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Abstract

Sandstone diagenesis involves porosity loss by mechanical and chemical compaction. In this study we have examined relations of diagenesis
and microstructures in quartz grains and quartz cement in sandstones from relatively deep burial depths offshore mid Norway. Electron back-
scatter diffraction analysis (EBSD) has been combined with optical and cathodoluminescence petrography study of samples with different de-
grees of compaction and quartz cementation. Quartz cement is shown to be syntaxial to the nearest host domain (grain or subgrain), both for
monogranular, polygranular, undeformed and deformed quartz. The quartz cement growth may have been initiated at different subgrain surfaces,
and preserving pre-depositional deformation structures. EBSD inverse pole figure imaging shows dauphiné twins to be common in all samples,
both in quartz grains and quartz cement. The dauphiné twins appear in grain-grain contacts and in cement-crystal boundaries, and commonly
crossing grainecement boundaries. On basis of twin distributions we suggest that both inherited twins from the source area and twins formed by
compaction-induced grain boundary deformation are present. A general problem in sedimentary rocks is to distinguish inherited from sedimen-
tary compaction-induced intra-grain deformation structures. This study shows that the role of ductile deformation mechanisms (e.g. twinning) in
sediment compaction can be clarified by more comprehensive following up studies using EBSD analysis in combination with other techniques.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Compaction is a reduction in volume due to overburden
stress, and sedimentary rocks undergo compaction and poros-
ity reduction during burial and diagenesis. The processes of
sediment compaction are commonly divided broadly into me-
chanical compaction at relatively shallow depth (e.g. <2.5 km
depth) and chemical compaction at deeper burial. Mechanical
compaction involves grain rotation and breaking, and squeez-
ing of ductile grains all of which contribute to denser packing
and reduction in porosity (e.g. Boggs, 1992; Chester et al.,
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2004). Chemical compaction involves dissolution, element
transport and cementation. However, the spatial two-division
is broad and over-simplified, as the actual processes are depen-
dent on combinations of several geological parameters. The
rate and degree of sandstone compaction is influenced by
burial rate, sediment composition, rock- mechanical and petro-
physical properties, as well as temperature, pressure and stress
conditions. In reality, compaction may be caused by both
mechanical and chemical processes in shallow and deeper
burial regimes.

In the deeply buried siliciclastic sedimentary rocks, quartz
cementation is one of the most important porosity reducing
factors (e.g. Bjørlykke et al., 1986; McBride, 1989; Worden
and Burley, 2003). Various sources of silica for quartz cement
formation have been documented and discussed in the
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literature (e.g. Boggs, 1992; Aplin et al., 1993; Vagle et al.,
1994). Especially mechanisms involved in pressure dissolution
at stylolites, i.e. dissolution of detrital quartz and precipitation
of authigenic quartz cement, have been reviewed and
discussed (Renard et al., 2000). These processes are mainly
temperature dependent (Walderhaug, 1996; Lander and
Walderhaug, 1999), and the quartz dissolution process is
enhanced at sites where quartz grains are in contact with
mica or clay minerals (Thomson, 1959; Bjørkum, 1996;
Oelkers et al., 1996; Renard and Ortoleva, 1997; Walderhaug
and Bjørkum, 2003). In recent models of quartz cementation,
stress is considered insignificant in promoting dissolution at
grain contacts (Bjørkum, 1996; Renard et al., 2000). However,
the role of stress induced grain deformation could be difficult
to document in deep burial diagenesis due to grain dissolution
and cementation processes.

Cathodoluminescence imaging has a potential to identify
deformation structures such as cemented microfractures in
quartz (Milliken and Lauback, 2000). In a study of the Frio
Formation sandstones in the Gulf of Mexico, Makowitz and
Milliken (2003) documented that micro-fracturing in quartz
had taken place before, during and after quartz cementation.
Fisher et al. (1999) attributed mechanical compaction struc-
tures of sandstone at deep (>4.5 km) burial to situations where
the rate of stress increase had been higher than the rate of
‘‘chemical compaction processes’’.

