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Three arrays of MacroRhizone pore water samplers were deployed at the abandoned mine complex of Devon Great Consols (DGC)
to investigate water/substrate interactions that lead to potential contamination of the surrounding environment.  Three contrasting
tailings types are available at DGC – from Sn, As and Cu processing conducted at different stages in the history of the mine
complex.  The site is therefore ideal to study in detail the ongoing biogeochemical evolution of the spoils as they react with surface
waters and the atmosphere.  Although designed specifically for use in soils, these tension-assisted pore water samplers have proved
effective in providing samples for analysis, from the dry summer of 2014.  The results obtained from pore waters differ significantly
from those of acid extraction methods used on the tailings, but metal concentrations are in the same range as those of distilled
water extractions.  Average pore water compositions vary significantly between the tailings types, with Cu tailings being richest in
Cu, Al and Mn.  Samples from the Sn tailings were richest in Sn but lowest in Mg, Co, Ni and Zn and those from the As tailings
were highest in As, Na and Sr but lowest in Cu.  These observations suggest that on-going chemistry in the weathering tailings
piles influences pore water compositions.  SEM-EDX X-ray maps of element distributions within the tailings suggest a widespread
association of As with secondary iron oxides in all tailings types.  The multi-element pattern of the Cu tailings is sub-parallel to
that of samples from a drainage pipe, suggesting significant dilution with meteoric water.  This work highlights the potential use
of MacroRhizone samplers to collect pore water data on a seasonal basis, and to combine them with detailed mineralogical
investigation of the degrading tailings materials in order to constrain the on-going geochemistry.
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are recognised as some of the most toxic metals in the
environment (Williams et al., 2009; Wragg et al., 2011), and
while background levels are found in uncontaminated soils,
concentrations at former metalliferous mining areas typically far
exceed natural levels.  An investigation carried out by Palumbo-
Roe and Klinck (2007) identified levels of As which were
substantially higher (31,700 mgkg-1) in mine tailings compared
to background soils (105 mgkg-1) at Devon Great Consols, a
former metalliferous mine in South-West England (Figure 1).
Environmental conditions can affect the mobility of non-
residual metals (not part of the parent rock silicate matrix) in
the environment, releasing metals previously locked up in
complexes or adsorbed to particles from a soluble form.  Fine
particulate matter (<53 µm), can physically move from mining
areas in the form of airborne dusts and via surface run off,
where it can enter nearby streams and rivers, deposit on plants,
contaminate soils, and pose a risk of inhalation/ingestion by
animals, including humans.  Additionally, metals in solution can
move freely between environmental compartments, making
them bio-available for plant uptake (Concas et al., 2015),
whereby contaminated plant tissue may subsequently move
through trophic levels (bio-accumulation).

Characterisation of mined ore mineralogy (solid phase), and
analysis of surface soils and waters is important to ascertain
concentrations of metals in the environment.  While many
studies have been undertaken on surface waters, few have been
conducted on the pore waters found within mine wastes.  Pore
water is influenced by particle size, bulk substrate density and

INTRODUCTION

Environmental contamination by heavy metals is a global
concern, occurring from both natural and anthropogenic
impacts, with human activities often enhancing natural
background levels (e.g. Camm et al., 2004).  Anthropogenic
impacts include the legacy of mining and its associated activities
(Larios et al., 2012; Rieuwerts et al., 2014), which has taken
place over millennia.  Today, mine wastes consist of large
quantities of spoil and tailings, and the unwanted ore following
various separation processes to retrieve the heavier metal-rich
particles from the lighter waste fraction.  While spoil is
generally the broken uneconomical and unprocessed host-rock,
tailings are the by-product from the final ore processing, which
can include heated treatments, for example the use of calciners
for the refining of marketable arsenic from the arsenic-rich ore,
arsenopyrite (FeAsS).  Today, in recognition of the large
quantities of potentially contaminated wastes, the Mining Waste
Directive 2006/12/EC (Mining) (DEFRA, 2011) aims to prevent
or reduce the negative effects from mine waste on the
environment and human health.

