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Abstract

Seismic reservoir characterization and prospect evaluation based 3D seismic attributes
analysis in Kansas has been successful in contributing to the tasks of building static and dynamic
reservoir models and in identifying commercial hydrocarbon prospgaceme areas, reservoir
heterogeneities introduce challenges, resulting in some wells with poor economics. Analysis of
seismic attributes gives insight into hydrocarbon presence, fluid movement (in time lapse mode),
porosity, and other factors used in kexing reservoir potential. This study evaluates a
producing lease using seismic attributes analysis of an area covered by a 2010 3D seismic survey
in the Morrison Northeast field and Morrison field of Cl&&unty, KS. The target horizos the
Viola Limestone, which continues to produoem sevenof twelve wells completedvithin the
survey arealn order to understand reservoir heterogeneities, hydrocarbon entrapment settings
and the implications for future development plans, a seismic attributest@xirand analysjs
guided with geophysical welbgs,was conducted with emphasis on instantaneous attriaotes
amplitude anomalieslnvestigations into tuningffectswereconducted in light of amplitude
anomalies to gain insight into what seismic results led to the completion tefdive wells in
the arearilled based on the seismic survey resufarther analysis was conducted to determine
if the unsuccessful wellsompleted could have been avoiddenally the study attempts to
present a set of 3D seismic attributes associated with the successful wells, which will assist in
placing new wells in other locations within the two fields, as well as promote a consistent

understanding of entrapment controls in this field.
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Chapt-émnmntitoducti on

1.1 Summary

3D seismic surveys are very useful in many exploration programs bexfahsdigh
structural and stratigraphresolution asvell as the rockproperties trends that can be inferred
based on seismic attributegnalysis of seismic attributes suchrast mean squaredRMS)
amplitude, relative acoustic impedance, average energy and attenuation can indicate good
hydrocarbon resgoir properties due to identifying lithofacies, higher porosities, structural and
stratigraphic controls as well as paleotopography. Other, instantaneous attributes such as
instantaneous phasestantaneous frequendyin bed indicatoand normalized aplitude can
aid in accurately tracking a horizon of interest throughout a seismic data ya@ocm
determining zones of hydrocarbon saturatitusing independent attributes, or a combination of
attributes, one can evaluate a hydrocarbon reservoiati®ethips between attributes of seismic
data and reservoir characterization and development have been recognized recently, for example,
seismic amplitude, envelope, root mean square (RMS) amplitude, acoustic impedance and elastic
impedance can all indicatchanges in lithology, while layer thickness can be indicated by peak
to-trough thickness, peak frequency and bandwidth (Chopra & Marfurt, 2008). Spectral
decomposition can aid in recognizing thinning and thickening beds by providing clear images of
straigraphic features that may not be discernable using just broadband data. This is done by
providing a way to examine a geologic feature at any frequency (Subrahmanyam & Rao, 2008).
Thickening and thinning of strata can be recognized by animating thrasegiea of frequencies
along an interpreted horizon allowing an interpreter to identify where strata are thinning and

thickening (Chopra & Marfurt, 2008). Lateral continuity of events can be evaluated using



instantaneous attributes like instantaneousehdsch is useful attribute in indicating lateral
continuity of rock layers and making a detailed visualization of bedding configuraltit®s (
2012, and it can make webkcoherent events more clear (Taner et al, 1977). Normalized
amplitude is also usefin confirming the lateral continuity of events and tracking horizons of
interest by determining the direction of lateral continuityg, 2013

In analyzingvarious seismic attributes, thesudy will aim to determine whether the main
control on well productivity in the study area is related to paleotopography and/or lithological
heterogeneities as entrapment controls. The attributes analyzed will reflect this goal and an
emphasis will be gt on attributes that evaluate lithological heterogeneities and attributes that
give insight into the thinning and thickening of layers generating paleotopographic traps.

In December of 2010 Coral Coast Petroleum obtained a permit to begin dolling f
hydrocarbons within the Morrison Northeast field and Morrison field in Clark County, KS. The
prospect within this field was based on a 3D seismic survey that predicted the presence of an
economically viable hydrocarbon reservoir within the Viola limmast Following the successful
completion of Stephens &levenmore wells were completed within the field. Seven of the
wells drilled are still producing oil and/or giiem the Viola limestone. One well (initially dry
and abandoned in the Viola) prodadeom the Morrowthree wells were dry hes and difth
unsuccessful wetlargeting the Violavithin the survey also did not produce as predicted and was
converted into a SWD well. The survey also includeddbation of theHarden 4 well
originally drilled by Berexeco, Inc. in 2007 that was a dry hole.

This study will aim to explain what attributes or seismic signatures led to the drilling of
twelve wells in the area targeting the Viola. The study will also attempt to determine if attributes

uniqueto producing wells can be applied to other locations within the Viola Limestone. Finally,



this study will attempt to determine if reprocessing seismic data could have avoided drilling the

dry holes, and a poor producing well that was converted into a S&D

1.2 Study Area

The study area lies within the Hugoton embaynaéi€ansaswvhich is a northern shelf
like extension of the Anadarko basin. The Hugoton embayment is bounded by uplifted areas on
the west by the Sierra Grande Arch, north by the Celterasas Uplift, and east by the Pratt
Anticline as seen in Figure1(Ball 1991). The area covered Iet3D seismic survey is located
in Clark County, KS in the southwestern portion of the stateeen ifrigure1-2. A 3D seismic
survey that lead tolte drilling of twelvewells within the study area in the Morrison Northeast
field and Morrison field Figurel-3 shows the location of tretudyin eas-central Clark County.
Thetwelvewells within thearea covered by the seismic data voludribed by Coral Coast

Petroleum LCand one by Berexeco, Inate shown in Figuré-4.
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Figure 1-1 Anadarko Basin map. Red star indicates approximate location of the study area
within Clark County, KS. (Adjusted from Ball, 1991).



KANSAS

Figure 1-2 County map of Kansas. Yellow star indicates location of Clark County, KS.
(Adjusted from www.kshs.org 2015.




Figure 1-3 Southern Clark County KS map. The Morrison NE and Morrison fields where
the wells were drilled are circled (KGS, 2014).
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Figure 1-4 Study area within the southern portion of the Morrison NE and north east

portion of the Morrison fields with the twelve wells drilled within the 3D seismic survey

labeled (Adjusted from KGS, 2015). Harden 4 was drilled by Berexeco, Inc., Stephens 1

10,6 6JA and Harden 1 were drilled by Coral Coas

1.3 Field History

The first well in the area was drilled in 1954dgproduced oil from formations
within the Morrowan stage (lgure1-5). From 1954 to 1966 19,734 barrefsoil were
producedrom the field. Below is a chart of productisimce 1966 within the Morrison
Northeast fieldbf Clark County, Kansasvhich the majority of the survey area is within
(KGS, 2015). Small amounts of oil and gas were produced between 1973 and 2011 with
asp ke in gas production from the mid 80606s
Petroleum began production within the Viola limestone with great su®egsnwells

drilled within the area covered by this seismic sunaygeting the Violavere succesful



oil and gas producing well3éblesl-1 & 1-2). This success could lead to additional

wells drilled into the Viola limestone throughout tBIB seismic survegrea.

SYSTEM] STAGE | GROUP

LY Y

m | | eonaRDIAN | Stn Corral

E MNippewalla x_

> | WOLFCAMPIAN | Chase

= Coauncil Grave

VIRGILIAN Adrnire

Viabaunsee
Shawnee

m Daouglas

Z | MISSOURIAN Lansing

E Kansas City

- Fleasanton

g DESMOINESIAN | Marnatan

= Cherokee

Z | ATOKAN W

MORROWAN

% l CHESTERAN

@ | MERAMECIAN | St. Gen.

)

T | OSAGIAN

T

Z | KINDERHOOKIAN

@

o Viola

gy .

() Simpsan

< Arbuckle

Figure 1-5 Stratigraphic column of the Morrison NE field (KGS 2015).



