
 1 

What classic greywacke (litharenite) can reveal about feldspar 

diagenesis: An example from Permian Rotliegend sandstone in 

Hessen, Germany 

 

 

 

Nicolaas Molenaara, b, *, Marita Felderc, Kristian Bärd, Annette E. 

Götze, f 

 

 

a Department of Geology and Mineralogy 

Vilnius University 

K.M. Čiurlionio 21/27 

LT-03101 Vilnius, Lithuania 

 

b Molenaar GeoConsulting; E-mail: nicolaasmolenaar@gmail.com 

 

c PanTerra Geoconsultants B.V. 

Weversbaan 1-3 

2352 BZ Leiderdorp, The Netherlands 

 

d Chair of Geothermal Science and Technology 

Institute for Applied Geosciences 

Technische Universität Darmstadt 

Schnittspahnstrasse 9 

64287 Darmstadt, Germany 

 

e Department of Geology 

University of Pretoria 

mailto:nicolaasmolenaar@gmail.com


 2 

Private Bag X20 

Hatfield 

Pretoria 

0028 

Republic of South Africa 

 

f Kazan Federal University 

18 Kremlyovskaya St. 

Kazan 420008 

Republic of Tatarstan 

Russian Federation 

 

* Corresponding author: 

Nicolaas Molenaar 

Molenaar GeoConsulting  

Sophocleslaan 3 

3584AS Utrecht, Netherlands 

Tel: 0031-(0)30 2511220 

E-mail: nicolaasmolenaar@gmail.com 

 

 

mailto:nicolaasmolenaar@gmail.com


 3 

Abstract 

 

Rotliegend siliciclastic sediments in southern Hessen (Germany) are a good example of 

dissolution of detrital feldspars, which is a common feature in many sandstones. Dissolution 

occurred after mechanical compaction of the lithic-rich sandstone, which experienced 

framework collapse with pores and pore connections filled and obstructed by deformed ductile 

lithic grains (pseudomatrix) thereby reducing pore space to microporosity., The advanced 

degree of compaction and reduced porosity caused low permeability and low hydraulic 

conductivity of the rock mass. This is further reduced by the presence of wackes and shales 

that occur intercalated with the sandstones. Feldspar dissolution thus took place in low 

permeable sediments when large-scale flow of meteoric or acidic fluids is ruled out as a cause 

of feldspar dissolution. Mineral precipitation (illite, kaolinite and albite) took place within 

pseudomatrix and detrital matrix as well as in secondary pores created by feldspar dissolution. 

Feldspar was the source for the authigenesis. The system was thus closed during burial after 

framework collapse, and diagenetic reactants in the form of detrital components were already 

present within the system. The original mass was preserved but redistributed and diagenetic 

minerals were the local sinks for the dissolved reactants, precipitating within the system. This 

also suggests that burial diagenesis in general might be more mass conservative than usually 

assumed. 

 

Rotliegend sandstones thus form a case where, despite of the lack of external exchange of 

mass by fluid flow, major diagenetic processes did take place and significantly modified the 

original mineralogy and texture. Feldspar diagenesis can take place from other processes than 

mere large scale flushing of open systems as often supposed.  It implies that the volumes of 

rock affected by feldspar diagenesis may be much larger than anticipated based up on the 

common hold believe that feldspar diagenesis is linked to unconformities and surface 

weathering or dissolution in near-surface aquifers. 
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1. INTRODUCTION 

 

Rotliegend sandstone forms the main reservoir for numerous gasfields in the Netherlands, 

Great Britain, Poland and Germany (Gaupp et al., 1993). It is mainly composed of quartzose 

sandstone, as are also most of the gas and oil reservoir sandstone in the North Sea (e.g., 

Gaupp and Okkermann, 2011; PanTerra confidential Rotliegend database). This sandstone 

type has therefore strongly influenced diagenetic modelling (e.g., Ajdukiewicz and Lander, 

2010), which thus might be based on data derived from a kind of end-member detrital mode 

that is not representative for the whole spectrum of sandstone types. Existing diagenetic 

models might thus be based upon biased suppositions. For example, proximal areas usually 

contain sandstone with a lithic composition, but are rarely included in models of sandstone 

diagenesis. However, this type of sandstone is interesting, because it may be a potential 

reservoir for unconventional plays and geothermal applications. 

 

Quartz-rich detrital compositions are problematic for the reconstruction of the development of 

porosity through diagenesis. The relative timing of diagenetic processes, which is often based 

on the spatial relationships between detrital and diagenetic components, is difficult to estimate 

in detail. There are two major reasons for that. Quartz grains are rigid and only indicate 

mechanical compaction until the maximum degree of grain packing is reached (Paxton et al., 

2002) while pressure dissolution between grains is rather uncommon (Houseknecht, 1988; 

Wilson and McBride, 1988. In addition, the low content (and variety) of authigenic minerals 

other than quartz overgrowths makes it difficult to reliably assess their spatial relationships. In 

contrast, sandstone with more reactive grains, with a higher susceptibility to mechanical 

compaction as well as more potential cements, is better suited for understanding the 

processes and patterns of diagenesis. This is because in such sandstone it is easier to 

relatively date authigenic mineral precipitation with respect to compactional features. 

 

It is important to include proximal depositional areas of sandstone in the general research on 

sandstone diagenesis with little mature detrital compositions. We therefore studied the 

porosity of Rotliegend clastic sedimentary rocks in the Hessian basin that is close to its source 

terrain (Fig. 1). The sandstone is rich in feldspar and lithic grains. This succession has recently 

drawn attention for the evaluation of its geothermal potential (e.g., Bär, 2008, 2012; Wenke 
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et al., 2010, 2011; Bär et al., 2011a, 2011b; Rohrer et al., 2011) and it is crucial to 

understand the porosity distribution in the subsurface because it largely determines the 

thermal properties of sandstones (e.g., Clauser and Huenges, 1995; Popov et al., 2003; 

Hartmann et al., 2005; Abdulagatova et al., 2009). 

