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ABSTRACT

The Niobrara/Codell unconventional tight reservoir play atWattenberg Field, Colorado
has potentially two billion barrels of oil equivalent requing hundreds of wells to access
this resource. The Reservoir Characterization Project (RE), in conjunction with Anadarko
Petroleum Corporation (APC), began reservoir characterizeon research to determine how
to increase reservoir recovery while maximizing operatiahe ciency. Past research results
indicate that targeting the highest rock quality within the reservoir section for hydraulic
fracturing is optimal for improving horizontal well stimulation through multi-stage hydraulic
fracturing. The reservoir is highly heterogeneous, consigy of alternating chalks and marls.
Modeling the facies within the reservoir is very important ¢ be able to capture the hetero-
geneity at the well-bore scale; this heterogeneity is therpacaled from the borehole scale to
the seismic scale to distribute the heterogeneity in the iet-well space.

| performed facies clustering analysis to create severati@s de ning the reservoir interval
in the RCP Wattenberg Field study area. Each facies can be exgssed in terms of a range of
rock property values from wells obtained by cluster analysi | used the facies classi cation
from the wells to guide the pre-stack seismic inversion andutti-attribute transform. The
seismic data extended the facies information and rock quglinformation from the wells. By
obtaining this information from the 3D facies model, | genated a facies volume capturing
the reservoir heterogeneity throughout a ten square mile ily-area within the eld area.
Recommendations are made based on the facies modeling, Whitclude the location for
future hydraulic fracturing/re-fracturing treatments to improve recovery from the reservoir,

and potential deeper intervals for future exploration driing targets.
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CHAPTER 1
INTRODUCTION

The Wattenberg Project is an unconventional tight reserveiplay that has been one of
the primary investigation areas of the Reservoir Charactemation Project (RCP) Group at
the Colorado School of Mines, since the Fall of 2013. Horizahtdrilling and hydraulic
fracturing treatment has been performed at the main reserirg the Niobrara and Codell
formations. After two phases of the RCP project (Phase XV and XVI|)we are able to
focus on realizing several key objectives of the researchcluding to increase recovery and
reserves, pro tability, minimize the drilling risk, and maximize the operational e ciency.
To achieve these objectives, it is important to model resesir behavior, both the in-situ
condition (before well production and hydraulic stimulaton process were conducted) and the
dynamic changes due to stimulation and production. This thes focuses on modeling the
facies within the 3D Anatoli seismic survey, especially at threservoir levels, by performing
seismic inversion and multi-attribute transform analyses

The Wattenberg Project within RCP is an integrated project ketween Geophysics, Geol-
ogy, Petroleum Engineering and Economic disciplines. Themtribution from each of these
elds of study is very important for delivering a comprehense and integrated interpreta-
tion of the area. One main focus within the Wattenberg Field iso locate the best zones for
well completion, by comparing the geomechanical and reseivquality information to the
changes observed from the dynamic reservoir characterimat work.

Before discussing the details of the facies modeling workrfmemed in this research,
this introduction will give provide additional information on the research value, the geology
background of the eld, and the data being used to achieve thesearch goals. The research
value, the geology background, and the data information arthe key points of my research,

to which | will be referring later in the main discussion of mywork.



1.1 Research Value

The oil and gas industry technology has signi cantly advared such that we can now pro-
duce hydrocarbons from tight reservoirs that were formerlgonsidered very high risk. The
conventional concept of the petroleum geology focuses ongeting the main reservoir having
high porosity and permeability. The main technology that ha changed this conventional
concept is the combination between horizontal drilling andnhulti-stage hydraulic fracturing.
Even though the horizontal drilling and multi-stage hydradic fracturing technologies demon-
strably improve hydrocarbon production, the technology mmains very expensive and needs
to be optimized. By examining previous studies, we observet@nd toward progressively
improving the methodology to de ne the sweet spots for the wwonventional tight reservoirs.
The sweet spots are mainly a ected by mechanical stratigrdypc factors and rock quality.
These factors were used to build the Rock Quality Index (RQhat has been analyzed pre-
viously within RCP for the Wattenberg reservoir charactezation (Mabrey, 2016). Based on
the study by Mabrey (2016), we expect to achieve a higher eldecovery and more e cient
operational cost by targeting the rocks with the highest RQIThis kind of study was also
conducted in 2012 for Eagle Ford Fm, another successful ungentional tight reservoir play
in the United States. Cipolla et al. (2012) reports that the iitial production at the Eagle
Ford Fm was increased by 20%, by designing the well perforaticlusters based on the rock
guality. It is very important, too, to have a good understanéhg of the characteristics of
the unconventional tight reservoir play. While we try to target the high quality reservoir in
terms of brittleness and organic content, the existence ohaadjacent mature source rock
with high total organic content is very crucial.

Given the previously elaborated background motivation, te main questions of this re-

search are:

1. Can we interpret facies within the Wattenberg reservoirmnterval more quantitatively

from the wells and estimate their lateral distribution?



2. What are the recommendations for future development of thé/attenberg project?

3. Is there any potential exploration target around the aredahat can be modeled from

this work?

The Niobrara Fm of the Wattenberg is a deposition of alternatig marls and chalks,
which has been widely studied in the last several years. Theanly part of the formation
is interpreted as the main source rock with high organic magt ( 2-4% of Total Organic
Content (TOC)), whereas the chalky part is interpreted as tle reservoir with high brittle-
ness and presence of fractures, adjacent to the mature sarock. Due to these factors, the
chalk-rich part of the Niobrara - Smoky Hill Member has always &en the horizontal drilling
target. By using rock properties from well logs such as newin porosity, gamma-ray, den-
sity, resistivity and compressional/shear velocity for clstering analysis, the facies prediction
along the Niobrara Fm can be quantitatively interpreted. Thisfacies prediction was also
correlated to the previously completed RQI analysis and cerdescription to ensure that the
interpretation is geologically reasonable.

Completing the facies interpretation based on the well infmation, we need to extend
the information laterally between wells. To achieve this, performed a simultaneous P-wave
seismic inversion of Anatoli seismic data set within the Wa#nberg area of study. The reason
for using this seismic data set speci cally will be discusden Section 1.3. The distribution
of each facies from the wells can be distinguished using P-daB-impedance values from the
well logs. Therefore, | expect to be able to estimate the fas distribution using the P- and
S-impedance results through simultaneous seismic inversi In addition, | performed multi-
attribute transform using a non-linear algorithm (Probablity Neural Network) to estimate
density property. The combination between P-impedance andensity was evaluated and

compared to the P- and S-impedance in facies modeling.



1.2 Geology Background

Understanding the geological history of the Wattenberg Fields a critical part of the
research goals and work ows. Geophysical theory, data, andethods are important in
obtaining subsurface information, but we need to clearly werstand and be consistent with
the geological basis behind our interpretation. There weseveral studies on the Wattenberg

and Niobrara Fm that are of particular importance to this thess.
1.2.1 Field Overview

The Wattenberg eld located in northeastern Colorado, was idcovered in 1970 by the
Amoco Production Company. Figure 1.1 shows the location of theld relative to the state
of Colorado, Denver, and other surrounding cities. The pre¢t area is shown on the southern

part of the Wattenberg eld.

US Interstate

~

US Highway

Fort Collins .? Sterling
Greeley

~—~_ Loveland @

City
* Wattenberg
Boulder Field

Data Area
‘ Brighton

DENVER

$

Castle
Rock

Figure 1.1: Wattenberg eld location shown on green colorechade. The main data being
used for the research is located in the southern part of the \Wanberg eld (RCP, 2017).



Early stages of Wattenberg exploration and activity mainlyfocused on the Lower Cre-
taceous D and J sandstones (shown in Figure 1.2 at depth 76(80@ft). Later discoveries
showed that the Wattenberg Field had multiple pay intervals wh each adding signi cant
reserves to the eld. The high temperature anomaly relatedot the Colorado Mineral Belts
beneath the Denver Basin is arguably the principal reasonrfall the stacked pay zones in
the Wattenberg (Higley et al., 2003). In the early 1980s, the Nbrara Fm and the Codell
Sandstone of the Carlile Fm started to become important devigdment targets. These units
are considered unconventional reservoirs due to their lowatnix porosity (<10%) and ma-
trix permeability (<0.1md) that requires hydraulic stimulation to signi cantly improve well
production. Current production of the Wattenberg Field fromthe Niobrara is approximately
20,000 BOPD and 180 MMCFGD, while the overall oil resourceHplace is estimated to be
two to four billion BBE (Sonnenberg, 2013). In addition to trese formations, there is an-
other potential target at a deeper interval, namely the Greghorn Fm. Numerous wells have
penetrated this interval and the current status indicates hat the operators are testing the
new horizontal wells in the play. These intervals are analogs to the Niobrara play, hence
a preliminary evaluation and recommendation of the Greenho play will be addressed as

part of this research.
1.2.2 Depositional History and Stratigraphy

The Upper Cretaceous Niobrara Fm was deposited in a foreland basetting in the
Cretaceous Western Interior Seaway of North America during ghtime of major marine
transgression. During sea-level highstands, coccoliticht and planktonic foraminifer-rich
carbonate sediments accumulated as chalks in the easterrifltd the seaway. This chalk-rich
facies grades westward into more siliciclastic-rich bed3.he deposition of Niobrara Fm is
highly correlated with regional paleo-climatic factors osea level uctuations. Sonnenberg
(2013) classi ed the main Niobrara lithologies into chalk ath marl, which are distinguishable
based on carbonate and clay content. The chalk has relatiyaeinore than 70% of carbonate

content, whereas the marl has between 30% and 70% carbonateclay content. The chalk



deposition is related to high-stand sequences, while thderbedded marls are related to the
combination of low stands and the in ux of fresh-water runo from the increased rainfall.
The Niobrara Fm consists of two underlying main members, the Sy Hill member and
the Fort Hays Limestone member (see Figure 1.2).

The Smoky Hill member is an alternating marls and chalks depitisn, named A, B,
C, based on the order of depositional sequence. The Niobrara Fwverlies the Carlile Fm
and its member, the equally productive tight reservoir cadld the Codell Sandstone. The
Codell deposition is rather consistent across the Wattenkg eld; hence, the present work
on modeling the reservoir heterogeneity is focused more dmetNiobrara section. Located
deeper in the stratigraphic column are the Greenhorn and Gnaros Fm. The Greenhorn Fm
is divided into three main submembers: the Bridge Creek Lirstone, Hartland Shale, and
Lincoln Limestone. This cyclic deposition between chalkynal marly units of the Greenhorn
Fm is analogous to the existing development target, the Niobra - Smoky Hill Member

interval.
1.2.3 Tectonic Settings

The tectonic evolution of Denver Basin originated with the @taceous Western Interior
Seaway subsidence occuring in Late Pennsylvanian, whichsafallowed by the deposition of
the Fountain Fm. Signi cant deformation during the Laramide Orogeny, largely formed the
present-day asymmetric basin (Figure 1.3).

