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Abstract
Abandoned metals mines play a significant role in the contamination of water ways in 
Wales. Previous work has shown that dosing with sodium carbonate is an effective, low 
cost, low input treatment for circum-neutral mine drainage with elevated levels of Zn 
and Pb. The primary aims of this study were to (1) trial sodium carbonate dosing using a 
range of mine waters across Wales with differing chemistry to assess its applicability and 
(2) provide an estimate of the quantity of Zn that could be recovered and the potential 
contribution to the circular economy.
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Introduction 
The effect of mine drainage plays a major 
role on the quality of water bodies across the 
globe, impacting thousands of kilometres 
of rivers worldwide (Johnson and Hallberg, 
2005). In England over 1500 km of rivers are 
polluted from mine discharge (Johnston et 
al., 2008) and 700 km of rivers in Wales are 
failing water quality standards due to high 
levels of dissolved metals such as zinc, lead 
and cadmium due to inputs from former 
metal mining areas (Robson and Neal, 
1997; Rees et al., 1998; Neal et al., 2000; 
Environment Agency, 2002; Coal Authority, 
2020). Zn has been reported to be the most 
common contaminant from metal mine 
discharges in England and Wales (Jarvis, 
Gandy and Gray, 2012). Elevated levels of 
ecotoxic Zn in water bodies can have highly 
detrimental effects on ecosystems, causing 
a reduction in abundance and diversity of 
biota and damaging ecosystem functions 
such as productivity and nutrient cycling 
(Younger and Wolkersdorfer, 2004). Due 
to its environmental persistence, solubility, 
mobility, toxicity and bioaccumulation 
potential, Zn is ranked as one of the most 
hazardous and common, metal pollutants 
(Ali, Khan and Ilahi, 2019). For waterways 
to meet water quality standards, it is vital 
that research into the remediation of metal 
mine water pollution continues; to protect 

aquatic organisms and deliver economic and 
environmental benefits to local communities. 

The treatment of Zn rich mine drainage is 
well established (Johnson and Hallberg, 2005; 
Skousen, 2014; Skousen et al., 2017); using 
techniques such as chemical dosing with 
NaOH, CaO/Ca(OH)2,  Na2S (Machemer 
and Wildeman, 1992; Olds et al., 2013; 
Mackie and Walsh, 2015; Carranza et al., 
2016; Jacob, Save and Menard, 2018; Kaur 
et al., 2018; Kennedy and Arias-Paić, 2020; 
Williams et al., 2020; Vecino et al., 2021), 
adsorption (Ríos, Williams and Roberts, 
2008; Pinto, Al-Abed and Reisman, 2011; 
Warrender et al., 2011; Sartz and Bäckström, 
2013; Mashangwa, Tekere and Sibanda, 
2017; Zendelska et al., 2019; Calugaru et al., 
2020; Richard, Neculita and Zagury, 2021), 
coprecipitation (Sibrell et al., 2007; Mayes, 
Potter and Jarvis, 2009; Miller, Wildeman 
and Figueroa, 2013; Sapsford et al., 2015), 
electrocoagulation (Nariyan, Sillanpää and 
Wolkersdorfer, 2017; Singh and Mishra, 
2017), ion exchange (Wingenfelder et al., 
2005; Dlamini et al., 2019), sulphate reducing 
bacteria (Zagury, Kulnieks and Neculita, 
2006; Gandy and Jarvis, 2012; Sobolewski  
et al., 2022) and passive constructed wetlands 
(Song et al., 2001; Dean et al., 2022). However, 
there are several drawbacks and trade-offs 
associated with these different treatment 
methods, including low removal efficiencies, 
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Table 1 Mine drainage chemistry from chosen study sites*

Site pH Alkalinity
mgL-1 as CaCO3

Zinc
mgL-1

Iron
mgL-1

Estimated flow 
Ls-1

Minera- Deep Day Level 7.4 29.4 0.94 0.23 50

Pengwern (Llangynog) 7.4 35 1.98 N/A 15

Cwmystwyth- Pugh’s 6.6 14 20.6 0.40 9.6

Cwmystwyth- Gill’s 6.5 2.5 (<5) 4.2 0.03 3.2

Frongoch Adit 7.0 13 12.9 0.03 17

Frongoch attenuation pond 5.1 2.5 (<5) 76.6 0.03 6

Cwm Rheidol- No.6 3.7 2.5 (<5) 12.1 3.4 8.3

Cwm Rheidol- No.9 2.8 2.5 (<5) 78 84 0.6

Level Fawr  7.3 2.5 (<5) 1.012 0.03 21

Nant y Mwyn- Lower Boat 5.8 76 4.2 N/A 51

Nant y Mwyn- Pannau Adit 7.2 76 11 N/A 3

Abbey Consols 6.6 24 16 N/A 3

*Contains Natural Resources Wales information © Natural Resources Wales and database right. All rights reserved.

high operational costs and initial capital 
investment, large land area requirements 
and risks associated with using hazardous 
chemicals. Another consideration is that mine 
water chemistry is very variable and it can be 
difficult to apply the same treatment method 
to a range of mine sites. The benefits however 
of using a single mine water treatment system 
include lower costs associated with procuring 
chemicals, less extensive knowledge needed 
of different mine water treatment systems and 
the need for one type of sludge management 
procedure.

