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Preface

The following report summarizes one part of the En-
ergy Research Project (EFP-83) entitled “The Diage-
nesis of Clastic Reservoir Rocks in the Danish Under-
ground”. The project, which was funded by the Danish
Ministry of Energy, extended from August, 1983 —
March, 1986 and was a cooperative effort between the
Geological Survey of Denmark (DGU), Dansk Olie &
Naturgas A/S (DONG) and the Geological Institute of
Aarhus University, Denmark. Project leadership was
administrated by DGU; first by Stanley Fine through
Sept. 1985 and thereafter by Palle Rubzk Andersen.

The purpose of the project was to document the de-
trital and diagenetic assemblages in four Triassic and
Jurassic sandy formations and attempt to relate their
diagenetic modifications to factors such as depth, pro-
venance, lithofacies and tectonism. A database for the
computer treatment of the many parametres used in a
diagenesis study was also established.

The results of the project are presented in the fol-
lowing reports:

DGU publications:

Part 1: Bunter Sandstone Formation (Triassic) by Stan-
ley Fine.

Part 2: Gassum Formation (Triassic/Jurassic) by Hen-
rik Friis.

Part 3: Haldager Formation (Jurassic) by Palle Rubzk
Andersen.

Internal Reports:

Documentation for computer programmel and point-
counting procedure developed for the Diagenesis Pro-
ject by Stanley Fine.

Skagerrak Project. Mineralogical composition and di-
agenetic processes in Skagerrak Formation sandstones
by Viggo Jensen.

Preliminary investigation on the diagenesis of the inter-
val 1983-2167 m b.RT. (Skagerrak Formation ?), Vin-
ding-1 by Palle Rubzk Andersen.

Project summary report to the Ministry of Energy by
Stanley Fine and Palle Rubzk Andersen.
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Abstract

The Upper Triassic-Lower Jurassic Gassum Formation
is a shallow marine or deltaic sandstone body with
intercalated mudstones. The sandstones are primarily
arkoses and subarkoses, but the composition is strongly
influenced by diagenesis. Depths of burial vary be-
tween ca. 550 m and 3350 m, and the diagenetic mod-
ifications are strongly dependant on depth. The diag-
enetic pattern is also related to primary lithology.

At shallow depth of burial, the most important di-
agenetic changes are compaction, calcite cementation,
formation of kaolinite, and dissolution of feldspar. In
deeply buried parts of the formation, the most import-
ant diagenetic changes are reduction of primary and

secondary porosity by strong cementation by quartz, al-
bitization of partly dissolved feldspar and ankerite ce-
mentation. In chlorite-cemented parts, quartz cemen-
tation was inhibited, and here pressure solution oc-
curred in deep parts of the formation. The porosity in
these deeply buried samples may be reduced to second-
ary intragranular porosity in partly dissolved feldspar
and intercrystalline porosity in clay mineral cements.

Other diagenetic minerals are siderite, pyrite, an-
hydrite, potassium feldspar and illite.

The diagenesis evolved through the eodiagenesis and
the immature and semimature stages of mesodiagene-
sis, whereas mature stages have not been reached.



Stratigraphy

The Gassum Formation was defined by Larsen (1966)
to comprise the thick, mainly sandy wedge which was
intersected between 1460 m and 1590 m below mean
sea level in the Gassum 1 well (Fig. 2).

In 1978, Bertelsen redefined the formation on the
basis of new well data; and he included the Gassum
Formation in the Mors Group, which also includes the
Vinding Formation (Bertelsen, 1980). According to the
definition of Bertelsen (1978), the Gassum Formation
also comprises some sandstone intercalations within
the overlying Fjerritslev Formation.

In the central and southern part of the Danish Sub-
basin, the Gassum Formation may — on the basis of log-
motifs — be subdivided into three members, G1 to G3
(Bertelsen, 1978). The G1 Member is a sandy, coarsen-
ing upwards sequence. The G2 Member is dominated
by black to olive grey claystones and the G3 Member
consists of grey and brownish silty claystones which
grade upwards into fine-grained sandstones and silt-
stones (Bertelsen, 1978). Locally, other units may oc-
cur (Michelsen et al., 1981).

Towards the northeast, this subdivision of the Gas-
sum Formation cannot be recognized. The formation is
seen to interdigitate with the basal parts of the super-
posing Fjerritslev Formation (Bertelsen, 1978).

The deposition of the Gassum Formation was initi-
ated in the Rhaetian, partly as a marginal facies to the
brackish-marine Vinding Formation (Bertelsen, 1978),
and continued into the Sinemurian, partly as a marginal
facies to, and interfingering with, the Lower Jurassic
Fjerritslev Formation (Michelsen, 1975; Bertelsen,
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Fig. 1. Stratigraphic position of the Gassum Formation. Re-
drawn from Bertelsen (1978).

1978). In the northeastern part of the basin, the entire
Gassum Formation is of Early Jurassic age (Michelsen,
1975; Bertelsen, 1978). The stratigraphic relations of
the Gassum Formation are shown in Figure 1.



Depositional environment

The depositional environment has been interpreted by
Larsen (1966), Bertelsen (1978,1980), Michelsen and
Bertelsen (1979) and Michelsen et al. (1981) as being
dominantly deltaic or fluviodeltaic. The depositional
model of Bertelsen (1978) implies that the upper part
of the Vinding Formation constitutes the prodelta clays
of a prograding delta, which deposited the basal parts
of the Gassum Formation. The progradation of the
delta is represented by the G1 Member, which is a del-
taic coarsening upwards sandstone body grading up-
wards into distributary channel sandstones and inter-
distributary coal swamp deposits (Bertelsen, 1978).
Also according to Bertelsen (1978), the black clay-
stones of G2 Member were deposited in restricted envi-
ronments on the drowned delta-plain, and during the
successive regression, deltaic and limnic sediments of
the G3 Member were deposited. The youngest parts of
the Gassum Formation consist of shallow marine and
deltaic sandstones deposited as marginal facies against
Fennoscandia, corresponding to the basinal facies of
the Fjerritslev Formation (Bertelsen, 1978; Michelsen
& Bertelsen, 1981).

Later Frandsen (personal communication, 1986) has
revised the sedimentological data and interpreted the
sediments of the Gassum Formation as being of shallow
marine tidal platform origin. Based on a study of core

samples, mainly from the Stenlille 1 well, Larsen et al.
(1987) concluded that a major part of the Gassum For-
mation on Sjelland was deposited in tidal flat/subtidal
shallow marine environments. The environmental in-
terpretations give no specific basis for subdivision of
sample material to describe the diagenetic processes in
relation to depositional environment, and only a rough
textural classification has been related to the petro-
graphic descriptions. This classification includes 6 fa-
cies:

Facies 1: Large scale cross-bedded or horizontally bed-
ded medium- to coarse-grained sandstone.

Facies 2: Large or small scale cross-bedded medium- to
fine-grained sandstone.

Facies 3: Small scale cross-bedded or horizontally bed-
ded fine-grained sandstone to siltstone.

Facies 4: Heterolithic, finely interlaminated sandstone/
siltstone/dark mudstone, flaser and lenticular bedding,
small scale ripple cross-bedding.

Facies 5: Siltstone.

Facies 6: Mudstone.



Distribution and thickness

The depositional pattern of the Gassum Formation was
partly controlled by large scale tectonic movements
during the Late Triassic to Early Jurassic. Following an
Early Kimmerian reactivation of block faulting, a de-
pocenter was developed northeastwards of the Fjerrit-
slev Fault Zone (Fig. 2) and coarse clastics were shed
from the Fennoscandian Borderzone into the Danish
Subbasin (Bertelsen, 1978). The Mid Kimmerian tec-
tonic phase resulted in regional uplift, and on the Ring-
kgbing-Fyn High erosion cut through the Fjerritslev
Formation and probably also locally through the Gas-
sum Formation (Michelsen & Bertelsen, 1979). The
original distribution of the Gassum Formation is not
known. Bertelsen (1978) suggested that it also covered
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the Ringkgbing-Fyn High, whereas Larsen (1966) on
the basis of heavy-mineral analyses concluded that
parts of the Ringkgbing-Fyn High sourced those parts
of the Gassum Formation which were deposited close
to the High (Ullerslev Formation, sensu Larsen, 1966).

Movements of Zechstein salt were initiated in the
Keuper (e.g. Madirazza, 1975) and served as a major
control on the local thickness distribution and burial
depths of the Gassum Formation.

The overall thickness of the formation varies ac-
cording to the general subsidence pattern. Maximum
thicknesses are found in the Aalborg Graben, in the
northern part of Sjzlland and the northern part of the
North German Basin (Fig. 2; Michelsen et al. 1981).

>
Fig. 2. Distribution of the Gassum Formation in Denmark.
Modified from Michelsen et al. (1981) and Priisholm (1983).
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Burial history

During the Early Jurassic continued subsidence re-
sulted in deposition of the Fjerritslev Formation, which
may in places attain a thickness of more than 900 m
(Michelsen, 1975). The Mid Kimmerian tectonic event
resulted in regional uplift and erosion of the Fjerritslev
Formation. Close to the Ringkgbing-Fyn High erosion
probably cut through the Fjerritslev Formation and the
Gassum Formation may have been exposed and
eroded. In Middle Jurassic, subsidence was renewed in
the central part of the Danish Subbasin, and thin Mid-
dle Jurassic to Lower Cretaceous sediments were de-
posited.

