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ABSTRACT. In a case study of two wells from the Namur Synclinorium, the black shale-dominated Chokier Formation was analyzed 
for petrography, mineralogy and organic geochemistry. Thin section petrography revealed a different facies assemblage for each 
well and a total of six microfacies types. Whole rock mineralogical data largely confirms a facies-dependent mineral composition. 
All different microfacies types of locality 1 (MFT-1, laminated silty mudstone; MFT-2, laminated mud-clast-rich mudstone; MFT-3, 
calcareous bioclast-rich mudstone) and locality 2 (MFT-4, lenticular mudstone; MFT-5, burrow-mottled mudstone; MFT-6, burrowed 
silty laminated mudstone) show ample evidence of a distal shelf environment that is sourced by currents, which may be linked to 
seasonal (monsoonal) transport of sediment from land to sea. Erosive bedload transport is an important mechanism of sedimentation 
whereas accumulation by settling from the water column can be excluded for the majority of investigated strata. Frequently, endobenthic 
activity and other processes after deposition, e.g. winnowing and reworking, caused strong fabric modifications. Various, but simple 
ichnofabrics prove at least temporary dysoxic conditions as confirmed by relatively low TS/TOC ratios. With regard to sedimentary 
features, organic geochemistry data hints to organic matter preservation due to rapid burial rather than intense anoxity. Silicification is a 
widespread diagenetic feature independent from facies and locality. It is most likely linked to a high supply rate of terrestrially dissolved 
silica as indicated by SEM observations, paleogeographic constraints and sedimentary features.
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1. Introduction

The sediments of the Belgian Chokier Formation are 
predominantly marine mudstones and pro-delta shales that 
originated from the tectonically controlled drowning of an 
emerged karstified paleotopography (e.g. Dusar, 2006a, 2006b and 
references therein). The former landscape may be compared to the 
famous site in Ha Long Bay (Vietnam): paleotopographical highs 
prevented strong currents or waves to affect the sedimentary basin. 
Time equivalent organic-rich mudstone dominated successions of 
the NW European Carboniferous Basin (Kombrink et al., 2008) 
are the Upper Alum Shale Formation (Eisenberg Formation, 
Korn, 2006) (Germany), the Epen Formation/Geverik Member 
(Netherlands), and the Bowland Shale/Edale Shale Formations 
(United Kingdom). Recently, these deposits are considered as 
a potential target for unconventional hydrocarbon exploration 
and thus are experiencing more attention (e.g. Andrews, 2013; 
Ghanizadeh et al., 2013; Hartwig et al., 2010; Kerschke & 
Schultz, 2013; Könitzer et al., 2014; Littke et al., 2011; Maynard 
& Dunay, 1999; Uffmann et al., 2012; Van Hulten & Poty, 2008; 
Van Hulten, 2012). Apart from the study of Uffmann et al. (2012) 
and Ghanizadeh et al. (2013), scientific interest on the Chokier 
Formation has been long delayed.

While the sedimentology and mineralogy of paralic, coal-
bearing Namurian and Westphalian strata in Belgium are 
relatively well known (see Paproth et al., 1983; Dusar, 2006a 
and references therein), available information on the Chokier 
Formation, i.e. especially petrographic data, restrains on early 
studies of specific basal layers (Anten & Bellière, 1920; Bellière, 
1920). A subsurface facies analysis based upon geophysical 
wireline logs for the western Campine (northeastern Belgium) 
(Langenaeker & Dusar 1992) showed that the lower Namurian 
basin was frequently connected with an open marine environment 
and later turned into a delta-related system. Interestingly, first 
geochemical and mineralogical data illustrate similarities in 
terms of organic carbon content, maturity and silica content, to 
the Barnett Shale in Texas (Ghanizadeh et al., 2013; Uffmann et 
al., 2012).

By the example of two wells from the Namur Synclinorium 
in southern Belgium, this study presents the first stratified 

sedimentological data based on thin section petrography. Within 
the context of organic geochemistry and mineralogical data, we 
aim to characterize different rock types and to reconsider the 
depositional environment of this poorly documented mudstone 
succession.

2. Geological setting

In southern Belgium Namurian rocks crop out in various 
structural units. Within the Dinant Synclinorium, Namurian 
strata are known from the deepest synclines, i.e. “basins” in the 
Belgian literature (Clavier, Anhée, Florennes, and Assesse basin). 
Moreover, important (temporary) exposures are situated in the 
Haine-Sambre-Meuse Overturned Thrust Sheets (former southern 
limb of the Namur Synclinorium), the Brabant Parautochthon 
(former northern limb of the Namur Synclinorium) (Belanger et 
al., 2012) and the Vesdre area (Fig. 1). Likewise, Namurian strata 
are known from sub-surface of the Campine area (northeastern 
Belgium, summarized by Delmer et al., 2001) as part of the NW 
European paralic coal basin. The two cores presented within this 
study were drilled in the former ‘Namur Synclinorium’. Locality 
1 (Fig. 1) is situated in the Brabant Parautochthon, within the 
Andenne area. Locality 2 belongs to the Haine-Sambre-Meuse 
Overturned Thrust Sheets (HSM OTS in Fig. 1) west of Liège.

Within the ‘Namur Synclinorium’, the 20 to 40 m-thick 
Chokier Formation is devoid of coal-seams (Delmer et al., 
2001). Associated rocks are described as fissile and fossiliferous 
organic-rich shales, commonly referred as «ampélites» within 
classic Belgian literature (for summary see Dusar, 2006a, 2006b; 
Delmer et al., 2001). These shales are occasionally calcareous, 
aluniferous, and individual beds may be silicified («phtanites»). 
Thickness increases towards the South (Dinant Synclinorium) 
where first coal-seams are developed much earlier in the sequence 
(Bois-et-Borsu Member). Westward the Chokier Formation 
reaches up to 200 m in the Saint-Ghislain borehole (Mons area, 
westernmost part of the Namur Synclinorium) (Fig. 1) where it 
finally is laterally replaced by siliceous shales of the Gottignies 
Formation (Delmer et al., 2001). In the vicinity of Visé (Fig. 
1), the Chokier Formation overlays the uppermost Viséan to 
lowermost Namurian Souvré Formation that is dominated 
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by silicified limestones and shales (“phtanite” in the Belgian 
literature). The transition to the non-marine, coal-bearing, sandy 
deposits of the Andenne Formation is diachronous (Ancion & 
Van Leckwijck, 1947; Van Leckwijck & Stockmans, 1956). The 
boundary between these two formations is transitional (Fig. 2). 
The underlying Viséan limestones show an intense karstification 
caused by the late Viséan to early Namurian uplift during the 
Variscan Orogeny and the late Mississippian regression (Hance 
et al., 2001). Locally, e.g. in the Andenne area, karstification 
caused a strong paleorelief. Due to a tectonically controlled 
drowning of the emerged Brabant Massif during the Namurian 
this paleorelief was progressively flooded and paleokarstic 
depressions were filled with sediments of the Chokier Formation. 
Thus, the Namurian disconformably rests on Viséan strata with 
a variable gap. Locally, karstic depressions may be filled with 
3 to 5 meters of silty shales followed by high-energy crinoidal 
rudstones (c. 5 m) of the Tramaka Member (Devuyst et al., 2005). 
Due to this occurrence close to the base of the formation, and 
the paleokarstic features of underlying Viséan limestones, Poty 
et al. (2011) assumed a rather shallow environment for the basal 
Chokier Formation.

