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Abstract This study is devoted to understanding the impact of topography and hydrodynamics on
the formation of high-grade supergene nickel deposits. The investigation proposes a new conceptual
mineralization model that describes the formation of various exceptionally Ni-enriched hot spots observed
in lateritic profiles. Numerical analysis of the effects of local hydrodynamics on deposits formation is
performed by means of PHREEQC geochemical simulator and COMSOL Multiphysics software. These
are coupled through an iCP Java interface that allows to code their level of interaction and facilitates the
exchange of parameters. The model developed extends the currently existing geochemical formulation of
nickeliferous laterite formation from peridotite carried out in 1-D and is additionally capable of simulating
mass solute transport and geochemical processes within complex fractured-porous systems. The
simulations improve our understanding of metal enrichment in saprolite and bedrock zones. It was shown
that, although the initial development of nickel lateritic ores takes a few million years, they are prone to
relatively quick leaching and subsequent redistribution of Ni when the topography changes in response to
tectonic processes. The latter leads to the formation of rich nickel deposits at the bottom of the slope, mostly
due to leaching of the saprolite material. In addition to the role of changes in topography, the critical impact
of fractures and fracture networks on metal mobility and distribution was identified. The model developed
provides significant insight into the distribution of mineral resources, in particular Ni deposits, and can be
of great help for future mineral prospecting in industry.

1. Introduction
Formation of Ni laterite deposits from ultramafic bedrock is a complex geological process involving the inter-
play of tectonics, climate, hydrodynamics, and geochemical reactions (Butt & Cluzel, 2013; Golightly, 1981,
2010; Trescases, 1975). Indeed, the full complexity of chemical and physical phenomena is acting together
over millions of years to shape these composite systems and drive the exceptional Ni enrichment observed
locally along the soil profiles nowadays. Hydrolysis and redox reactions are responsible for the destruction
of the primary rock-forming minerals and the formation of the secondary minerals in the regolith. After
being released, the elements (e.g., Fe, Mg, Ni, and Si) are leached from the surface and later may be (i) pre-
cipitated in secondary minerals, (ii) held within the mineral crystal lattice, (iii) adsorbed at the surface of
minerals, and (iv) dissolved in solution, either solvated by the water molecules or “complexed” (Thornber,
1992). Depending on the physicochemical conditions, the superposition of these possible fates of nickel will
define the Ni mineralization.

With its intermediate behavior, being more mobile than iron and less than magnesium, Ni is often found
to be concentrated at the base of the lateritic profile and in the saprolite horizon, where it attains economic
concentrations (over 1 wt% of Ni). In New Caledonia, a typical lateritic profile begins at the top with the
laterite zone (Figure 1), which is mainly composed of iron oxyhydroxides (hematite and goethite). This
horizon is further replaced by the saprolitic zone that represents an intermediate state of the parent-rock
alteration and hosts the most concentrated Ni ores.
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Figure 1. Typical laterite profile of New Caledonia with different zones
developed on ultramafic rocks due to the weathering processes. (Modified
from Pelletier, 2003; Ulrich, 2010).

A currently existing principal genetic model for Ni ores in New Caledonia
is based on a classical per descensum fluid transfer process where most
elements (Mg, Ni, and Si) are leached from the surface (Pelletier, 1996;
Trescases, 1975; Troly et al., 1979). Transport of Ni is regarded as a chemi-
cally controlled gradual redeposition along the vertical flowline under the
propagation of acidic meteoric water. Nevertheless, a thorough structural
and mineralogical investigation over the last decades revealed a com-
plex influence of fracture networks, geomorphological development, and
topography on ore distribution (Chevillotte et al., 2006; Cluzel & Vigier,
2008; Leguere, 1976; Quesnel et al., 2017; Villanova-de-Benavent et al.,
2014). Some authors propose that neogenic tectonic activity facilitated
supergene alteration by promoting meteoric water circulation and con-
tributed to a local redistribution of nickel in the saprolitic level (Cluzel
& Vigier, 2008). Geometrical modeling of the lateritic cover at Koni-
ambo (west side of New Caledonia), correlated with the metal content in
drill cores, suggests an important influence of relief on laterite thickness
(Quesnel et al., 2017). In addition, the presence of local heterogeneities
in Ni enrichment within the profiles, namely, (i) concentric zonation of
Ni silicates (Cathelineau, Quesnel, et al., 2016) and (ii) garnierite veins,
as well as (iii) geological observations demonstrating that most of the
Ni-rich areas are often not spatially associated to the thickest lateritic
body, all together lead to the conclusion that formation of the Ni laterite
ore deposit has to be regarded as at least a 2-D process and current per
descensum model and, thus, should be revised.

To date, only two research papers have been published on reactive
transport modeling of the development of a nickeliferous laterites from
peridotite. The first attempts of making such a model for ultramafic envi-
ronment were performed by Domènech et al. (2017) and Myagkiy et al.

(2017) highlighting the main chemical retardation processes for Ni and reproducing in situ observations
of Ni enrichment in vertical lateritic profiles. Providing a detailed understanding of trace elements mobil-
ity and weathering process along with powerful chemical basis, these models, nonetheless, have a weak
point in their 1-D hydrodynamic part. Therefore, the idea of coupling the state of the art of the geochem-
ical model with relevant hydrodynamics became an objective of this work. Yet a few coupled geochemical
and fluid flow models have been developed to study hydrodynamic impact on locations of deposits in some
mineral-rich terrains in the world. Some examples concern the formation of gold (Zhang et al., 2008),
uranium (Aghbelagh & Yang, 2017), and Pb/Zn deposits (Hobbs et al., 2000) and do not concern ultramafic
environments. The models are generally studying simple hydrodynamics and restricted by one chemical
domain.

Here we test a new concept of ore genesis to explain metal enrichment in saprolite and bedrock by taking
into account preferential pathways (i.e., fractures), lateral transfers, and topographic influence during the
supergene alteration processes. The main objective of this paper is to provide an explanation for the local
mineralizing distributions of nickel and understand their driving forces. Therefore, 2-D reactive transport
simulations were conducted to assess these aspects based on a coupling approach between geochemistry,
hydrodynamics, and mass transfer. We present investigations of local hydrodynamics control on ore devel-
opment with particular emphases on (i) the conceptual model of laterite formation based on migration of
pH dissolution front within the ultramafic uplifted environment, (ii) nickel remobilization and subsequent
redistribution in a profile, and (iii) impact of topography and fractures on local mineralizing distributions.