Dosing with sodium carbonate has been 
shown to be an effective reagent for the 
precipitation of metals from a range of waste 
effluents (Gandy and Jarvis, 2012; Sartz and 
Bäckström, 2013; Xanthopoulos et al., 2017) 
exhibiting some significant benefits. A study 
conducted by Chen et al. examined several 
chrmicals including lime, sodium carbonate 
and sodium sulphide were examined for 
Zn removal from synthetic solutions (Chen  
et al., 2018). Sodium carbonate was found to 
offer the highest Zn removal rate (99.96%) 
whilst operating at pH 9, compared to pH 
11.7 and 10.6 for lime and sodium sulphide. 
Previous work conducted by the authors and 
industrial partners has shown that Na2CO3 
is an effective reagent for the precipitation of 
Zn from a Zn rich circum-neutral mine water 
(Abbey Consols), achieving 94% zinc removal 
in laboratory trials and 58%-91% Zn removal 
in a field study (Williams et al., 2020; Dean, 
Alkhazraji and Sapsford, 2021). The primary 

aims of this study were to (1) trial sodium 
carbonate dosing using a range of mine 
waters across Wales with differing chemistry 
to assess its applicability and (2) provide an 
estimate of the quantity of Zn that could be 
recovered and the potential contribution to 
the circular economy.

Methods
Study sites and mine water chemistry
Mine drainage data was obtained from 
Natural Resources Wales (NRW) archives 
and study sites were chosen based on pH, 
alkalinity and metal contamination levels 
ensuring that a range of different mine water 
chemistries were included from across Wales. 
A summary of the mine water chemistry for 
the chosen sites is shown in Table 1. 

On site mine water chemistry data  
collection
On-site data including temperature, electrical 
conductivity (EC), pH, dissolved oxygen 
(DO) were measured using was collected 
using a field calibrated Hanna meter and 
alkalinity was measured on site using Hach 
Digital Titrator, method number 8203.

Na2CO3 Dosing
The dosing experiments were conducted 
on-site since mine water is unstable due to 
reactions with air and/or degassing (Barnes 
and Romberger, 1968; Geroni, Sapsford 
and Florence, 2011). On-site jar tests using 
a range of Na2CO3 dosages (ca. 0.1:1 – 28:1 
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CO3:Zn molar ratios) were conducted 
to assess the effectiveness of Na2CO3 
dosing for the removal Zn and other metal 
contaminants (As, Pb, Cd).The treated and 
untreated samples (20 mL) were filtered using 
0.2μm syringe filters and preserved using 0.1 
mL 10% nitric acid and metal concentrations 
were measured using Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS).

Results and Discussion
Na2CO3 dosing was trialled on several 
selected sites across Wales for the removal 
of Zn and other metal contaminants. Out of 
the 12 sites studied, 11 achieved >95% Zn 
removal. However, Na2CO3 dose required 
to achieve these levels varied significantly 
between sites, the final pH after dosing varied 
between 7.28 and 10.46.  

The data obtained from the field campaign 
was used to estimate Zn removal and potential 
Zn recovery per year for each site. 

Table 2 shows that if Na2CO3 dosing was 
employed at the 11 sites where Zn removal 
was >95%, over 100,000 kg Zn could be 
prevented from entering Welsh water bodies 
each year. A cost estimate for the required 
quantity of Na2CO3 could be calculated 
based on the required dosages that were 
obtained from the field trials. Reagent costs 
for the treatment outlined in Table 2 can be 
estimated at £700k/year.

Table 2 Potential Zn recovery and reagent per year for selected sites

Site Estimated mass of Zn removed per year 
Kg per year

Estimated cost of Na2CO3 required per 
year

£ per year

Minera- Deep Day Level 637 41456

Pengwern (Llangynog) 2053 26512

Cwm Ystwyth- Pugh’s 9639 39930

Cwm Ystwyth- Gill’s 868 13086

Frongoch Adit 9607 41977

Frongoch attenuation pond 38146 141060

Cwm Rheidol- No.6 13462 19097

Cwm Rheidol- No.9 989 4514

Level Fawr  1005 20645

Nant y Mwyn- Lower Boat 23787 882508

Nant y Mwyn- Pannau Adit 539 2262

Abbey Consols 1026 4803

Total 101758 709402

*Price Na2CO3 ca. £200/tn (July 2022)

The current price of Zn metal is £3672/
tonne. Thus, if Zn could be recovered from 
the sludge (e.g. by acid dissolution and 
electrowinning) then the recovery of the Zn 
might be sufficient to partly offset the reagent 
costs. An advantage of treating multiple sites 
with the same treatment is that the amount of 
sludge generated would be more attractive for 
potential Zn recyclers. As a circular economy 
proposition, not only would carbonate dosing 
zinc treat the metal mine water pollution, 
contributing substantial value in ecological 
restoration, but if recovered would cycle 
this Zn (which would have otherwise been 
lost) back to the economy, provide a modest 
revenue stream to offset the reagent costs and 
avoid landfill and associated costs.   

In conclusion this study has shown 
that Na2CO3 can be used to treat a range of 
different Zn-bearing mine waters in Wales. 
In addition, widespread implementation 
of Na2CO3 dosing has the potential to 
prevent over 100,000 kg of Zn from entering 
Welsh rivers per year and potentially opens 
interesting opportunities for zinc recovery.
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