Except for the Tramaka Member, which is of Pendleian (E1) 
(Austin et al., 1974) or possibly lowermost Arnsbergian (E2a) 
age (Delmer et al., 2011), the Chokier Formation includes the 
Arnsbergian (E2 goniatite zone), Chokierian (H1) and rarely the 
Alportian (H2) stages (Delmer et al., 2001) (Fig. 2). The lower 
Namurian successions of our work has been biostratigraphically 
investigated within previous studies and provided a goniatite 
fauna indicating an E2 age (= Arnsbergian) for locality 1 (Van 
Leckwijck, 1964; Bouckaert, 1967; Bouckaert & Lambrecht, 
1967) and a H1 age (= Chokierian) for locality 2 (Bouckaert, 
1967; Gerrienne et al., 1999).

3. Material and Methods

Two cores, 33 m and 46 m thick, respectively, from the Namur 
Synclinorium were described at a 1:40 scale using WellCAD. 
Core description was emphasized on: lithology, rock color, 
grain-size, sedimentary structures, accessory minerals and fossil 
content. Carbonate content was tested using diluted hydrochloric 
acid (5% HCL). Silicification and physical parameters were 
estimated by scratching with a Starrett 70B scriber. Based 
upon this description main lithofacies were recognized and 
sampled for thin section petrography. After differentiation of 
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microfacies types, representative samples were analyzed for 
vitrinite reflectance, SEM, XRD, TOC and TS. Each analysis has 
been carried out on identical samples, respectively to ensure its 
affiliation to the particular microfacies type.

3.1 Petrography

Altogether 33 large (75 mm x 100 mm) thin sections from 17 
samples of locality 1 and 32 thin sections from 20 samples 
of locality 2 were examined by binocular and petrographic 
microscope. Stabilizing of fissile mudstones was achieved using 
epoxy resin (RECKLI-Injektionsharz EP) prior to slabbing and 
thin section preparation. Thin section samples were cut with 
a water-cooled diamond-saw. After drying (48 hours, 60°C) 
samples were polished with a mixture of grinding powder 
(silicon-carbide of 600 µm grain-size) and water. After drying 
again (48 hours, 60°C), samples were mounted (Araldite 2020) 
on glass plates. 72 hours later samples were ground down again to 
their final thickness. Neither ethanol nor oil was used.

SEM-samples were broken perpendicular to bedding and 
grinded prior to edge-milling (GATAN Ilion ion mill) in order to 
achieve a smooth sample surface. Uncoated samples were viewed 
on surfaces perpendicular to bedding by an electron microscope 
(FEI Quanta FEG 400) with EDS for mineral identification.

Vitrinite reflectance measurements were performed on 
polished sections. General information on vitrinite reflectance 
analysis and organic petrography are described by Taylor et 
al. (1998). Within our work we follow the protocol and the 
specifications for the laboratory conditions at RWTH Aachen 
University described by Sachse et al. (2011) and Littke et al. 
(2012). The microscope setup was calibrated with standards 
of known reflectances: yttrium–gallium–garnet (0.889%) 
and gadolinium–gallium–garnet (1.721%). A minimum of 50 
measurements per sample were performed to achieve statistically 
valid values. To reach this amount of data points for samples 
with insufficient amounts of vitrinites, reflectance values were 
calculated from measured bitumen reflectance data following the 
equation

VRr = (BRr+0.2443)/1.0495 from Schoenherr et al. (2007).

3.2 X-Ray Diffraction

One part of each sample was gently crushed and mixed with 30% 
acetic acid for three days. After calcitic cement dissolution, residual 
material was washed by centrifuging. To achieve a suspension of 
the clay fraction, distilled water and ammonia was added to the 
sample material and subsequently placed in an ultrasonic bath for 
30 minutes. The clay suspension was centrifuged to deposit the 
entire < 2 µm fraction, which was filtered onto unglazed ceramic 
tiles. Another part of the sample was powdered by a McCrone 
Micronising Mill. Industrial methylated spirits were used to 
minimize structural grinding damage. A few drops of the resulting 
slurry were dried on a silicon wafer.

The instrumental setup was a Siemens PSD X-ray 
diffractometer using Ni-filtered CuKα radiation. Clay tiles were 
scanned using a 0.02° step width, with 0.2 mm slits from 2 to 40° 
2θ. The tiles were scanned again after treating with glycol, after 
heating at 400°C for 4 hours, and after heating at 550°C, also for 
4 hours. The whole rock powder samples were scanned with a 
0.02° step width, and 0.2 mm slits, from 5 to 70° 2θ. 

The software Macdiff was used to deconvolute the peak areas. 
Relative mineral amounts where then calculated from the areas of 
their according peak areas in relation to measured standards of 
known compositions.

3.3 Total organic carbon (TOC) and total sulfur (TS)

Determination of the total organic carbon (TOC) was conducted 
with two different setups. The majority of samples were analyzed 
with a Leco SC-632 combustion oven after removal of carbonate 
using diluted HCl. The CO2 released by combustion of organic 
compounds was measured using an infrared detector. Based upon 
these measurements, the organic carbon content of samples was 
calculated.

