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Abstract
Complex underground flow processes can occur in flooded mine workings. As the groundwater rebounds, outbreaks, flood-
ing, and slope stability problems can occur where hydraulic pressures build up in less drained areas. A time-series statisti-
cal analysis was conducted to understand how exploited areas in an abandoned coalfield were connected and to calculate 
groundwater response times to rain events by spatially and temporally correlating piezometric levels and discharge rates. 
Ten years of flow rate and water level data were statistically analyzed for an abandoned coalfield in Liège (Belgium). Then, 
the results were compared to results from physically-based simulations (a 3D groundwater flow model) based on data from 
the first 2 years of monitoring. The statistical approach gives qualitative indications on the interconnections between the 
different areas of the coalfield, as well as on the storage capacity/transmissivity of the aquifer. Improved understanding of 
this hydrogeological behavior can be used to prevent post-mining accidents and assess the associated risks.
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Introduction

Groundwater rebound starts as soon as the extensive pump-
ing required during mining stops, and continues until water 
pressure within the mine equilibrates with regional aquifers 
or when the mine water table reaches a point of discharge. 
Consequently, stress redistribution occurs underground, 
potentially inducing flooding and/or stability problems in 
the surrounding area (Wolkersdorfer 2008). If a discharge 
point malfunctions (e.g. due to the collapse of a drainage 
adit), water pressure can build up and eventually cause an 
outbreak, with potential human losses and high impacts to 
surrounding buildings and infrastructure. Monitoring flow 
rates in drainage adits and water levels in piezometers is 
one way to detect the potential occurrence of outbreaks in 

time, as they occur when a build-up of hydraulic head is 
observed without any corresponding increase in downstream 
discharge rates (Mayes and Jarvis 2012).

The porosity of a mined area is composed of the intrinsic 
rock matrix porosity as well as mining-induced fractures and 
voids, i.e. shafts, inclines, adits, galleries, and stopes. As a 
result, complex flow processes can occur in flooded mine 
workings, and monitored flow rates and water levels can 
be difficult to interpret. Nevertheless, understanding how 
pressure anomalies spread in these systems is key to risk 
management in these areas. The main question addressed in 
this study is how to estimate the response time to a pressure 
anomaly. Response times to recharge events are linked to 
the storage capacity of the hydrogeological system, which 
influences how fast groundwater pressure pulses propagate 
through an abandoned coalfield. Indeed, fast pulse propaga-
tion is observed as recharge events are drained in a short 
period of time by quick flow processes (e.g. Padilla and 
Pulido-Bosch 1995) in systems characterized by low stor-
age capacity. In contrast, base flow is the dominant process 
controlling water release in systems with a high storage 
capacity (e.g. Larocque et al. 1998). Time-series analysis is 
commonly used to highlight specific features within karstic 
systems (Mayaud et al. 2014; Panagopoulos and Lambrakis 
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2006). Due to the presence of cavities and rubble zones, 
hydraulics within mine workings and karst systems behave 
similarly (Burbey et al. 2000). Therefore, the use of time-
series analysis should be a low-cost way to characterize flow 
processes in underground mines (Sahu et al. 2009). Differ-
ent statistical techniques applied to rain data, water levels, 
and discharge hydrographs are used to characterize storage 
capacity and identify hydraulic connections in such systems 
(e.g. Larocque et al. 1998; Padilla and Pulido-Bosch 1995; 
Panagopoulos and Lambrakis 2006).

Rain peak attenuation (input data) by the system is cal-
culated with the gain function, which is commonly used 
in spectral analysis (Padilla and Pulido-Bosch 1995). To 
detect if water fluxes are influenced by short or long-term 
processes (e.g. rain events vs seasonal recharge) in a defined 
location, the auto-correlation function of each time series is 
estimated. Cross-correlation functions give an estimation of 
the pressure-pulse transfer times between input and output 
data. When calculated between piezometric levels and/or 
discharge adits, it allows connections to be characterized 
between different locations within the mine workings. This 
analysis is performed at different time scales. Long-term 
time-series analysis (1 year or more) provides average prop-
erties of the aquifer. In contrast, time-series analysis of a 
single rain event allows one to evaluate if the aquifer behav-
ior varies depending on hydrological conditions within the 
system (Mayaud et al. 2014).

This study presents how time series analysis can be used 
as a risk management tool to help understand how ground-
water pressure propagates in an abandoned coalfield. It 
shows how methods used in karstic systems can be translated 
to other hydraulic systems with large cavities and channels, 
e.g. underground exploited zones. It aims at understanding 
hydraulic connectivity within mined zones and identifying 
transfer times of groundwater to surface water through spa-
tial and temporal correlation relationships between piezo-
metric levels and discharge rates monitored over a 10 year 
period in an abandoned coalfield in Belgium. The results of 
this statistical approach allowed the evaluation of the con-
ceptual model used in a 3D groundwater flow model (Wilde-
meersch et al. 2010), based on data from the first 2 years of 
monitoring, and assess the spatial and temporal variability 
as well as the storage capacity/transmissivity of the aquifer.

