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ABSTRACT: The coal basin of the Nord-Pas-de-Calais region (France) shows a very strong 
deterioration of the Chalk aquifer quality. In order to better model the hydrodynamism and to 
improve knowledge on the chemical interactions, sampling according to depth of the groundwater 
is undertaken. The low-flow sampling and the profiles of the in-situ physicochemical parameters 
allow the observation of various vertical heterogeneities of the aquifer. The areas where the coal 
mine tips are localised appear very interesting to study. The sulphates released by the pyrite 
oxidation allow a “artificial tracing” and give a visualization of the flow as well as information on 
the implied chemical processes between the oxidizing and reducing zones. 
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RESUME : Le bassin minier du Nord-Pas-de-Calais (France) montre une très forte dégradation de la 
qualité des eaux de l’aquifère de la Craie. Afin de mieux modéliser l’hydrodynamisme et 
d’améliorer les connaissances sur les interactions chimiques, un échantillonnage des eaux 
souterraines en fonction de la profondeur est entrepris. L’utilisation de la méthode low-flow 
associée à la réalisation de diagraphies de quelques paramètres in-situ, permet de visualiser les 
différentes hétérogénéités verticales de l’aquifère. Les zones où sont localisés les terrils miniers, 
apparaissent très intéressantes à étudier. Les sulfates rejetés par l’oxydation de la pyrite permettent 
un “traçage artificiel” et donnent une visualisation des écoulements ainsi que des renseignements 
sur les processus chimiques impliqués entre les zones oxydantes et réductrices. 

MOTS-CLEFS : craie, échantillonnage low-flow, sulfate, diagraphies chimiques, terrils. 

 

1. Introduction  

The chalky aquifer contains the major water resources of Nord-Pas-de-Calais region (France) for 
the production of drinking water. Many anthropic stressors, pasts and presents, have lead to 
deterioration of groundwater quality of this aquifer in particular in the Carvin/Hénin-
Beaumont/Douai triangle. This area constitutes a part of the coal mining basin of Nord-Pas-de-
Calais. The coal extraction has lead to industrial (metallurgy and siderurgy) and urban boom which 
cause serious environmental problems today (heavy metals, sulphates, hydrocarbons…). Sometimes 
to that may be added agricultural pollutions (in particular, nitrate pollution at the West of the study 
area). This addition of pollutants and their sources (obsolete industrial zones, present industries, 
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Deûle Canal, urban zones…) require a constant monitoring of the groundwater and an increased 
knowledge of the chemical processes in the three dimensions of space. 

In this area, Sterckeman et al. (2000) have carried out a study on the vertical distribution of heavy 
metals in the unsatured zone. But in the satured zone, few studies have been carried out into its 
vertical distribution. Chalk aquifer is often considered as a homogeneous hydrologic unit, where 
elements are mixed together quickly at depth. Therefore, the samples are widely acquired on the 
middle screen after purging 3-5 casing volume of the borehole. The complex chemical processes 
and the groundwater flow system lead to a study yet the hydrochemical regime in the three-
dimensional. Recently, at the southern England in an equivalent aquifer, Schürch et al. (2004) 
showed that evolution of oxygen concentration determines geochemical groundwater zones which 
can explain chemical evolution profiles as residence time of water which is an important factor. 

In this study, the goal is to bring new methods to characterize chemical water evolutions of the 
aquifer according to the depth. Assessing to the depth dimension constitutes a way to improve the 
understanding of the pollutant transfer across the aquifer. This also may, eventually, determine the 
penetration depth of some pollutants, relative residence time of water, maximal flow zone… In this 
paper we are interested by the sulphate anion which was the subject of a recent study by Denimal et 
al. (2002). These authors showed by using the isotopic ratios of sulphur the salting out of sulphates 
in great quantity in the Chalk aquifer by coal mine tips. It is also an interesting anion because it is in 
important concentration in many zones of the aquifer and it is easy to measure (but the techniques 
adopted, in particular low-flow sampling, can be applied to other elements). This study represents a 
start point to define the stratification of the hydrochemistry of the aquifer and to characterize the 
parameters which contribute to modify it. 