Some additional samples were measured using an Elementar 
LiquiTOC II with a solid phase module. Untreated, crushed 

rock samples were used with this setup. CO2 concentrations 
from combustion of rock sample were measured by an infrared 
detector. Cross-checking TOC values of 3 samples measured on 
both setups showed very good accordance, i.e. a deviation of less 
than 5% for the results from the Leco SC-632 and the Elementar 
LiquiTOC II. Due to the preparatory procedures used in the 
different setups, total inorganic carbon from, e.g. calcite, could 
only be measured for the untreated samples.

Total sulfur (TS) analysis was performed on all samples 
with a Leco S200 combustion oven at a temperature of 1800°C 
under oxygen atmosphere. The released SO2 concentrations were 
recorded by an infrared detector.

4. Results and Discussion

4.1 Lithostratigraphy and Mudstone microfacies types of 
locality 1

The Chokier Formation exposed within the core of locality 
1 disconformably overlies mid-Viséan carbonates (oolithic 
grainstone and bioclastic packstone/floatstone) of the Seilles 
Member (Fig. 3A). The 2.8 m thick basal deposits of the Chokier 
Formation are composed of matrix supported breccia (argillaceous 
siltstone and limestone fragments), argillaceous siltstone and 
sandstone. With regard to their thickness and rubbled appearance 
within the core a certain anthropogenic influence, possibly due 
to abandoned mining in this area, is assumed. On top of this 
accumulation the Chokier Formation is composed of a 26.7 m 
thick heterogeneous mudstone dominated succession. The strata 
can be subdivided in two units. The lower unit (35.50 m – 25.16 
m) is dominated by silty mudstone followed by an upper unit 
(25.16 m – 8.80 m) dominated by dark mudstone and carbonate-
rich dark mudstone. Macrofossils are restricted to the upper unit 
and include common plant remains, e.g. Calamites, bivalves and 
goniatites.

Based on mineralogy, fabric and texture we have defined 
three mudstone facies types: i.e. laminated silty mudstone (MFT-
1); laminated mud-clast-rich mudstone (MFT-2); and calcareous 
bioclast-rich mudstone (MFT-3).
4.1.1 Laminated silty mudstone, MFT-1 (Fig. 4A; Fig. 4B; Fig. 8A)
This facies is characterized by a millimeter-scale alternation of 
graded clay/silt couplets. Boundary diffusion and sharp erosional 
contacts between individual laminae can be observed. Rare 
Planolites and vertical biodeformational structures up to 5mm in 
diameter (Fig. 4A) are the most conspicuous signs of infaunal 
activity. The latter, in some cases, cause a mottled fabric within 
some horizons. Common vertical biodeformational structures 
are differentiated from dewatering structures, which are another 
typical feature for the laminated silty mudstones facies by upward 
branching, vertical channels with a variable diameter (0.2 – 0.7 
mm) and a three-dimensional expansion seen in hand specimens. 
Fine dispersed authigenic pyrite crystals are common. In some 
cases, they are enriched in small lenses ranging from 0.3 mm to 
0.6 mm (Fig. 4B). The detrital silt grains, i.e. quartz and a few 
feldspars of MFT-1 are angular and poorly sorted (Fig. 4B). MFT-
1 is frequently silicified. Silicification is expressed by fine silt-
sized opaline silica crystals and silt to sand-sized detrital grains 
with authigenic silica overgrowth. Distribution within the matrix 
is homogeneous.

Interpretation. – A distal pro-delta setting that favors high 
input of fine siliciclastic material is regarded as the depositional 
environment for MFT-1. High sedimentation rates are witnessed 
by dewatering structures. They frequently disrupt alternating 
silt/clay laminae. Omnipresent boundary diffusion reflects 
cryptic bioturbation (Pemberton et al., 2008) and thus indicates 
meiofaunal activity under at least temporary dysoxic conditions 
immediately after deposition. Due to high sedimentation rates, 
time available for infaunal activity to destroy the primary 
fabric was insufficient. Moreover, rapid infaunal colonization is 
reflected by the presence of vertical biodeformational structures. 
They are generated within water-saturated, soupy sediments and 
show a characteristic indistinct outline (Wetzel, 1983; Wetzel & 
Uchmann, 1998). These conditions prevailed within a short time 
range shortly after deposition prior to subsequent expulsion by 
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Figure 3. Lithological pattern with corresponding mudstone facies types (see 4.1; 4.2) and TOC data of locality 1 (A) and locality 2 (B) (see 4.3). 
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Figure 4. Photomicrographs of mudstone microfacies types of locality 1. All views are perpendicular to bedding. A: Example of a laminated silty 
mudstone (MFT-1). Biodeformational structure indicated by dashed line indicates “soupy” conditions when the structure was generated (depth: 32.33 
m). B: Detail of A, showing high amount of fine detrital grains embedded in a clay-rich matrix. Note small dark lense (arrow) that is mainly composed 
of pyrite grains. C: Example of a laminated mud-clast-rich mudstone (MFT-2). Uppermost lamina showing basal lag (arrow), composed of fine detrital 
grains. Diffuse boundaries most likely are the result of infaunal activity (depth: 15.6 m). D: Detail of C. The detail shows numerous flattened and partially 
amalgamated silt/clay clasts (brownish) and a moderate amount of detrital grains. E: Example of a calcareous bioclast-rich mudstone (MFT-3). The 
faintly laminated fabric of this mudstone facies shows numerous flattened silt/clay-clasts (bright brown). Some fine calcareous bioclasts highlighted 
(arrows) (depth: 20.69 m) F: Detail of E highlights the poorly sorted brownish silt/clay-clasts within a clay rich matrix.

surcharge. In contrast, times of reduced sediment supply under 
low energy conditions are reflected by minor occurrences of 
Planolites burrows that require relatively firm substrates.

