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Abstract 

The Upper Muschelkalk is an unusual reservoir in NW Europe, producing only in the Coevorden Muschelkalk field, onshore die Nether
lands. Origin and nature of the gas producing intervals were poorly known. The objective of the paper is to provide a comprehensive descrip
tion of facies, cyclicity and petrophysical characteristics. From this description a depositional and sequence stratigraphic model is proposed, 
which explains why there is gas production only from certain intervals of the sequence. Our investigation is based on seismic, core and open 
hole log data. It indicates that the reservoir consists of dolomites, which are either muddy lagoonal to sabkha, or grainy backshoal deposits. 
The best reservoir quality is encountered in peloidal-oolitic packstones to grainstones. These represent storm-dominated backshoal deposits 
and constitute the inner part of a homoclinal carbonate ramp. The succession shows a conspicuous hierarchical cyclicity. Porous backshoal 
deposits form during maximum transgression and early regression. However permeable, gas producing backshoal deposits only occur in the 
upper 15 to 20 m, which forms the large-scale regressive hemi-cycle of the Upper Muschelkalk. Better reservoir quality in the upper hemi-cy-
cle is due to changes in grain type and early diagenesis. The investigation might serve as calibration point for further exploring the Upper 
Muschelkalk reservoir and its facies pattern in the NW European basin. 

Keywords: Germanic basin, Triassic, Upper Muschelkalk, NE-Netherlands, homoclinal ramp, storm-dominated, cyclicity, early diagenesis. 

Introduction 

The Upper Muschelkalk (Middle Triassic) is a unique 
play in NW Europe. The only gas producing reservoir 
of this age is the Coevorden Muschelkalk field, on
shore the Netherlands, overlying the main producing 
reservoir units Carboniferous sandstones and Zech-
stein carbonates (Fig. 1). 

Recently a number of Upper Muschelkalk 
prospects were identified. This triggered an integrated 
reservoir characterisation study based on detailed 
core descriptions, high-resolution sequence stratigra
phy, open hole log characterization and seismic inter
pretation. 

The objective of the present paper is a comprehen
sive description of facies, cyclicity and petrophysical 

characteristics of the Upper Muschelkalk. From this 
description a depositional and sequence stratigraphic 
model is proposed, which can explain gas production 
limited to certain reservoir intervals. 

The Coevorden Muschelkalk field is located in the 
northeast part of the Netherlands, close to the Dutch-
German border (Fig. l ) .The field is a fault-bounded 
and dip-closed structure located in a NNW-SSE 
striking inverted graben (Figs 1 & 3). Argillaceous-
evaporitic Keuper deposits provide the top seal of the 
reservoir. Laterally the Upper Muschelkalk is sealed 
by major strike-slip faults, which offset the reservoir 
rocks against Middle Muschelkalk evaporites (Hoetz 
et ah, 2001). The Upper Muschelkalk reservoir is 35 
to 50 m thick (Mabillard et al., 1989) and consists of 
dolomites and dolomitic shales. It comprises muddy, 
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Fig. 1. Location map showing the position of the Coevorden 
Muschelkalk field in NE-Netherlands. 
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Fig. 2. Stratigraphy, paleogeography and occurrence of the Upper Muschelkalk. Modified after Aigner & Bachmann (1992), Duchrow, 
(1984), Aigner et al. (1999), Hagdorn et al. (1991). 
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Fig. 3. Map view and cross sections of the Coevorden Muschelkalk field showing the fault and dip closed structure in an inverted N -
ning graben 
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low permeable deposits intercalated with grainy, 
peloidal-oolitic, better permeable deposits. The field 
was charged by the underlying Carboniferous coal 
measures. 

Geological Setting 

The Upper Muschelkalk Formation was deposited in 
the intracratonic NW European basin during the 
Middle Triassic. The basin was located about 30°N of 
the equator during this period of time (Ziegler, 1990; 
Dercourt et al., 1993), (Fig. 2). The NW European 
basin experienced a hurricane-dominated, subtropi
cal climate (Szulc, 1999) with seasonal storms 
(Marsaglia & deVries Klein, 1983) (Fig. 2).The Up
per Muschelkalk deposits were laid down in a shallow 
epeiric sea, which covered large parts of Central Eu
rope during the Middle Triassic (Ziegler, 1990). The 
sea was connected to the Tethys Ocean by narrow 
gates (Fig. 2) through which seawater entered the 
basin. Limited clastic input was derived mainly from 
the Fennoscandian High. This basin setting is reflect
ed in a strong facies asymmetry with a clastic domi

nated northern part and a carbonate-dominate south 
part. Four main facies belts can be distinguished on a 
basin-wide scale: 

i) Marly limestone-dominated basin center, 
ii) Limestone-dominated shoal facies belt, 
iii) Dolomite-dominated backshoal and lagoonal 

