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The Middle Jurassic Haldager Formation sandstones are mainly quartz arenites to subarkoses and sub-
litharenites. The diagenetic evolution of these sandstones is dominated by early quartz and kaolinite ce­
mentation which occur randomly distributed in the fluvio-deltaic sandstones whereas poikilotopic calcite 
cement is important in the marine deposits of the formation. Siderite, pyrite and Fe-hydroxides are minor, 
but common diagenetic minerals. The quartz and kaolinite precipitated from mildly acid formation water, 
which probably developed from the initial fresh water of the depositional environment. Where the sand­
stones are not sufficiently cemented, compaction may be important with development of pressure solution 
and crushing of quartz grains at burial depths of about 2000 m. The porosity is generally good, but the 
presence of large amounts of authigenic kaolinite represents a potential risk of fines migration during pro­
duction of fluids from the reservoir. 
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Introduction 

The study of sandstone diagenesis has become of 
increasing importance in connection with the 
production of oil and gas from clastic reservoir 
rocks with marginal reservoir properties. The re­
duction of porosity and permeability caused by 
compaction and cementation is mainly controlled 
by the depth of burial and the lithological and 
chemical characteristics of the depositional envi­
ronment. The diagenetic processes are thus the 
results of water-mineral interaction controlled by 
pressure, temperature and chemistry. A number 
of specific factors influence the diagenetic pro­
cesses. For instance the presence of hydrocar­
bons within a reservoir strongly suppresses the al­
teration of the clastic mineral assemblage (Han­
cock & Taylor, 1978). 

The present paper gives the results of a re­
gional study of the Middle Jurassic Haldager For­
mation sandstone reservoir in Mid- and North 
Jutland. The study forms part of an energy re­
search programme, EFP 83, funded by the Dan­
ish Ministry of Energy. 

Besides being a part of a general evaluation 
programme of Danish reservoir formations the 
study aims at an assessment of the Haldager For­
mation as a target for exploitation of geothermal 

energy. Since 1978 the Haldager Formation has 
been penetrated in two geothermal exploratory 
wells, Aars-1 and Farsø-1. Cores from these wells 
together with old cores from oil and gas explora­
tion wells form the sample basis for the pétro­
graphie reservoir study. The samples were stud­
ied with emphasis on the occurrence and forma­
tion of the diagenetic minerals having a major 
influence on the porosity and permeability of the 
sandstones. 

The location of the wells is shown in fig. 1 and 
the investigated samples are listed in table 1. All 
depths are in metres below Kelly Bushing 
(mbKB). 

Depositional environment and source 
area 

The Haldager Formation is subdivided into two 
members, the Haldager Sand overlain by the 
Flyvbjerg Member. The stratigraphy and distri­
bution of the formation within the Danish area is 
presented by Michelsen (1978) and Koch (1983). 
Only the Haldager Sand is a potential reservoir. 
The Flyvbjerg Member is dominated by siltstone 
and claystone. The thickness of the Haldager 
Sand varies from 0 to ca. 150 m and within the 
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Fig. 1. Well location and distribution of the Haldager Fonnation in the Danish Subbasin (Modified after Koch (1983)). 

Danish Subbasin the member is found at depths 
between 500 and 3000 m. 

The Mid-Kimmerian tectonic event resulted in 
an extensive regression from the Danish area, 
and only a narrow sea-way was kept open along 
the Fennoscandian High and connected to the 
Polish Trough (Michelsen 1978). Within this set­
ting the Haldager Sand Member was deposited in 
fluvio-deltaic and shallow marine environments 
(Larsen 1966, Michelsen 1978, Koch 1983). Fol­

lowing a renewed transgression the Flyvbjerg 
Member was deposited in a deltaic-shallow ma­
rine environment (Michelsen 1978, Koch 1983). 

