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A tracer injection and synoptic sampling experiment was carried out in a tributary catchment of the River
Tywi (Carmarthenshire, Wales) during a very low streamflow event to locate and quantify sources of
groundwater metal pollution from the abandoned Nantymwyn Pb mine. High resolution sampling at 22
stream locations and 12 inflows along a 2 km stretch of the Nant y Bai was deployed. This high spatial
resolution sampling technique allowed point and diffuse sources of metal pollution to be identified
enabling their contribution to the overall stream load to be quantified. It was found that the highest
proportion of filtered Zn load originated from diffuse groundwater sources from the upper mine tailings
(43%), and that the highest proportion of filtered Pb load originated from diffuse groundwater sources from
the lower mine tailings (40%), with smaller inputs from a field on the River Tywi floodplain. These results
demonstrate that tracer dilution and synoptic sampling is a powerful tool to locate and apportion diffuse
sources of groundwater metal pollution in small, mineralised watersheds.
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Water impact

Abandoned metal mines often pollute nearby watercourses, with harmful impacts on flora, fauna, and potentially humans too. The funding and political
will to treat these mines is limited, and targeted remediation is necessary. Locating and quantifying diffuse groundwater and point metal sources will allow
improvements to water quality whilst maximising the benefit of any expenditure.

Introduction

After the large scale closure of metal and coal mines from
the 1900s onwards, abandoned mines have become a major
source of metal pollution to rivers globally.”” Locating,
classifying, and quantifying sources of potentially toxic
elements from abandoned metal mines is challenging due to
the historical legacy of poorly-mapped mine workings,
variations in streamflow and rainfall, and the remote location
of mines. Quantification of pollution sources is an essential
first step to the successful remediation of polluted mine sites
and watercourses.” Wales, for example, has over 1300 known
abandoned metal mines, many abandoned before any legal
requirements to map the subterranean workings, let alone
plan for any future polluted water outflows causing negative
effects on biota downstream.” Metal pollution from
abandoned mines can have a deleterious impact on flora and
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fauna and can bioaccumulate through the food chain.””
Decades of erosion and degradation of surface and
subsurface workings have increased the difficulty of
managing these sites, which adversely affect over 700 km of
river length in western Wales, and cause over 15% of
watercourse chemical quality failures in western Wales.®’

In order to locate source areas of pollutants within a river, a
spatial profile of loadings (pollutant concentration multiplied
by flow) is required. The tracer dilution and synoptic sampling
technique, " originally developed by the U.S. Geological Survey,
has the potential to be used for mine impacted groundwater
source apportionment in the more temperate climates of the
UK.'™'* The tracer dilution technique is used to calculate
streamflow (Q) from the dilution of an injected conservative
tracer. As Q values are derived from the downstream changes
in tracer concentration, and the tracer has been thoroughly
mixed into the river over several days, these flow values are not
affected by irregular stream cross-sections, as the velocity-area
method would be, and include flow in the hyporheic zone,
unlike a weir, or the gulp-injection method."" Combined with
pollutant concentration data collected at the same time and
location as the flow data, this method produces high spatial
resolution profiles of pollutant loads that can be used to
apportion sources of pollution.

This journal is © The Royal Society of Chemistry 2024
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Apportionment of mine pollution sources to streams under
low flow conditions is important to identify diffuse
subterranean sources of metal pollutants and also to consider
the potential impacts on river water quality of future low flows,
which are predicted to become more extreme and frequent due
to climate change."®'* Failure to consider low and extremely
low streamflow events in source apportionment studies and in
subsequent mine site remedial activities may result in
persistent metal pollution after remediation."

The aim of this paper is to assess the utility of the tracer
dilution and synoptic sampling approach in identifying and
quantifying sources of metal pollution, including diffuse
groundwater sources, during very low streamflows, using the
Nant y Bai stream at the abandoned Nantymwyn mine
(Carmarthenshire, Wales) as an exemplar catchment.