facies belt, 
iv) Clastic-dominated fringe facies belt around pa-

leohighs (Aigner, 1985). 
The depositional environment of the Upper Muschel
kalk has been interpreted as storm - and tide-domi
nated carbonate ramp system based on extensive out
crop studies in Southern and Northern Germany 
(Aigner, 1985, Rohl, 1990, Gartner, 1993, Schauer & 
Aigner 1997). Outcrop studies also revealed the Up
per Muschelkalk was deposited during a large-scale 
transgressive-regressive cycle (Aigner, 1985, Hag-
dorn, et al., 1987, Rohl, 1990) extending over the in
terval between the base of the Middle Muschelkalk to 
the top of the Upper Muschelkalk (Fig. 2). Maximum 
transgression occurs in the upper part of the Upper 
Muschelkalk (Aigner & Bachmann, 1992, Aigner et 
al, 1999). Subsequently, during overall regression, 
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siliciclastic material derived chiefly from the 
Fennoscandian High gradually replaced the carbon
ates within the uppermost Upper Muschelkalk and 
the Lower Keuper (Fig. 2). 

Data Base 

The investigations are based on seismic, core and 
open-hole log data. Seismic interpretation makes use 
of a 3D PSDM volume of good to very good data 

Muschelkalk (RNMUU) - well 
COV-46 core: 1, drillers depth interval: 1404.00m to 1413.00m 

scale 1: 10 

Sedimentological log - Upper Muschelkalk (RNMUU) - well 
COV-46 core: 2, drillers depth interval: 1372.00m to 1481.00m 

scale 1: 10 " • " ' • • » n 

rnrn RR (APh stratl8raphy llthol. Grain size Por (%) Parm. (mO> | 
Core GR (API) dBpth(m) / aad. atructuraa | I I ; ; f a 3 

Fig. 4. Detailed sedimen
tological log of two cores 
from the Upper Muschel
kalk in the NE Nether
lands. Note the rapid ver
tical facies changes and 
the limited resolution of 
the core GR. 

The position of the cores 
in well Coevorden-46 is 
shown in Fig. 11. 
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Fig. 5-1. Facies 1, Peloidal-oolitic packstone to 
grainstones. Shown are amalgamated storm beds 
with angular intraclast. These beds cover an erosive 
base and show low-angle lamination and oscillation 
ripples. The beds are covered by dark bioturbated to 
laminated mudstones. Coevorden-46, 1380.90 m, <I> 
= 27.3 %, Kh = 9.6 mD. 

Fig. 5-2. Facies 2, Bioturbated mudstones to 
wackestones. The picture shows the wackestones 
with Rhizocorallium burrow testifying open marine 
conditions in these deposits. Coevorden-46, 
1405.50 m, O = 16.5 %, Kh = 0.06 mD 
Fig. 5-3. Facies 3, Intraclast packstones to grain-
stones. Several stacked intraclastic layers, including 
bored intraclasts, point to amalgamated storm beds. 
These intraclast beds have poor reservoir quality. 
COV-46, 1405.7 m, <t> = 17.4 %, Kh = 0.07 mD. 
Fig. 5-4. Facies 5, Scoured argillaceous mudstones 
to wackestones. The facies is comprised of thin 
grain-rich layers and marly bioturbated beds. These 
deposits probably represent distal storm-related 
washover deposits. Coevorden-46, 1374.50 m, <I> = 
14.6 %,Kh = 0.02 mD. 

Fig. 5-5. Facies 6, Heterolithic mudstones to 
wackestones. The scoured layers in places with small 
intraclasts are interbedded with muddy beds which 
show irregular, crinkly lamination probably related 
to algal lamination. 

Coevorden-46, 1374.80 m O = 8.2 %, Kh = 0.01 
mD. 

Fig. 5-6. Facies 6, Heterolithic mudstones to 
wackestones. These facies comprises thinly in
terbedded scoured and crinkly laminated layers. 
Note deformed desiccation cracks filled with early 
anhydrite. Coevorden-46, 1374.55 m * = 5.8 %, 
Kh = 0.0001 mD. 

quality. Two spot cores from type well Coevorden-46 
are available, which are, to our knowledge, the only 
substantial cores of the Upper Muschelkalk in the 
Netherlands. 9 m of core are taken from the bottom 
part of the Upper Muschelkalk reservoir and 9 m are 
from the upper part. Description of these cores was 
supplemented by visits to the nearest outcrops, close 
to the German city of Osnabriick, some 150 km east 
of the Coevorden field. 

A total of 55 porosity and permeability plug mea
surements from well Coevorden-46 are available to
gether with 42 thin sections and core gamma ray mea
surements. 

The petrophysical characterisation is based on stan
dard open hole logs of eight wells including gamma 
ray (GR), density (DEN), neutron (CNL), and sonic 
(SON) logs. Two of these eight wells are currently 
producing, one of which has production logging tool 
(PLT) data. 