The depositional pattern of the Haldager Sand 
was roughly controlled within two major systems, 
namely the narrow NW-SE trending sea-way and 
the northern flank of the uplifted Ringkøbing-
Fyn High (Koch 1983) (fig. 1). The narrow sea­
way occupjdng the Fennoscandian. Border zone 
was gradually filled by shifting prograding delta 
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Table 1. Location of investigated samples from the Haldager 
Formation in North Jutland 

Well 

Aars-1 
-
-
-
-
-
Fjerritslev-2 
Flyvbjerg-l 
Frederikshavn-1 
-
-
-
-
-
-
-
Frederikshavn-3 
-
-
Haldager-1 
-
-
-
-
Skagen-2 
-
-
Thisted-3 
-
-
-
-
Vedsted-1 
-
-
-
-
Uglev-1 
-
-
-
-
-

Sample Depth 
mbKB 

2462.0 
2477.8 
2480.0 
2480.9 
2483.0 
2485.8 
1268.8 
981.5 
641.4 
670.6 
676.5 
705.6 
713.2 
725.4 
731.5 
734.6 
681.5 
683.0 
684.5 

1091.5 
1096.0 
1097.0 
1155.0 
1221.0 
418.0 
428.0 
436.0 
996.6 
998.0 

1001.2 
1002.6 
1008.7 
1146.0 
1150.5 
1151.5 
1153.5 
1156.0 
918.0 
919.5 
920.5 
930.0 
935.0 
939.0 

Remarks 

Flyvbjerg Member 
Haldager Sand 
-
-
-
-
-
-
Flyvbjerg Member 
-
-
Haldager Sand 
-
-
-
-
-
-
-
Flyvbjerg Member 
-
-
Haldager Sand 

Flyvbjerg Member 
-
Haldager Sand 
-
-
-
-
-
Flyvbjerg Member 
Haldager Sand 
-
-
-
-
-
-
-
-
-

lobes, partly supplied by rivers draining the Fen-
noscandian land-mass to the north and the north­
east. The infill comprises sequences of deltaic 
coal-bearing sediments overlying and partly in-
terfingering with shallow marine deposits (Gra­
vesen et al. 1982, Koch 1983). Apparently there 
was a gradual retreat of the sea towards the 
southeast, and the northwestern part of the Fen-
noscandian Borderzone became an area of by­
passing (Koch 1983). 

Glauconite and marine fossils were found in 
most Haldager Sand samples from the wells 

northeast of the Fjerritslev Fault. These wells are 
all situated within the sea-way area (fig. 1). 

The pronounced upUft of the Ringkøbing-Fyn 
High resulted in the development of a braided 
river plain on the northern flank. This river sys­
tem deposited coarse, cross-bedded sandstones in 
a rather thin and probably wide spread blanket as 
evidenced from the wells Hyllebjerg 1, Farsø 1 
and Aars 1 (Koch 1983). According to Koch 
(1983) this depositional pattern also includes the 
depocenter of the Haldager Formation, roughly 
situated midway between the Børglum Fault and 
the Fjerritslev Fault. 

On the basis of log-motifs Michelsen (1978) 
suggested that the Haldager Sand is developed as 
coarsening-upwards cycles with deltaic affinity. 

Sediments were transported northwards from 
the Ringkøbing-Fyn High and dominated the 
southern part of the Danish Subbasin as sug­
gested by Koch (1983). Drainage systems from 
the north and northeast flowed into the lowlands 
of the Fennoscandian Borderzone and con­
tributed to the interfingering of deltaic and shal­
low marine environments in the Danish-Polish 
Trough. 

Following this model, the Haldager Sand 
should reflect the imprints of two major source 
areas, of which the southern one was probably 
the most important. The mineralogical maturity 
of the sandstone is high as also mentioned by 
Larsen (1966), so the clastic components give 
rather limited information on the source areas. 
The texture and composition of the lithic frag­
ments suggest a source area of plutonic and high 
grade metamorphic rocks for both the terrestrial 
and marine parts of the Haldager Sand. Facies 
distribution and dipmeter analysis in the Farsø 
and Aars areas (M. Sørensen, personal com­
munication) confirm a major source area to the 
south. This is in conflict with the findings of Lar­
sen (1966) who, on the basis of mainly the heavy 
mineral assemblage argues for a single source 
area within the Fennoscandian Shield. 

Dypvik & VoUset (1979) describe the petrol­
ogy of Jurassic sandstones from four off-shore lo­
cations in the western part of the Norwegian-
Danish Basin. Mineralogically these samples dif­
fer from the North Jutland samples in having 10-
30 vol % of Uthic fragments of volcanic rocks 
with an appearance similar to the Permian vol-
canics. Obviously volcanic rocks were not a pre-
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Fig. 2. Triangular plot of major constituents (quartz-feldspar-
rock fragments) in 11 thin sections. 1-5 Thisted-3, 6-8 Farsø-l, 
9-10 Haldager-1, 11 Uglev-1. 

dominant constituent in the source areas for the 
Haldager Sand in North Jutland. 

