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ABSTRACT

The tectonic history and structural style of faulting and natural fract uring in the Denver-Julesburg
(DJ) Basin have been studied extensively { and with good reason. Tk natural fractures in the Niobrara
formation, speci cally in the Niobrara B Chalk, have been the driving mechanism behind the production
from this low-porosity, low-permeability reservoir; without whi ch, it may not be a viable play. Therefore,
understanding the controls on fracture distribution and how fractures contribute to production is essential
for conducting economic operations across the region. The B Chalk is not thenly target reservoir in this
area, however. The Codell Sandstone is also a viable reservoir targeharacterized by low porosity and low
permeability. These characteristics, coupled with the fact that the Codell is much less naturally fractured
than the Niobrara Chalk benches, make induced fractures during hydaulic fracturing operations a critical
component of reservoir e ectiveness and uid deliverability.

This project focuses on the structural characterization of the Herefrd Field in the Northern DJ Basin
with the main objective of identifying the controls on geologic heterogerity that impact well performance;
the understanding of the geologic controls can then be leveraged to optirmé subsequent drilling and
completions across the area. The complexity introduced by structual heterogeneity is further complicated
by the fact that wells from a previous phase of development have beenrpducing from the Niobrara B
Chalk reservoir for over 10 years. Though it complicates the picture of ofimizing subsequent drilling and
completions, data from the legacy phase provides a unique opportunityo characterize in-situ reservoir
conditions and how these contributed to the variability observed inthe legacy phase of production.

Various datasets were provided in order to inform the project objecives. This work integrates seismic
and well data from the legacy phase of development, fracture log and micressmic data from the recent
phase of development, and results from analyses performed by the geologgam member on the project to
form a more complete picture of how the initial structural context in uenced the development of the
petroleum system, and how this contributed to uid and reservoir quality heterogeneity.

It was found that controls on present-day expression of fractures wereli erent for the two target
reservoirs; the Niobrara was much more structurally-in uenced (fracture reactivation by exure) while
fracturing was predominately controlled by stratigraphic heterogenety in the Codell (mechanical properties
and distribution of the higher quality, brittle pay zone). These observations made at the well-scale were
extended across the region through the integration of seismic attribute with a vertical well study,
providing the basis to make geologically-informed recommendations foruture drilling and completions of

wells in Hereford Field.
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An overview of the various phases of development and produan that have occurred

in Hereford Field since 2009. The main Chalk Blu study area contains wels from the
legacy and HPR phases of development and production, and therefore datasefrom
these phases will be analyzed in thiswork. . . . . . .. ... ... ... .. ........

Map-view display of the primary datasets collected in the (ialk Blu study area. The
various colored line segments on the map represent well trajectorieBlue wells
oriented NW-SE were drilled during the EOG legacy phase of developm# and
production, most of which were drilled in 2010 and all of which were driled in the
Niobrara formation. Colored wells oriented N-S indicate wells drilled ty HighPoint
Resources 2018 and later, which corresponds to the third phase of developnt and
production shown in Figure 1.1. Though not indicated, some of these wedl were drilled
into the Codell sandstone. Three ber wells are depicted as teal wiktrajectories;
however, the ber in the easternmost well was damaged, rendering ithoperable. The
inner-most white-dashed polygon represents the main 4 sq mi drilfig and spacing unit,
or DSU, of the Chalk Blu project. The green-dashed polygon representghe location
of the original 2009 seismic survey collected over the area, while the sollight blue
polygon represents a slightly larger 16 sq mi seismic volume extensido encompass all
15 of the legacy wells in the area. Finally, the two point sets indicatedon the map
represent the surface tiltmeter array (orange squares) and recordethicroseismic events
from a surface array (white circles). It is important to note that thi s gure indicates
the primary datasets collected in the Chalk Blu study area, though additional data
outside this main area were also leveraged by multiple students on # project team. . . .

A timeline of structural and stratigraphic events that have occurred in the DJ Basin.
Also shown are the timings of the Niobrara oil window (green) and the formaton of the
Colorado Mineral belt (gray) .. . . . . . . . . . . e

(Left) Map showing location of the Western Interior Seawayduring the late Cretaceous

, credit: U.S. Geological Survey. A W-E cross section is shown correspding to the
cross-section of the asymmetric foreland basin structure of the DJ Bads (right) . This
basin structure was in place during the time of the seaway, whichmpacted the
deposition of the two units. . . . . . . . . . .. e

(A) Distribution of shallow marine deposits across the region ér the middle-Carlile

time. The Codell sandstone is characterized as a shallow marine or sheface

sandstone, which could be characterized by bar forms dominated by wavenergy but
potentially also in uenced by currents. Modi ed from Sonnenberg. (B) Map showing

in uences on the deposition of the Niobrara formation. Di erences in curents and
structural features (e.g., the Morrill County High) contributed to t he vertical and

lateral heterogeneity of the Niobrara. Interbedded chalks and marls weraleposited,

both of which are source rocks though chalk facies are the primary reseoir targets in
the formation. Modi ed from Sonnenberg . . . . . . . .. ... oL



Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Figure 1.10

Figure 1.11

(Left) Set of well logs from the vertical Pilot log in the Chalk Blu study area. Tops

are shown for most of the units contained in this interval, with the Codell and Niobrara

B Chalk reservoirs outlined by the black-dashed lines. Note the thiknesses listed for

the two formations at the left of the gure. Logs shown include gamma ray (GR),
compressional slowness (DTC), density (DEN), acoustic impedanceA() and
density-porosity (DPOR). (Right) Representative strat column of t he DJ Basin with

both pay intervals and source rock intervals highlighted. Column mod ed from

Sonnenberg. . . . . . 9

(Left) Map of basins and associated elds with Niobrara producion across the United
States. Red polygons indicate Niobrara gas elds, while green polygons indate

Niobrara oil elds. (Right) Zoomed in view to highlight the producing elds in the DJ

Basin. Hereford, Wattenberg and Silo Fields are highlighted speci ally, as these are

the largest thermogenic accumulations in the basin. The Chalk Blu study area is

located within the Hereford eld. Note the discrepancy between thepresence of

Niobrara source rock across the region versus the distribution of prodting elds.

Modi ed from Sonnenberg. . . . . . . .. e e 10

Map showing interpreted exploration priorities based on masurements of Tmax and
pyrolysis peak S1, which ultimately relate to source rock e ectivaness. Note that many

of the highest exploration priorities cluster at the locations of the man producing elds

in the DJ Basin. Also indicated on the gure is an interpreted extension of the

Colorado Mineral Belt shown by the black-dashed lines, which boundshe present-day
Wattenberg Field and extends to the northeast to reach Hereford Fiedl. Modi ed from

Thul and Sonnenberg. . . . . . . . . . 12

Extent of the Colorado Mineral Belt (blue lines) as interpreted by the USGS. The

trend of the mineral belt is NE-SW, and extends toward the locations of Wattenberg

and Hereford Fields to the NE, outlined by orange and red polygons. Greenakhed

lines indicate the locations of ductile basement shear zones, whiclalong with the
magmatism occurring during the time, contributed to the elevated heat ow that

resulted in the mineralization of the COMB. Given the timing of thi s magmatism and

shear activation and the location of such structures relative to our poducing elds, it

is likely that such elevated temperatures from these underlyingmechanisms also

contributed to the distribution of e ective source rock and ultim ately productive elds
across the DJ Basin. Modi ed from Wilson and Sims, credit: U.S. Geologial Survey. . . . 13

Regional isostatic gravity anomaly map annotated to show ve of the nain producing

elds in the DJ Basin, which include 1) Wattenberg Field, 2) Watten berg extension, 3)
Hereford Field, 4) Fairway Field, and 5) Silo Field. Note the gravity lows that underlie

all of the ve producing elds, which extends up from the gravity | ow to the southeast

at the location of the Colorado Mineral Belt (COMB), as indicated by the

black-dashed lines. Similar gravity anomalies underneath the main epression of the

COMB have been interpreted as magma chambers, igneous intrusions, tratholiths by

the USGS. Modi ed from Thul and Sonnenberg. . . . . . . ... ... ... ... ..... 14

Example of cross-plots between Iif,) and both In(Zs) and In( ), highlighting the

linear background trends as red lines. Notice the clear deviation from tkse trends, as
indicated by the red arrows showing the -parameters. This trend re ects what was
described as the \desired uid anomalies" to be resolved through the sismic inversion.
Reproduced from GeoSoftware. . . . . . . . . . .. e 21



Figure 1.12

Figure 1.13

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Cross-plots between In{,) and both In(Zs) and In( ) for the reference well location
used in the seismic inversion presented in Chapter 5. Note the stranlinear trend with
little deviation in the In( Zp) vs. In(Zs) cross-plot; clearly, no desired uid e ect is
captured. More deviation exists from the linear background trend betveen In(Z,) vs.

In( ); with that being said the trend has a relatively shallow slope and des not
necessarily appear to be linear. These observations ultimately maynipact the
usefulness of the inversionresults. . . . . . . . . .. .. o

Example of a stratal attened inversion attribute volume (P-impedance). Note how the
white dash-dotted line in the top panel crosses observable horizons,hite the white
dash-dotted line in the lower panel does not. If the assumptions are et (reference
horizons correspond to chronostratigraphic units and linear rates of depdson occurred
between reference horizons), converting the data to this form radts in a volume for
which each time slice corresponds to a surface of constant geologic tim&his is
advantageous as it will make it easier to map changes in waveform amplitude éiween

re ections in the Niobrara and Codell formations. . . . . . . ... .. .. ... ......

A map displaying the outlines of the three main seismic ded deliveries provided to
RCP along with the main Chalk Blu project drilling and spacing unit (DSU) along
with deviations of the 15 legacy wells in the area (blue NW-SE trendingline segments)
and the 23 HPR wells in the study area (remaining colored N-S trendingihe segments).

Inline comparisons of amplitude volumes for the three main dsmic data deliveries
provided to RCP in this project. Note the relative inline numbers, as the volumes
displayed in (B) and (C) extend further west and east than the volume in (A). (A) The
original '09 volume, collected prior to any legacy production in the area; his volume is
also included in the other two volumes, as they represent merged sweys. Processing
was applied to this version of the volume individually. (B) A cropped section of the
larger regional survey; this survey had post-stack enhancements apgld. (C) The

Chalk Blu (CB) study area volume that encompasses all 15 of the EOG legacywells

in the area. This volume did not have post-stack enhancements appliedRefer to

Figure 2.1 to see a map of the boundaries of each of these volumes. . . . . . .. .. ..

Estimated Iters to convert the vibrator data to minimum- phase for each of the three
constituent surveys that were merged during processing to creatthe regional volume.
Note the similar character of the Iters in panels (A) and (B) compared to t he highly
irregular character of the Iter in panel (C). The lter in panel (C) w as potentially
applied to the portion of the survey covering the Chalk Blu study ar ea; the potential
impacts on the data if such a Iter was applied are unknown. Reprodued from the
SeiSMIC Processing report. . . . . . . . o e

A comparison of the (A) source signature, (B) estimated lter, and (C) the resulting
convolution of the two. This is the same irregular Iter noted in Figure 2. 3(C). Given

the nature of the signals in panels (A) and (B), it is unclear how the conwlution of the
two would result in the signal shown in panel (C). The implication is that either the
estimated lter in panel (B) was adjusted before convolution (application to the data)

or after, which could result in di erences of the produced output. Reproduced from the
Seismic processing report. . . . . . . L L e e e
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Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Amplitude extractions from (A) angle stack 21 from the CB study area survey with no
post-stack enhancements (PSE) applied, (B) an extraction from the sara horizon but

now from the angle stack 21 volume for which we applied a structure-orieted

smoothing (SOS) operator for more consistent comparison with the data okerved in

(C), which shows angle stack 21 cropped from the regional survey for wbih post-stack
enhancements were applied (including a TGF/SOS operation). Note thesigni cant

di erences in relative amplitudes, particularly between panels(B) and (C). The

di erences between the two may ultimately change the interpretations related to these
relative amplitude changes. . . . . . . . . . .. 39

An illustrative cross-section through the (A) original ‘09 survey with two outputs

(percent anisotropy and fast azimuth) from the Quanta P-wave VVAZ work o w

displayed in panels (B) and (C). The Niobrara horizon is shown as a dasheéline in

each of the volumes. If anisotropy from the Niobrara interval is imaged, it would

appear below the horizon, as P-wave VVAZ signatures are a transmission path e ect. . . 43

Comparison of angle gathers as a function of azimuth with and withoutQuanta

corrections applied for the original '09 volume. The Niobrara is assumed tde at
red-dashed line (since no indication of interpreted horizons wergjiven in the associated
report). Note the sinusoidal signatures apparent at the Niobrara and two of the

distinct re ectors shallower. Such a signal would indicate anisotropc intervals above

each of the sinusoidal horizons, as the traveltime di erences at thes levels would be

re ective of transmission path di erences through shallower units. One thing that is

unclear is whether this signal was representative of similar signals aferved across the
volume, or if it was identi ed for only speci c inlines and/or crosslin es. Reproduced

from the seismic data processing report. . . . . . . . . ..o 45

Variance attribute extractions for the Niobrara (Left) and Lower Pierre (right)

horizons. Such attributes are oftentimes used to highlight structual discontinuities,

such as fault structures, however, it is not always the case that stuctural features
highlighted by such attributes do, in fact, represent fault structures in the subsurface.

The trends indicated by the blue-dashed lines across both horizons ake it tempting to
potentially extend many of these features through both horizons. Althoughsome of

these features are re ective of underlying structural changes, othrs are likely artefacts,
speci cally, fault shadows at the Niobrara horizon from the signi cant st ructures at the
Lower Pierre. . . . . . o e a7

Example displaying a likely fault shadow e ect at the Niobrara (and deeper) horizons

from a signi cant fault structure clearly identi ed at the Lower Pie rre (and shallower)
horizons. The Niobrara interval has an opposite structural change than the Laver

Pierre, at least ruling out that this feature is a fault that connects from the Niobrara to

the Lower Pierre horizon. . . . . . . . . 48

An example of clearly identi ed and interpreted fault structures at the Niobrara
interval, as indicated by the yellow arrows. . . . . . . . .. ... ... oL 49
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Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Data compiled by HighPoint Resources showing estimated uiinate recovery (EUR) in
barrels of oil per foot for wells drilled in both the Niobrara and Codell formations

across the northern DJ Basin. The spread in EUR is signi cantly less forwells drilled

in the Codell than in the Niobrara. This is highlighted by the dashed green oval, which
shows that a small percentage of wells in the Niobrara have signi cantlyhigher oil
recovery than others. This variability indicates that geologic factors present in the
Niobrara could contribute to the production variability observed, and furthermore, that
such geologic factors are not present to the same extent in the Codell (berwise similar
variability would be observed). . . . . . ...

(Left) Cumulative oil production curves from 2010 through 2019 of tre fteen legacy
(EOG) wells present in the Chalk Blu study area. (Right) Map-view of well locations
with well heads sized proportionally to the cumulative oil produced Note the

signi cant di erences in cumulative production values. Five groups have been identi ed
based on the ranges in production values, and have been labeled, withagrp 1
corresponding to wells that produced the largest volumes of oil and grouf®
corresponding to wells that produced the smallest volumes of oil. Tts leads to the
conclusion that the variability observed in production from the Niobrar a across the
wider northern DJ Basin is also present in the Chalk Blu study area. . ... ... ...

Daily oil production curves plotted for each of the 15 legacy wés$ in the Chalk Blu
study area. Refer to Figure 3.2 for cumulative oil production of these wlls along with
their locations in map-view. . . . . . . . . .

(Upper-left) Bar charts showing totals of uid (gel and water) and proppant (sand)
injected into each legacy well during completions. These volumes @ve normalized by
the number of stages along each well. Note that the lengths of the laterals areelatively
consistent, and so normalizing by stage was deemed more appropriate. (Lewleft)
Cross plot of normalized completion size vs. raw cumulative oil prodution for each of
the 15 legacy wells. (Right) Map-view of the wells where the size of th circles at the
well head locations are proportional to the cumulative oil production. The colors of the
wells are associated with the colors in the other two plots, and all thre are consistent
with the previously identi ed production groups in Figure 3.2 (usi ng non-normalized
cumulative production values). Anomalous wells are outlined in blue @shed lines.

Comparisons of daily oil production curves of wells that signicantly deviated from the
potentially linear relationship between normalized completion sizeand cumulative oil
production shown in Figure 3.4 highlighted by the blue-dashed ovals These are plotted
with daily oil production for wells within the same production group f or comparison.
The anomalous trends in the production curve for well LF at the right of the gure
indicate that secondary measures may have been taken that increaseti¢ production
of this well, ultimately resulting in a higher cumulative volume of oil than it would
have otherwise produced. No trends indicating engineering contiis on the low
cumulative oil production were observed in well LO relative to its completion size.

Total uids produced for each well, combining oil, gas, and wate. . . . .. ... ... ..
Relationship between total uids produced and total amount of oil, indicating that
there may be an underlying relationship in relative uid proportion s, in addition to

total volumes produced. . . . . . . e

GOR trends in the Chalk Blu study area wells. Note the variability in GOR values. . . .
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Figure 3.9

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Regional GOR trends. Note an E-W trending area of relatively hgher GORs and a

NE-SW trending area of relatively lower GOR trends. . . . . . . ... ... ... ....

N-S crossline through the center of the CB study area volume ith 11 main interpreted
surfaces. The section at the left of the gure shows the blank crosdtie, while the
section at the right shows the 11 horizons indicated by dashed lines algnwith some
structural features identi ed in white. The map at the right of the  gure shows where
this crossline was taken from relative to the project study area.12x vertical

exaggeration. . . . . .. e

Variance attribute extractions from the Codell and Niobrara horizons interpreted from
the CB study area volume. The Codell ber well is shown on the plot at the left of the
gure with interpreted micro-faults displayed, while the Niobrar a ber well and
associated micro-faults are shown on the plot at the right. Note that although5
micro-faults were identi ed in the Niobrara, 3 of them occur in a similar location at the
center of the well, which is why only 3, as opposed to 5, spikes are obsex in the
density curve. The green arrows indicate a variance anomaly that intesects each ber
well; one may be inclined to interpret such a feature as a fault, btino faults were
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CHAPTER 1
INTRODUCTION

This work ts into the context of a larger collaborative team project: th e Chalk Blu Development
Optimization Project (CBDOP), which is part of Phase XVIII of the Rese rvoir Characterization Project
(RCP) consortium. The goals of this larger project guide the focus of my hesis, so | will give a brief

overview of CBDOP before discussing the aspects that are speci cat this work.
1.1 Chalk Blu Development Optimization Project

The CBDOP is the main project of Phase XVIII of RCP research, the primary goal of which is to
leverage a high-volume, cutting-edge dataset for the development optimation of an unconventional eld in
the Denver-Julesburg (DJ) Basin. The dataset provided to RCP iscutting-edge by virtue of the use of ber
optic cables permanently installed in two of the horizontal wells driled in the eld. In the past, industry
has been hesitant to invest the capital required for continuous in-gu monitoring of well completions and
production in the eld; this dataset provides an unprecedented opportunity to develop a fundamental
understanding of challenges the unconventional industry faces. Somaf these unanswered questions
include: optimal well placement, nature and geometry of fractures, inpact of pre-existing wells and
geologic heterogeneity on production, and optimal well completions. Thes questions face nearly every
company when developing an unconventional reservoir, so even if thigroject can contribute to the

understanding of a few of these questions, it would have an immensenpact on the industry.
1.1.1 Field development timeline

The Chalk Blu study area is located in the northern DJ Basin, roughly 60 miles NNE of Wattenberg
Field. Chalk Blu is part of Hereford Field, within which three phas es of development and production have
occurred.

The rst phase (legacy phase) occurred from 2009-2016. This included devigdment and production
from the Niobrara formation by operator EOG Resources. Hereinafter the wdk from the EOG phase will
be referred to aslegacy wells Legacy well spacing was relatively large, typically about one mile, whi¢ their
completions volumes were relatively small (more details on the size dégacy completions are given in
Chapter 3). All of these wells were completed with a sliding sleevelesign.

The second phase occurred from 2016-2017, with development and productiorof the Niobrara and
Codell formations by operator Fifth Creek Energy (FCE). These wellswere completed with more

\modern" completions, consisting of larger uid and sand volumes along wth denser well spacing. It



should be noted that no FCE wells are present in the designated Chalk Bi study area; as a result, these
wells will not be included in the analyses performed in this work.

The nal phase began in 2018 when HighPoint Resources (HPR), the current opator in the eld
(though recently acquired by Bonanza Creek Energy), began drilling wells in the Chalk Blu study area.
The uid volumes and spacing schemes of the wells in the HPR phase wersimilar to those drilled in the
FCE phase; however, since one of the main goals of the CBDOP is to deteime optimal completions, HPR
varied several completion parameters between well pads so that theresulting impact on production could
be evaluated. These included uid type, uid volume, proppant typ e, proppant volume, and well spacing.
The combined datasets from the legacy (EOG) and HPR phases of developmerind production are
included in this project, with the primary focus being on the extensive dataset collected by HPR. A

summary of the timeline of these phases of development and productiois shown in Figure 1.1.

2016 2016, 2017 2018

2009 2010

Fifth Creek HighPoint
3D seismic Niobrara Energy Niobrara B Resou_rces
survey shot, drilling and acquires ar}d. Codell 2Cécr1éjére: Drilling of 23
Jake 2-.01H production Colorado drilling gnd g horizontal
well drilled acreage production wells in
from EOG study area
Pilot well begins
‘ EOG (Legacy) Field Development >{ FCE Field Development > drilled

6 years 2 years

Pre-HPR Development and Production >{ HPR Field Development

8 years ~2 years

Figure 1.1 An overview of the various phases of development and produatn that have occurred in Hereford
Field since 2009. The main Chalk Blu study area contains wells from the egacy and HPR phases of
development and production, and therefore datasets from these phasesll be analyzed in this work.

The timing of these various phases provides a unique opportunity teevaluate stages of eld
development and integrate these stages into a complete understandinof the impacts of redevelopment on
production in unconventional reservoirs. Speci cally, the seisnic survey was shot prior to drilling legacy
wells, giving a virgin sample of the eld. This was followed by legacy @&velopment and production,
providing insight into the initial production variability across t he area. Finally, the newest wells and ber
optics data from the HPR phase of development and production give a thirdsnapshot. Integrating the
learnings from each of these snapshots to determine the controls on reseir performance in the Chalk

Blu study area will be critical for the optimization of subsequent d evelopment across the eld.



1.1.2 Data

The datasets provided to RCP for this project include data from multiple phases of development and
production in Hereford Field. Data from the legacy phase of developmenand production include 3D
seismic, vertical and horizontal well log, completion, and production d&ta. Though not as extensive as the
data provided from the HPR phase, the legacy phase data are essential fomderstanding reservoir

heterogeneity and performance before HPR came into the area; as such, thevill be an important

component of this work.
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Figure 1.2 Map-view display of the primary datasets collected in the (alk Blu study area. The various
colored line segments on the map represent well trajectories. Blugells oriented NW-SE were drilled
during the EOG legacy phase of development and production, most of whit were drilled in 2010 and all of
which were drilled in the Niobrara formation. Colored wells oriented N-S indicate wells drilled by
HighPoint Resources 2018 and later, which corresponds to the third phase afevelopment and production
shown in Figure 1.1. Though not indicated, some of these wells were diid into the Codell sandstone.
Three ber wells are depicted as teal well trajectories; howeverthe ber in the easternmost well was
damaged, rendering it inoperable. The inner-most white-dashed polyon represents the main 4 sq mi
drilling and spacing unit, or DSU, of the Chalk Blu project. The gree n-dashed polygon represents the
location of the original 2009 seismic survey collected over the area, whilthe solid light blue polygon
represents a slightly larger 16 sq mi seismic volume extension to eampass all 15 of the legacy wells in the
area. Finally, the two point sets indicated on the map represent the arface tiltmeter array (orange
squares) and recorded microseismic events from a surface array (Whicircles). It is important to note that
this gure indicates the primary datasets collected in the Chalk Blu study area, though additional data
outside this main area were also leveraged by multiple students on # project team.



Data from the HPR phase of development and production is most easily desibed if broken down by
type: engineering data, geophysical data, and geological data. The engineegrdatasets include
production, distributed temperature sensing (DTS) in two wells, completion and treatment, DFIT, and
pressure data. The geophysical datasets include distributed acoustisensing (DAS) in two wells, ber VSP
time-lapse monitoring, a larger regional 3D seismic volume, surface mioseismic, and tiltmeter data. The
geological datasets include a full quad combo and sonic scanner log suite time pilot well, XRD, XRF,
cuttings, uid composition, micro-resistivity image log, and logging-while-drilling (LWD) gamma ray data.
Figure 1.2 shows a schematic of the primary datasets collected in thel@lk Blu study area.

The volume and diversity of data types provided for this project make it an inherently integrated one;
as such, the Chalk Blu team is composed of three geophysics studentshree petroleum engineering
students, a geology student, two postdocs, and personnel represémyj the industry partner. Analyses of
the various datasets provided have been distributed across each of éhteam members working on the
project. The focus of this work is on the analysis and interpretation ofthe 3D seismic, well log (speci cally,
image log), legacy completion, and legacy production data. The results of wih will be integrated with
surface microseismic events and analyses performed by other teammat® complete the objectives set

forth in Phase XVIII of RCP. The objectives of the CBDOP will be discussed in the following section.
1.1.3 Objectives of the Chalk Blu Development Optimization Projec t

The primary goal of the CBDOP is to leverage the high-volume dataset colleted in the Chalk Blu
study area to identify the controls on optimal reservoir performance;once identi ed, these can be used to
guide the design parameters of subsequent drilling and completions exss Hereford Field. Within the
context of this larger goal, there are various objectives that further de ne the scope of the project:

~ Objective I: Understand drivers and processes of vertical and horiantal connectivity;

Objective II: Understand legacy development e ects and how to mitigate them;

" Obijective Ill: Determine stage and cluster spacing that maximizesdrilling and spacing unit (DSU)

economics;
" Obijective IV: Understand value of EOR for eld implementation in a fut ure phase of the project.

In achieving these objectives, the team will contribute to the owrall understanding of the primary
controls on production distribution across the eld and help determine optimal drilling and completions

parameters to maximize the stimulated rock volume (SRV) from the Niobrara and Codell formations.



1.1.4 Objectives of this work

Though not explicitly described in the CBDOP objectives, one compornt that is critical to informing
the optimal parameters for subsequent development and production iso evaluate and understand the
geologic controls on production, which will require an in-depth analyss of the geologic heterogeneity across

the study area and its impact on reservoir performance. Speci ¢ objetives related to this include:
1. identify controls on faulting and natural fracturing in the Chalk Blu area,
2. investigate the relationship between geologic heterogeneity and legaayell production, and

3. apply the learnings from the Chalk Blu study area to the larger region to provide

geologically-informed recommendations for optimal well placement and cornlptions.

In order to achieve these, observations from structural and stratigraplic attributes derived from both
seismic and well log data will be integrated and validated by both prodiction responses from legacy wells
and surface microseismic events in the Chalk Blu study area. Underganding the distribution of structural
and stratigraphic heterogeneity across the area will provide the contet to evaluate the extent to which this
heterogeneity controls the production from the Niobrara formation. Extending the relationships identi ed
in the Chalk Blu study area to the larger Hereford Field will allow for informed well placement and
completion design based on geologic factors, which is essential for sucsfes optimization of further

development of the region.
1.2 Geologic overview

The target reservoirs in this project are the Niobrara B Chalk and Codel Sandstone, both of which are
characterized by low porosity and low permeability. As a result, praduction from these reservoirs relies
heavily on fractures, whether that be from natural fractures in the rock or induced fractures during well
stimulation. Two main factors control the presence and densities of naitral fractures in these formations:
structure and mechanical stratigraphy.

This section will provide a brief summary of the timing of structural and stratigraphic events that may
have in uenced the reservoir intervals. A brief overview of the depositional environments of each reservoir
will also be given so that the nature of each reservoir is understood ai$ relates to the mechanical
stratigraphy of these formations.

These components, combined with the controls of the distribution of poducing elds that will be

discussed in Section 1.3, ultimately impact well performance acrosshe DJ Basin.



1.2.1 Regional structural and stratigraphic timeline

The structural history of the DJ Basin is complex; both the Sevier and Laramide orogenies have
impacted the development of natural fractures and faults in the target reservoirs. Many of the fractures
and faults across the region are cemented; as a result, the timing of fraare initiation events relative to the
generation, expulsion, and migration of petroleum can be critical, as it carhave implications on reservoir
deliverability and well performance.

The rst important structural event is the development of the Prec ambrian basement. Igneous
structures that formed roughly 1.7 billion years ago underlie the Hereérd and Wattenberg Fields, and
numerous Precambrian shear zones have been noted across the basin and thider Rocky Mountain region
[4]. These shear zones are important, as they contribute to overall wealesses in the basement structure
which have the potential to be reactivated through time, particularly under compressional stress regimes.
Understanding of basement structure cannot be ignored in this region; mltiple orogenies characterized the
Cretaceous period onward which may impact basement structures. Ipacts on basement structures, in
turn, may introduce structural and stratigraphic heterogeneity in the reservoir units.

Other major structural and stratigraphic events are displayed in the timeline in Figure 1.3. This
timeline will be discussed in detail in Chapter 4, as the timing andstress regimes that characterized each
step in the timeline will ultimately provide the context to und erstand the structural variability across the

Chalk Blu study area and wider Hereford Field region.
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Figure 1.3 A timeline of structural and stratigraphic events that have occurred in the DJ Basin. Also
shown are the timings of the Niobrara oil window (green) and the formation ofthe Colorado Mineral belt
(gray) [1, 2, 9{16].



1.2.2 Basin formation and reservoir deposition

The DJ Basin is an asymmetric foreland basin that is bounded to the wesby the present-day Rocky
Mountains. The basin formed from Sevier compression from the west, deloping before the deposition of
the Codell and Niobrara formations. As indicated in the timeline in Figure 1.3, the Codell and Niobrara
formations were deposited in the late Cretaceous period, during wich the Western Interior Seaway covered
the present-day eld location [17]. Figure 1.4 depicts the location ofthe seaway during the late Cretaceous

(left) with a structural cross-section of the asymmetric foreland basin and relevant geologic units (right).

Figure 1.4 (Left) Map showing location of the Western Interior Seawayduring the late Cretaceous [18],
credit: U.S. Geological Survey. A W-E cross section is shown correspding to the cross-section of the
asymmetric foreland basin structure of the DJ Basin (right) [2]. This basin structure was in place during
the time of the seaway, which impacted the deposition of the two uris.

The Codell formation was deposited roughly 89 Mya, likely in a shallow maine shelf or shoreface
environment [17]. The distribution of sediments is predominately ©ntrolled by wave energy, though may
also be impacted by currents, and result in some cases in the formatioaf bar structures [19]. As
deepening of the seaway occurred, the eld location transitionedrom shallow marine to a deepwater
environment, which characterized the depositional environment of he interbedded chalk and marl units
constituting the Niobrara formation. In the context of the asymmetric f oreland basin topography, the
Hereford Field location was a distal carbonate ramp shallowing to the eastwhich promoted the cyclical
deposition of biogenic pelagic and hemipelagic accumulations intermixedith siliciclastic and carbonate
chalk sediments [20]. Alternating episodes of colder arctic currerst from the north and warmer currents
from the south ultimately contributed to the cyclical nature of the i nterbedded chalks and marls that are
characteristic of the Niobrara formation across the DJ Basin [2]. Figure 1.5 dpicts the environments that

characterized the Codell and Niobrara formations.



Figure 1.5 (A) Distribution of shallow marine deposits across the region ér the middle-Carlile time. The
Codell sandstone is characterized as a shallow marine or shoreface satwi®, which could be characterized
by bar forms dominated by wave energy but potentially also in uenced by currents. Modi ed from
Sonnenberg [1]. (B) Map showing in uences on the deposition of the Niokara formation. Di erences in
currents and structural features (e.g., the Morrill County High) cont ributed to the vertical and lateral
heterogeneity of the Niobrara. Interbedded chalks and marls were depasid, both of which are source
rocks though chalk facies are the primary reservoir targets in the formabn. Modi ed from Sonnenberg [2]

These depositional environments ultimately resulted in the formafon of two low porosity, low
permeability reservoirs; the Codell formation is classi ed as a tigh sandstone reservoir, while the Niobrara
formation is composed of self-sourcing reservoir intervals, with chéis being the primary reservoir targets.
Figure 1.6 shows representative logs from the Pilot well in the Chalk Bu study area with the Codell
Sandstone and Niobrara B Chalk outlined by the black-dashed lines in theplots at the left, while the plot
at the right shows the strat column for the various intervals, with pay zones and source rocks (SR)
annotated [2].

