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Abstract

The fluvial-aeolian Upper Rotliegend sandstones from the Bebertal outcrop (Flechtingen High, Germany) are the famous 

reservoir analog for the deeply buried Upper Rotliegend gas reservoirs of the Southern Permian Basin. While most diagenetic 

and reservoir quality investigations are conducted on a meter scale, there is an emerging consensus that significant reservoir 

heterogeneity is inherited from diagenetic complexity at smaller scales. In this study, we utilize information about diagenetic 

products and processes at the pore- and plug-scale and analyze their impact on the heterogeneity of porosity, permeability, 

and cement patterns. Eodiagenetic poikilitic calcite cements, illite/iron oxide grain coatings, and the amount of infiltrated 

clay are responsible for mm- to cm-scale reservoir heterogeneities in the Parchim formation of the Upper Rotliegend sand-

stones. Using the Petrel E&P software platform, spatial fluctuations and spatial variations of permeability, porosity, and 

calcite cements are modeled and compared, offering opportunities for predicting small-scale reservoir rock properties based 

on diagenetic constraints.

Keywords Sandstone diagenesis · Calcite cement · Reservoir quality · High-resolution diagenetic modeling · Upper 

Rotliegend sandstone

Introduction

Understanding diagenetic processes and their effect on 

porosity and permeability distribution and heterogeneity 

has been an important research topic for several decades 

(e.g., Bjørlykke and Jahren 2012). This research was, and 

is, largely driven by the petroleum industry, but it is also 

important for the evaluation of alternative energy solutions, 

such as geothermal reservoirs and gas storage. Failure to rec-

ognize diagenetic effects on porosity and permeability can 

lead to large errors in reservoir volume estimation and can 

influence production strategies and rates (e.g., Ajdukiewicz 

and Lander 2010). The last decades of research have added 

significantly to the understanding of how diagenesis affects 

reservoir quality and heterogeneity, but predicting reservoir 

quality of deeply buried sandstones remains a major chal-

lenge (Taylor et al. 2010). As of now, there is no general 

framework for modeling or predicting diagenetic cement dis-

tribution patterns in sandstones. However, such an approach 

would be very useful for predicting the heterogeneity of 

porosity or permeability of a primary sedimentary unit.

The depositional porosity of a rock is rarely retained 

and is generally degraded by various diagenetic processes, 
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unrestricted spatially to the boundaries of the sedimentary 

units (e.g., Worden and Matray 1998). The diagenetic evo-

lution of sandstones often results in a superimposition of 

multiple types of newly formed diagenetic minerals. The 

heterogeneous spatial distribution of such cements is respon-

sible for a complex porosity and permeability pattern at the 

pore scale and above. Therefore, predicting the distribution 

of porosity and permeability of deeply buried sandstones and 

understanding their diagenetic control is crucial for reservoir 

applications (Taylor et al. 2010).

The distribution of diagenetic alterations and reservoir 

heterogeneity at the scale of tens-of-meters to kilometers 

is related to sediment composition, depositional facies, 

and sequence stratigraphy of sandstones (Morad et al. 

2010). However, predicting reservoir heterogeneity, the 

distribution of diagenetic alterations, and their control-

ling factors within each depositional facies and sandstone 

unit remains a major challenge (Worden et al. 2018). This 

is particularly true for more complex systems that are 

affected by eodiagenetic features, such as grain coatings, 

carbonate cements, and mesodiagenetic features such as 

secondary porosity. Usually, such features are included in 

current reservoir models through observations and ana-

logs rather than a priori predictions (e.g., Ajdukiewicz and 

Lander 2010; Morad et al. 2010; Taylor et al. 2010). This 

highlights the incomplete understanding of the controlling 

factors of reservoir heterogeneity and the need to further 

investigate reservoir rocks to identify the key processes 

that drive plug-scale reservoir quality and heterogeneity 

in different geological settings (Taylor et al. 2010). Usu-

ally, the spatial resolution of 3D grids used for porosity 

and facies modeling is at the meter scale. As an example, 

Kimple et al. (2015) report a cell size of 20 ft × 20 ft × 1 

ft forming a 3D grid of 300 rows by 300 columns and 200 

layers. This example illustrates the spatial detail of poros-

ity and facies heterogeneity of an oilfield. In our example, 

we use a similar number of cells. However, our focus is 

on the analysis of spatial heterogeneity and predictability 

of permeability vs. intergranular volume and porosity, on 

the plug scale as suggested in previous studies (e.g., Taylor 

et al. 2010), thus using a cell size in the mm range.

