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Abstract

Point and diffuse pollution from metal mining has led to severe environmental damage
worldwide. Mine drainage is a significant problem for riverine ecosystems, it is commonly
acidic (AMD), but neutral mine drainage (NMD) can also occur. A representative environment
for studying metal pollution from NMD is provided by Carboniferous catchments characterised
by a circumneutral pH and high concentrations of carbonates, supporting the formation of
secondary metal-minerals as potential sinks of metals. The present study focuses on
understanding the mobility of metal pollution associated with historical mining in a
Carboniferous upland catchment. In the uplands of the UK, river water, sediments and spoil
wastes were collected over a period of fourteen months, samples were chemically analysed
to identify the main metal sources and their relationships with geological and hydrological
factors. Correlation tests and principal component analysis suggest that the underlying
limestone bedrock controls pH and weathering reactions. Significant metal concentrations
from mining activities were measured for zinc (4.3 mg/l), and lead (0.3 mg/l), attributed to
processes such as oxidation of mined ores (e.g. sphalerite, galena) or dissolution of
precipitated secondary metal-minerals (e.g. cerussite, smithsonite). Zinc and lead mobility
indicated strong dependence on biogeochemistry and hydrological conditions (e.g. pH and
flow) at specific locations in the catchment. Annual loads of zinc and lead (2.9 and 0.2
tonnes/year) demonstrate a significant source of both metals to downstream river reaches.
Metal pollution results in a large area of catchment having a depleted chemical status with
likely effects on the aquatic ecology. This study provides an improved understanding of
geological and hydrological processes controlling water chemistry, which is critical to
assessing metal sources and mobilization, especially in neutral mine drainage areas.

Keywords: neutral mine drainage, water quality, carboniferous catchment, metal mobility.

1. Introduction

Anthropogenic activities have become an important driver of the global biogeochemical cycling
of metals. Present day and historic mining have caused the release of heavy metals into fluvial
environments. Globally, pollution from metal mining has led to severe damage to riverine
ecosystems in many catchments® 23456 |n the United Kingdom, old mines from the 18th
and 19th centuries represent the major diffuse source of metals having an adverse effect in

aquatic ecosystems " 8910 Rivers draining these mining areas are heavily affected by metal
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pollution as mineral veins present elevated concentrations of lead and zinc ores with variable

concentrations of cadmium, barium and fluorine®?.

Water chemistry in surface waters are particularly vulnerable to biogeochemical and
hydrological processes which are controlled by seasonality? 3 14, In this context, knowledge
about metal mobility in natural water systems is extremely complex!®. Biogeochemical
partitioning of metals results in a diversity of forms. Within the dissolved phase metals are
present as hydrated free ions, and associated with organic and inorganic complexes. Within
the suspended particulate phase, metals may be complexed with inorganic or organic particles
and biota or be present as discrete metal minerals. Adsorption and desorption of metals
depend on a number of factors including pH, redox conditions, mineral ore sources and the
composition of suspended particulate matter. For this reason, understanding the mechanisms
related to metal distribution is a key issue as they determine the mobility and toxicity of the
metals within aquatic ecosystems, which can support efforts to manage or mitigate pollution?.

Several countries have developed guidelines to obtain good ecological and chemical status of
and ground waters?’. In the European Union (EU), the implementation of the Water Framework
Directive (WFD) obliges member states to assess surface waters through improved catchment
scale management (River Basin Management Plans, RBMPs). However, surface water bodies
such as headwater streams have been excluded from early RBMPs due to their small size.
Studies from Freeman et al.'®, Dodds and Oakes'®, and Meyer et al.?® have shown the
importance of these waterbodies as biodiversity richness, migration corridors, origin of stream
networks and diffuse source of chemicals. Consequently, sound management is crucial for

maintaining ecosystem health in higher order streams that are targeted by the WFD aims.

A serious environmental hazard caused by mining is the generation of acid mine drainage
(AMD). Mine drainages, spoil wastes run-off and spoil erosion constantly discharge large
amounts of dissolved and particulate metals through AMD, representing a persistent and acute
pollution source and reducing water and sediment quality?® 3 14, Studies of mine wastes
chemistry have identified two types of mine effluents, acid mine drainage (low pH and high
concentration of dissolved sulphate) and circumneutral mine drainage (major ion
concentrations reflect the mineralogy of the catchment bedrock)?* 2. Thus, mine drainage is
dependent on the geologic setting, local water chemistry, kinetic rates, and permeability of ore
and gangue minerals®* 2> 26. 27. 28 Mine drainage flowing through Carboniferous limestone
host rock is consequently metal-rich but with a circumneutral pH'* 14, Research from Lindsay
et al.?® and Desbarats and Dirom® indicates that circumneutral mine drainage might support

natural attenuation of some metal-sulphides (e.g. ZnS, PbS) through the precipitation of
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secondary minerals. Consequently, catchments under these conditions may be more
vulnerable to environmental harm due to changes in geochemical or hydrological conditions,
producing high pulses of dissolved metal concentrations or long leaching processes in

response to decades of chemical weathering3® %2,

Another long-standing metal pollution problem is physical and chemical mobilisation of metals
through the passive dispersal and active transformation of abandoned tailings, spoil heaps,
bed sediments and contaminated floodplains. Studies on metal transportation from mine
wastes have reported the mobility of metals over long distances as free ions and complexed
forms within rivers. In addition, solid phases can be stored within floodplain deposits for
decades to millennia3? 34 8 35.36.37 |n an area of the UK with Carboniferous bedrock, the north
Pennines, historical metal mining has directly affected surface and subsurface floodplain soils
with heavy metal concentrations above background levels®®. Specifically, the Yorkshire Ouse
basin which drains the Pennine Orefield is estimated to contain 620 million tonnes of lead and
640 million tonnes of zinc stored within its floodplains®. Given the large differences in chemistry
between acid and circumneutral mine drainage, particularly in the concentrations of protons
and of Fe and Al whose solubility is controlled by pH, there will be significant differences in
the degree of availability of metal forms that can interact with aquatic organisms. This

necessitates dedicated studies of such Carboniferous catchments.

