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Abstract 

Permian (Zechstein-3) carbonates in the P6 block, the Netherlands' offshore, were deposited in a subtidal­
intertidal-supratidal setting, in an overall shallowing-upwards mega sequence. Interpreted diagenetic events 
include in order of occurrence: lithification, dessication, early leaching, dolomitisation, anhydritisation, 
calcitisation and also late leaching, compaction/stylolitisation and late fracturation. The diagenetic sequence 
is related to the reconstructed burial history by plotting on a burial graph. Present diagenetic porosity 
(Moldic- intraparticle- vuggy- (enlarged) intercrystalline- fracture porosity) predates renewed hydrocarbon 
gas generation. Gas generation is continuing today. 

Introduction 

This study investigates the porosity development, 
diagenesis and hydrocarbon geology of Upper Per­
mian (Zechstein-3) basin fringe carbonates in pro­
duction licence P6. The Zechstein carbonates are 
locally gas-bearing in the P6 region. Production 
license P6 is located in the southern part of the 
Broad Fourteens Basin (Figs. 1 and 2). The Broad 
Fourteens Basin is a late Jurassic structural over­
print on the older, Hercynian trends. 

Offshore data are released from confidential 
files after ten years. Cores and core data from 
released wells P6-1, P6-2 and P6-3 were analysed. 
Exploration well P6-1 was drilled in 1968 and 
proved gas production from Zechstein-3 carbon­
ates. Outstep well P6-2 did not find gas and was 
plugged back in 1969. Well P6-3, which was drilled 
on trend with P6-1, penetrated gas-bearing Zech­
stein-3 carbonates in 1976. Gas productive Triassic 

sandstones are also present in the licence, but they 
are not considered in the present paper. 

Results of this study should improve the under­
standing of reservoir distribution within Zech­
stein-3 carbonates of the Netherlands offshore, 
which is of use to the oil and gas industry. 

Geological setting 

Stratigraphy 
The stratigraphic subdivision of the Upper Per­
mian in the Broad Fourteens area is shown in Fig. 
3. Four cycles of carbonate/evaporite deposits are 
generally recognised (NAM & RGD, 1980). 

In the basin fringe area of the southern Nether­
lands the Upper Permian is rich in siliciclastics. The 
elastics content decreases rapidly towards the 
north, where thick sequences of basinal halites are 
present. Van Adrichem Boogaert & Burgers 
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Fig. 1. Location map showing production licence P6. The posi­
tion of geological cross section (A-A0 ), see Fig. 2, is indicated. 
The locations of gas wells P6-1 , P6-3 and dry well P6-2 are shown 
in the inset. 

(1983) described the general paleogeography, with 
a river system flowing from the London-Brabant 
Massif in the south, via a coastal area, into the 
basin. 

The Zechstein-3 carbonates in a basin fringe de­
velopment were investigated in the P6 area (Fig. 
3) . lsopachs of the Zechstein-3 carbonates have a 
clear Nll0°E trend (Fig. 4). The thickness ranges 
from zero to sixty metres. Towards the basin cen­
tre, the Zechstein-3 carbonates thin rapidly, grad­
ing into anhydrites and carbonates (Figs. 3, 4). 

Tectonic history 
The Upper Permian (Zechstein) was covered by an 
estimated 2000 metres of Triassic, Lower and Mid­
dle Jurassic sediments. During the late Jurassic, 
northwest - southeast trending fault zones devel­
oped ( Oele et al. 1981; Ziegler, 1982) and the 
Broad Fourteens Basin, the West Netherlands Ba­
sin and the Central Netherlands Basin came into 
being (Fig. 1). Sedimentation was interrupted at 
the Oxfordian-Kimmeridgian boundary and the 
Upper Jurassic is developed in a paralic facies , 
(NAM & RGD, 1980) as is also evidenced by P6 
well data. Differential subsidence continued in the 
basin with concurrent erosion of the highs in ad­
jacent areas (Oele et al., 1981). During Late Creta­
ceous times the Permian carbonates subsided to 
some 4000 metres in the area. The area became 
inverted at the end of the Cretaceous and subsided 
again to deeper levels during the Cainozoic ( Oele 
et al. , 1981; Van Wijhe , 1987). 