In this study, we examine if new combinations of petro-
graphic methods can provide information of micro-structures
in quartz grains and quartz overgrowths that can be related
to diagenetic compaction. We combine conventional optical
petrography and cathodoluminescence analysis with electron
backscatter diffraction (EBSD) analysis. We postulate that
this type of approach may have a potential to increase our
knowledge of deformation and compaction processes in burial
diagenesis. The EBSD technique (Schmidt and Olesen, 1989;
Prior et al., 1999; Schwartz et al., 2000) has proven successful
in fabric analysis in structural geology (e.g. van Daalen et al.,
1999; Lloyd, 2000), in prediction of seismic properties
(Valcke et al., 2006), and in study of mineral growth mecha-
nisms in igneous and metamorphic petrology (Piazolo et al.,
2005; Terry and Heidelbach, 2006). Haddad et al. (2006) re-
cently used the EBSD technique to identify different growth
zones in quartz cement that formed during relatively shallow
burial conditions. In contrast, we present data from quartz-
cemented sandstone of relatively deep burial depth, represen-
tative for common sandstone reservoirs offshore Norway, to
examine possible microstructures in relation to burial compac-
tion and cementation. The selected sandstones are from explo-
ration wells in central areas of the Halten Terrace (Fig. 1), in
the main petroleum exploration area in the Norwegian Sea.
The aim is to establish indicators for interpreting compaction
and deformation mechanisms in quartz-rich sandstones.

2. Analytical procedure

Polished thin sections were examined by optical micros-
copy for petrographic sandstone characterisation, diagenetic
interpretation and selection of samples for further study. Areas
of EBSD analysis were selected and identified by SEM back-
scatter electron images and cathodoluminescence.

The EBSD technique is based on the weak diffraction pat-
tern that forms when a focused, stationary, primary electron
beam is located at a specific point on a highly tilted sample
(Hjelen et al., 1993; Schwartz et al., 2000; Goldstein et al.,
2003). The resulting pattern provides information on the crys-
tal structure and space orientation within the diffracting vol-
ume of the electron beam, and the software rapidly reads the
pattern and calculates the crystallographic orientation with
respect to a given reference system (Wright, 2005). The inter-
action volume is dependent on acceleration voltage and atomic
number of the analysed minerals, and is usually in the sub-
micron range (Pettersen et al., 1998; Humphreys, 2001). To
be able to get a pattern that can be indexed, the crystal lattice
at the sample surface has to be undeformed. To obtain this,
a post-mechanical preparation is required (Lloyd, 1987). After
mechanical polishing, the surface damage in the uppermost
layers was therefore removed by chemical-mechanical polish-
ing (Prior et al., 1999; Moen et al., 2003). To get optimal
EBSD patterns, the analyses were performed using a low
vacuum SEM (Hitachi S-3500N), and without a conductive
carbon layer. The equipment applied for the experiments
includes a Nordif EBSD digital camera, and using the TSL,
OIM (orientation image microscopy) software. The following
running and processing conditions for EBSD mapping were
applied: working distance 20 mm, 20 kV accelerating voltage,
<30 Pa pressure, 70� tilt, and 2 � 2 binning (CCD camera

N
o
r
w
a
y

S
w
e
d
e
n

Moi Rana

Trondheim

Halten

Terrace

Trøndelag

Platform

Vøring

Basin

Ormen Lange
Dome

Froan Basin

Helgeland Basin

Nord
lan

d R
idg

e

Fr
øy

a 
H

ig
h

66°

8° 10 ° 12°

64°

6°

100 km

Fig. 1. Location of the Halten Terrace (‘‘Haltenbanken petroleum province’’)

in the Norwegian Sea offshore mid Norway. The study area is indicated by
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et al., 1995).



1845Mai Britt E. Mørk, K. Moen / Journal of Structural Geology 29 (2007) 1843e1854
readout pattern). Identical working distance, accelerating volt-
age and pressure were used during CL analysis.

