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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• First national-scale baseline survey of 
metal(loid) contaminants in Philippine 
rivers

• Philippines yields 3 % (Co), 0.6 % (Cr), 
1.2 % (Cu), and 1.7 % (Ni) flux to the 
global ocean.

• Background mineralisation can mask 
mining impacts when monitored at 
catchment outlets.

• DGT is recommended as a measure of 
ecologically relevant metal(loid) 
concentrations.

• Riverine metal(loid) flux is critical to 
understanding catchment metal(loid) 
transport.
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A B S T R A C T

Mining underpins the global economy, is crucial to achieving net-zero targets yet can cause significant degra
dation of river health. Critical to managing this risk are national river monitoring programmes ideally incor
porating pre-mining baseline water quality data to evaluate the impacts of mining and the success of mine site 
rehabilitation. We obtained metal(loid) flux, concentration, and bioavailability baseline data across the 
Philippines, a country with limited environmental datasets, globally significant biodiversity, and considerable 
mineral wealth, to establish nationwide benchmarks of water quality prior to an industrialisation of mining 
operations. Through sampling 10 major catchments, we show the Philippines contributes proportionally large 
volumes of metal(loid)s to the oceans (3 % Co, 1.7 % Ni, 1.2 % Cu, 0.6 % Cr). These large fluxes are not solely 
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from mining-impacted catchments but also from mineralised catchments with no large-scale mining. This sug
gests that an apportionment approach, where contaminant contributions are allocated to baseline and anthro
pogenic sources, would be beneficial to catchment managers and help identify and prioritise remedial 
interventions. Additionally, CDGT (bioavailable) metal(loid) concentrations varied substantially across the 
Philippines, demonstrating the need for water quality guidelines based on ecologically-relevant metal(loid) 
concentrations. This study establishes the first nationwide ground-truthed baselines of hydrology and water 
quality in the Philippines, providing a reference point for future management and a statement of current con
dition. Beyond the Philippines, our monitoring approach can be adopted in other mineralised nations so that the 
future impacts of mining and the efficacy of sustainable mining approaches can be effectively monitored and 
reported on.

1. Introduction

Mining is a vital industry with a global market value of nearly USD 
2.1 trillion in 2023 (Research and Markets, 2024). The global transition 
to net-zero is predicted to drive continued growth in the mining sector, 
especially for technology-critical elements (such as Cr, Cu and Ni) that 
are widely used in clean energy systems and technologies (International 
Energy Agency, 2023). Mining can bring enormous societal benefits by 
contributing to the gross domestic product of resource-rich nations and 
by supplying the raw materials to drive economic growth worldwide 
(Worlanyo and Jiangfeng, 2021). However, the economic benefits of 
mining come at the expense of global environmental degradation esti
mated to cost from USD 0.4 to 5 trillion every year (Arendt et al., 2022). 
Examples of environmental impacts of mining can include increased 
water scarcity (Meißner, 2021), water and air pollution (Dehkordi et al., 
2024), biodiversity loss (Sonter et al., 2018), increased greenhouse gas 
emissions (Cox et al., 2022), and contamination of floodplains (Macklin 
et al., 2023).

Critical to mitigating these impacts are pre-mining environmental 
datasets which can help to identify any departure from background 
conditions due to mining and also to evaluate the success of mine site 
rehabilitation (Nordstrom, 2015). However, in many nations, the start of 
large-scale mining pre-dates national environmental monitoring pro
grammes and baseline environmental data simply do not exist. There
fore, methods have been developed to measure the impacts of mining. In 
the United Kingdom (UK), the peak in metal mining occurred in the 
1850s and in 2025 there were an estimated 5000 abandoned metal 
mines (Environment Agency, 2025; Sinnett and Sardo, 2020). In 2011, 
the Water and Abandoned Metal Mine programme (WAMM) established 
a national (England and Wales) monitoring strategy and estimated 
approximately 1500 km of river length to be impacted by legacy metal 
mine pollution (Environment Agency, 2025). This led to a legally 
binding target to half the length of rivers impacted by metal mine 
pollution by 2038 (UK Parliament, 2023). While this is an important 
legislative achievement, it is likely that many mined river catchments 
had elevated metal concentrations before mining. Therefore, there may 
be some uncertainty in estimates of mining impacts. In the USA, where 
there are an estimated 500,000 abandoned mines (Gutierrez, 2020), 
research has focussed on establishing pre-mining water quality, notably 
using the proximal analogue approach (Naus et al., 2005; Runkel et al., 
2018). However, reconstructing pre-mining water quality is extremely 
challenging, requiring significant technical expertise and the existence 
of mineralised, but not mined, analogue catchments.

