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ABSTRACT KEYWORDS

The red beds of the Buntsandstein (Early Triassic) in the Campine Basin (NE Belgium) display sedimentology,
porosities between 5.3-20.2% (average 13.7%) and permeabilities varying between 0.02— diagenesis,

296.4 mD (average 38.7 mD). Knowledge of their reservoir controlling properties, which today reservoir properties,
are missing, is important in view of potential geological storage of CO, or natural gas and clay rims,
geothermal reservoir potential within these sandstones. Therefore the effects of diagenesis dissolution,

were assessed based on petrography, stable isotope analyses, fluid inclusion compaction
microthermometry, X-ray diffraction, electron microprobe and porosity-permeability core

analyses.

These sandstones were deposited by a dryland river system, in a warm, mostly arid climate
with episodic rainfall and high evaporation rates. During wetter periods especially feldspars
were dissolved. Strong evaporation during dry periods led to reprecipitation of the dissolved
species as K-feldspar and quartz overgrowths, smectite and calcite/dolomite. Sediment
reworking resulted in framework grains becoming clay coated. The clay coats are better
developed in finer than in coarser grained sediments. The original smectite composing the
rims converted to illite during burial. The tangential orientation of the clay platelets in the
rims led to illite-mica-induced dissolution of quartz during burial/compaction, which is
manifested as bedding parallel dissolution seams that are filled with clays and micas,
especially in the fine-grained sandstone/siltstone/claystone. These constitute important
barriers to the vertical flow within the reservoir. The released silica did not really affect the
red sandstones but was exported (often on mm to cm scale) to nearby bleached horizons,
where nucleation inhibiting clay rims are less well developed. The red colour of the
sandstones arises from the presence of small amounts of Fe-oxides in the inherited clay rims.
Migration of fluids enriched in organic acids, expelled from underlying Carboniferous coal-
bearing strata, resulted in local bleaching of coarser grained horizons. In the finer grained
sediments, the red colour was mostly preserved, which suggests that the reductive capacity
of the fluid was limited.
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1. Introduction

Lower Triassic red beds are widespread in the Southern North
Sea area. Their regional extent roughly stretches from eastern
Ireland to western Lithuania and from Bavaria in the south to
the north of Denmark. These red beds were deposited in
extensive, arid sandy alluvial plains bordering an intracratonic
lake, which occupied the deepest central parts of the basin
(Geluk, 2005; Feist-Burkhardt et al., 2008; Bachmann et al.,
2010). They host important hydrocarbon accumulations where
underlying Zechstein (Permian) evaporites did not effectively
seal them from the Carboniferous source rocks, as is the case at
the basin margins, where the salts are thinner or absent, and in a
couple of areas that underwent inversion tectonics (Johnson &
Fisher, 1998). In the Netherlands, the Buntsandstein is the
second major gas-producing horizon (van Hulten, 2006). In the
UK sector, several important reservoirs are producing from the
equivalent Hewett sandstone.

The Buntsandstein is also an important target for natural-
and greenhouse gas storage since it underlies heavily
industrialised and densely populated regions. Also, their
geothermal potential has recently been investigated (Dufour &
Heederik, 2019; Mijnlieff, 2020 and references therein; Scorgie

etal., 2021).

Despite its potential, reservoir quality of the Buntsandstein,
especially regarding diagenesis, received only limited attention
in the literature. Van Hulten (2006) and Soyk (2015) qualify the
diagenetic overprint as an important exploration risk,
respectively in the Netherlands and the Upper Rhine Graben in
SW Germany. Several authors report early diagenetic cements
that locally completely obliterate porosity (Fontaine et al., 1993;
Purvis & Okkerman, 1996; Spain & Conrad, 1997). Muchez et
al. (1992) recognised the importance of secondary porosity in
the Buntsandstein of the Campine Basin. Wendler et al. (2012)
attributed bleaching and related feldspar alteration and carbonate
cementation in central Germany to circulation of CO,-rich fluids.

The sandstones of the Buntsandstein Formation were
sampled from five boreholes in the Campine Basin (i.e., KB64,
KB98, KB169; KB172 & KB201; Figs 1, 2). This contribution
aims at presenting a detailed description of the diagenetic
history of the Buntsandstein in the Campine Basin (NE
Belgium) and its effect on reservoir quality. It provides insight
into the processes that potentially can be modelled
geochemically, however, the latter is out of the scope of this
contribution. Special attention will be paid to:

- early diagenetic alterations and how they link to depositional
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Figure 1. Pre-Cretaceous subcrop map of the Belgian Campine Basin (compiled after Langenaeker, 2000 and Patijn & Kimpe, 1961). The northern
and north-eastern borders consist of the Hoogstraten fault and the NW—SE striking boundary faults of the Roer Valley Graben. Eastward the basin
extends into Dutch Limburg, where the NE-SW striking Variscan Anticlinaal Fault/Oranje Fault system constitutes the boundary with the German
Carboniferous Wurm Basin. To the south and west, the basin is bounded by the subcropping early Palacozoic rocks of the Caledonian London—
Brabant Massif.
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settings. Here the impact of sedimentological

subenvironments on reservoir heterogeneity is addressed.

- burial diagenetic processes related to fluid migrations. How
these can explain the development of secondary porosity
and bleaching of the original sandstones will be addressed.
These burial processes will be placed into the temperature-
depth history of the basin.

Thus the aim of this paper is to address the composition of
the Buntsandstein sandstones and to infer which diagenetic
processes affected these reservoir rocks. The latter will also help
to assess the reactivity of these sandstones with regard to their
subsurface reservoir use (Carbon Capture Storage, geothermal
energy).

2. Geological setting

The Campine Basin is situated in NE Belgium (Fig. 1), between
the Roer Valley Graben in the NE and the Brabant Massif in the
SW. The Buntsandstein in this basin encompasses all
predominantly red-coloured and sandy siliciclastic sediments
assigned to the Lower Triassic (Dusar et al., 2001). These
sediments constitute, together with the Permian Helchteren
Formation, a wedge between the Carboniferous Coal Measure
Group and the Cretaceous Chalk Group, in the NE part of the
Campine Basin (Fig. 1).

The transition between Permian and Triassic is concordant,
where the former strata are present. Where the Permian deposits
are absent, the Buntsandstein discordantly overlies Westphalian
strata. The top of the Buntsandstein Formation in the Campine
Basin corresponds to the Cimmerian Unconformity, which is
overlain by Cretaceous chalks and marls (Fig. 2). Towards the
north, in the Roer Valley Graben, Jurassic shales cover the
Buntsandstein.

Three members have been distinguished in the
Buntsandstein. The Gruitrode Member (basal unit) consists of
an alternation of red thick-bedded siltstones to silty claystones
and sandstones of varying granulometry. The Bullen Member
(middle unit) with the best reservoir potential consists of red and
bleached sandstones with some conglomerate layers. The Bree
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Member (top unit) is composed of more fine-grained
sandstones, which are variably rich in calcareous cements, with
claystone layers at the base and the top. The maximum
preserved thickness of the Buntsandstein in the Campine Basin
is about 490 m (Dusar et al., 2001). In the Roer Valley Graben
its thickness is estimated to be only 430 m (Laenen, 2002).

3. Depositional environment

The Buntsandstein strata consist of a tilted sequence, resulting
in a subcrop with the oldest deposits situated near the contact
with the Carboniferous and the youngest strata located more in
the direction of Roer Valley Graben. Dusar et al. (1987b)
determined the depositional environment of the Buntsandstein
deposits based on a detailed sedimentological facies analysis of
cores of borehole KB172. They describe the Buntsandstein as a
floodplain association in which three subenvironments can be
distinguished. The base consists of parallel laminated fine
sediments, deposited by flood sheets and as clay playa, which
are typical for distal floodplain settings in dry environments.
The medial sequence shows features of both channel flows and
flood sheet deposits. The youngest deposits represent a proximal
environment that is characterised by coarse sandstones and
conglomerates deposited by channel flows. Dusar et al. (1987b)
regarded these continental deposits as a braid-plain prograding
basinwards by means of channel flows that spread out as flood
sheets covering vast areas.

Correlation of KB172 with other boreholes that traversed
the Triassic in the Campine Basin and the Roer Valley Graben,
as made by Langenacker (1998) and van Tongeren (2001),
showed that the three-fold division made by Dusar et al. (1987b)
does not correspond to the lithostratigraphic subdivision. The
youngest, most proximal sequence of Dusar et al. (1987b)
constitutes the lower part of the Bullen Member, while both the
medial and distal sequences make up the Gruitrode Member.
The Bree Member and the upper part of the Bullen Member
were removed by erosion at the location of KB172.

The Bree Member was intersected by boreholes KB201 and
KB169 in the Campine Basin. The lower part consists of an
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Figure 2. Stratigraphy of the
sampled boreholes.



148 GEOLOGICA BELGICA, VOL. 25

intercalation on a centimetre to metre scale of sandstones and
red shales. The top part consists of fine to medium, and
sometimes coarse-grained sandstones (Laenen, 2002). The
presence of thin gypsum/anhydrite and carbonate layers,
nodules and fractures filled with the latter phases in the upper
100 m of the Bree Member indicate the onset of a transgressive
trend with fluvial deposits interfingering with lagoonal
evaporites and shallow marine limestones (Wouters &
Vandenberghe, 1994; Langenacker, 1998).

4. Burial history

The burial history of the five wells was reconstructed based on
the geological history of the basin and coalification data of the
underlying Westphalian sequence and organic-rich Namurian
shales (sensu Suggate, 1998), with the integration of published
data from Fermont et al. (1994), Van Keer et al. (1998), Helsen

& Langenaeker (1999), Bertier et al. (2008) and Wei et al.

(2022). Figure 3 shows the burial curve of KB172, as an

example. This burial history is used as a reference frame for the

reconstruction of the diagenetic history of the reservoir,
allowing to differentiate eo-, meso- and telogenetic regimes

(sensu Choquette & Pray, 1970):

- Eogenetic regime during and after deposition, in the early
Triassic. This regime lasted till the early Jurassic, when
deposition of thick sequences of marls and shales of the
Altena Group sealed the Buntsandstein from meteoric
influence and caused the temperature in the reservoir to rise
above 70 °C.

- Mesogenetic regime during which the Buntsandstein reached
its maximal burial (middle Jurassic). For KB172, maximum
temperatures reached about 115 °C for the base and about
95 °C for the top of the Buntsandstein reservoir.

- Telogenetic regime during Cretaceous uplift whereby the
Buntsandstein at all studied locations was again influenced

by near-surface diagenesis.

- Renewed burial with transition of eo- to mesogenetic regime
II. By the end of the Cretaceous, sedimentation resumed
and continued almost uninterrupted throughout the
Cenozoic. Sequences of varying thicknesses were deposited
at the studied locations, yet in none of the wells,
temperatures never reached values higher than during the
Middle Jurassic.

The five wells that were sampled for this study are located
on different fault blocks (Fig. 1), and consequently underwent

slightly different burial histories (Table 1).

5. Methodology

Forty-five thin sections (from cores all accessible at the core
repository of the Belgian Geological Survey) were examined by
conventional and for the first time by cathodoluminescence
(CL) petrography. Calcite and iron-rich carbonate phases were
identified by staining with alizarine red S and potassium
ferricyanide (Dickson, 1966). Also new was that thin section
porosity was highlighted by a fluorescent dye in the epoxy of
vacuum-impregnated sandstones. The mineralogy of 32 thin
sections was quantified using an automated point counter (1000
counts/thin section). CL petrography was carried out with a
Technosyn Cold Cathodo Luminescence Model 8200 MKkII
(Technosyn Limited, Cambridge, UK). Operational conditions
were 16-20 kV, 500-650 pA gun current, 5 mm beam width
and 0.05 Torr vacuum. Further petrography on broken rock
surfaces was done by scanning electron microscopy (SEM). A
JEOL JSM 6340f SEM (JEOL (Europe) B.V., Zaventem,
Belgium) equipped with a PGT Spirit (Princeton Gamma-Tech
Instruments Inc., Princeton, USA) energy dispersive detector
and a Centaurus (K.E. Developments, Cambridge, UK)
backscatter detector was used. All EDX-spectra were obtained
after a counting period of 100 s. New data on porosity and
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Figure 3. Burial history of well KB172. A constant heat flow of 82 mW/m? is assumed. Maximal burial is reached during the Jurassic and is followed
by the erosion of 1990 m of Triassic to middle Jurassic sediments. Dashed white lines are isotherms.
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Table 1. Properties of the Buntsandstein at the locations of the five sampled wells (Mus. = Muschelkalk Formation; C.U. = Cimmerian Unconformity;
Cret. = Cretaceous; n.a. = not available; base refers to the base of the formation).

KB64 KB98 KB169 KB172 KB201
Subcrop depth 605 m 782 m 739 m 682 m 806 m
Thickness 560 m incl. R6t 227 m 313 m 128 m 448 m
Overlain by Mus., 70 m C.U., Cret. C.U., Cret. C.U., Cret. C.U., Cret.
Estimated T n.a. n.a. 125 °C, base 95-115 °C ca. 120 °C
Core quality poor poor only base good good

permeability were acquired from 28 samples on 1.5 inch plugs
by means of helium porosimetry and horizontal air permeability
measurements.

To be able to refine the diagenetic processes that took place,
37 carbonate samples were analysed for their 8"°C and 3'80
isotopic composition. However, only in a few samples, pure one
-phase carbonate generations could be micro-sampled, since
carbonate phases are often intergrown or too small. The
analyses were done at the University of Erlangen (Germany).
The carbonate powders reacted with 100% phosphoric acid
(density >1.9; Wachter & Hayes, 1985) at 75 °C using a Kiel I1I
online carbonate preparation line connected to a Thermo
Finnigan 252 mass spectrometer (Thermo Electron Corp.,
Waltham, MA, USA). All measured values are reported in per
mill relative to V-PDB by assigning a 8"°C value of +1.95%o
and a "0 value of -2.20%o to NBS19. Reproducibility based on
replicate analysis of laboratory standards is better than +£0.03 %o
for 3'°C and £0.05%o for §'*0 (15). Because of the mixture of
carbonate phases in most samples, the measured 80 values
could not be corrected for the fractionation related to the used
extraction method. Calculated isotopic compositions of fluids
are reported in V-SMOW.

A Linkam heating-cooling stage (Linkam Scientific
Instruments, Tadworth, UK) was used for microthermometric
analysis of fluid inclusions. The used preparation technique is
described by Muchez & Viaene (1994).

The mineralogical composition of the clay fraction of 20
sandstones was determined by XRD-analysis of texturized clay
fractions. Because of the large sizes of the clays, as observed
with SEM, the analyses were performed on the <36 um fraction
of the sandstones. The method described by Muchez et al.
(1991) was used for the separation of the clay fraction. The
oriented samples were prepared by the ‘glass slide method’ as
described by Moore & Reynolds (1997), because of its ease of
application when wusing relatively coarse clay fractions.
Analyses were conducted on a Philips PW3710 diffractometer
(PANalytical, Almelo, The Netherlands) with graphite
monochromatised CuKa-radiation. The working conditions
were 45 kV and 30 mA, rotating sample holder and secondary
monochromator with divergence and receiving slit of
respectively 1° and 0.1°. A count time of 1 s was chosen and a
step size of 0.02° 20. The identification of the clay mineralogy
followed the recommendations made by Thorez (1976), Moore
& Reynolds (1997) and Hillier (2003).

The elemental compositions of carbonate and feldspar
grains in 12 samples were quantified by means of electron probe
micro-analysis (EPMA) on a JEOL JXA-8621MX (JEOL
(Europe) B.V., Zaventem, Belgium). Beam conditions were 15

kV and 10 nA for energy and current, respectively. To avoid
beam damage, the beam was defocused to a spot diameter of 5
um. Carbonate crystals were analysed by means of cross-
sections consisting of non-overlapping points (up to 40). Single-
point analyses were performed on smaller crystals. Standard and
sample X-ray counting times were 50 s on the peaks and 20 s on
the background. The standards used for measurements on
carbonates were dolomite (Ca, Mg, Mn and Fe), calcite (Ca, for
calcites) and hematite (Fe, for samples with higher than 1 mol%
FeCOs3). Sanidine, albite and plagioclase (An65) standards were
used for measurements on feldspars. Data were processed using
a ZAF-program, with ®pZ calculation of the absorption factor.
The method proposed by Lane and Dalton (1994), whereby
standards are represented as metal oxides was used for the ZAF
corrections on carbonates. Accuracy and precision were tested
on secondary standards and are better than 0.1 mol% for Ca,
Mg, Fe, K, Si and Al, and better than 0.2 mol% for Na and Mn.
Himax (SAMX, Saint Laurent Du Var, France) software was
used to make qualitative maps of the concentrations of 11
elements (C, O, Na, Mg, Al Si, S, K, Ca, Mn and Fe). Beam
conditions for mapping were 15 kV, 10 nA and 1 pm for energy,
current and spot size, respectively. All maps were made on grids
of 1 by 1 um and have sizes between 512x512 pm and
2048x2048 um. Acquisition time was 2 ms per element per
pixel.

6. Results

In this section, first the results from the clay mineralogy will be
given since these results are of relevance for the petrography
section that is subsequently given. Subsequently, information on
stable isotopes, fluid inclusion microthermometry and electron
probe micro-analysis are provided.

6.1. Clay mineralogy

Figure 4 shows air-dried, glycolated and heated X-ray
diffractograms of a representative sandstone sample (<36 pm
fraction). Four main types of clay minerals were identified, i.e.
kaolinite, illite, chlorite and smectite.

The clay fractions of the coarse-grained sandstones
generally show more kaolinite relative to other clays than those
of the fine-grained samples. All sandstones analysed with XRD
contain kaolinite, although kaolinite was not always observed
petrographically, likely due to the absence of its blocky
(booklet) characteristics.

