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Zusemmeniessung

Ein/eilung und Zie/selzung

Die Prozesse und Phanomene der naturlichen Bildung und Migration von Erdol und Erdgas

laufen wahrend der Katagenese sowohl zeitlieh als aueh raumlich zu groBen Teilen parallel

zueinander ab und pragen die Eigensehaften und das Verteilungsmuster der Kohlenwasserstoffe

1.'1 den Speichergesteinen. Die Entwieklung von quantitativen geoehemisehen Modellen, die in der

Lage sind, diese Prozesse zu charakterisieren, fuhrte zu einem besseren Verstandnis der

Erdolgenese und -migration, Trotzdem ist es in hohem MaBe erforderlieh, anhand eines

natiirlichen Erdolsystems umfassend und detailliert Einbliek zu gewinnen m die

Zusammensetzung des organisehen Materials, m Phasenbeziehungen (Sediment­

phase/Fluidphase), sowie in die rheologischen Eigensehaften des Kohlenwasserstoffbildungs­

und Transportsystems, um die Prozesse der Bildung, Migration und Speicherung von Erd61 und

Erdgas besser zu verstehen. Diese Vorgabe setzt naturlich voraus, daB das ausgewahlte

Untersuehungsgebiet ein integriertes System darstellt, welches aIle Prozesse umfaBt vom

Einsetzen der Genese der Kohlenwasserstoffe bis zu ihrer Speicherung,

Das Bakken-Erdolsystem des Williston Basin (U.S.A.lKanada) besitzt Attribute, die es als ein

derartiges integriertes System auszeiehnen:

1. Das weitgespannte Reifegradspektrum des Bakken Shale, der sieh in einen oberen und

unteren Tonsteinhorizont gliedert, umfaBt alle Stadien der Katagenese vorn Einsetzen der

Kohlenwasserstoffgenese iiber deren Hauptphase bis zum Ende. Infolgedessen sind

entspreehende Muttergesteinsproben gepragt dureh progressive Kohlenwasserstoffgenese und

-expulsion.

2. Mutter- und Speichergcstein sind raumlich sehr eng miteinander vergesellschaftet, so daB das

Bakken-Erdol keiner sekundaren Migration im strengen Sinne unterworfen war. Des weiteren

liegen viele Anhaltspunkte dafur vor, daB das Bakken-Erdolsystern ein "isoliertes" System

darsteIlt, welches nicht von Olen fremder Herkunft beeinfluBt worden ist. Kliifte dienen als

Speichermedium fur Bakken-Erdol (Meissner, 1978; Finch, 1969). Bohrlochmessungen

ergaben, daB der Porenraum des Bakken-Muttergesteins mit in-situ gebildeten

Kohlenwasserstoffen gesattigt ist und daB der hohe Siittigungsgrad zu Uberdrucken fuhrt

(Meissner, 1978). Jedoch sind sowohl der Ursprung dieser Uberdrucksituation als aueh ihre

beckenweite Ausdehnung noeh umstritten.

3. Das Kerogen weist im gesamten Untersuehungsgebiet erne sehr gleichformige

Zusammensetzung auf, so daB Einflusse auf das Verhalten der Erdolgencse und -migration

infolge von Faziesuntersehieden vernachlassigbar sind. Zusatzlich erlaubt dieser Umstand den

direkten Vergleieh der natiirliehen Reifeserie mit der im Labor kiinstlieh erzeugten

Reifesequenz.

4. Aus bisherigen Veroffentlichungen steht eine umfassende Datenbasis zur Verfiigung.

Die Muttergesteinsproben, die aussehlieBlieh Bohrkemen entnommen wurden, sowie die

Roholproben wurden in der vorliegenden Studie einer eingehenden Untersuehung und Analytik

unterworfen mit der Zielsetzung, folgende Aspekte zu beleuehten:



e Entwicklung der Erdol- und Erdgasgenese in Abhangigkeit der Reifezunahme.

e Primare Migration und Verteilung von Rohol in einem eingeschrankten naturlichen System.

e Vorkommen und Entstehung von Gasen in unreifen Muttergesteinen.

e Vergleich der naturlichen Reifesequenz mit simulierten Reifungsexperimenten im Labor.

Ana/ysenmethoden

Der Analysengang begann zunachst mit der TOC-Bestimmung und Rock-Eval-Analyse der

Mutrergcsteinsprobcn, die zusammen mit den Ergebnissen der organischen Petrologic Aufschluf

gaben tiber Reife und Kerogentyp. Es konnte bestatigt werden, daB der Kerogentyp II deutlich

vorherrscht und daB sich das Reifespektrum des vorliegenden Probensatzes von 0.3 bis 1.6% R,
erstreckt. Die umfassende Charakterisierung sowohl des Kerogens als auch der fluchtigen

Komponenten ermoglichte es, die Probenanzahl fur weitere detailliertere Analysen auf eLT1

reprasentativcs MaB zu reduzieren. Dieser ausgewahlte Probensatz wurde einer breitgefacherten

organisch-geochemischen, petrophysikalischen und mineralogischen Analytik unterzogen,

Mittels der MSSV-Technik (Horsfield et al., 1989) wurden sowohl die Pyrolyse-Gaschro­

rnatographie, die Thermovaporisation-Gaschromatographie als auch die kiinstlichen Reifungs­

experimente durchgefiihrt. Zusatzlich wurde das thermisch mobilisierte Material massen­

spektrometrisch untersucht und seine Isotopenzusammensetzung (013C) ennittelt. Das Kerogen

wurde auBerdem mittels Infrarotspektroskopie analysiert. Ausgesuchte Proben wurden mit der

Flow Biending Methode extrahiert und die Losungsmittelextrakte sowie die Roholproben danach

in ihre Fraktionen aufgetrennt, bevor diese gaschromatographisch als auch gaschromato­

graphisch-massenspektrometrisch untersucht wurden. Petrophysikalische Untersuchungen

umfafsten die BestiiTuuung der Permeabilitat &"'1 ausgesuchten Kernproben unddie experimenrellc

Simulation der Erdolgenese unter lithostatischem Druck. SchlieBlich wurde an einer Auswahl von

Proben Rontgendiffraktomctrie durchgefuhrt.

Ana/ysenergebnisse

Die quantitative Auswertung der Pyrolyse-Gaschromatogramme hat gezeigt, daB das Kerogen

des Bakken Shale ein Erscheinungsbild hat, das typisch ist fur liptinitreiche marine
Muttergesteine (iiberwiegend Paraffine, untergeordnet Aromaten). Die Pauschalzusammcn­

setzung andert sich nicht signifikant mit fortschreitender Reifung. Ein deutlicher Ruckgang im

Gehalt an Monoaromaten zwischen 0.57% und 0.68% R, konnte jedoch gegen einen einheitlichen

Kerogentyp und fur das Vorhandensein von mindestens zwei verschiedenen Kerogentypen

sprechen.

Mehrere Komponentengruppen der Losungsmittelextrakre offenbaren zum einen Maxi­

malausbeuten und zum anderen eine hohe Variabilitat fur einzelne Bohrungen innerhalb des

Reifeintervals 0.8% bis 1.0%Ro, namlich Gesarntextraktausbeute, sowie Ausbeute der gesattigten

und aromatischen Kohlenwasserstofffraktion. Dabei hat der obere Bakken Shale einer Bohrung

stets geringere Gehalte der jeweiligen Komponentengruppen als der untere Bakken Shale. Dieser

Befund konnte anzeigen, daB beide Schichtglieder in bezug auf Expulsion und Migration
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unterschiedliche Eigenschaften haben. Das Verteilungsmuster der n-Alkane (Dominanz von C J2_

18) ist einheitlich tiber das gesamte Reifespektrum und zeigt keine Bevorzugung von

ungeradzahligen n-Alkanen.

Der Gehalt einzelner Biomarkerverbindungen der gesattigten Kohlenwasserstofffraktion und

deren Verhaltnisse zueinander verdeutlichten, daf sowohl die Roholproben, als auch der GroBteil

der Losungsmittelextrakte der Muttergesteinsproben das Stadium erhohter therrnischer

Uberpragung erreicht haben.

Die Isotopenzusamrnensetzung der Gasfraktion (C1-5) der therrnisch mobilisierbaren

Kohlenwasserstoffe hat gezeigt, daf diese thermogener und nieht biogener Natur ist. Die
Gaskonzentration zeigt eine gute Korrelarion mir dem TOC-Gehalt bei geringreifen Proben «
0.8%Ro) . Oberhalb von 0.8% R, scheint der Bakken Shale sein Ruckhaltevermogen fur Gas

verloren zu haben und das fluchtige organische Material, vorzugsweise die n-Alkane, ist

betrachtlichen Fraktionierungsprozessen unterworfen. Die residuale Olphase ist relativ

angereichert an Methylzyklohexan, aber abgereichert im bezug auf leichtere Alkylzykloalkane

(Methylzyklopentan und Dimethylzyklopentan). Weiterhin offenbart das therrnisch mobilisierbare

organische Material der reifen (>0.6% R,) Proben hohe GehaIte an ZykIoalkanen

(Methylzyklohexan) und Aromaten (alkylierte Naphthaline) trotz des stark paraffmischen

Erscheinungsbildes des entsprechenden Kerogens (>0.6%R,).

Die Messung der Bakken Shale-Perrneabilitat fur Wasser als DurchfluBmedium ergab sehr

niedrige Werte (nanoDarcy-Bereich). Die Ergebnisse fur Proben unterschiedlicher Reife

offenbarten keine gesetzmiiBige Abhangigkeit vom Grad der Kerogenumwandlung.

Diskussion und Interpretation

Berechnungen zur Massenbilanz (Cooles et al., 1986), die an Bakken Shale-Proben, die em

Reifespektrum von 0.3% bis 1.1% R, abdecken, durchgefuhrt wurden, haben gezeigt, daf das

Hauptstadium der Erdolbildung in einer sehr friihen Phase der Katagenese (ca. 0.4% bis 0.8%

Ra) stattfand. Somit ist das Kohlenwasserstoffbildungspotential in den Beckenbereichen, wo z.Zt.

Bakken-Erdol gefordert wird (» 0.8% Ra) , schon weitgehend erschopft. Jedoch geben die

Massenbilanzierungen auch Anlaf zur Vermutung, daf im Laufe der naturlichen Reifung und

Erdolgenese inerter Kohlenstoff gebildet worden ist, der sich kumulativ im residualen Kerogen

angereichert hat. Die aromatischen Verbindungen, die L.Tl relativ hohen Konzentrationen in der

fluchtigen Phase auftreten, k6nnten infolge von Kondensationsprozessen in das inerte Kerogen

eingebaut worden sein. Dieser Fall wurde dazu fuhren, daf bei entsprechenden

Massenbilanzierungen der Grad der Kerogenumwandlung uberschatzt werden wurde.

Obwohl der Bakken Shale nach der chemischen und petrologischen Pauschalzusammensetzung

typisch marines Kerogen enthalt, besitzt dieses eine molekulare Struktur, die in der Lage ist,

verstarkt gasformige Kohlenwasserstoffe zu produzieren. Dabei hat das kiinstliche Aufheizen

von unreifen Proben im geschlossenen System gezeigt, daf das Bakken-Kerogen unter

experimentellen Bedingungen schon bei relativ geringer thermischer Belastung vorzugsweise

Gas generiert. Dieses ungewohnlich hohe Gasbildungspotential konnte in Zusammenhang stehen

mit der Tatsache, daB das unreife Kerogen zu einem groBen Anteil aus diaromatischen

Karotenoidstrukturen besteht, als deren biologische Vorlaufer grune photosynthetische
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Schwefelbakterien angenommen werden. Da die niedrigrnolekularen Kohlenwasserstoffe in fur

diese Art Muttergesteine ungewohnlichen hohen Konzentrationen vorkomrnen, konnten sie bei

der Expulsion eine bedeutende Rolle spielen, und zwar in Form der Losung der hochmolekularen

Verbindungen in leichten Kohlenwasserstoffen und der diffusiven Migration.

Die Reifebestimmung der Bakken-Rohole mittels molekularer Reifeparameter (Aromaten,

Biomarker) ergab relativ hohe Werte. Die Werte, die nonnalerweise den Reifegrad der

Erdolabgabe (Expulsion) aus dem Muttergestein anzeigen, liegen jenseits der Hauptphasen von

Genese und Expulsion im Bakken-Erdolsysrern. Unter der Voraussetzung, daB die molekularen

Reifeparameter durch die Expulsion nicht fraktioniert worden sind, konnte die Disktepanz

anzeigen, daB die Ole irn Anschluf an die Hauptphase der Genese und Expulsion einer weiteren

Reifung unterlagen.

Die Hauptphase der Kerogenumwandlung wird begleitet von einer sehr effizienten

Erdolexpulsion. Bereits bei 0.6% R, ist das Maximum an Expulsionseffizienz (95%) erreicht.

Dieser auBerst effiziente Transport der neu gebildeten Kohlenwasserstoffe setzt naturlich voraus,

daB entsprechende Migrationsbahnen und -rnechanismen zur Verfugung stehen. Im Gegensatz

zum weitverbreiteten PhasenfluBmodell als dem dominierenden Expulsionsmechanismus fur

TOe-reiche, dichte Muttergesteine, bietet der Bakken Shale Anhaltspunkte dafur, daB der

Mechanismus des diffusiven Transportes in groBem MaBe beteiligt ist an der raschen und

effizienten Expulsion von Kohlenwasserstoffen aus den Bakken Shale-Muttergesteinen. Dabei

kommt es zu Fraktionierungen auf molekularer Ebene. Das gut ausgebildete und durchgangige

Kerogennetzwerk konnte als geeignete Expulsions-/Migrationsbahn dienen. Eine solch effiziente

Abgabe der generierten Kohlenwasserstoffe von den Bakken Shale-Horizonten an die liegenden

und hangenden Schichten spricht dafur, daB die letzteren den eigentlichen Speicher darstellen,

und daB das verallgemeinerte Postulat eines "In-Situ"-Reservoirs (Price & LeFever, 1992) in

Frage gestellt werden muS. Irn Falle des mittleren Siltsteines der Bakken Formation bieten

Literaturdaten (z.B. LeFever et al., 1991) deutliche Hinweise dafur, daB dieser Horizont, der

vom oberen und unteren Bakken Shale begrenzt wird, durchaus die entsprechenden

petrophysikalischen Eigenschaften (erhohte Porositat und Permeabilitat) besitzt, die ihn als

geeignetes Reservoir auszeichnen wurden.

Es hat sich gezeigt, daB die naturliche und die kiinstlichc Reifesequenz sowohl qualitative als

auch quantitative Gemeinsamkeiten aufweisen. Die Verwendung von Parametern, die erne

reifegradspezifische Entwicklung zeigen, lieB eine Unterteilung der simulierten Reifeserie in

Reifezonen zu. Diese Reifezonierung ermoglichte eine Kalibrierung des natiirlichen Systems.

Somit konnte die molekulare Zusammensetzung von naturlichen Produkten in Abhangigkeit der

Reife vorhergesagt und bestimmt werden, in welchem AusmaB und in welcher Phase der Reifung

Expulsions- und Migrationseffekte eine Rolle gespielt haben.

Die Bewertung und Interpretation der Resultate der vorliegenden Arbeit hat ergeben, daB die

Kombination aus fruhzeitiger, effizienter Expulsion und anschlieBender ln-Situ-Reifung

ausschlaggebend war fur die Auspriigung des Bakken-Erdols zu einem ausgesprochenen

Leichtol. Dies wurde zusatzlich dureh die eingeengte Geometrie des Bakken-Erdolsysrems

begunstigt, in dern lateral und vor allem vertikal nur sehr kurze Migrationsbahnen zur Verfugung

standen und dadureh das Muttergestein und Erdol in bezug auf Versenkungs- und

Temperaturgeschichte die gleiche Entwicklung durchliefen.
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Das Schicksal des Bakken-Erdols in Abhangigkeit von der Zeit SOWle die raumlichen

Umverteilungsprozesse werden auf der Basis der Ergebnisse der vorliegenden Studie in einem 4­

Phasen-Modell erlautert:

Die erste Phase umfaBt die effiziente und fruhzeitig abgeschlossene Abgabe der neu gebildeten

Kohlenwasserstoffe aus dem Bakken-Muttergestein an das Liegende und Hangende. Die

Unterschiede in der Pauschalzusammensetzung zwischen Muttergesteinsextrakten (asphalten­

haltig) und Bakken-Roholen (nahezu asphaltenfrei) sind vermutlich auf einen komponen­

tenspezifischen FraktionierungsprozeB zuruckzufuhren, in des sen Ablauf mobile, relativ unpolare

Fraktionen (gesattigte Kohlenwasserstoffe, Aromaten und Harze) das Muttergestein verlassen,

wahrend hochmolekulare Asphaltene zuruckbleiben, Diese an Asphaltenen arme Erdolphase wird

dann in einem Reservoir gespeichert. Dazu stehen der lokal begrenzte Sanish Sandstone (Finch,

1969; Meissner, 1978) und der beckenweit vorhandene mittlere Siltstein zur Verfugung. Die

guten Reservoireigenschaften des letzten (Lel-ever et al., 1991) sprechen dafur, daB dieses

Sediment das eigentliche Bakkenreservoir darstellt,

Die zweite Phase beginnt, nachdem das Hauptstadium der Genese und Expulsion beendet ist,

die Versenkung und die damit einhergehende Reifung jedoch noch andauem. In diesem Post­

Genese/-Expulsionsstadium wird das Bakken-Rohol einer In-Situ-Reifung unterworfen, die seine

Zusammensetzung deutlich andert. Hohe Werte fur aromatische Reifeparameter zeigen dies an.

Zusatzlich gibt es Anhaltspunkte dafur, daB das Gas-Ol-Verhaltnis (GOR) aufgrund von bereits

einsetzenden Crack-Reaktionen zu hoheren Werten hin verschoben wird. ABe diese Phanornene

werden dadurch unterstutzt, daB die Migrationsbahnen im Bakken-Erdolsystem stark eingeengt

sind.

Die thermische Ausdehnung der gespeicherten Ole im Zuge der fortschreitenden Reifung stellt

den wichtigsten ProzeB der dritten Phase dar. Hierbei nimmt die spezifische Dichte des Ols

1.Ilfolge der Temperaturzunahme ab, aber das Volumen nimmt ZU. WeIU1 diese therrnische

Ausdehnung nicht kompensiert wird durch einc Verringerung der mechanischen Kompaktion

(Auflastdruck) und/oder durch eine Zunahme der Permeabilitat, dann erfolgt eine Druckzunahme

im System. Dieses Phanomen wird durch die begrenzte Reservoirkapazitat des mittleren

Siltsteines verstarkt. Das ist damit zu erklaren, daB eine Volumeneinheit dieses Gesteins gute bis

sehr gute Reservoireigenschaften besitzt, das beckenweite GesamlVoJumen an mittlerem Si1stein

jedoch aufgrund der geringen Machtigkeit relativ klein ist. EL'1e Massenbilanz fur cas
GesamtvoJumen an generiertem Bakken-Rohol (Webster, 1984; Price & LeFever, 1994) und den

potentiell verfugbaren Porenraum im mittleren Siltstein (Lefever et al., 1991) konnte anzeigen,

daH tatsachlich eine deutliche Diskrepanz zwischen Speicherkapazitat und OlaufKommen besteht.

Ein derartiges Konzept setzt naturlich voraus, daB der Jaterale und vertika1e

Bewegungsspielraum fur das 01 stark eingeengt ist.

In der vierten Phase, die direkt an die dritte Phase anschlieBt, erfolgt aufgrund des

Druckanstieges im Reservoir (thermische Ausdehnung) und seines begrenzten Speichervolumens

eine Migration des Erdols 'lorn mittleren Siltstein zuruck in das Muttergestein. Ein derartiger

ProzeB konnte die erhohten Gehalte an Losungsmittelexrrakten in einzelnen Bohrungen der post­

genetischen Zone des Untersuchungsgebietes erklaren. Sowohl die Pauschal- als auch die

molekulare Zusammensetzung der entsprechenden Koh1enwasserstoffphasen (Rohol bzw.

Bitumen) !iefem deutliche Hinweise fur einen derartigen Vorgang. Die unterschiedlichen

Verteilungsmuster fur Asphaltene und Harze in den Bohrungen mit erhohten Losungs-
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mittelextrakten konnten auch durch das Schema der Reimpragnation erklart werden. DemgemiiB

werden die Asphaltene im Muttergestein zuriickgehalten und sind Teil des residualen Extrakts,

wahrend die mobileren Harze sowie die gesiittigte und aromatische Fraktion als Teil des Rohols

den Bakken Shale zunachst verlassen (erste Phase), urn dann spater im AnschluB an die dritte

Phase wieder in das Muttergestein zuriickzukehren. Eine auf der Grundlage dieses Konzeptes

durchgefiihrte Massenbilanzierung fiir die Fraktionen der Losungsmittelextrakte ergab, daB ill

einer Bohrung 70% des Bitumens auf den ProzeB der Reimpriignation zuruckzufuhren ist.

Autgrund dieser Theorie kann angenommen werden, daf die gegenwartige Uberdrucksituation

irn Bakken-Erdolsystem ein lokal begrenztes Phanornen darstellt und nicht auf einen

beckenweiten MaBstab extrapoliert werden kann. Das Druckverhalten wird gesteuert durch die

Qualitiit des Reservoirs (Speicherkapazitat) im Liegenden und Hangenden und der eingeengten

Geometrie des Erdolsystems bzgl. weitraumiger lateraler und vertikaler Migrationswege.
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Abstrad

When petroleum is produced from its reservoir at present day, it has already been submitted to a
complex array of natural processes, which have left their imprint on its chemical and physical
properties. These processes involve the generation of petroleum in its source rock as a function of
thermal evolution, and its migration to the reservoir. In order to achieve a better understanding of the
effects that these processes have on the nature and occurrence of petroleum, it is crucial to investigate
a study area that represents an integrated system encompassing all processes from the beginning of
crude oil formation to entrapment. The Bakken Shale petroleum system of the Williston Basin
(U.S.A./Canada) appears to fulfil these requirements as it covers a broad range of maturity
incorporating an stages of catagenesis, and source and reservoir are closely associated, i.e. Bakken
petroleum has not been submitted to long secondary migration routes. Combined with a basinwide
uniformity in kerogen type, the latter feature constrains the broad scope of potential influences, and
therefore the Bakken petroleum system is an ideal candidate to study petroleum generation, its
expulsion and migration under natural conditions.
By using a selected set of wens/core samples which were considered to be representative for the entire
Bakken petroleum system based on comprehensive screening analyses on both kerogen and bitumen,
the present study focussed on the following principal aspects: (I) Evolution of petroleum generation
as a function of maturation; (2) Primary migration and distribution of crude oil in a constrained
natural system; (3) Occurrence of gas in the immature zone; (4) Evaluation of the natural maturity
series with simulation experiments.
Mass balance calculations on Bakken Shale samples have revealed that the main phase of petroleum
formation took place very early during catagenesis (ca. 0.4% to 0.8% Ro) and that its potential has
already been realized in those areas of the basin which currently produce from the Bakken reservoirs.
Expulsion efficiencies appear to be very high as well, whereby diffusion of hydrocarbons via a well­
developed and continuous organic matter network may have played an important role, as suggested
by compound-specific fractionation effects encountered especially in n-alkane products. Such
efficient removal of petroleum from the shale units indicates that formations over- and underlying the
Bakken Shale may represent the principal reservoirs and that the generalized postulate of an in-source
reservoir has to be reconsidered. The hypothesized process of reimpregnation of petroleum from the
reservoir back into the source rock system may account for locally occurring high concentrations of
solvent extractable organic matter in Bakken Shales. The absence of a typical oil generation curve
during the main stage ofcrude oil formation may elucidate that abnormally high reservoir pressures
encountered in the Bakken Formation are not a basinwide phenomenon, but may be restricted to local
areas.
The discrepancy between the maturity of peak expulsion and the maturity of crude oils based on
molecular parameters implies that the high-quality, light oil character is controlled by significant
post-generation and post-expulsion in-situ thermal alteration. This process was supported by the
restricted lateral and vertical migration ranges in the Bakken petroleum system.
Despite being classified as a typical hydrogen-rich kerogen from bulk chemistry and petrology, the
Bakken Shale shows an enhanced capability of generating gaseous hydrocarbons throughout
maturation. At low levels of thermal evolution « 0.7% Ro) , the gas apparently is adsorbed on the
organic matter. The coincidence of decreasing gas yields with the main phase of hydrocarbon
expulsion suggests that low-molecular-weight compounds playa vital role in expulsion mechanisms
in that high-molecular-weight species are dissolved in the light products and removed via diffusive
transport.
The natural and artificial maturity sequences both have quantitative and qualitative features in
common. The maturity related evolution of individual ratios in the residues of both lab and natural
systems allow the calibration of the latter in terms of maturity zones. This approach is useful for the
compositional prediction of natural products in the absence of expulsion and migration effects.

Vll





List of Abbreviatiolls Used ill Text

ARO

ASP

BZ
cpr
DMCP

DTF
GC
GC-MS

GOR

HI
IR

IBK
LRCP1

LP
mBK

MCR

MCP

MP1-l

MPLC
MPR-3

MPX
MSSV

NMR

01
PEE
PG1

py-gc

REE

RES
SAT

T
t'vap-gc

t'vap-gc-1R-MS

t'vap-gc-MSD

TMB
TNR-2

TOC

uBK

XRD

aromatic hydrocarbon fraction

asphaltenes

benzene

carbon preference index

dimethylcyclopentane

Devonian Three Forks

gas chromatography
gas chromatography-mass spectrometry

gas-oil ratio

Rock-Eval hydrogen index

infrared

lower Bakken Shale

light hydrocarbon preference index

Lodgepole Formation

middle Bakken member

methylcyclohexane

methylcyclopentane

methylphenanthrene index I

medium pressure liquid chromatography

methylphenanthrene ratio 3

meta-/paraxylene
micro scale sealed vessel

nuclear magnetic resonance

Rock-Eval oxygen index
petroleum expulsionefficiency
petroleum generation index

pyrolysis-gas chromatography
relative expulsion efficiency

reSInS

saturated hydrocarbon fraction

toluene
thermovaporisation-gas chromatography

thermovaporisation-gas chromatography-isotope ratio-mass spectrometry

thermovaporisation-gas chromatography-mass specific detection

1,2,3,4-tetramethylbenzene

trimethylnaphthalene ratio 2

total organic carbon

upper Bakken Shale

x-ray diffraction analysis





1 Introduction

The fate of petroleum from its source to its trap encompasses a complex array of natural

processes. Generation of petroleum involving cracking and disproportionation reactions forms

products which have compositional characteristics inherited from the type and quality as well as

maturity of the source rock's organic matter. When the petroleum phase leaves the source rock

system during expulsion and primary migration, the crude oil may be submitted to considerable

compositional fractionations - even on a molecular level - as a result of the type of migration
mechanism involved, differences in mobility and solubility (gas vs. oil), as well as rock-fluid
interactions. The phase behaviour of the petroleum as well as rock-fluid interactions also playa

significant role during the [mal stage of secondary migration and entrapment of the oil and leave

their imprints on composition and quality of the petroleum that is produced from an oil field.

In recent years, remarkable progress in the understanding of each of these processes has been

achieved as a result of different approaches: Detailed and comprehensive studies on petroleum

systems worldwide using advanced organic geochemical analyses enabled the generation of oil

and gas to be related to different source rock kerogen types and depositional environments,

respectively (Louis & Tissot, 1967; Tissot et al., 1971; Cooles et al., 1986) and to decipher

compositional fractionation effects associated with primary migration (Mackenzie et al., 1983;
Leythaeuser et al., 1984; Price, 1989). Experimental devices and concepts were developed in the

laboratory in order to simulate generation and migration in nature (Lewan et al., 1979; Lafargue

et al., J990). Quantitative a-nd qualitative product prediction was one of the major goals of the

latter approach. Closed-system conditions were chosen for these artificial maturation experiments

in order to provide insight into kerogen maturation, bitumen formation and petroleum expulsion.

It is assumed that the closed-system artificial maturation technique is able to mimic processes in

nature, i.e. that reaction pathways in the laboratory system are the same as in nature and that only

reaction rates are increased during the simulation (Horsfield et al., 1989).

Finally, input from natural systems and laboratory systems were utilized for the computer-aided

numerical simulation (modeling) of generation and migration processes during basin subsidence
(Welte & Yiikler, 1981).

Although the petroleum industry has benefitted from the latter two approaches in that they helped

to reduce the risk of exploring for oil and gas, the quality and applicability of such models is
highly dependent on the results which arederivedfrom examination of natural systems. Hence, it
is crucial to improve the understanding of the natural processes occurring in petroleum systems

and the quality of the natural models deduced thereof. As recently pointed out by Tissot &

Ungerer (1990), further information on organic matter composition, primary migration

mechanisms and hydrocarbon redistribution in the reservoir is therefore needed to gain an

improved insight into the interplay of petroleum generation, migration and entrapment. Clearly,

the selection of an appropriate study area which encompasses certain requirements is crucial in

order to address 1he interrelated aspects as laid out above. In most study areas, there are too many

factors and processes interfering each other which reduce the control of the investigator on the

system: Very often, the organic matter content of the source rock is affected by variations in input

material (both in composition and amount) during sedimentation. This feature can significantly

change the petroleum generation potential of a given source rock unit across the basin. The

presence of multiple petroleum systems which are hydraulically connected complicates
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unequivocal oil-source correlation. On the other hand, if the chosen study area does not represent
a complete catagenetic sequence, then maturity related effects cannot be investigated. Finally, the
examination of a petroleum system at present time normally gives insight only into a discrete,
static stage (i.e. maturity interval) of the dynamic assemblage of processes associated with the
formation and accumulation of petroleum which covers ID's to 100's of millions of years.
Therefore, it is of fundamental importance that the selected study area represents an integrated
system, in which all processes from beginning of crude oil formation to entrapment are
encountered. This scheme is depicted in Fig. I.

I i
Fig. 1: Schematic display of the attributes of an integrated petroleum system as required

for studying petroleum generation, migration and reservolring as a function of
maturity.

1.1 Approach

The Bakken petroleum system of the Williston Basin (U.S.A.lCanada) appears to combine
certain attributes which are a prerequisite for addressing the above aspects:
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D Uniformity of organofacies
Depositional conditions (input of organic matter) are believed to have been uniform during

sedimentation of the Bakken Shale. Hence, the organofacies (kerogen type II) can be

considered to be uniform on a basinwide scale (Meissner, 1978; Webster, 1984; Martiniuk,
1988). This simplicity is advantageous as the influence of lateral or vertical facies variations

on petroleum generation in the course of maturation can be neglected. In addition, the artificial

maturation sequence as derived from heating of immature Bakken Shale equivalents is directly
compatible to nature.

D Broad maturity spectrum
The broad spectrum of maturity of the Bakken source rock ensures that all phases of

petroleum generation are "captured" from onset to deadline of oil formation (Webster, 1984;
Price et al., 1984). Therefore, the progressive and successive effects of hydrocarbon
generation andexpulsion have been imparted on recoverable samples.

D Inferred closed system
Entrapment of Bakken oil is considered to take place within the source rock itself ostensibly

with fractures as the reservoir medium. This oil therefore may not have undergone secondary
migration. On the basis of high resistivity readings derived from well logging, it was
concluded that the pore network of mature Bakken Shales is saturated with in-situ generated
hydrocarbons leading to overpressuring (Murray, 1968; Finch, 1969; Meissner, 1978).
However, the questions how overpressuring is created and whether the in-situ reservoir model
can be extrapolated on a basinwide scale are still controversely discussed. The close
association of source rock and reservoir enables to trace the crude oil directly back to its origin
as regards compositional nature. Furthermore, mixing effects due to an oil from a source
different than the Bakken Shale can be neglected because the unique signatures of these oils
are readily recognisable (Fowler et al., 1986; Hoffmann et al., 1987).

U Comprehensive literature data base

Various aspects of Bakken petroleum geology have been the subject of intense research in the
course of the last decades. All these studies have contributed to the very good knowledge of
the nature of the Bakken Shale as a classical marine, organic rich, oil-prone source rock.

The combination of the attributes above make the Bakken Shale an ideal candidate for studying
source rock as well as reservoir processes. Due to certain features which constrain the broad
scope of potential influences, the Bakken petroleum system can be considered a "natural

laboratory".

1.2 Objectives

The objectives of the present study are as follows:

e To establish the nature and occurrence of petroleum as a function of maturation and
expulsion/primary migration in a constrained natural system.
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o To investigate the extent of contribution of different mechanisms to the process of primary

migration.

e To unravel the cause and regional dimension of high reservoir pressures ill the Bakken

Formation.

e To differentiate the types and magnitudes of generation-induced from migration-induced

effects.

e To evaluate the natural maturity series with simulation experiments in order to test how such

pyrolysis data can contribute to the understanding of the fate of naturally formed petroleum in

a closed system.
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2 Geology of the Bakken Petroleum System

The Bakken petroleum system is one of several hydrocarbon systems in the Williston Basin. The

latter represents one of the largest sedimentary basins in North America. It is an intracratonic

basin (Carlson & Anderson, 1965) embedded in the crystalline basement of the North American

craton. The roughly elliptical shape of the basin is bounded by the following structures: The

Canadian Shield in the northeast, the Big Snowy Uplift in the west, the Black Hills in the

southwest and the Sioux Uplift in the southeast (Landes, 1970). The deposits of the basin cover

the states of Montana, North and South Dakota on the US side, and Saskatchewan and Manitoba

on the Canadian side. The Nesson Anticline and the Billings Anticline are the two principal

structural features in the North Dakota portion of the basin. Both anticlines, which are

topographically not visible due to concealment by thick glacial deposits strike approximately

north-south and play an important role for petroleum geology in the Williston Basin, as most

fields are associated with these two structures. The North Dakota portion of the basin, the study

area of the present investigation, covers approximately 65% of the area of North Dakota.

2. 1 Evolution and Stratigraphy of the Williston Basin

The sedimentary record of the Williston Basin exhibits a maximum thickness of more than

4500m with the depocentre located near Williston, North Dakota (Carlson & Anderson, 1965). It

contains deposits from Cambrian to Quaternary age with strata from all Phanerozoic periods.

Nonetheless, the burial history of the basin is characterized by several sedimentary hiatus

(Bluemle et al., 1986). Although the burial history of the Williston Basin is considered to be
rather simple compared to other hydrocarbon bearing sedimentary basins of the world (Sweeney

et a!., 1992) the mechanism of subsidence of the basin is still a subject of controversy. Several

models have been suggested for its evolution (reviewed by Morel-a-l'Huissier et a!., 1990): Ahem

& Mrkvicka (1984) developed a thermal model which is based on the cooling of an initially hot

subcrustal region leading to contraction of the lithosphere. Fowler & Nisbet (1985) discussed the

sagging of the basin as a consequence of the phase transformation of a mafic igneous intrusion

into an eclogite. Furthermore, they related the incomplete sedimentary record to eustatic changes

in sea level. A hypothesis based solely on tectonic considerations is provided by Gerhard et a1.
(1982). Due to the lack of indication of abnormally high heat flow that would account for a heat

source beneath the basin they proposed a 'pull-apart' basin model which is the result of regional

left-lateral shearing along the Colorado-Wyoming and Fromberg zones. However, as Morel-a­

l'Huissier et a!. (1990) have pointed out, the principal regional stress regime of the basin

formation process is difficult to determine. Finally, Sears & Alt (1990) provided some evidence

for an extraterrestrial impact event The regular, rather simple geometry of the Williston Basin is

displayed in Fig. 2.

Webster (1984) reconstructed the burial history of the Williston Basin and incorporated the

unconformities of the section as erosional events (Bluernle et al., 1986). According to this

scheme, there are four major periods of possible erosion in the basin, namely early Pennsylvanian,

middle Triassic to early Jurassic, late Jurassic to early Cretaceous and Tertiary to Quaternary.
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Although Webster (1984) pointed out that the duration of these erosional phases and accordingly
the sediment loss are hard to quantify, he estimated them to be less thai"} 100m. This estimate
might be questioned in the light of the work by Neuzil (I993) on the Cretaceous Pierre Shale in
South Dakota. Based on geologic evidence, he inferred an erosion of 360-400m of overburden in
the last 4.5Ma.
Sweeney et al. (1992) calculated the time-temperature history Ior the Williston Basin exemplified
by an Antelope field well (Fig. 3). These calculations were based on present-day thermal
conductivity values determined by Gosnold (1991) using results from core sample analysis and
measured temperature-depth curve interpretations. From this diagram it becomes apparent that
the maximum burial depth for the Bakken Shale was reached at late Cretaceous.
The question whether the Bakken source rock is still actively generating hydrocarbons at present
or whether it is in an equilibrated state, is of particular importance for expulsion processes (ch.
5.2). The burial history based on stratigraphic considerations implies that the Williston Basin is a
slowly subsiding basin with moderate sedimentation rates and minor erosion events (Webster,
1984; Bluemle et aI., 1986). More recent reconstructions of the burial history and, most
importantly, the temperature history of the basin using kinetic modeling (Sweeney et al., 1992)
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and numerical modeling tools (Burrus et al., I994a) revealed that the heat flow can be considered
constant throughout the entire evolution of the Williston Basin. The latter authors inferred an area
of higher heat flow along the Nesson Anticline, but this regionally higher heat flow is believed to
be constant through time as well. With the prerequisite that the sedimentary sequence of the
Williston Basin has not experienced any major erosional events especially in recent times, the

rather simple and temporally constant temperature history may indicate that the Bakken
petroleum system indeed is "live" at present time and actively generating petroleum where the
Bakken Shale is in the respective generation zone.

The stratigraphy of the Williston Basin (Fig. 4) is described in detail in Carlson & Anderson
(1965) and Gerhard et al. (1982). The stratigraphic record is divided into subdivisions according
to Sloss (1963). They are labelled the Sauk Sequence (Cambrian-Lower Ordovician), the
Tippecanoe Sequence (Ordovician-Silurian), the Kaskaskia Sequence (Devonian-Mississippian),

the Absaroka Sequence (Pennsylvanian-Triassic), the Zuni Sequence (Jurassic-Tertiary) and the
Tejas Sequence (Tertiary-Quaternary). In the following, the Kaskaskia Sequence will be focussed

on, as the Bakken petroleum system is part of this sequence: Its sedimentary fill adds up to
1370m of preserved strata (Bluemle et al., 1986). The dominant lithologies are limestone and
evaporites, indicative of a predominantly marine depositional environment. Sedimentation on an
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eroded surface of earlier Palaeozoic rocks started with the deposition of Winnipegosis carbonates.

These limestones were rich in stromatoporoids and reef structures. Such depositional conditions
prevailccduring most of the Devonian (including late Devonian Duperow and Birdbear
Formation), interrupted only by the early Devonian Prairie salts and a temporary influx of clastics
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(Gerhard et aI., 1982) in the Dawson Bay unit (middle Devonian). The sediments of the Three

Forks Formation (shales, anhydrites, siltstones and dolomites) formed the base for the

transgressive deposits of the Bakken Formation (Upper Devonian to Lower Mississippian).

Locally, the top of the Three Forks Formation is represented by a well-cemented quartz

sandstone referred to as the "Sanish Sand" (Webster, 1984). As this stratum exhibits relatively

high porosities (5.5%) and permeabilities (» 1.0rnD) (Murray, 1968), it acts as an important

reservoir. Isopach maps of the Three Forks Formation might indicate erosion on the flanks of the

basin (Carlson & Anderson, 1965) prior to sedimentation of the Bakken Formation. The organic

richness of the Bakken Shales (upper and lower Shale, interrupted by a middle member of highly

variable lithology) reflect an anoxic sedimentary environment. The 600m thick Madison Group

above the Bakken Formation consists of three members (Lodgepole limestones, Mission Canyon

limestones and Charles salts) and represents a cyclical carbonate and evaporite deposition

(Carlson & ~A..nderson, 1965). The limestones of the Madison Group actas important hydrocarbon
reservoirs. For the sake of convenience, the Madison Group is often subdivided in intervals based

on widespread evaporite beds associated with fine-grained clastics. These marker-type horizons

(Bottineau, Tilston, Frobisher-Alida, Ratcliffe and Poplar) are easily detected on appropriate well

logs (Carlson & Anderson, 1965). The Kaskaskia Sequence is concluded by clastics and

carbonates of the late Mississippian Big Snowy Group deposited in alternating restricted and

normal marine environments.

2.2 The Bakken Petroleum System

2.2.1 Stratigraphy and Lithology

Webster (1984) gave a good overview of the stratigraphy and lithology of the Bakken Formation

while LeFever et al. (1991) provided a comprehensive update with many details on this issue.

The three informal members of the formation (Fig. 4) are easily recognized on wireline logs, as

the upper and lower shales have usually very high gamma-ray readings (>200 API; LeFever et

al., 1991). In the study area, the entire Bakken Formation ranges in thickness from a maximum of

53m to a depositional pinch outat theedges. Both shale units are relatively thin (17m and 9m as a
maximum for lower and upper shale, respectively) while the middle member reaches a maximum

thickness of 27m (Lefever et aI., 1991). The three members exhibitan onlapping relationship &'10
show no surface outcrop. The boundary between lower Bakken Shale and the middle member has

been suggested to be the boundary between Devonian and Mississippian based on conodont

fauna from the shales (Hayes & Holland, 1983). However, Thrasher (1985) assigned the

systematic boundary into the middle member.

Lithologically, both shale members are referred to as being very similar and uniform on a basin­

wide scale (Meissner, 1978; Webster, 1984; Martiniuk, 1988; LeFever et aI., 1991): They are

dark coloured, noncalcareous, fissile and mostly display a massive, isotropic texture. A fme

lamination can be encountered in selected samples. Pyrite is ubiquitous in the form of laminae,

lenses or fmely disseminated throughout the rock. Based on results derived from thin section

(Webster, 1984) and XRD analysis (Webster, 1984; Cramer, 1991), quartz appeared to be the

dominant mineral while the clay content, atypical for a shale, was rather low. Further accessory
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minerals are potassium-feldspar, calcite, dolomite and anhydrite. Both shales are characterized by

very high contents of organic matter (average of II.3wt.-% organic carbon; Webster, 1984). On

the basis of an average TOC content of 15wt.-%, Price & Clayton (1992) calculated that 39% of

the rock volume would consist of organic matter. Mostly, the organic matter is uniformly

distributed throughout the rock matrix. Alginites, sporinites and small amounts of vitrinites are

the principal macerals (Webster, 1984).

The fossil content is made up of conodonts, fish remains and various invertebrates.

The lithology of the middle member is strikingly different to both shale units and is also highly

variable (Webster, 1984; LeFever et aI., 1991): It consists of siltstones and sandstones, but lesser

amounts of shales, dolostones and limestones (oolites) are also present, indicating lateral and

vertical changes in depositional environment. A detailed core analysis enabled the subdivision of

seven lithofacies units (LeFever et aI., 1991). However, as siltstone is the predominant lithology

of L1.e middle member, in. the literature this stratum is conveniently referred to as the middle
Siltstone Member.

2.2.2 Petroleum Geology

A Brief History of Bakken &plorat/on and Product/on

The history of petroleum production from the Bakken Formation in the Williston Basin began in

1953, when the #1 Woodrow Starr was completed as the discovery wen for the Antelope field
(McKenzie Co.) (LeFever, 1991). From that date on, the Nesson Anticline and particularly the

Antelope Anticline area were the prime target for exploration and production in the North Dakota

portion of the basin. After a period of reduced activities in the Bakken play, the area of interest

was shifted from the centre of the basin to the southwest depositional pinch out zone of the

Bakken Formation, due to the discovery of the Elkhorn Ranch field in the Billings Anticline area

(1961). The discovery well, initiaily aimed for the Ordovician Red River formation recovered oil

in a drill stem test from the Bakken Formation. Drilling activities in North Dakota have

considerably changed since the introduction of horizontal drilling techniques especially in the

Billings Anticline area. In 1987, the first horizontal well was completed in North Dakota,

quickening the Bakken Formation as an important economic reservoir. Based on 1989 production
figures, fields in the Billings ~A....nticline area which are producing from horizontal wells (e.g.

Elkhorn Ranch, Bicentennial, Roosevelt) have exceeded production from Nesson and Antelope

Anticline wells.

Production data and results from a number of studies (Williams, 1974; Osadetz et aI., 1991; Price

& LeFever, 1992) characterize Bakken crude oil as high-quality petroleum. API gravtities are

relatively high (40-45°) and sulfur content is normally rather low « 0.2wt.-%). Data from

horizontal wells reveal production gas-oil ratios of 0.16-0.4kgkg·'.

Oil~SolJrceRock Correlation

Oil-source rock correlations and the discrimination of petroleum systems in the Williston Basin

were first carried out by Williams (1974) and Dow (1974), respectively. According to their

10



studies, three different petroleum systems existed bearing three different types of oil. The first

comprised of the Ordovician-Silurian Winnipeg-Red River system, the second was the Bakken­

Madison system (Devonian-Mississippian) and the third was assigned to the Permian-Triassic

Tyler Formation. A positive correlation of Madison oils with the Bakken Shale source was
established using light hydrocarbons (C4_C7), C1s+-n_alkanes and carbon isotope ratio (ol3C)

(Williams, 1974). Based on the studies of the latter, Dow (1974) inferred a migration of Bakken

sourced oil along fractures and faults into the Madison limestone reservoirs. He attributed such a

vertically oriented migration direction to the Nesson Anticline area, where the petroleum liquid

was focussed by the anticlinal structure. Charles salts of the upper Madison Group (Fig. 2) acted

as efficient seals. Additional to the vertical migration scheme, Dow (1974) also postulated updip

migration within the Mississippian along appropriate continuous porosity zones. The

hydrocarbons were then trapped by porosity pinch out at the Madison-Jurassic unconformity at

the marginal regions of the basin. However, in order to explain the mismatch between the amount
of generated (based on estimations) a..T1d discovered oil, he concluded that expulsion of Bakken oil

was locally irthibited by the absence of fractures.