In mineralised nations with limited environmental datasets and 
where large-scale mining has not yet started on an industrial scale, there 
is a timely opportunity to establish environmental baselines as part of a 
sustainable mining approach (Domingo et al., 2024). The Philippines is 
one of the most mineralised countries in the world (Domingo et al., 
2024; O’Callaghan, 2009). Mining occurs as both small-scale artisanal 
operations (Robles et al., 2022) and 58 large-scale mines that had a 
metallic minerals total production value of USD 4.5 billion in 2024, with 
Au (50 %), Ni (37 %) and Cu (11 %) being dominant (Department of 
Environment and Natural Resources - Mines and Geosciences Bureau, 
2025). However, the potential for mining in the Philippines is far 

greater, with over USD 1 trillion worth of untapped metal reserves 
(Australian Trade and Investment Commission, 2023; Philippine Sta
tistics Authority, 2017). Following the lifting of a 9-year moratorium on 
new mineral agreements in 2021 (Executive Order No. 130 (GOV.PH, 
2021)), there is expected to be substantial growth in the mining sector in 
the country. These new mining activities will take place in a country that 
is only one of eighteen that are classified as mega-biodiverse (Scarano 
et al., 2024), with exceptionally high levels of endemism (~50 %) in 
both vascular plants and invertebrates (Aureo et al., 2020; Posa et al., 
2008), and with thriving coral reef systems thought to be the some of the 
largest and most diverse in the world (Carpenter and Springer, 2005; 
Licuanan et al., 2019). Furthermore, the Philippines is ranked in the top 
10 countries most affected by extreme weather events, with climate 
change predicted to increase flooding and landslides (Adil et al., 2025). 
Given the possible impacts on river water quality, a national-scale 
baseline water quality dataset would provide a foundation for effec
tive and adaptive environmental management that can detect and 
attribute water quality changes due to mining.

Critical parameters in a river monitoring programme should be 
contaminant flux (product of river discharge and contaminant concen
tration) from river catchments to the sea and the concentrations of 
bioavailable trace metal(loid)s. Monitoring trace metal(loid) flux in 
river catchments is vital to quantify mine contaminant transport to 
coastal and marine environments and to identify the future vector in the 
context of landscape change (e.g. new mines and mine site rehabilita
tion) and climate change (Mayes et al., 2010; Runkel et al., 2016). 
Characterisation of mine contaminant flux in the UK and USA has 
developed clear evidence of the impact of legacy and contemporary 
mining activities in river catchments, facilitated the rehabilitation of 
mines, and has shaped government policies on river catchment man
agement (Byrne et al., 2020; Mayes et al., 2010; Runkel et al., 2023). 
Contaminant fluxes have not been measured in the Philippines, making 
it difficult to establish the impacts of mining in river catchments. In
formation about aqueous contaminant concentrations complements flux 
data and provides an indication of risks to humans and ecosystems. In 
general, water quality guidelines for mine contaminants (trace metal 
(loid)s) are established for filtered (<0.45, or < 0.22 μm) concentrations 
of grab water samples. However, metal(loid)s are present in water in 
different dissolved chemical forms, not all of which are considered 
bioavailable (Väänänen et al., 2018). Hence, water quality standards 
based on total or filtered concentrations potentially overestimate eco
toxic concentrations, especially in mined and mineralised regions with 
elevated background metal concentrations (Rodríguez et al., 2021).

Considering the trajectory towards increased mineral resource 
exploitation in the Philippines, here we present the first nationwide 
assessment of river water quality and contaminant flux for major 
Philippines rivers. Our aims are to: i) quantify the flux of mining and 
non-mining contaminants from major river catchments to near-coastal 
waters, and ii) examine river water quality and trace metal(loid) and 
nutrient bioavailability in major catchments. To achieve these aims we 
explored the use of novel technologies such as acoustic Doppler current 
profilers (aDcp), to accurately measure river discharge for contaminant 
flux calculations, and diffusive gradients in thin-films (DGT) passive 
samplers, for measurements of trace metal(loid) bioavailability. Our 
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analysis established an environmental baseline for Philippine rivers and 
provides the foundation for national-scale river water quality moni
toring programmes in mineralised nations.

2. Methodology

2.1. Study catchments and sampling rationale

Ten river catchments across the islands of Luzon and Mindanao were 
selected for sampling based on their importance nationally for water 
supply and biodiversity (Fig. 1). Nine of these catchments are considered 
major river basins (catchment area greater than 1000 km2) (Tabios III, 
2020) and include the Abra, Agno, Apayao-Abulug, and Cagayan in 
Luzon; and the Ranao (also known as the Agus), Agusan, Cagayan-de- 
Oro, Buayan-Malungon (also known as the Malungon), and Tagaloan 
in Mindanao. A tenth medium-sized catchment (land area greater than 
250 km2) in Mindanao, the Sumlog, was also selected. The primary ore 
deposits in the Philippines are porphyry Cu deposits (Cu, V), nickel 
laterite (Co, Ni), nickel sulfide (Ni, Cu), and podiform Cr deposits within 
ophiolites (Cr) (Cooke et al., 2011). Although As is present in Philippines 
rivers, it is mainly of geothermal origin (Webster, 1999). The catch
ments were categorised based on the degree of mining activity occurring 
(Fig. 1B). Five catchments were classified as having ‘large and small-scale 
mining’ present, all with notable and exploited deposits of Ni, Au, and Cu 
(Fig. 1E). The remaining five catchments were classified as ‘mineralised, 
no large-scale mining’. While no large-scale mining activities are present 

in the latter catchments, small-scale, including artisanal, mining oper
ations may be occurring. The predominant catchment land cover across 
all catchments is annual cropping (24.4 %; Fig. 1D). The proportion of 
urban areas within the study catchments are generally low, ranging from 
0.8 % (Abra) to 3.9 % (Agno). Annual average rainfall is highest in the 
southeastern catchments in Mindanao (3590 mm yr− 1 in Agusan) and 
lowest in Luzon (1870 mm yr− 1in Cagayan) (Fig. 1C).

