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Abstract

This study presents the first stream-sediment geochemical survey conducted in the western
Oecusse enclave (Timor-Leste), aiming to identify geochemical anomalies associated with
potential metallic mineralization in a region where mineral occurrences remain poorly docu-
mented. A total of 27 stream-sediment samples were collected from first- and second-order
drainage systems and analysed for a multi-element suite using ICP-MS and INAA. Robust
statistical approaches, including univariate analysis, median absolute deviation (MAD),
Tukey boxplot thresholds, and compositional data analysis combined with principal com-
ponent analysis (CLR-PCA), were applied to identify anomalous geochemical associations.
To improve statistical robustness, PCA was performed on reduced and process-oriented
variable sets. The results reveal significant geochemical variability, with maximum concen-
trations reaching 214 mg/kg for As, 142 mg/kg for Co, 27,220 mg/kg for Cr, 437 mg/kg
for Cu, 1520 mg/kg for Ni, 67 mg/kg for Pb and 267 mg/kg for Zn. Multivariate analysis
distinguishes two main geochemical signatures. The first association (Co-Cr-Ni-Mg-Fe)
reflects a strong ultramafic geochemical signal consistent with contributions from mafic to
ultramafic lithologies documented in the region. The second association (As-Bi-Cu-Pb-5-
Sb—Se-T1-Zn) indicates polymetallic enrichment commonly observed in sulphide-related
geochemical systems. The spatial distribution of these geochemical signals highlights local-
ized drainage basins exhibiting relative enrichment patterns. These results demonstrate the
effectiveness of stream-sediment geochemistry as a first-pass exploration tool and provide
new geochemical constraints for geological interpretation and future mineral exploration in
Timor-Leste. The approach demonstrates the value of integrated geochemical and statistical
methods for mineral exploration in data-poor regions.
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1. Introduction

Timor-Leste occupies a key position within the Banda Arc system of Southeast Asia, a
complex tectonic region formed by the ongoing collision between the northward-moving
Australian continental margin and the Banda volcanic arc [1-4]. This arc—continent collision
has produced a highly heterogeneous geological framework composed of accretionary
complexes, ophiolitic fragments, volcanic sequences, metamorphic units and sedimentary
basins. Such tectonic environments are commonly associated with a variety of mineral
deposit types, including volcanogenic massive sulphide (VMS), epithermal and porphyry
systems, as well as podiform chromite deposits linked to ultramafic rocks [5-8].

Despite this favourable geological setting, the metallic mineral resources of Timor-
Leste remain poorly documented. Historical geological investigations were largely lim-
ited in scope and focused mainly on regional stratigraphy and tectonic evolution [9-11],
while more recent studies have improved the understanding of the regional geodynamic
framework of the Banda Arc and its associated ophiolitic and volcanic sequences [12,13].
However, systematic mineral exploration studies, particularly those based on regional
geochemical signatures, remain scarce. Regional geochemical exploration using stream
sediments is widely recognized as an efficient first-pass exploration tool for reconnais-
sance surveys, allowing the rapid identification of geochemical anomalies associated with
undiscovered mineralization, particularly in areas with limited geological information
or difficult access [14-17]. Interpretation of geochemical datasets commonly relies on the
identification of anomalous concentrations relative to natural geochemical background
levels, although the distinction between background and anomalous values remains a ma-
jor challenge in exploration geochemistry [18,19]. Robust statistical approaches, including
median absolute deviation (MAD) and Tukey boxplot methods, have been widely applied
to define threshold values while minimizing the influence of extreme values. In addition,
multivariate statistical techniques such as principal component analysis (PCA) provide
powerful tools for identifying geochemical associations and understanding the processes
controlling element distributions within geological environments [20].