2. Study area 

 

Figure 1. Geological map showing the locations of the boreholes sampled. Generalised piezometric levels are contoured 
at intervals of 5m above mean sea level. 

Global study site is located at the unconfined-confined boundary of the Chalk aquifer (figure 1). At 
the North-East, Louvil Clay (Tertiary Formation) protects it from pollutant vertical transfers, while 
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at the South, chalk outcrops (santonian chalk here). Chalk aquifer consists of Santonian-Coniacian 
formations and the upper part of Turonian (∼ 50 meters thickness). The flow direction is S-N for the 
west part of the study area and SW-NE for the east part. A cone of depression is located at the 
North-East of the sector. 

The water of this area can sometimes be characterized by a strong sulphate mineralization. Previous 
work has pointed out several possible sources of sulphate in the coal basin (Bernard, 1979; Droz, 
1985; Denimal et al., 2002): 

• The dissolution of evaporate minerals present in the Carboniferous limestone formation, 
which can locally contaminate, per ascensum, the chalk aquifer. 

• The dissolution of gypsum contained in the Tertiary formations (Argile de Louvil, Sables 
d’Ostricourt). 

• Sulphates of anthropogenic origin linked to wastewater discharge and/or agricultural 
practices. 

• The weathering of mine tips. 

In the coal basin, there are many coal mine tips coming from the old mining extraction. The 
oxidation of the pyrite contained by Carboniferous siltstones causes the release of sulphate that may 
be transferred to the aquifer: 

FeS2(S) + 3,5 O2 +H2O ↔ Fe2+ + 2 SO4
2- + 2 H+

Sometimes, the pyrite can also lead to a denitrification in acid conditions (Pauwels and Talbo, 
2004): 

5 FeS2 + 14 NO3
- + 4H+ → 7 N2 + 10 SO4

2- + 5 Fe2+ + 2 H2O 

This last phenomenon could be implied in the reduction of the nitrate concentration downstream of 
some coal mine tips (localised at the unconfined zone of aquifer) like that of Noyelles-sous-Lens, 
located at the West of the study area (Barrez et al., 2004). In this area, such chemical reactions are 
perceptible on both sides of this coal mine tip on drinking water borehole. At the upstream, flow is 
polluted out of nitrate (on average 100 mg/l) but not very charged in sulphate (approximately 50 
mg/l). At the downstream, water appears very charged in sulphate ion (730 mg/l) but less nitrated 
(approximately 50 mg/l). This type of denitrification, although very localised, would take part in the 
global denitrification at the passage in captivity at the NE of the area. Mariotti et al. (1988) have 
shown a denitrification in this sector by absence of correlation between δ15N with the inverse of 
nitrate concentrations. 

This denitrification forms part of a whole of redox reactions which take place at the time of the 
passage unconfined to confined aquifer. In this direction, the order in which the reactions are 
expected to occur from a thermodynamic point of view (but not necessarily realized) is aerobic 
respiration, denitrification, Mn reduction, Fe reduction, SO4 reduction and C02 reduction/methane 
fermentation (Stumm and Morgan, 1981; Mariotti, 1994; Groffman and Crossey, 1999; Christensen 
et al., 2000). At the passage in captivity, sulphate concentration decreases also at the same time of 
the decrease of redox potential. 

Here the passage in captivity occurs about the level of the Deûle Canal which delimits an 
unconfined zone at the South-West and a confined zone at the North-East. In the Western part of the 
sector, the aquifer meets many unconfined/semi-confined zone successions in particular under the 
alluvial deposits. Consequently, although coal mine tips can release a great quantity of sulphate 
(sometimes, the concentrations can easily exceed 2 g/l for Chalk aquifer in unconfined zone 
downstream some coal mine tips) this physical property of the aquifer leads to a strong reduction of 
sulphate concentration by the process of sulphato-reduction. 