Due to the toxicity of heavy metals found in mine wastes,
the effect on ecology has been well studied for plants (Chenery
et al., 2012; Jana et al., 2012), livestock (Rodríguez-Estival et al.,
2012) and wild animals (Erry et al., 1999; Erry et al., 2000; Mateo
et al., 2003), as has the impact on soils (Drahota et al., 2012),
sediments (Larios et al., 2012; Rieuwerts et al., 2014), dust
(Bruce et al., 2013; Sánchez de la Campa et al., 2011; Csavina
et al., 2012) and surface waters (Casiot et al., 2005) at or around
former mining areas.  The metalloid As, and metals Cd and Pb,
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Tamar in the parish of Gulworthy, near Tavistock, Devon.
Forming part of the Cornish Mining World Heritage Site, DGC
is a former copper-arsenic mine, which consists of five
individual mines: Wheal Maria, Wheal Fanny, Wheal Anna
Maria, Wheal Josiah and Wheal Emma.  The mining of copper
ore at DGC began at Wheal Maria in August 1844, soon
increasing to all five mines upon the discovery of more mineral
rich ore.  Mining for copper ore continued until the depletion
of reserves in the 1870s.  Around the same time an increasing
demand for arsenic-based products, for example pesticides, led
to an intensive period of arsenic recovery at DGC, until the
beginning of the 20th Century, when in 1903, by order of the
management, the arsenic works were demolished and the
building rubble deposited amongst the mine wastes.  However,
rich findings of the arsenic-bearing ore, arsenopyrite (FeAsS) at
Wheal Fanny, led to the building of a new calciner complex at
Wheal Anna Maria in 1925.  Arsenic refining continued until the
1930s, when the availability of non-arsenic product alternatives
led to the final closure of the arsenic works, the remains of
which now form a protected ancient monument at DGC.

At the height of production, DGC was a global provider of
arsenic (Camm et al., 2004; Rieuwerts et al., 2014), and apart
from a brief spell during the 1970s for the re-processing of the
Cu-tailings for tin, DGC has remained dormant.  Now part of an
UNESCO World Heritage Site, DGC allows public access for
walking, horse-riding and mountain-biking around the mine
wastes.  While most areas of waste are fenced off to the public,
the mountain-biking route includes areas of the As-tailings and
spoil.  The Wheal Anna Maria mining area contains the most
extensive mine wastes (Figure 1), including three tailings types:
copper, arsenic and tin.  The different physical appearance,
together with the varying age of deposition of these tailings
types provided the opportunity for a comparative study of pore
waters and associated tailings geochemistry.  Sampling took
place between June and October 2014.

mineral composition, pH and organic influences, such as
detritus and root systems.  These parameters can also affect
pore water residence time, and therefore, biogeochemical
conditions within the pore spaces.  While more challenging
than collecting surface water samples, pore water samples
provide an opportunity to observe these otherwise hidden
biogeochemical conditions.  Although the extraction process of
pore water can risk sample contamination and alter the
chemical equilibrium within the substrate, recent studies using
a variety of collection devices have highlighted the ease and
affordability of pore water collection for analysis (Concas et al.,
2015; Jin et al., 2015) with improved limitation of sample
contamination (Concas et al., 2015).  Methods for sampling for
pore water in the field include passive (saturated conditions)
and tension (vacuum) devices (Di Bonito, 2005). 

Rhizon soil moisture samplers are tension samplers based on
the rhizosphere, the area surrounding fine plant roots where
water and nutrient uptake occurs, and have been used recently
in the collection of contaminated pore waters from an
abandoned mine in Sardinia (Concas et al., 2015).  Rhizosphere
Research Products (2015) have developed a series of tension
soil pore water samplers, including the MacroRhizone, which
has been designed specifically for use in the field (Figure 2).
This study presents results of the first known use of these
samplers on mine tailings in the UK as part of an investigation
into the water and substrate interactions of potentially toxic
elements at a former copper-arsenic mine in South-West
England (Figure 1).

MATERIALS AND METHODS

Study area and historical context
The study site, Devon Great Consols (DGC) mining area, is

situated in the Tamar Valley [SX 431 735], east of the River

Figure 1. The three sampled distinct tailings types are shown together with their proximity to the 1920’s calciner complex (copyright B.
Gamble/Tamar Valley AONB).
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Sample collection
Two bulk samples were collected from each set of tailings

