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our forefathers but on loan from our children. So, we have to handover

to them at least as it was handed over to us.”
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Abstract

Underground hard coal mining operations irreversibly disrupt the pre-existing mechanical
equilibrium of the geological media. The employment of high-recovery methods modifies the
stress field of the sedimentary sequence, generating movement and faulting of the rock layers
above and below mined seams. These new fracture zones do affect the original conditions of
the hydrogeological system by modifying flow pathways and increasing the permeability of the
rock sequence. Moreover, the surface area of rock exposed to air and water is increased,
conditioning the water-rock interaction. Despite this rather clear conceptualization, flow and
reactive transport processes in fractured overburdens are rarely modeled simultaneously.
Discrete setups that consider fractures and porous matrix require extensive characterization of
both media, which is impractical for regional case studies. As a result, most post-mining models
explicitly ignore fracture structures by employing the equivalent porous approach or even both
media with lumped parameter models. However, omitting either medium represents a delicate
simplification, considering that mining-related fractures control the rate and direction of water

flow within moderately permeable but relatively highly porous rock sequences.

In this dissertation, the specific contribution of fractured and matrix continua to the transient
discharge and water quality of a post-mining coal zone is quantified and evaluated. For this
purpose, dual and multiple interacting continua models are employed to simulate fluid flow and
reactive mass transport in fractured and variable water-saturated rock sequences. The
effectiveness of the models is evaluated by simulating the origin, generation and transport of
acid mine drainage (i.e., water with elevated concentrations of hydrogen, iron, sulfate and
chloride) within the shallow overburden of the Ibbenbiren Westfield. Compared to other coal
districts in Germany, this area is strongly delimited by the local geology and topography,
resulting in a well-defined hydrogeological system to test the models. Petrographic and
chemical analyses performed on core samples from the area show the strong influence of
mining-derived fractures on the water-rock interaction within the Carboniferous sequence. The
presence of oxidized pyrite along with amorphous iron hydroxide phases in weathering fronts
on both sides of the fractures demonstrates the exchange of solutes and gases between the

fractured and the porous matrix media.

Based on the previous evidence, the TOUGHREACT software is employed to characterize flow
and reactive transport processes in the Westfield. However, each of the two processes is
simulated at separate stages to have more control in the adjustment of sensitive parameters for

which little information is available. For the flow component, a dual continuum model, with



Richard’s equations is used to characterize the unsaturated water flow in both fractured and
matrix media. Under this approach, the model adequately reproduces the bimodal flow behavior
of the discharges measured in the mine drainage for the years 2008 and 2017. Simulation results
show how the fractured continuum generates intense discharge events during the winter months
while the rock matrix controls smooth discharge limbs in summer, when water is slowly
released back to the fractures. With the flow component calibrated, the second part of the study
incorporates the geochemical processes into the model based on actual data from the rock
samples. Their simulation requires extending the two-continuum setup to a multiple continua
model with five nested block strings: one for the fractures and four for the rock matrix. This
further subdivision prevents under-representations of kinetic reactions with short equilibrium
length scales and numerical instabilities due to lack of chemical and flow gradients. As a result,
the new multiple continua model provides good agreement with respect to long- and short-term
concentrations and discharge trends measured in the mine drainage. The flow of oxygen and
meteoric water through the fractured continuum leads to a high and steady release of hydrogen,
iron and sulfate ions derived from pyrite oxidation in the matrix continua closest to the fractures.
Moreover, high chloride concentrations result from the mixing and gradual release of relatively
immobile solutes in the matrix as they interact with percolating water in the fracture. Both
findings are equally congruent with the reactive pyrite oxidation and iron hydroxide

precipitation fronts identified in the fractured core samples.

In the end, the multiple continua models, the simulation procedure and the results of the
benchmark and sensitivity analysis scenarios developed for the Westfield pave the way for the
application of the approach in other mining zones. The first candidate emerges in the
Ibbenbiren Eastfield, where a coupled elemental-isotopic approach included in this thesis has
confirmed that water-conducting fracture zones are primary elements for solute generation and
transport in the first 300 meters of the overburden. In the latter case, calibration and verification
of the models can be complemented with measurements of 5%S in sulfates and 8*0, §°H, and

Tritium in water.



Zusammenfassung

Der untertagige Steinkohlenbergbau stort irreversibel das zuvor bestehende mechanische
Gleichgewicht des geologischen Untergrunds. Der Einsatz produktiver Abbaumethoden
veréndert das Spannungsfeld der sedimentdren Sequenz und erzeugt Bewegungen und
Verwerfungen in den Gesteinsschichten tber und unter den abgebauten FI6zen. Neu erzeugte
Kluftzonen wirken sich auf die urspriinglichen Bedingungen des hydrogeologischen Systems
aus, indem sie die FlieBwege verandern und die Durchléssigkeit der Gesteinssequenz erhdhen.
Zudem wird die Kontaktflache des Gesteins erhoht , was die Wechselwirkung zwischen
Wasser, Luft und Gestein beeinflusst. Trotz dieser Konzeptualisierung werden FlieR- und
reaktive Transportprozesse in geklifteten Deckschichten selten gleichzeitig modelliert.
Diskrete Ansatze, die sowohl Klufte und pordse Matrix berlcksichtigen, erfordern eine
umfassende Charakterisierung beider Medien, was fir regionale Fallstudien unrealistisch ist.
Daher ignorieren die meisten nachbergbaulichen Grund-/Grubenwassermodelle explizite
Kluftstrukturen, indem sie diese mittels einem dquivalenten porésen Ansatz oder gar beide
Medien mit pauschaler Parametrisierung darstellen. Die Nichtbeachtung eines der beiden
geologischen Medien stellt jedoch eine kritische Vereinfachung dar, wenn man bedenkt, dass
bergbaubedingte Risse die Geschwindigkeit und Richtung des Wasserflusses in maRig
durchldssigen, aber hochpordsen Gesteinsschichten steuern.

In dieser Dissertation wird der spezifische Beitrag von Kluft- und Matrixkontinua zum
instationaren Abfluss und zur Wasserqualitat einer Kohle-Nachbergbauzone quantifiziert und
bewertet. Zu diesem Zweck werden Doppel- und multiple interagierende Kontinua-Modelle
verwendet, um den Wasserfluss und den reaktiven Massentransport in geklifteten und variabel
wassergeséattigten Gesteinssequenzen zu simulieren. Die Effektivitat der Modelle wird anhand
der Simulation des Entstehungsprozesses, des Auftretens und des Transports von saurem
Grubenwasser (d.h. Wasser mit erhdhten Konzentrationen von Wasserstoff, Eisen, Sulfat und
Chlorid) innerhalb des flachen Deckgebirges des Ibbenbirener Westfeldes bewertet. Im
Vergleich zu anderen Kohlerevieren in Deutschland ist dieses Gebiet durch die ortliche
Geologie und Topographie rdumlich begrenzt, so dass ein gut definiertes hydrogeologisches
System zum Testen der Modelle vorliegt. Petrographische und chemische Analysen von
Bohrproben aus dem Gebiet zeigen einen starken Einfluss von bergbaubedingten Kliften auf
die Wasser-Gesteins-Interaktion innerhalb der Karbonabfolge. Das Vorhandensein von
oxidiertem Pyrit zusammen mit amorphen Eisenhydroxidphasen in Verwitterungsfronten auf
beiden Seiten der Klufte zeigt den Austausch von geldsten Stoffen und Gasen zwischen den
Kluften und der porésen Matrix.



Auf der Grundlage der bisherigen Erkenntnisse wird die Software TOUGHREACT eingesetzt,
um die Strdmungs- und reaktiven Transportprozesse im Westfield zu charakterisieren. Jeder
der beiden Prozesse wird jedoch in getrennten Phasen simuliert, um eine bessere Kontrolle bei
der Anpassung empfindlicher Parameter zu haben, flr die nur wenige Informationen verfligbar
sind. Fir die Stromungskomponente wurde ein doppeltes Kontinuumsmodell mit den Richards-
Gleichungen verwendet, um den ungeséttigten Wasserfluss sowohl in geklifteten als auch in
Matrix-Medien zu charakterisieren. Mit diesem Ansatz gibt das Modell das bimodale
FlieRverhalten der in den Jahren 2008 und 2017 in der Grubenentwasserung gemessenen
Abflisse addquat wieder. Die Simulationsergebnisse zeigen, wie das gekliiftete Kontinuum
wahrend der Wintermonate intensive Abflussereignisse erzeugt, wahrend die Gesteinsmatrix
im Sommer, wenn das Wasser langsam in die Klufte zuriickflieBt, glatte Abflussganglinien
generiert. Nachdem die Strdmungskomponente kalibriert wurde, werden im zweiten Teil der
Studie die geochemischen Prozesse in das Modell integriert, die auf gemessenen Daten aus den
Gesteinsproben basieren. Ihre Simulation erfordert die Erweiterung des Zwei-Kontinuum-
Aufbaus zu einem Multi-Kontinuum-Modell mit flinf verschachtelten Modellblécken: einen fir
die Klufte und vier fir die Gesteinsmatrix. Diese Unterteilung verhindert die
Unterreprésentation von kinetischen Reaktionen mit kurzen Gleichgewichtslangen sowie
numerische Instabilitaten aufgrund fehlender chemischer und/oder Stromungsgradienten. Im
Ergebnis liefert das neue Multi-Kontinuum-Modell eine gute Ubereinstimmung sowohl der
lang- als auch der kurzfristigen Konzentrationen und Abflusstrends, die in der
Grubenentwasserung gemessen wurden. Der Fluss von Sauerstoff und meteorischem Wasser
durch das Kluftkontinuum flhrt zu einer hohen und stetigen Freisetzung von Wasserstoff-,
Eisen- und Sulfationen, die aus der Pyritoxidation in den den Kluften am néchsten liegenden
Matrixkontinua stammen. Darlber hinaus ergeben sich hohe Chloridkonzentrationen aus der
Vermischung und allmahlichen Freisetzung von relativ unbeweglichen geldsten Stoffen in der
Matrix, die mit dem im Kluftbereich versickernden Wasser interagieren. Beide Ergebnisse
stimmen mit den reaktiven Pyrit-Oxidations- und Eisenhydroxid-Ausféallungsfronten tberein,
die in den Bohrproben aus den Briichen identifiziert wurden.

Schliellich ebnen die Multi-Kontinuum-Modelle, das Simulationsverfahren und die Ergebnisse
der fur das Westfeld entwickelten Benchmark- und Sensitivitatsanalyse-Szenarien den Weg fur
die Anwendung des Modellansatzes in anderen Abbaugebieten. Zuvorderst fir das
Ibbenbirener Ostfeld, wo ein in dieser Arbeit enthaltener gekoppelter elementar-isotopischer
Ansatz bestétigt hat, dass wasserfiihrende Kluftzonen primére Elemente fur die Bildung und
den Transport gel6ster Stoffe in den ersten 300 Metern des Deckgebirges sind. Im letzteren Fall
kann die Kalibrierung und Verifizierung der Modelle durch Messungen von 634S in Sulfaten

und 6180, 62H und Tritium in Wasser vervollstandigt werden.



Chapter 1: Introduction

1.1 Bedrock response to intensive mining operations

Underground coal mining operations tend to modify the pre-existing equilibrium conditions of
the geological media (Kim et al. 1997). Coal removal redistributes the stress state in the
surrounding rocks, leading to a series of mechanical effects that include movement,
deformation and failure of bedrocks above and below the seam (Palchik 2003). The effects
appear to be even more pronounced with the employment of intensive methods such as longwall
or high-extraction room and pillar (Newman et al. 2017). In longwall mining, lengthy
rectangular blocks (panels) are extracted in a single continuous operation using an automated
cutting head that moves parallel to the coal face. When this happens, the work area is protected
by a hydraulic roof support system. The latter, however, is moved as the mining front advances,
causing the roof to collapse behind the operation line (Majdi et al. 2012; Cutler and Morris
2015). On the other hand, Room and pillar mining partially mine the coal seams, leaving intact
large pillars to support the overlying bedrocks during the mine life. However, towards the end
of the operations, miners systematically remove many of the pillars to obtain as much of the

resource as possible, causing the roof to collapse behind them (Di Gianfrancesco 2017)

The collapse of the roof in either case causes temporally and permanent changes on the nature
of the overburden structure and groundwater bodies. However, the magnitude and intensity of
the disruptions are not only influenced by mining factors, but also by geological features such
as thickness, lithology, geological structures, mechanical properties and in-situ stress state of
the rock sequence (Meng et al. 2016). Over time, scholars have used these factors to
characterize the zones into which the overburden is subdivided, usually known as caved,
fractured and deformation zone (Fig. 1) (Palchik 2003; Zhang et al. 2018a; Bai and Tu 2019;
Liu et al. 2019). The caved zone encompasses the highly fragmented area formed after the
overburden fall to the mine floor, breaking the rock mass into irregular shapes of various sizes.
A fractured zone is developed immediately above the caved zone, where the bedrocks break
into blocks by both horizontal and through-going sub-vertical fractures. This bidirectional
distribution of the fractures consequently creates a highly permeable fracture zone: while sub-
vertical fractures dominate the vertical flow through the overburden, horizontal fractures areally
connect the disrupted zone (Zhang et al. 2018c). Lastly, the overburden ends with a continuous

deformation zone, where the layers bend without the development of major fractures.
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Fig. 1 Schematic profile and conceptual understanding of processes and modifications occurring in the
overburden after high-recovery mining methods. Modified after Bai and Tu (2019) and David et al.
(2017).

Out of the three zones, caved and water-conducting fracture zones have received the most
attention given the threats of flooding and contaminant transport they pose to mining operations
and the environment. Their hydrodynamic characterization is carried out with numerical and
physical models, as well as empirical relationships that use parameters collected from field
methods such as drill core analysis, remote sensing, fluid loss measurements, slug tests and
geophysical loggings, among others. On the one hand, caved zones exhibit very high porosity
and permeability values that allow the accumulation of large quantities of gas and water coming
from the adjacent rock strata (Yang et al. 2018; Zhang et al. 2019; Mark 2021). Their vertical
extension, however, is limited and depends mainly on the thickness of the coal seam and the
strength and stratigraphy of the roof strata. Among the most conservative caving heights are
those reported by Singh and Kendorski (1981), who calculated values from 3 to 6 times the
thickness of the mined coalbed. Similarly, Zhang et al. (2011) determined caved zone
extensions in the range of 5 to 6 times the mining height base on groundwater drawdown
measurements and presence of surface cracks in the Shendong Coalfield, China. Longer
extensions are reported by Karmis et al. (1983), with heights around 12 times the thickness of

the exploited coal seam. This height was determined analyzing subsidence data measured in



longwall systems in the Appalachian coalfield, United States. Finally, Palchik (2002) found that
caved zones in abandoned mines in Donetsk (Ukraine) could reach 4 to 11 times the thickness
of the mined coal seam in places where overburden rocks are weak and porous. Thus, the
collapse nature, high porosity and limited extent make it understandable that much of the
research about the caved zone deals with calculating ground subsidence, doing mine planning
of the overlying layers or detecting gas accumulations for its exploitation or spontaneous

combustion prevention.

Fractured zones, on the other hand, represent major water and gas flow channels along the
overburden, reason why many studies have focused on characterizing their extension and
transport capacity. For instance, Gao et al. (2014) investigated rock fracturing due to stress and
deformation changes in the rock mass surrounding the mining panels. Their numerical
simulation on shear and tensile fracture propagation in a Ruhr coalfield showed horizontal
extensions of 60 m in front of the extraction face and up to 80-90 m behind it. Later, Bai and
Tu (2019) delved into the processes that generate tensile failure in bedrock above longwall
mining, which led them to calculate development of vertical joints with openings in the range
of 0.01 to 0.001 m. Complementary, Zhang et al. (2018b) used physical models to demonstrate
higher density of inter-strata (i.e., vertical) fractures in areas above panel edges, marking these
regions as the most suitable for coal methane extraction although without suggesting

permeability or density values.

Regarding vertical dimensions, many studies have developed regression statistics and
lithological constants to establish simple mathematical relationships to calculate heights of
mining-derived fracture zones (see Table 1). For example, Booth and Spande (1992) examined
the response of potentiometric levels and hydraulic properties caused by longwall mining in a
220-m-thick overburden in the southern Illinois coal basin. Pumping and packer tests yielded
one order of magnitude increase in hydraulic conductivity for shale and sandstone layers 20 to
60 m above the mining face. Palchik (2003) determined heights of interconnected fractures
zones between 19 and 41 times the thickness of the mined seam after measuring gas emission
in wells located at different depths within the mining overburden. On their side, Majdi et al.
(2012) presented five mathematical approaches to estimate extensions of distressed zones
(fractured and caved zone combined). By analyzing mining free spaces and geometric
dependencies of the strata during overburden movement, the authors calculate heights in the
range of 6.5 to 46.5 times the mined thickness. Some other authors have tried to separate the
hydraulically linked fractured zone from the overall disturbed zone. In this line, Guo et al.

(2012) calculated cross-strata fracturing zone heights between 2 and 14 times the mined



thickness from groundwater pressure changes in the overburden. Qu et al. (2015) reduced this
height to a range of 7 to 10 times the mining thickness, considering an overburden strength
classification and the presence of competent strata (e.g., cemented) within the stratigraphic
sequence. Finally, Zha et al. (2020) partially validated the empirical formula currently used in
Chinese mining engineering for shallow operations. By using analogous physical models, the
authors obtained heights around 20 times the mined seam for compressive strength regimes
below 20 MPa. Apart from the cited literature, notable outlines of other empirical
fracture/caving height formulas can be found in Bai & Tu (2019), Majdi et al. (2012) and Qu et
al. (2015). Moreover, textbooks by Galvin (2016) and Peng (2021) are suggested for further
detail of the technique, mechanical theory and field investigations associated with longwall

mining.

Table 1 Fracture height predictions extracted from peer-review papers. M is mined height and n the

number of consecutive mined seams.

Reference Fractured zone height

Finding method

20 to 60 times the mined
height.

Booth and Spande
(1992)

Potentiometric drawdown measurements at a
longwall mine with a 220 m overburden thickness
located in the southern Illinois coal basin, USA.

19 to 41 times the mining

Palchik (2003) neight

Gas emission measurements in wells above coal
mine faces located at depths of 280-420 m, Torezko-
Snezhnyanskaya mining area, Ukraine.

6 - 22 times the mined
height.

Karacan and
Goodman (2009)

Change in overburden permeability values measured
in gob gas ventholes within an 82-122 m thick coal
mine overburden, in the northern Appalachian Basin,
USA.

10 to 11 times the mining

Zhang et al. (2011) height

Water table drawdown, surface cracks and ground
subsidence measurements from boreholes and
surface surveys in a 55 m thick mining overburden in
the Shendong coal basin, China.

6.5 to 46.5 the mined

Majdi et al. (2012) height

Five mathematical models that considers:

- Geometry-independent  factors:  sequence
compaction when accommodating the free space left
by mining.

- Geometry factors: geometric figures (parabola,
vertical ellipse and triangle) whose base edge is the
mined panel width.

All five models are independent of depth, lithology,
and location.




Reference

Fractured zone height

Finding method

Guo et al. (2012)

2 to 14 times the mined
height

Measurements of groundwater pressure changes
along a 700 m thick overburden of a coal mine in
Anhui Province, China.

Qu et al. (2015)

7 to 10 times the mined
height

Overburden strength classification based on
lithological features and presence of key strata (e.g.,
cemented sandstones or shales) within non-particular
rock sequence or depth.

Guo et al. (2019)

H=39.83 In(M) — 1.85

Analogy experiments of a medium-hard lithologic
array that emulates the 175 m thick overburden of the
Gequan coal mine, Hebei Province, China.

Zha et al. (2020)

100M

“Sintsz >t

Analogous physical models that validate the
employment of an empirical formula for weak
overburdens (i.e., compressive strength less than 20
MPa) in Chinese coal mines.

1.2 Potential impacts on groundwater due to sequence disruptions

1.2.1 Integrity and flow conditions

Impacts on water quantity and quality following mining operations require careful assessment,

even when some of these changes persist for centuries or millennia after mine closure

(Wolkersdorfer 2006). Much of the concern arises from the modification of piezometric levels
in aquifers (e.g. Walker 1988; Booth 2002, 2006; Newman et al. 2017; Zhang and Lépez 2019).
Development of subsidence-induced fractures along the overburden tend to reduce groundwater

levels (Fig. 2), potentially causing serious environmental effects such as (ERMITE-Consortium

et al. 2004):

o Depletion of water supply or irrigation wells, leading to an increase in the pumping head

e Drying up of springs and wells

e Land subsidence, either due to compaction of fine-grained sediments or the collapse of

voids in karstic terrains; and

e Decreased flows in streams, wetlands, and lakes due to presence of compressive and

tensile cracks at the waterbeds.

Specifically, groundwater drawdowns are attributed to three mechanisms acting over different

time spans: 1) creation of fracture porosity, 2) direct water drainage via permeable fractures,

and 3) transmitted drawdown. The first mechanism is usually related to an early and rapid




lowering of the water table due to sudden groundwater drainage into the newly created fracture
spaces (Booth 2007). However, since fracture porosity is only a small proportion of the total
overburden porosity, the decline phenomenon often stabilizes after a few weeks. As for the
drawdown magnitude, this would depend on whether it is a confined or free aquifer. The volume
of water released from storage with respect to the change in potential is equivalent to pore
drainage for unconfined aquifers (i.e., specific yield), whereas for confined aquifers it depends
on the elastic compressibility of the rock skeleton (i.e., storativity) (Booth 2002). Therefore,
the enormous differences in magnitude between these two parameters cause the decrease in
water table to vary widely. For example, an unconfined aquifer of 1m? area, specific yield of
0.1 and a fracture opening of 0.01m would have a head drop equal to 0.1m, while the same
array would show a drawdown of 100 m if it were a confined aquifer with a storativity of 1x10°
4. In the latter case, the piezometric level drops very rapidly, potentially changing the condition
of the aquifer from confined to unconfined in the event that fractures create a connection with
the atmosphere.

Diversely, the increase of the vertical permeability of the sequence due to the fractured zones
has a significant and permanent impact on the hydrogeological system. (Booth 2002). This
second mechanism creates sharp changes in both hydraulic gradients and groundwater flow
directions given the moderate permeability of many coal-bearing rock sequences (Morin and
Hutt 2001; Wolkersdorfer 2006; Younger 2006). For example, new fracture zones cause higher
infiltration rates of meteoric water into the sequence (i.e., groundwater recharge), drainage of
aquifers and aquitards around the mined seam, or water-inrush into the tunnels, which is one of
the most common and dangerous hazards in mining operations (Wang et al. 2012; Li et al. 2013;
Li 2016). As for the degree of influence, this is given by specific fracture characteristics such
as opening, frequency, direction, filling, smoothness and interconnectivity of one fracture with
another. However, detailed delineation of these features for all relevant fractures surrounding a
mine is beyond current technology and economics (Morin and Hutt 2001). This difficulty has
led many studies to evaluate the response of the fracture network as a whole and not just
individual structure. For instance, the employment of field or empirical methods in shallow
rock sequences (e.g., pumping tests before and after mining, mathematical functions
constructed from precipitation data, and measurements of surface streams losses) have revealed
permeability increases of one to three orders of magnitude as a result of fracture zones (Zhang
et al. 2018b; Lu et al. 2022).

The third mechanism corresponds to a horizontal propagation of the groundwater drawdown in

rocks with relatively high transmissions. In such sequences, water withdrawal at the mine face
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generates horizontal replenishment from further distances, developing an elongated cone of
depression that may exit the mining area. For example, Booth (2002) reports groundwater
depressions of 20 m in areas within 400 m horizontal distance of longwall operations in sandy
coal mine sequences in Jefferson County (USA). However, this mechanism seems to be quite
specific to certain locations, as there are numerous studies showing its absence as a consequence
of the low transmissivity of coal-bearing sequences (e.g., Walker 1988; Booth and Spande
1992; Kay and Somer 2006; Bukowski and Bukowska 2012; Xu et al. 2018).

Land Wetland
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Fig. 2 Impacts on water availability generated by the reduction of phreatic levels due to development of
subsidence-induced fracture zones along the overburden.

1.2.2 Geochemical conditions

Several studies have described how modifications of hydrogeological systems due to mine
subsidence lead to changes in groundwater chemistry. On the one hand, increased water seepage
from overlying and surrounding units causes its transport and mixing with pre-existing waters
along the rock sequence. Whether this mixing causes a deterioration or an improvement in
quality would depend on the chemistry of water from the recharging source (Booth and Bertsch
1999; ERMITE-Consortium et al. 2004). One example is what Pauvlik and Esling (1987)
discovered on water samples of a glacial-alluvial aquitard in the Illinois basin. Prior to longwall
mining, the aquitard showed consistent compositions of brackish and sulfate water. However,
once mining began, chemical parameters exhibited seasonal fluctuations, which the authors
linked to the application of agricultural fertilizers during the growing season. Therefore,
longwall coal mining must have generated fractures that extended to the surface, allowing the

input and transport of fertilizers to the aquitard. In the same Illinois basin, Booth and Bertsch
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(1999) found that the development of a fracture zone increased rainwater percolation, causing
a decrease in the sodium, chloride and sulfate contents of the water contained in shale layers
above the mining panels. At the same time, they identified an enrichment of sulfate loads in the
water of an underlying sandstone, which would evidence downward leakage from the shale

caused by the fracture zone.

Alternatively, mining can affect the geochemistry of the overburden by promoting the
weathering of minerals locked in the rocks. The newly created fracture network above the
mining panels act as conduits for fluid flow, allowing water and air to interact with the freshly
exposed material (Booth 2002). This process has been reported to be much more pronounced
in shallow bedrocks, where groundwater drawdown enhances chemical reactions with the
atmosphere oxygen (ERMITE-Consortium et al. 2004). Chemical reactions typically include
dissolution of carbonates, precipitation of metal oxides/hydroxides, oxidation of sulfide
minerals and acid dissolution of aluminosilicate minerals (Jankowski and Spies 2007). For
example, sulfide minerals such as pyrite/marcasite (FeSz), sphalerite (ZnS), galena (PbS),
chalcopyrite (CuFeSz), millerite (NiS) and arsenopyrite (FeAsS) weather from dissolved
oxygen in water, releasing sulfate (SO4%), their constituent metal cations and hydrogen into
aqueous solutions (ERMITE-Consortium et al. 2004). Subsequently, the increased acidity
favors the dissolution of clay minerals like kaolinite, muscovite, smectite and chlorite, releasing
aluminum to the aqueous medium (Cama and Ganor 2015). The result of the overall process is
the formation of a metalliferous leachate, typically known as acid mine drainage, which has the
potential to adversely affect water, soil, flora and fauna elements (Semenkov et al. 2022). Some

examples of the aforementioned dissolution reactions are presented below (Banks 2003):

CaC03(s) + €O, (g + H0 > Ca®l,

(aq) T 2HCO3™ 4q) Calcite

FeSys) + 7/20; () + Hy0 > Fe?(y + 250,%4q) + 2H (4 Pyrite/marcasite
FeAsS + 7H,0 — Fe!, + 2H3As505 (q) + 11S0,7(4q) + 11H* 4y + 11e”  Arsenopyrite

— 24137

Al,Si,05(0H), + 6H* b

(@q) + 2H,Si0, + H,0 Kaolinite

In terms of concentration, dissolved metal loads in groundwater depend on the precipitation of
secondary phases. Solid materials such as hydroxysulfates and amorphous ferric hydroxides
can trap large proportion of the cations. Examples of these products include gypsum [CaSO, -
2H,0], melanterite  [FeSO,-7H,0], Coquimite [Fe, (504);-9H,0], Alunite
[KAl3(S0,),(0OH)], schwertmannite [Felld0,,(0H),0(S0,); - 10H,0] and ferrihydrite

[Fel’lHOg - 4H,0] among others. The degree of immobilization of the ions in these solid
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phases can be appreciated by comparing molar concentrations. Generally, mine waters have
sulfate molar concentrations ten or more times higher than those of the metals, which causes a
sharp contrast with the 1:1 correspondence of the mineral formulas. However, despite trapping,
the fraction that remains in solution is often sufficient to generate toxic effects in receiving

waters and lands (ERMITE-Consortium et al. 2004).

It should be noted that seasonal fluctuations in the hydrodynamic and geochemical conditions
of the mining system can lead to dissolution of solid phases and remobilization of trapped
metals. Probably the most critical case occurs after mine closure, when pumping ceases and the
water table rebounds to pre-mining levels. The rising water dissolves the highly soluble
efflorescent salts and hydroxides accumulated over decades in mine buildings, flushing them
out at concentrations several times higher than those observed during mining (Younger 1997;
Gzyl and Banks 2007). This process, also known as first flush, results in environmentally
aggressive waters, with very low pH and high sulfate and metal loads (Fig. 3). Over time, these
high concentrations decrease exponentially until reaching levels close to the natural values
observed in the surrounding aquifers (Younger 2000; Mugova and Wolkersdorfer 2022). The
reason is the depletion of sulfate hydroxides together with the poor sulfide oxidation in the
saturated zone. In the long term, significant ion production can only keep occurring in fractured
strata that are permanently or temporarily (e.g., only in summer and autumn) above the water
table (Younger 2002).

Duration of the first flush
tr « » tf

Long-term asymptotic
water quality

Solution Concentration

Time since flooding  —

Fig. 3 Typical temporal variation in mine water ion concentration observed during and after the rebound
process. The ‘first flush' leads to a peak in concentrations after dissolving precipitates in mine voids,
followed by a rapid decline that reaches an eventual steady. Modified after Younger (1997) and Merritt
and Power (2022)
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1.3 Modeling post mining setups

Most of the hydrogeological models employed for coal mining areas can be divided into global
or distributive numerical models (Wolkersdorfer 2006; Kovacs and Sauter 2007; Newman
2018). Analytical models have also been built, but their application is outdated, limited and
highly disputed due to the complicated configuration of real underground mines (Wolkersdorfer
2006). The latter are used to solve problems involving uniform porous aquifers, with simple
homogeneous geometry and under isothermal conditions. This section describes the generalities
and principles of the two most used modeling approaches, without going into specifics on how

they work, since most of them are adapted to particular requirements.
1.3.1 Global models

Global models, also called lumped parameter models or black box models, are single or multiple
entity systems, designed to lump inflow, storage, and outflow processes into empirical
mathematical functions (Younger 2006). The latter are able to reflect spatial patterns and time-
dependent discharges only with the analysis of time series, thus ignoring the dynamics of
groundwater flow in the system (Kordilla et al. 2012). Therefore, this type of analysis makes
the approach especially useful for areas with little knowledge of the involved physical or
chemical properties (Wolkersdorfer 2006). On the downside, lumping the system response into
global factors makes the application of these models very difficult and misleading for
characterizing heterogeneous sequences. For example, Maloszewski and Zuber (1996) show
how the average age of a degradable tracer in a strongly stratified sequence can either give ages
that only represent the upper, more active part of the system or show tracer-free waters due to
heavy retention losses. In particular, two types of global models can be distinguished: single

event and time series models (Jeannin and Sauter 1998)

Single event models deal with the global hydraulic response of the system to a unique recharge
event. For this purpose, the storage and flow times of the input water are adjusted with simple
or complex cascades of reservoirs (Kovacs and Sauter 2007). Therefore, these models emerge
as a volume balance method that requires hydraulic elements such as mine drives, drainages
and faults to interconnect the boxes and adjust the final water balance in each compartment
(DMT GmbH & Co. KG 2011). There are other type of models that provide a semi-quantitative
relationship between the global flow and some hydraulic parameters, as well as the inclusion
of reservoir geometric properties (Kovacs and Sauter 2007). In those cases, there is a partial
understanding and characterization of the system, so it is more appropriate to refer to them as

"gray box models" rather than "black box models".
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Time series analysis, on the other hand, evaluates the system response to a set of rainfall events
by applying statistical techniques such as multivariate regression, curve fitting algorithms,
parameter fitting packages, polynomial spline curves, Fourier series, wavelets, NURBS (non-
uniform rational B-spline) or neural networks (Vermeulen et al. 2004). The basic principle is
to compare a time series with itself in order to identify distinctive or concordant features, mainly
cyclic variations, that are not visible in a standard hydrograph (Jeannin and Sauter 1998). Since
the method is solely based on statistics, it fails to provide information on the physical
functioning of the systems, being useful mainly for determining past trends or future
predictions. In addition, each adjustment process is valid only for one site. An example of this
approach is developed by Chen et al. (2002), who used cross correlation calculation, Fourier
series, moving averaging and normal probability paper plot to correlate precipitation events and
air temperatures with water levels recorded in more than 80 wells in an aquifer of southern
Manitoba, Canada. Other examples of time series analysis are described by Sherwood and
Younger 1994; Adams and Younger 2001; Banks 2001; Hoang et al. 2004; Wolkersdorfer 2006;

and Westermann et al. 2018.
1.3.2  Numerical distributive models

Distributive models use numerical analysis to evaluate spatial and temporal variations in the
physicochemical properties of hydrogeological systems (Galvin 2016). To do so, the
heterogeneous media is discretized into subunits, with their own geometry, hydraulic
parameters and boundary conditions (Kovacs and Sauter 2007). Discretization can be carried
out using either the Finite Difference Method (FDM) or the Finite Element Method (FEM)
according to the selected numerical code (e.g., MODFLOW, TOUGH2, COMSOL and
pFLOTRAN use finite differences while FEFLOW uses finite element). The distinction
between one or the other lies in the way the flow domain is partitioned and, thus, the solution
of the conservation equations (Kovéacs and Sauter 2007; Strack 2017). On the one hand, FDM
subdivides the model domain into rectangular cells, which allows solving the partial derivatives
by means of simple differences between a given number of adjacent nodes located at the corners
or in the center of each cell. For its part, FEM subdivides the model domain into a triangular
and/or quadrangular finite element network, facilitating the discretization of irregular elements.
By having variable geometries, the approximation of the differential operators is analytical, and
involves integral quantities for each element. Detailed information on the conservation
equations for each method can be found in the textbooks of Wang and Anderson 1982; Zhang

and Bennett 1995; and Strack 2017, while comprehensive comparisons between the two have
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been addressed by van Genuchten 1982; Gray 1984; Celia et al. 1990; and Simpson and
Clement 2003.