In this study, we focus on identification and improved 

understanding of small-scale spatial heterogeneity of cal-

cite cement patterns in reservoir sandstones. The Petrel 

E&P software platform is used to develop a high-resolution 

3D model of fluvial-aeolian sedimentary facies with a grid 

size capable of modeling cement patterns on the centimeter 

scale. Usually, larger trends of diagenetic contrasts are tied 

to the distribution of sedimentary facies bodies and to the 

burial history (e.g., Worden et al. 2018). Our main research 

question is: Can a high-resolution model of cement patterns 

predict the fluctuations of permeability and porosity in a 

reservoir? Using high-resolution permeability, porosity, and 

calcite cement data, we test the ability of correlating reser-

voir quality and cement concentration patterns on the cen-

timeter scale (Fig. 1). In addition, we provide a workflow of 

Fig. 1  Conceptual approach of utilizing a high-resolution model focusing on the identification of small-scale diagenetic facies patterns that can 

explain spatial heterogeneity of porosity and permeability
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how to use petrographic data to create high-resolution 3D 

rock-property models.

Materials and methods

Geological setting

We investigated sandstones from the Bebertal quarry, 

located 28 km NW of Magdeburg (cf. GK25 map 3733: 

Erxleben, R 44 52 700/H 57 89 800) (Ellenberg et al. 1976; 

Fischer et al. 2007, 2012) (Fig. 2).

The Bebertal outcrop offers insight into the Upper-Rot-

liegend fluvial-aeolian sandstone facies of the Flechtingen 

Bausandstein (Fig. 2) and belongs to the Parchim Forma-

tion (Havel sub-group) of the South Permian Basin (SPB) 

(Kleditzsch and Kurze 1993; Plein 1993). This outcrop has 

been an active quarry until recently, thus a large amount of 

information on the three-dimensional sedimentary facies 

distribution has been collected during the last decades, 

until about 10 years ago (Dolbert 1998; Ellenberg et al. 

1976; Fischer 2013; Schreiber 1960). The upper 12 m of 

the outcropping section (Fig. 2) consist of laminated and 

cross-bedded aeolian sandstones with thin layers of fluvial 

sheet-flow deposits consisting of clay-rich sands, gravels, 

and cross-bedded fluvial sands. This predominately aeo-

lian section overlies about 20 m of fluvial sandstones and 

conglomerates. Detailed information about the sedimen-

tary facies is available from several drill cores (Fischer 

et al. 2007). The Bebertal outcrop is of particular inter-

est because it is the northern-most outcrop of the Upper 

Rotliegend sandstones in Central Europe. In addition, it is 

the only one that contains time-equivalent sandstones of 

similar sedimentary facies properties as those that form 

the prolific gas reservoirs of the North German Basin 

(NGB) as part of the SPB (Fig. 3). Today, these reservoirs 

are located 3000–6000 m below the surface across north 

Germany, the Netherlands, and Poland (Gaupp and Okker-

man 2011; Grötsch and Gaupp 2011; Grötsch et al. 2011; 

Kulke et al. 1993; Poszytek 2013; Schöner and Gaupp 

2005; Wong et al. 2007).

The Parchim Formation was deposited on the southern 

flanks of the NGB during the Guadalupium of the Per-

mian. The formation is predominantly composed of lithic 

subarcosic aeolian dune sandstones and poorly sorted 

fluvial sandstones and conglomerates. To the south, the 

formation changes into an alluvial fan and wadi depos-

its and the formation interfingers with lacustrine depos-

its of a vast salt lake towards the main basin depocenter 

(Conford 1998; Gast et al. 2010; Kulke et al. 1993). After 

deposition ~ 266 Ma ago, the fluvial- aeolian sands of the 

Parchim Formation were quickly buried and reached their 

maximum burial during Early to Middle Triassic (Fischer 

et al. 2012). During the Late Cretaceous-Early Cenozoic 

inversion, the Flechtingen High block was rapidly uplifted 

by 3–4 km in only a few million years (Fischer et al. 2012; 

Gemmer et al. 2003; Glennie 1986). Due to the tectonic 

history, the sandstones of the Parchim Formation were 

heavily altered by diagenetic reactions and products, mak-

ing this formation a very suitable candidate to study the 

influence of diagenetic products on reservoir heterogeneity 

over a wide range of length scales, i.e., from the microm-

eter to centimeter scale.

Fig. 2  Fluvial-aeolian sand-

stones outcropping in the 

Bebertal quarry. Aeolian cross-

bedded sandstones intercalate 

with sub-horizontally bedded 

fluvial and aeolian strata. 

Signature “S” indicates the 

approximate position of the 

sample block (length = 45 cm) 

investigated in this study. The 

view of (a) is in north-eastern 

direction, the detailed view of 

(b) is in north-western direction
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Sample material

The sample selected for this study is a medium- to fine-

grained lithic subarcosic fluvial-aeolian sandstone. The 

size of the sample block is 39 cm × 45 cm × 11.5 cm. The 

sandstone sample contains four main sedimentary bound-

ing surfaces separating the sample into five sedimentary 

layers (Fig. 4). The top and bottom layer are fluvial sheet-

flow deposits. The three sedimentary layers in between the 

fluvial sheet flows are cross-bedded/laminated, medium-to-

fine-grained, lithic, subarcosic, aeolian sandstone (Fischer 

et al. 2007).