Previous work on Zechstein carbonates 

Previous work on the stratigraphy, the sedimentol­
ogy and the reservoir properties of the Permian 
carbonates in the Netherlands is reported by Brue­
ren, (1959), Visser, (1963), Maureau & Van Wijhe, 
(1979), Clark, (1980a) , NAM & RGD , (1980) , Van 
Adrichem Boogaert & Burgers, (1983) and Van 
Lith, (1983). Clark (1980b , 1986) and Van der Poel 
(1987) studied diagenesis and porosity evolution. 

No studies on the porosity development and di­
agenesis of the Permian Zechstein-3 in production 
licence P6 have been published previously. 
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Fig. 2. Generalised geological cross section A-A0 , showing the position of the P6-l, 3 and P6-2 structures. 
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Fig. 3. Generalised stratigraphic column for the Permian in the Broad Fourteens area, modified after NAM & RGD (1980) and Van 
Adrichem Boogaert & Burgers, (1983). Note basin fringe position of P-6 Zechstein-3 Carbonates. 
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Fig. 4. Generalised isopach map of the Zechstein-3 carbonates 
(after Van Adrichem Boogaert & Burgers, 1983). 

Methods 

Cored Zechstein-3 carbonates were described and 
thin sections were petrographically investigated by 
means of conventional and cathodoluminescence 
microscopy. Some fifty thin sections were cut and 
partially stained with respectively Alizarin Red-s 
and potassium ferricyanide to allow distinction of 
calcite and ferroan calcite. The descriptions per­
mitted interpretation of the sedimentary environ­
ment and reconstruction of the diagenetic se­
quence, including porosity development and de­
struction. 

Subsidence curves were reconstructed for the 
studied area, taking into account Triassic sonic log 
velocities, stratigraphic thicknesses as encountered 
in wells and on seismic sections, maturation calcu­
lations by means of Lopatins method (Waples, 
1980), LOM values (Hood et al., 1975) and vitrinite 
reflectivity measurements. 

Porosity development and destruction are relat­
ed to burial, taking into account environmental 

conditions during deposition of the sediments, the 
diagenetic sequences and the reconstructed subsid­
ence curves. 

Reservoir characteristics 

In order to reconstruct porosity development, it is 
essential to establish the depositional character­
istics of a sequence and relate diagenesis to the 
primary sediment characteristics. In addition tim­
ing, temperature and depth of burial of the differ­
ent diagenetic phases need to be interpreted. In the 
following sections the depositional and diagenetic 
characteristics of Zechstein-3 carbonates are de­
scribed. 

Major lithologies and sedimentary units 
An isopach map (Fig. 4) and a correlation section 
(Fig. 5) show the thickness of the Zechstein-3 car­
bonates in the P6 area. Study of the core material 
from wells P6-l, P6-2 and P6-3 led to a grouping of 
the sediments into four sedimentary units (Figs. 6 
and 7), which are described below_ 

Unit 1: A salt-rich grey clay underlies Unit 1 with a 
gradational contact. Unit 1 consists mainly of dark 
grey to greyish black dolomites with argillaceous 
streaks. Minor anhydrite streaks and disseminated 
pyrite are present. 

Unit 2: This Unit overlies Unit 1 with a gradual 
contact and consists of dark grey to greyish dolo­
mites with argillaceous streaks. Some brecciated 
dolomites are present. Wavy bedding gives way to 
parallel bedding in the upper part of the sequence 
which consists of purer, tan coloured dolomites. 
This unit is gradationally overlain by Unit 3. 

Unit 3: This Unit shows an upwards-decreasing 
dolomite content and an increasing shaliness. Nod­
ular pyrite intervals are present. This Unit grades 
into Unit 4. 

Unit 4: Shaly dolomites which in the upper part 
become increasingly reddish and silicious. Shales 
are platy and hard. Haematite, anhydrite, dolo-
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Fig. 5. Correlation section showing cored sections in wells P6-1, P6-2, P6-3. See Figs. 6 and 7 for details of cored intervals. 

mite streaks and wavy bedding are locally present 
(Figs. 6 and 7). 

Vugs and fractures, which may be lined with 
dolomite, and/or anhydrite are present in all in­
tervals. 