This asymmetrical basin dips steeply to the west and gentlyotthe eastern side. The
structural history of the basin plays as important of a rolen the depositional of the modern
basin as it largely controls present day fractures, pore @sure, and the reservoir compart-
mentalization. Basement listric faulting and/or solution of evaporites may have caused the
folding that created the natural fractures. Fracturing of he Niobrara Fm is often asso-
ciated with Laramide structures; however, these fracturesre commonly lled with calcite,
which has negative implications for petroleum productionit is interpreted that the Neogene

extensional fracturing and/or microfracturing enhancedhe production.
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Figure 1.2: General stratigraphic column of the Wattenberg [Eid, showing the main devel-
opment target, Niobrara intervals, and other multiple pays bove and below it. SR stands
for the Source Rocks. The A, B, C, and D intervals are parts of thSmoky Hill Member
within the Niobrara formation. The other member of the Niobraa formation is the Fort

Hays limestone underlying the Smoky Hill Member (modi ed fronSonnenberg (2015)).
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Figure 1.3: Section view of Denver basin, showing the westwathickening shape of the
basin. Red dashed line demarcates the depth of the oil windg®onnenberg, 2013)

1.2.4 Petroleum System

The petroleum system elements of the Wattenberg Field are iy in uenced by the
depositional and tectonic history of the basin. Wattenbergs an unconventional petroleum
system, speci cally categorized as pervasive tight res@iv plays. Several factors support-
ing this interpretation are the tight nature of the reservois with signi cantly low porosity
(<10%) and matrix permeability (<0.1 md), and the existence of adjacent mature source
rock intervals encompassing the main reservoir. In additg in order to mature, the source
rock intervals needed to reach the oil window and create therte of expulsion. This pro-
duced the current overpressure condition for the Niobrara @nCodell Fm. The existence of
open natural fractures as the main permeability is also ond the characteristics that de ne
Wattenberg as a tight reservoir play. The marl-rich part of he Niobrara is a better source
rock with high TOC, ranging between 1-6 wt%. The kerogen is skrved to be Type-lII

or oil prone. The organic-rich marls are also easily recoged from the gamma-ray logs,



as they are generally more radioactive relative to the chak The Sharon Spring Member
of the Pierre Shale deposited above the Niobrara Fm is also ancelent source rock with
TOC values ranging between 2-8 wt%. The Niobrara and Codell Fm artight reservoir
plays, buried su ciently deep to have undergone mechanicand chemical compaction, cre-
ating the observed low porosity and permeability. The chalkwere initially quite porous
(>50%) but the mechanical compaction, dewatering, and grainrdakage have reduced the
overall matrix porosity. Thus, fracturing is important for enhancing the reservoir perfor-
mance. The chalk beds tend to be more brittle and susceptibie fracturing than the marls,
which makes the chalk-rich part of the Niobrara a better resgoir target unit for horizontal
drilling. Seals for the Niobrara play include the marly part 6the Niobrara and the overlying
Pierre Shale. Durkee (2016) and Sonnenberg et al. (2016) bastudied the petroleum sys-
tem of the Greenhorn in more detail. Its reservoirs, the Brige Creek Limestone and Lincoln
Limestone members, encompass the adjacent mature sourcekrothe Hartland Shale. The
Graneros Fm underlying the Lincoln Limestone member of the @enhorn Fm is also a very
prospective mature source rock for the play. The overlying &lile Fm provides a seal for
the system. Although the Greenhorn is buried deeper than the bdlrara, which made the
porosity and permeability signi cantly lower, the main conponents of the unconventional
play are analogous to the Niobrara, suggesting a potentialtfue target. Figure 1.4 illus-
trates the petroleum events (Higley and Cox, 2007) that haveden modi ed to include the

petroleum system elements of the potential Greenhorn play.
1.3 Available Data

The Wattenberg Project is a part of RCP Phase XV and XVI with Anadako Petroleum
Corporation (APC) as the main sponsor. By acquiring and proasing 3D multicomponent
seismic surveys, the main objectives of understanding the-situ reservoir condition and
observing the rock changes due to hydraulic stimulation andell production are pursued.

Figure 1.5 provides additional details about the project ageand the data availability.
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Figure 1.4: Petroleum system event chart of the Wattenberg @, modi ed from Higley and
Cox (2007)

The smaller area (yellow square) is called the Wishbone sextj where 11 horizontal
wells were drilled and hydraulic stimulation was performeavithin the Niobrara and Codell
Sandstone. The drilling of vertical wells targeting the Niotara and Codell Sandstone units
commenced in the early 1980, with the horizontal wells beingdyilled in June 2013. It is
important to emphasize that this thesis is focused on the meting and interpretation of the
in-situ condition of the reservoir; hence, the priority is ® use the vertical wells and a seismic

survey that covers a broader area than the Wishbone section.

1.3.1 Seismic Data

There are several seismic surveys provided by the APC for theaitenberg study, which
vary in date of acquisition, area of coverage, and type of siay (Table 1.1). Figure 1.5 shows
the extent of each seismic survey. The area of Aristocrat and Atoli seismic surveys are

the same, with di erent acquisition dates and type of survey.
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Figure 1.5: Basemap of the study area showing the main seisrdeta used for this research,
with the Anatoli 3D/3C colored in green. Annotated Well 1, CoreWell 3 and Core Well 5
are the main wells for this study (RCP, 2017).

Table 1.1: Wattenberg Seismic Surveys

Survey Name Acquisition Date Area (sq.mi.) | Type of Survey
Regional (Merge) 2010 50 WAZ 3D/1C
Aristocrat 2010 10 3D/1C
Anatoli June/July 2013 10 3D/3C
Turkey Shoot Baseline July 2013 4 4D/9C
Turkey Shoot Monitor 1 October 2013 4 4D/9C
Turkey Shoot Monitor 2 January 2016 4 4D/9C
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The time-lapse nine-component seismic dataset is calledetiTurkey Shoot and covers
a four square mile area focusing on the Wishbone section. It svacquired to monitor the
changes of the reservoir due to the hydraulic stimulation ahproduction. The seismic data
being used for this particular research is a 3D P-wave seisnsurvey called the Anatoli
survey, which covers a ten square mile area of the WattenbeFgeld. This seismic survey
was acquired at the same time as the Baseline survey of the Kayshoot seismic data,
representing the in-situ conditions of the reservoir.

The decision to use the 3D Anatoli survey instead of the smatl&urkey Shoot time-lapse

data is based on the following reasons:

1. The seismic data coverage is larger than the smaller Tusk&hoot survey with more
wells, making it more suitable for understanding the regiai reservoir deposition of

the study area.

2. The modeling from the 3D Anatoli survey a ords a comparisomwith the more detailed
evaluation completed on the smaller area of Turkey Shoot / Widbone section, and

enables us to predict the potential target outside of the fausquare mile area.
1.3.2 Well Data

There are 11 horizontal wells being drilled along the Niobrarand Codell Sandstone inside
the Turkey Shoot seismic survey coverage. In general, thdsarizontal wells have well logs
such as gamma-ray and resistivity logs, but no sonic logs weacquired. For my research, |
require dipole sonic logs and density logs that are essehfiar the seismic inversion process.
For that objective, | used 13 vertical wells inside the 3D Anatli seismic survey coverage (see
Figure 1.6).

These wells have a moderately complete set of essential lagsluding compressional sonic
and shear sonic, resistivity, density, neutron porosity, rad gamma-ray logs. However, most
of the compressional and shear sonic logs were estimatechgdNeural Network calculation.

Pitcher (2015) explained about the synthetic sonic log caltation for the area and stated
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Figure 1.6: Zoomed-in Anatoli survey area with the Top Niobrardime structure map and
13 vertical wells inside the seismic survey. Well 1 on the niauthern part is the only well
with measured sonic logs.

that the synthetic sonic logs were calculated to a 94% accuna

Well 1 is the only borehole in the seismic survey that has comgssional and shear sonic
logs (Figure 1.6). However, this well is located at the fault zee, which makes it a challenge to
correlate it with the other wells in the area. Additionally, 1 used two wells with cores outside
the seismic survey (Core Well 3 and Core Wells 5) to validateywell log interpretations (see
Figure 1.5). Figure 1.7 shows the type log from Core Well 5. Theswo core wells have the
X-Ray Di raction (XRD) data that supports the Rock Quality Ind ex (RQI) calculation. The
RQI estimates the optimal location for drilling and hydrauic fracturing. Facies interpretation
from the well logs and cores is compared to RQI values and dlagroperties to interpret
the recommended intervals for drilling location.

The next chapters of this thesis detail the research work, ¢tuding the facies modeling
from the geology literatures and well data, facies modelirig the inter-well spaces by utiliz-

ing the seismic dataset (i.e., simultaneous seismic inviens, multi-attribute transform), the
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combination of both dataset (well and seismic data) for faes modeling, and the conclusions

and recommendations drawn from the research.
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Figure 1.7: Type log of main units in Wattenberg area from Cor&Vell 5, showing the

Niobrara (A-B-C Chalks and Marls, D Facies, Fort Hays) to Greenbrn intervals (Bridge
Creek, Hartland, Lincoln).
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CHAPTER 2
FACIES PREDICTION FROM WELLS

Well data contain the rock properties acquired directly in he subsurface and have rela-
tively high vertical resolution compared to seismic data. il logging tools in general can
reach approximately two feet of vertical resolution. Additbnally, core analysis from wells
provides the highest vertical resolution. The goal of thishapter is to predict the facies
distribution of the main reservoirs in Wattenberg Field at the seismic scale. This evaluation
can be useful for examining and evaluating other potentiabnes in addition to the Niobrara
Fm. Numerous studies have been conducted prior to this resela@n the geology of Watten-
berg and the Niobrara Fm (Sonnenberg (2013), Matthies (20148tc). From these studies,
engineers have been targeting the chalks and sandstone anit the Wattenberg as the main
reservoir; however, there is ample evidence to support theans as part of the overall reser-
voir. Facies prediction from the wells quantitatively de nes each litho-facies based on several
well log properties and compares it to the core analysis withthe area.

The work ow of facies prediction from the wells in this studyconsists of ve key steps:

1. Studying the literature of previous work on the Niobrara ad Codell Sandstone reser-
voir, including the interpreted characteristics of each faes or lithology. Moreover, a
general study of the Greenhorn interval is also examined ageospective future target

within the eld.

2. Analyzing the core description of the target intervals inte area. The core descrip-
tion was completed by Brugioni (2017). Furthermore, the RacQuality Index (RQI)
calculation speci cally on Niobrara interval is also incluéd in this section (Mabrey,

2016).
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3. Cross-plotting rock properties that are sensitive to faes characterization from the well

logs.

4. Performing facies clustering by using the rock propersefrom the well logs. The
approach used for clustering analysis is the Self-Orgamgi Feature Map (SOFM) al-

gorithm.

5. De ning the optimal number of facies clusters to correla to the facies from the core
description. It is important to consider upscaling the fa@s de nition from the well

data to seismic data scale.

Each section of the work ow and the underlying theory will beelaborated in this chapter.
2.1 Facies Description From Literature

The previous chapter has provided an overview of the Wattemlng stratigraphy (see

Figure 1.2). In general, several main lithologies are obsed/in the area:

Niobrara - Smoky Hill Members (A Chalk, A Marl, B Chalk, B Marl, C Chalk, C Marl,

D Facies)
Niobrara - Fort Hays Limestone
Carlile - Codell Sandstone

Additionally, a prospective future target is the lithology deposited deeper within the

stratigraphy interval, the Greenhorn Fm:
Greenhorn - Bridge Creek Limestone
Greenhorn - Hartland Shale

Greenhorn - Lincoln Limestone
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Matthies (2014) detailed the Wattenberg main intervals (Nibrara Fm and Codell Sand-

stone of the Carlile Fm). Table 2.1 describes the mineraloggrfeach lithology. The miner-

alogy was analyzed using the XRD data.

Table 2.1: Mineralogy of Niobrara and Codell Sandstone (Mdttes, 2014)

Lithology | Average Mineralogy Composition Additional Information

A Chalk (no data for the studied core with XRD | mostly absent due to erosion
samples)

A Marl 50.9% carbonates, 21.8% clays, 13.0%nostly absent due to erosion
quartz, 2.6% TOC, 11.7% other minerals

B Chalk 71.8% carbonates, 10.7% clays, 7.2%&nown important reservoir unit
quartz, 2.2% TOC, 8.1% other minerals

B Marl 58.4% carbonates, 20.9% clays, 11.1%imilar to C Marl but lower TOC
quartz, 2.7% TOC, 6.9% other minerals

C Chalk 79.2% carbonates, 7.8% clays, 4.9%€common drilling target
quartz, 2.3% TOC, 5.8% other minerals

C Marl 55.4% carbonates, 16.1% clays, 12.3%ne of the most important source
quartz, 3.9% TOC, 12.3% other minerals| rock intervals

D Facies 48.1% carbonates, 25.1% clays, 19.8%nformally named unit of the Nio-
quartz, 0.5% TOC, 6.5% other minerals | brara. Similar lithology to the

chalk benches with very poor or-
ganic content.

Fort Hays | 72.1% carbonates, 13.5% quartz, 8.8%
clays, 0.2% TOC, 5.4% other minerals

Codell 60.0% quartz, 20.9% clays, 2.3% carbonknown important reservoir unit

Sandstone | ates, 0.6% TOC, 16.2% other minerals

Horizontal wells commonly have targeted the chalk benches (Bhalk and C Chalk)

and the Codell Sandstone.

Each chalk bench within

the NiobrarFm contains a small

proportion of marl deposition. Similarly, the marl benchegonsist of a small proportion of

the chalk deposition. The A Chalk is another prospective zex but operators have reported

challenges in drilling the curved part of a horizontal wellltirough the Sharon Springs interval

(Sonnenberg, 2013). The A Chalk interval is considered nob e in the study area due to

erosion. The D Facies underlying the C Marl is another sped lithology within the Niobrara

interval. The categorization of the D Facies lithology wasanfused in previous theses as to

whether it is more similar to the chalk benches or the marl behes within the Niobrara
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Fm. The D Facies is identi ed as a basal chalk with similar littmlogy appearance to the
other Niobrara chalk intervals. However, from the XRD data, tle D Facies was found to
have similar mineralogy of marls (Kamruzzaman, 2015). It lsaa relatively higher clay and
guartz content than the chalks. The TOC for the D Facies interal is low compared to the
other marls. From the combination of several rock propertg this D Facies is considered
a dierent facies from the A, B, and C chalks and marls. Additiomlly, the D Facies is
interpreted to be a hydraulic fracturing barrier to the Fort Hays Limestone and the Codell
Sandstone. The Fort Hays limestone exhibits distinctive chacteristics in the well logs, as
compared to over- and underlying intervals, and is easilyeegnized from the signi cantly low
gamma-ray and porosity values. Lastly, another importantécies of this study is the Codell
Sandstone Member of the Carlile Fm. The Codell Sandstone isithblogy with signi cantly
di erent mineralogy compared to the carbonate depositionskeve it; hence, distinguishing
the sandstone from the other facies within Niobrara is moredsible. The Codell deposition
is very consistent across the Wattenberg (Matthies, 2014)nd the boundary between this
interval and the overlying Fort Hays is easily recognized.