The fluvial sheet-flow deposits represent seasonal/occa-

sional deposition events related to heavy rainfall in an oth-

erwise arid desert environment, which resulted in debris 

flows that deposited poorly sorted clay-rich sands, gravels, 

and clean sands as fan/sheet-like sediment bodies (e.g., Fry-

berger 1993; Mountney et al. 1998; Mountney and Jagger 

2004).

The cross-bedded aeolian sandstones were formed by 

dune migration, depositing sand through grain avalanches 

on the lee side of the dune. This resulted in homogenous 

and well-sorted 0.5–3 cm thick laminations/dune foresets 

that are separated by thin pinstripes. The laminated aeolian 

sandstone was deposited by the migration of sand ripples. 

This created thin, sheet-like lamination with a thickness of 

0.2–1.5 cm that are also separated by pinstripes. The sorting 

of this layer is not as good as the cross-bedded sandstone 

(well to moderate) and the grain size ranges from very-fine 

to coarse sand (Fryberger 1993; Fryberger and Schenk 1988; 

Jones et al. 2016; Kulke et al. 1993; Scherer and Lavina 

2005).

Methods

Qualitative and quantitative analyses of rock properties were 

conducted to characterize and document with high spatial 

resolution the sedimentary facies and diagenetic minerals, as 

well as the porosity and permeability properties of the Upper 

Rotliegend sandstones. Figure 5 illustrates the sample grid 

utilized for several methods.

Permeability measurements

The permeability measurements were used as input for the 

reservoir quality model and as a guide for selecting the 

subsequent locations for the thin section samples, so as to 

represent contrasting permeability properties (Fig. 5). The 

measurements were taken using the syringe air permeameter 

TinyPerm 3, developed and manufactured by New England 

Research Inc. (NER). The instrument is a portable hand-

held air permeameter designed to measure permeability in 

the range of 1 millidarcy (mD) to 10 darcys (D) on outcrop 

and core samples (Brown and Smith 2013). The ability of 

the instrument to measure the permeability of porous rock 

and fractures was shown in several studies (e.g., De Boever 

et al. 2016; Filomena et al. 2014; Hale et al. 2019). It was 

also successfully used to evaluate aquifer heterogeneity 

and spatial variation of hydraulic aquifer properties (e.g., 

Huysmans et al. 2008; Rogiers et al. 2014a) and to relate 

permeability variation to diagenetic processes (e.g., Fischer 

et al. 2013; Gaupp 1996; Molenaar et al. 2015). According 

to previous investigations (e.g., Molz III et al. 2003; Rogiers 

et al. 2014b), the investigation depth of the air permeameter 

(with 8 mm inner diameter of the tip) in the present study 

is suggested to be in the order of about 1 cm resulting in a 

sampled volume of about 2 cm3. A total of 303 measurement 

points were placed on both sides of the rock sample (Fig. 5). 

Each measurement point was measured at least 3 times for 

Fig. 3  Paleo-depositional map of the North German Basin, part of the 

Southern Permian Basin. The circle symbol (o) marks the approxi-

mate location of the Bebertal outcrop (Flechtingen High) within the 

fluvial-aeolian facies (Upper Rotliegend), deposited along the edges 

of the basin. This outcrop is the main reservoir analog for the North 

German gas fields focusing on small-scale sedimentary facies and 

bounding surface geometry, modified after Gast et al. (2010)
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30–60 s per measurement, depending on local permeability. 

After the completion of all measurements, the mean per-

meability, standard deviation, and standard error were cal-

culated for each sample point. For all further analysis, the 

mean permeability of each point was used. Throughout the 

measurement process, the TinyPerm 3 performed very well, 

averaging a standard deviation of 0.86 mD and an average 

standard error (SE) of 0.46 mD for the repeated measure-

ments. These numbers show that the instrument displays a 

high level of precision even in a low-permeability environ-

ment in which most of the samples are close to the adver-

tised detection limit of 1 mD.

Thin‑section petrography and image analysis

29 thin-section samples were analyzed to identify the dia-

genetic history and compare the observations with previous 

investigations about the paragenetic sequence (Fischer et al. 

Fig. 4  Sample block of mostly medium-to-fine-grained, 

lithic, subarcosic fluvial-aeolian sandstones. Sample size is 

39 cm × 45 cm × 11.5 cm. Black lines indicate sedimentary bounding 

surfaces separating the sample into 5 distinct facies layers consisting 

of (a) laminated and (b) cross-bedded aeolian deposits in-between c 

poorly sorted fluvial sheet-flow deposits

Fig. 5  Front (a) and back (b) side of the sample block with loca-

tions of 303 permeability measurement points. The 29 sample points 

marked in yellow were selected for additional petrographic analysis. 