Sediment petrographical description 
Aphanocrystalline to medium cyrstalline dolo­
mites consisting of packstones/grainstones, pack­
stones/wackestones, boundstones/packstones and 
breccias are present. Algae, shell fragments and 
peloids are mostly vague. Organic matter, anhydri­
tised dolomite and pyrite are common. The partial­
ly stained thin sections showed that no ferroan 
calcite is present. In rare cases (see below) calcite is 
observed. The following facies types were recog­
nised (Figs. 6 and 7) . 

Packstones!grainstones (Plate IA). This microfa­
cies consists of very fine to medium crystalline do­
lomite. Allochems consist of algae, forams, shell 
fragments and peloids and range in size from 
100 µ,m to 2500 µ,m. Matrix crystal textures consist 
of xenotopic, hypidiotopic and idiotopic crystals. 
Fractures, filled with very coarse crystalline (re­
placement) anhydrite are present. Vuggy, inter­
crystalline, intraparticle, moldic and fracture po­
rosity of up to 30% is observed. 

Packstones and wackestones (Plate IE). Very fine 
to medium crystalline dolomites. Allochems con-

sist of algae, minor shell fragments and peloids, 
ranging in size from 100 µ,m to 2500 µ,m. The matrix 
consists of tightly packed, xenotopic, fine to medi­
um crystalline dolomite. Shrinkage cracks, filled 
with very coarse crystalline anhydrite and also ma­
trix replacing anhydrite are present. Intercrystal­
line, fracture and vug porosity is less than 5%. 

Boundstones!packstones (Plate 1 C) . Aphanocrys­
talline to medium crystalline dolomite that is band­
ed to laminated. Allochems, if present, comprise 
algae and peloids of up to 750 µ,m in size. The 
matrix is aphanocrystalline to medium crystalline 
xenotopic. Pore filling (Plate lF) and replacement 
anhydrites, and also pyrite and shale partings are 
observed. Shrinkage cracks are filled with very 
coarse crystalline anhydrites (Plate lC). Intercrys­
talline, fracture, vuggy and fenestral porosity is 
generally less than 5 % . 

Breccias (Plate JD) . Very fine to medium crystal­
line dolomite and calcite. Dolomite intraclasts 
range in size from 100--10. 000 µ,m. Matrix dolo­
mites and calcite comprise xenotopic and hypidio­
topic textures. Stylolites, fractures and also minor 
organic material occur. Breccia and fracture poros­
ity is less than 10%. 

Log patterns 
In well P6-2, four log patterns, corresponding to 
the informal sedimentary units 1 to 4 (Fig. 6) have 
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been identified on gamma ray and sonic logs. The 
correlation of these log patterns with wells P6-1, 
P6-3 is shown in Fig. 5 and demonstrates the conti­
nuity of the sedimentary units and the correspond­
ing interpreted environments over the area. 

Diagenesis and evolution of porosity 
Diagenetic sequences (Figs. 8 and 9) were recon-

Texture Alloc h e m s 

Measured lnterp1e t ed 

porosity 

'· 

10 

. " ~ . 
" :§ 

~ 

;; 0 . l 0 Q. 

Uni! 4 

Unit J 
High intertidal 

High 1ntert1dal 

Unit 2 

to 

Sublldal 

Sub tidal 
Unil 1 

No1e: Types of le111.tu1eand a ltochems 1n Ihm sections 

are mdicated by b lack markmg of columns 

Breccia I ex> I Mottles 

Parallel bedding G:J Nodules 

Wavy bedding ~ Pyrite 

structed from thin section observations (Plate I) . 
Early diagenesis includes lithification , and for­

mation of shrinkage cracks in boundstones (Plate 
lC) , and also in wackestones (Plate lB). A phase 
of early leaching affected mainly fossil fragments 
(Plate lA). Intragranular, moldy (Plate lA), vuggy 
porosity and fenestral porosity were formed during 
early diagenesis. Following dolomitisation, anhy-
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drite replacement (Plate lE) and plugging of some 
pores (Plate lF) took place. Calcitisation (Plate 
lD) and also probably some late leaching (Plate 
lG) was followed by compaction and stylolitisation 
(Plate lB). Finally, fracturation increased porosity 
and permeability (Plate 1B and E). 