Other than mineralogy descriptions from the XRD data, there g several other well logs
that are typically used to de ne the general lithology of theWattenberg (i.e., gamma-ray,
neutron porosity, and resistivity). Since the marls of the Nabrara are the typical source rocks
of the system, they contain the most organic matter, which ise ected in higher gamma-
ray values. Additionally, the chalk intervals are the most hittle due to their mineralogical
composition. Due to these characteristics, the chalks havmdergone the most mechanical
compaction causing them to have the lowest porosity, as ologed from the neutron porosity
log values. Resistivity logs can also be used to identify trehalk beds within the Niobrara
interval, which typically have the highest resistivity valies relative to the marls. However,
these high resistivity values are interpreted to have moreaelation to the hydrocarbon- lled

fractures of the chalk beds (Sonnenberg, 2012).
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In addition to the Niobrara and Codell intervals, there is a hgh potential future target,
namely the Greenhorn Fm. This potential target is comparabl& the Niobrara and a general
analysis on this interval was performed. For this study, thenineralogy of the Greenhorn Fm
was researched and compared for its similarity to the highlgroductive Niobrara intervals.
The mineralogy information of the Greenhorn obtained fromite Core Well 5 is summarized

in Table 2.2.

Table 2.2: Mineralogy of Greenhorn from Core Well 5 data (Dlkee, 2016)

Lithology Average Mineralogy Composition Additional Information

Bridge Creek| 54% carbonates, 24.5% clays, 20%High carbonate content, low or-

Limestone quartz, 0.5-3.4% TOC ganic content. Similar to Nio-
brara chalk beds.

Hartland 37.5% carbonates, 36.75% clays, 20%otential source rock

Shale quartz, 0.7-4.1% TOC

Lincoln Lime- | 31.33% carbonates, 36.33% claysKnown as most productive zone

stone 23.75% quartz, 2.2-4.7% TOC from vertical wells. Similar to
Niobrara marl beds.

In terms of the mineralogy, the Greenhorn chalks are not asch in carbonate content as
the chalks in the Niobrara interval. The clay content is genaily higher in the Greenhorn
interval. However, this zone still has potential for furthe examination as the Greenhorn has
a high organic content to be a highly productive source rockn addition, Sonnenberg et al.
(2016) stated that the Greenhorn is thermally mature in the Véttenberg Field and in deeper
areas along the basin axis in the Northern Denver Basin, suppiog future exploration of

this interval.
2.2 Core Description and RQI Analysis from Previous Research

This section summarizes the research on the facies desddptfrom Core Well 3 data
and Rock Quality Index (RQI) in Core Well 3 and 5 (location is bown in Figure 1.5). Both
wells are located outside the Anatoli seismic survey area,spectively two and seven miles

from the Anatoli survey to Core Well 3 and 5.
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2.2.1 Facies Description from the Core

Brugioni (2017) described six main facies from cores, foedson the Niobrara interval.
Table 2.3 presents the description for each facies, alongwihe images for each core sample
for better visualization. The Niobrara formation experienes a highly heterogeneous depo-
sition between alternating chalks and marls; hence, modedj these facies will be useful for
identi cation of future drilling/hydraulic fracturing sw eet spots.

Brugioni (2017) describes four cored wells, although CoreelV3 is the only well used for
this research. Core Well 3 contains the complete core sectifor the Niobrara Fm and has
an adequate set of logs relevant for this study. The main cheaateristics of the core descrip-
tion include the lithology, sedimentary structures, biogeic structures, and fossil content,
described at a half an inch scale. The main observable chaexcstic used to di erentiate
between chalk and marl is the color change. Typically, the mia have a darker color and
chalks have a lighter color. Some of the mixed zone betweenrirend chalk are more di cult
to di erentiate without a Grey Scale Chart and XRD data.

Even though this core description is an essential part of thiacies modeling, the core
vertical resolution (millimeter to a feet) are not resolvedrom the seismic inversion results.
Furthermore, small scale heterogeneity is often not capted by the well logging tools, al-
though it has a relatively lower vertical resolution than tle core description. Some uncer-
tainty related to the interpretation of the logging tools, and/or the measured depth can be
found; hence, gamma-ray log is used to match the depth betwethe cores and other well
log data. Section 2.4 presents the comparison between factkescription from the core and

facies from the well logs.
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Table 2.3: Facies Classi cation and Description from Core&nalysis (Brugioni, 2017)

Facies Name Description Core Samples

Facies 1 Fossiliferous Marly-Chalk to Chalk
Massive to slightly bioturbated
Has a high shell fragment concentrar
tion
Abundant pellets or foraminifera 3
occasionally has discontinuous, - B [5ioubeton |
wavy and darker lamination

Facies 2 Interbedded  Bioturbated  Marly-

Chalk to Chalk
. .

Dominated by bioturbated beds
Occasionally interbedded with con- Stight, Paraie
tinuous, planar, and parallel lamina-
tions 3
Contains pellets and foraminifera
Contains some thin bentonite ash
beds

Facies 3 Laminated Chalk

Interbedded series of continuous,
planar, parallel laminated chalk and
marl beds

Contains pellets and foraminifera
Stylolites are present

Occasional inoceramid fragments

: Marl Dominated Bed

1 foot

’ Chalk Dominated Bed
:
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Facies 4 Dark Gray Chalky-Marl
Marly-chalk to chalky-marl
Dark gray color
Dominated by marly-chalk beds

: :
that have marl-rich, continuous, pla-| _ o
nar, parallel laminations 8
Chalk and Marl

Has the greatest abundance of pellet
and foraminifera
Thin bentonite beds, inoceramid
fragments, pyrite nodules |

Facies 5 Marl

| Chalk and Marl
Structureless marl
Pyrite

Darkest color | laminations
Rare inoceramid fragments and
pyrite nodules 5

Facies 6 Chalk

Purest chalk
Lightest color
Found in Fort Hays member

Massive chalk sections with heavy
bioturbation

Stylolites are present

Inoceramid and oyster shell frag;
ments

Abundant foraminifera and peloids

2 feet

Chalk
= Bioturbation

= Shell Fragments

—| Massive Chalk

3 Preserved Clay
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2.2.2 Rock Quality Index (RQI) Work

The RQI is a combination of rock composition brittleness, rk fabric brittleness, and
stress di erential to measure the optimal location for fraturing the reservoir. Mabrey (2016)
developed the RQI of the Niobrara interval, using two vertichwells (Core Well 3 and Core
Well 5) that have the X-Ray Di raction (XRD) data. The data used by Mabrey (2016) for
the RQI calculation include the compressional and shear dorlogs (v, and Vs), XRD and
bulk density (RHOB). Mabrey (2016) also referred to the thesiof Davey (2012), working
on the Montney Shale geomechanical evaluation.

The rst component of the RQI is the Brittleness Index based o the rock composition
(RCpg ), presented in the Equation 2.1. This component is a functioof mineralogy that has
been adjusted to accommodate the Niobrara mineralogy. The merator is determined by
the sti est minerals: quartz, calcite, pyrite, and plagiotase. In addition, the denominator
of the fraction is determined by the clay content and TOC. Withthe relationship shown
in Equation 2.1, higher content of sti mineral within the rock will increase theRCg, and

higher clay content and TOC will decrease th&®Cgp, .

RC - unartz + Vcalcite + prrite + Vplagioclase (2 1)
"7 (Vaay + Vomers)(I  TOC)+ TOC |

The second component of the RQI is the Brittleness Index baken the rock fabric
(RFg; ), shown in Equation 2.5. This index was derived from the unooned rock strength
(Co), maximum past e ective vertical stress ((max)), Present day e ective vertical stress
( v) and Over-Consolidation Ratio (OCR). Equation 2.2 de nesCy, which is a function of

P-velocity (V).
Co[MPa] = 0:77V,[km=g]>9 (2.2)
This empirical relationship betweenC, and V, is based on the laboratory rock strength
tests with core data. V, was determined to have an empirical relationship with ymay,

demonstrating that V, increases with ynax. The availableV, logs are then converted taCy

(Equation 2.2) in order to convert sonic velocity values indrms of stress and pressure units
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(Equation 2.3). The value ofC, was derived from theV, well logs. TheRFg, empirical
relationships (Equation 2.5) have been determined from labatory tests for seal leakage in

shales and mudrocks.

vimax) [MP @] = 8:6Co[MP a]**° (2.3)
(max)
OCR = Ym&) (2.4)
\"
RFg = OCR%8° (2.5)

The last component of the RQI is the normalized stress di ergial (), shown in Equa-
tion (2.7). The normalized stress di erential is calculatd from the overburden maximum

vertical stress () and minimum horizontal stress ().

v= rone(y PR+ PP 26)
= In[Norm( h)] (2.7)

The 4 is afunction of Poisson Ratio (PR), , and pore pressure (Pp), shown in Equation
(2.6). With an increase of Pp in the reservoir, due to the initition of hydraulic stimulation,
h Will increase at about a rate of two-thirds of the Pp increas@Davey, 2012).

The value of RQI is calculated by
RQI = RCB| + RFB| (28)
With this relationship, a high value of RQI would indicate an deal reservoir for hydraulic
fracturing: high brittleness, low clay content, relativey high TOC, and low stress di erential.
The RQI value indicates rock quality and geomechanical famts of the reservoir inter-

vals; hence, correlating RQI to the facies characterizatiosupports the recommendation for

potential future targets for eld development.
2.3 Facies Clustering from the Well Logs

In this study, there are 17 vertical wells inside and outsidéne Anatoli seismic survey that

have been used for the input of clustering analysis. Prior tperforming the clustering, the
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sensitivity of each well log property was tested by creatingross-plots of elastic properties
(P- vs. S-impedance) from three wells (Well 1, Core Well 3, dnCore Well 5). These three
wells are considered the key wells for this research due tcethelevant data availability and

geographic location (Table 2.4).

Table 2.4: Data Availability on Main Wells

Wells Cores XRD Measured | Measured | Location
Vo Vs
Well 1 - - X X inside Anatoli
Core Well 3 | X X - - 2 miles from Anatoli
Core Well 5 | X X X X 7 miles from Anatoli

The cross-plots were then color-coded by each well log prope to determine which
can be used to characterize the reservoir interval facies. gbdre 2.1 shows examples of the
initial cross-plots generated for this study. From the crasplots and observation of each well
section, it was determined that the gamma-ray, resistivitydensity, and neutron porosity
are the well log properties that can be used to discriminateaeh facies within the whole
formation. Clear trends (non-scattered) of each log propies are observed as the value
of P- and S-impedance change. For example, P- and S-impedarwoss-plot shows that
higher impedance correlates to lower density, lower clay @rorganic content (re ected on
gamma-ray values), very resistive and less porous litholpg

Clustering analysis was done in order to create facies logsr the top of Niobrara to the
base of Codell Sandstone, although the main focus is to modet heterogeneous deposition
of alternating chalks and marls within the Smoky Hill Member.The facies log de nes vertical
distribution of each particular lithology that has a similar value range to the input logs, along
the target zone. The input for the clustering analysis incldes compressional and shear sonic,
density, resistivity, gamma-ray, and neutron porosity log; the calculation uses the algorithm

of Self-Organizing Feature Map (SOFM) within MATLAB programming software.
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Figure 2.1: P- vs S-impedance cross-plots from three main iselcolor coded by well log
properties. The input data is from the Smoky Hill Member of theNiobrara interval. The
drawn polygons for each cross-plot emphasizes the trend o lvalues that support facies
characterization.

SOFM is a type of machine learning tool used to identify and ahze local clusters
in a data set in an unsupervised fashion. Machine learning @& eld of computer science
where computers have the ability to learn without being expitly programmed. Moreover,
the term unsupervised itself means that the algorithm traia data samples that are not
labeled by their category, which is commonly chosen to miniae computational cost (Duda,
2001). SOFM essentially converts complex, non-linear statical relationships between high-
dimensional data items into simple geometric relationshgpon a low-dimensional display.
Another known type of unsupervised learning method is K-mearclustering. However, the
K-means clustering is sensitive to initialization, hencepecifying the number of clusters in
advance is needed. In contrast, the SOFM algorithm organizéise local clusters and gives

an output of several clusters (Kohonen, 1990).
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By comparing di erent numbers of clusters and previous faes interpretations from core
description, | determined that six clusters are the optimahumber of facies to de ne the
Niobrara to Codell zone. The Smoky Hill Member of Niobrara in paicular is divided into
three main facies which are the pure chalk, pure marl, and midenarl and chalk. The value

ranges of the well log properties for these three facies aigdd in Table 2.5.

