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ABSTRACT

A study ofregionalstratigraphygeochenstry, and petrophysgof theinterval
between thé.ower Mancos Shalandthe Dakota=ormatiors on theDouglas Creek Arch
wasconducted to investigates resourcepotentialas an unconventionghs
accumulationThepurpose of this study was test the hypothesikat theLower
Mancos Shalés a potential exploration targein the Douglas Creek Ar@nd evaluate
various organic facies within this interv@ldditionally, a comparisorof thelower
Mancos groupf northwestern Colorado to previosgidiesof this unt across the state
was performed

To correlateseparategontinuousand mappabletervals inthe MancosB Shale
to the Dakotdormatiors, a studyof well logs inthis areavasconductedWithin the
stratigraphic intervathirteenkey surfaces were identified: 1) Dakota Sandstonép\&gr
TununkShale; 3)Tununk Shale; 4fFrontierSandstone; 5) Carlile Shale; 6) Niobrara 1;
7) Niobrara 2; 8) Niobrara 3; 9) Niobrara 4; 10) Niaka 5; 11) Niobrara 6; 12iobrara
7; 13)Mancos ShaleReservoirand source characterisgtiof each interval were
investigatedThe calcareous Niobrara Foation was identified otop of the Carlile
Shale To supporthestratigraphiacorrelations and calcareous nature of the Niobrara
Formation anoutcrop locaédin New Castle, Colorado waxamined Samplesof the
selected units were collectéom thefield. Thepetrology ofthe samples waanalyzed

The dentified stratigraphic unitweretied tothe results o§eochemical analysis
performedon drill cuttings from existing boreholeghis allowedfor the identification of
intervds with moderate to [gh organic content-ormationsn the study interval thahay
have source rocgenerative potential are: lower TunuBkale, Tununk Shale]l the
intervals within the Niobrara Formatipandpart of theMancos ShaleAdditionally, a
basicpetrophysicabtudy oftheidentifiedintervalswithin thelower Mancos groupvas
conductedncluding the calculation of water saturations and porositiethefinal stage
of the projectstructureandisopach mapsef the separate, continuous intes/af lower
MancosgroupwerecreatedBased on the resulggotential source rocks and reservoirs

were identifiedThis study proviédsan opportunityfor additional exploration targein



thePiceance Basito be developegotentially suppting a significant amount of natural
gasand oilto anincreaingly demanding market place.
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CHAPTER1

INTRODUCTION

Unconventionakhalegasresources argarnering an evencreasing shari the
production of ntural gas in the world. The percentage ofghale gasontributionis still
relatively smallh o we v e r energymdrketyisdomstantly growing@ndvery
demandingNatural gas is becomirafuel of choice andecoming aigger player.
Accumulations of hydrocarbons in carbonadeks carbe very sigificant, for example,
thevast carbonate reservoirs of the Middle E&ke identification andcevaluation ofa
newcarbonateasplay in the Piceance Bashmas the potential to supply new gas
resourcesProjections byhe United States governent and gas industry research
organizations indicate that annual U.S. gashdnd ould increase by over 20%©m the
current 2ZTCFto 27TCF by theyear 203(Q(Curtis, 2007)Additionally, increasing
prices allow nore advanced methods of explorattorbe developedrhe first wellin the
U.S.A. specificallycompletedo obtain natural gas was operated in 1821 by William Hart
in the gate of New York; the first pipeline was built in 18@atural Gas Supply
Association, 2004)Substantiagjrowth of the natwal gas industry started in 19¥@nd
with the development of new technologjeésincreasing significantlyThere are several
proven shaland carbonatbydrocarborplaysrecognized within the Lower 48 h&
majoronesinclude theFort Worth Basin (Barnett Shalejrkoma Basin (Hindsville
Limestone) San Juan BasifLewis Shale), Illinois Bsin (New Albany ShaleDenver
Basin (Niobrara FormatignMichigan Basin (Antrim ShaleAppalachian Basin
(Columbus Limestonegnd AppalachiaBasin (Ohio Shale)Williston Basin(Bakken
Shale)(Curtis, 2002; Jordan Jr. and Wilson, 1994)

Improvement of natural gas exploratit@thnology is possibleith rising
demand, increasing prices, andreasingenvironmentatlemand from governments
Individual consumers as well as esgation and development compangge interested in
investments which could result in increasing productionadiiral gasThesereasons

allow for unconventional gas resourdesreceive more attentioShale gasystems are



usually unconventional, self sourced, and have contintygesgas accumulatignvhich
can be thermogenic, biogenic or combined thermogenic/ biogenic in détrgidlction of
gas from these types aEcumulatios can bedifficult and expensive. Typicallyhe
porosityof thereservoir rocks poor tofair and ranges between 6 to 14%eT
permeability ofa shalereservoir rock is usually lessan 0.1 mdLevorsen, 2001)

Due tothe poorreservoir rock properties of shaladlow porosity carbonate
(chalkyg, special completionandfracture stimulatiorare requiredo producegasat
economic ratesFracture stimulatiomcreasetheflow rateby many fold the cosof
fracture stimulationsnay exceedhe cost of drilling. Thiscompletiontechnology is
constantly improving and its cost is evolvii@arbonate reservoican havesither
excellentor poorpermeability depending dextures, fossil components, and diagenesis.
Poor permeability is common law porositydolomites, gainstones, boundstones, and
chaks; diagenesis can transform these rocks pamus rocks.

One of the biggesirea of unconventional playm the United States is the Rocky
Mountain regionThis areehas estimated 318 TG proved and probablgas resource
(EIA, 2006) Thisrepresents 41% of proved and probable Lower 48 gaspaitand
80% of these resourcase unconventiongEIA, 2006) There are a few major
Cretaceoushaleplaysin Coloradq includingthe Hilliard, Mancos andMowry
formations.The main carbonate playtise Niobrara Formation. Th®lancosShale is a
deep target in botthe Uinta and Piceandeasinswith total depths of the wells reaching
16,000 feet (876.8 m).The Niobrara Formatiomterfingers withthe Mancos Shale and
has not been extensively explored in the Piceance Basivever, it isa major producer
in the Denver Basin.

The undeveloped nature of the Niobrara Formation in the Piceanceaasiad
this research to be undertaken. The stratigraphic, geochemical, and petrophysical study of
the interval between thidancosB Shale and the Dakota Formatiwas studed.
Correlations of the subsurface data, study oiNee Castle outcrop, Rodkval
pyrolysis, vitrinite reflectance, and basic petrogiogl analysis of theoiver Marcos

group were performed to provide answers regarding its petroleum potential.



1.1 Purpose and Scope

The purpose of this study is test the hypothesis that timerval between the
Mancos Shale top of the Dakota interval & potential exploration targeh the
Douglas Creek Arch (DCA) in the Piceance Basortmvestern Colorad@Figure 1.).
A stratigraphic frameworlwas developed bytegraing organic geochemistry and
previouscorrelatiors ofequivalent units from the éhver to Uinta bsins Various
subsurface techniques weneorporated to accomplish ghpurpose. Grrelations of
separate, continuous, and mappahtervals between thdancos Shig andthe top of
the DakotaverecompletedusingIHS Petrd" software After determining key surfaces,
potentialreservoir and source intergalereanalyzed. Geochemical analysisexisting
well-bore cuttings along wittheanalysis ofanoutcropwereused to confirm
stratigrapht correlations of th&ancos Shaldakota intervalBased on theorrelations
and geochemical datpotential reservoir and source rocks were identiffdet third
stage of the projectoncentrated on studyinberelationshipbetweergeochemistry and

petrophysicdor wells with available geochemical data

1.2 Study Area Location

The Bureau of Land Management (BLM) and EnCana Oil and Gas Company
(USA) Inc. have an agreement in developingDioeiglas Creek Arcibevelopment
Contract (DCADC)located oran anticlinoriumwhich separatethe Uinta and Piceance
basirs. Thisfeature wasreated aftethe deposition othe Castlegate Sandstorie the
Late Cretaceous throudghe Paleocen¢Johnsorand Finn, 1986)Within this contract a
research study of the lower Mancos gregsinitiated The DCADCareais located in
northwestern Colorado across Rio Blanco and Garfield couriigsre 1.1 a, bt
covers approximately 530,000 ac(@44,83 ha). The DCADC extends fromINto T
8 Sand R 104 W to R 100 W measured from theénciple meridianFor the purpose
of thisstudy, the area was extended to include ten additional towr(§hjgpse 1.1.bjand
reached size of about 89000 acre360,170 ha The outcropsection described in
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Figure 1.1 a) Regional map binta-Piceance Basins; b) Outline of Douglas Creek
Arch Development Contract (blue), Outline of Research Area (dashed line), Rio
Blanco and Garfield counties boundary (red) Utah/Colorado state line (black), a
township and range grid (Modified from UirRRiceance Assessment Team, 2003).




this projects located irthetown of New Castle, Colorado along intersta#)l The
geographic coordinates of the outcrop are: 1839 6 3 5 2 32, 8 6V812007.

1.3 Previous work

There is a lot of information published about the Western Int€netaceous
Seavay. The regional structure, paleogeography, sedimentation, biology, and eustacy
were studied by many research@srman et al., 1980; Dickinson et al., 1988; Franczyk
et al., 1992; Haun and Kent, 1965; Johnson, 1988; Johnson and Finn, 1986; Kauffman,
1969, 1977, 1985; Kellog, 1977; MeissnE®84; Molenaar and Wilson, 1990; Murray
and Haun, 1974; Quigley, 1965, Stone, 1977; Tweto, 1980; Waechter and Johnson, 1985;
Warner, 1961; Weimer, 195%jowever little informationis available about the
geochemistry of theower Mancogroupof the research areBisher(2007) This study
amplifies the previous work. i$ important to provide more information about the total
organic content, thermal maturation, and organic matter Tjpefollowing sections
reviewmostof theimportant conceptpreviouslypublishedabouttheregional structure,

geologic settings of the DCA, and sedimentation in the research area.

1.3.1 Previous Stratigraphic Correlations

The Mancos shale was first identified by Cross in 1888rner, 1961)It was
namel for exposures in the Mancos Valleythre northwest San Juan Bia, Colorado
(Warner, 1961)Publications whicliecognizethe presence athe Niobraraon the DCA
are limited(Longman et al., 1998; Molenaar and Wilson, 1990; Vincelette and Foster,
1992) Within the research arelg Mancos Shale to Dakota interval was subdivided into
the following formations using gamma ray and resistivotyst Dalota, Lower Tununk
Tununk Shale, Frontier Sandstone, Carlile Shale, Niobrara 1, Niobrara 2, Niobrara 3,
Niobrara 4, Niobrara 5, Niobrara 6, Niobrara 7, and Mancos $SRigiere 1.2) The

sharp difference in lithologgn top on the Dakota Sandstdaeisible on thewell logs



and was previously identifidgy many researche(Bisher, 2007; Franczyk et al., 1992;
Haun, 1959; Haun and Kent, 1965; Johnson and Flores, 2003; Molenaar and Cobban,
1991; Moretti Jr. et al., 1992; Roberts and Kirschbaum, 1995; tRitaance
Assessment Team, 2003; Weimer, 1984 DakotaGroupwasdeposited ashoreline
deposits irthe Cretaceous sea which transgressed across Colbliattwically, various
authors have subdivided the interval from the Mar®é®rmationto the Dakota
differently (Figure 1.2). This research will propose a new subdivision of this interval.

In the research argtneinterval abovehe Frontier Formation is identified by
many researchers #s MancosShaleandwas not broken into detailadhitsand its
significant carbonatéhalk/marl) portion was recognized byeav researcherdHaskett,
1959; Longman et al., 1998; O'Boyl&55; Vincelette and Foster, 199Zherefore, the
Niobrara Fermation was not recognized or evaluated for petrolexpioration within the
research are&heMancos $alehas ben previously recognized on the DCFhe
intervalrecognizedabovethe Mancos $ale isthe Mancos B deposited iranoffshore
marine environment, arebnsists otlaystone, siltstone, and fine sandst@fellog,

1977) This interval was subdivided into five intervals basedagres distribution
(Kellog, 1977) The elationship betweetihe upper Manos and Mesaverde formations
wasstudied by Warnef1961), butthe studydid not result in regional correlations of
stratigraphic units withithe Mancos shale.

The latest study of the research ares wonducted by Fish€007) Fisher
subdividedthe Lower Mancos Bale intervainto separate units based on geochemistry
andwell log correlationsThe units argin ascendingrder, theDakota Silt Equivalent,
Tununk, dilana Lopez, Frontier Equivalent, Lower Blue Gate Shale,rdraliEquivalent,
and Upper Blue Gate Shdleigure 1.2) Nomenclaturaised inhis study was taken from
Uinta Basin The aithorsuggestghatadditional detailed work is necessary to properly
evaluatd_ower Mancos shale on DCAyhich require further structural, geochemical,

and petrophysical analysis.
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1.32 Geologic setting

The studyarea igpositioned near the westerrargin of the Western Interior
Cretaceou$eawayAt its maximum extent the Western Interideaway (WIS) extended
from Alaska tothe Gulf of Mexicoand was about Q06 mi (1,620 km) widéFigure 13).
Pre-Cretaceousectonic eventformeda large structural bas{fRoberts and Kschbaum,
1995) Thepreseriday Rocky Mountairregionprior to the onset of Lamaide
deformation was part oflaroad foreland basin within which marifeeies were
continuoudor long distancegDickinson et al., 1988)The northvest trending Western
Interior Cretaceous basis one of the largestreland basins in the worl@veimer,
1984).During the Early Cretaous, sediment supply was souré@n both sides of the
basin with the thickest accumulation on the western side. During the Late Cretaceous,

sediments were derived from thestern margin andepositional environmentanged



from coastal plain andhoreline to marine shadhddeep wate(Haun and Kent, 1965;
Weimer, 1984)

During the Laramide orogentheRocky Mountain foreland basin was
partitioned. Partitioning took place in several stéighe beginning of the orogeny, after
the Park and Sawatch ranges were uplifleelarea of the Piceance Basin became a part
of the structural and sedimentary basin which had its eastern border at the western flanks
of the two ranges. The modeday eastern margin of the basinfemed by the Whe
River uplift which upliftedduring Late Cretaceous and early Paleo¢8obnson and
Flores, 2003)lt is believed that the Sawatch and White River ranges are the oritg upli
which do not have prearamide expressior{weto, 1980) The westar margin of the
Piceance Basin is formed by DGA anticlinoriumsub-parallel to the Uncompahgre
uplift on the south and Rangely anticline on the n@vtbrray and Haun, 1974As a
result of partitioningthePiceancdBasin region is an intermontabasin associated with
the Sevier and Laramide orogenies formed during the late Early Cretaceous to late
Eocene or Paleocen@ohnson, 1992; Waechter and Johnson, 198%)se two
orogenies should be considered together bectney grade into each otharspace and
time (Johnson, 1992)

