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ABSTRACT

The primary source of present-day, on-shore oil and naturghs production in the United
States is within unconventional, tight reservoirs. Recovg factors in unconventional reser-
voirs are typically 5-15%, and substantially less than in ewentional reservoirs. Current
hydraulic fracturing and completion e orts are directed toimproving recovery, where even

a 1% increase could substantially impact the economics ofetheld.

The Wattenberg Field is among the most successful unconvemtial elds in the United
States, targeting the Niobrara and Codell formations. The Reervoir Characterization
Project in conjunction with the eld operator, Anadarko Petroleum Corporation, acquired
three multi-component, time-lapse seismic surveys over auf-square mile area to study the
stimulation and production e ects associated with 11 horiantal wells. The baseline survey
was acquired prior to drilling the wells. The rst monitor was acquired during completion
of these wells, and the second monitor acquired after two ysaof production to observe
dynamic changes to the reservoir. Time-lapse, pre-stackisaic inversion of the compres-
sional wave data was performed to analyze the changes to theservoir at these two pivotal
instances. Observing changes from monitor one (during colapon) to the baseline has pro-
vided an understanding of the e ectiveness of the hydraulistimulation, and the opening of
existing and new fracture networks. There is no in-situ fregas in the reservoir; however,
after 90 days of production, near-wellbore reservoir pragges drop below bubble point and
gas is released from solution. During the two-year intervaletween the acquisition of the rst
and second time-lapse seismic data, the 11 wells experighe® increased gas production
and increasing gas-oil-ratios over time. The inversion nal§ from the second monitor with
reference to the baseline survey provides information altaile in uence of gas on the sys-

tem, thereby indicating the e ectiveness of the completioand contributing reservoir volume.



Time-lapse seismic inversion has allowed for a self-cotens interpretation of the oil and
gas production, directly correlating to the stimulation am production, in addition to in-situ
stress and structure as it relates to a change in compressabvelocity. The results of this
study will assist in understanding these variables to helpuide future eld operations and

completion strategies.
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CHAPTER 1
INTRODUCTION

The Colorado School of Mines (CSM) Reservoir Characterizah Project (RCP) has been
supported by Anadarko Petroleum Corporation (APC) for PhaseXV and XVI. The RCPs
primary objective is to provide recommendations to enhanceecovery and operations by
providing an analysis of the dynamic changes to the Niobrarand Codell formations within
the Denver-Julesburg (DJ) Basin, Colorado. The study area is dquare mile, referred to as
the Wishbone Section, located in the southern core area of thi¢attenberg Field, Colorado,
USA. The Wishbone Section is owned and operated by APC, and was ds&s a test section
for well spacing, formation targets, and completion desigio determine key variables that

would enhance recovery and improve operational e ciency.

Time-lapse seismic has been used in the conventional res@rgsandstone, high porosi-
ty/permeability) setting for decades tackling a variety ofdynamic mechanics that in uence
the ultimate recovery (EUR via enhanced oil recovery (EOR))¢ompartmentalization (frac-
tures/traps) and prolonged reservoir integrity (subsideoe). History of time-lapse seismic
has proved dynamic changes in acoustic waves being most gesesto porosity. More specif-
ically, as a reservoir is depleted there is a decrease in pgitp directly associated with a pore
pressure decrease creating an acoustically faster mediatths observable in a time-lapse
study. Time-lapse seismic has not been widely implemented tharacterize unconventional
tight-rock reservoirs as they are a magnitude less in porgsithan their conventional sand-
stone counterparts. This has caused wide-spread hesitatiby industry to economically risk
time-lapse acquisition and study. Hydraulic fracturing is &y to developing tight-rock reser-
voirs with the sole intention of increasing permeability inthe reservoir in relation to the

wellbore(s). Hydraulic fracturing would provide the invers e ect on conventional applica-



tions for time-lapse seismic, where an e ective increase permeability and pore pressure
would cause a slowing of the reservoir. A time-lapse studyqdred during stimulation in a
tight-rock reservoir would provide a more accurate estimain of completion e ectiveness, in
addition to quantifying uncertainties speci ¢ to other gescience data such as microseismic,

when interpreting a stimulated rock volume (SRV).

Conventional time-lapse seismic applications are also dst detect gas in uence on a
given reservoir system. An miscible/immiscible gas- ood wid increase reservoir pressures
and assist the release of by-passed hydrocarbons contaimedhe reservoir's porosity. Can-
didates for this application have retained only formation \ater and liquid hydrocarbons,
but no presence of gas. Injecting immiscible gas increaseservoir pressures and in uences
liquids to producing wells. A miscible injection would redtiin a mixing of the solution, in-
creasing reservoir pressure and occupy pore space originatcupied by the liquids. Both of
which have been successfully monitored via time-lapse $eis due to the dramatic increase

of compressibility resulting from even the smallest in uece of gas (Ostrander, 1984).

The Niobrara and Codell reservoirs in the RCP study area are expressured and satu-
rated by hydrocarbons because of a protruded thermal anomgahlong Colorado's mineral
belt creating an ideal kitchen window for the local and intebedded source rock (Sonnen-
berg and Underwood, 2013). Pressure, Volume and Temperat{®VvT) analysis performed
near the RCP study area indicates that gas is being releasedrh solution after roughly 90
days of production where there is no free gas initially in theystem. The acquisition of a
time-lapse survey after a given production period greateh&an 90 days would capture the
increase in compressibility of the reservoir, associatedtlva slowing e ect on both compres-
sional and shear velocities. The "softening" observed in¢hseismic data will be explained by
increased gas saturations indicating areas structurallyr dithologically compartmentalized.

These observations will directly apply to the e ectivenes®f the stimulation, and thereby



have a direct in uence to future completion design and eld perations.

Current operations and completions in the Niobrara and Codeleservoirs are economic,
but average only 8% in recovery factor between the two. RCP dmAPC are implementing
dynamic reservoir characterization in order to bridge the ap in recovery factor between
unconventional reservoirs and conventional reservoirs. iffie-lapse seismic technology can
advance the current understanding of unconventional resairs by providing a three dimen-

sional representation of changes over time.

Time-lapse, multi component (9C/4D) seismic surveys werecquired over the Wishbone
Section to observe completion and production e ects to the servoir. The RCP has been
involved in with Anadarko in the Wattenberg Field since the Fdl of 2013. Figure 1.1 il-
lustrates the RCP's involvement between project Phases XV dnXVI. The baseline survey
was acquired over initial reservoir conditions after drilhg, rst monitor survey (Monitor 1)
acquired during/after completion and second monitor (Monibr 2) after two years of pro-
duction. This study will cover the stimulation and production e ects to the reservoir with a

multidisciplinary focus to aid in enhancing recovery and ggrations.

Wishbone
Section
Drilled

Wishbone )/ Surface Turkey Shoot
Well Microseismic 9C
Completion Monitor 1

Turkey
Shoot
9C Baseline

15t Month 2nd Month 4th Month \_ 4t Month 6™ Month

 Pheexv %

2 Years Turkey Shoot
Production 9C
Monitor 2

2 Years 2 Years

[ Phase XVI — 2

Figure 1.1: Timeline of Phase XV and XVI, providing RCP involvemet and available data
via Anadarko Petroleum Corporation.




1.1 Objectives

This thesis will focus on the time-lapse response of the corapsional (PP) seismic data in
the Wishbone Section in association with the stimulation angroduction of the Niobrara and

Codell formations. Several intermediate goals were acheglvduring this process including:

Cross-equalized pre-stack PP 3D volumes for both Monitor Ind Monitor 2 surveys

with respect to the Baseline survey as input to future timedpse studies

Time-lapse, pre-stack inversion of Baseline and cross-atiged Monitor surveys, gain-

ing accurate compressional impedance (Ip) volumes and theli erences
P-velocity (V,) changes from increasing pore pressure after stimulatioMgnitor 1)

Modeled changes irV, for a combined pore pressure increase after two-years of pro

duction and gas out of solution (Monitor 2)

Integrated interpretations associating this study with pevious RCP work to constrain

reservoir simulation iterations
1.2 Data Overview

The data used in this study was provided by both RCP and Anadark Petroleum Cor-
poration with its relative location in the Wattenberg Field in Figure 1.2, with an enhanced
view of this location and the data available to RCP shown in Figre 1.3. The data behind
the focus of Phase XV and XVI is three time-lapse (4D), multicomgnent (9C) seismic sur-
veys (Turkey Shoot) that are roughly 4 square miles, centedever 11 horizontal wells in the
Wishbone Section provided in Figure 1.4.

Figure 1.4 provides a map overview of the Turkey Shoot locatiovith the 11 horizontal
wells and the nine wells used in the PP pre-stack inversiong.here are eight preexisting
vertical wells in the Turkey Shoot (Blind Wells A-B and WellsB-G), none of which had real

sonic logs. A neural network was used to calculate synthetsonic logs for all of the wells
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Figure 1.4: The Turkey Shoot survey area, in addition to the mie wells involved in some
capacity for the inversion process, further discussed in @en 3.2.

within the survey bounds. There is only one well near the Tudy Shoot that had dipole
sonics acquired and was transposed into the survey, avoidistructure variations, and main-

taining consistent impedance through the entire reservointerval shown in Figure 1.5.

1.3 Geologic Overview

The Denver-Julesberg (DJ) Basin is located directly east of éhRocky Mountains in
Colorado and extends to Wyoming, Nebraska and Kansas. The basxtends over 70,000
square miles, but the most proli ¢ portion of the basin is loated within the Wattenberg
Field, roughly 1600 square miles, in Northeast Colorado (Figerl.2). The DJ is an asym-

metric foreland basin, steeply dipping to the west and gemntlto the east Figure 1.6.

The Wattenberg Field was discovered in 1970 by Amoco ProductidcCompany with gas
completions in the J Sandstone. Future development of the l@é led to multiple pay zones
considered to be unconventional plays requiring hydraulitacturing stimulation. Since the

unconventional boom in the early 2000's, the Niobrara forman has grown to be one of
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Figure 1.5: A P-impedance extraction through the entire reseoir interval, showing the
original location of Well A within the Anatoli survey and its transposed location into the
Turkey Shoot survey boundary. Its new location was supporteby the similarity in structure

and consistent geology.
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Figure 1.6: Cross section of the DJ basin from west to east, fnothe foothills of the Rocky
Mountains to the borders of Kansas (Sonnenberg and UnderwqdD13)



the most pro table unconventional discoveries in the UnitedStates. The Niobrara includes
two members: the Smoky Hill and Fort Hays. The Smoky Hill is the ma interval of in-
terest, consisting of inter-bedded limestones and calcaes shales. For simplicity, they are
commonly referred to as oscillating chalks and marls that arlabeled in sequence A-C, Fig-
ure 1.7. The Wishbone section however, does not have the A intal as it is thought to be
eroded due to a paleo-high. The Fort Hays member is a tight Lirs®ne that vastly di ers in
character. Having almost no permeability or porosity, it act as a barrier to reservoirs below.
The Sharron Springs and the Pierre Shale are a regional seal the Smoky Hill member of
the Niobrara. It is also important to note that the individual marl benches are also thought

to be a local, restrictive seals, allowing for more hydrodaons to be trapped in the chalks.

The Niobrara ranges 200 to 400 feet in total thickness, wherbd individual benches are
30 to 50 feet thick at total depths of 7200 to 8000 feet below r$ace in the Wattenberg
Field. The chalks and marls are inter-bedded and can be di ctlto interpret on log data
as provided in Figure 1.8. The chalks are separated from the ngwith higher resistivity
(>30 ohmm), lower gamma ray, higher porosity, and higher permigifity. Mineralogically,
the chalk and marl interfaces are gradational, and typicalldo not have a distinct interface
(Matthies, 2014). This is signi cant because seismic dataanot distinguish these individual
benches. The inter-bedded nature of the Niobrara is also thght to be the reason for its
continued success throughout the eld, as the formation cddi be penetrated anywhere in

the eld and withdraw hydrocarbons with well designed comition.

The Codell Sandstone is the other reservoir of interest, arigs directly beneath the Fort
Hays member of the Niobrara. The Codell is anywhere from 10-28et thick, at roughly
7400 to 8200 feet of depth from the surface in Wattenberg Fieldlt is a sandstone that
is comprised of cross-strati ed and bioturbated, clay richsiltstone. Beneath the Codell is

a more malleable and clay rich Carlile shale which is known tee a drilling hazard; it is
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Figure 1.8: Type log for the RCP study area from a well locatechithe Anatoli survey
(Mabrey, 2016).
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rubilized and can dramatically increase rig-time associatl with low rates of penetration on
the drill bit. There are 11 total horizontal wells in the Wishlone section with seven Niobrara

wells and four Codell wells (Figure 1.9)

W A Wells kickoff/target formation A E

" Niobrara Wells

‘ \, Codell Wells
Tighter well spacing and zipper frac

Overall higher producers to the West

Figure 1.9: Cross section showing the target and kicko intemls in the Wishbone Section.
Well spacing tightens from East to West also better overallppduction (oil/gas) to the West.

1.3.1 Depositional History

The Niobrara formation was deposited during the Late Cretacais in what was the West-
ern Interior Seaway. This time period consisted of uctuatg sea-level and climate resulting
in multiple transgressive and regressive shore faces. Tkeiger-changing sea-level is the rea-

son for the oscillating chalk and marl benches mentioned ire&ion 1.3.

