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Abstract

The N’Guérédonké deposit, Faranah Province (Republic of Guinea), is part of
the Leonian-Liberian crystalline shield, consisting of Archean granitoids and
greenstone formations with a syn-tectonic ultramafic intrusion. This complex
features a dunite core enveloped by wehrlite, pyroxenite, and gabbro, charac-
terized by significant Fe-T mineralization, particularly ilmenite and magnetite
in the southern pyroxenite unit, showing the highest TiO, grades. The study
uses Principal Component Analysis (PCA) on samples to identify correlations
among chemical elements. Three main components accounted for 77.01% of
the variance (PC1, PC2, PC3), indicating key lithological signatures. K-Means
clustering identified four distinct clusters related to lithological characteristics;
Cluster 1 as fresh unaltered rocks, Clusters 2 and 4 are associated with Fe-Ti
ore whereas Cluster 3 represents alteration patterns with Clusters 2 and 4 iden-
tified as priority targets for Fe-Ti ore. NGU has characterized a unique signa-
ture of Fe-Ti oxides in ultramafic deposits, such as titaniferous magnetite and
chromite spinels, through Fe, Ti, and Cr correlations. Late mobilization of Cu
and Zn suggests magmatic fractionation, with a notable negative correlation
between SiO, and Fe (—0.88) indicating fractional crystallization. The study
identifies various clusters based on geochemical analyses, with Cluster 1 re-
flecting primary lithology and Cluster 3 relating to hydrothermal alterations.
Exploration is guided by understanding geochemical complexity in ultramafic
deposits.
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1. Introduction

The N’Guérédonké ultramafic (NGU) intrusion (Figure 1) is situated within Ar-
chean amphibolite gneiss and stretches along a presumed shear zone. The intru-
sion extends 7 x 0.9 km of NW-SE strike (840 m above sea level), while the entire
inferred shear zone has a total strike length of 60 km [1]. Recent mining explora-
tion from BRGM (Bureau de Recherche Géologique et Miniére) and AMER (Af-
rica Middle East Resources LTD), a Dubai based company, has notably improved
the general knowledge and availability of certain quantities of geological data on
the N’Guérédonké ultramafic complex (4 km strike at NW part of the recognized
NGUC accounts for the current study). The original nature of magma remains
elusive to direct study and observation. However, the lavas available for analysis
are believed to reflect the composition of their source rocks, shaped by the physi-
cochemical properties prevailing within thermodynamic envelopes. The compo-
sition of magma is primarily determined by two factors: the types of elements pre-
sent and the general environmental conditions [2]. To better understand ultra-
mafic deposits, it is essential to employ multiple methods beyond petrographic
and lithological descriptions. During a mining exploration program or the exploi-
tation of a deposit, large datasets (geochemical, lithological, alteration, structural,
etc.) are produced. These tens of thousands of collected data represent an individ-
ual observation. Manual analysis of such large dataset is tedious and complex [3].

Statistical analyses, including parameter determination, correlation matrix cal-
culations, and multivariate techniques such as Principal Component Analysis
(PCA) and K-means clustering, provide alternative insights into geological organ-
ization. Multivariate statistical methods aim to group samples based on common
characteristics; these geochemical features they share are also defined by statistical
techniques [3]. They reorient these data into a mathematically robust and con-
sistent model so that the best of the variances is observed [3]. The aim of this study
was therefore to offer an alternative explanation of the geological construction of
the ultramafic body and its mineralization, using chemical rather than petro-

graphic criteria.

2. Geology

The N’Guérédonké deposit is in the Faranah Province of south-central Guinea,
approximately 365 km east of Conakry. This deposit is found within the Leonian
-Liberian crystalline shield and consists of the Archean Dabola and Kambui gran-
itoids along with greenstone formations. The geological units in the region pri-
marily consist of Early Proterozoic metasomatic and intrusive rocks that have in-
truded into the granite and gneiss basement from the Late Archean and Early Pro-
terozoic [1]. The N’Guérédonké intrusion is regarded as a syn-tectonic ultramafic
intrusion of Ural-Alaskan type. These ultramafic complexes feature zoned intru-
sive formations with a concentric intrusive pattern comprising a dunite core,
which is gradually surrounded by wehrlite, pyroxenite, and gabbro [1]. [1] sees it

as a new kind of massive ultramafic intrusion-hosted Fe-Ti deposit, sharing cer-
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tain geometric similarities with the initial one but differing from Ural Alaskan due
to the absence of orthopyroxenes, chromite pods or layers, and the timing of for-
mation (between 2.94 and 2.1 Ga). These intrusions are typically emplaced at deep
levels in the crust and can form lensoid or disk-like bodies (Figure 1) of massive

or disseminated titanium-vanadium ore [1].
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Figure 1. Simplified Geological map of N’Guérédonké (modified after [1] and [4]).

The N’Guérédonké intrusion is hosted within Archean amphibolite gneiss and
extends along an inferred shear zone. The concerned portion of the intrusion in
this study has 4 km of strike within the overall inferred shear zone of 60 km of
strike length in total. The southern section of the intrusion passes outside this
studied area (AMER’s licence) and goes into its south part of Belzone). At
N’Guérédonké a primary magmatic Fe-Ti oxide mineralization is present with ti-
tanium as ilmenite (FeTiOs) and titanium dioxide (TiO,), iron as magnetite
(FesO4) and vanadium as oxide (V,0s). The mineralization is dominantly hosted
by pyroxenite and magnetite gabbro, both parts of the ultramafic intrusion suite.
The most developed Fe-Ti oxide mineralization is currently understood to be in

the southern pyroxenite unit. This presents both the highest TiO, grade and wid-
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est intersections observed from drilling to date.

