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Abstract
This paper summarizes international state-of-the-art applications and opportunities for employing and deploying hydrologi-
cal, geochemical, and isotopic tools in an integrated manner for investigations of mining operations. It is intended to aid 
formulation of more integrated approaches for evaluating the overall sustainability of mining projects. The focus is particu-
larly on mine waters, including: environmental water sources, mine water dynamics, and as a source and vector for pollution 
in the wider environment. The guidance is generic to mining projects and not just reflective of a particular extraction (e.g. 
coal, metalliferous, uranium) industry. A mine life cycle perspective has been adopted to highlight the potential for more 
integrated investigations at each stage of a mining operation. Three types of mines have been considered: new (i.e. those 
in the planning stage), active (i.e. working mines), and historical mines (i.e. inactive and abandoned mines). The practi-
cal usage of geochemical analyses and isotopic studies described here emphasise characterisation, dynamics, and process 
understanding for water quality considerations in tandem with water resource and environmental impact implications. Both 
environmental (i.e. ambient) and applied (i.e. injected) tracers are considered. This guide is written for scientists (includ-
ing isotope specialists) who have limited or no mine water experience, environmental managers, planners, consultants, and 
regulators with key interests in planned, active, and legacy mining projects.

Keywords  Mine water management · Isotope studies · Site investigation

Introduction

Our primary objective with this paper is to provide relevant 
information on integrating hydrological/hydraulic, hydro-
geochemical, and isotopic tools regarding characterization, 
monitoring, and remediation of metal and coal mine sites. 
This paper was initiated by the IAEA Vienna based on a 
need by member states to understand ground- and mine 
water issues and the use of isotope tools for the identifi-
cation of environmental problems related to mine sites. It 
is not meant for an experienced mine water researcher, but 
for someone who needs to know the basics of mine water 

so that they can then employ the appropriate specialists. It 
is, therefore, written for scientists, environmental manag-
ers on mine sites, consultants, and regulators who wish to 
answer questions with tools other than mine water statistics, 
thermodynamics, and numerical modelling. Given that it is 
intended for such a broad audience with various areas of 
expertise, we anticipate that some sections, though needed 
by some readers, will be too basic for others; feel free to skip 
over such sections. For example, based on our experience, 
not all isotope specialists know the basics of mine water 
genesis; therefore, this guide gives a short summary intro-
duction to the topic, which we will refer to as mine water, 
ARD (acid rock drainage), AMD (acid mine drainage), or 
mine leachate—depending on the context.

Some sections of this paper have been adapted from pre-
vious publications of the authors with the permission of the 
copyright holders. As this paper briefly summarizes mine 
water geochemistry, mine water sampling, and the interpre-
tation of the results in conjunction with isotope studies, and 
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since this information has not been placed before in this 
strategic integrated context, the authors thought that read-
ers might benefit from this compilation. Thus, this section 
is based on a publication by Wolkersdorfer (2008) where 
more detailed references can be found. The first four para-
graphs of the Water Treatment section are based on CSIRO 
and Prosser (2011). The Natural and Artificial Mine Water 
Tracer Tests section is largely based on Wolkersdorfer 
(2006) where specific additional details can be found. Using 
quotation marks would possibly have distracted from reading 
these sections.

Using the ‘mine life cycle’ as an overarching concept, we 
have attempted to integrate environmental planning consid-
erations with mine planning, operation, closure, remedia-
tion, and post-closure monitoring (Fig. 1). For each stage, 
it is important to know how the tools have been employed 
or potentially might be deployed to enhance knowledge and 
understanding of system processes and effects. Three types 
of mines are addressed: new mines (in the planning stage), 
active (i.e. working) mines, and historical (not currently 
active or abandoned) mines. Although new mines are gener-
ally larger and more complex than older or historical mines, 
the effluent quality from old mines is often much worse and 
of greater environmental concern than that from new ones.

Major environmental concerns at mine sites include 
effects on terrestrial and aquatic ecosystems as well as 
human health; however, this guide particularly emphasises 
the aquatic environments because of the importance of water 
as a resource both to stakeholders directly and in terms of 
ecosystem services, as well as its role as a vector for pol-
lutant transport. Mine water should be recycled as much as 
possible on site and then treated before discharging offsite. 
Related concerns, which are however not covered in this 

guide, are the socio-economic interactions with local com-
munities and stakeholders.

We structured and compiled this guidance paper around 
the mine life cycle and the natural and built environment 
composing the mine site (Fig. 2 represents this guide’s struc-
ture). This resulted in the chapters spatially belonging to 
either the natural or built environment or to both and tempo-
rarily to one of the six mine life cycle states we used.

How to Consult the Literature

The sustainability of a mining project, especially prefeasi-
bility and feasibility studies, but also for closure or reme-
diation projects, should be supported by an extensive and 
detailed literature survey that provides different types and 
levels of information. Such a survey should identify relevant 
environmental compartments and their interactions, as well 
as potential harmful effects, human health, and ecological 
risks, and ensure legal compliance. A synthesis of the col-
lected information will support the design of a conceptual 
model for the site.

A baseline situation regarding previous activities, mining, 
and environmental contexts should be established. More spe-
cifically, the literature survey must comprise studies about 
the type of mineral deposit and its main characteristics 
because these are the source material for potential contami-
nation by mine wastes and mine water. Hence, the structure, 
paragenesis, geochemistry, mineralogy, and permeability 
of the ore deposit are critical aspects to be compiled and 
summarized. Similarly, compiling information at local and 
regional levels is necessary, covering:

1.	 Geological setting, including structural aspects, geomor-
phology, lithology, and mineralogy

2.	 Hydrology, including surface (type, flow and configura-
tion of river network) and subsurface water, and hydro-
geology (static and dynamic studies)

3.	 Hydrochemistry, comprising water type or chemical 
facies (major ions), potentially toxic minor and trace 
element concentration, and general water quality (set 
against local or international regulations or stakehold-
ers)

4.	 Climate and meteorology, mainly precipitation (annual 
average, frequency, and intensity), temperature, evapo-
ration, winds (direction, intensity, frequency) and solar 
irradiation.

This survey should address the water balance and other 
topics that will allow a more complete characterization of 
the area that will be influenced by the project, namely: soil, 
with respect to genesis and evolution, physical and chemi-
cal properties, ecology, soil fitness, air quality, biodiversity, Fig. 1   The mine life cycle
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biomes, and ecosystems. In addition, the problem definition 
should consider stakeholders, including socio-economic and 
cultural aspects in the global characterization of the site. 
For instance, from a holistic perspective, remediation and 
monitoring procedures and the value of water depend on its 
potential for consumption.

The above information can be obtained from geological, 
thematic maps and photo-geology or satellite databases as 
well as land-use plans and air and water quality surveys. In 
addition, the following sources should be considered:

1.	 Laws and regulatory frameworks
2.	 Technical reports
3.	 Historical mine records in geological services or mine 

administration
4.	 Review of historical aerial photographs and maps
5.	 Academic studies: thesis, papers, books
6.	 International guidelines and recommendations (institu-

tions or agencies, organizations related to water manage-
ment in mining activities).

Mine water relevant, non‑crawling‑based 
databases ( ) and literature repositories 
( ) that should to be used are

•	  Web of Science: WebOf​Knowl​edge.com (Clarivate 
‘Science Citation Index’)

•	  Proquest: www.Proqu​est.com

•	  SciFinder: SciFi​nder.cas.org (CAS, Chemical 
Abstracts Service)

•	  EBSCOhost: www.EBSCO​host.com
•	  GeoRef: www.ameri​cange​oscie​nces.org/geore​f
•	  ScienceDirect: www.scien​cedir​ect.com (Elsevier)
•	  SpringerLink: link.sprin​ger.com (Springer Nature)
•	  TandFOnline: www.tandf​onlin​e.com (Taylor & Fran-

cis)
•	  ACS Publications: pubs.acs.org (American Chemical 

Society)

Natural Background

Although’natural background’ is a concept generally under-
stood and widely used, it is also misunderstood as pristine, 
natural conditions before humanity disturbed it. Strictly 
speaking, no such conditions exist, because, since civiliza-
tions began, anthropogenic contamination, at some level, 
occurs everywhere. Hence, alternate words are used. ‘Base-
line’ is not natural background, but rather conditions that 
existed at the time of sampling, whether pre-, during, or 
post-mining. ‘Pre-mining’ is the preferred term for condi-
tions that existed before mining. It should also be noted that 
‘background’ conditions reflect scale and methodology (Rei-
mann and Garrett 2005), and depending on what the objec-
tive is, their evaluation can be very challenging (Matschullat 
et al. 2000). However, in the case of mining, the difference 
between pre- and post-mining geochemical conditions can 
be orders of magnitude (Helgen and Moore 1996).

Fig. 2   Structure of this paper 
and its relationship to the mine 
life cycle as well as the natural 
and built environment

http://WebOfKnowledge.com
http://www.Proquest.com
http://SciFinder.cas.org
http://www.EBSCOhost.com
http://www.americangeosciences.org/georef
http://www.sciencedirect.com
http://link.springer.com
http://www.tandfonline.com
http://pubs.acs.org
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When setting remediation goals for water quality at mine 
sites, several choices are possible. Although existing water 
quality standards or guidelines can often be used for health 
or fitness criteria, the goal that is most generally justifiable 
is the pre-mining condition. For new mines, conducting a 
baseline, pre-mining study is strongly recommended. A 
proper baseline study before mining for a large, complex 
site includes ecosystem information, soils and geological 
setting, other resource concerns, social and local commu-
nity concerns, and land usage in addition to the quantity 
and quality of water resources. Such a study can take two 
to more than five years, based on the proposed Pebble Mine 
(Alaska) and the Prosperity (Canada) experience (Einbinder 
and Nolin 2012; Zamzow and Chambers 2017).

It is more challenging to determine pre-mining condi-
tions for an active or historical mine. Pre-mining condi-
tions should be inferred from whatever information can be 
obtained and can range from crudely qualitative to semi-
quantitative. Runnells et al. (1992) describe three general 
approaches: historical records and anecdotal information, 
natural analogue sites, and equilibrium geochemical mod-
elling. Historical records and anecdotes may have large 
uncertainties associated with them as well as serious data 
gaps. Similarly, equilibrium geochemical modelling may 
have large uncertainties because of numerous assumptions 
embodied in the model and uncertainties in the database. 
Natural analogues should provide better inferences, but only 
if the site conditions are well understood and reasonably 
analogous. The recommended inference is a proximal natural 
analogue site, one with the same or similar geology, hydrol-
ogy, geochemistry, and ecosystem as the mine site, but with-
out any mining activities and, preferably, minimal human 
disturbance. A good example of this approach is the Questa 
project in New Mexico (USA), where molybdenum was 
actively mined at the time of the study (Nordstrom 2008). 
This site hosted natural acidic drainage, which would have 
naturally existed at the mine site because of the mineralized 
rock and sediment within the oxidising weathering zone.