Methodology
Study area

One of over 1300 abandoned metal mines in Wales,
Nantymwyn Pb mine is located in the upper catchment of the
River Tywi, Carmarthenshire (52°5'12"N; 3°46'20"W) (Fig. 1),
and was mined sporadically from pre-Roman times until
abandonment in 1932."*" It is located on Bala (Upper
Ordovician) shales and grits, with mineral veins carrying galena
(PbS) and sphalerite (ZnS) crossing the site in a north-easterly
direction.'® These veins along the Abergwesyn Fault have only
been worked at Nantymwyn mine, elsewhere in the county they
are steeply dipping, with short sections of mineralisation less
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Fig. 1 Nantymwyn Pb mine, stream (N-) and inflow (L-/R-) sample locations.’
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than a metre wide.'® An automatic rain gauge on a nearby River
Tywi flow gauging station received a mean annual rainfall of
1711 mm between 1968-2017.%° An 1830 underground plan of
the mine notes “old workings” which were not mapped, and in
the 1920s when the mine was undergoing modernisation, maps
of the workings were often found to be inaccurate.””** The 20
hectares of the site include mine waste dumps of differing
metal concentration levels (XRF measurements showed means
of 1.53% Pb and 0.18% Zn at the upper part of the site, and
3.59% Pb and 0.33% Zn at the lower part of the site**) and
grain size depending on which periods of operation they were
formed under. Studies have shown that metals such as Pb from
the mine bioaccumulate in fauna,” and Zn has been ranked
the second highest risk water pollutant in the UK out of 71
chemicals.** The 2.6 km Nant y Bai stream, with a 277 hectare
catchment, flows through the mine waste dumps for the last
1.9 km of its reach. The smaller Nant y Mwyn stream is further
south and receives flow from two visible mine adits. Mine
pollution from these two streams cause the River Tywi to fail
Water Framework Directive (WFD) standards for 25 km
downstream of the site.® The River Tywi was noted as being
polluted by metal mines in 1861.>° Forty years after mine
closure, the South West Wales River Authority®® recorded the
Nant y Bai as being fishless and polluted by Pb and Zn.
Successor organisations have periodically reported on pollution
from the mine and its impact on flora and fauna in the streams
and the River Tywi, but there has been no systematic
investigation of sources.*®*” Nantymwyn Pb mine has been
identified as one of the highest priority metal mines in Wales
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for remediation,® but this cannot proceed successfully without
a clear understanding of the sources of metals across the site.
Due to the high spatial resolution stream metal loads possible
with the synoptic sampling and tracer injection approach, areas
of diffuse groundwater pollution otherwise undetected can be
located and quantified, and then considered as part of a whole
site remediation plan.**

Tracer injection and synoptic sampling

In order to collect accurate streamflow and metal loading
data, the measured watercourse must have a steady flow
state for the duration of the tracer injection and synoptic
sampling experiment. Therefore, a summer low flow period
was chosen to maximise the chance of constant low flows
in the stream.

Following U.S. Geological Survey standard practice,
constant-rate tracer injection and synoptic sampling was
conducted on the Nant y Bai in July 2019. There are two main
advantages of the technique over more traditional methods
of streamflow gauging [e.g. velocity-area, gulp injection].""*°
First, as the tracer is injected over a period of days it becomes
fully mixed in the stream and therefore captures flow in
irregular channel sections and the hyporheic zone. Secondly,
as the streamflow is calculated using the tracer concentration
in the stream, sampling can be carried out rapidly at each
sample site, maximising the number of samples that can be
taken and increasing the spatial resolution of sampling. A
tracer injection tank was erected at the top of the studied
section of the Nant y Bai (point N-INJ on Fig. 1) and filled
with approximately 850 L of stream water, to which 35 kg of
NaBr was added and thoroughly dissolved. Sodium bromide
was selected as the tracer as it is known to behave
conservatively in circumneutral waters®® and has been
previously used successfully for this purpose in the UK.'
This solution was injected into the stream at a constant rate
of 70 mL min™" for five days using a computer-controlled
pump, and terminated at the completion of the synoptic
sampling. The injection site (N-INJ in Fig. 1) was above the
mine workings as shown by historical aerial photographs.
Samples of the solution in the injection tank were taken over
the course of the injection period, confirming that the
concentration remained within +1.8% of its starting
concentration during the experiment. A TempHion Multi-
Parameter Water Quality Sensor with an Ag/AgCl solid-state
electrode Br probe®* was used to monitor Br levels in the
stream at the end of the studied reach and synoptic sampling
began when the tracer concentration had reached a plateau
concentration, indicating the Br concentration in the stream
was at a steady state. Synoptic samples were taken at 34 sites
in the Nant y Bai catchment: at 22 stream sites and 12 inflow
sites, as shown in Fig. 1. These sites were selected during an
earlier field visit, where six months of spot sampling data
showed an increase of metal concentrations in the stream;
before and after spoil heaps; and where water was visibly
entering the watercourse for example as small tributaries and

