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Abstract 
Natural	 fractures	 significantly	 contribute	 to	 improved	 reservoir	 quality	 and	 recovery	 factor,	
especially	 in	 carbonate	 reservoirs.	 It	 is	 important	 to	 characterize	 the	 matrix	 and	 fracture	
properties,	 as	well	 as	 their	 interaction,	 in	 order	 to	 describe	 the	 natural	 fracture	 system	 and	
improve	the	understanding	of	its	effects	on	a	reservoir.	This	study	integrates	multi-scale	outcrop	
data	 from	 central	 Spitsbergen,	 Svalbard,	 to	 assess	 the	 impact	 of	 fractures	 on	 the	 reservoir	
potential	 of	 the	 Upper	 Permian	 Kapp	 Starostin	 Formation,	 considered	 as	 an	 analogue	 for	 a	
fractured	carbonate	reservoir.		

A	combination	of	traditional	 field	methods	and	digital	geology	methods	was	applied	to	
analyze	and	characterize	natural	 fractures.	The	methods	 include	scanline	measurements	(~16	
m),	the	use	of	the	Fieldmove	Clino	smartphone	app,	photogrammetry,	virtual	scanlines	(~2611	
m)	and	analysis	of	a	total	of	10	virtual	models.		

Sedimentary	 logging	 was	 conducted	 to	 link	 the	 fractures	 to	 12	 distinct	 sedimentary	
facies	 and	 consider	 their	 rheological	 effects.	The	245	m	 long	 composite	 log	 indicates	 that	 the	
section	mainly	consists	of	light	and	dark	spiculitic	cherts	with	smaller	units	of	limestones,	black	
shales	 and	 glauconitic	 sandstones.	 Matrix	 porosity	 was	 derived	 from	 thin	 section	 analyses.	
These	indicate	porosities	up	to	30	%	in	the	glauconitic	sandstones	and	light	spiculities,	whereas	
the	dark	spiculites	and	limestones	show	0-5	%.	

A	 total	of	7	 fracture	sets	 (F1-F7)	have	been	 identified	within	 the	different	 facies.	Most	
fractures	are	high-angled	(>60°)	and	striking	NW-SE	to	NNE-SSW	and	NE-SW	to	E-W,	as	a	result	
of	 several	 tectonic	 events.	 These	 events	 include;	 (i)	 Early	 Cretaceous	 extension	 and	 tectonic	
movements	along	the	Billefjorden	Fault	Zone	(ii)	transpressional	tectonics	in	the	Paleogene,	(iii)	
rotation	of	 the	horizontal	 compression	 from	NE-SW	 to	ENE-WSW	 later	 in	Paleogene,	 and	(iv)	
Cenozoic	 uplift	 and	 unloading.	 Fracture	 characterization	 suggests	 that	 mechanical	 properties	
and	 lithology	 mainly	 control	 the	 fracture	 density.	 Fracture	 geometry	 and	 distribution	 are	
controlled	by	sedimentology	and	diagenesis.	Based	on	the	results,	a	conceptual	fracture	model	
has	been	constructed	to	explain	the	fracture	development	within	the	Kapp	Starostin	Formation	
in	central	Spitsbergen.		

Observations	in	this	study	suggest	that	most	fractures	are	open	or	partly	filled	and	can	
therefore	act	as	conduits	for	fluid	flow.	The	fractures	are	interpreted	to	be	of	tectonic	origin,	but	
the	strata	are	also	highly	affected	by	diagenetic	fractures	and	veins	that	originated	during	early	
burial	and	deposition.	

All	 data	 obtained	 in	 field	 were	 used	 as	 input	 for	 discrete	 fracture	 network	 (DFN)	
modelling.	 The	 generated	 models	 provide	 constraints	 on	 how	 fracture	 properties,	 such	 as	
fracture	 density,	 length	 and	 aperture,	 influence	 fracture	 porosity	 and	 connectivity. DFN	
modelling	of	fracture	porosity	suggests	that	the	fracture	porosity	is	highly	sensitive	to	changes	
in	 fracture	 aperture	 and	 density,	 whereas	 the	 fracture	 length	 shows	 no	 significant	 impact.	
Fracture	connectivity	is	dependent	on	changes	in	fracture	density	and	did	not	show	any	effect	
with	changing	fracture	aperture.		

Parts	 of	 the	 Kapp	 Starostin	 Formation	 are	 interpreted	 as	 a	 type	 I	 or	 II	 reservoir	 where	
porosity	and	permeability	are	fully	or	partly	provided	by	the	fracture	network.	I	conclude	that	
the	upper	part	of	the	Kapp	Starostin	Formation	could	represent	a	suitable	reservoir	and	that	the	
exploitation	of	outcrop	data	provides	an	improved	understanding	of	the	heterogeneous	fracture	
characteristics	in	a	subsurface	reservoir.	
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1 Introduction 

1.1 Project description and motivation 
In	 many	 petroleum	 provinces	 worldwide,	 large	 volumes	 of	 oil	 and	 gas	 are	 found	 within	
carbonate	reservoirs	 (e.g.,	Akbar	et	al.,	2001).	Typically,	 these	reservoirs	have	a	high	porosity	
and	permeability	due	to	secondary	dissolution	porosity,	fracturing	and	karstification	processes	
(e.g.,	Wennberg	et	al.,	2016).	This	type	of	reservoirs	represents	a	new	and	important	play	type	in	
parts	of	the	Arctic,	and	in	the	Barents	Sea	in	particular.	The	Norwegian	Petroleum	Directorate	
(NPD)	has	proposed	Upper	Palaeozoic	including	Middle	to	Upper	Permian	strata	as	a	potential	
play	 model	 in	 the	 Barents	 Sea	 (Matapour	 et	 al.,	 2018;	 NPD,	 2014).	 The	 recent	 Alta	 (well	
7120/11-1)	and	Gohta	(well	7120/1-3)	discoveries	on	the	Loppa	High	by	Lundin	and	partners	
have	confirmed	that	Late	Carboniferous	and	particularly	Permian	strata	in	the	Barents	Sea	show	
significant	reservoir	potential	(NPD,	2013).	The	gross	resource	potential	of	these	discoveries	are	
estimated	 to	 be	 between	 115	 and	 390	 million	 barrels	 of	 oil	 equivalent	 (Lundin,	 2018).	
Subsequently,	this	has	increased	the	relevance	of	the	Middle	to	Upper	Permian	Kapp	Starostin	
Formation	 onshore	 Svalbard.	 Svalbard,	 the	 NW	 uplifted	 part	 of	 the	 Barents	 Shelf,	 shows	
similarities	in	tectonic	evolution	and	depositional	records	with	the	southern	parts	of	the	Barents	
Shelf	where	exploration	is	most	active.	Consequently,	the	study	of	superbly	exposed	outcrops	on	
Svalbard	 is	 crucial	 to	understand	petroleum	systems	offshore,	 including	 the	Upper	Palaeozoic	
play	models,	and	in	particular	the	impact	that	fracture	systems	have	on	reservoir	properties.		

The	 Kapp	 Starostin	 Formation	 is	 the	 youngest	 Palaeozoic	 unit	 exposed	 on	 Spitsbergen.	 It	
consists	 of	 cold-water	 deposited	 spiculite	 cherts	 with	 sub-ordinate	 limestone,	 shales	 and	
glauconitic	sandstone	(Blomeier	et	al.,	2013;	Ezaki	et	al.,	1994).	It	 is	an	important	analogue	to	
Upper	Permian	rocks	found	in	the	Barents	Sea.	One	of	the	valid	play	models	in	the	eastern	part	
of	 the	 Finnmark	 Platform	 is	 based	 on	 a	 highly	 porous,	 spiculitic	 chert	 reservoir,	 which	 was	
formed	in	Late	Permian	times	(Ehrenberg	et	al.,	2001).		

Naturally	 fractured	 carbonate	 reservoirs	 are	 holding	 the	 largest	 quantity	 of	 the	 remaining	
conventional	 hydrocarbon	 resources	 in	 the	world,	 up	 to	 60	%	 (Burchette,	 2012).	 In	 order	 to	
understand	 the	 natural	 fracture	 system	 and	 its	 effect	 on	 recovery	 factor	 and	 production,	 the	
matrix	 and	 fracture	 properties,	 as	 well	 as	 their	 interaction,	 need	 to	 be	 described	 and	
characterized	(Baker	and	Kuppe,	2000).	Fracture	networks	are	fundamental	when	considering	
fluid	 flow	 in	 	 tight	 carbonate	 reservoirs,	 and	natural	 fractures	 commonly	offer	 fluid	pathways	
due	to	enhanced	porosity	and	permeability	(Moore	and	Wade,	2013).	This	presents	significant	
challenges	in	reservoir	characterization	(Guerriero	et	al.,	2013).	Therefore,	in	order	to	improve	
the	 ability	 to	 predict	 fluid	 flow	 behavior	 in	 a	 subsurface	 reservoir,	 a	 detailed	 fracture	
characterization	is	crucial	(e.g.,	Storti	et	al.,	2011;	Wennberg	et	al.,	2006).		

Hydrocarbon	exploration	in	naturally	fractured	reservoirs	has	increased	in	the	recent	decades.	
The	 knowledge	 of	 fractures	 in	 carbonate	 reservoirs	 and	 their	 effect	 on	 fluid	 flow	 in	 the	 sub-
surface	 has	 therefore	 improved	 significantly	 during	 the	 last	 years	 (e.g.,	 Bisdom	 et	 al.,	 2017,	
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2016;	Boro	et	al.,	2014;	Lei	et	al.,	2017;	Senger	et	al.,	2015b;	Watkins	et	al.,	2017;	Wennberg	et	
al.,	2016).	Numerous	studies	are	based	on	data	from	core	and	boreholes	(e.g.,	Khoshbakht	et	al.,	
2012;	 Li	 et	al.,	 2011;	Narr	 et	al.,	 2008;	Wennberg	et	 al.,	 2016)	and	detailed	outcrop-analogue	
studies	(e.g.,	Agosta	et	al.,	2010a;	Awdal	et	al.,	2013;	Nelson,	2001;	Wennberg	et	al.,	2006).	The	
use	of	field	outcrops	as	analogues	for	fractured	reservoirs	in	the	subsurface	can	provide	input	
parameters	for	reservoir	models	and	offer	a	better	representation	of	geological	heterogeneities	
(Boro	et	al.,	2014;	Bourbiaux,	2010;	Guerriero	et	al.,	2011).		

Analysis	 of	 fluid	 flow	 in	 a	 fractured	 carbonate	 reservoir	 is	 commonly	 modelled	 using	 dual	
continuum	 models	 (e.g.,	 Nardon	 et	 al.,	 1991;	 Warren	 and	 Root,	 1963),	 where	 fractures	 and	
matrix	 are	 considered	 as	 two	 separated	media.	 Consequently,	 the	 hydraulic	properties	 of	 the	
fractures	and	matrix	are	allocated	impartially	into	the	reservoir	model	(e.g.,	Boro	et	al.,	2014).	
Hydraulic	properties	of	the	matrix	implemented	into	the	model	are	often	derived	directly	from	
measurement	on	the	reservoir	rocks	(e.g.,	Parra	et	al.,	2003).	Whereas	the	hydraulic	properties	
of	 the	 fractures	 are	 commonly	 estimated	 using	 realizations	 and	 upscaling	 of	 the	 fracture	
network	(e.g.,	Kfoury	et	al.,	2006;	Kozubowski	et	al.,	2008)	or	data	from	well	production	(Cappa	
et	al.,	2005).	The	main	challenge	towards	the	estimation	of	the	hydraulic	properties	of	fractures	
in	 subsurface	 reservoirs	are	 related	 to	observations	 limitations.	 To	describe	 fractures	directly	
from	the	subsurface,	well	data	such	as	image	logs	or	cores	can	be	used	(e.g.,	Li	et	al.,	2011;	Narr	
et	al.,	2008).	However,	these	observations	are	generally	limited.	Outcrop	analogues	are	therefore	
often	used	 to	 achieve	 a	 complete	 fracture	 characterization	 consisting	of	 geometry	 (i.e.	 length,	
height,	 shape),	 aperture	 and	 density.	 Often,	 fractures	 therefore	 get	 simplified	 in	 reservoir	
models.	 These	 subjective	 operations	 might	 not	 take	 the	 geological	 controls	 on	 the	 fracture	
distribution	into	consideration	(e.g.,	Casciano	et	al.,	2004;	Hui	et	al.,	2007).	Another	challenge	is	
the	fact	that	fracture	modelling	and	upscaling	practices	are	computationally	highly	demanding	
and	time	 consuming,	particularly	 for	models	 on	 reservoir-scales	(e.g.,	 Boro	 et	 al.,	2014;	Kasiri	
and	 Bashiri,	 2011).	 In	 order	 to	 address	 the	 challenge	 of	 fracture	 sampling	 in	 subsurface	
reservoirs,	 the	 integration	 of	 outcrops	 studies	 to	 develop	 a	 fracture	 network	model	 is	 highly	
beneficial	(Boro	et	al.,	2014;	DeGraff	et	al.,	2007;	Larsen	et	al.,	2010).	In	contrast	to	subsurface	
data,	 outcrop	 analogues	 offer	 clear	 information	 on	 the	 fracture	 characteristics	 and	 their	
distribution.	Data	on	the	relation	of	fractures	to	geological	features	and	controlling	factors,	such	
as	bedding,	faults,	lithology,	mechanical	properties	etc.,	can	only	be	obtained	from	outcrops	(e.g.,	
Cooke	and	Underwood,	2001;	Underwood	et	al.,	2003).	It	is	crucial	to	note	that	fracture	features	
in	 outcrops	 can	 be	 been	 affected	 by	 surface	 processes	 (i.e.	 weathering).	 However,	 an	 overall	
analysis	 of	 outcrop	 analogues	 for	 a	 fractured	 subsurface	 carbonate	 reservoir	 is	 helpful	 to	
constrain	settings	for	distribution	of	fracture	networks	and	general	fracture	characterization.		

The	 fracture	 patterns	 in	 the	 Kapp	 Starostin	 Formation	 in	 central	 Spitsbergen	 have	 not	 been	
investigated	 before.	 However,	 the	 fracture	 system	 has	 been	 described	 in	 relation	 to	 the	
Paleogene	 fold-	 and	 thrust	 belt	 on	 the	 west	 coast	 of	 Spitsbergen	 where	 the	 Kapp	 Starostin	
Formation	is	involved	in	large-scale	duplex	structures	(Bergh	et	al.,	1997;	Braathen	et	al.,	1997;	
Larsen,	 2009;	 Strand,	 2015).	 An	 understanding	 of	 how	 the	 fracture	 systems	 in	 the	 Kapp	
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Starostin	 Formation	 affect	 porosity,	 permeability	 and	 fluid	 flow	 is	 therefore	 lacking.	 By	
combining	structural	measurements	from	outcrops	and	virtual	models,	thin	sections	this	study	
characterizes	 the	 fracture	network	of	the	Kapp	Starostin	Formation,	and	thus	contribute	 to	an	
improved	 understanding	 of	 hydrocarbon	 exploration	 in	 unconventional	 reservoirs.	 The	 study	
allows	the	construction	of	a	general	conceptual	fracture	model	and	geological	discrete	fracture	
network	 models	 to	 assess	 the	 fracture	 system	 development	 and	 its	 impact	 on	 hydrocarbon	
production.		

This	study	is	a	part	of	the	work	package	2,	Petroleum	Systems	and	Play	Concepts	(WP2),	in	the	
Research	Centre	for	Arctic	Petroleum	Exploration	(ARCEx)	with	the	Department	of	Geosciences	
at	UIT	–	The	Arctic	University	as	host	institution.	ARCEx	is	a	multi-disciplinary	research	center	
that	 involves	several	research	programs	covering	different	 fields,	 such	as	geology,	geophysics,	
environmental	risks	and	 technology	(ARCEx,	2017a).	The	work	conducted	in	WP2	 in	ARCEx	is	
focusing	on	petroleum	systems	and	the	development	of	play	concepts	on	the	Barents	Shelf,	with	
an	overall	goal	of	contributing	to	new	concepts	that	could	benefit	the	exploration	of	resources	in	
the	 Arctic	 province	 (ARCEx,	 2017b).	 The	 work	 presented	 in	 this	 study	 supports	 the	 main	
objectives	by	providing	better	 constrains	 to	 fractured	 carbonates	 as	 an	 interesting	petroleum	
play	concept.	By	linking	different	scales	onshore	and	offshore,	 the	 integrated	results	from	this	
study	contribute	to	WP2	in	ARCEx.	The	data	on	the	fracture	system	in	Kapp	Starostin	Formation	
acquired	in	this	study	will	provide	a	better	understanding	of	its	impact	on	petroleum	systems.	

1.2 Aims and objectives 
This	 study	uses	 conventional	 outcrop	data	and	virtual	 outcrops	 to	 characterize	 the	 structural	
development	of	 the	Kapp	Starostin	 formation	 in	 central	 Spitsbergen,	 representing	an	onshore	
analogue	 to	the	subsurface	 in	the	Barents	Sea.	The	study	will	 thus	contribute	 for	an	 improved	
characterization	of	 the	 fracture	network	 for	 fractured	 carbonate	 reservoirs	 in	 the	 subsurface,	
which	 is	 important	 to	 understanding	 fluid	 flow.	 Research	 questions	 addressed	 in	 this	 study	
includes:	

• How	is	the	fracture	system	influenced	by	the	development	of	the	West	Spitsbergen	Fold	
and	Thrust	belt	and	the	Billefjorden	Fault	Zone?	

• How	 will	 mechanical	 properties	 control	 the	 fracture	 characteristics	 of	 the	 different	
lithologies?	

• Can	 characterization	 of	 a	 fracture	 system	 on	 the	 surface	 be	 used	 as	 an	 analogue	 for	
fractured	carbonate	reservoirs	in	the	subsurface?	

• Will	fractures	provide	porosity	and	permeability	in	the	carbonates,	as	well	as	linking	up	
the	existing	unconnected	pore	space?	

• Do	parts	of	the	Kapp	Starostin	Formation	represents	a	potential	reservoir?	

Furthermore,	 this	 study	 aims	 to	 get	 a	 better	 understanding	 of	 the	 reservoir	 quality	 and	
investigate	how	fractures	affect	fluid	flow	by	constructing	a	discrete	fracture	network	model	in	
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Petrel.	In	addition,	a	conceptual	model	is	built	 in	order	to	explain	fracture	development	in	the	
Kapp	Starostin	Formation.	This	was	done	by:	

• Constraining	the	stratigraphical	position	of	the	studied	sections	in	relation	to	the	rest	of	
the	Kapp	Starostin	Formation	on	central	Spitsbergen	by	comparison	with	earlier	studies	

• Defining	 lithological	 facies	 units	 to	 link	 mechanical	 properties	 and	 structural	
characterization	

• Fracture	sampling	through	fieldwork	and	analyses	of	carbonate	rocks	
• Fracture	analyses	from	photogrammetry	based	on	construction	of	virtual	3D	models	
• Determining	porosity	in	the	investigated	carbonates		
• Use	fieldwork	data	as	direct	input	parameters	for	a	geological	model		
• Development	of	several	fracture	network	realizations	to	investigate	the	sensitivity	of	the	

fracture	network	input	parameters	
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2 Geological background 
The	chapter	focuses	on	the	geological	background	and	comprises	three	main	sections.	Firstly,	I	
present	 the	 tectono-stratigraphic	 evolution	 of	 the	 Barents	 Shelf	 including	 the	 archipelago	 of	
Svalbard	 (section	 2.1).	 Secondly,	 I	 introduce	 fracture	 development	 (section	 2.2).	 Thirdly,	 I	
introduce	 carbonates	 as	 hydrocarbon	 reservoirs	 with	 a	 focus	 on	 previous	 exploration,	 play	
models	in	Barents	Sea	and	other	parts	of	the	world	(section	2.3).		

2.1 Tectono-stratigraphic evolution of the Barents Shelf  
The	 study	 area	 comprises	 21	 outcrops	 located	 in	 central	 Spitsbergen,	 including	 localities	 in	
Sassendalen	 and	 southern	 Dickson	 Land	 (Figs.	 2.2,	 4.2).	 This	 section	 presents	 the	 geological	
setting	 of	 Svalbard	 and	 the	 rest	 of	 the	 Barents	 Shelf,	 followed	 by	 a	 description	 of	 the	
lithostratigraphic	units	(section	2.1.2)	covered	by	this	study.	Major	tectonic	events	on	Svalbard	
that	may	have	contributed	to	the	generation	of	fractures	are	described	in	section	2.1.3.		

2.1.1 Geographic location and geological setting of Svalbard 
The	 archipelago	 of	 Svalbard	 is	 located	 between	 74-81°N	 latitude	 and	10-35°E	 longitude.	 The	
main	 islands	 comprise	 Spitsbergen,	 Nordaustlandet,	 Edgeøya,	 Barentsøya	 Bjørnøya,	 Hopen,	
Kong	Karls	Land,	Prins	Karls	Forland	and	Kvitøya.	The	 total	 land	area	covers	over	62,000km2,	
with	glaciers	and	large	icecaps	covering	up	to	60	%	(e.g.,	Worsley,	1986).		

Geologically,	the	archipelago	is	situated	in	the	north-western	corner	of	the	Barents	Sea	(Fig.	2.1)	
and	its	geology	represents	an	uplifted	part	of	the	Barents	Shelf.	Svalbard	is	bounded	in	the	north	
by	 a	 steep	 passive	 continental	margin	 towards	 the	 Eurasian	 Basin	 (Faleide	 et	 al.,	 1984).	 The	
west	margin	divides	 Spitsbergen	 from	 the	Knipovich	Ridge,	a	 transform	segmented	 spreading	
ridge	(Talwani	and	Eldholm,	1977).	Thermal	uplift	 in	the	Early	Cretaceous	(e.g.,	Døssing	et	al.,	
2013),	shoulder	uplift	and	transform	movement	during	Paleocene	(Dallmann	et	al.,	1993;	Leever	
et	al.,	2011)	and	development	of	a	western	rifted	margin	explains	the	emergence	of	the	Barents	
Shelf.	 Svalbard´s	 geological	 record	 ranges	 from	 Precambrian	 to	 Paleogene	 age	 and	 has	 gone	
through	numerous	tectonic	events	(e.g.,	Bergh	et	al.,	2011;	Dallmann	et	al.,	1999;	Harland	et	al.,	
1997;	Henriksen	et	al.,	2011;	Leever	et	al.,	2011).		
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Fig. 2.1: Topographic and bathymetric map of the Arctic region around Svalbard with the adjacent tectonic setting. 
Bathymetry (IBCAO, v. 3.0) adapted after Jakobsson et al., (2012) with tectonic elements from Faleide et al., 
(2008), Dörr et al., (2013) and Dallmann (2015). Discoveries mentioned in the text is marked on the figure with 
stars.  

2.1.2 Lithostratigraphy and palaeographic development 
The	northern	drift	from	equatorial	latitudes	to	the	present	location	at	78-80°N	characterizes	the	
sedimentary	 succession	 of	 Svalbard	 (Figs.	 2.2,	 2.3).	 The	 sediment	 record	 from	 Devonian	 to	
Paleogene	 is	 represented	 by	 eight	 main	 depositional	 sequences,	 and	 have	 been	 described	 in	
detail	by	several	authors	(i.e.	Dallmann,	2015;	Dallmann	et	al.,	1999;	Steel	and	Worsley,	1984;	
Worsley,	 2008,	 1986).	 It	 is	 interrupted	 by	 a	 few	 major	 hiatuses	 and	 shows	 a	 cumulative	
thickness	of	approx.	7	km	(Steel	and	Worsley,	1984;	Worsley,	1986).	This	study	focuses	on	the	
Permian	strata	and	 the	most	central	sedimentary	units	of	 the	Upper	Palaeozoic	succession	on	
Svalbard	are	summarized	below.	A	short	overview	of	the	Lower	Triassic	will	also	be	presented.	
Furthermore,	 a	 regional	 correlation	between	 the	Upper	Palaeozoic	 strata	on	 Svalbard	and	 the	
southern	Barents	Shelf	will	be	described.		
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Fig. 2.2: A) Geological map of Svalbard displaying the sedimentary succession from Devonian to Palaeogene and 
Neogene. Basement rocks are also indicated. The green colored area represents sediments from Carboniferous 
and Permian times; the rocks in this study. Cross sections, A-A’ and B-B´ are shown in Fig. 2.10. B) Map of 
central Spitsbergen. The red boxes indicate the study areas, 1: Sassendalen, 2: southern Dickson Land and 3: 
Skansbukta. For a more detailed map of study localities, se Fig. 4.6. Map modified from Dallmann (2015). 
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Fig. 2.3: An overview of the lithostratigraphic development and correlation between Svalbard and the SW Barents 
Sea (adapted from Gradstein et al., 2010) with geological time scale (from Gradstein et al., 2012), palaeolatitudes 
(modified from Worsley (1986)) and tectonic events (from Dallmann (2015)). Petroleum system elements and play 
models are added from NPD´s exploration models of Mid-Upper Permian in the Barents Sea (NPD, 2014). 
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2.1.2.1 Upper Palaeozoic lithostratigraphy 
The	 Upper	 Palaeozoic	 succession	 on	 Svalbard	 has	 been	 divided	 into	 three	 groups;	 the	
Billefjorden	 Group,	 the	 Gipsdalen	 Group	 and	 the	 Tempelfjorden	 Group	 (Fig.	 2.4)	 (Cutbill	 and	
Challinor,	 1965;	 Dallmann	 et	 al.,	 1999).	 Along	 the	 west	 coast	 of	 Spitsbergen,	 the	 Upper	
Palaeozoic	 sediments	 occur	 in	 a	narrow	 zone	 of	 vertical	 tilted	 blocks	 because	 of	 the	 tectonic	
event	 in	 the	 Paleogene	 (see	 section	 2.1.3).	 The	 succession	 is	 also	 found	 as	 horizontal	 to	 sub-
horizontal	 strata	 in	 outcrops	 on	 central	 and	 eastern	 Spitsbergen,	 southwestern	 parts	 of	
Nordaustlandet	and	on	Bjørnøya	(Figs,	2.1,	2.2).		

 

Fig. 2.4: Lithostratigraphic chart of the late Palaeozoic strata. Schematic overview adapted from Larssen et al., 
(2005), after Dallmann et al., (1999). Red box indicates the section investigated in this study. 

The Billefjorden Group 
The	 Lower	 Carboniferous	 Billefjorden	 Group	 consists	 mainly	 of	 siliciclastic	 deposits	 such	 as	
sandstones,	conglomerates,	shale	and	coals	(Cutbill	and	Challinor,	1965)	(Fig.	2.3).	The	deposits	
of	the	Billefjorden	Group	on	Svalbard	are	considered	to	be	an	pre-rift	to	early	syn-rift	succession	
and	 are	mainly	 preserved	 in	Middle	 Carboniferous	 troughs	 (e.g.,	 St.	 Jonsfjorden,	 Billefjorden,	
Lomfjorden	and	West	Bjørnøya	trough)	(Johannessen	and	Steel,	1992)	(Fig.	2.5).	This	group	is	
not	a	part	of	this	study	and	will	therefore	not	be	discussed	further.	However,	the	coal	deposits	
within	the	group	are	considered	a	possible	source	rock	 for	several	play	models	 in	the	Barents	
Sea	(Henriksen	et	al.,	2011;	Larssen	et	al.,	2002).		
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Fig. 2.5: a) Global palaeogeographical reconstruction during the Late Carboniferous (ca. 300 Ma). The orange 
circle indicates the position of Svalbard. Geological setting of sedimentary basins on Svalbard during b) Early 
Carboniferous, c) and d) Late Carboniferous. Figures modified from Dallmann (2015), after Smelror et al., (2009). 

The Gipsdalen Group  
A	regional	transgression	during	the	Late	Carboniferous	led	to	the	development	of	a	warm-water	
carbonate	 platform	 (Fig.	 2.5).	 On	 this	 platform,	mudstones,	 carbonates	 and	 evaporites	 of	 the	
Lower	Permian	Gipsdalen	Group	were	deposited	 in	an	open-	 to	marginal-marine	shelf	setting.	
The	 climate	 was	 dry	 and	 warm	 (e.g.,	 Dallmann,	 2015;	 Hüneke	 et	 al.,	 2001;	 Stemmerik	 and	
Worsley,	 2005).	The	 group	 can	be	divided	 into	 several	 subgroups,	whereas	 the	Dickson	Land	
Subgroup	is	the	only	one	with	importance	to	this	study.	The	Dickson	Land	Subgroup	includes	the	
two	 uppermost	 formations	 in	 the	 Gipsdalen	 Group;	 the	 Wordiekammen	 Formation	 and	 the	
overlying	Gipshuken	Formation	(Dallmann	et	al.,	1999).	The	Gipshuken	Formation	is	exposed	in	
several	 outcrops	 in	 the	 study	 area	 and	 positioned	 stratigraphically	 below	 the	 Kapp	 Starostin	
Formation.	The	Gipshuken	Formation	comprises	primarily	deposits	of	marginal-marine	lagoons,	
mudflats	 and	 sabkha	 environments	 with	 evaporites,	 carbonates	 and	 algae	 mats	 (Dallmann,	
2015).		

The Tempelfjorden Group 
The	sea-level	lowstand	during	the	Lower-Mid	Permian	(Fig.	2.6)	resulted	in	a	restricted	platform	
that	 occasionally	 experienced	 weathering,	 karstification	 and	 erosion	 of	 subaerial	 exposed	
deposits.	This	resulted	in	a	major	hiatus	which	is	representing	the	sharp	boundary	between	the	
Gipsdalen	Group	and	the	Tempelfjorden	Group	(Dallmann,	2015).	The	Tempelfjorden	Group	on	
Spitsbergen	is	mainly	represented	by	the	Kapp	Starostin	Formation	that	forms	very	pronounced	
steep	cliffs	(Fig.	2.4).	The	Kapp	Starostin	Formation	is	the	main	formation	studied	in	this	thesis.	
It	consists	of	biogenic	spiculite	cherts	with	sub-ordinate	limestone,	black	shales	and	glauconitic	
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sandstones	 (Blomeier	 et	 al.,	 2013;	 Ezaki	 et	 al.,	 1994).	 The	 abundant	 fossil	 fauna	 consists	 of	
brachiopods,	corals,	sponges	and	bryozoans	(Ezaki	et	al.,	1994).	The	sediments	were	deposited	
during	a	change	from	a	warm-water	carbonate	platform	to	an	open-marine,	temperate-	to	cold-
water	 shelf.	 The	 strong	 contrast	 in	 sedimentary	 facies	 and	 fauna	 diversity	 between	 the	
underlying	Gipshuken	Formation	and	the	Kapp	Starostin	Formation	clearly	 indicates	a	shift	to	
both	 colder	 and	 deeper	 environments	 (Hüneke	 et	 al.,	 2001;	 Steel	 and	 Worsley,	 1984).	 The	
environments	representing	the	deposits	include	shallow-marine	nearshore	 to	deeper,	offshore	
settings	(Blomeier	et	al.,	2011a).	In	platform	areas,	the	Tempelfjorden	Group	is	situated	above	a	
subaerial	unconformity,	whereas	basin	margins	and	basins	show	an	rapid	deepening	(Worsley,	
2008,	1986).	The	group	was	deposited	all	over	Svalbard,	except	on	the	Sørkapp-Hornsund	High	
where	the	strata	thins	rapidly	and	onlap	the	structural	high	(Fig.	2.4).	The	strata	is	thus	thickest	
in	 the	 basins,	 thinning	 towards	 structural	 highs	 (Larssen	 et	 al.,	 2002).	 Similar	 trends	 is	 also	
described	 from	 Bjørnøya	 and	 the	 Stappen	High	 and	 the	 Loppa	 High	 in	 the	 Barents	 Sea	 (e.g.,	
Worsley	et	al.,	2001).		

 

Fig. 2.6: a) Global palaeographic reconstruction of the Late Permian (ca. 260 Ma). Geological setting of the 
sedimentary basins on Svalbard during b) Early Permian (Gipshuken Formation), and c) Late Permian (Kapp 
Starostin Formation). Figures modified from Dallmann (2015), after Smelror et al., (2009). 

The	 Kapp	 Starostin	 Formation	 is	 divided	 into	 several	 members	 (Fig.	 2.4).	 The	 members	 on	
central	Spitsbergen	that	are	relevant	for	this	study	are	the	Vøringen	Member,	the	Svenskeegga	
Member	 and	 the	 Hovtinden	 Member	 (Dallmann	 et	 al.,	 1999).	 The	 Vøringen	 Member	 is	 the	
lowermost	unit	and	traditionally	referred	to	as	the	Spirifer	Limestone	due	to	the	high	amount	of	
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large	 thick-shelled	 spiriferid	 brachiopods	 (Ezaki	 et	 al.,	 1994;	 Nakamura	 et	 al.,	 1987).	 The	
member	 is	a	massive,	grey	 limestone	dominated	by	bioclastics	and	large	 fossil	 fragments.	The	
base	 of	 the	 member	 is	 erosive	 and	 sharp	 over	 the	 underlying	 Gipshuken	 Formation	 and	
indicates	 a	 regional	 transgression	 (e.g.,	 Blomeier	 et	 al.,	 2013,	 2011a;	 Bond	 et	 al.,	 2017).	 This	
member	 is	 found	 over	 larger	 parts	 of	 Spitsbergen	 and	 Nordaustlandet	 and	 the	 maximum	
thickness	is	around	40	m	(Dallmann	et	al.,	1999).	In	this	study,	it	is	found	to	only	be	6-12	m	thick	
(Fig.	4.1).		

The	Vøringen	Member	is	followed	by	the	Svenskegga	and	Hovtinden	members.	The	Svenskegga	
Member	 is	 found	 directly	 on	 top	 of	 the	 Vøringen	Member	 and	 has	 a	 thickness	 varying	 from	
around	 150-230	m	 in	 the	 Isfjorden	 area	 (Fig.	 2.4)	 (Dallmann	 et	 al.,	 1999).	 The	 Svenskegga	
Member	 is	 overlain	 by	 the	 Hovtinden	Member	 which	 represents	 the	main	 parts	 of	 the	 Kapp	
Starostin	 Formation	 with	 a	 thickness	 of	 around	 200-300	m	 (Dallmann	 et	 al.,	 1999).	 The	 two	
members	are	dominated	by	thicker	successions	of	spiculitic	shales	and	chert	with	intercalated	
black	shales,	siltstones	and	limestones	(Blomeier	et	al.,	2013;	Dallmann,	2015).	The	Svenskegga	
and	Hovtinden	members	are	only	defined	by	their	type	sections	in	outer	Isfjorden,	but	are	also	
described	from	the	Sassendalen	area	(Grundvåg,	2008).		

 

Fig. 2.7: a) Global palaeographic reconstruction of the Late Triassic (ca. 200 Ma). Geological setting of the 
sedimentary basins on Svalbard during b) Early Triassic (Vikinghøgda Formation), and c) Middle Triassic 
(Botneheia Formation). Figures modified from Dallmann (2015), after Smelror et al., (2009). 

2.1.2.2 Lower Mesozoic litostratigrapy 
The	boundary	between	the	Permian	Tempelfjorden	Group	and	the	overlaying	Mid-Early	Triassic	
Sassendalen	 Group	 is	 marked	 by	 a	 sudden	 change	 in	 facies.	 Successions	 of	 limestones	 and	
silicified	 cherts	 are	 abruptly	 replaced	 by	 homogenous	 dark	 Triassic	 shales	 (e.g.,	 Mørk	 et	 al.,	
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1999;	Steel	and	Worsley,	1984)	This	change	reflects	a	transgression	and	the	end	of	the	silicified	
sponges	 and	 cold-water	 carbonate	 setting	 (Worsley,	 2008).	 The	 transition	 from	 Permian	 to	
Triassic	 is	 also	 reflected	by	an	Late	Permian	mass	 extinction	where	up	 to	90	%	of	 all	marine	
species	 and	 70	%	 of	 all	 terrestrial	 vertebrates	 were	 extinctic	 during	 an	 environmental	 crisis	
(e.g.,	Erwin,	2006).	During	the	Triassic,	 the	depositional	area	 is	characterized	by	a	stable	shelf	
that	went	through	several	cycles	of	sea-level	changes	(Dallmann,	2015;	Faleide	et	al.,	1984).	The	
Sassendalen	Group	in	central	Spitsbergen	comprises	the	Vikinghøgda	Formation	overlain	by	the	
Botneheia	 Formation	 (Fig.	 2.7)	 (Dallmann,	 2015;	 Dallmann	 et	 al.,	 1999).	 The	 Vikinghøgda	
Formation	 consist	 of	 mainly	 mudstones	 with	 interbedded	 sand-	 and	 siltstones,	 whereas	 the	
Botneheia	 Formation	 is	 represented	 by	 very	 organic-rich,	 black	 shales	 being	 a	 regionally	
important	 source	 rock	 (e.g.,	 Dallmann,	 2015;	 Mørk	 et	 al.,	 1999;	Worsley,	 2008).	 In	 southern	
Dickson	 Land	 the	 boundary	 between	 the	 Kapp	 Starostin	 Formation	 and	 the	 overlying	
Vikinghøgda	Formation	was	observed	in	the	scree	at	the	foot	of	Heimenfjellet	(see	Hf	in	Fig.	4.6).	
In	 Sassendalen,	 the	 boundary	 could	 be	 observed	 in	 Eskerfossen	 as	 a	 sharp	 unconformity	
(section	4.2.1).	

2.1.2.3 Correlation of litostratigraphy between Svalbard and the Barents Sea  
Subsurface	data	from	the	southwestern	Barents	Shelf,	such	as	cores,	well	logs	and	seismic	data,	
show	 great	 similarities	 to	 the	 recorded	 strata	 onshore	 Svalbard	 and	 the	 Upper	 Palaeozoic	
offshore	 sediments	 in	 the	 Barents	 Sea.	 The	 Upper	 Palaeozoic	 deposits	 on	 the	 southwestern	
Barents	 Sea	 extends	 from	 the	 Finnmark	 Platform	 out	 to	 the	 Atlantic	 margin	 (Fig.	 2.8).	 The	
stratigraphic	equivalents	 to	 the	onshore	Upper	Palaeozoic	successions	have	been	 identified	 in	
numerous	exploration	wells	offshore	(Bugge	et	al.,	1995).	Long	distances	between	Spitsbergen,	
Bjørnøya	 and	 the	 southwestern	 Barents	 Sea,	 combined	 with	 limited	 knowledge	 of	 the	
stratigraphy,	have	resulted	 in	separate	 formation	names	 for	both	Bjørnøya	and	the	rest	of	the	
Barents	 Sea	 (Fig.	 2.4).	 However,	 the	 same	 lithostratigraphic	 names	 are	 used	 for	
lithostratigraphic	groups	where	correlations	between	the	onshore	successions	on	Svalbard	and	
offshore	succession	on	the	Barents	Shelf	are	possible.	

In	the	southern	Barents	Sea,	the	Gipsdalen	Group	can	be	divided	into	three	formations;	the	Ugle,	
Falk	 and	 Ørn	 formations	 (Larssen	 et	 al.,	 2002).	 The	 equivalents	 on	 Bjørnøya	 comprise	 the	
Landnøringsvika,	Kapp	Kåre,	Kapp	Hanna	and	Kapp	Dunèr	formations	 	(Dallmann	et	al.,	1999)	
(Fig.	 2.4)	 .	 Recently,	 a	 new	 succession	 described	 as	 the	 Fafner	 succession	 on	 Loppa	 High	 is	
suggested	as	an	offshore	equivalent	to	the	Gipshuken	Formation	on	Spitsbergen	(Ahlborn	et	al.,	
2014).	 Cool-water	 carbonates	 deposited	 in	 the	 southern	 Barents	 Sea	 during	 Early-	 to	 Mid-
Permian,	are	clearly	different	from	the	deposits	on	Svalbard	during	the	same	time	period.	This	
resulted	in	the	establishment	of	a	new	group;	the	Bjarmeland	Group	(Dallmann	et	al.,	1999)	(Fig.	
2.4).	On	Bjørnøya,	a	thin	representative	formation,	the	Hambergfjellet	Formation,	is	present	and	
thought	 to	be	 the	condensed	equivalent	to	 the	 Isbjørn	Formation	(Dallmann	et	al.,	1999)	(Fig.	
2.4).	 This	 formation	 is	 interpreted	 to	 be	 correlative	 with	 the	 Vøringen	 Member	 of	 the	 Kapp	
Starostin	Formation	on	Spitsbergen	(Dallmann	et	al.,	1999;	Larssen	et	al.,	2002;	Worsley	et	al.,	
2001).	
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Fig. 2.8: The main structural elements on the Barents Shelf. Wells mentioned in the text are indicated on the map. 
Map modified from Smelror et al. (2009) and three Mid-Late-Permian exploration models added from NPD (2014).	

In	 the	Barents	Sea,	 the	Tempelfjorden	Group	generally	 lies	on	 top	of	 the	Bjarmeland	Group.	A	
few	wells	(7120/12-2	and	7120/12-4)	(Larssen	et	al.,	2002)	(Fig.	2.8)	show	exceptions	where	
the	 Tempelfjorden	 Group	 is	 situated	 directly	 on	 top	 of	 the	 Gipsdalen	 Group	 (Larssen	 et	 al.,	
2002).	The	Tempelfjorden	Group	 in	 the	Barents	 Sea	 is	 divided	 into	 two	 formations;	 the	Røye	
Formation	and	the	Ørret	Formation	(Rafaelsen	et	al.,	2008).	Both	formations	are	possible	lateral	
equivalents	 to	 the	Miseryfjellet	 Formation	 on	 Bjørnøya	 and	 the	 Kapp	 Starostin	 Formation	 on	
Spitsbergen	(Fig.	 2.4),	 but	 cannot	be	 linked	directly	 to	 the	onshore	outcrops	on	Bjørnøya	and	
Spitsbergen	 due	 to	 poor	 dating	 methods	 (Grundvåg,	 2008).	 The	 Røye	 Formation	 consists	 of	
highly	silicified	limestones,	mudstones	and	spiculites,	while	the	overlying	Ørret	Formation	show 
less	silicified	rocks	and	coarser	siliciclastic	rocks	(Larssen	et	al.,	2002).	
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The	thickness	of	 the	Tempelfjorden	Group	 is	 thinning	over	 the	structural	highs	 in	 the	Barents	
Sea	(Larssen	et	al.,	2002).	Due	to	a	repeated	uplift	in	Permian-Early	Triassic,	the	succession	of	
the	Tempelfjorden	Group	on	the	Loppa	High	is	thinning	and	truncated	(Larssen	et	al.,	2002).	The	
carbonate	deposits	on	the	crest	are	karstified	as	a	result	of	the	uplift	and	exposure	of	the	shelf	
(Stemmerik	et	al.,	1999).	The	Røye	Formation,	and	 interfingering	successions	of	 the	Røye	and	
Ørret	Formation,	are	penetrated	by	several	wells	drilled	on	the	southern	margin	of	the	Loppa	
High	 (wells	 7121/1-1,	 7120/1-1,	 7120/12-2	 and	7120/12-4)	 (Larssen	 et	 al.,	 2002)	 (Fig.	 2.8).	
The	 Røye	 Formation	 is	 continuous	 laterally	 from	 the	 Loppa	 High	 to	 the	 eastern	 part	 of	 the	
Finnmark	Platform,	whereas	 the	overlying	Ørret	Formation	 laterally	 transforms	 into	 the	Røye	
Formation	updip	on	the	Loppa	High	and	the	Finnmark	Platform	(Larssen	et	al.,	2002).	

The	Triassic	 Sassendalen	Group	on	Spitsbergen	 can	be	 traced	 across	 the	Barents	 Shelf	 all	 the	
way	down	to	the	Hammerfest	Basin	(Dallmann	et	al.,	1999)	(Fig.	2.8).	The	Sassendalen	Group	in	
the	Barents	Sea	is	divided	into	four	formations;	the	Havert	Formation,	the	Klappmyss	Formation	
and	the	lateral	equivalents	the	Steinkobbe	and	the	Kobbe	formations	(Mørk	et	al.,	1999).	 

2.1.3 Tectonic evolution 
The	complex	tectonic	evolution	of	Svalbard	and	the	Barents	Sea	has	affected	and	controlled	the	
sedimentation	of	 the	post-Caledonian	strata	(e.g.,	Dallmann,	2015;	Dallmann	et	al.,	1999;	Steel	
and	 Worsley,	 1984;	 Worsley,	 2008,	 1986).	 This	 is	 reflected	 by	 great	 change	 in	 depositional	
patterns,	multiple	depositional	stops,	erosion,	provenance	and	transport	directions	(Smelror	et	
al.,	2009;	Steel	and	Worsley,	1984).	The	tectonic	framework	of	Svalbard	is	dominated	by	several	
structural	 lineaments,	 mainly	 N-S	 and	 NNW-SSE	 oriented,	 that	 have	 gone	 through	 numerous	
episodes	of	reactivation	and	inversion	since	the	Devonian	(Steel	and	Worsley,	1984).	These	fault	
zones	 are	 assumed	 to	 have	 their	 origin	 in	 the	 Caledonian	 orogeny	 (Haremo	 and	 Andresen,	
1992).	The	most	important	fault	zones	include	the	Billefjorden	Fault	Zone,	the	Lomfjorden	Fault	
Zone	 and	 the	Hornsund	Fault	 Zone	 (e.g.,	Andresen	et	 al.,	 1992;	Haremo	and	Andresen,	 1992)	
(Fig.	 2.8).	 The	 Billeforden	 Fault	 Zone	 lineament	 is	 located	 close	 to	 both	 study	 areas	 and	 this	
tectonic	active	zone	might	have	had	a	large	impact	on	the	structural	development	in	the	study	
areas	(Fig.	2.2).		