Illite was found in all samples, in varying quantities. Its
content, relative to other clay minerals, is higher in the finer
grained sandstones. In most samples, the air-dried oriented clay
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Figure 4. X-ray diffractograms
Q+1 of air-dried (N), glycolated (EG)
¢ and heated (550 °C) clay fraction
(<36 um) of a representative
K-fsp sample of the Buntsandstein
¥ A/D (KB172 - 77935 m). S =
smectite; I = illite; K = kaolinite;
¢ Q = quartz; K-fsp = K-feldspar,
microcline; A/D = ankerite/

dolomite.

EG

550°C

20 098 7 6 5 4.
d-spacing (A)

fraction shows an asymmetry of the 10 A reflection of illite,
towards higher d-spacings, i.e. 12-13 A, which is most distinct
in the fine-grained samples. The asymmetry is not present in
ethylene glycol-solvated specimens, which indicates the
presence of smectite interlayers in the illite crystal structures.
The relatively low intensities and the positions of the illite
‘shoulder’ reflections (i.e., the sharp decreasing intensities from
10 A towards 12-13 A) indicate a high illite content within the
illite-smectite mixed-layer clays. According to the differential 2
0 (or d-spacing) measurements proposed by Srodon (1980),
illite contents are well above 90% for the samples with the
broadest 10 A reflections.

Except for the smectite in the illite structures, the sandstones
contain little smectitic clays, as no clear 17 A reflections were
observed in the ethylene-glycol saturated samples.

The analysed samples of the Buntsandstein show relatively
sharp 7 A reflections, no doubling of the 3.5 A reflections and
no clear 14.2 A reflections. The 7 A reflections completely
disappear after heating, which means the amount of chlorite, if
present at all, must be small (<1%).

6.2. Petrography

6.2.1. Detrital constituents

The selected Buntsandstein samples are mostly fine to medium-
grained, well-sorted, sublithic arenites to subarkoses. Two
samples have low lithic- and feldspar contents, and classify as
quartz arenites (Table 2; Fig. 5). The coarse-grained strata
generally have a bimodal sorting with larger grains or pebbles
floating in a medium-grained matrix. These pebbles are usually
well rounded, while for most of the fine to medium-grained
sandstones the roundness of the grains varies from sub-rounded
to well-rounded.

The main component of these rocks is quartz (Table 3;
average 46.6%), which are mainly monocrystalline, but also
metamorphic-derived polycrystalline grains (average 15.8%)
exist. The quantity of microcrystalline grains is low in most
samples (average 0.4%), except for one very coarse sandstone
(KB201, 1191.7 m), containing 7.8% microcrystalline (chert)
fragments.

The sandstones contain on average 8.2% of lithic fragments
which are generally little affected by diagenesis including
compaction. The bulk of them consists of coarse-grained
siliciclastics (silt to sand-sized quartz grains), being fragments
of sandstone, siltstones or psammites or their metamorphic
equivalents of which the metamorphic grade is low (i.e. rank 0
to 2 according to Garzanti & Vezzoli, 2003). Other lithics are
mainly fragments of pelitic to metapelitic rocks with similar low
metamorphic grades. Some samples contain larger fragments
(up to 5 mm) of relatively fine-grained sandstone, which are
often tightly cemented by sparry calcite. The mineralogy of the
less cemented fragments resembles Westphalian C sandstones
(Bertier et al., 2008).

The Buntsandstein contains on average 5.3% of feldspars.
Some samples, mainly those of well KB64, contain large

Quartz
— \ s« QUARTZ
N=26 ARENITE
o
SUBLITHIC
SUBARKOSE

ARENITE

ARKOSIC LITHIC

Feldspar 50 Lithic Fragments

Figure 5. QFL plot (Folk, 1974) of the studied Buntsandstein samples.
Most sandstones classify as sublithic arenites to subarkoses. A couple
samples are quartz arenites. None of the analysed samples contains
enough clay to be classified as a wacke.
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Table 3. Average compositions (av.) and standard deviations (c) of the
studied Triassic sandstones from point counting, He-porosimetry (He
por) and horizontal air permeability analyses (Hor. Air Perm.).

av. o
Quartz (monocryst.) 30.8 5.6
Quartz (polycryst.) 15.8 4.6
Quartz (microcryst.) 0.4 1.4
Lithic Fragments 8.2 32
Feldspar 53 4.6
Mica 0.7 1.1
Quartz (authigenic) 4.8 2.8
Kaolinite 0.4 0.7
Illite 2.7 2.7
Other Clay Minerals 1.6 1.2
Fe-oxi/hydroxides 5.8 73
Ankerite 22 4.5
Siderite 0.2 0.3
Other Carbonates 13.4 11.7
Coal Fragments 0.0 0.0
Opaque Minerals 0.1 0.3
Porosity 7.4 3.8
He Por (%) 13.67 4.06
Hor Air Perm (mD) 38.65 59.31

quantities of feldspars (max. 16.3%). CL revealed that they
mainly consist of blue luminescent K-feldspar, with variable
intensity and colour (Fig. 6A). Some grains are more greenish
blue, which is typical for K-feldspars with higher Na content.
Some feldspars have yellowish-green spots or zones, which
suggests the presence of albite. The twinning patterns of the
grains indicate the presence of orthoclase and microcline. The
degree of alteration is variable but overall the alteration is
limited.

Micas constitute a small percentage (average 0.7%). Both
muscovite and biotite were identified.

Almost all Buntsandstein samples contain rounded, detrital
micritic fragments (average 1.5%). Generally, they are
recrystallised, replaced or cemented by later authigenic
carbonates. All possess a faint red staining colour. The
fragments are usually red brown in single polarised light, due to
the presence of Fe-oxides/hydroxides in their matrices
(Fig. 7A), and have dark luminescence colours, typical of
formation in an oxidising environment.

Other phases that make up the detrital mineralogy are
phosphate grains and detrital clays. Both are present in most
samples, but only in very small quantities (<1%).

6.2.2. Red versus white sandstones: clay rims

White sandstones are coarser grained than red ones (Fig. 7E).
However, their detrital composition is similar, though red
horizons generally contain slightly more micas. The colour
difference is often, but not always, strata-bound. In some
samples coarser grained white and finer grained red layers
alternate on mm-scale. Some red samples contain white spots,
often with irregular shapes, and not always visually
interconnected.

The framework grains in most samples are rimmed by a thin
band of tangentially oriented clay particles. In the red
sandstones, these clay rims are stained by Fe-oxi/hydroxides
(Fe-O/H), resulting in the typical brownish-red colours
(Fig. 6B). The clay rims are thicker in red samples (generally
about 5 to 10 pm, locally up to 50 pm) than in white samples
(<1 um to a couple of um). In both, red and white sandstones,
they are usually covered by authigenic clay coats (Fig. 6B, 6D).
The staining by Fe-O/H in the red samples makes the rims easy
to distinguish from the latter, whereas in the white sandstones,

optical distinction can only be made based on the preferential
radial orientation of the clays on the grain surfaces. The thin
clay rims in the white sandstones have striking bright yellow to
white birefringence colours, typical of smectitic or illitic clays.
In red sandstones the rims were quantified as Fe-O/H -rich rims
(Table 2, average 5.8%), as they contain the bulk of the Fe-O/H
in these samples. In the white samples, they were quantified as
illite, because they are hard to distinguish from other illite
phases.

Clay rims generally completely envelope the framework
grains, a feature that is most obvious in the red sandstones,
where rims are thicker. They are also present at grain contacts,
where they are squeezed between grains and consequently they
are thinner. In white samples, enclosure appears to be less
complete. Around the less well-rounded grains, the clay rims
exhibit wide variations in thickness. They are consistently
thicker in depressions on the grain surfaces and commonly
thinner close to grain contacts. The rims in the coarse
sandstones, which are generally composed of well-rounded
grains, are much thinner than those in fine-grained horizons,
consisting of more angular grains.

Geopetal and meniscus fabrics were rarely observed. The
rims do not span multiple grains, do not exhibit internal
layering, and are not associated with root or burrow structures.
They also do not coat any of the authigenic phases. They are
commonly covered by diagenetic clays, and were observed
between authigenic and detrital quartz (Fig. 6C) as well as K-
feldspar (Fig. 6D), between carbonate clasts and carbonate
cements, as outlines of replaced fragments in carbonate
cemented zones and as clay shells (Fig. 9D) in secondary pores.
The clay rims around heavily altered/dissolved feldspar grains
do not invade the intragranular pores.

SEM-EDS petrography of broken rock chips showed grains
covered by K, Fe and Mg-rich Al-silicates, which are often
overgrown and intergrown with diagenetic clay coats, which
were recognised by their delicate crystal habits (Figs 6B, 8B,
8C, 8D). The clay particles within the rims have irregular shapes
and are oriented parallel to the grain surfaces (Fig. 8A, 8B),
while those of the authigenic clays are generally perpendicular
to the surfaces (Fig. 6B, 6C, 6E, 8C). Typically, grains are
covered by rims consisting of mats of randomly oriented,
overlapping flat fibres of illite, which appear to wrap the grains
(Fig. 8D). This morphology suggests significant recrystallisation
of the irregular clay particles. On some grains, small quartz
outgrowths have broken through the clay rims, where on others
the rims are largely covered by quartz overgrowths (Figs 9A,
6E).

EDS-analysis of the rims always revealed the presence of
Fe, but in relatively low concentrations in comparison to K, Al
and Si, even in the darkest brown-red samples. At high
magnifications, small Fe-oxide/hydroxide needles, usually about
100 nm in thickness and a couple of um long, could be observed
between the clay platelets of the rims (Fig. 9B, 9C). Also,
clusters occur of tabular, often pseudo-hexagonal, imperfect
crystals of about 100 nm in thickness and < 5 by 5 um in the
other dimensions (Fig. 9C).

The samples cover a wide range of transition colours
between dark brown-red and white, with the darker coloured
samples containing more Fe-O/H as confirmed by SEM
petrography. Yet, even in the lightest coloured samples
remnants of Fe-O/H are present, which are always found in clay
rims that are separated from the ambient porosity by diagenetic
cements. The red colour of the oxides is commonly present
between authigenic quartz overgrowths (generally completely
enveloping the grains) and detrital host grains (Fig. 6C), and
around framework grains enclosed in carbonate cements. Grains
enclosed in the latest generation of authigenic carbonate,
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Figure 6. Photomicrographs of Bunstsandstein samples. A. (Cathodoluminescence) Variations of luminescence colours of K-feldspar grains. K-
feldspar overgrowths (arrows) are faint blue to non-luminescent (KB201 — 882.25m). B. Detail of a framework grain covered by a clay rim (arrows),
which is stained red by Fe-oxides/hydroxides. The rim is covered by a diagenetic clay coat consisting of illite flakes and needles, which have bright
yellow birefringence colours and are perpendicular to the grain surface (KB201 — 831 m). C. Clay rims (red arrows) and clay coats (open arrows),
locally enclosed between detrital quartz grains (Q) and authigenic overgrowths (Qa). The left-hand side of the picture shows two K- feldspar grains
(Fsp) covered by K-feldspar overgrowths (Fa), which are partly enclosed in authigenic quartz (black arrows) (KB201 — 833.75 m). D. Feldspar grains
(Fsp) with large overgrowths (arrows), cemented by clouded dolomite (C). Clay rims are present between detrital and authigenic feldspar. The
overgrowths are partly dissolved (porosity is filled with yellow-stained epoxy) (KB172 — 762.15 m). E. Illite coatings (arrows) covering framework
grains (Q & Qp). Coating on the left is enclosed between quartz grain and overgrowth (Qa). In open pores (P) illite constitutes a boxwork texture (B)
(KB201 — 1181.7 m). F. (Cathodoluminescence) Large spherulites with decentred core (centre). The dark zone is transected by thin rims filled with
brighter cement. The latter resembles the orange cement between the oncoids (KB201 — 1016.25 m).



154 GEOLOGICA BELGICA, VOL. 25

Figure 7. Photomicrographs of Buntsandstein sandstones. A. Concretion consisting of framework grains cemented by dolomite, which is heavily
clouded by solid inclusions. Quartz grains in the concretion often have large overgrowths (arrows). The dolomite replaces enclosed framework grains,
which is evident from their irregular outlines (KB201 — 833.75 m). B. Euhedral carbonate crystal (A) partly filling an open secondary pore (P). The
clear carbonate is an extension of a more clouded carbonate, which replaced detrital grain. The outlines of the detrital grain are preserved as rims of
hematite (arrows) (KB201 — 882.25 m). C. Clouded dolomite (D) and clear ankerite (A). Both phases are rimmed by a thin layer of siderite (KB201 —
1072.2 m). D. Ankerite crystals in a clast consisting mostly of illite. The crystals display an hourglass texture formed by hematite inclusions (KB172 —
799.6 m). E. Abrupt contact between a red and white zone. The red zone consists of smaller grains which are often elongated. Grain contacts in the red
zone are significantly longer than in the white zone. The red zone in this sample constitutes a dissolution seam (KB201 — 869.55 m). F. Detail of a
dissolution seam. Micas are aligned and bordered by partly dissolved framework grains. This part of the seams has a remarkably high secondary
porosity (KB201 — 869.55 m).
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Figure 8. SEM images of Buntsandstein sandstones. A. Framework grains wrapped in thick clay rims. The lighter grain in the centre of the picture is a
K-feldspar (KB201 — 869.55 m). B. Detail of the surface of a grain covered by a clay rim. The clay consists of irregular platelets which are more or
less parallel to the grain surface (KB172 — 779.35 m). C. Detail of the surface of a grain covered by an illite coat. The illite crystals are oriented

perpendicular to the grain surface and often constitute a honeycomb texture. The coating is partly covered by quartz overgrowths (Qa) (KB201 —

1181.7 m). D. Clay rim consisting of mats of randomly oriented, overlapping flat fibres of illite (KB172 — 869.55 m).

consisting of transparent, often saddle-shaped ankerite/dolomite,
in the white samples are never stained by Fe-O/H.

6.2.3. Authigenic constituents and diagenetic alterations

6.2.3.1. Authigenic K-feldspar

Almost all K-feldspar grains in the studied Buntsandstein
samples are covered by authigenic K-feldspar overgrowths
(AKF) (Fig. 6D). The size of the overgrowths is highly variable.
The largest overgrowths (>100 um) occur adjacent to primary
pores. Detrital grains are in general almost completely enclosed
by overgrowths, except at grain contacts (usually point
contacts).

In red sandstones, red-stained clay rims are present between
the detrital feldspar grains and diagenetic overgrowths (Fig.
6D). These rims are usually also present in the white samples
but could not always easily be discerned. All AKF are altered.
Typically, the overgrowths are better preserved than the detrital
grains, but the opposite also occurs. Some grains, mostly those
displaying the typical tartan-twinning pattern of microcline,

appear to be covered by several generations of K-feldspar
overgrowths. The oldest, inner generations generally better
resisted alteration. AKF are generally not covered by authigenic
clay coats. Yet, these clay coats, in contrast to the rims, were
also not routinely observed between authigenic and detrital
feldspar. On BSEM (backscatter scanning electron microscopy)
images overgrowths were, albeit rarely seen, enclosing small
parts of diagenetic clay coats (Fig. 10A). Most feldspar grains
enclosed in thick clay rims appear to have no authigenic
overgrowths. In some samples, small authigenic feldspar
crystals were observed between the clays constituting rims.

The AKF are often enclosed in early carbonate cements
(Fig. 6D). The latter cements, however, do not enter the
dissolution pores of altered overgrowths. Later carbonate
generations tend to replace both authigenic and detrital feldspar,
and are often found in alteration voids of both. The genetic
relation between AKF and authigenic quartz (AQ) overgrowths
is not entirely clear from petrography. Both phases were not
seen replacing one another. Generally, quartz overgrowths end
where it makes contact with feldspar overgrowths. Though, in
some cases, AKF are partly enclosed in AQ (Fig. 6C).

K-feldspars overgrowths display a faint bluish luminescence
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Figure 9. SEM and BSEM images of Buntsandstein sandstones. A. Small outgrowths of authigenic quartz (Qa) popping through a clay rim. Larger
quartz overgrowths partly cover the clay rim (KB172 — 779.35 m). B. Hematite needles (arrows) on the surface of a clay rim (KB172 — 779.35 m). C.
Detail of irregularly shaped, tabular hematite crystals (H) on the surface of a clay rim. Hematite is also present as needles (arrow). The rim is partly
covered by authigenic illite (I) (KB172 — 779.35 m). D. Cross section of clay rim surrounding an open secondary pore. Hematite is present between
the clay platelets of the rim as very small lighter coloured needles (KB172 — 779.35 m). E. Warped shape of ankerite crystal. The outer zones are
richer in Fe (lighter coloured). The brighter grain on the right-hand side is a K-feldspar (KB172 — 779.35 m). F. Bended surfaces of ankerite crystal.
Comparison with image E illustrates that the zoning of the ankerite does not display a constant pattern (KB172 — 779.35 m).
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Figure 10. BSEM images of Buntsandstein sandstones. A. K-feldspar grain covered by clay rim (black arrow), clay coat (white arrow) and authigenic
K-feldspar overgrowths (Fa). The large overgrowth in the upper right corner of the picture covers both the clay rim and coating (KB201 — 1181.7 m).
B. Euhedral ankerite (A) as overgrowths on a dolomite (D) concretion and as individual crystals. The cores of the crystals also consist of dolomite
(KB172 — 779.35 m). C. Zoning of an ankerite crystal. The outer growth zones are richer in Fe than the dolomitic core. The core of the crystal
contains bright patches of calcite (arrow) (KB172 — 779.35 m). D. Altered K-feldspar grain containing darker speckles of albite (arrows) (KB201 —

882.25 m).

taken with long exposure times (Fig. 6A). They are dark in
comparison to the bright greenish-blue luminescent detrital K-
feldspar grains. Most detrital feldspars contain zones having the
same dark bluish luminescence as the overgrowths. Albitisation,
which can be clearly distinguished on BSEM images as dark
spots, appears not to have affected the K-feldspar overgrowths.