Table 2.5: Well log values of three clustered facies withim&®ky Hill Member

Facies Vp(ft/s) Vs(ft/s) RES(ohm-m) | NPHI(%) RHOB(g/cc) GR(API)
| 11100 -12500 6100 - 7400 0-40 15-28 2.46 - 2.62 100 - 250
12200 - 14300 6900 - 8300 0-40 10 - 23 2.44 - 2.60 80 - 200
13300 - 15400 7700 - 8700 20 - 110 8-20 2.38 - 2.58 50 - 170

Moreover, the relationship between the calculated RQI andelocity shows that the rock
with high quality has a relatively higher P- and S-wave velaty, which is re ected in high P-
and S-impedance values (see Figure 2.4). This observatiomems that we are able to model
the most chalky part of the Smoky Hill Member as the targeted terval for future hydraulic
fracturing locations by its elastic properties. Three remaing facies below the Smoky Hill
Member are clustered as the D Facies, Fort Hays Limestone anaddzIl Sandstone. Another
consideration in choosing the number of clusters or faciesthat we will need to eventually
upscale the well information to the seismic scale. There@grit is important to de ne the
number of facies that optimally characterize the rocks, butill still be resolved by seismic

inversion.

2.4 Integration between Cores Description, Facies Clustering, RQ | and Elastic

Properties

Facies logs from all input wells were created by performindné cross-plot analyses and
facies clustering discussed in the previous section. Cdhlted facies were then correlated
back to the facies from core description to understand whatctual rock composition is
included into each de ned facies log. Figure 2.2 shows the @owell 3 with the input well

logs for the clustering analysis, the facies clusters, andcfes core description from the B
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Chalk to the C Marl. From this well section view, we observe # correlation between the
facies log and the other well logs used for the clustering dysis. It is also observed that
most of the identi ed marls from the wells are clustered as # mixed marl and chalk facies
(green color code). This observation indicates that everyam unit penetrated by the wells
contains a fair amount of chalk. The interpretation is alsogpported by the core, that the
marliest part of the Smoky Hill Member from the Core Well 3 exlits more heterogeneity
and bioturbation. The C Marl interval in particular shows strong correlation between the
high intensity of alternating chalk-marl deposition from he clusters and the core facies.
On the other hand, the zones with dominant chalk facies areightly more homogeneous.
This comparison between the well log interpretation and theore interpretation provides an
understanding of heterogeneity observed in rocks companegh the well log dataset. It is
recommended to perform a similar type of description to the @e Well 5 in the future, to
get more samples for the interpretation.

There are 13 vertical wells inside the seismic survey that veeused for seismic inversion.
However, only 1 well has the measured compressional and sheamic logs. The rest of the
wells have synthetic compressional and shear sonic logstra neural network prediction.
The compressional sonic, shear sonic and density logs are #ssential components to gen-
erate the elastic properties from the wells. From the seismdata, elastic properties such as
P-impedance, S-impedance, and density can be estimatednfrpre-stack seismic inversion.
However, the estimation of density from seismic data is chatiging due to o set or angle
limitation from the limited seismic acquisition aperture. Figure 2.3 shows the correlation
between the P- and S-impedance values to the facies from ¢&rgg. From this cross-plot,
a Probability Distribution Function (PDF) can be successfuly created for each facies (marl,
mixed marl-chalk, chalk) that will eventually be applied tothe seismic inversion result in
this thesis. A clear separation for each facies cluster bysiP- and S-impedance supports the

motivation for performing simultaneous seismic inversiowork.
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Figure 2.2: Core Well 3 section, comparing the main well logseimg used for the facies
clustering, the facies clusters, and the core interpretatn. Core data were described by
Brugioni (2017). Details of each core facies are presentedTiable 2.3.

The nal section of this chapter correlates the Rock Qualityndex (RQI) information with
the facies clusters and elastic properties. Figure 2.4 shoti® cross-plots of P-impedance
vs. RQI and S-impedance vs. RQI, color coded by facies. CoreeMW3 and Core Well
5 were used to create this cross-plot, as those are the onlytieal wells that have XRD
data for RQI calculation. From this cross-plot, we observethat the chalk facies from the
clustering have the highest RQI compared to the other facieand it is also related to the
highest P- and S-impedance values from well data. The P- andirSBpedance values will be
estimated from seismic inversion process, allowing us to ded the lateral distribution of the
chalk as the most targeted facies for hydraulic stimulatianThese elastic properties (P- and

S-impedance) will be obtained by elastic seismic inversioms discussed in the next chapter.
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Figure 2.3: Cross-plot of P- vs S-impedance values from 13 tieal wells inside the 3D
Anatoli seismic survey, color coded by the facies from clusiteg analysis. The ellipses
represent tted PDF for every facies, with the maximum (biggr ellipses) and minimum

(smaller ellipses) PDF ranges. The input interval is highgjhted (pink) in the stratigraphic
section view.
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CHAPTER 3
SIMULTANEOUS SEISMIC INVERSION

Simultaneous seismic inversion is a type of inversion pr@sethat inverts for elastic prop-
erties simultaneously using pre-stack seismic data, angjathers or partial angle stacks. With
su cient angle ranges ( >45), it is possible to invert seismic data for P-, S-impedancend
density. However, the density property is the most di cult parameter to invert from the
seismic data, as its contribution to the the overall seismiamplitude is small and only dis-
cernible on large angles. It is more common and applicable itovert the seismic data into
two elastic properties, the P- and S-impedance. In generahore than one elastic property
is required for discriminating between di erent facies. | hve shown that the facies within
the Wattenberg Project can be better distinguished by usinghe combination between P-
and S-impedance. This is the reason for performing simultaous seismic inversion in this
thesis.

The seismic data used for this research have been discusse&ection 1.3.1, along with
several other seismic datasets available for the Wattenlgeiproject. On the Wattenberg
project timeline (Figure 3.1), the Anatoli 3D/3C acquisition took place after the horizontal
well drilling in the Wishbone Section, but before the hydraut fracturing and well completion.

Hence, the facies modeling of the 3D Anatoli represents the situ condition of the reservoir.

May June August October January

Wishbone Turkey Shoot Wishbone Turkey Shoot Turkey Shoot

Section Drilled | 4D/9C Baseline Well Completion - | 4D/9C Monitor 1 4D/9C Monitor 2
Anatoli 3D/3C FrackStar Surface
Microseismic

Figure 3.1: Wattenberg project timeline, highlighting the Aratoli 3D/3C seismic acquisition
which took place at the same time as the acquisition of 4D Tuely Shoot baseline.
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Before describing the seismic inversion work, | explain theéata processing and condi-

tioning parameters that have been applied to prepare the senic dataset.
3.1 Seismic Data Processing

Anadarko Petroleum Corporation (APC) and Reservoir Charactezation Project (RCP)
jointly acquired the Anatoli 3D survey in mid-June to July 2013. It is a 3D/3C seismic
survey covering a 10 square mile area, that encompasses thek€y Shoot time-lapse seismic
survey area. Sensor Geophysical Ltd. processed the seisdata in September 2014. The
acquisition parameters and processing steps were adeqlatetrieved from the seismic le
headers and theses of former RCP students: White (2015), Maotadi (2015), and Butler
(2016). The Anatoli 3D seismic survey was acquired similarlp the Turkey Shoot Baseline
and the geometries of shot and receiver pairings were cropp® match the Turkey Shoot
Monitor 1 survey (White, 2015). Acquisition parameters for tie Anatoli Survey were adapted

from those of the Turkey Shoot dataset (see Table 3.1).

Table 3.1: Acquisition Parameters for Anatoli Survey (modi & from Motamedi (2015))

Acquisition Parameters Details

Sample Interval 2ms

Source Type and Sweep Vibroseis, 4 sweeps of 18 seconds

Receiver Type and Azimuth Vectorseis Geophones, single 3 component,
true north azimuth

Source Line Spacing 880 ft

Receiver Line Spacing 660 ft

Source Point Interval 110 ft

Receiver Point Interval 110 ft

The seismic processing steps are summarized in Table 3.2.eTgrocessing was identical
to that applied to the Turkey Shoot seismic dataset, excepof the cross-equalization step
that is important for time-lapse seismic dataset. The sigréant parts to highlight from
the processing are the statics correction, Common O set Vexr (COV) Regularization,

Normal Move Out (NMO) and Pre-Stack Time Migration (PSTM). The static corrections
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were calculated and corrected to compensate for the nearsce velocity variation. There
were two statics applied to the seismic data, refraction stias and residual statics. The
refraction statics used long-wavelength statics with thentention to remove false structures
(for example: sagging or structural distortion due to shatw buried channel). The residual
statics used short wavelength statics and was intended tomeve trace-to-trace time shifts.
Common O set Vector (COV) binning was done to the dataset to peserve both o set and
azimuth information from the seismic data set, which is partularly useful for an azimuthal
attribute analysis. This azimuthal variance on the datasetould be caused by the anisotropy
of the reservoir section and/or the overlying sections. Fdhis research, | analyze the dataset
using an isotropic approach; hence, the azimuthal variangg not taken into consideration.
NMO correction is a part of processing sequences that managee seismic travel time
variance with o sets.

The last signi cant part of the seismic processing is the migtion, which is essentially
an attempt to reconstruct the location of the event occurrig in the subsurface. For the
Anatoli seismic dataset, an azimuthal compliant Kirchho PSM has been performed with

layer anisotropic and surface consistent factors being dered.

3.2 Seismic Data Conditioning

In order to prepare the seismic data for inversion, we need apply several additional
processes to enhance the signal-to-noise ratio (S/N) of thatd. The signal-to-noise ratio
(S/N) enhancement or noise attenuation is commonly alreadypglied in the seismic pro-
cessing work ow; however, some of the noise attenuation an®t applied too aggressively,
in order to preserve the amplitude. Seismic data conditiong is an additional process for
the purpose of utilizing the dataset (e.g., seismic interptation, seismic attribute analysis,
seismic inversion). Iterative testing and comparing the gamic data before and after condi-
tioning processes were completed during this research irder to de ne the most optimal

parameters for each step.
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Table 3.2: Processing Steps for Anatoli P-wave Seismic Gatbémodi ed from White (2015)

and Butler (2016))

Processing Step

Parameters

Reformat

Record Length: 4.0 seconds
Sample Interval: 2.0 milliseconds

3D Geometry Assignment

55 ft by 55 ft 3D CDP Binning
match Turkey Shoot Monitor 1 geometry

Amplitude Recovery

Spherical divergence correction
+4 dB/second Gain

Sinusoidal Noise Filter

60 Hz notch lter

Trace Edits and Mutes

Singular-Value Decomposition lter to re-
move surface generated noise

Surface Consistent Deconvolution (Spiking)

Operator Length: 100 ms
Prewhitening: 0.1%

Vibroseis Deconvolution Compensation

Refraction Static Corrections
(Long Wavelength)

Datum: 5200 feet
Replacement Velocity: 9000 feet/second
2 layer analysis

Surface Consistent Statics 1
(Short Wavelength)

Maximum Shift: 24 ms
Window: 400-2200 ms

Surface Consistent Amplitude Scaling

Velocity Update 1

T-F Adaptive Noise Suppression

O set Consistent Gain Control

Surface Consistent Statics 2

Maximum Shift: 24 ms
Window: 400-2200 ms

Velocity Update 2

3 Term Moveout

Time Variant

Common O set Vector (COV) Binning

COV Regularization
CQOV F-XY Deconvolution

COV Techco Pre-stack Summig Time Migration

Azimuthal Compliant Kirchho Migration
Anisotropic
Surface Consistent

Sort and Shift to Final Datum

Sector for Output

CDP, Angle, Azimuth

To prepare the Anatoli P-wave seismic survey for simultanesunversion work, | applied

the following data conditioning processes using the Hamps&ussell software package:
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1. Parabolic Radon Transform (PRT) for noise suppressionThis step was applied to the
Common-Image-Point (CIP) Gathers to enhance the S/N. The PREssentially trans-
forms the CIP gathers from the travel time vs. o set domain tothe -p domain and
identi es the random noise and multiples in the data. For thedataset | use, multiples
are not considered as a major issue; hence, the main goal isstgppress the random
noise. Some parameters were set for the data optimizationhie still preserving the
relative amplitudes of the data. These parameters includeme di erence ( T) from
low value of -120 ms to high value of 110 ms. Desired N/S was setxe 0.15. Figure 3.2

illustrates the CIP gather after parabolic radon noise suppssion and the residual of
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the dataset before and after the conditioning process.
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Figure 3.2: An example of the Radon noise attenuation result ione CIP gather within the
seismic dataset. The image on the right is the residual beter the CIP gather before and
after the conditioning, showing that the attenuation was fousing on random noise while
preserving the seismic signals.
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2. Trim statics. With a proportional trim statics operator applied in the o set domain
after migration, the CIP gathers are aligned to correct redual errors in the migration
velocity model. An 800 ms window that encompasses the resarvmterval was set
for the trim statics process. Figure 3.3 shows the di erenceelween the CIP gathers

before and after trim statics process.
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Figure 3.3: Representative CIP gather before (left) and aftgright), applying trim statics
conditioning process. Note the slightly more at re ectors @ the right image, highlighted
by the red arrows.