In the Late Cretaceous rapid subsidence took place
and locally more than 2000 m of chalk was deposited.
The maximum burial depth before the Late Cretaceous
was in the scale of 1700 m, while the present depth is
probably more than 4000 m in the Himmerland Trough
(Michelsen et al. 1981).

12

Samples and methods

Samples

The Gassum Formation is only accessible in the subsur-
face. Most of the samples included in this study are
from conventional cores, a few are side-wall cores and
further XRD has been performed on cutting samples.

The samples have been selected to cover a wide
range of burial depths (550-3350 m) of the Gassum
Formation within the NW part of the Danish Subbasin
(i.e. mainly North Jylland wells, Figure 2). Samples
from the southeastern part of the Danish area were not
included in this study. The sampling concentrated on
possible reservoir sections of the formation, and the G1
and G3 Members are strongly overrepresented as com-
pared to other parts of the formation. This is partly a
result of the availability of core samples, as the geo-
thermal exploration wells made by DANSK OLIE OG
NATURGAS A/S (D.O.N.G.) mainly provide core
material from these members. The depth variation of
the samples partly reflects the structural evolution of
the Danish Subbasin with a deep central subsidence
and shallow subsidence onto the Fennoscandian Bor-
derzone. A number of wells were drilled close to salt
structures, and depths in these cases are strongly influ-
enced by salt movements.

A diagramatic presentation of the samples is shown
in Figure 3.

Methods

The samples were analyzed by petrography, SEM,
XRD and electron microprobe. The facies classifica-
tion has been made by geologists at the Geological Sur-
vey of Denmark (D.G.U.).

Most thin sections were prepared from conventional
cores and cut normal to bedding. Some of the thin sec-
tions were stained by Alizarin Red for carbonate iden-
tification and by Ferricyanide for feldspar identification
(Friedman, 1971).

Electron microprobe analyses were carried out using
a Jeol IMS 50A-Ortec 6200 Multichannel analyzer.

Scanning electron microscopy has been carried out
on a Cambridge MK2, a Jeol JMS 840 and a Cambridge
S180 with EDAX equipment.

XRD has been carried out on a large number of sam-
ples (Fig. 3), both for D.O.N.G. A/S and for D.G.U.
Different laboratory procedures have been applied,



and the results are not mutually comparable in detail.
This is the case especially when clay mineralogical ana-
lyses are considered. XRD data are presented as per-
centage of total peak area (Figs. 5-8). Further analyses
have been made on core material from Aars 1A and
Farsg 1 to distinguish more precisely between chlorite
and kaolinite (Fig. 10).
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Petrography

Detrital components
Quartz

Quartz is the main component of all sandstone samples
and constitutes 90-50% of the original framework
grains. Monocrystalline grains dominate over polycrys-
talline varieties (represented in subequal amounts of
distinctly metamorphic types and distinctly granitic
types). Most of the grains have slight undulose extinc-
tion. Multiple cycle quartz grains with rounded over-
growths are rare.

In general, the original amount of quartz cannot be
estimated with certainty, partly because of pervasive
formation of quartz overgrowths which often cannot be
distinguished from the detrital cores, and partly be-
cause of dissolution of less stable framework grains, es-
pecially feldspar. Further, replacement by carbonate is

FACIES 1

N
Feldspar

FACIES 2

important in many samples. Therefore, the composi-
tional clsssification shown in Figure 4 partly reflects the
diagenetic development of the sandstones, and it is be-
lieved that the sandstones were originally richer in feld-
spar, as found in many shallow samples from the for-
mation.

Formation of quartz overgrowths is the most com-
mon alteration of detrital quartz grains. Growth on
monocrystalline varieties is by far the most common,
but overgrowths were also noted on polycrystalline va-
rieties.

In deeply buried samples pressure solution of frame-
work quartz grains may be important. The pressure sol-
ution occurs in sandstone with relatively little quartz
cement and dense grain coating chlorite.

In all levels of the formation, replacement by carbo-
nate may be common. Both detrital quartz and di-
agenetic overgrowths may be replaced.

Thisted 3
Borglum 1
Gassum 1
Fjerritslev 2
Farso 1
Aars 1A

(0]

e mOD

FACIES 3

N

A N N N N
Rock Fragments

Fig. 4. Triangular plot of sandstone composition within the Gassum Formation.
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Feldspar

Feldspar makes up 10-25% of the framework grains in
most samples, but the feldspar content is strongly influ-
enced by diagenetic dissolution and replacement.

Alkali feldspars dominate and are represented by or-
thoclase, microcline and perthites. A large proportion
of the feldspar grains are cloudy and partly seriticized.
When feldspar grains carry overgrowths, only the detri-
tal core is altered, whereas the overgrowth is quite un-
altered and transparent.

The most important changes in feldspar framework
grains are dissolution, replacement by kaolinite or car-
bonate, and diagenetic growth.

Partly dissolved feldspars occur in all stratigraphic
levels of the formation, and all depths of burial. In gen-
eral, intragranular dissolution appears to be most im-
portant, and produces skeletal remnants of the frame-
work grains. These skeletons are often extremely frag-
ile (Plate 1,A and B), but usually they remain intact
and reveal the original size and shape of the feldspar
grain (Plate 2,C). This clearly implies that the main
compaction of the sediment occurred prior to the dis-
solution of the feldspar. As seen from Plate 1,C, the in-
tragranular dissolution is controlled by the crystallo-
graphic organization of the feldspar grain, and prob-
ably reflects both differences in chemical composition
(e.g. in perthites) and zones of physical weakness, such
as cleavage cracks.

In general, it is not possible to estimate how many
feldspar grains have been totally dissolved. Oversize
pores occur, either open or filled with authigenic ka-
olinite. They probably originate from dissolution of
feldspar. Where porelining chlorite is abundant, frame-
work grains covered by the chlorite have in some cases
been totally dissolved, and only the molds of porelining
chlorite indicate the shape and size of the original fra-
mework grains. In such samples there may be a con-
tinuous range from partly to completely dissolved fra-
mework grains, and partly dissolved grains are always
feldspar. Therefore it is inferred that some of the over-
size pores originally contained feldspar grains, which
have been completely dissolved. The presence of the
intact chlorite porelining mold of dissolved framework
grains demonstrates that the chlorite was precipitated
before the feldspar dissolved.

There is no obvious compositional control on feld-
spar dissolution, although in some samples, where skel-
ctal feldspar grains are abundant, the remnants are
mainly alkali feldspar.

In most cases, the secondary porosity produced by
differential dissolution of feldspars is still open and may
represent the major part of the total porosity, but it
may also be partly filled by later cement. This cement
may invade the intragranular porosity marginally, as
seen with quartz cement (Plate 1,A and B; Plate 2,G)
and ankerite cement (Plate 4,H). Feldspar overgrowths

also occur nucleating on small remnants of feldspar,
gradually restoring the original grain (Plate 2,C). Al-
though the authigenic feldspar occurs as small crystals
which are apparently unconnected (Plate 2,C), their
common crystallographic orientation clearly demon-
strates that they nucleated on remnants of one crystal,
and that these remnants still kept their original position
without collapse or compactional displacement.

As seen from Plate 2,G, the growth of quartz into the
intragranular secondary porosity occurred without fur-
ther dissolution or replacement of the feldspar, which
was simply enclosed by the growing quartz crystal. It is
also seen that the quartz growth was not retarded dur-
ing engulfment of the feldspar except in a narrow zone
next to the feldspar remnants (Plate 1,B).

Ankerite cement may enter the intragranular poros-
ity without distinct dissolution or replacement of the
remnant feldspar (Plate 4,H). This is remarkable, as in
most cases the ankerite is strongly replacive, also
against feldspar (Plate 4,G).

Feldspar framework grains may be replaced by ka-
olinite or ankerite. Distinct replacement by kaolinite is
only registered from samples in the Thisted 3 well and
only in thin sand or siltstone intercalations in mud-
stone. In these samples the amount of preserved feld-
spar is lower than normal, and kaolinite is densely ag-
gregated in framework positions, sometimes lined by
carly pore-lining pyrite. Kaolinite crystals are of equal
size within each grain, but differ from grain to grain,
and from grain to porefilling kaolinite.

In samples from Aars 1A and Farsg 1, some of the
kaolinite occurs in oversize pores, and also in these
cases, feldspar grains may have been replaced by ka-
olinite, but there is no evidence for a replacement
rather than a post-dissolution precipitation of kaolinite.

Ankerite replacement of framework feldspar is per-
vasive in the deeply burried parts of the formation. In
perthites, the replacement of the potassium phase may
be faster, relative to the albite phase (Plate 4,G).

Feldspar grains may to some degree be mechanically
broken during compaction. In a few cases, quartz has
grown into the opened cracks (Plate 1,D; Plate 4,D),
and in such cases, it is evident that the compaction oc-
curred prior to the major phase of quartz cementation.

