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Microplastics (MPs) are ubiquitous in river and freshwater ecosystems. However, the hydraulic and hydrological
mechanisms that regulate the activation and emissions of MPs from both the land surface and subsurface into
rivers are not well understood. This study aims to quantify the instream MP concentration and MP load in a
remote headwater catchment river (Taff Bargoed, Wales, UK), which drains the UK’s largest opencast coal mine
(Ffos-y-fran), over a two-year period. Small fibers (< 1 mm) composed of acrylic and polyester dominated the
MPs found in the Taff Bargoed, while less commonly observed MP fragments were mostly composed of poly-
sulfone. River MP concentrations ranged from 0.27 to 28.87 MP/m?® (average: 14.60 + 10.31 MP/m?), and MP
load ranged one order of magnitude from 0.08 to 3.04 MP/s (average: 1.42 4 0.81 MP/s). Statistically significant
relationships were found between MP concentration, the number of dry weather hours and river discharge,
which indicated rainfall-runoff induced, source limited, dilution effects on instream MP concentration. A
negligible relationship between MP load and river discharge was observed, which suggests that MP load vari-
ability was independent of flow conditions, dry weather hours, and the MP concentration in the Taff Bargoed.
Significant positive relationships between MP concentration and instream total suspended solids were also
observed, indicating that this may provide a useful proxy for estimating MP variation in the Taff Bargoed. No
longitudinal variation in MP concentration over a 2 km reach was observed, where differences in flow and
drainage area were negligible, however, MP concentration increased by a factor of 2-4 downstream of an
inflowing tributary, also sourced from the Ffos-y-fran coal mine. Overall, the results of this study provide evi-
dence that mining activities can contribute MPs in rural and remote rivers, with their contribution being
regulated by the hydraulic and hydrological processes in the catchment.

1. Introduction Vethaak and Legler, 2021; Krause et al., 2024) with plastics being
discovered in human lung tissue (Jenner et al., 2022), the placenta
(Amereh et al., 2022; Ragusa et al., 2022) and blood (Baas et al., 2022;

Leslie et al., 2022). This confirms that MPs from the environment can

Rivers are major conveyors of highly hazardous microplastic (MP)
pollution particles (plastics <5 mm in size) (Mai et al., 2020;

Gonzalez-Fernandez et al.,, 2023; Strokal et al., 2023). There is
increasing evidence that in river environments MPs may pose threats to
biodiversity, food security and freshwater resources (Krause et al., 2021;
MacLeod et al., 2021; Nava et al., 2023). More concerning is the growing
evidence of the potential harm caused by MPs to human health (Dick
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enter the human body through multiple pathways, such as inhalation
and ingestion, including through drinking water (Krause et al., 2024).
These potential threats posed by MPs have caused a transgression of a
planetary boundary, indicating that the Earth’s planetary limits for MP
pollution have been exceeded (Persson et al., 2022).
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The terrestrial environment has been identified as an important sink
of MPs (Nizzetto et al., 2016; Lofty et al., 2022) and a source of MP
pollution in rivers (Crossman et al., 2020; Han et al., 2022). Land use,
whether rural or urban, has been linked to spatial and temporal varia-
tion of instream MP concentration (number of MPs per volume of water)
and MP load (number of MPs transported per unit time) (Wagner et al.,
2019; Kukkola et al., 2023). Typically, rivers in densely populated urban
areas contain higher concentrations of MPs, due to the density of mul-
tiple diffuse (e.g. littering, roads, tyre wear, industrial processes, urban
drainage) and point sources (e.g. wastewater treatment plants and
combined sewer overflows) of MP pollution (Grbic¢ et al., 2020; Kukkola
et al., 2023; Kunz et al., 2023). However, the causation for correlations
between the degree of urbanisation and riverine MP concentration is not
always clear (Wagner et al., 2019; Kukkola et al., 2023), as rural and
remote areas can also be significant sources for terrestrial MPs through
littering due to tourism, breakdown of plastic mulch used in agriculture,
use of sewage sludge as fertiliser and industrial processes (Qi et al.,
2018; Feng et al., 2020; Huang et al., 2020; Lofty et al., 2022; Brozova
et al., 2023).