The pyroxenite when observed in drill core is a medium grained grey-green-
black rock with common interstitial magnetite of up to 25%. Composition of the
pyroxenite varies depending on the spatial position within the overall intrusion with
varying modal percentages of orthopyroxene and clinopyroxene. When wehrlite is
observed, this has higher clinopyroxene content with coarser phenocrysts than in
the pyroxenites. Whereas mineralogy also includes arsenopyrite, chalcocite and
pyrite as observed throughout N°’Guérédonké, but this never forms more than 2%
of the overall mineralogical composition. The dunite when observed in drill core
is a grey-black medium to coarse grained rock with lower interstitial magnetite of
5%.

3. Data Collection and Preparation

Core samples (10,144) from 60 boreholes at different depths ranging from 0 to
600 m drilled by AMER on the N’Guérédonké ultramafic deposit were available
and analyzed for major and minor elements and a few trace elements, including
Si, Ag, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, Ga, Ka, La, Mg, Mn, Mo, Na, Ni, Pm,
Pb, S, Sb, Sc, Sr, Th, Ti, T1, U, V, W, Zn, Sn, Cl and P and loss on ignition after
drying (LOI at 1000°C) carried out at the ALS laboratory in South Africa. Analyt-
ical verification was conducted on 420 (5%) of the samples collected. Correlation
matrix was used to select the variables (elements), and multivariate statistical tech-
niques (such as PCA and cluster analysis) were used to group the samples on the
basis of common geochemical characteristics predefined by these statistical meth-
ods, with a view to providing a different explanation of the geological organization
of the ultramafic body, as well as its mineralization, using chemical rather than
petrographic criteria. These geochemical and petrographic parameters of the ul-
tramafic body are compared to better understand the internal organization of the
mineralized body [5].

Statistical analysis is used to clean up, position, visualize and analyze all these
data in space, and view their variance. In this study, we identified statistical pa-
rameters, calculated the correlation matrix, and used multivariate statistical meth-
ods such as principal component analysis (PCA) and clustering as suggested by
[6]. The data analysis and preparation for interpretation were made using ioGAS
7.0 software. The N’Guérédonké Ultramafic body was first explored (core drilling)
by six parallel drillhole sections at a 500 m spacing which were drilled up to 250 m
below surface and, infill drilling holes with some of them reaching 600 m under-
neath. The core samples represent the entire recognized ultramafic body and were
sampled at 1 m interval. For multivariate study all null analysis were removed and

elements below detection limits were replaced by half that value [3] from this study.

4. Results
4.1. Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is an often-powerful statistical method in
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these kinds of studies, enabling the dimensionality of the data to be reduced while
preserving their main trends [6]. In this study, PCA was applied to the geochem-
ical dataset to identify associations between different elements and very often cor-
rectly distinguish lithological signatures [7]. The results, including eigenvalues
(Figure 2), correlation matrices and biplots, were analyzed and interpreted to ex-

tract geochemically relevant conclusions [6].

Scree Plot
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Figure 2. Scree plot showing four (4) PCs with eigenvalues > 1.

The geological environments of ultramafic deposits are very often complex and
could involve multiple magmatic, metasomatic, and hydrothermal processes that
intersect one another [8] [9]. To distinguish between them and select possible ar-
eas of economic interest, the use of multivariate statistical methods such as PCA
or K-means clustering [10] is a possible way; though, thousands of data from the
NGU deposit could help identify distinctive geochemical signatures, guide min-
eral exploration and test geological hypotheses in the shear belt. Consequently,
PCA is a data analysis technique that uses a data table containing information on
both individuals (samples) and quantitative variables (a percentage of the propor-
tion of the chemical element tested in each individual sample) to condense the
information. Principal component analysis aims to synthesize the structure of
multivariate data by reducing the data to the components of a few, each of these
principal components representing a certain percentage of the variability of the

data before transformation [6]. PCA produces a summary of information by iden-
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tifying similarities between variables. Variables with characteristics that come to-
gether to form a group. Links between several variables are used to identify simi-
larities. To achieve this, PCA generates a small set of new variables (the factors:
PCs) that capture the characteristics of the entire group of variables. Principal
component analysis therefore produces additional variables (PC1 to PC2, PC3,
PC4...) with various levels of association with the items [10].

In this study, the use of the correlation matrix plays a key role, as this technique
will be used to show the relationships between different pairs of elements. But [6]
warned against using standard statistical methods to find correlations and pat-
terns with these kinds of data. Most multivariate methods, including PCA, are
designed for Euclidean space rather than “simplex” space and could therefore pro-
duce erroneous results [6]. In our case Robust PCA Estimation (RPCA) in line
with the recommendations of [11], the classical correlation matrix estimation is
replaced by a robust estimation less sensitive to outliers as indicated in [12] with
a use of “XY” graphs (bivariate diagram) to visualize and evaluate the results of
the PCA study. These diagrams simultaneously visualize the importance (of dif-
ferent variables as vectors (arrows) and the PCA scores calculated for individual
samples (dots). The length of an individual arrow is proportional to the variability
of the vectors in relation to the two principal components represented, with pos-
itively correlated vectors being closer together. The proximity of sample points to
specific vectors and their distance from the origin in the diagrams reflect the im-
portance of the influence of these vectors on the sample [12]. For [6] a logarithmic
transformation (= logarithms of ratios), a centered log-ratio prior to PCA is nec-
essary, as it converts the compositional data into an unconstrained real space, thus
alleviating the closure problem.