 

Dissolution of detrital feldspar grains is a commonly observed feature in many sandstone units 

(e.g., Lundegard et al., 1984; McBride, 1987; Milliken, 1988). The question as to when 

feldspar dissolution occurred during diagenesis might at first glance be of pure academic 

nature. However, the timing of feldspar dissolution, whether synsedimentary or during burial, 

is of great applied significance because it influences the development and distribution of 

porosity in sandstone. This is because feldspar dissolution is one of the main causes for 

secondary porosity in sandstone. In the case of early dissolution, part of the dissolved mass 

potentially can be exported from the system leaving secondary porosity, which will then be 

reduced during compaction. In the case of late dissolution, the dissolved mass is more likely to 

remain within the system as newly precipitated minerals, unless such dissolution is caused by 

large-scale fluid flow that would remove the dissolved mass (e.g., Milliken, 1988).  

 

It is thus important to constrain the timing of feldspar dissolution because of the possibility 

that secondary pores might increase porosity, and because the process and rate of feldspar 

dissolution has influence on the spatial distribution of potential secondary porosity and 

dissolution-induced authigenic products. A large number of studies has thus dealt with this 

topic (e.g., Ali and Turner, 1982; Lundegard et al., 1984; Milliken, 1988; Bloch and Franks, 

1993; Dutton and Loucks, 2010). Depending on the model approach taken, feldspar 

dissolution may either be focused along unconformity surfaces (Hartmann, et al. 2000; Fischer 

et al., 2007, 2012) or dissolve pervasively throughout a large part of or in entire sandstone 

bodies (Lundegard et al., 1984).  

 

A mineral that is often formed due to the dissolution of feldspar is kaolinite (Chuhan et al., 

2001). Since kaolinite is commonly found as loosely-packed stacked crystals, it may cause 

formation damage when artificial flow is induced in the reservoir during production of 

hydrocarbons or thermal waters (Wilson et al., 2014). Kaolinite may also affect the water 

saturation in hydrocarbon reservoirs. Other authigenic clay minerals, which are assumed to 
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form due to feldspar dissolution, may also have a detrimental effect on permeability. The most 

important of these is illite that often occurs as large fibrous crystals or crystal fibre meshworks 

obstructing pore connectivity which can have a more pronounced effect on the irreducible 

water than kaolinite (Gaupp and Okkerman, 2011).  

 

In addition to the when and where of detrital feldspar dissolution, it is essential to understand 

if and how much authigenic products are formed in consequence of dissolution. For any 

predictive modelling of reservoir properties, or for the use of sediment as an archive 

containing provenance, climate or environmental proxies, it has to be known with certainty 

whether sediments are mass-conservative or open systems with unknown import and export 

of mass by external fluid fluxes. In the case of open systems, part of the original climate or 

environmental signal is likely to be lost during such mass exchange (Milliken, 1988braide.). In 

addition, predictive modelling, or even a reliable reconstruction of feldspar content at the time 

of deposition, might not be possible.  

 

The main aim of this study is to assess when detrital feldspars dissolved. A second is to assess 

the effect of the sediment texture and composition on feldspar diagenesis. Detailed 

petrographic analysis by thin section microscopy is used to achieve this aim. Lithic grains have 

features typical for plastic deformation due to loading, thereby forming unequivocal evidence 

for compaction within which grain dissolution can be placed in time. Therefore Rotliegend lithic 

arkoses to litharenites from the Hessian Basin (Germany) were studied.  

 

 

2. GEOLOGICAL SETTING  

 

The target of this study focusses on lower Permian Rotliegend siliciclastic deposits of the 

Sprendlinger Horst area in southern Germany. During Rotliegend times, this area was a local 

high located at the southern margin of the Hessian Basin and formed a barrier between the 

Saar Nahe Basin in the West and the Hessian (Wetterau-Fulda) Basin in the East (Figs. 1, 2; 

Marell, 1989; Mezger et al., 2013). 
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By late Variscan Stephanian to Autunian, wrench tectonics a system of Permo-Carboniferous 

troughs and highs was formed (cf., Lützner and Kowalczyk, 2012). The Variscan Mountains got 

increasingly eroded during the Rotliegend. During Rotliegend times, the study area was 

located in peri- and intramontaneous basins in the Variscan mountain belt close to the 

southern border of the depositional basin. The Rotliegend deposits unconformably overlie the 

Palaeozoic basement and increase in thickness towards the north (cf., Müller, 1996; Schäfer, 

2005, 2011). The studied deposits formed close to the basement source area in proximal 

alluvial fans to proximal fluvial fans and playas (Marell, 1989). 

 

Rotliegend siliciclastic rocks from the Sprendlinger Horst were sampled at Messel, 

Buchenbusch and Spitzelberg, covering the Lower Permian Moret and Langen beds (Fig. 2), 

which are part of the Rotliegend Donnersberg Formation. Siliciclastics in Messel and 

Buchenbusch are proximal alluvial fan massflow, muddy debris flow and unconfined braided 

river deposits (Marell, 1989). Sedimentary rocks from the Spitzelberg locality are 

predominantly braided fluvial fan deposits (Marell, 1989).  

 

Contrary to quartz-rich and feldspar-poor sandstones in the distal north German and North 

Sea basins with their numerous economic gasfields, these proximal Rotliegend deposits in 

Hessen have a high content of both detrital feldspars and lithic grains. According to analyses 

of coarse sandy and conglomeratic/breccia components by Marell (1989) and to our 

observations the following components are recognized: granite, granodiorite, diorite, gneiss, 

Permian basalt, and subordinate quartz micaschist.  

 

The local source area is the Variscan Odenwald basement complex south of the Sprendlinger 

horst. It is heterogeneous but mainly composed of Palaeozoic granite-granodiorite, gneiss and 

micaschist (Mezger et al., 2013). Feldspar of the granite-granodiorite is mainly andesine 

plagioclase (minor labradorite) and subordinate K-feldspar (Mezger et al., 2013). The contact 

between source rocks, including diorite and granite, and Rotliegend clastic deposits is expos 

(Fed in a quarry South-East of the Messel core locations (Fig. 2). The contact is a 

nonconformity with a palaeorelief of tens of meters. Overall the thickness of the Rotliegend 

deposits in the Sprendlinger Horst is up to 250 m (Marell, 1989), whereas it is more than 450 
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m in the adjacent Upper Rhine Graben and increases towards the west to more than 2 km 

(Müller, 1996; Schäfer, 2011). 