Petrography 

Applied analytical techniques 
The petrography of the Haldager Formation 
sandstones was studied by means of optical mi­
croscopy, scanning electron microscopy (SEM) 
and x-ray whole rock diffraction analyses on 43 
samples. Additionally 8 clay mineralogicai ana­
lyses were carried out. The semiquantitative re­
sults of the optical mineralogy is presented in ta­
ble 2. The mineralogicai classification of the 
Haldager Formation sandstone is exemplified in 
the quartz-feldspar-rock fragment diagramme in 
fig. 2. The relative proportions of the essential 
constituents in 11 samples from Thisted-3, Farsø-
1, Haldager-1 and Uglev-1 are plotted in the tri­
angular diagramme. Following Folk (1980), the 
samples range from pure quarts arenites in Farsø-
1 to subarkose and sublitharenites in the other 
wells. 

Clastic minerals 
Although the investigated samples represent a 
number of sub-environments the pétrographie 
character of the detrital components is fairly uni­
form. Quartz constitutes 70-90%, alkali feldspar 
2-7%, clay 1-5% and muscovite 1-10%. Acces­

sory heavy minerals including opaques, zircon, 
rutile, sphene, garnet, tourmaline, pyroxene and 
hornblende, usually constitute less than 5% in to­
tal. Only very few grains of Plagioclase were ob­
served. Disseminated, allochthonous plant debris 
as either coal or lignite is common throughout 
the sandstone fades. Occasionally root or soil 
horizons (autochthonous coal) have been found. 
The sandstone is usually grey or greenish grey. 
No oriented grain fabric is observable except for 
an occasional aUgnment of muscovite flakes. The 
allogenic clay is preferably found in irregular 
schlieren, the deformation of which reveals com­
paction and sometimes bioturbation. The grain 
size varies from coarse silt to coarse sand with a 
clear predominance of fine grained sand. The 
sand is moderately to well sorted and the grains 
mainly subrounded. The usually grain supported 
fabric shows a wide range from point contacts to 
intermediate and long grain boundaries. Both the 
textural and the mineralogical maturity of the 
clastic components are moderate or high within 
the fluviatile deposits whereas the marine sand­
stones usually are less mature. 

Authigenic minerals 
The authigenic minerals in the samples constitute 
5-25% (plate 1-2). The assemblage is totally 
dominated by kaolinite and quartz as over­
growths; minor amounts of feldspar overgrowth, 
calcite, dolomite, siderite, pyrite and chlorite oc­
cur. 

Kaolinite (plate 1) is present both in the fluvia­
tile and the marine deposits, but with higher con­
centration in the former. It occurs either as re­
placement mineral of feldspars and or muscovite, 
or as well crystallized pore filling or pore lining 
cement. It may be vermicular or occur as plate­
lets in disordered aggregates. The distribution of 
the kaolinite is irregular in both microscopic and 
macroscopic scale. In some samples the pore 
space is totally clogged with kaolinite. It is not 
possible to demonstrate any correlation between 
the amount of kaolinite and the present depth of 
burial. This is in agreement with observations by 
Iwuagwu & Lerbekmo (1982), who describe 
strong variations in kaohnite cementation at con­
stant depths in the Campanian Belly River Sand­
stone in Alberta. 

Quartz overgrowth has been observed in about 
50% of the samples investigated. Significant 
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Table 2. Minerals identified by optical microscopy in the Haldager Formation sandstones 
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Legend: 
1 0-3% 
2 3-10% 
3 10-50% 
4 50-100% 
X present in 

var. amount 
+ Flyvbjerg M. 