Investigation Methods 

Seismic interpretation was carried out at a 3D Pre-

Stack Depth Migration (PSDM) data set leading to a 
revised fault interpretation at Upper Muschelkalk lev
el. Seismic attribute maps were generated to check for 
porosity variations. The available two spot cores were 
described sedimentologically and subdivided into fa
cies, facies associations and cycles to support petro
physical evaluation. The existing lithostratigraphic 
subdivision (Pipping, 1999) was matched to the re
gional sequence-stratigraphic framework (Borkhata-
ria, 2002). Small-scale cycles were identified and cor
related. Core plugs were re-measured to evaluate per
meability's below 0.8 mD, previously considered as 
non-permeable because of equipment limitations. 
Thin sections of all core plugs were classified with re
spect to facies and pore type. Mini-permeameter 
measurements were carried to capture small-scale 
permeability variations. Bulk mineral composition 
was determined from all available open hole logs to 
establish grain density as input for porosity calcula
tion. Porosity was calculated from density and sonic 
logs. Log evaluation results were validated with core 
plug data. 
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Seismic Interpretation 

The upper limit of the Upper Muschelkalk carbon
ates with the overlying Keuper claystones marks an 
important change in acoustic impedance giving rise 
to one of the best-resolved reflector in the area of in
terest (Fig. 3). Identification of the seismic pick is 
corroborated by synthetic seismic traces based on 
open hole sonic and density logs (Hoetz et al., 2001). 
Using this reflector, a detailed fault interpretation was 
carried out. This was supported by horizon attribute 
analysis in particular dip, azimuth and illumination 
maps. 

Thus faults with a throw of more than about 15m 
were mapped out. This refinement of the fault inter
pretation indicated that the Coevorden Muschelkalk 
structure is likely compartmentalised in a larger 
northern (Knappersveld-North) and a smaller south
ern block (Knappersveld-South) (Fig. 3). The exist
ing producing wells penetrated only the southern 
block and probably fail to drain the northern field 
block, if the separating fault is sealing. Attribute maps 
were also checked for changes indicative for reservoir 
quality variations without conclusive results. 

Facies subdivision, reservoir characteristics and 
pore types 

Two spot cores of well Coevorden-46 were investigat
ed (Figs 4 & 5.1 to 5.6, 6), which consist entirely of 
dolomites and dolomitic shales. Porosity varies be
tween 4.5 and 29 % and permeability ranges from 
0.0001 to 51 mD. The cores are subdivided into five 
lithofacies taking into account sedimentary struc
tures, reservoir quality variations and wireline log re
sponse: 
i) Facies 1, Peloidal-oolitic pack - to grainstone 

(Figs 5.1,6) 
ii) Facies 2: Bioturbated mud - to packstone (Figs 

5.2, 6) 
iii) Facies 3: Intraclastic pack - to grainstone (Figs 

5.3,6) 
iv) Facies 4: Scoured argillaceous mud - to wacke-

stone (Figs 5.4, 6) 
v) Facies 5: Heterolithic mud - to wackestone (Figs 

5.5,5.6,6) 
Facies 1 and 3 consist predominantly of millimeter to 
centimeter-scale graded beds with a sharp erosive 
base (Fig. 5). These graded beds show features such 
as low-angle lamination, micro-hummocks, oscilla
tion ripples and intraclasts, imbricated in places (Figs 
5.1, 5.3). Skeletal material is conspicuously rare while 
peloids dominate. Based on sedimentary structures, 
components and regional knowledge Facies 1 and 3 
are interpreted to represent high-energy backshoal 

Lithology, sedimentary structures 
fossils Facies type, sketch Microfacies Reservoir quality Interpretation 

iFacies 1: Oolitic-peloidal 
•packstones to grainstones 

9 see Fig. 5.1 

yellow-gray dolomites 
4 cm to 50 cm average 15 cm thick 
amalgamated graded beds, erosive base, 
horizontally, low-angle, low-angle trough cross 
bedding, micro-hummocks 
no or low degree of bioturbation 
below: facies 3,4; above: 2, 3, 4, 5 

components: peloids,ooids 
(micritised), intraclasts, 

skeletal components, 
grapestones, 
cement: isopachous fringes 

Ph i=12-29%, 
Kh = 0.14to51 mD 
Phi type: mouldic, 
interparticle, intercrystalline 

storm-dominated deposits 
backshoal washovers, 
shallow sub aquatic fair 
weather wave base 

• normal sea water 
inner ramp (peloidal) backshoal 

I Facies 2 Bioturbated 
I mudstones to packstones 

ml ill nil U n L ^ h l l i m f r n i y i 

see Fig. 5.2 
3&. 

yellow-gray dolomites 
- 2 cm to 16 cm average 5 cm thick 

relics of horizontal to low-angle lamination 
- strong/complete bioturbation 

(Rhizocorallium.Planolites) 
below: facies 3,1; above: 1, 4, 

components: peloids, quartz, 
skeletal components, 
cement: (sub)euhedral 
dolomite crystals 

Phi: 4.5-22%, 
Kh = 0.021 to 0.47 mD 
Phi type: interparticle, 
intercrystalline 

bioturbated lagoon 
shallow subaquatic 
normal sea water 
inner ramp backshoal lagoon 