In recent years, the application of compositional data analysis (CoDA) approaches,
including centred log-ratio (CLR) transformations, has become increasingly common in
geochemical studies [21,22]. These methods address the closed nature of compositional
datasets and allow more reliable interpretation of geochemical relationships between
elements. Recent work by Vicente et al. [23] documented the occurrence of chromite-rich
ultramafic rocks in the Maquelab region, located in close proximity to the present study
area, providing an important regional framework for interpreting Cr—Ni-Co geochemical
anomalies in the Oecusse enclave.

The objectives of this study are to (i) identify geochemical anomalies in stream sed-
iments from the Citrana area, (ii) evaluate their relationship with lithological sources,
particularly ultramafic units, and (iii) assess their significance for mineral exploration in
the Oecusse enclave. To achieve this, a regional stream-sediment geochemical survey was
conducted to characterise the geochemical signature of drainage basins and to identify
element associations potentially related to mineralization processes. Particular attention is
given to signatures associated with ultramafic lithologies and polymetallic sulphide-related
systems.
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This study builds upon the regional framework established by Vicente et al. [23] by
providing new geochemical data from the Citrana area, contributing to the understanding
of the spatial distribution and expression of ultramafic-related geochemical signatures. The
results provide new constraints for geological interpretation in the Oecusse region, where
existing geological mapping remains limited, and highlight areas that may warrant further
geological and mineral exploration studies.

2. Geological Setting

The study area is located in the northwestern sector of the Special Administrative
Region of Oecusse-Ambeno, an enclave of Timor-Leste surrounded by Indonesian territory
and bordered to the north by the Ombai Strait of the Savu Sea. The locality of Citrana lies
approximately 60 km from the regional capital Pante Macassar and more than 300 km from
Dili (Figure 1).
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Figure 1. Location of the study area in the Oecusse enclave (Timor-Leste). (A) Regional location of
Timor Island within Southeast Asia. (B) Geological map of the Oecusse region showing the study area
(modified from Suwitodirdjo and Tjokrosapoetro [24]. The inset highlights the detailed geological
context of the Citrana area.

From a geological perspective, the region belongs to the Outer Banda Arc and rep-
resents part of the complex tectonic framework associated with the collision between the
Australian continental margin and the Banda volcanic arc [1,4]. The geology of the Oecusse
area has been described mainly on the basis of regional studies carried out in West Timor
and neighbouring areas [25].

The most recent geological mapping of the region corresponds to the Kupang—
Atambua geological sheet produced by the Indonesian Geological Agency [24]. According
to this map, the study area is mainly composed of the Bobonaro Scaly Clay Complex,
locally intruded by dioritic bodies and associated with units of the Mutis Complex and
ultrabasic rocks.

The Bobonaro Scaly Clay Complex consists of a chaotic assemblage of blocks of
different lithologies embedded within a clay-rich matrix, interpreted as a product of shale
diapirism during compressional phases of the Banda Arc collision [26,27]. The ultrabasic
units present in the region are largely serpentinized and are interpreted as fragments of
ophiolitic sequences.

Recent work [23] documented the occurrence of chromite-rich ultramafic rocks in the
nearby Maquelab region and highlighted their regional geochemical significance, particu-
larly with respect to Cr-Ni-Co anomalies in stream sediments. These findings provide an
important geological framework for interpreting ultramafic-related geochemical signatures
observed in the present study.
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No major active mining operations or documented mine tailings are known in the
study area. Therefore, the geochemical patterns observed in stream sediments are inter-
preted as predominantly geogenic.

3. Materials and Methods
3.1. Stream Sediment Sampling and Preparation

A total of 27 stream-sediment samples were collected from first- and second-order
drainage systems within the Citrana area. The average sampling density was approximately
one sample per 2.5 km?, although this varied locally depending on drainage patterns and
accessibility (Figure 2).
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Figure 2. Drainage basin map of the Citrana area (Oecusse enclave, Timor-Leste) showing stream-
sediment sampling locations (S1-S27), drainage basin boundaries, river network and topographic
contours.