3. O set-to-angle gather conversion The conversion from o set to angle is not a condi-
tioning process; rather, it is required to prepare the dat&s for inversion. Figure 3.4
shows the fold map of the 3D Anatoli P-wave seismic survey. Semvells within the
seismic survey area are located close to the edge that has gnscantly low acquisi-

tion fold, in which the far-angles are non-existent for pesfming the well-to-seismic
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Figure 3.4: Fold Map of the 3D Anatoli P-Wave CIP gathers, ovedin by all vertical wells
within the survey. Some wells are located on the edge of thesseic survey, where the seismic
acquisition fold is very low.

tie. Conversion from the o set to angle domain uses the velig information, which is
the interval velocity from the migration process. From Figue 3.5, it is observed that

the maximum re ection angle at the reservoir interval is appoximately 45 .

4. Partially stacking seismic angle gathersThe nal step is to stack the seismic angle
gathers into four di erent angle ranges: 5-14(near stack), 15-24 (mid-near stack),
25-34 (mid-far stack), and 35-44 (far stack). This step prepares the seismic dataset
for seismic inversion. Figure 3.6 shows the alignment of eaghgle stacks, which is an

important QC before using the data for inversion.

After seismic conditioning of the data, | describe the main wk ow of the seismic inversion

and the theories behind it in the next section.
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Figure 3.5: An example of one CIP gather, color coded by the recgon angle of the dataset.
This image shows that the zone of interest has the critical gfe of approximately 45.
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Figure 3.6: The alignment of each angle stack; near, mid-neanid-far, far stacks, shown
in one section view in di erent seismic trace colors. Frequey di erence is observed due to
wavelet stretch, but good time alignment is observed.
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3.3 Simultaneous Seismic Inversion

The opening part of this chapter outlines the steps prior to @rforming the simultaneous
seismic inversion. This section details the basic theory hied pre-stack seismic inversion and
the work ow. From the petrophysical analysis in Chapter 2, bservations of the lithology
and its sensitivity to the elastic properties are obtained.The next step is to estimate the
elastic properties that relate to the facies prediction fnm the seismic data. Seismic data are
the only dataset covering the whole study area and regionallvith a high lateral resolution
compared to the well data. By performing simultaneous inveion of the pre-stack data, the

elastic properties allow us to predict the lithology distitbution.
3.3.1 Basic Theory

The pre-stack seismic inversion for the 3D Anatoli P-wave s#nic survey was performed
using the CGG-Jason software, with a constrained sparse spillgorithm. At each CIP
gather, the seismic data are modeled as the convolution ofet ®f re ection coe cients with
one or more wavelets (CGG-Jason, 2015a). The re ection coeents are derived from the
elastic parameters using the Aki-Richards approximation. Eure 3.7 illustrates the relation-
ship between impedance, re ectivity, and seismic trace, wth gives a better understanding
of the concept of forward modeling (from geological model ®eismic trace). In contrast,
the inverse process is seismic inversion (from seismic &ao estimated geological model).
In addition to the wavelet removal process from the seismicath to estimate the geologi-
cal model, a priori information from the known geology (fronthe well logs) is used in the
process. The priori information is used to generate the Lowrégquency Model (LFM). In
the seismic inversion process, we need to build an LFM becaubke wavelet we use is a
band-limited wavelet which does not contain low frequen@e There are in nite geological
solutions that would match the seismic traces, hence a prianformation is essential for the

inversion process.
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Figure 3.7: lllustration of the relationship between the gdogy model and the seismic trace
showing forward modeling and inversion. For forward modelg, the re ectivity is convolved
with a wavelet to create a seismic synthetic, while for seisainversion, the wavelet is removed
from the seismic trace to estimate the possible geologicabdel in the subsurface (Russell,
2014).

The goal of performing pre-stack seismic inversion is to abh a reliable estimation of
P-wave velocity (V,), S-wave velocity {/s), and density ( ), to predict the uid and lithology
properties. Simmons and Backus (1996) invert for linearidé>-re ectivity ( Rp), S-re ectivity

(Rs), and density re ectivity ( Rp), de ned as:

1 Vv
Rp = — Py 3.1
SR (3.2)
1 Vs
Rs = - + 3.2
=5 v (32)
1
RD:E_ (3.3)

Additionally, the P-impedance (,) and S-impedance ) are de ned as:

Z,= V, (3.4)
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Zs= Vs (3.5)

Combining all of the equations above, the P-wave re ectivit (R,) can be approximated

by

1

1
Rpi E Iani = é[anle Iani] (36)

wherei represents the interface between layersand i+1 .
If there are N numbers of sample re ectivity, the matrix format of the aboe equation

can be written as

2 3

® Ror 11 0 &

§Rﬂz::}§0 11 'uéngz 67
: 220 0 1 - : '

RpN . . ' . LpN

whereL i = In( Zp).

Furthermore, the seismic trace is a convolution of the seistnvavelet with the re ectivity,

written as
2 3 2 32 3
T, W1 0 0 Rpl
T w, wg 0 - R
Efzzg 2 _%g Fz (3.8)
: W3 Wy W; . :
TN et RpN

where T; represents thei-th sample of the pre-stack seismic trace and; represents the
j-th term of an extracted seismic wavelet. Using the seismic ingwn method, we invert
the L, from a knowledge ofT (a vector with components T1 to TN) andw (the wavelet
matrix). However, matrix inversion will not recover the low fequency part of the impedance
because the wavelet is band-limited. Therefore, the seisminversion process needs an initial
impedance model (low frequency) and iterate towards a solah using the conjugate gradient

method (Hampson et al., 2005).
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For pre-stack seismic inversion, the re ection coe cientsare derived from the elastic

parameters using the Aki-Richards approximation (Fatti, 194):
Rpp( ): cRp + CzRg + C3RD (39)

where Rpp( ) is an angle-dependent re ectivity,c;, = 1 + tan?;c, = 8 %tan?;c3 =
O:5tan? +2 ?sin?; and = Vs=\j:

However, reliableV,, Vs, and are di cult to estimate due to the limitation of seismic
angles. For the Anatoli seismic dataset, the critical angletaeservoir interval is around 45
degrees, which leads to poorly resolved density estimatésnderstanding this limitation, the
pre-stack seismic inversion of Anatoli data is focused on tlestimation of P-impedance Z,)
and S-impedance4s).

The inversion process within CGG-Jason (2015a) was perfordhm three main steps:

Estimate elastic parameter contrasts by creating synthets that simultaneously honor

all of the input seismic stacks;
Integrate the elastic parameter contrasts to create elastparameter volumes; and

Optimize the elastic parameters by modifying the low frequeey trends and enforcing

compliance with any additional constraints.

The overall work ow of the seismic inversion is illustratedn Figure 3.8.
3.3.2 Wavelet Estimation and Well-to-Seismic Tie

As mentioned earlier, part of the seismic inversion processremoving the wavelet e ect of
the seismic traces. Therefore, the wavelet estimation is amportant step within the whole
work ow. Wavelets also vary with depth and o set (e.g., due b attenuation); hence for
this research, the approach is to estimate the wavelets witheach partial angle stacks. The
Anatoli P-wave seismic survey was divided into four main anglstacks: 5-14, 15-24, 25-34,
and 34-44. CGG-Jason (2015b) did an experiment to observe the optimaumber of partial

angle stacks used for simultaneous seismic inversion byeming a synthetic dataset. From
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Figure 3.8: General work ow of the Seismic Inversion work

the experiment, it was observed that the greater the numbeirf angle stacks improved density
inversion results. However, the higher the number of partiadngle stacks also increases the
instability of the seismic inversion result (i.e., noisy raults). Based on this study, four
partial stacks are used for this inversion. Wavelets were tesated for each partial angle
stacks using the 13 wells. Estimated wavelets were averadged each partial angle stacks
resulting in four main wavelets for seismic inversion inpgt The variable wavelets enable
the inversion to e ectively compensate for o set-dependdrphase, bandwidth, tuning, and
NMO stretch e ects (Ardakani, 2003). The average wavelets astated for each partial angle

stacks are shown in Figure 3.9.
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Figure 3.9: Average wavelets for each partial angle stack aréghlighted in black. The
background for each average wavelet is a set of estimated efets from all 13 wells.

After estimating a wavelet for each partial angle stack, theext step is to perform the well-
to-seismic tie. Performing a well-to-seismic tie is a veryniportant step in aligning the well
data to seismic data and predicting the most accurate timeegpth relationships for each well
within the survey. Sonic and density logs are the main input® create the impedance log and
re ectivity series. These re ectivity series are then convived with the estimated wavelets (for
each angle stack) to create synthetic traces through the fward modeling process. Figure 3.7
illustrates the forward modeling from impedance logs to sytmetic seismic trace. Mismatches
between the well and the seismic data using the initial timdepth relationship from the
velocity curve is inevitable due to well logging quality, 9emic quality, or anisotropy. Thus,
the time-depth relationship needs further minor adjustmets to achieve the highest possible
correlation between the synthetic and seismic trace. Thesanor adjustments include time-
shift, stretch and squeeze by aligning the particular peakrdrough of the synthetic trace
to the peak or trough of the seismic trace. With a credibly estiated wavelet and high
guality well log data (e.g., good borehole condition, no nssg log curves), the time-depth
relationship between the well and seismic data should not¥&to be adjusted too signi cantly

in order to get the best correlation. Typically, the accepthle velocity mismatch may be on
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the order of 5%, allowing for anisotropy e ects, dispersignmodeling errors, and others
(Gunning and Glinsky, 2006). Figure 3.10 shows an example o&Nvto-seismic tie at Well
11.

Due to low seismic acquisition fold on the edge of the seisnsgrvey area (Figure 3.4),
two out of 13 wells are not successfully tied in the far stacknd therefore are dropped from

our analysis. The correlation coe cients for the remainingL1 wells are shown in Figure 3.11.

Seismic Synthetlc Correlation |  DT(-—)
T corr DT (====-)

.}

Figure 3.10: Seismic-to-well tie example from Well 11 showgra good match between the
seismic and synthetic traces. High correlation is indicatetly hot colors. On the right

column, the comparison between time-depth relationship ket and after adjustment is
shown, indicating very minimum maodi cation.
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1 490 0.79 0.82 0.81 0.46
2 530 0.82 0.82 0.84 0.54
3 535 0.83 0.83 0.83 0.68
4 555 0.76 0.75 0.64 0.36
7 535 0.83 0.84 0.8 0.5
8 455 0.8 0.8 0.81 0.57
9 465 0.69 0.72 0.71 0.47
10 510 0.81 0.79 0.73 0.56
11 500 0.86 0.88 0.83 0.63
14 500 0.76 0.76 0.74 0.49
15 500 0.83 0.84 0.81 0.6

Figure 3.11: Correlation coe cient of each well-to-seismitie from 11 wells. Overall cor-

relations are high (in a scale of 0 to 1), except the far staclhat generally has the least
acquisition folds and lowest seismic frequency. Time windoof the well-to-seismic process
( 500 ms) was set for a stable correlation, as it is approximdgefour times the wavelet

length.

3.3.3 Low Frequency Model Building

The seismic data have band-limited frequency content, whicmeans they are missing
both the higher frequencies (>75Hz) and lower frequencies (<6Hz). Building a Low
Frequency Model (LFM) is important not only to Il the missing-low-frequency part of the
full band-width dataset, but also to put the seismic inversin result into a geologic context
by providing initial models (Z,, Zs, ) from the well logs. To build a LFM in this project,
several parameters were required: interpreted horizonselg, chosen parameters for the
interpolation/extrapolation algorithm, and stratigraphic assumption. Given the dataset and
regional geology information, | used four main horizons anad the target zone (Pierre,
Sharon Springs, Niobrara, and Lower Greenhorn) and four wel(well 1, 3, 11, 14). These
wells were selected as they are located sparsely throughtiue seismic survey area and give
more spatial variability to the priori information. | chose four out of 13 wells as the input
to the LFM, to leave some of the wells for blind-well test. All tle relevant algorithms on

the Jason software were tested and two interpolation/extraplation parameters were set for
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the model: the well curve and the horizon interpolation/extapolation. For the well curve,
Global Kriging with a variogram range of 50,000 ft provideshe most reasonable geological
estimation of the model (i.e., no bull-eyes or triangle feates, smooth value changes). For
the horizons, the Natural Neighbor interpolation type was cheen. Conformable stratigraphy
was assumed for the LFM based on the geological understandofghe area. It is understood
that there are existing faults within the area, but overall he stratigraphy is not identi ed
as a complex stratigraphy. Figures 3.12 and 3.13 show the nbFM for the inversion work,

in map view and section view.

| 34000

(g/cc)"(ft's)

32300

I 2000 ft I

Figure 3.12: Extracted P-impedance (RMS values) from the Lokrequency Model (LFM),

with the extraction window from top of Niobrara to the top of Cadell. The map shows
general trend of the P-impedance is higher to the east. Redtdashow the input wells for
the LFM. Pink line and star symbol represent the section viewirle on Figure 3.13 and the
well location plotted on it.