Intragranular, moldy, vuggy (enlarged) inter­
crystalline- and fracture porosity occur in rocks 
investigated (Plate lA, B, E, G and H). Early 
shrinkage cracks and fenestrae have all been 
plugged by anhydrite cements. 

Hydrocarbon gas and C02 generation 

It is generally accepted that the Upper Carbon­
iferous Productive Measures are the principal 
source rocks for hydrocarbon gas in the basin 
(NAM & RGD, 1980; Oele et al., 1981). Most of 
the hydrocarbon gas is believed to have been gen-
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erated at burial depths corresponding with vitrinite 
reflectances in the range 1.2 and 3.00 (Oele et al., 
1981) . Based on seismic sections, well data and 
lower Triassic shale velocity data, subsidence 
curves (Figs. 10 and 12) were constructed for the 
area, using the method described by Van Wijhe et 
al. (1980). 

Maturation calculations were made for the P6-1, 
3 structure. The vitrinite reflectances, calculated 
according to the method of Lopatin (after Waples, 
1980) and Hood et al. , (1975), are comparable to 
measured vitrinite reflectances of 0,8 at Zechstein 
level. Based on these data, most hydrocarbon gas, 
sourced in the Carboniferous sequence , is believed 
to have been generated during the Cretaceous (Fig. 
10). It is likely that source rocks in the P6-1, 3 area, 
but not those in the P6-2 structure, reached their 
pre-inversion depths again during the Cainozoic 
and that renewed generation of hydrocarbon gas is 
continuing. 
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Plate 1. All photomicrographs taken with transmitted normal light. 

A. Dolomitised packstone. Leaching of fossils formed moldy and vuggy porosity in a subtidal , intertidal environment. Location: P6-2. 
Depth: 2828,7 m. Scale bar 400 µ,m. 

B. Dolomitised wackestone. An early shrinkage crack which was formed at the surface predates a stylolite which was formed at greater 
depths. A late fracture, probably formed during the Late Jurassic or Late Cretaceous, intersects and postdates the stylolite. Location: 
P6-2. Depth: 2833 m. Scale bar 400 µ,m. 

C. Dolomitised boundstone. The shrinkage crack was formed early, after lithification, near the surface. After dolomitisation the crack 
was plugged by anhydrite during initial burial. Location: P6-2. Depth: 2827,5 m. Scale bar 400 µ,m. 

D. Dolomitised breccia. Dolomite clasts are bedded in a dolomite/calcite matrix. Calcitisation was probably caused by C02 generation 
during burial. Location: P6-L Depth: 3218 m. Scale bar 400 µ,m . 

E. Anhydritised dolomite. Anhydritisation postdates dolomitisation as is evidenced by dolomite relicts (arrow). A fracture intersects 
and postdates anhydrite. Location: P6-L Depth: 3243,3 m. Scale bar 400 µ,m. 

F. Anhydritised packstone/boundstone. Anhydrite plugs intra- and vuggy porosity and postdates early leaching and dolomitisation . 
Location: P6-2. Depth: 2815,5 m. Scale bar 400 µ,m. 

G. Crystalline dolomite. Corroded rhombs suggest late leaching during burial. Location: P6-2. Depth: 2828,6m. Scale bar 400µ,m . 

H. Crystalline dolomite. Intercrystalline porosity, resulting from dolomitisation, is shown. Location: P6-l . Depth: 3217 ,9 m. Scale bar 
400µ,m. 
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C02 gas is probably involved as a diagenetic 
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lieved therefore (cf. Fig. 10), that some C02 gas 
was generated during burial. 

Discussion 

Following the deposition of Zechstein-2 evapo­
rites , the sea transgressed and Zechstein-3 carbon­
ates were deposited. They consist mainly of an­
hydritic boundstones, grainstones, packstones and 
wackestones. Fauna is sparse and the sequence is 
characterised by the presence of irregular fenes­
trae, algal structures, shrinkage cracks, breccia in­
tervals and laminations. Towards the top the car­
bonates give way to increasingly shaly and non 
fossiliferous anhydritic dolomite deposits (Figs. 6 
and 7). The presence of greyish, shaly dolomites 
with sparse fossils (algae and fauna! bioclasts) and 
mottled structures points to a restricted, subtidal 

.. .. .. 
" ::!: " " ~ c: c: c: 

.... ~ 0 ~ ~ 

" 
-' 

" " "' > 
..!! ..!! ..!! 