Oil Gas
Year ProductionWe”SCumulativeProductio Wells Cumulative
(bbls) (bbls) (mcf) (mcf)
1966 (2,152 2 19,734 - - 0
1967 2,031 3 21,765 - - 0
1968 (1,411 2 23,176  |3,224,0563 3,224,056
1969 (1,498 2 24,674 54,952 |2 3,279,008
1970 (1,411 2 26,085 162,871 |2 3,341,879
1971 982 2 27,067 (8,935 2 3,350,814
1972 - - 27,067 4,196 1 3,355,010
1973 - - 27,067 - - 13,355,010
1974 - - 27,067 - - 13,355,010
1975 - - 127,067 - - 13,355,010
1976 - - 127,067 - - 13,355,010
1977 - - 27,067 - - 13,355,010
1978 - - 127,067 - - 13,355,010
1979 - - 127,067 - - 13,355,010
1980 - - 127,067 - - 13,355,010
1981 - - 127,067 - - 13,355,010
1982 - - 127,067 - - 13,355,010
1983 - - 27,067 |7,120 1 3,362,130
1984 (127 1 27,194 78,740 |1 3,440,870
1985 - - 27,194 |27,251 (1 3,468,121
1986 - - 27,194 |17,916 (1 3,486,037
1987 - - 27,194 |12,409 (1 3,498,446
1988 - - 27,194 |24,276 |1 3,522,722
1989 - - 127,194 |37,147 (1 3,559,869
1990 (140 1 27,334 |105,602 |3 3,665,471
1991 - - 27,334  |114,727 |2 3,780,198
1992 51 1 27,385 |266 1 3,780,464
1993 - - 27,385 - - 13,780,464
1994 - - 27,385 |1,163 1 3,781,627
1995 - - 27,385 - - 13,781,627
1996 - - 27,385 - - 13,781,627
1997 - - 27,385 - - 13,781,627
1998 - - 27,385 - - 13,781,627
1999 - - 27,385 - - 13,781,627
2000 - - 27,385 - - 13,781,627
2001 - - 27,385 - - 13,781,627
2002 - - 27,385 - - 13,781,627




2003 - - 27,385 - - 3,781,627
2004 - - 27,385 - - 3,781,627
2005 - - 27,385 - - 3,781,627
2006 - - [27,385 - - 3,781,627
2007 - - [27,385 - - 3,781,627
2008 - - [27,385 - - 3,781,627
2009 - - 27,385 |5,182 2 3,786,809
2010 - - 27,385 - - 3,786,809
2011 /47,065 |2 74,450 |34,163 |2 3,820,972
2012 105,605 |5 180,055 (121,659 |4 3,942,631
2013 68,568 |6 248,623 |179,069 |5 4,121,700
2014 30,148 |6 278,732 (92,610 |5 4,214,310
2015%8,954 7 287,725 |26,169 (4 4,243,479

*Through7-2015

Table 1-1 Production history of the Morrison NE field showing increase in activity
following the completion of the 3D seismic survey (KGS 2015).
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Well Year | Oil Production (bbls) | Gas Production (mcf]
Stephens*¥* | 2011 | 44,694 34,163
2012 | 8,066 113,997
2013 | 2,081 109,555
2014 | 799 83,198
2015 | 478* 25,240G*
Stephens2* | 2011 | 2,371 N/A
2012 | 42,803
2013 | 19,395
2014 | 6,312
2015 | 1,248**
Stephens 3 2011 | D&A D&A
Stephens#* | 2012 | 46,430 N/A
2013 | 18,113
2014 | 11,151
2015 | 2,286**
Stephens 5 2012 | 3,992 2,648
2013 | 494 Converted to SWO
Stephens 6 | 2013 | 6,701 10,938
2014 | 1,608 4,560
2015 | 306* 1,709**
Stephens 7 | 2013 | 15,293 21,465
2014 | 636
2015 | 140**** 240**
Stephens 8 2013 | D&A D&A
Stephens 9 2013 3,373
2014 | 124 155,408
2015 61,161**
Stephens 10 | 2013 | N/A N/A
St ephen2011 | D&A D&A
Harden 1 2012 | 4,384 5,014
2013 | 13,191 48,049
2014 | 1,265 B39 rrrx
2015* | 166
Harden 4 2007 | D&A D&A

*Through 52015,**Through 7-2015,***Combined gagroduction of Stephens 1,2&4,
*** *Through 2-2015, *****Through 82014, *****Through 5-2014

Table 1-2 Production data for the 13 wells drilled within the 3D seismic surveyrea (KGS
2015).
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1.4 Paleotopographic Traps

Viola production within the study area is not necessarily structwaityrolled.
Production is controlled by preservation of the upper Viola which lies below an erosional
unconformity separating it from the Maquoketa above. The upper Viola contains the porous
dolomite that is associated with production. The result efégtosionatinconformity is that the

Viola produces from a paleotopographic trapc(RRirdson, 2013).

1.5Purpose

The purpose of this study is to determine what specific seismic attributes successfully
locate paleotopographar stratigraphidrapswithin the Viola limestone angrovide
discriminatingtrendsfor thedrilling results of the thirteewells covered by the 3D seismic
survey The study will alsadevelop a prospect analy$ased on drilling results, well log
analysis, an@D seismic attributes analysis. This prospect analysis will aid in determining
whether or not the controlling factor(s) in the success of wells targeting the Viola limestone in
this field is simply paleogeographic heterogeneities within the field, dithcél heterogeneities
in the Morrison NE field or a combination of the two. Determining the extent of the seismic
attributes that indicate hydrocarbon reservoirs could benefit future operations in this area. In

addition, this study will attempt to debaine if reprocessing the 3D seismic data could have

avoided drillingthedy hol e seen i n St emphhe posrmductioBthat 6 A6 1,

lead to Stepherts being converted into a SWD well.
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Chaptlkirt@rature Review

2.1 Geological Review

Thezone of interest in this study within the Morrison NE field includes Upper
Ordovician Maguoketa limestone, the Middle Ordovician stage Viola and Simpson groups and
the Lower Ordovician/Cambrian Arbuckle group. These foumations are important to the
study because the Maquoketa and $impson bound the Viola limestone above and beéowl
the Arbuckle forms an easy to recognize seismic reflection that aids in locating the horizons of
interest The producing formation of the wells within the 3D seissucvey is theiiddle
Ordovician Viola limestoneRecognizing these strata on well logs and in seismic sections is
crucial in moving forward with this study to ensure horizons picked and attribute analysis is
carried out at the correct time depth in teesmic section.A stratigraphic column of the siy

area is displayed in Figure2
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Time
Stratigraphic Rock-Stratigraphic Units
Units
Bosed on correlation with Based on common usage by
SYS- i f tions (K Lithology | K I logi
TEM Series | surface sections (Kansas ithology | Kansas petroleum geologists
Geol, Survey Bull, 189) and used in this report
o
Y Maguoketa Shale Magquoketa Shale
o]
Vicla Limestone Viola Limestone
L)
°
z
z s
q Simpson Group Simpson Group
0
>
o]
[a]
x
0
o
3
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Arbuckle Group
" Arbuckle" Group
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X L]
0 2
= =) Bonneterre Dolomite
g :
o .
Lamotte Sandstone .
P
Precambrian Precambrian 1N, Precambrian

Figure 2-1 Stratigraphic column showing the formations of interest in the study area (Cole,
1975)
2.1-1 Maquoketa Shale

TheUpper OrdoviciarMaquoketashale is dimestonen the study arethatis a difficult
to recognize but important unit with regard to Viola limestone production in the Morrison NE
field. This limestone serves as the seal above the Viola limestonestuthearea The

Maquoketa is @ream o light gray, dense limestone with no visible porosity and a thickness of

14



about 20 to 25 feet within the study ar@ais dense noporous rock makes an excellent seal

for the petroleum system in the area (KGS, 2015).

2.1-2 Simpson Formation

TheMiddle OrdovicianSimpson formation marks the bottom of the Viola limestone and
is divided into three parts, shale and limestone represent the top of the formation, below that is
the upper Simpson sand followed by the lower Simpson saéhe.top portion othe Simpson
formation consists of two hard and blocky shale deposits with a layer of soft, chalky fossiliferous
limestone that has poor porosity in between the two shale layarstop portion is underlain by
the upper Simpson sand which consists fii@grained, poorly sorted, stfounded sandstone
consisting mostly of quartz with abundant shale inclusidrge upper sand also contains a thick
(~60 feet) shale layer similar to what is seen in the top portion of the Simpson form&ten.
base of tb Simpson formation caists ofa mediuracoarse grained, suiounded quartz

sandstone that is about 15 feet thick throughout the study area (KGS, 2015).