 

To the west the Sprendlinger Horst is bounded by a major fault system of the Rhine Graben, 

along which the Rotliegend strata are displaced. The present-day situation with the Rhine 

Graben and horsts such as the Sprendlinger Horst is a post-Cretaceous development. The 

Sprendlinger Horst area was uplifted starting in late Cretaceous to Eocene time as related to 

the formation of the Alps and the subsequent formation of the Upper Rhine Graben system. 

The Rhine Graben started forming during late Eocene time (e.g., Derer, 2003; Behrmann et 

al., 2005; Reicherter et al., 2008) reactivating Variscan-age faults (Edel et al., 2007). Due to 

this uplift and erosion the Rotliegend is partly overlain by Eocene rocks above an 

unconformity. The maximum burial depth of the study area is unknown. In the neighbouring 

Saar Nahe Basin a maximum burial depth of 2.0 to 2.5 km is estimated based on shale 

compaction (Henk, 1992) and vitrinite reflection data (Hertle, 2003). The thermal history of 

the Rotliegend is complex. Various periods with extrusive volcanic activity comprising 

andesine-rich olivine-augite basalt and rhyolite occurred, starting during late Carboniferous 

time and continued episodically during the Permian. Volcanic activity restarted during the 

Paleogene, prior to the onset of rifting and Rhine Graben formation, and ended in the Ypresian 

(lower Eocene; Felder et al. 2001).  

 

 

3. MATERIALS AND METHODS  

 

Samples, mainly of sandstone, were taken from cores from two shallow research wells from 

Messel (wells GA1 and GA2), which were drilled and completely cored in 2005 by the Leibniz 

Institute of Applied Geophysics and the Senckenberg Research Institute. The wells reached a 

depth of 68 m and 80 m respectively and cover the transition between crystalline basement 

and the sedimentary Rotliegend cover. In addition, two outcrops in quarries in Spitzelberg and 

Buchenbusch of the Sprendlinger Horst area (Fig. 2) were sampled. Samples are from the 

lower Permian Moret and Langen beds (Fig. 3). The boundary between both formations is 

formed by basaltic lava that only occurs locally on the Sprendlinger Horst. It is present in GA1 

and absent in GA2, even though the wells are less than 1 km apart. For the diagenetic study, 
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114 thin sections (63 Messel, 26 Buchenbusch and 25 Spitzelberg) were petrographically 

analysed and components quantified by pointcounting from 34 selected samples (200 points 

per sample, Indiana University method). Thirteen selected samples from all sites were also 

analysed by scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy 

(EDX) using a Jeol JSM 6400. XRD measurements on 4 representative samples from all sites 

were carried out to determine mainly the feldspar composition using a PANalytical CubixPro 

automated X-ray diffractometer using Ni-filtered CuKα radiation. The software used for data 

analysis and Rietveld refinement was HighScore Plus from PANalytical. 

 

Porosity and permeability were measured on plugs from 87 samples from all sites. Density and 

porosity were investigated using the helium pycnometer AccuPyc 1330 (micromeritics) and the 

powder pycnometer GeoPyc 1360 (micromeritics) to measure both the grain density and bulk 

density of each sample and thus to calculate porosity. Matrix permeability was measured with 

a combined probe- and column-gas-permeameter (Filomena et al., 2014), able to measure 

both apparent and intrinsic permeability (sensu Klinkenberg, 1941) with conditioned pressured 

air as the measuring medium. The columnar permeameter utilises cut slices of drill core. The 

measurement method does not consider reservoir temperature, pressure and fluid properties. 

Samples are therefore measured oven-dry to enable comparability and improving accuracy. 

 

 

4. RESULTS 

 

4.1 Detrital composition  

 

The Rotliegend deposits are dominated by coarse to very coarse grained grain-supported 

sandstones, breccias and conglomerates. Most of the sandstones have a grain-supported 

framework, but also matrix-supported frameworks occur related to mass flow depositional 

mechanisms. The texture of the breccias and conglomerates ranges from pebble-supported 

with minor clayey detrital matrix to floating pebbles and grains in a sandy-silty-clayey matrix. 

All sediments contain strongly deformed rock fragments, which form pseudomatrix. The 

detrital matrix is commonly dark-reddish due to the presence of dispersed hematite crystals. 
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Sand-sized grains are angular. Sorting of the sandstones is very poor with grains ranging from 

fine to granule sized. 

 

Dominant detrital sandstone constituents are quartz grains, feldspar grains, including 

microcline, albite and andesine, lithic grains of granodioritic to dioritic composition, 

metamorphic schistose and foliated lithic fragments, intraformational shale clasts, and altered-

weathered basaltic volcanic rock fragments (Table 1). Rigid grains, mainly monocrystalline, 

polycrystalline and polymineralic grains composed of quartz and feldspars with minor mica, 

are angular. The original shape of the ductile lithic grains and granules is lost due to plastic 

deformation. 

 

Because of the complex source terrain of the Odenwald basement and the proximal alluvial-

fluvial fan setting of the studied deposits, the clastic composition has consistent local 

variations. The sandstones at Messel (Q40 F5 L55) and Buchenbusch (Q41 F2 L57) are litharenites 

(cf., Folk, 1974), whereas the sandstones at Spitzelberg (Q41 F27 L32) are feldspathic 

litharenites and lithic arkoses (Fig. 4). In many of the sandstones most of the macroscopically 

apparent matrix is in fact pseudomatrix. This is composed of amalgamated highly plastically 

deformed lithic grains (Fig. 5a). Classically such sandstones would be called greywackes (e.g., 

Brenchley, 1969; Galloway, 1974). Some of the sandstones are true wackes with high detrital 

matrix content (Fig. 5b). 

 

The sandstone, wackes, breccias/conglomerates basically have the same types of detrital 

grains, but with varying amounts of clayey matrix and pseudomatrix. 