4.1.2 Laminated mud-clast-rich mudstone, MFT-2 (Fig. 4C; 
Fig. 4D; Fig. 8B)

This facies is characterized by a nearly lenticular fabric, caused 
by dense packing of poorly sorted silt/clay lenses. They are 
embedded within a clay-rich matrix (Fig. 4C). Well-developed fine 
lamination is the result of bedding parallel submillimeter-scale 
variations in the lense/matrix ratio. Rarely, very fine calcareous 

bioclasts, i.e. filamentous bivalve shells and bioclasts of uncertain 
origin can be observed. Thin silt laminae may separate layer 
contacts (Fig. 4C) and commonly show prominent boundary 
diffusion. Evidence of large burrowing organisms is lacking. In 
many cases, a minor to moderate silicification or dolomitization 
is developed. The latter is represented by one sample that shows 
well-developed fine silt-sized rhombohedral dolomite crystals 
embedded within a dark clay-rich matrix. Dolomite is dominated 
by Fe-dolomite (see 4.4). Silicification in thin section is expressed 
by homogeneous distributed fine-silt-sized opaline silica crystals 
and detrital grains that show silica overgrowth.
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Interpretation. − An accumulation due to erosive bedload 
transport is most likely for this facies rather than being largely 
settled from slow-moving currents or suspension. Erosive 
conditions are indicated by thin silt laminae that separate 
different layers. These laminae are the result from winnowing of 
the relatively silt-rich muddy sediment. The poorly sorted silt/
clay lenses in fact are highly flattened, mud-clasts. Flume studies 
show that these clasts are the result of intermittent erosion and 
bedload transport of water-saturated mud (Schieber et al., 2010). 
They can be found within other mudstone facies types of the 
Chokier Formation as well (see 4.1.3; 4.2.1). Regarding the very 
fine lamination, which is a result of erosive bottom currents, 
variations in the clast/matrix ratio reflect fine-scaled reworking or 
winnowing of material. However, changing flow velocities and 
corresponding changes in sediment load may also have influenced 
the fabric. Minimum oxygen content is supported by diffuse 
lamination, caused by meiofaunal activity, e.g. nematodes.

4.1.3 Calcareous bioclast-rich mudstone, MFT-3 (Fig. 4E; Fig. 4F)

A moderate amount of flattened, light colored, silt/clay lenses 
and a minor to moderate content of fine calcareous bioclasts 
within a clay-rich matrix (Fig. 4E) characterizes MFT-3. Fossil 
components include disarticulated, thin-shelled ostracodes and 
bivalves. Minor amounts of dispersed fine silt-sized angular 
quartz grains can be observed within this facies. In some cases, 
bioclasts are arranged in thin layers, which commonly show 
lamina disruption. Parallel arrangement of poorly sorted lenses 
that are composed of a mixture of silt and clay results in a faintly 
to indistinct laminated fabric (Fig. 4F). MFT-3 may be similar 
to the likewise lense-bearing MFT-2. However, MFT-3 shows a 
significantly lower amount of lenses. Despite the well-developed 
lamination, main features that separate MFT-2 from MFT-3 are 
(1) the denser packed lenses, (2) a slightly elevated silt-sized 
quartz content (Fig. 4D), and (3) a significantly lower amount of 
fine bioclasts that are never arranged in laminae.

Interpretation. − Observed sedimentary features are consistent 
with deposition by turbidity currents occurring at great distances 
from the sediment source (Piper & Stow 1991). In these deeper 
and more distal areas, most of the coarser grained material had 
dropped out of the flow, leaving only very fine-grained sediment 
and components of low volumic mass, e.g. water-saturated mud-
clasts and thin-shelled fossils. The relatively high amount of fine-
grained bioclasts within MFT-3 has been derived from adjacent 
shallow marine settings and upper-slope settings. Disarticulation 
and fragmentation of fossil components underlines exclusion 
of deposition by pelagic rain. The poorly sorted silt/clay 
lenses are transported mud-clasts (see 4.1.2) and indicate a 
certain flow regime as well. Lamina disruption of intercalated 
bioclastic laminae and the faintly laminated fabric is the result 
of bioturbation. Concluding that this indicates infaunal activity 
under a dysoxic regime, MFT-3 witnesses a distal, current-driven 
deposition. It may be linked to seasonal transport of sediment 
washed away from the land surface to sea, and subsequent fabric 
modifications by infaunal activity.

4.2 Lithostratigraphy and Mudstone microfacies types of locality 2

The Chokier Formation exposed within the core of locality 2 
disconformably overlies mid-Viséan carbonates (brachiopod-
rich floatstone) of the Seilles Member (Fig. 3B). On top of a 5 
cm thick bed of matrix supported basal breccia (limestone and 
partly reddened sandstone fragments), the Chokier Formation is 
composed of a 39 m thick heterogeneous mudstone succession. 
It can be separated in two units. The lower unit is dominated by 
dark mudstone (141.00 m – 124.18 m), the upper unit (124.18 
m – 102.0 m) by gray silty mudstone and argillaceous sandstone. 
Macrofossils are rare and restricted to small plant fragments and 
bivalves. 

Based on mineralogy, fabric and texture we have defined 
three mudstone facies types: i.e. lenticular mudstone (MFT-4); 
burrow-mottled mudstone (MFT-5); and burrowed silty laminated 
mudstone (MFT-6).

4.2.1 Lenticular mudstone, MFT-4 (Fig. 5A; Fig. 5B; Fig. 8C)

A moderate to high amount of light colored and poorly sorted 
silt/clay lenses within a clay-rich matrix characterizes this 

facies (Fig. 5A). The lense/matrix ratio is alternating within 
a bedding parallel millimeter to centimeter-scale and results 
in a well-developed lamination (Fig. 5B). Lower and upper 
boundaries are either diffuse or sharp. A minor amount of fine 
detrital quartz silt is evenly dispersed throughout every layer 
and never shows enrichments within lamina. Fossil content is 
represented by moderate amounts of agglutinated foraminifera. 
They are restricted to clay-rich laminae that commonly show 
a homogenized fabric. The majority of shells are unbroken, 
diagenetically compressed and pyrite-filled. In some cases, 
horizons are enriched with pyrite aggregates (0.2 – 2.0 cm) that 
always show differential compaction.

