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Abstract: Timor Island is located in a geologically complex region strongly affected by the collision
of the Australian margin with the Banda volcanic arc. In Oecusse, an enclave of East Timor in the
western part of Timor, crop out several lithological units of the Banda Terrane that are associated
with the obduction of oceanic crust and upper mantle on the Australian continental crust. This
study reports the geochemistry of stream sediments from the coastal region of the Oecusse enclave,
where the Banda Terrane is best represented, employing statistical analyses to discern the sources
of metal(oid)s and assessing ecological and health risks. Arsenic, Cr, and Ni are the elements with
higher potential ecological risk factors. The potential ecological risk index (PERI), which combines
single indexes of ecological risk factors for multiple elements, is very high in a stream sourced
by the Lolotoi-Mutis Complex. Significant risks for human health were found for As (sourced by
the Lolotoi-Multis Metamorphic Complex and basalts of the Barique Formation), Mn (sourced by
the Maubisse and Barique formations), and V (sourced by the Manamas Formation). The highest
values of hazard index (HI), however, were determined with Cr, in particular for children (HI higher
than 10 in 12 sediments sourced by ultramafic units and their covering sedimentary units). This
investigation shows that high geogenic concentrations of several elements, particularly those derived
from the oceanic crust and the upper mantle, raise significant cancer and non-carcinogenic risks.

Keywords: geochemistry; potential ecological risk index; human health risks; arc-continent colli-
sion; Oecusse

1. Introduction

The planetary health manifesto goal is to create a movement for planetary health, a
planet that nourishes and sustains the diversity of life with which we coexist and on which
we depend [1]. It is a social movement to support collective public health action at all
levels of society—personal, community, national, regional, global, and planetary [1]. The
main objective is to protect against threats to human health and well-being, threats to the
sustainability of our civilization, and threats to the natural and human-made systems that
support us. Within planetary health, it is essential to characterize the linkages between
environmental changes and human health at different geospatial and temporal scales. Since
the last century, our planet developed into a changed new phase, and life, as we have known
it for the last ten times, is altering very fast [2]. As natural systems undergo unprecedented
modifications, both our well-being and the health of the planet are at risk [2,3]. Humans are
part of nature, and its health cannot be separated from the health of the environment [3-5].
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Given the present environmental conditions, geochemical mapping has become an
urgent priority in many countries. This urgency is evident across various scales due to
the significant importance and wide-ranging applications of the geochemical data collected
(e.g., [6-15]). Stream sediments frequently offer a composite sample from the upstream
catchment area [16,17]. This medium effectively integrates all sources of sediment, includ-
ing primary rock and soil, and serves as a reliable representation of the geochemical back-
ground [16-18]. Changes in the chemical composition of natural media, such as sediments,
dust, soils, and ground and surface waters, might induce metabolic changes leading to the
occurrence of endemic diseases and ecological risks (e.g., [19-21]). Nowadays, there has
been more focus on the neurotoxic and also potential carcinogenic effects of environmental
and occupational exposure to metal (loid)s, such as Al, As, Cd, Co, Cr, Cu, Mn, Ni, Pb, and
Zn [22-56]. For instance, the International Agency for Research on Cancer has identified occu-
pational exposure to chromium [VI] and nickel compounds as carcinogenic to humans [57],
exposure to cadmium and lead is linked to changes in kidney function [53-56], cadmium and
chromium are linked to hypertension and atherosclerosis [53,54], and there seems to be a
connection between the inhalation and ingestion of manganese and complaints of the central
nervous system in humans [58-61].

Stream sediments capture the geochemical properties of their source materials. They can
become naturally contaminated as rocks containing potentially toxic elements (PTEs) undergo
weathering. This natural contamination can have implications for both ecological health and
human well-being [16,17,62—-64]. The impact of eventual contamination is not confined to
the area near the source, as contaminated materials can be physically transported, especially
during periods of high runoff. This can result in the spread of pollutants over great distances,
potentially harming plants, animals, and humans far from the original source [65]. Studying
the geochemistry of the near-surface environment, including the interactions between rocks,
soil, sediments, and water, provides a valuable tool for assessing potential natural risks to
ecological and human health. This includes the risk of endemic diseases that may result
from prolonged or elevated exposure to these geochemical elements. Such risks can be subtle,
long-lasting, and sometimes irreversible [66—68].