2.1-3 Viola Limestone

The producing formation of the wells within the 3D seismic survey is the Oidavic
Viola limestone.The Viola limestone was deposited in the middle Ordovician period in a warm
tropical marine setting (Figu23), and is a medium to coarse crystalline vuggy dolomite
containing scattered chert throughout with a thickness of dbtb 200 feetwithin the study
area. Vugs within the Violaexist mainly in the upper Viola argive it a good
porosity/permeability which makes it an excellent reservoir rock for hydrocarbons to be stored

(KGS, 2015).The Viola sits below an erosional wmformity separating it from the overlying
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Maquoketa/Kinderhook sectiaepresenting about 20 Ma of no deposition and subaerial

exposure contributing to the formation of vugs that give the Viola its good porosity/permeability
Subaerial exposure is alsesponsible for generating the paleogeographic highs and lows within

the Viola. Below this productive zone the Viola is more dense and crystalline showing no
productive por osi t yAnmwdelofrepatebtopbgraphic trap asGliowrzio n e ) .

Figure2-2 within the Viola is the result of this erosional unconformity (Richardson, 2013).

Paleotopographic
Trap

Unconformity

Figure 2-2 Idealized north-south cross section showing paleotopographic traps in the Viola
limestone (Richardson, 2013).

2.1-4 Arbuckle Group

The lower Ordovician and Cambrian Arbuckle group is made up of dolomite,
sandy/cherty dolomite and sandstone that exhibit high porosity and permeability. Arbuckle
group rockghat exhibit shal®enly exists directly beneath shaly bedsha Simpsor{Cole,
1975). The Arbuckle group is important to this study because of its seismic signature which is
easy to pick up in the seismic data volume. This allows for accurate location and picking of

other horizons of interest within the study area
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2.1-5 Depositional Environment

The Viola limestone was deposited during the Middle Ordovician period, a time period in
which North America was located near the equator. During this time period, much of what is
now the state of Kansas, and the majosityhe continent was covered by an extensive
epicontinental sea (Figure3 (Barnes, 2004). Sedimentation during the Middle Ordovician
was controlled by this epicontinental sea, as well as parts of the Transcontinental Arch that
stretched across preselaty Kansas (Ross 1976 and St. Clair, 1981). Kansas was split by the
Central Kansas Arch, which is part of the Transcontinental Arch, from northwest to southeast
during the time of Viola deposition (Figure4 (St. Clair, 1981). Uplifts, like the Centra
Kansas Arch created a shallow sea across the Southwest Kansas Basin, making an environment
suitable for carbonate rocks to be deposited. Due to being deposited in this type of environment,
the Viola is considered to be a shelf carbonate deposit. Diménigliddle Ordovician period,
the epicontinental sea covering present day Kansas experienced two marine transgresstons w
sea level fell and rose agailddrnemann et al., 1982). Subaerial exposure of the Viola during
these allowed for dissolution ta@eur within the upper Viola limestone, allowing the secondary,
vuggy porosity to develop within the upper Vipés well as paleotopographic highs and lows to

be generated within the Viala

2.1-5 a) Vuggy Porasity

Vuggy porosity can be defined as irregular holes that cut across grains and cement
boundaries Vugs and vuggy porosity are very common descriptive terms for describing porosity
in carbonate rocks. Choquette and Pray (1970) describe a vug as a pore tlsamne¢lhat

equant, or not markedly elongated, (2) has a diameter greater than 1/16 mm and (3) is not fabric
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selective. Vuggy porosity is usually a secondary porosity that occurs due to dissolution of the

preexisting rock.

Figure 2-3 Shows a shallow epmntinental sea responsible for depositing the sediment that
makes up the Middle Ordovician Viola in Kansas Blakey, 2015.
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Figure 2-4 Structures present in Kansas during Viola depositior{from Merriam, 1963)
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2.2 Seismic Attributes

Reflection seismology originated inAthe 19
maj or breakthrough occurred in the 196006s and
processings well aghe common midpoint stacking metho@his is when eflection
seismology became an important tool for the exploration geologist.r ough t he 19800s
quality of 2D seismic profiles increased but limitations in their ability to show complex
structures posed a problem for interpretati@his problem witi3D resolution was solved by
the introduction of 3D seismic axsgigmicsurveyson an
have the ability to provide data that can be used to interpret stratigraphygdetakedstructural
analysis and see fluid roahkteractions (Cartwright & Huuse, 2005).

Seismic exploration aims to map the geologic features that are associated with the
deposition, generation, migration, and entrapment of hydrocarbons, while seismic exploitation
characterizes static and dynami@rdcteristics of hydrocarbon reservoieismic attributes
measure characteristics of interest to petroleum exploration and exploit@iau seismic
attributes can be directly sensitive to the geologic feature or reservoir property of interest, o
allow structural analysis afepositional environment to be defined allowing features or
properties of interest to be inferred (Chopra & Marfurt, 2005).

Attributes analysis has been important to
travel times to cberent reflections began to be picked by geophysicists on seismic field
records. As computer technology advanced, so did the evolution of seismic attrifthes.
19606s brought digital recording which i mprov
correlating strong amplitudes with prEadyence o

in the 197006s color printers were able to dis
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velocity over black and white seismic recordisterpreation workstations provided interpreters
in the 19800s the ability to quickly interact
information like well logssWi t h advances in computer technol o
industry adoption of 3D s&mic attribute extractionsAssociating attributes with 3D seismic
sections moved attributes analysis away from seismic stratigraphy and more towards reservoir
characterization and exploitation of hydrocarbon resourdsgime progressed 3D seismic
attributes analysis and development in rock physics research allowed for the direct relation of
attributes to rock properties.oday large volumes of different data can be integrated and
numerous seismic attributes can be calculated on a routine basisrhicgeterpreters looking
for geologic information from seismic data (Chopra & Marfurt. 2005).

More than fifty distinct seismic attributes can be calculated from seismic data and
subsequently applied to interpretation of geologic structure, stratigeaqghgock/pore fluid
properties.As seismic attributes continue to grow in number and vardgtgmpts have been
made to classify them into families to better understand and apply them to hydrocarbon
exploration and exploitationA most recent classification scheme divides seismic attributes into
general and specific categorieSeneral attriblegs measure geometric, kinematic, dynamic, or
statistical features from seismic datattributes in the general category include reflector
amplitude, reflector time, reflector dip and azimuth, complex amplitude and frequency,
generalized Hilberattributes illumination, edge detection/coherence, AVO, and spectral
decomposition.General attributes are based on physical or morphological character of the data
connected to |lithology or geology thus they a
al around the EarthSpecific attributes may correlate to a geologic feature or to reservoir

productivity in a specific basin, Himdréedsdf hese ¢
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specific attributes are cited in literature, but many are sprogliucts, or combinations of general
attributes being applied to a specific basin (Chopra & Marfurt, 2005).

Attributes are being used by geoscientists to map features on a scale as small as an
individual reservoir to as large as an entire baRalatimships between attributes of seismic
data and reservoir characterization/development have been recognized recently, for example,
seismic amplitude, envelope, root mean square (RMS) amplitude, acoustic impedance and elastic
impedance can all indicate chasge lithology, while layer thickness can be indicated by peak
to-trough thickness, peak frequency and bandwidihis use of seismic attributes has been
increasing in energy companies, geoscience contractors, and in universities when looking to
improve workflows using these we#istablished attributes as well as looking at previously
unrecognized or overlooked geologic featur¢€hopra & Marfurt, 2008).