This study aims to understand metal occurrence and mobilization in a Carboniferous limestone
upland catchment impacted by former lead and zinc mining. Comprehensive water monitoring
and analysis of sediment and spoil samples are used to describe the effects of historical
mining on a whole small river catchment in the northern Pennines region of North Yorkshire,
UK. We sought to provide a better understanding of how geochemical processes control the
concentration and mobility of dissolved metals in neutral metal-rich drainage. The results have
wider implications for management strategies of potential environmental harm in such

catchments.

2. Site characteristics of Hebden Beck

2.1. Lithology and geology

Hebden Beck is a sub-catchment of the River Wharfe located in the northern Pennines region
of the United Kingdom and within the Yorkshire Dales National Park. Hebden Beck rises from
Grassington Moor and is joined by multiple tributaries including Coalgrove Beck, Bolton Gill

and Loss Gill before the confluence with the Wharfe. It is approximately 12 km long, with the
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upper reach (6.4 km) of the main channel being the most heavily impacted by historic mine
working. It drains an area of 26 km? and subsequently flows into the River Wharfe which drains
the Wharfedale valley. The Wharfe flows into the River Ouse and ultimately reaches the sea
at the Humber Estuary which is one of the largest in the UK (24,750 km?). The geology of
Hebden Beck is dominated by Millstone Grit sandstone (approx. 20 km?) but crucially also
contains bands of Carboniferous limestone (approx. 6 km?) (Figure 1). The catchment cover
comprises 46% peatlands, predominantly in the upstream areas, 35% Carboniferous

limestone, mainly in the south and 19% glacial sediment, predominantly in the west®.

2.2. Ore processing and mine wastes

Hebden'’s orefield comprised coal and lead-zinc mineral deposits, where galena (PbS) is the
most common mineral, but with associated sphalerite (ZnS), chalcopyrite (CuFeS,), barite
(BaSQy), fluorite (CaF) calcite (CaCQgz) and witherite (BaCQOz3)*°. These minerals occur mostly
in vertical veins along fault planes. Early mine workings were open cuts and shafts to extract
deeper layers of lead ore. In later years until around 1850, the hushing method was used to
scour away the soil using the erosive power of water to expose mineral veins. This method
required the construction of dams to control streams, and manmade channels to divert water.
Horizontal drainage levels (adits) were driven from the valley bottoms to enable deeper
working and easier removal of minerals. Lead ores were crushed, classified and bagged at
the dressing floors located at the surface close to the mines, then transported to the smelting
mills to be processed. Water power was also applied at the dressing floors and smelt mills,
therefore spoil tips or mine wastes are located next to rivers. Approximately, 124 mining
features exist in the Hebden Beck catchment area, however main features are 5 lead-zinc
mines, 15 adits, 7 spoil tips and 4 smelters. From 1700-1900, 1686.5 tonnes of lead were

extracted from these mines*°.

3. Methods

3.1. Sampling strategy

Sites were selected from the most impacted area, covering an area of 5 km? including point
and diffuse sources flowing downstream from mine sites. A total of sixteen sites were chosen
for water sampling including the main channel, minor and major tributaries, including a source
pool feeding a tributary (Table 1). Eight of these sites (about 3.3 km) were part of a water
quality monitoring programme performed by the Environment Agency*°. The other eleven sites
were selected based on their proximity to mine wastes (e.g. tailings, spoils). Monthly sampling

campaigns were carried out from November 2013 to December 2014.
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3.1.1. Water sampling

Samples were taken from downstream to upstream (H1 to H15) in order to minimise
contamination of other sites by disturbance*'. At each site, a sample was taken with a pre acid
washed (10% HNOs3, Nitric acid-Sigma Aldrich 69% and Milli-Q water) 750 ml polypropylene
bottle attached to a plastic pole. Four subsamples were then extracted from this bottle. For
total metals, unfiltered samples were placed individually into a pre-weighted 50 ml tube
(polypropylene) containing 1 ml of preservation solution (10% HNO3) to reach 1% v/v of the
final volume and pH < 2%% 42, For dissolved metals analysis, samples filtered through syringe
filters (0.45 um, polyethersulfone-hydrophillic, Sartorius) were placed individually into a pre-
weighted 50 ml tube (polypropylene). Then preservation solution (10% HNO3) was added as
used for total metals. For quantifying major anions, the sample was filtered (Sartorius syringe
filters 0.45 um, polyethersulfone-hidrophillic) and placed into polypropylene tubes. For
inorganic and organic carbon analysis the samples were passed through syringe filters (0.45
um, nylon-polypropylene, Avonchem) and placed into polypropylene tubes. All samples were
kept in a cool box during sampling and transported the same day to the laboratory for storage.
Samples for major anions analysis were stored frozen at -20°C while samples for all other

analyses were refrigerated at 4°C.

A carbon Analyser (Analytik Jena Multi N/C2100) was used for measuring carbon compounds
(dissolved inorganic carbon-DIC and dissolved organic carbon-DOC), lon Chromatographer
for major cations (Ca, Mg) and anions (Cl, NOs*, SO4*) (Dionex ICS-3000), and SEAL
Analytical AA3 was used for orthophosphate quantification. For metal analysis, nine elements
were measured (Pb, Ba, Cd, Sr, Zn, Cu, Fe, Mn, Al), using inductively coupled plasma mass
spectrometry (ICP-MS; Thermo Fisher iCAPQc) with specific limits of detection (Pb: 0.0001
ug/l, Ba: 0.06 ug/l, Cd: 0.0001 ug/l, Sr: 0.08 ug/l, Zn: 67 ug/l, Cu: 0.05 ug/l, Fe: 0.11 ug/l, Mn:
0.04 pg/l, Al: 0.16 pg/l). Field blanks (n=3) and replicates (n=3) were collected at each

sampling campaign.