Although the entire Niobrara interval is roughly 300 feet thick in our stu dy area, the B Chalk reservoir
is typically below 30 feet. The Codell Sandstone is even thinner {ess than 20 feet thick in most of the
region. This poses challenges particularly for seismic imaging; both of #se reservoirs fall well below
vertical seismic resolution, which is roughly 90 feet at the reserveilevel (see Appendix A). Fortunately, as
highlighted by the acoustic impedance (Al) curve in Figure 1.6, there § a sharp contrast between the Ft.
Hays and Codell formations, which results in a negative trough in the sismic data for the top of the
Codell, though we cannot distinguish the base. The Niobrara A units repesent a signi cant increase in Al
from the overlying Sharon Springs; however, the B Chalk interval des not show much contrast from the
over- and underlying marls. Though the top of the Niobrara is easy to map aooss the seismic volumes in

this project, this is not the case for the B Chalk reservoir speci ally.



Figure 1.6 (Left) Set of well logs from the vertical Pilot log in the Chalk Blu study area. Tops are shown
for most of the units contained in this interval, with the Codell and Ni obrara B Chalk reservoirs outlined
by the black-dashed lines. Note the thicknesses listed for the twéormations at the left of the gure. Logs
shown include gamma ray (GR), compressional slowness (DTC), deitg (DEN), acoustic impedance (Al)
and density-porosity (DPOR). (Right) Representative strat column of the DJ Basin with both pay
intervals and source rock intervals highlighted. Column modi ed from Sonnenberg [2].

Though not depicted in the type logs, one other property to note relates b the relative brittleness of
the formations, which can be determined using Young's modulus. Highevalues of Young's modulus
generally correspond to more brittle rock units [21], which is imporiant when thinking about fractures.
Within the Niobrara formation, marls are less brittle than chalks, like ly due to increased organic content
and while the Codell formation is also relatively brittle due to high quartz fractions, it's Young's modulus
is lower than that of the Niobrara B Chalk [22]. As more brittle rocks are more prone to fracturing, this
di erence in the mechanical properties of the B Chalk and Codell resrvoirs ultimately results in the
signi cantly higher number of natural fractures observed in the B Chalk image log we have in this project.
Fractures observed in these two formations will be discussed at lgyth in Chapter 4.

Now that a general understanding of the deposition of the reservoir (and gurce) intervals has been
gained, the following section will transition to discuss these rearvoirs in the context of the petroleum

system.
1.3 \Variability of productive Niobrara plays across the DJ Basin

One question that came up for me during this research is why, in uncorentional plays like the Niobrara,
do we get set eld boundaries? For instance, within the larger DJ Basinthere are various productive

Niobrara plays including Wattenberg, Silo, and Hereford elds - yet the Niobrara is present across the



entire basin [2]. This can be seen clearly in Figure 1.7; the extent, dimit, of the Niobrara formation across
the region (as delineated by the brown-dashed line in the left portbn of the gure) includes 9 states in the
western U.S., encompassing almost the entirety of Colorado and Wyoming. Heever, the corresponding oll
and gas production only occurs in a small fraction of the Niobrara limit. S although source rock is present
across the entire DJ Basin, the productive elds are only sparsely sattered. This discrepancy leads to the

guestion: what controls the distribution of productive Niobrara play s in the DJ Basin?

Figure 1.7 (Left) Map of basins and associated elds with Niobrara producion across the United States.
Red polygons indicate Niobrara gas elds, while green polygons indicate Niolara oil elds. (Right)
Zoomed in view to highlight the producing elds in the DJ Basin. Hereford, Wattenberg and Silo Fields are
highlighted speci cally, as these are the largest thermogenic accumations in the basin. The Chalk Blu
study area is located within the Hereford eld. Note the discrepancybetween the presence of Niobrara
source rock across the region versus the distribution of producingelds. Modi ed from Sonnenberg [2].

Not only are there speci ¢ delineations of areas with economic productionthere are also di erences in
the character of these productive plays. From Figure 1.7, it is clear hat Wattenberg Field is the largest,
and is also classi ed as a gas eld rather than an oil eld. These points are prhaps simply addressed, that
thermal maturity and source rock quality is variable across the area, and hat both are relatively higher in
Wattenberg; however, this observation does not explain the underling causes of this variability.

This section will explicitly address these questions, providag insights to the distribution of productive
Niobrara elds across the DJ Basin. In doing so, a more complete understaging of the basin is attained;
the learnings from which will help explain the production responss observed in the Chalk Blu study area

that will be discussed in following chapters.
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1.3.1 Distribution of e ective source rock

Based on the previous observation that the Niobrara is present across thenére DJ Basin, source rock
presence is not a control on the distribution of the eld locations. This points to a non-uniform
distribution of e ective source rock across the basin as a more likely culprit for the variabily observed. In
an in-depth study by Thul and Sonnenberg [3], components of source réce ectiveness were evaluated
across the DJ Basin and resulted in a map-based prospect prioritizationwhich is shown in Figure 1.8.
These prospects fall into four categories, determined primarily bythe evaluation of Tmax and pyrolysis
peak S1 values [3]. Tmax is used to assess the temperatures to whictsaurce rock must be heated in order
to generate and expel petroleum, and S1 values indicate the amount of hydcarbons that have been
expelled (thus far) from a source rock.

As Figure 1.8 shows, many of the areas de ned as priorities 1 and 2 align witlthe main elds under
development in the basin, namely Wattenberg, Hereford, and Silo eld. We can see that the boundaries of
the Colorado Mineral Belt (COMB), indicated by the black-dashed lines, essentially bound the present day
location of Wattenberg Field and even extend toward the location of Heréord Field. The southeastern
boundary also delineates a sharp cuto in source rock e ectivenessln the prioritization scheme de ned by
Thul and Sonnenberg [3], exploration priority 1 is characterized by ebvated S1 and expulsion maturity, and
exploration priority 2 is also characterized by elevated expulsion matrrity (though no available S1 data).
Since these e ective source rock areas are de ned by their tempature of hydrocarbon generation and
expulsion, this could indicate a relationship between the hydrottermal processes that formed the COMB
and the higher temperatures that drove the petroleum generation and egulsion in the DJ Basin.

The boundaries of the COMB as interpreted by the U.S. Geological SurvefUSGS) are shown in
Figure 1.9, indicated by the blue lines. Though the boundaries are notriterpreted to extend through the
Niobrara producing elds in this particular analysis, the underlyi ng mechanisms behind the formation of
the COMB do. Speci cally, basement structures and shear zones havbeen identi ed to contribute to the
ore-related hydrothermal activity of the COMB, with two major perio ds of mineralization occurring during
late-Cretaceous early-Tertiary and mid-Tertiary periods [4]. These Precambrian shear zones are shown as
green-dashed lines in Figure 1.9, which bound parts of Wattenberg Fidl and extend northeast toward
Hereford Field, similar to the interpretation made by Thul and Sonnenberg [3]. Additionally, Higley and
Cox [23] identify that the thermal maturity window for late Cretaceous source rocks begins in the
early-Tertiary period, extending through the Tertiary. So not only do shear zones similar to the ones that
generated the hydrothermal activity of the COMB also exist in the DJ Basin, the activation of these shear

zones that resulted in major mineralization episodes of the COMB als@ccurred in the same time frame as
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petroleum generation and expulsion in the DJ Basin, consistent with he timeline shown in Figure 1.3.

Silo

Hereford

Wattenberg

Figure 1.8 Map showing interpreted exploration priorities based on masurements of Tmax and pyrolysis
peak S1, which ultimately relate to source rock e ectiveness. Note ltat many of the highest exploration
priorities cluster at the locations of the main producing elds in the DJ Basin. Also indicated on the gure
is an interpreted extension of the Colorado Mineral Belt shown by theblack-dashed lines, which bounds
the present-day Wattenberg Field and extends to the northeast toreach Hereford Field. Modi ed from
Thul and Sonnenberg [3].

Activation of shear zones were not the only source of basement heat durinchis time, however. This
period was characterized by signi cant magmatism, spanning an intervalof about 70 Mya (roughly during
the same time as the Laramide orogeny) which ultimately resulted in thedevelopment of igneous intrusions

and batholiths, which are indicated by regional gravity lows [4].
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Figure 1.9 Extent of the Colorado Mineral Belt (blue lines) as interpreted by the USGS. The trend of the
mineral belt is NE-SW, and extends toward the locations of Wattenbergand Hereford Fields to the NE,
outlined by orange and red polygons. Green-dashed lines indicate the dations of ductile basement shear
zones, which, along with the magmatism occurring during the time, ontributed to the elevated heat ow
that resulted in the mineralization of the COMB. Given the timing of this magmatism and shear activation
and the location of such structures relative to our producing elds, it is likely that such elevated
temperatures from these underlying mechanisms also contributedb the distribution of e ective source

rock and ultimately productive elds across the DJ Basin. Modied from Wilson and Sims [4], credit: U.S.
Geological Survey.

Further evidence of the northeastern extent of the COMB was identied by Inks et al. [24], who showed
a relationship between structures identi ed through seismic inversion, lead-zinc deposits measured from
X-ray diraction and uorescence spectroscopy, and regional gravity data. This gravity trend identi ed
does not only exist in the Hereford Field, however. Evaluating isosttic gravity anomaly maps over
northeastern Colorado and southwestern Wyoming, we can see from Figure 1.1Bat ve of the main
producing elds in the DJ Basin correspond to gravity lows. This likely indicates that similar basement
structures and structural control impact the distribution of e ect ive source rock across the basin.

The identi ed basement shear zones that contribute to the heat ow required for petroleum generation
and expulsion also likely contribute to both the initiation and reacti vation of pre-existing fault and fracture
networks, which ultimately impact reservoir e ectiveness and ddiverability. Further discussion of this
relationship, speci cally of the potential in uence of basement tectonic control and wrench fault zones, will

be provided in Section 1.4.2 and Chapter 4.
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Figure 1.10 Regional isostatic gravity anomaly map annotated to show ve of the nain producing elds in
the DJ Basin, which include 1) Wattenberg Field, 2) Wattenberg extension, 3) Hereford Field, 4) Fairway
Field, and 5) Silo Field. Note the gravity lows that underlie all of the ve producing elds, which extends
up from the gravity low to the southeast at the location of the Colorado Mineral Belt (COMB), as
indicated by the black-dashed lines. Similar gravity anomalies undeneath the main expression of the
COMB have been interpreted as magma chambers, igneous intrusions, tratholiths by the USGS.

Modi ed from Thul and Sonnenberg [3].

1.4 Qualitative information

With any oil and gas development project, especially ones that get passedn through di erent
companies like our project has, there is some information that is not neessarily documented in
spreadsheets; rather, this information comes from various employeesho worked on these projects,
employees who have worked related projects across the area, or exfgewho have studied the geology in
the region. Though not necessarily quantitative, this type of information in some cases can be equally { if

not more { valuable and should be documented when possible.
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In this section | will document some of the qualitative information th at | have gathered from talking to
employees who worked at EOG at the time the legacy wells in our area werdrilled, completed, and
produced from, from geoscientists who have drilled wells in otheareas in the basin (e.g., Wattenberg and
Fairway/Brennsee eld), and from experts who have extensively sudied these plays. In some cases, this
information is not supported by data available in this project, and therefore should not be taken as
de nitive evidence of the characteristics of our region. In other cass, this information comes from
observations from data in this region, but not data that was provided to us. And nally, some of this
information can be supported by the data provided to us. Later sectionswill examine the extent to which

these observations are supported by our data.
1.4.1 Fault and fracture connectivity

A theme that was present in all of the sources | talked to was the connedtity of faults and natural
fractures in the DJ Basin. In both Hereford and Wattenberg elds, communication was observed between
wells over a mile apart, indicating that these networks of faults and ratural fractures could be connected
over large distances.

In Hereford speci cally, the toe of the original Jake well that kicked o horizontal production from the
Niobrara in the area was intentionally drilled into a fault. From runni ng a ow scanner on the Jake well, it
was found that over 80% of the production from the well was coming from the e, indicating a fault
structure that was undeniably a conduit for uid. Another well named E Imer was subsequently drilled and
quickly lost circulation, mud- ooding the Jake well which was just over one mile away. Interestingly
enough, Elmer didn't directly intersect a fault, though there was one nearby. From this observation, it can
be concluded that the communication between these wells was not solethrough faults, but rather
through networks of natural fractures that intersected faults and well locations. Similarly to the Jake well,
production from the Red-Poll well in the Chalk Blu study area was fou nd to come from fault structures,
indicated by extremely high instantaneous production values, whib caused EOG to ow back the well
since the production was coming in too fast [25].

Faulting at the Niobrara and Codell reservoir intervals is prevalent in all of the elds across the region,
and as discussed, these faults can serve as conduits for uid resuitj in signi cant communication between
wells. However, what became clear through my conversations is that not albf the fault structures present
behave in this way. From observations in Wattenberg Field, many of the faults crossed while drilling were
found to be cemented, and didn't have the same e ect as other faults awss the area. Furthermore, it was
found to be extremely hard to predict in advance (from information like seismic data) which faults would

be major uid and pressure conduits and which would not [26].
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For the faults and fractures that did communicate in this way, howeva, it is thought that they remain
open because they are aligned with the local maximum stressSHmayx ) directions [26]. One piece of
evidence for this in the Chalk Blu study area speci cally, was that when one of HPR's wells was being
drilled across the location of a legacy EOG well, the HPR well lled with frac sand, indicating that this
sand- lled fault or fracture network remained open after production and was likely not induced during the
completions of the EOG well [25]. This observation seems that it would pait to a simple solution of how
to predict when faults and fractures will serve as conduits for uid and pressure: identify faults that align
with the SHpax . Unfortunately, the underlying problem is that the ultimately, th e di erence in the
maximum and minimum stress magnitudes is not signi cant, at least in Hereford Field [27]. This
potentially indicates that more localized structural features may contribute to di erences in stress
directions across relatively small distances, which may contribug¢ to the di culty of predicting meaningful

fault structures across the region.
1.4.2 Regional stress patterns

From my discussions, the observation of various stress orientations was ebrved at Silo, Fairway, and
Hereford elds (other sources also observe this in Wattenberg Field In Silo Field, two basement
lineaments trending NW and NE were observed, with the NE lineament sal to have contributed to a
succession of grabens at the reservoir interval. Similarly, two stres elds were identi ed in Fairway Field,
which ran sub-parallel to the lineaments in Silo Field. These varyng stress elds were indicated as
important components to the productivity of the wells at Fairway, wh ich are the best Niobrara producers
outside of Wattenberg [25]. In Hereford, similar basement structural €atures have been observed. Further
discussion of how such features impact the petroleum system willd discussed in later sections with

supporting evidence from our project data.
1.4.3 Oil sourcing and reservoir communication

Related to fracture and fault connectivity, it was often discussed hat there is communication between
the reservoir intervals in the DJ Basin. Speci cally, in some casest was noted that oil in the Codell is
sourced from both the Niobrara and the Greenhorn source rocks, and evernat it is sourced from as
shallow as the Sharon Springs (overlies the Niobrara) [28]. It was also notethat all of the Niobrara chalk
and marl benches were stimulated during completions in Silo Field25]. These observations all point back
to the idea that in some cases, faults or fracture networks that connecthrough these units serve as
conduits for uid and may also indicate that the height of induced fract ure growth is across multiple

mechanical stratigraphic units.
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1.4.4 Implications

There are a few implications that result from this qualitative inform ation that may also be applicable

to observations in the Chalk Blu study area. These implications are as bllows:

Fracture networks { not just fault networks { contribute to the commu nication of wells over long
distances, indicating extremely well-connected systems; ifelgacy wells produced and depleted these

systems, it may negatively impact subsequent well operations;

Di culty in predicting faults that will act as conduits for uid and/or introduce challenges during
drilling points to a complex control on fault distribution and potenti ally relatively localized changes

in stresses that may contribute to some faults being open while othes are not;

Structural features across the basin likely play a large role in legacyhase production and contribute

to localized variability in reservoir fracture and fault characteristics;

If it is hard to predict which faults are meaningful and which are not, it is critical to leverage legacy
well information that has indication of this type of connection before comgeting new wells in those

areas.

Overall, this information leads to the preliminary hypothesis that structural control and its impact on
reservoir heterogeneity is a major factor in uencing historic production and well performance across the
region. The analyses hereinafter will evaluate the extent to which sucture plays a role on production from
both the Niobrara and Codell reservoirs in the Chalk Blu study area and wider Hereford region. Our
story may t with many of the observations presented in this section, but perhaps the most important

insights will come from observations that deviate from what has commonly ben noted about the basin.
1.5 Seismic inversion

Seismic amplitudes provide information that can be used to charactdre geologic units in the
subsurface. Changes in two-way-time (or depth) along seismic amplitde horizons (re ectors) provide
information about faults or deformation, which aid in structural interpr etation. Though useful when
mapping structural traps and features that may impact reservoir units, oftentimes reservoir performance is
also impacted by changes in underlying rock properties. Furtherrore, petroleum uids may not be
homogeneously distributed across a reservoir unit, de ning \sweet pots" corresponding to relatively larger
volumes of hydrocarbons. In such cases, it can be bene cial to leveradateral changes in seismic
amplitudes across horizons as opposed to vertical changes, since suclamhes may be indicative of

underlying changes in rock or uid properties within a given geologic wnit.
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Seismic waves are sensitive to relative impedance contrasts of maials, where impedance is the
product of seismic velocity and density. Therefore, relative amfitude changes observed in seismic data
ultimately correspond to underlying changes in density or velociy of units in the subsurface. Perhaps both
fortunately and unfortunately, there are a numerous in uences that can alter velocities and/or densities of
rocks; while this provides the opportunity to evaluate a variety of underlying rock or uid properties across
a given geologic unit, it also makes the process of constraining the undging cause of changes in seismic
amplitudes di cult.

Inversion is one approach to resolving the underlying changes in rocknd/or uid properties that
in uence seismic amplitudes. Relative changes in impedance can bguanti ed as re ection coe cients; a
sequence of such coe cients corresponding to boundaries betweanck units with di erent seismic
impedances can be combined to de ne a re ectivity series. The gegral process of inversion includes
relating ground-truth measurements (often from well logs) of geologic proprties (seismic velocities and
density) to their resulting re ectivity series, and extendi ng this relationship across a seismic volume based
on derived physical relationships.

This work leverages the prestack amplitude variation with o set/angle (AVO/AVA) inversion
methodology in HampsonRussell software using four angle stacks providefidr the smaller 16 sq mi 3D
seismic volume in this project as input. The general method of prasck AVO/AVA inversion will be
discussed brie y before touching on the speci cs of the formulationin HampsonRussell in the following
sections. This will provide the necessary background to understash how the results of the inversion in

Chapter 5 were generated.
1.5.1 Background

It is useful to introduce the concept of prestack AVO/AVA inversi on by rst explaining perhaps the
simplest formulation of the seismic inversion process, descrildeby the \convolutional model” [29]. The

convolutional model can be written as

d(t) = w(t) r(t)+ n(t); (1.2)

where d(t) is the recorded data,w(t) is a seismic waveletr(t) is the re ectivity of the earth model, and
n(t) is noise. The convolutional model is representative of early post-stck inversion methods [30, 31]. A
known wavelet is deconvolved from the data, and the resulting re etivity time series is then transformed
directly to impedance. These direct inversion methods assumehit the wavelet is known, and that the

data are noise-free.
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Generalized Linear Inversion (GLI) has since become more widely usednd is considered an indirect
inversion method. A forward-modeling operator is needed that is suable for the model parameterization
being used and the data being inverted. An initial model is updatedusing a sequence of linear inversions to
produce predicted (modeled) data that best matches the observedata. A classic paper on GLI applied to
post-stack seismic data is that of Cooke and Schneider [32].

The prestack GLI AVA (AVO) inversion used here is discussed in déail by Russell [33]. The system of

linear equations is of the form

Gm =d; (1.2)

whered is the data mis t (di erence between the observed and predicteddata), m is the initial model, and
G is a a matrix that represents the forward-modeling operator. In the @ntext of GLI, G contains the
Frechet derivatives which are the modeled (predicted) change inhe data due to a perturbation in a single
model parameter (holding all other model parameters xed). The G matrix contains the seismic wavelet
estimates for each angle stack.

The benet of prestack inversion is that the variation in re ection amp litude with increasing angle is
related to fractional changes in velocities (P-wave and S-wave) and &hsity, or P-impedance, S-impedance,
and density (most typically). These model parameterizations provide additional information about rock
and uid properties. A linearized approximation to the Zoeppritz e quations is used as the
forward-modeling operator, G, which describes the behavior of re ected plane waves at an intedce as a

function of incident angle. The Aki-Richards linearized approximation [34] where the model parameters are

the fractional changes in P-wave velocity, V\:p, S-wave velocity, RVt and density, — is given as
!
1 Ve 2, 1V, Ve 2 ., Vs
R == 1 4 —= sin —+ — 4 — sin ; 1.3
w()=3 Vp 2cog  V, Vp Vs (13)

where Vs is the S-wave velocity,V, is the P-wave velocity, is the density, and is the incidence angle. In
terms of equation 1.3,m contains the fractional changes in the model parameters contains the
angle-dependent coe cients weighting the model parameters, andRp,( ) is the data to be inverted
(predicted), d. Note that the angle-dependent wavelets are not included in this simle formulation.
Equation 1.3 is directly valid if the angle-dependent wavelets are dconvolved from the data. In this case,
the re ection amplitudes at each vertical traveltime could be inverted independently, and simply as a
three-by-three system of equations. In practice, the angle-depatent wavelets are included ind, thus, the
data at a particular vertical traveltime is not independent from its neighbors (due to the smoothing e ect

of the seismic wavelet) leading to a solution involving a much largersystem of equations.
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The maximum likelihood solution to the system of linear equationsGm = d is given as
m= G'G+ 3Cn Y G dos; (1.4)

where the G matrix contains the Frechet derivatives that indicate how the data are expected to change due
to a perturbation in a particular model parameter, dgps is the data mist, C, is the model covariance that
describes the uncertainties in the a priori model, and 3 is the noise variance which functions as a damping
term. The two terms Cr, and 3 are important to highlight, as they ultimately constrain the magnitude of
the updates that can be made to the initial model. For decreasing 3, updates to the smooth model can
deviate further from the reference model, whereas for decreasingpmponents ofC,, the e ect is the
opposite [35].

The damping term, 3, is a constant and applies to all model parameters involved in the invesion.
Therefore, this does not allow for the damping of model updates to dier for each parameter. On the other
hand, the components of theC,, matrix are de ned for each model parameter individually, allowing the
magnitudes of the perturbations from the initial model allowed for eachmodel parameter to vary
independently from one another. A bene t of this is that variation may be higher in one of the model
parameters (e.g., density) compared to another (e.g., P-impedancegnd so theC,, components in such a
case may be decreased to allow for larger perturbations from the initiamodel.

Depending on how each term inC, is selected, the predicted data may not stray far from the initial
reference model. What we will nd is that given the formulation of the HampsonRussell inversion
methodology, input data may not support signi cant deviations from the r eference model. The result is
that in the absence of signi cant variation in the well logs input to inve rsion, the predicted model
parameters will follow a linear trend. This was seen in the PP-AVA inversion results of Daneshvar [36].

The inversion work ow in HampsonRussell is based on that of Simmons and Bdas [35], and changes
the model parameterization of Equation 1.3 to one designed to detect AVAanomalies relative to the
background AVA behavior. Linear relationships between P-impedance ad S-impedance, and between
P-impedance and density are obtained from well-log crossplots and meartb represent the background. As
a result, the G operator changes, and the model parameters are now Igg), In( Zs), and In( ). The
-terms represent deviations from the AVA trend predicted by In (Zp) and the background linear
relationships.

To expand on this point further, it is useful to highlight the types of relationships that this formulation
was ultimately designed for. Figure 1.11 provides examples cross-plbetween In¢Z,) and both In(Z;) and

In( ), which was reproduced from the HampsonRussell documentation [5]. hiear trends are highlighted by

20



the red lines on each plot, and deviations from these trends are indicad by the red arrows labeled Lp

and Ls.

Figure 1.11 Example of cross-plots between Irf,) and both In(Zs) and In( ), highlighting the linear
background trends as red lines. Notice the clear deviation from these énds, as indicated by the red arrows
showing the -parameters. This trend re ects what was described as the \desired uid anomalies” to be
resolved through the seismic inversion. Reproduced from GeoSoftwar5].

The deviations indicated by the -parameters shown in the plots are where \desired uid anomalies"
have been identi ed; speci cally, water-saturated clastics de ne the linear background trend and the
deviations from this are where hydrocarbons are present in the rocklt is useful now to compare the

cross-plots of the relationships observed in our data, which are showmiFigure 1.12.

Figure 1.12 Cross-plots between InZ,) and both In(Zs) and In( ) for the reference well location used in the
seismic inversion presented in Chapter 5. Note the strong linear tred with little deviation in the In( Z) vs.
In(Zs) cross-plot; clearly, no desired uid e ect is captured. More deviation exists from the linear
background trend between In¢Z,) vs. In( ); with that being said the trend has a relatively shallow slope
and does not necessarily appear to be linear. These observations ultately may impact the usefulness of
the inversion results.

21



The plot at the left of Figure 1.12 displays a strong, linear trend between In(Z,) and In(Zs) with little
overall deviations from that trend indicated by the red line. On the other hand, deviation from the
background linear trend exists for the plot of In(Z,) vs. In( ); that is, if the the relationship between these
parameters can even be classi ed as linear in the rst place.

This example is shown for a couple of reasons. The rst that it points tothe question of whether the
assumptions of linearity based on background water-saturated clastics arealid for our particular case. The
second is that these cross-plots ultimately dictate the parametersedected for the model covariance term,
(Cm) from Equation 1.4, which ultimately dictate how the large the perturb ations in the model updates at
each iteration of the inversion process may be. Further discussionf how these plots contribute to the
selection of these parameters will be given when the nal inputs to mversion are selected in Chapter 5.

Addressing the rst point, there was little deviation from the line ar relationship between In(Z,) and
In(Zs) in our well data in Figure 1.12. This implies that either the target deviations in AVA behavior
(HampsonRussell's \ uid e ect") from the background AVA trend the algori thm is designed to predict are
not present in our data or that the assumption of the background trend doesnot hold for the types of
rocks present in our data. The Niobrara formation is composed of carbonate chiaé and marls that are
characterized by low porosity and low permeability; the highly fractured brittle chalk facies (particularly,
the B Chalk) constitute the reservoir, which is classi ed as unconentional. Furthermore, the Niobrara
formation is self-sourcing, so the distribution of petroleum uids in the reservoir is likely more uniform
than what is implied by the assumption of background water-saturated clasic rocks (conventional). As
evidenced by more typical modeling approaches for unconventionals #t aim to identify AVA responses
from changes in properties like total organic content or clay fraction [37], he background model
assumption of water-saturated clastics may not re ect the types of resrvoir characteristics and target
properties that produce detectable AVA responses in unconventioal reservoirs.

That is not to say that performing prestack AVA inversion using this method will not generate useful
results for a reservoir that does not t the underlying background model assumption. Even if the inversion
formulation was designed with the intention of identifying perturb ations due to uid changes in clastic
rocks, the predicted outputs of the inversion still help characteize useful properties for unconventionals.
Speci cally, Z, and Zs can be used to compute Poisson's ratio an&,, Zs, and can be used to compute
Young's modulus; Perez Altamar and Marfurt [38] demonstrate that when combned, these two parameters
are useful in determining brittle vs. ductile areas in rock units, and may still indicate changes in
underlying uids where applicable. Furthermore, in the absenceof accurate density estimations (which, as
will be discussed in Chapter 5, applies in our case), other parametes and ) can help de ne similar

reservoir characteristics using only invertedZ, and Zs [39].
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If it were to be the case that such assumptions do not produce accurateesults, there is perhaps useful
information that lies not in the data predictions, but rather in the d ata mist. Since the inversion is
constrained and its formulation is well-understood, there may be amopportunity to derive meaning from
where the algorithm does not predict the data well. Though largely outsde the scope of this work (data
mis t panels are shown in Chapter 5 but not interpreted to a large extent), the identi cation of areas in
the data where the assumed AVA response underpinning the inversn formulation may point to
geologically meaningful features.

The other target reservoir in this eld is the Codell Sandstone. Given that it is a clastic reservoir, the
general assumption made be more applicable for the Codell (though it is 8t considered a tight sandstone).
This brings up another important point to highlight, which is that the i nversion process does not allow
di erent background trends to be de ned for di erent depth inter vals (corresponding to di erent
lithologies). As a result, in order to capture potential deviations in the Codell sandstone, the background
trend for the inversion of both reservoirs would have to be de ned basd solely on a cross-plot for the
parameters from the Codell alone. Perhaps this might justify performng two inversions; one based on
trends for the Niobrara and the other based on trends for the Codell, butthis is outside the scope of this

work.
1.5.2 Summary

There were two motivations behind the information presented in this section. The rst was to give a
general overview of the inversion methodology that will be employedr Chapter 5. The second, and
perhaps more imperative, was to highlight the importance of understanihg the speci ¢ formulation of the
inversion algorithm applied to a dataset.

The assumptions inherent in the inversion methodology used in the HamsonRussell software are based
on reservoir types that are not consistent with the formations in our data (i.e., assumed water-saturated
clastic background, while we are dealing with water- and petroleum- led fractures in carbonates and tight
sandstone). Though outside the scope of this work, the discussion given this section potentially
highlights the need for explicit evaluation of the extent to which inversion formulations with assumptions
for conventional reservoirs produce useful results when appliedotunconventional reservoirs. Perhaps the
approach is sound (assumed background trend and inverting for deviationfrom this trend), but a
methodology that assumes di erent background trends more applicable taunconventional reservoirs could
be used to target more relevant properties, such as changes in organic cent as opposed to changes in
uid properties. Or perhaps more in-depth analysis of areas where thédackground trends resulted in poor

predictions of inverted parameters (i.e., areas of relatively large dat mis t) is warranted, as such areas
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may point to meaningful underlying geologic features.

Overall, it is important to emphasize that there is not a single way to formulate an inversion algorithm,
though in any formulation assumptions must be made along the way. Assumpbns ultimately have
implications for inversion results; therefore, the assumptions mad and the extent to which they may
impact inverted parameters (perhaps through observations of the data n8 t) should be evaluated before

interpretations and, ultimately, decisions are made based on inversin results.
1.6 Stratal attening and slicing

Seismic attribute analysis work ows often rely on the interpretati on of seismic horizons which
correspond to relevant geologic units in a given study. Such horizons pride the reference two-way-times
(or depths) along which to extract values from some seismic attributevolume in order to evaluate how this
attribute changes along the geologic unit of interest. This approach to attibute extraction is particularly
useful in cases when the geologic units of interest correspond to relaély distinct, continuous seismic
re ections in the data. Such horizons are straightforward to map across a valme, and in many cases can be
automatically extracted using interpretation software, overall takin g very little time for the entire process.

However, it is not always the case that a geologic target is imaged as a cohererg ector in seismic
data. It may be the case that the unit of interest shows relatively small impedance contrasts with the over-
and underlying units. As a result, mapping a distinct horizon for geobgic targets becomes di cult,
particularly when automated horizon interpretation tools cannot be employed, requiring the interpreter to
make manual picks of the horizon across the volume which can be tedious andhrte-consuming. Depending
on the size of the seismic volume, the process of manual interpretath may not be feasible.

This is not the only limitation of more typical attribute extraction work ows, however. In such
work ows, attributes are often extracted within two-way-time range s above and below the reference
two-way-times of an interpreted horizon; based on the range selectedhe overall response may di er
between extractions. Furthermore, due to the band-limited nature of seismic data, geologic targets may fall
below vertical seismic resolution. When this is the case, subtleli erences in the amplitude and shape of
the waveform across adjacent two-way-time samples may be lost due tovaraging e ects if the window is
too large. As a result, it may be advantageous to evaluate the raw attribue values at each time sample for
given geologic units so that such subtleties might be preserved.

Both of these challenges arose in our project, as one of the targets in our sty is the Niobrara B
Chalk, a fairly thin ( < 30 feet) unit with relatively low impedance contrast with the over- and underlying
marls. The Codell Sandstone, despite having a relatively large impdance contrast with the overlying Ft.

Hays formation, is also relatively thin in our area (< 20 feet). Given that the vertical seismic resolution at

24



the reservoir level was determined to be around 90 feet (see Appendh), it was advantageous in certain
cases to use a alternative approach to seismic attribute interpretaibn. Fortunately, certain geologic
relationships present between the units in our area allowed us toelverage the concept of stratal slicing [40],
which made it possible to evaluate seismic attributes along two-waytime stratal slices from a

stratal- attened volume, as opposed to along horizons with extracted attributes.
1.6.1 Method and theory

The method to create a stratal- attened volume from which stratal slices can be taken is fairly simple.
It rst requires that reference horizons be mapped throughout a volune, which are typically those that are
coherent enough that automated interpretation tools can be employed to educe the time spent by the
interpreter. Using two-way-times of the reference horizons at a seci ed inline and crossline, values along
reference horizons are shifted to these reference two-way-tirmeand seismic attributes are linearly
interpolated between them, resulting in a volume for which all of the reference horizons have been attened
to the two-way-times of the given inline and crossline [41]. If refeence horizons are selected appropriately,
stratal slices through this volume will represent slices of equivant geologic time, allowing for evaluation of
seismic attributes along previously unmappable horizons.