 

Shales are red coloured sandy-silty, with dispersed pebbles, variable sized intraformational 

clay-shale grains, sand-silt sized grains and matrix-supported framework.  

 

 

4.2 Compaction 

 

The sandstones and breccias/conglomerates are highly mechanically compacted. Rigid grains 

like quartz and quartzose lithic grains have point to long contacts. Biotite-mica grains are bent 
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and exfoliated between more rigid quartz and (former) feldspar grains (Fig. 6a). Also feldspar 

grains sometimes are slightly deformed by fractures along cleavage or twinning planes, and 

have long and concavo-convex contacts with quartz grains and other feldspar grains (Fig. 6b). 

However, the internal fabric of replaced feldspar grains, which is composed of remnants of the 

original grains, newly formed feldspar and newly formed clay minerals, is not affected by 

deformation. To the contrary, more ductile lithic grains have long grain contacts and are 

deformed (Fig. 6c, 6d).  

 

Several grain types behaved ductile during burial, in particular many lithic grains, such as the 

fine-grained clayey intraclasts and metamorphic micaceous lithic grains (Fig. 6e), and also the 

micas, including biotite and muscovite. Ductile grains are also wrapped around feldspar grains 

even if they are dissolved and replaced (Fig. 6f). The different types of lithic grains had 

slightly different ductile behaviour and in consequence their degree of plastic deformation 

varies accordingly. Many of the lithic ductile grains are so highly plastically deformed that they 

form a pseudomatrix (Fig. 5a). Pseudomatrix is deformed, exfoliated micas and deformed and 

micaceous lithic grains like phyllite, schist, slate, and weathered volcanic grains.  

 

The intensity of compaction is indicated by the very low values for the intergranular volume 

(IGV cf., Paxton et al., 2002) (Fig. 7). The average IGV is 18% for sandstones from 

Spitzelberg, which are relatively poor in ductile grains. IGV is only to 7% in Messel and 4% in 

Buchenbusch sandstones, both of which are rich in ductile lithic grains. IGV values are 

negatively correlated to the ductile lithic grain content (Fig. 7) and the low IGV values are a 

consequence of the deformed grains and collapsed grain framework.  

 

 

4.3 Feldspar diagenesis: dissolution-replacement  

 

Besides mechanical compaction, diagenesis comprised dissolution of detrital feldspar and 

associated authigenesis of a number of minerals including kaolinite, illite, albite and 

orthoclase. Some calcite replaced grains or filled secondary pores. Feldspar diagenesis is 

recorded in essence due to dissolution of part of the detrital feldspars and replacement by the 

clay minerals kaolinite and illite, and by albite and orthoclase feldspar, but in variable 
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associations and ratios. Feldspar diagenesis significantly altered the composition of the 

sandstone and is slightly different in the different localities. Some detrital feldspar was stable 

and parts survived, mainly microcline and albite, but also part of the andesine plagioclase.  

 

In Messel and Buchenbusch feldspar diagenesis was most complex. Dissolution of detrital 

feldspar occurred in the sandstones irrespective of the texture, n sediment with pseudomatrix 

(Fig. 5a) and in the clayey matrix-supported sediments (Fig. 5b). The detrital feldspar grains, 

including plagioclase and orthoclase feldspar in monomineralic grains or poly mineralic rock 

fragments with quartz and mica, is commonly partially to fully dissolved in the Messel and 

Buchenbusch localities. Most feldspars are only partly dissolved since they were constituents 

of polycrystalline feldspar grains with slightly varying composition or of perthitic grains with 

albite or other plagioclase feldspar dissolved, or lithic grains with quartz and feldspar. 

Monocrystalline or polycrystalline feldspar grains may be fully dissolved. In almost all cases 

the secondary pores after detrital feldspar are partly filled with newly formed minerals.  

 

Some of the internal fabric of the feldspar is still visible because of stable remnants or by 

authigenic minerals that grew parallel to the previous feldspar textures or by combinations of 

both (Fig. 8a). Orthoclase or remnants of orthoclase from the original feldspar grain can also 

be present. The former internal fabric of the feldspar grains often is still recognizable by 

intricate structures consisting of inherited minerals and newly formed minerals within the 

dissolved feldspars that form ghost structures after the former cleavage or twinning or 

perthitic structures (Figs. 8b, 9a). In other cases random meshworks of authigenic illite (Fig. 

8c) and combinations with authigenic kaolinite as booklets, vermicular or fan shaped crystal 

aggregates occur without any original feldspar texture surviving. 

 

Illite forms meshwork textures in the secondary pores or is aligned to already existing crystal 

boundaries, cleavage, perthitic structures and possibly on inherited weathering features 

including illite in the feldspar grains (Fig. 9b). Kaolinite grew into fan-shaped or vermicular 

crystal arrangements (Fig.10a and b). Remnants of detrital K-feldspar also served as 

nucleation sites for authigenic feldspar. Both albite and microcline/orthoclase grew parallel to 

the pre-existing fabric of the feldspar grains and probably mimic previous crystal shape.  
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The assemblages of the authigenic minerals that occur in dissolved feldspar grains changes 

over short distances on the scale of a single thin section (Fig. 8d) in Messel and Buchenbusch . 

More homogeneous feldspar diagenesis took place in Spitzelberg where single phases of 

authigenic minerals, mainly albite, are common. In Messel and Buchenbusch often 

combinations of authigenic illite and kaolinite occur within the same secondary pore after 

dissolved feldspar. A combination of authigenic clay minerals and authigenic feldspars is also 

common. Both authigenic K-Feldspar and albite occur in variable ratios in individual partially 

dissolved grains and are patchily distributed.  

 

The outlines of former feldspar grains and secondary pores are distinct and have undeformed 

shapes (Figs. 6a, 6b, 8a) and former point contacts to long contacts with adjacent quartz and 

rigid lithic grains, whereas ductile lithic grains and mica are heavily deformed around the 

outlines of partly or fully dissolved feldspar grains (Fig 8d). 

 

The sandstones of Spitzelberg have the highest rigid grain content, and had part of the 

interparticle pores preserved after compaction. At this locality most detrital feldspar survived, 

but still many detrital feldspars are partly dissolved and filled with authigenic albite. Often 

these are small, randomly oriented albite crystals replacing the detrital feldspar (Fig. 8e). 

