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Abstract: A recent survey that determined heavy metal concentrations in an abandoned Hg mine in
Palawan, Philippines, found the occurrence of Hg with As, Ba, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb,
Sb, Tl, V, and Zn. While the Hg originated from the mine waste calcines as supported by previous
studies, the critical knowledge about the origin of the other heavy metals remains to be unknown.
Our study investigated the sources of heavy metal pollution surrounding the abandoned Hg mine;
and assessed the soil and sediment quality, ecological risks, and health risks associated with these
toxic metals. Multivariate analyses, such as hierarchical cluster analysis (HCA), principal compo-
nent analysis (PCA), and Pearson correlation analysis, were used to identify the heavy metal sources
from the results of a previous paper. Our results showed that Fe, Ni, Cr, Co, and Mn are associated
with the ultramafic geology of the study, whereas As, Ba, Cd, Cu, Pb, Sb, T], V, and Zn are likely
due to historical mining and processing of cinnabar from 1953-1976. The mine waste calcines were
used as construction material for the wharf and as land filler for the adjacent communities. The
modified contamination factor (1mCus) showed that the coast of Honda Bay is highly contaminated,
while the inland areas, including the rivers, are very- to ultra-highly contaminated. There is a con-
siderable ecological risk associated with the heavy metals, wherein Ni, Hg, Cr, and Mn contribute
an average of 46.3 %, 26.3 %, 11.2 %, and 9.3 % to the potential ecological risk index (RI), respectively.
The overall mean hazard index (HI) for both adults (1.4) and children (12.1) exceeded 1, implying
the probability of non-carcinogenic adverse effects. The mean total cancer risk over a lifetime (LCR)
for both adults (1.19x10?) and children (2.89x10%) exceeded the tolerable threshold of 10+, suggest-
ing a potentially high risk for developing cancer mainly by Ni, Co, and Cr exposure.

Keywords: heavy metals; soil; sediments; soil pollution; multivariate analysis; health index; poten-
tial ecological risk; abandoned mine

1. Introduction

Palawan Province is the largest province in the Philippines with a total area of
14,649.73 km? and is composed of over 1700 islands: Calamian Island group in the north,
Cuyo Island group in the northwest, and the Balabac-Bugsuk group in the southwest. The
island is also considered as the last ecological frontier in the Philippines with the immense
biodiversity of corals, seagrass meadows, mangroves, marine mammals, freshwater
fishes, amphibians, reptiles, birds, and terrestrial mammals [1,2]. In 1990, UNESCO also
designated Palawan as “Man and Biosphere Reserve” (1997) [3].

There is also an abundance of mineral reserves in this paradise island. In a miner-
alogical survey, nickel, chromium, gold, copper, cobalt, mercury, and rare earths abound
in Palawan [4] indicating that the island is an ideal site for conducting mining operations.
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In fact, in the past decades, multi-national companies, i.e., Rio Tuba Nickel Mining Cor-
poration (RTNMC), Berong Nickel Corporation, Celestial Nickel and Exploration Corpo-
ration (CNMEC), MacroAsia Corporation, LEBACH, Narra Nickel Mining and Develop-
ment, Inc. (NNMDC), Tesoro Mining and Development, Inc. (TMDI), and McArthur Min-
ing, Inc. (MMI) [5], contributed to the regional economic development through their min-
ing operations. As of this writing, the open pit-mining activities for laterites in Palawan
are still operation in the southern part of the main island. With the need to boost the local
economy in response the COVID-19, it is expected that the national government will new
mining operations in Palawan [6].

To strengthen protection of the environment from unregulated mining practices in
the country, especially in Palawan, various legislative and policy instruments were passed
to include Republic Act 7942 (Philippine Mining Act of 1995), Department of Environment
and Natural Resources (DENR) Administrative Order No. 2010-21 (Mining Act IRR), and
Executive Order No. 79, s. 2012 (Institutionalizing and Implementing Reforms in the Phil-
ippine Mining Sector, Providing Policies and Guidelines to Ensure Environmental Protec-
tion and Responsible Mining in the Utilization of Mineral Resources) [7]. While the local
government and mining companies worked to address the long-term environmental ef-
fects like erosion, biodiversity loss, and contamination of groundwater by chemicals from
the mining processes, there are still abandoned mines, like that of the Palawan Quicksilver
Mines, Inc. (PQMI), that need rehabilitation. PQMI extracted a huge amount of mercury
(Hg) deposits through open-pit mining from 1953 to 1976, and around 2,900 metric tons
of mercury and 2,000,000 metric tons of mine waste calcines were produced. and the min-
ing site was abandoned with no plans of rehabilitation The mining operations stopped in
the 1970s due to declining price of mercury in the world market [8]. Remnants from the
mining company operations, such as the mine waste calcines, were used to build the pen-
insula or jetty in Honda Bay, the artificial lagoon, and some landfills. Through time, with
weathering and erosion, mercury seemed to aquatic environment of Honda Bay [9,10].