Generally interpreters work with amplitude character based on a single dominant
frequency which cabe modified by thirbed tuning (Chopra & Marfurt, 20085 pectral
decomposition can give clear images of stratigraphic feature that may not be discernable using
just broadband data by providing a way to examaigeologic feature at any frequency
(Subramanyam & Rao, 2008)Using spectral decomposition replaces the single input trace
with a gather of traces corresponding to the spectral decomposition of the input atiFimite.
input to spectral decomposition is a seismic volume while the output isabegkimes
representing individual frequency band@pectral decomposition allows for structures with
different frequency bands to be illuminated to see if a particular frequency band gives better
resolution. Animating through a series of frequenciesngl an interpreted horizon allows an

interpreted to identify where strata are thinning and thickening (Chopra & Marfurt, 2008).
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2.2-1 Complex Seismic Trace

Processed seismic data is used to characterize reservoirs using both spatial and temporal
variatons in reflection amplitude, reflection phase and wavelet frequency. A complex seismic
trace is required for generating certain seismic attributes because it introduces the concepts of
instantaneous seismic amplitude, phase and frequency allowing fperibeation of
instantaneous seismic attributes. Instantaneous, when referring to seismic amplitude, phase and
frequency, means that a value for each is calculated for every time sample along the seismic
trace. This trace is referred to as a complexnseisrace, not because it is mathematically
complex, but because it is generated using two inputs (1) a real part (actual or real seismic trace)
and (2) an imaginary part (quadrature or imaginary seismic trace). The first input is a seismic
tracewhichis the recorded curve from a seismograph, and is referred to as the actual seismic
trace or real seismic trace (Tamtral 1977). This is the first input in generating what is known
as the complex seismic trace that is required when generating seisibidedt The second
input in generating the complex seismic trace is known as the quadrature trace or imaginary
seismic trace (Tanat al 1977). The imaginary seismic trace is calculated using the Hilbert
transform of the real seismic trace. The Hitlheansform is a filter that is applied to stacked
seismic data (real seismic trace) that rotates the phase angle by 90 degrees. This rotation of
phase angles cause what would be a-zewssing on the real seismic trace to be either a peak or
troughonthe imaginary trace, whilegaks and troughs on the real seismic trace will be-zero
crossings on the imaginary trace (FigurB)dPartyka, 199). The real seismic trace and
imaginary seismic trace are then combined to generate the complex seismiwliclce,

preserves the amplitude spectrum of both of the seismic traces and is displayed in 3D as a helical
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spiral along the time axis with the real seismic trace on one axis and the imaginary seismic trace

on the other (Figure-B8) (Taneret. al 1977).
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Figure 2-5 (a) Is the real seismic trace and (b) is the imaginary seismic trace. Thaxis is
amplitude and the yaxis is twoway travel time. Note the zerecrossings in the real seismic
trace result in peaks and troughs in the imaginary seismic trace, vile peaks and troughs
in the real seismic trace result in zerecrossings in the imaginary trace and vice versa. The

dotted line is reflection strength (Taneret. al, 1977).
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Real trace

Complex trace

Imaginary trace
(calculated)

Figure
2-6 A diagram of a portion of an actual complex seismic trace showing the quadrature
(imaginary) trace on the yaxis, the actual (real) seismic trace on the-axis and the helical
complex seismic trace on the time axis in 3D (BEG, 2015).
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Chapt-®atada and Met hods

3.1 Data Collected

The first step in beginning this study was to collect all available data for the zone of
interest within the study area. Data collected included the 3D seismic survey, digital and paper
well logs for thel2 wells drilled based off of the 3D seismic sunand the well drilled prior to
the survg being completed within the area covered by the sumdetails about each well (Table
3-1) and production data for the Morrison NE field (Tables & 1-2). Coral G®ast Petroleum
acquired the seismic data in 2010, in the Morrison NE field, Clark County, Kansas and donated
the survey for this study. Well and production data was available from the Kansas Geological

Survey website.
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Well Name Elevation Total Depth Digital Logs = Tops Status

(ft) (ft)
Harden 1 2118 KB 6690 Yes No 0&G
Harden 4 2134 KB 6777 Yes No D&A
Stephens 1 2050 GL 6840 Yes Yes 0&G
Stephens 2 2063 KB 6750 No Yes 0&G
Stephens 3 2065 KB 6760 Yes Yes D&A
Stephens 4 2049 KB 6760 Yes Yes 0&G
Stephens 5 1988 KB 6675 Yes No SWD
Stephens 6 2067 KB 6518 No No 0&G
Stephens 7 2044 KB 6610 Yes No 0&G
Stephens 8 1984 KB 6866 Yes No D&A
Stephens 9 2122 KB 6812 Yes Yes 0&G
Stephens 10 | 2055 KB 6760 Yes Yes 0&G (Morrow)
St e p hen|1997 KB 5340 Yes No D&A

Table 3-1 Data available for each well.

3.2Methodology

3.2-1 3D Seismic interpretation platform and Data Loading

IHS Kingdom Suiteand OpendTect softwamereused to complete this study. Kingdom
Suite is a Pébased software application that can cover a wide range of geological and seismic
interpretation workflows. Many companies of all different sizes use Kingdom Suite as their

seismic interpretation softwaiof choice. To learn more about IHS Kingdom suite go to:
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www.ihs.com OpendTect is an open source seismic interpretation software that is available for
free. Mok information on OpendTect can be foundwvatw.opendtect.org

A 3D Seismic survey was uploaded into IHS Kingdom Suite software and a workflow
was generated (TableZ). The survey parameters include 320 inlines running west to east and
380 crosslines running south to nowthh a bin spacing of 82.5 featpvering & area of
approximatelyseven and a ha#fiquare miles The sampling rate for this survey was
approximately 2.0 milliseconds 500 Hz with adequate sampling of up to 250 ¢H&/quist
frequency)and a cut dffrequency of 125 Hxavith thedominant frequencipeingabout 60 Has
seen in the amplitude spectrum shown in Figufle 3he survey was uploaded as a SEGY file
into Kingdom Suite using a seismic reference datun60Zeet and a replacentevelocity of
11,000 feet per second. The projection systesduor this survey was NAD 27, Southern
Kansas, US foot. Once the 3D seismic survey was loaded well locations, elevations, total depths,

digital logs, tops data and well statuses were also loaded into Kingdom Suite.

Step Method Description

Step 1 Create new project and upload seismic survey and well data to Kingdom S

Step 2 Generate synthetic seismograrssismic modeling and synthetio-seismic tie

Step 3 Seismic interpretation, horizon tracking and surface generation

Step 4 Generate seismittributes and spectral decomposition, quality check horizg
with Kingdom Suite

Step 5 Seismic attributes analysis Kingdom Suite and OpendTect

Step6 Digital well log analysis

Step7 Multi-attributes space and cluster analysis in prospesdtiation

Table 3-2 3D seismic interpretationworkflow .
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Figure 3-1 Amplitude spectrum for the Stephens Ranch 3D seismic survey.

3.2-2 1D Sismic modeling: ldentifying stratigraphic seismic horizons

Raw seismic data is of limited to use to a seismic interpreter. Things like structure are
possible to be interpreted using raw seismic data but no correlation to what formation is
appearing at a particular time depth can be made using only raw seismiclTdaie actual
formations of interest to the seismic data synthetic seismograms need to be generated. A
synthetic seismogram produces seismic traces unique to specific layers or formations of interest
in the subsurface when a seismic pulse is produSgdthetics also allow to correlate well log
data, which is sampled in feet, with seismic data which is sampled iwayaravel time. The
main inputs for generating synthetic seismograms are seismic trace data at the borehole, time
depth relationshiplarts, acoustic or sonic logs for the borehole, density logs for the borehole
and seismic wavelets extracted from the trace data or theoretical seismic wavelets. The well logs
provide a smaller sampling interval outside of the vertical resolution oétbens data when

velocity and density are measured at the borehole. Velocity and density information is taken
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from the well logs and configured to produce acoustic impedance which is shown in the equation
below:
Z=} T 9

where Z = acoustic impedanges density andy = velocity within the layer of interest. The
acoustic impedance and velocity information combine to produce a reflection coefficient related
to time. To achieve a reflection coefficient, two assumptions are made. The first assumption is
thatthe earth consists of horizontal layers with constant velocity, and the second is that the
source of the seismic pulse generates a compressional plane wave that encounters layer
boundaries anormalincidence producing no shear waves (Yilmaz, 1987). ré&fiection
coefficient is the change in velocity and density, or acoustic impedance, between two boundaries
(boundaries 1 & 2) and is calculating using the equation:

JL

e(t)= J_—L

|I_
=

where e(t) is the reflection coefficient; i8 acoustic impedance in medium one apisZ

acoustic impedance in medium 2. This reflection coefficient is the ratio of change in acoustic
impedance to twice the average in acoustic impedance across two boundarigs.gtédter

than 4, then the eflection coefficient is positive. Ifs less than Z then the reflection

coefficient is negative. After the reflection coefficient is calculated for all reflections in the
seismic data, a seismic wavelet is extracted from the seismic trace datading the borehole.