Figure 5 shows the distribution of total feldspar as
determined by XRD. In sandy facies (1-3), the content
of feldspar decreases with depth down to about 2300 m.
At greater depths the content increases. XRD data in-
dicate that alkali feldspars dominate above 2300 m
whereas plagioclase (probably diagenetic, see “Feld-
spar dissolution/precipitation”) is the most common
feldspar at greater depths. In the fine-grained facies
(4-6) the content of feldspar does not distinctly change
with depth.
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Rock fragments

Rock fragments generally constitute only a few percent
of the framework detritals, but up to 10% is recorded
in very coarse grained samples.

Most abundant rock types are granitic fragments
(also including myrmekitic intergrown quartz/feldspar
fragments), closely followed by micaceous metamor-
phic rocks. Volcanic and sedimentary rocks (including
chert and mudrocks) are rare components.

Rock fragments may be strongly altered and partly
dissolved, but occasionally feldspar crystals inside the
rock fragment are remarkably well preserved as com-
pared with feldspar grains in the same sample. Re-
placement by carbonate is common.

Mica

In the sandstones, micas constitute 0-2% of the frame-
work grains. Muscovite is the most abundant mica, fol-
lowed by chlorite and biotite. The micas are strongly al-
tered, generally with expansion along the c-axis (Plate
4, E). Additionally chlorite and biotite are usually
bleached, and in some cases siderite has precipitated in
interlamellar positions (plate 4, E). The mica grains
may have been strongly deformed by compaction.
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Accessories

In most samples heavy minerals constitute less than one
percent, but they may locally be concentrated in thin
streaks. Opaque heavy minerals are most abundant.
Zircon and rutile are frequently noted while garnet and
epidote are noted sporadically. Among the opaque
minerals some are seen to be strongly dissolved, also
with production of intragranular porosity. It has not
been attempted to determine the opaque minerals, but
the presence of authigenic anatase indicate that ilme-
nite was probably present and may have been partly
dissolved. Sphene is also present in Danish Mesozoic
sediments (Larsen, 1966) and may have contributed Ti,
but has not been found in the thin sections.

When present, garnet and epidote are generally
partly dissolved.

Organic matter

Particulate organic matter may occur abundantly in
sandstones and coarse siltstones. It is often irregularly
porous and associated with pyrite. In some cases pyrite
is found in very large clusters, which have probably
formed in the place of small twigs. Organic matter may
be left in these positions but has often been completely
removed.

Diagenetic components
Quartz

Authigenic quartz occurs as optically continuous over-
growths on detrital quartz grains. There are no obser-
vations to support the view that quartz grew indepen-
dantly of existing quartz nuclei.

The amount of quartz overgrowths is strongly vari-
able — from zero in shallow buried parts of the forma-
tion to 15% of the bulk volume in strongly cemented
parts of the deeply buried parts of the formation. In
most cases, however, the amount of quartz cement is
probably underestimated as there is no distinct bound-
ary between detrital core and overgrowth (fx. Plate
2,A).

In strongly cemented samples all quartz grains have
overgrowths, but the largest overgrowths are seen on
monocrystalline grains. The size of individual over-
growths may be up to 100 pm.

SEM shows that overgrowths are first formed as indi-
vidual crystallites dominated by rhombohedral faces.
These crystallites generally merge to form large single
crystals, also dominated by rhombohedral faces, but
occasionally prismatic faces are also well developed
(Plate 1,A.D: Plate 3,AF). This growth mode of
quartz, described by Waugh (1970) and Pittman (1972)
gives stepped crystal surfaces, and in advanced stages,



the crystal faces are striated by shallow grooves (Plate
3,F).

When quartz overgrowths abut other particles such
as kaolinite crystals or skeletal feldspars, the quartz
growth is retarded or inhibited closest to the contami-
nant, resulting in visible pits around it (Plate 1,B; Plate
3,G). It is not known how deep these pits extend into
the quartz crystal, but they may be important for the
transfer of ions during later stages of diagenesis.

The occurrence of quartz overgrowths is clearly con-
trolled by depth with only few and very small over-
growths in samples from less than 1500 m and pervasive
quartz cementation in samples from depths in excess of
1500 m. In all levels, however, there are large vari-
ations in the amount of quartz cement. It is not always
possible to explain this variation, but clearly, in some
cases quartz cementation was inhibited by the presence
of pore-lining chlorite (Plate 4,A). Apparently, the
pore-lining chlorite has been dense enough to prevent
quartz growths upon coated detrital quartz, and in
these samples a large proportion of primary porosity
was preserved until compactional diagenesis became
important. During late compaction, some pore-linings
were ruptured, and quartz grain surfaces became again
exposed to the formation fluid, allowing formation of
quartz overgrowths (Plate 3,C). In these cases, the
quartz overgrowths expanded sidewards from small
openings to partly or completely cover the pore-linings
(Plate 3,A,B). Pressure solution contacts between
quartz grains are common (Plate 3,B,D) and demon-
strate that this compaction was related to deep burial
conditions.

Also in chlorite-cemented samples authigenic quartz
is only registered as overgrowths on detrital grains, and
there is no independant growth of small quartz crystals
as described from a Cretsceous sandstone with pore-
lining apatite cement (Friis, 1985).

Quartz is commonly seen growing into the intercrys-
talline porosity of authigenic porefilling kaolinite book-
lets (Plate 2,A; Plate 3,D,G), which may themselves be
totally included in the quartz crystal (Plate 2,A). This
relation demonstrates that a major phase of quartz
growth occurred after the formation of kaolinite. Ka-
olinite may also be included in feldspar overgrowths
(Plate 2,A), and the compromise boundary between
quartz- and feldspar overgrowths indicates simulta-
neous growth. It is not clear, either from thin sections
or from SEM, whether some of the authigenic quartz is
older than the kaolinite, but in many cases kaolinite
crystals are not seen to grow directly upon the detrital
core of quartz, and this may indicate that quartz growth
also occurred prior to kaolinite precipitation (Plate
2,A).

The distinct growth of quartz into the intragranular
porosity of partly dissolved feldspar (Plate 1,A,B; Plate
2,G) demonstrates that a major phase of quartz ce-
mentation occurred after dissolution of the feldspar.

2 DGU Serie A: Diagenesis

Both detrital grains and quartz overgrowths may be
strongly replaced by ankerite (Plate 4,G,H), and there
is no evidence that quartz growth took place after ce-
mentation and replacement by ankerite.

Feldspar

The occurrence of authigenic feldspar is restricted to
samples from depths of more than 1500 m. Both po-
tassium feldspar and albite are registered, but always as
overgrowths on detrital feldspar grains. Feldspar over-
growths may be in optical continuity with the detrital
core as is generally noted for potassium feldspar, but in
most cases they are in optical discontinuity with the de-
trital core. This normally applies to albite overgrowths
on alkali feldspar (Plate 2,B) or on plagioclase (Plate
2,D).

Although feldspar overgrowths may occur on as
much as 90% of the detrital feldspar grains, they are
volumetrically unimportant and constitute less that 1%
of the bulk volume.

Authigenic potassium feldspar is noted from all
depths below 1500 m, whereas authigenic albite is only
registered in samples from depths below approximately
2000 m.

The feldspar overgrowths occur in two major textu-
ral modes. These are: a) thick rim cements up to 80 um,
which have grown in competition with quartz, as dem-
onstrated by typical triplejunctions between quartz-
quartz-feldspar (Plate 2,A,B) and b) intragranular
growth of small individual crystals on remnant skeletal
fragments of detrital feldspar grains (Plate 2,C). In ad-
vanced stages, this growth mode may reconstruct the
original grain. This growth mode is apparently compar-
able to the albitization process described by Walker
(1984). However, the different stages of albite cemen-
tation clearly demonstrates that in this case the process
involves a phase of dissolution (associated with the for-
mation of a large volume of secondary porosity) fol-
lowed by a phase of cementation (which strongly re-
duced the secondary porosity) rather than direct re-
placement of feldspar by albite. It is noteworthy that
competition with quartz growth is only noted in con-
nection with the extragranular growth of feldspar. Both
extragranular and intragranular growth may occur on
the same detrital grain (Plate 2,D).

Yde (1983) examined the chemical composition of
feldspar overgrowths from the Gassum Formation in
the wells Aars 1A, Farsp 1 and Gassum 1, and found
that they are pure potassium feldspar or albite. He re-
corded no relationship between the composition of the
detrital core and the composition of its overgrowth. In
contrast, in perthite grains a distinct preferential
growth of one of the two phases is seen. Plate 4,G
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shows a perthite with an albite overgrowth in optical
continuity with one of the phases.

In general, the intragranular growth of albite may
nucleate on very fragile skeletal remains of the original
detrital grain (Plate 2,C). These remains are apparently
separated by dissolution, but nevertheless the authi-
genic crystallites grew with identical crystallographic
orientation. Although the detrital feldspar is almost
completely destroyed, there has obviously been no se-
rious disruption of the grain fragments after dissol-
ution.

The textural relationships between authigenic feld-
spar and kaolinite demonstrate that kaolinite was pre-
cipitated before the feldspar. In general, the presence
of kaolinite did not inhibit the growth of secondary
feldspar, which has partly included the kaolinite (Plate
I,A,B), but in a few cases feldspar only formed on open
surfaces (Plate 1,D). In one example, a detrital core
has been replaced by kaolinite after the formation of a
continuous rim-overgrowth but this is the only case
where the formation of kaolinite clearly postdates the
formation of feldspar. The authigenic overgrowth is not
affected by the replacement.