The principal component analysis conducted as part of this research used the
entire sample set (10,144) of both fresh and weathered core rocks to reveal the
main correlations between chemical elements, providing a better understanding
of the structure of the data set. As a result, the most powerful indicators highlight
the most remarkable patterns (such as a set of interconnected features common
to a specific rock type) but also isolate or ignore small occurrences. Hence, the
higher the correlation value reaches +1 on the scale, the stronger the correlation
between the feature and the PC factor [13] [10].

4.2. Interpretation

PCA reduced the dimensionality of the dataset, with the first three principal com-
ponents (PCs) explaining 77.01% of the total variance (Table 1). The factor PC1
(46.5%) captured the mafic-felsic dichotomy, with positive loadings for Fe, Ni, Cr,
and negative loadings for SiO, and K (Figure 3(a)). While PC2 (20.33%) high-
lighted carbonate and plagioclase (?) influences (Ca, Na, Mg) (Figure 3(d), Figure
3(e)) and PC3 (10.18%) associated with aluminosilicates and clay minerals (Al
Sr). Bivariate plots (e.g., PC1-PC2, PC1-PC3) visualized these relationships, re-

vealing magmatic signatures (PC1 negative: Mg, Ti, Fe), a fluid alteration zones
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(PC1 positive: SiO,, LOI, Ba) and sulfide mineralization potential (PC3 positive:
Cu, Zn). An analysis of the eigenvalues and bivariate diagrams shows that the
most significant contribution (46.496%) is made by factor PC1, which is com-
posed of a robust relationship between Mg, Ti, Fe, Mn, Zn, V, Ni, Co, Cu, and Sc
in a positive series. It could be aligned with a gabbro-pyroxenite axis. These are
elements related to the ultramafic deposit [5].

The presence of Mg, to a lesser extent (positive), and of Ca, Na, and Ba, all neg-
ative (PC1 in Figures 3(a)-(c)) is at the origin of PC2 (20.333553%). Extraction
of the elements Ca, Na, and Ba shows the presence of leaching likely due to hy-
drothermal fluids with the presence of carbonates. Vectors of these elements show
an antithetical relationship with Al and LOI. A contribution of Mg for the for-
mation of olivine and pyroxenes favors the development of Ni and Sc mineraliza-
tion and (Ti, Fe, V) mineralization linked to magnetite rocks.

Whilst the presence of K, Si, Na, Ba (negative) to a lesser extent is linked to the
PC3 factor (which represents 10.18587% of the variation) and is associated with
felsic rocks and, the lower contribution of PC4 (7.146%) is associated with Si, Ka,
Sr, Na and Ba, a negative series (Figure 3(c)). Principal components (PC1 to PC4)
represent 84.1% of the overall variability and are the only ones for which the ei-
genvalues are far greater than 1.0 (Figure 2) [3] [12] [13]. The first two PCs rep-
resent 66.83% of the variability (46.5% and 20.33%, respectively) and illustrate a
covariance of varying degrees between the group of variables. These spatially sep-
arated sequences of elements PC1-PC2-PC3-PC4 are directly apparent (Table 1).

Table 1. PCs summary and interpretations.

Variance Cumulative
PC Eigenvalue explained variance  Associations Interpretations

% explained %
Magmatic signature of Fe-Ti
Fe,Ni, Co,  rjch ultramafic
PC1 9.30% 46.50% 46.5 Cr, Mn, V,
Si, K Its inverse relationship with

felsic component

Mg, Ca, Na, Secondary alteration

PC2 4.07% 20.30% 66.83
? ? Sr processes, hydration (LOI)
Crustal contamination
Al, Ti, V, Ni, events incorporation of
PC3 2.04% 10.20% 77.01 .
Zn, Sr Aluminous phases or
titaniferous minerals
P, Ba, K, Ti, .
PC4 1.43% 7.10% 84.54 C Phosphate-serpentinization
r

In Figure 3(a), PC1-PC2 biplot diagram where PC1 (Axe X) represents primary
magmatic processes versus secondary process on the positive side (right), Si indi-

cates silica enrichment due to late magmatic stages or alteration. LOI suggests
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Figure 3. (a) showing primary magmatic process vs, secondary and traces elements enrichment; (b) Primary magmatic process with

sulfide mineralization; (c) Contrast between magmatic and hydrothermal process; (d) Magmatic signature showing olivine, pyrox-

ene and chromite with alteration fluid and different phases of crystallization; (e) magmatic suit with elements such as Cr, Ni, Mg,
Ti with olivine, chromite, titanium magnetite. A sulfide mineralization potential zone and Ni remobilization process; (f) Late mag-
matic evolution, show magmatic fractionation processes and overprinting hydrothermal alteration.