Study Area and Available Data

The studied area is located in eastern Belgium, in the Liège 
Coal Basin. It spans 27 km2, including the villages of Wan-
dre and Cheratte. Elevation varies from ca 55 m in the allu-
vial plain of the Meuse River to 200 m on the plateau. The 
Meuse River and three of its tributaries cross the study area 
and flow mainly northward (Fig. 1a). The temperate climate 

is characterized by annual rainfall amounts between 650 
and 1000 mm, with an estimated annual evapotransporation 
ranging between 420 and 550 mm (Veschkens et al. 2014).

Coal was extracted from the Houiller Group, composed 
of Carbonifereous (e.g. Serpukhovian, Bashkirian and Mos-
covian) shales and siltites, alternating with sandstone and 
quartzite layers (Fig. 1b). This aquiclude has a generally low 
natural permeability, mostly associated with fractures in the 
sandstone layers associated with folding and faulting of the 
geological units. However, intense mining activities have 
significantly affected the permeability of the rock forma-
tions. The residual mine voids and the associated fractured 
and rubble zones behave as an unconfined aquifer, called a 
mine-aquifer system in this study. On the plateau, in the east-
ern and southern parts of the study area, the Houiller Group 
is covered by Cretaceous formations (Fig. 1b); the aquitard 
constitutes glauconite-rich clays and sands of the Campanian 
Vaals Formation and a perched unconfined aquifer consist-
ing of the Gulpen Formation’s Campanian and Maastrichtian 
chalks. Finally, an aquifer composed of Tertiary alluvium 
(clays, sands, and stony loams) covers the terraces, while 
Quaternary alluvial sand and gravel are deposited in the val-
ley (Fig. 1b). Groundwater generally flows to the NW, fol-
lowing the dip of the Gulpen Formation, except in the mined 
areas (Dingelstadt et al. 2007; Ruthy and Dassargues 2008).

Mining stopped in the late 1970s. Outbreak, flooding, 
and stability risks are greatest near the drainage adits that 
discharge to the Meuse valley, so this study was focused on 
mine maps above the level of the Meuse River (55 m). At 
these altitudes, a maximum of five coal seams (Fig. 1) and a 
total length of about 80 km of galleries were reported (Din-
gelstadt et al. 2007). Residual mine voids at or above this 
level have been estimated at about 1.8 × 106 m3 (Veschkens 
et al. 2005).

On February 27th, 2002, the abandoned colliery and 
surrounding houses suddenly flooded due to an outbreak 
from the main access tunnel to the mine. No casualties 
were reported but material damage was relatively impor-
tant. The accident was caused by the collapse of a drain-
age adit. Pressure built up in the adit until it exceeded the 
mechanical resistance of the plug, which caused the sudden 
release of large amounts of debris, mud, and water. This 
accident raised awareness on the specific risks associated 
with groundwater fluxes through the mines in the area. Con-
sequently, a monitoring network was set up in the area to 
prevent another occurrence of such an event. Previous stud-
ies on the piezometric data of this study area confirmed that 
the groundwater rebound stopped before monitoring started 
(Ronchi et al. 2016; Wildemeersch et al. 2010).

The groundwater monitoring network consists of nine 
piezometers that has been progressively installed since 
2003. All piezometers are screened in the Carbonifere-
ous shales in the mine-aquifer system. According to the 
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direction of river flow (from south to north), piezometers 
Pz2, Pz8, Pz1, and Pz3 are located along the river La Juli-
enne and piezometers Pz5 and Pz4 along the river Le Bol-
land (Fig. 1). Pz1, Pz2, and Pz3 are located in unexploited 
zones, in contrast to the other piezometers (Fig. 1). Based 
on the density and outline of the mine workings (Fig. 1), 
the likelihood of hydraulic connections between the work-
ings around Pz4, Pz7, and E2, and those around Pz6, Pz9, 
and E8 was expected to be high.

Pumping tests conducted in piezometers Pz2, Pz4, Pz6, 
Pz7, and Pz8 indicated hydraulic conductivities between 
2.5 × 10−8 to 1.4 × 10−6 m s−1 and specific yields between 
9 × 10−4 and 5 × 10−3. Higher hydraulic conductivities 
(1.1 × 10−6 to 4.8 × 10−5 m s−1) and lower specific yields 
(1 × 10−7 to 5 × 10−6) were estimated in piezometer Pz1 
(Gardin et al. 2005).