Within the distributed models, three approaches have been widely used to treat and discretize
the heterogeneous media (Fig. 4): equivalent porous medium, dual or multiple continuum
media and discrete fracture networks (Hartmann et al. 2014). In the first two, heterogeneities
are averaged and treated in terms of effective parameters, while the third includes them as single
or multiple entities, with their own distinct values. Among the three, most of the coal mine
modeling has been carried out with the equivalent porous approach given its low discretization
complexity and minimal changes in hydraulic parameters between adjacent units of similar size
(e.g., Long et al. 1982; Bai and Elsworth 1993; Xiao et al. 1999; Vincenzi et al. 2010; Hu and
Walsh 2021). The basic assumption underlying these models is that the disrupted rock sequence
behaves as a porous continuum, with a hydraulic response lying somewhere in between the
fracture network and the matrix medium (Kim et al. 1997; Younger 2006). Single parameters
for the entire model (e.g., one porosity or one permeability value) are assigned based on average
values obtained from field tests. Therefore, this approach does not adequately account for the
hydraulic behavior of a medium without a very high fracture density (Long et al. 1982). In such
a case, there is an oversimplification of one of the mediums' contribution, since field tests are
performed either in the bulk material or close to a fracture structure (i.e., the measured flow is

not generalized but happens only in certain parts of the model) (Hu and Walsh 2021).

Equivalent porous Double Continuum Discrete Fractured
medium (EPM) medium (DC) medium (DF)
Single medium composite Dual porosity Dual permeability

medium

it
Y
g 125 Fractures /

e/
Matrix M atrix
Low ' 1 Investigation effort « ™ High
High < » Practical applicability - 1 Low
Limited Capability to simulate heterogeneties ———> Good

Fig. 4 Distributive approaches for modeling fractured rocks. Modified after Kordilla (2014)

In contrast, discrete fracture networks models (DFNs) focus on explicitly representing fractures
as the only components responsible for the global flow. The approach treats each element as a
semi-confined aquifer, being necessary to assign them separate values of transmissivity and

storativity, as well as geometric parameters such as orientation, size, position, aperture, and
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shape (La Touche and Cottrell 2017). The difficulty of obtaining detailed measurement of these
features in the field, however, creates an inherent constraint when building deterministic DFN
models. For example, while fracture orientation can be estimated from downhole
measurements, aperture and continuity are always uncertain in three dimensions. These
limitations have led to the employment of stochastic distribution methods (e.g., uniform,
normal, normal, lognormal, Fisher or Elliptical Fisher) to randomly locate fractures in space
(Dershowitz and Einstein 1988; Lei et al. 2017). It is important to note that stochastic models
are computationally complex to perform and require an in-depth statistical treatment to validate
the results (Rouleau and Gale 1987; Younes et al. 2020; Drouin et al. 2021). Additionally,
model results are more likely to be unrealistic if the assumptions are simple (Fielding et al.
2011). Up to now, stochastic DFN models have been constructed in coal mining to simulate
deformation structures from mass removal, being sporadically complemented with flow and
transport components (e.g., Grenon et al. 2014; Katsaga et al. 2015; Lorig et al. 2015). Other
DFN models have been built for nuclear waste repositories (e.g., Follin et al. 2014; Hadgu et
al. 2017), unconventional hydrocarbon exploitation (e.g., Wei et al. 2019; Yaghoubi 2019) and
CO2 storage (e.g., Wang et al. 2019; Zhang et al. 2021).

Finally, the dual or multiple continuum approach represents a middle ground in modeling
fractured sequences by considering them as two interacting, overlapping continua with different
flow, transport, and storage parameters. Its way of addressing fractures as a single network of
average characteristics acting in parallel to the porous medium solved the inability of equivalent
porous models to account for both components and the difficulties of obtaining detailed
information to build discrete fracture models. The interaction between the two continua is
achieved by a mass transfer function determined by the size and shape of the blocks, as well as
by their local difference in pressure and/or temperature potentials (Pruess and Narasimhan
1985; Beyer and Mohrlok 2006). Dual continuum models have been widely employed to solve
diverse energetically and environmental topics, including heat transfer in fractured geothermal
formations (e.g., Pruess and Narasimhan 1985; Hao et al. 2013), hydrocarbons production in
hydraulically fractured shale and tight gas reservoirs (e.g., Kasiri and Bashiri 2011; Wu et al.
2011; Azom and Javadpour 2012), infiltration of water and nutrients into heterogeneous
structured soils (e.g., Dohnal et al. 2007; Dusek et al. 2013) and simulation of saturated and
unsaturated flow in karstified aquifers (e.g., Sauter 1992; Kordilla et al. 2012). In this sense,
the poor record of the approach in coal mining is incomprehensible given its relative success in
simulating flow and transport in fractured heterogeneous sequences. One of the few examples

is developed by Guo et al. (2009) who coupled a mechanical model with a dual porosity setup
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to describe and forecast water inflow and gas emission from two underground coal mines in
Australia. Comparisons of numerical predictions with mine measurements demonstrated the
capability of this approach to accurately predict fluxes in the fractured sequences above the
longwall panels. Other examples have been directed at assessing methane release from coal

beds in response to brittle deformation (e.g., Liu and Rutqvist 2010; Chen et al. 2019).
1.4 Scope and main research topics

The present dissertation focuses on establishing a dual and multiple continua models that can
simulate fluid flow and reactive transport of contaminants through the water-conducting
fractured zone resulting from longwall coal mining. The high fracture density as a byproduct
of mining makes it possible to group them into a continuum with unique characteristics that
reflect the hydraulic response of the entire network when modeled (Palchik 2003; Pruess et al.
2012; Bai and Tu 2019). This would address the difficulty of obtaining detailed information to
construct discrete fracture setups and the inability of equivalent porous and lumped parameter
models to account for fracture zones within a porous medium. In this regard, one of the main
objectives of using the multiple continuum approach is to discover the extent to which the
interaction of fluids with porous and fracture media is significant to the quantity and quality of
water in post-mining zones. Additionally, | explore the ability of the approach to simulate
phenomena such as hydrodynamic dispersion and mine water rebound, including

characterization of the imbibition process.

This thesis takes the Ibbenbiren Westfield mine, located in northwest Germany, as a study case
for constructing and evaluating the model (Fig. 5). Compared to other coal districts in the
country, the Ibbenbiren’s Carboniferous sequence is strongly delimited by geology and local
topography, being expressed as an island-shaped hill (Bassler 1970). There, room and pillar
was the dominant mining method until the 1940s, when operations were intensified using
longwall technology (Rinder et al. 2020). In 1979 mining ceased, allowing groundwater to
rebound over the next three years to a level of 65 m a.s.l. (Klinger et al. 2019). Until today the
same water table is maintained by the Dickenberg adit, a drainage located about 60 m below
ground surface, but 10 m higher than the surrounding plains (< 55 m a.s.l.). The higher level
makes percolated precipitation the only groundwater input of the mine drainage, ruling out
influences from surrounding Mesozoic and Quaternary aquifers. Therefore, this work focuses
on the interaction of rainwater with porous units in the unsaturated zone (i.e., the first 60 meters)

as the primarily responsible for the volume and chemistry of discharged mine water.
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Fig. 5 Location map of the lIbbenbiren Westfield. The Carboniferous block is enclosed by regional faults
structures, which are effective hydrogeological boundaries for the coalfield. Chapters 2, 3 and 4 present
similar location figures that detail the geologic and hydrogeological situation of the area.

Besides the clear topographic and hydrogeological delineation, the area has the advantage of
owing recent data from water samplings and core drilling campaigns. These data are used
throughout the thesis to conceptualize, build and calibrate the numerical model. However, it
should be noted that the objective is not simply to reproduce and verify the observations, but
rather to understand the relative contribution of both elements (i.e., fracture and matrix) in the
evolution of the flow and transport regimes in the area. The topics and questions addressed to
achieve this objective are developed through three peer-reviewed publications included in this
cumulative dissertation. A fourth article addressing water-rock interaction in the adjacent and
deeper Carboniferous sequence of the Ibbenbiren Eastfield is also included. Specificities of

each of the four publications are summarized below.

1.4.1 Article 1: A Petrographic Investigation of the Carboniferous Sequence from the

Ibbenbiiren Mine: Tracing the Origin of the Coal Mine Drainage.

This first paper examines the spatial distribution of water-rock interactions in the fractured
overburden of the Westfield and their potential influence on the elevated chloride, iron and
sulfate contents recorded in the discharged water. As the Westfield phreatic level is above the
surrounding Quaternary plains, the chemical signature of the discharge water must be
influenced by the interaction of percolating rainwater with the unsaturated rock sequence.

However, many studies over time have described both low permeability and reduced porosity

19



values for the Carboniferous block (e.g., Béssler 1970; Wustefeld et al. 2017; Becker et al.
2017, 2019; Klinger et al. 2019). This clearly limits access to the reactive minerals and solutes

contained in the matrix, which are the potential source of the high ion concentrations.

Our hypothesis is that water-rock interaction has been greatly enhanced by decades of longwall
mining in the Dickenberg coal seam, located about 60 m below ground surface. These
operations may have generated vertical brittle deformations (i.e., fractures) that increase
hydraulic conductivity and alter groundwater flow paths in the shallow overburden. The
percolating water harness these water-conducting fractured zones to interact with the minerals
and solutes present in the rock matrix. To test the hypothesis, we combine several analytical
techniques to characterize the Westfield Carboniferous sequence from two full-diameter core
samples recovered in the area. The study includes the identification and analysis of
mineralogical components and rock structures that support recent bedrock alterations (e.g.,
authigenic, reactive or altered mineral phases, fractures, and morphological features) and that,
in turn, may relate to mechanisms governing the chemical signature of coal mine drainage.
Particular attention is given to the distribution of both sulfide minerals alteration and iron
hydroxides precipitation throughout the fractured sandstones. This article forms Chapter two of
this thesis and was published in the special issue Geochemistry and Mineralogy of Coal-

Bearing Rocks of the journal Minerals.

1.4.2 Article 2: A dual-continuum model (TOUGH2) for characterizing flow and

discharge in a mechanically disrupted sandstone overburden.

With the first article, we showed the occurring interplay between the fractured and matrix media
in the Westfield. For example, the presence of alteration fronts on both sides of open fractures
confirms water and oxygen exchange between the newly opened structures and the overburden.
These results were the key point that allowed us to conceptualize the flow component of the
area, which can also be applicable to other mining zones. In general, fluid flow in post-mining
overburden can be described by four processes: (1) meteoric water infiltration into the first
meters of soil and disaggregated rock, (2) percolation through an undisturbed zone, (3)
groundwater flow in sub-vertical fracture networks, and (4) flow and groundwater storage in
the porous matrix. However, as the latter two processes take place in the same physical space
(i.e., water-conducting fractured zone), they are rarely modeled simultaneously given the
extensive characterization required for both media. As discussed earlier in the introduction,
most post-mining models explicitly ignore fracture structures by employing the equivalent

porous medium (EPM) approach or even both media with lumped parameter models.
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The purpose of the second paper is to characterize fluid flow in the water-conducting fractured
zone of the Ibbenbiren Westfield using the Dual Continuum (DC) approach. The latter allows
us to quantify the contribution that both fractures and matrix elements have on the volumes of
discharged water throughout the year. Based on hydrographs of the area, we hypothesize that
the fractured zone behaves similar to a karst system, where discharge peaks reveal the response
of conduits to large recharge events, while recession limbs are the result of water flow in the
matrix blocks (e.g., see Sauter 1992; Bonacci 1993; Kordilla et al. 2012). To test this idea, the
TOUGH2 software (by Lawrence Berkeley National Laboratory) is employed in this paper to
simulate the fractured and unsaturated overburden of the Westfield. The model is calibrated
using daily discharges recorded throughout 2008, and then validated with discharge data from
2017. Moreover, the study includes a sensitivity analysis that helps to reduce the ambiguity of
the results, while giving an idea of those variables that can be set within a reasonable range
without affecting the model’s efficiency. This article constitutes the third chapter of the present
thesis and was published in Hydrogeology journal.

1.4.3 Article 3: A multiple interactive continua model (MINC) to simulate reactive mass

transport in a post-mining coal zone: A case study of the Ibbenburen Westfield.

The promising results of chapter three led us to extend the flow setup to a model that includes
conservative solute transport along with kinetic and equilibrium geochemical reactions. The
goal of such a model is to identify and reproduce both long- and short-term formation,
movement, and deposition of contaminants in the Westfield since the mining onset. We also
study the temporal and spatial evolution of brine dilution, pyrite oxidation and iron hydroxide
precipitation, all processes inferred from the analysis of drill cores in the first article. These
reactions, promoted by the movement of water and oxygen in the fractures, would be
responsible for the generation of acid mine drainage and, therefore, for the high concentrations

of sulfate, iron, chloride, and other dissolved metals measured in the Dickenberg adit.

In this third paper, the software TOUGHREACT is employed to set up a 2D multiple interactive
continuum model of the unsaturated overburden of the Westfield. The model’s geochemical
component includes dissolution, precipitation and dilution processes related to iron-, sulfate-
and chloride-bearing minerals and solutions. The simulation is performed through a 5-stage
process that addresses variable initial and boundary conditions resulting from system
modification due to variable mining phases. As for the setup, we extend the two-element dual
continuum approach, used for the flow component, to a model with a one-element fractured

continuum and four nested blocks for the matrix continuum, each located at a variable distance
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from the fracture. This new configuration allows accounting for reaction fronts across matrix
blocks, showing the geochemical variations of both rocks and groundwater over time. For
example, reactive minerals and solutes closer to fractures would interact readily with oxygen
and water percolating through them during the early years of mining. However, over time this
interaction would tend to reduce as the materials near the fracture are depleted, causing the
water to penetrate further into the matrix to interact with fresh rocks. The increase in the number
of continua also validates the use of the approach to simulate fractured media by solving the
block size constraint when simulating diffusive flow across the fracture-matrix interface. This
latter is one of the limitations commonly raised against the dual continuum method (e.g.,
Lichtner 2000; Iraola et al. 2019). This article represents Chapter 4 and was presented for

review in the journal Mine Water and the Environment at the time of the thesis submission.

1.4.4  Article 4: Geochemistry of coal mine drainage, groundwater, and brines from the
Ibbenbiiren mine, Germany: A coupled elemental-isotopic approach.

At the Ibbenbiren Eastfield, much of the public attention has focused on the characterization
and management of the mine drainage since its closure, in December 2018. However, water
quantity and quality at this mine are slightly different from those measured at the Westfield due
to variations in geological and mining conditions. On the one hand, the Carboniferous
sequences of the West- and East-field are separated by a graben structure that generates
stratigraphic differences of up to 500 meters in favor of the latter (i.e., a more complete
sequence). Also, the Eastfield block has less fault segmentation, resulting in greater horizontal
continuity of the sedimentary layers. These two factors prompted longwall mining to depths
down to -1500 m a.s.l.,, potentially modifying several hydrogeological units within the
Carboniferous block. Therefore, this paper, led by Thomas Rinder, applies a coupled elemental-
isotopic approach to identify the origin of extracted mine drainage, groundwater, and brines in
the Eastfield.

Specifically, isotope ratios 34S/%2S and 80/*0 in sulfate, ¥0/**0 and ?H/*H in H20, and
87Sr/%Sr in dissolved Sr are used to elucidate the origin of solutes found at different depths
within the mine. Analysis of these isotopic systems allows us to develop a conceptual fluid and
mass transport model that should vary as a function of depth. Unlike Westfield, water-
conducting fracture zones at Eastfield are unlikely to be the main flow paths along the 1500
meters of mined block due to their closure by lithostatic pressure (Wang et al. 2016a, b). Thus,
we aim to determine up to what depth these fracture zones influence the composition of the

mine drainage with shallow fluids. We also look for evidence of other elements or phenomena
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that can transport formation, deep and surface waters or other solutes from outside the block to
the mine drainage. This paper represents the fifth chapter of this thesis and was published in the

journal Applied Geochemistry.
1.5 Statement of own contribution to the manuscripts

1. Bedoya-Gonzalez, D., Hilberg, S., Redhammer, G. & Rinder, T. (2021) A Petrographic
Investigation of the Carboniferous Sequence from the Ibbenbiiren Mine: Tracing the Origin
of the Coal Mine Drainage. Minerals, 11, 1-19. https://doi.org/10.3390/min11050483

As a first author, | wrote the manuscript, conceived and planned the experiments, prepared and
described the thin sections from the core samples, analyzed the samples with polarized and
scanning electron microscopes and prepared all figures and tables. Sylke Hilberg supervised
the project and supported the author throughout the manuscript creation process with valuable
comments and discussions. Guinther Redhammer prepared the samples and performed the X-
ray diffraction measurements, providing valuable comments to their analysis. Thomas Rinder
conceived and planned the experiments, drafted sections of the manuscript and interpreted the

X-ray diffraction data. All authors discussed the results and commented on the manuscript.

2. Bedoya-Gonzalez, D., Kessler, T., Rinder, T., & Schafmeister, M.T. (2022) A dual-
continuum model (TOUGH2) for characterizing flow and discharge in a mechanically
disrupted sandstone overburden. Hydrogeol J., 30, 1717-1736.
https://doi.org/10.1007/s10040-022-02507-3

As a first author, | wrote the manuscript, conceptualized and created the model, researched and
scrubbed the employed data, performed the numerical simulations and prepared all figures and
tables. Timo Kessler and Thomas Rinder verified the conceptual model and contributed to the
interpretation of the results. Maria-Theresia Schafmeister commented and helped with the
sensitivity analysis, supervised the project and supported the first author throughout the
manuscript creation process with critical feedback. All authors discussed the results and

commented on the manuscript.

3. Bedoya-Gonzalez, D., Kessler, T., Rinder, T., Hilberg, S., Szab6-Krausz, Z., &
Schafmeister, M.T. [Subm.] A multiple interactive continua model (MINC) to simulate
reactive mass transport in a post-mining coal zone: A case study of the Ibbenbiren

Westfield. Mine Water and the Environment J.
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Kessler verified the conceptual model and helped with the construction of the transport
component of the model. Thomas Rinder and Zsuzsanna Szabd-Krausz contributed with the
construction of the chemical component of the model, including the formulation of the chemical
reactions, equilibrium and kinetic constants. Sylke Hilberg and Maria-Theresia Schafmeister
checked the basis of the model, supervised the project and supported the first author throughout
the manuscript creation process with critical feedback and discussions. All authors discussed

the results and commented on the manuscript.

4. Rinder, T., Dietzel, M., Stammeier, J.A., Leis, A., Bedoya-Gonzalez, D., & Hilberg, S.
(2020) Geochemistry of coal mine drainage, groundwater, and brines from the Ibbenbiren
mine, Germany: a coupled elemental- isotopic approach. Appl Geochemistry J., 121, 104693.
https://doi.org/10.1016/j.apgeochem.2020.104693

I contributed and commented on the construction of the conceptual transport model from the
data analysis and helped with the preparation of the figures. Thomas Rinder conceived the
original idea, wrote the manuscript, carried out the sampling, designed and performed the
experiments, analyzed the results, prepared the tables and figures. Martin Dietzel and Sylke
Hilberg supported the first author throughout the manuscript creation process with valuable
comments and discussions. Jessica Stammeier and Albrecht Leis prepared and performed the
isotopic analyses on the water samples in addition to assisting the first author with the analysis

of the results. All authors discussed the results and commented on the manuscript.
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Abstract: The mine drainage of the Ibbenbiiren anthracite coal mine is characterized by exceptionally
high concentrations of dissolved iron and sulfate. The elevated position of the coal field with respect
to the surrounding area makes the neighboring sediments an unlikely source of these elements.
Accordingly, it has been hypothesized that interaction between infiltrating rainwater and the fractured
overburden is a key process governing the mine drainage chemistry. To test this hypothesis, two
full-diameter core samples drilled above the discharging adit of the coal mine were investigated. The
methodology combined several analytical techniques to identify and characterize traces of water-rock
interaction related to both diagenesis and relatively recent weathering processes along open fractures.
The coupled appearance of kaolinite-dickite-illite minerals in weathered and unweathered rock
sections was clearly connected to the burial history of the Carboniferous sequence. In contrast, the
formation of iron (oxide-) hydroxides together with the presence of oxidized pyrite in weathering
profiles along both sides of the fractures was positively related to the geochemical footprint of the
coal mine drainage. Thus, open fractures, possibly originated from mining activities, may play a
significant role in the drainage chemistry, especially considering the rather poor hydraulic conditions
of the overburden.

Keywords: mine drainage; Ibbenbiiren anthracite coal mine; Carboniferous sequence; water-rock
interaction; geochemistry

1. Introduction

In December 2018, hard coal mining in Germany came to its end when collieries in
Ibbenbiiren and Prosper Haniel ceased to operate [1-3]. However, with the end of mining
activities the need for mitigation of environmental impacts still continues [4,5]. Amongst
others, management of mineralized mine drainage remains a considerable challenge in
many places [6-13]. The problem begins as soon as operations start, but may continue for
centuries after mine closures [14-16].

Mining exposes large surfaces of coal and coal-bearing rocks to air, water and microor-
ganisms. The oxidation of reducing agents in these layers (e.g., iron sulfides and organic
matter) generates acidic conditions with exceptionally elevated concentrations of sulfate,
iron and manganese ions [17]. Trace elements present in the lattice of the minerals, such as
Co, Cu, As, Pb, Ni, Se, U and Zn, can also be released at levels that are harmful to aquatic
and terrestrial organisms [6,9,18,19]. These products may be sorbed and coprecipitated by
buffering minerals, resulting in their partial reduction [18,20]. If there are no such buffers,
the referred products may be flushed from the system either rapidly or potentially long
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into the future [21]. Consequently, the drainage quality of each mine site depends on its
particular structure and (hydro-) geological conditions.

Historically, the drainage of Ibbenbiiren Westfield has displayed high iron (100-1000 mg/L)
and sulfate (1000-5000 mg/L) contents [22,23]. Even after its closure and subsequent flood-
ing in 1979, the mine drainage has continued to bear high loads of total dissolved solids
and metals [10]. A comprehensive clarification of this mineralization, which is the highest
reported for European hard coal mines, requires an approach that considers geological,
hydrological and mining conditions. The Ibbenbiiren Westfield represents an isolated
mountain range, topographically elevated with respect to the foreland. Accordingly, it has
been hypothesized that the actual chemical signature of the drainage is influenced by the
interaction of percolating rainwater with sulfur-bearing rock layers above the adit. This
water—rock interaction could be favored by decades of mining activities, which generate
strains (i.e., deformations) derived from the redistribution, concentration, reorientation
and release of stress [24]. Large vertical strains result in fracture structures that modify the
hydrogeological system, increasing their hydraulic conductivity and altering the ground-
water flow paths [25-29]. The percolating water can then harness these water-conducting
fracture zones to interact with the rock sequence. To test this hypothesis, the present
study combines several analytical techniques to characterize the Carboniferous sequence
within two full-diameter core samples recovered from the Ibbenbtiren Westfield. Particular
attention is given to components and structures (e.g., authigenic, reactive or altered mineral
phases, fractures, and morphological features) that allow identification of the mechanisms
governing the chemical signature of the coal mine drainage.

2. Site Description
2.1. Geological Setting

The Ibbenbiiren Carboniferous crustal block represents the largest outcrop of Paleozoic
coal-bearing rocks in northwest Germany. Similar Carboniferous island-like blocks can
be found in Hiiggel [30] and Piesberg [31] hills, a few kilometers to the east (Figure 1).
Based on tectonic studies, all three blocks have been linked to the Ruhr district, about
90 km to the south of Ibbenbiiren. There, the Carboniferous sequence dips north under
the Mesozoic rocks of the Miinsterland basin, emerging in the study area due to the
inversion of the Osning fault in the Upper Cretaceous [32,33]. At that time, the block
was subject to compressive strength produced by dextral movements. This generated a
crustal uplifting of about 2 km compared to the Triassic and Jurassic foreland, currently
under the Quaternary deposits [32]. Consistently, the Carboniferous sequence developed
an island-like appearance, being limited on all its sides by marginal faults that follow the
NNW-SSE Osning thrust axis (Figure 1) [34].

Antithetic faults created during the tectonic inversion also divide the Carboniferous
block into 2 NNE-SSW striking horst structures separated by the Bockradener graben [23].
Horst structures were named East- and Westfield for mining purposes (Figure 1). An
additional boundary between the Westfield and Bockradener graben was also defined at
the Pommer-Esche fault, where the rock sequence exhibits vertical displacements from
210 to 500 meters [34]. Finally, several local faults further segment the Westfield into small
blocks, promoting the infiltration of meteoric water (Figure 1).

2.2. Stratigraphy

Rock layers in the study area were deposited during the higher Westphalian C and
lower Westphalian D stages [30,37]. The sequence is composed of an alternating pattern
of sandstone and conglomerate layers (approx. 80%), with few mudstone levels (20%)
wherein 81 coal seams are included [34]. On top of this, thin Quaternary sediments sparsely
cover the sequence, as well as two localized waste rock deposits, which do not extend
more than 0.5 km?. Because of the low dip angle (<10°) and fairly constant nature of the
rocks, coal seams offer good reference levels when comparing the stratigraphic sequence
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at various locations into the field [23]. However, parallelization between areas is often
uncertain due to strong facies changes at large-scales.
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Figure 1. Geographic and geological maps of the studied area. The polygons enclosed by the thick black line in the digital
elevation image additionally illustrate the location of the other two Carboniferous blocks in the surrounding area. The A-A’
line denotes the position of the cross-section in Figure 2. Modified after [10,35,36].

2.3. Hydrogeological Conditions

Mining in the Westfield stopped in June 1979, with excavations as deep as 600 m below
the ground level [22]. After closure, the dewatering system was progressively shut down,
allowing groundwater to bounce back. As a result, the area was flooded under control up
to an elevation of around 65 m a.s.l., where the groundwater reaches the Dickenberg adit
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(Figure 2) [38]. Nowadays, this level is still regulated by direct connections between the
adit and the Dickenberg coal seam [22].

Ibbenblren Westfield SE

Mittelland

-

P / ,  Precipitaton , ,
S , ,

2000 3000 4000 5000 6000
- Carboniferous I:I Permian - Jurassic EI Late Pleistocene
Drill core/ well Adit deviation
Fault \AA/  Water table é estion to the SW

Figure 2. Geological cross-section of the Ibbenbiiren Westfield (cross-section line A-A’ in Figure 1). The cross-section is

vertically exaggerated 5x to better detail the shallow overburden structure and current hydrogeological situation. Modified

after [39].

As the phreatic level of the former coalfield is above the foreland surface (<55 m a.s.l.),
precipitation turns into the unique source of groundwater recharge. The thin and sparse
Quaternary sediments offer neither storage capacity nor resistance for meteoric water to
percolate. Likewise, percolation may be promoted by water-conducting fracture zones
as Lotze et al. [23] and Bassler [34] suggested. Both authors observed a direct correlation
between seasonal precipitation events and the amount of discharged mine water. Addition-
ally, both authors described a sharp drop in the groundwater table for the whole Westfield
when mining was active. The development of a continuous cone of depression rules out
the presence of a free aquifer on top of the sequence while confirming a direct connection
between the surface and underground works. The actual discharge of the adit, therefore,
depends on the amount of meteoric water that percolates through the overburden enclosed
by the northern and southern Carboniferous marginal faults, Mieke Fault and Pommer-
Esche Fault. Furthermore, groundwater can only be extracted from areas higher than the
Dickenberg adit, turning the terrain contour +65 m into an additional hydrogeological limit
(Figure 1).

3. Materials and Methods

Full-diameter rock samples (i.e., 4 inches diameter) from two drill cores were evalu-
ated in this study. The samples were obtained from a drilling campaign for the construction
of a new drainage adit in Ibbenbiiren, where boreholesBK14a and BK15 were the only ones
drilled on the Westtfield. In total, more than 130 m of rock samples, with an approximately
stratigraphic representation of 80 m, were recovered (Figure 3). From these, 22 intervals
were picked for further investigation including mineralogy, rock structures and alteration
zones. The selected intervals included at least two samples of each lithology identified on
the drill cores. These were chosen with a depth spacing as regular as possible to homoge-
neously cover the whole sequence. Additionally, intervals with the presence of reactive,
unstable or altered mineral phases (e.g., pyrite, carbonates and (oxide-) hydroxides) as well
as with permeable features such as fractures were also selected.

Detailed petrographic characterization was carried out on 22 thin sections of the
selected intervals. Descriptions were performed with a LEITZ laborlux 12 polarized
microscope with magnifications between 2.5 and 40x. Although all slides were carefully
examined, only six sections of the most frequent rock intervals with both altered and
pristine zones were selected to perform detailed point-counting analysis, as described
by the Gazzi-Dickinson method (e.g., see [40]). For each thin section, 300 points were
counted using a maximum of 1 mm grid spacing covering the entire slide. This amount
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of counts yielded statistically reliable values for all parameters, reasserting the textural
and compositional classification of overburden rocks. Grain size and sorting analysis was
performed by measuring the long axis of at least 100 grains per thin section. Petrographic
descriptions were complemented with the analysis of two thin sections under a Zeiss Ultra
Plus 55 field emission scanning electron microscope (SEM). Measurements were carried out
with an accelerating voltage of 15 kV and a working distance of approximately 10 mm. The
dispersive X-ray spectrometer system mounted in the SEM was further used to identify
unknown accessories and clay minerals.
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Figure 3. Stratigraphic columns of the two core-samples recovered in the area. The sketch includes
lithology and location of the samples analyzed in this paper. Cl = clay, Slt = silt, Sd = sand (v.f: very
fine, f: fine, m: medium, c: coarse, v.c.: very coarse), Grv = gravel.
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Mineralogical composition of the rocks was determined by powder X-ray diffraction
(PXRD) on 34 samples. The measurements were collected in coupled Theta—Theta mode on
a Bruker D8 Advance diffractometer (Bruker AXS, Karlsruhe, Germany), being equipped
with a fast-solid-state Lynxeye detector and an automatic sample changer. Data acquisition
was performed using CuKal,2 radiation between 10° and 90° 2Theta, with a step size of
0.015°, integration time of 1 s, with the divergence slit and the anti-scatter-slits opened
at 0.3° and 4°, respectively. A primary and secondary side 2.5° Soller slit was used to
minimize axial divergence, and the detector window opening angle was chosen as 2.93°.

Finally, the elemental composition of selected weathered and unweathered rock sam-
ples (n = 34) was analyzed with “S4 Pioneer” X-ray Fluorescence microscopy (Bruker
AXS). This device is equipped with a 4 kW X-ray tube, whereby the main elements were
measured with reduced power. The counting times were chosen in such a way that the
double standard deviation for SiO, and Al,O3 was below 1% (relative) and below 5%
(relative) for those elements that contained 1-10%. At low concentrations (<10 ppm) the
measurement error is typically 1-3 ppm. At concentrations around 1000 ppm, the errors
are maximum 50 ppm, but with many trace elements, they are significantly lower.

4. Results
4.1. Core Logging
4.1.1. Lithology

The most frequent lithology in the drill cores corresponds to greyish hard sandstone
layers, medium-to-coarse-grained and moderately sorted. Layers are homogeneously
composed of quartz, sedimentary lithic fragments (mostly chert, mudstones and coal),
muscovite, and variable pyrite amounts. Rocks do not present cement, but a clayey matrix
produces a dense hard packing with apparent low porosity (Figure 3). Sedimentary features
include massive and cross-bedding structures, with local variations to conglomeratic lenses.
Some intervals show reddish tones associated with precipitation of iron (oxide-) hydroxides
near fracture structures.

Interspersed with the sandstones, clast-supported pebble conglomerates appear in the
sequence (Figure 3). These are massive and poorly sorted rocks, with normal gradation
to very coarse-grained sandstones of similar composition as described above. Lastly, few
levels of dark-gray mudstone and remnants of two coal seams were found in both drill
cores (Figure 3). According to a personal communication of the RAG Company, these two
coal samples belong to Alexander and Dickenberg seams. By taking them as guides, a
significant textural fluctuation is observed laterally (Figure 3). For instance, in between
the two coal seams, lithology varies from fine-to-medium-grained on the core BK14a to
very-coarse and conglomeratic on the core BK15.

4.1.2. Joints and Fractures

Rock breakups were grouped into joints and fractures according to their influence
on the integrity and alteration state of the samples. Other parameters such as strike,
inclination or dip direction were not evaluated due to lack of on-site information and
sample orientation.

Joints correspond to short and relatively planar cracks, easily traceable by their narrow
alteration zones. They display millimeter-scale tensional offsets and reddish-brown altered
fringes of up to 0.5 cm at each side of their planes (Figure 4b). Secondary iron hydroxides
commonly close the open spaces, cementing the divided fragments (Figure 4a). However,
no other sealing element associated with the mineralogical composition of the rock, such
as quartz veins or clay smears, was observed.