Facies 3: Intraclastic 
packstones to grainstones 

see Fig. 5.3 

- yellow, light dark-gray (controlled by clasts) 
dolomites 

- 1 cm to 10 cm average 4 cm thick 
graded, erosive base, clast supported, 
imbrication, bored clasts, 

- no bioturbation 
- below: facies 1, 4, 2; above: 1 

components: intraclasts, 
peloids, ooids, skeletal 
components, 
cements: isopachous fringes, 
subeuhedral dolomite crystals 

Phi: 10-22% 
Kh = 0.05 to 0.12 mD 
Phi type: interparticle, 
intercrystalline 

storm-dominated deposits 
transgressive lags, base of 
tempestites, max. energy facies 
SWB to FWWB 
normal sea water 
inner ramp 

Facies 5: Scoured 
marlstones to wakestones 

I see Fig. 5.4 

- dark gray with light gray scoured 
marly dolomites 

- 4 cm to 50 cm average 15 cm thick 
horizontal lamination, scours and 
millimeter-scale graded beds 
weak to medium bioturbation (Planolites) 

- below: facies 1,3; above: 6, 2, 3,1 

components: peloids, ooids, 
commonly quartz, skeletal 
components 
cements; isopachous fringes, 
microspar, (sub)euhedral 
dolomite crystals 

Phi: 10 -15%, 
Kh = 0.0001 to 2.5 mD 
Phi type: interparticle to 
intercrystalline 

background sedimentation with 
frequent backshoal washovers, 
algal lamination 
shallow sub aquatic 
normal sea water 
clastic influenced lagoon 

•Facies 6: Heterolithic 
Imudstpnes to wakestones 

light to purple gray dolomites 
-15 cm to 36 cm average 20 cm thick 

graded mm-scale graded beds, teepees, 
mudcracks, displacive anhydrite nodules, 
no bioturbation 
below: facies 5; above: 5, 1, 3 

components; peloids, quartz, 
cements; microspar, 
subeuhedral dolomite crystals 

Phi: 5 .8-10%, 
Kh = 0.0001 to 0.01 mD 
Phi type: minor 
intercrystalline 

quiet water, algal lamination with 
backshoal washovers, 
shallow subaquatic to subaerial 
super saturated sea water 
lagoon to sabkha transition 

Isee Figs. 5.5, 5.6 

Fig. 6. Facies, sedimentary structures and microfacies of backshoal, lagoonal and sabkha deposits of the Upper Muschelkalk deposits in NE 
Netherlands identified in cores of the Knappersveld field. 
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Fig. 7. Microfacies and associated reservoir properties of the Upper Muschelkalk. The best reservoir quality is encountered in thin regressive 
oolitic-peloidal grainstones to packstones. 

deposits. Facies 2 is characterised by intense biotur-
bation of marine ichnofabrics leading to partial or 
complete destruction of sedimentary structures. 

Relics of graded beds and oscillation ripples occur 
(Fig. 5.3). Facies 2 is interpreted as low-energy la-
goonal deposits. Facies 4 and 5 show algal lamina-

Fig. 8. Pore types and 
paragenetic sequence of 
the Upper Muschelkalk 
carbonates. Permeability 
is in general poor due to 
the dominance of micro-
porosity and separate 
moulds. 

(Oo)-mouldic porosity 

•j Relics of interparticle 
porosity 

Intercrystailine 
micro-porosity 

Pnoiomicrograph showing peloidal-oontic grainsione ^facies 1) with separate moulds 
Depth: 1406,3m Por: 28.4 %, K: 10.8 mD 

Permeability is controlled by the ratio of mouldic 
and interparticle macroporosity vs intercrystailine 
microporosity. 

Permeability is dominated by microporosity 
in facies with less than 30 % macroporosity 
because macropores are not in communication. 

The highest percentage of macroporosity is 
associated with leached peloidal-oolitic 
grainstones in facies 1. 

Paragenet ic sequence 

Primary 
sediment 

(•Hg) 
shell fragments 

1. Marine phreatic 
cementation 

2. Selective grain 
dissolution 

<S fcm wm 
3. Early fabric preserving dolomitisation, 

blocky dolomitic cement 
4. Pressure dissolution, formation 

of dissolution seems 

Early cementation 
prevented compaction 

and preserved high 
percentage of 

interparticle porosity 

Generation of 
mouldic porosity 

Generation of intercrystailine 
microporosity, reduction of 

mouldic porosity, reduction of 
interparticle porosity 

Slight reduction of interparticle 
intercrystailine porosity 
preferentially in primary 

muddy facies 
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Fig. 9. Small-scale transgressive-regressive cycle and its expression on a GR log. These cycles are the smallest correlatable stratigraphic units. 

The Upper Muschelkalk in the NE Netherlands is composed of 24 of those cycles. 

tion, thin graded beds, displacive anhydrite nodules 
and mud cracks (Figs 5.5 and 5.6). Graded beds tes
tify rare storm influence in an overall quiet environ
ment with hypersalinity and subaerial exposure. 