Three piezometers (Pz1, Pz2, and Pz3) were monitored 
for only 3 years, while the other six (Pz4-9) were monitored 

Fig. 1   a Location of the study area, mining plans of the exploitations 
located above the level of the Meuse River (55  m) and monitoring 
network (map extracted from IGN maps 42/3 and 42/2; mining data: 

SPW). b West-east oriented geological profile (from point C to C′ on 
a) including a schematic representation of the shafts and galleries in 
the exploited zone
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for much longer (10 years—see Supplementary Table 1). 
Groundwater depths were either manually measured on a 
monthly basis or monitored hourly with pressure sensors 
(pressiometric probes). Stream levels were monitored behind 
weirs with rectangular and triangular notches installed in 
two channels (E2 and E8) in the valley (Fig. 1) using pres-
sure sensors (pressiometric probes); these were used to cal-
culate hourly discharges (Fig. 2).

Groundwater levels and discharge peaks typically occur 
in January while minima are generally observed in Novem-
ber (Fig. 2). Groundwater levels observed in Pz1, Pz2, and 
Pz3 ranged from 2 m above and below the topographic 
level of the nearby river La Julienne, which likely drains 
the Houiller group at those locations. At measurement point 
Pz3, water pressures are even artesian. In the other piezom-
eters located near rivers (Pz4, Pz5, Pz8), average groundwa-
ter levels were at least 20 m lower than river levels, making 
direct groundwater inflow into the closest rivers less likely 
around these peizometers. The amplitude of groundwater 
level variations differs largely from one location to another 
(Supplementary Fig. 1). Centered groundwater levels were 
computed by subtracting the mean value over the whole time 
series. Groundwater levels in Pz1, Pz2, Pz8, and Pz9 were 
very stable compared to groundwater levels in Pz5 and Pz7 
(Supplementary Fig. 1).

Application of Statistical Methods

The timeSeries package in R was used for all of the statistical 
methods presented in this paper. Theoretical explanations of 
these statistical methods can be found in Cowpertwait and 
Metcalfe (2009). Piezometers Pz1, Pz2, and Pz3 were not 
considered in the statistical analysis as these piezometers 
were monitored over much shorter time periods than the 
other piezometers. To study the hydrology of the Wandre-
Cheratte mine complex, univariate and/or bivariate statistical 
methods were applied to the precipitation, discharge, and 
groundwater level time series.

Daily averages of hourly data were calculated to clean 
up time series for gaps and allow working with daily data. 
To fill in local gaps when pressure transducers were down, 
linear interpolation of the manually-measured levels were 
used. Univariate analysis is applied to the long-term data 
groundwater and discharge data with auto-correlation anal-
ysis (Table 1). Bivariate analysis included gain function 
calculations on long-term data as well as cross-correlation 
computations on long-term and single-event data (Table 1). 
Long-term analysis includes data measured over the whole 
monitoring period, from 2003 until 2014. For the analysis of 
single events, 21 peak events were manually selected based 
on a visual examination of the time series of Pz4, Pz7, E8 
and E2 between January 2008 and October 2014 (Fig. 2). 

The data used for each event was selected at the start of a 
peak until the end of the latest peak observed in one of the 
measurement points. For some events, no data was available 
due to technical issues at one of the measurement points. 
Consequently, the analysis could not be performed for all 
21 events for all measurement points.

Gain Function

The response of the aquifer to rainfall time series was ana-
lyzed in the spectral domain using gain functions. Gain func-
tions allow the assessment of rainfall attenuation as an input 
signal in the system in the frequency domain. Evapotran-
spiration is not considered in this analysis. Actually, some 
quick-flow processes could be neglected during summer by 
using evapotranspiration estimates, since the uncertainty of 
these estimations is important for this complex mine system. 
Two characteristic values of the gain function give insight 
into the behavior of the system. First, a gain value equal to 
1 corresponds to the threshold between amplification and 
attenuation of the input signal. The frequency at which the 
gain function equals 1 is considered to be representative of 
the time period needed to return to base flow conditions after 
an impulse perturbation. Second, if the gain function reaches 
a value of 0.4 at high frequency, the corresponding period is 
considered as representative of quick-flow duration through 
the system. Although this value is somewhat arbitrarily cho-
sen, it has been shown to be effective/adequate in the studies 
of Padilla and Pulido-Bosch (1995) and Panagopoulos and 
Lambrakis (2006). In this study case, a gain function value 
of 0.4 corresponded to relatively low frequencies (i.e. long 
time periods), implying that quick-flow could be a limited 
process in this system (Fig. 3). Shorter periods (< 20 days) 
were only observed in groundwater levels at Pz5, suggesting 
that quick-flow may take place there (QF in Fig. 3). Periods 
corresponding to the base flow duration are also shorter at 
Pz5, implying limited storage capacities of the system at 
these locations. In contrast, Pz6 and Pz8 were characterized 
by longer periods of base flow duration (BF in Fig. 3) and 
thus, by larger storage capacity. At Pz9 and Pz7, the gain 
function did not reach a value of 1. Interpretation in terms 
of base flow response is therefore limited for these locations 
(Fig. 3).