In	 the	 Carboniferous,	 Svalbard	 experienced	 a	 change	 from	 a	 compressional	 regime	 (i.e.	
Svalbardian	event,	Piepjohn,	2000)	to	a	left-lateral	shear	regime	with	strike-slip	movements	and	
rifting	forming	Mid-Carboniferous	rift	basins	(Faleide	et	al.,	1984).	The	development	of	these	rift	
basins	was	concentrated	along	the	pre-exciting	N-S	and	NNW-SSE	trending	lineaments,	such	as	
the	Billefjorden	Fault	Zone	(Figs.	2.2,	2.10)	and	the	Lomfjorden	Fault	Zone	(Steel	and	Worsley,	
1984)	(Fig.	2.2).	The	concentration	of	extensional	forces	led	to	establishment	of	several	horst-
graben	structures	on	Svalbard,	such	as	the	Billefjorden	and	St.	Jonsfjorden	Trough	and	the	Ny-
Friesland,	Nordfjorden	and	Sørkapp-Hornsund	highs,	 respectively	(Dallmann,	2015;	Henriksen	
et	al.,	2011).	Rifting	 in	Carboniferous-Permian	(e.g.,	Stemmerik,	1997;	Stemmerik	et	al.,	1991)	
also	resulted	in	fault-controlled	subsidence	and	development	of	multiple	structural	depressions	
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Fig. 2.9: Late Palaeozoic tectonic framework. Figure indicating a reconstruction of the north margin of Pangea, 
pre-drift. The small insert map represents the present situation of Svalbard, Greenland and the rest of the Barents 
Shelf. Map adjusted from Stemmerik & Worsley (2005).	

in	 the	 south-western	 Barents	 Sea,	 such	 as	 the	 Bjørnøya,	 Tromsø,	 Nordkapp	and	Fingerdjupet	
basins	(Gudlaugsson	et	al.,	1998;	Henriksen	et	al.,	2011)	(Fig.	2.8).		

Permian	to	Cretaceous	represent	a	relatively	quiet	tectonic	setting.	Svalbard	and	the	Barents	Sea	
were	 characterized	 by	 a	 stable	 marine	 platform	 dominated	 by	 deposition	 of	 multiple	
transgressive	and	regressive	sequences	of	carbonates	and	siliciclastic	(Steel	and	Worsley,	1984).	
In	 the	 Early	 Permian	 the	 redeployment	 of	 central	 Pangea	 led	 to	 a	 marginal	 uplift	 and	 the	
formation	of	a	regional	hiatus	 in	 the	north	(Stemmerik	and	Worsley,	2005)	(Fig.	2.9).	Most	of	
Bjørnøya,	Spitsbergen	and	North	Greenland	are	therefore	lacking	deposits	from	late	Sakmarian-
Artinskian	(Stemmerik	and	Worsley,	2005;	Worsley	et	al.,	2001).	Structural	highs	in	the	western	
Barents	Sea,	such	as	the	Stappen	and	Loppa	high	(Figs.	2.8,	2.9)	also	experienced	uplift	and	some	
minor	 tectonic	 influence	 continued	 into	 the	 Mid-Permian	 (Henriksen	 et	 al.,	 2011;	 Worsley,	
2008).	The	Uralian	seaway	developed	as	a	result	of	plate	movements	which	resulted	in	a	drastic	
change	 in	 sea	 temperature	 (Stemmerik	 and	 Worsley,	 2005;	 Worsley,	 2008).	 This	 change	
represents	 a	 shift	 from	warm-water	 carbonates	 to	 cold-water	 carbonates	 and	 spiculitic	 rocks	
(Blomeier	et	al.,	2011a;	Stemmerik,	2000;	Worsley,	2008).		

The	Triassic	is	considered	a	tectonically	quiet	period	on	the	northern	Barents	Shelf,	but	minor	
tectonic	activity	has	been	recorded	during	Triassic	in	the	eastern	parts	of	Svalbard	(e.g.,	Anell	et	
al.,	2013;	Osmundsen	et	al.,	2014).	Mild	extensional	faulting	with	deep-rooted	faults	terminating	
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Fig. 2.10: Cross-sections through central Spitsbergen. Vertically exaggerated by 2x. The red boxes indicate 
study areas. For locations of cross section and lithostratigraphic legend, see Fig. 2.2. Modified from Dallmann 
(2015). 

 

in	the	Triassic	rocks	are	documented	together	with	varied	sediment	thicknesses	in	Edgeøya	(Fig.	
2.2).	This	suggest	syn-sedimentary	fault	growth	within	the	Triassic	strata,	possibly	influenced	by	
deep-rooted	 faults	(Anell	et	al.,	2013).	The	 faults	 indicate	N-S	 to	NE-SW	extension	in	the	area,	
but	show	 in	detail	a	complex	 fault	system	some	places	(Osmundsen	et	al.,	2014).	Similar	 fault	
systems	in	the	Triassic	successions	have	not	been	described	from	other	parts	of	Svalbard.	

The	first	phase	of	seafloor	spreading	in	the	Arctic	Ocean	started	during	the	Early	Cretaceous	and	
led	to	volcanic	activity	(Døssing	et	al.,	2013;	Tarduno,	1998)	and	the	development	of	the	High	
Arctic	Large	Igneous	Province	(HALIP,	Tarduno	et	al.	1998;	Tarduno	1998)	during	Barremian	to	
Early	 Campanian	 (Polteau	 et	 al.,	 2016;	 Senger	 et	 al.,	 2014).	 The	 increased	magmatic	 activity	
resulted	in	an	increased	heat	flux	which	lead	to	major	uplift	and	erosion	of	more	than	1	km	of	
the	northern	areas	on	Spitsbergen	(Dallmann	et	al.,	1999;	Dörr	et	al.,	2012;	Gjelberg	and	Steel,	
1995).	Svalbard,	which	is	situated	on	the	northern	part	of	the	Barents	Sea,	has	experienced	uplift	
of	about	3	km	(Harland	et	al.,	1997).	The	uplift	resulted	in	an	regional	unconformity	where	the	
entire	Late	Cretaceous	stratigraphic	section	is	represented	by	a	major	hiatus	(e.g.,	Dallmann	et	
al.,	1999,	1993;	Dörr	et	al.,	2012;	Maher,	2001).		

The	opening	of	the	Arctic	Ocean	and	the	North-Atlantic	(Talwani	and	Eldholm,	1977)	continued	
into	 the	 Paleogene	with	 dextral	 transform	 plate	 boundary	movements	 between	 Svalbard	 and	
Greenland	(Braathen	et	al.,	1999b;	Dallmann	et	al.,	1999).	The	emerging	of	the	spreading	ridge	
in	 the	North-Atlantic	accompanied	with	dextral	 transform	movements	 led	 to	complex	 tectonic	
structures,	such	as	the	fold	and	thrust	belt	on	the	west	coast	of	Spitsbergen	(e.g.,	Dallmann	et	al.,	
1993;	Braathen,	Bergh	and	Maher,	1997,	1999;	Leever	et	al.,	2011)	(Figs.	2.2,	2.8,	2.9),	the	West	
Spitsbergen	Fold	and	Thrust	belt	(WSFB).	The	WSFB	includes	folded	and	thrusted	strata	formed	
by	 transtension	 and	 transpression	 (Harland	 et	 al.,	 1997;	 Leever	 et	 al.,	 2011;	 Talwani	 and	
Eldholm,	 1977).	 The	 WSFB	 ranges	 from	 northwest	 of	 Kongsfjorden	 down	 to	 the	 south	 of	
Sørkapp,	 but	 compressional	 features	 can	be	 traced	 all	 the	way	down	 to	 the	northern	parts	 of	
Bjørnøya	(Bergh	and	Grogan,	2003;	Faleide	et	al.,	2008).	The	tectonic	event	makes	up	an	approx.	
100-200	km	wide	zone	of	deformation	with	a	taper	that	is	thinning	towards	the	eastern	parts	of	
Spitsbergen	 (Braathen	 et	 al.,	 1999b).	 The	 compressional	 orogenic	 event	 resulted	 in	 crustal	
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shortening	of	approx.	20-40	km	oriented	almost	perpendicular	(WSW-ENE)	to	the	margin	axis	
that	trends	N-S	to	NNW-SSE	(Bergh	et	al.,	1997;	Leever	et	al.,	2011).		

Deformation	that	took	place	in	Paleogene	times	can	be	divided	into	four	distinct	provinces	with	
different	 structural	styles	 (Bergh	 et	al.,	 1997);	 (1)	a	western	hinterland	 zone	of	 thrusting,	 (2)	
thick-skinned	 fold	 and	 thrust	 complexes	 that	 involve	 the	basement,	 (3)	 the	 central	 zone	with	
thin-skinned	folding	and	thrusting	and	(4)	eastern	zone	with	horizontal	strata	in	a	foreland	zone	
(Bergh	et	al.,	1997;	Braathen	et	al.,	1999b).	The	study	area	 in	Sassendalen	 is	positioned	 in	the	
eastern	zone	and	the	tectonic	influence	in	this	area	is	mainly	affected	by	compressional	tectonics	
(Haremo	et	al.,	1990).		

The	 formation	 of	 the	 WSFB	 resulted	 in	 formation	 of	 a	 foreland	 basin	 in	 central	 Spitsbergen	
during	 Paleocene-Eocene,	 known	 as	 the	 Central	 Basin	 (CB),	 previously	 Central	 Tertiary	 Basin	
(CTB)	 (Leever	 et	 al.,	 2011).	 This	 basin	 represents	 an	 asymmetrical	 synclinal	 structure	with	 a	
steep	sub-vertical	west	limb	and	a	shallower	dipping	east	limb.	The	sediment	infill	of	the	basin	
represents	 eroded	 deposits	 derived	 from	 the	 forming	 orogeny	 (Braathen	 et	 al.,	 1997,	 1995).	
Siliciclastic	 deposits	 of	 marine	 and	 continental	 origin	 dominate	 the	 sediment	 infill	 (Helland-
Hansen,	2010;	Steel	and	Worsley,	1984).		

The	structural	boundary	east	of	 the	CB	 is	represented	by	 the	NNW-SSE	trending,	east	dipping	
BFZ	 (Harland	 et	 al.,	 1974;	 Manby	 et	 al.,	 1994).	 This	 structural	 lineament	 originated	 in	 the	
Devonian	 and	 had	 great	 impact	 on	 the	 later	 structural	 evolution	 of	 Svalbard	 (Bælum	 and	
Braathen,	 2012).	 The	 BFZ	 was	 activated	 during	 a	 contractional	 regime	 in	 the	 Caledonian-
Devonian	 times	 and	 again	 during	 Carboniferous	 as	 an	 extensional	 structure	 (Haremo	 et	 al.,	
1990;	Haremo	and	Andresen,	1992;	Harland	et	al.,	1974).	The	fault	zone	is	thought	to	have	been	

Fig. 2.11: Burial curve of the Kapp Starostin Formation since its deposition in middle-late Permian (see section 
2.1.2.1). Figure modified from locality 2 (southern Dickson Land) in Michelsen and Khorasani (1991), based on 
reflectance of coals from Devonian-Cenozoic. Overall tectonic regimes are based on Dallmann et al., (1999). 
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active	again	during	Cenozoic	times	within	a	compressional	setting	(Bælum	and	Braathen,	2012).	
McCann	and	Dallmann	 (1996)	 show	 that	 the	ENE-WSW	shortening	 in	 the	Paleogene	 fold	 and	
thrust	 belt	 has	 been	 transferred	 eastwards	 along	 décollement	 zones	 (i.e.	 evaporites	 in	 the	
Gipshuken	Formation	and	black	shales	in	the	Botneheia	and	Agardhfjellet	formations,	Bergh	et	
al.,	 1997;	 Braathen	 et	 al.,	 1997)	 and	 interfered	 with	 reverse	 faulting	 along	 the	 pre-existing	
lineaments	(i.e.	Billefjorden	Fault	Zone).	Structural	development	 in	central	Spitsbergen	east	of	
BFZ	is	characterized	by	combined	structural	style,	indicating	a	shortening	of	at	least	3	km,	and	
possible	around	10	km	across	the	BFZ	(Haremo	et	al.,	1990).	The	Lomfjorden	Fault	Zone	(e.g.,	
Andresen	et	al.,	1992,	1988;	Haremo	and	Andresen,	1992)	represents	another	pre-existing	N-S	
trending	 structural	 lineament.	 This	 lineament	 is	 also	 showing	 evidence	 of	 thin-skinned	
compressional	deformation	 that	was	dominant	during	 the	east-west	crustal	shortening	during	
Cenozoic	(Andresen	et	al.,	1988).		

Regional	 uplift	 and	 tilting	 of	 Svalbard	 in	 Cretaceous	 to	 Cenozoic	 times	 (Fig.	 2.11)	 resulted	 in	
great	exposure	of	 the	entire	rock	record	onshore	 Svalbard	(e.g.,	Dörr	et	al.,	2013;	Knies	et	al.,	
2014;	Vagnes	and	Amundsen,	1993),	including	Hecla	Hoek	basement	rocks,	Devonian	red	rocks	
and	 the	 whole	 post-Caledonian	 stratigraphy	 from	 the	 Upper	 Palaeozoic	 to	 the	 Paleogene	
(Worsley,	 2008).	 Lastly,	 the	 Svalbard	 strata	 experienced	 erosion	 and	 uplift	 as	 a	 result	 of	
glaciations	in	Quaternary	times	(e.g.,	Dimakis	et	al.,	1998;	Dörr	et	al.,	2013;	Worsley,	2008).		

2.2 Fracture systems and development 
The	fractures	in	this	study	are	recorded	in	strata	that	can	be	described	as	mainly	undeformed	
and	not	affected	by	deformation	in	folds	and	faults.	The	strata	in	the	study	areas	are	relatively	
sub-horizontal	compared	to	the	western	parts	of	Spitsbergen	(see	section	2.1.3)	(i.e.	Bergh	et	al.,	
1997;	Braathen	et	al.,	1997).	The	fractures	in	relatively	flat-laying	bedding	are	often	a	result	of	
basin	maturation	 and	 stresses	 from	basin	 subsidence,	 uplift	 and	more	distant	 tectonic	 events	
(Lorenz	et	al.,	1997).	

2.2.1 Fracture characterization 

2.2.1.1 Fracture types 
Basic fractures 
Fractures	represent	discrete	deformations	structures	as	a	result	of	cohesion	 loss	causing	rock	
failure.	 Fractures	 are	 defined	 as	 a	 discontinuity	 in	 a	 rock	 (e.g.,	 Schultz	 &	 Fossen,	 2008)	 and	
develop	in	rocks	that	are	affected	by	brittle	deformation.	They	can	be	referred	to	as	a	joint,	fault,	
stylolite	or	if	filled,	veins	or	dikes.	Fractures	can	be	divided	into	three	different	primary	modes	
(Mode	I-III)	based	on	the	mechanics	behind	the	development	(Fig.	2.12)	(Freund,	1998;	Irwin,	
1957;	Kulander	et	al.,	1979;	Twiss	and	Moores,	2007).	Mode	I	represent	extensional	fractures,	or	
joints,	that	develop	perpendicular	to	the	axis	of	minimum	tectonic	stress.	Mode	I	fractures	can	
range	 from	 centimeters	 to	 several	 meters	 in	 scale.	 The	 fractures	 can	 act	 as	 bed-confining	
fractures	restricted	to	a	single	bed	or	as	through-going	fractures	cutting	to	several	beds	(Fossen,	
2016).	Anti-mode	 I	 fractures	are	an	additional	mode	that	relates	to	compression	and	 includes	
stylolite	 and	 deformations	 bands	 that	 are	 forming	 perpendicular	 to	 the	 axis	 of	 maximum	
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tectonic	 stress	 (Fig.	 2.12).	 Mode	 II-III	 represent	 shear	 fractures	 formed	 by	 shearing,	 either	
parallel	to	the	fracture	(mode	II)	or	with	rotation	and	tearing	(mode	III)	(Fossen,	2016;	Freund,	
1998;	Twiss	and	Moores,	2007).	Shear	fractures	commonly	develop	at	20-40°	to	the	maximum	
stress	and	as	conjugate	sets	symmetric	to	the	principal	stress	axes.	A	shear	fracture	is	a	result	of	
internal	shear	 in	a	rock	body	or	reactivation	of	 joints	under	compression.	Fractures	 including	
more	 than	 one	 mode	 are	 termed	 hybrid	 fractures	 and	 are	 often	 a	 result	 of	 shear	 fractures	
affected	by	extension	(Ramsey	and	Chester,	2004).		

 

Fig. 2.12: The three main fracture modes, with the additional anti mode. Mode I display extensional fractures such 
as joints, whereas mode II and III represent shear fractures. The anti-mode I is the opposite of mode I and 
represents fracturing in compressional setting. This result in loss of volume as a product of pressure dissolution of 
grains. Modified from Fossen (2016). 

Diagenetic fractures 
The	 origin	of	 fractures	depends	on	different	 factors.	Hydraulic	 fractures	 are	 fractures	 formed	
under	 generated	 pore	 pressure	 when	 the	 pore	 pressure	 exceed	 the	 internal	 compressive	
strength	 of	 the	 rock	 	 (Engelder	 and	 Lacazette,	 1990).	 Fracturing	 is	 a	 result	 of	 the	 tensile	 net	
stress.	 But	 when	 a	 fracture	 evolves,	 the	 pore	 pressure	 decreases,	 and	 further	 fracturing	 is	
stopped.	According	to	Secor	(1965),	pore	pressure	fracturing	comprise	three	stages;	initiation,	
propagation	and	arrest.		

Silica	fractures	can	develop	due	to	opal	A	(non-crystalline	biogenic	silica)	converting	to	opal	CT	
(microcrystalline	 silica)	 through	 thermal	 chemical	 reactions	 (Davies,	 2005).	 This	 usually	
happens	 in	 the	 temperature	 interval	 from	 2-55°C	 where	 thermochemical	 processes	 occur	 in	
buried	deposits	in	a	sedimentary	basin	(Davies,	2005;	Hein	et	al.,	1978).	The	reaction	dissolves	
silica	and	re-precipitates	the	silica	in	a	phase	change.	Since	opal	CT	is	denser	than	opal	A,	this	
results	 in	 a	 decreased	 volume	 (Deer,	 1992).	 The	 reaction	 leads	 to	 decreased	 porosity	 and	
increased	 compaction	 with	 depth	 which	 can	 affect	 the	 amount	 of	 subsidence	 in	 a	 basin.	
Differential	subsidence	might	occur	and	result	in	large-scale	deformation	of	sedimentary	basin-
fill	and	fracturing	(Davies,	2005).	If	the	reaction	continues,	the	opal	CT	converts	into	chalcedony	
or	crystalline	quarts	(chert)	(Kastner	et	al.,	1977;	Kastner	and	Gieskes,	1983).		

The	 chemical	 process	 of	 dolomitization	 can	 also	 generate	 fractures.	 Dolomitization	 is	 the	
transition	from	calcium	carbonate	(CaCO3)	into	dolomite	(CaMg(CO3)2).	The	diagenetic	change	is	
usually	 happening	 in	 greater	 depths	 around	 >1000	m	 and	 can	 affect	 porosity	 at	 large	 scales	
(Wierzbicki	et	al.,	2006).	Dolomitization	can	both	increase	and	decrease	the	porosity	in	a	rock	
depending	on	its	crystal	setup	(Weyl,	1960).		
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Tectonic fractures 
Tectonic	 forces	 are	 the	 main	 mechanical	 processes	 that	 generate	 brittle	 deformation	 and	
fractures.	Tectonic	 fractures	have	 their	origin	in	or	can	be	related	to	a	 tectonic	event	(Nelson,	
2001).	 A	 tectonic	 fracture	 is	 defined	 by	 Toublanc	 et	 al.,	 2005	 as;	 “open	 or	 closed,	 planar	
discordant	features,	often	occurring	as	well-developed	fracture	sets	that	are	sometimes	conjugate.	
They	may	show	evidence	of	shear	(slickensides,	mineral	growth	striae)	and	probably	have	length	
ranging	 from	meters	 to	 decimetres”.	 Tectonic	 fractures	 are	 described	 as	 planar	 features	 with	
high-angle	dips	 from	65-80°,	 that	 form	clear	parallel	 fracture	sets	 (Lorenz	et	al.,	1997).	These	
tectonic	fractures	contain	information	about	previous	tectonic	regimes.	Slickenslides	occurring	
on	shear	fracture	planes	are	indication	of	transport	directions	during	tectonic	stresses.	Hybrid	
fractures	include	fractures	affected	by	both	extensional	and	shear	modes.	They	can	be	identified	
as	a	transition	from	a	compressional	to	an	extensional	regime	(Ramsey	and	Chester,	2004)	(Fig.	
2.13).	The	hybrid	fractures	form	in	a	critical	angle	to	the	maximum	principal	stress	in	a	tectonic	
setting	with	angles	lower	than	shear	fractures,	but	higher	than	angels	of	extension	fractures.		

Unloading fractures (i. e. decompaction) 
Unloading	or	pressure-release	joints,	are	fractures	that	result	from	the	exposure	of	a	rock	to	the	
surface	 by	 uplift	 and	 erosion.	 This	 leads	 to	 cooling	 and	 shrinking	 of	 the	 rock	 that	 produces	
fractures	 (Gorham	 et	 al.,	 2002;	 Tonge	 et	 al.,	 2012).	 Unloading	 joints	 are	 generally	 a	 result	 of	
compressive	 stress	 that	 is	 released	 along	 either	 a	 pre-existing	 structural	 element	 or	
perpendicular	 to	 previous	 tectonic	 compression	 direction.	 Unloading	 fractures	 have	 often	
irregular	shapes	and	follow	topography	in	eroded	zones	(Nelson,	2001).		

 

Fig. 2.13: A Mohr diagram is often used to exhibit the modes of brittle deformation; extension, hybrid and shear 
fractures. Fractures form in a non-fractures rock when the Mohr circle intersects the failure envelope. As shown 
by the figure, a hybrid fracture represents the transition phase between extension and compression. The diagram 
is indicated with shear stress (T) versus normal stress (σ). The predicted fracture angle is the measured angle 
between the direction of σ1 and the fracture surface. Diagram adapted from Ramsey and Chester (2004). 
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2.2.1.2 Fracture frequency 
The	fracture	frequency	or	density,	is	referred	to	as	the	number	of	fractures	per	unit	length	along	
a	line	or	in	a	unit	section	(Moore	and	Wade,	2013).	The	distance	between	each	fracture	is	known	
as	the	fracture	spacing.	To	measure	the	fracture	spacing	and	intensity	several	methods	could	be	
used	such	as	the	scanline	method	(1D)	(e.g.,	Priest,	1993;	Priest	and	Hudson,	1981)	and	window	
sampling	(2D)	(e.g.,	Belayneh	et	al.,	2009;	Pahl,	1981;	Watkins	et	al.,	2015;	Zeeb	et	al.,	2013).	In	
this	study,	fracture	frequency	data	was	collected	through	scanlines	in	field,	and	fracture	spacing	
profiles	 from	 photogrammetry	 (section	 3.2.4).	 Fracture	 frequency	 is	 highly	 dependent	 on	
parameters	such	as	bed	thickness	and	rock	properties	(e.g.,	Huang	and	Angelier,	1989;	Ogata	et	
al.,	2014b;	Stearns	and	Friedman,	1969).	Several	mechanical	interfaces	may	be	present	within	a	
stratigraphic	 unit.	 Thicker	 beds	 with	 fine-grained	 rock	 will	 in	 general	 show	 lower	 fracture	
intensity	 compared	 to	 a	 coarse-grained	 thinner	 bed.	 Coarse-grained	 beds	 will	 show	 a	 lower	
tensile	strength	and	therefore	fracture	easier	than	a	beds	with	finer	grains	(Cooke	et	al.,	2006;	
Stearns	and	Friedman,	1969).		

2.2.1.3 Fluid flow in fractures 
Carbonates	represent	competent	rocks	where	fractures	work	as	important	permeable	pathways	
for	 fluid	 flow.	 A	 fracture	 network	 can	 represent	 key	 conduits	 for	 migration	 in	 reservoirs	
(Berkowitz,	2002).	The	 fracture	density	highly	affects	 fluid	 flow.	A	high	 fracture	density	gives	
multiple	fractures	intersecting	each	other	that	can	create	a	fracture	network	which	accelerates	
fluid	 flow	 (Singhal	 and	 Gupta,	 2010).	 Shorter	 fractures	 in	 thinner	 beds	 have	 less	 fluid	 flow	
potential	compared	to	longer	fractures	in	thicker	beds.	This	is	because	shorter	fractures	produce	
tortuous	flow	pathways	(e.g.,	Cooke	et	al.,	2006;	Odling	et	al.,	1999;	Tsang,	1984).	Fluid	flow	is	
different	in	fractured	rocks	compared	to	a	homogenous	medium,	due	to	the	heterogeneity	of	the	
rock	(Singhal	and	Gupta,	2010).		

A	 fracture	can	be	classified	as	open,	healed	or	sealed	(Ogata	et	al.,	2014b).	Open	 fractures	are	
important	 for	 fluid	 flow.	Fluid	 flow	can	also	contribute	 to	precipitation	of	minerals	which	can	
lead	to	sealing	of	fractures.	This	sealed	fracture	can	act	as	barrier	rather	than	a	pathway.		

2.2.2 Fractured reservoirs 
A	fractured	reservoir	is	a	reservoir	where	production	and	recovery	is	highly	influenced	by	the	
extent	 of	 fractures	 (e.g.,	 Mäkel,	 2007).	 In	 a	 reservoir,	 fault	 and	 fractures	 represent	 abrupt	
changes	 in	 the	 reservoir	 properties	 and	 influence	 both	 permeability	 and	porosity	 (Luis	 et	 al.,	
2000).	Fractured	reservoirs	can	be	divided	into	multiple	different	reservoir	types	indicated	by	
different	matrix	properties	(Fig.	2.14)	(Allan	and	Sun,	2003;	Nelson,	2001).	
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Fig. 2.14: Fractured reservoirs can be classified based on the effects and contributions matrix and fracture 
network has on porosity (ϕ) and permeability (K). Figure is adapted from Mäkel (2007), after Nelson (2001) and 
Allan and Sun (2003).  

2.3 Fractured carbonates as hydrocarbon reservoirs 
A	fractured	carbonate	reservoir	is	often	very	heterogeneous	considering	both	the	matrix	and	the	
fracture	properties.	This	heterogeneity	is	caused	by	fractures	of	different	scales,	together	with	
heterogeneous	matrix	affected	by	deposition	and	diagenesis.	Heterogeneity	like	 this	can	cause	
large	production	variations	among	wells	in	a	field.	Production	from	a	short	intensely	fractured	
interval	in	a	single	well	might	make	up	a	larger	portion	of	the	production	rates	(Nelson,	2001).	

The	porosity	in	a	rock	says	something	about	the	quantity	of	hydrocarbons	that	can	be	stored	in	a	
potential	 storage	 volume.	 In	 carbonates,	 the	 grain	 shape,	 sorting	 and	 presence	 of	 intragrain	
porosity	will	have	a	significant	effect	on	the	primary	rock	porosity.	(Lucia,	2007).	In	a	carbonate	
reservoir,	 secondary	 porosity	 is	 particularly	 important.	 Secondary	 porosity	 is	 formed	 by	
chemical	or	biological	breakdown	or	through	fracturing.	Chemical	breakdown	includes	minerals	
being	 unstable	 in	 pore	 fluids	 leading	 to	 diagenetic	 processes,	 while	 biological	 breakdown	 is	
when	boring	organisms	such	as	bivalves	or	sponges	forms	cavities.	Fracture	porosity	represents	
a	distinct	secondary	porosity	 type	 in	carbonate	reservoirs.	Porosity	resulting	 from	fractures	 is	
an	important	provider	to	permeability	in	several	carbonate	reservoirs	(Lucia,	2007).	Fractures	
in	a	natural	fracture	network	can	create	new	porosity	and	enhance	the	permeability	greatly.	

Fracturing	is	normally	understood	to	have	tectonic	origin,	but	fractures	in	carbonates	might	also	
be	a	result	of	diagenetic	processes	such	as	karstification	that	can	create	extensive	fracture	and	
dissolution-related	porosity	(Kerans,	1989).	Karst	creates	a	lot	of	secondary	porosity,	involving	
vuggy	and	cavernous	pores	over	 larger	areas.	Fractures	could	also	contribute	as	pathways	 for	
fluids	 into	 paleo-karst	 caves.	 Formation	 of	 karst	 through	 several	 phases	 of	 dissolution	 and	
cementation	can	modify	the	fracture	geometries	and	create	open	fractures.	These	fractures	may	
play	an	key	role	for	reservoir	drainage	in	a	paleo-karst	reservoir	(e.g.,	Soudet	et	al.,	1994).		

There	 are	 several	 carbonate	 reservoir	 types	 such	 as	 grainstones	 with	 primary	 porosity,	
carbonate	slope	deposits,	chalks,	reefs,	paleokarst	and	dolomitic	reservoirs.	Reservoirs	of	chalk	
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have	typically	low	permeability	but	are	greatly	produced	on	the	Ekofisk	Field	in	the	North	Sea,	
especially	 where	 the	 reservoir	 is	 highly	 fractured	 (e.g.,	 Agarwal	 et	 al.,	 1997;	 Toublanc	 et	 al.,	
2005).		

Commonly,	 carbonate	 reservoirs	 have	 a	 high	 porosity	 and	 permeability	 due	 to	 secondary	
dissolution	 porosity,	 fracturing,	 as	 well	 as	 karstification	 processes.	 Some	 of	 the	 largest	
hydrocarbon	 reservoirs	 in	 the	 world	 are	 located	 within	 carbonates,	 and	 the	 Middle	 East	
comprises	the	majority	of	these	(Schlumberger,	2007).	An	example	is	the	Ghawar	Field	in	Saudi	
Arabia	(e.g.,	Al-anazi,	2007;	Ehrenberg	et	al.,	2007).	It	is	the	largest	conventional	oil	field	in	the	
world	 and	 the	 reservoir	 rocks	 consists	 of	 highly	 porous	 limestones	 affected	 by	 diagenetic	
processes	such	as	dolomitization,	recrystallization,	cementation,	compaction	and	fracturing	(Al-
anazi,	2007).	Production	rates	from	Ghawar	exceeded	65	billion	barrels	of	oil	through	2010	and	
it	was	 estimated	 to	 produce	 5	million	 barrels	 per	 day	 in	2009	 (Sorkhabi,	 2010).	 The	 Timan-
Peachora	 basin	 province	 is	 located	 in	 the	 south-eastern	 part	 of	 the	 greater	 Barents	 Sea.	 The	
Prirazlomnoye	Field	 is	 located	 in	 this	basin	 and	 is	 estimated	 to	 contain	72	million	 tons	of	 oil	
reserves	in	Devonian	and	Lower	Permian	carbonate	reservoirs	(Bagrintseva	et	al.,	2011).	

The	Norwegian	Petroleum	Directorate	has	developed	 several	 exploration	models	 for	 the	Mid-
Upper	 Permian	 carbonate	 rocks	 in	 the	 Barents	 Sea	 (Figs.	 2.2,	 2.3)	 (NPD,	 2014).	 Three	
exploration	models	 are	 based	 on	 carbonates	 in	 the	 Tempelfjorden	 Group	 (Figs.	 2.2,	 2.8).	 The	
recent	Neiden	(well	7220/6-2	R),	Alta	(well	7120/11-1)	and	Gohta	(well	7120/1-3)	discoveries	
by	 Lundin	Norway	AS	 on	 the	 Loppa	High	 (Figs.	 2.1,	 2.8,	 2.9)	 confirm	 that	 the	 late	 Palaeozoic	
rocks	might	have	significant	reservoir	potential	in	the	Barents	Sea.		
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3 Data and methods 
Data	for	this	thesis	was	collected	during	fieldwork	in	Svalbard	during	2017	and	is	described	in	
section	 3.1.	 This	 includes	 methodology	 concerning	 lithology	 and	 facies	 description	 (section	
3.1.1),	digital	photos	(section	3.1.2),	scanlines	and	structural	orientation	measurements	(section	
3.1.3)	and	carbonate	samples	(section	3.1.4).	Digital	high-resolution	photos	from	outcrops	in	the	
field	were	merged	 to	 build	 virtual	3D	models	 for	 additional	 structural	 analyses	 (section	 3.2).	
Section	 3.3	 presents	 the	 laboratory	 work	 and	 thin	 section	 analysis,	 followed	 by	 the	 regional	
correlation	 study	 (section	 3.4).	 Based	 on	 the	 field	 and	 laboratory	 data,	 a	 discrete	 fracture	
network	model	was	constructed	in	Petrel	(Fig.	3.3,	section	3.5).		

Table 3.1: Table summarizing data types and methods 

Data type Method Reason Quantity (n) Comments 

Geological maps Visualization Planning field campaigns N/A Svalbardkartet, 1: 25000 

Digital photos Virtual outcrop 
modelling 

Outcrop and structural 
analyses 

3119 Digital photos used for 
modelling of virtual 
outcrops 

Digital photos and 
virtual outcrops models 

Fracture spacing and 
analyses 

Fracture spacing in 
carbonates 

7269 Mapped fractures in 
Planedetect or LIME 

Scanlines Fracture spacing and 
frequency 

Fracture spacing from field 
measurements 

7 Collected in field, total of 
15.95 m 

Virtual outcrop models Fracture orientation and 
analyses 

Fracture orientation in 
carbonates 

10 Virtual outcrops 

Geo-model Facies and petrophysical 
modelling 

Build a geo model for 
fracture modelling 

2 Input from composite log 

Discrete fracture 
network model 

Fracture modelling Modelling of fracture 
networks 

3 Based on multi-scale field 
data 

Carbonate thin sections Microscopy Estimate porosity 10  

3.1 Fieldwork 
Field	work	 was	 conducted	 in	 central	 Spitsbergen	 on	 Svalbard	 during	 two	 field	 campaigns	 in	
2017	 (Figs.	 2.2,	 4.6).	 In	 late-April,	 snowmobiles	 were	 used	 during	 three	 daytrips	 in	 the	 area	
around	Sassendalen.	In	mid-late	August,	a	longer	field	campaign	of	13	days	to	southern	Dickson	
Land	was	 carried	 out	 (Fig.	 4.6).	 The	 author,	 two	 field	 assistants,	 a	 dog	 and	 equipment	 were	
transported	 out	 to	 Esperantoneset	 by	 a	 Polar	 Circle	 (small	 boat),	 where	 a	 tent	 camp	 was	
established	for	the	entire	field	stay.		

The	topography	of	central	Spitsbergen	is	characterized	by	flat,	table-like	mountains	cut	by	large	
valleys.	The	mountains	around	the	study	area	have	an	elevation	ranging	 from	350–500	m.a.s.l.	
with	 steep	 cliffs,	 valleys	 and	 ravines.	 The	 focus	 in	 this	 study,	 the	 Kapp	 Starostin	 Formation,	
forms	steep	slopes	and	cliffs	with	minimal	vegetation	that	give	exceptionally	exposed	outcrops.	
However,	many	of	the	outcrops	were	in	very	challenging	terrain.	Loose	scree	material	and	sub-
vertical	to	vertical	mountains	sides	made	it	difficult	to	access	them	by	foot.	
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3.1.1 Sedimentary logging and facies interpretation 
Lithological	 data	 was	 collected	 through	 sedimentological	 logging,	 including	 description	 and	
characterization	of	different	facies	units,	focusing	on	bed	thickness,	lithology,	mineralogy,	fossil	
content,	 color	 changes,	 mechanical	 properties	 (endurance	 to	 erosion)	 and	 observed	 fracture	
pattern.	This	was	done	in	order	to	differentiate	and	characterize	fractures	within	the	formation.	
Every	 outcrop	 at	 the	 different	 localities	 was	 described	 and	 classified	 into	 12	 distinct	 facies	
(presented	 in	Table	4.1)	based	on	 the	parameters	mentioned	above.	This	 resulted	 in	 a	178	m	
long	composite	log	(section	4.3,	Fig.	4.1).	

The	carbonate	rocks	described	in	field	are	classified	after	Dunham	(1962),	modified	by	Embry	
and	Klovan	(1971).	The	lithological	descriptions	were	correlated	and	cross-checked	with	earlier	
studies	 (i.e.	 Grundvåg,	 2008;	 Njå,	 2016;	 Stemmerik,	 1997).	 Dark	 and	 light	 spiculites	 were	
classified	after	roughly	estimation	of	chert	content	and	dominating	color.	

3.1.2 Photogrammetry 
During	 field	 work,	 total	 of	 2885	 high-resolution	 digital	 photos,	 were	 taken	 for	 use	 in	
photogrammetry	 (e.g.,	 Lillesand	 et	 al.,	 2015),	 including	 fracture	 profiles	 based	 on	photos	 and	
modelling	of	3D	virtual	outcrops	(section	3.2).	Photos	acquired	for	virtual	outcrops	were	taken	
using	a	Nikon	D5300	(24.3	MP)	with	50	mm	Sigma	lens.	For	the	remaining	field	photos,	a	Sony	
Alpha	A5100	(24.3	MP)	with	standard	lens	was	used.		

For	an	optimal	result	of	the	3D	virtual	outcrops,	photos	for	the	models	were	taken	at	different	
angles	every	2-5	m	along	the	outcrop.	The	photos	for	the	3D	modelling	were	georeferenced	with	
a	built-in	GPS	in	the	Nikon	D5300.	In	the	narrow	valleys,	obtaining	GPS	data	was	challenging	and	
sometimes	impossible.	Therefore,	some	outcrops	are	lacking	geographical	positions.	

Table 3.2: Summary of processed virtual outcrops 

Locality 
Locality 

abbreviation Latitude Longitude 
Number of 

photos Camera Resolution 
Outcrop 

extent(m) 
Outcrop 

orientation 
Brattlidalen C Bd_c 78o17´48" 17o10´11" 243 Nikon D5300 6000x4000 19,5 E-W 
Brattlidalen E Bd_e 78o17´49" 17o10´07" 228 Nikon D5300 6000x4000 12,5 NW-SE 

Brattlidalen F Bd_f 78o17´49" 17o09´47" 283 Nikon D5300 6000x4000 7,5 NNE-SSW 

Brattlidalen G Bd_g 78o17´49" 17o09´56" 263 Nikon D5300 6000x4000 10 WNW-ESE 

Eskerfossen east Ef_e 78o14´50" 17o03´32" 378 Nikon D5300 6000x4000 13,5 N-S 

Eskerfossen north Ef_n 78o15´01" 17o03´39" 459 Nikon D5300 6000x4000 20,5 ENE-WSW 
Esperantodalen 
north E_N 78o36´36" 15o27´29" 45 Nikon D5300 6000x4000 233 NW-SE 

Esperantodalen 
south E_N 78o36´42" 15o26´24 324 Nikon D5300 6000x4000 570 NW-SE 

Heimenfjellet Hf 78o35´07" 15o26´21" 164 Nikon D5300 6000x4000 25 NNW-SSE 

Skansen S 78o31´36" 16o03´51" 388 Nikon D90 4288x8248 2543 NE-
SW/NW-SE 

3.1.3 Structural characterization 
To	 describe	 structural	 characterization	 and	 identify	 fracture	 sets	 within	 the	 different	 facies	
units,	a	total	of	5524	 fractures	has	been	measured	 in	 field	 through	scanlines	(e.g.,	Ogata	et	al.,	
2014b;	 Priest,	 1993;	 Priest	 and	 Hudson,	 1981;	 Singhal	 and	 Gupta,	 2010)	 and	 fracture	
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measurements	through	window	sampling	(e.g.,	Belayneh	et	al.,	2009;	Pahl,	1981;	Watkins	et	al.,	
2015;	 Zeeb	 et	 al.,	 2013).	 The	 dip	 and	 dip	 azimuth	 of	 the	 fractures	 were	 measured	 using	 a	
compass	with	clinometer	(Compass	Expedition	S,	Silva)	for	the	scanlines	and	an	iPhone	6S	with	
the	 app	Fieldmove	Clino	 (Vaughan	et	al.,	 2014)	 for	 the	 remaining	measurements.	 Every	plane	
orientation	recorded	in	the	Fieldmove	Clino	app	contains	geographic	position	and	got	a	label	(i.e.	
bedding,	fault,	joint,	lineation,	etc.),	facies	unit	and	locality.		

The	 measured	 fractures	 were	 defined	 as	 either	 bed-confined	 (BC)	 or	 through-going	 (TG)	
fractures.	Calcite	precipitation	and/or	slip	lineation	were	also	noted.		

The	scanline	sampling	technique	samples	fractures	along	a	straight	line	(line	represented	by	a	
measuring	 tape)	 crossing	 the	 outcrop	 or	 parts	 of	 it	 (Ogata	 et	 al.,	 2014b;	 Singhal	 and	 Gupta,	
2010).	 Fractures	 recorded	 using	 the	 scanline	 method	 were	 described	 with	 distance	 from	
scanline	origin,	orientation	(dip/dip	direction),	fracture	length,	aperture,	BC/TG	and	additional	
comments.	 Every	 scanline	 is	 also	 tied	 to	 a	 GPS	 waypoint.	 The	 data	 is	 combined	 with	 bed	
orientation	 and	 bed	 thickness,	 which	 are	 used	 to	 quantify	 fracture	 spacing	 and	 fracture	
frequency.	 Limited	 number	 of	 scanlines	 were	 collected	 due	 to	 steep	 and	 challenging	 terrain.	
Photo-based	 structural	 analyses	 were	 preferred	 in	 this	 study	 due	 to	 very	 high	 fracture	
frequencies	in	the	carbonates.		

Data	 is	 plotted	 and	 presented	 using	 the	 software	 Stereonet	 (version	 9.9.4)	 by	 Richard	 W.	
Allmendinger	 (Allmendinger	 et	 al.,	 2013;	 Cardozo	 and	 Allmendinger,	 2013).	 After	 the	 data	
acquisition,	magnetic	declination	was	 corrected.	 In	 the	Fieldmove	Clino	app	 the	declination	 is	
detected	automatically	and	applied	to	the	measurements.	The	declination	was	found	to	be	9.8°	
east	in	Sassendalen	area	and	8.7°	east	in	southern	Dickson	Land.		

3.1.4 Rock samples 
Multiple	rock	samples	from	the	carbonates	were	collected	in	southern	Dickson	Land	during	the	
summer	 fieldwork.	Their	porosity	was	determined	through	thin	section	analysis	(section	3.3).	
Out	of	18	samples,	a	total	of	10	samples	were	selected	for	further	analysis.		

3.2 Processing and quantitative analyses of 3D virtual 
outcrops 

In	this	section,	the	workflows	used	to	produce	3D	virtual	models	are	presented.	Input	data,	such	
as	 digital	 photos,	 are	 being	 pre-processed	 and	 processed	 to	 provide	 output	 data	 and	 model	
analyses.		

Introduction	and	use	of	virtual	outcrops	 in	geological	outcrop	studies	have	revolutionized	 the	
way	 and	 the	 potential	 for	 quantitative	 geological	 mapping	 and	 geological	 analyses	 in	
inaccessible	areas.	A	virtual	outcrop	 is	a	3D	digital	 representation	of	an	outcrop	 from	the	real	
world	and	consists	of	a	point	cloud,	a	3D	mesh	and	a	texture	from	digital	photos	(e.g.,	Bellian	et	
al.,	2005;	Buckley	et	al.,	2008;	Casini	et	al.,	2016;	Enge	et	al.,	2007;	Pringle	et	al.,	2006,	2004;	
Thurmond	et	al.,	2005;	Xu	et	al.,	2000).	Virtual	outcrop	models	can	provide	an	extended	 field	
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season	in	places	such	as	Svalbard	that	only	offer	short	field	seasons.	Svalbard	is	known	for	its	
cold	and	harsh	arctic	climate	and	snow-covered	ground	for	almost	9-10	months	of	the	year.	The	
4	months	long	dark	season	on	Svalbard	during	winter	also	limits	the	possibilities	of	conducting	
fieldwork	 (Senger	 et	 al.,	 2016b).	 Outcrops	 on	 Svalbard	 are	 of	 excellent	 quality	 but	 can	 be	
challenging	 to	 reach	without	proper	 logistic	 and	 transport.	 Conducting	 fieldwork	on	Svalbard	
requires	several	safety	precautions	because	of	steep	terrain,	possible	rock	falls	and	polar	bears.		

Analyses	 conducted	 on	 virtual	 outcrops	 provide	 data	 more	 efficiently	 compared	 to	 normal	
fieldwork.	 During	 the	 collection	 of	 data	 for	 this	 study,	 multiple	 outcrops	 were	 impossible	 to	
access	in	field.	They	were	analyzed	based	on	the	virtual	outcrops.		

3.2.1 Virtual outcrop modelling from photogrammetry 
To	 generate	 the	 3D	 virtual	 outcrops	 used	 in	 this	 study	 the	 software	 Agisoft	 Photoscan	
Professional	 (version	 1.3.3)	 was	 used.	 Digital,	 high-resolution	 photos	 (section	 3.1.2)	 were	
imported	into	the	software	to	be	processed.	

3.2.1.1 Pre-processing 
Pre-processing	of	 the	model	is	done	 to	get	a	as	well-defined	and	noise-free	model	as	possible.	
Undesired	 areas	 and	parts	 of	 the	model	 (i.e.	 snow,	 ocean,	 disturbing	 features)	were	 removed	
manually	 in	Agisoft,	or	by	using	 the	“smart	wand”	tool	 that	automatically	discards	assembled,	
unwanted	pixels.	Photos	with	too	low	quality	will	decrease	the	precision	of	the	model,	therefore	
photos	with	lower	quality	were	sorted	out	and	deselected	before	processing.	The	quality	can	be	
estimated	 automatically	 in	 Agisoft.	 Photos	with	 a	 quality	 under	 0.6	 are	 considered	 as	 “lower	
quality”	and	were	not	used	in	processing.		

3.2.1.2 Processing of digital photos 
The	model	went	 through	 several	 different	processing	 steps	 that	will	 be	presented	below	 (Fig	
3.1).	Recommended	settings	listed	and	described	by	Agisoft	(2017)	were	used	during	processing	
of	the	data.	Processing	in	high	quality	for	each	step	requires	high	processing	time	(several	days	
to	weeks),	so	a	medium	quality	was	chosen	to	avoid	this	time-consuming	problem.		