secondary hydration (serpentinization), or carbonation and Ba may reflect hydro-
thermal fluids, indicating post-magmatic alteration. The negative side (Left) on
the same Figure 3(a); Na, Ca, and Mg represent primary ultramafic mineralogy
(e.g., olivine, pyroxenes) and Ti associated with ilmenite/magnetite indicating pri-
mary Fe-Ti oxides. PC2 (Axe Y), traces elements enrichment, the positive side
(Top) shows Mn, Co, Cu, Zn bound to sulfide phases or late fluids, suggesting
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hydrothermal overprinting or sulfide mineralization. Whereas the negative side
(Bottom) shows no significant variables, probably reflecting background noise.
Thus, this first bivariate shows (1) a primary magmatic signature (PC1 Negative),
dominated by Mg, Ca, Ti, reflecting ultramafic host rocks (olivine, pyroxenes) and
Fe-Ti oxides. The low Si content corresponds to typical ultramafic compositions.
(2) an alteration/secondary process (PC1 Positive), highlighted by SiO, and LOI,
indicating serpentinization or silicification, with Ba suggesting fluid input and, (3)
Traces element enrichment (PC2 Positive), high Mn, Co, Cu, Zn contents could
indicate sulfide mineralization (e.g. chalcopyrite, pentlandite) or late hydrother-
mal remobilization.

PC1-PC3 biplot at PC1 (X-axis), the dominant source of variance, probably re-
flects primary magmatic processes as opposed to fluid-related processes (see Fig-
ure 3(b)). Here is a positive PC1 (Right), a variable including Sr, Ca, Na and Ba.
These could suggest plagioclase fractionation, carbonate alteration, or the influ-
ence of hydrothermal fluids (e.g., alkali-rich fluids or carbonatitic metasomatism).
A negative PC1 (Left), variables including Al, Cr, Sc, P and REE (rare earths?).
These elements reflect mafic-ultramafic minerals (e.g., spinel, pyroxene) and could
indicate primary Fe-Ti-Cr magmatic assemblages or apatite enrichment. PC3 (Y
Axis) captures secondary variability, potentially related to redox or trace metal
signatures, showing positive PC3 (Top), a variable including Cu, Zn and Zr. Cu-
Zn suggests sulfide mineralization (e.g., chalcopyrite, sphalerite), while Zr could
indicate serpentinization process or mantal source (e.g., zircon) and negative PC3
(bottom) with variables including Cr and Sc (positive), associated with chromite
and pyroxenes, representing residual magmatic minerals in unweathered ultra-
mafic. In conclusion, negative PC1 values correspond to zones of main minerali-
zation (e.g., magnetite-ilmenite-chromite), Fe-Ti-Cr mineralization. Positive PC1
values highlight fluid-affected zones, with possible remobilization of metals, a
Fluid-altered zone. High Cu and Zn contents (positive PC3) could indicate Ni-
Cu-EGP prospects, hence sulfide potential. High P contents could suggest the
presence of apatite associated with rare earths. High Sr and Ba levels indicate fluid
flow conduits, while low Al a possible leaching (e.g., serpentinization), reflecting
a zone of alteration.

On PC1-PC4 biplot diagram (Figure 3(c)), the PC1 factor (X axis), a main
source of variance, contrasting magmatic (negative) and hydrothermal (positive)
processes, range from —0.50 to 0.35. Positive PC1 (Right) shows SiO,, LOI, AL K,
Ba, P, Zn, fluid-dominated zones (silicic alteration, hydration, hydrothermal flu-
ids) while negative PC1 (Left) with Ca, Ti, Cr, V, Ni, Fe, Co, Mn primary mag-
matic minerals (clinopyroxene, chromite, magnetite). As for PC4 (Y axis), minor
but distinct variability, potentially linked to redox conditions or late weathering,
ranges from 0.40 to 0.20. Positive PC4 (Top), Cu, Zn, Ba, sulfide enrichment, or
oxidizing fluids (chalcopyrite, barite), while negative PC4 (Bottom), Cr, Ni, Co,
reducing conditions (chromite, pentlandite). This diagram shows the potential for

polymetallic mineralized zones as follows PC1 Negative + PC4 Negative, main Fe-
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Ti-V-Cr-Ni mineralization (magnetite, ilmenite, chromite) and PC1 Positive +
PC4 Positive, hydrothermal intersections (sulfides, barite, phosphates). The pres-
ence of alteration and sulphides zones is marked by high SiO, + LOI values, po-
tential zones for metal remobilization (serpentinization), and high Ba + P values,
indicative of sulphides or rare-earth targets, while the potential for sulphides min-
eralization is marked by high Cu-Zn-Ba values (PC4 positive), indicative of po-
tential for Cu-Ni-EGP mineralization.

For PC2-PC3 biplot diagram (Figure 3(d)), PC2 (X axis) where negative PC2
shows a magmatic signature (e.g., olivine, pyroxene, chromite) and positive PC2
indicates fluid alteration (e.g., serpentinization, carbonation). PC3 (Y axis) or neg-
ative PC3 shows elements and arrangements emanating from early crystallization
products and, positive PC3 reflects late fractionation and alteration. Here the key
variable groups are, (1) Primary magmatic package (PC2-Negative, PC3-Nega-
tive) shows variables such as Mg, Cr, Ni, Co with minerals such as olivine, chro-
mite, pyroxenes, indication for cumulative zones of high mineralized potential.
(2) Fluid alteration signatures (PC2-Positive) with variables such as LOI, Ba, Sr,
indicating a fluid alteration signature and therefore the potential for remobilized
Ni-Cu sulfides. And finally (3) Late enrichments (PC3-Positive) with elements
such as Cu, Zn, P, showing potential for hydrothermal sulfide lenses or PGE. Ba/Sr
peaks mark alteration fluid conduits, while a high LOI + SiO; indicates serpentin-
ized shear zones.