WelVdepth(m) 

+Aars-1 
Aars-1 

-
-
-
-
-
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Flyvbjerg-1 
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-
-
-
-
-
-
-
Frederikshavn-3 

-
-
+Haldager-1 

-
-
Haldager-l 

-
Skagen-2 

-
-
-
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-
-
-
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Vedsted-1 

-
-
-
-
Uglev-1 

-
-
-
-
-
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2480.30 
2482.00 
2483.00 
2485.75 
1268.80 
981.50 
641.40 
670.60 
676.50 
705.60 
713.20 
725.40 
731.50 
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681.50 
683.00 
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1001.20 
1002.40 
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amounts are confined to the fluvial deposits. It 
occurs as euhedral and stepped surfaces reducing 
and partly closing the pore space and pore 
throats (plate 1). Quartz overgrowth generally 

leaves some interconnected pores. The textural 
relationship between kaolinite and authigenic 
quartz indicates that the quartz crystallized prior 
to or simultaneous with the kaolinite. Small de-
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Fig. 3. Deep wells in North Jutland which intersect the Hald-
ager Formation. When cores are available information on 
depth, kaolinite- and quartz cementation and depositional en­
vironment is shown in the quadrangles at the well. Empty qua­
drangles indicate that cores are not available. 

pressions in the quartz surface are often observed 
around single kaolinite crystals growing on the 
quartz grain. 

Dissolution notches are very common on the 
overgrown quartz surfaces (plate 2E). 

The feldspars normally make up less than 10% 
of the sandstones. Together with moscovites the 
feldspars are dissolved and replaced to a varying 
degree (plate 2), and these minerals are regarded 

as the main sources for the Al and Si in the ka­
olinite and quartz overgrowth. Occasionally mi­
nor overgrowth on feldspars is seen. This over­
growth is probably late diagenetic and together 
with a minor amount of illite it represents a sup­
ply of K and a change of pore water chemistry to 
more alkaline conditions. 

It is noteworthy that calcite occurs almost ex­
clusively in the marine part of the Haldager Sand 

Plate 1. 
A. Pore lining and bridging clay (B); thin section: bar 50 microns; UgIev-1, 920.5 m. 
B. Pore lining and bridging clay (B); at contact surface between clastic grains; SEM, bar 5 microns; Uglev-1, 918.0 m. 
C. Authigenic kaolinite in strongly cemented sandstone; SEM; bar 10 microns; Vedsted-1,1151.5 m. 
D. Euhedral quartz overgrowth and kaolinite cementation, pores still interconnected, SEM, bar 50 microns, FjerritsIev-2,1268.8 m. 
E. Extensive quartz overgrowth which masks the original sedimentary texture and lowers the porosity and permeability considerably; 

SEM; bar 5 microns; Uglev-1, 920.5 m. 
F. Quartz overgrowth pre-dating crystaUisation of authigenic kaolinite; SEM, bar 5 microns; Aars-l, 2482.0 m. 
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to the north east. Formation of calcite is usually 
favoured by increasing temperature and pH pro­
vided that a sufficient calcium source is present. 
Such conditions were presumably reached in the 
marine northeastern areas in the Danish Subba-
sin. Blanche & Whitaker (1978) describe poikilo-
topic calcite in the marine Brent Sand Formation 
in the North Sea. In contrast to the Haldager 
Sand, calcite cementation is commonly seen in 
the Flyvbjerg Member. Although favourable 
pressure, temperature and pH conditions proba­
bly existed, the most likely reason for the ab­
sence of calcite in clean fluvial part of the Hald-
ager Sand is the lack of an adequate Ca source. 
Such limitations were not present in the Flyv-
bjerg Member where seawater is an obvious Ca 
source. 

Siderite, pyrite and Fe-oxides/hydroxides are 
minor, but common diagenetic minerals in the 
Haldager Sand (plate 4). Pyrite framboids and 
siderite are stable minerals under reducing condi­
tions and independent of the pH (Berner 1970). 
They most probably belong to the early diage­
netic stages. They are to a varying degree re­
placed by limonite/goethite. Minor rhombs of 
dolomite are observed in Aars-1, the only well 
where the Haldager Sand is intersected below a 
depth of 2000 m. 

Chlorite has been identified in a number of the 
samples (table 2), particularly from the Flyvbjerg 
Member. The chlorite may have formed from the 
kaolinite in the presence of excess Fe and Mg and 
a pink-green pleochroism often observed in the 
kaolinite may represent the initial stage of al­
teration to chlorite (plate 2). 

