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Abstract
Historic sulphidic Pb–Zn mining catchments at Leadhills and Wanlockhead, in the south of Scotland, UK have a legacy of 
mining of PbS (galena) and ZnS (sphalerite) from the twelfth century to the 1930s. The mining activities created tailing piles, 
ponds, adits and contaminated soils that contribute leaching and surface runoff of potentially toxic elements, particularly 
lead (Pb), which impact on the surface water and groundwater and are rapidly diluted in the wider catchment area. Studies 
by environmental regulators have shown that Pb, Cd and Zn in water can locally exceed the Environmental Quality Standards 
(EQS), particularly at Leadhills. To evaluate geochemical controls on release, 20 water sources (adits, surface water and 
near-surface groundwater) were sampled over four seasons (spring, summer, autumn and winter) over a 1-year period and 
characterized. Samples were circum-neutral pH from 6.3 to 7.9 (with average total dissolved solids < 55.0 mg/L), with no 
characteristics of acid mine drainage. The concentrations of PTEs in the water exceed UK EQS and WHO standards (and 
non-compliance on the Water Framework Directives). Geochemical modelling (GWB and  PHREEQCv2) predicted mineral 
control on solubility which identified  PbSO4 (anglesite),  Fe2O3 ferric oxide (haematite),  Fe3O4 (magnetite),  FeCO3 (sider-
ite), CaMg(CO3)2 (dolomite),  CaCO3 (calcite) and Ca(Fe·Mg)(CO3)2 (ankerite) to be important. These were confirmed in 
solid phases analysed from tailings and sediments in contact with the hydrological cycle at the sites. Multivariate statistical 
analysis (PCA) of water samples associated with leaching through mine tailings showed strong seasonal variation with some 
elements (Fe, Cu, Cd, Pb, Na, Ca and Zn) with higher variance. The strong negative association of pH with soluble Zn, Cu, 
As, Cd and Pb highlights typical sulfide oxidation processes are taking place and supported by a positive correlation with 
temperature. Dissolution processes of mineral phases indicated by positive association of TDS and EC with Na, Ca and Zn. 
The data from PCA suggest contributions with potential for active generation of acid mine drainage and dissolution of solid 
phases influencing the release of PTEs into surface waters.

Keywords Scotland · Geochemistry · Mine wastes · Lead mining · Potentially toxic elements

Introduction

The Leadhills and Wanlockhead mining district, which 
is in the Southern Uplands region in the southern part of 
Scotland, was an important mining centre for lead for many 
centuries and is one of the most elevated human settlements 
in the United Kingdom. Although mining at Leadhills and 
Wanlockhead villages ceased about 89 years ago, there still 
exist unmined lead sulfide ore deposits in the area (SEPA 
2011a; SEPA 2011b). The primary ore-minerals that were 
exploited in the area include galena (lead sulfide) and 
sphalerite (zinc sulfide), together with alluvial gold in local 
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floodplains (McAdam et al. 1993). Mining of gold was rela-
tively underexplored in the region (Rice et al. 2018). Galena 
and sphalerite were mined within sedimentary rocks that 
are greatly faulted and contain brecciated mineral veins of 
Ordovician–Silurian age (Trewin 2002).

Typically, mines that contain sulfide minerals produce 
acid mine drainage (AMD) due to the oxidation of sulfide 
minerals (e.g., pyrite) loaded with associated potentially 
toxic elements (PTEs), such as lead, zinc, arsenic, copper, 
cadmium and antimony, dependent on the precise minerali-
zation (Banks et al. 1997; Lottermoser 2010a, b; Nordstrom 
2011). However, the case at the abandoned Leadhills and 
Wanlockhead mines is more complex where the pH of drain-
age water is buffered at circum-neutral pH values due to 
the presence of carbonate minerals in the host rock (SEPA 
2011b). Little is known about the controls on release into 
the hydrological cycle of lead and other potentially toxic 
elements (PTEs) from either primary or secondary minerals 
in deposits (Anawar 2013,2015; Kastyuchik et al. 2016).

The hydrogeological setting of the region is likely to have 
a significant effect on the concentrations of PTEs in mine 
discharges. This is because the slow rate of groundwater 
flow in the fractured rocks that underlie the district is likely 
to produce long contact times between minerals and water, 
potentially increasing the concentration of some PTEs in 
solution (SEPA 2011a; Younger and Wolkersdorfer 2004; 
Rowan et al. 1995).

Similar impacts of mine discharges on aquatic environ-
ment have been reported by Jabłońska-Czapla et al. 2016; 
Younger and Wolkersdorfer 2004; and Banks et al. 1997. 
Previous monitoring by local regulators focused on the ele-
vated amounts of dissolved metals from some selected mine 
adits and its main channels in the region. The cycling and 
distribution of metals in the contaminated mine spoil heaps 
and associated sediments have been given little considera-
tion (Rowan et al. 1995) despite the acknowledgement of 
mine spoil heaps acting as diffuse sources of contamination 
(principally for lead, cadmium, copper and zinc) in water 
(SEPA 2014; SEPA 2011a).

The mining activities have deposited large quantities of 
(now) weathered mine wastes on the surface containing 
arrangement of primary minerals (Table S1). In addition, a 
range of secondary lead, zinc and copper minerals has been 
indicated which may be potential sources of contamination 
(McIntosh et al. 2004; Gillanders 1981; and McAdam et al. 
1993).