Both Runnells et al. (1992) and the update by Nordstrom 
(2015) compile and describe several studies around the 
world where mineralized terrain has caused acid waters to 
form NARD (natural acid rock drainage). It is important 
to understand that natural processes can lead to acid water 
formation with high concentrations of potentially toxic met-
als (Eppinger and Fuge 2009). These sites would constitute 
distal analogues, often from different geologic, hydrologic, 
and lithologic settings. The more of these sites that can be 
documented, the more likely a distal natural analogue might 
be available to compare with any specific site under inves-
tigation. The important question is how much does mining 
change those natural conditions? A comparison of natural 
weathering rates with those from mine effluents indicates 
that mining increases the weathering rates (and AMD 

production) by 2–3 orders of magnitude (Alpers et al. 2007; 
Nordstrom 2011).

The concept of identifying baseline conditions for sur-
face water (e.g. Schneider et al. 2017) and groundwater (e.g. 
Edmunds and Shand 2008), including strategic environmen-
tal isotopes, has become an important baseline reference that 
can be useful if future water quality changes. Similar work is 
continuing because of EU Directives and NAWQA (National 
Water Quality Assessment) studies by the US Geological 
Survey.

Mine Water: Fundamentals of Mine Drainage 
Quality

Problems with mine drainage arise when ground and surface 
water interact with mine sites and contact primary and second-
ary minerals under oxic conditions. During contact with those 
minerals, water becomes enriched in elements from the ore 
and rock-forming minerals. Water contaminants are dissolved 
particularly by acidic mine water. There are three important 
acid-producing sulfides: pyrite (FeS2), marcasite (FeS2), and 
pyrrhotite (Fe1–xS). Because metal or coal deposits differ in 
their geological, mineralogical, and hydrological settings, the 
metals and mine water composition are often unique to each 
mine site. Furthermore, the methods of mineral extraction and 
processing also affect the chemical composition of mine water.

The Process Starts: Abiotic Sulfide Weathering

It is commonly accepted that (di-)sulfide weathering, and espe-
cially pyrite oxidation, are the initial reactions in the formation 
of AMD/metal leachate (Fig. 3):

(1)FeS2 + 7∕2O2 + H2O ↔ Fe2+ + 2 SO2−
4

+ 2 H +

(2)Fe2+ + 1∕4 O2 + H+
↔ Fe3+ + 1∕2 H2O

Fig. 3   Diagrammatic representation of the pathways during abi-
otic pyrite/marcasite oxidation (based on information in Kester et al. 
1975; Singer and Stumm 1970; Stumm and Morgan 1996, after an 
idea in Banks (2004)
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The overall reaction produces a large number of protons 
and releases acidity into the mine water. Consequently, 
pyrite weathering is the strongest acid-producing process 
of all oxidation processes known (Stumm and Morgan 
1996) and can produce solutions with extremely low pH, 
with values of − 3.6 having been observed (Nordstrom and 
Alpers 1995, 1999). While reactions 1 and 2 can be cata-
lysed by bacterial activity, reaction 3 is abiotic. When the 
pyrite grains are small, reactions 1 and 2 can be quite rapid, 
while the reaction rate of reaction 3 is slow at low pH values 
and fast at higher ones. However, once Fe3+ has formed, it 
rapidly reacts abiotically and more rapidly with pyrite to 
continue forming acid (reaction 4). As this reaction is exo-
thermic, the mine air and mine water can reach temperatures 
up to 47 °C (Nordstrom and Alpers 1995). Indeed, tempera-
tures of 221 °C have been reported on ore surfaces during 
mining of the Iron Mountain massive sulfide deposit (Wright 
1906). Consequently, heat flux can be a driving force for 
underground mine water transport in addition to hydraulic 
pressure heads and gradients.

The above weathering reactions thus involve just four ingre-
dients: a (di-)sulfide mineral (pyrite/marcasite/pyrrhotite), 
oxygen, water, as well as iron-and sulfur-oxidizing microbes. 
Because these four components can be found in most surface 
and underground mines, and because just 1–2% of pyrite 
exposed to the mine air is enough to keep the process going, 
this acid-generating process has worldwide importance.

(3)Fe3+ + 3 H2O ↔ Fe(OH)3 + 3 H+

(4)
FeS2 + 14 Fe3+ + 8 H2O ↔ 15 Fe2+ + 2 SO2−

4
+ 16 H+

The Process Goes on: How the Metals Dissolve

Because pyrite always occurs in paragenesis with other min-
erals, mine water is commonly enriched in several elements. 
Their concentrations depend mainly on the mine water pH, 
with maximum concentrations at the lowest pH (Table 1). Like 
pyrite, most of these minerals are stable under the circumneu-
tral anoxic conditions of the groundwater under pre-mining 
conditions. When oxygen enters the ore veins or rock matrix, 
the conditions become unstable, and those mineral phases start 
to oxidize to more mobile species, which are then transported 
with the water in the direction of lower hydraulic head, which 
is usually the open space of the underground mine or the mine 
sump. The simplified reaction, without including water, looks 
like:

Some examples of primary minerals commonly found in 
underground mines include:

(5)Men+Sn∕2S + nO2aq
↔ Men+ + n∕2 SO

2−
4

(6)PbSs + 2 O2aq
↔ Pb2+ + SO2−

4

(7)ZnSs + 2 O2aq
↔ Zn2+ + SO2−

4

(8)CdSs + 2 O2aq
↔ Cd2+ + SO2−

4

(9)CuSs + 2 O2aq
↔ Cu2+ + SO2−

4

(10)CuFeS2s + 4 O2aq
↔ Cu2+ + Fe2+ + 2 SO2−

4

Table 1   Composition of 
different mine waters with 
the most predominant mine 
water constituents sources: 
Banks 1996; Banks 2004; 
Banks et al. 1997; Hasche and 
Wolkersdorfer 2004; Johnson 
and Younger 2002; Nordstrom 
and Alpers 1999; Rüterkamp 
and Meßer 2000; Wolkersdorfer 
1996; Yelpatyevsky 1995 
(according to a pers. comm. by 
Vera Pavlovna Elpatyevskaya, 
the values in Yelpatyevsky’s 
publication are incorrect in 
mg L−1 instead of µg L−1); 
unpublished data from Ch. 
Wolkersdorfera and T. Valenteb, 
concentrations in mg L−1

Locality pH SO
2−
4

Fetot Al Mn Zn Cu

Iron mountain California (copper)N99 0.5 118,000 20,300 2210 17 2010 290
Iberian Pyrite Beltb 1.4 157,229 52,767 7072 155 1885 2243
Cae Coch (pyrite)B97 2.5 5110 1460 84 3 1 0.2
Smirnovsky mine Sichote Alin (tin)Y95 3.2 – 132 – 14 25 5
R. Hipper discharge (coal)B97 3.6 1044 101 17 4 0.2 0.007
Ynysarwed Wales (coal)B96 4.2 1554 180 < 0.5 6 0.06 –
Oatlands waste rock dump (coal)B96 5.5 146 287 1 5 0.05 < 0.007
Gernrode Harz mountains (fluorite)H04 5.7 86 16 – – 0.36 0.05
Straßberg Harz mountains (fluorite)R00 6.3 359 31 – 6 0.9 0.08
Dunston Chesterfield (coal)B96 6.3 210 11 < 0.05 1.3 < 0.007
Duke’s level Buxton (coal)B96 6.3 83 5 0.08 0.4 0.05 0.005
Allen Hill Spaw (metal)B96 6.5 124 15 0.1 2 0.003 –
Niederschlema Erzgebirge (uranium)W96 7.1 1138 3 0.4 3 0.1 0.03
Frazer’s Grove Yorkshire (fluorite)J02 7.6 76 0.4 0.8 0.2 –
Mine № 3 Svalbard (coal)B04 8.2 7 < 0.01 < 0.02 0.004 0.055 < 0.005
Schwaz Austria (dolomite, fahlore)a 8.4 13 < 0.01 – 0.002 0.022 0.04
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Subsequently, a secondary process is induced by (di-)
sulfide oxidation and the release of protons, lowering the 
pH and allowing Fe3+ to become the predominant oxidant 
of pyrite (Nordstrom 1977, 1982):

The Process Speeds Up: The Role of Microorganisms

Microorganisms (mainly bacteria and archaea, but also 
eukaryotes such as fungi, Euglenophyta, Chlorophyta, and 
diatoms) play an important role in natural and anthropogenic 
processes in the environment. The most relevant are Ferro-
plasma spp., Leptospirillum ferrooxidans, Acidithiobacillus 
thiooxidans, and A. ferrooxidans (Baker and Banfield 2003; 
Johnson and Hallberg 2003; Kelly and Wood 2000; Quatrini 
and Johnson 2016). From a mine water point of view, the 
role of microorganisms is twofold: they catalyse the forma-
tion of acidity and the dissolution of metals, and they can 
be used to remediate the polluted mine water. Compared to 
abiotic pyrite oxidation, the biotic pyrite oxidation occurs 
at a rate which is 102 to 106 times faster (Singer and Stumm 
1970).

All these microbes need reduced sulfur (A. thiooxidans) 
or iron (A. ferrooxidans), and carbon dioxide, nitrogen, and 
oxygen to produce energy and to maintain their metabolism. 
Other important reactions catalysed by bacteria are sulfate 

(11)NiSs + 2 O2aq
↔ Ni2+ + SO2−

4

(12)

CuFeS
2
+ 16 Fe

3+ + 8 H
2
O ↔ Cu

2+ + 17 Fe
2+

+ 2 SO
2−
4

+ 16 H
+

(13)
ZnS + 8Fe3+ + 4H2O ↔ Zn2+ + SO2−

4
+ 8Fe2+ + 8 H+

(14)UO2 + Fe2
(

SO4

)

3
↔ UO2SO4 + 2 FeSO4

and iron reduction, especially useful in engineered passive 
treatment systems.

