Silica diagenesis and its effect on porosity of upper
Maastrichtian chalk - an example from the Eldfisk Field,

the North Sea
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Diagenetic precipitation of silicate minerals such as quartz
and clay minerals can reduce the permeability and porosity
of chalk as they precipitate as cement in pores (e.g. Taylor
& Lapré 1987; Maliva & Dickson 1992). However, the pre-
cipitation can also result in early lithification and help to pre-
serve porosity during burial.

Several studies of diagenesis have been carried out on
chalk samples from the North Sea oil fields (e.g. Scholle
1977; Maliva & Dickson 1992; Hancock 1993) but only a
few have focused on silica diagenesis (Fabricius & Borre
2007; Fabricius ef al. 2007). Silica is not a major constitu-
ent of chalk but is abundant in some intervals where it in-
fluences the reservoir properties, as seen for example in the
Ekofisk Formation and in a few intervals in the underlying
Tor Formation in the Eldfisk and Ekofisk fields. This distri-
bution may indicate that the variations are linked to facies
and palaco-oceanography; the silica either representing dia-
genetically reprecipitated biogenic silica, volcanic ash falls
or a high input of detrital minerals (Scholle 1977; Kennedy
1987; Fabricius & Borre 2007).

This paper discusses diagenesis of quartz- and kaolinite-
rich intervals in the deeply buried upper Maastrichtian chalk
of the upper Tor Formation (TA layer) in core 2/7-B-12 A
from the Eldfisk Field in the Norwegian sector of the North
Sea (Fig. 1). The study was carried out as part of a PhD
project at the Geological Survey of Denmark and Greenland
and the Department of Geography and Geology, University
of Copenhagen (Madsen 2009). The objective of the study
was to understand the processes leading to formation and
enrichment of quartz and kaolinite and the resulting influ-
ence on porosity.

Lithology and mineralogy

The upper Tor Formation consists of grey bioturbated
chalk with stylolites, argillaceous solution seams and a
few marly layers in the studied core (Fig. 2). A single firm-
ground is present at 10 480 ft. The chalk is usually al-
most pure carbonate with 96-97% calcite. The insoluble
residue mainly consists of quartz and kaolinite, with small
amounts of illite-smectite, feldspar, fluor-apatite, crandelite

(CaAl;(POy),5(OH)-5H,0), dolomite, pyrite and fluorite.

However, up to 12% insoluble residue is present in two inter-
vals at 10 420-10 431 and 10 470-10 480 ft. The 10 420—-
10 431 ft interval contains abundant stylolites, and overall
the insoluble residue consists of the same minerals as in the
pure chalk. The 10 470-10 480 ft interval only contains few
marly layers and stylolites, and the insoluble residue in this
interval is dominated by kaolinite and quartz.

Quartz occurs as euhedral crystals, aggregates and subhe-
dral crystals. The euhedral crystals are six-sided and double-
terminated by six-faced pyramids up to 10 pm long (Fig. 3A).
Both crystals and aggregates are commonly associated with
kaolinite. The quartz crystals commonly sit on kaolinite
crystals but may also enclose the kaolinite (Fig. 3C). In the
10 420-10 431 ft interval the subhedral quartz crystals, up
to 25 pm in size, enclose recrystallised coccolith fragments
and older quartz crystals. The subhedral quartz crystals only
show few well-developed crystal faces, commonly with im-
prints from recrystallised coccolith fragments.

Kaolinite occurs as hexagonal crystals arranged in book-
lets, commonly around 5 pm in diameter (Fig. 3A-C). The
kaolinite is found both in voids and as part of the matrix. It
is often associated with quartz aggregates and single quartz
crystals (Fig. 3A, B). Energy-dispersive X-ray spectroscopy
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Fig. 1. Map of the North Sca region showing structural elements and the
location of the Eldfisk Field. Dashed lines: national borders.