The exact time of the Laramide orogeny is still controversial. There are at least
four hypotheseas towhen it began. According to Crog986) the initiation of
Laramide tectonism occurredtine early Campanian about 84 Ma. Dickinson and others
(1988)proposed the beginning of the Laramide deformation in the Maastrichtian about
71-66 Ma, and the systematic termination from north to south between early and late
Eocene time. Franczydt al.(1992)showed evidence that Laramide deformation started
in the midCampanian about 75Ma when the gradual withdrawal of the Cretaceous sea
from the Uinta basin region coincided with a decrease in subsidatesan the areas
closest to the Sevier thrust belt. During this time-8kimned thrusting in the Sevier belt
resulted irthe formation of intermontarteasins which had previously been part of the
foreland basin. Seviestyle deformation tooklace untithe late Paleocene 57 Ma
(Franczyk et al., 1992 he full transition to Laramidstyle paleogeography in the
Uinta-Piceance area is ataaterized by theetreat otthe Cretaceouseaway, the

formation of the large Uintanal Piceance lacustrine basiasd surrounding uplifts



According to Franczyk1992)and Johnso(i1988)the Laramide orogeny occurred
between the late Maastrichtian and early Paleacene

1.3.3 Tectonic History of the Douglas Creek Arch

The Douglas Creek Arch is a northwest trending anticline or a series of én
échelon anticlines which forms the western margin oPilbeance Basin and eastern
margin ofthe Uinta Basir{Murray and Haun, 1974; Waechter and Johnson, 198i&re
are many ideas related to the formation of the Douglas Creek(@rads, 1983; Johnson
and Finn, 1986; Ritzma, 1953) has very complex history of uplifthich can be
observedn the sedimetary rock acrosthe DCA(Johnson and Finn, 1986)

The DCA is thoughto havea pre-Laramide tectonic origigStone, 1977;
Waedter and Johnson, 198%ennsylvanian age fault blocksthe subsurface of the
DCA have beeidentifiedand wee still active in the JurassfStone, 1977; Waechter
and Johnson, 1985phose fault blocks were most likely reactivated during the Laramide
Orogeny andhad a major influence on the formation@TA (Stone, 1977; Waechter and
Johnson, 1985 here is an ongoing debate about the precise timing of the uplift.
Previously researchers suggested that the movement on the arch started early in the
Laramide orogeny or begamen earlier and predateide uplifts of the Uinta and White
River rangegGries, 1983; Johnson and Finn, 1986; Ritzma, 195&)ording to Quigley
(1965) the DCA is one of the older structures whichuahced theleposition of the
Mancos Shale. This conclusiammade based on the evidencéharining of this
formation over the arch.

However, more detailed analysis of the Paleocene and Eocene isogach an
structure maps indicate asymmetrical development of the arch during the Paleocene
(Johnson and Finn, 1986)he DCA became a positive structural feature whaththe
Uinta and Piceance basins began to subside. The asymmetrical flanks of the arch suggest
that there waa significant difference in the subsidence history of the bgdotsnson
and Finn, 1986)Based on the analysef isopach mag Johnson (198&uggestedhat

the movement on the arch cdulot start earlier tharn7.5 Ma when the Castlegate
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Figure 13 Paleogeographic maps of the Western Interior Seaway during the
Cretaceous tim@lakey, 2006) Black rectangles represent location of the study
area.
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Sandstone was depositdohnson and FinfL986)did not identify any significant
thinning toward the archnothe isopach maps of tihdancos Shaléo the Dakota
Therefore, for the purpose of this study the DCA uplift is considered to start with the
deposition of the Castlega&andstone about 77.5 Ma.

1.3.4 Relative sedevel changend deposition

The Western Interior Cretaceous Basin of North America was a very complex
foreland basin which was created as a result of accelerated plate spreading, convergence,
and subductioalong the Pacific coast of North Ameri@g&uffman, 1985)The Circum
Boreal Sea and protGulf of Mexico joinedtogetherin Late Albian timeThe seatayed
connected for 3Ma, until the late Middle MaastrichtigiKauffman, 1985; Roberts and
Kirschbaum, 1995)

The paleogeographic map of the Western Interior of Middle North America, for
the Campanian interv@Figure 14 a) shows that the seaway startediavelop aftethe
Albian lowstand wkn the Muddy (Dakota) Sandstone was deposited. Dthieng
Cenomanianhere was a general expansairthe seaway with a short regressive phase.
One of the records for transgressive episodes of the Cenomanian age is the Mowry Shale
and Tununk Shale detrial mudstone and siltstone intervalhe regressive episode is
furtherrepresented by sands of the Frontier Formgfwberts and Kirschbaum, 1995)

During the east Turonian time periodFigurel.4 b) the WIS had reached a
maximum transgressive phase. According to Roberts and Kirschbaum th@d3t
highly calcareous muds.e. marlstone and chakwere depositedver the eastern part
of the seaway during this stage. Thoakareousnuds ae represented by the Greenhorn
Formation Toward the west of the seawawlcareous muds grade into the gray muds
andsandy muds afhe Frontier Sandstone. Relatively rapid regression of the sea during
Turonian stage resulted in the deposition of the samttmwal of the Frontier Sandstane
According to Roberts and Kirschbaum (1995), during the Comaid Santoniastages
(Figure 1.4c) there was a massive transgression of the sea interrupted by three small

regressions. At the beginning of the Coniacthe)Jower Niobrara formationcalcareus
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mud) was deposited.itne mud depositionccurredat the westanddetrital muds, which
eventually replaced lime mudieredeposited in the southwestern region. The Coniacian
and Santonian stag broughfluctuatiors of relative sea level which resulted in
intertonguing of nonmarine and marine deposits.

The Campanian s@ can be divided into two major parts in terms of sea level
change. During the first part (Early Campanidr®WIS wasin overall regression
followed by transgression. At the beginning of the Campanian (Fiydre), carbonates
were depositeth easterrColorado and Texas. Elsewhere, pelagic muds such as the
Pierre, Mancos, and Lewis shales were accumulated. During this stagenastern part
of the WIS(preseriday New Mexico, Utah, and Wyomingignificant coal beds were
formed. During the second pgLate Campanian) the WIS was in its lowstand with
shoreline farther to theast (Figurel.3 e). There still was some marine deposition in the
central part of the seaway resulting in the deposition of the Pierre Shale. However, the
presence of the sandier member of this shale suggests tleatvdrerhigh fluctuations of
sediment supply and thtite shoreline was contirmusly moving towards the eabor the
first time, predominantly terrestrial deposition took place in western Colorado. As a result
of coastal plain environmentsajor peat accumulations were present. A good example
of this is the lls Formation and the lower part of the Williams Fork Formation of the
Mesaverde GroufRoberts and Kirschbaum, 1995)

1.4 Description of proposed research

Data used for this study wemeadeavailableby EnCana Oil and Gas (USA) Inc.
It consistsof petrophysical well log cuttings, and geochemical data frboreholes
previously drilled within DCADC. There are 617 wells within the research area which
partially or fuly penetrated thetudyinterval (Figure 15). Most ofthese wells have
raster (majority in the south part of the area) and/or digite. The dyital logs are more
desirable because they are easier to read and manipulatesaftihare packages

allowing forquantitative petrophysical analyses.
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a) Paleogeographic reconstruction b) Paleogeographic reconstruction
during Cenomanian during Turonian

¢) Paleogeographic reconstruction during d) Paleogeographic reconstruction during
Coniacian-Santonian Campanian I(early) ‘

) Paleogeograpc tconstructin dur |
Campanian II (late)

Figure 1.4Paleogeographic reconstruction maps of the Late Cretaceous Weste
Interior of Middle North America (Modified after Roberts and Kirschbaum,
1995)Black box represents location of the study area.
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Six wellsweresampled for geochemical analyaisd one was sampled in the
study by Fisher (2007} ive of them are located in the nontiest part of DCADC: Hells
Hole 614 (Sec 6, T2S, R104YWHells Hole 191 (Sec. 19, T2S, R104)WHells Hole
9131(Sec.13, T2S, R104YWHells Hole189 (Sec.32, T5S, R102WTaiga Mountain
Federal 622 (Sec. 22, T1N, RO3W). The sixth well is located in the middle of the
development contract aredouth Baxter Pass Uritt20 (Sec. 20, T5S, R102)Mhe
seventh well is located in the soethpart of the researcirea: Ruby 81031M (Sec.

31, T8S, R102\W/(Figure 1.5)

Stratigraphic correlations and petrophysical analysis were based on thefstudy
gamma ray{GR) andresistivity logs. To establisine porosity of a rock, three different
logs were used based on availabiltjeutron porosityogs (NPHI) density porosityogs
(DPHI), ard bulk density log (RHOByvhich is thedensity of the whle formation (solid
and fluid) (Asquith and Krygowski, 2004; Levorsen, 2001; Selley, 1998)

In this study three methods were used to test thethgsis that th®lancos Shale
to Dakota intervatan be a potential target on the DCA. The firshefmhethod was
creating a stratigraphic framework which involved identifying key surfectss
interval Determining their geologic equivalents based on available regional information
(Figure 1.2, and correlatingdentified intervals withintervalsfrom the eastern part of the
state. Correlations of the Upper Cretacestrata between the basinsdifécult because
most of the sediments deposited in areas separating the basins have been eroded. Also,
previously no detailed stratigraphic studieshefMancos Shaléo Dakota intervain this
area have been published.

In the pastmanyauthors concentrated on corredais of formations which
underliethe Mancos Sha andthe overlying Mancos BShale. Generally, these marine
intervals Mancos ShalegDakota, andlancos BShale) were grouped under the term
MancosShale. Thdower part of theMancosShale is identified asandy marine shales
which were deposited within the Western Interior @dalenaar and Cobban, 1991,
O'Boyle, 1955)This interval in its central and upper parts is calcareodssarecognized
as equivalent tthe Niobraa formation of the eastern Colorado

This studyestablishes stratigraphic framework and correlatte Mancos Shale

Dakota intervabtarting in Park Mountain and Hells Hole areas and exgtaméards the
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east. Correlations were completed udid§ Peta™ software. In the crossection

module of this software wetb-well correlations were performegsingwells which fully
penetrated the Mancos Shdédakota interval Wire-line log correlation®f sulsurface
unitswere followed by analysis of the New Castle outcrop which helped to ensure proper
stratigraphic framework. The study of the outcrop concentrated on detailed lithologic
descriptions followed by handheld GRmeasurement conducted by R35/230
SpectrometerRock smplesfrom intervalsidentified in the outcromvere collectedFor
furtheranalysespetrographic¢hin sections ofeventeesamplesvere madeThose were
investigatedor their faunal as well as petrological content.

The second method to tebe hypothesis was analyzing the results of organic
geochemical tests from cutting samples collected on 30, 50, arddid@tervals from
sevenwells. The Taiga Mountain-22 and South Baxter Pass Uni2@ were sampled at
U.S. Geol ogi c e&chrCenteeffhe geodhieamica reduiles svere evaluated
and used to ensure that previousierpreted stratigraphic intervals have been properly
anduniformly recognizedAnalysesperformed include: RockEval pyrolysis, TO&hd
vitrinite reflectance, and wa®ene byBaseline Resolution Analytical Laboratories, Inc,
HumbleGeochemical Services, and Weatherford International Oil Field Services.

RockEval pyrolysis (thermal cracking) is defined as heating of organic matter in
the absence of oxygen. Pulized sanples of whole rock are heated30°C and
followed by programmed pyrolysis at®3min to 550C, each analysis takes
approximately 20 minutes. During pyrolysis these paramatersbtaied S1 peak
which is produced by freflhydrocarbongthermally distiled from the rock; S2 peak
produced byihydrocarbong pyrolyzed from kerogen; S3 peak produced by carbon
dioxide pyrolyzed from kerogen;;ixwhich is the temperature at which maximum
evolution ofS2fihydrocarbongoccurs; and production index (S1/(S1y)SZotal
organic content is measured on powdered rock sampleWwBCO carbon analyzer.
Samples are first acidified to remove carbonates and then heated@oid fie presence
of oxygen Theremight be some bitumen included in measurements but usuallgss
than 10% of TOC.
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Figure 1.5 DCADC study area showing 617 data base wells which penetrated th
Dakota Group. Arrows point the locations of thells: Hells Hole €14, Hells Hole
191, Ruby 810231M, Hells Hole9131, South Baxter Passnid 2-20, Taiga MtA
Fed 622, and Hells Hole 8 which have aeochemical data.
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Vitrinite reflectance measures the thermal maturity of kerggennsoluble
organic substance that upon heating prododesen and thehydrocarbons) as the
percentage of incident light reflected by polished vitrinite fragmeatkectance (B.
Usually 20 to 100 readings are necessary for each sample. Reflerdartwe measured
on isolated kerogen and on polished rocks, and is a standardsmalysiturity studies.
Visual kerogen aalysis is a description of the organic matter as observed under high
magnification in transmitted and fluorescent lightte four types of maceralare Type F
lacustrine, amaahous organic matter, oil prongype II- marine algae, plants lipids,
pollen, spores, land plant cuticles and resins, oil @sdogoneType IlI- woody and
cellulosic mataal from land plants, gas pron&ype IV- charcoal, highly oxidizedn
this study type I, mixed Il/lll, and type Ill were identified based on available data from
the RockEval pyrolysis.

Thevitrinite reflectancanethod is the most subjective of all and results from
different laboratdescan vary Geochemical resultandcomparisorto the Mancos
Dakota interval will identify which intervals are potential source ro¢kEngland, 1990;
Peters, 1986; Selley, 1998; Tissot and Welte, 1984; Waples,. F&§)ltsof the
geochemical analysere comparebtetween fivevells in the nortkrsouth crossection
(Taiga Mountaind-ederal 622, Hells Hole 9131Hells Hole 189, South BaxtePass
Unit 2-20, and Ruby 8102).