6.2.3.2. Clay coats

In many Buntsandstein samples, the clay rims wrapping
framework grains are covered by diagenetic clay coats that
consist of fibrous to needle-shaped crystals of about 10 pm in
length, which have bright yellow to white birefringence colours.
They are oriented perpendicular to the grain surface (Fig. 6B).

Their delicate crystal habits, as observed with SEM, suggest an
authigenic nature (Fig. 8C). In some samples, coated grains
display honeycomb textures (Figs 6E, 8C). Such textures, and
the birefringence colours of the crystals, are typical of illite
derived from smectite (Ehrenberg & Nadeau, 1989). Near open
primary pores, the illite needles often make up box-work
textures.

The contact between clay rims and clay coats displays
intense intergrown fabrics. Clay coats are more common in
white than in red samples. Some red sandstones contain no coats
at all (yet all of them consist of rimmed grains), while in all
white samples some coated grains were observed.

The perpendicular clay coats are exclusively found on
framework grains rimmed by parallel clay platelets and are
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never present on other phases. They are also absent at grain
contacts. They frequently occur between authigenic and detrital
quartz, but rarely between K-feldspar grains and their
overgrowths. Grains that are completely coated tend not to have
overgrowths. Where grains are less completely coated or the
clay coats are thinner, overgrowths cover parts of the framework
grains. Cross-sections of coated grains revealed that
overgrowths ‘nucleated’ on a small, uncovered grain surface
and then extended laterally to cover the clay coats.

The genetic relationship between authigenic carbonate
cements and clay coats is not always clear from petrography.
Where coated framework grains make contact with carbonate
crystals or cements, the clay coats are generally absent. In a few
samples, parts of the coats seem to be enclosed in early
carbonate cements. In some primary pores, displacive growth of
euhedral dolomite/ankerite crystals with respect to box-work
illite has taken place. SEM petrography showed that the surfaces
of some of these euhedral carbonate crystals are partly covered
by illite, whereby its orientation is different from that of the
coats, i.e. it generally consists of randomly oriented fibres
parallel to the carbonate surfaces.

6.2.4. Carbonate spherulites

Some samples contain rounded, generally micritic carbonate
grains that are surrounded by a rim of large radial calcite
crystals (Fig. 6F), which show a cross-extinction pattern in
double polarised light, which is typical of spherulitic structures.
Their size ranges between 100 and 500 um. The cores, of which
the diameter is often less than one-fifth of the total diameter, are
not always in the centre of the spherulites. In the samples
containing spherulites, few detrital carbonate grains without
radial crystals were observed. In one sample the spherulites
make up 9.7% (Table 2). Under plane polarised light the radial
crystals sometimes appear to be composed of thin (1-10 pum)
concentric laminae, which are discontinuous and tend to taper
out. In red samples, the laminae are generally bordered by thin
rims of Fe-O/H. In white samples, these rims are missing.

The size of the crystals constituting the rims, and the fact
that they crosscut overlapping laminae is indicative of
recrystallisation. CL-images of the spherulites generally show
dull luminescent cores, surrounded by a thick zone (often 10x
diameter of the core) of non-luminescent to faint yellowish-
brown phase and an outer, thinner rim of mainly bright
luminescent, zoned cement (Fig. 6F).

6.2.5. Subhedral clouded dolomite

Some of the studied sandstones contain concretions of poorly
crystallised, subhedral carbonate (Fig. 11B), which is generally
heavily clouded by solid inclusions (Fig. 7A; Table 2, average
13.4%). In some samples clouded subhedral crystals are also
present outside of the concretions, where they are commonly
overgrown by later carbonate cements. These clouded
carbonates were quantified as ‘carb’ in point counting.

The size of the concretions is highly variable (100 um to
1 cm). They commonly have a nodular shape, sometimes
elongated parallel to the bedding. Most concretions contain
recrystallised spherulites and remnants of detrital carbonate
fragments, which in most cases are replaced by the clouded
carbonate. The latter fragments can be recognised by hematite
rims, which reveal their former outlines. Enclosed framework
grains are always coated by hematite-stained clay rims, even in
white sandstones (Fig. 7A). The clouded carbonate tends to
replace enclosed quartz grains. Here again, hematite rims reveal
the original outlines of the grains. The intergranular volume in
the concretions is larger than in the rest of the sandstones and
grain contacts in the concretions are generally less evolved,
suggesting that they formed before the main compaction. In

numerous concretions, rather large quantities of AQ are present
as well-developed circumgranular overgrowths.

Luminescence patterns of the concretions resemble those of
the recrystallised spherulites. Detrital carbonate grains acted as
nucleation sites for the nodules, as evidenced by the growth
zones in the cement around them. The surrounding cement often
consists of thin, bright, and non-luminescent zones, alternating
on pm-scale, which are surrounded by a thick non-luminescent
zone, a thin bright zone and a dull-luminescent cement making
up the bulk of the concretions. The latter are often rimmed by
large euhedral to subhedral carbonate crystals with dark, non-
luminescent cores and faintly red luminescent outer growth
zones. The crystal cores contain speckles of dull cement in the
concretions. The outer growth zones are generally transparent
under plane polarised light, i.e. they contain little or no solid
inclusions. EDS analyses of the nodules revealed that they
consist of Fe-poor dolomite. BSEM petrography showed the
dolomite is rather homogeneous (Fig. 10B), with locally light
patches of calcite, which are probably remnants of replaced
carbonate grains. In some white sandstones, the nodules are
corroded or partly dissolved, and surrounded by a rim of Fe-O/H.

6.2.6. Euhedral Ca-Mg-Fe carbonates

Most samples of the Buntsandstein contain a late-diagenetic,
transparent (no solid inclusions), zoned, Fe-rich, euhedral,
saddle-shaped carbonate phase (Fig. 9E, 9F) which was
quantified as ‘dolomite/ankerite’ (Table 2, average 2.2%). Point
count results are an underestimation of the true volume because
in many cases this carbonate can only be distinguished by
BSEM and CL (Fig. 10B). It occurs as blue-stained overgrowths
on the clouded dolomite in concretions and replaces other
carbonate phases (Fig. 7B).

Where present as euhedral crystals in the matrix, it was
recognised by the warped crystal shapes, presence of growth
zones and absence of solid inclusions, which contrasts with the
clouded dolomite. The crystal cores often do contain solid
inclusions, suggesting replacement of clouded dolomite. These
cores, which consist of Fe-poor dolomite (EDS), are non-
luminescent, with dull and sometimes bright speckles. BSEM
petrography, EDS analyses and EPMA element maps (Fig. 12)
revealed the presence of calcite inclusions which are probably
remnants of detrital carbonate grains. Fe-oxide inclusions often
reveal the outline of replaced grains.

The outer growth zones are faintly red to orange on CL-
images taken with extended exposure time, while the outermost
growth zone is non-luminescent (Fig. 6A). The latter zone
consists of a thin (<10 um) siderite rim (Fig. 7C), which locally
also occurs as thin growth zones. BSEM-EDS revealed
alternating zones of ankerite (often Mg-rich) and dolomite
(often Fe-rich) around a dolomite core of varying size with
respect to the rest of the crystals (Figs 9E, 10C, 12). Fe-content
increases non-systematically toward the edges of the crystals.

These carbonates post-date the other carbonate phases, as it
commonly replaces them. In some samples, replacement of AQ
occurs, yet in most samples the genetic relationship with AQ is
not entirely clear from petrography. Carbonate crystals are
regularly present in secondary pores (Fig. 7B). Sometimes they
contain remnants of K-feldspar grains (and overgrowths).
Feldspar relicts also are observed in open pores, indicating the
carbonates postdate feldspar alteration. In secondary pores of
which the well-rounded shape reveals the dissolution of detrital
carbonate grains, perfectly shaped euhedral Fe-rich crystals
were observed. The fact that these contain no inclusions of
calcite, as observed in their counterparts in samples with limited
secondary porosity resulting from carbonate dissolution,
suggests they are formed after carbonate dissolution.

SEM petrography on rock chips showed a lot of these
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Figure 11. Core photographs. A. Contact between finely parallel laminated red fine-grained sandstone and coarser grained bleached sandstone. B.
Red fine-grained sandstone intercalated in bleached coarser grained white sandstone with small dolomite concretions. C. White sandstone with well-

developed stylolites.

carbonate crystals are wrapped in thin sheets composed of strips
and fibres of illite. The euhedral crystals were also regularly
observed in large clay clasts consisting of illite (Fig. 7D). The
carbonates locally make up more than half the volume of the
clasts. The orientation and packing of the illite needles
surrounding the carbonate crystals suggest displacive crystal
growth. Many crystals in the clasts contain illite needles, which
regularly display an interior hourglass texture, which is
delineated by small reddish-brown solid, opaque, inclusions
suggesting they partially consist of hematite. In most clay clasts
the euhedral carbonates display similar luminescence as in the
matrix, but some clasts have irregular-shaped patches of
brighter orange cement in a matrix of dull brownish luminescent
carbonate. The texture suggests intensive replacement by the

younger dull, Fe-rich (EDS) generation, which is also
recognised in the outer growth zones of other euhedral
carbonates outside of the clay clasts.

In a couple of samples, the outer, dull, Fe-rich growth zones
partly replace the cores of the crystals, along cracks that fan out
from contacts with adjacent, or partly enclosed, framework
grains. These cracks transect the inner, brighter luminescent
growth zones, suggesting that the euhedral carbonate was
formed during an important phase of mechanical compaction.

6.2.7. Authigenic quartz

Authigenic quartz (AQ) is one of the most voluminous
diagenetic phases in the Buntsandstein (Table 3, average 4.8%,
max. 12.5%). The bulk of the AQ constitutes of syntaxial
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overgrowths on detrital quartz grains (Figs 6C, 6E, 7A). In most
samples, the AQ are clearly discernible from the detrital grains,
as dust rims which mostly consist of small reddish-brown
hematite inclusions separate both phases. They are omnipresent
in the red samples, but also quite common in white sandstones.
Furthermore small idiomorphic quartz crystals were observed in
primary and secondary pores in most samples, but in smaller
quantities than the overgrowths.

White sandstones tend to contain more AQ than the red
samples, respectively on average 5.4% (n = 17) and 4.2% (n =
15), however, the difference is only 1.2%. The highest
quantities of AQ are found in the coarser samples and in
samples where the clay-hematite rims and clay coats are less
well developed, which are more typical of white than red
samples. Grains without coats or clay rims always have well-
developed, thick (recurrently >50 pum) overgrowths. AQ also
develop on grains with thin or discontinuous clay-hematite rims,
usually enclosed between grain and overgrowth. Perpendicular
clay coats were also less commonly seen between grains and
overgrowths (Fig. 6C, 6E). Where clay coats are well
developed, AQ occurs in small quantities as tiny outgrowths
locally covering the coats (Fig. 9A). Locally clay coats were
observed on AQ.

In samples with high quantities of AQ, several grains are
completely enclosed by overgrowths. In general, these samples
show few signs of pressure dissolution. Point contacts are the
most prominent type of grain contacts, while concavo-convex
contacts are rather rare. Furthermore, in samples with well-
developed clay-hematite rims, AQ is sparse, while concavo-

convex grain contacts are omnipresent and sutured contacts are
frequent. The latter occur dominantly in fine-grained red
samples.

Well-developed AQ are also present in carbonate
concretions, where grain packing is less dense than in the
surrounding matrix (Fig. 7A). The clouded, subhedral dolomite
commonly replaces the overgrowths. Replacement by the
euhedral zoned Fe-rich carbonates was only in a few, rather
indistinct, cases observed.

Quartz overgrowths occasionally enclose K-feldspar
overgrowths around adjacent feldspar grains (Fig. 6C).

6.2.8. Compaction

In some samples compaction is clearly manifested by the
presence of dissolution seams which occur parallel to bedding
(Fig. 11C), which often delineate the contact between red and
white zones (Fig. 7E). They are made up of aligned micas and
partly dissolved, elongated framework grains with sutured
contacts (Fig. 7F). Framework grains in dissolution seams tend
to be smaller than adjacent grains and dissolution seams always
contain higher quantities of opaque matter than their
surroundings. A part of this consists of Fe-O/H. Dissolution
seams were only seen in and at the boundaries of fine-grained
red zones, never in the coarse white sandstones. Often the arecas
around the seams have high secondary porosities (Fig. 7F). In
one sample large voids border the dissolution seams, which
probably are remnants of dissolved carbonate concretions. Their
presence next to dissolution seams suggests the seams predate
secondary porosity generation.

Figure 12. EPMA element maps of a typical dolomite/ankerite crystal (A) and feldspar grain (B) in the Buntsandstein. The Mg(red)-Fe(green)-Ca

(blue) map shows the zoning pattern of the carbonate crystal. The bright spots in the centre of the crystal in the BSEM image are calcite (blue). The K
(red)-Si(green)-Al(Blue) map reveals that the carbonate partly replaced a K-feldspar grain and still contains inclusions of it. The K(red)-Si(green)-Al
(Blue) of the feldspar grain (B) shows small red albite inclusions, that are black on the BSEM image. The green colour on the Si(red)-C(green)-S(blue)

is the epoxy used for the impregnation of the sample.
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Grain contacts, indicative of compaction, are less evolved in
the generally coarse, white than in fine-grained red samples
(Fig. 7E). In the latter, concavo-convex contacts are ubiquitous
and sutured contacts are quite common, while in the former
point-contacts are omnipresent and concavo-convex contacts are
exceptional.

In sandstones with high AQ content, grain contacts are less
evolved. Many grains are completely enclosed by syntaxial
overgrowths and seem to make no contact with adjacent grains
(in thin sections). In red samples, the most evolved grain
contacts are seen where the clay-hematite rims envelop the
grains completely. Rim thickness with respect to grain size
seems to have little effect on grain contacts. Samples with
abundant (perpendicular) illite coats seem to have less evolved
grain contacts, but this could not always be quantified.

Several of the observed euhedral Fe-rich carbonates have
cracks that transect the cores and some zonations. The crack
infill displays the same luminescence as the outer zonations of
the crystals.

Secondary pores and dissolution voids generally reflect the
rounded shapes of former grains and concretions. They show no
signs of deformation (Figs 7B, 7F, 9D).

6.2.9. Authigenic illite

Illite is the most abundant clay mineral (Table 3, average 2.7%).
It occurs as clay rims and coats around framework grains and is
present in, mainly primary, pores forming a boxwork texture
(Fig. 6E). Thin straps and small needles of illite were often
observed with SEM on altered feldspar grains and their
authigenic overgrowths. This type of illite occludes only a small
part of the secondary, intragranular porosity in the latter phases.
Similar straps of illite were also observed on the surfaces of
euhedral Fe-rich carbonate crystals.

6.2.10. Authigenic kaolinite

The average kaolinite content is only 0.4% (Table 3). Most
samples contain little or no kaolinite. Those which do contain
kaolinite, generally also have relatively high mica contents.
Here mica plates are often wedged apart by vermicular kaolinite
booklets. Similar booklets were observed near altered lithic
fragments.

6.2.11. Feldspar alteration

The degree of feldspar alteration in the studied Buntsandstein is
highly variable. Some samples contain only delicate relicts,
while in others, feldspars are well preserved. Also, fresh grains
are often observed next to secondary pores containing feldspar
remnants. Non-altered feldspar grains are often covered by
extensively dissolved overgrowths (Fig. 6D). The opposite, well
-preserved overgrowths on relicts of grains, was also observed,
though less frequently. Feldspar alteration generally resulted in
open oversized porosity. In some samples, tiny illite needles
were observed within largely dissolved feldspar grains. A few
samples contain secondary pores with remnants of feldspars or
carbonates, surrounded by clay-hematite rims. Occasionally
such pores were seen in carbonate concretions. In general
feldspar grains are heavily altered in samples containing large
amounts of secondary pores.

6.2.12. Albitisation

BSEM petrography revealed tiny, dark, speckles of albite in
feldspar grains (Fig. 10D). Its composition was confirmed by
EDX analyses and EPMA element mappings (Fig. 12). The
speckles are often arranged along cleavage or twinning planes.
Individual albite spots generally occur adjacent to holes or small
fractures in the grains. They were not observed in AKF
overgrowths. Albite was also recognised in CL-images of

K-feldspar grains, by its greenish colour. Many K-feldspar
grains display zones of slightly different luminescence colours,
always with greenish-blue shades (Fig. 6A).

6.2.13. Siderite

Siderite was observed only in small amounts (average 0.2%,
Table 3), mainly in the vicinity of altered micas, as small, often
irregularly shaped crystals. Siderite is often enclosed in clouded
dolomite or euhedral ankerite. In some samples, euhedral
ankerite crystals are rimmed by siderite (Fig. 12).

6.3. Stable isotope geochemistry

The carbonate content of the studied Buntsandstein samples is
dominated by detrital, mainly calcitic grains and authigenic
dolomite/ankerite. The detrital grains are often overgrown
(spherulites), cemented or replaced by pre-compactional calcite,
which could not always be distinguished petrographically from
the grains. The volume of the latter calcite phase is small in
comparison to volume of the detrital carbonates. The grains and
cements are intergrown and often replaced by dolomite, which
itself is replaced and overgrown by ankerite and locally by a
thin siderite rim. The latter three phases are not easily
distinguishable by means of petrography. Therefore most of the
stable isotopic compositions reported relate to bulk
compositions. Only in a few samples pure carbonate phases,
which mainly consisted of larger concretions and clasts, could
be micro-sampled.

The 8'°C and 8"80 compositions (37 samples) are plotted in
two graphs, one showing the relative amount of ankerite/
dolomite in each sample and the other the relative content of
detrital carbonate and calcite cements (Fig. 13). The samples
containing ankerite/dolomite are scattered between -8 to -4%o
5'%0ppg and -7 to +1%o 8"°C with 3 samples with significantly
lower 8" C-values, i.e. -6.3%o 5'"°C. These low values are from
the same sample containing large clasts consisting of euhedral
ankerite/dolomite imbedded in clays. One of the larger clasts
could be micro-sampled; the other two results are from bulk
samples. They gave similar results.