This seismic wavelet is known as the source wavelet and it is assumed toedi@ngimg as it

travels through the subsurface (Yilmaz, 1987). This wavelet will replicate itself according to the
reflection coefficient. If the reflémn coefficient is positive, the wavelet will exhibit positive

polarity (a peak), and if the reflection coefficient is negative, the wavelet will exhibit negative or
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reversed polarity (a trough). The source wavelet that is produced is then convolvdwwith
reflection coefficient to produce the synthetic seismogram for the well following the

convolutional model below:
X(t) = w(t) * e(t) + n(t)

where w(t) is the seismic wavelet, e(t) is the reflection coefficient, * signifies convolution, n(t) is
randomnoise and x(t) is the synthetic seismogram. Random noise is caused by several sources
such as wind, environment noise (e.g. passing truck) or geophones not secured to the ground
properly. Two assumptions about the above equation must be made to geisgratetic
seismogram. The first is that the noise component n(t) is zero and the second is that the source
waveform w(t) is known (Yilmaz, 1987). These assumptions produce the convolutional model

for a seismogram that is free of noise below:
x(t) = w(t) * e(t)

where w(t) is the seismic wavelet, e(t) is the reflection coefficient, * signifies convolution and
X(t) is the synthetic seismogram. Figur 8ives a visual representation of the processes behind

synthetic seismogram generation.
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Figure 3-2 (SMT, 2013) Visual representation of the convolutional model for synthetic
seismogram generation.

Synthetic seismograms, or synthetics, were generated for each well with digital well logs
within the 3D seismic survey area. The synthetics were generated using digital density logs and
sonic logs, timadepth charts, wavelets derived from the seismic dadiaseismic trace data
around each well borehole with available digital well Idgight out of thethirteenwells within
thearea covered by theeismic survey resulted in acceptable synthetic seismograms. The wells
with acceptable synthetics are; Steps 1, Stephens 3, Stephens 4, Stephens, #)e8i€ 6,

Stephens 7, Stephens 8 &téphens 9 (Figure-3).
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When generating synthetic seismograms, the initially generated synthetic does not
match well to the seismic trace data well resulting in a poweledion coefficient. Due to this
problem, a synthetic interpretation step is required to match the generated synthetic to the
seismic trace data. The first step in synthetic interpretation is the bulk shift. The bulk shift
operation shifts the entigynthetic either up or down which will change the correlation
coefficient and replacement velocity. It is important to be very careful when bulk shifting and
observe all changes happening. Once the maximum correlation coefficient achievable using the
bulk shift operation is reached, stretching and squeezing of the synthetic can be done as well to
further improve the correlation coefficient. An acceptable correlation coefficient between
seismic data at the borehole and synthetics is about 0.6 to 0.7e(Big§@). Stretching and
Squeezing must be done conservatively, to maintain accuracy in the final synthetic seismogram
(3-3a & b). Figure 33 also show the relationship between sonic logs, density logs, acoustic
impedance values amdflectivity coeffcients. These values all contribute to the generation of a

synthetic seismogram.
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Figure 3-3 a) is a visual representation of synthetic generationsing Kingdom Suite
showing acoustic impedance as the product of velocity (DT) and density (RHOB) of
particular horizons in the subsurface, reflection coefficients calculated from the ratio of the
difference in acoustic impedance to twice the average acoustic impedance across two
boundaries, reflection coefficient being convolved with the source wavelet, @dmdividual
wavelets being summed to generate a synthetic. Correlation coefficient value r=0.618
represents an acceptable correlation coefficient.
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Figure 3-3 b) Synthetic to seismic tie for the Stephens 1 Weising OpendTect Software
(same well as Figte 3-3 a). This synthetic dsplays a good correlation between the
generated synthetic and seismic trace data as well as the relationship between the sonic
(DT) and density (RHOB) logsand the acoustic impedance (Al) and reflectivity values.

Figure 3-3 Generation of Synthetic Seismograms.

3.2-3 Formation Tops and Horizon Tracking

To determine where the formations of interest are present within the seismic data,
formation top data has to be loaded into Kingdom Siible 33). Formation top data cahen
be lain over synthetic seismograms (Figw&&& b) which can be lain over the seismic trace

data (Figure 31) (Appendix B)allowing for the formation tops to be picked manually and
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tracked through the entire seismic section (Figugg. 3Auto picking of horizons in Kingdom is

an option that allows horizons to be picked with greater speed but at the expense of high pick
confidence (Figure-8). Auto picking is a good method to track horizapsckly. Examples of
horizons that were easy to trackilis studyusing auto pickingre the Arbuckle and Simpson
formations. The Arbuckle and Simpson formations are seen on the seismic trace data as very
consistent high amplitude peak or very consistent low amplitude trough throughout the survey
respectivey (Figure 37). The Viola limestone formation is not a good candidate for auto
picking due to changes in thicknéssismic resolutiothat result in inconsistent amplitudes
marking its formation top within the seismic trace data. When auto pickingdsousie Viola,
the strongest reflection is traced throughout
which is not truncated by variations in paleotopography. Auto pickitlgi®Zzone is shown in
Figure 36. When the Viola limestone horizos tracked manually and combined with

instantaneous seismic attributes, a more accurate surface is generated.
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Kinderhook Viola Simpson Arbuckle

St ephengNA N/A N/A N/A
Stephens 1 6304 6383 6575 6697
Stephens 2 6314 6387 6584 N/A
Stephens 3 6314 6407 6572 6694
Stephens 4 6284 6370 6560 6683
Stephens 5 6190 6304 6482 6614
Stephens 6 6324 6398 N/A N/A
Stephens 7 N/A N/A N/A N/A
Stephens 8 6236 6344 6508 N/A
Stephens 9 6349 6458 6633 6764
Stephens 10 6310 6480 6586 6710
Hardenl N/A N/A N/A N/A
Harden 4 N/A N/A N/A N/A

Table 3-3 Formation top data from logs.
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Figure 3-4 Amplitude cross section of agnthetic seismogram in red and gamma ray log in
blue lain over the seismic trace data.
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Figure 3-5 Amplitude cross sectionpicking the Arbuckle (red line) based off of synthetic

seismogram laid over the seismic trace data.
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Figure 3-6 Time structure horizon generated by auto tracking. Generates a good idea for
general structure of the Viola, but fails to recognize subtle changes in thickness that
generate paleotopographic traps. Also, gaps are seen in the map as white space that must
be manually interpreted.
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FigUre 3-7 The Arbuckle (red line) follows a very consistent amplitude peak throUghout the
survey, which can be seen as a black peak on the wiggle trace above. The Simpson (blue
line) follows a very consistent amptude trough, which can be seen as a gold trough on the
wiggle trace above.
3.2-4 Tuning Analysis

The shape of the reflection wavelet can vary when closely spaced reflecting interfaces
interfere with each other. This variation in shape is known asittieg effect. Tuning effects
occur when the wavelength is greater than the bed thickness, causing the reflections to resonate
and interfere (Hardage, 2009). A wedge model can explain the effect of bed thickness on
seismic amplitude (Figure-8). As thewedge thins the lobes constructively interfere when the
wedge thickness is orguarter that of the effective source wavelet or-balé the thickness of
the dominant periodGhopra &Marfurt, 2007). This constructive interference is causing a
positive anplitude anomaly on thieft side of the Figure-B wedge model. Analysis of the

effects of tuning can be done in the Kingdom Suite for each wavelet extracted at the borehole as

well as for theoretical zerphase wavelets (FigureB(Appendix A). This taing analysis gives

40



an idea of where to be careful with regard to amplitude anomalies caused by interference of thin

—
-
"‘\“’7??7??77777777)]]]] o
Wi 1]1%%

% Wavelength Quantification of Thickness

Figure 3-8 Example of wedge modeling on a seismic wiggle trace, tuning effects cause
increased amplitude on left edge of the we@gmodel (IHS, 2012).
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Figure 3-9 Tuning analysis chart for a theoretical Ricker wavelet of the above wedge model
in Figure 3-8. Maximum tuning effects occur at approximately 8 milliseconds on alll
extracted wavelets (Appendix A) and at 20 milliseconds aime Ricker wavelet above (IHS,
2012).

