
Contents lists available at ScienceDirect

Marine and Petroleum Geology

journal homepage: www.elsevier.com/locate/marpetgeo

Research paper

Compaction, rock physics and rock properties of sandstones of the Stø
Formation: Case study of five wells from the south-western Barents Sea,
Norway

Oluwakemi Yetunde Ogebulea,∗, Jens Jahrena, Nazmul Haque Mondola,b

a Department of Geosciences, University of Oslo, P.O. Box 1047, Blindern, 0316, Oslo, Norway
bNorwegian Geotechnical Institute (NGI), P.O. Box 3930, Ullevaal Stadion, 0806, Oslo, Norway

A R T I C L E I N F O

Keywords:
Barents sea
Compaction
Exhumation
Intergranular volume (IGV)
Rock physics
Permeability
Porosity
Velocity

A B S T R A C T

Five wells containing Lower-Middle Jurassic sandstones of Stø Formation from the Hammerfest Basin (7120/
9–1, 7121/7–1), the Ringvassøy-Loppa Fault Complex (7119/12–1, 7119/12–4) and the Troms-Finnmark Fault
Complex (7019/1-1) in the Barents Sea area are considered in this study. The Stø Formation sandstones contain
dominantly very fine-to medium-grained quartz arenites with occasional coarse-grained sandstone layers.
Feldspathic and quartz wackes are also present. The effect of compaction and exhumation on reservoir properties
(porosity and permeability) and seismic property (P-wave velocity) of these sandstones have been investigated.
Source of quartz cement has also been investigated. Forty polished thin sections embedded in blue epoxy were
studied using optical microscopy, scanning electron microscopy and cathodoluminiscence. Bulk mineralogy was
also analysed using X-ray diffraction.

The studied sandstones have experienced Cenozoic exhumation ranging between 820 and 1050 m. P-wave
velocity is higher; porosities and permeabilities are lower in the western wells (7019/1-1, 7119/12–1 and 7119/
12–4) compared to the eastern wells (7120/9–1 and 7121/7–1). Rock physics models and diagnostics show that
the western wells are diagenetically more mature, stiffer, more compacted and more cemented than the eastern
wells. These trends are attributed largely to difference in burial history from the east to the west and less to
textural variations. Quartz cement is the most important authigenic mineral in these sandstones. Quartz cement
in the western well (7119/12–1) is predominantly derived from clay-induced dissolution at macrostylolites
whereas the eastern wells (7120/9–1 and 7121/7–1) are mostly sourced from clay-induced dissolution at grain
contacts or microstylolites. While cementational porosity loss dominates in the western wells, compactional
porosity loss dominates in the eastern wells. Compaction can reduce porosities down to 26% and this might be
the reason for better porosity preservation and reservoir quality in the eastern wells than in the western wells.

1. Introduction

The Norwegian Barents Sea area is a highly prospective hydro-
carbon province. The Lower-Middle Jurassic Stø Formation is the most
important reservoir rock in the area of study. This reservoir rock like
every other rock has experienced its properties change continuously
from deposition through burial and during uplift. These changes are
referred to as compaction.

Compaction is a term that describes porosity reduction and in-
creased density and velocity during burial (Storvoll and Brevik, 2008).
Compaction could either be mechanical where changes occur as a
function of effective stress or chemical where changes are due to tem-
perature and time (Bjørlykke, 2006). At shallow burial depth, porosity

loss is mainly mechanical in siliciclastic rocks and is due to grain re-
orientation, pseudo-plastic deformation of ductile grains and brittle
grain fracturing (Bjørlykke et al., 1989; Bjørkum et al., 1998; Chuhan
et al., 2002; Mondol et al., 2007; Fawad et al., 2011). At depositional
surface, an intergranular volume (IGV) of about 40% is present in well
sorted sands. At the onset of chemical compaction, IGV in sandstones
usually vary between 25% and 30% and could be higher in well sorted
quartz-rich sands (Rittenhouse, 1971; Houseknecht, 1987, 1988; Stone
and Siever, 1996; Ramm, 1992; Paxton et al., 2002; Chuhan et al.,
2003).

At deeper burial, porosity loss is chemical in nature. Chemical
compaction includes processes that involve dissolution of less stable
minerals and precipitation of more thermodynamically stable minerals
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such as smectite transformation to illite and quartz cement at tem-
peratures greater than 70 OC.

Quartz cement is an important cement in sandstones and this ce-
ment is suggested to be sourced from pressure solution (Heald, 1955;
Rittenhouse, 1971; Houseknecht, 1984, 1988; James et al., 1986; Stone
and Siever, 1996). Pressure solution is a process by which detrital
grains or authigenic minerals dissolve at grain-to-grain or inter-
crystalline contacts (Bjørkum, 1996; Tada and Siever, 1989). What is
considered as pressure solution has been argued to be clay induced
dissolution-CID (Oelkers et al., 1992, 1996; Walderhaug, 1994; 1996;
Bjørkum, 1996; Bjørkum et al., 1998; Walderhaug and Bjørkum, 2003;
Walderhaug et al., 2004). Clay induced dissolution involves dissolution
of quartz at quartz grain contacts bearing mica or clay either on micro
scale (microstylolites) or at high-amplitude stylolites (macrostylolites)
through thermodynamic forces rather than stress. The dissolved silica is
afterwards diffused a short distance away to other quartz grain surfaces
from clay or mica surfaces and precipitates as quartz overgrowths.
Dissolution is initiated when there is an increase in the solubility of
quartz grains either at grain contacts or along stylolites and solubility
increases when the quartz grain is fractured (Bjørlykke and Egeberg,
1993). CID at grain contact is an agent of intergranular compaction
which leads to a reduction in IGV but may or may not always lead to
reprecipitation of cement in same sample (Rittenhouse, 1971; Tada and
Siever, 1989; Bjørlykke et al., 1992; Stone and Siever, 1996). If re-
precipitated, quartz cement in this case may cause a reduction in pore
volume and an increase in rock (Bjørkum et al., 1998; Bjørlykke, 1998;
Thyberg and Jahren, 2011; Walderhaug, 1996).

Quartz cementation process is controlled by precipitation rate
(Walderhaug et al., 2004) and will progress further as long as tem-
peratures are greater than 70 OC and there is availability of pore space
to contain such cement. This will continue even during basin uplift or
inversion as long as the temperature remains greater than 70 OC
(Bjørlykke and Jahren, 2010).

Previous studies of Upper Jurassic sandstones of the Norwegian
Continental Shelf show that reservoir quality and quartz cementation
are controlled by thermal exposure variations and grain coating mi-
croquartz (Aase et al., 1996; Maast et al., 2011; Ramm et al., 1997).
Coatings on sand grains such as chlorite and hematite may retard or
disturb quartz overgrowth (Maast et al., 2011). High geothermal gra-
dients combined with low rates of subsidence will cause an increase in
rate of quartz cementation or an integrated increase in quartz cement
over the same time interval (Walderhaug, 1994, 1996; Walderhaug
et al., 2004).

Compaction processes in sedimentary basins influence seismic
properties such as velocity and bulk density (Marcussen et al., 2010).
The interplay between sandstone reservoir parameters including grain
size, sorting, shape, porosity, number of grain contacts, and clay con-
tents strongly control compaction behaviour in sandstones (Zadeh
et al., 2016; Fawad et al., 2011; Giles, 1997; Bjørlykke et al., 2004;
Waples and Couples, 1998). Grain size and grain strength play sig-
nificant roles in mechanical compaction. Well sorted coarse-grained
sand has a higher compressibility than fine-grained sand when the
mineralogy is the same. Shaly sandstones have lower porosity which in
turn causes higher velocities than in quartz-rich sandstones. On the
otherhand, Quartz-rich sandstones have higher velocities than shaly
sandstones for the same porosity as a result of mineralogy effect
(Chuhan et al., 2002, 2003; Fawad et al., 2011; Zadeh et al., 2016).
Differences between experimental mechanical compaction of shales
(Mondol et al., 2007), sands (Fawad et al., 2011; Zadeh et al., 2016),
and well log data may be attributed to exhumation, overpressure, ce-
mentation, or hydrocarbon emplacement (Storvoll et al., 2005). The
differences between compaction trends and well logs and the gap be-
tween seismic properties and reservoir properties are bridged and
better understood through rock physics (Avseth et al., 2010a, 2010b).

Rock physics models are used to diagnose rock texture of shales and
sandstones when velocity and porosity are known. Dræge (2011) for

example came up with a diagenetic rock physics model that in-
corporated temperature in its modelling of sandstones and shales. Local
geologic trends including compactional and depositional trends are
used to constrain rock physics models. The slope of velocity-porosity
trends in sandstones is largely controlled by the geologic process that
defines porosity (Dvorkin and Nur, 1996; Vernik and Nur, 1992; Han
et al., 1986). Steep velocity-porosity trends in sandstones are attributed
to diagenetic effects such as compaction, cementation and pressure
solution on porosity hence, such steep velocity-porosity trend is re-
ferred to as compactional trend, whereas, depositional trends which are
controlled by sorting and clay content yield flatter velocity-porosity
trends. Rock physics models such as contact cement model of Dvorkin
and Nur (1996), constant cement model of Avseth et al. (2000) and
modified upper Hashin Shtrikman bounds (Hashin and Shtrikman,
1963; Berryman, 1995) are some models that easily diagnose ce-
mentation in rocks. Rock physics template (RPT) was first introduced
by Ødegaard and Avseth (2003). RPT is a locally constrained chart that
models lithology and fluid prediction through a combination of diage-
netic and depositional trend with Gassmann fluid substitution.