(T), each sample consisting of three augured sub-samples
extracted using a soil auger boring sub-horizontally at 90° to the
substrate face, where possible.  Pore waters were collected in
situ from each tailings type using MacroRhizone (MR) soil pore
water samplers (Rhizosphere Research Products; Figure 2).
Ready-filtered pore water is extracted through a 9-cm long
porous tip (0.15 µm pore size) under vacuum.  Each MR was
installed into an augured hole as per manufacturer’s
instructions, paying additional consideration to the risk of
damage of the porous tip when inserting into the gritty tailings.
Once installed, the exposed apparatus was wrapped in black
plastic to limit photosynthesis and to protect from
environmental contamination.  Tailings samples from each
augured hole were collected in Kraft paper bags for later
analyses at the University of Portsmouth.  In total, four MR
samplers were installed into the Cu-tailings (Nos. 1, 2, 3 and 4),
three in Sn-tailings (Nos. 5, 6 and 7) and three in As-tailings
(Nos. 8, 9 and 10).  From these, MRs 1, 6 and 9 were removed
and discounted due to poor vacuum and/or no pore water
yield.  Once installed, pore water samples were collected and
treated with trace-metal grade HNO3 to prevent further chemical
changes, on each subsequent field visit.

Surface water samples were collected from the water
draining through a subsurface pipe in the Cu-tailings on each
field visit, when flowing.  Additionally, pH and conductivity
were measured in situ using handheld field meters.  Collection
of surface waters from the Cu-tailings pipe was dependent
upon available water flow.  On 12 August the flow was reduced
to a trickle over the algae surface and on 3 October no sample

was collected due to dry conditions.  Surface water samples
were transported back to the University of Portsmouth under
chilled conditions and filtered using Pall GTN Metricel 0.45 µm
cellulose filters prior to analysis.

Sample preparation and analysis
Extraction of recoverable and leachable metals: In order to

extract the non-residual metals from each tailings type, three
varying strengths of extractions were carried out: 40% Aqua
Regia Solution (AR), 5% hydrochloric acid (HCl) and 18 MΩ
deionised water (W).  Aqua Regia was used to extract
recoverable (maximum environmentally available) metals,
hydrochloric acid to extract leachable metals and 18 MΩ
deionised water for the release of highly soluble salt
complexes.  Blanks of all reagents and CRM 2710a (NIST
Montana highly contaminated soil standard) were included in
each analytical batch.  For each batch of waters (pore and
surface), CRM SLRS-5 (NRC River water reference material) was
used to monitor data quality.

Pore-waters, surface waters and extracted solutions were
analysed with the Agilent 7500ce Inductively Coupled Plasma-
Mass Spectrometer (ICP-MS) using octopole collision cell (He
mode) at the University of Portsmouth.  Calibration was
established using a series of multi-element standard VI ICP
(Merck) dilutions.  The analysis for Sn was undertaken
separately for surface waters and digests using a single Sn
standard (Ultra Scientific).  The two standards were then
combined for the analysis of pore-waters.  Due to the low
volume of some pore-water samples, all samples were diluted
(x 10), apart from samples from MR 7 and MR 8 (both collected
3 October), which, due to the very low sample volume, were

Figure 2. (a) The MacroRhizone main components are labelled.  (b) An installed MacroRhizone in the gritty Cu-tailings.  The syringe has
been connected to the PVC tube with the Luer lock in open position.  A wooden 10 cm spacer has been used to create a vacuum while holding
the syringe open.  The syringe has been secured to the grey plastic tube with an elastic band.  The augured hole is plugged with wood to
secure the MacroRhizone in position.  The complete apparatus was covered with black plastic to protect from debris and weather, and to
minimise photosynthesis.
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diluted (x 100) to provide sufficient solution for analysis.
Tailings bulk samples: Both bulk and MR tailings samples

were oven-dried (30°C) and homogenised in Kraft paper bags.
The tailings types were further processed using a wet sieve
technique to separate into four size fractions: <53 µm (mesh
sieve) and 53-250 µm, 250-2,000 µm and >2 mm fractions
(stainless steel soil sieves).  Loss on ignition was used to
constrain the organic and volatile content from each bulk and
MR tailings sample.  X-ray fluorescence (XRF) spectrometry
used a Rigaku ZSX Primus II X-ray fluorescence spectrometer
on pressed powder pellets to determine the total elemental
analyses of bulk tailings samples.  The instrument was
calibrated against a matrix matched selection of reference soils
and sediments for major elements plus As, Cd, Pb and Sn.  For
quality control, LKSD-4 (lake sediment sample) from Natural
Resources Canada was used.