The shortest estimated durations for quick-flow and base 
flow in the drainage adits were for E8, though the durations 
for Pz5 are comparable. The estimated durations for E2 were 
a bit longer and similar to the estimates for Pz4.

Correlation Function

Spatio–temporal pulse propagation through the system was 
analyzed with correlation functions in the time domain, 
and were calculated for the time-derivatives of the daily 
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Fig. 2   Groundwater levels 
(above), discharges (middle) 
and rain data (below) monitored 
between 2004 and 2014. Grey 
and yellow shaded areas repre-
sent selected single events for 
cross-correlation analysis
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groundwater levels and discharges. Indeed, correlation 
analysis requires at least weakly stationary data. Such 
assumptions cannot be met if the data exhibits a trend, 
where first-order derivatives have been shown to exhibit 
stationarity. As a result, discussions and conclusions on 
spatial and temporal correlations are related to the rates at 
which groundwater levels and discharges change. Correla-
tion analysis considering rainfall data as an input signal 
for the mine complex is not presented in this paper, as 
we considered that the recharge mechanisms in this study 
area are too complex to be directly linked with rainfall or 
throughfall (calculated with the Thornthwaite equation), 

since no clear correlations between rainfall (or throughfall) 
and discharge and piezometric data could be highlighted.

Auto-correlation functions (ACF) were calculated to 
identify reactive areas in the mine workings. Memory effects 
of each data series are characterized by a decorrelation lag 
time, computed as the time to reach an auto-correlation 
value of 0.2 (Kovačič 2010; Larocque et al. 1998). A long 
decorrelation time (a slowly decreasing ACF slope and thus 
long memory effect) can be due to seasonal recharge (Sahu 
et al. 2009), or to a poorly interconnected hydraulic system 
with a major groundwater stock. In contrast, a small decor-
relation time (a steep ACF slope and thus short memory 
effect) is typically observed in systems reactive to single 
events, like an active, interconnected hydraulic network 
without important groundwater reserves. Bimodal systems 
will present a sharp drop during the first days, corresponding 
to quick-flow processes, and a gentle slope afterwards due to 
base flow processes (Panagopoulos and Lambrakis 2006).

Auto-correlation functions show different patterns based 
on the measurement locations. However, all decorrelation 
times were found to be less than 10 days (Fig. 4). The mine-
aquifer system is thus characterized by a rather low storage 
capacity and quickly propagated pressure-pulses. The high-
est decorrelation times (d.t. in Fig. 4) occurred at piezom-
eters Pz7 and Pz8, in the more heavily exploited areas with 
their higher storage capacities.

Table 1   Synthesis detailing the data type and time scale used for each 
statistical method

ACF auto-correlation function, CCF cross-correlation function, GAF 
gain function

Univariate Bivariate

ACF CCF GAF

Long term Long term Event Long term

Pz4 × × × ×
Pz5 × × ×
Pz6 × × ×
Pz7 × × × ×
Pz8 × × ×
Pz9 × × ×
E2 × × × ×
E8 × × × ×
Rain Input fct

Fig. 3   Gain function from spectral analysis where rain data is consid-
ered as input data. Periods (in days) corresponding to a gain function 
value of 1 (for base flow, BF) and 0.4 (for quick-flow, QF) are indi-
cated in the legend

Fig. 4   Autocorrelation functions of the piezometers and drainage 
adits. Decorrelation times are indicated by “d.t.” in days in the legend
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Cross-correlations were calculated between discharges 
and groundwater levels measured at different locations 
to quantify signal delays between data series. With this 
analysis, responses to recharge events are studied to under-
stand: (1) pressure pulse transfer times through the mine 
aquifer system (expressed by the time lag in Table 2), and 
(2) the degree of connectivity between different locations 
(expressed by the correlation coefficient in Table 2). Sig-
nal delay is defined as the time lag corresponding to the 
maximum correlation observed between two time series. 
According to the principle of causality, the sign of the delay 
depends on the order in which the variables are used to cal-
culate the correlation and on the direction of the pressure 
pulse transfer. A positive time delay will be observed if a 
pressure pulse is transferred from the first variable to the 
second, while a negative delay is observed if the transfer 
is in the opposite direction or if peaks of each time series 
are related to external processes. Cross-correlations were 
calculated between: data variations over the entire monitor-
ing period (2003–2014), and at the scale of single events, 
in piezometers Pz4 and Pz7, and discharge adits E2 and E8.