While existing research were conducted to assess the extent of mercury contamina-
tion in the surrounding area of the abandoned mine, detailed health and environmental
impacts of ad mixture of the heavy metals and their possible origins remain unknown.
Therefore, this study employed multivariate analyses, such as hierarchical cluster analysis
(HCA) and principal component analysis (PCA), to determine the possible ecological and
health risks associated to the heavy metals in soils and sediments [11-14]. To our
knowledge, this is the most detailed study on the long-term health impact and source
apportionment of heavy metals in the island paradise billed as “one of the most beautiful
islands in the world” [15]. Specific policy recommendations from our results are provided
in this paper.

2. Materials and Methods
2.1. Study Area

The study area, covering the villages of Santa Lourdes and Tagburos, is located 14
km north of Puerto Princesa City, the capital of Palawan. The villages are home to more
than 12,200 people in 2015. The open pit-mining of cinnabar for Hg from 1953 to 1976
resulted to an artificial lake known as PQMI pit lake [10,16]. The lake is traversed to the
south by the Tagburos River that drains to Honda Bay. The numerous islands adjacent the
bay lodge many world-famous resorts for tourists. The bay is also a rich fishing ground
for small-scale fisherfolks and commercial fishing companies.

2.2. Sediment Heavy Metal Data

We analyzed the most recent dataset of heavy metal concentrations in surface soils
and sediments collected from the study area after the 2021 work of Samaniego et al. [16].
A total of 32 samples were collected from September 2018 to October 2019 at the following
sites: soil samples from PQMI, the surrounding agricultural soils, and Honda Bay wharf;
and sediment samples from Tagburos river and Honda Bay coast (Figure 1). The <63 um-
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size fraction of the samples was analyzed for heavy metals using Inductively Coupled
Plasma Mass Spectrometry (ICP MS). Table 1 summarizes the concentrations of the heavy
metals in the study area.
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Figure 1. Samples were collected in the following areas: PQMI pit lake (n = 4), Honda Bay
Wharf (n = 3), along Tagburos River (n = 9), agricultural soils (n = 6), along the coast of

Honda Bay (n = 6), and other rivers (n = 4).

Table 1. Mean heavy metal concentrations found in the sampling areas (mg kg?) analyzed
by Samaniego et al. [16].

Location  PQMI Tagjburos Wharf Honda Agrict'lltural cher
River Bay soils rivers
n 4 9 3 6 6 4
As 7.75 4.89 50.67 16.33 5.75 5.75
Ba 29.5 52.11 29.33 7.5 38.33 47.75
Cd 0.21 0.28 0.34 0.21 0.16 0.175
Co 124.7 98.52 27.7 33.67 111 119.25
Cr 1479.75 513.33 1164.33 205 731.67 514.75
Cu 58.72 83.75 116.87  60.28 50.72 67.45
Fe 138700 76700 161500 29600 108100 91725
Hg 124.5 36.7 357.3 3.5 7.4 10.5
Mn 860.5 2559.44 267.67  270.67 1751 1922.75
Ni 2530.75 904.22 414.67  361.67 1375.17 2019.75
Pb 18.5 33.67 36.4 10.52 11.95 10.88
Sb 3.38 2.46 30.18 4.32 0.77 1.15
Tl 1.88 0.15 20.88 0.08 0.14 0.17
\Y 103 159.89 112.67 27.5 135.5 140
Zn 99.25 109.22 114 37 63.33 88

2.3. Multivariate Analysis

To identify the sources and apportionment of the heavy metals, we performed mul-
tivariate analyses, such as hierarchical cluster analysis (HCA), principal component
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analysis (PCA), and Pearson correlation using R ver. 4.0.4. HCA groups similar variables
of a dataset to homogenous clusters that differ from each other [17]. PCA reduces the di-
mensionality of several intercorrelated quantitative variables into a new set of variables,
called principal components, without significant loss of data [14,18]. Pearson correlation
measures the degree of linear correlation between two data sets.