Sampling was conducted during the dry season to minimize the influence of seasonal
variations in sediment transport and dilution effects associated with high-flow conditions
during the wet season [15].

Each sample consisted of a composite of five subsamples collected within an approxi-
mate radius of 10 m around the sampling point. In the field, sediments were wet-sieved to
<2 mm and air-dried at approximately 30 °C. The uppermost 10-20 cm of sediment were
discarded to avoid recently deposited material.

In the laboratory, samples were oven-dried at 60 °C and sieved to obtain the <180 pm
fraction (80 mesh), following standard procedures widely used in regional stream-sediment
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geochemical surveys [15,28]. This fine-grained fraction is generally considered to better
reflect geochemical dispersion processes within drainage basins.

The prepared samples were subsequently submitted to Activation Laboratories Ltd.
(Actlabs, Ancaster, ON, Canada) for chemical analysis.

3.2. Analytical Methods and Geochemical Analyses

The <180 pm sediment fraction obtained during sample preparation was analysed
using the “Ultratrace 3” analytical package at Activation Laboratories Ltd. to determine
multi-element concentrations.

This procedure involves a near-total four-acid digestion (HF-HCIO,~HNO3;-HCl),
followed by analysis using Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
complemented by Instrumental Neutron Activation Analysis (INAA) for selected elements.

A total of 63 elements were determined. Detection limits are reported in Table S1. Only
elements with more than 50% of values above detection limits were retained for statistical
treatment. Gold and silver were predominantly below detection limits and were therefore
excluded from further analysis, although associated pathfinder elements were retained.

The complete geochemical dataset is provided in Table S1.

Quality assurance and quality control (QA/QC) procedures were carried out by Acti-
vation Laboratories Ltd. and included the routine analysis of certified reference materials
(CRMs), analytical blanks and duplicate samples. The results indicate acceptable analytical
accuracy and precision for the elements considered, with uncertainties generally within
£5%-10% for trace elements at concentrations above detection limits, confirming the relia-
bility of the analytical data used in subsequent statistical analyses. These procedures follow
standard international laboratory protocols for geochemical analysis.

Chromium concentrations, including the maximum value of 27,220 mg/kg, were
determined using ICP-MS following near-total four-acid digestion. Because this method
does not completely dissolve refractory chromite, the reported Cr concentrations may
represent minimum estimates for chromite-bearing samples. Nevertheless, the consistently
high Cr values are interpreted as reflecting a strong ultramafic geochemical signature
consistent with regional geological observations [23].

3.3. Statistical Data Analysis

Statistical treatment of the geochemical dataset was performed using JMP Pro 14.0
software. Variables selected for graphical representation (boxplots and PCA) were restricted
to geochemically meaningful element groups to improve interpretability and reduce redun-
dancy. Although additional elements such as S, Bi, Sb, Se and Tl were analysed, they are
not systematically shown in all figures but are included in the multivariate analysis and
Supplementary Dataset.

Threshold values for anomalous concentrations were estimated using robust statistical
approaches. The median + 2 MAD (Median Absolute Deviation) was used to identify
anomalous concentrations while minimizing the influence of extreme values [24]. In
addition, Tukey’s boxplot method was applied to identify statistical outliers based on the
interquartile range (IQR).

Given the compositional nature of geochemical data, the dataset was treated according
to compositional data analysis (CoDA) principles. Only variables with positive measured
values were retained, and the dataset was transformed using the centred log-ratio (CLR)
transformation [21,22].

To improve statistical robustness relative to the limited sample size, Principal Com-
ponent Analysis (PCA) was applied to reduced, process-oriented variable sets. Two PCA
models were defined: (i) an ultramafic-related model (Mg, Fe, Cr, Ni and Co), and (ii) a
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polymetallic model (As, Bi, Cu, Pb, S, Sb, Se, Tl and Zn). This variable selection was guided
by geochemical process interpretation, allowing the identification of element associations
representative of ultramafic lithologies and sulphide-related systems, while improving the
case-to-variable ratio.