3.1.2. Sediment and spoil sampling

Most sites were dominated by large rocks and coarse sediment. Sediment samples were
collected during a single campaign at specific sites (H14, H12, H10 and H1) to assess the
evolution of mineral composition. Plastic scoops were used for their collection by wading along
a cross-section of the stream, sediments were sieved through a <250 um stainless steel mesh
and transferred into 50ml polypropylene tubes. Spoil sampling was carried out at single spoil

heaps at Grassington Moor (GM) and the Beaver spoil area (B1), in addition a further sample
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was collected at the Beaver spoil area that represented material that had been subjected to

movement and size sorting by the actions of rainfall events (B2).

In the laboratory, sediment samples were centrifuged at 3200 rpm for 10 mins to allow removal
of the supernatant. The supernatant was decanted and the resulting slurries were placed in a
petri dish to air dry. After drying, sediments were placed into zip log bags for disaggregation.
Spoil samples (B1, B2, and GM) were dried to calculate percentage water composition. The
surface area was also measured to estimate the mineral area available for dissolution
reactions. This was performed using the Brunauer, Emmett and Teller method (BET,;
Micromeritics Gemini VII 2390a) on 2 g of sample dried overnight under N2 gas at 75 °C. In
addition, both sediment and spoil samples were analysed by X-ray Diffraction (XRD, Bruker
D8-Discover instrument) for determining mineralogy of the major constituents and X-ray
Fluorescence (XRF, Innovex X-5000) for chemical composition. The minimum mineral
fractions required for detection on this instrument is 2-3%. The standard reference material

STSD-3 (stream sediment) was used as XRF quality control.

3.1.3. In situ measurements

Pre-calibrated multiple sensor probes (Model HQ30d flexi 1032) were used in the field to
measure pH, dissolved oxygen (DO: mg/l) and conductivity (EC: uS/cm). Flow rate (m3/s) was
calculated from in situ flow velocity measurements (m/s) (flow meter: Global 800-876) together
with data from river depth (m) and width (m). Flow data from the UK Environment Agency
gauging station (H2) was also obtained from their continuous monitoring records. This flow
data together with metal concentrations were used for the calculation of annual metal loading

and comparison with Environmental quality standards (EQS) for freshwater in the UK®°.

3.2. Data analysis

3.2.1. Geochemical modelling

The PHREEQC code (version 3.)** 44 was used for modelling main geochemical reactions
occurring in aqueous solutions. This software allows the prediction of mineral precipitation that
potentially controls the composition of the aqueous phase. Equilibrium reactions and
thermodynamic constants were retrieved from the built-in WATEQ4F database*> 4647 . Mineral
saturation indices and metal free ion activities for hydroxide, carbonate and sulphate minerals
were calculated for the pH range 3.5-9 and based on mean values across our field sites and
all sampling dates: temperature 10°C, SO4* (X: 13592 nug/l) and CI- (X: 7730 pg/l). With
calculations for carbonate minerals the pCO, was fixed at 3 times the atmospheric

concentration (0.0012 atm), consistent with typical supersaturation of this gas in streams.
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These model predictions are compared with metal free ion activities calculated for each

sampling site and date to investigate the controlling mineral phases.

3.2.2. Principal Component Analysis

Principal component analysis (PCA) was conducted to identify the main factors influencing
metals distribution. Linear correlation analysis was applied to evaluate the relationships
among the studied metals, other compounds and in situ parameters. Results of Pearson and
Spearman tests showed no significant difference between them. As such, we report the
Pearson correlation, as this test is more sensitive for the identification of outliers. Both test

were performed using Rstudio (version 3.1.0).

4. Results

4.1. Characterising metal pollution in the catchment

In water samples, metal concentrations occurred in the following order for total:
Zn>Fe>Sr>Ba>Pb>AI>Mn>Cd>Cu and dissolved forms: Zn>Fe>Sr>Ba>Al>Pb>Mn>Cd>Cu
(Table 1-Sl). Two metals, Zn and Pb were chosen as the focus for this study based on their
significant concentrations derived from mining activities (Table 2). Annual pH averages
reflected the considerable contribution of the underlying limestone bedrock showing a
dominant circumneutral pH (mean= 6.8) in 80% of the studied sites. Some sites (e.g. H4 and
H13) represent moorland runoff with little interaction with underlying rock, thus pH is lower
(<6.3) due to high DOC and no carbonate buffering.

Across the catchment, Zn, was the most abundant pollutant with concentrations ranging from

95.7 to 3220.5 pg/l in perennial tributaries. Ephemeral tributaries also showed high

concentrations up to 4252.3 pg/l while sites along the main channel had Zn, concentrations
from 158.9 to 510.2 pg/l. The second toxic pollutant of concern was Pb,, where main

contributions were observed in ephemeral tributaries with ranges from 4.4 to 284.2 ng/l, and
perennial tributaries ranged from 1.9 to 157.6 ug/l. The main river channel showed
concentrations of Pb from 16.6 to 80.7 ug/l. Major cations were dominated by calcium, with
concentrations from 2.6-54.9 mg/l, and major anions comprised sulphate (3-24.9 mg/l), nitrate
(1-17.8 mg/l), phosphate (0.002 to 0.1 mg/l) and chloride (7.2-10.5 mg/l). Dissolved inorganic
carbon concentrations ranged from 0.9 to 42.7 mg/l and dissolved organic carbon from 1.2 to
16.8 mg/l (Table 2-Sl). Field blanks measurements shown concentrations below limit for all
the elements and replicates a standard deviation of < £0.5 ug/l (Cd and Cu), < £3.6 pg/l (Mn
and Sr), < 12 ug/l (Pb, Al, Ba).
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From mineralogical analysis of spoil and sediment samples, the most abundant minerals were
guartz (SiO) and fluorite (CaF2). Spoil samples (B1, B2 and GM) included barite (BaSO.) as
an additional dominant mineral, at B1 and GM other secondary minerals like muscovite
(KAI2(SisAlO10)(OH),) and kaolinite (Al;Si.Os(OH)s) were present, furthermore at Bl the
mineral cerussite (PbCO3) was detected. In sediments (H14, H12, H10, H1), the mineralogy
of H14 was similar to B2 (principally the presence of quartz, fluorite and barite) whereas H12
and H10 contained calcite (CaCOs), and H1 (140 m from the confluence with the River Wharfe)
presented mainly quartz and calcite. Chemical composition analysis detected significant
fractions of Pb in spoils B1 (35.1 g/kg) and Zn in GM (34.2 g/kg), while for sediments, major
Pb concentrations were present in H12 (15.3 g/kg) and Zn in H14 (11.9 g/kg). Total Pb plus
Zn in the sediment samples showed a decrease the further downstream the sample origin
(Figure 2). Analysis of water composition and surface area in spoil samples showed higher
percentages of water composition in GM (34.29%) followed by B2 (18.77%) and B1 (18.6%),
while for surface area values were: GM (20.6 m?/g), B1 (5.82 m?/g), B2 (1.34 m?/g).