The deposits are interpreted as low-energy lagoon
al to sabkha environments (Fig. 6, 7). Thickness of fa
des 4 and 5 varies from centimeters to maximum sev
eral decimeters, with an average of 0.15 m. The thin-
bedded nature made it impossible to apply an electro-
facies scheme utilising the available open hole logs for 
facies recognition. The best reservoir quality is en
countered in Facies 1 (peloidal-oolitic packstones to 
grainstones). It is the only facies with the bulk of per
meabilities above 1 mD (Fig. 7). Facies 1 contains 
significant oomouldic porosity, while all other facies 
are dominated by intercrystalline microporosity. The 
poorest poroperm characteristics are met in Facies 5 
(heterolithic mudstones to wackestones). 

Lithofacies, however, are only a first indication for 
reservoir quality. Individual facies show a wide scatter 

especially in permeability that is particularly apparent 
in Facies 1 (Fig. 7).This scatter is related to pore-type 
variations, which in turn are related to the percentage 
of leached components and early cementation. Com
monly leached components are ooids and rare shell 
fragments. Unleached components are peloids, intra
clasts and detrital grains (Figs 7, 8). 

Facies 1 shows good permeability if components 
are dominated by ooids and skeletal components, 
which turned into oomoldic and biomoldic porosity 
(Figs 7, 8). Low permeability is encountered in Fa
cies 1 if components are dominated by peloids, which 
create no mouldic porosity. Peloidal packstones and 
grainstones, especially in the lower part of the Upper 
Muschelkalk, are less well cemented and more com
pacted what reduces the percentage of interparticle 
porosity. Different pore types however cannot be in
ferred using the available open hole logs because of 
the limited vertical thickness of the individual facies. 
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Facies associations 

The five facies are grouped into two facies associa
tions (Fig. 9) to allow core to open hole log calibra
tion. These associations are defined based on core 
and openhole log character: 
i) Facies association 1, backshoal association, com

prising facies 1 and 3, <D = 10-29 %, Kh = 0.05 mD 
to51mD. 

ii) Facies association 2, lagoonal/sabkha association, 
comprising of facies 2, 4 and 5, * = 5-22 %, Kh= 
0.021 mD to 2.5 mD. 

Broadly speaking facies association 1 includes rocks 
with permeabilities above 1 mD and facies associa
tion 2 rocks with permeabilities below 1 mD. 

Facies association 1 varies in thickness between 0.6 
m and 1.5 m, while facies associations 2 is 0.6 m to 
2.6 m thick. Facies associations, in contrast to single 
facies, can be identified on open hole logs. The back
shoal association is represented by a combination of 
low gamma ray and low density readings and in places 
slow sonic velocities. The lagoonal / sabkha association 
can be identified by high gamma ray and high density 
readings. An attempt was made to automate this facies 
association's identification from open hole logs by 
means of a statistical tool. However, absolute readings 
of open hole logs are too variable, thus proving insuffi
cient for this purpose. Hence facies associations were 
identified qualitatively from logs. 
Results were used to identify better quality sections 
outside of cored intervals and to support rock proper
ty characterization. 

Cyclicity 

Three hierarchical levels of cycles are interpreted 
from cores and open hole logs: 
i) Small-scale cycles: 1.5 to 3.0 m thick (might rep

resent 6th order cycles) 
ii) Medium scale cycles: 8 to 12 m thick (might rep

resent 5th order cycles) 
iii) Large scale cycles: 35 to 50 m thick (might repre

sent 4th order cycles) 

Approach 
Core descriptions clearly showed facies and facies as
sociations are vertically stacked into small-scale cy
cles. Subdivision of these cycles is based on inferred 
changes in the ratio of accommodation (A) versus 
supply (S) derived from facies characteristics, grain 
types and fossils. Cycles consist of two hemi-cycles; 
the transgressive hemi-cycle represents increasing A/S 
ratio and the regressive hemi-cycle represents de
creasing A/S ratio. 

Small-scale cycles 
A typical facies succession, 1 to 3 m thick (Fig. 9), be
gins with intraclasts packstones and grainstones con
taining numerous firmgrounds and bored intraclasts. 
These pass into peloidal-oolitic packstones to grain-
stones (Facies 1) with omnipresent erosive contacts 
like scour surfaces (Facies 1). These give way to bio-
turbated mudstones and packstones (Facies 2). High
er up, in core 2, Facies 1 passes rapidly into argilla
ceous scoured and heterolithic mudstones and grain-
stones (Facies 4, 5) with significant amounts of clastic 
debris. 

This typical facies succession is interpreted in 
terms of changes of accommodation (A) versus sup
ply (S) ratio. Intraclast packstones and grainstones 
(Facies 3) represent maximum A/S ratio, testified by 
maximum grain size (intraclasts), which point to 
high-energy conditions and numerous firmgrounds. 
They are interpreted as zone of maximum transgres
sion. The overlying peloidal-oolitic packstones and 
grainstones (Facies 1) represent decreasing A/S ratio 
as shown by numerous erosive contacts and strong 
amalgamation of the grainy sediments. Minimum A/S 
ratio is interpreted at the top of facies 1 or at the top 
of the overlying argillaceous scoured and heterolithic 
mudstones to wackestones (facies 4, 5), in the higher 
part of the succession. Strong amalgamation, subaeri-
al exposure and an elevated clastic content points to 
maximum regression linked with progradation of 
clastic material i.e. filled accommodation space. 

