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Abstract
A hydrogeochemical study was conducted in the outcropped part of the coal-bearing Upper Carboniferous formations in the 
Ruhr area to investigate the characteristics of regional mine water and understand the hydrogeochemical conditions. Twenty-
eight mine water samples from the adits of different abandoned coal mines were collected and analyzed for major ions, iron 
(Fe2+, Fetotal) and sulfide (H2S). The water samples had a pH of 6.39–7.65. Total dissolved solids (TDS) ranged from 157 to 
1806 mg L−1. Mine water samples were dominated by HCO3

− > Ca2+ > SO4
2− > Mg2+ > Na+ > Cl− > K+ > NO3

− > (F−, Li+). 
Several water samples had elevated SO4

2−, Fetotal, and H2S concentrations up to 354 mg L−1, 4.2 mg L−1, and 10 µg L−1, 
respectively. The water types (Ca–Mg–HCO3–SO4, Na–Ca–HCO3–SO4, Ca–Mg–Na–HCO3–SO4, and Na–Ca–Mg–HCO3–
SO4) were the dominant hydrogeochemical facies. Gypsum and halite were always undersaturated, while calcite and dolo-
mite were undersaturated in about 82% of water samples. The chemical weathering processes of pyrite, calcite, dolomite, 
gypsum, and halite, as well as ion exchange, appear to be the dominant hydrogeochemical processes controlling adit mine 
water chemistry. In general, there was an increasing trend of TDS and major ion concentrations from south to northeast 
in the study area. This study may aid in the improvement of water management in the Ruhr area since the adits discharge 
into the river Ruhr which is strongly used for the drinking water supply of a large metropolitan region in western Germany.
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Introduction

Abandoned coal mine drainage is a common kind of polluted 
water in coal mine areas, caused by coal mining operations 
in the past. Mine water from the ceased underground mines 
can be released through adits, fractures, and fissures, reach-
ing the earth’s surface (Ceto and Mahmud 2000). In terms of 
chemistry, the abandoned mine drainage can be divided into 
several different categories, such as acid, alkaline, neutral 
and metalliferous mine drainage (Younger 1995; Johnson 
2003; Pope et al. 2010; Nordstrom 2011; Favas et al. 2016). 
Acid mine drainage is characterized by a low pH value 
(Favas et al. 2016). The alkaline mine drainage typically 

occurs when the carbonate minerals, such as calcite or dolo-
mite are present in the mining areas (Bigham and Nordstrom 
2000; Gomo 2018).

Mine drainage is one of the important issues for both min-
ing operation stages and closed or abandoned mines (Russo 
et al. 2013). It is a cause for the community concerns and 
environmental problems in many parts of the world (Favas 
et al. 2016), especially contaminated water from abandoned 
mines (Kgari et al. 2016). Coal mine drainage problems 
can continue in many years after ceasing mining operations 
(Powell 1988). Water exists and circulates in the mine galler-
ies of abandoned mines and promotes the sulfide oxidative 
weathering and the effluents with high pollution potential 
can migrate to various natural systems (Favas et al. 2016). 
For active mines, mine water is often treated to minimize 
environmental impacts. On the contrary, it can discharge 
in an uncontrolled manner by abandoned mines, resulting 
in widespread mine drainage pollution problems (Younger 
1995). Many coal mines have ceased mining with the prob-
lems of mine drainage. For instance, abandoned coal mine 
drainage may be contaminated and seriously affected on the 
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water quality, aquatic life, ecological and drinking water 
resources and they were reported by many researchers in the 
world (Powell 1988; Bigham and Nordstrom 2000; Younger 
et al. 2002; Bott et al. 2012; Opitz and Timms 2016). Deg-
radation of groundwater and surface water quality have also 
occurred by acid mine drainage in abandoned coal mine 
areas of South Africa and the United States (Mayo et al. 
2000; Kgari et al. 2016). Drainage waters from abandoned 
coal mines carried mechanical suspension to the surrounding 
landscape (Krechetov et al. 2019).

For those reasons, many studies have been conducted on 
the hydrogeochemical characterization of mine drainage to 
evaluate the mining environment impact (Favas et al. 2016), 
as well as quality evaluation of abandoned mine drainage 
through the potential sources of dissolved substances. Wolk-
ersdorfer (2009) studied the hydrogeochemical character-
istics of mine water, which drainages from the dewatering 
adits of abandoned underground coal mines in the Upper 
Bavarian coalfield district, Germany. The hydrogeochemi-
cal facies of mine water have been identified as Ca–HCO3, 
with some Ca–Mg–SO4 and mine water had a noticeable 
H2S smell. At least six coal mine water discharge sites were 
determined, which were the cause of a local negative impact 
on the receiving streams. The major controlling factors for 
mine water chemistry of coal mines were studied, includ-
ing pyrite weathering (Wolkersdorfer 2009). The high con-
centrations of major ions (SO4

2−, Cl−, Na+, Mg2+, K+, and 
Ca2+) of abandoned coal mine water from different discharge 
points in the Witbank coalfield, in South Africa, were dem-
onstrated by Kgari et al. (2016). Hydrogeochemistry studies 
of coal mine drainage in North Derbyshire and South York-
shire coalfields, UK showed that abandoned coal mine water 
was acidic or alkaline and contained high sulfate concentra-
tions. Major ions chemistry can shed light on some factors 
of the geochemical processes that control the composition 
of mine water (Banks et al. 1997). Another research was 
carried out by Bozau et al. (2017) on the hydrogeochemistry 
of mine water of abandoned ore mines in the Harz moun-
tains, northern Germany. The quality of mine water can be 
explained by leaching of ore minerals, and the origins of 
major ions were from halite dissolution, silicate weathering 
and ion exchange processes (Bozau et al. 2017).