3.3.4 Inversion Parameters Testing and Results

The P- and S-impedance are estimated by minimizing an objéat function (F) con-
taining multiple terms called mis t functions. Those main ms t functions are the seismic,

contrast, and trend mis ts:

F = (Fseismic + Fcontrast + Ftrend) (3.10)
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Figure 3.13: Low Frequency Model (LFM) in section view, showgifour main input horizons
and the higher impedance trend in the Niobrara interval. P-ipedance log is plotted from
Well 7 (shown as star symbol in the Figure 3.12).

The mis ts are related to each other and when one terms becomemaller, other terms
tend to become larger. The objective function is evaluatedftar every P-impedance, S-
impedance, and density update, until either the inversionmpcess converged, or the maximum
number of iterations was reached. The seismic mis FHseismic) function controls the seismic
residuals, whereas the contrast mis t Fcontrast) function controls the P- and S-impedance
variance. These two mis ts are the main parameters being teesl for the inversion iteration,
until the most optimal correlation is achieved. For this paticular seismic inversion project,
the Fseismic parameters were set asEseismic S/N Near [dB] = 6; Fseismic S/N Midnear
[dB] = 7.8; Fseismic S/N Midfar [dB] = 18; and Fseismic S/N Far [dB] = 18. Additionally,
for the Fcontrast, the parameters were optimized for thé&contrast P-impedance uncertainty
= 0.0388 andFcontrast S-impedance uncertainty = 0.0289. After these parameters reeset,
the next essential mis t parameter is the trend mist (Ftrend). The Ftrend is used to sta-
bilize the low frequencies relative to the trend, and it is daed by setting the merge-cuto
frequency between the LFM and the seismic data. The merge-outfrequency needs to be

set at the optimal value, so the inversion result is not biaskeby the LFM but still e ectively
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constrains the possible geological model tting the seismdata. After several trials of inver-
sion parameters, 11 Hz was found to be the most optimal mergeta frequency between
the well and seismic data (see Figure 3.14). This frequencylva was chosen considering the

high correlation of the seismic inversion result at the welbcations and it is still reasonably

low to not overshadow or bias the inversion result.

Amplitude

o
=t

11 160
Frequency (Hz)

Figure 3.14: The frequency ranges of well data and seismic dashowing the overlap (merge-
cuto frequency) at 11Hz between the seismic and the well. Mge-cuto frequency was
chosen after numerous inversion parameters tests which githe most optimal nal result.

Numerous inversion parameters have been tested simultansiyuto obtain the most opti-
mal P- and S-impedance results. We need to perform tests toncon the optimal inversion
result. This type of Quality Control (QC) is called the blind-well test. An acceptable in-
version yields a good match between the elastic propertiescovered from the wells and the
seismic inversion at the blind wells, even though the partitar wells are not used as input
for the LFM. Figure 3.15 shows the inversion result; P- and S-ipedance, in map views.
The impedances were extracted from the Root-Mean-SquareNR) values of the impedance

volumes, at the window of 10-15 ms below the Top of the Niobrat#orizon. The blind-well

test is shown more clearly in Figures 3.16 and 3.17.
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Figure 3.15: Inversion result (P- and S-impedance) on map we extracted from the Root-
Mean-Square (RMS) values at the interval of 10 ms-15 ms beldive Top of the Niobrara
horizon. Higher impedance areas are indicated in hotter cotor The yellow line crossing
Well 7 and Well 4 as the blind wells also shows the impedancessiection view (Figure 3.16).
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Figure 3.16: Elastic Properties: P-impedance (upper) and iBypedance (lower) volumes
from seismic inversion in section view. The line crosses tiéell 7 and Well 4, which are the
blind wells. Note the good matches between P-impedance andngedance from the well
and seismic inversion at the blind-well locations.
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Figure 3.17: A closer look at Well 7 and Well 4 (blind wells), eoparing the P-impedance Z )
and S-impedance 4) from the well logs and seismic inversion. A good match is ifghted
from these curve plots (errors< 5%).
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In addition to the blind-well test, a second QC of the inversin result is made by plotting
the elastic properties from the seismic inversion. FigureIB shows the cross-plot of P- vs.
S-impedance from the seismic inversion, constrained to tisanoky Hill Member interval. A
more scattered distribution is observed from the inversionesult, compared to the P- vs.
S-impedance plot from the well logs (Figure 2.3). However, thaverall distribution of the
elastic properties are aligned with the petrophysical moté&om the well logs, as shown by
the Pure-Chalk PDF overlying the highest P- and S-impedancealues from the inversion.
This is a good indication that the seismic inversion resultare reliable for further lithology

prediction, which is described in the next chapter.
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Figure 3.18: Cross-plot of estimated P-impedance and S-ingance from seismic inversion.
The higher impedance values are shown in hotter color. Pleiti on the top-right corner of

the gure, is the Probability Distribution Function (PDF) of the Pure-Chalk from well log

clustering.
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CHAPTER 4
MULTI-ATTRIBUTE TRANSFORM FOR PREDICTING LOG PROPERTIES FROM
SEISMIC

Obtaining reliable density information from the seismic iwersion process is not feasible
for the Wattenberg project, as discussed in prior sectionsherefore, another approach in
estimating density is tested by utilizing the concept of Mul-Attribute Transform in the
Hampson Russell software, under the EMERGE module. This worls iperformed to both
evaluate the usefulness of additional density informatiom later facies modeling work and
to test the reliability of this method in estimating elasticproperties that cannot be obtained

by conventional pre-stack seismic inversion.
4.1 Utilizing Density Information in Facies Modeling

Previous chapters of this thesis have focused on characténg the Smoky Hill Member
of the Niobrara Fm, which mainly consists of three facies: chHalmarl, and mixed marl and
chalk. These facies are de ned by performing a clustering alysis (Section 2.3). In addition
to the Smoky Hill Member, the zones below it are also included ithe clustering analysis.
This analysis results in a total of six facies from the Top of Mbrara to the Base of Codell

Sandstone. Table 4.1 shows Table 2.5 with three additionadies.

Table 4.1: Well log values of six facies from clustering

Facies Vp(ft/s) Vs(ft/s) RES(ohm-m) NPHI(%) RHOB(g/cc) GR(API)
11100 -12500 6100 - 7400 0-40 15 - 28 2.46 - 2.62 100 - 250
12200 - 14300 6900 - 8300 0-40 10 - 23 244 -26 80 - 200
\ 13300 - 15400 7700 - 8700 20 - 110 8-20 2.38 - 2.58 50 - 170
12200 - 15400 6200 - 8300 0-20 7-22 2.58 - 2.68 40 -140
\ 14300 - 18200 7700 - 9500 10 - 180 2-15 2.58 - 2.66 10 - 50
11100 - 13300 6100 - 7400 0-20 10-31 242 -26 80 - 150
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The characterization of the Smoky Hill Member can be achieveoly using the P- and
S-Impedance (Elastic Impedance). However, another propgris required if we intend to
include the zones below the Smoky Hill Member such as basal ifh@he D-facies), limestone
(the Fort Hays), and sandstone (the Codell). The reason for dthg an additional property,
is that the Elastic Impedance (El) of the D-facies and Fort Hay Limestone are similar to the
chalks of Smoky Hill Member. Likewise, the El of the Codell Salstone is similar to the marls
of Smoky Hill Member. The overlapping El values of the Smoky HiMember facies and the
interval below it (D facies, Fort Hays Limestone, Codell Sargfone) is shown in Figures 4.1
and 4.2. Itis acknowledged from the seismic dataset that trmne of interest in this research
is generally conformable and no signi cant structural featres present; therefore, similarity
of the EI values of those facies is not a signi cant issue in ¢hfacies modeling. The facies
modeling of the whole section can still be approached by diing the zone of interest into
two main intervals: the Smoky Hill Member interval and the D faies - Fort Hays Limestone
- Codell Sandstone interval. If the modeling for the whole sgon (six facies) needs to
be done in one attempt, another property (e.g.,density) isequired. Figure 4.3 suggests
that the combination of P-impedance and density informatio from the wells enables the
characterization of the whole Niobrara - Codell section. Fathe sandstone facies (Codell
Fm), the P-impedance and density are trending to the lower vaks, although some of the
data points also show ambiguity or overlapping values bet@a the sandstone and the pure
marl facies. Considering this overlapping issue, the puream and sandstone facies are color
coded as a same facies in the 3D modeling based on its elastigpprties, as long as it is
understood that the sandstone (Codell) interval is locatedpeci cally below the basal chalk

(D-facies) and the limestone (Fort Hays).
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Figure 4.1: Cross-plot of P-impedance and S-impedance vadueom the wells inside the 3D
Anatoli survey, color coded by the facies within the Smoky HilMember. The grey dots on
the background shows the overlapping facies distributiorf the zones below the Smoky Hill
Member.
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Figure 4.2: Cross-plot of P-impedance and S-impedance vadufeom the wells inside the 3D
Anatoli survey, color coded by the facies below the Smoky Hill &mber. The grey dots on
the background shows the overlapping facies distributionf the Smoky Hill Member zone.
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Figure 4.3: Cross-plot of P-impedance and density values mnowells inside the 3D Anatoli
survey, color coded by the facies from the Top of Niobrara to éhBase of Codell Sandstone.
By using the relationship between P-impedance and densitil of the facies between this in-
terval can be modeled, with the exception of the Codell Sandsie which still has overlapping
values to the other facies (showed in grey dots).

4.2 Multi-attribute Transform

The Multi-Attribute Transform (MAT) is essentially a metho d for estimating well log
properties from seismic data. The method can be performed btilizing a post-stack seismic
data or pre-stack seismic data, though for this research, Isad the latter. Similar to the
seismic inversion method, the well-to-seismic tie step rdseto be performed accurately in
the initial process of the MAT. Once the well logs and seismitataset are tied, a series of
attributes can be generated from the seismic dataset. The HRBRGE module within the
Hampson Russell software then derives a multi-attribute trasform, which is a linear or non-
linear transform between the seismic attributes and the tget logs. In the linear mode, the
transform consists of a series of weights derived by leasgres minimization; while in the
non-linear mode, a neural network is trained (Hampson et al2001).

During the process, | tested several parameters, such as:
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1. the input wells; some wells with the highest cross-valitlan errors may be removed if

they are a ecting the results negatively (resulting large d¢tal errors for all wells);

2. type and number of seismic attributes to use; | chose the rabination of attributes

that optimally predict the target logs and still conform with geological features; and
3. algorithm to use for the transform.

After a trial and error process in de ning the parameters, thenal result is chosen based
on the lowest error calculated from the cross-validation seillt. Cross-validation is achieved by
removing each well from the training set and recalculatinghe transform from the remaining
input wells. The prediction error is then calculated for eusy hidden well that was removed
in the training set. The nal number of the validation error is the average error for all the
hidden wells. Once the most optimal transform has been naeéd, the transform is applied
to the whole survey area to produce the 3D volume of predicte@servoir properties. For

this research, the nal parameters and result of the multi-tiribute transform are:

13 vertical wells inside the Anatoli, particularly utilizing the density logs;

Angle gathers of 3D Anatoli seismic data;

El volumes from simultaneous seismic inversion (P-impede@ and S-impedance)
Probability Neural Network (non-linear mode) algorithm;

List of attributes: Seismic Amplitude Envelope, Raw SeismjcSeismic Quadrature
Trace, P impedance, Seismic Second Derivative,S impedancd, and Seismic
Derivative. These seven attributes are the best combinatiowhich are used simulta-

neously to get the nal optimal transform;

Operator Length: 3. This length determines the length of theonvolutional operator

centered on the target sample. This parameter is used becawssingle log (target log)
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sample is related to a group of neighboring samples aroundetltarget point, instead

of just one seismic value (Russell, 2013);
Training zone: Top of Niobrara to the Top of Graneros (approxnately 100 ms window);

Result: cross-validation correlation of 0.75, with an avage error of 0.02-0.03 g/cc

(0.7-0.9%).