Post-Mining 2005, November 16-17, Nancy, France 4 

3. Methods 

To carry out samplings according to depth, several methods are possible. Here are some examples 
for a sampling with a direct mobilization of the aquifer (dynamic sampling): 
• The sampling starting from the drilling of a whole of boreholes to variable depths. 
• The sampling to various depths at the same time of the drilling (Caritat et al., 1998). 
• The sampling using a bailer after the purge of 3-5 casing volume of borehole. 
• The sampling using Dual Pumping Technique: two pumps are used simultaneously with a 

separate variation of the flows, one placed under the water table and the other near the bottom. 
Concentration profiles are obtained by applying algorithms compared to speeds of the pumps 
(Thullner et al., 2000). 

• The sampling using Low-Flow technique: pumping is made with low-flow in order to mobilize 
only one small part of the aquifer. 

There are many other methods as well as combined methods. The low-flow technique has many 
advantages: low-flow purging tends to minimize the turbidity caused by pumping (Puls and 
Barcelona, 1995; Puls and Paul, 1997), it is the cheapest (except for the use of bailer) and most 
practical setup. Therefore we chose this method for sampling according to the depth. 

Low-flow sampling procedures are gently different from U.S. Environmental Protection Agency 
recommendations (Puls and Barcelona, 1995). The authors recommend to sample with a flow rate 
(often <1 l/min) to minimize drawdown (<0.1 m) until field parameters stabilization (Puls and 
Barcelona, 1995, Creasey and Flegal, 1999). We notice that for Wilson (1995, in Thierrin et al., 
2001), water sample is representative of the ambient groundwater when variations of temperature, 
conductivity, dissolved oxygen, pH do not respectively exceed ± 0.5°C, ± 10 μS/cm, ± 0.2 mg/L O2 
and ± 0.1 pH unity. But flow rate depends largely on the hydraulic conductivity and the depth 
spacing between two samples. Here, conductivity of the chalk aquifer is high and on the study site, 
the filtered zone borehole observation is often about or superior to 10 m. Furthermore, for depth 
borehole, we need long tube which allows temperature’s equilibration of the sampling water when 
the tube is out of borehole. With a very low-flow rate, the temperature parameter is severely 
affected by the extern temperature and the stability of parameters is very slow. Consequently, we 
chose to conserve a minimize drawdown (<0.1 m) but with a flow rate adjust from 1.5-3 l/min. 

Procedure sampling consisted on 2 stages here in the following order: 
• First the profiles of temperature, conductivity, dissolved oxygen, pH and redox potential were 

established by a multiparameter probe KLL-Q SEBA before pumping. The parameters were 
measured every meter (except in the case of very deep boreholes) while descending the probe. 
The measurements taken from the bottom to the top can lead to mistakes: at the bottom of the 
borehole, chalky mud is sometimes present and is stucked on the electrodes. 

• Next we use a low-flow purging technique; the pump was put down and the samples were 
acquired all the every meters once stability of field parameters was obtained. 

For the analysis of the cations, 20 ml of sample were collected and 0.45 μm filtered and acidified by 
50 μl addition of pure HNO3. The cations were determined by ICP-OES. Analysis for Cl, NO3-N, 
NO2 and SO4 were performed by colorimetric method on 500 ml unacidified samples. HCO3 is 
measured by potentiometric method using 0.02N HCl acid (Norm NF T90-036, 1977). 

In this communication, the results are only presented for sulphates. The sampling campaign was 
conducted during the winter 2005 (February-March) but on some boreholes, a sampling campaign 
could already have been carried out during the summer 2004 (June-July). 
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4. Results 

4.1. General evolution 

 

Figure 2. Evolution profiles of redox potential, conductivity and sulphate concentration. The points represent the samples. 

Evolution profiles for the Winter 2005 of redox potential, electrical conductivity, sulphate 
concentration is showed figure 2. The boreholes used (technical featured are presented in the table 
1) were projected on line about perpendicularly to the global flow direction. In this area, the 
aquiferous part has a thickness of more than 50 meters from the surface. Here, the variations of the 
parameters are dual: in space and depth. It appears much less important according to depth because 
the scales horizontal and vertical are different. 