Riverine MP concentration and MP load are highly variable and, to a
large degree, driven by rainfall events, which potentially can activate
and mobilise land-based MPs into rivers (Han et al., 2022; Cho et al.,
2023; Kukkola et al., 2024). Previous studies have examined the rela-
tionship between rainfall-runoff and instream MP concentration and MP
load, however, the MP rainfall-runoff response is complex and con-
trasting conclusions between studies have been drawn (Barrows et al.,
2018; Wagner et al., 2019; Kurki-Fox et al., 2023; Moses et al., 2023).
This variability can be attributed to source and transport limitations. For
example, if MP concentration increases with increasing discharge, this
indicates that the source of MP is active and proportionally supplying
MPs to the river (transport limitation). This subsequently may increase
MP load, as more MPs are being transported with larger discharges. On
the other hand, if MP concentration decreases with increasing rainfall
and river discharge, this means the emission of MPs from different
sources is limited and cannot keep up with the increase in effective
rainfall, leading to a dilution effect of MP concentration in the river
(source limitation). The influence source limitation has on MP load is
more complex because even if MP concentration decreases with
increasing discharge, MP load may still increase because a higher
discharge may be able transport more MPs overall (Kukkola et al.,
2023).

Coal mining is an industry that may generate and emit MP pollution
into the surrounding environment through various pathways, including
waste generated by tyre wear in transportation, land filling of opencasts
with sewage sludge and mismanaged waste (Sipe et al., 2022; Brozova
et al., 2023; Pinlova and Nowack, 2024). Coal mining also creates new
drainage channels and exposes existing geological fractures, leading to
the leaching of mining wastewater that can contain heavy metals, sed-
iments, and potentially MP, which can then enter the surrounding sur-
face water and groundwater (Zhu et al., 2022; Brozova et al., 2023).
Despite industrial areas being a known source of MP pollution (Mani
et al., 2015; Tibbetts et al., 2018; Woodward et al., 2021), only one
study to date has quantified the MP emissions from an area of opencast
coal mining into the surrounding groundwater (Brozova et al., 2023).
However, the study did not focus on the contribution of MPs from the
coal mining area into the surface water river network or provide a
description of the hydraulic and hydrological processes which regulate
the riverine MP variation. This is important in order to understand the
discrete sources of MPs in remote and rural environments with industry.

This study aims to quantify the instream MP concentration and MP
load in a rural headwater river (Taff Bargoed, South Wales, 0-0.1 peo-
ple/km?, 450 m AMSL), which drains the UK’s largest opencast coal
mine (Ffos-y-fran, Wales), to assess the complex relationships between
different terrestrial MP supplies (from the coal mine and surrounding
rural environment) and the resultant riverine MP concentration and MP
load. To achieve this, instream MP sampling of the Taff Bargoed is

Environmental Pollution 368 (2025) 125722

conducted at five sampling sites along a remote longitudinal 2 km reach
over a two-year period. Reach-scale longitudinal MP flux is described, as
well as relationships between MP concentration, MP load, river
discharge, the number of dry weather hours, and total suspended solids
(TSS) to describe the hydraulic and hydrological processes that regulate
instream MPs in a river fed from a large opencast coal mine.

2. Methods
2.1. Study area

The study was conducted at five sampling sites along a 2 km stretch
of the upper reaches of the Taff Bargoed, located in Merthyr Tydfil,
South Wales, UK. The study site was chosen because of its different land
usages (industrial and unmanaged heathland), which provides a unique
setting to investigate the sources and transport of MP in a mixed-use
rural headwater river. Fig. 1A provides an overview of the study area,
including the Ffos-y-fran opencast coal mine, while Fig. 1B-F shows a
full characterisation of the study area conducted on ArcGIS, including a
supervised land classification (Fig. 1B), land elevation (Fig. 1C), slope
(Fig. 1D), and contributing catchment areas for each MP sampling site
(Fig. 1E), following a protocol for MP field sampling proposed by (Lofty
et al., 2023). Fig. 1G and H shows photographs of MP sampling sites on
the Taff Bargoed.