The Process Slows Down: Buffering of the Acidity

Besides the minerals and microorganisms that are responsi-
ble for acid production, there are also minerals in the gangue 
or in the host rock of the raw material deposit that consume 
the protons produced by the described processes, buffering 
the acidity and preventing the mine water from becoming too 
acidic or acidic at all (Table 2). The most common group of 
buffer minerals are the carbonates, such as calcite, dolomite, 
or rhodochrosite. Oxyhydroxide minerals and silicates can 
also buffer acidity, but their rates and capacities are much 
less than the carbonates. Acid neutralization by carbonates 
proceeds according to Eqs. 15 and 16:

Other mechanisms that might consume acidity are ion 
exchange and surface protonation, but compared to min-
eral dissolution, they are comparatively slow and of limited 
capacity. It must be made clear that buffering minerals do 
not prevent pyrite oxidation. Even in the presence of buffer-
ing minerals, reactions 1–4 will not be stopped, but the pro-
tons produced are consumed by the buffering reactions, and 
therefore, the pH is buffered within a limited range. Thus, 
circumneutral mine waters can be as enriched in sulfate as 
acid mine waters (Table 1).

Usually, the buffering ranges can be attributed to particu-
lar minerals and sequence; this is referred to as sequential 
pH buffering. Once calcite and dolomite are consumed, the 
pH rapidly drops to the next occurring mineral phase buffer 
in the system. If all of the buffering minerals are consumed, 
the pH can drop below 1 and even reach extremely negative 

(15)CaCO3 + H+
↔ Ca2+ + HCO−

3

(16)CaMg
[

CO3

]

2
+ 2 H+

↔ Ca2+ + Mg2+ + 2 HCO−
3

Table 2   Minerals which buffer 
the protons produced during 
sulfide weathering (Blowes 
et al. 1994; goethite, K-jarosite, 
and aluminosilicates from 
Jurjovec et al. 1995)

Buffering ranges of K-jarosite and aluminosilicates deduced from column experiments (pers. comm. J. Jur-
jovec (1995)

Mineral Formula Buffering stage pH-buffer range

Calcite CaCO3 Early 6.5–7.5
Dolomite CaMg[CO3]2 Early 6.5–7.5
Siderite FeCO3 Early 4.8–6.3
Mixed carbonates (Ca, Mg, Fe, Mn)CO3 Early 4.8–6.3
Gibbsite Al(OH)3 Intermediate 4.0–4.3
Ferrihydrite Fe(OH)3 Late < 3.5
Goethite α-FeOOH Late 1.3–1.8
K-jarosite KFe3[(OH)6|(SO4)2] Late 1–2 (experimental)
Aluminosilicates Late 1–2 (experimental)
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pH values. Another factor in buffering the acidity are the 
different kinetic processes involved. Carbonate weathering 
rates, compared to pyrite, biotite, feldspar or chlorite, are 
comparably high and therefore, as long as carbonates are 
present, the acidity is quickly buffered. After the carbonates 
are consumed, the pyrite weathering rate is 2–3 orders of 
magnitude higher than that of silicates, and therefore buffer-
ing is slower (Reimann and Garrett 2005).

The Process Ends: Mineral Precipitates in the Mining 
Environment

One of the predominant features of mine water is precipita-
tion of mineral phases or amorphous substances when the 
relevant solubility products of the species in solution are 
exceeded (Alpers et al. 1994). Most of the secondary miner-
als in underground mines are iron minerals, as iron is usually 
the predominant ion in the water around a mine.

Two different groups of precipitates can be distinguished: 
minerals often referred to as ‘ochre’, which are mostly insol-
uble, and water-soluble minerals formed through evapora-
tion and often referred to as efflorescent salts. Because many 
of the efflorescent salts can easily be dissolved when the 
water table in an abandoned mine rises, they become mobile 
again. The properties of both the insoluble iron and alu-
minium hydroxysulfates and the soluble metal-sulfate salts 
have been reviewed by Bigham and Nordstrom (2000) and 
Jambor et al. (2000) respectively.

As indicated above, the most common precipitates asso-
ciated with mine water are called ochre, yellow boy, or 
hydrous ferric oxides, because they are a mixture of crys-
tallized and amorphous substances with a yellowish to red 
colour (Jambor et al. 2003; Nordstrom 1982). Ochre mainly 
consists of the following mineral species: goethite (yellow-
ish brown to brownish black), lepidocrocite (orange), ferri-
hydrite (reddish brown), schwertmannite (yellow), jarosite 
(sulfur yellow), and in some cases, the corresponding Mn 
species. Commonly, (semi-)metals co-precipitate with the 
ochre, such as Pb, Cu, As, Mo, U, Sb, Mn, and Se. Whereas 
As, Sb, and Se tend to co-precipitate or sorb at acidic con-
ditions, the other elements precipitate or sorb in alkaline 
conditions (Alpers et al. 1994).

Additional mineral phases are formed when water enters 
a mine and oxidizes primary minerals within the ore veins 
or the host rock. Most of these minerals are fairly water 
soluble: goslarite, melanterite, rozenite, szomolnokite, 
epsomite, jurbanite, and coquimbite (Alpers et al. 1994; 
Younger et al. 2002). These minerals are formed because 
mining lowers the groundwater table, allowing oxygen as 
well as water to contact the primary ore minerals. Those 
minerals will oxidize or dissolve with or without the acid 
produced by sulfide weathering. Because the hydroxylated 
metal ions forming those minerals are proton acceptors, 

they “store” the protons and consequently the acidity, 
mainly coming from sulfuric or carbonic acid. As long as 
those minerals are in the mine air and the overall situation 
does not change substantially, this acidity will be stored 
as minerals ad infinitum. Yet, after mining ceases and the 
mine is abandoned or flooded (if under the water table), 
then the easily water-soluble carbonates, hydroxycarbon-
ates, sulfates, and hydroxysulfates are dissolved by the 
mine water. Consequently, flooded mines can have sub-
stantially lower pH and higher dissolved metal concen-
trations than before flooding (e.g. Nordstrom and Alpers 
1999, pp 3459–3460; Wolkersdorfer 2008). This process 
has been observed in flooded mines and is responsible for 
the ‘first flush’ in both underground mines and surface 
waters (Aldous 1987; Banks et al. 1997; Nordstrom 2009; 
Younger 1997).

Spatial–Temporal Variations

Environmental systems affected by mine drainage have 
substantial spatial and temporal heterogeneity and generate 
samples with complex matrices. Characterizing the presence 
of several pollutants, colloids, and interactions with organic 
matter present methodological challenges and require imple-
mentation of diverse and adapted or modified analytical 
methods. Aspects that are directly or indirectly related to 
the spatial and temporal variations of AMD-affected systems 
include:

•	 Genesis and evolution of mine drainage are complex 
phenomena, controlled by numerous physical, chemical, 
biological, and mineralogical factors.

•	 The affected systems have great heterogeneity, related to 
the existence of chemical reaction microenvironments 
and a variety of chemical, hydrologic, and microbial 
interfaces.

•	 The scale at which these transformations occur, and their 
heterogeneity, make it difficult to obtain representative 
samples.

•	 Small variations in environmental conditions can propa-
gate sequentially, causing substantial changes in hydro-
chemical, mineralogical, and ecological aspects.

Temporal variation related to seasons and climate, espe-
cially the intensity and frequency of precipitation, tempera-
ture, and insolation, affects aspects such as:

•	 Hydrology, which controls the availability of water, regu-
lates the circulation of the effluents, the precipitation-
redissolution cycles and natural attenuation, for example 
by dilution processes
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•	 Mine water is highly dynamic, heterogeneous with turbu-
lent and convective flow and susceptible to stratification 
of the mine pool,

•	 Kinetics of biogeochemical reactions,
•	 Photodynamic effects (Fe(II) reduction–oxidation, Hg 

reduction),
•	 Biological activity (bacteria, archaea, algae), creating 

local environments that lead to complex precipitation 
scenarios.

Thus, climate can cause a diversity of drainage chemis-
tries, being a key factor in mineral–water interactions, and 
controlling the:

•	 Rates of mineral dissolution,
•	 Mobility of chemical elements and mechanisms of trans-

port of dissolved and particulate matter, and
•	 Retention of metals and metalloids through solubility 

control.

Local hydro(geo)logical conditions, along with seasonal 
fluctuations, can cause complex precipitation scenarios, 
depending on biogeochemical activity and the saturation 
levels achieved for each mineral phases. In fact, as described 
above, the development of secondary minerals, namely solu-
ble minerals and ochres, is one of the most important issues 
related with climate. Efflorescences of these minerals have a 
strong influence on water quality. They retain sulfate, acidity, 
and metals during the dry periods, but are metastable; dis-
solution occurs during and immediately after the first rains, 
promoting peaks of contamination (Supplemental Fig. S-1).

Also, photosynthetic activity (e.g. by acidophilic green 
algae) with its daily and seasonal variations, influences water 
properties. Oxygenated microenvironments can result from 
oxygen production via photosynthesis, promoting iron oxy-
hydroxide precipitation, as reported by Valente and Leal 

Gomes (2007) and Rodrigues et  al. (2012) in an AMD 
stream (Fig. 4). In sequence, this phenomenon can affect the 
concentrations of other metals and metalloids able to adsorb 
onto these iron-rich precipitates. Moreover, organic matter 
introduced by plant decomposition, secreted metabolites, or 
acidophilic algae degradation may contribute organic ligands 
that can influence component mobility.

Seasonal and diurnal light cycles are another focus of 
variability due to speciation of iron through photochemi-
cal responses. These cycles control the oxidation–reduction 
reactions that can cause the reduction of dissolved Fe(III) 
and dissolution of iron-oxyhydroxysulfates and iron-oxyhy-
droxides, such as schwertmannite and goethite, which are 
able to sorb metals and metalloids (Fig. 5). Thus, short-term 
variations in concentrations of Fe and potentially toxic ele-
ments, especially As, may occur in mine drainage due to 
photo-reduction of iron-rich phases.

Changes in stream water chemistry at mine sites and in 
mineralized areas often occur due to inflow of waters from 
contamination point sources and dispersed geogenic sources. 
To capture the response of water chemistry to rainfall (dilu-
tion effects), continuous automated monitoring of flow, pH, 
redox potential, and electrical conductivity (EC) is sug-
gested (please see www.wolke​rsdor​fer.info/orp about correct 
redox measurement and conversion). EC is often strongly 
correlated with sulfate concentrations, and though there is 
a relationship between EC and TDS, it cannot readily be 
used to calculate TDS (total dissolved solids) concentrations 
(Hubert and Wolkersdorfer 2015) unless all the samples con-
tain the same dominant anion and are of similar composition 
(Hem 1985).