The suitability of the dataset for multivariate analysis was assessed using Bartlett’s
test of sphericity and the Kaiser-Meyer—Olkin (KMO) measure of sampling adequacy.
Bartlett’s test was statistically significant (p < 0.05), indicating that the correlation structure
is appropriate for PCA. KMO values (0.61-0.68) indicate acceptable sampling adequacy for
both PCA models (KMO > 0.6), confirming that the dataset is suitable for reliable factor
extraction.

4. Results
4.1. Descriptive Statistics and Elemental Distribution

Univariate statistical analysis of the stream-sediment dataset reveals a wide range
of concentrations for several elements within the Citrana drainage basins. Among the
analysed elements, As, Bi, Co, Cr, Cu, Mg, Ni, Pb, S, Se and Zn show the highest variability
and include several statistical outliers.

Maximum concentrations reach 214 mg/kg for As, 142 mg/kg for Co, 27,220 mg/kg
for Cr, 437 mg/kg for Cu, 1520 mg/kg for Ni, 67 mg/kg for Pb and 267 mg/kg for Zn,
indicating strong geochemical heterogeneity within the study area.

Threshold values for anomaly detection were calculated using two statistical ap-
proaches: median £ 2 MAD and Tukey’s boxplot method. Consistent with previous
studies [12,13], the MAD-based approach identifies a larger number of anomalous samples
compared with the Tukey method, reflecting its greater sensitivity to skewed distributions.

The classification of samples according to these statistical ranges is presented in
Table S2. To further evaluate data distribution and the presence of extreme values, boxplots
of log10-transformed concentrations were constructed for selected ultramafic-related (Cr,
Ni, Co and Mg) and polymetallic (As, Cu, Pb and Zn) elements (Figures 3 and 4). The
boxplots reveal strongly skewed distributions and the presence of extreme outliers, particu-
larly for Cr, Ni, As and Cu, supporting the use of robust statistical approaches for anomaly
detection.

log10 concentration
N

o
14 o
o
0 1 %
log10(Cr) log10(Ni) log10(Co) log10(Mg %)

Figure 3. Boxplots of log10-transformed concentrations for ultramafic-related elements (Cr, Ni, Co
and Mg) in stream sediments from the Citrana area. The plots highlight strong positive skewness and
extreme values, particularly for Cr and Ni, consistent with contributions from ultramafic lithologies.
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Figure 4. Boxplots of log10-transformed concentrations for polymetallic elements (As, Cu, Pb and
Zn) in stream sediments from the Citrana area. The distributions show marked variability and the
presence of outliers, especially for As and Cu, suggesting localized enrichment processes.

Logarithmic cumulative probability plots for selected elements, particularly Cr and
Ni, show clear deviations from linearity, indicating the presence of multiple geochemical
populations (Figure 5). These patterns suggest that the distribution of these elements is
controlled by more than one geochemical source within the drainage basins.
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Normal Quantile Plot Normal Quantile Plot
Figure 5. Logarithmic cumulative probability plots for Cr and Ni concentrations in stream sediments
from the Citrana area. Deviations from linear trends indicate the presence of multiple geochemical
populations and suggest contributions from distinct geological sources.

4.2. Principal Component Analysis

To improve statistical robustness relative to the limited sample size, PCA was per-
formed on reduced and process-oriented variable sets using CLR-transformed compo-
sitional data [21,22]. The first PCA, focused on ultramafic-related elements (Mg, Fe, Cr,
Ni and Co), identifies a strong and coherent geochemical signal. PC1 explains 78.2% of
the total variance and PC2 explains 13.3%, indicating a dominant ultramafic geochemical
signature (Figure 6). The loading vectors correspond to the variables Mg, Fe, Cr, Ni and Co,
and their orientation defines the ultramafic geochemical association.
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Figure 6. PCA biplot for the ultramafic-related geochemical association based on CLR-transformed
variables Mg, Fe, Cr, Ni and Co. PC1 explains 78.2% of the total variance and PC2 explains 13.3%.
Arrows represent variable loadings (Mg, Fe, Cr, Ni and Co) and points represent stream-sediment
samples.