A long term analysis allows an understanding of the 
global behavior of the mine-aquifer system, in base flow 
conditions as well as during recharge events. However, as 
seasonal base flow variations can average results, occasional 
connections in specific peak flow conditions may be missed. 
Therefore, we combined our long-term analysis with an 
analysis of the time scale of single events. This allows an 
understanding of the short-term response of the mine-aquifer 
system by considering specific initial conditions before the 

peak flow. In karstic systems, long response times of gently 
sloping cross-correlograms are associated with an important 
storage capacity and a low degree of karstification. In con-
trast, short response times are characteristic of well-devel-
oped karst aquifers (Kovačič 2010; Padilla and Pulido-Bosch 
1995). In this case study, correlation functions similar to 
functions described for poorly developed karst system would 
correspond to poorly connected exploited zones or poorly 
exploited zones, while characteristics of a developed karst 
aquifer should be observed in intensively exploited zones 
(open galleries).

Maximum cross-correlation coefficients (ccf in Table 2) 
for the long-term analysis (2003–2014) were generally 
reached for a zero or one day delay (time lag 0 or 1 days in 
Table 2). Pressure-pulses measured in Pz4 and Pz7 correlate 
highly with each other (ccf > 0.5—in italic font in Table 2) 
while intermediate ccf values (0.3–0.5) were calculated 
between Pz4/Pz7 and the other piezometers. The lowest ccf 
values (< 0.3) were calculated between Pz5, Pz8, and Pz9, 
suggesting connections between these areas are limited, or 
nonexistent.

Very low ccf values were calculated between E2 and the 
piezometers. In contrast, the drainage adit E8 correlates 
well with piezometers Pz4 and Pz7 (> 0.5—in italic font 
in Table 2). However, correlation coefficients calculated 
between Pz5, Pz8, and Pz9 on one hand, and E8 on the 
other hand, were also low (< 0.3 in Table 2). For correla-
tions calculated between all piezometers and E8, the wide 
distribution of time lags (Fig. 5) proves that response times 
can vary considerably.

Table 2    Maximum cross-
correlations coefficients (ccf—
above) between time series 
measured on the long term 
(2003–2014) and corresponding 
time lags in days (d—under)

All italic figures are related to coefficients > 0.5. The underlined symbol “ns” stands for not significant val-
ues. Positive time lags stand for an impulse passing first by the location indicated by the line, and then by 
the column (while negative time lags are calculated when the impulse is first detected in the location indi-
cated by the column)

Pz5 Pz6 Pz7 Pz8 Pz9 E2 E8

ccf
 Pz4 0.46 0.49 0.65 0.38 0.32 0.09 0.51
 Pz5 0.22 0.33 0.24 0.2 0.22 0.17
 Pz6 0.41 0.33 0.39 ns 0.46
 Pz7 0.38 0.36 0.05 0.66
 Pz8 0.26 0.11 0.27
 Pz9 ns 0.23
 E2 ns

d
 Pz4 0 0 − 1 0 − 3 − 19 − 1
 Pz5 0 − 1 − 1 − 2 − 36 − 1
 Pz6 0 0 − 1 ns 0
 Pz7 0 − 1 1 0
 Pz8 − 1 10 0
 Pz9 ns 0
 E2 ns
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Results for single events vary considerably from one 
event to another if we compare the obtained maxima and 
minima for each type of correlation (Table 3). The highest 
cross-correlation coefficients were calculated between Pz4 
and Pz7, with median and average time lags of respectively 
1 and 2 days (Table 3).

Average and median maximal correlation coefficients 
between changes in discharges and groundwater levels 
exceed 0.6 for average time lags between 0 and 2 days. 
Higher correlation coefficients for shorter time lags were 
calculated between the piezometers and E8, compared 
to E2. However, negative time lags were calculated for 
several events, in which peak flow was first observed at 
the drainage adit, and later in the piezometers. In those 
cases, an intermediate quick flow provides the primary 
source for the peak flow observed in the drainage adit and 
an attenuated peak in the groundwater arrives later at the 
drainage adit. Duration of the pressure pulse transfer from 
the piezometer to the drainage adit is not calculated for 
those events in this study. Therefore specific base flow 
separation methods should be applied to each discharge 

peak to simulate the contribution of the different sources 
(intermediate flow vs groundwater flow).

Discussion

Conceptual Model of the Cheratte Coalfield

This statistical study provides new insights into the mined 
system’s hydraulic connections, which allows the concep-
tual model of the Cheratte coalfield suggested by Brouyère 
et al. (2009) to be updated. This physically-based numerical 
model, which was calibrated using two years of data (Janu-
ary 2004–December 2005; Wildemeersch et al. 2010) sub-
divided the mined system into five reservoirs, all connected 
to each other, except for the Wandre reservoir (Fig. 6). This 
last reservoir was only connected to one reservoir in the 
Brouyère et al. (2009) model, and since it was not expected 
to actively contribute to the discharge in these adits, it was 
never equipped with piezometers or included in the monitor-
ing network. As no data was collected there over the 10 year 
period, this reservoir was not considered in this study.