2.2. Field data acquisition

Samples were acquired at the outlet of each river catchment to the 
ocean upstream of the tidal limit. These locations represent the inte
grated effects of catchment pressures, enabling the total flux of metal 
[loid]s and nutrients from Philippine catchments to near-coastal waters 
to be estimated.

2.2.1. River water sampling
River water quality was monitored at each study site over four-day 

periods in March 2023 (Luzon catchments) and August 2023 (Mind
anao catchments). Grab water samples were collected from below the 
water surface, at the closest position to the river’s thalweg that could be 
accessed safely at the same time each day. To quantify the filtered 
concentrations of metal(loid)s and nutrients in the water, samples were 
passed through mixed cellulose ester type syringe filters (0.22 μm pore 
diameter) then stored in polypropylene sample tubes. A second set of 
unfiltered samples were collected as above to allow measurement of the 

Fig. 1. Study catchments across the Philippines. (A) Location of Philippine islands (Global Administrative Areas, 2022) showing the areas of Luzon and Mindanao 
where sampling was undertaken. (B) Location of Luzon and Mindanao study catchments, with river network and catchment classification based on small- and large- 
scale mining presence (Boothroyd et al., 2023; Esri, 2025). (C) Annual rainfall in 2021 across Luzon and Mindanao study areas (Huffman et al., 2021). (D) Land cover 
within each study catchment (NAMRIA, 2020). (E) Key biodiversity areas (KBAs) and mineral resource hotspots across the Philippines (Domingo et al., 2024).
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unfiltered metal(loid) concentration in the water. All samples were 
cooled (ca. 5 ◦C) for local transport, before being frozen (− 20 ◦C). 
Samples were subsequently transported on ice to the United Kingdom 
(UK) (due to analytical constraints in the Philippines) by air and then 
stored at − 20 ◦C until analysis (see below).

Diffusive gradients in thin-films (DGT) samplers with dual cation and 
anion-binding resins (Chelex-Titanium Oxide LSNX-NP probes (Panther 
et al., 2013), supplied by DGT Research Ltd., Lancaster, UK), were used 
to estimate trace metal(loid) bioavailability. The DGT resin layer mostly 
binds free ions and ions that can be released by labile or partially labile 
complexes. Therefore, DGT can provide unique information about the 
bioavailability of metal(loid)s (Davison and Zhang, 2012; Zhang et al., 
1995). A DGT sampler accumulates solute over the length of its 
deployment via diffusion through a well-defined material diffusive layer 
and into a strongly-binding resin gel layer. The rate of this accumulation 
is determined mostly by a number of established factors (probe di
mensions, length of the diffusive pathway and the solute diffusion co
efficient) and the unknown dynamic factors in the sampling medium: 
the media temperature, the concentration of the free solute ion and the 
fraction of the total solute that can be released into its free ion species in 
the diffusion layer within the deployment time. At the end of the 
deployment, the total amount of resin-bound solute can be determined 
and used to calculate the time-averaged concentration of labile solute in 
the water over the length of the deployment (Davison and Zhang, 2012). 
In this work, triplicate DGT samplers were deployed into water at each 
grab sample location for a coincident four-day period inside polyvinyl 
chloride cages (see Supplementary information (SI) 1). The DGT 
deployment time and the average river water temperature (mean of 
daily measurement), were used to calculate the DGT time-averaged 
metal(loid) concentrations. For background calibration, ‘field blank’ 
DGT samples, stored in their pre-packaged weak NaCl solution, were 
exposed to local site conditions when sampler DGTs were being 
deployed and collected.

2.2.2. Hydrology
River discharge at each study site was measured each day during the 

four-day monitoring period using acoustic Doppler current profilers 
(aDcps; Muste et al., 2004) mounted on rQPOD remote control boats. As 
water depth varied considerably across the 10 study sites, a Sontek RS5 
aDcp was deployed in water depths <6 m (Sumlog, Tagoloan, and 
Buayan-Malungon catchments) and a Sontek M9 aDcp was deployed in 
water depths >6 m (Agno, Cagayan, Apayao-Abulug, Abra, Agusan, 
Ranao, and Cagayan-de-Oro catchments). At least six transects of aDcp 
measurements were taken across the width of each river on each day to 
achieve a mean discharge with a coefficient of variation (COV) of <0.03. 
These daily mean discharge calculations were then combined with 
concurrent daily unfiltered grab sample measurements to calculate daily 
catchment solute fluxes. A mean of the four days of fluxes was then used 
to estimate the annual flux and yield.