In two samples larger nodules of dolomite clouded by solid
inclusions could be micro-sampled, which are depleted in 8'°0.
Although all other samples contain dolomite and ankerite,
which could not be quantified separately, the zoned, clear saddle
ankerite is better developed and clearly more voluminous in
certain samples. Yet, the isotopic compositions of the latter are
scattered among the other results.

The isotopic compositions of samples containing detrital
carbonates and early calcite cements plot in the same range as
for ankerite/dolomite. No relationship between the content of
detrital carbonate and calcite cement and isotopic composition is
apparent from the plot (Fig. 13).

6.4. Fluid inclusion microthermometry

Few fluid inclusions in authigenic phases in the studied
sandstones are large enough for reliable microthermometric
analysis. Only in the clear saddle ankerite crystals enough
measurable aqueous inclusions containing two phases, i.e. liquid
and gas, were found. All inclusions were measured in the
transparent, outer growth zones of the euhedral crystals The
measurements are given in Table 4.

The bulk of the homogenisation temperatures (T,) of the
ankerite in the Buntsandstein range between 120 °C and 135 °C
(n = 7). Two inclusions have higher Ty, and for one inclusion
no homogenisation was observed below 180 °C. The latter
observations might be indicative of stretching. One inclusion
has a considerably lower Ty of 85 °C, but similar T, and
Tmiee. Homogenisation was clearly observed as the inclusion
was rather large (10 by 6 pm) which makes it more vulnerable
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to stretching, but this would result in a higher Ty The crystal
cores usually show signs of replacement and recrystallisation.
However, the distinction between core and outer growth zones
cannot always be made without advanced techniques i.e. BSEM
and CL. Therefore the low- Ty inclusion could well represent
a younger carbonate generation.

6.5. Electron probe micro-analyses (EPMA)

EPMA results are summarised in Figure 14. A total of 407
points on line transects of 4 detrital calcite grains and 15
authigenic ankerite/dolomite crystals in 5 samples were
analysed. The detrital calcite grains consist on average of 92.4
mol% CaCOs, 4.3 mol% MgCOs;, 2.7 mol% FeCO; and 0.6
mol% MnCOs. Only 14 analyses on these grains gave reliable
results, as they consist of small micritic grains, which produce a
rough surface. They also contain small Fe-oxide particles, which
affect the Fe measurement. Euhedral carbonates cover a broad
compositional range (47.1-58.6 mol% CaCOs, average 53.1
mol% CaCOs; 10.7-51.2 mol% MgCO;, average 37.6 mol%
MgCO;; 0.9-35.5 mol% FeCO;, average 8.4 mol% FeCOs; 0.1—
3.4 mol% MnCOs, average 0.9 mol% MnCOs). They generally
have relatively pure dolomitic cores which are surrounded by
more ankeritic growth zones. The Fe content increases outward
and the outer growth zone often consists of siderite. The Ca

content shows little variation within the same crystal but tends
to differ between crystals/samples. All line transects, across the
dolomite/ankerite part of the crystals, show broadly the same
Fe/Mg ratio (0 to 4), sometimes the upper limit of this ratio is
lower (i.e. = 3). These crystals generally do not have sideritic
outer rims. In some crystals, the dolomite cores contain relicts
of replaced calcite grains, which often are smaller than the spot
size of the analysis (5 um). Measurements consequently
produced intermediate results (not accounted in the calculation
of the average composition). All measurements with Ca content
higher than 58 mol% CaCO; are from spots partly covering
calcite inclusions. The outer siderite rim around some crystals
was also thinner than the spot size, resulting in bulk
compositions. All analyses with FeCO; > 30 mol% and CaCO;
< 50 mol% are from spots partly covered by siderite. In some
cases, pure siderite compositions could be measured, which plot
around 80 mol% FeCO;, 10 mol% CaCO; and 10 mol%
MgCO;. A few of the analysed crystals contained small siderite
inclusions, apart from the outer rim. A strong negative
correlation (12 = -0.93) exists between the Mg and Fe content in
the euhedral dolomite/ankerite crystals. Also, Mn correlates
negatively with Mg (1> = -0.68). Consequently, a positive
correlation exists between Fe and Mn (r? = 0.66).

BSEM pictures and element maps show that the zonation of
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Table 4. Results (°C) of the microthermometric study of fluid
inclusions in ankerite crystals of the Buntsandstein (They =
homogenisation temperature, T, = temperature of first melt, Tpyice) =
final melt temperature). Samples originated from the Gruitrode member.

Buntsandstein

ﬂo T_h(@) L T ice)
1 147.1 - -21.2
2 118.5 -40.2 -

3 143.8 -47.3 -23.9
4 122.1 - -

5 - -47.0 -26.2
6 121.1 - -

7 125.2 - -20.0
8 85.6 -49.7 -25.5
9 129.4 -452 -24.3
10 124.2 -41.2 -23.6
11 127.2 -42.2 -24.9
av. 124.3 -44.7 -23.7

the dolomites/ankerites is consistent within each sample. Zones
with identical composition are present in the same sequence in
different crystals, but the size (width) of the zones varies
between crystals. Crystals in different samples show different
zoning patterns. In some samples, the ‘outer’ siderite zone is
covered by a thin Mg-rich ankerite zone.

7. Discussion

The discussion starts with a description of the major diagenetic
processes that affected the reservoir quality of the
Buntsandstein. These processes are arranged chronologically in
a paragenetic sequence that was linked to the burial history of
the formation (Fig. 15). A summary figure is given in Figure 18
where the contrast between red beds and bleached beds is
shown. Subsequently, effects on reservoir quality are addressed.

7.1. Eodiagenesis

7.1.1. Inherited clay rims stained by Fe-O/H

The clay-coated framework grains (Figs 6, 8, 10) in the
Buntsandstein constitute ‘inherited clay rims’ (ICRs), a term
proposed by Wilson (1992) to describe coats of detrital clay on
framework grains where clays were present on the grains prior
to their arrival at the site of deposition. The distribution, texture,
and composition of ICRs allow distinguishing them from other
types of detrital and neoformed clays. Wilson (1992) provided a
detailed description of the characteristics identifying ICRs.
Differentiation of the rims in the Buntsandstein sandstones from
other types of clay coats was based on: (i) presence at point
contacts between the framework grains; (ii) their widely varying
rim thickness; (iii) increased thickness in embayments in
framework grains, especially within finer grained sandstones
where these depressions are more common; (iv) absence on the
surfaces of diagenetic components.

Wilson (1992) states that ICRs originate from recycling of
coated grains. The latter can be formed by four different
mechanisms, i.e. (i) biogenic reworking; (ii) in situ degradation
of smectitic clay or mud intraclasts; (iii) mechanical infiltration
as suspended load in surface waters and (iv) adhesion on wetted
grain surfaces. Busch et al. (2020) recently compiled additional
controlling factors on the presence and extent of grain coats.
Because framework grains with inherited clay rims represent
recycled material, the specific origin(s) of the clays coating the
grains is difficult and, in most cases, impossible to constrain.
Clay rims are mainly found in shelf and eolian environments. In

FeCO3 + MnCO3

Orthoclase
KAISi3Og

NaAlSi;Og CaAl;SiyOg
Albite Anorthite

Figure 14. Ternary plots of EPMA-analyses on carbonate phases and
feldspar grains of the Buntsandstein. The dashed line in the upper
diagram delimits the ankerite(left)/dolomite(right) fields.

the latter, clays are introduced into sand debris primarily by
adhesion on wetted surfaces and by infiltration through invasion
by surface waters, processes that occur predominantly in low-
lying sabkha, interdune and desert-floor environments.
Framework grains with ICRs generated in these environments
can be recycled into a variety of eolian deposits and may also
occur in fluvial deposits, like in the Buntsandstein in the
Campine Basin. These sediments were deposited within a
dryland river system, in which sabkha or playa environments
occurred abundantly. The fact that ICRs are omnipresent in all
sampled reservoir horizons implies that the clay-coating
mechanisms must have been efficient, widespread, and that
these environments were recurrently recycled, i.e. eroded by the
river system. The high detrital carbonate content of many
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samples supports the recycling of playa lake environments, in
which often carbonate layers are formed, which must have been
common in this Triassic fluvial system. Also of importance is
that the clay coats are well developed and display good grain
coverage, features that have been recognised in both fluvio-
aeolian and estuarine sandstones (e.g. Wooldridge et al., 2017;
Molenaar & Felder, 2018).

Many of the more fine-grained sandstones contain pellets or
peloids. Faecal pellets are common in playa lakes, where they
are excreted by sediment-feeding organisms (Fliigel, 2004).
Filter-feeding organisms, on the other hand, form pellets which
consist primarily of clay. The studied pellets (or peloids) consist
of micrite and clays. Many are brown-coloured by the presence
of Fe-O/H, others are opaque, due to high hematite content.
Pellet-forming organisms typically cause burrowing activity,
which is according to Wilson (1992) another major mechanism
by which ICRs are formed.

The Fe-O/H that are concentrated in the ICRs (Fig. 6B)
originate from weathering, typically in soils, of Fe-silicates
(amphiboles, pyroxenes, ...) and are transported in rivers as
ferric hydroxide colloids in dilute suspension, or adsorbed on
the surfaces of clay minerals (Pettijohn et al., 1987). After
deposition, the ferric hydroxides spontaneously dewater to form

Fe-O/H or, if complete dehydration occurs, hematite. The red-
brown staining is caused by the presence of ferric iron (Fe*") of
which little (about 0.3%, Muchez et al., 1992) is required to
produce significant colouring. Colour variations reflect the total
oxi/hydroxide content and composition. Red beds, i.e.
sandstones stained red by Fe-O/H, are common in arid
continental environments.

7.1.2. Spherulites

Spheroidal carbonate-coated grains in the Buntsandstein
typically resemble deformed ooids but are referred to as
spherulites because they are not always spherical and their
cortex is formed by non-concentric, partially overlapping
laminae (Fig. 6F), with characteristic cross extinction pattern.
Their nuclei always consist of carbonate grains. Despite that,
some features also have been recognised in recently extensively
studied so-called “pre-salt spherulites”, of which the biotic
(bacterial) or abiotic origin is still debated (Scherer et al., 2015;
Catto et al.,, 2016), the internal texture of Buntsandstein
spherulites differs from the latter.

Spherulites are known from recent and ancient marine as
well as freshwater environments. Marine oncoids, which
resemble the spherulites typically have marine bioclast
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fragments as nuclei. In the studied sandstones, the nuclei consist
of micritic or partly micritised carbonates. Non-marine
spherulites are generally attributed to fluvial channels and
bottom lags of ponds (Fliigel, 2004). Here, spherulite growth is
favoured by high carbonate input and the contribution of calcite-
supersaturated water. Radially arranged micro-cracks, as
observed, seem to be a common feature of freshwater
spherulites, but it is not entirely clear how they are formed
(Flugel, 2004).

The studied spherulites generally exert little control on the
sandstone reservoir quality, as they only occur locally and in
low quantities. Where they are abundant, they appear to have
acted as preferential nucleation sites for carbonate cements. This
confirms the existence of carbonate-saturated ponds and
reworking by fluvial channels of the sediment, which is evident
from overlapping and crosscutting spherulite laminae.

7.1.3. Eogenetic carbonate cements: origin

The studied spherulites are often overgrown by calcite cements
with intricate CL-zoning (Fig. 6F). The latter are in most
samples intergrown or partly replaced by dolomite, which often
consist of subhedral crystals that are heavily clouded by solid
Fe-O/H inclusions. Both phases form concretions that enclose
framework grains (Figs 7A, 10B, 11). The intergranular volume
in these concretions is visibly larger than that of the surrounding
non-cemented areas, which implies they formed before
significant compaction took place.

In some samples, also dolomite cement is complexly zoned,
which generally typifies early eogenetic cements. These likely
formed close to a water table, where subtle variations in pore
water composition occur caused by various degrees of mixing
between phreatic and vadose waters (Morad et al., 2000). The
calcite and dolomite cements are non-ferroan, which is another
characteristic of early carbonates. Hot, dry, continental
environments are highly oxidising and have a paucity of
reducing organic matter. Therefore all iron remains in the ferric
state. Carbonate minerals that precipitate here are thus iron-free
(Worden & Burley, 2003).

Eogenetic carbonate cements in arid continental settings have
either a pedogenic or a phreatic origin (Morad, 1998; Worden &
Burley, 2003; Schmid et al., 2006; Scorgie et al., 2021). The
bulk of the studied cements display characteristics typical for
groundwater cements (Pimentel et al., 1996), rather than
pedogenic cements. The latter normally occur in low
permeability horizons and are typically associated with more
stable surfaces on floodplains, while phreatic cements are also
present in permeable lithologies. In our case, they are typically
associated with drainage channels, playas, and lake deposits.
Pedogenic cements are usually finely crystalline, while phreatic
cements show a wider range of crystal sizes, like the studied
cements. In addition, typical pedogenic fabrics, such as
rhizocretions, biologically induced structures (burrows, root
traces), glaebules, vadose features like pendant cements, etc. are
not common in the Buntsandstein. Moreover, dolomite is not a
common pedogenetic carbonate (Spotl & Wright, 1992; Schmid
et al., 2006). Yet, it cannot be excluded that a small part of the
cement has a pedogenic origin since the earliest cements
surrounding spherulites and peloids sometimes resemble
meniscus or pendant fabrics. Also, some fragments might have a
pedogenetic origin.

The spatial distribution of phreatic carbonate cements in dry
continental environments is related to mineral water interaction
during regional groundwater flow from proximal to distal
settings and to evaporative ionic concentration of pore waters.
However, the presence of clay coats may inhibit eogenetic
carbonate cementation (Lai et al., 2019). Groundwater in
permeable, proximal fluvial sandstones adjacent to uplifted

areas has elevated Ca/Mg ratios, and hence commonly forms
phreatic calcrete (Garcia et al., 1998). Groundwaters in the
distal deposits have high Mg/Ca ratios, due to the calcite
precipitation in the proximal facies and evaporative
concentration, which favours dolomite precipitation (Spotl &
Wright, 1992).

In playa-lake environments, calcrete and more often
dolocrete layers form by the interaction of groundwater with
lake brines during periods of strong evaporation and lake-level
lowering (Colson & Cojan, 1996). Erosion and reworking of
these cemented layers produce carbonate intraclasts. Their
presence may result in carbonate recementation at the bases of
fluvial channels (Burley, 1984), like those of the Buntsandstein.
The phreatic concretions are most abundant in samples with
high amounts of carbonate fragments.

7.1.4. Eogenetic carbonate: stable isotopes

Although some concretions could be micro-sampled, the stable
isotope results (Fig. 13) seem not to reveal much information on
their genesis. Both 8'%0 (-4 to -8%o V-PDB) and 8"*C values (+1
to -2%o, with three outliers from the same sample with values
around -6%o) plot in a relatively narrow range. Yet, all
concretions contain carbonate fragments and most of them
consist of both calcite and dolomite cements. Many are
overgrown or partly replaced by later Fe-rich dolomite and
ankerite. The stable isotope plots show no significant
correlations between ankerite/dolomite or detrital content and
isotope signatures. Also, the 5'°0 and 5"°C values lack any sort
of trend (e.g., inverted J-trend pointing towards some
pedogenetic influences; Allen & Matthews, 1982).

The relatively narrow O and especially C isotopic range of
the analysed bulk samples with varying ankerite/ dolomite/
calcite contents suggests that the different carbonate phases
have similar isotopic compositions, possibly in relation to some
resetting. Assuming that the bulk of the cements consist of
dolomite which precipitated in equilibrium with unmodified
early-Triassic meteoric water (5'%0 = -6%o V-SMOW; Knox et
al., 1984) displaying a 5'°0 range between -8 and -4%. V-PDB,
this results in precipitation temperatures between 27 and 47 °C,
using the fractionation equation of Land (1983) (Fig. 16A).
These values are rather high for phreatic water in a hot dry
continental environment. Moreover, to produce the ionic
concentration needed for dolomite precipitation from
groundwater, a considerable degree of evaporation is required,
which causes the enrichment of the water in heavy oxygen.
Assuming dolomite precipitation in equilibrium with water
enriched in 'O by evaporation (e.g. -3% V-SMOW), this
results in unrealistic (near-surface) temperatures (42-63 °C; Fig.
16A). This suggests that part of carbonate cements equilibrated
with evolved water during deeper burial. Muchez et al. (1991)
studied the Buntsandstein of borehole KB201 in the Campine
Basin. They succeeded in taking pure isotope samples of
eogenetic concretions, referred to as glaebules, from three
palacosol horizons. They report that the analysed glaebules
consist solely of calcite, although they also mention replacement
by later diagenetic dolomite in other samples. These authors
consider all dolomite in the Buntsandstein as mesogenetic. Such
replacement of calcite by dolomite could explain the large
intergranular volume in the concretions, but not the intricate CL
-zoning of some of the dolomite cements. The concretions they
analysed have an average 5'°0 of -2.2%o V-PDB, which is
considerably less depleted than any of our analyses. They
calculated, assuming a precipitation temperature of 20 °C, that
the glacbules formed from water with a 8'*0 of -1.6%o V-
SMOW. The latter value is significantly higher than the 5'*0 of
-6.0%0 V-SMOW of the Triassic meteoric water in the region
(Knox et al., 1984), which they, logically, attribute to
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evaporation.

