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Abstract

Svalbard, representing an uplifted area of the nerhktern Barents Sea Shelf, provides a
unigue opportunity for studying eshore outcrops of the shelfhe present study focuses
Paleocend=ocenedeposits of the Central Tertiary Basin (CTBycated in centrasouthern
parts of Spitsbergemespite the large number of studmmncerningdiagenetic alteration of
sedimentary rocks, parameters controllingtthpes andlistributionof authigenic mineralare
still not fully understoodHere, | systematicallyelate the early diagenetienineralsof the
Firkanten, Grumantbyen and Aspelintoppen formationssamdstone composition and
depositional environmentThe identification of these diagenetic mineralsintegrates
petrographimbservation®btained from thin section anags(optical microscopy and SEM)
andXRD-analyss. Sedimentological analysis supplemented by geochemical data, providing
a better understanding lairge andsmallscalevariations inlithology and, thus, depositional

environment.

Thedifferentauthigenic mineral assemblagédghe sandstones of tikérkanten, Grumantbyen

and Aspelintoppen formationare related to their different detrital compositisnand
depositionabnvironmentThegenerally higher porosity values of the Grumantbyen Formation
sandstonemay be ascribed to the occurrence of grain coating chlprggentingorecipitation

of quartz cement at greburial depthsThe relatively homogenous natwkthesesandstones
provides conditionsfavourable for precipitation of earlyerthierinerims. At temperatures of
about 90C (i.e. subsequent to the onset of quartz cementaberthierine isaltered into
chlorite,suggesting that early diagenetic berthiesimes, rather thafater burial graircoating
chlorite, is responsible f@reventinggquartz cementatior.he occurrence of glauconite in the
lowermost part of the Firkanten Formation (Todalen Member), accompanied by abundant
framboidal pyrite, may indicate the onset of tnagressive conditionand deposition othe
overlying marine Endalen Membdurial diagenesis is largely influenced by the presence of
early diagenetic products, in which they affectvariety of diagenetic processdaurial
diagenetic mineralsisually ndicating a specific burial depth and minimtiemperature, can

be used to crossheck temperatures derived from organic maturity indicators vérqite
reflectancg The burial diagenetic signatures of the studied formafmgsquartz, Fehlorite,
ankerite) suggesmaximum temperatures af least 100L10°C. Extensive quartz cementation

in sandstonsamples from the Firkanten and Grumantbyen formations, however, may support

higher temperatures, as suggesteditnnite reflectance measurementscofls.
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Chapter 1 Introduction

1 Introduction

1.1 Aim of study

Temperature, beg a crucial factor controlling diagenesis in sedimentary rocks, is important
for assessing a range of different parameters, including fluid flow, petroleum generation,
chemical compaction, and estimations of the amount uplifteaosion(Haile et al., 218&).
Constraining the thermal history of sedimentary basins is thus essential in forecasting the
quality of reservoir rocksSvalbard represenhg an uplifted area of the norilestern Barents

Sea Shelf,provides a unique opportunity for studying <smae outcrops of the shelf.
Reconstructions of the thermal history of the Central Tertiary B@siB), however,are

chiefly restricted to vitrinite reflectance (VR) studies oflsqManum and Throndsen, 1978
Throndsen, 1982 Organic naturity indicators (i.eVR) provide a direct measure of thermally
induced changasither than a direct measure of paleotemperatliessperatures derived from
organic maturity indicators arhus calculated indirectly usingariousmodels or empirical
regession equations, suggesting that it may be difficult to obtain accurate temperature estimates
(Haile et al., 201B). Diagenetic processes in sedimentary rocks, however, are stimkglgt

to a specific burial depthnd temperaturesuggestinghatauthigenic mineralsisually indicate

a specific burial depth and minimut@mperature or temperature interval (Worden and Burley,
2003 Bjgrlykke and Jahren, 2015

Diagenetic processe§.e. mechanicdthemical compaan and cementatioh are largely
influencedby thedetrital compositiof sandstone@Bjarlykke, 2001; Moractt al, 2012).The
detrital composition of sandstones, in turn, is a function of depositional environment, transport
and provenanceCommon diagenetic processeéscluding mechanical compactip grain
dissolution(e.g. feldspar)formation of kaoliniteand growthof porelining minerals(e.g. grain
coating chlorite)can thus bénkedto depositional facieanddepositional environmeii#orad
et al., 201). Depositionafaciesanddepositional environmembntrola variety of parameters,
includinginitial porosity and permeability, sand/mud ratio and daodly geometry, which, in
turn, affect the rate and pattvays of fluid flow (Morad et al., 2010)The amountand
distribution of eogenetic alterations in sandstones is laigélyenced bythe rate and ph-
ways of fluid flow; whereas brial diagenesiss controlled by theamountof fluid flow through

the remaining porosity and the presence of early diagenetic products. Early diagenetic products
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affect, for instance, clay mineral transformations pretigtation of quartz cemenin which

the latter is of great importance to resergpiality (Morad et al., 2010).

Diagenetic alteration of reservoir rocks Hiesjuentlybeen studiedh the Barents Sea region
(e.g.Riis et al., 2008; Mgark, 2013Nevertheless, gleotemperature estimates of the rocks are
based on vitriniteeflectancestudies of coal RockEval pyrolysis and fission track analyses
rather than digeneticsignatures €.g. Abay et al. cited in Haile et al., 20)8HBlaile et al.
(201&), however, recently presented an integrated approach of thermal history reconstruction,
utilising the middle to upper Triassic strata of Edged@aalbard. Paleotemetures of the
sedimentary sequence were estimated using Rock Eval pyrolysis parameters, fluid inclusions
in diagenetic quartz and inorganic diagenetic signatures of sandstones. Furthermore, the study
of Dorr et al. 2018 providesa basin model based on leeemperature thermochronology data,
vitrinite reflectance measurements and clay mineralogy. Thgedetic signatures (clay
minerak) seem to be consistent with vitrinite data, suggesting maximum temperatures of 90
100°C for the Eocene coals and 1280°C for the Paleocene coalBurthermore, Dorr et al.

(2018 arguedthat nearly 4000 m of sedimentsviedeen removed from the Central Tertiary
Basin since the Early Eocen€he present estimate is considerably higher than previous
estimatesyanging from 1000 m to approximately 3500 (Manum and Throndsen, 187

Blythe and Kleinspehn, 1998jarshall et al 2015)

Despite the large number of stud@mcerningliagenetic alteration of sedimentary rocke
parameters controllingh&ir spatial and temporal distributicare still not fully understood
(Morad et al., 202). The study ofMgark (2013) however,discussinghe diagenetic alteration
of reservoir sandenes of the Upper TriassMiddle Jurassic De Geerdalen and Knorringfjellet
formations (Svalbard)demonstrateghat diagenesis and distribution of quartz cement is
stronglycontrolledby lithofacies and detrital compositioRurthermore, Haile et. al (28q)
provides a detailed studyf the diagenetic alteration tfie middle to late Triassic sandstones
of EdgegyaSvalbard,aiming to link diagenesis and reservoir quality to depositional facies.
The studysuggestghat the variability of diagenetic signates is a function of depositional
facies and thatthe diagenetic alteration variabilithetween depositional faciessults from
differences in the quality of graitoating chlorite, theextentand distribution of porefilling
clays, quartz and carbonatements, sorting, ardistribution ofgrain size.
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Initially, the main purpose of the presémésis was tinvestigatdf authigenic mineralcan be

used to estimat¢he maximum temperature of reservoirsquiring that the reservoir has
experienced temperatures not higher thart@addnot lower than 6%C. Authigenic minerals

can thus be used 0 support previous estimates of paleotemperatures based on vitrinite
reflectance and/or be used unattended where coal or other paleotemperature indicators are
absent. The deep burial of t&d B andhigh degree ofmechanical and chemicabmpaction,
however complicated the use of authigenic minerals as a paleothermoifie¢gnain focus

of this thesis washus ratherto investigate thamportance ofdepositional environmertb
diagenesisn sandstoes. The datawas obtained from sedimentologicalnd petrogaphic
analyses of the Firkanterypper part of Grumantbyenand Aspelintopp@ formations
constitutng the lower, lowermiddle and upper part of the Van Mijenfjorden Grpup
respectively(often referred to as the Central Tertiary Basiije subobjectives 6this thesis

wereto:

1. Discuss factors controlling thgpes and distribution afuthigenic mineral

2. ldentify geochemical trends in the sediment cores and to investigate whether these can
be correlated to the sedimentary logs

3. Discuss the consistency bewve authigenic signatures and vitrinite reflectance
measurements of coals/organic maitelo they tell the same temperature history?

1.2 Data background

Spitsbergen the largest island of the Svalbard archipelage situated in the noritvestern
cornerof the Barents Shelf. The Central Tertiary Basin covers the central and southern parts of
Spitsbergen, extending from north of Isfjorden to the Sgrkapp area, and from near the east coast
to the eastern front of the West Spitsbergen Fold and ThrustHBeltl.1). The present thesis

is basedn data fromdrill cores of the Store NorsKepitsbergen Kullkompani (SNSKyells

7-2006 andL1-2003 utilising the coatbearingFirkantenFormation(7-2006),theupper part of
GrumantbyerFormation(7-2006 aad 11-2003 andthe AspelintoppenFormation(11-2003)
Thewells, located between Van Mijenfjorden and Isfjorden inrnlbethern partof the Central

Tertiary Basn, were drilled as a part of SNSKs ce@adploration(Fig. 1.1). The excellent
exposed outcrops ahe Svalbard archipelagoand abundanceof extensivecoal deposits

allowing comparison of results with vitrinite dajastify the choice of study area.
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2 Geological framework

2.1 Introduction

TheSvalbard archipelagoomprises all islands between-8#°N and 1035°E, covering a land

area of more than @000 kn?t. Svalbard represening an uplifted area ofhe northwestern
Barents Sea Shelprovidesa unique opportunity for studying ore outcrops of the shelf
including Cenozoic deposits (Central Tertiary Basit)e geological record of Svalbard is
well-preserved, ranging in age from Late Precambtiaifaleogene. Precambrian to Early
Silurian metamorphic rocks are present in northern and western parts of Svalbard, Devonian
grabens in the north, Late Paleozoic and Mesqadattormsediments in the central and eastern
parts, and Paleogene sedimenthacentral and southern parts of Spitsbergen. The geological
record shows evidence of multiple tectonic evemswhich the most prominenare the
Grenvillian (Precambrian), Caledonian (Ordovickifurian) and the West Spitsbergen
orogeny(Paleogeng (Dallmann, 1999) The late Paleozoic to Cenozoic record of Svalbard
reflects the northwards movement®ifalbard from equatorial regions in the Devorizarly
Carboniferous to its current higatitude position(Wordey, 2008)

Thefocus of the present thesis it the Paleogeoeene Central Tertiary Basin, reflecting the
opening of the Norwegia@reenland Sea and accompanying formation of the West Spitsbergen
Fold and Thrust Belt.



Chapter2 Geological framework

2.2 The Cenozoic sedimentary system

The Gentral Tertiary Basin (CTB)) the focus of the present thesiformed in response to the
opening of the Norwegian Greenland el formation of the West Spitsbergen Fold and
ThrustBelt (Steel and Worsley, 1984)lhe CTB occupies an area of 200 x 60 km, extending
from north of Isfjorden to the Sgrkapp area, and from near the eastern coast of Spitsbergen to
the eastern front of the West Spitsbergen Fold and Thrust BeltPaleogene danentfill of

the CTB, composing sandstones, siltstones, shales and subordinate coalsgtorderates, is
called the Van Mijenfjorden Group. A Paleocdbecene age is generally accepted for the Van
Mijenfjorden Group(Harland, 1969) although Livsic(cited in Steel and Worsley, 1984)
suggestedin part, an Oligocene ader the successioitrinite reflectanceneasurements of
coals suggest that 15@D00m of sediments were removed by p@digocene erosioManum

and Throndsen, 1978; Throndsen, 1982).

The formation of the CTB is firmly related to tlege scaleCenozoicEurekan orogen{Dorr

et al., 208). The concurrentspreadingin the Baffin Bay-Labrador Seaand Norwegian
Greenland Seaesulted ina northeast movement of Greenland from c. 55 Ma onwarfte
latter causedcompression along the westeparts of Spitsbergen, resulting in extensive
basement uplift and growth of a 300 km long NNBSE trending fold and thrust belt, referred
to as the West Spitsbgen Fold and Thrust BeM{SFTB) (Piepjohn et al., 2016lFrurthermore
subsidence east of the WSFTB resulted in formation of a 60 km wide {SS® trending
troughi the Central Tertary Basin Steel et al., 1981; Grundvag et al., 20IPhe Eurekan
deformation and accompanying northward movement of Greenland peaked at c. 50 Ma. At c.
49 Ma however,changng spreading directianin the Baffin BayLabrador Seacausd
Greenland to move northwestwaneksulting in a change ithe deformation regimérom
compression to dextral transpressianthe west (Piepjohn et al., 2016D6rr et al., 2018
Finally, at c. 36 Ma, seafloor spreading in the Baffin Baprador Seterminatedeventually

resulting inextension between Svalbard and Greenland.

The sedment fill of the CTBI the Van Mijenfjorden Groujp can tectonestratigraphically be
divided into two parts(1l) a lowermainly Paleocene part ar{@) an uppemainly Eocene part
(Fig. 2.1) The succession composes wasaad tidal influenced deltaic deptss showing a
large scale landwarsteppingbasinwardstepping depositionapattern (Bruhn and Steel,
2003) The succession ibkens from 1500 m in the northeast to 2500 m in the southwestern
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part, reflecting the asymmetric shape of the basin towards the weséegin (Steel and
Worsley, 1984)The CTB showggently dipping strata itheeast and steeplyertically dipping

strata in the western partresulting from thefolding and thrusting of theNSFTB.

(Dallmann,199%

Van Mijenfjorden Group

: * BH-11/2003 %

Battfjellet Fm.

Eocene

Paleocene

Legend

i o 6,9 | Aluial plain Delta frontshoreface/
L °l deposi shelf sand

Delta/coastal

plain deposits

Shelf mudstones

Figure 2.1 The Paleocen&ocene Van Mijenfjorden Group, representing #eelimentinfill of the Central
Tertiary Basin(CTB). Theformationsstudied in this wrk are marked with a star and carame Slightly modified
from Bruhn and Steel (2003).

The lowermost Paleocene succession, thickening from less than 300 mortkkeasterrparts
of the basin to more than 800 m in the westn bedivided intothe FirkantenFormation
Basilika Formation GrumantbyerFormationand lowermost part of Frysjaodden Formation

(Fig. 2.1). The uppermost Eocene succersi® more than 1500 m thkc comprisingthe
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Frysjaodderormation HollenderdalerFormation Battfjellet Formation and Aspelintoppen
Formation(Fig. 2.1).The Frysjaodden Formation reflects the change in sediment supply from

a probably eastern source area to the fold and thrust ték west Steel et al.1985. The
lowermost Paleocene succession shawswagall landwardstepping(i.e. transgressive east

migrating depositional pattern vémeasthe uppermost Eocene succession shows an overall
basinwardstepping (i.eregressivg eastmigrating depositional pattern, reflecting the main
infilling of the CTB (Bruhn and Steel, 2003%helf paleo watedepths of the CTB have been
estimated to be less than 20 metre on the continental shelf and hundreds of meters across the
shelf edggHellandHansen, 2010; Mellere et al., 2002)

A westerly soureis generally accepted for the Eocesuecessiojreflecting the growth of the
WSFTB (Petersen et al., 20L.6The source ardar the Paleocensuccessin, however, is still

not fully understoogdboth theWSFTB anda sacalled peripheral bulge east of the bagaee
section 2.3)have been suggested (Petersen et al., 2018pwever, the occurrence of
Cretaceousmged zircon in the Paleocene Firkant@rmationindicate (at least in part) an
easterly source for the Paleocenuecession in which Cretaceous igneouscks are
exclusivelyoccurringin the eastern and northeastern Svalbard (i.e. indicate sourcing from the
eas] (Petersen et al., 201&)urthermorethe absence of Cretaceeaged zircon in the Eocene
Battfjellet Formatiorconfirm a westerly source for tlicenesuccession

2.3Basin fill of the Central Tertiary Basin

The sedimentary succession of the Central Tertiary Basin provides an important record of the
tectonic eventsssociated witlihe opening of the Norwegia@reenland Sealwo general
models hae been established ftre CTB formation (1) Steel et al. (19813uggested a two
steptranstensioftiranspressioscenarigqFig. 2.2) whereaBruhn and Steel (2003) proposed a
single, compressional forelatdsin scenario.The twestep transtensiosirangression
scenarigopresumegormationof severalcoalforming basinsresultingfrom Late Cretaceous
Early Paleocene strikglip movements along the Greenla®dalbard plate boundarfinally,
LatePaleocend-arly Eocene transpression ahdust loadingonbinedthe basins into a single
foreland basinThe model of Bruhn and Steel (2008therassunesformation of a flexural
troughin front of thethrust wedgeof the WSFTB Furthermorelithospheric loading resulted
in formation ofa peripheral bulge easff the WSFTB The fold and thrust belh the west

(WSFTB), syndepositional tilting of theasintowards the orogen and later incorporation of the
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orogenic flank into the deformation, supptire model of Bruhn and Steel (200@ickinson
and Yarborough ted in HellandHansen, 1990 However,Steel et al. (1981}livided the
stratigraphyof the CTBinto three main depositional phasgly:a transgressive phase reflecting
episodic west and southwestward programhatof deltas, and2) two regressive phases
reflecting east and southeastward progradation of -dgieems The different depositional

stages will be further described in the following.
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Figure 2.2: The wo-step transtensietranspressiormodel suggeste by Steel et al. (1981). From Steel and
Worsley (1984).