Interpretation. – Comparable to MFT-2, MFT-4 is highly 
influenced by erosion and bedload transport of mud. Erosion is 
reflected, among others, by sharp surfaces that scour into the 
underlying lithology (see Fig. 5A). Moreover, erosion of soft 
mud and subsequent bedload transport is reflected by numerous 
silt/clay clasts (see Schieber et al., 2010). Their deposition, 
diagenetic compaction and dense packing cause the lenticular 
fabric (Schieber et al., 2010), which characterizes MFT-4. In 
contrast to MFT-2, it shows significantly more clasts. Examples of 
lenticular mudstone fabric are known from Proterozoic (Banerjee 
et al., 2006; Schieber et al., 2007), Paleozoic (Davies et al., 2012; 
Gabbott et al., 2010; Könitzer et al., 2014), Mesozoic (Macquaker 
et al., 2010; Trabucho-Alexandre et al., 2012) and Cenozoic 
(Schieber et al., 2007) successions. Thus, it is a common feature 
within fine-grained systems. Reproduction of lenticular mudstone 
fabric under laboratory conditions was achieved by flume 
studies (Schieber et al., 2010) and proves the existence of a flow 
influenced regime. Bedding parallel variations in the clast/matrix 
ratio are caused by changing flow velocities and sediment load. 
Extensive transport is excluded for the clay-rich laminae. They 
are regarded as deposits that settled from slow-moving currents 
that are too slow to transport silt/clay clasts, or from suspension. 
These times of reduced sediment supply provided enough time for 
infaunal colonization (compare 4.1.1). The common occurrence 
of unbroken benthic agglutinated foraminifera within those 
homogenized clay-rich laminae indicates an in-situ embedding 
under minimum oxygen conditions. This is supported by the fact 
that agglutinated foraminifera have been reported from several 
dysoxic black shale accumulations (e.g. Macquaker et al., 2010; 
Milliken et al., 2007; Nyhuis et al., submitted; Schieber, 2009). 
However, the majority of MFT-4 lacks homogenized clay-rich 
laminae, and is influenced by mud-clast loaded currents. They 
winnowed and eroded the underlying sediment, leaving sharp, 
scouring boundaries and an overall lenticular fabric (see Fig. 
5A, Fig. 5B). Short periods of infaunal activity by soft bodied 
organisms adapted to quasi-anoxic conditions, caused the 
observed boundary diffusion.

4.2.2 Burrow-mottled mudstone, MFT-5 (Fig. 5C; Fig. 5D)

This facies is characterized by a clay-rich mottled fabric. 
Planolites and vertical burrows are common features of infaunal 
activity. Burrow fills show a different contrast and are commonly 
finer than the surrounding sediment (Fig. 5C). Internal fabric is 
homogeneous and Planolites in particular may be enhanced by 
a contrast-rich pyritization of its sediment fill. In some cases, 
indistinct lamination is indicated by slightly coarser and brighter 
layers (Fig. 5C). These layers essentially show disruption of 
laminae, erosive boundaries and a homogeneous internal fabric. 
Mineral composition and faunal content of MFT-5 is comparable 
to MFT-4 (see 4.2.1). Likewise, it shows minor amounts of fine 
detrital quartz silt, pyrite aggregates and pyrite-filled shells of 
complete agglutinated foraminifera (Fig. 5D) that occur more 
abundantly than in MFT-4.

Interpretation. – The characteristic mottled fabric of MFT-5 
is the result of intense bioturbation of MFT-4 in times of reduced 
sediment supply and increased oxygen conditions. As already 
illustrated for MFT-4 and MFT-1, time is a limiting factor for 
infaunal activity within current-influenced environments because 
the extent sedimentary structure is altered depends on the ratio 
of biological mixing rate to sediment accumulation rate (Blatt, 
1992). Thus, a lowered sediment supply provides sufficient time 
for burrowing organisms to colonize the seafloor and modify 
the fabric. Moreover, the abundant occurrence of agglutinated 
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Figure 5. Photomicrographs of mudstone microfacies types of locality 2. All views are perpendicular to bedding. Bright linear voids are preparation 
artefacts. A: Example of a lenticular mudstone (MFT-4), showing a faintly laminated fabric. Dashed line indicates position of a slightly undulating 
erosional surface that scours into the underlying lithology (depth: 140.6 m). B: Another example of MFT-4. Note the dense packing of lenses that are 
conspicuously larger than in A (depth: 132.66 m). C: Example of a burrow-mottled mudstone (MFT-5) with agglutinated foraminifera, some highlighted 
by arrows. The black spots in the upper left and lower right are pyritized burrows. Note layered sedimentary fabric prior to complete destruction by 
burrowing and disruption of laminae throughout (depth: 128.4 m). D: Detail of C, showing a pyrite-filled, diagenetically broken benthic agglutinated 
foraminifer that are abundant within this sample. E: Example of a burrowed silty mudstone (MFT-6). The laminated fabric is cut by a Teichichnus trace 
(arrow) (depth: 114.54 m). F: Fine-grained sandstone layer on top of a mudstone of MFT-6. Note ball & pillow structures and loading at the base of the 
sandstone layer (arrows) (depth: 111.74 m).

foraminifera within MFT-5 and the trace fossil assemblage, i.e. 
Planolites and vertical burrows, reflect a setting under at least 
dysoxic conditions. Horizons that show a fabric prior to complete 
bioturbation, i.e. indistinct lamination, require some consideration. 
These indistinct laminae lack any flattened silt/clay clasts, a 
characteristic feature of MFT-4. Consequently, the indistinct and 
homogenized laminae do not reflect any primary fabric of MFT-4. 
Regarding the homogenized fabric and the intense bioturbation 
within MFT-5 they apparently resemble completely bioturbated 
and redeposited sediment. The apparent similarities of MFT-5 

to MFT-4 in biogenic and non-biogenic components show that 
both facies types partly comprise a common genetic history. 
With regard to their small-scale alternation within the observed 
core (see Fig. 3B), MFT-5 represents conditions after invasion 
of MFT-4 by burrowing organisms in times of increased oxygen 
concentrations and reduced sediment accumulation rates. Apart 
from data obtained by thin section petrography, this is supported 
by different TS/TOC ratios and similar whole rock mineral 
composition (see 4.3.2; 4.4.2).
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4.2.3 Burrowed silty laminated mudstone, MFT-6 (Fig. 5E; Fig. 5F; 
Fig. 8D)
This facies is characterized by alternating silt- and clay-rich 
laminae that are cut by infaunal deposit feeding structures (Fig. 
5E). It usually is interbedded with thin cross-laminated silt laminae 
that may show slump-like, soft-sediment deformational structures. 
The fabric is diverse and ranges from well-laminated to burrow-
mottled. Burrow-mottled fabric of silt-rich horizons shows clay-
filled Planolites burrows. Burrows within well-laminated clay-
rich horizons are represented by Planolites and Teichichnus. The 
latter shows characteristic curved spreiten arrangement that are 
pronounced by spreiten-parallel silt-enrichment (Fig. 5E). Apart 
from these well-visible traces, the simple, low diverse trace-fossil 
suite commonly consists of diffuse lamination and disruption of 
laminae. Fossils are restricted to a single finding of a broken and 
clay-filled agglutinated foraminifer. The burrowed silty mudstone 
facies is frequently intercalated with fine grained argillaceous 
sandstones layers. Their thickness is highly variable and ranges 
from centimeter to decimeter scale. Characteristically, they contain 
a minor content of very fine calcareous debris. Basal scouring and 
ball-and-pillow structures are observed at contacts to underlying 
clay-rich horizons (Fig. 5F). Internally, the sandstone layers may 
show slump-like, soft-sediment deformational structures that 
cause a flasery appearance.