The five sampling sites on the Taff Bargoed drain contributing
catchment areas ranging between 1.48 km2-4.83 km? (Fig. 1E). The
study area is rural, with the following land cover mix: 51% unmanaged
heathland, 42% mining activity, 3% tree cover, 2% managed grassland
and 2% industry (Fig. 1B). The Taff Bargoed catchment has a population
density of 0-0.1 people/km2 (Digimaps, 2024) and suspected sources of
plastic pollution in the area include mining activities, transportation and
littering. Fly tipping between sites 1 and 2 on the Taff Bargoed has also
been observed. No wastewater treatment plants, or combined sewage
overflows are known in the study area. The surrounding unmanaged
heathland is used for sheep grazing without any known organic or
artificial fertilisers being used on the land. The study area is charac-
terised by steep hill slopes (30-40°), especially around the proximity of
the mining area (Fig. 1C -D). The bed slope of the 2 km reach of the
sampled Taff Bargoed is steep and relatively constant between sampling
sites, with an average gradient of 1:3.43 (Fig. S1).

The Taff Bargoed flows for a total length of 11 km before entering the
River Taff, which flows through the centre of Cardiff, Wales (UK). The
source of the Taff Bargoed is located in the Ffos-y-fran mine (Merthyr
Tydfil, Wales, UK) and flows around the perimeter of the mining spoils
(Fig. 1A). The Taff Bargoed also drains the south and west sides of the
mine’s surface water. No access to the mining area was granted, so
sampling was conducted on the Taff Bargoed as close as possible to the
mine. The Ffos-y-fran mine is the UK’s largest opencast coal mine,
spanning more than 8 km? in area, with depths of up to 180 m. Between
its opening in 2008 and 2023, the mine has produced more than 11
million tonnes of coal and has been responsible for 86% of the UK’s total
coal output in 2023 (National Statistics, 2022). The mine stopped
actively mining for coal in November 2023 but continued to export coal
from the mine with operations up until at least May 2024 (Coal Action
Network, 2024). A land reclamation project with the aim of returning
the area to its former use as common land for livestock grazing was
pronounced in 2015 and planned to start in 2024 (Miller Argent & RPS,
2015).

The Taff Bargoed receives additional inflow from the Nant Gyrawd,
which is a tributary draining the eastern side of the Ffos-y-fran mine.
The confluence of the Nant Gyrawd with the Taff Bargoed is situated
between MP sampling sites 4 and 5 (Fig. 1A) and the contributing
catchment areas between sites 4 and 5 more than double due to the Nant
Gyrawd tributary (Fig. 1E). As no access to the Nant Gyrawd was
granted, sampling was conducted as close as possible to the confluence
of the river at site 5. No access further downstream of site 5 was also
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Fig. 1. A) The study area of the Taff Bargoed, showing the location of sampling sites, rain gauge, turbidity and water depth sensors. B-E) The study area charac-
terisation undertaken on ArcGIS, showing the land use, elevation (5 m resolution Lidar DTM (Digimaps, 2024)), slope, and contributing catchment area for each
sampling site. F-G) Photographs of sampling sites 1, 2 and 5 on the Taff Bargoed and the net used for sampling MPs.

granted. There are also a number of smaller ephemeral tributaries that
are only present during high rainfall events that flow into the Taff
Bargoed from the eastern and western hill slopes of the unmanaged
heathland.

The riverbed grain size distribution of each sampling site on the Taff
Bargoed was characterised by using sieve grain size analysis for the finer
fraction of sediments (d < 10 mm) (ISO, 2020) and a photogrammetry
method for the top layer of larger gravel and cobble grain sizes (d > 10
mm) using BASEGRAIN (Detert and Weitbrecht, 2013) (described in the
Supplementary Materials S1). Granulometry curves that combine both
techniques for each site are shown in Fig. S1. The ds( for all sites was
calculated as between 5.74 and 10.81 mm, with a geometric standard

deviation of the grain size (6 = y/des/d16) between 2.25 and 5.62,
which corresponds to a gravel bed river (Table S1).