Little kaolinite and illite were formed here. Detrital microcline and andesine plagioclase grains 

seem largely preserved. When sufficient interparticle pores were preserved, in particular in 

locality Spitzelberg, sandstones that are more quartzose and contain little ductile lithic grains 

than the other locations, authigenic feldspar (mainly albite) formed not only in the secondary 

pores as randomly oriented small euhedral albite crystals or in partly dissolved feldspar grains. 

They also precipitated as overgrowths and outgrowths or euhedral crystals on detrital 

feldspars and as euhedral crystals in the pore spaces (Fig. 8f). The albite precipitated on 

existing nucleating surfaces as overgrowth cement and outgrowth but also as outgrowing 

euhedral crystals cement crystals growing into interparticle pores and crystals in secondary 

pores. 
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4.4 Replacement of lithic grains 

 

Authigenic kaolinite and illite grew within pores in the pseudomatrix and in the detrital clay 

matrix. The authigenic kaolinite is common in vermicular arrangement of crystals in replaced 

lithic grains including volcanic grains (Fig. 10). Some lithic grains, sometimes with still 

recognizable volcanic textures and former plagioclase crystals (lath-shaped in replaced glass 

matrix), are almost completely replaced by kaolinite and microquartz. These lithic grains tend 

to be deformed intensely and fill former interparticle pore spaces.  

 

 

4.5 Porosity and permeability 

 

The localities have different average porosity and permeability values and ranges (Table 2). 

For Buchenbusch sandstones the average porosity is 6% and permeability is 2.7mD (N=15), 

Messel sandstones have on average 13% porosity and 0.5mD permeability (N=42), and 

Spitzelberg sandstones have higher average porosity of 16% and permeability of 121.9mD 

(N=30) (Fig. 11a).  

 

The petrophysical properties are a function of the various types of pores present and the 

texture of the sediments. There are primary interparticle pores (macropores) when grain 

frameworks did not completely collapsed, secondary macro- and micropores. Primary 

interparticle macropores are scarce in Messel and Buchenbusch but common in Spitzelberg 

sandstones. Secondary intraparticle macropores after detrital feldspar dissolution occur in all 

sandstones of all localities. Such pores are isolated and not interconnected. 

 

Microporosity accounts for about 60% of the helium porosity (Fig. 11b). It is particularly 

important in Buchenbusch (4% microporosity; 60% of the total helium porosity) and Messel 

(9%; 71%) sandstones and slightly less in Spitzelberg (8%; 50%). Micropores are mainly of 

secondary origin. Micropores occur in the clay matrix, in the pseudomatrix and in deformed 

fine-grained and micaceous lithic grains and micas, as well as in partly dissolved feldspar 

grains, between newly formed clay minerals (Figs. 9a, 9b). The micropores do not contribute 

much to permeability because most occur isolated from the interparticle macro-pore system.  
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Because of the high content of ductile lithic grains the primary porosity has significantly been 

reduced by mechanical compaction. The deformed lithic grains obstructed connections 

between interparticle pores or when deformed into pseudomatrix they tended to completely fill 

interparticle pores. Moreover any secondary pores are isolated by such pseudomatrix. The 

deformation created micropores in fine-grained micaceous lithic grains, but that is partly filled 

by authigenic clay minerals. Both porosity and permeability are largely controlled by the 

ductile grain content. The deformed grains are effectively disconnecting individual macro pores 

and therefore the porosity (Fig. 11c) and the permeability (Fig. 11d) decrease with increasing 

content of ductile grains. To the contrary, the degree of compaction was less with increasing 

rigid grain content (comprising quartz, feldspar, quartzose rock fragments, and 

dissolved/replaced feldspars) and reservoir properties are better with higher rigid grain 

contents.  

 

Lowest porosity and permeability values occur because of fine-grained matrix (in wackes with 

matrix-supported texture) and because of pseudomatrix in sandstones with collapsed 

framework (pseudomatrix-supported texture). The low permeability in Buchenbusch and 

Messel sandstones is due to the isolated nature of the intragranular pores. In Spitzelberg 

locality, where the content of ductile grains is lower, some intergranular and interconnected 

macropores have survived and explain the higher permeability. The content of macropores 

increases with rigid grain content, including quartz and feldspar and mixed quartz-feldspar 

lithic grain content.  

 

Some porosity was added by feldspar replacement because some of the newly formed 

minerals, in particular the authigenic clay minerals, take less volume then the primary 

feldspars. The more feldspar the original sediment contained, the higher is the secondary 

porosity. This had no positive effect on permeability since most of the secondary pores are 

disconnected or are micropores. The permeability is mainly controlled by the degree of 

compaction as a function of the detrital composition. 
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5. DISCUSSION 

 

5.1 Timing of detrital feldspar diagenesis 

 

The timing of feldspar diagenesis, comprising dissolution and replacement may lead to better 

understanding of the triggering processes and controls. The timing could be early 

synsedimentary, associated with unconformities, or taking place during later burial. This has 

consequences for the spatial distribution of the effects on formation of secondary porosity and 

thus on reservoir heterogeneity.  

 

The timing of the detrital feldspar dissolution and new growth of minerals can be assessed 

relative to compactional features. Because of their susceptibility to mechanical compaction, 

and the differences in that susceptibility between each locality, the lithic sandstones of the 

Hessian Rotliegend are a good target to determine the relative timing or a range in timing of 

feldspar dissolution.  

 

There are plenty of features that give evidence for mainly mechanical compaction of various 

detrital components, and the lack of such evidence for the authigenic components and 

secondary pores. For instance the secondary pores after feldspar grains or feldspar in 

polymineralic lithic grains are preserving original outlines of former grains or subgrains. The 

alignment of much of the authigenic clay and feldspar crystals in secondary pores resembles 

that of features of original feldspar grains after deposition. The authigenic clays and feldspars 

are oriented aligned according to former cleavage and twinning or perthite patterns, or to 

inherited weathering features that are along former feldspar internal fabric or fractures. The 

texture of intragranular authigenic minerals and minerals that were inherited from weathering in 

the source area is preserved, while the feldspars are dissolved. Meshwork authigenic illite and 

vermicular kaolinite that are not aligned to any former structure are not deformed.  