The key aims of the study were (1) to gain an understand-
ing of seasonal release of PTEs into the local hydrological 
system; (2) evaluate likely to deduce which mineral phases 
that is likely to be controlling the solubility and concen-
trations of PTEs (particularly Pb) in discharge from aban-
doned mining sites in the area and (3) to identify the pro-
cesses controlling the mobility of PTEs using geochemical 

thermodynamic modelling tools. The outcomes of the 
study will help improve the understanding of the impact of 
other mining regions to inform the management of mine 
discharges.

Background

Physical characteristics of the study area

Location and climate

The Leadhills and Wanlockhead mining districts are located 
in an area within latitudes 55°21′N and 55°30′N and longi-
tudes 3°36′W and 3°54′W (Fig. 1). The region has a marine 
climate (Cfb in the Köppen-Geiger classification systems 
(Beck et al. 2018), with cold winters and mild summers with 
an annual average temperature of about 13 °C. The region 
has an annual average precipitation of about 1500 mm, the 
majority of which (about 75%) is experienced in winter 
(October to January), and about 20% takes place during 
spring and summer (April to July).

Drainage and significance of mine‑derived contamination

The Glengonnar and Wanlock rivers flow through the study 
area into the River Clyde which is a major source of water 
supply for the southern part of Scotland (Rowan et al. 1995; 
SEPA 2011b). Apart from the release of PTEs into surface 
water, soils have also been identified as being heavily con-
taminated by the tailing and spoil heaps, which in turn gen-
erates a health concern for the local residents taking part in 
gardening or food production on allotments affected by land 
contamination (SEPA 2011b). The bioavailability of PTEs, 
such as arsenic and antimony, in soils from an abandoned 
local antimony mining area has previously been described 
(Gal et al. 2007).

Studies previously carried out in the area revealed higher 
blood lead (Pb) levels in its residents due to atmospheric 
dust dispersion from mine spoil heaps and emissions of 
abandoned smelting mine works (Moffat 1989). Studies con-
ducted by local regulators identified effects on fish dwelling 
in the water courses (of Glengonnar Water at Leadhills), 
such as trout with blackened tails, which was deemed a con-
sequence of elevated Pb concentrations in their tissue. In 
addition to failures to meet metal EQS values water from 
both the Glengonnar and Wanlock rivers, water from these 
rivers currently meet the “moderate” status in the Water 
Framework Directives (WFD) (SEPA 2011b).

The River Basin Management Plan (RBMP) provides 
a mechanism for describing significant impacts on water 
sources and has set an aim for the Scotland River Basin 
District for the Upper Clyde groundwater source and 
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Glengonnar Water to achieve a ‘good status’ by 2027 (SEPA 
2011b).

Geological and hydrogeological setting

Geologically, the study area lies within the Southern Upland 
terrain which comprises rocks of Ordovician—Silurian 
age that formed as a result of up thrusting of crustal rocks 
near an oceanic subduction zone (Leake et al. 1998; Leg-
gett 1987; Leggett et al. 1979; Stone et al. 1987; Peach 
and Home 1899). Lead–zinc mineralization occurs within 
greywackes and shales in the northern belt of the Southern 
Upland (Floyd 1982; Leake et al. 1998). A Pb-rich mineral 
vein in the study area occurs within greywackes in the Port-
patrick Formation (Fig. 2). The primary minerals, galena 
and sphalerite were mined at depth (about 75° dip) in brec-
ciated fault veins of Ordovician–Silurian sedimentary rocks. 
Alluvial gold deposits are also found along the flood plain in 
Leadhills district (Leake et al. 1998). Only limited amounts 
of groundwater are generated in the area which occurs both 
within fractured-rock aquifer and an intergranular aquifer 
in dark-grey coarse-grained sandstone (greywacke sand-
stone). The sandstone is characterized by angular particles 
of quartz, rock fragments embedded in clay and feldspar 
(Lapidus 1987).

Materials and methods

Sampling procedures

Intensive field monitoring and sampling activities were 
conducted at five main sites over a period of a year at 
Wanlockhead, and an extra fifteen sites were monitored 
randomly at Leadhills and its environs (Table S2). The 
control/background sites were more than 100 m away 
(Fig. 1). The five main sites used for the seasonal sam-
pling included the following: (1) SW1, which is located 
upstream of a mine spoil heap covered by a pond which 
is likely to be an old tailing dam; (2) SW/G2, which is 
located downstream of the mine spoil heap that allows 
water from upstream point to flow through the base into 
smaller local streams; (3) SW3, which is a local stream 
that flows through a mineralized vein that discharges into 
SW1; (4) SW4, which is located downstream of a treat-
ment plant that discharges into Wanlock river and (5) 
SW5, which is a smaller stream discharging from Glen-
gonnar river that flows into Wanlock river.

The two sites, SW1 and SW/G2, were considered to 
receive groundwater discharge. They were major points of 
discharge into Wanlock River and are specifically discussed 
in this paper.

Fig. 1  Location map of Leadhills and Wanlockhead (LW) mining districts showing the locations of sampling sites
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The coordinates of the catchments and sampling points 
were measured with a hand-held GARMIN series Global 
Positioning System device (GPS).

