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Abstract
This study focuses on evaluating the hydraulic conductivity of the Emscher Formation as 
a hydraulic barrier in the Ruhr District (Germany). The aim is to build a comprehensive 
3D-hydrogeological model using geological data, core samples, geophysical logs, and 
hydraulic tests to predict fluid and gas migration. Here, a high-resolution porosity and 
permeability profile from the monitoring well Pferdekamp 1, as well as quantitative 
mineralogical data from XRD analyses for the entire 322 m long core section, are 
presented. The section can be subdivided into three roughly 100 m thick compartments 
based on poroperm and mineralogical data. The overall permeability of the Emscher 
Formation ranges from K = 0.007 to 0.0007 mD using gas permeametry and porosimetry 
data. This research is vital in managing mine water rebound associated risks.
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Introduction
Since the end of 2018, the post-mining era 
was initiated in the former coal mining area 
of the Ruhr District (Germany). Important in 
the post-mining phase is the controlled rise 
of mine water level using submersible pumps 
and the reduction of mine water management 
sites from thirteen to six. Managing mine 
water sustainably takes into account the 
evaluation of hydraulic conductivity within 
the Upper Cretaceous overburden formation. 
The Formation acts as a geological hydraulic 
barrier protecting ground water aquifers, 
especially drinking water sources, from mine 
water (fig. 1). During active hard coal mining, 
mine workings were aerated and groundwater 
was pumped to a level below the workings. 
Now, in the post-mining era, the mine water 
level is at various depths in separate mine 
water provinces. To reduce costs and make 
mine water management more sustainable, 
the mine water level needs to be raised, 
thus reducing pump height. To ensure the 
protection of drinking water sources, a buffer 
zone of 150 m was established between the 
base of freshwater formations and the mine 
water level. (Jasnowski-Peters & Melchers 
2022). Maintaining underground water 

management infrastructure and integrating 
various water regions ensures that sections 
of the river Lippe remain free of mine water, 
which was historically used for unloading 
mine water. The primary goals of long 
term protective measures are to protect 
important drinking water sources for the 
region, minimize influence on surface water, 
and prevent inundation (Bezirksregierung 
Arnsberg 2023).

This work focuses on the scientific 
support of groundwater monitoring wells 
within the Upper Cretaceous overburden 
section, drilled in 2020 and commissioned 
by RAG AG for the project called “Tiefe 
Pegel”. Finally, the project aims to create 
a comprehensive hydrogeological model 
based on well data from “Tiefe Pegel” 
integrating various analyses (petrological, 
sedimentological, petrophysical, borehole 
geophysics, and hydraulic tests). The workflow 
aims to retrieve petrophysical properties like 
permeability and porosity for the entire well 
profile (Bohnsack et al. 2020). The role of clay 
mineralogy is highlighted in correlating with 
hydraulic conductivity, especially swelling 
clays like smectites (NAGRA 2002). Detailed 
clay mineral analyses are crucial for inferring 
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Figure 1 Geological cross section (A–B) of the Ruhr Area (modifi ed from Hahne & Schmidt)
 

permeability and ensuring correct calibration 
of borehole geophysical data. It involves 
mineralogical and sedimentological analyses 
of core samples and cuttings, resulting in 
quantitative determination of swelling clay 
minerals using the refi nement according to 
Rietveld (1967). Hence, a comprehensive 
petrological classifi cation can be achieved, 
providing robust core data on porosity and 
permeability, which were previously lacking.

Methods
An integrated workfl ow that leverages 
laboratory data from core samples extracted 
from wells was constructed. Core samples 
of the well of Pferdekamp 1 were analysed 
following standard core analyses protocols 
including porosimetry derived and measured 
permeability data. Th e well reached a total 
depth of 613 m. Th e top of the Emscher 
Formation was identifi ed with geophysical 

Figure 2 Core barrel from the monitoring well “Pferdekamp 1”, depth 480–485 m, showing Emscher 
Formation marls (GD NRW 2022)

 

gamma ray response at 463.65 m. Th e fi nal 
drilling depth was 780 m, including the base 
of the Emscher Formation at 622.00 meters. 
Core samples were collected every 5–10 m 
from a depth interval of 300 to 779.5 m.