Fractures, on the other hand, are open structures that segment the core samples into
two or more pieces. Weathering fronts with precipitated iron (oxide-) hydroxides are
consistently related to them, changing the rocks” optical properties according to their
distance from the fractures (Figure 4c). Rock sections close to fracture planes develop more
intense and hard reddish-brown crusts in comparison with further areas. In general, these
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alteration zones extend for several centimeters on both sides of the planes, comprising
even the whole core interval in coarser lithologies (Figure 4c,d, respectively).

(d)

10 cm

Figure 4. Types of breakups encountered during the core logging. (a) Longitudinal and (b) cross-
sectional images of joint networks, displaying limited alteration zones. In both sections iron (oxide-)
hydroxides hold the rock pieces together hindering fluid flow. (c) Sub-vertical fracture showing clear
influence in the weathering state of the sandstone interval. (d) Cracked sandstone interval with a
sub-vertical fracture potentially associated with the exploitation of the Dickenberg coal seam, 4 m
below it (this structure can be tracked on the core BK15 for approx. 5 m).

4.2. Petrography

Sandstones display high proportions of detrital quartz, with little evidence of over-
growth or sutured contacts. Most of the lithic fragments correspond to chert and ductile
mudstones partially altered to sericite (Figure 5a). Additionally, lenses and high amounts
of coal fragments appear in several layers, some of which exhibit oxidation signs on the
surrounding matrix (Figure 5b). Detrital muscovite and ductile lithics are frequently af-
fected by compaction, being incorporated into the primary pore spaces as pseudomatrix
(Figure 5a). Unaltered feldspars are extremely rare, although their initial presence is in-
terpreted from the development of pseudohexagonal stacks of kaolinite-group minerals.
Pyrite occurs as clusters of very fine sand and silt crystals (i.e., microcrystalline pyrite)
usually associated with sedimentary lithic fragments and rarely as frame macrocrystals
(Figure 5c). Finally, iron (oxide-) hydroxides are found coating and covering lithoclast
surfaces in fractured core intervals (Figure 5d).
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Figure 5. Photomicrographs of the main components found in the rock sequence. (a) Plastic lithic fragments, muscovite
flakes and booklet crystals of kaolinite-group minerals squeezed among quartz and chert grains. The authigenic origin
of the kaolinite-group minerals is interpreted from the pseudo-hexagonal form of the pore space. (b) Oxidation of a coal
lithic fragment within conglomeratic sandstone interval. (c) Unaltered cluster of microcrystalline pyrite associated with
a sedimentary lithic fragment. (d) Weathered thin section with iron (oxide-) hydroxides precipitating around and on the
matrix and rock components. (e) Weathered cluster of microcrystalline pyrite completely transformed to iron (oxide-)
hydroxide (holo-pseudomorph). (f) SEM image of prismatic barite crystals in a pore space. Lf = lithic fragment, Ms
= muscovite, KIn = kaolinite-group minerals, Qz = quartz, Py = pyrite, Ilt = illite, Ser = sericite, Fe ox. = iron (oxide-)
hydroxides, PPL = plane polarized light, XPL = cross polarized light, SEM = scanning electron microscope.
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Based on point counting, sandstones can be classified as medium-grained sublithic
arenites with some variations to coarse-grained lithic arenites. Both lithologies present
granoblastic texture with gradational and parallel-oriented structures. Samples exhibit
textural maturity, expressed in moderately sorted frameworks, with sub-rounded and
moderate spherical grains. In general, normalized mineralogical compositions display 58%
mono- and polycrystalline quartz grains, 20% lithic fragments and 12% authigenic clay
minerals (kaolinite-group minerals and illite). Minor constituents include 3% muscovite,
<2% alkali feldspar and 5% microcrystalline pyrite. However, this latter figure may have
been overestimated due to the dark opaque nature of a range of thin section components
(mudstone, coal particles and iron oxides). Within weathered rock zones, up to 5% of
iron (oxide-) hydroxides are additionally present. These appear as a massive solid phase,
darkening the frame and clay matrix minerals of the samples (Figure 5d). Pellicular rims
of (oxide-) hydroxides can also be spotted around pyrite and coal particles, evolving in
some cases into full crystal replacement (holo-pseudomorphism—Figure 5e). Lastly, SEM
and EDS images reveal trace quantities of barite and heavy clay-size particles, enriched in
strontium, lead and rare earth elements (i.e., lanthanum, cerium and neodymium). These
were rarely encountered in the primary porosity of the rock, alongside the clayey matrix
(Figure 5f).

Under the XRD, both weathered and unweathered rocks did not show significant min-
eralogical differences. As an exception, pyrite was only identified in selected unweathered
samples. Diagnostic peaks of kaolinite group minerals reveal the presence of both kaolinite
and dickite in the samples (Figure 6).

L1l I
IW1uw | PDF 14-0164 Ai251205(0H)4 Kaolinite-1A

IW18 uw PDF 10-0446 AI2Si205(0OH)4 Dickite-2M#1
| PDF 86-1560 SiO2 Quartz low
| PDF 06-0710 FeS2 Pyrite, syn

38,697 °

AN

35 36 37 38 39 40
2Theta (Coupled TwoTheta/Theta) WL=1,54060

Figure 6. Diagnostic peaks of quartz, pyrite, kaolinite and dickite for samples IW1 uw and IW18 uw.

4.2.1. Rock Matrix

The matrix is predominantly composed of lithic fragments (pseudomatrix) and authi-
genic clayey minerals. The pseudomatrix corresponds to ductile mudstone and fine-grained
lithic fragments, with significant alteration to sericite (Figure 7a). The criteria for classifying
them as pseudomatrix implies that individual fragments are hardly distinguishable, but
their deformation is still visible through flow structures (e.g., see [41]). Other lithics like
coal and chert remain undeformed taking part of the rocks’ frame.

Most of the clayey matrix occurs as stacks of face-to-face plates and booklet crystals
of kaolinite-group minerals. The pseudohexagonal shape of these aggregates suggests
that they were formed from the alteration process of detrital feldspars. Additionally,
elongate, filamentous and hairy crystals of illite are also observed on the top and edges
of these minerals. The bright interference colors on plain-colored booklet-shaped crystals
show their illitization to some extent. To rule out illite pseudomorphism and, therefore,
complete replacement of the kaolinite-group minerals, the coexistence of both minerals
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was investigated through SEM and EDS. Results validate the partial illitization of the
sample, confirming the consistency between the characteristic habit of the minerals and
their chemical composition (Figure 7b—d).

Spectrum 1

Weight %  Atomic %
5151 66.28
056 0.47
[ 1567 | 119 |
2251 | 1649
7.65 2.03
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2 4
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0K 5821 70.74
AIK 1971 14.20
SiK 2141 14.82
Fek 0.67 023

o 1 2 3 4
ull Scale 1382 cts Cursor: 2.720 (42 cts)

Figure 7. Rock matrix components. (a) Altered pseudomatrix squeezed among quartz and chert grains. (b) Authigenic
clayey matrix found in the sample. Illite fibers stand out from their bright interference colors around the loose aggregates of
kaolinite-group minerals, while sericite is frequently observed on the surface of sedimentary lithic fragments. (c,d) Illite and
kaolinite-group minerals with their respective EDS signals. Alt Pm = altered pseudomatrix, Qz = quartz, Kln = kaolinite-
group minerals, It = illite, Ser = sericite, PPL = plane polarized light, XPL = cross polarized light, SEM = scanning

electron microscope.

4.2.2. Porosity and Permeability

The visual porosity of the analyzed thin sections is between 8 and 11%. Core sam-
ples are characterized by moderately sorted sediments and straight-line contacts, with
few sutured or point junctions among the sub-rounded grains (Figure 8a). This type of
arrangement creates intergranular pore spaces that can be either free or matrix-filled. In
the area, most of the samples exhibit a significant percentage of clayey matrix (15%) that,
together with the sorting grade of the rocks, results in the rather low porosity. Moreover,
primary porosity is reduced by the formation of pseudomatrix, which represents around
10% of the total rock volume.

In addition to the counted primary porosity, secondary microporosity was also iden-
tified within the stack of booklet crystals of the kaolinite-group minerals. This feature,
widely discussed in petroleum engineering papers (e.g., see [42]), was highlighted by the
blue-dye epoxy used in the samples (Figure 8b). Although no percentage was determined,
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it may contribute largely to the total porosity considering the extensive development of
kaolinite-group minerals in the rocks. This idea is supported by Wiistefeld et al. [31]
who performed visual and helium pycnometry measurements on sandstone outcrops
in Piesberg. Discrepancies of about 4% between both techniques were attributed to the
development of microporosity in authigenic clay minerals, only detectable by helium
pycnometry. As the two rock sequences are comparable in terms of age, composition and
burial history, a similar effect in the studied samples can be assumed (i.e., porosity values
around 15%).

Secondary 3 &
microporosity

/)

% ; »
g Pore diameter 8
SEA reduction ‘

Figure 8. Overview of the rock porosity. (a) Open straight-line contact between two quartz grains developing primary
porosity. (b) Secondary microporosity highlighted by the speckled, pale blue color of the resin. (c) Thin section of a
weathered interval displaying clogging of primary and secondary microporosity. (d) Iron (oxide-) hydroxides pore-lining,
reducing and blocking the connection between pore spaces. Qz = quartz, KIn = kaolinite-group minerals, PPL = plane

polarized light.

Finally, low permeability values are expected for the studied overburden. Reduction of
the rock porosity by ductile fragments tends to disconnect the free pathways of the bedrocks.
Likewise, iron (oxide-) hydroxides frequently precipitate on the clayey minerals and pore
throats, potentially reducing the connection between adjacent free spaces (Figure 8c,d).

4.3. Elemental Rock Composition

The chemical composition of the selected rock samples is shown in Table S1 of the
supplementary files. Generally, the elemental composition of both weathered and un-
weathered sections resembles the results from the petrological investigation. Iron content
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Figure 9. Elemental composition of analyzed rock samples. Potassium and magnesium do not vary between weathered and
unweathered zones, indicating low influence of water-rock interaction on aluminosilicate dissolution. Correlation of Zn, Pb

increases in the reddish weathered rock zones with respect to the unweathered zones
(Figure 9a). In contrast, aluminium content does not vary in between sections, indicating
only minor importance of secondary Al-bearing (oxide-) hydroxides in the weathered rock
zones. In addition, both alkaline and earth alkaline elements are correlated to Al content,
indicating their siliciclastic origin. Potassium and magnesium do not vary significantly
between weathered and unweathered rock zones (Figure 9b,c). Nickel, zinc and, to a
lesser extent, lead (Figure 9d—f) are correlated with secondary iron phases, indicating
co-precipitation and sorption. In principle, sulfide minerals in the Carboniferous sequence
are potential sources of those metals. Moreover, it has been suggested that they migrated
vertically into the Carboniferous sandstones when the area was still covered by shale,
halite, limestone and conglomerate layers of Permian (Zechstein) age [23]. However, the
recent influence of these Zechstein remnants that were dragged up by the south and north
marginal faults has been discarded by isotopic studies carried out by Rinder et al. [10] in
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and Ni indicates coprecipitation/sorption with secondary iron (oxide-) hydroxides.
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5. Discussion

The studied sequence corresponds to a fining-upwards array of multi-story sand bod-
ies with intercalated coal seams. According to Becker et al. [30,37], the short horizontal gra-
dation of the sandstones is a consequence of a braided to meandering fluvial environment.
This does not modify the mineralogical composition of the rocks but their proportions.

Based on the distribution of mineral transformations, two types of water-rock interac-
tion are distinguished. On one hand, kaolinite, dickite, illite and sericite are present in all
the analyzed sections, being related to similar alteration processes over the whole Westfield.
On the other hand, iron (oxide-) hydroxides display variable spatial distribution at large
scale, being linked to weathering processes near fracture elements. Considering the poor
hydraulic properties of the rocks, mineral arrangements may also allow discrimination
between diagenetic alteration processes and “recent” weathering events.

5.1. Kaolinite, Dickite, Illite and Sericite Formation

Relatively constant amounts of kaolinite, dickite, illite and sericite were found in the
samples of both drill cores. Mineral habits suggest their formation from alteration processes
of feldspars and lithic grains. However, no significant difference was recognized on their
distribution between weathered reddish zones and grayish pristine rock sections. Therefore,
water—rock interaction under the current conditions of the area had little influence on the
rock matrix.

Feldspar kaolinitization occurs in areas with humid and mild climates, constantly
flushed with meteoric or low-pH waters [43]. Even though these conditions existed in the
studied area, low permeability of shales, coal and tight sandstones provide a sufficient seal
against regional weathering. Béssler [34], for example, estimated permeabilities below 1 mil-
lidarcy (mD) for shallow coal roof sandstones in Ibbenbiiren. In addition, Becker et al. [30]
used more than 30 sandstone samples from the Woitzel quarry (see Figure 1) to calculate
an average permeability of 0.05 mD at confining pressures of 1 MPa (=30 m depth). From
these low values, it is highly unlikely that recent water—rock interaction generates the
widespread distribution of kaolinite in the overburden. Feldspar kaolinitization could
then occurred during an early diagenetic stage. According to Wiistefeld et al. [31], a warm
climate controlled the Eodiagenesis of the German northwestern Carboniferous sequence.
During this stage, mechanical compaction reorganized most of the feldspar fragments into
the pore spaces, letting them interact with the rock fluids. This interaction resulted in grain
dissolution with subsequent kaolinite precipitation. Nowadays, feldspar kaolinitization is
irrelevant due to the low proportion of remaining feldspars.

In addition to kaolinite, dickite was identified in the sandstone matrix. “Dickitization”
has been reported at temperatures above 130 °C at a depth of approximately 3.2 km in
the Norwegian shelf [44]. Similarly, the transformation of kaolinite to dickite has been
prescribed to depths below 3.3 km by Beaufort et al. [45], linking this formation to the time
of deep burial.

Illite appears as a secondary phase mainly formed from the alteration of kaolinite and
dickite. Time, pressure, pore fluid composition and hydrothermal activity are important
factors in the mineral formation [46,47]. Illitization is a diagenetic process that takes place
over long timespans, at intermediate burial depth, with temperatures and pressures around
100 °C and 100 MPa (>3 km depth) [30,48,49]. Since samples only cover the first 80 m of the
shallowest overburden, illitization had to happen probably during the mesogenetic realm,
when the deep burial of the sedimentary sequence began [31,50]. A similar explanation is
proposed for sericite formation, which requires the rock to interact with moderately acidic
fluids at high temperatures, usually associated with deep burial conditions [51]. Under
such conditions, water is tightly bound to the primary porosity. Ions that are liberated
from the primary minerals diffuse slowly and migrate over short distances before being
incorporated into the secondary minerals.

The preservation of kaolinite and dickite alongside illite may point to the limited
availability of potassium-bearing solutions in the Ibbenbiiren sandstones [49]. However,
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the transformation of kaolinite into dickite through a coupled dissolution—precipitation
process suggests that pore waters were available when the relevant temperatures for
illitization were present [44]. In addition, potassium-rich pore waters have been reported
within the carboniferous sandstones from the Ibbenbtiren coalfield [10]. Considering that
dickite is a thermodynamically stable mineral in a range of environmental conditions [52],
a kinetic control due to a relatively short timespan at depths with relevant pressure and
temperature could explain the coexistence of kaolinite and dickite. Similarly, this could
also explain the incomplete illitization of both mineral phases.

Interestingly, the partial illitization of kaolinite observed in the samples would show a
different burial record from that described in Becker et al. [30]. Here, the author separated
the diagenetic history of the Ibbenbiiren Carboniferous block from that of Hiiggel and
Piesberg based on the complete replacement of illite during the earliest burial phase. Again,
this points to the relatively strong heterogeneity of sandstone reservoirs at small scales,
which make the extrapolation of core logging a challenging process.

5.2. (Oxide-) Hydroxide Formation

The lower Westphalian D sequence has been interpreted to be deposited under humid
conditions, with almost no presence of opaque or iron oxide minerals [53]. This feature is
contrary to the relatively high percentage of (oxide-) hydroxides encountered in fractured
intervals. However, deposits of weathering origin can be distinguished from those of
detrital origin by careful observation of thin sections. Iron (oxide-) hydroxides that originate
from transport as solutions show a tendency to nucleate and grow perpendicular to the
walls of the pore system, whereas those that come from the transport of detrital material
exhibit a tendency to be layered or deposited among the frame minerals of the rock [54].

Within the thin section, iron (oxide-) hydroxides show perpendicular growing around
the pore walls. Their development in the fracture vicinity rules out a regional oxidative
process during the diagenesis, whilst their absence in unfractured samples discards a
syndepositional origin. Thus, local weathering of Fe-bearing minerals prompted by frac-
tures may be the origin of the iron (oxide-) hydroxides in the area. This can be evidenced,
for example, from the alteration state of pyrite clusters. While fresh brass-yellow pyrite
appears in complete core samples, holopseudomorphism and pellicular rims of (oxide-)
hydroxides are developed around the crystals of the fractured segments.

5.2.1. Fe Source in the Rocks

Pyrite is the only Fe-bearing reactive mineral identified in the rock samples. The
mineral occurs as clusters of microcrystals usually associated with sedimentary lithic
fragments and rarely as frame macro-crystals. Development of microcrystals represents
higher reactive surface areas, which is a key parameter for the oxidation rate [55]. Moreover,
fine-grained marcasite and pyrite crystals are expected to be present in lenses and coal
fragments within the sandstones. This consideration is supported by Lotze et al. [23], who
blamed the high pyrite content in some coal seams as one of the elements in charge of
generating mineralized drainage in the Ibbenbiiren Westfield.

5.2.2. Influence of Fractures in the Oxidation-Precipitation System of the Westfield

Fractures may strongly influence the water-rock interaction in the tight Carboniferous
sequence. These structures broadly segment core samples into several pieces, developing
weathering fronts at both sides of their planes. Contrarily, joints develop black oxide ce-
ments on their surface, leaving almost no open spaces for water to flow. Although the exact
nature of fractures is unknown, some are expected to be related to former mining activities.
The absence of healing elements (as occurred with the joints) and the partial alteration of
rock volumes around them, may be interpreted as indicators of their recent origin.

Underground coal mining operations tend to change the stress state of the rocks, gener-
ating horizontal and sub-vertical fracture networks above and below the mined seams [28].
This bidirectional distribution creates a highly permeable zone that dominates the global
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vertical water flow [28]. Locally, fluid can be horizontally exchanged between fractures
and porous rocks by pressure and chemical differences [56]. As a result, water propagates
rapidly through the fractures, while slowly invading the tight matrix blocks [57-60]. In
such a system water can interact with iron-bearing minerals within the overburden. Oxi-
dized pyrite and iron (oxide-) hydroxides in weathering profiles along both sides of the
macro-fractures are the result of this interaction. Thus, when meteoric (oxygenated) water
flows from the fracture into the sandstones, pyrite oxidation would proceed according to
Reaction (1) [61]:

FeSy (s +7/20, (o) + H,0 — Fe*'  +250,%  + 2H" (1)

(aq) (aq) (aq)

This process additionally releases trace elements included within the mineral lattice
(e.g., Se, As, Cd and Zn). Alternatively, oxidation can proceed according to the follow-
ing reaction:

3+ 2+ 2— +
FeS, (o) +14Fe™ +8H0 — 15Fe*  4+250,%  + 16H

@ @
After pyrite oxidizes, amorphous iron (oxide-) hydroxides can be formed through the
oxidation of Fe' to F e“z’;;) (Reaction (3)). Subsequently, F e‘z’;;) can either precipitate as
goethite, which is the themodynamic stable phase at pH values 2.5-5.5 (Reaction (4)), or as
ferrihydrite, stable at pH values >5.5 (Reaction (5)) [61]:

- + 34
Fe*f 0 +1/40; (o + HY ) — Fe +1/2H,0 ©)
Fe3+(m4) +2H,0 — FeOOH (4petnite) + 3H+(”‘7) )
Fe*',. +3H20 — Fe(OH) () +3H" ”

For deep unsaturated zones, Reactions (3) to (5) would be limited by the small amount
of oxygen left by pyrite oxidation (Reaction (1)). As a result, Fe%;q), SOi(:Zq) and H (Zq) are
released to the fractures when water potential is high in the porous medium (reverse flow).
It is also expected that ion freight decreases over time due to pore clogging and grain
coating by iron (oxide-) hydroxides. In the end, the whole oxidation—precipitation process
is repeated for each rainy event, which replenishes the dissolved oxygen in the medium.

However, the observed features in the weathering profiles along both sides of fractures
are not enough to generate the high iron and sulfate content of the discharge water. The
textural fluctuations between core samples together with the variable percentages of reac-
tive components among layers (pyrite and coal particles) generate a significant uncertainty.
For instance, the relatively high total iron content in weathered samples is not balanced
by pyrite-bound iron in the unweathered samples. This points either to the migration and
transport of fluid through larger distances within the porous medium (i.e., the outflow
of formation water from the porous sandstones after the induction of fractures) or to the
origin of those elements from outside of the sampled sandstones. In the latter case, origin
of iron-rich waters, infiltrated from the previous Permian (Zechstein) cover, would be a
possible source. However, no evidence of Permian influence on formation waters was
found in the deep Ibbenbiiren mine [10]. Either way, it is unlikely that modern interaction
between percolating rain water and the evaluated rock section in this study is the primary
source of the dissolved iron and sulfate in the mine drainage. This in turn points to the het-
erogeneity within the overburden, with large amounts of pyrite in localized areas and/or
the dissolution of secondary sulfur-bearing minerals from the mine shafts [62].

6. Conclusions

Traces of water—rock interaction were assigned to two different categories. Illite, kaoli-
nite and dickite are evenly distributed among the matrix of the weathered and unweathered
rock zones and are related to the diagenesis history of the area. On the other hand, the
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presence of iron (oxide-) hydroxides along the fractures is linked to the dissolution of pyrite.
However, relatively high iron contents in the weathered zone face relatively low pyrite
contents in the unweathered rocks. The low porosity and permeability of the analyzed
samples exclude deep percolation of infiltrated rainwater into the rocks. Accordingly,
the high contents of iron (oxide-) hydroxides may be the result of outflowing formation
water, within a relatively short timespan after the opening of the fractures. Alternatively,
pyrite dissolution from outside of the analyzed core samples is also possible. The latter
points to the heterogeneity observed within the sedimentary sequence and the challenge of
upscaling observations from drill cores to complete rock sequences.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/min11050483/s1, Table S1: The chemical composition of the selected rock samples.
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Abstract

Underground hard coal mining usually disrupts the mechanical equilibrium of rock sequences, creating fractures within minor
permeable rocks. The present study employs a dual-continuum model to assess how both fractured and porous sandstone
media influence the percolation process in postmining setups. To test the approach, the software TOUGH2 was employed to
simulate laminar fluid flow in the unsaturated zone of the Ibbenbiiren Westfield mining area. Compared to other coal mining
districts in Germany, this area is delineated by the topography and local geology, leading to a well-defined hydrogeological
framework. Results reveal good agreement between the calculated and measured mine water discharge for the years 2008
and 2017. The constructed model was capable of reproducing the bimodal flow behavior of the adit by coupling a perme-
able fractured continuum with a low-conductivity rock matrix. While flow from the fractured continuum results in intense
discharge events during winter months, the rock matrix determines a smooth discharge limb in summer. The study also
evaluates the influence of individual and combined model parameters affecting the simulated curve. A detailed sensitivity
analysis displayed the absolute and relative permeability function parameters of both continua among the most susceptible
variables. However, a strong a priori knowledge of the value ranges for the matrix continuum helps to reduce the model
ambiguity. This allowed for calibration of some of the fractured medium parameters for which sparse or variable data were
available. However, the inclusion of the transport component and acquisition of more site-specific data is recommended to
reduce their uncertainty.

Keywords Dual-continuum model - Fractured rocks - Coal mining - TOUGH?2 - Germany

Introduction (Palchik 2003; Zhang et al. 2018a; Bai and Tu 2019; Liu

et al. 2019). The caved zone encompasses the highly frag-
Underground hard coal mining operations irreversibly dis-  mented area formed after the overburden falls to the mine
rupt the preexisting mechanical equilibrium of the geo-  level. Above it, horizontal and subvertical fractures break
logical media (Kim et al. 1997; Newman et al. 2017). The  the bedrock, developing a fractured zone, whereas towards
employment of high-recovery methods redistributes, con-  the top of the rock sequence, layers of higher plasticity cre-
centrates and reorientates the stress state of the bedrock  ate a deformation zone, dampening the movement of the
above the mined seams (Palchik 2003; Meng et al. 2016;  underlying sequence. These overburden deformations also
David et al. 2017). Conceptually, coal mine overburden can ~ modify the hydrogeological setting of mined areas. Induced
be subdivided into caved, fractured and deformation zones fractures, for instance, alter the flow paths of percolating
(Fig. 1), according to their response to the disruptions  groundwater while increasing the hydraulic conductivity
of the rocks (Qu et al. 2015; Zhang et al. 2018b; Liu et al.
2019; Qiao et al. 2019). In addition, subsidence related to
the deformation zone may change surface hydrological net-
works, increasing or decreasing the water balance of the

4 Diego Bedoya-Gonzalez
diegoalexander.bedoyagonzalez@sbg.ac.at

1 Institu?e for Geog_rapl}y and Gef)logy, University mined area and changing the water level in the aquifers
of Greifswald, Friedrich-Ludwig-Jahn Str. 17a, (Kelleher et al. 1991; Blodgett and Kuipers 2002). Accord-
17487 Greifswald, Germany . . . . . .

, o ingly, fluid flow in postmining overburdens can be described
Department of Geography and Geology, University by four processes: (1) meteoric water infiltration into the
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first meters of soil and disaggregated rock, (2) percolation
through an undisturbed zone, (3) groundwater flow in sub-
vertical fracture networks, and (4) flow and groundwater
storage in the porous matrix (Fig. 1). However, as the latter
two processes take place in the same physical space, they are
rarely modeled simultaneously. The simulation of a discrete
setup that considers fractures and porous matrix requires
extensive characterization of both media (Ghasemizadeh
et al. 2012; Hao et al. 2013). This results in models with
poor real-field practicability and lots of uncertainties due to
the high demand for restricted-access data, especially those
related to fracture size, spacing, orientation and transmis-
sivity distributions (Kovacs and Sauter 2007; Koohbor et al.
2019). Addressing the influence of such uncertainties and,
therefore, their effect on the models’ predictive capability
is a complex task that requires the use of probability distri-
bution methods such as Monte Carlo or polynomial chaos
(Rouleau and Gale 1987; Younes et al. 2020; Drouin et al.
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2021; Guo et al. 2021). In the presence of a large number of
variables, the model requires a significant amount of simula-
tions to cover the range of parameters, being computation-
ally robust and expensive. Furthermore, if poor parameters
and constraints are introduced into the model, poor results
will be obtained (Fielding et al. 2011). All this has led most
postmining models to explicitly ignore fracture structures by
employing the equivalent porous medium (EPM) approach
or even both media with lumped parameter models (e.g.,
see Adams and Younger 2001; Banks 2001; Vincenzi et al.
2010). Notwithstanding that both approaches have been suc-
cessfully applied in case studies, they exhibit notable draw-
backs when describing the fast component of the fractured
system (Kim et al. 1997; Rapantova et al. 2007).

The present study proposes the dual-continuum (DC)
approach as a potential tool to include fracture and matrix
flow in minewater models. The DC approach was first pro-
posed by Barenblatt et al. (1960) to describe fluid seepage
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in fissured rocks without treating the subsurface as a single
porous medium. The approach overcomes the difficulties
of obtaining detailed information for constructing discrete
models by handling fractures as a network of averaged
characteristics. Thus, fractures and porous media are con-
sidered as two overlapping and interacting continua, with
different flow, transport and storage parameters. The inter-
action between the two is achieved through a mass transfer
function determined by the size and shape of the blocks, as
well as their local difference in pressure, temperature and
chemical potentials (Pruess and Narasimhan 1985; Beyer
and Mohrlok 2006; Aguilar-Lépez et al. 2020). Over time,
the DC approach has been adapted for numerous subsur-
face processes, including oil recovery, geothermal energy,
nuclear waste repositories, and CO, sequestration (e.g., see
Kasiri and Bashiri 2011; Wu et al. 2011; Azom and Javad-
pour 2012; Hao et al. 2013). However, it has been particu-
larly suited for the simulation of diffusive flow and rapid
drainage processes in two-dimensional (2D) karst aquifers
(Sauter 1992; Kovacs and Sauter 2007; Kordilla et al. 2012;
Dal Soglio et al. 2020).

Here, the software package TOUGH2 is employed to test
the applicability of the DC approach in mining-derived flow
regimes characterized by induced fractures within porous
units. For this purpose, the well-defined hydrogeological
system of the Ibbenbiiren Westfield in north-west Ger-
many is selected. Although the area was mined for decades
within sharp topographic and geologic boundaries, only a
few hydrogeological models have been published. By the
time the Westfield mine was active, reports were limited to
pointing out fluid flow through a fractured sequence due to
low measured permeabilities, below 1 mD (e.g., see Lotze
et al. 1962; Bissler 1970). The first reference to a numerical
model appeared for the mine closure plan in 1979, where
water rebound was calculated using boxes to accommodate
the water within empty spaces left by mining. However,
this model was questioned some time after, as the rebound
occurred 2 years later than predicted (Klinger et al. 2019).
Some of the reasons given for the delay were the disregard of
water-bearing fractures along with the imbibition process of
unsaturated permeable units. Most recently, Rudakov et al.
(2014) presented a lumped parameter model to simulate the
temporal distribution of the mine water discharge as a fac-
tor of the precipitation. This model, however, shows devia-
tions of up to 40% in summer months for heavy precipitation
events. Lastly, Coldewey et al. (2018) developed an equiva-
lent continuous model with a fixed recharge boundary to rep-
licate the measured phreatic points around Westfield. This fit
was achieved by setting rock permeabilities around 1 x 10712
m?, which are values three orders of magnitude above the
maximums reported in the literature. With this hindsight
in mind, the present DC model configures a breakthrough
in the application of flow modeling by considering and
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quantifying the specific contribution of fractured and matrix
continua to the final transient mine discharge signal of the
entire coal basin. Likewise, the study further evaluates the
effect of individual and combined hydraulic parameters of
the overburden. This sensitivity analysis reduces the model
ambiguity by elucidating the importance and dependence
of such variables. The study outcomes aim to pave the way
for the application of the approach in other postmining sce-
narios, whilst being an important step towards the simulation
of more complex processes such as contaminant migration
or groundwater rebound.

Materials and methods
Geological setting

The Ibbenbiiren coal-mining district is located in the north-
ern part of North Rhine-Westphalia, north-west Germany
(Fig. 2). Centuries-old mining industry was founded here
on the exploitation of anthracitic coal seams encountered
in a Carboniferous crustal block (Drozdzewski and Délling
2018; Rinder et al. 2020). The coal-bearing sequence was
brought to the surface by a compression event during the
Upper Cretaceous, which produced a crustal uplifting of
about 2 km compared to the Triassic and Jurassic fore-
land, currently under the Quaternary. (Drozdzewski 1985;
Drozdzewski and Do6lling 2018). This process created an
island-like shape hill, with marginal faults limiting all its
sides (Figs. 2 and 3). Compression forces also created anti-
thetic faults that divided the block into two NNE-SSW strik-
ing horst structures separated by the Bockradenergraben.
The latter represents a stratigraphic discontinuity of more
than 250 m in relation to the rock sequence contained in the
horst structures. (Lotze et al. 1962; Béssler 1970). For min-
ing purposes, the two horst structures were named Eastfield
and Westfield.

Lithology of the Westfield is well known based on geo-
logical documentation of mining activities. Rocks were
deposited during the higher Westphalian C and lower West-
phalian D stages, reaching a total thickness of more than
1,500 m (Blowes and Jambor 1990; Wiistefeld et al. 2017,
Becker et al. 2019). The subhorizontal sequence follows an
alternating pattern of sandstone and conglomerate layers,
with sporadic presence of shales, wherein 81 coal seams
are embedded (Lotze et al. 1962; Bissler 1970). This pat-
tern is equally observed in the shallow overburden, where a
fining-upwards array of sublithic sandstone layers (approx.
80%) appears interspersed with dark-gray shales (20%) and
remnants of two coal seams (Bedoya-Gonzalez et al. 2021a).
On the surface, thin Quaternary sediments and a few anthro-
pogenic waste rock deposits occasionally cover the Carbon-
iferous rocks.

@ Springer
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Fig.2 Maps showing the location of the Ibbenbiiren coal-mining district. The dashed-line square in the digital elevation map encloses the study
area further depicted in Fig. 3 (modified after Bedoya-Gonzalez et al. 2021a)

Hydrogeological setting

Mining operations on the Westfield stopped in June 1979,
with excavations as deep as 600 m below ground level
(Klinger et al. 2019). After its closure, the area experienced
controlled flooding up to 65 m above sea level (asl; Rudakov
et al. 2014; Bedoya-Gonzalez et al. 2021b). At this eleva-
tion, groundwater reached an underground tunnel known as
Dickenberg adit that runs along the southern edge of the
field. Hydraulic connection from the Bockradener Graben
to the adit is prevented with artificial underground dams.
This generates the Dickenberg adit to drain the water from
most of the Westfield, maintaining the phreatic level at 65
m asl. This includes the area enclosed by the Northern and
Southern Carboniferous Marginal faults, Mieke Fault and
Pommer-Esche Fault (Fig. 3), which represent effective
hydrogeological boundaries (Rudakov et al. 2014; Coldewey
et al. 2018). Furthermore, groundwater can be extracted only
in areas higher than the Dickenberg adit, turning the terrain
contour +65 m into an additional hydrogeological limit
Since the phreatic level of the former coalfield is above
the foreland surface (<55 m asl), percolated precipitation
becomes the only groundwater input. The Geological Survey
of North Rhine-Westphalia has calculated the groundwater
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recharge of the area as a percentage of the precipitation using
a water budget model that considers seasonality, soil type,
land use and vegetation (Herrmann et al. 2014). Outcomes
show an intensive groundwater recharge in winter, with a
maximum in December and January, where it can reach
40-80 mm/month. In November, February and March, the
monthly sums of groundwater recharge are around 30-40%
lower than the previous period. April and May represent
transition months where significantly more water is evapo-
rated due to the beginning of the vegetation period. During
summer months, recharge drops to almost zero, reaching a
maximum multiyear average of 10 mm/month. Finally sig-
nificant recharge is observed again in October. In conclu-
sion, the Westfield can be conceived as a well-defined closed
system, where the discharge at the Dickenberg adit depends
on the temporal distribution of the recharge and the percola-
tion dynamics through the unsaturated fractured overburden.