Though the method for producing such a volume is simple, the critea for determining appropriate
reference horizons is not. The idea behind this method is to ultnately have a volume for which slices in
stratal- attened time correspond to surfaces of constant geologic time. #ice that is the case, it requires
that the reference horizons selected correspond to horizons of chrorioatigraphic signi cance, i.e.,
re ectors that do not cross geologic time intervals.

This highlights an important point: that seismic re ections are not always representative of
genetically-related geologic units. Since seismic re ections regmd to changes in rock properties, it may be
the case that coherent horizons correspond to lithostratigraphic (lithology, or rock type) relationships, as
opposed to chronostratigraphic ones. Such horizons may be time-transgssive, meaning that they do not
correspond to a single geologic time, rather, they cut across time boundas.

Selecting chronostratigraphically-signi cant reference horizonsthat are time-parallel (linear rates of
deposition occurred between the two to justify linear interpolation between horizons) are the two
requirements that allow for accurate stratal- attening and subsequent interpretation of stratal slices. So
then how does one distinguish between chronostratigraphic and lithdsatigraphic re ections in seismic
data?

There are two approaches that can be used to determine chronostratigrapb intervals in seismic

discussed by Zeng [41]; one is more quantitative, as it leverages meaahle seismic characteristics of
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chronostratigraphically signi cant intervals, while the other is more qualitative, as it relies on the
interpretation of chronostratigraphic events based on understanding otthe regional geology. In our case,
the regional geology supported the interpretation of seismic re ectors abve, below, and at our reservoir
intervals as being chronostratigraphically signi cant. As such, we usel mappable seismic re ections in our
data to generate stratal attened volumes for the interpretation of certain seismic and inversion attributes

in this project.
1.6.2 Application

Only certain attributes in this work were evaluated using the stratal attened volume produced from
the previously described methodology. Speci cally, attened volumes of seismic amplitudes and the
outputs of our prestack AVA inversion were used to evaluate RMS amplitides, inversion attributes, and
data mis t from the inversion; this allowed for subtle changes in these parameters to be evaluated along

each stratal slice, rather than having to extract parameter values alongnterpreted seismic horizons.

Figure 1.13 Example of a stratal attened inversion attribute volume (P-impedance). Note how the white
dash-dotted line in the top panel crosses observable horizons, whiléan¢ white dash-dotted line in the lower
panel does not. If the assumptions are met (reference horizons corpaend to chronostratigraphic units and
linear rates of deposition occurred between reference horizons)pverting the data to this form results in a
volume for which each time slice corresponds to a surface of constant gegic time. This is advantageous
as it will make it easier to map changes in waveform amplitude betweene ections in the Niobrara and
Codell formations.

An example comparison between the original (top) and stratal attened (bottom) volume for inverted
P-impedance is shown in Figure 1.13. The top Niobrara horizon is indicatedy the black-dashed line and

the top Codell horizon is indicated by the black-dotted line in both cross-sections. The white dash-dotted
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line indicates a time slice at the two-way-time of the Lower Pierrehorizon for the Pilot well location. It is
clear that a two-way-time slice at this level would cut across geologic hazons in the original volume. On
the other hand, a two-way-time slice through the attened volume at the same reference time corresponds

to a stratal slice, for which the attribute values at that given time slice correspond to values across a unit

of constant geologic time.
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CHAPTER 2
DATA OBSERVATIONS

The datasets made available to RCP in this project are numerous, but his work primarily leverages the
P-wave 3D seismic volume acquired over the main study area in 2009. In thcontext of the various phases
of development and production that have taken place in the Chalk Blu study area (refer to Section 1.1.1),
this survey was acquired at the beginning of the legacy development @se, which was largely kicked-o in
2010 by operator EOG. This means that the seismic survey was shdiefore any legacy production took
place in the area.

This point is critically important because an implication of the timin g of the survey acquisition is that
direct comparisons between seismic data extractions (e.g., seismattributes) and data from HighPoint
Resources (HPR) wells (drilled 2018 and later) must be handled carefly since reservoir conditions may
have changed after production from legacy wells occurred. Such cortdins include reservoir uids,
pressure, and fractures (e.g., induced or depleted fractures).

Though the timing of the survey introduces challenges for the diret comparison of HPR data and our
seismic volume, the timing of the survey also provides signi cantadvantages. Speci cally, we can evaluate
three di erent snapshots of the eld: pre-legacy development and poduction, post-legacy development and
production, and HPR development and production. In evaluating the reservoir characteristics before legacy
development and production and how these contributed to the obsered production variability from legacy
wells, we can more e ectively characterize and understand how the previous phase impacts the production
responses observed in HPR wells.

We also have access to a larger seismic volume in this project that g regional context to the trends
observed in the Chalk Blu study area. This volume includes the original 2009 survey and integrates
multiple larger surveys. There are a few challenges associated witihterpreting this volume (which will be
discussed at length in this chapter); as a result, it is primarily used for structural seismic interpretation of
the various faulting styles observed across the area as opposed to seisramplitude and inversion-based
analyses.

Though a large focus of this work is on the 3D seismic volumes provided xtensive well data is also
used to relate the geologic trends observed in the seismic data to theroduction responses observed in
wells in the Chalk Blu study area and larger region. Some factors that are citical for understanding this
relationship are the volumes and characteristics of uids produced ad the impact of faults and natural

fractures on the petroleum system. As such, production data and intgpretations from image logs will also
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be evaluated to gain a better understanding of the geologic controls on pragttion from legacy wells, not to
mention the log suites that will be used in our seismic interpretaton work ows. Furthermore, the
distribution of recorded surface microseismic events will be ugkto validate the relationships identi ed
between well and seismic data. Finally, these interpretations wil also integrate learnings from the other
students working on the project (particularly analyses performed ly geology M.S. student, Chad Taylor),
whose analyses leverage engineering, ber optic, and other geologic datasets

Though well data is a critical component of the work, the potential uncertainties associated with
collection of such data are fairly well-understood, and as such, wilhot be a major topic of discussion in
this chapter. The uncertainties associated with collection and preessing of surface microseismic are more
complicated; for our purposes the main point to note is that the uncertaity in placing recorded events at
accurate depths is more sensitive to the signal-to-noise ratio than th uncertainty of placing recorded
events at accurate x-y positions [42], so we will only interpret map-vew positions of these. Since it is
arguably the most signi cant dataset being used in this work and given thenature of the uncertainties
associated with seismic data processing and interpretation, thedllowing sections will focus on the
uncertainties and constraints of the seismic datasets provided to RP in this project, which will ultimately

guide the nature of the analyses performed.
2.1 Seismic processing

Seismic processing is a critical component of any successful sais-based analysis. Transforming data
acquired in the eld into accurately imaged re ections in the subsurface is no small task, and there is no
single correct way to do this. Often, the objectives of the target anayses to be performed using a seismic
volume impact the nature of the processing applied. For instance, semic volumes used for
anisotropy-based analyses may be processed di erently than volumeassed for structural-based analyses.

The primary goal of the seismic data processing applied to the volumeprovided in this project was to
have outputs ready to be used in seismic inversion volumes that qudhed anisotropy observed in the data.
These goals, in turn, ultimately in uenced the nature of the processing ow used by the processors.
Outputs from the processors included full-stack and angle-stack amjiude volumes along with parameters
that quantify the anisotropy imaged with the data through P-wave velocity variation with azimuth
(VVAZ) [43]. Such outputs included fast and slow velocity, fast and slav velocity di erence, fast azimuth,
and RMS error volumes. Additionally, inversion outputs computed by a third-party were also delivered,
which included P-impedance, S-impedance, and density volumeslong with volumes of various elastic

parameters that can be computed from these.
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On the other hand, one of the goals of RCP was to conduct our own prestack amplide variation with
angle (AVA) inversion-based analysis of the seismic data in this projet. In addition to the nal processed
amplitude volumes and inversion outputs, we received angle stacksdm a volume that covers the Chalk
Blu study area, which made it possible for us to conduct such an analyss. There are a few main
motivations behind performing our own inversion of the data: 1) it provides a valuable learning experience
for students, 2) seismic inversion is one of the specialties of RCP, ighing well with the expertise of our
faculty, and 3) a su cient range of test cases and detailed QC and validation of the inversion can be
directly evaluated, which is not possible when receiving nal outputs of an inversion from a third-party.
Since the seismic processing ultimately controls the nal format ofthe data and dictates what it can { and
cannot { be used for, Section 2.1.2 will outline some of the processindeps applied and the potential
impacts these had on our seismic data.

Before doing so, it is important to note that there were multiple versions of seismic delivered to RCP
from HighPoint Resources. These volumes di er in size (based on the itividual seismic surveys included
in each) and also di er in what steps of the processing ow were appkd to them. This will become
increasingly important during the discussion of the potential impacts of the seismic processing on seismic
amplitudes, as it will ultimately in uence our decision of what type s of analyses each volume will be used
for. Section 2.1.1 lists the characteristics of these three volumes dnthe associated products that were

delivered with each.
2.1.1 Seismic data products delivered to RCP

There are three main processing outputs, or \versions", of seismic da volumes delivered to RCP for
this project. The outlines of these volumes are plotted with the man CBDOP drilling and spacing unit
(DSU) and wells (legacy and HPR) for reference, as shown in Figure 2.1.

The rst, and largest (440 sq mi), of these volumes includes three nangk seismic surveys
(Anadarko/Carpenter, Chalk Blu s, and Hereford) that were merged during processing and has had all of
the processing steps in the ow (including post-stack enhancemnts) applied to it (steps 1-8 listed in
Section 2.1.2). The Chalk Blu s survey is not to be confused with the (halk Blu study area; these names
were given independently, though they refer to the same surface &ure in the region. Instead, the Chalk
Blu study area is actually part of the Hereford survey, which contain s the original 2009 seismic survey
collected during the legacy phase of development and production of thetudy area. So although we will
refer to this larger volume as being composed of three seismic sung&this is re ective of what was
described in the processing report, and is not necessarily reaive of the actual number of individual

seismic surveys included in the full merged volume. Given the ature of the post-stack enhancements
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applied to this volume, it was primarily used for structural-based (as opposed to amplitude-based)

interpretation of the wider region surrounding the Chalk Blu study area.

Figure 2.1 A map displaying the outlines of the three main seismic ded deliveries provided to RCP along
with the main Chalk Blu project drilling and spacing unit (DSU) alon g with deviations of the 15 legacy
wells in the area (blue NW-SE trending line segments) and the 23 HPR wils in the study area (remaining
colored N-S trending line segments).

The second of these volumes is smaller (16 sg mi); its boundary encompas the 15 legacy and 23 HPR
horizontal wells that will be the focus of subsequent analyses and dames what is being referred to as the
Chalk Blu study area. The full stack along with four angle stacks were provided for this volume. For the
most part, this volume has undergone the same processing ow as the largenerged volume; however, it has
not had any post-stack enhancements applied to it (only includes step 1-7 listed in Section 2.1.2). Given
the discussion of the post-stack enhancements and their corresponmdj e ects on seismic amplitudes (which
will be expanded upon in Section 2.1.3), this volume and associated angléasks were used exclusively for

amplitude-based analyses, including the prestack AVA inversion hat will be discussed in Chapter 5.

31



The third, and smallest (12 sg mi), of these volumes includes only th original 2009 survey shot at the
beginning of the legacy phase of development and production in the ChalBlu study area. Though also
processed individually, this volume is included as part of the Herford survey (and so is a subset of the
previous two volumes). The P-wave VVAZ attributes, fast azimuth ( . ), fast and slow velocities Magt
and Vsow ), and associated volumes provided to us in this project come from tb processing applied to this
survey individually, as opposed to the merged surveys. We assume dhh these attribute volumes were
generated using the same general processing ow as will be describa Section 2.1.2 (excluding steps
related to merging multiple seismic surveys), as we did not recge a detailed processing report for this
speci ¢ volume. This assumption is perhaps reasonable given that the ata was said to require a -120
degree phase shift, which was also said to be the optimal phase shift oessary to tie the wells after
processing (refer to Section 2.1.2), but is still an assumption. Sice this is the only volume for which
VVAZ-based attributes were delivered, we evaluated the outputs fromthe Quanta processing; the
uncertainties associated with this process and associated outputsill be discussed further in Section 2.2.

For the sake of simplicity, | will de ne the common names that will be used for each of the main seismic

amplitude volumes provided in this project. These are listed wih associated details below:
1. Regional volume:

~ 440 sq mi,
Created by merging together Anadarko/Carpenter, Chalk Blu s, and Hereford surveys,

Processing ow as described in Section 2.1.2 applied, includinggst-stack enhancements (steps

1-8),

Associated products delivered: full stack along with angle stacks 11, 2131, and 41 (referenced

by their central angles),

Used for structural interpretation of wider region surrounding the Chalk Blu study area.
2. CB study area volume:

16 sq mi,
Cropped from larger merged survey to de ne main Chalk Blu study area,

Primarily includes coverage of 2009 initial survey with minor \extension" of the survey that

encompasses the main 15 legacy wells in the study area,

Processing ow as described in Section 2.1.2 with the exception ofgst-stack enhancements

(steps 1-7 only),
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" Associated products delivered: angle stacks 11, 21, 31, and 41,

Used for detailed structural and amplitude-based stratigraphic interpretation of the Chalk Blu

study area, including prestack AVA inversion.
3. Original '09 volume:

12 sq mi,
~ Only contains original 2009 legacy-phase seismic survey,

" Assumed to have original processing and post-stack enhancements debed in 2.1.2, with the

exception of steps involved in merging multiple surveys,

~ Associated products delivered: full stack, angle stacks 11, 21, 31, and 41,Wave VVAZ

attributes, and inversion attributes,

" Not used (directly) for interpretation purposes.

Figure 2.2 shows corresponding inlines for each of the three volumegscribed above. Note that the
regional volume has been cropped to the corresponding crosslines of tkiB study area volume for
comparison.

There are a few observations to note. First, the volumes in Figure 2.2(A)and Figure 2.2(B) extend
from 0 to 4 seconds in two-way-time (TWT); however, the volume in Fgure 2.2(C) only extends from O to
3 seconds. This is particularly interesting because to our knowlgge, the only di erence in the processing
steps applied to volumes 2 and 3 were the post-stack enhancements (lack thereof). But clearly, the
geometries of these two surveys appear to be di erent. Second, the Nbrara re ector (as indicated by the
white-dashed line in each inline) appears at di erent two-way-times in each of the three volumes. For the
regional volume this is partially attributed to the di erences in tw o-way-time geometries; but across all
three the datum elevations appear to be di erent. Finally, the visual appearance of the three volumes
di er. Following sections will address the di erences expectel between the regional and CB study area
volumes (panels (B) and (C)); however, the stark di erences in apgarance between the original '09 and
regional volumes (panels (A) and (B)) might make our assumption that similar processing ows were
applied to both unreasonable.

The following section will now detail the processing steps appéd, highlighting steps that are relevant to
the analyses performed and discussed in later chapters, and refer@ng which steps were applied to each of

the three volumes listed above.
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Figure 2.2 Inline comparisons of amplitude volumes for the three main gemic data deliveries provided to
RCP in this project. Note the relative inline numbers, as the volumes displayed in (B) and (C) extend
further west and east than the volume in (A). (A) The original '09 volume, collected prior to any legacy
production in the area; this volume is also included in the other twovolumes, as they represent merged
surveys. Processing was applied to this version of the volume indidually. (B) A cropped section of the
larger regional survey; this survey had post-stack enhancements applil. (C) The Chalk Blu (CB) study
area volume that encompasses all 15 of the EOG legacy wells in the area. Thislume did not have
post-stack enhancements applied. Refer to Figure 2.1 to see a map ofdtboundaries of each of these
volumes.

2.1.2 Summary of processing steps applied

As with most seismic processing work ows, there are numerous stepinvolved in the ow applied to our
data by the processors. For our purposes, | will brie y expand upon a éw of the steps (or lack thereof)
that are most relevant to our analyses. The overall ow is typical for onshore unconventional plays where
the geologic structure is relatively gentle and involves 5-D interpolaton of the preprocessed data, and 3-D

Kirchho Prestack-Time-Migration (PSTM). The general processing ow is
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1. Preprocessing: Noise attenuation, Surface-consistent spiking denvolution and amplitude

corrections, static corrections, velocity analysis
2. 5-D interpolation
3. Initial imaging to estimate VVAZ attributes

" Isotropic PSTM

VVAZ analysis and attribute estimation
4. Orthorhombic 3D PSTM

" Input data are the preprocessed data after 5-D interpolation (output from Step 2)

" VVAZ attributes estimated from Step 3 are used in the migration and likely vary spatially and

temporally
5. Residual VVAZ analysis applied to the post-migration gathers
6. Residual moveout correction and gather attening
7. Angle stack generation (with central angles 11, 21, 31, and 41 degrees)
8. Post-processing/post-stack enhancements

"~ Structure-oriented smoothing

" Spectral whitening

Details about the VVAZ analysis, orthorhombic PSTM, and post-migration residual traveltime
corrections are unknown. Note that the VVAZ products received are apparatly not from this ow, but are
from previous processing. The components of the processing ow thaire most relevant to this work and
warrant additional discussion are primarily the enhancements made posstack; however, there are two
things to note about the prestack processing steps.

First, one of the processes included in Step 1 that was applied to ouwlata during pre-processing was a
source phase correction to minimum phase. This involved the design ahapplication of a Iter to convert
the assumed zero-phase vibrator data to minimum phase for subsequestrface-consistent spiking
deconvolution, where the synthetic zero-phase Klauder wavelet isletermined from the autocorrelation of
the synthetic vibrator sweep. Being a standard procedure in most gismic processing ows, including this
step is not necessarily cause for concern; however, upon examination thie lters applied to each of the

three surveys included in the nal merged seismic volume (refeto Section 2.1.1 for more details on seismic
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volumes), it was found that the Iter applied to the Hereford survey had an unusual character. To illustrate
this, Figure 2.3 shows the estimated Iters applied to each of the costituent surveys that were merged to

create the regional survey during processing, which was reprodudgrom the seismic processing report.

Figure 2.3 Estimated Iters to convert the vibrator data to minimum- phase for each of the three
constituent surveys that were merged during processing to creatthe regional volume. Note the similar
character of the lIters in panels (A) and (B) compared to the highly irre gular character of the Iter in
panel (C). The Iter in panel (C) was potentially applied to the porti on of the survey covering the Chalk
Blu study area; the potential impacts on the data if such a Iter was app lied are unknown. Reproduced
from the seismic processing report.

Of the three lters, the estimated lters for the Anadarko/Carpenter and Chalk Blu s (not to be
confused with the Chalk Blu study area) surveys have a similar apperance, displaying typical
characteristics of lters used to convert the synthetic zero-phag Klauder wavelet to minimum phase. Note
the fairly \ringy" side lobes, however. On the other hand, the estimated Iter for the Hereford survey
(which covers the Chalk Blu study area) has an extremely irregular shape, containing multiple large peaks
and a signi cant amount of abnormal ringing, particularly for negative times. Although the demonstration
of the Hereford lIter convolved with the source signature in Figure 2.4 boks reasonable, it is not clear
exactly how this convolution was performed.

Speci cally, we can see that the signal from 0 to -10fns in Figure 2.4(C) has very low amplitude, with
the signal from -100ns and earlier having zero amplitude. This indicates that either the amplitudes in the
corresponding time windows of our lter were dampened before the corolution, or that the the
convolution operation was performed using the unaltered Iter and the resulting signal was then

dampened. The point here is that it is not immediately obvious how theshape of the waveform in panel
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(C) results from the convolution of the waveforms in panels (A) and (B) of Figure 2.4. Since these Iters
are what convert the zero-phase Klauder wavelet to minimum phase in geparation for surface-consistent
spiking deconvolution, it is assumed that the Iters shown were appied to each of the prestack seismic data
volumes corresponding to each of the three surveys listed. Giverhe nature of the Iter that was

potentially applied to the Hereford survey (which includes the Chalk Blu study area), it is not clear what
the e ect that convolving the estimated Iter in Figure 2.4(B) with t he entire seismic survey would be,

especially given its unusual character.

Figure 2.4 A comparison of the (A) source signature, (B) estimated lter, and (C) the resulting convolution
of the two. This is the same irregular Iter noted in Figure 2.3(C). Give n the nature of the signals in
panels (A) and (B), it is unclear how the convolution of the two would result in the signal shown in panel
(C). The implication is that either the estimated lter in panel (B ) was adjusted before convolution
(application to the data) or after, which could result in di erences of the produced output. Reproduced
from the seismic processing report.

Second, there was no clear indication that a step was taken to rotate the qpcessed seismic volumes to
zero-phase. In fact, given the nature of the post-processing ow apjed to the regional volume, it is likely
that rotation to zero-phase was not performed. Speci cally, one of the nal steps in the ow (after
post-stack enhancements were applied) was to perform a phase rotation alysis on the regional volume,
wherein well ties using vertical wells across the region were penfmed and the phases of the extracted
wavelets for each well were evaluated. In this evaluation, it was foundhat an optimal phase rotation of
-120 degrees applied to the regional volume produced an average waveldigse of zero degrees across the
wells, which may indicate that the post-stack enhancements applig altered the phase of the data. Though

a -120 degree phase shift was determined optimal for the regional volume aft post-stack enhancements
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were applied, the smaller 16 sg mi CB study study area volume did notequire a phase shift. In fact,
zero-phase wavelets for each angle stack were determined to be the rmappropriate for the angle stacks
used for AVA inversion (details provided in Section 5.2.2).

This observation serves as a good segue to discuss some of the post-stankancements applied to the
data. As the phase shift implies, it is likely that one or multiple of th ese steps had an impact on the
resulting phase (and possibly amplitudes) of the seismic data. To rigerate, these post-stack enhancements
were applied to the regional (full merged) seismic volume and (assundeto be applied to) the individually
processed original 2009 survey, but not the angle stack volumes for the CBugly area survey used as input
to our prestack AVA inversion. These included the application of a kxky Iter, tensor-guided Itering
(TGF), spectral-whitening, and amplitude-balancing. The kx-ky Iter served to mitigate acquisition
footprint, TGF functioned as a structure-oriented smoothing (SOS) operation for variance enhancement,
spectral whitening was applied for frequency enhancement, and amiplide balancing was used to mitigate
amplitude di erences across surveys.

Further investigation of the impacts of these processing steps on &mic amplitudes is made in section
2.1.3. The main point here is that before interpreting seismic data ouputs, it is important to rst evaluate
the extent to which the processing applied to the data may alter he very signal being used for
interpretation. This was especially important in our case since the oiginal intent behind the processing,
which in turn in uenced the nature of the processing outputs, wasnot the same as our intention; namely,

to perform our own prestack inversion.
2.1.3 Processing e ects on seismic amplitudes

The processing applied to seismic volumes can signi cantly alter he way that volumes look and can
also alter the information contained within them. Altered information ( e.g., seismic amplitudes) as a result
of seismic data processing is not always an issue; for example, if a uahe is being interpreted for structure,
preserving relative changes in amplitudes would not necessarily ipact the validity of the interpretations.
The issue in our project, however, is that we intend to evaluate bokh structure and relative changes in
amplitudes to e ectively characterize the geologic heterogeneity aarss the area, but we are not con dent
that the post-stack enhancements applied to the data adequately presrved the amplitude information.
Fortunately, we have volumes over the Chalk Blu study area both wit h and without post-stack
enhancements applied; however, for the larger regional seismic vollenwe only have the version with
post-stack enhancements applied.

As discussed in Section 2.1.2, it was determined that a phase rotation of -120egrees minimized the

phase mistie between vertical wells across the region and the post-pcessed the regional volume. Without
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the ability to explicitly identify the underlying cause of the p hase alteration (given our limited knowledge
of the nature of the processing steps), it was necessary to performanual evaluations of the processed
volumes since it may ultimately impact seismic amplitudes. In orcer to do so, comparisons were made
between a corresponding section of the regional volume and the CB studgrea volume.

Figure 2.5 illustrates the comparison between the RMS amplitudes xracted at the Niobrara surface
for the CB study area volume and regional volume (cropped for direct compdson). For the CB study area
volume, Figure 2.5(A) shows the full stack without any post-stack enhanements (PSE) applied and
Figure 2.5(B) shows the full stack with structure-oriented smoothing (SOS) applied during our own
post-processing (since TGF/SOS was also part of the post-procesgimapplied to the regional volume).
There are two clear di erences between the maps: 1) the ranges in RM8mplitudes and 2) the spatial
distribution of relative RMS amplitudes.

From the maps, we observe that RMS amplitudes at the top of the Niobrara varyfrom 0-1300 for
Figure 2.5(A), from 25-800 for Figure 2.5(B), and from 20-380 for Figure 2.5(C). The di erence between
the ranges for the angle stack with and without SOS for the CB study area valme can be attributed to
the algorithm used in SOS; in \smoothing" amplitude values along structures, it can therefore have the
e ect of impacting the amplitudes since it averages values within aparticular trace vicinity, resulting in
slightly higher or lower values at any given point. The di erence between the amplitude ranges for

Figure 2.5(B) and Figure 2.5(C), on the other hand, are more signi cant.

Figure 2.5 Amplitude extractions from (A) angle stack 21 from the CB study area survey with no
post-stack enhancements (PSE) applied, (B) an extraction from the sara horizon but now from the angle
stack 21 volume for which we applied a structure-oriented smoothindSOS) operator for more consistent
comparison with the data observed in (C), which shows angle stack 21 crqued from the regional survey for
which post-stack enhancements were applied (including a TGF/SOSperation). Note the signi cant

di erences in relative amplitudes, particularly between panels(B) and (C). The di erences between the
two may ultimately change the interpretations related to these relative amplitude changes.

SOS was part of the post-processing applied to the regional volume, buke saw that implementing our

own SOS operation on the angle stack 21 from the CB study area survey (witbut original PSE) didn't
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signi cantly alter the amplitude content, and therefore likely did n't result in the large di erence in RMS
amplitude between the Niobrara surfaces from two volumes. A more likly cause is the spectral whitening
that was applied during processing; however, it is di cult to dra w de nitive conclusions about this without
knowing the details of the spectral whitening implementation.

Though it provides clues to how the processing could impact seisim amplitudes, di erent ranges in
amplitudes is not necessarily an issue if the relative amplitude canges remain consistent across re ectors
in the volume; however, the second di erence observed shows thdhis is not the case. There is a clear
di erence in the distribution of RMS amplitudes at the top of the Niobr ara between the maps in
Figure 2.5(B) and Figure 2.5(C). In the northern portion of the map, we can se that the RMS amplitudes
in the CB study area volume (Figure 2.5(B)) are lower to the east and higler to the west; on the other
hand, the RMS amplitudes along the horizon cropped from the regional volura (Figure 2.5(C)) are larger
to the north and generally decrease to the south.

The implication of the stark di erences observed between the RMS amlitude signatures of these two
volumes is that if we were to use the relative amplitudes from the rgional volume (with original PSE) to
make interpretations, we would get a much di erent result than if we were to use the relative amplitudes in
the CB study area volume (without original PSE). If the post-processng applied to the regional volume
has altered the amplitude content of the data, then caution should be take before interpreting relative
amplitude changes in this volume. As a result, the CB study area volune was primarily used for
interpretation, and used exclusively for amplitude-based invern and interpretation. With that being
said, the regional volume was still used for regional structural interpetation, which provided context to

better understand the structural changes observed in the Chalk Bl study area.
2.1.4 Discussion

Understanding the format of seismic data and the processing steps apipd to it are essential, as these
ultimately determine the types of analyses that can be performed and ittates what can and { perhaps just
as importantly { what cannot be interpreted from the data. After careful e valuation of both of these, a lot
of valuable information can be gained using the seismic data volumes and pducts provided to RCP for
this project. Speci cally, structural variability and faulting ac ross the region can be interpreted using both
the larger and smaller seismic amplitude volumes, relative changes iamplitudes can be extracted for our
reservoir intervals using the CB study area volume, and AVA prestak inversion can be performed to
evaluate changes in elastic properties of the reservoir units also ugj the CB study area volume. Overall,
the quality of the seismic data provided to us in this project is s cient for the aforementioned purposes;

however, additional discussion is warranted in order to highlight someof the potentially useful
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seismic-based analyses that we could not perform (and associated regeir characteristics that we could
not interpret) given the format and processing of our data. These are paritularly important, as they may
have helped further inform some of the objectives set out in the CBIDP.

First, there was only a single survey collected over the Chalk Blu study area which was shot before the
legacy wells were drilled and began producing. Since the HPR wells we drilled after nearly a decade of
legacy well production, a primary goal of the CBDOP is to evaluate how wels from the legacy phase
impact the performance of wells from the current HPR phase. If additioral (monitor) surveys had been
collected over the study area, it would have allowed for 4D seismic terpretation to to directly evaluate
changes to the reservoir after legacy well production. In a prior phasef RCP research, 4D
multicomponent seismic was analyzed in Wattenberg Field. This analgis proved useful in identifying
hydraulic fracturing e ects on reservoir pore pressures and calibating hydraulic fracturing models, which
can ultimately help optimize drilling and completions across the eld [44, 45]. As was discussed brie y in
Section 1.3, there are di erences between Wattenberg and Hereford lds; 4D seismic analysis could have
provided additional value in further evaluating the extent of the di erences in how these two elds produce.

Second, the seismic volumes only contain single component (P-waveg ection data. Natural fracture
characterization plays a large role in understanding reservoir e ediveness in this eld, and fracture density
and orientation analyses typically bene t when multi-component seignic data can be used, speci cally
converted wave volumes (see Ye et al. [46] for an application of 3D 3-componestismic data to detect
fractures in a tight reservoir). The implication of this is that some of the geologic parameters we hope to
evaluate (e.g., natural fracture density) may not signi cantly alter s eismic amplitudes in a way that can be
observed in the current form of our P-wave component seismic; if thd is the case, it will require us to shift
our approach for fracture characterization. Furthermore, multicomponert, converted-wave, and S-wave
volumes can be used to more accurately obtain density from seismic isvsion than single component
P-wave data. As will be discussed further in Chapter 5, it was deternmed that density would not be
accurately inverted for given the range of angles of our data, which limitecthe nature of the post-inversion
analysis. Therefore, such volumes could have proven useful for oumugposes.

Finally, azimuthal information was not preserved in the data post-migration; angle stacks were created
that summed over all azimuths, resulting in angle stacks suitable forAVA prestack inversion. As a result,
we could not perform our own amplitude variation with azimuth (VVAZ) evalu ation or perform
VVAZ-based inversion given the format of the seismic data received. Irsome cases, VVAZ can detect local
reservoir fractures if azimuth is preserved during processingyhich allows for the inversion of prestack data
as a function of incidence angle and azimuth. RCP did receive gathers hare migration which could be

reprocessed and imaged to produce azimuthal and azimuth stacks; hower, this was outside the scope of
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this project. With that being said, as indicated in the seismic data processing steps outlined in Section
2.1.2, an investigation of the anisotropy and P-wave VVAZ was performed by the pocessors. This
investigation resulted in multiple attribute volume outputs whic h can potentially be interpreted. Further

discussion of this investigation will be outlined in the following sction.
2.2 Azimuthal anisotropy investigation

As previously mentioned, the processing ow included P-wave VVAZanalysis implemented by the

seismic data processors. The generalized steps in the work ow are timed below:

Data pre-processing
Isotropic prestack time migration

Process isotropic time migration to identify VVAZ signatures in common-o set common-azimuth

gathers

Estimate VVAZ parameters from the common-o set common azimuth gathers

Use these estimated VVAZ parameters to perform orthorhombic prestack tne migration
Evaluate migrated gathers and perform residual VVAZ analysis

Though these steps are summarized from the processing report for thiell merged volume, the VVAZ
attributes delivered to us in this project were output from the processing applied to the original 2009 EOG
legacy survey. We do not have access to the processing report of thimlume so we assume that the same
general processing ow applied to the full merged volume was also apigld to this volume individually, with
the exception of the processing steps involved in merging multile seismic surveys. This assumption,
therefore, also applies to the P-wave VVAZ processing. While we havno indication of the validity of this
assumption, the VVAZ attribute volumes delivered to us are the only form of the data for which we are
able to evaluate azimuthal attributes. As a result, we decided to evalate these attributes (within reason)
despite the uncertainty associated with the processing used tgenerate them to evaluate whether they
would be used for interpretation purposes. In order to gain a better umnlerstanding of the volumes output
from this processing ow, Figure 2.6 shows corresponding inlinesf the original seismic amplitude volume
along with the anisotropy percent and Vtast azimuth volumes output by the P-wave VVAZ process.