3.2-5 Well Log Evaluation

Digital well logs (LAS Logs) were available fod vells targeting the Viola limestone
within the 3D seismic survey ar€bable 34). Within these digital well logs, sonic (DT) and

density (RHOB) log values at all depths along the borehole were analyzed. This analysis
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compared density, soniporosityand acoustic impedance log values between all wells with
particular attention to eoparing producing wells with negproducing or pooeproducing wells.
Formation tops and thickness were also analyzed with emphasis on the Viola and the overlying
Maquoketa formation. Richardson, 2013 credits production in the Viola limestone to thinning
within the Maquoketa and subsequent thickening in the Viola generating paleotopographic traps

that preserve the productive porosity in the Viola (Figu&).2

Density Sonic (DT) Photoelectriﬁ Resistivity Porosity

(RHOB) Effect (PE) | Logs Logs
Harden 1 | Yes Yes Yes Yes Yes Yes
Harden 4 | Yes No Yes Yes Yes Yes
Stephens 1| Yes Yes Yes Yes Yes Yes
Stephens 2| No No No No No No
Stephens 3| Yes Yes Yes Yes Yes Yes
Stephens 4| Yes Yes Yes Yes Yes Yes
Stephens 5| Yes Yes Yes Yes Yes Yes
Stephen$ | No No No No No No
Stephens 7| Yes Yes Yes Yes Yes Yes
Stephens 8| Yes Yes Yes Yes Yes Yes
Stephens 9| Yes Yes Yes Yes Yes Yes
Stephens | Yes Yes Yes Yes Yes Yes
é?ephens Yes Yes Yes Yes Yes Yes
6A0 1

Table 3-4 Available LAS logs.
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3.2-6 Seismic Attributes

3.2-6 a) Instantaneous Phase

Instantaneous phase is defined as the orientation angle of the amplitude vector at a
particular time. Instantaneous phase represents the phase of a vector of individual simple harmonic
motions. While individual vectors usually rotate clockwise, their resultant vector may at some
instances appear to turn in the opposite direction. This usually the effetdrégrence of two
closely arriving waveletdHS, 2012) A wave front is defined as a line of constant phase, which
makes the phase attribute a physical attribute that can be used to describe geometrical shape
(Taner, 2001). This makes instantanedusse a useful attribute in indicating lateral continuity
of rock layers and making a detailed visualization of bedding configurations (IHS, 2012).
Instantaneous phase can make weak coherent events more clear (Taner et alt £977).

expressed by:
u (t) = arc tan [W2)X(z)]

wheret is time (or depth) ang(z) andx(z)are themaginaryandrealcomponents of the complex

seismic trace (Figure-B0).
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y(0)
Figure 3-10 Close up of a complex seismic trace witthe real seismic trace representeds
X(t) on the xaxis and the imaginary seismic trace represented as y(t) on theaxis.
Instantaneous phase is represented as(t) on the image. Instantaneous amplitude or
envelope is also represented on the figure as a(t) (BEG, 2015).

3.2-6 b) Normalized Amplitude

Normalized amplitude is simply the cosine of the instantaneous phase angle. All of the
details of instantaneous phase will be preserved in the normalized amplitude attribute, but the
jumps inherent to instantaneous phase are avoided usin@lized amplitude. Values of

normalized amplitude will vary betweeh and +1. Normalized amplitude is useful in

determining the direction of lateral continuity (IHS, 2012).

3.2-6 c) Amplitude

Amplitude data can be a useful attribute in hydrocarlesemvoir characterization. This
is the most common seismic attribute, and amplitude is often correlated with porosity and liquid
saturation. Amplitude is simply the height of a wave. A negative amplitude indicates a trough
and a positive amplitude indites a peak in the seismic trace. The bigger the peak or trough

coincides with increasingly positive or negative amplitude values.
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3.26 d) Instantaneous frequency

Instantaneous frequency is defined as the rate of change of phase o\detiuaive of
instantaneous phaseyVave propagation and depositional environments can be related to
instantaneous frequencies. Uses of instantaneous frequency in this study are to indicate low
impedance thin beds and relate those thin beds to tumcigesse$lHS, 2012) In zones of
decreasing amplitude instantaneous frequency will peak and a surge in instantaneous frequency
values can be an indicator of hydrocarbon saturation (Raef, 20&tantaneous frequency is

calculated by the following emtion:

W(t) =g

wherel (t) is instantaneous phase and t is time (or d€pE(p,2015)

3.2-6 e) Thin Bed Indicator
The tin bed indicator attribute shows interference zones in phase. Itis computed as the
difference between instantanedteqjuency and time averaged frequencies following the

eguation
TBI=w({l)i = =
where w(t) is instantaneous frequency values. Thin bed indicaitolpe used to indicate

laterally continuous thin beds and give finer details of bedding patterns (IH8, 201
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Attribute

Definition

Implication

Instantaneous Orientation angle of | Indicates lateral Figures4-2 & 4-3
Phase the amplitude vector | continuity of rock
at a given time layers, aids in creating
a detailed
visualization of
bedding
configurations and
makes wealy
coherent events more
clear
Normalized Cosine of the Helpful in lateral Figure 44
Amplitude instantaneous phase| continuity direction
angle determination
Amplitude Height of a peak or | Indicates low porosity| Figures 41, 4-6, 4
trough in a wavelet, | zones and potential | 10 and 411
wavelets respond to | hydrocarbon presence
changesn impedance
Instantaneous Rate of change of Values peak with Figure 414
Frequency phase over time tuning thickness whern
(derivative of amplitudeis
instantaneous phase] decreasing
Thin Bed Indicator| Difference between | Indicates laterally Figure 414

instantaneous and tim
averaged frequencies

continuous thin beds
and gives fine detail o

bedding patterns

Table 3-5 Seismic attribute descriptions
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ChaptiRes4ul ts and Discussi

Seismic attributes workflows were run to be correlated with the geological data derived
from the borehole, and to determine why certain wells that were drilled did not produce or why
one well produced so poorly that ia&abandoned and subsequently converted into a salt water
disposal well. Another objective of running seismic attributes workflows was to quality check
the accuracy of the horizons of interest within the study area, most importantly the Viola
limestone. As mentioned above the Arbuckle and Simpson formations are associated with
consistent signature amplitude peaks or troughs, but the Viola limestone presents a problem
when picking. Using a seismic attributes extraction solves this problem and can mdiadahe
horizon stand out. Previous work by Richardson, 2013 explains varying thickness in the Viola as
it relates to preserving a productive porosity pedeotopographitrap. These variations in
thickness are subtle, and can be difficult to pick upvban visualizing broadband seismic
amplitude data or wiggle tracbkst the variations in porosity as well as hydrocarbon presence
can produce velocity anomalies that improve the resolution of the seismic data in potential
productive zonesA decrease ithe velocity of the seismic wave front would result in a shorter

dominant wavelength according the equation:

o vff

where & is t he fistmeidommant frequeneyaidetinegammant velocity.
A shorter dominant wavelength will improveet vertical resolution of the seismic trace data
(Yilmaz, 1987). This more porous zone of the Viola limestone formation exist at theftibye
formation increased seismiesolution should occur at the top of the VioEhe synthetic

seismograms showcho u bl et occurring at the Viola ACO
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(Figure 32). Thisdoubletis alsoseen in the wiggle trace displayed in Figusg. 4Thedoublet

is indeedseen in the wiggle trace, but the doublet is quite subtle and difficult to pick up on.
However, after an attributes extraction, particularly instantaneous attributes, the picture becomes
clearer and proper horizon picks of the Viola on the seismic ti@teeca@ be made.