2.3.1The transgressive phase of basin infilling Firkanten and Basilika

formations

The Firkanten and Basilikeormations,represenng the first phaseof basininfilling, are of
Paleocene agéurthermore, the succession is thought to have beerced from the peripheral
bulgeeast of the WSFTBPetersen et al., 2016).

The coalbearing Firkanten Formatiaronstituteghe lowermospartof the Van Mijenfjorden
Group, representing the filsasininfill of the Central Tertiary Basin. Analysis of fissirack
agedrom apatite grains suggest a Danian age (i.e. Early Paleocene) for the Firkanten Formation
(Blythe and Kleinspehn, 1998ruhn and Steel, 2003The successigmesing unconformably
on the Early Cretaceous Carolinefjellet Formatiothickens from less than 100 m the
northeast to 20fh in the western part of the bagBruhn and Steel, 2003Jheresultanhiatus
suggestd_ate Cretaceous erosion or ndepositionin the northwestermpart of the Barents
Shelf (e.g. Harlandited in Dorr et al., 200)8The Firkanten Formatioraa be suldivided into

three membersThe TodalenMembe, EndalenMemberand KolthoffbergetMember The
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lowermost Todalen Member (less than 60 m thick), composesatitey mudstonesoalbeds,
siltstonesand finegrained sandstones, representing fludianinated delta deposit8ruhn
and Steel, 2003 Luthje (2008) however, interpreted the lowermost part of Figkanten
Formation (.e. Todalen Member) to representivedominateccoastal plain deposits minor
fluvial input. The overlyingmarineEndalen Membethickens from 40 m ithe northeast to
100 m inthe south and southwest. Thecgessiorcomposeshorefacaleposits reflecting the
landward migraon of thecoastline. Thenudstones of the dlthoffberget Member present in
the westrn and southern pant$ the Gentral Tertiary Basinform the deepmarine equivalent
to the EndalerMember(Steel et al., 1981). Despite the overall tgaessive nature of the

succession, several smalrale regressive units occur (Steel et al., 1981).

The overlying Basilika Formation composes black and grey shales, siltstones and interbedded
very fine sandstones, representing outer shelfeep marineleposits. The succession ranges

in thickness from 430 m in the western part of the basin to about 30 m in the north and northeast
(Steel et al., 1981)The lower part of the Basilika Formatimomposes mudstones and
siltstones, showing finingand deepenig-upwards whereas thapper part of the successien
composed ofipward-coarsening packagesach 215 m thick(Steel et al., 1981; Bruhn and
Steel, 2003)Studies of foraminifera in the low@niddle part of the succession suggest a late
Paleocene ager the BasilikaFormation (Nagy et al., 2001)

2.3.2The first regressivephase of basin infillingi Grumantbyen and

Hollenderdalen formations

The Grumantbyen and Hollenderdalen formatiomsstitutehe second phase of basin infilling
The regressive depositional pattern of the successiphies that sediment supply outpade
rates of absidencealthoughthe high degree obioturbationof the Grumantbyen Formation

sandstonemdicates relatively low sediment supply.

The Grumantbyen Formatipoonstituting the lower part of tlsecondohase of basin filling,

composesgreenishgrey intensivelybioturbated sandstoge The greenish colourof the
sandstonesefleds the high glauconiteontent of the formatiorfSteel et al., 1981)The
successiomhickens from 200 m in theouthwestern part of the basmgproximately450 m
in the northeast (Dallmann, 1998lthough theGrumantbyen Formation is pootnyderstood

Steel et al. (1985uggested an offshore origin of the formation, probably representing offshore
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bar depositsThe succeedingollenderdaler-ormation, predominantly composing sandstones,
is suggested to representie-influenced deltalepositgDalland, 19%). The succession is up
to 150m thick in the west, pinching out into the marine shales of the Frysjaodden Formation
the northeastern part of the bagipalland,1976).

2.3.3The secondregressivephase of basin infilling i Frysjaodden,

Battfjellet and Aspelintoppen formations
TheFrysjaodden, Battfjellet and Aspelintoppemmationsrepresent the third and final phase
of basininfilling. The succession shama total thickness of 1500 m, ranging in age from late

Paleocene to Eocene.

The Frysjaodden Formation constitutes the lowetrpartof the third phase of basin infilling.
The succession reflects tleng-term eastward migration of the basin depocenter and change
in sedimensupply from the source areas in the east to the fold and thrust belt in t{Steebt

et al., 1985) The succession composes deearine shales, occasionally interbedded with
turbiditic sandstonesCtabaugh and Steel, 2004he succession is absent in the sadhktern
parts of the basin and up to 150 m thick in the nostist (Steel et al., 1981).

The Battfjellet Formation, ranging in thickness fromnen the northeagb 200 meteri the
southwestern part of the basioomposes upwardarsening packages of siltstones and
sandstonesSteel (1977)nterpretedthe succession to represent prograding wivainated
deltaic and barrier coastlines. The |laspaleeastward prograding clinothems of the Battfjellet

Fomation reflectgshe high sediment influx from th&/SFTBIin the west.

The Aspelintoppen Formatigconstituing the uppermost and thickesticcessiomf the Van
Mijenfjorden Group, representhe final basin infill of the Central Tertiary Basirthe
formaitonis more thari000 mthick south of Van Mijenfjorden; north of the Van Mijenfjorden,
only thinner deposits arpreserved (Steel et al.,, 198The succession, composing poorly
sorted sandstones, siltstones and subordinatdayeak overlies and intéingers the marine
Battfjellet FormationSteel et al. (181) interpreted the Aspelintoppen Formation to be of delta
plain origin predominantly composiniipod plain and lacustrine deposits. Furthermore, high

degree ofsoft-sediment deformatiors a diagostic feature of the formatigrreflectinghigh

11
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sediment supply and frequeearthquakegSteel et al., 1981)The abundant soft sediment

deformation often makes it difficult to distinguish the sedimentary struaturgsylogging.

2.4 The Cenozoic climte

Climate, being a crucial factor controlling erosion and weathering, is important for the detrital
mineral composition of sedimentary rock$he mineral composition, in turn, is important for
thetypes and distribution afiagenetiqprocesses in sedimanPaleomagnetic data suggests a
paleclatitude of 7172°N for Svalbard in the Eocene (Dalland, 627The Paleogene climate
was warmtemperate or moderately temperate (Gokwxg 2000) Based on analysis of
conifers, Schweitzer (1980%uggested an annual mean temperature 6fl816. The
paleotermperature estimates of Schweitzer (1980) is consistentmatte recentlyestimates;
Goloweva(2000) suggested an annual temperatargje of about 239°C. Schweitzer (1980)
argued that precipitation was moderate to absent in the winter and heavy umthers The
study of Golowneva(2000), however, suggastigh precipitation equally distributed over the
year Compared to the presedady mean temperature for similar latitudes, e.g. Troms in
Norway, the Paleocerieocene climate was considerably warmer i et al., 2011). The
relatively warm andthumid Paleocen&ocene climate, reflecting the PETM (PaleocBoeene
Thermal Maximum), implies high degree of erosion and weatheringstidg of Dypvik et al.
(2011) shows a distinct decrease in feldspar cdrsied accompanying increase in the relative

amounts of kaolinite, reflecting higher temperatures andteggiricrease in precipitation.
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3 Theoretical background

3.1 Introduction

Diagenesis comprisedl thechemical, physical and biologic proses occurring ia sediment

after its initial deposition (Bjgrlykke and Jahren, 2015The primary composition of
sandstonesyhich isa function of provenance, transport and depositional environment, is the
starting point for diagenetic process@ie prmary compositionis thus an importantfactor
controlling diageneticalteration ofsandstone¢Bjarlykke and Jahren, 26} In addition the
properties of sandstones are largely dependent on their temperature and stress history during
burial; prolonged expsure to high temperatuwsandstresgsresults ina variety of diagenetic
processesThe main diagenetic processdsowever,are (1) near surface diagenesis, (2)
mechanical compaction, (3) chemical compaction and pfékripitation of cementand
formationof authigeniaminerals(Bjgrlykke and Jahren, 261 Mechaical compactiors the

most important factoreducingporosity at shallovburial deptrs; at greater depthshemica
compactior(e.g. precipitation of quartz cemeptevents further mechanicalropaction of the
sandstoneln the literature, near surface diagenesis and burial diagenesis are often referred to

as eogenesis and mesogenesis, respectively.

3.2 Factors controlling diagenesis

The distribution of diagenetic alterations in sandstones rigella controlled by detrital
composition, texture (grain size, sortjfigrm), porewater chemistry and burial history. Other
factors of importance to diagenesis include depositiengironment, sequence stratigraphy
and paleoclimatic condition@jarlykke, 2001;Al-Ramadan et al., 2012Changesn either
porewater chemistry, temperaturestressresults indiagenetic reactionand accompanying

alteration of thesediment (Worden and Burley, 2003).

The cetrital composition of sandstosies crucial forthe types and distribution of diagenetic
processegBjarlykke, 2001; Moradet al, 2012) Furthermore, he sandstonecomposition
largely contro$ their mechanical and chemical propertiesn which sandstones composing
ductilegrains(e.g. mud intraclastéow-grade metamghic rock fragmengsexperience higher
degree oimechanical compaction than sandstones riatigid grains (quartz and felspath

addition, he degree of compaction, both mechanical and chemical, is dependent on grain size,

13
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sorting and formwhich, in turn, is dependent on depositional environment and transpoet
abundanceof quartz cementis, in part,a function ofgrain surfaces available for quartz
precipitation; the more quartz grains ahdbiggerthe surface area, the more quacement is
predpitated Assuming that the sand is wslbrted,the latter implies thatine-grained sand

contains more quartz cement tr@arsergrained sand (Bjarlykke, 2001).

Changes in theetative sedevel, resulting fronchanges itheeustatic sea level and/A&ctonic
uplift/subsidenceand rate of sediment supplgontrols the sequence stratigraphic framework
and distribution of facies in siliciclastieposits (AMRamadaret al.,2012). Factorscontrolling
diagenesis, including detrital composition, porewatemistry and residence time, is largely
influenced by relative sdavel changes, suggesting that diagenesis camybgematically
linked to sequence stratigraphy. Types of diagenetic reactions are abféeacteristicfor
specific systems tracts and bdanies, e.g. authigenic kaolinite is typical for sandstones
localized immediately below erosional surfaces. The importance of porewater chemistry
(meteoric watérand burial history will be further discussed in the followsagtions

3.3 Early diagenesis

Early diagenetic reactions start to alter the detrital composition of sediments immediately after
deposition.The ability of sediments to react with the atmosphere or weiteerby fluid flow

or diffusion, is highest at shallow burial deptfx1-10 m), suggesting that the potential for
sediments to change th@iostdepositioncomposition is higér at shallowdeptts than greater

burial depths (Bjagrlykke and Jahren, 20I8)e most important early diagenetic processes are
(1) formation of biogenic carb@tes and silica, (2) precipitation of authigenic minerals, e.g.
carbonates, glauconite and iron minerals, and (3) flushing of meteoric, wegatting in
leaching of unstable mineraésxd accompanyingrecipitation ofmore stableminerak (e.g.

precipitaton of kaoliniteatthe expense of feldspar).
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Figure 3.1 Schematic description of diagenetic processes in shallow marine envirenReddspar dissolution
and precipitation of kaolinite occur in response to meteoric water flusBiigintly modifiedfrom Bjgrlykke and
Jahren (203).

Flushing ofslightly acidic meteoric wateresults in dissolution ofarbonates andnstable
minerals e.g. feldspar and micéFig. 3.1). Thepresencef carbonate cement in sandstones is
commonlyrelated to dissolutionral reprecipitation of biogenic carbonaiféde kaching rates
of unstableminerals such adelspar and mia, and precipitation of kaolinitedepend on the
amount of groundwater flowing through the sediments per unittiofe. Furthermore,
precipitation of kolinite requires that Na+, K+ and silica aantinuouslyremoved from the
solution and that new freshwater undersaturated with respect to feldspar and mica is supplied.
If the porewatebecomesversaturated with respect to feldspar and mica, the raatbps
Accordingly, if the silicacorcentration inthe porewateis very high kaolinite isunstableand
smectiteis precipitatel instead Authigenicminerals formed at shallow burial depth, however,
are not alwaysstable at deeper burial atlous replaed by other more stable minerals, e.g.
formation of illite at the expense of kaolinite and/or smectite.

3.4 Mechanical compaction

Mechanical compactig resulting fromgrain rearrangement, plastic deformation of ductile
grains, dissolution and brittle frauring is controlled byburial depth, fluid pressuyréhe ratio
of brittle to ductile grainendtexture (grain sizand form), in whichthe twolatter factos are
strongly controlled by the depositional environmentCompaction occurs in respado
increasing overburden loaoh which the overburden loadctsasan effectivestresqFig. 3.2
(Bjarlykke, 2001).Sandstonesomsing ductile grains are exposed to higher degree of
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mechanical compaction thaandstones rich in rigigrains (quartz and feldap), in which
ductile grains are squeezed betwd#enmorerigid grains,sometimesesulting in formation of

so called pseudomatri®Mansurbeg, 2012)Furthermore,in wellsorted sandcomposed of
spherical grains, the contact surface betwbergrains issmall, suggesting thahe pressure

per unit area (kg/c@ is very large. Increasing overburddne. effective stressfauses
deformation of the grains and accompanying distribution of the load over a larger area.
Furthermore, perimentakcompactiorsuggeststhat the porosity of loose sand is reduced from
40-42% (initial porosity) to 325% (intermediate burial depth), depending on grain strength
and grain sizeAccording to the experimentvell sorted coarsgrained sandsicompacted more
than finegrained sandin whichthe stress per grain contact is highecaarsegrained sand
(Chuhan et al., 2002, 200Bjgrlykke and Jahren, 2015

Strain (Compaction) Porosity
I I I I B B B B B B BN BN BN I e .

22 MPa SIAILC » Stress (MPa)

4
4
/ Porosity/depth
curve

Mechanical
compaction

2.5 km
X, = Overconsolidation
Rock strength due due to build-up of
\ 7 to cementation overpressure.
v H. = Overconsolidation
" due to cementation.
I v
L1
! \
5 km ! \
! ), \
Depth [ / Effective stress (5 ) at
Effective stress hydrostatic pore pressure

at o Erpressure

Figure 3.2 Prior to the onset of quartz cementatitabout 7680°C), sandstonegxperiencemechanical
compaction Compaction occurs in response to increasivgylourden load, in which the overburden load acts as
an effective stressAt intermediate burial depths (2km), chemical compaction (i.e. quartz cementation)
prevents further mechanical compactierom Bjgrlykke and Jahren (2015).
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3.5 Sandstonesburied to intermediate depths (2.0-3.5 km, 50
120°C)

At intermediate burial dep#{>2 km),chemical compactiofi.e. quartz cementatiopyevents
further mechanical compactipnn which only 24% quartz cement is required 8iop
mechanical compactidifrig. 3.2).Compaction and porositpssat greateburial depthss thus
controlled bythe rate of mineral dissolution and precipitatire. chemical compaction)n
well-sorted quartzand feldsparich sandstones, precipitation of quaréanenis an impatant
factor destroying porosityThe solubility of quartz is controlled by temperature and time; the
higher the temperature and tflewer the subsidence rat¢ise highethe solubility (Worden
and Burley, 2003). laddition, pecipitation of quartz is&pendent on grain size, grain surfaces
available for quartz precipitation and presdabsencef grain coatings(Mansurbeg, 2012)
Graincoatingge.g.grain coatingchlorite) are suggested tetardprecipitationof quartzand is
thus of great importance fareservation oporosity and permeabilitgt great burial depths
(Bjarlykke, 2001).Furthermore recrystallisation ofdetrital andor eogeneticmineralsis an
important diagenetiprocess at burial depth&t temperaturesigherthan100-12C°C ard 70-
8(°C, kaolinite is recrystallised to dickitand smectite is dissolved and replaced by illite,
respectively.Furthermore at depths greater tha@ km, K-feldsparand/or plagioclaseare
replaced by albitdi.e. albitisation). The rephcement of feldspar is related to removal of
potassium and accompanying increase in the relative amounts pfiNgyesting thadlbite is

more stablehan feldspar

3.6 Sandstonesburied to great depths (>3.54 km, >120C)

Sandstones exposed to tempeeder12(°C (120-16(°C), corresponding to burial depths3sf

3.5 km to 44.5 km, generally show strong reduction in porosity pedneability(Bjarlykke

and Jahren, 2@). The reduction in porosity and permeability is largely relatquiégipitation

of quatz cement (i.e. quartz overgrowthipd authigenic illiteQuartz cementatiois not shut
downuntil nearly all the porosity is lost, tihe temperature drops below-80°C (Bjarlykke

and Jahren, 20157t temperatures >9C, kaolinite is replaced by ilkt requiring that K-
feldspar is present in the sedimeRervasive precipitation of illite, however, occurs at
temperatures >1AC. The characteristic fibrous crystal shape of illite reduces the permeability

of sandstonesignificantly ands thus of grat importance to reservoir quality.
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4 M ethods

4.1 Introduction

The present study is based on observations and interpretations obtained from sedimentological
and petrographic analgs of cores7-2006 and 122003,focusing onthe Firkanten Formation
(core 7-2006), uppr part of Grumantbyen Formationc¢res 7-2006 ad 11-2003) and
Aspelintoppen Formation (32003) The upmr part of the Grumantbyen Formation was
studied inbothcores in order to identifgnydifferences irburial history. The studied itervals

of the upper part of Grumantbyen Formation is hereinafter referred to &&theantbyen
Formatior. Thesediment coreprovided by Store Norske Spitsbergen Kullkompani (SNSK)
were collected in Endalen and broughttb® University Centre in Sitzard (UNIS) for
sedimerdry logging andsamplirg. Mineralogical and petrographic data was obtained from
optical thin secon-, SEM- and XRDanaly®s. XRD-analysis was performed Beyene Girma
Haile (University of Oslo) In addition,a handheld XRfanalygr was usedfor elemenal

analysisof the sediment cores.