Since 2016, the Institute of Geosciences of East Timor (former Institute of Petroleum
and Geology) has performed in the Oecusse enclave, in the western part of Timor Island,
detailed geological recognition including stream sediment sampling. Sampled sediments
were investigated to establish the geochemical baseline conditions and possible mineral
resources [69]. These surveys revealed high contents of Cr, Ni, and Co in stream sediments
sourced by ultramafic complexes that were not known in the region until then. Also, in
Oecusse, high grades of Au and Cu were already reported [70,71]. A recent study focused
on Indonesia [61,72] found high contents of Pb and Cr in surface water, with possible
negative impacts on public health.

Chronic exposure to the metal(loid) reported as abundant in the study region (Cr, Ni, Co,
Cu, Pb, As, Mn) can lead to negative effects on both human health and ecosystems [73-86].
This study aims to (i) identify the sources of metal(oid)s by integrating geochemical data with
geological mapping and (ii) assess the ecological risk and health risk for children and adults.

2. Natural Setting

The island of Timor is located in Southeast Asia, approximately 700 km northwest of
Darwin, Australia. Timor is part of the Outer Non-Volcanic Banda Arc that is genetically
linked with the collision between the Volcanic Banda Arc and the Australian continental
margin [87-89]. The arc-continent collision has produced a complex geological structure
comprising juxtaposed units with Australian and Asian affinity, synorogenic sedimentary
deposits, and a mélange.

The research area is located in the northern part of the Oecusse enclave (Figure 1),
which is surrounded by the Nusa Tenggara Timur Province (NTT), Indonesia, and bor-
dered by the Savu Sea to the north. In this region crop out 3 major tectonostratigraphy
units [87-89]: (1) Gondwana Megasequence, with Permian to Middle Jurassic formations
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deposited in the margin of Gondwanaland portion presently belonging to Australia; (2)
Banda Terrane, dominated by Jurassic to Miocene rock formations with Asian affinity,
including a metamorphic Complex, associated with high-degree metamorphisms, and
covering siliciclastic successions, shallow marine limestones and outer neritic mudstones;
(3) Synorogenic Megasequence, composed of Late Miocene to Pleistocene rock formations.
This tectonostratigraphic unit covers a diapiric mélange, also known as Bobonaro Mélange,
with rock blocks recognizably derived from most stratigraphic units on Timor enfolded in
a mud matrix.
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Figure 1. The location of the research area, Timor Island between Australia and the Banda Arc, and
the drainage basins for the sampled stream deposits used in the present investigation.

The Gondwana Megasequence, with Australian affinity (Figure 2), comprises (1) Per-
mian Maubisse Formation, with pillow basalts and well-bedded limestones; (2) Interbedded
calculative-shale of Triassic Aituto Formation; (3) Triassic Babulu Formation with mud-
stones and turbiditic sandstones. The Aileu Complex, with mica schist, calcsilicate, and
ultramafic rocks, is considered to be correlative of the Maubisse Formation but passed
through a distinct tectonic-metamorphic history [87,89].

The Banda Terrane, with Asian affinity, comprises: (1) the Lolotoi-Mutis Complex,
with mica schist, graphitic phyllite, peridotite, and greenschist; (2) the Cretaceous turbidites
of the Haulasi Formation; (3) the Late Paleocene-Middle Eocene thick-bedded limestones
of the Dartollu Formation; (4) the Eocene to Oligocene Barique Formation that includes
distinct volcanic suites and intercalated sedimentary rocks; (5) the Late Miocene to Pliocene
Manamas Formation, the youngest volcanic unit of the Banda Terrane, composed of a
km-thick pile of pillow basalt and tuffs.
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Figure 2. Geological sketch of Oecusse enclave with the catchment areas for the analyzed stream samples.