The general validity of oil-source rock correlations as exemplified above was questioned in a

study on sequential extracts derived from whole rock Bakken Shale samples (Price & Clayton,

1992): Here it was shown that the molecular composition of the bitumen is not uniformly

distributed in the rock but varies significantly. Clearly, this bears serious consequences on oil­

source rock correlations, as these are normally established using whole extracts from powdered
rock samples. Price & Clayton (1992) inferred that the bitumen which is most accessible to

solvents in the lab (first extraction step), represents the hydrocarbon phase that is most readily

expelled in the natural system.
The positive correlation between the Bakken Shale source and the Madison reservoir which later

was supported by a study by Leenheer (1984), was considered valid for a long time. However,

more recently, Canadian investigators provided evidence that this positive correlation was
erroneous. Brooks et al. (1987) discriminated three compositionally different oil families (A, B,

C) in the Canadian portion of the Williston Basin and questioned the Bakken-Madison

correlation. The essence of the studies by Osadetz et al. (1990, 1991 and 1992) was the defmition

of four distinct oil families derived from compositional (isoprenoid hydrocarbon ratios, biomarker

ratios) as well as stratigraphic inferences. As regards the Bakken petroleum system, these authors

concluded that Bakken sourced oils (family B) are restricted to the Bakken Formation and are

absent in the Madison Group. In contrast, the Madison oils, attributed to family C, are not

associated with Bakken reservoirs except for one field (Osadetz et al., 1992). The source for the
family C-Madison oils are believed to be organic rich, bituminous carbonate rock bodies in the
Mississippian Lodgepole Formation (Osadetz et al., 1991; Osadetz et al., 1992). This novel arid

refrned model of oil-source rock correlations for Devonian-Mississippian petroleum systems on

the Canadian side of the Williston Basin was extended to the US side by Price & LeFever (1994).

Accordingly, these authors also inferred the existence of an efficient source rock within the

Lodgepole Formation although they had no direct evidence for identifying and locating this

source rock.
An important inference deduced from the studies above is the particular closed-system nature of

the Bakken Formation in terms of petroleum mobility. Hence, such a restrictive system implies

that Bakken sourced oils can be considered untouched by long-distance migration.
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Reservoir Properties

As stated before, most of the reservoirs in the North Dakota portion of the Williston Basin are
linked to the two principal structures of the basin, the Nesson and Billings Anticline. The
evolution of the Nesson Anticline was initiated in the Precambrian as a result of faulting of the
crystalline basement blocks (Anderson et al., 1983). Many wells in the Nesson Anticline area
produce from the Sanish Sand of the upper Three Forks Formation. The Antelope Anticline,
which is a smaller structure offset from the north-south trending Nesson Anticline is believed to
be a classic "drape fold" (Stearns, 1971) which is created by vertical movements of basement
blocks where the steep flank overlies the downthrown block while the other flank is more gentle.
Such tectonic stress (bending) resulted in the formation of open tensile fractures (Meissner,
1978), thus improving reservoir quality. The steep, northeast limb of the anticline seems to have a
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higher degree of fracturing as more producing wells have been drilled on that side (LeFever,
1991).
Fields in the Billings Anticline area are normally associated with structural features such as

faults, folds or both. However, the Bakken Formation is not the only producing stratum in this

area. As of 1991, only two of 26 fields provided petroleum directly from the Bakken. A notable
feature of oil production from pools in that area was that only trace amounts of water were

produced (LeFever, 1991). The term "Bakken fairway" was established as a northwest-southeast

oriented band paralleling the depositional pinch out of the Bakken in North Dakota and Montana
(Hansen & Long, 1991a). It is used to describe an area with high potential for successful

exploration and production. However, as Hansen & Long (1991b) have shown, there are only
certain spots within the fairway which reveal good reservoir properties.

The overpressured nature (Fig. 5) of the Bakken petroleum system was recognized by Murray
(1968) and Finch (1969). Murray (1968) reported 811 initial reservoir pressure of 7670psi
(53mpa) at 2545m (8400ft) depth in the Sanish Sand of the upper Three Forks Formation. In that
context, however, it must be pointed out that in these pioneering publications on reservoir
pressure in the Bakken petroleum system, the abnormally high reservoir pressures were not
exclusively tied to either of the two Bakken Shale members. Meissner (1978) came to the
conclusion that the overpressuring is a direct result of the generation of hydrocarbons which are
not expelled but remain in the source rock. In that more comprehensive study on the pressure
issue, evidence was provided that the two shale units indeed may be overpressured, but again, an
overpressured status might be extended to the entire Bakken Formation including the uBK, mBK
and IBK as well as the Sanish Sandstone of the DTF. The question, whether abnormally high
pressures OCCur in more than one member of the Bakken petroleum system and if so, in which
members, is evaluated in ch. 5.3.

High fluid pressures were called uponto create vertical fractures in the Bakken petroleum system
which may act as the reservoir medium, as the reservoir properties (porosity and permeability) of
the Bakken Shale matrix are considered to be very poor (Meissner, 1978). The direct link of
abnormally high reservoir pressures to extensive hydrocarbon generation was confirmed by
results derived from 2d numerical simulations, but the degree of overpressuring was believed to
be insufficient to reach hydraulic fracturing thresholds (Burrus et al., 1994a). However, the
existence and principal formation mechanism (eiu~er tectonic and/or hydrostatic) of a fracture
network that is capable of holding such large quantities of petroleum discovered so far in the
Bakken is still a subject of controversy in the literature. Finch (1969) attributed the fractures to
tectonic forces due to vertical movements of the Precambrian basement blocks. Subsequently,

these fractures were said to be filled with water and then with hydrocarbons. In the final tectonic
phase, the fluid-filled zone was compacted which led to an increase of pressure. Carlisle (1991)
supported the theory of a combination of both principal mechanisms. Analysis of production data

enabled Sperr (1990) to derive four different types of fractured reservoirs: The first type is
associated with the thinning of the beds and the increase in fracture density at the depositional

edge of the upper Bakken Shale in the Billings Anticline area. The second type of fracturing is of
structural nature and occurs where the Bakken is draped over underlying structures such as
Antelope Anticline. Hot spots with a higher heat flow initiating enhanced hydrocarbon generation

form the third category. In the latter case, the fracturing is directly caused by overpressuring.

13



Fracturing along regional lineaments representing the edges of basement blocks characterize the
fourth type of fracturing.

14



3 Methodology

3.1 Sampling and Sample Documentation

The sample set for the present study consisted of whole rock core samples (Bakken Shales) and

crude oils. 29 wells were sampled for whole rock samples and provided a total of 182 samples.

The majority was collected from the upper Bakken Shale (133), whereas 49 stem from the lower
shale interval. The sample set was completed with 5 crude oils from Bakken reservoirs. The

location of the sampled wells, all of which were drilled in the North Dakota portion of the
Williston Basin, is shown in Fig. 6. Background information on the wells is tabulated in the
appendix. During sampling, unusual macroscopical characteristics of the entire Bakken interval

core were monitored in order to discriminate core sections and/or samples which exhibited local
features unrepresentative for the Bakken Shale, such as silt lenses, macrofossils etc.
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Fig. 6: Study area showinq location of wells. Wells 1-14 (numbered in the order of in­
creasing vitrinite reflectance) were considered representative for the entire basin
and provided the cores for the selected set of samples {see methodology). One
sample from well labelled 'MSSV' was employed for artificial maturation
experiments using the MSSV technique.
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In most cases it was not possible to sample the upper Bakken Shale (uBK) as well as the lower

(lBK) of the same well because of the core quality. However, two cores, the Marathon Oil

Dobrinski (DaB) and the horizontal Shell Connell #24-27 (CON) were sampled in close intervals

over the entire range of the Bakken section in order to assess vertical and small-scale lateral

facies variations.

Additionally, samples from 3 other type-II source rocks, namely the Posidonia Shale (Lower

Toarcian, Hils Syncline, Germany), the Woodford Shale (Devon.-Miss., Anadarko Basin,

U.S.A.) and the Chattanooga Shale (Upper Devonian, Appalachian Basin, U.S.A.) were analysed

where indicated (thermovaporisation-gas chromatography) in order to compare Bakken Shale

data with other source rock systems. Background information on the organic geochemistry and

petroleum geology of these source rocks is provided by Rullkotter et a!. (1988) and Muscio et al.

(1991) for the Posidonia Shale, Cardott & Lambert (1985) for the Woodford Shale and North

(1985) for the Chattanooga Shale.

:3 .2 Screening Analyses

Well-established screening analyses (pyrolysis, IATROSCAN, organic petrology) were

performed in order to assess the type and nature of the solid as well as liquid organic matter of
the Bakken Shale. This analytical database was used to reduce the number of samples for further

more detailed analyses. Additionally, the following aspects were taken into account to ensure all

optimum of representativity of the selected sample set for the Bakken in-source reservoir system:

c:> cover of broad maturity range

c) cover of broad geographical area
c:> sample availability of individual wells

c:> selection of wells of as many types of status (dry, producing, overpressured etc. as deduced

from production data, drilling reports etc.) as possible

3.2. 1 Pyrolysis

An rock samples were analysed for total organic carbon (using a LECO IR-112 analyser) and by
the Rock-Eval pyrolysis method (Espitalie et al., 1985) following established procedures.

3.2.2 IATROSCAN Analysis of Solvent Extracts

In order to rapidly obtain a comprehensive characterisation of the Bakken Shale bitumen, 108

crushed whole rock samples from 28 wells were solvent extracted using the ultrasonic method (5

minutes per sample in dichloromethane). Subsequently, the extracts were submitted to

IATROSCAN analysis (Ray et al., 1982).

The three stage development of the saturate, aromatic and polar fraction was performed using n­

hexane, toluene wid dichloromethane, respectively as solvents (Ray et al., 1982). The bulk
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compositional variabilities of Bakken extracts in one well were monitored based on fmgerprinting

of the IATROSCAN FID traces.

3.2.3 Organic Petrology

For petrological analysis (facies and maturity), 55 selected whole rock pieces representing all

wells were orientated perpendicular to the bedding plane and mounted in a mixture of epoxi-resin

(Scandiplex A) and hardener (Scandiplex B). Due to the ubiquitous high content of pyrite, the
fmal polishing was carried out applying a special polishing emulsion designed originally for

metallic surfaces (STRUERS OP-S Suspension) in order to obtain a surface quality good enough
for the determination of vitrinite reflectance.

All samples were examined in plane polarized reflected white light and under blue light excitation
(450-49Onm). Selected sections were photographed.
Vitrinite reflectance measurements were made with a Zeiss Photomicroscope III in oil immersion

at a wavelenght of 546nm using a measuring blind of Sum diameter. Data were processed by HP
9816S hardware combined with Zeiss Cofiex software.
Macerals were classified according to the nomenclature of Stach et al. (1982) and Hutton et al.
(1980).

Fig. 7: Flow chart displaying analyses performed on selected set of samples.
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3.3 Methodology of Selected Sample Set

Tne following analyses were applied to samples which were selected based on results of the

prevailing analyses. The flow chart for this methodology is depicted in Fig. 7.

3.3.1 Organic Geochemical Analyses

/lnalyses Based on MSSV Technique

The following analyses are all based on the same basic experimental configuration, as described

in Horsfield et aI. (1989) and displayed in Fig. 8. This consists of a Quantum MSSV-I Thermal

Analysis Unit (sample holder with a programmable pyrolysis furnace and cryogenic trap) and a

gas chromatograph. Identification of prominent peaks of the GC trace was carried out via

retention time, correlation with literature data (Horsfield & Duppenbecker, 1991; Requejo et al.,

1992) and/or mass spectra.

41 Bakken Shale whole rock samples from 14 wells covering the entire maturity range were

submitted to open-system pyrolysis-gas chromatography (py-gc) analysis.

It has been shown that yield and composition of pyrolysates are affected by organic richness and

the mineral matrix of the rock (Espitalie et aI., 1980, Horsfield & Douglas, 1980). Experiments

using mixtures of kerogens and minerals documented that especially clay minerals may retain

heavy hydrocarbon products on the mineral surface (Espitalie et aI., 1980). The high average

organic richness and low clay content of Bakken Shale whole rock samples (ch. 2.2.1) therefore

was advantageous in thatlaborious kerogen isolationtreatments were not necessary.
The sample was placed into the central part of a glass tube (26mm long; inner sleeve diameter
3rnrn). The remaining volume was filled with cleaned quartz wool (630°C in air, 1 hour). After

flushing the sample at 300°C (5min.) to remove volatile material, it is pyrolysed using

programmed heating from 300°C (50°C/min.) to 600°C (3min. isothermal). The products were

cryogenically trappedand separated by on-line gas chromatography. An HP-l column (1.65pm

film thickness, 26.5m x 0.3Imm) connected to a FID and a sulfur compound sensitive Hall

detector was used with He as carrier gas. Programmed heating started at -10°C (2min.

isothermal) with a subsequent rate of 8°C/min. up to 320°C. Quantification was performed using

n-butane as an external standard.

The thermally releasable organic matter «300°C) of 47 Bakken Shale samples from 18 wells

covering the entire spectrum of maturity was analysed by thermovaporisation-gas

chromatography (t'vap-gc). In order to compare yield and composition of Bakken Shale thermal

extracts with other source rock systems, a set of 8 samples from 3 different type-II kerogens

(Posidonia Shale, Woodford Shale and Chattanooga Shale) were investigated under identical

conditions. Preliminary experiments had revealed that even fmely ground samples (disk mill)

yielded relatively high amounts of highly volatile light hydrocarbons. Therefore, to minimize the

loss of gaseous compounds during sample preparation, the coarsely ground sample (agate
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mortar) was placed into a glass tube (30mm long; inner sleeve diameter 1.5mm; ca. 50pl internal

volume) which was sealed directly after loading and placed into the sample holder of the

pyrolysis furnace (300°C). Each sample was cracked open by piston action. The products were

cryogenically trapped and analysed by gas-chromatography. The temperature program and GC

configuration was the same as that used for py-gc analyses.

The same experimental set-up was employed for the whole oil gas chromatography analysis of 5

crude oils from Bakken reservoirs. For this type of sample, the glass tube was filled with purified

quartz wool on which an appropriate amount of crude oil was injected using a syringe.

Subsequent analytical steps were according to the descriptions above.

In order to confirm peak identification (cycloalkanes, alkylbenzenes) of the thermovaporisation

compounds, two samples from different levels of maturation were analysed by

thermovaporisation-gas chromatography-M'Sl) (t'vap-gc-MSD). Sample preparation and

treatment was the same as for t'vap-gc. Analyses were run on a SOm x O.31mm HP-l fused silica
column. Heating went from 40°C (6min. isothermal) at a rate of 5°C/min. up to 300°C (22min.

isothermal). GC-MS analyses were performed on a Fisons Instruments MD 800 (ionizing

voltage: 70e V; source temperature: 220°C) using He as carrier gas.
In order to determine isotopic compositions (OI3C) of individual thermovaporised products,

selected samples were submitted to thermo vaporisation-gas chromatography-isotope ratio­
mass spectrometry (t'vap-gc-IR-MS). Preparative sample treatment was as described above for

t'vap-gc analyses. Data are reported as ol3C relative to the PDB standard and corrected for 170
contribution. Aliquots of the same sample set were analysed utilizing two mass spectrometers

with two different GC columns (fused silica HP-I column and Poraplot column). The first set-up

comprised of an OPTIMA Isochrom-based GC-IR-MS system (Hall et al., 1993).The HP-J

column (0.3pm film thickness, 50m x 0.32mm) was coated with OV-J stationary phase. He was

used as carrier gas. Programmed heating started from 20°C (2min. isothermal) to 300°C (l5min.
isothermal) at 4°C/min. Tne second configuration (GC: Varian 3400; 1>lS: l'viAT 252) was
equipped with a Poraplot column (lOpm film thickness, 25m x 0.32mm). Here, the GC heating
program was from 30°C (4min. isothermal) to 250°C (lOmin. isothermal) at l2°C/min..

Artificial maturation was performed on aliquots of one immature Bakken Shale sample (0.49%

R,,; Ropertz, 1994; well labelled "MSSV" in Fig. 6) in a convection oven at the following

isothermal heating conditions: 300°C (2 and 5 days), 330°C (I, 2 and 5 days) and 350°C (1,2 and

5 days). In this case, purified glass beads (630°C in air, 1 hour) were used to fiII the remaining

volume of the glass tube. Both the artificially generated products as well as the residual kerogen

of each artificial maturation level were analysed via gas chromatography and programmed

heating py-gc, respectively.

Infrared Spectroscopy

Infrared spectroscopic analysis was applied to organic rich unextracted Bakken Shale samples

(TOC> 12wt.-%) from 14 wells (R; 0.31 to 1.57), one sample of each well. The experimental

configuration and parameters were as outlined in Schenk et al. (1986): The samples were dried

under vacuum for 24 hours and mixed with 200mg of KBr. Thorough mixing was ensured by

using a mill (3 min.). The mixture was pressed into pellets in an evacuated 13mm die under a

pressure of 8tons/cm2
• The analytical set-up comprised of a Perkin-Elmer 783 dispersive
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spectrophotometer coupled to a Perkin-Elmer 3600 data station equipped with PE 780 software
for calculation of band areas. Aliphatic band areas were determined for the wave number range

between 30 I 0 - 2730cm· j
•
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Fig. 8: Schematic set-up (cross section) of a Quantum MSSV-1 Thermal Analysis Unit.
This basic experimental configuration was used for all analyses based on the
MSSV technique (reproduced from Mycke e1 al., 1994).
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.Analysis ofSolvent Extractable OrganicMatter

Solvent extraction was carried out on finely ground Bakken Shale samples (29 samples from 14

wells encompassing the entire maturity range) using an azeotropic mixture (23.4wt.-% methanol,

29.9wt.-% acetone and 46.7wt.-% chloroform) and applying the flow-blending method as

described by Radke et al. (1978). Known amounts of internal standards were added prior to

extraction for the quantification of saturated hydrocarbons (androstane) and aromatic

hydrocarbons (J-phenylhexane, l-phenylheptane, 1,8-dimethylnaphthalene, I-phenylnaphthalene,

l-ethylpyrene, l-butylpyrene). The extraction was carried out in a !litre stainless steel centrifuge

beaker into which the blending device was inserted. Copper powder was added to each sample in
order to remove elemental sulphur. After extraction was completed the excess solvent was

evaporated at room temperature under reduced pressure (250mbar) and extract yield was

determined.

The asphaltene fraction was obtained from 29 flow-blending extracts and 5 crude oils using a

method adapted from the one of Speight et al. (1983): Aliquots of whole extracts and crude oils

were mixed with small amounts of redistilled, purified n-hexane and subsequently immersed into

the ultrasonic bath in order to achieve thorough mixing of the reagents. Thereafter ca. 250ml Il­

hexane was added and the liquid was set to react for 24 hours at ambient temperature. Care was

taken that the ratio of extract and crude oil, respectively to n-hexane was equal for all samples.
The precipitates (asphaltenes) were removed by filtering and stored ill solution

(dichloromethane).

Deasphaltened extracts (29) and crude oils (5) were submitted to medium pressure liquid
chromatography (MPLC) (Radke et a!., 1980a). The saturate, aromatic and polar fraction were

obtained using silica gel as the stationary and n-hexane as the mobile phase.

The saturated and aromatic hydrocarbon fractions were analysed by gas chromatography (GC).

The first or these were analysed using a HP 5890 gas chromatograph equipped with all 'Ultra l'
column (SOm x O.2mm) coated with cross-linked methyl silicone gum phase (O.33pm film

thickness). The oven temperature was programmed from 90°C (4min. isothermal) to 310°C at

3°Clmin. H2 was used as the carrier gas. Sample introduction was performed by an on-column

injection system. The experimental conditions for aromatic fraction analysis were the same as for

the saturate fraction except for the following parameters: An 'Ultra 2' column was used coated

with cross-linked 5% phenylmethyl silicone gum phase and He as the carrier gas. The oven
temperature was programmed from 90°C (4min. isothermal) to 120°C (50°Clmin.) followed by

3°C/min. up to 310ce. Identification of prominent peaks was carried out via retention time.

Corrections for evaporation losses were applied (aromatic fraction).

16 samples from the saturate fraction from extracts and crude oils were selected for gas
chromatography-mass spectrometry (GC-MS) analysis. The low abundance of biomarker

molecules (steranes and hopanes) in the GC trace required a molecular sieve treatment of the

samples in order to remove the normal alkanes. A 5A molecular sieve was activated using iso­

octane (3 hours at 3S0°C, ITorr vacuum). The saturated fraction was set to react with the

molecular sieve for 24 hours at 90°C.

For GC-MS analysis a VG 7070E mass spectrometer coupled to a Carlo Erba Fractovap model

4160 gas chromatograph was used (ionisation voltage: 70eV; source temperature: 220°C).

Samples were introduced via a cold trap injection system (KAS 2, Gerstel) onto an 'Ultra 2'

column (50m x 0.32mm, film thickness 0.25pm). He was used as the carrier gas and L'1e oven
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was programmed from 110°C to 300°C (30min. isothermal) at 3°C/min. The metastable method
was applied.

3.3.2 Petrophysical Analyses

Determination ofPermeability

The sai'1lple preparation for measuring permeability of the Bakken Shale required the cutting of
accurately sized cylinders of 28.5mm diameter and max. 30mm thickness. The brittle and
sometimes laminated appearance of the Bakken samples created many problems during the
preparation of the samples in that many plugs crumbled in the course of drilling and cutting.
Unfortunately, these difficulties together with the minor availability of large pieces of cores
consequently led to only a small number of samples (8) which were finally suitable for the
permeability measurements.
The experimental set-up for measuring permeability (Hanebeck et al., 1994) is depicted in Fig. 9
and consists of a flow cell in which the cylindrical rock sample is sandwiched between two
porous stainless steel plates which again are placed between two pistons. The cylinder walls of
the sample as well as the frits and pistons are covered with a two-layered sleeve consisting of a
teflon shrink tube and a thin-walled aluminium tube to which a confining pressure is applied. The
sample holders are equipped with two III 6" stainless steel tubes for introduction and removal of
fluids.
Permeability was determined using water as the flow-through medium by applying a pressure
gradient to the corresponding liquid on one side of the sample and monitoring the amount of
liquid that reaches the other side as a function of elapsed time. In some experiments, increasing
confming pressures were applied in order to investigate how permeability changes as function of
lithostatic pressure.
Spreadsheets including background data on the rock plugs and analytical parameters of the
experiments are given in the appendix.

Experimental Simulation ofPetroleum Generation under Subsurface Conditions

Following the experimental conditions as laid out by Hanebeck et al. (J 994) the behaviour of a
Bakken Shale sample (0.68% R,) under simulated subsurface conditions (overburden load,
elevated temperature and pressure) was examined using the same experimental set-up as for
permeability measurements (Fig. 9). In order to monitor how organic geochemical properties
(organic richness, hydrocarbon generation potential, maturity and composition of generated
material) as well as petrographic properties (fabric, distribution of organic matter etc.) are
affected during the experiment, the sample was analysed at the end of the experiment (TOC
content, pyrolysis, measurement of vitrinite reflectance) and the values compared to a reference
sample which represented pre-experiment conditions.
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Fig. 9: Cross section of high temperature-high pressure triaxial flow cell which was used
for determination of permeability and experimental simulation of petroleum gene­
ration under subsurface conditions. Reproduced from Hanebeck et al. (1994).

3.3.3 Mineralogical Analysis

Three Bakken Shale samples from three different levels of thermal evolution were investigated
using X-ray diffraction (XRD) analysis in order to examine the mineral matrix of the rock. The
solvent extracted powdered rock samples were treated with buffer (Na-acetate and acetic acid)
and diluted H202 to remove carbonates and organic matter, respectively. The fine day fraction «
O.5Ilm) was collected using ultracentrifugation and saturated with Ca2

+ (CaCh) to obtain a

homoionic form with maximum expandability. Prior to XRD analysis fme day samples were
saturated with ethylene-glycol (vapor method).

23



4 Results

In the following, the results derived from screening techniques (organic petrology, organic carbon

determination, Rock-Eval pyrolysis and IATROSCAN) are presented and discussed. They were

used in order to assess maturity of the present sample set and to elucidate whether organic

geochemical characteristics are exclusively associated with either of the two shale strata.

Ll. ••. I Bulk Characterisation of Solid Organic Matter

4.1 .1 Kerogen Type and Abundance

Microscopic examination (reflected light) of Bakken Shale polished sections (IBK and uBK)

revealed that large proportions of the fine-grained material is made up of dark, amorphous

organic matter. Predominantly, the organic matter is fmely disseminated throughout the rock

without being locally concentrated. The fmely dispersed, streaky appearance argues for bituminite

which has been purported to be a decomposition product of algae, animal plankton, bacterial

lipids and similar precursors (Stach et a!., 1982). Furthermore, alginite, the maceral which is

typical for oil shales (Stach et a!., 1982) and oil-prone source rocks, can be encountered most
often and can be easily detected under fluorescent light. Estimated proportions of the two

predominant macerals are 25-30% bituminite and 10-15% alginite. These macerals were found

for both shale units and from all depths and locations in the basin. However, as regards

microscopic appearance of the kerogen and occurrence of macerals, depth-related properties can

be observed: The fabric of relatively shallow samples (2000-ca. 2900m below surface) is

characterised by larger components such as grains of pyrite, dolomite- and calcite-crystals,

macerals and fossil fragments randomly incorporated into the rock matrix. Very few samples

display a distinct lamination of light and dark components. A frequently observed feature of the

shallow sample set is a 2-dimensional kerogen network in which some grey organic fragments are

incorporated. The latter may be vitrinite particles. The alginite-submacerals still possess their

original tube-like shape. Alginite A (Hutton et al., 1980), derived from the Chlorophyta

Tasmanites was found to be most abundant together with minor amounts of alginite B (Hutton et

al., 1980). These flat, elongated components emphasise the laminated fabric of the seciiment ill

shallow samples.

Although it was not possible to defme a clear boundary, it is evident that sections from greater

depths (> ca. 2900m below surface) display different features: Here the sediment consists of a

fine-grained, homogeneous matrix, in which a distinctive preferred orientation (lamination) of the

organic matter is hardly discemable. Larger light-coloured components are very scarce to almost

absent. At this level of burial, the only clearly identifiable patticle types are either fragmentary or

idiomorphic carbonate crystals. Well-defined macerals such as distinctly shaped alginite, a

cornmon feature of samples from shallow depths, are absent in samples of greater depths.

The slight variations in sedimentologic features (e.g. lamination) and the more distinctive change

in the appearance of the kerogen could be related to differences in the depositional environment.

This phenomenon would infer that the Bakken Shales of the depocentre and Billings Anticline
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area (Fig. 6) were deposited under conditions different to the rest of the study area. This
conclusion is contrary to what other studies (Meissner, 1978; Hayes & Holland, 1983; Webster,
1984) have shown. On the basis of visual (macroscopic and microscopic) sample examination
these authors described the Bakken Shale as a sediment with a basinwide uniform organofacies.
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Fig. 10: Histogram distribution of TOe content for uBK and IBK. Arrow designates data
which are derived from wells (lBK) located in a near-shore environment
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An alternate explanation would be that the observed changes are a result of maturation. For

instance, maturity related changes in organic matter habit have also been reported for the

Toarcian Posidonia Shale in NW Germany (Linke et a!., 1988): In this case, corresponding

observations were made at a maturity level where R, ~ 0.9%.

Bakken samples from the lower shale unit from three wells (WAS, PIE and DOB) all of which

were drilled close to the depositional pinch out of the lower Bakken Shale exhibit a kerogen of

strikingly different nature: The macerals were fluorescing in orange colours and were structured

like sporinite. Additionally, the overall lighter colour of the rock argues for lesser amounts of

organic matter. This finding argues that the depositional environment at the rim of the Williston

Basin has undergone more terrigenous sedimentation with less reducing conditions (impeded

preservation of organic matter) than areas which were located in the center.

The results derived from TOe measureme-nt and Rock-Eval pyrolysis (Tab. B, Appendix)

confirm the high organic richness and the good source rock quality of the Bakken Shale as a

whole. Fig. 10 displays the distribution of organic carbon as a histogram for the lower and upper

shale unit. The upper shale unit exhibits a relatively narrow distribution curve with an average

value between 12-13wt.-% TOe. Individual low TOe values are due to local layers of silty

siliceous material in the usually fme-grained matrix, as macroscopic examination of the

corresponding hand specimen reveals. This phenomenon leads to a dilution of the TOe content

and a reduction of the value. The pattern for the lower shale appears to be broader indicating

higher variability of organic richness. High frequencies in the group of 3-4wt.-% TOe are for

those wells which are located close to the depositional edge of the basin (e.g. well PIE and the

lower shale of well DOB). As already deduced from organic petrology, this feature is inherited

from a near-shore environment of sedimentation where the input of organic matter was reduced

and/or conditions were less favourable for its preservation. However, these wells are not

representative for the entire Bakken system. If they are discarded, the averaged values for both

shale strata are almost identical.

Van Krevelen-type diagrams, where the Rock-Eval parameters Hydrogen-Index (HI) and

Oxygen-Index (01) are plotted against each other, are commonly used for kerogen typing

(Espitalic et a!., l 977). Fig. l I shows such a diagram in which the datapoints for uBK and lBK

are discriminated. The upper Bakken Shale consists almost entirely of type II kerogen. The

organic content of the lBK is also characterized by predominantly type II kerogen. Although the

kerogen of two wells (JEN and JOR, Tab. B, Appendix) reveals HIIOr relationships which

indicate a slightbias to a more terrigenous material, it is apparent that the kerogen-type for both
shale units can be designated as type II. It must be noted that this way of plotting kerogen-type

relevant parameters is not suitable for detecting variations in source rock quality in the shallow

wells PIE and DOB (lower shale unit). Below, this point is discussed by examining samples from

two individual wells.

Fig. 12 provides some insight into vertical small-scale variations ill kerogen quality in addition to

shale unit-specific features, as exemplified by the TOe content and HI of two wells, the shallow

DOB (uBK and lBK) and the deeper JEN (uBK and lBK). These cores are labelled #l and #9 in

Fig. 6, respectively. In the immature core DOB the distribution of organic carbon content and HI

between upper and lower Shale is rather heterogeneous. The upper Shale is generally organic rich

and shows a relatively high genetic potential for hydrocarbons (HI), the lower, in contrast, can be

considered a low-quality source rock. Such low results could be brought about by a local
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depletion in organic carbon. As already laid out in section 4. I .I, the lower Shale interval of this
core was located near the shore line of the depositional basin where oxic conditions have
prevailed. Accordingly, TOe content is reduced. These conditions are also manifested in the
samples of well PIE, which show similar results (Tab. B, Appendix).
The distribution of TOe and ill in the mature well JEN where the Bakken Shales are at a depth
of ca. 3050 to 3130m below surface in the central part of the basin (Fig. 6) illustrates that
organofacies is rather homogeneous and that there are no significant shale unit-specific
differences: TOe as well as HI exhibit only a smaIl range of variability for both shale units
(between 9 and 14wt.-% and between 130 and 180, respectively). Hence, there is compelling
evidence that the samples from weIls located distant to the depositional edge of the respective
shale unit can be considered uniform with respect to source rock quality.
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Fig. 12: Comparison of TOC, Hock-Eva! parameters and yield of solvent extract (ultra
sonic method) of lower (lBK) and upper (uBK) Bakken Shale samples taken from
a shallow, immature well (DOB, 0.31% Ro) and a relatively deep, mature well
(JEN, 0.92% Ro) . Note the difference in scale for the two wells with respect to
Hydrogen Index.

4.1.2 Maturity

With respect to the low thickness of the Bakken Formation (max. ca. 50m; ch. 2.2.1), the

measurement of vitrinite reflectance on one polished section per borehole (either shale unit) was
considered adequate for a representative determination of maturity. Despite theconfirmed marine

nature of the Bakken Shale (Webster; 1984~ Price et al., 1984), terrigenous macerals of the
vitrinite group typically make up 5vol.-% of the total of organoclasts (liptinites, vitrinites and
inertinites) (Ropertz, 1994). In order to substantiate the measurements of reflectance, arguments
like regional distribution of wells in the basin and correlation with depth as well as literature data

had to be considered in evaluation of the results.
Tab. 1 displays the results of R, determination. Although the measured values cover a broad

range from 0.24% (WAS) to 1.57% (THO), the majority of the values lie between 0.9 and 1.2%.
According to the general relationship of maturity zonation and vitrinite reflectance (Tissot &
Welte, 1984), this feature indicates that most of the sampled wells are in the mature zone of the

oil-window.
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Table 1: Vitrinite reflectance as determined for the entire set of wells (total of 28).
Well # refers to location of wells in study area (Fig. 6). Wells marked * were
only used for screening analyses (ch, 3.2)

Well Well Ro Well Weli Ro

# name (%) # name (%)

" WAS 0.24 8 MAR 0.90

* PIE 0.27 9 JEN 0.92
1 DOB 0.31 10 CON 0.94j,

~ lAC 0.55 * 1\1:IN 0.95L-

3 NEG 0.57 " WEB 0.95

* TEX 0.66 * GIL 0.98
4 SKA 0.68 11 FED 0.99
5 BaR 0.72 " REE 1.05

* FOR 0.72 * UST 1.05

* JOH 0.74 * MOl 1.08

" ASW 0.81 12 HOV 1.11
7 SET 0.83 " HHS 1.11
6 GRA 0.83 13 BEH 1.26

* XYZ 0.89 14 THO 1.57

The determination of vitrinite reflectance as a tool to establish the level of maturity of kerogen has

been used for several decades (e.g. Vassoevich er al., 1970). In contrast to chemical methods,

where normally the kerogen as a whole is analysed, the measurement of R, has been considered

to be unaffected by variations in kerogen composition (Tissot & Welte, 1984) and it also enables

the investigator to discriminate indigenous vitrinite, which reflects the thermal evolution of the in­
situ organic matter, from potentially reworked particles. While other maturity parameters are only

sensitive in certain intervals of thermal alteration, vitrinite reflectance can be used over the entire

range of organic matter maturation and is therefore considered to be the most reliable and most

often used maturity indicator (Dow, 1977). Furthermore and most importantly, vitrinite
reflectance is commonly used to defme principal zones which are associated with enhanced oil

and gas (wet gas and drygas) generation (Vassoevich et al., 1970; Tissor R:r Welte, ]984).

In the present study, this parameter also provides the framework for most considerations related

to increasing maturation, Hence, the maturitj spectrum as derived from R, measurement appears
to be rather broad (0.24 to 1.57% Ro) implying that the sample set incorporates equivalents from

immature, mature and overmature stages of hydrocarbon generation. With respect to the absolute

values, however, Webster (1984) attributed the maximum R, value for the Bakken Shale in the

North Dakota portion of the Williston Basin to be considerably lower (ca. 1.0%).

The cross-plot of Tmax (values combined from both shale units) with R, (Fig. 13) shows a very

good fit. Up to ca. 1.0% R" the trend is fairly consistent with data from the type II Posidonia

Shale kerogen (Rullkotter et al., 1988) and marine shales from the Cretaceous of British

Columbia (Leckie et al., 1988). However, it is evident that the rather well-defmed relationship

between both maturity parameters is less pronounced for the mature zone and that the highest

value for R, (1.57%) is not related to the highest Tmax (453°C). Furthermore, while the spectrum

for vitrinite reflectance for the mature samples is relatively broad (0.7% to almost 1.6%), the
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range for Tmax is rather narrow (439 to 453°C). This feature might indicate that the range of
thermal evolution for the mature sample set as established by vitrinite reflectance is too wide.
Hence, it cannot be excluded that the highest R, values (BEH: 1.26% Ro; THO: 1.57% Ro) might
have been derived from inertinite particles. Alternatively, the ubiquitous presence of pyrite grains
close to vitrinite macerals might have interferred with the measurement of reflectance of a given
vitrinite. Considerations with respect to well location also corroborate that the level of maturity
for wells EEH and THO as deduced from R, is too high: The location of well BEH is directly
adjacent (same section; distance S 1.6km) to well MAR (0.9% R,). R, values measured for other
wells in this area covered a range between 0.8% and 1.0% R; thus outlining a regional R, trend
similar to the one established by Webster (1984). In the case of well THO there is a similar
pattern: Except for THO (1.57% Ro) , all other wells in the Billings Anticline area exhibit much
lower R, values (0.9% to I. 1%).
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Fig. 13: Relationship of maturity parameters (Tmax vs. Ro) for 174 samples from both shale
units including superimposed data from other type II kerogens. Posidonia Shale
values are taken from Ruilk6tter et at, (1988).

As the reflectance of vitrinite is a direct and irreversible measure for the thermal history of the
associated organic matter, local anomalies in R, values might be an expression of a higher heat
flow in that particular area. As regards well BEH, however, it appears to be very unlikely that
such an inferred ''hot spot" does not affect the kerogen of the adjacent well MAR. Furthermore,
such an enhanced heat flow should also have some bearing on the kerogen in terms of reduced
hydrocarbon generation potential. However, neither bulk (Rock-Eval HI) nor compostional
parameters (py-gc) provide a-ny evidence for such a conclusion. Based on Rock-Eval analyses,
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Price et al. (1984) provided some evidence that there are two different paleo heat flow zones in

the Williston Basin. However, all samples of the present study above 0.57% R, fall within one of

these two paleo heat flow zones. Thus, there is apparently no evidence from geology or basin

analysis which would support the existence of locally raised heat flows.

Alternatively, both samples from wells BEH and TI-lO on which R, was measured may contain at

least two different populations of vitrinites. Indeed, in the light of the very low abundance and the

small size of the vitrinite particles, it may have been difficult to discriminate between indigenous

vitrinite and potentially reworked macerals of the same group exhibiting an enhanced degree of

reflectance. Additionally, different vitrinite populations can occur in oil shales (Hutton & Cook,

1980; Kalkreuth & Macauley, 1984) and coals, namely vitrinite I (hydrogen-poor, high

reflectance, non-fluorescing) and vitrinite 2 (hydrogen-rich, low reflectance, weak fluorescence)

(Buiskool Toxopeus, 1983).
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Fig. 14 displays the relationship between HI and Tm",. A maturation pathway is described

indicating a successive generation of hydrocarbons (decrease in HI) paralleled by a continuous
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increase in TmID<' It becomes also evident that the majority of the samples fall into the mature
zone, where the hydrocarbon generation potential (HI) of the residual kerogen is already
diminished to values between 300 and 100. The diagram also might provide some evidence that
kerogens from the upper shale unit show a higher generative capacity for petroleum than their
lower equivalent of the same maturity (zone of 435° to 450°C Tmax). This is most pronounced for
the shallow wells, as Fig. 12 has revealed, but may also be applicable to higher depths (Fig. 14).
However, this phenomenon might also be due to the normal scatter of the datapoints.

Based on the careful evaluation of the vitrinite reflectance measurements and Rock-Eva!
maturity parameters as well as regional trends it has to be pointed out that the actual
maturity range as covered by the samples of the present study only goes up to ca. 1.1% R,
(well HOY). This feature is indicated by a line ("stop" sign) intersecting the R, axis at
101 % in diagrams in which data are plotted versus a R" scale (ch~ 5 1\ discussion and
interpretation ").

Strong evidence that well HOY (1.11% Ra) may represent the most mature member of the
present study is also provided by aromatic maturity parameters (ch. 4.5).

Comparison of the natural maturity sequence with equivalent data from simulated maturation is
discussed in ch. 5.2.2 and serves as a further indicator for maturity assessment. Fig. 77 illustrates
that the natural pyrolysates from well HOY displayed the lowest values for total yield as well as
for the three subfractions (C,.5, C6. 14, CIS.) of the entire maturity spectrum. With the prerequisite
that major facies shifts can be excluded, this implies that this well has suffered from the most
comprehensive organic matter conversion (loss of hydrocarbon generation potential) of all wells.
Additionally, these values are almost identical with the lowest corresponding values as derived
from the most severe level of artificial maturation (350°Ci5 days). With respect to the evaluation
of maturity assessment, this feature might serve as a complimentary indication that well HOY
indeed represents the most mature well of the present sample set.

4.2 Bulk Characterisation of !v1obile Org~nk M~tter

This section focusses on yield and composition of the volatilizable organic matter from screening
analyses (Rock-Eval SI, solvent extract and subsequent IATROSCAN analysis) of the two shale
units. Emphasis was laid on detecting potential dissimilarities of the upper vs. lower Bakken
Shale.

4.2. 1 Yield as a Function of Maturity

The yield of the volatilisable organic matter in the Bakken was determined using thermal (Rock­
Eval pyrolysis) and solvent extraction (ultrasonic) methods. Results are listed in Tab. 2.
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Table 2: Extract yield as derived from ultra sonic extraction (dichloromethane) of 108
Bakken Shale samples from the entire set of wells. Additional background
data (Sl) from Rock-Eval pyrolysis. Well # refers to location of wells in study
area (Fig. 6). Wells marked * were only used for screening analyses (ch. 3.2)

Sample Wen R" Extract 51 Sample Wen R" Extract 51
ill name (%) (mg/g (mg/g (mg/g (mg/g ill name (%) (mg/g (mg/g (mg/g (mg/g

(#) rock) TOC) rock) TOe) (#) rock) TOC) rock) TOC)

E3429I WAS' 0.24 5.93 58.73 2.28 22.57 E343 10 lEN 0.92 6.37 52.19 3.66 30.00
£34292 1.40 40.21 0.59 17.00 E34311 (9) 7.33 64.30 3.71 32.54
£34293 6.02 44.91 3.92 29.25 E34312 7.78 59.81 3.75 28.85
E34295 6.09 46.12 3.84 29.09 E34313 5.00 42.37 4.39 37.20
E34257 PIE* 0.27 1.11 96.31 0.44 38.26 E34316 7.81 64.04 4.01 32.87
E34267 DOB 0.31 1.35 45.35 0.56 18.79 E34449 7.20 69.23 4.63 44.52
E34270 (I) 7.38 59.02 5.25 42.00 E34454 7.89 62.59 4.80 38.10
E34272 17.92 86.14 8.20 39.42 E34455 8.21 92.52 4.88 55.02
E34275 9.95 66.32 5.60 37.33 E34376 CON 0.94 0.86 7.50 4.04 35.13
£34276 18.00 141.73 5.19 40.87 E34378 (10) 8.50 100.59 3.85 45.56
E34277 8.88 50.47 6.76 38.41 E34379 7.39 67.79 3.72 34.13
E34278 10.33 60.43 7.77 45.44 E34381 7.67 60.42 4.19 32.99
E34280 10.70 56.61 8.39 44.39 E34382 7.08 63.78 3.89 35.05
E34263 lAC 0.55 12.63 74.29 7.78 45.76 E34383 6.40 62.75 4.22 41.37
E34264 (2) 9.82 50.60 9.08 46.80 E34412 6.64 79.86 3.12 37.55
E34287 NEG 0.57 24.00 150.94 5.35 33.65 E34386 5.54 45.37 3.98 32.62
E34288 (3) 21.70 106.90 8.23 40.54 E34389 7.93 61.97 5.29 41.33
E34435 SKA 0.68 5.56 56.37 2.10 21.28 E34390 6.79 54.32 3.80 30.40
E34436 (4) 7.15 64.37 2.64 23.78 E34394 6.77 63.28 4.12 38.50
E34437 7.58 71.55 2.31 21.79 E34396 7.97 62.73 4.12 32.44
E34438 9.60 61.96 4.10 26.45 E34398 7.12 54.79 4.22 32.46
E34440 9.18 77.12 3.25 27.31 E34400 8.36 62.41 3.75 27.99
E34441 10.65 82.54 3.83 29.69 E34402 7.15 52.94 3.52 26.07
E34443 10.96 68.10 5.13 31.86 E34403 7.14 52.51 4.58 33.68
E34444 8.23 66.88 3.38 27.48 E34405 7.59 60.25 3.86 30.63
E34299 FOR' 0.72 6.57 56.60 4.06 35.00 E34409 7.93 61.47 3.82 29.61
E34300 6.25 58.96 3.27 30.85 E34412 6.64 51.47 3.46 26.82
E34306 BOR 0.72 9.53 72.76 2.38 18.17 E34414 S.j6 62.77 3.64 ,..,0 "A

LO.VV

E34307 (5) 8.28 65.21 2.89 22.76 E34416 7.79 59.50 3.68 28.09
E34308 10.81 81.91 3.40 25.76 E34419 7.05 55.09 3.24 25.31
E34317 JOW 0.74 6.84 53.40 3.83 29.92 £34337 MIN' 0.95 7.42 51.88 4.74 33.15
E34318 9.33 74.05 6.25 49.60 E34338 7.40 62.18 4.42 37.14
E34334 ASW* 0.81 9.17 82.61 5.06 45.59 E34353 WEB* 0.95 9.51 112.15 4.25 50.12
E34336 8.77 79.00 4.78 43.06 E34354 8.26 73.71 6.10 54.46
E34342 SET 0.83 9.89 110.22 4.92 54.85 E34302 GIL* 0.98 5.60 37.61 3.99 26.78
E34343 (7) 8.87 69.28 5.39 42.11 E34303 4.40 33.56 4.31 32.90
E34344- 8.12 59.30 5.79 42.26 E34422 FED 0.99 7.05 56.86 3.57 28.79
£34345 6.61 59.05 3.71 33.13 E34425 (11 ) 7.50 59.97 3.88 31.04
£34364 ro. 0<83 6.68 72.25 3.55 38.38 E34426 7.29 66.29 4.36 39.64Vl"-".

E34366 (6) 6.31 61.29 3.12 30.29 E34428 7.82 97.85 3.47 43.43
E34368 6.61 65.43 2.93 29.01 E34430 7.52 73.76 3.87 37.94
E34355 XYZ* 0.89 6.74 61.85 3.23 29.63 E34432 6.80 50.33 3.69 27.33
E34356 6.79 67.88 3.51 35.10 E34434 6.39 46.00 4.85 34.89
E34320 MAR 0.9 6.29 69.39 2.43 26.82 E34305 REP 1.05 8.50 59.47 4.40 30.77
E3432I (8) 7.83 76.07 3.80 36.89 E34357 MOl' 1.08 6.37 66.79 3.66 38.36
E34322 7.44 55.96 4.39 33.01 E34358 6.41 67.14 3.70 38.78
E34323 7.36 70.78 3.22 30.96 E34304 HHS' 1.11 7.27 55.92 3.78 29.08
E34324 8.05 71.89 3.56 31.79 E34347 HOV 1.11 6.99 68.55 4.53 44.41
E34325 6.93 79.34 3.24 37.07 E34349 (12) 7.98 73.84 4.88 45.19
E34326 8.34 69.53 3.64 30.33 E34350 6.87 56.75 4.25 35.12
E34328 6.28 76.25 4.44 53.88 E3435 1 5.58 55.79 4.03 40.30

E34331 SEW 1.26 7.73 64.95 4.03 33.87
E34360 THO 1.57 6.68 56.57 5.38 45.59
E34361 (14) 7.22 80.66 3.96 44.25
E34362 6.41 53.89 5.19 43.61
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Fig. 15: The thermally releasable organic matter (31) as well as the solvent extract (Ultra
sonic) of the both Bakken Shale units show maximum yieid as weli as variability
at low levels of thermal evolution « 0.7% Ra) .