2.2. Collection of MP samples and river flow characterisation

Five MP sampling sites on the Taff Bargoed were chosen for instream
MP sampling. The five sites were approximately 500 m apart and chosen
at straight sections of rivers to ensure flow through the net was relatively
straight, with a flat riverbed (no bedforms or large boulders), constant
slope and uniform channel width (Table S1). Sampling campaigns were
conducted over a two-year period between January 2023 and April
2024. This was chosen to cover a least two seasonal variations of both
summer and winter river flows and rainfall in the study area. Sampling
campaigns between January 2023 to August 2023 only considered site 5
for MP sampling (N = 8 campaigns), while sampling campaigns between
November 2023-April 2024 considered all sites (sites 1-5) (N = 3
campaigns). Sampling campaigns were conducted during dry weather
conditions, between 4 and 282 h after rainfall events, to optimise the

chances of steady-state environmental conditions. This approach aimed
to minimise potential temporal variability in the contributions of land-
based MP to the river during the sampling period.

The river flow was characterised at each sampling site for every
sampling campaign in terms of discharge (Q), bulk velocity (V) and
thalweg flow depth (H), which are presented in Table S2. River
discharge was calculated using the velocity area method and a handheld
electromagnetic flow meter (OTT MF Pro flow meter 0.001 resolution,

+0.015 m/s accuracy) was used to measure the velocity. Further details

regarding the measurements of flow velocities are presented in the
Supplementary Materials S2

MPs were collected using a rectangular 0.25 m high, 0.4 m wide net,
with mesh pore size of 250 pm (Fig. 1H). The net had a cod end that
consisted of a 300 mL bottle to collect the MPs. For every sampling site
in every sampling campaign, three repeat samples were taken. For
sampling, the net was placed at the riverbed at the thalweg of the river,
meaning that the net collected MPs that were transported as bed load
and suspended load. The net was deployed for a duration of time that
would allow for more than 500 L of water to be passed through it, based
on recommendations by (Koelmans et al., 2019; Lofty et al., 2023),
which corresponded to 5-10 min per repeat sample. After each repeat
sample, the net was rinsed using the river water to flush the MPs from
the net’s mesh into the cod end.

The volume of water sampled by the net was calculated as the
calculated water discharge passing through the net, multiplied by the
sampling duration. River depth varied between sampling campaigns and
for some campaigns the top of the net was above the water surface,
meaning the net’s cross-sectional area was not fully covered by the
water, which was taken into consideration in the calculations of the
water volume. Due to the nets filtering efficiency, the flow velocity
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inside the net may have been slightly lower than estimations made based
on the average velocity of water flowing through the net’s cross-
sectional position in the river (Fraser, 1968; Smith et al., 1968). This
means that estimated water volume filtered by the net may be greater
than the actual volume, thus leading to a potential overestimation of the
water volume and an underestimation of calculated MP concentration.

2.3. Instrumentation and data collection for catchment characterisation

To characterise the pre-existing conditions in the catchment area
prior to MP sampling, a rainfall gauge, three water level sensors and a
turbidity sensor were placed into the Taff Bargoed study site (see Fig. 1A
for locations of instrumentation). A full description of the instrumen-
tation is provided in Supplementary Materials S3.

2.4. Extraction and identification of microplastics and total suspended
solids

After each sampling campaign, water samples were taken back to the
lab and stored in cool dark conditions. MPs were isolated, identified and
quantified from the water samples in six steps: (1) filtration, (2) quan-
tification of total suspended solids (TSS) content, (3) wet peroxide
oxidation using Fentons reagent, (4) density separation using zinc
chloride (ZnCly) (when required), (5) microscope identification and
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quantification, and (6) Raman spectroscopy. A full description of each
step used to isolate, identify and quantify the MPs from the samples is
provided in the Supplementary Materials S4.