 

Also the former feldspar grain shape has been fully preserved (Figs. 5a, 5b). Moreover, long 

and concavo-convex contacts between feldspars mutually and with quartz grains indicate that 

for long time during burial detrital feldspars remained stable and minor pressure dissolution 

between these rigid grains took place before dissolution (Figs. 6b, 6f). 
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Replacive clays in volcanic or other lithic grains are also not affected and have nice long 

vermicular shapes in case of kaolinite. Such textures could not have survived in case of pre-

compactional feldspar dissolution, as they clearly did. Moreover, the vermicular fan-shaped 

kaolinite and illite meshwork textures of the authigenic clays in the pseudomatrix are not 

affected by compaction. It points to kaolinite replacement of original clays or volcanic glass 

and precipitation in secondary pores after compaction. Newly formed albite cement crystals 

and outgrowths in interparticle pores are also not affected by compaction. The albite cement 

precipitated after compaction and detrital feldspar dissolution.  

 

Any oversized pores from early dissolution of grains that developed before the maximum 

packing density and a collapsed but stable grain framework was reached, would have been 

destroyed by the observed framework collapse (Wilkinson et al., 2001). Early formed 

authigenic clay fabrics would also have been deformed by compaction. 

 

Feldspar dissolution and replacement, as well as replacement of other lithic grains can only 

have occurred after compaction. Based upon the various features described the dissolution 

and new forming of minerals in feldspar and lithic grains mainly by kaolinite and illite took 

place after mechanical compaction. 

 

The low IGV confirms the intensity of compaction, but it also shows the differences in the 

degree of compaction per locality as a consequence of the detrital compositional differences. 

 

The studied sandstones have a high content of ductile behaving lithic grains, i.e., the fine-

grained metamorphic lithic grains, biotite and muscovite, volcanic weathered grains. This lithic 

detrital composition caused the intense compaction at Spitzelberg and the complete 

framework collapse in Messel and Buchenbusch sandstones. Sandstones in each locality have 

slightly diverse detrital compositions, and therefore a different degree of compaction as 

evidenced by the different IGV values. Most likely also compaction rates at each site were 

slightly different, with lowest rates at Spitzelberg. Despite of these differences, in each case 

feldspar diagenesis took place after mechanical compaction. Compaction rates are high in lithic 

sandstones but can vary significantly because the rates are dependent on the mechanical 
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strength of the assemblage of ductile behaving grains (Pittman and Larese, 1991) and their 

contents (Rittenhouse, 1971). In particular the weathered volcanic grains are very susceptible 

to mechanical compaction (Nagtegaal, 1978; Pittman and Larese, 1991). Also the fine 

grained/crystalline metamorphic clasts, including phyllite fragments, are highly ductile at 

overburden stress (Nagtegaal, 1978; Dickinson and Suczek, 1979; Pittman and Larese, 1991). 

The degree of weathering of volcanic grains before erosion and final deposition is difficult to 

ascertain because of later burial diagenetic dissolution and replacement of grains and 

weathering products. The degree of surface weathering replacement by weakly crystalline 

components like allophane and halloysite or by smectitic clay minerals and/or zeolites is 

affecting the ductile behaviour of such grains during early burial. Moreover compaction can be 

time-dependent (Giles et al., 1989). Published compaction curves for sandstones in different 

basins show large ranges in compaction rates, and almost each case is unique. The maximum 

degree of mechanical compaction may have been reached anywhere between 0.5 and 1.5 km 

depth (e.g., Pittman and Larese 1991; Worden et al. 2000). 

 

That feldspar can dissolve after compaction of sandstone and that dissolution can take place in 

low permeable sedimentary rock has general implications. It implies that the volumes of rock 

affected by feldspar diagenesis may be much larger than anticipated based up on the common 

hold believe that feldspar diagenesis is linked to unconformities and surface weathering or 

dissolution in near-surface aquifers. 

 

 

5.2 Closed system burial diagenesis  

 

Another aim of this study is to assess the effects of the sediment composition and texture on 

feldspar diagenesis. Formulated in another way this is about the controls on the processes of 

dissolution and precipitation, which are not necessarily the causes. An important issue for the 

constraints on burial diagenesis in general and the degree of enhancement of porosity is the 

preservation or loss of mass. The preservation of mass would suggest local controls on the 

processes involved. Then large-scale advective flow would be less likely to be important for 

feldspar diagenesis and possibly for burial diagenesis in general. Even if mass is preserved, 
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the mineral volumes after authigenesis may be different since some of the diagenetic products 

(kaolinite in particular) take less volume than the original feldspars. 

 

Dissolution of detrital feldspars occurred in grain-supported and matrix-supported sandstones. 

The sandstones of Spk have the highest rigid grain content, and are still the most permeable 

sandstones after compaction. At this locality the feldspars are comparatively well preserved, 

that is more detrital feldspar survived and feldspar diagenesis lead to precipitation of 

authigenic albite in secondary pores and as cement in interparticle pores. Despite of the 

highest permeability of all locations the solute has not been exported from the system. To the 

contrary, dissolution is more complete and complex in sandstones of Messel and Buchenbusch 

despite of the completely collapsed framework and pseudomatrix and also in sandstones with 

matrix-supported texture. Hydraulic conductivity is apparently no major control on the 

dissolution and authigenesis processes. 

 

There are general differences in detrital composition and feldspar diagenesis per locality but 

also per sample. Dissolution-authigenesis ranges from kaolinite, illite, combinations of these 

clays, and various combinations with feldspar or dominantly feldspar authigenesis, comprising 

detrital feldspar replacement and interparticle pore cementation. Messel and Buchenbusch 

sandstones are similar in this aspect with all combinations, but Spitzelberg is different with 

dominant feldspar authigenesis. Kaolinite and illite occur alone or in combinations of both in 

different ratios. Also combinations of illite and albite or orthoclase-microcline are found. The 

assemblages are different per sample and even per secondary pore. An argument for mass 

preservation during burial diagenesis is that the local detrital composition and the observed 

feldspar diagenesis are correlated and detrital composition thus likely controlled which 

authigenic minerals were formed as well as their fabric and distribution. 