The Barents Sea is a complex area which has experienced several
episodes of rifting, subsidence, upliftment, erosion, and reburial. A
combination of uplift and erosion is referred here as exhumation.
Various studies on the estimation of exhumation in the Barents Sea area
have been done (e.g. Baig et al., 2016; Dimakis et al., 1998; Henriksen
et al., 2011; Nyland et al., 1992; Ohm et al., 2008; Riis and Fjeldskaar,
1992; Storvoll et al., 2005). Exhumation plays an important role in
defining present day properties of rocks including reservoir, source, and
cap rocks.

Bjørlykke et al. (1989) stressed the importance of reconstructing the
burial and uplift history for compaction studies as compaction of se-
dimentary rocks are strongly dependent on mineralogy, burial history
and temperature. Exhumation estimates have been obtained through
different techniques by several workers including Baig et al. (2016),
Henriksen et al. (2011), Ohm et al. (2008), Storvoll et al. (2005),
Hansen (1996), and Densley et al. (2000). Various established techni-
ques for carrying out exhumation estimation are also discussed by
Magara (1978). Magara (1978) discussed the preference of shale velo-
cities over sandstones for exhumation studies. Velocity data are useful
for the analysis of sedimentary basins as tools for lithology, facies, fluid
and overpressure recognition as well as for burial and temperature
history reconstruction (Storvoll et al., 2005). In uplifted areas, there is a
shift in the normal compaction trend of shales in a direction of in-
creased compaction when compared to an area which is not uplifted.

The changes in porosity and permeability might not follow a well-
defined trend in sedimentary basins as they are controlled by en-
vironmental variations and depositional processes (Bjørlykke, 1988; Ali
et al., 2010). It is therefore important to understand porosity and per-
meability distribution in sandstones within the context of its own se-
dimentary basin. This is accomplished by understanding the processes
that may preserve or destroy porosity and permeability within such a
basin (Bjørlykke, 1988).

An understanding of how exhumation may affect compaction, di-
agenesis and reservoir properties has been a strong motivation for this
study. This research therefore aims to understand the behaviour of re-
servoir rock properties such as velocity, porosity and permeability with
respect to compaction and exhumation of sandstones. In addition, the
study aims to investigate controls on reservoir quality, to understand
porosity preservation mechanism in the chemical compaction domain
and finally, to understand the source of the quartz cement.

The present study focuses on the Jurassic sandstones of the Stø
Formation in five wells from the Norwegian Barents Sea. Summary
information on the wells is shown in Table 1. These sandstones have
been evaluated by an integrated approach which is categorized into two
parts. Part 1 contains petrophysics and rock physics analyses from well
logs. Compaction, exhumation estimation and correction were done on
mudrocks. For the sandstones, brine substitution was carried out and in
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turn used in the evaluation of rock physics depth trends and rock
physics diagnostics. In situ rock properties were used for rock physics
template.

Part 2 shows core and thin section evaluation. We make use of
optical microscopy on thin sections for point counting of minerals and
pore space; grain size analyses of 50 grains per thin section and sorting
estimation of the sandstone grains. Scanning electron microscopy has
also been implemented for cementation and mineralogy analyses on
stubs and in thin sections. In addition, X-ray diffraction is used to
analyse for both bulk and clay mineralogy of the sandstones. Data on
helium porosity and permeability are obtained from the Norwegian
Petroleum Directorate website. A summary of the workflow utilized in
our study is presented in appendix and is further discussed in section 3-
Materials and Methods. The data generated in this study may be useful
for rock physics modelling in the chemical compaction zone. The data is
also applicable to quartz cementation modelling in order to better un-
derstand the timing of cementation and the overall effect of cementa-
tion on basin history. This in turn can be useful to improve the inter-
pretation of well log and seismic data.

2. Geological background and structural setting

The study area generally lies within the south-western Barents Sea
and includes parts of the Snøhvit Field of the Hammerfest Basin; the
Ringvassøy-Loppa Fault Complex which borders the Tromsø Basin and
the Hammerfest Basin; and the Troms-Finnmark Fault Complex ad-
jacent to the Tromsø Basin (Fig. 1a and b). The Hammerfest Basin
which is host to wells 7120/9–1 and 7121/7–1 trends ENE-WSW. It is a
relatively shallow basin which divides into western and eastern sub-
basins. The western sub-basin, which contains some wells of interest in
this study, dips westwards towards the Tromsø Basin and contains fault
systems that trend E-W, ENE-WSW and WNW-ESE. The basin dates back
to Late Devonian-Early Carboniferous and contains Upper Paleozoic to
Cenozoic sediments. The eastern sub-basin is less faulted (Berglund
et al., 1986; Gabrielsen et al., 1990; Linjordet and Olsen, 1992). Faults
were reactivated in the Late Jurassic to Early Cretaceous. Ringvassøy-
Loppa Fault Complex (RLFC) houses well 7119/12–1 and well 7119/
12–4. RLFC was first defined by Gabrielsen et al. (1984) as a north-
south trending area with west-dipping major faults. RLFC is a zone of
transition from the Tromsø Basin to the Hammerfest Basin and it meets
the Troms Finnmark Fault complex to the south (Fig. 1b). The main
subsidence in this area was initiated in Mid-Jurassic and reached its
peak in the Early Cretaceous. Fault reactivation took place in the Late
Cretaceous which further affected the Tertiary strata in the area
(Gabrielsen et al., 1990). Troms-Finnmark Fault Complex which hosts
well 7019/1-1 is a north-east trending boundary (Fig. 1a) between
more stable southern and south-eastern landward platform areas and
basinal areas of Upper Paleozoic to Cenozoic age such as the Tromsø
Basin and the Hammerfest Basin (Gabrielsen et al., 1990; Olaussen
et al., 1984). This zone consists of normal faults which date back to Pre-
Permian, but these faults were reactivated episodically from the Late
Cretaceous to Early Tertiary up until the Eocene. Maximum subsidence/

burial along the fault complex is in the Late Jurassic to Early Cretaceous
(Gabrielsen et al., 1990).

Rifting was initiated in the SW Barents Sea in the Middle-Late
Jurassic as indicated by the Middle-Late Jurassic sequence boundary
shales/mudstones (Faleide et al., 1993). The Jurassic stratigraphy of the
south-western Barents Sea is divided into two distinct Groups which are
Kapp Toscana and Adventdalen groups (Fig. 2). These two Groups are
separated by a rifting event which defines the paleo-environment of
deposition for each group. The Kapp Toscana Group is of pre- and syn-
rift and is exposed to deltaic and shallow marine environment which
largely contains sandstones. The main reservoirs in the South Western
Barents Sea are these Kapp Toscana sandstones to which the Stø For-
mation belongs. The Adventdalen Group is of post-rift period and deep
sea environment which comprises of mudrocks that bear the source
rocks (Fuglen and Hekkingen formations) of the area.

In the Early Jurassic, global sea level began to rise causing the de-
position of the Stø Formation in a shoreline and near shore depositional
environment where bioturbation and storm-wave processes prevailed
(Olaussen et al., 1984). The upper part of the Stø Formation represents
more distal marine facies i.e. lower shoreface to offshore environments.
Fine to medium grained sandstones dominate the Stø Formation over a
large area. The lower unit of the Stø Formation (S-I in Fig. 2) suggested
by Olaussen et al. (1984) consists of moderately sorted fine-grained
sandstones interlayered with well sorted sandstones. It is occasionally
bioturbated and contains silty laminations. More rounded coarse-
grained sandstones occur and these are described as storm generated
beds (Olaussen et al., 1984) but due to the presence of intra-formational
mudclasts, Ramm (1991) describes it as indicative of channel fill de-
posits. The middle unit of the Stø Formation (S-II in Fig. 2) contains
clayey laminations and is bioturbated occasionally with pyrite present
which is indicative of an offshore environment. High siderite content
however indicates a possible lagoonal or isolated bay environment with
periodic freshwater or brackish water influx (Ramm, 1991). The up-
permost unit of the Stø Formation (S-III in Fig. 2) dominantly contains
fine-grained, moderate to well sorted sandstones of high energy beach
or bar environment (Olaussen et al., 1984; Ramm, 1991).

Most pertinent to this study are the Cenozoic uplift and erosion
episodes that have strongly influenced the most parts of the Barents Sea
and have led to present burial depths that differs from the maximum
burial depths the rocks might have experienced. These episodes of uplift
and erosion are depicted as two regional unconformities including the
base Paleogene unconformity and the Upper Regional Unconformities.
(Baig et al., 2016; Faleide et al., 1993).

3. Materials and methods

This study is comprised of two sections and the materials and
methods for each section is summarized in the appendix. The first part
contains petrophysical observations and analyses. Well logs from five
studied wells (7019/1-1, 7119/12–1, 7119/12–4, 7120/9–1 and 7121/
7–1) were first corrected for uplift using shales and mudrocks. A study
of petrophysical properties of Stø reservoir sandstones for the five wells

Table 1
General information of studied wells.