The overlying bioturbated packstones to mud
stones (Facies 2) show an increasing A/S ratio. This is 
indicated by well-preserved marine ichnofabrics and 
increasing sets thickness of intercalated graded beds. 
They are interpreted as transgressive hemi-cycle. 

In terms of reservoir quality these cycles show a 
clear dual subdivision. The cycle base is dominated by 
backshoal facies with high reservoir potential, which 
pass upward into muddy facies with poor reservoir 
quality (Fig. 9). Cycles are easily to recognise on open 
hole logs, particularly in the upper part of the reser
voir (Fig. 10). The clean, grainy lower part of a cycle 
is reflected by low gamma ray and low density, in 
sometimes slow sonic readings. The dirty, muddy up
per part shows higher gamma ray, higher density and 
often faster sonic values. Care should be taken to rely 
on gamma ray logs alone. Very low gamma ray read
ings in the lower part of the Upper Muschelkalk, 
which are not accompanied by low density or sonic 
values, represent clean, but tight carbonates. 

The 50 m thick Upper Muschelkalk succession 
consists of twenty-four small-scale cycles (Fig. 10), 
which represent the smallest correlatable stratigraphic 
unit. The cycles are correlatable across the Coevorden 
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Fig. 10. Composite well log 
panel of the Upper Muschelkalk 
showing core facies and its ex
pression on open hole logs. 
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Muschelkalk field. The lateral continuity of these cy
cles on field-scale, suggests that facies associations are 
sheet-like extended over distance of at least several 
hundreds of meters. This assumption is supported by 
outcrop observations in Southern Germany (Schauer 
& Aigner, 1997) and outcrop analogue studies in 
Northern Germany (Borkhartaria, 2002). These 
studies show that small-scale cycles extend easily 
across outcrops, over distances of several hundreds of 
meters. Moreover seismic attribute maps did not 

show areal variations suggesting rather constant reser
voir quality in the Coevorden Muschelkalk field 
(Hoetzetal., 2001). 

Medium-scale cycles 
Small-scale cycles are stacked into six medium-scale 
cycles (Fig. 10), each 6 to 12 m thick. These cycles 
show a characteristic cleaning up gamma ray trend fol
lowed by a dirtying up trend, similar to small-scale cy
cles. The limited core data suggest that the cleanest 
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gamma ray signature corresponds to the highest per
centage of peloidal-oolitic grainstones (Fades 1). In 
contrast maximum gamma radiation corresponds to 
muddy, argillaceous very low permeable facies. These 
meter thick muddy intervals likely act as vertical flow 
barriers, separating the reservoir into different flow 
units. 

Genetically the bases of the clean intervals are in
terpreted as point of maximum transgression (maxi
mum A/S ratio), while the dirtiest gamma ray signa
ture reflects maximum regression (minimum A/S) 
(Fig. 10). Note that this is the reverse of a 'normal' 
marine sequence where maximum gamma ray often 
reflects maximum transgression. 

The medium-scale cycles distinguished here are 
similar to the lithostratigraphic units proposed by 
Pipping, 1999 (Fig. 10) numbered from bottom to 
top: RNMUU-1 to RNMUU-5. The lowermost unit 
RNMUU-1 of Pipping, 1999 corresponds to our 
medium-scale cycles 1 and 2 (Fig. 10).The medium-
scale cycles are correlatable in the NE Netherlands 
over more than 25 km (Pipping, 1999) and have been 
traced to outcrops in Northern Germany over dis
tances of more than 150 km (Borkhartaria, 2002). 

Their signature is comparable to cycles described 
from Northern Germany (Rohl, 1990 and Gartner, 
1993). Hence the medium-scale cycles are proposed 
as regional stratigraphic framework. 

Large-scale cycles 
Regional studies have shown the Upper Muschelkalk 
consists of one large-scale cycle, composed of a lower 
transgressive and an upper regressive hemi-cycle 
(Aigner, 1985, (Hagdorn et al., 1987, Rohl, 1990, 
Gartner, 1993). Lack of a complete core and the ap
parent absence of bioclastic marker beds makes it dif
ficult to exactly determine the extent of these two 
large-scale hemi-cycles. Preliminary the medium-
scale cycles 1 to 3 are interpreted as lower transgres
sive hemi-cycle and the medium-scale cycles 4 to 6 
are part of the regressive hemi-cycle (Fig. 10). Conse
quently die zone of maximum flooding is interpreted 
in the middle of medium-scale cycle 4 (Fig. 10). This 
interval, dominated by peloidal-oolitic packstones to 
grainstones, would be the lateral equivalent of the 
Terebratel bed, a widely developed marker beds in 
Germany (Hagdorn et al., 1987, Aigner & Bach-
mann, 1992). The separation of lower and upper 
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Fig. 11. Reservoir quality variations in the Upper Muschelkalk in outcrop, open hole log, and thin section scale and associated petrophysical 
evaluation. 
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Fig. 12. Depositional model for the Upper Muschelkalk including major environments, sub-environments and their reservoir quality. High
lighted are the environments represented in cores of well Coevorden-46. 