Ankerite replacement affects both detrital cores and
overgrowths, but there may be a preferential replace-
ment dependant on composition. This is illustrated by
Plate 4,G, where the albite phase of a perthite with its
associated overgrowth is more resistant to replacement
than the other perthite phase.

Calcite

Calcite occurs sporadically in samples from depths of
less than 2000 m. When present, the amount varies up
to 35%. The caicite is poikilotopic and partly replacive.
Textural relations indicate that the cementation oc-
curred after the first major phase of compaction and af-
ter initial quartz-cementation had taken place. This is
demonstrated by a tight fabric of detrital grains, and a
high proportion of long grain contacts. The high per-
centage of calcite in some samples does not represent
the depositional porosity alone, but also replacement
of framework grains.

XRD analyses show that calcite is present in small
amounts in many samples, also from depths below 2000
m (Fig. 6). The fine-grained facies (4-6) tend to contain
slightly more calcite than the sandy facies (1-3), when
exception is made for strongly cemented samples (Fig.
8). It is also noted, that calcite is present below 2000 m
only in fine-grained facies (Fig. 6).

Ankerite

The occurrence of ankerite is mainly restricted to
depths below 2000 m. Below this depth ankerite occurs
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logy. Based on XRD-data, peak area-%, bulk samples.

in almost all samples. The amount varies from about
40% to less than 2%. The ankerite is poikilotopic and
may be strongly replacive (Plate 4,G).

Where ankerite is sparse, the crystals grow with well-
defined rhombohedral faces, and may be only slightly
replacive. This is shown in Plate 4,H, which also dem-
onstrates that the ankerite has grown after the forma-
tion of quartz overgrowths, which are slightly replaced.
It may also be seen, that the ankerite has grown after
the partial dissolution of the feldspar grain, which is ap-
parently only very slightly replaced, and remnants oc-
cur as inclusions inside the ankerite.

The composition of ankerite has been analyzed by
electron microprobe (Table 1). The Fe/Mg-ratio is vari-
able, as was also stated by Yde (1983), but the variation
is related to a narrow Fe-rich rim rather than a depth
vontrol as suggested by Yde (1983). The Fe/Mg-ratio
increases from about 0.5 in the interior part of crystals
to about 1 in marginal parts of crystals (Fig. 9, Tables 1
and 2).

XRD analyses have demonstrated that dolomite/an-
kerite is present in a variety of lithologies and depths.
The composition is only known to be ankerite from mi-
croprobe studies. On X-ray diffractograms the peak
position of the (104) reflection indicate a composition
closer to dolomite, and consequently the mineral is re-
ferred to as dolomite/ankerite. Figures 7 and 8 show
that dolomite/ankerite is most abundant below 2000 m
and in clean sandstones (facies 1-3).
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Siderite

Siderite may occur abundantly in fine-grained sand-
stones and siltstones (Fig. 8), forming small euhedral
crystals up to 50 um in size. In sandstones, they are
strictly located in primary porosity and show no evi-
dence of replacement. In most cases, the crystals show
a zonation with a dark reddish core also of euhedral
shape, and with a clear, colourless or slightly reddish
shell. Yde (1983) analyzed crystals from the Gassum 1

well and found, that the cores consist of pure siderite,
and that the shells consist of a mixed Ca-Mg-Mn-Fe-
carbonate. The zoned crystals may constitute up to
25% of the bulk volume, but generally makes up less
than 2%.

The second mode of occurrence is associated with al-
tered micas, presumably biotite. Within these partly
bleached and strongly expanded micas, numerous small
euhedral yellowish carbonate crystals have grown be-
tween the lamellae (Plate 4,E) This carbonate is pure
siderite as shown by the electron microprobe.

The third mode of occurrence has only been noted in
a few samples from the Thisted 3 well (Plate 4,F). Pure
siderite has grown in displacive spherolitic aggregates,
which are densely clustered by pyrite in the interior
part of the aggregate. A different type of spherolitic
siderite consists of a core of Mn-rich siderite with a cor-
ona of pure siderite. Apparently there is no present
connection between core and corona.

XRD data (Fig. 8) shows that siderite is most abun-
dant in fine-grained facies (4-6).

Pyrite

The occurrence of pyrite is universal throughout the
formation, but it is generally found in very small
amounts. Pyrite is most abundant in fine-grained sam-
ples which are also rich in organic matter. In sand-
stones, there is a positive correlation between pyrite
and kaolinite, pyrite being insignificant in clean sand-
stones without authigenic kaolinite.

Pyrite is most commonly found as small framboids of
1-2 um in size. These may form large clusters, even-
tually pseudomorphing organic matter. It may also oc-
cur as small porefilling clusters consisting of individual
euhedral crystals.

In a single sample, pyrite is noted in relation to an-
hydrite (Plate 2,H). The pyrite is preserved as large ce-

Well Depth CaCO, MgCO, FeCO, MnCO;,
Vedsted 1 2010.35 m

interior (2) 57.5 21.7 18.3 2.5

margin (1) 56.0 19.8 21.4 2.9
Fjerritslev 2 2304.00 m

interior (3) 49.6 29.3 18.4 2.7

margin (1) 50.0 25.4 22.0 2.6
Farsg 1 2874.00 m

interior (1) 54.6 26.6 17.2 1.6

margin (1) 53.1 21.7 21.8 33
Aars 1A 3351.72 m

interior (8) 54.7 28.6 14.4 24

margin (4) 52.0 24.8 20.9 2.4
Table 1.

Microprobe analyses of Ankerite. Composition given as mole% CaCO;, MgCO,, FeCQ, and MnCO;. (x) = number of analyses.
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Fig. 9. Electron microprobe analyses of ankerite, sampling
profile. Analytical data in Table 2. Aars 1A, 3351.72 m.

menting crystals within the anhydrite-cemented field,
but not outside this field. This could indicate that pyrite
was originally more common and was later partly dis-
solved.

Pyrite is observed to form the central part of spher-
olitic siderite (Plate 4,F) and also occur as scattered
crystals within the siderite.

Pyrite is not seen replacing framework grains. In the
Thisted 3 well, where extensive kaolinite replacement
of feldspar has been noted, pyrite lines some of the ori-
ginal framework grains, demonstrating that the pyrite
formed prior to kaolinite replacement.

EDX analyses have shown that some pyrite contain
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Cu. Pure pyrite and pyrite with Cu-substitution may oc-
cur in the same sample.

Kaolinite

Kaolinite occurs abundantly in the sandstones of the
Gassum Formation,and the textural relations indicate
that the kaolinite is authigenic. The identification of
kaolinite is based on thin section, SEM and XRD data.
XRD of separated clay fractions (less than 2 um) of the
sandstones demonstrate the presence of well crystal-
lized kandite (Fig. 10). The reflections are distinctly
separated from chlorite reflections. The kandite is not
totally destroyed by heating to 500°C. After heating to
600° for one hour, distinct reflections remain at 7A and
3.5A, and only after heating to 600° for three hours is
the kandite totally destroyed. The high stability might
indicate the presence of a high-order kandite such as di-
ckite (Kantorowicz,1984,1985), but the X-ray diffract-
ograms demonstrate no high-order reflections indica-
tive of dickite or nacrite. The kandite is therefore re-
ferred to as a thermally stable kaolinite. The kaolinite
occurs as both a porefilling and replacive phase.
Kaolinite is seen as porefilling cement in all levels of
the formation and may constitute up to 8% by volume
of individual samples. The porefilling kaolinite is gen-
crally well crystallized and occurs as hexagonal plates
arranged in booklets or accordions. The size of the
crystals range between 5 and 40 pum and is generally
uniform within each sample. However, the occurrence
is patchy and random, also on a sample scale. Appar-



ently there is no predictable relation between the oc-
currence of porefilling kaolinite and feldspar. Gener-
ally single pores are filled entirely while neighbouring
pores may be empty. The porefilling kaolinite is itself
highly porous, but the intercrystalline pores are very
small (Plate 2,D; Plate 3,D). However, the open tex-
ture of the porefilling kaolinite allows a later formation
of overgrowths of quartz and feldspar. These minerals
grow almost freely into the intercrystalline porosity and
engulf the kaolinite crystals (Plate 2,A,B; Plate
3,D,E). The textural relations of kaolinite, quartz and
feldspar clearly demonstrate that the kaolinite is pore-
filling and not replacive. Although the kaolinite may
appear to replace quartz when studied by SEM (Plate
3,G), it is obvious from thin sections that the kaolinite
crystals only occur in quartz and feldspar overgrowths
and never in detrital cores (Plate 2 A,B). In some
cases, the formation of overgrowths on quartz and feld-
spar grains is locally retarded by the presence of ka-
olinite: Plate 2,D shows feldspar overgrowth only oc-
curring on those parts of the feldspar not covered by
kaolinite. The formation of kaolinite was obviously fol-
lowed by quartz growth (Plate 2,A), but it is not clear
whether quartz also precipitated prior to kaolinite for-
mation. In many cases, the porefilling kaolinite does
not fill the entire original pore space, which could have
been reduced in size by quartz growth before the pre-
cipitation of kaolinite took place (Plate 2,A). The rela-
tion between the porefilling kaolinite and partly dis-
solved feldspar grains is a little ambiguous. In most
cases, the porefilling kaolinite lines original feldspar
grain surfaces and does not enter the secondary poros-
ity created by partial feldspar dissolution (Plate 2,C),
although an outer rim may by partly invaded (Plate
2,E). However, in a few cases, the kaolinite fills both
primary and secondary porosity.