The calculation of distance between the variables for clustering by HCA was per-
formed using the Canberra method. The clusters were then linked together to form the
dendrogram using the Single method. The princomp syntax in R was used to calculate the
eigenvalues, proportion of variance, and factor loadings of the principal components.

2.4. Risk Assessments

The authors used various indices to assess the soil and sediment contamination and
ecological and health risks associated with the heavy metals.

2.5. Soil and Sediment Contamination

The soil and sediment quality were assessed using contamination factor (CF) and
modified contamination factor (mCuc). CF is a single index indicator that reflects anthro-
pogenic inputs in heavy metal pollution, although it doesn’t consider lithogenic and sed-
imentary inputs of the metals [19,20]. It is calculated using Equation 1,

Ci
CF =5 1)

where Ci is the concentration of the metal and C» is the background or reference concen-
tration of the same metal [21]. Due to the absence of pre-industrial concentration of the
heavy metals in Palawan, we used the average concentrations in the Earth’s upper conti-
nental crust as the reference concentrations [22]. The qualitative ratings of CF of the heavy
metals are as follows: < 1 low contamination; 1 — 3 moderate contamination; 3 — 6 consid-
erable contamination; and > 6 very high contamination.

To assess the overall degree of soil and sediment contamination, mCas was used to
combine the contamination risks by the individual heavy metals. It is a multi-element in-
dex that takes into account the synergistic effects of the heavy metals by reducing their
contribution into a single value [23]. It is basically the mean of CF of the heavy metals and
is calculated using Equation 2,

n
1
MCaeq = ;z CF, 2)
i=1

where CF is the contamination factor and n is the number of heavy metals. An mCuac rating
of < 1.5 signify very low contamination; 1.5 — 2 low contamination; 2 — 4 moderate con-
tamination; 4 — 8 high contamination; 8 — 16 very high contamination; 16 — 32 extremely
high contamination; > 32 ultra-high contamination [24].

2.6. Ecological Risk Assessment

The ecological risks associated with the heavy metals were assessed using the potential
ecological risk index (RI). RI measures the vulnerability of organisms to heavy metal con-
tamination [21]. It is calculated using Equation 3,

n n
RI = ZEri - ZTri x Cf! 3)
i=1 i=1

where Er' is the potential ecological risk factor of the heavy metal, Tr is the biological toxic
response factor of the heavy metal (Tr": 40 -Hg, 30 — Cd; 10 — As; 5 - Cu, Ni, Pb; 2 - Cr, V;
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1-Zn), and Cf'is the contamination factor of the individual heavy metal (Manoj and Padhy
2014). RI is rated as < 150 low risk; 150 — 300 moderate risk; 300 — 600 considerable risk;
and > 600 very high risk. The ER/ of the individual heavy metals are classified as <40 low
risk; 40 — 80 moderate risk; 80 — 160 considerable risk; 160 — 320 high risk; and > 320 very
high risk [12,21,25].

2.7. Human Health Risk Assessments

Health risk assessments are useful tools to estimate the risks posed by human expo-
sure to toxic metals [26,27]. The heavy metals analyzed have toxicological and carcino-
genic effects on humans, except for Fe and TI [28-31]. We assessed the non-carcinogenic
and carcinogenic risks of heavy metal exposure of resident adults and children in PQMI,
agricultural soils, the wharf, Tagburos River, and other rivers based on guidelines by the
United States Environmental Protection Agency using Hazard Index (HI) and Carcino-
genic Risk (CR). These indices quantify the human health risks of heavy metal contami-
nation in soil via ingestion, dermal, and inhalation exposures pathways.

CDl is the dose received through each of the heavy metal exposure pathways [31,32].
HQ is the measure of the potential non-carcinogenic toxicity to occur to an individual due
to exposure to heavy metals. The risks associated with heavy metals are additive [33].
Thus, we computed for the Hazard Index (HI) which is the sum of the HQ of the heavy
metals for the three exposure pathways. An HI > 1 indicates a probability of developing
non-carcinogenic effects which tends to increase with the value [32,34]. Carcinogenic Risk
(CR) estimates the probability of developing cancer for individuals as a result of exposure
to carcinogenic metals. The total cancer risk over lifetime (LCR) is the sum of the CR by
the individual heavy metals. The range of carcinogenic risk can be characterized as fol-
lows: very low (< 10-); low (10-10-%); medium (10-5-104); high (10-4-10-%); and very high
(> 107°) [24]. CDI, HI and LCR are calculated using Equations 4 to 10. The definition of
variables and their values are summarized in Table 2.