4.2 Sedimentary logging

Logging of the sediment cores was performed in order to (1) get an overview of the lithology

and depositional environment of the Firkanten, Grumantbyen and Aspelintoppeatiéms

and(2) choose sampling intervals for mineralogical and petrographic asalysre logging

was performed in 1:20 scale, focusing on lithology, grain size, sedimentary structloas,
bioturbation intensity and trace fossfarmatia boundares were identified prior to collection

of thecores based orthe paper of Dérr et al. (2018)aBANS K6 s p i ®$71200@and of c o
11-2003. Grain size as determined using a grasize identification sheet and hand lens
Furthermore, every 20 cm of tloeres wasacid tested in order tdetect possiblearbonate

cement The sedimentary logs were redrawn digitally in Adobe Illustrator CC.

4.3 Sampling and cuttingof sediment cores

Based on the core logging, a total ofséfectedock-samples were take®8 from the Firkanten
Formation, 6 from the Grumantbyen Formatiorf3 from each core)and 10 from the

Aspelintoppen Formatio(Appendix I). Sampling intervals were chosen based on lithology,
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mineral composition anf@cies associatiaTwo different type® f  frrooksywere sampled:

(1) quartzrich sandstonesn order toidentify possibleauthigenic quartz cemernd (2)
sandsonesrich in carbonate in order timvestigatethe type and distribution of carbonate
cement.Furthermore, e andstone samplagpresent different facies associations, allowing
linkage ofdiagenesis andepositional environment. Prior to cutting, the samples were marked
with numbers and top/bottom. Wobile saw was used to cut tisediment coreand split the
samples into two piesgin which one halfvas sampled fgoetrographic analysis arnie other

half was put back in the celx. The samples, each approximately 4 cm in diameter, were put
in small plastic bags, sealed and sent to the University of Qul@) for thin section
preparations. The sampling intervals are displayé&agn5.2, Fig. 5.6 and Fig. 5(Sedimentary
logs).

4.4 Petrographic analyses

Optical microscopy

The collectedsandstonsamplesfrom the Firkanten, Grumantbyen and Aspelintoppen
formationsweresent tothe University of Oslo for thin section preparatiohse samples were
polished to a thickness of 30 microns atained blugo highlight porosity The thinsectiors
were analysedising an optical microscop. Petrographic properties, includingineralogy
grainsizes, sortingandroundnesswere analged in both plangolarized light (PPL) and cross
polarized light (XPL)

Scanning Electron Microscopy (SEM)

A total of eight thin sections were chosen &M backscattered electron (BSE) imaging and
energydispersive (EDS) analys SEM-analysis aimetb help fill in gaps in data obtained from
optical microscopyand thugyet a better understanding of ttketritat and authigenic mineral
compositionsof the Firkanten, Grumantbyen and Aspelintoppen formatidaesg a focused
beam of higkenergy electronsyarioussignalsare generatedt the surface of thanalysed
sample including BSE and EDSrevealinginformation regardingtexture and elemental
composition(Fig. 4.1)(Swapp, 2017)Prior to SEM-analysis the thin sections were covered

with a thin layer of carbom order toprevent accumulation of charge.

Electrorsample interactionproduceelastic and inelastic collisions between electrons and

atomsin thesample Backscattered electrons (BSEglastially scattered incident electrons
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provide a useful signal for imaging the sam@lieou et al., 2006 The number of backscattered
electrons (BSE) reachintye BSE detector is proportioh#o the mean atomic number of the
sample suggesting thait b r eérdg hB-iSténsiies correlates withHarge atorrs and vice versa
(Goodge 2016). BSEimages was used tobtain highresolution compositional maps and
distinguishthe different mineral phaseggsent in the saples The demental compositionf
mineralswas obtainedusing electron dispersive spectroscopy (EDS), performing bmoth-p

and aredelement mapanalyss.
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Figure 4.1 Simplified sketch of a Scanning Electron Microscope (SENie mtroscopecomposesn electron
source in the top, lenses to control the electron beam and a variety of detectors, includiagd®&tay detector.
From Inkson (2016)
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4.5 X-ray Fluorescence(XRF) analysis

A handheldX-Ray FluorescenceXRF) spectrometei Thermo NITON XL571 provided by
Holger HartmanrAS, was used taletermine the elemental compositioncofes 7-2006 and
11-2003 The XRFanalysis aimed t@l) identify geochemical trends in the sediment ceamed
(2) investigatevhether hesecan be correlated to the sedimentary lpgs changes intihology,
sand/mud ratip The geochemical data cathus be used to support sedimentological
interpretations and/or help fill in gapstime sedimentary logs.e. trends that canndie see
duringlogging, e.g. in heavy bioturbated intervals).

XRF spectometyy is anefficient and nordestructive analytical techniqused toquantify the
elemental composition of materiale.g. sedimentores)(Thermo Fisher Scientific, 2019)
Depending on specific instrument configuratiothe XRF analyser is capablegfantifying a
range of element$:luorescent (or secondary)rdys emitted froman excited sample is used
to determineits chemical compositianThe sample is irradiated with higinergy Xrays,
causingeach of theelements present in the sample to prodaicget of fluorescent -Xays
(Thermo Fisher Scientific, 2019yhe emittedsets ofX-rays each being characteristic for a
specific element, ardetectedby a detector and amplifieddandheld XRF spectromesgr
however,analyse groups of elements simultangly in orderto efficiently determinethe
elements present ithe sample antheir relative concentration$rior to analysis, the XRF
spectrometer waset up for maximum counts light elementssuch asalcium, potassium,
silica and aluminium XRF wasperformed for every cormetre, each analysis running for

approxmately three minutes. Elemental concentratiamse presentedn parts per million

(ppm).
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5 Results

5.1 Sedimentological analys

5.1.1 Introduction

Prior to sampling and ¢ting of thesedimem cores(7-2006 and 122003) sedimentological
loggingwasperformed.Logging was requireth order to(1) getan overview of the lithology
anddepositional environment of the Firkant€brumantbyen and Aspelintoppéormatiors

(Fig. 5.1a,b and (2)choose sampling intervalsr thin section (optical microscopy and SEM)

and XRDanalygs The present chapter provides a brief overview of the studied successions
rather than a detailed sedimentological descriptlanthe following, each othe studied
formations will be described focusing onlithological observationsincluding grain size,
sedimentary structures, colour, bioturbation and tfassils In addition,facies associatian

and depositional environmégr} for each of the studiefbrmations will be discussed\s
definedby Collinson (1969)faciesassociationsreassemblages of genetically relatadies
interpreted based on depositional origin. The formationndaries were identified prior to
colledion of the cores, based ome study of Dorr et al.Z01§ andSNSK&6s pi cs ures
7-2006 andL1-2003
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B) Lithostratigraphy
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5.1.2 Firkanten Formation (core 7-2006

Unit 1 (69060-678,20 n)

Description

The lowermost approximately 12 m of the Firkanten Formation (698820 m) is composed
of alternating mudstones and ctayers, occasionally interbeddedhwsilt and thin (a few cm)
very fine sandayers(Fig. 5.2 and Fig. 5.3% The mudstones are dark brovwm black,
suggesting high organic conteiithe coallayers are typically whiteish and/or yellowish in

colour. Abundant pant roots and codtagments are obsermtevithin the mudstones.
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Interpretation

The abundace of interbedded co#dyers and plant rootsdicate prolonged periods of
terrestrial exposure, probahly a paralic depositional environment close toghee. Lithje
(2008) describes high sulphuand ash contenti& similar thin coallayers of theFirkanten
Formation indicating marine influenceAccumulation of peat, the precursor to humic coal,
typically occurs in humidyegetated environments, requiring a standing body of water, absence
of siliciclastic sedimentation and creationamcommodatiorfWard, 1984; Bohacs and Suter,
1997) Thick and laterallyextensive coal deposits of the Firkanten Formation have previously
been interpreted to repregeaised miregomplexes (Luthje, 2008). Thaodest thickness of

the coallayersobservedn the core, however, suggests formation at the marine influenced outer
rim of a mire or in a poorly developed mire (i.e. marsh or sWdlirjthje, 2008)The organic

rich mudstones are interpreted to represent periods of high terrigenous clastic input to the

marsh/swamp, preventing generation of coal.

Legend
A Root traces
F1Y Ophiomorpha
&En Macaronichnus
P Schaubcylindrichnus
V Undifferentiated, vertical
S Siderite nodule
C Carbonate ore
[o] Soft-sediment deformation

=9 Clasts
23, Plant fragment
.- Organic fragments
=V Mud-pebbles, rounded rip-up-clasts
-~ Tidal rhythmites

’g Hummocky cross-stratification
_/ )™\ Bioturbation

= Planar-parallel lamination

A~ Current-ripples
A Wave-ripples
AN Indistinct ripples
y Climbing ripples
Sandstone
| Muddy sandstone
Siltstone
Sandy siltstone
Mudstone
<= Silty/sandy mudstone
Coal
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Figure 5.2: Sedimentary log of the Firkanten Formation (1:20 scadleg. changén facies associatiofirom tidal
channels tapper shorefacéoreshoredeposits €. 671,90 m), is interpreted to represent the transition between the
paralic Todalen Member and the overlying marine Endalen Member

Unit 2 (678,20668,80m)

Description

An interval of muddyfine-medium graired sandstong eachseparated by a thicoatlayer,
overlies thealternating mudstones and céayers(678,20671,90 m Fig. 5.2and Fig. 5.3p
The three lowermostsandstondodies (678,20674,40 m; Fig. 5.33 are greenishgrey in
colour, showing evidence ofveaklaminaton. The form of the laminatiomdicates presence
of rippleand planataminationand muddrapegqFig. 5.30). Rip-up nud-clastsand pebbleare

observedsporadically throughout thaterval FurthermoreMacaronichnusoccus in clusters
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of 510 cm (Fig 5.39. The uppermost mugtsandstong(674,30671,90 m showevidence of
planar laminationand rhythmies (Fig. 5.3d. A lag of pebblesand siderite concretiors

observed in théowermostplanar laminatedandstone (c. 6720 m) and uppessandstonéc.

672,30 m) respectivelyFinally, a well-sortedmassivesandston€671,90668,80 m)overlies
the muddy sandstoriatervd (Fig. 5.3d).

BH-7/2006
680-675m

Figure 5.3: Sedimentary features of usil and 2f the Firkanten Formation (coreZD06).(A) Lower part of the
Firkanten Formation (Todalen Mbr.). Abrupt change in litholdgym alternating mudstones and thin ctalers
to muddysandstones (tidal channgl@B) Ripple-crosslamination in tidal channe(C) Cluster ofMacaronichnus
trace fosss in tidal channel(D) Rhythmites in the uppermostuddysandstoneafrow).
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Interpretation

The muddy sandstones of unit 2 are interpretedpgoesentidal channelsThesharp boundary
to the underlying mudstormoal interval rip-up mudclasts, marine/brackish trace fossils
(Macaronichnuy mud drapesandrhythmitessupport the present interpretatidie thin coal
layersprobablyindicateabandonment of the channelhe wellsorted andnassivenatureof

the overlying sandstone implies deposiidn a moderate to high energy shallow marine
environment. The apparent absence of sedimentary structures is typical for foreshore and upper
shoreface (Walker and Plint, 1992; Reading and Collinson, 199 change in facies
association, from tia channelsto foreshoreupper shorefacaleposits(c. 671,90 m) is
interpreted taepresenthe transition between the paralic Todalen Menaretthe overlying
marine Endalen MembéFig. 5.3d).

Unit 3 (668,80653,40m)

Description

The succeedingpproximatelyl5 m of the Firkanten Formatio§8,80653,40 m) compses
alternating hummockyand/or swaleycross stratified sandstonesmd weltsorted massive
sandstonefFig. 5.2and Fig.5.49. Thin intervals obioturbaedsandstoneare observeth the
lowermost anduppermost part othe unit(e.g. 657,5657 m) often showing presence of
Macaronichnus and Schaubcylindrichnustrace fossils. Mudclasts and pebblesccur
sporadicallywithin the nonbioturbated sandstond€kig. 5.4d. Furthermore Ophiomorpha

trace fossilgnd siderite concretiorseobservedcatteredhroughoutheinterval(Fig. 5.4hkc).
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Figure 5.4: Sedimentary features of unit 3 of the Firkanten Formation (cé2@0B) (A) Hummocky and/or
swaley crosstratified sandstondarrow). (B) Hummocky and/or swaley crostratification (arrow) and
Ophiomorphatrace fossil (right). (CPphiomorpharace fossil. (D) Lag of pebbles (storm deposits).

Interpretation

The hummockyand/or swaleycrossstratified sandstonegre interpreted to represent sterm
influenced offshordransition to lower shoreface depogi8alker and Plint1999. Plint and
Norris (cited in Luthje 2008) howevey considered similar deposits to be of middjgper
shoreface originThe presence ddphiomorphatypical for moderate to high energy shallow
marine environmenjssupports the present interpretatiidnaust, 20%). The well-sorted
massivesandstones resemble foreshapper shoreface deposits (see unitT2je mudclasts
and pebblegrobablyrepresentaminated storm deposits, reflecting steimduced erosion of
the seafloor (Reineck and Singh, 1972Fhebioturbated intervals are suggested to represent
periods of low sedimentationtes, allowing biogenic activity
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Unit 4 (65340-580)

Description

The middle and upper part of tRerkanten Formation65340-580 m) is composed adfiighly
bioturbated sandstondsaving only weak indications of tlitial lamination The bioturbated
sandstonedoweveraresometimes interspersed widss bioturbated anol weaklylaminated
sandstones(Fig. 5.59. The lamination resembles hummocky and/or swaley cross
stratification Tracefossils occur frequently throughout thgerval in whichMacaronichnus
andSchaubcylindrichnsiare most prominer{Fig. 5.5b).Mud-clasts and pebblese observed
sporadically. Thenterval shows severalshallowingupwads sequence$rom dark mud-rich
and less bioturbated sandstones light greygrey coarsergrainedand heavily bioturbated
sandstonege.g.600-590 m Fig. 5.59. Generally, the degree ofdturbationseems talightly

decreas¢owards the top of the car
In the uppermosdpproximately 8 nof the core, however, a grdyownish sandstone showing

evidence of mottling occuffig. 5.5e) Furthermore, aoalified piece of wood and ripplaoss

lamination are observefig. 5.5d).
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Firkanten Fm.
650645

Figure 5.5: Sedimentarfeatures of unit 4 of the Firkanten Formation (cor2006). (A) Example of shallowing
upwards unit (i.eparasequengein the uppermost part othe core (600590 m). (B) Macaronichnusand
Schaubcylindrichnugrace fossilgarrow). (C) Interbedded hummocland/or swaley cross stratified sandstone.
(D) Coalified piece of wood. (E) Possible soil profile in the uppermost part of the core (Endalen Mbr.).