Analyses included thin-section 
petrography using SEM-EDX and classical 
polarization microscopy using classifi cation 
scheme aft er Folk 1951; Dunham 1962; 
Embry & Klovan 1971, complemented by 
X-ray diff raction (XRD) analysis. For XRD, 
clay fractions (< 2 µm) were processed as 
air-dried, glycolated, and heated up to > 
550 °C samples (Moore & Reynolds 1997), 
while powder samples were measured 
with corundum as internal standard and 
quantifi ed via Rietveld refi nement analysis 
using the soft ware “Profex” (Doebelin & 
Kleeberg 2015) and the internal Database 
“COD” (Vaitkus et al. 2021). Th ereby, bulk 
XRD mineralogy was used to measure the 
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calcite content, while decarbonated samples 
where used to measure all other phases. The 
quantification was done by normalizing the 
calcite peaks with the decarbonated results. 
Grain size analyses for clay and silt fractions 
were conducted using a Sedigraph “Sedimat 
III” model by Micromeritics. Combined 
mineralogy and grain size analyses were 
used to classify the formation using the 
DIN 22015 protocol and define certain 
mineralogical compartments which were 
correlated with the air and porosimetry 
derived permeability analyses.

For porosity and permeability data, core 
plugs, 2.5 cm in length and diameter were 
drilled. Pore size distribution was determined 
using mercury intrusion porosimetry 
using an Autopore V9600 porosimeter by 
Micromeritics. It can measure low wettability 
and high surface tension, reaching mercury 
intrusion pressures up to 414 MPa which 
correspond to pore sizes as small as 3.6 nm, 
and up to 360 µm in diameter during extrusion 
to ambient pressures (Micromeritics 2017). 
The classical Katz and Thompson (1986) 
method was applied to derive permeability 
from porosimetry data. The Ultra-Perm 610 
(Corelab), using a helium/nitrogen (He/
N2) gas flow, measured air permeability 
with pressures up to 17 bar (1.7 MPa), 
achieving precision down to 0.001 mD 
with air permeametry (Core Lab 2022). 
Adjustment according Klinkenberg (1941) 
was used to convert air to fluid permeability.

In-situ data from hydraulic borehole 
tests and geophysical logs during drilling 
complete these analyses. The static geological 
model will integrate the petrological and 
petrophysical characterization. To enhance 
model precision and reliability, laboratory 
results are used to calibrate geophysical logs, 
including resistivity and gamma-ray logs and 
to construct a 1 D permeability log for each 
monitoring well.

Results
The mineralogy is dominated by calcite, 
quartz and clay minerals (smectite/illite/
muscovite) (fig. 3). The calcite content 
averages 43.7 wt.-%, making it the dominant 
mineralogical component in all samples. The 
calcite content shows a constant increase from 

400 m downwards, with the highest value 
measured in the deepest sample at 622.57 m, 
reaching 84.2 wt.-%. The XRD “amorphous” 
residue calculated using the internal standard 
averages 7 wt.-%. Quartz was the second 
most frequently measured component in the 
samples. It reached concentrations ranging 
between 32.6 wt.-% at 482.48 m and 4.7 
wt.-% at 622.57 m. Contemporary to calcite, 
quartz showed a reverse depth trend, with 
concentrations decreasing with increasing 
depth. The concentrations of clays including 
illite/muscovite and smectite also varied with 
depth, with the highest values being 12.6 wt.-% 
(at 502.50 m) and 23.4 wt.-% (at 562.50 m), 
respectively. Both components showed a 
general downward trend with increasing 
depth. Kaolinite/chlorite, pyrite, and rutile 
were present in considerably lower to trace 
amounts in the samples, with kaolinite/chlorite 
reaching a peak of 8.3 wt.-% at 402.49 m, 
while pyrite and rutile never exceeded 0.9 
wt.-% and 0.6 wt.-%, respectively. All three 
components showed a downward trend with 
increasing depth. Specifically, pyrite was 
scarcely detected below 372.47 m and rutile 
below 362.38 m. Opal-CT was only found in 
the topmost samples up to a depth of 304.50 m, 
making up 4.4 wt.-% of the sample (fig. 3). 
The dataset before normalization shows a 
clear increase in the smectite content and a 
slight increase in the illite/muscovite content 
throughout the core. The overall proportion of 
smectite and illite increased, while kaolinite/
chlorite and quartz showed a slight decrease. 
The textured samples have indicated that the 
mixed layers clay peak (smectite) is mostly 
montmorillonite with about 20–30 wt.-% 
of Illite. In the Pferdekamp borehole 1, DIN 
22015 classifies it mainly as silty clay marlstone 
with an average calcite content of 41.3 wt.-%, 
increasing with depth. Notably, between  
475 m and 482.48 m, an anti-correlation 
between particle sizes and mineral phases 
indicates a higher concentration of 
microquartz (< 2 µm) in the middle section.