The yield of mobile organic phase of the Bakken Shale, expressed as S I normalized to TOC, falls
in a step-like pattern if plotted against maturity (Fig. 15): In the low mature zone « 0.7% Ra) , the
yield as well as the scatter of the datapoints are relatively high for S I material. This phenomenon
of high variability in samples from shallow depths has also been encountered with respect to TOC
content and Rock-Eval HI (ch. 4.1.1). The organically lean samples from wells close to the
depositional edge (PIE at 0.27% and the lBK of DOB at 0.31 % Ra) , however, show extremely
low values for SI, which also corroborates that samples from this region are not representative
for the Bakken system, as has been shown before (ch. 4.1). Between 0.6 and 0.7% R; the yield
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of thermally releasable organic matter drops and at the same time, the variability of the data is
reduced. From that level of maturation on, averaged values for SI remain fairly constant.
The values for the solvent extractable bitumen, depicted in Fig. 15, also outline a maturity
zonation similar to the S1 data, but not as pronounced: Samples less mature than 0.6% Ro,

especially well NEG at 0.57% R, (107 to 151mglg TOC), contain relatively high amounts of
bitumen. Again, from 0.65% R, on, extract yield remains in the range of 30 to 100mglg TOe.
Bitumen yields in this range have also been reported for other marine type-Il kerogens (Louis &

Tissot, 1967;Tissot et al., 1971; Powell & McKirdy, 1975; Rullkotter et al., 1988).
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Fig. 16: Suite of IATROSCAN traces for solvent extracts exemplified for well DOB. Traces
were categorized based on their fingerprint using various criteria as explained in
text. Extracts belonging to the same category are marked with the same symbol.

4. :2 .:2 Composition of Extracts

The FID traces derived from IATROSCAN analysis of 108 ultrasonic extracts were used to
monitor bulk compositional differences (relative amount of saturate, aromatic and resin fraction)
of the extracts within one well based on the fmgerprint of the IATROSCAN trace. Although
multiple quantitative analysis of a standard extract revealed that the reproduciblity of the
IATROSCAN device was too poor to enable an accurate quantification of the three fractions the
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fmgerprint of each IATROSCAN trace could be used to evaluate potential compositional
heterogeneities as regards the bulk composition of bitumen within one well. Criteria such as the
shape of the individual peaks (e.g splitting of polar compound peak), the predominance of
fractions over each other within a given sample (e.g. SAT vs. ARO), separation of aromatic
fraction from polar compound peak were used to categorize extracts. Samples which displayed
similar fingerprints were combined in one category.Fig. 16 shows a suite ofIATROSCAN traces
from the immature well DOB including categorization. Tab. 3 shows the number of extract
categories for each well. The results from IATROSCAN were used in order to reduce the
number of samples for further extraction and GC analysis.

Table 3: Evaluation of ultra sonic extract composition based on IATROSCAN analysis
(fingerprinting) and categorisation deduced thereof. Wells of which less than
three extracts were analysed were not categorised. Well # refers to location of
wells in study area (Fig. 6). Wells marked * were only used for screening
analyses (ch. 3.2)

Well Well Ro A B Number of Remarks
# name categories (composition)

(%)

* WAS 0.24 2.]0 4 4 extremelyheterogeneous

* PIE 0.27 ]

] DOB 0.3] 2.40 8 3 rather homogeneous

2 JAC 0.55 2
3 NEG 0.57 2
4 SKA 0.68 11.20 8 2 poor separation of aromaticlNSO fraction

* FOR 0.72 2
5 BOR 0.72 0.60 3 2 heterogeneous aromatic fraction

* JOR 0.74 2

* ASW 0.8] 2
6 GRA 0.83 3.30 4 1 very homogeneous

7 SET 0.83 2.70 4 2 rather homogeneous

* XYZ 0.89 2
8 MAR 0.90 r 8 3
9 lEN 0.92 \' 0 3 rel. high SAT/AROratio (» 1.0)J 0

10 CON 0.94 I" 22 2,
* TvrIN 0.95 ~s:

* WEB 0.95 2
* GIL 0.98 2
] ] FED 0.99 2.00 7 2
* REB LOS ]
e MOl 1.08 2
12 ROY 1.11 3.40 4 2
* HHS 1.1] 1
13 BEH 1.26 1
14 THO 1.57 1.20 3

A: Approximate depth range of extracted samples (m)
B: Number of analysed extracts (shales only)

)": samples from lBK and uBK
)": horizontal well
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4.3 Representativity and Quality of the Sample Set - Summary

The goals and philosophy of the present research project required certain attributes of the sample

set. Based on the results and data that have been obtained from organic petrology, Rock-Eval

pyrolysis, ultrasonic extraction and IATROSCAN analysis, it was possible to single out certain

samples and/or cores which appear to be unrepresentative for the Bakken petroleum system.

Accordingly, samples and/or cores were eliminated which contained terrigenous kerogen (organic

petrology, Rock-Eval) and which had very low contents of organic matter (TOC < 5wt.-%).

Moreover, the number of samples for further studies could be reduced. Furthermore and

importantly, the results from screening analyses confirm that the two shale units of relatively deep

buried Bakken Formation (> 2900m) do not exhibit bulk properties that are preferably associated

with either of the two strata. Hence! shale samples from either stratum appear to be
representative for the entire Bakken system.
Tab. 4 displays the selected set of wells with the maximum number of samples available for

further analyses (t'vap-gc, py-gc. IR spectroscopy, analysis of solvent extracable organic matter).

Table 4: Selected set of wells (total of 14) covering the entire maturity spectrum.
Samples from this set of wells were chosen for further methodology (see
"methodology of selected sample set"). Number of samples give the maxi­
mum number of samples available for analyses. Well # refers to location of
wells in study area (Fig. 6).

Well Well n, Number of samples Wei! Weli Ro Number of samples
# name (%) uBK lBK # name (%) uBK IBK

I DOB 0.31 13 0 l.KAn " "" "0 lVU"U\. V.7V 7

2 JAC 0.55 3 9 JEN 0.92 4 2
3 NEG 0.57 3 10 CON 0.94 51
4 SKA 0.68 11 11 FED 0.99 13
5 BOR 0.72 3 12 HOV UI 5
6 GRA 0.83 4 13 BEH 1.26 I
7 SET 0.83 4 14 THO 1.57 3
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In the subsequent sections the analytical results of more detailed and refmed methods performed

on the selected set of samples/wells are laid out. They were used to assess the molecular
composition of Bakken Shale organic matter (both naturally and artificially matured residual

kerogen and natural products). Finally, the reservoir quality (permeability) and the composition of

mineral matrix of the Bakken Shale are presented.
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Fig. 17: Fingerprints as derived from open-system py-gc of two whole rock Bakken Shale
samples as representative for low-mature and high-mature stages of thermal
alteration. Numbers indicate total numbers of carbon atoms. BZ, T, MPX and
TMB refers to benzene, toluene, meta-/paraxylene and 1,2,3,4-tetramethylben­
zene, respectively.
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4.4 Detailed Composition of Kerogen

The fingerprints derived from open-system py-gc (Fig. 17) exhibit an overall predominance of

short-chain n-alkane/n-alkene-doublets, the abundance of which decreases with increasing chain

length. This signature is typical for marine type-II kerogens. Distinct sulfur-aromatic peaks as

derived from pyrolysis using a Hall detector are quantitatively irrelevant and exist only in samples

below 0.6% R, (wells DOB, JAC and NEG).
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Fig. 18: Absolute yield of monoaromatic (alkylbenzenes) and diaromatic (alkylnaph­
thalenes) pyrolysates in the Bakken Shale kerogen as a function of maturity. The
term 'alkylbenzenes' incorporates the sum of benzene, toluene, ethylbenzene,
meta-/paraxylene, orthoxylene, C3-benzene and 1,2,3,4-tetramethylbenzene.
'Alkylnaphthalenes' includes 2-methylnaphthalene, 1- methylnaphthalene, all di­
methylnaphthalenes and trirnethylnaphthalenes,

Individual samples of a given well show a pronounced uniformity as regards bulk composition.

Additional to the n-alkenes and n-alkanes, a series of alkylbenzenes (benzene, toluene,

ethylbenzene, meta-zparaxylene, orthoxylene) represents the second most abundant compound

group. The presence of these alkylbenzenes in pyrolysates is quite common (Larter & Douglas,

1980; van Graas et al., 1981; Solli & Leplat, 1986). However, immature Bakken kerogens (up to

0.6% Ra) yielded quantitatively more aromatics on pyrolysis than mature ones. This feature is

illustrated in Fig. 18. for both mono- (alkylbenzenes) and diaromatic (alkylnaphthalenes)

hydrocarbons. While the maturity-related trend is similar for both compound groups - namely a

sharp decrease in yield between 0.57% and 0.68% R, - higher absolute values can be assigned to

the alkylbenzene series (roughly 4-fold).

1,2,3,4-tetra.'11ethylbenzene is one of the most prominent peaks in the pyrolysis-gas

chromatograms, especially at low levels of maturity (Fig. 19). This particular compound has been
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postulated to be derived from moieties arising from diaromatic carotenoid structures in green
photosynthetic sulfur bacteria (Chlorobiaceae). These structures are incorporated into the kerogen
macromolecule during diagenesis of the organic matter and, on pyrolysis, yield 1,2,3,4­
tetramethylbenzene via ~-cleavage (Requejo et al., 1992). Its occurrence indicates that bacterial
photosynthesis took place in an anaerobic environment (Abella et al., 1980). The presence of this
particular compound has also been reported for kerogen pyrolysates, bitumens and crude oils
derived from the Duvernay Formation (chronostratigraphic equivalent of the Bakken Formation in
the Western Canada Basin) as well as Bakken kerogens, hence qualifying it as a biomarker
compound for oil-source rock correlations (Requejo et al., 1992). The significance of the aromatic
pyrolysate LT1 genera! (aromaticity) and the occurrence of 1,2,3,4-tetramethylbenzene in particular
will be discussed in ch. 5.1.3 with respect to the gas generative potential of the Bakken Shale.

DOB
(0.31% R)

Si<..A
(0.68% Ro)