For example, in pit lakes, sampling should account for 
changes of chemistry with depth as well as potential seasonal 
overturn of the pit lake water (Gammons et al. 2000). There 
is usually a change of water chemistry with the depth of pit 
lakes due to temperature and oxygen gradients that cause 

Fig. 4   In-situ images of iron-rich macro-accretions (left) and deposit of ochres at the extra-cellular polymers produced by the algae Euglena 
mutabilis (right)

http://www.wolkersdorfer.info/orp
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stratification of the pit water (Geller et al. 2013). Extreme 
evaporation from the surface can increase the mineralisation 
and density of pit lake water.

The groundwater chemistry of a mine site can change 
over a short distance due to the presence of fracture zones 
and reactive veins or coal seams. Often waters from various 
sources on site may mix during rainfall events; for exam-
ple, acid seepages from Waste rock dumps (WRDs) may 
mix with alkaline seepages from tailings storage facili-
ties (TSFs). Some water chemistry differences on a mine 
site are due to changes in ore type and mineral processing, 
pumping of water between locations (e.g. collecting seepage 
from WRD and transferring to the open pit), as well as rate 
and location of dewatering. Large variations in water quality 
can occur from storm events, including:

•	 Effect of evaporation on water balance, deep infiltration 
into WRDs due to high intensity rainfall events, dust 
storms and increase in the number of airborne particles 
(e.g. from the surface of tailings).

•	 ‘First flush’ effects, i.e. dissolution of oxidation products 
(efflorescence salts/secondary minerals).

Long-term effects due to changing climatic conditions 
include effects of prolonged droughts and floods:

•	 Change in oxidation rates due to the availability of opti-
mum moisture for reactions.

•	 Cracking of compacted clays used to construct covers on 
waste rocks or tailings, due to evaporation.

•	 Substantial increase in the contaminant loads transported 
downstream from mine sites.

•	 Substantial increase in contaminant concentrations from 
mine sites because of decreased meteoric dilution, even 
though loading from a mine site is constant (Nordstrom 
2009).

•	 Greater build-up of soluble minerals during dry periods, 
with greater short-term pulses of contaminant wash-out 
from intense precipitation (Nordstrom 2009).

Mine‑Site Characterization

Environmental impacts such as AMD and metal leaching 
can be estimated based on mineralogy, and mining and 
mineral processing methods. Decommissioning options are 
also related to the composition and setting of an ore body 
(Plumlee and Nash 1995; Plumlee et al. 1999). Based on 
the data obtained during exploration, an initial estimate can 
be made of the potential for AMD formation. The essential 
characteristics of the water’s metal concentrations also allow 
a simplified prediction of the AMD potential. A general, 
simple classification of mineral deposits includes massive 
sulfides, vein deposits, disseminated deposits (porphyries), 
skarns, and placers (Pohl 2011). Economic geologists have 
also classified hydrothermal deposits based on temperature 
of formation: epithermal (low temperature), mesothermal 
(moderate temperature), and hypothermal (high tempera-
ture). Most mining deposits are formed by hydrothermal 
activity, with exceptions being except for some sedimen-
tary deposits such as coal, placer deposits, salt and some 
phosphate mines. Coal deposits can also produce AMD from 
pyrite and marcasite oxidation, though generally with lesser 
concentrations of many trace metals and metalloids. How-
ever, if a coal deposit has undergone metamorphism, then it 
may contain elevated levels of these contaminants.

Usually, massive sulfide deposits form relatively large 
groups of mining districts (Eilu 2012). Their potential for 
generating acid lixiviates is important for most Ni-Cu depos-
its, as they usually contain iron sulfides such as pyrrhotite 
that may produce ARD, and very low for carbonatite depos-
its due to their high carbonate content.

Magmatic-related hydrothermal deposits, such as por-
phyry, epithermal, Sn-W-veins, or skarns, usually contain 
pyrrhotite or pyrite that can produce ARD. In the case of 
porphyry deposits, mineral treatment processes can affect 
the tailings ARD capacity because flotation is often under 
alkaline conditions, which prevents acid generation in the 
short term.

In epithermal deposits, and specifically in high sulfidation 
types, the acidic hydrothermal alteration inhibits rock buffer-
ing capacity. It is also important to note that jarosite-alunite 
dissolution from acidic hydrothermal alteration produces 
ARD.

Fig. 5   Example of iron oxidation during the day promoting precipi-
tation and sorption of trace metals from solution and iron reduction 
at night with consequent increase in dissolved Cu, Zn, and Ce (from 
Gammons et al. 2015). Shaded area marks the night time
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In porphyry and epithermal deposits, where sulfur can 
be from both sulfides and sulfate mineral (e.g. anhydrite, 
gypsum, jarosite, alunite) dissolution, sulfur, and oxygen 
isotopes from dissolved sulfate can be used to differentiate 
these two sources. These isotopes can be used to determine 
their relative contribution, confirm the hydrogeological con-
ceptual model, and define the geochemical baseline for this 
type of ore deposit. In addition, oxygen isotopic composition 
from dissolved sulfate ( �18OSO4

 ) coming from sulfide oxida-
tion can be useful to discriminate between tailings effluents 
from ARD or otherwise, based on the evaporation rate of 
the related water.

Spangenberg et al. (2007) recognized that the differences 
between the stable isotopes δ18O and δ2H in tailings from 
different climatic regions of Chile allowed statements to 
be made on the mixing and phase separation processes of 
fluid-liquid and fluid-sediment. Since these processes change 
the isotopic composition of AMD, they are clearly different 
from unaffected freshwaters. In addition, Dold and Span-
genberg (2005) as well as Nordstrom et al. (2007) found that 
oxygen and stable sulfur isotopes in water-soluble sulfates 
help in identifying the sulfur source and, consequently, dis-
tinguishing microbial oxidation of sulfides from dissolution 
of primary sulfate minerals such as anhydrite.

Skarn deposits usually do not produce AMD, because of 
their small size and their association with carbonate sedi-
ments. AMD generation might be relevant in only a few 
endoskarn deposits. Valente and Leal Gomes (2009) report 
strong AMD contamination associated with mine wastes 
from a skarn deposit with massive sulfides in northern 
Portugal.

Sediment-hosted deposits can be derived from volcanic, 
diagenetic, and sedimentary processes. Some of these depos-
its are related to carbonate host-rocks with their intrinsic buff-
ering capacity that prevents or minimizes acid production. 
In contrast, volcanic-associated deposits (VMS: volcanic 
massive sulfide) or volcanogenic deposits are generally com-
posed of large iron sulfide bodies (from 1 Mt up to 500 Mt,  
like Rio Tinto, Huelva, Spain) with high AMD capacity, 
and minor neutralization capacity. Among all deposit types, 
massive sulfide deposits are the most likely to develop envi-
ronmental problems, particularly AMD and metal pollution.

In addition to ore mineralogy, other factors should be con-
sidered when assessing the likelihood of AMD pollution. 
One of these is hydrothermal alteration, as neatly illustrated 
by the El Indio and Los Pelambres districts in north-central 
Chile (Parra et al. 2011). Both areas are similar in their geo-
logical, hydrological, and climatic conditions as well as the 
amount of pyrite. However, while El Indio shows advanced 
argillic alterations with dominant quartz, sericite, and pyrite 
and virtually no buffering capacity, the mafic host rocks of 
Los Pelambres have been hydrothermally altered and contain 
pyroxenes and Ca-plagioclase that act as acid buffers. In 

addition, propylitic (low-temperature) alteration of the mafic 
rocks has formed additional buffering carbonates. Tectonics 
also have influenced the dispersion of ARD, with less frac-
turing, as in Los Pelambres, reducing the spread of ARD. 
Furthermore, a wide consideration of issues beyond the geo-
logical setting should be considered, such as the hydrologic 
regime under which a mine has operated in the past, along 
with future conditions. This is especially important when 
determining remedial actions and the temporal extent of 
monitoring campaigns (e.g. for water quality) in the frame-
work of closure plan definition and implementation. These 
issues could be especially important for mining operations 
carried out at the headwaters of steep terrain basins (such 
as those in the Peruvian/Chilean Andean cordillera in South 
America), as documented in Oyarzún et al. (2018), which 
describes the post-closure situation of an El Indio vein-type 
(Au–Cu–As) deposit in the headwaters of the north-central 
Chilean Elqui river basin. Advanced argillic alteration at this 
site, high As concentrations, and intense rock fracturing in 
a steep hydraulic gradient present problems that cannot be 
solved and can only be mitigated, at best.

In addition to ‘normal’ seasonal variability of meteoro-
logical/hydrological processes (precipitation, surface dis-
charges, groundwater levels), projected or expected climatic 
conditions should be considered when defining monitoring 
plans for compliance after closure. This precaution is neces-
sary, because different parameters present different behav-
iours (in terms of concentrations) against discharge changes, 
as presented by Flores et al. (2017) for a sulfide mineral-rich 
arid zone in north central Chile. Another study pointing out 
the effects of seasonal and climatic variations on mine sites 
with acid drainage is described by Nordstrom (2009).

Mine Site Hydrology

Introduction

The site water balance characterizes the fluxes into and out 
of the system and the storage within the system. The objec-
tives of the assessment, for example for a prefeasibility study 
or for a detailed design, determine the precision with which 
the components of the water balance and potential contami-
nation sources should be characterized (Fig. 6). Important 
questions to be addressed in a mining context include:

•	 What water resources are available for mining operations 
and post-closure?

•	 What are the other uses of the water near the mine? Will 
mining affect other users and environmental flows?

•	 Will dewatering be required?
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•	 Will dewatering adversely affect water levels and water 
availability to other users or the receiving water bodies?

•	 Where and how can the extracted water be discharged 
into receiving water bodies?

Components of the Water Balance

Precipitation Mining projects are often located at remote 
locations without a record of local climate data. In moun-
tainous terrain, orographic effects can result in substantial 
variations in rainfall at sub-kilometre scales.

Rivers and streams Typically, long-term average flow, 
flow variability, and instantaneous flows onto and from the 
site are required for mine monitoring and mine planning. 
Chemical constituents and isotopes can be used to determine 
whether a surface water body is gaining or in the case of a 
mine with active dewatering, losing water to the subsur-
face. Discharge of surface water should always be measured 
where possible when collecting water samples for chemical 
analysis (Wolkersdorfer 2008, pp. 142–169).