The regional distribution of the most impor­
tant diagenetic minerals is shown in fig. 3. The 
lack of depth control on the occurrence of au-
thigenic kaolinite and quartz is obvious from the 
figure. 

Compaction 

Evidence of compaction is seen in samples from 

all depths of burial. With the exception of de­
formation of micas and soft rock fragments com­
paction diagenesis is not important in samples 
from depths of less than 1000 m. In the deeper 
buried sandstones e.g. Farsø-1 and Aars-1 un-
cemented intervals have been strongly modified 
by mechanical compaction and pressure solution. 
Quartz grains have occasionally been extensively 
crushed or broken and pressure solution has 
taken place at grain contacts (plate 5A and B). 
The crushed and broken grains are seen to be 
firmly interlocked in a framework with strongly 
sutured grain boundaries (plate 5A and E). De­
pendant on the relative position of pressure-
transfer points at upper and lower faces of grains 
they have been broken and a slight rotation may 
have opened the fractures (plate 5A). Such frac­
tures were in some cases partly closed by later 
quartz or carbonate cement (plate 3A and D). 

Further, the compaction evidently produced 
quartz silt by chipping and crushing of quartz 
grains (plate IC). SEM reveals the grain surfaces 
subjected to pressure solution to be densely pit­
ted (plate 3E). 

Discussion of diagenesis 

The diagenetic processes show no evidence of 
depth control, which implies that the formation 
of diagenetic minerals is related to the deposi-
tional environment rather than to the burial his­
tory. 

In the following emphasis is put on the dis­
cussion on the diagenetic occurrence of quartz 
and kaolinite within the fluvio-deltaic sediments 
which predominate in the deeper parts of the ba­
sin. 

Neoformation of both quartz and kaolinite is 
enhanced by mildly acidic ground water. 
Through oxidation and bacterial degradation of 
organic matter groundwater rapidly becomes 
acidic and the unstable minerals like feldspars 
and mica start to dissolve, releasing K, Al and Si 

Plate 2. 
A. Clay replacement of one component in perthite; SEM; bar 2 microns; Vedsted-1, 1153.5 m. 
B. Strongly dissolved feldspar giving secondary moldic porosity; SEM; bar 5 microns; Uglev-1, 918.0 m. 
C. Preferential clay replacement in feldspar. Thin section, bar 100 microns; Vedsted-1, 1150.5 m. 
D. Pore filling iron oxide cement; Thin section; bar 200 microns; Frederikshavn-1, 641.4 m. 
E. Quartz overgrowth with solution notches; SEM; bar, 5 microns; Haldager-1, 1221.0 m. 
F. Fraying and clay replacement of muscovite; SEM; bar 5 microns; Haldager-1,1221.0 m. 
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to the pore water. The subsequent quartz and ka­
olinite cementation is therefore related to the re­
leased cations as well as ions carried in from e.g. 
adjacent altered mudstone and siltstones, which 
during increasing compaction dewatered into the 
sandstone. 

The cementation thus becomes a result of the 
local drainage pattern and the composition of lo­
cal and neighbouring rocks. The processes have 
started immediately following deposition. The 
presence of organic debris probably also fa­
voured the neoformation of quartz in main­
taining a pH less than 9-10. At pH higher than 9 
(Blatt et al. 1972) silica starts to dissolve. Such 
conditions were only reached very locally, as 
shown by the presence of corrosion notches. 

Formation of diagenetic kaolinite in Jurassic 
sandstones in the North Sea has been discussed 
by Blanche & Whitaker (1978), Hancock and 
Taylor (1978), Sommer (1978) and Dypvik and 
VoUset (1979). Neoformation of quartz together 
with and prior to authigenic kaolinite are features 
commonly reported. As in North Jutland, the ka­
olinite is usually well crystallised and occurs in 
stacks and accordions in the pore space. Usually 
kaolinite and quartz are early diagenetic minerals 
which form from alteration products of feldspar 
and mica. In the North Sea area the kaolinite for­
mation was to a varying degree followed by illite 
replacement. This process was partly controlled 
by the local migration of, or saturation with, hy­
drocarbons (Sommer, 1978). Formation of iUite 
plays a neglegible role in the Jutland wells. In the 
SEM and thin section studies possible minor 
amounts of illite may be distinguished by mor­
phology (ridges on detrital grains and bridging 
minerals). Mixed layer clays may also occur, but 
cannot be accurately determined by the applied 
techniques. Marked 10 Å peaks on the x-ray dif-
fractogrammes are interpreted as detrial musco-
vite rather than authigenic iUite. Clay mineralog-
ical analyses of 8 samples from Farsø-1, Aars-1 
and Thisted-3 showed that the dominant clay 

mineral was kaolinite. Minor amounts of illite 
and mixed layer clays were identified in Thisted-
3. The lack of extensive illitization is most likely 
due to insufficient temperatures at the relatively 
shallow depths. 