2. Materials and Methods
2.1. Conceptual Model of Saprolitic Nickel-Ore Formation in New Caledonia
Formation of mineral deposits often results from interaction between several key processes including struc-
tural (faults, fractures, and topographic changes), hydrological (fluid flow), thermal (geothermal transport),
and geochemical (e.g., mineral dissolution and precipitation, adsorption, and substitution in the crystal lat-
tice) impacts. Lateritic Ni ore deposits in New Caledonia are not an exception. Here the stepped-land surfaces
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Figure 2. (a) Present-day unidimensional concept of redistribution of Ni deposits in uplifted profile according to Butt
and Cluzel (2013), and (b) proposed conceptual 2-D model with formation of different Ni mineralization hot spots after
tectonic uplift of regolith.

suggest that the weathering of laterites originally started on a landscape of low to moderate relief (Lower
Oligocene, 33.9 to 28.1 Ma) and further continued as these surfaces were uplifted (e.g., Chevillotte et al.,
2006; Sevin et al., 2012). A unidimensional concept of evolution of Ni deposits with their subsequent uplift
and redeposition was proposed in a work of Butt and Cluzel (2013). The model implies remobilization of Ni
from the oxide zone (laterite) of uplifted formation due to redissolution of Ni-bearing goethite and its sub-
sequent accumulation in hydrous Mg-Ni silicates deeper in the saprolite (Figure 2a). Nevertheless, none of
the present-day Ni ore genesis concepts takes into account the hydrodynamic control on Ni remobilization
that constitutes an important part of mineralization model.

Here we propose a renewed examination of the per descensum migration model based on a hydrodynamic
study at a deposit scale with the purpose of demonstrating the structural controls associated with the loca-
tion of nickel-bearing deposits. In coherence with Butt and Cluzel (2013) we assume the development of
lateritic and saprolitic horizons began on a flat relief with subsequent downward leaching of the compo-
nents. Then, in some stage of formation, regolith underwent the tectonic uplift that has led to rejuvenation
of the topography, formation of new sets of fractures, and, thus, change of hydraulic gradients. This latter
process has modified the behavior of the fluid flow and consequently the direction of chemical solution
drainage. As a result, the weathering of this complex system led to the formation of different locally observed
Ni enrichments. This way, the classical per descensum model was extended (Figure 2b) by integrating lat-
eral variation due to topographic effects, and the presence of preferential pathways, in order to address the
formation of local Ni mineralizations.

The mechanism accounting for the formation of the Ni-enriched hot spots is proposed to be the following.
The migration of meteoric fluid along the slope triggered the lateral transfer of mineral constituents, namely,
Ni, Si, and Mg, from the upper horizons. These successive dissolution-precipitation cycles driven by move-
ment of pH front eventually led to redeposition of Ni-bearing minerals in the direction of the flow and to an
increase of Ni grade in the saprolite, especially downstream of ridges and in low-relief zones. In addition,
the presence of preferential pathways within the bedrock resulted in partial migration of the fluid into these
highly permeable sites. Subsequent oversaturation of the solution with respect to pimelite within the frac-
tures contributed to the formation of high-grade Ni silicate ore. Another type of local Ni mineralization, also
closely associated with fractures network, was formed in joints within the peridotite blocks occurring within
the first hundred meters below the surface. This so-called target-like ore (Cathelineau, Quesnel, et al., 2016)
represents a concentric zonation of a pimelite and kerolite with the extension ranges from a few decimeters
to 1 m. The formation of this ore is closely tied to the fluid penetration and subsequent chemical alteration
of the individual blocks within the regular fractures network.
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The present mineralization model highlights critical control of geological structures on Ni ore development.
In the following, we will pay specific attention to understanding the above discussed local Ni-enriched hot
spots, namely, (i) topographically controlled increase of Ni grade in the zone of low relief, (ii) precipitation of
Ni-bearing pimelite within the fractures, and (iii) formation of concentric Ni-silicate ore under the control of
fracture networks. This numerical investigation will be performed through three separate multicomponent
reactive transport models accompanied by the appropriate hydrodynamic system. The models include the
analyses of (i) the lateral propagation of the dissolution front under the influence of a topographic gradient,
(ii) the impact of fractures on the fluid hydrodynamics along the profile and the subsequent remobilization of
nickel, and (iii) the effect of fracture network on weathering and successive dissolution-precipitation cycles
within the boulders. The results obtained provide detailed understanding of metal enrichment in saprolite
and bedrock and further support the presented concept of Ni ore genesis.

2.2. Physical Assumptions and Equations Governing Hydrodynamic System
Due to the complicated nature of an ore-forming process, it is very tough to simultaneously simulate the
entire mineralizing system and the model thus includes several assumptions listed below. First of all, we
neglect any mechanical or tectonic deformations that may occur during a mineralization event. Since the
timescale of synmineralization mechanical deformation is way shorter than that of deposit formation,
we assume that the synmineralization mechanical deformation divides the mineralizing system into two
episodes and separately simulate the cases without and with fractures. Assuming a typical intracontinen-
tal geothermal gradient of 30 ◦C/km (Fridleifsson et al., 2008) and the formation of deposits generally
within the first hundred meters below the surface, we neglect the temperature changes as its influence on
thermodynamic constants will be minor.

As long as the conceptual model is focused on redistribution of Ni minerals within the profile that happened
on a timescale after the tectonic uplift of weathered laterite, the system should have already undergone the
main mass losses of up to 80% due to the downward leaching of Ni, Si, and Mg. Together with short modeling
time of up to 500 years, it leads to negligible possible changes in porosity and permeability within the profile.
Thus, porosity and permeability changes over the timescale of the simulations are not taken into account.
We consider the water table to be close to the ground surface and limit our analysis to the fully saturated
region. The latter is justified in case of the wet rain forest settings such as New Caledonia, where pore space is
nearly saturated with water, even above the water table (Golightly, 2010). Finally, we assume the fluid phase
as an ideal mixing of highly diluted solutes so that liquid density and viscosity variations can be ignored.