10,28,29
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river bank seeps. For the visible inflows, a sample was taken
from the inflow and in the main stream above and below the
inflow, the latter a distance downstream that allowed for
complete mixing between the two flows.

Synoptic samples were collected in a downstream to
upstream direction, to avoid contaminating downstream
samples with disturbed sediments and from higher Br
concentrations upstream.” At each synoptic sample point a
water sample was taken in a 1 L bottle, following the
Environment Agency standard protocol of rinsing the sample
bottle with sample site water three times,** and then taken to a
field laboratory for preparation for analysis as soon as
practicable in the same hour. At the field laboratory, the
sample's pH and temperature were recorded, and three 25 mL
vials filled from the larger bottle, again rinsing the vial three
times with sample water. One vial was filled with the sample as
collected and fixed with HNO; (for total metal concentrations
analysis), one filled with the sample after being filtered
through a 0.45 um membrane and fixed with HNOj; (for filtered
metal concentrations analysis), and one sample was filtered
through a 0.45 um membrane (for bromide analysis)*®> sample
vials were then sealed and stored in a fridge at 4 °C.

Laboratory analysis

Total and filtered concentrations of elements (primarily for
Pb, Zn, Cd, and Br, but also for 17 others (Be, Na, Mg, Al K,
Ca, V, Cr, Mn, Fe, Co, Ni, Cu, As, Ag, Sb, and TI)) were
determined by Inductively Coupled Plasma Mass
Spectrometry (using an Agilent Technologies ICP MS 7900
with autosampler). Br concentrations were determined
additionally by ion chromatography, as Br can have a
memory effect on ICP-MS.’® After initial assessment of the
total and filtered concentrations of the elements analysed,
three elements were selected for source apportionment analysis:
Pb, Zn, and Cd, all of which fail WFD Environmental Quality
Standards (EQS) from sample site N-3 onwards, and cause
WFD EQS failure within the River Tywi for up to 25 km
downstream of the site.>’

Estimating streamflow

Streamflow was measured at each synoptic sample site by the
observed dilution of the injected Br. Streamflow estimation at
each site relates the injected tracer to the observed dilution,
where Q (L s7') is streamflow."'*>%%%

_ Ong Oy
0= (Cp—Cs)

Qv (mL min™") Injection rate

Ciy (gL Concentration of the injected tracer

Cp(ngL™ Tracer plateau concentration at the
synoptic sampling site

Cp(ug L™ Background tracer concentration

in stream water above the injection point

This journal is © The Royal Society of Chemistry 2024
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Loading analysis

The studied stream was divided into 21 segments,
demarcated by the 22 stream synoptic sampling sites. Loads
L (mg s™) of Pb, Zn, and Cd were calculated as the product
of the streamflow estimate and the metal concentration at
the synoptic site, as below:

L=QxCpy
QLs™ Stream discharge
Cm (mg L™ Concentration of the element

With metal loads calculated for each synoptic site, the
cumulative instream load can be calculated, which is the
sum of all the increases in metal loads between each stream
segment. Comparing the cumulative instream load to the
metal load calculated for the individual or grouped stream
segments, highlights locations in the stream where metal
attenuation (through chemical reactions) or metal addition
(through sources) are occuring.'' Furthermore, the percent
contribution of each source can be calculated as:

100Aload

%Contribution = ———
(Ly—Ly)

where L, and L, are the cumulative instream load at the

upstream and downstream points of a selected stream
segment, and Aload is the change in metal load within
the segment.'!