In some parts of the formation kaolinite replacement
of framework grains is common. In general, the re-
placement is complete and the nature of the original
framework grain is not known. In some cases, how-
ever, remnants of the original grains are preserved, and

CaCO, MgCO, FeCO, MnCO;,

1 53.3 24.2 20.5 2.0
2 54.7 27.4 15.7 2.3
3 55.1 29.2 13.4 2.2
4 54.9 28.4 14.3 2.4
5 55.3 27.4 14.7 2.6
6 55.9 26.7 14.9 2.5
7 54.9 28.6 14.2 2.4
8 53.5 25.0 19.5 2.0
Table 2.

Microprobe analyses of ankerite crystal in Figure 9 (Aars 1A,
3351.72 m). Composition given as mole% CaCO,, MgCO,, FeCO,
and MnCO,. Numbers refer to position (cf. Fig. 9).

the relict grain is always a feldspar. In a single case ka-
olinite has replaced only the detrital feldspar, leaving a
feldspar overgrowth intact. The replacive kaolinite may
be strictly confined to the original framework grain
(Plate 2,F), or it may occupy both grain position and
surrounding pore-space to give the impression of over-
size pores (Plate 2,E). Within the same sample there
may be large differences between crystal size and
amount of intercrystzalline porosity of the kaolinite in
individual replaced grains. This is probably caused by
differences between the involved framework feldspars,
but as no feldspar is left in these grains, the subject can-
not be further clarified. In general, the replacive ka-
olinite can be distinguished from related porefilling ka-
olinite cement by differences in crystal size and density.
This may indicate that the porefilling kaolinite and the
replacive kaolinite were formed at different times or by
different mechanisms. In most cases, the shape of the
original grains is well preserved (when allowing for
slight compactional deformation). This indicates that
the replacement by kaolinite occurred after the main
compactional event. The relation between replacive
kaolinite and feldspar dissolution is not well known. In
some cases, one of two neighbouring grains may be
completely replaced by kaolinite while the other fel-
dspar has been partly dissolved with no kaolinite for-
mation in the secondary porosity. The most important
occurrence of replacive kaolinite is seen in thin sandy
intercalations in silt- and mudstone intervals in the
Thisted 3 well. These levels are also strongly cemented
by kaolinite (Plate 2,F)

Chlorite

Chlorite is locally very important as a porelining and
partly porefilling cement as also described by Schmidt
(1985b).

Neither the petrographic nor SEM appearance of the
mineral seems typical for chlorite when comparison is
made to published descriptions of authigenic chlorite
(Wilson & Pittman, 1977). However, XRD of the
minus 2 um fraction separated from sandstones demon-
strate the presence of chlorite. The chlorite (002) and
(004) reflections are generally clearly separated from
the kaolinite (001) and (002) reflections (Fig. 10), but
the separation may be obliterated when one pair of re-
flections is much larger than the other. In the X-ray dif-
fractograms, there is a distinctly elevated base line be-
tween the 10A and the 14A peaks. This may indicate
the presence of mixed-layer clay minerals. The
10A—14A reflection pattern is not affected by treat-
ment by ethylene glycol vapor, and it is inferred that
the mixed-layer mineral is a disordered illite-chlorite
complex.

In thin section, some chlorite is identified as detrital
mica, but is generally somewhat altered. It is therefore
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inferred that the well-crystallized chlorite identified by
XRD is the porelining clay noted in thin sections (Plate
4,A ,B,C) and SEM (Plate 3,A,B,C,D).

The porelining chlorite occurs in varying thicknesses
up to 10 um, and in some cases it may also fill entire
pores. Because of the distinct radial fabric (Plate 4,A),
the uniform size distribution of individual particles
(Plate 3,B) and its well crystallized character (Fig. 10),
it is concluded that the porelining chlorite is authigenic.

The chlorite has a strong influence on later quartz ce-
ment. It is sufficiently dense to prevent the formation
of quartz overgrowths on covered surfaces; the amount
of quartz cement is distinctly lower in samples with
thick pore-lining chlorite, and authigenic quartz may be
virtually absent. Thus, the presence of chlorite linings
is important for preservation of porosity, as also de-
scribed by Pittman and Lumsden (1968). Where quartz
cement occurs, the quartz growth is initiated on partly
clean surfaces and spreads gradually over covered parts
(Plate 3,A), as also described by Heald and Larese
(1974). This relation clearly demonstrates that the
quartz cement is younger than the pore-lining chlorite.
The chlorite is apparently one of the first cementing
phases. It covers pyrite, but is itself covered by au-
thigenic kaolinite, quartz, feldspar and ankerite (plate
3,A.G).

In some cases, the pore linings have been distorted
by compaction. Thus, the linings may be crumbled into
the pores and parts of the framework grains are left un-
covered. These portions of the grains may form the nu-
clei for later quartz overgrowths (Plate 4,C).

In Farsg 1 and Aars 1A, samples with abundant
porelining chlorite (and consequently very little quartz
cement), have abundant sutured contacts between
quartz grains (Plate 4,B) indicating that pressure sol-
ution was important in these samples. Chlorite linings
may be present within the sutured contacts, but in most
cases the chlorite is apparently also dissolved along
pressured contacts. The development of pressure sol-
ution is probably caused by the presence of pore-lining
chlorite, partly because the chlorite prevented an early
quartz cementation which might have stabilized the fra-
mework of the sediment (Heald and Larese, 1974), and
partly because the chlorite may have acted as a cata-
lyzing clay film (Heald, 1956; Thomson, 1959).

Illite

In samples from a depth of more than 2000 m, a hairy
or brushlike authigenic mineral occurs sporadically
(Plate 3, E, F and H). Based on the appearance of the
mineral it is assumed to be illite (Wilson & Pittman,
1977; Giiven et al. 1980). It occurs in primary porosity
and is partly pore-lining. Plate 4,E shows that illite pre-
cipitated in remnant porosity after precipitation of ka-
olinite. Quartz overgrowths partly include the fine
hairs of the illite (Plate 3, F.H).

22

Anatase

Anatase is recorded sporadically as small euhedral
crystals up to 40 um in size. The composition has been
proven by microprobe analyses. When present, the
crystals cluster in primary pore space, and there is no
evidence of precursor minerals. Anatase has not been
documented by XRD, but some samples give a distinct
reflection at 3.51A, which might represent anatase.
Volumetrically, the authigenic anatase is unimportant.

Anhydrite

Anhydrite is recorded in one sample from the Gassum
| well, where it occurs as one large poikilotopic crystal
(Plate 2,H). The anhydrite occurs as cement, and there
is no evidence of replacement. The texture of the ce-
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mented part is identical to that of the uncemented part
with only slight compaction and quartz-cementation
(Plate 4,F). Pyrite is abundant within the cemented
part, whereas it occurs sparsely outside. Some frame-
work grains, especially feldspar, may be partly dis-
solved, also when enveloped in pyrite.

Porosity

The point-counted porosity varies between 35% and
1%. These values are generally lower than measured
values (Priisholm & Christensen, 1985), probably be-
cause microporosity has been understimated in point
counts.

Fig. 10. X-ray diffractograms of typical clay fractions from
sandstones. A: Mg-saturated sample, B: ethylene glycollated
sample, C: heated 300° C, I hour, D: heated 500° C, I hour, E:
heated 600° C, 1 hour, F: treated with 10% HCI, 80° C.
Chl=Chlorite, li=illite, ?M="?mixed-layer clay minerals,
K=kaolinite, Q=quartz. 1=Aars 1 A, 3357.72 m, 2=Aars 1
A, 3215,85 m, 3=Farsp 1, 2892.56 m.

i i . l_/'/\,, et E

14.24

The variation in porosity is mainly related to depth
(as also shown by Priisholm and Christensen, 1985),
but the general decrease with depth may be overprin-
ted by distribution of carbonate cement. In shallow
samples, the porosity is mainly primary intergranular
pore space, but secondary porosity after feldspar dis-
solution becomes increasingly important in depths from
1200-1500 m. The secondary porosity is mainly distri-
buted inside skeletal feldspar remnants and may occur
as microporosity. At depths below 2000 m porosity is
strongly reduced, mainly due to quartz cementation. In
extreme cases, porosity is only present as microscopic
residual primary porosity in intercrystalline positions in
kaolinite cement or as secondary porosity in intracrys-
talline positions in partly dissolved feldspar.