2.5. Polymer characterisation

Microplastic polymer type was identified using a Thermo Scientific
DXR Raman microscope equipped with a 780 nm laser and 10 x
objective. 20 mW of power at the sample using a 5second exposure and 3
accumulations was used to generate a single spectrum. The spectral
peaks of 236 suspected MPs were analysed from site 5, which related to
28% of suspected MPs from site 5, which is equal to 15% of all MPs from
all sites. 67% of the MPs were confirmed as plastic polymers by Raman
spectroscopy. A full description of the Raman microscope protocol and
spectral matching is described in the Supplementary Materials S5.

2.6. Spike tests and controls

To ensure that the extraction methodology for MPs was efficient
from the river water samples, a spiked sample of 0.5 mm spheres was
tested in unison of the river water samples. The spiked sample went
through an analogous isolation procedure as the river samples,
achieving recovery rates of 90%. A full description of the spike tests and
control measures to minimise contamination of the samples and are also
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Fig. 2. Identified MPs in terms of A) MP type, B) MP colour, C) fiber maximum size distribution and D) fragment maximum size distribution. E) MP polymer types
identified in the Taff Bargoed at site 5 by Raman spectroscopy. F) Photographs of a green fragment and black fiber, G) a black fiber, H) a red fiber, and I) a blue
fragment found from MP samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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described in the Supplementary Materials S6.

3. Results and discussion
3.1. MP characteristics

A total of 1,801 MP particles were identified from all sampling sites
and sampling campaigns on the Taff Bargoed. Fig. 2A-D presents the
characteristics of the MPs identified from the Taff Bargoed samples,
Fig. 2E presents the polymer types of MPs identified at site 5 using
Raman spectroscopy, and Fig. 2F-1 shows photographs of some of the
identified MPs. Results showed that 72% of the identified MPs were fi-
bers, while 28% were fragments (Fig. 2A). For fibers, the most common
colours were black (68%), blue (10%) and red (6%), while for fragments
the most frequent colours were green (25%), red (24%) and blue (23%)
(Fig. 2B). On average, fibers had a longer maximum length compared to
fragments, with an average length of 0.77 mm for fibers and 0.28 mm for
fragments (Fig. 2CandD).

The most common polymer types identified in the Taff Bargoed at
site 5 were acrylic (31%), polyester (PES) (23%), polypropylene (PP)
(9%), polystyrene (PS) (8%), and polysulfone (PLS) (7%) (Fig. 2E). Fi-
bers identified in the Taff Bargoed were mostly composed of either
acrylic (33%) or PES (25%). Blue fibers were mostly composed of acrylic
polymers (49%), while black (30%) and red fibers (58%) were largely
PES.

The precise origin of the fibers in the samples is challenging to
determine due to the variety of potential sources in the study area. Fibers
may have originated from the shedding of underground geotextiles used
for soil stabilization, drainage, or erosion control that are used in and
around mining sites and which commonly use acrylic and PES polymers
in their construction (European Environmental Agency, 2024). The fi-
bers may also have originated from the degradation of equipment, such
as dump bags observed to be used to transport waste material from the
mine, or from the shedding of clothing worn by mine workers (Cole
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et al., 2011). Fragments identified from samples were mostly composed
of PLS (39%), a thermoplastic designed for its strength and stability at
high temperatures and resistance to chemicals. PLS is a commonly used
polymer for hardwearing plastic equipment or for membranes in
wastewater treatment, which may have been used in the wastewater
treatment systems of the Ffos-y-fran coal mine water discharge (Mamah
et al., 2021; Yu et al., 2024).

3.2. MP variation, rainfall and river flow

Daily rainfall, water depth and turbidity readings over the entire
sampling period (January 2023-April 2024) from the installed loggers
are shown in Fig. 3A, while the river discharge measured at site 5 on the
Taff Bargoed, downstream of the Nant Gyrawd confluence, for each
sampling campaign is shown in Fig. 3B. Discharge in the Taff Bargoed at
site 5 on sampling dates ranges from baseflow conditions 0.06 m>/s to
high flow 0.52 m>/s (Fig. 3B). The average MP concentration and MP
load at site 5 are plotted in Fig. 3C and D, respectively, with different
colours representing different MP sampling campaigns. The full data set
is available in Table S3. At site 5, instream MP concentrations range
between 1.34 and 28.87 MP/m?, with an average of 14.6 + 10.31 MP/
m?, while MP load ranged over an order of magnitude from 0.44 to 3.04
MP/s with an average of 1.42 + 0.81 MP/s (Fig. 3C and D).