The third method which helpad answer th question ithe Mancos Shale
Dakota intervals a potential exploration targes a petrophysicaktudy Parameters
which are commonly used in evaluation of petroleum reservoirs are porosity,
permeability, and water saturation. The first parameters wirchevaluded in this
study are total and effective porosities. Total porosity is amiokeral space which can
be occupied by fluids weather the pores are connected,at isatneasured in
percentageEffective porositys the amount of space which is sufficiently interconnected
to yield hydrocarbonsPorosity wasstablished from analysis of availaplerositylogs
(NPHI, DPHI, and RHOB)The nextparameter which wasvaluated is permeability. It is
probably the most ingortant single property of a reservoir rock. It perrtthis passage of
a fluid through the interconnected pores of a raxtt it is a reasure of roak ability to

transmit fluid. The unit of permeability measurement is named the Darcy after Henri
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Darcy whoexperimented with the passagdiqtiids through porous media in 1856. The
average permealtyi for the research area wastablished from available bottom hole
pressure buildup survegsnd well logsWater saturation ithethird factor which was
analyzedThe water saturation and permeability are strictly relatékdet@oresize
distribution(Archie, 1950) Water saturation is the fractiof water in a given pore

space. It is measured in percentages and usually refers to effective water saturation if the
pore space is effective porosigmowledge of the \ater saturation allow®r an

estimation of the percentage of hydrocarbons in a formdtiavery hard to predict the
properties of a formation as a whole evere#téd on the microscopic scale.

Petrophysical argses of each intervarehelpful in estimatinghe hydrocarbon

potential of theMancos Shakdakota interval

1.5 Summary

This research is an attempt to evaluate the explorpttential of theMancos
ShaleDakota intervabn the DCA. There is plentf information related to tectonics,
paleogeography, and sedimentation of the researchhen@aver, not much information
has been published about geochemistry. Additionallylviiecos Shakbakota interval
on the DCA was considered as a shaley interval (Mancos Shale) and was not tested for
cabonate content. There is limitedformation about attempts to subdivide this interval.
This researclattemps to divide the MancosDakota intervalnto smaller interals based
on regional information, log signatures, and geaabal datafrom wellsdrilled in the
studyarea. In a previous effort to subdivide this interval, Fi$R607) adapted
terminology fran the UintaBasin.In this researchanattemptto correlatadentified
intervalsform the DCAwith previously recognized units from the eastern side of the
Stateof Coloradoas well as the Uinta Basismade To assure that ssbrface
correlation is correct there was attempt to tie information from the outcsopo make
sure that lithologiesf this intervalwere properly identifiegthe petrology of samples
collected n the outcrop wastudied.In the final stage of thigrojectthe author triedo tie

geochemistry of identified intervals, for tested wells, to petrophysical information. Based
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on the results of this study, magisthe identified units wermade and possibEource

rock and reservoirs wemdentified.
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CHAPTER 2

STRATIGRAPHY AND CORRELATIONS

There are not margrevious detailed stratigraphic studieblghed about the
MancosDakota intervabf the DCA which acknowledgiae calcareous character of the
formation Sediments of thimterval overlay the Albialf€enomaniabakota Sandstone
andunderlie he Campani an Nesedmgpsr CigtBceousrdckslofe .
northwestern Colorado vary in detail but overall are similarediretaceous rocks of the
Rocky Mountain provincéO'Boyle 1955) Sediments representedtire MancosDakota
interval weredeposited in complexly intertonguing marine and-nwarine settings
related to the fluctuations of the W{Berman et al., 1980)n the researclareathe
thickness of the section ranges from approximat@@@ft (792.5m) in the nortlernpart
to 1,900ft (590m) in the soutlrnpart of the esearch area. This changesetliment
thickness illustratea significant thinning of the wile sectioronto the Uncompahgre
Uplift. In this study; theresearchesubdividedthe thick MancosDakotasection into
twelveintervals The ntervalsoverliethe Dakota Sandstone ammdascending order are:
lower TununkShale, Tununk Shale, Frontier Sandstone, Carlile Shale, Niobrara 1,
Niobrara 2, Niobrara 3, Niobrara 4, Niobrara 5, Niobrarddiébrara7, and Mancos
Shale

2.1 Methods of stratigraphic correlation

Stratigrapht correlations were conductedinglHS Petrd" software. Welito-
well correlationsstarted in the northest part of the researeineawhere Hells Hole Field
is located(Figure 2.1) Formations initially identifiedased on the regional information
were: Dakota Sandstonewer Tununk Shald)pper Tununk Shale, Frontier Sandstone,

20



Ly 3
eWtract
6
a] [ ~. Hells
1 I\ ‘Hole T o
| !
' \,\_________.// _
-7 9 10
| 12
1 e NN £ ¥, S
I | S
19
B
20 &2 ]2 ?:46
/ T J
26 27 28
Zﬁ/ ‘ “ N\ 29
GO
13
35
31— 35_~" HO
H
i EG \ —16
ADNG7 _— 30
g
"‘O 0 3.66(
FEET

Figure 2.1 Location map dfie north-south and westast crossections. Circle
shaws approximate location of the Hells Hole Field. Numbers illustrate key wel
Star represents location of the type log for this study.
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Carlile Shale, Niobrara Group, and Mancos Shale (Figure 2.2).didisssections, two
north-south(A-A 6 a-B d hdBsix westeast (CC 6 ,-D 6D-E 0EFO0 FG & ,-H &H; I
| 6), wer eétometate tormations &cross the whole field in exanplés
(Figure 2.1)}-rom the example wellsprrelations were expaed out to the rest of the
study areaAfter studyingthe New Castle outcrop (discussed in chapter 3) and receiving
results of geochemical analysis (discussechapter 4), the Niobrara Formatias
furthersubdivided mto seven intervals. TBesubdivisionsvere identified based on
slight geochemical changebktbe sediments within the interyalariations of the log
signatures and study published by Vinceletiad Foste(1992).The Niobrara was
divided inta Niobrara 1, Niobrara 2, Niobrara 3, Niobrard\dobrara 5, Niobrara 6, and
Niobrara7 (Figure 2.2)

2.2. ldentified intervals

In this section identified formatiewill be discussedh ascending ordefFor each
interval detailed gamma ray and resistivity log signatures fror8-8#4-103 Federal
(Figure 2.2)well (Sec.32, T4S, R 103WJill be described. Important log character
trends used to correlate formatiorare shown on the logs by arrows. To show interval
geometries recognized during this stuclpsssections across the DCADC were
established.

Crosssections designed tmrrelate formation across the DCADC are also used
to illustrate interval geometries pfiendixA containsa list of wells used in the cress
sections. ApendixB contains list of tops for wells used in the cresstions. Apendix

C lists formation tops foeach of the 61Wells used for correlansin this study.

2.2.1 Dakota Sandstone

The Dakota Sandstone is widely deposited across the basin andjsoatant

correlative surface. Northwesterly trending, nearshore marine and nonmarine, Dakota
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Figure 2.2 The 82-4-103 Federal well type log fobCADC type log. The type
log displays Gamma Ray and Resistivity curves used for correlation across thi
research area. Age associations;lsgal curve (modified after Berman et al.
(1980), and correlations are also displayed.




Sandstone (Albian/ Early Cenomanian) was depositadhigh energy environment
associated with rising of the WIS at this ti(kfganczyk et al., 1992; Molenaar and
Cobban, 1991)This formation consists of resistant sandstone andamegatic
sandstones with good to moderateiagr In many Dakota beggrainsize increases
upward(Molenaar and Wilson, 1990)he top of Dakota Sandstone de8riee base of
thestudyinterval. The top of this formation is easy to recognize because theetarige

decrease in GR. It is created as a responksvier amount of radioactive materials in

Federal 8-32-4-103
Sec. 32. T4S. R103W
0 GR (API) 180 o ILD (ohm-meter) 5

Depth
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i
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—————— Te=——==—___ Dakota Sandstone

Figure 2.3 The 82-4-103Federal well. Type log showing tops of Dakdtayer
Tununk Tununk, Frontier, Carlile, and Niobrara 1 formations.

5900
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sandstone (Figure 2.30here is also significant increase in response on resistivity log
which is a result of pore fluids presence witthis sandstone. The Dakota Sandstone is a

known gas producer in the research area.

2.2.2 Lower TununiShale

There is significantontroversy abouhe presence of the Mowry Shaletime
research area. Some researckaggest thathe Mowry Shale ishot presenor is
remnantn this region(Fisher, 2007)Additionally, it was classified as a part of the
Dakota Sandstone and recognized as DakotédMBiltetti Jr. et al., 1992According to
Anderson(2009)and Molenaar and Cobb&h991) the Mowry is present only in the
northern part of the study araad due facies change becomes more sandy on the south
Interval previously recognized as the Mowry Shalthia research will be called the
lower Tununk Shalédc c or di n g (1955) thdnrvay iinegradational cotact
with the Dakota Sandstoflgowever Molenaar and Wilsofl1990)suggested that there is
sharp but conformable contact between the Where alsois controversy related to the
age of this interval. It is eith€@enomanian in agéranczyk et al., 1992)r Turonian
(Anderson, 2009)The Cenomanian ageas established based thre presence of
NeogastropliteendMetengonoceratuna,which Cobban and Kenned¥989)were
able to correlat@ranczyk et al., 1992Thedeposition of the lower Tununk Shateok
place during the first marentransgression of the WIS. Tlesver Tununk Shaleonsists
of hard darkgray, organicrich marine shale which grade upward into siliceshale.
Within the formation gray limestone andnbenites were identifiedMolenaar and
Wilson, 1990; O'Boyle, 1955)

In some areashelower Tununk Shales more siliceoussilt) which is indicated
by decreasen theGR logs. The top ofthelower TununkShale is relativelglistinct and
was identified on the top @ffining upwards sequeng€igure 2.3) The GR signature
indicatesanincrease of radioactive material within tifiesmation(Figure 2.3) There is a
significantincrease of GR at the base of timterval which nay indicate dark shale or

bentonite. Above this increase, GR decreases which indeatessening upwards asd
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siliceous nature of the formation. In the top part ofitweer TununkShale there is
gradational change sedimentghigher shale contentyhich may show intertonguing of
the lower Tununk Shale with ovgihg Tununk Shale. The thickness of this interval
rangedetween abowt3 and 211 ft (13 and 64). It thickens towards the south and east
of the research area (Figar2.4 and 2.6
Thelower TununkShale is importantofr the regional stratigraphy. & believed
that the top of this formation marks the division between the lower and upper Cretaceous.
Additionally, many researchers recognizecegional unconformity o top of this
interval which separates it fromnoverlying shale uni(Franczyk et al., 1992; Molenaar
and Cobban, 1991; Molenaar and Wilson, 1990)

2.2.3 Tununk Shale

The nterval overlyinghelower TununkShale jdentifiedduring this projectis
the Tununk shale. Previous classifications of this iartihe research ardxy Fisher
(2007) andFranczyket al(1992)have identified it as the Juana Lopexrationand the
basal shale member of the Frontier FororatrespectivelyMolenaar and Wilso1990)
alsoreferred that the marine shale unmtich overlieshe Mowry Shale sitthe Tununk
Shale Member of the Frontier Formatidiine Tununk Shale overliegn unconformity
abovethe Mowry Shale(Franczyk et al., 1992The Tununk Shale is of early middle
Turonian in age

An increase ofhe GR signature above the lower Tun@fiale illustrates the
TununkShale(Figure 2.3). Irthe upper parthe GR gradually decreases which suggest
coarseningipward of the sequence. The top & Fununk Shale was pickedthe base
of theFrontier SandstonégFigure 2.3) The hickness of this formatioranges from
approximatelyl15ft (35m) to 193ft (58 m) and is thicker in the central and scetst
part of the research area (Figai25 and 2)6 The Tununk Shale is evaluated fics
source capacity potential across the Uinta and Piceance Pasderson and Harris,
2006; UintaPiceance Assessment Team, 2003 considered a potential source rock

within the research area.
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2.2.4 Frontier Sandstone

TheFrontier Sandstone iBuronian in age andonformably overlieshe Tununk
Shale lt is equivalent tdhe Ferron Sandstone of Utaimdthe Codel Sandstone of
eastern Colorado. In northwestern Colordélontier Sanstone is thifbedded and shaly
with ripple markseing commorfO'Boyle, 1955)It has significant calcareoegment
content which results in wetow porosity and permeabilityrthe deposition of the
Frontier Sandstone probably took place duringesgon, whetoth marinesandstone
and nonmarine sandstones were depdsit

The sgnature of GRabove the Tununk Shale shoagradual coarsening u@sd
sequence which is tppd with asandstonabout 20t (6 m) thick (Figure 2.3) Above
this sandstone, GR increases which suggeastsicrease of radioactive material aad
fining upward squence is identified. This illustratagiradual transitiomto shaly
sediments degsited most likely during the Turonigransgression of th&/IS. In this
study te top of the fining upward sequence defines the top of the Frontier Sandstone.
The tickness oftte whole formation mrages from40 to 166 ft (12 to 5@n) (Figures 2.6
and2.7). This interval seems to be relatively uniform in thieka across the study area.
Thethickest sediments are in the na@dst part of the areRoor porosity, permeability
and high clay content result in low reservoir potential of this formation. Shows of gas
have been identified in the Frontier Sandstionthe study areanoweverthere is no
significantproduction(O'Boyle, 1955) Sandstones from the Frontier Formation are

significant reservoirs ilVyoming (Weimer, 1984)

2.2.5. Carlile Shale

The Carlile Shalevas not previously identified in the research area. It was
considered a part of the of the Lower Mancos Shale and not shown as a separate unit. It
was described by researchers in Wyoming, Kansas, and eastern Colorado as shale
underlying the Niobrara Forrian (Fox, 1954; Von Holdt, 1978; Weimer, 1984his

interval is composed of siltstone, shale, sandstone, and limestone. It was deposited under
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marine conditionsThe cepositional model used to best describe sedimentatithre of
Carlile Shale is shelf, slep and basin. Eustatic changéshe WIS and tectonic
movement result ithe presence of the unconformities withipper part othis unit
(Weimer, 1984)The Carlile Shale islpper Turoniann age.

The top of the Carlile Shale is picked on top of the fining upwards sequence
characterized by gdual increase @famma ray(Figure 23). This sltier interval is
overlainby the Niobrara 10nresistivity logs, this top is recogniziat the base of shalier
and more resistive interval. Generallye signature of theesistivity log does not change
within this interval However there isanoticeable increase the middle of this interval
on the east side of tistudyarea The Calile Shale seems to be consistanthickness
across the majoritgf the study areaHowever in the northeast is significantly thicker
in comparison to theouthwest{Figure 66). The range of thicknesses for this interval is
betweenl74and467 ft (53and142 m). Thenortheasto southwesthinning of the
formationis illustratedon the crossectiongFigures 2.4,2.5, and 6.6. TheCarlile Shale
is relatively thick in the research area but it is not ricbrganic matteand is not

considered a source ro@&hapter 4)

2.3 Niobrara Formation

The Niobrara Formatiomm the research area was previously considered by many
asashale inteval in the lower Mancoslhe Niobrara Formationvasdescribedn the
RangelyField (Piceance Basirgnd Buck Peak FieldSand Wash Basinyhere
significant amounts of oil were prodeet Most of this production comé&om fractured
lower Mancos Niobrara equivalei®angely Field is considered as the largest Niobrara
field in northwesterrColorado(Vincelette and Foster, 1992p their paper Vincelette
and Foste(1992)discusghefield and present aibbrara type log from the northeast
part of the studyarea (21 Government La Gloria, Sec.2, T1N, R 101W). On this log
zonation andithology of the Niobrara Formatidinom the Rangely area is shown.
Similarly, as in this studythe Niobrara Formationvas subdivided into seven intervals.