4.2. Mineral phases controlling dissolved metal concentrations

The metals Zn and Pb are the most significant toxic pollutants derived from mining activities.
However, we modelled the geochemical behaviour of the additional metals Al, Fe, Ba and Sr
as they are present in significant concentrations in the catchment. Geochemical modelling
predicted that kaolinite (Al,Si,Os(OH),) may account for the Al source with the solubility being
controlled mainly by amorphous Al oxide phases (Al(OH)s). Similar to aluminium, Fe
concentrations are more likely derived from complex minerals such as jarosite
(KFe®3(0OH)s(S04)2), which is a secondary source of Fe commonly associated with mining
areas. Iron solubility is controlled by amorphous phases such as ferrihydrite (Fe(OH)s). The
supersaturation of the Al and Fe phases may suggest the presence of some colloidal metal
measured as part of the dissolved fraction. Barium concentrations are controlled by barite
(BaS0s), while Sr activity was too low to infer a controlling phase, perhaps being controlled by
a mineral where it is present as a secondary metal. Lead and Zn concentrations are largely
regulated by secondary minerals as metal-carbonates, cerussite (PbCO3) and smithsonite

(ZnCOg), respectively (Figure 3).

4.3. Key chemical relationships

Table 3 summarises correlation analysis of metals derived from mining activities (Pb, Zn) and
bedrock weathering (Ca) with major water chemistry parameters (pH, SO4%, DIC and DOC).
Zinc presented good correlation with SO4* (r=0.6), Ca showed very strong association with

DIC (r=0.9), while Pb presented poor correlations (r<0.3). Principal component analysis (PCA)
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shows key geochemical processes in influencing the water chemistry of Hebden Beck (Figure
4). The first component (PC1) with a 32% of variance indicates strong correlations between
dissolved and particulate forms of calcium, magnesium, with DIC, EC and pH, reflecting
weathering of the bedrock, while moderate correlation between iron with DOC refers to the
transport of metals through colloidal matter in aquatic systems. Furthermore, the second
component (PC2) with 21% of variance shows good correlations between strontium, zinc and
cadmium with SO4?, reflecting the oxidation of sulphide minerals. Other in situ parameters like
temperature, DO, flow and anions (NO3z? and CI) were not significantly associated to metals

when considering all sites.

Complementary linear regression analysis was carried out at sites with highest concentrations
of Zn, and Pb,, (H15, H14, H12 and H7) for evaluating their relationships with DIC and SO.?.

Since H15 is a reservoir with lower variance in chemical concentrations, it was not considered

for this and further analysis. Strong correlations between Zn, with DIC (R?= 0.95) and SO4*
(R?= 0.93) were identified at H7. Moderate correlations between Zn, with SO,* (R?= 0.4) and

Pb with DIC (R?= 0.5) were present at site H12 (Figure 5 and 6). No significant correlation was

evident at site H14, therefore results are not shown.

4.4. Seasonality and trends

Across the sampling campaigns, water temperature ranged from 3.6 to 15.6 °C, with higher
values in summer (July) and lowest in winter (February). Consistent with temperature, low
monthly average of EC values were recorded in winter (78 uS/cm) and high average values
during summer (209 uS/cm). Dissolved oxygen levels showed similar values, ranging from
10.2-14.0 mg/l, with lower concentrations recorded in winter (December) and highest levels in
autumn (September). For flow, highest annual rates were recorded in November (2666.1 1/s)
and lowest rates in July (54.0 I/s) (Table 3-SI).

Fluctuations were also dependent on the type of tributaries (e.g. perennial and ephemeral)
(Table 4-Sl). Flow values in perennial tributaries ranged from 3.0 to 192.7 I/s and in ephemeral
from 9.0 to 57.0 I/s when flow was measurable, as some tributaries were dry for 5 or 6 months.

Across all tributaries, two significant sites were identified as metal contributors of Zny (H12:
4252.3 pg/l and H7: 3220.5 ng/l) and Pb, (H12: 284.2 pg/l) (Table 1). Across all sites, mean
values of pH were highest in September (7.1) and lowest in November 2013 (5.6) (Table 3-
SI). In individual sites, pH means ranged from 3.9 to 7.5, showing large monthly variations
(SD= £0.7) in sites H15, H11, H9, and H1P. Despite these variances a circumneutral pH (6.2-

7.4) was predominant in the catchment.
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Trends of flow and pH were considered to analyse their influence on metals concentration.
Regression analysis was performed using all sampling sites. However, the results
demonstrate the site specific nature of trends, with no catchment wide trends revealed (Figure
2-Sl). We investigate further the trends for H2, as the chemistry is representative of a
significant distance of the downstream reach and it has limited dilution before entering the

River Wharfe. Strong positive relationships were present for Pb-flow (R?= 0.51) and Zn,-pH
(R?= 0.58) and no clear relationships for Pb,-pH (R?= 0.06) and Zn,-flow (R?= 0.02) (Figure
7).