Interpretation

The muddy nature and high degree of bioturbatibanit 4impliesthatdepositionalternatel

with periods oflow sedimentationrates (Luthje, 2008. The bioturbatedsandstones are
probably of middlelower shorefaceorigin (Luthje, 2008).The presence ofinterbedded
hummocky and/or swaleycrossstratfied sandstoneshowever,implies periodically storm
influence (see unit 3).In periods of quiescence, oxygenated bottom conditions and low
sedimentation rates allowdalrrowing activity. The shallowingupwards sequensg from
mudrich very finefine sandstongto fine-medium bioturbatedandstong, are interpreted to
representparasequencegeflecting small fluctuations irthe relative sedevel. Possible
mottling, typical for soitprofiles, in the uppermost part of the core indicate deposition close to
the coastind, thuspossiblya significant fdlin the relative sea level.
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Depositional environment
The interpretationsf unit 1-4 are consistent witpreviousstudies of thd=irkanten Formation
(e.g. Luthje 2009, suggesting coastal plain (Todalen Member) to shallow marine (Endalen

Member)depaitional environment for the formation.
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5.1.3Grumantbyen Formation (cores7-2006 and11-2003)

The upper part of Grumantbyen Formation was studiddtincores 7-2006 andlL1-2003 (Fig

5.6), aiming to identifyanydifferencedn temperatureand buriahistory.
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Figure 5.6 Sedimentary log of the upper part of Grumantbyen Formation (1:20 scale). Left and Gatel&
2006; right:Core 122003.The changén lithology from bioturbatedsandstone to mudstone ioaesthe trarsition
between the shallovmarine Grumantbyen Formation and the overlying deapne Frysjaodden FormatioBee
section 5.1.2 for legend.
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Unit 1 (270251 m in core 7-2006585-571,20 m in core 112003

Description

The lowermost part of the Grumantbyen Fation (core #2006) composes a light grey
gravelly coarsegrained sandstong(269,8026880 m; Fig. 5.7a,b. Clasts, up to 1 cm in
diameter, occur scattered throughout the sandsfdtiteugh rare,ripple crosdaminationis
observed in the uppermost pairtite sandstone (Fi§.7¢. The form of the lamination indicates
presence of wavapple crosdamination.An interval of greenisigrey well-sorted medium
coarseggrainedsandstong(268,80251,20) occasionally interbedded with thin (approximately
10 cm) gravely layers, oveiks the gravelly coarsegrained sandstone. The sandstene
generally show moderatagh, although varying, degree of bioturbation, legvonly few
indications of the original laminationTrace fossils include Macaronichnus and
Schaubglindrichnus in which the former is the most promindppe (Fig. 5.8b,c) White and
blackish clastsngillimetre to centimetre scgleccur sporadically throughout tirgerval (Fig.
5.8e). The bioturbated sandston@erval is somewhat finegrained in ore 11-2003 685
571,20 m and lacks thinterbeddedjravellysandstondayers observed in coreZ006
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Figure 5.7: Sedimentary features tfie lowermost part of th€rumantbyen Formatioim core 72006 (unit 1).
(A) Overview of lowermost part of the GBmantbyen Formatio270-265 m) (B) Gravelly sandstone in the
lowermost part of thénterval 269,86268,80 m) (C) Waveripple crosdamination in the uppermost part of the
interval(c. 269 m).

Interpretation

The relatively coarse graigizes andvariaion in bioturbation intensityfrom absent in the
lowermost gravelly sandstor{eore 72006) to moderatehigh in the overlyingbioturbated
sandstonenterval suggests higlenergy conditions and a proximal rather than distal origin.
The occurrence of waatripple crosdamination indicatesdeposition in awvave-dominated
shallowmarine environment Furthermore, le slightly greenish colour of thieioturbated
sandstongindicate presence @lauconite (Steel et al., 1981). The relativeymogeneous
nature ofthe sandstorsz moderatehigh degree of bioturbation and presence of glauconite
imply low sedimentationrates (Odin and Matter, 1981)ow-sedimentation rates allow
burrowingactivity despitehigh-energy conditions.Theclasts observed sporadically throughout
the intervalprobablyoriginak from the Permian Kapp Starostin Formatamdarethought to
have beemleposited by seasonal winter ice aciihgsshelf (Dalland, 19%.
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BI-772006 T
Grumantbyen Fm.

Grumsantbyen Fm,

BH-7/2006
Grumantbyen Fm.
260-255

Figure 5.8 Sedimentary features of usit and 2f theGrumantbyerrormation (core7-2006and 112003. (A)
Overview of the uppermost part of theormationin core 132003. The change in lithology, from bioturbated
sandstone to mudstonmdicate the transition between the shallemvarine Grumantbyen Formation and the
overlying deepmarine Frysjaodden Formatiof8) Schaibcylindrichnugrace fossil in the uppermost part of the
formation in core 122003.(C) MacaronichnusaandSchaubcylindrichnugacefossils in core 22006 (arrow). (D)
Transgressive lageflecting marine ioding (E) Class observed sporadically througlt the interval

Unit 2 (251-250 m in core 72006571,20570 min core 11-2003)

Description

A dark greyblackish mudstoneapproximatelyl m thick in both of the corespccursin the
uppermost part of therumantbyen Formatioffig. 5.89. In core 122003, alag of pebbless

observedn the lowermost part dhe mudstongFig. 5.8d).
Interpretation

The pebbly layer observed in the lowermost part of the mudétonel1-2003)is interpreted

to represent a transgressive lag, reflecting mdtowaing and accompanying erosiaf the
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seafloor. This transgressive lggobablyrepresentghe transition between the shallow marine

Grumantbyen Formation and the overlying desgrine Frysjaodden Formation.

Depositional environment

The high degree dfioturbaton, leavingonly few indications of the original laminatiomakes

it difficult to preciselyinterpret the depositional environment of the upper part of Grumantbyen
Formation. However hie overall nature of the succession, including grain size and accerre
of wave ripple crosdamination suggestsdeposition in a shallownarine environment,
probably uppeshorefaceThe abundance dflacaronichnusa characteristic shallomarine
trace fossiloften occurring in middleupper shoreface and foreshore degostupports the

preseninterpretation Clifton and Thompson, 187 Knaust, 201Y.
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5.1.4 Aspelintoppen Formation ¢ore 11-2003)
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Figure 5.9: Sedimentary log of the Aspelintoppen Formation (1:20 scale). The lowermodierb#l. 97 m)
indicates the transition between the marine Battfjellet Formatiorttenphralic Aspelintoppen FormatiorSee

section 5.1.2 for legend.
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Unit 1 (100-93,70 m)

Description

The lowermost part of theorecomposes thick well-sortedmassivesandgtone(100-97,20 m).
The sandstone is capped with a thin layer of ,qualbablyindicating the transition between
the marine Battfjellet Formation aride paralic AspelintoppenFormation(Fig. 5.9 and Fig.
5.10a). A heterolithic interval, composing alteating muddy very finefine sandstones,
siltstones andandymudstone$97,2093,70 m)overlies thecoatlayer. The muddy sandstones,
each approximatel\30 cm thick, contains curremipple crosdamination and root traces.
Furthermore, the sandstones shemdence of soft sediment deformation. Thedstone and
siltstones are occasionally interbedded with lenses of ripple el@ssnated very findine
grained sandstonsometimes showing opposing migration directigfig. 5.1®,d). Two coat

layersare obsrved in the uppermost part of the interf&il. 5.10c)

BH-11/2003
Aspelintoppen Fm.
10095

| 8 B IBH-11/20034 :

|

BH-112003

Aspelintoppen Fm. BIL-112003

95.90 Aspelinoppen Fm,
o599

Figure 5.10 Sedimentary features of units 1 and 2 of the Aspelintoppen Formation (c2893) (A)Overview
of the lowermost part of thaspelintopperformation(unitl). The thin coalayer @mrow) indicates the transition

between the marine Battfjellet Formation and paralic Aspelintoppen Formation. (B) Lenticular bedding in the

middle part ofunit 1 (c. 95, 50 m). (CXoal layer in the upper part ahit 1 (D) Wavy bedding in thepperpart
of unit 1L (E) Root tracei the uppemostpart ofthe bay-fill deposits(93,7091 m;unit 2).
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Interpretation

The wellsorted and mature character of the lowermost sandbtmhesuggestsleposition in

a moderatdigh energy shallow marine environment. Td@parentabsence oSedimentary
structures is typicdlor foreshore and uppermost part of shoreface (Walker and Plint, 1992;
Reading and Collinson, 1996)he sandstone is interpreted to represent upper shoreface
foreshore deposits of the upp®st part of th&attfjellet Formation. The overlying heterolithic
intervd, composing alternating muddy sandstones, siltstonessandy mudstones are
interpreted to represent &llly induced lenticulat wavy and flaser beddg. The occurrence

of current ripple crostamination,sometimeshowing opposing migration directions, supports
the latter interpretation. The celaéds observed in the uppermost part of the interval is
suggested to represent prolonged periods of teakskposure. Flaser, wavy and lenticular
bedding (typical for neashore tidal depositshoweverare not exclusively occurring in tidal
zones; similar deposits are also occurring in overbank areas of episodic flooding (Reineck and
Singh, 1980)However tide induced lenticulay wavy and flaser bedding is consistent with
previousstudiesof the Aspelintoppen Formation, suggesting -ilsiiuence on the lower part
(Naurstad, 2014).

Unit 2 (93,70-80,30

Description

Thelowermostapproximatelythree meters afnit 2composes a mudch fineemedium grained
sandstonshowing overall coarsening upwar@s,7091 m; Fig.5.9). Ripple crosdamination
and roottraces are observed in the lowermoshd middleupper part of the sandstgne
respectively(Fig. 5.109. Furthermore, thesandstone gemally shows high degree of soft
sediment deformation, leaving few indications of the original lamination. A thick interval of
alternating muddy sandstonesitstones and mudstong¢91-80,30 m)overlies theoverall
coarsening upwards sandstombe muddy sandstones are sometimes noegraaled and soft
sediment deformed. Furthermore, currgpple crosdamination and root traces are observed
within the muddysandstones and siltstones. Three tlmalbeds occur in the middiepper
part of the interva{Fig. 5.9).

Interpretation
Themuddy finemedium grained sandstone, showing overall coarsening upwards, is interpreted
to represent tidenfluenced bay fill depositsThe succeeding heterolithic interval resemble

tidally induced lenticularand flasebedding(seeunit 1).
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Unit 3 (80,3672,80 m

Description

The lower-middle part of unit 3composes atinterval of fine-medium grained sandstones
(80,3377,20 m; Fig5.9). The lowermost sandstone shows a sharp boundémg tanderlying
coalbed (Fig. 5.11a).Furthermore, thin lenses of coallanar lamination,ripple cross
laminationand Ophiomorphéatrace fossilare observed in the lowermost part of the sandstone
(Fig. 5.11b,c).An abrupt change in colowand grain sizedccurs at approximately 79,20 m.
Mudclasts and/or coalified wood pieces and root traces are observed in the lowermost part;
ripple crosdamination occurs throughout the sandstone. Furthermore, the sandstone shows
overall fining upwards. Thappermossandsbne(78,2077,20 m)is massive, showingo/few

signs of laminationAn interval of alternating siltstones and cteyersand muddy very fine

fine sandstone&7,2075,10m) overliesthethreesandstoa bodiesThe uppermost part of unit

3 (7510-72,80 comprisesamuddysandstonshowing upward$ining. The sandstone contains
mud-clasts inhelowermostpartandshow evidence ahythmitesin the uppermost paft340-

73,20m; Figureb.119.

2 I
BI1-1172003 . T

\spelintoppen Fmi.
RS-80

BH-11/2003
75-70m

& ME
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Figure 5.11: Sedimentary features of unit 3 of the Aspelinteppg-ormation (core 12003). (A) Uppe part of
unit 2 (85-80,50 m)and lower0,5 m (80,5680 m) of unit 3. (B) Ripple crodamination in the lowermost tide
influenced distributary channel. (Sharp boundary between cdayer and overlying laminated satdne (lower
arrow). Ophiomorphatrace fossil in the lowermost tidafluenced distributary channelgper arrow). (D)
Rhythmites in the uppermost part of unit73,4673,20m).

Interpretation

Themuddysandstonesccurring in the lowemiddle part of tle unitare interpreted to represent
tide-influenced dstributary channel fill deposit3he sharp boundary to the underlying coal
layer and thebservation of ripup mudclastgplane parallel laminatigmipple crosdamination
and marine/brackish trace sgils Ophiomorpha support the present interpretatiofihe
overlyinginterval, composing siltstones, thin céayers and sandstongsrobably represent
lower deltaplain depositsThe overall nature of the uppermost sandstone angrbsencef
rhythmitessuggests tidenfluenced distributary channel fill deposits

Unit 4 (7280-60 m)

Description

The upper part of the core cornges alternatingsandy mudstonessiltstonesand muddy
sandstones, occasionally interbedded with thin -beds (72,8060 m Fig. 5.9. The
sandstones are relatively thin asainetimeshow normalgrading.Furthermore, currenipple
cross lamination, climbing ripples and root traces are observed within the sandEignes
5.1%). In addition, at least one reddiblhown soil proile is observed within the interval
(68,5068,40 m).Well-preserved leaf printsccur within some of the muddy sandstones and
siltstones (Fig5.129.
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Figure 5.12 Sedimentary features of unit 4 of the Aspelintoppen Formation (ce2®Q3). (A) Wellpreserved
leaf print in muddy siltstone. (B}limbing ripplesin the uppermost part of unit(érevasse splay depogits

Interpretation

The abundancef mud and sikmaterial in the upper part of th&spelintoppen Formation
suggests depositiodominantly from suspension, i.e. in a leanergy environment. The
suspended material is brought to the floodplain by overbank flooding of nearby fluvial
channels. Theedbrownish sandstone occurring at approximately @8ybis suggested to
represent a soil profile. Ehpresence afoot traces, leaf prints, cebkds and a soil profile
implies periodicallysubaerial expage of the deposits, indicating deposition in a diddta

plain setting The interbedded mudch andsometimesiormalgraded sandstones, containing
currentripple crosdamination, climbing ripples and root trac@se interpreted to represent
distalcrevasse splay deposits.

Depositional environment

The overall nature otinit 1-3 (100-72,80 m) indicatea tideinfluenced lower deltgplain
depositiona setting for the lowemiddle part of the Aspelintoppen Formatiorhe latter
interpretation is consistent with previous studies of shecession (e.g. Naurstad, 2014),
suggesting tidénfluence on the lower pathe uppepart of thesuccessioifunit 4; 72,8660

m) is interpreted taepresentistal deltaplain deposits The observation of abundant root
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traces, leaf prints and a soil profiladicating periodically subaerial exposure of the deposits,
support the latter interpretatioAlthough no distnct tideinduced structures are observed in
unit 4, the presence of carbonate cement in sample A8 indicatemarine influencgsee

section 5.3)

5.2 Geochemical trends

5.2.1 Introduction

A handheld XRFanalyser were used to measure the elemental camopasf core7-2006 and
11-2003, aiming tadentify geochemical trends the sediment coresdto investigatavhether
these can be correlated to the sedimentary logge and smakscale geochemical trends can
thus be used tosupport sedimentologicahterpretations and tdelp fill in gaps in the
sedimerdry logs (e.g. in heavy bioturbated interval#). addition, the elemental composition
of the cores providaaformation regardinghe mineral compositiomf the studied formations
e.g.presence dfeldspar, which, in turn, can be used to predictdnmation ofauthigenidllite

at the expense of kaolinitg great burial depth§seochemical data can thus be used to get a
better understanding of the typssd distributiorof authigenic mineralddowever, @mbining

the geochemical signatwef the rocks with the sedimerly logs and thin section anabs
provide a mor e c o mpitkentere Griantantts/dnoandy Aspelmtbppen h e
formations In the following, the geochemical signatsi@e. rends, peaks, troughsf the
studied formations will be discussediietail focusing on elements showing large and/or small
scale geochemical treadThe red and greemmendlines (Fig. 5.135.15 arebased orvisual
inspectionrather tharscientific catulaions requiringat least three measurements on a (more
or less) straight lineElemental concentrations are represented in parts per million (jppm).
addition to Fig. 5.15.15, selected element plots are attached in Appendix II.