In general, there are many studies on coal mine drainage 
in the whole Ruhr area. For example, Coldewey and Semrau 
(1994) presented the history of coal mine drainage. Müller 
(2016) reported that in the central and northern parts of the 
Ruhr coal area, groundwater is used for the production of 
drinking water. Thus, mine water still needs to be pumped 
to the surface to prevent groundwater contamination by the 
intrusion of water with high salinity and mineralization in 
the depths of the mines (Müller 2016). The pumping rate 
for coal mine drainage was 66.3 million m3 in 2016 for 
the whole Ruhr coalfield (Drobniewski et al. 2017). These 

studies have provided an overview of coal mine drainage 
in the whole Ruhr area. However, in the study area here, 
there is very little published research on coal mine water, 
especially on the hydrogeochemistry of abandoned coal 
mine drainage. Previously published data (Wisotzky 2017) 
referred to the water chemistry of several water adits in the 
southern Ruhr area. Abandoned coal mine drainage is not 
treated and drained directly to the Ruhr river and its tributar-
ies through the adits of the mines (Wisotzky 2017). So far, 
there has been no detailed and systematic study of the hydro-
geochemical parameters of abandoned coal mine drainage 
in the study area. Therefore, this study was developed with 
three main goals, (1) to create an inventory of the discharge 
sites of abandoned coal mines, and to collect mine water 
samples; (2) to describe the chemical composition of mine 
waters; (3) to identify the hydrogeochemical processes con-
trolling the dissolved constituents of mine water.

Understanding of the hydrogeochemical conditions 
of abandoned coal mine drainage is a basis for providing 
important information, such as the status of mine water qual-
ity, serving the regional development planning and drinking 
water management. Furthermore, results are used for evalu-
ating the impact of mine water in the hydrochemical cycle 
of the Ruhr area, Germany.

Study area

Hard coal mining in the Ruhr area, Germany, started in 
medieval times and decommissioned at the end of 2018 
(Goerke-Mallet et al. 2016a; Drobniewski et al. 2017). A 
new stage of this industry, the post-mining and the reha-
bilitation of the mining environment, are taking place 
continuously. The Ruhr coal mining area is located in the 
Ruhr valley and divided into (1) sub-surface, (2) near-
surface and (3) deep-level mining areas (Goerke-Mallet 
et al. 2016b). The study area is the outcropped part of 
the coal-bearing Upper Carboniferous formations on the 
surface and is situated on (1), and a small part on (2), 
representing areas of early shallow mining in the south, 
a part of the eastern and western areas of the Ruhr river 
valley. It covers an area of approximately 754 km2, with 
50 km in east–west length and 15 km north–south width 
(Drozdzewski et al. 2008; Fig. 1), spreading over Hattin-
gen, Sprockhövel, Witten, Wetter and Schwerte cities, and 
parts of Essen, Bochum, Dortmund, Holzwickede and Her-
decke cities, with a total of approximately 1.8 million peo-
ple (Statistics and IT services NRW 2018). It has a long 
history of coal extraction dating back to the thirteenth cen-
tury (Harnischmacher 2010; Henkel and Melchers 2017), 
and all mining activities in the study area stopped in the 
1960s (Drobniewski et al. 2017). Although coal mines and 
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collieries are abandoned, their water discharge adits are 
still accessible. They are called with the names “Stollen” 
or “Erbstollen” by the German language.

The topography is generally shallow hills and the eleva-
tion gently ranges between about 20 and 330 m above sea 
level (a.s.l.). The lowest elevation points are along the down-
stream of the Ruhr river, in Mülheim city (about 20–30 m 
a.s.l.). The highest elevation points are located in Hattingen 
(e.g. Oberelfringhausen), in Sprockhövel (e.g. Holthausen), 
with the elevation of about 330 m a.s.l. The Ruhr river runs 
from east to west and is the main tributary of the area. The 
study area is characterized by mild winters and cool sum-
mers. According to observational data (Bochum, Essen-
Bredeney and Gevelsberg-Oberbröking climate stations, in 
the study area, 2008–2018), the annual average temperature 

was 10.4 °C. The annual mean precipitation in the region 
was 891 mm in the same observation period (DWD 2019).

In the whole Ruhr area, the Upper Carboniferous strata 
(Namurian to Westphalian) crop out directly on the sur-
face (Fig. 1) or are underneath thin overlying sediments of 
Quaternary age and overlain by thick sediments of Creta-
ceous age in the north (Strehlau 1990; Littke et al. 1994; 
Drobniewski and Witthaus 2017; Frankenhoff et al. 2017; 
Zieger et al. 2018). The Carboniferous strata have a thick-
ness of about 3000  m and contain more than 100 coal 
seams with variable thicknesses (Coldewey and Semrau 
1994). In the outcropped Upper Carboniferous formations, 
coal seams started in the Namurian C and reached maxi-
mal capacity in the Westphalian A and B (Littke and Ten 
Haven 1989; Drozdzewski 1993). Genetically, the strata 

Fig. 1   Location and geologi-
cal maps of the study area and 
sampling sites (modified from 
the GD.NRW-WMS 2017)
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represent cyclothems and consist alternate layers of thick 
sandstone, silt-, mud-, and claystone layers, which contain 
clay minerals (kaolinite, chlorite, biotite), feldspar (albite, 
anorthite), siderite, dolomite, calcite, quartz, and pyrite 
(Strehlau 1990; Wisotzky 2017) with interspersed coal 
seams. Particularly, these formations include strata with the 
following local names from stratigraphic top to bottom as 
follows: In Namurian B deposits, the main outcropped strata 
(Kaisberg, Ziegelschiefer, Hagen, and Erlenrode), cover the 
western, southern and eastern parts of the study area. The 
strata are generally composed of clay, claystone, siltstone, 
mudstone, subordinate sandstone, sandstone layers (quartz, 
rich in mica minerals), and locally conglomerate. The first 
thin coal seams developed in coastal swamps (in Kaisberg 
formation) (GD.NRW-WMS 2017). The Namurian C depos-
its (Sprockhövel strata) cropped out mostly in the central 
part of the study area. It is composed of dark gray sandstone 
(feldspar, quartz, calcite, pyrite), siltstone and mudstone lay-
ers. The thicknesses of the coal seams reach from 0.5 to 
1 m. In the Westphalian A deposits (Bochum and Witten 
strata) which are situated in the south of Essen, Bochum, 
in the Sprockhövel and Holzwickede areas and the central 
part of Dortmund. They are composed of sandstone, silt-
stone (silica, calcite and iron oxides) and mudstone layers, 
with numerous hard coal seams with thicknesses of 1–2 m. 
Feldspars, calcite, mica, quartz, and iron oxide minerals are 
common minerals in the rocks. The Westphalian B deposits 
(Essen strata) are widely distributed in the study area but 
only outcrop as a small part in Wiemelhausen, Bochum. The 
strata are characterized by siltstone and mudstone layers, 
with numerous hard coal seams which have thicknesses of 
1–2 m (Drozdzewski et al. 2008). The Upper Carboniferous 
hard coal deposits were affected by tectonic movement at the 
end of the Variscan orogenesis and intensely folded in the 
Late Carboniferous (Gielisch 2010). Deposits of Pliocene 
and Pleistocene ages are present in only a small part, overly-
ing the Upper Carboniferous formations, including boulder 
clay to loess and loess clay to coarse-sandy terrace gravel 
(Coldewey and Semrau 1994). Holocene deposits consist of 
sediments from Ruhr river and its tributaries, including clay, 
fine sand and silt with deposits of melt-water and loess, and 
artificial landfill materials (GD.NRW-WMS 2017).