Some long-term river flow data were available from permanent 
gauging stations close to all sampling sites, except the Sumlog (Hoey 
et al., 2024). However, records were typically not temporally contin
uous and observations to develop level-discharge rating relationships 
were too sparse for the discharge estimates to be reliable. Historical 
information (Hoey et al., 2025) was therefore used to estimate the flow 
percentile represented by the discharge observations (see SI1).

2.3. Laboratory analyses

2.3.1. Grab water samples
Water samples for trace metal(loid) and major cation analysis 

(unfiltered and filtered) were acidified to 2 % with trace metal grade 
nitric acid (HNO3) in the laboratory. We focused our analyses on As, Co, 
Cr, Cu, Ni, V due to their frequent detection in this study, known tox
icities at low concentrations, and importance to the Philippine mining 
sector. Trace metal(loid) analysis was performed on an Agilent 7900 

ICP-MS. The results were validated using a certified reference material 
for river water, SLRS-6 (National Research Council Canada, 2015). 
Nutrient (SO4

2− , HPO4
2− , NO3

− ) analysis was performed on a Metrohm 
930 Compact IC Flex with an A Supp 5 column. Detection limits for the 
analytes are reported in SI1. A number of other analytes were also 
measured but were not considered further in the rest of this paper (see 
SI1).

2.3.2. DGT processing and analysis
DGT binding layers were extracted from the samplers and initially 

acidified in 1 mL of 1 M trace metal free hydrochloric acid (HCl) for 
elution over a period of 16 h. The binding layers were then removed 
from the acid and placed into 1 mL of 1 M trace metal free sodium hy
droxide (NaOH) for 16 h. The HCl and NaOH eluents were then com
bined and acidified by adding trace metal-free HCl to achieve a final acid 
concentration of at least 2 % for ICP-MS analysis. Hydrochloric acid was 
used in place of HNO3 for sample acidification and as matrix on the ICP- 
MS as HNO3 may experience competition effects with phosphorus when 
using the LSNX-NP type DGT binding layer (DGT Research, 2025). DGT 
were eluted for a total of 32 h to achieve the best elution recovery results 
following Devillers et al. (2017), who determined that an 8–48 h elution 
was suitable for most analytes but a 24–48 h elution was needed for 
maximal Cr recovery.

DGT time-averaged concentrations (CDGT) were calculated using 
Fick’s law: CDGT = M × ẟmdl/(Dmdl × Ap × t), where M is the mass of 
solute bound by the resin layer, ẟMDL is the thickness of the material 
diffusion layer (0.094 cm), Dmdl is the solute diffusion coefficient in the 
diffusion layer (obtained from DGT Research Ltd.), Ap is the geometric 
area of the exposed DGT device window, and t deployment time 
(Davison and Zhang, 2012). To calculate M from the ICP-MS measured 
eluent concentration (Ce) the formula M = Ce(Vbl + Ve)/fe was used, 
where Vbl is the volume of the DGT binding layer (0.2 mL), Ve is the 
volume of eluent (2 mL), and fe is the elution factor (0.9 for a 90 % 
complete elution).

2.4. Statistical analysis

Catchment flux and yield data were found to be non-normally 
distributed (Kolmogorov–Smirnov tests (p < 0.05)) and were Log10- 
transformed to achieve normality (p > 0.05). One-way ANOVA were 
used to compare fluxes and yields across catchment groupings (‘large and 
small-scale mining’ and ‘mineralised, no large-scale mining’) with no sig
nificant differences observed (p > 0.05). Levene’s tests confirmed ho
mogeneity of variance (p > 0.05). Unfiltered, filtered, and CDGT 
concentration data were also log10-transformed after non-normality was 
confirmed, as above. One-way repeated measures ANOVA was used to 
assess differences among concentration fractions (unfiltered, filtered, 
and CDGT). Two-way ANOVA tests examined differences in concentra
tions with catchment and analyte as fixed factors, as well as interactions 
between the factors. Concentrations between catchment groupings were 
compared using one-way ANOVA. All analyses were conducted using 
OriginPro 2025 (OriginLab Corporation, 2025) and significance was 
assumed when p < 0.05, if significance was found then a Tukey’s post- 
hoc test was ran for pairwise comparison.

3. Results

3.1. Catchment metal(loid) and nutrient flux

Our catchment monitoring represented approximately 19 % of the 
total land area of the Philippines. Analysis of historical hydrological data 
(see SI1) demonstrates our sampling captured moderate to very low 
flows across each of our catchments; we therefore assumed that fluxes 
calculated from these data were representative of baseline (low flow) 
conditions. The highest estimated annual fluxes across our catchments 
(Fig. 2) were for nutrients SO4 (432,195 t yr− 1), followed by NO3 
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(12,389 t yr− 1), and PO4 (1908 t yr− 1). Trace metal(loid) fluxes were 
considerably lower, with V having the highest flux (274 t yr− 1) and Co 
having the lowest (23 t yr− 1).