7019/1-1 7119/12-1 7119/12-4 7120/9-1 7121/7-1

Kelly bushing (m) 24 25 23 23 22
Water depth (m RKB) 190 200 192 320 329
Total depth (MD-mRKB) 3003 3088 2917 2300 2160
Final vertical depth (m RKB) 2998 3087 2910 2300 2160
Bottom hole temperature (°C) 108 96 105 73 72
Bottom hole temperature (°C) before exhumed 138 124 138 109 110
Paleo-temperature at Top of Sto Formation (°C) 117 110 115 93 99
Geothermal gradient (°C/Km) 37 32 37 35 37
Maximum burial depth of Top Sto Formation (m RKB) 3266 3533 3196 2889 2898|
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Fig. 1. a) Regional map and b) Geological map of the study area showing well locations, main structural features, geological boundaries, hydrocarbon fields and
discoveries. TFFC = Troms-Finnmark Fault Complex. The maps are modified from Nooraiepour et al. (2017) and NPD (2019).
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was also carried out. Log types used include gamma-ray, compressional
wave transit time (P-wave), bulk density, neutron and resistivity logs.
Shear wave transit time was available only in well 7119/12–4 while it
was calculated for other wells using Shear Sonic QC/Create module
after Greenberg and Castagna (1992) in Interactive Petrophysics (IP).
Gamma Ray Index (Z) was computed for each well from equation (1)
(Asquith et al., 2004). Corresponding shale volumes were calculated for
Tertiary rocks and older than Tertiary clastics after Larionov (1969) as
shown in equations (2) and (3) respectively.

= − −Z Gr Gr Gr Gr   (     )  / ( )Clean Clay Clean (1)

= −Vsh 0.083 (2    1)Z3.7 (2)

= −Vsh 0.33 (2 1)Z2 (3)

Where Z is the Gamma Ray Index, Vsh is the Gamma Ray-computed
shale volumes, Gr is the gamma ray value from the log, GrClean is the
gamma ray value in the cleanest sandy zone and GrClay is the gamma
ray value for the most clay-rich zone. In addition to this, for the
sandstone sections, a resistivity and a neutron-density approach to clay
volume computation were done interactively within the IP software. An
average from the gamma ray, neutron-density and resistivity calculated
shale volumes were then applied in such zones. This corrects for the
presence of hydrocarbon in the sandstones. Carbonate layers were ex-
cluded by the use of neutron-density cross plot.

As the Stø Formation is pre-Tertiary in age, a shale volume cut off of
0.25 from equation (3) is used to discriminate sandstones from other
lithologies in this study. Lithostratigraphic correlation across the five
wells is carried out by the use of reversed Gamma Ray logs, colour-
coded by clay volume (Fig. 2). These reversed plots were made to mimic
sedimentary logs. In Fig. 2, the wells are grouped into western and
eastern wells; the western wells include wells 7019/1-1, 7119/12–1
and 7119/12–4 while the eastern wells include wells 7120/9–1 and
7121/7–1. The three Stø Units S- I, S-II and S-III are shown in the
correlation panel in Fig. 2.

Exhumation estimation was carried out using compressional

velocity data of mudrocks (Vsh > 0.75) and experimental curves of
Mondol et al. (2007). In order to calculate exhumation, velocity-depth
trends in shallow mudrocks of the five wells were compared to em-
pirical velocity depth trends of Mondol et al. (2007). Data were plotted
at 5m intervals for the mudrocks and estimate of exhumation was ob-
tained by shifting the log data points downward in depth until it closely
matched the empirical trends (Fig. 3) and such change in depth was
measured as an estimate of exhumation. Experimental curves of Mondol
et al. (2007) are limited in their use as they do not take chemical
compaction into account and might be best suited to uncemented
lithologies of known mineralogy.Values obtained from this procedure
are included in Table 2 along with values extracted from published
maps and papers including Baig et al. (2016), Ohm et al. (2008),
Storvoll et al. (2005), Henriksen et al. (2011), and Mondol et al. (2007).
Exhumation estimate (see Table 2) from Baig et al. (2016) was the
preferred choice because the estimation involved the use of several
methods and data rather than an assumption of mineralogy to match an
experimental curve as was done above. Estimates from Baig et al.
(2016) were added to the present burial depth to give the possible
maximum burial depth for the rocks. The total depth and bottom hole
temperature available (Table 1) were used to compute for the geo-
thermal gradient which was in turn used along with the maximum
burial depth to compute for the maximum temperature the rocks might
have been exposed to (see Table 1). A limitation to the use of bottom
hole temperatures for estimation of paleotemperatures is that they may
differ from true formation temperatures as a result of circulation of
drilling mud. Also, the measurements may be uncertain and may be
unreliable for older wells. We assumed a linear geothermal gradient but
this may not be the case as the uplift may cause steeper temperature
gradients at shallower layers than in deeper layers. In addition, present
day temperatures as well as geothermal gradients may not necessarily
represent the past. Differences in paleo-geothermal gradients from the
present ones will affect exhumation estimates. In this study, we there-
fore assumed for simplicity that the geothermal gradients were constant
through time in order to estimate for paleotemperatures.

Fig. 2. Lithostratigraphic correlation of the Stø Formation using gamma ray logs. The gamma-ray log is reversed so that it gives a semblance to a sedimentary log.
Colour variation in the units is based on shale volume. The Geological Time Scale and stratigraphic succession are modified from Glørstad-Clark et al. (2010). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Rock physics diagnostics of the sandstones were carried out on ve-
locity-porosity trends for brine-saturated sandstones along with over-
lain rock physics models and elastic bounds while rock physics tem-
plates were used to understudy the original rocks. The sandstones were

substituted with brine using fluid substitution module in IP (Gassmann,
1951; Avseth et al., 2010a, 2010b) and Batzle and Wang (1992) rela-
tions. The model lines were created under the assumption that the rock
is pure quartz with a depositional porosity of 40%. Rock physics and

Fig. 3. Velocity-depth trends for mudrocks (Vsh > 0.75) of western wells −7019/1-1, 7119/12–1 and 7119/12–4 (left) and eastern wells −7120/9–1 and 7121/
7–1 (right). Figures a and b show velocity at present burial depth, colour-coded by wells; c and d show velocity at present burial depth colour coded by present day
temperature. Figures e and f show velocity at present burial depth (gray points) and at maximum burial depth (coloured points colour-coded by the maximum
temperature experienced before uplift). Dashed line is experimentally compacted 80:20 smectite-kaolinite curve while the solid line is 60:40 smectite-kaolinite curve
from Mondol et al. (2007). MC, TZ and CC are mechanical compaction, transition zone and chemical compaction respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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petrophysical plots were made at 5m intervals for the western wells and
at 1m interval for the eastern wells where data points were fewer.

The second section contains core and thin section studies and ob-
servations. Forty polished thin sections were available from core sam-
ples at selected depths from wells 7119/12–1, 7120/9–1 and 7121/7–1.
All samples were impregnated with blue epoxy in order to highlight
porosity. These thin sections were studied under an optical microscope
and point counted twice with three hundred points per thin section.
Average results were taken of each counted parameter including mi-
neralogy, primary (intergranular) porosity and secondary (in-
tragranular) porosity. Grain size was determined by measuring the long
axis of fifty grains per thin section and calculating the mean value.
Sorting was computed with the aid of GRADISTAT (Blott and Pye,
2001) as standard deviation of the long axis measurement of the fifty
grains per sample. The thin sections were also examined with a scan-
ning electron microscope (SEM) for quartz overgrowth, clay coatings on
the surface of quartz grains, clay content and estimation of percentage
area covered by porosity and minerals for comparison with estimates
obtained from thin section counts. Bulk mineralogical composition was
analysed through X-ray diffraction (XRD). Twenty two untreated and
non-oriented samples from two wells (wells 7120/9–1 and 71217–1)
were analysed on a Bruker D8 ADVANCE using CuKα radiations for
identification of mineral phases. Semi-quantitative determination of the
mineral phases was obtained automatically through DIFFRAC.EVA.
Bulk mineralogy XRD for the well 7119/12–1 was obtained from Ramm
(1991) while that of the clay mineralogy was calculated from data
obtained from Ramm (1991) by using a method described by Peltonen
et al. (2008). Carbonate- and clay-rich sections were excluded as the
focus of the study is only on sandstones.

Core reports for three of the wells including wells 7119/12–1,
7120/9–1 and 7121/7–1 were available from the Norwegian Petroleum
Directorate. From these, laboratory measurements of porosities and
permeabilities were obtained. The modal values of porosities from each
Stø Unit were compared to that obtained from point-counting on thin
section, from area measurement analysis of samples under the scanning
electron microscope (SEM), and from helium porosity in order to sa-
tisfactorily determine which of the log-derived porosity models match
closely with the core-derived porosity. The porosities estimated from
cores seem to match the bulk density derived porosities better. Hence,
the bulk-density porosity is used as log-porosities in this study.