The dual-continuum approach

This study implements TOUGH2 code (by Lawrence
Berkeley National Laboratory) to formulate a dual-contin-
uum model of the fractured and unsaturated overburden of
the Ibbenbiiren Westfield. The numerical solution of the



Hydrogeology Journal

IIbbenbUren Westfielq

Legend

Artificial fill

Holocene
Pleistocene
Jurassic
Permian

Carboniferous

Normal fault
Thrust fault

Hydrogeoiogical
boundary

Cross-section line

Dickenberg adit

€N Carboniferoys
arginal Fay)

3250000

3248000

3246000

m 2000 3000 4000 5000 6000
Adit deviation
= Fault A Water table @ to the SW

Fig.3 Geological map and cross-section showing the hydrogeo-
logical boundaries and Dickenberg adit. The A—A’ line in the map
denotes the position of the cross-section, which is vertically exagger-

software employs space discretization with integral finite
differences and fully implicit first-order finite differences in
time (Xu et al. 2000). Modeling scenarios include isothermal
flow conditions, with air and water as the two phase com-
ponents. The model requires the software to simultaneously
solve two sets of flow equations at the same node: one for
the porous medium and the other for the fracture network
(Pruess and Narasimhan 1985). Here, the fractured system
is represented as a porous medium by considering laminar
flow through a network of small conduits. This assumption
also accounts for the presence of undisturbed porous layers
above the fractured medium as described for mining models.
If water inflow at the interface with the fractured continuum
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ated 5X to better detail the shallow overburden structure (modified
after Bedoya-Gonzalez et al. 2021a)

is greatly dependent on the hydraulic conductivity of the
overlaying layers, the Reynolds number (Re) for such con-
tinuum (Eq. 1) would most likely be below 10, allowing
turbulent flow to be neglected (Bear 1972):

Py Ku—f d
Hy

Re = @))]
where p,, is the water density (kg/m?), K, _¢is the hydraulic
conductivity (m/s) at the interface between the undisturbed
layer and fractured continuum, p,, the water viscosity (Pa
s), and d is a representative length dimension for the porous
medium (m), commonly taken as a mean grain diameter.
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Following this approach, the computational burden is
reduced to solving a pair of Darcian flow equations rather
than coupling, for example, a numerical Darcian solution
to a Navier-Stokes equation (Chen et al. 2012; Aguilar-
Lépez et al. 2020). For an unsaturated system, flow can
be described by two Richards equations (Richards 1931),
coupled by a scaled exchange term (I',,) that considers the
interaction between both media (Gerke and van Genuchten
1993):

a —

a em - V(Kthm) + Tex (2)
d

5 0= V(K;Vh) + I 3)

where the subscripts m and f indicate matrix and fractured
continua respectively (hereafter replaced by the subscript ¢
for space saving reasons since the equations for each con-
tinuum look the same), 6 is the specific volumetric water
content (m*/m’) defined as the product between the porosity
(-) and water saturation (m>/m?), & is the hydraulic head (m)
and K is the hydraulic conductivity (m/s). K in turn can be
obtained from Eq. (4) (Pruess et al. 2012):

Py 8

W

k,

TW C

K. =k, )
where g is the gravity acceleration (m/s?), k. the absolute
permeability (m?) and k., . a relative permeability coef-
ficient (-) directly related with the water saturation of each
medium. For saturated media k., . is equal to 1, while under
unsaturated conditions, the coefficient varies according to a
number of factors described by the van Genuchten-Mualem
parametric model (Mualem 1976; van Genuchten 1980):

krwc = Se cOI5 [1 - (1 - Sec Umﬁ)mC ]2 Q)]
ne1—Me 0(: - er c
Seo = [1+ (lech])"] ™ = 75— ©)

rc

with S, . being the effective saturation (-), &, . the residual
volumetric water content (m*/m?), a, a scaling fitting param-
eter (1/m), and n, and m_ fitting parameters associated with
the pore distribution. Finally, the exchange term (I',,) in the
Egs. (2) and (3) can be defined as (Gerke and van Genuchten
1993):

Fex = Kaa’1< (hf - hm) (7N
where K, is the hydraulic conductivity at the interface (m/s),
(hs—h,) is the head difference between the two media (m)
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and a* is the exchange coefficient (1/s), which depends on
the size and shape of the mesh elements according to:

«_Bry

a = ——
a2

®

In Eq. (8), p is a geometry grid factor (3 for rectangular
blocks, 15 for spheres), a is the distance between the center
of a matrix block and the adjacent fracture and y,, is a dimen-
sionless scaling coefficient usually set to 0.4 (Pruess 1983;
Gerke and van Genuchten 1993; Gerke et al. 2007; Kordilla
et al. 2012)

Model calibration, efficiency and sensitivity analysis

The required parameters for fractured and matrix continua
are manually calibrated using daily discharges recorded
throughout the year 2008. The process is carried out through
a trial-and-error scheme in which the simulated signal is
visually adjusted with respect to the measured discharge. It
starts with the adjustment of known parameters, including
the permeabilities and porosities of the rocks, followed by
the unsaturated properties of the porous units and hydrau-
lic properties of the fractured continuum (usually reported
in the literature and mining reports), and ending with the
setting of the unsaturated parameters of the fractured con-
tinuum that have the lowest degree of knowledge. Once cali-
brated, the quality of the obtained parameters are validated
using the measured discharges of the year 2017. Thereaf-
ter, the Nash-Sutcliffe efficiency (NSE) criterion is used to
quantify the predictive power of the model for simulating
the water discharge of the calibration and validation peri-
ods. This is a normalized coefficient that determines the
relative magnitude of the residual variance compared to the
measured data variance. NSE indicates how well the plot
of observed versus simulated data fits the 1:1 line (Moriasi
et al. 2015). While NSE equal to one represents a perfect
match of the simulated to the observed data, values equal
or lower than zero indicate that the model predictions are
as accurate as the mean of the observed data. Thus, NSE is
a convenient tool to evaluate the ability of a model to pre-
dict observations in long-term continuous simulations by
comparing its effectiveness with respect to its mean value
(Gupta et al. 2009).

A sensitivity analysis is additionally performed to deter-
mine those variables that can be set over a reasonable range,
without affecting the efficiency of the model. The process is
conducted by changing individual parameters of each con-
tinuum to at least four different points along the entire range
of values. Although simple, this method appropriately quan-
tifies the factors influencing the distributed regional model,
maintaining narrow and reasonable control of the outcomes
of interest with relatively few simulations (e.g., see Herman
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et al. 2013; Rakovec et al. 2014; Devak and Dhanya 2017).
Here, the lower and upper limits of each parameter are set on
the maximum and minimum measured values present in the
literature. The impact of the parameters is evaluated by cal-
culating the root mean square error (RMSE) of the computed
outflows compared to the calibrated discharge signal of the
year 2008. The RMSE metric is preferred over the NSE in
this step to overcome the known weaknesses of the latter
in identifying differences in timing and magnitude of peak
flows and shape of recession curves (e.g., see Krause et al.
2005; Pushpalatha et al. 2012; Moriasi et al. 2015). The cali-
brated signal of the year 2008 is also employed to facilitate
interpretation regarding the best obtained adjustment, while
preventing the computed RMSE values from being affected
by outliers of measured daily discharges. Finally, interrela-
tions between factors are evaluated with a codependency
analysis, changing in pairs all the modeled parameters across
the predetermined ranges.

Results
Model setup
Geometry and grid construction

The conceptualization of the modeled area is depicted in
Fig. 4. Its design and dimensions are constructed accord-
ing to the limits previously described in the hydrogeologi-
cal section and illustrated in Fig. 3. The 3D system is dis-
cretized into vertical columns of 100 X 100 m* base and
variable height to represent the concave topography of the
Westfield. The columns’ height decreases about 5 m per col-
umn according to the average thickness of the rock layers.
This size considers actual measurements made on core sam-
ples of the shallow overburden in the study area (Bedoya-
Gonzalez et al. 2021a). The total number of columns for
each height interval is, then, normalized by intersecting the
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Fig.4 Constructed grid for the DC Model. Recharge is applied
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is set along the adit element. For each block colored in orange, the

I 140
I 130
- 120
- 110

100

meters above the sea level

90

Dickenberd adit

Modeled Domains

EE & OO

Mudstone Weathered

Sandstone Fractures

mesh is divided into two continua (fracture and porous media) with
the same physical location
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digital elevation model (DEM) of the Westfield with the base
boundary (i.e., 65 m asl). Finer horizontal discretizations of
the columns are neglected since the model only computes
gravity-driven vertical flow. Moreover, TOUGH?2 requires
fracturing information (i.e., spacing, number of sets, and
shape of matrix blocks) and not block size to set the nodes
location for calculating the driving pressure gradient at the
matrix/fracture interface.

The average measured thickness of the layers is also used
to subdivide the grid into blocks of 5-m vertical spacing
(Fig. 4). Further vertical refinement is not implemented con-
sidering the rather homogeneous sequence, which is discre-
tized into three lithologies, with predominance of sandstones
(more than 80%). More layers would slightly modify the
permeability of the columns due to minor saturation dif-
ferences within the smaller blocks, but at higher computa-
tional cost. Like the thickness, horizontal layers are assigned
within the columns maintaining the lithological proportions
and stratigraphic position described in Bedoya-Gonzalez
et al. (2021a). Exceptions are weathered intervals within
the uppermost 5 m of each column and zones above 140 m,
which correspond to anthropogenic rock deposits assigned
to the weathered rock domain. Mining-induced fractures
were estimated to extend up to 45 m above the uppermost
mined seam, i.e. above the Dickenberg adit. This estimation
is based on mathematical relationships between thickness of
the excavated area and thickness of the overburden as previ-
ously established in Palchik (2003), Bai and Tu (2019), Guo
et al. (2019) and Zha et al. (2020). However, additional grids
with heights of 30 and 40 m are created to assess alternative
values derived from these models. In any case, the base of
the weathering zone turns into the uppermost limit of the
fractured continuum. This causes the splitting not to extend
to the first element of each column, even if the thickness
of the overburden is less than the assumed height. Finally,
the fracture density (i.e., number of vertical fractures per
grid block) is assumed to be equal to 10, resulting in a total
exchange area of 10,000 m? between both continua. As there
is no study to the authors’ knowledge that gives an approxi-
mation to this value, grid cells with 5 and 20 fractures per
block are also constructed for the sensitivity analysis of the
parameter.

Boundary and initial conditions

The lateral sides of each column are defined as no flow
boundaries while the lower boundary is set to allow free
drainage under gravity force. A specified flux boundary is
set at the top of each column (i.e., in the weathered blocks)
to account for diffuse recharge (Fig. 4). The amount of
flux at the top is based on the recharge model developed
by the Geological Survey of North Rhine-Westphalia (see
section ‘Hydrogeological setting’). To account for weather
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variability, daily precipitation measurements are normalized
with respect to the precipitation values used in the recharge
model. Precipitation above the coalfield is calculated using
the arithmetic mean values of daily events measured at the
two closer meteorological stations, Mettingen and Laggen-
beck, for the years 2007 to 2017 (data provided by the
LANUV NRW). As a result, recharge imposed on the model
intrinsically considers the influence of the climatic and phys-
ical characteristics of the area, varying daily according to the
precipitation events—Table S1 in the electronic supplemen-
tary material (ESM).

Under unsaturated conditions, TOUGH2 requires water
saturation as the initial condition for each grid element.
Here, saturation values are computed from a long-term
simulation that starts with the residual water content of
each lithology (see the following section). First, constant
recharge of 240 mm/year, equivalent to the long-term aver-
age groundwater recharge in northwest Germany (BGR
2021), is assigned over 100 years (approximate time from
mine opening to 2008). Daily recharge values for the years
2007 and 2008 are then applied to ensure the seasonal vari-
ability of the water storage during the model calibration.
Finally, daily inputs are continuously applied for another
9 years to maintain the temporal variability for the model
validation in 2017.

Parameterization

Parameters used in the model are listed in Table 1. These
values were extensively searched in the literature and
assigned according to the characteristics of the matrix and
fractured continua (Freeze and Cherry 1979; Kordilla et al.
2012; Parajuli et al. 2017; Coldewey et al. 2018; Bedoya-
Gonzalez et al. 2021a). For model calibration and sensitiv-
ity analysis, parameters are varied within reasonable data
ranges consistent with known field conditions (values in
parentheses Table 1). Since there are no documented val-
ues for the hydraulic properties at the interfaces, these are
set equal to the harmonic mean between the two continua.
This forces the local exchange to be dominated by the lower
conductive domain (i.e., the matrix), which might be closer
to reality (Ray et al. 2004; Song et al. 2018; Aguilar-Ldpez
et al. 2020). Specific storage coefficients for both media are
neglected since the model faces unsaturated conditions and
water release by compression is irrelevant.

Given that parameters of the van Genuchten-Mualem
function have been developed for porous media, val-
ues assigned to fractured continuum have questionable
physical meaning (e.g., see Sauter 1992; Kordilla et al.
2012). Here, these parameters are allocated to recreate
the expected hydrological response of a highly permeable
medium. Total porosity is set to 0.99 for the software to
assume open fractures without solid elements, as identified
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Table 1 Hydraulic parameters

. Lithology Permeability Eff. porosity ~ Van Genuchten-Mualem parameters™®
used in the model. Numbers
outside the parentheses indicate (m?) “-) o, m*m’®)  a@m™) m(-)
the values that provided the best
discharge agreement during the ~ Sandstone 5x 107 0.10 0.30 0.07 0.35
calibration process (Ax10B-1x10")° (0.08-0.15)¢ (0.25-040) (0.5-0.05) (0.5-0.3)
Shale 1x1077 0.05° 0.65 0.04 0.22
1x101°-1x 1078
Weathered interval 5%10713 0.15 0.2 0.3 0.65
Ax1012-1x10%° (0.1-0.2)° (0.05-0.40)  (1-0.01) (0.5-0.7)
Fractured continuum 5 x 107! 0.99 0.05 0.3 0.8
1x10%-1x10"% (0.5-0.99)¢ 0.1-5) (0.5-0.8)

#Kordilla et al. (2012)

®Parajuli et al. (2017)
“Coldewey et al. (2018)
9Bedoya-Gonzalez et al. (2021a)
°Freeze and Cherry (1979).

by Bedoya et al. 2021 in core samples of the study area.
However, the influence of a solid phase within the frac-
tured continuum (e.g., sediment mixing flow, clay smear or
cement) is also considered within the sensitivity analysis
by reducing the open porosity down to 50%. The residual
water content (6,) is fixed at 0.05 to allow the continuum to
transmit water during dry periods. If this value was zero,
the relative permeability would nullify the exchange with
the matrix, generating numerical insufficiencies. The small
amount of water saturation acquires physical meaning, for
example, if a process such as gravity-driven film flow on
the fracture walls was to be considered (Tokunaga and Wan
1997; Kordilla et al. 2012). Finally, the parameters m and a
also reproduce the behavior of a large-pored material (e.g.,
gravel) that will saturate and transmit water rapidly during
rainfall events. However, a parameter needs to be adjusted
during the calibration process.

Calibration and validation of the model

The parameterization within the model was calibrated using
daily discharges recorded throughout 2008 and subsequently
validated with data of 2017. Fluid flow was simulated in
the vertical component of each column, allowing lateral
exchanges between fractured and porous media. The total
discharge of the study area was obtained by summing the
water flux of the two continua at the lower boundary of every
column (i.e., at 65 m asl). This is equivalent to a dual per-
meability model, in which the global flow occurs in both
continua. In the case where columns are covered by waste
rock deposits, discharge measurements were made around
140 m asl, considering that an auxiliary drainage directs
the water from these deposits towards the Dickenberg adit
(B. Nippert, RAG GmbH, personal communication, 2019).
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Figure 5a shows the measured and simulated discharge
volumes of the Dickenberg adit for the year 2008. The
graphed curve corresponds to the best match using the val-
ues listed outside the parentheses in Table 1. Model calibra-
tion was accomplished by fitting the observed and simulated
discharge curves through a trial and error exercise that was
performed in a series of more than 500 runs. Due to software
limitations, it was not possible to perform, compare or sup-
plement the calibration process with automatic inverse meth-
ods. Notwithstanding, manual calibration alone is expected
to produce process-based (i.e., conceptually realistic) and
reliable predictions from a clear understanding of the model
structure (i.e., hydrological processes) and physical charac-
teristics of the area (Ndiritu 2009; Arnold et al. 2012; Acero
Triana et al. 2019). To prove it, the model reliability was
validated for another 12-month period using the discharge
of the year 2017 (Fig. 5b). Both, calibration and validation
processes used variable time stepping. The initial time step
was set at 100 s being systematically doubled if convergence
occurred within the first four iterations up to a maximum
of 1 day. Conversely, time step was reduced in multiples of
4 if the system exceeded 8 Newton-Raphson iterations to
solve the connected equations. At the end the discharge was
computed on a daily basis to compare the simulated signal
with the measured data in the Dickenberg adit.

Modeling results also describe the temporal and spatial
interaction between the fractured and matrix continua. For
instance, the initial response of the system to a strong pre-
cipitation event in winter is a significant water transfer from
the fractures to the matrix (Fig. 6a). However, much of this
water returns to the fractures during spring and summer
months (negative exchange values), as water pressure in the
matrix increases, especially at interfaces with shale layers.
On the other hand, Fig. 6b displays the exchange rate at the
first and last fractured sandstone layer during a high rainfall
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Fig.6 Temporal and spatial distribution of the total fluid exchange
and water saturation. a Total daily exchange between the two con-
tinua for the whole system (positive values represent exchange from

period in March 2008. The delay of the inflow pulse to the
matrix is associated to the pathway followed by the water
within the fractured continuum and the storage capacity of
the porous medium. Note that the exchanged water volume
is much lower in the last layer because of its high satura-
tion and spatial proximity to the water table. Besides, the
exchange pulse shows a broader timeline in the last sand-
stone layer when compared to the first layer. This is con-
sidered a dispersive phenomenon which may be caused by
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the difference in hydraulic properties between the two con-
tinua leading to variations in percolation velocities across
the overburden. Lastly, Fig. 7 shows saturation variations
due to water exchange between fractured and matrix con-
tinua for one of the columns. Results reveal that the fractured
continuum saturated and desaturated faster and in higher
percentages than the matrix medium, although the amount
of water either gained or lost in the latter is much higher
than in the fractured one. Figure 7 also summarizes how the
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Fig.7 Change in water saturation and fluid exchange between the two
continua at two temporal points. Water exchange is given in m3/day,
while the variation in water saturation is measured with respect to the

matrix absorbs water from the fracture in the winter, when
saturation is higher, returning a large amount in the summer
season due to pressure increase, especially at the interfaces
with the shale layers. Despite this, the closest matrix blocks
to the surface continue to absorb water coming from the
unfractured sequence above them, preventing the fractures
from easily discharging percolating rainwater into the adit
during the drier months.

Model reliability and sensitive parameters

The simulated signals for calibration and validation peri-
ods display good visual agreement with the measured data.
Results show few discrepancies in the discharge peaks for
the winter months and a small signal advance in time, likely
derived from the nonestimation of the rapid flow from the
adit to the measurement point. The reliability of the model
in fitting the measured discharges is further proven by NSE
values close to one (Fig. 8). The largest discrepancies from
the 1:1 trend line correspond mostly to an overestimation
of the simulated discharge (values above the trend line in
Fig. 8) derived from the aforementioned signal advance. The
steep rising discharge limbs in winter derive significant dif-
ferences between the measured and simulated values. For
example, there is a difference of about 6,000 m? between the
two discharge signals at the end of January 2008, because
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initial water content at the time the daily variable recharge is applied
(i.e., the water saturation at the end of the 100-year long-term simula-
tion)

the peak of the simulated signal is reached 1 day earlier
compared to the measured discharge. The simulated signal
also presents underestimations in the discharge calculation
associated with recession limbs in winter. However, differ-
ences between the two models are much smaller than those
observed with the rising limb and are associated to punctu-
ated events.

Table 2 provides an overview of all the field parameters
required by the software as well as their sensitivity within
the model. The range of values considered for each param-
eter matches those reported in Table 1, in addition to the
variations of the fracture density and fractured zone height
discussed in the section ‘Geometry and grid construction’.
Here, parameters have been categorized as sensitive if the
maximum dispersion of the data points around the regres-
sion line of the calibrated mean annual discharge is greater
than 10%, which is equivalent to an RMSE of 1,360 m?/
day for the year 2008. As some parameters are likely to be
insensitive when varied independently due to the complex-
ity of the model, codependences are evaluated by varying
two parameters at the same time. Thus, Table 2 also shows
the highest RMSE discharge values for pairs of parameters
with just one being sensitive (i.e., linear relationship) and
pairs where both parameters are sensitive (i.e., nonlinear
relationship). The analysis, however, neglects those recur-
rent insensitive and unrelated pairs of parameters associated
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Fig.8 Nash-Sutcliffe efficiency
criterion (NSE) of the model for
the calibration and validation
periods. Solid lines indicate the
1:1 slope between the observed
and measured data
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with the model setup. For example, the influence of shale
permeability when varied with respect to the porosity of the
fractured continuum is considered redundant for two rea-
sons: (1) fracture porosity minimally influences the already
affected discharge signal by the fracture permeability (i.e.,
there is a linear relationship between the two parameters
where only the fracture permeability influences the dis-
charge) and (2) fluid exchange at interfaces was set up to
depend largely on matrix permeability instead of fractured
continuum permeability (see section ‘Parameterization’). As
aresult, the behavior and RMSE values are almost identical
to those already reported for scenarios in which the shale
permeability is varied along with the permeability of the
fractured continuum.

Complementarily to Table 2, Fig. 9 displays the discharge
curves of individual parameters with the highest sensitiv-
ity, while Fig. 10 shows the types of codependences that
exist between some couples (all the codependences between
parameters can be found in Fig. S1 of the ESM). From
Fig. 9, it is observed that shorter water-conducting fractured
zones (Fig. 9a) and higher sandstone permeabilities (Fig. 9b)
broaden and enlarge the recession limbs, with up to 25%
more water discharge. On the one hand, shorter fractures
generate longer water residence times in the uppermost pris-
tine layers, while higher sandstone permeability enhances
the exchange from the fractured to the porous medium. Note
that the exchange process between the two media is domi-
nated by the permeability of the matrix (see ‘Parameteriza-
tion’). This configuration causes strong discharge peaks in
winter months when the sandstone permeability is reduced
(Fig. 9b), as well as minimal signal differences after increas-
ing the fracture permeability (Fig. 9c). The insensitivity of
the model to higher fracture permeability is also related to
the placement of a weathered layer on top of the columns,
which acts as a buffer for the amount of precipitation that
infiltrates into the continuum. On the other hand, lower
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fracture permeability results in higher base flow discharges
at the expense of decreased winter peaks (Fig. 9c). Observe
that for the lowest value (i.e., k=1 X 10712 mz), the frac-
tured medium reaches a permeability similar to that of the
porous medium, generating the closest scenario to an EPM
model. Finally, it was observed that the alpha () parameter
of the van Genuchten-Mualem function is directly related
to the magnitude of the discharge (Fig. 9d). Higher values
cause the fractured continuum to retain less water during the
winter months, transmitting it more quickly and generating
greater discharge.

The analysis of codependences revealed 14 combinations
in which both parameters were shown to be sensitive. For
example, the simultaneous variation of sandstone perme-
ability (k,) and porosity (&,) shows pronounced fluctuations,
especially for low values (Fig. 10a). Whereas for the cali-
brated permeability (i.e., k, = 5 X 107* m?) &, is insensi-
tive; a k, of one order of magnitude lower turns the porosity
sensitive with a RMSE of around 2,500 m3/day for 8% and
1,400 m3/day for 15%. A more abrupt change is observed
when varying the fracture alpha (a;) parameter over the
lower limit of the &, (Fig. 10b). The lowest values of both
parameters produce a minor sensitive combination, with a
RMSE of about 1,500 m3/day. In contrast, the combination
of the highest a; with the lowest k increases the RMSE to
almost 5,000 m3/day. It was also observed that the a; exhibits
mostly a linear relationship with almost all parameters evalu-
ated. For example, Fig. 10c shows how the RMSE of the dis-
charge varies widely as a; increases without being affected
by the residual water saturation of the fracture (6, ;). Similar
linear relationships are observed for couples that include
kg and k. Lastly, Fig. 10d illustrates how &, and 6, , are
insensitive over the entire evaluated spectrum. Other recur-
rent insensitive variables are the van Genuchten m param-
eter of the porous layers, the permeability of the shales, the
fracture continuum porosity (@), and the fracture density.
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Fig.9 Variations of the cali-
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The behavior of the latter is surprising as higher densities
generate larger exchange area between the two continua. The
low permeability of the matrix seems to be a highly restric-
tive parameter in this model, maintaining the global dis-
charge of the study area. This same trend would be partially
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responsible for the low sensitivity of the fracture continuum
porosity. The reduction of @; leads to higher water satura-
tion in the continuum, increasing its potential to the matrix.
However, matrix tightness causes minimal variations in the
amount of exchangeable water for any permeability assigned
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Fig. 10 Types of parameter
codependences observed during
the sensitivity analysis. a—b
Shows nonlinear dependency
between two sensitive param-
eters, ¢ shows linear depend-
ency with just one sensitive
parameter, and d shows both
parameters being insensitive

to the sandstone layers (see Table 2). On the other hand,
the increase in water saturation is not sufficient to increase
the water flow and discharge within the fractured contin-
uum. The small saturation changes are a consequence of
the storage capacity and low transmissivity of the pristine
rock layers above the fractured zone. As a result, the van
Genuchten-Mualem parameters employed for the fractured
continuum derives minimal variations of the relative per-
meability values. Fracture porosity would, however, play a
more significant role in a reactive model in which the solid
fraction interacts chemically with the percolating water.

Discussion

The good agreement between the measured and simulated
discharge of the Ibbenbiiren Westfield suggests that the
dual-continuum approach is appropriate to characterize
water movement through the heterogeneous and disrupted
overburden of underground mines. The constructed model
reproduces the bimodal behavior of the adit discharge taking
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into account the rapid flow of a fractured continuum, the
storage capacity of a matrix continuum and the water transfer
between both media. It was not possible to model a compara-
ble signal trend or magnitude by assigning similar hydraulic
properties to both continua under the same water balance or
overburden arrangement. The dashed lines in Fig. 9b,c show
how the model averages the discharge of the adit when the
permeabilities of both media are close to each other (i.e., the
closest scenario to an EPM model). Neither the winter dis-
charge peaks (discharge is underestimated) nor the recession
during the summer months (discharge is overestimated) are
correctly simulated, resulting in scenarios with the largest
discrepancies compared to the measured data. This behavior
could be one of the reasons why the average discharge of the
adit was used to calibrate the most recent EPM model of the
Westfield (Coldewey et al. 2018). In contrast, the simulated
signal where the permeability of the fractured medium is sig-
nificantly higher than the porous one (i.e., solid lines of the
Fig. 9b,c) would support the convenience of the DC approach
over an EPM. The importance of the fractured medium for
the hydrology of the Westfield had, in fact, been previously
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identified in mining reports. For instance, Lotze et al. (1962)
and Bissler (1970) observed a direct correlation between
seasonal precipitation and the amount of discharged water
for works deeper than 200 m. Both authors also described a
sharp drop in the water table for the whole field when min-
ing was active. The development of a continuous cone of
depression suggests a direct connection between the surface
and underground works considering the low permeability of
the sandstones, usually below 1 X 1072 m? (Bissler 1970;
Wiistefeld et al. 2017; Becker et al. 2017). More recently,
Bedoya-Gonzalez et al. (2021a) studied several drill core
intervals segmented by subvertical fractures just above the
Dickenberg coal seam. The presence of weathering fronts at
both sides of the fracture planes together with the absence
of healing elements suggest a recent origin probably linked
with mining activities.

Simulations showed that the permeable fractured contin-
uum dominates the flow system in the winter months, facili-
tating rapid responses after precipitation events. This behav-
ior generates for example the two strong discharge peaks in
February and March 2008 (Fig. 5a). For both events, the
volume and subsequent recession limb were effectively
simulated by the model, producing a good match with the
measured data. The greatest model mismatch occurred in
the length of the first discharge peak, which could not be
fitted with the calibrated parameters. Initially, this inconsist-
ency may be related to the type of precipitation. A similar
factor could cause the slight discrepancies observed in the
small peaks of January 2008 and 2017. It is worth noting
that only liquid precipitation was considered when apply-
ing the daily recharge to the model. In the case of strong
snowfall, recharge will be conditioned to the snowmelt over
the following days and weeks, generating a delay in the
discharge as well as long-lasting peaks during the melting
period (Buttle 1989; Flerchinger et al. 1992; Eckhardt and
Ulbrich 2003). If so, the recharge adopted for February 2008
was likely underestimated. A more detailed local water bal-
ance would be necessary to quantify this effect, as it is clear
that the system reacts easily to recharge events due to the
fractured continuum. Other reasons for the aforementioned
discrepancies may include variations in the layer geometry,
layer thickness or a more heterogeneous overburden, all of
which were excluded during the model calibration.

Diversely, the regional recession limb of the discharge
signal is influenced by the matrix flow as shown in Fig. 6a.
During summer months the saturation of the fractured
medium drops, increasing the relative potential of the
matrix. The difference causes the water contained within the
porous material to be slowly released back to the fractures
and towards the adit. The continued desaturation of the sys-
tem during these months increases the capillary pressure of
the matrix sucking in fresh precipitation water. As a result,
the system does not readily respond to precipitation events
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in summer. This phenomenon may be also affected by the
presence of large pores. Be reminded that this model approx-
imates the fractured continuum as a porous medium with
enhanced hydraulic properties, similar to a gravel bed. Under
low saturation conditions, large pores behave more like a
barrier where air cannot be easily displaced by new percolat-
ing water (Villagra-Mendoza and Horn 2018; Aguilar-Ldpez
et al. 2020). Thus, the employment of the Richards equation
for both continua is a common simplification that fits the
study quite well when compared to other DC models. Simu-
lations of karst systems, for example, often adjust boundary
conditions to include the nonlaminar fast component of con-
duits (e.g., Kordilla et al. 2012; Dal Soglio et al. 2020). This
issue seems to be related to the rapid percolation process of
meteoric water through wide and continuous karst elements
reaching the surface. Within coal mining areas, the occur-
rence of an undisturbed overburden above the fracture zone
reduces the flow velocity of water entering into the fractures,
favoring the application of a Darcian porous-media numeri-
cal solution for the entire system. Values from 0.0028 to
0.28 corroborate the laminar flow regime when calculating
the Reynolds numbers (Eq. 1) at the upper interface of the
fractured continuum with the sandstone layers and using
their highest hydraulic conductivities (i.e., fully saturated
conditions). Complementarily, the development of shorter,
narrower and rougher walled fractures allows the fractured
continuum to more closely resemble a porous medium, as
it is affected by matrix potential and capillary forces (Liu
and Bodvarsson 2001; Finsterle et al. 2003). This is added
to the fact that change in fracture density along the vertical
direction would lead to only part of the elements becoming
active to water flow, increasing tortuosity and offsetting the
potential fast component (Liu et al. 1998, 2003).