If we were to analyze the two volumes output by this process showmi Figure 2.6 (percent anisotropy
and Vit @zimuth), the goal would be to resolve changes in fracture densities ithe Niobrara formation
and variations in stress orientations across the study area. With that being said, it is important to discuss

how these reservoir characteristics would be resolved by such an awyals.
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Figure 2.6 An illustrative cross-section through the (A) original '09 survey with two outputs (percent
anisotropy and fast azimuth) from the Quanta P-wave VVAZ work ow displa yed in panels (B) and (C).
The Niobrara horizon is shown as a dashed line in each of the volumes. If adtropy from the Niobrara
interval is imaged, it would appear below the horizon, as P-wave VVAZ signatures are a transmission path
e ect.

P-wave VVAZ is a \transmission path e ect", meaning that re ections mus t travel through the
anisotropic interval and the interval must be su ciently thick for r e ections to exhibit detectable
traveltime variations with o set. Applying this to our scenario, thi s would mean that re ected waves would
travel through the (su ciently thick) fractured Niobrara formation an d corresponding traveltime variations
would be observed in re ectors below the Niobrara. If the Niobrara exhibits such characteristics, we would
expect to see higher percent anisotropy from corresponding traveline di erences detected in the re ections
from layers below the Niobrara in the attribute volumes, as opposed to ariations at the Niobrara re ector
itself. If such variations were observed at the Niobrara, they would be mdicative of VVAZ properties in
shallower layers.

It is also important to note one of the key assumptions behind the P-wae VVAZ methodology.
Inherent in the orthorhombic prestack time migration is the assumption of a single set of vertical fractures
that produce the anisotropy detected in the seismic data [43]. This asumption may be too simplistic for
the geologic units in our dataset, however. The normal faults in this rgion, both at the reservoir intervals
and above them, are not vertical; if these are features assumed to caus®&/AZ e ects imaged in the seismic
data, then an assumption of vertical fractures would misrepresent sut features in the nal output. From
observations of natural fractures from image logs (which are discussed atdgth in Chapter 4), the

high-angle dips of the majority (91%) of fractures along with the observaton of a dominantly NE-SW

43



trending fracture set in the Niobrara interval potentially justify the assumption of vertical fractures. This
picture is complicated, however, when considering that the metbd also assumes a single set of fractures.
Though we observe high-angle fractures from image logs in the Niobrara, spe@ally the Niobrara B Chalk,
this does not mean that the fractures are consistent throughout the enre 300t of alternating chalks and
marl benches that constitute the Niobrara formation. Furthermore, this brings up the question of the
height of fractures that the method would be sensitive to.

In the Wattenberg project phase of RCP, Omar [47] modeled di erent £enarios to show the relative
sensitivity of di erent wave modes from multi-component data to fractures in the Niobrara formation.
Though the analysis assumed induced fractures, which would not be psent in our data, the outcomes
would still be valid for natural fractures with similar characteristi cs (i.e., heights). This results showed that
for an assumed set of vertical fractures, P-wave VVAZ e ects were onseat 1200m o set for fractures
roughly 360ft high and at 1500 meter o set for fractures roughly 165t high, while no P-wave VVAZ
e ects observed for fractures below 168 . The implications of this are that in order to image any fractures
in our dataset, not only would they have to constitute a single set of vetical fractures, the height of such
fractures would potentially have to be at least 165 feet.

Now that the characteristics and underlying assumptions of the P-wae VVAZ methodology have been
discussed, it is useful to evaluate intermediate steps from the pcessing report that were used to derive
these azimuthal attributes. Figure 2.7 shows an example of OVT PSTM gathes with and without the
VVAZ correction applied to the data (reproduced from a slide show of the VVAZ seismic data processing
results). Note that the red-dashed line indicates where we have asmed the Niobrara top re ector to be,
though this was not speci ed in the processing report.

We can clearly see sinusoidal responses in the gathers in Figure 2.7 aesponding to traveltime
variations with azimuth. What's interesting to note is that we observe sinusoidal signatures at the
Niobrara re ector (indicated by the red-dashed lines) and at the two shallower re ectors (indicated by the
blue-dashed lines). As previously discussed, the re ectors for kich traveltime variations (sinusoidal
patterns in azimuth gathers) are imaged re ect anisotropy in layers abowe. Therefore, observing such a
response at the Niobrara and shallower levels is potentially indicatie of anisotropy in the layersabovethe
blue re ectors. There are slight variations in the layers below theNiobrara, but these are not as signi cant.

A nal thing to note is that although there is a clear sinusoidal pattern i n the annotated re ectors in
Figure 2.7, it is not clear how consistent such signatures were across ¢hentire volume. Given that faulting
above the reservoir is prevalent across the area (and again, that the simoidal signatures observed in
Figure 2.7 re ect traveltime variations introduced from layers above), it may be the case that such

sinusoidal patterns re ect lateral changes in velocity introduced by fault structures not fully accounted for
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during migration as opposed to vertical sets of fractures.

Figure 2.7 Comparison of angle gathers as a function of azimuth with and withotiQuanta corrections
applied for the original '09 volume. The Niobrara is assumed to be at red-ddsed line (since no indication
of interpreted horizons were given in the associated report). Note thesinusoidal signatures apparent at the
Niobrara and two of the distinct re ectors shallower. Such a signal woutl indicate anisotropic intervals
above each of the sinusoidal horizons, as the traveltime di erences ahese levels would be re ective of
transmission path di erences through shallower units. One thing that is unclear is whether this signal was
representative of similar signals observed across the volume, or if it&s identi ed for only speci c inlines
and/or crosslines. Reproduced from the seismic data processingpert.

2.2.1 Discussion

Given the observations of the P-wave VVAZ attribute volumes provided, the assumptions behind the
VVAZ methodology, and the lack of information about the speci cs of the processing ow applied, we
chose not to incorporate the outputs of the Quanta processing in our nalinterpretations.

Observations of the volumes provided showed that VVAZ signatures are pantially present in layers
below the Niobrara, but that such signatures may not be very signi cant. The assumptions inherent in the
methodology are that VVAZ is only from a single set of vertical fractures (with su cient heights to be
detected in P-wave data). Though a dominant set of fractures exists irthe Niobrara B Chalk formation
(from observations of image log interpretations), it is not clear what the height of these fractures are, and
whether they are present across the entire 300 feet of the formation. Téa B Chalk layer itself is typically
less that 30 feet thick in our area, and so fractures from this interval peci cally are not likely to be
resolved using this methodology. Lack of information about the nature of theprocessing applied to the
original '09 volume introduced additional uncertainty about the nature of the attribute volumes produced

using this methodology, so we ultimately had no way to thoroughly evalate the extent to which such
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attributes would show meaningful results re ective of VVAZ at our reservoir interval. With that being
said, there may be additional value in performing AVAZ analyses if a volune with azimuth information was
provided in the project.

Overall, the remaining focus of seismic interpretation will be on he CB study area volume and the

regional volume, for which we have more information to evaluate the procgsing ows applied.
2.3 Geologic factors

In order to produce an accurate representation of the subsurface usinseismic migration, an accurate
velocity model of the subsurface must be estimated. Estimating araccurate velocity model of the
subsurface is di cult, and can be further complicated by the presence of anomalous geologic features like
faults or high-velocity salt bodies. If the velocity variations of such features are not accurately incorporated
into the velocity model, the resulting migration may misplace reectors in time.

Several geologic units across the DJ Basin contain complex fault structs, and the units in our study
area are no exception. Speci cally, a two-tiered layer-bound normalfault (LBNF) system that is
characteristic of the Niobrara and Pierre Shale formations [48] is observeth our data, the upper-tier of
which lies above our reservoir intervals. When evaluating seismicross sections and variance (coherency)
attribute extractions which are used to highlight fault structures in seismic volume, it can be tempting to
try and relate faults at the Lower Pierre with features at the Niobrara; however, upon close examination of
the data, it is likely that some of these features at the Niobrara are artefats created by the large faults at
the Lower Pierre.

Faults in the Niobrara have been known to signi cantly impact drilli ng, completions, and production
across the DJ Basin, and the interpretation of faults from seismic data en be a useful tool to guide
engineering operations. Therefore, it is critically important to distinguish artefacts in the data from actual
fault structures so that decisions are not made based on misinterpretions. This section will examine a
few examples of these artefacts, which will also be important in latersections when evaluating the landing

positions of our wells relative to seismic variance anomalies at the Niobra and Codell re ectors.
2.3.1 Faulting above reservoir units

The two-tiered layer-bound normal fault (LBNF) system will be charact erized in detail in Chapter 4,
but for the purpose of this discussion it is important to note that there are two signi cantly faulted layers
above the Niobrara reservoir top. The deeper of the two layers is refeed to as the Lower Pierre (shale)
and the shallower of the two layers is referred to as the Upper Pier (shale) or Sub-Parkman horizon. The

upper-tier of the LBNF system is composed of connected fault structues that extend from the
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Sub-Parkman through the Lower Pierre. In some cases, the lower-tieof the LBNF system, which
originates in the Niobrara, extends up through the Lower Pierre. More oftan than not, however, faults that
originate in the Niobrara die out before reaching the Lower Pierre re ec¢or [49].

As aforementioned, similar features appear in variance attribute extrations taken from the Lower
Pierre and Niobrara horizons. Variance values quantify the magnitude of dicontinuities in seismic data,
and as such, are often useful for fault identi cation. Figure 2.8 shows he variance attribute maps for the

two horizons, with similar trending features highlighted by blue-dashed lines.

Figure 2.8 Variance attribute extractions for the Niobrara (Left) and Lower Pierre (right) horizons. Such
attributes are oftentimes used to highlight structural discontinuities, such as fault structures, however, it is
not always the case that structural features highlighted by such attributes do, in fact, represent fault
structures in the subsurface. The trends indicated by the bluedashed lines across both horizons make it
tempting to potentially extend many of these features through both horizons. Although some of these
features are re ective of underlying structural changes, others ardikely artefacts, speci cally, fault
shadows at the Niobrara horizon from the signi cant structures at the Lower Pierre.

We can clearly see corresponding features (though many of which have lger magnitudes at the Lower
Pierre) at both horizons. This may lead us to believe that each of thesdeatures indicates fault structures
that extend up from the Niobrara through the Lower Pierre horizon; howewer, this is not necessarily the
case. In Chapter 4, examples of such faults that connect both tiers of th LBNF system will be provided,
but Figure 2.9 demonstrates that such features in the seismic are not alays indicative of faults that
connect across the two tiers.

The seismic cross section shown in Figure 2.9 intersects clear fastructures at the Lower Pierre, as
indicated by the teal-dashed line, and we can see that this fault exteds shallower (connecting with the
Sub-Parkman re ector). Following the interpreted faults at the Low er Pierre down further, it seems that if
we were to extend the teal lines they would connect to the subtlestructural change at the Niobrara,
indicated by the yellow arrows. However, we can see that where thdrle would potentially intersect with

the Niobrara horizon, the change in the Niobrara actually has the opposite trad in o set (dipping to the
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east). It is well-documented that nearly all of the fault structure s in the Niobrara are normal faults [50], so
it is not likely that if the fault at the Lower Pierre interval did conn ect at the Niobrara, that they would be
dipping in opposite directions. Now, that does not necessarily ruleout the possibility that the structural
changes observed at the Niobrara in Figure 2.9 is not a fault, but it does atdast rule out the possibility of

the structures being directly related to the corresponding faut structures at the Lower Pierre.

Figure 2.9 Example displaying a likely fault shadow e ect at the Niobrara (and deeper) horizons from a
signi cant fault structure clearly identi ed at the Lower Pierre ( and shallower) horizons. The Niobrara
interval has an opposite structural change than the Lower Pierre, at leastruling out that this feature is a
fault that connects from the Niobrara to the Lower Pierre horizon.

Additional observations do make it unlikely that this particular struc ture at the Niobrara is a fault,
however. For instance, to the east of the yellow arrow in Figure 2.9 tlere is what appear as a \sag" in the
Niobrara horizon. These sags extend down through multiple layers, almdsvertically (which also make
them less likely to be faults, since normal faults in these formatios have typical dip ranges of 35-45
degrees [49]. The most signi cant sag also occurs in the interval that @gts below the faults in the Lower
Pierre, and subtle amplitude changes in the layers below the Niobrax also exist. These, in addition to the
previous observation of opposite dip directions, most likely indicatethat these particular features at the
Niobrara horizon are \fault shadows". Fault shadows result from the smooth ime migration velocity
model that cannot comprehend the rapid velocity change across fault strictures and ultimately introduce

artefacts into the data [51].
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To compare these likely fault shadow e ects to interpreted faults at the Niobrara, Figure 2.10 shows
examples of three fault structures in seismic cross section and on ¢hcorresponding variance map. These
faults do not occur below signi cant structures in the Lower Pierre and show shallower dips and more
abrupt o sets, resulting in higher magnitude variance anomalies. Further interpretations of the various
features observed in variance extractions from the geologic units in ouressmic data will be given in
Chapter 4, including explicit discrimination between features that are and are not fault structures.

As was previously discussed, misinterpreting faults in the DJ Bam can negatively impact operations;
therefore it is critically important to directly evaluate potential fault structures as indicated by variance
attribute extractions before making nal interpretations. Comparison s with well data can also aid in such
interpretations, and should be integrated when possible. The key tagaway here is that the temptation to
move to the interpretation of features observed a the reservoir lesl without rst considering what lies
above and below can potentially lead to misinterpretations. Therefoe su cient consideration of the
geologic features present in the data and how these might a ect observadins of the reservoir interval in the

seismic data should be made so that such misinterpretations can be aided.

Figure 2.10 An example of clearly identi ed and interpreted fault structures at the Niobrara interval, as
indicated by the yellow arrows.
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2.4 Summary

Overall, this chapter highlighted some of the main data observations thatresulted from the seismic
processing applied to various volumes delivered to RCP for use inhe CBDOP. This evaluation was
extremely important; as we saw, di erences in processing led tali erences in phase and amplitudes across
such volumes, which dictated the types of analyses we chose to perforwith each dataset. Speci cally, we
have three seismic amplitude volumes with four angle stacks (and assm@ted processing output products).
The regional volume will be used for regional structural interpretation of faulting and the CB study area
volume will be used for amplitude-based analyses (including prestk AVA inversion). The original '09
volume will not be used for interpretation based on the observations disussed in this chapter. Such
analyses across the two seismic volumes used for interpretation in ik work will allow us to evaluate the
impacts of structural, stratigraphic, and stress-related heterogengies on production across the Chalk Blu

study area and wider region.
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CHAPTER 3
LEGACY PRODUCTION ANALYSIS

Hereford Field has undergone multiple phases of development and prodtion. This aspect of the eld
complicates analyses of wells currently producing from the area sage interactions between legacy and HPR
wells must be taken into consideration. However, one aspect that is eésemely advantageous about the
redevelopment of the eld is that the data from prior phases of eld development and production can
provide insights about reservoir quality and performance; ultimately, these insights can be used to guide
optimal drilling and completions in subsequent phases of developmén

In this chapter, production distribution across Hereford Field from wells drilled in the legacy (EOG)
phase will be evaluated. One of the key observations is that both the totavolumes and relative volumes
(e.g., GOR) of uids vary signi cantly across the area. The rst questi on to be addressed is about
engineering parameters; namely, do the di erences in parametersush as well spacing and completion
design impact production? If so, to what extent are these related? Andto me, the more interesting

guestion, to what extent do geologic factors play a role in the producton distribution?
3.1 Production variability: Hereford Field

Since so many factors could potentially impact production from HPR welk in the Chalk Blu study
area (well spacing, completion design, legacy well interaction) it ismportant to constrain geological
impacts on production to successfully optimize further eld development. That is why evaluating the
production variability from prior phases of development is essential Speci cally, the legacy wells within
the Chalk Blu study area had fairly consistent well spacing and completion designs, and therefore the
geologic controls on production can be isolated with less uncertainty thanf the same investigation was
being done solely using wells drilled by HPR.

Figure 3.1 shows cumulative distribution plots of estimated ultimate recovery (EUR) per foot against
percentage of wells drilled in the Codell and Niobrara formations acrosshte northern DJ Basin. From these
distributions, most Codell wells fall within a relatively narrow range of EUR/ft, while a small percentage of
Niobrara wells (circled in green) have signi cantly larger values of EURft. This indicates that production
from the Codell is potentially more consistent, and therefore more pedictable, than production from the
Niobrara since some Niobrara wells produce signi cantly higher volume®f oil than others. Two main
guestions arise from this observation: 1) what controls the production wariability observed in wells drilled
in the Niobrara formation, and 2) how do we drill more high performing wells, and either avoid drilling or

enhance the recovery from low performing wells? One possible anewto the rst question is that
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geological heterogeneity contributes to the large variability observedn Niobrara producing wells; however,
in order to draw conclusions about the geologic impacts on production, thempacts of engineering design

must rst be evaluated.

Figure 3.1 Data compiled by HighPoint Resources showing estimated uitnate recovery (EUR) in barrels of
oil per foot for wells drilled in both the Niobrara and Codell formations across the northern DJ Basin. The
spread in EUR is signi cantly less for wells drilled in the Codell than in the Niobrara. This is highlighted
by the dashed green oval, which shows that a small percentage of wells the Niobrara have signi cantly
higher oil recovery than others. This variability indicates that geologic factors present in the Niobrara
could contribute to the production variability observed, and furth ermore, that such geologic factors are not
present to the same extent in the Codell (otherwise similar varialiity would be observed).

The following analysis aims to determine whether the same variabity in production from the Niobrara
exists in the Chalk Blu study area, and if so, evaluate the extent to which legacy well completions
contributed to this variability. Since no other parameters varied signi cantly in the Chalk Blu area legacy
wells, it can be assumed that any variability not related to engineerirg impacts can be primarily be
attributed to underlying variability in geologic parameters. As such, we can constrain the impact of
completion design on production, and in doing so, inform the role that stuctural and stratigraphic
heterogeneity plays in the production responses observed in legaeyells. These insights will provide the
context to interpret the extent to which geologic parameters in uence the production responses observed in
HPR wells, and how these parameters might have a di erent impact giva that nearly 10 years of

production occurred in the area.
3.2 Production variability: Chalk Blu study area

Fifteen wells from the legacy phase of development and production ligvithin the Chalk Blu study
area. These wells were all drilled with a NW-SE orientation in order tobe perpendicular to the maximum
horizontal stress Sy, ) direction of N55 E, which was determined from a horizontal well just to the ENE

of our seismic survey [52]. The plot at the left of Figure 3.2 shows the auulative oil production curves of
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these wells with groups 1-5 assigned based on cumulative production wes. The map on the right of
Figure 3.2 shows the spatial locations and well trajectories, with tke size of each circle proportional to
cumulative oil production and well colors corresponding to the color of heir associated production curve.
The circles are plotted at the well-head (surface) location of the wdé (as opposed to the bottom-hole

locations).

Figure 3.2 (Left) Cumulative oil production curves from 2010 through 2019 of the fteen legacy (EOG)
wells present in the Chalk Blu study area. (Right) Map-view of well locations with well heads sized
proportionally to the cumulative oil produced. Note the signi cant di erences in cumulative production
values. Five groups have been identi ed based on the ranges in prodtion values, and have been labeled,
with group 1 corresponding to wells that produced the largest volumef oil and group 5 corresponding to
wells that produced the smallest volumes of oil. This leads to the coclusion that the variability observed
in production from the Niobrara across the wider northern DJ Basin is al® present in the Chalk Blu

study area.

Perhaps unsurprisingly, there are large di erences in cumulativeproduction values from the wells in the
region; some large di erences even occur between wells that are inade proximity to one another. This
con rms the trend observed in Figure 3.1: that production varies signicantly between wells drilled in the
Niobrara. In fact, of these fteen wells, wells in group 1 (top two producers, 13% of the wells) contributed
just over 29% of the total production; the wells in groups 1 and 2 (top four poducers, 26% of the wells)
contributed nearly 52% of the total production.

Variability can also be observed between the daily production plots ofthe wells, as shown in Figure 3.3.
The borders of each plot are colored by the previously identi ed prodiction groups from Figure 3.2. The
daily production curves generally have similar trends within production groups (note the fairly consistent
daily production values and declines for the yellow group). On the otler hand, the trends across di erent
production groups are much di erent (note the di erences in daily production curves of well LG and well

LO).
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Figure 3.3 Daily oil production curves plotted for each of the 15 legacy wés in the Chalk Blu study area.
Refer to Figure 3.2 for cumulative oil production of these wells along \ith their locations in map-view.

Though wells within the same oil production groups generally have simar decline curves, an interesting
observation is the variability in instantaneous production (IP) value s (which in this case represent the total
volume of oil produced from a well on any given day). For instance, in thered production group (poorest
oil producers) there are relatively large spikes in IP values earlyri the lifetime of the well. Similarly large
values are not observed for well LJ within the same group. What's more, ishat the IP values observed for
wells LH and LO are higher than most of the best oil producers.

These observations support the conclusion that the production variallity observed for the Niobrara
formation across the northern DJ Basin also exists in the Chalk Blu study area. This leads to the
question: what controls the variability in oil production from the Niobr ara formation? One potential
answer to this is that underlying geologic heterogeneity results in he variability observed. However, before
conclusions about geologic impacts on production can be made, the extent twhich engineering parameters
contributed to the relatively large di erences in oil production ob served for the 15 legacy wells in the Chalk

Blu study area must be evaluated.
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3.3 Completions: Chalk Blu study area

The primary goal of this work is to inform the geologic controls on production \ariability; however,
de nitive conclusions about these cannot be made until the engineerig controls on production are
constrained. Although the legacy wells had relatively consistent compmdtion parameters (especially when
compared to wells drilled by HPR in the Chalk Blu study area), there were still di erences in the nhumber
of stages and volumes of gel, water, and sand injected into the wells. Sudli erences may directly lead to
di erences in production.

The number of stages refers to the number of locations frac uids and poppant are injected into the
formation along a well. As a result, the number of stages can directly inuence the stimulation of the
reservoir, and therefore, production. It should be noted that the legacy wells in this area were all
completed with a sliding sleeve design, meaning that rather than pgorating through the casing using a
gun, a more passive connection is made to the reservoir through ports thatan be opened or closed.
Therefore, to evaluate the relative completion sizes of each of the wisl(and their corresponding impacts on
the oil production observed) the completion sizes were normalizedybthe number of stages along the well,
which allowed for more direct analysis of how the completion volumes mahave contributed to the
production variability observed. Figure 3.4 shows the analysis of thenormalized completion volumes and
their relationships to the cumulative oil production.

The bar chart in the upper-left of Figure 3.4 shows the total completionsize as a sum of the total
gallons of linear gel, lightning gel, and water, in addition to pounds of sand mjected during the completion
of each legacy well. There are two clear groups of completion sizes: 1) wellF, LL, LE, LA, LN, LH, and
LJ with relatively smaller completion sizes and 2) wells LK, LD, LC, LI, LM, and LB with relatively larger
completion sizes. The only exceptions to this are perhaps wells LO, alLG, which seem to fall somewhere
in the middle. When cross-plotting the completion size vs. the cmulative oil production, as shown in the
bottom-left of Figure 3.4, the relationship is not particularly strong ( R? value is 0.301), however, with the
exception of a few wells, there is a fairly linear trend between nanalized completions sizes and cumulative
oil production. There are two wells that deviate signi cantly from th is general trend, wells LF and LO,
which are highlighted by the dashed blue rectangles and ovals.

One question prompted by these observations is why do wells LF and LO deate from the general
trend in completion size vs. cumulative production? In order to investigate this further, the daily
production values (same as the ones shown in Figure 3.3 were plotted tdentify any anomalous features.
For comparison, daily values from another well within the same cumulative oil production group was also

plotted in each case. These plots are shown in Figure 3.5.
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Figure 3.4 (Upper-left) Bar charts showing totals of uid (gel and water) and proppant (sand) injected into
each legacy well during completions. These volumes were normalized the number of stages along each
well. Note that the lengths of the laterals are relatively consistent, ard so normalizing by stage was deemed
more appropriate. (Lower-left) Cross plot of nhormalized completion sizevs. raw cumulative oil production
for each of the 15 legacy wells. (Right) Map-view of the wells where theize of the circles at the well head
locations are proportional to the cumulative oil production. The colors of the wells are associated with the
colors in the other two plots, and all three are consistent with the previously identi ed production groups

in Figure 3.2 (using non-normalized cumulative production values). Anomalous wells are outlined in blue
dashed lines.

The plot at the left shows a comparison of daily oil production values fromwells LO (outlier) and LJ,
which belong to production group 5 (red). The nature of the two curves are fairly similar for these wells,
with the exception that well LO has some relatively large daily production values early in its production
history. This spike does not necessarily point to any engineering grameters; however, it may be indicative
that this well has intersected a fault, allowing it to have high initial production that declines fairly rapidly.
Otherwise, both wells have fairly rapid declines and similar trerds for the remainder of the time, so this
does not point to any clear indications from an engineering standpoint asa why well LO appears as an

outlier in Figure 3.4.
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Figure 3.5 Comparisons of daily oil production curves of wells that signicantly deviated from the
potentially linear relationship between normalized completion sizeand cumulative oil production shown in
Figure 3.4 highlighted by the blue-dashed ovals. These are plotted wh daily oil production for wells
within the same production group for comparison. The anomalous trends in lhe production curve for well
LF at the right of the gure indicate that secondary measures may have bea taken that increased the
production of this well, ultimately resulting in a higher cumulat ive volume of oil than it would have
otherwise produced. No trends indicating engineering controls onfte low cumulative oil production were
observed in well LO relative to its completion size.

On the other hand, there are some characteristics in the daily prodution curves at the right of
Figure 3.5 that indicate there may have been some additional engineerg processes applied to well LF
after completions were performed, especially when comparing thisotwell LC (both of which belong to
production group 2, light green). For instance, we can see that the daily poduction values of well LF are
lower than those for well LC early on, and it appears that well LF was potentialy declining at a faster rate
than well LC. However, something was clearly done to boost productionn well LF; the production values
increase after the initial decline, then there are successive ameases and declines over the lifetime of the well.

Referring back to the cumulative production plots in the plot on the left of Figure 3.2, we can see the
impact that this ultimately had on the cumulative production. The in itial increase in the cumulative
production curve for well LF appears to be more on par with wells in prodiction group 4; however, at the
onset of the increases in the daily production values after the inital decline, we see the curve start to climb
with a much di erent character than the rest of the wells. Ultimatel y, whatever was done to this well
post-completions had an impact on the cumulative production. As such, hese engineering controls are
likely the reason that well LF deviates from the production trend obseved in the other wells with smaller
completion sizes. If the secondary actions taken to boost this produion can be identi ed (we do not have
the information explaining what was done), this method could potentially be used to boost production
across other wells drilled in the Niobrara formation.

We have identi ed that for all wells other than well LO, completion siz e may have in uenced
cumulative oil production volumes to some degree. Well LF deviated fom this trend, but from its daily

production curves, we identi ed some interesting features thatindicate secondary steps were taken to boost

57



the production of this well post-completion. Although completion size seems to impact the cumulative oil
production and can explain some of the variability observed in the prodiction values from the Niobrara
formation, the remaining question is whether or not engineering paramtrs account for all of the
variability observed or if other parameters might also play a role.

Although there is likely a relationship between completion size and amulative oil production,
variability within this trend still exists. One clear example of t his is highlighted by the green rectangle in
the cross-plot at the lower-left of Figure 3.5. The highest producingwells in groups 1 and 2 (excluding well
LF for the reasons just described) had a large range in normalized completihs sizes. Speci cally, the
completion size for well LG, which is the second-highest produceryvas similar to that of well LO, which is
one of the worst producers. Since wells with such similar completin sizes produce signi cantly di erent
volumes, this indicates that engineering parameters are not the onlyting that in uences production
variability in the Niobrara formation.

Variability also exists within the remaining production groups (yellow, orange, and red). Aside from
well LO, the normalized completion sizes wells in production groups 4nd 5 (orange and red) are nearly
identical, which is clear from the bar chart. Though all were relatively poor producers, there is still a
relatively large range in oil production across these wells as highlighte by the red rectangle in Figure 3.4.
In fact, well LE produces over 5 times as much oil as well LH, despite hang nearly identical normalized
completions volumes. This observation clearly shows that wells wittsimilar completions volumes can
produce signi cantly di erent volumes of oil.

The other side of this scenario was also observed, which is that wellsith signi cantly di erent
completions volumes can produce very similar volumes of oil. So althougtin general, higher producing
wells had larger normalized completion sizes and vice versa, signi cantariability in cumulative production
still exists that cannot be attributed to the di erences in comple tions. This leads to the conclusion that
there are other factors, namely geologic factors, that also in uence the vaability in production from the
Niobrara formation in the Chalk Blu study area. Subsequent chapters will evaluate these geologic controls
and identify their impacts on the production from legacy wells, and utimately, help provide context to the

production responses observed in HPR wells.
3.4 Fluid variability: gas-oil ratio

Before moving into the geologic characterization sections of this work, iere is one nal component of
legacy well production that will play an important role in the integrate d interpretation in later chapters
that should be discussed. Though it is useful to understand cumuldte oil production since this is primarily

what impacts the economics of a particular well, it can be more informative from a geologic standpoint to
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evaluate the total volume of uids produced and their relative proporti ons. Therefore the regional and
local (Chalk Blu study area) trends in gas-oil ratio, or GOR, will be pre sented in this section which will

help inform how structural variability across the region has impacted the production from the legacy wells.

Figure 3.6 Total uids produced for each well, combining oil, gas, and wate.

Figure 3.6 shows the distribution of total volumes of oil, gas, and water prauced from the fteen
legacy wells in the Chalk Blu study area in the bar chart on the left (n ote that oil and water volumes are
in BBL and gas is in SCF), and the map on the right shows the wells (wheravell heads are still sized
proportionally to cumulative oil produced) with the wells colored by their respective oil production groups.
We can see that although the groups were assigned by their cumulative oilrpduction, the wells with the
highest oil production still have the largest total volumes of uids produced. However, though the total oil
correlates with total volumes produced, when comparing the relativevolumes of gas to oil, or gas-oil ratio

(GOR), we see an opposite trend.

Figure 3.7 Relationship between total uids produced and total amount of oil, indicating that there may be
an underlying relationship in relative uid proportions, in addition to total volumes produced.
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Figure 3.7 shows a cross-plot of the total uids produced vs. the GOR alues. There is a negative linear
relationship between these two parameters, though not necessarily strong one, with an R? value of 0.43.
In general, what this trend signi es is that in wells with larger total p roduction values, the relative amount
of ail is higher. This may seem straightforward, but there are a varietyof factors that could in uence this
trend. In order to further investigate the underlying cause of this trend, further investigation of relative
uid proportions across both the study area and region, namely, investigaton of the gas-oil-ratio (GOR)
values for these wells was performed.

The spatial distribution in GOR values for the Chalk Blu study area | egacy wells, and legacy wells
across the entire region are shown in Figure 3.8 and Figure 3.9. More discgisn of these trends will come
in Chapter 6, when observations can be made given the structural contexof the region. For now, it is
important to highlight the variability observed in uids and the tren ds that they follow, both within the

Chalk Blu study area and across the wider Hereford Field region.

Figure 3.8 GOR trends in the Chalk Blu study area wells. Note the variability in GOR values.
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Figure 3.9 Regional GOR trends. Note an E-W trending area of relatively hgher GORs and a NE-SW
trending area of relatively lower GOR trends.
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CHAPTER 4
POST-STACK SEISMIC ATTRIBUTE ANALYSIS: CHARACTERIZATION OF FAULTS AND

NATURAL FRACTURES

The tectonic history and structural style of faulting and natural fract uring in the DJ Basin have been
studied extensively { and with good reason. The natural fractures inthe Niobrara formation, speci cally in
the chalk layers, have been the driving mechanism behind the mrduction from this low-porosity,
low-permeability reservoir; without which, it may not be a viable play. Therefore, understanding the
controls on fracture distribution and how fractures contribute to pr oduction is essential for conducting
economic operations across the region.

Fractures are not the only structural component that impacts well operations in this region, however.
Faults can cause wells to be steered out of zone, act as conduits for uidsulting in production losses,
and facilitate well-to-well interaction over large distances. Faultscan also be related to natural fracture
densities; both Grechishnikova [53] and Collins and Sonnenberg [54ftermined that the density of natural
fractures is highest near zones of deformation (such as fault structus) and decreases rapidly away from
such zones. As such, it is critically important to not only characterize faulting and natural fracturing
independently, but also characterize the relationship betweente two in order to more e ectively evaluate
their impact on production across the DJ Basin.