4. Results

4.1. Part 1: petrophysics and rock physics analyses

4.1.1. Exhumation and maximum burial depth
Fig. 2 shows the top of the Stø Formation decreases in present depth

from the western wells to the eastern wells. A summary of exhumation
estimates of the five wells is presented in Table 2. From Table 2, Baig
et al. (2016) estimates were selected and used to obtain the maximum
burial depths and corresponding maximum temperatures which are
included in Table 1. Exhumation is observed to steadily increase from
the most western well at about 820m to the eastern wells at up to
1050m. Considering the Stø Formation which is the focus of this study,
exhumation corrections suggest that the top of the formations (see
Table 1 & Fig. 4a and b) in the western wells are more deeply buried
than those of the eastern wells. From Table 1, well 7119/12–1 is the
most deeply buried at about 3500m from rotary Kelly bushing (RKB)
(~3300m from bottom of sea floor, bsf) followed by wells 7019/1-1,
7119/12–4, 7121/7–1 and the least buried being well 7120/9–1 at a
maximum burial depth of about 2900m RKB (~2500m bsf). Maximum
burial depth after exhumation correction is deepest in the west and
becomes shallower towards the east while the amount of exhumation
decreases westward with the eastern wells being the most uplifted and
western well 7019/1-1 being the least uplifted.

4.1.2. Velocity – depth trend
Velocity-depth data of all brine-substituted sandstones

(Vsh < 0.25) from the five wells are plotted on Fig. 4a to d. The brine
substituted sandstones are used here in order to eliminate the influence
of different reservoir fluids. The location of the Stø Formation along the
wells are shown in Fig. 4a for the western wells and in Fig. 4b for the
eastern wells. Fig. 4a and c shows that the western wells have velocities
ranging from about 3500 m/s to about 5200 m/s with more data point
in the>4500 m/s range. Also, the wells 7019/1-1 (filled circles) and
7119/12–1 (open circles) have higher velocities than the well (open
stars). The sandstones of these wells have undergone maximum tem-
peratures ranging from about 110 OC to about 130 OC (Table 1). On the
other hand, Fig. 4b and d shows that the eastern wells have velocities
ranging from about 3500 m/s to about 4000 m/s with most of the data
being less than 4000 m/s and a few data points greater than 4500 m/s.
Maximum temperatures experienced by the eastern wells range from
over 90 OC to about 100 OC (Table 1).

4.1.3. Porosity-depth trend
Porosity-depth trends are plotted in Fig. 4e and f. The western wells

7019/1-1 and 7119/12-1 have porosity ranging from about 2% to 15%
with modal porosity values of about 5–8% while well 7119/12-4 has
porosity ranging from around 15% to almost 30% (Fig. 4e). In the
eastern wells, porosity ranges from about 10 to greater than 25% with a
modal porosity value of 15–20% (Fig. 4f). Shale volume which is co-
loured onto the plots shows a more obvious effect in the well 7121/7–1
(open circles) as higher porosities are observed where the volume of
shale is least whereas, lower porosities are seen where shale volume
relatively higher.

4.1.4. Porosity – velocity trend
The effect of maximum temperature and shale volume on porosity-

velocity (Vp and Vs)) trends are shown for brine-saturated sandstones
of the Stø Formation in both the western wells and eastern wells
(Fig. 5). Overlain on these plots are rock physics trends including
constant cement lines, modified upper Hashin Shtrikman bound, and
modified lower Hashin Shtrikman bound (for 0% Cement line or un-
consolidated line). A linear inverse dependence of velocity on porosity
is observed in these wells with the western wells having much higher
velocities and corresponding lower porosities than in the eastern wells.
Western wells 7119/12–1 (Fig. 5a, e); 7019/1-1 and 7119/12–4
(Fig. 5c, g) have experienced similar maximum temperatures but a
difference is observed in their positions relative to the cement lines. The
eastern wells (Fig. 5b, d, f and h) on the other hand have experienced
lower temperatures than the western wells and are positioned relatively
lower than the western wells.. Well 7119/12-1 have quartz cement
dominantly between 1 and 5% with a few sandstones having cements

Table 2
Exhumation estimates from literature and from experimental compaction
curves.

References Well Names

7019/1-1 7119/12-1 7119/12-4 7120/9-1 7121/7-1

Baig et al. (2016) 820 875 900 1050 1050
Ohm et al. (2008) 750 785 900 785 785
Storvoll et al.

(2005)
– 900 – – –

Henriksen et al.
(2011)

– – – 1000 1000

Mondol et al.
(2007):

Smectite: Kaolinite
(60:40)

1650 750 – 839 777

Smectite: Kaolinite
(80:20)

2050 1150 – 1197 1445.2

O.Y. Ogebule, et al. Marine and Petroleum Geology 119 (2020) 104448
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between 5 and 10% (Fig. 5a,e). Well 7019/1-1 have few of the sand-
stones plotting between 1 and 5% quartz cement line while most plot
between 5 and 10% (Fig. 5c,g). Well 7119/12-4 plots predominantly
between the 10 and 15% quartz cement lines with three points plotting
on scheme 2-modified upper Hashin Shtrikman line on the Vs-Porosity

plot (Fig. 5g). This might be an indication of the presence of some grain-
to-grain contact cements in these three samples. The eastern wells
7120/9–1 and 7121/7-1 plot are have cements between 5 and 10%
(Fig. 5b, d, f, h).

A plot of all five wells and overlays of Voigt upper bound and Reuss

Fig. 4. a) Plot of Vp versus maximum burial depth showing the location of the Stø Formation sandstones (Vsh < 0.25; coloured by well)) relative to the mudrocks
(gray dots) of the western wells (7120/9–1, 7119/12–1 and 7119/12–4) and b) the eastern wells (7120/9–1 and 7121/7–1); c) plot of sandstones of the Stø
Formation of the western wells and d) of the eastern wells; e) plot of porosity versus maximum burial depth of the Stø Formation sandstones in the western wells and
f) in the eastern wells.

O.Y. Ogebule, et al. Marine and Petroleum Geology 119 (2020) 104448
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lower bound (Fig. 6a, c) further depicts the difference in relative po-
sitioning of these wells on velocity-porosity plots with an increase in
velocity and decrease in porosity trending from the eastern wells to the
western wells.

4.1.5. Acoustic impedance – Vp/Vs ratio
Fig. 7 represents a plot of acoustic impedance versus Vp/Vs ratio of

select wells with Vs predicted for all wells except well 7119/12–4. The
sandstones are plotted here with their in-situ fluids with no fluid sub-
stitution carried out. Fig. 7a represents the high velocity – low porosity
western well 7119/12–1. This well was modelled with 15% quartz ce-
ment. Vp/Vs ranges between approximately 1.6 and 1.7 while acoustic
impedance ranges between 10000 and 13000 g/cc*m/s. The oil satu-
rated sandstones are seen to lie along the brine sand line. The inter-
mediate velocity-porosity western well 7119/12–4 is shown in Fig. 7b.
This dry well was modelled using 10% quartz cement. The brine satu-
rated sandstones are sitting on or close to the modelled brine sand line
with Vp/Vs ratio ranging between 1.65 and less than 1.8 while acoustic
impedance varies from 8000 to 10500 g/cc*m/s. The eastern well
7120/9–1 (Fig. 7c) is gas saturated and plots within the gas zone be-
neath the brine sand line. The well was modelled with 5% quartz ce-
ment. Vp/Vs varies between 1.65 and slightly greater than 1.8 while
acoustic impedance ranges from 7500 to 10000 g/cc*m/s in this well.
The modelling shows that Vp/Vs will increase as acoustic impedance
decreases but this is not observed in these wells. Rather, acoustic im-
pedance increases from the western well to the eastern well with similar
Vp/Vs in the three wells.

4.2. Part 2: core and thin section observations

As previously mentioned, thin sections from the Stø Formation were
available from three of the five wells being studied. A summary of
modal analyses from point counting under an optical microscope for all
three wells is shown in Tables 3 and 4. This excludes all carbonate- and
clay-rich sections in order to account for the general variations in the
clean sandstones only. Observations are taken from the eastern well
7119/12–1 of the Ringvassøy-Loppa Fault Complex and the western
wells 7120/9–1 and 7121/7–1 of the Hammerfest Basin.