Sample collection and methods

Twenty-eight mine water samples for hydrogeochemical 
analysis were collected from the different drainage sites 
from the portal of the adits of abandoned coal mines in the 
study area from January to March 2018 (Fig. 1). At each of 
the sampling sites, pH, oxidation–reduction potential (ORP) 
and electrical conductivity (EC) values were determined 
using the WTW and Consort portable meters. The EC and 

pH values were measured using a WTW Multi350i meter, 
while ORP value was measured by a WTW-pH340 meter 
(WTW, Weilheim, Germany). The probes were calibrated 
in the laboratory using standard solutions on the sampling 
day. Samples were collected in 250 mL glass bottles for 
HCO3

− and H2S analyses and in 25 mL PE bottles for Fe2+ 
and Fetotal analyses. Samples for major ions analysis were fil-
tered in the field through 0.45 µm Millipore cellulose acetate 
membrane filters into 50 mL PE bottles, filled to the top and 
tightly capped. Samples for cation analysis were preserved 
and acidified to pH < 2 with ultra-purified HNO3 (1%).

Water samples were analyzed in the Hydrochemistry 
laboratory, Institute of Geology, Mineralogy and Geophys-
ics, Ruhr University Bochum. The acid titration method 
(HCl) was used to determine the concentration of HCO3

−. 
To assure the quality of results, titrations were conducted 
twice to triplicate in the laboratory on the day after field 
sampling. Fe2+, Fetotal, and H2S concentrations were meas-
ured using 551S UV/VIS Spectrophotometer (LAMPS) (Per-
kin-Elmer GmbH, Berlin, Germany). Major anions (SO4

2−, 
Cl−, NO3

−, and F−) were analyzed using the Ion Chromatog-
raphy System, model ICS-1000 (DIONEX-Thermo Fisher 
Scientific GmbH, Dreieich, Germany). Major cations (Ca2+, 
Mg2+, Na+, K+, and Li+) were analyzed by CD25 Conduc-
tivity Detector System (DIONEX-Thermo Fisher Scientific 
GmbH, Dreieich, Germany). The analytical precision was 
maintained by running a known standard after every four 
samples. Samples were stored in the refrigerator at 4 °C 
until completed analyses. The analyzed ions precision for 
all samples was determined by calculating the ionic balance 
error, within 5%.

The Piper diagram was used for identifying the main 
hydrogeochemical facies and evaluating the percentage 
composition of major ions. With respect to understand-
ing the mechanisms controlling the composition of mine 
drainage, Gibbs diagrams were used. The weight ratios of 
Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) as a function of 
TDS (mg L−1) were plotted to represent the Gibbs cation 
and Gibbs anion diagrams. Various researchers have already 
demonstrated the usefulness of Gibbs diagrams for ground-
water in general (Lakshmanan and Kannan 2003; Glover 
et  al. 2012; Li et  al. 2013; Huang et  al. 2018), and for 
mine water in particular (Tiwari et al. 2016c). Therefore, 
this study also used the Gibbs diagrams to investigate the 
processes governing mine water chemistry. The Piper and 
Gibbs diagrams were presented using Geochemist’s Work-
bench 12.0 software. Series scatter charts were plotted using 
OriginPro 8.5.1 software and Microsoft Excel. The major 
ion concentrations were plotted on the Stiff diagrams using 
AquaChem 2014.2 software and depicted in the map for 
spatial distributions by comparing their dominant ions. The 
PHREEQC 3.4 geochemical software was used to describe 
the main hydrogeochemical processes and calculate the 
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saturation indices of calcite (SIcal), dolomite (SIdol), gypsum 
(SIgyp), halite (SIhalite), and CO2 partial pressure log(pCO2) 
value. Maps were digitized and processed using ArcGIS 
10.5.1 software. The Spearman correlation coefficient was 
calculated using SPSS 23 software, showing the correlation 
between several hydrogeochemical parameters for analyzing 
samples.

Results and discussion

Hydrogeochemical characteristics

In the study area, there are about twenty-eight different 
drainage sites of the abandoned coal mines, where mine 
water discharges, while others are dried or buried. Hydro-
geochemical results of mine water samples were sum-
marized in Table 1, including statistical analyses, such as 
maximum, minimum, average values of the major ions data, 
Fe2+, Fetotal, and H2S, as well as calculated mineral satura-
tion indices and CO2 partial pressure.

pH, EC, ORP and TDS values

The pH values of water samples ranged from 6.39 to 7.65 
with a mean value of 6.96, indicating circum-neutral condi-
tions. The maximum pH value (7.65) was observed at Himm 
point in the western part and minimum pH value (6.39) was 
observed at TiSS site in the central part of the study area. 
This can be explained by the dissolution of carbonate-rich 
materials (Alhamed 2013) or may be influenced by the reac-
tion with bicarbonate (Wisotzky 2017). The EC values of 
mine water fluctuated from 202 to 1713 μS cm−1 with an 
average value (avg.) of 790 μS cm−1. Compared with the EC 
values of the Ruhr river water (from 100 to 570 μS cm−1) 
that studied by Stögbauer et al. (2008), these values of coal 
mine drainage were higher than the values of the Ruhr river 
water. The measured EC value of mine water at the Roter 
adit, in Dortmund (located in the northeastern part), reached 
the highest value (1713 μS cm−1), while the minimum EC 
value was observed in sample Wi + Vo (202 μS cm−1), in 
Sprockhövel (in the southern part of this area). The ORP 
values ranged from − 12 to 444 mV (Eh values from 193 
to 649 mV), indicating predominantly oxidizing condi-
tions. The different TDS values may be reflected by the 
variation in geochemical processes, prevailing hydrological 
regime, and lithology (Singh et al. 2010; Wohnlich 2012; 
Tiwari et al. 2016b). TDS values in the mine water ranged 
between 157 and 1806 mg L−1 (avg. 798 mg L−1). Based 
on Table 1, the TDS value was the highest at the Roter site 
(reached maximum value of 1806 mg L−1), followed by Que 
2, Que 1 and Que 3 sites, with TDS values of 1787, 1640 
and 1574 mg L−1, respectively, which are located in the 