The	first	processing	step	involved	aligning	the	digital	photos	from	the	geographical	references	
(Fig.	3.1	i).	Models	without	geographical	references	were	aligned	based	on	“Disabled”	mode.	By	
aligning	the	photos,	a	sparse	point	cloud	is	built	by	finding	mutual	points	in	two	photos	or	more	
(Fig.	3.1	ii-iii).	After	going	through	the	first	steps,	 it	was	possible	to	tell	whether	the	dataset	of	
photos	 would	 go	 through	 further	 processing.	 Some	 models	 had	 problems	 with	 the	 photo	
alignment.	 These	 were	 not	 processed	 because	 they	 would	 be	 useless	 for	 orientation	 data	
analyses.		

If	the	first	step	was	successful,	three	more	processing	steps	were	conducted	on	the	models.	The	
second	step	 involved	building	a	dense	point	cloud	 from	the	sparse	point	cloud	(Fig.	3.1	 iv).	 It	
represents	the	depth	calculations	from	the	imported	digital	photos.	In	the	third	step,	a	mesh	was	
constructed	from	the	dense	point	cloud	which	includes	3D	polygonal	surfaces	that	symbolize	the	
modelled	object	(Fig.	3.1.v).	The	fourth	and	final	step	was	using	the	selected	photos	to	create	a	
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Fig. 3.1: Workflow figure of the different steps conducted in Agisoft. i and ii) represents pre-processing steps, while 
ii) – vi) are showing the various processing steps to get a texture 3D model that is ready to get exported.	

texture	 that	 visualized	 the	outcrop	 (Fig.	3.1	 vi).	 The	 three	 last	processing	 steps	 are	 computed	
directly	in	the	program	without	any	special	input	from	the	user.		
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3.2.2 Visualization of virtual outcrop 
To	visualize	 the	 virtual	 outcrop	models,	 the	 software	LIME	 (version	1.0,	Buckley	 et	 al.,	 2008)	
was	used.	This	software	was	also	used	to	measure	distances,	plane-	and	outcrop	orientations	in	
some	models.	The	models	were	exported	from	Agisoft	 in	 local	coordinates	as	a	 .obj	 file	before	
being	imported	into	LIME.	

3.2.3 Analyzing fractures 
Structural	 data	was	mapped	 from	virtual	 outcrops	 in	order	 to	 strengthen	 the	dataset	 for	 this	
study.	The	software	Planedetect	was	used	to	automatically	map	out	fracture	planes	on	a	meshed	
surface	 model	 (Lato	 and	 Vöge,	 2012;	 Vöge	 et	 al.,	 2013).	 The	 processed	 Agisoft	 model	 was	
exported	as	a	.ply	file	with	local	coordinates	to	be	able	to	work	in	Planedetect.	In	Planedetect	the	
model	was	 smoothed,	 to	 avoid	 artefacts	 associated	with	 small	 scale	 roughness.	 Calculation	of	
plane	masks	was	the	second	step.	Regions	on	the	model	were	masked	based	on	settings	set	by	
the	 user.	 The	 settings	 included	 plane	 radius	 (m)	 and	 threshold	 normal	 vector	 variation	
(degrees).	The	third	and	last	step	was	the	analyses	of	the	masked	regions	defined	in	the	second	
step.	This	 step	 identified	 joints.	 Joints	 are	 identified	by	non-connected	masked	 zones	 that	 are	
individually	 processed	 based	 on	 the	 minimum	 area	 (m2)	 and	 overall	 surface	 orientation	
variability	(degrees)	set	by	the	user.	If	an	area	is	bigger	than	the	minimum	area	and	the	mean	
normal	vector	within	a	certain	threshold,	the	surface	was	masked	as	a	plane	on	the	3D	model.	All	
the	 planes	 analyzed	 by	 the	 Planedetect	 software	 are	 illustrated	 in	 Appendix	 C.	 After	
identification	of	planes,	the	data	was	exported	as	a	.txt	file	and	plotted	in	stereonets.		

3.2.4 Virtual scanlines 
To	 display	 changes	 of	 fracture	 spacing	 along	 a	 line,	 several	 virtual	 fracture	 spacing	 profiles	
(virtual	scanlines)	were	processed	and	analyzed.	These	profiles	were	made	from	digital	photos	
from	the	field	(from	step	B)	or	directly	from	the	generated	3D	models.	To	generate	and	analyze	
the	profiles,	the	following	workflow	was	used:	

1. Generate	 photos	 from	 a	 tiled	 3D	 model:	 In	 Agisoft,	 some	 models	 were	 processed	
further	than	the	workflow	described	in	section	3.2.1.2.	If	a	model	was	needed	for	virtual	
scanlines,	 it	was	generated	as	a	tiled	model.	This	model	gives	a	high	accuracy	by	using	
the	mesh	 and	 creates	 a	 tiled	 texture.	 If	 the	 quality	 was	 good	 enough,	 a	 snipping	 tool	
(printscreen)	was	used	to	take	a	snapshot	of	an	area	of	the	model.	This	snapshot	image	
could	then	be	used	for	virtual	scanlines	if	the	scale	on	the	model	was	known.		
	

2. Mapping	 fractures:	 Fractures	observed	on	an	 image	with	known	 scale	were	mapped	
out	using	the	software	CorelDRAW	2017.	Profiles	got	marked	on	the	image,	and	fractures	
that	intersected	 this	profile	were	mapped	out.	All	 fractures	were	set	with	a	width	of	1	
pixel.	The	picture	was	then	removed,	leaving	only	the	scale,	profiles	and	the	fractures	on	
a	white	background,	before	being	exported	with	8-bit	grayscale	as	an	image	.png	file.	
	

3. Profile	 analyses:	 The	 software	 ImageJ	was	used	 to	 analyze	 the	profiles.	To	 analyze	 a	
profile,	 a	 polyline	 was	 drawn	 across	 the	 image	 and	 analyzed	 with	 the	 function	 “plot	
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profile”.	The	data	from	this	plot	was	 then	saved	as	a	 .txt	 file.	The	output	data	 included	
two	 columns	with	 distance	 along	profile	 (X)	 and	 the	 pixel	 value	 (Y).	 The	 pixel	 values	
represent	grayscale	values	where	255	indicates	empty	white	pixels	and	<255	represents	
intersected	fractures	with	black	pixels.	The	exported	.txt	file	was	opened	in	Excel	and	all	
values,	except	the	smallest	values,	got	extracted	from	the	data	set.	Excel	was	used	to	bin	
and	plot	 the	data	 in	histograms	together	with	 a	graph	 showing	 cumulative	number	of	
fractures.	The	process	was	repeated	for	every	desired	profile.	All	virtual	scanlines	were	
analyzed	as	horizontal	profiles	from	left	to	right.		

3.3 Microscopy and laboratory work 
Microscopy	work	was	done	at	UNIS	–	The	University	Centre	of	Svalbard.	Laboratory	work	was	
carried	out	at	the	Department	of	Geosciences,	UiT	–	The	Arctic	University	of	Norway	

3.3.1 Production of thin sections 
A	total	of	10	thin	sections	were	produced,	including	different	lithologies.	Samples	were	cut	and	
stained	with	blue	 epoxy	 to	 show	porosity	 in	 the	 carbonates.	The	 samples	were	 cut	 into	 small	
cubes	of	approx.	1x2x3	cm	and	polished	before	preparation	of	the	thin	sections.	The	production	
of	thin	sections	was	carried	out	by	the	laboratory	staff	at	the	Department	of	Geosciences,	UiT.	

3.3.2 Microscopy 
All	thin	sections	were	studied	to	observe	and	describe	fractures,	open	or	filled,	as	well	as	matrix	
properties	 and	 fossil	 assemblage.	 The	 observations	 were	 carried	 out	 using	 a	 Leica	 DMLP	
polarization	microscope.	 All	 images	were	 taken	with	 a	Nikon	D5100	 camera	mounted	 on	 the	
microscope.		

3.3.3 Analyzing porosity from the thin sections 
Porosity	of	 thin	 sections	was	analyzed	and	estimated	using	 the	 software	 ImageJ.	 The	 analysis	
was	conducted	on	the	digital	photos	by	using	the	following	workflow:	

1. An	8-bit	grayscale	.png	or	.jpg	file	of	the	desired	thin	section	was	uploaded	to	ImageJ.		
2. The	percentage	of	the	area	represents	the	porosity.	This	measurement	must	be	defined	

by	 the	 user	 in	 the	 “Set	 measurements…”	 settings	 under	 the	 analyze	 pane.	 The	 box	
indicating	“Area	fraction”	needs	to	be	ticked	off.		

3. To	be	able	to	show	which	areas	in	the	image	that	indicates	porosity	a	threshold	must	be	
set.	 This	 was	 done	 under	 by	 using	 the	 “Adjust	 >	 Threshold…”.	 This	 action	 colors	 the	
defined	threshold	(the	porosity)	red.		

4. To	 estimate	 the	 percentage	 of	 the	 area	 that	 is	 red	 and	 representing	 the	 porosity,	 an	
analysis	 is	 directed	 conducted	by	 selecting	 “Analyze	>	Measure”.	The	 results	 of	 all	 the	
measurements	selected	earlier	will	appear	in	a	table.	The	last	column	displays	the	area	
percentage	and	represents	the	porosity	for	the	sample.		
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3.4 Regional correlation 
In	 order	 to	 understand	 and	 observe	 the	 lateral	 changes	 in	 the	 Kapp	 Starostin	 Formation	 on	
central	Spitsbergen,	a	small	regional	correlation	panel	has	been	constructed.	The	composite	log	
from	this	study	has	been	compared	with	the	stratigraphical	log	from	Vindodden	from	Grundvåg	
(2008)	 and	 the	 Kapp	 Starostin	 type	 section	 of	 Festningen	 from	 Dallmann	 et	 al.,	 (1999).	
Similarities	and	differences	in	terms	of	thicknesses	and	lithology	have	been	noted.	The	logs	have	
been	tied	based	on	the	interpreted	boundaries	of	the	respective	members	of	the	Kapp	Starostin	
Formation,	the	Vøringen,	Svenskegga	and	Hovtinden	members.		

3.5 Discrete fracture network modelling 
Petrel	 modelling	 software	 was	 used	 to	 generate	 a	 geological	 model	 for	 the	 Kapp	 Starostin	
Formation	 on	 central	 Spitsbergen.	 The	 sizes	 of	 the	 model	 are	 chosen	 in	 order	 to	 represent	
geological	heterogeneities	at	different	scales	and	enable	computational	efficiency	(Fig.	3.2).	The	
model	was	tied	to	the	composite	log	from	the	fieldwork	(Fig.	3.3).	It	has	also	been	implemented	
into	the	modelling	software.	The	commercial,	industry-standard	software	Petrel	(version	2016)	
was	used	for	the	modelling	workflow.		

 

Fig. 3.2: Schematic figure illustrating the workflow used for geo- and fracture modelling in this study 

 

3.5.1 Building the model 
The	base	model	is	constructed	with	a	2500x2500x245	m	three-dimensional	(3D)	grid.	A	grid	is	a	
3D	geological	model	represented	by	a	network	of	horizontal	and	vertical	lines.	These	lines	divide	
the	 model	 into	 boxes	 where	 each	 box	 represents	 a	 grid	 cell.	 Each	 cell	 contains	 a	 given	 or	
generated	 property	 (Fig.	 3.2).	 The	 process	 of	 grid	 generation	 is	 called	 pillar	 gridding	 and	 is	
fundamental	 for	 all	 models.	 Pillar	 gridding	 makes	 a	 skeleton	 involving	 base,	 mid	 and	 top	
skeleton	grids	(i.e.	horizons).		
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Fig. 3.3 (previous page): Workflow illustrating from outcrop to geomodel. The figure shows which steps used in 
this study. DFN = Discrete fracture network	

A	horizon	represents	a	horizontally	generated	2D	surface.	Zones	are	the	area	between	horizons	
and	 represent	 the	 thickness	of	 the	units	used	 in	 the	modelling.	The	 zones	 are	 further	divided	
into	layers	by	using	a	layering	process.	This	process	defines	the	z-thickness	for	each	layer	within	
a	zone	and	makes	up	a	3D	grid	cell.		

The	lateral	cell	size	is	usually	determined	by	the	size	of	the	model.	When	a	model	is	sizeable,	the	
cells	are	usually	kept	larger	to	compensate	and	to	keep	the	number	of	cells	within	a	reasonable	
amount.	However,	the	thickness	of	the	cells	is	put	to	1	m	to	make	sure	that	all	logged	facies	can	
be	represented	in	the	model.		

The	base	case	model	of	2.5x2.5x0.245	km	was	complemented	with	two	additional	smaller	grid	
models	that	were	constructed	to	simplify	the	fracture	modelling	(Table	3.3).	

3.5.2 Zones and litho-structural units 
To	define	zones,	the	composite	log	(Fig.	4.1)	was	imported	into	Petrel	as	a	well	and	adjusted.	A	
discrete	 well	 log	 of	 the	 facies	 was	 constructed	 by	 digitizing	 the	 log.	 The	 facies	 units	 in	 the	
discrete	 log	was	 then	regrouped	and	sorted	 into	 litho-structural	units	based	on	similarities	 in	
matrix	properties	and	fracture	sets.	This	was	done	to	simplify	the	model	before	running	tough	
processes	on	 it.	The	 lithostratigaphic	units	defined	 in	 field	were	divided	 into	6	different	 litho-
structural	 units	 (LSUs)	 based	 on	 their	 mechanical	 behavior	 and	 sedimentary	 facies;	 dark	
spiculites	(LSU	A),	light	spiculites	(LSU	B),	limestones	(LSU	C),	black	shales	(LSU	D),	breccia	(LSU	
E)	and	glauconitic	sandstones	(LSU	F).	These	LSUs	in	the	discrete	well	log	make	the	base	for	the	
zones	used	in	the	modelling.		

Simple	 facies	modelling	was	 conducted	 to	 quality	 check	 the	 discrete	 well	 log.	Modelling	 was	
done	 by	 assigning	 a	 constant	 parameter,	 the	 facies,	 to	 the	 respective	 zone.	 Facies	modelling	
represent	discrete	data	that	gets	distributed	in	the	defined	grid.		

3.5.3 Petrophysical modelling 
Property	modelling	was	used	to	assign	specific	properties	to	each	cell	within	the	different	zones.	
Porosity	was	 assigned	as	 a	matrix	 property	 in	 each	 LSU	 based	 on	 data	 from	 the	 thin	 section	
analysis	 (Fig.	 3.3)	 or	 from	 relevant	 published	 literature.	 In	 addition,	 fracture	 density	 was	
modelled	as	a	general	petrophysical	property	to	show	the	distribution	of	densities	within	each	
LSU.		

3.5.4 Fracture modelling 
A	fracture	network	was	created	by	defining	different	fracture	sets	as	input	for	discrete	fracture	
modelling	 (Fig.	 3.3).	 Geometry,	 distribution,	 orientation	 and	 aperture	 was	 defined	 for	 each	
fracture	set.	The	input	data	for	the	fracture	sets	used	for	modelling	was	purely	based	on	outcrop	
data	 collected	 in	 the	 field	 or	 from	 virtual	 outcrops.	 Each	 set	was	 assigned	 into	 its	 respective	
LSUs	with	similar	mechanical	properties.		
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Table 3.3: Presenting the different parameters used for the three different models. 3D = three-dimensional 

  Base case model "LSU model" Synthetic model 
Extent (km2) 6.25 0.01 0.0025 
Grid size (m) 2500x2500x245 100x100x120 50x50x50 
Cell size (m) 50x50x1 1x1x1 1x1x1 
Number of 3D cells 612500 300000  125000 
Vertical grid design Proportional Proportional Proportional 
Number of horizons  21 7 2 

	

The	fracture	network	was	modelled	using	both	implicit	and	discrete	fractures,	with	a	maximum	
length	of	5	m	for	the	implicit	fractures.	All	fractures	larger	than	5	m	were	modelled	as	discrete	
fractures.	The	whole	fracture	network	was	then	upscaled	by	using	the	Oda-method	(Oda,	1985).	
The	Oda	method	 is	 a	 statistical	 calculation	 of	 properties	 based	 on	 the	 fracture	 geometry	 and	
distribution	 in	 each	 cell.	 This	 generates	 a	 series	 of	 properties	 for	 the	 fracture	 network	 (i.e.	
fracture	porosity,	fracture-matrix	coupling	parameter	sigma	and	fracture	permeability	tensor).	

A	 synthetic	 grid	 model	 of	 50x50x50	m	 with	 125000	 1x1x1	m	 cells	 were	 constructed	 to	 test	
sensitivity	 of	 different	 input	 parameters.	 This	 was	 done	 by	 modelling	 10	 cases	 per	 input	
parameter,	in	addition	to	a	base	case	with	data	purely	based	on	outcrop	field	data.	In	addition,	a	
model	of	100x100x120	m,	20x20x1	m	sized	cells	was	modelled	to	investigate	which	LSU	showed	
the	best	 reservoir	properties	 in	 terms	of	 overall	porosity	 and	 connectivity.	The	 synthetic	 grid	
model	was	chosen	from	the	results	of	this	“LSU	model”.		
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4 Results 
This	chapter	starts	by	presenting	the	sedimentary	setting	in	the	study	areas	(section	4.1).	This	
includes	 a	 detailed	 facies	 description	 and	 a	 composite	 stratigraphic	 log	 (Table	 4.1,	 Fig.	 4.1).	
Secondly,	is	the	regional	correlation	presented	which	compares	the	results	from	this	study	with	
other	 sedimentary	data	 from	central	Spitsbergen.	 In	 section	4.2,	 all	 new	data	obtained	 in	 this	
study	 are	 summarized	 (Table	 4.2,	 Table	 4.3),	 followed	 by	 the	 results	 from	 each	 field	 locality.	
Facies	interpretation,	virtual	outcrops	and	structural	analyses	are	presented	for	each	locality.	In	
section	4.3,	 the	results	 from	fieldwork	and	virtual	outcrop	models	 from	the	different	 localities	
are	summarized	and	compared.	The	result	of	the	thin	section	study	is	presented	in	section	4.4.	
The	last	section	(section	4.5)	presents	the	result	of	the	geological	modelling	in	Petrel.		

	

4.1 Sedimentary facies description 
The	sedimentary	facies	descriptions	are	based	on	sedimentary	logging	and	interpretation	from	
33	different	defined	zones	at	three	different	localities.	The	result	is	a	composite	log	of	approx.	
245	m	 (Fig.	 4.1)	 from	 Esperantodalen	 south	 (referred	 to	 as	 the	 E_S,	 section	 4.2.7),	 Idodalen	
north	A	(Id_N_a,	section	4.2.4)	and	Heimenfjellet	waterfall	(Hf_w,	section	4.2.9)	(for	locations	see	
Fig.	4.6).		

The	 log	 from	the	E_S	section	 is	175	m	and	comprises	zones	1-29	in	the	composite	 log.	Section	
Id_N_a	is	displaying	198-215	m	and	zone	30	and	31	in	the	log.	The	final	part	of	the	log,	from	239-
245	m,	is	based	on	zone	32	and	33	from	the	Hf_w	section.	The	logging	resulted	in	the	description	
of	12	different	sedimentary	facies,	each	distinguished	by	contrasting	lithologies,	colors	and	fossil	
contents.	These	facies	are	presented	in	Table	4.1.	The	log	is	also	divided	into	zones.	Each	zone	
represents	a	lithological	section	measured	in	field,	and	zones	that	contain	structural	orientation	
data	are	indicated	in	the	log	by	grey	color	(Fig.	4.1).		

The	sedimentary	facies	presented	in	the	log	can	be	correlated	with	several	outcrops	in	the	area.	
Based	on	the	great	similarities	in	terms	of	vertical	distribution	of	facies,	the	strata	cropping	out	
in	Idodalen	is	understood	to	represent	the	same	lateral	equivalent	strata	as	in	Esperantodalen	
(Fig.	 4.6).	 Based	 on	 this	 assumption,	 detailed	 logging	 has	 not	 been	 conducted	 in	 all	 parts	 of	
Idodalen,	instead	the	zones	and	facies	have	been	correlated	with	each	other.	All	structural	data	
collected	 in	 the	 study	 areas	 are	 marked	 in	 the	 log	 (Fig.	 4.1).	 For	 example,	 structural	 data	
collected	 in	 Idodalen	 south	 A	 from	 facies	 A	 and	 B,	 are	 indicated	within	 zone	 1	 and	 2	 in	 the	
stratigraphical	log.	Figs.	4.2	and	4.3	show	field	examples	of	the	different	sedimentary	facies.		
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Table 4.1: Summary of the stratigraphic units recognized in the Kapp Starostin Formation in the present study 

Facies 
unit Description Stratigraphic interpretation 

A 

Brachiopod limestone: The moderately silicified 
unit has a grey color with yellow patches of 
weathering. Float- to rudstone with fine sand/silty 
matrix. Beds with erosive contacts and a thickness 
from 10-70 cm. Some beds show planar 
lamination towards the top. Abundant number of 
brachiopods and shell fragments of varying size 
from 0.5 cm up to 4 cm (Fig. 4.2). The unit has a 
sharp boundary to the underlying dolostones.  

The facies is measured to be around 
6.5 m in the study area and 
interpreted to represent the 
brachiopod limestone of the Vøringen 
Member situated above the Gipshuken 
Formation. This interpretation is 
supported by Blomeier et al., (2013, 
2011a) that described the Vøringen 
Member as a partly silicified 
brachiopod rich limestone with lesser 
amounts of other fossils.  

 

B 

Light spiculitic rocks: Massive yellowish rock unit, 
abundant with more rigid dark grey elongated 
chert nodules (Fig. 4.2). Fresh fractures are light 
grey, and small calcite veins are common. The 
beds show a discontinuous and wavy structure 
that gives a nodular appearance. The thickness of 
the nodular formed beds varies from 10-50 cm 
and are often draped by 0.5-1 cm thin layers of 
black shales. The unit is highly silicified.  

 

Based on the nodular appearance and 
chert content, this facies is interpreted 
to be light-colored spiculite rocks (e.g., 
Blomeier et al., 2013; Ehrenberg et al., 
2001). 

C 

Dark spiculitic rocks: Highly silicified dark grey to 
black spiculitic rocks with thin wavy bedding and 
drapes of thin black shale layers (Fig. 4.2). It is 
hard to distinguish individual beds, as they are 
discontinuous and fractured along the nodular 
and undulating shape. However, bed thicknesses 
seemed to range between 1 cm and 35 cm. 
Nodular concretions of dark grey to black, highly 
silicified chert dominates. The unit shows 
bioturbation and small unspecified fossil 
fragments.  

The facies is in general more massive 
with a darker color than facies B and is 
therefore interpreted as dark spiculite 
rocks (e.g., Blomeier et al., 2013; 
Ehrenberg et al., 2001; Matysik et al., 
2017). 

D 

Brownish limestone: Grey to dark brownish 
limestone layers approx. 30 cm thick, with smaller 
patches of yellow-brown weathering. The unit 
seems micritic and no clear grains were observed. 
It is more rigid than the surrounding units and the 
boundaries to the overlying and underlying units 
are sharp. Limited amounts of fossils or fossil 
fragments (Fig. 4.2). 

The facies is interpreted to represent a 
rigid, micritic and silicified brownish 
limestone with reduced fossil content. 
Ehrenberg et al., (2001) described a 
silty argillaceous lime mudstone that 
shows similarities to this facies.  
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E 

Alternating light and dark spiculitic rocks: Cliffs 
with alternating light and dark spiculitic rocks with 
gradual boundaries. The layers are between 10-
90 cm thick, and the bed thickness seems to 
increase upwards. Some layers are draped with 1-
3 cm thick black shale lamina. The whole unit is 
highly silicified and show similar fracturing along 
the discontinuous and nodular bedding as 
observed from other spiculitic rocks (Fig. 4.2). 

The facies shows a mixed assemblage 
of facies B and C with generally thicker 
layers. The two units interfinger and 
blend into each other. Based on this, 
the facies is interpreted as alternating 
light and dark spiculites.  

F 

Bryozoan dominated wacke- to packstone: The 
unit shows medium to dark grey limestone with 
yellow patches of weathering. The limestone 
contains high numbers of bryozoans, with minor 
brachiopods, and the carbonate can be classified 
as a wacke- to packstone (Fig. 4.2). White veins 
dominate through the whole unit.  

Based on its high content of bryozoans, 
the facies is interpreted to represent a 
bryozoan dominated wacke- to 
packstone. Limestones rich in 
bryozoan fragments have also been 
described by several other authors (i.e. 
Blomeier et al., 2013; Ehrenberg et al., 
2001; Ezaki et al., 1994).  

G 

Black shales: Thick unit with laminated dark grey 
to black shale, dominated by silica sponges. The 
shale consists mainly of mudstones (Fig. 4.2). 
Whole sponges and minor unknown fossils can be 
observed. The unit is less fractured than the 
spiculitic rocks but shows long through-going 
fractures that cut through the whole unit and 
adjacent units. 

 

Due to the dark color and high 
occurrence of shaley mudstone, the 
facies is interpreted to represent black 
shales. The unit has been described by 
other authors as thinner beds or 
laminated horizons (i.e. Blomeier et al. 
2013).  

H 

Massive float-rudstone: A brown-blackish 
massive carbonate unit with burrows, 
echinoderm, bryozoan and brachiopods (Fig. 4.2). 
The rock can be classified as a floatstone-rudstone 
with a mud-supported fabric and shows thin, well-
stratified bedding. Weathered areas show a light-
yellow color. The unit is partly silicified.  

 

The facies is termed a massive 
floatstone-rudstone due to its massive 
appearance. The high content of 
echinoderm fragments may indicate an 
echinoderm-dominated limestone, as 
described and classified by Ezaki et al., 
(1994) and Blomeier et al., (2013).  

I 

Blueish chert breccia: Dark grey angular chert 
nodules in a massive blueish crystalline quartz 
cement. The unit is highly silicified and dominated 
by a messy pattern of calcite and quartz veins (Fig. 
4.3). Nodules of dark and light spiculites are 
common. It is extremely fractured with irregular 
fracture surfaces. Commonly associated with light 
spiculites.  

Based on the rock appearance and the 
presence of light spiculites, the rock is 
interpreted to represent a massive 
blueish chert breccia. It formed as 
result of brecciation of the light 
spiculites. The brecciation may be a 
result of diagenetic processes such as 
dissolution, leading to collapse of the 
light spiculites (e.g., Matysik et al., 
2017). 
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J 

White chert breccia: The unit is like unit I, but this 
unit is gradually getting whiter and less rigid. 
Contains burrows and small fractured silica 
sponges (Fig. 4.3). The chert nodules in the unit 
are formed along bedding. Quartz veins are 
dominating. Highly fractured. Several fracture 
planes are full of precipitated calcite.  

This facies is also interpreted to be a 
chert breccia resulted from diagenetic 
processes. However, the facies is 
dominated by crystalline quartz in 
thick filled vugs and veins.  

K 

Glauconitic sandstone: The unit consists of 
thicker beds of fine to medium-grained 
glauconitic sandstone with a distinct pale green 
color (Fig. 4.3). The unit can be divided into three 
different sections with slightly different features. 
The lowermost part contains conjugate fractures, 
some trace fossils and thinner shale layers. The 
middle part has thick, cross-stratified beds with 
angular clasts towards the boundary of the lower 
part. The upper part is laminated and is intensely 
fractures compared to the other parts of the unit. 
The sandstones are well-sorted, moderately 
bioturbated and partly contain fractured 
brachiopod shells. The unit is not silicified and is 
found in close association with light spiculitic 
rocks. 

Based on the sections dominated by 
fin to medium-grained sandstones with 
a high content of glauconite, the facies 
is interpreted to represent the 
glauconitic sandstones present in the 
upper parts of the Kapp Starostin 
Formation, possibly as a part of the 
Stensiöfjellet Member (e.g., Ehrenberg 
et al., 2001; Ezaki et al., 1994).  

L 

Silicified glauconitic sandstone: Glauconitic 
sandstone unit that is highly silicified (Fig. 4.3). 
The sandstone is fine-grained with smaller 
transported clasts of shale some places. Planar-
parallel lamination can be observed some in 
places. The unit can be divided into two parts 
where the upper most part is more resistant and 
shows less fractures than the lower one. The 
whole unit is heavily fractured and weathered, 
making it hard to identify any clear bedding. 

An additional facies with glauconitic 
sandstones. However, this sandstone is 
highly silicified and are therefore 
described as a silicified glauconitic 
sandstone.  
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Fig. 4.1: Composite stratigraphic log displaying the Kapp Starostin Formation. The log is based on sedimentary 
logging from the localities Esperantodalen south (E_S), Idodalen north A (Id_N_a), Heimenfjellet (Hf) and 
Heimenfjellet waterfall (Hf_w). The two columns to the left indicate zones that show where fracture orientation 
data has been recorded (grey coloured) and where every locality fit into the log. Note that the log is displayed with 
change in mechanical properties, not grains size. W: weak, R: rigid. 
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Fig. 4.2: Field examples for all investigated facies, Facies A to H. 
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Fig. 4.3: Field examples of the different investigated facies. Facies I to L 

4.1.1 Litho-stratigrapical units (LSUs) 
Every	facies	described	from	fieldwork	(Fig.	4.1,	Table	4.1)	was	divided	into	litho-stratigraphical	
units	(LSUs).	This	was	done	on	order	to	simplify	the	geological	modelling	in	Petrel	(section	4.5).	
The	 facies	 were	 divided	 into	 6	 different	 LSUs	 based	 on	 similarities	 in	 the	 sedimentary	 and	
structural	properties	(Fig.	4.4).	

 

 

Fig. 4.4: Illustration that indicates how the sedimentary facies defined in field have been divided into litho-
structural units (LSUs) that were used in the geological modelling. 
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4.1.2 Regional correlations	 
The	composite	log	from	southern	Dickson	Land	has	been	correlated	with	a	log	from	Vindodden	
(Grundvåg,	 2008)	 and	 the	 type	 section	 for	 the	 Kapp	 Starostin	 Formation	 on	 Festningen	
(Dallmann	et	al.,	1999).	The	result	 is	 illustrated	 in	Fig.	4.5.	The	 logs	have	been	 compared	and	
described	to	point	out	differences	and	similarities	across	central	Spitsbergen.	

Fig. 4.5: Correlation panel of the Kapp Starostin Formation on central Spitsbergen. Logs redrawn from Grundvåg 
(2008) and Dallmann et al., (1999). Legend for the composite log from this study can be found in Fig. 4.1.  
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The	 thickness	of	 the	 sections	 from	Grundvåg	(2008)	and	Dallmann	et	 al.,	 (1999)	 are	400	and	
380	m,	respectively,	whereas	the	log	in	this	study	is	245	m	long.	Overall,	the	lithologies	in	all	logs	
are	 similar,	 however,	 some	 facies	have	not	been	described	 in	all	 sections.	The	 logs	have	been	
correlated	with	each	other	based	on	the	position	of	the	boundary	between	Svenskegga	Member	
and	Hovtinden	Member.	The	uppermost	part	 of	 the	 log	 from	southern	Dickson	Land	has	 also	
been	 interpreted	 to	 comprise	 the	 Stensiöfjellet	Member	 (e.g.,	Dallmann	et	al.,	 1999).	The	 logs	
will	be	compared	and	described	from	the	base	and	upwards.		

The	 Vøringen	 Member	 is	 measured	 to	 be	 approx.	 6-7	m	 in	 southern	 Dickson	 Land	 (SDL	
hereafter),	whereas	the	sections	from	Vindodden	and	Festningen	are	measured	to	be	about	25	
and	 20	m	 respectively.	 All	 limestones	 exhibit	 similarities	 and	 are	 mainly	 composited	 of	
brachiopod-rich	limestones.		

The	log	from	Festningen	does	not	differentiate	between	dark	and	light	spiculitic	rocks,	making	it	
difficult	 to	 compare	 these	 facies	 to	 the	 other	 logs.	 However,	 the	 thickness	 and	 amount	 of	
spiculite	 rocks	 can	 be	 compared.	 All	 logs	 show	 thicker	 packages	 of	 spiculitic	 strata	 in	 the	
Svenskegga	 Member.	 Logs	 from	 SDL	 and	 Festningen	 show	 that	 these	 spiculitic	 facies	 are	
interrupted	 by	 smaller	 layers	 of	 limestones	 in	 some	 places.	 This	 has	 not	 been	 logged	 by	
Grundvåg	(2008)	in	the	section	from	Vindodden.	Dark	spiculites	dominate	in	the	lower	parts	of	
the	Svenskegga	Member	in	the	log	from	this	study	and	from	Vindodden.	Both	logs	also	suggest	
some	smaller	units	of	light	spiculites.	The	thicknesses	of	the	spiculites	in	the	different	locations	
are	slightly	different.	 In	 this	study,	 the	spiculitic	succession	 in	the	Svenskegga	Member	 is	only	
around	 50	m	 thick,	 whereas	 the	 other	 successions	 have	 thicknesses	 of	 120	 m	 and	 140	m,	
respectively.		

The	 logs	 from	 SDL	 and	 in	 Vindodden	 present	 black	 shales	 close	 to	 the	 top	 of	 Svenskegga	
Member.	However,	the	shales	are	thicker	in	southern	Dickson	Land.	These	shales	are	present	in	
the	 same	 position	 in	 Festningen	and	 Vindodden	at	 around	 200	m,	whereas	 in	 SDL	 the	 shales	
have	 been	 encountered	 at	 55	m	 (Fig.	 4.5).	 In	 this	 study,	 the	 boundary	 between	 Svenskegga	
Member	and	Hovtinden	Member	is	interpreted	to	be	located	on	top	of	this	black	shale	layers	at	
approx.	 95	m.	 Grundvåg	 (2008)	 has	 interpreted	 the	 boundary	 to	 be	 a	 little	 higher	within	 the	
light	spiculites	(approx.	255	m,	Fig.	4.5).	In	the	type	section	the	boundary	is	located	on	top	of	a	
thick	layer	of	limestones	(at	120	m,	Fig.	4.5).		

Breccia	 facies	have	only	been	defined	 in	this	study.	However,	Grundvåg	(2008)	also	described	
brecciated	 spiculites	 in	 the	middle-upper	parts	 of	 the	Kapp	Starostin	Formation.	These	 facies	
have	not	been	identified	in	the	type	section	at	Festningen	(Dallmann	et	al.,	1999).		

The	Hovtinden	Member	in	SDL	and	Vindodden	are	dominated	by	light	spiculites.	Spiculites	have	
also	 been	 described	 from	 Festningen	 in	 combination	 with	 sandstones.	 Based	 on	 this,	 the	
spiculites	 are	 assumed	 to	 be	 light	 spiculites	 like	 the	 ones	 described	 in	 SDL	 and	 Vindodden.	
Thicker	successions	of	sandstones	are	present	at	Festningen	but	have	not	been	identified	in	this	
study.		
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The	uppermost	part	of	the	Kapp	Starostin	Formation	type	section	at	Festningen	is	dominated	by	
shales/silicified	mudstones	and	a	small	unit	of	paper	shales,	while	glauconitic	sandstones	and	
light	 spiculites	 are	 the	dominant	 facies	at	Vindodden	and	SDL.	Because	of	 the	high	amount	of	
glauconitic	sandstones	in	the	upper	part	of	the	formation,	this	study	indicates	the	sandstones	as	
a	part	of	the	Stensiöfjellet	Member.	This	member	has	previously	been	described	by	other	studies	
(e.g.,	Blomeier	et	al.,	2013;	Dallmann	et	al.,	1999;	Jafarian	et	al.,	2017)		and	can	be	expected	to	be	
present	in	central	Spitsbergen.		

4.2 Fieldwork localities 
In	 this	 section,	 the	 results	 from	 fieldwork	 are	 presented	 for	 each	 outcrop	 with	 a	 focus	 on	
structural	orientation	analyses	and	 facies	interpretation.	Virtual	outcrop	analyses	and	 fracture	
spacing	profiles	are	also	presented	within	the	respective	outcrops.	Location	of	studied	outcrops	
and	localities	are	illustrated	in	Fig.	4.6.	A	summary	of	the	acquired	data	is	presented	in	Table	4.2,	
followed	by	Table	4.3	were	the	results	from	field	scanlines	and	virtual	scanlines	is	listed.		

All	 structural	 data	 was	 plotted	 in	 stereonets	 (Schmidt)	 with	 a	 lower	 hemisphere	 projection.	
Results	are	presented	as	planes	and	poles	to	planes	with	rainbow	contours	(1	%	area).		

All	fracture	sets	obtained	in	this	study	are	defined	consistently	based	on	their	main	orientations	
and	 comprise	 fracture	 sets	 F1	 to	 F7.	 All	 sets	 are	 identified	 to	 represent	 open	 to	 partly	 open	
fractures.	 Veins	 and	 filled	 fractures	 are	 observed	 in	 the	 study,	 but	 not	 considered	 as	 an	 own	
fracture	set	due	to	the	lack	of	statistics	and	the	dominance	of	open	fractures.	An	overview	of	the	
different	fracture	sets	is	presented	in	Table	4.4.		
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Table 4.2: Summary of data obtained in this study 
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Table 4.3: Overview of obtained traditional scanlines and virtual scanlines 

Profile ID Locality Locality 
abbreviation 

Lithology Length (m) Fractures (n) Fractures/m 
(mean) 

Scanlines             
KL_1 Idodalen south A Id_S_a Brachiopod limestone 1.75 25 14.29 
KL_2 Esperantodalen south E_S Black shales 4.93 39 7.91 
KL_3 Esperantodalen south E_S Light spiculites 0.99 31 31.31 
KL_4 Idodalen waterfall Id_w Brachiopod limestone 2.96 57 19.26 
KL_5 Idodalen waterfall Id_w Light spiculites 1.00 38 38 
KL_6 Idodalen south C Id_S_c Light spiculites 2.00 95 47.50 
KL_7 Esperantodalen south E_S Brownish limestone 2.32 74 31.90 
Total       15.95 359   
Virtual profiles 
Ef_1 Eskerfossen north Ef_N Light spiculites 1.26 24 19.05 
Ef_2 Eskerfossen north Ef_N Light spiculites 2.57 34 13.23 
Ef_3 Eskerfossen north Ef_N Light spiculites 2.4 37 15.42 
Ef_4 Eskerfossen north Ef_N Light spiculites 2.32 45 19.40 
Ef_5 Eskerfossen north Ef_N Light spiculites 2.34 46 19.66 
E_N_1 Esperantodalen north E_N Mixed 283.91 47 0.17 
E_N_2 Esperantodalen north E_N Mixed 315.87 66 0.21 
E_N_3 Esperantodalen north E_N Mixed 311.30 31 0.10 
E_N_4 Esperantodalen north E_N Mixed 328.26 25 0.08 
E_N_5 Esperantodalen north E_N Mixed 345.44 24 0.07 
E_S_1 Esperantodalen south E_S Mixed 212.85 24 0.11 
E_S_2 Esperantodalen south E_S Mixed 212.57 42 0.20 
E_S_3 Esperantodalen south E_S Mixed 218.14 38 0.17 
E_S_4 Esperantodalen south E_S Mixed 228.28 38 0.17 
E_S_5 Esperantodalen south E_S Mixed 207.37 33 0.16 
Hf_1 Heimenfjellet Hf Light spiculites 2.4 35 14.58 
Hf_2 Heimenfjellet Hf Light spiculites 2.37 42 17.72 
Hf_3 Heimenfjellet Hf Light spiculites 2.56 47 18.36 
Id_1 Idodalen south B Id_S_b Brownish limestone 2.17 32 14.75 
Id_2 Idodalen south B Id_S_b Brownish limestone 3.27 45 13.76 
Id_3 Idodalen south B Id_S_b Brownish limestone 3.01 38 12.62 
Id_S_d_1 Idodalen south D Id_S_d Light spiculites 3.75 36 9.60 
Id_S_d_2 Idodalen south D Id_S_d Light spiculites 4.09 38 9.29 
Id_S_d_3 Idodalen south D Id_S_d Light spiculites 4.01 53 13.22 
Id_S_d_4 Idodalen south D Id_S_d Light spiculites 4.2 52 12.38 
Id_S_d_5 Idodalen south D Id_S_d Light spiculites 4.51 51 11.31 
Total       2711.22 1023   

 

Table 4.4: Table summarizing the defined fracture sets and their respective orientation. All the fracture sets are 
identified as open fracture sets. No individually set is connected to veins have been identified in this study.  

Set Mean dip azimuth (°) Mean dip (°) Orientation 
F1 095 84 N-S 
F2 146 87 NE-SW 
F3 178 87 E-W 
F4 074 89 NNW-SSE 
F5 115 88 NNE-SSW 
F6 047 88 NW-SE 
F7 342 89 ENE-WSW 
F8 206 56 WNW-ESE 
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Fig. 4.6: Satellite images of the study sites. Location of the study areas on Svalbard are indicated in Fig. 2.2. (a) 
map of the study area in southern Dickson Land, the dotted line in E_S represent the lateral area that was 
covered at the location. (b) larger scale map of the Sassendalen area indicating the locations of (c) Eskerfossen 
and (d) Brattlidalen. Abbreviations for localities are listed in Table 4.2. Maps are modified from 
toposvalbard.npolar.no, and geology added from Svalbardkartet. Data courtesy of Norwegian Polar Institute. 
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4.2.1 Eskerfossen 
Eskerfossen	 is	 a	waterfall	 located	 in	 the	north-eastern	 end	of	Eskerdalen,	 on	 the	west	 side	of	
Sassendalen.	 Here,	 the	 top	 part	 of	 the	 Kapp	 Starostin	Formation	 is	well	 exposed.	 The	 rest	 of	
Eskerdalen	 comprise	 Triassic	 facies	 units.	 Structural	 measurements	 from	 two	 outcrops	 in	
Eskerfossen	 were	 collected	 (Ef_n,	 Ef_e,	 Fig.	 4.6)	 during	 daytrips	 in	 late	 April	 2017.	 The	 two	
outcrops	consist	of	several	smaller	zones	of	 light	spiculitic	rocks	divided	by	approx.	1	cm	thin	
layers	of	black	shales.	

4.2.1.1 Facies and lithology description 
The	outcrops	are	 located	close	 to	 the	Permian-Triassic	boundary	 that	 is	situated	at	 the	 top	of	
Eskerfossen	 (Fig.	 4.6).	 No	 detailed	 logging	 was	 conducted	 in	 this	 locality,	 but	 both	 outcrops	
appear	 to	 be	 of	 light	 spiculitic	 rocks	 from	 facies	 B	 (Table	 4.1).	 Eskerfossen	 east	 (Ef_e)	 is	
understood	to	represent	an	outcrop	located	a	little	higher	in	the	stratigraphy	than	Eskerfossen	
north	(Ef_n).	Ef_e	is	more	weathered	and	fractured	than	Ef_n.		

The	outcrops	could	not	be	tied	to	an	exact	position	in	the	stratigraphical	composite	log	(Fig.	4.1)	
due	 to	 the	 distance	 between	 southern	 Dickson	 Land	 and	 Sassendalen.	 A	 master	 thesis	 by	
Grundvåg	(2008)	based	on	outcrops	around	Vindodden	(west	of	Sassendalen)	indicates	that	the	
uppermost	 part	 of	 the	 Kapp	 Starostin	 Formation	 consists	 mainly	 of	 light	 spiculitic	 rocks.	
However,	 a	 study	 by	 Matysik	 et	 al.,	 (2017)	 logged	 parts	 of	 Eskerfossen	 and	 interpreted	 the	
section	to	primarily	consist	of	darker	spiculites	situated	close	to	the	Permian-Triassic	boundary.	
This	study	has	interpreted	the	rock	to	represent	light	spiculites.	Therefore,	this	study	follows	the	
descriptions	 from	Grundvåg	 (2008)	and	 the	Eskerfossen	 location	 is	 assumed	 to	 represent	 the	
uppermost	part	of	the	Kapp	Starostin	Formation.	

 

Fig. 4.7: Parts of the virtual outcrop model from (A) Eskerfossen north (Ef_n). The blue lines represent the 
position of virtual scanlines (see Fig. 4.10). (B) and (C) show a zoomed in part of the outcrop. Note the high 
quality of the model. (B) is taken from the tiled model directly in Agisoft. (C) show an example of how a plane 
(blue) is measured in LIME by using three points.  
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4.2.1.2 Virtual outcrop 
Virtual	 outcrops	have	been	generated	 for	both	 outcrops.	The	3D	models	were	 used	 to	 collect	
structural	 measurements	 with	 Planedetect.	 Parts	 of	 the	 virtual	 outcrop	 of	 Eskerfossen	 north	
(Ef_n)	are	presented	in	Fig.	4.7.		

4.2.1.3 Fracture orientation trends 
Structural	data	from	these	localities	are	from	both,	fieldwork	and	analyses	of	virtual	outcrops.	
The	investigated	outcrops	are	striking	approx.	241°	(Ef_n)	and	010°	(Ef_e)	respectably.		

The	data	implies	5	main	fracture	sets;	these	are	presented	in	Fig.	4.9.	F2,	F4	and	F7	fractures	are	
found	within	both	outcrops.	F1	is	present	in	Ef_e,	while	F8	is	found	in	Ef_n.	Stereoplots	from	the	
virtual	 outcrop	analysis	 (Fig.	 4.8a)	 show	that	 F1,	 F2	 and	F7	are	dominant	 in	 these	 results.	 F1	
fractures	 in	 Ef_e	 is	 primarily	 mapped	 with	 virtual	 outcrop	 analyses	 due	 to	 the	 outcrop	
orientation.	These	fractures	are	oriented	parallel	to	the	outcrop	and	got	intensified	by	analyses	
in	 Planedetect.	 They	 are	 therefore	 underrepresented	 by	 data	 collected	 in	 field.	 Similar	 for	 F2	
fractures	recorded	in	Ef_n.	F2	is	oriented	sub-parallel	to	the	outcrop	orientation	and	intensified	
by	the	virtual	outcrop	analysis.	