Samples were selected to cover the range of lithological composition, 

permeability (mD) and depositional facies. Each sample is identified 

by a sample ID. The letter identifies the facies type (Fig. 4) and the 

number identifies the sample within a single facies unit
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2012). The thin-sections were taken from the end of about 

6 cm long core plugs drilled at each corresponding perme-

ability measurement point. Thus, due to the high heterogene-

ity of the sample block, some thin-sections do not represent 

the same rock properties as the surface location used for 

the permeability measurements, cf. Fig. SI 3. The calcite 

cement volume and porosity were quantified for each sample 

by picture segmentation based on color thresholding. The 

scan under normal light was used for the thresholding of the 

porosity. The picture provides a sharp contrast between the 

blue-dyed epoxy resin and the mineral grains. The scan col-

lected under crossed polarizers was used for the quantifica-

tion of the calcite cement using the high-interference colors 

of the calcite mineral, which creates a good contrast to the 

greys of the mineral grains. The segmentation results for 

each sample were visually quality-controlled, and wrongly 

identified pores or cements were manually removed or cor-

rected. The results from the quantitative image analysis were 

used as an input into the final model and to create porosity 

and calcite cement distribution maps for each sample (cf. 

Fig. 6).

Modeling

Petrel 2017 (Schlumberger) was used to create the 3D model 

of the sample block. The simulation grid, i.e., the 3D repli-

cation of the sample block, creates the boundary conditions 

for the porosity, permeability, and cementation model, based 

on the sedimentary facies (Fig. 4). The simulation grid has 

a cell size of 5 mm × 5 mm × 5 mm and is separated into the 

five main sedimentary units by four horizons. The layering 

within each section is arranged in such a way that it is mim-

icking the dip of the strata and the lamination. The entire 

simulation grid is composed of 194,580 3D cells (Fig. 7).

After defining the simulation grid, the permeability, 

porosity, and calcite cement data points were integrated into 

the model. The permeability data points were placed on the 

Fig. 6  Example of segmented porosity distribution, thin section sam-

ple E13. The porosity was plotted using the X and Y coordinates of 

each segmented pore from the image analysis. The blank areas are 

zones that do not show any porosity

Fig. 7  Simulation grid pro-

vides the boundary condi-

tions for the model, size is 

39 cm × 45 cm × 11.5 cm. The 

simulation grid has a cell size 

of 5 mm × 5 mm × 5 mm and 

is separated into the five main 

sedimentary units, as observed 

in the sample, left side. Posi-

tions of permeability, porosity, 

and calcite cement concentra-

tion data are indicated
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surfaces S1 and S2 of the model volume (Fig. 7). The data 

points for the porosity and the calcite cement were placed 

in the middle of the model grid because the thin sections 

were retrieved from the end of the 5–6 cm long core plugs. 

The reservoir modeling was performed using the Sequential 

Gaussian Simulation (SGS) method which can reproduce the 

heterogeneity observed in the input data.

The calcite cement is the most voluminous cement in 

the formation and one of the main contributors to reservoir 

heterogeneity. Thus, the model approach requires a method 

that is capable of reproducing the heterogeneity observed 

in the input data. For that reason, the Sequential Gaussian 

Simulation (SGS) method was chosen as the modeling algo-

rithm to model the reservoir quality throughout the sam-

ple block. The SGS process consists of the following steps 

(Pyrcz and Deutsch, 2014): (a) transformation of the origi-

nal input data to a standard normal distribution, (b) placing 

the transformed data into the modeling grid, (c) going to 

a random grid node u and searching for neighboring data 

and previously modeled data values, (d) performing krig-

ing with those values to obtain kriged estimate and corre-

sponding kriging variance, (e) drawing a random residual 

that follows a normal distribution with mean = 0 and the 

local variance at grid node u; the residual is drawn with a 

classical Monte Carlo simulation, (f) adding the simulated 

data to the data set so it will be used for the simulation of 

the next simulated value, (g) visiting all grid nodes in the 

simulation grid in a random order, and (h) back-transforming 

all data values and simulated values after the model is fully 

populated. All these steps are performed automatically by 

the software except for the data transformation (a) and the 

variogram analysis, which is part of the kriging process (d) 

within the SGS algorithm.

The parameters for these processes were set separately 

for each model section and each data set. The SGS method 

also allows for the creation of any number of realizations by 

repeating the process and starting with a different random 

number seed. A different seed leads to a different random 

path and different residuals for each simulated grid node. 

Each realization is equally likely to be drawn and, therefore, 

called equiprobable, allowing to evaluate the uncertainty of 

the model. After each simulation, the model output must 

be checked to make sure it honors the input data. The first 

step is a visual inspection to check if the model behaved as 

expected, focusing on high- and low-value areas and trends. 

The second step is to check the data reproduction. This pro-

cess includes comparing input data parameters like mean, 

standard deviation, variance, and variogram to the model 

output to see how well they were reproduced (Pyrcz and 

Deutsch 2014).