The Synorogenic Megasequence was deposited after and during the arc-continent
collision. Its most voluminous units are (1) the Pliocene Viqueque Formation, mainly
consisting of fossiliferous marls; (2) the Pliocene-Pleistocene Baucau coral reef limestones
and conglomerate of Suai Formation; (3) recent alluvial and beach deposits.

Timor has a tropical hot climate, mainly influenced by the West Pacific Monsoon
System. Seasonally, it displays a period with high rainfall intensity (wet season) and a
period with low rainfall intensity (dry season). The wet season usually runs from December
to May, and the dry season from June to November, although the wet season in the southern
portions of the country lasts longer. Timor’s annual rainfall varies across the country from
north to south, normally being higher in higher altitude areas. It ranges from 1000 mm on
the northern coast to 1500-2000 mm on the central part and more than 2500 mm on the area
with high elevation located in the western part of the country [90].

3. Methodology
3.1. Sampling

A sum of 82 stream sediment samples were obtained from streams of 1st and 2nd
order. The sampling took place during the dry season, considering the elevated river flow
patterns during the wet season in the study area. These patterns could lead to increased
runoff rates and brief deposition periods, consequently leading to reduced concentrations
of dissolved solids [91,92].

Sampling locations were identified using a global positioning system (GPS), and the
sampling sites were chosen to be as uncontaminated as possible. Therefore, locations
affected by pollution, such as near factories, heavy traffic roads, and arable soils, were
avoided. Fresh samples were collected in plastic bags and transported to the laboratory for
further analysis.
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3.2. Chemical Analysis and Data Treatment

The <80 mesh fraction was properly weighed and sent to certified Activation Labo-
ratories (Ancaster, ON, Canada) for chemical analysis and analyzed under the Ultratrace
3 package. The Chemical analyses were performed using INAA in the total sample and
ICP-MS by total acid digestion (HNO3-HClO4-HF). Compared to other elements, Hg is par-
ticularly “troublesome” when analyzed by ICP-MS because it can easily evaporate and get
trapped in the plastic tubing and glass parts of the sample introduction system. However,
this was prevented by adding small amounts of HCI or Au to the diluent. Additionally, for
quality control, the laboratory used the reference samples GXR4, GXR6, SDC-1, OREAS97,
OREAS-45d, OREAS96, DNC-1a, SBC 1, and DMMAS 121. So, the results obtained in the
analyses are accurate.

Following the verification of data normality and variance homogeneity, univariate
and multivariate statistical analyses were conducted using JMP Pro 14.0 software. A
Principal Component Analysis (PCA) based on a correlation matrix was performed to
identify associations among the ten metal(loid) variables across the 82 sampling sites and
to examine the relationship between the PTEs and the various geological units.

4. Results and Discussion
4.1. Univariate and Multivariate Statistics

Statistics of the analyzed metal(oid) concentrations from stream sediments were cal-
culated and listed in Table 1 and Figure 3. Only total concentration was used; no valence
state or heavy metal forms were included. Except for Hg, whose concentrations are low
and frequently close to the detection level, all elements yield asymmetric distributions with
a median smaller than the mean. Differences between mean and median are particularly
high for Ni and, in particular, Cr, with one sample yielding more than 100 times the median
value, and 9 samples are natural outliers with high Cr contents. The elements with the
most variable concentrations are As and Cr (variance coefficient > 2; maximums almost
three orders of greatness higher than minimum values). Among the elements with more
homogenous concentrations, two are found at very low grades (Cd and Hg), two tend to
be abundant in mafic rocks (Co and V), while others are common in felsic rocks or do not
display a clear affinity with mafic or felsic material (U and Mn, Cu and Pb).