4.2.1. Petrography
Quartz: Quartz (in volumetric-percentage) is present in amounts

ranging from 76 to 100% in XRD analysis of well 7119/12–1 (Fig. 8a
created from data in Ramm, 1991) while it ranges from 91 to 98% in
well 7120/9–1 (Fig. 8c) and from 83 to 99% in well 7121/7–1 (Fig. 8d).
The ratio of quartz to clay, feldspar and carbonate minerals present
both from XRD analysis and from point counting from thin sections
shows that the Stø Formation sandstones are predominantly quartz
arenites. This is easily seen in Fig. 9 where the data clusters around the
100% Quartz axis. Quartz wackes and feldspathic wackes are present
but less common (Tables 3 and 4). Authigenic quartz overgrowths on
monocrystalline quartz grains are prominent in these wells and this is
the most important cement volumetrically in the Stø Formation (Tables
3 and 4; Fig. 10a and b). In the western well 7119/12–1, quartz cement
ranges in volume from about 1 to 28% (Table 3), while in the eastern
wells, it ranges from 5 to 18% in well 7120/9–1 (Table 3) and from 3 to

Fig. 5. Rock physics plots of porosity versus velocity overlain with modified upper Hashin-Shtrikman bound, contact cement, and different constant cement lines for
western wells (left) and eastern wells (right). Figures a, b, c and d are plots of porosity versus Vp colour-coded by maximum temperaturewhile figures e, f, g and h are
corresponding Vs plotscolour-coded by shale volume. Black diagonal arrow indicates increasing diagenetic trend while gray arrow shows increasing depositional
trend or increasing burial depth or age. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

O.Y. Ogebule, et al. Marine and Petroleum Geology 119 (2020) 104448
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19% in well 7121/7–1 (Table 4). Amongst the three wells, the western
well 7119/12-1 shows a higher amount of quartz cement than the
eastern wells with an average of 16.8%. Among the two eastern wells,
well 7120/9-1 seems to bear slightly higher amounts of quartz cements
(average of 12.1%) than the neighbouring well 7121/7–1 with an
average of 10.6%. It should be noted that quartz cement quantification
may not be accurate from thin section analysis as the detrital quartz
grain is not always separated from the authigenic quartz by dust rim. In
addition, under cathodoluminescence, not all quartz grains are illumi-
nated enough to separate and quantify associated quartz cement.

Feldspar: XRD analysis of well 7119/12–1 (Fig. 8a) by Ramm
(1991) shows that K-feldspar is almost non-existent or occurs in trace
amounts in most part of the Stø Formation. An exception to this is found
in lower unit (S-I) at 2785 and 2788.90 m RKB with amounts between 3
and 5%. Plagioclase feldspar occurs in amounts between 1 and 7% in all
three units (S-I to S-III) of the Stø Formation in this well 7119/12–1
(Ramm, 1991). In the eastern wells, K-feldspar and plagioclase (Fig. 8c
and d) are present in almost equal amount where K-feldspar ranges
from about 1 to 1.5% and plagioclase ranges in volume from about 0.2
to 2.1%. Sample distribution of feldspars in sandstones of an eastern
well is shown in Fig. 10c and d.

Carbonates: The sections with high carbonate content (such as in
Fig. 10e and f) have been excluded from the clean sandstones as this
study focusses on sandstones rather than carbonates. In the Stø For-
mation sandstones, carbonates occur generally in trace amounts (Tables
3 and 4). The western well 7119/12–1 contains authigenic ankerite and
siderite (Fig. 8a). Siderite is present in the top section of S-II and at the

base of the overlying S-III. It is also present at the base of the S-I. It
ranges in volume from about 1 to 3% (Ramm, 1991). Ankerite is present
at about 1% in a sample from 2785.5 m (RKB). Calcite and dolomite are
totally absent from XRD analysis of the western well 7119/12–1
(Ramm, 1991). Unlike the western well, the eastern wells 7120/9–1
and 7121/7–1 contain calcite cement in amounts ranging from 0.1 to
0.4% for calcite and from 0.2 to 0.7% for dolomite. Siderite is present in
the eastern wells but in lesser quantity from 0.1 to 0.4% where avail-
able. Ankerites are present as well and range in value from 0.1 to 1.2%
where present. Siderite is considered an early diagenetic product which
must have precipitated early following or during deposition.

Clay Minerals: Clay minerals observed in the samples include
muscovite, illite and kaolinite (Fig. 11a and b). Illite is the most
common of these minerals. Where present in thin sections, illite is
mostly seen as an authigenic mineral or as clay clasts. This is observed
from bulk XRD mineralogy in both the western and eastern wells with
amounts ranging from ~1 to ~4% in well 7119/12–1 (Fig. 8a), from
0.8 to 5.3% in well 7120/9–1 (Fig. 8b) and from 0.7 to 6.0% in well
7121/7–1 (Fig. 8c). Bulk XRD analysis of Ramm (1991) for western well
7119/12-1 shows that kaolinites are completely absent but only present
in a sample from the base of S-I at 2810.10 m (RKB) with an amount of
9.9%. Kaolinite occurrence is higher although in low amounts in the
eastern wells which is in contrast to observation in the western well. In
well 7120/9–1, it ranges from 0.4 to 1.1% and from 0.6 to 6.8% in well
7121/7–1. When present, they occur either as pore-filling minerals,
feldspar-replacing minerals/kaolinite clasts or in splaying mica. Mus-
covite (Table 3) is low in the western well and it ranges from 0.3 to 1%

Fig. 6. Porosity versus a) Vp for all five wells overlain with rock physics models. The blue arrow direction indicates increasing diagenetic trend and it is parallel to the
modified upper Hashin Shtrikman line. It represents diagenetic trend for more clay-rich sandstones; b) Vp for wells 7119/12–1 and the eastern wells. The broken
black arrow shows direction of decreasing sorting c) A plot of porosity versus Vp (top) and Vs (bottom) of all five wells overlain with Voigt upper bound and Reuss
lower bound.; d) Helium porosity versus permeability plot. The red box focuses on areas of similar porosity but different permeabilities. See detailed explanation in
section 5.2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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where present, while in eastern well 7120/9–1, no muscovite is ob-
served in thin section (Table 3). In well 7121/7–1, muscovite is present
and ranges from 0.3 to 2.6% (Table 4). These muscovites show varying
degrees of illitization. XRD analysis does not clearly discriminate be-
tween illite and muscovite. This means that muscovite is included in the
illite estimate thereby overestimating illite content and under-
estimating the presence and amount of muscovite.

Accessory Minerals: These are present as a small or negligible
fraction of the sandstone grains. Accessory minerals are relatively
denser and more resistant to weathering than the dominant silicate
minerals of the sandstones. Accessory minerals present in the Stø
Formation sandstones include framboidal pyrite, rutile, apatite, zircon,
tourmaline, illitized mica, glauconite, chert and fossil fragments. These
minerals may be indicative of sediment reworking.

4.2.2. Sandstone texture
The Stø Formation in the three wells generally contains very fine-to

medium-grained sandstones and occasionally may contain coarse-
grained sandstones. In well 7119/12–1, the sandstones are dominantly
well sorted and the grains range from fine to medium size sands. Coarse
sandstones are present in the lower Stø unit (S-I) (Tables 3 and 4) and

may contain cherts (Olaussen et al., 1984). The eastern wells are finer
grained and better sorted at each Stø unit than their corresponding
coarser equivalent in the western well 7119/12–1 (Fig. 12). Sorting and
grain size show an inverse relation where sorting becomes poorer as
grain size increases and vice versa. The relatively poorer sorted sand-
stones (i.e. moderately sorted) are seen to be common in the medium
and coarser lower S-I unit in the three wells. While sandstones from
well 7119/12–1 are more rounded to subrounded, those of the eastern
wells 7120/9–1 and 7121/7–1 are more subangular to angular. Con-
cave-convex and sutured contacts between quartz grains are common in
sandstones of well 7119/12–1 with almost no visible to a fair porosity
being present in thin section (Table 3).

4.2.3. Sandstone intergranular volume (IGV) versus quartz cement
IGV ranges from about 7.2% to about 37% in the western well

7119/12–1 with an average of about 25% (Table 3, Fig. 13a). In the
eastern well 7120/9–1, IGV ranges from about 18% to about 41% with
an average of 29%. In well 7121/7–1, IGV ranges from almost
12%–45% with an average of nearly 30%. The eastern wells have si-
milar IGV ranges and averages (Tables 3 and 4, Fig. 13b). IGV above
40% may be attributed to errors in point-counting and overestimation

Fig. 7. Rock physics templates of acoustic impedance versus Vp-Vs ratio for wells a) 7119/12–1, b) 7119/12–4 and c) 7120/9–1. Figures a to c show decreasing
quartz cement, clay content, acoustic impedance and increasing porosity from the western wells to the eastern wells.
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of porosity or cements from thin sections.
Plot of IGV versus quartz cement in Fig. 13a depict the well 7119/

12-1 having 60% of the data plotting closer to the quartz cement axis
than the IGV axes as separated by the single thick, gray diagonal line.
Porosity (parallel diagonal lines) from thin section observation is seen
to dominate between 0 and 10% in this well with an average of 7.5%.
The eastern wells are plotted together here as their IGVs are quite si-
milar with 60% of the data plotting on the lower part of the diagonal
line and closer to the IGV axis. The other 40% plots closer to the quartz
cement axes above the gray diagonal separator. In the eastern wells,
porosity cluster between 10 and 20% with a few points greater than
20% porosity and averages of 16.9% and 18.7% respectively to the well
7120/9–1 and 7121/7–1 (Fig. 13b). Generally, there is low statistical
relationship between IGV and quartz cement with R2 of 0.42 and 0.35
in the western and eastern wells respectively.

Clay matrix (Fig. 13c and d) shows no direct influence on both IGV
and quartz cement in both the eastern and western wells but a re-
lationship is observed with porosity only where clay matrix is greater
than 15% of the rock volume. Grain size shows no direct relationship
with quartz cement, IGV and porosity in the western well (Fig. 13e)
while in the eastern wells (Fig. 13f), quartz cementation in finer grains
(grain size> 2Ø) is seen to be greater than 5% and less than 5% quartz
cement is observed in coarser grains. Sorting does not seem to show any
direct relationship with IGV, porosity or quartz cement in all the wells.