In this chapter, 3D seismic and image log data from the Hereford Field in he northern DJ Basin are
used to investigate the relationship between faults and natural fractures with two primary goals: 1)
identify the controls on fault and fracture distribution and 2) constrai n the relative timing of structural
events in relation to source rock deposition and subsequent petralen generation and expulsion. The
results of this analysis will be integrated with other datasets in Chager 6 to determine how structural
heterogeneity relates to stratigraphic heterogeneity, and ultimatel, how the two combine to impact well
performance across the DJ Basin. As a result, the understanding gainethrough this integration will
inform trends observed in HPR wells, thus allowing for geologically inbrmed well placement

recommendations to be made.
4.1 Fault characterization of the Chalk Blu study area

This section will focus on fault characterization using observations fom 3D seismic and micro-fault
interpretations from image logs collected along two HPR horizontal wells inthe Niobrara B Chalk and
Codell formations. Variance (coherency) attribute extractions, two-way-time structure maps, and isochrons

of the speci ¢ units will help piece together the relative timing of structural and stratigraphic events in our
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survey area, the understanding of which is critical for predictingwell performance across the region.
Certain observations made about faults across the wider DJ Basin will hgd guide our approach, but the
structural complexity across the region makes it likely that our obsenations may di er from those made in
other elds (e.g., Wattenberg and Silo). These di erences may sesingly complicate the picture; however,
highlighting di erences provides just as much information as highlighting similarities. Both the similarities
and di erences will perhaps not only put into context the producti on observed from Hereford Field, but

also the production observed from other Niobrara producing elds in the DJ Basin.
4.1.1 Background

Numerous mechanisms for the initiation and distribution of faults acrossthe DJ Basin have been
proposed; Among them are salt dissolution [50, 55], basement wrench fault zes [56], compaction
dewatering [48], force drape folding over basement structures [2], andi erential compaction [57]. All of
these (seemingly) contradicting interpretations of the mechanisns behind faulting and natural fracturing
lead to the question: which one is correct? As with most things, the o cial answer is that it's complicated.
It has been observed through interpretation of seismic data in Herefordrield and through literature on
faulting in other producing elds across the DJ Basin is that each metanism proposed is correct, in
certain cases. Furthermore, structural and stratigraphic expresgns in the region are often directly related,
making it impossible to isolate these as independent controls on faulig. Overall, there appears to be no
one-size- ts-all model to describe fault initiation (and natural fr acture development) across the DJ Basin;
however, there are clear patterns identi ed in the geometries of tkese faults that may lend to a more
systematic characterization of the unique structural style of the DJ Basin.

As the quantity and resolution of data improved across the region, so did he interpretation and
classi cation of the structural style of faulting observed in the Niobrara formation. Perhaps the most
important was the recognition of the Niobrara formation and overlying Pierre Shale as a two-tiered
polygonal fault system by Sonnenberg and Underwood [48], which helpedantextualize the structures
observed across the basin. This type of fault system is more generallyassi ed as a layer-bound normal
fault (LBNF) system, the faults within which are characterized as non-tectonic in origin due to their
detachment from any tectonically-controlled structures and con nement between mechanically-controlled
units [49].

As alluded to, two distinct tiers of LBNFs have been identi ed across the DJ Basin, speci cally in
Wattenberg and Silo elds [2, 49], the lower-tier of which contains fadts initiated in the Niobrara that
extend down through the Codell and the upper-tier of which containsfaults initiated in the Pierre Shale

[49]. The growth of these faults is predominately controlled by layer hicknesses and lithology of the layers
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within the system (mechanical stratigraphy), but can be in uenced by other factors such as in-situ tectonic
stresses [57].

Due to the typical widespread nature of LBNF systems, it is not surprising that a predominantly
two-tiered LBNF system has also been identi ed in the 3D seismic sweys taken over Hereford Field.
Though the patterns of these faults in the Chalk Blu study area conform to the typical descriptions of the
LBNF system that exist for other areas of the DJ Basin, there are some additinal characteristics identi ed
in our data that in some cases deviate from these descriptions.

One reason for these di erences could be that the goals of our study di efrom the goals of other
studies performed, and as a result, di erent features in the data ae highlighted that best contribute to
those goals. Another, perhaps more interesting, reason could be that the werlying geologic controls on
these LBNFs are di erent across di erent elds. If the latter is tru e, then such evaluation of these
di erences and identi cation of the underlying controls could furt her enhance the understanding of the
formation and development of such systems. This, however, is beyonithe scope of this work; but, perhaps
in at least highlighting some of these additional features observed in ouHereford datasets, it may prompt
others to take a second look at their respective datasets and integratehe observations from this region
into a more complete characterization of the heterogeneity in structuwal style across the DJ Basin.
Ultimately, the features identi ed will help inform the controls an d timing of structural events that
contributed to the development of the features observed in our reggoir units, and most importantly,

provide the context to understand the production variability observed from the Niobrara formation.
4.1.2 Data observations

Two main data types were used for the interpretation of structure andfaulting across the Chalk Blu
study area: 3D seismic and image log interpretations. The CB study area®ume and the larger regional
volume were primarily used for structural interpretation, while t he image logs were used to compare
features in the seismic to interpreted structures along the horiontal wells. The image logs used in this
analysis were taken along the two main ber wells in the project, one ofwhich was drilled in the Niobrara
B Chalk and the other of which was drilled in the Codell Sandstone. Theinterpretations of these image
logs were provided by Borehole Image Specialists.

In the report, no faults were identi ed in either of the two image logs; however, 5 micro-faults were
identi ed in the Niobrara image log, while 16 micro-faults were identi ed in the Codell image log.
Micro-faults are de ned as fractures that exhibit small amounts of o set. The micro-faults identi ed in the
Niobrara well were interpreted to have occurred soon after deposibn, which ts into the typical

description of the timing of fault initiation in LBNF systems [57]. Though this observation was made for
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the micro-faults interpreted in image logs, more signi cant faults obseved in the seismic data appear to
have been initiated at the Niobrara and extend through the Codell; the extent to which such features share
the same underlying controls on initiation and growth (i.e., non-tectonically controlled and initiated early
after deposition) will be investigated further.

Before evaluating the controls on fault initiation for the di erent typ es of structures observed, it was
important to evaluate the relationships between the stratigraphic and corresponding mechanical units
imaged in our seismic data and how the fault structures (that can be samically resolved) interact with
them. In the smaller CB study area 3D seismic volume (16 sq mi), 11 maisurfaces were interpreted based
on the structural trends observed in the data. One of the seismic cradines from this volume is shown in

Figure 4.1 with these 11 surfaces displayed and structural featureannotated in white.

Figure 4.1 N-S crossline through the center of the CB study area volume ith 11 main interpreted surfaces.
The section at the left of the gure shows the blank crossline, whilethe section at the right shows the 11
horizons indicated by dashed lines along with some structural featurg identi ed in white. The map at the
right of the gure shows where this crossline was taken from relative b the project study area. 12x vertical
exaggeration.

Though 11 horizons were interpreted, six of these are of particular impdance in the context of the
LBNF system. These six horizons are indicated by the colored-dashedrles on the crossline display at the
right of Figure 4.1 (with the additional interpreted horizons shown as white-dotted lines). Moving from the
bottom up, the rst colored horizon is the Precambrian basement. Seveal structural features were
identi ed (marked as white lines) that could indicate faults or intr usions which have created variations in
the basement topography. The second colored horizon shows the top of Perami-aged salt. The thickness
of the salt varies across the region and we can see one example of this in thessline display, which shows

a \bump" in the horizon. The variations in salt thickness across the regon have been attributed to salt
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dissolution, where thinner salt areas could either indicate syndegsitional or post-depositional dissolution
[55]. Constraining both the relative timing of structural changes in baement topography and the
dissolution of salt is important; if these processes occurred aftethe deposition of our reservoir intervals,
they could be a potential control on the initiation and distribution of fau Iting across the area.

The third colored horizon shows the top of the Codell Sandstone, whichs one of the target reservoirs in
this analysis. The fourth colored horizon above the Codell indicates lte top of the Niobrara formation. It
is important to note that this interpreted horizon does not indicate t he top of the actual reservoir unit.
The Niobrara B Chalk lies within the blue re ector just below the in terpreted horizon, but the top of the
Niobrara was more consistent across the area and thus was used as the refeze horizon for the formation.
These two horizons are part of the lower-tier of the LBNF system.

The nal two colored horizons in Figure 4.1 indicate the Lower Pierre and Upper Pierre formations,
though the Upper Pierre is referred to as the \Sub-Parkman" since it les just below the Parkman
sandstone. These two Pierre shale horizons are important to highlightiace they constitute the upper-tier
of the LBNF system.

Examples of LBNFs are interpreted in the gure; in this case, there aretwo relatively large normal
faults. The northernmost extends from the Sub-Parkman horizon down hrough the Lower Pierre, which
connects with a smaller normal fault to form a graben structure the SubParkman layer. The southernmost
fault in the section extends from just below the Niobrara and Codell forizons (lower-tier of the LBNF
system) up through the Lower Pierre and Sub-Parkman horizons (uppettier of the LBNF system). This
observation will be expanded upon further, but for now it is important to note that in general, the two
tiers of the LBNF system do not connect to one another. In a scenario likehis where we do see a clear
relationship, it could be indicative that these particular features have a di erent control on their
propagation, which will become helpful later on in constraining the rehtive timing of basement movement.

Now that the key stratigraphic and structural features in our area have been highlighted in
cross-sectional view, we have the necessary background to furtheharacterize the structural features in
map-view. To evaluate faulting across the Chalk Blu study area, variance (coherency) attributes were
extracted for the 11 key horizons interpreted from the CB study area wlume. Large magnitudes of
variance indicate discontinuities along seismic horizons, and so arg/ically useful in highlighting potential
fault structures or relatively abrupt topographic changes along horizons.Though such topographic changes
do not necessarily indicate faulting, such changes could help ideriti areas with higher fracture densities or
higher densities of open fractures which may be an important componentf reservoir performance in the
Niobrara (and Codell). In order to be precise, unless clearly idented as a fault, observed features will be

referred to as structural discontinuities, variance anomalies, or stuctural features so that the distribution
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of faulting is not misrepresented.

Before showing the 11 variance attribute maps, it is important to highlight why such distinction is
necessary. Faults in the Niobrara have been known to signi cantly impact drilling, completions, and
production across the DJ Basin, and the interpretation of faults from sesmic data can be a useful tool to
guide engineering operations. Therefore, it is critically important to distinguish artefacts in the data from
actual fault structures so that decisions are not made based on misint@retations. Section 2.3.1
highlighted the fact that signi cant fault structures in the Lower Pi erre horizon can potentially create
artefacts in deeper layers, particularly at the reservoir level; sch artefacts likely arise from not
appropriately accounting for velocity variations due to faulting duri ng the process of (time) migration, thus
creating a fault shadow e ect. Fault shadow e ects likely produced features in our variance maps at both

the Niobrara and Codell re ectors that may not represent actual fault structures.

Figure 4.2 Variance attribute extractions from the Codell and Niobrara horizons interpreted from the CB
study area volume. The Codell ber well is shown on the plot at the I€ft of the gure with interpreted
micro-faults displayed, while the Niobrara ber well and associatedmicro-faults are shown on the plot at
the right. Note that although 5 micro-faults were identi ed in the Niobrar a, 3 of them occur in a similar
location at the center of the well, which is why only 3, as opposed to 5, sges are observed in the density
curve. The green arrows indicate a variance anomaly that intersects eac ber well; one may be inclined to
interpret such a feature as a fault, but no faults were identi ed in either of the image logs. Micro-faults
were identi ed at least for the location of the feature at the Codell wel; however, given that micro-faults
are described as fractures with small amounts of o set, these are likglnot the feature being resolved in the
variance map.
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Artefacts from processing are not the only potential pitfall in fault in terpretation of our dataset.
Certain structural features may be present in variance attribute extractions, however, such features may
not always be indicative of fault structures. A clear example of this ®mes from our image log
interpretations along the ber wells drilled in the Niobrara B Chalk an d Codell Sandstone. It was
mentioned previously that no faults were observed in the two wellsthough 5 micro-faults were identi ed in
the Niobrara image log and 16 micro-faults were identi ed in the Codell mage log. Figure 4.2 shows the
micro-faults plotted along each ber well overlain on variance attribute maps from both horizons.

Keeping in mind that variance attribute extractions are often used to highlight potential fault
structures in seismic, we see that both ber well trajectories £em to cross such a feature, indicated by the
green arrows in the gure. However, no faults were identi ed in either image log, and especially for the
Niobrara well, we see that none of the interpreted micro-faults intesect with this anomaly on the variance
map. In the case of the Codell, some of the micro-faults do seem to cospond roughly to the variance
anomaly; however, micro-faults along other locations do not. Given thedct that micro-faults are those
that exhibit small amounts of o set, we would not expect to resolve them in our seismic.

These observations, particularly that no faults were interpreted n either image log, lead to the
conclusion that at least for the location of the well trajectories, corresponding variance anomalies are not
indicative of fault structures. This is not to say that the anomalies observed are not indicative of some
underlying structural feature; however, it does highlight the importance of evaluating such variance
anomalies in cross-sectional view before making nal interpretations ofault structures. Now that this
point has been addressed, we will move on to evaluating variance attoute extractions across the 11

interpreted horizons in the Chalk Blu study area seismic volume.
4.1.3 Distribution of faults in the two-tiered layer-bound normal faul t system

Figure 4.3 shows the coherency attribute extractions at each of the 11 harons. Features interpreted to
de nitively belong to the LBNF system are indicated by dashed lineson the respective horizons, where
colors correspond to fault structures that are connected across horizon®ote that not all of the faults were
highlighted at the Sub-Parkman horizon due to their abundance, but eachof the high magnitude variance
anomalies at this horizon are interpreted to be faults belonging to the pper-tier of the LBNF system).

One of the rst observations is that some of the horizons contain signi cant structural features (H1, H3,
H6, H7, H8, H9, and H10), while others do not (H2, H4, H5, and H11). In some cases, the these feats
seem to be related across multiple horizons, displaying similar ogeintations and variance magnitudes; an
example of this are the high magnitude NE-SW trending structures thatappear in the southern regions of

both the Niobrara and Codell horizons. On the other hand, in the basementand Permian salt horizons, we
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see features that appear to be relatively constrained to those intemls. With that being said, though the
structures at the basement seem to be constrained to that intervalthe orientations and locations of these
structures align with some of the features observed in shallower habns. For instance, the signi cant
structural feature trending E-W at the basement horizon directly underlies the signi cant structural

features already noted in the southern sections of the Codell and Niobrar horizons.

Figure 4.3 Plots of variance magnitude attributes extracted for each of thell interpreted horizons in the
CB study area volume. Colors indicate identi ed fault structures belonging to the LBNF system; note that
consistent colors indicate where fault structures cross multiplenorizons.

The observation of NE-SW trending features is consistent across all of # horizons, even those with
relatively lower variance magnitudes (e.g., note the subtle feature in H2 that trends NE-SW with similar
character to the shallower faulted structures of the upper-tier ofthe LBNF system). The Permian salt has
an interesting character; the high magnitude variance anomalies actuallycorrespond to the edges of thicker
salt packages, but some subtle features still seem to trend NE-SW.

Some of the NE-SW trending features in the Niobrara and Codell formationshave been interpreted as

potential processing artefacts from the faulting observed in the Lowr Pierre horizon. However,

69



unambiguous features related to faults have been identi ed. Thesare indicated by the two sets of faults
annotated in green which originate in the Niobrara and extend down through tie Codell before
terminating in the Greenhorn Lincoln (they also extend up through the Lower Pierre, but this will be
expanded upon further in Section 4.1.5) along with the three sets of fats annotated in teal, which are
con ned to the Niobrara interval. The main thing to note is that despit e both tiers being classi ed as
LBNF systems, the quantity and distribution of faulting between the two tiers, though both are composed
of layer-bound normal-faults, are very di erent.

Further integration with regional observations and natural fracture characterization will provide the
context to interpret such di erences, but this observation is a good segue to discuss the most signi cant
and perhaps most interesting features that follow this NE-SW trend, which are those observed at the
Sub-Parkman horizon (H10). This main trend is highlighted by the pink-dashed lines in Figure 4.3, and in
the case of the Sub-Parkman, we can see a parallel set of features whiahriespond to a connected graben
system. The NW side of the graben extends down through the Mid and LowePierre horizons, which can
clearly be seen in the variance maps of these horizons and in seismimss-sections (refer to Figure 4.1).

Although the graben at the Sub-Parkman forms a connected system of fault§despite changing
orientation toward the center of the map), the extensions of this grabenare not fully connected at the Mid
and Lower Pierre horizons. Similar styles of LBNFs were observed in th&liobrara (lower-tier of the LBNF
system) using 3D seismic data in the Wattenberg Field, and antithe¢ic segmentation was proposed as a
mechanism of fault evolution (resulting in a shallower graben extenthg down into separate fault segments
deeper) [49]. Though the nature of the faulting at the lower tier may bedi erent than the upper-tier, this
mechanism of fault propagation could also apply to the upper-tier of the LBNF system.

In seismic cross-sections we observe that, at least in two-way-timehe maximum displacement along
the faults forming the graben systems generally occurs at the Sub-P&aman horizon (see Figure 4.1).
Adopting the assumption that the location of maximum displacement along the fault indicates the location
of fault initiation [58], we might interpret that half grabens initiated at the Sub-Parkman level, extended
down through the Lower-Pierre horizon, and then at some point in their development had a conjugate set
branch o to form the full grabens observed. The observations underlyng this interpretation are consistent
with what was observed by Bracken [49] in Wattenberg Field; howevera point that perhaps requires more
detail is why the graben system occurs where it does, and why it hashie orientation it does; namely, why
don't all the faults in the upper tier connect from the Sub-Parkman down through the Pierre Shale
horizons, and why do they occur with a dominant NE-SW trend that transitions to N-S in the center,

before trending NE-SW again?
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The relevance of such questions are not immediately obvious, howeveThough it was observed that in
some cases the lower-tier of the LBNF system, which contains our resesir units, connects to the
upper-tier, this does not necessarily indicate that the upper-ter has a wider importance in the context of
the petroleum system. What will become more apparent in Chapter 6 butis worth stating here is that the
distribution of produced uids follows a similar trend as the orientation of the central graben system
observed in the Sub-Parkman horizon. Furthermore, the upper-tierof the LBNF system was developing at
similar times to oil generation and expulsion in the Niobrara source rockintervals. With that being said,
investigation of the underlying controls on these grabens could be indiative of controls on the performance

of Niobrara producers across the region, and so will be investigated fulier.
4.1.4 Potential controls on fault initiation and distribution

One possible clue to the distribution of the grabens observed at the \&-Parkman horizon are the
two-way-time structure trends observed in the Chalk Blu study area. To visualize these trends, Figure 4.4
shows the same 11 interpreted horizons but now displaying normaled two-way-time elevation. This was
computed by subtracting the minimum two-way-time values from eachhorizon so that the values in each
map start at zero and relative time increases are consistent across hodns.

The general time structure of the basement horizon in Figure 4.4 is obseed to some degree across each
of the horizons. There are some deviations from this trend, but in gena the two-way-time structures
strike roughly NE-SW, with deeper values in the NW increasing in el@ation toward the SE. The elevation
increase does not happen uniformly along a NE-SW trendline, howeverSpeci cally, the curved pattern in
the transition from roughly 30 to 50ms introduced in the basement horizon is consistent up through
shallower horizons until the more signi cantly faulted intervals, p articularly the Sub-Parkman and Hygiene.
Despite the smaller-scale deviations from the background structuratrend of the basement, however, the
consistency of this trend across each of the shallower horizons in the @a indicate that some of the changes
to the basement structure occurred post-deposition of the resewir and shallower intervals. Not all of these
changes occurred post-deposition however; there is clear evidenthat some of the basement structural
features observed were present when the various layers in the regi were being deposited on top of them.

One clear indication of some of the pre-existing basement topographic &ures is evidenced by the
isochron (time thickness) of the Below Salt horizon (H2) to the Basemat Horizon (H1), which is computed
by taking the two-way-time di erence between the two layers. This isochron is shown in Figure 4.5 along

with a NW-SE trending cross-section from the seismic and an annotated &#sement time structure map.
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Figure 4.4 Two-way-time structure maps of each of the 11 interpreted brizons from the CB study area
volume. These have been normalized so that relative changes betwebnorizons may be observed. Some of
the background structural trends carry through from the Basement horizon all the way to the Hygiene;
however, there are also many trends that deviate from the structuraltrends of the Basement horizon.

Figure 4.5 Isochron (two-way-time thickness) between the BelowSalt and Basement horizons. Annotations
in black show areas where in Il of basement structures may have oagred, indicative of basement
topographic changes that were present at the time the layers above wergeposited.
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In the isochron at the center of Figure 4.5, there are some linear featuseof thicker packages, a few of
which are indicated by yellow arrows in both cross-section and map-@w. As highlighted by the white
arrows just above the H1 horizon in the seismic cross section at the lebf the gure, there is a thickening
of the blue re ector that lIs in the topographic low created by the str uctural feature in the basement.
Extending these observations across the area, we can identify the stctural lows that were present when
the packages of sediment were deposited on top of the basement. Such areas indicated by the
black-dotted lines in the basement time structure map at the right of the gure.

Though we can clearly identify some structural lows in the basement hat correspond to thicker
packages in the Below Salt to basement isochron, not all of the structual lows have thicker packages
associated with them. Two examples of this are indicated by the whié-dotted lines in the basement time
structure map; the absence of a thicker package in the isochron at theatresponding locations indicate that
these structural lows likely developed after the deposition of thee layers. Referring back to Figure 4.4, the
low circled in the NW corner of the basement structure map in Figure 45 is present and expressed fairly
consistently across the time structure maps, indicating that this likely developed after deposition of the 11
interpreted horizons. On the other hand, the trend identi ed by t he white-dashed lines further to the east
is not as consistent, which complicates the matter of constraining itsrelative timing.

In either case, what wecan say is that we observe structural trends in the basement that were learly
present when sediments (at least) below the Below Salt horizon werdeposited, and we observe structural
trends in the basement that were initiated after deposition of shallaver layers occurred, though the relative
timing may be harder to constrain (especially when incorporating ctanges in two-way-time due to
faulting). Regardless, the secondary development of such structurdieatures could potentially impact the
initiation and propagation of faults in the LBNF system (and natural fractures in the reservoir units),
especially given that they share a similar predominant NE-SW orientaton.

To investigate the extent to which secondary structural events inpacted the distribution of faults in the
LBNF system, we rst needed to identify the horizon for which the relative time structure (not related to
secondary structural changes present across all of the horizons) repesgs the topography upon which our
reservoir and shallower units were deposited. The assumption herie that most of the topographic changes
in this horizon will primarily represent changes that occurred after deposition of the reservoir units.
Though over-simpli ed, the observation of clear structural trends consistent across all of our horizons at
least implies our assumption is valid for such trends. The Above Salt brizon, or H4 horizon (indicated by
the white-dashed line just above the interpreted Permian Salt hoizon in teal), was identi ed to represent
the relative depositional topography of the reservoir units. A few obsevations helped make this

determination.
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Looking at the time structure map of the Permian Salt in Figure 4.4, we obseve deviations in the
two-way-time structure relative to the horizons above and below that arise from the presence of isolated
thicker packages of salt. Perhaps the most important point to make is that ve do not see similar
topographic changes in our Above Salt horizon. Referring back to the crossectional view in Figure 4.1
makes it is easier to observe why this is. Speci cally, there are lers that Il in the lows between packages
of thicker Permian salts left after salt dissolution; the topographic lows are lled in by the time of
deposition of the Above Salt horizon. Therefore, our Above Salt horizon resents the geologic time after
which the salt topography was completely lled and had been \healed" by sibsequent deposition. This
healed topography is what our reservoir units were deposited on top of.

An additional implication worth noting is that since salt dissolution and h ealing of the topography
occurred prior to the deposition of the sediments of the LBNF system active salt dissolution does not,
therefore, largely control the distribution of faulting observed at the Niobrara and Codell formations in the
Chalk Blu study area. This is important, as salt dissolution has been hypothesized as a potential control
[55] (though ruled out by Svoboda [59]) on faulting in Silo Field.

Using the Above Salt time structure as a reference to identify topogaphic changes that occurred
post-deposition of the units within the LBNF system, we tried to identify if any of those changes may
correspond to the distribution of faulting observed. Speci cally, we wanted to see if the NE-SW trend of
the graben system was related to the NE-SW strike of the time structwe. In order to do so, we compared
features in the time structure of the Above Salt horizon with the trends of the graben system expressed at

both the Lower Pierre and Sub-Parkman horizons, as shown in Figure 4.6.

Figure 4.6 Trends of structural features identi es in the Above Salt time structure map as related to
shallower fault structures at the Lower Pierre and Sub-Parkman horions. Trends identi ed in the Above
Salt horizon (black and white lines) are superimposed on both the Lower Rrre and Sub-Parkman horizons
(blue and pink lines).
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The map at the left of the gure displays the Above Salt time structur e with annotated trends shown
as black-dotted and white-dashed lines. The maps at the center and righof the gure display the Lower
Pierre and Sub-Parkman variance magnitudes with corresponding blugotted and pink-dashed lines. For
the Lower Pierre layer, we see that some of the fault structures mior the trends identi ed in the Above
Salt time structure, particularly for parts of the pinked-dashed line. This relationship is even stronger for
the full graben at the Sub-Parkman layer. As previously discussed, e faults involved in the grabens were
interpreted to have been initiated at the Sub-Parkman layer. Sirce the LBNF system is said to have
developed early after the deposition of its constituent layers, thé observation could indicate that the
structural trends identi ed at the Above Salt horizon could have developed just before or during the
formation of the faults belonging to the graben system in the upper tier

This observation is not de nitive proof of the relationship between gructure and fault initiation and
propagation, however. As discussed in Section 2.3.1, some of the faulting #te Lower Pierre horizon
potentially impacted the structural characteristics at the Niobrara f ormation and underlying units;
therefore, this is somewhat of a \chicken or the egg" problem. Speci cdy, it is unclear whether the
faulting in the upper-tier of the LBNF system created some of the strictural variation observed in deeper
layers, or if the structural variation in deeper layers resulted n the distribution of the grabens in the
upper-tier of the LBNF system. This is further complicated by the fact that we are interpreting our seismic
volume in time as opposed to depth. Time thickness variations can resufrom both variations in actual
thickness of units, but also from velocity changes. As a result, weannot de nitively say that the changes
observed in our two-way-time structure maps are re ective of changesn depth (or thicknesses in the case
of our isochrons). Depth conversion is an option; however, if our unddying velocity model used for time
migration does not appropriately account for velocity variations due to fauting, performing depth
conversion may not mitigate the uncertainties associated with intepreting our volume in time.

Despite these uncertainties, the two-way-time variations obsered at the Niobrara associated with
potential fault shadow e ects seemed primarily related to the extension of larger faults through the Lower
Pierre, not faulting at the Sub-Parkman horizon. Therefore, the strong relationship between the structural
trend at the Above Salt horizon and the graben system at the Sub-Parkman hazon may indicate
secondary structural control on the distribution of these faults.

Though the observations made did not lead to de nitive conclusions on faul initiation, salt dissolution
was at least ruled out as a direct control on fault distribution in the Chalk Blu study area and important
trends were identi ed that could potentially relate to production variability. Furthermore, this analysis
raised two important issues: 1) care should be taken when interpretig trends in seismic data so that

artefacts are not misinterpreted as geologic features, or at least that the mocertainties associated with such
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interpretations are duly noted, and 2) constraining the relative timing of structural and stratigraphic
events is di cult when using seismic data alone, particularly given the uncertainties involved in seismic
migration and additional datasets should be integrated when available. In &ter sections, natural fracture
characterization will be integrated to decrease the uncertainty reated to the controls on fracture and fault
initiation across the region.

With that being said, certain observations from the seismic data alonethough not able to de nitively
constrain initiation of fault structures, can at least help understand where { once the faults had been
initiated { subsequent structural movement occurred. This question related to timing is perhaps even more
important, since movement of the basement either during or after dposition and development of the two

LBNF tiers could potentially relate to petroleum generation, expulsion, and migration.
4.1.5 Relationship between the two tiers of the layer-bound normal fa ult system

One clue that can help answer this question is the observation of the tationship between the lower-tier
(Niobrara) and upper-tier (Sub-Parkman) of the LBNF system. As was previously mentioned, no direct
relationship between the upper and lower tiers is observed in somareas of the DJ Basin. In the Chalk
Blu study area, however, the seismic data provides evidence tht these tiers connect in certain areas. One
such example was identi ed in Figure 4.1, showing connection betwaethe southern set of grabens in the
survey area. Another example is observed in the graben to the east of cestin our survey; this is shown

and examined in more detail in Figure 4.7.

Figure 4.7 Seismic cross section displaying an area in the data whemdnnection across the two tiers of the
LBNF system is observed.
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The largest of the faults identi ed in this cross section has maximum dsplacement in the Sub-Parkman
horizon, then extends down through the Lower Pierre horizon with les o set; the o set seems to decrease
through the package below the Lower Pierre (though it is di cult to dis tinguish due to the lack of distinct
re ectors), before increasing again at the Niobrara. This pattern of dispacement along the fault, having
larger displacements at the two tiers and smaller displacements inhe layers between them, indicates that
this fault likely did not propagate as a single structure from the horizons within the upper-tier of the
LBNF system down through the Niobrara; rather, the faults existed in both the tiers and were linked at a
later time. This trend in displacements is consistent for the grab@&s observed at the southern section of the
Niobrara horizon.

Furthermore, evaluating the map-view expression of these two setef faults at the Niobrara horizon,
particularly the easternmost of the southern set of grabens and the grabemtersected in the cross section
in Figure 4.7, both display a \zig-zag" pattern in the variance attribute m ap. The fault pairs trend roughly
NNE-SSW in the southern portions before changing direction to E-W, then back to NNE-SSW in the
northern portions. Though the trend occurs on a smaller scale at the Niobara, we previously identi ed a
similar patterns in the orientations along the shallower graben systemin the Sub-Parkman horizon. Such
observations further support the interpretation of subsequent lirkage of the two tiers in in certain locations
of the basin.

An important point to note is that for other graben structures at the Niobrara horizon, particularly the
two that can be observed in the eastern section of the variance map, we dwot see a similar zig-zag pattern
and associated shallow linkage with the lower-tier of the LBNF system.Given the previous discussion that
certain faults have been said to impact well operations in the basin wie others have not, this observation
could have important implications. Though faults belonging to the LBNF system may have formed
through non-tectonic processes, this does not mean that later tectowi processes cannot have subsequent
impacts on these non-tectonic faults. Furthermore, these proceges do not impact all of the faults observed
at the Niobrara, as evident in the di erences in the map-view expresins and lengths of faults within the
Niobrara. Clearly, not all faults are created equal in the Niobrara, and as a resli not all faults will impact
well operations in the same way.

The question raised by these observations then, is what caused the Bsequent linkage of the faults at
these two tiers? As stated, this linkage does not occur everywherdn fact, there are very few faults for
which we see linkage across the two tiers of the LBNF system, so can thastribution of such connected
fault structures tell us about the distribution of underlying cont rols on fault evolution?

In Figure 4.3, we saw that although there was not direct basement control (lasement faults extending

up through the Niobrara), there are signi cant structures in the basement that directly underlie the
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southern grabens in the Niobrara and one just to the north that strikes ENE These features were
interpreted to have been present at the onset of deposition on the basnent; however, this does not mean
that such features have been inactive since that time. A hypothed then is that subsequent shear movement
along pre-existing basement features contributed to secondary likage of certain faults across the two tiers

of the LBNF. Further evidence in support of this hypothesis will be presented in following sections.
4.2 Fault characterization of the Hereford Field region

While useful (and sometimes necessary) to perform a detailed evadtion of a relatively smaller seismic
survey, it can be hard to gain su cient understanding of structural h eterogeneity without additional
regional context. As such, this section will expand upon the observatios made for the Chalk Blu study
area using the larger regional survey, while also highlighting observabns that could not be made given the
limited coverage of the 16 sq mi Chalk Blu study area seismic survey

One reason the larger regional survey wasn't interpreted rst is that, as discussed in Chapter 2, this
survey had post-stack enhancements applied, which likely alterethe phase and amplitude content of the
data. While not necessarily an issue for structural characterization, i was still important to perform a
detailed analysis on the smaller volume for which we had a better undetanding of the impacts of the
processing on the data. This allowed potential artefacts to be identied that may have been misinterpreted
as faults. Furthermore, as will become evident in this chapter, thestructural heterogeneity in the regional
survey is much greater than that observed in the Chalk Blu study area survey, the evaluation of which
could potentially be overwhelming. As such, it was useful to make irtial observations and identify potential
trends in the smaller survey so that targeted questions could be agld and addressed using the larger
survey. Finally, the Chalk Blu study area is the focus of this pro ject, so a detailed analysis of the specic
faults and structures that will potentially impact wells in our area w as warranted, not to mention that the
smaller dataset will be used as input to AVA inversion in Chapter 5 ard direct comparisons between

structural attributes and inversion outputs would not have been possble with the larger regional volume.
4.2.1 Data observations

To begin, it is useful to observe similar maps to the ones shown for t Chalk Blu study area. All 11
horizons were not mapped throughout this volume; 8 key horizons were mapgt, but only the ones that
will be evaluated in detail are shown in Figure 4.8. In this case, the kg structural horizons are identi ed to
be the Basement, Niobrara, Lower Pierre, and Sub-Parkman. The two-waytime structure of the Basement
is shown at the left of the gure, while variance attribute extraction s for each of the four horizons are

shown at the right of the gure.
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Figure 4.8 (Left) Two-way-time structure of the basement horizon. (Right) Variance attributes extracted
from the four main structural horizons identi ed in the seismic data.