A coupled model considers the concentrations of several aqueous species and is able to simulate both solute
transport processes, namely, advection and dispersion, and chemical reactions, such as dissolution, precip-
itation, complexation, and adsorption. Equations that govern the hydrodynamic system are represented by
the conservative solute transport equation that describes the time rate of change of solute concentration for
a single solute, continuity equation and Darcy flow equation:

In liquid phase,

𝜕(𝜙cl)
𝜕t

+ ∇ · (ucl) = ∇ · (𝜙Dl∇cl) + R∗
l . (1)

In solid phase,

𝜕((1 − 𝜙)cs)
𝜕t

= R∗
s . (2)

Continuity equation,

∇ · u = 0, (3)

where cl and cs are concentrations of chemical species per volume of fluid and solid, respectively (mol/m3),
u is the Darcy velocity (m/s), Dl is the local diffusion/dispersion tensor (m2/s), 𝜙 is the porosity (m3/m3).

Darcy flow is defined as follows:

u = −k
𝜇
· (∇p − 𝜌g), (4)
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Table 1
Physical Parameters Applied in Simulations

Parameter Symbol Value
Dynamic viscosity 𝜇 10−3 Pa·s
Temperature T 25 ◦C
Density 𝜌 103 kg/m3

Porosity: saprolite, laterite 𝜙1 0.4
Porosity: bedrock 𝜙2 0.1
Porosity: fracture 𝜙3 1
Permeability: saprolite, laterite k1 10−13 m2

Permeability: bedrock k2 10−15 m2

Permeability: fracture k3 10−5 m2

Constant injection rate Q0 6.3 × 10−8 m/s
Hydraulic head: upslope H1 70 m
Hydraulic head: downslope H2 20 m
Length L 140 m
Pressure: fracture P 3 × 105 Pa

where k stands for the intrinsic permeability tensor of the medium
(m2), 𝜇 denotes the dynamic viscosity (Pa·s), p refers to the liquid pres-
sure (Pa), 𝜌 is the liquid density (kg/m−3), and g is the acceleration of
gravity (m2/s2).

Note that the reaction terms R∗ in equations (1) and (2) take into account
concentration changes due to surface complexation mechanism, equi-
librium reactions, and kinetic dissolution of primary rock (see details in
section 2.3).

The studied hydrodynamic system reproduces typical laterite profile
after the formation was uplifted. Four zones with different hydrody-
namic parameters are explicitly defined in the simulation, namely,
laterite, saprolite, bedrock, and fracture (Figure 2). In New Caledonia,
permeability values in the saprolite and laterite layers are high. The
present-day permeability values for the coarse saprolite of New Caledo-
nia have been estimated at around 10−13 m2 (Join et al., 2005). Apparent
intrinsic permeability of the ultramafic fractured bedrock was chosen
to be about 10−15 m2 but is highly dependent on the fractures density
(Jeanpert & Dewandel, 2013; Join et al., 2005). Centimeter-thick frac-
tures presented within the bedrock of New Caledonian profiles were
assumed to have the permeability of 10−5 m2 in accordance with the

cubic law, implying that transmissivity is proportional to cube of the aperture. Further, the local dispersion
tensor is assumed to be constant and homogeneous. It will be fixed to 4 × 10−7 (m2/s). The main physical
parameters used in the model are listed in Table 1.

Incoming solution that reproduces the atmospheric precipitation (rainwater) was introduced at the geomet-
rical top and along the slope of each modeling case as a constant recharge rate boundary. It has a chemical
composition of a slightly acidic tropical rainwater with pH= 5.6 due to its equilibrium with atmospheric CO2
(see Myagkiy et al., 2017, Figure 3). For our simulations the value of 2,000 mm/year of the rainfall was cho-
sen as acceptable in accordance with Butt and Cluzel (2013). The boundary conditions imposed on the left
and right parts of the simulated domain were hydraulic heads with the corresponding values of topographic
dimensions. Solution, entering the system from the right boundary in a case of sloped uplifted regolith, is
represented in simulations by the same chemical composition as rainwater. Natural recharge of this regional
groundwater flow is assumed to be at the topographic top of the simulated domain, so the modifications of
rainwater pH can be considered as minor. The bottom of the bedrock is represented by the flux insulation
condition, unless the modeling case where the fracture is introduced. In the latter situation, a pressure con-
dition is imposed at the end of the crack. Natural outflow of the fractured system is assumed to occur a few
hundred meters below the ground surface.

2.3. Geochemical System
The geochemical system reproduces typical laterite profile after the formation was uplifted (Figure 2). The
first simulated profile is represented by three different chemical horizons with corresponding mineralogical
composition of laterite, saprolite, and bedrock. The composition is taken in accordance with the results of

Table 2
Mineral Composition of Modeled Horizons

Zone Mineral Molar fraction
Laterite Goethite_Ni 1
Saprolite Olivine 0.184

Kerolite 0.389
Pimelite 0.146
Goethite 0.281

Bedrock Olivine 1

1-D model (Myagkiy et al., 2017) after 10 Ma of laterite development and
minerals are homogeneously spread within each horizon. Distribution of the
minerals in the chemical domains is the following: (a) lateritic zone is infilled
with Ni-bearing goethite; (b) saprolitic horizon, representing an intermediate
step in ultramafic rock alteration, is composed of Ni-rich silicates presented by
talk-like phases, goethite, and partially preserved olivine; and (c) the bedrock
is fully composed of fresh peridotite (olivine). Irregular boundaries between
the saprolite and bedrock layers are schematically represented in accordance
with in situ observations within the quarries of New Caledonia and caused
by the initial sets of fractures in the early stages of the ophiolite weathering
(Figure 2). Molar fractions of minerals presented in each chemical domain are
listed in Table 2.
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Table 3
Dissolution Reactions for Precipitating Minerals With the Corresponding Equilibrium Constants at 25 ◦C

Mineral Reaction Log K
Kerolite Mg3Si4O10(OH)2:H2O + 6H+ = 3Mg2+ + 4SiO2(aq) + 5H2O 25.79 (Stoessell, 1988)

Pimelite Ni3Si4O10(OH)2:H2O + 6H+ = 3Ni2++4SiO2(aq)+5H2O 11.46 (Nriagu, 1975)

Sepiolite Mg4Si6O15(OH)2:6H2O + 8H+ = 4Mg2++6SiO2(aq)+11H2O 30.44 (Stoessell, 1988)

Falcondoite Ni4Si6O15(OH)2:6H2O + 8H+ = 4Ni2++6SiO2(aq)+11H2O 12.31 (Nriagu, 1975)

Saponite-Mg Mg3.16Al0.33Si3.67O10(OH)2 + 7.32H+ = 3.16Mg2++0.33Al3++3.67SiO2+4.66H2O 26.25 (llnl.dat)
Goethite_Ni Fe0.98Ni0.03OOH + 3H+ =0.98Fe3++0.03Ni2++2H2O 0.53 (llnl.dat)
Quartz SiO2 =SiO2(aq) −3.99 (llnl.dat)

Complementary simulations introduce the presence of fractures in the bedrock. The fractures are modeled
as 2-D objects of 3.5-cm width which, thus, lead to some limitation on their presented number in a model
regarding the computational cost. First we simulate the impact of one fracture of 18 m long within the
peridotite on redistribution of Ni ore deposits in saprolite zone. Second, we introduce four fractures (3.5 cm
in width and 1.8 m in length) in a peridotite system that is reproducing the corestones alteration in a regular
fractures network within the bedrock horizon.