Lakes, ponds, wetlands Water levels (volume of water 
in storage), their seasonal and temporal variation, evapora-
tion, fluxes into and out of the system via surface water, and 
subsurface pathways are needed to characterize local water 
balances. Subsurface groundwater fluxes into or from sur-
face water bodies can be assessed using Darcy’s law (Ward 
and Trimble 2003) by characterizing gradients in hydraulic 

heads and hydraulic conductivity, or by tracking the move-
ment of natural or artificial tracers.

Evaporation and recharge Evaporation (E) and recharge 
(R) are the most challenging components to characterize in 
the water balance. Once one knows the local precipitation 
(P) and runoff (Ro; typically of minor importance), the net 
infiltration (R) can be measured directly with a lysimeter 
(Bews et al. 1999) and the evaporation can be determined 
by using the difference of the components: E = P−Ro−R. 
It is necessary to know that recharge strongly depends on 
near-surface properties, such as the grain size, vegetation, 
wind, and solar insolation.

Site Conceptual Model Development Process

A conceptual model of a site is a written or pictorial repre-
sentation, or both, of an environmental system that describes 
and integrates the processes that determine the release of 
pollutants, their migration, and the exposure of receptors to 
them. It contributes to: (1) determining routes of potential 
exposure as well as possible effects on human health and 
the environment, (2) integrating all site information, and (3) 
identifying gaps of information and data. It is also an effec-
tive communication tool that facilitates decision making in a 
multidisciplinary work team, particularly in the selection of 
remediation alternatives, remediation actions, the develop-
ment of an environmental monitoring plan and associated 
programs (surface water, groundwater, soil, air, noise, biota) 
and environmental communication actions (ASTM E1689-
95 2014; Instituto Argentino de Normalización y Certifi-
cación – IRAM 2016). The development process of a site 
conceptual model includes:

•	 Assembling historical and current site-related regional 
and local information of the mining activities and envi-
ronmental liabilities (i.e. geology/lithology/structure, 
hydrology, hydrochemistry, isotopic composition);

•	 Identifying contaminants (i.e. AMD, SPM, As, Sb);
•	 Establishing background concentrations of contaminants;
•	 Characterizing sources of contaminants (i.e. mine tail-

ings, waste rock dumps, heap leach materials, slag);
•	 Identifying migration pathways for each source. It 

includes the mechanism of release of the contaminant 
from primary or secondary sources (i.e. blasting, exca-
vation, grinding, infiltration, evaporation, volatilization, 
lixiviation), transport media or environmental factor 
(air, groundwater, surface water, soils, sediments and the 
biota), and the contact point of environmental receptors;

•	 Identifying environmental receptors (human and ecologi-
cal).

Fig. 6   Block diagram with types of contamination resulting from 
large-scale mining extraction. Primary contamination is indicated by 
(1), secondary contamination by (2) and tertiary by (3) Adapted with 
permission from Moore and Luoma (1990). Copyright (1990) Ameri-
can Chemical Society
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Figures  7, S-3 and S-4  were developed using this 
approach. They are good examples of a simple representa-
tion of site conditions that integrated the source, fate, and 
transport of pollutants for understanding the site, interpret-
ing data, and making decisions, in terms of environmental 
management.

Strategic Approach

Introduction

Screening and scoping processes are necessary to define 
and classify the main topics that should be addressed to 
characterize the interactions of the mine project (planning, 
ongoing, in operation, closure, rehabilitation, post closure 
monitoring) with the natural environment. It is an itera-
tive process that receives inputs from the literature survey, 
exploratory studies (field and laboratory work), good pro-
fessional judgement coming from the experts (independent 
review board or technical advisory committee), guidelines, 
recommendations as well as lessons learned from other 
projects (Supplemental Fig. S-2). Its output is the prelimi-
nary conceptual model of the site where the project could 
be implemented (sources, contaminants, environmental 
factors, receptors, major pathways of transport) (ASTM 
E1689-95 2014). Thus, it helps to define the problem, 
putting in perspective its complexity (legal framework, 
environmental aspects, stakeholders) and defining goals to 
achieve (specific objectives) to characterize mining sites 
(Supplemental Fig. S-3). This global conceptual model 
can even be refined, focusing on the water component and 
including sources, environmental factors, and interactions 
that can be integrated into a local or regional hydrogeo-
logical model (Fig. 7).

Environmental Impact Assessments

Developing a new mine, or expanding or closing an exist-
ing one, requires that the owners submit environmental 
impact assessments to regulators. In some jurisdictions, 
these impact assessments are publicly available. The impact 
assessments contain detailed consulting reports that can be 
used as examples of the standard-of-practice methods to 
evaluate, for example, the mine’s effects on water, air, or 
biota, including the use of isotopes for these assessments.

In Canada, for example, environmental impact assess-
ments are submitted to both federal and provincial govern-
ment regulators. Projects under review can be found on 
the Canadian Environmental Assessment Registry (www.
ceaa-acee.gc.ca), and in the Province of British Colum-
bia, projects are posted to the Environmental Assessment 

Office (www.proje​cts.eao.gov.bc.ca). Likewise, in Chile, 
the process is coordinated by the Environmental Assess-
ment Service (SEA), and projects submitted for evaluation 
as well as the whole assessment process can be found at 
www.sea.gob.cl.

A good example of an industry assessment, where 
numerous entities were involved and an extensive inter-
action of the mining company and the stakeholders took 
place, is the ‘Prosperity Mine’, a copper–gold open pit 
mine that was first proposed in 2010 and rejected by regu-
lators, claiming it would destroy a fish-bearing lake (Kun-
kel 2017). The owners redesigned the mine, renamed it 
the ‘New Prosperity Mine’ (Einbinder and Nolin 2012) 
and resubmitted a new assessment in 2012, which was 
also rejected by regulators. The assessment reports, public 
hearings, panel discussions, and expert testimonies can be 
found by searching for ‘Prosperity Gold-Copper’ at the 
above-mentioned web pages.

Components of a Mine Site‑Water 
Perspective

Introduction

In active mines, the context is one of identifying and prevent-
ing or controlling seepage to operational areas. Sources of 
this water are direct precipitation and recharge, induced sur-
face water inflow (including seawater intrusion in undersea 
operations) and groundwater seepage (Elliot and Younger 
2007, 2014). Potentially catastrophic inrushes (inundation) 
can also occur in underground works (Gu et al. 2018; Li et al. 

Fig. 7   Conceptual model of a mining site, focused on the water com-
ponent at the Los Gigantes site, Córdoba, Argentina, incorporating 
the Tóth (1963) concept of groundwater flow (modified after Cane 
et al. 2018)

http://www.ceaa-acee.gc.ca
http://www.ceaa-acee.gc.ca
http://www.projects.eao.gov.bc.ca
http://www.sea.gob.cl
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2014; Qian et al. 2016; Singh 1986; Vutukuri and Singh 
1995; Wu et al. 2017). When active pumping of the mine is 
finally curtailed following closure, these same sources pro-
vide the natural water table rebound as recharge waters fill 
voids to form a ‘mine aquifer’ (Razowska 2001; Wolkers-
dorfer 1994, 2008; Younger 1997). The open conduit nature 
of mined systems means that the hydraulics of flow (either 
natural or forced, e.g. by pumping) in flooded mines is gen-
erally turbulent (Wolkersdorfer 2008). Additionally, a ‘ves-
tigial’ component of water quality relates to the “geochemi-
cal trauma” which occurs while abandoned mine workings 
that were open to an oxygenated atmosphere for a long time 
are allowed to flood for the first time, dissolving efflorescent 
ferric and ferrous sulfates (Elliot and Younger 2007, 2014; 
Younger 1997). Potentially, a further ‘juvenile’ component 
arises e.g. from any pyrite-oxidation in the area of the mine 
pool and will only stop until all the pyrite is finally exhausted 
(Younger 1997). A key concern is then how and when poor 
quality mine water eventually may discharge at the surface.

Mine water quality usually starts to improve once the 
mine floods completely, and unpolluted groundwater 
replaces the water in the mine voids, resulting in a flushing 
of the mine workings. However, water quality stratification 
occurs in mine systems with a low flooding rate and a small 
number of inflow and outflow possibilities (Johnson and 
Younger 2002; Nuttall and Younger 2004; Wolkersdorfer 
2008). Less mineralized groundwater percolates into the 
mine from shallower aquifers and fills the water column 
at the top, while more mineralized mine water usually can 
be found in deeper sections of the mine. Convective cells 
of different water qualities, driven for example by thermal 
gradients, may also build up in the subsurface controlled by 
the mine structure, such as developed roadways (Burnside 
et al. 2016a, b; Janson et al. 2016; Hünefeld-Mugova and 
Wolkersdorfer 2018). Disturbances of the system’s hydrau-
lic equilibrium can result in a collapse of the water body’s 
stratification and the uncontrolled discharge of contaminated 
mine water. Such disturbances can be caused, for exam-
ple, by pumping or raising the mine water reaching water 
paths via galleries or mine workings (Elliot and Younger 
2007, 2014; Nuttall and Younger 2004; Wolkersdorfer et al. 
2016b). Negative effects on water quality and their sources 
often can be traced and monitored using key hydrogeochem-
ical parameters as well as environmental tracers (including 
isotopes) and are especially useful where multiple sources 
are involved or interact.

Mine Tailings

Mine tailings are commonly layered due to variations in par-
ticle size, changes in ore mineralogy during mining, density 
segregation during deposition, oxidation of sulfides, climate 
cycles, and formation of hardpan-cemented layers after the 

tailings surface begins to dry. Therefore, tailings are aniso-
tropic with respect to hydraulic conductivity. In TSFs pore 
water chemistry changes with depth of tailings due to evapo-
ration, oxidation of pyrite, dissolution of carbonate and sili-
cate minerals, bacterial reduction of sulfate and attenuation 
of contaminants through surface-reactions, such as sorption 
by clay minerals and iron(III) oxide-hydroxides. Tailings can 
have a wide variety of chemical and mineralogical composi-
tions controlled by supergenic evolution, depending on the 
original ore paragenesis, mineral processing techniques, and 
magnitude of weathering since the tailings were first depos-
ited. The same is true for waste rock and heap leach piles.