These MP concentrations and loads should be seen as conservative
estimates due to the methodology used to measure water volume filtered
by the sampling net (Fraser, 1968; Smith et al., 1968) (see Section 2.2
Collection of MP samples and river flow characterisation). The cessation
of active mining at Ffos-y-Fran in November 2023 appears to have had
no impact on the number of MPs observed in the Taff Bargoed (Fig. 3).

To correlate the variation of instream MPs to hydrological and hy-
draulic factors in the catchment, MP concentration and MP load is
plotted against the number of dry weather hours prior to a sampling
campaign in Fig. 4A and B, and river discharge in Fig. 4C and D,
respectively. MP concentrations are strongly positively (exponential
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relationship) correlated with the number of dry weather hours (Fig. 4A)
(R? = 0.73, Spearman rank test p < 0.01) and a strongly negatively
(exponential relationship) correlated to river discharge (Fig. 4C) (R? =
0.97, Spearman rank test p < 0.001). On the other hand, a negligible
relationship between MP load, number of dry weather hours and river
discharge was observed in the Taff Bargoed (Fig. 4B and D), which
suggests MP load does not respond to variations in MP concentration,
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discharge and rainfall in the Taff Bargoed catchment.

The results indicate a dilution effect on the instream MP concentra-
tion, whereby rainfall events occurring close to a sampling campaign
resulted in higher river discharges and lower MP concentrations (Fig. 4A
and C). This is an indication of source limitation, due to low stocks of
land-based MPs available to be mobilised for transport into the river
during rainfall events, as well as the runoff volume diluting the already-
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Taff Bargoed in log-log scale, D) MP load plotted against TSS load in log-log scale. Error bars represent the standard deviation of the result. The different coloured
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present MPs concentration in the river. Although this is a singular
example from one rural catchment, the result suggests that concentra-
tions of MPs in the Taff Bargoed decrease due to the increase in rainfall
volume, contrasting with previous studies conducted in more urban
environments, which suggest MP concentration increases with rainfall
(Schmidt et al., 2018; Wagner et al., 2019; Hitchcock, 2020; Moses et al.,
2023). On the other hand, in periods of dry weather, where no rainfall
had occurred for approximately 72 h, and the river is returning to
baseflow conditions, MP concentration was higher and had a relatively
constant relationship with discharge, as no dilution effect is observed
(Fig. 4A). The MP contribution to the Taff Bargoed during periods of no
rainfall is likely from the mine’s groundwater and/or atmospheric
deposition, although the exact source cannot be definitively proven
without further investigation.

3.3. MPs and total suspended solids

Fig. 5A presents the relationship between TSS and river discharge for
site 5, while Fig. 5B shows the relationship between TSS load and river
discharge. Results indicated that TSS is negatively correlated with
discharge at site 5 (R? = 0.86, Spearman rank test p < 0.001) (Fig. 5A),
which is the analogous to the relationship observed with MP concen-
tration (as seen in Fig. 4C), suggesting that a similar dilution effect is
observed for suspended solids in the Taff Bargoed. This indicates that
similar transport mechanisms affect MPs and other suspended solids
running off the land in the Taff Bargoed catchment in response to rainfall
events. On the other hand, there is a relatively positive relationship
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between TSS load and discharge at low river discharges, which becomes
relatively constant once the river discharge reaches approximately 0.15
m>/s. This differs from the negligible relationship observed between MP
load and discharge (as seen in Fig. 4D).