Interpretation. – This facies is the result of event deposition 
under relatively oxic conditions. Cross-laminated silt layers within 
clay-rich sections indicate bedload transport by migrating silt 
ripples. In contrast, dominance of ripple-free, thick argillaceous 
sandstone layers reflects a different depositional mechanism. 
Ball-and-pillow structures rather indicate rapid deposition by 
single sheds than bedload transport. According to Knaust (2002) 
rapid loading and subsequent dewatering due to deposition of 
turbidites is a common process. Considering the predominance 
of highly water saturated soft substrate they provoke formation 
of ball-and-pillow structures. Lamina diffusion and disruption 
of laminae are caused by infaunal activity. Moreover, benthic 
colonization by larger organisms is reflected by simple sediment 
feeding structures such as Planolites and Teichichnus. Both are 
common trace fossils of mudstones (Wetzel & Uchmann, 1998). 
Planolites, whose tracemaker uses oxygen from pore water, 
indicates oxygenated sediments in shallower tiers (Rodríguez-
Tovar & Uchman, 2010). In addition, Teichichnus, a rapidly 
adjusted structure (MacEachern et al., 2009) indicates events 
of high-energy sediment accumulation (Hovikoski et al., 2008; 
MacEachern et al., 2009) and is in need of minimum oxygen 
content as well. As a representative of the Cruziana ichnofacies 
(Seilacher, 1967) it commonly occurs in mid and distal 
environments below normal wave base. Comparable to MFT-5 
(see 4.2.2) sediment accumulation rates were highly variable. 

This is expressed in a variable biogenic fabric modification 
and underlines the episodic sedimentary input: due to reduced 
sediment accumulation rate (Blatt, 1992) time was sufficient to 
destroy the primary fabric, which ends up in a mottled fabric 
within clay-dominated horizons. Deposits that reflect increased 
sedimentation rates lack those modifications due to rapid burial 
of endobenthic fauna.

Considering the sedimentary features and the high amount 
of coarse grained intercalations, i.e. argillaceous sandstones (see 
Fig. 3B), a delta related system though still distal, is assumed for 
MFT-6. With regard to the episodic nature of the sediment input a 
seasonal (monsoonal) influence is most likely. The dominance of 
MFT-6 in the upper part of locality 2, which has a Chokierian age, 
might reflect the gradual transition to the paralic and coal-bearing 
Andenne Formation.

4.3 Organic Geochemistry

The elemental organic geochemical analyses of the two cores 
reveal significantly different characteristics for each locality in 
terms of organic carbon content (TOC). Overall, the samples from 
locality 1 show a wide distribution of TOC values ranging from 
1.2% to over 5.6%. Highest TOC values correlate with occurrence 
of goniatites that in turn correlate with occurrence of MFT-2 and 
MFT-3 (Fig. 3A). Goniatites indicate fully marine conditions that 
are the result of high sea level, which favors enhanced organic 
matter productivity and lowered sedimentation rates. This leads 
to TOC accumulation by reduced dilution of siliciclastic material. 
The samples from locality 2 show a more uniform pattern across 
the sampled interval with values from 0.6% to 2.2% with an 
average of 1.1% TOC (Fig. 3B). 

Large excursions of vitrinite reflectance values (see Muchez 
et al., 1987) have not been observed and both sample suites 
show high values of 2.2% on average for the samples of locality 
1 and 2.0% for locality 2. Considering these values and by 
assuming that the Chokier Formation is a marine, type II source 
rock (due to organic petrographical and elemental geochemical 
features, see Uffmann et al., 2012), it can be suggested that half 
of the organic carbon was lost due to maturation, hydrocarbon 
generation and expulsion (Uffmann et al., 2012). Such a loss 
in TOC due to maturation is well known from the Posidonia 
shale, which is a Toarcian marine source rock comprising type II 
kerogen (Rullkötter et al., 1988). The assumed type II source rock 
characteristics for the Chokier Formation include that marine 
planktonic and bacterial remains are the source of organic matter. 
However, terrestrial input (plant remains) have contributed 
certain proportions of organic matter as well.

To assess TOC contents during deposition in relation to 
normal marine conditions (Berner, 1984), the measured TOC 
contents have been multiplied by a factor of 2 (Fig. 6).
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Figure 6. Total sulfur (TS) 
versus total organic carbon 
(TOC) (multiplied by 2) 
contents for the different 
mudstone facies types 
(“normal marine” line after 
Berner, 1984). See 4.3 for 
details.
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The total sulfur (TS) values vary in accordance to the TOC 
contents with the same trends within the succession of locality 
1. These values range between 1.4% and 4.9% TS. For locality 
2, the results from total sulfur analyses show distinct suites with 
generally low values of around 0.5% in the upper half of the 
succession and very high values of up to 7.7% in the lowermost 
intervals. 

The total organic carbon and total sulfur contents strongly 
depend on the lithological framework and oxygenation state 
during deposition (Tourtelot, 1979; Berner, 1984). Under normal 
conditions, TS contents of sediments are buffered by the amount 
of lead TOC, resulting in a strong correlation between TS and 
TOC. TS values varying from this correlation line are either 
enriched or depleted in sulfur. High amounts of sulfur are linked 
to bacterial sulfate reduction due to dysoxic to anoxic conditions, 
while sulfur depletion hints to high oxygenation stages. This 
causes the biodegradation of organic matter. Therefore, each 
microfacies type described above show characteristic TS/TOC 
ratios (Fig. 6). For locality 2, the geochemical fingerprints are 
more diverse in relation to those from the material of locality 1.
4.3.1 Organic geochemical facies characteristics of locality 1
MFT-1 is geochemically characterized by mediocre TOC and 
TS values, showing TS/TOC ratios of around 1.0 and generally 
low TOC values. Although anoxicity is inferred from Fig. 6, 
findings of cryptic bioturbation partly object this assumption (see 
4.1.1). Nevertheless, it is assumed that dysoxic conditions have 
established shortly after deposition due to high sedimentation rates 
and rapid burial, leading to increased TS resulting from bacterial 
sulfate reduction. These high sulfur contents are underlined by 
findings of up to 5% pyrite in the XRD measurements.