4.5. Annual metal load

The contribution of Pb, and Zn, in the catchment was estimated through the annual metal
load (tonne/year). Only site H2 was considered for this calculation due to the availability of
flow data and the lack of significant additional mine runoff downstream. Table 4 shows the
average annual load of Pb is 0.2 tonne/year and for Zn 2.9 tonne/year. These values were
compared with well-established EQS metals showed maximum exceedances of 12-fold for Pb

and Zn.

5. Discussion

In the catchment, biogeochemical actions such as weathering and erosion are significant
processes in the generation of dissolved metals, which are likely derived from bedrock
weathering and oxidation or dissolution of mineral ores. Carboniferous limestone bedrock,
mainly composed of calcite (CaCO:s) is weathered, releasing significant amounts of calcium
and carbonate, and creating a neutralizing capacity and circumneutral pH in environments
surrounded by sulphide ore wastes. The influence of the geology in the catchment was shown
by strong relationships between Cay with DIC (r=0.9, p<0.001) and pH (r= 0.6, p<0.001). For
metals derived from mining activities, a potential primary source of Zn, is the oxidation of
sphalerite (ZnS) as good correlation is observed between Zn, and SO4* (r= 0.6, p<0.001)
(Table 3), however, additional Zn, concentrations may be attributed to the presence of
secondary zinc minerals (e.g. smithsonite)*. Contributions of Pb, are associated with
dissolution of metal-carbonate compounds (cerussite) rather than oxidation of metal-sulphide
as no correlation between Pb, with SO4* was identified (r< -0.1, p<0.001) (Table 3). The
presence of secondary minerals such as metal-carbonate might affect the solubility and

mobility of metals as they present slower dissolution kinetics than primary minerals?®: 59 5152,

10
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Geochemical modelling has revealed the importance of secondary minerals such as
carbonates, sulphates and hydroxides in the control of dissolved metals (Figure 3). For
instance, Pb and Zn concentrations are greatly influenced by the dissolution of metal-
carbonate forms (e.g. cerrusite and smithsonite) 5% 4, Carbonates released from the
dissolution of metal-carbonate also contribute to the river alkalinity, enhancing the buffering
capacity of the system. In addition, the source of Al can be associated to the presence of
kaolinite which was identified by the XRD analysis in most of the spoil/sediment. The presence
of Fe concentrations can be associated to jarosite although this mineral was not detected by
XRD analysis, it is a common secondary Fe mineral in mining areas 2”28, Aluminium and Fe
solubility are controlled by amorphous phases, specifically AI(OH)s; and Fe(OH)s (known as
ferrihydrite). The presence of hydroxide compounds in the catchment could affect metal
mobility, as they might sorb or co-precipitate with metals like Pb and Zn, acting as natural
scavengers of these toxic elements®. Nordstrom®® indicated that hydrology is another factor
influencing metals mobility as concentrations of constituents in natural waters depend to a
large extent on the rate of dissolution relative to flow rate. This condition was observed in the
upper site of the catchment (a pond) as concentrations of metals were closer to saturation due
to longer residence time of the water than under stream flow conditions (Figure 1-Sl).
Clustered sites with high metal free ion activities were identified and associated to sites with
low pH values (<5) possible caused by high DOC concentrations (>8 mg/l), which are not
considered in the modelling. The presence of metal-organic complexes will reduce the

activities of metal free ions.

Analysis from sediments and spoils were consistent with water chemistry results showing Zn
(11.9 and 34.2 g/kg) and Pb (15.3 and 35.1 g/kg) as major metals present in spoil due to lower
extraction efficiency methods common in historical mining°. Preliminary sequential batch
leaching experiments of spoil samples into deionised water showed consistent Zn and Pb
concentrations of at least one order of magnitude above other metals across several leaching
cycles (except Pb in GM where it is not present in significant concentrations). For leaching
with acid (0.1 M HCI) most Zn was solubilised in the first two batches. Similar concentrations
of Pb and Ca were leached but over five acid addition cycles, suggesting different dissociation
kinetics of Pb and Zn minerals®®. Future work will explore further the kinetics of leaching from
the mineral forms in the spoils and sediments. Mineralogical results revealed the presence of
secondary minerals such as cerussite (PbCOs) as a source of Pb. Current chemical
characterisation is in agreement with previous studies of water quality, metal composition and

flux in the Yorkshire Pennine Orefield™.
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The impact of former metal mining on water quality has been evidenced by Pb, Zn and Cd
pollution in the Yorkshire Pennine region, particularly in Hebden Beck!* 3. In expanding the
range of Hebden Beck tributaries from earlier works, we have included sites close to mine
wastes (e.g. tailings, spoils) for the identification of principal sources of metals. Major
contributions of Zny and Pb,, were identified from mine water discharges (H7) and spoil wastes
(H12)**. For these two sites there are statistically significant relationships between Zn and Pb
with SO,? and DIC inferring the composition of their respective mineral sources. At site H12,
an extended area covered by spoil wastes from Yarnbury mines, moderate correlations were
identified between Zn, with SO4* (R?= 0.4), and Pb, with DIC (R?= 0.5) reflecting the Zn,

contribution from the oxidation of sphalerite and Pb, contribution from the dissolution of

cerussite (Figure 6). These correlations revealed the type and grade of ores mined during the
eighteen and nineteenth century, producing spoils with different particle size and permeability,
influencing their capacity to form secondary minerals®’. At site H7, a mine channel from Bolton
Haw, strong correlations were observed between Zn with SO4? (R?= 0.93) and DIC (R?= 0.95)
(Figure 5). Both correlations suggest the oxidation of sphalerite as main Zn source, however,

if all sulphate was from ZnS the expected molar ratio between Zn, and SO.* should be 1:1

instead of the observed value of 5:1. Furthermore, the mineralogical and geochemical results
did not show extensive evidence of pyrite mixed in mineral veins (correlation of Fe/SO4? r= -
0.5; p= 0.076). Thus, secondary zinc minerals such as smithsonite (ZnCOs), hydrozincite
(5Zn0.2C02.3H20) and hermimorphite (Zn4[Si.O7](OH)2.H20), should be considered as
possible sinks*®. No correlation for Pb was observed in this site, probable due to the presence
of low concentrations (4.3 ug/l) as consequence of aging®® or the sorption effect of biofiims,

becoming a significant sink for Pb®°.