PC2-PC4 biplot diagram, here the PC2 (X Axis), where PC2-negative side has
a primary signature of ultramafic rocks, dominated by chromium (Cr), nickel
(Ni), and magnesium (Mg) (Figure 3(e)). These elements are typical of primary
magmatic phases, whereas PC2 on the positive side shows elements mobile in flu-
ids, such as barium (Ba), potassium (K), phosphorus (P), and zinc (Zn). These
elements indicate hydrothermal or metasomatic processes. PC4 (Y Axis), shows
PC4 negative side, early magmatic phases, marked by titanium (Ti), magnesium
(Mg), and chromium (Cr). PC4-positive side of late processes, including copper
(Cu), scandium (Sc), and oxygen (O;). These elements are associated with sulfide
segregation and oxide-sulfide boundaries. The analysis identified several miner-
alization clusters, each revealing distinct geological processes, a magmatic suite
(PC2-, PC4-) has elements such as Cr, Ni, Mg, Ti, and minerals such as chromite,
olivine, titaniferous magnetite. This cluster reflects primary magmatic processes
and suggests a high potential for Cr-Ni-Ti mineralization. A potential sulfide min-
eralization (PC4+) has elements such as Cu, Sc, O,, or Cu-Sc coupling indicates
magmatic sulfide segregation. The presence of O, serves as an indicator for the
boundary between oxidized and sulfidized phases. Fluid alteration (PC2+) is
marked by elements such as Ba, K, P, Zn reflecting a carbonation process and
alkaline metasomatism. These elements mark zones of nickel remobilization and
hydrothermal fluid pathways. Ba/K peaks can identify fluid conduits, while phos-
phorus (P) can indicate potential for rare earths associated with apatite.

The PC3-PC4 biplot (Figure 3(f)) provides essential information on late mag-
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matic evolution, hydrothermal overprinting, and metasomatic alteration. PC3 (X
axis), magmatic fractionation and alteration processes, distinguishes between
early and late magmatic processes. Negative PC3 values correspond to early mag-
matic crystallization, indicated by variables such as Ti and V, suggesting primary
oxidized minerals such as titanomagnetite and vanadiferous spinels. Positive PC3
values, on the other hand, reflect late fractionation or alteration, often associated
with sulfide mineralization (Cu, Zn). PC4 (Y axis), the PC4 axis highlights redox
conditions and fluid interactions. Negative PC4 values correspond to reduced
mineral assemblages, typical of primary magmatic conditions. Positive PC4 values
indicate oxidized or fluid-rich zones, marked by elements such as Ba, Sr, and LOI,
suggesting carbonate-chlorite alteration and possible nickel remobilization. Pri-
mary magmatic signatures (PC3-Negative, PC4-Negative) represent zones of pri-
mary oxidized mineralization, characterized by high Ti and V concentrations.
Sulfide potential (PC3-Positive, PC4-), magmatic sulfides (PC3+, PC4-) may
appear as primary sulfide lenses, while hydrothermal overprinting (PC3+, PC4+)
suggests Cu-Zn enrichment due to fluid interactions. Alteration fluids (PC4-Pos-
itive) with high Ba and Sr levels highlight fluid infiltration paths, crucial for iden-
tifying metasomatic fronts and possible Ni remobilization. The gradient between
Ti-V (PC3-) and Cu-Zn (PC3+) reveals a fractionation sequence, while PC4 vari-

ations define redox boundaries.

4.3. Cluster Analysis

K-Means Clustering
Cluster analysis (Figures 4-6) is a statistical technique that groups object in a pop-
ulation based on their similar characteristics to create clusters (groups) of indi-
viduals [7] [12] [14]. This type of method first creates pairs or groups, by cluster-
ing two objects or more with the most similar values of variables on the one hand.
On the other, it has data for each chemical element evaluated in each participant.
Though in K-means the elements are organized into groups of two or more, based
on their proximity as indicated by their mean values or, could contain a single
element (outliers) [3] [12].

In this study the clustering analysis used is K-means, which aims to group sam-
ples to minimize variation within groups and maximize variation between groups;
this method has been successfully applied to lithogeochemical data individuals [7]
[12] [14]. It is then possible to calculate the various statistical parameters for each
group, including the average chemical composition of each. Determining the av-
erage chemical composition of the cluster enables a theoretical petrological name
to be assigned to the cluster (lithogeochemical determination) and compared with
the petrographic determination in the field supported by [5] & [15] in their re-
spective studies.

But there is a limitation in using K-means clusters as it tends to form groups of
similar size (in Euclidean space), whereas this can cause problems for raw, un-

transformed data, where variables often differ by several orders of magnitude in
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terms of absolute abundance, meaning it works best for spherically distributed
data [16]. Principal components are best suited to the K-means cluster, as they are
both centered and scaled [12] [13]; and use the Kaiser-Guttmann rule which states
that the eigenvalue must be greater than 1.0 (Figure 2) for conventionally scaled
data for the number of principal components selected for inclusion in K-means
clustering [13].