The interpretation above implies that the 
Haldager Sand is most likely to be cemented 
where it was originally well drained and carried a 
high amount of organic debris. As a result of the 
reactions themselves (mineral one + H ç± min­
eral two -1- metal cation) the pH later increased 
and authigenic illite and feldspar overgrowth may 
locally occur. Such second phase reactions have 
been observed in a few samples and are probably 
of a local nature. 

It is suggested that the majority of the diage­
netic processes within the fluvio-deltaic Haldager 
Sand are of a very early nature and resulted from 
fairly simple chemical reactions between pore 
fluids and the detrital grains. Where such early 
cementation did not take place the sediment be­
came strongly compacted during increasing sub­
sidence and pressure solution and crushing of 
quartz grains are locally important phenomena. 
The silica released by pressure solution was to 
some degree re-precipitated as quartz cement ad­
jacent to the solution contacts, but apparently 
the major part of released silica was carried away 
to re-precipitate elsewhere. As the majority of 
the fluviatile Haldager Sand subarkoses contain 
organic debris and may originally have been well 
drained and oxygenated they form a favourable 
environment for early cementation with quartz 
and kaolinite. In contrast the calcite formed in 
the marine sands. 

Porosity measurements, log and core analysis 
by Priisholm (1983) show an average decrease in 
porosity of 7.8% (absolute) per 1000 meters for 
the Haldager Sand. The present study shows that 
the steady decrease in porosity with depth is due 
mainly to mechanical compaction and crushing. 
Contrary to Priisholm we believe that the forma­
tion of quartz and kaolinite belongs to an early 

Plate 3. 
A. Broken quartz with pressure solution contacts (P). The cracks were opened during further compaction. At C a crack is filled by 

carbonate cement. Thin section; bar 200 microns; Aars-1, 2480.7 m. 
B. Quartz grain (Q) with concoidal fractures and pressure solution contact (P). SEM; bar 40 microns; Aars-1. 2480.9 m. 
C. Concoidal fracture in quartz incipient chipping of silt sized quartz, SEM; bar 4 microns; Farsø-1,1958.8 m. 
D. Broken quartz and later formation of quartz overgrowth (arrows); SEM; bar 20 microns; Vedsted-1, 1153.5 m. 
E. Quartz with pitted surface produced by pressure solution. Note the microstylohtic surface (arrows); SEM; bar 15 microns; Aars-1, 

2480.0 m. 
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diagenetic stage and that quartz overgrowth only 
in some cases was a more important cause for po­
rosity decline than was compaction. 

Conclusion 

The following conclusions on the diagenesis of 
the Haldager Sand and its influence on the reser­
voir rock properties are as follows: 

stacked accordions of authigenic kaolinite 
may easily be detached from the clastic grain 
surfaces and during transport eventually block 
pore throats. 
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1. The original mineralogy of the Haldager Sand 
is simple. The rocks are quarts arenites and 
subarkoses with a small amount of muscovite 
and heavy minerals. The source area for the 
fluvio-deltaic deposits is indicated to be lo­
cated to the south. The maturity of the sed­
iment could indicate that they were recyclet 
from older sediments on the Ringkøbing-Fyn 
High. The marine dominated north-eastern 
part of the area was probably sourced from 
the Fennoscandian Shield. 

2. The diagenetic alteration of the sandstones 
with respect to the major mineral phases is 
simple. 
a. Early formation of kaolinite is seen in all 

wells. The distribution is controlled by lo­
cal composition and drainage conditions. 
Formation of kaolinite is partly suppressed 
within the shallow marine environment to 
the north-east, in which calcite cement 
may predominate. 

b. Formation of quartz overgrowths predates 
and overlaps with kaolinite precipitation. 
Quartz overgrowths are predominantly 
found in the deltaic-fluvial environment. 
The control of its irregular distribution 
within this regime is unknown. Causality in 
its distribution may be established through 
an improved data base. 