The aquifer becomes gradually captive to the North after the Deûle Canal. It can explain that the 
redox potential decreases at the North (values of redox potential are > 150mV for the boreholes G 
and H while the values are < -50mV for AE and A). For the low redox potential measured to the 
borehole Y (about between -60 mV and -100 mV), this is explained by this location in a 
hydrocarbons polluted zone. 

For the limit between unconfined/confined zones, it is essential to determine redox potential. 
Sulphate concentration in the groundwater is not only function of the sulphates brought by a source 
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of pollution, it depends also on the redox process which can lead to the sulphato-reduction for low 
redox potential. It is the same chemical process which allows a fast reduction of sulphate 
concentration when the aquifer becomes confined (notice that the decrease of sulphate can be 
induced by dilution also). 

The electrical conductivity is function of global mineralization degree of water (global mineral 
species content, generally ionized species) and varies according to temperature. The leaching of the 
soils lead to the dissolution of salts such carbonates, sulphates, chlorides… Moreover, industrial 
and agricultural practices discharge salts too and induce an increase in electrical conductivity. In 
this area, the electrical conductivity is function of sulphate concentration mainly (figure 3) which is 
often the major anion of the groundwater. The electrical conductivity profiles provide excellent way 
to detect source of sulphate provisions. 

The electrical conductivity profile (figure 2) shows two principal sources of sulphate around the 
boreholes Y (located in industrial area and around a coal mine tip) and J (located at the downstream 
of a coal mine tip) with conductivity > 1500µS/cm. The minimum level measured is for the 
borehole A, located in the captive zone. The boreholes G and H are located in a town (moreover G 
is located at the upstream of coal mine tip), with an electrical conductivity strong enough for the 
Chalk aquifer (~ between 800 and 1000 µS/cm). The borehole AE is located at the downstream of 
an industrial zone but at the limit of confined/unconfined zone. There is maybe a process of 
sulphato-reduction because in this area, a strong smell of H2S is detected in the water sampled. This 
process fits into the scheme of decrease of redox potential (<< 0mV for the borehole AE) with the 
transition to the captivity of the aquifer. 

The sulphate concentration profiles show obvious sources of sulphate pollutions: the boreholes Y 
and J have the maximum level of sulphate concentration with a maximum of 772 mg/l for Y and 
712 mg/l for J. For the borehole J, Denimal et al. (2002) showed that sulphate concentration was 
produced by the leaching of the coal mine tip. 

The concentrations of the other boreholes on this profile are lower. The maximum for G is 96 mg/l 
and for A, 22 mg/l (at the level of the borehole A, the aquifer is captive; there is no direct source of 
pollution and the sulphato-reduction is possible).The maximum concentration for the boreholes H 
and AE are slightly higher (respectively 196 mg/l and 177 mg/l), this can be explain by their 
locations. We notice that for these boreholes, in the first meters the soil was made of Carboniferous 
siltstones which contain pyrite. These materials were used quite often for embankment work. 
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Figure 3. Electrical conductivity vs sulphate concentration. Other elements can modify the electrical conductivity like the 
calcium. The relation is thus not completely linear. 
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Remark :  

The monitoring boreholes used belong to private companies. They were not drilled for the purpose 
of this study (except the borehole A). We retained only those which had a filtered zone higher than 
8m. For the borehole J, the filtered zone is between 20 and 30m of depth. The first 10m below the 
water table are not screened. 

Table 1. Technical features of used boreholes. 