Chronic daily intake (CDI):

Cooir X RI X EF X ED

CDlppy = BW X< AT x 1076, 4)
CDlyy = Csoit X SA xg;/ifff X EF X ED X 10- 5)
CDIn = = (6)

Non-carcinogenic risk:
HI =¥ HQ, 7)
HQ =7, ®)

Carcinogenic Risk:

CR = CDI X SF, 9)

LCR = Y. CR, (10)
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Table 2. Values of variables for the assessment of health risks by heavy metal exposure.

Variable Value

Csoil (mg kg): heavy metal concentrationin soil ~ Table 1

ABS (unitless): dermal absorption factor 0.03 for As and 0.001 for other met-
als

AF (mg cm): soil to skin adherence factor 0.07 for Adults, 0.2 for Children

AT (d): averaging time ED x 365 for non-carcinogenic and
70 x 365 for carcinogenic

BW (kg): body weight 70 for Adults, 15 for Children

ED (yr): exposure duration 23 for Adults, 6 for Children

EF (d yr): exposure frequency 350 for residential

ET (h d): exposure time 24 for residential

RfD (mg kg d-!): chronic reference dose Table S1

RI (mg d-1): ingestion rate 100 for Adults, 200 for Children

PEF (m? kg): soil-to-air particle emission factor ~ 1.36 x 10°

SA (cm? event): skin surface area available per 5700 for Adults, 2800 for Children
event of heavy metal exposure

SF (mg kg d-1): carcinogenicity slope factor* 1.5 for As, 6.3 for Cd, 9.8 for Co,

0.5 for Cr, 0.84 for Ni, 0.005 for Pb
* Diami et al. 2016 [35]; Dolezalova Weissmannova et al. 2019 [24]; Luo et al. 2012 [36]

3. Results and Discussion

3.1. Heavy metal concentration and source identification

The soil and sediment samples were collected and analyzed by Samaniego et al. [16]
from the following areas in the study site: PQMI, Tagburos River, wharf, Honda Bay, ag-
ricultural soils, and other rivers as shown in Figure 1. The descriptive statistics of the
heavy metals in the soils and sediments are summarized in Tables 1 and 3. PQMI and the
wharf have the highest heavy metal concentrations, particularly Hg. The most notable
result is that the mean As, Cd, Co, Cr, Cu, Hg, Ni, Sb, and TI concentrations are equivalent
to3.1,25,5,8.3,2.6,1799.7, 27,176, and 4.3 times of the mean concentrations in the upper
continental crust [22]. Comparing heavy metal concentrations in surface soils of another
site affected by industrial activity in Ostrava, Czech Republic [24], we our study area in
Palawan had higher concentrations of Cr, Cu, Hg, and V.

It is certain that the Hg in the study area is sourced from historical Hg mining by
PQMI. As mine waste calcine has been seen the largest source of Hg contamination in the
abandoned mine due to low efficiency of Hg recovery during calcination [10], what is
intriguing is the existence of other toxic metals. To identify the sources of these heavy
metals, we performed multivariate analyses such as HCA, PCA, and Pearson correlation
analysis. These are useful tools for finding the causes of heavy metal pollution by grouping
them according to similarity in their sources [12—14,25,37-39].
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Figure 2. The sampling areas and heavy metals are clustered by the HCA and PCA according to
similarity in heavy sources. (A) The wharf formed its own cluster; Honda Bay formed the second
cluster; and PQMI pit lake, Tagburos River, agricultural soils, and other rivers formed the third
cluster. (B) The heavy metals are also clustered into five groups wherein Fe, Mn, Ni, and Cr
formed their own individual clusters and V, Cu, Co, Zn, Hg, Ba, Pb, As, Sb, Cd, and TI formed
the fifth cluster. (C) The PCA incorporated Fe, Ni, Cr, and Co into the first cluster and the rest of
the heavy metals to the second cluster.