© GEUS, 2010. Geological Survey of Denmark and Greenland Bulletin 20, 47-50. Open Access: www.geus.dk/publications/bull 47



17 RHOB (g/cm? 27

Depth 0.6 NPHI (v/v(%ecim)al) 0

(fe) ! :

10 400 J—

[ )

10 405 4[] =—=

[ —

10 410 -_—

10 415 -

{-:I
10 420 - | e
,E-
s e
fF
ey
10 430 - | BE==
o
10 435 {711
10 4401 |
10 445 -
=
10 450 111
1
10 455 1A ==
10 460 {71 4
ﬁ_:l
10 465 -
10 470 1= [E —
- &l
— [ Eaaaa—

T E————am R
- /_:EI

10 480 { L wf

10 485

0 2 4 6 8 10 12
Insoluble residue (%)
@ Chalk - Quartz
E Argillaceous chalk |:| Kaolinite
E Marl layer - Apatite
[ stylolite I Dolomite

- Pyrite
|:| Feldspar
- Crandelite

Fig. 2. Lithological and petrophysical logs of the upper part of the Tor For-
mation, showing the 10 400-10 495 ft interval in the 2/7-B-12 A core.

analyses show that the kaolinite primarily consists of Si,
Al and O. Illite-smectite is present in trace amounts in all
samples analysed by X-ray diffraction. It has a delicate, flaky
morphology (Fig. 3D) and contains small amounts of K and
Mg in addition to Si, Al and O.

Petrophysical characteristics of intervals
rich in insoluble residue

In order to determine the petrophysical properties of the
intervals high in insoluble residue, petrophysical logs, litho-
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logical variations and mineralogy were compared with each
other. The interval 10 420-10 431 ft contains much more
quartz and kaolinite than the surrounding chalk. The low-
er part of the interval shows high gamma-ray values (GR;
Fig. 2). The neutron log (NPHI) and density log (RHOB)
responses are similar to the surrounding chalk. High GR
values are also seen below the 10 420-10 431 ft interval, in-
dicating that the interval rich in insoluble residues extends
down to 10 440 ft. In the 10 470-10 480 ft interval high GR
values correlate with high contents of kaolinite and quartz,
whereas no obvious peaks in NPHI and RHOB can be re-
lated to changes in the mineralogy (Fig. 2).

A neutron log versus density log plot of the studied suc-
cession shows that the chalk mainly plots between the
sandstone and limestone trends (Fig. 4). This is due to the
presence of hydrocarbons which are lighter than saline pore
water. Both intervals rich in insoluble residue and the chalk
between 10 415-10 485 ft have higher density and lower po-
rosity than the upper interval at 10 400-10 415 ft. The esti-
mated porosity of the chalk in the 10 400-10 415 ft interval
is around 35% whereas the quartz- and kaolinite-rich inter-
vals have porosities around 25% (Fig. 4). The high gamma-
ray values (dark-brown plus signs) represent clay-rich parts
and have estimated porosities of 20-25%.

Silicate diagenesis

The quartz and kaolinite may either have derived from de-
trital grains or from devitrification of volcanic ash. How-
ever, the latter produces bentonite which is dominated by
illite and montmorillonite. Hence, volcanic ash cannot be
the source. Weathering products such as smectite, kaolinite,
quartz and feldspar from the nearby Baltic Shield are a more
likely source for the quartz and kaolinite as also suggested
by Kennedy (1987). The distribution of quartz and kaolinite
in the two insoluble-rich intervals also indicates an event of
longer duration than a volcanic eruption. However, some
of the authigenic quartz probably originated from phase
transformations of biogenic opal-A to opal-CT and finally
to quartz.