northeastern part of the area (Fig. 1), with a high concentra-
tion of major ions. Otherwise, at Wi + Vo site in the southern 
part (Fig. 1) (the highest elevation adit) was measured the 
minimum value (157 mg L−1). In general, the TDS values 
increased from southern to northeastern parts of the area. 
The TDS values also correlated with the EC, with a correla-
tion coefficient value = 0.93, p < 0.01.

Major ion chemistry

Dominant dissolved ions in mine water samples were 
HCO3

−, SO4
2−, Cl−, Ca2+, Mg2+, and Na+, with minor 

contributions from NO3
−, F−, K+, and Li+. Results showed 

the dominance of weak acids (HCO3
−) and alkaline earths 

(Ca2+ + Mg2+) of the coal mine drainage (Fig. 3; Table 1). 
HCO3

−, SO4
2− and Cl− constituted 33.59, 15.96 and 5.35% 

of the TDS values, respectively, and Ca2+, Mg2+ and Na+ 
accounted for 9.39, 3.71 and 5.70%, respectively. K+, Li+, 
NO3

−, and F− contributed very little (from 0.03 to 1.67%).
T h e  o r d e r  o f  a b u n d a n c e  o f  a n i -

ons  in  abandoned coa l  mine  dra inage  was 
HCO3

− > SO4
2− > Cl− > NO3

− > F− (Table 1). In contrast, this 
order for surface water outside the mining areas (Ruhr river 
and its tributaries) was HCO3

− > Cl− > SO4
2− > NO3

− with 
the average values of 119, 56.5, 45.2, and 12.9 mg L−1, 
respectively (Stögbauer et al. 2008). In general, concentra-
tions of HCO3

− and SO4
2− in mine drainage were higher 

than of Ruhr river and its tributaries.
In the mine water samples, the concentration of 

HCO3
− ranged from 36.6 mg L−1 (at Wi + Vo site in the 

southern part) to 606.9 mg L−1 (e.g. Roter site), constitut-
ing around 53% of the total anion concentration (TAC). 
HCO3

− was the most dominant anion at the Que 1, Que 2, 
Que 3, Roter, and Caro sites which located in the northeast-
ern part and at Fra site in the central part of the study area 
(Table 1).

The SO4
2− concentrations of mine water samples 

extended from 24 to 354  mg  L−1. In equivalent units, 
SO4

2− accounted for 31.1% of the TAC, and had the highest 
values at some sampling points (e.g. Que 1, Que 2, Que 3, 
and Roter sites in the northeastern part, with 331, 333, 354, 
and 336 mg L−1, respectively, followed by Fra, and Joha sites 
in the central part of the area, with 207, and 166 mg L−1, 
respectively).

The Cl− concentrations in the mine water samples 
stretched from 10.9 to 118 mg L−1 and contributed 13.6% 
of the TAC, with an average value of 36 mg L−1. The pres-
ence of Cl− ion in mine drainage at Steph, Que 1, and Que 
3 sites, which coal mines in the northern and northeastern 
parts, with values of 118, 62.8, 60.4 mg L−1, respectively, 
had higher values than other sites in the southern and west-
ern parts (Khri, Herz, Wi + Wo, and Rudolf, Himm).
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The NO3
− concentrations were analyzed with low values 

(< 0.1 to 34 mg L−1), except for the Lou, and Caro sites in 
the northern part of the study area, and Wi + Vo site in the 
southern part, with 34, 23, and 18.7 mg L−1, respectively. 
F− concentrations ranged from < 0.1 to 0.3 mg L−1.

For major cations, Ca2+ and Mg2+ were the dominant 
ions in the cation chemistry, with an average cation con-
centration trend of Ca2+ > Mg2+ > Na+ > K+ > Li+ for mine 
water samples (Table 1). Alkaline earths (Ca2+ + Mg2+) 
contributed 73.8% of the total cation concentration (TCC) 
and dominate over the alkalis (Na+ + K+) (about 26.2% of 
the TCC). Concentrations of Ca2+ and Mg2+ ions fluctuated 
from 16 to 161 mg L−1, and 6.5 to 45 mg L−1, account-
ing for 44.7 and 29.1% of the TCC, respectively. For Ruhr 
river and its tributaries water outside the mining areas, this 
order was Ca2+ > Na+ > Mg2+ > K+, with the average values 
of 48.5, 43.4, 7.6, and 5.9 mg L−1, respectively (Stögbauer 
et al. 2008). In general, concentrations of Ca2+, Mg2+, Na+ 
and K+ in mine drainage were higher than of Ruhr river and 
its tributaries.

In the mine water samples, Ca2+ concentrations showed 
remarkable values at the sampling points in the northeastern 
part (e.g. 161, 102, and 101 mg L−1 at Caro, Que 2, Que 1, 
respectively). The concentration of Mg2+ also was elevated 
at Que 1, Que 2, and Que 3 sites in the northeastern part, fol-
lowed by Verei and Joha sites in the central part of the area. 
Inversely, Ca2+ and Mg2+ concentrations of water samples 
in the southern part (e.g. TiSS, Wi + Vo, and Khri sites) 
had smaller values (Table 1). Concentrations of Na+ and K+ 
ranged from 6.8 to 251 mg L−1, and from 2.7 to 12.4 mg L−1, 
respectively. Na+ contributed 23.6%, and K+ about 2.6% of 
the TCC.

