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Abstract

Mine water rebound poses significant challenges for sustainable groundwater management in post-mining
regions worldwide, with risks of drinking water contamination and surface flooding. In South Limburg (NL),
the last dewatering system was shut down in 1994, but the consequences of this rebound remain poorly understood.

This study combined time series analysis of historical mine and piezometer data with numerical modelling using
IBRAHYM 3 to investigate how mine water rebound a [edts shallow groundwater in South Limburg. By establishing
the eledts of mine water rebound on piezometric heads in the overburden, and by estimating the timing and
height of hydrostatic equilibrium of the mine water, we were able to simulate the potential flood risks and the
sensitivity of the outcomes to uncertainty in hydrogeological parameters and boundary conditions.

Our results indicate that mine water levels in the Carboniferous strata have risen by over 300 m since pumping
ceased. This rebound is also visible in the overburden after approximately 6 y. This indicates a fast-responding
groundwater system, potentially facilitated by faults acting as vertical conduits and accelerated by the low e [edtive
porosity of some layers in the overburden. Hydrostatic equilibrium is expected between the years 2100 and 2200,
at which point flooding may occur in multiple low-lying areas. The model outcomes are most sensitive to the
vertical and horizontal hydraulic conductivities of the main aquitard and aquifer, respectively.

As mine water continues to rise, this study highlights the need for a thorough assessment of the risks to drinking
water and surface flooding. By providing a foundation for equilibrium estimation of mine water rebound in South
Limburg and identifying key hydrogeological parameters that require further study, our findings contribute to future
model developments of IBRAHYM and other groundwater models in post-mining regions. Understanding mine water
dynamics is crucial for post-mining areas worldwide, and we hope our findings will be useful for future modelling
e [arks to better anticipate flood risk and groundwater contamination.
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1 | Introduction

1.1 Context and Motivation

One of the main challenges of the 21 century is the
globally sustainable management of water resources
(Rodell et al., 2018). Groundwater is the world's largest
distributed store of fresh water (Taylor et al., 2013) and
plays a vital role in sustaining ecosystems while also
supporting the global increase in urbanisation, agricul-
tural activities, and industrialisation (Jha et al., 2020).
Currently, groundwater accounts for roughly half of all
drinking water (Zekster & Everett, 2004), 38% of ir-
rigation water (Siebert et al., 2010), and 27% of the
water used for industrial purposes (UN Water, 2018).
However, the increasing demand and climate change
cause groundwater quantity and quality to decline in
most parts of the world (Lall et al., 2020; UN Water,
2018). Managing groundwater is particularly challeng-
ing in geologically complex regions, where subsurface
structures such as faults and folds complicate ow dy-
namics.

Examples of geologically complex groundwater sys-
tems are (post-)mining areas. Although coal is often
seen as an energy source from the past, global coal pro-
duction reached a new record in 2023 (IEA, 2024b).
Global coal demand even reached an all-time high in
2024 (IEA, 2024a). Coal mining typically requires dry
working conditions, both in open pit mining and under-
ground mining. These are maintained by arti cially low-
ering the groundwater table through extensive pump-
ing. This disrupts natural ow patterns, often acceler-
ating ow towards the mines. Once the pumping stops,
groundwater levels start to rebound, often leading to is-

in post-mining areas.

A clear example of these challenges is found in
South Limburg (NL), where coal mining has ceased
and mine water rebound is an active process, with
mine water levels rising by over 500 m in the mined
Carboniferous formations. The presence of extensive
fault structures along with the connectivity between
deep and shallow aquifers further complicates subsur-
face hydrology (Fig. 2.1A). Faults can act as hydro-
logical barriers, restricting lateral groundwater move-
ment, and/or as conduits, facilitating preferential ow.

In South Limburg, these faults caused compartmen-
talisation of groundwater during active mining, leading
to abrupt jumps in the water table of up to 100 m
(Fig. 2.1B).

In Limburg, the iIMOD-based IBRAHYM model
is an important tool for regional groundwater assess-
ments. With the launch of IBRAHYM 3 in 2023, the
model now includes the regional geology of the area, in-
cluding the Carboniferous formations in locations where
mining took place. This o ers improved capabilities to
represent groundwater ow dynamics in the area. Previ-
ous applications of earlier IBRAHYM versions include a
study commissioned by the Dutch Ministry of Economic
A airs after a sinkhole formed beneath a shopping mall
in Heerlen in 2011. This study by Projectgroep GS-ZL
(2016b) provided long-term projections of land subsi-
dence, seismic activity, and mine water rise, but it was
concluded that the risks of surface ooding and ground-
water quality degradation were "highly unlikely."

However, it is important to acknowledge the limi-
tations in those earlier studies, as the model was never

sues such as ooding, land subsidence, and changes in validated with deep groundwater data, leading to sys-

groundwater quality - particularly in urbanised or low-
lying areas (Caro Cuenca et al., 2013; Gee et al., 2017,
Melchers et al., 2020; Rosner, 2011; Vis et al., 2020;
Wolkersdorfer et al., 2022).