Perhaps it has become obvious why starting with observations from the s@ler survey was desirable,
particularly now that the full extent of the complexity of faulting at the Sub-Parkman layer can be
observed in Figure 4.8. The single set of grabens running across the centof the Chalk Blu study area
(which will be referred to as the \main graben system") at the Sub-Parkman level is part of a widespread,
linked system of grabens with varying orientations. There is some coristency, however, in the predominant
NE-SW trend of the main graben system, extending farther to the northeast and southwest outside the
main Chalk Blu study area.

Before providing further analysis, it was useful to rst annotate th e variance maps in Figure 4.8 similar
to what was shown for the CB study area variance maps in Figure 4.3. Figure 9.shows annotated variance
attribute extractions for each of the four main horizons, with the the smaller 16 sq mi Chalk Blu study
area survey outlined by the black-dashed lines. Annotations of struatires that will be discussed further are
also shown on the gure; it should be noted, however, that since we @are not able to fully evaluate the
impacts of processing on the distribution of variance anomalies across éhhorizons, we are operating under
the assumption that most of the high magnitude ( 2) variance features shown are considered to be faults
(many of which have been con rmed in seismic cross-sections), witthe exception of some of the basement

features (for which variance anomalies could be indicative of other type of structures, like intrusions).
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Note that the limits of the colorbar are adjusted slightly for these horizons as compared to those shown in
Figure 4.3. The range in variance magnitudes was expanded to re ect the wier ranges observed in the
regional volume. As a result, variance attribute extractions at correspomling locations of the two seismic
volumes has reduced the \visual" strength of some of the anomalies obsemten the various horizons. The
reduction in appearance of some of these smaller variance anomalies shittar attention to focus on the
higher magnitude anomalies for interpretation. Since the processingrtefacts had relatively weak variance
magnitudes in the Niobrara, we have more con dence in our assumption that igher magnitude variance

anomalies can reasonably be interpreted as faults, so this e ect is ulinately favorable.

Figure 4.9 Annotated interpretations of connections between structues across the four main horizons.

The colors used to annotate Figure 4.9 represent areas of di erent connéons between structural
features. Teal lines indicate where the upper-tier of the LBNF sysem connects between the Sub-Parkman
and Lower Pierre horizons. Characteristics of these structures wilnow be discussed in more detail;
speci cally, why the NE-SW trend is not consistent across all of the grakens observed at the Sub-Parkman
horizon, particularly those that lie above the the wider NE-SW structural trends now observable in the
basement.

Observations of faulting in the smaller seismic volume showed thatigni cant fault structures at the
Lower Pierre horizon generally represented the extension of faultsdlonging to the main graben system
initiated in the Sub-Parkman horizon. In some cases, these were alsoudnd to be connected to faults
extending up from the Niobrara formation; however, this was not true for all of the faults at the Lower

Pierre. With that being said, evaluating the distribution of faulti ng at the Lower Pierre horizon should at
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least provide an idea of the distribution of the largest fault structures in the upper-tier of the LBNF system.

Larger structures could be indicative of two potential underlying causes. The rst is that these
structures were initiated earliest in the development of the upper-tier of the LBNF system, therefore grew
for the longest period of time and accumulated larger displacements. Té second is that these structures
represent areas where the underlying mechanism on fault initiatiorand propagation was relatively
\stronger"” for the fault structures in the main graben system. For instance, if di erential compaction was
one of the mechanisms for fault initiation, variability in di erential compaction trends could generate
variability in the density of micro-faults initiated across the region. Such variability could lead to
preferential linkage where higher densities of such structuresazur, ultimately resulting in the uneven
distribution of the larger fault structures that constitute the ful | grabens observed in the Sub-Parkman and
Lower Pierre. In either case, though the faults were not initiated inthe Lower Pierre, evaluation of the
distribution of faulting at this horizon could be informative of the rel ative timing and underlying controls
on fault initiation in the upper-tier of the LBNF system.

One observation of fault distribution in the Lower Pierre is that ther e is a larger number of fault
structures in the southern half of the region, which roughly mirrors the underlying region of higher
magnitude variance anomalies in the Basement horizon. Furthermore, manyf the faults in this region
follow a roughly N-S trend, most of which are highlighted in teal, with slight variability to the NW and
NE. Corresponding fault structures at the Sub-Parkman are also shownri teal, commonly translating to
the graben systems across this horizon. One of the structures that déates from this trend, rather striking
more E-W, is the expression of the graben system at the Lower Pierrendicated in green. This
corresponds to the grabens previously discussed for the Niobrara hoom in the smaller seismic volume
identi ed to link across the two tiers of the LBNF system; the full e xtent of this feature can now be
observed at each of the horizons using Figure 4.9.

The relationship of this feature across the four horizons is highlightedn green. The green arrows at the
Basement indicate structures that are roughly aligned with the dominan trend of this graben system,
while the green lines annotated in the Niobrara, Lower Pierre, and Sub-Brkman variance maps indicate
where this feature is connected across the three horizons. At the Nighra horizon, the graben system
extends for roughly four miles, with some of the individual faults joining to form connected systems, while
others remain disconnected.

An interesting point to note is how the orientations change along the lemgth of this graben system.
Speci cally, the westernmost graben in the set actually trends moreN-S before transitioning to a more
ENE strike for the grabens in the center. The varying orientations alongthe graben system at the Niobrara

are even more pronounced in the expression of these faults at the Loweridtre and Sub-Parkman horizons.
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A similar observation is true for the westernmost expression of the grabn at the Niobrara level, which
is the same feature noted to have a zig-zag pattern in Section 4.1.5. Itsanthernmost extension trends
more NE rather than ENE like the grabens in the center of the feature. Interestingly, the eastern and
western-bounding grabens in this set roughly align with boundaries of lhe largest variance magnitudes of
the basement structures noted by the green arrows. Furthermore,tiis feature has a much di erent
character than some of the other relatively large, high magnitude connecig fault systems across the
Niobrara horizon. Comparing this graben system to the E-W trending conrected graben just to the SE
indicated by the pink line, we can see that, rather than being compose of partially-linked individual
grabens, this feature is fully linked across the E-W trending porton. This observation potentially implies
that di erent mechanisms contributed to the linkage of these graben ystems; note the di erences in
character of the basement features that underlie them.

Based on the prior observations from the Chalk Blu study area survey discussed in Section 4.1.5, the
linkage between the two tiers of the LBNF system could be indicative ofsecondary basement structural
movement or shear. Given this observation and the other evidence psented, it can be reasonably
concluded that this structural feature in the Basement horizon has urdergone geologically recent tectonic
movement, and at the very least this movement occurred after the dvelopment of both tiers of the LBNF
system. Furthermore, the resulting map-view expression of thedult structures at the Niobrara help to
conclude that not only did movement occur, but that this movement was strike-slip in nature. The zig-zag,

speci cally, indicates right lateral movement along this basement s$ructure.
4.3 Natural fracture characterization of Chalk Blu study area wells

Evaluation of fracture orientations and present-day expression of typgcemented, closed, partially-open,
open) and how these related to the maximum horizontal stress$ ., ) in an area is extremely important.
These ultimately dictate fractures that will immediately contrib ute to production (open, partially-open)
and the fractures that are more likely to be stimulated by hydraulic fracturing operations (those aligned
with Sy ., ). Though important for well operations, interpretation of strike and typ e does not provide the
level of detail for which to interpret failure modes (which dictate the amount of fracture porosity, or lack
thereof, during fracture information) or relative timing of fracturi ng events relative to the development of
the petroleum system, which can ultimately have implications for how fractures may or may not contribute
to increased production at wells. The aim of this study is to integrate dip magnitude and structural seismic
attributes in addition to fracture types and strikes in order to 1) pi ece together the main fracture initiation
events that occurred in our reservoir units, 2) relate these fractuing events to the expression of the

two-tiers of the LBNF system, and 3) ultimately provide the context to evaluate the extent to which each
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of the fracture sets identi ed contributes to the production vari ability observed at wells.
4.3.1 Background

Natural fracturing is an important component in many low-permeability r eservoirs. Therefore,
understanding the distribution and characteristics of natural fractures in such reservoirs is critically
important. Faulting and natural fracturing in some cases go hand-in-hand however, there are some key
points to make about natural fracture properties independently and sone key ndings of studies performed
using outcrop and subsurface data to characterize natural fracturing m the Niobrara formation. These will
ultimately be integrated with observations made of faulting across the halk Blu study area and larger
Hereford Field region.

The most important thing to note is that natural fracture initiation and development is complicated.
The same statement made for faults across the DJ Basin rings true here, hich is that there is no
one-size- ts-all model for natural fracture initiation and propagation. D iagenetic alteration and
cementation of fractures further complicates the issue. As a resultgenerally accepted relationships
between types and orientations of fractures can be over-simpli edand potentially lead to
misinterpretations of how natural fractures in a reservoir contribute to well performance.

One commonly held assumption is that fractures which are misaligned wih present-day maximum
horizontal stress (S, ) will tend to close, the implication being that all open fractures are aligned with
the maximum stress; however, opening mode fractures may not closghen misaligned with respect to
modern Sy, [60]. This is important to note, because confusion may occur when obséng various
orientations of open fractures in close proximity and open fractures tlat occur at similar locations to closed
fractures. A key implication of this as highlighted by Laubach et al. [60] isthat ow is not necessarily
favored along fractures oriented in the maximum stress direction. he value of this point will become
apparent when evaluating fracture types and orientations interpreted along wells in the Niobrara and
Codell formations; observations of multiple orientations of open fractues are present, and in some cases
occur in close proximity to closed fractures. Though the orientatiors of open fractures may represent the
orientation of Sy, at the time of fracture initiation, these orientations may not be re e ctive of present
day Sy, -

Further complexities related to this issue arise from the fact thatthe image logs along the two wells
were collected after nearly a decade of production occurred from thiegacy wells in the Niobrara
formation. A sliding sleeve design was used to complete the legacy Wln this area, meaning that
fractures would not have been induced in the reservoir through pedrations of the well casing. However,

fractures may have been induced or reactivated from the injection ofvater and gel and (in some cases)
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propped open from the injection of sand. Therefore, fractures that wee not present prior to legacy
completions may be present in the image logs. Additionally, fractures hat would have otherwise been
closed or cemented prior to legacy completions may appear open if suchafitures were stimulated and
lled with proppant. Furthermore, hydraulically-induced fractu res from well completions can have a
variety of failure modes [61], potentially making it hard to distinguish between these and in-situ natural
fractures observed. Since hydraulically-induced fractures ofte propagate in the direction of Sy, ,
potential distinctions may be made if in-situ natural fractures are misaligned with Sy __ ; however, later
evaluations will demonstrate that this is largely not the case. Furthemore, distinction between fractures
induced during the legacy phase of development and production and isitu natural fractures was not made
in the image log processing report; therefore, the potential existshat certain fractures detected in image
logs were those induced during the stimulation of legacy wells.

In any case, prior legacy well completions introduce uncertainty inthe fracture densities; speci cally,
whether the fracture densities observed in the two HPR wells areruly re ective of in-situ reservoir fracture
conditions prior to the legacy phase of development and production. Gign the nature of the completion
design of the legacy wells (sliding sleeve), we make the assumptiohdt legacy well completions would not
signi cantly impact the fracture densities observed in the image logs(i.e., would not have initiated many
new fractures), though they may have impacted the characteristicsof existing fractures (i.e., reactivated
and stimulated previously existing natural fractures). Such uncetainties will be taken into account (when
possible) during the evaluation of fracture density curves along thewo wells in our study area.

In addition to the orientations of natural fractures, dip magnitudes were also interpreted from the
image logs taken along the two ber wells. Dip magnitudes of fractures are geerally indicative of the
failure mode, with high-angle fractures typically corresponding toextensional stress regimes and low-angle
fractures typically corresponding to more compressional stress regies. A summary of the failure modes
along with the associated dip magnitudes of fractures generated by sucfailure modes is shown in
Figure 4.10. As indicated in the gure, the transition between extensbn-initiated to compression-initiated
failure occurs around dip magnitudes of 45-60 degrees, where more ext@nsal failure modes typically
result in volume gain within a given rock formation and more compressionafailure modes typically result
in volume loss [6]. It should be noted that in the image log processing port provided by Borehole Image
Specialists, they distinguished between \high-angle" and \low-anglé fractures, with the dip magnitude
cuto de ned as 70 degrees. This terminology will be adopted for consistacy with the processing report
and data deliveries; in the context of the failure modes in Figure 4.10this transition between high-angle
and low-angle fractures most closely aligns with the transition betweg tensile and hybrid failure. More

detailed evaluations will be performed that show dip magnitudes more e ective of shear and compactive
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shear failure; such analyses will refer back to transitions in this gure when necessary for interpretation.

Figure 4.10 Fracture failure modes as distinguished by their dip magriudes. The relationships highlighted
in this gure will be used to assign fractures from the image logs failuremode interpretations. Modi ed
from Ferrill et al. [6].

Observations of the orientations, dip magnitudes, and relationships bsveen fracture types led to the
identi cation of a dominant fracture set in both the Niobrara and Codell i mage logs. Fractures belonging
to this set have been interpreted to t into the context of what Lore nz et al. [62] describe as \regional"
fractures, which form during far- eld compression, initiate at locally induced tensile stresses caused by
aws in the rock, and propagate in the plane of the maximum and intermediate compressive stresses.
There are key characteristics of such systems that, when integratedith the observations of faulting across
the region, will enable us to better constrain the relative timing of structural events and their potential
relationship to the petroleum system. One particularly important characteristic of such fractures is that
they can occur at relatively low con ning pressures (i.e., a shorttime after burial) and at depth, though
additional conditions must be present in order to produce tensile ad hybrid mode failure under such great
con ning pressures. In Sections 4.3.3 and 4.4.1, these and other obseri@tis and ndings of Lorenz et al.
[62] will be referenced when interpreting two of the main fracturesets identi ed in our image logs,

providing additional context to the fractures present in our wells along with their likely relationship to the
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development of the LBNF system.
4.3.2 Data observations and approach to fracture set identi cation

The primary data used in this evaluation was interpretations (provided by Borehole Image Specialists)
of image logs collected along two wells in the Chalk Blu study area, well BDf whose target was the
Niobrara B Chalk and well P2Bf whose target was the Codell sandstone. Well BDf will commonly be
referred to as the \Niobrara" well, but bear in mind that its landing zone was the B Chalk. Four types of
fractures (and micro-faults) were interpreted: 1) cemented, 2) absed, 3) partially-open, and 4) open.
Induced fractures, which could be useful for determining the diection of maximum horizontal stress, were
also identi ed in the well drilled in the Codell formation; howev er, the orientations of these induced
fractures were not recorded in the report and thus will not be a focusof this analysis.

Orientations (strikes) and dip magnitudes of each of the four main typesof fractures were recorded,
however. These, combined with observations of fracture counts and fative proportions, provide the basis
of the interpretations made in this section. In the image log processig report, distinction was made
between high-angle and low-angle fractures, where high-angle fractusehad dips of 70 or higher and
low-angle fractures had dips less than 7Q The top half of Table 4.1 summarizes the counts and
percentages (listed as proportions) of each of the four fracture types;hte bottom half gives a similar
breakdown of high- and low-angle fractures along with micro-fault counts Note that all micro-faults were

determined to be low-angle.

Table 4.1 Summary of the interpreted fractures made by Borehole Image Sgrialists using image logs
collected along wells in the Niobrara B Chalk and Codell Sandstone formatins.

Fracture Type Niobrara (count) Niobrara (%) Codell (count) Codell (%)

Cemented 2810 0.63 165 0.55
Closed 93 0.02 48 0.16
Partially-Open 1426 0.32 36 0.12
Open 118 0.03 49 0.16

Total 4447 - 298 -
Low-angle (< 70) 386 0.09 96 0.32
High-angle (> 70) 4061 0.91 202 0.68

Micro-faults 5 - 16 -

Faults 0 - 0 -

The table shows that over 4400 total fractures were interpreted over he length of the Niobrara well,
while only 298 were interpreted over the length of the Codell well.This stark di erence is re ective of the
underlying mechanical properties of the two formations; the Niobrara BChalk is more brittle than the

Codell formation, and is therefore much more prone to fracturing. The btal counts of each fracture type,
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with the exception of micro-faults, were higher in the Niobrara well. Note that the relative proportions of
each type are not consistent between the two wells; discussion of ¢hpotential hypotheses related to such
observations will be given later on. But rst, in order to visualize th e di erence in fracture counts along

the two wells, each interpreted fracture and micro-fault were ploted at corresponding locations along the

well and oriented in the direction of the fracture planes, as shown inFigure 4.11.

Figure 4.11 Individual fractures and micro-faults plotted by type (cemented, closed, partially-open, and
open) for both the Niobrara and Codell wells. Note the signi cantly higher overall number of fractures,
particularly cemented and partially-open, in the Niobrara.

In addition to di erences in fracture counts, we can clearly see di erences in orientations of the same
fracture types between corresponding locations in the Niobrara and Cdell. Speci cally, a dominant
NE-SW trend is present across most of the fractures in the Niobrara, whezas many of the fractures in the
Codell have an E-W orientation. The relatively higher density locations of fractures along each of the wells
generally are not consistent; note the higher number of closed fractusein the central and northern section
of the Niobrara well compared to a more consistent distribution along theCodell well. More agreement is
seen between areas of higher open fractures along both of the wells, withe highest densities observed in
the center of both of the laterals.

This relationship is not necessarily prescriptive, however. Itis important to note that three distinct
\zones" of fracturing were identi ed in the Codell image log, which had di erent fracture densities and
characteristics. Petrophysical characterization performed by Chad Bylor showed that these zones

corresponded to sections of the lateral landed in di erent pay zones ithin the Codell formation. Detailed
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discussion of this will be given in Chapter 6, and an example of this is stwn in Figure 6.9. Speci cally,
stages toward the heel and the toe of the lateral were landed in the shaler zone of the Codell,
corresponding to higher clay content. Conversely, the stages in theenter of the lateral were landed in the
deeper zone, which has been identi ed by Chad as the pay zone withithe Codell. The pay zone is
characterized by lower clay content and higher proportion of brittle components; the pay zone also shows
higher resistivity values, which are indicative of larger volumes of lgdrocarbons. The stages of the lateral
in the pay zone correspond to higher natural fracture densities, constent with the observation of being
more brittle than the shallower clay-rich zone of the Codell.

This is important to keep in mind because changes in fracture densiés along the Codell well are not
necessarily indicative of variability in the underlying controls on fracture initiation; rather, they are
indicative of the di erences in rock properties between the twozones of the Codell. Variations in landing
zone positions along the Niobrara well also exist, which will be discused further in Section 6.2.1. With
that being said, given that this analysis aims to rst identify under lying controls on fracture initiation and
development, the relative densities of fractures were not as impoént. These will become important during
the evaluation performed in Chapter 6. For this analysis speci cally, the strikes and dips of fracture types
across both image logs will still help constrain the underlying controlson fracture initiation and structural
development of the eld.

As indicated in Figure 4.10, dip angles of fractures relate to speci c failre modes, which may be useful
for the interpretation of fracture initiation mechanism. Therefore, we assigned each fracture identi ed in
the image logs a failure mode based on the interpreted dip magnitudes. i§ure 4.12 shows the break-down

of all identi ed fractures in both the Niobrara and Codell ber wells ¢ olored by failure mode.

Figure 4.12 Fractures plotted by failure mode based on interpreted ¢ magnitudes. Failure mode
classi cation is based on dip magnitude ranges de ned by Ferrill et al. B], as shown in Figure 4.10.
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We can now clearly observe the di erences that are more re ective of g magnitude of the fractures.
We have the highest proportion of tensile and hybrid mode failure fratures, which is also highlighted in
the proportion of high-angle fractures indicated in Table Table 4.1. Although there are less total fractures
belonging to the shear, compactive shear, and compactive modes, someat trends exist in these fractures.
For instance, a consistent distribution of NE-SW trending compactive-mode failure fractures exists in the
Niobrara well.

This observation alludes to the second piece of information that can helpnform fracture initiation
mechanism in addition to failure mode, which is fracture orientation, or strike. Speci cally, fractures may
form in the orientation of far- eld compressive stress [62], which poirts to the regional tectonic regime
present at the time of fracture initiation and can ultimately help constrain the relative timing of fracturing
events. Ultimately, combined observations of failure mode and fractue strike will provide the basis for the
identi cation of individual fracture sets.

Though useful for comparing the counts of fractures and strike variation ona fracture-by-fracture basis,
the high counts of tensile and hybrid mode failure fractures along theNiobrara well in Figure 4.12 make it
hard to visualize the variability in fracture strikes. As a result, histograms comparing the frequencies of
high- vs. low-angle fracture strikes for the Niobrara and Codell were fotted in order to get a general sense
of the distribution of fracture strikes related to dip magnitudes in each formation and to see if clear

fracture sets based on these distributions might be identi ed. The histograms are shown in Figure 4.13.

Figure 4.13 Distributions of fracture strikes plotted for high- and low-angle fractures in both the Niobrara
and Codell formations. The variability can now be better observed, sgci cally in the distribution of
Codell fracture strikes and types shown.

The distribution of strike for high- and low-angle fractures for the Niobrara is shown at the left of the
gure. strikes for the two types of fractures in the Niobrara have similar distributions, though there is a
signi cantly higher number of high-angle fractures. Based on this plot abne, it might lead to the

identi cation of a single dominant set of fractures for each type, and potaitially one or two less dominant
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sets for each, one of which has strikes ranging from 165-180 degrees, thoughtibald be noted that
fractures trending 0 and 180 degrees are the same, so this set may alselude fractures within strike
ranges of 0-15 degrees. Some smaller peaks are barely visible within thenges of 60-165 degrees, which
may constitute another set for both high- and low-angle fractures.

The distribution of strike for high- and low-angle fractures for the Codell is shown at the right of the
gure, and signi cantly more variability can be observed than for the Niobr ara. Similar to previous
observations, a dominant set of high-angle fractures likely correspondq to the one identi ed in the
Niobrara is present; however, it is perhaps more clear in the Codelhat more than one set of high-angle
fractures may exist within the strike range of 15-60 degrees, with a do between the two at roughly 45
degrees. A set of fractures trending between the strike ranges of 80-119present for both high- and
low-angle fractures, consistent with our previous observations of th&e-W trending fractures. Perhaps one
additional set is present for each of the types with strikes betweer60-80 degrees, but other than this, the
variability in the rest of the strikes likely indicates the remaining fractures could be controlled by more
localized initiation mechanisms.

Overall, this investigation provided initial observations of the distribution of fracture types, strikes, and
dips, which provided estimates of the potential number of fracturesets observed in both the Niobrara and
Codell wells. The following section will evaluate the extent to which the previous observations can be
integrated into more de nitive conclusions of fracture sets and ther corresponding initiation mechanisms,
which will ultimately help constrain the timing of these fracture initiation events relative to the generation

and expulsion of hydrocarbons.
4.3.3 Identi cation of fracture sets and proposed mechanisms of initiati on

The most abundant fracture type observed in both the Niobrara and Codellwells are high-angle tensile
and hybrid mode failure fractures, which dominantly display strikes trending NE-SW, particularly in the
Niobrara well. In fact, most of the fractures observed in the Niobrara consstently trend in a NE-SW
direction. Little observable deviation from this trend in the Niobrara made it initially seem that a single
dominant set of fractures trending NE-SW is present in both the Niobrara and Codell wells. However,
further examination of the distribution of strikes in the Codell fr om Figure 4.13 showed that potentially
two individual sets of fractures with NE-SW are present in both the Niobrara and Codell formations. The
less dominant of these sets consists of strikes ranging from 45-60 degreesile the more dominant of these
sets consists of strikes ranging from 15-45 degrees. If it had not been fonah observations from the Codell
indicating that there may be a distinction between these two ses, the rst set may have gone unnoticed

based on observations of the distribution of fracture strikes in the Niolvara.
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Both of these sets of NE-SW trending high-angle fractures are interpred as belonging to \regional”
fracture systems in the context of the classi cation proposed by Lorenzet al. [62]. Some key characteristics
of regional fracture systems (which will also be referred to as regiondtacture sets or regional fractures)
were touched on in 4.3.1, but further discussion of the observations coigtent with such fracture sets will
be given here, with the goal of extending such observations into a systnatic characterization of the
fractures (and later, faults) across the region.

Observations of regional fractures indicate that fractures of di erent sets do not have to display
signi cantly di erent strikes. Speci cally, Lorenz et al. [62] notes that regional fracture sets are often
accompanied by subordinate or secondary sets of fractures. In some caségse fracture sets have di erent
orientations than the regional fractures, but in other cases present-dy stresses may happen to align with
the orientations of the stress regime that initiated the regional fractures. In such cases, it may not be as
obvious that two sets of fractures exist, which is potentially why it was hard to distinguish between the two
sets, particularly for NE-SW trending fractures in the Niobrara. In a nearby vertical well to the northeast
of the Chalk Blu study area, Sy, was determined to be N55E [52], which is not signi cantly di erent
from the overall dominant NE-SW trend in the fractures of the regional sd that we identi ed. Therefore, it
could be the case that the stresses associated with the mechanism o&dture initiation for the secondary
set observed in the Codell well may (at least) be aligned at the Niobrarawell, making it di erent to
distinguish between sets.

Though perhaps more di cult to distinguish additional fractures sets in the Niobrara well by strike
alone, secondary fracture sets that are typically observed in conjundbn with regional sets may display
more shear or compactive failure modes, as opposed to tensile (or hybjidailure [62]. Therefore, the dips
of these secondary fracture sets may di er from those of regional fractugs if subject to di erent stress
regimes, resulting in di erent failure modes. Though an overwheming 91% of fractures in the Niobrara are
high-angle, given the large number of total fractures this still left 386 bw-angle fractures, which is not an
insigni cant amount. In fact, this is nearly 100 more fractures than the t otal number observed across both
types in the Codell, indicating that outside of the trends that dominated the observations in Figure 4.13,
signi cant variability may still exist across the remaining fractur es in the Niobrara. Some of this variability
was able to be observed for shear, compactive shear, and compactive fagkumode fractures in Figure 4.12.

Although variability was able to be observed in the low-angle failure mods in the Niobrara, in order to
more e ectively evaluate the variability across all failure modes and ptentially identify additional fracture
sets, the dominant regional fracture set with strikes ranging betwea 15 and 45 degrees was isolated from
the remaining fractures. Given the characteristics of regional fractires, only tensile and hybrid failure

mode fractures (with dips ranging from 45 to 90 based on cut-o0 s in Figure4.10) were considered to be
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part of this regional fracture set. The remaining fractures were groupd together (shear, compactive shear,
and compactive failure mode fractures within the 15-45 degree strikeange and all fracture types outside of
this range), which included the previously discussed tensile athhybrid mode failure fractures with strikes
ranging between 45 and 60 degrees.

Isolating the regional fracture set for which the predominant characteistics were fairly well-understood
allowed for further evaluation of the extent to which the less dominart NE-SW fractures did, in fact,
constitute a separate regional fracture set, and the extent to which he other remaining fractures indicated
the presence of a single, or multiple, additional fracture sets in tle Niobrara and Codell formations. To
begin this evaluation, rose diagrams for each fracture type (cemented,l@sed, partially-open, and open)
were plotted for both the dominant regional fracture set and the remainirg non-dominant fracture sets.
Note that while interpretations of fracture sets are not being made basedn fracture type, it was useful to
evaluate the distribution of fracture type within this dominant set as this constitutes the highest
proportion of fractures and whether these are open, cemented, or closeday ultimately impact well
performance. Figure 4.14 shows the rose diagrams for the dominant regionalaftture set (tensile and

hybrid failure mode fractures with strikes between 15 and 45 degres.

Figure 4.14 Strikes of the dominant set of regional fractures isolated for bdt the Niobrara and Codell
formations. These are plotted by their associated type (cemented,losed, open, and partially-open).
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Since the criteria to isolate fractures belonging to the dominant rgional set from the remaining
fractures was speci c (tensile and hybrid failure mode and strikeranges from 15-45 degrees), the rose
diagrams in Figure 4.15 do not indicate new information about the strike rangs; however, we can now
make a more accurate statement about the strike trend of this fracture st. We observe that the average
orientation is roughly N32 E. These rose diagrams also highlight the di erences in counts of each ohée
fracture types in this set across both formations. An important point to make is that in addition to the
relatively high numbers of cemented fractures (in both formations),there is also a large number of
partially-open fractures in the Niobrara formation belonging to this regional set. Closed and open fractures
are signi cantly less in the Niobrara, and the non-cemented fractures otal (including partially-open) in the
Codell is 13. These observations could have important implications for wll performance and making
predictions about fracture densities across the region, which will b expanded upon after discussion of the

trends observed in the non-dominant fracture sets using Figure 4.15.

Figure 4.15 Rose diagrams of the non-dominant fractures. The variability infracture azimuths can now be
more clearly observed, particularly for fractures in the Niobrara. Note that these are now plotted by failure
mode, as opposed to fracture type.

To identify additional fracture sets within the remaining non-domi nant fractures, the rose diagrams are
now displayed by failure mode as opposed to fracture type. In isolatig the non-dominant fractures, we can
clearly see that variability in fracture strikes exists for the Niobrara outside of the dominant regional
fracture set. Across the four fracture types, we can see potentiallywo predominant orientations, one of

which is NE-SW. This result is expected, since such fracturesapresent those that fall more within the
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45-60 degree strike range (and any additional low-angle fractures with stkes between 15-45 degrees). An
important point to note is that there are not many remaining fractures wi th strikes ranging from 15 to 45
degrees, with the exception of the compactive mode failure fracturein the Niobrara formation, which have
an average strike of N42E. This observation supports the interpretation of the dominant set of fractures as
belonging to a class of regional fractures, since the initiation of suchréctures is not conducive to shear and
compactive failure modes. With that being said, this may indicate perhaps that this compactive mode set
formed under a similar stress regime as one of the dominant NE-SW trendg regional set.

Given the fairly uniform distribution and consistent strikes of th ese compactive mode failure fractures
in the Niobrara, compactive mode failure fractures in the Niobrara trendng between 15-60 degrees were
interpreted to constitute an additional fracture set. In isolating f ractures within this strike range, it was
found that this set actually had an average strike of N33 E, further supporting that this set may have
formed concurrently or around the same time as the dominant regional set ofr&ctures, despite having a
di erent failure mode.

The second set of NE-SW trending fractures was also interpreted as cetituting a regional fracture set,
which will be referred to as the \non-dominant regional fracture set". The average orientation of this set of
regional fractures (which includes tensile and hybrid failure moe fractures with strikes between 45-60) was
found to be N50 E, compared to N32 E for the dominant regional set. As previously noted,Sy ., was
determined to be N55 E based on measurements in a nearby well just to the northeast of the atly area,
which roughly aligns with the orientation of the non-dominant set of regional fractures. It is therefore
important to reiterate that the observation of the alignment between this fracture set and present-day
S, does not eliminate the possibility that these fractures constitute a regional fracture set; this
observation is consistent with observations of regional fracture sets ned by Lorenz et al. [62].
Furthermore, it may be the case that the observed shear and compactivéilure mode fractures that align
with the orientation of the interpreted non-dominant regional fracture set are re ective of the more recent
stress regime, and therefore may not necessarily have been inited during the formation of the tensile and
hybrid failure mode fractures of the regional fractures.

Another predominant orientation observed in the rose diagrams for the Niobraa in Figure 4.15 is N-S,
averaging N3 E. Such orientations are not present to a large degree in fractures obseard in the Codell,
though there are a few fractures oriented this way. The majority of the N-S trending fractures in the
Niobrara were tensile and hybrid mode; therefore, N-S trending tesile and hybrid mode failure fractures in
the Niobrara are interpreted to constitute an additional fracture set. Various strikes are observed in the
remaining fractures; however, the relatively low counts for any gien strike trend observed do not provide

clear evidence to interpret an additional fracture set with a dominart strike. Rather, it may be the case
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that fractures which do not seem to follow a clear trend may constitie their own set, displaying strikes
re ective of smaller-scale stress variations caused by underlyingtructural variations (e.g., exure, shear,
compaction) which may initiate fractures on a localized scale.