Furthermore, to understand the potential trends of 
measured geochemical parameters, the spatial distribu-
tion of major ions in the mine water composition was 
shown in Fig. 2. Results showed that adits located in the 
northern and northeastern sections had higher concentra-
tions of HCO3

−, SO4
2−, Na+, Ca2+ and Mg2+ than adits in 

the southern part. The mine water samples collected from 
the adits (Que 1, Que 2, Que 3, and Caro) had a quite 
similar distribution of water chemistry with elevated Na+, 
HCO3

−, and SO4
2− concentrations. Concentrations of the 

major ions of sampling points located in the central part 
had lower values than points in the northeastern part and 
these values were the lowest for the sampling sites in the 
southern part of the study area.

Thus, there was an increasing trend of major ions con-
centration from southern to northeastern part in general 
(Fig. 2; Table 1). This implies that water–rock interaction 
strongly occurred in the northeastern part of the area.

Fe2+, Fetotal, and H2S

Concentrations of Fe2+ and Fetotal ranged from < 0.1 (e.g. 
at Dohm, TiSS, Verei, and BS-Süd sites) to 3.5 mg L−1 
(Geduld site), and from 0.1 and 4.2 mg L−1, respectively. 
Fe2+ concentration had its highest value of the Geduld site 
in Hattingen, where maybe the oxidative weathering of 
sulfide-bearing minerals, such as pyrite (FeS2) occurred. 
The H2S concentration ranged between < 1 and 10 µg L−1 
and reached the highest value at Fra site (10 µg L−1). 
There was a positive correlation of H2S with Fe2+ values 

Fig. 2   Spatial distribution of the major ion hydrochemistry in the study area
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(r = 0.45) and a negative correlation of H2S with Eh values 
(r = − 0.39).

Hydrogeochemical facies and water types

Based on the hydrogeochemical data for all analyzed samples, 
the percentages of major ions were plotted on a Piper diagram 
(Fig. 3). The dominant cations and anions were identified by 
using the left and right ternary diagrams, respectively. Con-
centrations of Ca2+, Mg2+, Na+, and K+ are expressed on the 
left triangle-shaped diagram, while concentrations of HCO3

−, 
SO4

2− and Cl− anions are expressed on the right triangle-
shaped diagram. Each water sample has a dominant cation and 
anion type. The two data points on the two anionic and cati-
onic triangles are combined on the diamond-shaped diagram 
to indicate specific hydrogeochemical facies and water types.

For cations, water samples were mostly dropped in the 
zone (b) and zone (c) of the left ternary diagram in Fig. 3, 
accounting for about 82% of the cation contents, indicating 
that these mine water samples had the dominance of Ca2+ 
and mixed types. In contrast, a small part of cations was 
plotted in the zone (d), suggesting that some water samples 
were identified as Na+ type. For anions, most of mine water 
samples were plotted in the zone (f) of the right ternary dia-
gram in Fig. 3, accounting for about 72% of the anion con-
tents, with HCO3

− as the dominant type, while about 25% 
of the (c) mixed zone and one sample was of SO4

2− type.
The Piper diagram also showed that alkaline earths 

(Ca2+ + Mg2+) and weak acids (HCO3
−) exceeded the alka-

lies (Na+ + K+) and strong acids (SO4
2− + Cl−), respectively, 

in most mine water samples. In Fig. 3, about 61% of water 

samples fell in zone 7 of the diamond part, explaining car-
bonate hardness exceeds 50% of these samples. It implies 
that the chemical properties of the mine water samples were 
dominated by Ca2+, Mg2+, and HCO3

−. Most of the remain-
ing water samples fell in zone 6, which means they were 
mixed type waters. In this study, mine water samples can 
be classified into water types with the percentage composi-
tion of major ions from 20% meq L−1. The most dominant 
type was Ca–Mg–HCO3–SO4, accounting for 39.3% of the 
sampling points, followed by Na–Ca–HCO3–SO4 (14.3%), 
Ca–Mg–Na–HCO3–SO4 (10.7%) and Na–Ca–Mg–HCO3–SO4 
(7.1%) water types. The Ca–Mg–HCO3–SO4 water type was 
distributed in the northern, central and western parts (e.g. at 
Pauline, Joha, NSS sites), while the Na–Ca–HCO3–SO4 type 
dominated in the northern (e.g. Fra site) and northeastern parts 
(e.g. at Que 1, Que 2, Roter points) and other types of mixed 
water contributed in the central part of the area (Fig. 2). In 
addition, about 7% present the Ca–HCO3 and Ca–Mg–HCO3 
water types of mine water samples. The dominance of these 
water types may suggest water–rock interaction.

Mechanisms controlling mine water composition

Three major mechanisms controlling water chemistry, includ-
ing evaporation, rock weathering, and precipitation domi-
nance were evaluated by Gibbs. In 2009, the boundaries of 
rock weathering dominance were extended by Kumar et al. 
(2009) further toward higher weight ratios. In recent years, 
to clearly define the three domains of the water composition 
controlling mechanisms, many further studies have been car-
ried out (e.g. Ravikumar et al. 2011; Singh et al. 2013; Tiwari 

Fig. 3   Piper diagram of mine 
water samples in the study area: 
a magnesium type; b calcium 
type; c no dominant type (mixed 
zone); d sodium and potassium 
type; e sulphate type; f bicarbo-
nate type; g chloride type. (1) 
Alkaline earths (Ca2+ + Mg2+) 
exceed alkalies (Na+ + K+); (2) 
alkalies exceed alkaline earths; 
(3) strong acids exceed weak 
acids; (4) weak acids (CO3

2- + 
HCO3

−) exceed strong acids 
(SO4

2− + Cl−); (5) non-car-
bonate hardness exceeds 50%; 
(6) mixed type; (7) carbonate 
hardness (secondary alkalinity) 
exceeds 50%; (8) alkaline earth 
and weak acids predominated; 
(9) alkalies and strong acids 
predominated
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et al. 2016a; Wang et al. 2017). The ions depend on some 
important factors, such as infiltrating rainwater, mineralogi-
cal composition and geological structure of abandoned coal 
mines, dissolution, duration of water–rock interaction, and 
precipitation of mineral species (Tiwari et al. 2016a).

In the Gibbs cation diagram (Fig. 4a), almost all water 
samples fell inside the boundary of the rock dominance 
zone. Values of weight ratio of Na+/(Na+ + Ca2+) ranged 
from 0.098 to 0.705 meq L−1 (avg. 0.331 meq L−1). This 
suggested that rock–water interaction was one of the major 
geochemical processes controlling the dissolved ions of the 
mine water, while only one water sample dropped outside 
the boundary of the rock dominance zone.