In Hebden Beck, flow events can alter the river water chemistry and metal concentrations®.
During base flow conditions, the circumneutal pH and buffering capacity are maintained by
groundwater rather than surface water. This condition contributes with the presence of
secondary zinc minerals and other carbonate minerals that sequester zinc, also influence the
complexation of Pb with carbonate and organic matter, as well as its transformation in other
forms like hydroxide, oxyhydroxide, hydroxysulfate minerals, limiting solubility and further
weathering*® ¢ 5% 52 Flow fluctuations caused by drought or heavy rainfall allowed the
identification of major point and diffuse sources (H7 and H12) and their metal contributions
under different flow events. At the point source H7 (mine adit-Bolton Haw), metal
concentrations were generally constant at both flow conditions, therefore this site can be
considered as a continuous source of metals (particularly for Zn: 3220.5 ng/l). At the diffuse

source H12 (ephemeral tributary-draining spoil wastes from Yarnbury mine), metal
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concentrations become more significant during high flow, but greater contributions were

observed after dry period (e.g. July [0 I/s, Zn, and Pb, below detection limits], August [8.4 I/s,
5709.0 ng Zny/l, 419.2 ng Pby/l]). This might be explained by the capacity of soluble sulphate

minerals to store metals (e.g. Zn) during dry seasons and release them into the environment
during wet seasons®!. In addition, Byrne et al. 2 and Canovas et al. ®® have indicated the
influence of runoff produced by storms in increasing metals dissolved from weathered metal
salts (smithsonite, cerussite) located in superficial mine spoils. Rothwell et al. ® showed
differences in metal concentrations not only between base and high flow conditions but also
within and between storm events. Thus, further studies of metal concentrations and fluxes
under a range of hydrological conditions are pertinent since the frequency and magnitude of
floods are increasing the transport of dissolved and particulate metal forms from sources to

river channels and floodplain soils, which are often used for agriculture®®,

Seasonal variations of pH and flow were considered to assess metal mobility. In the main
channel (H2)strong correspondence occurred between pH-Zn, (r= 0.7) and flow- Pb (r= 0.6)
while relationships for Pby-pH and Zng-flow were unclear. The absence of a relationship of
Zn with flow suggests that dissolution of zinc minerals is not kinetically limited (Figure 7),
although solubility been shown to depend on mineral composition is some cases®’. The Pb
relationship with flow may be related to greater flushing of areas where minerals have had
longer to leach Pb into waters (e.g., H15 or the ephemeral pond feeding H12) (Figure 2-SI).
Sims et al.¢ have also reported the role of flow in the generation of suspended matter,
affecting the transport Pb forms. Once they enter into the aquatic system they tend to be
adsorbed to suspended mater, while for the case of carbonate minerals they are likely to break
down in acid waters, liberating significant quantities of Pb to sediments further down the river®’.
Thus, understanding the chemical tendencies of Zn and Pb under local pH and flow conditions

is extremely important for estimating the potential fate and extent of polluters.

Metal contributions from point and diffuse sources decreased downstream (H2) (Zn,: 479.4
ug/l, Pby: 35.1 pg/l), indicating a dilution effect from non-mine affected tributaries. Two dilution
behaviours were observed in the main river, an abrupt reduction of Zn, after high
concentrations were converged with relatively clean tributaries (from 3220.5ug/l (H7) and
4252.3pg/l (H12) to 444.4ug/l (H10)), and a gradual decrease of Pb, (284.2ug/l (H12) to

80.7ug/l (H10)) as dilution is likely to be related to the distribution of particulate matter from
sediments®®. Pb forms showed a higher fraction present as particulate (250%) in certain
tributaries (e.g. H12, H11, H8, H3, H1) where dissolved organic carbon (H12 and H11>16
mg/l) and other complexing compounds like bicarbonates (DIC in H8, H3 and H1>22 mg/l) or
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hydroxides (e.g. Fe(OH)s and Al(OH)s) may bind Pb. Thus, knowing solubility and speciation
properties of Zn and Pb could help in the explanation of their mobility. Low solubility of Pb
conceals high concentrations released at diffuse sources, due to binding to particulates®®. In
addition, sorption properties also affect metal dynamics, for instance, Pb has a greater affinity
for binding to dissolved organic matter and surface reactive mineral complexes, as reflected
in higher fractions present as particulate forms. These mechanisms are fundamentally
associated with metal speciation, bioavailability and toxicity. The bioavailability of Zn and Pb
in Hebden Beck has been assessed, revealing quality standard failures of Pb and Zn
throughout the catchment at all monitoring sites®°.

Calculations of the dissolved Zn and Pb being transported downstream to the River Wharfe
indicate annual loads of 0.2 tonnes/year of Pb and 2.9 tonnes/year of Zn. Although, these
loads might increase depending on physical or chemical conditions caused by seasonal
variations or particular flow conditions. Several studies in river systems have reported that
metals associated with suspended sediments can make a major contribution to the total load
of metals’™ "1, Horowitz "> compared and contrasted metal concentrations in suspended and
bottom sediments versus dissolved levels, results indicated that bottom sediment
concentrations were more than 100,000 (5 orders of magnitude) times higher than dissolved
levels. Applying this approach in a downstream site (H1), higher results were observed for Pb
(>430,000) and to a lesser extent for Zn (>17,000). Considering the importance of sediments
in the transport and cycling of metals further work is needed in Hebden Beck. Comparisons
between maximum measured concentrations of total dissolved metal concentrations in the
main channel (site H2) with established regulatory limits for metals indicated that maximum
annual concentrations of Al, (188 pg/l), Fe, (657 ng/l), Ba, (306 ng/l) and Sry (356.4 ng/l)
were within established regulatory limits (e.g. Al: 200 ug/l; Fe: 1000 pg/l; Ba: 1000 ug/l; Sr:
1500 pg/l). Conversely, maximum annual concentrations of Pb, (87 ng/l) and Zn, (607 pg/l),

when compared with environmental quality standards (EQS) showed maximum exceedances
of 1200% with likely ecological effects 7 (Table 4).