Scaling these data to the whole of the Philippines (298,170 km2), we 
estimated national baseline fluxes for each of our metal(loid)s and nu
trients, with metal(loid) fluxes generally in the range of 102 to 103 t yr− 1 

and nutrient fluxes ranging between 104 and 106 t yr− 1. The Philippines 
accounts for 0.23 % of global land area (World Bank Group, 2022); 
therefore, we could expect Philippine baseline fluxes to account for a 
similar percentage of global estimates. The most recent global flux es
timates for Co, Cr, Cu and Ni (Poulton and Raiswell, 2000) were 4 × 103, 
4 × 104, 6 × 104 and 2 × 104 t yr− 1, respectively. Our Philippines es
timates for Co, Cr, Cu and Ni (1.22 × 102, 2.43 × 102, 7.25 × 102, 3.38 
× 102 t yr− 1 respectively) accounted for 3 % Co, 0.6 % Cr, 1.2 % Cu and 
1.7 % of Ni fluxes globally.

A closer look at the contaminant loads from our 10 study catchments 
(Fig. 3) shows that the Cagayan had the highest combined total flux 
(1.44 × 105 t yr− 1), and the Agno had the highest combined total yield 
(2.28 × 104 kg km− 2 yr− 1; catchment yield representing flux normalised 
to catchment area). Meanwhile, the Sumlog catchment had the lowest 
combined total flux (2.13 × 103 t yr− 1), and the Ranao had the lowest 
combined total yield (1.54 × 103 kg km− 2 yr− 1). Out of the analytes 
measured, SO4 accounted for above 94 % of catchment flux and yield in 
all catchments except for the Cagayan-de-Oro (46 %) and Tagoloan (60 
%).

The Cagayan and Tagoloan catchments were of particular interest as 
they frequently (66 % of the time) exhibited the highest metal(loid) and 
nutrient fluxes among all catchments and, as a mean, accounted for 47.5 
% of each metal(loid) and nutrients’ total catchment flux. The Tagoloan 
catchment was notable for its high Ni flux (57.5 t yr− 1), accounting for 
89.5 % of the total Ni measured across all catchments (64.3 t yr− 1), 
whilst the Cagayan catchment had a particularly high PO4 flux (584 t 
yr− 1), accounting for 30.6 % of the total (1908 t yr− 1).

Despite often having some of the largest metal(loid) and nutrient 
fluxes, the Cagayan catchment had some of the lowest yields (Fig. 4), 
while Cagayan-de-Oro and Tagoloan tended to have the highest and 
second highest yields and made disproportionate contributions to metal 
(loid) and nutrient loads out to sea.

There were no statistically significant differences between catch
ments with ‘large and small-scale mining’ activities and ‘mineralised, no 
large-scale mining’, in terms of total metal(loid) or nutrient fluxes or 
yields (p > 0.05). There were, however, statistically significant 

differences when comparing individual metal(loid)s and nutrients. Sul
fate fluxes and yields, as well as As fluxes, were found to be significantly 
greater in ‘large and small-scale mining’ catchments (p < 0.05).

3.2. Water quality and metal(loid) bioavailability

We focused our analyses on As, Co, Cr, Cu, Ni, V across the 10 studied 
Philippine catchments due to their frequent detection in this study, 
known toxicities at low concentrations, and importance to the Philip
pine mining sector. The cumulative trace metal(loid) concentrations 
varied across each of the catchments and in each of the different frac
tions (unfiltered, filtered and CDGT). This was most clear in the Tagoloan 
catchment where the mean unfiltered Ni concentration was 38.6 μg L− 1, 
the filtered fraction was 0.8 μg L− 1, and the CDGT fraction was 1.4 μg L− 1 

(Fig. 5). When compared to other catchments, only the Abra, Agno, 
Apayao-Abulug and Cagayan also contained detectable levels of Ni in 
their unfiltered fraction, and those that did contained less than 10 % of 
the Tagoloan’s concentration. Similar, although less extreme, differ
ences between catchments and fractions were recorded for all of the 
trace metal(loid)s (Fig. 5).

In the Philippines, river water quality is classified under five broad 
surface water guidelines laid out by the Department of Environment and 
Natural Resources (2016) (see SI1). The strictest limits for each (unfil
tered) metal(loid) within these guidelines are As (0.01 mg L− 1), Cu 
(0.02 mg L− 1) and Ni (0.02 mg L− 1), whilst no guidelines exist for Co, Cr, 
and V. In our study, these metal(loid) concentration guidelines were 
only exceeded within the Tagoloan catchment, and only for Cu and Ni. 
Guidelines also exist for the nutrients, NO3 (7 mg L− 1), PO4 (0.025 mg 
L− 1), and SO4 (250 mg L− 1). Mean NO3 and SO4 concentrations in our 
study were below these guidelines. However, mean PO4 concentrations 
were consistently above the guidelines in all catchments.

Unfiltered trace metal(loid) concentrations were found to be signif
icantly different (p < 0.05) from each other within each of our study 
catchments and cumulatively different across our 10 study catchments 
(Fig. 5). Additionally, the unfiltered, filtered, and CDGT fractions were 
found to be significantly different from each other (p < 0.05). In the 
filtered fraction 84 % of sample concentrations were lower than their 
equivalent in the unfiltered fraction, and in the CDGT fraction 94 % of 
sample concentrations were lower than their equivalent in the unfiltered 
fraction, along with 87 % being lower than their equivalent filtered 
fraction. No significant differences were found in any of the concen
tration data when ‘large and small-small scale mining’ catchments were 
compared to ‘mineralised, no large-scale mining’ catchments (p > 0.05).