Tailings were also investigated using JEOL JSM-6100
Scanning Electron Microscopy (SEM) with back-scattered and
secondary electron imaging to differentiate between particle
types and overgrowths/cracks in particles.  A selection of
commonly occurring particles from the 250-2,000 µm and the
>2 mm size fractions of each tailings type were selected using
a light microscope.  Due to the smaller particle size, a small
sample from each of the finer fractions (<53 µm and 53-2,000
µm) was selected.  All samples were mounted in resin and
polished before carbon coating using an Edwards Auto 306
carbon (vacuum) coater.  Stubs from the <53 µm, 250-2,000 µm
and >2 mm size fractions were analysed further for both the Cu-
tailings and As-tailings for elemental mapping and elemental
energy dispersive x-ray microanalysis (SEM-EDX), using JEOL
JSM-6060LV SEM with Oxford Instruments INCA mapping
software.  Systematic analysis of each size faction included the
distribution and occurrence of As, Cd and Pb.

RESULTS

pH tests on the bulk tailings samples revealed that Cu-
tailings had a lower pH than both Sn-tailings and As-tailings.
Loss on ignition ranged from 2 wt% (As-tailings bulk sample)
to 7.1 wt% (Sn-tailings substrate).  Vegetation was found
growing on all tailings types, with the greatest established
covering on the Sn-tailings, which was colonised mainly by
pine and heather.  Vegetation growing on the Cu-tailings and
As-tailings was more sporadic than Sn-tailings, appearing to
flourish on slopes with less substrate movement.  Algae were
found on the more vertical consolidated faces of the Cu-tailings
which were damp from water seepage.   Rainfall, often limited,
varied throughout the study period.

Visually, there were distinguishable differences between
each of the tailings types.  While the granular sharp Cu-tailings
were unconsolidated mostly on the surface, the base material,
thought to be the earliest Cu-tailings, were more consolidated
in a cement-like matrix.  The unconsolidated, dry and sooty As-
tailings were interspersed with large pieces of rock, solidified
furnace melted deposits and building rubble.  In contrast to
both the Cu-tailings and As-tailings, the Sn-tailings mainly
consisted of a highly consolidated finer material.  XRF results
(Table 1) reveal that all bulk tailings samples analysed generally
had similar major element compositions.  The exceptions were
As-tailings which had a higher CaO concentration and Cu-
tailings had lower concentrations of Fe2O3.  High concentrations
of SiO2 reflect the abundance of quartz found in all bulk
samples.  From the three extractions used, 18 MΩ deionised
water was, unsurprisingly, the least effective at leaching
elements from bulk tailings samples.  As anticipated, with a
lower strength acid compared to Aqua Regia, the results from
the hydrochloric acid extraction were found to fall between the
18 MΩ deionised water and Aqua Regia results.  As-tailings
yielded the highest Pb concentrations, whilst Cd concentrations
from all tailings types were very low, between 0.01 and 0.5
mgkg-1 (Table 1).  A key observation is that As levels were
similar across all tailings types for each digest method, despite

the process of calcining in order to liberate As.
Volumes of pore waters collected varied between

MacroRhizone (MR) samplers, with yields from MR 2 (Cu-
tailings site 1) being the highest across the study period.
Although MR 3 and MR 4 were installed in close proximity to
each other in the same tailings (Cu-tailings site 2), pore-water
yields varied.  The maximum yield from MR 5 (Sn-tailings) was
15 ml, with volumes decreasing through the study period.  Due
to insertion of the apparatus late in the sampling period, only
one (low volume) yield was collected from each of MR 7, MR 8
and MR 10.  These samples needed significant dilution to
provide sufficient volume for analysis which risked challenging
the detection limits of the procedure and, following the analysis
of ICP-MS results for MR7 and MR 8, it was decided to discount
these results for this investigation.  Despite being installed in
the same location, elemental concentrations between MR 3 and
MR 4 varied, with marked differences between major elements
Mg, Al and Mn, and also trace elements, Co, Ni, Cu, Zn and Cd.
ICP-MS results from each MacroRhizone were averaged for
further data comparison (Figure 3), which emphasises
similarities of pore water chemistry between extractions, pore
waters and Cu-tailings drainage pipe surface water (Figure 3a).
It should be noted that such diagrams (with many log cycles)
significantly compress data variability, such that observable
differences are likely to be the most significant.  Figure 3b
displays the acid (HCl and Aqua-Regia) and 18 MΩ deionised
water (water) extraction results.  While most acid results are
similar, differences in concentrations can be seen for K, Ca, Co,
Zn and Sn (Table 1).  However, there is more variation between
the water extracts for each tailings type for Mg, Fe, Ni, Cu and
As, with Ca concentrations closer to the acid extraction results.
In the case of the major cations, Na values converge between
the acid and water extractions.  The combined average
MacroRhizone results for each tailings type (Figure 3c) display
the significant differences between the tailings pore water
samples.  For example, Cu-tailings pore-waters have higher
concentrations of Al and Cu, but lower concentrations of As,
Pb, Bi and Sn than both the Sn-tailings and As-tailings pore-
water results.  With the exception of Na and K, the surface
water draining through the Cu-tailings pipe have lower, but
parallel metals concentrations than the pore-water extracted
with the MacroRhizone samplers (Figure 3d).  Cu
concentrations increased in the Cu-tailings pore water samples
throughout the study period.