The rainfall measurements and river/stream flow data 
were collected from the UK National River Flow Archive 
(NRFA 2020), Scottish Environment Protection Agency 
(SEPA) and Coal Authority following Afzal et al. (2014).

a. Water
  Sampling locations (mine waters, streams and rivers) 

were selected within the areas of known contamination.
  Water samples were collected on a monthly basis from 

January to December 2014 after an initial pilot study. 
Samples were collected from rivers, streams and flows 
through mine spoil heaps (Table S2). Twenty (20) major 
water sampling and monitoring points were selected for 
this study. Water samples were collected in the field with 
high-density polyethylene (HDPE) bottles using stand-
ard procedures (ASTM standard D 5673–10) (ASTM 
International 2010), and British Standard ISO5667-6 
(BS International Standard 2005). Bottles were thor-
oughly rinsed several times with the water to be sampled 
before final sample collection. Duplicate samples were 

collected in 60- and 120-mm sterile HDPE polythene 
bottles in four categories:

• Total metals (ToT) Samples included suspended par-
ticulates for total elements according to BS ISO5667-6 
(2005), ASTM D5673-10 (2010), and EPA200.8 (1994) 
which specify guidance for sampling total recoverable 
elements in water by ICPMS, and for trace elements in 
water and waste, respectively. All samples were pre-
served with nitric acid.

• Dissolved elements (diss) Samples were filtered through 
cellulose acetate filter (0.45 μm pore size) before pre-
served with acid. The dissolved elements will further 
provide evidence of solubility, while the total elements 
analysis enables the amount of metals adsorbed on par-
ticulates to be determined.

• Anions Filtered, un-acidified samples were collected for 
anion analysis and were analysed immediately on being 
received at the laboratory (< 24 h).

• Contingency The final category of sample collection was 
the contingency samples. These samples were neither 
filtered nor acidified before storage.

  All samples were stored in ice coolers at temperature 
less than 4 °C, and transported within 24 h to the labora-
tory. The samples were stored in refrigerators prior to 
chemical analysis.

b. Soils, sediments and mine spoil
  Soil samples were collected from depths 0–15 cm 

(top layer) and 15–30 cm (bottom layer) on the spoil 
heaps with hand auger and placed in labelled plastic 
bags accordingly. The mine waste specimens were acid 
prepared through aqua regia soil digestion method with 
concentrated hydrochloric and nitric acids, and deter-
mined for trace elements by Inductively Coupled Plasma 
Absorption Emission Spectrometry. Homogeneously 
mixed bulk samples were washed and air dried. The 
dried samples were ground into powder and analysed 
on X-ray diffractometer (XRD) (Nesse 2000). Stream 
sediments were gold panned for light and heavy min-
erals through 150-μm and 2-mm sieves adopting BGS 
G-BASE methods according to Johnson (2005).

Chemical analysis

Electrical conductivity, salinity and total dissolved solids 
were measured on site with a HACH Sension5 conductiv-
ity meter. In addition, temperature, pH and redox potential 
(Eh) were measured in situ with a Thermo Scientific Orion 
A329 portable pH meter adopting measurement techniques 
referred to by Torrance et al. (2012), Iavazzo et al. (2012) 
and BS ISO5667-6 (2005).

Fig. 2  Geologic map of the study area (Source, Stone et al. 2012)
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Ion Chromatography methods (IC, Dionex Chromeleon 
7.2 and 100 series) were used to determine the concentration 
levels of anions in the water (chloride and sulfate).

For total and dissolved metals, Certified Reference Mate-
rials (ERM—CA11a, ERM—CA11b Hard drinking water 
UK) were used for quality assurance. Instrument calibrations 
were made using standard Spex solution in 1% nitric acid 
following ASTM D1976-12 (2012) and ASTM D5673-10. 
Concentrations of Pb, Zn, Cd, Fe, Cu, As, Na, Ca and Mg 
were routinely detected in samples and were determined by 
Inductively Coupled Plasma Mass Spectrometry (Thermo 
Scientific Element X-SERIES 2 ICP-MS) with precision 
(%RSD) ranging from 0.66 to 9.71.

For total elemental concentrations in sediments, aqua 
regia extracts were analysed by ICPAES (Thermo iCPA 
6000 series) with standard operating conditions for metal-
rich matrices (Rodgers et al. 2019) and appropriate calibra-
tion and wavelength selection, replicates and procedural 
blanks.

All thermodynamic calculations including derivation of 
potential mineral saturation indices for equilibrium with 
water samples were made using PHREEQC version 2 with 
the MINTEQ database (Parkhurst and and Appelo 1999), 
and Geochemist’s Workbench (GWB) with SpecE8 data-
base. The Eh–pH stability diagrams were generated using 
ACT2 on Geochemist’s Workbench™ version 10.0 (GWB) 
student editions (Bethke and Yeakel 2014). The thermody-
namic geochemical modelling was used to identify poten-
tial phase solubility controlling the release of the PTEs to 
surface water.

Results and discussion

Water chemistry

The results of the chemical analyses and field sampling 
for the measured water samples are shown in Tables S3 to 
Table S4, and the mineral phases identified by XRD are sum-
marized in Table S5. The stability of Eh–pH and speciation 
among trace elements, cations and anions was calculated by 
GWB, and PHREEQC computer software which predicts 
the possible reactivity of the subsurface mineralogy control-
ling temporally release of PTEs was then determined. The 
reactivity (at periods of the highest and lowest rainfall) in the 
winter (October) and summer (June) showing the precipita-
tion or dissolution of mineral species is displayed in Tables 
S6 and S7. The majority of the mineral species identified 
were iron-rich oxyhydroxide minerals.