Waste Rock Dumps

Waste rock dumps are layered structures due to the segrega-
tion of heterogeneous coarse and fine rock fragments and 
formation of compacted surfaces by trafficking trucks at the 
time of disposal. With time, the preferential flow pathways 
may collapse or increase in size depending on the physi-
cal and geochemical nature of the rocks. This disturbance 
is likely to have discernible effect on the seepage volumes 
and water quality. Seepage from WRDs may originate from 
preferential flow pathways as well as matrix flow through 
finer particles.

Heap Leach Materials

Heap leach materials (waste from leaching of ores) often 
have narrow ranges of particle size distribution with rela-
tively large surface area for reactions. They contain second-
ary sulfate minerals that can flush out during precipitation 
events.

Overview of Mine Waste

Introduction

Mining can be considered a waste-management industry 
(Lottermoser 2010). Indeed, large volumes of material 
must be processed to extract a relatively small volume of the 
commodities of interest. The two principal solid wastes are 
waste rock and tailings, which together comprise the larg-
est volume of materials handled in the world (Blowes et al. 
2014). At large mines, tens to hundreds of millions of tons of 
waste rock can be produced. Waste rock and tailings can also 
produce low-quality drainage, which should be managed to 
protect the environment.

Waste rock is rock with sub-economic or no mineraliza-
tion needing removal to gain access to the ore (Smith and 
Beckie 2003). Open-pit mines typically produce three to four 
volumes of waste rock for every volume of ore material, 
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while underground mines typically produce much less. The 
blasting methods used in modern open-pit mines produce 
waste rock with a wide range of grain sizes, from meter-size 
boulders to clay-sized fractions. This waste rock is disposed 
of near the mine site in waste-rock piles.

Tailings are by-products of the ore processing that con-
centrates the ore. The ore is typically crushed and the com-
modities of interest, often 1% or less of the total ore mass, 
is extracted by methods such as flotation, magnetic sepa-
ration, and leaching. The remaining wastes from leaching 
are known as heap leach residues and are not necessar-
ily transported to a tailings facility. The residual material 
from flotation or magnetic separation is tailings, which 
have a relatively uniform grain size, typically smaller than 
1 mm (fine sand). Tailings are often conveyed as slur-
ries and discharged into tailings management facilities, 
which are essentially reservoirs contained by a tailings 
dam. They contain reactive sulfide minerals, and process-
ing reagents are often stored as slurries in tailings ponds. 
Management of seepage from tailings storage facilities to 
the environment is a major concern.

Minor wastes with the potential to contaminate water 
include slag (the residual wastes solidified from smelter 
furnaces), fly ash and flue dust (airborne particles and 
volatile gases from smelters), and eroded sediments from 
these sources. Flue dust is often enriched in As and Sb, 
and oxides of these elements can still be found in soil and 
sediments decades after smelting has stopped. Smelter-
related wastes are not a focus of this paper.

Drainage from Mine Workings

The disturbance of the natural ground by the creation of 
mine workings, and the blasting, excavation, and grind-
ing of rock at mine sites increases the surface area and 
exposure of reactive minerals to oxygen and water. Conse-
quently, it enhances the opportunity for the biogeochemi-
cal processes described earlier to produce poor quality 
drainage. Prediction and management of the drainage from 
mine workings and mine waste is a key environmental con-
cern. The following are key issues related to drainage at 
mine sites.

•	 What are the reactive minerals in the tailings, waste rock, 
and mine workings and what might be the likely contami-
nants of concern?

•	 What quantity of drainage can be expected and how does 
it vary in time?

•	 What is the quality of drainage and how does it vary in 
time?

•	 What are the drainage flow paths?

The assessment and management of mine drainage is a 
well-developed subject with a rich literature, and several 
excellent guidance documents that describe prediction and 
management methods. A summary of this subject along with 
well-known guidance documents was described previously.

Tailings

Tailings are often deposited as slurries into tailings ponds. 
The water quality within the tailings pond is often expected 
to be poor, particularly during operations, so management 
plans focus upon containment of the tailings and prevent-
ing uncontrolled releases to receiving water bodies, which 
are often the most important public concern (Walkey 2017). 
Subaqueous and submarine disposal of tailings inhibits con-
tact with oxygen and limits oxidation of sulfide minerals 
(Dold 2014). Isotopes, hydrological and geochemical meth-
ods are important tools to detect and trace drainage from 
tailings management facilities.

Waste Rock

Drainage water quality and quantity from waste rock is often 
controlled by coupled geochemical and physical processes 
(Amos et al. 2015; Smith and Beckie 2003). Waste rock is 
usually placed in waste-rock piles (WRPs) constructed by 
end dumping over a slope or push dumping on flatter terrain. 
The rate of mineral weathering and discharge into receiv-
ing water bodies depends upon geochemical conditions and 
fluid-flow patterns through the largely unsaturated piles. 
The wide range of grain sizes, and the distinct stratigraphic 
structures that result from end and push dumping give rise 
to a continuum of co-existing flow regimes during recharge 
events. Flow can be either rapid and channelized with rel-
atively short water–rock contact times and relatively low 
concentrations, or slow and diffuse through the matrix, with 
long water–rock contact times and higher concentrations.

Evaporation and overall WRP water balance are con-
trolled by climate and the grain-size distribution of the waste 
rock. Stable water isotopes can be used to assess flow and 
evaporation from near surface soils and waste rock (Bar-
bour et al. 2016; Sprenger et al. 2016). At a study site in 
Peru, evaporation from a coarser-grained pile was ≈ 60% of 
the annual precipitation, whereas evaporation from a finer-
grained pile was ≈ 40% of the annual precipitation. Seasonal 
variations in precipitation cause substantial variations in 
water quality, independent of the progressive weathering of 
waste rock. Concentrations peak at the onset of the wet sea-
son (first flush), whereas concentrations build over the dry 
season when flushing is weaker.

A detailed characterization of primary and secondary waste-
rock mineralogy is an essential component of a predictive 
framework (Jamieson et al. 2015). Though leaching procedures 
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(i.e. humidity cells) and acid–base accounting usually provide 
valuable information, their representation of the large-scale 
chemical or physical processes often fails (Jambor 2003; Maest 
and Nordstrom 2017). These relatively rapid (weeks to months), 
small-scale assessment methods require sophisticated interpre-
tation to be useful for predictions at field scales and over the 
decades to centuries time scales required for management deci-
sion making. The fundamental problem with applying lab-scale 
testing to field-scale processes is that there is no acceptable 
method for scaling, partly because lab conditions simply are 
not analogous to field conditions. Studies at different sites have 
shown that the chemical weathering rate in WRPs obtained 
from small-scale experiments often can be many times higher 
than shown by the discharge of large-scale piles. Gas- and heat-
transport processes that are not represented in smaller-scale 
assessment methods, and unrepresented heterogeneity, largely 
explain the discrepancy (Malmström et al. 2000).

The spatial configuration of acid-producing and acid buff-
ering waste rock within a WRP affects overall drainage qual-
ity (Pedretti et al. 2017). Relatively small pockets of reactive 
waste rock within composite heterogeneous waste rock can 
dominate the mixed drainage quality at the base of the pile, 
in part because the acidity of drainage produced by acid-gen-
erating materials can greatly exceed the alkalinity produced 
by acid-buffering materials. Reliable predictions of field-
scale behaviour through small-scale assessments and model-
ling using physical parameters such as the general structure 
of the pile, its grain size distribution (end dumped or push 
dumped) and grain-size segregation, might be possible in 
the future without the need for large-scale experiments, but 
the uncertainties are substantial and quantitative predictions 
are not possible at this time (Nordstrom et al. 2017; Van der 
Sloot and Van Zomeren 2012). More research is required 
before these processes can be coupled together with confi-
dence to make reliable predictions for decision making over 
long timescales. The heterogeneity and uncertainty of the 
geochemical composition and the internal structure of WRPs 
will hinder the application of detailed, high-resolution pre-
dictive models of drainage from WRPs. Simpler models that 
conform to geochemical principles and account for heteroge-
neity and uncertainty are promising alternatives.

Process Water

Water is involved in every step of a mining and mineral pro-
cessing operation (Supplemental Fig. S-4, IBRAM 2012). 
During operation, this water, which still has a substantial 
potential of usage reduction, is stored in process-related 
ponds, such as raw water, clarifier, and evaporation ponds 
(Gunson et al. 2012). Mining operations in remote areas 
are often self-supplying, generally using water extracted to 
dewater mines, mostly in the processing plant. The water can 

also come from the ore concentrate dewatering processes 
and tailings dam; consequently, its characteristics and qual-
ity will depend on the nature of the adopted process.

Large mining companies require substantial amounts of 
water. Nevertheless, their share of total actual consumption 
is relatively low, when viewed at the national and inter-
national level. Water consumed by mining was just 4% in 
Canada (in 2005), 1% in the United States of America, 
and 2–3% in Australia (Miningfacts 2012). The amount of 
water required by a mine or mineral processing plant var-
ies, depending on the mineral being extracted, the extraction 
process used, and the size of the mine and plant.

Chemicals are used in most mineral processing and met-
allurgical plants in flotation (mineral concentration), dewa-
tering operations (particle aggregation to increase solid–liq-
uid separation efficiency), leaching (metal extraction), and 
solvent extraction. The reagents range from bulk commod-
ity inorganics to specialty synthetic polymers and extract-
ants (Supplemental Table S-1). Pearse (2005) illustrates the 
diversity of these reagents used and gives a brief description 
of how and where they are used.

These reagents and ions can be classified as very toxic, 
such as thiol collectors, sulfonates, amines, and cyanides, 
and moderately toxic, such as alcohol-based frothers, such 
as polypropylene glycol. Some of these chemicals and ions 
(Supplemental Table S-1) might remain in the effluents and 
in the liquid phase of the tailings and can negatively affect 
direct water recycling or the ability to discharge. Therefore, 
the drive for new and improved mineral processing reagents 
is both technically and environmentally crucial and is one of 
the ever-evolving challenges of the industry.

Dewatering, to remove water contained in the slurry is 
an essential part of mineral processing, involving dewater-
ing screens, thickening, and filtration (Galvez et al. 2014). 
It is done to enable ore and mineral concentrates to be more 
easily transported and allow further processing and gangue 
disposal. In addition, dewatering plays an important role 
in water recycling; the use of thickeners allows the partial 
recovery and recirculation of process water and chemicals 
at relatively low costs. Recycling also helps reduce fresh 
water abstraction, reducing operating costs and environmen-
tal impacts. Yet, as the particle size decreases, the difficulty 
and cost of dewatering increases.