Worldwide, many coal mines have reached or are
nearing the end of their operational life, raising the
qguestion of how groundwater levels evolve after mine
water pumping ceases. The interplay of natural pro-
cesses, anthropogenic in uences, and subsurface het-
erogeneity makes it di cult to assess the groundwater
ow patterns and resulting groundwater levels (heads)

tematic underestimations of groundwater heads by 1.5
to 4 m. Furthermore, recent reports of ooded base-
ments in several mining municipalities (Provincie Lim-
burg, 2024) suggest that these earlier risk assessments
may have been overly optimistic. Like all numerical
models, IBRAHYM also depends on assumptions re-
garding hydrogeological properties, and uncertainty in
these parameters can signi cantly a ect outcomes.

To better understand the groundwater system in
this complex setting, this study used a combined ap-
proach that integrated time series analysis of ground-



water observations with regional numerical modelling
using IBRAHYM 3. By doing so, we aimed to im-

prove the understanding of the hydrological response
to rising mine water levels, estimate when hydrostatic
equilibrium might be reached, and assess ood risk in
low-lying areas.

1.2 Research Questions

By focusing on low-lying areas south of the Heerler-
heide Fault, this study addresses the following research
guestion:

What is the impact of rising mine water levels
on shallow groundwater dynamics in low-lying areas of
South Limburg, and how sensitive are these impacts to
hydrogeological uncertainties?

The following sub-questions have been formulated
to answer this question:

1. How have shallow and deep groundwater heads
evolved in the study area since the cessation of
mine water pumping?

2. What are the estimated hydrostatic equilibrium
levels of the mine water in the South Limburg coal-
eld, and when is this equilibrium expected to be
reached?

3. How do predicted mine water equilibrium lev-
els inuence shallow groundwater heads in the
study area, based on numerical modelling with
IBRAHYM 37

4. How sensitive are model outcomes to uncertainty
in key hydrogeological parameters and domain
boundary conditions, and what are the implications
for assessing future risks such as ooding or drink-
ing water contamination?
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2 | Study Area

To assess the hydrological impact of rising mine wa- tion, which divide the province into three distinct hy-
ter levels in South Limburg, its hydrogeological setting drogeological units (Dufour, 1998). South Limburg is
needs to be understood. This chapter describes the situated south of the Feldbiss Fault and is itself inter-
region's geological structure and coal mining history. sected by three major active faults: the Heerlerheide,
Benzenrade and Kunrader Faults (Fig. 2.1A). The ge-
ological sequence of South Limburg includes Carbonif-
erous bedrock (345-280 Ma) with a thickness of up to
The hydrogeology of Limburg is in uenced by exten- 5 km, dipping in a northwest direction at a depth of
sional tectonism, associated with the active rift sys- about 400 m below the surface in the west and 90 m in
tem of the Roer Valley (Projectgroep GS-ZL, 2016b, the east (Fig. 2.1C). This bedrock consists of a cyclic
2016c). This has caused the formation of three major Sequence of shale, sandstones and claystones with coal
fault zones, orientated in a northwest-southeast direc- Seams (Projectgroep GS-ZL, 2016b, 2016c). The coal-

2.1 Hydrogeological Setting

Figure 2.1: A: Study area. Concessions of the former Limburg Coal eld indicated in di erent colours. Main
faults shown in red (FF = Feldbiss Fault, HF = Heerlerheide Fault, BF = Benzenrader Fault, RF = Revieren
Fault, KF = Kunrader Fault). B: Water levels in di erent basins (separated by faults) in Dutch and German
coal mines as measured in 1994. Colours correspond to those in (A). Adapted from Caro Cuenca et al. (2013).
C: Geological cross-section of study area incl. three main faults shown in red. Black vertical lines indicate
boreholes. Adapted from DINOloket (2024).



bearing strata end with an extended eroded layer and
are covered by Cretaceous, Tertiary, and Quaternary
deposits of marl, sand, and clay (Monkhouse, 1955;
Projectgroep GS-ZL, 2016b), forming a stacked aquifer
system. Together, the layers covering the Carbonifer-
ous strata are termed the "overburden." Faults in this
region may act as ow barriers and/or high-permeability
conduits, in uencing vertical and lateral groundwater
movement (Bense, 2004; Haneberg, 1995; Lapperre et
al., 2019; Mccallum et al., 2016; Mozley & Goodwin,
1995); an important consideration for both time series
analysis and model parametrisation.

2.2 Climate and Recharge Conditions

The climate in South Limburg is classi ed as a temper-
ate oceanic climate (Cfb in the Koppen-Geiger system),
with mild winters, moderate summers, and relatively
even precipitation throughout the year. The annual av-
erage precipitation sum is between 800 and 1000 mm,
of which around 300 mm contributes to groundwater
recharge. This recharge varies per location depending
on factors such as land use and soil type. In IBRAHYM,
recharge is used as the upper boundary condition for
simulating groundwater ow, which is explained further
in Section 4.2.3.