Studies on the effects of geochemical parameters on a number of parameters associated to
plant and microbial communities have indicated geochemical parameters exert strongest
effect on these biotic communities and therefore is of greatest concern from the perspective

of restoration.

Metal toxicity and bioavailability are mainly controlled by metal concentrations, pH conditions
and concentration of organic matter. Although each of these factors might have a stronger

effect on biotic communities. For example, Ramsey’® reported that soil acidity and organic
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matter concentration exerted stronger effects on plant and microbial community than metals.
Thus, discriminating the influence of these key factors in biological processes is important
from the perspective of dealing ecotoxicological effects of metals and potential restoration
efforts® 7. In this context, environmentally friendly and cost-effective techniques such as
bioremediation has been developed for heavy metal removal/recovery where microbial
remediation is particularly used in mine drainages due to the ability of microorganisms to
generate alkalinity and immobilise metals’’. For instance, in the UK the sulphur-reducing
bacteria (e.g. Desulfovibrio vulgaris) has been used in the treatment of mine drainage due to
its diverse metabolic strategies to reduce sulphate (SO4*) to hydrogen sulphide (H.S) and
other elements like iron (Fe(lll)), oxygen or compounds like nitrate and nitrite and fumarate’®.
Aquatic organisms such as diatoms and invertebrates have an important role as biomonitors
and bioindicators for assessing the impact of metal pollution. These organisms together with
established EU-WFD classification tools and diversity indices (e.g. ASPT, N-TAXA) were used
in a preliminary research in this catchment, however the effects of elevated metal levels were
unclear’. Studies in neutral mine drainage carried out by Byrne et al.? indicated that the use
of standard macroinvertebrate biotic and diversity indices (EU-WFD tools) could lead to
erroneous classifications of aquatic ecosystem health. These results revealed that failure in
the interpretation of biogeochemical interactions could lead to inaccurate analysis of
organisms at risk of exposure, hence ineffective management decisions. Thus, the
assessment of metal effects in living organisms is complex since biota might have different
responses according to physiological processes and metals are subject to a range of factors
affecting their level of reactivity, toxicity and bioavailability*®>. Considering WFD goals, more
nuanced approaches are needed for assessing metals and their ecological effects. In this
context, current chemistry data and updated chemical speciation tools will be used in future
work to assess metal availability and toxicity and advising improvements to river basin

management plans.

6. Conclusions

e Underlying limestone bedrock controls pH and weathering reactions, and therefore metal
mobility within such catchments.
o Mobilisation of Zn and Pb have a strong dependence on site specific biogeochemistry and

hydrological conditions. No dependence of Zn with flow suggests that Zn, has no kinetic
limitations on Zn mineral dissolution, whereas Pb varied according with flow variations,

reflecting its tendency to be complexed with colloidal or particulate forms.
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Point sources are regular contributors of Zn, despite flow fluctuations, diffuse sources like
spoil wastes produced higher contribution of Zny and Pb, in overflow conditions after dry

periods.

Not all contributions of Zn, and Pb, are derived directly from oxidation of sphalerite and

galena. Mineralogical and geochemical analysis revealed the contribution of secondary
minerals such as smithsonite and cerussite, which are continuously leaching into the river
and represent an added complexity for future remediation.

Metal pollution results in a large area of catchment having a depleted chemical status with

likely effects on the aquatic ecology.
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703 Figure 1. Hebden Beck with sampling sites and mine structures located in the Millstone grit and
704 Liddesdale-Yoredale bedrock. Blue arrows indicate the direction of flow.
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Table 1. Sampling sites along Hebden Beck. Table indicates type of sample, site elevation, coordinates,
and distance from River Wharfe. Sites are listed from upstream to downstream. Locations adopted from
the Environment Agency monitoring programme are indicated with (*).

. From R.

Site Site Description Type of Elev. Coordinates Wharfe
ID sample (m) East North (m)
H15 Head water reservoir (Next-smelt mill) Water 368 402798 466766 4970
GM Grassington moor, spoil wastes Spoil 380 403014 466663

H14 Perennial tributary (Coalgrove Beck) water, sediment 294 402413 466106 4207
H13 Ephemeral tributary Water 287 402443 465931 4030
B1 Beaver, spoil wastes (from heap) Spoil 320 402087 465660

B2 Beaver, spoil wastes (silt runoff) Spoil 317 402163 465630

H12 Ephemeral tributary (downstream- water, sediment 285 402451 465822 3921

Yarnbury mine-Beaver spoil)

H11 Perennial tributary (Loss Gill Dike) Water 278 402597 465578 3637
H10* Main channel water, sediment 267 402656 465324 3377
H9* Perennial tributary (Bolton Gill) Water 266 402661 465285 3338
H8* Ephemeral tributary (from-Yarnbury Water 268 402632 465176 3226
H7* Q(Iarr]gnial tributary (Adit) — Bolton Haw Water 266 402648 465164 3206
H6* Main channel Water 257 402630 464916 2958
H5* Perennial tributary (Duke’s adit) Water 256 402638 464793 2836
H4 Ephemeral tributary (Waterfall) Water 254 402668 464604 2645
H3* Perennial tributary (Laneshaw adit) Water 246 402632 464550 2580
H2* Main channel at gauging station Water 235 402488 464275 2271
H1P Perennial tributary water 233 402382 464104 2071
H1 Main channel - Confluence R. Wharfe water, sediment 152 402695 462400 140
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711 Table 2. Mean, maxima and minima from water chemical analysis. Metal forms are denoted as total (T)
712 and dissolved (D). Description of sites are indicated as main channel (MC), ephemeral tributaries (ET)

713  and perennial tributaries (PT). Units are in pg/l. Values below the detection limit are represented by
714 (b/d).