The data transformation process included several steps 

as illustrated in Fig. 8. First, the output truncation was 

applied to ensure that the final model did not contain any 

data outside of the input range. The second step was to detect 

any strong vertical trends and extract them from the data 

(Fig. 8b, c), as they can heavily influence the variogram 

and mask the smaller trends in the variance of the data. The 

third and fourth steps were to apply the shift-scale trans-

formation to generate a distribution with a mean = 0 and 

standard deviation = 1 (Fig. 8d) and to apply the normal 

score transformation to force the distribution into a stand-

ard normal distribution (Fig. 8e). This is necessary since 

the SGS takes place in the Gaussian space. After modeling, 

the data were back-transformed to their original state and 

the extracted trends were added back in. These steps were 

applied to the sedimentary facies volumes. For the perme-

ability data of the upper cross-bedded aeolian section, the 

standard normal score transformation could not be applied 

because of the extreme bimodal distribution of the data. The 

measurements range from 0.26 to 3.56 mD, with an average 

of 1.49 mD, with the exception of five measurement points 

(S2: H17–H21), which range from 10.86 to 140.26 mD 

and are clustered in one area. This creates a data set with a 

mean, standard deviation, and variance not representative 

of the entire cross-bedded section. Oversampling areas with 

abnormally high values that only represent a small portion of 

the overall formation is quite common in geological evalu-

ations, since those areas are normally of high interest (e.g. 

high gold concentrations, high permeability). The software 

offers a solution, allowing for the fitting of the distribution 

to the input data, creating a more representative probability 

curve, rather than trying to span a bell curve over the entire 

data range. This approach allowed for the modeling of the 

permeability values for the upper cross-bedded section to be 

based on the actual occurrence from the input data, thereby 

creating a more realistic model. Consequently, the mean, 

standard deviation, and variance from the input data will not 

be reproduced and, therefore, cannot be used to evaluate the 

fit of the model for that section.

For the variogram analysis of the data, a spherical regres-

sion curve was chosen as the best fit for the data. A search 

cone defines which samples are included in the variogram 

analysis (Pyrcz and Deutsch 2014). During the variogram 

analysis for the SGS, three variograms for three different 

directions were created. The major direction was defined 

as cutting the block horizontally, parallel to the 45 cm long 

edge. The minor range was defined as cutting the block 

horizontally, parallel to the 11.5 cm long edge. The third 

variogram was for the vertical direction. The analysis of the 

spatial distribution of the variance in all three directions 

allows for the capture of the heterogeneity of the formation 

in all three directions. During modeling, the SGS algorithm 

uses the major, minor, and vertical ranges as well as the 

sill and nugget from the variogram model to reproduce the 

heterogeneity of the input data. This creates a more realistic 

distribution of values throughout the modeled rock volume. 
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Since the porosity and calcite cement volume data are based 

on only 29 sample points, the data density is much lower 

than the 303 data points for permeability. This led to compli-

cations in creating the variograms. The upper cross-bedded 

sandstone and the fluvial section only contain five and three 

sample points, respectively. Because of this, only a vertical 

variogram could be constructed for the calcite and porosity 

data in the upper cross-bedded sandstone. The variogram 

settings for the major and minor directions were based on the 

variogram analysis of the permeability data. In the fluvial 

section, none of the three variograms could be constructed 

for the calcite and porosity data due to the low sample den-

sity. Therefore, the variogram settings from the permeability 

data were used. Adapting the variogram settings from the 

permeability data was done as a best approximation of the 

expected variance of the calcite cement and porosity data 

in the sample.

Each sedimentary package was modeled separately to 

prevent the mixing of data from different sedimentary lay-

ers, which can obscure small-scale heterogeneity trends. The 

top layer was not modeled as it was too thin to be sampled. 

During the modeling process, porosity, permeability, and 

Fig. 8  Example of the data transformation performed on a set of per-

meability data before starting SGS modeling, details include a input 

data, b detection and extraction of vertical trends, c data after the 

removal of the vertical trend, d data after the shift scale transforma-

tion, and e data after the normal score transformation
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calcite cement were modeled independently without using 

the empirical relationships between the parameters as a 

model input.

Results and discussion

Eodiagenetic and mesodiagenetic poikilitic calcite cements, 

mesodiagenetic illite/iron oxide grain coatings, and the 

amount of infiltrated clay are the main causes of cm-scale 

(plug-scale) reservoir heterogeneities in the Parchim Forma-

tion of the Upper Rotliegend sandstones. They were iden-

tified via thin-section petrography investigations. Detailed 

previous investigations on the diagenetic history of these 

strata revealed eodiagenetic poikilitic and late-mesodiage-

netic calcite formation, cf. the paragenetic sequence includ-

ing age determinations of K-feldspar cements (Fischer et al. 

2012). A new interpretation is the existence of additional 

early-mesodiagenetic poikilitic calcite in the material sam-

pled for this study. In addition to early-diagenetic poikilitic 

calcite, this second calcite generation precipitated after the 

formation of the first diagenetic potassium feldspar genera-

tion but before the previously reported younger mesodiage-

netic cements.