'" "0'iJa;:;' 10

1,2,3,4-Tetramethylbenzene

Alkylnaphthalenes

Other Aikyibenzenes Ist·
~~~~y-~y-~y-----,t;

Fig. 19: Evolution of 1,2,3,4-tetramethylbenzene content in Bakken Shale pyrolysates
relative to other aromatic hydrocarbons for four different stages of maturity. The
term 'alkylbenzenes' incorporates the sum of benzene, toluene, ethylbenzene,
meta-/paraxylene, orthoxylene and CTbenzene. 'Alkylnaphthalenes' includes 2­
methylnaphthalene, 1- methylnaphthalene, all dimelhylnaphthalenes and trime­
thylnaphthalenes.

The chain length distribution of n-alkyl pyrolysates provides evidence for classifying kerogens in
terms of bulk composition (Horsfield, 1989). Fig. 20 elucidates that the relative composition of
the n-alkyl-yielding moieties ill the Bakken kerogen macromolecule remains uniform throughout
natural maturation. This has been observed before for the Toarcian Posidonia Shale
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(Duppenbecker & Horsfield, 1990; Muscio et a!., 1991) and the La Luna Formation (Ropertz,
1994). Gross compositional heterogeneities as a result of facies variations during sedimentation
of the Bakken Shale appear to be absent. Accordingly, the results deduced from open-system
pyrolysis corroborate that the pyrolysable portion of the kerogen in part consists of a rather
limited number of n-alkyl precursors and that on this criterion the Bakken Shale bears a uniform
kerogen type. Variations in organofacies as reported by Webster (1984) and Price et a!. (1984),
namely low organic carbon content and influx of terrigenous organic matter, apparently are
applicable only to the shallow parts of the depositional area, as already laid out in chapter 4.1.1.

PETROLEUM
COMPOSITION

",-__"d"-"",,,,_:/ Posidonia
Shale•'La LunaFm.

80% 60% 40%

PYROLYSATE
COMPOSITION

40%

\
'\

\80%

\

20%

Fig. 20: I ernary diagram as derived from open-system py-qc displayinq the relative com-
position of short- (C,-CS) , medium- (Cs-, .) and long-chain (C, S. ) n-alkyl-pyrolysates
(chain length distribution) of the Bakken Shale covering a maturity spectrum from
0.31 % Ro to 1.57% Ro. Data from various organic rich sediments and inferred pe­
troleum composition superimposed from Horsfield (1989) and Muscio et al.
(1991).

The uniformity in organic matter quality, as indicated by py-gc, is corroborated by the similarity
of the spectral fmgerprints derived from IR spectroscopy. The most significant change with
increasing catagenesis is the increase of the ratio of methyl to methylene (CH3/CHz). This
phenomenon can be interpreted as a change in chain length of alkyl substituents with increasing
maturity. Tnis feature, however, is not consistent with py-gc results, which indicate maturity
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independent uniformity. Changes in chain length of alkyl substituents coincide with an overall

reduction of absorbance elucidating progressive thermal decomposition of the organic matter.

Fig. 21: Correlation of maturity parameters derived from optical analysis methods (IR
spectroscopy (Ca ,) vs. vitrinite reflectance) reveals a good fit up to 1.0% Ro. The
uniformity of Ca , values between 1.0% and 1.6% Ro might indicate that the matu­
rity spectrum established by R, measurement is less broad.
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Fig. 22: Absolute yield of C6+-n-alkyls In in Bakken Shale pyroiysate as a function of
maturity. Evolutionary trend of IR parameter (Ca ,) has been inserted for reasons
of comparison.
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Fig. 21 shows the amount of aliphatic carbon (normalized to weight of rock) as derived from IR

spectroscopy (C,I) as a function of vitrinite reflectance. A broad negative trend with proceeding

maturation is clearly discemable and can be interpreted as progressive removal of aliphatic

substituents by thermal degradation and/or transformation of aliphatic carbon into fixed aromatic

carbon (Schenk et aI., 1986). The evolution of C6+ n-alkyls in the pyrolysate of the Bakken Shale

maturity suite, as depicted in Fig. 22, also shows a rather broad decrease with increasing

maturity, i.e. the absolute amount of moieties in the residual kerogen yielding long-chain

pyrolysates declines as catagenesis proceeds.

Although maturity trends could be established using IR spectroscopic data, the routinely applied

method is not suitable to make statements on the bulk composition (aliphaticity/aromaticity) of

the Bakken organofacies based on whole rock material, because the signals deduced from the

mineral matrix mask most of the organic absorptions below wavenumber 1500 cm· 1 (Schenk et

al., 1990). For such intentions, therefore, an effective and thorough kerogen isolation procedure is

required. This analytical step, however, was not applied in the present study.

Although the results deduced from kerogen analysis (py-gc of n-alkyl kerogen part) provide

strong arguments for a constant kerogen type on a basinwide scale with compositional

modifications solely related to the imprints of maturity, it cannot be ruled out unequivocally that

variations in kerogen type occurred during deposition of the Bakken Shale. The relatively sharp

decrease of alkylbenzenes between 0.57% and 0.68% R, might argue against a constant kerogen

type and for the presence of at least two types of kerogen. However, such a twofold separation is

not congruent with the two sample sets as revealed by organic petrology and screening analyses
(ch.4.1).

A F I!"'>.. I,. I .......... 1

.<+.;) tiltumen and x.ruce VIiS

This section includes data derived from solvent extract and crude oil analysis (MPLC, GC

analysis of fractions, GC-MS of saturated biomarker compounds), i.e. results pertain to the
boiling range which in the literature is conveniently referred to as C IS+ material.

4"5. 1 Bulk Characterisetion

Fig. 23 displays theyield of bitumen as a function of maturity (flow blending extraction).
Regarding the maximum values for each well, the diagram can be separated into two zones: First,

it clearly shows a slight decrease of extract yield at low levels of maturity (0.3 to 0.7% Ro) from

157mg/g TOC to 73mg/g TOe. A sudden change marks the beginning of the second zone at

0.8% R, Within a relatively narrow range of maturation (from 0.8% to 1.I % Ra) , extract yields

rise from 100 to max. 358mg/g TOe. Beyond I. I % R; the content of bitumen slightly decreases

to relatively low values (8Img/g TOC for 1.57% Ro) . These relatively low values for the three

most mature wells (HOV, BEH and THO), however, ought to be viewed in the light of the

number of samples submitted to solvent extraction (2, 1 and 1, respectively). Hence,

representativity of these values has to be considered carefully. Interestingly, the minimum extract

yield zone at 0.6/0.7% R, has been reported for bituminous coals (Ottenjann et aI., 1982). It is
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considered to be indicative for the presence of two populations of extractable organic matter in
vitrinite « 0.6% R, and > 0.6% R; respectively) in bituminous coals (Wolf, 1993; written
communication).
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Fig. 23: Whole extract yield (flow blending method; azeotropic solvent mixture) related to
level of maturity for Bakken Shale samples. Where extract yield was determined
for samples from both shale units of the same well, triangles designate datapoints
from the Lower and circles from the Upper Bakken Shale (at 0.9% (MAR) and
0.92% H, (JEN)). Trend for Posidonia Shaie has been superimposed using data
from Rullkiitter et al. (1988).

It should be pointed out that for those wells of the mature zone (>0.8% Ra) where samples from
both shale strata of the same well were available, the lower always contains roughly twice as
much bitumen as the upper (wells MAR and JEN). Such significant, shale unit-specific
differences were not encountered in the results from ultra sonic extraction (en. 4.2). This
phenomenon is surprising considering that kerogen type and hydrocarbon generation potential do

not vary significantly in both shale units of a given well in the basin center, as established by
screening parameters (Rock-Eval, ch. 4.1.1) and exemplified for wen JEN in Fig. j 2. In ch.
5.2.2, these heterogeneities are discussed with respect to expulsion/migration.
The extract data of the present study (absolute extract yield as well as distribution pattern as a

function of maturity) do not reflect the corresponding results which Price et al. (1984) obtained
using dichloromethane as solvent. In the latter contribution, absolute extract yields varied

between 20 and 60mg/g TOC (except for one sample: ca. 120mglg TOC) and significant
differences in extract yield between both shale units of the same well (for instance well JEN of

the present study) were not reported. Moreover, a sharp increase in bitumen yield for mature
samples, as observed in the present study, appears to be absent in Price et al. (1984). The latter

authors attributed the phenomenon of a lack of buildup of bitumen to efficient primary migration
processes. The overall higher absolute yields of the present study may be a consequence of the
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azeotropic solvent mixture (ch. 3.3.1), as reflected by the bulk composition of the extracts. For
other marine source rocks containing type II kerogens (e.g. Lower Toarcian of the Paris Basin),
Louis & Tissot (1967) acquired absolute extract amounts similar to the ones of the present
Bakken study using the same type of solvent.
Fig. 24 illustrates the bulk composition (normalized percentage) of the deasphaltened extract.
The average composition with reference to compound groups (ca. 10-30% saturates, 10-20%
aromatics, 50-80% resins) does not change significantly with increasing maturation. Normally,
the relative amount of polar non-hydrocarbons (resins) is believed to decrease as maturation
proceeds (Tissot et aI., 1971; Albrecht et aI., 1976).
The bulk composition of Bakken Shale derived crude oils (Fig. 24) shows a very uniform pattern
with low compositional variations between samples from different oil fields. Tne relative
composition of the crude oils reflects its light oil character (40°-45° API; Price & LeFever,
1994), with high quantities of saturates, rather low amounts of aromatics and very low yields of
heterocompounds. This distribution is in sharp contrast to the relative composition of the solvent
extracts which is dominated by high concentrations of polar material.

Aromatics

.,

Bakken Shale
Solvent Extracts
{O.3% to 1.6% Ro}

v

Crude Oils

o ER-1
€) ER·2
• ER-3

~ LB

Saturates
80% 60% 40% 20% Hetero­

compounds

Fig. 24: Relative composition of deasphaltened Bakken Shale solvent extracts (flow blen­
ding method, azeotropic solvent mixture) and deasphaltened crude oils produced
from Bakken reservoirs with respect to MPLC fractions.
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4.5.2 Yield of Compound Groups

The asphaltene contents of Bakken Shale extracts of the present study, as listed in Tab. 5, are

plotted vs. R, in Fig. 25. Low mature extracts contain more n-hexane insoluble precipitates than

high mature ones, thus outlining a broad decrease of asphaltene yield with increasing maturation.
Finally, the high mature stage (» 1.0% Ra) is characterised by uniformly low contents of

asphaltenes. Differences in yield of solvent extractable organic matter (Fig. 23) and MPLC

fractions (see below) between both shale units cannot be assigned to the asphaltene fraction.
Indeed, asphaltene concentration exhibits no shale unit specific pattern as observed for whole

extract and the saturated, aromatic and resin fraction (see below). This phenomenon will be

evaluated and discussed with respect to expulsion/migration processes (ch. 5.2.2). The Bakken
crude oils yielded only in one case (ER-3) n-hexane-insoluble precipitates (52mg/g oil). For all
other oil samples, addition of excess n-hexane had no effect, thus confirming the nature of
Bakken petroleums as being overall very light oils (40°_45° API; Price & LeFever, 1994).
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Fig. 25: Evolution of compound group yield (MPLC fractions and n-hexane-insoluble as­
phaltenes) as a function of maturity. Data is normalized to yield of whole extract
(Fig. 22). Analogous to Fig. 22, triangles and circles refer to the lower and upper
shale unit of the same well, respectively. Note that the scale for the vertical axis
for all diagrams is up to 120mg/g TOC except for the asphaltene plot (up to
30mg/g TOC). Trend line for asphaltene diagram was determined by regression
analysis.
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In the present study the absolute yields of asphaltenes (normalized to TOC) derived from extracts

are generally similar compared to other studies on the Bakken Shale (Price et al., 1984). For the

Toarcian of the Paris Basin, the hexane-insoluble asphaltene yields covered a range of ca. 10 to

25mglg TOC (Louis & Tissot, 1967).

Table 5: Yield of saturate (SAT), aromatic (ARO) and resin (RES) fraction as derived
from MPLC of extracts and crude oils, respectively. Extract values are
normalized to total extract yield. Asphaltenes (ASP) were precipitated using
n-hexane. Weli numbers refer to location of sampled wells in Fig. 6.

Sample wei! R o SAT ARO RES ASP SAT ARO RES ASP
In name (#) (%)

Extracts (mglgextract) (mglgTOC)

E34270 DOB (1) 0.31 196.5 127.4 550.6 122.5 20.69 13.42 71.21 12.90
E34276 167.3 40.0 429.6 130.1 26.36 6.30 67.72 20.51
E34263 lAC (2) 0.55 202.1 157.3 382.2 154.5 14.87 11.58 28.12 11.36
E34288 NEG (3) 0.57 129.9 204.6 382.8 224.5 11.16 17.58 32.89 19.29
E34437 SKA (4) 0.68 97.3 179.0 530.7 187.9 10.62 19.54 61.01 20.50
E34440 128.7 212.9 411.6 114.5 10.26 16.97 32.80 9.13
E34443 102.5 253.3 400.1 170.5 6.10 15.07 23.81 10.14
E34306 BOR (5) 0.72 133.5 182.1 403.8 148.9 8.87 12.11 26.85 9.90
E34308 123.7 183.7 354.4 118.4 9.15 13.58 26.21 8.76
E34366 GRA (6) 0.83 192.8 174.6 337.3 114.3 12.51 11.33 21.89 7.42
E34343 SET (7) 0.83 284.6 143.7 294.7 59.7 21.86 11.04 22.63 4.59
E34345 87.8 143.9 305.7 60.9 8.75 14.35 30.50 6.08
E34321 MAR 0.90 120.4 109.4 428.2 53.3 16.79 15.27 59.73 7.43
E34322 (8) 167.0 151.1 320.4 42.4 23.84 21.57 45.73 6.05
E34328 217.9 158.6 307.4 19.9 78.20 56.91 110.30 7.15
E34449 JEN (9) 0.92 145.0 149.6 352.7 91.0 13.31 13.73 32.36 8.35
E34454 180.6 180.6 413.9 25.0 47.90 47.90 109.77 6.62
E34455 285.7 136.9 273.7 30.6 66.93 32.06 64.12 7.16
E34376 CON 0.94 246.3 224.1 322.5 69.2 25.02 22.77 32.77 7.04
E34389 (10) 154.4 153.8 310.2 56.0 13.58 13.52 27.28 4.93
E34403 126.1 165.7 358.3 60.1 16.97 22.30 48.21 8.09
E34416 142.2 140.7 287.8 80.7 14.49 14.33 29.31 8.22
E34425 FED 0.99 187.5 244.4 285.3 66.9 24.03 31.32 36.57 8.57
E34430 (il) 210.5 151.7 312.9 60.9 49.22 35.48 73.18 14.25
E34434 210.5 197.1 265.4 86.0 17.02 15.94 21.45 6.96
E34347 Ur\U 1.11 313.4 151.4 217.5 45.8 26.62 12.86 18.47 3.89.1..1-'-" ~

E3435! (12) 208.9 174.6 245.1 36.7 21.25 17.75 24.92 3.73
E34331 BEH (13) t '1t:: 192.1 133.8 336.4 ~~ ~ 31.32 21.81 54.86 6.88.i.LV ....,.L.L

E34362 THO(l4) 1.57 354.6 187.8 206.8 36.3 28.77 15.24 16.78 2.94

Oils
Field API (mglg oil) (% of oil)

BY 38.4 460 170 40 0 70.56 25.95 3.49 0
LB 45.4 340 120 40 0 68.00 24.80 7.20 0

ER-l 47.1 380 80 20 0 79.16 17.26 3.58 0
ER-2 43 450 110 20 0 76.63 19.16 4.21 0
ER-3 43.4 280 60 30 52.2 66.32 14.21 7.11 12.36

The maturity related trend of the maltene subfractions (saturates, aromatics and resins) is

strikingly different to the asphaltene pattern, especially as regards the relationship between lower

and upper shale unit of a given well:
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The yield of the saturated and aromatic hydrocarbon fractions, which quantitatively are the

main constituents of crude oil (Tissot & Welte, 1984) was derived from MPLC of deasphaltened

extracts and is given in Tab. 5.

The distribution pattern as a function of thermal evolution (Fig. 25) is strikingly different to the

asphaltene plot (Fig. 25), but evidently bears similarities to the whole extract plot (Fig. 23): Both

hydrocarbon compound groups have several properties in common: (I) After a uniform

distribution of intermediate to minimum values (between 0.6% and 0.8% Ro) , the higher stages of

maturation (>0.8% Ra) are characterised by relatively high yields (especially between 0.8% and

1.0% Ro) with maxima for the wells MAR, (0.9% Re,), JEN (0.92% Ro) and FED (0.99% Ra).

(2) The maturity interval 0.8% to 1.0% R, exhibits a broad scatter 1.'1 values. (3) Interestingly,

samples from the lower shale of a given well always yielded higher quantities of each

hydrocarbon fraction than the corresponding upper shale of the same well. This feature is

analogous to whole extract yield (Fig. 23).

The resins, designated as the MPLC fraction that remains on the column and which is eluted

using ethanol (Radke et al., 1980a), reveal a distribution pattern which is grossly similar to the

distribution of the hydrocarbon fractions (saturates and aromatics) of the solvent extracts.

However, variability of data is more pronounced (Tab. 5; Fig. 25). They range between 17mg/g

TOC for well THO (1.57% Ra) and llOmg/g TOC for well MAR (0.99% Ro) . Well DOB

(0.31% Ra) also provided very high amounts of resins (between 68 and 71mg/g TOC). Only the

portion >0.8% R, exhibits analogy to the yields of whole extract (Fig. 23) and aromatic

hydrocarbons (Fig. 25): A distinct increase in values between 0.8% and 1.0% R, followed by an
equally pronounced decrease beyond 1.0% R; However, the datapoint for well BEH does not fit

into this trend, as it exhibits rather high resin yields (55mg/g TOC) compared to the next higher

and lower mature wells (HOV and THO, respectively).

4.5.3 tv10leculai Chaiacterisation

The most striking feature derived from gas chromatographic analysis of the saturates fraction of

the Bakken extracts is their uniformity in distribution pattern and their virtual maturity

independence on a molecular level.
Fig. 26 shows the n-alkane distribution pattern at 6 different levels of maturity (0.3 L O.83~ 0.92,
0.99, I.J I and 1.57% Ro) . The concentration of the low-molecular weight compounds (carbon

number range C'4 to C'8) is clearly high whereas heavier n-alkanes bearing more than 20 carbon
atoms are low. Such a distribution pattern is typical for solvent extractable organic matter from

marine sediments (e.g. Lower Toarcian, Tissot et al. (1971» and marine crude oils (Tissot et aI.,

1977; Lijmbach, 1975). Hence, a unimodal distribution pattern which apparently is not affected

by maturity related imprints is clearly visible. With the prerequisite that facies effects caused by

different types of organic matter precursors (ch. 2.2. I) can be considered insignificant, the

predominance of C'4 to C'8 n-alkanes might reflect that carbon-carbon bond cracking reactions of

mobile long-chain components (waxes, resins) are occurring yielding short-chain low-molecular

weight hydrocarbons (Coman et al., 1975). This feature might be related to enhanced thermal

alteration of the in-situ soluble organic matter in the Bakken Shales. In ch. 5.3, this is discussed

within the framework of generation and migration in the Bakken petroleum system. The
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phenomenon that light (C9_, , ) as well as heavy (C2S-3l ) hydrocarbons were missing in the saturate
compound group of the Bakken Shale resulting in a relative increase of the range C'2-24 was
interpreted to be brought about by primary migration via gaseous solution (Price et al., 1984).
Generally, processes leading to a shift in n-alkane distribution from heavy to light components are
attributed to the final stage of catagenesis after the peak of hydrocarbon generation has already
been passed (Tissot & Welte, 1984, p. 205). Mango (1991), however, has questioned this theory
because he has found some evidence that generated hydrocarbons are more stable than their
precursors in the kerogen when submitted to increasing thermal alteration. If the latter indeed is
applicable to the Bakken Shale, then the predominance of light hydrocarbons might not be
indicative of a high level of thermal alteration.
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Fig. 26: Distribution pattern of saturated hydrocarbon fraction (MPLC) as derived from GC
analysis of solvent extracts for six selected levels of maturity. White bars denote
pristane and phytane. Numbers indicate carbon atoms.

Compositional uniformity is also reflected by parameters based on selected compounds, like odd­
and even-numbered n-alkanes (CPI), isoprenoids (pristane/phytane ratio PrilPhy) and
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isoprenoid/n-alkane ratios (pristane/n-Cj-j). These indices are used to establish maturity trends.
The values for these parameters are listed in Tab. 6. Fig. 27 illustrates the evolution of four
selected ratios (CPI23.25, LHCPI, PrilPhy and Priln-C i7:o)as a function of vitrinite reflectance.
The carbon preference index (based on Bray & Evans, 1961) for the carbon atom range 23 to 25
remains more or less constant throughout maturation (range of values from 0.9 to 1.04).
Additionally, a slight preference of even-numbered n-alkanes can be observed, indicated by an
average CPI value slightly below 1.0 for all levels of thermal evolution. CPI values significantly
> I which are inherited from organic input of terrestrial origin and which are usually indicative of
low levels of maturation (Louis & Tissot, 1967; Albrecht et aI., 1976) are absent in the n-alkane
fraction of samples from the present Bakken study.
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C17:0) of Bakken Shale solvent extracts (saturates fraction). Equations for calcu­
lation of parameters are given in the appendix. Triangles and circles refer to the
lower and upper shale unit of the same well, respectively.

Basically, there are three different hypotheses which may account for the observed predominance
of low-molecular-weight material in the Bakken saturated fraction:
e Generation - The organic matter of the Bakken Shale consists of moieties which

predominantly generate light products directly from the kerogen.
Migration - Selective removal of high-molecular-weight waxes (>C27) via migration may be a
plausible process. For instance, Price et al. (1984) also recognized a reduction in heavy n-
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alkanes (>C27) in the maturity zone of intense hydrocarbon generation and suggested that this

feature is related to primary migration by gaseous solution. In the Bakken Shale samples of the

present study, the extent of these processes seems to be enlarged between 0.9% and 1.0% R;

• Thermal alteration - High concentrations of low molecular weight n-alkanes in the soluble

organic matter could be interpreted as the result of cracking reactions at the expense of long­

chain-hydrocarbons present in the mobile organic matter (Connan et al., 1975). This

hypothesis of an overall high degree of thermal alteration of the saturates fraction, as

suggested by their distribution patterns, might also be derived from Fig. 27 which depicts the

ratio of light (C , 7- , 9) to heavy n-alkanes (C27-29) . The values are generally very high (above 5)­

leading to an unimodal distribution pattern (Fig. 26) - but they rise to maxima between 0.9%

and 1.0% Ro (up to 28 at 0.92% Ro) .

An apparent maturity independence is also reflected by the PrilPhy ratio (Fig. 27). The datapoints

range somewhere between 1.3 and 1.5. However, a slight increase at 0.92% R, (well MAR)

reveals a maximum of 1.87.

In contrast to the molecular maturity parameters as discussed above (CPI, PrilPhy) with their

obvious maturity independence, the pristane/n-Ci-.s ratio outlines distinct changes with increasing

maturity (Fig. 27), especially at immature levels. However, between 0.57% and 0.68% R; a

sharp decrease occurs, followed by a relative uniformity of values for the rest of maturation. A

decrease of the pristane/n-Cj-j, ratio with advancing catagenesis (depth) has already been

observed in a Lower Toarcian shale by Tissot et al. (1971) though, in that study, values below

unity were reached only at relatively high stages of catagenesis. A relative enrichment of pristane
due to preferential expulsion of the n-C17"alkane and a consequent increase of the corresponding

ratio as discussed by Leythaeuser & Schwarzkopf (1986) for immature «0.7% Ro) type III
kerogens, however, appears to be no feasible process in case of the Bakken Shale, as the values

remain rather constant in t>'le maturity interval >0.6% R" where hydrocarbon generation and
expulsion generally is believed to take place (Vassoevich et al., 1970).

Fig. 28 depicts the n-alkane distribution pattern of the crude oil samples. It must be pointed out

that, due to the intrinsic light oil character of the Bakken crude oil (Price & Le Fever, 1992), the

molecular composition may have been affected by sample preparation: After precipitation of
asphaltenes the crude oils were set to evaporate. Hence, especially the low-molecular-weight

hydrocarbons of the samples may have been submitted to evaporation losses. Clearly, this
circumstance has to be kept in mind while evaluating ratios like LHCPI (see below). The n­

alkane fraction of the Bakken oils reveals a pattern with the emphasis laid on short-chain

components. On a detailed examination, certain distinctive features can be observed: Samples LB

and ER-l, which represent the lightest oils of the present sample set (45.4 and 47.1° API), are

characterized by maximum values for the n-C , O to n-C12 range, while the other samples,

analogous to the n-alkane pattern of the Bakken bitumen, contain maximum amounts within the

interval of n-C ' 4 to n-C , 8. Sample ER-3 exhibits a second maximum in the carbon number range

of 30 to 32. The heaviest oil (sample BY, 38.4° API) exhibits a rather narrow distribution pattern

that levels off already at carbon number 30. This is iII contrast to all other oils which have fair

amounts of long wax n-alkanes (» C30) .
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Table 6: Molecular maturity parameters for the saturate fraction of Bakken solvent
extracts and crude oils. Equations for calculation of ratios are given in the
appendix. Well numbers refer to location of sampled wells in Fig. 6.

Sample Well R. CPI-l LHCPI PriIPhy Pr/n-C I7,o

m name (#) (%) (23..25)
Extracts

E34270 DaB (1) 0.31 1.00 8.96 1.34 1.10
E34276 0.93 8.35 1.43 1.12
E34263 lAC (2) 0.55 1.00 11.1 1 1.44 0.83
E34288 NEG (3) 0.57 1.04 7.38 1.20 0.89
E34437 SKA (4) 0.68 0.92 8.43 1.47 0.43
E34440 1.04 12.62 1.36 0.43
E34443 0.91 16.36 1.30 0.47
E34306 BaR (5) 0.72 0.96 11.06 1.37 0.29
E34308 0.95 5.77 1.4] 0.40
E34366 GRA(6) 0.83 0.98 12.37 1.52 0.52
E34343 SET (7) 0.83 0.95 6.53 1.4] 0.38
E34345 0.92 12.23 1.34 0.35
E34321 MAR (8) 0.90 0.98 16.23 1.49 0.38
E34322 0.9] 14.08 1.52 0.38
E34328 0.93 8.64 1.87 0.35
E34449 JEN (9) 0.92 0.93 25.86 1.69 0.47
E34454 0.92 27.66 1.45 0.45
E34455 0.95 15.89 1.61 0.54
E34376 CON (10) 0.94 0.90 20.48 1.32 0.37
E34389 0.90 21.11 1.23 0.35
E34403 0.92 21.74 1.22 0.29
E34416 0.91 16.]2 1.40 0.38
E34425 FED (11) 0.99 0.94 10.39 1.49 0.46
E34430 0.92 16.54 1.54 0.44
E34434 0.94 20.65 1.47 0.45
E34347 HOV (12) 1.11 0.95 10.48 1.40 0.39
E34351 0.97 12.99 1.46 0.39
E34331 BEH (13) 1.26 0.98 6.14 1.41 0.37
E34362 THO (14) 1.57 0.99 10.84 1.49 0.50

Oils
Field API

BY 38.4 0.97 31.30 1.11 0.51
LB 45.4 0.99 14.07 1.24 0.45

ER-l 47.1 1.00 11.33 1.36 0.55
ER-2 43.0 1.00 9.38 1.38 0.57
ER-3 43.4 0.99 6.36 1.35 0.55

The same molecular parameters as determined for the extracts (Fig. 27) have also been calculated
for the crude oils (Fig. 29). The values for the ratio of light (n-C J7_19) to heavy (n-C27-29) n-
alkanes (LHCPI) covers a range similar to the one derived from the extract data: Samples LB and
ER-I, -2 and -3 show relatively low ratios (7 to 13), similar to the bulk of the extract data.
Sample BY, however, consists of a high proportion of light relative to heavy saturated
hydrocarbons (ratio of 31). Such a compositional feature was also associated with extract
samples of well JEN (Fig. 27).
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Fig. 28: Distribution pattern for n-a!kanes and isoprenoids (pristane, phytane) of Bakken

crude oils. Sample description includes oil gravity and location of well (county)
from which the oil was produced.

The data for CPI-l, Pri/n-Cj-j, and PrilPhy show only slight variations for all samples. The odd­
even-predominance lies slightly below 1.0 and is identical for all oils. The results for Pri/n-Ci-.s

vary from 0.4 to 0.5. In the case of the extracts, such a range of values was determined for
samples of the mature zone (>0.6% Ra) . The Pri/Phy ratio reveals a minor predominance of
pristane (range of 1.1 to 1.3). The corresponding extract datawere slightly higher(ca. 1.2 to 1.6).

Compositional variations of the aromatic hydrocarbon fraction 1.1 sedimentary organic matter,
especially diarornatic (naphthalenes) and triarornatic (phenanthrenes) components as well as their
alkylated homologs have been found to be controlled by among other things maturation (Radke et

a!., I 980b). Based on this concept, several maturity parameters, namely ratios of quantitatively
prominent 2-ring and 3-ring aromatics were calculated (Radke et al., 1982; Radke & Welte,

1983) and applied to the aromatic hydrocarbon fraction of Bakken Shale extracts and crude oils in

the presentstudy.
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Fig. 29: Calculation of four selected parameters (analogous to Fig. 27) for Bakken crude
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A set of selected maturity parameters (Tab. 7; equations given in the appendix) based on the

ratios of alkylnaphthalenes and alkylphenanthrenes are plotted versus vitrinite reflectance (Fig.
30). The diagrams clearly show that an parameters outline a broad increase as maturation
proceeds. This is especially true for the main zone of catagenesis between 0.6% and 1.1% R;
'l"he alkylnaphthalene-cesivec parameter TI~R 2, which involves 4 of 5 trirnethylnaphthalenes,

outlines a positive linear trend throughout the entire maturity sequence (WiL~ exception of well
BEH at 1.26% Ro) , hence indicating that this ratio is useful for establishing maturity of the

Bakken Shale organic matter. This is, however, true only in the maturity interval (0.7% to I.l%

R,) typically associated with the main zone of hydrocarbon generation (Tissot & Welte, 1984).

Therefore, it is useful for establishing the maturity level of crude oils.

The alley/phenanthrene ratio MPI-1 is known to show a good correlation with R, for type III
kerogens within the boundaries of the classical oil window (Radke & Welte, 1983) from 0.5% to

1.3% R; In Fig. 30, well HOV reveals the highest MPI-I values of all wells and the second

highest values for TNR-2 and MPR-3, thence corroborating its most mature status. Well THO

(1.57% R,) matches the values for the wells of maturity interval 0.8 to 1.0% R, suggesting that

the maturity level according to R, may be too high.

54



Table 7: Molecular maturity parameters for the aromatic fraction of Bakken solvent
extracts and crude oils. Equations for calculation of ratios are given in the
appendix. Well numbers refer to location of sampled wells in Fig. 6.

Sample Well Ro TNR-2 MPI-l MPR-3
In name (#) (%)

Extracts

E34270 DaB (I) 0.31 0.65 1.18 0.69
E34276 0.82 1.18 0.70
E34263 JAC (2) 0.55 0.77 0.88 0.62
E34288 NEG (3) 0.57 0.70 0.75 0.61
E34437 SKA (4) 0.68 0.79 0.75 0.76
E34440 0.79 0.77 0.76
E34443 0.79 0.77 0.78
E34306 BaR (5) 0.72 0.75 0.68 0.63
E34308 0.75 0.70 0.67
E34366 GRA(6) 0.83 0.87 0.94 0.87
E34343 SET (7) 0.83 0.86 0.97 0.89
E34345 0.93 0.86 0.82
E3432! MAR (8) 0.90 0.84 0.87 0.84
E34322 0.83 0.88 0.87
E34328 0.82 0.95 0.94
E34449 JEN (9) 0.92 0.88 0.98 0.89
E34454 0.87 0.94 0.84
E34455 0.90 0.99 0.87
E34376 CON (10) 0.94 0.97 1.03 0.95
E34389 0.97 1.08 0.88
E34403 0.97 1.03 0.93
E34416 " 07 1.00 0.92V • ./ J

E34425 FED(ll) 0.99 0.95 0.85 0.90
E34430 0.95 0.94 0.89
E34434 0.95 0.93 0.88
E34347 HOV (12) 1.11 0.94 1.21 0.96
E34351 0.94 1.21 0.99
E34331 BEH (13) 1.26 0.84 0.87 0.88
E34362 THO (14) 1.57 0.99 1.l3 1.04

Oils
Field ArI

BY 38.4 0.89 1.21 0.92
LB 45.4 0.91 1.01 1.15

ER-I 47.1 1.01 1.01 1.12
ER-2 43.0 1.01 1.03 1.22
ER-3 43.4 0.97 0.99 1.15
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Fig. 31: Calculation of three selected parameters (analogous to Fig. 30) for Bakken oils.
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In the light of relative maturity assessment it should be pointed out that for all parameters
deduced from aromatic hydrocarbons mentioned above (TNR-2, MPI-I and MPR-3) well BEH
(1.26% 1<0) always reveals ratios that are too low to fit into the observed maturation pathway
outlined by the other values.
Fig. 31 gives maturity parameters as calculated for the Bakken crude oil samples. Analogous to
the ratios based on the saturate fraction (e.g. LHCPI, Fig. 29), sample BY, which has the lowest
density of all studied oil samples (38.4° API), yielded values distinctively different to the others:
The alkylphenanthrene ratio MPI-I namely, which is almost unity for all other samples, is 1.2 for
sample BY. Additionally, parameter MPR-3 of sample BY is relatively low (0.9), while the
values for the rest of the oil samples range between 1.1 and 1.2. Solely the alkylnaphthalene ratio
TNR-2 indicates relative uniformity of all oils.
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Bakken solvent extracts and crude oils. Facies zonation superimposed after
Moldowan et al. (1985).

4.5.4 Saturated Hydrocarbon Biomarkers

GC-MS analysis of the saturate hydrocarbon fraction of Bakken crude oils and selected extracts
gave good quality results only for the most immature samples (DOB, 0.31% R" and SKA, 0.68%
1<0). The signal for the crude oil samples and the more mature extracts was very low (especially
for the triterpanes) this being consistent with an overall high level of thermal evolution for the
majority of the sample set, as already evidenced by molecular maturity parameters derived from
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GC analysis (e.g. Priln-C 17,O; PrilPhy; ch. 4.5.3). For certain samples, the quality of the mass
spectrometric data was too poor to enable determination of some biomarker ratios. These

restrictions should be kept in mind while interpreting the biomarker data.
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Fig. 33: Distribution of biomarker-derived maturity parameters for Bakken solvent extracts
(top) and crude oils (bottom).

Fig. 32 shows the relative proportions of the regular steranes C27-29 for oils and extracts. The
relative sterane composition is indicative for the original concentration of sterols in the

depositional environment and therefore is related to depositional facies (Huang & Meinschein,
1979). In a later publication, however. this general postulate was questioned (Volkman, 1986).

The diagram elucidates that the relative composition of the regular steranes for both sample sets
(extracts and crude oils) remains uniform. Effects of increasing maturation don't seem to alter the

sterane distribution of the extracts. Moreover, the majority of the datapoints falls into the zone for
Paleozoic marine source rocks as defined by Moldowan et al. (1985). This is especially true for

the crude oils, hence implying that the Bakken reservoired oils were not affected by mixing with a
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petroleum phase from a source of a different depositional environment. Only three extract

samples (SKA, FED and THO) yielded a distribution which lies outside the Paleozoic marine

facies, suggesting a variation in organofacies. Other analyses which are considered suitable to

investigate organofacies (organic petrology, py-gc), however, did not provide any evidence for

distinctive facies variations in the Bakken Shale. Hence, the outliers in Fig. 32 might be due to

the normal scatter of data.

Fig. 33 shows various commonly used biomarker derived maturity parameters (Waples &

Machihara, 1991) plotted as a function of vitrinite reflectance. The ratio of two epimeric forms of

the aa steranes (20S/(20S+20R) is considered the most reliable and useful biomarker maturity

indicator (Rullkotter & Marzi, 1988). Indeed, for the extract samples, it shows a very good

correlation with vitrinite reflectance up to 1.0% RD. However, the most mature sample (well

THO at 1.57% Ro) had approximately the same value (ca. 0.5) as the samples between 0.9% and

1.0% RD. This in agreement with the conclusions by Mackenzie et a!. (1980), who found that the

equlibrium of this ratio is reached at ca. I.l % R;

A similar pattern is described for two further parameters (~~/(~~+aa) and Ts/(Ts+Tmj): Each

ratio shows a rather steady increase with increasing thermal alteration up to 1.0% Ro, before the

curve levels off. The flat slope of the Hop/(Hop+Mor) parameter should be evaluated in the light

of its pronounced sensitivity only for immature stages of maturation, as the equlibrium is reached

very early (Mackenzie et al., 1980).

Assessment of maturity for the crude oils (Fig. 33) using the sterane ratios ~~/(~~+aa) and

20S/(20S+20R) suggests that most of the oils have been formed at relatively high levels of

maturity (corresponding to the zone of 0.8% to 1.0% Ro) . The relatively low values for sample

ER-3 (0.56 and 0.37, respectively) might argue for a slightly less mature generation level (ca.

0.6% to 0.8% Ra) . However, this hypothesis is not corroborated by the triterpane data

(Ts/(Ts+Tm) and Hop/Giop-Mor) which indicate the same maturity level for oil ER-3 as for the
other oil samples,

4.6 Thermal Extract

In contrast to ch. 4.5 which dealt with composition and maturity related evolution of high
molecular weightC1S+ material, the following ch. 4.6 contains results derived from analysis of the

thermally releasable organic matter. Hence, data is presented from thermal analysis (t'vap-gc) of

rock samples and crude oils.

4.6.1 Characterisation of Thermally Releasable Organic Components

Thermovaporisation describes the thermally induced release of mobilisable organic matter which

resides in the pore space of the host rock. Similar to a Rock-Eval type analysis, 300°C is

considered to be the threshold, beyond which the realm of pyrolysis commences and generation

of compounds is initiated. However, the boundary between thermovaporisation and pyrolysis is

not fixed. Accordingly, a temperature range might exist where the two processes overlap. The
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possibility of gaseous compounds being generated even at such low temperatures as 300 0e was
examined by heating a second aliquot of a given sample to 250°C. This modified experiment,
however, provided qualitatively the same result which allows to conclude that the compounds re-
solved by chromatographic analysis are indigenous material in the rocks and released rather than
generated. Quantitative data on compound groups and individual compounds are given in Tab. 8.

Table 8: Yield of gaseous (C I •S) , n-alkane (C6+) products and individual compounds
derived from t'vap-gc of Bakken Shale samples. MCP, DMCP, MCH and
TMB refers to methylcyclopentane, dimethylcyclopentane, methylcyclo-
hexane and 1,2,3,44etramethylbenzene, respectively ~ VVeH numbers refer to
location of sampled wells in Fig. 6.

Sample Well Ro C1-CS n..C6+ MC? DMCP MCH TMB
ro name (#) (%) (mglgTOC)

E34268 DOB (1) 0.31 6.90 4.19 1.13 1.34 0.76 0.22
E34270 5.56 5.64 1.22 1.43 0.81 0.25
E34273 6.02 4.78 1.13 1.50 0.77 0.22
E34278 5.07 4.68 1.05 1.36 0.70 0.19
E34280 4.96 3.91 0.98 1.22 0.68 0.18
E34263 lAC (2) 0.55 5.62 4.84 1.35 1.58 1.04 0.11
E34287 NEG (3) 0.57 5.24 2.52 1.17 1.20 0.73 0.16
E34290 2.02 5.03 1.00 1.49 0.93 0.32
E34438 SKA (4) 0.68 5.95 3.94 0.94 0.56 0.91 0.30
E34440 4.41 3.82 0.85 0.55 0.88 0.29
E34441 4.15 4.21 0.86 0.58 0.92 0.33
E34443 4.21 4.14 0.91 0.59 1.05 0.34
E34306 BOR (5) 0.72 1.98 6.78 0.66 0.53 0.78 0.22
E34307 2.45 3.30 0.74 0.60 0.89 0.24
E34365 GRA (6) 0.83 0.65 7.02 0.09 0.16 0.50 0.08
E34368 1.23 11.60 0.48 0.49 1.39 0.11
E34344 SET (7) 0.83 0.64 5.86 0.24 0.32 0.87 0.08
E34321 MAR (8) 0.90 0.65 10.31 0.18 0.27 0.66 0.15
E34322 1.62 9.50 0.49 0.45 1.10 0.11
E34325 0.58 5.79 0.07 0.13 0.36 0.12
E34325 0.73 5.11 0.21 0.28 0.69 0.12
E34310 JEN (9) 0.92 0.79 4.54 (\ ~(), 0.32 0 0 0 0.10V.JV .00

E34312 0.42 4.52 0.13 0.21 0.57 0.11
"r',"> ~"""""'" CON (10) 0.94 n .... n. 7.28 0.29 0.36 0.99 0.17!:..,)"t.,) ! .> v.()V

E34376 1.11 7.35 0.47 0.46 1.24 0.19
E34385 1.66 9.11 0.33 0.29 1.05 0.17
E34396 3.31 6.04 0.62 0.43 1.47 0.11
E34401 2.40 8.42 0.63 0.47 1.61 0.14
E34411 2.71 6.96 0.56 0.42 1.46 0.11
E34420 2.83 6.57 0.57 0.32 1.09 0.10
E34423 FED(1l) 0.99 2.17 7.98 0.64 0.55 1.35 0.16
E34429 0.46 9.96 0.15 0.26 0.59 0.24
E34432 1.89 6.11 0.52 0.45 1.07 0.11
E34347 HOY (12) 1.11 0.63 6.44 0.09 0.02 0.13 0.18
E34350 0.47 5.24 0.08 0.03 0.20 0.16
E34331 BEH (13) 1.26 0.75 6.20 0.32 0.36 0.92 0.13
E34362 TIlO (14) 1.57 1.0] 8.19 0.37 0.40 1.19 0.20
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Fig. 34 illustrates the composition of the thermally released products in the Bakken Shale.
Fingerprints of the two chromatograms (0.31% R, and 0.94% Ral are representative for
immature (up to ca. 0.7% Ral and mature (>0.7% Rallevels of thermal evolution.

B•A•

c•
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°0.,::,

"::'10
I

°

I I
Fig. 34: Gas chromatograms as derived from t'vap-qc of two whole rock Bakken Shale

samples as representative for low-mature and high-mature stages of thermal
alteration. Numbers indicate total numbers of carbon atoms. Cycloalkanes are
identified as methyicyclopentane (A), dimethyicyciopentane (S) and methyl­
cyclohexane (e). TMB refers to 1,2,3,4-tetramethyibenzene.

As regards bulk composition, immature samples reveal high abundances of low-molecular­
weight hydrocarbons (includingmethane1relative to C6+ compounds. Samples from higher levels
of maturity, however, are generally characterized by a preponderance of medium-weight
hydrocarbons (C7-2ol and relatively low yields of gaseous products.
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Fig. 35: Maturity related evolution of total yield of Bakken Shale thermovaporisation pro­
ducts (total response) as determined by t'vap-qc. All samples were taken from the
Upper Bakken Shale.

Fig. 35 shows the total yield of thermally releasable compounds « 300°C) as a function of

maturity. It is evident that this distribution pattern is qualitatively similar to the one determined by
solvent extraction (Fig. 23) and yield of saturate and aromatic fraction of the extracts (Fig. 25):

Namely, while the low mature « 0.8% Ro) and high mature (» 1.0% Ro) zones exhibit low to

moderate values, the interval between these zones reveals maximum yields paralleled by
considerable variability of the data. It must be pointed out, however, that due to lack of sample

material the data derived from t'vap-gc cannot be used to differentiate between the upper and

lower shale unit of a given well, as is the case for the solvent extract data. If the total response is

separated into the gas portion (Ci.«) and the oil portion (C6+), two different distribution patterns
arise (Fig. 36): The relative amount of gas is considerably higher at immature maturity stages up

to 0.70/0 R; The maturity interval 0.8% to 1.00/0 R, is characterised by overall lOW values but

again, a large scatter of datapoints is visible. Above 1.0% R; gas contents remain uniformly low.

The distribution of oil-like compounds (Fig. 37), however, is close to the one of the total

response: maximum yields (high variability) between 0.8% and 1.0% Ro, preceded and followed

by moderate to low values.

On a molecular level, the Bakken Shale yields high amounts of cyclic compounds which visually

dominate the thennovaporisation fmgerprints. Light alkylcycloalkanes, such as methylcyclopen­

tane, dimethylcyclopentane and methylcyclohexane are among the most prominent compounds

throughout maturity. In addition to the alkylcycloalkanes, alkylbenzenes and, at higher stages of

thermal evolution (» 0.6% Ro) , alkylnaphthalenes become abundant. Apart from the alkylben­

zenes like benzene, toluene and xylenes, which are common for most types of organic matter, the

presence of one aromatic compound, namely 1,2,3,4-tetramethylbenzene is a peculiar feature of

Bakken Shale derived organic matter. The presence and significance of this particular compound

has also been referred to for the kerogen pyrolysates (ch, 4.4).
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Fig. 36: Proportion of gaseous compounds (C,-CS) in the total yield of Bakken Shale ther­
movaporisation products as determined by t'vap-gc. Hollow circle refers to an
individual sample with unrepresentatively low TOC content (6.4wt.-%).
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Fig. 37: Proportion of "oil" compounds (C6. ) in the total yield of Bakken Shale thermo­
vaporisation products as determined by t'vap-gc.

The quantification of n-alkanes and selected aromatic hydrocarbons is displayed in Fig. 38. This
diagram reflects the overall relative preponderance of n-alkanes at the beginning of maturation
followed by a sharp drop at levels> 0.6% R; This is primarily due to the enhanced appearance of
alkylated naphthalenes in the mobile organic matter.
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Fig. 38: Relationship of chain-like hydrocarbons (n-alkanes up to n-C26) to mono- and
bicyclic aromatics (benzene, toluene, ethylbenzene, meta-/paraxylene, ortho­
xylene, CTbenzene and alkylnaphthalenes) as a function of maturity (data based
on t'vap-gc analysis).

4.6.2 Isotopic Composition of Thermally Releasable Organic Components

Stable carbon isotopic composition (Sl3C) of the thermovaporisation products was determined
utilizing two different GC column types, namely a BP-I fused silica column and a poraplot
column. The latter column is designed to rule out coelution effects due to CO 2 sourced from
inorganic matter. Such coelution of isotopically heavy CO 2 with C2 and C3 would severely affect
data quality of the latter two. Indeed, after analysis using standard column equipment (fused
silica) the data on the gases was believed to be affected by coelution effects. Therefore, further
analytical runs were carried out using the poraplot colUI11TI.

Tabs. 9 and 10 give the mean values of triplicate measurements for each method.
Fig. 39 shows Sl3C for n-alkanes (up to n-C20) using the standard experimental set-up. The
values for the C6+ compounds outline a distribution pattern with only minor variations; lightest

values being -35.1%0 for n-C6 (0.31% Ro) and the heaviest -27.5%0 for n-C IS (0.9% Ro) ' The
liquid (n-C6+) hydrocarbons at the maturity level of 0.9% R, are most enriched in l3C as regards
the average value (-28.3%0) whereas the C6+-n-alkanes from the most immature samples (0.31 %

R,) are isotopically lightest (average of-30.9%0).
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Fig. 39: Stable carbon isotopic composition of natural products as derived from on-line
thermovaporisation-GC-IR-MS (triplicate measurements) using standard GC
equipment (fused silica column). Selected samples cover a maturity spectrum
from 0.31 % to 0.99% Ro. Grey bars outline the range of values for n-C6+ alkanes.
Isotope ratios are displayed as /)' 3C relative to the PDB standard.

The values for n-hexane and n-octane cover the broadest range throughout maturity (from -

35.1%0 to -28.7%0 and from -32.8%0 to -28.5%0, respectively). This variability of data is even
more pronounced for the light hydrocarbons (C,-Cs): The values for methane outline a very broad

range from relatively heavy (-25.6%0 at 0.9% Ro) to light (-39.7%0 at 0.99% Ra) without any

systematic relationship to level of thermal evolution. One sample shows an even higher value (­

55%0), but threefold measurements for the latter were characterized by a very poor
reproducibility. Ethane and n-propane are generally very enriched in l3C (-28%0 to -25%0). ol3e
of both compounds reveals a stepwise increase with iller-easing maturity: While the values within

the immature range (0.31 to 0.68% Ra) and for mature samples (0.94% Ra) , respectively, are

very similar, the difference between 0.68% &'10 0.94% R, is relatively significant. N-butane and
n-pentane exhibit isotope ratios which are similar to the values of the C6+-n-alkanes, and their
variability is relatively low (from -29.4%0 to -31.7%0 for n-butane and from -29.1%0 to -31.6%0

for n-pentane). With respect to maturity, it is noteworthy that the gases derived from the less

mature samples « 0.9% Ro) cover a spectrum of values that is much narrower than the range of

the more mature Bakken gases (> 0.9% Ra) .

Corresponding results (averaged values) using the refilled experimental configuration specifically

suited to gas analysis and resolution of CO2 are depicted in Fig. 40. The reproducibility for

individual compounds was very poor, as Tab. 10 reveals. For methane, the scatter of data is

similar to that shown in Fig. 39: The values cover a broad range (from -42%0 at 0.94% R, to ­

15%0 at 0.31 % Ro) . The variability of the values is reduced with increasing carbon number, while
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the average value remains roughly constant. The sample at 0.94% R, exhibited always the highest
(heaviest) values for n-propane, n-butane and n-pentane. In contrast, the most immature sample
(0.31 % Ro) is isotopically lightest as regards n-C3and n-C4: ol3e for n-C, was not determined.
The maturity level 0.68% R, is characterised by rather constant values (between 33%0 and 36%0).
The isotope ratio for C02 also remains constant (from 23%0 to 24%0).

Table 9: Stable carbon isotope ratios for Individual n-alkanes (C " 20; mean values of
triplicate measurements) as derived from t'vap-gc-Ik-Mx using a standard
fused silica column for five different stages of maturity. Values are calcu-
lated in ol3e relative to PDB standard. Abbreviation nod. refers to 'not
determined'. Weii numbers refer to location of sampled wells in Fig. 6.

Wen name(#) DOB (1) SKA (4) MAR(S) CON (10) CON (10) FED (11) FED (11)
Ro (%) 0.31 0.68 0.9 0.94 0.94 0.99 0.99

n-C , -33.7 -32.3 -25.6 -55.0 -36.6 -39.7 -26.4
n-C? -28.8 -27.9 n.d. -25.3 -25.2 n.d. n.d.
n-C. -28.8 -27.9 n.d. -25.3 -25.2 n.d. n.d.
n-C~ -31.0 -30.2 n.d. -31.7 -29.4 n.d. -28.1
»c, -29.9 -29.9 -29.1 -31.6 -29.5 -29.3 -29.3
n-C" -35.1 -31.3 -28.7 ·32.2 -29.9 -29.1 -29.1
n-C7

-32.1 -31.0 -28.7 -30.0 -29.8 -29.2 -29.1
n-C" -32.8 -31.9 -28.5 -29.8 -30.2 -31.2 -31.1
n-C

Q
-31.6 -30.9 -28.7 -29.7 -30.6 -31.5 -30.3

n-Cr, -31.7 -31.1 -29.1 -30.1 -30.4 -30.8 -30.3
n-C" -30.6 -30.1 -28.5 -30.1 -30.1 -30.8 -31.7
n-C;~ -31.2 -31.0 -28.8 -30.1 -30.5 -30.6 -31.3
n-C" -30.5 -30.2 -27.9 -29.5 -30.3 -30.5 -31.8
n-Cl.'l -29.8 -29.9 -28.1 -28.9 -30.3 -30.5 -31.5
n-C" -28.7 -30.0 -27.8 -30.0 -30.5 -30.2 -31.5
n-C," -28.7 -29.6 -27.9 -30.0 -30.3 -30.3 -31.8
n-C 17 -29.7 -29.5 -28.0 -30.3 -29.9 -31.1 -31.9
»c., -28.8 n.d. -27.5 -30.2 n.d. -31.2 -33.2
n-C

' Q
n.d. n.d. -27.7 -30.7 n.d. n.d. n.d.

n-C'){) n.d. n.d. -28.1 -32.2 n.d. n.d. n.d.

Table 10: Stable carbon isotope ratios for individual gaseous n-alkanes (e,-S; mean
values of duplicate measurements) and CO2 as derived from t'vap...gc-Ik-
MS using a poraplot column for five different stages of maturity. Values are
calculated in Ol3C relative to PDE standard. Abbreviation nod. refers to 'not
determined'. Well numbers refer to location of sampled wells in Fig. 6.

Well name (#) DOB (1) SKA (4) CON (10) HOV (12)
Ro (%) 0.31 0.68 0.94 1.11

n-C, -14.8 -35.5 -42.0 -33.6
n-C2 n.d. n.d. n.d. n.d.
n-C3 -40.6 -33.4 -22.4 n.d.
n-C4 -37.9 -32.7 -28.1 n.d.
n-Cs 37.3 -33.4 -30.4 n.d.

CO2 ·24.2 -24.2 -23.6 n.d.
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Fig. 40: Stable carbon isotopic composition of natural gaseous products (n-C,-5 including
CO2) as derived from on-line thermovaporisation-GC-IR-fv1S using a poraplot GC
column. Datapoints are depicted with range of variability of triplicate mea­
surements. For the sample at maturity 1.11% Ro (*), only methane was detected.

4.6~3 Crude Oils

The fingerprints derived from whole oil gas chromatography analysis (thermovaporisation

technique) of Bakken crude oils (Fig. 41) elucidate that aliphatic hydrocarbons (normal alkanes,

cycloalkanes and isoprenoids) are the dominating compound group. Samples ER-l, -2 and -3

reveal higher concentrations of long-chain n-alkanes clearly extending up to carbon number 28,

while BY and LB are characterised by shorter chain length of the n-alkanes, BY is the only oil

which showsamaximum ofpeak height atn.,.C7:oIn-C8:0 . AU other samples have a maximum at

n-Cs:o.
Three low-molecular weight cycloalkanes methylcyc1opentane, dimethylcyclopentane and

methylcyclohexane, which were prominent. peaks in the thermovaporisation products, are

quantitatively also significant in the crude oils. Fig. 42 illustrates the relationship of normal

alkanes to aromatics: The oil samples show conformably high values (range from 26 to 34).

Interestingly, the ratios are several times higher than for the thermovaporisation products (Fig.

38),
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Fig. 41: Composition of Bakken crude oil light ends as deduced from whole oil t'vap-gc
analysis. BZ, T, MPX and TMB refers to benzene, toluene, meta-/paraxylene and
1,2,3,4-1elramethylbenzene, respectively. Cycioalkanes are identified as methyl­
cyclopentane (A), dimethylcyclopentane (B) and methylcyclohexane (C).
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Fig. 42: Bulk composition of Bakken crude oil light ends based on the relationship of Fl­

alkanes (Cd to aromatics (t'vap-qc analysis). 'Aromatics' include alkylbenzenes
(benzene, toluene, ethylbenzene, meta-/paraxylene, orthoxylene and Cs­
benzene).
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I,2,3,4-tetramethyIbenzene, which was a prominent peak in the residues (py-gc) as well as in the

thermally releasable products (t'vap-gc) appears to be absent in the crude oils.

4.7 Artificial Maturation of Bakken Shale

Artificial maturation of Bakken Shale samples was performed using two different

approaches/experimental configurations. In the MSSV approach (ch. 4.7.1), powdered rock

samples were heated in a closed system under varying conditions (temperature, duration of

heating). Both products and residual kerogen were analysed by t'vap-gc and py-gc, respectively

and compositional changes monitored as a function of progressive artificial maturation.

In a second approach (ch. 4.7.2), an uncrushed whole core Bakken Shale sample was submitted

to simulated lithostaric conditions (pressure and temperature) ill order to investigate the effects of
these parameters on bulk compositional properties of the whole rock.

Table 11: Bulk compositional data derived from closed-system artificial maturation
(MSSV) of immature Bakken Shale equivalents (sample aliquots from well
labeled 'MSSV' in Fig. 6). RT refers to unheated sample.

"Czdays Ci, total Cj-CS C6+ total C6-14 total C IS+ total
(mglgTOC)

Products
RT 49.6 2.3 47.3 8.9 38.4

300/2 77.8 4.7 73.1 14.9 58.2
300/5 O~ A ~~ ~~ A ~" c: 51.9OL..';j / .J f.J.'+ ~.J • .J

330/1 139.1 10.7 128.3 33.4 94.9
330/2 152.5 13.3 139.1 40.5 98.6
330/5 225.8 32.7 193.0 81.6 111.4
350/1 163.2 17.6 145.5 52.7 92.8
350/2 172.8 29.3 143.5 70.5 73.0
350/5 291.8 58.1 233.7 123.5 110.2

Residues
RT 453.4 75.7 377.6 127.7 249.9

300/2 380.3 68.2 312.2 108.7 203.5
300/5 326.8 62.8 263.9 93.4 170.5
330/1 244.9 49.7 195.2 68.3 126.9
330/2 255.2 53.2 202.0 72.1 129.9
330/5 158.5 41.3 117.2 44.4 72.8
350/1 232.9 52.3 180.6 67.7 112.9
350/2 158.6 40.6 118.0 45.3 72.7
350/5 75.4 24.0 51.4 18.7 32.7
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Fig. 43: Py-gc traces of residues derived from artificial maturation of (MSSV pyrolysis) of
immature Bakken Shale equivalents (0.48% Ro; Ropertz, 1994) for mild (300°C/5
days) and severe (350°C/2 days) heating conditions. Numbers indicate total
numbers of carbon atoms. all I, iviPX and TMB refers to benzene, toluene,
meta-/paraxyiene and 1,2,3,4-tetramethyibenzene, respectively.

4.7.1 Pyrolysis (MSSY Approach)

Evolution ofResidual Kerogen

The fmgerprints of the residue pyrolysates derived from artificial maturation (MSSV) of
immature Bakken Shale equivalents, as displayed in Fig. 43, are compositionally very similar to
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the pyrolysates of the natural sequence: N-alkene/n-alkane doublets of short to medium chain­
length (up to max. 24 carbon atoms) dominate the GC-trace.
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Fig. 44: Compositional evolution of the artificial maturity sequence (MSSV) for products
(top) and residues (bottom) in bulk quantitative terms. The degree of conversion,
expressed as tranformation ratio, is calculated by dividing the amount of products
by the sum of products and residues.

Furthermore, a series of alkylbenzenes (benzene, toluene, ethylbenzene, meta-/paraxylene and
orthoxylene) are very prominent, too. These compounds are also very abundant in the naturally
matured Bakken kerogens (ch. 4.4) and have been reported for other kerogen pyrolysates as well
(Larter & Douglas, 1980; van Graas et al., 1981; Solli & Leplat, 1986). The compound 1,2,3,4-

71



tetramethylbenzene represents one of the most abundant aromatic hydrocarbons in the
pyrolysates. The origin and significance of this peculiar compound has already been referred to

while laying out the results on composition of kerogens and thermally releasable light ends of
Bakken organic matter (ch. 4.4 and 4.6).
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Fig. 45: Relationship of gaseous (C'~5) to oil-like (C6+) compounds of the artificial maturity
sequence (ivlSSV) for products and residues.

Fig. 44 sheds some light on tile compositional evolution of the artificial maturity sequence it!

quantitative terms. The corresponding data are listed in Tab. 11. The absolute yield of all detected
products decreases with increasing maturation level, indicating that the reactive portion of the

kerogen (Cooles et al., 1986) is relatively diminished, as thermal alteration proceeds. At the fmal
stage (80% transformation) only ca 10% of the organic matter (normalized to TOq is amenable

to py-gc. Such evolutionary trends have also been reported for the artificially matured (MSSV)
marine type II Posidonia Shale kerogen (Horsfield & Dueppenbecker, 1991). With respect to the

boiling ranges (CI-Cs, C6- l 4 and C I S+) it is apparent that their trends trace the pattern of the total
yield, although the slope of the curve becomes flatter with decreasing molecular weight. Indeed,

the yield for gaseous compounds (CI-Cs) appears to remain roughly constant. Fig. 45 depicts the
bulk composition of MSSV residues in terms of gas to oil ratio. This parameter, which is used to
establish the composition of petroleum and its subsequent migration behaviour (phase behaviour)
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as a function of pressure and temperature (England & Mackenzie, 1989), outlines an almost

Iinear increase with proceeding conversion, indicating that the amount of gas yielding moieties in

the kerogen becomes higher as attificial maturation continues, Such fmdings ate consistent with

observations from natural systems, where the gas-generative capacity of a residual kerogen is

believed to increase (e.g. Lower Toarcian, Tissot & Welte, 1984). However, the slope of the

curve and thence the absolute values for range of GOR of the Bakken system are overalI higher

than for similar kerogens, which were submitted to the same analytical approach (Diippenbecker

& Horsfield, 1990): In that study, corresponding GOR values for the Lower Toarcian Posidonia

Shale covered a range from ca. O. I to 0.25 (Bakken Shale: 0.2 to 0.45).

Evolution of Products

The two fingerprints (Fig. 46) of products derived from the artificial maturation display

compositional features that can also be observed in the naturally generated organic matter (Fig.

34, ch. 4.6): The GC trace resulting from relatively mild heating conditions (300°C/5 days) is

characterized by rather high concentrations of short-chain hydrocarbons (Cl.CS)and high contents

of 1,2,3,4-tetramethylbenzene relative to adjacent n-alkanes (Cu). The latter feature is interesting,

as the thermovaporisation products showed considerably lower concentrations of 1,2,3,4­

tetramethylbenzene. A further common feature between natural and attificial products is the
presence of cycloalkanes in the latter. Such compounds, namely methylcyclopentane,

dimethylcyclopentane and methylcyclohexane were among the most prominent peaks in the t'vap­

gc fingerprints. in the MSSV products, they are also present in fair concentrations. Tne yield of

other C6+ compounds in the artificially generated products like n-alkanes and alkyl substituted

aromatic hydrocarbons is relatively low. The relatively large hump of unresolved components

which has been encountered in the products of a similar kerogen (T.....ower Toarcian Posidonia
Shale) at low levels of artificial maturation (Horsfield & Dueppenbecker, 1991) was not observed

in the case of the Bakken. In contrast, more severe heating (350°CI2 days) resulted in a

distribution pattern with short- and long-chain hydrocarbons and a lower ratio of 1,2,3,4­

tetramethylbenzene to n-Ci.. Also, such heating conditions yielded n-alkanes with distinctly

highercarbon numbers (up to 28).
Fig. 44 iiiustrates that the total yield of products (as wen as the individual compound groups)
rises continuously to the level of maximum transformation (0.8). Interestingly, the high-

molecular-weight fraction (C1S+) is characterised by a drop ill yield at ca. 50% conversion. This
might be interpreted as thermally induced cracking of high-molecular-weight compounds to low­

molecular-weight material. Such phenomena have been observed in petroleum reservoirs

(Connan et aI., 1975). However, in the closed system conditions of the MSSV approach, the

decrease in yield of ClS+ material is not accompanied by an equivalent increase for Cl.Sand C6. 14

compounds (Fig. 44).

The evolution of the gas to oil relationship (Fig. 45) reveals a significant three-fold outline: At

low and high levels of transformation, GOR steadily increases with the relatively flat slope

indicating a bias to oil-like (C6+) material. At intermediate stages of transforruation, however, the

yield of gaseous products drastically increases, while C6+ products remain relatively constant.

Analogous to the decrease in heavy C 15+ compounds shown in Fig. 44, this feature may also
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illustrate that in this closed system gaseous hydrocarbons are being formed at the expense of
high-molecular-weight products.
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Fig. 46: GC traces of products derived from artificial maturation of (MSSV pyrolysis) of
immature Bakken Shale equivalents (0.48% Ro; Ropertz, 1994) for mild (300°C/S
days) and severe (3S0°C/2 days) heating conditions. Numbers indicate total
numbers of carbon atoms. BZ, T, MPX and TMB refers to benzene, toluene,
meta-/paraxylene and 1,2,3,4-tetramethylbenzene, respectively. Cycloalkanes
are identified as methylcyclopentane (A), dimethylcyclopentane (B) and methyl­
cyclohexane (C).
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4.7.2 Simulation of Lithostatic Conditions (Pressure and Temperature)

Evolution of Residual Kerogen

The evolution of a Bakken kerogen sample (well SKA, 0.68% Ra) which was submitted to
simulated subsurface conditions (elevated temperature and overburden pressure) in terms of
basic screening parameters (TOe content, Rock-Eval and vitrinite reflectance) is depicted in Fig.
47. The complete database is given in Tab. 12.
It must be pointed out that the compaction behaviour in terms of volumetric evolution of the rock
sample as outlined by the compaction curve can only be assessed qualitatively, as in the course of
the experiment parts of the rock sample were forced into the steel frits hence making accurate
measurements of compaction based on thickness changes impossible. Nevertheless, the curve
clearly shows that; after an initial stage of expansion of the plug due to thermal expansion, t.he
sample reacted to an overburden load (equivalent to 25.5!<-N) and temperature of 3l6ae leading
to a slow, but steady decrease in thickness relative to the original value.

Table 12: Bulk characterisation (maturity, hydrocarbon generation potential) of
artificial maturity sequence deduced from experiments under simulated
Iithostatic conditions. SKA-AM denotes artificially matured sample
(unextracted), while SKA-AM-extra refers to the solvent-extracted sample.

Sample TOe S2 Tmax HI
(wt.-%) (rnglg rock) (OC) (mglgTOC)

SKA 13.3 42.02 443 322
SKA-AM 8.57 22.45 441 267

SKA-AM-extra 7.79 17.62 442 267

Changes in screening parameters from the preexperiment to the postexperiment stage (measured
on solvent extracted samples) elucidate that the kerogen was altered: Organic richness decreased
by ca 40% from 13.3 to 7.8wt.-%. The hydrocarbon generation potential (Hydrogen Index HI)
was reduced from 322mg/g TOe to 226mg/g TOe. The latter value falls within the HI range for
very mature Bakken Shale samples (0.9% to 1.0% Ro) of the natural maturity sequence (Tab. B,

Appendix). Surprisingly, the value for Tmax remained roughly constant. With respect to the
relative distribution of Tmax values for the entire sample set (Fig. 14, ch. 4.1) it becomes evident
that only very immature samples are sensitive to Tmax• From 0.7 R, on, Tmax remains virtually
constant, although thermal alteration in terms of kerogen conversion (decrease in HI) still occurs.
Hence, the invariance in Tmax can be considered insignificant, especially, as R, measurement
clearly indicates a rise in maturity level from 0.69% to 1.18%. Accordingly, if these values are
correlated with data on the natural Bakken system, the artificially matured sample seems to have
entered the high mature stage (equivalent to maturity zone> 0.9% Ro) .
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Fig. 47: Evolution of Bakken Shale kerogen during artificial maturation under constant
lithostatic stress and temperature (experimental conditions according to
Hanebeck et al. (1993)). The relative change in sampie thickness as outlined by
the curve should be evaluated in a semiquantitative manner (see text for
explanation). Changes in organic richness, maturity and hydrocarbon generation
potential during the experiment are monitored by measuring the corresponding
parameters (TOC, Tmax, H, and HI) before and after completion of the experiment.
Corresponding compaction curve for Posidonia Shale superimposed from
Hanebeck et at. (1993).

Evolution ofProducts

The experimental set-up used for the simulation of lithostatic conditions was not designed to
collect all artificially generated products quantitatively. However, after the experiment was
finished, one side of the pressure cell was opened to atmospheric pressure. This step led to a

release of gaseous as well as highly viscous, liquid products from the system. The liquid products

were collected and set to evaporate at ambient temperature. Furthermore, the steel frits of the

pressure cell were immersed in a glass beaker filled with dichloromethane. After 24 hours,

excess solvent was evaporated and the bitumen-like residue was collected. In order to provide a