The Western Interior Seaway is thought to have covered therger part of North America

which included cold (Boreal) water from the North (present dga Arctic Ocean), and warm
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(Tethyan) water from the south (present day Gulf of Mexico) prtrayed in Figure 1.10 and
Figure 1.11. This seaway had adjacent bordering landmass tharovided a large clastic
input source for the basin. The Wattenberg Field at the time ofleposition was positioned
to the more southern portion of the seaway. During times of éamsgression, there was more
in ux and circulation of warmer currents ideal for the coccbth-rich carbonate chalks to be
deposited. During times of regression, warmer currents widuretreat and create suitable

conditions for anoxic marl deposition at higher rates.

Figure 1.10: Paleo-reconstruction during the Late Cretaces, providing the WIS from the
present day Arctic Ocean to the Gulf of Mexico (Blakey, 2014).
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Figure 1.11: Detailed map of deposition during the Late Creteous Niobrara. Showing
colder currents owing from the Arctic and warmer currents fom the Gulf (?).
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1.3.2 Tectonic History

Exploiting unconventional reservoirs has entailed huntig for conglomerated fracture net-
works, with the intention of gaining higher permeability inthese tight reservoirs. Hydraulic
stimulation of these zones is thought to increase this e eet permeability further by build-
ing even greater networks and more local fracture density.aRicularly in the Wattenberg
Field, it has been proven that these fracture networks have be sought out and utilized
to increase recovery (Vincelette and Foster, 2011). In doirgp, these networks are likely to
establish conduits allowing hydrocarbons to more easily voback to the wellbore (Warpinski
et al., 2014). These natural fractures are associated witlhe tectonics of the area and can

be either open or calcite lled.

In the Niobrara, the simultaneous deposition of chalks and mia create planes of weak-
ness as they bind together during deposition. These planeksweakness fail when stressed,
creating these natural fracture networks. The Niobrara hasden exposed to two major tec-
tonic events which are pivotal when building an understandp of how the resulting fractures

aid in production.

The Laramide orogeny is the rst of these two major tectonic\ents, resulting in basement
controlled, right lateral wrench faulting which strikes sathwest/northeast. This compres-
sional tectonic event caused many of these open fracture wetks in our study area Fig-
ure 1.12. Secondary faulting is also associated with theseewch faults, striking east/west
and northeast/southwest and are situated appropriately win the maximum compressional
stress in the eld. None of the major wrench fault zones inteest the RCP study area, but
associated compressional fault networks and the assocthse=condary faulting can be easily
interpreted. This observed stress is understood to be thercent paleo-stress in the Niobrara
observed from microseismic, image logs and azimuthal sheave amplitudes (Motamedi,

2015).
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The second major tectonic event, during the mid-Tertiary,d potentially more important
when aiding recovery, generating post-Laramide fractur€¥incelette and Foster, 2011). This
extensional stress pulled the previously compressed baapart, causing resettling and sub-
sidence of the previously mentioned ower structures. Thisas e ectively created a series
of grabens abundant through the eld which can be widely obseed in the RCP study area.
The interior (subsided) area of these grabens are complex iath is observed from drilling
many wells intersecting dominant structural features. Its$ also important to note that there
is also perpetuating structure around the perimeter of thergbens that are parallel in strike.
In the Wishbone section these faults and fractures are typilta calcite lled, seen in the core

and interpreted on image logs Figure 1.13.

Studies such as Sonnenberg and Underwood (2013) and Sonnepleeal. (2016) suggest
that there are three fault styles in the DJ Basin: wrench, pgigonal and salt dissolution.
There are also faults that are slightly listric in nature pre@alent within the Cretaceous sec-
tion of the DJ. These listric-type faults (Figure 1.14) can beeen in Lower-Pierre shale and
usually truncate in the Niobrara to Greenhorn interval (Davs, 2011). After looking at the
seismic, these faults have high inclinations (20 to 50 degs supporting the listric geometry
and interpretations. The recurrent movement through tectoic history could also potentially

hinder production if su ciently healed by calcite (Davis, 2011).
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Figure 1.12: Wrench faulting and their relative locations ithe Wattenberg Field with respect
to the RCP study area. The color data is the estimated ultimag recovery (EUR) regarding
gas production in Wattenberg Field. Modi ed from (Higley et al, 2003).
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Figure 1.13: Rose diagrams associated with FMI interpretatioproviding the open and sealed
fractures associated with the Mid-Tertiary event, faults fom the Laramide compressional
event, and the drilling-induced fractures (Dudley, 2014)The fractures that are "open and

sealed" are indicative of the paleo-maximum horizontal stiss and the "induced" fractures
is the current maximum horizontal stress.
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Figure 1.14: Schematic showing listric faults and the assated increase in fracture density
with normal faulting (Davis, 2011).
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CHAPTER 2
SEISMIC DATA OVERVIEW AND CONDITIONING

This chapter of the study will provide a brief overview of thenew co-processing com-
pleted by Vecta Oil and Gas after the Phase XVI, Monitor 2 acquigon. It will also cover

the preliminary data conditioning necessary for the pre-atk PP, time-lapse inversion.

2.1 Seismic Data

The data used in this study was provided by Anadarko PetroleunCorporation and is
noted as "Turkey Shoot" outlined in Figure 1.4. The data consis of three surveys, all of
which are 9 component and shot with the intention of a time-fase study. The rst of the
three surveys (Baseline, BL) was shot after drilling the 11drizontal Niobrara and Codell
wells in the section. The rst Monitor survey (Monitor 1, M1), was shot during the com-
pletion of these Wishbone wells, in order to measure the stitation e ects to the reservoir.
Lastly, the second monitor survey, (Monitor 2, M2) was acqued to measure the production
e ect and thereby gain perspective on the contributing resgoir volume. These surveys are
all four square-miles in size, centered over the Wishbone e as the main study target.
Fold is highest over the Wishbone horizontals provided in Figae 2.1. Data was delivered
from Vecta Oil and Gas as both pre-stack time migrated (PSTMpathers and stacks Fig-
ure 2.2 and Figure 2.3. This study incorporates the pre-stad#ata, which will be further
discussed in Section 2.3. Section 2.2 will follow to discussy aspects pertaining to the data

consistency and repeatability, which is paramount for anyime-lapse seismic study.

The time-lapse seismic surveys were all acquired by Parag@eophysical to maintain
consistency in acquisition using INOVA's cableless system (k). Each survey had dif-

ferent in uences on data quality due to changes in surface mditions. The BL survey was
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acquired at the end of summer with relatively dry conditiondut a noteworthy amount eld
noise attributed to operational activity within the Turkey Shoot survey area. The M1 survey
was acquired after a 100-year- ood that occurred in NortheriColorado, heavily saturating
the surface with water. The nal, M2 survey was acquired durig the winter two years later

with frozen surface conditions.

Turkey Shoot 3D, 9C, 4D

Wishbone Section

Wells In Study

Fold m
Low I .. High

1 mi.

Figure 2.1: Fold coverage in the Turkey Shoot survey rangingoim 40 to over 100. Wells
with respect to Figure 1.4 provided in addition to the 11 horiantal Niobrara and Codell
wells.

The PP data is fairly good quality for a small land survey, hoever the data does not have
high-enough fold to observe higher incidence angles at theservoir interval. It was necessary

to analyze the extent of the angle coverage in the far tracesowing towards the perimeter of
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Figure 2.2: Section view of the full-fold gathers with theirnterpreted Niobrara (blue) and
Greenhorn (green) horizons to provide location of reservoi
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PP Full Offset Stack

Amplitude

Figure 2.3: Section view of the full o set range stack and itsiterpreted Niobrara (blue) and
Greenhorn (green) horizons to provide location of reservpfaulting (yellow).

21



the survey and lower-fold data in order to determine the setsc AVO predictive capability
for inversion (Simmons and Backus, 1996). In order to obserthis, the RMS migration
velocities provided with processing were applied to the dars to overlay incidence angle.
Incidence angles for a gather in a high fold location stretdo 45° at the reservoir interval
(Figure 2.4). The dominant frequency of the data is roughly 28 and the bandwidth ranges

from 10Hz to 60Hz shown by Figure 2.5.

PP Offset Gathers Colored by Incident Angle

100ms

Incident Angle

Niobrara

Figure 2.4: Incidence angle colored over pre-stack gathersm the BL survey. The top of
the Niobrara peak spans from Oto 45° in high fold areas.
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Figure 2.5: Frequency of the BL survey from an 800ms window froall traces.

2.2 Time-Lapse Co-Processing

Acquisition of these data were held as constant as possibledasure the time-lapse re-
peatability of these surveys. With the new acquisition of Maitor 2 (M2) in Phase XVI,
the previous surveys Baseline (BL) and Monitor 1 (M1) were eprocessed with M2, further
increasing their repeatability. The data underwent simukineous processing of the time-lapse
volumes to ensure repeatability further explained in (Lundy et al., 2003). In conventional
processing sequence, the surface locations are labeledsdant but via Lumley et al. (2003),
the sources and receivers are regarded consistent. The dirbene t of simultaneous pro-
cessing is implementing a single near surface velocity mbot& refraction statics. This will
be a major process to consider during Section 2.4. The sinaneous processing also allows
for monitoring repeatability metrics throughout the work ow. Mismatched traces between
volumes were eliminated from the process. Phase and timeftshwere also observed regu-
larly after each processing step from 500 - 1500 ms in the PPtala The phase di erences
ranged from -20 to +20 degrees and the time shifts from -4 to +#hs on average. These
values were considered negligible so phase and time shifexevnot applied. Again, this will
be important to remember for Section 2.4. Cross-spread neiattenuation was also applied,

but provided little change as the geometry between surveysa@ very consistent.
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2.3 Data Conditioning

Onshore, pre-stack data is typically never perfect after pcessing and delivery. The data
was fairly noisy to begin with, so a radon Iter was applied ag rst conditioning step to

clean up the signal as shown in Figure 2.6.

Raw Gather Radon Applied, Gather Noise Gather (QC)
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Figure 2.6: Radon parabolic Iter applied to the raw CDP gathes. Image show the raw,
high fold gathers(left), the gathers after lter applied (mddle) and the noise gather-volume
generated (right) to ensure no coherent signal was removearh the data. The horizons
(Niobrara/Greenhorn) are from the attened gathers and incided as a visual reference for

the reservoir interval.

These data all su ered from a curving upward trend in the far sets that were residual
e ects from NMO corrections. Trim statics were applied to x migration move-out issues and

atten far o set amplitudes. This process performs crossarrelations on the traces itera-
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tively, moving from the near to far o sets and aligning respetively. To maintain consistency
in previous studies (White, 2015), a maximum time shift of 8msvas implemented. This
process was done equally for both M1 and M2 surveys as well. Uiig 2.7 provides a look at
the PSTM radon- Itered gathers before and after trim static was applied.

After appropriating the gathers, it was important to observethe amplitudes vs o set
angles (AVA) to better understand the quality of the data goimg into cross-equalization and
inversion. Modeling your near and far angle (or o set) tracg is e ectively interchangeable
but Hampson-Russel™ will only allow for a pre-stack inversion in the angle domainFig-
ure 2.8 is the amplitude vs. angle model for the top of the Niohra peak horizon. From
the model, it can be observed that the near-angle amplitudesry greatly with overall low
amplitudes compared to the modeled curve. When ignoring thesar-angle amplitudes, the
Niobrara peak response is classi ed as Type | AVO (Castagna @swan, 1997). The near-
angle (®@-1C°) low amplitudes are likely caused by ground roll during acgsition and common
in seismic around the Rockies. Regardless, they were renwb¥®om the gathers as input to
future work ows. These observations were seen in both in MInd M2 surveys as well with
the same low amplitudes at near angles.

The next step in preparation for time-lapse inversion is ces-equalization (XEQ). Hampson-
RussellM has restrictive inputs for XEQ and can only accept stacked vaimes for this pro-
cess. After determining the angle ranges best suited for thetd, these ranges were then
stacked into three consecutive ranges: @0, 2(°-3(° and 3(®-4(°. This was justi ed from
gaining an even distribution of incident angle range in att@pt to extract more accurate
wavelets for the partitioned data. Per Figure 2.8, the increang angle-range stacks have
lower amplitudes respectively. These stacked data for theLBsurvey are shown in Fig-
ure 2.9, but each survey set of angle-stacks for also M1 and M& abundantly referenced

in Section 2.4.
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Figure 2.7: Image provides the radon- ltered gathers (leftand the gathers after trim statics
applied (right) to atten the far o sets. The horizons (Niobr ara/Greenhorn) are from the
attened gathers and included for reference to the resenmibut the pink line shows the

in ection of the amplitudes before and after the correction
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Figure 2.8: AVA modeling against the response from a full-rge, full-fold pre-stack gather
located in the middle of the survey. Observe that the near tiges that do not follow the AVA

signature but the remaining o sets follow the curve with litle deviation indicative of a class
| AVA (AVO) response (Castagna and Swan, 1997).
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Figure 2.9: The three resulting angle stacks from Section 2.3rom left to right, stacks
reservoir (NIO-GRHN) and two key Lower Pierre shale horizons ithe overburden (LP2-
LP3).
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2.4 Pre-Stack, Cross Equalization

This section will discuss the background and theory of croggualization (XEQ) along

with its application to this time-lapse study.