Data about calcite cement concentration, porosity, and 

permeability are loaded into a model, details are provided in 

the SI section. The spatial heterogeneity of this data is ana-

lyzed using a detailed variogram analysis, see chapter 2.3.3. 

Compared to a multitude of other simulation studies (e.g., 

Jones et al. 2009), we used this software for modeling a 

rather small rock volume (39 cm × 45 cm × 11.5 cm) to test 

the capabilities of interpreting and predicting the small-scale 

fluctuations and spatial heterogeneity of permeability, poros-

ity, and cement volume distribution.

Petrographic results and diagenetic history

Three vertical profiles of the sample block were analyzed 

via thin-section petrography, details are reported in the SI 

section. Quantitative petrographic data included porosity 

volume, total calcite cement volume, poikilitic calcite (early 

diagenetic + early mesodiagenetic), and late mesodiagenetic 

calcite. Thin-section analysis revealed five distinct diage-

netic facies types (Fig. 9):

 (F1) High porosity/permeability facies,

 (F2) Calcite cement facies,

 (F3) Low IGV (intergranular volume) facies (occurring in 

both fluvial and aeolian deposits),

 (F4) Fluvial high porosity facies, and

 (F5) Fluvial claystone facies.

These facies do not occur in large patches that domi-

nate an entire sedimentary unit (Fig. 4). Instead, different 

facies types occur together in close proximity within aeolian 

(F1–3) or fluvial (F4, 5) units, creating the cm-scale het-

erogeneity observed in the rock volume. An example of the 

aeolian units is shown in Fig. 9, sample E8 (Fig. 5a).

Permeability, porosity, and calcite cement pattern 
and heterogeneity

The permeability ranges from 0.12 to 140.26 mD with most 

sample points (287) ranging from 1 to 10 mD, only 8 sample 

points above 10 mD, and 90 sample points exhibiting perme-

abilities below 1 mD. The laminated aeolian deposit (f–g; cf. 

Fig. 5) is the largest and most homogenous high-permeabil-

ity area (Table 1) in the sample with permeabilities of up to 

12.73 mD. The areas above and below show lower permea-

bilities, mostly in the range of < 1–2 mD, with a few areas of 

elevated permeabilities of up to 13.71 mD (Table 1). As an 

outlier, the upper cross-bedded aeolian section of S2 shows 

a very localized high-permeability feature (measurement 

points H17–H21), with permeabilities ranging from 10.86 

to 140.26 mD. In no other section of the sample were such 

high permeabilities measured. However, this layer is only 

a few millimeters thick and does not extend over the entire 

width of the sample and was not detected on S1. Overall, the 

permeability measurements show considerable permeability 

Fig. 9  Three endmembers of the porosity and diagenetic proper-

ties typical for the cross-bedded aeolian sandstone (sample E8, cf. 

Figure  5), illustrating the heterogeneity of porosity distribution at 

the plug scale. The mm-scale heterogeneity is dictated by the differ-

ent diagenetic facies F1–3 (F1: high intergranular volume and low 

cement concentration, F2: high intergranular volume and early-dia-

genetic poikilitic calcite cements, F3: pinstripes aeolian facies with 

low intergranular volume). Note the occurrence of secondary porosity 

owing to K-feldspar dissolution (F3) (p pores, cc calcite cement)
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variations not only in between sedimentary bodies but also 

inside the sedimentary units themselves, with a permeability 

decline from S1 to S2 of about 20% over a distance of only 

11.5 cm. This is related to the permeability decline towards 

less-steep cross-bedding. Also notable is the fact that there 

is not a distinct difference in average permeabilities between 

the cross-bedded aeolian and the fluvial sediments.

Porosity and permeability of the aeolian sandstones in 

the Parchim formation are mainly controlled by illite/iron 

oxide clay grain coatings, the amount of calcite and quartz 

cement present, and K-feldspar dissolution adding to the 

overall porosity (Fig. 9, F1–3). The small-scale contrast of 

the intergranular volume and local differences in compaction 

efficiency are discussed in the literature (Fischer et al. 2012). 

The grain coatings inhibit the formation of large amounts of 

pore-filling quartz cements and K-feldspar cements (Taylor 

et al. 2010, 2015). The effect of preserving reservoir quality 

through inhibiting quartz and feldspar cementation is effi-

cient when comparing the lower cross-bedded and laminated 

aeolian sandstone to the upper cross-bedded aeolian sand-

stone (Fischer et al. 2012). The upper cross-bedded section, 

even though it only contains low amounts of calcite cement 

(0.3–5.4%), shows the lowest average permeability of the 

entire sample (Fig. 10). The thin section analysis showed 

that the upper cross-bedded sandstone has less-prevalent 

grain coatings, and as a result is heavily quartz cemented, 

including large patches of eogenic poikilitic quartz cement 

(Fig. 10, micrograph 1a, 1b). This considerably reduces 

porosity and permeability, leading to the control of res-

ervoir quality in the upper cross-bedded sandstone by the 

amount of quartz cement. In the lower cross-bedded and 

in the laminated aeolian sandstone, the grain coatings are 

much more prevalent, allowing only very limited amounts 

of quartz and K-feldspar overgrowth cements to develop. 