Generally dysoxic conditions are assumed for MFT-2 due to 
varying TOC contents but generally high TS content. The TS/
TOC ratios scatter around 1.0 leading to the interpretation of 
bacterial sulfate reduction buffered by the amount of organic 
matter input. The scarcity of burrowing benthic organisms 
supports this observation (compare 4.1.2). Higher pyrite contents 
(up to 11%) than those of MFT-1 also hint to a high activity of 
sulfate reducing bacteria.

MFT-3 shows distinct features of bioturbation, leading to 
the interpretation of dysoxic or higher oxygenated stages for the 
uppermost sedimentary column (see 4.1.3). The geochemical data 
reveal oxygen depleted states prevailing after the deposition due 
to the highest TOC and TS values in the succession, although TS/
TOC ratios are partly as low as 0.7. With regard to sedimentary 
features, TS/TOC ratios hint to organic matter preservation due 
to rapid burial. Thus, organic matter preservation is assumed to 
be linked with sedimentation rate, rather than extensive anoxicity.
4.3.2 Organic geochemical facies characteristics of locality 2
MFT-4 shows very high TS/TOC ratios, indicative for extensive 
dysoxic to anoxic conditions, although TOC contents are only 
moderate. Such high TS contents hint to oxygen depletion in the 
lowermost water column above the sediment surface. A quite 
large scatter in TS/TOC ratios is underlined by varying findings 
of 2 up to 11% pyrite in the XRD measurement, leading to the 
suggestion of alternating oxygenation stages, supported by thin 
section petrography (see 4.2.1). 

MFT-5 nearly resembles the geochemical signal from MFT-4. 
Occasionally the system turned completely oxic, as inferred by 
few very low TS/TOC ratios and a large scatter of pyrite from 
0 up to 9%. Considering the small scaled alternation of MFT-
4 and MFT-5 (Fig. 3B) these changes in oxicity gain significant 
importance in terms of biota and fabric (see 4.2.1; 4.2.2). 

MFT-6 represents the most oxygenated geochemical 
microfacies type of the investigated Chokier Formation. As 
inferred from thin section petrography (see 4.2.3), these sediments 
were deposited during events with high sedimentation rates. 
As Berner (1984) states, such events are one of the processes 
to introduce oxygen into the sedimentary column, reflected 
by the low TS/TOC ratios for this microfacies type in Fig. 6. 
Nevertheless, initial TOC contents for this microfacies type are 
moderate (ca. 2%), hinting to organic matter preservation due to 
high sedimentation rates.

4.4 Mineralogy

The mineralogical data obtained in this work are depicted in a 
ternary diagram, which effectively shows a clustering of data 
points (Fig. 7). Like organic geochemical composition (see 4.3), 

samples from locality 1 show characteristic mineralogical features 
that are significantly different from the samples of locality 2.
4.4.1 Mineralogical facies characteristics of locality 1
MFT-1 is dominated by an unusually high quartz content of up 
to 90% and an average value of 76%. Furthermore, this facies 
type is characterized by generally low carbonate contents (< 
3%) and varying clay contents (Fig. 7). The clay composition 
consists mainly of illite/mica and chlorite values are low (< 3%). 
Smectites were not identified, suggesting the high maturity of the 
samples. The minor amount of carbonates found in the sample 
is mainly siderite (c. 1%) with traces of calcite. The high quartz 
contents of this microfacies type cannot be solely explained by 
high input of detrital material. Secondary precipitation of silica 
from pore waters or input of biogenic silica is probable (Uffmann 
et al., 2012). A discussion on the origin of secondary silica is 
given in chapter 4.5.

In contrast to MFT-1, the mineralogy of MFT-2 shows higher 
amounts of illite and mica, accounting for over 40% of the sample. 
In this microfacies, quartz contents are relatively low with 50% 
and less. Carbonate content in these samples are absent with the 
exception of a dolomitized sample with 69% Fe-dolomite (see 
Fig. 7).

The only XRD sample of a representative for MFT-3 shows 
the same mineralogical composition with the exception of up 
to 10% calcite originating from bioclasts (see 4.1.3). Due to 
the changing amounts of calcareous bioclasts observed within 
petrographic thin sections of MFT-3 (see 4.1.3), it has to be noted 
that this sample is not representative for the mineralogical facies 
characteristics of MFT-3.
4.4.2 Mineralogical facies characteristics of locality 2
While MFT-4 and MFT-5 show differences in microfacies 
analysis (see 4.2.2) and elemental organic geochemistry (see 
4.3.2), the mineralogical composition of these microfacies types 
is the same (Fig. 7). Both microfacies types show clay and mica 
contents of over 60%, the highest values of all microfacies 
observed. Additionally, while the samples from locality 1 have 
low amounts of chlorite (< 3%); MFT-4 and MFT-5 contain 
increased, but varying amounts of chlorite (5 – 19%). Very small 
contents of siderite (c. 1%) constitute the carbonate fraction of 
these facies types. 

The mineralogical composition of MFT-6 generally resembles 
the one of MFT-2 from locality 1. Differences are seen within the 

MFT-1 MFT-2 MFT-3 MFT-4 MFT-5 MFT-6
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Figure 7. Bulk mineralogy of the different mudstone facies types 
according to XRD data. See 4.4 for explanations.
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carbonate fraction that consists of siderite and calcite constituting 
up to 8% of the total rock mineralogical composition. Moreover, 
within MFT-6, the moderate clay contents are equally distributed 
between illite/mica and chlorite while the clay fraction of MFT-
2 almost exclusively consists of illite/mica. With regard to the 
high maturity of the samples, a diagenetic origin of this chlorite 
(Jennings & Thompson, 1986) may be assumed, but is unlikely 
because there is no relevant evidence given by SEM observations. 
In addition, all samples of higher maturity from locality 1 show 
very low amounts of chlorite, leading to the assumption that the 
majority of chlorite at locality 2 is of detrital origin as well. 