Similarly, in the Gibbs anion diagram (Fig. 4b), almost all 
water samples occurred inside the boundary of the rock dom-
inance zone. Values of weight ratio of Cl−/(Cl− + HCO3

−) 
ranged from 0.062 to 0.533 meq L−1 (avg. 0.205 meq L−1). 
However, a few water samples fell outside the boundary of 
the rock dominance zone. It indicated the dominant evapora-
tion influence on the mine water chemistry (e.g. Caro, Que 2, 
Que 3, and Roter samples). Thus, rock–water interaction was 
a major driving source with the minor influence of evapora-
tion controlling the dissolved ions.

The chemical weathering processes of minerals

Oxidative weathering of sulfide-bearing minerals, such as 
pyrite (FeS2) (Favas et al. 2016), as well as dissolution of 
anhydrite (CaSO4) or gypsum (CaSO4 × 2 H2O) release 
SO4

2− to mine water (Singh et al. 2010; Tiwari et al. 2016a). 
In the study area, pyrite, dolomite, calcite and gypsum min-
erals exist in the sandstones, associated with coal seams 
(Wisotzky 2017). The overall FeS2 oxidation reaction pro-
duces SO4

2− as:

All samples have negative SIgyp values (Table 1). These 
suggested one possible source of Ca2+ and SO4

2− in mine 
drainage in this area. Simultaneously with the production 
of SO4

2− ion, the production of acid in coal mine water still 
continues to occur throughout the pyrite oxidation process 
(1) in varying quantities (Favas et al. 2016). Hydrochemi-
cal results showed the components of mine water with sub-
neutral pH and high sulfate concentrations. Oxidation of 
released Fe2+ may lead to the precipitation of Fe(III) oxyhy-
droxide (Fe(OH)3) or ochre. This precipitation can form an 

(1)
2FeS2(s) + 7O2(aq) + 2H2O = 2Fe2+ + 4SO2−

4
+ 4H+.

Fig. 4   a Gibbs diagram representing the ratio of Na+/(Na+ + K+) 
(meq  L−1) as a function of TDS of mine water samples. b Gibbs 
diagram representing the ratio of Cl−/(Cl− + HCO3

−) (meq L−1) as a 
function of TDS of mine water samples

▸
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orange or yellow sludge coating the bottoms of streams, as 
at Fra, Que 1, Que 2, Que 3, Roter, Pauline, and Joha points.

HCO3
− of mine water samples in the study area can be 

derived from soil zone CO2. It is produced by the decay 
of organic matter in the subsurface environment leading 
to elevated CO2 pressure (Appelo and Postma 2005). In 
abandoned coal mines, CO2 is generated from local organic 
matter (hard coal, mine timber or carbon dissolved in mine 
waters) (Thielemann et al. 2004). Thus, mine water with 
a higher concentration of HCO3

− (Table 1), can be attrib-
uted in environments where more CO2 may be detected. 
Moreover, the source of HCO3

− and Ca2+ can be derived 
from the reaction of silicates by carbonic acid (Appelo and 
Postma 2005). Results (Table 1) showed that concentrations 
of HCO3

− and Ca2+ are higher than the concentrations of the 
other ions. This may partly be explained by the hydrolysis 
of anorthite which exists in the area (2) (Huang et al. 2018).

The combination between high concentrations of Ca2+, 
Mg2+, and HCO3

− (Table 1), and the wide variation (from 
0.325 to 0.809) of the HCO3

−/(HCO3
− + SO4

2−) ratio in 
mine water also suggests that coupled reactions involving 
sulfide oxidation and Ca2+, Mg2+-rich materials dissolution 
as calcite and dolomite which exist in the rocks of the Upper 
Carboniferous formations (Wisotzky 2017) control the sol-
ute acquisition processes (Singh et al. 2011).

Furthermore, the albite mineral weathering also increases 
the HCO3

− concentration in mine water (Lakshmanan 
and Kannan 2003). Increasing of HCO3

− concentration 
compared to the Na+ concentration (Fig. 5a) implies that 
HCO3

− also may be derived from albite mineral weathering 
(3) as suggested by some scientists (e.g. Fisher and Mullican 
1997; Lakshmanan and Kannan 2003).

 
Otherwise, the plot of Ca2+  + Mg2+ versus 

HCO3
− + SO4

2− (Fig. 5b) of most mine water samples fell 
along and below the 1:1 equiline, also indicating carbonate 
weathering (4) and silicate weathering (2) were the domi-
nant processes. However, silicate weathering appears to have 
occurred more strongly than carbonate weathering (Datta 
and Tyagi 1996; Lakshmanan and Kannan 2003; Kumar 
et al. 2009). Thus, these have explained the main source of 
Ca2+ and Mg2+ ions to the mine water.

(2)

CaAl2Si2O8 + 2CO2 + 3H2O

= Al2Si2O5(OH)4 + Ca
2+ + 2HCO

−
3
.

(3)

2NaAlSi3O8(s) + 2H2CO3 + 9H2O

= 2Na+ + 4H4SiO4(aq) + Al2Si2O5(OH)4(s) + 2HCO−
3
.

(4)
CaMg

(

CO3

)

2
+ 2H2CO3 = Ca2+ + Mg2+ + 4HCO−

3
.

Na+ and K+ are mainly derived from weathering of alu-
minosilicate minerals (albite, biotite, muscovite) (Younger 
et al. 2002). In the study area, the Upper Carboniferous strata 
contain clay minerals (aluminosilicates). It is concluded that 
the weathering of aluminosilicate minerals (3), (5), and (6) 
consumed acidity and released Na+ and K+ into the aban-
doned coal mine drainage.

(5)

KAl2

(

AlSi3O10

)

(OH)2(s) + H
+ + 3∕2H2O

= K
+ + 3∕2Al2Si2O5(OH)4(s),

Fig. 5   a Na+ versus HCO3
− scatter diagram: shows increased HCO3

− 
compared to Na+. b Ca2+ + Mg2+ versus HCO3

− + SO4
2−
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Otherwise, the scatter plot of Na+ + K+ and Cl− is shown 
in Fig. 6a, indicating halite dissolution may be the reac-
tion influencing the mine water chemistry. The (Na+ + K+)/
Cl− ratio equals to 1:1 measured in the water samples is 
attributed to halite dissolution (Fisher and Mullican 1997; 
Bozau et al. 2017), and can reflect a major source of Na+ 
and Cl− in mine water (Huang et al. 2018). However, a few 
samples plotted above the 1:1 line, which suggested that 
halite dissolution was not the decisive process for these sam-
ples. Thus, Na/Cl control seems to be exercised by silicate 
weathering (Fisher and Mullican 1997) and/or ion exchange 
processes (Bozau et al. 2017).