Water is often reused and recycled in mining or mineral 
processing, especially in areas with arid climates. Several 
advanced water conservation practices and technologies 
have been developed and implemented. New processes allow 
the elimination of industrial contaminants (e.g. ions, chemi-
cal reagents, particles) and water reuse (Rubio et al. 2007). 
These efforts of mining companies to reuse and treat the 
process water and the generated effluents is a positive step 
in reducing their environmental impact and the risks to biota 
and human health. In addition, it ensures the stakeholders’ 
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water quality and quantity, in view of availability problems 
and increased water demand. Yet, some treatment or man-
agement steps prior to application might be evaluated to 
ensure safety and efficiency in water recycling (Couto et al. 
2014; França et al. 2017). For example, recirculating the 
water increases mineralization and, consequently, increases 
the solubility of minerals via the ionic strength effect. Simi-
larly, the return of water flows from a circuit can introduce 
elevated concentrations of dissolved species from soluble 
mineral phases (e.g. some metal hydroxides, sulfates, and 
carbonates) that can have detrimental effects on the process, 
and may mandate additional treatment steps before recycling 
to remove these constituents (Chen et al. 2009; Harris et al. 
2013; Levay et al. 2001; Manono et al. 2017; Polemio et al. 
1980).

Many authors have reported their concerns regarding 
the reuse of process water within the minerals processing 
industry, specifically in some mineral concentration opera-
tions, such as flotation. Process water and fresh water differ 
in their chemical composition, which changes further dur-
ing recycling. It is therefore essential to evaluate the effects 
of chemical parameters (e.g. ion type, ionic strength, pH 
value) on flotation efficiency (Levay et al. 2001; Manono 
et al. 2017; Rao and Finch 1989). Thus, responsible man-
agement of water quality is important during the entire mine 
life cycle.

Water Treatment

Researchers conducting isotope studies should know how 
the polluted mine water is handled during the treatment pro-
cess so that they select appropriate natural isotope or isotope 
tracers that won’t be removed. Therefore, we provide a short 
overview of processes involved in mine water treatment.

Water from the extractive industry may be treated, reused, 
or discharged based on the relevant environmental regula-
tions. Like any other polluted water from production pro-
cesses, the treatment of the extracted water must ensure that 
its use or disposal will not cause any environmental harm. 
At mine sites, ground- and mine-water can have a wide range 
of mineralization, expressed in TDS (gravimetrical method). 
A maximum of 10 g/L were analysed in an Australian mine, 
while up to 37 g/L were found at some sites in Germany, and 
372 g/L in Poland (CSIRO and Prosser 2011; Różkowski 
2000; Rózkowski and Rudzinska-Zapasnik 1983; Wedewardt 
1995). In addition, mine water may contain hydrocarbons, 
metals, or metalloids. As mineralized water can change the 
soil structure or cause accumulation of salts and other con-
taminants, it is rarely used in agriculture (Annandale et al. 
2001). Discharging untreated water from the extractive 
industry into surface water bodies can similarly increase 

mineralization and cause the accumulation of potential pol-
lutants in aquatic organisms. In arid regions, mine water is 
often pumped into evaporation ponds, but there is a growing 
concern over the leakage of contaminants into soil, surface, 
and groundwater, which has ultimately led to treatment of 
many such discharges.

Though neutralization is the most commonly used 
mine water treatment process (Hatch 2014), membrane 
processes such as reverse osmosis (RO) are also very use-
ful in removing water constituents and contaminants from 
mine or waste water. RO divides the waste stream into very 
pure water that can be used as drinking water or for indus-
trial and agricultural purposes and highly concentrated 
brine for disposal (≈ 10% of the original water volume). 
Although the water purified by RO is of high quality, its 
discharge into watercourses can be problematic, as it can 
cause “clean water pollution”. Typically, aquatic organ-
isms need nutrients in the form of dissolved salt or ions, 
which would no longer be available in appropriate quan-
tities in RO treated water. When discharging this water 
into rivers is necessary, soluble minerals should be added 
to reach vital concentrations for aquatic life (CSIRO and 
Prosser 2011).

Process wastewater can be treated by various processes 
to produce clean water with the characteristics required 
for recycling or discharge. Some of the most common 
treatment processes are sedimentation, precipitation, fil-
tration (including reverse osmosis), biosorption, and flo-
tation (electroflotation, induced air flotation, dissolved 
air flotation, nanobubble flotation). Some innovative and/
or restructured technologies, such as electrocoagulation, 
capacitive deionization, electroreduction, can also be used 
to improve sustainability of water use in mining processes 
(Wolkersdorfer et al. 2015).

However, chemicals added during mineral processing 
can complicate water treatment. For example, xanthates, 
which are used for flotation and treatment of sulfide and 
metallic ores, can be decomposed biologically or simply 
by increasing the pH, but is reported to generate CS2 that 
is even more toxic than the original compound (Shen et al. 
2016). Oliveira and Rubio (2007) removed xanthate from 
mineral processing wastewater by adsorption on zeolite, 
followed by aggregation and dissolved air flotation.

Amines are extensively employed in silicate mineral flo-
tation, due to their efficiency as a mineral collector. They 
are, however, highly toxic, and information on their rates 
of degradability, by-product formation, and residence time 
in tailing dams is generally lacking. Batisteli and Peres 
(2008) reported up to 95% recovery of amines from flota-
tion wastewater by adsorption on natural zeolites, allowing 
the water to be reused in the flotation plant.

Combined treatment processes were tested by Amaral 
Filho et al. (2016) for sulfate removal by precipitation and 
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flocculation, followed by micro/nanobubbles flotation to 
treat a typical AMD generated in the coal mining region 
province of Santa Catarina, Brazil. The sulfate concentra-
tion was decreased below 500 mg/L, as recommended by 
the World Health Organization (WHO).

Natural and Artificial Mine Water Tracer Tests

Understanding the hydraulic behaviour of mine water 
within an abandoned mine can substantially reduce the 
costs of mine closure and remediation (Wolkersdor-
fer 2008). Although few natural or artificial tracer tests 
in mines have been published to date, the difficulty of 
evaluating the hydrodynamics of flooded mines are well 
described (e.g. Hünefeld-Mugova and Wolkersdorfer 2018; 
Wolkersdorfer 2005, 2006; Wolkersdorfer et al. 2016a). A 
prerequisite for successful in situ treatment is a thorough 
understanding of the hydrodynamic conditions in a flooded 
underground mine. As has been shown by published in situ 
treatment projects, most failures have occurred because the 
mine water did not reach the point of alkalinity injection 
(as either fly ash, lime, or sodium hydroxide). Even where 
tracer tests were conducted prior to alkalinity injection, 
the results of the in situ treatment were not always sat-
isfying on a long-term basis (Aljoe and Hawkins 1993). 
In fact, most tracer tests linked to mine water problems 
were related to either pollution of the aquifer or radioac-
tive waste disposal, and not the mine water itself.

Artificial tracer tests are well established in groundwa-
ter studies where they are commonly used to investigate 
the hydraulic parameters or interconnections of ground-
water flow (Käß 1998; Leibundgut et al. 2009). Most of 
the techniques used are well described and, depending on 
the aims of the tracer test and the hydrological situation, 
a range of tracers or methods can be chosen. Little has 
changed since Davis (1994) discussed the lack of pub-
lished results of tracer tests in abandoned underground 
mines, due to the difficulties in conducting such tracer 
tests. Extensive underground workings can have numerous 
levels with substantial lengths largely sealed by collapse, 
allowing for groundwater transport to be stalled (and evap-
orating) in pools and shafts. This results in highly variable 
residence times, and it could take many years to many 
decades before the tracer is recovered (currently, the first 
author is conducting a mine water tracer test in Finland, 
which has already lasted four years). Thus, the results of a 
mine water tracer test can be inconclusive. Summarized, 
the aims of mine water tracer tests are:

•	 Testing the bulkheads’ (dams’) effectiveness
•	 Investigating the hydrodynamic conditions
•	 Tracing connections between mine and surface

•	 Clarifying water inundations
•	 Mass flow
•	 Estimating the decrease or increase of contaminants
•	 Attempting in situ treatment by injecting alkalinity and 

perhaps other reagents

Historically, the first tracer tests conducted in mines were 
simply to reveal connections between ground or surface 
waters and the mine (Skowronek and Żmija 1977). One of 
the first tracer tests in a deep flooded underground mine 
to investigate the more complex hydrodynamic conditions 
was conducted with the LydiA Technique in 1995 (Wolkers-
dorfer 1996) and since then, about 20 such tests have been 
successfully carried out in flooded mines (Wolkersdorfer 
and LeBlanc 2012).

An alternative technique to determine how strong the 
hydrologic connection is between different galleries is mass 
balance. This method was applied at the Iron Mountain site 
in California and after other methods failed, this one showed 
that only a small percentage of acid water from a higher 
gallery could be leaking into a lower gallery to account 
for the chemistry of the lower portal effluent (Alpers et al. 
1992). The same approach was used by the first author at 
the Schwaz mine in Tyrol, Austria to determine flow from 
different locations within the mine (unpublished report to 
Montanwerke Brixlegg/Austria).

Tracer tests can also be used to assess mixing in pit lakes 
(von Rohden and Ilmberger 2001) and discharge mixing in 
streams and receiving waters. Several types of tracers have 
been used to investigate the mixing of density layers in lakes 
or the mixing of streams, including isotopes (Baskaran 2011; 
Harvey et al. 1996).

Mine‑Site Monitoring and Modelling

As addressed in Gammons et al. (2000), it is important to 
differentiate filtered (0.45 µm, 0.2 µm, 0.1 µm, or ultrafil-
tered [< 0.1 µm]) vs. unfiltered water samples in terms of the 
objective of the sampling campaign. Almost all environmen-
tal quality standards distinguish between ‘total recoverable’ 
or ‘total metal’ concentrations. It would therefore be easy 
to limit environmental monitoring of mines or treatment 
plants to filtered or unfiltered samples only. However, when 
geochemical models are used to address simple issues such 
as saturation indices or speciation determinations, as well 
as for more comprehensive applications such as the char-
acterization of contamination problems, the prediction of 
environmental impacts or the study of the transport and fate 
of pollutants (e.g. Zhu and Anderson 2002), filtered con-
centrations are normally required. To determine toxicity, 
filtered samples are also required, sometimes even anoxic 
samples. Filtered samples are also necessary to predict the 
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transport or fate of potentially toxic elements. However, a 
comparison of filtered and unfiltered metal concentrations 
can provide information on whether possible exceedances 
of environmental quality standards are due to chemical or 
physical processes (e.g. Moreno et al. 2019). Furthermore, 
in the presence of high concentrations of iron, colloidal 
material can strongly influence the results obtained for dis-
solved matter. Fish mortalities are known to be caused by 
iron and aluminium colloids coagulating on gill surfaces 
(Duis and Oberemm 2000; Playle and Wood 1989; Stephens 
and Ingram 2006). Consequently, in these cases, other mem-
brane sizes (0.20 µm, 0.1 µm, or even ultrafiltration) could 
be considered appropriate. In addition, although sampling 
should ideally be focused on water, other materials can be 
considered, such as secondary products, sediments, and even 
biological material, as they may give indication about the 
quality of the water system.