Stream segment contributions can be combined to
show the cumulative impacts of similar areas of pollution,
for instance where the watercourse flows through surface
mine waste."’

—ml— Streamflow —O— Bromide
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Results and discussion

Streamflow, pH, and metal concentrations

Calculated streamflows for each of the 21 stream sites, and
the corresponding Br tracer concentration values are shown
in Fig. 2. Streamflow increased with distance downstream
from the tracer injection point from 3.71 L s at N-0 to 15.35
L s™" at N-19, the end of the studied reach. The largest inflow
on the day of sampling was the Nant y Glo (R-3), responsible
for 16% of the total streamflow increase. This was also the
only inflow responsible for more than a 10% increase in
streamflow. Stream segments with sampled inflows
accounted for 63% of the total streamflow measured in the
stream, indicating that at least 37% of the streamflow on the
day of sampling came from subsurface or unidentified
diffuse surface water inputs.

Stream pH values varied between 6.45 to 6.91, with the
inflow pH values slightly lower, between 6.25 to 6.78; both
are shown in Fig. 3. The River Tywi has historically suffered
from acidification, from both coniferous plantations and
from industrial pollution.**** The latter has reduced
substantially in the last thirty years,"**** and the while the
wider mine site is used for conifer plantation, with
approximately 40% of the Nant y Bai catchment used for this
purpose, due to the mine waste near the Nant y Bai there are
only a few coniferous trees growing in the immediate vicinity
of the stream.

The WFD and drinking water standards for Pb, Zn and Cd
are shown in Table 1. Concentrations of these metals
increased over the upstream area of mine waste, and
substantially after the inflow at L-2, coincident with the Zn
and Cd peak concentrations (Fig. 4). This sharp increase in
the concentration of all three metals at N-6 occurs after a left
bank inflow at L-2 demonstrating high concentrations, with
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Fig. 2 Downstream changes in Br concentration and streamflow (Q) along the Nant y Bai. Major inflows are marked with dashed lines, and areas
of mine waste with hashed boxes.
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filtered Zn at 10274 pg L', filtered Pb at 1924 pg L™, and
filtered Cd at 37.4 ug L™". The main stream after this input
has a filtered Pb concentration of 217 pg L™, a filtered Zn
concentration of 1124 pg L', and a filtered Cd concentration
of 4.6 ng L. The concentration of all three metals decrease
after this inflow until the downstream area of mine waste
where Pb concentrations increase. Two non-mine-impacted
tributaries enter the Nant y Bai between the end of the
downstream area of mine waste and the sampling point at N-
17, and these have a diluting effect on all three metals. The
mean filtered concentration of Pb over the studied reach was
272 pg L' (range 2.6-1924 ug L), the mean filtered
concentration of Zn was 1058 pg L' (range 5.4-10274 pg L")
and the mean filtered concentration of Cd was 4.5 ug L™"
(range 0.7-37.4 ug L™"). Pb and Zn exceeded the respective
EQS for 88% of the studied reach, and Cd was in exceedance
of the EQS for the entire length of the studied reach. The
filtered and total concentrations were similar for all three
metals of concern, indicating that metal transport was
primarily in the filtered (potentially dissolved) fraction.