 

Kaolinite is commonly regarded as replacement or a consequence of feldspar dissolution 

whereas illite is merely seen as replacement of kaolinites at higher temperature after 

increasing burial depth and not of direct replacement of detrital feldspar (e.g., Land et al., 

1987; Bjørlykke and Aagaard, 1992). However, both illite and kaolinite are often formed 

separately in secondary pores, but also together and in different ratios and fabrics. The 
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evidence here points to a primary origin for illite, i.e., as new precipitate after feldspar that is 

independent of the presence of kaolinite.  

 

Evidently different detrital feldspars and assemblages of detrital feldspar were present. The 

detrital assemblage included multimineralic feldspar grains composed of different feldspars 

and with quartz. The mineralogy and also the internal feldspar grain-crystal structures 

influenced their solubility and determined authigenesis (e.g., Lee et al., 1998; Lee and 

Parsons, 1998; Parsons et al., 2005). For instance remnants of the original K-feldspar are 

sometimes still present. Dissolution of sodium plagioclase probably lead to kaolinite and 

possibly albite precipitation whereas dissolution of K-rich plagioclase or alkali feldspar lead to 

illite and microcline-orthoclase authigenesis. Under burial diagenetic conditions disordered 

feldspars are thermodynamically unstable and will be eventually replaced by microcline and 

low-albite (Stefánsson and Arnórsson, 2000). Dependent on detrital composition, dissolution 

of different feldspar minerals and chemical composition leads to different clay mineral and 

feldspar authigenesis. Feldspar diagenesis is essentially the same but embraces a wide 

spectrum of features and new minerals formed that may even go largely undetected (Morad et 

al., 1989; Lee and Parsons, 2003). 

 

The differences in the lithic content, feldspar content and assemblage may explain the 

observed local difference in the degree and possibly the rate of dissolution. This furthermore 

points to local reprecipitation and thus preservation of mass on bed scale. After compaction 

feldspar started to dissolve with evidently contemporaneous new growth of minerals that in 

some grains started when part of the feldspar structures were still present. Also the 

differences in authigenic products, in particular the different assemblages and relative 

amounts of authigenic products in the various pores suggest the same. Differences in detrital 

feldspars lead to different authigenic minerals. Logically such differences can only lead to the 

observed local pore scale variation when dissolution and reprecipitation is more or less 

simultaneous. That detrital composition affected the outcome of the feldspar diagenesis and 

might point on resident pore fluids or very slow moving formation water where dissolution 

rates are determined by direct precipitation of more stable minerals. 
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Some of the intricate structures are partly inherited weathering features composed of clay 

minerals, mostly illite that mainly grew in cleavage or twinning planes and sometimes in 

fractures. In addition, some calcite may occur that replaced or filled dissolved feldspar during 

weathering (possibly Ca-plagioclase). Weathering and dissolution proceeded preferentially 

along cleavage and twinning planes and clays are occasionally healing fractures that survived 

transport. These inherited clays apparently formed preferred nucleation sites for authigenesis 

of clays (illite and kaolinite), the growth of which is aligned to and accentuates the former 

cleavage and twinning planes. It is also likely that dissolution during diagenesis again 

preferentially started along former weathering places and along pristine cleavage planes. Also 

pseudomatrix and deformed lithic grains which contain micas offered nucleation surfaces for 

clay authigenesis.  

 

Dissolution and precipitation must be simultaneous, at least in cases where internal textures 

remained preserved but expressed by aligned illite and albite or orthoclase/microcline. This 

forms an important argument for a closed system during burial diagenesis, with mass 

preserved more or less in situ. Low rates of dissolution may have caused nucleation of illite 

and kaolinite booklets or rosettes on pre-existing suitable nucleation surfaces such as pre-

existing or still existing textures, including illite inherited from the weathering zone. Higher 

rates of dissolution may have resulted in free nucleation and large vermicular kaolinite or 

meshwork illite. The difference in textures of authigenic minerals point to different rates of 

dissolution and replacement of different types and quantities of detrital feldspars, that is with 

different mineralogy and internal fabric and solubility. 

 

The comparison between the localities suggests that the detrital composition influenced 

feldspar diagenesis and this can only be the case when the system is essentially closed on bed 

scale. Moreover it suggests that feldspar diagenesis is not always controlled by large scale flow 

of undersaturated meteoric water. Instead diagenesis may be mass conservative and at least 

some of the feldspar diagenesis may take place in a system that is closed at bedding scale. 

This also suggests that burial diagenesis in general might be more mass conservative than 

usually assumed. 
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6. CONCLUSIONS 

 

The feldspathic lithic Rotliegend sandstones from the Sprendlinger Horst were highly but 

variably susceptible to mechanical compaction. They are an example where the timing of 

feldspar diagenesis can easily be determined relative to compaction. This is because of the 

discrepancy of lithic grains having lost their shape and texture by plastic deformation, and the 

feldspar remnants and secondary pores having preserved their original shapes. Feldspar 

dissolution took place after the main phase of mechanical compaction was accomplished, and 

at a time when permeability was severely reduced and much of the sandstones was virtually 

non-permeable. This implies that the often proposed large scale fluid fluxes can in this case 

not explain feldspar dissolution. Moreover feldspar diagenesis in general is not always linked 

to unconformities and surface weathering or dissolution in near-surface aquifers. 

 

Dissolution of comparatively unstable feldspar caused precipitation of more stable authigenic 

products in the direct vicinity, without much transport beyond the scale of individual beds and 

even on a grain-pore scale. These more stable minerals are mainly authigenic feldspar (e.g., 

albite and orthoclase) and clay minerals such as kaolinite and illite in several varieties (such as 

pore filling meshwork illite) and ratios. The mineralogy and texture of the authigenic product 

was thus constrained by the reactive detrital components and the relative speed of dissolution 

versus precipitation for each individual component. The nature of feldspar diagenesis and the 

composition of the resulting authigenic products was locally controlled.  