The heterogeneity and reactivity of mine waters impose a 
monitoring plan with a dense network of sampling points to 
cover spatial variability (ERMITE Consortium et al. 2004). 
In the same way, frequency must be representative of tempo-
ral variations as the reaction products are affected by climate 
and meteorological parameters. Therefore, whenever pos-
sible, the entire hydrological year, or at least a period long 
enough to reflect seasonal variations, should be considered.

The reactivity and instability of mine water makes it dif-
ficult to obtain representative samples. Moreover, chemi-
cal characteristics are affected by daily and seasonal cycles. 
Therefore, repeatability of procedures and monitoring for 
diel and seasonal cycles are critical issues. It is also impor-
tant to record the exact time of sampling, weather condi-
tions, on-site parameters (pH, temperature, EC, redox poten-
tial, oxygen saturation), and the flow (i.e. discharge).

Geochemical modelling can be useful in the characteriza-
tion and remediation of mine sites if used judiciously by an 
experienced modeller (Nordstrom et al. 2017). It can be used 
to help interpret the source, fate, and transport of contami-
nants, identify potential toxins, identify mineral solubility 
controls, provide a QA/QC check on water analyses, assist 
in the conceptual model development for a site, and assist 
remedial planning of removing contaminant sources or esti-
mating lime or limestone needs for a neutralization plant (for 
a general introduction, see Nordstrom and Campbell 2014).

Specific Isotopic Tools

Stable isotope techniques have successfully been used at 
mine sites. Applications include identification of groundwa-
ter recharge, location of flow pathways, characterising and 
quantifying sources, and potential mixing and identification 
of source and fate of specific pollutants in contamination 

studies. General information about isotopes and related stud-
ies can be found in Clark and Fritz (1999).

With respect to appropriate analytical techniques, the 
International Atomic Energy Agency (2009) has reported 
that laser instruments are capable of “providing accurate 
results with a precision of approximately 1  ‰ for δ2H and 
0.2  ‰ for δ18O in liquid water samples of up to at least 
1000 mg/L dissolved salt concentration. In addition, it has 
good linearity for running analyses of artificial isotope 
tracers which have values much heavier than natural sam-
ples”. Solutions of AMD often have high total dissolved 
solids concentrations (i.e. mineralisation). Therefore, the 
use of laser instruments for analysing these waters may 
require special attention because dissolved solids concen-
trations above 1000 mg/L are common and might con-
found analyses.

Practical results have been obtained at sites that present 
challenging water resource and usage issues (Araujo et al. 
2010; Farid et al. 2014; Fernandes et al. 2006, 2008; Lamego 
et al. 2008; Otero and Soler 2002; Tsujimura et al. 2007). 
At a Brazilian uranium mine site, stable isotope (δ2H and 
δ18O) data were used to characterize the hydrogeology of 
the area and establish correlation between waste manage-
ment and groundwater contamination (Araujo et al. 2010; 
Fernandes et al. 2008; Lamego et al. 2008). Management 
of the effluent produced by water draining from the mine 
pit and solid wastes (waste rock and processing waste) was 
not efficient enough to avoid contaminated water releases 
into receiving water bodies. The groundwater was charac-
terized as a Na-HCO3-type water, with elevated concentra-
tions of Cl observed in some samples. The results showed 
that groundwater uranium concentrations might result from 
their complexation by carbonates or other ions rather than 
contaminants in the open pit drainage water. In addition, it 
indicated that a shallow aquifer in this semi-arid region of 
Brazil might be better suited as a sustainable groundwater 
resource.

Lamego et al. (2008) and Fernandes et al. (2006) stressed 
the need for an integrated approach to environmental impact 
assessment and radiation protection. To achieve this, radio-
logical and non-radiological aspects must be treated simul-
taneously and in an integrated manner. This ensures that 
all relevant processes during the mobilisation and trans-
port of radionuclides from the source to the receptors are 
considered.

In addition to mine effluents, isotopes can be useful for 
assessing the potential negative effects of mineral process-
ing plants effluents over water quality. A north-central Chil-
ean example using sulfur isotopes is presented in Oyarzún 
et al. (2015). Their study allowed them to clearly distinguish 
between the natural sulfate concentration of the water in the 
semi-arid Limarí basin and the contamination effect of a 
Panulcillo metallurgical facility.
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Stable isotopes provide a useful tool to assess water 
sources as well as mixing fractions in mine-related environ-
ments. For example, Walton-Day and Poeter (2009) used 
stable isotope ratios to investigate hydraulic connections 
between the Dinero mine tunnel and the nearby Turquoise 
reservoir in the Sugar Loaf mining district in Colorado 
(USA). These served to substantiate results obtained from 
on-site parameters studies, hydrographs, and water analyses.

Environmental isotopes (2H, 18O, 3H, 14C, 13C), geo-
physical, and hydrological measurements as well as water 
chemistry were used to identify the recharge source (local 
rainwater), residence time (3–4 years), origin (heap leach 
piles, tailings dump area), fate, and transport of contami-
nants (AMD) in the fractured granite of La Mesada, Los 
Gigantes, Córdoba, Argentina. This approach was chosen 
to support an engineering approach for remediation of the 
former mining site (Walton-Day and Poeter 2009). Elliot and 
Younger (2007, 2014) also used key environmental tracers 
(including sulfur isotopes) to identify mixing components 
during active pumping of mine waters to control unregulated 
discharges into two abandoned coal mine systems in the UK.

Along with water chemistry, isotopes are useful in char-
acterizing AMD processes. For instance, Lepitre et  al. 
(2003) used Pb isotopes in ARD to differentiate the origin 
of dissolved Pb in water in the Sullivan Mine, South Brit-
ish Columbia (Canada). They showed that specific isotopic 
compositions were typical for a given source region and 
could be used as ‘fingerprints’ to differentiate between vari-
ous ore deposits and further sources. In addition, they devel-
oped a detailed sampling and analysis method for dissolved 
Pb in mine water. Coetzee and Rademeyer (2005) also used 
Pb isotopes as a tracer for contaminated waters from a ura-
nium mine, and Yin et al. (2016) looked at Hg isotopes in 
sphalerites. Viers et al. (2018) used Cu isotopes in a small 
river system in the Iberian pyrite belt (Cobica River, Spain) 
to reveal sources and transport pathways. In addition, they 
assessed the potential of using Cu isotope signatures as a 
tracer.

Sulfur isotopic data of dissolved sulfate can also be 
used to elucidate the source of mine water mineralization. 
As dilution does not affect the sulfur isotopic composition 
substantially, the analysis of δ34S of dissolved sulfate pro-
vides an excellent tool for quantifying the environmental 
impact caused by potash mining in the Upper Eocene south 
Pyrenean Catalan evaporite basin (Otero and Soler 2002). 
The δ34S values of dissolved sulfate ranged from + 18‰ to 
+ 20‰ (VCDT, Vienna-Canyon Diablo troilite) for mining 
effluents and from + 10‰ to + 14‰ (VCDT) for natural 
saline springs. The latter values are in accordance with the 
sulfur isotopic composition of sulfates from the evaporites of 
this area and allowed to determine the origin of mineraliza-
tion where the chemical characteristics were not conclusive 
(Otero and Soler 2002, 2003).

Isotopes have also been used to investigate the effects of 
mining activities on biota (Bowen et al. 2005). For instance, 
Søndergaard et al. (2010) used Pb isotopes to assess Pb biota 
(i.e. lichens, seaweed, and mussels) contamination near west 
Greenland’s abandoned ‘Black Angel Mine’.

Ratié et al. (2016) used Ni isotope ratios in ores, fly ash, 
slags, and Fe–Ni samples from two metallurgical plants 
located in the Goiás State, Brazil (Barro Alto, Niquelândia) 
to characterize possible soil contamination from smelter 
emissions. They conclude that “tracing environmental con-
tamination ‘remains challenging’”, though the slags showed 
Ni-enrichments and fractionation compared to soil samples. 
Skierszkan et al. (2016) looked at both Mo and Zn isotopes 
in mining waste rock and drainage in Peru.

Wiederhold (2015) comprehensively reviewed the use of 
metal (stable) isotope fractionation in natural systems. In 
processes such as redox reactions, complexation, organic 
material binding, mineral precipitation and dissolution, 
evaporation, condensation, diffusion, and biological cycling, 
he addressed their usefulness and limitations. Mohalik 
et al. (2017), Sloss (2013), Wu et al. (2012), and Yang et al. 
(2017) used environmental tracers and stable isotopes to 
identify the susceptibility of coal mines to the phenomenon 
of ‘spontaneous combustion’. In addition, N and O isotopes 
have been investigated particularly to trace the environmen-
tal impact of explosives used in mining and construction 
(Degnan et al. 2016; Hendry et al. 2018; Nilsson 2013).

Isotopes can also be used to constrain the source of air 
pollution resulting from mining activities. For instance, 
Félix et al. (2015) used 207Pb/206Pb and 208Pb/206Pb isotope 
ratios, along with chemical and scanning electron micros-
copy analysis, for source apportionment of metal and metal-
loid contaminants transported by atmospheric particulates 
from an active copper mine site in Hayden-Winkelman, 
Arizona (USA).

Wetlands, either natural or artificial, are commonly con-
sidered for ARD remediation (Johnson and Hallberg 2005). 
Isotopes can be used to assess the performance of such sys-
tems. For instance Hsu and Maynard (1999) used sulfur iso-
topes to evaluate the effectiveness of constructed wetlands 
(Wills Creek) for AMD from underground abandoned coal 
mines in the Muskingum River watershed, Ohio (USA).
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