4.2.4. Secondary porosity, core permeability and helium porosity
Secondary porosity is rarely present in the western well 7119/12–1

(Table 3). In the eastern well 7120/9–1, secondary porosity mostly
from feldspar dissolution is present and ranges between 0% and 1.6% of
the rock volume with an average of 0.5% (Table 3). In well 7121/7–1,
secondary porosity ranges from 0% to 6.6% with an average of 2%
(Table 4). Horizontal permeability from cores in the western well 7119/
12–1 ranges up to a second order of magnitude (Fig. 14a) while it is as
high as a fourth order of magnitude in the eastern wells (Fig. 14b). No
obvious trend with depth is observed but a disorder/scatter which has
no direct dependence on quartz cement, bulk clay volume, grain size or
sorting (Fig. 14a, c, e, g) while a linear dependence of permeability is
seen with helium porosity in this well (Fig. 14i). A similar observation is
seen in the eastern wells (Fig. 14b, d, f, h, j). A localized exemption is
seen where an arbitrary linear trend occurs between permeability and
depth only where clay content is less than 5% of bulk rock volume.
Similar trend can be projected to Fig. 14f and h with grain size and
sorting. This localized trend in the eastern wells show decreasing per-
meability with depth for sandstones with similar bulk clay content,
grain size and sorting. Helium porosity ranges from 2 to 15% in the
western well while it varies from 12 to 25% in the eastern wells. Al-
though, porosity is generally lower in the western well than in the
eastern well, but for the same porosity, permeability is higher in the
western well than in the eastern wells.

5. Discussion

5.1. Compaction and sources of quartz cement

Mechanical compaction is seen to dominate at depths of about 2000
m in both the eastern and western wells. This is observed at a tem-
perature of about 70 OC considering Fig. 3e and f. A difference in
gradient is seen in the section above the line and those below the line
labelled the transition zone (TZ). Velocity change in the mechanical
compaction zone is more gradual with depth while a sharper change of
velocity with depth is noticed below the transition zone. Mechanical
compaction is a function of effective stress, which we can assume equals
the difference between overburden stress and pore pressure. Although,
from Fig. 4a and b, the Stø Formation is seen to fall within the chemical
compaction zone, the initial influence of mechanical compaction on
rock physics properties cannot be disregarded.Ta
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Bjørlykke et al. (1989) explains that porosity preservation at mod-
erate burial depths of less than 3000 m may be an indication of slow
rate of porosity loss by mechanical compaction. These may account for
the preservation of higher porosities and lower velocities in the eastern
rocks which have experienced relatively shallower maximum burial
depth (< 3000m) than the western wells (> 3000m). In addition, ce-
mentation at such moderate depth may have preserved porosity by
supporting the framework grains and hence, inhibiting further com-
paction and additional porosity loss in the rock. On the other hand, the
western wells are more deeply buried and have experienced higher
temperatures through time making them more cemented and with
corresponding lower porosity (Figs. 4–7).

High velocities in the western wells may also be attributed to the
coarser grain size of the sandstones (see Figs. 12 and 13e and f). Coarser
grains tend to experience more mechanical compaction and porosity

loss (i.e. higher compressibility) and hence, have higher velocities than
finer grains (Prasad and Meissner, 1992; Zimmer et al., 2002; Zimmer
et al., 2007; Fawad et al., 2011).

Other evidence of the influence of mechanical compaction is seen in
deformation styles, fracture development and type and degree of grain
to grain contact. Fractures are observed within grains from these
sandstones. Investigation under cathodoluminescence as seen in
Fig. 10b shows that the grain in Fig. 10a might have been fractured
under the influence of overburden stress (mechanical compaction) and
these fractures sometimes become healed through quartz cementation
infill. Many of these fractures are not visible under plain light and are
created as grain to grain contact increases due to exerted overburden
stress (Storvoll et al., 2005). They may also form as a result of uplift and
associated stress release in the rocks. On the other hand, where less
grain to grain contact is observed, grains seem better preserved with

Fig. 8. a) XRD bulk mineralogy and b) clay mineralogy for well 7119/12–1. Data used for these plots are semi quantitative representation of data from Ramm (1991);
c) XRD bulk mineralogy for wells 7120/9–1 and d) 7121/7–1. From 2440 m bsf down to about 2560 m bsf, smectite and illite have opposite trends when no K-
Feldspar is available. The illite might have formed from the smectite when K-feldspar was originally present to help initiate the smectite-illite reaction as there is a
good inverse correlation between smectite and illite. Where K-Feldspar is at its peak (dashed, gray line) and smectite is present at 2560 m bsf, illite is seen to be high
as well. Conversely, as the K-feldspar reduces from 2560m bsf to about 2580 m bsf, illite reduces as smectite becomes depleted while plagioclase (albite) increases.

Fig. 9. a) Ternary diagram showing the dominant composition of the Stø Formation in the three wells analysed in thin sections b) zoomed view of upper section of
the plot in a). A cluster is seen at the quartz endpoint showing that the sandstones of the Stø Formation are mostly quartz arenites (QA).
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little or no fracturing. An example of this is seen in Fig. 10e and f where
ankerites and calcite respectively fill up the pore space in between
framework grains so that there is little room for grains to compact to-
gether during mechanical compaction. These show little or no grain to
grain contact between the framework grains and as such, little or no
grain fracturing is present. This implies that the carbonate cement must
have formed early during or immediately after deposition. Presence of
fractures within grains may be responsible for the lower velocities in
the near-zero porosity, clean quartz-rich sandstones of the western
wells.

Type of grain to grain contacts (e.g Fig. 11c and d) ranging from

straight through suture to concavo-convex contacts and plastic de-
formation of ductile minerals (such as the mica sheet in Fig. 11e) are
extra evidences of the influence of mechanical compaction on the Stø
Formation sandstones. Stress dependent grain to grain crushing of rocks
to form finer grains or silt sized grains in between relatively coarser
grains is visible in well 7119/12–1 (Fig. 11f). This gives an indication of
how high the overburden stress on such a sample might have been.

Chemical compaction on the other hand is a function of the time-
temperature integral (TTI). Silicate mineral reactions are very slow and
sensitive to temperature. As burial progresses, the influence of tem-
perature through time becomes increasingly important for chemical

Fig. 10. a) SEM image of fish-shaped detrital quartz grain outlined in dark solid line (1551.8m bsf, well 7120/9–1); while b) highlights the authigenic quartz
overgrowth (QO) in red dashed outline. Fr is quartz-healed fracture (in b) which is visible under CL but not obvious in a); c) shows detrital quartz (Q) and feldspar (F)
grain along with microstylolites (MS) between quartz grains; d) partially dissolved feldspar grain. Both c) and d) are from 1542.3 m bsf in well 7120/9–1; e) thin
section from 1500.52 m bsf of well 7121/7-1 depicts the presence of ankerite (A); f) thin section from 1549.25 m bsf of well 7121/7-1 shows the presence of calcite
(C). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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compaction (Bjørlykke, 1998, 2006). The TTI reflects the integrated
time and temperature the sediment has experienced above about 70 OC.
Sandstones of the Stø Formation are at present within the chemical
compaction regime.

Assuming that depositional IGV is 40% in all the samples, calcula-
tions of compactional porosity loss (COPL) and cementational porosity
loss (CEPL)(Ehrenberg, 1989) show that nearly 40% of the depositional
porosity is lost through compaction in the well 7119/12–1 while 42% of
the depositional IGV may have been lost through cementation. Here,
cementation only slightly exceeds compaction. This might mean that
compactional processes have a close influence on porosity reduction as
cementation in the western well. In the eastern wells, COPL and CEPL
are respectively 73% and 30% for well 7120/9–1 while they are 75%
and 27% respectively in well 7121/7–1. Compaction has a much
greater influence on IGV and porosity reduction than cementation in
these wells. This implies that while cementation slightly dominated in
the western wells, compaction strongly dominated in the eastern wells.
This is evidenced in Fig. 13a and b where the western well mostly plot
close the quartz cement axis. Whereas, most points in the eastern wells
plot close to the IGV axis.

We present a modification from Fig. 7 of Rittenhouse (1971) model
in Fig. 13 e and f where the curve is the maximum quartz cement that
can be produced internally by CID at grain contacts or microstylolites.
These show that most of the sandstones plot as importers of silica from
other sources because the silica present as cement exceeds the max-
imum silica that can be provided by CID at grain contacts. Therefore,
CID at grain contacts might have contributed little to compactional loss
in the samples and led to little or no corresponding precipitation of
cements in the samples. Walderhaug (1994) similarly observed that
little dissolution occurs at grain contacts and such dissolution con-
tribute less to silica cement than dissolution at macrostylolites. SEM
and cathodoluminescence analysis showed that many of the concave-
convex looking contacts are cement-to-cement contacts while only a
few contacts showed sutures like microstylolites as shown in Fig. 10c.