4.5 Effects of diagenesis on mineral assemblage

Due to the suspiciously high quartz mineral values obtained 
from XRD of the different mudstone facies types, especially 
for locality 1, selected mudstone samples from both localities 
were investigated by SEM (Fig. 8). Results show that all 
mudstones, independent from facies, are influenced by secondary 
silica formation. In the case of apparently silicified samples 
(“phtanites”), authigenic silica formation likewise comprises 
components and matrix. Authigenic silica growth of mudstones 
that lacks a strong macroscopic silicification is expressed by a 
zoned overgrowth of detrital quartz grains, independent from 
grain-size. These observations show that interpreting XRD 
results without further information may lead to an overestimation 
of detrital quartz content. However, the question of the authigenic 
silica source still remains.

Silica dissolution and re-precipitation of quartz grains by 
acidic pore waters can be excluded because the nucleus of silica-
overgrown grains still shows an angular and thus uninfluenced 
appearance, typical for detrital grains. Within marginal basin 

settings, i.e. the Chokier Formation, terrigenous clastic deposition 
dominates and biogenic silica will be of little consequence for the 
total sediment budget (Schieber et al., 2000). 

In situ quartz silt formation within organic-walled casings 
(e.g. algal cysts; spore casings) that served as a mold for silica 
precipitation has been observed only once within the investigated 
mudstones (Fig. 8B). Schieber et al. (2000) claimed a biogenic 
source for “in situ” quartz silt formation. Although silica of 
biogenic origin has been observed on specific levels in the basal 
Chokier Formation (Bellière, 1920) we do not have any proof of 
relevant fossil specimens, e.g. radiolarians and sponge spicules 
in our material neither by thin section petrography nor by SEM. 
Thus, the source of silica remains obscure. According Laschet 
(1984) a high supply rate of terrestrially dissolved silica to 
oceans can explain the formation of silica-rich pore waters and 
corresponding formation of siliceous deposits, as well as the 
silicification processes in unconsolidated sedimentary rocks. A 
high supply rate of terrestrially dissolved silica to oceans may be 
explained by the drowning karst topography that was covered by 
acidic soils.

5. Conclusions

By the example of two wells from the Namur Synclinorium 
six mudstone facies types could be identified for the Chokier 
Formation. The facies types of locality 1 (MFT-1, laminated 
silty mudstone; MFT-2, laminated mud-clast-rich mudstone; 
MFT-3, calcareous bioclast-rich mudstone) and locality 2 (MFT-
4, lenticular mudstone; MFT-5, burrow-mottled mudstone; 
MFT-6, burrowed silty laminated mudstone) comprise common 
sedimentary features indicating a paleoenvironment that is 
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Figure 8. Examples of authigenic silica formation seen under SEM for locality 1 (A; B) and locality 2 (C; D). A: Example of a laminated silty mudstone 
(MFT-1) (see 4.1.1) with a high amount of authigenic silica. Note authigenic silica within amorphous organic matter-filled pore space (aom). B: Example 
of a laminated mud-clast-rich mudstone (MFT-2) (see 4.1.2) showing in-situ silica formation within two organic-walled casings (dashed lines). C: 
Example of a lenticular mudstone (MFT-4) (see 4.2.1) with diagenetic silica growth around detrital quartz grains. D: Structured organic matter (som) 
within a matrix of a burrowed silty laminated mudstone (MFT-6) (see 4.2.3) that is rich in detrital quartz, overgrown by thin layers of diagenetic silica.
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assumed to be mainly sourced by erosive bedload. Accumulation 
by settling from the water column is of minor importance.

Various, but simple ichnofabrics show that oxygen conditions 
were highly variable and certain benthic colonization by soft-
bodied organism that lack a calcitic shell was, at least temporarily 
favored. This is in very good accordance with TS/TOC ratios. 
Especially lower TS/TOC ratios confirm a (temporary) 
oxygenated seafloor for MFT-5 and the silt-rich MFT-6. The latter 
is restricted to the upper unit of locality 2 and is assumed to reflect 
the transition to the overlying paralic and coal-bearing Andenne 
Formation.

Organic matter preservation most likely is linked with 
high sedimentation rates, rather than extensive anoxicity. In 
contrast, highest TOC values, observed in locality 1 correlate 
with occurrence of MFT-2 and MFT-3 that in turn correlate with 
occurrence of goniatites. This might indicate a high sea level 
under fully marine conditions and TOC accumulation by reduced 
dilution of siliciclastic material due to lowered sedimentation 
rates and enhanced organic matter productivity. Apart from the 
high marine organic matter input, a certain terrestrial contribution 
(plant remains) is most likely.

SEM observations and sedimentary features show that 
silicification is possibly linked to a high supply rate of terrestrially 
dissolved silica. Biogenic silica is of minor importance. Although 
silicification is highly variable and independent from facies, it is 
a ubiquitous feature for the mudstones of the Chokier Formation, 
especially for locality 1. This demonstrates the necessity of a 
multidisciplinary approach for correct interpretation of quartz 
content obtained by XRD.

Facies assemblage of both localities is different and comprises 
also distinct features in elemental organic geochemistry and 
mineralogy. In particular, larger grain-sizes, significantly reduced 
amount of calcareous material, increased amount of detrital 
accumulations, i.e. sand- and siltstones, and high chlorite values 
hint to substantially different sediment sources or depositional 
mechanisms for locality 2. These features suggest that locality 2 
was relatively more proximal compared to locality 1. Regarding 
the Arnsbergian age of locality 1 and the younger Chokierian age 
of locality 2, the distal to proximal depositional scenario may 
reflect a gradual facies development through time.

Due to the local occurrence of high-energy shallow-water 
crinoidal rudstone (Tramaka Member) close to the base of the 
formation and the paleokarstic features of underlying Viséan 
limestones a rather shallow environment for the basal Chokier 
Formation, i.e. locality 1 is assumed. Although the uppermost 
part, i.e. locality 2 apparently reflects a quite shallow depositional 
environment, especially with regard to a gradual transition to 
overlying coal bearing strata, a distal shelf environment below 
storm wave base seems to be realistic for the main part of the 
investigated Chokier Formation. Considering the paleotopography 
of a sea invading the land in between topographic highs, and the 
island (or peninsula) character of the proximal land, even wave 
action would be negligible. This leads to the assumption that the 
observed rapid accumulation of terrigenous clastic deposits to sea 
is linked to seasonal (monsoonal) transport.
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