The second PCA, focused on polymetallic elements (As, Bi, Cu, Pb, S, Sb, Se, Tl and
Zn), defines a distinct geochemical association. In this model, PC1 explains 44% of the
total variance and PC2 explains 22.9% (Figure 7). The loading vectors correspond to the
variables As, Bi, Cu, Pb, S, Sb, Se, Tl and Zn, and define the polymetallic geochemical
association.

6 [ Label variables

Component 2 (22.9 %)
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Figure 7. PCA biplot for the polymetallic geochemical association based on CLR-transformed
variables As, Bi, Cu, Pb, S, Sb, Se, Tl and Zn. PC1 explains 44% of the total variance and PC2
explains 22.9%. Arrows represent variable loadings (As, Bi, Cu, Pb, S, Sb, Se, Tl and Zn) and points
represent stream-sediment samples. Detailed PCA loadings and sample scores for the ultramafic and
polymetallic PCA models are provided in Tables 54-56.

5. Discussion
5.1. Ultramafic Geochemical Signature

The geochemical patterns observed in stream sediments from the Citrana region re-
flect the combined influence of lithological composition, geomorphological processes and
compositional constraints inherent to geochemical datasets. The ultramafic-related geo-
chemical association defined by Mg-Fe—Cr-Ni—Co (Figure 6) represents the most coherent
and statistically robust signal identified in this study. The high proportion of variance
explained by PC1 indicates a dominant geochemical control consistent with contributions
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from ultramafic lithologies, while the strong and coherent grouping of Mg, Fe, Cr, Ni and
Co supports the interpretation of a well-defined ultramafic signature. These elements
are widely recognized as diagnostic indicators of ultramafic sources and their weathering
products, particularly in tropical environments where chemical weathering enhances their
concentration in fine-grained sediment fractions.

This ultramafic signal must be interpreted within the regional geological framework.
Vicente et al. [23] documented chromite-bearing ultramafic rocks in the Maquelab region,
located in close proximity to the present study area. The geochemical patterns observed in
this study are therefore best interpreted as reflecting the regional continuity and geochem-
ical influence of ultramafic lithologies already recognized in the Oecusse enclave, rather
than indicating previously unrecognized ultramafic units.

The elevated concentrations of Cr and Ni recorded in several samples are consistent
with contributions from serpentinitized ultrabasic rocks associated with ophiolitic com-
plexes. Such ophiolitic fragments are widely reported throughout the Banda Arc region and
are commonly associated with podiform chromite deposits [5,6]. The observed geochemi-
cal signature thus reinforces the regional importance of ultramafic lithologies as primary
controls on stream-sediment composition and supports their role as key contributors to
geochemical anomalies in the study area.

5.2. Polymetallic Geochemical Association

A second distinct geochemical association is defined by As-Bi-Cu-Pb-S5-Sb-Se-Tl-Zn
(Figure 7), representing a polymetallic signature that is commonly associated with sulphide-
related mineralization processes. The coherent grouping of these elements in PCA space
indicates a shared geochemical control, likely linked to sulphide-bearing mineral phases
or hydrothermal systems. Several elements within this association display concentrations
significantly above typical background values for sedimentary and mafic lithologies [13],
supporting the interpretation of localized geochemical enrichment. The presence of S
and Se further reinforces this interpretation, as these elements are commonly associated
with sulphide mineralization and may reflect contributions from sulphide-bearing source
lithologies within the drainage basins.