According to the model of Brouyère et al. (2009), con-
nections with the highest exchange coefficients were identi-
fied between the Argenteau (E2, Pz4), Trembleur (Pz5, Pz7), 
and Hasard–Cheratte Sud (E8, Pz8) reservoirs. The impor-
tant connections between these reservoirs were confirmed 

Fig. 5   Cross-correlation functions calculated between the piezom-
eters and the drainage adits E2 (above) and E8 (below). The positive 
time lags mean the peak is first detected in the piezometer and later in 
the adit, while negative lags mean is the opposite

Table 3   Median, average, minimum and maximum cross-correlations 
coefficients (ccf—above) and corresponding time lags (d—below) for 
each rain event

All bold values correspond to cross-correlation coefficients (ccf) 
higher than 0.5 and their related time lags
Positive time lags stand for an impulse passing first by the location 
indicated by the first line, and then by the second line (while negative 
time lags are calculated when the impulse is first detected in the loca-
tion indicated by the second line). The next two lines give the number 
of analyzed events with significant results (n sign) and with non-sig-
nificant results (n non sign)

PZ4 PZ4 PZ7 PZ4 PZ7
PZ7 E2 E2 E8 E8

n sign 14 14 17 13 15
n non sign 1 1 4 3 2
ccf
 Median 0.79 0.68 0.63 0.72 0.67
 Average 0.77 0.61 0.63 0.71 0.69
 Min 0.56 − 0.6 0.38 0.42 0.43
 Max 0.94 0.91 0.79 0.93 0.94

Time lags (d)
 Median 1 2 2 − 1 0
 Average 2.14 1.21 2.94 − 2.14 − 0.41
 Min 0 − 11 − 3 − 9 − 7
 Max 13 17 16 3 5
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by our analysis. After 10 years of measurements, the most 
important groundwater level variations were still observed in 
these more heavily mined areas (Pz4, Pz5, and Pz7—Fig. 1). 
Even though the galleries located near Pz4 (Argenteau) 
and Pz7 (Trembleur) were not directly connected (Fig. 1), 
pressure-pulses were clearly transferred between these two 
locations and to the drainage adit E8 (Hasard–Cheratte 
Sud), according to the cross-correlation functions (Fig. 4; 
Table  2). Unknown mine workings, mined coal seams, 
faults, and fractures probably connect these sites (Brouyère 
et al. 2009). Moreover, the higher number of exploited coal 
seams and galleries (Fig. 1) probably provides larger empty 
volumes around Pz7, and thus high storage capacity, as 
deduced from the calculated decorrelation times (Fig. 4). 
These large storage capacities are not favorable to quick-
flow processes, as indicated by the gain function (Fig. 3). 
No quick-flow occurs in Pz4 and Pz7, in contrast to E8 
(Fig. 3). However, the cross-correlation functions calculated 
for specific events (Table 3) proved pressure pulses causing 
quick-flow in E8 probably originate, at least in part, from 
Pz4 and Pz7 during some rain events. As this high correla-
tion was not observed for each event, the connections of the 
Pz4 and Pz7 areas with E8 may only be active under specific 
hydrological conditions. In the first suggested conceptual 
model, discharge peaks at E8 were thus only expected when 
groundwater levels exceed threshold levels in Pz4 and Pz7 
(respectively 88.5 and 102 m; Brouyère et al. 2009; Din-
gelstadt et al. 2007). Consequently, low correlation coef-
ficients between piezometers Pz4 and Pz7 and discharges at 
adit E8 would be expected when groundwater levels were 
below these threshold levels. However correlation coeffi-
cient values do not show any dependency on groundwater 

levels at the beginning of recharge events (Fig. 7). In other 
words, connections between the Argenteau, Trembleur, and 
Hasard–Cheratte Sud reservoirs can also be active below 
these threshold groundwater levels, even though initial con-
ditions causing quick flow remain difficult to identify. There-
fore, the updated conceptual model considers these connec-
tions to be more regularly active (dotted arrows replaced by 
plain arrows in Fig. 6).

Based on the mining maps (Fig. 1), the workings near 
Pz5 were also expected to be connected to the workings near 
Pz4 and Pz7. However lower maximum cross-correlation 
coefficients (Table 2) were calculated for Pz5. This lower 

Fig. 6   Conceptual models of the 
abandoned coal field in Liège 
used in the existing numerical 
model (left) of Brouyère et al. 
(2009) and updated according 
to the findings of this study 
(right). The boxes represent 
the different reservoirs; the 
thickness of their frame: storage 
capacities; arrows: connec-
tions between reservoirs, dotted 
arrows: conditional connections 
between reservoirs; thickness of 
the arrows: importance of the 
connection; figures: exchange 
coefficients for by-pass flow 
connections (m2/s)

Fig. 7   Maximum cross-correlation (dot size) calculated between E8 
and Pz 4 (black) and Pz7 (gray) in function of groundwater level and 
the beginning of the rain event. Lines represent the threshold levels of 
Pz 4 (black) and Pz7 (gray)
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connectivity can probably be attributed to less coal having 
been extracted near Pz5 (Fig. 1). The large variations of 
piezometric levels observed in Pz5 (Fig. 2) are related to 
quick-flow processes, according to the gain function (Fig. 3).