In general, the water samples collected were fresh with 
average total dissolved solids contents of less than 55.0 mg/L 
(WHO 2006, 2011). At sampling site SW1 (upstream) and 
SW/G 2 (downstream), the pH of the shallow groundwater 

flowing through the bottom of mine waste spoil heaps into 
the streams and river ranges between 6.42 and 7.94 (with the 
lowest value measured at SW1 and the highest value meas-
ured at SW/G2 at Wanlockhead), with an average of 7.06 
and 7.47, respectively. The temperature at SW1 (upstream) 
ranges between 4.70 and 24.20  °C with an average of 
13.81 °C, while at SW/G2 (downstream) it ranges between 
4.80 and 25.00 °C with an average of 11.85 °C. The pH val-
ues of the 3 control sampling points were 7.47, 7.82 and 7.52 
at SW18, SW19 and SW20, respectively. This suggests that 
 HCO3

− from the weathering of secondary carbonate miner-
als (including calcite, dolomite and ankerites) buffers the pH 
to circum-neutral values throughout the year (Banks et al. 
1996) and suggests the water is gaining  CO2 from decayed 
organic matter or root respiration (Langmuir 1997).

The buffering is likely to have reduced the impact of acid 
mine drainage on surface waters in the Leadhills and Wan-
lockhead area.

Apart from pH, other environmental factors including 
redox potential (Eh), electrical conductivity (EC) and tem-
perature of water are likely to influence the concentration of 
PTEs in the study area (Younger and Wolkersdorfer 2004).

The reduction–oxidation potential (Eh) value meas-
ured in the water ranges from − 0.047 to 0.037 V (− 47.9 
to + 37.0 mV), with an average of − 19.4 mV, indicating 
slightly oxidizing to reducing conditions. The reduction–oxi-
dation potential values were measured with calibrated port-
able pH meter (calibrated with Zobell’s solution).

Figure 3 indicates that many water samples were plotted 
within the stability field for iron oxyhydroxide solid-phase 
minerals as mostly haematite  (Fe2O3). However, a num-
ber of mine water samples were plotted within  Fe2+ field 
confirmed by the higher iron concentrations in the samples 
which also showed a strong correlation with cations in the 
system (Fig. 3). At the high pH and negative Eh conditions 
prevailing in the aquifer, it is expected that haematite will 
likely be the dominant iron mineral phase. The negative Eh 
value suggests that water has been largely isolated from the 
atmosphere (Garrels and Christ 1965).

Figure 3 shows that the water sample conditions are on 
the boundary where galena is soluble and supporting the for-
mation of sulfate-associated lead. The pH variation is critical 
in control of lead solubility, with important influence from 
being buffered by carbonate minerals.

The water samples had an average temperature of about 
12.6 °C during the sampling period, revealing the aver-
age annual temperature of the study area in the year. The 
two sampling points SW1 and SW/G2 with the lowest and 
highest pH measured had ORP (redox) values of − 47.9 
and + 37 mV when rainfall was at its lowest and tempera-
tures of 13.3 °C and 20.6 °C. The temperature and rainfall 
are important climatic factors that play key role controlling 
redox, pH, as well as electrical conductivity (EC) and total 
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dissolved solids (TDS) (Fig. 4a, b). In order to assess the 
effects of climatic factors in the study area during the sam-
pled period, historical rainfall data from the UK National 
River Flow Archive (NRFA 2020) was used (Fig. 5a, b). 
Another factor, such as the dissolution of weathered rocks 
and/or soils, can also alter pH values (Carbone et al. 2013). 
At sampling point SW3, which is a local stream, the water 
chemistry is likely influenced by rainfall and stream water 
runoff which affects the flow condition (MacDonald et al. 
2005). On a regional scale, temporal variability at catch-
ments has less influence on metals than land use and geology 
(MacDonald et al. 2005).  

Although the chemical composition of the mine 
waters showed significant changes on a monthly basis, 
these changes less significant in the stream and rivers. 
Water in the catchment is relatively fresh (TDS is less 
than 55.0 mg/L). The major anion is  Cl−, which ranges 

between 3.0 and 50.6 mg/L, with an average concentration 
28.2 mg/L, and  SO4

2− ranges between 0.5 and 17.12 mg/L, 
with a mean concentration 10.3 mg/L. Meteoric waters 
from the precipitation of snow and rain mostly contributed 
to the concentrations of  Cl− and  SO4

2− in the water. Other 
anions, such as nitrate, fluoride, nitrite, bromide and phos-
phate, were in negligible concentrations and below the 
instrument detection limit (IDL). Furthermore, there was 
no evidence or trace of plant growth or farming activity 
to prompt the use of fertilizer, apart from seasonal occur-
rence of vegetative plants at the study area (e.g., heathers, 
teasels and rush). The area was predominantly covered 
with mine debris, ore deposits, and is used for grazing 
for rearing sheep. However, the  PO4

3˗ was below IDL 
and in lower concentration. The major and dominant dis-
solved cation was Ca, with an average concentration of 
1,245.5 μg/L, then Mg and Na with mean concentrations 
of 987 and 303.4 μg/L, respectively.

Fig. 3  Predictions of Eh–pH diagram for aqueous species and minerals for the Fe—H2O and  PbSO4—H2O systems at the study area
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Potentially toxic elements (PTEs) concentration 
in the analysed water

The potentially toxic elements (PTEs) concentrations in the 
mine water exceeded the annual acceptable concentrations 
for a few dissolved metals, with the stream and rivers slightly 
lower in metal concentrations. The dominant dissolved ele-
ment is Fe, with mean concentration of 1095.9 μg/L on the 

mine water, and then Zn, Pb, As, Cd and Cu with average 
concentrations of 16.6, 47.4, 1.4, 0.13 and 0.8 μg/L, respec-
tively (Table S3). The PTEs present in the water were in the 
following order: Fe > Pb > Zn > As > Cd > Cu. The elevated 
concentration of Fe in water in the catchment (Table S3 and 
S4) was as a result of the precipitation of the oxyhydroxides 
of iron-rich secondary mineral haematite  Fe2O3 (and mag-
netite  Fe3O4 with higher magnetic property).