The sensitivity analysis proved major variation of the
discharge curve when varying the permeability and van
Genuchten-Mualem parameters of both continua; however,
the model ambiguity was remarkably reduced by having a
strong a priori knowledge of the parameters for the matrix
continuum. The hydraulic properties of the sandstones were
obtained from local investigations conducted at the Ibben-
biiren Westfield. The mining framework was an advantage
for the model setup since mining companies typically hold
considerable amounts of geological information collected
during the exploration and exploitation stages. There are
other sensitive parameters though, with scarce reported val-
ues or minimal information about their measurement. One
of them is the a parameter of the van Genuchten-Mualem
function for the fractured continuum. Although many studies
did use it to simulate unsaturated flow in DC and discrete
models, only a few have explained its meaning for fracture
networks and respected uncertainty for nonporous materials
(e.g., Vogel et al. 2000; Liu et al. 2003; Colombo et al. 2013;
Koohbor et al. 2020). In this study, all the parameters of the
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van Genuchten-Mualem function were initially assigned to
correspond to a permeable medium with large pore diam-
eters; however, the a value had to be adjusted to a value
similar of the sandstone layers to bring the system and adit
discharge to a reasonable state. The adjustment was done
after constraining many of the matrix parameters with real
data. It would be useful to determine whether this calibrated
o value has a physical meaning, i.e. whether or not it could
be adapted for other model applications, or it is just a fitting
factor. Fractured zone heights represent another sensitive
feature that must be carefully set. The parameter value var-
ies from site to site, depending on technical and geological
factors such as mining depth, lithology, layer thickness and
rock deformation (Meng et al. 2016). A more accurate char-
acterization of each postmining overburden would help to
improve the model outcomes. Lastly, even though fracture
density was highlighted as an insensitive variable, its influ-
ence should not be neglected, especially when working with
more permeable rock sequences or contaminant transport.
Here, the number of fractures and their aperture were cal-
culated using the cubic law and calibrated permeability. For
example, if a grid cell of 1 m® contains a single set of frac-
tures with permeability of 1 x 107'°m?, the fractured con-
tinuum can be either depicted with 10 elements of 1.1 x 107
m aperture or 20 elements of 7.7 X 107 m aperture. The
difference, then, lies in the contact surface between the two
continua. For the second case the surface area is doubled
compared to the first. This generates a significant increase in
the volume of rock exposed to water and air due to fractures,
which would greatly influence the generation and transport
of contaminants. The inclusion of the latter would also help
to evaluate the dispersive capability of the model, com-
plementing what was observed in the infiltration pulses in
Fig. 6b. The concept of hydrodynamic dispersion treated as
a Fickian diffusion process is diminished in TOUGH2. How-
ever, a similar and more realistic process could be obtained
by considering molecular diffusion together with flux disper-
sion due to mesh heterogeneities. The latter was apparently
achieved in this model after considering various hydraulic
and physical properties for each continuum.

Conclusions

The application of a dual-continuum model successfully
reproduces the transient discharge of the Dickenberg adit in
the Ibbenbiiren Westfield. The good agreement between the
calculated and measured signals for the years 2008 and 2017
was possible by coupling a high permeability fractured con-
tinuum with a low-conductivity matrix continuum. The uni-
fied water flow through the unsaturated overburden was sim-
ulated using two Richards equations, linked together with a
scaled exchange term. Results show the fractured continuum
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as the main factor responsible for strong and short discharge
events during the months of heaviest precipitation, while
flow within the matrix continuum greatly influences the
smooth recession limb of the dry period. The direction and
quantity of exchanged water between them follow pressure
differences according to the dominant flow element in each
season (i.e., mainly from the fracture to the matrix during
winter months). The largest discrepancies in the results were
associated with the regional recharge model used as input
to the simulations. The lack of a more precise water balance
that additionally includes, for example, the type of precipita-
tion, altered the shape of some discharge peaks in winter due
to the rapid reaction of the fractured medium.

Results of the sensitivity analysis for the Ibbenbiiren
Westfield showed the permeability and van Genuchten-
Mualem a parameter as two of the most sensitive variables.
However, a solid a priori knowledge of the study zone helped
to restrict the ranges of porous media values, reducing the
ambiguity of the model. This allowed fitting the fracture
continuum o parameter during the calibration process, for
which sparse data were available. The same served to fix
the fractured zone height and fracture density variables. The
construction and application of a similar adjustment process
for others DC models (i.e., different coal mines) would be
required to know whether the sensitive variables fitted here
remain valid or change following variations in hydraulic
parameters, layer heterogeneity or external recharge factors.
In this sense, the existence of extensive databases in many
coal mining areas would allow for relatively easy construc-
tion, calibration and confirmation processes. However, the
acquisition of more site-specific data and the inclusion of
the transport component would still be essential to reduce
the uncertainty of the fractured continuum parameters. The
transport component would in fact help to extend the analy-
sis of the dispersion phenomenon obtained from the hetero-
geneity of the two continua when assessing the production
and migration of contaminants. In contrast, the simulations
of the study area showed little sensitivity to changing the
porosity of the matrix continuum, as well as the m and n van
Genuchten-Mualem parameters for both continua. Therefore,
these variables can be fixed by reasonable estimates.
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Multiple interactive continua approach (MINC) to simulate reactive mass transport in a disturbed post-mining coal
zone: A case study of the Ibbenbiiren Westfield.

Diego Bedoya-Gonzalez!?", Timo Kessler!, Thomas Rinder?, Sylke Hilberg?, Zsuzsanna Szab6-Krausz®,
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Abstract

This paper tests the suitability of the multiple interactive continua approach (MINC) to simulate reactive mass
transport in a disturbed post-mining coal zone. To the authors' knowledge, this approach has not been employed
in such mining settings despite its relative success in other environmental fields. To this end, TOUGHREACT
software is used to setup a MINC model of the unsaturated overburden of the Ibbenbiiren Westfield. With it, we
examined and evaluated water-rock interactions in both the fractured and porous continua as the main driver of
elevated hydrogen, iron, sulfate and chloride concentrations in the coal mine groundwater. Long and seasonal
geochemical signatures are obtained by formulating and applying a 5-stage modelling process that depicts the
mining history of the area. Simulation results show a good agreement with respect to concentrations and discharge
trends measured in the mine drainage. Oxygen and meteoric water flow through the fractured continuum leads to
a high and steady release of hydrogen, iron and sulfate ions derived from pyrite oxidation in the matrix continua
closest to the fractures. Likewise, high chloride concentrations would result from the mixing and gradual release
of relatively immobile solutes in the matrix as they interact with percolating water in the fracture. In both cases
the use of a multiple continua approach becomes essential to resolve sharp gradients for advection and faster
Kinetic reactions, while reducing the model's dependence on block size for diffusive transport at the fracture-
matrix interface. The model further allows to calculate and analyse the exchange and transport of solutes in the
unsaturated overburden resulted from rebound and imbibition processes, something pioneering when compared
to other models in the field.

Keywords Reactive transport, TOUGHREACT, water-rock interaction, multiple interactive continua, pyrite
oxidation, groundwater rebound.

Introduction

Environmental impacts generated by poor water quality from coal mining areas are well documented around the
world (Banks et al. 1997; Nieto et al. 2007; Doumas et al. 2018; Wolkersdorfer et al. 2022a). Drainage of saline
water contained into rock formations increases the concentration of chloride in freshwater bodies, causing quality
detriment and toxicity to their communities (Turek 2004; Elphick et al. 2011; Timpano et al. 2015; Vo6r6s et al.
2021). Weathering of naturally occurring sulfide ores leads to the formation of acid mine drainage, which results
in an abundance of iron and sulfate ions and the mobilization of toxic metals (Cravotta and Brady 2015; Gombert
et al. 2018; Acharya and Kharel 2020; Zhang et al. 2021). The eventual precipitation of hydrous ferric oxides
resulted from high iron contents tend to clog riverbeds, generating negative effects on the flora and fauna
(McKnight and Feder 1984; MacCausland and McTammany 2007).

The drainage of the former anthracite coal mine in the Ibbenbiiren Westfield is no exception to the aforementioned
contaminants. Pumped mine waters from the field are acidic and characterized by high iron, sulfate and chloride
content, frequently exceeding the threshold values considered harmful for freshwater ecosystems (Bassler 1970;
Rinder et al. 2020). This situation has generated public interest in the long-term liabilities associated with the
disposal of the mineralized water since the closure of the mine, in 1979. Increasing attention is being devoted not
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only to avoid or mitigate the negative environmental effects, but also to recover and reuse resources deriving
from the drainage (Simate and Ndlovu 2014; Moodley et al. 2018; Wolkersdorfer et al. 2022b). The latter is
becoming increasingly important with the European Green Deal focusing on recycling as an important factor of
the future economy. Either way, whether choosing the best treatment option or deciding on the possibilities of
reuse the solid or aquatic resources, requires a long-term prognosis based on the correct characterization of the
elements of the hydrogeological system.

The source and evolution of the contamination at Westfield, however, has been widely debated and partially
characterized. Much of the attention has focused on identifying and dissolve efflorescent salts (i.e., by-products
of pyrite oxidation) that may remain in tunnels and work faces. This works is done through box models which
predict ion release from dissolution calculations of solid quantities already present in empty spaces, with little
concern for the water-rock interactions that lead to their formation (e.g., see (Klinger et al. 2019). In addition, the
approach is not feasible to describe long-term production and high concentrations of dissolved iron and sulfate
after mine flooding such as occurs in the study area. Alternatively, Bassler (1970) attributed the high ion levels
to the continuous and homogeneous interaction of meteoric water with the solutes and minerals contained in the
bedrocks. In such a case, the characterization of the geochemical interactions could resemble an equivalent porous
medium model, commonly applied in coal mining areas. The latter represents an oversimplification of the
medium since the moderate permeability of the coal overburden limits the flow and interaction of groundwater
with the matrix components. In reality, the water-rock interaction would be more complex, being closely linked
to the creation of fractured zones derived from mining.

The importance of considering both fractures and rock matrix has been corroborated by Bedoya-Gonzalez et al.
(2022) who used a dual continuum model (DCM) to fit the transient discharge behaviour of the Ibbenbiren
Westfield. Their results show the fractured continuum as the main responsible of the strong and short discharge
events of the mine drainage during the months of heaviest precipitation, while flow within the matrix continuum
greatly influences the smooth recession limb of the dry period. Regarding the geochemical component,
development of conductive fracture networks results in new and extensive exposure of rock components to
atmospheric conditions for weathering. This process has been reported to be much more pronounced in shallow
aquifers above mined panels, where groundwater drawdown enhance chemical reactions with atmospheric
oxygen and percolating meteoric water (Booth 2002; Younger and Wolkersdorfer 2004). Chemical reactions
typically include dissolution of carbonate minerals, reductive dissolution of metal hydroxides and oxidation of
sulfur minerals, which mobilize cations, anions and metals from rock strata (Jankowski and Spies 2007).
Moreover, fractures become the main flow pathways, with advection being the main transport mechanism,
whereas transport within the surrounding rock matrix is much slower, mainly driven by diffusion. The latter may
lead to movement and mixing of pre-existing waters along the rock sequence. Whether this mixing causes a
deterioration or an improvement in quality would depend on the chemistry of water from the recharging source
(Booth and Bertsch 1999; Younger and Wolkersdorfer 2004).

The objective of this study is to evaluate the suitability of the multiple interactive continua (MINC) approach for
the characterization of multispecies mass transport and a range of geochemical reactions in geomechanically
disrupted coal mining areas. Typically, intensive coal mining generates a high density of fractures in the
overburden that would allow them to be grouped within a continuum, assigning it common properties distinct
from the surrounding porous units. Grouping all fractures as a separate continuum represents a significant
advantage of the MINC approach over equivalent porous media models, which are generally unable to capture
the duality characteristic behaviour of fractured systems. Moreover, The MINC approach requires less ammount
of data compared to a discrete fracture model, making it more practical. In order to test the approach, this study
employs TOUGHREACT software to set up a 2D cross-sectional MINC model of the partially fractured and
unsaturated overburden of the Ibbenbiren Westfield. The construction process extends the already calibrated DC
model of the flow component to a model with five strings of nested continua: one for the fractures and four for
the rock matrix. The further subdivision of the matrix enables to describe chemical and multispecies mass
transport gradients within the matrix blocks during their long transient periods of interporosity flow (weeks and
months). For the model assessment, this study simulates and compares the long-term and short-term contaminant
formation, deposition and transport in the study area since the start of mining operations. For this purpose,
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dissolution, precipitation and dilution processes related to iron, sulfate and chloride-bearing minerals and
solutions are modelled using a 5-step process that emulates the mining history of the area.

Methods

Geological and hydrogeological setting

The study area is part of the Ibbenbiiren mining district, located in north western Germany (Fig. 1). It is one of
the two collieries that mined anthracitic coal from a Carboniferous crustal block. The latter was brought up to the
surface by an inversion event of the Osning fault system during the Late Cretaceous (Drozdzewski and Délling
2018; Rinder et al. 2020). As a result, marginal faults with offset of up to 2000 m separated the Carboniferous
sequence from the surrounding Triassic and Jurassic foreland, currently under the Quaternary (Fig. 2).
Compression forces also created the antithetic faults that divided the block into two Horst structures (Dickenberg
and Schafberg) separated by a NNE-SSW striking graben known as the Bockradener Graben (Fig. 2). For mining
purposes, Schafberg and Dickenberg hills were named “Eastfield” and “Westfield”, respectively.

Westfield's lithology is well known based on geological documentation of mining activities. The rock sequence,
deposited during the Upper Westphalian C and Lower Westphalian D phases, reaches a thickness of more than
1500 m (Wistefeld et al. 2017; Becker et al. 2019). However, mining was concentrated at depths down to -170
m above sea level (a.s.l.) (Béssler 1970; Rinder et al. 2020). In this interval, the strata follows an alternating
pattern of sublitic sandstone and conglomerate layers (ca. 80%), with sporadic presence of shales (20%) and coal
seams (Lotze et al. 1962; Bedoya-Gonzalez et al. 2021a). On the surface, thin Quaternary sediments and few
anthropogenic waste rock deposits of the same Carboniferous sandstones occasionally cover the rocks.
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Fig. 1 Location of the Ibbenburen coal-mining district. The dashed-line square in the digital elevation map
encloses the study area further depicted in Fig. 2 (from Bedoya-Gonzalez et al. 2022)

During Westfield operation, mine dewatering was largely influenced by the seasonal rainfall pattern. About 90%
of the extracted water (10 m*/min) agreed with the volume of infiltrated precipitation. Such a great ammount was
possible due to the absence of a Quaternary cover in the area along with the development of anthropogenic water-
conducting fracture zone. The remainder water volume was hypothesized as inputs from the surrounding
Mesozoic aquifers and formation water (Klinger et al. 2019). The latter would represent up to 2/3 of the sandstone
porosity volume, which ranges from 10 to 15% (Becker et al. 2017). Deep percolation of rainfall was also
confirmed with the chemical composition of the pumped water. Samples extracted along the 200 m working
depths in the Westfield were classified as Ca-Mg-Na-SOs type (Béssler 1970). This composition is markedly
different from the Na-Cl water type identified in seams at -400 m.a.s.l. in the Eastfield (Rinder et al. 2020).
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However, pumped waters at the westfield had pH values around 3 and unusually high concentrations of iron (100
- 1,000 mg/L) sulfate (1,000 - 3,000 mg/L) and chloride (up to 200 mg/L) whose origin was not very clear.

In 1979, the Westfield colliery closed and the dewatering system was progressively shut down. This caused
groundwater to rebound over the next 4 years reaching a level of 65 m.a.s.l (i.e., an average depth of 60 meters
below ground surface). At this depth, the Dickenberg adit passively collects all mine water, directing it to a
sequence of settling ponds for its treatment (Rudakov et al. 2014; Bedoya-Gonzalez et al. 2021b). Initial
geochemical signatures of the rebounded water in 1982 yielded discharges with iron concentrations up to 2,000
mg/L, sulfate up to 4,500 mg/L, and chloride up to 180 mg/L (Klinger et al. 2019). Six years later, iron and sulfate
concentrations were significantly reduced to 500 and 2,800 mg/L respectively, while chloride remains constant.
From 1988 to 2018 the concentration of the three ions slowly continued to decrease, reaching annual averages of
180 mg/L for iron, 1,800 mg/L for sulfate and 180 mg/L for chloride. Since the Dickenberg adit has imposed a
water table that is above the ground surface of the surroundings (i.e., < 55 m.a.s.l.), quality and quantity of the
discharged waters after the rebound depend only on the temporal distribution of the precipitation and the
percolation dynamics through the unsaturated fractured overburden. This includes the area enclosed by the
Northern and Southern Carboniferous Marginal faults, Mieke Fault and Pommer-Esche Fault (Fig. 2), which
represent effective hydrogeological boundaries (Rudakov et al. 2014; Coldewey et al. 2018).
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Fig. 2 Geological map and cross-section showing the hydrogeological boundaries and Dickenberg adit. The A—
A’ line in the map denotes the position of the cross-section, which is vertically exaggerated 5x to better detail
the shallow overburden structure (from Bedoya-Gonzalez et al. 2022)

Geochemical processes

Of particular concern at the Westfield is the production of acid mine drainage, with high load of iron and sulfate
ions. Consistent with that described by Bedoya-Gonzalez et al. (2021a) in rocks from the area, groundwater
composition would result from oxidation of small pyrite amounts together with the dissolution of authigenic
kaolinite embedded in the rock matrix. Both reaction would occur into sandstones layers, being promoted by the
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development of permeable sub-vertical fracture networks. The horizontal exchange of fluids from the fracture
into the matrix would cause meteoric (oxygenated) water to interact with pyrite, oxidizing it:

FeSy 5y + 7/20; () + H,0 = Fe?ly + 250,%4p) + 2HY oy (1)

Reaction 1 produces one mole of Fezzfaq) , two moles of soﬁgaq) and two moles of H +(aq) for every mole of
pyrite (Blowes and Ptacek 2015). Alternatively, oxidation can proceed according to the following reaction:

FeS, (s) + 14Fe’{,p + 8H,0 — 15Fe?{ .y + 250, + 16H 4 (2)

Commonly, reaction 2 is reported to be faster than reaction 1. Rate constants of pyrite oxidation by O, range
from 1x107° to 5x107° mol m2 s, while those by Fe3(+aq) range from 1x1078 to 9.6x10° mol m2 s
(Williamson and Rimstidt 1994; Nordstrom and Alpers 1997). Nevertheless, these faster values are product of
the catalytic effect of the bacteria Thiobacillus ferrooxidans on the oxidation of Fe2(+aq) to Fe3zfaq), a process
not addressed in the simulations of this study. Under abiotic conditions, the oxidation rate of Fe?,,y to Fe®(,,)
happens in the order of 1.5 x10°° mol m s, which makes it the limiting step of the reaction and thus yields
similar pyrite oxidation rates to those reported with oxygen (Singer and Stumm 1970; Xu et al. 2000). This
constrain is added to the fact that meteoric water could not carry high loads of Fe3{aq) because of its instability
at circumneutral pH, as is the case for the rainwater in the Westfield (Pierini et al., 2002). Once pyrite is oxidized,
Fezgfaq) can be transformed to Fe3zfaq) (reaction 3) to subsequently precipitate as amorphous iron hydroxide

(reaction 4) within minutes (Grundl and Delwiche 1993).

Fezzraq) + 1/40, g+ H'gq) — Fe’l,;y+ 1/2H,0  (3)

Fel,q + 3H,0 » Fe(OH) () +3H ) (4)

For deep unsaturated zones, reactions 3 and 4 would be limited by the amount of oxygen left by pyrite oxidation.
This may result in high amounts of Fe?(, ), S0,*(4q)» and H*,,, ions in solution within the porous medium.
Alternatively, iron hydroxides can be converted to either Goethite, themodynamically stable at pH 2.5 - 5.5, or
schwertmannite/ferrihydrite, stable at pH >5.5, over aging periods involving months (Van Der Woud and De
Bruyn 1983; Knorr and Blodau 2007). On the other hand, kaolinite dissolution may be linked as the only
mechanism for pH buffering in absence of carbonate minerals in the area (Bain et al. 2001; Spiessl et al. 2007).
Under acidic conditions, kaolinite dissolves according to the following reaction

AL,Si05(0H), + 6HY gy = 2A1%( 4y + 2H,Si0, + H,0  (5)

Although there are some reports of mine drainage waters with elevated concentrations of dissolved silica and
aluminium (e.g., Morin et al. 1988; Blowes et al. 1992; Glynn and Brown 1996), the dissolution rate of kaolinite
is around 510712 under atmospheric conditions and, therefore, may not have a significant influence (Huertas et
al. 1998).

Model setup

This study employs the multiple interacting continua approach (MINC - Pruess 1983; Pruess and Narasimhan
1985) included in TOUGHREACT software to setup a reactive transport model of the unsaturated overburden of
the Ibbenburen Westfield (refer to the Supplementary Information for detailed description on the mathematical
foundations of the MINC modelling used in this paper). The model is built based on the dual continuum fluid
flow model developed by Bedoya-Gonzalez et al. (2022). Specifically, all the calibrated hydraulic parameters
defined in the original dual model are maintained, as well as the model geometry. The MINC model, however,
divides the matrix blocks of which the mesh geometry is composed into 4 nodes, assigning to each of them
different pressure, temperature, saturation and concentration values. While all fractures are grouped into
continuum #1 under well-defined physical and chemical properties, matrix material within a certain distance from
the fractures are grouped into continuum # 2, matrix material at a greater distance become continuum #3, and so
on (Fig. 3). This subdivision allows the model to account for kinetic and diffusion reaction fronts among fractures
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and matrix. For the model's geochemical component, the study takes as a reference the detailed mineralogical
information reported in Bedoya-Gonzalez et al. (2021a). This mineral assemblage is allowed to interact either
kinetically or at equilibrium with the irreducible formation water, percolating meteoric water and rebound water
over variable timespans. Furthermore, dilution and diffusion processes resulting from the interaction between
these two waters and atmospheric oxygen are taken into account. The following subchapters specify the features
considered in the model construction.

Geometry and grid construction

The design and dimensions of the Westfield grid follow the marginal faults and well-defined boundary conditions
previously explained in the hydrogeological section (Fig. 2). The 3D system is discretized into vertical columns
of 10 x 10 m? base and variable height to represent the concave topography of the Westfield. The columns’ height
decreases about 5 m per column according to the average thickness of rock layers measured on core samples of
the shallow overburden (Bedoya-Gonzalez et al. 2021a). The same thickness is used to subdivide the grid into
blocks of 5 m vertical spacing (Fig. 3). Note that only one column per terrain height is constructed due to the
symmetry of the area and vertical infiltration as the only component of the global flow to the adit.

Lithological and stratigraphic arrangement of the horizontal layers within the columns is realized maintaining the
proportions and stratigraphic position described in Bedoya-Gonzalez et al. (2021a). Anthropogenic deposits,
located above 140 m sea level, are considered here as weathered layers (Fig. 3). Mining induced fractures within
the overburden is estimated to extend up to 45 m above the uppermost mined seam (i.e. above the Dickenberg
adit). This height follows mathematical relationships based on the thickness of the mined coal seam as well as
depth and composition of the overburden (Bedoya-Gonzalez et al. 2022). However, the fracture zone does not
extend into the first element of each column (i.e., upper 5 m), which is assigned to a weathered layer. The resulted
fractured overburden is discretized into 1 fracture continuum and 4 nested matrix blocks: the first 3 (closest to
the fracture) are fixed slabs with thicknesses of 0.1, 0.4 and 1 meters, while the 4th accommodate the remaining
length to the next fracture. Vertical fractures are placed equidistant, with a linear density equal to 1 fracture per
10 m-long block, and total interface area of 100 m? between continua. This horizontal 1-D array of nested grid
blocks generates gradients for solute flow and transport within the matrix, perpendicular to the fracture.

Element dimensions
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Fig. 3 Constructed grid for the shallow overburden of the Ibbenbiren Westfield. Recharge is applied directly
onto the weathered blocks. For each block colored in orange, the mesh is divided into five continua with the same
physical location: one for fracture (Fr) and four for the matrix media (M,)
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Hydrodynamic parameters

Different sets of permeability, porosity and van Genuchten parameters are assigned to sandstone, shale and
weathered lithologies according to their actual characteristics in the field (Table 1). Regarding the fractured
continuum, hydraulic parameters are allocated to recreate the expected hydraulic response of a highly permeable
medium (e.g., gravel). These values emulate the real features of post-mining fracture zones, while meeting the
software requirements for its modelling. For instance, Fractured continuum total porosity is set to 0.90 for the
software to assume open fractures, as identified by Bedoya et al. 2021 in core samples of the study area. In
addition, the residual water content (6,) is fixed at 0.05 to allow the continuum to transmit water during dry
periods. If this value was zero, the relative permeability would nullify the exchange with the matrix, generating
numerical insufficiencies. Note that the parameters used in both the matrix and fracture continua correspond to
calibrated values for the best volumetric discharge agreement with respect to the measure data of the Dickenberg
adit (Bedoya-Gonzalez et al. 2022). Therefore, disturbances of the flow component derived from changes in
porosity and permeability due to mineral dissolution and precipitation are not considered in this reactive model.

Table 1 Calibrated hydraulic parameters used in the MINC model. Modified after Bedoya et al. (2022)
Van Genuchten-Mualem parameters

Lithology Permeability Eff. Porosity

(m?) ¢ 0r (m*/m°) a(m?)  m()

Sandstone 5x1014 0.10 0.30 0.07 0.35
Shale 1x10Y7 0.05 0.65 0.04 0.22
Weathered interval 5x1013 0.15 0.2 0.3 0.65
Fractured continuum  5x101! 0.90 0.05 0.2 0.7

Boundary conditions

No-flow boundary conditions are assigned on the left, right, front and back sides of each column, while open
boundaries are set at the interfaces between the fracture and the 4 matrix continua. A flux boundary is set at the
top of each column (i.e., in the weathered blocks) to account for diffuse recharge. The amount of water imposed
is assumed to be either constant or daily variable depending on the modelling phase. For calculating a long-term
water equilibrium, a constant recharge value of 240 mm/a is assumed, which is equivalent to the average
groundwater recharge in northwest Germany (BGR 2021). Alternatively, daily precipitation values are used to
evaluate the weather variability according to the recharge model of the Geological Survey of North Rhine-
Westphalia (Herrmann et al. 2014). Above the weathered blocks an atmospheric boundary with a constant oxygen
pressure of 0.2 bar is imposed, enabling diffusion and advection of oxygen in the gas phase.

The lower boundary (i.e. Dickenberg adit) is set to allow free drainage under gravity in most of the simulation.
However, this is changed for a short period of time to a fully saturated Dirichlet-type boundary to allow capillary
equilibrium with the unsaturated sequence during groundwater rebound. It is important to point out that the
simulated discharge and solute concentration are calculated at this boundary by computing the fluid and solute
flux of the five continua with the adit. These values are normalized for the whole area by multiplying the flux of
each column by its areal representation according to the digital elevation model of the Westfield. As a result,
simulated discharge and solute breakthrough curves can be compared directly to quality and quantity water
measurements of the Dickenberg adit.

Hydrogeochemical conditions

All scenarios simulated in this work included isothermal conditions at 25 °C, with air and liquid as phases subject
to transport. The air is composed exclusively of gaseous oxygen as it is the only relevant gas in the oxidative
processes. Oxygen is treated as an ideal gas, and its interaction with the aqueous solution is assumed to be in
equilibrium. The chemical composition of the liquid phase corresponds to actual formation, rebound and
precipitation waters taken directly in the field or in surrounding areas (Table 2). Their use, however, depend on
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the simulation stage of the model (see Simulation stages section below). Other solutes resulting from dilution and
diffusion processes between these water types and atmospheric oxygen are also taken into account throughout
the simulation.

Table 2 Composition of the initial and boundary waters (in mg/L) employed in the model

Composition Formation water @ Rebound groundwater ° Rainwater
(mg/L) Westfield sample #1171 1st year (1983) 100%°¢  30%
(depth -80 m.a.s.l)

pH 6.8 3.2 55 4,4

Na* 1180.0 N/A 0.73 243

K* 33.0 N/A 0.13 0.43
Mg*? 228.6 N/A 0.15 0.50
Ca* 829.7 N/A 0.50 1.67
Al*® 0.03 N/A 0.005 0.02
Fer2/s 0.5 950 0.02 0.07
CI 3705.3 180 3.5 11.67
HCOgs 207.4 N/A 0.1 0.33
SO, 226.0 4500 6.15 20.50
SiOzq) 17.0 N/A 1 3.33
Oz¢a) 10.0 1.0E-70 10.0 10.0
Acrtificial tracer N/A le-4 (mol/L) N/A N/A

a Bassler (1970), ® Klinger et al. (2019), < Herrmann et al. (2006)

The solid phase of the model is constructed based on detailed mineralogical information described by Bedoya-
Gonzalez et al. (2021a). The Westfield overburden consists mainly of sandstone layers composed of quartz,
sedimentary lithic fragments (chert and mudstones), muscovite and variable amounts of pyrite. Rocks do not
present cement, but display high amounts of authigenic kaolinite in the matrix. There is neither report of carbonate
minerals such as calcite or siderite. Based on this description, Table 3 lists the abundance of primary minerals
assigned to the matrix continuum along with their chemical formulas and dissociation stoichiometry. Regarding
the fractured continuum, the primary mineral fraction is assumed to be zero considering its recent origin and
element-free volume.

From the mineralogical composition, it is clear the dominance of interactions involving pyrite oxidation, kaolinite
dissolution and dissolved oxygen (see section Geochemical processes for details of these reactions). Both pyrite
oxidation and kaolinite dissolution are kinetically controlled reactions in the model while the formation of
amorphous iron hydroxides proceeds on an equilibrium basis due its short formation time compared to the
simulation periods. Further transformations of solid iron phases into goethite, ferrihydrite or schwertmannite are
beyond the scope of this study and are not modelled. Although it has not been identified in the area, gypsum
precipitation is introduced as a potential sulfate sink due to the high concentrations of the anion reported in the
drainage. Thermodynamic and kinetic rate constants are summarized in Table 3. Note that in the absence of in
situ kinetic measurements, representative bibliographic values of the site conditions are used here, making them
neither exhaustive nor unique. Finally, the reactive surface area for the minerals is set equal to 3140 m?m?3
medium except for kaolinite and muscovite, for which it is increased by one order of magnitude due to their plate
habit. This surface area is calculated using a 4-sphere cubic-closed packing arrangement of medium sand-size
grains, which is a plausible simplification for tight rocks due to its packing efficiency of 74%.
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Table 3 Chemical properties of the primary mineral assemble assigned to the overburden. Thermodynamic
parameters (log K) are taken from the Japan Atomic Energy Agency (JAEA).

Mineral Initial volume Reaction equation Log K Rate constant
fraction (%) q (25°C) (mol m? s%)
Oxygen 0.2 (bar) 02 ) = 02 (aq) -2.90 At equilibrium.
R FESZ (s) + 3.502 @ + H20 = 1)(10-9
Pyrite > Fe®lpy + 250,% gy + 2HY 4y 21739 (with Oag) mechanism = 0.5)?
- Al,Si,05(0OH 6H = 12
Kaolinite 10 2 ;ﬁ s(0H). + (aq) 5.29 . +4.89><1Q _ b
2AP g + 2H,Si0, + H,0 (with H* mechanism = 0.77)
KAI3Si3010(0H)2 + 10H+(aq) =
Muscovite 5 K* + 3A1%,,) +3Si0; (qq) + 14.80 2.82x1014 0
6H,0
Quartz 60 Si0; sy = Si0; (aq) -3.74 1.02x10%4°
Am. iron hydroxide Fe(OH) 35 + 3H"(qq) = ilibri
(secondary) 0 Fe3{aq) + 3H,0 4.55 At equilibrium
— 2+
Gypsum 0 CaS?i, X 2H0 = Ca7(oq) + -4.47 At equilibrium
(secondary) S0,“~ + 2H,0
Porosity 10

a Williamson and Rimstidt (1994), ® Palandri and Kharaka (2004)

Simulation stages

The actual geochemical signature of the Westfield drainage results from the compilation of natural and mining
processes that have modified the system over time. If one considers that mining is carried out in several stages,
the model would have to address variable initial and boundary conditions. This section describes the 5-stage
modelling framework used to simulate long-term and seasonal changes of the groundwater chemistry, rocks
saturation, and discharge volumes in the study area. At each stage, the initial time step size is set equal to 1 second
and allowed to increase up to 1000 seconds. The time step sizes are automatically controlled to maintain a Courant
number of less than 0.5. This stability criterion generates more accurate transport component results, which are
then transferred to the reaction calculations. In addition, the criterion reduces the accumulation of errors in
geochemical speciation when the results of one stage are used as initial conditions for the next one. A sketch
showing the 5-stages simulation can be seen in Fig. 4.

Stage 1: saturation and composition of the formation water

Full water saturation is assigned to the entire mesh to allow each element to equilibrate by gravity and capillarity
with a water table located at -80 m.a.s.l. This depth corresponds to the second exploited coal level down to which
the regional water table dropped after the Dickenberg seam was mined (a process that fractured the shallow
overburden). The simulation is carried out for 50 years, equivalent to the time the mine was under an intensive
mining regime. Subsequently, the chemical composition of the resulting water volume is assigned equal to the
water extracted at the mining faces (i.e., at -80 m.a.s.l. — see Table 2). However, as the residual water is localized
in the unsaturated zone, it is equilibrated with an oxygen partial pressure of 0.2 bar before starting the second
transport phase. Results of this stage give formation water volumes in equilibrium with the lowered water table
and with compositions that are weakly influenced by meteoric water, as one would expect from a fracture-drained
matrix.

Stage 2: chemistry of groundwater during mining operation

The unsaturated overburden is equilibrated with percolated water for 50 years, elapsed time between the
exploitation of the Dickenberg seam (i.e., the lower boundary of the model) and the mine closure. For this
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purpose, the water table is kept at -80 m.a.s.l., while a fixed injection rate of 7.5x10-6 kg/s/m? (= 240 mm/yr) is
applied to the first element of each column. This rate corresponds to the average annual recharge of the area,
equivalent to 1/3 of the precipitation. As for the injected water composition, it is calculated by applying
evaporation on rainwater data reported at the French-German border (Herrmann et al. 2006) until the remaining
water volume matches one third of the original volume (Table 2). Dissolved oxygen is included in this water with
a fixed concentration of 10 mg/L. Moreover, constant diffusion and advection of gaseous oxygen from the
atmospheric boundary is enabled. At the end of the stage, an equilibrium between percolate and formation waters
is reached, which includes the dilution process of the latter. Results would also depict iron, sulfate and hydrogen
concentrations generated by the rock-water interaction during mining time.