rapid characterisation of this highly viscous material, it was submitted to py-gc.analysis using the

same configuration as for Bakken Shale kerogens (ch. 3.3.1).

The results derived from py-gc of products (collected directly from the cell system ("cell") and by

solvent extraction of the frits ("frits"» are presented in Fig. 48. For reasons of comparison,

pyrograms of whole extracts from Bakken samples of the natural maturity series are given as well

(Fig. 49). The "cell" products are characterized by a high proportion of gas-yielding moieties,

while medium to long-chain compounds appear to be almost absent. Nsalkene/n-alkane doublets
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are hardly visible. Alkylbenzenes (e.g. benzene, toluene and meta-/paraxylene) are very
prominent. In contrast, the fmgerprint of the "flits" products is very similar to a pyrogram derived
from a typical high mature type-Il Bakken kerogen in that there is a predominance of short to

medium-chain n-alkyls paralleled by almost equally abundant aromatic hydrocarbons. The

relatively high content of aromatics relative to the n-alkyl hydrocarbons, however, argues against
an enhanced level of thermal alteration, as such a feature was associated with low-mature

macromolecular organic matter (kerogens) of the Bakken Shale (ch. 4.4). Indeed, the general

appearance of the "flits" pyrogram is very close to the fmgerprint derived from py-gc analysis of
the low-mature extract from well SKA (0.68% Ro) .
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("Cell"-S2)
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(nFrit§;"·S2\
'\ - ---- --I
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Fig. 48: Fingerprints of pyrolysates as determined by py-gc of the macromolecular matter
of products obtained from artificial maturation under constant lithostatic stress
and temperature. "Cell" and "Frits" designate organic matter collected directiy
from the pressure cell system and by solvent extraction of the steel frits,
respectively. N-alkyl-doublets are indicated by circles. BZ, T, and MPX refers to
benzene, toluene and meta-/paraxylene, respectively.
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Fig. 49: Two pyrograms as representative for two different levels of thermal evolution
(0.68% and 1.57% Ra) were derived from py-gc of whole extracts of samples from
the natural maturity sequence. N-alkyl-doublets are indicated by circles, peaks of
aromatic compounds by stars. BZ, T, and MPX refers to benzene, toluene and
meta-zparaxylene, respectively.

4.8 Permeability

The results derived from permeability measurements using water as the flow through medium
(0.95cP viscosity) are compiled in Tab. 13. The datasheets including all parameters which were
relevant for calculatiug permeability are shown iu the appendix. Generally, the Bakken shows a
very poor permeability (nD range) if measured perpendicular to the bedding plane. All samples
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taken from low-mature wells (SKA, 0.68% n, and TEX, 0.66% Ro) exhibit detectable

permeabilities, even perpendicular to the bedding plane. The permeability of one sample of well

SKA is highly susceptible to confining pressure.

One mature sample (3185.4m depth) from well FED (0.99% Ra) was measured parallel to the

bedding plane and shows a distinct permeability, which is affected by confming pressure.

In contrast, the second sample from well FED (3187.1m depth) appeared to be virtually

impermeable after the first run. Further threefold analysis of the same plug revealed an interesting

phenomenon: After the direction of the fluid gradient had been reversed, permeability appeared to

be ten times higher than before implying that the Bakken Shale has an anisotropic behaviour with

respect to fluid transport. Such an inferred "valve effect", however, is difficult to explain in terms

of configuration of mineral grains that open up only in one direction but are closed in the other

direction. It is more likely that the rheologic behaviour of the rock plug was altered during the

first experiment in that preexisting pathways may have been mechanically widened by pressing

through water. Moreover, the width of such pathways may also be a result of the flow-through

medium dissolving parts of the mineral matrix (e.g. carbonates).

Table 13: Results derived from permeability measurements using water as the flow­
through medium. 'pp' refers to perpendicular, 'pi' to parallel plug
orientation. Well numbers refer to location of sampled wells in Fig. 6.

Well Well Ro Depth Shale Orient. Range of Remarks

# name unit of ping permeability

(%) (m) (nanolrarcy)

* TEX 0.66 3116.4 lBK pp lO's
4 SKA 0.68 2702.9 uBK pp 10's - 1000's var. confin. press.
4 SKA 0.68 2705.9 uBK pp lO's
4 SKA 0.68 2706.3 uBK pp 10's

* XYZ 0.89 3137.4 uBK pp 10's
11 FED 0.99 3185.4 uBK pi 10's - 100's var. confin. press.
II FED 0.99 3187.1 uBK pp 0- 100's

The overall lo\v values for permeability (nanoDarcy range) suggest that the degree of fracturing

encountered in the samples, if existent, is not very advanced. If microfractures indeed are a
feature of the Bakken Shale (Murray, 1968; Finch, 1969; Meissner, 1978) and they were present

in the rock samples submitted here to permeability measurement, then it appears that they are not

very efficient for fluid transport perpendicular to the bedding plane.

Normally, the determination of permeability is an important tool to establish migration pathways

and, most importantly, to evaluate the quality of a reservoir rock. Hence, corresponding studies

focussed mainly on relatively coarse-grained, mostly clastic sediments (e.g. Archer, 1990; Daws

& Prosser, 1992).

Determining the permeability of tight, fine-grained source rocks using a triaxial cell which allows

the investigation of permeability as a function of confining pressure and fluid pressure is a rather

novel method. Thus, equivalent published data are very scarce. In the present contribution, this

approach was used in order to seek evidence of the occurrence of fractures in the Bakken Shale.
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Clearly, the fact that only a very small number of samples (7 samples from 4 wells) was available

for analysis has two major implications as regards interpretation of the data: Firstly, despite the

very uniform lithology of the Bakken Shale as elucidated by the present study (ch. 4.4) and

related publications (e.g. Webster, 1984), the database is too thin and extrapolation of results on a

basin-wide scale is not justified. Secondly, if macrofractures are the dominant fracture type of the

Bakken Shale in the subsurface (see discussion ofliterature data below), it is highly unlikely that

such a fracture is "captured" in one of the rock plugs which are submitted to permeability

measurements.

Complimentary to the statistical problem, the lithologic/rheologic characteristics of a given

Bakken Shale sample may be altered in the course of sample preparation and during analysis.

Below, an attempt has been made to address these potential "pitfalls":

Q The process of drilling and coring during borehole development, furthermore storage and

transportation may induce fracturing (Kulander et aI., 1990).

Q Drilling, cutting and sawing during preparation of rock plugs for the experiments (ch. 3.3.2)

also induces mechanical stress to the sample which may create cracks and fissures. Although

the plugs are visually examined prior to mounting them into the triaxial cell, the presence of

such voids cannot be excluded.

e Multiple analysis of the same sample (see below) confirmed the poor reproducibility of the

analytical set-up.

e Raising of confining pressure may lead to rupture of the rock plug, if very brittle.
Q If the sample is not perfectly sealed between the steel frits and the two-layered sleeve, the

flow-through medium (water) might "bypass" the plug thence indicating an enhanced (but

false) permeability.

Q Additional to the uncertainties caused by sample preparation and experimental set-up, the

presence of one or more mobile phases (water, oil, gas) in the pore space impedes or enhances

trallsport rates depending on the type of fluid which is used as the flow through medium
(Hedberg, 1980; Chapman, 1982). In order to address this issue, the degree of fluid saturation

has to be assessed.

In that context it must be pointed out that the application of a hydrocarbon phase (crude oil or

individual compound) as the flow-through medium would even broaden the spectrum of

uncertainties: For instance, the combination of excess amounts of low-molecular weight

hydrocarbons of a given flow-through medium with a crude oil-like hydrocarbon mixture ill

the rock would lead to the precipitation of asphaltenes which may reduce permeability

(England et al., 1987). On a similar note, the tlow-through medium may react with the fluid
phase in L'Je rock in tenus of dissolutiorJsolution (Price, 1989).

In the light of the above statements, the results of the Bakken Shale analysis (Tab. 13) can

only be regarded as a semiquantitative indication of permeability.
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4.9 Mineralogy

The results deduced from XRD analyses were used to qualitatively evaluate the mineralogic

composition of the Bakken Shale. The bulk rock analyses reveal that all samples are very similar

in mineral composition regardless of maturity level of the associated organic matter. Major

proportions of the mineral matrix consist of quartz, the second most abundant mineral appears to

be illite. Further minerals are in very low concentration.

As regards the clay fraction «0.5pm) no significant differences could be observed with respect

to increasing maturity. A distinctive feature which each spectrum exhibits is a large hump due to

high contribution of kerogen which was not removed sufficiently. The major mineral is quartz

with less amounts of illite. However, the poor orientation resulting in weak diffraction peaks
invalidates an uneauivocal evaluation of the clav fraction. Accordinalv, the DOOr oualitv of the.< -' '-" '" ' .L - - - -.L- - ._- -.; - - ----

peaks might be due to poor orientation or due to specific illite/smectite structures.

It has to be pointed out that it is crucial to improve sample preparation (i.e. sufficient removal of

organic matter) in order to obtain results of better quality. The following sample preparation steps

are recommended (1. Francu, written communication):

I. Shorter and coarser grinding of the rock samples to prevent powdering of quartz down to the

very fme clay fraction.

2. Application of freeze-drying method to disaggregate the clay minerals (freezing using liquid

nitrogen and subsequent removal of water under vacuum).

3. Soft grinding with a rubber stopper in order to obtain fine powder.

4. Thorough removal of organic matter by applying electronic low-temperature ashing
(Gluskotter, 1965).

5. For purification purposes, steps 2.-3. are to be repeated at least twice.

6. Dispersing of powder in Na-acetate/acetic acid to remove carbonates and then in distilled and

deionized water using ultrasonic probe.

7. Separation of fraction of < 0.2 (0.5)pm using ultracentrifugation.

8. Saturation of the clay with Ca, washing, saturation with glycol. After mounting oriented

samples on slides, samples are ready for XRD analyses.

The accurate assessment of abundance and type or clay minerals in a sediment C3.Il be important

with respect to pressure build-up by the thermal expansion of aqueous fluids. This phenomenon

which occurs preferably in rapidly subsiding basins with high sedimentation rates has been called

upon to create overpressured zones ("aquathennal pressuring" by Barker, 1972). Such a

mechanism requires the isolation of a sediment unit containing water at an early stage of

deposition. As burial continues, the pore fluid is submitted to rising temperatures and expands.

Therefore it has to be evaluated whether aqueous fluids in the Bakken Shale may be provided by

clay mineral interlayer water which could be the crucial agent for overpressuring: Diagenetical

smectite dehydration (Bruce, 1984) can result in the release of water from clay minerals. During

the alteration of montmorillonite (smectite) to illite, interlayer water is released and becomes free

pore water (Powers, 1967). Quantitative meaningful evidence on clay mineralogy of the Bakken

Shale, however, is still a subject of uncertainty. Webster (1984) admitted this uncertainty

although he carried out XRD analyses. Cramer (1991) was the only one who provided

quantitative data on mineralogy of the Bakken Shale. According to these results which were
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derived from XRD analysis of two wells from Billings Anticline area, clays make up 28 and 31%

of the mineral matrix of the shale units. Unfortunately, he didn't give any details on pretreatment
of samples and analytical conditions during XRD. Yet, equivalent analyses performed on samples

of the present study revealed that data quality highly depends on appropriate sample pretreatment

in order to make unequivocal statements on clay content. This is mainly due to the high

proportion of kerogen in the samples. Accordingly, a thorough and elaborate sample preparation
program as laid out above involving various steps is required in order to provide results of better

quality. Therefore, published quantitative data on clay concentration in the Bakken Shale ought to

be judged very carefully, if no detailed information is given on sample preparation and analysis.
Thus, it cannot be assessed precisely, if and how much interlayer water may have been released

during clay mineral (smectite) diagenesis of the Bakken Shale.
While the presence of water in the pore space of the Bakken Shale as a result of inferred smectite

dehydration could only be addressed by a very elaborate and time-consuming analytical effort,
related production data from operators in the Bakken play (Hansen, 1991) and from Conoco Inc.
provide strong evidence that water is absent in the Bakken petroleum system or produced only in

negligible amounts. Hence, hydrocarbons appear to be the only mobile phase in the Bakken Shale
in the subsurface.
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5 Discussion and Iaterpretation

5.1 Petroleum Generation

5.1 .1 Zonation of Hvdrccarben Formation

In the classical oil window concept, the main stage of liquid hydrocarbon generation is associated

with the vitrinite reflectance interval from ca. 0.5% to 1.3% R, for typical marine source rocks
(Tissot & Welte, 1984). Hence, if the generated products do not leave the source rock system,

then this particular maturity interval should be characterized by increasing concentrations of
mobile organic matter, either thermally releasable (Rock-Eval S1) or solvent extractable
(bitumen). In the case of the Bakken Shale, Fig. 15 provides no evidence for an increasing build­

up of petroleum in the source rock system. Rather, yields decrease beyond 0.6% R, or remain
roughly constant. For individual wells/samples at 0.9% (MAR) and 0.92% R, (JEN), however,
bitumen contents can rise to very high levels (Fig. 23). This discrepancy for whole extract yields
is paralleled by the respective extract fractions (SAT, ARO and RES; Fig. 25). Hence, based on
yields of mobile organic matter, the peak of hydrocarbon formation in the Bakken Shale might be
assigned to the maturity level 0.9/0.92% R; However, due to its mobilisable nature, the
concentration of a hydrocarbon phase clearly is not only a function of the generation rate, but can
be significantly affected by migration and/or mixing effects with another petroleum phase that
enters the source rock system. At a later stage of thermal evolution, the cracking of oil to gas is
introduced as a further process (Vassoevich et al., 1970). The extent of expulsion/migration

processes in the Bakken Shale will be investigated in ch. 5.2.

In the context of zonation based on vitrinite reflectance, it has to be addressed that the absolute
values for vitrinite reflectance determined for strata in the Williston Basin older than early
Jurassic (including the Bakken Formation) have been shown to be significantly suppressed (Price
et al., 1984). According to these authors, R, values in the Bakken Shale are suppressed by ca.
0.5-0.6% R, over the entire maturity range. Hence, by using the inferred unsuppressed "real"
values, most of the BaY.....ken Shale in the North Dakota portion would be referred as being beyond
the mainphaseof petroleum generation according to the oil window scheme.
The phenomenon of suppression of vitrinite reflectance is believed to be due to the presence of
hydrogen-rich alginite macerals (Hutton & Cook, 1980). In addition, anomalous enhancements of
R, are also known and are considered to be related to oxic depositional conditions (Wenger &

Baker, 1987). With that respect, Fang & Jiangyu (1992) concluded that vitrinite reflectance is
greatly affected by facies.
Lo (1993), however, provided some evidence that the amount of R, suppression in the Bakken

Shale as concluded by Price et al. (1984) is too high. The model for correcting suppressed R"
values as developed by Lo (1993) utilizes the Rock-Eval Hydrogen Index of the original

immature sample in order to determine the maximum true vitrinite reflectance. Hence, the
discrepancy between the supposedly suppressed R, values and the maximum true vitrinite

reflectance increases with increasing hydrocarbon potential (HI) of the original sample. This
model was applied to the present sample set (0.24% - 1.1%) using an initial HI of 700mglg TOe.
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If these R, values are considered to be uniformly suppressed, the corrected maximum true
vitrinite reflectance according to Lo (1993) would cover a range from ca. 0.8% to 1.7% R; La
(1993) also reported that suppressed and unsuppressed vitrinite particles can be associated
together in the same sample. In the light of this finding, the anomaly in R" measurement for
adjacent wells BEH (1.26%) and MAR (0.9%) might reflect a suppressed (well MAR) and
unsuppressed (well BEH) stage of Bakken Shale vitrinites. Interestingly, if the measured R, for
MAR (0.9%) is corrected using the method by Lo (1993), it is shifted to a value of ca. 1.25%.
Hence, this particular anomaly of the present sample set might indeed indicate that BEH exhibits
the true, unsuppressed vitrinite reflectance whereas the R" values for all other wells in that area
were derived from measurement of suppressed vitrinite particles. Such a scenario would imply
that all wells of the Nesson and Billings Anticline area which are considered to be in the
mainstage of petroleum generation (Webster, 1984; Price et al, 1984) have true R, values of
1.0% and higher.
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Fig. 50: Evolution of hydrocarbon generation potential (Hock-Eva! HI) as a function of
proceeding maturation.

Clearly, such a phenomenon bears fundamental implications for petroleum generation and
preservation models, in that assessing hydrocarbon generation zones and predicting volumes of
generated petroleum on the basis of vitrinite reflectance measurements can be severely
misleading (Price & Barker, 1985). Therefore, the vitrinite reflectance data of the present study
does not provide an unequivocal measure for maturity. Hence, other criteria have to be evaluated:
As generation zonation based on bitumen yields and/or R, intervals can be potentially misleading,
the evolution of the residual kerogen in terms of remaining generation potential ought to provide
a better and unequivocal insight into petroleum generation. This approach is highly suitable for
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the Bakken Shale sample sequence, as strong arguments exist that kerogen quality (type of

organic matter) is uniform throughout the basin (ch. 4.1 and 4.4).

Indeed, corresponding Rock-Eval HI data (Fig. 50) delineates a clear decrease from 0.3% to

0.8% R, which can be attributed to the progressive conversion of kerogen to volatile

hydrocarbons. Thus, the onset of petroleum formation in the Bakken Shale appears to occur much

earlier than according to the oil window of Tissot & Welte (1984). Also, the trend of HI implies

that the principal zone of generation is much narrower, i.e. petroleum formation potential is

realized faster. Interestingly, from 0.8% R, on, the potential of the residual kerogen remains

constant despite that R, still suggests ongoing maturation. Both features, namely early as well as

rapid kerogen conversion might as well argue for a very labile organic matter assemblage which

requires only a relatively low level of thermal energy to initiate hydrocarbon generation. Kerogen

lability and early generation of hydrocarbons will be discussed in ch. 5.1.3.

Based on the results and considerations above it can be stated that the analysed sample suite
represents a natural maturation series which incorporates equivalents from all stages of
catagenesis.

5. 1.2 Quantitative Assessment of Organic Matter Conversion

The combination of a basinwide uniformity in organofacies (ch. 4.4) with a broad spectrum of

maturity highly qualifies the Bakken Shale for investigating petroleum generation in quantitative

terms as a function of increasing thermal evolution. Variations in hydrocarbon formation potential

due to differences in kerogen type (depositional environment) can be considered insignificant.

Cooles et a!. (1986) have developed an algebraic scheme which is designed to make quantitative

statements on petroleum generation and expulsion in the course of increasing maturation. It is

based on Rock-Eval and solvent extract data. These routine geochemical measurements provide

useful information on the bulk hydrocarbon generation potential of a given source rock. While the
reactive part of the kerogen generates oil and gas at low to moderate maturities (termed "labile"

portion) and gas at higher levels of thermal alteration (termed "refractory" portion), it is a key

assumption of the model that the concentration of inert kerogen (that portion which is not

converted to volatile products due to thermal stress) remains constant during hydrocarbon
formation. T:.'1e model in general and the latter assumption was proven to be applicable to several
well-known source rocks, e.g. the Kimmeridge Clay, the Kingak Shale of Alaska and the shale of

Lias 8 age of the Lower Saxony Basin (Cooles et a!., ]986). Still, especial1y the general validity

of the assumption on inert carbon formation has to be carefully considered for the Bakken Shale.

For instance, a study on the Cambrian Alum Shale (Horsfield et aI., ]992) revealed that, despite

an alginite-rich kerogen, predominantly aromatic and branched products are released from the

Alum Shale which are - especially under closed system conditions - incorporated into the inert

carbon portion of the kerogen, thence increasing its relative concentration in the total kerogen.

In the light of the high abundance of ring structures (cycloalkanes, alkylnaphthalenes) in the

therrnovaporisation products of the Bakken Shale, this issue will be examined below.
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Fig. 51: Calculated initial (immature) TOC content for Bakken Shale samples from 10
wells which are in a mature stage at present time. Calculations (average values)
are based on the approach by Cooles et al (1986) and refer to well DOB (0.31 %
Ro) .

Fig. 51 depicts the initial average TOC content for 10 wells of successively increasing maturity
level (% R,) as calculated using the algebraic scheme proposed by Cooles et al. (1986). For the
samples which are at present time in a mature phase of catagenesis, the values represent the
samples' organic richness at an immature, initial stage of petroleum generation, actually the
maturity level of the sample that served as a reference (well DOB). All calculated values range
between 19 and 22wt.-% TOC but do not perfectly match the value of the reference sample. This
mismatch can be related to the fact that shallow Bakken Shale samples show a high variability for
screening parameters (Fig. ]2; ch. 4. J). Immature, shallow Bakken Shale cores especially have
highly variable Toe contents ranging from ca. 22wt.-% to ca. 3wt.-%. This has also been
reported from other studies focussing on organic geochemistry of tIle BaI<-....ken Shale ('l'lebster,

1984; Price et al., 1984). Therefore, it may be quite likely that the samples selected from core

DOB for the present study were not representative for the entire core. For more mature, deep
cores (e.g. well JEN in Fig. 12; Tab. B, Appendix), the scatter of values is smaller and it is easier
to select a representative set of samples. Hence, the average value (l7wt.-% TOC) chosen for the

immature reference sample (well DOB) may have been too low despite the fact that a relatively
high number of values (12) were used to determine the mean value. If the average TOC value for

well DOB would have been slightly higher at 19wt.-%, the match of the calculated values for the
mature wells would be almost perfect (range from 18 to 20wt.-%; complete data set not shown

here). Using a kinetic model for generation and expulsion of petroleum in the Bakken Shale,
Sweeney et al. (1992) also calculated initial TOC contents which appear to be slightly lower (up
to] 8wt.-%) than the values determined in the present study. However, as these authors admitted,
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these values might be questionable because of the sensitivity of their model to expulsion-related
parameters.
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Fig. 52: Relationship of natural products (t'vap-qc) to residual kerogen (py-gc) for aroma­
tic hydrocarbons (average values) as a function of increasing thermal stress.
'Monoaromatics' refers to alkylbenzenes (benzene, toluene, ethylbenzene, meta­
Iparaxylene, orthoxylene, CTbenzene and 1,2,3,4-tetramethylbenzene). Curves
are drawn according to "eyeball fit". Stop sign indicates end of maturity spectrum
as evidenced from other maturity parameters (see ch. 4.1.2).

Two implications arise from these results: Firstly, organic richness was uniformly distributed
during deposition of the Bakken Shale in the North Dakota portion of the Williston Basin, serving
as a further indicator for uniform organofacies (ch. 4.4). Secondly and most importantly, if more
mature samples indeed have distinctively higher (or lower) concentrations of dead carbon than
less mature ones, then the calculation of initial TOe content (Fig. 5 I) must yield considerably

higher (or lower) values than determined for the present sample set.
The arguments as laid out above (decreasing content of organic carbon of the natural
maturity sequence, congruence of calculated and measured initial TOe content) allow to
conclude that the algebraic mass balancing approach (Cooles et al., 1986) can he applied
to the Bakken Shale petroleum system as a tool for evaluating hydrocarbon generation
and expulsion. Yet, the fact that calculated initial TOC contents do not perfectly match the
TOe values of the natural system, may indicate that mass balancing in the Bakken Shale
indeed involves dead carbon formation (5 to ca. 22% overestimation).

Figs. 52 and 53 illustrate the relationship between naturally generated products (t'vap-gc) and the
residual kerogen (py-gc) for monoaromatic (alkylbenzenes) and diaromatic (alkylnaphthalenes)
hydrocarbons. As regards the residue, both aromatic compound groups exhibit a distinctive
decrease in concentration between 0.6% and 0.8% R; However, moieties yielding one-nng
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aromatic compounds (alkylbenzenes) on pyrolysis are present in higher concentrations than

alkylnaphthalene yielding units (ca. 4-fold). The products, in contrast, exhibit a maturity-related

evolution which is vice versa: The yield of monoaromatics as well as diaromatics steadily

increases as thermal evolution proceeds. The latter appear to be absent below 0.6% R;
Increasing "aromaticity" of the products paralleled by decreasing "aromaticity" of the residual

kerogen as maturation continues, is very surprising. This feature could be a maturation

phenomenon and/or related to migration. The likelihood of mixing with an oil that originated from

a source other than the Bakken, however, is rather low (Meissner, 1978; Price & LeFever, 1992

and 1994). Therefore, if the observed pattern in the thermovaporisation products is not related to

migration, it might be explained by catagenetic formation mechanisms. The precursor-product

relationship for aromatic hydrocarbons has been reviewed by Larter & Horsfield (1993).

Accordingly, it is believed that the formation of monoaromatic alkylbenzene structures typically

involves the cleavage of alkyl chains connecting the. aromatic ring to the kerogen. For diaromatic

species, there may be multiple formation mechanisms: For instance, naphthenoaromatic

structures like alkylindanes and alkylindenes could have been aromatized in the course of

maturation and incorporated into the kerogen as alkylaromatic structures. ~ cleavage of such

structures would result in aromatic products with two or more rings (Van Graas et al., 1980). The

diagenetic condensation of unsaturated lipids with unsaturated sites in kerogens has to be
considered as well (Larter et al., 1983). Finally, the "artificially" induced aromatization of

aliphatic and alicyclic structures during pyrolysis also has to be taken into account, as exemplified
by cross-linked algal kerogens (Larter, 1978; Horsfield et aI., 1992). Although the Bakken Shale

has an organic content (alginite, bituminite, vitrinite precursor material) which is typical for

marine source rocks (Tissot & Welte, 1984) it may be plausible that pyrolytically generated

diaromatics have contributed to the relatively high yields of alkylnaphthalenes in the

thermovaporisation products at R, > 0.7% (Fig. 53). This mechanism, however, seems to be less

pronounced in case of the monoaromatics ~.tig. 52). High concentrations of cycloalkanes in the
products (t'vap-gc) especially at low levels of thermal evolution ( < 0.7% Ro) might also be

related to condensation processes of originally paraffmic species. Alternatively, cyclic products

may be preferentially generated leaving behind a residual kerogen that is enriched in paraffinic

hydrocarbons and depleted in aromatics. This unusual product-residue relationship is attributable

only to the mature Bakken kerogens (» ca. 0.8% Ro) of the present study. Low mature samples «
ca. 080/0 Ro) display all analogy which is vice versa, namely overall paraffinic products vs.
aromatic residue.

In the context of the present contribution it is relevant that cyclic moieties may be prone to

aromatisation and condensation processes and may be incorporated into the inert kerogen portion

during natural catagenesis. Condensation reactions of aromatic compounds are known to become

increasingly important at higher temperatures (Radke, 1987). Aromatization of paraffms via ring­

structured intermediates has also been demonstrated during laboratory experiments involving

catalysts (Fogelberg et aI., 1967). Consequently, such condensed structures, originally generated

from the labile portion of the kerogen, might not be expelled but incorporated into inert carbon.

Similar to a disproportionation reaction, a process which is known for both kerogen and crude oil

(Connan et al., 1975), bulk aromatization of originally n-alkyl material and condensation may

result ill the formation of high-molecular-weight macromolecular aromatic sheets (highC/H ratio)
which are immobilized and become part of the kerogen structure. The volatile products resulting
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from such a disproportionation process could be expected to be enriched in short-chain, low­

molecular-weight compounds (low C/H ratio). In the natural system, the aromatization to give a

high C/H ratio indeed may also involve the release of a carbon-depleted (CH 4) or carbon-free

(H2 ) volatile phase (Rullkotter et al., 1988). Although molecular hydrogen is occasionally found

as a major component in natural gas (Goebel et al., 1984), this feature does not apply to the

Bakken petroleum system.
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Fig. 53: Relationship of natural products (t'vap-gc) to residual kerogen (py-gc) for aroma­
tic hydrocarbons (average values) as a function of increasing thermal stress. 'Di­
aromatics' refers to aikylnaphthalenes (2-methyinaphthaiene, 1- methylnaphtha­
lene, dimethylnaphthalenes and trimethylnaphthalenes). Curves are drawn accor­
ding to "eyeball fit". Stop sign indicates end of maturity spectrum as evidenced
from other maturity parameters (see ch. 4.1.2).

If the fate of the Bakken kerogen indeed is associated with cumulative dead carbon formation
during organic matter conversion, then the maturity-related evolution of organic richness should
reflect this phenomenon, in that TOC content is reduced less than would be anticipated when

petroleum is generated from solid organic matter. Fig. 54 addresses this issue: Although the

datapoints outline a relatively broad scatter especially at low levels of maturation « 0.6% Ro) , the

trend of the average TOC content clearly describes a decrease which is strongest between 0.6%

and 0.8% Ro. This R, interval is associated with enhanced petroleum generation based on the

decrease of hydrocarbon generation potential (Rock-Eval HI, Fig. 50). However, all samples

beyond 0.8% R, exhibit uniform average TOC values (ca. 10-11 wt.-%), suggesting that kerogen

conversion may have come to an end despite continuing maturation up to at least 1.1% R" (ch.

4.5).
An alternative explanation for the uniformity in TOC values beyond 0.8% R, would be that TOC

content is affected by the high molecular-weight portion of the volatile organic matter (solvent

89



extractable bitumen) which is still present after sample preparation (evaporation of excess HCl at
100°e) for TOC determination. As Fig. 55 elucidates, reduction in TOC content by solvent
extraction is not systematically related to maturity. In other words, the proportion of organic
carbon in the extract which is amenable to TOC measurement is principally the same for
immature and mature samples. Hence, the inferred constancy in organic richness (TOe) is not
due to a heavy oil which is not expelled but remains in-situ.
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Fig. 54: Evolution of organic richness (TOe content) as a function of maturity for 132
samples from 14 wells. Trend of average TOe indicated by dashed line. Stop sign
indicates end of maturity spectrum as evidenced from other maturity parameters
(see ch. 4.1.2).

The Petroleum Generation Index (PGI) is &1 output parameter of the algebraic scheme and

indicates the degree of organic matter conversion (Cooles et aI., 1986). It divides the amount of
generated petroleum (incl. hydrocarbons initially present in the source rock before onset or
generation)by the total petroleum potential, the latter including labile and refractory kerogen and
initial oil concentration. Accordingly, values range from 0 (no conversion) to 1 (100%
conversion). Fig. 56 shows the evolution of PGI as a function of RD. The curves obtained from
calculations on both data sets (Rock-Eval pyrolysis and solvent extract yield) are very close to
each other: The interval 0.57% to 0.68% R" exhibits the most drastic increase in PGI. Beyond
0.7% R; only a minor increase can be observed (a step of 0.2 from 0.7% to 0.9% R,,). At
maturity levels >0.9% Ro, PGI remains essentially uniform (between 0.8 and 0.9).
The results obtained for the Bakken Shale are similar to other marine type-Il source rocks
(Kimmeridge Clay, Cooles et aI., 1986). High degrees of organic matter conversion within a
relatively narrow maturity interval can be associated with enhanced heating rates due to a nearby
magmatic intrusion (Rullkorter et aI., 1988). The Bakken Shale, however, represents a source
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rock system in a slowly subsiding intracratonic basin which appears to be unaffected by enhanced
heat flow in the course of its history. Present day heat flow for the Williston Basin lies at ca. 55
mW/m2 (Sweeney et al., 1992) and, most importantly, kinetic modelling provided evidence that

the heat flow was spatially and temporally constant for at least the last 100Ma.
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Fig. 55: Maturity related evolution of organic richness for Bakken Shale samples as
determined prior to and after solvent extraction. The ratio '8 TOC I TOC orig.'
involves the difference in TOC content between extracted and unextracted
sample divided by the TOC value of the original, unextracted sample. Stop sign
indicates end of maturity spectrum as evidenced from other maturity parameters
(see ch. 4.1.2).

Pyrolysis evolution profiles and kinetic parameters for Bakken Shale samples have been
determined (Burnham, 1992) using three different techniques (TG-FfIR, Pyromat-MS and
Pyromat-FID). These analyses elucidated that the major proportion of organic matter (85%) is
converted within the temperature interval from 100° to 150°C based on a geologic heating rate of
3°e/Ma. At a temperature of ca. 135°C, 50% conversion is reached. These evolution
characteristics derived from kinetic experiments are known to be typical for marine source rocks

(Burnham, 1992).

As both sets of datapoints (Fig. 56) yielded almost identical trends, the Rock-Eva! datapoints
were chosen and submitted to spline approximation, and the cumulative curve obtained thereof

was differentiated. Both curves are given in Fig. 57. The spline curve clearly elucidates that ca.
50% of the reactive kerogen of the initial organic matter (at 0.31% Ra) is converted within a

relatively narrow interval of maturity (from 0.6% to 0.8% R,). This is in good agreement with
kinetic data (Burnham, 1992). As displayed in Fig. 54, this maturity zone is also associated with

the most drastic decrease hi TOC. Furthermore, the highest increase in alkylnaphthalene

abundance in the products is associated with the same maturity zone. Hence, this coincidence
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might suggest that the postulated aromatisation and condensation process is induced by thermal

energy during maturation of the Bakken kerogen and not related to cyc1isation processes forming

ring structures from already existing paraffmic compounds, as discussed above.
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Fig. 56: Maturity-related evolution of Petroleum Generation Index (PGI) as determined
from the algebraic mass balance approach by Cooles et al. (1986) using two
different data sources (Rock-Eval pyrolysis and solvent extraction). PGI values of
1.0 are indicative of source rocks that have realized their entire hydrocarbon
generation potential. Stop sign indicates end of maturity spectrum as evidenced
from other maturity parameters (see ch. 4.1.2).

The extent of organic matter conversion, as illustrated by Fig. 57 is very low for all samples

beyond0.8% R; This is in good agreement with the observed TOe constancy for samples higher
0.8% R, (Fig. 54). In other words, t..!}e main zone of petroleum formation of the Bakken Shale is

bounded by 0.6% and 0.8% R; whereas at ca. 0.8% R, the hydrocarbon generation potential has

been exhausted to ca. 80%. According to the terminology of Cooles et al. (1986), the Bakken

Shale reactive kerogen appears to consist of predominantly labile, oil-prone structures with only

minor contribution of refractory, gas-prone moieties.

The differentiated curve indicates a maximum in the rate of hydrocarbon generation at ca. 0.62%

R, implying that this stage of thermal evolution is associated with maximum amounts of

generated products. Thereafter, the petroleum formation rate drops to minimum amounts at ca.

0.85% Ro. The slight bulge of the curve at 1.1% R, can be considered an artefact of the spline

approximation and is therefore negligible. If these results are superimposed on the regional map

of the study area (Fig. 58), they suggest that the majority of the producing wells in the North

Dakota portion of the Williston Basin (south end of Nesson Anticline and Billings Anticline area)
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are in regions where the hydrocarbon generation potential of the corresponding kerogens has

grossly been realized and the current rate of generation is very low.

--- --

1. Derivation I:

---1------- I
j I Spline Approx. Ii

e

1.60.6 0.8 1.0 1.2 1.4

Maturity (%R.)

0.40.2

~ 100j
... 0
0-

b 80
!: e0"

:~l
.- '"
~:::;;

'">.\1
!: "0 '" 20c l:ll

b

0 o
!: 5.0 10
.<:l

A 4.0b
es e..,

I
0.9 3.0b_

" '">.E
2.0J:b

... 0
0lJ.

'" 'l .0-es
c:: I)

0
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organic matter conversion. Bottom diagram depicts first derivation of spline curve
plotted vs. Re . Dashed line in both diagrams indicates portion of curve which was
extrapolated to reference sample at 0.31 % Re. Stop sign indicates end of
maturity spectrum as evidenced from other maturity parameters (see ch. 4.1.2).

Simulation of Lithostatic Conditions

The generation characteristics and the evolution of compaction behaviour of a given Bakken

Shale sample under simulated lithostatic conditions (elevated temperature and overburden
pressure) was investigated using a triaxial cell experimental set-up (chs, 3.3.2. and 4.7.2).

Recently, such an approach is focussed on more frequently (Lafargue et aI., 1990; Takeda et aI.,

1990; Hanebeck et aI., 1994) on intact rock samples during artificial maturation. With that

respect, the Bakken Shale provides a suitable sample material for investigating the role of

kerogen as a load-bearing rock component (Palciauskas, 1991), as it is known to contain high

volumes of kerogen (ch, 4.4).

Compaction of the Bakken Shale plug as a function of time resulted in a curve (Fig. 47) which is

indicative of very slowly proceeding thickness reduction. Hanebeck et al. (1994) have

investigated a different marine type II source rock (Lower Toarcian Posidonia Shale) under the

same analytical conditions (except for a lower axial stress: 14kN). This experiment revealed a
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much more rapid response to elevated temperature and lithostatic pressure than the Bakken

(superimposed on Fig. 47). In that case, the equilibrium in compaction was reached after ca. 80h

of experiment duration.

These two different evolutionary trends despite the same type of kerogen reflect different degrees

of organic matter conversion of the original sample. As laid out in ch. 5.1.2, generation of Bakken

products in terms of kerogen transformation is fairly advanced at 0.68% R,. Mass balancing

calculations denoted this maturity level to be associated with ca. 60% of organic matter

conversion. Hence, the hydrocarbon generation potential has been realized to an enhanced degree.

In contrast, for the Posidonia Shale sample (0.57% R,) generation of petroleum has just begun

(ca. 7% conversion). Therefore, susceptibility of the Bakken kerogen structure of well SKA

(0.68% Ra) to lithostatic stress (overburden load and temperature) is low. The fact that the

thickness of the rock plug stiU was considerably reduced in the course of the experiment may

have been caused by the loss of parts of the rock material into the steel frits.

50km

Hg.58: Map of the study area modified after Webster (1984). Dots refer to well locations
of the selected sample set of the present study. Highlighted zone designates
maturity interval which is associated with the main stage of organic matter
conversion as determined by mass balance calculations (Cooles et aI., 1986).

The overall nature of the products, namely low-molecular-weight gases on one side and highly

polar, high-molecular-weight viscous matter on the other side may be the result of a

disproportionation reaction (Connan et a!., 1975), in the course of which originally long-chain

material (heavy paraffins) is submitted to bulk aromatization and release of a carbon-depleted

short-chain gaseous phase. Indeed, these gaseous products might resemble the light oil, virtually

asphaltene-free character of naturally occurring Bakken crude oils (40° to 45° API; Price &
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LeFever, 1994) at surface temperature and pressure conditions, i.e. exsolution of gas from a

liquid phase leaving behind a viscous, residual phase.
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Fig. 59: Evolution of petroleum generation (PGI) and expulsion (PEE) for artificial maturity
sequence carried out under simulated Iithostatic conditions (elevated temperature
and overburden pressure). PGI and PEE indices are determined according to the
algebraic scheme by Cooles et al. (1986). Rock-Eva! data was used for
calculations.

The asphalt-like nature of the liquid products and the phenomenon that parts of the solid rock

matrix were forced into the steel frits might indicate that the rock plug adopted a semi-solid,

viscous nature i11 response to simulated elevated temperature and overburden pressure. If this

hypothesis is valid, then the asphalt-like products may indeed represent moieties mechanically

separated from the kerogen.

However, the level of maturity as determined by fingerprinting of pyrograms ("asphaltenes") of

the products (Muscio et al., 1991) gave contradictory results: Compositional features were

encountered which can be considered indicative of low and high maturity.

Interestingly, organic richness (TOC content) was significantly reduced during artificial

maturation. Such low TOC values (7.8% and 8.5% for extracted and unextracted sample,

respectively) are atypical for the Bakken Shale (ch. 4.1). This is even more surprising in the light

of the S2 values: The part of the artificially matured kerogen which is amenable to Rock-Eval

yielded values that are typical for the high mature natural equivalents (» 0.8% R,). In other

words, Rock-Eval parameters of the sample which was matured in the laboratory suggest a
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maturity level similar to the high mature zones of the natural sequence (corroborated by vitrinite
reflectance of 1.18% R,) whereas strongly reduced organic richness implies a degree of organic
matter conversion which is further advanced than in nature. This apparent mismatch is

investigated below using the algebraic scheme developed by Cooles et al. (I986). Analogous to

the natural Bakken Shale maturity sequence, this mass balancing scheme was carried out on the
artificial sequence on the basis of screening parameters determined prior to and after the

experiment. Immature sample DOB (0.31% Ro) provided the reference data. The theoretical
background of the scheme is outlined in ch. 5.1.2.

Fig. 59 depicts PGI and PEE for the untreated (SKA) and artificially matured (SKA-AM and
SKA-AM-extra, respectively) as a function of vitrinite reflectance. It must be pointed out that

only Rock-Eval data were available for mass balancing, as the yield of solvent extract type
products could not be determined (ch. 3.3~2_). Naturally, the artificial maturity sequence consisted
only of the two "endmembers", thus representativity is reduced. In comparison to the naturally
matured sample suite, only PEE outlines the same pathway (values around 0.95), while organic
matter conversion (PGI) increases only slightly from 0.68% to 1.18% R; In the natural
generation profile, PGI increased from ca. 0.6 to ca. 0.9 elucidating that organic matter
conversion still proceeds to a limited extent. The careful examination of both evolution of Toe
content and nature of products may provide an explanation to this feature: The liquid products
collected from the system had a highly viscous nature implying that they consist of a high
proportion of heavy, macromolecular organic matter. Such an asphalt-like material is very
different to a typical Bakken Shale solvent extract. Furthermore and importantly, although not
solid sensu stricto, it is amenable to Toe determination. Hence, this semi-solid type of product
might account for the pronounced loss of organic carbon from the artificially matured kerogen,
the TOC content of which was determined after removal of the products. However, such high­
molecular-weight material is not "captured" in the Rock-Eval-Sl , This apparent discrepancy

between product nature (''heavy'') and type of analysis (sensitive to "light" material) leads to
erroneous calculations by the algebraic scheme (Cooles et aI., 1986), as the PGI parameter is
based on both quantitative evolution of products and residue.
The calculation of initial organic richness is also affected by this phenomenon (Fig. 60):
Surprisingly, the calculated values for initial TOe content of the artificially matured samples
(SKA-Alvl and SKA-Alvl-extra) are distinctively lower than the untreated, original sample. In a
sample series derived from natural thermal evolution, such discrepancies can be explained by

local lateral aTld vertical heterogeneities Ln organic matter input during deposition. In simulated

maturation experiments, however, such a scheme is not valid because the original sample
represents a small unit of rock with negligible variations in data of the same kind. Their artificially
matured equivalents, in tum, are direct "descendents" to the original "parent" sample in terms of

compositional properties. This leads to the conclusion that the calculated initial TOC content has
to be equal or higher to the TOe of the "parent" kerogen. The erroneously low values for initial
TOe content of SKA-AM and SKA-AM-extra, therefore, are also a result of the phenomenon as

laid out above.

The above results and interpretations have the following implications:
There is some evidence that the experimental simulation of lithostatic subsurface conditions

(elevated temperature and overburden pressure) in a triaxial cell modifies the appearance of
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the rock sample under consideration in that it adopts a flowable status. Furthermore, liquid
products generated during such experiments are considerably different to equivalent products
in nature suggesting that organic matter degradation follows different reaction pathways than
under natural subsurface conditions. Other investigators who have used a similar analytical
set-up (Lafargue et al., 1990; Takeda et al., 1990) found products to be similar to natural
crude oil. These experiments, however, did not involve axial pressure.

e The algebraic scheme as developed by Cooles et al. (1986) may be of restricted utility for
source rock systems that contain unusually high amounts of macromolecular asphalt-like
material in their solvent extracts (e.g due to "staining" or impregnation by a migrating heavy
petroleum phase). In the case of such a hypothetical scenario the results obtained have to be
evaluated and interpreted with great care.
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Fig. 60: Calculated initial (immature) TOC content for artificially matured Bakken Shale
sample (simulated lithostatic conditions). Well DOB (0.31 % Ro) provided refe­
rence data based on which calculations were performed according to Cooles et al
(1986).

5~ 1 ~ 3 Occurrence of Gas

Fig. 36 illustrates that the unusual phenomenon of high gas concentrations ill the
thermovaporisation compounds of the Bakken Shale is restricted to levels of maturity below 0.7%
Ro. At higher levels of thermal evolution (>0.7% Ro) gas yields are significantly reduced. Data
derived from mass balance calculations on petroleum generation (ch. 5.1.2) and
expulsion/migration (see below, ch. 5.2.2) indicate enhanced hydrocarbon generation and
expulsion between 0.6 to 0.7% Ro. Hence, the significant decrease in gas content encountered in
Bakken Shales at ca. 0.7% R, might be related to the two processes of hydrocarbon generation
and hydrocarbon expulsion operating together.
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Chattanooga Shale (11% TOC)

A Wooclford Shale (11% TOC)

ill Posidonia Shale (12-6.5% TOC)
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Fig. 61: Yield of gaseous hydrocarbons (C,-Cs) as determined from t'vap-qc for three type
II marine source rocks. Chattanooga and Woodford Shale are stratigraphic
equivalents of the Bakken Formation in the Appalachian Basin and Anadarko
Basin (U.S.A.), respectively. Posidonia Shale samples (Lower Toarcian) were
taken from the Hils Syncline, Northern Germany. For reasons of comparison, the
datapoint envelope for Bakken Shale gas yields is shown.

The question, whether such high relative amounts of gas are a feature uniquely associated with
the Bakken Shale was evaluated by analysing source rocks of similar kerogen (type II) and TOC
content applying the same sample treatment procedure as for thermovaporisation of the Bakken
Shale. The results are displayed in Fig. 61. For the Chattanooga and Woodford Shale, only
immature samples were available. In the immature zone «0.7% Ro) , only the Chattanooga Shale
sample revealed gas contents (6.5mglg TOC) which are quantitatively similar to the Bakken.
In contrast, the Woodford Shale as well as the Posidonia Shale yielded relatively low amounts of
Ci-C, material in comparison to the Bakken. The maturity-related evolution of gas yield for the
Posidonia Shale ShOViS - apart from overall very low values - a trend which is similar to the

Bakken envelope: Toe most distinct decrease in gas yield is associated with a maturity interval of
0.5% to 0.7% R; Based on mass balance calculations, this stage of thermal evolution of the
Posidonia Shale is believed to be a phase of considerable organic matter conversion (ca. 30% of

the initial amount) and, furthermore, at ca. 0.7% Ro 84% of the generated products are already
lost (Rullkotter et al., 1988). Still, however, gas yield for the Woodford as well as the Posidonia

Shale appears to be quantitatively rather insignificant in comparison to the Bakken, although bulk
elemental kerogen type and TOC content are very similar. The significance of TOC content in

relation to the occurrence of gas will be discussed below.

Quantitative investigations of the generation and migration of gases and light hydrocarbons using
field studies is difficult. Even if high concentrations of gases are present in the subsurface, their
enhanced mobility normally causes sampling problems. If the samples which are collected
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directly at the well-site are not sealed in gas-tight containers immediately at the well-site and

stored at deep freeze temperatures (Schaefer et a!., 1978; Hue & Hunt, 1980), a large portion of

the volatile organic products is lost. Using a sampling device which hermetically seals the sample

in-situ, Sokolov et a!. (1971) have elucidated that the magnitude of gas losses is enormous even

during drilling operations while the samples are transported through the borehole to the surface.

With this respect, Price (1989) has also pointed out that the presence of large quantities of

gaseous hydrocarbons (Cj-Ce) in source rocks at early stages of catagenesis may have gone

unrecognized due to sampling problems.

The thennovaporisation of conventionally sampled and stored core samples yields predominantly

C7+ products (Hue et a!., 1981; Price & Wenger, 1992). Hence, quantitative comparisons can

only be made to a limited extent, as the sample treatment procedures as applied in the present

study and, consequently, quantitative data are not directly compatible to techniques used in

related publications.

The formation of significantly high amounts of gaseous hydrocarbons (Ci-Ce) early on in

generation is still a subject of controversy. The formerly widely accepted scheme promotes that

the occurrence of high amounts of thermogenic gas is related to late catagenetic/metagenetic

stages of thermal evolution as various authors have shown, like Evans et a!' (1971) and LeTran et

a!. (1974) for the Western Canada Basin and the Aquitaine Basin, respectively. Other authors

have quoted the generation of relatively large quantities of gas under mild thermal conditions,

such as below 0.6% R, (Stahl, 1977; Connan & Cassou, 1980) using head-space analysis-type

methods (Hue & Hunt, 1980; Monnier et a!., 1983). As light hydrocarbons cannot be related to

any specific biological precursor material, Mango (I 994), on a completely different perspective,

postulates a catalytic origin.

The relative chain lengt......1} distribution of total gases and resolved n-alkyl-pyrolysates (C6- 14, C I5+)

of the Bakken Shale throughout the R, range from 0.31 % to ca. 1.1% R" (Fig. 20) illustrates that

the kerogen macromolecule predominantly consists of structures which yield more C '-5

compounds upon pyrolysis than is typical for marine clastic source rocks. Corresponding field

data on API gravity of Bakken produced oils (Price and LeFever, 1994) corroborate that Bakken
crude oils are relatively light (40°-450 API) irrespective of maturity of the associated shale. The
portion of these light hydrocarbon-yielding (C1-S) moieties (80-90%) clearly exceeds the portion
of structures which yield medium- and long-chain n-alkenes and -alkanes on pyrolysis. Increasing

thermal stress during L'1e natural maturation of L1.e Bakken Shale apparently does not affect this

property with respect to tile gross composition. Based on an empirically founded interpretation

scheme involving these pyrolysate constituents and natural petroleums, the inferred nature of the

petroleum product (Horsfield, 1989) derived from this kerogen would be mostly gas. In contrast,

the kerogens of other marine source rocks like the Woodford Shale (Horsfield, 1989), the

Posidonia Shale (Muscio et a!., 1991) and the La Luna Formation (Ropertz, 1994) are distinctly

less gas-rich despite having similar bulk elemental compositions (kerogen type II). Accordingly,

the Bakken Shale appears to be much more prone to form gaseous hydrocarbons compared to

other kerogens of the same type regardless of maturity (Fig. 20). This fmding is even more

surprising with respect to the bituminite- and alginite-richness of the Bakken kerogen as revealed

by organic petrology. The enhanced tendency to form Ci-C, products as revealed by chain length

distribution (Fig. 20) is supported by the bulk composition of the pyrolysate based on total yield
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of pyrolysis products (Fig. 62): Approximately 20 to 40% of the total pyrolysate consists of
gaseous compounds (C,-Cs). With respect to maturity, two different zonations can be outlined:

Immature pyrolysates (up to 0.6% Ra) have low relative contents of C,-Cs material while more

mature samples (>0.6% Ra) are significantly biased to a gas rich composition. Equivalent data
derived from a natural maturation series (0.48% to 1.45% Re,) of the marine type II Posidonia

Shale (Muscio et al., 1991) show some overlap with the immature Bakken pyrolysates, however,

the overall bulk composition is distinctly less gas rich compared to the Bakken pyrolysate.
Consequently, the absolute values for the pyrolysate gas-oil ratio (GOR) (England & MacKenzie,

1989) of the Bakken are also higher than expected for typical organic rich marine kerogens like

the Posidonia Shale.

IBakken Shale

Posidonia Shale
•o

"v

Bakken Shale

"

~~" "\

cBe~ ,°0 0

~~ O~Q)
- \0 ~

a immature
«0.6% R.l

mature
(>0.6% R.)

""
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Fig. 62: I ernary diagram as derived from py-gc displaying the relative composition of
total C,.5, C6.14 and C, 5+ pyrolysates for the Bakken Shale. Data from Posidonia
Shale kerogens superimposed from Muscio et at. (1991).

Results as provided by closed-system artificial heating of immature Bakken Shale equivalents

(Fig. 63) corroborate that the Bakken has a high proneness to forru gas relative to t.'1at of other
kerogens. The relative composition of the artificially generated products in terrus of chain length

distribution clearly elucidates that low-molecular-weight hydrocarbons (C'.5) are predominant.
Interestingly, the tendency to yield gas is not uniforru throughout the artificial maturity sequence,

as a detailed examination of the data reveals: The relative composition of the products shifts to
less gas-rich (C1-S) with increasing heating conditions, indicating a proneness to form gas that is
more pronounced at low levels of therrual stress (up to 300°C/5 days). From a certain degree on
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(>330°CIl day) the relative composition of the MSSV products is still overall gaseous but
remains essentiallyconstant. This finding implies that the Bakken Shale indeed is able to generate
light hydrocarbons predominantly at low stages of thermal evolution. Moreover, this fmding
matches thermovaporisation results of the present study. Interestingly, hydrous pyrolysis
experiments carried out on the Bakken Shale (Price et a!., 1984) also yielded gaseous
hydrocarbons at relatively low temperatures before the onset of CJ5+-hydrocarbon generation.
Although Price et a!. (1984) had no natural evidence for the occurrence of gas early on in
maturation as documented in the current contribution, they postulated a migration mechanism
(termed gaseous-bulk primary migration) which requires the formation of a dispersed free gas
phase before intense hydrocarbon generation takes place. The significance of the occurrence of
gas for migration processes will be discussed and evaluated in the following chapter (5.2).
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Fig. 53: Ternary diagram displaying the relative composition of short- (C1-S), medium- (C6-

14) and long-chain (C , S.) n-alkyi-products (chain length distribution) of artitlcially
matured Bakken Shale samples (8 different heating conditions). Abbreviation
TVAP-S1 refers to products derived from t'vap-gc. Arrow outlines decreasing
relative abundance of C,-s components with increasing thermal stress. Data on
Posidonia and Green River Shale have been superimposed from Duppenbecker
& Horsfield (1990).

The generation of gas in source rocks at high levels of maturity can be explained by the thermal
cracking of bitumen and/or kerogen. As an alternative to the temperature-induced cracking of
unexpelled oil to gas, gaseous hydrocarbons can also be generated directly from the kerogen
throughout catagenesis (Tissot & Welte, 1984). On the other hand, the generation of gas from the
Bakken Shaie early on in maturation requires that the organic matter structure contains more
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weak links than would be anticipated for a marine type-Il kerogen and which are supposed to

facilitate break up of the kerogen to form gas. The determination of bond energies for specific

compounds (Claxton et al., 1993) ought to provide more insight into the lability of the Bakken

organic matter. Infrared spectroscopic analysis performed on whole rock Bakken samples of the

present study could not provide any evidence pertaining to the presence of oxygen-bearing ester

bonds due to mineral matrix interferences. A kerogen macromolecule containing highly branched

structures linked to aromatic rings (aryl isoprenoids) which are broken via ~-cleavage during

pyrolysis (Requejo et aI., 1992) might also account for a labile kerogen. Furthermore, the

presence of weak heteroatomic bonds incorporating organic sulfur (disulphide bonds) is known to

increase the thermal lability of kerogens (Eglinton et al., 1990) and decrease the temperature of

product generation (Tegelaar & Noble, 1993). However, py-gc analyses using a sulfur-sensitive

detector elucidated that organic sulfur compounds such as alkylthiophenes and

alkylbenzothiophenes are quantitatively irrelevant in Bakken kerogens above 0.6% R; and below

0.6% R, are present in very low concentration. The data base of the present study as well as

related publications provide no evidence that organic sulfur could account for the generation of

gas early on in maturation.

1,2,3,4-tetramethylbenzene as derived from diaromatic carotenoid structures has been shown to

be a biomarker candidate for oil-source correlations (Requejo et al., 1992). In the present study,

this particular alkylbenzene was identified in the natural products (t'vap-gc; Fig. 34), as well as in
the pyrolysates (Fig. 17) and the products derived from MSSV pyrolysis (Fig. 46) of the Bakken

Shale. Especially in the a..rtificially generated products 1,2,3,4-tetramethylbenzene is the most

prominent individual compound except for the C'.5 gaseous hydrocarbons at relatively mild

heating conditions (Fig. 46). Hence, the pronounced gas generation potential and gas-retaining

potential (see later) of immature Bakken Shales coincides with a kerogen that consists of

diaromatic carotenoid structures on a scale larger than normal. Furthermore and importantly, the

presence of 1,2,3,4-tetramet.~ylbcnzene in both natural and artificially generated products
suggests that the gas ill the thermovaporisation compounds indeed has been generated from the

Bakken organic matter and therefore is indigenous. However, whole oil gas chromatography of

the present study (ch. 4.6.3) and data from Price and LeFever (1994) reveals that 1,2,3,4­

tetramethylbenzene appears to be absent in Bakken crude oils.

As already indicated by fmgerprinting of the pyrograms, Fig. 64 reveals that the aromaticity of the

GC-amenable portion of the kerogen is considerably higher in immature samples «0.7% Raj.
The boundary is not clearly defined, as samples at 0.68% R, cover a broad range from low (0.2)

to high (0.53) aromaticity. It has been shown (Horsfield, 1989; reviewed by Larter & Horsfield!
1993), that the aromaticity of the volatilisable substituents of immature to mature kerogens, as

determined by py-gc, can be considered representative for the kerogen macromolecule as a whole

although being based only on a small portion of the total pyrolysate. The fact that less mature

Bakken kerogen pyrolysates are more aromatic than the more mature equivalents has been

reported previously by Van Graas et al. (198 I) and Solli et al. (1984). In contrast, the aromaticity

of a type II kerogen as determined by solid state I3C NMR spectroscopy increases with

progressive maturation (Witte et al., 1988 for the Posidonia Shale) due to the elimination of labile

functional groups leading to aromatization and polycondensation of the residual kerogen during

the process of petroleum generation (Tissot & Welte, 1984). The analysis of the bulk and

molecular aromatic composition of the Bakken Shale kerogen therefore provides some evidence
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pertaining to the relationship between the early generation of Cj-CS compounds and the nature of
the parent organic matter.
If the enhanced aromatic nature of immature kerogen in Bakken Shales is considered with respect
to the generation of gas at low levels of natural thermal evolution, it is noteworthy that ca. 10­
22% of the total sum of aromatic compounds in the pyrolysate consists of 1,2,3,4­
tetramethylbenzene (Fig. 19), implying that a large proportion of the immature «0.6% Ro)

kerogen macromolecule is made up of diaromatic carotenoid structures. Therefore, the gas­
generative capacity of the Bakken Shale at low natural temperatures might also be a function of
the composition of the kerogen in terms of biological precursors. Indeed, the species of green
sulfur bacteria might represent a potential biological precursor for the gases encountered in