Albite
K- feldspar




Discussion

Diagenetic sequence

Figure 11 shows the inferred relation between the most
important diagenetic events. The earliest processes reg-
istered are formation of pyrite and siderite. In some
samples, the occurrence of pyrite is closely related to
the occurrence of kaolinite, but they were clearly not
formed simultaneously. This is illustrated by the rela-
tions between pyrite, chlorite and kaolinite. In samples
with porelining chlorite, pyrite is seen to occur as small
framboidal aggregates between detrital grains and their
porelining. This demonstrates, that the pyrite is older
than the chlorite. On the other hand, porefilling ka-
olinite has formed within remnant pore-space after the
formation of chlorite. In the samples from Thisted 3,
where intensive replacement of detrital feldspar by ka-
olinite has taken place, pyrite may occur at the former

grain surface between replacive kaolinite and porefill-
ing kaolinite cement. On the basis of differences in
crystal size and intercrystalline porosity in replacive
and cementing kaolinite it can be inferred that the two
kaolinite phases were formed at different times. As the
pyrite is lining the former surface of the grain it must
have been precipitated before the cementing kaolinite.
However, the framework grains which are replaced by
kaolinite are only slightly compacted, and this relation
points to a post-compactional replacement. Therefore,
it is most likely that the pyrite formed before the re-
placing kaolinite, but this suggestion is uncertain.

The occurrence of pure pyrite and pyrite with Cu-
substitution in the same samples may indicate that the
tormation of pyrite took place in at least two separate
phases, but the textural relations of the two different
pyrites could not be distinguished.
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Fig. 11. Diagenetic sequence, Gassum Formation.

24




The relation between pyrite and siderite cannot be
observed, and it is uncertain which of them formed
first, although they occur together in some samples. In
some cases, siderite occurs inside expanded mica, prob-
ably biotite (Plate 4,F). This occurrence is clearly re-
lated to the breakdown of the mica, which must have
been depleted in iron. The incorporation of the re-
leased Fe into siderite demonstrates that the process
took place under reducing conditions, and that the ac-
tivity of sulphide ions was low. This could reflect a low
salinity pore fluid, as would be expected in deltaic sedi-
ments, but the depositional environment is not suf-
ficiently well established to support hypotheses on orig-
inal pore fluid composition.

Siderite crystals may be zoned on a microscopic
scale. The core is darkly reddish and consists of almost
pure siderite, with only minor substitution by Ca. The
outher rim has a composition close to ankerite (Yde,
1983), but XRD-data only demonstrate the presence of
siderite. The low Fe-content in these siderites indicate a
lower Fe-activity, either because the supply of iron was
generally too low, or because the Fe was consumed by
sulphide. This may indicate the intrusion of sea water
in the formation with a surplus of SO,, Ca, Mg, and
Mn. It is therefore possible that siderite started to pre-
cipitate earlier than pyrite and continued its growth
with a different composition after pyrite started to pre-
cipitate.

The initial compaction of the sediment was largely
completed before any important cementation took
place. Porelining chlorite is one of the earliest cements
and clearly predates kaolinite, quartz and authigenic
feldspar. Furthermore, it is generally undisturbed by
early compaction. The linings have not been ruptured
by reorganization of the framework grains and thus in-
hibited the formation of quartz overgrowths.

There is also evidence of early quartz cementation.
Apparently this slight cementation occurred before the
formation of kaolinite, as in some cases the porefilling
kaolinite does not fill the entire primary pore space but
seems to have precipitated on preexisting quartz over-
growths (Plate 2,A). The relation between the porelin-
ing chlorite and incipient quartz cementation could not
be established.

The formation of calcite cement occurred after incip-
ient quartz cement and after early compaction, but the
relation between calcite and other authigenic phases is
not well established.

The main phase of quartz cementation, which is only
noted in samples from depths greater than 1500 m, oc-
curred after the formation of kaolinite. Apparently, the
formation of authigenic potassium feldspar and albite
occurred contemporaneously with quartz cementation.
There is no direct evidence as to which of the au-
thigenic feldspars formed first. Alkali feldspar is the
only authigenic feldspar found at the shallower depths
and probably formed earlier in the deep wells also.

Feldspar dissolution is an important phenomenon at
all present depths of burial. It was initiated after the
main phase of compaction had already occurred, but is
evident in all present depths of burial. Obviously, the
feldspar dissolution is post-compactional. Most feld-
spar dissolution was selective and left fragile skeletons.
Similar skeletal feldspars have also been observed by
Sicbert ct al. (1984) who also concluded a postcom-
pactional feldspar dissolution. Similarly, well preserved
chlorite molds after partly dissolved feldspar grains
point to a postcompactional dissolution (also shown by
Siebert et al., 1984). In most cases, the dissolution also
occurred after the precipitation of kaolinite, as the
pore-filling kaolinite does not enter the secondary po-
rosity created by feldspar dissolution. Siebert et al.
(1984) observed a similar restriction on kaolinite distri-
bution and also concluded that kaolinite formed prior
to feldspar dissolution.

In addition, there is evidence for some kaolinite for-
mation after feldspar dissolution, with kaolinite crystals
precipitated in the marginal areas of partly dissolved
feldspar or filling oversize pores after feldspar.

The formation of authigenic illite cannot be related
to other diagenetic phases with certainty. It may be ol-
der than quartz as seen from Plates 3,E,F and H. It
may be related to albitization or dissolution of po-
tassium feldspar with depth.

Pressure solution and further compaction occurred
after the main cementation by quartz as only slightly
cemented samples have pressolved contacts. The press-
ure solution is followed by slight quartz cementation.

Ankerite cement is the last cement and replaces all
other components. Calcite may have been more univer-
sally present as it occurs at greater depths in the fine-
grained facies than in the coarser facies (Fig. 6). How-
ever, there are no distinct textural indications of calcite
dissolution in the sandstones. Boles (1978) suggested a
calcite replacement by ankerite based on chemical
composition of the ankerite. The composition of Gas-
sum Formation ankerites (Table 1 and 2) does not indi-
cate a replacement origin of the ankerite.

The time of formation of the anhydrite cement can-
not be well specified because of its sparse distribution.
It is notable that the part of the sandstone which was ce-
mented by anhydrite has a similar texture to the un-
cemented part of the sandstone; the main compaction
clearly occurred before precipitation of anhydrite. Fur-
ther, the amount of quartz cement is the same in both
uncemented and cemented parts, indicating that forma-
tion of quartz preceeded the formation of anhydrite.
Secondary porosity after partial dissolution of feldspar
is also noted inside the anhydrite crystal. This might in-
dicate that the anhydrite is younger than feldspar dis-
solution, but this is partly contradicted by the fact that
the intragranular porosity in feldspars has not been
filled by anhydrite.



Pressure solution

The role of pressure solution in sandstone diagenesis
has been discussed intensively by Heald (1959), Ernst
and Blatt (1964), Renton, Heald and Cecil (1969), de
Boer (1977a,b), de Boer, Nagtegaal and Duyvis (1977)
and many others. It is an important mechanism for po-
rosity reduction at depth (the semimature and mature
stages of mesodiagenesis (Schmidt and McDonald,
1979). According to de Boer et al. (1977) the devel-
opment of pressure solution indicates a slow rate of
pressure build-up. A rapid rate of pressure build-up re-
sults in grain breakage rather than pressure solution,
but it is unclear what “slow” and “rapid” mean in terms
of geologic time. Ernst and Blatt (1964) relate pressure
solution to conditions where porefluid pressure is less
than the lithostatic pressure. Combined mechanical
compaction and chemical compaction was reported
from Jurassic sandstones from the Danish Subbasin by
Nielsen & Friis (1985). A prerequisite for pressure sol-
ution to take place is the presence of reduceable poros-
ity. Various mechanisms may be responsible for the
preservation of open porosity, either lack of cement or
dissolution of early cement or framework grains. Fucht-
bauer (1974b) suggested, that because of the very low
solubility of silica, reprecipitation of silica would occur
simultaneously with pressure solution of quartz. This is
not always the case (Nielsen and Friis, 1985).

Within the Gassum Formation there is a steady de-
cline of porosity with depth, mainly due to pervasive
quartz cementation, but also because of intensive an-
kerite cementation in the deepest parts of the forma-
tion. However, quartz was formed prior to ankerite ce-
ment as demonstrated by the textural relations (Plate
4.H) and the pressure solution was controlled by pres-
ence/absence of quartz cement rather than ankerite ce-
ment, which was introduced at a later time. The poros-
ity was primarily kept open by local thick chlorite coat-
ings on framework grains. This mechanism is widely
recognized (Pittman & Lumsden, 1968; Pittman, 1972;
Heald & Larese, 1974). Where slight compaction oc-
curred after the formation of pore-lining chlorite, the
linings were dislodged, and quartz precipitated on the
exposed surfaces of detrital quartz grains. This also sta-
bilized the sediment, and pressure solution is uncom-
mon. Where chlorite linings are well preserved, quartz
cementation was strongly retarded. Consequently, the
porosity remained open until conditions were favour-
able for pressure solution to evolve. This defines the
onset of the semimature stage of the mesodiagenesis
(Schmidt and McDonald, 1979), but can only be re-
cognized when open porosity is still left. Pressure sol-
ution results in a considerable reduction in pore space
as shown by Mitra and Beard (1980).

