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ABSTRACT
The purpose of the study is to assess the risk associated with Nickel grades and geological
facies, which is performed using simulations.
In New Caledonia, the ophiolites were hydrated during the obduction. This hydration,
associated with a metamorphism, led to a serpentinization of the ophiolites. The peridotites have
been weathered under the tropical climate, which enriched the nickel along the weathering profile,
especially the saprolites.
In some parts of New Caledonia, the weathering is only partial, and in the saprolite horizon,
the coarse saprolite alternates with the fine saprolite, the laterite and the bedrock. In this deposit,
the description of the saprolites is made in one-meter intervals. Each lithology (laterite, fine saprolite,
coarse saprolite and bedrock) is represented by a proportion of occurrence within the meter, without
giving the exact location of the lithology inside the meter. From here, an explicit geological modelling
is difficult to achieve. Moreover, the proportion of each rock type is zero in more than 40% of the
samples, making conditional simulations difficult – a Gaussian anamorphosis is needed prior to
running the simulations, and this function must be bijective. A pluri-Gaussian approach is more
appropriate with a preliminary 10cm discretization of the samples: a unique lithology is assigned to
each 10cm sample. Then, the results of the pluri-Gaussian simulations are transferred to a 1m
support and the rock proportions are calculated for each meter. The risk associated with the
geological modelling is assessed from these pluri-Gaussian simulations.
The density is not constant in this orebody and depends on the lithology. Nickel
accumulations are calculated by multiplying the density with the nickel grade. A co-simulation of
nickel accumulation and density is run for each pluri-Gaussian simulation. A risk is assessed at this
stage and enables two levels of uncertainties: on grades and on geological modelling. These
uncertainties can change the decisions regarding pit limits and production schedule and,
consequently, impact financial outcomes.

INTRODUCTION
The geological modelling is a time-consuming step of the resources estimation process. It depends
on the geologist’s interpretation and it is nearly impossible to consider all possibilities: the resource
estimation work is only based on a single interpretation of the ore body. When the geology is
complicated, as for the New Caledonia nickel ore bodies, an explicit geological modelling is difficult
to achieve. An alternative approach is to do an implicit geological modelling.
Pluri-Gaussian simulations allow the consideration of a set of possible scenarios, and hence an
analysis of the risk associated with the geological modelling. Together with grade simulations, it
gives a sample group of possible realities.
The objective of this paper is to apply Pluri-Gaussian simulations and grade simulation to a nickel
ore body, to quantify the uncertainty in the nickel grades and prevailing facies. The study is run
with a dataset of 184 diamond drillholes. The outline is as follows: after a brief presentation of the
case study, the methodology is presented, and the results are analysed.

CASE STUDY DESCRIPTION
Regional and local geology
Renaissance’s Nickel laterite deposit is located in the north-eastern part of New Caledonia. New
Caledonia hosts the world’s third biggest nickel deposit, which covers one third of the main island
area. It represents the exposed portion of the Norfolk Ridge, a microcontinent that drifted from the
eastern Gondwanaland margin during the late Cretaceous. The weathering and alteration of this
ophiolites complex led to the enrichment in nickel by preferential migration of the other elements.
The importance of the alteration, also called serpentinization, depends on the presence of faults
and the distance to the obduction area. For Renaissance, the serpentinization is significant.
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New Caledonia has been exposed to tropical weather since 25 to 30 Ma (Fritsch and Bailly, 2014).
The primary minerals are dissolved until only iron oxides remain. The intermediate weathering
products are (from bottom to top, Figure 1):
•

Coarse saprolite, where the initial structure of the peridotite can be recognized

•

Fine saprolite or muddy saprolite, with high clay content. The silicates have been dissolved
and goethite gives a yellow brown color to the rock

•

Red laterite and limonite with high proportion of hematite. The structure of the peridotite
cannot be recognized anymore.

Figure 1: Schematic weathering profile of the New Caledonia peridotite (adapted from Pelletier,
2003)
In the area of the studied deposit, the weathering process associated with the serpentinization
leads to boulders of coarse saprolite surrounded by muddy saprolite, which is why geological
modelling of these facies is tricky.

