to 4 × 10−6 M).
Bicarbonate concentration is about 100 mg/L (~2 × 10−3 M)
and Cl− concentrations are between 4 to 9 mg/L
(~2 × 10−4 M).

Speciation calculations using PHREEQC v.3 and the
Thermochimie v.9 database (Giffaut et al. 2014) indicate that
the ionic strength values of the groundwater are between
2.0 × 10−3 and 5.0 × 10−3 mol/L (Fig.6a). C, Cl, S, N, and P
are mostly forming HCO3

−, Cl−, SO4
2−, and HPO4

2−, respec-
tively, although they also form soluble complexes with Mg,
Na, Ca, and in minor amount with Ni. Ca, K, Na, and Mg are
mostly presented in their free form as Ca2+, K+, Na+, and
Mg2+ although they secondarily form aqueous complexes
with CO3

2−. Ni is mainly as free ion Ni2+ but also forming
Ni(OH)2(aq) and Ni(CO3)(aq) aqueous complexes. Since no

Fig. 6 Ionic strength (mol/L) (a) and saturation indices of quartz and
calcite (b) of each porewater sample listed in Table 2. Dotted line in (b)
represents equilibrium

Fig. 7 Solubility of LC-117, LO-
17, and YAM-179 serpentines
calculated assuming Eh = 0.4 V
and Eh = −0.3 V in porewaters of
the Falcondo Ni-laterite
compared to Si, Mg, Fe, and Ni
concentrations measured in
porewater samples. Calculations
using the following
concentrations: [SO4

2

−]tot = 2.0 × 10−4 M;
[Cl−]tot = 2.0 × 10−4 M; [CO3

2

−]tot = 1.7 × 10−3 M;
[Ca2+]tot = 3.1 × 10−5 M;
[Mg2+]tot = 1.0 × 10−3 M;
[Si4+]tot = 3.6 × 10−4 M;
[Fe]tot = 2.5 × 10−6 M;
[Ni]tot = 5.5 × 10−7 M. Si, Mg, Fe,
and Ni concentrations are allowed
to vary in their corresponding
solubility diagrams
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redox data are available, the speciation of Fe cannot be com-
puted. Calculated saturation indices show that the waters are
near equilibrium with calcite and quartz (Fig. 6b).

Thermodynamic calculations

Figure 7 shows the solubility of serpentines LC-107, LO-17
and YAM-179 in saprolite groundwaters. Solubilities, in terms
of Si, Mg, Fe, and Ni aqueous concentrations, have been cal-
culated at Eh = 0.4 Vand Eh = −0.3 V with the corresponding
logK0 values. Concentration of other major components such
as carbonate has been considered equal to those of water sam-
ple A9a (Table 2), the groundwater with the highest pH.
Additionally, calculations have also been performed using
porewater composition of sample A6a (lowest pH) but no
significant differences arised. The solubility curves are com-
pared with Si, Mg, Fe and Ni concentrations measured in
saprolite groundwaters from the Falcondo Ni-laterite.

Solubility of serpentine decreases with an increase of pH
due to changes on Mg, Si, Fe, and Ni aqueous speciation
towards aqueous species less stable in solution, which are
Mg, Ni, and Fe carbonate and/or sulfate aqueous species at
near neutral pH and Mg, Ni, and Fe aqueous hydroxides at
higher pH. The solubility of serpentine II varies over several
orders of magnitude for small changes in pH, when pH is in
the range 7.5–8.5. This is evidence of the strong effect of
slight variations in pH on serpentine II solubilities. No signif-
icant differences are observed between solubilities calculated
at Eh = 0.4 Vand at Eh = −0.3 Vexcept for serpentine YAM-
179. This represents the serpentine with lower logK0, and
those with higher Fe(III) content. Solubility at Eh = 0.4 V is
lower than at Eh = −0.3 V, indicating that stability of serpen-
tine increases when redox values become more oxidizing.
This is consistent with the fact that these serpentines are richer
in Fe(III).

In Fig. 7, quartz solubility is shown. Si concentrations mea-
sured in groundwater fall close to the solubility of the different
serpentines (except that of YAM-179 calculated at 0.4 V) and
quartz, indicating that groundwater could be near equilibrium
with these minerals, as suggested by the saturation indices
calculated for groundwater samples (Fig. 6b). This is coherent
with the observation of quartz (mixed with goethite) replacing
olivine grains in the saprolite samples, surrounded by serpen-
tine (Fig. 3d).

In addition, Fig. 7 displays goethite solubility, calculated at
Eh = −0.4, −0.3, and 0.4 V, given the high dependence of
goethite solubility on this parameter. As can be seen, Fe con-
centrations measured in groundwater are similar to the solu-
bility of serpentine at the pH range measured in the field, but
also to the solubility of goethite at reducing Eh (−0.4 and
−0.3 V). Porewater samples are far from solubility of goethite
at 0.4 V. Therefore, it can be stated that the saprolite horizon of
the Falcondo Ni-laterite, where goethite and serpentine have

been observed close to equilibrium, must be under slightly
reducing conditions rather than under slightly oxidizing con-
ditions. Mg and Ni aqueous concentration are also close to the
solubility of serpentine calculated at −0.3 V.