These latter simulations also have an additional chemical domain that is being computed within the frac-
ture. In initial state all the fractures are assumed to be void. The precipitation-dissolution processes are
activated in every model subdomain, namely, laterite, saprolite, bedrock, and fracture, and considered to
occur according to local equilibrium. Olivine composition in the model was selected according to Trescases
(1975) as follows: Mg1.82Fe0.17Ni0.01Al0.006SiO4 and assumed to be kinetically controlled during the simula-
tion. Specific dissolution rate for olivine was simulated in accordance with research papers of Pokrovsky
and Schott (2000) and Prigiobbe et al. (2009):

log(r) = −0.5pH − 6.64. (5)

The overall olivine reaction rate in the model was defined as follows:

R = r
(

A0

V

)(
m
m0

)n

, (6)

where R signifies the overall reaction rate (mol/L/s), r is the specific dissolution rate (mol/m2/s) extracted
from equation (5), A0 refers to the initial surface area of the solid (m2), V designates the volume of solution
(l), m0 represents the initial moles of solid, and m is the moles of solid at a given time. For a monodisperse
population of uniformly dissolving spheres or cubes, n = 2/3, since m is proportional to the volume, or r̃3

(here r̃ is the radius of the sphere or the side of the cube), while the surface area is proportional to r̃2. The
initial surface area of olivine was set to be 9.41 m2/kg.

Thermodynamic database for surface complexation of inorganic ions on goethite developed by Dzombak
and Morel (1990) was used in simulations. The surface complexation model was kept active in both laterite
and saprolite horizons where goethite is present since it was proved that adsorption has an important impact
on Ni and Mg mobility (Myagkiy et al., 2017). Chemical calculations were performed at 25◦C within the code
PHREEQC (Parkhurst & Appelo, 2013) associated with the llnl.dat thermodynamic database (Johnson et al.,
2000), that has been edited in order to account for garnierite minerals. The reactions involved in simulations
along with minerals allowed for precipitation-dissolution are listed in Table 3.

3. Numerical Model and Validation
The coupling between fluid flow and geochemistry was performed using iCP (interface
COMSOL-PHREEQC) platform for solving THC (thermo-hydro-chemical) problems (Nardi et al., 2014).
It unites the capabilities of both geochemical code PHREEQC (Parkhurst & Appelo, 2013) and the mul-
tiphysics software COMSOL Multiphysics v.5.1. The parallelization of chemical reactions is achieved by
grouping sets of nodes which are then solved on different threads. The reactive transport equations are
solved with a sequential noniterative approach that consists of separately solving the chemical equations
and the transport equations (see, e.g., Saaltink et al., 2001). The conservative multicomponent transport is,
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Figure 3. Simplified model used for validation of iCP results. The
dimensions are 20 × 30 m. iCP = interface COMSOL-PHREEQC.

thus, computed in the first step with COMSOL. Reactive chemistry is
evaluated by PHREEQC in a second step. In comparison with an exist-
ing iterative scheme, the used noniterative approach does not pose global
convergence problems. Nevertheless, it requires a strong control of the
time step connecting geochemical and hydrodynamic parts of calculation
in order to avoid huge operator-splitting errors (e.g., Barry et al., 1996;
Carrayrou et al., 2004; Jacques et al., 2006).

In this way, the correctness of the implementation was assessed by solv-
ing a benchmark scenario using iCP. This validation part was performed
on a rectangular 2-D domain with symmetry conditions on both sides in
order to obtain 1-D perpendicular flowlines (Figure 3). The results of iCP
have been compared to the same length column of 1-D reactive trans-
port model calculated with PHREEQC code alone, which in that case
was used to solve both transport and geochemical reactions. Observation
point was chosen to be at the last cell of 1-D flowline and at the lower
boundary in PHREEQC and iCP, respectively. The boundary conditions,
mineral composition of the domain, and the list of reactions were repro-
duced from the geochemical conceptual model of peridotite weathering
from Myagkiy et al. (2017), on a reduced timescale which was set as 108

s (3 years). Thereby, the chemical models and transport pathways were
identical in both iCP and PHREEQC simulations.

As the COMSOL Multiphysics is based on the finite element method the
concentrations were, therefore, calculated at the nodes. Each node con-

centration is further passed through the iCP interface to PHREEQC at every communication time step in
order to perform the chemical calculations. The validation of the algorithm prior to launching the modeling
exercise proved to be of critical importance in coupled simulations with iCP. Indeed, the use of a sequential
noniterative approach in combining of PHREEQC and COMSOL Multiphysics appeared to be sensitive to
the size of communication time steps and required particular attention.

Correct result was achieved with the size of the communication time steps of data exchange between physics
(i.e., COMSOL calculations) and chemistry (i.e., PHREEQC calculations), equal to 106 s. Infiltration of water
into the system led to the weathering of initially presented primary rock (olivine) to the secondary minerals:

Figure 4. Comparison of the results with iCP and PHREEQC observed at
the last cell of the column for the 1-D verification case. iCP = interface
COMSOL-PHREEQC.

goethite, pimelite, kerolite, and saponite. The evolution of paragenesis at
the outlet of the column over the studied time domain of 108 s can be seen
in Figure 4. The results computed with iCP were proved to closely match
the solution obtained by using PHREEQC. Further presented simula-
tions were then performed conserving the verified communication step.
In the following, three different Ni mineralization hot spots, presented in
section 2.1, will be investigated.