Table 1. Summary statistics for PTEs in stream sediments of littoral Oecusse.

mg/kg As Cd Co Cr Cu Hg Mn Ni Pb U v Zn
Minimum 0.25 0.05 14 28 19 0.005 823 11.2 0.9 0.1 36 52.2
Median 77 0.05 33.9 270.5 41.45 0.04 1580 64.3 11.35 1.1 84 87.1
Mean 10.79 0.085 36.7 1776.5  46.03 0.04 1660.8  154.7 12.23 1.01 111.8 94.1
maximum 214 04 142 25940 437 0.08 5140  1520.0 67.3 2.3 362 267
DP 23.74 0.071 18.4 3880.0 447 0.014 582.4 225.5 9.3 0.55 77.9 34.0
As Co Cr Cu Mn Ni Pb U \% Zn
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Figure 3. Boxplots of PTEs concentration in the studied sediments.
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High concentrations of Cr and Ni are observed in a few stream sediments sourced
by units of the Gondwana Megasequence (Maubisse Formation), its correlative metamor-
phic unit (Aileu Complex), the Banda Terrane (Barique and Manamas formations) or the
Bobonaro mélange. The highest grades of Co, Cr, and Ni are observed in one sample with
a drainage area occupied mainly by ultramafic rocks. Several sediments with drainage
areas, mostly in the Lolotoi-Mutis Complex, yield high contents of As, Cu, Mn, Pb, and
Zn, but the most elevated concentrations of Mn and U occur in sediments sourced by the
Maubisse Formation. Vanadium is particularly abundant in stream sediments fed by the
basaltic rocks of the Manamas Formation, along with sedimentary units derived from this
volcanic succession, and in a few samples with catchment areas draining different volcanic
and sedimentary units of the Gondwana Megasequence and Banda Terrane.

The principal component analysis (PCA) for the studied area stream sediments PTEs’
data (Figure 4) allowed the determination of major associations among PTEs that can be
ascribed to geological units. Using all samples and all PTEs as variables (Figure 4, above), the
first 2 components of the PCA (PC1 and PC2; 61% of total variance) reveal strong associations
Cr-Ni-Co and As-Cu. Cobalt, Cr, Ni, and V are plotted in opposition to U in the PC1 axis. The
PCA is strongly affected by the extreme contents of As and Cu in a stream deposit sourced by
metamorphic and basaltic rocks of the Banda Terrane (sample 9), and Cr, Ni, and Co in a small
catchment draining almost exclusively ultramafic rocks (sample 2). A PCA without these
samples (Figure 4, below) is more adequate to understand the relations between variables and
possible links with drainage geology. The first two components provided by this PCA (65%
of total variance) confirm the strong association Cr-Ni. In the PC1-PC2 biplot, As, Pb, and U
appear together in opposition to V. Cobalt is plotted between Cr-Ni and V.

The basaltic rocks of Maubisse, Barique, and Manamas formations, which can be
incorporated in the Bobonaro mélange, appear to be the most common sources of sediments
with high Cr and Ni. The PC1-PC2 biplot suggests that a compositionally different set
of igneous rocks belonging to the Maubisse, Barique, and Manamas formations and their
covering sedimentary sequences are enriched in V. On the other end, sediments with
high contents of As, Pb, and U appear to be preferentially linked to the metamorphic
units of the Banda Terrane (Lolotoi-Mutis Complex). The Cu-Pb-As association may also
indicate the impact of anthropogenic sources, such as the potential use of fertilizers or
pesticides containing these elements and/or batteries, particularly in areas near population
settlements [93], however due to the absence of significant urban centers close to the
sampling points where these elements yield high grades of Cu, Pb and As the hypothesis
of human sources for these elements appears unlikely.

>
~d
o
s
e c
»
=

NI,/‘CO

Component 2 (28.4 %)
o

-10 -5 0 5 10
Component 1 (32.2 %)

Figure 4. Cont.
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Figure 4. Biplot with the representation of variables and samples in the two principal components (PC1
and PC2) obtained with PCAs performed with all samples (above) and without samples 9 and 2 (below).

4.2. Ecologic Risks

Because there are no legislated ecological guidelines for Timor Island, PTE contents in
collected stream sediments were compared with guideline values that have been adopted by
other countries. Table 2 shows that median values of PTEs of some stream sediments from
Oecusse are higher than guideline limits adopted in Canada, Netherlands, South Africa, and
Portugal for As, Co, Cr, Cu, and Ni. This is in accordance with the findings of Vicente et al. [69],

which found anomalous or higher Cr, Ni, and Co than the expected contents.