The pore-lining chlorite may become thin or disap-
pear in the central part of the pressured contacts (Plate
4.A). The chlorite is probably also dissolved together
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with quartz. The role of clay in pressure solution has
been discussed by Heald (1956) and Thomson (1959),
who concluded, on the basis of an observed correlation
between clay and pressure solution or sandstone styl-
olites, that the clay promoted dissolution of quartz.
They also found that the composition of the clay was
changed during the process. The direct role of clay
mentioned by Thomson (1959) may also have been im-
portant in the Gassum Formation, but it seems more
important that the clay prevented the formation of
quartz overgrowths, and thus kept a large volume of re-
duceable porosity open until conditions for the semi-
mature stage of mesodiagenesis were reached.

The effect of pressure solution has been to further
compact the sandstone. During this compaction, the
protective clay linings were partly removed, exposing
the detrital quartz grains to the pore fluid, forming
overgrowths. The silica dissolved from quartz and
chlorite reprecipitated as quartz overgrowths as sug-
gested by Fichtbauer (1974), whereas the released
magnesium and iron was probably incorporated into
ankerite.

Feldspar dissolution/precipitation

The composition of the sandstones has been strongly
modified by diagenesis, partly because of strong quartz
cementation and partly because of intensive feldspar
dissolution. Therefore the petrographic classification is
of limited value but it may give some information on di-
agenesis. Figure 4 shows that the porous sandstones
from the shallow wells are generally more immature
than the well-cemented sandstones from deep wells.
This reflects an increasing quartz cementation with
depth and a progressive dissolution of feldspar with
depth.

On a sample scale, there does not seem to be a strict
relation between feldspar composition and dissolution
but on a large scale it appears that plagioclase was more
soluble than alkali feldspar. In a few cases, detrital
cores were preferentially dissolved, leaving a rim of un-
dissolved authigenic feldspar.

The change in feldspar composition with depth fol-
lows only slight modification of the framework feld-
spar. This could indicate a solid state albitization of the
grains. Albitization has been intensively discussed by
several workers (Middleton, 1972; Ogunyomi et al.,
1981: Boles, 1982, 1984; Walker, 1984; Helmold & van
de Kamp, 1984). Direct evidence of albitization has not
been noted in Gassum Formation sandstones. On the
other hand, skeletal remnants of feldspar have formed
the nuclei for albite overgrowths, as also described by
Boles (1982) and Bjorlykke (1984). These feldspar
overgrowths may partly or completely fill the second-
ary intragranular porosity, but in most cases only very
small overgrowths project outside the original grain



outline. This imparts a strong resemblance to solid
state albitization, but apparently the dissolution and
precipitation were separate and unrelated processes.
The restriction of authigenic albite to secondary poros-
ity cannot be explained by observation.

Franke and Ghobarkar (1980, 1982) described the
relation between temperature and crystal morphology
in experimentally-produced hydrothermal albite and
potassium feldspar. In the present material the mor-
phology of individual crystallites is variable (Plate 1,
F,H), and it does not seem possible to relate crystal
morphology to specific conditions during formation.

Siebert et al. (1984) discussed the possibilities for
feldspar dissolution at depth. They related the feldspar
dissolution to the release of CO, by maturation of or-
ganic matter. When comparison is made to maturation
data by Thomsen et al. (1983) and Schmidt (1985a) it
seems likely that at depths about 1500 m and deeper,
carbon dioxide was produced by maturation of organic
matter. According to Siebert et al. (1984) dissolution of
feldspar may result in precipitation of carbonates, e.g.
calcite. This could explain the strong replacement of
feldspar by carbonates noted in many samples. How-
ever, the late precipitation of ankerite is probably not
related to feldspar dissolution although feldspar may
also be replaced by ankerite. This is seen from Plate 4,
H, where the ankerite crystal grows into already open
intragranular porosity of a framework feldspar and
Plate 4,G where authigenic albite has been replaced by
ankerite.

In most cases there is no relation between dissolution
of feldspar and precipitation of clay minerals. It is
therefore assumed that feldspar dissolution occurred
under conditions where aluminium and possibly also
silica could be removed from the system, eventually to
other parts of the sandstone. Based on laboratory ex-
periments Surdam et al. (1984) showed that decompo-
sition of organic matter produces carboxylic acids and
that these acids may play an important role in feldspar
decomposition and may complex with aluminium. In
this way the aluminium may be carried out of the sand-
stone and eventually reprecipitate as kaolinite in other
parts of the formation. Only in interlaminated sand and
mud in the Thisted 3 well has it been noted that forma-
tion of kaolinite is directly related to the break-down of
feldspar. This is probably the result of poor pore-fluid
exchange, or it may result from feldspar decomposition
caused by high concentrations of CO, as described by
Surdam et al. (1984) and Siebert et al. (1984). The pro-
cess may be related to post-compactional cementation
by calcite (Siebert et al., 1984; Surdam et al., 1984),
but there is no supporting textural evidence. Because
feldspar dissolution occurred prior to albitization, sol-
vents must have transported ions in solution out of the
sandstone. Therefore it is possible that the pore-fluid
contained organic acids which were responsible for the
feldspar dissolution and for transportation of the dis-

solved aluminium (Surdam et al., 1984), and that the
sandstone was open for water movements. At a later
stage the albite was precipitated. This implies that so-
dium, aluminium and silica was carried into the system
by moving pore-fluids from deeper parts of the forma-
tion. This may have resulted from a pervasive replace-
ment by ankerite at depth, but this can not be further
discussed due to lack of sample material from the deep-
est parts of the formation.

Relation between facies and diagenesis

The diagenetic evolution was to some degree control-
led by lithology. This is best illustrated by the occur-
rence of carbonates, which are entirely authigenic in
origin and therefore only reflect changes in the di-
agenetic pattern. Calcite and ankerite distributions are
mainly controlled by depth of burial. Calcite is gener-
ally found at depths less than 2000 m and ankerite at
depths below 2000 m, but this is valid only for sand-
stones. In shales and siltstones calcite is also found in
deeply buried samples (Fig. 8). This may indicate that
the diagenetic reactions were strongly reduced in the
most finegrained parts of the formation because of re-
duced permeability. Figure 8 also shows that ankerite is
not abundant in the finegrained lithologies. This im-
plies that diagenetic changes in the mudrock sequences
of the formation took place rather early when sedi-
ments were still permeable, and that the diagenetic
transformation gradually became slow. Early diage-
netic minerals had a better preservation potential in
these lithologies than in the better permeable sand-
stones where they in some cases were dissolved or re-
placed by others, e.g. ankerite. The same effect is
shown by the occurrence of feldspar in different lithol-
ogies. In coarse grained sandstones, the amount of
feldspar is drastically reduced with depth (Fig. 5),
probably first due to dissolution of plagioclase but later
also due to alkali feldspar. With deeper burial, the total
content of feldspar gradually increases due to the pre-
cipitation of albite. In fine-grained lithologies, the con-
tent of feldspar is not variable with depth and pla-
gioclase is more common than in coarse-grained lithol-
ogies. This may partly be a depositional property but
may also indicate that the mudrocks were already sea-
led when feldspar diagenesis became important. Fur-
thermore, partly dissolved or replaced feldspar grains
in sandstones are never compressed by compaction, in-
dicating that the main compaction occurred prior to fel-
dspar dissolution: therefore, the mud-rock lithologies
would also have been compacted and lost their per-
meability. Diagenetic isolation of the finegrained lith-
ologies of the formation will have limited any contribu-
tions from the mudrocks for the sandstone diagenesis.
[t may therefore also be difficult to explain the large in-
troduction of magnesium and iron into the sandstones

27



for the late formation of ankerite. Boles (1978) sug-
gested a clay mineral source for the replacement of cal-
cite by ankerite. It is suggested that in the Gassum For-
mation sandstones and mudrocks reacted as two iso-
lated systems and that the exchange of cations was
limited. This implies that either internal sources within
the sandstones were most important when diagenetic
changes took place, or that the sandstones were flushed
by formation fluids from external sources. The trans-
formation of clay minerals would be an important
source for cations and water. However, clay mineral
analyses indicate that little change has taken place in
the Gassum Formation mudrocks. Smectite is very rare
at all sample depths, and the occurrence of smectite in
the Mesozoic of the Danish Embayment may be related
to stratigraphy rather than diagenetic evolution with
depth (Schmidt, 1985b).

Diagenetic evolution

As demonstrated by Priisholm (1983) there is a steady
decline in average porosity with depth. According to
Priisholm and Christensen (1985) the expected porosity
decreases from about 40% at surface conditions to
about 8% at a depth of 3500 m, decreasing 9% per 1000
m. At depths of less than 1500 m, cementation is gener-
ally insignificant, and the average porosity decrease

with depth is partly explained by simple mechanical

compaction in the immature stage of the mesodiagene-
sis as defined by Schmidt and McDonald (1979). There
may be an important formation of secondary porosity
also in these shallow parts of the formation, due to dis-
solution of detrital feldspar.