Ratios (CDGT / unfiltered or filtered concentration) were used to 
compare CDGT measurements to mean unfiltered and filtered measure
ments to assess bioavailability. High ratios (near 1) indicated a large 
fraction of the unfiltered and/or filtered fraction was measured by CDGT, 
and therefore was considered bioavailable, whilst low ratios indicated 
the opposite. Concentrations, as a mean, measured by DGT were more 
similar to filtered concentrations (ratio nearer 1) (Fig. 6B) than unfil
tered concentrations (Fig. 6A), with CDGT concentrations representing 
42 % of the unfiltered concentration (as a mean), and 78 % of the filtered 
concentration (as a mean upon removing one large outlier; 99 % with it 
included). Filtered and unfiltered Co, Cr, Cu, and Ni concentrations were 
often close to zero or below detection limits, which impacted their ratio 
calculations leading to high ratios (above 1) or low ratios (near zero). 
This was less of a problem with CDGT, that accumulates solute over the 
length of the deployment and hence can measure relatively lower con
centrations than in water samples themselves. High ratios (above 1) 
could also have been caused due to the CDGT fraction being calculated 
from a time-averaged sample that has measured conditions over the 
length of the deployment, rather than measuring ‘snapshot’ values like 
the unfiltered and filtered fractions.

Fig. 2. Estimated annual flux of trace metal(loid)s and nutrients from observed 
measurements from 10 Philippine catchments, and scales to the whole coun
try’s land area.
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Fig. 3. Mean (n = 4 days) estimated yearly unfiltered trace metal(loid) and nutrient flux and subsequent catchment yield nationally across 10 Philippine catchments. 
Flux in tonnes yr− 1 at the outlet of each catchment is represented by a purple circle. Yield in kg km− 2 yr− 1 is represented by the catchment background colour. Note 
that the scales are different for each trace metal(loid) and nutrient due to the different magnitudes of fluxes and yields (see SI2).
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4. Discussion

4.1. The Philippines contributes proportionally large amounts of metal 
(loids) to global oceans

Martin and Meybeck (1979) compiled the first global estimates of 
particulate and trace metal(loid) flux from the land to the oceans. They 
gathered concentration data from 20 of the world’s major rivers (often 
one sample per river), covering approximately 25 % of the global land 
drainage area to oceans, and used a discharge estimate based on a global 
theoretical calculation of the water cycle (Baumgartner and Reichel, 
1975) to calculate their metal(loid) flux (Martin and Meybeck, 1979). 
Their estimates have been used as a global reference for metal(loid) 
fluxes (Carey et al., 2002; Hollister et al., 2022), with refinement of their 
dissolved flux calculations by Martin and Whitfield (1983) and Poulton 
and Raiswell (2000). Poulton and Raiswell (2000), estimated global Co, 
Cr, Cu and Ni dissolved fluxes as 4 × 103, 4 × 104, 6 × 104 and 2 × 104 t 
yr− 1, respectively, and based on land area alone, the Philippines should 
account for 0.23 % of these fluxes (1 × 101, 1 × 102, 1.5 × 102 and 5 ×
101 t yr− 1, respectively). Our results provide the first direct assessment 
of this contribution and indicate that the Philippines contributes unfil
tered fluxes of 1.22 × 102, 2.43 × 102, 7.25 × 102, 3.38 × 102 t yr− 1 of 

Co, Cr, Cu and Ni, respectively, which represents 3 %, 0.6 %, 1.2 % and 
1.7 % of Co, Cr, Cu and Ni global flux. This suggests that there is likely an 
under representation of the contribution of smaller watersheds and 
Pacific Island nations in global metal(loid) flux calculations.

Estimates of global flux and our estimates of Philippines flux should 
be treated with caution due to the theoretical scaling applied and the 
scarcity of datapoints. The global flux estimates lack any observed 
discharge measurements, whilst both the global and Philippines datasets 
apply scaling from 20 to 25 % of land area to 100 %. Our estimates also 
potentially underestimate flux due to our sampling being biased towards 
low to moderate flows (see SI1), potentially missing large flushing 
events such as those that occur during a typhoon, of which the 
Philippines experiences five per year on average (Williams et al., 2020). 
Estimates of chemical flux typically use long-term averages of river 
discharge and chemical concentration rather than observed data (Zhang 
and Hirsch, 2019). Given that large flushing events are known to in
crease sediment and dissolved loads (Blaen et al., 2017; Lloyd et al., 
2016) these would have been accounted for within the theoretical global 
discharge value but not our own. Our results are unusual in that they 
combine measured values of concurrent discharge and concentration to 
generate nation-wide estimates of fluxes across the Philippines. This is 
the first Philippine national-scale ground-truth quantification of the 

Fig. 4. Log10 comparison of mean annual trace metal(loid) and nutrient yield and area across 10 Philippine catchments. Catchments are omitted if concentrations 
were below detection limits (see SI2).
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Fig. 5. Cumulative plots showing mean (n = 4) unfiltered (A), filtered (B), and CDGT (C) trace metal(loid) concentrations from each of the 10 national catchments. 
Catchments have been sorted into groups based on whether they have ‘large and small-scale mining’ or are ‘mineralised, no large-scale mining’ (see SI2).