Fig. 5C presents the relationship between MP concentration and TSS
for all sites, while Fig. 5D shows the relationship between MP load and
TSS load. MP concentration and TSS are strongly correlated by a linear
relationship (R? = 0.89, Spearman rank test p < 0.001) due to their
similarities in their responses to river discharge. This suggests that TSS
may represent a useful proxy for estimating MP variation in the Taff
Bargoed. On the other hand, a reduced linear relationship between MP
load and TSS load is observed (R? = 0.49, Spearman rank test p < 0.001)
(Fig. 5D), due to their differences in their relationships with river
discharge.

3.4. Reach-scale longitudinal variation

Longitudinal variation of MP abundance in the Taff Bargoed was
assessed by the MP concentration and MP load for increasing distance
downstream (Sites 1-5) (Fig. 1A) for three sampling campaigns
(November 2023-April 2024). Fig. 6A-C shows the MP concentration at
each sampling site against the longitudinal downstream distance (zero
datum is the Taff Bargoed source located in the Ffos-y-fran mine),
discharge and drainage area, respectively, while Fig. 6D-F and G-H
shows the same for MP load and TSS, respectively.

Results show that MPs concentration, MP load and TSS remain
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relatively constant between sites 1 and 4, where discharge and drainage
area are similar, and where there are no significant inflows into the Taff
Bargoed (Fig. 6). This indicates that the surrounding rural land between
sites 1-4 are not contributing to the instream concentration of MPs. It is
observed that river discharge, MP concentration, MP load and TSS all
significantly increase at site 5 for all sampling dates, due to the inflow of
the Nant Gyrawd between sites 4 and 5 (Fig. 6). Data indicate that the
Nant Gyrawd increases MP concentration at site 5 by a factor of 2-4 and
MP load by a factor of 5-10. This suggests that the Nant Gyrawd, which
drains the eastern side of the Ffos-y-fran mine (Fig. 1A), contributes a
significant amount of MPs and suspended solids to the Taff Bargoed.
Since site 1 is less than 2 km from the source of the Taff Bargoed,
which is located in the Ffos-y-fran coal mine and drains the southern and
western sides of the mine (Fig. 1A), it suggests that a significant portion
of the MPs in the Taff Bargoed, and subsequently transported down-
stream, may originate from the mine’s overland or groundwater
drainage. Although it cannot be definitively proven that the Ffos-y-fran
coal mine is the main source of MPs in the Taff Bargoed, evidence sug-
gests it is a significant contributor. While MPs could also be introduced
to the river through wind-driven atmospheric deposition (Zhang et al.,
2019) or from the breakdown of plastics due to fly-tipping observed
between sites 1 and 2, the lack of an increase in MP concentration
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between sites 1 and 4, combined with the limited alternative sources of
MPs in this remote catchment, points to the Ffos-y-fran coal mine as a
likely contributor of MPs to the Taff Bargoed.

3.5. Intercomparison between rural and urban studies

To compare the instream MP concentration and MP load for the rural
catchment of the Taff Bargoed, with other MP studies conducted in both
rural and urban catchments, Fig. 7 shows MP concentration (Fig. 7A)
and MP load (Fig. 7B) plotted against river discharge for all sites at the
Taff Bargoed, with data from urban and rural reaches of the Parthe River
(Germany) (Wagner et al., 2019), urban and rural reaches of the Neuse
River basin (USA) (Kurki-Fox et al., 2023), urban reaches of the Weser
river (Germany) (Moses et al., 2023) and rural reaches of Eastcote Brook
(UK) (Kukkola et al., 2024). All comparative data shown in Fig. 7 are
from the same sampling locations on the selected rivers, over different
river discharges, similar to the study methodology presented herein. The
Nesuse River and Weser River are comparatively much larger rivers
(river catchments 10,000-49,000 km?) to the Taff Bargoed and Eastcote
Brook (1-5 km?) and the rural reaches of the Neuse River basin were
classified as catchments with less than 50% urban development
(Kurki-Fox et al., 2023). Full details of the compared studies and their
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Fig. 7. A) MP concentration and B) MP load in the Taff Bargoed against river discharge for all sites in log-log scale, plotted with MP data from urban and rural
reaches of the Parthe River (Germany) (Wagner et al., 2019), urban and rural reaches of the Neuse River (USA) (Kurki-Fox et al., 2023), urban reaches of the Weser
River (Germany) (Moses et al., 2023) and rural reaches of Eastcote Brook (UK) (Kukkola et al., 2024). Rural studies are show with star markers, with a linear
regression in a solid line, while urban studies are shown with cross markers, with a linear regression in a dashed line. Regression for the Taff Bargoed is shown in a
solid black line and only includes an exponential regression line for site 5, analogous to Fig. 4.
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context are available in the supplementary material (Table S4).