3. Geological framework

The early Mesozoic deposition and subsidence history in
the Norwegian SeadHaltenbanken area is related to tectonic
rifting, followed by Cretaceous and Tertiary post-rift subsi-
dence, and then pronounced Neogene subsidence (Spencer
et al., 1993). A stratigraphic overview of the Mesozoic sedi-
mentary rocks is given in Dalland et al. (1988). The studied
samples are from sandstones of the Lower Jurassic Åre and
Tofte formations, and from the Lysing Formation (Cromer
Knoll Group) of Late Cretaceous age. The depositional envi-
ronments are interpreted as respectively fluvialeparalic in
the older formations and fully marine in the younger (e.g.
Dalland et al., 1988; Shanmugam et al., 1994; Brekke et al.,
2001). Both eastern and western areas of the Caledonides
may be source areas for the Jurassic sands (Gjelberg et al.,
1987; Brekke et al., 2001), and western and northern marginal
areas, including Greenland, for the Cretaceous formations
(Morton and Grant, 1998; Brekke et al., 2001). Deeper parts
of the orogen comprising metamorphic schists, gneisses, and
granites were exposed for erosion already in early Mesozoic
time (Mørk and Johnsen, 2005). The regional geothermal gra-
dient has been fairly high through time, possibly as high as
35 �C/km (Oelkers et al., 1996). The present formation depths
at the Halten Terrace are close to the maximum burial depths
(Spencer et al., 1993), and the most prominent subsidence with
burial from 3 to 5 km for the Jurassic formations took place
during the last 10 Ma (e.g. Karlsen et al., 2004). Diagenesis
and quartz cementation of Jurassic reservoir sandstones from
the Halten Terrace are discussed by Bjørlykke et al. (1986,
1989); Ehrenberg (1990) and Storvoll et al. (2002). Extensive
quartz cementation in the sandstones has been documented
from 3.5e4.5 km and greater burial depths and the cementa-
tion took place relatively late in the burial history (Bjørlykke
et al., 1989). Based on fluid inclusion studies Walderhaug
(1994) interpreted the main quartz cementation to have taken
place at temperatures of 80e120 �C. Findings of intervals of
unusual high porosity values in the deepest buried sandstones
are ascribed to inhibition of quartz cementation by presence of
grain-coating chlorite or illite/chlorite (Ehrenberg, 1993;
Storvoll et al., 2002).

Samples for the present study were selected from cores in
different exploration wells to cover cases of different diage-
netic compaction/cementation relations. Using an average
regional geotherm of 30 �C/km, the studied sandstones from
3.2 to 5 km burial depths experienced maximum temperatures
of w100e150 �C, whereas maximum values of 115e175 �C
are obtained using the mentioned value of 35 �C/km (Oelkers
et al., 1996).

4. Sandstone petrography and diagenesis

Three categories of sandstones are described below; sand-
stones with extensive quartz cementation (category A,
Fig. 2a and 3), deeply buried sandstone with very little quartz
cementation (category B, Fig. 2c and 4) and a stylolite-bearing
sandstone with minor clay matrix and clay laminae
(category C, Fig. 5a). Mineralogical compositions are quanti-
fied by petrographic modal analyses using 600 counts
(Table 1a). The compositions are relatively quartz-rich, classi-
fying as subarkosic arenite (Pettijohn et al., 1972). The main
diagenetic features as interpreted from optical petrography
are summarised below. Diagenetic quartz overgrowths on
quartz grains have been identified by location of dust/inclusion
rinds, and by grain shapes and textural relations. Further, such
overgrowths have been confirmed by dark coloured rims in
cathodoluminescence images (Fig. 2a,b and 3) (e.g. Sippel,
1968; Oelkers et al., 1995).

Compaction can be interpreted from petrographic modal
analysis. As both compaction and cementation have taken
place in the studied sandstones, porosity reduction alone
does not give a correct value for the amount of compaction.
In such cases, changes in intergranular volume (IGV) as de-
fined by the sum of porosity and pore-filling cements (Beard
and Weyl, 1973; Paxton et al., 2002) give better indications
of compaction. Uncertainties in calculating IGV relate to inter-
pretation of dissolution porosity and replacive cements which
are subtracted from the IGV values (Table 1b).

4.1. Category A. Quartz-cemented samples

Sample 3185 (Lysing Formation) is from a medium to
coarse-grained, moderate-well sorted sandstone with 24%
quartz cement (Fig. 3a) and 14% porosity. The presence of
glauconite suggests eogenesis in a marine environment prior
to the burial diagenesis. The main phase of quartz cementation
is predated by pore-filling kaolinite. The latest diagenetic
event involved precipitation of coarse carbonate cement
(sporadically distributed) and dissolution of detrital feldspar.
The calculated IGV value of 41% is close to primary porosity
values in arenitic sandstones, in spite of burial depths >3 km.
This suggests that the quartz cementation in this sandstone was
relatively early in the diagenetic history, and that it prevented
extensive compaction in this interval.