Connections with Hasard–Cheratte Nord were rather low 
in Brouyère et al. (2009), except for Trembleur. These lim-
ited connections were confirmed by the limited groundwater 
level variations and low correlation coefficients calculated 
for Pz6 and Pz9. In Pz9, variations were as low as in zones 
(Pz1, Pz2, Pz3) where groundwater flow occurs in areas 
unaffected by mining (Supplementary Fig. 1).

Pz6 is located in an area with large storage capacities 
(Fig. 3), which is less influenced by surrounding pressure. 
This was proven by low groundwater level variations (Sup-
plementary Fig. 1) combined with low cross-correlation 
coefficients (Table 2). Interconnections between this area 
and the other measurement locations are very limited. Con-
sequently, we suggest updating the existing conceptual 
model by diminishing the importance of the connection 
between Trembleur and Hasard–Cheratte Nord. The large 
storage capacity of the reservoir is kept in the updated model 
(symbolized by a thick frame in Fig. 6).

The highest specific yields (symbolized by a thick frame 
line in Fig. 6) were attributed to Hasard–Cheratte Nord and 
Hasard–Cheratte Sud in the numerical model. This was con-
firmed by the time series analysis, as Pz6 and Pz8, respec-
tively located in Hasard–Cheratte Nord and Sud, had large 
storage capacities, according to their gain function.

Within the described reservoirs, some piezometric levels 
and/or discharge adit of the same reservoir do not seem to 
behave similarly. The connections described above do not 
involve Pz8 and E2, for instance, respectively located in 
Hasard–Cheratte Sud, and Argenteau. Data measured in Pz8 
do not correlate with other data. Its gain function suggests 
it is probably located in an area with larger storage capaci-
ties (symbolized by the thick frame of Hasard–Cheratte in 
Fig. 6), which can buffer pressure-pulse transfer. Like Pz7, 
this area is characterized by a high number of exploited coal 
seams (Fig. 1).

Despite the presence of galleries connecting the work-
ings around Pz4 to E2 (Fig. 1), interconnections between the 
studied piezometric levels and E2 are limited as long-term 
cross-correlation coefficients are low (Fig. 5). This drainage 
adit, located in the northern part of the study area (Fig. 1), 
is probably not draining directly from our study area during 
base flow conditions. Pressure-pulses during single events 
are, however, rapidly drained by quick-flow processes in 
this gallery. This was proven by the low decorrelation time 
(Fig. 4) and high cross-correlation coefficients calculated 
at event scale (Table 3). Nevertheless, this process was not 
observed for all events. This probably explains why quick 
flow did not appear as an important process in the gain func-
tion analysis (Fig. 3). This discussion highlights that the 

reservoir description should be treated with caution as some 
variability is observed between measurement points of the 
same reservoir (E2 vs Pz4; Pz8 vs E8).

Application of Time‑Series Analysis to Mine 
Workings

The methods used are presented briefly as the aim of the 
paper was to present a step-by-step approach to apply these 
complementary analyses. First, the gain function was used 
to differentiate short and long period processes in data series 
that vary at different frequencies (rainfall vs piezometric and 
discharge variations). Then, storage capacities around each 
measurement point are evaluated with a univariate method 
(auto-correlation functions) where connections between dif-
ferent parts of the mines are highlighted with a bivariate 
method (cross-correlation function). Applying this method 
to the whole dataset first is recommended to provide infor-
mation about the “average” aquifer behavior/properties (Pan-
agopoulos and Lambrakis 2006). However, since the influ-
ence of seasonal variation in base flow averages the results, 
occasional connections, specific to peak flow conditions are 
only highlighted when the same analysis is applied at the 
event scale (Bailly-Comte et al. 2008; Mayaud et al. 2014). 
Nonetheless, the detection of all potential connections in the 
system is important for risk management purposes, since it 
can help localize inundation hazard areas. Above all, the 
results differed for one event to another, proving that the 
behavior of the mine aquifer system varies temporarily and 
is a dynamic non-linear system. This step-by-step methodol-
ogy is therefore recommended for aquifers that diverge from 
Darcy law and present an appreciable quick-flow component 
relative to base flow. Indeed, karst and mine aquifer systems 
both present preferential flow through a void network that 
dominates the hydraulic behaviour.