Site Description Pb, Pb, Zn; Zng

H15 Reservoir Ave 316.7 279.6 2058.8 2028.0
Max 411.9 423.6 2542.4 2759.5
Min 96.3 103.6 722.4 1080.7
H14 PT Ave 178.3 157.6 1318.6 1397.9
Max 292.3 3755 1778.9 2193.1
Min 106.9 75.7 864.7 900.3

H13 ET Ave 227.1  205.9 260.4 207.4
Max 331.3 283.4 1619.8 14355
Min 141.2 138.0 b/d b/d
H12 ET Ave 686.4 284.2 5168.8 4252.3
Max 2701.2 439.9 12619.3 74384
Min 261.8 184.1 66.5 73.6
H11 PT Ave 64.0 31.6 295.7 410.5
Max  765.6 355.2  3493.9 5276.2
Min 3.7 b/d b/d b/d
H10 MC Ave 108.1 80.7 468.8 444 .4
Max  268.1 145.2 787.4 777.0
Min 11.8 3.1 b/d b/d 33.5
H9 PT Ave 28.5 20.8 125.2 95.7
Max  171.9 94.3 572.2 518.6
Min 12.7 2.0 b/d b/d
H8 ET Ave 38.1 19.0 318.5 269.0
Max  123.5 28.2 438.3 435.2
Min 12.2 5.3 b/d b/d
H7 PT Ave 7.7 4.3 3440.2 3220.5

Max 211 47.7 5425.8 4312.3
Min 0.8 b/d 2062.0 1936.7
H6 MC Ave 60.4 49.4 537.6 510.2
Max  102.0 85.6 664.1 674.1
Min 20.5 13.8 468.3 390.2
H5 PT Ave 60.4 54.3 883.5 867.2
Max  132.3 157.8 1216.5 1206.0
Min 17.1 10.0 688.0 613.5

H4 ET Ave 8.3 4.4 b/d b/d
Max 26.7 6.6 68.6 68.6
Min 3.2 b/d b/d b/d

H3 PT Ave 2.8 0.2 b/d b/d
Max 10.6 0.7 98.6 84.7
Min 0.05 b/d b/d b/d

H2 MC Ave 46.7 39.4 515.0 485.9

Max 93.5 87.4 765.4 606.9
Min 17.0 4.2 194.5 360.5

H1P PT Ave 3.0 1.9 b/d b/d
Max 5.2 8.3 68.6 68.5
Min 0.8 b/d b/d b/d
H1 MC Ave 311 16.6 2175 158.9
Max  146.8  43.7 375.9 302.9
Min 5.1 b/d 77.9 67.8
715
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717
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720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

24



738

739
740
741

742
743

5 4
< 10 -
> X
=15 A
=} NG
S Al(OH)3(a) Xy
e | AI2Si205(0OH)4. Kaolinite
8201 Al(OH)3. Gibbsite
- (K,H30)(Al,Mg,Fe)2(Si,Al)4010
e [(OH)2,(H20). lliite
1T ——— AIOOH. Bohemite
S - KAI3(SO4)2(OH)6. Alunite
30 ‘ - ; : '
3 4 5 6 7 8
pH
2
c)
0 4
T ©
© 2 - Voo
Q . & BaCO,
2
=4
©
©
ELE
1
8 4
10 :
3 4 5 6 7 8
pH
2
0 -
2 &

log activity (Pb?")
»

8_
L 10
12 4 i
® e
14 A Q
3 4 5 6 7 8 9

pH

0
5 .
@ 10 4
ey
= 15 1
o
©
820 - -
J FeCO3. Siderite > &y
95 | ——— (FEO(OH))Goethite e
— — — —  Fe(OH)3(a). Ferrihydrite ~
KFe3+3(0OH)6(S04)2. Jarosite ™~
30 T T T T T
3 4 5 6 78 8 9
pH
-2
d)
0 .
% 5 | SrCo,
T 0880w SrSO
= 4
©
©
=)
O 6
8 -
10 T T T T T
3 4 5 6 7 8 9
pH
-2
0 -
2 -
4 -
6 -
8 =
0 -
12 4
14 -

pH

Figure 3. Aluminium, Fe, Ba, Sr, Pb and Zn activity as a function of pH, SO4? (13592 nug/l), CI- (7730
ug/l) and pCO:2 = 0.0012 atm. Theoretical saturation of mineral forms are represented by solid lines
and calculated metal free ion activity of experimental data by dots.
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744

745 Table 3. Relationships between metals (Pb, Zn, and Ca) with pH, SO4%, DIC and DOC. Pearson
746 correlation coefficient is denoted as r, p-value as p and confidence interval (95%) as ClI.

Stats pH S04 DIC DOC

Pb, r -0.1 -0.1 -0.4 0.3

p 0.084 0.194 <0.001 <0.001

Cl [-0.257 0.016]  [-0.2280.047]  [-0.517 -0.284] [0.135 0.393]

Zn, r 0.2 0.6 0.04 0.2

p 0.008 <0.001 0.588 0.022

Cl [0.051 0.319] [0.517 0.692]  [-0.1010.176]  [-0.295 -0.024]

Ca, r 0.6 0.7 0.9 0.6

D <0.001 <0.001 <0.001 <0.001

Cl [0.526 0.698] [0.571 0.730] [0.9630.978]  [-0.701-0.529]
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765 Figure 4. Scree plot from PCA analysis, horizontal axis shows projections of the first principal
766  component PC1 which represents 32% of the total variance and the vertical axis the second component
767  PC2 representing the 21% of variance.
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Table 4. Estimation of annual Pb and Zn load by using flow records from Environment Agency (EA)

gauging station at H2 (main channel).

Stats H2-Flow (I/s) Pbp Pb, Zng, Zng,
from EA tonnelyear tonnelyear
station (ng/y year)  (ug/l) ( year)

Average 189 394 0.2 485.9 2.9

Maximum® 556 87.4 15 606.9 10.0

Minimum® 36 4.2 <0.1 360.5 <0.9

EQS-Hardness based 7.2 50.0

a) Maximum values recorded in February 2014.

b) Minimum values recorded in July 2014.
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