HCA grouped the sampling areas into 3 clusters. The first cluster consists of the
wharf; second cluster, Honda Bay; and the third cluster, PQMI, Tagburos River, agricul-
tural soils, and other rivers (Figure 2A). We found a striking relationship among the sam-
pling areas of the clusters that corresponds to the degree of Hg contamination, exposure
pathways, and external influence on Hg concentration. The wharf in first cluster has the
highest heavy metal concentration from the calcine that had been immobilized by cement.
It has been reported that the construction of the wharf used half of the total calcines pro-
duced by the entire operation of the Hg mine [10,40]. Honda Bay in the second cluster has
the lowest Hg since it is farthest from the source. Lastly, the third cluster results from
mobilization of mine waste calcines in PQMI thorough utilization as land fillers in nearby
communities and erosion that eventually travel through Tagburos River and other rivers.
mining activities had a significant effect to the chemistry of PQMI soils upstream of Tag-
buros River causing enrichment of Cr, Ni, and Mn [10].

Table 3. Comparison of the mean heavy metal concentrations in the upper continental crust, in other
area affected by industrial activities, and in this study (mg kg™).

Location Upper Conti- Ostrava, Czech Republic This Study
nental Crust* Median Range Mean Range

As 4.8 - - 14.93 4.17-50.67
Ba 624 - - 34.09 7.50-52.11
Cd 0.09 0.21 0.05-1.18 0.23 0.16-0.34
Co 17.3 - - 85.81 27.70-124.70
Cr 92 17.46 3.03-64.02 768.14 205.00-1479.75
Cu 28 21.22 4.88-98.83 7297 50.72-116.87
Fe 50400 - - 101054 29600-161500
Hg 0.05 0.19 0.08-1.31 89.98 3.50-357.30
Mn 1000 - - 1272.01 267.67-2559.44
Ni 47 - - 1267.71 361.67-2530.75
Pb 17 37.71 11.09-174.03 20.32 10.52-36.40
Sb 0.4 - - 7.04 0.77-30.18
Tl 0.9 - - 3.88 0.08-20.88
A% 97 96.72 43.45-181.79 113.09 27.50-159.89
Zn 67 204.57 63.16-373.58 85.13 37.00-114.00

*Rudnick & Gao [22]
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The clustering of sampling areas gives clues about the degree of heavy metal expo-
sure, but it does not tell anything about the sources of the heavy metals. To investigate
their sources, we used the HCA again to produce clusters according to similarity in
sources (Figure 2B). The heavy metals are primarily grouped to five clusters: cluster 1 (Fe),
cluster 2 (Mn), cluster 3 (Ni), cluster 4 (Cr), and cluster 5 (V, Cu, Co, Zn, Hg, Ba, Pb, As,
Sb, Cd, and TI). Despite forming clusters of their own, Fe, Mn, Ni, and Cr are all related
to the geology of the study area. It belongs to the mantle component of the Palawan Oph-
iolite Complex that is dominated by harzburgites with few Cr-rich spinel [41,42]. Ultra-
mafic rocks like the harzburgites have Cr and Ni concentrations reaching 2980 mg kg
and 10,900 mg kg, respectively [43,44]. Meanwhile, Mn is related to the occurrence of red
chert and dark manganiferous chert located northeast of the study areas [45]. The fifth
cluster consisting of Hg and other heavy metals can be attributed to calcine from historical
Hg mining and processing.

PCA reduced the dimensionality of the dataset into 5 principal components that con-
trol the heavy metal pollution in the study area. Three of the five principal components
have eigenvalues greater than one that control 95.9 % of the total variance in the dataset.
The eigenvalues, proportion of variance, cumulative variance, and factor loadings are
summarized in Table S2. As PCA complements the our findings from HCA, the relation-
ship of the factoring loadings of the first three principal components is shown in Figure
2C. The clustering of heavy metals by the PCA is like the clustering by HCA, although the
PCA associated Co with Fe, Ni, and Cr and Mn to the cluster of Hg, directly implying that
the heavy metals other than Fe, Ni, Cr, Co, and probably Mn were sourced from Hg min-
ing and processing from 1953 to 1976.

The association of other heavy metals with Hg is supported by the Pearson correla-
tion coefficients r (Table S3). Hg has strong positive correlation with As (r=0.91), Cd
(r=0.80), Cu (r=0.84), Pb (r=0.71), Sb (r=0.95), and TI (r=0.97).