Sample 4205 (Tofte Formation) is medium to very coarse-
grained, poor to moderately sorted with 19% quartz cement
(Fig. 2a) and 7% porosity. Minor clay-mineral coatings around
quartz are interpreted as early diagenetic and appear to predate
dissolution of detrital feldspar grains. Authigenic kaolinite,
pyrite and siderite predate the main phase of mesogenetic
quartz cementation. The quartz cement growth was postdated
by dissolution of detrital feldspar and by growth of carbonate
cement, which occurs in minor amounts only. The calculated
IGV value of 28% suggests a larger degree of compaction
than in case 3185 for this deeper buried sandstone.

4.2. Category B. Samples with limited quartz cement

Sample 5040 (Åre Formation) is from a medium to coarse-
grained, well-sorted arenitic sandstone with 9% porosity and
only 2% quartz cement. This sample has relatively dense grain
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Fig. 2. Optical micrographs of sandstones. Porosity is shown by blue colour. (a) Sandstone category A, sample 4205 (plane polarised light), shows porosity loss due

to quartz cementation (see arrows). (b) Close up of (a) in crossed polarised light show examples of quartz overgrowths on detrital grains that include subgrains (low

angle boundaries) (arrow in grain 1) and on polygranular grains (P). (c) Sandstone category B, sample 5040, showing reduced porosity due to packing of the detrital

grains (plane polarised light). Dark rims include grain coating chlorite (see arrows).
packing (Fig. 2c). The detrital quartz and feldspar grains have
thin clay-mineral coatings. Similar clay-mineral coatings also
preserve the outline of partly dissolved feldspar grains.
Carbonate cement has precipitated into partly dissolved feld-
spar grains, and late carbonate cementation is supported also
by presence of compacted and folded mica flakes included
in the carbonate cement. Siderite and pyrite form aggregates
in local domains. The absence of quartz cement may be due
to the chlorite coatings which cover the detrital quartz sur-
faces, reducing optimal sites for diagenetic quartz overgrowths
(cf. Ehrenberg, 1993; Storvoll et al., 2002). The calculated
IGV values of 18% imply considerable compaction, both
mechanical and chemical. The late stages of mechanical com-
paction (squeezing of grains) may have been facilitated by
feldspar dissolution.

4.3. Category C. Sample with stylolite lamina

Sample 5243 (Åre Formation) is from a medium to very
coarse-grained, poorly sorted, sandstone with clay laminae
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Fig. 3. Microstructural relations of quartz cement overgrowths and dauphiné twins in sample 3185. (a) Optical micrograph (crossed polars). (b) Cathodolumines-

cence image showing the overgrowths as dark rims on the quartz grains. (c) EBSD orientation image of quartz, step size 1 mm. Crystal orientation normal to the

image plane is shown by colour code in the small inset figure. (d) Composite sketch showing quartz with overgrowths in white, with original detrital grain bound-

aries shown by dotted line. Dauphiné twins are shown with red boundary lines.
and with 5% porosity and only minor (2%) quartz cement. Sty-
lolites are developed at the thin clay lamina (Fig. 5a). The sty-
lolite formation and mica compaction is post-dated by feldspar
dissolution and late carbonate cement. The low porosity
reflects a combination of clay matrix, mechanical compaction
and late carbonate cement. As the amount of original matrix is
uncertain, the IGV of 16% can not be used to establish the
degree of compaction. However, assuming dissolution at
stylolites, compaction could have been considerable.
4.4. Summary of compaction

In summary, sandstones from categories B and C show
evidence of significant compaction, reflecting a combination
of mechanical and chemical compaction. These samples
show more compaction than the limit for mechanical sand-
stone compaction that is defined on basis of total IGV values
(IGV ¼ 26%) (Paxton et al., 2002). To the contrary, the large
IGV values in category A sandstones show that quartz
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cementation may have occurred relatively early in mesogene-
sis at these sites, and was more important than compaction in
reducing porosity.

5. Microstructures of quartz grains and quartz cement

The detrital mineral grains in sedimentary rocks are derived
by erosion from a variety of metamorphic, igneous or sedi-
mentary source rocks which have experienced different tem-
perature, pressure, deformation and exhumation histories in
the past. This means that there may be slight variations in
the deformation state of the detrital quartz grains in the

Fig. 4. Cathodoluminescence image (a) and EBSD inverse pole figure map (b)

of relatively densely packed sandstone (sample 5040). Grains with distinct

dauphiné twins are numbered. Note patchy dauphiné twin distributions. The

smallest, pixel sized spots are considered to be noise due to mis-indexing.