Thin section analyses of the examined 
samples from the Pferdekamp 1 borehole 
revealed abundant nanofossils, including 
coccolithophorids and foraminifera of the 
genus Globigerinida, along with needle-
like structures identified as sclerites, sponge 
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Figure 3 Stratigraphy, macroscopic lithology, mineralogy, grain fractions and permeability (Air Permeametry 
and (KT) Katz-Th omson Method) of the monitoring well “Pferdekamp 1”

 

spicules. Prominent quartz grains exhibited 
sharp structures with smooth surfaces. 
Pyrite crystals, framboidal aggregates and 
euhedral ones, were also detected within 
biogenic structures. A substantial portion of 
the thin section is composed of calcite, which 
displays a characteristic color spectrum 
under polarized light, suggesting the 
presence of coccolith fragments. Th e rock 
can be classifi ed as biomikritic wackestone 
to packstone according to Folk and 
Dunham/Embry & Klovan classifi cations. 
Additionally, green minerals with a black 
core, identifi ed as glauconite using scanning 
electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) were 
observed. Th e samples also contained large 
areas of brownish clays where individual 
minerals couldn’t be diff erentiated. Pyrite, 
frequently found as framboidal pyrite with 
sizes up to less than 1 μm, was common. 

Th e rock’s visual porosity is low, with a 
substantial part being moldic porosity, here 
indicated by the blue colour of the stained 
thin section (fi g. 4).

Th e Emscher Formation exhibits an 
average porosity of Φ = 17.5 %, with pores 
averaging Lc = 0.03 µm in diameter. As 
depth increases, there is a slight reduction in 
porosity. Analysis of incremental intrusion 
versus pore size reveals a distinct bimodality 
within the 0.02–0.04 µm range for two 
representative plugs from the Emscher 
Formation, indicating two main pore sizes 
that are evenly distributed across the samples. 
In terms of permeability, the Emscher 
Formation shows an average value of 
K = 0.0025 md with air-permeametry and 
K = 0.0007 md with the Katz-Th ompson 
method. Th ere is also a slight decrease in 
permeability towards depth (fi g. 3).
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 Figure 4 Picture a and b: SEM BSD- pictures of the sample “Pferdekamp 1” (406.58 m–406.60 m) Picture c: 
Th in section of the sample “Pferdekamp 1” (308.7 m)

 

Conclusions
Th e Pferdekamp 1 well section consists of 
marly rocks, identifi ed mostly as biomikritic 
wackestone to packstone, displays intricate 
porosity characterized by fi ne to nanocrystal-
line elements and minimal visible porosity 
(fi g. 4). Based on the petrological fi ndings, 
the drilling of the well was divided into three 
distinct sections (fi g. 3). Th is segmentation 
was determined by variations in mineralogical 
and sedimentological characteristics, which 
directly infl uence the hydraulic permeability 
of each section. High smectite levels in the 
lower section resulted in reduced permeability, 
while the middle section’s enhanced quartz 
and microquartz content suggests slightly 
higher but still low permeability. Th e upper 
section’s lower calcite and quartz content 
points to even lower permeability, with a 
consistent clay presence throughout. Th e 
topmost section, with reduced MLC (mixed 
layerd clay) minerals and less mature mineral 
phases, is likely a weak fractured aquifer 
(fi g. 3). Th e ubiquitous quartz content leads to 
the Emscher formation’s substantial porosity, 
which holds methane gas pockets as major 
threat during drilling. Th e overall petrological 
results from this drill section indicate a low 
permeability of the formation. In addition, 
the presence of mixed-layered clay (MLC) 
enhances the potential for sealing tectonically 
induced pathways.

Th e Emscher Marl’s high porosity, at 
an average of Φ = 17.5 %, contrasts with 
its small average pore diameter of Lc = 0.03 
µm, leading to very low fl uid permeabilities 
in line with a “chalk” type petrophysical 
model. Th e bimodal distribution of pore 
volumes, especially in the 0.02–0.04 µm 
range, refl ects a complex pore structure 

potentially trapping mercury in the process 
of intrusion/extrusion, consistent with the 
Emscher Formation’s expected carbonate and 
siliciclastic composition.

Permeability within the Pferdekamp 
1 borehole shows a decreasing trend with 
depth. Using Bear (1972) classifi cation, both 
the measured (0.0025 mD) and calculated 
(0.0007 mD) permeabilities are classifi ed a – 
“tight,” i.e. comparable to unweathered clay 
or granite.

In conclusion, the formation’s mineralogy 
and grain size-based permeability correspond 
with the permeability measurements based 
on the Katz-Th ompsen and Klinkenberg 
adjustments. It gives a coherent picture of the 
formation’s hydrogeological properties at the 
core scale.

Outlook
Upcoming eff orts will involve additional core 
samples from the continuation of the “Tiefe 
Pegel” project’s drilling eff orts to build more 
groundwater monitoring wells applying 
this workfl ow. Th e hydrogeological model 
as the ultimate outcome of this project will 
incorporate petrological and petrophysical 
data in 3D to facilitate long-term predictions 
of fl uid behavior, particularly regarding the 
mine water rebound.
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