Data
The area has been drilled since 1985. The drilling was firstly for exploration; in 2016, the drillhole
spacing was tightened to 20m by 20m (grade control drillholes) in order to be able to mine out the
ore body in 2018.
The study area is displayed Figure 2.
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Figure 2: Drillholes basemap with the study area contour (dashed line)
184 diamond drill holes, for a total of 4,997 metres drilled, were drilled in the area between 1985
and 2017 (Table 1), in two diameters NQ (48 mm) and HQ (63 mm) (Table 2).
Exploration
Étiquettes de lignes

Grade control

Drillholes number Total Length (m) Drillholes number Total Length (m)

1985 NQ

1

62

1986 NQ

24

896

1992 NQ

17

367

2000 NQ

4

80

2013 HQ

28

769

2014 HQ

16

382

2016 NQ

17

463

4

120

2017 total

33

797

40

1 061

2017 HQ

2

35

1

18

2017 NQ

31

762

39

1 043

Total
140
3 816
44
1 181
TABLE 1 – Summary of the length drilled and number of drillholes, by campaign and drillhole type
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Diameter Number

Metres
drilled (m)

HQ

47

1,204

NQ

137

3,793

Total

184

4,997

TABLE 2 – Summary of the length drilled by drillhole diameter
For each meter drilled, logging gives a description of the facies and their cumulated length within
the meter expressed as a proportion.
Multi-element analyses (nickel (Ni), cobalt (Co), iron (Fe2O3), magnesium (MgO), silica (SiO2),
chromium (Cr2O3), aluminium (Al2O3), manganese (Mn) and calcium (CaO)) are performed for
each facies within the 1 meter drilled. Since the fresh rock is not analysed, each meter drilled can
have analyses of 1 to 3 facies. Grade thicknesses, called GT, are calculated by multiplying the
grade by the dry density (Dsm3).
The mining company gives the mineralized envelopes, and estimations are computed within these
envelopes (with a cut-off grade of 1.6% Nickel for the saprolite and 1.3% Nickel for the laterite).
Dry density is calculated using formulas given by the mining company. The topographic profile is
measured by photogrammetry restitution.

METHODOLOGY
The purpose of this study is to simulate the geological facies laterite, fine saprolite, coarse saprolite
and fresh rock; calculate a volume of uncertainty; and estimate the nickel grade thickness of each
facies.
The main issue is the facies simulation as the facies are described by a proportion within each
meter. Due to the high proportion of 0% and 100% of the proportion of the facies within each meter
drilled (Table 3), the Gaussian anamorphosis cannot be bijective.
Coarse
saprolite

Muddy
saprolite

Fresh rock

Laterite

Percentage of sample
with a 0cm length

50

55

63

87

Percentage of sample
with a 100cm length

14

16

11

13

TABLE 3 – Statistics on facies percentages
To reduce the number of sample proportions equal to zero or one hundred, it’s possible to:
-

Regularize the data at 3m (height of the mining bench)

-

Discretize the data at 10cm: each 10cm interval contains a unique facies

The regularization is not useful in this case: the percentage of 0cm length or 300cm length
samples remains substantial (30% for the coarse saprolite and 38% for the muddy saprolite).
The study therefore proceeded with the discretization to 10cm intervals. This discretization is done
using an R script. The facies are allocated randomly along each meter, only constrained by the
total proportion. The final goal is a facies proportion within 3m-high blocks, which is why the exact
location of each facies within the meter is not critical and the discretization can be done randomly.
Then, pluri-Gaussian simulations allow simulating the facies on a 5x5x0.1m grid and give a set of
possible realities.
The following section presents the techniques used for this study. The steps are:
1. Discretization of the lithological data at 10cm intervals

5

2. Pluri-Gaussian simulations (PGS) of the facies on a 5x5x0.1m grid and post-treatment of
the simulations: calculation of the proportion on 3m block model support size (work on a
5x5x3m grid)
3. Co-simulation of nickel grade thickness (grade x density) and density on 3m block model
support size (Emery, 2009). The co-simulation of the nickel grade thickness is done by
facies in the entire block and then weighted by the facies proportion.
The PGS simulations and the co-simulations between nickel grade accumulation and density are
linked as follows:

Figure 3: Link between the pluri-Gaussian simulations and the nickel grade thickness and density
simulations
To summarize, the kth simulation of facies is linked with the kth co-simulation of nickel grade
accumulation and density.