5.2.2 Firkanten Formation

The Firkanten Formation is interpreted to represmyastal plain (Todalen Member) and
shallow marine deposit§Endalen Membey) reflecting the early Paleocerlargescale
transgressive phase of basin infilling. The X&d&ta reveals clear geochealicrend, both
large and smallscale. The most prominent trends, representing the-taa@e evolution of the
Firkanten Formation, are (1) a small decreasslica (Si) concentration towards the top of the

core and (2) accompanying increase in aluamm{Al), barium (Ba), rubidium (Rb), potassium
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(K), strontium(Sr) and yttrium (Y) concentratior{&ig. 5.13 and Appendix Il)The decrease
in Si-content indicates a reduction in the relative am®ohiguartz (i.e. sand), suggesting a
more distal deposiinal setting towards the top of the corée increase in A, Ba, Rb-, K-,

Sr- and Y-concentrationsowards the top of the core, implying an increasthenamount of
clayey materiglcorrelates well with the decreasingc®ncentrationin the uppermogpart of
the core (c. 590 m), howevexdistinctincrease in the Stontent and accompanying decrease
in the AF, Rb- and K-concentrations occudisturbing the largscale trends discussed above
(Fig. 5.13). Furthermorehé lowermost approximately 10 af the coredisplays a cluster of
relatively low Siconcentratios and high Af, Ba, Rb, K-, SFr and Y-values. The latter
observation is consistent with the sedinaeykg, showingan interval of alternating mudstones
and coaldbeds.
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Figure 5.13 Geachemical trend&entified in themiddle-upper part othe Firkanten FormatiofEndalen Mbr).
Sub-trends, showing decreasid, Rb and Kelement concentrations seem to correlate well with intervals of
coarsening upwardse. parasequenceis) the sedimetary log

The largescale geochemical trends are occasionally interrupted byresudls, reflecting
smaller changes in lithology. In particular, repeating-sabhds are observed in the-ABa,
Rb- and K-profiles (Fig. 5.13and Appendixl). The subtrends, showing decreasing element
concentrations, e.g. from 6@®0 m and from 63830 m(Fig. 5.13), seems to correlate well
with intervals of coarsening upwards in the sedimentary(ileg parasequences)he sharp
increase in the A] Rb- and K-concentationsat c. 605600 m is probably related to the very

48



Chapter5 Results

high mudcontent of this intervalln addition, the geochemical profiles suggest decreasing
concentrations in Al, Ba, Rb and K from approximately-685 m (bioturbated and, in part,
crossstratifiedsandstongFig. 5.9, although a coarsening upwards trend was not observed in
the core. The latter observation suggests that the geochemical sigrdttine Firkanten
Formationnotablychanges in elements typical for clagaring mineralgpossibly carbe used

to help fill in gaps in the sedim&rylog.

5.2.3 Grumantbyen Formation

The Grumantbyen Formation, interpreted to represent shatiasne deposits, asstudied in
both core 7-2006 and 12003. The geochemical signatsiref core 7-2006 (Appendix II)
showsseverakmallscale trends rather than continuous lesgale trends, whereas both large
scale and smaidl-scale trends are observedcore11-2003(Fig. 5.14).Neverthelesschanges
in element concentrations observed in the Grumantbyen Fomeae modest compared to the
underlying Firkanten Formation, probably reflecting the relatively stat#positional
environmentof the formation.The uppermost part of th@rumantbyen Formatio(cores7-
2006 and 12003, however, compsesan interval of fining upwards, capped with #hin
mudstone. Theresultant decrease inlithology and sand/mueratio is reflected in the
geochemical signatuseof the cores revealing a steep increase time Al-, Rb- and K
concentrations and a decrease in theditent(Fig. 5.14 and Appendix 1)The muddy
intervals are interpreted to represent transgressiverkftgstingthe onset omarine flooding

and deposition of the overlyirigrysjaodderi-ormation(see section 5.1).
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Figure 5.14: Geochemical trends identified the Grumantbyen Formation (core -PD03) The abrupt increase
in Al, Rb and K element concentrations indicate the transition between the shziome Grumantbyen

Formation and overlying deaparine Frysjaodden Formation.
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5.2.4 AspelintoppenFormation

The Aspelintoppen Formatipnonstituting theippermospartof the Van Mijenfjorden Group

is interpreted toepresent tidénfluenced deltaic deposit¥he XRF-analysis of the formation
shaws frequent variations in elemeooncentrationsathe than distinct smalland largescale
trends(Fig. 5.15) probably reflectinghe muddyand chaoticnatureof the depositsThe St
profile displays relatively scattered measurements, although sets of ssoalkeigeochemical
trends are observed. The shambkcale trends, predominantly showing increasing Si
concentration, seem to coincids, leastin part, with intervalshowingincreasing sand/mud
ratios, e.g. from ¢83-77 m and from c95-91 m (Fig. 5.15).TheAl-, Rb- and K-profilesare
inverse propdional to the Sprofile, in which decreasing concentrations coincide with
intervals ofincreasingsand/mud rati® and vice versa. The geochemicalgnaturesof the
Aspelintoppen Formation, however, are less distinct than sisigaatures of the Firkante
Formation The latter is probably related to the muddy character and frequent variations in
lithology of the Aspelintoppen Formation
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Figure 5.15 Geochemical trends identified in tepelintoppen Formation (core -PD03) Although less clear
than inthe Firkanten Formation, increasing-&intent and decreasing Al, Rb and K element ratios seem to
sometimes coincide with intervals of increasing sand/mudsratie frequent variations in elemeaincentrations
probablyr e f | ect t he muatuck pfthe AsgelinfopperaFormationd n

5.2.5 Authigenic minerals

The linkage betweeslementsand mineral compositiofe.g. high Sicontentsuggestabundant

guartz etc.suggests that the geochemical signatures of the cores can be used to predict the

occurence of certain authigenic minerals, including the formation of burial diagenetic illite at
the expense of kaolinite in potasshiich formation watersThe K/Rb and Rb/Sr element ratios
are controlled by feldspars and micas, in which Rb and Sr oftestitsitd for K andNa,
suggesting that these rat@a® indicative fofeldsparcontent (Fig5.16 (Schlegel et al., 2013).
The sandstones of théirkantenand Grumantbyen formatiorfsigher feldspar contents) show
higher element ratio of K/Rb and lower /8b ratio than the Aspelintoppen Formation (lower
feldspar content The latter observations are in agreement with thin section angdbeses

section 5.3).

400

350 -

* Asp.

Fir./Gru.

O T T T 1
0 0,5 1 1,5 2

Rb/Sr

Figure 5.16: Distribution of the Rb/Sr and K/Rb element ratios in the Paleocene Firkanten amérioyen
formations (black circle) and the Eocene Aspelintoppen Formation (grey circle).
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5.3 Petrographic analyses

5.3.1 Introduction

A total of 44 thinsections, one from eadandstonesample,were analysed usingan optical
microscopeln addition eightof the samples were selected for Scanning Electron Micrescop
(SEM) and Xray diffraction (XRD) analy®s (Appendix 1). The purposeof the thin section
analyss wasto investigatethe compodion (i.e. texture,detrital minerals, authigenggha®s
cement and porositydf the samplesand thus get a better understandingdepositional
environment diagenesisand temperaturehistory of the Firkanten, Grumantbyen and
Aspelintopperformations FurthermoreSEM- and XRD-analygsaimed tohelp fill in gapsin
optical microscopwndto identify uncertairminerals Schlegel et al. (2013)enerallyclassified

sandstones dhe Central Tertiary Basin (ca@-2006 and 122003)as feldsphatic sandstones.

Detrital mineral§ minerals present initially in sedimisi werepredominantlydentified using
optical microscopewhereas athigenicmineralsi mi ner al s f or med #fAi n
deposition of detrital mineralswere identified using both optical microscope, SEM andXR
The mostprevalent cement typeim sandstones are quartz, carbonate and clay minerals
although smaller amounts pfyrite, feldspar, hematite, apatite andrith mineralsare locally
important(Worden and Burley, 2003prain sizes- and prosity valuswere roughly estimated

by visual inspection, usinghe scale appearing in the lower rifgft corner of optical
micrographsand quantifyingthe blue spotgi.e. epoxy)presentin the samplesrespectively.
Optical micrographs (2,5PPLand closaipg of most sampleare attached in Appelix IlI;
SEM- and XRDanaly®s of selected samplese attachechiAppendix IL
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5.3.2 Firkanten Formation

Table 5.1 Detrital and authigenic mineralogy sample F1, F3, F11, F19 and F25 (Firkanten Formation)

obtained from SEM EDS analysis.

Sample Minerals Origin

Quartz Detrital
Pyrite Authigenic
Glauconite Authigenic
K-feldspar Detrital

F1 Mica Detrital
Plagioclase Detrital
Rutile Detrital
Pyrite Authigenic
Apatite Authigenic
Chlorite Authigenic
Mica Detrital
Albite Authigenic
Glauconite Authigenic

F3 Rutile Detrital
Calcite Authigenic
K-feldspar Detrital
Quartz Detrital
Quartz Detrital
K-feldspar Detrital
Glauconite Authigenic
Pyrite Authigenic
Albite Detrital

F11 Calcite Authigenic
Clays Authigenic
Rutile Detrital
Rutile Detrital
Calcite Authigenic
Clays Authigenic
Quartz Detrital

F19 K-feldspar Detrital
Chlorite Authigenic
Pyrite Authigenic
Caphosphate (apatite) Authigenic
Mica Detrital
Albite Authigenic

F25 Quartz Detrital
Calcite Authigenic
Mica Detrital
Siderite Authigenic
Rutile Detrital
Albite Detrital
K-feldspar Detrital
Clay Authigenic
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Detrital sandstone composition

Theanalysed sampled the Firkanten Formatiocomposegrain size ranging from very fine
medium sandin which themajority ofthesamplecomposes fine graisizes Furthermorethe
thin section analysis suggests presence of several intervalssiodllowingupwards (i.e.
parasequences; Fig. 5.1The latter observation is consistent witle sedimentary lo¢see
section5.12) and XRFanalysis(see section 5.2). The sandstones are generally wadly
well sorted; the uppermost part of the e moderatelywell sorted. Thequartz grainsare

commonlysubangular roundeduggesting deposition close to the source.area

56



Results

Chapters

w

.

2DRJIIOYS JIIMOJ-3|PPIN

588 _

589

590 4

591

592

593

594
595 o

96

5

597

598

599
600

f mc w

of

s

Sand/maxi o

Facies
ccochtion

Figure 5.17: Alignmentof sedimetary log and optical micrographs(A) Sedimentary log of thepper part of

Firkanten Formation (Endalen MhrGradual increase in grain size from c. &3D m (parasequenceB) and

(C) Optical micrograpb(PPL) of samplé-24 and F23, respeetly, confirming an upwards increase in grain size.
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Figure 5.18: Micrographsof selectedsandstonesamplesfrom the Firkanten Formatiofcore 72006).Qtz =
quartz; Glc = glauconite; Pyr = pyrite; Kf =#eldspar; Cal = calcite cement; Mi = mjdée-car= Fe-carbonate
(siderite) (A) Extensivequartz cemeration and minor glauconitén sample F(optical microscopy; PPL (B)

SEM BSEimageof sample F1lshowing abundant quartz cemeftfeldspar framboidal pyriteand dissolution
porosity (arrow)(C)/(D) Optical micrograpi{XPL)/SEM BSE imagef carbonatgcalcite)cementedsandstone
(sample F3. (E) Abundant framboidal pyrite in laminated sandstone (sample F3; SEM BSE). (F) Optical
micrograph(XPL) showingpresence of sutured (1gpncaveconvex(2) andlong (3) grain contactsn quartz
cemented sandstone (sample F1). (G) Bended mica grain in sample F4 (opticatompy XPL). (H)/(l) Optical
micrograph (XPL)/SEM BSE image of muddy carbor(gtderite)cemented sandstone (sample F25).
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Quiartz is the mst prominent detrital mineral in the Firkanten Formation, constituting >50% of
the mineral assemblag&he majority ofquartzgrains are monocrystalinalthoughsmaller
amounts ofpolycrystallinegrains are observedndshowundulatory extinction angléross
polarized light; XPL).Furthermoreguartzcommonlyshowpoint contacts t@adjacenfgrains.
Both long, concaweonvex and sutured grain contaate observedn which the two formers
are the most prominent typgsig. 5.18f). In sample F13 and F2%owever, grains are
(partially) floating in a matrix of carbonate cement (Fig.5.1&gnerally, the samples show

abundant quartz cement (e.g. Fig. 5.18a).

Figure 5.19 Optical micrograph$PPL)of sample 22 from theuppermost part dfirkanten Formabn (core 7
2006) (A) Chert fragmen{Cht) composing microfossil€Spiculites) The chert fragment is thought to originate
from theupper Permian Kapp Starostin Formati(B) Close upoptical micrograph of chert fragmeint (A).

Feldspas, in particularplagioclase, is the second most abundant detrital minbssrved in
the analysedsamples Plagioclase andK-feldspar appear colourless in plgpa&arized light
(PPL) and show inclined extinction angle in XPRolysynthetic and tartan twinning are
obseved in plagioclase anK-feldspar respectivelyFurthermore smaler amounts of mica
(muscovite and biotiteyock fragmentschertand coal fragmentare observed ithe samples.
Mica, both muscovite and bioétshow distinct colours anglarallel extintion angle in XPL.
Mica grains are often bended and/or brokesuggestingsignificant compaction Chert
fragments occur scattered throughoutftrenation, composing distinct microcrystalligaartz
or microfossils (Fig.5.19a,). The microfossilsobservedin some of the chert fragments
resembleSpiculites,suggesting thathese fragmenteriginate from the upper Permian Kapp
Starostin FormatiofsS. Olausser2019, pers. comm22. Aug.). Coal fragmentgypically small

in size occurscatteredn some of tle analysed sample$he coal fragments appear opaque
(black) in PPL.showing softer edges thampaqueheavy mineralgi.e. pyrite).

59



Chapter5 Results

Authigenic mineralogy

The sandstones of the Firkanten Fornmaticepresentingcoastal plainto shallowmarine
deposits are strongly influenced by compaction and cementatiddechanical compaction,
evidenced by dense grain packing and bending/breakage of nestdtedin low porosity
values ranging fromabsentto approximately5%. In addition extensive quartz cementation
probably played an important role in destroying porosityhe highest porosity value
(approximately %0) was estimated insample F5, constituting upper shorefacéreshore
depositgFig. 5.2).

Authigenic quartandcalcite are the most prominent cement tyadthough smaller amounts

of other authigenic minerals occur, includipgrite, glauconite kaolinite and albite Quart
cement, forming syntaxial overgrowths on the detrital quartz grains, locally fills the pore spaces
between quartz and amljing grains Calcite occursas extensive, continuouporefilling
cemet, varying from absenin some samplet® abundantn other sampleg¢e.g. sample F3;

Fig. 5.189. Pyrite occurs as scattered euhedral grains or in clusters of euhedral and/or
framboidal pyrite (Fg. 5.18b,e)Furthermore, athigenic pyriteseems to benore abundanin

the lowemostpart of the formation, althougbcattered gras are observeth most of the
samplegexcept for in sample F29Ylinor glauconite, appearing greenish in PPL,abserve

in the lowermost part of the Firkanten Formatiafthougha clear identificatiorof glauconite

was difficult, the greenish colour of the minef&PL) indicates presence ofglauconite.
Furthermore,Lithje (2008) describesglauconite in the lowermost paof the Firkanten
Formation, supporting thiatter interpretation Dissolution porosity is sometimes observed in
K-feldspar grains (Fig. 5.18b).

SEM- (Table 5.1)and XRDanalyss (Appendixll) suggestpresencef phosphate minerals
including apatite, A-phosphate and Bghosphateand Ti-oxides (rutile). The shape of the
rutile grains, however, indicateratherdetrital origin Phosphatés commonlyobservedvithin
other mineralstypically chert fragmentsand quartz Furthermore, XRD-analysisindicate
presence okaolinite, ankeriteand illite/muscovit AppendixIl). Dueto the small grain size
ofillite( ref fered t o a,snixifigwlthatheplbasesmd lowradolution indages )
a clear identification fothis mineralwasnot possible ilSEM. Finally, SEM-analysisreveals
presence gpossiblesiderite in the uppermost part of the formation (sample FZb 5.18).
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5.3.3 Grumantbyen Formation

Table 5.2: Mineralogicalcomposition of sample G6 (Grumantbyen Formation) obtained from SEMdnalysis.

Sample Minerals Origin

Quartz Detrital
Calcite Authigenic
K-feldspar Detrital
Albite Authigenic

G6 Fe-chlorite Authigenic
Rutile Detrital
Glauconite Authigenic
Mica Detrital

Detrital composition

The analysed samples$ the Grumantbyendfmationcompsegrain-sizes ranging from fine

coarse sandn which sampleG1-G3 (core 7-2006) are slightly coarsegrained than sample

G4-G6 (core 11-2003). The thin sectioranalysisis in agreementith the sedimentary logs,

showingonly smaller changds grain sizes (except for in the uppermost part of the formation).

The analysed samples are wadry well sortedpredominantlyshowing subangular grairiBhe

latter observation suggests deposition close to the source area
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Figure 5.20 Micrographs 6 selected sandstorsamples of th&rumantbyen Formatiorcéres 7-2006 andl1-
2003. Qtz = quartzPS = pore space; QO = quartz overgrowth; Chl = chlorite; Cal = cahiite; glauconiteRF

= rock fragment; Mi =mica; Kf = K-feldspar; Ab = albite; Rt #utile. (A) Optical micrograph (PPL) of gravelly
sandstone (sample G1; cor®d06). The relatively high porosiyalues of the sandstone may be ascribed to the
presence of graiooating chlorite. (B) Optical micrograph (PPL) of discontinuous gtaatingchlorite in sample
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G2 (core 72006). (C)Optical micrograpi{PPL) of quartz cemented sandstone (sample G3; c@@0B).Grain
coating chlorite seems to have, at least in part, retapsdz cementation. (jigh-resolutionoptical micrograph
(XPL) of sample G5 (core 1:2003). Sutured grainontact (arrow) and quartz overgrowth. @mple F5 (core
11-2003) showing presence of bothugrtz and carbonateement(optical microscopy; XPL) (F) Optical
micrograph (PPL) of quartz cemented sandstone (sampjec@e 1312003), composing detrital quartz, rock
fragments and minor glauconite. (@pd (H) SEM BSE imags of sample G6 (core 12003), showing main
mineral constituents and dissolution porosiila¢k areasarrowin left picture.