Despite this coherent geochemical signal, the interpretation of polymetallic enrichment
must be considered with caution. The reconnaissance nature of the dataset and the rela-
tively limited sampling density constrain the spatial resolution of geochemical anomalies.
The observed element associations may reflect hydrothermal influence, but confirmation
requires additional field observations, mineralogical characterization and petrographic
analysis.

The clear separation between ultramafic-related and polymetallic associations in PCA
space highlights the presence of distinct geochemical processes operating within the study
area. This separation demonstrates the effectiveness of multivariate analysis applied to
compositional datasets in disentangling overlapping geochemical signals and supports the
use of process-oriented PCA models in complex geological environments.

The coexistence of ultramafic-related and polymetallic signatures reflects the tectonic
and geological complexity of the Banda Arc region. Arc—continent collision settings are
known to host a wide range of mineralization styles, including podiform chromite deposits
associated with ophiolitic ultramafic sequences, as well as epithermal, porphyry and
volcanogenic massive sulphide systems [8].

Although the present study represents a reconnaissance-scale exploration survey, the
identified geochemical anomalies highlight specific drainage basins that may warrant
further investigation through detailed geological mapping, mineralogical characterization
and targeted geochemical sampling. These areas represent priority targets for follow-up
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exploration in the Citrana region. It is important to note that the spatial distribution of
geochemical signals reflects localized conditions at sampling points rather than continuous
anomaly patterns across entire drainage basins. The results should therefore be interpreted
as indicators of potential source areas rather than definitive maps of mineralization.

6. Conclusions

This study presents the first stream-sediment geochemical dataset for the western
sector of the Oecusse enclave (Timor-Leste) and provides new insights into the geochemi-
cal expression of lithological and mineralization-related processes within a complex arc—
continent collision setting.

Stream-sediment geochemistry effectively captures lithological signatures at the
drainage-basin scale. The geochemical composition of sediments reflects the influence
of upstream lithologies, demonstrating the reliability of stream sediments as a proxy for
geological variability in poorly mapped regions.

A robust ultramafic geochemical signature represents the dominant geochemical
control in the study area. The Mg-Fe—Cr-Ni—Co association reflects contributions from
ultramafic and ophiolitic lithologies, consistent with regional geological observations. This
signature confirms the regional continuity and geochemical influence of chromite-bearing
ultramafic rocks previously identified in the Oecusse enclave.

A distinct polymetallic geochemical association indicates potential sulphide-related
processes. The As—Bi—-Cu-Pb-5-Sb-Se-TI-Zn association defines localized enrichment
patterns that may be linked to hydrothermal or sulphide-related mineralization. However,
this interpretation remains preliminary and requires further geological and mineralogical
validation.

Multivariate statistical analysis (CLR-PCA) provides an effective framework for dis-
entangling overlapping geochemical signals. The clear separation of ultramafic and poly-
metallic associations highlights the value of compositional data analysis in improving the
interpretability of geochemical datasets, particularly in reconnaissance-scale studies.

The identified geochemical anomalies define priority targets for future mineral explo-
ration. Specific drainage basins exhibiting anomalous element concentrations represent
potential source areas that warrant follow-up investigation through detailed mapping,
mineralogical characterization and targeted geochemical sampling.

The geochemical patterns are predominantly controlled by natural (geogenic) pro-
cesses. The absence of known anthropogenic contamination sources, combined with the
coherence of lithology-related geochemical signatures, supports a predominantly natural
origin of the observed anomalies.
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//www.mdpi.com/article/10.3390/min16050459/s1. Table S1: Geochemical dataset of stream-
sediment samples (51-527), Western Oecusse Enclave (Timor-Leste); Table S2: Certified reference
materials (CRM) results; Table S3: Descriptive statistics of selected elements in stream sediments;
Table S4: PCA loadings for selected elements (PC1-PC3); Table S5: PCA scores (PC1-PC3) for
stream-sediment samples (51-527); Table S6: Variance explained by principal components (PCA).
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