Table 2. Median values obtained with the stream sediments of Oecusse for the analyzed hazardous ele-
ments (mg kgfl) and admissible levels according to the Canadian [94], Dutch [95], South African [96],
and Portuguese [97] guidelines.

Median Canadian Dutch South Africa Portugal
Guidelines Guidelines Guidelines Guidelines
5.8

As 8 6 29 75 18

Cd 0.1 0.6 0.8 75 1.2
Co 33 50 9 18 21

Cr 324 26 100 46 69
Cu 42 16 36 16 92
Mn 1630 - - 740 -

Ni 63 16 36 9.1 37

Pb 12 31 85 20 120

U 11 86 80 1.9 25

\% 84 86 - 155 21

/n 90 120 140 240 290

Note: Chemical elements in bold means that the its median concentrations are higher than the guidelines.



Water 2024, 16, 3020

8 of 17

Numerous indices were used to assess the geochemical transformations promoted
by contamination, either geogenic or anthropogenic. The Potential Ecological Risk Index
(PERI) was used for the first time by Hakanson [98] to study sediment-related pollution
and is being adopted by several authors [99-102]. It provides an indication of major
contamination agents and the identification of sites where studies could prioritize. It
is adopted to evaluate the level of contamination by multiple elements based on their
potential toxic effects or environmental risks. This is defined as the cumulative sum of
the risk factors associated with the contaminants in a sample, providing an assessment
of contamination levels relative to their toxicity and environmental impact [103,104]. To
normalize the PTEs for index calculations, Hikanson [98] recommends using values from
the Upper Continental Crust. However, given that the study area includes outcropping
units linked to the oceanic crust and potentially the upper mantle, we opted to normalize
the PTEs using the median values for the entire area.

Table 3 shows the formulas of PERI, Pn, and CFi and their respective explanation. For
each potentially harmful element, CFi was calculated using element concentration in the
sample and regional median values. The single index of ecological risk factor (Pn) combines
the element CFi with the toxic response factor of individual metal Tn (which expresses the
toxic response of individual metal(loid)s). PERI results from the sum of potential risks of
individual metals Pn.

Table 3. Formulas of PERI, Pn, Cfi, and respective definitions.

Parameter Explanation

Pn: potential ecological risk factor of individual PTE.

PERI < 95: low potential ecological risk; 95 < PERI < 190: moderate
ecological risk; 190 < PERI < 380: considerable ecological risk and
PERI > 3.5.

PERI = Y. P,

Tn (toxic response factor), which expresses the toxic response of
individual metals. Tn for As, Cd, Co, Cr, Cu, Hg, Mn, Ni, V, Pb, and
Zn are 30, 30, 2, 2, 5,40, 10, 5, 1, 5, 1, respectively [101,105,106]. Pn

P, =Tn x CF; classified as: Pn < 40: low potential ecological risk; 40 < Pn < 80:
reasonable ecological risk; 80 < Pn < 160: considerable ecological risk;
160 < Pn < 320: high ecological risk and Pn > 320: very high
ecological risk

CF; = Csample/Median C: element (i) concentration

The concentration of several elements in stream deposits constitutes high or very high
potential ecological risks (Figure 5). Namely: for As in one sample sourced by the Lolotoi-
Mutis Complex and basalts of the Barique Formation and one sample that results from
sediment recycling of ultramafic rocks; for Cr and Ni grades in deposits partially fed by
ultramafic rocks; for Co and Cu grades in the stream deposit sourced by the Lolotoi-Mutis
Complex and basalts of the Barique Formation that also yield high As.

The index PERI is only very high in a stream sample sourced by the Lolotoi-Mutis
Complex collected at the western Oecusse region (Figure 6). the grades of As, coupled with
Co and Cu, account for this high PERI value. Considerable values of the PERI index were
determined in 3 deposits, also from the western portion of Oecusse. Arsenic, Cr, and Ni
are the elements with higher potential ecological risk factors in these deposits. Moderate
values of PERI occur in wider areas of both center and western littoral Oecusse, also due to
As, Cr, and Ni concentrations.
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Figure 5. Potential ecological risk factors were determined for As, Cr, Cu, Ni, and V, elements that
gave Pn > 40.
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Figure 6. PERI values were determined with littoral sediments from Oecusse.