TheNiobrara Formatioms Coniacian and Santonian in age.

31



BN ‘suone|aliod [euolbal Buimoys ‘ease Apnis ayj JO apIS ulayuou syl woys(ises-)

"V Xipuaddy a8y Ul UMoyS S|joM 8y} JO suonedo| pue

e e nipl ope g [ oy S g o b
WW*\WWM

T
AL
PR

o b st e

foui

I Y S DT
S e e = A S 1

T
i i

¢l

17

|
)
i
|
|
|

o_oEo_oo. 155

MULON

0 @€ uonoassol) /g ainbi4

eloMeq -
2] yunun |
2| ] J1anuoi w.w
(o] =2 _ k
i M alpeD it
”\ln BT N NN, I\h
\/M. .:\W)\ 1 N‘_G\_QO_Z \.(\(\‘N ]
[ - Z eIeIqoIN 5|
€ eleIqoIN ]
E W ¥ eIeIqoIN M [
M. £ G BIRIGOIN mm 3
1N B 9 BIRIGOIN 1%
(] 2 3
(1 F 1L
by ak3
SE: £
] LeJeiqoIN 13
[ -] &
1 ¥
w 1%
H - M aeys sooue ”

Abad |l.J.A.
Ll o
T

WMWMW

(o))

32



Vincelette and Fostéd992)dividedthe Niobraranto two main types of facies:
thelower Puerto Chiquito antthe upper Buck PeakKThe first faciess composed of dark
gray, calcareous, organiich marine shale or marl with abund#&@uccolithand
InoceramusThe lower facies are more thle and omposed osilty and sandy units
interfingering with the calcareous sh@léncelette and Foster, 1992phtervalsidentified
in the present studyhich createheupper faciegBuck Peakjpre:the Niobrara?,
Niobrara 6, and Niobrara $he Puerto Chiquito facieas used by Vincelette and Foster

is anequivalent toNiobrara 3, Niobrara Znd Niobrara 1 used in this report. The

Federal 8-32-4-103
Sec. 32. T4S5. R103W
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Figure 2.8The 832-4-103 Federal well. The type log showingps of Carlile,
Niobrara 17, and Mancos Shafermations.
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Niobrara4 is a transitionahterval inbetween two main facidagpes (Figure 2.8t
contains wide spectrum of lithologies such as: chalks, marls, shales, and sandstone
(Longman et al., 1998Yhe whole Niobrar&ormationwas identified as a potential
source rocKMeissner, 1984)Separate Niobrara intervals will be discussed in the

following sections.

2.3.1 Niobrara 1

Niobraral is lowest unit within the Niobrara Formatidhwas named Lower
Niobrara by Vincelette and Fost@r992) This interval sharply and most likely
unconformably overlies the Carlile. There is a regional unconformity above the Carlile
Shale in the eastern part of Colorado, Kansas, and WydWwagnmer, 1984)The lower
part the Niobrara 1 is composed of interlaminated, very thin, tigidlssane, siltstone,
and slightly calcareous shdMincelette and Foster, 1992h the upper part, this interval
is composed of hard, very calcareous shale.clhasacterized by an increase of the total
organic carborfrom average 0.9% for the Carlile Shale to average 3% for the
Niobrara 1 intervalThe geochemistry of this interval will be closer discussed in chapter
4.

The Niobrara 1 top is picked whettee GRreading slightly decreases which may
suggest the top of the calcareous shale (Figure 2.8). This pick was also based on the
readings of the resistivity log. There is an easy to distinguish increase of the resistivity at
the base of this unit which aplually decreases to the top. The top of Niobrara 1 was
picked at the point where resistivity log flattens again. This interval thickarges
from about 44 ft (13 into about 131t (39 m). There is a noticeable thinning of the
thickness toward the weahdsouth (Figures 2.4 and 2.9he Niobrara 1 may have a
slight to modest source capacity within the research area. According to HA9k8itin
the TowCreek area there wad presentithin this unit(1959)
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2.3.2 Niobrara 2

The Niobrara 2 confonably overlies Niobrara 1. twasa med A RO f or
Bench by Vincelette and Fost@992) In the lower part the Niobrara 2 is composed of
very calcareous shale which is overlain by thin siltstone. Above the siltstone, in the
middle of thisinterval,thick bentonitic clayexists andinderlies very calcaresishale. In
the upper part, this unit is composed of soft,-naltareous shal@/incelette and Foster,
1992) The average total organiarbonin the Niobrara 2ntervalcalculated in this study
is approximately 1.8% which makes it leaner than the Niobrara 1.

Within the Niobrara 2 interval there is not much chaoigine GRand resistivity
logs.A very slight increase of theR at the top of this intervaluggests presence of
higher amount of radioactive compone(fgure 2.8. This increase most likely
indicates existence of shale within the upper part of the Niobrditaei are two visible
changes on the resistivity log. The first, very small incr@asige middle of this interval
suggest theexistence of the bentonitic clay recognized by Vincelette and HaSt@2)

The second increase of thesistivity log is located in the uppermost part of the Niobrara
2 and may be an indication of noalcareous shale. The thickness of this interval ranges
between 43 and 244 ft (13 and 74 m). It is relatively consistent across the study area;
however there is a thickening of the interval in the central part of the area. This
thickening forms a nortBouth trend acis the whole DCADC (Figures 2.4 ab®).The
isopach map is for this interval is shown and discussed in the chapter Bliobrara 2
might have slight source capacity. There has been no indication of hydrocarbons within

this interval.

2.3.3 Niobrara 3

The Niobrara3intervadver | i es t he Niobrara 2. It i
Foster(1992) In the lower part of this unit lithology mostly consist sandy clay with
mica flakes and thin rippled sandstones. In the middle part of the Niobrara 3 there are

interbeddedandstone, siltstone, and shale which transition to calcareous shale. The
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calcareous shals interbedded by thin sandstone and siltstone. The upper part of this
interval consists of tight calcareous sandstone with interlaminated siltstone and shale
(Vincelette and Foster, 1992)he average total organic carhbiarthe Niobrara 3 is
approximately 1.8%. The TOC of this interval i& the same range as tN&brara 2.

The top of the Niobrara 3 is identified on tio@ of acoarsening upward sequence
which consists ointerlaminated siltstone, sandstone, and shaler€eTik alsca
significantincrease of the resistivity in this part of the interval marked by sharp drop at
the top(Figure 2.8. In the lower part of the Niobra 3 siltier units are present which is
illustrated orthe GRIog by anoticeable decrease in the reading. Along with this GR
spike there isaresistivity increase which migkuggesthe presence of hydrocarbobst
also cement (tight streakhethickness of this imrval varies from about 18 23 ft
(24 to 77 m). It is thicker in thenorthandespecially thenortheast part of the study area.

In the south it is consistet thickness, ranging frorh20-140ft (36-43 m) (Figures2.4
and2.10) Even though botfNiobrara2 and Niobrara 3 have slight potential of source
capacity, based on the geochemical analysis, the Niobrara 3 seems to be more promising
thantheNiobrara 2. This interval is considered one of the two biggest producers of the

Niobrara oil in Rangely and Buck Peak fieldéncelette and Foster, 1992)

2.3.4 Niobrara 4

TheNiobrara 4 sharply overlies the Niobrara 3. Vincelette and F@s262)
named this interval ASO0O. The padaoithe Pugrtar t o f
Chiquito Facies. The upper part of the interval wlassified between Buck Peak facies
and Puerto Chiquitcaies. At the base, it is composed of siltstone overlain by
interlaminated tight sandstorsltstone, and silty shale h€ uppe part the Niobrara 4 is
composed babout 110t (33 m) thick,moderately calcareous shaieerlain bynon
calcareous shal@/incelette and Foster, 1992heaveaage total organicarbonfor this
interval is approximately 1346 which makes it richer than the Niobrara 1, 2, and 3.
Both, GR and resistivity logs stay constant within this interval. The first change

appears on the top of the Niobrara 4 wheResignificantly increases abowesslight
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decreaséFigure 2.8§. There also isnevident increase of the resistivity. This change in
signatures of both logs suggeatsalternation of lithology. The top of this interval was
picked an the top of this small swallowing upward sequence. The thickness of the
Niobrara 4 varies frommpproximaely 20 ft (6 m) toabout306 ft (93m) (Figure 2.1).

This intervalthinssignificantly towards the southf the research are@he thidkest
sediments are in the nodhst part of the are@iheNiobrara 4 is considered among the

intervals with highetotal organic content and might bg@ossible source rock.

2.3.5 Niobrara 5

The Niobrara 5 interval is composed of very calcareous shale with abundant
Coccolitrs and overliesavery thin layer of soft calcareous sh@éncelette and Foster,
1992) This intervalconformably overlies lower Niobrara 4. Vincelette and Fa4i@92)
classifieditasthe owest unit within the Buck Peak Fa
Creek Bench)ni their study. The Niobrara 5 is the first interval which is classifeed a
being rich in total organic carbon in the Niaka FormationThe average total organic
carbonfor this interval is approximately 7% which makes it the richest among
previously discussed Niobrara intervals.
Similarly, as in the Niobrara 4, the upper part of the Niobrara 5 stigwsicant
changeof well log readings in comparison to the rest of ititerval. The top of the
Niobrara 5 is picked whe®R increases above slight decrease (Figure 2.7). There also is
an increase on the resistivity log. The thickness of this interval ranges betwe¢h&0 f
m) and 303 ft (93 m). This interval thins towards the Uncompahgre Uplift and to the east
side d the research area (Figure 2.4 @ntl?). Ithas modest to good source rock
capacity. Previously, oil was identiflevithin this interval. The Niobrara 5 (lower Tow
Creek Bench), together with t beondderedbr ar a 3
one of the two biggest producers of the Niobrara oil in Rangely and Buck Peak fields
(Vincelette and Foster, 1992)
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2.3.6 Niobrara 6

The Niobrara 6 interval is classified
Vincelette and Fostdd992) In the lower part this intervéd composeaf calcareous
shale which is overlain by approximately 60ft (18m) of slightly silty calcareous shale. In
the upper part it consists of shale with abundaotcolitrs above which iCoccolithic
limestone(Vincelette and Foster, 19920)his limestone is overlain by very calcareous
shale with locally abunda@occolitts (Vincelette and Foster, 1992)he Niobrara 6 is
considered as an interval with higher total organic contemt.a/erage total organic
carbonfor thisintervalis approximatelyi.73%.

This interval was identified whef®R significantly dropped and resistivity log
noticeablyincreasedFigure 2.8) Within the Niobrara 6, the signature of the logs
changesafew times. In the lower part, theiea decraseof the GR which illustrateshe
siltier nature of the shale. Abovégtreading increases showiclgange into shale with
abundantoccoliths and decreases again presentugcolithiclimestone. In the top of
this interval the GRincreases again which illustrates presence of shalier sediments. The
resistivity log decreases significantly on the le@etcolithiclimestone and increases
where very calcareous shaleiesent (Figure 2.8). The thickness of iebrara 6
ranges from®5 to 372 ft (280 113 m) (Figure 2.2 The Niobrara 6, together with
Tunuwunk Shale, Niobrara 5, aridiobrara?, is considered the richest interval in organic
content in the study area. It has modest to gmaoicerock capacity. There was a large
amountof oil recovered from this intervah Rangely and Buck Peak fiel@gincelette
and Foster, 1992)

2.3.7 Niobrara?

The Niobrara/ is classified as Niobrara by Vincelette and Fogl682) It is a
thick interval composed of shale. In the lower part it is calcareous shalaiovsr very
calcareous shale witBoccoliths. In the middle the Niobraraconsists of shale,

calcareous shale, very calcareous shale with abu@aablitrs. The upper part is
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composed of calcareous shale, shale, very thin bed of sandstone, very calcareous shale
with abundanCoccolitts (Vincelette and Foster, 199)he total organicarbonwithin
the Niobraras on average is about %4%.

The top of the Niobrar@d was identifiedon the basef coarsening upward
sequence of the Mancos Shale above last shalythin this interval (Figure 2.8). The
slight changes of the GRithin the Niobrara/ illustrate changingjthologies. There are
two significanthigh readingsand two significant loweadingson the resistivity log. The
low illustrate shalier pas of theinterval and the highshow more calcareous parts. The
thickness of the Niobrararanges betweeid3 ft (47m) and353 ft (108m). The
thickness of this interval varies across the study area. There is a significant thinning
towards the soutAnd soutkas (Figure 2.4 an@.13) In this studythe Niobrarar is

considered aa potential source rock.

2.3.8 Mancos Shale

Theterm Mancos Shalleas beetroadly used by many researchers before. It was
used to describthethick shaly interval above eithére FrontielSandstone or above the
Dakota Sandstonén this study Mancos Shale is arfa@tion which overlies thNliobrama
7 intervalandunderlies the Mancos.Bhe Mancos Shale momposed of silty,
carbonaceoyshon calcareous to calcareous shalethe middle and upper part is it
composed of interbedded silty and shaly bgaslog, 1977; Vincelette and Foster,

1992) This interval is not as rich iorganic @rbonas the Niobrar&; howeverthe
average TOC for the Bhcos Shale is approximately 1932

The top of the Mancos Shale was identified based on very significant decrease
of theGRlog and increase of the resistivity log. This pick is vestidct across the
whole research area. Thighature of the GRuggests large decrease of the radioactive
material which suggests preserof siltstones within overlying Mancos Bhe thickness
of the Mancos Shale varies consideralbligure 2.4 and 2)51t is approximately 323ft
(3403m) in the north part of the study area and al0&ft (63 m) in the south. The

Mancos Shale is not considered as a potential sourcehrmetkver, it might have slight
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to modest source rock potential.