(6)

KMg3∕2Fe3∕2
(

AlSi3
)

O10(OH)2(s) + 7H+ + 1∕2H2O

= K+ + 3∕2Mg2+ + 3∕2Fe2+

+ 2H4SiO4(aq) + 1∕2Al2Si2O5(OH)4(s).

In addition, the cations contribution to mine water by silicate 
weathering can also be estimated by the (Na+ + K+)/total cation 
concentration ratio (Lakshmanan and Kannan 2003; Glover 
et al. 2012). According to these scientists, if water samples are 
dropped above and along the (Na+ + K+) = 0.33 (TCC) line, 
suggests that Na+, K+ also are derived from silicate weather-
ing (Fig. 6b). However, as explained above, the dissolution of 

Fig. 6   a The plot of Na+ + K+ versus Cl−. b Na+ + K+ versus total 
cations scatter diagram indicates the silicate weathering

Fig. 7   a The relationship between calcite and dolomite saturation 
indices (a) dolomite saturated and calcite unsaturated; (b) calcite and 
dolomite saturated; (c) calcite and dolomite unsaturated; (d) dolomite 
unsaturated and calcite saturated. b The relationship between gypsum 
and halite saturation indices (a) halite saturated and gypsum unsatu-
rated; (b) gypsum and halite saturated; (c) gypsum and halite unsatu-
rated; (d) halite unsaturated and gypsum saturated
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halite also may have mainly released Na+ to mine water and this 
coincides with (Na+ + K+)/Cl ratio in Fig. 6a.

Moreover, Na+ concentration was relatively elevated 
in water from the sites Roter, Que 1, Que 2, Que 3 and Fra 
(Table 1), where feldspars and micas are common miner-
als in the rocks (GD.NRW-WMS 2017). These sites (with 
TDS > 1000 mg L−1) can be located along or around the 
fresh-saline groundwater boundary of regional groundwater in 
Dortmund and Witten cities, their hydrochemistry might be 
influenced by deep saline groundwaters rich in Na+ (Grobe 
and Machel 2002).

Saturation index (SI) and pCO2

The saturation state of a water sample can be examined by the 
following formula (Appelo and Postma 2005):

where Ks(T) is the equilibrium constant of reaction consid-
ered at the temperature (T), IAP is the ion activity product.

The relationship between the SIcal and the SIdol was plot-
ted in Fig. 7a, between the SIgyp and halite saturation indices 
in Fig. 7b. The SIcal, SIdol values ranged from − 1.61 to 0.47, 
and from − 3.44 to 0.64 (avg. − 0.54 and − 1.34), respectively 
(Table 1). Results indicated that about 82% (SI values < 0) of 
the water samples were undersaturated with respect to calcite 
and dolomite (Fig. 7a; Table 1). Calcite and dolomite—if pre-
sent—will dissolve continuously in these mine waters. Oth-
erwise, only 18% of the samples (SI values > 0) were super-
saturated with respect to these minerals, indicating calcite and 
dolomite will not dissolve further in some samples (e.g. Que 1, 

(7)SI = log
IAP

Ks(T)
,

Que 2, Roter, and Caro sites), which are located in the north-
east of the area.

Moreover, SI of gypsum and halite ranged from − 2.61 to 
− 1.13, and from − 8.65 to − 6.43 (avg. − 1.68 and − 7.62), 
respectively. 100% of water samples were undersaturated with 
respect to gypsum and halite, implying that these minerals 
may continue to dissolve in mine water (Figs. 7b, 8) if present. 
However, the SIgyp values were below zero for all samples 
and tended to move toward zero with increasing TDS value 
(Fig. 8). This indicated the possibility of gypsum and halite 
dissolution at water sampling sites.

The pCO2 values fluctuated between 10–2.95 and 10–1.13 atm, 
with a mean of 10–1.63 atm. These values were higher than this 

Fig. 8   The plot of TDS versus SI indices values
Fig. 9   a The scatter plot of pH versus pCO2. b The scatter plot 
between pCO2 and SIgypsum
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index of the atmosphere (log pCO2 = − 3.5 atm) and support 
potential subsurface silicate and carbonate weathering. CO2 
degassing was expected after discharge from the adits. Fig-
ure 9a, b show the decrease of pH with increasing pCO2, and 
water samples were progressively more saturated with respect 
to gypsum when pCO2 increases, respectively. It indicated that 
mine waters were not in equilibrium with gypsum during the 
study period.

Ion exchange process

Two indices of base exchange, namely the chloro-alkaline 
indices (CAI-1 and CAI-2) proposed by Schoeller (Glover 
et al. 2012; Li et al. 2013, 2018) were used to explore 
the possibility of ion exchange (all ions are expressed in 
meq L−1):

(8)CAI − 1 =
Cl− −

(

Na+ + K+
)

Cl−
,

CAI-1 and CAI-2 (Table 2) positive values suggest that 
there is a cation exchange between Ca2+ and/or Mg2+ in the 
coal mines material with Na+ and/or K+ in mine water (10). 
Otherwise, if values are negative, reverse ion exchange is 
happening (11) (Glover et al. 2012; Li et al. 2013, 2018) as 
follows:

Most of the calculated CAI-1 and CAI-2 values are nega-
tive (account for 75% of samples), except for 7 water samples 
which have positive CAI-1 and CAI-2 values (25% of sam-
ples). This suggested that the ion exchange process releases 
Na+ and/or K+, and Eq. (11) can occur. Moreover, to better 
understand these processes, the (Na+ + K+)-Cl− (meq L−1) 

(9)CAI − 2 =
Cl− −

(

Na+ + K+
)

HCO−
3
+ SO2−

4
+ CO2−

3
+ NO−

3

.

(10)2Na+ + CaX2 = Ca2+ + 2NaX,

(11)Ca2+ + 2NaX = 2Na+ + CaX2.