4. Results and Discussion
4.1. Two-Dimensional Reactive Transport Model of Saprolitic
Deposits Formation
Most of the lateritic nickel deposits in New Caledonia as well as in other
parts of the world provide classic examples of topographic control on
laterite and saprolite development (see, e.g., Golightly, 1979; Latham,
1986; Murphy et al., 2004). The topography of the ultramafic massifs
in the southern (Massif Sud) and western part (Koniambo massif) of
the main island, Grande Terre, results from the progressive uplift and
dismantling of a Tertiary plain (Trescases, 1975). The uplift may attain
a few tens or even several hundred meters of elevation, and terrane
often forms V-shaped mountain valleys with slopes of higher than 20◦.
The thickest nickel lateritic zones are usually preserved on fragments of
the uplifted and dismantled peneplain, generally located on topographic
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Figure 5. Propagation of pH front in saprolitic layer after (a) 50 years and (b) 100 years. Total Ni aqueous concentration (c) 50 years and (d) 100 years.
Distribution of total Ni content (in moles) within the (e) saprolitic and (f) bedrock horizons after 500 years. The incoming solution penetrates from the
geometrical top of the domain and on a slope, as well as from the right lateral boundary due the regional groundwater flow. The discharge zone is introduced
on the left boundary, in the zone of low relief. The arrows stand for flow vectors.

highs (Golightly, 2010). In opposite, thin and incomplete laterite profiles were found on low slopes and at
their base (Quesnel et al., 2017). In order to reveal the impact of topographic gradients on the formation of
laterite and distribution of saprolitic ore deposits, let us turn to the results of numerical modeling.

Physical dimensions of investigated regolith are introduced in Figure 5a. The inclination of the slope in the
simulation case was 22◦. At first approximation, the impact of heterogeneities (fractures) within the bedrock
is neglected, so the fluid flow in the lower layer (bedrock) is very slow compared to the upper saprolite
horizon. Due to the factthat geological horizons have different permeabilities (Table 1) and initial mineral
compositions (Table 2), they differ considerably in values of concentration changes in time. As it impacts the
visual scale, we permanently highlight the results of concentration in only one separate zone (e.g., Figure 5).
Having said that, it is important to note that the simulations take place in all the geological layers for each
modeling case presented in this paper.

The numerical problem has been solved with parallel direct sparse solver (PARDISO), with relative and
absolute tolerance of 0.01 and 0.001 respectively in this and following simulation cases. For the current case,
where fractures are absent, the size of simulation domains involved in calculation is composed of 678 nodes,
which conducts correct convergence of the simulations.

Figures 5a and 5b show the evolution of the pH front, which is the main governing parameter of elements
mobility upon the formation of Ni laterite deposits (Domènech et al., 2017; Myagkiy et al., 2017). Compared
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to the results of 1-D reactive transport model, which accounts only for vertical downward propagation of pH
dissolution front, one can notice that the migration of the pH in 2-D domain is in contrast tightly shaped
by the topographic gradients. Indeed, the result of present study indicates the downslope progression of
oxidizing fluid system, which propagates deeper into the formation with time (Figures 5a and 5b). Such
a topography-driven dissolution front movement is accordingly forcing the leaching and remobilization of
Ni-bearing minerals, previously accumulated in the upper part. The exportation of the soluble elements (Ni,
Mg, and Si) in this way should appear from the right to the left part of the profile, in a direction of flow
convergence.

The lateral movement of Ni in aqueous solution is shown in Figures 5c and 5d. It can be noticed that the most
intense weathering appeared upslope of the saprolitic horizon. The latter led to the progressive dissolution
of Ni-bearing minerals, namely, pimelite, due to the migration of pH front, and subsequent release of nickel
to the pore water where it is further transported toward a low relief zone to reach favorable conditions
for reprecipitation. As a consequence of this process, the downward movement of the Ni plume with time
displayed in Figures 5c and 5d would result in a constant depletion in nickel concentration within the upper
part situated under the lateritic cover. In contrast, transport of Ni with downward moving solution suggests
the future formation of most Ni concentrated zones in topographic lows. This downward leaching of the
components deeper into the saprolitic formation would also lead to faster development of residual laterites
in the upslope zone. It should be noted that compared to the amount of nickel contained in Mg-Ni silicates
the total nickel content in relics of olivine within the saprolitic layer was relatively small, so the Ni release
into pore water appeared mostly due to pimelite dissolution.

Such a lateral redistribution of the components that appears due to the successive dissolution-precipitation
cycles of the secondary minerals underlines its complete difference with classic vertical per descensum
model. Indeed, the classically accepted vertical representation for the development of lateritic profile implies
the formation and further development of Ni-silicate zones directly under the lateritic cover (Figure 2a). In
this case it would suggest that the most Ni concentrated locations should form straight under the thickest
laterite. In contrast, the 2-D mineralization model proposed in this work brings out topographic impact and
defines that the development of saprolitic zone and the highest Ni enrichment is shifted from the position
of the main lateritic body toward the topographic low. The latter is coherent with observations summarized
in Golightly (2010) and Quesnel et al. (2017).

Indeed, in a longer simulation time, extended to 500 years, a significant rise of Ni content in a zone of low
relief can be observed (Figure 5e). Highest Ni concentrations appear mostly along the slope surface and peak
in the lowest topographic part. Moreover, one can see an additional increase of Ni content corresponding
to an increase of olivine weathering within the bedrock horizon, in a direction from right to left away from
topographic maximum (Figure 5f). The latter phenomenon is explained by the flow convergence. The fluid's
maximum speed and circulation in this part has a direct control on the rate of weathering and leads to the
most pronounced development of secondary minerals, in particular pimelite toward the topographic low
(Figure 5f).

It is worth noting the minor impact of the lateritic cover, observed in the simulations during the formation
of Ni high-grade deposit. Surprisingly, it was established that only 0.02% of Ni deposits reconcentrated in
topographic minimum during the remobilization process was related to the dissolution of goethite in the
lateritic cover. Indeed, remobilization of nickel was found to be mostly occuring due to (i) redissolution of
secondary Ni-bearing silicates in the saprolite zone (about 60%), and (ii) dissolution of partly preserved in
this zone olivine (around 40%). In contrast with the conceptual model of Butt and Cluzel (2013; Figure 2a),
we observe that most of the material responsible for Ni redeposition comes directly from the saprolitic hori-
zon. In addition to the current modeling case, where pH of entering solution was close to meteoric waters,
that is, 6, a higher pH value of 9 was tested at the right boundary (Figure 5a). It was noticed that the value of
0.02% of nickel flux incoming from goethite increases approximately by factor 2 in such a case but still has
a minor effect in nickel reconcentration process.