4.3. Assessment of Health Risks Associated with Exposure PTEs
4.3.1. Non-Carcinogenic Risk

The human health risk caused by trace elements exposure is expressed as hazard
quotient (HQ) = ADD/RfD. The ADD is the average daily dose to which a child or adult
is exposed, whereas RfD is the reference dose, which is the daily dosage that enables the
exposed individual to sustain this level.

Noncancer risk can be evaluated with the hazard index (HI) for multiple substances
and considering distinct exposure pathways [34]. The values of HI are obtained with the
sum of the hazard quotient (HQ) for each element and each pathway. It is considered
that there is a very low chance of noncarcinogenic risk where HI < 1. Exposure to poten-
tially toxic elements (As, Cr, Pb, Cu, Ni, and Zn) through three pathways (i.e., ingestion,
inhalation, and dermal contact) by two population sub-groups (adults and children) was
calculated using equations described in USEPA [107,108]. Daily intake (CDI) was evalu-
ated for exposure through ingestion (ADDjyg), inhalation (ADDjyp,), and dermal contact
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(ADDygerm) by adopting values given in Table 4 and using the following Equations (1)-(3),
where C; stands for the concentration of PTEs in stream sediments (mg kg’l):

Cs x IngR x EF x ED x CF

ADDing = BW x AT M
Cs x InhR x ET x EF x ED
ADDjpp = = PEF x BW x AT @)
Cs x SA x AF x ABS x EF x ED x CF
ADDderm == BW x AT (3)

Table 4. Values used in the determination of chronic daily intake (CDI) following the recommendation
of USEPA [108].

Parameter Unit Adult Value Children Value
IR mg/day 100 200
EF Days/ Year 312 312
ED Years 35 6
BW Kg 70 15
ATnc Days 375 x 35 365 x 6
ATc Days 365 x 70 365 x 70
CF mg/day 10-° 10-°
SA cm? 6032 2373
AF mg/cm? 0.07 0.2
ABS Unitless 0.001 0.001
InhR m3/h 1.56 1.2
ET h/day 8 4
PEF m3/day 1.36 x 10° 1.36 x 10°

Notes: IR: Ingestion rate; BW: Body weight; EF: Exposure frequency; ED: Exposure duration; ATc: Av. Time
for carcinogenic risk; ATnc: AV. Time for noncarcinogenic risk; SA: Skin surface area available for contact; CF:
Conversion factor; AF: Soil-to-skin adherence factor; ABS: Absorption factor; InhR: Inhalation rate; ET: Exposure
time; PEF: Particulate emission factor.

The concentrations of various elements in the stream sediments under study may
pose health risks to humans (Figure 7). The highest values of HI were determined with Cr,
in particular for children, with HI being higher than 10 in 12 stream deposits sourced by
ultramafic units and their covering sedimentary successions. High HI values for Cr are most
common at the center-littoral portion of Oecusse. Where patches of the ultramafic rocks
occur at the western portion of the territory, even if they only represent minor portions of
the catchment areas, the Cr risk is still non-negligible. For adults, only the ultramafic rocks
appear to supply Cr in sufficiently high concentrations to constitute health risks. However,
the basalts of the Manamas Formation and, to a lesser extent, of Barique Formation can also
be responsible for Cr exposure, compromising children’s health.

Non-negligible risks were also obtained for exposure to As, Mn, and V. The most
elevated values of HI for Mn were detected in sediments sourced by Maubisse and Barique
formations. In the case of Barique, high values occur in sediments draining a rhyo-dacitic
suite, which can also be present in the Maubisse Formation [109]. It is then reasonable to
assume that these rocks are a likely source of Mn in the studied sediments. Regarding
As, an HI > 1 was found only in a stream deposit from the western portion of Oecusse,
whose catchment area drains in sub-equal proportions to the Lolotoi-Mutis Metamorphic
Complex and basalts of the Barique Formation. Almost all sediments sourced by the
Manamas Formation gave HI > 1 for V.
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Figure 7. Non-carcinogenic hazard indexes associated with exposure to As, Cr, Mn, and V by different
population groups. Only areas where chemical elements are higher than 1 (HI < 1) are painted.