Table 2   Calculated CAI-1 and 
CAI-2 index values for mine 
water samples

Sample ID Ca2+ + Mg2+ 
(meq L−1)

Na+ (meq L−1) K+ (meq L−1) Na+ + K+ 
(meq L−1)

CAI-1 CAI-2

Que 1 8.578 9.482 0.286 9.769 − 4.734 − 0.516
Que 2 8.710 9.004 0.274 9.278 − 4.537 − 0.461
Que 3 8.378 9.395 0.297 9.692 − 4.471 − 0.503
Roter 7.769 10.918 0.253 11.171 − 5.622 − 0.56
Caro 9.103 0.870 0.182 1.052 0.019 0.002
MGG 5.846 0.653 0.133 0.785 0.072 0.010
VePf 4.951 0.779 0.105 0.883 0.021 0.004
TTS 5.248 0.979 0.240 1.219 − 0.137 − 0.026
Schle 4.320 1.435 0.202 1.637 − 1.639 − 0.193
Pauline 7.026 0.957 0.230 1.187 − 0.503 − 0.054
Rudolf 4.472 0.435 0.166 0.601 − 0.421 − 0.037
Dohm 4.547 0.522 0.100 0.622 − 0.224 − 0.025
Himm 2.005 0.566 0.077 0.642 − 0.339 − 0.078
Braut 5.417 1.457 0.248 1.705 − 1.418 − 0.158
ET 4.836 2.492 0.251 2.743 − 5.078 − 0.329
Geduld 4.634 4.041 0.297 4.338 − 9.251 − 0.455
Steph 7.283 1.575 0.258 1.833 0.449 0.257
Lou 4.208 1.957 0.194 2.152 0.123 0.069
Herz 2.744 0.413 0.123 0.536 − 0.118 − 0.02
TiSS 2.981 1.131 0.09 1.22 0.157 0.081
Khri 1.578 0.296 0.069 0.365 − 0.187 − 0.034
NSS 4.799 0.609 0.095 0.704 0.169 0.028
GH 6.570 0.479 0.177 0.655 − 0.517 − 0.033
Wi + Vo 1.333 0.378 0.069 0.447 − 0.133 − 0.037
Verei 7.160 1.131 0.189 1.320 − 1.753 − 0.098
Joha 7.138 0.653 0.205 0.857 − 0.447 − 0.035
Fra 7.026 7.830 0.317 8.147 − 3.643 − 0.463
BS-Süd 6.684 1.000 0.269 1.269 − 0.956 − 0.084
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and (Ca2+ + Mg2+)-(HCO3
− + SO4

2−) (meq L−1) ratio is esti-
mated by some researchers (e.g. Fisher and Mullican 1997; 
Glover et al. 2012; Li et al. 2018). If Na+, K+, and Ca2+, 
Mg2+ ions are related to each other, the relation of these 
two parameters should be linear, and a slope of − 1.0. Fig-
ure 10 shows that all water samples have a linear correla-
tion (r2 = 0.99), with a slope of − 0.967, implying that these 
ions participated in the ion exchange reaction. However, the 
hydrogeochemical data of water samples showed that the 
total concentration of Ca2+ + Mg2+ (meq L−1) was higher 
than Na+ + K+ (meq L−1) in most water samples. Thus, 

silicate weathering, calcite, dolomite, and gypsum dissolu-
tion processes to release Ca2+ and Mg2+ ions were the domi-
nant processes in comparison to ion exchange in mine water.

Conclusions

In this paper, hydrogeochemical characteristics of aban-
doned coal mine drainage in the study area were analyzed 
through 28 water samples and conclusions are as follows:

Mine water was from weakly acidic to neutral. This 
study indicated that the TDS and major ion concen-
trations f luctuated and increased from southern to 
northeastern parts of the area, relating to water–rock 
interaction. TDS concentrations showed a significant 
correlation with EC values. HCO3

−, SO4
2−, Cl− and 

Ca2+, Mg2+, Na+ ions dominate in the ionic abundances 
of samples, with the order of the average ion con-
centrations HCO3

− > SO4
2− > Cl− > NO3

− > F− and 
Ca2+ > Mg2+ > Na+ > K+ > Li+; weak acids (HCO3

−) domi-
nate over strong acids (SO4

2− + Cl−), and alkaline earths 
(Ca2+ + Mg2+) over the alkalies (Na+ + K+). Fe2+ and 
H2S concentrations showed the highest values at Geduld 
and Fra sites. Ca–Mg–HCO3–SO4, Na–Ca–HCO3–SO4, 
Ca–Mg–Na–HCO3–SO4, and Na–Ca–Mg–HCO3–SO4 
water types were the dominant hydrogeochemical facies, 
with Ca–Mg–HCO3–SO4 water type accounting for about 
40% of all waters distributed in the northern, central and 
western parts of the area.

Gibbs diagrams suggested that rock–water interaction 
was a major factor, with a minor influence of evaporation, 
controlling the dissolved ions. The SIcal, SIdol, SIgyp and SI 
halite saturation indices indicated that most samples (82%) 
were undersaturated, and 18% of the samples were super-
saturated with respect to calcite and dolomite. 100% of the 
samples were undersaturated with respect to gypsum and 
halite. Silicate weathering, calcite, dolomite, gypsum, and 
halite dissolution, as well as reverse ion exchange, were 
the major processes controlling mine water composition.

In the study area, approximately two-thirds of the water 
sampling sites have yellow or reddish-brown precipitation 
of iron and some points smell of H2S. The coal mine water 
discharge causes visible staining of the receiving streams. 
These sites are local potentially polluted sources and 
should be treated accordingly to change hydrogeochemi-
cal properties before draining into the receiving streams 
and the Ruhr river. However, due to the very large amount 
of water in the Ruhr river, as well as the relatively high 
pH values and buffer capacity, the pollution of the receiv-
ing streams is also locally restricted. This study has been 
conducted in a short period of time and to enhance the 
comprehensive understanding of changes in the mine water 
composition and the environmental impacts of coal mine 

Fig. 10   Scatter plot of (Na+ + K+)-Cl− versus (Ca2+ + Mg2+)-
(HCO3

− + SO4
2−), meq L−1
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drainage in the study area, it is necessary to observe them 
in the long-term period, also taking parameters, such as 
trace metals and potential effects of climate change into 
account.
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