Accordingly, throughout those two sections, no poikilitic 

quartz cement was identified.

The porosity and permeability in the lower cross-bedded 

sandstone and laminated sandstone are mainly controlled 

by the amount of calcite cement, which ranges from 2.6 

to 19.1% (Fig. 10, micrograph 2a vs. 2b). Of this, around 

2/3 of the entire volume is early poikilitic calcite cements. 

The source for the calcite must have been external, making 

fluid-flow throughout the early diagenesis the main factor 

for when and where calcite cement occurs (Glennie et al. 

1978; McBride et al. 1987). The permeability in the fluvial 

deposit is controlled by the amount of infiltrated iron oxides 

and clay minerals (Fig. 10, micrographs 3a, 3b). The volume 

of quartz and feldspar overgrowth cements in the fluvial sec-

tion is very low due to extensive grain coatings allowing a 

localized slightly enhanced permeability pattern.

Model of permeability, porosity, and calcite cement 
concentration

The purpose of this model is to evaluate the opportunities 

to predict and explain cm-scale heterogeneity with respect 

to porosity and permeability, and to test the hypothesis of 

the dominant effect of calcite cementation on the first order 

variability in reservoir properties. The second goal was to 

test whether the limited number of porosity and cement 

concentration data allows for a reliable implementation and 

explanation of major heterogeneities and trends observed in 

the high-resolution permeability data of the 3D volume. A 

sensitivity analysis using three equiprobable realizations for 

each modeled parameter was performed to gage the repro-

ducibility of the model results. Each realization is associated 

with a random seed number which allows for the reproduc-

tion of the exact result under the same model conditions 

(“Modeling”). Each realization of every model was able to 

reproduce the input data parameters such as mean, stand-

ard deviation, and variance, giving high confidence in the 

accuracy of the model and the validity of each realization, 

see SI section.

Through the entire 3D model, distinct reservoir perme-

ability, porosity, and calcite cement volume trends can be 

observed. This is expected since they are composed of the 

same sedimentary bodies, but it also further validates the 

model as it shows continuity that is supported by the input 

data (Fig. 11). The permeability model (Fig. 11, upper part) 

shows characteristic trends within and in-between the ana-

lyzed four sandstone sections (b, a, b, c). The effect of both 

sedimentary bounding surfaces, as well as the aeolian lami-

nation and orientation of the laminae is observed; see the 

Table 1  Average permeabilities 

κ of the different sedimentary 

facies (spots A–J; see Fig. 5), 

measured on the front (S1) and 

back (S2) side of the sample 

block

Note the locally enhanced permeability; measured on side S2 of the upper cross-bedded aeolian facies, 

sample spots H17–21

Sedimentary facies κ (mD) S1 κ (mD) S2

Upper cross-bedded aeolian deposit (H–J) 1.49 1.31 (without spots H17–

H21); spots H17–H21: 

70.62

Laminated aeolian deposit (F-G) 4.98 3.86

Lower cross-bedded aeolian deposit (B–E) 2.89 2.12

Lower fluvial sheet-flow (A) 2.47 2.00
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two zones of the lower cross-bedded section (b) and lami-

nated aeolian sandstone (a).

The main overall trend that can be recognized in the 

model is a considerable decline in permeability from S1 to 

S2. This decline is controlled by the steepness of the aeolian 

laminations, with the bedding dipping towards S2. The rela-

tionship between the steepness of the bedding and the reser-

voir quality can be especially well-recognized in the lower 

cross-bedded section. There, the trend of lower permeability 

and porosity in the areas where the laminations are less-

steep is clearly visible. The highest permeability and poros-

ity region is located right below the sedimentary bounding 

surface, where the bedding is the steepest. The decrease of 

the reservoir quality between steepest cross-bedding and 

the less-steep section is significant, ranging from 0.12 to 

13.71 mD (permeability) and 1.6–6.9% (porosity). The 

decrease of permeability between the two sides of the sam-

ple block is around 20%. Given the relatively short distance, 

this is a significant reduction, indicating lateral and verti-

cal reservoir heterogeneity in the formation. This pattern 

related to the steepness of the bedding was recognized previ-

ously (Fischer et al. 2007, 2012), suggesting that low-angled 

cross-bedded sandstones have lower intergranular volume 

due to higher compaction than more steeply cross-bedded 

sandstone. However, this current investigation shows the 

opposite, with the less-steep cross-bedding with the lowest 

reservoir quality being the most heavily cemented, with cal-

cite cement values of up to 19%. This illustrates the impact 

of diagenetic facies, e.g., quartz- vs. calcite-dominated early 

diagenetic products and contrasting compaction behavior as 

well as the need for mapping diagenetic facies types (Gaupp 

1996; Gaupp et al. 1993).