4.3.2. Carcinogenic Risks

The carcinogenic risks for the population of the Oecusse enclave were assessed based on
exposure to As, Cd, Cr, and Ni. These calculations were performed using Equation (4) from
the Exposure Factors Handbook [110] and the slope factor (SF) values provided in [111].

CancerRisk = ) (ADDpathway x SFpathway) 4)

The carcinogenic risks associated with As exposure via ingestion, inhalation, and
dermal contact were evaluated using Equations (5)—(7):

ILCRing = ADD,‘ng X CSFing (5)
ILCR;;, = ADDjy, x CSFip, 6)
ILCRderm = ADDgerm X CSFderm (7)

The ILCRjng, ILCRjnp, and ILCRyerm represent the incremental lifetime cancer risks
for ingestion, inhalation, and dermal exposure pathways, respectively (dimensionless).

CSFing, CSFinh, and CSFyerm are the cancer slope factors [110,111] through ingestion,
inhalation, and dermal contact, respectively ([mg/kg-day] ~'. The total incremental lifetime
cancer risk (TILCR) was obtained by summing the ILCRs from all three exposure routes. A
TILCR exceeding 1 x 10~ is generally considered unacceptable and indicative of potential
carcinogenic health effects for the exposed population, according to USEPA [110]. However,
the concentrations found in stream sediments do not indicate a carcinogenic risk related to
As exposure.

Chromium was the only element detected in stream sediments at concentrations high
enough to increase cancer risk. Calculations were performed exclusively for inhalation
exposure, as it is the only pathway with an available algorithm. Hazardous exposure poses
a concern for both children and adults (Figure 8). Similar to non-carcinogenic risks, the
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areas that demand the most attention are located in the central-littoral region of Oecusse,
where ultramafic massifs are exposed.

Cancer Risk (Cr Inhalation)
Adult w

9°12's

124°12E

Cancer Risk (Cr Inhalation)
Children

9128

Figure 8. The carcinogenic risk associated with Cr. Only areas where Cr is higher 10 ~® which could
imply CR are painted.

5. Conclusions

In-stream deposits from the coastal region of Oecusse, where outliers of ocean crust
and upper mantle units crop out, the median concentrations of As, Co, Cr, Cu, and Ni exceed
the allowable thresholds adopted in Canada, Netherlands, South Africa, and Portugal,
reflecting the high natural concentration of these elements. The potential ecological risk
factors reach high values for As, Cr, and Ni. The PERI is extremely high in a stream sample
sourced by the allochthonous Lolotoi-Mutis Complex. Considering health hazard risks, Cr
is the element that displays the highest HI, particularly for children, with HI being higher
than 10 in 12 sediments entirely or partially derived from ultramafic units. Also, basalts of
the Manamas Formation and, to a lesser extent, of the Barique Formation may account for
relatively high Cr exposure, compromising children’s health. Significant HI was also found
for As in stream deposit draining the Lolotoi-Multis Metamorphic Complex and basalts of
Barique Formation, for Mn in sediments sourced by the Maubisse and Barique formations,
and for V in sediments sourced by the Manamas Formation. Cancer risk was recognized
for Cr, both for children and adults in the same regions of non-cancerogenic risk, where
ultramafic massifs crop out.

The present research shows the extent to which natural processes may be responsible
for extremely high concentrations of some PTEs and the diverse association between some
geological units and specific elements. Given that the measured levels of potentially toxic
elements (PTEs) in stream sediments indicate potential harm to both the environment and
human health, it is imperative to alert relevant authorities. They need to regulate regional
activities, such as the use of river deposits as raw materials, agricultural development, or
water resource exploitation in stream valleys. These findings underscore the importance
of geochemical surveys of stream deposits for informing future policy decisions, which is
especially crucial in developing countries like East Timor.
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