Fig. 6. Ratios of CDGT to unfiltered (A) and filtered (B) concentrations. High ratios (near 1) indicate a large fraction of the unfiltered and/or filtered fraction was 
measured by CDGT, and therefore represent high bioavailability, whilst low ratios (near 0) indicate the metal(loid) was less bioavailable. Catchments are sorted into 
groups based on whether they contain ‘large and small-scale mining’ or are ‘mineralised, no large-scale mining’ (see SI2).
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trace metal(loid) and nutrient flux from land to the sea; and sets a 
reference point from which the impacts of future mining activities and 
mine site rehabilitation can be evaluated.

4.2. An absence of flux measurements limits the identification of 
contaminant sources within catchments

Interestingly, when comparing fluxes and yields between ‘large and 
small-scale mining’ catchments and ‘mineralised, no large-scale mining’ 
catchments our data show no significant differences between the two 
groups. This suggests that background concentrations of metal(loid)s 
and nutrients are elevated within some Philippine catchments. We can 
see this in Fig. 4 in which the Cagayan-de-Oro and Tagoloan catchments 
have the highest yields for every metal(loid) (except for As (Tagoloan) 
and Ni (Cagayan-de-Oro)) despite both being small ‘mineralised, no large- 
scale mining’ catchments. These catchments are therefore contributing 
proportionally more metal(loid)s to the ocean than the ‘large and small- 
scale mining’ catchments, despite elevated metal(loid) fluxes often being 
associated with, and attributed to, the presence of mining (Mayes et al., 
2013). This highlights a crucial consideration for future management 
within the Philippines: background mineralisation can yield metal(iod) 
levels equivalent to and greater than those from mining activities within 
catchments. Therefore, without monitoring catchment fluxes, it be
comes hard to disentangle background and anthropogenic contaminant 
sources and thus assess the impacts of mining operations.

Beyond mining, Philippine catchments face pressures from agricul
ture, industry, and urbanisation, with individual catchments within our 
study being shown to face NO3 and PO4 pressures that are commonly 
associated with agricultural pollution (Ockenden et al., 2017). This is 
seen particularly in the Cagayan-de-Oro and Tagoloan catchments 
where both NO3 and PO4 fluxes and yields are high, and no large-scale 
mining operations take place. Monitoring of nutrient and metal(loid)s 
is also important for the Philippines, as excessive nutrient inputs into 
catchments can lead to eutrophication which can have detrimental ef
fects on biodiversity by creating hypoxic or anoxic zones in receiving 
waters (Chislock et al., 2013). Given that several marine protected areas 
exist directly outside of the mouths of the Cagayan-de-Oro and Tagoloan 
catchments (Horigue et al., 2012), prioritising future monitoring of 
nutrient fluxes from these catchments can help with conservation efforts 
in these areas to protect the local environment and industry (Domingo 
et al., 2024).

Our baseline data have shown the variability in metal(loid) and 
nutrient fluxes and yields across the Philippines. However, continued 
routine monitoring of catchment flux is necessary to identify sources of 
contaminants, document the impacts of future anthropogenic activities, 
and evaluate the efficacy of any remediation strategies. One well 
established method of monitoring catchment flux that has been integral 
to assessing legacy and contemporary mining impacts in the USA, 
helping to shape catchment management approaches and remediate 
mine sites, is the total maximum daily load (TMDL) model (H. Wang 
et al., 2025). This model can be used to establish the total volume of 
contaminants that can be discharged to a waterbody whilst maintaining 
environmental quality standards. The approach allocates contaminant 
loads to identified point and non-point sources of contamination (e.g. 
mining) within a catchment (United States Environmental Protection 
Agency, 2024). If these loads are exceeded, this will be observed 
downstream as a breach of environmental quality standards. The TMDL 
approach therefore uses river contaminant flux data to set limits on the 
volume of contaminants that can be discharged to rivers in order to 
protect and improve river water quality. Unlike the USA, the Philippines 
has the opportunity to incorporate a similar TMDL modelling and 
monitoring approach to their catchment management before the pre
dicted growth of their mining sector.