Backscattered and secondary electron imaging revealed that
angular quartz crystals were clearly distinguishable from a
variety of other particles in the tailings size-fractions analysed.
Rims around and cracks within particles were easy to detect
(Figure 4a).  Clay was present in Sn-tailings, and As-tailings
included coal fragments.  Also, within the As-tailings, particles
other than quartz were generally more rounded and composite
in appearance with porous and pitted surfaces.  This is in
contrast to composite particles analysed from Cu-tailings, which
mainly consisted of quartz and attachments or infills of other
materials.  SEM-EDX maps located traces of As, Cu, Sn, Ti and
occasionally Mo.  Comparison of results for both Cu-tailings and
As-tailings >2 mm size fraction indicated that some quartz
particles contained As in crack infills or as narrow external rims
(Figure 4a).  Rim structure varied from easily distinguishable
layering, to composites containing smaller fragments, often
found to be quartz.  Titanium-rich specks were seen and varied
in size throughout larger particles, with larger concentrations
found more in the Cu-tailings.  Fluorite was also seen mainly
within rim areas from both tailings types. 

Particles from the 250 µm to 2 mm fraction of both tailings
included quartz, some with rims and infilled cracks.  Here, the
fragility of the rims was visible due to fracturing during the stub
mounting and polishing process.  Abundant Fe, S and traces of
Sn and Cu were seen distributed throughout both tailings types
which, along with traces of As, can be interpreted as fragments
of primary ore, such as pyrite, chalcopyrite (CuFeS2) and
arsenopyrite (FeAsS) remnants from ore processing.  Individual
heterogeneous particles from the As-tailings revealed distinctly
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Table 1. XRF and ICP-MS analyses.  Average results are listed for bulk tailings samples (XRD and extractions), and waters (per
MacroRhizone and for the drainage pipe in the Cu-tailings).  XRF and extractions data in mgkg-1, all water data in mgl-1.  Bdl = below
detection limit, n.a. = not analysed.

Table 1 continued.

different compositions (Figure 4b).  The <53 µm size fraction
from the Cu-tailings and As-tailings were similar in composition,
which included fragments of primary lead sulphide, galena
(PbS), and quartz.  Rims around quartz particles were
incomplete and generally absent when compared to the 250 µm
to 2 mm and >2 mm size fractions.  The distribution of As was
seen to increase in this size fraction for both Cu-tailings and As-
tailings, present as fine background material with occasional
highly concentrated areas.
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DISCUSSION

A study using tension samplers to extract pore waters from
mine wastes has been recently carried out in Sardinia (Concas
et al., 2015), where the pore-water chemistry and the mobility
of elements between the solid and soluble phase was
considered for phytoremediation studies.  The successful use of
rhizon (tension) samplers to collect pre-filtered pore-water for
analysis has been demonstrated in the current study at DGC,
where the MacroRhizone sampler used was specifically
manufactured for sampling natural soils in the field.  This
investigation has involved the first known use of these samplers
in mine tailings in the UK.  However, due to the limited time
for the study, placement of the MacroRhizones in the three
tailings types was varied, with the most successful samplers
placed at the start of the study in the Cu-tailings, and the less
successful installed towards the end of the study in the As-
tailings.  This, together with limited rainfall during the study
period, may have contributed towards low yields for some of
the samplers.  For future studies, an equilibrium time for the
formation of sampler and substrate-contact may provide more
reliable yields of pore water over a longer period of time to
accommodate uncertain rainfall patterns and provide enough
sample for analysis.  Concas et al. (2015) allowed one month
equilibrium time prior to creating a vacuum in the samplers.