The lateral redistribution of nickel may at least partially explain the geometry of the laterite nickel deposits.
Indeed, the simulation suggests that the fastest formation of laterite occurs on topographic highs with subse-
quent development of saprolitic zone in a downslope direction. Such an observation is coherent with recent
3-D geometrical modeling of lateritic covers along with the analyses of core samples at Koniambo massif
(Quesnel et al., 2017). Furthermore, the latter observations additionally proved that most of the Ni-rich zones
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form usually where laterite is thin or absent, while the areas with lowest Ni are located in topographic highs
under the thickest lateritic cover. It was additionally proposed by Quesnel et al. (2017) that this process of
nickel redistribution may have been enhanced by mechanical transport of laterite materials on the slopes.

The lack of Ni-grade distribution maps for such uplifted profiles complicates the direct comparison of mod-
eling data with in situ observations. Nonetheless, the results of simulations support the new conceptual
model of nickeliferous laterites formation through the consistent lateral transfers of nickel, first proposed
by Quesnel et al. (2017), and demonstrate that hydraulic gradient controls the migration of dissolution front
within the saprolitic layer. Moreover, the model developed determines the formation of Ni enriched hot spots
within the topographic low: (i) in the saprolite, due to the lateral progression and reconcentration of nickel
and (ii) in the bedrock due to the flow convergence and velocity increase enhancing the fluid-rock interac-
tions. The least Ni concentrated regions are then developing in the zones of topographic highs regarding the
downslope loss of nickel. It should be noted that there were no significant changes recorded in the amount
of precipitated Ni-bearing phases within the slope range of 20◦ to 30◦, common for New Caledonia. Thus,
to conclude the topographic features take an important part of mineralization model as they (i) govern and
shape the dissolution front propagation, (ii) control the directions of Ni redistribution, and (iii) guide Ni
exploration.

4.2. Impact of Fractures On Redistribution of Ore Deposits
The richest Ni silicate ore in New Caledonian Ni deposits occur in centimeter-thick fractures within the
bedrock and saprolite, located several tens of meters to hundred meters below the present-day surface. Com-
pared with saprolite that contains only 2–5 wt% Ni, garnierite veins may grade up to 25–40 wt% Ni. The
development of fracture sets enhances the infiltration and mobility of superficial waters and makes room
for new material to crystallize. The mineralization of preferential pathways as well as its impact on remo-
bilization of nickel from upper layers will be discussed in this section. For the sake of simplicity and for
illustrative purposes, only a single fracture will be considered and impact of fractures network connectivity
will be discarded.

In the simulation case that takes into account the fracture presence an additional refinement was required
along the fractures. Therefore, a study of mesh convergence was performed in order to check is there any
dependency of the results on different mesh sizes. Based on the convergence study, a triangular mesh with
2,712 nodes was chosen, which conducts correct convergence of the simulations.

Figures 6a and 6b display the redistribution of initially uniformly spread Ni-silicate within the saprolite zone
after 50 and 100 years. Flow vectors (arrows) show the influence of fracture presence on local hydrodynamic
system in terms of Darcy velocity field. The fracture impact is distinctly marked by the divergence of the flow
into two primary components. The first one moves the chemically active fluid with dissolved remobilized
Ni, Si, and Mg toward the preferential pathway. As a result, it leads to an increase of Ni concentration in
the vicinity of a fracture at the saprolite-bedrock interface (Figure 6b). Eventually, as the flow converges in
this zone the solutes propagate inward the fracture through successive dissolution-precipitation cycles. The
second component of the flow accordingly moves the solution in the direction of topographic low, downslope
where the subsequent increase of Ni content occurs. Such a formation of Ni mineralization hot spot was
discussed in the previous section case. It should only be noted that the redistribution in between the flow
components (and transport) depends on the position of the fracture, its length, and the location of aquifer
discharge defined by the value of hydraulic head at the fracture tip. Thus, lower the discharge than more
passive will be the preferential pathway impact on hydrodynamics. Nevertheless, the phenomenon stays the
same leading to both formation of deposits (i) in low relief zone and (ii) within the fractures.

The occurrence of relatively large amounts of nickel silicate in veins makes the investigation of
fracture-controlled tectonic drainage an important part of Ni mineralization model. In order to find out
how these deposits develop, let us turn to geochemical modeling outputs. The presence of the crack would
result in the increase of water infiltration and mobility of circulating fluids within and in the vicinity of the
preferential pathway. The latter respectively leads to a significant rise of the weathering rate in the bedrock
zone and results in a progressive dissolution of primary rock, that is, olivine. Indeed, as one can see from
Figure 6d olivine mostly dissolves along the fracture path with the highest rate of dissolution at the place
where the fluid enters the fracture. Subsequently, it results in a formation of secondary weathering prod-
uct, pimelite, which formation after 100 years of simulated time is demonstrated in Figure 6c. Therefore,
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Figure 6. Evolution of total Ni content in solid phase within the saprolite zone after (a) 50 years and (b) 100 years. (c) Ni content in pimelite after its
precipitation in the bedrock zone and in the vicinity of the fracture after 100 years, and (d) Ni content in olivine due to its dissolution within the bedrock zone
after 100 years.

the increase in the fluid velocity toward the fracture has a direct impact on the dissolution processes and
consequent formation of Ni deposits.

The incoming fluxes with dissolved Ni entering from different horizons were calculated and compared in
order to define the contribution of each geological layer into the formation of nickel ore deposits. Such a flux
with nickel dissolved that enters from laterite and bedrock geological layers was calculated through their
interface with saprolitic horizon. At the same time, the flux within the saprolitic zone was directly calculated
from the values of dissolution of Ni-bearing phases within this region. The results of calculation revealed
that 99.98% of Ni that found to be reprecipitated in the low relief zone (e.g., Figures 5e and 6b) was formed
due to the dissolution of olivine and secondary Ni-bearing mineral phases in the saprolite zone, while only
0.02% and 6 × 10−4% of nickel were related to contribution of laterite and bedrock horizons respectively
(Figure 7). To investigate further the input of the bedrock into the formation of deposits in fractures, we
compare the flux of dissolved nickel at the entrance of the fracture that comes from saprolite horizon, with
the flux of Ni dissolved in the bedrock zone and flowing to the fracture from the interface (fracture walls).
Such a comparison at the fracture scale shows that the income of Ni to the inside of the crack from the
bedrock represents around 4% out of total nickel source, while 96% of Ni comes from the saprolite horizon
(Figure 7). A denser fracture's network would lead to a drastic increase of the reactive surface area and,
therefore, further enhance the contribution of the bedrock dissolution to the formation of fractures infillings.