Results	from	the	two	methods	correspond	relatively	well	for	both	outcrops	(Fig.	4.8b).	F1	and	F7	
would	not	be	as	intensified	in	this	dataset	without	the	two	Planedetect	analyses.		

 

Fig. 4.8: Orientation result from Eskerfossen (Ef_n, Ef_e). a) Fracture orientation data from fieldwork and 
analyses in Planedetect. The results are divided into the two different outcrops of light spiculitic rocks. Results 
from fieldwork and the virtual outcrop analysis are also merged together in combined stereoplots for the individual 
outcrops. The dotted planes represent the outcrop orientations for each outcrop. b) All fractures from both 
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outcrops joined, plotted as poles with rainbow contours. The planes represent orientation of each outcrop (red, 
Ef_n and green, Ef_e).  

 

Fig. 4.9: Main fracture sets present in the two outcrops in Eskerfossen. All fractures are plotted as poles with 
contour. Fracture sets with dip azimuth and dip angle for each outcrop are indicated. Outcrop orientation is 
indicated by dotted red (Ef_n) and green (Ef_e) planes.  

4.2.1.4 Fracture distribution 
Fracture	 spacing	 results	 from	 Eskerfossen	 are	 based	 on	 virtual	 profile	 analyses	 from	 digital	
photos	of	Eskerfossen	north	(Ef_n)	(Fig.	4.10).	Because	the	outcrop	is	heavily	fractured,	a	limited	
extent	 of	 approx.	 11	m	 of	 the	 outcrop	 has	 been	 analyzed.	 The	 analyzed	 profiles	 (Ef_1-5)	 are	
displayed	with	histograms	in	Fig.	4.10.	Each	profile	follows	a	layer	of	light	spiculitic	chert.	

The	 fracture	 frequency	 in	 the	 light	 spiculitic	 rocks	 varies	 between	 13–19.5	 f/m	 and	 the	
histograms	 do	 not	 indicate	 any	 distinct	 fracture	 spacing.	 However,	 the	 scanlines	 show	 a	
somewhat	even	distribution	along	the	line.	The	profiles	are	dominated	by	bed-confined	fractures	
where	 the	 fractures	 are	 terminated	at	 the	bed	boundaries.	A	 few	 through-going	 fractures	 can	
also	be	observed	(Fig.	4.10).	
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Fig. 4.10: Fracture density analysis of Eskerfossen north (Ef_n). Upper: Analyzed fracture frequency profiles 
intersecting the mapped fractures. All profiles cut through light spiculitic rocks. Through-going fractures are 
underrepresented. Below: Histogram (left axis) and cumulative fracture frequency (right axis) for each virtual 
profile indicated in the upper photos. 
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4.2.2 Brattlidalen 
Brattlidalen	is	a	narrow	valley	on	 the	northern	edge	of	Sassendalen.	Structural	measurements	
were	 collected	 from	a	 total	 of	 7	 differently	 oriented	 outcrops	 (Bd_a–Bd_g,	 Table	 4.5,	 Fig.	 4.6)	
located	in	the	outer	parts	of	the	valley.	

4.2.2.1 Facies and lithology description 
The	bedding	in	the	area	is	sub-horizontal,	but	a	gentle	dip	of	7°	towards	SW	indicates	that	the	
outcropping	 rocks	 on	 the	 eastern	 side	 of	 Sassendalen	 are	 older	 than	 the	 rocks	 present	 in	
Eskerfossen.	

The	 outcrops	 in	 Brattlidalen	mainly	 comprise	 light	 and	 dark	 spiculitic	 rocks,	where	 the	 light	
spiculites	 show	similarities	 to	 those	described	 in	Eskerfossen.	Recently,	Matysik	 et	al.,	 (2017)	
logged	Brattlidalen	as	a	part	of	a	bigger	study	and	interpreted	the	outcrops	to	mainly	consist	of	
dark	 spiculitic	 chert	 situated	 in	 the	 lower	part	 of	 the	Kapp	Starostin	Formation.	However,	 no	
detailed	 logs	 were	 presented	 in	 the	 study	 indicating	 if	 the	 section	 shows	 any	 light	 spiculitic	
rocks	mixed	with	the	dark	spiculites,	similar	to	describtions	in	this	study.		

Situated	under	 the	dark	spiculites	 is	a	1	m	 thick	prominent	 layer	 that	 shows	similar	 lithology	
and	 colors	 as	 the	 brownish	 limestone	 (facies	 D)	 described	 from	 Esperantodalen	 south	 and	
Idodalen	south	B	(Fig.	4.6).	 If	Brattlidalen	 is	situated	 in	 the	 lower	parts	on	the	Kapp	Starostin	
Formation,	the	facies	could	be	correlated.		

A	summary	of	the	facies	and	lithologies	from	the	individual	outcrops	in	Brattlidalen	is	presented	
in	Table	4.5.	The	noticeable	brownish	limestone	layer	within	the	dark	spiculitic	rocks	could	be	
traced	from	outcrop	Bd_c	to	Bd_g	but	was	snow-covered	in	the	rest	of	the	valley.	The	lithology	
under	 this	 layer	 was	 not	 observed	 and	 described.	 The	 distinct	 limestone	 layer	 has	 not	 been	
observed	 or	 described	 by	 Grundvåg	 (2008)	 at	 Vindodden	 or	 by	 Matysik	 et	 al.,	 (2017)	 in	
Brattlidalen.		

Like	 Eskerfossen,	 a	 precise	 correlation	 with	 the	 stratigraphic	 composite	 log	 from	
Esperantodalen	 is	 not	 possible.	 However,	 if	 the	 distinct	 layer	 of	 brownish	 limestone	 can	 be	
correlated	 to	 zone	 4	 in	 southern	 Dickson	 Land	 (Fig.	 4.1),	 this	 suggest	 that	 the	 outcrops	 in	
Brattlidalen	is	situated	much	lower	in	the	stratigraphy	than	Eskerfossen.	Like	Eskerfossen,	the	
outcrops	have	been	partly	correlated	with	the	work	 from	Grundvåg	(2008)	and	Matysik	et	al.,	
(2017).	Based	on	this,	the	outcrops	in	Brattlidalen	are	thought	to	represent	lithological	facies	in	
the	Svenskegga	Member	of	the	Kapp	Starostin	Formation.	

4.2.2.2 Virtual outcrop 
Parts	of	the	virtual	outcrops	from	Brattlidalen	C	(Bd_c)	and	Brattlidalen	G	(Bd_g)	are	displayed	
in	Fig.	4.11.	
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Fig. 4.11: Virtual outcrop models from two different outcrops situated in Brattlidalen. (a) Parts of Brattlidalen C 
(Bd_c) with (b) a zoomed in part displaying the high quality. The blue plane shows an example of plane 
measurements in LIME. (c) Displaying Brattlidalen F (Bd_f) and (d) zoomed in part showing the distinct bed of 
facies D. See Fig. 4.6 for location. 

4.2.2.3 Fracture orientation trends 
Fracture	measurements	 from	 the	 seven	 different	 outcrops	 are	 plotted	 in	 Fig.	 4.12.	 Structural	
data	from	fieldwork	and	virtual	outcrops	have	been	obtained	for	all	localities.	The	outcrops	are	
chosen	 because	 most	 of	 them	 are	 oriented	 differently	 (Table	 4.5).	 Results	 from	 the	 virtual	
outcrops	 and	 fieldwork	 correspond	 relatively	 good.	 The	 orientation	 data	 from	 Planedetect	 is	
intensifying	the	data	collected	in	field.		

Table 4.5: Overview of lithological facies present within the respective outcrops in Brattlidalen. Orientation of 
outcrops are also indicated. Structural measurements in Bd_g was taken from two different facies units.  

Outcrop Facies Lithology Outcrop orientation (strike, °) 
Bd_a B Light spiculitic chert 56 
Bd_b B Light spiculitic chert 148 
Bd_c D Brownish limestone 95 
Bd_d C Dark spiculitic chert 230 
Bd_e B Light spiculitic chert 293 
Bd_f B Light spiculitic chert 208 
Bd_g D/C Brownish limestone/dark spiculitic chert 109 
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Fig. 4.12: Orientation data from the 7 outcrops in Brattlidalen. Virtual outcrop data from 4 models are included. 
For location see Figs. 4.6, 4.13. The orange planes indicate the outcrop orientation for each outcrop.  
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All	 localities	 in	Brattlidalen	 are	dominated	by	high-angled	 fractures,	whereas	 the	dip	azimuth	
varies	between	the	different	outcrops.	Four	outcrops	comprise	fractures	that	correlate	well	with	
their	 outcrop	 direction	 (Fig.	 4.13),	 where	 the	 following	 fracture	 sets	 represent	 the	 outcrop	
orientation;	F2	(at	Bd_a),	F5	(at	Bd_f),	F6	(at	Bd_g)	and	F7	(at	Bd_d).	The	main	fracture	sets	in	
Brattlidalen	comprise	sets	F1-F7	(Table	4.6).	The	number	of	 fracture	sets	present	within	each	
locality	varies	from	1	to	4.	They	are	in	general	oriented	perpendicular	or	20°	to	45°	relative	to	
each	 other.	 Some	 fracture	 sets	 within	 the	 different	 outcrops	 correlate	 well,	 for	 example,	 F3	
fractures	are	present	in	4	out	of	7	outcrops.		

Some	 outcrops	 show	 a	 widespread	 in	 fracture	 orientations	 giving	 an	 impression	 of	 a	 messy	
fracture	pattern.	Bd_d,	e	and	g	show	good	examples	of	these	orientation	fluctuations.		

The	results	from	Bd_c	and	Bd_e-g	are	based	on	orientation	measurements	from	both,	fieldwork	
and	virtual	outcrop	models.	They	are	in	general	dominated	by	fractures	oriented	parallel	to	the	
outcrop.	However,	 some	 combined	 stereonets	 (Fig.	 4.12)	 show	a	 great	 spread	 in	orientations,	
consequently	the	outcrop	parallel	fractures	are	not	represented	by	an	own	fracture	set	(i.e.	Bd_e,	
Fig.	4.13).		

Table 4.6: Brattlidalen (Bd_a-g). Summary of main fracture sets and their presence within the different localities. 
Stereoplots illustrated in Fig. 4.12. 

Set Dip Az/dip Orientation Bd_a Bd_b Bd_c Bd_d Bd_e Bd_f Bd_g 
F1 095/84 N-S x       
F2 146/87 NE-SW x x     x 
F3 178/87 E-W  x x x x   
F4 074/89 NNW-SSE   x x    
F5 115/88 NNE-SSW     x x  
F6 047/88 NW-SE    x   x 
F7 342/89 ENE-WSW    x x   

Fig. 4.13: Brattlidalen (Bd_a-g). Map with main fracture set at each locality, displaying the similarity between 
fracture orientation and outcrop orientation at each locality. Outcrop orientation is indicated by the orange planes 
or represented by a fracture set. See Fig. 4.6 for location. Map adapted from toposvalbard.npolar.no, data 
courtesy of Norwegian Polar Institute.  



CHAPTER 4 | Results 

 58 

4.2.3 Idodalen north 
Several	smaller	outcrops	are	exposed	in	a	river	valley	below	some	small	waterfalls	on	the	north	
side	of	Idodalen	(Fig.	4.6).	Two	of	these,	located	approx.	500	m	apart,	are	examined	in	this	study,	
and	 will	 be	 referred	 to	 as	 Idodalen	 north	 A	 (Id_N_a)	 and	 Idodalen	 north	 B	 (Id_N_b).	 Facies	
description	and	orientation	data	for	the	two	outcrops	will	be	presented	separately.		

4.2.3.1 Facies and lithology description 

Idodalen north A (Id_N_a) 
The	outcrop	is	located	in	a	steep	mountain	side.	Lithologies	and	facies	surrounding	the	outcrop	
show	 similarities	 with	 Esperantodalen	 south,	 but	 because	 of	 the	 steep	 slopes,	 adjacent	
outcropping	 rocks	 could	not	 be	 accessed	properly.	 The	 small	 outcrop	 consisted	 of	 blue	 chert	
breccia	of	facies	I	(Table	4.1).	Based	on	the	adjacent	rocks,	the	breccia	is	considered	to	represent	
zone	23	(Fig.	4.1),	the	same	zone	as	in	Esperantodalen	south.		

Idodalen north B (Id_N_b) 
The	 outcrop	 consists	 of	 light	 spiculitic	 rocks	of	 facies	B	 and	glauconitic	 sandstone	of	 facies	K	
(Table	4.1).	Because	of	the	elevation	and	a	very	gentle	dip	towards	the	SW	in	the	whole	area,	the	
rocks	 are	 understood	 to	 be	 situated	 above	 the	main	 section	 of	 the	 log	 from	 Esperantodalen	
south.	 They	marked	 in	 the	 log	 as	 zone	 30	 and	31	 and	 situated	 between	 two	 breaks	 on	 198–
215	m	(Fig.	4.1).		

The	 lower	part	of	the	outcrop	consists	of	a	6	m	thick	 layer	of	glauconitic	sandstone	(facies	K).	
The	amount	of	fractures	increases	towards	the	light	spiculitic	chert	layer	(facies	B)	situated	on	
top.	The	top	of	the	light	spiculitic	chert	layer	could	not	be	observed.		

4.2.3.2 Fracture orientation trends 

Idodalen north A (Id_N_a) 
The	 stereoplots	 in	Fig.	 4.14a	 show	orientation	data	measured	 in	 facies	 I	at	 an	outcrop	 that	 is	
oriented	E-W	(strike	87°).	The	blue	chert	breccia	is	dominated	by	steep	fractures	and	shows	a	
messy	fracture	pattern	with	a	high	orientation	fluctuation.	Two	main	fracture	sets	are	derived	
from	the	stereonets;	F2	and	F4	(Fig.	4.14b).	Both	sets	are	oriented	with	an	angle	to	the	outcrop.		

 

Fig. 4.14: Idodalen north A (Id_N_a). Orientation data from facies I, blue chert breccia. The fractures show very 
varying orientations. b) Main fracture sets within the facies. All fractures plotted as poles and rainbow contour. 
Fracture sets ere plotted as planes. 
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Idodalen north B (Id_N_b) 
Orientation	data	from	Idodalen	north	B	has	been	collected	from	the	glauconitic	sandstone	(facies	
K)	 and	 the	overlying	 light	 spiculitic	 rocks	 (facies	B).	 Fig.	 4.15	 illustrates	 the	 stereoplots.	Two	
main	fracture	set	were	identified	within	the	outcrop.	F1	and	F7	are	present	in	both	units,	but	F1	
fractures	were	not	identified	in	the	glauconitic	sandstone	(Fig.	4.16).		

 

Fig. 4.15: Idodalen north B (Id_N_b). a) Orientation data from light spiculitic rocks (facies B) and glauconitic 
sandstone (facies K). The results for both units correspond well. b) Orientations from both facies combined in a 
mutual stereoplot. All fractures plotted as poles with rainbow contour. The orange plane represents the outcrop 
orientation 

 

Fig. 4.16: Idodalen north B (Id_N_b). Main fracture sets and their presence within the different facies. The 
fractures are plotted as poles with rainbow contour, and fracture sets are indicated by planes. Outcrop orientation 
represented by the orange plane.  

4.2.4 Idodalen south 
A	medium	sized	 river,	 Idoelva,	 is	 running	along	 the	 south	 side	of	 Idodalen,	 exposing	multiple	
outcrops.	Four	of	these,	 located	along	an	approx.	2	km	long	line,	were	investigated	as	a	part	of	
this	study.	The	first	two	outcrops	are	located	around	75	m	apart,	whereas	the	third	and	fourth	
outcrop	are	situated	further	into	the	valley	(Fig.	4.6).	The	four	different	outcrops	are	referred	to	
as	Idodalen	south	A	(Id_S_a),	Idodalen	south	B	(Id_S_b),	Idodalen	south	C	(Id_S_c)	and	Idodalen	
south	D	(Id_S_d),	ranged	after	how	far	into	the	valley	they	are	located.	Similar	to	Idodalen	north,	
every	outcrop	will	be	described	individually.		

Scanlines	are	collected	from	Id_S_a	and	Id_S_c,	while	virtual	profiles	were	analyzed	for	outcrops	
Id_S_b	and	Id_S_d.	
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4.2.4.1 Facies and lithology description 

Idodalen south A (Id_S_a) 
The	 first	 outcrop	 in	 Idodalen	 comprises	 brachiopod	 limestone	 of	 facies	 A	 and	 light	 spiculitic	
chert	of	facies	B	(Table	4.1).	The	brachiopod	limestone	is	understood	to	represent	the	first	and	
lowermost	 member	 of	 Kapp	 Starostin	 Formation,	 the	 Vøringen	 Member.	 The	 outcropping	
limestone	represents	the	same	limestone	outcropping	at	Idodalen	waterfall	(section	4.2.5).	

Idodalen south B (Id_S_b) 
A	 2	 m	 thick	 brownish	 limestone	 is	 located	 in	 a	 narrow	 outcropping	 part	 of	 Idoelva,	 a	 little	
further	 into	 Idodaen	 (Fig.	 4.6).	The	 outcrop	 is	 located	higher	 in	 stratigraphy	 than	 Id_S_a.	The	
brownish	limestone	is	a	part	of	facies	D	(Table	4.1)	and	stands	out	significantly	in	a	thicker	layer	
of	adjunct	dark	spiculitic	chert.	The	same	layer	can	be	found	in	Esperantodalen	south	(zone	4,	
see	Fig.	4.1).		

Idodalen south C (Id_S_c) 
The	third	outcrop	is	located	approx.	500	m	further	into	Idodalen	(Fig.	4.6)	and	consist	of	thick	
layers	of	 light	spiculitic	rocks	(facies	B,	Table	4.1).	Several	longer	through-going	fractures	that	
are	 cutting	 through	 the	 whole	 outcrop	 can	 be	 observed.	 Fracture	 orientations	 could	 not	 be	
measured	because	of	very	loose	scree	and	falling	rocks.	The	outcrop	is	located	stratigraphically	
higher	than	both	Id_S_a	and	Id_S_b	and	is	indicated	in	the	log	as	zone	10.		

Idodalen south D (Id_S_d) 
The	last	locality	on	the	south	side	of	Idodalen	is	a	large	outcrop	involving	light	spiculitic	rocks	
(facies	 A),	 blue	 chert	 breccia	 (facies	 K)	 and	 silver	 chert	 breccia	 (facies	 L)	 (Table	 4.1).	 The	
outcropping	rock	 is	situated	 further	up	 in	stratigraphy	that	 the	previous	outcrops	 in	 Idodalen	
south	 and	 are	 understood	 to	 represent	 the	 same	 units	 as	 zone	 24-26	 (Fig.	 4.1)	 from	
Esperantodalen	south	(Fig.	4.6).	The	whole	outcrop	is	very	heavily	fractured	and	weathered.	

4.2.4.2 Fracture orientation trends 

Idodalen south A (Id_S_a) 
Structural	 orientation	 data	was	 only	 collected	 through	 fieldwork	 (Fig.	 4.17a).	 The	 stereoplots	
indicate	two	main	fracture	sets	(Fig.	4.17b)	in	facies	B.	The	facies	is	characterized	by	steep	F2	
and	F6	fractures.	Both	fracture	sets	are	oriented	with	an	angle	to	the	outcrop	orientation	(strike:	
162°).		

 

Fig. 4.17: Idodalen south A (Id_S_a). a) Orientation data from light spiculitic rocks (facies B). Data collected in 
field. b) Main fracture sets within facies B in this locality. All fractures are plotted as poles with rainbow contour, 
while fracture sets are indicated as planes. The orange plane represents outcrop orientation.  
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Idodalen south B (Id_S_b) 
Orientation	data	are	based	on	field	data	and	was	collected	with	the	window	sampling	method.	
The	results	are	plotted	in	Fig.	4.18a.	Two	main	fracture	sets,	F4	and	F7,	oriented	perpendicular	
to	each	other	dominate	the	facies	(Fig.	4.18b).	F4	is	representing	fractures	oriented	parallel	to	
the	outcrop.		

 

Fig. 4.18: Idodalen south B (Id_S_b). a) Orientation data from facies D, brownish limestone. Data from fieldwork. 
b) Main fracture sets within the facies. All fractures plotted as poles and rainbow contour and fracture sets plotted 
as planes. The data show two very distinct fracture sets oriented perpendicular to each other. 

Idodalen south C (Id_S_c) 
Fracture	 orientations	 from	 the	 outcrop	 (plotted	 in	 stereonets,	 Fig.	 4.19a)	 are	 based	 on	 one	
scanline	 and	 additional	 fracture	 data	 collected	 during	 fieldwork.	 The	 data	 indicate	 two	 high-
angled	fracture	sets	oriented	perpendicular	to	each	other,	suggesting	an	orthogonal	fracture	set.	
F6	 is	 oriented	 almost	 parallel	 to	 the	 orientation	 of	 the	 outcrop	 (striking	 323°),	 while	 F2	 is	
oriented	perpendicular	to	the	outcrop.	Fracture	sets	are	displayed	in	Fig.	4.19b.		

 

Fig. 4.19: Idodalen south C (Id_S_c). a) Orientation data from facies B. Data based on window sampling and one 
scanline in field. b) Main fracture sets in the facies. All fractures are plotted as poles and rainbow contour. 
Fracture sets are shown with planes. Orange plane indicate outcrop orientation.  

Idodalen south D (Id_S_d) 
Orientation	data	for	the	three	facies	in	Idodalen	south	D	(stereoplots	in	Fig.	4.20)	were	acquired	
during	fieldwork.	The	data	suggest	three	main	fracture	sets	in	the	studied	outcrop,	although	not	
all	are	represented	within	every	facies.	Fracture	sets	are	displayed	in	Fig.	4.21.		

The	 stereoplots	 of	 the	 orientation	 data	 indicate	 that	 facies	 B,	 the	 light	 spiculitic	 cherts,	
comprises	F2	and	F6	 fractures	 that	make	up	a	sub-orthogonal	fracture	set.	F2	 is	present	 in	all	
facies	units	but	are	mainly	presented	 in	 facies	 J	and	B.	Plots	of	facies	 I	 show	a	great	spread	 in	
orientations	and	are	therefore	understood	to	contain	all	fracture	sets.	However,	F8	fractures	is	
the	dominant	component.	Facies	B	comprise	F2	and	F8	that	makes	up	an	orthogonal	fracture	set.	
Similar	to	the	fractures	in	facies	I,	the	fractures	in	facies	J	shows	a	widespread	in	orientations,	
but	the	clustering	of	poles	indicates	F6	fractures.	



CHAPTER 4 | Results 

 62 

Due	to	extremely	weathered	and	fractured	chert	breccia	facies	units	(i.e.	facies	I	and	J,	blue	and	
silver	 chert	 breccia),	 the	 orientation	 data	 appear	messy	 with	 a	 high	 variation.	 This	makes	 it	
difficult	to	identify	clear	fracture	sets.	During	fieldwork	the	chert	breccias	were	interpreted	to	
show	 less	distinct	 fracture	 sets	 than	 the	 surrounding	 spiculitic	 rocks.	This	 is	 also	observed	 in	
other	breccia	analyzed	in	this	study	(i.e.	Idodalen	north	A	and	Esperantodalen	south).	

 

Fig. 4.20: Idodalen south D (Id_S_d). a) Orientation data from three different facies, facies B, I and J. All data is 
collected through fieldwork. b) Fractures from all facies units plotted in one stereonet. The data is plotted as poles 
with rainbow contours. Outcrop orientation plotted as orange plane.  

 

Fig. 4.21: Idodalen south D (Id_S_d). Show the main fracture sets and their presence within each facies. All 
fractures as plotted as poles and rainbow contours. Fracture sets indicated by planes. Outcrop orientation 
represented by the orange plane.  

4.2.4.3 Fracture distribution 
Fracture	frequency	data	for	Idodalen	south	(Id_S_a-d)	consist	of	two	virtual	profile	analyses,	in	
addition	to	two	scanlines	conducted	in	field	(KL_1	and	KL_6).	All	outcrops	were	of	great	quality,	
unfortunately,	 due	 to	 rain	 and	bad	weather,	 collection	of	photogrammetry	 for	 virtual	 outcrop	
modelling	was	not	possible.	The	virtual	profile	analyses	for	Id_S_b	and	Id_S_d	is	therefore	based	
on	digital	photos	(Fig.	4.24	and	Fig.	4.25).		

Idodalen south A (Id_S_a) 
Fig.	4.22	presents	a	histogram	of	one	scanline.	The	scanline	(KL_1)	was	conducted	 in	a	bed	of	
brachiopod	 limestone	(facies	A)	within	zone	1.	The	mean	 fracture	 frequency	 is	14	 f/m	and	as	
displayed	by	the	histogram,	no	consistent	fracture	spacing	is	present	in	the	rock.	Some	intervals	
show	no	fractures	(i.e.	40-50	cm,	60-80	cm)	and	may	indicate	a	rigid	zone	in	the	limestone.		
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Fig. 4.22: Scanline data from Idodalen south A (Id_S_a) that goes through the brachiopod limestone of the 
Vøringen Member (facies A). Histogram is plotted on the right axis, and cumulative frequency on the left axis. Bin 
width for the histogram is 10 cm (0.10 m) due to the very small fracture spacing and the length of the scanline. 

Idodalen south B (Id_S_b) 
Virtual	 profile	 analysis	 is	 based	 on	 a	 high-resolution	 digital	 photo.	 Histograms	 for	 Id_1-3	 are	
displayed	in	Fig.	4.24.	The	fracture	frequency	for	the	brownish	limestone	(facies	D)	within	zone	
4	varies	between	12-15	f/m	with.	There	is	no	regular	trend	in	fracture	spacing	within	any	of	the	
analyzed	 profiles.	 The	 profiles	 intersect	 some	 through-going	 fractures	 (indicated	 in	 red,	 Fig.	
4.24).	Some	areas,	especially	in	Id_2,	show	no	fractures	(i.e.	190-230	cm).	This	may	indicate	that	
some	parts	of	the	limestone	are	more	rigid	and	less	fractured.	

Idodalen south C (Id_S_c) 
Fig.	4.23	presents	a	histogram	of	a	scanline	conducted	in	light	spiculitic	rocks	(facies	B)	within	
zone	 10.	 The	 scanline	 (KL_6)	 shows	 that	 the	 rocks	 are	 intensely	 fractures	 with	 a	 very	 high	
fracture	 frequency	 of	 47	 f/m.	 The	 two	 main	 fracture	 sets,	 F2	 and	 F6	 are	 showing	 fracture	
frequencies	of	18,5	and	23,5	f/m.	Areas	with	less	fractures	(i.e.	60-70	cm	and	150-160	cm)	might	
indicate	zones	of	higher	rigidness.	Like	other	scanlines	in	this	study,	the	fracture	spacing	in	the	
light	spiculitic	rocks	is	not	consistent.		

 

Fig. 4.23: The traditional scanline in Idodalen south C (Id_S_c) is collected in a layer of highly silicified light 
spiculitic chert. Histogram shown on the right axis, and cumulative frequency on the left axis. The bin width for the 
histogram is 10 cm due to the very small fracture spacing and the short length of the scanline. 
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Fig. 4.24: Fracture density data from Idoalen south B (Id_S_b). Upper: The analyzed fracture frequency profiles 
(blue) overlapping the mapped fractures. All profiles cut through brownish limestone (facies D). Yellow dotted 
lines mark bed boundaries. Below: Histogram (left axis) and cumulative frequency (right axis) for each virtual 
profile marked in the upper photos. 

Idodalen south D (Id_S_d) 
The	virtual	profile	analysis	is	based	on	a	high-resolution	digital	photo	of	zone	24.	Fig.	4.25	shows	
the	histograms	for	Id_S_d_1-5.	The	fracture	frequency	for	light	spiculitic	rocks	(facies	B)	differs	
between	9-13	f/m.	There	is	no	consistent	trend	in	fracture	spacing	within	any	of	the	analyzed	
profiles.	Some	through-going	fractures	(indicated	in	red,	Fig.	4.25)	are	cut	by	multiple	profiles.		
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4.2.5 Idodalen waterfall 
Close	to	the	NW	entrance	of	Idodalen	is	a	major	waterfall	(Fig.	4.6)	where	the	boundary	between	
the	Gipshuken	and	the	Kapp	Starostin	 formations	 is	cropping	out.	The	 locality	consists	of	one	
very	large	outcrop	but	is	partly	scree	covered.	Two	scanlines	have	been	collected	for	this	locality	
for	fracture	spacing	analysis.		

4.2.5.1 Facies and lithology description 
Three	 different	 facies	 have	 been	 described	 from	 the	 locality;	 light	 spiculitic	 chert	 (facies	 B),	
alternating	spiculites	(facies	E)	and	brachiopod	limestone	(facies	A).		

The	 brachiopod	 limestone	 (facies	 A)	 represents	 the	 Vøringen	Member	 of	 the	 Kapp	 Starostin	
Formation	 and	 is	 located	 directly	 on	 top	 of	 a	 thick	 dolomitic	 rock	 unit.	 The	 dolomitic	 facies	
resembles	 lithologies	 typical	 of	 the	 Gipshuken	 Formation	 (e.g.,	 Blomeier	 et	 al.,	 2011a)	 and	 is	
therefore	suggested	to	represent	the	uppermost	part	of	the	Gipshuken	Formation.	The	boundary	
between	 the	 two	 formations	 represent	 a	 distinct	 unconformity.	 This	 unconformity	 is	 only	
observed	 in	 this	locality	because	 it	 is	covered	by	scree	 in	 the	rest	of	 the	study	area.	However,	
facies	 A	 is	 very	 distinct	 and	 can	 be	 traced	 all	 over	 the	 study	 area,	 including	 the	 sections	 in	
Idodalen	south	A	and	Esperantodalen	south	(Fig.	4.6).		

The	strata	directly	above	the	Vøringen	Member	is	covered	by	scree.	A	little	further	up	the	slope,	
a	smaller	outcrop	of	spiculitic	rocks	is	cropping	out.	The	outcrop	consists	of	a	small	zone	of	light	
spiculitic	rocks	(facies	B)	 followed	by	a	 thicker	section	of	alternating	dark	and	 light	spiculites	
(facies	E).	

4.2.5.2 Fracture orientation trends 
The	orientations	from	this	locality	are	based	on	data	collected	in	the	field	from	4	different	zones	
(Fig.	4.26).	Measurements	in	facies	B	(light	spiculitic	cherts)	are	taken	in	zone	8	and	10,	while	
facies	E	(alternating	spiculitic	rocks)	is	from	zone	9.	The	data	from	the	brachiopod	limestone	of	
facies	A	is	based	on	scanline	data	from	in	zone	1.	Zones	are	indicated	in	the	composite	log	in	Fig.	
4.1.		

 

Fig. 4.26: Idodalen waterfall (Id_w). (a) Stereoplots of fracture data collected in field from three different facies. (b) 
Combined result of all facies. The orange plane indicates outcrop orientation.  

Steep	fractures	are	dominating	in	all	 facies	units,	whereas	the	dip	direction	varies.	Stereoplots	
indicate	4	main	 fracture	sets	 (Fig.	4.27).	F1	and	F3	make	up	 the	main	 fracture	sets	present	in	
facies	 E,	 while	 F4	 and	 F7	 are	 present	 in	 facies	 A	 and	 B.	 The	 orientation	 data	 indicates	 two	
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orthogonal	fracture	sets.	The	first	orthogonal	set	(O1)	is	comprising	F1	and	F3	oriented	N-S	and	
E-W.	F4	and	F7,	oriented	NNW-SSE	and	ENE-WSW,	represent	the	second	orthogonal	set	(O2).		

 

Fig. 4.27: Idodalen waterfall (Id_w). Fracture sets and the occurrence within each facies. Stereonet is plotted with 
poles and rainbow contours. Fracture sets indicated by planes. The orange plane represents the orientation of the 
outcrop.  

4.2.5.3 Fracture distribution 
Fracture	 frequency	 data	 for	 this	 location	 is	 based	 on	 two	 scanlines	 conducted	 in	 field.	 The	
histogram	 for	 “KL_4”	 (Fig.	 4.28a)	 contains	 fracture	measurements	 from	brachiopod	 limestone	
(facies	A)	within	zone	1.	The	average	fracture	frequency	is	16	f/m.	Some	distinctive	peaks	are	
present	at	0.20	m,	0.60	m,	0.80	m	and	1.20	m,	but	in	general	the	scanline	shows	no	specific	trend	
in	fracture	frequency	or	spacing.		

Scanline	“KL_5”	(Fig.	4.28b),	collected	in	light	spiculitic	rocks	(facies	B)	within	zone	8,	shows	a	
mean	fracture	frequency	of	38	f/m.	This	fracture	frequency	is	significantly	higher	than	“KL_4”.	
Two	smaller	peaks	in	fracture	frequency	can	be	observed	at	0.10	and	0.30	m	but	do	not	fit	into	
any	regular	pattern.	The	fracture	spacing	is	irregular.		

 

 

Fig. 4.28: Fracture frequency data from Idodalen waterfall (Id_w). Histogram (right axis) of scanlines KL4 and 
KL_5 conducted in the field, plotted with cumulative fractures (left axis). Scanlines in (a) Brachiopod limestone 
(Vøringen Member) from facies A within zone 1 and (b) Light spiculitic rocks from facies B within zone 8. 
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4.2.6 Esperantodalen north 
On	 both	 sides	 of	 Esperantodalen	 (Fig.	 4.6),	 steep	 mountainsides	 show	 outcropping	 Permian	
strata.	The	valley	sides	are	located	approx.	300	m	apart	and	due	to	the	steepness,	only	the	south	
side	could	be	studied	 in	detail.	A	virtual	outcrop	was	generated	 for	 the	north	side	and	will	be	
referred	 to	as	Esperantodalen	north	(E_N).	The	south	side	of	 the	valley,	Esperantodalen	south	
(E_S)	will	be	described	in	section	4.2.7.		

4.2.6.1 Facies and lithology description 
Because	of	the	steepness,	the	outcrop	has	not	been	described	or	logged.	The	outcrop	represents	
a	mirrored	outcrop	of	 the	 south	 side	of	 the	 valley.	 For	 a	description	of	 the	 rocks	present,	 see	
section	4.2.7.1.		

4.2.6.2 Virtual outcrop 
A	 large	 virtual	model	was	 generated	 for	 the	whole	mountain	 side.	 The	model	 is	 displayed	 in	
large	scale	in	Appendix	A.		

4.2.6.3 Fracture orientation trends 
The	virtual	model	was	analyzed	in	LIME	to	measure	large-scale	through-going	fractures	that	cut	
through	 several	 facies	 units	 (Fig.	 4.29a).	 LIME	 was	 used	 as	 interpretation	 tool	 instead	 of	
Planedetect	 due	 to	 limited	 resolution	 of	 the	model.	 The	 resolution	 was	 reduced	 because	 the	
pictures	were	taken	from	a	large	distance	to	the	outcrop.		

One	 clear	 fracture	 set	was	 derived	 from	 the	 virtual	 outcrop	model	 using	 LIME.	However,	 the	
data	 indicate	 fractures	dipping	 in	opposite	direction	of	 each	other	 (Fig.	 4.29b).	 F5	 is	 oriented	
with	 an	 angle	 to	 the	 outcrop	 orientation	 (strike:	 311°)	 and	 consist	 of	 high-angle	 fractures	
dipping	both	ENE	and	WSW.		

 

Fig. 4.29: Esperantodalen north (E_N). a) Orientation data from measurement in the software LIME. b) One clear 
fracture set is present in the outcrop. The orange plane indicates the orientation of the outcrop.  

4.2.6.4 Fracture distribution 
Due	to	reduced	quality	of	the	virtual	outcrop,	a	high-resolution	digital	photo	of	the	whole	section	
was	more	suitable	for	a	virtual	profile	analyses	of	large-scale	fractures	(Fig.	4.30).	The	profiles	
(E_N_1-5)	are	oriented	parallel	to	the	large	outcrop	and	each	profile	was	restricted	to	one	facies	
unit.	An	overview	of	the	facies	examined	in	the	profiles	is	listed	in	Table	4.7.	The	virtual	profiles	
were	generated	to	display	and	analyze	large	through-going	(TG)	fracture. 
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Fig. 4.30: Esperantodalen north (E_N). The uppermost picture illustrates the analyzed fracture frequency profiles 
and mapped fractures from the entire outcrop. The histograms show the result from the profile analysis. They are 
plotted with fractures per meter (left axis) and cumulative number of fractures (right axis). 

The	 histograms	 displayed	 in	 Fig.	 4.30	 show	 that	 the	 fracture	 frequency	 increases	 up-section,	
while	the	spacing	decreases.	E_N_1	and	E_N_2	have	the	highest	fracture	frequency	with	0.17	and	
0.21	 f/m.	 The	 three	 profiles	 E_N_3-5	 have	 fracture	 frequencies	 from	 0.07	 to	 0.10	 f/m.	 The	
decrease	in	fracture	frequency	might	be	explained	by	changes	in	lithology.	The	amount	of	shale	
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increases	 upwards	 in	 the	 outcrop,	 and	 the	 black	 shales	 generally	 show	 higher	 fracture	
frequencies	than	the	spiculitic	rocks.	

Table 4.7: Overview of which facies the profiles are intersecting. 

Profile Facies Lithology 
E_N_1 G Black shales 
E_N_2 G Black shales 
E_N_3 B Light spiculitic chert 
E_N_4 E Alternating dark/light spiculites 
E_N_5 E Alternating dark/light spiculites 

 

4.2.7 Esperantodalen south 
The	 locality	 is	situated	on	 the	south	side	of	Esperantodalen	(Fig.	4.6).	This	outcrop	represents	
the	main	locality	and	is	used	as	the	key	section	in	this	study	for	the	Kapp	Starostin	Formation	on	
central	Spitsbergen.	The	outcrop	is	steep,	and	to	be	able	to	log	and	collect	data,	several	 lateral	
shifts	were	made	by	tracing	distinct	layers	eastwards	(Fig.	4.31).	Scree	and	talus	cones	covers	
large	parts	of	the	outcrop,	making	it	possible	to	climb	to	the	very	top	of	the	section.		

4.2.7.1 Facies and lithology description 
The	 composite	 stratigraphical	 log	displayed	 in	Fig.	 4.1	 is	mainly	based	on	data	 collected	 from	
Esperantodalen	south.	The	description	of	zones	1–29	 is	based	on	 this	outcrop.	The	outcrop	 is	
exposed	very	well	 and	gives	 an	 excellent	 vertical	and	 lateral	 continuity,	making	 it	 perfect	 for	
logging.	However,	due	to	steepness	and	loose	scree	parts	of	the	section	were	inaccessible.	The	
outcrop	is	in	general	very	weathered	which	adds	to	the	appearance	of	it	being	very	fractured.		

All	lithological	facies	units	(for	description,	see	Table	4.1)	presented	in	this	study	are	present	in	
the	outcrop	except	of	facies	L.	The	boundary	to	the	underlying	Gipshuken	Formation	could	not	
be	 observed	 properly	 due	 to	 scree.	 The	 log	 and	 data	 collection	 started	 in	 the	 very	 distinct	
Vøringen	Member	brachiopod	limestone	(facies	A).	The	lower	parts	of	the	outcrop	(7	m–57	m)	
are	 dominated	 by	 changing	 amounts	 of	 dark	 and	 light	 spiculites	 (facies	 B,	 C,	 D)	with	 thinner	
layers	of	limestones	(facies	D,	F)	from	zone	2–26.	Around	60	m,	two	thick	sections	of	black	shale	
(facies	G)	are	separated	by	a	very	massive	floatstone-rudstone	(facies	H).	Directly	above	the	top	
shale	facies	is	a	layer	of	light	spiculitic	chert,	followed	by	a	thick	section	of	blue	and	white	chert	
breccia	 (facies	 I	 and	 J).	 The	 breccia	was	 extremely	weathered.	 Due	 to	 loose	 rock	 falling	 from	
above,	the	facies	was	not	described	in	detail.	The	breccia	is	followed	by	a	approx.	20	m	of	scree.	
This	is	marked	in	the	log	as	a	small	gap	(around	115	m	in	Fig.	4.1).	The	uppermost	part	of	the	
outcrop	(138	m–175	m)	starts	and	ends	with	 light	spiculitic	chert	 layers	with	more	breccia	 in	
between.	A	very	thin	layer	of	glauconitic	sandstone	(facies	K)	was	observed	cropping	out	in	one	
part	of	the	outcrop,	but	due	to	its	location	a	detailed	description	was	not	possible.	A	thick	section	
of	spiculitic	chert	is	located	at	the	top	of	the	outcrop	(Fig.	4.31).		

4.2.7.2 Virtual outcrop 
A	part	of	the	virtual	outcrop	from	Esperantodalen	south	is	displayed	in	Fig.	5.6.		
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Fig. 4.31: Three pictures stitched together to display the continuity of the outcrop in Esperantodalen south. The 
boundary between the Kapp Starostin Formation with the Vøringen Member and the underlying Gipshuken 
Formation. Which parts of the outcrop were investigated and logged is indicated on the left side of the picture. 
The mountain profile does not represent the exact logged section, lateral changes had to be made to move 
higher, exact location of start and stop of the logged section from Esperantodalen south is indicated in Fig. 4.6.  
The mountain is approx. 440 m.a.s.l. 

4.2.7.3 Fracture orientation trends 
Orientations	from	all	facies	units	measured	in	Esperantodalen	south	are	plotted	in	Fig.	4.32.	This	
data	 are	 based	 merely	 on	 measurements	 taken	 in	 field.	 Fig.	 4.33	 shows	 the	 results	 of	 the	
through-going	 fractures	 that	 were	 analyzed	 in	 a	 large	 virtual	 outcrop	 model	 for	 the	 whole	
mountain	section	(Fig.	5.6).		

All	facies	are	dominated	by	steep	vertical	fractures	(70-89°),	but	the	dip	directions	vary	between	
the	different	 facies	 (Fig.	 4.32a).	 In	 general,	 the	 fractures	 in	 the	different	 facies	 correlate	well.	
Only	fractures	measured	in	facies	G	(black	shales),	facies	H	(massive	float-rudstone)	and	facies	J	
(white	chert	breccia)	show	some	minor	differences	with	high	variations	in	fracture	orientations.	
Two	main	 fracture	 set	 (F4	 and	 F7)	 can	 be	 derived	 based	 on	 the	 stereoplots	 (Fig.	 4.32c).	 The	
result	also	indicates	a	wider	array	with	fractures	between	NNW	and	NW	to	NE-ENE	(Fig.	4.32b).	
However,	 the	 two	defined	 fracture	sets	are	seen	 to	be	dominant	among	the	results	 from	each	
individual	facies.	The	outcrop	is	oriented	NNW-SSE	with	a	strike	of	140°	and	this	implicates	that	
F4	is	oriented	parallel,	and	F7	is	oriented	perpendicular	to	the	outcrop.		

Like	 Esperantodalen	 north,	 LIME	 was	 used	 to	 measure	 through-going	 fractures	 in	 the	 large	
outcrop.	 Two	 main	 fracture	 sets	 are	 present	 (Fig.	 4.33).	 F2	 is	 oriented	 perpendicular	 to	 the	
outcrop	orientation,	while	F5	is	oriented	with	an	angle.			
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Fig. 4.32: Esperantodalen south (E_S). (a) Fracture orientation plots from different facies units within 
Esperantodalen south. The measurements are all based on fieldwork. The results from the units correlate 
relatively well, but some facies show a less defined fracture pattern. For facies description see Table 4.1 and Fig. 
4.1. (b) Summary plot with all facies. c) Main fracture sets present in the outcrop. The sets are oriented 
perpendicular to each other. All fractures are plotted with poles and rainbow contours; fracture sets and outcrop 
orientation (orange) are plotted as planes. 

 

Fig. 4.33: Esperantodalen south (E_S). a) Orientation data based on structural measurements in LIME. b) Two 
main fracture set were present in the outcrop. The orange plane indicates outcrop orientation.  

4.2.7.4 Fracture distribution 
Fracture	frequency	data	from	Esperantodalen	south	is	based	on	three	traditional	scanlines.	Fig.	
4.34	displays	the	results	of	the	three	scanlines	taken	from	three	different	zones	and	facies.	The	
length	of	the	scanlines	varies.	Scanline	“KL_2”	(Fig.	4.34a)	is	measured	in	black	shales	in	zone	17	
(see	 log,	 Fig.	 4.1).	The	 scanline	 shows	a	 relatively	stable	 fracture	 frequency	of	 approx.	 8	 f/m.	
Scanline	“KL_3”	(Fig.	4.34b)	in	the	light	spiculitic	rocks	(facies	B,	zone	23)	clearly	shows	a	higher	
fracture	 frequency	 with	 31	 f/m,	 indicating	 that	 facies	 B	 is	 more	 intensely	 fractured	 than	 the	
black	shales	of	facies	G.	The	last	scanline,	“KL_7”	(Fig.	4.34c),	in	the	brownish	limestone	(facies	
D,	 zone	 4),	 shows	 the	 same	 trend	 in	 fracture	 frequency	 as	 “KL_3”,	 and	 has	 32	 f/m.	 The	
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histograms	plotted	 for	 “KL_3”	 and	 “KL_7”	 show	 that	 the	 fracture	 spacing	 in	 the	 carbonates	 is	
very	unstable	and	has	no	clear	repetition.	

In	 addition	 to	 the	 scanlines,	 a	 virtual	profile	 analysis	 of	 the	 through-going	 fractures	has	been	
conducted	for	the	whole	outcrop.	The	analysis	is	based	on	a	high-resolution	photo	from	parts	of	
the	section	(Fig.	4.35).	All	profiles	(E_S_1-5)	are	oriented	parallel	to	the	strata	and	restricted	to	
only	one	unit.	An	overview	is	shown	in	Table	4.8.		

Table 4.8: Overview of profiles and which facies they intersect 

Profile Facies Lithology 
E_S_1 B Light spiculitic chert 
E_S_2 G Black shales 
E_S_3 G Black shales 
E_S_4 E Alternating dark/light spiculites 
E_S_5 E Alternating dark/light spiculites 

 

 

Fig. 4.34: Fracture frecuency data from Esperantodalen south (E_S). Results from three traditional scanlines 
collected from different facies. Note the different bin sizes. (a) Scanline taken in zone 17 in facies G that consists 
of black shales. (b) A 1 m scanline taken in zone 20 in facies B that comprises of light spiculitic rocks. (c) The 
third scanline is measured within zone 4 in the brownish limestone of facies D. 