Result Implementation for Risk Management

Detecting connections and understanding the duration and 
flow path of pressure pulses through the mine workings 
are essential for risk management. Our statistical analysis 
allows the efficient evaluation of the current monitoring 
system and indicates how to interpret the data from differ-
ent measurements points in real time. For instance, highly 
connected measurement points (e.g. Pz4, Pz7, and E8) need 
to be directly compared for interpretation. Data from points 
that are only connected with the mine system under cer-
tain conditions (e.g. E2) should be used with caution. For 
those points, comparison with other measurement points 
is only possible when these conditions are fulfilled. In the 
case of E2, only data from peak flows should be considered 
(Table 3) for comparison with other points. Analyzing base 
flow at that point is, however, impossible with the current 
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monitoring network (Fig. 5). This illustrates how a statistical 
analysis highlights the limitations of the existing monitor-
ing system.

The conclusions of the statistical study should also con-
sider mapping hazardous areas (inundations, collapses) 
and designing remediation measures where an anomaly is 
detected. Detecting all possible connections is important. 
A concrete example can be given for the discharges at E8, 
which are controlled by impulse transfers from Pz4 and Pz7 
(as proven by the cross-correlation analysis). If data evolu-
tion differs between these specific locations during future 
monitoring, investigations should be performed to know why 
pressure is not being transferred in the usual way. If a hypo-
thetical pressure build-up is observed in Pz4 and/or Pz7, 
but not in E8, further investigations should be conducted 
to identify if the pressure is building up somewhere or if it 
is being transferred and released via another pathway. The 
first other pathway that should be studied is the release of 
pressure at E2. Discharges at adit E2 should therefore be 
carefully analyzed, as this adit can drain the area around 
Pz4 and Pz7 during recharge events. If no discharge rise is 
observed at E2 either, different measures, both adits should 
be investigated to find the location of any plug. Measures to 
gently drain the pressure build up behind the plug should 
then be designed to prevent an outbreak. If no plug is found, 
measures to remove large volumes of water should be devel-
oped and implemented to the protect population living near 
the adit.

Conclusion

This study showed that time series analysis performed on a 
long-term database is not only an efficient low-cost tool to 
improve the understanding of groundwater fluxes through 
karst systems but can also be used for other complex subsur-
face systems, such as mine aquifer systems. First, the gain 
function allows one to detect areas of the mine with high 
storage capacities and those affected by quick-flow processes 
by analyzing the attenuation of the rainfall signal. The auto-
correlation function highlights areas that are sensitive to 
pressure pulse transfers through the mine workings. Finally, 
the cross-correlation function helps one to understand the 
interconnections between different zones and the reactiv-
ity of the water table at different locations in the mine. The 
results show that information gathered from the exploita-
tion maps above the drainage level (Fig. 1) are not sufficient 
to understand the hydraulic connections between different 
exploited zones. The statistical approach highlights con-
nections between measuring points that are not connected 
by galleries (e.g. Pz4–Pz7–E8) and shows that old galleries 
do not always transfer hydraulic pressures nowadays (i.e. 
Pz4–E2 and Pz9–E8).

Moreover, our study proved that considering different 
time scales (10 year vs event time scale) provides com-
plementary information and new insights on active flux 
processes in mine workings. The long-term data reveals 
interconnections during base flow conditions and gives 
indications on relative storage capacities. Complementary 
information is gathered from the event-scale analysis, which 
gives more indications on the occurrence of quick flow 
responses and the variability in connection times. Indeed, 
results of cross-correlation analysis differ from one event to 
another and reveal intermittent connections. This proves the 
necessity of combining single event analysis with an analy-
sis of the entire dataset. The proposed step-by-step meth-
odology presented in this paper is therefore recommended 
for aquifers with unknown geometries of conduits, which 
diverge from Darcy’s law and present an appreciable quick-
flow component, like karst systems and mine workings.

Our time series analysis could not, however, detect clear 
correlations between rainfall and the measured piezometric 
levels and discharges. It also failed to detect which peculiar 
hydraulic conditions were needed to connect the areas near 
Pz4 and Pz7 with the drainage adits. Moreover, calculating 
the duration of pressure pulse transfers between piezometers 
and drainage adits was not possible when important quick-
flow processes took place. Other aquifer characterization 
techniques should thus be used to complete the interpreta-
tion of flow processes and aquifer properties. At this site, 
the existing numerical model (based on only the first 2 years 
of data) can be updated with the findings of this statistical 
approach. An updated model would allow one to study the 
recharge processes in the mine workings and to test a new 
hypothesis concerning the factors controlling the connec-
tions between the areas near Pz4 and Pz7 with the drain-
age adits. Base flow separation methods would also provide 
more information on the importance of quick-flow processes.
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