Figure 7. Comparison of fluxes with dissolved Ni that come from different
geological layers.

Additional cross sections through the fracture may give an insight into the
volumes and distribution of Ni ore within that zone. As discussed above,
the entrance of fluid in the crack leads to the transport of soluble compo-
nents, in particular Ni, from the upper saprolite horizon (Figure 7) which
results in subsequent oversaturation with respect to pimelite (Figure 8).
The effect is enhanced by the dissolution processes that occur on fracture
walls presented by olivine material. The impact of fracture presence on a
fluid velocity field and weathering rates is discussed above and may lead
to the additional enrichment in Ni through the advective/diffusive solute
transport from bedrock inward the crack. As a result we can observe pre-
cipitation of pimelite all along the fracture as displayed in Figure 8. In
spite of that, one can note a dramatic decrease in volumes of precipi-
tated material along the fracture's length. Indeed, most of the pimelite
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Figure 8. Precipitation of pimelite within the fracture. Data are presented
along the fracture length with time.

precipitation occurs at the very onset of the crack, especially in its first few
meters. Then, the amount of precipitated pimelite is gradually and non-
linearly reducing, while the difference in precipitation amounts between
the inlet of the fracture and its tip is further noted to grow with time
(Figure 8). Such a phenomenon is caused by the depletion of the dissolved
mineralizing components of the fluid at the entrance of the fracture and
further enhanced by more intense dissolution of olivine at the upper
fracture part (Figure 6d). Here again, the balance between precipita-
tion rate at the inlet and solute transport inward the fracture is strongly
driven by the value of hydraulic head at the fracture tip, and more uni-
form precipitation patterns could be observed depending on the flow rate
conditions.

Most cracks in New Caledonia are filled with Ni-Mg kerolite only (mod-
eled as pimelite, Table 3), have homogeneous green color, rich in nickel,
and most probably have been formed during one single episode of super-
gene enrichment (Cluzel & Vigier, 2008). Nevertheless, a recent study
of sets of fractures sealed with Ni-rich silicates and quartz, which gen-
erally occur within the fractured bedrock zone of the New Caledonian
regolith, revealed a more complex enrichment process through their mul-
tiple stage formation. It was inferred that most of the veins represented by
Ni-Mg kerolite accompanied by quartz-hematite material correspond to

the stages of cracking and sealing events that take place in preexisting fractures (Cathelineau, Myagkiy, et al.,
2016). The order of time needed to seal a reopened fracture with pimelite can be estimated in accordance
with following expression:

{
𝜙 = 1−𝜙inert −

∑Nm
i Vm,icm,i ,

𝜏 = 𝑓−1(cm,i)
(7)

where 𝜙 stands for porosity within the fracture, 𝜙inert denotes the volume fraction of nonreactive minerals,
set to 0 as we assume sealing only with pimelite, Vm is the molar volume of the reactive mineral (L/mol),
cm is the mineral concentration that should be expressed in moles of mineral per volume of porous medium
(mol/L), and 𝜏 is a time of mineral precipitation.

Once 𝜙 becomes equal to 0, the fracture is considered to be completely clogged. Thus, linear extrapolation
of the simulation results related to precipitation within the fracture (Figure 8) yields its estimated entire
clogging over around 150,000 years during the Ni stage (i.e., pimelite formation), assuming the density of
pimelite as 2.75 g/cm3 and, thus, its molar volume (Vm = M∕𝜌) as 0.19 L/mol. After, the fracture is meant
to be mechanically reopened again which leads to a new stage of mineral precipitations in it, as discussed
in Cathelineau, Myagkiy, et al. (2016). It is worth noting that this calculation represents a very first estimate
of time needed to seal the fracture since in real systems the permeability of fracture and hence the flux rate
through it are expected to reduce progressively with time due to pimelite precipitation.

To summarize, the occurrence of supergene nickel ore in fractures is a consequence of (i) nickel-bearing
fluid migration through a fractured rock with dissolved mineralizing components from saprolite horizon,
(ii) dissolution of bedrock reinforced by the presence of crack that leads to more intense weathering in its
vicinity zone, and (iii) precipitation of pimelite within the fracture. Moreover, the modeling results did not
reveal any noticeable chemical dissolutions in goethite-rich lateritic horizon thus making a conclusion that
its contribution in remobilized Ni enrichment is minor. The latter is in opposite to unidimensional concept
proposed by Butt and Cluzel (2013), which suggested reactivation of Ni from the oxide zone of uplifted
formation due to redissolution of Ni-bearing goethite and its following accumulation in hydrous Mg-Ni
silicates deeper in the saprolite zone. It is worth noting, however, that a part of Ni could be expelled from
oxides due to the goethite recrystallization during its aging process (Dublet et al., 2015), which cannot be
estimated as has not been modeled here.

4.3. Weathering of Peridotite Corestone Within the Set of Fractures. Target-Like Ore
The final model presented in this work is an investigation of the impact of fracture networks on weathering
processes and mineralizations, that occur within the bedrock horizon. More interestingly, this model can
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Figure 9. (a) Field occurrences of target-like ores and (b) representation of regular fractures network delineating
blocks or boulders within the bedrock.

easily explain the problem of silicate precipitation process in New Caledonia, namely, zonation in silicates.
First discriminated by Cathelineau, Quesnel, et al. (2016), similar to a shooting target and that is why it is
called “target-like” (Figure 9a), this mineralization is characterized by concentric mineralogical zoning that
consists of (from the edge to the center): (i) a highly oxidized and altered zone, (ii) a green Ni-rich pimelite
zone, (iii) a zone (limited to a few centimeters) with a mixture of Ni-poor kerolite and Ni-rich pimelite,
and (iv) a large white Mg-kerolite mineralization zone. Current genetic model of this concentric type of
ore proposes the oversaturation of the solution, with respect to silicate due to the water evaporation which
occurs when the water table level is low. In this way, increased activities of Ni, Mg, and Si in solution may
lead to pimelite and kerolite precipitation. In the present work, we propose an alternative formation model
of target-like ore based on direct supergene weathering of blocks under fully saturated conditions.