The	results	from	virtual	profiles	show	that	the	overall	fracture	frequency	varies	from	0.11–0.20	
f/m,	 indicating	 that	 there	 are	 in	 general	 less	 than	one	 long	 through-going	 fracture	per	meter.	
Similar	 to	Esperantodalen	north,	 the	profiles	 in	 the	black	 shales	of	 facies	G	(E_S_2	 and	E_S_3)	
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have	 the	 highest	 fracture	 frequency	 and	 intersect	most	 fractures	 (more	 in	 section	4.3.4).	 The	
three	other	profiles	(E_S_1,	4,	5)	show	similar	fracture	frequencies.	All	profiles	show	a	relatively	
irregular	fracture	spacing	of	the	through-going	fractures.	

Fig. 4.35: Fracture density data of the TG fractures in Esperantodalen south (E_S). The uppermost picture 
illustrates the analyzed fracture frequency profiles and mapped fractures from the entire outcrop. The histograms 
show the result from the profile analysis and are plotted with fractures per meter (left axis) and cumulative number 
of fractures (right axis). 
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4.2.8 Heimenfjellet 
Heimenfjellet	is	a	mountain	located	east	of	Idodalen	(Fig.	4.6.)	The	locality	offers	relatively	good	
outcrops,	but	they	are	challenging	to	reach	due	to	the	steepness	of	the	terrain.	Two	outcrops	in	
the	 area	 located	 approx.	 50	m	 apart,	 were	 investigated	 in	 this	 study,	 and	 are	 referred	 to	 as	
Heimenfjellet	(Hf)	and	Heimenfjellet	waterfall	(Hf_w,	section	4.2.9).		

4.2.8.1 Facies and lithology description 
Light	spiculitic	rocks	(facies	B)	dominate	the	10	m	high	outcrop.	The	surrounding	mountainsides	
are	covered	by	shale	dominated	scree.	The	outcrop	is	located	relatively	high	in	the	terrain	and	
interpreted	 to	 represent	units	 from	 the	uppermost	part	 of	 the	Kapp	Starostin	Formation.	The	
light	 spiculitic	 facies	 can	be	 correlated	 to	 the	 same	 light	 spiculitic	 chert	 observed	 in	 Idodalen	
north	A	(section	4.2.3).		

4.2.8.2 Virtual outcrop 
A	small	part	of	the	virtual	outcrop	for	the	light	spiculitic	dominated	outcrop	is	illustrated	in	Fig.	
4.38	as	a	tiled	model.	

4.2.8.3 Fracture orientation trends 
Orientation	data	for	Heimenfjellet	(Hf)	are	based	on	fieldwork	and	analysis	of	a	virtual	outcrop	
(Fig.	4.36a).	Two	main	 fracture	sets	(Fig.	4.37),	F4	and	F7,	were	 identified	 from	the	combined	
results	from	both	methods	(Fig.	4.36b).	The	data	from	the	virtual	outcrop	and	field	correspond	
relatively	 well,	 considering	 that	 the	 outcrop	 was	 heavily	 weathered	 and	 loose	 rocks	 have	
probably	been	analyzed	by	Planedetect.	F7	 fractures	are	only	measured	 in	 field	data,	while	F4	
fractures	dominate	in	the	data	from	virtual	outcrop	analyses.	The	outcrop	is	oriented	NNW-SSE	
with	 a	 strike	 of	 343°	 indicating	 that	 F4	 is	 oriented	 parallel	 to	 the	 outcrop	 orientation,	 and	
therefore	recorded	easier	in	Planedetect.		

 

Fig. 4.36: a) Stereoplots from fieldwork and virtual outcrop analyses on Heimenfjellet (Hf) outcrop. b) Combined 
results from both methods. The orange plane indicates the outcrop orientation.  
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Fig. 4.37: Heimenfjellet (Hf). Three main fracture sets are present within the outcrop. All fractures are plotted as 
planes with contours and fracture sets are indicated by planes. The orange plane implies the outcrop orientation.  

4.2.8.4 Fracture distribution 
The	 fracture	 frequency	 data	 from	 Heimenfjellet	 are	 based	 on	 parts	 of	 a	 tiled	 model	 of	 the	
outcrop.	Due	to	the	highly	fractured	and	weathered	outcrop,	only	a	smaller	part	was	analyzed.	
Fig.	4.38	illustrates	histograms	of	“Hf_1-3”.	The	fracture	frequency	in	the	three	virtual	scanlines	
is	 similar,	 and	 ranges	 between	 14–18	 f/m.	 “Hf_1”	 shows	 the	 lowest	 fracture	 frequency.	 In	
general,	all	profiles	show	an	irregular	fracture	spacing.	However,	“Hf_3”	shows	minor	evidence	
of	a	more	uniform	fracture	spacing	between	the	fractures.	The	results	from	all	profiles	suggest	
that	the	light	spiculitic	rock	in	zone	31	shows	relatively	high	number	of	fractures	with	a	low,	but	
irregular,	 fracture	 spacing.	 Some	areas	of	 less	 fracturing	 (i.e.	Hf_1,	 160–180	cm)	may	 indicate	
parts	with	higher	rigidness.		
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Fig. 4.38: Fracture density data from the Heimenfjellet (Hf) locality. The uppermost picture illustrates the analyzed 
fracture frequency profiles and mapped fractures from a smaller part of the outcrop. The histograms show the 
result from the profile analysis. They are plotted with fractures per centimeter (left axis) and cumulative number of 
fractures (right axis). Bin width is 10 cm. 
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4.2.9 Heimenfjellet waterfall 
This	 E-W	 trending	 outcrop	 in	 the	 Heimenfjellet	 waterfall	 (Hf_w,	 Fig.	 4.6)	 is	 located	 slightly	
further	north	than	the	Heimenfjellet	(Hf)	section.	It	is	exposed	as	a	smaller	outcrop	surrounded	
and	partly	covered	by	dark	scree.	The	scree	consists	mostly	small	shale	fragments	indicating	a	
major	change	in	lithology.	The	upper	part	of	the	strata	exposed	at	Heimenfjellet	consist	of	thick	
units	of	shale,	most	likely	of	Triassic	age.	

4.2.9.1 Facies and lithology description 
In	 this	 part	 of	 the	 study	 area,	 the	 lithostratigraphic	 boundary	 between	 the	 Permian	 Kapp	
Starostin	Formation	and	the	Lower	Triassic	Vikinghøgda	Formation	(Fig. 4.6)	is	defined	where	a	
soft	 shale	 layer	 is	 resting	with	 a	 sharp	 boundary	 on	 the	 silicified	 glauconitic	 sandstone	 (e.g.,	
Dallmann	et	al.,	1999;	Mørk	et	al.,	1999).	The	small	outcrop	consists	of	two	thicker	packages	of	
highly	silicified	glauconitic	sandstone	(facies	L)	and	is	indicated	in	the	composite	stratigraphical	
log	as	zone	32	and	33	(Fig.	4.1).	The	upper	zone	is	more	rigid	than	the	lower	and	less	fractured.	
The	facies	also	contain	large	amounts	of	chert.		

4.2.9.2 Fracture orientation trends 
Fracture	orientation	data	collected	in	field	are	plotted	in	Fig.	4.39a.	The	stereoplot	from	facies	L	
indicates	two	main	fracture	sets	(illustrated	in	Fig.	4.39b).	The	facies	is	characterized	by	steep	
fractures	 in	all	 fracture	 sets;	 F4	 and	F7.	 Fracture	 set	 F7	almost	 reflects	 the	orientation	of	 the	
outcrop,	meaning	the	F4	fractures	are	oriented	sub-perpendicular	to	the	outcrop.	F4	represents	
a	 large	 spread	 in	 orientations.	 The	 fracture	 data	 are	made	 up	 of	 an	 orthogonal	 fracture	 sets,	
oriented	NNW-SSE	and	ENE-WSW	respectively.		

 

Fig. 4.39: Heimenfjellet waterfall (Hf_w). (a) Orientation data from the highly silicified glauconitic sandstone unit 
(facies L). The fractures show a great span in orientation. (b) Main fracture sets within facies L. All fractures 
plotted as poles and rainbow contour and fracture sets plotted as planes. The orange plane shows orientation of 
the outcrop.  

4.2.10 Skansen 
Skansen	(S)	 is	an	 iconic	mountain	on	Svalbard	located	in	Skansbukta	in	Billefjorden	(Fig.	2.2).	
The	mountain	consists	of	well	exposed	strata	of	the	Gipshuken	and	Kapp	Starostin	 formations	
(Fig.	4.40).	No	fieldwork	has	been	conducted	on	this	location,	but	photos	of	the	mountain	were	
collected	 during	 summer	 2016	 to	 generate	 a	 virtual	 outcrop	 (photos	 by	Mark	Mulrooney/Kim	
Senger).	A	shorter	trip	in	the	area	in	September	2017	allowed	for	minor	observations	from	boat.	

4.2.10.1 Facies and lithology description 
Due	 to	 the	 lack	 of	 fieldwork,	 a	 detailed	 stratigraphic	 and	 sedimentological	 description	 of	 the	
mountain	 is	missing.	However,	 stratigraphic	sections	have	recently	been	published	 in	Bond	et	
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al.,	 (2017)	and	 Jafarian	et	al.,	 (2017).	They	have	described	a	90	m	thick	section	dominated	by	
spiculites	with	 thin	 interbedded	 shales	 and	 some	 limestone	 beds.	 The	 logged	 section	 here	 is	
noticeably	thinner	than	the	two	sections	in	Esperantodalen.		

Based	on	observations	from	a	boat	and	partly	from	the	virtual	outcrop	(Fig.	4.41),	the	mountain	
shows	great	similarities	with	the	continuous	section	recorded	in	Esperantodalen	(E_N	and	E_S).	
Especially	the	Vøringen	Member	and	the	thick	packages	of	dark	spiculites	are	easy	to	recognize	
in	both	locations.	The	section	of	black	shales	described	from	Esperantodalen	is	not	present	here.		

 

Fig. 4.40: Picture of Skansen mountain in Skansbukta. The position of the Kapp Starostin Formation with the 
Vøringen Member, and the Gipshuken Formation marked. The Kapp Starostin Formation is known for its steep 
outcropping cliffs. 

4.2.10.2 Virtual outcrop 
A	virtual	outcrop	of	the	Skansen	mountain	is	displayed	in	Fig.	4.41.		

 

Fig. 4.41: Skansen (S). Part of the virtual outcrop model showing the SW facing part of the Skansen mountain. 



CHAPTER 4 | Results 

 80 

4.2.10.3 Fracture orientation trends 
Orientation	data	 from	Skansen	are	based	on	analyses	of	a	virtual	outcrop	model	 in	LIME.	The	
data	 represent	orientation	of	 big	 through-going	 (TG)	 fractures	 that	 cut	 through	 several	 facies	
and	zones	in	the	Skansen	mountain.		

Stereoplot	of	the	data	(Fig.	4.42)	indicate	two	main	fracture	sets;	F1	and	F3.	F1	is	representing	
the	 factures	present	 in	 the	outcrop	 facing	 towards	 the	Billefjorden,	while	F3	 is	present	 in	 the	
outcrop	facing	Skansbukta.	The	Skansen	mountain	outcrop	is	oriented	with	a	strike	of	approx.	
331°	 in	 Skansbukta	 and	 Billefjorden	 is	 234°,	 implying	 that	 F1	 and	 F3	 are	 oriented	 with	 an	
approx.	 45°	 angle	 to	 the	outcrop	 orientations.	 F1	and	F3	 fractures	 can	be	 classified	 as	 a	 sub-
orthogonal	fracture	set	oriented	almost	perpendicular	to	each	other.		

 

Fig. 4.42: Orientation data from Skansen (S). (a) Structural orientation of large TG fractures in the Skansen 
mountain. (b) Main fracture sets present. All fractures are plotted as poles with rainbow contour and fracture sets 
are indicated by planes. The red (Skansbukta) and green (Billefjorden) dotted planes represent the orientations of 
the mountain. 

4.3 Correlation of observations from different localities 
The	following	section	presents	a	correlation	between	the	different	localities	where	differences	
and	similarities	are	highlighted.		

4.3.1 Facies and lithology description 
The	 composite	 log	 from	 Esperantodalen	 south,	 Idodalen	 north	 A	 and	 Heimenfjellet	 waterfall	
(Fig.	 4.1)	were	 used	 as	 a	 base	 for	 all	 outcrops	 in	 southern	Dickson	 Land.	 The	 localities	 show	
similarities	and	the	facies	can	be	traced	laterally	in	the	study	area.	

No	detailed	logging	was	conducted	at	the	two	localities	in	Sassendalen	but	based	on	results	by	
Grundvåg	 (2008)	 from	 Vindodden	 and	 by	 Matysik	 et	 al.,	 (2017)	 from	 Brattlidalen	 and	
Eskerfossen,	 some	 assumptions	 can	 be	 drawn.	 Brattlidalen	 comprise	 mainly	 dark	 spiculitic	
cherts,	 but	 sections	 of	 light	 spiculitic	 cherts	 occur.	 Additionally,	 a	 prominent	 limestone	 layer	
recognized	from	the	lower	most	part	of	the	Kapp	Starostin	Formation	in	southern	Dickson	Land	
is	present.	Based	on	these	descriptions	and	results	from	Matysik	et	al.,	(2017),	the	lithologies	in	
Brattlidalen	are	interpreted	to	represent	the	lower	parts	of	the	Kapp	Starostin	Formation.	In	this	
study	the	section	in	Eskerfossen	is	described	to	mainly	consist	of	light	spiculitic	chert.	Based	on	
observations	 in	 this	 study	 and	 results	 from	 Grundvåg	 (2008),	 the	 section	 in	 Eskerfossen	 is	
assumed	to	represent	the	middle	to	upper	parts	of	 the	Kapp	Starostin	Formation.	This	part	of	
the	formation	is	mainly	consisting	of	light	spiculitic	cherts	and	glauconitic	sandstone.	However,	
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no	glauconitic	sandstone	was	observed	 in	 the	area	 in	 this	study.	A	correlation	of	 the	 log	 from	
Grundvåg	(2008)	and	the	log	from	this	study	is	presented	in	section	4.1.2.		

The	Skansen	mountain	has	not	been	investigated	in	the	present	study	and	therefore	no	detailed	
sedimentological	 description	 has	 been	 conducted.	However,	 the	 outcropping	mountain	 shows	
great	similarities	with	the	facies	units	described	from	Esperantodalen	south	and	is	understood	
to	correlate	well.	The	correlation	is	also	supported	by	recently	published	sections	(Bond	et	al.,	
2017;	Jafarian	et	al.,	2017)	that	describes	thick	packages	of	spiculites.		

A	 direct	 link	 between	 the	 lithologies	 in	 southern	 Dickson	 Land	 and	 Sassendalen	 cannot	 be	
established	 due	 to	 the	 distance,	 however,	 some	 similarities	 are	 present.	 The	 Kapp	 Starostin	
Formation	in	both	study	areas	shows	an	increase	in	light	spiculitic	cherts	towards	the	top	of	the	
formation.	 Small	 sections	 consisting	 of	 glauconitic	 sandstones	 have	 been	 described	 from	
Sassendalen	 (Grundvåg,	 2008;	 Matysik	 et	 al.,	 2017;	 Nøttvedt	 et	 al.,	 1992)	 similar	 to	 the	
glauconitic	sandstones	described	at	Idodalen	in	southern	Dickson	Land	in	this	study.	However,	
these	sandstones	were	not	observed	in	Sassendalen	in	this	study.		

The	 outcrops	 located	 in	 Sassendalen	 show	 more	 weathering	 than	 the	 outcrops	 in	 southern	
Dickson	Land,	making	the	weathering	color	of	the	light	spiculitic	cherts	to	appear	darker.	

4.3.2 Virtual outcrops 
In	general,	the	orientation	of	the	virtual	outcrops	was	placed	correctly	in	space	with	respect	to	
orientation	 and	 dip	 angles.	 Some	 virtual	 outcrops	 based	 on	 photos	 from	 narrow	 valleys	 (i.e.	
Brattlidalen)	 were	 missing	 GPS	 coordinates.	 This	 often	 resulted	 in	 the	 Z	 and	 X	 axis	 being	
inverted	for	some	outcrops,	but	this	could	be	corrected	directly	in	the	3D	modelling	software.  

4.3.3 Fracture orientation trends 
In	general,	each	locality	comprises	1-5	fracture	sets	with	steeply	dipping	fractures	(Fig.	4.43A).	
Several	localities	show	similar	trends	in	fracture	orientation.	Two	fracture	sets	oriented	NNW-
SSE	(F4)	and	ENE-WSW	(F7),	are	present	in	most	outcrops,	whereas	other	fracture	sets	are	only	
present	in	some	outcrops.	Each	fracture	set	is	existent	in	at	least	two	localities.		

One	set	in	Eskerfossen	is	dipping	slightly	gentler	than	others	(56°)	but	is	still	considered	as	high-
angled	(i.e.	50-89°).	These	fractures	were	recorded	by	using	Planedetect.		

Fig.	4.43B	presents	the	through-going	fractures	measured	in	three	different	localities.	Data	from	
both	valley	sides	in	Esperantodalen	(E_S	and	E_N)	correspond	relatively	well.	Only	one	fracture	
set	oriented	NNE-SSW	is	recorded	from	E_N	and	this	set	is	also	present	in	E_S.	Skansen	does	not	
show	 any	 similarities	 to	 Esperantodalen	 in	 fracture	 orientation.	 However,	 orientation	
fluctuations	may	support	an	NNE-SSW	trending	fracture	set	also	present	in	Skansen.		

Fig.	 4.44	 shows	 stereonets	 with	 data	 from	 each	 lithological	 facies	 based	 on	 data	 from	 every	
locality	 in	 this	 study.	 In	 general,	 1-3	 main	 fracture	 sets	 are	 present	 within	 each	 facies.	 Two	
fracture	sets	oriented	NNW-SSE	and	ENE-WSW	are	present	in	every	facies	except	of	facies	E	and	
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facies	 J.	 In	 addition,	 N-S,	 E-W,	 NW-SE	 and	 NE-SW	 oriented	 fractures	 can	 be	 observed.	 A	
noticeable	trend	can	be	observed	when	comparing	the	fracture	sets	in	the	different	lithologies.	

 

Fig. 4.43: (A) Summary of main fracture sets within all outcrops in this study. Both fieldwork and virtual outcrop 
orientation data is included. (B) The results from analyzing the through-going fractures measurements from three 
large-scale virtual outcrops.  
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Fig. 4.44: Main fracture sets present within the different lithologies in this study. Facies explanation are found in 
Table 4.1. Note that the number of fracture measurements varies a lot. 

Orientations	 from	 virtual	 outcrops	 have	 been	 collected	 from	 sections	 in	 Eskerfossen,	
Brattlidalen	 and	 Heimenfjellet.	 In	 addition,	 three	 large	 scale	 virtual	 outcrops	 from	
Esperantodalen	 (N	 and	 S)	 and	 Skansen	 have	 been	 used	 to	 derivate	 large	 scale	 through-going	
fractures.	 In	general,	 the	data	collected	 through	window	sampling	or	scanlines	correlates	well	
with	data	extracted	 from	virtual	outcrops.	The	data	 from	virtual	outcrops	generally	show	 less	
spread	in	orientations	and	in	some	outcrops,	lower	dips.	As	mentioned	earlier,	a	fracture	set	in	
Eskerfossen	is	dipping	slightly	less	than	the	adjacent	ones.	This	fracture	set	was	obtained	using	
Planedetect.		

 

Fig. 4.45: Histogram summarizing all the dips from the fracture measurements, divided by facies. The plot 
indicates that the fractures in this study are mainly high-angled. All units show an increasing trend with the most 
fractures dipping between 88o and 90o.The bin size is 2o 
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Fig.	 4.45	 illustrates	 dips	 for	 all	 measured	 fractures	 in	 this	 study.	 The	 results	 are	 sorted	 by	
sedimentary	 facies	 units	 and	 show	 an	 exponential	 trend.	 The	 highest	 number	 of	 fractures	 is	
associated	 with	 dips	 between	 of	 88	 and	 90°.	 The	 fracture	 set	 in	 Eskerfossen	 with	 fractures	
dipping	around	56°	is	not	prominent	in	the	plot.	It	is	suggested	that	the	number	of	fractures	with	
low	dips	is	too	low	to	affect	the	histogram	data.	But,	a	small	change	can	be	observed	in	facies	B	
between	dips	56	and	58°.	Comparing	 fracture	dips	between	the	different	 localities	suggest	no	
noticeable	differences.	However,	as	suggested	earlier,	virtual	outcrop	have	the	tendency	to	show	
somewhat	 lower	dips	 that	 range	between	65	 to	75°.	But	 in	general,	 all	 localities	 show	mostly	
high-angled	 fractures	 varying	between	80	 to	90°,	where	~80	%	of	 the	 fractures	are	 identified	
within	this	interval.		

4.3.4 Fracture distribution 
Fig.	4.46	displays	whisker	plots	of	fracture	spacing	for	almost	all	scanlines	and	virtual	scanlines.	
The	whisker	plots	are	arranged	after	lithologies,	and	partly	localities,	to	display	similarities	and	
differences	in	the	data.	An	own	whisker	plot	has	been	made	for	the	virtual	profiles	in	E_N	and	
E_S,	as	they	display	large	through-going	fractures	on	a	different	scale	(Fig.	4.47).	

Fig. 4.46: Whisker plots (minimum, lower quartile, mean, upper quartile) of fracture spacing for scanlines and 
virtual profiles divided based on lithology and partly localities. Facies A is referred to as brachiopod limestone, 
facies B is light spiculitic cherts, facies D is brownish limestone and facies G is black shales. The location of the 
scanlines is indicated in Table 4.3. The cross is displaying the mean value for each profile, while the line shows 
the median. The small dots represent outliers. Note that the scale is in cm. 
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The	 overall	mean	 fracture	 spacing	 is	 low	 for	most	 profiles	 and	 lithologies.	 The	 highest	mean	
spacing	 is	 present	 in	 the	 black	 shales	 in	 scanline	 KL_2	 but	 is	 still	 considered	 to	 be	 low.	 The	
lowest	 mean	 fracture	 spacing	 is	 present	 in	 the	 scanlines	 (KL_3,	 5	 and	 6)	 recorded	 in	 light	
spiculitic	rocks	where	most	fractures	are	vertically	oriented.	In	general,	the	fracture	spacing	in	
light	 spiculitic	 cherts	 (facies	 B)	 correlates	well	 between	 the	 different	 localities.	 However,	 the	
interquartile	 ranges	 are	 slightly	 higher	 for	 some	 profiles,	 showing	 that	 the	 fracture	 spacing	
differs	more	laterally	within	some	beds	of	light	spiculitic	cherts.	The	fracture	spacing	from	the	
scanlines	 KL_1	 (from	 the	 Idodalen	 south	 A	 section)	 and	 KL_4	 (from	 the	 Idodalen	 waterfall	
section)	 correlates	 well	 even	 if	 they	 are	 from	 different	 locations.	 The	 scanline	 KL_7	 (from	
Esperantodalen	south)	shows	a	slightly	lower	fracture	spacing	compared	to	the	virtual	profiles	
from	a	different	locality.		

 

Fig. 4.47: Whisker plots (minimum, lower quartile, mean, upper quartile, maximum) of fracture spacing for virtual 
profiles from Esperantodalen north and south. The profiles are divided after locality and lithology. Facies B is 
referred to as light spiculitic chert, facies E as alternating spiculitic rocks and facies G is black shales. The cross is 
displaying the mean value for each profile, while the line shows the median. The small dots represent outliers. 
Note that the scale is in m. 
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The	whisker	 plots	 in	 Fig.	 4.47	 display	 the	 large	 scale	 through-going	 fractures	 present	 in	 the	
valley	sides	of	Esperantodalen.	The	data	from	Esperantodalen	north	(E_N)	show	that	the	lowest	
mean	 fracture	 spacing	 is	 present	 in	 facies	 G,	 and	 the	 highest	 is	 found	 in	 facies	 E.	 The	
interquartile	 for	 facies	 E	 is	 indicating	 that	 there	 is	 a	 wide	 spread	 in	 the	 data.	 Data	 from	
Esperantodalen	 south	 (E_S)	 show	similar	mean	 fracture	 spacing	 for	 facies	 E	 and	 G,	while	 the	
mean	 fracture	spacing	 is	slightly	higher	 for	 facies	B.	The	mean	 fracture	spacing	 for	E_S	shows	
more	similarities	than	E_N.		

 

Fig. 4.48: Mean fracture spacing plotted against bed thickness, sorted after different lithologies. The scattered 
lines represent the linear trend line with R2 values. Data from both scanlines and virtual profiles is plotted, but for 
facies B the data was divided. Facies B represents virtual profiles, while facies B* is data from traditional 
scanlines. 

Fig.	 4.48	 displays	 mean	 fracture	 spacing	 plotted	 against	 bed	 thickness	 for	 all	 scanlines	 and	
profiles	indicated	in	Fig.	4.46,	and	illustrates	the	relation	between	fracture	spacing	and	thickness	
of	 the	sedimentary	beds.	 In	general,	trends	can	be	distinguished	 for	the	different	localities.	All	
trend	lines	(except	of	facies	A)	show	an	increasing	linear	trend,	indicating	that	fracture	spacing	
is	increasing	with	increased	bed	thicknesses.	The	data	from	facies	B	have	been	divided	into	two	
different	 series	 (facies	 B	 and	 B*)	 based	 on	 whether	 the	 data	 is	 from	 traditional	 scanlines	 or	
virtual	profiles.	The	trend	line	for	facies	A	is	diffuse	and	cannot	be	considered	valid	due	to	the	
limited	amount	of	data.		

To	compare,	Fig.	4.49	shows	the	mean	 fracture	 frequency	(f/m)	plotted	against	bed	 thickness.	
The	 plots	 display	 the	 inverse	 trend	 compared	 to	 Fig.	 4.48.	 This	 indicates	 that	 the	 fracture	
spacing	will	 increase	with	 decreased	 fracture	 frequency.	 The	 trend	 lines	 (except	 of	 facies	 A)	
show	that	the	fracture	frequency	is	decreasing	with	increased	bed	thickness.	The	plot	of	fracture	
frequency	against	bed	thickness	is	therefore	confirming	the	results	plotted	in	Fig.	4.48.		
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Fig. 4.49: Mean fracture frequency plotted against bed thickness, sorted after the different lithologies. The 
scattered lines represent the linear trend line with R2 values. Data from both scanlines and virtual profiles is 
plotted, but for facies B the data was divided. Facies B represents virtual profiles, while facies B* is data from 
traditional scanlines. Note that the bed thickness is displayed with cm, while fracture frequency is f/m.  

4.4 Thin sections 
Thin	sections	from	10	samples	were	produced	to	investigate	porosity.	Observations	of	fractures,	
sedimentary	features	or	fossils	were	also	noted.	Table	4.9	lists	all	samples	in	this	study	and	their	
respective	 thin	 sections.	 The	 description	 of	 the	 thin	 sections	 will	 be	 presented	 sorted	 by	
lithology.	

Table 4.9: Overview of thin sections and samples taken from the Kapp Starostin Formation in this study. For 
locality abbreviations, see Table 4.2. All sampled by KL. 

Thin section Sample Locality Latitude Longitude Facies Lithology Comments 

KL_TS_1 1 E_S 78o36´42" 15o26´24" Facies H Massive float-rudstone From layer between the 
black shales 

KL_TS_2 2 Id_N_b 78o34´50" 15o23´36" Facies K Glauconitic sandstone Lowermost part of the 
outcrop 

KL_TS_3 3 Id_S_d 78o34´37" 15o20´52" Facies I Blueish chert breccia  
KL_TS_4 4 E_S 78o36´68" 15o26´12" Facies B Light spiculitic rocks  
KL_TS_5 5 E_S 78o36´26" 15o26´16" Facies F Bryozoan limestone  
KL_TS_6 6 Id_S_a 78o36´36" 15o26´34" Facies A Brachiopod limestone Vøringen Mb. 
KL_TS_7 7 Id_S_d 78o34´39" 15o20´56" Facies J White chert breccia  
KL_TS_8 8 Id_S_d 78o34´37" 15o20´51" Facies B Light spiculitic rocks  
KL_TS_9 9 E_S 78o36´42" 15o26´24" Facies G Black shales Silica sponge 

KL_TS_10 10 Id_N_b 78o34´50" 15o23´36" Facies K Glauconitic sandstone Uppermost part of the 
outcrop 

4.4.1 Spiculites 
Two	of	the	thin	sections	comprise	light	spiculitic	rocks	(facies	B),	KL_TS_4	and	KL_TS_8.	The	rock	
shows	a	moderately	to	poorly	sorted	mixture	of	small	and	larger	spicules	grains	(Fig.	4.51E-G).	
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The	 matrix	 is	 massive	 and	 suggests	 that	 it	 is	 heavily	 silica	 cemented.	 	 Multiple	 thin	 open	
fractures,	 as	 well	 as	 veins	 of	 calcite,	 quartz	 and	 dolomite,	 could	 be	 observed.	 In	 addition	 to	
sponge	 spicules,	 some	 small	 brachiopod	 fragments	 are	 present.	 Neither	 of	 the	 thin	 sections	
showed	any	noticeable	matrix	porosity.	Limited	matrix	porosity	was	observed	in	a	smaller	part	
of	KL_TS_8	(Fig.	4.51F).	However,	several	authors	(i.e.	Ehrenberg	et	al.,	2001;	Grundvåg,	2008;	
Nøttvedt	 et	 al.,	 1992)	 have	 identified	 matrix	 porosities	 to	 be	 as	 high	 as	 30	%	 in	 the	 light	
spiculitic	cherts	from	central	Spitsbergen.	These	values	have	been	taking	into	consideration	for	
the	petrophysical	modelling	of	the	discrete	fracture	model	(section	4.5.2).		

4.4.2 Limestone 
A	 total	 of	4	 thin	sections	were	obtained	 from	the	different	 limestones,	 including	KL_TS_9	 that	
represents	a	sample	of	a	silica	sponge	from	facies	G,	the	black	shale.	The	sponge	is	not	showing	
any	 signs	 of	 porosity	 or	 fractures	 and	will	 not	 be	 presented	 further.	 The	 other	 thin	 sections	
comprise	 massive	 float-rudstone	 of	 facies	 H	 (KL_TS_1),	 bryozoan	 dominated	 wacke-	 to	
packstone	of	facies	F	(KL_TS_5)	and	brachiopod	limestone	of	facies	A	(KL_TS_6).		

None	 of	 the	 limestones	 exhibited	matrix	porosity	 (Fig.	 4.51A,	 B).	 All	 samples	 show	 fractures,	
either	open	or	filled	with	calcite	or	dolomite.	The	fracture	aperture	varies	from	1	mm	and	down,	
and	the	blue	epoxy	indicates	that	the	open	fractures	are	well	connected.	

	

Fig. 4.50: Examples from the thin section study. All pictures are in plane-polarized light (PPL), unless otherwise 
stated. A) and B) show KL_TS_3. Spiculites (Spic) are common. Small glauconitic sandstone grains (G) and 
brachiopod fragments (Br) are observed. C) and D) of KL_TS_7 show dolomite filled fractures (D), small spiculites 
(Spic) and glauconitic grains (G). The fracture shown in cross-polarized light (XPL) in D) reveals that some filled 
fractures have rims of quartz (Qtz) surrounding the dolomite filled fracture (D). 	
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Thin	 needle	 shaped	 spicuites	 are	 also	present	 in	 all	 samples	 but	most	dominating	 in	 facies	F	
(KL_TS_5)	 and	 H	 (KL_TS_1).	 The	 thin	 sections	 reveal	 that	 the	 limestones	 have	 different	
assemblages	 and	 sizes	 of	 fossils.	 KL_TS_1	 is	 dominated	 by	 small	 fragments	 of	 bryozoans	 and	
crinoid	 (Fig.	 4.51A),	while	KL_TS_5	mainly	 shows	bryozoans	 and	 spiculites.	KL_TS_6	 from	 the	
brachiopod	rich	Vøringen	Member	(Fig.	4.51B),	shows	a	varied	distribution	of	brachiopods	and	
crinoids,	in	addition	to	smaller	ooid	fragments.	Ooids	are	common	to	be	found	in	the	dolomitic	
Gipshuken	Formation	(e.g.,	Blomeier	et	al.,	2011a).	

4.4.3 Breccia 
Both	types	of	breccia	in	this	study	were	sampled,	and	prepared	as	thin	sections	KL_TS_3	(facies	I,	
blueish	 chert	 breccia,	 Fig.	 4.50A,	 B)	 and	KL_TS_7	 (white	 chert	 breccia,	 facies	 J,	 Fig.	 4.50C,D).	
KL_TS_3	shows	a	microcrystalline	brecciated	texture	dominated	by	sponge	spiculites,	pieces	of	
quartz	and	 fractures	filled	by	calcite	or	quartz.	The	breccia	shows	various	sized	spiculites	 in	a	
fine-grained	sandy	matrix.	Angular	to	sub-angular	clasts	of	chert	with	varying	sizes	are	present.	
Small	grains	of	glauconitic	sandstones	and	brachiopod	fragments	could	be	found.	The	matrix	is	
poorly	cemented	some	places	and	the	thin	sections	therefore	show	a	varying	matrix	porosity	of	
1-15	%.	Open	fractures	commonly	connect	these	highly	porous	patches	within	the	breccia.		

KL_TS_7	 shows	 great	 similarities	 to	 KL_TS_3.	 however,	 the	 amount	 of	 calcite	 and	 quartz	 are	
different.	The	white	breccia	is	more	dominated	by	dolomite	and	quartz	filled	fractures,	but	the	
microcrystalline	texture	is	alike	in	both	thin	sections.	The	amount	of	spiculites	is	a	little	lower	in	
the	white	breccia	and	the	rock	reveals	a	denser	matrix	compared	to	 the	blueish	chert	breccia.	
The	porosity	in	KL_TS_7	is	therefore	assumed	to	be	lower	than	the	KL_TS_3.		

4.4.4 Glauconitic sandstone 
Two	 different	 parts	 of	 the	 glauconitic	 sandstone	 section	 (facies	 K)	 in	 Idodalen	 north	 B	 were	
sampled.	One	sample	was	collected	 in	the	 lowermost	part	of	 the	outcrop	(KL_TS_2),	while	 the	
other	sample	was	taken	from	the	uppermost	part	of	the	outcrop	(KL_TS_10)	where	some	degree	
of	silicification	was	obvious.		

The	samples	from	the	same	lithology	and	facies	show	big	differences.	The	sample	taken	in	the	
lowermost	part	(KL_TS_2)	shows	a	poorly	cemented	matrix,	indicating	porosity	in	the	rock	(Fig.	
4.51D).	The	sandstones	are	moderately	to	well	sorted	with	sub-angular	to	sub-rounded	grains	of	
quartz,	 glauconitic	 sand	 and	 possible	 feldspar.	 No	 fractures	 were	 observed.	 The	 porosity	
analysis	preformed	in	ImageJ	(section	3.3.3)	suggests	that	the	porosity	ranges	between	15-30	%.		

KL_TS_10	from	the	upper	part	of	the	outcrop	shows	the	same	composition	of	grains	as	KL_TS_2,	
but	clearly	has	a	more	cemented	matrix	 (Fig.	4.51C).	The	cement	 is	 identified	 to	be	dolomitic.	
Brachiopods	 and	diverse	unidentified	 fossil	 fragments	are	 abundant	 in	 the	 rocks.	 Spicules	are	
also	present,	suggesting	that	the	rock	is	silicified.	The	sample	still	exhibits	some	matrix	porosity	
but	less	compared	to	the	glauconitic	sandstones	situated	further	down	in	the	section.	Porosity	
analysis	 suggest	 that	 the	 porosities	 range	 between	 5-15	 %.	 The	 rock	 also	 shows	 thinner	
fractures	filled	with	calcite.		
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Fig. 4.51: Examples from the thin section study. A) KL_TS_5 showed a diverse fossil assemblage. Small 
brachiopod fragments (Br), multiple crinoids (Cr) and bryozoan (Bry) are present. B) The thin section from 
Vøringen Member (KL_TS_6) is dominated by brachiopod fragments (Br) and crinoids (Cr). The matrix consists of 
calcite (C). C) KL_TS_10 shows an abundance of spiculites (Spic) indicating that the rock is silicified. Some 
brachiopods (Br) could also be observed. D) Glauconitic sandstones in KL_TS_2. Blue epoxy is indicating 
porosity. E) Light spiculite rock (KL_TS_4) dominated by small elongated spiculites (Spic). Thin open fractures 
(blue epoxy) are also present. F) The light spiculitic rocks (KL_TS_8) also show fractures (indicated by arrow) 
filled with dolomite (D). The sample is full of spiculites (Spic). Some matrix porosity seems to be present 
(indicated by blue epoxy). G) In addition to spiculites (Spic), some brachiopods (Br) can be observed in KL_TS_8.	
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4.5 Geomodelling 
This	 section	 presents	 the	 result	 of	 the	 geological	 modelling	 using	 the	 commercial	 software	
Petrel.	The	results	are	presented	 in	 the	same	order	as	described	 in	the	methods,	starting	with	
facies	and	petrophysical	modelling,	followed	by	the	discrete	fracture	modelling.	

4.5.1 Facies modelling 
The	composite	log	from	the	fieldwork	(section	4.1,	Fig.	4.1)	was	implemented	into	Petrel	to	tie	
the	structural	data	obtained	 in	 field	 to	a	 facies	or	 litho-structural	unit	 (LSU)	 in	 the	main	base	
case	geomodel.		

Outcrop	studies	suggest	that	the	sedimentary	facies	units	mostly	represent	laterally	continuous	
layers	of	tens	to	hundreds	of	meters.	This	suggests	a	typical	layer-cake	distribution	of	the	facies.	
Facies	modelling	of	the	LSUs	is	therefore	based	on	relatively	simple	algorithms	using	indicator	
krigging	 as	 the	 interpolation	 technique	 (Fig.	 4.52).	 The	 imported	 composite	 log	 was	 used	 to	
extrapolate	the	correct	units.		

 

Fig. 4.52: Facies modelling of the 2.5x2.5x0.245 km model showing layer-cake indicator krigging based on the 
litho-structural units (LSU). The figure on the right shows a zoomed in part of the larger model. Note the cell sizes 
of 50x50x1 m. Both figures are shown with a vertical exaggeration of 10. 

4.5.2 Petrophysical modelling 
Properties,	such	as	matrix	porosity	and	fracture	density,	were	assigned	to	each	LSU.	In	order	to	
obtain	 data	 for	 matrix	 porosity	 of	 the	 different	 facies,	 data	 from	 the	 thin	 section	 study	 or	
relevant	 literature	 were	 used	 (Table	 4.10).	 The	 matrix	 properties	 are	 considered	 to	 change	
vertically	 and	 are	 therefore	modelled	 using	 a	 Gaussian	 Random	 Function	 Simulation	 (GRFS).	
Samples	from	the	various	limestones	and	the	black	shales	did	not	indicate	any	matrix	porosity	
and	have	therefore	been	assigned	a	value	of	0	%	porosity.	The	highest	matrix	porosity	is	present	
in	the	lowermost	unit	of	glauconitic	sandstones	(LSU	F),	followed	by	a	section	of	light	spiculites	
(LSU	 B)	 situated	 directly	 above	 it	 (Fig.	 4.55).	 The	 uppermost	 glauconitic	 sandstones	 show	 a	
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lower	 matrix	 porosity	 based	 on	 the	 result	 from	 the	 thin	 section	 studies	 (section	 4.4.4),	 that	
suggests	higher	silica	content	in	this	part	of	the	section.	

Fracture	densities,	based	on	outcrop	data,	were	plotted	as	a	property	to	show	how	the	fracture	
density	 varies	 in	 the	 studied	 sedimentary	 section.	 The	 result	 (Fig.	 4.55)	 illustrates	 highest	
fracture	 density	 in	 LSU	 B,	 light	 spiculitic	 rocks.	 Similar	 to	 the	 matrix	 porosity,	 the	 fracture	
densities	are	assumed	to	change	vertically	and	is	therefore	modelled	using	GRFS	with	min	and	
max	values	from	the	fieldwork	data	(i.e.	scanlines	or	virtual	profiles)	(Table	4.11).		

Table 4.10: Matrix properties assigned for the different litho-structural units (LSUs) defined for modelling. 
GRFS=Gaussian Random Function Simulation 

LSU Facies 
Porosity (%) 

Method Data from Mean Min Max 
A Dark spiculies 2 0 5 GRFS Grundvåg (2008) 
B Light spiculites 10 5 20 GRFS Grundvåg (2008) 
C Limestones 0 - - Assign Thin section studies 
D Black shales 0 - - Assign Thin section studies 
E Breccia 8 1 15 GRFS Thin section studies 
F Glauconitic sandstone 20 5 30 GRFS Thin section studies 

4.5.3 Discrete fracture network modelling 
The	fracture	network	is	modelled	based	on	structural	data	from	fieldwork	and	virtual	outcrops	
(Fig.	3.3),	 subdivided	 into	 the	LSUs.	Those	are	characterized	by	similar	mechanical	properties.	
All	fracture	sets	identified	in	the	field	got	implemented	and	assigned	to	their	respective	LSU	in	
the	 model.	 A	 total	 of	 15	 different	 fracture	 sets	 were	 assigned	 to	 the	 6	 LSU´s	 and	 modelled	
individually	as	a	part	of	the	fracture	network.	The	fracture	network	was	modelled	by	using	both	
discrete	 and	 implicit	 fractures	 in	 the	 same	 geocellular	 framework	 used	 for	 the	 matrix	 (e.g.,	
Bourbiaux	et	al.,	2002;	Cacas	et	al.,	2001).	To	avoid	high	computational	calculation	times	of	the	
discrete	fractures,	the	max	length	of	the	implicit	fractures	was	set	to	5	m.	All	fractures	above	5	m	
were	therefore	modelled	as	discrete	fractures.	The	fracture	network	was	modelled	stochastically	
with	a	random	seed	of	24126.		

In	 addition	 to	 bed-confining	 fracture	 sets	 within	 the	 different	 LSUs,	 four	 through-going	 (TG)	
fracture	sets	have	been	modelled	cutting	through	parts	of	the	2500x2500x245	m	model.	These	
input	 parameters	 are	 based	 on	 the	 TG	 fractures	 interpreted	 from	 virtual	 outcrop	 analysis	 in	
Esperantodalen	(section	4.2.6	and	4.2,7)	and	Skansen	(section	4.2.10).		

The	base	case	is	mainly	modelled	with	input	parameters	derived	from	field	data.	However,	some	
assumptions	were	made	for	geometry	data	and	aperture,	as	these	cannot	be	measured	directly	
in	 field.	Therefore,	 orientation	and	distribution	data	are	purely	based	on	 the	 results	 from	 the	
fieldwork.	Aperture	and	geometry	data	are	based	on	studies	of	other	carbonates	(e.g.,	Bisdom	et	
al.,	2016,	2015;	Boro	et	al.,	2014;	Hardebol	et	al.,	2015;	Mäkel,	2007).	
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Fig. 4.53: Examples of how the fracture configuration changes in the different cases with different fracture density. 
a) Base case, b) case F4 with lower fracture density than the base case. c) case F9 with higher fracture density 
than base case. Fractures are represented as rectangles in the fracture model.  

The	geometry	of	fractures	was	kept	constant	with	a	mean	fracture	length	of	1.5	m	and	a	normal	
distribution	of	 1.	Orientation	was	modelled	using	constant	 values	 for	 each	 fracture	 set	with	 a	
Fisher	 distribution	 with	 a	 concentration	 of	 100.	 Aperture	 was	 modelled	 with	 a	 normal	
distribution	using	a	mean	aperture	and	standard	deviation	of	0.1	mm.	The	fracture	density	for	
each	fracture	set	was	assigned	based	on	P32	(Dershowitz	and	Herda,	1992),	a	scale-independent	
parameter	that	relates	the	cumulative	fracture	area	to	the	volume	(m2/m3).	The	fracture	input	
parameters	used	in	the	base	case	is	summarized	in	Table	4.11.		

The	 “LSU	model”,	 a	 smaller	 grid	model	 of	 100x100x120	m,	 was	 implemented	 with	 the	 same	
input	 parameters	 used	 for	 the	 base	 case	 (Table	 4.11).	 The	model	 was	 constructed	 using	 the	
litho-structural	 units	 (LSU)	 as	 zones	 to	 investigate	 which	 unit	 represents	 the	 best	 reservoir	
potential	 in	terms	of	matrix	and	fracture	porosity.	The	result	of	the	model	was	further	used	to	
decide	 which	 unit	 the	 sensitivity	 test	 would	 be	 based	 on.	 The	 results	 indicate	 that	 the	 best	
reservoir	is	generally	present	in	LSU	B,	light	spiculitic	chert,	due	to	its	high	fracture	and	matrix	
porosity	 values	 of	 approx.	 20	 %	 and	 0.65%	 respectively.	 Fracture	 density	 is	 also	 high,	 with	
values	around	47	f/m.		

A	synthetic	50x50x50	m	grid	model	with	125000	1x1	m	grid	cells	was	constructed	to	determine	
how	the	fracture	network	contributes	to	the	overall	porosity.	This	was	done	to	avoid	extremely	
time-consuming	 modelling	 due	 to	 the	 heavy	 computationally	 calculations.	 The	 model	 was	
subsequently	 modelled	 with	 10	 different	 cases	 (in	 addition	 to	 the	 base	 case)	 in	 order	 to	
investigate	the	relative	impact	of	various	fracture	parameters	(Fig.	4.54).		