2.3 History of Coal Mining in South
Limburg

The former South Limburg coal mining district, sit-
uated at the southwestern edge of the Roer Valley
Graben structure, was one of the most intensively
mined regions in Europe. It has an elongated shape that
measures roughly 7 by 30 km in the Netherlands (Wolk-
ersdorfer & Bowell, 2004) (Fig. 2.1A). The coal was
mined from the Upper Carboniferous rocks, speci cally
from the lower to middle parts of the Westphalian se-
guence (Wolkersdorfer & Bowell, 2004). These strata
are part of a series of more or less continuous basins
of Upper Carboniferous rocks stretching between the
Aachen coal district to the east and the (Belgian) Lim-
burg coal district to the west (Projectgroep GS-ZL,
2016c¢).

Coal mining in South Limburg started as early as
the 11 century but scaled up immensely during the In-
dustrial Revolution around the end of the 19 century

CHAPTER 2. STUDY AREA | 4
(Vis et al., 2020). The opening of the Oranje Nassau
mine in 1899 in Heerlen marked the start of industrial
development and rapid urbanisation in the area. This
is also visible in Fig. 2.2, which shows the increase in
built-up area between 1895 and 2024. During this pe-
riod, many houses were constructed while the ground-
water levels were kept arti cially low by the mine de-
watering systems. Upon closing of the coal mines from
1965 onwards due to high production costs and neg-
ative future prospects, the coal concession had grown
to include 12 individual mines, with the deepest gal-
leries reaching depths of 1100 m below the surface and
a combined length of 20.000 km (De Jong, 2004; Vis
et al., 2020). Coal excavation and collapse of mine
galleries had by then caused land subsidence of up to
10 m locally (Esteves Martins et al., 2021; Poéttgens,
1985) (Appendix M).

To facilitate mining, the groundwater tables were
lowered by several hundred meters. Due to the presence
of natural faults, the mine area was split into distinct
hydrogeological basins (Fig. 2.1A). During mining op-
erations, these basins were hydraulically connected via
mine galleries to manage mine water levels. When the
last Dutch coal mine closed in 1974, dams were built
in most mine galleries to prevent uncontrolled ground-
water ow between basins. Some galleries, however,
were left open to control the water levels with the last
active pump to protect the neighbouring operating Ger-
man mines from inundation (Caro Cuenca et al., 2013;
Wolkersdorfer & Bowell, 2004). When this last pump
was shut down in 1994 upon closing of the mines in
the Aachen district, the groundwater tables began to
rise rapidly by over 500 m in the Carboniferous strata
(Rosner, 2011; Vis et al., 2020). Even in recent times,
the mine water is reported to rise by up to 1 cm-8
(Royal Eijkelkamp, 2017). This mine water rebound,
in turn, caused local surface uplift of up to 30 cm due
to a pore pressure increase (Caro Cuenca et al., 2013;
Péttgens, 1985; Wings et al., 2004).

2.4 Conceptual Model of the Study Area

This section presents a conceptual model of the
groundwater system in the South Limburg former coal-
eld. The conceptual model describes the hydrogeolog-
ical processes that de ne groundwater ow during and
after active mining, and it provides the foundation for
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Figure 2.2: Urbanisation in South Limburg since the start of large-scale mining in 1899A: Situation before
the opening of ONI. B: Situation at the height of the mining industry. C: Current situation. Adapted from
Topotijdreis (2025).

both the time series analysis and numerical modelling The intense pumping changed the natural groundwater
parts of this thesis. ow patterns considerably, causing some aquifers in the
overburden to become (partly) disconnected from their
natural recharge sources (Projectgroep GS-ZL, 2016a).
Additionally, the mining activities altered the permeabil-
The conceptual model of the active mining period (pre- ity of the Carboniferous strata, creating new hydraulic
1974) is shown in Fig. 2.3A. Large-scale dewatering sys- connections between previously isolated layers.

tems created strong downward hydraulic gradients and Faults in the area caused compartmentalisation of
a regional drawdown of groundwater levels. Ground- groundwater levels in the mine basins, and are expected
water in ow to the mines reached up to 48 M min" {0 also in uence groundwater in the overburden, as they

and was driven by three main processes (Projectgroep can act either as barriers or preferential ow paths.
GS-ZL, 2016b);

2.4.1 During Mining

1. Direct recharge in areas without an overburden; 2.42 After Mining

2. Vertical leakage through the overburden due to the

i Between 1965 and 1994, as the mining activity ceased
downward gradients;

and pumping was gradually halted, the system began
3. Upward ow of deep, thermal groundwater. a long-term recovery process termed "mine water re-
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