Quiartz is the mogirominent detrital mineral in the Grumantbyesrmation, constitutingore
than50% of the mineral assemblag€éhe quartz grainsshowingundulatory extinction angle
(XPL), are commonly monocrystalling although minor polycrystalline quartz is observed.
Furthermore, the quartz grains shpwaint-contactsin which bothlong, concaveconvex and
sutured grain contactsccur(Fig. 5.209. Quartz cement (i.e.ugrtz overgrowthis observed

in all of theanalysedsamplesFeldspar, both plagioclase akefeldsparis probably the second
most abundant detrital minematcurring Plagioclase typically shows polysynthetic twinning
whereasK-feldspar shows tartan twinning. In addition, snaller amounts of micarock
fragmentsand chertoccur throughout theformation The low micacontentof the samples
probablyreflect the highenergy depositional environmemterpreted for theGrumantbyen
FormatonThe HAfractur es o o b.s5203are probably ansaeefapt fran G1  (

the polishing of thin sections.

Authi genic mineralogy

The bioturbated sandstones of the Grumantbyen Formation show high degree of compaction
and cementatigrin which @mpaction is evidenced by dense grain packing and squeezing of
ductile grainsGenerally, theporosity of theanalysedsample is considerably higher thafior

the Firkanten and Aspelintoppen formations particular insamples G1, G3 and GZhe

highest porosity valueup to %) wasmeasured in sample Gdomprisinggravelly coarse

grained sandston&ig. 5.6).
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Figure 5.21 Optical micrographs ofjravelly coarseyrained sandstonésample Gl;core 72006) showing
presence of continuous graioating chlorite. (A) PPL(B) XPL.

Quarts cement, forming syntax@aergrowths ordetrital quartz graings the most prominent
type of cement occurring in thenalysedsamplesQuartz cementolcally fills the pore spaces
between quartz and adjentgrains Fig. 5.200. Furthermoresmaller amounts gforefilling
carbonate cememind glauconitareobservedjn which carbonate cemerst most prominent
in core11-2003 (Fig. 5.20¢. Although a clear identificatiorof glauconitewas difficult, the
greenish colouof the mineralPPL)andprevious studies of iGrumantbyen Formatiofe.g.
Steel et al.,, 1981), describing high glaucowibatent, support presence of glauconite
FurthermoreSEM- and XRDanalygssuggest presence pbrefilling chlorite, albiteand minor
kaolinite and illite/muscovitéFig. 520g,). However, aclear identification ofillite was not
possiblein SEM (see sectin 53.2). Calcite cement and feldspawften show dissolution
porosity (Fig. 5.209. Albite is sometimes observedithin K-feldspar grains/seemso
(partially)replace Kfeldspar graingndicatingan authigenic origin of this minergtig. 5.209.

Opticalmicroscopy suggests presence i@igrcoating chloritan sample G1G2and G3(core

7-2006 Fig. 5.20b,c and Fig. 5.21b). In addition, SEManalysis indicate presence grain

coating chloritan sample G6 (core 12003 Fig. 5.20h. Two differenttypesof grain coating
chlorite areobserved(1) continuous grain coating chlorite (sample; Giy. 5.21a,b and (2)
discontinuous grain coating chlorite (sangB2, G3 and G6Fig. 5.20b,c,h. Grains showing
continuous grain coating chlorite seem to lackruavergrowth (sample Glywhereagrains
showing discontinuous grain coating chlorite atdeasin part,quartz cementede(g.sample
G2). The latter observation is probabiy part,related to grain size, in whiotparser grain
sizesprovide favouable conditions foprecipitationof grain coatingchlorite Furthermore,
grain coating chloriteseemdgo be absent at point contacts, implying that the coaforgsed
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subsequent teomecompactionFig. 5.20b) (Gould et al., 200). Thegenerallyhigher prosity

values estimated for #@Grumantbyen Formatioareprobablyrelated to the presencegfain

coating chloritepreventingretardingprecipitation of quartz cemeand thus preservation of

porosity(Bjgrlykke and Jahren, 26}

5.3.4 Aspelintoppen Formation

Table 5.3: Mineral composition of sample Al and A7 (Aspelintoppen Formation) obtained from SEM EDS

analysis.
Sample Minerals Origin

Pyrite Authigenic
Quartz Detrital
K-feldspar Detrital
Fe-oxide Authigenic
Kaolinite Authigenic
Fe-dolomite Authigenic

Al Chlorite Authigenic
Mica Detrital
Rutile Detrital
Fe-oxide Authigenic
Calcite Authigenic
Apatte (Caphosphate) Authigenic
Mica Detrital
Chlorite Authigenic
Kaolinite Authigenic
Fe-dolomite Authigenic

A7 Rutile Detrital
Quartz Detrital
Phosphate Authigenic
K-feldspar Detrital

Detrital sandstone composition

Thethin sectioranalysisrevealsgreat variability in grairsize, ranging from coarse silt to fine

medium sand. The grasize distribution is rather randosLiggesting &haotc nature of the

successionThe latter observation is consistent with the sedimentary log, sh@lernating

muddysandstones, siltstones and mudstones, occasionally interbedded with tinedsoghe

samples arenuddy andmoderately sortg generallyshowing subangulamgrains. Thepoor

roundness ofhe grains andapparent immature charactgrthe sediments suggest deposition

close to the source araad limited reworking
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Figure 5.22 Micrographs of selected sandstessmples of the Aspelintoppé&mmrmation ¢ore11-2003).Qtz =
quartz; Cal = calcite; Mi = Mica; Pyr = pyrite; At = apatite;-¢fd = Fechlorite; Fedol = Fedolomite; Ka =
kaolinite.(A) Muddy carbonate cemented sandstone (sample Al; opticalsoopy XPL). (B) SEM BSE image

of sampe Al, revealing presence of falorite, calcite pyrite and apatite. (C) Optical micrograph (XPL) of
carbonatecemented muddy siltstone. (D) Optical micrograph (PPL) of quitizsandstongsample A7). (E)
High-resolution optical micrograph (XPL) of mgle A7, showing quartz overgrowth (arrow). (F) Optical
micrograph (XPL) of bended/broken mica grain in sample A7, suggesiifigientcompaction. (G) SEM BSE
image of sample A7, showing mineral constitugiRéschlorite seems to (partially) replace quaKaolinite occurs

as extensive porefilling cement. () Optical micrograpk (XPL) of muddy carbonate cemented sandstone
(samples A6 and A8, respectivelyNon-deformed miceagrains suggest early diagenetic carbonate cementation.
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The amount of detial quartz varies significantly throughout the formation, freeny small
amounts insome samplete.g. sampléA8; Fig. 5.22) to around50% in other sample@.g.
sample A7 Fig. 5.229. The majority ¢ grains are monocrystalline, although polycrystalline
guartzoccurs,andshowundulatory extinction anglie XPL. Quartz overgrowths observedn
most of the samplesiotably in thequartzrich sandstoned-urthermore, arying amounts of
feldspar (both plagioclase andf&ldspar)occur Thefeldsparcontent however, argenerally
low compared to theunderlying formations, notably the Firkanten FormationThe latter
observatiommay berelated tothe formation of early diagenetic kaolinite at the expense of k
feldspar Generally, he thin section analysis shavs high micacontent throughout the
formation reflecting thelow-energy depositional setting interpreted for the Aspelintoppen
Formation Most of thesamples show point contactte muddiessamples and/or samples
showing abundant carbonatementare matrix supported or show a combination of point

contacts and floating grains (e.g. sample Aig. 5.22).

Figure 5.23 Optical micrographs omuddy, micarich sandstongsampleA4; core 1312003). (A) PPL. (B)
Styolitisation (arrows) causing additiondbss of volume and porosi{XPL).

Authigenic mineralogy

The muddy sandstonesf the Aspelintoppen Formatishowhigh degreef compactiorand
cementation Mechanical compaction is evidenced by dense graikipg@nd sometimes,
bending of micayrains(Fig. 5.221. The thin section analysis suggests extremely low porosity
values for the succession, ranging from absent -@%1 The highest porosity value
(approximately 2%) was estimated in sample A7, constitutiogleratelywell sorted fine
medium grainedandstone
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Authigenic quartzcarbonateand kaoliniteare the most prominent cement types occurring in

the Aspelintoppen FormatioQuartz cement, forming syntaxial overgrowths on the detrital

quartz grainsjocally fills the pore spaces between quanw adjacent grainsAlthough

observed imost ofthe analysed samples, quartz cement is more abundsaudistonesch

in detrital quartz antbr showing little carbonate cemene.g. sample A7; Fig.5.22d,8.

Carbonate cement contains both-dedomite aml calcie, in which Fedolomite commonly

occurs as relatively large grains (Fig. 5.22g)the very muddy sandstorgamples, calcite

cement seems to Hpeartially)yihi ddend behind cl| ayeGenemally,t er i al
carbonate cement is abundamtall of the analysed samples, except for in sample A7. High
intergranular volumein these samplesuggest early diagenetic origin of the carbonate cement.

The pr es endef@mead micafgmains support the lattassertion in which early
diageneticarbonatecemefits t i f f endo t he s e(@g. :22hi(Wardenandh al | ov
Burley, 2003). Furthermore,muddy, micarich sandstonesometimes show evidence of

styolitisation (e.g. sample A4; Fi§.23,b).

Porefilling kaolinite, appearing darkrgy in SEM BSE, is probably an alteration product of
detrital K-feldspar(Fig. 5.229).Furthermore SEM- and XRDanalysesreveal presence of
chloriteandminor pyriteand apatiteChloriteis observeceitheras(1) relatively large fibrous
grains occupyingore spaces (Fig. 5.220j) (2) parially replaéng detrital quartzgrains(Fig.
5.229).Pyrite occursas scatteredsmall spherical grains, filling pore spacbstweengraing

whereas apatite typically occur within matrix and/or other gr@iits 5.22b).
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6 Discussion

6.1 Introduction

The resultobtained from sedimentological, petrographic and geochemical anatg$egher
analysed and discussed in the present chapter, aiminmderstand the importanasf
depositional environmento diagemsis and evaluate the use of authigenic minerals as a
paleothermometet.arge and smaklscale trends in XRF geochemicignatures are assigned
to changes irthe sedimentary logand mineral compositignhe aithigenic mineralogy of the
Firkanten, Grumaibyen and Aspelintoppeiormations are systematically linkedgandstone
composition anddepositional environment, and, finallypurial diagenetic signatureare
compared to vitrinite reflectance measuremevisinite reflectance measurements afals

ard organic materialrom wells 11-2003 and 22006wereobtained fronthe recentlypublished

paper oDorr et al. (208).

6.2 Trends in geochemicaldata (XRF-analysig

Although the Firkanten, Grumantbyen and Aspelintoppen formati@me of different
deposiional origin the geochemical datashows similar largeand smablscale trends.
Generally,ncreasingSi-concentrationseem to correlate well witihcreasingsand/mud ratios
(i.e.increasingyuartz and feldspar contapin the sedimentary logsvhereasigh Al, Rb and

K contentscorrelate well with mudich intervals Al is often found as oxides and silicates
constitutng an important component of kaali@and other clay minerglsvhereasSiis mainly
incorporated imuartz and feldspajustifying the $e d these elemenigs proxies for changes

in lithology andsand/mud rios.

The repetitive sulirends in elemeat concentrations (Al, Rb, K and Si) observed in the
Endalen Mmber (Firkanten Formationfend tocoincide with intervals ashallowingupwads

in the sedimentary lgguggesting that the geochemical signaofehe core may be usei
identify parasequencdgig. 5.13).The latter is particularly helpful in intensively bioturbated
sandstones such as in the Endalen Member. The geochemiatuses of the Grumantbyen
and Aspelintoppen formations, however, are less dis@mct/or continuoughan of the
Firkanten Formation. The latter is probably related to the modtyeand frequent variations

in lithology, and the short interval of studythe Aspelintoppen Formation and Grumantbyen
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Formation, respectivelyAnalysisof geochemical signaturésthuspreferabldor sedimentary

rocks showingathergradualandcontinuous changes lithology and sand/mud ratios.

The present observatignand interpretationsare in agreement witlprevious studies of
geochemicasignaturesn sedimentores(e.g.Schlegel et a).2013) relatingthe distribution

of major and trace elements in sandstomed shale samplgs their generalmineralogical
compositios. Schlegel et al. (2013)escribeshigher SiQ and lower A}Oz contentsin
sandstone sampldhan shalesamples reflecting the abundance ofjuartz and feldspain
sandstones, and aluminous clayey material and mica (muscovite and biotite) in shales,
respetively. Furthermorethe studysuggests higher yO, FeOsz and TiQ values and higher
Cr, Ni, V and Rb contestin the shalesamples, resulting frombundansheet silicates in the
shales.The higher Ricontent ofthe shales is consistent with the presetidg, in which
intervalsof increasing sand/mud ration the Endalen Membethow decreasing Rb valu@sg.
5.13).Finally, thestudy ofSchlegel et al. (2013klatescomparable KO content of the shales
and most of the sandstones to the incorporati¢hinfK-feldspar, muscovite and illite (i.e. not
exclusively in clay nmeralg. The present study, howeveunggestsghat decreasing ®alues
correlate well with increasing samalid ratiosin the Firkanten and Aspelintoppen formations
(Fig.5.13 Fig.5.15.

The higher K/Rbelement ratioand lower Rb/Sr ratio of theandstoa-samples fromthe
Firkanten and Grumantbyen formations thidwe Aspelintoppen Formation (Fig. 5.16) is
consistent witlthethin section analysishowinghigherfeldsparcontentsn the Firkanten and
Grumantbyen formations (see section 5.2&)hough significantly more abundant in the
Aspelintoppen FormatignXRD-analysis indicated presence of kaolinite also in the Firkanten
and Grumantbyen formationsormation of illite at the expese of kaoliniteat deep burial

depths can thus not be excluded.

6.3 Linking diagenesis to depositional environment

Diagenetic processes (i.e. mecharict@mical compactio and cementation) are largely
controlled by the detrital composition sdndstone@Bjarlykke, 2001; Morackt al, 2012).The
detrital composition of sandstones, in turn, is a function ofglgpoal environment, transport
and provenance(Bjgrlykke and Jahren, 2015 ommon diagenetic processes, including

mechanical compaction and formation of pseudomatrix, grain dissol(gign feldspars)
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formation of kaoliniteandgrowthof porelining minerals(e.g. graircoating chlorite)can thus
be linked to depositional faciesand depositionalenvironment (Morad et al., 2010The
presence odarly diagenetigproducts howeverareof great importance to burial diagenesms
which theyaffect, for nstance, clay mineral transformations anekcipitation ofquartzcement
(Morad et al., 2010A varietyof early diagenetic mineradseobserved in the analysed samples
of the Firkanten, Grumantbyen and Aspelintoppen formationkidingquartz andcabonate
cement kaolinite, pyrite and apatiteln the following,the authigenic mineral assemblage of
each of thestudied formations will be linked to depositional environmémtusing m early

diagenetigrocesses

Sediment input and burial diagenesis

omaic Detrital supply.
carbonate and Met. water

silica flushing e

[

.
N, & Basement§

e
/;_
N

Basin fill o

f
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Q A uratan f

Dissolution of feldspar
and mica, precipitation

Burial (_‘arbonatf chcnl \»’cr_dhnc(l*’c] of authigenic kaolinite
ueptlh, = OpALACL Y ~qumn2 e IK AISisOg + 2H* + 9H,0 =
0-3.5(4) Little aut. kaolinite .f\lz,Siv)('ie,((')II),., + 4H,Si0, + 2K*
km s
Burial Extensive Chlorite Quartz cement,
depth > 3.5(4) km quartz cementation coatings? illitisation if kaolinite

Little illite if Little and

kaolinite and quartz K-feldspar is present

smectite are absent. cement
KAISi,04 + Al Si,05(0OH) 4 =
KAl)S]_}Olo‘ O[‘I‘lz =+ 25103 + ZHQC)

Figure 6.1: Common earlyand burialdiagenetic processes in sandstones. Early diagenetic processes, including
dissolution of unstable minerals (feldsaad micd and precipitation oduthigenidkaolinite, start talterthe

detrital composition of sedimenit®mediately after depositn. The presence of early diagenetic produstef

great importance to burial diagenesis, in which they affeariety of diagenetic process€som Bjgrlykke and
Jahren (2015).