Fig. 8 Eh(V)-pH predominance diagram of Fe (2.5 × 10−6 M). [SO4
2

−]tot = 2.0 × 10−4 M; [Cl-]tot = 2.0 × 10−4 M; [CO3
2−]tot = 1.7 × 10−3 M;

[Ca2+]tot = 3.1 × 10
−5M; [Mg2+]tot = 1.0 × 10

−3M; [Si4+]tot = 3.6 × 10
−4M;

[Ni]tot = 5.5 × 10−7 M, for samples LC-107 (a), LO-17 (b), and YAM-179
(c). Eh and pH values of porewater samples were calculated with
PHREEQC v.3 to be in equilibrium with serpentine and goethite
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Figure 8 shows the predominance diagram pH-Eh(V) (25 °C,
1 atm) of the Fe system for water compositions of the Falcondo
Ni-laterite deposit. The stability field for LC-107 sample,
representing the most common serpentine composition analyzed
(Mg2.625Fe

3+
0.166Ni0.126)Si2O5(OH)4), indicates that this phase is

stable at pH higher than 8.0 and Eh lower than −0.2 V. This
stability field slightly decreases for serpentines with composi-
tions similar to LO-17, that is with more Mg and less Fe(III)
((Mg2.776Fe

3+
0.056Ni0.140)Si2O5(OH)4) (Fig. 8). However, an in-

crease of Fe(III) in the octahedral sites such as in sample YAM-
179 ((Mg2.321Fe

3+
0.382Ni0.106)Si2O5(OH)4) significantly en-

hances the stability of serpentine towards higher, even oxidizing,
Eh values (Fig. 8).

The Eh value of each porewater sample has been calculated
assuming that porewater is simultaneously in equilibriumwith
goethite and serpentine II. In these calculations, performed for
LC-107, LO-17, and YAM-179 samples, pH has also been
recalculated to allow water to be in equilibrium with the min-
erals. Results (Fig. 8) show that pH should be between 8.0 and
8.5 and Eh between −0.24 and −0.31 V, in agreement with the
previous calculations.

According to the results presented here, which show agree-
ment between serpentine mineralogical characteristics, sapro-
lite horizon porewater analyses and thermodynamic calcula-
tions at 25 °C, the formation of a Fe(III)-Ni-bearing serpentine
in the saprolite horizon of a Ni-laterite deposit may take place
under atmospheric pressure and temperature, suggesting that
these processes can be occurring near the surface.

Conclusions

The detailed mineralogical study of the saprolite horizon of
Ni-laterites from the Caribbean region reveals that it is mainly
composed of lizardite surrounding silicified cores of Fe-
oxyhydroxides (goethite). Two serpentines are distinguished
by their composition: (i) serpentine I, with low Ni and Fe
contents, of hydrothermal origin and (ii) serpentine II,
enriched in Ni and Fe, and formed during lateritization by
exchange of Mg by Ni and Fe. A representative number of
EPMA analyses show that the Fe and Ni contents in serpen-
tine II range from 2.23 to 15.59 wt.% Fe2O3 and 1.30–
7.00 wt.% NiO, respectively. Ni contents considerably differ
from those in serpentine I (0.1–0.62 wt.% NiO) and reproduce
those of the primary minerals of the ultramafic protolith. Ni
and Fe in serpentine II display a positive correlation, whereas
the correlation of these two elements with Mg is negative.
This indicates the substitution of Mg by Fe(III) and Ni in the
octahedral position. This correlation is not found in serpentine
I, where Ni contents are low.

Thermodynamic calculations were carried out assuming
that serpentine II is the combination of three end members:
lizardite, népouite, and Fe(III)-lizardite. Following Blanc et al.

(2015) a logK0 value of 19 ± 4 for népouite (r.7) and of −1 ± 4
for Fe(III)-lizardite (r.8) have been calculated. These values,
together with logK0 of lizardite have been used to calculate the
solubility constants corresponding to the different serpentine
II compositions. Despite compositional variations of serpen-
tine II, logK0 only ranges from 31.4 ± 0.9 to 25 ± 1. No
significant differences are observed for logK0 from
Caribbean serpentines or even with serpentines II from the
literature.

The thermodynamic calculations performed with three dif-
ferent serpentine II compositions covering the range of logK0

calculated indicate that serpentine II solubility is highly de-
pendent on pH, especially in the range 7.5–8.5, while the
effect of Eh is negligible except for those cases with higher
Fe(III). In those cases, the stability field of serpentine II in-
creases towards oxidizing conditions.

Solubility calculations provide Fe, Si, Ni, and Mg concen-
trations similar to those measured in groundwater samples
from the saprolite horizon of the Falcondo Ni-laterite from
the literature. Eh and pH values of the porewater samples,
calculated assuming that porewater is simultaneously in equi-
librium with goethite and serpentine II, show that pH should
be between 8.0 and 8.5 and Eh between −0.24 and −0.31 V.

Geochemical calculations indicate an agreement between
serpentine mineralogical characterization, saprolite horizon
porewater analyses, and thermodynamic calculations at
25 °C, suggesting both that the formation of a Fe(III)-Ni-bear-
ing serpentine in the saprolite horizon of a Ni-laterite deposit
may take place under atmospheric pressure and temperature
and that these processes are currently occurring near the
surface.
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