Metal loadings and patterns

The loading of metals for each stream segment, and the
cumulative stream load at that point, are shown in Fig. 4.
The single largest load increase over any measured stretch
of stream for all three metals was at N-6, downstream of an
ephemeral stream in the upper tailings. This contributed
45% of filtered Zn, 25% of filtered Pb, and 35% of filtered
Cd to the stream. Other large sources (>10%) include: a) N-
12, within which an inflow at L-6 contributes 18% of the
filtered Pb, 10% filtered Zn, and 9% filtered Cd, and b)
N-19 which contributes 12% of both filtered Zn and Cd,
and 7% of filtered Pb, though that section does not have
any visible inflows.

—m— StreampH Ww Left bankinfow A Right bank inflow
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Table 1 WFD Environmental Quality Standards for the River Tywi, and
the drinking water standards for England and Wales**4°

England & Wales

Element WEFD EQS (ug L)  drinking water (ug L)
Zinc (Zn) (bioavailable)  12.9 —

Cadmium (Cd) <0.08 5

Lead (Pb) (bioavailable) 1.2 10

Lesser but still important sources (>5%) of filtered Zn
include the area above N-12 which contributes 10%, with an
inflow from the lower mine waste area at L-6. The final
measured stretch flows through farmland which may have
been used by the mine, as historical paintings show ore
loading activities nearby.*® This segment, N-19, provides 8%
of the filtered Zn. N-9, the first stretch in the lower mine
waste area provides 6% of the filtered Zn.

Between the two areas of mine waste, from N-7A to N-9,
the Pb load declined 12% for total and 11% for filtered,
indicating both physical and chemical attenuation processes
causing this decrease. Over the whole studied reach 28% of
the total Pb load added to the reach is attenuated, 24% of
the Zn, and 13% of the Cd.

Major source areas of metal pollution

Identification and classification of the source areas is key to
successful and cost-effective mine pollution remediation.?
Several diffuse sources of mine pollution were identified
along the studied reach, characterised in two groups: visible
surface run-off from mine waste, and diffuse groundwater
inflows. The surface run-off from diffuse sources is of
particular interest as the tracer injection experiment was
conducted under steady state conditions, meaning that these
sources were not directly linked to rainfall run-off as is
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Downstream changes in pH at stream and inflow sites. Major inflows are marked with dashed lines.
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Fig. 4 Downstream changes in total and filtered Pb stream concentrations (a), total and filtered Zn concentrations (b), and total and filtered Cd
concentrations (c), with flow (Q) superimposed.

common.?® Studies at other sites have shown that even after ~ EQS failure during and after storm events.”” Older methods
remediation these surface run-off diffuse sources can cause  for ore processing, often relied on water, either for direct
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power, or as part of the processing action, but leave minimal
traces of the physical infrastructure many decades after they
ceased to operate.*®

The stream segments identified as metal sources to the
stream were classified into four groups, dependent upon
their location and the nature of the source area: mining
inflow (MI), non-mine inflow (NMI), mining diffuse (MD),
and non-mining diffuse (NMD) (Fig. 5). Segments with a
sampled inflow were put into the inflow groups, and this was
subdivided into mining, when the segment was in an area
with mine waste, or where historical aerial photos showed
mine waste had been revegetated, or non-mine where there
was no mine waste, in the segment. Stream segments with no
sampled inflow were allocated to the diffuse group, and again
subdivided into mining and non-mining groups. The largest
source of Zn, Pb, and Cd was MD, contributing 55% of the
filtered Zn load, 42% of the filtered Pb load, and 49% of the
filtered Cd load. By their nature, diffuse groundwater sources
can only be identified in areas between sampling points, and
it is likely that over a segment there will be areas of
attenuation as well as increase.*® This means that any figure
for metal load increases is a net increase over the stream
segment, and if the source is to be considered for direct
remediation, the segment will need to be analysed further.
MI was responsible for 40% of the filtered Pb load, but just
22% of the filtered Cd and 14% of the Zn.