3. The permeability of a reservoir rock is 
strongly influenced by growth morphology of 
the cementing minerals. Thus kaolinite ce­
mented sandstone is expected to suffer a 
stronger reduction in permeability than is 
quartz cemented sandstone. More core ana­
lyses are needed to quantify this relationship 
for the Haldager Sand. 

4. The abundant occurrence of kaolinite forms a 
potential risk of fines migration during a pro­
duction of reservoir fluids. The loosely 

Dansk sammendrag 

Studiet af sandstensdiagenese er gennem de seneste år blevet 
tillagt stadig større betydning i takt med en stigende interesse 
for produktion af olie og gas fra sandstensreservoirer med mere 
marginale reservoiregenskaber. Som et led i en regional under­
søgelse af potentielle varmtvandsreservoirer i den danske un­
dergrund er der foretaget en vurdering af den diagenetiske om­
dannelsesgrad af den mellemjurassiske Haldager Formation. 

Den petrografiske sammensætning af Haldager Formatio­
nens sandlag er simpel og stærkt domineret af kvarts (fig. 3 og 
table 2), medens feldspat, glimmer, bjergartsfragmenter og 
tungmineraler udgør underordnede bestanddele. I formatio­
nens fluviatile og deltaiske aflejringer forekommer to væsent­
lige typer af diagenetisk omdannelse, nemlig cementering med 
mineralerne kvarts og kaolinit, og stærk kompaktion af sand­
lagene de steder, hvor de på stor dybde stadig er ucemen-
terede. Kvarts- og kaoUnitcement optræder på stort set alle un­
dersøgte dybder, men ikke systematisk. Blandt prøver fra 
samme boring og næsten samme dybde kan nogle være meget 
tæt cementerede, medens andre er næsten uden cement. I disse 
ucementerede områder har kompaktionen sat sit stærkeste 
præg. Hvor Haldager Formationen ligger dybest (Farsø 1 og 
Aars 1) er kompaktionen blevet særlig kraftig ved, at klastiske 
kom er knust og ved udbredte trykopløsninger af kvarts. 
Kvartscementeringen ses som dannelse af ofte store, velud­
viklede krystaller på de klastiske kvartskom. I modsætning til 
kaolinitcementering bidrager disse kvartsovervoksninger for­
holdsvis lidt til permeabilitetsreduktionen. 

Kaolinit cementen er meget uregelmæssigt fordelt og udfyl­
der pletvis porerne fuldstændigt. Krystallerne kan findes i ure­
gelmæssige aggregater eller velordnede, f.eks. i ormelignende 
stabler. Kaoliniten ses lejlighedsvis at replacere feldspat eller 
glimmer. 

De indbyrdes vækstrelationer mellem kvarts og kaolinit vi­
ser, at kvartsen er vokset før og delvis samtidig med kaoliniten. 
I de marint aflejrede Haldager sandsten forekommer poikilitisk 
calcit, hvorimod dette aflejringsmiljø var ugunstigt for nyvækst 
af kvarts og kaolinit. 

Feldspatkomene er i hele basinområdet i almindeUghed me­
get stærkt nedbmdte. Enkelte ses at være replaceret af kaolinit, 
medens der i mange tilfælde er opstået sekundær porøsitet gen­
nem en næsten fuldstændig opløsning af feldspaten. Siderit, py-
rit og jerahydroxider forekommer ahnindeligt, men normalt i 
meget beskedne mængder, medens nydannet feldspat er sjæl­
den. 

Der ses ikke nogen tydelig relation mellem cementerings-
mønstret med kvarts og kaolinit og dybden, og det konkluderes 
at denne cementering er foregået tidligt efter aflejring og er be­
tinget af forhold i aflejringsmiljøet. Kaoliniten kan med sine 
løst pakkede krystalstabler udgøre en risiko for tilstopning af 
reservoiret ved pumpning, idet de små krystaller kan rives løs, 
føres med vandstrømmen og danne propper i porehalsene, 
hvorved permeabiliteten hurtigt falder. 
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