Pluri-Gaussian simulations of facies
Main steps of the Pluri-Gaussian simulation workflow
Pluri-Gaussian simulation aims at generating realizations of a categorical variable, represented by
the truncation of one or more Gaussian random fields.
According to the spatial relationships and contacts between facies, a number of Gaussian random
fields and a truncation rule have to be defined. The thresholds of the truncation rule vary vertically
and laterally according to the local proportions of each facies.
Then, the spatial correlation structure of the Gaussian random fields is modelled.
Concerning the simulation, a set of Gaussian values is first generated at the data locations,
conditionally to the facies data, by Gibbs sampling. Once the Gaussian values corresponding to the
6

facies have been generated at data locations, the rest of the simulation procedure is done by a
turning bands process with conditioning
Finally, using the truncation rule, the simulated Gaussian values are converted into facies (Maleki
and Emery, 2014).

Application to the case study
Vertical proportions
Two tests are performed: without flattening the data (Figure 5) below the topographic surface, and
with a flattening (Figure 6). The vertical proportions are stationary only when the data is flattened.

Figure 4: Locations of the vertical proportion curves
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Figure 5: Vertical proportion without flattening
Proportions Curve #1 is from Area 1; Curve #2 from Area 2, etc.
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Figure 6: Vertical proportion with flattening below the topographic surface
Proportions Curve #1 is from Area 1; Curve #2 from Area 2, etc.

The proportions are horizontally stationary but fluctuate vertically. The global empirical proportion
curve is smoothed to only take only into account the major variations (Figure 7).
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Figure 7: Smoothed vertical proportions curve
Blue: fresh rock; brown: coarse saprolite; yellow: muddy saprolite; red: laterite

Truncation rule
Examination of the drillhole data indicates that laterite and muddy saprolite are in contact. Muddy
saprolite, coarse saprolite and fresh rock are also all in contact. In Pluri-Gaussian simulation, there
are two independent Gaussian random fields (Y1 and Y2), on which truncation rules are defined to
reproduce the contacts between rock types. To determine which truncation rule is best suited to the
data, a simple way is to examine the transition probabilities of rock-type (Table 4). These transitions
suggest the truncation rule displayed in Figure 8.

10

Ascending
probability

Descending
probability

Initial
facies

Nb
transitions

Fresh
rock

Coarse
saprolite

Muddy
saprolite

Laterite

Fresh rock

10 291

0.694

0.192

0.114

0

Coarse
saprolite

14 784

0.134

0.711

0.155

0

Muddy
saprolite

16 494

0.074

0.141

0.784

0.001

Laterite

6 674

0.002

0.002

0.012

0.984

Fresh rock

10 360

0.69

0.191

0.118

0.001

Coarse
saprolite

14 821

0.133

0.709

0.157

0.001

Muddy
saprolite

16 474

0.071

0.139

0.785

0.005

0.002

0.997

Laterite

6 588
0.001
0.001
TABLE 4 – Transition probabilities

Figure 8: Truncation rule
Blue: fresh rock; brown: coarse saprolite; yellow: muddy saprolite; red: laterite
s1 and s2 are the thresholds for the first Gaussian function and t for the second Gaussian Function

The first Gaussian variable controls the contact between the laterite and the muddy saprolite and
the contact between muddy saprolite and the group coarse saprolite and fresh rock. The second
one controls the limit between the coarse saprolite and the fresh rock.
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Variogram
An experimental variogram for each Gaussian variable is calculated and modelled (Desassis,
2015) (Tables 5 and 6), and then the variogram model of the Gaussian variable (Figure 9) is
directly deduced thanks to an R script (Desassis, 2015). The variogram models for the Gaussian
variables are horizontally isotropic (see Tables 5 and 6 for their full description). For validation
purposes, the indicator variograms and cross variograms are displayed with the theoretical
indicator variograms deduced from those of the Gaussian variables (Figure 9) (Armstrong, 2011).
First Gaussian Variable

Second Gaussian Variable

First
structure

Second
structure

First
structure

Second
structure

Variogram
type

K-Bessel

K-Bessel

K-Bessel

K-Bessel

Sill

0.196

0.804

0.395

0.605

Range U

1.637

48.238

2.956

6.755

Range V

1.637

48.238

2.956

6.755

Range W

1.314

48.238

0.924

9.094

Parameter
0.5
1
0.5
1
TABLE 5 – Variogram model for the first and the second Gaussian variable

Fresh Rock

Fresh
Rock
Coarse saprolite

Coarse
saprolite
Muddy saprolite
Muddy
saprolite
Laterite
Laterite
R®

Figure 9: Horizontal and vertical variogram for the facies indicators (in abscissa: distance from 0 to
400m, in ordinate: variogram value)
Dashed line: experimental variogram, solid line: converted model
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One hundred simulations were run.