With regard to the §'°C values, most values indicate a
system where the contribution of depleted carbon (e.g. soil-
derived CO,) is limited. The carbonate signature seems to be
buffered between +1 and -2%o. The three outliers, with depleted
8"°C signature varying around -6%o, best can be explained by
the involvement of an organic-derived C-source, e.g. soil-
derived CO,. The eogenetic carbonates in the studied sandstones
are remarkably similar to those of the Triassic Sherwood
Sandstone Group of the Corrib Field in the Slyne Basin (Fig.
17) on the continental shelf, offshore western Ireland. These
sediments, which were described in detail by Schmid et al.
(2003, 2004, 2006a, 2006b), were deposited contemporaneously
with the Buntsandstein Formation (Scythean) in a similar
sedimentary setting. Predominant carbonate cement in the
Sherwood Sandstone Group of the Corrib Field is non-ferroan
dolomite, which is associated with minor calcite and ferroan
dolomite/ankerite. The quantities of late diagenetic ferroan
dolomite/ankerite, which also forms rims around the eogenetic
dolomite, are lower than in the studied Buntsandstein. The
Sherwood dolomite 5'°C values range between -3.2 and +2.1%o,
which is broadly similar to the Buntsandstein (-2.3 to +1.2%o).
Carbonates in both formations have a pedogenic/phreatic origin
with few exceptions of three soil-derived cements with CO,-
depleted 8"°C values.

Schmid et al. (2006b) argued that the highest 3'*C values
measured in the Sherwood Sandstone (Fig. 17) relate to
carbonate formation in periods of reduced rainfall, minimised
biological activity (vegetation) and high evaporation. During
such periods the dominant C-source was atmospheric carbon,
possibly enriched in heavy C due to evaporation, with a low
contribution of biological, light C resulting in 8“C values
around +2%o. Conversely, the lightest 8'°C values represent
carbonates formed in periods with more precipitation and
subsequently larger vegetation cover and a lower degree of
evaporation. During such periods, the dominant C-source for
carbonate precipitation was still atmospheric CO,, but the input
of biologically derived, light C was more substantial, which
resulted in 8"°C values around -2%o and even somewhat lower.

The gradual 3'C variations of the carbonates in the
stratigraphical record of the Corrib Field thus reflect transitions
from arid to less arid conditions and vice-versa and can be
interpreted as a proxy for the palacoenvironment and
palacoclimate. Schmid et al. (2006b) strengthened these
findings by correlation with other indicators of the
palaecoenvironment/climate, such as depositional facies and
abundance of carbonate cement. They also demonstrated that C-
isotope records of different wells in the Corrib Field provide a
tool for stratigraphic correlation. They also plotted the 8'°C
values of the Buntsandstein of KB201 (Muchez et al., 1992)
versus depth, and observed a trend that is similar to those of the
Corrib Field. As these locations are located nearly 1200 km
apart from one another, Schmid et al. (2006a) suggested that the
palaeoclimate evolution signal in the Lower Triassic sandstones
of the Corrib Field records a major sub-continent scale event.

The isotopic results presented in this study corroborate the
trend observed by Schmid et al. (2006a) (Fig. 17) except for the
four samples at the top 100 m of the reservoir (806-904 m depth
below surface). Their 8"°C values plot between -1 and 0%o, and
are rather inconsistent with the observed trend of gradually
more negative values towards a depth of around 900 m, which
Schmid et al. (2006a) seem to consider as the top of the
Buntsandstein. Schmid et al. (2006b) used an easily
recognisable playa horizon, locally known as C1, which occurs
in all the core sections of the Corrib Field as stratigraphic
marker. On a depth scale normalised to this playa horizon,
the 8"3C trends of the boreholes they studied, coincide nicely.

As this playa horizon evidently did not stretch to the Campine
Basin, there is no means of correlating the trend in KB201 with
those of the Corrib Field. Schmid et al. (2006a) based their
suggestion of a sub-continent scale palaeoclimate controlling
event on the fact that the trends in the Corrib Field and KB201
are similar in shape and reach maximum §'">C values about 150
m below the top of the Triassic sandstone formations. Yet, this
top in KB201 lies about 100 m higher than they were
considering it to be. Furthermore, the top of the Buntsandstein
in KB201 consists of an erosive contact with the Cretaceous and
therefore cannot be used for chronostratigraphic correlation.

Besides the samples of KB201, also the isotopic
composition of 17 samples of KB172 was analysed.
Unfortunately, these do not cover the sampled depth range
densely enough to observe any trend. Yet, all values, except
three, are in the same §'°C range as for KB201. The three
outliers have a 3'°C of around -6%o. They come from the same
sample, which contains dolomite concretions overgrown and
partly replaced by ankerite. The relative ankerite content of this
sample seems quite high.

The observed 8'*C-depth trend in the Campine Basin holds
important implications concerning the diagenetic history of the
Buntsandstein and might be useful for intrabasinal stratigraphic
correlation, which is currently rather provisionally based on the
occurrences of evaporites and shales. This could provide insight
in the depositional setting and the architecture of the
Buntsandstein, which is complicated by post-Triassic tectonics.

7.1.5. Eogenetic carbonates: implications for geological CO,
sequestration

The fact that 3"*C compositions of carbonate cements in the
Buntsandstein vary smoothly with the stratigraphy, and most
likely yield a palacoclimatic signal, implies that diagenesis in
the reservoir was isochemical with respect to CO, or dissolved
carbonate. The observed trend reflects therefore a primary,
cogenetic signal. Such signals are normally obscured by later,
generally mesogenetic influxes of CO, with different 8"C
signatures. The Westphalian coal-bearing sequences, underlying
the Buntsandstein, have generated vast quantities of CO, during
their burial history (Van Keer, 1999; van Tongeren et al., 2000).
CO, generated by organic matter, such as coal, typically has
distinctly negative 8"°C values (e.g., < -20%o V-PDB; Irwin et
al., 1977). As the primary 8'°C signal in the Buntsandstein was
not affected by this influx, this implies that these sandstones
were non-reactive towards the released CO,, or that the CO, did
not pass through the reservoir in sufficient quantities to affect
the 8'3C composition. Yet, most of the studied sandstones
contain a late diagenetic ankerite. As this phase has a
mesogenetic origin, this matter will be discussed further on.

7.1.6. K-feldspar authigenesis

Authigenic K-feldspar (AKF) occurs as overgrowths on detrital
K-feldspar grains (Fig. 6A, 6C). The total AKF content is
strongly related to the detrital K-feldspar content. Samples with
high detrital content have the highest AKF content (estimated
volume <2%). Yet the effect of AKF on the reservoir properties
is minimal, as the bulk of the overgrowths are heavily affected
by, most likely late-diagenetic, alteration and dissolution.

Petrographic observations indicate an early eogenetic AKF
origin. The overgrowths postdate the clay rims, predate the
eogenetic clouded dolomite and seem to have grown partly
contemporaneous with an early generation of authigenic quartz.
They often completely enclose detrital grains and, elsewhere,
contacts of host grains with adjacent grains are point-contacts,
i.e. indicative of a pre-compactional genesis. Such an early
formation of AKF is also in line with for example Bjerlykke et
al. (1986).
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Figure 16. Oxygen isotopic fractionation of dolomite (A) and ankerite
(B) as a function of the 5'%0 of the ambient water and temperature. The
measured isotopic compositions of the eogenetic carbonate concretions
in the Buntsandstein range between -8 and -4%o V-PDB. Assuming that
the bulk of the cements consists of dolomite which precipitated in
equilibrium with unmodified early-Triassic meteoric water (8'*0 = -6%o
V-SMOW; Knox et al, 1984), yields precipitation temperatures
between 27 and 47 °C, using the fractionation of Land (1983) (Dashed
line in diagram A). Assuming that the dolomite precipitated in
equilibrium with water enriched in 8'*0 by evaporation (e.g., -3%o V-
SMOW), results in surface temperatures of 42—-63 °C (Dotted-dashed
line in diagram A). The analysed mesogenetic dolomite/ankerite has
30 values between -8 and -6%o V-PDB. Fluid inclusions in these
phases have homogenisation temperatures between 86 and 147 °C.
Using the fractionation equation of Land (1983) this corresponds to
water compositions of 0 to +8%0 V-SMOW (full line diagram A). The
ankerite fractionation equation of Fisher & Land (1986) yields slightly
higher compositions (diagram B).

Eogenetic K-feldspar is a common phase in red beds
(Worden & Rushton, 1992; Morad et al., 1994; Rossi et al.,
2002; Schmid et al., 2004; Henares et al., 2014; Mahmic et al.,
2018). The crystallisation of AKF requires an interstitial supply
with K, Al and Si, of which several sources have been discussed
in the literature. Rossi et al. (2002) suggested that the AKF in
the TAGI sandstones (Algeria) related to refluxed residual
brines derived from overlying evaporites. However, these
authors came also to the conclusion that evaporites could never
supply the necessary Si and Al. A more commonly proposed
source is the alteration (hydrolysis) of unstable Al-silicates.
Walker et al. (1978) suggested that the hydrolysis of
hornblende, pyroxene and plagioclase grains by intrastratal
alteration provided the ions for AKF in the Cenozoic desert
alluvium of SW-USA and NW-Mexico. Such grains might have
been present in freshly deposited Buntsandstein sands.
Dissolution voids might have been destroyed by later
compaction. They could also have supplied Fe to the red coats.
But no hard evidence supports their former presence. Moreover,
whether these phases could provide the necessary K is unclear.
Several authors (Kastner & Siever, 1979; Ali & Turner, 1982;
De Ros et al, 1994; Rossi et al., 2002) added volcanic
fragments to the series of dissolved grains which could provide
the K. But they are not expected to have constituted a sufficient
part of original Buntsandstein mineralogy. Patterson &
Tatsumoto (1964) compared the Pb isotopic composition of
detrital K-feldspar grains and their overgrowths and found them
to be similar. This made them conclude that detrital K-feldspar
can be an important source of ions for AKF. The presence of Ba
in the AKF, in the Triassic Bromsgrove Sandstones in Central
England, and alkali feldspar being the only obvious Ba source,
brought Ali & Turner (1982) to the same conclusion.

The observations that K-feldspar simultaneously dissolves
and precipitates pose an intriguing thermodynamic predicament.
Ali & Turner (1982) suggested that certain K-feldspar grains,
e.g. those with compositional or structural variation, are
preferentially dissolved. They did not measure systematic
compositional differences between detrital and authigenic
feldspar, but did observe an optical discontinuity between
orthoclase or microcline host grains and their overgrowths,
which was not present in sanidine host grains. This made them
conclude that the overgrowths they studied consist of sanidine,
and that the preferential dissolution of detrital grains is related
to differences in the Al/Si ordering rather than to differences in
composition. The conclusions of Ali & Turner (1982) were
adopted by numerous authors addressing eogenetic AKFs (e.g.,
De Ros et al., 1994; Rossi et al.; 2002; Schmid et al., 2004).
These authors name detrital K-feldspar as an important source
of ions for K-feldspar authigenesis, but did not go into detail on
the mechanism of preferential dissolution and reprecipitation.
Simultaneous dissolution of less stable K-feldspar polymorphs
and precipitation of more stable polymorphs s
thermodynamically possible, yet requires specific chemical
conditions. Considering the slow dissolution kinetics of K-
feldspar, it is not likely that the chemical conditions, in the
presumed phreatic environment where the overgrowths formed,
remained constant long enough to dissolve one polymorph and
precipitate significant quantities of another polymorph knowing
that these processes are likely to be extremely slow. The
kinetics of feldspar dissolution are obviously controlled by the
saturation state of the fluid.

Maraschin et al. (2004) proposed a model for K-feldspar
authigenesis whereby detrital K-feldspar dissolves in proximal
areas of the basin, where undersaturated meteoric recharge
dominates over evaporation, and precipitation of overgrowths
occurs further along the groundwater pathways throughout the
basin. K-feldspar authigenesis (i.e. precipitation) here is driven
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Figure 17. The stratigraphic trend in C-isotopes observed in the Triassic Sherwood sandstone of the Corrib Field (Offshore west of Ireland) observed
by Schmid et al. (2006a) corresponds relatively well to the depth trend observed in the Buntsandstein of borehole KB201 (open circles: Muchez et al.,
1992; full circles: this study). Schmid et al. (2006a) attribute this trend to a gradually changing climate. In the Campine Basin, a couple of points
deviate from the trend. These are samples with relatively high mesogenetic carbonate content. The interval available from KB172 does not cover a
sufficient depth range to reflect a trend. Most values, however, plot in the expected range.

by evaporative concentration, much like phreatic carbonate
genesis in arid continental environments. This model parries the
thermodynamic issues by laterally separating the dissolution and
precipitation environments, which also makes the preferential
dissolution of less stable polymorphs superfluous. Such a model
requires mass transfer over long distances, from the source
(dissolution) area to the horizons where K-feldspar authigenesis
takes place. Al and Si are fairly immobile at surface
temperatures and would likely precipitate along the groundwater
pathways as kaolinite or smectitic clays before K-feldspar
saturation is reached (by evaporation). Maraschin et al. (2004)
observed these phases in the A¢u Formation (Potiguar Basin,
NE-Brazil), on which their model is based.

Part of the smectite, of which the clay rims were originally
composed in the Buntsandstein, was probably formed by a
similar mechanism. The clay rims, however, predate the K-
feldspar overgrowths, and formed in several phases of
reworking of the sediments before final deposition of the sand.
Reworking is the only process that can produce a complete
envelopment of grains by clay rims. Consequently, the smectite
of the clay rims is not likely to have had a phreatic origin.
Furthermore, kaolinite is sparse in the studied strata.

K-feldspar authigenesis in the Buntsandstein most likely
took place by a mechanism similar to that of Maraschin et al.

(2004) but operating on a smaller scale. Evaporative
concentration is the most obvious drive for supersaturation and
resulting precipitation in a desert-like environment like that of
the Buntsandstein. K-feldspar grains were an important source
of ions, together with other unstable Al-silicates. Dissolution of
these phases is suggested to have taken place in near-surface
environments, like those where the smectite coats formed. The
omnipresence of eogenetic AKFs throughout the Buntsandstein
implies that the groundwater was most of the time during
deposition near K-feldspar saturation, which is supported by the
fact that the overgrowths consist of single, continuous, large
crystals. Such overgrowths are formed at low degrees of
supersaturation (Worden & Rushton, 1992; De Ros et al., 1994;
Lee & Parsons, 2003). Dissolution is suggested to have taken
place in both vadose and phreatic zones, due to episodic
infiltration of undersaturated meteoric water during wet periods.
Short periods of extensive runoff and infiltration of meteoric
water are typical for dry river systems and are recognised in the
sedimentological structures making up the bulk of the
Buntsandstein (i.e. sheet flood deposits, broad shallow channels,
playa lakes, etc.). Mixing of groundwater (and vadose water)
with those meteoric waters temporarily causes undersaturation
of K-feldspar and consequent dissolution. Evidently, less stable
feldspars will be dissolved faster during such periods.
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Subsequent strong evaporation during dry periods renders the
water saturated with respect to K-feldspar. Once saturated, the
degree of supersaturation and the rate of K-feldspar growth are
controlled by the rate of evaporation. The proposed episodic
growth of the AKFs is also evidenced by the observation of
grains covered by multiple generations of overgrowths.

Another explanation may relate to a closed system alteration
of muscovite, assuming a minimum supersaturation with respect
to quartz in the pore fluid. However, its feasibility is not well
constrained. In such a system authigenic kaolinite and K-
feldspar may form simultaneously according to the following
reaction 1:

KALSi;0,,(0H), + 2Si0; (aq) + H,O — KAISi;O5 + ALS,05(OH), (1)

Mica K-Feldspar  Kaolinite

7.1.7. Eogenetic quartz cementation

Authigenic quartz (AQ) occurs mainly as syntaxial overgrowths
on detrital quartz grains (Figs 6C, 9A). Petrographic
observations indicate that at least a major part of the AQ has an
eogenetic origin. The overgrowths postdate the clay rims, which
are often enclosed between AQ and the detrital grain. They
predate eogenetic carbonate cementation, as grains enclosed in
eogenetic concretions are generally covered by, often quite
large, quartz overgrowths. These carbonate cements formed
before compaction (based on the large intergranular volume),
which implies that the AQ also predates compaction. The latter
is also evident from the poorly evolved contacts between grains
covered with overgrowths. In some samples, certain grains are
completely enveloped in overgrowths and seem to make no
contact at all with other grains.

K-feldspar overgrowths are typically enclosed in quartz
overgrowths on adjacent grains. Comparable observations on
the order of feldspar to quartz cementation in other
Buntsandstein locations have been reported (Quandt et al., 2022;
Busch et al., 2022). Yet, in some cases also the inverse situation
was observed, which suggests a partly simultaneous genesis
implying that the eogenetic quartz has a phreatic origin. Such
phreatic quartz cements are common in distal sediments
deposited in arid climates, where they occur as silcretes which
may extend laterally up to several kilometres (Morad et al.,
2000). Quartz authigenesis in such silcretes is, similar to K-
feldspar authigenesis, sourced by the alteration of Al-silicates
and driven by evaporative concentration. The quartz cement in
the Buntsandstein constitutes syntaxial, optically continuous
overgrowths on detrital quartz grains. The cements in most
groundwater silcretes, however, consist of microcrystalline
quartz or various forms of metastable, fibrous cements like
chalcedony or opaline silica. It is therefore commonly accepted
that metastable silica cements should form at low temperatures
and that syntaxial AQ requires higher temperatures to form
(Bjerlykke & Egeberg, 1993; Worden & Morad, 2000). Some
authors claim that the initially metastable silica recrystallises at
surface temperatures (vadose zone and top phreatic zone) by a
process of dissolution and reprecipitation which progressively
removes impurities (mostly Ti and Al) and increases the
crystallinity and crystal size (Thiry & Millot, 1987; Thiry &
Milnes, 1991). Others argue that the general preservation of
metastable silica cements evidences the rarity of recrystallising
them at low temperatures (Summerfield, 1983; Kelly et al.,
2007). Goldstein & Rossi (2002), who studied syntaxial
overgrowths originating from recrystallisation of metastable
silica phases, state that temperature is one of the primary
controls inducing recrystallisation, and over 180 °C are required
to recrystallise fibrous quartz. Such temperatures were never
attained during burial of the Buntsandstein. In addition, when
recrystallisation occurs, isopachous ghosts often reveal the

precursor phases, which can be recognised petrographically
(Kelly et al., 2007) or by means of cathodoluminescence
microscopy (Goldstein & Rossi, 2002). No such textures were
observed in the overgrowths.