Fig. 4  a Electrical conductivity 
(EC) and Total dissolved solids 
(TDS) variations of water at 
upstream sampling point before 
mine spoil heap (US SW1) in 
2014, and short projection in 
2013 / 2015 at Wanlockhead.  b 
Electrical conductivity (EC) and 
Total dissolved solids (TDS) 
variations of water at down-
stream sampling point after 
mine spoil heap (DS SW/G2) 
in 2014, and short projection in 
2013/2015 at Wanlockhead

0

20

40

60

80

100

120
a

b

Ja
n-

14

Ja
n-

14

Fe
b-

14

M
ar

-1
4

Ap
r-

14

Ap
r-

14

M
ay

-1
4

Ju
n-

14

Ju
n-

14

Ju
l-1

4

Au
g-

14

Au
g-

14

Se
p-

14

O
ct

-1
4

O
ct

-1
4

N
ov

-1
4

De
c-

14

Ja
n-

15

Ja
n-

15

Fe
b-

15

El
ec

tr
ic

al
 c

on
du

c�
vi

ty
 in

 µ
S/

cm
, a

nd
 T

DS
 in

 m
g/

L

Time Domain

US EC 167.7 234 45.3

US TDS - - -

0

20

40

60

80

100

120

140

Ap
r-

13

M
ay

-1
3

Ju
n-

13

Ju
l-1

3

Au
g-

13

Se
p-

13

O
ct

-1
3

N
ov

-1
3

De
c-

13

Ja
n-

14

Fe
b-

14
M

ar
-1

4

Ap
r-

14

M
ay

-1
4

Ju
n-

14

Ju
l-1

4

Au
g-

14

Se
p-

14

O
ct

-1
4

N
ov

-1
4

De
c-

14

Ja
n-

15El
ec

tr
ic

al
 c

on
du

c�
vi

ty
 in

 µ
S/

cm
, a

nd
 T

DS
 in

 m
g/

L

Time Domain

 DS EC

 DS TDS



 Environmental Earth Sciences (2020) 79:363

1 3

363 Page 8 of 13

The abiotic oxidation of dissolved ferrous oxides to fer-
ric iron gave rise to the higher pH values between 6 and 7 
(Banks et al. 1996, 1997). Other PTEs, Pb and Zn, were 
identified to be from the primary and secondary minerals, 
and Cd was from the secondary minerals, and they were 
all well displayed in the studied catchment (Table S4). Pb 

and Zn concentrations varied significantly over time with 
total Pb (i.e., concentration in unfiltered samples with solid 
particulates) having their highest values during periods of 
moderate to low rainfall and temperature (May and Septem-
ber). This observation is similar to that obtained by the local 

0

5

10

15

20

25

30

35

40

45

50

Jan-14 Feb-14 Mar-14 Apr-14 May-14 Jun-14 Jul-14 Aug-14 Sep-14 Oct-14 Nov-14 Dec-14

Ra
in

fa
ll 

(m
m

)

Time domain

-200

0

200

400

600

800

1000

1200

1400

1600

Pb (tot) Pb (diss) Pb (diss) Pb (tot)

SDSU

Co
nc

en
tr

a�
on

 o
f L

ea
d,

 µ
g/

L

Wanlockhead

9-Jan-14

19-Feb-14

31-Mar-14

25-Apr-14

30-May-14

26-Jun-14

27-Jun-14

11-Jul-14

30-Aug-14

30-Sep-14

30-Oct-14

31-Oct-14

1-Nov-14

13-Nov-14

24-Nov-14

a

b

Fig. 5  a Annual Rainfall projection at the study area (Source, UK National Flow Archive (NRFA 2020). b Variation of dissolved and total Pb in 
the water at SW1 and SW/G2



Environmental Earth Sciences (2020) 79:363 

1 3

Page 9 of 13 363

regulator during the initial monitoring in Glengonnar river 
in Leadhills (SEPA 2011b) (Fig. 5b).

However, the total Pb concentrations was higher than 
the dissolved Pb value at SW1, which differed from results 
obtained from a previous study carried out by the local 
regulator in the nearby area Glengonnar river in Leadhills 
(Fig. 5b). This could be due to the presence of suspended 
solid particulates included with the total metal analysis 
while for the dissolved metal portions the authors are strictly 
considering the solution phase. The higher total Pb present 
in particulate form could be from the continual flow of Pb 
from mine waters through the mine spoil heaps or infiltra-
tion from the mine spoil heaps, surface runoff and tributary 
inflows (SEPA 2011b). The total Pb at SW1 was highest in 
May, while at SW/G2, it was highest in September (Fig. 5b). 
It is likely that the authors are observing fluctuations in the 
effectiveness of the mine spoil heap trapping suspended 
solid particulates and releasing only the dissolved phase 
metals. This is balanced against the effects of flushing that 
takes place from the spoil heaps during periods of high flow 
and changes in chemistry.