Step size: 5 mm. PGR, polygranular grains. Inset as in Fig. 3.
sandstones prior to burial and compaction. Deformation mech-
anisms of rocks in general are categorised into diffusive mass
transfer (DMT), crystal plasticity, frictional sliding, fracture
processes and cataclastic flow (e.g. Knipe, 1989). Diagenetic
processes involve mostly inter-grain processes, (mechanical
deformation and diffusive mass transfer mechanisms). Intra-
crystalline processes such as dislocation creep and twinning
(e.g. Barber, 1985; Groshong, 1988; Knipe, 1989) are facili-
tated at higher temperatures. As the quartz cement has experi-
enced only diagenetic temperatures (<100e175 �C), it is of
particular interest to compare microstructures of the detrital
quartz grains and the diagenetic quartz cement.

The detrital quartz in all the studied sandstone categories
can be divided into either monogranular (90e75%) or poly-
granular (10e25%) grains. The latter include slightly foliated
aggregates which may have originated from metamorphic
rocks and some coarser-grained aggregates in which the quartz
is identical to the monogranular quartz. Quartz cement occurs
as syntaxial overgrowths on both mono- and polycrystalline
quartz grains. Where quartz overgrowths are present on poly-
granular grains the overgrowths show similar crystallographic
orientation as the various crystals they overgrow, giving slight
variations in crystal orientation within an overgrowth zone.
This is seen under the optical microscope (e.g. Fig. 2b and
6e), and confirmed by EBSD analyses.

The EBSD analysis was performed to obtain information
about deformation microstructures in quartz grains and quartz
cement. EBSD data are represented as crystal orientation maps
prepared from inverse pole figures (Fig. 3c, 4b, 5b and 6c).
The colour code refers to crystallographic orientation vertical
to the sample (image) plane. The EBSD images are compared
with optical microscope images and SEM backscattered elec-
tron images as well as cathodoluminescence images. The data
are also presented in special grain boundary maps that verify
distributions of high angle boundaries, low angle boundaries
and 60� twin boundaries (e.g. Fig. 6b,d). The quartz grains
within the small sample areas that were studied apparently
show random orientations.

5.1. Low angle boundaries and cement

A high proportion of the monogranular quartz grains show
distinct low angle boundaries in all the studied samples, as
identified by both optical and EBSD analyses. Subgrains are
defined by maximum misorientations of 10� (White, 1977;
Vernon, 2004). These boundaries can be interpreted as
‘‘walls’’ of organised dislocations formed by strain redistribu-
tion (recovery) by dislocation creep in the crystals (Vernon,
2004).

Where quartz overgrowths are present on grains with sub-
grains defined by low angle boundaries, the overgrowths
show similar crystallographic orientation as the different sub-
grains (Fig. 2b and 6e). This is confirmed by EBSD analyses
(Fig. 6d). The observation of low angle boundaries both in
detrital quartz grains and in the quartz cement is unexpected
as low angle boundaries are associated with deformation under
metamorphic conditions (e.g. Vernon, 2004). The above
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Fig. 5. (a) Optical images (plane polars) of sandstone sample 5243. The yellow line locates a micro-stylolite. The quartz grains (white) are surrounded by clay

matrix and carbonate cement (brown), and minor porosity (blue). Note partly dissolved feldspar (Fsp, lower right side). Numbers refer to grains with distinct dau-

phiné twins in (b). PGR, polygranular quartz. (b) EBSD image showing examples of patchy dauphiné twins in grains 1e14. Step size: 5 mm. Inset as in Fig. 3.
observations suggest either cement growth preserving the
small variations in orientations of the detrital host lattice, or
alternatively, deformation during the burial. The second alter-
native, that subgrain boundaries formed in response to defor-
mation after cement growth is less likely, as the mechanisms
of subgrain formation are more effective at higher temperature
conditions (e.g. Groshong, 1988; Vernon, 2004; Passchier and
Trouw, 2005).