The overgrowths in the Buntsandstein therefore most likely
precipitated as syntaxial cements. The conditions favouring low-
temperature syntaxial quartz cements are reported by Kelly et al.
(2007). Nucleation of SiO, is strongly controlled by the
concentration of silica and of foreign ions in the ambient water.
High concentrations of both cause faster nucleation, generating
abundant nuclei and microcrystalline quartz. Low
concentrations of foreign ions and low degrees of silica
supersaturation result in low rates of silica precipitation, low
nucleation density and preferential nucleation on existing silica
phases, implying that once nucleation starts, the existing
overgrowths scavenge enough silica to prevent further
nucleation, thus promoting their continued formation.

Besides the composition of the water, also the porosity and
permeability of the sands undergoing cementation determine the
type of cement formed. Low porosity and permeability restrict
fluid flow, promoting slower nucleation and growth rates, and
the precipitation of mega-quartz (Summerfield, 1983; Thiry &
Milnes, 1991; Kelly et al., 2007). However, in the Buntsandstein
the largest overgrowths were observed in the coarsest, most
porous and permeable sandstones. This might imply that the
groundwater was rather stagnant during quartz cementation.
However, the latter horizons are also the ones where clay rims,
which inhibit quartz nucleation (Bloch et al., 2002; Ajdukiewicz
& Larese, 2012; Quandt et al., 2022), are thinner and often
incomplete, and where larger contents of mesogenetic quartz
cement, sourced by chemical compaction, are expected.

Some authors reckon the lithology of the host rock to be the
most important factor controlling silica  deposition
(Summerfield, 1983; Murray, 1990; Kelly et al., 2007). They
consider the near-surface formation of syntaxial overgrowths as
the response of quartz arenites to a silcrete-forming process. In
quartz arenites, the degree of silica supersaturation should be
lower, as by definition these lithologies contain smaller amounts
of reactive phases such as unstable Al-silicates, chert fragments
or volcanic glass. In addition, because of the high purity, also
the concentration of foreign ions, which enhance nucleation, is
low in quartz arenites. Here again, the observations in the
Buntsandstein go counter common perception. Most of the
studied samples classify, based on their current composition, as
sublithic arenites or subarkoses based on their relatively high
contents of lithic fragments and detrital feldspar and the fact that
diagenesis had a limited effect on alteration. A possible
explanation here might be that the silica sources in the
Buntsandstein were mainly slower dissolving phases (like K-
feldspar). The main drive for supersaturation was most likely
evaporative concentration and not fast dissolution of highly
reactive silica sources like volcanic glass. The concentration of
foreign ions was probably kept low by the concurrent
precipitation of smectitic clays, carbonates and K-feldspar. The
precipitation of clays and K-feldspar, which contain silica, can
also have counteracted high degrees of silica supersaturation.

Petrographic observations suggest that quartz cementation
took place in the phreatic zone, shortly after deposition. Kelly et
al. (2007) claim that eogenetic syntaxial quartz cements are
formed at or above the water table, i.e. in the vadose zone. Their
main argument is that quartz precipitation is driven by
evaporation, which they presume to occur exclusively in the
vadose zone or at the water table. Vadose cements generally
display typical vadose features, like pendant and meniscus
fabrics, which were not observed in the Buntsandstein. Many
other authors, however, acknowledge the importance of phreatic
evaporation (Walvoord et al., 2002; and references therein).
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This process appears to be important in coarse sediments, in arid
regions, scarce of vegetation, like the depositional environment
of the Buntsandstein. Evidently phreatic evaporation is more
significant in areas with shallow water tables. However, Scanlon
et al. (2003) demonstrated the importance of evaporation of
phreatic water more than 20 metres below surface. Anyhow,
evaporation at or directly above the water table would also lead
to evaporative concentration in the phreatic zone, if recharge
and groundwater flux are restricted. Another argument Kelly et
al. (2007) state to validate the vadose origin of the syntaxial
quartz cements they studied is the homogeneity of the &80
values of the analysed overgrowths. If circulating ground waters
in the phreatic zone precipitated quartz cements, they expect the
variations in temperature and water composition to result in
more variable §'%0 values. In the Buntsandstein case, however,
the abundance of AKFs and phreatic dolomite cements indicates
a groundwater system with restricted recharge and circulation.
In such a non-dynamic flow system, compositional variations,
caused by the mixing of water from different sources, should be
minimal and temperature will be depth related. Consequently,
the 8'30 values of the eogenetic overgrowths are expected to be
rather homogeneous. The stable isotopic compositions were not
analysed though, as the results would most likely be obliterated
by the 8'%0 signatures of the mesogenetic AQs.

7.2. Mesodiagenesis

7.2.1. lllitisation of smectitic clays

The smectite to illite transformation process is manifested in the
Buntsandstein by the cornflake and honey-comb morphologies
of clay rims (Fig. 8). XRD analyses reveal that the bulk of the
clay consists of illite (Fig. 4). Remnants of smectite interlayers
in this illite disclose its origin from precursor smectitic clays.

Although the maximum temperatures attained during burial
of these sandstones are relatively low (~125 °C for the base of
the formation), smectite was almost completely transformed into
illite. Several factors may increase the rate of illitisation during
burial. The most important control on the transformation rate,
besides temperature, is the availability of potassium (McKinley
et al., 2003). The relatively high K-feldspar content of the
Buntsandstein provided a generous K-supply. Also, the fairly
high porosity, permeability and good interconnectivity between
the sandstone layers positively affected the rate of the illitisation
process. McKinley et al. (2003) also mention the effect of the
smectite composition and origin on the rate of illitisation.
Authigenic smectite is intrinsically more stable and less
susceptible to illitisation than detrital smectite, as it is formed
during diagenesis and therefore is closer to equilibrium
conditions during burial. The smectite in the Buntsandstein,
however, was formed during deposition, as it occurs in inherited
clay rims. The geochemical conditions of smectite authigenesis
are assumed to have been closer to a ‘weathering
environment’ (which produces detrital smectite) than a
diagenetic environment. The composition of smectite is mainly
determined by the host lithology it originated from (by
weathering). Felsic rocks tend to produce dioctahedral smectite,
while Fe and Mg-rich mafic lithologies alter to trioctahedral
smectite. The former is much easier (i.e., faster) transformed to
illite and therefore presumed to have been the dominant type in
the Buntsandstein.

The illite being part of clay coats, consisting of crystals
perpendicular to the grain surface, most likely resulted from the
conversion of smectite in the clay rims it covers. Yet, it is not
entirely clear why this type of coats occurs in certain, mostly
white but also some red samples while they are absent in others.
The samples where these coats occur are typically coarse-
grained sandstones with relatively high feldspar contents and

porosity. In such samples a higher illitisation rate can be
expected, which might result in more crystalline illite, like the
hairy, whiskery, or platy illite constituting the coats. Where they
occur, the coats often expand to boxwork illite filling
intergranular porosity and impairing the permeability.

The smectite to illite conversion generally produces
carbonate and quartz cements. In our case, it probably sourced
part of the cations incorporated in the euhedral ankerite, as
discussed further on. The direct contribution of this process to
the total quartz cementation in the Buntsandstein is likely less
important. The conversion reaction probably did have a
significant indirect effect on the quartz cementation. Besides
preventing quartz nucleation like the clay rims they originated
from, coats consisting of perpendicularly arranged illite also
counteract pressure dissolution, unlike clay rims, which tend to
enhance it.

7.2.2. Chemical compaction and quartz cementation

Chemical compaction is evidenced in the Buntsandstein by the
presence of dissolution seams (Fig. 11C) and by the concavo-
convex grain contacts in some samples. Both features are much
more common and distinct in red than in white sandstones. The
latter, however, contain considerably more quartz cement, of
which a significant part presumably resulted from chemical
compaction. These observations can be attributed to the dual
role of illitic clays in controlling quartz cementation. Inherited
clay rims prevent nucleation of pore-filling quartz overgrowths
on detrital quartz grains, but illitic clays, like micas, at grain
contacts act as a catalyst for chemical compaction and
concomitant release of silica for quartz cementation (Bloch et
al., 2002; Monsees et al., 2020).

The role of clay rims and coats in retarding quartz
cementation by blocking potential nucleation sites for
overgrowths on detrital quartz ‘seed-grains’ was identified
decades ago (Heald & Larese, 1974 and references therein) and
has since been invoked to explain heterogeneous distribution of
quartz cements in various sandstones (e.g. Molenaar, 1986;
Moraes & De Ros, 1990; Pittman et al., 1992; Wilson, 1992;
Bloch et al., 2002; Heidsiek et al., 2020 and many others). The
effectiveness of grain coats or rims in preventing quartz
cementation is a function of their completeness, as well as of
their thermal history, the grain size of the sandstone and the
relative abundance of quartz grains.

The effect of illite and mica on pressure dissolution was
recognised a long time ago and was first thoroughly described
by Heald (1955). The mechanism behind illite-mica-induced
dissolution (I-MID) is still not completely understood and is
subject of much debate (Walderhaug et al., 2004; Sheldon et al.,
2004; Bjerlykke et al., 2017). The I-MID mechanism was
inferred from petrographic observations of dissolution textures
at illite/mica-quartz interfaces and of the predominance of
quartz dissolution at such interfaces over dissolution at quartz-
quartz contacts in quartzose sandstones (Heald, 1955, 1959;
Dewers & Ortoleva, 1991; Walderhaug, 1994, 1996; Oeclkers et
al., 1996, 2000; Renard et al., 1997, 2000; Fisher et al., 2000;
Walderhaug et al., 2000; Walderhaug & Bjerkum, 2003; Weber
& Ricken, 2005; Cyziene et al., 2006; Baron & Parnell, 2007;
and many others). Bjorkum (1996) determined that I-MID
requires negligible stress, by means of theoretical calculations
of the mechanical properties of observed micas at surfaces of
which ‘pressure dissolution’ of quartz grains irrefutably had
taken place but where they were not deformed, though not
supported by adjacent grains. In the literature, it was suggested
that dissolution may result from electrostatics interaction
between quartz and clay/mica surfaces (e.g. Walderhaug et al.,
2000, 2004), but this has yet to be demonstrated unambiguously.
The point of controversy is that the [-MID mechanism invokes a
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local chemical effect to drive grain contact dissolution and
diffusion of the resulting aqueous silica, which, according to
some researchers, cannot induce a persistent gradient in
chemical potential, and therefore cannot provide a driving force
for chemical compaction (Sheldon et al., 2003, 2004). A more
classic view of pressure dissolution calls upon the
inhomogeneous distribution of normal stress over grain surfaces
to provide a persistent gradient in chemical potential, and hence
a persistent driving force for chemical compaction (Tada &
Siever, 1989; Renard et al., 1999, 2000; Sheldon et al., 2003).
The supporters of the I-MID mechanism succeeded in
constructing predictive quantitative models explaining the
distribution of quartz cement in sandstones, based on the
assumption that the silica source of cement is quartz surfaces
adjoining mica and/or clay grains (Oelkers et al., 1996, 2000;
Walderhaug, 1996; Walderhaug et al., 2000). These models are
in close agreement with field observations, and experimental
studies (Bjerlykke et al., 2017) which evidently strengthens the
idea that chemical compaction is controlled by I-MID.

Petrographic observations suggest that the enhanced
chemical compaction of the red Buntsandstein horizons can be
attributed to the I-MID mechanism. Although the average mica
content in these sandstones is rather low, red horizons contain
significantly more micas than their white counterparts (average
1.0% vs. 0.3%). Mica flakes are generally surrounded by
elongated quartz grains (or remnants of grains) which have long
contacts with the flakes, suggesting preferential partial
dissolution. In many red samples, micas, surrounded by partially
dissolved grains, are aligned along stylolite-like structures.
Some samples contain thicker, continuous stylolites (or
dissolution seams) filled with micas, clays (mostly illite),
remnants of quartz and residual grains, which often constitute
the contact between red fine and white coarse-grained zones.
They closely resemble the I-MID stylolites described in the
literature (Bjorkum, 1996; Oclkers et al., 1996; Cyziene et al.,
2006). Zones of intense chemical compaction are easiest to
recognise in samples containing high quantities of micas, which
tend to be aligned. Yet, in many samples dissolution seams,
consisting of elongated rimmed grains with long, often sutured
contacts were observed which show that the clay rims
effectively induced or enhanced pressure dissolution. This
pressure dissolution is the most important source of mesogenetic
quartz in the Buntsandstein.

Why these zones of intense chemical compaction are mainly
restricted to the red Buntsandstein horizons can be attributed to
several factors. First grain size could have played a role. The red
horizons are typically fine- to medium-grained, while the white
sandstones are generally coarser grained. Empirical studies of
the relationship between grain size and intergranular pressure
dissolution show that finer grained sandstones are more
susceptible to intergranular pressure dissolution (Houseknecht,
1984; Tada & Siever, 1989). This is attributed to the relative
thermodynamic instability of mineral surfaces relative to
mineral interiors which results in Ostwald ripening, i.e. the
preferential dissolution of small grains and reprecipitation of the
dissolved silica as a contribution to larger grains (Worden &
Morad, 2000). In the Buntsandstein, however, grain size is
probably indirectly related to chemical compaction. In the finer
grained, red sandstones the mica content is higher and the
inherited clay rims are better developed. The higher mica
content is related to hydrodynamic sorting in the depositional
environment. Mica flakes are, due to their shape, deposited in
lower energy environments and thus associated with finer
grained clastics. Better development in finer grained sands is
also an inherent characteristic of inherited clay rims, which are
more complete and generally thicker than those in coarse-
grained lithologies since they formed in less energetic

environments on generally more angular grains and thus suffer
less from abrasion during deposition (Wilson, 1992).

A result of these well-developed rims is that the framework
of the red sandstones, during compaction, was almost
exclusively supported by illite-quartz contacts, which enhance
pressure dissolution. A yet even more important effect of the
completeness of the rims is the inhibition of quartz cementation.
The complete coverage of detrital quartz grains by clay leaves
no nucleation sites for the silica released by pressure
dissolution. In the white Buntsandstein horizons, grain coverage
is much less complete, which allows nucleation and growth of
overgrowths. AQ overgrowths restrained chemical compaction
in the latter horizons in multiple ways. They support the
framework, i.e. reduce the effective stress by increasing the
surface on which the pressure is applied (assuming that stress
plays a role in chemical compaction; Oye et al., 2018). They
also reduce the number of clay/quartz contacts, at which
compaction is enhanced, by enclosing (incomplete) clay rims.
This increases the relative amount of quartz/quartz contacts, at
which chemical compaction requires higher stress.

The white Buntsandstein horizons contain significantly
more AQ than the red ones, while considerably more silica was
sourced by chemical compaction in the red sandstones. A part of
this AQ has an eogenetic origin, which formation was in the red
sandstones inhibited by the clay rims, and likely also
contributed to the retardation of pressure dissolution in the
white horizons. Still, a significant part of the AQ in the white
horizons resulted from chemical compaction in the red horizons,
though this is not irrefutably clear from the petrography of the
overgrowths. Yet, the silica released in the red horizons had to
end up somewhere but large-scale fluid flow is doubtful because
of the low solubility of silica, requiring huge volumes of water.
It is more likely to take place in the nearby white, more
permeable levels which thus acted as silica sinks, while the finer
grained, clay- and mica-rich, red sandstones acted as silica
exporters. Such facies-selective transfer of silica has already
been reported (e.g. Trewin & Fallick, 2000; Weber & Ricken,
2005; Cyziene et al., 2006; Morad et al., 2010). It is driven by
diffusion, due to the establishment of a dissolved silica gradient
between dissolution and precipitation sites, and operates at
millimetre to metre scales (Morad et al., 2000). This mechanism
eventually leads to extensive cementation of clean (mica and
rim-free) horizons, while clayey and mica-rich sandstones,
where the chemical compaction takes place, end up retaining
some porosity (Bloch et al., 2002). In our case, this advanced
scenario has not been reached, due to the relatively shallow
burial.

The burial model for KB172 (Fig. 3) shows a maximum
overburden load of ~1600 m for the top of the reservoir and
~2100 m for the base, corresponding to about 90 and 120 °C,
respectively. Typically reported minimum temperatures for the
initiation of significant AQ cementation sourced by chemical
compaction are between 90 to 130 °C (McBride, 1989; Worden
& Morad, 2000; Giles et al., 2000; Baron & Parnell, 2007).
Besides temperature also residence time, during which the
sandstones are exposed to a certain temperature, is an important
control (Morad et al., 2000). Long periods of relatively low
temperatures can result in the same amount of AQ as short-lived
hot periods. As it is not possible to distinguish mesogenetic
from eogenetic quartz in the Buntsandstein, conclusions on the
maximum burial temperature and residence time here would be
rash. However, assuming the presented burial history (and heat
flow) is accurate, the AQ content of certain horizons of the
Buntsandstein is rather high (up to 12.5%, Table 2) considering
its relatively shallow maximum burial, compared to other
sandstone reservoirs in the North Sea area (e.g. McBride, 1989;
Walderhaug, 1994; Worden & Morad, 2000; Weber & Ricken,



172 GEOLOGICA BELGICA, VOL. 25

2005; Baron & Parnell, 2007; Niazi et al., 2019) and compared
to the underlying Westphalian C and D sandstones (Bertier et
al., 2008).