immature Bakken Shales.
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Fig. 64: Aromaticity of the Bakken Shale kerogen as determined from py-gc. The ratio
was calculated by dividing resolved aromatics in pyrolysate (benzene, toluene,
ethylbenzene, meta-/paraxylene, orthoxylene, CTbenzenes, 1,2,3,4-tetramethyl­
benzene, 2-methylnaphthalene, 1- methylnaphthalene, dimethylnaphthatenes
and trimethy!naphthaienes) through the sum of resolved C,; norma! alkyls.

lmphcsttons from Isotopic Composition

The boundary value in terms of stable carbon isotope ratio which discriminates between biogenic
(microbial) and thermogenic (catagenetic) gas lies approximately at -50%0 (Fuex, 1977; Schoell,
1980). Although the results derived from on-line isotope ratio analysis of the thermovaporisation
gases and the implications deduced thereof, especially with respect to migration phenomena
(direction of transport, see below), have to be evaluated with great caution, it appears to be
justified to use them to make statements on their genetic origin. Hence, the isotopic signature of
the gases provides clear evidence that the low-molecular-weight compounds encountered in the
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Bakken Shale for the complete maturity range are the result of thermally induced breakdown of

organic matter and not products of bacterial methanogenesis.

If the stable carbon isotopic compositions of the thermovaporised gases are compared with the

corresponding values of the C6+-compounds as derived from standard GC-column equipment

(BP-I fused silica column), the values of the gases are generally rather heavy (Fig. 39). Published

data on petroleum distillation fractions indicate that (513C ratios increase progressively from

methane to the C6 components while the values for C6+-fractions exhibit only slight variations

(Fuex, 1977; Stahl, 1977). Based on this concept, the enrichment of J3C in the gases suggests that

the C2_5 hydrocarbons may have a different origin from that of the liquid hydrocarbons.

Several scenarios can be envisaged. Gerling et al. (1988) have reported that methane and ethane

sampled from potash layers in the North German Zechstein evaporites were extremely enriched

in 13C (up to +12.7%0 and +10.7%0, respectively). While the question of the original source of

these gases remained unanswered, it can be inferred that the heavy isotopic signature is linked to

evaporites. In this context it is noteworthy that the stratigraphic column of the Williston Basin

exhibits evaporitic sequences in the Lower Devonian (Prairie salts, Carlson & Anderson, 1965).

Accordingly, the natural gases encountered in the Bakken Shales might have originated from the

Lower Devonian evaporites. According to Price & LeFever (1992, 1994) such a scenario is

rather unlikely due to the lack of efficient vertical migration pathways.

The differences between stable carbon isotope ratios of individual gas compounds are believed to
decrease with increasing level of thermal evolution (James, 1983). Interestingly, the values for

gases analysed in relatively immature Bakken samples cover a rather narrow range (from -33.7%0

to -28.8%0 for 0.31 % R" and from -32.3%0 to -27.9%0 for 0.68% Ra) . This finding might indicate
that the gases which are encountered in immature Bakken sediments are more mature than their

host. 111is and the presence of 1,2,3,4-tetramet."'1ylbenzene could indicate that tbe gases were

sourced from Bakken equivalents which have already entered the catagenetic stage of gas

generation. However, the likelihood of predominantly lateral intraformational migration of highly

mobile light hydrocarbons within the overpressured Bakken Formation itself over long distances
(tens of kilometres) is rather low. Such a transport mechanism requires a high rate of migration

and a carrier system that is effectively sealed to avoid loss of gases. Diffusive transport of gas,

however, is considered to be rather SlOW and quantitatively inefficient (Mackenzie et at, 1988;
Krooss et aI., 1988). Moreover, the Bakken Formation appears to be laterally very restricted with

respect to petroleum migration (ch. 5.2.2). The scenario of lateral long-distance migration of light

hydrocarbons can be reconsidered on the basis of implications from artificial maturation (ch. 5.4).

These experiments revealed that even under closed-system lab conditions and mild heating the

Bakken Shale sample did generate slightly less C J-5 material (up to ca. 5mg/g TOe) than

encountered in immature equivalents from the natural maturity sequence (ca. 6mg/g TOC) hence

supporting the hypothesis that in the latter case the gases consist of in-situ generated immature

compounds plus migrated high mature material.

The third possibility is that the values are artefacts of the chromatographic separation method

employed for GC-IR-MS analysis. In particular, the coelution of isotopically heavy CO2 from

inorganic sources (e.g. carbonates) with C2 and C3 could account for heavy values of the latter

two. While the modified analytical approach using a poraplot column yielded equivocal results for

hydrocarbon gases, it nevertheless showed that the problematic results are not related to the

104



mineral matrix and that CO 2 is of biogenic origin. In this regard, the results of Espitalie et al.

(1977) have elucidated that the generation of CO 2 from carbonates and clay minerals does not

occur before ca. 400°C (siderite) during lab pyrolysis and that carbon dioxide formed below this

temperature is of organic origin. Therefore it is difficult to envisage how isotopically heavy CO 2

resulting from mineral matrix effects could be present in the Bakken Shale. Additionally,

contribution of inorganic carbon to the products is quantitatively less important in type-Il

kerogens (Espitalic et aI., 1977).

Retention of Light Hydrocarbons

As laid out in the analytical procedure, two steps were taken to prevent potential loss of highly

volatile low-molecular-weight hydrocarbons, these being the coarse crushing of the samples

immediately followed by sealing of the glass tube containing the sample material. Nevertheless it

still remains to be answered why such high yields of gaseous compounds were possible. There

must be a very effective retention mechanism for holding gas in samples brought up from 3000m

of burial depth. Fig. 65 displays the relationship between TOC content and yield of gas for two

different zones of maturity. The boundary (0.7% Ro) between these zones is characterized by a

sharp decrease in concentration of C 1•S compounds (Fig. 36) and represents an intermediate stage

beween minimum and maximum degree of organic matter conversion (Fig. 56). For the
immature zone (0.31 - 0.7% R,), increasing gas yields are paralleled by increasing Toe contents.

Beyond 0.7% Ro, gas concentrations are uniformly low although the Bakken Shale still is

relatively organic rich (7-14wt.-% TOC). Considering an average TOC content of ca. 15wt.-%

for immature Bakken Shales «0.7% Ro) , the total volume of solid organic matter could be as

high as ca. 4Ovol.-% (Price & Clayton, 1992). Analysis of the inorganic rock matrix of the

Bakken Shale (Cramer, 1991) revealed that 43vol.-% of the mineral matrix consist of quartz and

29.5vol.-% are made up of clay minerals. Although such quantitative data on the mineral content

especially in organic rich sediments has to be considered with great caution (see XRD results of

present study, ch, 4.9) adsorption effects of the inorganic rock matrix nevertheless could be

possible. However, the good positive correlation between gas yield and organic carbon content

strongly suggests that the gas is adsorbed on the kerogen at low maturity or absorbed within the

organic matter (Sandvik & Mercer, 1990); low gas yields for >0.7% R, indicate that the

mechanisms controlling such an adsorption effect do not apply to higher levels of maturity.

Hence, this might indicate that the reduction in gas yield is related to migration phenomena

associated with enhanced hydrocarbon generation (Fig. 56) and/or the loss of gas due to
production. In that context, Philippi (1965) proposed that enhanced hydrocarbon generation might

exceed the adsorptive capacity of a given source rock. Additionally, the loss of adsorptive

capacity might be related to changes of the kerogen structure: Microscopical examination of the

Bakken Shale revealed that samples from shallow depths bear organic matter in the form of a

horizontally orientated kerogen network while samples from greater depths exhibit a

homogeneous texture with no preferred orientation. Furthermore, the intrinsic open 3D aromatic

nature of the immature kerogen might enable the entrapment of small hydrocarbon molecules.

Such a mechanism has been suggested by Behar & Vandenbroucke (1988) to be dominant in the

oil window.
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Fig. 65: Relationship of organic richness (TOe content) with gas yield (t'vap-qc) of the
Bakken Shale for two different zones of maturity.
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5.2 Petroleum Expulsion and Migration

5.2.1 Maturity of Crude Oils

The Bakken crude oil samples investigated in the present study were all produced from reservoirs

within the Bakken Formation. Principally, they are derived from two regions in the North Dakota

portion of the Williston Basin (Fig. 6): One sample stems from the south end of the Nesson

Anticline (sample LB), 3 samples were derived from the Billings Anticline area (samples ER-I,­

2, -3). The fifth sample (BY) cannot be associated with either of these regions, as it was

produced from the northern extension of the Billings Anticline.

Compositional characteristics in terms of MPLC fractions (Fig. 24), ratios as calculated from

saturates fraction (Fig. 29: CPI, LHCPI, Priln-C17,o, PriJPhy) and aromatic fraction (Fig. 31:

TNR-2, MPR-3, MPI-I) as well as biomarker data (Fig. 33) corroborate that the crude oils

compositionally are very alike, except for sample BY. The latter differs from the other oils as

regards the following parameters: LHCPI (higher), PrilPhy (lower), TNR-2 (lower), MPR-3

(lower), MPI-I (higher). Additionally, the API gravity for this individual oil is - atypical for

Bakken crude oils (Price & LeFever, 1992 and 1994) - relatively low (38.4°). While high density

can be related to relative high proportions of resins and asphaltenes (Tissot & Welte, 1984), this

is not reflected by the bulk composition (Fig. 24). Indeed, the saturates fraction of sample BY

indicates a preponderance of light, short-chain compounds (distribution pattern, LHCPI).

Unpublished analytical data provided by Conoco Inc. reveal a slightly enhanced sulfur content
(O.16v·/t.-% L.'1 comparison to ca. O.04wt.-% for typical Bakken oils) wid, surprisingly, a high
concentration of asphaltenes (ca. 50% vs, ca. 30% for the other oils).

The exceptional nature of sample BY is also exemplified with respect to relative maturity: High

relative maturity is denoted by high values for MPI-l. On the contrary, a relatively low MPR-3

argues for a low relative maturity.

In view of the puzzling and contradictory results for sample BY as laid out above (especially the

lack of asphaltenes as determined from the precipitation procedure applied in the present study

(ch. 4.5.2) vs. ca. 50% asphaltene yield by Conoco Inc.), its compositional data as obtained for

the present study has to be considered carefully.

In order to evaluate expulsion and migration phenomena for crude oils, it is essential to correlate

them with their source rocks in terms of the corresponding level of maturity. Chapter 4.5
elucidated that only a few of the molecular parameters which are considered to be sensitive to
maturation, indeed are directly associated with increasing thermal evolution: Ratios calculated

from the saturates fraction showed only minor (Priln-C17,o) or no relationship (CPI, PriJPhy) to

maturity (Ra) . This feature is known for marine organic matter consisting predominantly of algae

and deposited in anoxic environments (Philippi, 1965; Powell & McKirdy, 1973). For ca. 70% of

the samples of the present study, biomarker ratios determined for crude oils and source rock

extracts had already reached their equilibrium values (ch. 4.5.4). Thus, the aromatic hydrocarbon

fraction provided the most useful data for establishing a maturity-sensitive oil-source rock

correlation. Furthermore and importantly, Leythaeuser et al. (1988) have studied effects on

aromatic maturity parameters associated with hydrocarbon expulsion in a natural sample

sequence and found no evidence that these parameters are affected by fractionation. However,
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simulation experiments involving the mixing of an oil with large amounts of gas at controlled

pressure and temperature conditions suggested that for instance biomarker ratios and also

methylphenanthrene indices (MPI) indeed are altered during migration (Larter & Mills, 1991;

England et al., 1991).

Fig. 66 illustrates that the source rock maturity "window", in which the crude oils may have been

released from the source rock, can be defmed between ca. 0.8% and 1.1% R,. For TNR-2, the

Billings Anticline crude oils (ER-I, -2, -3) appear to have been expelled in the late zone of this

"window" while oil LB refers to the early stage. As regards MPI -I, LB as well as ER-I, ER-2

and ER-3 suggest an early level of expulsion (close to 0.8% R,). The correlation of oil data with

corresponding solvent extract data using MPR-3 implies an even higher maturity level for

petroleum expulsion for samples LB, ER-I, ER-2 and ER-3, as the isolines for these oils do not

intersect with the trend line for the solvent extract datapoints. Sample BY; however; elucidates a
correlation with the source rock bitumen at ca. 0.8% R;
Based on the approach above, the determination of a maturity "window" during which the oils

have left the source rock system can only be considered an approximation. Clearly, the correlation

of crude oil with solvent extract data as depicted in Fig. 66 designates the minimum maturity

zone in which oil expulsion might have occurred. This is due to the rather broad outline of

datapoints deduced from solvent extract analysis. Nonetheless, Fig. 66 implies that the oils were

not expelled before ca. 0.8% R,. These data, however, have to be evaluated in the light of the

experiments by England et al. (1991) who, as already mentioned above, revealed that e.g. MPI

ratios are fractionated by phase changes in the course of migration. These authors measured

changes in MPI values of +I0 to -16%. Such a sensitivity of MPI to fractionation clearly can have
some bearing on oil expulsion timing with respect to maturity for the present Bakken oils. The

following scenario, for instance, would result in a shifting of the minimum maturity zone for oil

expulsion to lower R, levels: The MPI values determined for the solvent extract subfraction are
considered to be unaffected by migration-induced fractionation but the values for the oil

subfractions are considered to be too high C'real" values are lower) due to fractionation effects.

This would mean that the Bakken oils indeed fall within the maturity zone which is also

associated with the main phase of expulsion, as will be discussed below. Nonetheless, there are

other strong indications for a high level of maturity of the oils, such as TNR-2 and MPR-3 ratios,

API gravity; distribution pattern of saturates andrelativecompositionof cycloalkanes (see below)
Further evidence for a relatively high level of maturity of the crude oils is provided by the relative

composition of the cycloalkanes mcthylcyclopentane, dimcthylcyclopentanc and methylcyclo­

hexane. These three species belong to the most prominent individual compounds in the

thermovaporisation products (Fig. 34) as well as in the crude oils (ch. 4.6.3). Fig. 67 illustrates

that the Bakken light ends (t'vap-gc) outline a clear maturity zonation with respect to their relative

cycloalkane composition. Equivalent datapoints for the crude oils fall very close to each other

indicating that their relative composition in terms of cycloalkanes is almost identical despite the

fact that they were produced from fields which regionally are distant to each other. Furthermore

and importantly, they plot close to and within, respectively, the high mature field (» 0.8% Ra) of

the light ends. Hence, this approach corroborates, what already has been implied from the

aromatic parameters MPI-l and TNR-2 (Fig. 66), namely that Bakken crude oils indeed have not

been expelled before 0.8% P,<>.
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Fig. 66: Maturity-sensitive oil-source rock correlation based on three aromatic maturity
parameters (TNR-2, MPR-3 and MPI-1). Arrowlines indicate values of
corresponding maturity parameter for crude oils. Dashed vertical lines designate
minimum maturity interval during which oils may have been expelled from the
source rock. Stop sign indicates end of maturity spectrum as evidenced from
other maturity parameters (see ch. 4.1.2).
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Fig. 67: Composition of thermovaporisation products and Bakken crude oils in terms of
relative abundance of cycloalkanes. While the light ends exhibit a clear maturity
zonation, the composition of the crude oils remains uniform.

With respect to the correlation approach as outlined above (aromatics, cycloalkanes), it must be

pointed out that post-generation alteration effects, namely mixing with an oil from a different

source like e.g. the Ordovician-Silurian Winnipeg-Red River system of the Williston Basin (Dow,

1974) or in-situmaturation could yield misleading results. However, the Bakken crude oils do not
exhibit a distinctive odd-even-predominance of the n-alkanes (Fig. 41) which is known for

Ordovician sourced oils (Fowler et al., 1986; Hoffmann et al., 1987). While mixing effects by

non-Bakken-sourced petroleum appear to be unlikely in view of the isolated nature of the Bakken

petroleum system (Price & LeFever, 1992), the post-generation thermal alteration of oils (Connan

et al., 1975) would lead to a significant overestimation of the maturity ievel of the source rock at

the time of expulsion. This aspect is evaluated in en. 5.3.

A larger data base on Bakken oils by Price & Lefever (! 994) was examined with respect to oil­

maturity and maturity-related oil-source rock correlation. The 14 samples cover a regional area

from the Antelope Anticline (township 152) to Billings Anticline area, hence also covering a

relatively broad spectrum of source rock maturity (ca. 0.8% to 1.1% Ra) . Although Price &
LeFever (1994) did not include parameters based on the relationship of individual aromatic

hydrocarbons equivalent to the ones of the present study and which have shown to be valuable

maturity indicators, it can be stated that their parameters (depicted in Fig. 68) based on molecular

characterisation of the saturates fraction (from 0.95 to 0.55 for Pri/n-Cj-j, and 0.75 to 0.35 for

Phy/n-C , 8 0) generally designate an enhanced level of maturation for the oils (Tissot et al., 1971;

Tissot & Welte, 1984). A more detailed examination defines certain groups of samples

characterised by almost identical Priln-C17oo and Phy/n-C , SoO ratios. These groups are congruent

with oil fields/adjacent oil fields, implying that uniformity in composition and maturity level is
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associated with a limited regional/local area, i.e. the outline of an oil field, However, the oils
produced from Bicentennial Field (McKenzie/Golden Valley Co.) show relatively high values for
Pri/n-Cj-j, and Phy/n-C 18,O ratios (0,81 to 0,96 and 0,62 to 0,75, respectively), suggesting that
they were generated at a relatively early level of thermal evolution, According to Price & LeFever
(1994) and Price et al. (1984), equivalent Bakken Shale samples from this field revealed very
high Rock-Eval HI values (491-535mglg TOC), Although such an inferred low maturity level of
the source rock would explain the low maturity level of the corresponding crude oil, it must be
considered a local anomaly as Bakken Shale maturity determinations designate this area as being
a high mature zone at ca. 1.0% R" (Webster, 1984 and present study).

Accordingly, the findings above corroborate what has already been evidenced from the limited
sample set of the present study, namely that Bakken crude oils which are regionally associated
with the south end of Nesson Anticline, as well as Antelope and Billings Anticline exhibit a
uniformly enhanced degree of thermal alteration.

1.0.---------------1
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0.7

0.1

0.0

Fig. 68: Compositional data on Bakken crude oils by Price & LeFever (1994). Oilfields
cover a regional area from township 152 to the depositional limit of the Bakken
Shale in SW North Dakota.
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5.2.2 Expulsion Efficiency

The generation of hydrocarbons in thermally mature source rocks is known to be accompanied by
its expulsion out of the source rock system. Hence, the concentration - quantitatively as well as
qualitatively - of mobile hydrocarbons present in the source rock represent the net result of both
processes. At very high levels of thermal evolution, the cracking of oil to gas is introduced as an
additional process. In order to assess the extent of expulsion phenomena, its efficiency - both in
absolute and relative terms - has to be evaluated.
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Fig. 69: Maturity related evolution of Petroleum Expulsion Efficiency (PEE) as determined
from the algebraic mass balance approach by Cooles et at. (1986) using two
different data sources (Rock-Eval pyrolysis and solvent extraction). PEE vaiues of
1.0 are indicative of source rocks which have lost an the hydrocarbons they have
generated. Stop sign indicates end of maturity spectrum as evidenced from other
maturity parameters (see ch. 4.1.2).

Absolute Expulsion Efficiency

The algebraic mass balancing approach by Cooles et aJ. (1986) enables conclusions regarding the
maturity-controlled degree of organic matter conversion to be drawn. This aspect as weiJ as the
general applicability of the model has been dealt with in ch. 5. I. It has been shown that generally
the model is valid but it cannot be excluded that yields may be overestimated by max. 22%. The
same model also provides quantitative results on the expulsion of generated petroleum
(''Petroleum Expulsion Efficiency PEE'') based on the concentration of volatile organic matter
(Rock-Eva] Sl and solvent extract yield, respectively). Fig. 69 illustrates the relationship of PEE
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as a function of increasing Bakken Shale catagenesis. Analogous to the PGI plot (Fig. 56), the

trends outlined for both types of data (Rock-Eval and solvent extract) are very similar. For the

sample at 0.55% R; however, PEE is distinctly higher for the extract data set. At maturity levels

higher than 0.6% R; the expulsion efficiency expressed as PEE appears to be uniformly high (ca.
0.95).
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vs. RoJ for Rock-Eval data set. Bottom diagram depicts first derivation of spline
curve plotted vs. Ro. Curve is equivalent to rate of hydrocarbon expulsion.
Dashed line in both diagrams indicates portion of curve which was extrapolated to
reference sample at 0.31 % Ro. Stop sign indicates end of maturity spectrum as
evidenced from other maturity parameters (see ch. 4.1.2).

Analogous to the PGI data, the spline curve for PEE datapoints from the Rock-Eval data set was
determined and, in a second step, this curve was differentiated (Fig. 70). Although the overall
shape of both curves appears to be very similar to the ones based on PGI data (Fig. 57). their

relationship to level of thermal evolution bears significant differences: Firstly, expulsion

efficiency has reached 95% at ca. 0.6% R, implying that 95% of the mobile hydrocarbons initially

present have been lost due to expulsion. Hence. the efficiency of releasing mobile organic matter

increases drastically over a short range of maturation. Beyond 0.6% R; only a very small amount

of the generated compounds (ca. 5%) are not expelled but remain in the source rock system. It

must be noted. however. that the slope of the spline curve cannot be assessed accurately for the

maturity interval 0.31 % R, (reference well) to 0.55% R, due to the lack of further samples

(indicated by dashed line). Secondly, the rate of change of petroleum expulsion efficiency was

highest at ca. 0.55% R; Beyond that level of maturity. the rate decreases rapidly to values close

to zero (at ca. 0.7% Ra) . i.e. uniformly very high efficiencies. If these results are correlated with

well location (Fig. 71). it becomes apparent that Bakken Shales sampled from wells in the
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Nesson Anticline (incl. Antelope Anticline) and Billings Anticline area must have lost ca. 95% of

the total oil generated, as they are already beyond the stage of active and efficient removal of

products. This is consistent with results presented by Cooles et al. (1986) for other source rocks

who found that high expulsion efficiencies are associated with high initial organic richness.

Sweeney et al. (1992), who made a similar calculation using Rock-Eval S I data, also came to the

conclusion that expulsion is extremely efficient in the Bakken Shale.
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Fig. 71: Map of the study area modified after Webster (1984). Dots refer to well locations
of the selected sample set of the present study. Highlighted zone designates
maturity interval which is associated with the main stage of petroleum expulsion
as determined by mass balance calculations (Cooles et al., 1986).

Fig. 72 elucidates the relationship of expulsion efficency (PEE) to organic matter conversion
(POI). Interestingly, the diagram shows that despite a low level of petroleum generation (POI of

ca. 0.2 == 20% organic matter transformation), expulsion already is very efficient (PEE of ca. 0.6
and 0.85 := 60 and 85% expulsion efficiency). In contrast, the source rock sequences as

investigated in Cooles et al. (1986) (e.g. Kimmeridge Clay, North Sea) showed high degrees of

petroleum expulsion only at enhanced levels of organic matter transformation.

The extent of petroleum expulsion efficiency in the Bakken source rocks was also investigated by

Burrus et al. (l994a; I 994b) using a 2d basin modeling package: These simulations also showed

that expulsion efficiency from the Bakken Shale can be vel)' high (0.85). These authors have

related this phenomenon to the low Bakken matrix porosity (Ropertz, 1994), i.e. the low storage

capacity and hence provide an alternative to the recent proposal by Price & LeFever (1992) who

postulated that the mismatch between petroleum generation potential of the Bakken source rock

and actually discovered reserves is due to petroleum losses during drilling operations.
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Fig. 72: Relationship of expulsion efficiency (PEE) to degree of organic matter conversion
(PGI) based on the algebraic approach by Cooles et al. (1986).

Clearly, such an efficient removal of newly formed products can only be achieved by the

combination of suitable migration pathways and/or type of mechanism. The fundamentally

important question is: What kind of combination of pathway and mechanism is efficient enough to

set the scene for comprehensive and rapid release of petroleum? This issue is evaluated at the end

of this section.

As laid out above, calculations using the algebraic scheme developed by Cooles et al. (1986) are

based on quantitative analytical data representing average values of individual wells. However,

as regards solvent extractable organic matter, individual weBs are characterised by a high
variability of data (Fig. 23). For instance, samples from the lower shale units of wells MAR and

JEN (0.9% and 0.92% R; respectively) yielded considerably higher amounts of extract than

equivalents from the upper shale of the same well. Thus, averaging such data would not take into

account characteristics associated with either of the two strata of these particular wells and, most

importantly, expulsion efficiencies would be overestimated.

In order to address this issue, calculations were performed on individual samples using the mass

balancing program PROSPECT ANALYZERe that is principally based on the work of Larter (1985).

Similar to the model by Cooles et al. (1986), the program utilizes standard organic geochemical

analytical data (Rock-Eval, solvent extract yield) in order to predict, amongst other parameters,

masses of petroleum expelled from source rocks (expulsion efficiency). In order to evaluate the

comparability of the two models, calculations were performed using the PROSPECT ANALYZER@

with the same input data set (averaged values) as used for the Cooles model. Tnese test runs

yielded basically the same results with only negligible discrepancies. Tab. 14 gives expulsion
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efficiency for selected individual Bakken Shale samples from wells of different maturity levels as
calculated by PROSPECT ANALYZER®. For most of the samples, expulsion efficiency is very high
(ca. 85% to 95%). This is consistent with the results deduced from the model by Cooles et al.
(986). Two samples from the lBK of wells MAR and JEN, however, have markedly lower
expulsion efficiencies (63% and 75%, respectively), as could be expected from their atypically
high extract yields. Hence, the results derived from the PROSPECT ANALYZER® mass balancing
indicate differences in expulsion/migration phenomena between the two shale units which could
not be assessed by an approach using averaged data.

Table 14: Results derived from mass balancing using the PROSPECT ANALYZER®
(reverse mode) for Rock-Eval and solvent extract input data. EOM refers
to 'extractable organic matter'. Well numbers refer to location of sampled
wells in Fig. 6.

We!! name (#) FED (11) THO (14) MAR(S) MAR(S) JEN (9) JEN (9)

Ro ( %) 0.99 1.57 0.9 0.9 0.92 0.92
Sample ID, shale unit (average, (E 34362, (E 34328, (E 34322, (E34455, (E 34449,

uBK) uBK) lBK) uBK) lBK) uBK)

TOC (wt.-%) 11.2 11.9 8.2 13.3 8.9 10.4

S2 (mg/grock) 23.1 11.7 9.2 19.0 11.6 16.8
Sl (mg/grock) 3.9 5.2 4.4 4.4 4.9 4.6

EOM (mg/g TOC) 150.0 80.0 360.0 140.0 270.0 100.0

Sl/EOM 0.0 0.1 0.0 0.0 0.0 0.1

Results (pyrolysis):
expelledpetroleum 103.5 136.3 89,4 ]42.6 93.1 104.2

(mg/grock)
expulsion efficiency (%) 96.1 96.1 95.0 96.8 94.7 95.5

Results (EOM):
expelled petroleum 95.3 155.6 43.3 138.1 64.2 114.0

(mg/grock)
expulsion efficiency (%) 86.4 OJ. ~ 63.4 89.1 75.3 92.3/ .. /

Fig. 73 addresses this phenomenon from a different point of view, as it displays solvent extract
yield as a function of genetic potential (Rock-Eval HI) of solvent extracted Bakken Shale
samples. Although the hydrocarbon generation potential of the residual kerogen, as expressed in
HI, is essentially the same for both shale strata from wells MAR and JEN (between 112 and
l48mg/g TOC for MAR and from 131 to l61mg/g TOC for JEN), bitumen concentrations are
highly variable. With the prerequisite that kerogen quality and, consequently, hydrocarbon
formation potential were uniform during deposition of the Bakken Shale (ch. 4.4), this
phenomenon implies that expulsion and migration occurred preferably in the upper member of a
given well, whereas in the lower member, it remained in-place. Alternatively, as both wells are
from the Nesson Anticline area, where Bakken crude oil is produced predominantly from the
Sanish Sandstone directly underlying the lBK (Meissner, 1978), high extract contents in the latter
could also be the result of impregnation by hydrocarbons reservoired in the Sanish.
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Whatever the reason is for this occurrence, it clearly bears important implications with respect to
the Bakken oil play and its postulated "in-source reservoir" character (Price & LeFever, 1992). If
the phenomenon of an in-source reservoiring indeed can be attributed to the lower Bakken Shale
and this hypothesis could be extended on a basinwide scale, then the lower shale unit might be

designated the principal exploration and production target in the Bakken Formation. In order to

test the validity of such a hypothesis, however, a larger and specific sample set is required.

In summary, the generalized rule of high expulsion rates on a regional scale has to be questioned
in the light of locally restricted OCCurrences of accumulation of petroleum in the Bakken Shale.
The feature of locally enhanced yields of products in the source rock will be reconsidered in ch.
5.3.
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Fig. 73: Cross-plot of hydrocarbon generation potential of Bakken Shale kerogens (Hy­
drogen-Index) vs. content of mobile organic matter (solvent extract). Triangles
refer to lower shale unit of a given well, circles to the upper unit (solid: \vel! MAR,
0.9% Ra; hollow: well JEN, 0.92% Ra) . For other wells, samples were available
onlY for either of the tvVo shale strata.

Relative &pulsion Efficiency

Expulsion efficiencies as determined by a quantitative comparison of one or more samples with a
reference sample of the same kerogen type is a valuable tool to recognize, in relative terms,
migration mechanisms and fractionation effects associated with petroleum expulsion (Mackenzie
et aI., 1983; Leythaeuser et al., 1984). In several studies, this approach mostly has been applied
to sedimentary sequences where organic rich shales of variable thickness are interbedded with
sandstone strata. In contrast to the method by Cooles et al. (1986), where all calculations are
referred to the concentration of inert kerogen, which, in tum, is assumed to be a constant datum
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during hydrocarbon generation, the scheme of Relative Expulsion Efficiency (REE) involves the

selection of a reference sample which appears to be relatively untouched by expulsion and
fractionation effects, on a bulk as well as on a molecular level. All other samples ("SAMPLE")

are related to this reference sample ("REFERENCE") in the following way (Mackenzie et aI.,
1983), yielding relative expulsion efficiencies in %:

REFERENCE - SAMPLE-----__--xlOO
REFERENCE

Accordingly, positive values for REE can be interpreted as relative expulsion (i.e. depletion),
negative values as accumulation (i.e. enrichment). Clearly, it is assumed that all differences

observed between the unmodified reference sample and the sample under study are related to
expulsion and not to other phenomena (variations in generation potential, maturity, mixing effects
etc.).

Although the approach of relative expulsion efficiency is applicable to total extract, extract
fractions as well as individual compound groups and compounds, hence proving its versatility,
meaningful results deduced thereof highly depend on the selection of the correct reference
sample. On the bulk compositional level, criteria such as absolute extract yield, bulk composition
of extract (e.g. ratio of hydrocarbons to nonhydrocarbons) as well as the evaluation of local
petrophysical characteristics of the corresponding rock sample (porosity, permeability) which
may enhance or impede expulsion processes, have to be carefully considered. On a molecular
level, the concentration of individual compounds wid the distribution pattern ("completenessl1) of
a gas chromatogram (light vs. heavy range) are additional features which have to be taken into
account. In the present study, the proper selection of the reference sample was difficult. In some
cases, samples which could be considered "unmodified" on a bulk compositional level (e.g.
solvent extract yield), exhibited characteristics on a molecular level qualifying them as
"depleted/enriched". Therefore it was not possible to select one reference sample for all types of
sample material (total extract, subfractions and compound groupslcompounds. Moreover, in
related publications (e.g. Leythaeuser & Schwarzkopf, 1986; Leythaeuser et aI., 1988;
Mackenzie et al., 1988), this scheme was applied mostly to directly adjacent source
rock/reservoir sequences, which had been sampled at frequent intervals in the vertical direction.
In these studies it was crucial that samples from the reservoir unit were also available in order to
establish vertically orientated depletion pathways, Unfortunately, the sample set of the present
study neither includes Bakken Shale samples of the boundary zone dose to the adjacent strata
(Devonian Three Forks, mBK, Mississippian Lodgepole) nor enough equivalents from the latter.

Therefore, it might be too speculative to interpret the results of this approach in terms of
expulsion directions. However, solvent extract data on a single Bakken Shale core (Price, 1989)
has shown no detectable concentration gradient of resins or asphaltenes towards the contact zones

of the shale members with the over- and underlying units.

In the present study, the approach of relative expulsion efficiency was applied to the n-alkane and
aromatic compound group (GC traces) of Bakken Shale solvent extracts. The results are

displayed in Figs. 74 to 75.
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Fig_ 74: Relative Expulsion Efficiency (REE; Mackenzie et al., 1983) for straight chain
hydrocarbons as derived from solvent extracts of wells covering the entire
maturity spectrum, Positive REE values represent relative expulsion, negative
relative accumulation. Note the change in distribution pattern between 0.68%
(SKA) and 0.92% Ro (JEN). CON (0.94% Ro) represents a horizontal well.

Fig. 74 shows the relative expulsion efficiency (REE) of n-alkanes as determined for individual
samples of a given well/maturity level. Clearly, only those wells were selected for which at least
two samples were available. Based on the distribution pattern, two groups of samples/wells,
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equivalent to two maturity zones, can be discriminated: The first category includes samples from

wells up to 0.7% R, (DOB, 0.31 % R, and SKA, 0.68% R,). The patterns exhibit considerable

internal variability indicating that, relative to the reference sample, expulsion as well as

accumulation varies. For the carbon number range 15 to 20, values are close to zero, implying

that neither relative depletion nor enrichment has occurred for medium-weight n-alkanes. For

long-chain hydrocarbons (>C20) , relative expulsion efficiencies reach maximum and minimum

values of +50% and -50%, respectively. L'1 summary, the low maturity zone (0.31 % to 0.68% R,,)

is characterised by redistribution phenomena affecting specific narrow carbon number ranges

(C IS.20, C2 1.25 , C26. 31) .

The second category incorporates more mature samples/wells (>0.9% R,): Here the values for

REE range between ca. 30% to 70% implying that quantitative redistribution occurs on a

relatively large scale within individual wells of this maturity zone. Furthermore and importantly,

compound-specific fractionation effects seem to be negligible in this zone of thermal evolution, as

all n-alkanes of a given sample have principally the same values for REE. One sample of well

FED, however, reveals a slight decrease in expulsion efficiency with increasing chain-length,

indicating that CIS to C 2S n-alkanes are preferentially expelled relative to the reference sample.

The patterns of well CON are supposed to shed some light on lateral redistribution features, as

these samples are derived from the horizontal portion of well CON. Hence, while these samples
reveal the same compositional features (medium to high expulsion efficiencies, no major

compound-specific fractionation effects) as samples from vertical wells, it may be justified to

conclude that expulsion-related effects are similar in lateral as well as in vertical directions.

Corresponding distribution patterns for aromatic hydrocarbons (Fig. 75) don't suggest the

maturity zonations as evidenced for the straight-chain alkanes: Here, relative expulsion

efficiencies for any level of maturation appear to be rather low (20 to 30%), except for a few

individual compounds. The sample from the most immature well (0.31% Ro) , however, outlines a
relatively heterogeneous pattern in that relative expulsion/accumulation varies significantly from

one individual aromatic to the other. Except for this sample, the aromatic hydrocarbons of the

Bakken Shale apparently were not submitted to major redistribution processes. Aromatic

hydrocarbons therefore appear to have remained ill the source rock system relative to n-alkanes

which have been released preferably. This has also been observed for the Brae field area in the

North Sea (Leythaeuser et al., 1988).
This difference in expulsion preference indeed is reflected by the bulk/molecular composition of

the thermovaporisation products vs. Bakken crude oils. TIle thermally released mobile phase
contains relatively high concentrations of aromatic hydrocarbons (Figs. 34 and 38) especially at

low maturity levels. In contrast, the bulk composition of crude oils produced from Bakken

reservoirs reveals a rather low abundance of aromatics in the the C15+ material (Fig. 24) as well

as ill the light fraction (Fig. 42).
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Ouantitative evaluation ofmigration using results from artificial maturation

The quantitative determination of the effects of expulsion/migration in a natural source rock

system is always very difficult because it typically represents an open system. Mass balance

approaches involving the volatile, mobilisable organic matter constituents are affected by removal

of the latter during migration. Furthermore, expulsion/migration is a dynamic process and its

quantitative dimension varies in the course of natural maturation. Although the material loss from

the system during migration can be overcome by the closed system pyrolysis approach applied in

the laboratory for artificially maturing organic matter (Monthioux et al., 1985; Horsfield et al.,

1989), additional information is required for accurately predicting composition and quantitative

concentration of newly formed hydrocarbons and residual kerogen in a source rock for a given

level of maturity. That means that a maturity sequence artificially created in the lab ought to be

applied to the framework of the natural maturity sequence.
Such a concept is especially favorable in the Bakken petroleum system, as it exhibits important

features (ch. 1.1): Uniformity in kerogen type is accompanied by a broad natural maturity

spectrum. Additional to these attributes there is strong evidence that the Bakken petroleum

system is unaffected by petroleum fluids from sources other than the Bakken Shale. Furthermore,

the unusual occurrence of high amounts of inferred adsorbed gas (ch. 5.1.3) was introduced as a

further interesting feature in the course of the present study. The latter enables the comparison of

artificial with natural products in terms of bulk molecular composition of light ends.

In the natural sequence (thermovaporisation products), selected evolutionary trends and/or

compositional features have been shown to be diagnostic for a specific level of maturity: (l)

Evolution of aromaticity of the residual kerogen (Fig. 64); here, a sharp drop in the ratio of
aromatics vs. C6+ n-alkanes is associated with vitrinite reflectance of ca. 0.6%. (2) Product­

residue relationship as regards yield of rnonoaromatics (Fig. 52); in this case, both trends cross­
over at ca. 0.8% R,
If such maturity-sensitive parameters derived from natural maturation can be detected in the

maturity sequence created in the laboratory, they may be useful in order to calibrate the latter.

Accordingly, Fig. 76 depicts both parameters for the artificial maturation sequence. As regards

aromaticity, the MSSV pyrolysis residue indeed exhibits a significant decrease between the two

stages or 300°CJ2 days and 300°C/S days. For the rest or the series the value for aromaticity

remains essentiallyconstant.

With respect to the yield of monoaromatics for MSSV pyrolysis products and residues (Fig. 76,

bottom), the curves for both datapoint groups merge together between the artificial maturation

levels 350°C/l day and 350°C/2 days. Clearly, the significance of this parameter is not

unambiguous, as its assessment in the natural system involves data from the products which may

have been perturbed by expulsion and migration processes. This fmding is of particular

importance in the light of high expulsion efficiencies encountered in the Bakken Shale.

Nonetheless, it may be justified to relate the artificial maturity zone ranging from 350°C/l day to

350°C/2 days to a stage of natural thermal evolution of ca. 0.8% R, Hence, by using the

aromaticity parameter for low levels of maturation (deflection in trend for both systems at 0.6%

R, and 300°C/2-5 days, respectively) and the product/residue parameter for higher stages of

maturation (cross-over in both systems at 0.8% Roand 350°C/l-2 days), one is able to defme the
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calibration scheme in Tab. 15 (maturity zonation CD, (£; and Gl) which, of course, should only be

considered an approximate framework.

Table 15: Maturity zonation approach defined by maturity level specific parameters
common In both the natural and artificial system of the Bakken Shale.

Zone CD

Zone CZ!

Zone I3J

Natural Maturation

0.3% to 0.6% Ro

0.6% to 0.8% K,

>0.8%K,

Simulated Maturation

RT to 300°CI2-5 days

300°CI2-5 days to 350°CIl-2 days

> 350°CIl-2 days

Before using this framework for quantitative prediction of products, its validity is tested against

the evolution of the natural residual kerogen (py-gc). Fig. 77 displays the corresponding

diagrams for total yield of pyrolysate and its subfractions (C I-5, C6-14 and C1,+). Range of

equivalent values of artificially heated kerogens (MSSV) are superimposed for each maturity

zone. As regards the total yield of pyrolysate, there is indeed a rather good match between

absolute yields for the natural and artificial series suggesting that the inferred boundaries for the

maturity zones are correct and the approach is valid. However, it must be stated that this good
agreement is less pronounced for the gaseous hydrocarbons (C 1-S) whereby the naturally matured

kerogens consist of more gas-yielding moieties than the artificially heated ones. This is especially

true for the first two maturity zones. Nonetheless, the general maturity trend of the natural system

indeed is traced by the laboratory system: In the course of natural thermal evolution, the gas

yielding proportion of the Bakken kerogen is submitted to the lowest degree of transformation of

all subfractions, as evidenced by an only gradually decreasing amount of equivalent pyrolysate.

This phenomenon is also reflected by the MSS V pyrolysis residues. The medium and heavy

pyrolysates, finally, reveal a good to moderate congruency of natural and laboratory system.

As laid out above, the natural and the artificial maturity sequence of the Bakken Shale residual

kerogen (py-gc) have quantitative as well as qualitative bulk compositional properties in common

which allow to calibrate the artificially heated series and define maturity zones adopted from
natural thermal evolution. This serves as a fur-ther indication that the method of Jv1SSV-type

simulated maturation (Horsfield et al., 1989) indeed mimics naturally occurring thermal

degradation of kerogen, although excess water was not involved during pyrolysis. A large excess

volume of water (''hydrous pyrolysis", Lewan et al., 1979) or confinement of reactants and

products ("confmed medium pyrolysis", Monthioux et al., 1985) were believed to be a

prerequisite for successful simulation of natural reaction pathways.

With respect to the products, there are considerable discrepancies in concentration of products

between the natural (inferred open system) and the lab system (closed system), especially in the

high mature zones, as shown by Fig. 78: For the low mature zone, however, there is good

agreement between both systems for total response (C 1+). As maturation proceeds in both

systems, however, evolutionary trends follow different pathways: In the closed system, yields

drastically rise, whereas in nature the average concentration remains virtually constant with a high
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variability of data. Interestingly, the "endmember" of the simulated maturity sequence exhibits a

yield which is almost three times as high as the highest concentration of products in the natural

sequence (well FED at 0.99% Ra). The pattern is similar for the subfractions: Both trends diverge

significantly from 0.6% Ra on. The latter feature is even more pronounced for the gases (CI-s) as

their yield is submitted to a sharp drop in the second maturity zone (0.6% to 0.8% Ra). The

distribution pattern is almost identical for the medium (C6-14) and high molecular weight (C IS+)

material. Here, natural Bakken Shale products are characterized by uniformly high yields

throughout maturation, while yield in the lab system increases continuously.
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Fig. 77: Yield of total pyrolysate (C,• and subfractions C,-5, C6-'4 and C,5.) of natural
Bakken Shale maturity sequence (py-gc) as a function of thermal evolution (%
Ro) . Shaded areas denote range of equivalent data derived from analysis of
artificially matured Bakken kerogen. Approximate boundaries for maturity zones
are determined using maturity sensitive parameters of Fig. 76.

The maturity zone during which natural and artificial maturity trends diverge is coincident with
the main phase of hydrocarbon generation and expulsion in the natural system. This serves as a
further indicator that the zonation approach is valid. Hence, it may be justified to calculate the
amount of generated products which actually have been removed from the source rock system by
subtracting the concentration of naturally present hydrocarbons from the amount of artificially
formed ones. Clearly, such a relative mass balancing approach can only be carried out for each
maturity zone. Furthermore, for each zone one has to select that sample of the natural system
which revealed the highest yield of products. This sample is considered being the least depleted
equivalent of the respective natural maturity ZOne. The corresponding value is balanced against
the lowest value of the corresponding artficial maturity sequence. Choosing the lowest value for
the closed system sample is of particular importance for high levels of simulated maturation: As
already outlined above, there is some evidence that the products derived from the most severe
stages of artificial maturation have been modified by secondary cracking reactions ill that oil-like
components are cracked to gaseous compounds (Fig. 45). The drastic increase in gas yield (30
times as much than at the starting level) paralleled by a more smooth increase of "oil" (5 times as
much C6+ material than at the starting level) may also illustrate that effect.
In that way, one obtains the minimum difference between the natural and artificial system for
each maturity zonevAnalogous to the approach by Mackenzie et al. (1983), the following
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equation can be used in order to determine the minimum extent of removal (abbreviated in the

following as "EXR"):

CLOSEDSYSTEMm;o- NATURALSYSTEM m"" x 100

CLOSEDSYSTEMm;o

The results are listed in Tab. 16. For the total yield of products, the immature zone (zone CD) of

the natural system is enriched in products relative to the closed system. The other two zones

which are associated with comprehensive generation and release of hydrocarbons in nature,

indeed reflect a difference in masses between both systems (33.7% for zone C9 and 45.5% for
zone 8).

Table 16: Results from mass balancing of the natural and artificial system using
maturity zonation approach for bulk compound groups. CSmm refers to the
minimum yield of the respective compound group of the artificial (closed)
system, NSmax to the maximum yield of the respective compound group of
the natural system. EXR is calculated according to the equation as displayed
in the text.

Fraction Zone cs., NSmax EXR(%)

zone CD 49.6 83.0 -67.3

zone C9 82.9 55.0 33.7

zone GJ In.8 94.1 45.5

zone CD 2.3 6.9 -200.0

zone (2) ..,~ hll 20.0, .J v.v

zone GJ 29.3 3.3 88.7

zone CD 8.9 47.0 -428.1

zone <6J 23.5 31.3 -33.2

zone GJ 70.5 50.3 28.7

zone CD 38.4 30.7 20.1

zone <6J 51.9 19.8 61.8

zone GJ 73.0 43.2 40.8

This pattern is similar for the subfractions. Zone CD is characterised by an enrichment of naturally

generated products relative to the artificial maturation sequence. This is most pronounced for the

medium boiling range (C6_14) . A noteworthy feature can be observed for the gaseous products:

Here, the high mature zone (zone GJ) exhibits the highest value for EXR, indicating that

discrepancy between the two systems is most enhanced for gaseous compounds at high levels of

maturity. This phenomenon may be explained by differences in formation mechanisms for gases

as a function of maturity level. As illustrated in Fig. 45, it is very likely that the yield of gaseous

products in the lab system at high artificial maturation stages (» 350°C/l day including zone GJ)
has a significant contribution from "oil" (C6+) to gas cracking. It must be pointed out, however,

that it is difficult to determine which would be the equivalent natural maturity stage of the

endmember of the artificial maturity sequence, as there is no suitable parameter for this.
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Therefore, in the course of closed system maturation in the lab the stage of metagenetic gas
generation indeed has been entered in contrast to the natural system.

In the following, the maturity zonation scheme was utilized in order to correlate amounts and
bulk composition of products derived from the closed system (MSSV) with the natural system
(Fig. 78).
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Fig. 78: Yield of total volatilisable products (C,+ and subtractions C'-5, C6- ' 4 and C'5+) of
natural Bakken Shale maturity sequence (t'vap-gc) as a function of thermal
evolution (% Ro) . Shaded areas denote range of equivalent data derived from
analysis of artificially matured Bakken kerogen. Approximate boundaries for
maturity zones are determined using maturity sensitive parameters of Fig. 76.

The scheme as outlined in Tab. 16 suggests that the extent of quantitative discrepancy between
the natural and artificial maturity sequence is not only a function of level of thermal evolution but
also of boiling range. The phenomenon that the yield of C'_5 and C6- ' 4 material is higher in zone
CD of the natural system is surprising. In case of the gaseous subfraction, this may be explained
by the retention capability of the Bakken Shale for gas. During thermovaporisation analysis, it
was evidenced that coarsely crushed samples revealed high concentrations of gas while powdered
ones yielded lower amounts. For MSSV experiments, powdered samples were utilized.
Therefore, the gas yields in the closed system may have been affected by sample treatment in that
the amount of gas initially present prior to the heating procedure was less than in the samples
which were submitted to natural thermal evolution.
Alternatively, this mismatch might indicate that the natura! gas encountered in the low mature
zone (zone CD) is not a result of thermal degradation of the host source rock but was derived from
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another maturity zone by lateral intraformational migration processes. This scenario has already
been called upon based on compound specific isotope analysis (ch. 5.1.3).

However, such a hypothesis is only valid with the prerequisite that the maturity zonation

approach between natural and lab system indeed is applicable and that both systems are
comparable in terms of identical reaction pathways. Nonetheless, the results as deduced from

quantitative comparison of artificial and natural thermal evolution imply that intraformational

migration may have contributed to the unusually enhanced concentrations of gaseous
hydrocarbons in the immature zone of the Bakken Shale. This was also implied by the isotopic

composition of the thermovaporisation products (ch. 5.1.3).

Migration Mechanism

The observations as laid out above (see section on relative expulsion efficiency, p. 117) allow to
make statements on the migration mechanism (Leythaeuser et al., 1984). In the case of the

Bakken Shale petroleum system, the type of migration mechanism appears to be related to
maturity. Samples/wells of the mature zone (>0.9% Ra) show features which are considered to be
caused by flow of a bulk hydrocarbon phase: The molecular composition of the C15+ saturates
does not bear any evidence for major compound specific fractionation effects. These
characteristics have to be evaluated on the basis of their relationship to the main stages of
petroleum generation and expulsion in the Bakken petroleum system. In the Bakken Shale, these
processes have been shown to be essentially completed at 0.8% and 0.7% Ro , respectively. It
follows that the compositional characteristics encountered in the samples/wells of the mature
class (>0.9% Ro) represent a post-generation and post-expulsion stage.
In contrast, the mobile hydrocarbon phase of well SKA (0.68% Ra) might represent the stage of
active present-day expulsion and generation (ch, 5.1). Here, compound-specific fractionation
effects are prevailing, leading to a random distribution pattern. Interestingly, such compositional
disequilibrium is known for early maturation and is thought to be an indicator for currently
occurring expulsion (Young & McIver, 1977). Unfortunately, there was not sufficient sample
material available in the R, range 0.31% and 0.68% (wells JAC and NEG of the present study) to
enable solvent extraction of more than one sample per well. Due to the coincidence of their rank
(0.550/0 and 0.57% Ro, respectively) with peak of expulsion efficiency (between 0.550/0 and
0.62% Ro) , samples from these wells are supposed to give some better insight into the effects of
current expulsion. Therefore, it must be taken into account that the compositional characteristics
observed in well SKA may be the result of declining expulsion efficiency. Moreover, as
generation in terms of organic matter conversion is still actively continuing at this stage, the

influence from the latter process may be larger.
Investigations on an actively expelling Kimmeridge Clay source rock revealed that high expulsion
efficiencies are achieved by the pressure-driven flow of a discrete oil-rich phase (Leythaeuser et

al., 1988; Mackenzie et al., 1988) after a certain degree of oil-saturation of the pore space has
been reached. Such bulk flow is characterised by the virtual absence of compound-specific

fractionation effects. The heterogeneous pattern of well SKA is not consistent with such a
mechanism and, according to Leythaeuser et al. (1982), points to diffusion as the migration
mechanism. Although compositional heterogeneities observed for well SKA cannot unequivocally

be related to either generation or expulsion phenomena, there is some evidence that bulk flow of
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hydrocarbons in the Bakken Shale may have been impeded by insufficient oil saturation as a
result of the extremely efficient removal of newly generated products, as elucidated by the
efficiency of expulsion rates which precedes peak generation of petroleum. Hence, despite overall
low porosity (ca. 2-3%, Ropertz, 1994) and high initial hydrocarbon generation potential (Rock­
Eval-S2 of ca. I Ikg/ton rock) of the Bakken Shale, conditions apparently were not favorable for
the onset of bulk phase flow.

The process of diffusion, however, is preferably associated only with low-molecular-weight
hydrocarbons and relatively short transport distances (Mackenzie et al., 1988; Krooss et al.,
1988). In the Bakken petroleum system, the t'vap-gc results of the present study have revealed
that, unlike many other marine type-Il source rocks, gaseous hydrocarbons are present in
relatively high concentrations (ch. 5.1.3), especially at immature stages. Therefore, by using the
same approach as for the CIS+ n-alkanes (see above) the data on light hydrocarbons (CI.14) serves
as a means to evaluate to what extent diffusion is relevant for expulsion in the Bakken Shale. The
corresponding results (Fig. 79) are discussed in the following.
Except for one high mature sample (well FED, 0.99% R,), where uniformly high values for REE
(75% to 100%) argue for bulk hydrocarbon phase flow, all other samples show features which
are associated with selective diffusive transport of compound groups: For instance both samples
of well MAR (0.9% Ro) elucidate enhanced relative expulsion of CI-Cs n-alkanes, whereas Cw­
CiS species are relatively enriched. In the lateral direction, exemplified by the samples from
horizontal well CON (0.94% Ra) , intra-compound-c1ass fractionation effects seem to be even
more pronounced. With respect to the evolution of relative expulsion efficiency patterns with
increasing maturity, the diagrams of Fig. 79 suggest a maturity zonation: At low levels of
maturity (well DOB, 0.31 % Ra) , quantitatively only minor redistribution seems to take place, as
evidenced by relatively low values of REE. As laid out above, wells NEG and SKA are of
peculiar importance as regards generation/expulsion related characteristics. The individual
sample of well NEG (0.57% Ra) displays major compound class specific depletion/enrichment
suggesting large-scale fractionation effects. In the case of well NEG, however, only two samples
were available for analyses, one of which (selected as reference sample here) appeared to be
Bakken atypical as regards TOC content (6.44wt.-%). Results as outlined in ch. 5.1.3 provide
evidence that the abundance of low-molecular weight compounds may be a function of organic
richness (adsorption) for levels of maturity below 0.7% Ro, Therefore, it appears to be more
likely that the difference beween the two samples of well NEG are not related to relative
expulsion effects.
The results for the low-molecular-weight hydrocarbons as laid out above indicate that the
diffusive transport of the light proportions of petroleum (CIS.) occurs in the Bakken Shale at all
stages of catagenesis. Most importantly, it can also be associated with higher maturity levels,
thence accompanying bulk phase flow of heavy proportions (CIS+) of petroleum. Usually,
compositional fractionation as created by diffusive expulsion is believed to be a phenomenon of
predominantly early stages of catagenesis (Leythaeuser et a!., 1987). Interestingly, Talukdar et a!.
(1991) postulated that particularly in early phases of Bakken oil generation hydrocarbons
migrated via diffusion through the kerogen.
If the distribution patterns for samples of a given well (e.g. well CON) are examined, it is
noteworthy that a given compound group (for instance C2-C7) may be relatively expelled as well
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as accumulated, depending which sample is regarded. Such a finding might elucidate that
diffusive equilibrium is not yet achieved.

13 14 158 9 10 11 12

Carbon Number

E 34273

DOB
0.31% a,

72-5 6

100 -,-------!CiOi3-f-------,
80

60

40

20
~
~ 0 mr~=---",,--=·_--""-rn_-=L.t"-_""_1

IX *20
-40

·60 i
·80

.100 .L ~

13 14 15

Carbon Number

7 8 9 10 11 12

DOB
0.31% Ro

W 6 7 8 9 10 11 12 13 14 15

Carbon Number

M 6 7 8 9 10 11 12 13 14 15

Carbon Number

- ... ,- ...

~ '" SKA
0.68% a,
E 34438

1 I[

100I80
60
40

~ 20
o

~

~ -20
·40

·60
·80

·100

100 -,----------jDiOil~·l_--__.
80
60

40

C 20
~ 0 +"".L""--.ea-L"_""--~--""__.I:"-lli..-""--j
~ -20

-40
·60

·80.100 "_ .-J

NEG
0.57% a,

!E 34287

DOB
0.31% Ro

E 34278

100 -,-----------frXYS--)----,
80
60

40

C 20
~ 0 P'~~-=~~~"'--""-~-=L.t"-_""_1
~ -20

-40
-60

-80
-100 "----------------'

2-5 6 7 8 9 10 11 12 13 14 15

Carbon Number

U 6 7 8 9 10 11 12 13 14 15

Carbon Number

100180

60
40

C 20

~ 0 "
~ -20 ..'

..-
-40 "
·60
-80

.100 .LliJ"L - - - - - - =====----1

Carbon Number

0.68% a,
iSKA

8 9 10 11 12 13 14 15

Carbon Number

ISKA

10.68% "0
!E34441
;

7

100,-,--ISKA-----r------,
ec I I

:~ 1 I

~ ~ jJ

tJ~~~---~-~ Iili Ul@11

,100 ---------------
2-5 610 11 12 13 14 15

E 34440

7 S e

Fig. 79: Relative Expulsion Efficiency (REE; Mackenzie et aI., 1983) for straight chain
hydrocarbons as derived from therrnovaporisation of wells covering the entire
maturity spectrum. Positive REE values represent relative expulsion, negative
relative accumulation. CON (0.94% Raj represents a horizontal well.

130



10 11 12 13 14 15

Carbon Number

2-5678

100 ,------
80 ""
50 :-
40

~ 2~ <
~-20

-40
-60

-80
.100 L --lG-J

9 10 11 12 13 14 15

Carbon Number

7

100j
80
60
40

e; 20

~
0

~ -20ce
-40
-60
-80

-100

'-5

0.

10 11 12 13 14 15

CON
0.94% n,
E 34385

10 11 12 13 14 15

Carbon Number

8 9 10 11 12 13 14 15

7 6

7 8 9 10 11 12 13 14 15

CON
0.94% Ro

E 34420

2-5

" "
~

..- - --/ 0 /
0' ,

>:~ :~ ,-'s: / "o· / " J,-' .- / / -ss
---

~~ /
FED ." ;~~ " / "
0.99% R,
E 34429

2-5678

~:j
-60

-100 -'--------------------
2-5

-40 1
-60 1

_;:: .L1 ---'

2-5

100 .-----------i;::;;;;;---l-----,
80
60
40

~ 2~ +-'''----'''--'''L''''----'''--~~_rn,_m_--,,,,._''''_mH
~·20

100 ,----r;;;;---l------------,
80
60
40

~ 2~ h",,"--"'L-=~"'-~"--"'L-=~~~"--~'l
~·20

Carbon Number

100 1 CON I
:~ 0.94% Ro

:;;-20·····~
40 m ~ I ~

-60
-80

·100 -'-----------------------"

Carbon Number

100

SO
60
40

~ 20
:;; 0
~·20

-40
-60
-80

.100

!ZJ

CON
0.94% Ro

10 11 12 13 14 15

Carbon Number

carbon Number

8

8 9 10 11 12 13 14 15

FED
0.99% a,
E 34423

Carbon Number

8 9 10 11 12 13 14 15

CON
0.94% Ro

7 8 9 10 11 12 13 14 15

CON
0.94% Ro

E 34411

100 ,--------jCi5i\i--l----,
80

60 I ~

~f__;": "II
-100 L' _

2-5 6

100
SO

60
40

~
20
0

~ -20~

-40
-SO

-80
-100

2-5 6

100
80
60
40

C 20

~
0

~ -20

-4
01-60

-60 i
-100

2-5 6

100

80

60
40

~
20

0
~ ·20

-40
-60
-60

·100
2-5

Carbon Number Carbon Number

Fig. 79 (cont.)

131



l DMCPi" 0

'" 0
'0 00 0

4i;
C

I
C"ctf'

0

~~ ~

B

7

6

5

o
o 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

•
o I MCP I!!i :
~ 1

0.2 0.4 0.6 0.8 1.0 1.2 1,4 1.6 1.8 2.0

B,---------------,
7

6

5

•

Maturity Zonation: I

A ........... , ,. """"', ....I LA U. 070 - 1J.l:i70 r«;

i 0 >O.8%Rc

C

C C C

C

1~2~~11
I

B,--------------,
tJ"..=o. 7rnu s
00 5
';:::F

4
""l;jl

~i3l 3

.~ E 2

>-
o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Yield of Cycloalkane (mgfg TOC)

Fig. 80: Correlation of cycloalkanes with concentration of C'-5 hydrocarbons (gas) as
deduced from t'vap-gc. X-axis designates abundance of methylcyclopentane
(MCP), dimethylcyclopentane (DMCP) and methylcyclohexane (MCH) in mg/g
TOC. Arrow marks individual sample with Bakken-atypically low TOC content
(see ch. 4.6).

Various ratios based on lightCl-7 paraffins (cycloalkanes, n-and iso-alkanes) have been shown to
be diagnostic for maturation (Philippi, 1975; Thompson, 1979) and migration (Whelan et al.,

1986). Mostly, such parameters involve the sum of several isomers of the same carbon number,

e.g. alkylcycloalkanes vs. alkylated branched alkanes (Thompson, 1979) or, alternatively, the ratio