Representative element of regular fractures network used to simulate the formation of boulders is displayed
in Figure 9b. The rocky blocks are found within the first hundred meters below the surface and closely asso-
ciated with the mineralized fractures with pimelite infilling discussed in the previous section. The extension
of the blocks ranges from a few decimeters to 1 m. Initially, the modeled system represents a fully satu-

Figure 10. (a) Boundary conditions of the modeled representative element, dimensions 2 × 3 m. K and 𝜙 stand for permeability and porosity within the rock
(values are indicated in blue) and the fractures zone (values are indicated in red). (b) Weathering of peridotite corestone within the fracture network: olivine
dissolved, in moles, after 30 years. Red arrows represent the velocity fields. A cross section of this boulder structure, depicted above by a gray line, is shown in
Figure 11.
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Figure 11. (a) pH values and chemical composition of the fluid along a boulder cross section after 30 years. (b) Secondary mineral precipitations along a
boulder cross section after 30 years.

rated domain. It contains pure bedrock represented by olivine and four cracks delineating the weathering
block. The reactions involved in simulations along with minerals allowed for precipitation and dissolution
are listed in Table 3. The imposed boundary conditions are presented in detail in Figure 10a.

In Figure 10b, one can observe the result of a dissolution of the primary material in a block within the set
of fractures and subsequent boulder formation. After 30 years, around 2% of olivine was dissolved resulting
in precipitation of goethite, pimelite and kerolite. The impact of the crack system is direct, as it promotes
fluid circulation and weathering of the delineated boulder. Mineralization occurs toward the center of the
blocks with most intense weathering around the rim. Simulated paragenesis along a boulder cross section
(Figure 11b) reproduces perfectly the formation of concentric zonation of goethite and Ni-Mg silicates by
taking into account (i) the respective solubility product of pimelite and kerolite, (ii) the geometry of the
fracture network, and (iii) the solution flow along the fractures.

The precipitation sequence is explained by the pH dependence of the solubility of the minerals. As it is dis-
played in Figure 11, lower pH values of the fluid entering from the edges of the block result in the formation
of oxides (goethite) rim, which is followed by precipitation of Ni-Mg silicates, from less soluble pimelite to
more soluble kerolite. The sequence is controlled by thermodynamic constants that are listed in Table 3.

Concentration of Ni dissolved in solution has a shape which is similar to pH distribution along a boulder
cross section (Figure 11a). Indeed, being released by the dissolution of olivine, nickel attains its maximum
dissolved concentration at the center of the block with minimum values at the edges. The latter is caused by
the largest precipitation of pimelite at the external layer of the boulder (Figure 11b) that prevails over the
dissolution of olivine. On the contrary, aqueous silica concentration in solution is dramatically decreasing
toward the center of the block. Such an effect is enhanced by simultaneous precipitation of both pimelite and
kerolite in the vicinity of block center that leads to the minimum concentration of silica in this area. Finally,
Mg concentration should be in accordance with precipitation of kerolite (Figure 11b) and, thus, is expected
to decrease toward the center, where the largest precipitation of the kerolite takes place. However, the reverse
behavior is observed. Indeed, one can notice an apparent increase in concentration of magnesium from
1.12 × 10−4 up to 2.2 × 10−4 mol/L when approaching the center of the block (Figure 11a). The latter may
be explained by relatively low concentration of magnesium contained in incoming meteoric water solution
4.1 × 10−5 mol/L (see Myagkiy et al., 2017, Figure 3) that penetrates from the fractures into the delineated
boulder. Subsequent mixing of infiltrating fluid with a pore water in the boulder therefore results in observed
decrease in Mg concentration in the vicinity of the block rim.
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5. Conclusions
Presented mineralization model provides a new concept of ore genesis that explains metal enrichment in
saprolites as well as within the fractured bedrock zone, taking into account preferential pathways, lateral
movement, and topographic influence during the supergene alteration processes. In contrast to metallogenic
models developed for New Caledonian deposits, namely, per descensum formation with vertical downward
leaching of mineralizing components, it highlights a critical control of geological structures on Ni ore devel-
opment. This renewed examination based on a hydrodynamic and geochemical study allowed to provide a
numerical explanation of the distinguished in situ main Ni-enriched hot spots observed in the profiles of
New Caledonia. First, the simulations suggest that the lateral progression of the pH front in uplifted profiles
is tightly shaped by geometry of weathering zones and its propagation deeper in the saprolite leads to a faster
development of lateritic horizon upslope with subsequent leaching of soluble components, in particular Ni
in a downslope direction. The latter results in increase of the nickel content of the saprolite located in the
slope zones and topographic lows which further supports the concept of lateral Ni migration proposed by
Quesnel et al. (2017) based on the drill core data set coupled with 3-D geometrical model of nickel laterite
ore deposit. Second, the modeling revealed a direct impact of the presence of preferential pathways (frac-
tures) within the bedrock on redistribution of the flow and, thus, on transport of mineralizing components
with subsequent enrichment within the fractures. The phenomenon was additionally found to be enhanced
by the dissolution processes that occur in the vicinity of fracture and lead to the entrance of dissolved ele-
ments inward the fracture from the bedrock zone. Third, the modeling of a system reproducing the boulders
alteration demonstrated direct impact of the fractures network on the weathering and mineralization pro-
cesses within the delineated block. Moreover, the results of the mineral paragenesis within the boulder were
coherent with nature observations and allowed to propose a new model of concentric ore formation in a
fully saturated media.

To sum up, mineralizing processes including remobilization, chemical solution drainage, and ore formation
are strongly linked with the hydrodynamics of studied profiles. The present-day distribution of minerals
within the regolith of New Caledonia appears thus as the result of complex superimposed chemically and
structurally controlled processes acting simultaneously and shaping the Ni ore deposits to its current form.
The developed conceptual model is certainly simpler than the real flow system in the profiles but captures
the important overall features of the real system. Thus, the presented model further can be extended to a sim-
ulation of specific geological structures at the deposit scale and may be of great help in mineral prospecting
and forecasting the distribution of future resources by mining companies.
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