2.4.1 Background and Theory

Collectively observed in previous studies (Lumley, 2001jékett and Lumley, 2001; Sarkar
et al., 2003), cross-equalization (XEQ) is a pivotal step inime-lapse analysis. XEQ is per-
formed to increase the repeatability of seismic volumes amdinimizes the altering e ects
of processing and acquisition between the respective volesa XEQ is performed on an
assumed, una ected layer in the overburden to e ectively nonalize the data and observe
solely signal variability in the target area. Vecta Oil and Gs co-processed these volumes
again after acquiring M2 for Phase XVI. They processed this datwith iterative analysis
regarding the volumes' repeatability discussed in Sectidgh2. XEQ was performed on these
data to build further delity of the new co-processing and esure the repeatability between

these volumes.

XEQ typically involves a variety of steps to match the data appopriately and e ectively
enhance the signal to noise ratio (SNR) around the area of imest. These processes in-
clude phase and time di erences and frequency matching beften the respective volumes to
make the overburden consistent through analysis. To quajitcheck (QC) the alterations to
the data, NRMS volumes are observed throughout the process appropriately normalize
the overburden. The process and analysis following in thihapter was performed in the

Hampson-Russell Software suite.
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2.4.2 Cross Equalization of Monitor 1

The XEQ work ow performed followed the 4D work ow tree in Hamp®n-RussellV .
The process was iterative, making sure NRMS di erence volummeand slices progressed con-
structively. As these steps were rearranged slightly to rea better results, this section

explains the direct order of processes leading to the nal komes used for inversion.

The three ranges of angles discussed in Section 2.3 wereksgtdaespectively (Figure 2.9)
in order to cross-equalize because Hamspon-Rus$klis limited to the post-stack domain for
XEQ. After stacking, there is a di erence in the frequency comnt between the two volumes
in each angle range. This is likely attributed to variety of &ctors, but there were varying
surface conditions during acquisition for the Baseline (BLand Monitor 1 (M1). The BL
survey was acquired on a dry, unaltered surface, whereas Mddnbeen acquired following a
massive 100-year ood in Northern Colorado.

XEQ and the NRMS dierence QC were iteratively preformed on a Zlms centered
window on the LP2 horizon, being roughly 400ms above the regeir shown in Figure 2.10.

The "4D Calibration" work ow provided in Hampson-Russell™ is as follows:
1. Slices of Correlation Coe cients and Shifts
2. Slices of Predictability
3. Estimate Phase and Time Shifts
4. Build and Apply Shaping Filter
5. Estimate and Correct for Shallow Statics
6. Estimate and Apply RMS Factors
7. Create and Apply Time-Variant Shifts

8. Create Slices of NRMS Di erence
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Figure 2.10: Modied from Figure 2.9, providing relative locdon and size of the 200ms
window extended up and down using geometry conformable fraifme LP2 horizon.

It was important to test and understand these processes begobuilding my own work

ow, applying only corrections that would not be redundant @ counterproductive. Many of

these corrections were observed during the new processiBgdgtion 2.2) but were important

to QC before building a modi ed work ow. The goal of XEQ was to ninimize the NRMS

di erence in the overburden to below 0.3; an appropriate NRM$o ensure repeatability as

stated in Sarkar et al. (2003). It was critical to make theselservations after each step. After

iteratively testing the discrepancies in the overburden,rdy shaping lters were needed to be

applied to these data for minimized NRMS di erences. A simpftework ow was generated

to reduce processing time:
1. Create Slice of NRMS at LP2 horizon (Control)
2. Build and Apply Shaping Filter
3. Create Slice of NRMS at LP2 horizon (QC)
4. QC NRMS at LP3 horizon

5. Trace time-variant time shifts volume estimation

30



6. Trace time-variant time shifts application

It was important to understand the magnitude of the initial d erences, and observe how
the overburden di ered before any process. As such, NRMS di ence slices were generated
observing the bulk di erences through the 200ms LP2 windowF{gure 2.11). Per Johnston
(1997), the desired di erence in a normalized overburden 3, thereby making it the upper

limit on these color-scales in this chapter.

Before observing any phase and time shifts that needed to bppdied, it was important
to apply a shaping (frequency) Iter to match the bandwidth d the BL. This was a step
that moved up to the beginning of the work ow after testing vaious approaches. This step
alone had the most signi cant impact in the NRMS di erences. he amplitude spectrum of
each volume before and after shaping lter is provided in Fige 2.12. Although relatively
minor adjustments were made after Itering the bandwidth, tie resulting NRMS extractions

over the same 200ms LP2 window were much improved (Figure 2.13

Two additional QC steps were also implemented to ensure thesetiveness of the global
shaping Iter applied from the LP2 window. First, an additiond NRMS di erence extraction
was made on another 200ms window at the LP3 horizon (Figure a)1 This was done to
make sure the 200ms window length was appropriate enough topdy as a global bandwidth
Iter, and constructively be applied through the rest of thedata below. Figure 2.14 shows
an improvement in NRMS values down section, and provides morercdence in the ade-
guacy of reducing to the simplied XEQ work ow. The second QC ws to then look at
the overall NRMS di erences through the data by generating aolume of NRMS di erence
(Figure 2.16). This allowed for a look at the changes restrietl to the reservoir interval
assuming there would be a somewhat abrupt change in NRMS dience moving down into

the Niobrara formation (Figure 2.15).
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M1-BL Initial NRMS Differences , LP2 Window

10-20

Figure 2.11: Initial NRMS di erences extracted from the LP2 widow shown in Figure 2.10
between M1 and the BL survey with each stack labeled by anglange. NRMS values well
above 0.3 observed in all stacks seemingly dependent on stuse through the upper section
of the Lower Pierre shale.
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M1 (20-30) Shaping Filter

. BL Spectrum

M1 Spectrum

Amplitude

M1 Spectrum
Shaped

0 Frequency (Hz) 100
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Figure 2.12: Bandwidth of each M1 angle-stack before and afteuilding a global shaping
Iter to match frequency content of the BL. Each plot is titled with respect to its associated
angle stack. Consistent through these the BL bandwidth (bk), original bandwidth of M1
(green) and nal bandwidth of M1 after shaping Ilter applied (pink). Extractions were made
in the 300ms window in the overburden.
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20-30 30-40

M1-BL NRMS (Post Shaping Filter) Differences, LP2 Window
10-20

Figure 2.13: NRMS di erences after shaping Figure 2.12 extraad from the LP2 window
shown in Figure 2.10 and modi ed from Figure 2.11. NRMS values ¥&a been signi cantly
reduced in the three angle stacks to a consistent overburden
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Figure 2.14: Further modi ed from Figure 2.10 to show the progssion of the NRMS win-
dow extraction extending up and down using conformable geetny from the LP3 horizon
intended for QC purposes.

The last steps of the modi ed work ow also incorporate timeshifts that will align am-
plitudes for each trace in a perpetuating analysis window itime. Time-shifts are also a
valuable tool to remember during interpretation. Observedn Figure 2.17, negative time
shifts are indicative of a "softening” in the reservoir, regesenting slower velocities (Stam-
meijer and Hatchell, 2014). Further work could include disséing the time shifts to learn
more about the reservoir's dynamic behavior. After applyinghe time-shifts, the volumes
are ready for a coupled time-lapse inversion. The volumedeafall corrections have proven

repeatable by reducing the acquisition di erences obsemyen the overburden over time.
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M1-BL NRMS (Post Shaping Filter) Differences, LP3 Window
10-20

Figure 2.15: Quality check to provide insight on the shapinglter's broader application
through deeper signal. NRMS di erences are noticeably bettéhan that of extractions at
the LP2 horizon, yielding average di erences below 0.2.
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NRMS Xline, M1-BL

_ Mean NRMS Map Extraction
b (Nio Top — Greenhorn) g3
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NRMS

1Mi

Figure 2.16: Volume of NRMS di erence calculated for the two yomes showing almost no
di erences in the overburden, and increased di erences ahé reservoir interval. The map
on the right is an average di erence extraction from the Niokara Top to the Greenhorn

horizon.
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Figure 2.17: Volume of time variant time shifts calculated foeach trace (middle). (Left)
Image shows NRMS volume di erence before time-shifts appi@nd (right) NRMS di erence

after time shifts reducing the small di erence observed inhe overburden and the magnitude
in the reservoir interval.
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2.4.3 Cross Equalization of Monitor 2

After isolating a consolidated work ow from the M1 XEQ, the sane work ow was ap-
plied with the M2 volume. M2 initially had much higher data quality overall than both M1
and the BL survey. Similar to what was observed in Section 22} this was an e ect from
the surface conditions during acquisition. M2 was shot on azen winter surface as opposed
to the dry summer conditions of the BL. Higher signal to noiseatio and higher frequency
content have resulted from this better coupling of geophoseand should be considered for

future acquisition.

Incorporating the process iteratively mentioned in Sectin2.4.2, it was again critical to
understand the initial di erences NRMS di erence slices though the 200ms LP2 window
(Figure 2.18). It was observed that these initial di erence raps were better resolved, sup-

porting the better overall data quality in M2.

Before observing any phase and time shifts that needed to bppdied, it was important
to apply a shaping (frequency) Iter to match the bandwidth d the BL. This was a step
that moved up to the beginning of the work ow after testing vaious approaches. This step
alone had the most signi cant impact in the NRMS di erences. he amplitude spectrum of
each volume before and after shaping lter is provided in Fige 2.19. Although relatively
minor adjustments were made after Itering the bandwidth, he resulting NRMS extractions

over the same 200ms LP2 window were much improved (Figure 2.20

The same QC iterations were performed on the M2 XEQ, taking andditional window
in a lower Upper Pierre horizon (LP3) (Figure 2.14). Figure 2.2%hows an improvement in
NRMS values down section, and signi cantly better values thathat of the M1 XEQ. The
second QC was to then look at the overall NRMS di erences thrgin the data by generating

a volume of NRMS di erence between BL and M2. This allowed for bbok at the changes

39



30-40

0.3

20-30

NRMS

M2-BL Initial NRMS Differences , LP2 Window

10-20

Figure 2.18: Initial NRMS di erences extracted from the LP2 widow shown in Figure 2.10
between M2 and the BL survey with each stack labeled by anglange. NRMS values well
above 0.3 observed in all stacks seemingly dependent on stuwe through the upper section
of the Lower Pierre shale.
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Figure 2.19: Bandwidth of each M1 angle-stack before and afteuilding a global shaping
Iter to match frequency content of the BL. Each plot is titled with respect to its associated
angle stack. Consistent through these the BL bandwidth (bk), original bandwidth of M2
(green) and nal bandwidth of M2 after shaping Iter applied (pink).
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Figure 2.20: NRMS di erences after shaping Figure 2.19 extraad from the LP2 window
shown in Figure 2.10 and modi ed from Figure 2.18. NRMS values ¥&a been signi cantly

reduced in the three angle stacks to a consistent overburden
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restricted to the reservoir interval assuming there would éo a somewhat abrupt change in

NRMS di erence moving down into the Niobrara formation (Figure 222).

The NRMS di erences were deemed appropriate for the overbugd, but were still a bit
noisy and inconsistent even through the reservoir. Figure 22 shows a fairly signi cant
cloud of di erences in what would be the Sharon Springs and ev in the Lower Pierre shale.
Time-lapse seismic in a production phase in a conventionahse, will observe gas evacuation,
compaction, and subsidence that will result in a "hardenirige ect in the reservoir interval
(Barkved and Kristiansen, 2005). It was important to obsere the time-shifts in M2 that
would best correlate with the BL. Figure 2.23 provides the eishated time shifts as the last
step in the XEQ. There are signi cant negative shifts in the rservoir interval, indicating
that there is an overall decrease in velocity. Interpretatins for the observed negative shifts
will be further discussed in Section 5.1. These time-shiftgere applied to the gathers and
NRMS volume analysis was generated again to see if it improvéte unwanted di erences
in the overburden. Figure 2.24 is the NRMS values before and aftthe time shifts were
applied, indicating that application of the time-shift volume signi cantly reduced the NRMS
in the overburden and condensed the more dramatic NRMS di enees at the reservoir. The

resulting gathers were ready for the time-lapse inversiorséction 3.3).
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Figure 2.21: Quality check to provide insight on the shapinglter's broader application
through deeper signal. NRMS di erences are noticeably bette¢han that of extractions at
the LP2 horizon, yielding average di erences below 0.2.
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Figure 2.22: Volume of NRMS di erence calculated for the two yames showing almost no
di erences in the overburden, and increased di erences ahé reservoir interval. The map
on the right is an average di erence extraction from the Niokara Top to the Greenhorn
horizon.
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Figure 2.23: XLine in the middle of the Turkey Shoot survey shanwg signi cant positive
and negative shifts in the overburden to reduce NRMS di erems. It is also important to
note the overall negative shifts that were then applied to th reservoir interval.
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Figure 2.24: Volume of time variant time shifts calculated floeach trace (middle). (Left)
Image shows NRMS volume di erence before time-shifts appli@nd (right) NRMS di erence
after time shifts reducing the small di erence observed ine overburden and the magnitude
in the reservoir interval.
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CHAPTER 3
TIME-LAPSE, PRE-STACK PP INVERSION

This chapter of the study will discuss the theory, processesd uninterpreted results of

the time-lapse, pre-stack inversion.