By isolating the dominant regional fractures from the remaining fractures, we were able to more
appropriately characterize the distribution of fracture strikes in the Niobrara. The results of this indicated
the presence of at least four fracture sets in the Niobrara, two of which a interpreted as regional fracture
sets. Both of these regional sets generally display NE-SW orientationsyith the more dominant (in terms
of fracture counts) set trending N32 E and the less dominant set trending N50E. The third set is oriented
N-S, with an average strike ofN 3 in the Niobrara. All three of these sets are composed only of tensile and
hybrid mode failure fractures. The fourth interpreted set of fractures in the Niobrara consisted of
compactive mode failure fractures trending between 15-60 degreesitivan average strike of N33 E. A fth
potential set is supposed, which would essentially consist of the &ctures whose characteristics do not t
with any of the previously identi ed sets. This discussion will conclude with observations of fractures
identi ed in the Codell in order to evaluate the extent to which f ractures in the Codell belong to any of the
identi ed sets for the Niobrara, and also the extent to which sets maybe present in the Codell that are not
present in the Niobrara.

With the exception of cemented fractures, very few fractures in he Codell belong the dominant
regional fracture set in Figure 4.14. Furthermore, this dominant regional &t was overall much less
prevalent for the Codell than for the Niobrara, which allowed us to get a €nse of the variability across the
remaining fractures during previous observations of Figure 4.13; as a raR, the remaining strike trends of
non-dominant fractures are as expected. Though this result does not coemas a surprise based on the
previous observations, isolation of non-dominant fractures in both formatons is useful for highlighting
similarities and di erences between the two which could furthe constrain the potential underlying
mechanisms and relative timing of initiation for these fractures.

Evaluating the trends for the Codell at the bottom row of Figure 4.15, the rst thing to note is that,
particularly for tensile and hybrid modes, some fractures are pres# in the Codell which are oriented
similarly to the non-dominant regional fracture set interpreted for t he Niobrara (N50 E), though they do
not constitute the majority of these fracture types. As a result, tensile and hybrid failure mode fractures
oriented this direction in the Codell are interpreted to belong to the same set of regional fractures.

The second thing to note is that the dominant E-W trend observed for fractures in the Codell (with
averages across the ve failure modes ranging from 82to 95 ) is largely absent in the Niobrara. As
alluded to in Section 4.3.2, one possible reason for this is that the evernwnhich initiated E-W trending

fractures in the Codell occurred before the deposition of (at leastthe Niobrara B Chalk. If correct, this
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hypothesis has important implications, as it helps constrain the relatve timing of fracturing events across
both reservoirs. With that being said, this E-W trending group of tensile and hybrid failure mode fractures
in the Codell is interpreted as an additional set. Note that since sheaand compactive shear failure modes
may indicate di erent initiation mechanisms, the E-W trending fractures with these failure modes were not
included in this set. As was the case for the Niobrara, these and the remaing fractures with variable
strikes are considered as potentially constituting their own set,where initiation mechanisms may be caused
by localized changes in stresses, producing the variability in stkes observed.

Overall, fractures belonging to both of the NE-SW trending regional set in the Niobrara have also been
identi ed in the Codell; however, an additional set trending E-W observed for the Codell was largely
absent in the Niobrara. On the other hand, two sets (one trending N-S compsed of tensile and hybrid
mode failure fractures and the other trending NE-SW composed of compaste mode failure fractures) were
observed for the Niobrara that were not observed to a large degree in the Q@ell. Additional sets exists for
both formations, which consist of the remaining fractures that showedhighly variable strikes, indicating
that more localized controls may have initiated these fractures, as oposed to the (likely) more regional
controls that initiated the more consistently observed fractures of he other sets in each formation.

This distinction between more localized vs. more regional controls onr&cture initiation is important,
as it impacts the prediction of fracture densities away from well cotrol. The implication is that fracture
sets formed from regional initiation mechanisms may be present and ratively more uniform over a wider
region, allowing for more straightforward prediction of such fractures avay from well control. On the other
hand, localized initiation mechanisms that could result in more variable fracture strikes, densities, and
failure modes, each of which may impact well performance.

Though general interpretations of fracture initiation mechanisms wee presented for some of the
fracture sets identi ed, the remaining fractures whose mechanims were not fully constrained in this
analysis should be noted. These included many of the tensile and hylat failure mode fractures in the
Niobrara and Codell. The previously noted fractures correspond to thos with a N-S trend for the
Niobrara, and to those an E-W trend for the Codell. Given their consistency in both strike and density
along each of the wells, these fractures did not appear directly relatkto localized structural variability,
indicating that larger-scale mechanisms controlled their initiation (recall that variability in fracture
densities between the center and the heel-ward and toe-ward pouxins of the Codell well can be attributed
in part to the landing zones of the well).

Integration with interpretations based on outcrop studies, the relative timing of events given in
Figure 1.3, and the observations of trends our LBNF system in relation to fraturing will help constrain

both the timing and mechanism of formation of these remaining fracture sts. Ultimately, this will show
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that the N-S-trending fractures in the Niobrara are likely a conjugate st of the and that the E-W-trending

fractures in the Codell are likely indicative of a regional stress rgime caused by far- eld E-W compression
from the Sevier orogeny; the timing of which is re ected in the di erent orientations of both fractures and

faults across the units contained within both tiers of the LBNF system.

Overall, the approach to fracture characterization using the image log iterpretations from wells in the
Niobrara B Chalk and Codell Sandstone outlined in this section providel the means to identify potential
initiation mechanisms for each fracture set observed in these welldNot only were the each of the potential
fractures sets identi ed with potential mechanisms proposed, butdirect observations also helped identify
the mechanisms which explained the variability in fracture orientations that did not t in the context of
the wider trends observed. Speci cally, in isolating the dominant fracture sets for which there was more
consistency in the orientations and types, it allowed for less promient sets to be identi ed, particularly in
the Niobrara well. Using fracture types and strikes to form hypotheses about the controls on the initiation
of the fracture sets observed allowed for a guided approach to furthemtegration of failure modes with
structural seismic attributes, which ultimately resulted in i nterpretations of the initiation mechanisms for
most of the remaining anomalous fractures identi ed in each of the wells A summary of each of the
interpreted fracture sets will be provided in 4.3.4.

Perhaps just as important as the interpretations resulting from this analysis are the implications that
go along with it. In relating the predominant failure modes of fractures to each initiation mechanism,
interpretations of the relative fracture porosities associated witheach failure mode enables better informed
predictions to be made about how the fractures initiated by each of thee mechanisms may or may not
signi cantly contribute to the volumes produced from wells.

Speci cally, shear and compactive failure modes do not result in an iorease in volume of the rock; as a
result, though these fractures may be present in large quantitiesri a given well, they may not contribute
signi cant fracture porosities. Discussed, but not yet fully evaluated in this section, is the relationship
between these fracture initiation mechanisms, their resultingstrikes and failure modes, and how to
determine whether these will contribute to well performance aml production. Though the failure mode is
an important part of this question, perhaps what is more important is the resulting expression of these
fractures as related to the types interpreted, namely whether tlese fractures end up as cemented, closed,
partially-open, or open in the present-day reservoir system. Furher investigation into this relationship will
be given in Chapter 6, when fractures and seismic attributes are intgrated with production and
microseismic data to fully evaluate the extent to which these contibute to reservoir performance and

deliverability.
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4.3.4 Summary of interpreted fracture sets

The nal interpreted fracture sets are summarized below with assaiated characteristics. Figure 4.16

shows the nal sets colored by failure mode.

1. S1: Dominant NE-SW Regional Set

average strike: N32E

tensile and hybrid failure modes

present to a large degree in the Niobrara and Codell
count Niobrara: 3447

" count Codell: 93
2. S2: Non-Dominant NE-SW Regional Set

average strike: N50E

tensile and hybrid failure modes

present to a large degree in the Niobrara and Codell
count Niobrara: 441

count Codell: 24
3. S3: N-S Trending Set (Niobrara)

average strike: N3E
tensile and hybrid failure modes

present to a large degree in the Niobrara, very few (if any) fractures irthis set observed in the

Codell
nal set only includes Niobrara fractures

" count: 204
4. S4: E-W Trending Set (Codell)

average strike: N91E
tensile and hybrid failure modes

present to a large degree in the Codell, very few (if any) fracturesn this set observed in the

Niobrara
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nal set only includes Codell fractures

count: 91
5. S5: NE-SW Compactive Set (Niobrara)

average strike: N33E
compactive failure modes

present to a large degree in the Niobrara, very few (if any) fractures irthis set observed in the

Codell
nal set only includes Niobrara fractures

count: 19
6. S6: Variable Set

average strike: N95E

all remaining fractures, including shear and compactive shear failug modes; tensile, hybrid, and

compactive failure modes outside of the strike ranges and formations of #hother sets
count Niobrara: 164

~ count Codell: 90

Figure 4.16 Final interpreted fracture sets.

4.4 Relationship between faulting and natural fracturing

Now that su cient understanding of the controls on initiation, distri bution, and orientations of
fractures identi ed in the Chalk Blu study area has been gained, this understanding can now be extended

to the observation of faulting across the region.

99



4.4.1 LBNF system in the context of natural fractures (and vice versa): i mplications on
timing and development

The fractal nature of LBNF systems has been identi ed in the fault geometies observed using 3D
seismic [48], where fractal patterns are characterized by their selimilarity at all scales. Given this
description and the similar nature of fracture and fault system devebpment, then perhaps it is valid to
assume that the fractal characteristics of these system extend beloseismic resolution. This assumption is
further validated by the parallels that can be drawn between both the characteristics of regional fracture
sets described by Lorenz et al. [62] and the observations of the fracturgets with observations of the LBNF
system across the region. Such parallels may shed additional light on thingering question surrounding
LBNF systems, namely: what are the dominant mechanisms of initiation and ontrols on distribution of
faults in such systems and how do they relate to natural fractures? This question will guide the discussion
and analysis in this section.

Since regional fractures were the highest in number and the most strghtforward to isolate in
observations of image logs, discussion of these types of fractures in ralat to the LBNF system is perhaps
the best place to start. Regional fracture sets/systems are commonly coposed of similarly oriented tensile
(extensional) mode fractures, controlled by the dominant regional stess regime at the time of fracture
initiation [62]. We observed a dominant set of N32E oriented fractures consisting of tensile and hybrid
mode failure across both Niobrara and Codell wells. This set consistedrimarily of cemented and
partially-open fractures (which commonly contain cement, though are notcompletely cemented).

A second, less dominant (in terms of fracture densities) set, butimilarly composed of predominantly
cemented and partially-open fractures, but rather trending N50 E was also identi ed. The characteristics
of this set resulted in a similar interpretation as constituting a regional fracture set, although some
important di erences between these two sets and associated imgations on the development of the LBNF
system will be discussed later on.

Lorenz et al. [62] note that in regional fracture sets, macroscopic fracturesitiate at the micro-fracture
scale, though only a small number of these micro-fractures will propagaténto macro-fractures because it
takes less energy to link groups of relatively larger structures than ¢ initiate or extend numerous small
ones. The same can be said for small-scale faults that link to form larger osewhich is a commonly
observed characteristic of LBNF systems [49, 57]. This implies that the thtribution of macroscopic
fracture or fault features may indicate underlying denser micro-facture networks which supported the
linkage that ultimately grew into these larger-scale structures. This mechanism of fault development also

contributes to the hypothesis that the fractal geometries of these sgtems may extend to sub-seismic scale.
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With this in mind, it may be the case that the underlying distrib ution of natural fractures initiated in
the LBNF system controlled the subsequent linkage and development ofalults across the region; therefore,
orientations of fractures and their underlying controls on initiation and timing may extend to fault
structures observed with similar orientations. Furthermore, the proposed non-tectonic origin of such
systems implies that signi cant fault structures are not related to signi cant structural events, which
further supports the notion that the systematic development and linkage of smaller scale structures (from
less-signi cant fracturing/faulting events) contributed to the d evelopment of LBNF systems. Ultimately,
this is where the previous characterization of natural fracturing may help to better understand the
distribution of faulting observed at both tiers of the LBNF system.

Variable orientations were observed in the faults at the lower-tier ofthe LBNF system in Figure 4.9,
speci cally at the Niobrara horizon. Although two of the dominant interpre ted fracture sets were found to
be aligned in directions oriented in more N-S and NNE-SSW orientations in he Niobrara well, little to no
signi cant fault structures in the lower-tier of the LBNF-system w ith similar orientations were identi ed.
Furthermore, the set trending N32 E had the overall largest quantity of natural fractures belonging to it.
Given the high densities of these fracture sets, if they had, in fag formed the earliest, we would expect
them to have in uenced the development of the LBNF system at the Niobrara tier.

In the center latitudes of the Niobrara horizon, however, an underlyng NE-SW to ENE-WSW trend is
observable in the structures (highlighted by the black trendline and observable in some of the smaller-scale
features in Figure 4.9). In the Chalk Blu study area speci cally, fau Its at this level (that were not
interpreted to have basement-controlled reactivation) trended oughly ENE-WSW (highlighted in teal in
Figure 4.3). Similar orientations were observed in one of the fracture ¢s identi ed in our image log, which
had an overall N50 E trend. This set was di erent than the set interpreted to be the dominant regional
fracture set; however, that does not mean that this set could not havecontributed to the development of
the lower-tier of the LBNF system.

These two observations lead to the potential conclusion that these mor&INE-SSW and N-S trending
fracture sets initiated after the initial development of the LBNF system at the lower-tier. Consequently,
though the N50 aligns roughly with Sy, measured in a nearby well, this does not necessarily indicate
that these fractures were generated under more recent conditions.nlifact, this is consistent with what
Lorenz et al. [62] observe in regional fracture sets, that many studies skoparallelism between the
orientation of regional fractures and the measured present max horizontal @mpressive stress, despite
having formed at an earlier time.

This interpretation of timing aligns with what has been observed in outcrop studies. In one such study

performed by Allen [63], observations of fractures (aided by the abilityto observe cross-cutting
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relationships and therefore further constrain relative timing) led to the interpretation of four main regional

events resulting in fracture initiation. These were as follows:
1. initial E-W (N86 E) trending Laramide compression resulting in shear-related strile-slip faulting,
2. syn-Laramide fracturing resulting in dominant ENE-to-E-W strikin g joints,
3. post-Laramide extension suggested by N-S striking joints, and

4. post-Laramide additional faulting and normal fault reactivation of right-lat eral shear fractures in

outcrop.

Furthermore, Allen [63] referenced a study performed by Noble Energystating that di erent fracture
orientations were observed in the deeper Lyons and Lykins formations, &#nding roughly E-W (N80 E) as
opposed to an overall trend of N32E observed in upper-Cretaceous formations.

The interpretations from these outcrop studies and additional refer@ce to ndings by Noble Energy
align well with our observations and provide additional context to interpret some of the fracture sets that
were previously ill-constrained by observations of our data; howevergiven the events in our structural
timeline in Figure 1.3, we interpret that rather than E-W Laramide-age compression, these fractures were
subject to far- eld Sevier compression.

Since a prevalent E-W trending fracture set was present in the Cdell and not in the Niobrara, the
implication is that these fractures may have been initiated beforethe deposition { or at least before the
lithi cation { of the Niobrara formation. Furthermore, we interpret th is set to also constitute a regional
fracture set that formed relatively early after burial. Given that th e onset of the initial compression of the
Laramide orogeny was not until the very late Cretaceous, compression from & Sevier orogeny is more
likely to have in uenced the development of this fracture set. It should be noted that though the E-W
trending fracture sets observed are predominately tensile and hylid mode failures, this does not
necessarily mean that they could not have formed under the initial far eld Sevier compression. In fact,
such extensional fracturing characteristic of regional fractures can ccur in the presence of an anisotropic
compressive stress regime [62]. Therefore, what we observe is likehe preservation of the timing of these
di erent tectonic regimes in our fracture systems as evidenced byhanging dominant fracture orientations
(re ective of the regional stress direction at the time of fracture initiation).

Extending this structural timing framework interpreted by Alle n [63], the second event after the initial
compressional Laramide regime was a more ENE-to-E-W striking fracture ge This may correspond to the
fractures observed in the Niobrara (and in the Codell though to a lesseextent) that trend N50 E; as

alluded to, such fractures roughly align with many of the fault structur es observed at the Niobrara horizon.
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Our interpretation, therefore, is that the formation of the N50 E trending fracture set is ultimately what
contributed to the initial development of the LBNF system observed at the Niobrara.

The timing of this is consistent with what is often proposed for LBNF sysems across the globe, that
such systems likely began developing early in their depositional ktory [57]. Further observations of such
fault systems indicate that the in uence of regional stresses may camibute to a dominant orientation of
faulting to occur; a similar observation is made for the formation and dewelopment of many regional
fractures, which can be attributed to anisotropic compressive stres [62]. The clear connection between the
development of both systems described indicates that they may not & separate from one another; that the
regional fractures formed during this Sevier-in uenced stress egime ultimately developed into many of the
LBNFs observed across the Niobrara.

This is not necessarily the case for all of the fault structures obserd, however. Variability in fault
orientations is noted across most observations of the both tiers of the LBNF sstem in the DJ Basin,
though the patterns are not necessarily re ective of the alternative which would be development in the
presence of a more isotropic stress regime. Following the frameworkedcribed by Allen [63] and further
integrating observations of fractures from our wells may help shed soméght on this matter.

The next event de ned by Allen [63] is more generally described as podtaramide, and a distinction
between the relative timing of items 3 and 4 in the list above is not peci cally made; however, observations
of faulting across our two tiers may help constrain the timing of such gents. One of the observations of
post-Laramide stress regimes is the N-S trending extension (at leasbf western portions of the basin),
which resulted in extensional mode fracture sets to develop on a we scale. Based on our observations of
fractures in the Niobrara, this likely corresponds to the roughly NNE-SSV trending set interpreted as a
regional fracture set composed of tensile and hybrid failure mode fractres, with an average orientation of
N32 E. The fracture set observed in our data that does trend N-S (N3E) is interpreted as a conjugate
joint set of the hybrid mode fractures, having roughly a 30 degree dierence in orientation.

The signi cant number of fractures in the N32 along with the context of the timing of structural
events in the basin, led to the interpretation that the dominant N32 E fracture set was likely formed
at-depth, and subject to the NNE-SSW Laramide compression during the ime of the development of the
Colorado Mineral Belt (and the oil window of the Niobrara formation). Given that both of these NE-SW
trending fracture sets observed in our data were interpreted to le regional fractures may lead to the
guestion of why these more prevalent NNE-SSW trending fractures irtiated post-Laramide did not
contribute to further development of the LBNF system at the Niobrara level.

One possibility could be due to the fact that the initial set trending N50 E was likely formed early after

the Niobrara was deposited (under low con ning pressures), while he later set trending N32 E was likely

103



formed at depth. It is entirely possible for regional fracture sets toform at depth; however, certain
conditions must be met to support such development. One conditions elevated pore pressures, which
results in e ective unloading, allowing the rock to form extensional fractures [62]. Elevated pore pressures
can occur as a result of rapid burial, reduced pore volumes in strata deito compaction, or petroleum
generation and expulsion into pore spaces all of which could be factors irhe Niobrara formation in our
study area (and across the basin). Perhaps the subsequent developnteand linkage of LBNF systems at
depth is di erent than those under less compactive stress, or pdaps the mechanisms contributing to the
development of such faults are largely gone by the time the sedimentseach su cient depths. This second
hypothesis relates to two related mechanisms proposed for the dewgment of LBNF systems, which are

di erential compaction and compaction dewatering [48].

Observations of the compactive failure mode fractures may shed additnal light on the timing and
development of LBNF systems, and further constrain compaction in relaton to the two regional fracture
sets identi ed. The trend of the compactive failure mode fractures in the Niobrara well was N33 E, which
is similar to that of the dominant regional fracture set trending N32 E set. Given the depositional and
fracture initiation timing, it is possible that these fractures form ed concurrently with the dominant
regional set and may correspond to compaction mode failure as a response dareduction in pore space
from petroleum generation.

The reasoning behind this interpretation is that if the rst set of r egional fractures (N50 E) formed at
an earlier time under relatively low con ning pressure (early in the burial history of the Niobrara
formation), compaction of the sediments would have been occurring @r time through the development of
the system. Compaction of the chalks and marls constituting the Niobraraformation would have been
occurring over time, during the initial regional fracturing event and perhaps concurrently with the
development of faults at the lower-tier of the LBNF system. By the time the compactive failure occurred
as a result of this compaction overtime, or nally during rapid subsidence of the basin (see Figure 1.3, the
background stress regime may have changed, resulting in the obse/&33 E trend in these fractures,
re ective of the transition between fracturing sets before the later extensional regional fracture set trending
N32 E.

In the context of the two compaction-related LBNF initiation mechanisms, if mechanical failure due to
compaction was largely complete by the time of fracture initiation of the scond regional set, this implies
that subsequent compaction within the Niobrara interval would not have been able to in uence further
development of fractures belonging to this set. Given the (largely)non-tectonic nature of the development
of such LBNF systems, clues to the initiation and development of thesesystems may lie in identifying

which non-tectonic controls present in early burial history are absehat depth. Though not conclusive
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evidence that compaction-related mechanisms are largely what contribied to the further development of
this initial regional fracture set (N50 E) into the fault system observed at the Niobrara, it at least provides
an additional way to approach the question of LBNF initiation and development.

A further implication of the relative timing of fracturing and faulti ng events is how they relate to the
timing of petroleum generation and expulsion. Having been interpreéd to have formed early after
deposition of the Niobrara, the fracture set (N50 E) and initial development of faults constituting the
LBNF system at the Niobrara would have formed before the formation reached s cient thermal stresses
to generate and expel petroleum. Many of the fractures within this séare cemented, and observations in
the basin have shown many of the faults in the Niobrara to be cemented2p]; if the development of such
cement occurred prior to petroleum generation, such fractures anddult structures may not contribute
signi cantly to reservoir performance or fault connectivity. This i s important, as some faults have been
noted to serve as conduits for uid, contributing to pressure communication between wells over large
distances [25], while other faults have been ine ectual. Either of hese cases may be favorable, given the
context of the eld development.

On the other hand, the mechanism conducive to the formation of regional factures at depth (elevated
pore pressure) implies that the second set of regional fractures mayawe formed as a result of petroleum
generation and expulsion, or at least concurrently. The Niobrara has been derved as being overpressured
due to the maturation of organic content and the migration of pressure and uids to shallower depths,
which are ultimately con ned by overlying impermeable shale layes [64]. This over-pressure may have
contributed to the pore pressures necessary to generate this regiahfracture set. Other mechanisms that
may contribute to an e ective unloading condition include rapid bur ial, compaction of sediments, and
elevated temperatures; all of which may still indicate that such fractures at least may have been initiated
concurrently with petroleum generation. This could have important implications, as such fractures of this
regional set may signi cantly contribute to the e ectiveness of the petroleum system, while fractures (and
faults) of the other regional set may not.

Given that fractures of both sets formed from failure modes associatewith volume gain, relatively high
fracture porosities may have been present in the rock as a result dhese fracturing events. This is
important to note, as many fractures belonging to both sets are currenty cemented. The formation of
cement in fracture and pore spaces can result in trapped petroleum ids in the cement matrix [65];
therefore, cemented fractures in the second regional set (N3E) formation in fractures of the second set
may be important targets for reservoir stimulation e orts, as such trapped volumes would not have been

depleted by previous legacy production.
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This concludes the discussion of fracture and fault initiation for the lower-tier of the LBNF system,
containing the Niobrara and Codell formations. Though we do not have diret fracture observations for the
upper-tier of the LBNF system, parallels can be drawn between the tw that allow for additional
understanding of the development of the entire system to be gainedln Section 4.2.1, it was noted that in
may cases, the continuation of faults belonging to the main graben systemat the Sub-Parkman horizon
into the underlying Lower Pierre horizon trended in a roughly NNE-SSWV orientation (highlighted in teal in
Figure 4.9, with some variability in this general pattern. Some faults at the Lower Pierre signi cantly
deviate from this overall trend, but such features will be touchedon later.

It was also noted that such expressions of these faults at the Lower Piez were potential indications of
either some of the oldest faults in the upper-tier of the system (gien that they likely grew over the longest
period of time) or some of the faults with the most signi cant underlyi ng initiation mechanisms (given that
the signi cant displacement along these faults may correspond to stwnger underlying structural or
stratigraphic in uences). Extending the concept of regional fracture development to the development of the
LBNF system, the rst scenario of the connected grabens being older isupported by observations of
regional fractures in outcrops.

It has been observed that regional fractures commonly occur as two orthogonalets, both oriented
normal to bedding where fractures of the older set are generally laterg}l extensive and parallel to sub
parallel, whereas fractures of the younger set are typically shorterless planar, less regular in orientation
and commonly terminate against fractures of the older set [62]. If, in factregional fracture sets are the
structural components which ultimately result into well-developed LBNF systems, parallels between this
observation and the parallel connected graben systems with subsequefault linkages which are often
orthogonal to these earlier sets, further supports the fractal nature ofsuch LBNF systems even down to the
fracture scale.

In either case, for locations in which these larger faults grew, the deslopment of these larger faults
were preceded by initial NNE-SSW trending regional fractures likey developed in the Sub-Parkman layer.
Similarly, these fractures could have been initiated early post-éposition of the Sub-Parkman layer, and
through subsequent linkage of these micro-structures into macro-stictures, ultimately developed into
many of the expressions observed in our data.

Though both tiers display LBNFs, the faulting observed is much di erent for the lower an upper-tiers
in the DJ Basin. The upper-tier is composed of many more fault structues than the lower-tier, as we saw
oftentimes link across older fault structures. The relatively more\uniform" nature of the upper-tier may
lead to the interpretation that it formed under a more isotropic regional stress regime; however, we contend

that the clear orientations observed in faults that extended down through to the Lower Pierre horizon
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indicate otherwise, given that many of them display a predominant NNE-SSW trend. Therefore, the
underlying mechanism results in the propagation of these larger fault§rom the Sub-Parkman horizon
down through the Lower Pierre is likely in uenced to some extent by anisotropic stress conditions, which
could correspond to the NNE-SSW trending Laramide compression that in uenced the development of the
second set of regional fractures (formed at depth) in the Niobrara and conibuted to the formation of the
COMB (as discussed in Section 1.3) or more localized changes in basemesttucture.

As mentioned previously, similar orientations are not consistent for allof the faults observed at the
Lower Pierre horizon, which we can also see for the full graben systemanning across the Sub-Parkman
horizon. In Figure 4.9, such structures are indicated in green, bluepink, and red on the Lower Pierre
horizon. 4.1.5 provided an in-depth discussion of the structure outhed in green, which was determined to
be related to basement movement after the development of both tierpost-LBNF system. This brings us to
the discussion of the nal structural event contributing to the for mation of outcrop observations made by
Allen [63], which is post-Laramide additional faulting and normal fault reactivation of right-lateral shear
fractures. The corresponding fracture set identi ed in our Codel and Niobrara image logs is the one that
displayed variability in both strike and failure mode; the fractur es belonging to this set were ultimately
identi ed as being initiated by more localized, as opposed to regionalcontrols. This could potentially be a
result of exure around basement topographic changes that occurred postleposition of the reservoir or
related to the proposed shear movement of the basement structure.

These observations highlight where we begin to deviate from the relatinship between the initial
development of regional fracture and LBNF systems. The observations of fraares with spatially variable
strikes and more shear related failure mechanisms are likely secondato regional fractures; therefore, the
remaining fractures and their potential relationship to secondary cotrols on the expression of faulting at

both tiers of the LBNF system may be indicative of such controls.
4.5 Summary of interpretations and implications

Overall, we observed a complex relationship between the timelinef structural and depositional events
impacting the DJ Basin and their re ections in both faults and natural f ractures across the Hereford eld.
In using an integrated, systematic approach to both fault and fracture characterization, relative timing of
fault and fracture initiation events were constrained, and in doing so,the relationship between the two
scales (fracture to fault) scale was made for the structural expresens observed across the DJ Basin. Given
this context, Chapter 6 with leverage the understanding gained about he structural heterogeneity of the

Hereford eld to ultimately inform heterogeneity in well performanc e.
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CHAPTER 5
PRESTACK SEISMIC ATTRIBUTE ANALYSIS: CHARACTERIZATION OF RESERVO IR

PROPERTIES

Chapter 4 focused on the analysis of post-stack seismic attributes fagrated with fracture log
interpretations for the structural characterization of the Chalk Blu  study area and larger Hereford Field
region. Though structural components (fractures and faults) are likelya rst-order control on reservoir
performance given the nature of the Niobrara and Codell formations, unddying rock properties may also
contribute to the variability in production observed, particularl y for the Niobrara B Chalk reservoir.

As such, this chapter will focus on the analysis and interpretations ofattributes derived from seismic
amplitudes and prestack AVA seismic inversion that are more re ective of stratigraphic or petrophysical
properties, as opposed to structural properties, of the reservoir uits. It is likely that structure and
stratigraphy play a role in reservoir e ectiveness; without the characterization of both of these components,

full understanding of the geologic controls on production cannot be achiesd.
5.1 Seismic amplitude analysis

In later sections, we will take advantage of angle gather volumes by using #m as input to prestack
AVA inversion to get inverted P-impedance (Z,) and S-impedance Zs); however, performing seismic
inversion is not the only use for such angle gathers. Amplitude variationswith angle that exist across such
gathers can also be used directly for interpretation purposes. Such atyses are perhaps most
straightforward in conventional reservoirs for uid-type identi cat ion, but certain applications can be useful
in unconventional reservoirs for indicating changes in organic content omechanical properties of rocks.

Before one can evaluate changes in RMS amplitude across the angle gathersjst rst necessary to
identify geologic parameters that potentially relate to RMS amplitude values at our reservoir intervals. The
two horizontal ber wells in our project, wells P3Df (Niobrara) and P2Bf ( Codell), had geochemistry and
image logs collected along them. The Niobrara ber well also had x-ray di raction (XRD) collected along
the horizontal. Using measurements from these logs in addition to intgpretations of natural fracture
densities and outputs from analyses performed by M.S. geology student oour project, Chad Taylor,
cross-plots between these parameters and RMS amplitudes extractefdom angle stack 21 of the CB study
area survey were used to identify potential relationships for eachdrget reservoir. The strength of such
relationships were evaluated usingR? values from the cross-plots.

One thing that is extremely important to note is that the horizontal we lls used in this comparison were

drilled during the HPR phase of development and production. Therebre, the logs taken along these wells
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were collected after 9 years of legacy production had occurred in the aa. The seismic volume, on the
other hand, was acquired before any legacy production occurred. For thateason, only parameters that we
would not expect to have changed signi cantly after legacy production wll be considered as having the
potential to impact RMS amplitudes along the corresponding well locatons. These primarily include
composition data, like total organic carbon (TOC), quartz, calcite, carbonate, and clay fractions; the
values for which come from the analyses performed by Chad Taylor. Naturalrbicture densities were also
compared to RMS amplitude so that potential relationships between the occurrence of certain fracture
types and underlying geochemical and geomechanical properties coulcebmade, which may help inform
how legacy wells interacted with these fracture systems duringheir stimulation and subsequent
production. Before evaluating the potential relationships betweenour inversion outputs and RMS
amplitude values taken along our two ber wells, it is helpful to visualize these parameters in map-view.

Figure 5.1 shows three maps created from stratal slices of the CB studgrea volume.

Figure 5.1 (Left) RMS amplitude map along a stratal slice for the Codell Sandstone reservoir extracted
from a stratal attened amplitude volume of angle stack 21 of the CB study area survey. This is the survey
without original post-stack enhancements applied; however, the volme used for this analysis did have
structure-oriented smoothing applied to it (from our own post-processing). Well trajectories are shown for
the HPR wells landed in this formation, with the ber well indicate d in a di erent color. The ber well
location is where attribute values were extracted for comparison withparameters measured along the well.
(Center and Right) RMS amplitude maps along a stratal slice for the Niobrara B Chalk reservoir extracted
from a stratal attened amplitude volume. All wells in the Niobrara are pl otted on top, including legacy
wells. The Niobrara ber well for which the comparisons were made in ths chapter is indicated in a

di erent color. The plot at the center is shown with the full range in amplitudes re ected in the limits of
the colorbar. The plot at the right shows the same map with an adjusted colobar to observe the
variability in the relatively lower amplitude changes across the regrvoir. RMS attribute values were
extracted from this horizon at locations along the Niobrara ber well for use in cross-plot comparisons.

The map at the left displays the RMS amplitudes at the Codell horizon with each of the HighPoint
Resources (HPR) wells landed in the Codell plotted on top. The ber well is plotted in a di erent color for

reference. The maps at the center and the right of the gure show simar displays for the Niobrara, with
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legacy wells also plotted (since these were drilled in the Niobrara EChalk reservoir). The color scale of the
map at the center re ects the maximum and minimum RMS amplitude values observed at the Niobrara B
Chalk horizon. The relatively high amplitude region in the northwest corner of the map makes it di cult
to evaluate the relative changes across other areas of the map; therefordhe plot at the right of Figure 5.1
shows the same map and wells, but now the maximum RMS amplitude on theolor scale is set to 400 to
highlight some of this variability. This region of anomalously high RMS amplitudes will be discussed
further in following sections.