Stage 3: groundwater rebound

In this stage, the lower free drainage boundary is changed to fully water-saturated, with a constant pressure of 1
atmosphere. This shift allows to simulate the gravity-capillary interaction between the unsaturated sequence
above the adit and the newly imposed water table during the rebound process. It also serves to evaluate the
potential exchange of pollutants brought by the mine waters. The rising water tends to dissolve highly soluble
efflorescent salts (solid by product of sulfide oxidation) accumulated over decades in the mine buildings, flushing
them out at concentrations several times higher than those observed during operation (Younger 1997; Gzyl and
Banks 2007). This process, usually referred to as first flush, results in environmentally aggressive waters, with
very low pH and high metal loads. In this step, the composition of the first flush corresponds to actual
measurements recorded in the decommissioning plan of the Ibbenbiiren mine (Table 2). The average annual
composition of the first year is imposed to the water-saturated lower boundary. As the water comes from the
saturated zone, an oxygen partial pressure of 1x10-70 bar is assigned to it, converting it into reducing water.
Finally, a conservative artificial tracer is added to the water to better quantify its movement through the
overburden.

Stage 4: Post-mining water evolution

After rebound, the concentration of contaminants decreases exponentially until they reach levels close to the
natural values observed in the surrounding aquifers (Younger 2000; Mugova and Wolkersdorfer 2022).
Therefore, the fourth stage simulates the geochemical evolution of the water discharged from the unsaturated
column after reaching capillary-gravity equilibrium. This is done by injecting the average annual recharge rate
for another 35 years directly into the first weathered element and letting it percolate through the columns (Table
2). The lower boundary is returned to an unsaturated condition enabling free gravity drainage of percolating water
into the Dickenberg adit. At the end, the simulated breakthrough curves can be compared with the real
measurements recorded in the Ibbenbiiren decommissioning plan (Klinger et al. 2019). The latter permits the
assessment of the accuracy degree of the model.

Stage 5: Seasonal variation of the water composition

Slight fluctuations of the extracted water composition are observed in quarterly chemical measurements of the
years 2016 to 2018 (data provided by RAG company). Chemical variations would be influenced by seasonal
amounts of percolated water and its interactions with fractures and porous units, following what is observed in
the bimodal discharge behaviour of the area. The DC flow model shows how the fractured continuum reacts
quickly during the months of higher precipitation generating discharge peaks, while the recession of the signal
during spring and summer months is dominated by the matrix (Bedoya-Gonzalez et al. 2022). In this step, daily
recharge values from the years 2016 to 2018 are used to account for meteorological variability throughout the
year. The injection rates are calculated using the monthly recharge model of the Geological Survey of North
Rhine-Westphalia and average daily precipitation values measured at nearby weather stations (data provided by
LANUV NRW - Table SI1 in the Supplementary Information). As for the water composition for each month, it
is calculated in the same way as described in step 2, applying evaporation until the volume reaches the percentage
of the reported recharge (Table SI2 in the Supplementary Information).
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Fig. 4 Schematic representation of the 5-Stages simulation performed in this study

Results

Prior to reactive transport simulations, the flow component of the MINC model was tested independently to spot
potential errors in using the parameters and configuration from the dual continuum model. Results show a large
discrepancy with respect to the measured discharges for 2016 and 2017 when using the same calibrated values
(Fig. 5 — green line). The recession limbs of the discharge curve indicate a higher suction and water storage in
the matrix continua during winter months rather than being discharged through the fractured continuum.
Therefore, it was necessary to reduce the o value of the van Genuchten -Mualem function for the fractured
continuum from 0.2 to 0.1. This lower value yields higher water retentions in the fractures, counteracting the
large capillary suction generated by the inclusion of a small matrix continuum next to the fracture. Once the
change is made, simulations of the MINC model exhibit a good agreement with both measured and simulated
drainage discharges with the DC model (Fig. 5 — orange dotted line). The latter implies that much of the
discretization, parameterization and recharge values used in the DCM are still valid for simulating the flow
component of a reactive transport model with several continua.
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Fig. 5 Comparison of the measured and simulated discharges of the Dickenberg adit for the years 2016 and 2017.
DCM: dual continuum model, MINC: Multiple Interactive Continua model, of= alpha parameter for the fractured
continuum.

Benchmark scenario
Stage 1

Fig. 6 shows water saturations for one of the model's representative columns after 50 years of dewatering. It is
seen that sandstones and shales layers remain at high saturation degree, with values ranging between 50% and
90%. Conversely, weathered elements and the fractured continuum display water saturations closer to their
residual amounts (Table 1). These results, obtained from the equilibrium of the sequence with a lowered water
table, are relevant to avoid potential over- or underestimations in the reactive and transport processes included in
the model. For example, it is not the same to equilibrate pyrite with oxygen when there is an initial air saturation
in the sandstones of 66% (as would be the case if the irreducible water content is taken as the initial saturation of
the system) than when there is only 30%. The same sensitive problem would occur with the volume of saline
formation water that has to be diluted. As mentioned above, water and gas saturations calculated in this step are
used as initial conditions for the second stage.
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Fig. 6 Water saturation in one of the model columns (Consider for subsequent column graphs that layers G, K
and L correspond to shales).

Stage 2

The conservative behaviour of chloride is used to evaluate the transport of solutes initially present in the matrix
throughout mining (e.g., formation water). During the first 10 years, the initial chloride content in the sandstones
(3,700 mg/L) was actively washed out, generating discharges with concentrations up to 450 mg/L (Fig. 7a). This
steep increase is the result of solute exchange from the first two matrix continua closest to the fracture, as
illustrated in Fig. 7b (Missing or reduction of the blue and orange bars for the 5- and 10-year periods in each
layer). Beyond the tenth year of simulation, the chloride concentration in the discharge is significantly reduced
due to the constant solute dilution in these two continua. However, the decrease slows down between year 15 and
20 owing to a sustained input of the anion from the third continuum. For the last 3 decades, chloride discharge
concentration continues to gradually decrease as the interaction front of the meteoric water with the formation
water moves towards and into the fourth matrix continuum (i.e., rock volumes further than 1.5 m from the
fracture). Besides horizontal transport, the model further shows how chloride is extracted first in the layers closest
to the surface, generating a vertical dilution front with the underlying layers of the same continuum (Fig. 7b).
This phenomenon occurs due to vertical advection of meteoric water into the matrix, which is also facilitated by
horizontal exchange with the fractured continuum. At the end of the 50-year period, the simulated chloride
discharge of 180 mg/L is in good agreement with the 200 mg/L recorded in mining reports of the time (B&ssler
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1970). For this period, chloride dilutions of up to 90% are also observed for the first two continua of the sandstone
layers and up to 30% for the fourth continuum of the upper strata (Fig. 7c).
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Fig. 7 Distribution of chloride ion over time. a) Discharged evolution of the ion in the Dickenberg adit. b)
Evolution and c) final state of the initial imposed chloride concentration in one of the model’s representative
columns.

Stage 2 further returns iron and sulfate discharge concentrations consistent with historical values measured at the
Ibbenblren Westfield. Simulations of pyrite kinetic oxidation produce progressive increases of both ions in the
discharge until reaching nearly steady-state levels of 1,100 mg/L for sulfate and 250 mg/L for iron in the 20™"
year (Fig. 8a). When plotting the pyrite distribution in the columns, it is observed that the mineral dissolves
almost homogeneously over time up to 1.5 m next to the fracture continuum. This dissolution pattern is generated
by the limited advection and diffusion of gaseous and dissolved oxygen into the matrix once it is exchanged from
the fracture. Likewise, the rate and amount of oxygen consumed by the oxidative reaction in this interval causes
pyrite dissolution to decrease by half in the fourth continuum (Fig. 8c and 8d). The latter causes the production
of both ions nearly to stabilize over the last 30 years as no further amount oxygen can be introduced into the
fourth continuum nor can the solute produced there be transported more rapidly back to the fractured continuum.

Oxygen distribution along the continua is, in turn, related to the development of weathering fronts on both sides
of the fractures. As the amount of oxygen decreases in the horizontal direction into the matrix due to pyrite
oxidation, less oxygen is available for precipitation of iron hydroxides. Fig. 8e shows that mostly the first two
continua of the matrix (i.e., first 50 cm next to the fracture) ends with some amount of the solid iron phase. Most
of it precipitates in the fracture continuum where the oxygen content is almost twice as high as in the second and
third matrix continuum and 10 times higher than in the fourth (Fig. 8d). Under this scheme, total dissolved iron
and sulfate concentrations slowly increase in the solutes of the porous medium, while amorphous iron hydroxides
persist to accumulate in punctual sections of the fractured continuum. The latter seems to be, somehow, contrary
to what has been reported in drill cores from the area (Bedoya-Gonzalez et al. 2021a).
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Fig. 8 Pyrite —related ions concentrations over time. a) Discharged evolution for iron and sulfate ions in the
Dickenberg adit. b) Evolution and c) final state of pyrite dissolution in one of the model’s columns. Distribution
of d) gaseous oxygen and e) precipitated iron hydroxides for one of the model’s columns after 50 years of
simulation.

Finally, this stage illustrate how pyrite oxidation transforms the meteoric water feeding the Westfield into a
strongly acidic solution during its seepage path. In fact, the influence of surface water on the pH of the discharge
is erased before the fifth years of simulation. Thereafter, the pH achieves a steady state around 3.2 because of the
weak acidity buffer capacity of the kaolinite (Fig. 9a). Dissolution of the mineral occurs in the three continua
closest to the fractures, with dissolution rates much lower than those recorded for pyrite (Fig. 9b) When kaolinite
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is removed in an alternative scenario, a slight increase in hydrogen concentration is observed during the first 5
years of simulation, so that low pH values are reached more quickly (Fig. 9a). It is also noted that pH continues
to decrease slowly during the later years. Despite this, the difference in pH value at the end of the 50-years
simulation is only 0.1 between the two scenarios.
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Fig. 9 Evolution and distribution of hydrogen ion in the model during the 50 years simulation. a) pH values of
the discharged water and b) kaolinite dissolution patterns observed in one model’s columns.

Stage 3

The influence of the mine water rebound in the unsaturated sequence above the adit was simulated with the
placement of a fully water saturated Dirichlet boundary condition at the base of the domain. This boundary
included a conservative tracer to quantify the advective exchange of substances from the imposed water table.
Simulations reveal that the capillary action of the unsaturated sequence sucks the rebounded water during the
first 840 days. For the artificial tracer this phenomenon represents a total exchange of 50 times the initial imposed
amount on the lower boundary per square meter (Fig. 10a). Most of this quantity is exchanged during the first
100 days, with values of about 35% per day. However, water suction progressively decreases as the sequence
becomes saturated. By day 840 the overburden reaches hydrostatic equilibrium with the air-entry pressure and
the recharged water, stopping the capillary rise. As for transport, the uptaken solute moves 10 meters toward the
surface within the overburden, reaching concentrations 1 to 3 orders of magnitude lower than those originally
present (Fig. 10b). This thickness would correspond to the capillary fringe where solutes remain above the water
table against gravity. The simulation of an alternative scenario with a homogeneous sandstone overburden,
however, showed that the thickness of this fringe and the amount of exchanged tracer rely on the lithological
composition. In the latter scenario, upward migration increases up to 20 meters (Fig. 10c), with tracer exchanges
around 85 times the initial amount per square meter.

Similar capillary patterns to those obtained for the tracer are observed for sulfate and iron ions. Recall that
concentrations of 4500 mg/L and 2000mg/L respectively were imposed on the water table boundary to emulate
the large amounts measured at the mine drainage during the first flush. In this case, simulations show an
enrichment of dissolved iron and sulfate for the solutes contained in the two lowermost layers of the model (Fig.
10d). In none of the simulations does the pore water reach saturation levels with respect to gypsum to precipitate,
nor is there an increase in iron hydroxide precipitation that would promote the removal of any of the dissolved
ions.
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heterogeneous overburden of the Westfield and c) for an hypothetical homogeneous overburden composed of
sandstones. d) Sulfate ion concentration before and after capillary suction in one model’s column for the actual
heterogeneous overburden.

Stage 4

With gravity-capillary equilibrium achieved, water flow is reversed from the column to the water table. At this
point, the lower boundary of the model is desaturated to simulate an open mine drainage, avoiding the re-suction
of solute. Fig. 11a shows the evolution of the remaining tracer for both the current heterogeneous overburden and
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the hypothetical rock sequence composed only of sandstones. In both cases, more than 70% of the tracer is
released back into the adit during the first 10 years after capillary equilibration. From this point on, the release
slows down as the meteoric water must travel longer distances to interact and dilute the solute of the inner matrix
regions. The process is additionally counteracted by the diffusive movement of solute toward the surface. For
example, Fig. 11b shows tracer signals one layer higher than it was found at the end of the capillary-gravity
equilibrium for the actual heterogeneous overburden (Fig. 10b). At the end of the 35-year simulation (i.e., year
2018), 20% of the initial amount of absorbed tracer remains in the actual heterogeneous overburden, while only
10% is present in the homogeneous sandstone overburden.
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Fig. 11 Post rebound evolution of the artificial tracer within the system. a) Simulated concentration discharges
in the Dickenberg adit. b) Final concentration in one of the model columns for the actual heterogeneous
overburden.

For iron and sulfate, the post rebound stage is also marked by the dilution and release of the absorbed quantities.
At the end of the capillary equilibrium (i.e., 1985), sulfate and iron discharge concentrations of the unsaturated
sequence were of the order of 2000 mg/L and 450 mg/L respectively. During the following 4 years, concentrations
of both ions decreased by 25% following the drainage of the two matrix continua next to the fracture (Fig. 12a
and Fig. 12b). At this temporal point, concentrations keep decreasing, but only slightly due to the lower
contribution of solute contained in the more distant continua, as it was observed for the tracer.

When comparing simulated and measured post-rebound concentrations, an equal discharge pattern is observed,
although with higher measured values. Model underestimations during the first 10 years would arise from not
accounting for dissolution and transport of fluorescent salts directly into the adit. Another uncertainty may
correspond to higher than assumed sulfate and iron contents in the rebounded water that was brought into contact
with the unsaturated sequence for its capillary equilibrium. In any case, it is observed that the external source is
exhausted with time, making the simulated values progressively closer to the measured ones. After 2003, both
simulated and measured sulfate signals reach a quasi-steady state close to the pre-rebound discharges, suggesting
that the ion concentration again depends on the water-rock interaction above the drainage (Fig. 12a). Accordingly,
the observed difference between the reference levels from this point on could be explained by underestimation
of parameters already considered in the model such as pyrite amount, reactive surface area or fracture density.
Iron discharge behaviour, however, is different from that of sulfate since it does not reach a stable level but further
decrease with time (Fig. 12b). A similar decreasing pattern is obtained with the model by including a lower
boundary with gaseous oxygen for emulating an aerated adit. This boundary condition leads to the precipitation
of iron hydroxides in the sandstone layer immediately above, thus reducing the free iron discharge (Fig. 12c).
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Stage 5

The model’s effectiveness in simulating seasonal discharges of sulfate, chloride and iron is evaluated by
comparing quarterly measurements taken at the outflow of the Dickenberg adit. Error! Reference source not
found.a and Error! Reference source not found.b show positive agreements of the anion patterns for the years
2016 and 2017, although with discrepancies in the absolute concentration values as evidenced in the post-rebound
stage. Specifically, high recharge events lead to lower sulfate discharge concentrations due to a dilution effect
and lower availability of gaseous oxygen to oxidize pyrite. On the other hand, periods of low infiltration lead to
higher sulfate concentrations for matrix solutes, which are slowly released to fractures. For chloride, high periods
of precipitation generate a slight increase in concentration as there is an increase in the amount of water
exchanged between the fracture and matrix continua. This interaction causes more of the solute locked into the
matrix to be pushed to the fractured continuum. In dry periods, when the recharge is minimum, the exchange is
restricted, keeping chloride in the matrix. Regarding iron, simulated concentrations agrees with the measured
base level, but not with the discharge pattern (Error! Reference source not found.c). The measured cation
concentration was shown to be rather independent of the recharge events, which is contrary to the simulated
signal, where peaks and valleys are similar to those observed for the anions.
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Variations to the model setup (case scenarios)

This study simulates four additional scenarios to determine the impact of some uncertain parameters on the
discrepancy between simulated and measured ion baselines. For this exercise, sulfate ion concentrations are
compared due to its conservative behavior and absence of gypsum precipitation. Each scenario starts from the
benchmark setting explained in the methodology and incorporates locally the variation on the parameter. All
scenarios then go through steps 1 and 2 described in the simulation section in order to obtain the sulfate discharged
concentration for the Dickenberg adit. Particularities of each case scenario are summarized in Table 4.

Table 4. Specifications of the different flow, transport and reaction parameters applied to each case scenario.

Case Changed feature from the benchmark
id. setup

Observation/reason

Employment of the original grid discretization used
1 Grid simplification to 2 continua for modeling the flow component of the Westfield
(equivalent to a dual continuum model)

2 Fracture density increases to 2 and 3 There is no study to the authors' knowledge on
fractures per 10m-lenght block fracture density derived from coal mining
kinetic rate for pyrite oxidation is decreased
i — -10 -
zlsﬂgder of magnitude (log k= 1x10""mol m Due to lack of in-situ measurements, lower kinetic
3 and surface area values are tested. Kinetic rate are

Reduction of the reactive surface area of the taken from Xu et al. (2000)
minerals base on a simple cubic packing

with 8 spheres of medium sand grains

(A4=1600 m?/m? of medium)
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Pyrite volume used in the benchmark scenario may

A Variable pyrite volume in sandstones and  pe under- or over-estimated as it comes from point
anthropogenic waste rock deposits (see counts on thin sections.
Table SI3 in the Supplementary . . . o
Information) There is no mineralogical characterization of the

waste rock deposits.

Case scenario 1: Grid with two continua (DCM)

This scenario evaluates the dual continuum grid setup employed in Bedoya-Gonzalez et al. (2022). The
comparison of the discharged sulfate between the benchmark scenario and the DCM configuration shows a strong
sensitivity to the number of employed continua (Fig. 14a). When only 1 continuum is used for the matrix (i.e.,
the DC model) pyrite dissolution is strongly underestimated as sulfate concentration increase much slower than
when the number of continua is increased to four. The higher anion production of the MINC setup at earlier times
is given by the small continua spacing enough to resolve horizontal advection and diffusion gradients of gaseous
and dissolved oxygen around the fracture-matrix interface. Only towards the end of the 50-year simulation does
the DCM show a relatively good approximation to the benchmark baseline, when production and discharge of
sulfate depend on the large volumes of rock in the innermost part of the matrix. The latter process is evident when
looking at the similar amounts of average pyrite dissolution of both models (Fig. 14b).

a) 1500 b) o 0

1250 -10

-15
1000 20
-25
750
-30

Depth (m)

500 -35

—@— Benchmark scenario 20

Sulfate concentration (mg/L)

<— Dual continuum model -45

-50
-1.6 -14 -1.2 -1 -0.8
0 10 20 30 40 50

) Disolved Pyrite (mol/m?)|
Time (yr)

Fig. 14 Comparison between MINC and DC model setup for a) sulfate discharge evolution, and b) pyrite
oxidation in one of the model’s columns.

Case scenario 2: Higher fracture density

As there is no study to the authors' knowledge dealing with fracture density, continua with 2 and 3 fractures per
block were arbitrarily assessed. In both cases simulations show modest variations for sulfate production, which
do not exceed 15% compared to the Benchmark setup (Fig. 15a). Likewise, congruencies in pyrite dissolution
are observed throughout the sequence among the 3 scenarios (Fig. 15b). The highest values are obtained with the
3-fractures/block scenario, where more matrix is in contact with oxygenated water, generating higher pyrite
oxidation and sulfate discharges. Conversely, the number of fractures is found to be inversely proportional to the
precipitation of iron hydroxides. Higher fracture densities makes more oxygen available to oxidize the pyrite,
generating a relative depletion for precipitating the iron hydroxides. Fig. 15¢ shows precipitation peaks mainly
in the fractured continuum above the shale layers, where less seepage water is absorbed and, therefore, more
oxygen is available to carry out the precipitation process.
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Case scenario 3: Pyrite oxidation kinetics and reactive surface area

Given the lower values reported in the literature (e.g., see Williamson and Rimstidt 1994; Nordstrom and Alpers
1997; Xu et al. 2000), this scenario reduce the kinetic rate constant for pyrite oxidation in one order of magnitude.
The result is a notable reduction of sulfate discharges compared with the benchmark scenario (Fig. 16a). This
indicates that the reaction rate is a sensible parameter in the Westfield primarily because of the constant oxygen
supply from the atmospheric boundary. When the latter is turning off, sulfate concentration is almost equal to
that assumed for the recharged water since little pyrite can be dissolved only with the oxygen dissolved in the
recharge water.

As there is also some uncertainty about the reactive surface area to be used, the present scenario alternatively
reduces the reactive surface area of the minerals to 1600 m2/m3 of material This value was calculated using a
simple cubic packing with 8 spheres formed of medium sand grains. Simulation results reveal a decrease in the
amount of discharged sulfate, although not in a proportional way. While the surface area is reduced by half with
respect to the benchmark, the sulfate concentration is only reduced by 25% (Fig. 16a). This disproportion may
indicate a co-dependent sensitivity of the parameter probably linked to the exchange of water and oxygen between
the fractured and matrix continua. The latter would be supported by the lower amount of dissolved pyrite at the
end of the 50 years simulation (Fig. 16b)
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Fig. 16 Comparison between the benchmark setup and scenarios with variable mineral reactive surface area and
Kinetic rates for a) sulfate discharge evolution and b) pyrite oxidation in one of the model’s columns. Log k in
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Case scenario 4: variable pyrite amount in waste rock deposits and sandstones

As mentioned in the setup section, this model includes materials from two different origins: 1) the Carboniferous
overburden, composed of sandstones and shales layers; and 2) waste rock deposits derived from mining. In this
scenario, pyrite contents in these two domains are changed independently. On the one hand, the sole discharge
of the waste deposits (Fig. 17 - markers only) shows strong increases in sulfate concentrations when increasing
their initial pyrite content. This would indicate that neither the amount of oxygen nor the oxidation kinetic rate
are limiting factors in this zone for pyrite dissolution. The same pyrite increases, however, generate minimal
variations in sulfate concentrations at the Dickenberg adit, where water from the entire area is collected (Fig. 17
- solid lines with markers). The sparse areal representation of the waste deposits in the Westfield results in a
difference of less than 10% in sulfate concentrations when comparing the benchmark simulation to the scenario
with 30% volumetric pyrite.
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Fig. 17 Comparison of sulfate discharges for scenarios with varying amounts of pyrite in waste rock deposits.
The graph shows concentrations recorded at the base of the waste rock deposits (markers only) and in the
Dickenberg adit, where water from the entire area is collected (solid lines with markers).

On the other hand, the influence of pyrite variations within the Carboniferous sequence is evaluated through 3
sub-scenarios. In each of them, sandstones” pyrite content is randomly varied within +2 standard deviation from
the counts reported in Bedoya-Gonzalez et al. (2021) but maintaining the mean of 5% for the entire column. A
fourth sub-scenario with 10% pyrite content per layer is also evaluated in order to include the most extreme case,
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with the highest amount of pyrite recorded for the rocks. Details of the amount and distribution of pyrite per layer
for each sub-scenario can be found in the Table SI3 of the Supplementary Information. Fig. 18a shows an overall
model insensitivity to heterogeneous pyrite distribution. The opposite occurs when pyrite content is
homogeneously increased for the whole area. A doubling of the mineral volume generates a significant increase
in sulfate discharge. As with waste rock deposits, the limiting factor for iron and sulfate production deems to be
pyrite availability within the first two matrix continua rather than the amount of dissolved oxygen. In fact, oxygen
surplus causes iron hydroxide to still precipitate in the sub-scenario with 10% pyrite, although its amount
decreases significantly compared to the benchmark setup (Fig. 18c). Finally, Fig. 18b and Fig. 18c depict how
the heterogeneous distribution of pyrite in subscenario 1 shifts the dissolution and precipitation peaks observed
repeatedly in the previous simulations, although maintaining the same base values. This is also true for sub-
scenarios 2 and 3, which are not included in these graphs to improve their readability.
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Discussion

The construction of a multiple continua model from a dual continuum setup, which in principle is easier to
parameterize, proved to be effective for simulating solute transport in the unsaturated overburden of the
Westfield. Only the « parameter of the fracture continuum had to be reduced to counteract the strong gradient
that arises when shortening the mesh node distances with the new matrix elements. The latter cause an intense
fluid mobilization from the fracture to the matrix, which is contrary to reality, as percolated water tend to flow
mostly through the fracture network. It is important to note that van Genuchten's « parameter is inversely related
to water intake suction for wetting events (Benson et al. 2014). This means that the lower the « value, the higher
the water retention within the fractured continuum. Although capillary parameters for fracture networks are not
well understood, the values used here are still consistent with the idea of imposing some that reflect the behaviour
of a gravel-like medium, as suggested by Bedoya-Gonzalez et al. (2022).
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Geochemical simulations further revealed the necessity of extending the DC model to a MINC. It was observed
that a model with only two continua cannot reproduce the exchange and movement of oxygen within the matrix,
greatly reducing pyrite oxidation in the overburden. Similar drawbacks when characterizing the chemical
component of a fractured system using the dual continuum approach have been reported by Lichtner (2000) and
Iraola et al. (2019). Both studies reveal under-representations of kinetic reactions with short equilibrium length
scales, as well as numerical instabilities due to lack of chemical and flow gradients within the matrix. Thus,
dividing each matrix block into a finer grid of nested elements seems to overcome the previously reported
limitations. An increase in the number of continua results in greater accuracy when calculating diffusive and
advective exchange for a system with two high contrast domains. Results from the benchmark scenario in this
study certainly provide a realistic geochemical evolution of the system, even accounting for interaction fronts for
pyrite oxidation and iron hydroxide precipitation, as described by Bedoya-Gonzalez et al. (2020) on drill core
samples from the Westfield.

Besides grid extension, the model required the employment of a 5-stage approach to address the limited
subsurface information at the beginning of the mining period, many decades ago, and the modification of
boundary conditions due to anthropogenic activities. Simulations from stages 1 and 2 yield saturations and water
compositions consistent with the development of a water-conductive fracture zone within a moderately permeable
overburden. Specifically, dilution fronts of geogenic solutes (chloride water for this study) were formed in both
vertical and horizontal directions due to advective and diffusive exchange between the fracture and the matrix
elements. This behavior would reevaluate the concept of a single depth-linked salinity gradient for this type of
postmining systems. Indeed, application of transient recharge data in stage 5 of the simulation corroborated the
interaction and progressive release of solutes in the horizontal component. Typically, intense recharge events in
equivalent systems produce major dilution processes that decrease the ion concentration in the discharge.
(Whittemore et al. 1989; Robins 1998; Lasagna et al. 2013). In the Westfield chloride concentration shows the
opposite behaviour. Higher recharge events cause greater horizontal displacement of meteoric water into the
matrix, drawing the locked chloride back into the fractured continuum shortly after. However, over the years, the
concentration of chloride in the discharge does tend to decrease due to the depletion of the solute in the matrix.

Results from stages 1 and 2 also showed hydrogen, iron and sulfate discharges congruent with measurements
taken at the Dickenberg adit. High concentrations of the 3 ions were produced from a constant pyrite oxidation
in the unsaturated zone and promoted by diffusive oxygen supply from the surface (here represented with an
atmospheric boundary condition). The relative thinness of the overburden led to constant flow of oxygen through
the vertical fractured continuum, being exchanged horizontally with the matrix. The latter process is limited to
distances of up to 1.5 m around the fractures mainly due to two factors: 1) matrix permeability restricting
dissolved oxygen advection and gas diffusivity and 2) the oxidation rate of pyrite consuming the gas. Therefore,
stable ion discharges achieved after 30 years of mining are mostly derived from pyrite dissolution in this rock
volume. It was also seen that the amount of gaseous oxygen in this interval governs sulfate variations when time-
dependent recharge is applied in the fifth stage. For instance, intense recharge events generate higher water
exchanges from the fracture to the matrix, reducing the amount of oxygen to dissolve pyrite. In the case of iron,
a flat concentration trend that does not react to variable recharge events is observed. This would be caused by a
more complex production of hydroxide from oxygen gas at the lower boundary (i.e., at the discharge point to the
adit) than the one considered in this study.

Alternatively to the geogenic interactions, the third and fourth stages of the simulation calculated the influence
of the rebound process on the compositions of pore and discharge waters in the unsaturated sequence due to
capillary equilibrium. In both stages, the lithological arrangement and water saturation of the overburden
(obtained from stages 1 and 2 of the model) were relevant parameters in the quantification of exchanged solute
and its vertical transport. For the actual heterogeneous overburden, the suction of a conservative tracer from the
rebounded water table was 50 times the initially imposed concentrations per square meter, with a transport up to
15 meters upward. In the case of a homogeneous system composed exclusively of sandstones, the values increase
to 80-fold and 20 m respectively. Both estimations represent worst-case scenarios, as the model does not take
into account phenomena that would reduce capillary action or contaminant load, such as interruptions in the
continuity of the gas phase, reduction of the porous wetting properties, thermodynamic variations or stratification
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of the water column by density (e.g. see Costanza-Robinson and Brusseau 2002; Hassanizadeh et al. 2002;
Boduroglu and Bashir 2022; Mugova and Wolkersdorfer 2022). Thus, the calculated transport distances
correspond to the minimum margin necessary to prevent contaminants from reaching the surface or overlying
aquifers. In the Westfield, about 96% of the land surface is above the 15 m. distance, while 92% would be above
20 meters. After 35 years, capillary forces maintain the thicknesses of these intervals although with
concentrations of 10 to 20% of the initially exchanged amount owing to the interaction of the percolated water
with the matrix continuum. The latter process, in fact, generated a vestigial enrichment of sulfate and iron
discharges, which mostly dissipates within 20 years after rebound.

Throughout the 5-stage simulation, the model was able to additionally describe precipitation of iron hydroxide
with some accuracy. Out of the 5 continua, the fractured and first 0.5 m of the matrix next to it (i.e., first two
matrix continua) presented saturated and oxygenated conditions for their precipitation. This pattern is shown to
be consistent with the weathering fronts described by Bedoya-Gonzalez et al. (2020) for the Westfield sandstone
layers, with the exception of fracture-filling hydroxides. The latter discrepancy is understandable considering
that mineral precipitation in real open fractures is a complex process that depends on the right amount, size, and
arrangement of heterogeneities within the medium to seed the particles (Jones and Detwiler 2016). It has also
been found that transport limitation resulting from slow flow velocity, dead-end fractures or isolated structures
favours the precipitation of solid phases (Singurindy and Berkowitz 2005; Menefee et al. 2017; Deng and Spycher
2019). Then, the extension and high permeability of mining-derived fractures in the Westfield would be an
impediment to solid-phase precipitation The amount of iron hydroxide that simulations revealed to precipitate
within them may have actually been transported as suspended particles into the Dickenberg adit.

Finally, results from four alternative scenarios complemented the findings obtained with the benchmark setting.
Although all four gave similar pyrite oxidation fronts in relation to the fractured continuum, iron and sulfate
discharges did vary significantly according to the modified criterion. Based on actual Westfield features, equal
ion discharges to those recorded in recent years (i.e., 1600 mg/L sulfate and 200 mg/L iron) could be reached by
increasing pyrite oxidation rate in less than 1 order of magnitude or at a density of 3 fractures per 10 m. For the
first case, the increase could be derived by the action of iron-oxidizing bacteria, as has been widely discussed in
the literature (e.g., see Nordstrom 1982, 2011; Johnson 2003; Johnson and Hallberg 2005). Fracture density, on
the other hand, is a more complicated parameter to evaluate since, to the authors' knowledge, there is no study
that makes an approximation of it. However, Bedoya-Gonzalez et al. (2022) showed that this fracture density
does not significantly affect the flow behaviour of the Westfield, so both chemical and transport simulated
components would be consistent with what was measured. Pyrite reactive surface area was also a sensitive
parameter, but the value used for the benchmark setting is already high and consistent with the lithologic and
hydraulic conditions. Moreover, the use of geometric relationships seems to be a good approximation for regional
models due to uncertainties that arise when scaling measurements taken under controlled pH, temperature, and
grain size conditions. Lastly, the restricted location of the waste rock deposits rendered the volume of pyrite
within them insensitive. The heterogeneous distribution of the mineral in the layered overburden is neither
sensitive, although the average value assigned to the entire sequence does.