3.1 Pre-Stack Inversion Theory

Pre-stack seismic inversion is a key tool for building interetations regarding higher re-
solved rock-properties and uid concentrations. This simitaneous inversion is referred to as
such, because it e ectively solves for P-Impedance (Ip), I&3pedance (Is) and Density ()
at the same time. One of the most signi cant aspects of sucs#gl inversions is enhancing
vertical resolution. As inversion e ectively will deconvole the wavelet from the seismic data,
it removes most biases associated with conglomerated retien coe cients (Hampson et al.,
2005). Not applicable in the Turkey Shoot survey, but wavelstcan cause problems because
they are time and spatially variant and usually incur comple shapes from side lode energy
(MacFarlane, 2014).

Throughout seismic exploration history, many studies thatsolate re ection coe cients as a
function of the Earth's elastic properties Aki and Richards 1980); Ruger (1998). The elastic
properties are needed for high level interpretation, isdian, and classi cation of petroleum
reservoirs and source rocks. Hampson Rus82lISoftware utilizes Aki and Richards (1980)
derivation for PP re ectivity, assuming a linear relationshp between the logarithm of 7, Zs,
and . This also introduces two constants (k and m) that will appreriate the relationships
between the well based rock properties. The speci c advargas of this are a more stable
system reliant on three independent variables, and knowmkar relationships between rock

properties from the wells. The pre-stack inversion algohtn is explained below:
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1. Given angle gathers, wavelet(s), and initial models for,ZZs, and

2. Derive the optimal values for constants k and m which apppoiately scale logarithmic
relationships between variables using log data from wellsdt overlap adequate seismic

coverage.

3. Use the following to build the initial guess, where "L" are hie previously mentioned

relationships between impedance and density including theackground trends:
L, Ls Lp ' = log(Z,) 0 O (3.1)
4. Solve equation 3.1 using conjugate gradients.

5. Calculate the nal estimations of 7, Zs, and
3.2 Baseline PP Pre-Stack Inversion

There are initially 8 vertical wells provided in the Turkey $oot survey area, none of
which have real sonic curves. Synthetic sonic curves werangeated for each of the wells in
the section using neural networks performed by a former RCRuslent, Pitcher (2015). It
was important to also move a well from just outside the survelyounds into the Turkey Shoot
to aid in a more reliable representation of the reservoir disissed in Section 1.2, making the
total well count nine. All of these wells have been tied to theusvey, however only four were
included when building the low frequency model (LFM), showmi (Figure 3.1). Reducing
the amount of wells to four for the LFM was supported by the P-irpedance extraction over
the reservoir interval from the pre-stack inversion of the Aatoli dataset Figure 3.2. The
extraction shows that there is not a tremendous amount of veability looking at the reservoir
(Niobrara to Greenhorn) within the Turkey Shoot survey. WellA is the transposed pseudo
well, incorporating the real sonic data. The other 3 wells (BF, G), were incorporated to
provide a perimeter distribution for the anticipated low fequency model construction. Blind
wells A and B were intentionally left out for QC against the iwersion results because they

were near the high fold area of the survey and the Wishbone sect and would be powerful
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to validate the model and the inversion. The unlabeled remaimg wells were iteratively
applied but eventually removed as they created too much vafility in the distribution of

the LFM characteristics.

Figure 3.1: Modi ed from Figure 1.4, providing all of the wellsn the Turkey Shoot survey.
The labeled wells (A, B, F and G) being the only wells in the comiction of the LFM. The
remaining green wells were applied and removed iterativelgnd the blind wells (red) were
left out from the initial stages to give a representation oftte LFM and inversion near the
Wishbone survey.

The gathers generated from the three angle stacks discussedSection 2.3 were used
to generate statistical, angle dependent wavelets for eaemgle range respectively. These
wavelets were generated using the seven wells previouslyntieed over an 800ms time win-
dow, and grouped for each angle gather volume (Figure 3.3). Wdets were also statistically
generated for each well independently and tested with no pé& control in order to quantify
and support creating a universal phase. Roughly half of theels resulted in zero phase
wavelet groups from unconstrained estimations along traseat their locations. The wells
that did not e ectively extract zero phase wavelets typicdl experienced less than 6 degrees
of suggested rotation. With strong similarities, the nal warelets were 110ms in length and

zero phase assumption was supported and implemented moviogward.
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Figure 3.2: The Anatoli P-impedance extraction from a pre-stk inversion running from the
Niobrara top to the Greenhorn showing the consistent charaet through the Turkey Shoot
survey. Figure 1.4 also transparently applied to this map toh®w its position respectively.

Figure 3.3: Statistical wavelets generated for each anglenge using all of the wells in the
Turkey Shoot survey (Wells A-G in Figure 1.4). Each wavelet is phase, and 100ms in
length.
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Well A is provided as an example well tie shown in Figure 3.4. Kiwelve wells in the
section were tied to the BL data, to be incorporated later in Iind well analysis of the
inversion results. As expected, the four wells selected fdret inversion tied with the highest
correlations (above 80%) between the synthetics generatadd the seismic data. This is
because the wavelets were statistically extracted using éke four wells. The remaining
wells in the Turkey Shoot were tied with these same waveletsié still maintained viable

correlations averaging 75%, with the lowest being 63%.

Figure 3.4: Example well tie at Well D nearly within the Wishbore section. Well tie shows
the ve key horizons used in the inversions labeled with therespective colors and listed in
Table 3.1. This well tie and the provided correlation of 86%counts for the entire 800ms
window covering 600ms above the reservoir and 100ms below.

From Figure 3.4, there were ve horizons picked that appropaitely represented the target
interval across the survey explained in Table 3.1. Four of & ve horizons represent speci c
formation tops, the fth noted as "Middle Niobrara™ because te heterogeneity and subtle
di erences of the Niobrara and the seismic resolution does tnallow for a speci c represen-
tation of a given bench. Because of this, the Middle Niobraraag not incorporated into
the inversion process, but simply used for analysis and infetation. Figure 3.5 provides a

section view perspective of the horizons within the Turkeyt®ot.
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Table 3.1: Horizons reference to tops from well tie, notatioand color. The table lists these
horizons in consecutive order from shallow to deep.

Formation Top Horizon Abbreviation Color
Niobrara Top NIO Blue
Middle Niobrara | MNIO Yellow
Fort Hays FRHS Pink
Codell CDLL Orange
Greenhorn GRHN Green

Figure 3.5: Horizons in Table 3.1 provided in section view onastked seismic. The yellow
(Mid-Niobrara) horizon is shown, but not included in the genetion of the LFM.

The velocity model used for the inversion was the RMS migratn velocity volume pro-
vided by the processor, Vecta Oil and Gas. This was consistemith the data conditioning

of the gathers, discussed in Section 2.3.

The low frequency model (LFM) provides an input to the invergin that represents the
missing low frequency seismic data. This model is an estina that uses well log infor-

mation to control distributions of P-impedance, S-impedare, and density, but can also
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incorporate other logs depending on the purpose for the imgon. For this study, only P-
impedance, S-impedance, and density models were built topgort the pre-stack inversion.
Typically for larger or lenticular targets, an abundance oWvell data is important to build an
e ective LFM. Even though the Niobrara's heterogeneity is ver complex, it is impossible
to resolve with the seismic data. Using four of the twelve wsllto generate the LFM was
appropriate considering the well data Itered at low frequacies would not resolve any signif-
icant vertical or lateral variation in the reservoir. The daninating high impedance character
from the Niobrara Top to the Greenhorn Limestone re ector wold only gradually change

throughout the four square mile survey.

After using the given sonic and density curves to generate iragances for the four wells,
the calculated curves are then Itered to a low frequency bauwl 1 to 20Hz (high-cut Iter
15-20Hz) to e ectively Il the void of bandwidth provided by the seismic. The synthetic
curves in wells B, F and G were tested for artifacts and cheakdor any anomalous rep-
resentation of the overburden and the reservoir. All of the cues in the study area end
following the Greenhorn Limestone, so the LFM was generatedrfthe entire 800ms window
used for the well-ties, but was eventually truncated to imnaiately below the Greenhorn
horizon (25ms) shown in Figure 3.6. The vertical section of ghmodel was reduced be-
cause a signi cant amount of log data did not extend below th&reenhorn formation. The
model generated is further validated with a cross plot in Fige 3.7, where the modeled
low frequency impedances have a direct linear relationshwpth the ltered log impedances
calculated from the P-sonic and density curves. Data from lavells in the Turkey Shoot

survey are included in the Figure 3.7 against the distributegroperties in 3D.
The generated models have less than 10% di erence across ther square mile survey

area within the reservoir, which is a great result and e ectiely minimizes the LFM e ect on

the inversion. When looking speci cally at the LFM over the Wislbone horizontal wells, the
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Figure 3.6: XLine of the Ip low frequency model across the midglof the Turkey Shoot
survey.
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Figure 3.7: Cross plot of the modeled P-impedance against tHeered log P-impedance
showing an ideal linear relationship increasing with time.The trend line in red is also
provided to show minimal deviation in this relationship. Ths cross plot provides a necessary
QC to the generated model to ensure appropriate representat with the low frequency P-
impedance to be later used in the inversion.
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distribution dropped to less than 6% providing even more catience in the isolated AOlI,

both shown in Figure 3.8.

Figure 3.8: Low frequency model P-impedance extracted fronimd Niobrara top to the

Greenhorn horizons in the Turkey Shoot survey. Map view shevthe increasing impedance
toward the North and an even distribution through the center b the survey where the
horizontal wells are located. Histogram provided to show leghan a 10% variation in Ip

across the survey.

Before running the inversion process on the entire BL volum# was essential to modify
inversion parameters based on results at the wells to reduterative computation time. The

resulting and most ideal parameters were:
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Background Vp/Vs iteratively calculated automatically at 60ms from the log curves
Covariance pre-whitening based o of regression separatidor Ip, Is and
Exclusion of a trace if it has less than 80% of volume samples

Maximum of ve iterations to not overestimate logs tested tlhough iterative inversions

at the wells
Angle range is 10to 4C°

The pre-stack inversion analysis outputs for P-impedancend S-impedance prove to be
very good prior to the volume inversion provided in Figure 3.and Figure 3.10. It should be
noted that there is inadequate far-o set/angle range (Seatn 2.3) to estimate density. Den-
sity results from a deterministic pre-stack inversion withinsu cient far o sets are typically
unusable because the density is manipulated inaccurately order to e ectively estimate P
and S impedances. Density estimation results are also prded in Figure 3.11. Only the
P-impedance results are desired for the purpose of this siydalthough the Is and density
results will be key to appropriate as a low-frequency modeiput to the M1 and M2 coupled

inversions. The Is results are also QC'd to provide the bestpresentation from the inversion.

Inversion results are very good, and both Ip and Is correlate the three wells discarded
in the inversion but left in the overall analysis observed ifrigure 3.12 and Figure 3.13. Fur-
thermore Figure 3.14 provides the section view over the Blindlell A, left out of the inversion
and the analysis stage with a strong representation of bottpland Is. Because blind well
1 was left out of the analysis from the beginning, a genericghi-cut Iter (60Hz-70Hz) has

been applied to compare the log's Ip and Is but are not the extagandwidth of the inversion.
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Figure 3.9: Baseline pre-stack inversion analysis of P-imgence estimation over the wells
implemented in the LFM and inversion (A, B, F and G). Provided ighe original P-impedance
log (blue), the P-impedance LFM (black) and the inverted P-irpedance log (blue). The
inversion matches very well over the original (ltered) cuves and the inversion synthetic
seismic yields a 99% correlation to the original volume.

Figure 3.10: Baseline pre-stack inversion analysis of S-iegance estimation over the wells
implemented in the LFM and inversion (A, B, F and G). Provided ighe original S-impedance
log (blue), the S-impedance LFM (black) and the inverted S-ipedance log (blue). The
inversion matches very well over the original ( Itered) cuves and the inversion synthetic
seismic yields a 99% correlation to the original volume.
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Figure 3.11: Baseline pre-stack inversion analysis of ddgsestimation over the wells im-
plemented in the LFM and inversion (A, B, F and G). Provided is tke original density log
(blue), the density LFM (black) and the inverted density log plue). The inversion uses the
density to best represent aé relationship hence its strong mis-match.

Figure 3.12: Wells that were included in the analysis of gaimj appropriate inversion pa-
rameters but not included in the low frequency model. Theirltered Ip curves in relation

to the inversion results over the well.
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Figure 3.13: Wells that were included in the analysis of gaimj appropriate inversion pa-
rameters but not included in the low frequency model. Theirltered Is curves in relation to
the inversion results over the well.