The geothermal gradient has been estimated by Mi-
chelsen et al. (1981) to be about 25°C per 1000 m,
which is comparable to the geothermal gradient used
by Schmidt and McDonald (1979) in their concept of
diagenetic regimes. Before the Late Cretaceous, the
maximum burial depth was 1700 m. Up to this point,
therefore, it was likely that only mechanical compac-
tion played a significant role in reduction of porosity
(Schmidt & McDonald, 1979). When rapid subsidence
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was initiated in the Late Cretaceous, the deepest parts
of the formation reached the semimature stage of
mesodiagenesis, where chemical compaction may re-
duce porosity further than was possible by simple me-
chanical compaction. At this stage the diagenesis fol-
lowed two lines. There was a major phase of cementa-
tion by quartz and partly by albite, occurring mainly in
clean sandstones with a resultant reduction in porosity
to about 2 volume per cent. Primary porosity is totally
reduced except for microscopic intercrystalline porosity
in kaolinite porefilling cement. Secondary porosity is
generally not reduced by compaction, but may be re-
duced by cementation. Some levels have been ce-
mented by chlorite, probably during the immature
stage of the mesodiagenesis, as further compaction has
modified the pattern of distribution of the chlorite. The
presence of porelining chlorite prevented quartz ce-
mentation and thus promoted pressure solution (chem-
ical compaction) in the semimature stage of the meso-
diagenetic stage. Even at a depth of 2800 m, the pri-
mary porosity is still significant indicating that the
mature stage of Schmidt and McDonald has not been
reached.

The residence time in the semimature stage is about
80 million years (since the Late Cretaceous). Also com-
pared with data suggested by Schmidt and McDonald
(1979) it is reasonable to conclude that the mature
stage has not been reached.

Within the Danish Subbasin there are marked differ-
ences in geothermal gradients, dependant on the posi-
tion relative to salt domes (Madsen, 1978; Michelsen et
al. 1981). This has also influenced maturation of or-
ganic matter (Thomsen et al. 1983; Schmidt, 1985 a).
Of special interest is the Gassum 1 well, where the geo-
thermal gradient is as high as 32°C/1000 m (Madsen,
1978), and the vitrinite reflectance index increases
0.6°/1000 m, more than three times the rate of wells
from areas with the average geothermal gradient
(Schmidt, 1985). However, the diagenetic mineral as-
semblages in Gassum 1 are not specifically influenced
by the higher temperatures as compared with other
wells.



Conclusion

The diagenetic evolution of the Gassum Formation is
mainly controlled by burial depth. Early diagenetic
minerals, formed under eodiagenetic and early mesodi-
agenetic conditions are siderite and pyrite. Volumetri-
cally important cementation only occurred after initial
compaction had been completed, and except for late di-
agenetic pressure solution (chemical compaction) there
is little evidence for compactional modification of the
cementation pattern and reduction of secondary poros-
ity.

The porosity gradually decreases with depth. Down
to 1500 m the decrease is mainly due to simple com-
paction, and the porosity may be relatively increased
by secondary porosity after feldspar dissolution.
Deeper than 1500 m the porosity is reduced by pervas-
ive cementation, mainly quartz, but also kaolinite, al-
kali feldspar, albite and ankerite. Chlorite cement is
present in some samples. It formed as the first cement
after compaction and prevented the formation of
quartz overgrowths. This resulted in pressure solution
when the depth of burial became sufficient or when
fluid pressure was reduced.

3 DGU Serie A: Diagenesis

The dissolution of feldspar occurred after precipita-
tion of kaolinite, and was probably caused by the intro-
duction of organic acids released by maturation of or-
ganic matter. It is suggested that the involved acids
could complex aluminium as there is no indication of
contemporaneous precipitation of clay minerals and
feldspar.

The time difference between kaolinite precipitation
and feldspar dissolution indicates that the formation
was open to pore fluid movements. The kaolinite was
probably formed by dewatering of deeper parts of the
formation where feldspar dissolution by organic acids
released during maturation of organic matter took
place. After further subsidence, feldspar dissolution
occurred where earlier kaolinite precipitated.

Later, after the main quartz cementation, water cir-
culation was restricted, and overpressure may have
prevented pressure solution until better circulation
again lowered pore fluid pressure.
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PLATE 1
. Partly dissolved feldspar grain with much intragranular porosity (F, ) being partly included by large quartz overgrowth (Qo).
Farsp 1, 2875.35 m.
. Detail of A. Note small pits in the rhombohedral quartz faces after feldspar laths (arrowed). Farsg 1, 2875,35 m.
. Partly dissolved feldspar grain. Note strong dependance on crystallography. Farsg 1, 2875.35 m.
. Broken and partly dissolved feldspar grain (Fd) with feldspar overgrowths (arrowed). Qo: authigenic quartz. Details in E-H.
Aars 1A, 3352.60 m.
. Detail of D. The crack in the feldspar grain is filled with authigenic quartz (Qo), and small euhedral feldspar crystals have
formed on the partly dissolved feldspar grain (Fo). Aars 1A, 3352.60 m.
F. Detail of E. The minute euhedral feldspar crystals all have the same crystallographic orientation, indicating a common nucleus.
Aars 1A, 3352.60 m.
G. Detail of D. Authigenic quartz (Qo) growing in primary porosity and partly including the detrital feldspar (Fd). Small euhedral
feldspar crystals on front surface of the feldspar. Aars 1A, 3352.60 m.
H. Detail of G. Euhedral feldspar crystals on strongly leached surface of detrital feldspar. Aars 1A, 3352.60 m.
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PLATE 2.

A.

36

Quariz (Qo) and feldspar (Fo) overgrowths filling primary porosity. The quartz and feldspar overgrowths have included older,
pore-filling kaolinite (K). The feldspar overgrowth has identical optical properties with the detrital feldspar (Fd). A faint dust
line separates the detrital quartz (Qd) from the overgrowth. Aars 1A, 3324.45 m. Two polars.

. Alkalifeldspar (Fd) with albite overgrowth (Fo). The overgrowth is partly including older porefilling kaolinite (K). Aars 1A,

3351,72 m. Two polars.

. Strongly dissolved detrital feldspar (center) with authigenic albite on intragranular skeletal remnants (arrowed). Although dis-

tinctly separated, the overgrowths have identical orientation, and compaction or collapse of the skaletal grain is negligible.
Pore-filling kaolinite (Kp) is restricted to primary porosity. Aars 1A, 3275.40 m.

. Partly dissolved detrital feldspar (Fd) with overgrowths (arrowed). Pore-filling kaolinite (K) in primary porosity has partly re-

stricted the growth of authigenic feldspar. Aars 1A, 3275.40 m.

. Kaolinite in “oversize pore” (K). Note framework positions of kaolinite aggregates. Strongly dissolved detrital feldspar (Fd).

Aars 1A, 3275.40 m.
Kaolinite aggregate (K) in framework position. Thisted 3, 1218.20 m.

. Strongly dissolved feldspar (center) being partly included by quartz overgrowths (arrowed). Fjerritslev 2, 2304.00 m. Analyzer:

83"

. Poikilotopic anhydrite (A) including high proportion of older pyrite (P). Gassum 1, 1633.11 m.
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PLATE 3.

A.
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Porelining chlorite (Chl) on detrital quartz (Qd). The Chlorite is partly being covered by euhedral quartz (Qo). Farsp 1,
2868,84 m.

. Detail of A.
. Porelining authigenic clay (Chlorite?), partly included by younger quartz (Qo). Arrowed: small pits in quartz surface after

clay. Farsp 1, 2868,64 m.

. Porelining chlorite (arrowed) and younger kaolinite (K) being included quartz overgrowths (Qo). Aars 1A, 3210.85 m.
. Pore filling kaolinite (K) and younger illite is included in quartz overgrowths. Enlarged part in F. Aars 1A, 3210.85 m.

Detail of E. Hairy illite is included in younger quartz overgrowths (Q). Aars 1A, 3210.85 m.

. Porelining chlorite (Chl) partly coverd by porefilling kaolinite (K), both included by younger quartz Overgrowths (Qo). Aars

1A, 3272.33 m.

. Hairy illite (1) included in quartz overgrowth (Qo). The illite hairs are surrounded by small pits in the quartz surface (arrowed).

Fjerritslev 2, 2304.00 m.
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PLATE 4.
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Porelining chlorite (Chl). The poreliner is missing at pressolved contact (arrowed). Farsg 1, 2871.44 m. Two polars.
Sandstone with many pressolved contacts (Pc), porelining chlorite (Chl) and quartz overgrowths (Qo) on clean surfaces. Farsp
1, 2869,53 m. Two polars.

. Porelining chlorite (Chl) has been removed from part of a detrital quartz grain (Qd), and quartz overgrowth (Qo) has formed

on the exposed part of the grain. Farsp 1, 2869.53 m. Two polars.

. Broken detrital feldspar (Fd) with large quartz overgrowths (Qo) entering the opened crack. Two polars.
. Expanded mica with abundant euhedral siderite in interlamellar position (S). Aars 1A, 3275.40 m.

Spherolitic siderite with dense clustering of pyrite in central part. Thisted 3, 1185.40 m.

. Perthite (Fd) with albite overgrowths (Fo). The detrital grain has been marginally replaced by ankerite (A). Farsg 1, 2901.80 m.

Analyzer 64°.

. Skeletal remnant of feldspar (center) has been included in ankerite (A). Replacement of feldspar and quartz by the ankerite is

negligible. Farsp 1, 2874.00 m.
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This paper outlines the diagenetic patterns in sandstones from the Triassic-

Jurassic Gassum Formation within Jutland subcrops.
The paper forms an important contribution to the diagenetic studles on

sediments within Danish areas.
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