Results
The 100 simulations give 100 possible geological interpretations (Figure 10).

Figure 10: Cross section of the first pluri-Gaussian simulation result

From the 100 simulations, it is possible to calculate the standard deviation of the proportions inside
each block (Figure 11). The low uncertainties on the facies proportions (low standard deviation) are
located in the well drilled area or in the area where the facies is continuous from one drillhole to the
next. These uncertainties can be used to plan a new drilling campaign and show where more
drillholes are needed for a better geological understanding.
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Figure 11: Cross section of the average standard deviation of the facies proportions
The saprolite volume is also calculated for each pluri-Gaussian simulation. The volumes fluctuate
between 730,000m3 and 840,000m3 with an average of 803,400m3, and a standard deviation of
20,000m3. Only the saprolite is mined out, the standard deviation of the saprolite (muddy and
coarse) giving more precision to the mining schedule and associated risk.

Direct block simulations of grade accumulation and density
Theory
For the direct block simulation, the algorithm used by Isatis® was developed by X. Emery (2009).
First, it requires the calculation of the change of support coefficient from the punctual regularized
Gaussian variogram (Emery, 2007). The block standard Gaussian variable corresponds to the
normal punctual regularized Gaussian variable:

𝑌𝑣 =

𝑌(𝑣)
𝑟

with 𝑌(𝑣) =

1

∫ 𝑌(𝑥)𝑑𝑥

𝑣 𝑣

and r change of support coefficient,
𝑌𝑣 standard Gaussian variable for the block,
Y(x) punctual normal Gaussian variable,
Y(v) block regularized Gaussian variable.

The steps are summarized below:
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Figure 12: Direct block simulation procedure

Application to the case study
The data is first transformed into normal scores.

Variogram

Coarse saprolite

Muddy saprolite

Laterite
Spherical Spherical

Variogram type

Exponential

Exponential

Range U

45

45

20

35

Range V

45

45

20

35

Range W

7

7

2

20

Sill GT Ni

1

1

0.3

0.7

Sill Dsm3

1

1

0.25

0.75

Sill GT Ni-Dsm3
0.4
0.58
0.2
0.25
TABLE 5– Variogram model for the coarse saprolite, the muddy saprolite and the laterite
Then, for each facies, the variogram of the normal scores is regularized to the block support
(5x5x3m) and modelled. Sixty-five simulations were run.

Results
For each realization, the recoverable nickel mineral resources above cut-off grades are calculated
(for confidentiality reasons, the numbers cannot be given). The expected recoverable mineral
resources are defined by an average over the realizations. Over the realizations, the metal quantity
ranges from 9% below the mean to 8% above the mean.
Grade tonnage curves can also be compiled and give a quick overview of the uncertainty (Figure
13). These curves can also be used for ore/waste selection and for finding the optimum cut-off
grades.
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Figure 13: Grade tonnage curves
The uncertainty on the average nickel grade is higher when the highest cut off grades are used.
With a cut off grade close to 0, the average grade of the ore body is quite certain. At those same
lowest cut off grades, the metal quantity fluctuates a lot. This difference is due to the PluriGaussian simulations: the saprolite volume changes from one PGS simulation to the next, and
each PGS simulation is associated with one grade thickness simulation. Two uncertainties are
cumulated: one coming from the PGS results and the other one coming from the grade thickness
simulation.
A scenario reduction (Armstrong, 2012) is run to select three simulations from the 65, in order to
have a simulation which illustrates the most representative scenario. The mining team can then run
the pit optimization using these three scenarios and see how the pit design fluctuates.

CONCLUSIONS
Obtaining uncertainty for the geological modelling and the grade estimation is an issue for many
geologists. In this study, two geostatistical models are used: the multi-Gaussian model to describe
the grade thickness and the pluri-Gaussian model to simulate the facies. The two models have
been set as independent. The benefit to use these two simulation types is to obtain an uncertainty
on both the saprolite volume and the grade thickness. This can be used for the mining team to do
risk analysis and work on pit design. This PGS approach also solves the issue arising from only
having facies data defined as percentages on sampled intervals. As a 10cm discretization is used,
the process is time- and space-consuming. Nevertheless, this method gives an uncertainty related
to the geology and allows assessing the risk associated with the mineralization, which is a great
benefit compared to implicit or explicit domain modelling where the error on the volume cannot be
assessed.
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