Instantaneous phase and normalized amplitashethen be used to emphasize the lateral

continuity of seismic events, which allows for accurate picking of the Viola horizon.

Figure 4-1 Amplitude wiggle tracecross sectiorwith the Viola limestone horizon in green.
Increased resolution associated with a velocity anomalyithin the Viola is difficult to pick

up on in broadband amplitude datg and the strongest reflection event still occurs below
the top of the Viola
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The instantaneauphase of a cross section through a well is shown in FigRreEvents
that show up as weakly coherent in amplitude cross sections are emphasized and shown to be
coherentased on a consistent phase andglach color in the cross section represenifferent
degree of phase that relates to the propagation phase of the seismic wave front. A consistent
phase angle near 45 degrees indicates the lateral continuity of the Viola limestone. The split in
this phase angle value around the borelhmtation mdicated the increased seismic resolutbdn
the Viola which is interpeted as a velocity anomaly associated with increased porosity at the top

of the Viola and/or the presence of hydrocarb@igure 43).
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Figure 4-2 The above cross section showise instantaneous phase without the picked

horizons lain over it. The Viola lies at a time depth between 1.000 and 1.020 (indicated by
black arrow). An instantaneous phase represented by a green horizon in this time range is
interpreted as the Viola limestone, which thickens and splits at the Stephens 10 borehole

representing apaleotopographictrap.
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Figure 4-3 Instantaneous phase cross sections across Stephens 10 well. The Viola limestone
is displayed in black following a consistent instantaneous pka and the Arbuckle

formation is displayed in white also following a consistent instantaneous phase. Phase
angles are represented by the color bar on the right.
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Normalizing the amplitude of seismic trace data accurately shows the subtle changes in
thickness athe top of the Viola limestondnstantaneous phase and normalized amplialides
for a much better pick of the top of the Viola limestone than can be uking just raw
broadband seismic amplitudé very pronounced doublet forms around borehole locations
which impliesa velocity anomaly associated with productive porosity and/or hydrocarbon
presence at the top of the ViqRigure 44). In looking at the wiggle overlay in Figurel4
which is just amplitude compared to the wiggle overlay in Figedethe usefulness of
normalized amplitude in highlightingotentially productive zones within the Viol&he doublet
is formed on eitherdie of t he well forming what some inte
foot bal |l 0 s hap eaveldtitytanomady within thkogzaneof interest. Daulflets
in the normalized amplitude cross section wittne Viola have been interpretedzases of
increased porosifyand thus are targets for hydrocarbon exploration in \fialaotopographic

traps.
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Figure 4-4 Normalized amplitude wiggle trace at the same location as Figure&@ A
doublet in the wiggle trace is easy to pick up using theormalized amplitude attribute
making the Viola limestone horizon easier to pick with greater confidence.

Figures 41, 4-2, 4-3 and4-4 confirm a seismic doublet that forms around the borehole
locations within the study area. Wells within the surveytargeting the upper Viola which
exhibits the productive dolomite porosity. T
zone, deeming the Viol Rickalwson 2013)Thisisviihrd&ré and @A BoO

porosity is present arftydrocarbortraps ae located. Figure-b is a time structure map of the

Viola ACO zone which shows goovelecityiadosmaliese of pal
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cross section of this pick can be seen in Figuée ®n this cross section a doublet forms around

the boreha location like the ones seen using instantaneous phase and normalized amplitude in

the figures above (Figuresi4 42, 43 and 44). The doublet that forms is interpreted dsva

velocity anomalydue to either 1) higher porosity and/or 2) lower impegague to the presence

of hydrocarbon. This low velocity anomaly improves the resolution of the seismic data allowing

for the Viola to be more accurately picked as in Figurésathd 48. Figure 49 gives a 3D

i mage of the Viola Vi®d az dirtCed comparwd d fhed htehe/i o
3D image in kgure 49 demonstrates the difference between the two tops picked as it relates to

well placementPi cki ng t he Viola top ameintogupedsed t o t h

amplitude anomalies thabrrelated with well production
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Figure 4-7 Time structure map of the Viola top showing paleotopographic traps, zones of
productive porosity and/or hydrocarbon presence.
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Figure 4-8 Amplitude cross section of the same inline as Figure@ with the Viola top in
purple lain overtheViol a A Co0 zone in |light blue.
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Figure49Top i mage is a time structure image of tF
is a time structure iIimage of the Viola top ov
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Attribute extraction was also carried outeealuate well placement and to determine if
attributes analysis could have avoided the completion of the dry holes in the survey and the well
with poor economics seen in Stepherisdnverted to SWD) The most useful attribute in
discerning producing wellfrom ureconomic wells was amplitudéAmplitude maps were
generate on both the Viola ACO0 zone and the
maps can & seen when comparing Figurd @ to Figure 411. With the Viola top horizon
marking thehydrocarbon bearing zone, amplitude anomalies within this horizon were of
particular interest in this study’roducing wellsn the Viola limestond&adconsistentijjower
amplitude values than dry holes and the well that was converted to a SWihwled amplitude
map for the Viola top horizo(Figure 411). These amplitude values are displayed on the graph
in Figure 412. Producing wells in the Viola, in green, have relatively lower amplitudes than the
nonproducing wells in blueThese low ampiude anomaliethat arehighlighting the
hydrocarbon bearing zone make sense because the presence of hydrocarbons would decrease the
variation in acoustic impedance between the Viola and the overlying hofizoring effects
could explain the high amplitle anomalies seen jmmoducing wellsStephens And4 as the peak
to trough thickness of the wavelet at these locations was 8ms, which aligns with the maximum
effect of tuning on amplitude for the waveletdracted along the Stephens 1 ar{é&igure 4
13). Further investigation into the effects of tuning thickness revealedhitfaer values of
instantaneous frequency correlated with amplitudes near zero, specifically the amplitude values
seen in the productive well®As mentioned in studies by Raef, 2Q0(nstantaneous frequency
peaks with tuning effects in zones of decreasing amplitudes like what we see in the Viola
limestone, also a surge in instantaneous frequency can be an indicator of hydrocarbon saturation

(Figure 414). The thin bed indicatoattribute was also applied tthe 16ms time window at the
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top of the Viola in Figure-44 to compliment the instantaneous frequency data. Thin bed
indicator peaks with instantaneous frequency further strengthening the case for tuning effects
occurring withinthe zone of deceasing amplituaie well as displaying productive wells

associated with particular thin bed indicator values and instantaneous frequency values
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Figure 4-11 Amplitude map of the Viola top.
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Figure 4-12 Amplitude values for the Viola top horizon at well locations with producing

wells in the Viola green and nonproducers are blue. Wells are fromleft to right: Harden

1, Harden 4, Stephens 1, Stephens 18tephens 2, Stephens 3, Stephens 4, Stephens 5,
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Figure 4-13 Tuning charts for Stephens 1, 4 and 10 showing maximum effects of tuning at
approximately 8ms.
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Figure 4-14 Map of a 16ms timewindow within the upper Viola limestone showing effects
of instantaneous frequency and thin bed indicator attributes. Green boundaries on the
charts below are displayed on the horizon abovie green. The chart on thdeft plots
amplitude values on the yaxis against instantaneous frequency values on theaxis. The
chart on theright plots thin bed indicator on the yaxis against instantaneous frequency on
the x-axis. Wells producing within the Viola are displayed in black, dry holes drilled in the
Viola are displayed inred and the salt water disposal well is in blugthe purple well
produces from the morrow formation and was originally a dry hole targeting the Viola
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Well log evaluatiorwas conducted on both digital and raster log#ien evaluating logs
with regard tahicknessesvithin the formations of interest, thinning within the Maquoketa
seemed to correlate directly with production in wells wigiologs including the Maquoketa.
Relatively thick Maquoketa resulted in no production while relatively thin Maquoketa resulted in
productive wells (Table-4). These Subtle changes in thickness are outside of the temporal
resolution of the seismic survep they cannot be noticed when prospecting using the seismic
data.