Conclusions

This study has formulated and applied a multiple interactive continua (MINC) model to characterize advective
and diffusive reactive transport processes in fractured post-mining coal zones. The employed approach represents
a novel attempt to simulate water-rock interaction compared to commonly employed lumped or equivalent
continuum models, as it simultaneously recognizes fracture and porous flow regimes. Its effectiveness was
evaluated here by simulating the origin, generation and transport of acid mine drainage within the shallow and
fractured overburden of the Ibbenbiiren Westfield. The model was constructed by extending a dual continuum
model, previously used to calculate the flow component of the zone, to a 5 continua model (1 for the fracture and
4 for the matrix) that accounts for reaction fronts and diffusion through the matrix blocks. Additionally,
dissolution, precipitation and dilution processes linked to iron, sulfate and chloride bearing minerals and solutions
were included using a 5-stage simulation process. The later was designed to address variations in geochemical
and hydraulic conditions derived from the mining history of the area.
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Simulation results produced discharges with ion concentrations close to those measured in the Westfield. The
horizontal interaction between the formation water contained in the matrix continuum with the percolating water
through the fractures would be responsible for the high chloride concentrations measured in the mine adit. This
process also results in dilution fronts in both vertical and horizontal directions for solutes initially present in the
matrix, generating quasi-stationary discharges over time. Complementary, flow of gaseous oxygen from the
atmosphere through the fracture continuum proved to be of great relevance in the study area. Subsequent
horizontal diffusive exchange of oxygen with the matrix continua closer to the fractures generates a constant
pyrite oxidation that releases high hydrogen, sulfate and iron loads to the water. Such an oxidative process alone
would produce the long-term and seasonal concentrations measured in the Westfield, if small modifications in
fracture density, oxidation kinetic or mineral surface area are included, none of which affect the flow component
of the model. The exception to the good fit between measured and simulated concentrations was the elevated iron
and sulfate concentrations measured during the first 10 years after rebound. The difference was evaluated here
by simulating the capillary suction of the rebounded mine water from the unsaturated sequence along with its
subsequent release. Although the measured values did not match the simulated values, the coincidence in the
decrease of the concentrations of both curves would corroborate the existence of a capillary equilibrium between
the unsaturated sequence and the rebounded mine water. The latter served to establish and assessing safety levels
in the unsaturated overburden by determining maximum concentrations and vertical transport distances of the
rebound water during the creation of a capillary fringe. Likewise, it was useful to determine concentrations of
long-lasting solutes in the capillary fringe decades after the rebound process.
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Mathematical fundamentals of the multiple continua modelling in this paper
Groundwater flow

The implementation of the flow component in this study closely follows that presented in Bedoya-Gonzales et
al. (2022) for a dual continuum model (for a detailed description please consult the reference). The model
concerns with a flow regime derived from mining-induced fractures and its relationship within porous units. Flow
scenarios include isothermal flow conditions, with air and water as phase components. The fractured overburden
is represented by a simplified, heterogeneous multiple continua model, with one continuum corresponding to the
fracture network and the other four to the matrix. The model assumes Darcy-type fluid flow not only in the matrix
but also in the fractures by assuming 2 processes: 1) laminar flow through a network of small conduits and 2) the
presence of undisturbed porous layers above the fractured medium that limit the water inflow at the interface.
Under these conditions, the EOS 9 module of the software TOUGHREACT simulates the unsaturated flow
through 5 sets of Richards’ equations (equation 6) solved at the same node. The transfer of water between
continua (I3, is derived from their local difference in pressure as well as block size and geometry information
(i.e., fracture spacing, number of sets, and shape of matrix blocks).

a . %
ot D p Se—c = div [ ke—c% V(Pc + pgAZ] + [y (6)

Where p and u are the density and viscosity of water, g is the gravity acceleration, the subscripts ¢ indicate the
continuum, @ is the porosity and the S, is the effective saturation definedas S, = (S — S;,)/(1 — S;;-) , with S},
being the residual water saturation. The effective permeability, k. (m?), and capillary pressure, P*, are functions
directly related with the water saturation of each medium as given by the van Genuchten-Mualem parametric
model (Mualem 1976; van Genuchten 1980)

ke—c= kq_cSe—c 03 [1-(1 - Se—i/mc) e ]2 (7)
Pi= — [Se /M —1]1me (8)

Where k, is the absolute permeability, and 1/a. (Pa) and m_ are fitting parameters associated with the pore
distribution, with a. > 0 and 0 < m. < 1. Finally, the transfer term for water (advection only) is defined as

T = koo LY (he = hn) - (9)

Where k,_, is the absolute permeability at the interface, u,, is the water viscosity, (hs — hy,) is the head
difference between the two media, g is a dimensionless geometry grid factor (3 for rectangular blocks), y is a

dimensionless scaling coefficient usually set to 0.4, and a is the distance between the center of a matrix block
and the adjacent fracture (Pruess 1983; Gerke and van Genuchten 1993; Gerke et al. 2007; Kordilla et al. 2012)

Implementation of chemical and solute transport components

TOUGHREACT uses a sequential iteration approach in which the flow equations are solved first to subsequently
use fluid velocities and phase saturations for chemical and transport simulations (Xu and Pruess 2001; Xu et al.
2012). Here all chemical species are only subject to transport in the liquid phase, except for oxygen that is
transported in both liquid and gas phases. The system includes homogeneous aqueous phase and mineral
precipitation/ dissolution reactions. The modelled chemical reactions in liquid and solid phase (equations 10 and
11 respectively) have the general form (Lichtner 1992):

n n
] ]

Where the quantities v;; and v;s represent the stoichiometric reaction coefficients for liquid and solid phase, 4;
are the aqueous primary or basis species, A;are the secondary aqueous species, and M, are the minerals. These
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reactions take place simultaneously in the fracture and matrix continua. Once geochemical reactions are
incorporated, equation 6 can be rewritten as a mass conservation equation for each continuum in the form
(Lichtner 2000):

n
%(Ecd’cqjj—w) + V(Ecﬂj—w) G Zs”fsls—w ~ fjsex (12)

Where the subscript ¢ indicates the respectively continuum and the quantities €, @, ¥, Q and I refer to the volume
fraction, porosity, total concentration of the solute j, total flux of the solute j, and kinetic reaction rate of the
mineral m, respectively. Solute exchange between the two continua is defined by a coupling term as (Lichtner
2000):

[_;'—>€X = Aex Qj—>ex (13)

Unlike pure water flow, I;_,., should consider solute movement due to molecular diffusion at the interface
between fracture and matrix continua(4.,). Thus, solute flux (£;) derived from advection and molecular
diffusion within and between continua is evaluated as:

Qe = qc ¥joe — T P D V¥ (14)

With q being the fluid flow velocity, 7 the tortuosity, and D the diffusion coefficient, which is assumed to be the
same for all species within each continuum. Under unsaturated conditions, the widely accepted Millington and
Quirk model can substitute tortuosity ( 7, = d)l/ 3 10/ 3) making diffusion a more straightforward value to
calculate using only the porosity and effective phase saturation of the medium (Pruess et al. 2012). The total
solute concentration ¥; can be defined relative to the chosen set of primary species with concentrations C; as
(Lichtner 1985):

n
ij—w = Cj—>c + z 17jiCi—>c (15) l—>C (Vl—)C) 1 K H] (C]—>c yj—w)v” (16)
i

where C; denotes the concentration of the ith secondary species derived from the concentration of the primary
specie C;, y; and y; are thermodynamic activity coefficients and K; is the equilibrium constant. The mineral

Kinetic reaction rate (I) is given by (Lasaga et al. 1994):

n _ .
Iyoe= T koo Asoe |1 Qs—>c| (17) Qs-c = Ks 1 H?(Cj—w Vj—m‘)vs] (18)

with positive values indicating dissolution, and negative values precipitation, kg the Kinetic rate constant, A the
specific reactive surface area of the solid phase, and Q, the kinetic mineral saturation ratio. The parameters 6
and ) are experimentally determined but usually set to one. Finally, equilibrium oxygen dissolution to the
liquid phase can be expressed as (Xu et al. 2017)

PfK = H?(Cj—w Vj—w)vgj (19)

Where P is the partial oxygen pressure and f is the gas fugacity coefficient, assumed equal to one for atmospheric
pressure when the gaseous phase behave like an ideal mixture.

Grid requirements for Kinetic and Diffusion processes

There is an inherent dependence between reactive processes in heterogeneous media and the scale of discrete,
DC or MINC models. The difference that exists between fracture and matrix volumes often introduces significant
errors for chemical fast reactions where equilibrium occurs on the order of the pore-scale or microscale (Lichtner
2000; Li et al. 2006; Iraola et al. 2019). The short reaction length, which is generalized to the entire matrix block,
leads to a steep gradient at the interface between the two continua (Steefel et al. 2005). Therefore, regional models
should be limited to systems where either the kinetic reaction rate varies smoothly over the matrix block or the
characteristic chemical equilibration length scale is long compared to the matrix block size (Lichtner 2000).
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Otherwise, fine grid spacing near the fracture-matrix interface is required to adequately capture geochemical
gradients (i.e., reaction fronts across the matrix).

A similar space discretization problem arises in the implementation of diffusive flow under multiphase
conditions. Fluid and gas exchange at the fracture-matrix interface would be governed by diffusion in the matrix
rather than in the fracture due to the relatively large matrix grid size (Pruess 1987; Lichtner 2000). Since there
are no documented values for the hydraulic properties at the interfaces, these are set equal to the harmonic mean
between the two continua. This forces the local exchange to be dominated by the lower conductive domain (i.e.,
the matrix), which might be closer to reality (Ray et al. 2004; Song et al. 2018; Aguilar-Lopez et al. 2020). As a
result, conservation of diffusive flux across the interface between fracture and matrix continua can be rewritten
from equation 14 as:

_ (df"'dm)(Tf Ji Df)(‘l,'m @ D)
harm dm (‘L’f (Df Df)+df (Tm @®m Dm)

(Tmf (pmf Dmf) ~ Ty Py D (20)

The implementation of equation 20 yields a coupling term proportional to the effective matrix diffusivity, which
should be independent of the matrix block size. However, large DCM matrix blocks give wrong behaviours. The
area of the coupling term between two rectangular elements depends mostly on the half-length of the matrix
block:

(1—€¢) m
Aex = W; dmf = x? (21)
Where d,,,f is the distance between the nodes of two continua. Evaluating the diffusion component of the

coupling term (equation 13) using the harmonic mean (equation 20) and inserting the surface term (equation 21)
leads to:

_ (1-¢f) (Yjor=¥jom)
I}*ex = Ay (tm Pm D) dmy (22)

From equation 22 it is inferred that the coupling term decreases by the square as the size of the matrix block
increases. This behaviour is contrary to that calculated and expected for diffusive flow, so further refinement
should be considered to reduce the block size dependence in fractured media models.
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Table SI1

Table SI 1 Relationship between the recharge calculated by the Geological Survey of North Rhine-Westphalia
and the applied recharge in this study. Daily inputs are obtained by multiplying the daily precipitation by the
percentages assigned for each month. Calculated using the data from Herrmann et al. (2014)

Applied recharge

LANUV NRW recharge model

Month 2015 2016 2017
(mm/month) % Precipitation % Precipitation
January 60-80 0.45-0.62 0.55 0.50 0.45
February 20-40 0.25-0.55 0.40 0.40 0.35
March 20-40 0.25-0.56 0.42 0.40 0.40
April 10-20 0.20-0.45 0.35 0.35 0.20
May 10-20 0.15-0.30 0.25 0.25 0.15
June 10-20 0.10-0.40 0.32 0.30 0.15
July 0-10 0.00-0.12 0.09 0.09 0.06
August 0-10 0.00-0.10 0.08 0.05 0.00
September 5-10 0.05-0.16 0.12 0.10 0.00
October 10-20 0.15-0.30 0.22 0.20 0.20
November 20-40 0.30-0.60 0.50 0.45 0.22
December 40-60 0.55-0.85 0.80 0.65 0.50
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Table S12 Monthly chemical composition of the imposed rainwater for the year 2016 and 2017 during the stage
5. Concentrations are given in mg/L. Calculated using the data from Herrmann et al. (2006)

Avg. recharge

Original Germany Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Reit}j“ge 1 0.3 05 04 04 035 025 03 009 005 01 02 045 0.65
pH 55 4.4 46 45 45 45 43 44 39 37 40 42 46 47
Na* 0.7 2.4 15 18 18 21 29 24 81 146 73 37 16 11
K 0.1 0.4 03 03 03 04 05 04 14 26 13 07 03 02
Mg 0.2 0.5 03 04 04 04 06 05 17 30 15 08 03 02
ca®* 05 17 10 13 13 14 20 17 56 100 50 25 11 08
Al*3 0.0 0.0 00 00 00 00 00 00 01 01 01 00 00 00
Fe2® 0.0 0.1 00 01 01 01 01 01 02 04 02 01 00 00
cr 35 117 70 88 88 100 140 117 389 700 350 175 7.8 54
HCOy 0.1 0.3 02 03 03 03 04 03 11 20 10 05 02 02
SO 62 205 123 154 154 176 246 205 683 1230 615 308 137 95
SiOg 10 3.3 20 25 25 29 40 33 111 200 100 50 22 15
Oy 10.0 100 100 100 100 100 100 100 10.0 100 100 100 100 10.0
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Table SI3

Table SI3 Random distribution of pyrite per sandstone layer within the overburden in each of the 3 sub-
scenarios modeled in the case scenario n°4.

Pyrite average (%) 5

N° of sandstones layers 11

Max limit (+2 standard deviation) 9

Lower limit (-2 standard deviation) 2

Sandstone & Id layer Random pyrite concentrations (%)
software g scenario 1 Sub-scenario 2 Sub-scenario 3

Layer 1 8,9 4 6 4
Layer 2 A 6 6 2
Layer 3 B 4 2 8
Layer 4 C 4 7 3
Layer 5 D 7 7 3
Layer 6 E 5 7 5
Layer 7 F 5 4 9
Layer 8 H 2 8 8
Layer 9 | 3 4 2
Layer 10 J 7 4 5
Layer 11 M 8 2 6
Shale layers G, K, L 5 5 5
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ARTICLE INFO ABSTRACT

Editorial handling by Prof. M. Kersten A coupled elemental-isotopic approach is applied to reconstruct the origin and chemical evolution of mine
drainage, groundwater, and brines from the Carboniferous anthracite coal mine in Ibbenbiiren, Germany. All
solutions are characterized by an increase in salinity with depth, as well as by an increase in 34S/32§ isotopic
ratios of dissolved SO%. Br/Cl and Na/Cl ratios in deep Na-Cl-type water indicate halite dissolution as the
common source of salinity. 5348504 values increase up to +21.1%o (VCDT), linking the salinity to the migration of
groundwater from the surrounding Mesozoic sediments. /Sr/%°Sr ratios between 0.7108 and 0.7135 and
elevated alkali concentrations indicate ongoing water-rock interaction of the evaporite-derived brines with the
Carboniferous siliciclastic rocks of the mine. A positive correlation of 878r/858r ratios with 62HH20 and 5180H20
values suggests mixing of the brines with isotopically heavy formation water within the Carboniferous bedrock.
The oxidation of pyrite is the dominant sulfate source in shallow mine drainage and groundwater with a rela-
tively low ionic strength (I < 0.035), as indicated by §>*Sgo4 values between —8.3 and +0.3%o (VCDT). Inter-
mediate water compositions are the result of the dilution of brines with shallow water. In any case, modern
meteoric water with 5180H20 values between —6.9 and —8.65%o (VSMOW) is the primary water source for brines,
groundwater, and mine drainage.

Keywords:

Coal mine drainage

Pyrite oxidation

Brine origin

Sulfur isotopic composition
Isotope proxies
Hydrogeochemistry

1. Introduction

Coal mine drainage is often characterized by poor water quality, i.e.
by low pH values, high concentrations of dissolved toxic metal ions, and
high salinity, posing environmental risks for the receiving streams.
When groundwater has to be pumped from a mine to allow excavation,
this high salinity may become an environmental issue (Banks et al.,
1997; Timpano et al., 2015; Turek, 2004), as it may cause toxicity to
freshwater communities (e.g. Canedo-Argiielles et al., 2013; Elphick
et al., 2011; Hart et al., 1991). Sulfide mineral weathering can lead to
the formation of acid mine drainage solutions (Galan et al., 2003; Neal
et al., 2005; Nieto et al., 2007). Low pH (Simate and Ndlovu, 2014) and
relatively high sulfate concentrations (Wang et al., 2016) caused by
sulfide mineral dissolution may have adverse toxicological effects on
freshwater communities. In particular, clogging of the riverbed by the

* Corresponding author.
E-mail address: Thomas.rinder@sbg.ac.at (T. Rinder).

https://doi.org/10.1016/j.apgeochem.2020.104693

formation of hydrous ferric oxides has a negative effect on the flora and
fauna of the affected rivers (MacCausland and McTammany, 2007;
McKnight and Feder, 1984; Scullion and Edwards, 1980). Toxic metal
ions are an additional risk for aquatic ecosystems in the receiving water
bodies. High loads of dissolved metal ions are often connected to the
mining of sulfidic ores. In addition coal mine drainage in several places
in Europe (Gombert et al., 2018) or the United States (Cravotta and
Brady, 2015) may also carry relevant levels of toxic metals, often related
to pyrite oxidation.

A number of passive and active remediation strategies are available,
including microbial reduction of sulfate in constructed wetlands, and the
addition of lime (Gazea et al., 1996; Johnson and Hallberg, 2005;
Wolkersdorfer, 2008). Increasing attention is being devoted not only to
avoiding or mitigating the negative environmental effects, but also to
recovering and reusing resources deriving from the drainage (Moodley
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Fig. 1. Location of the Ibbenbiiren coalfield. The Carboniferous blocks of the coalfield are divided by faults along the Bockradener Graben. Mining in the Westfield
closed in 1979, whereas mining in the Eastfield continued until December 2018. The red line denotes the position of the cross section in Fig. 11. Modified after
European Digital Elevation Model (EU-DEM), version 1.1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

et al., 2018; Naidu et al., 2019; Simate and Ndlovu, 2014). In any case,
the design and operation of a suitable remediation process needs to be
based on a solid hydrogeochemical model. However, the drainage
quality is often predicted solely on the basis of a standard procedure
(Dold, 2017; Parbhakar-Fox and Lottermoser, 2015).

Currently, at the anthracite mine in Ibbenbiiren, an estimated vol-
ume of 15 million m® of mine drainage enters the receiving stream each
year, contributing between 61 and 80% of the total annual chloride load
(MKULMYV, 2016), frequently exceeding the threshold values considered
harmful for freshwater ecosystems. With the mine closure in December

119

2018, the long-term liabilities related to the discharge of mine drainage
from the abandoned mine are in public focus. Currently, the coal mine
drainage causes highly saline brines, rich in iron and sulfate. The aim of
this study is to examine the relevance of the individual processes of
water-rock interaction for the overall chemical composition of the mine
drainage solutions. This is essential in order to facilitate the prediction of
the future long-term development of the water quality. Towards this
goal, a sampling campaign of waters from the active mine as well as the
surrounding areas was conducted. Samples were interpreted with
respect to main and trace element compositions as well as to the isotope
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ratios 2*S/%2S and 180,10 in sulfate, 180/'°0 and ?H/'H in H,0, and
875r/%58r in the dissolved Sr.

On the basis of the acquired data, the dominant reaction mechanisms
are identified, and a conceptual model for the chemical evolution of the
coal mine drainage solution and the groundwater of the coal mine is
developed.

2. Geological setting and sampling location

The first document mentioning the mining of anthracite hard coal
from the Ibbenbiiren mining region dates back to 1564. In the nearby
Piesberg quarry, documents reach further back, to 1461. The cumulative
mass of anthracite coal extracted since the beginning of the mining
operations is approximately 240 million tons. Historically, the room-
and-pillar mining has been an important method. However, since the
1940s, the excavation has been carried out by longwall mining. The
depth of the deepest coal seam excavated before the closure of the mine
was approximately 1500 m below surface. The mine closed in December
2018 and is now being flooded.

The coalfield, known as the “Ibbenbiirener Karbonscholle”, is a horst
structure of Carboniferous origin, which was brought up to the surface
by uplift in the Cretaceous. As a result, the coalfield is separated from the
surrounding area with an offset of up to 2000 m. It consists of two hills
(Schafberg and Dickenberg) divided by a NNE-SSW striking graben
structure known as the Bockradener Graben (see Fig. 1). The hill chain is
surrounded by Triassic, Jurassic, and, to a lesser extent, Permian rock
formations in the direct vicinity of the fault structure, surrounding the
block. The chain reaches a maximum height of 176 m above sea level,
with a length of 14 km and a width of 4-5 km (Bassler, 1970). During
mining operations, the Schafberg and Dickenberg were named “East-
field” and “Westfield”, respectively.

The Carboniferous rocks of the Ibbenbiiren coalfield represent the
northwesternmost outcrops of the Paleozoic layers in Germany. These
layers outcrop again in the Ruhr area, about 90 km South of Ibbenbiiren.
The slightly north dipping coal seams of the Ruhr area disappear under
the sediments of the Miinsterland Cretaceous basin to outcrop again in
the Ibbenbiiren area before being buried under younger sediments in the
North German Basin. Although the same coal seams can be identified in
both mining regions, the coal produced in Ibbenbiiren is classified as
anthracite coal. Therefore, it is of significantly higher quality than the
hard coal of the Ruhr area. The reason for this higher coalification is still
being debated, with two different hypotheses being developed. One
theory connects the high coalification to an igneous intrusion in the late
Cretaceous, the so-called Bramscher massif. Recently, however, an
increasing number of publications suggest that a deep burial during the
early Cretaceous seems more likely (Bruns et al., 2013; Bruns and Littke,
2015; Munoz et al., 2007; Senglaub et al., 2005).

The coal seams within the deposit dip to the North with an angle of
3-25°. The main lithologies are sandstone, siltstone, claystone, and
conglomerate. Kaolinite and illite have been reported as the main matrix
components in the Pensylvannian sandstone of the region, which was
classified as sub-lithic arenites with low volumes of feldspar grains and
muscovite (Wiistefeld et al., 2017). Upper Jurassic halite, gypsum, and
anhydrite-bearing formations border with the coalfield and are associ-
ated with subrosion phenomena, e.g. the development of sinkholes in
the nearby “Heiliges Feld” (Dolling and Strizke, 2009). Halite has also
been detected in the Triassic sediments but not in the Permian rocks
surrounding the area.

The hydrogeological situation has been discussed in detail, for
instance, by Bassler (1970) and Lotze et al. (1962). In general, the
Eastfield and the Westfield present different situations, due to the
different mining depth as well as to differences in the Quaternary upper
layer.

Mining in the Westfield was abandoned in 1979, and flooding was
induced. Mining was concentrated close to the surface down to about
—170 m below surface, whereas mining in the Eastfield continued to a
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depth of approximately —1500 m below surface. Today, the water of the
Westfield is entering the Dickenberg gallery (sample IBB-W 1), from
where it is brought to a water treatment plant with settling ponds before
entering the receiving stream (Ibbenbiirner Aa). During active mining,
the quantification of the groundwater discharge showed that infiltration
from the top of the coalfield alone cannot explain the amount of mine
water drainage (Lotze et al., 1962). However, after the rise of the
groundwater table above the surrounding aquifers, the inflow from
these aquifers can be ruled out (Rudakov et al., 2014).

In the Eastfield, mine water was still pumped at the time of sampling.
The mine drainage comprises deep saline brines as well as relatively
fresh meteoric waters close to the surface. Mine dewatering is carried
out through a central point of discharge from where the water runs
through an adit into settling ponds before entering the Ibbenbiirener Aa.

Above the Eastfield and the Bockradener Graben, a Quaternary layer
of up to 30 m in thickness bears groundwater. Above the Westfield, this
layer is less developed; groundwater from this layer was diverted into
deeper levels due to mining activities. The same is true for surface
streams which are at least periodically water-bearing above the Eastfield
but not above the Westfield anymore. Below the first groundwater level,
the Carboniferous sandstones themselves form the most important
aquifer.

Faults that are striking NNE-SSW through both parts of the coal field
often reach into the Mesozoic surrounding areas. They are considered to
be important for the regional hydrogeological situation, providing
preferential flow paths for water entering into the coal field. The most
prominent fault system — the Bockradener Graben — divides Eastfield and
Westfield with an offset of up to 510 m (Bassler, 1970). The offset of the
faults within the coalfields reaches values of 20-200 m. Historically,
large water inflows have been related to fault systems. In general, the
faults provide a flow path down to at least —600 to —700 m, where a
compressive tectonic regime starts to lower the permeability. Along
these faults, meteoric water can easily infiltrate into the mine. In fact,
Bassler (1970) noted a temporal correlation of rainfall and discharge of
mine drainage. He also noted that together with mining activities, these
meteoric waters move down.

The influence of meteoric water was however limited to the upper
levels of the mine, and when Bassler (1970) carried out his sampling
campaign, the lowest level at that time (—900 m) did not seem to be
influenced by meteoric water. With depth, the water discharge was
increasingly correlated with mining activities, and was temporarily
increasing when the exploitation of new areas led to the outflow of
formation water. Bassler (1970) reported a porosity of the sandstones
between 15 and 5% together with a permeability generally below 1 mD
(millidarcy). While the low permeability of the sandstones would nor-
mally inhibit dewatering, the failure of the overburden related to
longwall mining creates enough fractures to allow a temporal water-
flow. The calculated age of these formation waters based on Tritium and
Carbon-14 analyses was >34,000 years in some cases.

3. Methodology

Samples were taken during two different campaigns in summer
2018. Electrical conductivity, dissolved oxygen, temperature, and pH
were measured in-situ with a WTW 350i multimeter. Redox values were
measured with a Lovibond SD60. The German legislation concerning
explosion protection in coal mines does not allow the use of electronic
devices, so that in-situ measurements inside the mine were not possible
(solutions IBB-E 1 to IBB-E 16). As a workaround, a gastight bottle
(DURAN 150 ml) was used for sampling, and measurements were car-
ried out within 5 h after sampling. All samples were filtered through
0.45 pm regenerated cellulose filters and stored in (i) gastight Duran
glass bottles (150 ml) for alkalinity measurements, and (ii) prewashed
125 ml HDPE Nalgene bottles for chemical analyses. Samples for cation
analyses were acidified down to pH ~ 2 with concentrated HNO3 (Merck
ultrapure). The samples were placed in a cooling box and transferred to
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the laboratory for measurements. Alkalinity was measured in-situ by
colorimetry using an Aqualytic AL800 photometer. Ion chromatography
and ICP-OES measurements were determined at the Graz University of
Technology, Austria. The concentrations of dissolved cations (Na*t, K*,
Mg%*, Ca?*) and anions (Cl~, NO3, SO and Br~) were determined by
ion chromatography with a Dionex ICS-3000. Chemical analyses of the
trace elements were carried out with an ICP-OES (Perking Elmer) with
analytical precision better than +5% based on replicate analyses of the
selected samples (n = 2). Strontium isotope ratios were determined at
the NAWI Graz Central Lab Water, Minerals and Rocks at the Graz
University of Technology, Austria. Strontium was separated using a Sr-
specific extraction chromatographic resin (Sr spec (T)) using 3 mol 17!
HNOs. Isotopic ratios were determined on a Plasma 2 MC-ICP-MS (Nu
instruments, Wrexham, UK). Measurements were performed with a
static cup configuration in wet-plasma mode. Instrumental mass frac-
tionation was corrected for within-run following an exponential law and
assuming 8°Sr/%8sr = 0.1194. Krypton interferences were corrected for,
using a value of 8%Kr/3*Kr = 0.30354. The baseline was determined prior
to each sample analysis for 120 s on-peak, aspirating a blank solution.
The reference material NBS 987 was %7Sr/%%Sr = 0.71026 + 0.00002 (2
SD, n = 15). The total procedural blank was <0.5 ng Sr and thus
negligible. For analytical details see Stammeier et al. (2019). The iso-
topic composition of high saline waters was measured by classic isotopic
equilibration techniques using the Hy-water equilibration method for
hydrogen (Horita, 1988) and the COs-water equilibration technique for
oxygen (Epstein and Mayeda, 1953). The IRMS measurements were
done with a Finnigan DELTAplus Mass Spectrometer coupled to a fully
automated equilibration device adapted from Horita et al. (1989). The
isotope values of less mineralized waters were analyzed by
wavelength-scanned cavity ring-down spectroscopy (WS-CRDS) using a
Picarro L1102-i system. The analytical procedure of the WS-CRDS
measurements is similar to that described by Brand et al. (2009).
Typical analytical precisions (1 &) were +1%o for 5?Hyao and +0.08%o
for 5'80y20, and the values were referenced relative to the Vienna
Standard Mean Ocean Water (VSMOW). The analysis of 345 /325 ratios in
sulfate was carried out at Imprint Analytics GmbH (Neutal, Austria)
using an Eurovector elemental analyzer coupled with a NU Horizon
IRMS following the method described in Révész et al. (2012). Mea-
surements were carried out using an in house reference material which
was calibrated against IAEA-S-2 with a mean 5%%Sg04 Of +22.62 +
0.16%0 and IAEA-S-3 with —32.49 + 0.16%. '%0/'°0 ratios were
determined by the same lab with a Hekatech TCEA coupled to the NU
Horizon IRMS. The in house reference material was calibrated against
USGS34 and IAEA-NO3 with mean §'80 values of +27.9 + 0.6%c and
+25.6 + 0.4%o, respectively. The isotopic analyses of sulfur and oxygen
in sulfate and hydrogen and oxygen in water were reported in the
S-notation relative to a standard (VCDT for sulfate, V-SMOW for oxygen
and hydrogen). Tritium measurements were carried out by liquid scin-
tillation after electrolytic enrichment at Hydroisotop GmbH (Schwei-
tenkirchen, Germany). The computer code PHREEQC (Parkhurst and
Appelo, 1999) with the database wateq.dat was used for hydro-
geochemical modelling. For solutions with ionic strength above 1, the
thermodynamic calculation was done using the Pitzer.dat database,
based on recommendations from Appelo and Postma (2005). Pitzer.dat
was also used for calculating seawater evaporation trends in Fig. 4a to d.
Depth data herein are given as distances to the highest point of water
discharge, i.e. the reference point IBB E—8. This is the sampling point of
cumulative drainage outflow of the Eastfield just before the water rea-
ches the surface, and lies 85 m above normal zero.

4. Results and discussion
4.1. Water types

The 31 sampled solutions cover a wide range of total dissolved solids,
from values < 1000 mg/kg for the shallow groundwater surrounding the
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Fig. 2. Chloride concentration [mol/kg] versus ionic strength. Increasing
salinity is accompanied by an increasing percentage of sodium chloride in total
salinity. The black line represents a pure NaCl (1:1) solution. Solutions plotting
above this line indicate a higher fraction of divalent ions contributing to
total salinity.

coalfield up to a maximum of 182,000 mg/kg for a brine sample from
the deepest levels of the coalfield. Based on these characteristics, the
main chemical composition, and the geographical location (see Fig. 1) of
the sampling points, the samples were divided into 5 different types (see
Figs. 2 and 3 for identification, and Table S1 (Supplementary Material)).
Solution IBB-W 1 (green circle) was sampled at the surface from the
Dickenberg gallery, which gathers all groundwater from the flooded
Westfield and is now the only effluent of the mine water from this part of
the coalfield. The water type is classified as Ca-Mg-Na-SO4 (see Table S1
(Supplementary Material)). Additionally, the mine drainage at this point
is characterized by high loads of dissolved and particulate iron. The
solutions from the coalfield sampled from depths below the third level
(~—270 m) are all characterized by a relatively high ionic strength
(>0.1) and are of Na-Cl water type (IBB-E 1 to IBB-E 9; yellow circles).
This group also includes solution IBB-E 8, whose high salinity does not
correspond to the depth of the sampling point. IBB-E 8 was taken from
the main drainage of the Eastfield, just before reaching the surface. It
represents therefore a mixture of all the waters which are pumped from
the mine, including the deep brines. Waters sampled down to the third
level (=—270 m) (IBB-E 10 to IBB-E 16; orange circles) are character-
ized by relatively low ionic strength. A water type cannot be assigned to
this group, as the waters show highly variable contents of the main
cations (calcium, sodium, and magnesium) with an anionic dominance
of sulfate, bicarbonate, and chloride. The high fraction of divalent ions
contributing to the ionic strength is shown in Fig. 2. The water type plots
above the black line, representing a pure NaCl solution.

For comparison, saline waters originating from other hydro-
geological settings (blue X marks) in the wider surroundings of the
coalfield were sampled and analyzed. All of them can be characterized
as belonging to the Na-Cl water type. These samples include the
groundwater, originating from two wells drilled into lower Triassic
sediments, used for the thermal spa in Bad Bentheim (BBH 1 and BBH 2),
as well as three samples from the Northern border of the Miinsterland
Cretaceous Basin, originating from two wells drilled into Cretaceous
sediments in the city of Bad Rothenfelde (WK 1 and WM 1), and a sample
from the well of the Saline Gottesgabe saltworks in the city of Rheine
(SGG 1). One sample was taken from a well drilled in the North German
Basin close to the city of Bad Essen (BE 1). The last group constitutes the
shallow groundwater (grey crosses) surrounding the coalfield (SGW 1
to SGW 6), as well as two shallow groundwaters originating from an
aquifer of Upper Jurassic sediments, which are used for the thermal spa
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in Bad Bentheim (BBH 3 and BBH 4). As those waters originate from

different geological units, they are characterized by diverse contents of

main ions. In any case, however, Ca2* is the dominant cation (see Fig. 3
and Table S1 (Supplementary Material)).

122

4.2. Geochemical evolution and reaction mechanisms

4.2.1. Dissolution of evaporites from adjacent layers

The chemical composition of the analyzed water is summarized in
Table S1 (Supplementary Material). The chloride concentration in the
deep mine water (IBB-E 1 to IBB-E 9) is between 7.6 and 1910 times



T. Rinder et al.

higher than that of the corresponding shallow mine water down to the
third level. The strong correlation of Na' versus Cl~ points to halite
dissolution as the main source of salinity in these waters (see Figs. 2 and
4a). The Cl/Br ratio in the solutions from the coalfield is relatively
constant (see Fig. 4b), indicating a single source of salinity for both el-
ements. Note that the Br™ concentration in sample IBB -W 1 and in the
shallow mine waters (IBB-E 10 to IBB-E 16) was below the detection
limit.