7.2.3. lllitisation of K-feldspar

SEM observations of feldspar grains covered with illite give the
misleading impression that these were illitised. In thin sections,
however, it is clear that this illite resulted from the conversion
of smectitic clay rims. Illite covering K-feldspar overgrowths,
however, most likely originated from the ‘direct’ illitisation of
K-feldspar grains. The impact of this process on the reservoir
quality of the Buntsandstein sandstones appears to be low. The
illitisation of K-feldspar requires a source of acid, a sink for the
released K', and does not take place as long as kaolinite or
smectite is present (Bjerlykke & Aagaard, 1992). Kaolinite is
sparse in these sandstones and approximately all smectite is
illitised, so the presence of these clays cannot have restrained
the illitisation of K-feldspar. Bleaching of the currently white
sandstones shows that a source of acid must have been present,
at least some time during burial, as will be addressed below.
Consequently, the illitisation of K-feldspar was likely restrained
by the high aqueous K" activity during mesodiagenesis. The
omnipresence of eogenetic, phreatic, AKF suggests that the K"
activity in the Buntsandstein formation water was already high
upon entering the mesodiagenetic realm. Also, the paucity of
mesogenetic albite can be explained by high K concentrations.

7.2.4. Bleaching and secondary porosity generation

The process causing decolouration of red beds (Fig. 11A), by
reduction of ferric iron that produces the typical reddish colours,
is commonly referred to as bleaching (Glennie et al., 1978;
Walker et al., 1978; Burley, 1984; Muchez et al., 1992; Parry et
al., 2004; Haszeldine et al., 2005; Xie et al., 2021). Bleaching
has been attributed to various kinds of reducing fluids, such as
CO, — H,S mixtures resulting from bacterial (Kirkland et al.,
1995) or thermal sulphate reduction (Haszeldine et al., 2005),
hydrocarbons (Surdam et al., 1993; Weibel & Friis, 2004;
Schoner & Gaupp, 2005), methane (Ormo et al., 2004; Sundal et
al., 2017; Xie et al., 2021), organic acids (Surdam & Crossey,
1985) and carbon monoxide (Haszeldine et al., 2005). Bleaching
fluids generally need to contain only small quantities of the
reductant (Ormo et al., 2004). Yet, the mobilisation of soluble
Fe** is not strictly necessary for the decolouration of the
sediment. Bleaching is generally controlled by flow paths.

Isolated, white reduction spots in some Buntsandstein red
beds are attributed to the presence of organic matter, deposited
with the sediment, which created small reducing settings and
thus prevented reddening caused by precipitation of iron oxides
(Weibel, 1998; Weibel & Friis, 2004 and references therein).
All of them contain organic-rich clay or micrite clasts in their
centres.

The bulk of the bleached Buntsandstein sandstones occurs in
thick beds (several metres), which are often overlain by fine-
grained, clayey layers. They make up about one-third of the
reservoir in KB201, where the most complete section was cored.
Compared to red reservoir sandstones, white horizons generally
consist of coarser and more porous sandstones (Fig. 11A),
features that were also recently described from Triassic fluvial
red beds from southern Germany (Schmidt et al., 2020a). Apart
from thick bleached beds and isolated reduction spots, also
sections consisting of alternating coarser white and finer red
layers were observed. All white sandstone horizons in the
Buntsandstein are considered to be the bleached products of
originally red sediments which is evident from numerous
observations in white samples, of relics of red coats between
quartz overgrowths and their host grains, and in carbonate
cemented zones. These cements shielded the Fe-O/H in the

coats from the reducing pore fluids, thus inhibiting the
bleaching process.

Bleaching in the studied Buntsandstein was most likely
caused by organic acids generated by burial-related,
thermocatalytic degradation of kerogen within the underlying
Westphalian coal beds and organic-rich shales (Muchez et al.,
1992) since most of the other mentioned reducing fluids do not
originate within the Campine basin. The reactions (2), whereby
organic acids (represented here by acetic acid) acted as electron
donors for the reduction of ferric iron, produce CO, and protons
(Surdam & Crossey, 1985; Muchez et al., 1992).

2H,0 + CH3COOH + 8Fe** — 8Fe*" +2C0, + 8H' (2)

The organic acids involved, and the CO, and protons
released in the bleaching reaction can result in secondary
porosity generation by dissolution of feldspars or carbonates.
Feldspar alteration induced by these reactions does not
necessarily result in clay authigenesis, as even moderate
concentrations of organic acids can increase the solubility of Al
in brines, depending on the type of acid (Surdam & Crossey,
1985). Migration of organic acids through the Buntsandstein
could thus explain the observed, considerably large, open
intragranular porosity of K-feldspar grains. Creation of
secondary porosity by carbonate dissolution, directly associated
with the bleaching process, was less important. The CO,
produced by the redox reactions should dissociate in the
formation water and increase the bicarbonate activity, thus
enhancing carbonate stability with respect to other proton sinks
such as feldspars. A redistribution of carbonate phases or
recrystallisation to more stable carbonates can nevertheless be
expected. Bleaching evidently causes the Fe®' activity in the
brine to rise, which increases the stability of Fe-carbonates with
respect to calcite or dolomite (see discussion below).

The amount of iron oxides present in the red-coloured
Buntsandstein sandstones of well KB201 averages 0.26 wt%
(Muchez et al.,1992). The same authors made a reasonable
estimate of the amount of organic acids produced by the
maturation of organic matter in the Westphalian strata of the
Campine Basin. A mass balance calculation illustrated that the
organic acids had the potential to reduce vastly more ferric iron
than the observed amount (Muchez et al., 1992). These
calculations also show that not all the organic acid was
consumed in the bleaching process and the CO, and protons
generated by the redox reactions had sufficient potential to
create the observed secondary porosity by means of feldspar
alteration. Muchez et al. (1992) considered the K-feldspar to
alter to kaolinite, but at the burial conditions during which the
bleaching took place, i.e. at higher temperatures and restricted
flushing (K" removal), K-feldspar is more likely to alter to illite
(reaction 3).

2KAISi;05 + 2H" — KAl;Si30,0(OH), + 6Si0, + 2K (3)
K-Feldspar Illite Quartz

Neither of both clays is present in sufficient quantities to
account for the amount of presumably dissolved feldspar,
implying that at least a considerable part of the Al released by
feldspar dissolution was carried off by the bleaching fluids.
Besides Al, evidently also Si and most likely K is released by
feldspar dissolution. The Si could have precipitated as AQ,
while the latter forms highly soluble ions, which easily have
been carried away.

As mentioned before, organic acids can greatly increase the
solubility of Al through the formation of Al-organic ligands,
which decreases the required volumes of water to leach Al.
Besides, it also explains the preferential leaching of feldspar
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with respect to carbonates (which dissolve kinetically much
faster and could thus neutralise the acids before significant
feldspar dissolution takes place). The formation of Al-
complexes also indirectly enhances the dissolution of feldspar,
as it decreases the activity of AI*" in solution. In addition,
organic acids directly enhance feldspar dissolution by a ligand-
mediated mechanism. The latter involves the adsorption of
ligands to Al sites on the feldspar surface, the formation of Al-
organic complexes at these sites, and the subsequent leaching of
Al into solution. This mechanism was inferred from
experimental work (Ullman &Welch, 2002). It appears to be
specific to the type of organic acid and is not yet completely
unravelled.

Bleaching was mainly restricted to the nowadays white
horizons because of their better flow properties. Secondary
porosity generation, on the other hand, appears not to have been
restricted to the latter horizons. Many of the studied red samples
have abundant secondary porosity, though they were not
bleached. Yet, both processes are assumed to have been caused
by the same fluids.

The two ‘organic-acid consuming processes’, i.e. feldspar
dissolution and bleaching, are likely to have interacted.
Evidently, the organic acid oxidised in the bleaching reaction
(reaction 2) loses its complexation capacity. The Fe?* released in
the bleaching reaction could reduce the free-ligand activity
(depending on the type of organic acid) and thus decrease the
rate of feldspar dissolution, Al solubility and mobility.

The observation of secondary porosity in red sandstones
suggests that mainly the bleaching capacity of the migrating
fluids was restrained. Migration of acid-bearing fluids, maximal
bleaching and depletion of the bleaching capacity occurred
preferentially in the presently white horizons. The bleaching
process cannot have consumed all the organic acids, as this
would have seriously decreased the Al-leaching capacity of the
fluids and consequently have resulted in clay authigenesis.
Inhibition of bleaching by the formation of Al-organic ligands is
also unlikely, as this would also halt feldspar dissolution. A
more likely explanation is that the bleaching reaction itself
(reaction 2) approached equilibrium due to the rising activity of
its reaction products (CO,, Fe** and H"). This fluid, in
equilibrium with Fe?*, could then have leached the feldspar
from the red sandstones without significant additional
bleaching. This would also explain the occurrence of late
diagenetic ankerite in red sandstones.

7.2.5. Mesogenetic carbonate cementation

Most of the studied samples contain euhedral, often saddle-
shaped, carbonates. Genetic relations of these crystals with other
diagenetic phases suggest a mesogenetic origin. EPMA
mappings showed that these crystals generally have a relatively
pure dolomitic core surrounded by ankeritic growth zones with
an outward increasing Fe/Mg-ratio (Fig. 9E, 9F) and an outer
sideritic rim. The cores of these carbonates often contain calcite
inclusions, which are considered to be remnants of replaced
grains. Also, the replacement of eogenetic dolomite was
observed. BSEM petrography and EPMA element maps showed
that the Fe-rich zones are better developed in bleached
sandstones though they also occur in red sandstones. This is not
reflected in the point counting data because the distinction could
not always be made by means of transmitted light microscopy.
The mesogenetic origin is confirmed by fluid inclusion
measurements, with an average homogenisation temperature of
124 °C and melting temperatures indicative of brines with high
divalent cation content (Table 4). These carbonates could not be
individually sampled for stable isotope analysis. Bulk rock
isotope analyses seem not to correlate with the relative ankerite/
dolomite content of the analysed samples (Fig. 12), which either

means that mesogenetic and eogenetic carbonates have similar
isotopic compositions, or that the mesogenetic isotope signal is
masked by the signature of the eogenetic carbonates, which are
the dominant phase.

Bleaching of red beds in the Buntsandstein by organic acids
expelled from the Westphalian (reaction 2) is a likely source of
bicarbonate for the precipitation of mesogenetic carbonates. The
measured C-isotopes are more or less compatible with an origin
from organic acids (cf. Haszeldine et al., 2005), though
generally slightly heavy (except the sample with highly depleted
signature of -6.3%o). The observed depth trend in the C-isotopes
(Fig. 17), however, cannot be explained by migrating bleaching
fluids. The trend supports that the C-signatures are controlled by
eogenetic carbonates. Measurements that deviate from the depth
trend always have lower 8"C, which can be attributed to a
contribution of more depleted carbon from oxidised organic
acids.

Illitisation of smectitic clays, which originally constituted
grain rims, was an important source of Ca and Mg for dolomite
precipitation. This illitisation process likely took place at
relatively low temperatures since the favourable K-supply and
permeability of the sandstones. As the smectite was formed in
the highly oxidising depositional Buntsandstein setting, its
ferrous iron content must have been low. Illitisation
consequently released dominantly Ca and Mg, which is
reflected in the composition of the cores of the carbonate
crystals.

The bleaching process was the main source of Fe for
carbonate precipitation. The outwards increase of the Fe-content
of the growth zones in the mesogenetic carbonates consequently
reflects the relative importance of the latter process with respect
to smectite conversion as cation source. The reduction of ferric
iron likely was caused by the migration of organic acids, which
could have induced carbonate dissolution, which extent was
limited, as the contemporary oxidation of organic acids
produced bicarbonate, thus decreasing the chemical affinity of
carbonate dissolution reactions. Besides, the dissolution would
have taken place contemporaneously with the precipitation of
dolomite and ankerite. Therefore mainly calcitic phases are
considered to have been susceptible to dissolution. Local
dissolution of calcitic micrite clasts and pellets, and
reprecipitation as dolomite or ankerite, offer an adequate
explanation for the observed preservation of eogenetic C-
isotopic signatures.

Oxygen isotopes are, in contrast to carbon isotopes, quite
sensitive to temperature fractionation. The measured bulk 3'%0
values are rather low for carbonates formed in equilibrium with
meteoric water enriched in heavy oxygen by evaporation. This
suggests a significant contribution of isotopically lighter,
mesogenetic carbonate to the measured bulk signatures. The
mesogenetic signatures cannot be much lower than the lower
range of the bulk measurements, as mesogenetic euhedral
crystals are the dominant carbonate phase in some of the
analysed bulk samples. Assuming that the mesogenetic dolomite
has a 8'80 between -8 and -6%0 V-PDB and precipitated at
temperatures between 86 and 147 °C, water compositions would
vary between 0 and +9%. V-SMOW, using the fractionation
equation of Land (1983). Precipitation of ankerite with the same
isotopic composition, at the same temperatures, requires fluids
with 8'80 between +1 and +9% V-SMOW (fractionation
equation of Fisher & Land, 1986; Fig. 16B). These signatures
are reasonable for the expected brines, though the upper values
are slightly high. Mesogenetic fluids in sedimentary basin are
typically enriched in heavy oxygen due to advanced water-rock
interactions, like the illitisation of smectite.
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7.3. Telodiagenesis

Few telogenetic alterations were observed in the studied
Buntsandstein samples. Yet, in four of the five studied wells, the
top Buntsandstein corresponds to the erosional surface of the
Cimmerian Unconformity (i.e., KB98, KB169, KB172 and
KB201; Fig. 1). Bertier et al. (2008) showed that telogenetic
alterations in the Westphalian sandstones, in wells where the
Buntsandstein  was eroded, correlate with the latter
unconformity. Therefore also the Buntsandstein sandstones
were exposed to surface-controlled conditions during the
Mesozoic uplift.

The reason why few telogenetic alterations were observed is
that the top of the Buntsandstein was not cored in any of the
studied wells, and could consequently not be sampled. The
impact of telogenetic processes is generally restricted to the first
few metres or tens of metres below the erosional surface, as
infiltrating waters tend to rapidly reach saturation with the
major aqueous species (Shanmugan, 1990; Worden & Burley,
2003; Worden & Morad, 2003). The extent and spatial
distribution of telodiagenesis is mainly controlled by the water
flow through the exposed sediments, the long duration of the
exposure, the warm and humid climate, and the gradual uplift
and lowering of water table, while the very limited erosion
likely relates to the gradual sea-level rise during the Cretaceous.
The mineralogical composition of the strata suggests that the
exposed sandstones had a relatively high buffering capacity for
infiltrating meteoric fluids.

The upper 81 metres of the Buntsandstein in KB172 could
not be sampled. The drilling report of this borehole mentions
red to pinkish sand and poorly consolidated sandstone, for the
top 66 metres (Dusar et al., 1987a). The poor consolidation of
these sediments, in comparison to the underlying sandstones,
resulted probably from telodiagenetic alteration. Most of the
sediments directly underlying the Cimmerian Unconformity in
the Campine Basin seem to be poorly consolidated (cf. the
Neeroeteren Sandstone, Bertier et al., 2008).

In the upper two samples of KB172, limited dissolution of
mesogenetic carbonates was locally observed. SEM petrography
also revealed small, single kaolinite platelets, situated between
the hairy authigenic illite of grain coats. These kaolinites are
considered to have a telogenetic origin because of their
occurrence on illitic coats and the fact that they are unaffected
by illitisation. In borehole KB201, the upper 25 metres (806—
831 m) of the Buntsandstein could not be sampled. Down to 813
m, partly bleached and decomposed sand was observed,
overlying much less weathered fine-grained red sandstone, with
again more weathering with increasing granulometry. No
information is available on the nature of the sediments
constituting the top of the formation at this location. The studied
samples from the core top do not show clear telogenetic
alterations, except for insignificant amounts of kaolinite seen by
SEM. In the studied samples of the other wells, KB64, KB98
and KB169, no telogenetic alterations were observed as no
rocks decomposed by Cretaceous meteoric alteration were
cored.

The diagenetic history described in sections 7.1. to 7.3. is
summarised in Figure 18.

7.4. Open versus closed system diagenesis

In the literature, the discussion as to whether porosity can be
increased or not through dissolution of rock constituents
(detritals and/or cements) during burial diagenesis is still
ongoing (Schmidt & McDonald, 1979, 1980; Bjerlykke, 1984;
Surdam et al., 1984; Surdam & Crossey, 1985; Burley, 1986;
Gluyas & Coleman, 1992; Milliken et al., 1994; Giles &
Marshall, 1986; Giles, 1997; Land, 1997; Wilkinson et al.,

1997; Burley & Worden, 2003; Bjerlykke, 2011; Bjorlykke &
Jahren, 2012; Worden et al., 2018; Quandt et al., 2022). The
critical question here is whether secondary porosity is
redistributional (without real gain in total porosity) or enhanced
(i.e., with a real increase in total porosity). One of the problems
here is that differentiation between these two types of secondary
porosity cannot be based on petrography alone, since the
samples studied are not Representative Elementary Volumes
(REV) and it is often not possible to accurately quantify the
volume of phases dissolved at grain contacts, along stylolites or
along thin clay rims, that at other places may cause cementation.
Recognition of moldic intragranular secondary porosity,
however, is easy, but inferring the amount of intergranular
secondary porosity is often subjective. Also, as in the case
presented here, it is often also difficult to quantify the volume of
burial-related cement, since these cements formed in the
eogenetic as well as in the mesogenetic realm.

Mesogenetic  secondary  porosity development was
recognised in the studied strata, within the bleached as well as
red-coloured strata. The latter lithologies were more affected by
chemical compaction as testified by the more frequent existence
of stylolites. This led to a net export of dissolution products
such as silica, that was redistributed to other surrounding
sandstones, such as the coarser grained bleached sandstones that
acted as a sink, since this mesogenetic AQ cement type is more
common in these sandstones. As stated above, based on mass
balance calculations, Muchez et al. (1992) calculated that the
released amount of fluids with dissolved organic acids was more
than enough for explaining the observed iron-reduction, even
without taking the intercalated organic Westphalian shales into
account (see also Vandewijngaerde et al., 2016). Part or all of
the released ferric iron was incorporated into the mesogenetic
zoned ankerite and siderite, indicating that the system with
regard to Fe acted as a (partly) closed system. These organic-
rich fluids also can explain the leaching of feldspars. Since no
vast amounts of mesogenetic authigenic clays were identified,
the system acted as an open system exporting feldspar-related
constituents. Some authors (e.g., Bjorlykke, 2011; Bjerlykke &
Jahren, 2012) argue that open diagenetic systems do not exist in
the burial realm often relying on data acquired from
hydrocarbon reservoir systems that by their nature indeed can be
considered as closed systems. The studied Buntsandstein,
however, testifies of the interaction of large volumes of
diagenetic reactive fluids that have passed through the
sandstones, bleaching some of them and leaching specific
minerals, like the feldspars. Some components gave rise to new
cement phases, but others likely were exported, taking the huge
fluid flux through the system into account. This study thus
reports on a contrasting setting where the sandstones are not
sealed by impermeable lithologies. That is likely one of the
major reasons why the diagenetic system was partly open with
regard to enhanced secondary porosity development. The
bleached/non-bleached nature of the sandstones also testifies to
a preferential and channelized fluid flow enriched in organic
acids.