Boreholes Location Depth (m) 

Filtered 
zone (m 

above sea 
level) 

Elevation 
number 

above sea 
level 

(Thickness 
of covering 

before 
chalk) 

Water table 
(m above 
sea level) 

Global state 
of the Chalk 

aquifer 

A 

Lateral / 
downstream 

of a coal 
mine tip and 
Deûle Canal 

128m 17 to –
100.5m 27.5m (21m)

Summer 
2004: 19m 

Winter 
2005: 18.5m 

Confined 

G Town 20m 22.5 to 
12.5m 

31.5m 
(3.3m) 22m Unconfined 

H Town 20m 21 to 13m 33m (4m) 19.6m Unconfined 

J 
Downstream 

of a coal 
mine tip 

29.5m 13 to 3m 33m (4.5m) 

Summer 
2004: 23.4m 

Winter 
2005:23m 

Unconfined 

Y Industrial 
zone 25.5m 26 to 15m 41m (few 

meters) 20.5m Unconfined 

AC 

Lateral / 
downstream 

of a coal 
mine tip and 
Deûle Canal 

24m 18 to 7m 31m (13m) 20.5m Confined 

AE Industrial 
zone 21m 17 to 7m 28m (10m) 17m Semi-

confined 

AH 
Downstream 

of a coal 
mine tip 

24m 14 to 4m 29m (14.5m) 15.8m Confined 
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4.2. Local observations. Examples of sulphate concentration evolution and the first interpretations. 

Values of the following graphs represent the state of the aquifer for the first meters, except for the 
monitoring borehole J (tubed on the first ten meters). For the technical features, to refer to table 1. 

The majority of values were taken during winter 2005. However for some boreholes, an analysis 
campaign could already have been carried out during the summer 2004. A complete study would 
require the analysis of the evolution of the parameters according to depth for each borehole, but also 
the analysis of the evolution of the parameters according to time as well as the evolution of 
boreholes located within the study perimeter. We will take only some examples to show the interest 
to integrate the “depth” dimension and the “time” dimension. 
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Figure 4. Evolution profiles of sulphate concentration for the boreholes H-G (urban zone) and Y-AE (industrial zone). 

The figure 4 shows the evolution of sulphate concentration for 4 boreholes (H, G, Y and AE). Here, 
the values for the boreholes in the urban zone are pretty constant according to depth (for H about 
195 mg/l and for G, 95 mg/l). The differences observed are partially produced by the precision of 
measurements (sampling, colorimetric analyses…). Moreover, there is no major source of sulphate 
around them, this could explain this homogeneous state of the aquifer according to the depth. 

For the monitoring boreholes Y and AE, there are important differences according to the depth. The 
sulphate concentration of the samples is much lower for the first sample located one meter under the 
level of water table (for AE; 91 mg/l and Y; 700 mg/l), than that located approximately 5 meters 
below (respectively 166 mg/l and 772 mg/l). We even notice that the maximum concentration is 
reached at the middle screen for the borehole Y (at the bottom, the sulphate concentration measured 
is 664 mg/l). A phenomenon of dilution could explain the fact that for these two boreholes the 
higher part of the groundwater has a weaker concentration in sulphate. Two assumptions can be 
planned to explain this observation: 

• The aquifer is in period of refill (which corresponds to this sampling period), the water which 
feeds it in the higher part is much less mineralized (because of the important rains, there is a 
dilution effect). 

• These boreholes are not located directly under the sulphate contamination source; the higher 
part of the aquifer would correspond to a contribution side of a less mineralized water (the 
higher part of the chalk is generally most hydraulically active it is the most fractured and 
weathered). 

These two phenomena can be complementary, but if it is the first which prevails, for the period of 
lowest water level, dilution should strongly decrease. We should thus observe an homogenization of 
the sulphate profile, contrary to the second phenomenon where the concentration profile should 
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always show a weaker concentration to the top. It may be nevertheless that here the water dilution 
due to the period of groundwater refill is lower during the summer. 
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Figure 5. Evolution profiles of conductivity and sulphate concentration for the boreholes AC-AH (downstream of a coal 
mine tip). 

The figure 5 shows the evolution profiles of sulphate concentration and conductivity for the 
boreholes AC and AH which are localised at the downstream of a coal mine tip. The alluvial 
deposits can also provide sulphate ions for AC, also located downstream of the Deûle Canal. The 
beginning of the screened zone corresponds to the level of the water table for the borehole AH and 
3 meters below for the borehole AC (these two boreholes are in confined zone). 