2.4 Summary

In this section all identified stratigraphic units were described. There are seven
formations identifiedDakota Sandstone, lower TunuBkale, Tununk Shale, Frontier
Sandstone, CGhle Shale, Niobrara Formatioand Mancos Shale. Within the Niobrara
Formation there were seven different interval identified based on the well log and
geochemical information. Those intervals are: Niobrafdidbrara 2, Niobrara 3,
Niobrara 4, Nobrara 5, Niobrara 6, aridiobrara?7. The thiclkess of the whol®ancos

groupthins towards the south and is relatively consistent from west to east.
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CHAPTER 3

OUTCROP STUDY

Previous researatorducted by L.LVon Holdt 19780f the New Castle,
Codlorado outcrop located alongterstate {70(N39°3 4 6 3 5 2 §2, 8 6V@lizaizated
thepresence of Aliobrara sectioffFigure 3.1) That researchoncentratd on the Storm
King MountainShale Member(Late TuroniarConiacian)of the Carlile Shale
(Kauffman, 1969, 1977; Kellog, 197@nd only describedart of the outcromd T h e
Storm King Mountain shaterecord the transition from a naralcareous, organigch
shaleto open marine pelagic limestofon Holdt, 1978) I her studyon Holdt
(1978)established contacts between Juana Lopez tomch&ing MountainMembers of
the Carlile Shale. She also picked the contact betivesDarlile Shale and the Niobrara
Formation.The previous study agrees withe assumption made for this research, before
correlating the formations in the subsurfacat the Niobrara Formation is present
farther west than previously thoughbngman et al., 1998; Molenaar and Cobban, 1991;
Vincelette and Foster, 199%0n Holdt, 1978) GR measwegments of the outcrop were
also obtainedThis wasdoneto obtain aGR curve which may be correlated with the GR
logs from the subsurface of the DCADC area. To confirm lithologies identified in the
outcrop samples of rocks were colledtand analyzed usirepetrographic microscope.
Additionally, six samples were selected fazagchemicatests The wholerock
geochemical analyses provided information about the content of major oxides within the

formations. The results of these tests will be discussed in the following sections.

3.1 Lithology

TheFrontier, Carlile, and Niobrafarmations are exposed in the New Castle
outcrop. This section @pproximatelyd10ft (125m) thick (Plate3.1). Thelowermost

formation present in this sectionthe Fontier Sandstonevhich is also known as the
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Figure 3.1 Picture of the New Castle outcrop. White lines represent tops of
formations, from right to lef Frontier Sandston@), Juana Lopeg]), Storm King
Mtn. Shalg(S) overland by Niobrara FormatidiN).

CodellSandstondt is approximately 47.5 ft (14.5 m) thick. In the lower pHris
formation is composed of interbedded sandstmtesiltstone. It is folded, biowed and
ripple laminated In the middlepart,the Frontier Sandstone shalier. There is
approxmately 3 ft (0.9 m}yhick shale overlain bg 2 in (5 cm) bentonitéayer (Plate

3.1). This bentonite is overlain by interbedded sandstone and shale. These beds are
rippled and folded betwedhe 32 and 34 ft (9.7 and 10.3 nmtervals of thisneasured
section.In the upper pasthe Frontier Sandstonesandier with very thin interbedded
shale At the 45 ft(13.7 m)marker, &.75inch (1.9 cm)bentonitdayer is present. Below
this bentonite, th&rontier is folded and abovg it is ripplelaminatel. A thin-section
photomicrograplof this interval is presented the Figure 3.2Basedon thepetrographic
thin-section analyseshe Frontier Sandstone is very fine graiaed fractured. It is
composed of quart muscovite calcite,pyrite, andfine-grained rock fragments.

The contact between the Frontier Sandstone anditea Lopementified in this
outcrop by Von Hold{1978)is found 48 ft (14.6 m) from the beginning of the section. It
is a sharp contact between the interbedded sandstone and shale of the Frontier Formation
and the very fossiliferous calcarenite of the Juana Lopez (Figure 3.3). This member of the
Carlile Shale is about 5 ft (1.5 m) thick. It is composed of fossiliferous calcarenite and
interbedded with nowalcareous clay shale overlain by thinly laminated siltstone and
shale of the Storm King Mountain Shale Mem(i2ane et al., 1966 ossils idetified in
the Juana Lopez asbdundantnoceramudragments which varynisize(Figure3.3).
Besidednoceramusquartz, calcite, pyrite, clay and rock fragments are identified in this

thin-section(Figure 3.3.
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Figure 3.2Thin-section photomicrograph of tlk&ontier Sandstone. Pictures a) and
show100 umscales, pictures c) and d) presedtumscale Photomicrographs a) an
c) were taken under plain polarizikght; photomicrographs b) and d) were taken
under crossed polarized light. The thin sections \s&i@ed pink for calcite and
impregnated wittlblue epoxy to show porositie®ll of the photomicrographs were
taken from sample 1.

The Storm King Moatain Shale Member is composed of siltstone, bentonite, and
shale with very fossiliferousr{oceramug, thin limestone intervals in the lowermost part
(Figure 34). In the middle section, it is composed of shale and highly fossiliferous
laminated limestoneVisible slickenlines are present in the shale at about 60 ft (31.7 m).
In the upper part, the Storm King Mountain Shale Member consists prirofvigry fine
laminated, broken shale and calcareous shale. The thin section of this interval reveals
presence of abundalmoceramugFigure 34). This interval is approximately 50 ft (15.2

m) thickof very fine laminated, broken and calcareous shale.
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Figure 3.3Photomicrographpresentinghelithology of the Juana Lopez Member of
the Carlile Shale. All pictureshow200 umscale. Photomicrograplad and c) were
taken under plain polarized light; pictures b) and d) were taken under crossed
polarized light. Photorarographsa) and b) present abunddnoceramusand calcite
prismsfrom disaggregatethoceramusin crossed palrized light someecrystallized,
originally calcitic, prismatic wall structure can be seen. Abundant calcite, quartz,
pyrite, very small rocland clay fragrants can be seen in the photomicrogrdphesnd
d) showing calcarenite nature of the Juana Lopez. Thin sections were stained pi
calcite and impregnated witliue epoxy to show porosities. Photomicroghapa) and
b) are of sample 7, digre c) and d) are of sample 8.

The contact between the Storm King Mountain Shale Member and the Niobrara
Formation is identified at approximately 104 ft (20 m) from the bottom of the seétion.
the base of the Niobrara Formation there is an undulating scour surface which most likely
indicates an unconformity at the base of this formafidv Niobrara Formation in the
lowermost part is composed of pure chalk (Figure 3.4). Closer analysis of a sample from
this interval under the microscope allows identifying planktic foraminifers with spar

filled chambers most likely deposited deepshelfchalks
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Figure 3.4Photomicrographpresentinghelithology of the Storm King Mountain
Shale Member taken of sample 9. All of gifeotomicrographs show 200 psoale.
Photomicrograpla) and b) present large fragments ofltieceranus. On all of the
photomicrographfactures along the shells are visible. They may be a result of
calcite dissolution and create secondary poyasiated to diagenesis.
Photomicrograph c) and d) show brokdnoceramudragmentsn the upper left
corner. Additionally, incised clay material is present.

(Scholle and UlmeBcholle, 2003)Figure 3.5. Scholle and Ulme6cholle(2003)show
a picture of a the Greenhorn Limestone from Denver Basin wiaigcbthe same
lithology and biota. This interval was identified by Von H@®78)as the Fort Hays
Limestone of the Niobrara Formation .

The Fort Hays Limestone is overlain by approximately 20 ft (6.1 m) of
interbedded limestone and limy shale. Above these interbedded beds is a 62 ft (18.9 m)
thick, thinly laminated, limyshale (Figure 8). Thisis overlain by interbedded beds of

limestoneand shaly limestone each between 3 ft (0.9 m) and 30 ft (9.1 m) in thickness.
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Figure 3.5 Photomicrographikistratingthelithology of the lovermost Niobrara
Formation (ForHays Limestone). A of the photomicrograps were taken frane
sample 14The first two show50 pmscale thethird one200 um, and the forth0O0
pum. The first photomicrograpshows deehelf chalk containing planktic
foraminifers, indivdual calcite prisms from disagg@&ed inoceramid shells.
Photomicrograplb) shows foraminifers wh spafilled chambers. Photomicrogragh
is a low magnification iew packed biomicrite Foraminifers and calcite prisms are
visible. Also, sets of horizaal fractures were observe@hotomicrograph d) presents
foraminifers with pyritefilled (recrystallized) chambers. Photomicrographs a), c), g
d) were taken under plain polarized light.

Above this interval another thick section of interbedded limestone and limy shale

is present. This section seems to have slightly higitiea content. The reaction of the
limy shale with the 3% hydchloric acid was slowFigure 37 presentgictures otthis

interval.
The limestone which has the top on 247 ft (75.2 m) is the last thick, clearly

defined chalk in this section. It is overlain by 134 ft (40.8 m) of limy laminated shale of

the Niobrara 3.
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Figure 3.6 Photomicrograpiikistratingthelithology of the Niobrara Formation
(Niobrara 1). All of the photomicrograppsesent sample 17 astiow 100 pm
scale. Photomicrogra@) shows limy shale contairgrplankic foraminifers.
Photomicrograplb) shows the sanside under the crossed polarized light showir
recrystallized chambers. Slide c) presents other type of foraminifers with fragm
of calcite pisms and pyrite. On the slidg another type dioraminifers can be seen
with pyrite and individual calcite prisms from disaggregated inoceramid shells.

3.2 Wholerock geochemistry of the outcrop samples

Six samples were selected for geochemical analyses. Basic tests measuring the
content of the major oxides were performed. Milsle-Rock Analysiswvas performed
by Acme Analytical Laboratories. Whole rock samples were provided for tests. The
results of thaéest are presented fhe Table 3.1.

Sample number 3 from the Frontier Sandstone has the highestdsitent. The
high SiGQis accompanied by high AD; (7.61%), NaO (1.10%), and KO (0.88%)
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Figure 3.7 Photomicrographllustratingthelithology of the Nidrara 2, and
Niobrara 3. Photomicrograpta) and bshow 50 um scale. Photomicrograpt)

and d) show slide 29 and 100 |stale. The first photomicrograjpnesents
foraminifers and calciterpgms. Under the crossed polarized light micro quartz ai
large calcitic fragment (upper hgcorner) are visible. Photomicrograpg)sand d)
show the same lithology however, the amount of pyrite is higher.

which suggest that there is a significant content of detrital material in this rock. The
Al,O3can be provided only from detrital materials. Additionally, the high content of
zirconium (243 ppm) suggests a high detrital influx. The amountA3;R&.92%)

suggets that there may be some pyrite or siderite present. Low amounts of MgO (0.645),
CaO (3.60%), MnO (0.025), and strontium (209 ppm) show very scarce carbonate
content in this rock. Total carbon in this sample is 0.83% showing a very low content of
organicmaterial. Low nickel (20 ppm) and relatively low sulfur to carbon ratio (S/C)

may suggest that this rock was deposited in an oxic or dysoxic environment. It is difficult

to adequately say how much oxygen was available during the deposition becaafé& cut
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Table 3.1 Results of the WheRock geochemical analysis of the outcrop sample

Samgle Weight (502 JRI203|Fe203 P20 |Ca0 220 [20|T0T (P20 o0 0203 B2 [N 5 J&r [V |80 e JLOI foum  TOTIC JTOTSS

G 0% 1 o b % 1t b ]t b % S |t | % JPEM)PEMAFRMOPEMAPEMAPEMIERA) % ) B | %o %
BAMP 3 | 024 B7620] 760 100 (064 360 L1 JORBR I8 {033 fO02{0004] 160 | <20 200 | 243 ) 24 & 4 [SIQI0001] 085 ] 003
GAME E | 00T IT040 163 233 J0S3Q3560 041 fO3BR0AT ) 000 002 Y0003 f 84 |20 Q36 141 f 10 J <5 2 J305f0000] 807 J 0L
GAME 14 ] 018 §O03 ) 104 ) L4 J056]4600] 005 {0380 008 | 01 JOOTYO004f 10T ] 22 JU3TT] 22§10 | <5 ] 1 J3R4QO003) 1034 ] 019
BAME LT | 012 QILITQ SRS | LB JLIBJ33SQ 020 fLISROM | 006 JOOS| 0006 247 ) 23 JUe00) 53 f 13 ] 7 ] § |32} 200s) & ol
SAMP 24 | 008 P3572Q 084 | 137 JLATQ24450 068 ) LT4R 033 {010 fOLLY0006) 200 ) TS Q00| 05 f T Q13 ) O JIRTJO0GG) S48 f 0
SAMP 20 | 000 13470 653 | 130 | 133Q33.660 020 1319033 {013 0.0 00050 173 39 QL0309 3 f 14 & ) 5 |i04]0000] 841§ 03

for nickel and sulfuare difficult to place

Sample number 8omes from the Juana Lopez member of the Carlile Shale. It
has low SiO2 (27.04%), AD3(2.63%), NaO (0.41%), and KO (0.385%) contents
which suggest that thereasrery low influx of detrital materiaHigh content of CaO
(35.69%), MnO (0.02%), and 836 ppm) illustraténigh carbonate content. The total
carbon content for this sample equ&ld7%.Thelow amount of MgO suggestse
carbonate in this rock is composed primarily of calditee zircomum content of (141
ppm) is relatively low but still suggesadow influx of detrital materialThe hgh amount
of F&0s (2.33%) suggestahigher amount of pyriter siderite in this rock. Low nickel
(20 ppm) andow S/C(0.016 ppmYyatio suggest that this rock was depodibe anoxic
environment. Based on the observations made in the field and available geochemical
datg thisinterval is ¢assified as calcarenite.

Samplenumber 14omes from the lowermost part of the Niobrara Formation
(Fort Hays Limestone)his sample has very low Si@ontent 9.93%lt also has very
low Al,03 (2.04%), NaO (0.15%), and KO (0.38%) which indicategery low detrital
influx. The CaO conteris 46.9%,MnO (0.0736), and strontium (1377 ppm) indicate
very high carbonate contefithe total carbon conteirt this rock is 10.34%. There also is
low amount of MgO (0.56%) which suggests that this limestone is composed primarily of
calcite. The zircolmm (22 ppm)content is alseery low which provides additional
evidence that #re isavery low detrital compoent in this rockThe low amount of
Fe0s3 (1.14%) suggestiow content of pyrite andiderite in this rockThe low nickel (22
ppm) and low S/C (0.018 ppm) ratio implies that the lowermost Niobrara Formation was

most likelydepositedn waterswhich wereunder oxygenated conditions

54



Sampld.7 was collectedrbm shaly limestone interval of the Niobrara Formation
on 130 ft (39.6m) from the base of the section. The @D27%)content of this sample
is higher than in the Fort Hays Limestone, however it is still low. Thereaadso
increasingrends ofAl 05 (5.85%), NaO (0.21%) and KO (1.15%) which are consistent
with increase 06i0,. Those four oxides @énding witheach otler may suggest that there
is asmall detrital influx in this rock. High CaO content of 35.558ry high strontium
(1600 ppm), and high MnO (0.08%) show that this rock is definitely calcareous. Slightly
elevated MgO (1.18%) suggests that there may besreayl portion of dolomite or that
MgO is present in clay minerals. The total carbon content in this sangpik lsgh and
equals8.00% The zircomum content is still low (53 ppm) which is another suggestion
that the detrital component in this rock is not very significant. Th®F@ntent of
1.80% suggests slight pyrite and siderite constituent. Similar like préveously
discussed samplesckd of 23 ppm and low S/C (0.013 ppm) imply that deposition of
this rock took place in oxic or dysoxic environments.