3.3 Time-Lapse, Monitor 1 Inversion

Following the process explained in Sections 2.4.2 and 2.,4tBe data is ready for the
inversion. The deterministic approach is speci c to the gien parameters from the well logs
in the Turkey Shoot survey however, inversions are still irgrently non-unique. The result
from the BL inversion will be incorporated in both M1 and M2 iwversions using the BL
P-impedance, S-impedance and density outputs as the LFM. Thprocess is referred to as
a coupled time-lapse inversion (Sarkar et al., 2003). Perfoing a coupled inversion elimi-
nates much of the preparation work required for an independeand uncoupled time-lapse
inversion as all parameters used or resulting from the BL ievsion will be used again for
the inversion of M1 and M2. Coupled inversion can also reduemexplained impedance
di erences between volumes, because if a model is built foaah seismic volume, there will

be a inherent bias in rock property estimation with each pai(Sarkar et al., 2003).
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Figure 3.14: Blind Well A excluded from both the low frequencynodel and the inversion
analysis, showing its correlation to a XLine out of the inveien volume. The Ip result on
the left and the Is result on the right.
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After building the work ow and parameters used in the BL invesion, the M1 angle
gathers simply needed to be included and ran using the sameagmaeters used for the BL in-
version. In order to compare the two volumes, the percent dérence was calculated between
the two providing overall negative P-impedance changes ihe reservoir. The Ip results for
the M1 inversion are shown against the BL results along witthe percent di erence volume
in Figure 3.15 and Figure 3.16. The time-lapse (M1, M2) Is and dsity volumes were not

be analyzed for all intensive purposes of this study.

Figure 3.15: The results from the coupled inversions showinige BL results(left), M1 re-

sults(middle) and percent di erence volume (right). The pecent di erences are negative
near the well deviations showing a "softening" response arsiightly positive in the upper

intervals of the Niobrara indicating a hardening e ect.

Both M1 and M2 negative anomalies coincide with deviated wdbcations in the modeled
subsurface. Below in Figure 3.17, Figure 3.18 and Figure 3.1%®a few maps showing the

character of negative percent di erences in the M1 time-lagg P-impedance volumes with

63



Figure 3.16: The results from the coupled inversions showinige BL results(left), M2 re-
sults(middle) and percent di erence volume (right). Again,the percent di erences are neg-
ative near the well deviations showing a "softening" respae and slightly positive in the
upper intervals of the Niobrara indicating a hardening e ect
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respect to the BL. Average extractions are provided in thesaitial results and interpreta-

tions to illustrate a fair representation of both positive ad negative di erences should they
interfere. The M1 data shows that percent di erences in the pper portion of the Niobrara
result in a positive 3-5% and negative 3-5% in the lower poom of the Niobrara, near the
well placement. Additionally, more of the negative percenticerences in Ip are located to the
North and West in the section. The M2 di erences are at a lessenagnitude overall (positive

and negative 1-3%) but with the same polarity in roughly the @me locations vertically.

Figure 3.17: Map view zoomed in over the Wishbone section witham average of the P-
Impedance percent di erences from the Niobrara Top to the Genhorn horizon. Because the
mean extraction only provided negative di erences, the st@aruns from cooler (0% change)
to warmer (-3% change).

Below in Figure 3.20, Figure 3.21 and Figure 3.22 are a few map®wing the character
of negative percent di erences in the M1 time-lapse P-impedice volumes with respect to
the BL. The M2 di erences in the reservoir interval are simar spatially over the Wishbone
section as M1, but have more overall changes to the North pagtilarly over the toe sections
of the 2N and 3C. More advanced applications and interpretamns for these distributions

are discussed later in Sections 5.1 and 5.2.
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Figure 3.18: Map view zoomed in over the Wishbone section witham average of the P-
Impedance percent di erences from the Mid-Nio to the Fort Hag horizons respectively. A
line sample highlights the interval extraction on the left. This P-impedance percent di erence
extraction supports the overall large changes in the northnal in the west of the section.

Figure 3.19: Map view zoomed in over the wishbone section witin average of the P-
Impedance percent di erences from the Codell to Greenhorbdse of reservoir) horizons. A
line sample highlights the interval extraction on the left. This P-impedance percent di erence
extraction supports the overall large changes in the northnal in the west of the section.
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Figure 3.20: Map view zoomed in over the Wishbone section witham average of the P-
Impedance percent di erences from the Niobrara Top to the Gemhorn horizon. Because the
mean extraction only provided negative di erences, the st@aruns from cooler (0% change)

to warmer (-3% change).

67



Figure 3.21: Map view zoomed in over the Wishbone section witham average of the P-
Impedance percent di erences from the Mid-Nio to the Fort Hag horizons respectively. A
line sample highlights the interval extraction on the left. This P-impedance percent di erence
extraction supports the overall large changes in the northnal in the west of the section.

Figure 3.22: Map view zoomed in over the wishbone section witin average of the P-
Impedance percent di erences from the Codell to Greenhorbdse of reservoir) horizons. A
line sample highlights the interval extraction on the left. This P-impedance percent di erence
extraction supports the overall large changes in the northnal in the west of the section.
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CHAPTER 4
FORWARD MODELING METHODS AND APPLICATION

This chapter will provide modeling theory and application ¢ justify the negative impedance
changes from the Baseline to both Monitor 1 and Monitor 2 witim the reservoir. Explana-
tion will include the methods used to generate well-based mel from a cross-dipole sonic
log and XRD analysis located roughly 11 miles to the northeasif the Wishbone section
(Figure 4.1). Models from Sayers (2010) and Mavko and Bandyaghyay (2009) are used to
estimate changes iV, regarding pore pressure after stimulation and productionExplicitly
for M2, uid substitution was modeled after the applied presure di erences to the P-velocity

and slowness curves (Mavko and Bandyopadhyay, 2009) for amtieipated gas e ect.

Figure 4.1: Location of Well N which contains cross-dipole siw logs and XRD analysis on
core samples from the Niobrara and Codell reservoir intergl The well is roughly 11 miles
to the northeast of the Turkey Shoot survey.
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4.1 Fracture Compliance and Pore Pressure

Reservoir pressure has been a proven critical variable cmoiting time-lapse seismic re-
sponse and are well published however, these successesygiedlly in a conventional reser-
voir setting (20-40% porosity). Compressional wave timeybse studies observing pore pres-
sure changes are typically performed to assess well-bore aeservoir integrity as substantial
depletion and decreasing pore pressure will inevitably tdsin subsidence. These reservoir
changes cause signi cant velocity increases and relativiene displacements in the reservoir
that are observable on the seismic. Time-lapse seismic haseh utilized to mitigate these

risks before becoming detrimental to eld development.

The unconventional Niobrara and Codell reservoirs have prewm to be very di erent than
a typical conventional application. These reservoirs ar@ ithe same relative interval as their
source rock, tightly bound between their respective seal8Vhen hydrocarbons are expelled
there can be an increase in pore pressure in this interval ardproportional decrease in
e ective pressure above and below these seals. Figure 4.2vdes a schematic of the over-
pressured nature of the Niobrara and Codell interval in the Dbasin. The overpressured
strata is a direct result of the expulsion of hydrocarbons bwhich increases pore pressure,
reducing the load of the abiding stratigraphy in addition tocompaction (Ransom, 1986).
During stimulation, uids are injected into the reservoirsat substantial pressures to fracture
the media, further reducing the load on the reservoir, and ectively increasing pore pres-
sure. This is the theory behind modeling a change in P velogias a result of change in pore

pressure during stimulation of the 11 horizontal wells in tb Wishbone section.

(Sayers, 2010) established the relationship between pomegsure and fracture compliance
as a means of incorporating a degree of anisotropy in stresscts. Compliance, being the
inverse of sti ness of a given media, is devoted to stress séivities both vertically and hor-

izontally. To make a more reasonable case for the in-situ 88s sensitivities, the compliance
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Figure 4.2: Schematic showing the overpressured interval thie DJ basin where both the
Niobrara and Codell reservoirs are located (Robert J. Weime1996).
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of fractures are added to this sti ness matrix to broadly repesent the overall (background)
compliance of a given media. Fracture compliance in this pgagular case does not represent
one single fracture, but a conglomeration of fractures in #t particular media (Hobday and
Worthington, 2011). Fracture compliance is directly relatd to a fracture's height, width and
aperture. This quality is nearly impossible to appropriatly estimate when considering the
complexity of structure in uencing a given reservoir, but he assumption is that the frac-

tures are parallel, planar and equidistant from one anothéHobday and Worthington, 2011).

As a change in pore pressure is directly sought after, Equatié.1 shows the relationship
between fracture compliance4,) and e ective stress, whereZ, is the initial fracture compli-
ance, , is the normal con ning stress, and . is a characteristic stress (Sayers, 2010). These
initial values are calculated via core experiments measng the variation of velocity from
the rock stress sensitivities. For all intensive purposeggarding application for this study,
stress sensitivities were taken from Niobrara core of an undwwn eld location in a recently
published thesis out of the Colorado School of Mines' Centéor Rock Abuse consortium
(Pan lo, 2015). Figure 4.3 provides a graphical represent#on of this relationship showing
increasing compliance with a decrease in e ective stress i is proportional but inversely
related to pore pressure. This relationship already incle$ with the previously mentioned

Niobrara core measurements as input.

Zn= Zge "¢ (4.1)

The modeling of changes iV, for this study use VTI assumptions with weak anisotropy
for the generation of sti ness matrices and Thomsen paramats from (Mavko and Bandy-
opadhyay, 2009) and (Saberi and Ting, 2016). VTI is used to atbute heterogeneous com-

plexity known to be present in the Niobrara and Codell reseoirs. Vy, Vsfast , Vs:siow and
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Figure 4.3: Fracture compliance in relation to e ective stres. Increasing e ective stress
(decreasing pore pressure) decreases the compliance aftén@s. The equation is also listed
as an exponential t to the relationship.

can provide estimations of the these values at each sampletle dipole sonic logs provided

in Well N (Figure Figure 4.1).

Well N has cross-dipole sonic curves to immediately estingatwo constants in the sti ness
matrix (Equations 4.2 and 4.3). With VTI implied in this model, Equation 4.4 provides the
identical relationship for the S-wave terms.

2

C33 = Vp =M (42)

3= V5= (4.3)
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With VTl media:

Csa = G55 = Cgp (4.4)

The sti ness tensor is still under determined as a VTI mediumequires ve independent
elastic constraints. The remaining constraints requiredan be approximated with the main
assumption that pore space is su ciently connected (Mavko rad Bandyopadhyay, 2009).
This could be an inherent pitfall of this modeling because dfie commingled and heteroge-
neous chalks and marls associated in the Niobrara (discussadSection 1.3). Considering
this modeling will only be applied to the targeted, chalk donmant intervals of the Niobrara

and the Codell Sandstone the concern was noted, but ignored.

Because the model is assuming a weakly anisotropic VTI mediufrom Gassmann (1951),
(c8,) and dry (cggyzg) are equivalent, where the shear modulus does not change irethore
uid in an anisotropic medium. Continued from Mavko and Bandgopadhyay (2009), Thom-

sen (1986) parameters can then be estimated using Equatioh$, 4.6 and 4.7.

Ci1  GCs3

= — 4.5
2 Ca3 ( )
Cio Cp3

= — 4.6
2 o (4.6)

_ (Ciz+ C23)2 (Caz + 023)2
2 Cp (Czz  ©Cx)

(4.7)
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The remaining independent sti ness (Equations 4.8, 4.9 and.10) elements for a VTI
medium can be inverted for using the Thomsen (1986) paramedeestimated in Equations

4.5, 4.6 and 4.7 (Mavko and Bandyopadhyay, 2009)).

Cii= M (1 +2 ) (48)
Ci2 = 1+2 ) (4.9)
=M (1+2 ) 2 @a+2 ) (4.10)

After estimating all of the components for the sti ness tensoprovided in Equation 4.11

we can then invert this matrix to its respective background @mpliance provided in Equation

4.12.
2 3

Ci1 Ci2 Ci3 0 0 0

C1 C» C3 0 O O

B _ 031 032 C33 0O 0 O

CE Gw 0 O (4.11)

0 5 O
0 O s
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Inverted to background compliance, where subscript b is tHeackground shear modulus:

w

(4.12)

osrlFoooo
O oocoo

A new representation for the e ective elastic compliance canow be made from combining
the background compliance $,) and the fracture compliance &;) as a product of Equation

4.13 ((Schoenberg and Sayers, 1995)).

Stotal = Spt+ St (4.13)

The addition of S is strictly the compliance of the fractures which will only lave normal
and tangential compliances e ectively adding the terms tote S;;, Sss and Sgg as seen
in Equation 4.14. Equation 4.15 represents the matrix redubf the combined e ective

compliance in Equation 4.13.

2 3
Z, 000 0 O
0O 00O O
0O 00O O
St= 0 000 O (4.14)
0 000Z% O
0 000 0 7z
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2811 + Z, 812 813 0 0 0 3
So S, Sz O 0 0
S S, S 0 0 0
S =8 o0 o 0 L o 0 (4.15)
b
0O O ib + Z; 0
0O O 0 ib + Z;

4.1.1 Monitor 1 Modeled Pore Pressure Di erences

No pressure data is provided in our data, so initial and input f@ssures were inferred
from literature (Sonnenberg and Underwood, 2013). Increase pore pressure were tested
in two separate cases. The pore pressure was increased by020€i and 4000 psi for two
cases previously mentioned. As some of the assumptions int®ec4.1 were clear about
more consistency of an even distribution of “interconneat® pores, the changes in compli-
ance were only modi ed in the Chalk intervals of the Niobrara ad separately, the Codell.
With increasing pore-pressure, the e ective stress propaonally decreases. The initial pore
pressure is assumed to be 4000 psi, just as when the logs werpiaed. Figure 4.4 shows the
base-case (assumed starting point) and the two locations ¢ime curve where di erent com-
pliance values were tested. The two tests yielded a compl@nof 0.004% for a di erence of

2000psi, and the maximum possible compliance O%Sfor the 4000psi pore pressure increase.