Stylolitization is defined here as clay-induced dissolution at mac-
rostylolites and it is identified by constant IGV as quartz cementation
varies (Tada and Siever, 1989; Marcussen et al., 2010; Maast and
Jahren, 2013). This is possible as pore spaces between adjacent stylo-
lites continually infills with cement dissolved at the stylolite interface,
leaving the IGV unaffected. Stylolitization is an important source of

Fig. 11. SEM Images of a) kaolinite in a stub of rock sample at 1518.10 m bsf in well 7120/9–1. The red dashed outline shows the grain boundary of possibly feldspar
grain; b) shows a large secondary pore (LSP) bounded by illite at 1518.1 m bsf in well 7120/9–1; c) effect of mechanical compaction at grain to grain contacts (G) in a
sample from 1526.30 m bsf in well 7121/7–1; d) grain to grain dissolution and interpenetration is observed such that grains cluster and almost look like a single, but
fractured grain at 2563.9m bsf in well 7119/12–1; e) plastic deformation (PD) of more ductile muscovite (M) between more brittle minerals such as quartz (Q) from
1526.30 m bsf in well 7121/7–1; f) shows crushed grains (CG) and finer clasts in between coarser grains at 2540m bsf in well 7119/12–1; g) macrostylolites (red
arrow) cutting through sandstone at 2520m bsf in well 7119/12–1. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 12. Textural distribution of the Stø Formation sandstones from wells 7119/12–1, 7120/9–1 and 7121/7–1.
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quartz cement in sandstones of the Stø Formation and these are well
developed in the sampled wells and dominate more within finer sand-
stones layers and occur at closely spaced intervals in cores from the
wells. Similar observation was noted by Larese et al. (1984); Olaussen

et al. (1984); Bjørlykke et al. (1986) and Walderhaug (1994). The
precipitation of quartz cement from stylolites is largely controlled by
the distance of the sandstones to the nearest stylolites alongside stylo-
lite spacing (Walderhaug, 1996; Walderhaug and Bjørkum, 2003).

Fig. 13. Quartz cement versus IGV in western well 7119/12–1 (left) and eastern wells 7120/9–1 and 7121/7–1 (right) colour coded by (a,b) depth; (c,d) clay matrix;
(e,f) grain size and (g,h) sorting. Figures a to d are modified from Houseknecht (1987) and are useful in evaluating the relative importance of compaction and
cementation to porosity development in sandstones. Figures e and f are modified from Fig. 7 of Rittenhouse (1971) and the curve depict maximum cement that can be
derived from clay-induced dissolution at grain contacts or microstylolites (CIDG). Importers indicate that the sandstone have more cement (from other sources) than
can be derived from dissolutiona at grain contacts while exporters mean that the sandstone has excess cement supplied from dissolution at grain contacts. Diagonal
lines represent porosities. CIDS: Clay induced dissolution at macrostylolites; COPL: Compactional porosity loss; CEPL: Cementational Porosity Loss. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Observation from core images show that at a distance of less than 2 cm
from the nearest stylolite, quartz cementation ranges from approxi-
mately 10% to almost 30% while at distance of greater than
2 cm–20 cm, most quartz cement ranges from 1% to less than 10%.

Bjørlykke (1988) suggested the development of microstylolites from
clay-induced dissolution (CID) at thin clay laminae at a burial depth of
about 2000–3000m while fully developed macrostylolites across sand-
stones are commonly seen at depths between 3000 and 5000 m. After
correcting for exhumation, the maximum burial depths of the top of the
Stø Formation as seen in Table 1 is greater than 3000m for the western

wells and less than 3000m in the eastern wells.
Other chemical compaction processes and source of quartz cement

in sandstones include silicate mineral dissolution and silicate mineral
transformation (Stone and Siever, 1996) such as the transformation of
smectite to illite at temperatures greater than 70 OC and the con-
comitant dissolution and albitization of K-feldspar. In Fig. 8, depletion
of smectite seems to correspond with an increase in illite and vice versa
along with depletion of feldspar at depths above 2560m bsf while
plagioclase is relatively abundant where no K-feldspar is present. Below
2560m bsf where K-feldspar is present but decreasing in content and no

Fig. 14. Plot of horizontal permeability versus present depth in western well 7119/12–1 (left) and eastern wells 7120/9–1 and 7121/7–1 (right) showing variation
with a, b) quartz cement; c, d) bulk clay content; e, f) grain size; and g, h) sorting; plots of helium porosity versus horizontal permeability in western well 7119/12–1
(i) and eastern wells 7120/9–1 and 7121/7–1 (j) colour coded by grain size. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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smectite is available, illite content starts to decline while at the same
time, plagioclase increases. This shows that the smectite to illite
transformation occurs in the presence of K+. The depletion and dis-
solution of K-feldspars is also obvious in thin section (Figs. 10d and
11b). The transformation of smectite to illite leads to a precipitation of
excess silica as quartz cement (Bjørlykke et al., 1989) as seen in the
example in equation (4) below from Worden and Morad (1999).

+ +

=

+ + +

+ + +

+ +

+ +

+

H K K Na Ca Mg Fe Al Si O OH

H O

K Mg Fe Al Si O OH Na Ca M

g Fe O SiO H O

1.242 0.393 1.58 ( )

.

( ) 0.16 0.31    0.43

0.24 2.47 2.86

Smectite

Illite

Quartz

0.1 0.1 0.2 0.4 0.4 !.4 3.8 10 2

2

0.55 0.2 0.15 2.2 3.5 10 2
2

2
2 3 2 2

(4)

Illitization from smectite releases Na+, Ca2+, Mg2+, and Fe2+ ions
that could be important to other diagenetic reactions such as formation
of ankerite in the same rock (Worden and Morad, 1999). The presence
of carbonate cements in some sandstones hinders the precipitation of
quartz overgrowth. Such carbonate-cement bearing sandstones show
little or no grain to grain contact between the framework grains. This
indicates that the carbonate cement must have formed close to the
surface. This is described by Olaussen et al. (1984) as pre-compactional
carbonate cementation. The carbonate cement shown in Fig. 10e and f
fills up the pore space so there is little room for grains to compact to-
gether during mechanical compaction. Illitization from kaolinite in the
presence of potassium containing phases like K-feldspar would only
take place at temperatures greater than 130 OC (Bjørlykke et al., 1986).
The temperatures in the sandstones of the Stø Formation have not
reached 130 OC in the studied wells. Hence, illitization from kaolinite is
ruled out.

Dissolution of detrital feldspars for precipitation of kaolinite is seen
to occur only in the eastern wells although this is not as common as
what is observed in underlying Nordmela Formation sandstones (not
presented in this study) of the three wells. Fig. 11a shows an outline of
feldspar grain which is totally altered to kaolinite grains (kaoliniza-
tion). Large secondary porosity (LSP) may be observed from total dis-
solution of feldspar as seen in Fig. 11b. In confirmation to our ob-
servation, Ehrenberg et al. (1993) also showed that the western well
7119/12–1 contained no kaolinite, an abundance of illite and an ab-
sence of dickite compared to a southern well 7119/12–2 (Ehrenberg
et al., 1993) which has an abundance of kaolinite, low amount of illite
and moderate amount of dickite in the Stø Formation. Ramm (1991)
carried out bulk XRD analysis of samples from well 7119/12–1 and
observed no kaolinite in the 22 samples analysed while 10–56% kaolin
was observed in the underlying Nordmela sandstones. This is in
agreement with what is visually observed in thin section microscopic
studies although the data from the Nordmela Formation is not shown in
this study. The kaolin minerals in the underlying Nordmela Formation
sandstones were entirely dickite in the well 7119/12–1 (Ramm, 1991).
This means that the underlying Nordmela Formation must have ex-
perienced temperatures greater than 90–150 OC that favours kaolinite-
dickite transformation. From exhumation estimates and also from vi-
trinite analyses, temperatures have reached a maximum of between 100
and 110 OC. Ramm (1991) suggested from fluid inclusion analysis of a
sample from well 7119/12–1 at 2750 m RKB (2525 m bsf) that the
quartz cements must have precipitated at least at temperatures between
116 and 125OC. If kaolinites were originally available in the Stø For-
mation, they should as well still be present at such temperatures. Based
on this knowledge, kaolinite is absent in the western well 7119/12–1
which may be related to distal position from the provenance for kao-
linite whereas the eastern wells are more proximal to the kaolinite
source.

The creation of secondary porosity may or may not necessarily
change the total porosity. If what is being dissolved is of greater volume

than what is precipitated, then the total porosity may increase. In well
7120/9–1 for example, 2.9% secondary porosity is observed while only
0.6% of pore filling kaolinite has been formed from feldspar alteration
(Table 3). The dissolution of feldspar in this well enhances the total
porosity. Consequently, the presence of kaolinite in the sandstones may
only slightly hinder due to its small particle size or otherwise slightly
enhance permeability due to the slightly more porous and permeable
booklet nature of the kaolinite. Similarly, in the well 7121/7–1, it
seems that 4.1% of pore filling kaolinite was formed from dissolution
while an excess of 17.7% residual secondary porosity is created
(Table 4). The presence of greater volume of secondary porosity in the
eastern wells help to enhance the total porosity and this in turn gives
the sandstone a better reservoir quality than those of the western well
where no visible secondary porosity coupled with only fair porosity is
observed.