Sample numbe24 was collectedrom limestone interval of the Niobrara
Formation 210 ft (64 m) from the base of the secfldns sample catains 35.71% of
SiO,, 9.84% Ab0Os, 0. 68% of NaO, and 1.74% of BO. All of these percentages suggest
that there is low influx of detal material. Additionallythe zirconum content is slightly
elevated irthis sample (95 ppm) whicduggestpresence fodetrital material. CaO
content of 24.45%, MnO of 0.11%, and Sr of 701 ppm suggest lower edebmntent
The total carbon in this rock is 5.49%evated MgO (1.675) implies suggests that there
may be small portion of dolomite or that MgO is presermiay mineralsThe FgOs;
content of 2.37% suggests pyrite and siderite content is this radteldf 75 ppm and
S/C ration of 0.044 ppm suggest that this rock may have been deposited under suboxic or
anoxic conditions. All of the geochemical data sugtes this rock may have been
improperly classified aalimestone. Additionally, the SiOvas not identified in the thin
section. The presence of the detrital material in this rock implies that it should be
classified as shaly limestone.

Sample29 comes from the4 ft (1.21 m) thick shaly limestone bed of the Niobrara
Formation located 256 ft (78 m) from the base of the section. The geochemical results for

this sample aremilar to the result of sample 1The SiO2 content ohis sample is
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23.47%andis lower than in the sampBl. The ALO; (6.53%), NaO (0.29%) and KO
(1.31%) contents track the Si@sult and indicate that there is small detrital influx in
this rock.The amount of zircaom is the same fothis rock as it was for sample {53
ppm) and means that the detrital material is present in this sample. CaO content is
33.66%, MnO is 0.10%, and strontium is elevated to 1030 ppm whgpestshat there
is significant carbonate content. The MgO content is 1.33% which may suggest ver
small portion of dolomite or MgO in clay mineralhe total carbon content in this
sample is still high and equa8sA246. The FgO; content of 2.3% suggests pyrite and
siderite constitueniNi of 39 ppm and S/C ration of 0.040 ppm suggest that tblsmay
have been deposited under suboxic or anoxic conditions

3.3 Outcrop and subsurface GR comparison

Measuring of the outcrop sectiortiwvthe portable GR spectral scintillometer
provided geochemical analysis (potassium, uranium, and thoriunntpaiel allowed
direct tieto subsurface well log daf&igures 3.8 and 3.9)n spectra GR analyses of
mudrocks potassium is associated with clay minerals and potassium feldspar, uranium
with organic matter and phosphates, and thorium with heavy minerals and volcanic ash
(Bohacs, 1998)

The outcroGR log can be correlated to the subsurface GRefrom the
Federal 832-4-103well which is a type log for this study. In the outcrop the
measurements were collected every @2 m)compare to 0.5 ft(0.15 m)in the
subsurfaceThe time of measuremenwas 120econdswhich provided reliable result. In
the New Castle outcrop th&ontierSandstoneCarlile Shale and lower Niobrara
formatiors are present. Therefore, GR for the respective interval from subsurface wa
selected for theorrelation

The comparison of two GR log®veals similaritiesThe signatures of both curves
can be easily followed and tops of the fatians can be picked (FiguBe8). Thetop of
the Carlile Shale is picked whettee GR gradually increase$he GR from the outcrop
shows rapid decrease of thewwiat the base of the Niobrara Formation. The same low
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reading of the GR can be seen on the log from the Fed8&#8.03 but it is preceded

by a more gradual decrease. Above that point both curves show a very similar signature
of slightly increasing and then decreasing readings. Additionally, both ofgbstmw

rapid increase where the top of the Niobrara 2 is picked. Both of the curves illustrate
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decrease of the GR directly above the top of the Niobrara 2. It is followed by gradual
increase of the curve representing the outcrop and more rapid increasgefrom
subsurface. The interval for which the GR readings were analyzed is approximately 300
ft (91.4 m) thick in both the outcrop and subsurface. This supports the assumption that
these rocks are equivalent and were deposited under similar conditamesver, the

New Castle outcrop is approximately 70 mi (112 km) east from the DCA and due to
facies changes the content of chalks may decr@aseassumption that these GR curves
match is suspect to the distance between them.

Comparison of the potassiny uranium, and thorium curves shows that potassium
and thorium aréracking each other (Figure 3.8oth of those elements are associated
with clays and suggest higher content of clay garesits in the same intervalbhe
uranium curve is very simildo the other twphowever; in the upper part it shows more
rapid increase of the uranium than potassium and thorium. This may suggest that this
interval is slightly richer in organic matter. The curve illustrating thorium content seems
higher values tharhe other two elements. This may be a result of high ash content which

does not seem unusual given that many bentonite beds are seen in the outcrop.

3.4 Summary

The study of the New Castle outcrop allowed the Niobrara Formiatioa
identifiedin thewestern part of Colorado. The Niobrara Formation is approximately 308
ft (93.8 m)thick in this outcropCarbonate content was confirmed by the analyses of the
thin sections prepared for thigerval. Presence of the plaonkic organisms
(foraminifers)and fragments ohoceramusverefoundduring analyses with standard
petrographic microscop@dditional method used to prove calcareous content within
these strata, wereegchemical analgs (whole-rock) of the samplesThese analyses
confirmed lithologes identified in the outcrop. GR measnnents of the outcrop allowed
for directcompaisonto the subsurface from the DCADC. The comparison of both logs
showed similarities of the log signatures angportshat rocks in both locations were

deposited under similar conditions and most likely are equivalent.
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Significant resemblandaetween the Niobrara 1 intervafl the Niobrara
Formation from the New Castle outcrop asdlimentsrom the Denver Basin was
identified based on the analyses of thin section. Additionally, similarities between the GR
signatures from the outcrop asdbsurface of the DCADC wereted. These similarities
allow comparing the Niobrara Formation from the Denver Basin, the New Cattiemu
and the DCADCAppearance of the NiobraF@rmation in the outcrop aidesdibsurface

identification.
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CHAPTER4

GEOCHEMISTRY

This dhapter of this research is dedicated to geochemical screening of the
available samples from five welirom the study area. Originally, there were seven wells
for which geochemical analysis veeobtainedThose wells argdells Hole 614 (Sec6,

T2S, R104VY; Hells Hole 191 (Sec. 1912S, R104W, Hells Hole 9131(Sec.13, T2S,
R104W); Hells Hole 189 (Sec.2, T5S, R102W, Taiga MountairFederal 622 (Sec. 22,
T1N, R103W); SouthBaxter Pass Un2-20 (Sec. 20, T5S, R102)ARuby 810231M
(Sec. 31, T8S, R102WHowever, for two well$iells Hole 614 and Hells Hole 14,
complee analyses were not available. Téferethese wells were excluded from the

furtherinvestigations.

4.1 Screening methods

Screening methods used in this researehRockEval pyrolysis, Total Organic
Carbon(TOC), Vitrinite ReflectancgRo0), and Thermal Alteration Index (TAlYotal
organic carbon is measured in weight percent (wt.%) and describes the quantity of
organic carbon in a rock sample. TOC includes both insoluble kerogen and soluble
bitumen.It was determined by direct combustion which is the most commonly used
methal used to measure TOC. TOC should not be treated as a clear indicator of
petroleum potentiglPeters and Cassa, 199%he process of the Rodkval Pyrolysis is
discussedn chager 1.1t is usually used to describefpoleum generative potential by
providing information about the quantity, type and thermal maturity of the organic matter
(Petes, 1986)

Most commonly types of the organic matter are classifieavan Kreveén or
atomic H/C/ vs. O/C diagram (Figure 810n thisdiagram different types of kerogen

(Types I, Il, 1ll, and 1V) are shown. Different types of kerogen will be described in the

61



following section. In the van Krevelen diagram pathways describe the thermal maturation
of the kerogen type where the most magamples are in the lower left corn€he

RockEval method was used Ayssot et al(1974)to derive the type of kerogen from

H/C vs. O/C diagranfPeters, 1986)Data available in this study does not include atomic
hydrogen, oxygen, and carbon. Howeviassot et al(1974)proved that oxygen in the
kerogen is propaional to the carbon dioxide derived during pyrolysis (S3) and that
hydrogen content is proportional to the produced hydrocarbons (S2). Based on this
conclusion, they identified that it is possible to describe the type of the organic matter by
usinga hydrogen index (HI) vs. oxygen index (Ol) plot where Hl is (S2/TOC) x 100 and
Ol is (S3/TOC) x 10@Figure 4.1h. This method should be supported by microscopy,
elemental analysis, or bofReters, 1986)n most of thecases in this study, additional
support is not available due to lack of trganic petrologyneasurementand elemental
analysisGeochemical parameters from pyrolysis can be classified and compared to
describe the petroleum potential of the souoois (Table 4.1as well aghetype of
hydrocarbons generated (Table 4&)ditionally, thermal maturity can be also estimated

by using production index (PI) ang& Generally, Pl and [Jax valueslessthan 0.1 and
435°C, respectivelyrepresent immature organic matter. AJhigher than 474C

represents weagas zone. Pl of approximatelydGshowshe bottom of the oil window
(beginning of the wiegas zone) and increases to Witen hydrocarbon generative

potential has been exhaust{&ters, 1986(Table 4.3).

Table 4.1 Basic geochemical parameters describing the petroleum potential
immature source rock (Modified after Peters and Cassa 1994).
Organic Matter
Petroleum i Hydrocarbons (HC
. RockEval Pyrolysis
Potential | TOC (wt.%) (ppm)
S1(mg HC/g)| S2 (mg HC/qg)
Poor 0-0.5 0-0.5 0-2.5 0-300
Fair 0.51 0.51 2.55 300-600
Good 1-2 1-2 5-10 600-1200
Very Good 2-4 2-4 10-20 120062400
Excellent >4 >4 >20 >2400
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In this research traditional Rdtval pyrolysis is used to evaluate the source rock
potential where the TOC of 1 wt.% indicates the good source rock. Some researchers do
not agree with this classification. Lewgi®87)believes that 2-5.4 wt.% TOC is
necessary for a continuous bitumen network to develop for argillaceous claystone.

Problems related to this method may include: small peaich lead to unreliable
production ndex, hydrogen and oxygen indic@gavy bitumens in S2 leadlbomodal S2
which may overestimate theource potential and lowerdx high S3 is produced due to
breakdown of liable carbonatesnd mineral matrix retention of S2. There alsoagsav
difficulties related tormax. It is dependemn kerogen typdpwered by heavy bitumen,
increased by recycled kerogen, increased by clay adsorption of S2 hydrocarbons, and
small S2 peakare unreliable. Roekval pyrolysis should be verified by other analyses
for example kerogen elemental composition, vitrinite esflance, and gas

chromatographyPeters, 1986)

Table 4.2 Geochemical parameters deseglype of hydrocarbon
generated after Peters 1986

Type HI (mg HC/g Corg)* S2/S3
Gas 0-150 0-3
Gas and Oil 150-300 3-5
Ol >300 >5

Vitrinite reflectance is another method used to measure theratatity of the
organic matterDuring this method kerogefor whole rock)s impregnated with epoxy,
mounted in a slide, arttieslide ispolished toaflat, shiny surfacelncident light
reflected from vitrinite particles undeil immersionis measured in percentageéhe
sSubscrniRprte féeords t o (Eeétdrs andri@asab®9d)ilnathisGtudyR, is
available forafew samples from two wells, HBI131, and South Baxter Pass Uniz@
For the first well onlyamean R is reportedor selected intervalg-or the second well

Rmin and Rnax vValues aralsoavailable.Those valies represent a minimum and maximum
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measured R Thismethod is very subjective because the interpretation of the reflectance
is based on the experience of the analyst.

The thermal alteration index is an additional method which can be used to
measure maturation. TAl is a numerical scale base on thermaligaddolor changes in
spores and pollen. It is a scale from 1 to 4 often used to cover the color range from
immature to overmature. TAl is determined in transmitted light with the naked eye. It can
be estimated frm amorphous kerogen when pollen is abs€éhis method is very
subjective. Results from different laboratories often vary significantly (different
scales/interpretations). Color can be influenced by thickness of the macerals. In this study

TAI data is available for few samples from South BaxsssRUnit 220 well.

Table 4.3Geochemical parameters describiegel of thermal maturation.
Modified afterPeters 1986
Maturation Pl [S1/(S1+S2)]] Tmax(°C) Ro (%)
Top oil window
o ~0.1 ~435445 ~0.6
(birthline)
Bottom oll
window ~0.4 ~470 ~1.4
(deadline)

4.2 Organic Matter Classificatio

There are two main types ofganic mattein source rockskerogen and bitumen.
Kerogenis insoluble whereasitumenis soluble inorganic solventsKerogen is myanic
matter composed of a mixture afganic chemical compmds that generates bitumen
Kerogen is classified in twmannersphysicalpropertiesand compositional. Ithe
physical classification there are five types: algal, amorphous, herbaceous, woody and
coaly.The dgal type isrecognizable algal material of either marindamustrine origin.

The amorphous type largelysapropelic organic matter froptankon and other low

forms of life. Itcan be of marine dacustrine origin. It is @dominant kerogen in
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carbonatesThe herlaceous type isontinental in ogin, consists of pollen grainspores,
cuticles, leaf epidermis, amellular structures gblants.The woody type is terrestrial in
origin; it hasaneasy to recognize rectangular shape and woody structure. The coaly type
(inertinite)is recycledblant material which hasndergone natural carbonization such as
charring, oxidation, moldering, and fungal attack.