comprises of individual compounds (Whelan et al., 1986). For the present data set, however, the

conditions for GC-analysis of the thermovaporisation products were not set up in order to resolve
individual hydrocarbon isomers in the Cl _5 material. Hence, it was not possible for the author to
use individual compounds of the C'_5 range for calculation of such parameters. Nonetheless, the

evolution of the three most abundant cycloalkanes (mcthylcyclopcntane, dimethylcyclopenrane

and methylcyclohexane) as a function of maturity and yield of gas is investigated below. Fig. 80

elucidates that the concentration of methylcyclopentanc and, to a lesser extent, dimethylcyclo­

pentane parallels the amount of gas present in the Bakken across the entire maturity sequence. In

other words, both alkylcyclopentanes appear to be removed to the same degree as the gases.

However, this is not true for methylcyclohexane. The maturity independent, uniformly high yields

of methylcyclohexane relative to decreasing concentrations of the other two cycloalkanes as

shown earlier in Fig. 67 is depicted quantitatively in Fig. 81. This feature reveals that both

cyclopentane species may be suitable to establish maturation effects in the Bakken, similar to

other types of source rocks (Thompson, 1979; Whelan et aI., 1986).
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In contrast, the concentration of methylcyclohexane appears to be controlled by a different

mechanism, although the boiling point and hence the elution position in the GC trace are very

close to the former two compounds (MCP: 71.8°C; DMCP: I03.5°C; MCH: IOO.9°C).
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Fig. 81: Concentration of methylcyclopentane (MCPj, dimethyicyclopentane (DMCP) and
methyicyciohexane (MCH) as a function of increasing thermal evolution (% Ro)

indicates relative enrichment of methylcyclohexane, while the samples become
relatively depleted in cyclopentanes (methylcyclopentane and dimethylcyclopen­
tane).

Fig. 82 displays the evolution of two ratios incorporating cyclopentanes and corresponding n­

alkanes, These ratios are equivalent to paraffin index I by Thompson (1979). Clearly, neither

ratio suggests any correlation with level of catagenesis. Although regression analysis defined a

linear decrease of both MCP/n-CM and DMCP/n-C700 with increasing maturation, the overall

pattern expresses a high degree of maturity-independence. According to Thompson (1979), such

a random distribution can be observed in areas where active redistribution of generated
hydrocarbons has taken place. Furthermore and importantly! if redistribution distances are short
to intermediate (range of meters), as is the case in the Bakken petroleum system, then such
phenomena can be interpreted to result from diffusion (Thompson, 1979). Indeed, this particular

maturity interval is associated with a considerable scatter in values of Fig. 82. This serves as a

further argument that diffusive transport of low-molecular-weight hydrocarbons contributes to the

process of expulsion in the Bakken petroleum system.

The equivalent cycloalkane/n-alkane ratios as determined for the Bakken crude oils show

generally low values (Fig. 82). By using the same oil-source rock correlation approach as applied

in Fig. 66, Fig. 82 designates a high level of maturity for the oils. Although this can be considered

a further argument for a high degree of thermal alteration of the oils, the trends outlined by the

source rock datapoints are not well defined, so as to enable an unequivocal correlation and

maturity zonation.
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Fig. 82: Assessment of maturity trend for Bakken light ends using the ratio of methyl­
cyclohexane vs. n-heptane (MCH I n-C7,o) and dimethylcyclopentane vs. n-hep­
tane (DMCP/n-C7,o). Dashed line was determined by regression analysis. Stop
sign indicates end of maturity spectrum as evidenced from other maturity para­
meters (see ch. 4.1.2).

A further concept, termed 'evaporative fractionation', was presented by Thompson (1988): Here,
high-molecular-weight compounds are dissolved in gas and removed via evaporation. The
residual petroleum phase is enriched in light aromatics and cycloalkanes. In the present study, this
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scheme indeed would be matched by the high abundance of equivalent aromatic and cycloalkane

species in the thermovaporisation products.

As already laid out further above, the concept of relative expulsion efficiency (Mackenzie et al.,

1983) may not be applicable to the Bakken petroleum system for investigating and assessing

expulsion directions because it was not possible to sample the cores in close vertical intervals as

well as retrieve samples from the boundary zone to the adjacent strata. The lack of apparent

depletion/enrichment avenues can be explained by the intimate association of source and reservoir

rock in a constrained system. Nonetheless, the results derived from the relative expulsion

efficiency concept as outlined above allow to make conclusions on the mechanism how

hydrocarbons are redistributed in the Bakken Shales. With that respect, the interrelationship of

migration mechanism and migration pathway has to be considered. In the light of the results as

outlined above and the rather short vertical distances in the Bakken petroleum system between

source rock and potential reservoir (see discussion in ch. 5.3), hydrocarbon removal (expulsion)

via diffusion may be much more pronounced in the Bakken Shale than expected. The argument

that diffusion is predominantly associated with light hydrocarbons and is less applicable to rather

heavy oil-like components (Mackenzie et aI., 1988) has to be evaluated in the light of the

composition of an extract/saturate fraction from the maturity zone of extensive expulsion (e.g.

wells NEG, JAC and SKA): The straight-chain hydrocarbon GC-fmgerprint of samples from

those wells are characterised by relatively short chain lengths (between C13 and Cn ). Hence, the

light oil character of Bakken petroleum may facilitate transport by diffusion.

Stainforth & Reinders (1990) postulated a thermally activated diffusive transport of bitumen

through 3-dimensional organic matter networks as a rate-limiting migration process. This

mechanism does not require the active participation of fluids, as it occurs via polymeric solid

kerogen and adsorbed organic matter. The efficiency of this procedure is enhanced for low-
molecular-weight molecules in comparison to heavy ones. Accordingly, this mechanism governs
both retention and release of products.

However, in the same publication (Stainforth & Reinders, 1990) it was also stated that such a

diffusion mechanism becomes progressively less efficient with increasing degree of aromaticity

(polyaromatic cross-linking) of the kerogen. The geometry of the kerogen network (2d vs. 3d

orientation, size of aromatic sheets) is also believed to be crucial. Equivalent results from py-gc

(ch. 4.4), however, have revealed that low-mature Bakken Shale kerogens « 0.7% Ro) exhibit a
mainly labile monoaromatic nature. The latter feature therefore might restrict the effectivity of

activated diffusion for theBakken Shale.
Thomas & Clouse (1990a) have found that diffusion via an organic matter network is relevant in

source rocks which are unable to achieve sufficient oil saturation of the pore space due to leaner

quality (low TOC), relatively high porosity and/or during early maturity levels and slow rates of

generation. Clearly, the attributes of low TOe content and high porosity are not applicable to the

Bakken Shale. However, as these authors pointed out in an accompanying publication (Thomas &
Clouse, 1990b), the efficiency of such a transport mechanism increases with the quality of the

organic matter network. The most decisive factor with that respect seems to be connectivity and

extension of the kerogen network (Thomas & Clouse, I990b) in order to provide a continuous

avenue for diffusion. Such requirements are perfectly met by Bakken Shale kerogens of shallow

depths (2000 to ca. 2900m below surface), equivalent to the maturity zone below 0.7% R; as

revealed by organic petrology (ch. 4.1.1). SEM images on isolated kerogens from two different
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stages of thermal evolution (0.49% and 0.68% Ro) designate the Bakken kerogen as being highly

continuous (Ropertz, 1994) although the more mature one consisted of thinner sheets and was

more wide-meshed.

As laid out above, transport via diffusion may be a plausible migration mechanism for low­
molecular-weight hydrocarbon species. Indeed, the combination of a well-developed organic

matter network facilitating diffusive transport with the presence of high concentrations of gaseous

hydrocarbons (ch. 5.1.3) is highly favorable for a migration mechanism postulated by Price

(1989) in the course of which also high-molecular-weight species are involved. He provided

evidence that CS- l S n-alkanes are preferentially dissolved in C ,-S hydrocarbons and removed via

migration ("gaseous solution"). As the hydrocarbon solution capacity of gas increases with

increasing temperature and pressure (catagenesis), it may also dissolve high-molecular-weight

resins and asphaltenes thus forming light crude oil microdroplets which can migrate more easily.

Such a migration mechanism is called upon to explain the compositional differences between

reservoired crude oils and solvent extractable bitumen of the parent source rock (ratio of

hydrocarbons vs. non-hydrocarbons). Such a migration mechanism is interesting with respect to

the high expulsion efficiencies at R, > 0.7% and the concomitant decrease in gas concentration

(t'vap-gc) of the Bakken Shale. This feature might be due to the solubilisation of high-molecular­

weight compounds in the light hydrocarbon fraction and the subsequent release of this

hydrocarbon phase from the source rock according to the scheme proposed by Price (1989).

With respect to compound-specific redistribution (expulsion) processes it is noteworthy that the

n-hexane-insoluble asphaltene fraction represents the only compound ciass of the solvent

extractable organic matter which shows a good relationship to maturation over the entire

spectrum of vitrinite reflectance (Fig. 25). This phenomenon may imply that asphaltenes are not

affected by redistribution processes like saturates arid aromatics. The fact that residual solvent
extracts from the Bakken Shale samples bear significant amounts of asphaltene material is of

particular interest in view of the highly asphaltene-depleted nature of the Bakken crude oils. Such

a feature may be interpreted as an indication that n-hexane-insoluble polar material does not leave

the source rock system during expulsion but is retained. Therefore, their yield is primarily

controlled by catagenesis.

Resins, in contrast, are also a fraction of Bakken crude oils.Moreover, their distribution pattern in
the course of thermal evolution of the extracts (Fig. 25) exhibits a gross analogy to the pattern of

saturates and aromatics. This is particularly true for the two wens where sfuliples could be
analysed from both shale strata. The significance of this irregular yield of asphaltenes on one side

and saturates, aromatic and resin fraction on the other side for crude oil migration mechanism is

discussed in ch. 5.3.

Migration Pathways

As reviewed recently by Ropertz (1994), additional to primary migration Via organic matter

network the following two basic concepts on migration pathways are discussed in the literature:

Primary migration (I) via the pore space and (2) via microfractures. The applicability of these

principles to the Bakken Shale is outlined in the following:
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Migration through the pore network is rather unlikely in view of the constrained pore geometry of

the Bakken Shale (Ropertz, 1994): The small pore radii of the Bakken Shale are associated with

enormously high capillary pressures. In order to initiate migration, the pore pressure has to

overcome capillary pressure. Postulated bulk volume flow, therefore, would have to exceed these

pressures in order to establish a continuous fluid flow (McAuliffe, 1980; Tissot & Welte, 1984).

The formation of microfractures, which serve as possible conduits for expulsion, was considered

to be caused by volume expansion of organic matter during the main phase of hydrocarbon

generation in the Posidonia Shale (Duppenbecker & Welte, 1991). Based on this theory, the same

authors developed a numerical model which indicated that microfractures parallel to the bedding

plane may be formed with the prerequisite that fracturing threshold of the source rock is

achieved. Permeability measurements parallel to the bedding plane (Ropertz, 1994) showed that

the Bakken Shale indeed is laterally several orders of magnitude more permeable than vertically.

This enhanced permeability may be indicative of microfractures oriented parallel/subparallel to

the bedding plane of the Bakken Shale, allowing hydrocarbon fluids to move laterally and to set

up a continuous fluid network. However, this might also be a primary feature of the Bakken Shale

rock matrix as has been observed during microscopic examination (ch. 4.1).

Nonetheless, the question still remains how to move the petroleum in the vertical direction, i.e.

into the overlying/underlying strata. Hence, the understanding and accurate appraisal of fracture

characteristics in general and vertical fracturing in particular is crucial for optimum exploration
and production in the Bakken petroleum system. Even if the fractured reservoir model is

considered valid, controversial discussions on the magnitude, orientation and frequency of

fractures are still a subject of ongoing debate in related publications. Tne lack of unequivocal data

as derived from visual examination of cores led to the development of more refmed methods and

technologies. Skopec (1992) recommended to drill a vertical pilot hole in a new field prior to

extensive horizontal drilling, Thereafter, the core section of the target LTlterval is analysed ill field
tests as well as in the laboratory providing information on parameters like the orientation of

present-day stress and fracture pressure.

The following literature overview includes the most recent studies pertaining especially to the

nature of vertical fracturing in the Bakken petroleum system:
Q Price & LeFever (992) - These authors have coined the term of the "Bakken in-source

reservoir system" and postulated vertical fracturing to extend into the three units adjacent to

the Bakken Shales (Mississippian Lodgepole, mBK and Devonian Three Forks).

qFreisatz (991) - This comprehensive study adds a new facet to the fracture issue: L'1e author

examined Landsat-derived surface lineament maps in order to identify fracture patterns on a

regional scale. In the absence of major tectonic activity in the relatively stable, intracratonic

Williston Basin, he proposed a surface expression of Bakken Formation fractures (closest

lineament spacing: l.44m). This hypothesis was verified by a positive linear correlation

between proximity of wells to lineament traces and the percentage of high initial shut-in

pressures (> IOmpa) which are believed to be indicative of fracturing. The fractures are

genetically related to basement block tectonics. The evaluation of surface lineaments with

respect to subsurface fractures reservoirs was also applied to the San Juan Basin (Dart, 1992).

c) Eric Michael (Conoco. written communication) - Production data indicate that wells drilled

parallel to the main fracture network as deduced from principle stress analysis are poor

producers. Yet only those horizontal wells are economic producers which are drilled
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perpendicular to the main fracture network, as they intersect more fractures. Hence,
experience from production seems to support that fractures are relatively widely spaced (lOs

to 100s of feet) and regularly orientated.

I I
Fig. 83: Compositional interrelationship of Bakken light ends (C,-14) , heavy ends (C, S+)

and crude oils as a function of compound class. 'Compositional equilibrium' refers
to uniformity of individual compound class with respect to geographic distribution
in the study area. Most enhanced compositional equilibrium corresponds to
maturity independence.

Summary

6 While the validity of highly efficient removal of newly formed products from Bakken Shales
between 0.4% and 0.7% R, seems to be established and confirmed by mass balance
calculations, the mechanism how expulsion takes place remains less clear. Contrary to the
widespread scheme of bulk phase flow as the predominant expulsion mechanism for organic

rich, dense source rocks, kerogen geometry and compositional characteristics of the saturated
hydrocarbon fraction of the Bakken Shale provide some evidence that diffusive expulsion via

a well-connected kerogen network may be regarded as a quantitative meaningful process
during the main phase of petroleum expulsion from the Bakken source rock.

Thermovaporisation analyses indeed revealed that gaseous hydrocarbons are present in
abundant concentrations and could act as a migration "vehicle" for dissolving Cls+

compounds. In addition, the lack of bulk, compound-unspecific redistribution processes
during the main stage of petroleum release provides evidence that bulk hydrocarbon phase
flow is less dominant in that maturity zone, but prevails after the main phase of hydrocarbon
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generation and expulsion (» 0.8% R,) whereas diffusion - reflected by compound-specific
enrichment/depletion - is uniformly active throughout maturation.
This hypothesis, however, requires the examination of a comprehensive sample set including
more samples from maturity interval 0.4% to 0.8% RD.

e Migration/expulsion related compositional characteristics appear to be a function of
compound class and, to a limited degree, type of mobile organic matter (low- vs high­
molecular-weight species) of Bakken petroleum. With respect to compositional equilibrium,
the thermovaporisation products and the crude oils represent the minimum and maximum end
members, respectively, while the solvent extracts have a medium position. Within the latter
compound class, the degree of maturity-independence and migration/expulsion sensitivity
increases with mobility of the compound classes, namely in the order asphaltenes - resins ­
aromatics - saturates. This interrelationship is illustrated in Fig. 83.
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5.3 Bakken Petroleum Generation and Redistribution in Space and Time

Mass balance calculations have shown that the gross amount of reactive Bakken kerogen is

efficiently converted to mobile petroleum within a relatively short interval of catagenesis. This

process is accompanied by equally high expulsion rates. In other words, onset, peak and deadline

of quantitatively significant hydrocarbon generation as well as expulsion occupy only a rather

narrow period of thermal evolution of the Bakken Shale. Additional to their high rates, both

generation and migration overlap in the course of Bakken evolution (Fig. 84). The C i S+

compounds of the residual petroleum phase (SOlvent extractable organic matter) from this specific

maturity interval display major compound-specific fractionation effects relative to each other.

Corresponding light species (t'vap-gc) of the same catagenetic stage principally show a similar

behaviour, although expulsion-induced compositional variations are less severe. These arguments

elucidate that processes associated with highly efficient expulsion (diffusion, discrete oil phase

flow) of Bakken petroleum apparently have removed compositional properties inherited from the

process of hydrocarbon generation, i.c. generation effects C3nJ.YJot be discriminated from migration

effects.

Nonetheless, accumulation of petroleum in the source rocks of the maturity zone >0.8% R,
seems to take place, but this feature was observed only on a local scale and could only be
attributed to the lower Bakken Shale. If these findings are extrapolated throughout the study area,

it becomes evident that most of the Bakken oil fields lie in areas which, at present-time, are in a

static, equilibrated stage with respect to petroleum generation and expulsion. This regional

scheme has major impact on petroleum generation and migration models of the Bakken

Formation: (I) Long-distance migration vs. in-situ maturation of Bakken petroleum. (3) Cause of

overpressuring in the Bakken reservoir system (Meissner, 1978).

Long-distance migration vs. in-situ maturation of Bakken petroleum

The Bakken crude oils studied here exhibitbulk as well as molecular characteristics whichreflect
an enhanced degree of maturity (e.g. predominance of paraffins paralleled by a preference of
short-chain saturates, high values for aromatic maturity parameters). Such ongoing thermal

maturation of mobile hydrocarbon phases requires that the petroleum, once it is generated,

resides in rock units which are submitted to increasing maturation, i.e. rising temperature. If the

sedimentary column exhibits avenues/pathways which allows long-distance migration of the

crude oil, then it may be able to move to more shallow parts of the basin and "escape" from

further maturation. Therefore it is important to evaluate the areal extent and quality of potential

migration conduits for Bakken petroleum.

Maturity-specific oil-source rock correlations suggest that the minimum level of maturity, at

which the oils have been expelled, was ca. 0.8% RD. However, the peak of hydrocarbon expulsion

in the Bakken Shale was already reached at ca. 0.6% R; Thereafter, oil release decreased

drastically and was grossly completed at ca. 0.7% R; Simultaneous to this highly efficient

expulsion process, hydrocarbon generation was essentially completed at ca. 0.8% R,. Hence,
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most of the entire volume of crude oil accumulated in the Bakken petroleum system including the
samples which are examined in the present study should reflect that period of thermal evolution,
during which expulsion was most efficient, i.e. from 0.4% to 0.7% R; This apparent mismatch
suggests that post-generation maturation effects may have altered the maturity level inherited
from the source rock at the time of expulsion. However, it cannot be unequivocally ruled out that
the aromatic maturity parameter MPI, which was used in the present study amongst other
parameters to designate oil-source rock correlation (ch. 5.2.1), is not suitable for such approaches
as laboratory experiments suggest that this parameter is altered during migration (England et a!.,
1991).
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Fig. 84: KelallOnSnip of petroleum generation and expulsion in the course of thermal

evolution of the Bakken Shale. Data is provided from mass baiance calculations
as carried out in chs, 5.1.2 and 5.2.2. Interval bounded by dashed lines
designates maturity zone during which generation rate may have been higher.
Stop sign indicates end of maturity spectrum as evidenced from other maturity
parameters (see ch. 4.1.2).

In-situ thermal alteration of Bakken petroleum may be facilitated in the vertically constrained
nature of the Bakken petroleum system, in which migration of the generated hydrocarbon phase
as well as entrapment are vertically restricted. Hence, predominantly vertically oriented
expulsion/migration pathways can theoretically only be as wide as the maximum thickness of the
Bakken Formation (from 50m in the depocenter to zero at the depositional edge). In other
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hydrocarbon basins, the potentially available expulsion/migration avenues - and consequently the

timespan covered between expulsion and reservoiring of a given crude oil - within a source

rock/reservoir system are vertically much higher, often encompassing several geologic periods

(Klemme & U1mishek, 1991). In contrast, in the Bakken system the timespan between generation

of hydrocarbons and their entrapment in the reservoir can be considered to be relatively short.

Therefore, if the mobile hydrocarbon phase is not submitted to efficient, predominantly laterally

oriented migration processes within the Bakken Formation, then the nature of the oil should be

expected to reflect the same thermal history as its source rock from which it originated.

If predominantly laterally orientated migration of expelled Bakken petroleum indeed takes place,

it requires an efficient conduit. Equivalent permeability data (LeFever et a!., 1991) on the mBK

which is sandwiched between the two shale members might indicate that this stratum indeed may

be able to transport hydrocarbons over long distances. However, in view of the highly

heterogeneous and variable lithology of this sediment (Webster, 1984; LeFever et al., 1991), it

may not be justified to extrapolate its good carrier rock quality, which is based only on a limited

number of wells, on a regional scale. The unequivocal evaluation of the carrier/reservoir rock

quality of the mBK requires the analysis of a much larger sample set. Furthermore and

importantly, a lithologically and petrophysically heterogenous rock unit like the mBK clearly

affects a migrating fluid in terms of varying adsorption phenomena (Seifert & Moldowan, 1981)

and modifies its composition. However, such postulated "geochromatographic" effects don't seem

to apply to the Bakken crude oils, as outlined in the following.

Compositional data on Bakken crude oils of the present study, confirmed by related data from

Price & LeFever (1994), indicates that oils from the same oil field are very similar. Tnis might

suggest that hydraulic connectivity of the Bakken carrier/reservoir rocks is laterally very limited

(in the order of magnitude of several kilometers). Furthermore, the extent of how far the products

are redistributed in the source rock system (solvent extractable organic matter and

thermovaporisation products) seems to be linked to compound class and mobility, respectively.

Highly mobile paraffms are transported farthest. Aromatics migrate to a lesser extent than

saturates. High-molecular-weight asphaltenes appear to be essentially immobile. Low-molecular­

weight species are redistributed only within a very small volume of rock.

Hence, long-distance migration may not have occurred in the past geologic time since the onset of
petroleum generation. Indeed, t..i-Je compositional characteristics of the crude oils which are
currently produced from the Bakken Formation appear to be predominantly the result of post-

generation in-situ maturation effects which have ruled out compositional fractionations associated
with migration and generation/expulsion. There is some evidence that the product (crude oil) and

its residue (source rock) are spatially closely associated with each other. This implies that both

'components' have undergone the same thermal history during basin development.

With respect to compound class-specific, relative homogeneity of Bakken crude oils the influence

of in-reservoir mixing processes has to be evaluated. Lateral variations in petroleum composition

can result from reservoir filling processes (England & Mackenzie, 1989): Mechanical equilibrium

of the reservoir fill is achieved rather rapid (within 10's Ma) after the filling process has come to

an end. The latter may be relevant for those Bakken reservoirs which are associated with high

mature host source rocks.
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Cause of Overpressuring

Reservoir pressures in the Bakken Formation have been reported to be distinctly higher than

normal hydrostatic and to be congruent with mature areas of the Bakken Shale (Meissner, 1978).

This situation of overpressuring is believed to be created by high hydrocarbon generation rates

which are paralleled by the inability of the newly formed petroleum to escape due to extremely

impermeable rocks in the underlying and overlying formations (Meissner, 1978). Results of the

present study, however, elucidate that the highest generation rates are restricted to a short

maturity interval, i.e, ca. 0.5% to 0.8% R, This period of drastic, thermally induced kerogen

breakdown is accompanied by highly efficient release of the products. Fig. 84 illustrates the

present day relationship: Although the corresponding curves had to be extrapolated for levels

below 0.55% Ro, it is evident that there is only a very narrow "slice" of thermal evolution in the

Bakken during which expulsion may not have been efficient enough to remove the generated

hydrocarbons. If this maturity "slice" from ca. 0.3 to 0.48% R, is superimposed on the map of the

study area (Fig. 85), it covers only a small portion of the abnormally high pressured area

according to Meissner (1978). These results corroborate that, apart from local anomalies (ch.

5.2.2), the degree of overpressuring in the mature Bakken Shales (» 0.6% Ra) at present time is

much lower than during active generation. Computerized basin modelling with special emphasis
laid on generation rate-induced pressure history also revealed that reservoir pressures must have

decreased to the recent level (Burrus et al., 1994a).
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Fig. 85: Map of the study area modified after Webster (1984) with superimposed maturity
zones of the Bakken Shale and overpressured zones according to Meissner
(1978). Highlighted narrow zone refers to maturity interval during which the rate
of petroleum generation is believed to exceed the rate of petroleum expulsion
based on mass balancing calculations of the present study.
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In the light of high expulsion efficiencies of the Bakken Shale source rock system and negligible

generation of petroleum in mature (> 0.8% Ro) regions of the basin, the question still remains

whether overpressuring is a basinwide phenomenon, whether it incorporates all members of the

Bakken Formation and whether it is exclusively caused by petroleum generation in the past. In
the following, an attempt is made to provide answers to the questions above on the basis of a

conceptual model. This model of pressure build-up as a consequence of combined early efficient

expulsion, constrained lateral and vertical migration, progressive burial and reimpregnation is

illustrated in Fig. 86. The model is subdivided into four stages:

• Mass balance
- Compound-specific

Fractionation

- Oil Maturity
- Oil Bulk Composition
- Constrained Vertical

(and Lateral] System
- Thermal Expansion

- Oil and Bitumen Bulk
Composition

=""""

Fig. 86: Schematic conceptual model of Bakken petroleum generation, expulsion and
redistribution as a function pf maturity interval. In the text, this scenario is outlined
as a potential mechanism for local pressure build-up in the North Dakota portion
of the Williston Basin.

o Stage I - Efficient expulsion of petroleum from the source rock into the reservoir

This stage includes the conversion of organic matter to mobile compounds and their removal

from the source rock system. The results of mass balance calculations pertaining to organic

matter conversion and expulsion were discussed in detail in ch. 5.1 and 5.2. This approach

showed that generation and expulsion occur rather early in maturation (0.4% - 0.8% Ro) and

that the latter process is very efficient. The diffusive transport of hydrocarbons along a well­

connected kerogen network apparently has contributed to a greater extent to bulk flow
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expulsion than normal. The differences in bulk composition between source rock solvent

extracts (containing polar asphaltenes) and produced Bakken crude oil (asphaltene-free

except for one sample) are believed to be indicative of a compound-specific fractionation

process, duting which mobile, less polar species (saturates, aromatics and resins) are

removed from the source rock while the high-molecular-weight asphaltenes are retained.

This asphaltene-depleted petroleum phase then enters a reservoir. The Sanish Sandstone

(DTF) as well as the middle Siltstone Member (mBK) may serve as a suitable reservoir. The

Sanish Sandstone is believed to be only locally important (Finch, 1969; Meissner, 1978).

Thence, its regional relevance may be negligible. In a detailed study including core analysis

and determination of petrophysical parameters, LeFever et al. (1991) focussed on the mBK in

particular in terms of reservoir potential. Analysis of 12 North Dakota wells elucidated that

reservoir quality reflects the variable lithology in that porosity and permeability range from

0.02 to 15.8%, and 0.01 to 109md, respectively (LeFever et aI., 1991). Such properties

qualify the mBK as a good reservoir rock (Muskat, 1981) and especially its basinwide

distribution may designate it as the principal reservoir for Bakken oil in the North Dakota

portion of the Williston Basin.

o Stage 2 - Post-generation/-expulsion in-situ maturation of Bakken crude oil

This stage refers to the evolution of the Bakken petroleum system after generation and

expulsion of petroleum has been grossly completed (0.8% Ra) , but maturation (burial) still

continues. With the prerequisite that the oil cannot migrate very far (neither vertically nor

laterally) it undergoes the same fate as its parent source rock, namely progressive thermal

alteration. The latter leads to changes in compositional characteristics of the oils and the

molecular parameters such as aromatic ratios are modified to reflect high levels of maturity
(ch. 5.2.1). Such a prolonged thermal maturation of oils within the Bakken reservoir itself
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instance, the bulk composition (GOR) is shifted to higher contents of low-molecular-weight

compounds (England & Mackenzie, 1989). However, cracking of oil to gas at ca. 0.9% R"
conflicts with the classical oil window scheme (Tissot & Welte, 1984). Nonetheless it may
still be feasible in the case of the Bakken petroleum system because here the mainstage of

hydrocarbon generation is also shifted to rather early ranges of vitrinite reflectance (ch. 5.1.1).
In the same chapter, the limited applicability of the classical R, approach for delineati"g

hydrocarbon generation zones for the Bakken has been pointed out. Hence, the process of in-

situ maturation appears to be one strong controlling factor for the high-quality, light oil
character of Bakken petroleum. Furthermore, the unusual high concentrations of gaseous and

other low-molecular-weight compounds in the Bakken source rock as revealed by t'vap-gc

(ch. 5.1.3) might not only be a result of direct and early generation from the kerogen, but also

derived from cracking reactions.

o Stage 3 - Thermal expansion of reservoired crude oil

In this phase of evolution, Bakken crude oil is considered to increase its volume as a

consequence of thermal stress. Timewise, it directly adds to stage 2. The petroleum fluid may

react by thermal expansion similar to t'1e aquathermal pressuring scheme proposed by Barker

(1972) for aqueous subsurface fluids. In the case of the Bakken petroleum system, there is

strong evidence that hydrocarbons are the only present fluid. Although the results derived

145



from mineralogic analysis were not unequivocal, interlayer water originating from smectite­

illite alteration can be considered to be of minor importance in the Bakken Shale (ch. 4.9)

The density of a given petroleum fluid decreases with increasing temperature (Muskat, 1981)

but the specific volume increases and it tends to expand. The maximum rate of thermal

expansion for petroleum is reported to be ca. 5%/Ma (Chapman, 1980). If the rate of

overburden pressure (mechanical compression) is not reduced (e.g. as a consequence of

erosion/uplift) and permeability is not significantly improved, then the resistance to thermal
expansion increases and pressure build-up is initiated (Chapman, 1980).

The latter is also enhanced by the limited storage capacity of the principal reservoir, i.e. the

mBK. Although a given rock volume of mBK represents a good reservoir rock (Muskat,

1981; see stage 1), the total volume of mBK which is available for reservoiring Bakken Shale

generated oil is relatively low. This is due to the fact that thickness of the mBK decreases

gradually from a maximum of ca. 27m in the basin center to zero at the depositional edge
(Webster, 1984). Based on a simple calculation incorporating the total volume of mBK with

an average thickness of 15m and an average porosity of 10% covering an area in North

Dakota where the Bakken Shale is considered mature (areas B, C, D and E from Webster,

1984), the total volume of pore space in the mBK available to hold petroleum equals ca. 18
billion bbls. Yet, estimations of the amount of crude oil generated by the Bakken Shale of the

same area are in the order of magnitude of 100 billion bbls (Webster, 1984) or 150 billion

bbls (Price & LeFever, 1994). Thus, there may be a significant discrepancy between

reservoir capacity of the mBK and volume of petroleum generated from the Bakken Shales.

That means that the pore space of the mBK may not be sufficient to take up all the Bakken

petroleum and that further storage capacity is required. Clearly, such calculations bear some

uncertainties and results thereof should only be regarded as an order of magnitude, as they

are only based on estimations and average parameters. Furthermore, this approach assumes

that the total amount of petroleum is quantitatively uniformly distributed throughout the entire
area under consideration. However, as laid out further above, lateral hydraulic connectivity

may be valid only within very short distances.
The considerations above imply that, when a certain trigger value (threshold) is reached, the

volume of the petroleum may exceed the limited storage capacity of the reservoir rock U11it

(mBK) in which it resides.

o Stage 4 - Reimpregnation of petroleum from t.I-Ie reservoir back into the source rock
This step follows directly stage 3 and provides an explanation for the enhanced solvent

extract yields (lower Bakken Shale samples of wells MAR and JEN) in the mature zone (Fig.

23) and for the different concentration patterns obtained for asphaltenes and resins in those

samples associated with locally enhanced extract yields (Fig. 25). The enhanced

concentrations of petroleum could be due to locally higher generation potentials and/or

impeded expulsion. However, the basinwide uniformity in Bakken Shale kerogen type (ch.

4.4) and the fairly constant distribution of organic richness (TOC) and Rock-Eval-Hl in a

given mature well (> 0.7% Ro) as exemplified by well JEN (Fig. 12) argue for uniformity in
hydrocarbon generation potential. As regards expulsion, it can never be ruled out

unequivocally that local "spots" exist in the Bakken where expulsion avenues (fractures,

kerogen network) are not sufficiently well-developed and/or continuous.
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Nonetheless, there is some evidence that the observed solvent extract yield anomalies are a

result of reimpregnation of petroleum from overlying and underlying strata (DIT and mBK).

The direction of transport from inferred reservoir to source is substantiated by migration­

sensitive Pri/n-Ci-j, (Leythaeuser & Schwarzkopf, 1986) and Phy/n-Co, values, which are

lower for Bakken Shales than for adjacent strata of the same well (Ropertz, 1994; Eric

Michael, written communication; see Tab. 17).

Table 17: Distribution of values for two selected molecular parameters (saturated
hydrocarbon fraction) for both shale members and their over- and
underlying units.

Parameter Unit

Pritn-Cr-., LP
uBK
mBK
IBK
DTF

Phy/n-Cl 8.-0 LP
uBK
mBK
IBK
DTF

Reference
Ropertz (1994)

0.68
0.55
0.75
0.51
0.70
0.62
0.55
0.71
0.50
rv '"V.VI

Michael (1993)

0.4
0.35
0.3 - 0.6

In the context of an inferred transport of petroleum from reservoir to source as laid out in this

section it is interesting that the concept of "activated diffusion" (Stainforth & Reinders,
1990), which was discussed as a potentially meaningful migration mechanism for the Bakken

system in ch. 5.2.2, also incorporates such reversed diffusive transport back into the source

rock system.

With respect to the different concentration patterns obtained for asphaltenes and resins itl

those samples associated with locally enhanced extract yields (Fig. 25) it may be plausible
that this feature is also due to a reverted direction of transport: The asphaltenes are retained in

the source rock and represent a portion of the residual extract, while the resins as wen as L"1e

saturates and aromatic fraction represent a portion of the crude oil that first leaves the source

rock system (stage 1) but then re-enters it again after stage 3. Consequently, the locally

enhanced yields of solvent extracts in the lower shale units of well MAR and JEN exhibit the

same distribution patterns as the saturate and aromatic fraction of the oils. During

reimpregnation the crude oil, consisting mainly of saturates, aromatics and resins is added to

the originally present bitumen in the rock, which in turn is enriched in polar compounds

(asphaltenes).

Based on this concept, a mass balance was developed for the solvent extractable organic

matter for the lBK samples of wells MAR and JEN based on the solvent extract yield

distribution as a function of maturity as depicted in Fig. 23. These individual samples with

maximum contents of bitumen were considered to be affected by reimpregnation, while the
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averaged extract yield of all other samples> 0.8% R, was believed to be representative for

the original situation after the main stage of generation and expulsion and thence acted as a

reference similar to the relative expulsion efficiency approach in ch. 5.2.2. Tab. 18 elucidates

that the asphaltene concentration for MAR and JEN remains almost unmodified, while the

other fractions are submitted to considerable variations. According to this approach, it is

proposed that ca. 70% of the bitumen of well MAR is derived from reimpregnation

processes, while well JEN appears to be less influenced (ca. 50 to 60%).

Table 18: Results of mass balance calculations for hypothesized reimpregnation
process from reservoir back into the source rock. Approach is explained in
text.

Fraction Portion derived from Reimpregnation (%)

Whole extract
SAT
ARO
RES
ASP

MAR (0.9% Ro)

E34328

68.60
72.52
67.90
68.18
4.99

JEN (0.92% Rol
E 34454

57.51
55.14
61.86
68.02
-2.59

JEN (0.92% Rol
E 34455

51.90
67.89
43.02
45.26
5.14

The 4-stage scenario as laid out above may finally lead to pressure build-up: (a) In the absence of

corresponding pathways from reservoir to source rock, release of the oil is inhibited. In this case,

overpressuring would be restricted to the reservoir (rnBK). (b) The petroleum is drained along

appropriate pathways (e.g. fractures), but storage capacity of the shales, which can be considered

a function of tJIC macrofracture network density, is rapidly exceeded. Here, anomalously high
pressures could be encountered in shales and adjacent members of the Bakken Formation.

The theory presented above implies that the overpressured situation encountered in the Bakken

petroleum at present-day time is a local phenomenon Q11d cannot be extrapolated on a basinwide
scale. Controlling factors are reservoir quality (storage capacity) of the sediments adjacent to t.~e

shales and availability of appropriate pathways for the reverse migration. Overpressuring is

caused by the restricted nature of the petroleum system in tenus of long-distance vertical d.!!d
lateral migration.

Furthermore, the postulate of a Bakken Shale in-source reservoir (Price & LeFever, 1992) may

have to be redefined. Results of the present study strongly suggest that in some regions the

source rock (Bakken Shale) can be clearly separated from the reservoir rock (primarily mBK,

secondary Sanish Sandstone).
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6 Conclusions

e The nature of Bakken petroleum is governed by efficient expulsion and subsequent in-situ

maturation. The latter process is the controlling factor for the high-quality, light oil character

of Bakken crude oil.

G The Bakken Shale shows an enhanced capability of generating gaseous products throughout

maturation. These low molecular weight hydrocarbons might play a vital role ill expulsion

mechanisms.

* There is some evidence that the mechanism of diffusive transport of products contributes to a
high degree to the rapid and efficient expulsion of petroleum in the Bakken Formation. A welI­

developed and continuous orgamc matter network may provide the suitable

expulsion/migration pathway.

G Highly efficient expulsion and, most importantly, post-generation in-situ maturation effects

have overprinted compositional properties of the Bakken crude oils inherited from the process

of hydrocarbon generation.

e Compositional features which are common in both the natural and artificial maturation

sequence are useful for calibrating the latter in terms of maturity zones. This maturity zonation

approach can be utilized for predicting the quantitative and qualitative evolution of natural

products without the fractionating interferences of expulsion and migration.

e Abnormally high reservoir pressures encountered in the Bakken Formation apparently are a

local phenomenon. Overpressuring may have been caused by thermally-induced volume

expansion of crude oil stored in Bakken Shale over- and underlying strata. The phenomenon of

reimpregnation of petroleum from the reservoir back into the source rock system may account

for locally enhanced concentrations of crude oil in the Bakken Shale. Therefore, the

generalized postulate of an in-source reservoir has to be reconsidered.
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Equations Usedfor the Calculation ojMolecular Parameters

CPI-I ~

LHCPI~

TNR-2 ~

MPI-I =

MPR-3 =

2(C23+ C25)

(C22 + 2C24 + C26)

2( CI7 + CI8 + C19)

(C27 + 2C28 + C29)

1,3,7- TMN + 2,3,6- TMN

1,3,5 - TMN + 1,3,6- TMN +1,4,6 - TMN

1,5(2-MP+3- MP)

P +1- MP +9 - MP

3-MP

P

TMN - trirnethylnaphthalene
MP - rnethylphenanthrene
P - phenanthrene

steranes

Ts/Cfm-Ts) ~

Hop/(Hop+Mor) ~

20S _
---- of C79' SuCH). 14a(H), 17ct(H)-steranes
20S+20R - . .

2(14~(H),17~(H)20R+ S)

18a(H) - trisnorneohopane

17a(.1f-) - trisnorneohopane + 18a(H) - trisnorneohopane

17a(H),21~(H)- hopane

17(H),2113(H)- hopane + 1713(H),2Ia(H) hopane



Tall. A~l:H~,ckgroundinformation on sampled cores/crude oils l.IsL-'{1 in the present study. Data (HI well status was provided by the North Dakota Imlustdal Commislon.

-----
Abbrev. We!l# NDGS I .ocation County Operator Well name Fi'elll Dry Producing Producing

(F;g.6) core # FOHnatioll
"'..===."

Cores
DOll 1 8177 18-151-87 Ward Marathon Oil Dobrinski V-

.lAC 2 2618 SWSE 15-145-91 Dunn Pan Amcr, Pet. Corp Jacob l lubcr #1 )(

NEG 3 9001 NWNE 21-163-093 Burke Clarion Resources Inc. Ncgaard #1 x
SKA 4 -- 1-160-95 Divide Conoco Skarphol D-5 Stoucvicw x Madison
1l0R 5 5656 SWSW 03-157-095 Williams Texakota Inc. II. Ilorstad itI West Tioga X Bakken
GRA 6 8474 NESW 15-144-102 Billings Tenneco Graham USA #1-1S Buckhorn x Bakken
SET 7 2602 SWNE 06-153095 McKenzie Texaco Seth A. Garland #S Charlson X Devonian ('!)
MAR 8 4340 SWSW 02-154-095 Williams Pan Amer. Pet. Corp CliffordMarmon 11 I IIofflund x X

.lEN 9 1202 SWNW 06-152-094 McKenzie Amerada Jcns Strand I Antelope X Samsn/Marnson
CON 10 12886 27-I44N-102W Billings Shell Connell #24-27 Buckhorn X Ilakken
FED II -- 12-143-102 J3illings Conoco Federal 12-1 I ilkhorn Ranch X Bakken
HOV 12 2828 NWNW 15~ 154-098 Williams Texaco L..I. Hovde # I J(

IlEH 13 4297 SWNW 02-154-095 Williams Pan Amcr. Pet. Corp Il.E. Hove #1 IIomund X Bakken
THO 14 12748 SWSW 05-145-0f)9 McKenzie Texaco Thompson Unit #5-1 Whiitctail X

PIE * 8637 SENE 18-161-87 Renville Clarion Resources Inc. Pierce #1~18 J(

WAS * 105 SWNE 02-153-085 Ward Stanolind Walter & Ingcbcrg J(

FOR * 4113 SENW 04-150-093 Mountrail Texaco Inc. Fort Berthold Allottee 437 #A I X

GIL * 1254 SWSE 17-152-094 McKenzie Amerada Gilbert T. Rohde 1 Antelope x Snuish/Madison
HHS * 1606 NESW 35-150-0'17 Mcl(enzic Amerada H.H. Shelvic Traet I # I North Fork X Dey.
REI' * 1748 NWNE 06-152-094 McKenzie Amerada Rccd-Norhy Unit# I Antelope x Sanish
.IOH * 1886 NWSE 33-153-094 McKenzie Amerada John Dinwoodic #1 Antelope x Sanish/Madison
TEX 'j: 5088 NENW35-156-093 Mountrail Shell Texcl21-35 x
ASW * 2967 NWSE 03-152-096 McKenzie Texaco A.S.Wisncss #2 Keene x Madison
MIN 1858 NWNE 25-150-096 McKenzie Amerada Minnie Kummer T I It1 X

UST :I< 2226 SWNW 18-153-094 McKenzie Amerada U.S.A. Thomas III
WEll * 6082 SENW 18-145-097 Dunn Gulf Martin Weber 111-18-IC l,illlc Knife x Madison
XYZ * 8363 NWNE 23-143-102 Billings Coastal Oil & (las 23-143-102 IlN III I ilkhorn Ranch x Bakken

MOl * 12162 NWSW 21-143-101 Billings Meridian Oil MOl #13-21 Elkhorn Ranch x Bakken

Oils
IlY 21-148N-100W Dunn (\)Il()CO Federal A-4 Bully
LIl 10-148N-96W McKenzie Conoco WiserCom. 1 Lost Bridge

ER-I 1O-143N-102W Ilillings Conoco Federal No.2 I ilkhom Ranch
ER-2 3-142-102 Billings MaxusEnergy Rauch Shapiro Fcc 22·<)R Roosevelt
ER-3 143-102 Billi!!.£.s Conoco Federal No. 1 I .lkhorn Ranch



Tab. '\-2: Input data sheet for permeability measurements for samples of well SKA. xcre increasing confining pressure.

scmcie:
Somple thickness
sample diameter
sample cross-section

$KA (E34435)
ii.04lmrn
28.15 rrm

6,22E-Q.<:! rrY

Pressuredifference
Pressuregradient

2.73E+06 Po
2.47E+08 Palm

27.3 bar

Temperature (l)
Water vscosrrv
Calculation of ttcwrate
Start of exp.:

231"c
9.5OE-D1 cP

03. Feb 94 10:39

296.15 I<
9.5Of-Q.<:! Po s

Date

03.02

Iii ~.~
03.02
03.02

laverage flow
iinteorol flow

Time

10:39
10:45
10:51
11:04
11:22

Volume
[ml]

000
0.10
02
0.4
06

Time[h]

00
0.1
0.2
0.'
07

Flow Rate
[m'fs]

2.7SE-1O
2.78::-10
2.5& 10
1.85E 10

Confining Flux [mJs] Permeability Darcy nparey

Pressure [m9

8
8 4,46E-07 1.7E-18 1.71E..Q6 1713.78
8 4,46E-D7 1.7E-i8 1.71E-D6 1713.78
8 4.12E-D7 i.6E-i8 1.58E..Q6 1581.95
8 2.98::-07 t.ta-ta 1.ME-D6 1142.52

4.o1E-07 i.5E-i8 1.54E-00 1538.01
3.74E-07 1.4E-i8 1.43E-06 1434,79

sompte.
Semple thickness
Sample diameter
Sample cross-section

SKA (E34435)
i 7.f61rrm

28,15 mm
6.22E-Q.4 rrs

Pressuredifference
Pressuregradient

2.73E+06Po
3.52E+08 Palm

27.3 bar

Temperature (T)
Water viscosity
calculation of ttowrate

23ioc
9.50E-01 cP

296.15 K
9.50E--D4 Pa s

Stcrt of exo.: 03. Feb 94 12:28

I
Dote Time Volume Time[h] Flow Rate Confining Flux [mJsJ !permeability Darcy nDarcy

I[mil [m'/sJ Pressure [m9
,,,o0' I

~
12:28 0.00 0.0 10

03.02 12:42 0,12 0.2 1.43E-1O 10 2.3OE-07 6.2E-19 6.20E-07 619.52
0302 12:51 0.2 0.' I 1.481'.-10 10 2.38E-07 6.4E-i9 6.42E-Q7 642.46
0302 13:03 0.3 0.6

I

1.39E-1O 10 2.23E-07 G.OE-i9 6.02E-07 602,31
0302 14:10

I

0.82 17 1.29E-lO 10 2.08E-07 5.6E-i9 5.61E-Q7 5tJJ.96
, 03,02 14:20 0.9 1.9 1.3-31'.-10 10 2, ]4E{l7 5.8E-i9 5.78E-07 578.22

I
li~verage flow 1.39E-10 2.23E-07 , 6.0E-i9 6.01E-07 tJ:XJ.69
oteoroi flow 1.341:'-10 2.15E-07 , 5.8E-i9 5,81E-07 500.80

scmcte
Sample thickness
sample diameter
sorrore cross-section

SKA (E344J5)
7.761mm

28,15 rran
6,22E-D4 rrr'

Pressuredifference
Pressuregradient

2.73E+0:. Po
3.521'.+08 Palm

27.3 bar

296.15 K
9.SOE-Q4 Po s

142804 Feb 94

Temperature en
Water viscosity
Calculation of ftowrate
St rt fa o exo.:

I
Dote Time Volume Time [h] I Flow Rate Confining Flux [m/s] Permeability Darcy nDarcy

[ml] [ffi'fS] Pressure [m9
'uo"

I
04.02 14:28 000 00

I
12

04.02 15:21 000 09 1.891'.-11 12 3.031'.-08 8.2E-20 8.18E-Q8 81.82
, 04.02 16:27 0.16 20 2.53E-11 12 4.06E-08 r.is-is 1.101'.-07 109.51,

04.02 17:19 0.23 29 2.24E 11 12 3.6OE--Q8 9_7E-20 9.731'.--08 97.30

i i
ioverage flow 2.22E-11 3.56E-Q8 S.6E-20 9.62E-Q8 96.21
lintearal flow 2.24E-11 3.6OE-Q8 9.7E·20 9.72E-D8 97.21



pete sheet for cermecbmtv measurement
Sample: SKA (1:3443-5)
SCmple thickness 7.761 mm
Semple diameter 28.15 rnm
sorroie cross-section 6.22E-D4 m"

Pressuredifference
Pressuregradient

3.40E+C6 Po
4.38E+08 Po/rn

34 bar

06. Feb 94

296,15 K
9.5OE-D4 Po s

remperctcre (1)
Water viscosity
Calculation of tlowrate
Start of exp.:

Date

"'.02
07.02
07.02
07.02

Ioverage flow
pnteoro flow

Time

12:30
08:15
12:28
13:49

12:30
Volume

[ml]

0.00
0.27
0.:;3
0.35

Time Ih]

00
19.7
24.0
25.3

Flow Rate
[m'/sj

3.8OE·12
3.9SC·12
4.12E-12

3.96E-12
3,84E-12

Confining Flux [mlS] Permeability Darcy
Pressure [m~

2D
2D 6,10E-{}f 1.3E-20 1.32E-oB
2D 6,35E-OO 1.4E-20 1.38E.()8
2D 6.61E-D9 1.41:-20 1.43E--es

6.35E-OO 1.4E-20 1.38E-Q8
6. 17E-OO 1.3E-20 1.34E-08

nDarcy

1322
13.76
14.33

13.77
13,37

Sample:
Sompie thickness
Semple diameter
Sornple cross-section

SKA (E34443)
I 7.761mm

28.15 mm
6.22E-Q4 nY

Pressuredifference
Pressuregradient

5.ooE+06Po
6.44E+08 Palm

50 bar

296.15 K
9.5OE-Q4 Po s

23l DC

9.501:..01 cP

18 M- 94

Temperature (i)
Water viscosity
Calculation of trowrars
s- rt f0 a exo.: or '0

Date Time Volume Time [hi I Flow Rate Confining Flux [m/s] Permeability Darcy nDarcy
[ml] I [m3js] Pressure [~

'MO"
18.03 14:15 0.00 0.0 10
18.03 14:40 0.02 0.4 1.33E-l1 10 2.14E-08 3.2>:-20 3.16E-oB 31.57, 19.03 13:L!O 021 23.4 2.29E-12 10 3.69E-09 5.4E·21 5.43E-D9 543

I
2Dm 17:10 038 50.9 1.72E-12 10 2.76E-OO 4.1E-21 4.Q7E{)9 4.07
Xl. 03 21:05 0.41 54.8 2.13E-12 to 3.42E-Q9 5.0E-21 5.04E-()9 5.04
21.03 08:45

I
0.48 66.5 1.67E 12 to 2.68£-00 3.9E-21 3.95f-D9 3.95

I
21.03 09:45 0.49 67.5 2.78E-12 to 4,46J=-(lQ 6.61;:-2:1 6_58E.ffi 6.58

I
i

average flow 3,991:-12 MOE-()9 9.4E-21 9.44E{)9 944
inteoror flow 2.02E-12 3.24E-OO 4.8E-21 4.77E--ro 4.77

scmcre.
Semple thickness
Sample diameter
Somota cross-section

SKA (E34444)
I 9·B9lmm

28.(6 mm
6.18E-()ll m?

50 bar

296.15 K
9.50E-o.a Po s

259

5.00E+06 Po
5.06E+08 Palm

231°c
9.5OE-Ql cP

Pressuredifference
Pressuregradient

Temperature (l)
Water viscosity
Calculation of uowrate
Start of exo.: 22. Mar 4 11:

Date Time Volume Time[h] Flow Rate Confining Flux [mls] Permeability Darcy nDarcy i[ml] [m3/s] Pressure [m~

'MOo
,

22.m 11:25 0.00 00 10
22.m 12:15 0.04 08 1.33E-ll to 2.161:-08 4.1E-20 4.0SE-D8 40.52
22m 13:55 0.1 2.5 1.ooE11 10 1.62E-08 3.0E·20 3.o4E-08 30.39
22m 15:15 0.15 3.8 1.04E-11 10 1.69E-08 3.2E·20 3,17E-08 31.66
22.m 17:10 02 5.8 7.25E-12 10 1.17E-08 2.2E-20 2.2OE-oB 2202
2203 19:15 0.27 7.8 9.33E-12 10 1.51E-D8 2.8E-20 2.84E-D8 28,37
23,03 08:40 0.63 21.2 7,45E-12 10 1.21E-D8 2.3E-20 2.27E-08 22.65

overage flow 9.63E-12 1.56E-oB 2.9E·20 2.93E-D8 29.27
oteorot flow 8.24E-12 1.33E-08 2.5E-20 2,5OE-D8 25.03



Tab . ..\-3: Input data sheet for permeability measurements for samples of well TEX.

Scrnpls:
Sample thickness
Semple diameter
sample cross-section
Confining pressure
Pressure difference
Pressure gradient

lEX (E34333)

I 6.471rrrn
28.41 rrm

6.339E--C4 m'
l.70E+07 Pa
8.00E+06 Po
1.24E-J.09 Palm

80 bar

296.15 K
9.SOE-Q4 Po s

231°c
9.50E-Q1 cP

Temperature (T) 1[=~;:;gJ
Water viscosity at T"C
Calculation of ncwrate

373.73E-Q84.85E-08 !3.OSE-11

Start of exo.: 27. Mel 93 15:11

I Confining
Flow Rate PressureD,,,, Time Volume rmn 'nrre rnt fm'lsl fMPa1 Flux [mls1 Permeability frrfll carcv nDarcv

27.05.1993 15:11 AM 0.0 17

27.05.1993 16:00 0.20 08 6.80E-11 17 1.07E.Q7 8_2E-20 8.24E--Q8 82
27.05.1993 17:45 0.52 2.6 5.08E-l1 17 8.01E--Q8 6.2E-20 6.15E-D8 62
28.05.1993 08:05 2.12 16.9 s.ros-n 17 4.89E-Q8 3.8E-20 3.76E-D8 38
28.05.1993 10:10 2.20 19.0 1.D7E-l1 17 1.68E-08 1.3E-20 1.29E-08 13
28.05.1993 11:45 2.40 206 3.51E-ll 17 5.5<lE--Q8 4.3E-20 4.25E-08 43
28.05.1993 15:15 2.70 24.) 2.38E-ll 17 3.76E-Q8 2.9E-20 2.88E--Q8 29
28.05.1993 16:50 284 25.6 2.46E-11 17 3.87E--Q8 3_0E-20 2.98E.()8 30

Iaverage flow 3.49E-11 5.50E--Q8 4.2E-20 4.22E-Q8 42 I,
Iintegral flow

Tab. A-4: Input data sheet for permeabiaty measurements rOor samples ofwell XYZ

Sample:
Semple thickness
Sample diameter
Semple cross-section
Confining pressure
Pressure difference
Pressure gradient

XYZ (E34355)
I 6.761rrrn

28.46 rrm
6.362E-04 r-ri
1.70E+07 Po
8.00E+C6 Po
1.18E+09Palm

8C bar

C6lllili.ilg

302.15 K
8.32E-04 Po s

291°C
8.32E-ol cP

26. Moi 93 15:30

Temperature en 'C::;;::;:;;di~
Water viscosity at T°C
Calculation of flow-rate
Start of exp.;

Flow Rate Pressure !
Date Time volume rmn 'nme rnt rm'/sl rMPal Flux rmls1 sarrraabrutv fm"i uarcv nDarcv

~~:~:;~~ ;~;~ 0:29 ~:~ 5.69E-ll :2 8.94E·08 6.3E-20 6.29E--08 63
26.05.1993 18:30 050 3.0 3.68E-l1 12 5.79E-D8 4.1E-20 4.07E-D8 41
27.05.1993 08:15 1.60 16.7 2.22E-l1 12 3.Ll9E-08 2.51:-20 2.46E-08 25
27.05.1993 09:45 1.79 18.2 3.52E·l1 12 5.53E-08 3_91:-20 3.89E-08 39
27.05.1993 12:00 2.10 20.5 3.83E-11 12 6.02E-08 4.2E-20 423E-Q8 "

overcce flow
~:~~: ~ ~ ~.~~~=oo I 4.2E-20 4.!;~~ ~~intea~al flow 3.1E-20 3.15E-D8



Tab. A-S: Input data sheet for permeability measurements for samples of well FED. Sole lncreaslng confining pressure.

sample:
Somple thickness
Semple diameter
Somple cross-section

FED (E34423)
t 5.09lmm

28.Q7 rrm
6.19E-.Q4 m"

Pressure difference
Pressure gradient

2.46E-<{k) Po
4,83E+08 Palm

24.6 bar

Temperature (i)
Water viscosity
Calculation of ttowrate

'"foe
9.5OE-ol cP

296.15K
9.5OE..()4 Po s

Start of eXD.: 22. Feb 94 14:46

I Da" Time Volume Time[h} Flow Rate Confining Flux [m/s] iPermeability Darcy ncarcy

I[ml} [m)/s} Pressure , fm'}
';';P,' i

22.02 14:46 0.05 0.0 8

I

,
22.02 15:21 0.22 0.6

I
7.86E-ll 8 1.27E-Q7 2.5E-19 2.49E-D7 249.44

I22.02 15:37 0.28 08 6.77E-l1 8 1.09E-D7 2.1E-19 2.15E-D7 214.96, 22.02 15:55 0.355 1.2 6.94E-l1 8 1.12E-D7 2.2E-19 2.2OE-07 720.47

laverage flow
integral flaw

7.19E·1l
7.37E-ll

U6E-D7
1,19E-D7

2.3E·19
2.3E-19

2.28E-07
2.34E-D7

228.29
233.89

scrnpre:
Sample thickness
Sample diameter
Sample cross-section

FED (E34423)

! 5.09lmm
28.07 mm

6.19E--D4 m'

Pressure difference
Pressure gradient

2,46E+06 Pa
4.83E+08 Palm

24.6 bar

remperctcre m
Water viscosity
calculation of nowrate

231°c
9.50E--Ql cP

296.15 K
9.50E..Q4 Pa s

Start of exc.: 23. Feb 94 10:15
Date Time Volume Time[h] Flow Rate Confining Flux [m/s] iPermeability Darcy nDarey

[ml] [m'tsj Pressure [ [m~

""ol
23. 02 10:15 I 0.00 0.0 14
23.02 10:43 0.04 0.5 2.38E-11 14 3.85E--Q8 7.6E-20 7.56E-Q8 75.59

I23.02 11:08 O.OS 0.9 2.67E-11 14 4.31E--Q8 8.5E·20 8,47E-Q8 84.66
23.02 11;27 0.11 12 2.63E-11 14 4.25E--Q8 8..4E-20 8.35E-QS 83.55
23. 02 12:34 0.23 2.3 2.99E-l1 '4 4.82E---D8 i 9.5E-20 9,48E-D8 94.77 I23.02 13:00 0.28 2.7 a.a.e.u 14 5.18E--08 !

~.OE-1S 1.02E,07 101.75
23.02 13:12 0.3 3.0 2.78E-11 14 4,49E-D8 8.8E-20 8.82E.Q8 88.19

average flow
iint ralIlow

2.nE-11
2.82E-11

4,48E--Q8
4.56E-oS

8.81E-08
8.97E-OB

88.08
89.68

sample:
Sample thickness
sample diameter
Sample cross-section

FED (E34423)
I 5.09imm

28.07 mm
6.19E--Q4 m2

Pressure difference
Pressure grElc.'ent

2.46E+06 Pa
<l.83E-t-'Ja Palm

24.6 bar

rempeecsure en
Water viscosity
cezccraucn of ttowrare
Start 01exp .

23i oc
9.50E..Ql cP

23 Feb 94 13'15

296.15 K
9.50E..Q4 Pa s

54.69o,47E.Q82.78E--QS I 5.5E·201.72E 11[intecral flow

I Dale Time Volume Time[h} Flow Rate Confining Flux [m/s] Permeability Darcy nDarcy
[mil [m'ts] Pressure [m']

<uP", ,,
23.03 13:15 0 0.0 '6[ 23.03 14:02 0.04 0.8 1,42E-l1 '6 2.29E.Q8 4.5E-20 4.50E-D8 45.03

I 23.03 15:09 0.12 1.9 1.99E-11 '6 3.22E--Q8 6_3E-20 6.32E.QS 63.18
I23.03 15:36 0.145 2.3 1.54E-11 16 2,49E-oa 4.9E·20 4.90E.Qa 4S.99

I
23.03 16:14 0.185 3.0 1.75E-l1 '6 2.83E--Q8 5.6E·20 5.57E.Q8 55.70

[

I~verage flow 1.68E-11 2.71E-08 [ 5.3E·20 5.32E-QS 5322
-



sample:
Sample thickness
Sample diameter
Sample cross-section

FED (E3M23)

I 5.09lmm
2&07 mm

6.19E-04 m1

Pressure difference
Pressure gradient

2.46E+06 Pa
4.83E+08 Pa'm

24.6 bar

23. Feb 94 16:25
Time Volume Time [h) I Flow Rate Confining Flux [mJs] permeability Darcy nDarcy

[mil {m'/s] Pressure Im~

16:25 0.00 00 18
17:25 om 1.0 I 1.94E-l1 18 3.14E-DS 6.2E-20 6.17E-Qa 61.73

1.94E-l1 3.14E..{)8 6.2E-20 6.17E-C8 61.73
1.94E-ll 3.14E-OS 6.2E-20 6.17E-QS 61.73

Temperature (T)

Water viscosity
Calculation of ttowrate
Start of ex

Dalo

23.02
23.02

Iaverage flow
;inteqral flow

2310c
9.5OE-Ql cP

296.15K
9.50E-04 Pa s

sample:
Sample thickness
Sample diameter
Sample cross-section

fED (E34433)
I 16.96lmm

28.14 mm
6.22E-04 me

Pressure difference
Pressure gradient

522E+06 Pa
3.07E+08 Palm

52.15 bar

303.15 K
8.15E-04 Pas

30j0C
8.15E..Ql cP

Temperature (T)

Water viscosity
catcuratrcn of nowrate
S ftart o exo.: 26. Jul94 11:37

Date Time Volume Time[h] i Flow Rate Confining Flux [mfs] parmeablfity Darcy nDarcy
[ml] I [m'fs] Pressure [m')

I 'MOo'

!
26.07 11:37 0.00 0.0 14
26.07 15:30 0.03 3.9 2.15E-12 t4 3.45E-Q9 9.1E-21 9.14E..Q9 9.14

I
26.07 17:45 0.06 6.t 3.70E-12 14 5.96E-09 1.6E-20 1.58E-Q8 15.7S
27.07 10:50 0.53 232 7.64E-12 14 1.23E-Qa 3_3E-20 3.26E-QS 32.56

I27.07 13:30 0.64 25.9 1.15E-11 14 1.84E-QS 4.9E-20 4.88E-QS 48.83

i
27.07 15:00 I 0.73 27.4 1.67E-l1 14 2.6$E-QS 7~1E-20 7.1OE..QS 71.02

I
I

average flow S.32E-12 1.34E-08 3.5E-20 3.55E..QS 35.47
intecrat flow 7.41E-12 1.19E-DS 3.2E-20 3.16E-08 31.55

scmcre.
Sample thickness
Sample diameter
Sample cress-section

FED (E34433) reverse ftow cnrecucnn
I 16.sslmm

2S.14 mm
6.22E-G4 me

Pressure difference
Pressure gradient

5.86E+06 Pa
3.45E+D8 Palm

58.55 bar

303.15K
8.15E-04 Pas

sWC
8.15E-Q1 cP

Temperature (T)

Water viscosity
Calculation of flo ....'Tate
Start 01 eXD.: 28. Jut 94 14:10

0310 Time Vofume Time[h] Flow Rate Confining Flux [mls] Permeability Darcy nDarcy !
[ml] [m'/s] Pressure Im~

,~""
I 28.07 14:10 0.00 0.0 14

28.07 15:45 0.29 1.6 5.09E-11 14 8.18E-D8 1.9E-19 1.93E-Q7 193.10
28.07 16:50 0.5 2.7 5.38E-11 14 8.66E-D8 2.0E-19 2.04E--D7 204.36
28.07 18:20 0.82 4.2 5.93E-11 14 9.53E-Q8 2.2E·19 225E--D7 224.91

average flow S.47E-11 8.79E-Q8 2.1E·19 2.07E-Q7 207.46
mtecrai flow S.47E-11 8.79E-QS 2.1E-1S 2.07E-Q7 207.48



Tallie H: Data as derived from organic carbon determination and Rock-Eval analysis. Wei! # refers to location of wells in study area (Fig. 6).
"'"Sam pIc Well TOC Si 'l'l1lllX II! 01 Shale Sample Well TOC Si 'j'nll1X Hi 01 Shale

rn name (wl.-%) (mg HC ("C) (mgHC (mg CO, IUnit m name (wI.- %) (mg HC (0C) (mgHC (mg CO, \J1l1t
f!Il Ig rockL.. ~roq-1g'll'oq (#) Ig rock) IgTOq IgTOq•.

E~42.'i7 Pll~' LIS 0.44 414 117 " 10K D4435 SKA (4) 9,87 2.1 445 282 I IIBK
E.142.'iH 2.6! O,YJ 42/ J 2<1 s 18K 1:34436 ILl 2.64 ,1,10 302 R lIBK
E342:il) 1.22 0.72 4D <J2 " 18K E.H437 10.6 2.31 ,1,14 306 8 lIBK
E:H260 3.m J.J3 42,1 J LIZ 4 18K 1;344:18 15.::; 4.! 439 332 4 uBK
E3'126 J 3. J:; 1.17 421 J3[ 2 18K E34439 17.4 4.02 441 363 , lIBK
1:3,1262 3.62 0.7 424 [03 , 18K E34440 11.9 3.2:'1 439 311 7 lIBK
1:34267 DOB (I) 2.98 0.% 42:" 142 23 uBK EJ4441 12.9 3.83 439 321 , lIBK
E:H26H 17.7 7.75 419 605 " lIOK E34442 D.6 4.67 439 336 4 lIllK
I::H26lJ 17.8 7.72 421 648 12 uBK E34443 16.1 5,13 438 364 4 "ilK
1:34270 12.5 5.25 421 580 18 uBK E34444 12.3 ],38 442 348 , uBK
E.H271 18.:') 6.18 419 Cll2 I) "ilK EJ444:') 9.01 2.6:') 4.1:') .121 7 lIllK
EJ4Z7Z 20.8 '.2 ,117 %1 19 lIBK E.14306 BOR (:')) 13.1 2.3R 443 344 12 IIBK
E342D 16.9 5.93 424 619 12 lIBK E.14J07 12.7 2.8'.1 437 %5 II 1I8K
E34275 I' 5.6 421 606 1,1 uBK EJ4308 D.2 3.4 443 400 I !InK
E.H276 12,'1 :'i. 19 419 579 19 "ilK E34.117 .1011* 12.8 3.83 445 1J5 I' lilK
EJ,1277 17.6 6.76 421 6[0 I) "8K E3431B 12.6 6.25 441 121 I 18K
E.14278 17.1 7.77 418 610 14 lIBK E.14.1 19 4.62 2.49 445 122 I, 18K
EJ4279 20.7 8. D 419 61.~ I) lIBK E343J2 rrx- 2.95 2.67 435 192 I, 10K
E:H280 18.9 IU9 420 (,51 I) lIBK EJ43.13 7.57 :U8 442 J 17 II IBK
E.1<128J 4.3,1 0.83 422 182 I' 18K EJ4J34 ASW* ll.l 5.06 446 121 14 IBK
E342R'1 3.7 0.69 419 121 I, IBK EJ4D5 LU :'i.14 442 92 7 IBK
EJ42R5 3.14 0.67 425 I:n 12 18K EJ4JJ6 11.1 4.78 449 [ 17 II 18K
EJ42!l0 :U5 0.78 422 12 I 18K E34JJ7 MIN""· 14,J 4.74 44) [57 , 10K
E.~426J .1M' (21 17 7.78 430 559 7 18K EJ4338 ll.9 4.42 441 117 II IBK
1:.H264 19.4 9.08 42/1 .'i70 I 18K E34342 SET (7) R.97 4.92 4·11 165 I' 10K
EJ4205 16.3 6.85 428 .'i5H 14 18K EJ4343 l2.8 ),J9 440 147 7 IBK
E.~4287 NH; (:II 1'i.1) .''d'i 4J.1 .'i09 II unK EJ4344 13.7 5.79 440 [59 7 18K
E34288 2CU 8.2.1 ·\.10 502 8 lIBK E."I4345 11.2 3.7 I "·11 I :'i8 7 18K
E.14289 14.6 4.85 ,1.12 549 12 lIBK E."I4364 (;IM (6) 9.2) 3.)) ,,<I[ 165 I lIBK
E3-1290 6.4,1 1.86 4.~Z "IS4 17 uBK 1:.'4.10.'i 7.3 2.7 H(, 17.'i 9 lIBK
F342lJI WAS" 10.1 2.21\ ·121 -18"1 .10 IBK E."066 10..1 3.12 -141 HZ II lIBK
[~.1·12n .,,4 7 n.:'i\) H9 JI8 28 18K E:;-n6R 10.1 1.29 ·1·12 In I{)l) unK
1':3-IZ93 I.q ."I.n -115 .q,'i 2·1 18K 1:3,nZO MAR (8) 9.06 2..1.1 H7 16,'i 18 uBK
I~~ ..W)·I IIU ·1.72 -116 5.1[ 22 lilK H·B21 10.3 .1.H ·140 1·18 21 lIBK
[:.'·!2lJ'i [.1.2 1,.8-1 ·11·1 .'i2.'i 2S 10K 1:34:'22 13..1 4.39 ·1.17 1·1.' II lIBK
F.1-12% 8.l)l) I.7S .\ J7 SO..I .14 18K 1:34323 10.,1 .1.22 ·HI 173 " unK
1:.1·IZ(jl) I,'()l{• I r.o .t.% ·IY:; 2:11 1.1 lilK E3ef.12ef 11.2 .1.)6 4-14 17:-; 12 unK
FJ·I.1()(l I.OG .'.27 ,n6 Z5,<; I.' lilK 1:.14.125 8.7..\ .'.2<1 .J3!) 1·12 1(, llBK
1:.H301 1:'i.1 .UI ·1,11 2.'iG ') 10K E.14326 12 :~.64 H.' 17<, I uBK
F.1<U02 <HI." l·!.l) 3.lJl) HG l:'i·] 9 18K E34.127 ).43 l.RZ 4,1'/ 127 I.' 10K
[::q30.~ 1.1.1 ·1.3I ,145 161 11 IBK U·I.128 8.2·1 4.44 ·H[ 112 ., 18K
1:.1·1.1()·1 IlJJS"' 1.1 ,~. 78 ·1.'i.~ 121 9 linK E.~,n.'o 'i.50.1 2.79 ·1.18 140 2·1 IBK
l:.1-·HO.'i RI·:!':' 1..1..1 ·1..l HlJ H2 , lilK



Tahle n (cont.)

IBK
18K
18K

tBK
18K
IBK
18K
18K

Shale
Unit

uBK
uBK
u13K
uBK

uBK
linK
lIBK
uOK
uBK
uBK
ul3K
uBK
uBK
uBK
ul3K
uBK
uBK
uOK
uBK
uBK
II 13K
uBK
IlI3K
uBK
unK
uBK
uBK
uBK
Ill3K
uBK
uBK
uBK
ul3K
unK
unK
unK

(,

s
I
9
7
I,
I

"R,
8

"7
7
9
8
7
7
7
I

""G
9

"II
9
9
(,

7
1

),

2
2
(,

.1

·17
11
«

217

nl
206
221
231
203
225
201
200
213
199
213
209
220
204
207
214
197
219
199
178
\84
186
I H8
169
213
164
196
208
) 22
206
224
et
105
92
106
89
177

OR
III
99
87
118
122

'D8
,145
439
43S
442
437
446
446
438
442
445
,141
44)
440
445
439
438
445
441
447
438
4?o7
443
'142
441
449
442
,1,I·t
-\46
HZ
·[·1.'1

·140
'1-1.1
·1·16
H3
-1-17
-142
.[.1.\

·[·1)

4:'11
444
·117
·14S
·14:';

eC)
1'mBXSI

(mgHC
~~k) /g TOCLJJjg~l~'O~C,;i)~~~

4.58

:1.75
3.86
4.26
4.34
4.47
3.82
4.28
5.13
3.46
3.83
3.64
4.12
3.68
!j.os
4.1
3.24
],.53

4
1.57
4.8<1­
4.41
3.88
4.36
:u
3.47
:'1.85
3.87
3.21
3.G!)
],m

,-\.X5
"1..'i3
_~.8,1

·1.88
-1.25
·un
4.0J
~d8

],96

5.19
G.7 f)

,1:16
:1.3

D.6
D.4
12.6
13.8
13.4
LU
12.9
12.6
D.l
12.9
12.8
I J

12.4
1:1.1
12.7
12.8
12.8
12.7
12.7
12.4
1J.8
12.7
12.)
II

8.62
7.99
8.6)
10.2
IU
D.)
11..1
1:';,9
10,2
10.2
10.8
12. I
10

11.9
11.8
8.9)
I 1.9
t.16
(i.Cr!
:;. J4

E34403 CON
E34404 (rxurl.)
E3,140)
E34406
E34407
E34408
E34409
E34410
E34411
E34412
1.:34413
E34414
E34,j I)
E:'I4416
E34417
E34418
E34419
E34420
E34421
E34422 FED (II)
E34423
E.~4424

E3442)
F:1'142(i
E34427
E34428
E:14429
E34430
E344.11
D44.n
E344:13
1:.1·\<134
E3'13·\7110V(12)
1~.1·1.148

1~3·l.1·19

E:14.1){)
E.1,1.1)I
E3'l.1.11 m.u (1.1)

E343@ TIIO ([4)

E34.161
E.'4362
E3433l) {TST"
1~.1'13·10

H,D·II

Sample Well TOe

III name (w!.··%)

(#£,.,)~~

IBK
IBK

IBK
IBK
IBK

Shale
IUnit

uBK
uBK
uBK
uBK

uBK
uBK
uBK
uBK
uBK
uBK

unK
uOK
uBK
uBK
linK
uBK
1I0K
uBK
uOK
uBK
uBK
uBK
IIBK
uBK
uBK
uBK
uBK
uBK
lIBK
uBK
uBK
uBK
ul3K
uBK
uBK

uBK
uBK
uBK
lIBK
uBK

D
II
9

"19

I
7
II
9
II,
8
J
12

"9
"IJ
12
8
4
9
I
7
6
7
IJ
9
9

"9,
I
7
II
9
7
IJ
II
B
a
I
B
')

"

17,1
J67
184
147
l68
161
1)3
131
142
D4
19,1
204
121
III
191
164
16G
167
"4
176
163
186
186
211
209
167
186
18R
210
I))

2m
236
211
20·1
182
218
192
182
21)
229
201

220
231
217
228
~~~~~~~~