Informing remediation

The results from this synoptic sampling and tracer injection
experiment locate and quantify sources of metal pollution
during baseflow stream conditions, and while any future
remediation should consider all likely flow conditions at a
site, preliminary predictions can be made for improvements
to water quality after remediation. To demonstrate
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50%
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improvements at the end of the studied reach that could be
possible now that the sources at low baseflow conditions
have been identified, the data from the experiment were
applied to the Department for Environment, Food and Rural
Affairs (DEFRA, UK) Source Apportionment Spreadsheet.”®
This tool is designed to automatically calculate the
importance of point and diffuse pollution sources in non-
coal mining impacted catchments after inputting flow and
concentration data for sampling points in a stream.’® It can
then also estimate improvements in water quality at these
points to model theoretical remediation strategies.””

The largest group source of pollution, mining diffuse
(MD), is largely (78%) in the upper reach of the stream
between 90-500 m below the tracer injection point. The mine
waste here could be consolidated, reprofiled, and capped, in
a similar manner to the work conducted at the Frongoch
Pb Mine.”** Although not the only method used, this
remediation strategy reduced the total Zn concentrations in
the Frongoch stream by 20%.°> Using the DEFRA Source
Apportionment Spreadsheet, this reduction of 20% in total
Zn was input for the upper reach of the stream, and used to
predict downstream concentrations in the Nant y Bai.
However, with these proposed changes, the predicted
decrease in total Zn concentration in the Nant y Bai was only
3% which would be of limited use to improve water quality.

The synoptic sampling and tracer injection experiment
combined with the data from the Source Apportionment
DEFRA spreadsheet also allows for the remediation of point
sources to be modelled. The passive mine water treatment
system at Force Crag Pb and Zn mine in England removes
on average 97% of the Zn from the -circumneutral
minewaters.” To model a similar removal rate of a
theoretical system at Nantymwyn, a 97% reduction in total
Zn from inputs L-1 and L-2 was modelled by the Source
Apportionment DEFRA spreadsheet, which predicted a

Mining Diffuse Non-Mining Diffuse

III III II| . m

Mzn MpPb WCd

Fig. 5 Percent contribution and grouping of source areas (mining inflow (Ml), non-mine inflow (NMI), mining diffuse (MD), and non-mining diffuse

(NMD)), to overall metal loads, filtered Zn, Pb, and Cd.
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reduction in Zn concentrations at point N-10 of 73%. With
additional work to gauge the cost and difficulty of treating or
consolidating sources, this dataset can be used to predict the
water quality improvements these will offer, and therefore
give a balanced view of the best combination of remediation
in terms of cost, difficulty, and metal reduction. While any
remediation of the site, whether by passive or active
treatment systems, or by reducing diffuse sources from the
mine waste and subsurface inflows, would require data from
higher baseflow conditions in summer and winter using the
bromide tracer and synoptic sampling technique,’ as well as
monitoring of storm events, this demonstrates the ability of a
synoptic sampling and tracer injection experiment to guide
remediation of a site.

Conclusions

In July 2019 a tracer injection and synoptic sampling
experiment was carried out on a 2 km section of the Nant y
Bai, a stream impacted by the abandoned Nantymwyn Pb
Mine, to investigate sources of mine pollution at a high
spatial resolution. Diffuse and point subsurface and surface
inflows of both Pb and Zn were identified and quantified
over the two main areas of mine waste, as well as inputs in
vegetated areas, at a much higher spatial resolution than is
provided by conventional spot sampling. The experiment was
conducted during very low flows for the catchment, with
minimal rainfall, and demonstrated that groundwater diffuse
sources of metals from an abandoned mine continue to affect
watercourses despite the limited surface run-off during low
baseflow conditions. The use of tracer injection and synoptic
sampling allows for streamflow and water chemistry to be
established along a watercourse at a single point in time.

The data from the tracer injection and synoptic sampling
can be used both to quantify sources of pollution, and to
model possible remediation scenarios. This powerful method
can be utilised similarly at other sites where pollutant flows
are poorly understood, or where sources cannot be located by
visual identification or traditional spot sampling. The high
spatial resolution data from the approach of tracer injection
and synoptic sampling is key to informing remediation
plans.
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