Evaluation of digital (LAS) logs was completed with focus on how acoustic impedance
(density log * sonic log) and porosity relate to lithologhhis relationship was then correlated to
well placement and production. Various cross plots of these values are shown in figéres 4
16, 417, 418 and 419. Figure 415 showsspontaneouporosity (SPOR) decreasing with depth
through the pay zone with a correlation coefficient e0r5alongwith gamma ray log (GR)
values trending the opposite directifmn the Stephens 1 producing wetidicating the highest
porosity is located at the top of the Viollm figure 416 concentrated neutron porosity
(CNPOR) and acoustic impedance is plottgdimast measured depth through the pay zone for
Stephens 1. This shows the highest porosity values aligning with the lowest acoustic impedance
values at the top of the Violdigure 417 emphasizes that conclusion drawn from figufe4
showing the lineatrend between acoustic impedance and CNR&@Rosity increases while
acoustic impedance decregsies Stephens 11n figure 418 and 419 the same well log values
are evaluated, but for the dry hole Stephens 8. Figli&plots the gamma ray log adensity
porosity against measured depth similar to the cross plot in figise 4 he porosity log
behavs similarly to the porosity log for Stephens 1 at depth (steadily increasing as depth

decreases), but towards the top of the Viola, where the poteayiaone would be located, the
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porosity values suddenly drops. Figurétemphasizes the difference between productive wells
and dry holes seen in comparing Figurgto Figure 417 plotting CNPOR and acoustic

impedance against density porosity (DPORis cross ploshowsacoustic impedance increase

as porosity decreases, but t h8astheyalid ip the coossi t vy

plots for Stephens 1.

Well Maquoketa Thickness Well Status
Stephens 1 171t. Producing
Stephes 2 111t. Producing
Stephens 3 29 ft. Dry Hole
Stephens 4 22 ft. Producing
Stephens 5 28 ft. Salt Water Disposal Well
Stephens 6 11 1t Producing
Stephens 7 19 ft. Producing
Stephens 8 34 ft. Dry Hole
Stephens 9 14 ft. Producing
Stephens 10 18 ft. Producing(Morrow)
Harden 1 17 ft. Producing
Harden 4 N/A Dry Hole

Table 4-1 Maquoketa thickness correlated to well production.
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Figuré 4-16 Concentrated neutron porosity (CNPOR) and acoustic impedance plotted
against depth (MD) through the Viola limestone for Stephens.
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Figure 4-17 Acoustic impedance plotted against concentrated neutron porosity (CNPOR)
through the Viola limestone for Stephens 1.
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against density porosity (DPOR) through the Viola limestone for Stephens 8.
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Chaptie€€Cronx | vasnidec mmendati on

Identification of potentially productiveones within the Viola limestone are based on
instantaneous attribigenalysisand amplitude anomalies. Using the workflow presented by this
study could benefit future development plans in the Morrison and Morrison NE fields-of east
central Clark CountyKS as well as other locations in southwest and soethral Kansas.
Identification of doublets forming at the top of the Viaigply a velocity anomaly associated
with either the presence of hydrocarbons, the presence of more porous rock or a caomdfinatio
the two. Low velocity anomalies increase the resolution of the seismic data which results in the
doubletsobserved in the seismic trace datastantaneous phase and normalized amplitude
attributes are helpful in identifying these velocity anomédbesing a doublet in the seismic
trace data.The purpose of generating instantaneous phase and normalized amplitude attributes
was to identify zones with hydrocarbon producing potential.

Amplitude was analyzed to identify a trend associating partieugiitudes with
producing or nofproducing wells in the study arehower amplitudes were associated with
producing wells, while higher amplitudes were associated with dry holes and uneconomical
wells with the exception of wells with a peak to trouglekhiess aligned witthe greatest effects
of tuning thickness.

The instantaneous frequency attributeen cross plotted with amplitude showed that
high values in instantaneous frequency correlated with amplitude values associated with the
wells completedn the survey areaThis surge of instantaneous frequency values associated
with decreasing amplitude valuaglicates hydrocarbon saturation. The thin bed indicator
attribute compliments this point showing an increase in values as instantaneous jreqles

increase.
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Combining the attributes used in this study (amplitude, instantaneous phase,
instantaneous frequency, normalized amplitude, and thin bezhtodjigives insight into the
presence productive porosity and hydrocarbon saturation wht@ikibla limestone in the study
area. Instantaneous phase and normalized amplitude highlight the doublet forming at the top of
the Viola that indicates the potentially productive porosity is present. Amplitude anomalies
correlate well with production, skwing productive wells with amplitudes very low near zero
while nonproductive wells are associated with higher amplitudésmbining low amplitude
anomalies associated with the wells in the survey with instantaneous frequency and thin bed
indicator showsuning effects associated with the productive wells. This workflow demonstrates
that hydrocarbon bearing zones in the Viola limestone within the study area behave as thin beds.
In future production plans within the field as well as other areas tardgbarigiola
limestone, combining instantaneous attributes for identification of zones of interest with
amplitude analysis of these zones can lead to improved success in Viola limestone production by
eliminating the completion of dry hole3.he southwest adoer and westentral portions of the
Stephens Ranch survey are of particular interest for future well placenteintthe area. These
two areas show the improved resolution seen in productive wells as well as the instantaneous
frequency and thin bed irwhtor values associated with productive wells (Figulef65-2).
Coral Coast Petroleum hakeadyacquired more seismic surveipsthe areavhich are
being developedExploration by Coral Coast could benefit from running this type of workflow
at no etra cost. As more well control becomes available in these surveys this workflow should
be repeated and if similar results are obtained, the workflow presented could become a valuable

asset to Viola exploration in the arearsunding Clark County, Kansas
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Figure 5-1 Viola Top modified from Figure 4-14. Green on the map represents areas where

instantaneous frequency are peaking with thin bed indicatoan indicated by the cross plots
below. Circles represent potential future well placement areas.
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Vola Top

Figure 5-2 Time structure map of the Viola top. White circles represent areas for potetial
future well placement.
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AppendbyxntBheti cs on Seismic Tr

Figure B-1 Synthetic seismogram for Stephens 1 lain over trace data with tops dat®iola
ACO zone in blue and Viola top in purple.
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Figure B-2 Synthetic seismogram for Stephens 3 lain over trace data with tops datéola
ACoO zone in blue and Viola top in purple.
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Figure B-3 Synthetic seismogram for Stephens 4 lain ovérace data with tops data. Viola

ACoO zone in blue and Viola top in purple.
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Figure B-4 Synthetic seismogram for Stephens 5 lain over trace data with tops data. Viola

ACO zone in blue and Viola top in purple.
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Figure B-5 Synthetic seismogram for Stephens 8 lain over trace data with tops data. Viola

ACoO zone in blue and Viola top in purple.
Stephens &
Line: 1108.0 1108.0 -¢-11ng_n 1108.0 1100.0
Trace: 180.0 200.0 220.0 240.0 260.0
Il Il Il PET R R 1 1 Il
0.7 00 . g L0700
[ T ot Y ol D —— I ——2 351
. # 'ﬁl - _lw | 215?
] R —
B 1982
. [ 1798
s ° i 1.614
0.800 10,300 1.429
i 1.245
L]
— I 1.060
i 0.876
—— - 0.692
L 0.507
o — [ 0322
) 0.138
- r
- - 10,046
' :
m — i 0231
i L0.415
. '-. L
1000-fman, - 0 2 [1.000 0.599
- S [ 0.
- — SIMP ! 0.784
L 0,968
L 1.153
o | 1.337
- [ 1.521

. I

1100 -~ “"w . c =1.100 1.706
h —— ' I

w [ 190

—— ] i 5 075

- I 2 351

R — .. -

88



Figure B-6 Synthetic seismogram for StephenS lain over trace data with tops data. Viola
ACO zone in bl ueapleand Viola top in
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Figure B-7 Synthetic seismogram for Stephens 10 lain over trace data with tops data. Viola
ACO zone in blue and Viola top in purple.
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