Increase of electrical conductivity profile (about 900 µS/cm at the upper part of the aquifer to 1800 
µS/cm ten meters below for the borehole AC and about 1200 µS/cm to 3000 µS/cm for the borehole 
AH) strongly reflects the variations of the sulphate concentration which increase according to depth 
(223 mg/l to 760mg/l for AC and 692 mg/l to 1016 mg/l for AH). In the first meters of the aquifer, 
sulphate concentration is much less important than at ten meters depth. We can note the same 
evolutions as Y and AE, here the phenomenon is amplified (AH and AC are at the downstream of 
an important source of sulphate). 
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Figure 6. Evolution profiles of sulphate concentration for the boreholes A (confined zone) and J (downstream of a coal 
mine tip) and comparison between the summer 2004 and the winter 2005. 

The evolution according to the time are also well worth studying. The figure 6 shows the evolution 
of sulphate concentration according to the depth and for two periods of sampling: Summer 2004 
and Winter 2005. The borehole A, located in a confined zone, near a coal mine tip and downstream 
of the Deûle Canal shows that during the winter, the sulphate concentration is homogeneous 
according to depth (about 20 mg/l). During the summer (here sampling was taken at the end of 
June), the upper part of the aquifer has a higher concentration (up to 56 mg/l) than that located in 
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the lower part, the sulphate concentration was stabilized around 25 mg/l. This could be explained by 
a flushing effect. During this period, in the most hydraulically active part of the aquifer, there is a 
fast renewal of the water of the aquifer (here, the water from the upstream is more mineralized). It is 
pretty certain that a delay time is also observed; the time of transit between the moment when the 
unconfined zone of the aquifer is in refill and the moment when the water arrives in the confined 
zone. When the flow is less important, the homogenization of the water column would occur due to 
the fractures of chalk but also to the physico-chemical processes (like the sulphato-reduction). 

For the borehole J (figure 6), we will point out that the first ten meters are tubed, we do not have 
measurements on the upper part of the aquifer. It’s possible that the first sample under the water 
table was less concentrated than that located 5 meters below. But for the moment, the lack of 
drillings in this zone and experiences feedback do not make it possible to advance this assumption. 
On the graph, sulphate concentration is high (about 675 to 775 mg/l, depending on the depth and the 
period of sampling) because J is located at the downstream of a coal mine tip. However, the 
sulphate concentration decreases according to depth between 13m and 3m above sea level for the 
two periods of sampling (respectively from 776 mg/l to 724 mg/l for the sampling of summer 
2004). Moreover, the graph (figure 6) shows that the concentrations measured at the time of 
sampling in summer 2004 are higher than those measured for the sampling carried out at the time of 
the winter 2005 (for example, the concentration decrease from 776 mg/l to 712 mg/l between the 
sampling of summer 2004 and winter 2005). The dilution operated by the refill of the groundwater 
can explain at least partially this reduction of concentration. 

5. Conclusion 

The sampling of chalk aquifer according to depth has been proved a very useful tool to the 
understanding of the hydrodynamism of the aquifer and the chemical interactions. That could also 
make it possible to improve positioning of monitoring boreholes and sampling protocols. The few 
examples shown in this paper indicate that the Chalk aquifer is not homogeneous according to the 
depth. Several factors can induce these vertical heterogeneities: seasonal variations, differences 
between the top and the bottom of the aquifer, periods of refill, zones of contamination, the 
thickness of the cover, the passage in captivity, the oxygen concentration reduction, the lithological 
variations… 

The sampling by low-flow method as well as the physicochemical profiling seems a very good way 
to reach the characteristics of the Chalk aquifer on a few meters scale. The samplings in other areas 
at various periods of time will make possible the constitution of a data base necessary to the 
development of a hydrodynamic model for this aquifer. 
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