The Na/Cl ratios indicate that a single source of salinity starts to
influence the mine water chemistry below the third level (=—270 m).
There is no indication of halite dissolution in the shallow waters above.
Note that, while indicating halite dissolution as the main source of Na™,
the deep mine waters show a Na' depletion with respect to Cl~ (see
Table S1 (Supplementary Material) for Na/Cl ratios). A loose correlation
between the decreasing Ca?* content and the increasing Na/Cl ratio
suggests a Nat source/Ca?" sink mechanism similar to the observations
of Kloppmann et al. (2001). Cation exchange of the saline waters with
clay minerals in the siliciclastic aquifer is a plausible explanation for this
trend.

The observed Cl/Br ratios (between 13,457 and 7,465) are well
within the expected values for halite dissolution and further corroborate
the impression gained from Na/Cl ratios.

In general, Cl/Br ratios have been used to evaluate the origin of
salinity in various hydrogeological settings (e.g. Alcala and Custodio,
2008; Chowdhury et al., 2018; Davis et al., 1998; Egeberg and Aagaard,
1989; Fontes and Matray, 1993a; Katz et al., 2011; Kloppmann et al.,
2001; Panno et al., 2006). Those studies took advantage of the relatively
conservative behavior of CI~ and Br~ in most aquatic environments,
which allows to use those ions to trace the origin of groundwater
salinity. During halite formation, bromide will co-precipitate with halite
(Braitsch and Herrmann, 1963; McCaffrey et al., 1987; Siemann and
Schramm, 2000). This co-precipitation can be followed using the dis-
tribution coefficient after McCaffrey et al. (1987):

[Br~]/[CI" |halite

" [Br]/[CI ]brine )

DBr
The average Dp,-found by these authors is rather constant around
0.032. The molar Cl/Br of modern seawater is around 650. This ratio is
suggested to have been constant throughout Earth’s history (Foriel et al.,
2004; Horita et al., 2002, 1991). On a local scale, upon evaporation of
seawater, this ratio will decrease with the onset of halite precipitation
and reach a value around 40 in the late evaporation stage at the onset of
carnallite (KMgCls 6H,0) precipitation. Therefore, the Br~ concentra-
tion of halite formed during an early evaporation stage concentration
will be lower compared to later evaporation stages, following a Rayleigh
fractionation pattern as the solution gets enriched in Br™ relative to Cl™.
The Cl/Br ratio at the initial start of halite precipitation will be
approximately 20,000, and will lower to about 5,500 in the halite, i.e.
well within the range of 13,457 to 7,465 observed in the Ibbenbiiren
brines. Minerals like carnallite and sylvite incorporate Br~ into the
crystal structure more readily compared to halite (Hardie and Eugster,
1971), so the influence of the respective minerals is not evident.

4.2.2. The interaction of brines with the carboniferous bedrock
The incorporation of K™ into halite during seawater evaporation can
be described by equation (2):

[K*]/[Na*thalite
[K*]/|Na*|brine

o+ 2)

According to McCaffrey et al. (1987), Di averages to 0.0008, which
corresponds to a Na/K ratio in halite between 5,000 in the early evap-
oration stage and 2,000 at later stages. The Na/K ratio of deep mine
waters is between 235 and 700. According to equation (2), if all Na™ in
the analyzed solutions is attributed to halite, the dissolution of halite
may account for 19 up to a maximum of 56% of K* in the deep mine
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Fig. 5. Lithium concentration versus potassium concentration [mol/kg].

waters (IBB-E 1 to IBB-E 10). The K* concentration of the shallow mine
waters is rather constant and explains at most 5% of the total K™ con-
centration of deep waters. Consequently, an additional source of K*
other than halite is needed to explain the observed values. In principle,
further possible sources of K' in the groundwater are:

(1) K*-rich evaporites like carnallite or sylvite from the surrounding
area;

(2) K-feldspar, muscovite, and clay minerals from the matrix of the
Carboniferous sandstone;

(3) fertilizers.

(1) Evaporites with high K* content have not been reported in the
Mesozoic rocks surrounding the study area. The only sources of such
minerals are the Permian sedimentary rocks of the Zechstein unit, which
once covered the coalfield. The Permian Zechstein Sea is known to have
reached the evaporation stage for carnallite in some areas of Germany.
Therefore, the formation water, which originates from the dissolution of
such Permian evaporites, might produce elevated K* contents. However,
to our knowledge, no carnallite or sylvite has been reported in the
Zechstein deposits surrounding the coalfield, and the contribution of
carnallite or sylvite dissolution is not evident from the Cl/Br ratios.
Additionally, 5%4Sg04 values of the dissolved sulfate (see chapter 4.3.3)
do not indicate the contribution of Permian deposits.

(2) K" concentrations not only show a strong correlation with
chloride (see Fig. 4c), but also with Li concentrations (see Fig. 5). A
strong positive correlation of K™ and Li* suggests aluminosilicates as the
source of these elements. The origin of Lithium from the dissolution of
evaporites seems unlikely due to a very limited uptake of Li in either
halite or any other minerals of the evaporation series (e.g. Fontes and
Matray, 1993a; Shalev et al., 2018). Evaporation of seawater generates
elevated Cl/Li ratios compared to the mine waters (see Fig. 4d). This is a
frequent observation for saline brines, in which Li concentrations readily
exceed the sea water composition as well as concentrations that might
be reached during evaporation of such seawater (Chan et al., 2002;
Stueber et al., 1993). The interaction of the mine water with alumino-
silicates in the aquifer is a likely source in this case.

Fractured and porous sandstone with low volumes of feldspar and
muscovite is the main aquifer of the Ibbenbiiren coalfield. Illite has been
reported as an important matrix component within this sandstone
(Becker et al., 2017; Wiistefeld et al., 2017), with kaolinite as a minor
component. From thermodynamic considerations, the dissolution of
illite or feldspar at current ambient temperature conditions cannot
generate the observed K" concentrations (Zhu, 2005). In accordance
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with the respective mineralogy, other processes that influence the K"
content in solution include kaolinite formation and illitisation (Egeberg
and Aagaard, 1989).

Incongruent dissolution of K-feldspar and subsequent kaolinite for-
mation are accompanied by the liberation of K™ ions, as represented by
equation (3). The subsequent illitisation of kaolinite in equation (4) after
Thyne et al. (2001) would remove K™ from the solution again. However,
the formation of illite according to equation (4) in the investigated
setting occurs only in a temperature window from around 70 °C up to
around 130 °C (Becker et al., 2017).

2KAISi;05 + 2H" + 9H,0— ALSi,O5(OH), + 2K* + 4H,Si0,4 3)

4

Outside this temperature window, the reaction will not be
completed. A decrease in K and aluminum contents due to the disso-
lution of k-feldspar under open system conditions has been reported in
other sandstone reservoirs (Ehrenberg, 1991; Wilkinson et al., 2014),
following equation (5).

KAISi3Og + AL Si;, Os(OH),— KALAISi3010(0H), + 25i04g + H,O

KAISizO3 4+ 4H" 4+ 4H,0— AP + K + 3H,Si0, 5)

It can be hypothesized that the resulting K™ might be preserved in
formation water. K™ might also be adsorbed onto clay minerals in gen-
eral, being available for ion exchange reactions at later stages (e.g.
Thyne et al., 2001; Wilkinson et al., 2014). Ion exchange of K" from the
interlayer of illite in the presence of sodium has been reported by Scott
and Smith (1966). Bibi et al. (2011) reported an increasing release of K"
with increasing salinity for experiments carried out with illite at
different pH values and two different ionic strengths.

(3) The influence of agriculture seems negligible for most water
samples and especially for the mine waters. The measured K" concen-
trations in the shallow mine waters are in the range of the normal
background expected for groundwater in the area (Wendland et al.,
2005). This holds true notwithstanding ionic strength values that are
elevated with respect to the local shallow groundwater (SGW 1 to SGW
6). Other ions indicative of fertilizers such as nitrate or phosphate were

124

Applied Geochemistry 121 (2020) 104693

0
" 7
. : ’ "
-200 +
—Q—
200 4 —0O—
—Q—
'g‘ -600 T+
el I—O—|
L -800 +
ey
o
-1000 +
o
-1200 + —Q—
O Westfield mine drainage
-1400 O deep mine water
@ shallow mine water
-1600 + } + +
0 2 4 6 8
TU
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not analyzed in all samples (see Table S1 (Supplementary Material)).

only found in SGW 3 and SGW 4, taken from agricultural areas sur-
rounding the coalfield. In the latter case, the influence of manure and
fertilizer might play a distinctive role in the formation of the waters, but
a detailed interpretation of the underlying mechanisms is outside the
scope of this article.

4.3. Isotopic signatures

4.3.1. Deuterium and oxygen

The shallow groundwater samples of the surrounding aquifers (SGW
1-SGW 6) plot in the field of the local meteoric precipitation, but with a
low d-excess compared to the LMWL (local meteoric water line; see
Fig. 6). The summer of 2018 was extraordinarily dry and warm
compared to the average climate situation. The shallow groundwater
also plots in the upper, isotopically heavy area compared to the annual
composition of precipitation in the area (light grey crosses). We there-
fore assume that the shallow groundwater in this region shows signals of
evaporation. Compared to the LMWL, the mine waters of the coalfield
show a slight offset towards the GMWL. Such a relatively high d-excess
compared to the LMWL might indicate a high proportion of autumn and
winter rain events. The average annual precipitation in the area is rather
constant through the year, with small maxima from July to September
and from December to January. A high d-excess is generally related to
relatively low humidity over the oceans (e.g. Pfahl and Sodemann,
2014), which is the case during autumn and winter in the North Atlantic
ocean. Evapotranspiration losses above the coalfield, which is under
extensive agricultural use, should result in an overrepresentation of
precipitation from late autumn and winter within the aquifer.

There is no correlation of the isotopic ratios with depth. Neither
influence of Pleistocene waters nor mixing of meteoric water with for-
mation waters of oceanic origin can be deduced from these values.
Isotopic evolution during mixing of meteoric water with formation
water of oceanic origin is indicated in Fig. 6 (red dashed line). Pleisto-
cene waters show signals that are isotopically light, compared to our
values (e.g. Kloppmann et al., 2001). Additionally, Tritium is present in
solutions from all levels of the mine down to =~ —1500 m. Samples BBH 1
and BBH 2 show an isotopic composition typical of precipitation under
warmer climate conditions, rather than a mix of meteoric water with
seawater or evaporating brines (e.g. Knauth and Beeunas, 1986).
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Fig. 8. 534S versus 8'%0 (%o; VCDT) values of dissolved sulfate. The area be-
tween the dashed grey lines indicates the possible pathways of isotopic evolu-
tion during bacterial sulfate reduction (BSR), starting from sample IBB-E—14;
slopes are derived from Brunner et al. (2005). The isotopic trend during con-
servative mixing is indicated for endmember IBB-E—3 (highest 54S, highest
ionic strength) with IBB-E—14 (pyrite oxidation, high sulfate). 5°*S range for
middle Triassic to upper Jurassic evaporates from Miiller et al. (1966), the
range of 8'80 is based on Claypool et al. (1980).

4.3.2. Tritium

Tritium (3H) is the radioactive isotope of hydrogen with a half-life of
~12.4 years. It is reported in tritium units (TU), where 1 TU equals 1 SH
atom in 10'® atoms of hydrogen (Kendall and Doctor, 2003). Natural
background levels of Tritium are between 1 and 10, but significant
amounts of Tritium have been emitted into the atmosphere during nu-
clear bomb tests in the ‘50s and ‘60s. The quantification of Tritium does
not allow to calculate the groundwater age as the measurement of its
decay product (®He) would be needed as well (e.g. Schlosser et al.,
1988). However, the presence of Tritium implies the presence of some
fraction of modern (i.e. after 1950s) water. Tritium has been measured
in 13 solutions from the coalfield. Tritium data indicate an increasing
groundwater age with depth (Fig. 7). Tritium is present down to the
lowest level, approximately 1500 m below the surface. Note that the
solutions IBB-E 3 and IBB-E 4 from the lowest level are free of Tritium
within uncertainty. However, 52HH20 and 5180H20 values do not indi-
cate the contribution of formation water as the main mechanism
determining the chemical composition of the water. On the contrary, it
seems likely that ongoing water rock interaction is contributing to the
formation also of the saline brines, which are influenced by meteoric
water infiltration.

4.3.3. Sulfur and oxygen in sulfate

The interpretation of sulfur and oxygen isotopes in sulfate is based on
the groundbreaking work carried out by Claypool et al. (1980), Holser
and Kaplan (1966), and Miiller et al. (1966) showing that the sulfur and
oxygen isotopic composition of seawater sulfate changed through time.
Since those seminal works, numerous measurements have helped to
improve our knowledge about temporal and spatial patterns of the re-
cord preserved (e.g. Bernasconi et al., 2017; Kampschulte and Strauss,
2004; Strauss, 1997; Turchyn and Schrag, 2006; Utrilla et al., 1992). The
role of microbes in the sulfur cycle and the traces they leave in the
isotopic signal has been thoroughly investigated (e.g. Balci et al., 2007;
Bottcher et al., 2001; Habicht and Canfield, 1997). The isotopic signals
have proven useful to trace the origin of sulfur in various hydro-
geological settings (Bottrell et al., 2008; Brenot et al., 2015, 2007; Burke
et al., 2018; Dogramaci et al., 2001; Fontes and Matray, 1993b; Otero
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and Soler, 2002; Tichomirowa et al., 2010), and specifically within the
context of mine drainage (Gammons et al., 2013; Migaszewski et al.,
2018). The sample distribution in Fig. 8 points to different sources of
dissolved sulfate. Shallow mine waters (IBB-E 10 to IBB-E 16; IBB-W 1)
show a 6%%Sg04 signature between —8.3%. and +0.3%o with 5180404
values between —2.4 and +2.5%o. In contrast, the deep mine waters
(IBB-E 1 to IBB-E 9) are isotopically heavy with delta 534S 504 values
between +5.8 and +21.1%o, and 580504 ranging from +4.5 to +11.2%o.
The isotopic composition of the shallow mine waters (IBB-E 10 — IBB-E
16; IBB-W 1) is typical for sulfate derived from oxidation of pyrite (e.g.
Brenot et al., 2015; Haubrich and Tichomirowa, 2002).

For sulfate derived from pyrite oxidation, the 5'80g04 values can be
used to decipher the oxidation mechanism (e.g. Balci et al., 2007; Heidel
etal., 2013, 2011, and references therein). In principle, the oxidation of
pyrite can utilize Oy or Fe(Ill) as oxidant. If Fe(IIl) is the oxidant, than
the oxygen in the newly formed sulfate will derive mainly from HyO.
Both sources will have a different isotopic fingerprint, with the
Hy0-derived oxygen being relatively light compared to the Os-derived
oxygen. §'80p0 of the Ibbenbiiren groundwaters is ~ -8%o. The isotope
enrichment factor between sulfate and water during pyrite oxidation
£504-120 (€s04-H20 =~ 6180504 - 61801.120) has been reported to be between
0 and 4%o. Accordingly, if HO is the sole source of oxygen in sulfate,
than the 6'80g04 should be between —4 and —8%.. In contrast, the
5800, of the atmospheric oxygen is ~+23.5%o. The isotopic enrichment
factor between sulfate and atmospheric oxygen during pyrite oxidation
£504-02 (€s04-02 ~ 6180504 - 618002) has been reported to be between
—4.3 and —9.8%o (Heidel and Tichomirowa, 2011). Accordingly, if O is
the sole source of oxygen in sulfate, then the 580504 should be between
+13.7 and +19.2%o. In the studied waters, the §'0g04 values between
—2.4 and +2.5%o suggest the oxidation of pyrite through Fe(IIl) as the
main oxidant. Finally, the denitrification of nitrate could also contribute
to pyrite oxidation in an agricultural area (Bottcher et al., 1990; Zhang
et al., 2009).

With the depth increasing, sulfate becomes increasingly isotopically
heavy for both sulfur and oxygen. Two different mechanisms have to be
considered to explain this trend of isotopic enrichment, as detailed
below.

(1) Processes that influence the isotopic composition of sulfur and
oxygen in sulfate include microbial sulfate reduction and sulfur
disproportionation (Antler et al., 2013; Bottcher et al., 2001;
Taylor et al., 1984; Thamdrup et al., 1993). A maximum isotope
fractionation between sulfate and hydrogen sulfide of 5345504 _
nz2s ~ —70%o has been reported during bacterial sulfate reduction
(e.g. Brunner et al., 2005). Bassler (1970) proposed bacterial
sulfate reduction as the reason for the increasingly heavy §3*Sgo4
and 6180304 values of the remaining sulfate in the Ibbenbiiren
Eastfield. A closer investigation of this hypothesis is of relevance
for the setup of a conceptual hydrogeological model, as for this
reason the author concluded that the influence of the infiltration
of water from the Mesozoic sediments outside of the coalfield is
negligible.

The isotopic composition of sulfate from the dissolution of
Mesozoic sediments surrounding the coalfield results in an iso-
topic signature as is found in the deep mine waters. Comparable
5%4Sg04 values around +20%o for upper Jurassic and middle
Triassic gypsum and anhydrite have been reported by Miiller
et al. (1966). The apparent trend could be caused by the mixing of
two endmembers: (i) meteoric water with an isotopic signature
derived from pyrite oxidation, and (ii) brines with signatures
derived from dissolution of evaporates from the vicinity of the
coal field.

(2

—

The expected isotopic evolution for both scenarios is examined in
Fig. 8. The chosen endmembers for the “mixing hypothesis” are solution
IBB-E 3 (highest ionic strength and highest 5>*Sgo4) for the dissolution of
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Mesozoic evaporites, and IBB-E 14 as the pyrite endmember with a
typical isotopic signature for pyrite oxidation. In principle, the mixing of
those two endmembers delivers a plausible fit for most of the analyzed
waters. However, the samples are also within the expected trend for the
isotopic evolution of the pyrite endmember during bacterial sulfate
reduction.

Investigating the correlation of 6345304 against the dissolved sulfate
reveals that, on average, sulfate in the deep mine waters is higher
compared to the shallow mine waters (see Fig. 9a). Therefore, if bac-
terial sulfate reduction (BSR) or disproportionation is the dominant
process leading to isotopic enrichment in the deep brines, an additional
source of sulfur during infiltration is needed. Sedimentary pyrite and
sulfur from the coal are possible sources of additional sulfate in this case.
A source of isotopically heavy values is the coal derived sulfur, for which
values from approximately —50%o to +40%o have been measured (Seal,
2006). High isotopic ratios of pyrite have also been reported by Drake
et al. (2018), but commonly sedimentary pyrite is isotopically light with
respect to the initial sulfate (Strauss, 1997), with more common values
being slightly negative or circumneutral. Three pyrite samples measured
from the Ibbenbiiren coalfield range from 5345Fes = —4 to +8%o (Bassler,
1970). Bernardez et al. (2013) carried out batch experiments to inves-
tigate the influence of sulfate concentration on the conversion rate of
sulfate to HsS in the presence of sulfate reducing bacteria. They found an
increasing conversion rate of sulfate to HyS with increasing sulfate
content. On that account, it is doubtful whether a system can be under
the influence of BSR and at the same time sulfate can be increasing with
depth. However, the sample distribution in Fig. 9a would need such a
process. Additionally, while sulfate reducing bacteria have been re-
ported at very high salinities (Foti et al., 2007), the salinity of the brines
IBB-E 3 and IBB-E 4 is so high that some limitations regarding the
possible mechanisms of microbial sulfate reduction have to be consid-
ered (Oren, 1999).

However, solutions IBB-E 1, IBB-E 2, and IBB-E 9 are in the range of
BSR starting from pyrite endmember IBB-E 14 (see Fig. 9a).

The expected isotopic fractionation of the pyrite endmember during
BSR is described using the Rayleigh equation (6), for which kinetic
isotope enrichment factors have been described by Fritz et al. (1989).

634Srcmaining sulfate = 534Sinil - SMSBSR *In f (6)
where f is the fraction of the remaining sulfate, 534St is the 6%*Sgo4

composition of the initial sulfate, and €3*Sper is the kinetic isotope
enrichment factor expressed in %o (see, e.g. Hayes (2004) for details

about notation). The ¢3*Spgg found by these authors is between 9%o and
22%o. The 534Sinit value of the “pyrite endmember” IBB-E14 is —3.8%o.
BSR would create solutions with lower dissolved sulfate content at the
respective 5>*Sgo4 values for most solutions. Applying a large kinetic
enrichment factor of 22%o and starting from a solution rich in dissolved
sulfate (IBB-E 14), the isotopic composition and amount of dissolved
sulfate can be reached for solutions IBB-E 1, IBB-E 2, and IBB-E 9. The
rest of the intermediate solutions can be described through mixing of the
brine endmember (IBB-E 3) and pyrite-derived solutions with high
(IBB-E 14) or low dissolved sulfate content (IBB-E 11). However, 6345504
values also increase with salinity. The isotopic composition of sulfate
resulting from the dissolution of Mesozoic sediments surrounding the
coalfield could result in an isotopic signature as that found in the deep
mine waters. This possibility is corroborated by a correlation of
increasing 538504 with an increase in dissolved chloride (see Fig. 9b).
The coevolution of §%#Sgo4 together with increasing Cl™~ concentrations
can be described through endmember mixing, according to the sulfate
concentration of the pyrite endmember. The mixing of IBB-E 14 (high
sulfate concentration) with the brine (IBB-E 3) produces solutions that
are isotopically light with respect to the observed values. Some influence
of BSR is suggested in that case in accordance with the modelling result
shown in Fig. 9a. However, the mixing of solution IBB-E 11 (low sulfate
concentration) with the brine (IBB-E 3) generally fits well with the
observed trend. Conclusively, the intermediate waters seem to be mostly
influenced by the mixing of two endmembers. BSR cannot be fully
excluded and might contribute to the observed isotopic evolution with
depth but in any case mixing will be the governing process.

Finally, some of the reference samples were taken from defined
geological systems. Therefore, BBH 1 and BBH 2 were gathered from an
aquifer of Buntsandstein with 548504 values between +27.5 and
+28.3%o. High values for lower Triassic sediments have been reported,
e.g., by Kampschulte and Strauss (2004). The origin of SGG 1 is under
debate, but a 53*Sgo4 value of +11.9% is indicative of Permian origin.
WM 1 and WK 1 were sampled from the sediments of the Miinsterland
Cretaceous basin. The origin of the salinity in these waters is not clear,
but the values indicate Permian origin. From Fig. 9b, it should be
considered, however, that a mixture of pyrite dissolution and evaporate
in analogy to the mine waters could also be responsible for the observed
5343504. The 5348504 values of sulfate in atmospheric deposition in
Central Europe vary between 0%o and +7%o, whereas 5'%0go4 values
range between +7%0 and +17%. (Knoller et al., 2004; Novak et al.,
2001), which would be indicative of the isotopic composition of samples
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IBB 2 and IBB 3. However, the isotopic composition of fertilizers has also
been reported in the same area (Otero et al., 2008).

4.3.4. Strontium isotopes

The 87Sr/%%Sr ratio of the mine waters (IBB-W 1; IBB-E 1 to IBB-E 16)
ranges from 0.7091 to 0.7135 (see Table S1 (Supplementary Material)
and Fig. 10a). While most of the mine waters plot around Sr/%0Sr ratios

985).
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from 0.710 to 0.711, the NaCl type brines show a trend towards more
radiogenic values with the highest 87Sr/%0Sr ratios of 0.7135 reached in
those waters, sampled from the deepest level of the mine. A similar trend
has been reported, for instance, by Egeberg and Aagaard (1989) for
groundwater samples in the North Sea, and by Grobe and Machel (2002)
for groundwater from the Miinsterland Cretaceous basin. The highly
mineralized reference waters have 87Sr/%6Sr ratios between 0.7082 and
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0.7104. Compared to the deep mine waters, these Sr isotopic composi-
tions are closer to the range of marine carbonates, likely due to the
dissolution of marine evaporites. Nonetheless, with the exception of
sample BE 1, taken from a well in the north German basin, the reference
brines are isotopically heavy compared to the isotopic signature of the
relevant Mesozoic marine evaporites of the region (Burke et al., 1982).
The shallow groundwaters (SGW 1 to SGW 6) plot around a%7sr/8%sr
ratio of 0.709, with the exception SGW 3 that exhibits a value of 0.712.

There is no correlation between strontium content and isotopic
signature in the deep mine waters. Normally, the contribution of Sr**
from evaporite dissolution should dominate the isotopic composition
(Faure, 2001). Yet, at the Ibbenbiiren mine, Sr correlates with alkaline
elements. For this reason, the contribution of radiogenic 8’Rb from the
weathering of Rb-rich minerals such as K-feldspar or muscovite has to be
considered in our case, as suggested by Grobe and Machel (2002). The
Rb-rich minerals within the Paleozoic rocks might have generated
relevant levels of isotopically heavy Sr. Note that a correlation of an
increasing 878r/80Sr ratio with increasing 6Dyso and 51801.[20 values
(Fig. 10b) suggests the presence of formation water contributing to the
isotopic composition. This is in accordance with the relatively high K*
and Li" concentrations (see above), which cannot be explained by
water-rock-interaction at ambient temperature. Formation water,
resulting from hydrothermal water-rock interaction, would have
reached the necessary temperature.

5. Conclusions

A multi proxy approach including chemical and isotopic analyses
was successfully used to elucidate the chemical evolution of mine
drainage and groundwater from the Ibbenbiiren coal mine (see Fig. 11).

The waters are a result of water-rock interaction, migration, and
mixing of different fluids. Mine drainage and groundwater throughout
the whole mine show influence of modern meteoric water through 6D,
5180, and Tritium values. Salinity and sulfur isotopic ratios generally
increase with depth.

(1) Salinity in the deep Na-Cl brines can be assigned to halite disso-
lution through Na/Cl and Br/Cl ratios. Within the context of the
local geological situation, the origin of these brines from outside
of the coalfield is corroborated by 5S04 values typical for the
dissolution of Mesozoic evaporites that surround the coalfield.
The mixing of those brines with formation water from the silici-
clastic rocks of the Carboniferous host rock and ongoing water-
rock interaction are indicated by radiogenic strontium, K and
Li*. The enrichment in alkalis with salinity cannot be attributed
to halite dissolution and therefore could result from interaction
with the siliciclastic rocks of the coalfield. Additionally, a positive
correlation of 87Sr/%0Sr with 62HH20 and 5180H20 values of the
mine fluids suggests the presence of formation water, contrib-
uting to the water chemistry.

Shallow mine waters down to the third level ~ -270 m below
surface show a 5>*Sgo4 composition typical for the oxidation of
sulfides. No influence of halite, gypsum, or anhydrite dissolution
can be deduced in the shallow waters.

Intermediate water compositions are a result of mixing between
the Na-Cl brines and shallow mine waters. From the co-evolution
of 6348504 values and dissolved sulfate together with salinity, only
minor influence of bacterial sulfate reduction is suggested in
those intermediate waters.

(2)

(3)
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Chapter 6: Conclusion

The present dissertation formulates and applies a multiple continuum approach to characterize
advective and diffusive reactive transport processes in post-mining coal zones. This type of
numerical modeling represents a novel attempt to simulate water-rock interaction in fractured
overburdens compared to commonly employed lumped or equivalent continuum models.
Specifically, two different flow regimes are modelled simultaneously: a highly permeable one
with low storage (fractures) and a less permeable one with high storage (porous matrix blocks).
The effectiveness of the approach was evaluated here by simulating the origin, generation,
transport, and discharged volume of acid mine drainage within the shallow and fractured

overburden of the Ibbenbiiren Westfield.

Analyses on core samples from the area show the strong influence that mining-derived fractures
have on the water-rock interaction within the Carboniferous sequence. These structures, which
broadly segment the rock sequence into several pieces, create weathering fronts on both sides
of their planes with formation of oxidized pyrite and amorphous iron hydroxides. The
distribution of both elements right in the fractured segments reveals how oxygenated water
flows through the fractures, exchanging locally with the matrix, where it interacts with
previously locked rock minerals. This evidence allowed me to design and build the dual
continuum numerical model to simulate, at first, the flow component of the field. Simulation
results, which successfully reproduce the transient discharge of the Westfield drainage, show
the fractured continuum as the main responsible for the strong and short peak discharge events
during the winter months, while the flow within the matrix continuum greatly influences the
smooth recession limb of the dry periods. I also found that the direction and amount of water
exchanged between the two continua depends on the element that dominates the flow in each
season. Thus, water flows from the fracture to the matrix during the winter months due to its
higher saturation and pressure in the fractured continuum. The flow reverses in the summer
months when the relative potential of the matrix increases due to fracture desaturation.
However, continued matrix desaturation in prolonged summers increases its capillary pressure,
causing the matrix to reabsorb water infiltrating through the overburden. The latter makes the
simulated discharge not easily responsive to summer precipitation events, as also shown by

measured data in the area.
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With the flow component calibrated, the transport and geochemical elements are included in
the model. For this purpose, the two-continuum setup is extended to a multiple continua model
with five nested blocks strings: one for the fractures and four for the rock matrix. The addition
of continua is necessary to avoid under-representations of kinetic reactions with short
equilibrium length scales and numerical instabilities due to lack of chemical and flow gradients
within the matrix. Results from the 5-continua benchmark scenario provide high accuracy when
calculating diffusive and advective exchange among the domains, as well as realistic long- and
short-term geochemical evolution for 1) concentrations and discharges of ions measured at the
drainage of the Westfield, and 2) reactive fronts of pyrite oxidation and iron hydroxide
precipitation identified in core samples. Both matches required the simulation of dissolution,
precipitation and dilution processes of iron, sulfate and chloride-bearing minerals and solutions,
through a 5-step process that emulates the mining history of the area. Likewise, | used for the
reactive transport model most of the hydraulic parameters calibrated for the dual continuum

flow setup, which turned out to be easier since they are simpler to parameterize in the latter.

Finally, simulations of both flow and reactive transport components reveal two sensitive aspects
that must be considered when applying the dual or multiple continuum approach. On the one
hand, it is important to use an accurate water balance for the area, as the fractured continuum
reacts easily to recharge events that may cause significant discrepancies. On the other hand, |
found that the parameters of the capillary function for the fractured continuum (especially
alpha) are highly sensitive to the simulation of fluid exchange between the two continua, which
inherently affects the water-rock interaction within the matrix. A good fit of the van Genuchten
capillary function for the fractured continuum is found here by setting all its parameters to
values that resemble a permeable medium, with large pore diameters, similar to a gravel.
Actually, treating the entire fractured continuum as a porous medium with enhanced hydraulic
properties is a simplification that fits the post-mining zone quite well when compared to other
dual-continuum models (e.g., Kordilla et al. 2012; Dal Soglio et al. 2020). The presence of an
undisturbed overburden above the fracture zone reduces the flow velocity of water entering into

the fractures, favoring the application of a Darcian porous-media numerical solution.
6.1 Future work

Subsequent research could focus on applying the multiple continuum model to similar coal
mining settings. This would either corroborate the suitability of the conceptualized parameters
or find those sensitive variables that require change and, thus, further investigation for the
approach. The most convenient case might be the shallow overburden of the Ibbenbiren
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Eastfield where almost the same flow and geochemical settings constructed for the Westfield
can be employed. Similarities include mining-derived fracture zones as the main elements of
meteoric water transport in the first 300 m of the overburden, as shown by isotopic analyses in
Chapter 5. Furthermore, lateral water inflows in this shallow mining section can be ruled out,
as there is no evidence of §%S in SO4 linked to the dissolution of halite, gypsum, or anhydrite
from the surrounding Mesozoic formations. What does need to be added, however, is a thick
Quaternary aquitard at the surface that would potentially limit the inflow of rainfall water and
the diffusion of gaseous oxygen. Also, this new model can employ measurements of §%S in
sulfates and §'80, §%H, and Tritium in water as a calibration method. For the deeper Eastfield
overburden, the multiple continuum approach is no longer applicable since mass transport has
been attributed to a few regional faults. It should be noted that the approach is valid for cases
where fractures densities are high enough to average their behavior in a single network of

common properties (Barenblatt et al. 1960; Neuman 2005; Kovacs and Sauter 2007).

Future work may also include in the proposed simulation framework geochemical and transport
processes that are commonly observed in mined areas but are seldom modeled. Among them, |
highlight the formation of efflorescent salts (i.e., solid hydrated sulfates) resulting from the
evaporation of acid mine water in cavities of the unsaturated zone. Modeling these precipitates
requires simultaneous consideration of infiltration and evaporation processes in cavities with
well-defined relative humidity, temperature, and ventilation conditions. Despite its complexity,
the implementation of such a boundary in the present model can be assisted with the theory and
semi-physical evaporation model of nuclear repositories developed by Ghezzehei et al. (2004)
in TOUGHREACT. As results, this step will predict deposition of evaporite minerals as
potential metal sinkers while more accurately characterizing the interface of the fractured
overburden (already a dual continuum media) with open cavities (i.e., new elements with

completely different physical and hydraulic conditions).

Finally, the model would benefit greatly from the inclusion of a dynamic phreatic level that can
emulate groundwater rebound after mine closure. This process requires measurements of water
potentials during the mine flooding in order to validate calibrated hydraulic and physical
properties of the fractured medium for its simulation. Running such a process would also
account for the dissolution of hydrated sulfates proposed in the previous step, providing more
accurate first flush ionic concentrations to be used in the capillary-gravitational equilibrium. In
the same vein, the model could subsequently describe the stratification of highly mineralized
rebounding waters as well as upward diffusive deep-water fronts if thermal data along the depth

profile are included. Simulation of both processes would allow us to analyze long-term mine
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water distribution in the fractured and porous media of the overburden, while comparing them
with widely documented results from open shafts (e.g., see the compilation made by Coldewey
et al. 1999; Nuttall and Younger 2004; Mugova and Wolkersdorfer 2022).
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