The dissolved Pb levels (i.e., the concentration in filtered 
samples) were highest during high-temperature periods 
[May at SW1 (upstream)] and were at a minimum when 
during periods with the lowest temperatures (January) 
(Table S4). This could indicate a positive correlation with 
dissolution processes and flow rates. The dissolved metal 
was elevated at high temperature (summer) at a period where 
there was less rainfall, and lowest at low temperature (win-
ter) with higher rainfall and surface runoff. This is also the 
case with the total and dissolved Zn concentration. At SW/
G2 (downstream), dissolved Pb concentrations were moder-
ately high at moderate temperature in September and were 
at a minimum when the temperatures were lowest in March.

Mineralogy and solid mineral identification

Specimens of the surface waste material (mine spoils) and 
stream sediments were analysed using X-ray diffraction. 
These investigations indicated that these materials contain 
carbonate, sulfide and oxyhydroxide minerals (Table S5). 
The dominant minerals included carbonates, such as cal-
cite  (CaCO3), dolomite CaMg(CO3)2, siderite  (FeCO3) and/
or ankerite [Ca(Fe, Mg, Mn)(CO3)2]. The sulfide minerals 
comprised galena (PbS) and sphalerite (ZnS). These were 
followed by oxides of Fe (e.g., haematite  Fe2O3), silicates 
(e.g., quartz) and clay minerals.

The carbonates were identified to continuously buffer the 
mine water pH to circum-neutral values and increased the 
available alkalinity. The alkalinity may be in the form of 
mineral phases and/or the bicarbonate in groundwater due 
to reduction or normal weathering processes (Banks et al. 

1997). The most common mineral sources of alkalinity are 
carbonate minerals, such as dolomite and calcite (Nilsen and 
Grammeltvedt 1993). However, the most common carbonate 
minerals detected at the site were ankerite and siderite with 
dissolution that will allow temporary and localized neutrali-
zation. There will likely be a largely negation of previous 
neutralization, as there was a release of protons when oxi-
dation and hydrolysis of ferrous iron occur (Morrison et al. 
1990). The dissolution of alumino-silicate minerals included 
feldspars, clays and / or mafic minerals which can signifi-
cantly contribute to neutralization in the absence of soluble 
carbonate minerals. In addition, the rate of dissolution of the 
alumino-silicate minerals is significantly slower than that of 
carbonate minerals, and a non-equilibrium rock–water inter-
action occurs when the flow was rapid (Banks et al. 1997). 
The dissolution of aluminium occurs in low pH conditions 
(below four) from alumino-silicate minerals, like kaolin-
ite. At higher pH values, the dissolved Al is precipitated 
as oxyhydroxide phases, such as gibbsite (white aluminium 
hydroxide).

The trace element concentrations in an aqua regia extract 
of the mine spoil materials from SpW-1 and SpW-2 were 
determined to be as follows: 10.75 mg/kg for Pb; 5.05 mg/
kg for Fe; 0.60 mg/kg for Mg; 0.21 mg/kg for Cu; 0.04 mg/
kg for Zn and 0.01 mg/kg for Mn. The metal concentrations 
were in the following order: Pb > Fe > Mg > Cu > Zn > Mn. 
Higher concentrations of heavy metals were found in weath-
ered mine spoil materials containing secondary minerals 
(McIntosh et al. 2004; Gillanders 1981; McAdam et al. 
1993; SEPA 2011a, 2014). Concentrations of Pb below 
detection limits in the stream sediments were collected at 
Wanlockhead. The PTE present was arsenic (11.2 mg/kg), 
and other metals were below the instrument detection limit 
DL (2.27 ppb). Furthermore, the value of the arsenic con-
centration and other elements were similar to the previous 
findings by the BGS G-BASE study on the distribution of 
heavy metals in the stream sediments in similar areas (Mac-
Donald et al. 2005) and Scottish Environmental Protection 
Agency (SEPA 2014).

Geochemical modelling

The geochemical thermodynamic modelling tools 
PHREEQC and Geochemist’s Workbench (GWB) were used 
to predict the mineral phases that are likely to be controlling 
the mobility of the PTEs (Parkhurst and and Appelo 1999; 
Bethke et al. 2018).

Saturation index values (SI) generated with  PHREEQCv2 
suggested the processes controlling water chemistry in the 
catchment and predicted the likely reactivity of the subsur-
face mineralogy or minerals (Deutsch 1997). Theoretically, 
SI values for the subsurface mineralogy of the samples vary 
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from undersaturated to oversaturated or supersaturated 
(Table S6).

The saturation index values of the mineral phases were 
calculated using the following formula by Parkhurst and and 
Appelo (1999):

IAP < k

SI < 0 as under saturated, SI > 0 as supersaturated.
Under saturated mineral phases included anglesite 

 (PbSO4), anhydrite  (CaSO4), larnakite (PbO:PbSO4) and 
Zn(OH)2, while supersaturated included  Fe3(OH)8, ferri-
hydrite [Fe(OH)3], goethite (FeOOH), haematite  (Fe2O3), 
magnetite  (Fe3O4) and Pb(OH)2.

In GWB, supersaturated mineral phases included haem-
atite  (Fe2O3), goethite (FeOOH), magnetite  (Fe3O4) and 
quartz  (SiO2)sat, while under saturated phases included 
anglesite  (PbSO4),  FeSO4, anhydrite  (CaSO4), galena (PbS), 
sphalerite (ZnS) and chalcopyrite  (CuFeS2). The evidence 
from multivariate statistical analysis (PCA) helps support 
this finding.