large-scale hemi-cycle is important for reservoir char
acterization. Reservoir quality is significantly better in 
the upper large-scale hemi-cycle. This is apparent 
from core plugs measurements (Figs 7, 10) and PLT 
log data, which show that permeability is one order of 
magnitude better in this interval and production is 
only coming from from there. Reservoir quality is bet
ter in the regressive hemi-cycles due to dominance of 
leached ooids and less compaction as described above 
(Fig. 11). 

Reservoir quality in the uppermost part of the re
gressive hemi-cycle probably decreases (medium-scale 
cycle 6) due to increase in clastic supply. These fine
grained elastics, coming from the north (e.g., 
Fennoscandian High) and west (e.g., London-Brabant 
Massif) gradually replace carbonates. Cycles of all lev
els are correctable across the Coevorden Muschelkalk 
field suggesting layer-cake type reservoir architecture. 

Petrophysical evaluation - rock property char
acterisation 

Reservoir characteristics may be extrapolated to un-

cored intervals based on formation evaluation of the 
available open hole logs (Fig. 11). Bulk mineral com
position and grain density, as input for porosity calcu
lation, was determined with an integrated statistical-
iterative analysis. This analysis is based on mineral 
proportions estimated from thin sections, core grain 
density measurements and all available open hole 
logs. Calculated porosities were matched and validat
ed using core porosity. The uncertainty was estimated 
to be sf = 1.6 % in medium-scale cycle 1-3 and sf = 
0.8 % in medium-scale cycles 3-6. Additionally, sonic 
porosities were calculated on the remaining wells 
from a relation sonic porosities-total porosity. Uncer
tainties for this method are estimated at 3.5 % in cy
cles 1 to 3; and Sf= 1.6 % in cycle 4,5 and 6. 

Results show that porosities are comparable in the 
lower and the upper large-scale hemi-cycle. 

Permeability calculation 

The permeability was established using re-measured 
porosity and permeability data from core plugs mea
surements of well Coevorden-46. 
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Two different porosity-permeability functions were 
defined for the two facies associations. One function 
was defined for facies association 2 and another func
tion was established for the facies association 1 to ho
nour their different pore types (Fig. 11). 

Results confirm the presence of higher permeable 
rocks in the upper large-scale hemi-cycle. 

part of a storm-dominated homoclinal ramp (Fig. 12) 
The low thickness of carbonate sands, (10 to 30 cm), 
strong amalgamation and rapid vertical facies 
changes might point to slow subsidence. Critical for 
reservoir development is the presence of backshoal 
deposits. Its distribution is currently poorly under
stood. 

Depositional model Sequence stratigraphic model 

Facies and vertical facies successions can be inter
preted, together with regional knowledge, in terms of 
a depositional model (Fig. 12). The Upper Muschel
kalk consists of storm-dominated peloidal-oolitic car
bonate sands and bioturbated and algal laminated 
sediment with variable amount of clastic debris. The 
succession is very poor in body fossils only a few shell 
fragments occur. These deposits are interbedded and 
gradually pass into each other in a cyclic fashion. 

The coexistence of carbonate sand and lagoonal 
sediments suggest the existence of some sort of mor
phological differentiation along the depositional gra
dient in shoal and lagoon, which is temporally sub-
aerially exposed. This section represents the inner 

The Upper Muschelkalk deposits show a strong hier
archical cyclicity, which is important for reservoir 
quality prediction. On a large scale the Upper 
Muschelkalk occupies the interval between shallow 
marine evaporates below and shallow marine to 
coastal plain elastics above. Clean carbonates are pre
sent mainly in the lower transgressive hemi-cycle. 
Maximum transgression corresponds with thick 
peloidal-oolitic packstones and grainstones. Siliciclas-
tic influx continuously increases during the upper re
gressive hemi-cycle finally leading to termination of 
carbonate production and deposition of claystones. 
Large-scale cyclicity also causes better permeable 
beds and the entire gas production to occur only in 

Fig. 13. Stratigraphic correlation of the Upper Muschelkalk in the Coevorden Muschelkalk field. Medium-scale cycles and small-scale cycles 
are well correlatable on field-scale. Note medium-scale cycle 3 is faulted out in well Coevorden-29. However the well has the only available 
PLT log, which shows production coming only (from the un-faulted) medium-scale cycles 4 and 5. 
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the upper large-scale regressive hemi-cycle (Fig. 13). 
The improved reservoir quality is due to a higher per
centage of leached ooids and stronger early diagenetic 
cementation causing grain armouring against com
paction (Fig. 11). 