5.2. Dauphiné twinning

Dauphiné twins are related by a 180� (or apparent 60�)
rotation about the quartz c(0001) axis. Such twins are not
visible by optical microscopy, but can be identified by the
electron backscatter diffraction techniques (Schmidt and
Olesen, 1989). Dauphiné twinning is commonly seen to
emanate from a region of contact with a neighbouring grain.
Several processes can cause dauphiné twinning: structural in-
version from b- to a-quartz during cooling (Putnis, 1992;
Nord, 1994), grain boundary migration due to contact meta-
morphic heating (Piazolo et al., 2005), and stress (e.g. Frondel,
1962; Tullis, 1970; Lloyd, 2000; Wenk et al., 2005). Lloyd
(2000) interpreted dauphiné twins at quartz grain contacts as
penetration twins caused by stress concentrations related to
faulting.

5.2.1. Category A. Quartz cemented sandstones
Sample 3185: Dauphiné twins occur as small patches at

long contacts and at quartz cement edges, in some cases cross-
cutting cementegrain boundaries. Twins are also developed in
overgrowths in contact with pyrite which predates the quartz
cement. Fig. 3c,d show dauphiné twins restricted to cement
rims as well as dauphiné twins that include both cement and
outer parts of host grains.

Sample 4205 shows similar features as described above for
sample 3185. The dauphiné twins are located at long grain
boundaries, in quartz-cemented zones and in contact with
other grains or cement zones. The twin boundaries appear to
Table 1a

Modal analysis (%) of sandstones selected for EBSD study

Category Sample Qtz Qtz pgr Fsp Mic Rfr Cly lam Aut. cly Carb cem Opq cem Qtz cem Por Total IGV

A 3185 47 0 5 <1 4 0 5 <1 0 24 16 41

A 4205 48 12 6 1 0 0 4 1 2 19 7 28

B 5040 59 7 7 2 1 0 6 7 2 2 9 18

C 5243 51 8 10 <1 0 4 5 14 <1 2 5 16

IGV refers to inter-granular volume, excluding replacive cement (Table 1b). Mineral abbreviations: Qtz, quartz; Qtz pgr, polygranular quartz; Fsp, feldspar; Mic,

mica; Rfr, rock fragment; Cly lam, clay laminae; Aut cly, authigenic clay minerals; Carb cem, carbonate cement; Opq cem, opaque cement, pyrite; Qtz cem, quartz

cement; Por, porosity.
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Table 1b

Supplementary data from modal analysis

Analysis Replacive cement Porefill cement Porosity secondary Porosity primary IGV

3185 3 25 <1 16 41

4205 4 22 2 6 28

5040 7 10 1 8 18

5243 7 14 3 2 16
crosscut both fluid-inclusion trails that mark the ‘‘pre-cement’’
grain boundary, and zones at grain edges.

5.2.2. Category B. Sandstone with limited quartz cement
Sample 5040: This sandstone shows examples of patchy

dauphiné-twin localisation at detrital grain edges near the
contact with other quartz grains (Fig. 4b, e.g. grains marked
1 and 7). Twins are also developed adjacent to patchy carbon-
ate cement or clay mineral and carbonate rims. Such twin
distributions at grain boundaries may suggest a relation to
post-depositional compaction deformation. However, dau-
phiné twins in quartz also occur near to pores (Fig. 4b), but
it is possible that other grains may be in contact when consid-
ering the 3D space. It is also possible that adjacent grains may
have been dissolved during a later event.
5.2.3. Category C. Sandstone with stylolite lamina
Sample 5243: Quartz grains are elongated and share long

contacts subparallel to the stylolite seam and at a steep,
oblique angle. The EBSD image (Fig. 5b) indicates a random
orientation of quartz grains along the stylolite. Patchy dau-
phiné-twin bodies occur on one or both sides of high angle,
long grain contacts (e.g. grain 5, Fig. 5b), and occasionally
at grain edges (grain 9). Other grains show dauphiné twins
that may be inherited.

5.2.4. Relation to subgrains
Dauphiné twins are seen to occur in quartz grains with or

without subgrains, which are believed to be inherited structures.
In some instances they are located only in parts of subgrains, but
they are also seen to cross subgrain boundaries (Fig. 6).
Fig. 6. Examples of low angle (subgrain) boundaries and dauphiné twins in quartz shown by red and green lines, respectively. (a) Optical micrograph (crossed

polars), sample 5040 showing low angle boundaries in detrital quartz. Compare with (b) grain boundary map showing both dauphiné twin boundaries and low

angle boundaries (red colour) and EBSD image Fig. 4 (grain 2). Step size: 5 mm. The smallest, one-pixel sized spots are considered to be noise due to mis-indexing.