6.3.1 Firkanten Formation
The eogenetic mineralglentified in the Firkanten Foretion sandstoneg¢e.g. carbonate
cement framboidal pyrite glauconiteandphosphate minerglsndicatea marine depositional

settingfor thesuccessionCarbonat cemen(i.e. calcite, dolomite and siderite) a@mmonly
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related to dissolutionra repregpitation of biogenic carbonatéypically in alkaline waters
(Bjarlykke and Jahren, 2015). Carbonftems in both eogenetic and mesogenetic regimes, in
which the formation oburial diagenetic carbonatesults fromrecrystallisation oeogenetic
calcite and dolomite in a ferroaform (Worden and Burley, 2003 Carbonatecement,
predominantly noffierroan calcitewas found to benost prominent in the lowerostsamples
(except forin sample F1 and F2plthough sporadically occurring throughout the fornmatio
Early diagenetic calcite cemeig not evenly distributed within sandstones; it is rather
concentrated in porgystems capable of being completélied (Bjgrkum and Walderhaug,
1990) Highintergranular volume(i.e. porosity prior to chemical compactiom)the carbonate
cementedsandstones sggst that carbonate cementatiomccurred prior tomechanical
compactionWorden and Burley, 2003).

Furthermorethethin section analysis suggested presencidefritein sample F25 (uppermost
part of the Firkanten Formation). Eogenetic siderite commonly forms irrichn partially
reduced systems of minimal marine influence (Worden and Burley, ZD08)apparent lack
of pyrite in sample F25 supports presence oérdié, in which available Fe wapossibly,
incorporated into sideriteThe latter indicatedeposition interrestrialcoastalenvironmeng
rather than shallow marine environments tfer uppermost part of the Firkanten Formation
The latter assertion is osistent with the sedimentological analysisggesing presence of
possible mottling, a coalified piece of woand ripplecross laminatioifsee section 5.2). The
relatively abrupt increase in-8ontent and accompanying decrease in the Rb- and kK

concentrations (Figh.13) can thus possibly be ascribed to changing depositional conditions.

Pyrite occuss in all of the analysed samplésxcept forin sample F2h either aslusters of
framboidal pyrite or scattered euhedral pyrite grainByrite formsin both eogenetic and
mesogeneticegimes, in whiclburial diageneti@yrite is coarser thaearly diageneti¢often
framboidal) pyrite (Worden and Burley, 2003)Pyrite formation typical for anoxic
environmentsis related to the reaction of detritabir minerals with KS (sulphidg TheH:S,

in turn, originates from théacterial reduction adissolvedsulphatein which the bacteria use

organic mattepresent in the sediment asealucing ageniBerner, 198).

Despite the large number of studias,exclusive modéor framboidalpyrite formation is still
not establishedseverabpreviousstudies (e.gWilkin and Barnes, 199#elatepyrite framboid

formation tothereplacement odarly diagenetigreigite framboidsButler and Rickard (2000),
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however, sugess that pyrite formation isathercontrolled by the redogotential(Eh) of the
initial reaction systemrDepending on the redox potertithree different pyrite morphologies
aregenerated(1) euhedral pyrite, (2) protoframboidal clusters and (3) li@idal pyrite (Butler
and Rickard, 2000)furthermoretheamount of pyrite formation ia function ofthe rates of
organic matter supply, dissolvedlphateand reactive detrital iron ménals,in which organic
matter is thought to be the major factor controlling pyrite formation in normatgnwimic)
terrigenous marinsediments Berner, 1983 The latter assertionis in agreement withlthe
present studyin which pyrite is more abundanh the muddy sandstones of thEodalen
Member than the Endalen MembExtensive framboidal pyrite cementatismasobserved in

sample FImuddy laminated sandstorfég. 5.18).

Early diageneticglauconite predominantlyoccurringin the lowermost santsnes of the
Firkanten FormationTlodalen Member), is indicative forsuboxicmarine environments'he
occurrence of glauconite is often related to transgressive conditions, in which low
sedimentations ratgsovide favourable conditions for glauconiterf@tion(Odin and Matter,
1981, Cattaneo and Steel, 2003)auconite typically forms in granular siliciclastic substrates,
either replacing unstable grains, fillipgre spaces or coating individgghins (Udgata, 2007)
The most common type of prasor substrate is€al pellets, although glauconite has been
found to replace a variety of other grain types, including micas, quartz, chert, feldspar, calcite
and volcanic rockragments (McRae, 1972; Odin and Matter, 19&1lythermore, tauconite
formation is favourable at water deptireater than 50 nb60-300 m), typically in sheltslope
settings(Odin and Matter, 1981). Chafetz and Reid, 2080wever describe glauconite
formationin considerably shallowewater depths(between 10 m and tidélat depths)and

high-energy conditions.

The presence of glaucite is not always indicative for transgremsg a nonselective
distribution of glauconite of the same maturity rather thaertical grading or concentration

in laminaeof varying maturityis required. Furthermore, transgressive deposits typically show
an upward increase in autochthonous (i.e. in situ) and more ngaweonite(Cattaneo and
Steel, 2003) The glauconitegrainsobserved in the lowermost sandstones of Rlrkanten
Formation(tidal channelsyeem to beandomly distributedpossiblyindicatingtransgressive
conditions The accompanying high pyriontent in the lowermostandstonesamplesand
squeezing of glauconite grains, in which the latter indicates that the grains were still soft during

compaction (Luthje, 2008)uppors the latter interpretatiofWorden and Burley, 2003).
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Although Chafetz and Reid (2000) describgguconite formation in tidenfluenced
environmentsthey may have beeeworkedfrom a contemporaneous marine environnaeut

incorporated intahe tidal clannel deposit_uthje, 2008).

6.3.2 Upper part of Grumantbyen Formation

The authigenicminerd assemblagécarbonate cement, glauconé@adgrain coating chlorite)
of the Grumantbyen Formatiaandstoness indicative for marine depositional environmegnt
TheCarbonate cememdentified in the analysed samplgsedominantly comp@snon-ferroan
calcite suggestingn early diagenetic originCalcite cementwas found to benore abundant
in the sandstonsamplesfrom core 11-2003 than core 7-2006. Glauconte was observed
scattered throughotlthe Grumantbyen Formatiom both of thecores Glauconiteformation
however, have previously been discussedection 6.3.1

Authigenic chloritewas found to occum all of the analysed samples, either as porefjlli
cement or graktoating. Chlorite forms in botheogenetic and mesogeneategimes often in
reducedmarinewaters(Worden and Burley, 2003Grain coatingchlorite was observed in
sample G1G2 and G3(core 72006), constituting uppeshorefacealeposis. Chlorite coatings
are thought to retard or prevent later quartz cementammetimegesulting in abnormally
high porosity valuesn deeply buried sandstasid=ormation of grain coating chloriteequire
(1) a Ferich clay mineral precursoe(g.odinite or berthierine)and (2) a threshold temperature
(90-120°C) (Aagaard et al., 200@ould et al., 2010 The formation ofberthiering in turn,
requirespresencef labile Fe for instarce from tropical weatheringEhrenberg et al., 1998)
or volcanic supply@rigsby, 2001 The experiments of Aagaard et al. (2000¢gestshat the
alteration of berthierine to chlorite occurs at abouf®Qi.e. subsequernb the formation of
quartz overgrowthThe latterimplies that early diagenetic berthiegitoatings, rather than
burial diagenetic grairtoating chlorite,are responsible fompreventingquartz cementation
(Gould et al., 2010).
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Figure 6.2: Schematidllustration ofgraincoatingchlorite. Early diagenetic berthierineoating rather than
burial diagenetic chloriteeoating,is responsible for preventimgecipitation of quartz cemerithe berthierine
coating is replaced by chlorite tetmperatures d30-12(°C, corresponding to intermediate burial depfi®m
Bjarlykke and Jahren (2015).

Two different types of grain coatirnghloritewereobservedn the Grumantbyen Formatio(i)
continuous(i.e. highquality) grain coating chloriteand (2)discontinuoud(i.e. low-quality)
grain coating chloriteGrains showing continuous chlort@ating seened to lack quartz
overgrowth, whereas grains showing discontinuous chloa&tingwere found to beat least
in part,quartz cementedHigh-quality chloritecoating were observed irthe massive pebbly
sandstongsample G1) in core-2006 (Fig. 5.20a andrig. 5.21a,b, whereaslow-quality
chloritecoating were observeah the bioturbated mediwgrained sandstos¢sample G2, G3
and G6) in cores-2006 and 12003(Fig. 5.20hc,h). Thelatter observatioparein agreement
with previous studiesoncerningormation ofgrain-coatingchlorite (e.g. Gould et al., 2010),
suggestinghathighqu al i ty chlorite rims are restrictert
no clayrich laminae, mud drapes or muddy bioturbatibhne high porosity and permeability
of ef@mlo s a nndwhithgermeabilityis enhanced by coarse graizes provide

conditions favourable fgorecipitation ofearly diagenetiberthierine rims.

6.3.3 Aspelintoppen Formation
The early diagenetianinerals (i.e. kaolinite, calcite cement, pie, chlorite and apatite)

identified inthe muddy sandstones of tAspelintopperFormation ndicate a mixed terrestrial
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marine depositional environmefar the formationCarbonate cementomposingooth early
diageneticcalcite andlater burial Fe-dolomite, was found to occum all of the analysed
samples suggestingnarine/brackish influence&aolinite formationwill be discussed in the
following; the resistin@uthigenianineralshave previously beettiscussedh section 6.3.1 and
6.32.

Early diagenetic laolinite, typically forming in warm, wet, low pH environmentss an
alteration produobf unstable detrital minerals, oftéeldspas and mica (Worden and Burley,
2003).The replacemertf feldspars and micas by kaoliniecommonly related tmeteoric
water flushing(Mansurbeg et al., 20125EM- and XRD analyses reaked presence of
kaolinite in sample Al, A6 and A7. The relatively low feldspar content oApelintoppen
Formation sandstongsiowever, indicate that kaolinite @obably preset throughout the
formation. Recent ptrographicstudies of core 11-2003 and 72006 Schlegel et al.2013
suggestd that authigenickaolinite is restricted to the Paleocef®cene sandstones of the
Battfjellet and Aspelintoppen formations, iahsentm the older Paleocene sandstones of the
Firkanten, Basilika and Grumantbyen formatioX&kD-analysisperformed in thepresent
study, nevertheless suggestd presence ofminor kaolinite in both theFirkanten and
Grumantbyenformations The lower kaolinitecontent of the Firkanten and Grumantbyen
formations may be ascribed to alteration of kaolinite at deep burial depths and/or changing

climatic conditions.

6.3.4 Compaction

Compactioni reduction of volume and resultant pavater expulsion within sedimenis
occurs in response to grain rearrangement, plastic deformation of ductile grains, dissolution and
brittle fracturing, and is a crucial factor controlling the porosity of sandstones at dreadér
depths(Worden and Burley, 2003Y.he degree of compaicin is controlled by burial depth,
fluid pressure andhe ratio of brittle to ductile grainsn which the latter factoiis strongly
influenced by depositional environmerifthe sandstones of the Firkanten, upper part of
Grumantbyen and Aspelintoppen formats were found to bestrongly influenced by
compaction and cementatiom which @mpaction is evidenced by dense grain pagking
bending/breakage of mi@nd squeezing of ductile grairfsurthermore, both long, concavo
convex and sutured grain contaatre observed in thanalysed sandstorsamples, in which

the two formers are the most prominent tyfstured contacts indicate diagenesis and deep
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burial, whereas long and concasonvex contactmdicate intermediate deptfmiggeshg that

the sandstorseehaveexperiencedsubstantial compaction (Heidari et al., 3RINoncontacts
(i.e. graincementand grainmatrix boundaries) are rare, although observeddme of the
carbonatecemented samples of the Firkanten and Aspelintoppen formg&dansample 25

and A8; Fig.5.18hand5.22i).

The high degree of compaction wéded in low porosity valugsranging from absent to
approximatelyl5%, in which the highest porosity values were estimated in the Grumantbyen
Formation(Appendix IlIl). The extremelylow porosity values of the Aspelintoppen Formation
are probably relatedtthe abundance ohud and ductile grains, in which ductile grains are
compacted morthan rigid grainsAdditional loss of porositynotably inthemuddy, micarich
sandstone sampla®ay be ascribed to styolitisatiaesulting in loss of volumd-urthemore,
formation of quartz overgrowth and, in some samplegrecipitation of early diagenetic
carbonateement probably played an important rafedestroying porosjyt The generally low
porosity values of the Firkanten and Grumantbfggmationsare ascbed toabundanguartz
cement and, in some samples, carbonate cemehninced by theelatively high amountsf
ductile grainsnotably in the Firkanten FormatioQuartz cementi.e. quartz overgrowthyas
foundto fill most of the pore spasén the quatz-rich samples (e.gFig. 5.18aand5.20b,).
Although the present study suggests extensive quartz cementatiaioly in thesandstones of
the Firkanten and Grumantbyen formatioaptical microscopyndicatel that not all ofthe

pore spacehave beefiilled (Appendix I, Fig. 111.13).

The tin section analyses, however, revedl slightly higher porosity values for the
Grumantbyen Formatiothan for the Firkanten and Aspelintoppen formatiofke latter
observationis probablyrelatedto the presencef graincoating chloritein the sandstone
samples of the Grumantbyen Formation (see section 6Go)paction was probably more
important indestoying porositythan cementation, althougiecipitation ofcement, including
quartz and carbonate cementiere important contributord’revious studies of the Eocene
CentralBash (e.g. Mansurbeg et al., 2012)ggest that compaction was far more important

in porosity destruction than cementatisanpporting théatterinterpretation.
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6.4 Use of authigeniaminerals as a paleothermometer

Diagenetic processes in sedimentary rocks are stréimglgd to a specific burial depth and
temperature, suggesting that authigenic misetedually indicates a specific burial depth and
minimum-temperature or temperatumeterval (Worden and Burley, 2003Bjgrlykke and
Jahren, 2015Authigenicminerals can thus be used to crobsck temperatures derived from
organic maturity indicatorse(g. vitrinite reflectancg arethey teling the samdemperature
history? A variety of diagenetic signatureseroutinelyusedin reconstructios of thethermal
history of sedimentary basins, including (1) illite/smectite diagenesis, (2) formation of grain
coating chlorite(3) formation of quas cements(4) albitization of feldspars (plagioclase and
K-feldspar) and5) ankerite cement formatiom which the tiree former are most frequently
used(Haile et al., 208b).

6.4.1 Burial diagenetic signatures

The authigenic mineral assemblapegh degree of mechanical compaction and low porosity
of the Firkanten, Grumantbyen and Aspelintoppen formatisuggestsieep burial of the
successionBurial diagenesis igargely influencedoy the amountof fluid flow through the
remaining porosity and the presence of early diagepatituctsin which the latteaffect, for
instance, clay mineral transformat®andorecipitation ofquartz cementMorad et al., 2010
Quartz cement (i.e. quartz overgrowth) is the most prominent burial diagenetic rmribial
studied formationsalthough smaller amounts of albite, grain coating chloriteldtemiteand

illite/muscovitewere found taccur (Table.1).

Table6.1: Burial diagenetic signatured theFirkanten, Grumantbyen and Aspelintopgermations

Formation Burial diagenetic signature
Aspelintoppen Quartz overgrowth
Fe-dolomite
Quartz ovegrowth
Albite
Grumantbyen Grain coating chlorite
lllite/muscovite
Quartz overgrowth
Albite
Firkanten Ankerite
lllite/muscovite
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The replacement of-teldspar or plagioclase bgiagenetic albiteand the growth ofrain-
coating chloriteoccur at depthsrgater than 3 km, corresponding to temperatures of abeut 90
100°C (Bjerlykke and Jahren, 2B}l Clay mineral reactions remove potassium from the
solution, resulting in a relative increase in the Na+ concentration. Albite is thus more stable
than kfeldsparand plagioclase, favoring dissolution offdddspar and/or plagioclase and
precipitation of albite Grain-coating chloriteis suggested to originate from -Fieh clays,
primarily berthierine geesection 63.2).

Quartz cemeiattion (i.e. quartz overgrows) andformation ofillite at the expense of kaolinite
occur at depths greater than25 km, corresponding tdemperatures of about BIC.
Pervasivdllite formation however, occurs at temperatures greater thafC1L@3,5 km to 4
4,5 km Worden and Brley, 2003).Quartz cement is thought to originate franvariety of
silica sources, including biogenic silica, mineral transformatiemg. smectite to illite
reactionsyand pressure solution of detrital quartz grains at microsty@iiest al., 2015) The
rate of quartz cementationlargelyinfluenced bytemperature; the higher the temperature, the
higher the rate of precipitation. Bjgrlykke and Jahren $2@%&timated that the rate of quartz
cementation increases by a factor of 1,7 for everjCl@nperature increase (Walderhaug,
1996) Quartz cementation does not cease umtilghly all the porosity is lost, or the
temperature drops below -B0°C (Bjarlykke and Jahren, 2015%andstones buried to depths
greater than about35 km to 44,5 km corresponding to temperatures of about 120 t’C60

thusoftenshow strong reduction in porosity and permeability.