The	base	case	model	was	implemented	with	the	data	obtained	in	field	as	representative	inputs;	
fracture	length	of	1.5	m,	aperture	of	0.1	mm,	and	P32,	fracture	density	(Fig.	4.53)	of	14.5	m2/m3.	
The	 fracture	 network	 was	 upscaled	 using	 the	 Oda	method.	 The	 resulting	 properties,	 such	 as	
fracture	 porosity	 (frac_poro)	 and	 fracture	 connectivity	 (fracture-matrix	 coupling	 parameter	
sigma,	frac_sigma),	were	plotted	in	a	well	section	window	to	display	the	outcome	(Fig.	4.55).	The	
plot	shows	that	the	fracture	porosity	is	highest	in	the	dark	spiculites	in	the	lower	part	of	the	log	
and	 the	 lowest	 values	 is	 in	 the	 black	 shales	 and	 the	 glauconitic	 sandstones.	 The	 fracture	
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connectivity	is	modelled	to	be	highest	in	the	 lower	part	of	the	section,	under	the	black	shales.	
This	might	be	because	the	dark	spiculitic	cherts	of	LSU	A	are	commonly	more	fractured	and	has	
a	 higher	 number	 of	 fracture	 sets	 than	 in	 the	 rock	 units	 situated	 further	 up.	 The	 first	 unit	 of	
blueish	chert	breccia	also	show	a	fracture	connectivity	slightly	higher	than	the	adjacent	LSUs.		

Table 4.11: Input parameters of the fracture sets implemented in the base case model and down-scaled LSU 
model. Four through-going (TG) fracture sets were also modelled and is also listed.  

Fracture set 
Distribution Orientation Aperture 

Density value  
(P32, m2/m3) Mean dip (o) Mean dip 

azimuth (o) Concentration Aperture width 
(mm) Std. Dev. Max 

LSU A – 1 21 88 68 100 0.1 0.0015 0.25 
LSU A – 2 23 89 35 100 0.1 0.0015 0.25 
LSU A – 3 19.5 88 155 100 0.1 0.0015 0.25 
LSU B – 1 13.1 89 74 100 0.1 0.0015 0.25 
LSU B – 2 15.75 89 155 100 0.1 0.0015 0.25 
LSU C – 1 10.6 88 67 100 0.1 0.0015 0.25 
LSU C – 2 11.4 86 161 100 0.1 0.0015 0.25 
LSU D – 1 4 87 243 100 0.1 0.0015 0.25 
LSU D – 2 6.63 89 338 100 0.1 0.0015 0.25 
LSU E – 1 9 89 320 100 0.1 0.0015 0.25 
LSU E – 2 13 87 72 100 0.1 0.0015 0.25 
LSU E – 3 10 89 32 100 0.1 0.0015 0.25 
LSU E – 4 11.5 89 333 100 0.1 0.0015 0.25 
LSU F – 1 6.5 89 250 100 0.1 0.0015 0.25 
LSU F – 2 5.75 89 334 100 0.1 0.0015 0.25 

TG sets        
TG – 1 0.1 86 104 100 0.1 0.0015 0.25 
TG – 2 0.051 89 325 100 0.1 0.0015 0.25 
TG – 3 0.20 82 81 100 0.1 0.0015 0.25 
TG – 4 0.15 84 193 100 0.1 0.0015 0.25 

	

The	 four	 through-going	 (TG)	 fracture	 sets	 were	 modelled	 together	 with	 all	 bed-confining	
fracture	 sets	 in	 a	 supplementary	 fracture	 network	 to	 investigate	 how	 it	 affects	 the	 fracture	
connectivity.	The	results	are	displayed	in	the	rightmost	column	in	Fig.	4.55,	next	to	the	column	
of	 a	model	without	 the	 TG	 fractures.	 The	 correlation	 suggests	 that	 the	 TG	 fractures	 does	 not	
have	significant	 impact	on	 the	overall	connection	of	 the	 fractures.	However,	somewhat	higher	
fracture	connectivity	is	shown	throughout	the	whole	section,	especially	where	the	connectivity	
was	relatively	high	already.		

In	addition	to	matrix	porosity,	fracture	porosity	(P33,	Dershowitz	and	Herda	1992)	of	a	fracture	
network	contributes	to	secondary	porosity	in	the	carbonates.	The	sensitivity	tests	show	that	the	
mean	fracture	porosity	in	the	base	case	is	estimated	to	be	around	0.38	%.	A	fracture	porosity	of	
1%	will	not	be	achieved	unless	the	fracture	aperture	exceeds	0.5	mm	(base	case	0.1	mm)	or	the	
fracture	density	is	around	40	m2/m3(base	case	14.5	m2/m3)	(Fig.	4.52).	The	results	suggest	that	
fracture	length	seems	to	only	play	a	minor	role	in	the	studied	0.1-250	m	range	(base	case	1.5	m),	
whereas	 the	 fracture	porosity	 is	 greatly	 affected	 if	 the	mean	 fracture	aperture	or	 the	 fracture	
density	increases.		
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Fig. 4.55: Summary of selected well data that shows how the data is varying within the logged section. The data 
is based on input from fieldwork data or output data from the discrete fracture network modelling. Note that 
frac_sigma (fracture connectivity) is divided into two different results. The column furthest to the right shows 
frac_sigma included the through-going fracture sets interpreted from Esperantodalen and Skansen. 
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5 Discussion 
Here	I	discuss	the	study	results	presented	in	Chapter	4.	Firstly,	the	lithostratigraphic	correlation	
on	 central	 Spitsbergen	 is	 briefly	 discussed	 (section	 5.1),	 followed	 by	 a	 section	 on	 fracture	
development	 in	 the	 Kapp	 Starostin	 Formation	 (section	 5.2).	 This	 section	 focuses	 on	 the	
development	of	the	observed	fracture	sets	and	their	relation	to	the	geological	history	of	Svalbard	
presented	in	chapter	2.	Based	on	this,	a	conceptual	model	of	fracture	development	in	the	Kapp	
Starostin	Formation	 is	established	(section	5.2.3).	 In	addition,	varying	 fracture	properties	and	
implications	 for	 fluid	 flow	 will	 be	 discussed	 in	 section	 5.2.4.	 The	 succeeding	 part	 of	 the	
discussion	is	related	to	the	use	of	outcrops	as	input	for	geological	models	(section	5.3),	followed	
by	 a	brief	 discussion	on	 fracture	network	modelling	 and	the	 results	 from	 the	 sensitivity	 tests	
(section	5.4).	 The	 reservoir	 potential	 of	 the	 Kapp	Starostin	 is	 discussed	 in	 section	 5.5	with	 a	
comparison	of	 other	 spiculitic	 reservoirs.	 In	 section	5.6,	 the	 advantages	 and	disadvantages	of	
using	digital	geology	are	presented	and	discussed.	Lastly,	sources	of	errors	and	suggestions	for	
future	research	are	discussed	in	section	5.6.		

5.1 Lithostratigraphic correlation on central Spitsbergen 
The	 results	 of	 the	 regional	 litostratigraphic	 correlation	 (section	 4.1.2)	 suggest	 that	 the	 Kapp	
Starostin	Formation	at	Vindodden	and	Festningen	show	large	similarities	to	the	section	in	this	
study	from	southern	Dickson	Land	(Fig.	4.5).		

The	 composite	 log	 from	 this	 study	 indicates	 that	 the	 Kapp	 Starostin	 Formation	 in	 southern	
Dickson	Land	mainly	consists	of	dark	and	light	spiculitic	rocks	and	limestones.	The	sedimentary	
succession	 in	 this	 study	 show	 greater	 similarities	 with	 the	 logged	 section	 at	 Vindodden	
(Grundvåg,	2008)	than	with	the	type	section	from	Festningen	(Dallmann	et	al.,	1999).		

The	breccia	described	in	this	study	is	interpreted	to	represent	brecciated	spiculites	affected	by	
diagenetic	processes	 such	 as	dissolution	 leading	 to	 collapse,	 autobrecciation	 and	 sedimentary	
reworking	 (e.g.,	 Franseen,	 2006;	 Ramaker	 et	 al.,	 2015;	 Stemmerik	 et	 al.,	 1999;	Watney	 et	 al.,	
2001).	This	is	also	supported	by	Grundvåg	(2008)	that	described	smaller	portions	of	brecciated	
spiculites	within	thicker	successions	of	light	spiculites.	The	interpretation	is	also	supported	by	
Matysik	et	al.,	(2017)	that	identified	a	breccia	network	of	filled	fractures	in	light	spiculites.		

No	 detailed	 sequence	 stratigraphic	 correlation	 of	 the	 facies	 in	 this	 study	 was	 conducted.	
However,	 results	 from	 recent	 studies	 from	nearby	 study	areas	may	be	used	 to	 say	 something	
about	 the	 studied	 section	 in	 an	 overall	 facies	 arrangement	 and/or	 depositional	 model	 of	 the	
Kapp	Starostin	Formation	(e.g.,	Bond	et	al.,	2017;	Jafarian	et	al.,	2017;	Matysik	et	al.,	2017;	Njå,	
2016).	 Jafarian	et	al.,	 (2017)	suggest	 that	 the	widespread	 in	spiculitic	chert	 facies	of	 the	Kapp	
Starostin	Formation	on	central	Spitsbergen	represent	outer	ramp	settings	mainly	characterized	
by	thick	units	of	deep-water	cherts.	The	study	area	in	southern	Dickson	Land	is	situated	close	to	
Kapp	 Fleur	 de	 Lys	 (described	 by	 Jafarian	 et	 al.,	 2017)	 and	 one	 can	 assume	 that	 the	 facies	
arrangement	 in	 these	 two	 locations	 is	 fairly	 similar	 (Jafarian	 et	 al.,	 2017).	Bond	et	 al.,	 (2017)	
suggest	 that	 the	 Festningen	 section	 represents	 the	main	 depocentre	 in	 the	 deepest	 part	 of	 a	
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basin,	 with	 the	 basin	 shallowing	 significantly	 towards	 the	 NE.	 Sections	 at	 Tålmodryggen	 and	
Kapp	Fleur	de	Lys	on	Dickson	Land	are	situated	on	the	Nordfjorden	High	(Matysik	et	al.,	2017).	
This	 reduced	 accommodation	 space	 led	 to	 thinner	 sedimentary	 successions	 (e.g.,	 Bond	 et	 al.,	
2017;	Ehrenberg	et	al.,	2001;	Steel	and	Worsley,	1984).	Similar	assumptions	have	been	made	by	
Matysik	et	al.,	(2017)	that	logged	several	sections	west	of	Dicksonfjorden.	These	interpretations	
support	 the	 thickness	differences	between	the	correlated	 logs	within	central	Spitsbergen	(Fig.	
4.5).		

As	described	 in	 the	 results	 from	Sassendalen	 (i.e.	 Eskerfossen,	 section	4.2.1,	 and	Brattlidalen,	
section	 4.2.2),	 the	 sections	 can	 be	 compared	 to	 the	 results	 from	Matysik	 et	 al.,	 (2017).	 They	
suggest	 that	 the	 strata	 in	 Brattlidalen	 and	 Eskerfossen	mainly	 represent	 thick	 successions	 of	
dark	deep-water	spiculites	deposited	in	a	basin.		

5.2 Fracture development in the Kapp Starostin Formation 
The	 section	 focuses	 on	 the	 fracture	 development	 of	 the	 carbonate-rich	 strata	 of	 the	 Kapp	
Starostin	Formation.	The	focus	is	put	on	regional	fracture	trends,	controls	on	fracture	densities	
and	implications	for	fluid	flow.	A	conceptual	model	of	the	fracture	development	from	Permian	to	
present	is	also	presented.		

5.2.1 Origin of the regional fracture orientation 
Fractures	 measured	 throughout	 the	 Kapp	 Starostin	 Formation	 in	 central	 Spitsbergen	 are	
observed	to	occur	in	one	of	7	main	fracture	sets,	comprising	F1-7	(Fig.	5.1).	The	fracture	sets	are	
defined	based	on	their	main	orientations.	The	fractures	are	assumed	to	mainly	be	of	tectonic	and	
diagenetic	origin,	and	comprise	steep,	irregular	joints	with	dips	>60°	(Fig.	5.2).		

 

Fig. 5.1: Summary of fracture sets measured in this study. The nomenclature of the sets follows the structure 
presented in the results (section 4.1). 
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Fig. 5.2: Whisker plot illustrating the dip distribution wiothin the different fracture sets 

F4,	 striking	 NNW-SSE	 and	 F7,	 striking	 ENE-WSW,	 represent	 the	most	 prominent	 sets	 in	 this	
study	 and	 are	 present	 in	most	 localities	 (Figs.	 4.6,	 4.43).	 F4	 is	 also	 present	 in	 De	 Geerdalen	
Formation	(Lord,	2013;	Ogata	et	al.,	2014b;	Wærum,	2011),	Agardhfjellet	Formation	(Schaaf	et	
al.,	2017)	and	 in	 igneous	 intrusions	(Festøy,	2017),	 indicating	 it	 is	an	regional	 fracture	set.	As	
suggested	 by	 Lord	 (2013),	 the	 formation	 of	 F4	 fracture	 might	 be	 related	 to	 both	 Early	
Cretaceous	 extension	 along	 the	 Billefjorden	 Fault	 Zone	 (Fig.	 5.3)	 (e.g.,	 Haremo	 et	 al.,	 1990;	
Harland	et	al.,	1974)	and	uplift	during	the	Late	Cretaceous.	Nevertheless,	Ogata	et	al.,	 (2014b)	
interpreted	 the	 orientations	 of	 F4	 possibly	 be	 related	 to	 the	 clockwise	 rotation	 of	 horizontal	
compression	from	NE-SW	to	ENE-WSW	during	the	Paleogene.		

F7	is	also	suggested	to	represent	a	regional	set	as	it	has	been	documented	in	the	Triassic	strata	
(De	Geerdalen	Formation,	Lord,	2013;	Ogata	et	al.,	2014b),	and	Botneheia	Formation,	(Wærum,	
2011)	and	 in	dolerite	 intrusions	(Festøy,	 2017;	Maher	 et	 al.,	 2016;	Wærum,	2011).	The	 set	 is	
prominent	 throughout	 central	 Spitsbergen	 and	 oriented	 sub-perpendicular	 to	 the	 maximum	
stress	direction	of	 the	 compressional	 tectonics	 that	 created	 the	WSFB	(Fig.	 5.3	 ,section	2.1.3).	
These	 fractures	 are	 possibly	 “indentor”	 joints	 (Engelder	 and	 Geiser,	 1980)	 that	 formed	
perpendicular	to	the	compression	stress	in	response	to	NNE-SSW	thrusting	in	Cenozoic	(Bergh	
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et	 al.,	 1997;	Braathen	et	al.,	 1997;	Ogata	 et	al.,	 2012).	 Similar	 fracture	orientations	have	been	
recorded	in	the	Kapp	Starostin	Formation	in	Mediumfjellet	by	Larsen	(2009)	and	Strand	(2015),	
where	 both	 studies	 interpreted	 the	 fractures	 striking	 E-W	 to	 ENE-WSW	 to	 be	 pre-folding	
fractures	as	result	of	the	WSFB	developing	to	the	west.		

F1,	 striking	 N-S,	 is	 identified	 in	 Brattlidalen,	 Eskerfossen,	 Idodalen	 waterfall	 and	 as	 through-
going	 fractures	 in	 Skansen.	 F1	 is	 considered	 as	 a	 regional	 set	 due	 to	 its	 presence	 in	 the	
Agardhfjellet	Formation	shales	(Schaaf	et	al.,	2017)	and	the	De	Geerdalen	Formation	sandstones	
(Ogata	et	al.,	2014b;	Wærum,	2011).	N-S	trending	fractures	are	proposed	by	Ogata	et	al.,	(2014b)	
to	 be	 oriented	 approximately	 parallel	 to	 the	 major	 fold	 axes	 of	 the	 WSFB	 (section	 2.1.3)	
documented	by	Braathen	et	al.,	 (1999).	However,	 the	parallel	orientation	and	proximity	of	the	
study	 areas	 to	 the	 Billefjorden	 Fault	 Zone	 should	 be	 taken	 in	 account	 when	 considering	 the	
origin	of	these	fractures	(Fig.	5.3).	

The	set	F3,	striking	E-W,	is	mainly	recorded	in	sections	in	Brattlidalen,	but	the	set	is	also	present	
in	Eskerfossen,	Idodalen	waterfall	and	as	through-going	fractures	in	Skansen.	The	E-W	striking	
set	is	considered	as	the	principal	fracture	set	in	the	De	Geerdalen	Formation,	the	Agardhfjellet	
Formation	 (Ogata	 et	 al.,	 2014b;	 Schaaf	 et	 al.,	 2017;	 Senger	 et	 al.,	 2016a;	Wærum,	 2011)	 and	
igneous	 intrusions	(Festøy,	 2017).	However,	 the	 set	 is	 not	 very	noticeable	 in	 this	 study.	 F3	 is	
present	in	all	litho-structural	units	in	the	Mesozoic	succession	on	central	Spitsbergen	defined	by	
Ogata	et	al.,	(2014b).	This	set	is	suggested	by	Ogata	et	al.,	(2014b)	to	be	the	main	regional	joint	
set	 aligned	 parallel	 to	 the	maximum	 regional	 horizontal	 paleo-stress	 of	 the	WSFB	 because	 of	
ENE-WSW	transpression	(Fig.	5.3).	

The	less	prominent	sets	F6,	striking	NW-SE,	and	F2,	striking	NE-SW,	occur	mainly	in	Brattlidalen	
and	 Idodalen.	 F2	 is	 also	 present	 as	 a	 through-going	 set	 in	 Esperantodalen	 south.	 Fractures	
oriented	like	F2	and	F6	have	been	observed	in	De	Geerdalen	Formation	by	Lord	(2013)	but	were	
not	identified	as	prominent	fracture	sets.	Schaaf	et	al.,	(2017),	recorded	both	sets	in	the	lower	
Agardhfjellet	 Formation.	 F6	 has	 been	 documented	 as	 a	 prominent	 set	 in	 the	 De	 Geerdalen	
Formation,	the	Agardhfjellet	Formation	and	within	doleritic	intrutions	(Festøy,	2017;	Maher	et	
al.,	2016;	Ogata	et	al.,	2014b;	Wærum,	2011).	F2	and	F6	might	be	sub-ordinate	F4	and	F7.	Based	
on	 regional	 observations	 from	 other	 studies	 and	 their	 presence	 in	 this	 study,	 the	 sets	 are	
considered	to	represent	regional	tectonic	fracture	sets.		

The	 last	 set	 F5,	 striking	NNE-SSW,	makes	up	one	 the	main	 fracture	 sets	 in	 the	 through-going	
fractures	in	Esperantodalen,	but	is	also	present	in	outcrop-parallel	fractures	in	some	outcrops	in	
Brattlidalen.	 The	 set	 is	 recognized	 by	 Wærum	 (2011)	 as	 the	 most	 prominent	 set	 in	 the	 De	
Geerdalen	Formation	 in	 central	 Spitsbergen.	 Lord	 (2013)	described	F5	 to	 represent	 the	main	
fracture	set	in	the	Triassic	strata	on	Hopen	and	as	a	minor	set	on	western	Edgeøya.	The	set	has	
also	been	observed	in	the	Agardhfjellet	Formation	(Ogata	et	al.,	2014b)	and	in	dolerites	(Festøy,	
2017;	Maher	et	al.,	2016).		
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Fig. 5.3: Map showing the orientation of the different fracture sets observed in this study and their relation to the 
tectonic structures in central Spitsbergen. The names of the respective fracture sets are indicated in Fig. 5.1. 
Adapted from Dallmann (2015).	

Even	 though	 all	 fracture	 sets	 described	 above	 have	 been	 identified	 in	 other	 sections	 of	 the	
sedimentary	 succession	 on	 Svalbard,	 some	 of	 the	 fractures	 in	 the	 carbonates	 of	 the	 Kapp	
Starostin	Formation	must	also	be	considered	to	represent	diagenetic	or	unloading	fractures.	All	
facies	 in	 this	 study,	 except	 facies	 K	 (Table	4.1),	 are	 partly	 or	 highly	 silicified.	 The	 conversion	
process	from	opal	A	to	opal	CT	(section	2.2.1.1)	leads	to	compaction,	reduced	porosity	and	then	
fracturing	 (e.g.,	Davies,	 2005).	This	brittle	 fracturing	 is	probably	 formed	by	diagenesis	during	
early	burial	of	the	carbonates	(e.g.,	Bohrmann	et	al.,	1994;	Davies,	2005;	Ehrenberg	et	al.,	2001,	
1998;	Hein	 et	al.,	 1978;	 Lavenu	et	 al.,	 2013)	and	 suggests	 that	 fractures	 and	vugs	 in	 the	 light	
spiculitic	 cherts	 are	 formed	because	of	 early	 compaction	deformation	 and	 the	 stabilization	of	
silica.	 Matysik	 et	 al.,	 (2017)	 also	 described	 three	 generations	 of	 fractures	 generated	 by	
diagenesis.	 The	 fractures	 are	 developing	 simultaneously	 as	 the	 formation	 is	 affected	 by	
diagenesis,	 which	 leads	 to	 complete	 or	 partial	 infill	 of	 different	 silica	 components	 in	 the	
fractures.	In	this	study,	these	infilled	veins	have	been	observed	mainly	in	the	chert	breccia	but	
were	also	present	 in	some	sections	of	spiculitic	cherts.	The	diagenetic	 fractures	are	especially	
relevant	 in	 the	 three	 different	 facies	 of	 spiculitic	 rocks	 (facies	 B,	 C	 and	 E,	 Table	4.1)	 that	 are	
dominated	 by	 a	 noduling	 appearance.	 The	 undulating	 bedding	 is	 dominated	 by	 bed-parallel	
fractures	that	are	interpreted	to	represent	diagenetic	fractures.	This	interpretation	is	supported	
by	Matysik	 et	al.,	 (2017)	who	describe	 a	 convoluted-concretional	 fabric	with	 fractures	 cutting	
bed-parallel	in	the	silica-rich	units.	These	bed-parallel	fractures	have	not	been	measured	in	field	
due	 to	 the	 complexity	but	might	be	 important	 in	 the	discussion	 about	 fluid	 flow	and	 fracture	
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connectivity.	Bed-parallel	fractures	in	the	spiculites	of	the	Kapp	Starostin	Formation	have	also	
been	described	by	Strand	(2015).	

Due	to	the	carbonates	position	in	the	stratigraphy	one	cannot	rule	out	the	possibility	of	fractures	
resulted	by	uplift	and	erosion.	The	fracturing	in	central	Spitsbergen	has	probably	been	enhanced	
by	 the	 subsequent	 uplift	 of	 the	 northern	 part	 of	 the	 Barents	 Shelf	 in	 Late	 Cretaceous	 and	
Cenozoic	 (section	 2.1.3,	 e.g.,	 Dörr	 et	 al.,	 2012;	 Henriksen	 et	 al.,	 2011).	 In	 addition,	 fractures	
formed	by	unloading	and	erosion	of	the	rock	cover	might	have	generated	fractures	and	affected	
the	 fracture	density	 in	 large	parts	of	 the	Kapp	Starostin	Formation.	This	 interpretation	 is	also	
suggested	as	an	affecting	factor	for	fracturing	in	the	Triassic	De	Geerdalen	sandstones	in	central	
Spitsbergen	 (Lord,	 2013).	 Ogata	 et	 al.,	 (2012)	 interpreted	 continuous	 non-mineralized	 and	
weathered	open	fractures	in	the	Kapp	Toscana	Group	to	represent	unloading	joints	created	by	
Pliocene	and	Quaternary	uplift	and	unroofing.	Similar	assumptions	can	be	made	about	the	large	
through-going	 fractures	 recorded	 in	 virtual	 outcrops	 from	 sections	 in	 Esperantodalen	 and	
Skansen.		

Additionally,	 the	 outcropping	 rocks	 are	 exposed	 to	 temperature	 differences	 (i.e.	 frost	
weathering)	and	other	weathering	factors	that	may	cause	additional	jointing.	

In	summary,	the	fractures	in	this	study	are	striking	NW-SE	to	NNE-SSW	and	NE-SW	to	E-W.	The	
results	 suggest	 that	 majority	 are	 high-angled	 joints,	 oriented	 NNW-SSE	 and	 ENE-WSW.	
Fractures	striking	NW-SE	(F6),	NE-SW	(F2),	ENE-WSW	(F7)	and	E-W	(F3)	are	proposed	to	have	
originated	 during	 ENE-SSE	 transpressional	 tectonics	 in	 Paleogene	 times.	 Additionally,	 the	
fractures	 may	 have	 experienced	 reactivation	 during	 the	 change	 in	 rotation	 of	 the	 horizontal	
compression	 from	NE-SW	 to	 ENE-WSW	 later	 in	 the	 Paleogene	 (Ogata	 et	 al.,	 2014b).	 The	 sets	
striking	N-S	(F1),	NNW-SSE	(F4)	and	NNE-SSW	(F5)	are	 interpreted	 to	have	originated	due	 to	
Early	Cretaceous	extension	and	tectonic	movement	along	the	prominent	Billefjorden	Fault	Zone	
located	close	to	the	study	areas	(e.g.,	Haremo	et	al.,	1990;	Harland	et	al.,	1974;	Lord,	2013).	Due	
to	 its	dominance,	F4	 is	interpreted	 to	have	been	affected	also	 in	Paleogene	times	(Ogata	et	al.,	
2014b).	All	fractures	mainly	show	open	mode	I	joints	(Fig.	2.12)	with	irregular	fracture	planes.	
This	 is	 suggested	 to	be	 related	 to	uplift	 and	unloading	during	Cenozoic	where	 fractures	have	
developed	along	existing	discontinuities.	

5.2.2 Fracture density – controls and variations 
Results	from	scanlines	and	virtual	profiles	are	used	to	discuss	the	factors	that	might	affect	the	
fracture	 density	 in	 the	 carbonates	 in	 the	 Kapp	 Starostin	 Formation.	 However,	 due	 to	 the	
restricted	 number	 of	 scanlines	 collected	 in	 this	 study,	 no	 detailed	 comparison	 of	 trends	 is	
possible.	The	results	in	this	study	suggest	that	there	is	a	variation	in	fracture	frequency	between	
the	different	lithologies	(section	4.2.4).	This	variation	is	suggested	to	be	a	result	of	differences	in	
mechanical	properties	of	the	rocks.	The	controlling	factors	could	be	a	result	of;	a)	bed	thickness,	
b)	lithology,	c)	degree	of	diagenesis,	d)	bedding	interfaces	and	e)	combinations	of	all	factors.		
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Various	 authors	 suggest	 that	 fracture	 frequency	 and	 spacing	 is	 mainly	 controlled	 by	 the	 bed	
thickness	(e.g.,	Cooke	et	al.,	2006;	Ladeira	and	Price,	1981;	Narr	and	Suppe,	1991;	Wennberg	et	
al.,	 2006;	 Wu	 and	 D.	 Pollard,	 1995).	 Studies	 show	 that	 in	 general,	 the	 horizontal	 fracture	
frequency	within	a	bed	will	decrease	with	increasing	bed	thicknesses	(Ladeira	and	Price,	1981;	
Narr	and	Suppe,	1991;	Wu	and	D.	Pollard,	1995).	However,	according	to	a	study	by	Wennberg	et	
al.,	 (2006)	 in	platform	carbonates	 in	 the	Zagros	mountains,	 no	 clear	 relationship	between	 the	
fracture	 frequency	 and	bed	 thickness	 could	be	drawn.	The	 results	 in	 this	study	 show	that	 the	
relation	 of	 bed	 thickness	 plotted	 against	 fracture	 frequency	 and	 fracture	 spacing	 is	 mainly	
following	the	general	trend	(Figs.	4.48,	4.49).	The	figures	indicate	that	all	facies,	except	of	facies	
A,	follow	the	typical	trends.	Facies	A	is	showing	an	inverted	trend	where	increased	bed	thickness	
leads	 to	 increasing	 fracture	 frequency	and	decreasing	 fracture	spacing.	One	of	 the	reasons	 for	
this	could	be	related	to	differences	in	mechanical	properties	(e.g.,	Bai	et	al.,	2000;	Laubach	et	al.,	
2009;	McGinnis	et	al.,	2017).		

Fracture	density	and	spacing	are	also	affected	by	different	lithologies	(e.g.,	Cooke	et	al.,	2006;	
Gross	 et	 al.,	 1995;	 Ladeira	 and	 Price,	 1981;	 Laubach	 et	 al.,	 2009;	 Narr	 and	 Suppe,	 1991;	
Underwood	et	al.,	2003;	Wennberg	et	al.,	2006).	The	lithological	composition	of	a	rock	affects	the	
mechanical	 properties.	 It	 is	 also	 important	 to	 keep	 in	mind	 that	 the	 properties	 of	 a	 rock	 can	
change	over	time	(Laubach	et	al.,	2009).	In	general,	more	rigid	and	stiffer	rock	types	have	higher	
fracture	densities	compared	to	softer	 lithologies	such	as	shales	(Gross	et	al.,	1995;	Huang	and	
Angelier,	1989;	Underwood	et	al.,	2003).	In	this	study,	the	limestones	(facies	A,	D,	F	and	H)	are	
interpreted	 to	 generally	 be	more	 rigid	 than	 the	 spiculites	 (facies	 B,	 Cand	 E)	 and	 black	 shales	
(facies	 G)	 (see	 log	 in	 Fig.	 4.1	 for	 comparison).	 The	 degree	 of	 silification	 will	 also	 affect	 the	
stiffness	and	the	mechanical	properties	of	the	rock.	Fig.	4.46	displays	the	mean	fracture	spacing	
within	the	different	lithologies.	The	results	show	that	the	fracture	spacing	is	higher	in	the	black	
shales	(facies	G)	compared	to	the	carbonates	(facies	A,	D,	F	and	H)	and	spiculites	(facies	B	and	
C).	The	lowest	mean	fracture	spacing	is	recorded	in	light	spiculitic	rocks	(facies	B),	followed	by	
brownish	limestones	(facies	D)	and	brachiopod	limestones	(facies	A).	The	results	do	therefore	
not	 follow	 the	 general	 trend	observed	by	other	 studies.	This	 could	be	 explained	by	 the	harsh	
weathering	 of	 the	 spiculites	 and	 could	 have	 affected	 the	 interpretation	 of	 rigidness.	 Also,	
Laubach	et	al.,	(2009)	stated	that	the	rock	properties	during	the	initiation	of	fracturing	does	not	
necessarily	correlate	with	the	present	mechanical	properties.	In	general,	the	fracture	data	in	this	
study	 indicates	 irregular	 fracture	 spacing,	 especially	 in	 the	 spiculites.	 These	 variations	 agree	
with	the	results	of	Ladeira	and	Price	(1981)	that	suggest	that	spreading	in	fracture	densities	can	
be	explained	by	heterogeneous	bedding	caused	by	sedimentary	changes	within	a	bed.	Lorenz	et	
al.,	 (1991)	 also	 support	 this	 and	 state	 that	 fracture	 spacing	 might	 be	 very	 irregular	 due	 to	
heterogeneous	bedding	in	carbonates.		

The	mechanical	properties	of	carbonates	have	also	been	affected	by	several	stages	of	diagenesis.	
Diagenesis	can	influence	the	mechanical	properties	to	a	high	degree	and	overprint	the	original	
mineral	 composition	 and	 texture	 of	 the	 carbonate	 (Laubach	 et	 al.,	 2009;	 Ortega	 et	 al.,	 2010;	
Rijken	et	al.,	2002).		



CHAPTER 5 | Discussion 

 104 

In	a	natural	 fracture	system,	 the	 fractures	are	initially	relatively	short,	 irregularly	and	broadly	
spaced	with	diverse	orientations.	With	continuing	deformation,	the	fractures	start	to	propagate,	
leading	 to	an	 increase	 in	 length	and	the	 fracture	orientations	eventually	become	more	regular	
(Wu	and	Pollard,	2002).	The	length	of	individual	fractures	in	a	fracture	set	can	therefore	be	an	
indication	 for	 the	development	of	a	 fracture	set.	This	might	also	 indicate	how	much	deviation	
from	the	mean	fracture	orientations	that	can	be	expected.	

Most	 of	 the	 fractures	 (>90	%)	 in	 this	 study	 are	 classified	 as	bed-confined	 fractures.	However,	
multiple	 large	 scale	 through-going	 fractures	 cutting	 through	 large	 parts	 of	 an	 outcrop	 are	
observed	in	some	localities	(i.e.	Esperantodalen	S	and	N,	Skansen	and	Idodalen	south	C).	Results	
from	fracture	measurements	in	the	brownish	limestone	(facies	D,	zone	4,	see	Fig.	4.1)	show	that	
the	 facies	 is	 dominated	 by	 smaller	 through-going	 fractures.	Whereas	 in	 spiculites	 (both	 dark,	
facies	C	and	light,	facies	B),	the	beds	are	intercalated	by	thin	layers	of	black	shales.	Bed-confining	
fractures	terminates	at	these	bed	boundaries.	Bed-confined	fractures	are	often	characteristic	in	
layered	rocks	with	weaker	intercalated	bedding	interfaces,	while	stronger	bed	boundaries	more	
often	coincide	with	through-going	fractures	(Cooke	and	Underwood,	2001).	Scanlines	from	the	
different	 facies	 in	 this	study	do	not	show	any	clear	 trends	 towards	 the	correlation	of	 fracture	
frequency	(Fig.	4.47)	and	bed	 interfaces	and	do	not	correlate	with	the	results	 from	Cooke	and	
Underwood	(2001).		

5.2.3 Conceptual model of fracture development 
In	this	section	a	conceptual	model	for	the	fracture	development	in	the	Kapp	Starostin	Formation	
is	presented	(Fig.	5.4).	The	model	is	based	on	the	interpretation	of	the	dataset	obtained	in	this	
study	and	highlights	fracture	development	related	to	the	major	tectonic	events	on	Svalbard	(see	
section	2.1.3).	The	model	draws	partly	 from	models	 of	 fracture	development	 in	 the	Mesozoic	
strata	from	Ogata	et	al.,	(2014b,	2012).	The	fracture	pattern	and	frequency	will	locally	vary	due	
to	 numerous	 parameters	 such	 as	 rock	 porosity	 and	 permeability,	 local	mechanical	 variations,	
weathering,	 presence	of	 fluids	and	 fossil	 assemblage.	The	 effect	 of	 dolerite	 intrusions	has	not	
been	 taken	 into	 consideration	 in	 the	 conceptual	model.	 However,	 it	 is	mentioned,	 as	 it	might	
have	contributed	to	local	fracturing	of	the	carbonates.		

As	 illustrated	by	 the	model	 (Fig.	 5.4),	 the	 earliest	 fractures	 represent	 fractures	 related	 to	 the	
deposition	and	diagenesis	of	the	Kapp	Starostin	Formation	in	Upper	Palaeozoic.	The	sediments	
were	affected	by	diagenesis	during	early	burial	of	the	carbonates	(e.g.,	Bohrmann	et	al.,	1994;	
Davies,	2005;	Ehrenberg	et	al.,	1998;	Hein	et	al.,	1978;	Lavenu	et	al.,	2013).	This	led	 to	brittle	
fracturing	 of	 the	 spiculites	 by	 compaction	 deformation	 and	 stabilization	 of	 the	 silica	 (e.g.,	
Matysik	 et	 al.,	 2017).	Matysik	 et	 al.,	 (2017)	describe	 three	 different	 generations	 of	 diagenetic	
fractures	 in	 the	 Kapp	 Starostin	 Formation,	 and	 these	 are	 interpreted	 to	 represent	 filled	 and	
partly-filled	 fractures	occurring	throughout	 the	 formation.	The	 three	generations	of	diagenetic	
fracturing	are	also	understood	to	have	generated	the	brecciated	spiculites	that	are	dominated	by	
quartz	 and	 calcite	 veins.	 In	 addition,	 bed-parallel	 fractures	 are	 interpreted	 to	 represent	
diagenetic	fractures	originated	during	the	deposition	(Fig.	5.4).		
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Fig. 5.4: A conceptual model illustrating how the fractures and fracture densities developed from deposition in 
Middle-Late Permian to present day. Based on models by Ogata et al. (2012; 2014). See text for references 
related to the tectonic events and processes. 	
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The	 Triassic	 is	 considered	 as	 a	 relatively	 quiet	 tectonic	 period	 on	 Svalbard.	 However,	
extensional	 faulting	 and	 syn-depositional	 tectonism	 have	 been	 recorded	 (Anell	 et	 al.,	 2013;	
Osmundsen	 et	 al.,	 2014).	 The	 minor	 tectonic	 activity	 may	 not	 have	 affected	 the	 fracture	
development	 of	 the	 Kapp	 Starostin	 Formation	 in	 central	 Spitsbergen	 much,	 but	 could	 have	
generated	additional	fracturing	in	the	Kapp	Starostin	Formation	situated	to	the	east	(Fig.	5.4).		

A	large	part	of	the	fracturing	in	the	Kapp	Starostin	Formation	is	interpreted	to	have	originated	
during	the	Late	Mesozoic	through	several	tectonic	events	(Fig.	5.4).	During	the	Early	Cretaceous,	
the	 first	 phase	of	NW-SE	oriented	 seafloor	 spreading	 in	 the	Arctic	Ocean	occurred,	 leading	 to	
volcanic	activity	(e.g.,	Døssing	et	al.,	2013;	Tarduno	et	al.,	1998)	and	the	development	of	igneous	
intrusions	on	central	Spitsbergen	(High	Arctic	Large	Igneous	Province,	HALIP,	e.g.,	Polteau	et	al.,	
2016;	 Senger	 et	 al.,	 2013;	 Tarduno	 et	 al.,	 1998).	 The	 extension	 also	 resulted	 in	 tectonic	
movements	along	the	Billefjorden	Fault	Zone	(BFZ)	that	might	have	generated	the	fracture	sets	
that	 lines	up	with	 the	orientation	of	 the	 lineament	 	 (F1,	 F4,	 F5)	 (Fig.	 5.3)	 (e.g.,	Haremo	et	 al.,	
1990;	Harland	et	al.,	1974).	An	increased	heat	flux,	as	a	result	of	the	magmatic	activity,	led	to	a	
major	uplift	of	up	to	1	km	of	the	northern	parts	of	Spitsbergen	(e.g.,	Dallmann,	2015;	Dallmann	
et	al.,	1999;	Gjelberg	and	Steel,	1995).	This	uplift	might	have	generated	additional	fracturing	and	
opening	of	diagenetic	fractures	(Fig.	5.4).		

The	majority	of	the	fractures	in	this	study	is	interpreted	to	have	originated	due	to	the	tectonic	
setting	during	Paleogene	(F2,	F3,	F6,	F7)	(Fig.	5.4)	(e.g.,	Bergh	et	al.,	1997;	Braathen	et	al.,	1999a;	
Dallmann	 et	 al.,	 1999;	 Ogata	 et	 al.,	 2014b).	 The	 development	 of	 the	North-Atlantic	 spreading	
ridge,	accompanied	with	dextral	movements,	led	to	crustal	shortening	and	thrusting	on	the	west	
of	 Spitsbergen,	 resulting	 in	 the	 WSFB	 (section	 2.1.4,	 e.g.,	 Bergh	 et	 al.,	 1997;	 Braathen	 et	 al.,	
1999b,	1997;	Dallmann	et	al.,	1993;	Leever	et	al.,	2011).	Several	fracture	sets	in	this	study	are	
oriented	perpendicular	to	the	ENE-WSW	oriented	stress	regime	and	are	therefore	interpreted	to	
have	been	developed	by	transpressional	and	transtensional	stress	(Fig.	5.4).	The	study	areas	in	
this	 thesis	 are	 understood	 to	 be	 situated	 in	 the	 eastern	 zone	 of	 the	WSFB,	 and	 according	 to	
Haremo	et	al.,	 (1990),	 the	 tectonic	 influence	 in	 these	areas	would	mainly	be	of	compressional	
origin.	The	change	of	rotation	of	the	horizontal	compression	from	NE-SW	to	ENE-WSW	later	in	
Paleogene	times	might	have	reactivated	older	fractures	(Ogata	et	al.,	2014b).	The	BFZ	was	active	
again	 in	 a	 compressional	 setting	 throughout	 Cenozoic	 times	 (Bælum	 and	 Braathen,	 2012).	
Shortening	in	the	WSFB	was	transferred	along	the	decollements	and	led	to	reverse	faulting	along	
pre-existing	 lineaments,	 such	as	 the	BFZ	(McCann	and	Dallmann,	1996).	Since	 the	study	areas	
are	 situated	 close	 to	 the	 lineament,	 this	 event	might	have	 contributed	 to	 enhanced	 fracturing	
and	higher	fracture	densities	in	the	Kapp	Starostin	Formation	(Fig.	5.4).		

Uplift	and	unloading	during	the	Cenozoic	(e.g.,	Dallmann,	2015;	Dörr	et	al.,	2013)	are	suggested	
to	have	contributed	to	the	development	and	opening	of	the	large	through-going	(TG)	fractures	
observed	in	this	study	(Fig.	5.4).	The	large	TG	fractures	are	assumed	to	have	developed	along	the	
existing	 discontinuities.	 The	 regional	 uplift	 and	 tilting	 of	 entire	 onshore	 Svalbard	 from	
Cretaceous	to	Paleogene	times	(e.g.,	Dörr	et	al.,	2013;	Knies	et	al.,	2014;	Vagnes	and	Amundsen,	
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1993)	 (Fig.	 2.11)	 has	 led	 to	 great	 exposure	 of	 rocks	 from	 Hecla	 Hoek	 and	 the	 whole	 post-
Caledonian	 strata	 (Worsley,	 2008).	 Additionally,	 glaciations	 in	 Quaternary	 times	 have	
contributed	to	erosion	and	uplift	of	 large	parts	of	the	Svalbard	archipelago	(e.g.,	Dimakis	et	al.,	
1998;	Dörr	et	al.,	2013;	Worsley,	2008).	Quaternary	decompaction	and	extension	have	possibly	
also	 added	 fractures	 to	 the	 rock	 succession	 (Ogata	 et	 al.,	 2014b).The	 episodes	 of	 uplift	 and	
unloading	 are	 understood	 to	 have	 contributed	 to	 the	 activation	 and	 reactivation	 of	 older	
fractures	 (Fig.	 5.4).	 Lastly,	 different	 surface	 related	 processes,	 such	 as	 frost	 weathering	 and	
stress	releases,	have	contributed	to	enhancement	of	the	overall	fracture	frequency	in	the	Kapp	
Starostin	Formation	on	central	Spitsbergen	(Fig.	5.4).		

5.2.4 Implications for fluid flow in fractured carbonate reservoirs 
The	natural	presence	of	fractures	in	a	reservoir	can	contribute	to	both	negative	(e.g.,	behave	as	
barriers	 or	 baffles)	 and	 positive	 (e.g.,	 behave	 as	 conduits,	 increased	 porosity)	 effects	 on	 fluid	
flow	(e.g.,	Laubach,	2003;	Ogata	et	al.,	2014a).	Fractures	can	act	as	conduits	for	fluid	flow	over	a	
wide	 range	of	 scales	 in	 the	 subsurface	 (National	Research	Council,	 1996).	 Fractures	 can	have	
major	 influence	 on	 the	 performance	 of	 a	 hydrocarbon	 reservoir	 and	 a	 well-established	
understanding	of	the	fluid	flow	behavior	within	the	fracture	network	improves	the	production	
from	a	fractured	reservoir	significantly	(e.g.,	Odling	et	al.,	1999).		

The	 fractures	 in	 this	 study	 are	 mainly	 consisting	 of	 bed-confining	 (BC)	 fractures,	 however	
several	 through-going	 (TG)	 fractures	 cut	 parts	 of	 the	 entire	 outcrop	 (section	 4.2.3).	 Earlier	
studies	suggest	that	TG	fractures	are	more	important	to	fluid	flow	than	the	shorter	BC	fractures,	
that	primarily	provide	increased	secondary	porosity	(e.g.,	Cooke	et	al.,	2006;	Odling	et	al.,	1999;	
Tsang,	1984).	This	is	also	supported	by	Bisdom	et	al.,	(2015)	that	indicate	that	a	few	larger	TG	
fractures	have	a	higher	effect	on	flow	and	the	effective	permeability	in	a	fractured	reservoir	than	
multiple	smaller	BC	fractures.	Aydin	(2000)	proposes	three	structural	structures	that	affect	the	
fluid	 flow	 properties;	 i)	 shear	 fractures	 (faults),	 ii)	 fractures	 (joints,	 dikes	 and	 veins)	 or	 iii)	
compaction	 features	 (compaction	 bands	 and	 solution	 seams),	 where	 both	 types	 of	 fractures	
generally	contribute	positive	to	fluid	flow,	whereas	compaction	structures	have	negative	effects	
and	 act	 as	 barriers.	 Fractures	 affected	 by	 diagenesis	 of	 the	 carbonates	 might	 exhibit	
precipitation	 of	 calcite	 and	 quartz.	 This	 contributes	 to	 baffled	 fracture	 connectivity	 and	
decreased	fluid	flow	(e.g.,	Ogata	et	al.,	2014a).	Ogata	et	al.,	(2014a)	also	suggest	that	this	might	
lead	to	vertical	compartmentalization	of	a	reservoir	unit.	However,	that	study	was	conducted	in	
sandstones.		

Results	of	porosity	estimation	from	thin	sections	suggest	that	the	overall	matrix	porosity	in	the	
Kapp	Starostin	Formation	is	low	and	ranges	from	0-30	%	(section	4.4).	This	is	also	in	accordance	
with	Ehrenberg	et	al.,	 (2001)	that	noted	porosities	of	5-30	%,	with	 the	highest	porosity	 in	the	
light	spiculitic	rocks.	Due	to	the	low	matrix	porosity	for	the	majority	of	the	carbonates,	the	rock	
sequence	can	be	classified	as	either	Type	I	or	II	fractured	reservoir,	depending	which	lithological	
facies	 unit	 one	 considers	 (section	 2.2.2,	 Fig.	 2.14,	 Allan	 and	 Sun,	 2003;	 Nelson,	 2001).	 As	
mentioned,	 BC	 fractures	 dominate,	 and	 these	 are	 considered	 to	 provide	 good	 permeability.	
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Fig. 5.5: Illustration of how the diagenetic effects of dissolution and cementation effects the fracture properties. 
Cementation and dissolution may also modify the matrix porosity around a fracture, leading to increased 
(dissolution) or decreased (cementation) effects. Modified from Wennberg et al., (2016). 