4.3. Universal river water quality standards for trace metal(loid)s in 
Philippine rivers may misrepresent ecosystem risk

In addition to gaining an understanding of contaminant mass 
transport, accurate measurement of bioavailable concentrations are 
critical to determining environmental risk and potential ecotoxicity. In 
the Philippines, surface water quality guidelines are broad; covering 
drinking water protected areas to navigational waters within five clas
sifications and setting limits that are predominantly based solely on 
unfiltered concentrations (Department of Environment and Natural 
Resources, 2016). In Europe and the USA, environmental guidelines for 
river water quality are based on filtered and bioavailable fractions as 
these are widely established to closely represent toxicity in natural 
waters (European Commission, 2009; United States Environmental 
Protection Agency, 1991). That said, the unfiltered fraction is still 
monitored as particulates can re-release previously bound metal(loid)s 
into the unfiltered (potentially dissolved) fraction (Adams et al., 2020), 
biota can still ingest and uptake metal(loid) particulates (United States 
Environmental Protection Agency, 2021), and measuring the unfiltered 
fraction ensures that total metal(loid) fluxes are not underestimated 
(Ccanccapa-Cartagena et al., 2023). Additionally, although the unfil
tered and filtered fractions can be measured directly, there is no agreed 
upon method for the direct measurement of the bioavailable fraction. 
Instead, this fraction is typically predicted by numerical models. The 
Metals Bioavailability Assessment Tool (M-BAT) is used in the UK to 
make assessments based on filtered concentrations alongside physico- 
chemical parameters to predict bioavailability (UKTAG, 2014). The 
Philippines would need to create a similar model to recognise differ
ences in the bioavailability of different contaminants, or use a direct 
measurement of bioavailability if they are to consider creating new 
guidelines.

Diffusive gradients in thin-films are thought to sample solutes in 
water in a way that emulates uptake by biota, therefore reflecting 
bioavailability and potential toxicity (R. Wang et al., 2025). This in
cludes considering time-weighted average concentrations that integrate 
contaminate fluxes over timescales that are more relevant to local biota 
than the single measurements from grab samples (Altier et al., 2019; 
Huang et al., 2016).

Utilising DGT in this study of Philippines rivers, we demonstrate how 
metal(loid) bioavailability can vary between catchments (Figs. 5 and 6). 
In Fig. 6, for example, Cr was shown to be highly bioavailable (ratio > 1) 
in the Abra and Agno catchments but had limited bioavailability in the 
Cagayan (ratio < 1). We can see similarities in the Tagoloan catchment 
(Fig. 5), where the Cr concentration in the unfiltered fraction is close to 
12 μg L− 1, whilst in all other catchments it is close to 1 μg L− 1. This could 
indicate a cause for concern, but the filtered Cr concentration is similar 
to all other catchments (near 0.5 μg L− 1) and the CDGT concentration is 
below the ICP-MS detection limit (see SI1). This suggests that the Cr 
present in the Tagoloan’s unfiltered fraction is not bioavailable and 
therefore potentially less harmful to biota than in other catchments 
(unless in toxic Cr(VI) form which LSNX-NP DGT do not bind (Gao et al., 
2019)). Cumulative metal(loid) concentrations in the unfiltered, 
filtered, and CDGT fractions were all found to be significantly different 
from each other, individual metal(loid) concentrations were found to be 
significantly different from each other, and individual catchment cu
mulative metal(loid) concentrations were also significantly different 
from each other. This variability between fractions, metal(loid)s, and 
catchments suggests there may be a need for the Philippines to develop 
catchment specific concentration guidelines for each metal(loid) and 
potentially consider creating filtered and bioavailable guidelines 
alongside unfiltered ones to help evaluate ecological risk. DGT ratios 
(CDGT / unfiltered or filtered concentration) could be the first step to
wards this challenge and creating bioavailable environmental quality 
standards as has been recently accomplished with the EU Monitool 
project (Rodríguez et al., 2021).
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5. Conclusions

We have established the first nationwide ground-truthed baselines of 
hydrology and water quality in the Philippines, providing a reference 
point for future management and a statement of current condition. 
Although based on limited coverage of the hydrological regime, our 
national-scale sampling has shown that globally the Philippines con
tributes proportionally large quantities of metal(loid) flux to the oceans, 
accounting for 3 %, 0.6 %, 1.2 % and 1.7 % of Co, Cr, Cu and Ni, 
respectively, compared to an expected estimate of 0.23 % based on land 
area. Additionally, our results have shown that background minerali
sation, not just mining activities, can act as a large contributor to metal 
(loid) yields and fluxes within catchments. This has demonstrated the 
importance of establishing metal(loid) flux for the understanding of 
mass transport within catchments and has highlighted the need for 
management tools such as TMDLs (total maximum daily load) to identify 
and apportion metal(loid) and nutrient loads.

Our approach has presented several scientific methods that could be 
adopted in future national monitoring programmes and has shown that 
metal(loid) and nutrient concentrations, speciation, fluxes, and yields all 
vary across national catchments. This has emphasised the benefits of 
using multiple methods of assessment to make catchment management 
decisions and has demonstrated that environmental quality standards 
should be uniquely determined for each catchment. Our study also took 
the first steps towards creating CDGT environmental quality standards for 
metal(loid) bioavailability in the Philippines, establishing a bioavail
ability monitoring framework that can be expand upon. Beyond the 
Philippines, our methodology can be adapted in other mineralised na
tions, allowing for the effective monitoring and reporting of future 
mining impacts within catchments as well as the assessment of remedial 
interventions. Critical future research needs in the Philippines are to 
expand coverage of metal(loid), nitrate and phosphate fluxes and CDGT 
spatially and temporally, to capture changes in metal(loid) bioavail
ability and flux driven by seasonal and event-scale hydrological and 
biogeochemical processes.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2025.181192.
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