There was a significant variation on the distribution of 
saturated and / or supersaturated mineral phases produced by 
the geochemical modelling. In addition, the degree to which 
mineral phases were saturated increased at the upstream 
site (SW1) in summer and decreased in winter, while at 
the downstream site (SW/G2), there was a decrease in the 
degree of saturation in the summer and increases in winter. 
The mineral phases that were calculated to be precipitat-
ing in the system included: goethite (FeOOH); haematite 
 (Fe2O3); magnetite  (Fe3O4); lanarkite (PbO:PbSO4); dolo-
mite [CaMg(CO3)2] and calcite  (CaCO3). Mineral phases 
dissolving in the system were anglesite  (PbSO4), anhydrite 
 (CaSO4) and several other species. The major mineral 
phases chiefly dominant were oxyhydroxides and sulfates 
(Table S6).

Given the above results, the findings corresponded to 
the sulfate and iron-oxide minerals which included: haema-
tite  (Fe2O3), dolomite [CaMg(CO3)2], calcite  (CaCO3) and 
anglesite  (PbSO4). Some sulfate minerals, such as galena 
(PbS), sphalerite (ZnS), lanarkite  [Pb2(SO4)O] and several 
others, were identified on the X-ray diffractometer.

The mineral phases that were calculated to be dissolv-
ing (and under saturated) in the system were mostly sulfates 
and other hydroxide species. Calculations using PHREEQC 
using the MINTEQA2 or WATEQ4F databases indicated 
that the partial hydrolysis of zinc ions was unlikely to lower 
pH values below 5.5. In addition, the hydrolysis of metal 
ions releases protons in equilibrium speciation modelling of 
sphalerite (ZnS) oxidation–dissolution (Banks et al. 1997).

(1)Saturation Index SI = log (IAP∕k)

(2)IAP∕k < 1, therefore log (IAP∕k) < 0

Additional mineral saturation calculations generated 
on Geochemist’s Workbench™ (GWB) software with the 
SpecE8 database suggested that the minerals precipitating 
in the system included: lanarkite  [Pb2(SO4)O]; haematite 
 (Fe2O3); goethite (FeOOH); magnetite  (Fe3O4); dolomite 
[CaMg(CO3)2]; calcite  (CaCO3); siderite  (FeCO3); ankerite 
[Ca(Fe·Mg)(CO3)2] and quartz  (SiO2) (Table S7). Dissolving 
mineral species were calculated to be as follows: anglesite 
 (PbSO4); anhydrite  (CaSO4); galena (PbS); sphalerite (ZnS); 
pyrite  (FeS2) and chalcopyrite  (CuFeS2), (Table S7).

Factor analysis

The seasonal concentration of the potentially toxic elements 
and other water quality parameters in the mine waters were 
compiled (and verified) from the vicinity of sample collec-
tion in the study area.

Some efforts were made to examine the nature of the rela-
tionships between the total and dissolved metals. The result 
of the statistical analysis is presented in the tables below. A 
correlation analysis was conducted to examine the relation-
ships between pH, EC, Temperature, TDS and total metal 
concentrations obtained from the study area. The result of 
the correlation analysis on the metals is shown in Table S8.

Table S8 reveals a high association between some vari-
ables as many of the parameters provided showed strong 
and significant positive and negative correlations with each 
order. For example, pH is strongly and negatively correlated 
with Zn, Cu, As, Cd and Pb. Furthermore, temperature is 
very highly correlated with Zn, Cu, As and Pb. The PCA 
analysis was able to collapse the 13 variables into significant 
and orthogonal components that explained the variables in 
the observed data for total metals. The total metals show 
strong effect of particles of the primary ore minerals. When 
PCA was transformed, the primacy of two components man-
ifested for total metals (Table S9).

A varimax rotation was employed in order to maximize 
the covariance loadings on each component while maintain-
ing the orthogonality (i.e., maintaining their independence 
from each other) of the original components. From Table S9, 
it is clear that the first two components explained 94.5% of 
the variance, while each of the two components had eigen-
values greater than 1.00. The variables with the highest load-
ings on each of the components with their corresponding 
variables were pH, Temp, Ca, Zn, Cu, As, Cd and Pb on 
component I, while the variables with the highest loading 
on component II were TDS, EC, Na, Mg and Fe.

From Table  S9, the first component has an eigen-
value of 9.131 while contributing about 70% of the vari-
ance of the variable being explained. It loaded highly on 
pH (− 0.923), Temp (0.810), Ca (0.882), Zn (0.904), Cu 
(0.980), As (0.973), Cd (0.979) and Pb (0.931). The loadings 



Environmental Earth Sciences (2020) 79:363 

1 3

Page 11 of 13 363

of variables in this component exposed the outlined vari-
ables that indicated potentially toxic elements (PTE). This 
is supported by the presence of lead, as well as arsenic and 
cadmium which indicate that the solubility of the metals in 
the water is increased at low pH values.

Component II loads highly on five variables: TDS 
(0.952), EC (0.967), Na (0.885), Mg (0.915) and Fe (0.960). 
This component has an eigenvalue of 3.155 while contrib-
uting 24% to the observed phenomenon which is the rela-
tionship between the variables in the water. These variables 
which portrayed the presence of soluble salts and the pres-
ence of TDS and EC in this component paint the picture of 
at the study site which translates to possible relationship of 
variables in the water. With the pH strongly and negatively 
correlated with the total metals, it indicates that lower pH 
relates to higher total metals in the water. A low pH (acidic) 
could represent an acid mine drainage in mining districts. 
However, the pH in the area is being buffered to circum-
neutral state by carbonate minerals, while sulfate minerals 
are controlling the release of the potential toxic elements in 
the water. The results of the correlation analysis on the met-
als are shown in Table S10.