Whereas	the	TG	fractures	provide	connectivity	between	the	individual	stratigraphical	units.	In	
this	study,	the	light	spiculitic	cherts	situated	in	the	upper	part	of	the	Kapp	Starostin	Formation,	
are	 interpreted	 to	 have	 the	 potential	 of	 being	 the	 best	 reservoir	 unit.	 This	 is	 due	 to	 the	
interaction	of	medium	matrix-	and	fracture	porosities	and	relatively	high	fracture	frequencies.	
The	 dark	 spiculitic	 cherts	 in	 this	 study	 are	 considered	 as	 the	 unit	 with	 the	 least	 reservoir	
potential	due	to	non-	to	minimum	matrix	porosities.	However,	Wennberg	et	al.,	(2006)	suggests	
that	 beds	 with	 the	 negligible	 storage	 capacity	 and	 poorest	 contact	 between	 the	 matrix-	 and	
fracture	 system,	 allows	 for	 the	most	 effective	 transport	 system.	 Dark	 spiculites	 are	 therefore	
interpreted	to	contribute	as	good	conduits	for	fluid	flow	into	the	lighter	spiculites.	Strand	(2015)	
also	 suggested	 that	 the	 dark	 spiculitic	 beds	 of	 the	 Kapp	 Starostin	 Formation	 could	 transport	
fluids	 into	 potential	 reservoir	 units.	 However,	 the	 study	 proposed	 bryozoan	 limestones	 to	
represent	the	most	promising	reservoir	unit	due	to	its	high	fracture	frequency.		

Fluid	 flow	 through	 a	 fractured	 reservoir	 is	 highly	 affected	 by	 the	 fracture	 density	 (e.g.,	
Wennberg	 et	 al.,	 2016).	 As	 interpreted	 in	 this	 study,	 higher	 densities	 may	 lead	 to	 increased	
permeability	and	therefore	increased	fluid	flow.	This	is	also	greatly	supported	by	other	studies	
(e.g.,	Agar	and	Geiger,	2015;	Bisdom	et	al.,	2016;	Burchette,	2012;	Guerriero	et	al.,	2013,	2011;	
Kubeyev,	2013;	Wennberg	et	al.,	2016).	However,	Bai	and	Pollard	(2001)	stated	that	increased	
fracture	density	under	some	tectonic	conditions	(e.g.,	 extensional	regimes),	might	not	provide	
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increased	 permeability	 due	 to	 the	 fractures	 being	 too	 closely	 spaced	 resulting	 in	mechanical	
interactions.		

The	 most	 dramatic	 effect	 fractures	 can	 have	 on	 fluid	 flow	 in	 the	 subsurface	 is	 if	 they	 are	
preserved	 as	 open	 fractures.	 This	 leads	 to	 high	 contrasts	 in	 the	 permeability	 between	 the	
fractures	 and	 the	 matrix.	 Open	 fractures	 often	 have	 large	 impacts	 on	 the	 well	 rate	 and	 the	
ultimate	 recovery	 in	 fractured	 reservoirs	 (e.g.,	 Narr	 et	 al.,	 2006;	 Nelson,	 2001).	 Outcrop	
observations	and	 thin	 section	 findings	 in	 this	 study	 implicate	 that	most	 fractures	 in	 the	Kapp	
Starostin	 Formation	 are	 open,	 partly	 cemented	 and/or	 filled	 (Figs.	 4.50,	 5.51).	 Most	 of	 the	
fractures	are	classified	as	open,	meaning	that	the	fracture	networks	are	permeable.	The	partly	
open	 fractures	show	an	 inconstant	amount	of	 calcite,	 quartz	or	dolomite	 cement	between	the	
matrix	and	the	open	void.	For	some	fractures,	the	fracture	walls	are	observed	to	be	irregular	and	
with	 enhanced	 fracture	 aperture	 (Fig.	 5.5).	 This	 is	 the	 result	 of	 dissolution	 of	 the	 limestones	
which	forms	vuggy	fractures.	This	happens	when	the	fluids	that	flow	along	the	fracture	planes	
are	under-saturated	with	calcium	carbonate	(e.g.,	Nelson,	2001).	The	parallel	plate	model	 (i.e.	
constant	aperture	and	smooth	walls)	(e.g.,	Brown,	2012;	Tsang,	1984;	Witherspoon	et	al.,	1980)	
is	one	of	the	most	common	ways	of	describing	fluid	flow	in	discontinuities	such	as	fractures	and	
faults.	 The	 model	 assumes	 proportional	 flow	 rate	 to	 the	 cube	 of	 the	 fracture	 aperture	
(Wennberg	et	al.,	2016).	However,	in	the	reality,	fractures	have	a	certain	surface	roughness	and	
these	irregularities	lead	to	contact	point	on	the	fracture	walls.	Consequently,	the	parallel	plate	
model	is	not	considered	as	suitable	for	the	description	of	fluid	flow	in	a	fractured	reservoir	(e.g.,	
Berkowitz,	2002;	Gilman,	2003).	Studies	show	that	irregular	fracture	geometries	result	in	flow	
restrictions	 to	 systems	 of	 narrow	 channels	 on	 the	 fracture	 planes	 (Brown	 et	 al.,	 1998).	
Watanabe	et	al.,	(2011)	used	X-ray	CT	scanning	and	3D	numerical	modelling	to	describe	these	
channeled	flow	paths	in	natural	fractures	in	a	granite.		

Diagenetic	 effects	 (i.e.	 dissolution	 and	 mineralization)	 on	 fractures	 might	 contribute	 to	
significant	 alterations	 on	 both	 fracture	 morphology	 and	 proportions	 (Fig.	 5.5).	 Normally,	
carbonate	rocks	are	relatively	chemically	reactive	compared	to	other	rock	types	and	variations	
in	cementation	and	dissolution	commonly	affect	the	aperture	(e.g.,	Bai	et	al.,	2000;	Brown,	2012;	
Chaudhuri	 et	 al.,	 2008)	 (Fig.	 5.5).	 The	 observations	 and	 data	 presented	 in	 this	 study	
demonstrate	 how	diagenesis	 has	 affected	 the	 fracture	 properties.	 The	 impact	 of	 diagenesis	 is	
especially	evident	in	the	spiculite	dominated	breccia	that	are	dominated	by	both	filled	and	open	
fractures	throughout	the	entire	facies	(Fig.	4.50).	The	fracture	planes	exhibit	 irregularities	and	
apertures	 that	 were	 intensified	 by	 diagenesis	 processes.	 This	 might	 result	 in	 enhanced	
channeling	 of	 fluid	 flow	 in	 a	 potentially	 reservoir.	 In	 the	 thin	 sections	 some	 fractures	 were	
observed	with	 large	cement	 filled	parts	and	 fractures,	making	these	unavailable	 for	 fluid	 flow.	
Diagenetic	 effect	 might	 also	 contribute	 to	 the	 development	 of	 vuggy	 fractures	 that	 offer	
increased	open	 fracture	 volume	 compared	 to	prior	 the	 alternation	(Fig.	 5.5).	 Chaudhuri	 et	al.,	
(2008)	showed	with	numerical	modelling	that	dissolution	along	fracture	planes	in	a	carbonate	
can	result	 in	 the	 formation	of	dominant	channels	 for	 flow.	The	geochemistry	of	 the	 fluids	 is	a	
parameter	 that	 controls	 if	 dissolution	 or	 cementation	 occurs	 within	 a	 fracture	 (e.g.,	 Moore,	
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2001).	Wennberg	et	al.,	 (2016)	 investigated	 three	outcrop	analogues	 to	study	the	 fluid	 flow	in	
carbonate	 reservoirs.	 They	 concluded	 that	 aperture	 variations	 result	 in	 channeled	 fluid	 flows	
instead	of	 fissure-type	 flow	which	 is	more	commonly	used	 in	modelling.	The	study	also	stated	
that	 diagenetic	 effects	 are	 important	 when	 assessing	 fluid	 flow	 in	 fractured	 carbonate	
reservoirs.		

Estimation	 of	 the	 spatial	 distribution	 of	 open	 or	 partly	 open	 fractures	 in	 the	 subsurface	 is	
typically	 based	 on	 a	 few	 direct	 observations	 from	 well	 data	 (e.g.,	 image	 logs,	 well	 tests,	
production	 data)	 of	 seismic	 reflection	 data.	 However,	 these	 methods	 are	 associated	 with	
uncertainties	due	to	diagenesis	effects,	multiscale	nature	of	fractures,	scale	gaps	of	observations	
and	seismic	resolution	limitations	(Wennberg	et	al.,	2016).		

5.3 From outcrop to geomodel 
The	 heterogeneity	 of	 the	 fracture	 network	 in	 a	 fractured	 carbonate	 reservoir	 is	 highly	
dependent	 on	 primary	 (stratigraphical)	 and	 secondary	 (structural	 and	 diagenetic)	 reservoir	
heterogeneities.	 Subsurface	 data	 (i.e.	 well	 and	 core	 data,	 seismic)	 generally	 have	 too	 low	
resolution	 to	 capture	 the	 detailed	 and	 spatial	 irregularity	 of	 complex	 fracture	 networks;	
therefore,	it	is	insufficient	for	proper	fracture	characterization	and	geological	modelling	of	such	
heterogeneous	carbonate	reservoirs	 (e.g.,	Casini	et	al.,	2016).	Hence,	outcrop	studies	offer	 the	
best	data	source	to	obtain	the	properties	of	a	fracture	network	and	its	heterogeneity.	Predicting	
mechanical	 responses	 of	 geologically	 structures	 in	 the	 field	 is	 of	 interest	 for	 the	 petroleum	
industry.	The	use	of	outcrops	provides	information	on	geometry	 that	is	 reduced	 in	subsurface	
data.	It	 is	especially	useful	to	understand	fracture	formation,	classification	of	fracture	sets	and	
their	 relative	 spatial	 distribution	 (e.g.,	Wennberg	 et	 al.,	 2016).	 Data	 on	 fracture	 frequency	 is	
difficult	 to	 extract	 from	 subsurface	 data	 and	 are	 therefore	 often	modelled	 or	 extracted	 from	
outcrops.	 The	 fracture	 parameters	 from	 outcrops	 can	 further	 be	 used	 to	 improve	 not	 only	
fracture	 estimates	 in	 the	 subsurface,	 but	 also	 for	 extensive	 reservoir	 modelling.	 Outcrop	
analogues	 and	 fieldwork	 are	 an	 important	 part	 of	 studies	 related	 to	 petroleum	 systems	
(Bowman	 et	 al.,	 2016)	 and	 have	 contributed	 to	 an	 improved	 understanding	 of	 subsurface	
reservoirs.		

The	 use	 of	 virtual	 outcrop	 data	 provides	 a	 large	 georeferenced	 database	 of	 fracture	
characteristics	and	 fracture	 geometry	 in	 a	potential	 subsurface	 reservoir	but	will	 not	provide	
any	 data	 on	 aperture	 or	 fluid	 flow	 (Bisdom	 et	 al.,	 2015).	 In	 contrast	 to	 other	 studies,	 the	
modelling	workflow	in	this	study	is	based	on	outcropping	fracture	networks	characterized	from	
both	 fieldwork	and	3D	virtual	outcrops,	as	input	 for	stochastic	geomodels	 (Fig.	3.3).	However,	
aperture	and	geometry	data	 for	single	 fractures	were	not	obtained	during	 fieldwork	and	were	
therefore	estimated	from	literature	data	(section	4.6.3).	Heavily	altered	outcrop	conditions	due	
to	weathering	processes	(i.e.	 frost-weathering,	chemical	weathering,	etc.)	are	assumed	to	have	
affected	the	aperture	of	 the	 fractures	 in	the	studied	outcrops.	Therefore	aperture	 from	field	 is	
considered	 to	be	 an	unreliable	parameter	 that	 could	not	be	properly	quantified	 from	outcrop	
data	 (e.g.,	 Ogata	 et	 al.,	 2014b).	 These	 assumptions	 is	 supported	 by	 the	 recent	 study	 by	 Van	
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Fig. 5.6: The horizons from field data that were used for the geological modelling are indicated on the virtual 
outcrop of the mountain in Esperantodalen (E_S). A grid with standard cell size of 50x50x10 m is added to 
illustrate the different scales and the use of virtual models as input for geological modelling. 

 
Stappen	et	al.,	(2018)	that	used	CT-scanning	to	investigate	the	aperture	of	sandstones	in	the	De	
Geerdalen	Formation	 as	 a	part	 of	 the	LYBCO2	project	 (e.g.,	 Braathen	et	 al.,	 2012;	Ogata	 et	 al.,	
2012;	Senger	et	al.,	2015b,	2013).	The	study	showed	that	 the	rocks	exposed	 in	 field	generally	
show	a	larger	and	better	aperture	compared	to	the	fractures	situated	deeper.	Fractures	situated	
deeper	with	increased	confining	pressure	tend	to	be	partly	closed	with	apertures	decreasing	up	
to	40	%	of	their	original	size	(Van	Stappen	et	al.,	2018).	Accurate	aperture	distribution	models	
for	outcropping	fractures	are	challenging	to	construct	and	the	aperture	is	recognized	to	change	
with	 fracture	spacing,	 in	situ	 loading	and	the	mechanical	properties	of	the	rock	(e.g.,	Bai	et	al.,	
2000).	It	is	common	to	only	consider	the	effect	of	the	mechanical	rock	properties	and	the	in	situ	
loading	 (National	 Research	 Council,	 1996)	 and	 therefore	 assume	 a	 constant	 aperture	 for	 all	
fractures	 in	 the	 total	area	of	 interests	regardless	of	 the	 fracture	spacing	(e.g.,	Bai	and	Pollard,	
2001;	Barton	and	Zoback,	1995;	Hewett,	1993;	Masanobu,	1986).	Only	burial-related	veins	are	
considered	to	reflect	somewhat	correct	representation	of	pre-exhumation	aperture	of	fractures	
(Bisdom	et	 al.,	 2015).	Alternatively,	more	 accurate	 fracture	 aperture	 can	be	obtained	 through	
geomechanical	modelling	methods	to	provide	more	sufficient	reservoir	modelling	of	 fluid	 flow	
(e.g.,	Olsson	and	Barton	2001).	A	method	combining	stress	state	estimations	with	outcropping	
geometries	will	result	in	better	representations	of	aperture	distribution	for	fractured	reservoir	
permeability	compared	to	studies	with	constant	apertures	(Bisdom	et	al.,	2017;	Makedonska	et	
al.,	2017).		

In	this	study,	data	acquired	from	outcrops	in	the	field	are	used	as	input	for	both	virtual	outcrop	
modelling	and	the	geological	modelling	in	Petrel.	In	addition,	analyses	from	the	virtual	outcrops	
have	 contributed	 to	 a	 bigger	 dataset	 that	 could	 be	 incorporated	 into	 the	 development	 of	 the	
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fracture	modelling.	 Photogrammetry	provides	 efficient	generation	of	 virtual	 outcrops	 that	 can	
be	used	to	acquire	data	for	modelling	(Hodgetts,	2013).	Virtual	outcrop	modelling	presents	the	
opportunity	to	study	and	understand	the	relative	impact	of	multi-scale	geological	features	(e.g.,	
faults,	fractures)	on	reservoir	analogues	(e.g.,	Agada	et	al.,	2014;	Agada	and	Geiger,	2013).	Fig.	
5.6.	show	parts	of	a	virtual	outcrop	obtained	from	the	main	locality	in	this	study,	Esperantodalen	
south	in	southern	Dickson	Land	(Fig.	4.6).	It	illustrates	which	stratigraphical	horizons	were	used	
as	 input	 facies	 modelling	 and	 to	 define	 LSU	 zones	 (section	 4.6.1).	 The	 interpretation	 of	 the	
horizons	is	based	on	the	mechanical	properties	within	the	different	sedimentological	units	and	
the	occurrence	of	the	defined	fracture	sets.		

Even	 if	 the	 geological	 history	 of	 the	 Kapp	 Starostin	 Formation	 and	 the	 equivalent	 Røye	
Formation	(offshore)	 (section	2.1.2.3)	are	comparable,	 the	 fact	 that	the	analogue	 is	situated	at	
the	surface	will	present	a	major	difference.	Changes	in	stress	conditions	related	to	the	rise	of	the	
onshore	sequences	from	a	reservoir	level	and	up	into	the	surface,	 lead	to	great	changes	in	the	
characteristics	of	the	fracture	network	(e.g.,	Mäkel,	2007).	It	is	important	to	compare	all	aspects	
of	 the	 geological	 history	 and	 considerate	 depth	 changes	 before	 outcrop	 data	 can	 fill	 gaps	 in	
subsurface	data	(e.g.,	Cacas	et	al.,	2001).		

By	combining	outcrops	studies	and	discrete	fracture	network	modelling	(DFN),	a	more	advanced	
and	 sophisticated	 approach	 for	 the	 characterization	 of	 fracture	 networks	 can	 be	 established	
(e.g.,	 Larsen	 et	 al.,	 2010).	 DFN	 models	 offers	 geometrical	 flexibility	 to	 capture	 geologically	
authentic	 variations	 in	 fracture	 geometry	 and	 aperture.	 These	 types	 of	 models	 can	 provide	
methods	 to	 explore	 the	 impact	 of	 filled	 fractures	during	 a	multiphase	 flow	(Agar	 and	 Geiger,	
2015).		

5.4 Discrete fracture modelling of a potential carbonate 
reservoir analogue: implications for reservoir properties in 
a carbonate reservoir 

This	 study	 includes	 modelling	 of	 a	 DFN	 by	 statistical	 sampling	 with	 a	 multi-scale	 approach,	
analyzing	 the	 highly	 fractured	 carbonate	 succession	 of	 the	 Kapp	 Starostin	 Formation,	 which	
represent	a	good	outcrop	analogue	for	the	carbonate	play	models	in	the	Barents	Sea	developed	
by	NPD	(section	2.3).	Fracture	modelling	in	Petrel	allowed	for	generation	of	the	natural	fracture	
networks	 to	 generate	data	on	 fracture	permeability,	 porosity	and	 connectivity	when	 changing	
the	 parameters.	 The	 petrophysical	 properties	 of	 the	 matrix	 where	 assigned	 through	
petrophysical	 modelling.	 This	 section	 provides	 a	 discussion	 on	 the	 use	 of	 DFN	 models	 for	
modelling	of	fractured	reservoirs	(section	5.4.1)	and	the	scale	issues	(section	5.4.2).	Further,	a	
discussion	of	 the	 results	 from	 the	 sensitivity	study,	with	 a	 focus	on	 fracture	porosity	 (section	
5.4.3)	and	fracture	connectivity	(section	5.4.4),	is	presented.	

5.4.1 Modelling of fractured reservoirs 
Fracture	network	modelling	approaches	are	mainly	used	 to	study	 the	 interconnectedness	and	
the	 hydraulic	 capabilities	 of	 a	 fracture	 network	 (Mäkel,	 2007).	 Dual	 porosity-permeability	
models	 (e.g.,	Warren	and	Root	1963)	 are	one	of	 the	most	 common	ways	 to	model	 large-scale	
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numerical	simulations	of	petroleum	reservoirs	(Gilman,	2003).	These	types	of	models	are	widely	
used	 in	 the	 industry	 to	 history	 match	 multiple	 fractured	 reservoirs	 to	 predict	 future	
performance.	 The	 fracture	 network	 is	 treated	 as	 a	 porous	 medium	 described	 by	 its	 fracture	
properties.	However,	these	properties	often	vary	a	lot	throughout	the	reservoir	which	leads	to	
several	issues	regarding	the	exchange	between	the	fractures	and	the	matrix.	

The	fracture	networks	used	in	this	study	are	modelled	with	stochastic	methods	in	a	DFN	model	
(e.g.,	Agada	and	Geiger,	2013;	Gilman,	2003;	Lei	et	al.,	2017;	Moinfar	et	al.,	2011;	Mäkel,	2007).	A	
DFN	model	is	built	on	the	spatial	mapping	of	fracture	surfaces	that	are	further	used	to	build	an	
interconnected	 network	 of	 fracture	 planes.	 Each	 fracture	 is	 explicitly	 represented	 (e.g.,	
Dershowitz	and	Fidelibus,	1999;	Kasiri	and	Bashiri,	2011;	Makedonska	et	al.,	2017)	(Fig.	4.53).	
The	 model	 is	 based	 on	 the	 fracture	 parameters	 acquired	 from	 outcrops	 and	 virtual	 outcrop	
analysis.	 The	 use	 of	 DFN	 models	 are	 impractical	 for	 field-scale	 modelling	 of	 a	 petroleum	
reservoirs	 due	 to	 the	 high	 computational	 effort	 that	 they	 require	 (e.g.,	 Gilman,	 2003).	
Makedonska	et	al.,	(2017)	state	that	an	advantage	of	constructing	DFN	models	over	continuum-
based	models,	 such	as	 the	dual	porosity/permeability	models,	 is	 that	 it	can	represent	a	wider	
range	 of	 transport	 phenomena	 when	 investigating	 flow.	 These	 phenomena	 can	 be	 linked	
explicitly	 to	 the	 fracture	 network	 properties,	 such	 as	 fracture	 density,	 size,	 orientation	 and	
aperture.	A	DFN	model	seizes	the	complexity	of	unconventional	reservoirs	better	than	the	more	
common	 dual-models	 and	 therefore	 present	 a	 more	 accurate	 representation	 of	 a	 fractured	
reservoirs	(Moinfar	et	al.,	2011).	

In	this	study,	the	DFN	models	were	kept	to	restricted	dimensions	and	the	number	of	grid	cells	
below	 1	million,	 to	 limit	 computational	 processing	 times	 (Fig.	 3.2,	 Table	 3.3).	 Considerations	
need	to	be	taken	in	account	when	determining	the	grid	dimensions	and	these	are	often	related	
to	the	choice	of	simulation	model	types	(Mäkel,	2007).	Some	fractures	were	modelled	implicitly	
instead	of	discrete,	because	the	total	number	of	discrete	fractures	elements	got	to	excessive	for	
modelling.	Discrete	fracture	features	in	3D	are	challenging	to	describe	and	compute	consistently	
(e.g.,	Gilman,	2003).		

The	model	is	upscaled	using	the	Oda	method	(Oda,	1985)	(Fig.	4.55).	The	method	determines	an	
effective	permeability	 tensor	by	 integrating	 the	 fracture	 conductivity	 of	 the	 fracture	 sets	with	
specified	 orientations.	 This	 is	 considered	 to	 be	 an	 efficient	 method	 for	 fracture	 network	
upscaling.	However,	 the	 effect	 of	 fracture	 size	 and	 connectivity	 is	not	 considered	 (e.g.,	Mäkel,	
2007).	Therefore,	in	principle,	the	method	can	only	be	used	for	fracture	networks	that	are	well-
connected	(Dershowitz	et	al.,	1998;	Gilman,	2003;	Will	et	al.,	2005).	

When	modelling,	a	great	amount	of	uncertainty	needs	 to	be	considered.	The	 input	parameters	
used	for	the	modelling	in	this	study	are	retrieved	from	rocks	that	are	situated	several	kilometers	
higher	up	than	the	location	of	a	potential	reservoir.	Rock	properties	on	outcrop	surfaces,	such	as	
fracture	length,	aperture,	geometry	etc.,	might	not	be	the	same	as	in	the	subsurface.	This	is	an	
important	 consideration	 that	 need	 to	 be	 taken	 in	 account	 when	 using	 outcrop	 analogues	 for	
modelling.	However,	a	realistic	DFN	model	is	expected	to	be	a	sufficient	and	good	way	to	display	
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and	highlight	the	potentials	of	a	fractured	reservoir	analogue.	This	assumption	is	supported	by	
numerous	 studies	 that	 have	 used	 DFN	 models	 for	 reservoir	 predictions	 and	 fluid	 flow	
simulations	(e.g.,	Agada	and	Geiger,	2013;	Agosta	et	al.,	2010;	Bisdom	et	al.,	2015;	Dershowitz	et	
al.,	 1998;	 Hardebol	 et	 al.,	 2015;	 Senger	 et	 al.,	 2013).	 A	 review	 by	 Lei	 et	 al.,	 (2017)	 briefly	
summarizes	the	challenges	for	the	use	of	DFN	models	in	the	future;	they	concern	the	realization	
of	 more	 realistic	 DFN´s,	 computational	 efficiency	 improvement,	 analysis	 of	 multi-physics	
processes,	upscaling	 for	large-scale	practical	applications	and	better	calibration	and	validation	
of	numerical	models.	Moinfar	et	al.,	(2011)	state	that	a	disadvantage	of	DFN	models	is	that	they	
typically	 lead	 to	 discrete	 arrays	 of	 equations	with	 complex	 structures	 that	 are	 hard	 to	 solve	
numerically.	 However,	 new	 efficient	 methods	 and	 great	 advances	 in	 numerical	 solutions	
improve	this	shortcoming.	

5.4.2 Scale issue – observations vs modelling cells 
The	 use	 of	 outcrop	 data	 as	 direct	 input	 in	 a	 geological	 grid	 model	 always	 involves	 issues	
regarding	scale	(e.g.,	Gilman,	2003;	Pickup	and	Hern,	2002).	Outcrop	heterogeneities	are	usually	
measured	 at	 smaller	 scales	 (i.e.	 centimeter	 to	meter),	whereas	 grid	 dimensions	 and	 upscaled	
fracture	properties	in	the	models	are	normally	represented	in	much	larger	scales	(i.e.	meters	to	
kilometers).	 Quantifying	 and	 integrating	 the	 different	 matrix	 pore	 structures	 and	 their	
accompanying	 deformation	 structures	 in	 a	 way	 that	 gives	 reasonable	 illustrations	 on	 their	
impact	 on	 reservoir	 scale	 is	 a	 key	 challenge	 when	 modelling.	 It	 is	 therefore	 challenging	 to	
properly	 link	 observations	 and/or	 processes	 across	 multiple	 scales.	 A	 variety	 of	 modelling	
methods	 is	 important	 for	 the	 integration	of	knowledge	across	scales,	but	also	disciplines	(e.g.,	
geology,	geophysics,	reservoir	engineering	etc.)	(Agar	and	Geiger,	2015).	

In	this	study,	the	model	is	incorporated	with	fracture	data	on	different	scales	(Table	3.3,	Fig	3.3).	
The	 outcrops	 illustrate	multiple	 different	 heterogeneities	 that	were	modelled	within	 the	 grid	
cells	 of	 the	 geological	model	 (Fig.	 4.52).	 All	 beds	 (layering)	were	 kept	 constant,	whereas	 the	
fractures	 exhibited	 a	 large	 variety	 of	 sizes.	 The	 modelled	 fracture	 shapes	 were	 constant.	
Typically,	 a	 rock	 volume	 equivalent	 to	 a	 grid	 cell	 in	 a	 stochastic	 model	 covers	 two	 levels	 of	
heterogeneity	(Pickup	and	Hern,	2002).	Regarding	fractures	in	this	study,	those	heterogeneities	
are	fractures	on	a	bed-confining	(BC)	scale	and	a	through-going	(TG)	scale.		The	BC	fractures	are	
modelled	with	 1-50	meters,	whereas	 the	 large	 TG	 fractures	 exhibit	 varying	 lengths	 up	 to	 the	
vertical	limit	of	the	model	(i.e.	245	m).	However,	to	avoid	computational	challenges,	the	length	of	
smaller	 fractures	 was	 adjusted	 (increased)	 compared	 to	 the	 field	 observations.	 This	 is	 one	
reason	 for	 the	 use	 of	 literature	 values,	 instead	 of	 field	 data,	 as	 geometry	 input	 parameters.	
Fractures	in	field	were	observed	to	be	on	centimeter	scale	but	were	kept	around	0.5-1.5	m	in	the	
2500x2500x0.245	 m	 grid	 model.	 Modelling	 smaller	 fractures	 in	 such	 a	 large	 model	 would	
probably	have	needed	stronger	computational	infrastructure.	Fractures	normally	show	a	multi-
scale	nature	with	fracture	lengths	extending	from	cm	to	several	km	(e.g.,	Wennberg	et	al.,	2016).	
These	lengths	are	often	scale-restricted	because	they	are	“stratabound”	fractures	(Odling	et	al.,	
1999).	 In	 this	 study,	 these	 fractures	 are	 referred	 to	 as	 the	 bed-confining	 fractures.	 Through-
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going	fractures	 that	are	not	restricted	 to	any	beds	are	often	shear	 fractures	and	may	exhibit	a	
wide	range	in	sizes,	from	µm-	scales	to	km-scales	(e.g.,	Odling	et	al.,	1999).		

A	representative	expression	of	the	fracture	network	geometry	and	permeability	on	a	reservoir	
simulation	grid	scale	is	commonly	achieved	by	using	upscaling	methods	based	on	the	geological	
scale,	 i.e.	the	hydraulic	and	geometric	characteristics	of	the	fracture	network	(Bourbiaux	et	al.,	
1999).	These	geological	scale	fracture	characteristics	are	normally	measured	on	a	meter	scale	or	
smaller,	whereas	the	grid	dimensions	for	 field-scale	models	or	reservoir	models	are	of	 tens	of	
meters	 or	 larger	 (e.g.,	Mäkel,	 2007).	 The	 incorporation	 of	 the	 fracture	 network	 from	 outcrop	
observations	to	a	grid	model	presents	challenges	in	terms	of	the	small-scale	quantities	(Gilman,	
2003).	 This	 results	 in	 a	 simplified	 representation	 reservoir	model	 of	 the	 authentic	 fractured	
reservoir	 (e.g.,	 Gorell	 and	 Bassett	 2001).	 Upscaling	 consequences	 need	 the	 be	 properly	
addresses	in	order	to	illustrate	the	detailed	geology	sufficiently.	It	is	highly	beneficial	that	model	
dimensions,	 interconnection	of	the	network,	and	flow	interactions	between	the	matrix	and	the	
fractures	are	captured	in	a	suitable	scale	(Mäkel,	2007).	A	typical	mid-sized	oil	field	is	between	2	
and	 20	 km	 in	 size,	with	 several	wells	 spaced	more	 than	 hundred	meters	 apart.	 The	 size	 of	 a	
geomodel	generally	spans	only	hundreds	of	meters	or	few	kilometers.	There	is	a	limited	number	
of	outcrops	 that	are	 large	enough	to	be	suitable	 to	understand	reservoir	geometries	at	a	 field	
scale	 (Howell	 et	 al.,	 2014).	 Modelling	 smaller	 synthetic	 models	might	 be	 beneficial	 for	 time-
saving	purposes.	However,	 in	the	subsurface,	very	 limited	 information	can	be	obtained	 from	a	
region	if	a	model	has	a	very	small	size	(Pickup	and	Hern,	2002).		

5.4.3 Fracture porosity 
In	the	sensitivity	tests	of	the	discrete	fracture	network	for	this	study,	the	focus	is	on	quantifying	
the	 impact	 of	 fracture	 density,	 aperture	 and	 length	 variations	 on	 the	 DFN	model.	 A	 primary	
fracture	porosity	 range	 close	 to	1	%	 is	 recorded	 in	 the	 fractured	 carbonates,	 typically	 around	
0.05-0.5	%.	Results	 from	published	 literature	about	 fracture	porosity	suggest	similarities;	Kim	
and	Schechter	(2009)	used	a	fractal	discrete	fracture	network	and	indicated	fracture	porosities	
from	 0.0001-0.1	 %,	 whereas	 semi-log	 calculations	 of	 fracture	 porosity	 from	 pressure	 data	
suggest	0.14	%	(Tiab	et	al.,	2006).	As	illustrated	by	the	results	from	sensitivity	tests	in	Fig.	4.54,	
the	fracture	porosity	is	strongly	related	to	the	fracture	aperture	and/or	density.	Similar	results	
have	 been	 documented	 by	 Senger	 et	 al.,	 (2015)	 for	 a	 unconventional	 siliciclastic	 reservoir	
projected	 for	 CO2	 sequestration.	 Their	 results	 indicated	 increasing	 trends	 with	 increasing	
fracture	aperture	or	fracture	densities.	However,	results	from	Boro	et	al.,	(2014)	indicated	that	
the	 fracture	 porosity	 is	 only	 showing	minor	 variations	when	 changing	 the	 aperture.	 Fracture	
aperture	is	often	documented	in	published	literature	using	measurements	from	computer-aided	
tomography	 X-ray	 scanners	 (e.g.,	 Keller,	 1998).	 Results	 by	 Zeng	 et	 al.,	 (2013)	 suggested	 that	
fractures	have	shown	contribution	of	up	to	4.5	%	(average	2.15	%)	on	the	porosity	in	a	reservoir	
of	 tight	sandstones	with	only	2.5	%	matrix	porosity.	The	 fracture	porosity	 is	a	 function	of	 the	
fracture	 spacing	and	the	 aperture	 and	 can	be	difficult	 to	determine	and	model	 (Mäkel,	 2007).	
Fracture	porosities	are	assumed	to	be	most	important	in	reservoirs	with	poor	matrix	properties.	
Therefore,	 in	 reservoirs	 with	 reasonable	 matrix	 permeabilities	 and	 good	 matrix	 storage	
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capacities,	the	value	of	fracture	porosity	is	irrelevant	(Mäkel,	2007).	However,	Witherspoon	et	
al.,	 (1980)	 state	 that	 fracture	 porosity	 will	 always	 be	 an	 important	 parameter	 as	 it	 is	
determining	the	fracture	permeability.		

The	 use	 of	 a	 small-scale	 synthetic	 fracture	model	 allows	 for	 several	 fracture	 realizations	 and	
upscaling	(Fig.	4.54).	This	is	important	to	take	into	consideration	for	the	various	uncertainties	
connected	 to	 fracture	 network	 characterization.	 By	 preforming	 sensitivity	 testing,	 the	 most	
suitable	 results	 from	 upscaling	 can	 be	 acquired	 and	 further	 used	 as	 input	 in	 a	dual-porosity-
dual-permeability	model	of	reservoir-scale	or/	flow	simulation.	

The	 sensitivity	 analysis	 conducted	 by	 Boro	 et	 al.,	 (2014)	 also	 presents	 the	 impact	 of	 other	
fracture	 variations	 that	 have	 not	 been	 investigated	 in	 this	 study.	 In	 addition	 to	 variations	 on	
fracture	aperture,	their	main	focuses	were	on	variations	connected	to	thickness	of	fracture	units,	
the	 fracture	 shape	 and	 dispersion	 level	 on	 fracture	 orientations.	 These	 results	 suggest	 that	
changing	dispersion	 level	 of	 orientations,	 the	 fracture	 shape	or	 fracture	unit	 thicknesses	have	
minor	to	none	influence	on	the	fracture	porosity	used	in	their	base	case.		

5.4.4 Fracture connectivity 
Fracture	connectivity	and	clustering	present	an	important	part	in	a	fractured	reservoir,	as	it	is	
affecting	 the	 reservoir	 productivity	 (Moinfar	 et	 al.,	 2011;	Mäkel,	 2007).	 Open,	 interconnected	
fractures	generally	provide	conduits	that	can	improve	the	extraction	of	hydrocarbons.	Fracture	
density,	 orientation,	 number	 of	 fracture	 sets	 and	 fracture	 geometry	 are	 factors	 that	 strongly	
affect	 the	 extent	 of	 interconnected	 fractures	 (e.g.,	 Balberg	 et	al.,	 1991;	Berkowitz	 et	al.,	 2000;	
Ghosh	and	Mitra,	2009;	Gillespie	et	al.,	1993;	Odling	et	al.,	1999).		

The	 sensitivity	 tests	 of	 the	 different	 DFN	 parameters	 provide	 an	 understanding	 on	 how	 the	
fracture	 features	affect	 the	connectivity.	The	results	show	that	various	apertures	do	not	affect	
the	 connectivity,	 and	 this	 is	 in	 accordance	 with	 results	 from	 Boro	 et	 al.,	 (2014)	 from	 the	
carbonate-rich	Latemar	Platform.	However,	changing	 the	 fracture	shape	ratio,	 fracture	density	
or	larger	spreading	of	fracture	orientations	will	enhance	the	fracture	connectivity	significantly	
(e.g.,	Boro	et	al.,	2014;	Watkins	et	al.,	2017).	Greater	fracture	density	provides	more	chances	of	
individual	fractures	to	intersect	each	other.	This	is	highlighted	by	the	discrete	fracture	modelling	
results	 that	 show	 higher	 frac_sigma	 (fracture	 connectivity)	 in	 the	 units	 with	 the	 highest	
frac_density	(fracture	density)	(Fig.	4.55).	Similar	results	are	described	by	Watkins	et	al.,	(2017).	
The	study	suggests	an	increase	in	fracture	connectivity	with	increasing	fracture	intensity	while	
assuming	 varying	 fracture	 orientation	 and	 lengths	 that	 provides	 a	 high	 number	 of	 fracture	
intersections	(Odling	et	al.,	1999).		

One	of	the	geological	models	includes	large	through-going	fractures	(TG)	collected	from	virtual	
outcrop	analysis	 in	LIME.	Analysis	of	 fracture	parameters	such	as	density	and	geometry	were	
obtained	using	virtual	scanlines	from	photogrammetry.	The	results	show	only	minor	changes	in	
the	 overall	 connectivity	 number	 (Fig.	 4.55).	 However,	 based	 on	 outcrop	 observations,	 the	 TG	
fractures	 are	 interpreted	 to	 intersect	 and	 connect	 the	 different	 LSUs	 and	 their	 fracture	
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networks.	The	 fractures	show	crosscutting	relationship	between	the	units	which	 increases	the	
connectivity	 and	 might	 also	 contribute	 to	 fluid	 flow	 within	 the	 different	 units.	 According	 to	
Gross	and	Eyal	(2007),	the	pre-existing	fractures	provide	progressive	linkage	that	develop	into	
TG	 fractures.	 The	 authors	 state	 that	 bed-confining	 fractures	 are	mainly	 playing	 an	 important	
role	in	this	linkage	process	as	they	offer	pre-existing	structures	that	are	obtainable	for	linkage	or	
to	 be	 re-opened,	 in	 order	 to	 accommodate	 stress	 propagation.	 Consequently,	 when	 the	 TG	
fractures	propagate	 and	develop,	 the	 stress	perturbation	 area	often	 leads	 to	 the	 formation	of	
new	fractures	in	thicker	beds,	while	in	thinner	beds	they	splay	in	different	pre-existing	fractures	
(Becker	and	Gross,	1996;	Corradetti	et	al.,	2018).	In	this	way,	the	growth	of	new	fractures	and	
linking	 of	 pre-existing	 ones	 produce	 more	 continuous	 TG	 fractures	 in	 thick	 units,	 whereas	
thinner	units	might	behave	as	impedance	levels	and	cancel	the	connectivity	(e.g.,	Corradetti	et	
al.,	2018).		

5.5 Reservoir potential of the Kapp Starostin Formation 
This	 section	 shortly	 summarizes	 some	 of	 the	 results	 of	 this	 study	 with	 a	 focus	 on	 the	 Kapp	
Starostin	Formation	as	a	potential	unconventional	reservoir.	It	is	an	addition	to	the	discussion	of	
the	reservoir	potential	in	section	5.2.4.	By	the	end	of	the	section,	the	Kapp	Starostin	Formation	
will	be	compared	to	other	spiculitic	reservoirs.			

Based	on	results	from	the	geological	modelling	(section	4.5),	with	a	focus	on	fracture	modelling	
(Figs.	 4.54,	 4.55),	 sedimentary	 logging	 (section	 4.1,	 Fig.	 4.1)	 and	 the	 thin	 section	 study	 (Figs.	
4.50,	4.51),	the	uppermost	parts	of	 the	Kapp	Starostin	Formation	could	exhibit	good	reservoir	
quality,	 both	 in	 terms	 of	 the	 fracture	 system,	 but	 also	 considering	 the	 facies	 distribution.	
According	to	Stemmerik	et	al.,	(1999),	the	carbonates	of	the	Tempelfjorden	Group	are	commonly	
tight	and	highly	silicified	with	 low	 reservoir	potentials.	 The	 authors	 state	 that	 the	 carbonates	
might	 therefore	 work	 as	 regional	 seals	 instead.	 However,	 this	 study	 experienced	 that	 the	
uppermost	 part	 of	 the	 formation	 mainly	 comprises	 strata	 with	 higher	 porosities	 and	 larger	
spiculites	that	may	represent	good	reservoir	potential.	These	results	are	in	accordance	with	the	
results	 by	 Ehrenberg	 et	 al.,	 (2001)	 from	 the	 same	 area	 (Esperantodalen)	 that	 recorded	
porosities	up	to	25	%	in	the	light	spiculitic	rocks.	The	porosity	of	the	light	spiculites	consists	of	
unfilled	 interparticle	 pores	 such	 as	 pores	 without	 silicified	 matrix	 and/or	 cement,	 and	 open	
diagenetic	 fractures	 (Ehrenberg	 et	 al.,	 2001).	 High	 porosities	 have	 also	 been	 recorded	 in	
spiculitic	 strata	 on	 the	 Finnmark	 Platform	 (wells	 7128/4-1	 and	 7128/6-1)	 (Ehrenberg	 et	 al.,	
1998).	 The	 results	 from	 this	 study	 indicate	 that	 in	 addition	 to	 diagenetic	 fractures,	 open	 or	
partly-filled	 tectonic	 fractures	also	contribute	 to	enhanced	 fracture	porosity	 in	 the	carbonates	
(Fig.	4.55).	The	dense	 fracture	system	recorded	 in	parts	of	 the	Kapp	Starostin	Formation	(Fig.	
4.55)	 is	 assumed	 to	 be	 well	 connected	 and	 act	 as	 conduits	 between	 the	 porous	 parts	 of	 the	
heterogenous	matrix	(see	section	5.2.4).		

As	discussed	earlier	(section	5.2.4),	parts	of	the	the	Kapp	Starostin	Formation	can	be	interpreted	
as	a	 type	 I	or	 II	 reservoir	where	 the	porosity	and	permeability	 is	 fully	or	partly	supported	by	
fractures	(Fig.	2.14,	Allan	and	Sun,	2003;	Mäkel,	2007;	Nelson,	2001).	Based	on	this	assumption	
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and	 the	 results	 from	 discrete	 fracture	 network	 modelling,	 the	 uppermost	 parts	 of	 the	 Kapp	
Starostin	 Formation	might	 represent	 an	 unconventional	 reservoir.	 The	 part	 of	 the	 formation	
shows	 intensely	 fractured	 strata	with	 relatively	 good	 fracture	 porosity	 and	 connectivity	 (Fig.	
4.55).		

Commercially	producing	hydrocarbon	reservoirs	 in	spiculitic	chert	have	been	described	 in	 the	
United	States	and	they	show	great	similarities	to	the	lithology	of	the	Kapp	Starostin	Formation	
(e.g.,	Mazzullo	et	al.,	2009;	Montgomery	et	al.,	1998;	Saller	et	al.,	1991).	The	results	presented	in	
a	study	by	Watney	et	al.,	(2001)	indicate	that	the	Missisipian	chat	reservoirs	in	Kansas	involve	
several	 facies	 that	 show	 resemblances	 with	 the	 chert-rich	 spiculites	 of	 the	 Kapp	 Starostin	
Formation.	Their	study	recorded	high	porosities	up	to	40	%	in	different	sponge-spiculitic	facies,	
also	associated	with	brecciation	and	vuggy	fractures.	However,	 in	some	cherty	lithologies	clay-
filled	 fractures	would	also	work	as	barriers	and	provide	permeability	blockage	(Watney	et	al.,	
2001).	Cherty	reservoirs	containing	discontinuous	fracturing,	similar	to	the	facies	in	this	study,	
have	 also	 been	 described	 in	 the	 Dollarhyde	 field	 in	 Texas	 (Saller	 et	 al.,	 1991).	 Several	
hydrocarbon	 reservoirs	 in	 south-central	 Texas	 are	 situated	 within	 the	 spiculite-dominated	
Cowley	Formation	(e.g.,	Mazzullo	 et	 al.,	 2009).	Different	 features	described	by	Mazzullo	 et	 al.,	
(2009),	 such	 as	 bedded	 and	 nodular	 spiculites,	 show	 countless	 parallels	 to	 the	 structures	
observed	from	southern	Dickson	Land	and	Sassendalen	in	this	study.	As	described	in	their	study,	
the	petroleum	reservoirs	are	mainly	situated	within	the	partly-highly	porous	spiculites,	but	also	
within	 less	porous	cherty	spiculites.	The	 investigated	section	 is	affected	by	 fracturing,	but	 the	
fracture	 system	 is	 not	 described	 in	 their	 study.	 However,	 they	 point	 out	 that	 the	 fractures	
probably	provide	enhanced	permeability,	as	well	as	additional	porosity	(Mazzullo	et	al.,	2009).		

5.6 Digital geology: advantages & disadvantages 
Digital	geology	provides	the	opportunity	to	obtain	more	data	and	get	a	larger	dataset	than	with	
only	traditional	fieldwork.	In	this	study,	digital	methods	have	contributed	to	obtain	orientation	
data	 from	 steep	 and	 inaccessible	 outcrops.	 A	 summary	 of	 advantages	 and	 disadvantages	 for	
digital	geology	methods	used	in	this	study	are	presented	in	Table	5.1.	

Table 5.1: Summary of pros and cons for using digital methods. All methods are used in this study. 