3.2. Mechanism of heavy metal transport

The mine had not undergone rehabilitation even after its abandonment in 1976. Its
exposure to weathering, especially during rains, has led to heavy metal run-off into the
Tagburos River [40]. Unexpectedly, the occurrence of heavy metals upstream of the aban-
doned mine is against the natural flow of water although this unusual distribution pattern
may not be due to natural causes but rather anthropogenic. The calcines were used as land
fillers/topsoil in the adjoining communities in the area [8,46]. Half of the approximate two
million tons of mine waste calcines produced by the mercury mine was also dumped in
Honda Bay to construct the wharf [10,40]. Mangroves at the mouth of Tagburos River,
which served as a major sink of the heavy metals from the eroded calcines carried by the
river [46], may explain the considerably lower concentrations of heavy metals at Honda
Bay than the inland areas.

3.3. Sediment pollution and risks associated with heavy metals

We used various indices to assess the heavy metal contamination in soil and sedi-
ments and the ecological and human health risks associated with these toxic metals. The
contamination factor (CF) indicates that there is very high contamination by Hg, Ni, Sb,
and Cr; considerable contamination by Co, Tl, and As; moderate contamination by Cd,
Cd, Fe, Mn, Z, Pb, and V; and low contamination by Ba (Figure 3A). The modified con-
tamination factor (mCaeg) that combines the contamination caused by all the heavy metals
indicates that PQMI, the wharf, and Tagburos River have ultra-high contamination; the
other rivers have extremely high contamination; the agricultural soils have very high con-
tamination; while Honda Bay has high contamination (Figure 3B). Individually, Hg (95.9
%) presented the highest contribution to the contamination, followed by Ni (1.4 %) and
Sb (0.9 %).

According to the potential ecological risk index (RI), all the sampling areas have
highly strong ecological risks (Figure 3C). The mean potential ecological risk factors (ER)
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of the individual metals show that Ni (6339), Hg (3599), Cr (1536), Mn (1272), and Cu (365)
presented very high risk; V (226) has high risk; As (149), Pb (102), and Zn (85) have con-
siderable risk; and Cd (7) has low risk (Figure 3D).
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Figure 3. The ecological risks were assessed using contamination factor (CF), modified contamina-
tion factor (mCaeg), potential ecological risks index (RI). (A) mCaeg indicates that the study area has
high (4-8) to ultrahigh (=32) levels of heavy metal contamination. (B) The statistics of individual CF
of the heavy metals showing the mean (square), 25%, 50%, and 75" percentile (rectangle), 1%t and 99*
percentile (x) and range (vertical line) indicate that the mean Hg, Ni, Sb, and Cr in the study area
have very high contamination. (C) The potential ecological risks shows that all the areas have very
high ecological risks. (D) The statistics of ER of the individual heavy metals indicate that Ni, Hg, Cr,
Mn, and Cu posed the highest ecological risk. (E) HI suggests a strong potential for children to de-
velop non-carcinogenic effects due to heavy metal exposure as well as for adults living near PQMI
and the wharf. (F) The LCR for adults and children exceeded the 10+ limit suggesting a very strong
potential for developing cancer.

The hazard index (HI) measures the potential non-carcinogenic effects of heavy metal
exposure. The HI for adults ranged from 0.67-2.89 while it ranged from 5.84-26.09 for
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children. As a rule, the higher values of HI and HQ above 1 suggests a higher level of
concern. The result of the modelling suggests the probability of adverse effects to adult
and children in residents living nearby PQMI and the wharf as well as to children in ag-
ricultural areas and around Tagburos river and the other aquatic systems (Figure 3E). We
found that children are 9 times more vulnerable to non-carcinogenic effects of heavy met-
als than the adults. The mean HQs of Cr and Hg for children alone are >> 1. The mean HQ
contribution of the heavy metals to the overall HI for both adults and children is in the
order of Hg (38.8 %) > Cr (35.9 %) > Ni (7.6 %) > As (6.3 %) > Mn (5.0 %) > V (2.6 %) > Sb
(2.3 %) >Pb (0.7 %) > Co (0.5 %) > Cu (0.2 %) > Ba (0.06 %) > Zn (0.03 %) > Cd (0.03 %).

The total cancer risk over lifetime (LCR) for both adults and children in all the sam-
pling areas exceeded 10+ suggesting a potentially great risk for developing cancer (Figure
3F). The LCR for adults ranged from 5.83x10+ - 1.85x10 and for children 1.41x107 -
4.51x10. The mean cancer risk (CR) by the individual heavy metals show that Co and Ni
have very high risk to children and high risk to adults, Cr has high risk to both adults and
children; As has medium risk to both adults and children; Cd has very low risk to adults
and low risk to children; Pb has very low risk to adults and children. The mean CR con-
tribution of the heavy metals to LCR for both adults and children is Ni (46.3 %) > Co (35.9
%) > Cr (16.8 %) > As (0.9 %) > Cd (0.06 %) > Pb (0.01 %).