Per Schoenberg and Sayers (1995), there are two di erent aggptions to be made when
applying a given fracture compliance to the model, the modad interval can either be as-
sumed to be predominantly liquid lled fractures ¢, = :1Z;) or gas lled fractures (Z, = Z;)
respectively.

Proprietary PVT (Pressure, Volume, Temperature) analysis @as performed on an undisclosed

well in the eld but within an acceptable distance to the RCP sudy area. PVT experiments
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Figure 4.4: Fracture compliance and pore pressure relatidng curve, showing the starting
e ective stress (Case 0) and the two tested increases in pgeessure (Case 1 and 2).
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are done to evaluate the produced hydrocarbons under a carnaariety of in-situ variables

regarding pressure, volume and temperature. It was concled that roughly 90 days after
ow back, the near-wellbore reservoir pressures dropped Ilb& bubble point pressure and
gas was being released from solution. This would mean thatetle was no free gas initially
in the system. With this knowledge, the predominantly uid- lled fractures assumption
(Z, = :1Z,) was applied to the pore-pressure versus fracture compl@nrelationship for the
M1 modeling. A work ow was generated to assess these di eregs in attempt to make di-

rect correlations to the percent di erence P-impedance raks from the time-lapse inversion

shown in Figure 4.5.

Figure 4.5: Work ow for evaluating fracture compliance behdor and its e ects on P-
velocity.

Code in Microsoft Excel™ was written to take the input logs and apply all of the math
discussed in Section 4.1 at each sample along the well whenere was sonic log data. In
addition to this, the application of a change in pore-pressa via change in fracture compli-
ance could be applied by outputting a new and modi ed sonic cve. These are the modeled

sonics that are input to analysis and compared to the 4D invsion di erence volumes.
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Additional code was implemented to gain a perspective on theverall di erences and
e ects on V, (second step Figure 4.5). The changes in Case 1 resulted in aadequate
comparison to the magnitude of the 4D di erences. The resdtof Case 1 (2000psi increase
in pore pressure), proved to changg, at most a negative tenth of a percent (-0.1%), and
in the majority of the vertical section, less than a negativeve one-hundredths of a percent
(0.05%). However, there was an immediate reason for such a pamagnitude di erence in
Vp. When referring back to Figure 4.4, Case 1 at a 2000psi increasgpore-pressure (drop
in e ective pressure) creates virtually no displacement uphe fracture compliance axis. In
addition to this, the uid- lled fractures assumption means that only 10% of the estimated
compliance is applied to the calculation. This case was cdnded and as such, provided

di erences in V, would be negligible

Case 2, testing a maximum change in fracture compliance, wast much more promising
than Case 1. Applying the maximum increase in fracture complince, yielded a maximum of
a -1% change irv,. A di erence of a -1% change along a substantial portion of threservoir
could potentially produce similar P-impedance di erencesvhen convolved with a wavelet

and inverted (Figure 4.6).

The results from modeling such a large increase in pore pragswas deemed insigni cant
with a maximum of 0.25% velocity change. The results shown Figure 4.6 show di erences
that do not surpass the e ective error range assumed on the flkey Shoot percent di erence
volumes. Although the outcome of these models was relativaipsuccessful, it still provided
a vector where velocities would change. The negative di aree inV, shows that there would

be an e ective decrease in velocity with an increase in poregssure.
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Figure 4.6: Result of fracture compliance in uence on P-vebity with a change in pore
pressure (sonic track). The inversion results to compare toercent di erence volumes is
provided on the right. There is a maximum di erence of about 25%
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Fracture compliance alterations on compressional velogiare very minimal when assum-
ing a weakly anisotropic VTI medium. Additionally, V, is only dependent on thec;; and cs3
terms of the sti ness tensor and the (inverted) complianceensor. The estimated values for
the S;; term when taking the inverse of the sti ness matrix relies onthe fast shear polariza-
tion calculated from the cross-dipole sonic. Well N has alrabno separation from the two
polarizations and therefore has virtually no HTI anisotropya ecting the initial background
compliance. This observation presents a potential pitfatif this analysis because even though
there is a negligible di erence irfShy,, and Shpa, the compliance has no way of determining
the anisotropic stress sensitivity of the rock with VTI assurtions, currently being investi-
gated by Tom Bratton (RCP). This is extremely valuable infomation that would directly
impact the changes inV,,. Future work in modeling the dynamic changes iV, that are ap-
parent on the time-lapse inversion should include HTI assurtipns in addition to anisotropic
stress sensitivities. If these parameters are modeled aotly they would be fairly intuitive
to apply as additional modi cations in the compliance matrk. This would not only account
for normal and tangential compliances of an inferred fracta set, but could also account
for stress sensitivities between grain boundaries. The leebgeneity of the Niobrara would

make the application of this modi ed work ow and assumptiors very applicable to the study.

4.1.2 Future Considerations for Modeling Pressure Response on a Hydraul i-
cally Fractured Reservoir

There are alternative means to identify a decrease in P-imgance between M1 and the
BL, but would require an understanding of the geomechanicah uences during stimula-
tion. The increase in pore pressure during stimulation is knvn, but we do not know how
it interacts with virgin reservoir properties or how it is dstributed. An alternative work
ow to address a pressure di erence would be to perform the dhtical time-lapse analysis,
but instead use M1 as a baseline survey. This would include XE®ith respect to M1 and

could provide information speci c to the highest magnitudepressure change, moving from
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the highest pore pressure (stimulation), to the lowest (pruction). These e ects intuitively
should be visible in the reservoir, in addition to the stresdistributions above and below in

vertically adjacent strata.

If the Sayers (2010) model accurately estimates a di erenae V,, with a large change in
pore pressure from hydraulic stimulation, then it is imporant to consider alternate reasons
for the -3% to -5% changes in the time-lapse inversion di enee (M1-BL). Another study
that would deviate from the assumptions incorporated for ti$ study is one from Sammonds
et al. (1989). He concluded that there is a reduction ilv, after a given pressure on a more
brittle medium. Figure 4.7 shows the results of a rock at "peaktress" becoming more
compliant and collapsing on internal microcracks (Sammoscet al., 1989). This could be an
alternate explanation for the negative di erences in the the-lapse. Additionally, a signi -
cant negative di erence in the Wishbone section occurs in thiéort Hays limestone horizon.
The Fort Hays is a more brittle formation and would likely sucamb to a similar response in

V, if pushed to its peak stress.

It is also important to mention potential pit falls in the Sayers (2010) model. Modeling
a decrease in pore pressure using fracture compliance witbakly anisotropic VTI assump-
tions could prove problematic. Similar to the uncertaintis discussed in Section 4.1.1, there
is an even larger gap in understanding on the rock's anisopic stress sensitivities over two
years of production. Both the Niobrara and Codell have undeoge a tremendous amount
of varied stress after completion and during production. Iwill be important to understand
the geomechanics of the reservoir under such di erentialrsisses which would allow for more

understanding regarding the rock's sensitivities.

There is still a lot unknown regarding the completion of theswells and the anticipated

e ects that would in uence observations in a time-lapse semic study. Rather than attack-
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Figure 4.7: P-velocity after "peak stress" is applied to a cersample similar in reservoir
properties to the Niobrara and Codell (Sammonds et al., 1989)

ing the problem blindly, three-dimensional geomechanicahodeling is currently underway
on the Wishbone wells. Gaining an understanding of how the mwoir and the comple-
tions behave during stimulation allows for testing variougarameters that could point to a
dynamic P-impedance response for M1. The time-lapse prexsk inversion results will be

implemented to constrain correlations to the geomechanidaputs to the simulation model.

4.1.3 Monitor 2 Modeled Pore Pressure Di erences

Similar to Section 4.1.1, the M2 pore-pressure modeling unteok the same work ow.
Only one case was tested to understand the vector (directi@and magnitude) of aV, change
using the fracture compliance versus pore pressure relatghip. Based on the results from
M1 models, there was not a tremendous amount of anticipatedhange especially when in-
troducing a negative compliance as input for the M2 models. Mever, there are a few
key di erences that were implemented from the M1 models. FitsTurkey Shoot M2 was

acquired after two years of production. Gas has been introded to the system, with rising
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GOR in every well over two-years production. Reservoir sinations suggest gas saturations
in the reservoir could be as high as 40% near wells from stiratibn or structure that is
inferred to have higher permeability. The structural in uence was interpreted from seismic,
geosteering, and image logs. Because of such a dramatic ghelsange, a gas- lled fracture
assumption has been applied to the input compliance, whezg = Z;. The second di erence
between the M1 and M2 models is a di erent initial starting cae, Case 0. This was to get a
sense on both the magnitude and direction of fracture comphce in uence on velocity with
a pore pressure decrease (e ective pressure increase) bGtse distributions are provided in

Figure Figure 4.8.

Figure 4.8: Case 0 is the initial fracture compliance and Caseislthe modi ed compliance
to understand the largest possible variation fracture conmpssibility with a decrease in pore
pressure.

The time-lapse analysis on the M2 Turkey Shoot data is with ference to the BL survey,

so if the model for M2 is consistent with that of M1, Case O is #tsitting on the curve at
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4000psi. The Case 1 scenario for the M2 modeling holds to ths maintain consistency
between models starting from the associated fracture congoice at 4000psi and expending
to the maximum e ective stress provided on the curve distribtion (5000psi and O.OOOOO%@T

fracture compliance).

The Case 1 analysis for M2 has a di erent Case 0, in order to melda large (maximum)
increase of e ective stress (decrease in pore pressure).s&®oir simulations show a change
in pressure of almost 3000psi after two years production. i nearly impossible to quantify
that large of a decrease in pore pressure via Sayers (201@rfure compliance methods with
the additional in uence of control from the Niobrara core sesitivity analysis. The funda-
mental reconstruction of Case 1 is done to understand the magide and direction of a
P-impedance or more speci cally, &/, change. Case one had a drop in compliance and an
increase of 6000psi in e ective stress. The results for a neldd velocity change is provided

in Figure 4.9.

The modeled results after accounting for a pore pressure degse is relatively insigni cant
in V,. However, this slight di erence could have a critical in uene for the initial P-velocities
moving into uid substitution. There are a few other consideations worth mentioning before
moving forward with the M2 models that would support a relatvely insigni cant change in
velocity. The Niobrara and Codell as unconventional reservsi have small recovery factors
in comparison to producing from a conventional sandstone bigh porosity carbonate play.
If recovery is only 5% to 12% of the resource in place, it is &k that the pore pressures
immediately along the well are not able to represent the eméty of the targeted interval
and an observable pressure di erence with seismic. If theservoir has e ectively "resettled"”
changes in pressure might be lower but not at a large enougtspliacement to notice a com-

pressional velocity change.
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Figure 4.9: Result of fracture compliance in uence on P-vebity with a change in pore
pressure (sonic track). The inversion results to compare foercent di erence volumes is
provided on the right. Synonomous with 4.1.1, the fractureampressibility has little a ect

on sonic changes.
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4.2 Unconventional Fluid Substitution

This section will discuss the application of Mavko and Bandypadhyay (2009) uid sub-
stitution modeling as it applies to unconventional reservcs. The M2 impedance results were
the only data considered for uid substitution as the stimuétion uids were not thought to
provide any observable di erences in compressional veltyci Furthermore, the stimulation
uid would not present a bulk density change either; the Niobara and Codell reservoirs
had liquid- lled pores before being produced, creating ngoparent impedance change in the

reservoir.

Compressional wave time-lapse studies are abundantly sassful to observe uid and gas
e ects in conventional applications because the phase drences and varying saturations are
heavily dependent on the porosity of the reservoir (Brie etla 1995). However, gas has a
very strong in uence on a reservoir's compressibility. Fige 4.10 graphically explains an
acoustic response from uid or gas and the in uence it has orompressibility even with a

< 5% saturation.

Figure 4.10: Showing the immediate compressibility as gasters a system (Ostrander,
1984).
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Before walking through the work ow implemented for the uid substitution in associa-
tion with M2, it is important to understand the choice of estimating these dynamic satura-
tion changes in an unconventional reservoir like the Niobrar Previous work has addressed
the complications associated with modeling uid/gas sub#ution in tight reservoirs; (Sava
et al., 2000) explains the inaccuracy with the conventiongbassmann's uid substitution
in anisotropic media. (Sava et al., 2000) has published latabory experiments that show a
signi cant over and under prediction of velocity changes wén modeling crack and thin-layer
anisotropy, respectively. The study concludes that Gassma's uid substitution model is
more likely to illicit greater errors in media composed of stisotropic background with thin
intercalation of a softer media (Sava et al., 2000). Operatnally speaking, the Niobrara is
targeted in its respective chalk intervals with the intenton of stimulating the sti er, more
brittle lithology to enhance conductivity in low porosity and permeable rock. As mentioned
in Section 1.3, these chalks are never assumed to be homogeseand will have varying
in uences from clay minerals vertically and horizontally. This directly relates to the prob-
lematic case presented by (Sava et al., 2000), eliminatingefapplication of the conventional,

isotropic Gassmann's approach to uid substitution.