Figure 4.4 shows The cross-validation plots of density logeom 13 input wells, while
Figure 4.5 shows the cross-plot of predicted density valuesrgus actual density values at

the well locations.

Predicted density Jcc
Real density 24 (glec) 2.7

AR Th
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‘u—‘

50 ms

Figure 4.4. Comparison plot between predicted density fromrBbability Neural Network
(Multi-Attribute Transform) and measured density from the well logs. The target interval
is shown by the highlighted markers; approximately 100 ms tveeen Top Niobrara to Top
Graneros. Note that the biggest mismatch is found at the Well,lwhich is the well with
measuredV, and Vs logs.

Several methods in estimating the density have been tested the EMERGE module
of Hampson Russell, including the single-attribute regreis®, linear multi-attribute, and
the neural network prediction. In conclusion, the Probabity Neural Network (PNN) has
indicated results that have the best correlation between &l and predicted density values.
From Figure 4.4, a good match between measured and predicteghgity at the well locations

are observed. At Well 1, the match is not as good as the other tehes, which may be caused
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Figure 4.5: Cross-plot of actual density vs. predicted demgiat well locations, color coded
by each of 13 input wells. This plot displays the 0.9 correlein coe cient between the two
properties, with all wells used in the training set. For blinl well cross-validation, the average
of the correlation coe cients is 0.75.

by its location at the fault zone and the deviated well geomgt. Despite this observation,
Well 1 is still required in the analysis, as it is the only welin the survey area that has
measuredV,, and Vs logs.

Figure 4.6 shows the comparison between the density from sillameous inversion and
the density from multi-attribute PNN transform. The inverted density is highly unstable
(e.g.,low frequency content, noisy), which is caused by tHenited re ection angles of the
seismic data. Acknowledging this limitation, the inversiomparameterization has then focused
on optimizing the EI results, increasing the instability ofthe density volume from seismic
simultaneous inversion. The density result from multi-attibute PNN, though, has shown
a more stable and geologically plausible density propertyompared to the density from

simultaneous seismic inversion. This method is a good altative for predicting the rock
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Figure 4.6: Two inline sections crossing Well 8 show the comison between density prop-
erty from seismic inversion (top) and density property frommulti-attribute probability neu-
ral network transform (bottom). The extraction of density from multi-attribute PNN for
Niobrara interval is shown on the top right corner map, with tle location of displayed in-
line (yellow). For this map, the hot colors indicate higher dnsity values, ranging between
2.52-2.58 glcc.

density for the Wattenberg project.

In addition to the validation plots, a cross-plot of P-impe@nce from seismic inversion
and density from multi-attribute transform is shown in Figure 4.7. This cross-plot is an
additional validation to the values of predicted density, a the cross-plot aligns with the
PDF from P-impedance and density from the well logs (see Figur4.3). Note that the
limestone facies is not apparent in the cross-plot, as theitkness is too thin to be resolved
by the seismic data. The mixed marl-chalk facies (green) shis scattered distribution which

may be caused by the priori information from the well logs. Té facies color coded in red
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shows two di erent trends for sandstone and pure marl.

Figure 4.7: Cross-plot of P-impedance from the seismic ing&n vs. density from multi-
attribute transform, showing the alignment of each faciesistribution to the PDF from
well log cross-plot (see Figure 4.3). It is observed that therare parts of pure-chalk facies
distribution identi ed as the mixed marl-chalk facies, andthe limestone facies cannot be
modeled from the seismic, which is due to the small thickness

62



CHAPTER 5
FACIES MODELING AND ANALYSIS

The research presented in previous chapters has focused eraloping a rm foundation
for facies modeling. Using available geological informatipthe main investigation has largely
been aimed at the most chalky parts of the Niobrara and the Collsandstone, as these can
sustain hydraulic fracturing to increase permeability. Thse units have been targeted by
horizontal drilling and multi-stage hydraulic stimulation within the Wishbone section. The
RQI study conducted by Mabrey (2016) supports targeting thenost chalky part of the
Smoky Hill Member - Niobrara. Tying all the information back tothe rock samples from
well cores is also very important (see Chapter 2). By clustieg the facies from the well logs
and correlating it to the RQI study and well core analysis, te nal facies from the wells were
de ned. The petrophysical analysis in Chapter 2 suggestsdhwe are able to use the elastic
properties (P-impedance, S-impedance and density) to mddiee facies from the wells. After
performing the work ow of seismic inversion and multi-attibute transform to estimate the
elastic properties, the next step is to combine these two t@s of information into a single 3D
facies modeling. The integration of these two data types isegformed by using the principal
of Bayesian probability theory, included in the Facies and kid Probabilities (FFP) module
of the CGG-Jason tool. In Bayes Theorem, the probability of aypothesis (the posterior
probability) is a function of new evidence (likelihood) andprevious knowledge (theprior

probability). This relationship is described in Bayes Theem:

P(A)p(BjA)
p(B)

In my application, A is the facies cluster (e.g., chalk), B ishe seismic attribute infor-

P(AjB) = (5.1)

mation (e.g., cross-plot ofZ, vs. Zs attributes), p(A) is the a priori probability for each

facies from the well datap(BjA) is the conditional probability of the seismic attribute fa a
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particular facies (e.qg., distribution ofZ, and Z for chalk facies), andp(B) is the probability
of the seismic attribute.

The work ow of this facies modeling includes:

1. Creating a well curve with the facies category informatio(as described in Chapter 2,

using several well log properties as the input in clusteringnalysis);

2. Correlating the facies information to the elastic propeies (in this case,Z, and Zs and

Zy,and ),

3. Creating Probability Distribution Function (PDF) for each identi ed facies in the tar-

get zone;

4. De ning the priori information of each facies in the targézone based on other inde-

pendent geological information of the area; and

5. Applying the PDFs for each facies to the seismic elastic pregy volumes ¢, and Zs,

Z,and ).
After performing the listed work ow, a facies model is genetad as two output volumes:

A probability volume for each facies (in a scale of 0 to 1, with being the highest

certainty); and

A most probable facies volume, constructed by assigning tliacies type as the most

probable facies for a particular data point (CGG-Jason, 20).6

The facies modeling in the area mainly utilizes the P- and $apedance, and P-impedance
and density relationships. As described in Chapter 4, by uginthe P- and S-impedance
relationship, we will be able to model the Smoky Hill Member, kich mainly consists of
chalk, marl, and mixed marl and chalk facies. Furthermore,hie use of well log density
information is required in identifying basal chalk (D-chat) and the limestone facies (Fort

Hays). For the sandstone facies (Codell), the elastic propggmnvalues are very similar to the
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pure marls. However, the sandstone interval (Codell) withithe focus area is located below
the basal chalk (D-facies) and the limestone (Fort Hays), in lich the deposition is entirely
separated from the pure marl facies of the Smoky Hill Member.oF this reason, the pure
marl facies and the sandstone are color coded as a same fa@ied). It is also observed
from the 3D facies model that generally the marls within the ®@oky Hill Member (i.e., A,
B, C marl; see Figure 1.2) are modeled as the mixed marl-chalkcfes (green). Referring to
the comparison between the facies log and facies at the cofese Figure 2.2), the interval
identi ed as marls within the Smoky Hill Member (i.e., A,B,C mal) largely comprised of
mixed marl-chalk facies with thinly bedded pure marl faciesvithin it. This low thickness
of the pure marl ( <20 ft) are not resolved by the seismic inversion. For the inteal with
the richest content of chalk, it is generally identi ed as tle pure chalk facies, hence the

recommendation will be to target this modeled facies withithe Smoky Hill Member (blue).
5.1 Facies Modeling Results

As described in Chapters 2 and 4, the combination of the elastproperties that are used
to model the facies in this study are the elastic impedanceZ{ vs. Zs) and P-impedance
(Z,) vs. density (). For the rst relationship, the PDFs for the Bayesian modelng are
shown in Figure 2.3. The facies modeling using the P-impedanand S-impedance focuses
in modeling the three main facies within the Smoky Hill MemberFor this reason, the basal
chalk (D-facies) and limestone (Fort Hays) are both characteed as the pure chalk facies.
In the second relationship, P-impedance vs. density is showy the PDFs in Figure 4.1.
These PDFs were then applied to the P-impedance volume fromehsimultaneous seismic
inversion and the density volume from the multi-attribute ransform in Chapter 4. Figures

5.1 and 5.2 show the comparison between these two facies niode
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Figure 5.1: Arbitrary line crossing six wells across the Anatioseismic survey, showing the
Bayesian most probable facies from the PDFs generated By and Zs (above) andZ, and

(below) relationships. The top-right corner map is extraad from the chalk probability of
the Smoky Hill Member interval, using the facies modeling fra Z, and , with the black
lines indicating the map view of the arbitrary section.

Figure 5.1 illustrates the facies model derived frord, and information, which charac-
terizes the basal chalk (yellow) in addition to the three mai facies of Smoky Hill Member:
pure chalk, pure marl, and mixed marl-chalk. It was previoug noted that the marly part
of the Smoky Hill Member is modeled as the mixed marl and challgieen). Other than the
ability to model an additional facies within the whole targé interval, the facies model from
Z, and is also observed to be more stable compared to the facies mddem Z, and Z;.
In particular, each modeled interval exhibits a leaking faare towards over- and underlying
intervals for the Z, and Zs modeling. The regional geological understanding of the arés
that the depositional system is typically continuous and agormable for each lithological

units, which makes it more reasonable to use the model frofy and relationship.

66



Figure 5.2: Arbitrary line crossing six wells across the Anatoseismic survey, showing the
pure chalk probability from the PDFs generated byZ, and Zs (above) andZ, and (be-
low) relationships. The top-right corner map is extractedrbm the chalk probability of the
Niobrara interval using the facies modeling fronZ, and .

As argued earlier in this thesis, the most chalky part of the Saky Hill Member is the
highly targeted interval. Figure 5.2 shows the pure chalk ptmability volume. By using
the Bayesian modeling, we derive an estimate for this facipsobability or any other facies
included in the modeling. Comparing the pure chalk probabty from Z, vs. Zs and Z,
vs. , we observe that the pure chalk facies from wells have a bettematch to the lateral
distribution of highest probability chalk in the Z, vs. model. Note that Well 4 and Well
7 are blind wells and the facies at the wells and the 3D faciesonel are well matched (the
pure chalk (blue) facies log is plotted on top of the high prability value).

As described in the Chapters 2 and 3, the input data are the vecal wells inside the 3D
Anatoli seismic survey and two additional wells outside theessmic survey area having core
data. The next step is to validate the 3D facies modeling by ptting the existing horizontal

wells excluded from the modeling work ow. The lithology diled along the horizontal wells
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Figure 5.3: Base map of the Wishbone section within the Wattemng eld, with 11 horizontal
wells. The horizontal wells are plotted with the hydraulic 8mulation stages and lithology
information for each stages determined by the geosteeringths (Butler, 2016). Note that
the 5C and 1N wells are used in the next gures for the facies meling evaluation.

in Wishbone section is shown in Figure 5.3.

Figures 5.4 and 5.5 show the section views of the 3D model cinggwo of the horizontal
wells. Note that the B Chalk and C Chalk are considered as onecfas (pure chalk), the
A Marl, B Marl, and C Marl are considered as the mixed marl andhalk zones. These
cross-sections show good matches to the lithology encouetd by the horizontal wells. The
third row of the gure is the most probable facies modeled fra the P-impedance (rst
row) and density (second row), with priori information fromwells modeled in Figure 4.3.
Figure 5.4 represents one of the horizontal wells that werergeting the Codell sandstone,
while Figure 5.5 represents the horizontal well that targete the most chalky part of the
Smoky Hill Member. By evaluating the facies modeling resulthis type of modeling is
the recommended approach for predicting facies from the Wédcations and extending the
prediction laterally between wells. By mapping out faciesdsed on the probability cut-o
(for example: 30% as the lowest probability of each facies toap) and combining it with

the average facies thickness at well locations, one can esite the volumes of each facies
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Figure 5.4: Cross-section views of three di erent attribute: the P-impedance from seismic
inversion, density from the multi-attribute transform, and the most probable facies model
generated from the two attributes. The section crosses theC5horizontal well targeting
the Codell sandstone interval. The top-right corner map shwes the relative locations of the
horizontal wells and the vertical wells within the 3D Anatoliseismic survey area.

component.