The multi-cycle logarithmic diagrams of the averaged ICP-MS
results (Figure 3) provide an overall understanding of metals
concentrations from both extractions from the solid phase to
those in solution found in both the pore waters and surface
waters draining though the Cu-tailings.  However, the individual
ICP-MS results for each MacroRhizone on each sampling day
(not shown) do demonstrate some differences, despite being
installed in the same set of tailings (e.g. MR 2, 3 and 4 in the
Cu tailings).  Such pore-water variations suggest that localised
conditions within the tailings vary, which could include
hydraulic conditions, pore size variation, vegetation influences,
residence time of percolating water, pH and redox conditions.
Concas et al. (2015) identified that trace element concentrations
in pore waters represent the history of the wastes, and that
heavy metal mobility alters according to the pH values.

The higher concentrations of metals found in pore water
samples from the Cu-tailings compared with the water draining
through the Cu-tailings suggest dilution with percolating
meteoric water.  Concas et al. (2015) believed pore water
residence time was sufficient to reach equilibrium conditions
for varying mineral phases within pore waters, and that allowed
the key minerals that influence pore water chemistry to be
determined.  While it was acknowledged that reaching
equilibrium was not achieved within short periods of time, once
identified, the controlling mineral(s) may be used for

Figure 3. Results of ICP-MS analyses.  (a) Summary diagram of all
tailings extractions, MacroRhizone and Cu-tailings pipe water
metals analysis results.  (b) Extractions (40% Aqua Regia, 5% HCl
and 18 MΩ deionised water).  (c) MacroRhizone averages.  (d) Cu-
tailings MacroRhizone and Cu-tailings pipe water.  Units are mgkg-1

for extractions, and mgl-1 for waters.

a

b

c

d
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environmental contamination assessment from pore water
analysis.

Concas et al. (2015) identified that varying textures of
substrate sampled reflected different parent materials of the
mine wastes, whereas, in the current study, the three tailings
wastes studied originated from the same ore body. The varying
appearance and texture from each tailings type are different
due to the varying processes used to extract the target resource,
i.e. copper then arsenic at DGC.  This is supported by the XRF
data for this study, which suggest that all tailings types
originated from the same ore body.  In addition to quartz,
particles were found to be mainly of a sulphide origin, from
both primary and secondary mineralisation, where traces of Sn,
Cu, Pb and As further confirm these are wastes from the mining
of both the copper-ore, chalcopyrite (CuFeS2), and the arsenic-
ore, arsenopyrite (FeAsS).  The distinctly different particle size
and physical appearance of each tailings type is due to the
different ore refining processes which took place at DGC.  The
formation of rims and infills occurred in the environment after
the ore was processed, and are the result of precipitation of
(non-residual) available materials from solution.  SEM-EDX
identified that As was deposited more around particle rims and
within cracks for the larger particle size fractions, but as these

particles were further processed into smaller fractions, rims in
particles became fractured releasing smaller particles into the
environment.  Such highly contaminated small sized (<53 µm)
particles may be more easily transported by surface waters and
as components of dusts.

CONCLUSIONS

Devon Great Consols is a former metalliferous mining area
with significant quantities of wastes from the tailings of Cu, As
and Sn processing.  This study introduces the first known use
of MacroRhizone pore-water samplers in mine tailings.  The
results confirm that pore waters have variable compositions
related to tailings type, and are significantly different from
short-term water or acid extractions.  Combined with micro-
mineralogical and micro-chemical observations from SEM-EDX
investigations, which found As associated with secondary
overgrowths and most abundant in the <53 µm fraction, this
suggests that ongoing weathering reactions influence pore-
water chemistry, and that a longer-term study with
MacroRhizone samplers would enhance the current
understanding of water/substrate interactions within mine
wastes.

Figure 4. (a) SEM-EDX elemental mapping of a particle from the Cu- tailings >2 mm size fraction.  This is a quartz particle as seen by a
high Si + O content with a crack (highlighted in box) containing Fe, As, Pb and S.  Fractures of the white rim are also visible.  (b) SEM-
EDX elemental map of a particle from the As-tailings 250 µm to 2 mm size fraction.  The image reveals the distinct separation of the inner
and outer area and the distribution of O, Fe, S, Cu, Pb and As.  The presence of S and Pb in the centre may be due to the primary lead
sulphide (PbS) galena.  As is seen distributed throughout the particle, with higher concentrations in the centre.  These were the highest
concentrations of As found throughout the tailings size fractions analyzed for this study.
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