The main types of kerogen in compositional classificatiorygues I, Il, lll. This
classification was proposed Byssot et al(1974) Type IV was proposed by Demaison
et al. in 1983Peters and Cassa, 199%his classification is based oram Krevelen's
classification of coalhy its composition andhaturity. Kerogen types are distinguished
basedon H/C and O/C ratios his classification is good because it alldas
compositional changeglated to deptitemperature and pressure resultinggreasing
maturityto be followed(Tissot et al., 1974)

Kerogentype | containdiptinite (exinite)macerals which includexlginite,
amorphais organic matteftacustrinealgae(Botryococcusand land plant resins. The
relationship between principailaceralgroups liptinite, vitrinite, and inertinite, and van
Krevelendiagram are presented in figure 4Thiskerogen type derives primarily from
lacustrine algae, foredin anoxic lakes and several other unusual marine environments.
It is formed mainly from proteins and lipidserogen type | has H/C ratios larger than
1.25 and O/C ratiosmaller than 0.15. It produces liquid hydrocarbomsstly normal
and branchd paraffins, with some pthens and aromatics

Type |l kerogercan be divided intdype Il andType II-S depending on the
sulfur content. Itonsists of several types of maceral which include: exinite, cutinite,
resinite, and liptinite. This kerogen type derives primarily from marine phytoplankton
associated with preservationameducing environmenKerogen type Il is produced
from lipids. It has H/C ratio smallgehan 1.25 and O/C ratio in the range between 0.03
and 0.18. It tends to produbethoil and gasA variety of moderatdength chemical
compounds, mostly nagtenes and aromaticare produced from this type of kerogen.
When it is associated with sulfur it is classified as typ@gkerogenKerogen ligh in
sulfur cracks at lower temperatures than normal type Il kerogen.

Type Ill kerogernis subdivided into two types as well. TypeMland Type I[I{B.

Type llI-A consistamainly of vitrinite maceral group and includes Desmocollinite,
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Table 4.4Geochemical parameters from Regkal Pyrolysis describing kerogen
type and expelled produdislodified after Peters and Cassa 1994)
Parameters describing kerogen type
Kerogen HI )
S2/S3| Atomic H/C| Expelled products
Type (mg HC/g TOC)
I >600 >15 >1.5 Oil
Il 300600 10-15 1.2-1.5 0]]
/11 200-300 5-10 1.01.2 Mixed oil and gas
1] 50-200 1-5 0.7-1.0 Gas
v <50 <1 <0.7 None

Telecollonite, and Telinite maceral types. This kerogen iyperivedfrom terrestrial
plant matter that is lacking iipids or waxy matter. It forms from cellulodegnin,
terpenes and phenolic compounds inglaat. It tends to beltick, resemblingvood or
coal.Kerogen type IHA hasa H/C ratiosmaler than 1, and O/C index rati@tween

0.03 and 0.3. It contairtegh percentage of patyclic aromatic hydrocarbons,
oxygenatedunctional groups andome paraffin waxe§ helow hydrogen content can be
explained by thextensive ring and aromatic systerisom this type of kerogen mainly
coal and gas are produced. TypeBlkerogen is similar to type HA but it contains high
lipid terrestrial organic matter that can genevedsy oils from the oils and waxes
contained in spores and leaf coatings.

Type IV kerogen is composed i@sdual organic matter that eithesas recycled
from older sediments by erosiateeply #ered by subaerial weatherirgpmbustion, or
biological oxdation h swampsand soils prior to redepositiolt contains mostly
decomposed organic mattertive form of polycyclic aromatic hydrocarbom&@rogen
type IV hasalow H/C ratio which § smaller than 0.5. This typ®es not produce any
hydrocarbons. It is arermed intertinite

Kerogen with a high H/C atomic ratio produces oil while heated. The kerogen

type, the level of thermahaturity, and the character of expelled products can be
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described based on the Reekal Pyrolysis(Table 4.4and 45) vitrinite reflectance and

thermal alteration index measurements

4.3 Environment of deposition andteration of theorganicmatter

In this chaptethe terms marine and terrigenous will apply to organic matter
derivedfrom marine and land plants respectively. The difference between the

depositional environment of the source rock and origin of the organic matter will be

Table45Geochemi cal parameters describi
(Modified afte Peters and Casa 1994).
Level of ThermaMaturation
Stage of
Ro Tmax
Thermal o TAI
. . (%) (TC)
Maturity for Oil
Immature 0.20.6 <435 1.52.6
Mature
Early 0.6-:0.65 435445 2.62.7
Peak 0.650.9 445450 2.7-2.9
Late 0.91.35 459470 2.93.3
Postmature >1.35 >470 >3.3

specified.Kerogen ypes are deposited bothmarineand nosmarineenvironmens of
depositionType | kerogen is formed from algal precursors and is deposited in lacustrine
source rocks. Type Il is derived from marine algal, pollen, spores, leaf waxes, and fossils
resins but it is founth the rocks which formed imarine,reducing conditions. Typk

kerogen is derived from terrestri@body and coaly material big found in the source

rocks depositedndermarine, oxidizingconditions. Finally, type I\kerogen comes from
reworked organidebrishighly oxidized material and is found in the rockpdsited

under marine, oxidizing conditions.
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There are thremajor types of organic matter alterations: diagenesis, catagenesis,
andmetagenesidiagenesis israinitial alteration of the organic matter. It is a low
temperature chemical and microbial transformation of the organic rrdtiderogen|t
usually occurs duringhallow burial, generally less than a few hundred mgbetscan
sonetimes reach about @0m (about 6,06Q). It is characterized bgsmall increase in
temperature and pressuBaring this phaseconversion of organic matter to kerogen
(predominantly due to bacterial metabolisggneration of biogenic gaand initial
expulsion of liquidghrough compaction takes pla€&uring this stage of burial, porosity
and permeability start to decrease.

The second phase of the organic matter alteration is catagéhissisthermal
alteration stage during which kerogen passes though its printipée f bitumen
generation. Those changes of kerogen are irreversible and take place in the temperature
range of approximately 8@ 200C (122- 392 F) and pressure between 300 to 1500
bars. This stage can be divided iatooil zone, which corresponds to oil window, aand
wet gas zone. During thal zone liquid oil generation is accompanied by gas formation.
Duringthewet gas zone, light hydrocarbons are generated through cracking. The wet gas
window corresponds to theterval from the top of the wet gas zone to the base of the dry
gas zondPeters and Cassa, 199fhis phase is thmain phaseof secondary porosity
creation.

Thethird alteration of the organic matter is metagenesis which correspotinds to
dry gas zone. It is an intensive thermal alteratiokeobgen, bitumen, and petroleum.
During this stage kerogen is structurally rearrangee to thermal activityand releases
small amounts of methane. Metagenesgibitumen and petroleuieads to the formation
of methane angyrobitumen as end producfBuring this phase porosity and
permeability begin to decrease again. These alterations takeaplatativelyhot
temperature$>200°C) and high pressure. Metagendsisnediately precedes

metamorphism
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4.4 Geochemistry of the rock within the research area

Results of the gochemical analysi®r five selectedrepresented in the
following sections. Geochewral parameters derived froRockEval pyrolysis and
vitrinite reflectance descriptions aitkistrated bya series of graphfor each wellData
from everywell will be discussed separately and then compared with available
geochemical results from all the wells. At the end of this chapegrossible source
rocks will be identifiedAnalysis br Taiga Mountain €2, South Baxter Pass2), Ruby
810231M were performed by Baseline Resolution oporatedHells Hole 9131 was
analyzedoy Humble Geochemical Servic@ssher, 2007and analysis foHells Hole
189 wasperformed bywWeatheford Labaatories.Formation tops for wells with

geochemical analysis are presented in AppeRdix

4.4.1 Taiga Mountain-22 well

Taiga Mountain 622 was sampled approximately 100t (~30 m) intervak. The
results for 34 samplemeavailablefor this well. Sampling on such larggervak might
havea significantnegativeinfluenceon the interpretation of geochemistry from this well.
In some cases there is only one sample tested featimisformatiors (Tununk,

Frontia, Niobrara 1, 2, and 4) and therefdines sampléhas to be treated as
representativéor that interval

Total organic carbon values in this well range between 0.67 (Frontier Sandstone)
and 2.25 wt.% (Niobrard). These values do not significantly inase with depth (Figure
4.2a). The TOC vs. depth graph may help in the interpretations of the lithology in the
Niobrara Formation. Samples from this formation which have higher TOC values are
most likely form shaly intervals and the ones with lower TOQ@esimay be from chalks.
On the plot of TOC vs. HI there is atio@able trend showing simultanedosrease of
total organic carbon and hydrogen index (Figure 4.2 b). The highest neeH$umehis
well was 220mg HC/g Corg (Niobrara7) and the lowest was9 mg HC/g Cog (Carlile
Shale).There isasignificantly different trend on the plot of TOC vs. Ol. Total organic
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carbon values decrease with the increase of the axygex values (Figure 4.2 dVhen
S2 versus TOG plotted there isavery obviousihear trend showingnincreasing
amount of generated hydrocarlsger gram of rock with increasing weight percent of
total organic carbon (Figure 4.2 d).

All the TOC values from this well are larger than 0.5 wt.% which suggests that
the rocksshouldnot beaffected by adsorption of pyrolyzate by the mineral matrix
(Peters, 1986)Accordingto Langford and Blan¥/alleron(1990) it is possible to
calculatethe x-intercept (calculated by solving for x when y=0 in the regression
equation). A positive intercept indicates the threshold amount of organic material that
must be presentiore enough hydrocarbons can be detected during pyr@hgise 4.

3 a)(Langdorf and Bland/alleron, 1990) The xintercept value approximates the
amount of hydrocarbons liberated by pyrolysis which were absorbed by the rock matrix

(Langdorf and Bland/alleron, 190). Clay- rich rocks are generally more influenced by
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adsorption. Rocks which are rich in illitmontmorillonite, calcite, and kaolinite minerals
have the highest adsorptiatecreasing in that ord@Peters, 1986)he calculated rock
matrix adsorption for samples from Taiga MountaidZwell is 0.53%Figure 4.3 a)

and b) The «istence ofargeadsorption might result in reduced S2 and HI values as
well as an increase inyixand Olmeasurements.

TheS2vs. TOC diagram can be used to measure the adsorption of hydracarbon
by the rock providing aorrection for HI. Thiglot also givesanindication of the
petroleum potential and the kerogen type which is prétangdorf and Bland/alleron,
1990) This graphs a usefultool to compare the sets of S2 vs. TOC graphs and will be
used in the summary of this chapter to complaegotential of raks from different
wells.

Sample plotted on this graph have a linear regression which has a high degree of
correlation.The R is of 92% indicatesagood correlationThis indicated that the group
of samples is very ewistent The S2 vs. TOC diagrarfor Taiga Mountain €2 well
shows thatll the formations excephelower TununkShale, Carlile Shalend Frontier
SandstonghaveTOC values higher than 1 W& which suggest good generative potential
based on the TOC values.

Drawing horizontal lineat S2=2.5 and S2=5 nt§C/g rockon Figure £ d
showsthat Niobraral, 4,5, 6 andNiobrara7 have fair to good generative potential based
on the S2 values. Additionall{hetwo deepessamples from the Mancos Shatedahe
samples from Tununk Shale formation are very close to this boundary. All other samples
are located below 2.5 mg HC/g rock and have poor generative potential.

Looking at the HI vs. Sgraphs (Figure 4.3 c) allowsr the type of hydrocarbons
that can bgenerated from the sediments todetermned Again, drawing a horizontal
line at 150 mg HC/g &g on Figure 4.3 ¢ shows thiite Tununk,Niobrara 1, 4, 5, 6, and
Niobrara7 intervalshave potential to generate ratkgasand oil while other formations
fall below this valle suggestingas generation based on the HI values.

While looking at S2/S3 (Appendix) valuesfor the Taiga Mountain-22 wellthe
Tununk Shale (av.7.5), Niobrara 1 (av. 7.2), Niobrara 2 (av. 5.1), Niobrara 4 (ay. 10
Niobrara 5 (av6.0), Niobrara 6 (av. 7.2Niobrara7 (av. 9.7), andhefew deepest

samples of Mancos Shale (av. @ oil proneThe lower TununiShale (av. 4.3and
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Niobrara 3 (av.3.1) can generate mixed gas andlod.S1 values are relatively small
which suggets that not many of ldrocarbons were already generafBokere were no
maturity tests(vitrinite reflectanceperformed for this wellHowever, there were five
samples tested for closely located Hell Hole 9@ &her, 2007)all of them were
immature(Figure 4.7 c)However, thaop of the Mancos Shale in tA@iga Mountain 6

22 well is located 582 ft (482m) deeper than the HH 9131 well allowing for the
maturity of the rocks in the-B2 well to potentially be higher. It is difficult to estimate
how much more mature these rocks are because it is unknown how long it this depth
relationship has occurreBor the purpose of this study, the assumption that the rocks in

this well are immature is made.
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Figure 4.3 A) and blsraphs showing regression equation of S2 vs. TOC f{dots|
of the samplesc) HI vs. S2 graph, and d) HI vs. Ol graph wieudovan Krevelen
diagram showing kerogen types.
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The majority of thesediments from the Taiga Mountain22 well plot as type IlI
kerogen. However, Niobrara 6 and Niobrara 5 seems to be on the border between type Il
and type lllkerogen (Figure 4.2.d and 4.3 d). Therefore samples from those two
formations have mixed kerogéype. Mixed kerogen types are generally known to
produce oil and ga#t is difficult to predictwhat type of hydrocarbons would be
generated from the source rocks from this well. Based on the analysis of production index
(P1) and Thax thesamples fall ito theoil generation window (Figure 4.4 b). Due to the
lack of maturity information from this well, this analysis cannot be confirifietis
assumedhat maturity values are similar higherto those fronthe HH 9131 well,
around 0.5%, these rockse immatureHowever,Tmaxtemperatures increase with depth,
which suggest an increase of maturity. Samples fall between 435 af@ which
suggests that they are in early mature to mature stage based gaxtvaules.This may
suggest that the rockom this well may be productive, however it is difficult to predict
without the actuammaturity testgFigure 4.4.a).