Digital methods Advantages Disadvantages 

Fieldmove Clino 
App 

o Measure orientation of planes and 
lines 

o Automatically saves GPS location for 
data 

o Data can be plotted directly in 
stereonets 

o Map over collected data  
o Can take notes and digital photos 
o Easily exported to a .csv or .kmz file 
o A higher number of fractures can be 

acquired compared to compass 
measurements 

o Digital devices are power demanding 
and need extra powerbanks, especially 
in cold conditions, such as in the Arctic 
and Svalbard 

o Android devices show more 
irregularities in strike/dip direction than 
IOS products, and the data should be 
correlated to compass measurements 
often to check instabilities 



CHAPTER 5 | Discussion 

 119 

Virtual outcrops 
from 

photogrammetry 

o Software is easy to learn and use 
o Acquiring digital photos is easy and 

cheap. Any camera with integrated 
GPS or mounted GPS can be used 

o Taking photos for an outcrop is time 
efficient and can save time spent in 
the field 

o Models can be used for structural 
analysis  

o Gives the opportunity to study and 
interpret outcrops indoors after 
finished fieldwork 

o Digital photos cannot be acquired 
during bad weather 

o Modelling software is often very 
expensive 

o Processing of each virtual outcrop can 
be very time consuming 

Structural 
analyses of 

virtual outcrop 
models 

o If outcrop is oriented correctly, 
reliable fracture orientation data can 
be measured 

o By using software (i.e. Planedetect), 
analysis of orientation is very quick 
compared to field measurements 

o Inaccessible part of the outcrops can 
be measured 

o Contributes to a stronger and larger 
dataset combined with fieldwork 
measurements 

 

o If outcrop is oriented wrongly, 
measurements will show wrong results 
and can therefore not be used 

o The results from the analysis are highly 
dominated by planes oriented parallel 
to outcrop 

o Analyses might pick up measurements 
from loose rocks and bedding surfaces 

Fracture spacing 
analyses from 

high-resolution 
digital photos 

o Fracture spacing analysis from photos 
is very time efficient, standard 
scanlines in field takes a lot of time to 
acquire 

o Spacing analysis from digital photos 
have a more accurate scale than 
similar spacing analyses done in field 

o Allows for detailed analysis due to 
their high quality 

o A scale needs to be added to the digital 
photos based on a known scale 
measured in the field, or an object 
placed in the photo 

o Objects located in the foreground seem 
bigger than they really are 

o Digital photos capture only a limited 
part of the outcrop 

Fracture spacing 
analyses from 
tiled models 

o Scanline collection in field is time 
consuming 

o Images from the tiled model have a 
uniform scale 

o Tiled models are accurate and have 
high resolution 

o Tiled models can only be exported to 
certain file formats and not be used 
with any interpretation software 

o The high quality of the tiled model is 
partly lost because the model needs to 
be print-screened to be viewed in 
anything other software than Agisoft 

o It could take a lot of time to process the 
tiled model 

 

An	iPhone	6S	with	the	app	Fieldmove	Clino	(section	3.1.3,	Vaughan	et	al.	2014)	was	used	as	main	
tool	 for	 the	 acquisition	 of	 structural	 orientation	 data	 in	 field.	 The	 app	 allows	 collection	 of	
structural	data,	digital	photos	and	notes	automatically	saved	with	GPS	coordinates.	This	makes	
the	data	easy	to	import	into	3D	software	for	displaying	and	interpretation	(i.e.	Move	or	Google	
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Earth	Pro).	By	importing	the	data	into	another	software,	orientation	data	can	be	correlated	with	
respect	 to	 topography	and	 location,	 and	other	digital	 data,	 such	 as	 geological	maps,	 elevation	
models	and	virtual	outcrop	models.	The	app	is	mainly	used	to	measure	structural	orientations.	
Novakova	 and	 Pavlis	 (2017)	 researched	 the	 use	 of	 smart	 phones	 and	 tables	 for	 structural	
orientation	 measurements,	 including	 the	 Fieldmove	 Clino,	 and	 concluded	 that	 the	 magnetic	
sensors	are	too	unstable	for	measurements	to	be	valid.	This	is	supported	by	a	master	thesis	by	
Festøy	(2017)	that	recorded	incorrect	strike	orientations	and	had	to	control	every	measurement	
with	a	compass.	However,	in	this	study	the	measurements	acquired	with	the	app	installed	on	an	
iPhone	6S	are	considered	accurate	and	valid.	The	measurements	were	controlled	by	a	compass	
on	almost	every	outcrop	 to	make	sure	 the	magnetic	sensors	worked	good	enough.	This	 is	 fact	
supported	 by	 Allmendinger	 et	 al.,	 (2017)	 that	 indicate	 that	 Apple	 devices	 can	 be	 used	 to	
successfully	 collect	 structural	 data	 if	 best	 practice	 is	 followed.	 The	 study	 carried	 out	 by	
Novakova	and	Pavlis	 (2017)	was	based	on	Android	devices.	The	app	provides	a	 time	efficient	
method	 of	 collecting	a	 large	 dataset	 of	 fracture	 orientation	 data,	 for	 example,	 in	 this	 study,	 a	
total	 of	 5165	 fractures	were	measured	with	Fieldmove	Clino,	 compared	 to	only	359	 fractures	
measured	with	 a	 normal	 compass	 (Table	 4.2).	 Practical	 experiences	 from	 fieldwork	 indicates	
that	 data	 collected	 with	 digital	 methods	 can	 provide	 robust	 results,	 especially	 from	 larger	
datasets	(Senger,	personal	comm.).	

Photogrammetry	used	to	generate	virtual	outcrop	models	(section	3.2.1,	e.g.,	Bemis	et	al.,	2014;	
Casini	et	al.,	2016;	Pringle	et	al.,	2006)	is	considered	a	relatively	user	friendly	and	cheap	method.	
Photogrammetry	 is	 a	 great	 advantage	when	 time	 during	 fieldwork	 is	 limited,	 since	 obtaining	
digital	photos	 for	3D	virtual	outcrop	modelling	can	done	 in	a	relatively	short	amount	of	 time.	
However,	 processing	 the	 data	 in	 Agisoft	 Photoscan	 Professional	 can	 take	 numerous	 hours	 or	
days	 depending	 on	 the	 photo	 resolution	 and	 the	 desired	 quality	 of	 the	 model.	 Similar	
observation	was	documented	by	Enge	 et	al.,	 (2007),	which	experienced	that	each	step	 for	 the	
data	processing	of	the	virtual	outcrops	took	hours	to	weeks.	A	virtual	outcrop	model	needs	to	be	
provided	with	accurate	geographical	coordinates	to	be	used	for	orientation	measurements.	If	the	
model	 is	 processed	 correctly	 and	 the	 quality	 is	 good	 enough,	 the	 method	 offers	 excellent	
opportunities	 for	 orientation	 studies	 that	 would	 be	 very	 time-consuming	 to	 obtain	 through	
normal	fieldwork.	Virtual	outcrops,	from	both	photogrammetry	and	LiDAR	imaging,	can	reveal	
structures	 (i.e.	 faults,	 fractures,	 3D	 structures)	 that	 have	 not	 been	 observed	 previously	 from	
ground	or	regular	fieldwork	(Agar	and	Geiger,	2015).	Virtual	outcrops	are	highly	supported	by	
similar	studies	(e.g.,	Bisdom	et	al.,	2017;	Casini	et	al.,	2016;	Enge	et	al.,	2007)	that	also	generated	
virtual	models	from	outcrops	to	obtain	data	for	reservoir	simulation	models.	Enge	et	al.,	(2007)	
also	state	that	the	modelling	of	virtual	outcrops	is	bridging	gaps	between	seismic	and	well	data	
and	contributes	to	properly	understand	geological	3D	geometries	in	the	subsurface.		

By	using	Planedetect	(section	3.2.3,	Vöge	et	al.,	2013),	the	virtual	outcrop	models	could	be	used	
to	 acquire	 automatically	 structural	 orientation	 data,	 in	 addition	 to	 fracture	 measurements	
obtained	 in	 field.	However,	 this	requires	 the	virtual	outcrop	model	 to	be	correctly	oriented	 in	
space.	 In	this	study,	a	total	of	7269	 fractures	have	been	analyzed	 from	virtual	outcrop	models	
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using	 Planedetect	 (Table	 4.2).	 As	 concluded	 by	 Vöge	 et	 al.,	 (2013),	 the	 algorithms	 used	 in	
Planedetect	offer	fast,	efficient	and	accurate	automatic	mapping	of	planes.	Most	of	the	mapped	
fractures	 in	 this	 study	 are	 oriented	 parallel	 to	 outcrop	 orientation,	 opposite	 to	 fractures	
measured	 in	scanlines	 that	will	be	dominated	by	perpendicular	oriented	planes.	This	has	also	
previously	been	pointed	out	by	Senger	et	al.,	(2015)	and	Festøy	(2017).	Window	sampling	using	
the	 Fieldmove	 Clino	 app	 was	 the	 preferred	 measuring	 method	 for	 planes	 in	 this	 study.	
Therefore,	the	dataset	from	the	field	contains	more	outcrop-parallel	data	than	if	 it	would	have	
using	 the	 scanline	method	 only.	 Combining	 data	 from	 virtual	 outcrop	 analysis	 and	 fieldwork	
provides	a	much	larger	dataset	than	with	only	field	data.		

In	 this	 study,	 fracture	 spacing	 analysis	 from	 high-resolution	 digital	 photos	 is	 preferred	 over	
similar	 analysis	 based	 on	 tiled	models.	 This	 is	 because	 the	 digital	 photos	will	 overall	 have	 a	
higher	quality	than	the	tiled	model.	The	quality	of	the	tiled	model	is	of	course	dependent	on	the	
quality	of	 the	virtual	outcrop	model,	but	highly	 fractured	outcrops,	 like	 the	ones	 in	 this	study,	
are	often	showing	a	lower	quality	because	they	are	often	lacking	the	smaller	details.	However,	
using	the	tiled	model	provide	the	option	to	analyze	larger	parts	of	the	outcrop	with	a	constant	
scale.	 A	 tiled	 model	 with	 high	 enough	 quality	 requires	 many	 close-up,	 overlapping,	 high-
resolution	 digital	 photos.	 Experiences	 from	 this	 study	 show	 that	 too	 many	 high-resolution	
digital	 photos	 can	 increase	 the	 processing	 time	 in	 Agisoft	 Photoscan	 significantly	 and	 can	 in	
worst	 case	 cause	 the	 computer	 to	 crash.	 However,	 larger	 outcrops	 that	 are	 sufficient	 for	 the	
interpretation	of	 large-scale	 structures,	 such	 as	 faults,	 large	 fractures	 and	 folding,	will	 benefit	
from	 photogrammetry	 even	 when	 obtained	 from	 a	 distance	 with	 a	 small	 number	 of	 digital	
photos.	 Several	 virtual	 outcrop	 models	 in	 this	 study	 are	 based	 on	 photogrammetry	 from	 a	
distance	(i.e.	Skansen,	Esperantodalen	south,	Esperantodalen	north).		

As	mentioned	in	section	3.2,	the	field	season	on	Svalbard	is	limited	to	approx.	3	months	due	to	
the	snow	cover.	Fieldwork	in	the	Arctic	is	in	general	challenging	due	to	the	harsh	weather,	and	
polar	 bears,	 but	 also	 the	 time	 spend	 in	 field	 is	 limited	 due	 to	 high	 logistical	 costs	 and	
inaccessibility.	 Accessing	 geological	 structures	 from	 fieldwork	 has	 become	more	 quantitative	
with	the	help	of	digital	acquisition	devices	such	as	tablets,	iPhones	and	tools	like	LiDAR	scanning	
and	photogrammetry.	One	of	the	greatest	advantages	of	digital	geology	is	the	option	to	“re-visit”	
an	outcrop	after	the	fieldwork.	By	generating	a	virtual	outcrop	model,	it	is	possible	to	visualize	
and	interpret	the	visited	outcrop	when	getting	back	to	the	office.	In	this	study,	various	models	
were	imported	into	LIME	(section	3.2.2,	Buckley	et	al.,	2008)	to	correlate	interpretations	from	
digital	 photos	 or	 fieldwork.	 Taking	 the	 advantages	 and	 disadvantages	 of	 digital	 geology	 into	
account	together	with	my	own	experience	in	this	study,	I	am	convinced	that	a	dataset	is	stronger	
by	combining	data	 from	fieldwork	and	virtual	outcrop	models.	 In	addition,	 the	quantity	of	 the	
data	would	not	be	as	large	without	the	use	of	digital	acquisition	devices.		
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5.7 Sources of error and future research 

5.7.1 Sources of error and uncertainties  
A	 geological	 model	 is	 generally	 built	 from	 both	 subjective	 interpretation	 of	 data	 and	
mathematical	 interpolation/extrapolation	 techniques.	 Therefore,	 the	 model	 contains	
uncertainties.	The	sources	of	error	can	be	connected	to	data	acquisition,	the	input	parameters	or	
the	process	of	geological	modelling.	A	short	discussion	related	to	some	of	these	sources	of	errors	
is	presented	in	this	section.		

5.7.1.1 Data acquisition  
There	 are	 always	 some	 errors	 tied	 to	 the	 data	 acquisition	 in	 the	 field.	 Often	 acquisition	 of	
outcrop	data	provide	uncertainties	in	the	dataset	by	several	factors;	(i)	the	natural	variability	is	
not	 properly	 captured,	 (ii)	 the	 accuracy	 of	 the	 data,	 and/or	 (iii)	 the	 representativeness	 of	
measurements	is	variable	and	insufficient	(e.g.,	Martinius	and	Næss	2005).		

Errors	 and	 uncertainties	 caused	 by	 sampling	 biases	 when	 measuring	 fractures	 in	 this	 study	
were	 considered,	 such	 as	 uneven	 fracture	 surfaces,	 poor	 measuring	 or	 magnetic	 field	
disturbances.	 The	 outcrop	 quality	was	 of	 poor	 quality	 in	 some	 places	 due	 to	weathering	 and	
steepness	 and	 this	 might	 have	 affected	 the	 measured	 data.	 A	 combination	 of	 limited	 time,	
challenging	weather	conditions	and	steep	terrain	 limits	the	 length	of	scanlines	and	number	of	
measurements.	 Santos	 et	 al.,	 (2015)	 summarized	 the	 factors	 that	 could	 generate	 potential	
uncertainties	 in	 data	 from	 fieldwork;	 (a)	 subjective	 uncertainties	 generated	 by	 the	 operator	
during	data	 acquisition,	 (b)	naturally	prone	uncertainties,	 generated	by	 fracture	 clustering	or	
diagenetic	effects	on	the	fracture	system,	and	(3)	intrinsic	uncertainties	generated	by	the	tools	
used	for	the	measuring.		

Problems	caused	by	uncertainties	related	 to	the	data	acquisition	can	affect	 the	composition	of	
the	geological	model	of	the	naturally	fractured	reservoir	due	to	misleading	trends	(e.g.,	Santos	et	
al.,	 2015).	 This	 is	 also	 supported	 by	 Howell	 et	 al.,	 (2014).	 They	 state	 that	 the	 knowledge	 of	
potential	 sampling	 errors	 that	 can	 bias	 the	 outcrop	 measurements,	 is	 fundamental	 if	 invalid	
conclusions	 are	 to	 be	 avoided	 from	 results	 or	 subsequent	 implementation	 of	 the	 data	 in	
modelling	workflows.		

The	 scale	 differences	 of	 the	 fractures	 collected	 in	 traditional	 scanlines	 and	 virtual	 scanlines	
provide	 a	 source	of	 error.	The	 results	 from	 two	 scanlines	 in	 light	 spiculitic	 illustrated	 in	Figs.	
4.48	 and	4.49	 are	separated	due	 to	 the	difference	 in	 scales.	The	 fractures	are	measured	 to	be	
significantly	shorter	in	scanlines	conducted	in	field	compared	to	the	fractures	interpreted	from	
virtual	scanlines.		

The	 orientation	 of	 the	 virtual	 outcrops	 might	 be	 a	 little	 off	 and	 provide	 some	 uncertainties	
connected	to	the	fracture	measurements	conducted	by	Planedetect	or	in	LIME.	However,	this	is	
not	considered	to	be	of	major	concern	as	the	outcrop	orientations	were	checked	multiple	times.		
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5.7.1.2 Geological modelling 
Stochastic	modelling,	as	performed	in	this	study,	provides	number	of	uncertainties	related	to	the	
model	 generated.	 The	 model	 outcome	 needs	 to	 be	 adapted	 to	 hard	 facts.	 That	 in	 turn	 also	
includes	some	uncertainties.	In	this	study,	these	uncertainties	are	thought	to	mainly	be	related	
to	the	input	data.	Factors	such	as	data	acquisition	problems	(section	5.6.1.1),	quality	checking,	
scale	issues	etc.	could	have	affected	the	input	data	before	implementing	it	 into	the	model.	The	
model	 setup	 usually	 requires	 some	 assumptions,	 e.g.,	 facies	 or	 petrophysical	 property	
distributions.	Commonly,	those	assumptions	have	significant	uncertainties	attached	to	them.	It	
is	also	important	to	note	that	geological	models	are	complex	mathematical	functions	with	non-
unique	 solutions	 and	 no	model	 is	 ever	 100	%	 correct.	 It	 is	 therefore	 critical	 to	 use	multiple	
models	and	realizations,	as	results	from	a	single	model	will	always	deviate	from	the	reality.	The	
uncertainty	of	 the	model	 is	 reflected	by	a	suite	of	 realizations,	meaning	that	 the	spread	of	 the	
realization	outcomes	highlights	 a	 larger	uncertainty	of	 the	 input	parameters.	A	 crucial	 part	 of	
stochastic	 reservoir	modelling	 and	 fluid	 flow	 simulation	 studies	 is	 reduction	 and	 uncertainty	
analyses.	 Geological	 uncertainty	 assessment	 through	 analysis	 of	 multiple	 stochastic	 model	
realizations	for	the	different	input	parameter	values	that	are	used	are	under-estimating	and	do	
not	 properly	 represent	 the	 full	 range	 of	 geological	 uncertainties	 (e.g.,	 Senger	 et	 al.,	 2015b;	
Svanes	et	al.,	1994).	This	is	because	the	errors	and	uncertainties	related	to	outcrop	data	are	not	
considered	 (Martinius	 and	 Næss,	 2005).	 Additionally,	 the	 nature	 and	 relative	 significance	 of	
uncertainty	are	linked	to	the	nature	of	the	parameter	calculated	(Massonnat,	2000).		

As	mentioned	 in	section	5.4.1,	using	outcrop	data	as	 input	 for	models	requires	caution	due	 to	
rock	alternations	during	exhumation	and	weathering.	Especially	weathering	and	diagenesis	are	
critical	factors	in	carbonates	as	they	might	influence	the	rock	properties	and	fracture	networks	
significantly.		

5.7.2 Future research 
This	study	focuses	on	the	integration	of	outcrop	data	into	a	geological	model,	with	the	emphasis	
on	characterizing	the	natural	fracture	network	in	the	Kapp	Starostin	Formation.	However,	more	
work	could	be	done	 in	order	 to	develop	a	better	understanding	of	the	reservoir	quality	in	the	
formation	 as	 an	 analogue	 for	 a	 fractured	 carbonate	 reservoir.	 Suggestions	 for	 future	 studies	
include:	

• A	 better	 understanding	 on	 cementation	 rates	 of	 fractures	 and	 faults	 and	 in	 the	 Kapp	
Starostin	 Formation	 is	 necessary	 in	 order	 to	 predict	 fluid	 flow	 and	 characterize	 the	
reservoir	quality	further.	

• As	with	 any	 other	 data-based	 geomodel,	 there	 are	 opportunities	 for	 improvement	 by	
including	supplementary	data	sets.		

o A	 detailed	 sedimentological	 analysis	 could	 be	 implemented	 into	 the	modelling	
software	in	order	to	understand	the	petrophysical	properties	of	the	matrix.		

o An	improved	understanding	of	the	dominant	sedimentary	facies	and	their	spatial	
extent	could	be	used	as	input	for	object-based	facies	modelling.		
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o Incorporation	of	structural	heterogeneities	such	as	sub-seismic	faults	to	improve	
the	overall	structure	of	the	model.		

• The	discrete	fracture	network	models	can	be	developed	further	in	order	to	run	fluid	flow	
simulations	and	investigate	the	hydraulic	potentials	of	the	model.	

• It	would	be	beneficial	to	compare	the	results	of	fracture	characterization	from	this	study	
with	core,	borehole	data	and	subsurface	data	from	the	Barents	Sea.	

• Further	studies	of	the	fracture	system	in	the	Kapp	Starostin	Formation	in	other	parts	of	
Svalbard	would	contribute	to	the	identification	of	changes	in	the	fracture	systems,	which	
can	lead	to	further	discussions	of	the	regional	fracture	trends.		
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6 Conclusions 
This	 study	 integrates	 multi-scale	 outcrop	 data	 from	 fieldwork	 and	 virtual	 outcrops	 in	 a	
geological	 model	 in	 order	 to	 investigate	 the	 natural	 fracture	 network	 in	 the	 Kapp	 Starostin	
Formation	 and	 its	 potential	 as	 an	 unconventional	 fractured	 reservoir.	 Based	 on	 this	 study,	 I	
draw	the	following	conclusions:		

• The	 fractures	 in	 the	 Kapp	 Starostin	 formation	 can	 be	 classified	 into	 7	 high-angled	
fracture	sets	(F1-F7)	striking	NW-SE	to	NNE-SSW	and	NE-SW	to	W-E.	Most	fractures	are	
oriented	along	two	main	orientations;	NNW-SSE	and	ENE-WSW.		
	

• The	fractures	are	interpreted	to	have	developed	in	and	been	affected	by	several	tectonic	
settings;	 (1)	 ENE-SSE	 transpressional	 tectonics	 in	 Palaeogene	 times,	 (2)	 reactivation	
during	rotation	of	the	horizontal	compression	from	NE-SW	to	ENE-WSW	in	Palaeogene,	
(3)	Early-Cretaceous	extension	and	tectonic	movement	along	the	Billefjorden	Fault	Zone	
(4)	uplift	and	unloading	during	Cenozoic.	
	

• In	addition	to	tectonic	fractures,	the	strata	are	highly	affected	by	diagenetic	fractures	and	
veins	that	originated	during	early	burial	and	deposition.	
	

• Based	on	the	acquired	dataset	in	this	thesis	a	state-of-the-art	conceptual	model	has	been	
constructed	 in	 order	 to	 explain	 the	 fracture	 development	 within	 the	 Upper	 Permian	
Kapp	Starostin	Formation	in	central	Spitsbergen.	
	

• This	 study	 shows	 that	 the	 mechanical	 properties	 and	 lithology	 control	 the	 fracture	
density.	 Fracture	 frequency	 and	 spacing	 follow	 a	 general	 trend	 connected	 to	 the	 bed	
thickness.	Thicker	beds	show	 less	fracturing	with	more	spread	spacing.	Sedimentology	
and	diagenesis	also	control	parameters	such	as	geometry	and	distribution.		
	

• Obtaining	 data	 from	 outcrops	 for	 fracture	 characterization	 in	 the	 subsurface	 is	
challenging,	especially	due	to	the	observation	and	measurement	limitations.	Weathering	
and	 stress	 release	 might	 have	 affected	 the	 outcrop.	 However,	 the	 results	 are	 still	
considered	 to	be	 valuable	 in	 the	development	of	 discrete	 fracture	network	models	 for	
subsurface	reservoirs.	
	

• Observations	from	outcrop	and	thin	section	studies	indicate	that	most	fractures	are	open	
or	 partly	 filled	 and	 can	 therefore	 contribute	 as	 conduits	 for	 fluid	 flow.	 However,	
diagenetic	effect	(i.e.	cementation	and	dissolution)	need	to	be	taken	into	account	when	
addressing	fluid	flow	in	a	fractured	carbonate	reservoir.		
	

• Petrophysical	 modelling	 of	 the	 matrix	 properties	 includes	 results	 from	 thin	 sections	
studies	and	data	from	literature	and	is	tied	to	the	defined	litho-structural	units.	
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• A	discrete	 fracture	network	 is	modelled	using	outcrop	data	 from	fieldwork	and	virtual	

outcrops	 as	 stochastic	 input.	 Exploiting	 observations	 and	 data	 from	 outcrops	 clearly	
offer	 a	 better	 understanding	 of	 the	 heterogeneity	 of	 the	 fracture	 characteristics	 in	 a	
subsurface	reservoir.	
	

• The	 study	 shows	 the	 importance	 of	 how	 natural	 fracture	 networks	 affect	 fluid	 flow	
internally	in	a	heterogeneous	system	such	as	a	carbonate	reservoir.		
	

• Sensitivity	 tests	 were	 conducted	 in	 order	 to	 study	 the	 impact	 of	 different	 fracture	
parameters	 on	 the	 fracture	 porosity.	 Parameters	 such	 as	 fracture	 aperture,	 fracture	
density	 and	 fracture	 lengths	were	 changed	and	analyzed.	 The	 results	 suggest	 that	 the	
fracture	porosity	is	highly	sensitive	to	changes	in	fracture	aperture	and	fracture	density,	
whereas	the	fracture	length	show	no	significant	impact.	
	

• The	 large	 through-going	 fractures	 identified	 from	 virtual	 outcrops	 are	 interpreted	 to	
affect	the	overall	fracture	connectivity	by	cutting	through	several	litho-structural	units.	
	

• The	 uppermost	 parts	 of	 the	 Kapp	 Starostin	 Formation,	 comprising	 porous	 and	 highly	
fractured	light	spiculitic	rocks	and	brecciated	spiculite	facies,	may	represent	a	potential	
reservoir	unit	where	the	fractures	connect	the	porous	molds	of	the	spiculites.	
	

• The	 use	 of	 digital	 geology	 has	 strengthened	 the	 dataset	 in	 this	 study	 significantly.	
Especially	 the	 use	 of	 mobile	 devices,	 as	 well	 as	 virtual	 outcrops	 for	 structural	
measurements,	has	proven	to	be	very	efficient.		
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Appendix A: Virtual outcrop models 
This	appendix	presents	pdf	files	for	some	of	the	virtual	outcrops	with	the	highest	quality.	These	
files	can	be	viewed	with	Adobe	Acrobat	Reader	after	downloading.	The	resolution	of	all	pdf´s	are	
reduced	in	order	to	be	used	with	simpler	software.	Additionally,	the	virtual	outcrop	generated	
for	Esperantodalen	north	is	presented	in	Fig.	8.1.		

	

PDF files: 
• Esperantodalen	south	(E_S)	

• Esperantodalen	north	(E_N)	

• Brattlidalen	#	ɉ"dͺÃ)	

• Heimenfjellet	(H)	

• Skansen	(S)	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://1drv.ms/b/s!Avg8ubmZ_7T9rT57jRk0KIBudYKg
https://1drv.ms/b/s!Avg8ubmZ_7T9rTr2IFk05E7Eexk_
https://1drv.ms/b/s!Avg8ubmZ_7T9rT1T901pryQ9SgV6
https://1drv.ms/b/s!Avg8ubmZ_7T9rT8o5mPHsmMDhu9x
https://1drv.ms/b/s!Avg8ubmZ_7T9rUCuxThcrjDMe8_l
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Appendix B: Processing reports for the virtual outcrop 
models 
Processing	reports,	generated	directly	in	Agisoft	Photoscan,	is	presented	for	each	virtual	outcrop	
model.	These	reports	can	be	downloaded	from	the	links	down	below.	More	information	on	the	
different	 sections	 of	 the	 reports	 is	 indicated	 in	 Agisoft	 (2017).	 A	 summary	 of	 the	 main	
information	for	all	virtual	outcrops	are	also	presented	in	table	3.2	(section	3.1.2).	

PDF files: 
• Esperantodalen	south	(E_S)	

• Esperantodalen	north	(E_N)	

• Eskerfossen	north	(Ef_n)	

• Eskerfossen	east	(Ef_e)	

• Brattlidalen	C	(Bd_c)	

• Brattlidalen	E	(Bd_e)	

• Brattlidalen	F	(Bd_f)	

• Brattlidalen	G	(Bd_g)	

• Heimenfjellet	(H)	

• Skansen	(S)	

 

 

  

https://1drv.ms/b/s!Avg8ubmZ_7T9rTmNJh8kZ2FaNRZN
https://1drv.ms/b/s!Avg8ubmZ_7T9rThO-AnCAZcG5msR
https://1drv.ms/b/s!Avg8ubmZ_7T9rTfg-iEx0lF1FgTt
https://1drv.ms/b/s!Avg8ubmZ_7T9rTYMb6tqSbKQ71Bk
https://1drv.ms/b/s!Avg8ubmZ_7T9rTJpDIiychLu7_lV
https://1drv.ms/b/s!Avg8ubmZ_7T9rTOacMXnFUmg7OGO
https://1drv.ms/b/s!Avg8ubmZ_7T9rTT0ElBB8lSV7Huc
https://1drv.ms/b/s!Avg8ubmZ_7T9rTWautesv-Q00ohi
https://1drv.ms/b/s!Avg8ubmZ_7T9rTtu9P5Sgk04qz7d
https://1drv.ms/b/s!Avg8ubmZ_7T9rTwnZn-xNtnlLMLz
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Appendix C: Analyzed planes in Planedetect 
Fracture	planes	analyzed	with	the	software	Planedetect	are	presented	in	the	figures	below.	The	
program	did	not	have	 any	 legend	that	 explained	 the	 color	 codes	used	on	 the	different	planes.	
However,	colors	that	show	similarities	are	indicating	comparable	orientations.		
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Appendix D: Scanlines 
All	 data	obtained	 through	 traditional	 scanlines	 in	 field	 is	presented	below.	All	 scanlines	were	
conducted	using	a	2	m	long	measuring	stick	and	the	structural	measurements	are	obtained	using	
the	 manual	 compass.	 For	 some	 scanlines,	 all	 manual	 measurements	 were	 compared	 with	
measurements	taken	with	the	Fieldmove	Clino	app.		

Scanline: KL_1 
    

GPS coordinates: 78.59062oN, 15.33594oE 
    Date: 19.08.2017 
    Locality: Idodalen south 
    Zone: 1 
    Lithology: Brachiopod limestone 
    Bed thickness: 12 cm 
    

Bed orientation: strike 025o 
    

Outcrop facing: SW - 115o 
    Number of fractures 25 
    Scanline length: 175 cm 
    

  

 
 
 

   
Distance (cm) Dip direction Dip TG/BC 

Fracture length 
(cm) Apeture (mm) 

9 010 50 TG 35 5-10 

16 172 62 BC 10 2 

28 064 88 BC 2 hairline 
31 064 88 BC 3 hairline 

33 064 88 TG 11 2 

37 234 80 BC 8 - 
38 300 79 BC 6 - 

51 015 76 BC 6 - 

51 300 79 BC 6 - 
55 254 80 BC 7 - 

83 036 88 BC 4 5 

93 230 54 BC 5 - 
106 238 84 BC 1,5 6 

109 238 84 BC 1,5 - 

114 240 80 BC 1 - 
118 254 78 BC - - 

123 - - BC - - 

137,5 240 72 BC 3 - 
139 352 74 BC 3 - 

146 266 80 BC 2 - 
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Scanline: KL_2 

     
GPS coordinates: 

 78.60754oN, 
15.45655oE 

     Date: 22.08.2017 
     Locality: Esperantodalen_S 
     Zone: 17 
     Lithology: Black shales 
     Bed thickness: ~20 cm 
     

Bed orientation: strike 140o 
     

Outcrop facing: NE- 050o 
     Number of 

fractures 39 
     Scanline length: 493 cm 
     

       
Distance (cm) Dip direction (o) 

Dip 
(o) 

TG/B
C 

Fracture length 
(cm) 

Apeture 
(mm) Comments 

0 324 73 TG >400 -   

8 328 80 TG >30 -   

18 330 88 BC 20 2   
26 316 89 BC 10 1   

34 154 89 BC 10 2   

43 - - BC 10 hairline 
Zig-zag 
fracture 

62 330 82 BC 20 5   

81 312 - BC 20 1-2 
Zig-zag 
fracture 

88 329 89 TG >400 >30   
95 328 86 BC 12 hairline   

106 320 89 BC 13 hairline   

112 312 89 BC 20 1   
133 150 79 BC 6 -   

152 336 89 BC 20 -   

168 330 89 BC 7 -   
180 326 89 BC 7 -   

189 336 89 BC 5 5   

200 331 89 BC 11 -   
220 140 86 BC 17 -   

230 144 87 TG >400 -   

250 152 80 TG 60 -   
256 154 84 BC 20 2   

153 228 76 BC 4 - 

167 222 80 BC 8 5 
173 228 82 BC 5 - 

175 228 82 BC 8 3 
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310 150 88 TG >40 -   

320 160 82 TG >100 -   
342 152 85 TG >50 -   

358 154 82 BC 20 hairline   

369 158 80 BC 20 1   

379 162 78 TG >50 3   
384 158 85 BC 15 1   

388 166 84 BC 9 2   

420 136 80 BC 14 -   
429 148 83 TG >100 -   

450 332 86 TG >400 -   

467 330 86 TG >30 2   
468 052 80 BC 14 -   

493 324 78 TG >60 -   
 

Scanline: KL_3 
    

GPS coordinates:  78.60646oN, 15.46227oE 
    Date: 23.08.2017 
    Locality: Esperantodalen_S 
    Zone: 23 
    Lithology: Light spiculitic rocks 
    Bed thickness: 40 cm 
    

Bed orientation: strike 250o 
    

Outcrop facing: NE- 040o 
    Number of fractures 30 
    Scanline length: 99 cm 
    

      
Distance (cm) Dip direction (o) Dip (o) TG/BC Fracture length (cm) Apeture (mm) 

0 352 88 TG >600 20 

10 092 88 BC 4 - 

11 338 89 BC 4 - 
15 050 88 BC 4 hairline 

15 196 80 BC 4 - 

16 330 84 BC 9 - 
20 358 88 BC 12 - 

21 006 80 BC 40 1 

26 006 76 BC 28 - 
31 210 89 BC 4 hairline 

35 357 80 TG >110 - 

40 265 86 BC 7 - 

43 150 85 BC 7 - 
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45 020 82 BC 15 hairline 

46 020 82 BC 15 - 
50 312 89 BC >30 - 

52 086 80 BC 12 - 

53 014 72 BC 10 - 
55 014 72 BC 9 - 

58 013 74 BC 4 - 

59 310 84 BC 8 - 
64 060 80 BC 4 - 

65 350 84 BC 4 - 

66 090 75 BC 5 - 
73 350 86 BC 4 - 

78 217 80 BC 1 - 

79 007 80 TG >80 - 
80 314 88 BC 11 - 

94 010 60 TG >120 3 

99 034 80 BC 3 - 
 

Scanline: KL_4 
    

GPS coordinates:  78.59735oN, 15.33497oE 
    Date: 24.08.2017 
    Locality: Idodalen, waterfall 
    Zone 1 
    Lithology: Brachiopod limestone 
    Bed thickness: 42 cm 
    

Bed orientation: strike 040o 
    

Outcrop facing: NW- 310o 
    Number of fractures 57 
    Scanline length: 296 cm 
    

      
Distance (cm) Dip direction (o) Dip (o) TG/BC 

Fracture length 
(cm) Apeture (mm) 

3,5 062 80 BC 2,5 hairline 

10 120 88 BC 11 - 

13,5 282 87 BC 5 - 
19 050 82 BC 2 - 

23 084 70 BC 6 hairline 

24 080 85 BC 1,5 hairline 
26 036 86 BC 1 hairline 

32 336 87 BC 7 - 

40 128 80 BC 12 - 
47 118 74 BC >5 - 
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56 242 75 BC 5 - 

58 105 75 BC 7 - 
65 055 80 BC 20 hairline 

66 156 86 BC 2 - 

67 210 83 BC 3 - 
68 325 87 BC 5 - 

77 266 86 BC >4 - 

82 166 84 BC >4 1 
82 298 86 BC 4 - 

88 - - BC 5 2 

89 038 82 BC 1 - 
90 346 82 BC 1 - 

94 172 70 BC 4,5 - 

100 166 72 BC 4 - 
101 259 88 BC >10 - 

107 334 78 BC 6 3 

111 - - BC 5 hairline 
123 128 89 BC 6 - 

123 223 89 BC 1 - 

124 342 88 BC 1 - 
124 092 88 BC 1 - 

129 319 80 BC 1 - 

130 - - BC 10 1 

140 318 89 TG >20 - 
146 131 78 BC 7 - 

146 074 80 BC 3 - 

167,5 048 88 TG 15 - 
176 149 79 TG 15 1-2 

180 - - BC 15 1 

190 138 85 BC 28 - 
200 256 89 BC 3 - 

205 036 87 BC 5 - 

217 250 82 BC 8 - 
223,5 170 80 BC 7 - 

228 056 78 BC 5 - 

231 054 80 BC 13 - 
235 072 80 TG 46 10-15 

244 170 79 BC >19 - 

244 238 89 BC >200 10-40 
255 210 78 BC 5 hairline 

259,5 278 84 BC 8 - 

263 001 89 BC 8 - 
276 086 88 BC 2,5 - 
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281 178 80 TG 17 hairline 

281 264 89 BC 6 - 
292 - - BC 5 hairline 

292 190 82 BC 3 - 
 

Scanline: KL_5 
    

GPS coordinates: 
 78.59801oN,  
15.33705oE 

    Date: 24.08.2017 
    Locality: Idodalen south 
    Zone  10 
    Lithology: Light spiculitic rocks 
    Bed thickness: 34 cm 
    

Bed orientation: strike 017o 
    

Outcrop facing: W- 284o 
    Number of fractures 38 
    Scanline length: 100 cm 
    

      
Distance (cm) Dip direction (o) Dip (o) TG/BC Fracture length (cm) Apeture (mm) 

0 321 82 BC 24 1 
1 246 88 BC 24 - 

2 314 80 BC 6 - 

8 140 88 BC 17 - 
8 244 89 BC 17 - 

9 140 82 BC 6 - 

12 134 80 BC 5,5 - 
12 221 89 BC 19 - 

13 140 88 BC 14 - 

15 320 88 BC 18 - 
17 320 88 BC 18 1 

17 042 86 BC 18 - 

18 042 86 BC 8 - 
20 042 86 BC 6 - 

24 230 88 BC 9 - 

29 156 85 TG >17 - 
33 316 88 BC 16 - 

33 078 76 BC 16 - 

34 - - BC 5 2 
35 - - BC 8 1-2 

37 232 89 BC 14 - 

40 136 82 BC 9 - 
40 232 82 BC 2 - 
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41 246 88 BC 8 - 

42 068 82 BC 6 - 
44 250 84 BC 6 - 

45 145 78 BC 6 2-3 

47 242 88 BC 17 - 
54 318 89 BC 18 1 

54 066 89 BC 18 - 

60 314 89 BC 18 5 
66 - - BC 13 1 

70 322 86 TG 30 - 

77 316 89 BC 18 3 
77 254 89 BC 7 - 

80 318 82 TG >16 5 

87 316 89 BC 10 - 
100 126 88 TG 28 20 

 

Scanline: KL_6 
     

GPS coordinates: 
 78.58830oN, 
15.34165oE 

     Date: 26.08.2017 
     Locality: Idodalen south 
     Zone: 8 
     Lithology: Light spiculitic rocks 
     Bed thickness: 24-34 cm 
     

Bed orientation: strike 165o 
     

Outcrop facing: ENE- 075o 
     Number of fractures 95 
     Scanline length: 200 cm 
     

       Distance 
(cm) Dip direction (o) 

Dip 
(o) 

TG/B
C 

Fracture length 
(cm) 

Apeture 
(mm) Comments 

0 140 68 BC 2,5 hairline 
 1,5 146 82 BC 4 - 
 1,5 180 80 BC 4 1 
 3 190 80 BC 3 - 
 4 088 85 BC 5 - 
 5 344 82 BC 5 - 
 6 120 84 TG 75 - 
 6 070 84 BC 15 - 
 7 310 72 BC 2,5 - 
 8 070 84 BC 7,5 - 
 12 312 89 BC 2 - 
 12 079 89 BC 7 - 
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15 303 80 BC 3 - 
 15 079 89 BC 7 - 
 19 012 72 BC 13 - 
 26 286 80 BC 2 - 
 27 286 80 BC 7 - 
 27 012 72 BC 19 - 
 31 286 80 BC 6 hairline 
 33 134 82 BC 8 - 
 33 063 89 BC 24 - 
 42 320 82 BC 7 hairline 
 43 320 85 BC 18 hairline 
 47 320 85 BC 30 1 
 49 325 80 BC 1 - 
 49 052 89 BC 23 - 
 53 - - BC 13 hairline 
 57 - - BC 7 hairline 
 59 092 70 BC 1 1 
 61 136 80 BC 12 hairline 
 75 145 82 BC 14 - 
 75 220 88 BC 5 - 
 77 115 82 BC 2 - 
 77 227 89 BC 7 - 
 79 115 82 BC 3 - 
 79 227 89 BC 5 - 
 81 - - BC 4 hairline 
 82 055 87 BC 18 - 
 86 - - BC 5 hairline 
 90 130 80 BC 5 - 
 96 158 89 BC 3 hairline 
 97 - - BC 7 - 
 97 015 89 BC 3 - 
 101 270 89 BC 2 - 
 101,5 - - BC 3 hairline 
 103 135 86 BC 4 - 
 109 058 84 BC 16 2 
 110 130 87 BC 2 - 
 114 345 87 BC 1 - 
 117 088 86 BC 15 - 
 117,5 - - BC 1 - 
 119 224 80 BC 7 hairline 
 119,5 - - BC 5 0,5 
 123 098 89 BC 12 hairline 
 123 235 76 BC 3 - 
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126 098 89 BC >10 - 
 126 025 80 BC 6 - 
 130 128 86 BC 3 - 
 130 072 80 BC 3 - 
 132 195 89 BC 3 - 
 132 072 80 BC 9 - 
 134 036 80 BC 9 - 
 138 096 82 BC 12 - 
 138 232 84 BC 15 - 
 144 314 89 BC 25 - 
 144 056 82 BC 4 - 
 147 310 58 BC 3 - 
 149 - - BC 9 hairline 
 160 130 82 TG 20 - 
 161 059 84 BC 5 - 
 162 239 82 BC 5 - 
 166 228 89 BC 2 - 
 167 154 88 BC 6 hairline 
 167,5 154 88 BC 6 - 
 168 230 85 BC 4 - 
 168 013 74 BC 3 - 
 169 326 82 BC 5 hairline 
 171 196 89 BC 8 hairline 
 172 148 86 BC 3 1 
 175 128 78 BC 3 - 
 176 120 82 BC 5 - 
 

176 050 88 BC 5 - 
Calcite 

percipitation 

179 130 82 BC 4 hairline 
Calcite 

percipitation 

179,5 - - BC 24 hairline 
 182 140 85 BC 8 hairline 
 182 024 84 BC 16 - 
 184 140 85 BC 11 - 
 

184 024 84 BC 11 - 
Calcite 

percipitation 
187 - - BC 6 hairline 

 189 080 89 BC 4 - 
 193 140 86 BC 2 - 
 193 - - BC 2 - 
 196 318 89 BC 5 - 
 196 271 85 BC 4 - 
 199 358 89 BC 3 - 
 200 340 89 BC 2 - 
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Scanline: KL_7 
    

GPS coordinates:  78.36300oN, 15.26590oE 
    Date: 28.08.2017 
    Locality: Esperantodalen S 
    Zone: 4 
    Lithology: Brownish limestone 
    Bed thickness: 15 cm 
    

Bed orientation: strike 350o 
    

Outcrop facing: E- 260o 
    Number of fractures 74 
    Scanline length: 232 cm 
    

      
Distance (cm) Dip direction (o) Dip (o) TG/BC Fracture length (cm) Apeture (mm) 

1 340 86 BC >8 hairline 

8 108 78 BC 15 0,5 
8 326 89 BC 3 - 

10 148 89 BC 15 hairline 

11 016 86 BC 15 1 
17 318 88 BC 15 - 

17 358 88 BC 9 1 

24 - - BC 6 hairline 
25 130 82 TG 44 1-2 

25 030 89 BC 8 3 

29 140 89 BC 4 - 
29 038 89 BC 3 - 

30 140 89 BC 9 - 

33 320 80 BC 11 - 
33 328 85 BC 11 - 

34 - - TG 21 1-2 

43 311 84 BC 15 2 
44 - - BC 15 1-2 

53 330 88 BC 15 0,5 

54 - - BC 4 hairline 
59 155 89 BC 2 - 

60 155 89 BC 9 - 

63 - - BC 15 1 
66 145 88 BC 15 hairline 

67 154 89 BC 15 - 

67 060 88 BC 15 - 
76 150 87 BC 13 - 
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76 048 89 BC 13 - 

81 - - BC 15 1 
94 140 89 BC 9 - 

94 060 88 BC 9 - 

98 130 86 BC 15 hairline 
102 142 88 BC 8 1-2 

102 240 86 BC 15 - 

107 - - BC 15 hairline 
111 - - BC 15 hairline 

114 220 87 BC 15 hairline 

121 320 84 BC 15 - 
123 315 85 BC 2 hairline 

130 280 88 BC 7 - 

135 112 88 BC 3 - 
136 - - BC 6 hairline 

140 - - BC 10 hairline 

141 236 88 BC 11 - 
141 136 80 BC 11 - 

149 310 89 BC 13 hairline 

149 055 84 BC 5 - 
152 065 85 BC 9 3 

156 130 89 BC 11 hairline 

156 054 88 BC 11 - 
158 - - BC 11 1-2 

164 297 88 BC 11 hairline 

164 230 82 BC 7 - 
178 - - BC 15 hairline 

180 125 89 BC 15 - 

180 044 87 BC 15 - 
185 - - BC 15 hairline 

188 - - BC 15 hairline 

190 148 89 BC 14 1 
190 030 86 BC 9 - 

191 160 88 BC 9 0,5 

191 064 89 BC 15 1-2 
197 - - BC 15 hairline 

207 - - BC 15 hairline 

208 - - BC 7 hairline 
210 126 88 BC 15 hairline 

211 234 89 BC 10 - 

211 128 88 BC 7 - 
216 - - BC 7 hairline 

216 120 88 BC 15 - 
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217 065 82 BC 7 - 

222 312 82 BC 15 - 
222 036 85 BC 15 - 

225 - - BC 15 hairline 

232 320 86 BC 15 - 