MP concentration and MP load are significantly lower in the Taff
Bargoed compared to the Parthe River and Weser River, likely due to
higher number of MP sources in the these larger catchments (Table S4),
but are relatively similar to urban and rural reaches of the Neuse River
basin (Fig. 7). On the whole, the relationship between MP concentration
and river discharge in the Taff Bargoed is consistent with other studies
conducted in rural catchments, which typically show a negative or
negligible relationship (Fig. 7A, star markers and solid regression lines)
(Barrows et al., 2018; Wagner et al., 2019; Kurki-Fox et al., 2023;
Kukkola et al., 2024). This correlation is largely attributed to source
limitation processes, where MP sources are fewer and less abundant in a
rural and remote environment, and therefore a limited stock of
land-based MPs is available to be mobilised into the river with rainfall,
which cannot keep up with the increase of stream flow, leading to a
dilution effect on the MP concentration. This contrasts with studies
conducted in more urban and populated rivers, which have generally
found positive correlations between MP concentration and discharge
(Fig. 7A, cross markers and dashed regression lines) (Wagner et al.,
2019; Kurki-Fox et al., 2023; Moses et al., 2023). This is largely due to
transport limited processes, where there are abundant sources of MP in
an urban and populated catchment, which are active and proportionally
supplying MPs to the river. This contrast between rural and urban rivers
is critical for targeted management of MPs as it highlights the need for
differentiated strategies between the two land usages.

For MP load, there is generally either no correlation or a positive
correlation between MP load and river discharge, regardless of whether
the study was conducted a rural or urban settling (Fig. 7B). This in-
dicates that MP load is largely dependent on the volume of water
transported in the river, rather than the initial concentration of MPs
within the water and the surrounding land usage, which influence the
source and transport limiting processes. Consequently, the number of
MPs transported in river systems potentially increases with greater river
discharges for the studies compared in Fig. 7.

4. Conclusions

This study reports the results of a two-year investigation of the
variation of instream MP concentration and MP load at five sites along a
2 km long reach of the Taff Bargoed River, sourced from the UK’s largest
opencast coal mine and situated in a remote upper catchment area in
Wales, UK. Small fibers (<1 mm) composed of acrylic and polyester
(PES) dominated the MP samples, while less commonly observed frag-
ments were mostly composed of polysulfone (PLS). MP concentration in
the Taff Bargoed was diluted by rainfall occurring prior to MP sampling
campaigns and subsequent increase in river discharge and is governed
by source limitation processes. This contrasts with results found in rivers
located in urban and populated areas, where transport limited processes
largely dictate MP concentration flux. The differing limiting processes
that govern MP concentration in rural and urban rivers are key for
managing MPs effectively, as it underscores the need for strategies
tailored to watersheds with different land usages. MP concentration also
had a strong positive relationship with total suspended solids, suggest-
ing that total suspended solids may represent a useful proxy for esti-
mating MP variation, aiding in future MP monitoring campaigns.
Overall, data suggests that the Ffos-y-fran coal mining activity is likely a
major contributor of MPs to the Taff Bargoed River given the proximity
of the mine to the source of the river and the lack of other substantial
sources of MPs in the rural catchment. These findings are important to
provide evidence of the hydraulic and hydrological mechanisms that
regulate MPs from diffuse sources of pollution in a mixed-use rural
environment, which gives insights into how to manage and mitigate
their release into aquatic systems.
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