7.5. Reservoir Quality

The porosity (5.3-20.2%, average 13.7%) and permeability
(0.02-296.4 mD, average 38.7 mD) of the studied sandstones
were analysed on 26 samples, of which the mineralogy was
quantified by means of point counting (Table 2). The acquired
porosity and permeability values are in the same order of
magnitude as unpublished results (Blyskowska & Vankerk,
1986; Corelab, 1990). This dataset, combined with previous
results, was used to draw some conclusions on the effect of
diagenesis on the Buntsandstein reservoir properties in the
Campine Basin. Since the latter is a potential target for



P. BERTIER ET AL.: BUNTSANDSTEIN RESERVOIR CHARACTERISTICS IN THE CAMPINE BASIN 175

——
. T o
Braided channels 77" » 4 oyerbank, floodplain

Aeolian dunes

Interdune lakes

smectite forming

environment

Terminal floodout 'fan’
sheetflood deposits
poorly defined

channel deposits
Playa lake

smectite forming
environment

calcrete
dolocrete
gypsum Playa lakes
chert

Dryland river 4___—
terminal floodout

| RED BEDS | | BLEACHED HORIZONS |

—
pellets MuscovitEIOt{e gliiche coeree  [DEPOSITIONAL ENVIRONMENT| Caronate
% ; Dryland river system

PALAEOCLIMATE

Warm arid, high evaporation, periodic rainfall

sandbar deposits

thic%(, fully
inherited

Thinner,
> less

clayrims completely
Fine to medium grained  Medium to coarse grained ei".]vﬁe'gggg
clay rims
S SEDIMENTOLOGY Y
Pnicritic I Sheetflood sandstones, Braid belt channel sandstones
clasts X v overbank deposits, playas  Sand bars, aeolian sand dunes
m\ MINERALOGY
L]
-ﬁ\\\‘\\\\ S Grains more angular, Grains more rounded
—— well-developed thick red coatings less complete, thinner red coatings
PoncrysEaline K-Feldspar Oncoid micritic pellets, more micas  carbonate clasts pow&{]yasgnm (metﬁ&—gs?nnedrfttone Mica
quariz Subhedral
Leached Quartz 4 de(? K-feldspa Replaced Partl laced
K—?eldspar replacement éo gmite | EODIAGENESIS' overgrowths K-?gldasc;?ar cé’rrbgr:g eacfgst
" NN
A
Calcite cementation around oncoids ' h}
K-feldspar s | /4 I

overgrowths ) Subhedral clouded dolomite L4 \ » Dolomite
\ dolomite concretions ' concretion

Quartz authigenesis V
Effective inhibition Less effective inhibition
by clay rims by clay rims

K-feldspar authigenesis )% \\‘)\I(‘
h\\\\vﬂ“«

Quartz overgrowths

4 !

i - Calcite cement
Jiomts, QUGS i cnesds -
e Bogwork  ltsgtionof  Euhedra [MESODIAGENESIS] SR s,

coatings -feldspar  ankerite

o o ) i
%Twréarﬂ]icceatlj Illitisation of smectite in clay rims / '\%
com Eg%(t)ion Local illite coatings ~ Abundant illite coatings “hL Blealched
] ) ) clay
clay rims Chemical compaction rims
P, I Counteracted by illite coatings
Enhanced Aligning of micas in et 195, )
 deslibnsenty  famenerk g
Ca n’{;‘gg enhanced pressure disolution and less complete clay rims coatings
aligning Silicaexport  Silicaimport
lllitisation of K-feldspar . 2 llitisation
Ankerite cementation 5

— Secondary porosity  Bleaching & secondary .
Ankeritisation of developement  porosity developement Secondar

Secondary dolomite and porosityy cerggﬁtrg%ion
[ TELODIAGENESIS |

porosity cergeur?tlg%ion framework grains
Kaolinite
TELOGENETIC ALTERATIONS

RESTRICTED TO TOP OF THE
RESERVOIR

Ankerite

Carbonate
dissolution

Dissolution of carbonate

Kaolinite precipitation

arbonate

issolution

Figure 18. Schematic summary of the diagenetic history of the Buntsandstein in the Campine Basin.



176  GEOLOGICA BELGICA, VOL. 25

underground sequestration of CO, and/or geothermal energy
(and possibly also as hydrocarbon reservoirs in small structural-
sedimentary traps in the Roer Valley Graben), also the reactivity
of the reservoir will be addressed.

7.5.1. Porosity

The total carbonate content of the studied sandstones may
amount up to 37%, of which the major part relates to eogenetic
cloudy dolomite. Yet, the total carbonate content in the studied
samples does not correlate with their He-porosity (Fig. 19). The
clouded dolomite replaces both detrital and eogenetic calcite
phases and is replaced by mesogenetic ankerite. The latter is an
important porosity-occluding phase relative to the dolomite,
however, only in a few samples. The bulk of the dolomite is
found in nodules or cemented zones, of which the minus cement
porosity is visibly larger than that of the adjacent sandstone
matrix implying that the dolomite, and the bigger part of the
ankerite that replaces it, occupies porosity that otherwise would
have been destroyed by compaction. The porosity filled by
carbonate cements is in samples with less carbonate taken in by
framework grains, which disturbs the expected negative
correlation between porosity and carbonates.

Also, the AQ content does not correlate with the He-
porosity of the studied samples (Fig. 19). Here a similar
explanation can be invoked. Petrography revealed that a
considerable part of the AQ is eogenetic, which implies that the
pore space it occupies would have been destroyed by
compaction if it were not there. In addition, eogenetic AQ exerts
a framework-stabilising effect since it increases the mechanical
strength of the sandstone matrix, making it less susceptible to
compaction. Hence, less primary porosity is destroyed by
compaction, which compensates for the porosity occluded by
the quartz cement. The absence of a positive correlation
between AQ and porosity contrast with results recently
published by Schmidt et al. (2020b), Busch et al. (2022) and
Quandt et al. (2022).

No distinction was made between primary and secondary
porosity in point counting. Secondary porosity is present in
some mainly red samples as well-rounded pores. These pores
have the size of the framework grains and do not contain any
alteration products that could reveal their origin. The rounded
shape, however, suggests that they might result from the
dissolution of detrital carbonates. The bulk of the secondary
pores in the studied samples result from feldspar alteration as
evidenced by relicts in pores and the abundance of open
dissolution voids in feldspar grains and their overgrowths. But
this is not reflected in a negative correlation between feldspar
content and He-porosity (Fig. 19). Conversely, feldspar content
correlates positively with porosity, which suggests that the
impact of feldspar dissolution was limited. Samples with high
primary feldspar content still contain most of that original
feldspar population, though the grains have significant
intragranular porosity. Quandt et al. (2022) also reported that
secondary porosity predominantly originated from K-feldspar
dissolution.

Red sandstones have lower porosities than their coarser
grained white counterparts. They contain more clay, thicker
coats, often more carbonate and are more affected by chemical
compaction. Yet, the lower porosity is also partly a primary
effect. The red Buntsandstein horizons generally correspond to
finer grained lithologies. Notice, however, that red sandstones
also can have good poroperm characteristics. The effect of grain
size with coarser grained lithologies possessing better reservoir
quality has been reported by several authors from Buntsandstein
and other red beds (e.g., Kunkel et al., 2018, Scorgie et al.,
2021, Busch et al., 2022, Quandt et al., 2022).

There is no clear correlation between porosity of the

analysed samples and their depth, which underlines the limited
impact of mesogenetic processes on porosity. Also, the depth
beneath the Cimmerian Unconformity does not correlate with
porosity (with the abstraction made of the top subcrop
weathering zone associated with the Cretaceous palacosol).
Such a correlation would be expected where telogenetic
alterations controlled porosity. Unfortunately, no cores from the
top of the reservoir were available for analysis.

There is also no clear correlation between point-counted
porosity and He-porosity (Table 2). This feature has also been
noticed by Quandt et al. (2022) and their explanation, namely
the contribution of heterogeneous occurrence of microporosity,
is likely also valid in our study. Indeed microporosity is not
visible using standard thin-section microscopy. Therefore
porosity determined by point counting likely will be
underestimated (Schmidt et al., 2020b).

7.5.2. Permeability

None of the point counting phases correlates well with
permeability, suggesting that several processes, of which none
has a dominant effect, control permeability. Samples with
abundant and thick clay rims and coats generally have low
permeabilities and samples in which the latter are less abundant
tend to have higher permeabilities (Fig. 20). Nevertheless, some
samples with low amounts of rims/coats also have low
permeabilities. Petrography showed that the rims/coats obstruct
pore throats. Although the rims are more abundant, the effect of
the coats (radial illite crystals, extend to boxwork illite in bigger
pores) is probably more devastating for the permeability. The
coats are more abundant in white than in red sandstones. This is
not reflected in the permeability results because the white
samples often have high primary porosities. The AQ content of
the samples does not correlate well with their permeability.
Some samples with low permeability have high AQ contents,
others low. Most samples with high permeabilities have
relatively high AQ contents, which can be attributed to the
framework stabilising effect of the eogenetic quartz, but also to
the fact that white, coarse-grained samples contain more AQ.
Also, the carbonate content consisting of eogenetic concretions
does not correlate with permeability. Their restricted spatial
distribution limits their effect on permeability.

The petrographic study revealed the presence of a lot of
bedding parallel dissolution seams, which are located mainly in
the finer grained red sandstones. They were attributed to mica-
illite-induced dissolution, at the contacts of clay rims and
muscovite flakes with quartz grains. The clays/micas
accumulate in the dissolution seams, to form stylolite-like
bedding parallel layers. These are likely to be far less permeable
than the sandstone matrix and therefore contribute to vertical
permeability barriers in the finer grained layers within the
reservoir. This effect is not reflected in the permeability dataset,
which only contains horizontal measurements.

In the case of CO, storage, a minimal permeability of 0.1
mD (10"°m?) is required for efficient injection (Bachu et al.,
2007). For the studied sandstones this corresponds to a porosity
of about 8%. The bulk of the analysed samples have higher
permeabilities than this threshold. All samples with lower
permeabilities are fine-grained red sandstones, mainly present at
the base of the formation (Gruitrode Member).

7.5.3. Reactivity

The reactivity of the mineral assemblage of reservoir sandstones
towards CO,-saturated, acidic brines is an important parameter
in the evaluation of the suitability of a reservoir for underground
disposal of CO,. Fast dissolution of minerals near CO, injection
wells can cause well instability, while mineral precipitation near
an injection point can decrease the efficiency of such injection.
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Figure 19. Plots of carbonate, authigenic quartz and feldspar contents
versus porosity. Petrography shows that carbonate cements and
authigenic quartz are important porosity occluding phases in the
Buntsandstein, yet these are clearly not the major controls on the
porosity of the reservoir. The feldspar content shows a positive
correlation with porosity. Feldspar grains were partly leached by fluids
containing organic acids. The resulting secondary porosity makes up a
substantial part of the total porosity. The correlation reflects the fact that
samples with high primary feldspar contents still contain high amounts
of feldspars, though the intragranular secondary porosity from feldspar
leaching is substantial.
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Figure 20. Plots of the amount of clay rims/coats and porosity versus
permeability. Rims and coatings affect permeability, but samples with
low permeability do not necessarily have high amounts of grain rims/
coatings. The porosity/permeability plot shows that the bulk of the
analysed samples has permeabilities above the threshold value for CO,
storage of 0.1 mD.

In the long term, mineral alterations induced by CO, injection
could lead to carbonate precipitation, which is a stable
mechanism for long-term containment of the injected gas in a
Ieservoir.

Short-term reactivity, which could affect injection, requires
fast mineral reaction kinetics. In the studied Buntsandstein,
carbonates are the only constituents that are likely to react
sufficiently fast. The sandstones contain on average 15.8% of
carbonate, of which the bulk constitutes eogenetic dolomite
concretions. These carbonates clearly formed before
compaction, as the framework of these concretions is barely
grain supported and their quartz grains are partly replaced by the
carbonate cement. In extreme cases, when the flow of CO,-
saturated water is high, e.g., near an injection point, the
concretions could be leached, which might lead to local
framework collapse and mechanical instability. Overall,
dissolution of mesogenetic carbonates has far less effect on the
mechanical stability of the rocks, since these phases are present
in primary and secondary pores, which are presumed to be
framework supported because they formed after the main phase
of compaction. Carbonate dissolution would create extra
porosity but is not considered to have a substantial effect on
permeability, as the bulk of the carbonate is locally concentrated
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in concretions.

The studied sandstones contain substantial amounts of
feldspars (average 5.3%). EPMA showed these are chiefly K-
feldspars, with minor amounts of diagenetic albite. Since no
anorthite is present, feldspar alteration is not a source of
divalent cations for mineral trapping of injected CO,. Alteration
of alkali feldspars in acidic CO,-saturated water would release
K" and Na® ions, since at low K'/H" activities the main
alteration product would be kaolinite. Such alteration could
substantially enhance the ionic trapping capacity of the reservoir
brine. Both proton consumption by the alteration reaction and
the release of the monovalent cations increase the stability of
aqueous bicarbonate species with respect to dissolved CO,.
Given the present reservoir temperature, at which the mobility
of aqueous Al and Si are low, the feldspar alteration products
will mostly precipitate in situ and thus have little effect on
permeability.

The overall potential for mineral trapping of the studied
reservoir likely is low, due to the lack of non-carbonate mineral
sources of divalent cations for carbonate precipitation. The clay
content mostly consists of illite, which is rather unreactive in
CO,-saturated brines and also contains only small amounts of
divalent cations compared to other clays like smectites. The Fe-
O/H content of the sandstones offers some potential for mineral
trapping, but that would require reduction of the ferric iron, and
thus the presence of a reducing agent. Pyrite dissolution could
supply reduced sulphur species, which could reduce the Fe™*,
but the pyrite content is low.

8. Conclusions

The effect of diagenesis on the Buntsandstein (Early Triassic)

reservoir quality in the Campine Basin (NE Belgium) was

assessed from a petrographic study complemented with fluid
inclusion microthermometry, stable isotope, X-ray diffraction,
electron microprobe analyses, and porosity-permeability
measurements.

The following conclusions can be drawn:

- the sandstones of the Buntsandstein in the Campine Basin
were deposited within a dryland river system, in a warm,
mostly arid climate with episodic rainfall and high
evaporation rates.

- during wetter periods feldspars and other less stable
constituents were (partially) dissolved.

- strong evaporation during dry periods led to reprecipitation of
the dissolved species as K-feldspar and quartz overgrowths,
smectite and calcite/dolomite. Carbonates precipitated as
nodules, which had little effect on the reservoir since they
mainly fill primary porosity that would otherwise have been
destroyed by compaction.

- reworking of the sediment in the depositional environment
resulted in coats of the framework grains by inherited clay
rims. These rims are better developed (thicker and more
completely enveloping the grains) in finer grained sheet
flood sandstones, overbank, and playa-lake deposits, than in
the coarser grained sediments from braided belt channels,
sandbars, and aeolian dune environments.

- the typical red colour of the sandstones arises from the
presence of small amounts of Fe-oxide/hydroxides in the
inherited clay rims.

- the original smectite composing the rims converted to illite
during burial.

- the tangential orientation of the clay platelets in the rims led to
illite-mica-induced dissolution during burial/compaction,
which is manifested as bedding parallel dissolution seams.
The latter are most prominent in the finer grained sediments,
where the rims were better developed and effectively

inhibited precipitation of framework supporting authigenic
quartz.

- the dissolution seams are filled with clay and micas and thus
constitute important barriers to the vertical permeability of
the reservoir.

- the silica released from the illite-mica-induced dissolution of
quartz grains did not precipitate in the red sandstones but
was exported (at mm to dm scale) to nearby bleached
horizons, where nucleation inhibiting clay rims are less well
developed.

- migration of fluids rich in organic acids, expelled from the
underlying Carboniferous coal-bearing strata, resulted in
local bleaching of sediments. This bleaching mainly affected
the coarser grained horizons, which were more susceptible
because of their lower Fe-oxide/hydroxide contents and
higher intrinsic permeability. In the finer grained sediments,
the original red colour was mostly preserved, which
suggests that the reductive capacity of the fluid was limited.

- the bleaching reaction produced CO, or bicarbonate, which is
not clearly reflected in the isotopic signatures of the
carbonate cements. The latter show a clear eogenetic depth
trend, which was attributed to climate changes during
deposition.

- leaching of feldspar grains by the organic acids responsible for
the bleaching, resulted in substantial amounts of open grain
dissolution porosity.

- telogenetic alteration in the studied sandstones was minor,
however the critical intervals below the Cimmerian
Unconformity could not be sampled.

- the porosity (5.3-20.2%, average 13.7%) and permeability
(0.02-296.4 mD, average 38.7 mD) of the Buntsandstein
make it a suitable reservoir for CO, storage or other geo-
energy options (e.g., geothermal energy). The best reservoir
properties are found in the bleached horizons. In these, the
primary porosity was better preserved due to eogenetic
framework supporting quartz cements, which counteracted
mechanical compaction. In addition, the bulk of the
secondary porosity is situated in the white beds.

- the reactivity of the Buntsandstein with CO,-rich brines is
considered to be low.
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