(cee) Sample 3185. Detrital quartz grains with diagenetic quartz overgrowths are shown. The overgrowths can be recognised in the optical micrograph (crossed

polars) (e). (c) EBSD image and (d) grain boundary map showing dauphiné twins and low angle (subgrain) boundaries. The twin and low angle boundaries con-

tinue into the quartz overgrowths (arrows in e).
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6. Discussion

In interpreting deformation from natural rocks there are nu-
merous uncertain parameters like fluid history, burial rate,
thermal history, and only parts of the history can be interpreted
from the preserved microstructural relations. The sandstones
in the present study experienced burial and diagenesis through
the passage from surface conditions to maximum burial depths
of 3e5 km under relatively high geothermal gradients. The
original sandstone porosity has been reduced by a combination
of different diagenetic processes. Quartz cementation was the
main porosity reducing factor in the category A sandstones,
and mechanical compaction in category B and C sandstones.
The main compaction and quartz cementation was followed
by late diagenetic carbonate cementation in all cases. In the
category B sandstone from relatively deep burial, quartz ce-
mentation was prevented due to the presence of clay mineral
coatings on the detrital grains. Partial dissolution of feldspar
could have facilitated increased mechanical compaction in
the later part of the burial history. The matrix bearing, stylolite
bearing sandstone (category C) experienced compaction by
a combination of mechanical grain rotation and dissolution
at the stylolite before late precipitation of carbonate cement.
In total, the selected sandstones provide different scenarios
for studying relations between compaction and cementation.

The interpretation of relatively early mesogenetic quartz
cementation in the younger of the category A sandstones (Cre-
taceous, Lysing Formation) differs from the well established
models of late burial diagenetic quartz cementation of Jurassic
sandstones at the Halten Terrace (e.g. Bjørlykke et al., 1986;
Ehrenberg, 1990). Gluyas et al. (1993) attributed extensive
quartz cementation to thermal episodes related to changes in
burial rates and fluid migration history. Such episodes could
explain the quartz cementation of the younger category A
sandstones. Anomalous porosity-depth and quartz cementation
trends are also described from deep marine Cretaceous sand-
stones in adjacent areas (Lien et al., 2006).

The EBSD data show the frequent occurrence of dauphiné
twins in quartz grains in all the three categories of sandstones,
and also in the diagenetic quartz cement in the category A
sandstones. The dauphiné twins could in principle have differ-
ent origins: (1) inherited from the metamorphic source area,
i.e. formed prior to erosion and deposition, (2) formed after
deposition by deformation at grain boundaries prior to quartz
cement precipitation, and (3) by deformation during or follow-
ing quartz cementation. The twin patches show different distri-
butions and size, and we suggest that some of the larger ones
located within or across grains could be inherited twins from
the metamorphic or igneous source rock histories. The relation
of dauphiné twins to quartz overgrowths was examined by
combining EBSD images with optical microscopy and catho-
doluminescence images (Figs. 3 and 6). Patchy dauphiné twins
are seen to crosscut the original quartz grainequartz over-
growth boundaries. Occasionally they appear only in the
quartz overgrowth, in some grains they occur at cemente
cement contacts between different grains, in cement in contact
with early formed pyrite, but also in cement near to pores (e.g.
samples 3185 and 4205). These relations give evidence of twin
formation at diagenetic conditions, either during and/or after
the quartz cement growth. However, the detailed mechanisms
remain questionable, since they either formed as growth twins
controlled by the orientations of older twins in the detrital
grains, or by compaction induced deformation during or after
cement precipitation. A third alternative such as twin bound-
ary migration recrystallisation is known from more elevated
temperatures (e.g. in calcite, Vernon, 1981) and is probably
not a likely mechanism in this case of diagenesis. A possible
interpretation is that the smaller twin patches aligned in the
cement and around grainecement boundaries are due to diage-
netic compaction, whereas larger patches, dominantly within
the detrital grains are inherited twins.