 

Porosity might have been slightly enhanced by feldspar dissolution because the authigenic 

products have less volume and contain occluded intrapores and micropores, but those 

secondary pores did not enhance permeability. The permeability is mainly controlled by the 

degree of compaction as a function of the detrital composition, i.e. the content and 

composition of lithic grains, and surviving interparticle pores.  
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FIGURE CAPTIONS 

 

Fig. 1. The Rotliegend basins in Central Europe (modified from Ziegler, 1990; Schäfer, 2011). 

The gas reservoirs are located in the southern Permian Basin north of the Variscan mountain 

belt and the study area is located in the Hessen Rotliegend Basin, an intramontaneous basin. 

It is proximal to the source areas. WFB = Werra-Fulda-Basin. 

 

Fig. 2. The study area with sample locations indicated. 

 

Fig. 3. Schematic stratigraphic and facies table of the Rotliegend (Permo-Carboniferous) in 

Hessen. Chronostratigraphy after Lützner and Kowalczyk (2012); age after Menning et al. 

(2005) and Schäfer (2005). Correlation of lithostratigraphic units after Schäfer (2005), Marell 

(1989), Müller (1996) and Kowalczyk (2001). 

 

Fig. 4. (a) Present-day detrital composition (filled symbols) and the reconstructed original 

detrital composition (open symbols) according to the Folk (1974) classification. (b) Content of 

ductile lithic grains, grains deformed into pseudomatrix, micas versus the content of all rigid 

grains (quartz, feldspar, chert, quartzose rock fragments). 

 

Fig. 5. (a) Example of collapsed grain framework because of abundant ductile lithic grains 

(arrows) and muscovite-biotite (M). Only secondary porosity exists in dissolved feldspar grains 

(DF) that are partly filled with authigenic clay minerals and newly formed feldspar. (b) 

Example of a true wacke: a matrix supported, polymodal sorted sandstone with silt and clay 

matrix. Many of the feldspar grains (DF) are typically with intense dissolution features and 

new ly formed clay minerals and feldspar. These secondary pores after feldspar dissolution are 

not deformed.  

 

Fig. 6. Thin section photomicrographs. (a) Heavily compacted sandstones as evidenced by 

deformed micas (mainly biotite and some muscovite) and long grain contacts, with several 

dissolved-replaced feldspar grains. Shapes and internal structures or distribution of newly 

formed illite and feldspars are not deformed by compaction. (b) Ductile grains deformed 

between rigid grains, feldspar in the centre dissolved and replaced by newly formed albite and 
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illite growing along the former cleavage direction. The former feldspar grain also has albite 

cement overgrowths, and some albite cement occurs in remnant interparticle pores and 

between deformed fractured ductile grains and biotite grains. (c) Deformed volcanic grains 

(upper part of the image) with remaining plagioclase laths, albite replacements and 

micropores, and albite outgrow cement and albite cement crystals in the remaining 

interparticle space between the rigid grains, one of which is now dissolved feldspar with 

remnants of orthoclase and newly grown albite and illite. (d) Fine crystalline metamorphic 

lithic grain deformed between rigid quartz and feldspar grains. (e) Intensely deformed fine-

grained and fine-crystalline metamorphic lithic grains and mica grains between rigid quartz 

grains. These ductile grains form a pseudomatrix but remain still individually recognizable. (f) 

Dissolved feldspar grain with remnants of orthoclase and newly formed illite between 

deformed ductile grains and mica (mainly biotite). Despite the intense compaction leaving 

little or no interparticle pores, the shape of the former feldspar is intact, as is the internal 

alignment of remnants and authigenic clay minerals. 

 

Fig. 7. Degree of compaction, expressed by the intergranular volume (IGV) as a function of 

the ductile grain content. 

 

Fig. 8. Thin section photomicrographs. (a) Visible original internal fabric as stable remnants 

and / or by authigenic minerals that grew according to the old feldspar (DF) textures. Arrows 

denote albite cement in interparticle pores. (b) Biotite grains deformed along the then still 

rigid feldspar grains that are now dissolved. Albite grew within the former feldspar grain and 

also as cement in interparticle pores, and between exfoliated biotite sheets. (c) Former 

feldspar grain partly preserved and the rest replaced by illite as an irregular meshwork. (d) 

Differences in internal preservation and assemblages of authigenic minerals in various 

adjacent dissolved feldspar grains as related to their original composition. Shapes of these 

feldspar grains are not deformed despite of intense compaction as evidenced by the deformed 

ductile lithic grains and micas (mainly biotite) forming a pseudomatrix between formerly rigid 

grains. (e) Detrital feldspar dissolved and filled with authigenic albite. Small randomly oriented 

albite crystals replacing the detrital feldspar aligned according to former internal detrital 

textures such as cleavage or twinning(f) Authigenic feldspar (mainly albite) cement as 
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overgrowths and outgrowths on detrital feldspars that are partly dissolved and replaced by 

illite and albite.  

 

Fig. 9. (a) Detailed SEM back-scattered electron photomicrograph of a dissolved feldspar grain 

with internal former structure visible in aligned newly formed albite and illite crystals. (b) 

Partly dissolved feldspar grain with undeformed outlines which contains calcite (c) and 

undeformed delicate internal structures mainly by selection dissolution and authigenic illite 

that formed after framework collapse. 

 

Fig. 10. (a) Authigenic vermicular kaolinite in replaced volcanic grain in plane-polarized light 

and (b) in a scanning electron microscope photomicrograph. 

 

Fig. 11. (a) Helium porosity versus permeability. Filled symbols denote pointcounted samples. 

Each locality has different porosity-permeability properties. (b) Helium porosity versus 

pointcounted macro porosity showing the importance of microporosity in dissolved-replaced 

feldspars and deformed fine-grained lithic grains. (c) Ductile grain content versus Helium 

porosity and (d) versus permeability showing the inverse dependency of porosity and 

permeability on the ductile grain content.  

 

Table 1. Summary of detrital and diagenetic components for each location.  

  

Table 2. Helium porosity, permeability and grain density with average values, standard 

deviation, ranges and number of measurements (N) of samples of each locality. 
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