1) K-means = 6

An analysis of the results (Figures 6(a)-(f)) by clustering shows, a) a PC1 rep-
resenting a major geochemical gradient, probably reflecting the compositional
continuity (Junction) between ultramafic and mafic. Strong contributions from
Mg, Ca and Sr suggest that this PC captures mafic-ultramafic mineralogy. b) PC2
shows strong associations with Al, P, K and Ba, potentially representing secondary
alteration processes or felsic contamination components. ¢) PC3 correlates with
transition metals (Ni, Co, Mn, Zn) and SiO,, possibly reflecting sulfide minerali-
zation or serpentinization processes. d) PC4 is associated with trace elements such
as Ti, Sc, V, and some transition metals, possibly representing accessory mineral
phases [12].

An association of notable elements indicating a mafic-ultramafic signature with
elements such as Mg, Ca, Sr, Na clustering in the PC1-PC2 space. Alteration indi-
cators Al K, Ba, LOI (loss on ignition) show similar behavior. Sulfide-related ele-
ments Ni, Co, Zn, Mn often cluster together, and the SiO, component appears as
a distinct vector in several graphs. The K-means clustering plot shows the sum of
squares (variance) as a function of the number of clusters (K). Key Observations
are, a) The “elbow” method suggests an optimal K where the variance reduction
begins to flatten (Figure 4). The graph shows a reduction in variance up to at least
K = 6, (but the exact optimal K is unclear here. b) For an ultramafic deposit, one
would expect natural clusters corresponding to different ultramafic lithologies
(dunite, harzburgites, lherzolite), alteration zones (serpentinized vs. fresh) and
mineralized zones (sulfide-bearing vs. sterile). ¢) The high initial variance (ap-
prox. 2500) suggests considerable geochemical heterogeneity in the dataset [3].

A geological interpretation for the NGU ultramafic deposit shows a) The PC1
gradient probably represents the primary magmatic differentiation trend, from
the most depleted (Mg-rich) to the least depleted compositions. b) PC2 may rep-
resent secondary processes such as serpentinization (contributing Al, K, Ba) or
other fluid-related alteration. ¢) Transition metal associations (Ni, Co, etc.) in PC3
and PC4 could indicate sulfide mineralization, common in ultramafic systems,
while d) SiO; behavior (SiO, mobility) suggests that it does not simply follow the
primary magmatic trend, but could reflect secondary silicification [5].

In this study with an average K = 6 it is clear that further study is essential and,
a) determine the optimum K so a clearer plot of intra-cluster variance as a func-
tion of K would help identify the true “elbow” point for cluster number selection.
b) Validate clusters geologically by comparing statistical clusters with geological

mapping to ensure they have petrological significance. c) Examine element ratios
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Figure 4. Graphic showing high initial variance and optimal K. The K-means clustering plot shows the sum of squares
(variance) as a function of the number of clusters (K).
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Figure 5. Pie chart showing clustering K = 4. Red: unweathered ultramafic lithology (Mg-Fe-rich, low SiO). Orange
colored: Fe-Ti mineralized zones (enriched in Ti, Fe, Cr, V). Green: hydrothermal altered domains (carbonate/serpen-
tine-rich?). Blue: transitional or mixed lithologies (e.g., silicified ultramafic).

(for ultramafic systems), such as Mg/Si, Mg/(Fe + Mg) or Ni/MgO could provide
clearer clustering. d) Perform spatial analysis by mapping cluster assignments to
see if they correspond to spatial patterns in the deposit [12].
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pie chart presentation).

2) K-means = 4

In this analysis, PC1 (major lithological control) reflects the primary composi-
tion of ultramafic rocks (Mg, Ca, Na), typical of magmatic cumulates such as dun-
ites. Its negative correlation with Al and K underlines its opposition to weathering
processes. PC2 captures the effects of serpentinization and metasomatic fluids (Al,
K, Ba), revealing rock-fluid interactions, while PC3 and PC4 isolate key elements
such as Ni, Co, and Ti, associated with sulfides and accessory minerals, respec-
tively. The presence of SiO, in PC3 suggests zones of silicification, potentially

linked to hydrothermal circulation. The correlation between Ni and Co in PC3
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could indicate remobilized sulfide mineralization [17]. Optimal cluster validation
shows significant variance reduction up to K = 4 with diminishing returns beyond
4 clusters, justifying the selection and/or the four (4) clusters solution illustrated
on the curve and supported by the pie chart (Figure 5). The clustering results and
the choice of K = 4 clusters are justified by optimal variance reduction. Each clus-
ter corresponds to a distinct geological facies (Figures 6(a)-(d)):

a) Cluster 1 (4930 samples), unweathered ultramafic lithology (Mg-Fe-rich, low
Si0y).

b) Cluster 2 (3285 samples), Fe-Ti mineralized zones (enriched in Ti, Fe, Cr,
V).

¢) Cluster 3 (480 samples), hydrothermal altered domains (carbonate/serpen-
tine-rich?).

d) Cluster 4 (1435 samples), transitional or mixed lithologies (e.g., silicified ul-
tramafic).

- Outlier values (14 samples), exotic lithologies (e.g., pegmatitic veins).

Cluster 1 involves fresh, unaltered rocks; Clusters 2 and 4 are priority targets
for Fe-Ti ore and associated alteration halos, while Cluster 3 represents alteration
gradients (talc-carbonate serpentinization) [5]. Though optimal clustering (K =
4) grouped samples into fresh ultramafic Rocks with high Mg-Fe, low SiO,, a Fe-
Timineralized zones (3285 samples) enriched in Ti, Fe, Cr, V and hydrothermally
altered domains (480 samples) with carbonate and serpentine-rich and, lastly a
transitional lithologies (1435 samples) with mixed compositions. The K = 4 choice
is consistent with geological facies grouped from samples but also aligned with the
PCA geological process finding (Table 1) and, PC1 to PC4 explaining 84.14% of
total variance observed. PC1 to PC4 eigenvalues are > 1 [13], whereas the remain-
ing PCs (PC5, PC6...) are below (<) 5% each, hence does not match [18] position,
suggesting retaining components presenting > 5% variance each for geological ex-

planation.