Medium scales cycle reflect lateral shift of facies 
belts as suggested by the correspondence of change in 
carbonate facies and percentage of clastic deposits. 
Beginning transgressions leads to production of mud
dy carbonates. Seawater influx is suggested by the 
presence of marine ichnofabrics. Carbonate sand 
bodies, if present at all, are thin and gradually shift 
landwards. Peak transgression is associated with max
imum water depth leading to formation of intraclasts, 
which are reworked and bio-eroded. Thin oolitic-
peloidal carbonate sands form during beginning re
gression. At the same time clastic deposits prograde 
from paleohighs such as the Fennoscandian High and 
the London Brabant Massif. During peak regressions 
the carbonate sands are briefly subaerially exposed or 
argillaceous carbonates might be deposited. 

These observations suggest a clear facies differenti
ation. Muddy, lagoonal deposits are predominantly 
deposited and preserved during transgression while 
they are rare during regressions. Grainstones occur 
preferentially after peak transgression and during be
ginning regression (Fig. 12). 

Small-scale cycles, might be the result of local au-
tocyclic shifts of shoal and lagoon or caused by allo-
cyclic controls such as fluctuating influx of sea-water. 

Outcrop analogue studies have confirmed that 
cyclicity is an important control on reservoir quality 
(Braun, 2000). Carbonates formed during the trans-
gressive hemi-cycle are composed of a higher percent
age of muddy carbonates with lower reservoir poten
tial. In contrast carbonates deposited during overall 
regressive interval are component rich and show a 
higher reservoir potential. Additionally the likelihood 
of subaerially exposure and leaching, key pre-requi-
site for reservoir development, is greater during over
all regression (Braun, 2000; Kostnik, 2001, Ruf, 
2001). 

Discussion and outlook 

Production from the Upper Muschelkalk is currently 
unique in the Netherlands in the Coevorden 
Muschelkalk field. However the present investigations 
show that reservoir quality is not related to unique lo
cal geological conditions but to dolomitic shoal fa
cies, which is likely developed over a much larger 
area. Detailed facies maps from Southern Germany 
suggest the dolomitic shoal area extends for at least 
tens of kilometres. Key pre-requisite to target success

ful Muschelkalk wells is the generation of maps from 
the grainstone facies belt and knowledge of the gross 
lithology. Furthermore it is important to find struc
tures with preserved upper regressive hemi-cycle, 
with significantly better reservoir quality, with might 
be the only producing unit (Fig. 13). 

This study is part of an ongoing regional evaluation 
of reservoir potential of the Upper and Lower 
Muschelkalk in the Netherlands. This effort aims on 
extending the stratigraphic framework from the NE 
Netherlands to key wells in the Netherlands and gen
eration of play maps. Maps are generated using cut
tings, openhole log data and seismic sections. This 
work is accompanied by quantitative facies descrip
tion in outcrops with the objective to generate data on 
reservoir body geometries and rules to locate reser
voir sweet spots. 

Conclusions 

l .The Upper Muschelkalk in the NE-Netherlands 
can be subdivided into five facies. These have been 
interpreted as backshoal, lagoonal and sabkha de
posits forming the inner part of a storm-dominated 
carbonate ramp. 

2. Facies show distinct differences in reservoir quality. 
Good reservoir quality is associated with grain-rich 
facies (Facies 1, 3) while poorer reservoir quality is 
found in muddier facies types (Facies 2, 4, 5). Fa
cies are in average 0.1 to 0.4 m thick. 

3. Facies 1 is composed of grainstones to mud-domi
nated packstones with mouldic, interparticle and 
intercrystalline porosities. Variability in amount of 
moulds accounts for the observed permeability 
variations. All other facies are composed of mud-
dominated packstones to mudstones mainly with 
intercrystalline microporosity. 

4. Facies are arranged into two facies associations, 
each 1 to 2.6 m thick. Facies association 1 (back
shoal association), possesses more favorable reser
voir quality. Facies association 2, (lagoonal to 
sabkha association), exhibits poorer reservoir char
acteristics. 

5. Facies associations are stacked to small-scale cy
cles. These are comprised of a thin (0.3 to 0.8 m) 
regressive hemi-cycle and a thick (1.5 to 2.0 m) 
transgressive hemi-cycle. Reservoir quality is better 
in the lower regressive than in the upper transgres
sive part. These small-scale cycles are the smallest 
correctable stratigraphic units. 

6. Small-scale cycles are stacked into 5 medium-scale 
cycles, each 8 to 12 m thick. These are the basis for 
the regional stratigraphic framework. 

7.The succession is part of a large-scale cycle. This 
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consists of a lower transgressive hemi-cycle, 30 m 
thick and an upper regressive hemi-cycle, about 20 
m thick. The upper hemi-cycle shows significantly 
better reservoir quality than the lower transgressive 
hemi-cycle. 

8. Interwell stratigraphic correlations and outcrop 
analogue work demonstrated that the Upper 
Muschelkalk reservoir could be treated as a layer-
cake reservoir at field scale. 
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