To properly represent a certain degree of anisotropy, unceentional uid substitution
methods illustrated in (Mavko and Bandyopadhyay, 2009) wer implemented to generate
imposed gas e ects on P-velocities. Well N, the same well usgdSection 4.1 was used for
this modeling and incorporated the modeled logs as a base&ak addition to the sti ness
matrices already generated for changes in pore pressureg tthata preparation was already
complete with modi ed sti ness matrices, slightly increagd velocities and Thomsen (1986)
parameters as inputs to the (Mavko and Bandyopadhyay, 2008nconventional uid substi-
tution. These components can be carried over into this modekecause the assumption for
a weakly anisotropic VTl medium is also incorporated. Mineldagy and saturation inputs

were still required before observing any dynamig, changes.
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Well N had a standard ELAN (Elemental Log Analysis) formation galuation applied
(Figure 4.11) by RCP PhD Candidate, Tom Bratton. The ELAN is an nversion performed
using the provided suite of logs to create mineralogy diskiitions and quantities of kerogen
content required as inputs for uid substitution. This inversion is performed by establish-
ing a series of linear relationships between the known logrees to e ectively solve for the
unknown di erences in mineralogy. The mineralogy is then ¢&d back to X-Ray Di raction
(XRD) results at given samples through the reservoir interdgplacing a control on the inver-
sion results. Independent rock models were used for the Niaba chalks and marls and the
Codell sandstone. Figure 4.12 shows the distribution of mirss along the well, generated
through the Niobrara to the Greenhorn. Generalized mineradpes would su ce for uid
substitution, but the data in Well N provides more con dencein the modeling results. The
minerals (summing to unity) are required for uid substitution and include the following
minerals in its distribution: illite, smectite, quartz, cdcite, k-feldspar, n-feldspar, kerogen,

and pyrite. These distributions are provided from left to rght respectively in Figure 4.12.

The next big input to model the acoustic response of the satation changes in the reser-
voir, were the saturations themselves. RCP has a working e¥soir simulation model which
has been tried and tested over the Wishbone section. Simulatis have determined that gas
saturations had risen to 40% surrounding the major structer in the section, and 30-45% in
the rock matrix seen in an averaged slice in Figure 4.13. Therailation model was used to
guantify a modest input of a 30% gas saturation with the intetion of iteratively applying

more to quantify the given anomalies in the real time-lapsaversions.

There are many di erent perspectives which attest to the sihulated and producing

volume in the Niobrara and Codell reservoirs. Any operator del@ping unconventional

reservoirs would like to entertain the idea that stimulatio e ectively induces and props con-
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Figure 4.11: The ELAN formation evaluation that includes gamm ray, resistivity (shallow-
deep induction), mineralogy, oil saturation(green)/immowable-water(blue)/movable-water
(orange), density with XRD, porosity and spectral gamma ray urves from left to right.
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Figure 4.12: Mineralogy curves through the entire Niobrara t&reenhorn interval. These
include: illite, smectite, quartz, calcite, k-feldspar, rfeldspar, kerogen, and pyrite from left
to right. Additionally, the black dots are the XRD results fromthe core as a tie to real data.
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Figure 4.13: Gas saturation volume after 2 years of productiofrom reservoir simulation
model, showing upwards of 40% in fractures and 30% in matriohume (Ning, 2017).

ductivity through all benches of the Niobrara, producing urform capacities from stimulated
fractures. This is a common and most likely mis-representadterpretation, that is widely

accepted as a result of microseismic data interpretation e eld.

Studies done by (Duenckel et al., 2011) and (Vincent, 2011)gyest that when using sand
proppants to maintain open fractures, will actually be sloyy swallowed and/or crushed over
a six month period losing 55% of the stimulation's conductity (Handren and Palisch, 2009).
This interpretation would therefore rely on the resettled eservoir to have an increase in ef-
fective permeability while it resettles. Conceptually thé occurs with grains, microfractures
and even fractures that settle in di erent orientations afer being agitated. This realignment
creates a new aperture strictly controlled by regional or talized stresses as the reservoir is

produced.
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After having all of the inputs required to implement (Mavko ard Bandyopadhyay, 2009)
unconventional uid substitution model, RokDoc™ software interface was used to organize
and apply the substitution algorithm. There were two separta cases that were tested to

guantify the anomalies observed in the inversion di erenceolumes discussed in 5.

Using the the components generated from Equations 4.2 to 4.ib0Section 4.1, Mavko and
Bandyopadhyay (2009) provides an approximation for P-wawaodulus (Cz3) with a modi ed
saturation input shown in Equation 4.16.K 4y, Ksar, Ky @and Ky, are the elastic bulk moduli
if the dry rock, saturated rock, solid mineral and saturatig pore uid respectively.
(&) [Km K@ () s P

4.16
(Km Kn) (k%) (Km K (446

d
G3 G5

The anomalies of lower impedance di erences in the M2 volunseemingly reside in the
Mid-Niobrara to Fort Hays horizons and also between the Codelb Greenhorn horizons.
These intervals are the target intervals for all wells with he exception of the 11N (B Chalk).
Both of the previously mentioned interpretations were utiked in constructing two cases that
would best correlate to the percent di erences in the P-impance. First, the more probable
case, explained by (Duenckel et al., 2011) and (Vincent, 2Q1#vas re ected on the model by

only applying saturation changes to the C-Chalk and Codelhtervals shown in Figure 4.14.
Additional modeling was also tested observing gas saturatie as a higher (less probable)

case, including the B Chalk provided in Figure 4.15. These rdts are not as dominant as in

(Figure Figure 4.14), but show a more distributed negative derence in the reservoir interval.
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Figure 4.14: Modeled percent di erence (M2-BL) volume from avell near the Wishbone

section with dipole-sonic logs. Monitor 2 being synthetiggenerated from modeled P-sonic
changes "producing” from the C-chalk and Codell intervals.Percent di erences coincide
with actual inversions. The "hardening” e ect both above aml below the negative change is
assumed to be from a residual time shift in amplitudes from #hslowing of the C Chalk and

Codell formations, however, this still needs to be investiged.
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Figure 4.15: Modeled percent di erence (M2-BL) volume from avell near the Wishbone
section with dipole-sonic logs. Monitor 2 again, synthetiggenerated from modeled P-sonic
changes "producing” from the B-chalk, C-chalk and Codell tervals. Percent di erences
correlate with actual inversions. Results are not nearly adramatic without including the B
Chalk velocity change, but are distributed more in the resgoir.
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CHAPTER 5
TIME-LAPSE INTERPRETATION AND DISCUSSION

This chapter will discuss the more detailed interpretatios created regarding the pre-stack
time-lapse inversion results and its associated models ficSections 3 and 4. It will also
review alternative perspectives that could be studied in fure work to continue quantifying

the time-lapse results.
5.1 Monitor 1 Interpretation

Although the M1 to BL di erences in Ip could not be appropriatdy correlated or quan-
ti ed, there are some observations that are supported withtber data. The microseismic
acquired during the completion of the Wishbone wells presen& direct correlation with the
Ip percent di erence at the reservoir from M1 to the BL. Figure5.1 shows a map providing
event density above a given threshold overlain on the avemgp di erence from the top of
the Niobrara to the Greenhorn horizon. The microseismic deits of events outlines the Ip
negative anomalies almost bordering the higher magnitudesitirely.

These analyses were only made from a map perspective becaiselar correlations in
depth provide a tremendous amount of uncertainty. The anasys of the impedance di erences
in depth and combining uncertainty associated with two di @ent velocity models could lead
to incorrect observations and correlations. The maps prale further con dence regarding the
M1 repeatability and that Ip di erences are attributed to a metric of conductivity established
by stimulation and not completely arbitrary.

A petroleum engineering graduate Dang (2016) published hstudy with the tracer data
provided to RCP in Phase XV, and acquired during the completionf the Wishbone section.
Much of the tracer information supports what is observed inie time-lapse inversion for M1.
Speci cally observations against mass of recovered trasen the Wishbone wells. Figure 5.2

and Figure 5.3 are plots showing the displacement of tracergected by 5C and 6N along the
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Figure 5.1: Map showing event density overlain on the averade di erence (M1-BL) from
the top of the Niobrara to the Greenhorn. The density of eventare normalized into polygons
similar to a heat map, to provide better perspective on the ceelation between the two maps.
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graben recovered by other wells in the Wishbone section. Theesage Ip percent di erence

isolated in the area with the most relevant wells is also ingtled.

Figure 5.2: The average Ip percent di erence (M1-BL) (left) etracted from the Mid-Niobrara
to the Greenhorn representing the total interval of negati di erence in the reservoir. The
mass percent recovered versus distance (right) (Dang, 20%6owing the amount of the tracer
1700 injected at well 5C in the Northern portion of the grabenrad recovered at other wells
in the section. A barrier (labled) was interpreted in the Ip derence extraction potentially
limiting western conductivity away from the graben. Wells & importance are outlined in
bold and circled on the plot to focus attention to the anoma#is potentially coincide with
conductivity.

The mass percent recoveries show that in both injector wel(8C and 6N) maintained
greater conductivity between the wells in the East. Wells 7Nand 8C both have limited
tracers produced from the 5C and 6N from tracers injected iotthe graben. This could be
indicative of a barrier features interpreted on the map. Dam(2016) had made her interpreta-

tions based on seismic structure maps, FMI logs and tracer @gtion locations indicating that
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Figure 5.3: The average Ip percent di erence (M1-BL) (left) etracted from the Mid-Niobrara
to the Greenhorn representing the total interval of negatie di erence in the reservoir. The
mass percent recovered versus distance (right) (Dang, 20%6owing the amount of the tracer
1500 injected at well 6N in the Northern portion of the grabemnd recovered at other wells
in the section. The same barrier (labled) potentially limiing western conductivity away
from the graben. Wells of importance are outlined in bold andircled on the plot to focus
attention to the anomalies potentially coincide with condativity.
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the central West-East graben delivered the majority of theracer mass to the Eastern wells.
If this negative percent di erence is indicative of any condictivity metric, it would provide
further interpretation power as a signi cantly more negatve di erence lineation spanning
from the interpreted barrier in the West moving though the 30well in the East. The tracer
data is real, quanti able data which, if correlated to timelapse results, could be immensely
powerful in continued understanding of the seismic contritions. A last look at the tracer
information with respect to the M1-BL time-lapse results igprovided in Figure 5.4. This
gure shoes the NRMS values in the reservoir over the Wishboneion. It seems that the
major di erences begin at a line that almost cuts perfectly prpendicular to the induced
fracture orientation and principal stress direction intepreted from FMI logs (Dudley, 2014).
The black-dotted lines give two perspectives of where thegsi cant NRMS changes begin
in order to show that the larger di erences are more conglomegted to the Northern portion
of the wells. The total mass percent recoveries from Dang () are partitioned by location
of injection (graben/toe section/heel section) and their ange of distance traveled. The plot
summarizes that the graben is the most conductive area, traporting injected tracers the
futhest distance. More importantly, the second largest ddacement of tracers occurs in the
toe sections of the wells (from the graben, north) which calates to the largest NRMS

di erence body.

The inversion results show greatest negative P-impedancerpent di erences in the west-
ern and northern areas of the Wishbone section from the invésas and supported by pre-
vious studies. With the underestimation from the modeling irSection 4.1.1 the following
discussion will relate observations leading into future wk and alternative considerations

regarding the negative di erences between M1 and the BL susys.

The pre-stack study provided a more plausible vertical digbution of negative dier-

ences contained within the reservoir (Mid-Niobrara to Gredrorn). The positive and nega-
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Figure 5.4. NRMS extraction from the Mid-Niobrara to the Greenbrn (left) with a plot
showing the mass percent recovered in a generalized locatipight) (Dang, 2016). The
data points plotted di er in geometric shape referring to tte location of injection, separated
into the heel, graben and toe. The plot shows that the graberamied tracer the furthest,
toe second and heel third. The overall NRMS di erence map shewa larger amount of
normalized di erences between M1 and the BL covering a largarea to the north. The
black dotted lines are a guides for where the transition froramall to large NRMS values
begin. The induced fracture orientation interpreted by Dutky (2014) is also included as
they match fairly well with the orientation of the NRMS di ere nces.
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tive oscillations observed throughout the vertical sectioin the post-stack inversion (White,
2015) were reduced to only the upper section of the Niobrarajust above the Greenhorn
formation. The abiding strata (marl/shale) above and belowthe reservoir could be more
susceptible to stress. (David et al., 1994) proves that eveéhough shales are more ductile,
they are more sensitive to stress with a direct applicationot compressional and shear ve-
locities shown in Figure 5.5. The marl intervals were not mapulated when modeling for
pressure changes, but the di erence volumes for M1 show aatg increase in Ip within the

Upper Niobrara (A Marl) and below the Codell Sandstone (Carld Shale).

Figure 5.5: A variety of core samples with diverse reservoirgperties underwent perme-
ability tests under increasing stress. The Rothbach is a sleaformation against all other
displayed sandstones, with a greater stress sensitivity éid et al., 1994).

5.2 Monitor 2 Interpretation

The time-lapse analysis for M2 has resulted in negative imgance di erences over time
which can be attributed to a gas e ect from modeling saturatn changes in the Niobrara
and Codell reservoirs. Immediate observations can be madgesi c to the production dif-
ferences in the Wishbone section over a two year period. Thasealso a direct relationship

with well spacing: Tighter well spacing in the west correl&s spatially with the greatest
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negative di erences in M2. No immediate recommendations cdre made at this point as
these observations must be applied to simulations in ordeo touild speci ¢ conclusions and
thereby implement changes to operations in the Wattenberg €id. This section will provide
an interpretation speci c to the current understanding of hese time-lapse di erences, ad-
dress discrepancies observed in the results, and providengoperspective to the application

of these results in a multidisciplinary setting.