Based on the depth suggestions of Bjørlykke (1988) along with
evidences earlier discussed, the dominant source of quartz cement in
the western well 7119/12–1 is clay induced dissolution at macro-
stylolites (as seen in Fig. 11g) and less from microstylolites. For the
eastern wells, the quartz cement is dominantly sourced from clay in-
duced dissolution at microstylolites (e.g Fig. 10c) and less from mac-
rostylolites. Additional sources of quartz cement in both wells are sili-
cate mineral dissolution and transformation.

5.2. Rock physics interpretation

A comparison between our data and the rock physics models (Figs. 5
and 6) show that the sandstones are cemented which supports what is
observed from thin section and stub analyses. The sandstones from the
eastern and western wells show distinct Vp-porosity cluster which be-
comes clearer in Vs-porosity plot. Vs is not influenced by fluid effect
and this is the reason for a clearer trend which can subsequently be
attributed to lithologic or textural effect. The variation in velocity-
porosity trend is diagnosed using constant cement and contact cement
models along with the methods of estimation of cementation provided
by Dvorkin and Brevik (1999) and Hossain and MacGregor (2014). The
velocity-porosity plot in Fig. 6a, b and c show that the western wells are
diagenetically more mature with more quartz cements than the eastern
wells and Fig. 6c show the western wells being more proximal to the
quartz end point and to the Voigt upper bound that depicts the stiffest
possible bound.

The contact cement model represents the initial stage of diagenesis
while the constant cement model is a line of constant age or depth with
decreasing sorting from the critical porosity to the mineral endpoint
(Avseth et al., 2010a, 2010b). As diagenesis progresses and cementation
becomes more intense, modified upper Hashin Shtrikman bound is
applied as it works best in modelling increasing cement in the rock
(Avseth et al., 2010a, 2010b). Fig. 6b shows that the western wells are
generally more quartz cemented than the eastern wells although con-
tact cement may be least in most part of the western well 7119/12–1.
Small quantities of cements at grain contacts have been evidenced to
cause a dramatic increase in rock stiffness and velocity of granular
rocks (Dvorkin and Nur, 1996; Dvorkin et al., 1994; Vernik and Nur,
1992). This would mean that the greater amount of cement especially
quartz cement, which is dominant in these samples, contributes to the
higher velocities observed in the western wells than what is seen in
sandstones of the eastern wells with less amount of cementation. A
combination of higher grain-to-grain point contacts per grain (due to
the influence of mechanical compaction) with higher quartz cement
coupled with decreasing porosity as clay volume increases is a recipe
for much increased velocity. Contact cementation even in limited
quantity would easily strengthen the rock framework and reduce the
influence of mechanical compaction as overburden stress increases
(Bjørlykke, 1988). The reduced effect of mechanical compaction com-
bined with less quartz cement and better sorting might be the reason for
better porosity preservation in the eastern wells. As we go from the east
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to west, the rocks or pores become stiffer with decreasing sorting, in-
creased compaction and increased cementation.

Reduction of acoustic impedance from the western well to the
eastern wells in Fig. 7 is due to reduced cementation from the western
wells to the eastern wells according to the modelling. Modelled high
quartz cement volume in the sandstones of the western well 7119/12–1
causes a significant stiffening in the rock framework and subsequently
reduces the fluid sensitivity (Avseth et al., 2009). This is the reason for
the oil saturated sandstones sitting on the brine sand line. On the other
end, the eastern well 7120/9-1 modelled with less quartz cement than
the western well experiences an improvement in the fluid sensitivity so
that gas saturated sandstones are located within the gas zone beneath
the brine saturated line. In the intermediate well with moderate quartz
cement, the brine saturated sandstones lie on the brine sand line.

A dependence of permeability on porosity is shown in Fig. 14i and j.
Pore geometry has an effect on permeability (Hartmann and Beaumont,
1999). This effect is explained by rock physics diagnostics in Fig. 6d
where slightly higher permeabilities are observed in the generally low
porosity western well than in the high porosity eastern wells. This
anomaly is highlighted in the red boxes in Fig. 6. Outside the anomaly,
where porosity is less than 10%, rock physics diagnostics indicate low
contact cement (1–5%) and poorer sorting in the well 7119/12–1. De-
teriorating sorting along each constant cement line can be due to in-
creased pore-filling or non-contact cement that causes an increase in
specific surface area which consequently reduces permeability (Dvorkin
and Brevik, 1999; Avseth et al., 2000 and references herein) hence, the
reason for low permeability in the low porosity sandstones of well
7119/12–1. On the other hand, in the anomalous zone highlighted by
the red rectangle, at porosity between 10 and 20%, contact cement is
slightly higher in the western well 7119/12–1 than in the eastern wells
for same porosity. On the contrary, the eastern wells have a slightly
lower contact cement. Non-contact or pore-filling material which re-
duces sorting and occupies the porespace is slightly higher (see Fig. 5 e,
f, h) in the eastern wells and therefore lowers the permeability in these
wells.

Fig. 5e–h shows lower shale volume in the western wells (except
7019/1-1) than in the eastern wells. Slightly higher volume of contact
cement combined with lower shale volume in the western well within
this porosity region causes a dramatic increase in velocity while lower
volume of contact cement coupled with higher shale volume leads to
lower velocity in the eastern well at similar porosity (see Fig. 6b and d).

Although, no good correlation is observed between bulk clay con-
tent, grain size and sorting with permeability (Fig. 14), each factor can
still highly affect permeability, but the effect is not clearly seen due to
the competing effect of one factor over another in these sandstones.

6. Conclusions

The Jurassic Stø Formation sandstones in the Barents Sea are very
fine to medium grained and occasionally coarse grained in lower parts
of the formation. These very well to moderately well sorted quartz
arenitic sandstones were deposited in a high energy shoreface/fore-
shore environment. Sandstones in wells from three sub-basins including
the Hammerfest Basin, Ringvassøy-Loppa Fault Complex and the
Troms-Finnmark Fault Complex have been studied for mechanical and
chemical compaction and their influence on reservoir quality of these
sandstones. Important observations in this study are summarized
below:

• Exhumation decreases westward from the east with well 7121/7–1
in the Hammerfest Basin being the most exhumed (1050 m) and well
7019/1-1 of the Troms-Finnmark Fault Complex being the least
exhumed (820 m). After exhumation correction, the top of the Stø
Formation sandstones in well 7119/12–1 is the most deeply buried
at about 3500 m RKB followed by wells 7019/1-1, 7119/12–4,
7121/7–1 and the least buried being well 7120/9–1 at a maximum

burial depth of about 2820 m RKB. The estimated maximum tem-
perature which the Stø Formation experienced is higher in the
western wells (~110–~130 OC) than in the eastern wells
(~90–~100OC).

• Difference in burial history and textural variations between sand-
stones from the different sub-basins have huge effect on compaction
and cementation of the Stø sandstones. Sandstones from the western
wells are more deeply buried, more stiff, compacted and cemented
than the eastern wells. A combination of higher grain-to-grain point
contacts per grain (due to the influence of mechanical compaction)
with higher quartz cement coupled with decreasing porosity as clay
volume increases is a recipe for much increased velocity in the
western wells. Contact cementation even in limited quantity easily
strengthens the rock framework and reduces the influence of me-
chanical compaction as overburden stress increases. The reduced
effect of compaction combined with less quartz cement and better
sorting might be the reason for better porosity preservation in the
eastern wells.

• Rock physics models and diagnostics show that the western wells
are diagenetically more mature with more quartz cements than the
eastern wells. The western wells are more proximal to the quartz
end point and to the Voigt upper bound that depicts the stiffest
possible bound.

• Compressional wave velocity (Vp) is higher in the more deeply
buried western well and ranges between 4000 and 5000 m/s. In the
eastern well on the other hand, Vp ranges between 3500 and
4000 m/s. For clean sandstones with near zero-porosity in the
western wells, Vp is expected to be close to 6000 m/s but this is not
the case. The relatively lower velocities may be attributed to the
presence of microfractures within the grains that might have gen-
erated during uplift episodes and consequent stress release in the
rock.

• Cementation prevails over compaction in the western wells while
compaction strongly dominates over cementation in the eastern
wells. The most important source of quartz cement in the western
well 7119/12–1 is clay induced dissolution at macrostylolites and
less from microstylolites while in the eastern wells, the quartz ce-
ment are dominantly sourced from clay induced dissolution at mi-
crostylolites and less from macrostylolites. Additional sources of
quartz cement in both wells are silicate mineral dissolution and
transformation.

• Permeability is generally higher in the eastern wells than in the
western wells, but at similar porosities, permeability is higher in the
western wells than in the eastern wells. Pore geometry defines
permeability distribution in these wells with increased pore-filling
or non-contact materials causing an increase in specific surface area
which in turn reduces permeability and vice versa.

• The individual effect of bulk clay volume, grain size and sorting on
permeability is difficult to observe because of the competing effect
of all these factors along with compaction and cementation on the
Stø Formation sandstones.

7. Recommendations for future work

For a more comprehensive understanding of the Stø sandstones, we
recommend detailed study on the three units of the Stø Formation.
Pressure regimes and their impact on compaction and cementation
should be carried out in addition to more rigorous rock physics analyses
for these sandstones. In addition to these, quartz cement modelling
using Walderhaug (1996) diagenetic model for burial history and
comparison with thin section and rock physics analysis would con-
tribute significantly to these studies.
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