This type of facies modeling will support locating future dtling target location based on
targeting the high quality chalk proportion laterally throughout the survey area, as shown
in Figure 5.6. This probability map is extracted as the RMS vales of pure chalk probability
within the Smoky Hill Member, which consists of both B Chalk ad C Chalk. The extraction
window is from the Top of Niobrara horizon to 20 ms below it. Théiigher value of the
probability indicates that more chalk proportion contributes to the data point. The color
scales on the map show both probability value and estimatedhitkness of the pure-chalk
facies. This probability to thickness domain transform waderived from the cross-plot shown

in Figure 5.8. The cross-plot is generated by plotting the perchalk probability value at
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Figure 5.5: Cross-section views of three di erent attribute: the P-impedance from seismic
inversion, density from the multi-attribute transform, and the most probable facies model
generated from the two attributes. The section crosses thé\lhorizontal well targeting the
chalks of Smoky Hill Member. The top-right corner map shows #hrelative locations of the
horizontal wells and the vertical wells within the 3D Anatoliseismic survey area

well locations (from the extraction map) and the sum of purehalk facies thickness at wells.
Similarly, Figure 5.7 shows the map of sandstone (Codell) grability extracted as the
RMS values of sandstone probability, with the extraction widow from the Top of Codell to
15 ms below it. The Codell Sandstone is also a highly targetauterval for horizontal wells
and hydraulic stimulation within the area. The sandstone lgeral distribution is relatively
continuous throughout the survey and facies discontinuigs often appear at fault zones.
The color scales of the map show both the sandstone probatyilvalue and the estimated

thickness derived from the cross-plot in Figure 5.9.
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Figure 5.6: Extraction map of the pure chalk facies probabili within the Smoky Hill Mem-
ber interval and the plotted vertical wells inside the surwe area (RMS amplitude of the pure
chalk facies probability, at the window of the Top of Niobrarahorizon to 20ms below it).

Figure 5.7: Extraction map of the sandstone facies (Codell)rgbability and the plotted
vertical wells inside the survey area (RMS amplitude of theamdstone facies probability, at
the window of the Top of Codell horizon to 15ms below it).

A cross-plot of pure-chalk probability value from the extration map at well locations
(Figure 5.6) versus the sum of pure-chalk thickness at eachline shown in Figure 5.8. From

this cross-plot, it is observed that there is a linear trend &ween the facies probability to
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the sum of facies thickness at the well locations. This obsation indicates that for the area
with low probability ( <0.2), there is a pure-chalk facies presence, although the swmthe
facies thickness will be approximately 40 feet. A similar cross-plot was generated for the
sandstone facies (Codell) as shown in Figure 5.9. From the sseplot, it is observed that
the sandstone thickness which ranges from 15 - 25 feet, isatelely consistent from all wells

within the survey.

Figure 5.8: Cross-plot of pure chalk facies probability fronthe map in Figure 5.6 at well
locations (13 wells inside the seismic survey) versus thewsof the pure chalk facies thickness
at each well.

Figure 5.9: Cross-plot of sandstone facies (Codell) probétyi from the map in Figure 5.7
at well locations (12 wells inside the seismic survey) versthe sandstone facies thickness at
each well.
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5.2 Application for Preliminary Evaluation of Greenhorn Exploratio n

Chapters 1 and 2 described in detail the information of the @enhorn interval that was
deposited earlier than the Niobrara interval. The reason bet researching the Greenhorn is
that this unit is identi ed as an analogous area to the highlyproli ¢ Niobrara zone of interest,
and age equivalent to the Eagle Ford Formation of the Gulf Caaregion (Sonnenberg et al.,
2016). In addition, there have been vertical wells drillechto the Greenhorn interval around
the Denver Basin which suggest that the zone is productive.n lterms of its mineralogy,
the Bridge Creek and Lincoln members of the Greenhorn are mteed as limestone facies
containing a high carbonate content and high TOC, similar tahe chalk beds of the Smoky
Hill Member. Using the facies modeling approach outlined in th chapter, one can also
evaluate the Greenhorn interval, particularly the Greenhm - Bridge Creek Limestone (see
Figure 1.2). Sonnenberg et al. (2016) discusses the mechahstratigraphy of the Greenhorn
formation, where the highest values of the Young's modulugefound in the Bridge Creek
member of the Greenhorn, which contributed to the high britieness of the interval. With
the relatively higher brittleness of the Bridge Creek memls&eompared to the Hartland Shale
underlying it, the Bridge Creek member is recommended as thmorizontal drilling target.
Based on the elastic properties, Greenhorn - Bridge Creektenval is identi ed as more
similar to the basal chalk (D-facies) than when compared tohe chalks of the Smoky Hill
Member. The basal chalk (D-facies) is known to be a non-prodiive zone within the whole
interval with a small TOC percentage. However, this evaluatin is based on the elastic
properties, P-impedance and density, which are signi calyt a ected by the depositional
compaction. The Greenhorn is located deeper than the rest tife evaluated facies, hence,
the signi cantly high density values may be related more totie high compaction rather than
the low organic content. In addition, the signi cantly high P-impedance and density values
of the Greenhorn unit may be related to the high brittleness fathe facies, as re ected in
the well evaluation of Poisson's Ratio and Young's Modulusfdhe Greenhorn interval by

Sonnenberg et al. (2016). A more comprehensive evaluatiointios hypothesis is needed for
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further validation.

Based on the hypothesis that the Greenhorn - Bridge Creek entval is a relatively brittle
reservoir with an adequate organic content, it is valuableot map the distribution of the
interval throughout the survey area. Figure 5.10 shows the t#acted Greenhorn-Bridge
Creek Limestone interval, which is modeled as a similar fas to the basal chalk (D-facies)
based on the elastic properties. From the facies probabyliextraction map, lateral deposition
of the limestone is primarily distributed on the western parof the Anatoli 3D survey area.
A preliminary volumetric calculation of the prospective aea can be obtained by mapping
the outline of the high probability facies combined with theaverage thickness of the facies
at the wells. The probability extraction map is used to genate the cross-plot shown in
Figure 5.11, by examining the correlation between probaltii value at the well locations
and the thickness of the limestone (Greenhorn-Bridge Creekom each well. From this
domain transform, we can estimate the distribution of the inestone interval varies from O
to 91 feet throughout the survey. This map indicates the lo¢ens of the sweet spots for
exploration drilling targets in the interval.

Despite the usefulness of this facies modeling work, thereeasome uncertainties in the

modeling result that are discussed below.
5.3 Uncertainties

As optimal as the facies modeling results validated by the welata, there are uncertain-

ties that need to be acknowledged, including the following:

Seismic inversion results are non-unique, meaning that tteeare in nite numbers of
models that can t the same seismic data. To address this, isiunderstood that there
is no single facies model that is considered the most accugatience the probability
volume will be the closest proximity in identifying the targeted facies. The probability
values are also relative values to the surrounding area, whi means that di erent

input parameters for the facies modeling results in di erdnminimum and maximum
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Figure 5.10: Extraction map of the limestone facies (GreentreBridge Creek) probability

and the plotted vertical wells inside the survey area (RMS Vae of the basal chalk facies
probability, at the window of 10 to 25 ms below the Top of Codehorizon). The limestone
is modeled similarly to the basal chalk facies (D-facies)y terms of the high density and
P-impedance values. These high values of elastic propestimay be caused by the high
compaction of the limestone interval as it is deposited deepthan the other facies. The
hotter color shows the higher facies probability.

Figure 5.11: Cross-plot of limestone facies (Greenhorn - Bge Creek) probability from the
map in Figure 5.10 at well locations (12 wells inside the seigrsurvey) vs. the sum of the
limestone facies thickness at each well.
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probability cut-o s.

Layer thickness. Depending on seismic frequency and intalwelocity, there is a min-
imum thickness of the facies beds that can be resolved by seis data. Theoretically,
the seismic inversion process includes the wavelet compaien which increases the
vertical resolution. However, there are limitations in the #tempts to reach the well
vertical resolution. Upscaling the facies de nition from tke well scale to the seismic
scale is important to understand the methodology limitatia. For this research, this
issue is most prominent for limestone facies (Fort Hays) thas deposited between the
basal chalk (D-facies) and sandstone (Codell), and the purearl facies of the Smoky

Hill interval.

The use of syntheticv, and Vs logs for the main processes. As mentioned in the Chapter
1, Section 1.3.2, most of the vertical wells used for this e=rch do not have measured
compressional and shear sonic logs. For most of these wells ¢f 15), the compressional
and shear sonic logs were created using the neural networkcatation. This is the
reason we observe a relatively linear relationship of P-iredance and S-impedance
cross-plot from well data, which is unlikely seen in the realata. To compensate for
this limitation, the low frequency part of the model was set sciently low to not
highly a ect the seismic inversion result. The P-impedancend density properties
were used to perform the facies modeling, acknowledging tliae density logs are one

of the measured well log datasets.

Analysis of the uncertainties of a scienti ¢ project is an imprtant consideration, as the

results will be used later for more advanced and quantitater modeling within the project

area. Overall, the seismic dataset used for this researchoisgood quality and can deliver a

reliable result that can be validated by lithology informaton at wells, and is useful for future

reservoir modeling work.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Pre-stack simultaneous seismic inversion and multi-attsute transform processes have
been applied to the Wattenberg dataset, in particular the 18quare mile 3D Anatoli survey
area. The outputs of the inversion are the elastic properse(P-, S-impedance, and den-
sity) that are used to characterize the facies within the Niatara, Codell, and Greenhorn
formations. Inverting for density from pre-stack seismicniversion in the project dataset is
challenging due to the angle limitation from the limited semic acquisition aperture. How-
ever, the multi-attribute transform using the non-linear elationship (Probability Neural
Network) has been bene cial in estimating a density volume tht is well correlate with the
borehole measurements. The combination of the P-impedanftem seismic inversion and
the density from multi-attribute transform enables faciesnodeling within the target interval.
The two outputs, the probability and the most probable facie volumes are mainly useful

for:

Field development: Information of facies lateral distribubn (background trend) for
more advanced reservoir modeling work (higher resolutionadel with the information
of faults, fractures, porosity, and permeability), espeally for the pure chalk facies
within the Niobrara - Smoky Hill Member interval. This facies § the main reser-
voir that has the highest Rock Quality Index (RQI) for hydradic fracturing targets
(Mabrey, 2016). Additionally, the Codell Sandstone is also highly targeted interval
for horizontal well drilling and hydraulic fracturing within the Wattenberg Field and
the information on the regional facies lateral distributio within the Anatoli survey

can help support the eld development plans in the future.
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Exploration: Preliminary evaluation of the potential Greenhorn interval has resulted in
a facies probability map that can be useful for further rock ®@ume calculation. There
are still many potential areas that have not been drilled intis interval. Beyond the
facies modeling work, information on the fracture networkaeeds to be evaluated and
incorporated into the facies model, in order to help mitiga the exploration/develop-

ment drilling risk.

As demonstrated in the facies modeling section, the faciesopability volume correlates
to the general thickness of each facies between the zone d¢ériest. This information can
support the sweet spot identi cation for next drilling target, which have relatively higher
reservoir thickness.

In terms of the methodology, the available technology and as for estimating rock prop-
erties from seismic data at the Wattenberg Field has been adweed signi cantly to support
delivering a reliable facies model and validated by the weaiiformation. As demonstrated, it
is important to test available technology depending on theataset limitations and recognize

the values and limitations of performing the methodology.
6.2 Recommendations

There are many types of inversion methods available in the gghysical software mar-
ket, that could potentially improve the facies modeling radt. For this type of geological
environment, it would be valuable to test geostatistical imersion to improve the vertical
resolution of the facies model. Another type of seismic inw&on that can be tested is the
Joint Impedance and Facies Inversion (JIFI). This methodologin particular provides more
detailed parameters in the Low Frequency Model, by establfisng information on the elastic
properties vs. depth trends for each modeled facies. This thed could potentially deliver
more reliable S-impedance and density properties in adaiti to the general P-impedance

output from seismic inversion.
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For the eld development point of view, it is recommended to se the 3D estimated den-
sity, P- and S-impedance produced from this research for tue advanced reservoir modeling
work. The facies model obtained from this research can alse lised for the future devel-
opment plan by keeping the horizontal well drilling path wihin the formation during the
drilling process.

In terms of the data availability, it is highly recommended o acquire additional sonic
logs (compressional and shear) for the wells inside the seis survey area. Current facies
modeling work only utilizes one out of 13 vertical wells witlneal sonic logs, inside the seismic
survey. These synthetic sonic logs create consisteviy/ Vs values for all modeled facies from
the well data. Additional sonic logs can be used to build a momonstrained geology model
as a priori information to the inversion process.

Additionally, the facies modeling in the ten square mile Anatbarea gives more regional
information of the basin compared to the four square mile hydulic stimulation area. This
evaluation allows for suggestions for future exploratiomithe Greenhorn interval. For future
work, it is suggested that similar type of facies modeling bgerformed on seismic dataset
covering more regional area than the 3D Anatoli survey. Thisveluation will be useful
for identifying other potential targets around the projectarea that can be explored and
developed in the future, by extending the current ndings fom the research on the 3D

Anatoli survey.
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