Among theformations testedseven argotential source rock3he Tununk,

Niobrara 1 Niobrara 3Niobrara 4, Nbbrara 5, Niobrara @ndNiobrara7 all have TOC
values higher than 1.3 wt.%. The HI values range from 150 ton8d9C/g Cog.

a) Depth vs Tmax; Taiga Mtn 6-22 b) PIvs Tmax; Taiga Mtn 6-22
@ Mancos 035 #®Mancos
Tmax #Niobrara 7 ’ #Niobrara 7
! 030 . ]
430 435 440 445 450 455  @Niobrn6 ¢ . #Niobrara 6
0 . . . - , ®Nicbram5 025 T ®Niobeasa 5
1000 @ Nidbrara 4 o 020 3 ", ’é + @ Niobrara 4
2000 #Niobrara 3 0.15 3! hd 'y — ON?obtauaS
3000 e 0.10 ':f"zmi
Depth 4000 r Niobrara 1 e iobrara
L) #Calle #Calik
5000 ,,, 000 P
6000 LAIPY ) # Fronfier : ) ! ! ' Fronteer
A | 430 435 440 445 450 455 & Tummk
7000 + : ¢ - Tununk . .
8000 ¢ hd ®L. Tununk Tmax L. Tunun
Figure 4.4 a) Graph showing relations between depth aggdhl) Plot showing
relation between Pl andnlx

Therealsoare relatively lav oxygen index values, about &ty CO,/g Corg, and S2/S3

results are higher than 7 with teeception of the Niobrara 6 which is 6. All of the
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mentioned formations have type 11l kerogen except Niobrara 5 and Niobrara 6 which
have mixed type Il and IIl kerogen. This assumption is made based on analyses of the S2
vs. TOC and HI vs. Ol graphs. All this information suggests that these sixailstbiawve

the potential to produce oil and mixed, oil and gas. Figure 4.5 presents summarized

geochemical log for this well

4.4.2 Hells Hole 9131 well

Hells Hole 9131 was sampled at 30 ft (9.1 m) intervals. The results for 84 samples
are available fothis well (Fisher, 2007)The sample interval, 30 .1 m) provides
reliable data and allows accurate conclusions to be made. In this well total organic carbon
values are between 0.72 (Mrara 1) and 2.33 wt.¥d ununk). There is no significant
increag of TOCwith deph (Figure 4.6a), however it still can be used to try predict
lithologies of the Niobrara Formatio®n the graph representirige TOC vs. HI
relationship, even thoughe samples are more widely scattered, there is a noticeable
lineartrend (Figure 4 b). Total organic carbon readings increase with the increase of th
hydrogen indexln this well the Niobrara 5 formation has the highest meadwdibgen
index,396HC/g Corq. The lowest HI was found in the Carlile &g 91 HC/g Corg. While
looking at the TOC vs. Ol plpaless obvious linear trendeversed to the one on the
TOC vs. HI graph¢an be observe(Figure 4.6¢c). The Dakota Sandstone, lower Tununk
Shale, and Frontier Sandstone are scattered farther away from the mainTthese is a
decrease of total organic carbon values with the increase of the oxygernSimdiexly
as in the Taig Mountain 622 well, whenS2 vs. TOC results fahe Hells Hole 913lare
plotted there is an obvious liaeregression trend showiranincreasing amount of
generated hydrocarbons per gram of rock with increasing weight percent of total organic
carbon (Figure 4.d).

The @lculation ofthe x-intercept for all the samples from this well gives the
result of 0.64%Figure 4.7 a and b)Y his suggests that therehigher overalkclay
content in the rocks from this well than in the samples tteTaiga Mountain 62.
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This kind of adsorption should not haasignificant influence on the S2, HI, Ol, and
Tmax measurements.

Similarly to Taiga Mountain &2, this well also showalinear regression trend
on theS2 vs. TOC graptiThe R value in this well is 8% which shows that the fit of the
trend line isexcellent Total organic carbon information from this diagram shows that all
theformatiors, except the Dakota Sandstone, lower Tun@hiale and Niobrara 1, have
TOC values higher than 1 wt.%his means that they should be consideredaasig
potential source rocks

The generative potential of the source rock, based on S2 valuele again
estimated by drawing a horizontal lines at S2=2.5 and S2=5 mg HC/g rock on Figure 4.5
dor 4.7 ¢ The line which would be drawn on 2.5 mg HC/g rock cuts through the cluster
of samples and shows that the Niobrara 2, Niobrara 4, deeper samplé#dlyara 5

and Niobrara 6 fall into the fair to good range. The line drawn on the S2=5 mg HC/g rock

a) Depth vs TOC;HH 9131 b) TOCvs HLHHI31  oiae
s _ 5 #Niobrara 7
TOC # Niobrara 7 250 P T
. # Niobrara 6 201 ‘. & -
000 050 100 150 200 250 g K $icba
0 L N L " 1 & Niohra 4 150 "_”. ‘ 0_\71abra(a 4
L #Niobrara 3 TOC " Py @ Niohrara 3
2000 #Niobrara 2 1.00 ry ® Niobrara 2
3000 Niobrara | e Niobrara |
Depth 4000 ®Calile 0 ocatie
5000 4 5 @ Frontier 0.00 . . . . | @ Frontier
6000 . Tunsak 7 M
o0 bae » e 0 100 200 300 400 500 oL T
8000 Dakota HI Dakota
C) TOC vs O; HH 9131 ::““m ) d) S2vs TOC; HH 9131 s
ot -
.\ . o l,u . Niobrara 6
200 Riobrara > ®Nicbrara 5
’\v N #Niobrara 4 G ?‘0:. ¢ .LZ“
1.50 #Niobram 3 300 ' B 3
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1o¢ 100 .k" ’ R cck = :gﬁ ¥ #Nichrara?
‘s o Niobraa 1 00 ﬁ ¥ Niobraca |
050 Carlile L /(. K #Carlile
# Frontier @ Fronter
0.00 T T T T T ) 0.00 T T T T 1
Tununk Tununk
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# L. Tununk L Tununk
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Figure 4.6 ajGraph illustrating relationship between TOQatepth; b) Plot of TOC
vs. HI; c) Plot of TOC vs. Old) S2vs. TOC diagram withimesrepresenng estimated
boundaries separate kerogen types.
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value, shows that samples from Tununk, Niobrara 7 and shallower samples from the
Niobrara 5, Niobrara 6 fall into the good source rock generative potbasatl on the S2
results (Figure 4.d).

The type of hydrocarbons which can be generated from the rock from this well
may be identified by analyzing HI vs. S2 plBrawing a horizontal line at 15&g HC/g
Corg ON Figure 4.5 ¢ shows that majority of the samples plots within thefgixs and oil
generation. Formatiorotting between 15800mgHC/g Cyg are: Mancos Shale,
Niobrara 2, Niobrara 3nd Niobrarat. The Niobrara 5, Niobrara 6 and Tununk Shale
plot on the border between gas and oil and oil generafioamajority of the Niobrara 5
falls above 300 m§iC/g Gygline which means that it may be generatingeiyure 47
C).

Analyzing theS2/53 (AppendixG) datg shows thathreeshallowersamplesof
the Niobrara 3av.4.3)formation may produce mixed gas and oil. The other formations
are oil prone based on the S2/S3 resthisDakota (av 4.3), Tununk Shale (av. 3.6),
Carlile (av. 4.5), Niobrara 1 (av.7.3), Niobrara 2 (av.11), Niobrara 3 (@y.Miobrara 4
(av.11.2), Niobrara 5 (av. X8, Niobrara 6 (av. 17.9Niobrara7 (av. 17.4), Mancos
(av.10).Similar to the Taiga Mountain well, the values characterizing the S1 peak are
low which suggest that small amount of hydrocarbons was expelled.

There were five samples tested for matubyvitrinite reflectancéFisher, 2007)
All of the results show that the roglire immature ranging between 0.44 and®.5
(Figure 4.8c). The samples from the Tununk Shaled Niobrara ivere testedior
maturityandhad the lowest TOC contents among the samples from those formations.
The samplerbm the Niobrara 5 hathhe second lowest TOC readiridhe two last
formations teted werghe Niobrara7 and Mancos Shale. Tee had second highest and
highest TOC content respectively.

The main kerogen types present in this well aresyipend 11l (Figures 4.6 d and
4.7d) Samples from the Niobrara 1, Niobrara 3, Niobrara 6, plot within tykerdigen.
Dakota Sandstone, lower TunuBkale, Frontier Sandste, Carlile Shale, and Mancos
Shale fall into type Il kerogen. Theidbrara 2, Niobrara 5, andiobrara7 seem to have
mixed type Il and llkerogen(Figures 4.6 d and 4d). Type Il kerogen is known to

produce oil. Type IIl kerogen produces gas while mixed type Il and Ill produce gas and
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oil. The maturity information for this well suggests that the samples are immature.
However there is a clear increaserfturity withdepth in this well (Figure 8.c). Even
though the results of the vitrinite reflectance are smaller th&a,Gtés still possible that
these rocks may generate owith increasing burial depth and hence greater thermal
maturation Those rocks would be saciated with a very early oil generation window.
This assumption is made based on the analysis of the diagram representing the
relationship between depth angl.f It shows a gradual increase of temperature with
depth which suggests an increase in mtFigure 48 a). Most of the samples fall
between 435 and 428 which makes them range from early mature to mature.
Additionally, a study of the production index versusxshows that PI for the majority
of the samples ranges between 0.07@t8. Dakda Sandstone and lower Tunuskale
are close to 0.2. Therefore, most of the samples téstecthis well fall into the very

early oil generation window based on the Pl apgkilesults(Figure 4.®).

a)  S2vs TOC all samples; HH 9131 b)  S2vsTOC Tununk, Niobrara 5,

008 Niobrara 6, Niobrara 7; HH 9131
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Figure 47 a) and b)Graphs showing regression equation of S2 vs. TOC fuots|
of the samplesc) Plot showing the relationship &fi and S2d) Diagram ofHI vs.
Ol graph with van Krevelen diagram showing kerotgres for HH 9131 well.
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Within the rocks tested fahis well there are seven which may have good source
rock capacity. Those formations are: Tununk Shale, Niobrara 2, Niobrara 3, Niobrara 4,
Niobrara 5, Niobrara 6, arfdiobrara7. TOC values for thee rocks are in the good
range.The HI results suggest psible generation of mixed gas and oil and oil. All the
oxygen index masurements are approximatelyrd@ CO./g Corg. The Niobrara 3 is the
only interval from the Niobrara Groupsted in this well which has S2/S3 value of 6.3.
The other Niobrara intervals have S2f&8nbers higher than 10. The Tununk Shale is
thelowest in S2/S3 values and it is 3B&ased on S2 vs. TOC and HI vs. Gétmajor
kerogen types are Il and Ill which alsalicates the possibility of the geneoat of
mixed gas and aiHowever, based on the Pl valudse Tununk, Niobrara 5, and
Niobrara7 may not generate a large amount of hydrocarbons. Samples tested for
maturity, turned out to show low results howevkese rock may still produce

hydrocarbonskigure 4.9 presents summarized geochemical log for this well.

a) Depth vs Tmax; HH 9131 ¢ b) PIvs Tmax; HH 9131 e
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7
5 # Niobrara 6 023 4 Niobrara 6
130 435 440 445 450  $Niobuara$ 02 : #Niobrara 5
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1000 .N?nhmraB - W 3 : f‘; v ‘ Q'I\i?nbrarﬂ
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Figure 4.8a) Plot presenting depth vsyzk relationship; b) Graph showing
relationship between Pl ang,d; ¢) Plot showinglepth vs. R
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Figure 4.9 Geochemical lsdor Hells Hole 9131 well[Summary provided by Humble Geochemical Services.




4.4.3 Hells Hole 18® well

Samples tested for the Hells Hole-8vell were collecte every 30 ft (9.1m).

There was #otal of 79 samples tested the RockEval Byrolysis for this well. Reliable
conclusions can be made based on the sampling at this interval. Total organic carbon
values identified from this well range from 0.89 (Masgto 2.09 wt.% (Niobrara 6).

TOC values do not increase with depth and plot rather scattered on the Depth vs. TOC
graph (Figure 4.10 aJhis graph can be helpful in identification of the lithology of the
Niobrara Formation. It is possible to identifiyear trend which shows an inaise of

both total organic carbon and hydrogen index (Figure 4.10 b)TDi@&2vs.HI plot
indicatesthat theNiobrara? interval has the lghest hydrogen index value, 3610 HC/g
Corg- The Carlile Shale was identifiewith the lowest valuef 116mgHC/g Corg. The

TOC vs. Ol plot shows highly scattered results which do not presespanific trend.
Total organic carbon values do not change in the relationship to the oxygelRigler
4.10c¢). In comparison with the first two wells there is a significant linear regression
trend on the S2 vs. TOC diagram. This trend also shows an increase of the amount of
generated hydrocarbons per gram of rock withincrease of theeight percent of total
organic carbor(Figure 410d).

The xintercept value for all of the samples is 0.68#ich shows that clay
contents for the rocks in this well is similar to those in the HH 913Ekn/hlculated for
only the lower TununiShale, Tununk Shale, Niobrara 2 oNrara 4, Niobrara 5,

Niobrara 6, and Niobrarathe result is lower, 0.50%-igures 4.11 a and bjhis

suggests that mentioned rocks have smaller adsorption of liberated hydrocarbahe than
rest of the rocks from this well. Again, this kind of adsorpshould not hava

significant influence on the S2, HI, Ol, angaJfmeasurements.

While analyzing the S2 vs. TOC diagram, it is easy to notice that all of the
formations have total organic carbon of 1 wt.%gher (Figure 4.10 d). All of the
formations should be considered as potential source rock based on the TOC values.

The technique previously used to analyze the generative potential of the source
rocks based on the S2 values, can be applied again here. Drawing horizontal lines at
S2=2.5 ad S2=5 mg HC/g rock on Figure 4.18ubgestso seehatapproximately half
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of thesampledhave S2 higher than the other halhe lower TununiShale, Tununk

Shale, Niobrara 5, Niobrara 6, and Niobréi@e in the good generative potentahge

The Niobrara 1 and the Niobrara 4 are in the fair to good range. The remaining
formations are in the poor to fair generation range based on the S2 values. HI vs. S2 plot
shows a cledlinear trend (Figure 4.11 cyhe R valueis very similar to the one from the
HH9131 well and is 80%. Horizontal line at 150 mg HC(g, @ould show that only the

Frontier Sandstone might generate gas.

Figure 4.1(Results of geochemical parameters for HHO18ell; a) Graph
illustrating relationshipetween TOC and depth; b) Diagram of TOC vs. HI; c) Pl
of TOC vs. Ol; d) S2 vs. TOC diagram with lines represergsignatecboundaries
to separate kerogen types.

All other formatiors fall between 150 and a little over 3@@g HC/g Cyrg. This suggests
thatthetype of the hydrocarbons which might be generated by the rocks fradHti&-
9 well aremixedgas and oil.

S2/S3 analyses (Appendiy) suggesthatall of the formations tested have
potential to generate oil based on théSS2valuesThe results applying to these

parameters for the Carlile Shale, Niobrara 1, and Niobrara 2 may be unrélialite
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