44 :'I
·HI
439
440
4·10
,j'14
,143
4·\2
444
441
+-t5
442
448
4_[2
444
,\itO
4·[5
440
4,14
,142
449
440
440
446
441
4<10
<146
440
·1,t5
431)

H6
'H2
,H)

,1·lO

<1.'9
·1·1)
·OX
..]·1)

4 )7

·1·IS
·1·11
440
·14S
'1·11
'\'\

12.2 .~.6()

IIA 3.7 I
13 3.7)

11.8 4.39
12.2 4.63
10.4 2.87
12,6 15
8.87 4.01
SAR 4.2:;
I L2 6.1
10.9 3.23
10 3.)1

l).:'d 3.6G
9.:;4 s.t
ILl '1.2)

11.6 4.39
9.17 3.:;
9.?o1 4.1 I
II.) 4.04
12.1 4.:'14
S.4) 3.S)
10.9 3.72
11.1 3.97
[2.7 4,1l)
u.: 3,89
10.2 4,22
lUI 3.12

J I 4.4·\
[2.2 3.91:\
7.63 ·tA8
rz.« ·IY)
12.8 ).2!)
12.) J.8
J 2.,1 :U2
7.2 3.) I

12.:'1 3.(,.j

10,7 4.12
1).2·1 3.26
12.7 ,I. J 2
12.f) ·1.0·\
13 ·1.22

13.8 :'1.0.1
13A 1.75
13.) 3.82

D.:; 3.52",'~"_"~..~.~"~"".~.""'_.;;"

Semple Well TOC SI 'II',"", 11I1 01
If) name (w!.-%) (mg HC (OC) (mg HC (mg CO,

(iI) /g rock) ~ TOC) /g TOC)
. .-

U4310 .lEN (0)
1~_\4C\ J I
1::'4312
1:3431:'
WH316
E34449
1:34454
E14455
E34.35.3 WEB*
E34YH
E34:1:;5 XYZ*
E34Yi6
E)'1:\:'\7 MOI"-

1:343:'i8
1~_34372 CON (10)
EJ4.373
E34:n,~

E34375
E3437G
E;l4377
1:34378
1~?o4:n9

E34380
1:34.3R I
1:34382
E3'D83
E.3431H
E34.385
1:34380
E],1:\87

E.\·1:\88
E.H.<89
E3,1:'9(1

1·:~q39J

1:343')2
U43'J3
1':3,L\(H
I~.\'I.WS

1:."1.39()
I:JIYJ7
U,I.WR
F.',rv)l)
!.:.3·H(JO
Fll"101
1:.\4402



TauC: Spreadsheet with input data and results derived from mass balancing of Bakken Shale maturity sequence using calculations according to Cooles et al, (198

Codes Mossncacnce
[~ __ MM_____ MM __~~

immature reference sample: DOB (uBK, average values)

0_

oAC
SKA
BOR
JEN
MAR
CON
FED
HOV
BEH
THO

;average of 12 samples
overage of 3 samples
average Of 11 samples
overage of 3 samples
average of 9 samples
overage of 8 samples
overage of 50 samples
Clyerage of 13 samples
overage of 5 sornples
overage of 1samples
overage of 3 samples

HI rndnert ker)/
~~.~K) .. .....1..__--.:..Q(HC)/,g(Corg) i Q(HC)/g(Corg) m(Corg)

0.11328
U.UO£lO U.£I/O I 0.4673
0,0330 02805 0.6865
0.0270 0.31114 0.6586
0.0434 0.1391 0.8175
0.01119 0.1323 0.8258
0.0454 0.1803 0.77113
0.0418 0.1750 0,7832
0.0491 0.0817 0,8692
0.0411 0.1503 0.8086
0.0560 00871 0.8569

PGI(RE)

0.22
0,69
0,64
0,87
0,88
0.82
0,83
0,93
0.86
0.92

%Rm
0.31
0.57
0.68
0.72
0.92
0.90
0.94
0.99
1.11
1.26

__ ...._l.,:Q.?_~

TSE TSE rnnnert ker)/

~---
TOC ~QJgLgJ!ock)' g(C)/g~~Q!9L~...... _,~._.,._,._...._........._ m(Corg) PGt(Ex) PEE(Ex) ....___. TOCJ.Q!!~91.." .._..'r.£...R rn ___

DOB average of 12 samples 17.18% 10.56 0.0128 ...__~._,_~.Q;!l68? 17% 0.31----_..--
JAC average of 3 samples 17,57% 11.23 0,0136 0.5083 0.17 0,86 19% 0.57
SKA overage of 11 samples 12.75% 8,61 0,0105 0.7090 0.65 0.98 19% 0.68
BaR average of 3 samples 13.00% 8,72 0,0106 0,6750 0.59 0.98 19% 0.72
JEN average of 9 samples 11.67% 7,2 0.0087 0,8521 0.86 0.99 21% 0.92
MAR average of 8 samples 1O.Li1% 7.32 0.0089 0,8588 0.86 0.99 19% 0.90
CON overage of 50 samples 11,96% 7,02 00085 0.8112 0.80 0,99 21% 0.94
FED average of 13 samples 11,22% 7.2 0,00B7 0.8163 0.81 0,99 20% 0,99
HOV av_e~age of 5 somples 10.66% 7.113 0.0090 0.9092 0,92 0.99 21% 1.11
BEH overage of 1 samples 11,90% 7.73 0.00911 0,8403 0.811 0.99 ~nQ/Q 1.26
Tl~O overage of 3 samples 10.88%____.su._____-.2:.QQ.?L~~___,_____..__._~____ 0.90117 0.92 0.99 21% 1.57"._-----._-
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