The occurrence of long booklets of kaolinite indicates
that some of it precipitated from solution (Fig. 3B). But the
close association between quartz and kaolinite seen in the
scanning electron microscope images indicates that they
originated from mineral reactions (Fig. 3A, C). The disap-
pearance of smectite and the formation of illite with depth
are well known in the Central Graben in the North Sea and
in other sedimentary basins (Compton 1991; Abercrombie
et al. 1994; Drits et al. 1997). However, since kaolinite is the
most abundant clay mineral in the studied interval, a slight-



Fig. 3. Scanning electron microphotographs of
chalk samples illustrating components of the
insoluble residue. A: Double-terminated quarts
crystal (Q) sitting on kaolinite (K). B: Quartz
aggregates (lower left corner (Q), consisting of
sub-micron sized quartz crystals) and booklets
of kaolinite (K). C: Kaolinite (K) embedded in
quartz (Q). D: Flaky illite-smectite (Is).

ly different mineral reaction is suggested where smectite is
mainly transformed to kaolinite, following the equation:

smectite + K-feldspar > kaolinite + quartz + illite-smectite

The formation of kaolinite and illite-smectite is probably the
result of release of Mg and Fe from the octahedral layer and
Si from the tetrahedral layer in the smectite (Hower ez 4l.
1976), which enables precipitation of quartz near the kaoli-
nite as seen in Fig. 3. During this transformation aluminium
is preserved in the structure (Compton 1991). The released
Mg and Fe must have diffused away because only small
amounts of dolomite or other Mg- and Fe-rich minerals are
observed in the chalk (Fig, 2). Alternatively the smectite was
originally poor in Mgand Fe.

Additional potassium, from K-feldspar or other sources
is needed to form smectite-illite (Hoffman & Hower 1979;
Compton 1991). The fact that kaolinite is the most common
authigenic clay mineral indicates that detrital potassium-
rich minerals were rare. However, dissolution of potassium-
rich minerals has probably contributed with Al Si and some
K to the formation of kaolinite and smectite-illite, with ex-
cess Si precipitating as quartz. The mineral assemblage with
kaolinite and quartz indicates a potassium-poor system, but
the high gamma-ray values recorded in the two insoluble-rich
intervals imply that minerals containing potassium or other
radiogenic elements are indeed present (Fig. 2).

Porosity reduction

Due to a high primary content of detrital smectite and illite-
smectite in the 10 420-10 431 and 10 470-10 480 ft inter-
vals, the primary sorting and hence the initial porosities were
lower than in the surrounding chalk. The neutron log versus
density log plot (Fig. 4) shows an estimated porosity of ¢. 35%
for samples of pure chalk (the 10 400-10 415 ft interval),
and porosities of ¢. 27% and 22% for the 10 420-10 431 and
10 470-10 480 ft intervals that are rich in insoluble residue.
This confirms that the content of detrital minerals had a
great effect on the initial porosities. However, precipitation
of quartz and kaolinite in pores reduced the porosity further.

Conclusions

Two intervals with high contents of insoluble residue, up to
12%, were found in the upper Tor Formation in the 2/7-B-12
A core from the Eldfisk Field. The insoluble residue prima-
rily consists of authigenic quartz and kaolinite with subordi-
nate illite-smectite. The kaolinite, illite-smectite and quartz
formed both by precipitation from solution and by mineral
reactions during burial. The release of Mg, Fe and Si and the
addition of Al in the crystal latice of detrital smectite result-
ed in a mineral reaction that formed most of the kaolinite.
Dissolution of feldspar contributed Al, and the released Si
precipitated as quartz at or near the kaolinite. The intervals
represent potassium-poor systems where kaolinite precipitat-
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Fig. 4. NPHI versus RHOB plot of the 10 400-10 495 ft interval in core
2/7-B-12 A from the Eldfisk Field. Trends for sandstone, limestone and
dolomite porosities are shown for comparison. The pure chalk at 10 400-
10 420 fr mostly shows high estimated porosities (c. 35%), whereas the
lower section and the intervals rich in insoluble residue show lower
porosities. The dark brown coloured data points reflect high gamma-
ray value samples, which also have the lowest estimated porosities (the

10 470-10 480 ft interval).

ed rather than illite-smectite. The high content of insoluble
residue in the 10 420-10 431 ft and 10 470-10 480 ft inter-
vals was probably caused by a high content of detrital miner-
als, causing poor sorting and lower porosities compared to
the more pure chalk. Precipitation of kaolinite and quartz
caused a minor additional reduction of the porosity in the
insoluble residue-rich intervals.
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