Gas out of solution is considered to be the main driver in netiee Ip di erences (M2-BL).
However there is a signi cant amount of negative di erenceshiat surround the Wishbone
wells in adjacent sections. Wattenberg Field is one of the ntoproli c unconventional
elds in the United States and there has been signi cant actity before and after this
study. It was important to understand the production beforeand after development of the
Wishbone wells in order to account for anomalous time-lapsesponses that could occur in
the surrounding area. Figure 5.6 shows the gas production be¢ and after the Wishbone
wells began ow back. There were two wells with signi cant ga production to the west of
the Wishbone section prior to the BL survey acquisition. Thignust be considered when
observing time-lapse variations near this area. More impi@ntly, it is imperative to observe
the gas production after the Wishbone wells were began prodian, where horizontals have
been producing substantial amounts of gas in the same resa@nintervals and a similar time
line. This will undoubtedly complicate an isolated time-lase interpretation speci c to the
Wishbone section.

When considering the production in adjacent sections, the m®problematic areas of the
survey are identi ed to be the entire perimeter with exceptn to the direct North, Northwest,
South and Southwest sections. In any other direction, weltuld be as close as 1000 feet to
a Wishbone laterally and likely interfere in some capacity.

In order to further understand the power of the time-lapse garding a producing volume,

a series of statistical well extractions were made in atterhpo correlate production versus
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Figure 5.6: Gas production inside and surrounding the Turke8hoot survey after the Wish-
bone section ow back. The wells and gas production shown feeall occurred within six
months of the Wishbone wells.
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a varying degree of time-lapse di erence along the wellbaeProduction spinner logs were
acquired for the 2N and 6N- however, they were seemingly doratad by ow from major
structure during ow back (Motamedi, 2015). Extractions abng the horizontal wellbores
were made to assign negative di erences to the wells prodwmmt. When extracted, each
well had a "log" representing the average at each 5 foot saneplTo narrow these down even
further, the logs were averaged again to consolidate negatimpedance values for each stage.
To e ectively correlate well head production, these averags per stage were combined again
to represent an average impedance along the wellbore. Thess plot in Figure 5.7 shows
the relationship between the average negative impedanceedence versus the normalized

gas production at the well-head.

Figure 5.7: The relationship between the average negative @tiences extracted along the
wellbores in the Wishbone section against their normalizedrgduction. There is a 70%
correlation with all wells included in the analysis (blue).If one outlier is removed, then the
correlation jumps 17% to 87% (orange).

With all Wishbone wells included in the analysis, there is a 70%ercent correlation with
negative di erence and the gas production. Removing one dfié outliers leaving ten of the
eleven wells in the cross plot, there is an 86% correlationttvithese values. When creating
the same cross plots for the oil production (Figure 5.8) the sliribution is scattered and no

discernible relationship. Gas production showing a 70% celation, the uid substitution
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modeling with similar negative impedance changes, and them-correlation of oil production
isolates gas as being the dominant e ect on the time-lapseismic data. With only simple
analyses performed on this data, it will be important to testimore statistical relationships

for even better correlations.

Figure 5.8: Negative Ip di erences extracted along the Wishb@nwells plotted against the
cumulative oil production. There is no discernible relatioship, further supporting a gas
e ect on the PP time-lapse seismic.

After further support of the negative di erences correlatiig with gas production, it was
important to observe the representation of these di erencein section view. To provide a
maximum and minimum representation along the wells in the Widione section a section
line along the zipper-frac'd wells (7N, 8C, 9N- higher produc® was compaired against the
lowest producer in the section (4N) shown in Figure 5.9 and Figer5.10. The color scales
on each Figure are equivalent and the time-lapse sections deth clipped to represent only

the di erences that are greater magnitude than what is obseed in the overburden.
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Figure 5.9: (Top) Overall NRMS change in section view near thepper-frac'd wells (7N,
8C, and 9N), relatively high gas producers as a unit in the Wishine section. (Bottom) The
Ip percent di erence volume (M2-BL) showing a high magnitud di erences along the well,
compared to Figure 5.10 and the lowest gas producer in the sect
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Figure 5.10: (Top) Overall NRMS change in section view near theell 4N, the lowest gas
producer in the Wishbone section. (Bottom) The Ip percent dierence volume (M2-BL)
showing a reduction in magnitude di erences along the welkkompared to Figure 5.9 and the
zipper-frac.
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The major negative di erences are somewhat strati ed into the lower interval of the Nio-
brara, which also supports a gas e ect. During production,ite wells are causing a pressure
depletion more signi cantly near the well where gas would battracted. Furthermore, inter-
vals that consist of more dominant marl lithologies are mucmore malleable and maintain
lower porosity and permeability. Conceptually, the marl itervals of the Niobrara would be
the rst to heal any conductive paths back to the wellbore(s)and limit prolonged hydro-
carbon ow vertically in the Niobrara. This would further support a compartmentalized
reservoir driven by natural fractures, also indicating a saller in uence of stimulated frac-

tures through the life of these wells.

Structural complexity observed in the Wishbone section algalays a pivotal role in com-
partmentalization and the overall contributions from the Nobrara and Codell reservoirs.
The tighter-spaced wells are located in the Western portionf the Wishbone section, but
so is the greatest structural complexity. Two major grabensiteract with eachother in the
West, and will undoubtedly introduce a greater density of n@aral fractures where they in-
teract. This statement is abundantly supported by previou®RCP work Davis (2011); Davis
and Weimer (1976); Dudley (2014); Motamedi (2015); Muell¢R016); White (2015) and also

supported by the M2 negative di erences that are indicativeof greater gas saturations in

the West (Figure 5.11).
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Figure 5.11: Negative Ip di erences in the Wishbone section witfaults detectable by seismic
traced over the map. The incoherence attribute isolates fing that is observable in the
seismic data, identifying large changes in amplitudes trado trace.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

This study has provided substantial observations from the f#mpedance inverted from
time-lapse compressional wave surveys over the Turkey Shalataset. A variety on com-
parisons between the di erences of the volumes have been raaghich correlate both with
modeling in addition to current and previous studies in Phas XV and XVI. These observa-
tions will continue to provide a well-rounded interpretaton and application to the dynamic

understanding of the reservoir. The main deliverables fromhis study are:

Cross-equalized pre-stack PP 3D volumes for both Monitor Ind Monitor 2 surveys

with respect to the Baseline survey as input to future timedpse studies

Time-lapse, pre-stack inversion of Baseline and cross-atjged Monitor surveys, gain-

ing accurate compressional impedance (Ip) volumes and theli erences
P-velocity (V,) alterations from increasing pore pressure after stimulatn (Monitor 1)

Modeled changes irV, for a combined pore pressure increase after two-years of fpro

duction and gas out of solution (Monitor 2)

Integrated interpretations associating this study with pevious RCP work to constrain

reservoir simulation iterations

6.1 Conclusions

Following the time-lapse analysis and deliverables, the mdusions that result from this

study follow:

The time-lapse PP Turkey Shoot surveys are repeatable andsidual di erences in the

overburden are appropriately minimized through cross-egtization (XEQ). A more
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e cient XEQ work ow was constructed for application in futur e XEQ processes to
enhance repeatability between surveys. The modi ed work w was consisted of apply-
ing a trace by trace shaping Iter to match frequency contenaind resolvable limitations,

in addition to trace speci c time variant time shifts.

There are signi cant Ip di erences that are observable fromnversion results in both
M1 and M2 time-lapse analyses. The M1 di erences range from¥0to -4% and the
M2 slightly less, from 0% to -3% in the reservoir interval. Tl greatest Ip dier-
ences coincide with the distributions of NRMS amplitude di eences to the Northern
and Western portions of the section. This areal distributio also directly relates to
the results of the microseismic and conductivity during sthulation from the tracer

experiments.

Rock physics models show little sensitivity to pore presseichange through stimulation
and production, but large and more dominant in uence from gasut of solution dur-
ing the producing life of the reservoir. Both models have apgpriately incorporated
weakly anisotropic VTI assumptions necessary for estimatinchanges in P-velocity in

unconventional reservoir applications.

Di erences in seismic are not only sensitive to dynamic chacteristics of producing reser-
voir, but also subtle di erences in acquisition and procesyy (Johnston, 1997). The cross-
equalization performed in this study isolates the key methis addressing discrepancies in
the time-lapse volumes. The modi ed work ow outlined in ths study increases the over-
all repeatability between surveys to gain the best possiblgerspective regarding dynamic
changes to the reservoir during stimulation and productian The cross-equalized Monitor
volumes maintain NRMS di erences e ectively reduced belowl5, half the value considered
appropriate for land-acquired seismic data.

Both modeling of pore pressure and saturation changes weres@yned to estimate the

sensitivity of the reservoir to a change in compressional leeity for M1 and M2. The pore
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pressure models observed maximum possible variance rasgltfrom changing compliance
*1%. These models would not independently account for the matude di erences in P-
impedance for M1 but both negatively a ect P-velocity. The ombination of a pore pressure
decreaseV(, increase) in combination with gas saturations estimated dasely matched di er-
ence to that of the M2 time-lapse analysis. This is the rst sidy with practical interpretation

regarding the M2 data for Phase XVI.

6.2 Recommendations

The M1 data set and time-lapse di erences with respect to thBL survey have not been
appropriately justi ed due to a mismatch of negative impedace magnitudes in the modeling.
Future work should include modeling the sensitivities of th Niobrara and Codell reservoirs
along with their surrounding stratigraphy. More complex asumptions regarding the miner-
alogy (grain boundaries), stress sensitivities, and striure may better justify the di erences
in P-velocity observed in the seismic analysis. Further ahgsis of the core data near the
RCP study area could be performed as a minimum constraint onydamic observations on
moduli. More speci cally, these core should be taken beyorfdilure to observe the veloc-
ity di erences at peak strength (Sammonds et al., 1989). D#sctive measurements could
further validate the softening/slowing that is occurring n the time-lapse observations as the
rock condenses on its own microcracks after failure. The @pgations from core experiments
could lead to new modeling methods to better appropriate fahe changes in P-velocity. The
associated modeling could also lead into work ows for the dgmic (4D) multicomponent

(9C) seismic data at the Turkey Shoot.

The change in P-velocity associated with gas out of solutioallows for simulations to
be constrained by a three dimensional distribution of negat di erences indicative of gas
presence and saturation. An interpreted volume of gas satuian after two years production

would help better understand other inputs to the simulatiorthat might be weakly modeled,
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thereby reducing the amount of compounded uncertainty. Inssociation with other data
inputs and educated assumptions from RCP studies, a gas sedtion volume will empower
RCP and APC's ability to gain a statistical understanding of unknown optimization questions

regarding both recovery and operations:
Contributing lithology to production:

{ What is the ideal target formation for horizontal wells?

{ Based on an economic evaluation, the value of rig time spernesring wells, main-

taining accurate placement in the target formation

{ More con dent acquisition of more acreage in the eld with repect to sweet spots
Structural contributions to production:

{ Utilizing large multi-client seismic datasets to isolate m@ (probable) productive

areas with respect to faulting and stress geometries

{ Azimuth of wells be placed with respect to the localized stresegimes to maximize

conductivity over a given production period

Well length, geometry and spacing- how to e ciently maximiz and place wells for a

given section, maintaining higher production

Are there certain wells worth sacri cing to lesser productio in order to get more out

of a fewer wells

These are major industry concerns that can be supported wittontinued time-lapse seis-
mic understanding and dynamic reservoir characterizatiom the Wattenberg Field. This
would not only assist in increasing recovery factors, but &b operational e ciency. The
initial success in this study and the continued e orts from P should in uence more time-

lapse seismic studies in unconventional reservoirs. Mulisciplinary expertise and data will
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provide a statistical advantage on the critical operationlaquestions mentioned above.

The lack of gas saturation in the Wishbone section from the tietlapse seismic could
also isolate bypassed pay. This is extremely powerful besguthe time-lapse seismic would
be the only tool to characterize "under-produced” areas oniervals at a given time period.
Additionally, utilizing this volume and engineering data atthe well could isolate candidates
for re-fracturing (a second stimulation in preexisting pdorations) or re-completion (drilling
out casing, implementing new perforations and injection sdtegy). A more immediate ap-
plication to the study area would be in Il drilling strategies to maximize production over

existing acreage, avoiding the operational complicationgith re-completion design.

The single most important recommendation would be the comtued inversion work with
the multicomponent data. Utilizing the converted shear (PSkeismic will allow for a more
accurate density model for the three seismic volumes ovemi. A dynamic density model
could accurately estimate the changes to reservoir rock grerties and moduli over time.
Estimating changes to dynamic moduli is going to be a key injeation factor for all scales

of geoscience from the nite core scale to the up-scaled siiation model.

A substantial amount of uncertainty still exists regardingthe behavior of unconventional
reservoirs during stimulation and production. The heterogneity of the Niobrara and Codell
reservoirs cannot be adequately represented using geopbgkestimation methods at the
surface, or even with densely spaced down-hole data. The \Watberg Team in the RCP is
working to minimize these unknown variables using a varietyf multidisciplinary constraints

to better understand the dynamic reservoir behavior.
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