In the compacted sandstone without quartz cement, the
apparent spatial relationship of patchy dauphiné twins to the
present sedimentary grain contacts suggests that the twins
have formed in response to compaction induced stresses.
This interpretation is supported by the documentation of stress
induced dauphiné contact twins in other studies (Frondel,
1962; Hartley and Wilshaw, 1973; Lloyd, 2000; Wenk et al.,
2005, 2006). Experimental results by Laughner et al. (1979),
showing that dauphiné twins could be formed in quartz at
stresses down to 0.9 kb, is particularly relevant to the present
study.

Assuming that the dauphiné twins formed due to burial dia-
genetic compaction, why are they developed at some contacts,
and not all? To answer this question, several factors including
grain orientation, stress distributions and diagenetic history
must be considered. Influences of grain orientation relative
to the principle stress axes is shown in a recent detailed exper-
imental study of cryptocrystalline quartz (novaculite) (e.g.
Wenk et al., 2006), documenting most successful twin forma-
tion for grains oriented with the 0221 pole parallel to s1. In the
Mesozoic sandstones in the present study, the quartz shows no
preferred orientation within the limited data sets, and twins are
seen to occur for the different quartz grain orientations.
Another factor is that even in the most simplified model of
simple spheres, experimental deformation and mathematical
stress simulations have shown the distribution of grain contact
stress to be heterogeneous, with largest stress magnitudes in
trains at relatively small angles to s1 (e.g. Gallagher et al.,
1974; Fjær et al., in press). Natural sandstones as exemplified
by the Mesozoic sandstones in the present study show com-
plex textural relations and heterogeneities with respect to grain
sizes and mineral properties, and the grain contact stress mag-
nitudes would depend on whether the grains are load-bearing
or not (e.g. Giles et al., 2000). Finally, diagenesis results in
changes in grain configurations and grain contact stress distri-
butions through time. Cementation would result in more uni-
form stress distributions and reduce the stress at each grain
contact (Gallagher et al., 1974), as would also presence of lon-
ger grainegrain contacts which could result from diagenetic
dissolution. Selective mineral dissolution (e.g. feldspar) could
also locally lead to readjustment of the adjacent quartzegrain
configuration during further compaction. In summary, even if
conditions are appropriate for formation of grain contact twins



1852 Mai Britt E. Mørk, K. Moen / Journal of Structural Geology 29 (2007) 1843e1854
in different stages of the burial history, the spatial distribution
of contact twins is likely to be heterogeneous.

Twin formation and fracturing are different responses to
applied grain boundary stress in quartz (Hartley and Wilshaw,
1973). The intra-grain deformation structures most commonly
described in literature on sandstone diagenesis and compaction
(e.g. Fisher et al., 1999; Makowitz and Milliken, 2003) and
confirmed by experimental work (e.g. Schutjens, 1991;
Chester et al., 2004) involve microfractures. However, meso-
genetic processes tend to obliterate the early deformation
structures as strained grains would be more soluble than un-
strained ones, and fractures would be annealed by cementa-
tion. Parts of the deformation history can be interpreted
from identification of cemented microfractures, e.g. by catho-
doluminescence microscopy (Milliken and Lauback, 2000;
Makowitz and Milliken, 2003). With basis in the present study
we suggest that EBSD analysis in combination with other
methods has a potential in the study of sandstone diagenesis
and compaction for interpreting stress distributions and
relations between grain deformation and quartz cementation.
A quantitative study using samples that are oriented relative
to paleo-strain indicators is suggested.

7. Conclusions

EBSD in combination with optical microscopy and catho-
doluminescence analysis of sandstones verified that diagenetic
quartz overgrowths are syntaxial to the detrital quartz grains.
In polygranular quartz aggregates the overgrowths are syntax-
ial to the orientation of the nearest host crystal in the aggre-
gate. Similarly, subgrain boundaries of the detrital quartz
grains are extending into the diagenetic overgrowths.

Dauphiné twins visualised by the EBSD method are com-
mon in detrital quartz and quartz overgrowths. We suggest
that some of the twin distributions at quartz grain edges and
within quartz cementegrain contacts relate to burial compac-
tion. This implies a mechanism of crystal plastic grain-bound-
ary deformation in burial diagenesis, invisible by conventional
petrographic tools. A combination of different techniques is
suggested to reveal detailed relations of grain boundary defor-
mation and cementation.
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