In addition to the larger trends, the model also suggests 

the main controlling mechanism for the reservoir quality 

when correlating the three models (Fig. 11). This is particu-

larly true for the lower cross-bedded and laminated aeolian 

sandstones that accurately demonstrate how the permeability 

and the porosity display the same trends and patterns and 

how the calcite cement trends are opposite to those trends 

throughout the entire 3D volume. This shows how porosity 

Fig. 10  Schematic sketch of the dominating diagenetic products (i.e., 

quartz, calcite, and clay/iron oxide) and their relation to permeability 

patterns of the sample block. First-order cement variability is con-

nected to the sedimentary facies and the occurrence of fluvial-aeo-

lian/inter-aeolian bounding surfaces. The permeability pattern in the 

lower cross-bedded and laminated aeolian sandstone is controlled by 

the amount of calcite cement (micrographs 2a, 2b). Areas with the 

highest amount of permeability/porosity (2a) exhibit calcite cement 

values as low as 2.5–4%. The permeability of the upper cross-bedded 

aeolian sandstone is controlled by the amount of quartz cement (1a, 

1b). Here, the illite/iron oxide grain coatings are less prevalent, which 

allowed more quartz and feldspar cement growth (1b). The perme-

ability in the fluvial deposit reflects the concentration of iron oxides 

and clay mineral grain coatings (3a, 3b). Image length of the micro-

graphs is = 1.2 mm
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and permeability are controlled by the amount of calcite 

cement in this example. This result, and the fact that three 

independent models that were not created using the rela-

tionships between the parameters as a model input, shows 

that an SGS algorithm can create a highly accurate model 

reproducing the reservoir characteristics based on the param-

eter’s heterogeneity. The upper cross-bedded section and the 

fluvial section do not show any correlation between porosity 

and permeability because the thin sections did not represent 

the same reservoir conditions as the location of the perme-

ability measurement. This shows that the input data den-

sity is critical in the creation of a good model. Even though 

the permeability and the porosity data did not provide an 

effective match in these two sections, the fact that the thin 

section data does not show a correlation between porosity 

and the amount of calcite cement suggests a good result. It 

shows that in those two sections, the reservoir quality is not 

controlled by the amount of calcite cement, a conclusion that 

is supported by the petrological investigation of the thin sec-

tions and expected by previous results (Fischer et al. 2012).

Furthermore, this shows that a workflow that uses well-

defined petrographic data with a focus on diagenetic facies 

is capable of creating a highly accurate 3D rock property 

model. In addition, this model can display the cm- to dm-

scale reservoir variations and add important insight into 

how the reservoir was formed by looking at the correlation 

Fig. 11  Warp-around visualization of the block surfaces showing 

the model results of permeability, porosity, and calcite cement con-

centration, calculated with a voxel resolution of 5 mm, overall model 

size = 39 cm (height) × 45 cm (length) × 11.5 cm (depth). The model 

illustrates the spatial heterogeneity of permeability and explains it by 

porosity and calcite cementation patterns. In particular, the perme-

ability variability of facies sections (a) and lower (b) can be explained 

by the observed porosity and calcite cementation heterogeneity. The 

upper (b) section is characterized by low calcite and locally enhanced 

quartz cement concentrations
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between the different input parameters. Finally, this model 

can provide an indication of where specific levels of reser-

voir heterogeneity can be expected in a given sedimentary 

facies.

Conclusions

A portable handheld air permeameter is an efficient tool for 

enabling fast high-resolution permeability measurements on 

sample profiles. The resulting data provided insight into the 

spatial permeability distribution, aiding in the selection of 

relevant samples for petrographic investigations covering the 

full range of reservoir properties.

Reservoir quality in the Parchim Formation is controlled 

by the volume of early poikilitic cement and by the pres-

ence of illite/iron oxide grain coatings inhibiting syntaxial 

K-feldspar and quartz overgrowth. This sub-cm-scale varia-

bility highlights the need for high-resolution digenetic facies 

mapping and permeability pattern analysis.

Numerical approaches offer the opportunity of provid-

ing quantitative and spatial insight into pattern formation of 

diagenetic features and sedimentary facies. This study shows 

the promising approach of combining high-resolution diage-

netic investigations and 3D modelling using an SGS algo-

rithm. Several sensitivity analyses underscored the repro-

ducibility of a model implementing small-scale reservoir 

heterogeneities. By implementing plug-scale reservoir qual-

ity variations, the application of such models can improve 

the accuracy of reservoir quality studies on larger scales.

Reactive transport modeling techniques provide insight 

into the dynamics of fluid-rock interaction. Thus, high-res-

olution numerical approaches with a focus on pattern for-

mation of diagenetic products and accompanying perme-

ability distribution, as in this study, are applicable for both 

parametrization and validation of reactive transport models 

targeting on diagenetic processes.
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