5. Discussion and Implication for Exploration

Ultramafic Fe-Ti deposits are complex geological phenomena resulting from mag-
matic and hydrothermal processes [2]. To identify their mineralogical associa-
tions, petrological implications, and reconstruct their genesis at NGU, PCA is
used to identify the processes (magmatism, alteration), while K-means localizes
them spatially. The results show that the first three (3) principal components
(PC1, PC2, PC3) together explain 77.01% of the total variance. This result is con-
sistent with the observations of [18], who recommends retaining components ex-
plaining at least 70% - 80% of the variance. The scree plot shows a sharp decrease
after PC3, which explains this choice, according to the Kaiser criterion [13], which
suggests retaining eigenvalues > 1. However, according to [19], retaining compo-
nents according to the Kaiser criterion alone could lead to an underestimation of
the number of significant principal components. A parallel analysis [20] might be
necessary to complement this approach to confirm this selection.
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Magmatic differentiation and their alteration are supported by an opposition
between elements related to primary minerals (Mg, Ca) to those influenced by
alteration (SiO,) but also by loss on ignition (LOI). This distinction probably sug-
gests magmatic differentiation processes in the stratified intrusions [21]. While
[1] described the NGU deposit to be constituted of a dunite (olivine rock) core, a
concentric pattern zoned intrusive body followed by wehrlite envelop then oli-
vine-pyroxenite which is surrounded by pyroxenite rim.

There is a strong opposition (PC1) between mafic elements (Fe, Cr, Ni) and
silica (SiO;) which reflects a fundamental process of magmatic differentiation
(Mafic-felsic dichotomy); opposition was explained by [22] in his reaction series..
In this area the Na-Sr association, characteristic of plagioclases and Ba of hydro-
thermal fluids, showing a hydrothermal overprint that are generally observed or
similar to carbonatite systems [23]. The dominance of Ca, Na and Mg in PC2 can
be interpreted as an introduction of carbonate and, or a plagioclase signature, con-
sistent with the observations of [24] on continuous feldspar series. The strong Ca-
Sc correlation (0.68) particularly supports the plagioclase signature, as scandium
is typically incorporated in calcic pyroxenes [25], although no plagioclase pres-
ence was demonstrated in the NGU deposit on petrographic study [1] or by virtual
mineral calculations (CIPW) reporting high olivine and pyroxene and, presence
of magnetite, ilmenite and apatite with no quartz or feldspar.

NGU presents a signature of Fe-Ti oxides forming titaniferous magnetite and
chromite spinels which is supported by the correlation between Fe, Ti, and Cr, it
is characteristic of ultramafic deposits [26]. While Cu and Zn suggest a late mobi-
lization of sulfides, suggesting magmatic fractionation processes [17]. On the
other hand, the negative association between SiO, and Fe is particularly remarka-
ble, with a coefficient of —0.88. This strong anticorrelation is explained by the in-
compatibility of these elements during fractional crystallization, as demonstrated
by [27] in their petrogenetic model. At the PC3 level (Sulfide Mineralization and
Silica Mobility) the correlation between Ni, Co, Zn and SiO, is characteristic of
ultramafic systems mineralized in sulfides [28]. However, [29] showed that in Ko-
matiite-type deposits, SiO: is often associated with late remobilizations. A positive
correlation with Ni could also indicate silicification associated with mineralizing
fluids [30].

Ba-K and Mn-Co-Zn associations indicate potassium alteration followed by
metal remobilization under hydrothermal conditions in metasomatic systems [31]
but also in reducing environments [32]. The enrichment of Al, K and Ba in PC2
is characteristic of hydrothermal alteration processes, including serpentinization
[33]. These elements are mobile in fluids and are much more present in water-
rock reaction zones. The presence of Ba could also suggest crustal contamination,
as documented in alkaline complexes [34]. The importance of Al and Sr in PC3 is
consistent with the findings of [35] on alteration processes. However, the simul-
taneous presence of Sr also suggests an influence of alkali feldspars, as shown by

[36] in their continental crust model.

DOI: 10.4236/0jg.2025.1512049

966 Open Journal of Geology


https://doi.org/10.4236/ojg.2025.1512049

M. L. S. Sanogo, |. Wagani

According to [28] the minerals association in cluster 1 is typical of ultramafic-
mafic layered complexes, which he describes in intrusions hosting Fe-Ti-V depos-
its. While [1], noted the absence of layer deposit in NGU marking its difference
to Ural Alaskan type. The predominance of this cluster reflects fractional crystal-
lization under stable magmatic conditions. Cluster 2 shows correlations with LOI
(loss on ignition) and Ca, suggesting hydrothermal alteration transformation pro-
cesses, such as serpentinization or carbonation, resulting from the interaction be-
tween ultramafic rocks and CO,- or H,O-rich fluids [37].