SEM- and XRDanalysis indicateé presence of illite irthe sandstones of thEirkantenand
Grumantbyen formationslthough a clear idéfication of this mineralwas not possiblelhe
formation of llite at the expense of kaolinite (i.e. iléition) requiresa source of potassium,
commonly Kfeldspar (Bjgrlykke and Jahren, 201b) potassiurrdepleted systems, kaolinite
remains stabletayreaterburial depths,preventing formation oillite. lllite in low-potassium
sandstonesre thought toratheroriginate fromsmectiteto illite reactions(Bjarlykke and
Jahren, 2015)llitisation of smectite occurs at temperatures greater the#0%0 (Worden and
Burley, 2003).However, gtical microscopysuggestd presence of Keldspar inall of the
analysed samplesn which it is more abundant ithe sandstones of théirkanten and
Grumantbyen formationthan the overlying Aspelintoppen Formatigkuthigenic laolinite,
replacing unstablé&ldspas and mica at shallow burial depth@redominantly occurs ithe

Aspelintoppen Formation, althougbEM- and XRD-analyss indicatel presence oiminor
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kaolinite in the Firkanten and Grumantbylenmations The latterobservationare consistent
with the geochemical signatwref the fornmations in which thesandstone samples of the
Firkantenand Grumantbyen formatiofisigher feldspar contents) show higher element ratio of
K/Rb and lower Rb/Sratio than the Apelintoppen Formation (lower feldspar contgnts
Furthermore, the lower K/Rb and higher Rbé&mentratios of the Aspelintoppen Formation
suggest that (ltheinitial detrital feldsparcontent of the Aspelintoppen Formatias lower

or (2) feldspas have been replaagby otherdiagenetianinerals (e.g. kaolinite}-he abundance

of kaolinite in the Aspelintoppeformationsupports the latter assertigkithough thin section
analysesshowed that plagioclase islightly more abundant thaK-feldspar,a souce of

potassiumallowingillitisation of kaoliniteat greater burial depthsannot beexcluded.

Carbonatecementsgrow over a wide range of diagenetic conditiorBurial dagenetic
carbonate, originating fromecrystallisation otarly diagenetic carlmate minerals, composes
coarser grainedocally porefilling crystals oftenof ferroan dolomite Fe-dolomite gows at
similar or somewhat higher temperatures than illite qurattzcement (about 10Q). The Fe
dolomite cementidentified in the Aspelintgpen Formation resembles the latter description,

indicatinga rather burial diagenetic origof this mineralFig. 5.229.

Althoughankeriteis a common burial diagenetic mineral in sandstomeppears in relatively
smallamounts ilendry, 1978. Ankeriteformation is thought to occur at tempenas around
100-11C°C (e.g.Morad et al.cited in Haile et al. 2018. In subsurfaceEoceneWilcox
sandstonedjowever, ankeritewas found to occuat depths from 2560 m (125) to at least
4650 m(21C°C) (Boles, 1978 Radiogenic®’Srf°Sr valuessuggest that ankerite formation
occurssubsequent to a certain amountsdicate diagenesid-urthermore, itformation has
previously been relatedo mobilization of Mg* and Fé* following illitisation of smectite and
thermal reduction dferric oxides(Hendry, 1978

6.4.2 Vitrinite reflectance studies of coals

Dorr et al. (208) recently presentea reconstruction of the thermal and erosional history of the
Central Tertiary Basinutilising core 112003 and 7#2006. The study providing vitrinite
reflectance measurementd coalgorganic material allow comparson of the authigenic
minerals of the Firkanten, Grumantbyen and Aspelintoppen formatiaiih vitrinite
reflectance measuremenifiepetrographic, chemical and physipabperties ofnaceralsi(e.
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coal) are highly temperature and presstatependent; increasing temperature and pressure
results in removal of liquid and gaseous components and accompanyingimgosabon
content. The transformation is an irreversible maturation pspagkich isa function of
temperature, time and chemical composi(ewy. Ritter, 1984; Burnham and Sweeney, 1989)
Vitrinite reflectance (VR) is a measure of the maturation of organic matérahigher the
maturation, the higher the reflectance. VR can thus be used to assesktbkaoalification,
which, in turn,can be transformed into maximum paleotemperati@shermore, raximum
paleoemperaturesan be used to estimateximum burial depths and paldeermal gradients
(Dorr et al., 208).
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Figure 6.3: Comparison of Rrrfiean random vitrinite reflectance valuem)d inorganic buriadiagenetic
signature®f the Aspelintoppen Formationdre11-2003. Vitrinite reflectance measurements (Bnd maximum
temperatures amgbtained from Dorr et al. (2@L

81



Chapter6 Discussion
7-2006 Rr (%) Maximum temperature (°C)
08 0,81 0,82 0,83 084 122 123 124 135 126
300 -
H
I
=1
o
o
200 &
2
m
100 - =
= 5
g i)
el =
2, JE
8 &
=
=
E
-100 4 =
o
2
o
m
=200
Endalen Mbr.
-300 Todalen Nibr
Formation Burial diagenetic T (°C) Depth (km)
signature
Quartz overgrowth »>70-80 »2-2.5
Grumantbyen Grain-coating chlorite =00 =3
Ilite ‘'muscovite =120-130 =35
Quartz overgrowth =70-80 »2-2.5
Firkanten .
=100- =
en Mbr) Ankerite 100-110 3
Ilite 'muscovite =120-130 =35

Figure 6.4:. Comparson of Rr (mean random vitrinite reflectance values) and inorganic burial diagenetic
signaturesof the Firkanten (Endalen Member) and Grumantbyen formatios20@®8). Vitrinite reflectance
measurements (Rr) and maximum temperatures are obtained front BE20B).

In core 112003, Rr values range from 0;6273% in the Aspelintoppen and Battfjellet

Formations. Core-2006 shows slightly higher Rr valudggan core 12003 increasing from

0,81% in the Grumantbyen Formation to 0,83% in timelerlying Firkanten Formation

(Endalen Member). Thelightly higher Rr valueseflect the deeper burial of tfrerkanten and

Grumantbyenformations. In addition, Dorr et al. (28 performed vitrinite reflectance

measurements in coreZD07, locatechbout 113 km northast ofcores 11-2003 and 72006.
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The highest VR value (Rr = 0,76%) in core2@07 was measured in the Todalen Member
(Firkanten Formation). This value, however, is not consistent with Rr values measured in the
Endalen Member (0,40% and 0,35%), situatest @ 100 m above the Todalen sample.
Marshall et al. (2015), however, relates (unlikely) low Rr values for Tertiary Svalbard coals to
high bitumen content, causing suppression of vitrinite reflectddmsever DoOrr et al. (208)
suggests maximuitemperatres of c. 9aL1(°C for the Eocene coals and c. 1280°C for the
Paleocene coals.

6.4.3 Are VR measurements consistent with authigac signatures?

Dorr et al. (208) suggestsnaximumtemperatures of 12030°C for the CTB, corresponding

to burial depths 04-4,5 (Fig. 6.539. This is in agreement with the presence of gaating
chlorite, ankerite and illite, indicating intermediateep burial depths. The existence of
ankerite in the Firkanten Formation and grawrating chlorite in the Grumantbyen Fotioa,
show that the CTB have been subjected to temperatures of at leas1®@C0(Fig. 6.4)
Although a clear identification of illitevasnot possibleformation of illite at the expense of
kaolinite, occurring at temperaturdsgher than120-130°C, canrot be ecluded.Extensive
guartz cementationin the sandstones of the Firkanten and Grumantbyen formations,
nevertheless, may support maximum temperatures ofLRAC, in which te rate of quartz
cementatiomcreases with increasing temperatures (Bjddyand Jahren, 201%jurthermore,

the burial diagenetic mineral assemblage of the Grumantbyen Formation sandstbpesré (
11-2003 and (2) core-2006 indicate a rather similar temperature/burial hisforythe
individual intervals.In the absence dfigh-resolution SEM BSE images and fluid inclusions,
nevertheless, any differences cannot be entirely exclddedpresence of Feéolomite in the
overlying Aspelintoppen Formation indicate temperatures of at leasiC10this is in
agreement with vitrine reflectance measurements, suggesting maximum temperatures of 90
110°C for the Eocene coa(fig. 6.3).

The estimated lowporosity values of the Firkanten, Grumantbyen and Aspelintoppen
formations neverthelessmay indicate deeper burial of theucces®n. The fiwalderhaug
modeb (Bjarkum et al1998)showsporasity valuesof 15-20% for Miocenesandstoneburied

to 4 kmdepth assuming a temperature gradient ofG3%.e. considerably higher than the
estimated porosityaluesin the present stuglyHowever, heabundance of cleey materiaand
ductile grainsin the analysed samplésotablyin the Aspelintoppen Formatiosandstones
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suggeshigh degree ofmechanicatompaction, in which ductile grains are more compressible
thanrigid grains(Bjgrlykke and Jahre 2015. Thelow porosity valuesire thus though teesut

from strongmechanical compactiorather than deeper burial of tetidiedformations.Due to

the high content of clay material and ductile grains in the analysed samples and low porosity
values ainWal der haug model |l ingo of t he Firkante

formatiors was not expedient (H. Hellevang 2019, pers. comm., 20. Aug.)
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Figure 6.5: (A) Buria- and temperaturkistory of the CTBThe darkgrey area representie preserved sediment
infill of the CTB, whereaghe lightgrey area represents the remdveverburden. (B) Wrinite reflectance
measurementisom cores 112003 and 72006. Slightly modifieddfom Dorr et al.(2019).
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7 Conclusions and further work

7.1 Conclusions

The main objective of this thesis was to investigate the importance aditiepal
environment to diagenesis sandstones of the Firkanten, Grumantbyen and Aspelintoppen
formations The sedimentologicahnd petrographic observaticand geochemicalatafrom

these sandstona#low the following conclusions:

1 TheFirkanten Formationconstitutecoastal plain (Todalen Mbrty shallow marine
(Endalen Mby deposits (1), the Grumantbyen Formatshrallow marineleposits (2)
andthe Aspelintoppen Formatidide-influenceddeltaic depsits(3)

1 Geochemicatrendsin the sediment corezsan at least in partecorrelated to changes
in lithology and sand/mud rais in the sedimentary logEhe repetitive sultrends
observedn the Endalen MemberupperFirkanten Formation) tend to coincide with
intervals of shallowing upwardse. paasequences)

1 Use ofgeochemical signaturés preferable for sedimentary rocks showing gradual
and continuous changes in lithology and sand/mud raftiser than abrupt changes

1 The abundance of calcite cement in the Aspelintoppen Formation sandstomgly stro
support marine influence, as suggested by sedimentological analysis

1 Thepresencef glauconite and abundant framboidal pyrite in the lowermost part of
the Firkanten Formation (Todalen Mbmpayindicate transgressive conditions

1 The sandstones of thérkanten, upper part of Grumantbyen and Aspelintoppen
formationsis strongly influenced by compaction acémentation, in which
compaction is evidenced by dense grain packing, bending/breakage of mica and
squeezing of ductile grains.

1 The high degree of cgmaction resulted in low porosity values, ranging from absent to
approximately 1015%. The significant low porosity values of the Aspelintoppen
Formation sandstones are ascribethtoabundance alayey materiabnd ductile
grains The generally low poraty values of the Firkanten and Grumantbyen
formationsresulted fronextensivegquartz cemeiattionand, in some samples,

carbonate cement, enhanced byphesencef ductile grais
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1 Theconsiderabhhigher porosity values of the Grumantbyen Formation sandst
may beascribed to the presence of grawating chlorite, preventing further quartz
cementatiorat great burial depth¥.ariations incoatingquality is relatedto
sandstondype, inwhichhiggual ity chlorite rims are r es
sandstoas, showing few or no claych laminae, mud drapes or muddy bioturbation.
1 The burial diagenetic signatures of the analysed sandstones are in agreement with
vitrinite reflectanceaneasurements, suggestiegnperatures of at least 2QQ0°C for
the Firkanterand Grumantbyen formations and temperatures of arourf€ ¥60the
overlying Aspelintoppen Formatioklowever,extensive quartz cementation in the
sandstones of the Firkanten and Grumantbyen formations may support maximum

temperatures of 1203(°C, as sggested by vitrinite reflectance measurements.

7.2 Suggestions for further work

Based on the results obtained from the present study, these are my recommendations for

further work:

9 Studythe Firkanten, Grumantbyen and Aspelintoppen formations ifielde In the
presenstudy, £dimentological analysis was restricted to logdiengd XRFanalysis)
of core #2006 and 122003.Fieldworkwould possiblyprovidea more detailed
understanding adepositional environmeffidcies associations artthus, a beéer
understanding of the types and distribution of authigenic minénatthermore, it
would have been interesting to further investigate the upper part of the Endalen
Member (Firkanten Formatioii)are there evidence of fluvial incision or other

terrestial indicators in the field?

9 Perform fluid inclusion analysisf authigenic minerals (e.g. quartz cement) in order to
better constrain the thermal history of the CTrBaddition, higheiresolution SEM
BSE images of the sandstes@mples could possibly obrm presence of illite
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Table I.1: Sampling intervals

Appendix | Sampling intervals

Sample Depth Core Formation Optical SEM | XRD
interval microscopy
F1 677,88677,92 X X
F2 674,80674,84 X
F3 672,00672,04 X X
F4 671,10671,14 X
F5 669,60669,64 X X
F6 661,96662,00
F7 660,46660,50 X
F8 659,40659,44 X
F9 653,20653,24 X
F10 650,96651,00 X
F11 646,94646,98 X X
F12 646,60646,64 X
F13 641,9664200 X
F14 640,20640. 24 7-2006 Firkanten X
F15 639,80639,84 X
F16 630,90630,94 X
F17 626,80626,84 X
F18 624,87624,91 X
F19 617,80617,84 X X
F20 612,27612,31 X
F21 605,73605,75
F22 604,82604,86 X
F23 596,35596,39 X
F24 591,68591,72 X
F25 587,20587,24 X X
F26 581,33581,37 X
F27 661,50661,54
F28 660,55660-59
Gl 269,18269,22 X
G2 260,46260,50 7-2006 Grumantbyen X
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G3 257,3%257,41 X

G4 580,5%580,61 X

G5 579,58579,62 11-2003 Grumantbgn X X
G6 573,38573,42 X X

Al 93,5093,52 X X

A2 86,8086,84 X

A3 84,7684,80 X

A4 83,9283,96 X

A5 83,7483,78 11-2003 | Aspelintoppen X

A6 82,9282,96 X X
A7 77,6077,62 X X

A8 71,4771,51 X

A9 65,8465,88 X

Al0 63,9063,92 X
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Figure Il .1: XRD-analysis (A) SampleF5 from theFirkanten Formatioficore #2006). (B) Sample GBom the
Grumantbyen Formatiogcore 122003). (C)sample A6rom theAspelintoppen Formatio(core 112003).
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Figure 11.2: SEM EDS analysigfexamples)of sampleF1, F3 and~25 from the Firkanten Formation (core 7
2006).(A)-(D) Sample B. (E)(I) Sample F3. (J]L) Sample F25.
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Figure 11 .3: (A)-(G) SEM EDS analysigexamples)f sample G6 from the Grumantbyen Formation (core 11
2003).
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Figure Il .4: SEM EDS analysis (examples) of sample AldaA7 from the Aspelintoppen Formation (core 11

2003). (A}(G) Sampé Al. (H)}(L) Sample A7.

11C



[i559

s

(]

(o) pdap aey

L5 ]

9

.

Concentration {ppm)

FEEEE S

-
-

Concentration {ppm)
= B & T EEHEEE

y

Concentration {ppm) D

[ wadap ason
]

N o
% ﬁ.
. = ? . 5
| : ‘1\ i "
é . E: 37& :
j ||
o g
g '
o ot
1 . 'f: g . Ol
IR

it

Appendix Il Petrographic analyses

IS

111



Appendix Il Petrographic analyses

E Concentration (ppm) F Concentration (ppm) G Concentration (ppm)
e = kA M g O E 2 5 & £ L Z2
. B EEEEEEE o EEEEEEEEZEE —
8 & [ ;
3
it i
, 4
: © f oy
'y
} e
trl"
g g z 5y
g z £ { e i s . <
=% !‘ - -El l‘
H 5 Z . ®
F: iz f, =t .t'
llha fi o*
s -
o
. * -
ilu' - ? c-j
E L E E
+-.. e - .i “
Ilt‘ ] [ ] :|"
y . L :‘+',-
% : ] * . - I‘II n
B S B T A
- .-:!' “.‘: * . . §
..: l" '1

Figure II.5: (A)-(D) Full-profile plots of Al, Rb, K and Si (presented in chapte). $E)-(G) Additioral
geochemical trends identified in the FirkanEarmation (core -2006).
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Figure Il .6: (A)-(C) Additional geochemical trends identified in the Grumantbyen Formation (cezeQg).
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