" .., ~ .., <i ~ 0 :. .. .. .. - .., 
> c: ... ... " " ~ Ii ! ! 5 ! .. '3 

~ 
'3 .E :~ o; ... " "' Ii " .. u " ... " " .... 0 u ;: u ;: ::E ;: 

0.65 0 .65 

0.8 0.8 0.8 

4 km 
Start of gas generation - -- ,.., 1.15 

""""'',I ',.,,- - -
Main hydrocarbon generation--" 

Main period of co2 generation 

from Carboniferous source rock 

Main period of hydrocarbon generation 
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Fig. 11. Block diagram (after James, 1984) showing major 
morphological elements of a tidal flat. It is suggested that the 
Zechstein carbonates in block P6 were formed in a similar 
environment. In such a setting, leaching diagenesis is common. 

setting for the base of the sequence (Unit 1) (cf. 
Shinn, 1983). The presence of sparse fauna and 
features such as irregular fenestrae, algal structur­
es, shrinkage cracks, breccia intervals and lamina­
tions higher up in the sequence (Unit 2) indicates a 
high intertidal setting (cf. Shinn, 1983; James, 
1984). The packstones/grainstones lithology with 
leached fossils points to a higher energy setting in 
such an intertidal environment. Towards the top of 
the sequence (Unit 3), a decrease of fossils, in­
creasingly laminated, non-fossiliferous anhydritic 
dolomites and grey to reddish shales point towards 
shallowing-upwards from high intertidal carbon­
ates to supra tidal shales (cf. Shinn, 1983 and Jam es, 
1984). The total Zechstein-3 carbonate sequence 
corresponds to shallowing-upwards/regressive fa­
cies models as described by James (1984) and Shinn 
(1983) . In such a setting (Fig. 11) diagenetic fea­
tures for example leaching, dolomitisation and an­
hydritisation, as described for the Zechstein-3 car­
bonates, are quite common (cf. Shinn, 1983). 

The diagenetic features (Figs. 8 and 9) are ex­
plained as follows: Following lithification, forma­
tion of shrinkage cracks and leaching of fossils may 
have taken place in an intertidal-supratidal envi­
ronment , occurring during periods of low sea level. 
Dolomitisation and anhydritisation took place af­
terwards, during early burial, followed by calcitisa-
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Fig. 12. Subsidence curves of the Zechstein-3 carbonates in 
wells P6-l , 3 and P6-2: P6-1, 3 structure is believed to be at 
maximum burial depth at present. Maximum burial in the P6-2 
area was probably during the late Cretaceous. 

tion and also some leaching. This is explained as 
follows: Calculations on the maturation of source 
rocks and timing of gas generation (Fig. 10) have 
shown that COr rich gas was generated during 
burial. Such gas, when moving upwards through 
carbonates may have contributed to calcitisation 
and also to some late leaching during burial (see 
also Clark, 1980b). 

Continued burial caused compaction and stylol­
itisation. A late phase of anhydritisation, which 
was described by Stemmerik et al., (1987) for Dan­
ish examples, is not demonstrated with certainty in 
our material It is likely that the late fractures were 
formed at the time of Late Jurassic and/or Late 
Cretaceous tectonic activity. 

The diagenetic phases were plotted on the burial 
graph (Fig. 12) , taking above mentioned consid­
erations into account. Of main interest to the oil 
and gas industry is that diagenetic porosity in car­
bonates has been available while renewed hydro­
carbon gas generation continued. 

Conclusions 

Diagenetic porosity has been available while re­
newed hydrocarbon gas generation occurred. In­
terpreted diagenetic sequences indicate that early 
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porosity was formed mainly during the Permian in 
a subtidal, intertidal to supratidal environment. 
Most of the early porosity was formed near the 
surface as a result of leaching and dolomitisation: 
leached intragranular, moldy, vuggy, (enlarged) 
intercrystalline porosity. Some minor, late leach­
ing during burial is suggested. Late fracture poros­
ity was formed in the subsurface probably during 
the Late Jurassic and/or Late Cretaceous. 
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