The results of our health risk analyses differ significantly from the work of [45] that
didn’t account the carcinogenicity of Co, Cr, and Ni which we found to cause high to very
high risk CR to both adults and children. As the hazards caused by multiple heavy metals
is also interactive, their failure to account the carcinogenic effects of all the possible metals
through the LCR led them to conclude that there is no overall risk for the population to
develop cancer that we’ve shown here otherwise. Their work also used the mean concen-
trations of the heavy metals in the entire study area instead of by sampling vicinity. This
caused a massive underestimation of the health risks especially for areas with significantly
higher concentration of heavy metals.

3.4. Policy recommendations for rehabilitation and mitigation of environmental impact

The abandonment of PQMI Hg mine in 1976 was a lost opportunity for proper mine
rehabilitation causing the mine wastes to be exposed to the environment [40]. Despite the
danger of Hg mining and processing, strong economic activity brought by the mining
resulted to rapid urbanization in the area. The area surrounding the abandoned mine is
home to more than 12,200 people in 2015. Our findings suggest a very strong potential to
cause adverse health effects to residents due to heavy metal exposure which is supported
by a recent work of [45]. Here, we present some key recommendations that the govern-
ment through the Department of Environment and Natural Resources (DENR) and the
local government of Palawan can adopt to mitigate the harmful effects of the heavy metals
to the environment and the population:

e Land use plan in the affected areas should be reviewed to mitigate potential harm to
the community without affecting key sources of employment. The local government
should commit to achieving environmental justice through fair treatment and mean-
ingful involvement of all people in decisions that affect public health and the envi-
ronment. It is also reasonable for the residents who developed illnesses induced by
the toxic metals to be compensated.

e  Planting crops that accumulate heavy metals should be avoided. The toxic heavy
metals can end up in the food chain and cause severe toxic effects to humans. Vege-
table consumption account for 90 % of heavy metal exposure to humans [47-49]. The
capacity of plants to accumulate heavy metals also differ by heavy metal [50]. In gen-
eral, leafy vegetables have higher heavy metal uptake than non-leafy vegetables
[40,51]. Future studies on bioaccumulation of heavy metals in food crops as well as
fish products from Honda Bay can be pursued.

e As Palawan is a growing hub for shrimp aquaculture, deforestation of mangroves
should be minimized since shrimps grow in these areas [52-55]. Since mangroves at
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the mouth of the Tagburos River act as the heavy metal filter at Honda Bay [46], the
mangrove density must be enhanced.

e Intervention engineering of the wharf to prevent the heavy metals from seeping into
the environment. Activities that can cause the mobilization of the heavy metals in the
wharf such as major construction and dredging must also be prohibited.

e  Market-based incentives necessary for reducing and rehabilitation of heavy metal-
polluted areas can be devised. Markets incentives not limited to pollution fees and
pollution taxes can be developed and enforced in industries in Palawan. As tourism
draws immense income from the region, a larger portion of the revenue can be allo-
cated for Honda Bay rehabilitation.

4. Conclusions

The present heavy metal pollution in the study area is a result of failure to rehabilitate
the Hg mine after abandonment as well as the inconsiderate use of the calcines as con-
struction material and land filler. The distribution of heavy metals may be traced from
erosion of weathering-exposed mine waste calcine and anthropogenic activities like ap-
plication of the calcines as construction material and land filler. There is ultra-high eco-
logical risk associated with both biodiversity and human health. Hg and Cr contributed
most to non-carcinogenic risks while Ni, Co, and Cr posed the highest risk of carcinogenic
effects. The policy suggestions based on the Honda Bay could be transferable to similar
sites.

Supplementary Materials: The following supporting information can be downloaded at: https://ze-
nodo.org/record/6353923#.Yi93GXxBzSI , Table S1: Chronic reference dose (RfD, mg kg d) for dif-
ferent heavy metal exposure pathways for the assessment of non-carcinogenic risks.; Table S2: Ei-
genvalues, proportion of variance, cumulative variance, and factor loadings of the five principal
components identified by the PCA.; Table S3: Pearson correlation matrix of the heavy metals. A
correlation r > 0.700 was deemed as strong correlation for this study.
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