Table S10 reveals a high association between some varia-
bles which indicated as many of the factors provided showed 
strong and significant positive correlations with each order. 
For example, TDS is strongly correlated with Na, Ca and 
Zn. Furthermore, EC is very highly correlated with TDS, 
Na, Ca and Zn. The PCA analysis was able to collapse the 
nine variables into significant and orthogonal components 
that explained the variables in the dissolved metal data. Fol-
lowing the transformation of PCA, the dominance of two 
components was revealed (Table S11). The pH is nega-
tively correlated with metal(loid)s (Fe, Cu, As, Cd and Pb) 
in Component I which suggests sulfide oxidation and/or the 
effects of weathering, while Component II has strong corre-
lations of TDS, Ca and Na with metal(loid)s, like Zn and As. 
The associations shown in Component II suggest mineral 
dissolution (e.g., carbonate weathering) is dominating the 
water chemistry for Zn.

The varimax rotation method was employed for the dis-
solved metals in order to maximize the covariance loadings 
on each component while maintaining the orthogonality 
(i.e., the independence of each parameter) of the original 
components. From Table S11, it is clear that the two compo-
nents explained 96% of the variance, while each of the two 
components had eigenvalues greater than 1.00. The variables 
with the highest loadings on each of the components were 
pH, Temp, Mg, As, Fe, Cu, Cd and Pb on component I, 
while the variables with the highest loadings on component 
II were EC, TDS, Na, Ca and Zn.

Based on the outcome of the PCA on the dissolved vari-
ables, as depicted in Table S11, the first component has 
an eigenvalue of 8.191 and contributed about 63% of the 

explanation to the variable being explained. It loaded highly 
on pH (− 0.942), Temp (0.776), Mg (0.753), Fe (0.969), Cu 
(0.997), As (− 0.775), Cd (0.974) and Pb (0.994). Arsenic 
is weakly associated as a result; it forms oxyanions that are 
usually more soluble under alkaline conditions than most 
metals. In fact, it behaves differently in solution. This is sup-
ported by the observation that the pH is strongly correlated 
with dissolved metal concentrations; higher pH values are 
associated with lower dissolved metals in the water (and 
vice-versa). This suggests sulfide oxidation and/or occur-
rence of weathering release metal into solution at the site. 
However, the pH in the area is being buffered at circum-
neutral values by carbonate minerals, while sulfate minerals 
are controlling the release of the potential toxic elements in 
the water. The presence of elevated concentrations of lead, 
as well as arsenic, cadmium and iron, suggest the oxidation 
of sulfide minerals in the mine spoil is impacting surface 
water quality in the wider catchment.

Component II loads highly on five variables: EC (0.984), 
TDS (0.991), Na (0.968), Ca (0.915) and Zn (0.987). This 
component has an eigenvalue of 4.337 while contributing 
about 33% of the variability of the dataset. This component 
is interpreted as being associated with the dissolution of salts 
from solid phases due to the high loadings of TDS and EC.

Conclusions

Water quality in the Leadhills and Wanlockhead are mainly 
influenced by rock water interactions. Surface and near 
shallow groundwater are freshwater with circum-neutral 
pH from 6.3 to 7.9, with no characteristics of acid mine 
drainage which is unusual for sulfide mines. Potentially 
toxic elements (PTEs) present in the water were found in 
the following order: Fe > Pb > Zn > As > Cd > Cu, while in 
the mine spoils are as follows: Pb > Fe > Mg > Cu > Zn > Mn, 
and exceeding UK EQS and WHO standards (and non-com-
pliance on the Water Framework Directives). The host rock 
in the study area consists mainly of greywacke sandstones, 
oxides of iron, sulfates and carbonate minerals as cementing 
material buffering the water pH to circum-neutral state. Geo-
chemical modelling (GWB and  PHREEQCv2) predicted the 
mineral phases that are likely to be controlling the solubility 
of the PTEs were identified as  PbSO4 (anglesite),  Fe2O3 fer-
ric oxide (haematite),  Fe3O4 (magnetite),  FeCO3 (siderite), 
CaMg(CO3)2 (dolomite),  CaCO3 (calcite) and Ca(Fe.Mg)
(CO3)2 (ankerite) to be important. These were confirmed 
in the solid phases analysed from sediments and tailings 
in contact with the hydrological cycle at the historic mine 
sites. Multivariate statistical analysis (PCA) of water sam-
ples associated with leaching through mine tailings showed 
strong seasonal variation with some elements (Fe, Cu, Cd, 
Pb, Na, Ca and Zn) with higher variance. There was strong 
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negative association of pH with soluble Zn, Cu, As, Cd and 
Pb, which highlights typical sulfide oxidation processes 
taking place and supported by a positive correlation with 
temperature. The PCA data ultimately suggest differing 
contributions with potential for active generation of acid 
mine drainage and dissolution of solid phases influencing 
release of PTEs into surface waters. Furthermore, these can 
be rationalized from the results of geochemical modelling 
where iron oxide phases are saturated under the water chem-
istry of the mining site. There was slight variation between 
total and soluble content that highlighted iron as a consistent 
factor in control of PTE release. Analysis of the relationship 
between water entering and leaving the mine spoil (from the 
paired t-test) indicated no significant difference contributed 
by the transport through the waste. However, given the vari-
ation between seasons for total and dissolved data, there is 
perhaps more complex relationship to be explored.
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