Localized concentrations of oxides representing Cluster 4, showing enrichment
in Ti and Fe, which could correspond to zones of differential concentration of
oxides, well observed in the “reef-type Fe-Ti” deposits of the Bushveld complex
[38]. These accumulations often result from advanced fractional crystallization
processes. While Cluster 3 represents accessory minerals such as sulfides (chalco-
pyrite, sphalerite, pyrite...... ), they are in the minority but show enrichments in
Cu and Zn. These phases, often associated with late residual fluids present in dif-
ferentiated magmatic systems [39].

Fundamentally a newly discovery Fe-Ti deposit [1] and, comparison from

Table 2 shows NGU representing a particular type of Fe-Ti ultramafic deposit

Table 2. Comparative analysis between NGueredonke, Lac Dore and Panzhihua.

Features

Geodynamic setting

Host Rock
Plagioclase content

Major Oxide

Ore Mineralogy

Important trace

elements

Genetic Model

References

NGU—Guinea

Syntectonic in Archean Craton
shear zone

Dunite, Wehrlite and Pyroxenite
No plagioclase

Ultramafic with low Si, low Al,
high MgO (25 - 35 wt%) and low
SiO: (35 - 40 wt%) and low ALO;
(0.5 - 2 Wt%), the FeOy (10 - 15
wt%) is high

Disseminated-ilmenite (Ti-rich)-
Cr bearing magnetite-No
Chromite

High Cr (>2000 ppm, High Nij,
High Co, low incompatible
elements (Zr, Y)-Ti/V variable

Polyphase ultramafic cumulate:
Oxide saturation from successive
injections of Ti-Fe rich, Al poor
ultramafic magma in shear zone.
And high fO:suppresses chromite

Gloaguen et al (2015) [1]

Lac Dore—Canada

Synvolcanic Archean greenstone
belt

Anorthosite-Gabbro-leucogabbro
Abundant

Mafic with progressive high-Al,
and moderate SiO: (45 - 50 wt%),
very high ALO; (15 - 25 wt%)
and FeOx (10 - 20 wt%)

Massive to semi massive
layers/Bands-Magnetite-
ilmenite- Apatite

Low Cr, Nij, Co, high P:Os,
Moderate incompatible elements

Fractional Crystallization of
anorthositic magma: Fe-Ti oxides
and apatite are formed by
crystallization from highly
evolved Fe-Ti-P-rich residual
melts are separated from the
anorthosite crystal mushes.

Charlier et al. (2010) [8]

Panzhihua—China

Large igneous province,
Continental rift setting

Gabbronorites, Pyroxenites
Moderate to Abundant

Ferrobasalt/Ferropicrites, moderate
MgO (5 - 12 wt%), Moderate SiO»
(45 - 50 wt%) and ALOs (10 - 15
wt%) with high FeO: (15 - 25 wt%)

Massive, Thick layers-
titanomagnetite (+V)-ilmenite

Moderate Cr, Ni, very high V, very
low Ti/V ratio

Liquid immiscibility and crystal
settling, processes of fractional
crystallization of ferrobasalt allow
silicate liquid immiscibility and
formation of Fe-Ti-P-rich oxide
melts, which get mix together and
form as massive layers.

Zhou et al. (2005) [40]

DOI: 10.4236/0jg.2025.1512049

967

Open Journal of Geology


https://doi.org/10.4236/ojg.2025.1512049

M. L. S. Sanogo, I. Wagani

(zoned polyphase injection deposit) with high fO2 leading to Cr-bearing magnet-
ite and disseminated ilmenite forming in unusual geodynamic setting (Archean

Craton) instead of chromite formation in layers or pods [8] [38] [40].

Implication for Mineral Exploration

This study demonstrates that the deposit follows a model of at least two phases of
magmatic fractionation with hydrothermal overprinting. The results of K-means
and PCA analyses demonstrate:

1) The dominance of Fe-Ti oxides (Clusters 1 and 4, PC1-PC3), Ni-Cr in the
high PC1 zones.

2) The presence of accessory sulfides (Cluster 3, PC1-PC3).

3) The influence of hydrothermal processes (PC2-PC4).

The Ba-Sr pair (PC2) could indicate fluid-enriched zones, similar to Kiruna-
type deposits [41]. PC2 could guide the exploration of areas with metallotect po-
tential (fluid corridors).

Priority targets could be Clusters 1 & 4, which are Fe-Ti rich zones, a prior-
ity for oxide exploration and exploitation. While cluster 3 may have potential
in this huge shear zone (60 km long) for Cu-Zn sulfides, similar to Fe-Ti-P
type deposits [38]. But Ni-Co rich clusters should be prioritized for sulfide

analyses.

6. Conclusions

This study demonstrated the power of multivariate statistics in deciphering the
complex geochemical signatures of ultramafic deposits. PCA and clustering effec-
tively distinguished magmatic, alteration, and mineralization processes, providing
a quantitative framework for exploration targeting. Key findings include 1) Mag-
matic Signatures dominated by Fe, Ni, Cr, and Mg, 2) Fluid Alteration highlighted
by SiO,, LOIL and Ba and 3) Mineralization Potential identified through Cu-Zn
and Ni-Co associations. Integrating these methods with structural data could fur-
ther refine exploration models, linking geochemical clusters to fault zones or other
geological features.

The methods outlined in this study may be new to geologists, but they have
been used in numerous other scientific disciplines for a considerable period and
have given powerful results and are proficient in many disciplines. With the many
different tools (Software) available, a minimal extra effort is needed, and some
strong insights can be offered to mining or exploration by using multivariate tech-

niques [3].
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