As a result of this analysis, we were able to identify geologic factors thapotentially in uence RMS
amplitudes of our reservoirs. Discussion of the validity of these inuences were performed; in doing so, such

relationships enabled us to extend predictions of reservoir charaetristics away from well control.
5.1.1 Parameters that correlate with RMS amplitude: Niobrara

Both the legacy and HPR wells drilled in the Niobrara formation targeted the B Chalk reservoir. As
discussed in Section 1.6, given that this interval is thin & 30 feet) relative to vertical seismic resolution
(90 feet, see Appendix A) and given the relatively low impedance contrds between the over- and
underlying B1 and B Marl units, mapping a distinct horizon for the B c halk was not straightforward.
However, leveraging stratal attened amplitude volumes, a stratal slice was taken for the reference
two-way-time of the B Chalk top at the Pilot well location. This allowed for the direct evaluation of the
RMS amplitude values for a single time slice, corresponding to thetgatal slice of the B Chalk formation.

A similar process was used to evaluate the amplitudes for the Codelieservoir.

There were two main parameters identi ed to have a potential relationship with the RMS amplitude
extracted at the Niobrara B Chalk interval; these were the total organic catbon (TOC%) and the sum of
open and partially-open (for simplicity, | will refer to these as \open" hereinafter) fracture counts along the
well. Higher values of TOC were positively correlated with RMS amplitudes, while higher counts of open
fractures were negatively correlated with RMS amplitude. Cross-pbts of each of these parameters are
shown in Figure 5.2.

TOC and RMS amplitude, shown at the left of Figure 5.2, have anR? value of 0.375. Compared to
other parameters, this was a relatively strong correlation, and thus waranted additional investigation,
especially given that an increase in TOC would typically result in a decrease in velocity of units within the
Niobrara formation, and therefore may decrease the amplitude contrast biveen adjacent chalk and marl
facies [66]. The relationship between open fractures and RMS amplitugs has a lowerR? value of 0.269,
which isn't particularly strong; however, upon investigation of the trend between the two parameters, the

relationship is not necessarily linear. Rather, it follows more of a deaying trend and if we were to t this
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general shape, the amount of variability between the two parameters wou decrease. Regardless, the
nature of the relationship between these parameters could potential have physical signi cance and was
investigated in more detail. In order to get a better idea of how theseparameters related to RMS
amplitude along the well and potentially identify where some of the vaiability comes from, each was

plotted by stage. These plots are shown in Figure 5.3.

Figure 5.2 Cross-plots of the strongest linear relationships identi &l between RMS amplitude and
properties along the Niobrara ber well. The plot at the left shows a relatively high R? value between
TOC and RMS amplitude, indicating that RMS values along the well increase with increasing TOC. The
plot at the right shows a relatively weaker relationship between openand partially open fractures with
RMS amplitudes, but could potentially be meaningful. These two parameters are negatively correlated,
indicating that open fractures ( lled with reservoir uid) could p otentially decrease seismic amplitudes
along the well.

Figure 5.3 Relationships between RMS amplitude and both TOC and open fxctures plotted for stage
locations along the well. The plot at the right shows that TOC follows the general trend in amplitudes
fairly well. On the other hand, the relationship between RMS amplitudes and open fractures in the plot at
the right is not as strong, but the large spike in partially open and open fradures occurs at the lowest
values of RMS amplitude along the well.

The rst thing to note from these plots are that the parameters directly measured along the well have
much higher variability than the extracted RMS amplitudes for the same locations. Our well log resolution
is much higher than seismic horizontal resolution and may also contain ngie, which likely explains some of

the variability observed between the otherwise relatively linearrelationships identi ed. Keeping that in
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mind and looking past some of the smaller scale variations in the parametsr we can see that TOC follows
the trend in RMS amplitudes fairly well. Toward the toe of the well (lower stage numbers), there are
corresponding increases in both parameters which decrease towarddtcenter of the well, with and
incremental increase further toward the heel. As this relationshp indicates, TOC and RMS amplitude are
positively correlated, meaning that increases in one correspond to greases in the other. However, before
drawing a de nitive conclusion about the relationship between these parameters, the potential impact of
TOC content on seismic amplitudes must be evaluated.

It was previously mentioned that increasing TOC content has been obswed to decrease seismic
impedance, potentially resulting in decreased seismic amplitues at the Niobrara re ectors [66]. Bearing in
mind that our wells were drilled in the Niobrara B Chalk interval, if w e look at the acoustic impedance
contrast (and corresponding re ectivity series) between the B Chalk and overlying B1 Marl shown in
Figure 5.4, we can see that there is a positive re ection coe cient baween these two layers. Speci cally, the
Niobrara B Chalk has a higher acoustic impedance than the overlying marlnit. Therefore, if increasing
TOC e ectively decreases the density and seismic velocity of tk B Chalk, this would, in turn, decrease the
contrast between the marl layer above. But as our cross-plot indicateswe observe the opposite e ect.

An explanation for this can be derived from observations of the computed rectivity series and
synthetic seismic resulting from the convolution with a deterministic wavelet, which is also shown in
Figure 5.4. Despite the Niobrara B Chalk having a positive re ection cce cient, it lies within a seismic
amplitude trough in the synthetic and observed seismic trace at the wll location. This is a consequence of
the seismic resolution being too low to resolve each of our (relativg) thin benches within the Niobrara
formation. The overall result is that there is not a clear re ection for the Niobrara B Chalk; rather, there is
an averaging e ect when the wavelet is convolved with the re ection coe cient time series. Relating this
back to our discussion of TOC content, if the TOC content increases ance ectively decreases the
impedance of the Niobrara B Chalk, the re ection coe cient in the re ectivity series would also decrease.
Since the Niobrara B Chalk lies within an overall seismic amplitude tough, decreasing the contrast
between the B Chalk and overlying B1 Marl could therefore increase lie \averaged" negative impedance

contrast, and in turn, increase the RMS amplitude of the trough containing these units.
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Figure 5.4 A comparison between rock properties compressional slowse (DTC), density (DEN), acoustic
impedance (Al) and a re ectivity curve (RC), the resulting synt hetic generated at the pilot well location

and the observed seismic response at that location. Key horizon tops ardiewn as dashed lines across each
panel.

The negative correlation observed between open fractures and RMS amplides will now be discussed.
At the right of Figure 5.3, we can see that the deviation from the linear trend in Figure 5.2 is not solely a
factor of the resolution of the measurements being di erent; there ae some areas along the well where the
RMS amplitude and open fracture counts clearly don't follow an inverserelationship. An example of this
can be seen between stages 60 and 70, where there is an increase in fraetdensity with an increase in
RMS amplitude. With that being said, there is a particularly inter esting relationship between stages 40
and 60, where a signi cant increase in open fractures corresponds to ae#p decrease in RMS amplitude.
This also corresponds to a drop in TOC percentage for at least stages 50-60.

TOC often has the e ect of increasing ductility of rocks, and so a dropin TOC would mean that a rock
is more brittle, and therefore more prone to fracturing. This could pehaps explain why there is an increase
in open fractures at this location along the well; however, this does't provide the whole picture. First of
all, these are just the open fractures, which means that cemented andlosed fractures are not accounted for

in this relationship, and densities along the well of cemented fraaires in particular, can occur where TOC
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content is relatively higher (the rock is relatively more ductile). However, the fact that these fractures are
open in this location where a drop in RMS amplitude was also observed ipotentially meaningful.

The presence of open fractures means that rather than being lled wit something like calcite or silica
(as was indicated as the likely composition of the cement in the image logrpcessing report), they are
instead lled with reservoir uid. Fluid- lled fractures could result in a decrease in both density and
seismic velocities within the fractured rock formation. In our case, the e ect of this would be similar to the
one hypothesized for an increase in TOC: the \averaged" impedance coraist would increase, resulting in a
larger negative amplitude trough. This line of thinking is not de niti ve evidence that open fractures within
the Niobrara B Chalk cause this relationship observed in seismic amplides, however. There are numerous
other factors (including changes in TOC content) that can also cause chages in RMS amplitudes. Based
on the identi cation of stronger relationships that are more well-constrained identi ed using the inversion

results, we did not include a nal interpretation of the relationshi ps identi ed for the Niobrara here.
5.1.2 Parameters that correlate with RMS amplitude: Codell

The parameter that showed the strongest relationship with RMS amplitude from the parameters
measured and/or computed along the Codell ber well was the fraction of chy (though the R? value was
only 0.22, which is relatively weak). There was also a weak correlation wit non-cemented fractures along
the well, but as discussed in Chapter 4, we know that the natural fractire density along the Codell ber
well is related to the landing zone of the well from the steering analgis performed by Chad Taylor,
speci cally that stages 24-46 are in the deeper, higher quality pay zone ith higher resistivity that also has
a smaller percentage of clay compared to the shallower, lower qualitpay zone. This indicates that the
changes in parameters along the Codell ber well could be more relatedat vertical changes in these
properties, as opposed to lateral changes.

On the other hand, though the R? value is relatively low, visual inspection of the parameter values dr
the di erent stage locations in Figure 5.5 show that the low-frequercy trend in the shale/clay fraction
aligns well with the RMS amplitude trends. The previously stated hypothesis was that changes in the well
log properties are potentially related to vertical as opposed to lateral ariability in the Codell, but perhaps
this relationship indicates otherwise. Increased clay content irtight sandstone formations can ultimately
lower the acoustic impedance resulting from a decrease in the P-wa velocity of the rock [67]. Referring
back to Figure 5.4, we can see that the Codell re ector corresponds to arbugh in seismic amplitudes.
Therefore, if the impedance of the Codell is decreased due to an irease in clay content, then this would
result in an increase in the magnitude of the re ection coe cient, t hus corresponding to overall higher

RMS amplitude values.
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Figure 5.5 (Left) A cross-plot of Shale (or V Clay) fraction vs. RMS amplitudes extracted along the Codell
ber well. Though the R? value is relatively low (0.22), the low-frequency trend of the shaldfraction in in
the plot at the left follows closely with the trend in RMS amplitude s. This could be indicative of an
underlying relationship between the two, with the implication th at RMS amplitudes may be sensitive to
thicker pay zones in the Codell formation.

This observation at least does not rule out the possibility that the charges in properties observed along
the Codell ber well do not only re ect vertical changes in the Codell sandstone, but also re ect lateral
changes along the well location. While it may be the case that the centeof the lateral was relatively
deeper, there could still be an overall thicker pay zone at that loation relative to the heel-ward and
toe-ward portions of the well. Furthermore, this analysis indicatesthat seismic amplitudes may be sensitive
to such lateral changes in the thickness of the Codell pay zone. If ik is the case, it provides an approach
for mapping higher quality zones of the Codell sandstone across the CB @tly area seismic volume,
ultimately providing the basis for landing zone and completions recormendations to be made.

Since a potential relationship between RMS amplitudes and clay corgnt was identi ed for the Codell
formation, additional modeling was performed to identify whether tuning may also contribute to changes in
RMS amplitudes at the Codell horizon before making de nitive conclusions about the validity of this
relationship. Figure 5.6 shows a tuning analysis for the Codell horian. The plot at the top of the gure
shows the wedge model constructed, where the half-space above tGedell was populated with average
property values, P-velocity (V,), S-velocity (Vs), and density ( ), for the overlying Ft. Hays formation, and
the half-space below the Codell was populated with average propertyalues for the underlying Carlile
shale. Thickness of the Codell increases from left to right, wher¢he top of the Codell horizon is indicated
by the horizontal blue line, and the bottom of the horizon is indicated by the red line. Relative amplitudes
are shown in blue and red along each trace. Note that there is not a clear rection for the underlying

Carlile shale, as the contrast in property values between the Codeldnd Carlile Shale is not signi cant.
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Figure 5.6 Tuning analysis performed for the Codell sandstone formationCode used to generate gures
modi ed from Hamlyn [7].

The plot at the middle of the gure shows the amplitude changes along thehorizontal blue line in the
wedge model. Three dashed lines are plotted indicating the minimon, average, and maximum thickness of
the Codell observed from both vertical and horizontal wells within our 16 sq mi study area. The range in
thicknesses observed in the Codell is relatively small{ 2 meters,< 6 feet). This may lead to the
assumption that changes in thickness are small enough that they would not &ve a signi cant impact on
seismic amplitudes.

This is a safe assumption in cases when geologic units fall above seisruiaing, since the amplitude
along the top of a seismic re ector would be consistent for thicknesseabove seismic tuning (holding all
other variables constant); however, the impact of thickness variatiors on seismic amplitudes becomes more

complicated when units are thinner than seismic resolution. Speaially, rapid changes in amplitudes may
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change for small changes in thicknesses.

In our area, the total thickness of the Codell is well below vertical gismic resolution, averaging about
5.5 meters (18 feet) thick while seismic resolution was found to be aund 27 meters (90 feet). Therefore,
we have the potential to observe relatively large changes in RMS amplitdes that may arise from even our
relatively small changes in the total thickness of the Codell.

To investigate this possibility, the percent di erence was compued between the amplitudes at the
interface for the largest and smallest observed thicknesses of theo@ell. As indicated by the plot at the
bottom of the gure, there was only a 0.3% (0.003) di erence in these amplitudes. This di erence is small,
particularly when compared to the percent di erence observed in he RMS amplitudes observed at the
Codell horizon in our seismic data, which was found to be 95%.

Though our observed thicknesses still fall in an overall area with a step gradient in the tuning curve,
the small contrast in properties between the Codell and Carlile redice the e ect of tuning, since there is
not a strong re ection at the Codell-Carlile interface. Overall we conclude that changes in RMS amplitudes
at the Codell horizon are likely not due to changes in thickness of the nit, and therefore may be more
re ective of changes in underlying rock properties, like clay cotent.

Uncertainty in this analysis exists since many of the units in this ara fall below seismic resolution.
Therefore, more sophisticated modeling is recommended to evaluaterious scenarios of relative thicknesses
of the di erent units in the area to better understand its impact on observed seismic amplitudes.
Furthermore, clay content may not be the only factor contributing to di erences in RMS amplitudes.

These uncertainties are ultimately why well control was used to subtantiate this relationship (through
the comparison of the Codell net-to-gross isopach computed by Chad Taylyralong with observed

microseismic events in the Codell formation, which will be evaluagd further in Chapter 6.
5.2 Prestack AVA inversion

Given the constraints of our input data and the inherent uncertainties associated with the inversion
methodology, a careful evaluation of various inversion tests was made befrselecting the nal parameters
used in the inversion of the full data volume. This section will exdicitly address these limitations and will
detail each of the scenarios tested. The tests performed in this workre in no way exhaustive; countless
other cases could have been evaluated to determine optimal inputs fahe inversion. Nonetheless, this
exercise serves as a good reminder of the various uncertainties asstted with inverting seismic data while
also highlighting the numerous decisions required during the ingrsion process. Overall, each choice made
about the input data and input parameters impacts the nal inversion re sult; thus, a certain level of care

should be taken to evaluate the e ect of various parameters on the inveiien result before selecting the nal
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parameters to use as input to the inversion.
5.2.1 Input data

The CB study area volume will be used as input to prestack amplitudevariation with angle (AVA)
seismic inversion. As discussed in Chapter 2, this is the volume fowhich we are most con dent that the
changes in seismic amplitudes are least a ected by the seismic pressing steps applied. As was also
discussed, the format of this data will not allow for azimuthal-based amlyses to be performed; the angle
stacks provided were summed over all azimuths. With that being sal, the four angle stacks that we were
provided with can be used for joint AVA inversion using HampsonRuss# software.

The four angle stacks used in this analysis will be referenced by tliecentral angle (stack 11, stack 21,
stack 31, and stack 41). Each contains a 10-degree angle range, that is, 5-15 degremsstack 11, 15-25 for
stack 21, 25-35 for stack 31, and 35-45 for stack 41. A plot showing each angle stack at theference inline

and crossline locations of the Pilot well (white vertical lines) is $iown in Figure 5.7.

Figure 5.7 Panels showing comparisons between the four angle stacks fdret inline and crossline locations
of the Pilot well (indicated by the vertical white-dashed line).

One observation from Figure 5.7 is that angle stack 11 is noisier, which iskely due to the fact that

these angle stacks were generated using equal angle ranges, as opposed tgearthat resulted in equal fold
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across all stacks. This was not determined to be a major issue, howaveAnother observation is that the
amplitudes seem to decrease along horizons for increasing angle. Thie& will also be observed later on
when wavelets are extracted from each of the angle stacks, and so warrangsbrief explanation.

As incidence angle increases, the cosine of the displacement vectorthe corresponding receiver
decreases. This e ectively decreases the vertical component of ¢hdisplacement as incidence angle
increases with o set (angle). Furthermore, the overall AVA trend i s a decrease in amplitude with increasing
angle. A schematic displaying this e ect is shown in Figure 5.8. Note he perpendicular arrows above the
receiver locations corresponding to relative magnitudes of the veital and horizontal components of the

displacement.

Figure 5.8 A schematic displaying the e ect on the vertical displaement with increasing incidence angles,
denoted by ;1 4. As incidence angle increases, the vertical displacement vector deases, which
accounts for a portion of the observed decrease in amplitudes for the far afe stacks in Figure 5.7. Source
locations are denoted by the letter S, while receiver locations areehoted byt the letter R.

In the HampsonRussell software documentation, it is not recommendedd invert for density unless the
maximum angle of the input data is greater than 45 degrees. Since our maxiom angle is below this
recommended value, we are not con dent that density can be reasonably &mated from our inversion.
This will ultimately impact the nature of the post-inversion analyses and interpretations performed, which
will be discussed in Section 5.3.

Another important dataset necessary for seismic inversion is well dataSince the targets of this
inversion are P-impedance Z;), S-impedance ), and density ( ) (though, as discussed, an accurate
density inversion is likely not feasible), only wells in which these quantities were measured can be
considered for inversion analysis. A best-practice work ow is to hae wells that will be used to constrain

the inversion (e.g., using such wells to create creation low-fragency background models or generating
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cross-plots to derive values that parameterize the inversion formwltion) and wells that are withheld from
the inversion, or blind wells that can be used to evaluate the quality of the inversion result awayfrom
direct well control.

In our case, there is only one well with the necessary logs within the dundaries of the CB study area
volume which is the vertical pilot well drilled by HPR in 2018. The only ot her available vertical wells with
velocity and density logs are just outside our seismic survey bound#s to the northeast. As a result, it is
not possible to have both a test well integrated into the inversion am a blind well for QC purposes. This
will impact our decision when comparing various inversion scenarios bere applying one to the entire
volume. Speci cally, trade-o s of whether to minimize the error between the parameters estimates and log
data or minimize the error between the predicted and observed seisic data will be considered. Further

discussion of these decisions are outlined in the following sectisn
5.2.2 Wavelet comparison

The process of selecting a wavelet, though perhaps not always treateas such, is an extremely
important step in seismic inversion. Two of the main factors to consié&r when selecting a wavelet for
seismic inversion include adequately representing the phase ofi¢ seismic data and accounting for wavelet
di erences across volumes used in joint inversions. Additional consierations include the possibility to have
wavelets with spatial and/or temporal dependence, which are not desid as one hopes that lateral
amplitude variations are re ective of underlying geology. We assume our avelets to be temporally and
spatially constant, so these considerations will not be explicitly adiressed in the analyses performed in this
work.

When seismic data undergoes processing, there is a potential to &lt the phase of the data. Seismic
volumes are typically processed to be zero-phase, so if unintendghase alterations do occur during
processing, these can be addressed and the data can be converted toozphase before delivering any nal
data products. When this is the case, the assumption of a zero-phasgavelet for inversion is justi ed;
however, as discussed in 2.1.2, there was no clear indication that our datvolumes were processed to be
zero-phase. In fact, for the volumes that underwent post-stack enharements, it was found based on well
ties across the area that a phase shift of -120 degrees resulted in an azge wavelet phase of zero for the
regional survey (though the volume was delivered without this shift applied). Although the volume being
used in our inversion (CB study area volume) was not subject to the sam post-stack processing steps,
without an explicit evaluation of the data phase, there is still a potertial that using a zero-phase wavelet
may not be optimal. To address this possibility, a variety of wavelets were used to perform prestack

inversion at our control well to test which would be ideal to use when aplying the inversion work ow to

120



the entire seismic volume.

Since the seismic volumes were not explicitly processed to bem-phase, the rst wavelets extracted
were used to evaluate the phase of each angle stack. This evaluation was f@med using a \hybrid"
statistical-deterministic wavelet extraction method in HampsonRussell, which is listed as the\Constant
Phase" option under the Extract Wavelet Using Wells process. The process begins with the typical
extraction of a zero-phase statistical wavelet, but includes an addibnal deterministic-like step of scanning
through various phase rotations to minimize the error between the synhetic well trace (created using the
wavelet in question) and the seismic data trace at the well location.This process is performed for each
angle stack, and the resulting optimal phase shifts are then applied tdhe extracted zero-phase statistical
wavelets.

A clari cation should be made, as | will refer to the wavelets generata from this method for each angle
stack as the \Constant Phase" wavelet group, but this is merely a re edion of the process used to generate
them and does not imply that the phases across each wavelet are equal to ®@mnother. In fact, the
summary of the resulting optimal phase rotations determined using ths method is shown in Table 5.1

shows that the opposite is true.

Table 5.1 Optimal wavelet phase determined for each angle stack usincghé Extract Wavelet Using Wells
process in HampsonRussell.

Seismic Volume Extracted Wavelet Phase
Stack 11 0 degrees
Stack 21 -16 degrees
Stack 31 -43 degrees
Stack 41 -54 degrees

The rst thing to note about these results is that the phases of the angk stacks are di erent. The
second thing to note is that, particularly for the far angles (31 and 41), thewavelets extracted deviate
signi cantly from zero-phase while the near angles (11 and 21) are either ze-phase or roughly zero-phase.
The observation of wavelets close to zero-phase for the near angles indte that the -120 degree phase shift
identi ed for the regional survey likely arises from the post-stack enhancements applied, since we do not
observe a similar magnitude wavelet shift. With that being said, wavelets for the far angle stacks deviate
from zero-phase. The exact cause of this variation between angle stack phessis di cult to identify. The
nature of the processing steps applied, the natural variation in seigic response at di erent incidence
angles, and the nature of the wavelet extraction process can all in ueoe this result.

The uncertainty in the Constant Phase wavelet extraction processm HampsonRussell comes from the

fact that the error associated with each phase tested in the algorithm canot be directly evaluated. For
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example, it could be the case that there are various phases that generategood match between the
synthetic trace at the well and the corresponding seismic trace; hwever, the phase that ultimately
minimizes the mis t will be chosen by the algorithm. Applying this line of thinking to our scenario, this
means that a phase closer to zero could generate a good t for the traces ahé well location from our far
angle stacks, despite a larger negative phase shift ultimately givinghe \best" result. Such a nding could
provide more con dence in the consistency of the data volumes; hower, in order to explicitly evaluate the
mis t for each phase tested, the process would have to be replicateexternal to the HampsonRussell
software which is outside the scope of this work.

Though uncertainty exists about the underlying cause of the di erences observed, the signi cant
di erences in optimal wavelet phases for each angle stack raises quésts. The data used to create each
angle stack had the same processing applied, the wavelets were extted from the same time interval, and
the synthetic generated at the control well was compared at the same saisc trace for each stack. Some
minor variation in phase can be expected in such an analysis, but the largeariability observed warranted
additional tests to determine which phase rotation would be optimal for inversion.

To test this, ve wavelet groups were created. A wavelet group congsts of four extracted wavelets, each
of which corresponds to one of the four angle stacks. These ve groups are@hn in both time and

frequency domain in Figure 5.9.

Figure 5.9 A comparison of the ve wavelet groups generated to be used asput into inversion analysis at
the Pilot well location. The top row shows the wavelets in time wheeas the bottom row shows the
frequency content of each wavelet for each group. Group (A) representsero-phase statistical wavelets
extracted for each angle stack; the resulting wavelets were then rated to create groups (B), (C), and (D).
Group (E) was extracted using an entirely di erent process, whid is referred to as \Constant Phase"
under the Extract wavelet using wellsoption in HampsonRussell. These display strange amplitude
character, which raises questions about the methodology.

The rst group shown in Figure 5.9(A) contains four zero-phase statistical wavelets extracted for each

angle stack. Groups (B), (C), and (D) were generated by applying variougphase shifts to the original
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zero-phase wavelets in Figure 5.9(A). The -18 degree phase shift was detined by evaluating the phase of
an \average" wavelet created from the Constant Phase wavelets in group ([Eusing a process in
HampsonRussell, while the 45 and 90 degree phase shifts were chosen tovide su cient variety in the

test cases. Finally, Figure 5.9(E) shows the constant phase waveleextracted using the previously
described \hybrid" process in HampsonRussell. Each of these ve weelet groups were then used in an
inversion analysis at our pilot well location, keeping all other input parameters constant so that
comparisons could be made.

Before evaluating the inversion tests using these wavelet groupsne feature worth noting in Figure 5.9
is that the relative amplitudes of the wavelets associated with eachangle stack are di erent. For each
group, we see that the amplitude is lowest for stack 41, and generally inelases with decreasing angle. The
one exception is that the amplitudes of wavelets extracted from stackl1 are slightly lower than those
extracted from stack 21. The general increase in wavelet amplitude wit decreasing incidence angle is
related to the previous discussion illustrated by Figure 5.8; as thericidence angle increases, the vertical
component of the displacement at the corresponding receiver decreas The e ect is that seismic
amplitudes of far angle stacks typically have relatively lower seisrit amplitudes than near angle stacks for
the same re ectors when measured by a vertical-component receivefThis relationship is clearly present in
the wavelets extracted from our angle stacks; however, as aforementied, stack 11 slightly deviates from
this trend.

One observation related to the relative amplitudes that is of concern $ that we see large di erences in
the relative amplitudes of the near angle stacks (11 and 21) compared with tb far angle stacks (31 and 41)
for the Constant Phase wavelets. These di erences are signi cantijarger than what can be explained by
the expected variability in incidence angle, as described above. fiis observation, coupled with the previous
observation of the large variations in phase between the wavelets in tlsigroup, make it di cult to justify
the use of these wavelets for inversion since the underlying caef these variations is not fully understood.
With that being said, this wavelet group was still used in the inversion analyses tested at our well location
in order to compare the results with the other cases.

Figure 5.10 shows the results of the prestack inversion analysis permed for each wavelet group at our
control well. The Z,, Zs, and low-frequency (LF) background models, original well logs, and inverte
well logs are plotted for each case. The top of the Niobrara formation, which ighe top of the reservoir

interval, is also displayed for reference. The error and data mis tare recorded for each case in Table 5.2.
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Figure 5.10 Inversion analysis results for the Pilot well location usig the ve de ned wavelet groups.
Groups (A), (B), and (E) generally place the large impedance swings at theop of the Niobrara at the
appropriate depth, though none of the models are able to capture that absolie magnitude of this swing.

Table 5.2 Comparison of data error and seismic correlation for ve inversioncases using di erent groups of
wavelets as input.

Wavelet Group Zy, Error Zs Error Error Seismic Correlation Seismic Error
Statistical 0-Phase | 1620.84 1102.35 0.0389 0.9848 0.1746
Statistical -18 Deg | 1662.55 1127.88 0.0396 0.9849 0.1744
Statistical 45 Deg 2123.75 1518.65 0.0379 0.9846 0.1762
Statistical 90 Deg 2841.37 2084.20 0.0385 0.9848 0.1752
Constant Phase 1781.69 1306.27 0.0406 0.9737 0.2319
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There were four main factors considered when determining which waelets generated the optimal
inversion results: 1) the visual match between the original and inveted well logs, 2) the error between the
original and inverted well logs, 3) the error and correlation between the gnthetic trace and seismic trace at
the well location, and 4) the physical plausibility of the wavelets used in the inversion test. Visually, the
components that were most important were matching the location (inTWT) of the large swing inZ, and
Zs at the top of the reservoir interval and matching the magnitude of the swing at the reservoir top. Based
on these criteria, from Figure 5.10 it is clear that wavelet groups (C) and(D) are the poorest matches.
These phase rotations result in the swings irZ, and Zs being predicted at a larger two-way-time (TWT)
than the actual reservoir top. With the additional observation that these wavelets result in the largest
errors in Z, and Zs, we can eliminate these as candidates for input into the full data inersion. Wavelet
groups (A), (B), and (E) generate the best visual matches between the okerved and inverted data, all
predicting the location of the reservoir top at the appropriate TW T, with the exception of a slight
over-prediction in the Zg curve for group (E). Despite the slight error in the location of the reservoir top,
group (E) actually meets the second visual criterion better than casegA) and (B) for Zg; that is, the
magnitude of the swing and the actual values oZs are most closely aligned at the reservoir interval for
group (E).

Overall, wavelet groups (A), (B), and (E) are visually the best candidates to use as input to the
inversion, with perhaps a slight inclination toward group (E). Upon fur ther examination of Table 5.2,
however, we can see that the Constant Phase wavelet group (E) generatessults with higher error in all
cases, and lower correlation with the seismic data at the well locationThis observation, along with the
concerns discussed previously regarding this wavelet group (inpkicable variations in wavelet phase and
amplitudes across angle stack volumes) leads us to rule out the use of thivavelet group. That leaves us
with group (A), the statistical 0-phase wavelets, and group (B), the statistical -18 degree wavelets as the
potential candidates for our seismic inversion. The error and correlatn values between these two wavelet
cases did not di er enough to make a clear choice from this evaluation, so atitional cases were tested in
which we compared two di erent low-frequency background modelswhich will be discussed in the

following section.
5.2.3 Low-frequency background model comparison

In the linearized inversion formulation as de ned in Section 1.5.1, theright side of Equation 1.4 dictates
the the magnitude of perturbations in each model parameter from a refegnce model. In the context of our
problem, the covariance matrix, C,, along with the damping parameter, 4 (referred to as pre-whitening

in HampsonRussell), control how farZ,, Zs, and may vary from the low-frequency (LF) background
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models of each. ThoughC,, and 4 are arguably the most important parameters in determining the model
updates; these updates are ultimately made to the initial background nodel. Therefore, the LF background
models used as input have the potential to signi cantly in uence the output of the inversion. If the starting
model doesn't capture certain elements of the data, or ifC,, and 4 don't allow for large variations from
this input model, these elements of the data will not be able to be eproduced by the inversion.

With that being said, two sets of LF background models were generated foZ,, Zs, and to evaluate
which would produce the most favorable inversion result. These tw sets of models were generated by
low-pass lItering the Pilot well logs using two di erent cuto fre quencies, 81z and 12Hz. The 8Hz cuto
frequency was based on a default value while the 2z cuto was chosen because 13z is the low-cut
frequency of our input seismic volume. The general idea behind cating a LF background model is to
supplement the lower frequencies that were not captured due tohe limitations of seismic acquisition; from
that standpoint, it is potentially more justi able to use 12 Hz as the cuto for the LF background models
since this is the lowest frequency in our seismic data. However, avstill wanted to compare the results of
the 8 and 1Hz models before making this decision.

In Section 5.2.2, it was determined that wavelet groups (A) and (B) produced the most favorable
inversion results. These correspond to the group of statistical 0-phaswavelets and the group of statistical
wavelets with a -18 degree phase shift. Each of these wavelet groupere tested with both sets of LF
background models as input to inversion, which resulted in four tescases for comparison. The results of
this comparison are shown in Figure 5.11 and Figure 5.12, with the corresporiilg errors and correlations

summarized in Table 5.3.

Table 5.3 Comparison of data error and seismic correlation for four inversiortases, where two sets of
wavelets and low-frequency (LF) background models were used as inp

Test Case Z, Error Zs Error Error Seismic Correlation Seismic Error
0-Phase, 8Hz LF 1620.84 1102.35 0.0389 0.9848 0.1746
0-Phase, 12Hz LF| 1560.97 1073.43 0.0325 0.9838 0.1801
-18 Deg, 8Hz LF 1662.55 1127.88 0.0396 0.9849 0.1744
-18 Deg, 12Hz LF| 1586.07 1077.99 0.0336 0.9827 0.1803

Three of the four criteria for evaluating the quality of the inversion results used to compare the wavelet
groups are also used here. That is, the visual match between the originand inverted well logs, the error
between the original and inverted well logs, and the error and correlatiorbetween the synthetic trace and
seismic trace at the well location will be used to determine the masfavorable wavelets and LF background
models to use as input to inversion on the full data volume. From Figue 5.11, the visual di erences

between each test case are not as signi cant as those from the Figure 5.10;\Wever, there are some notable
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features within the cyan lines highlighted on the well logs.

Figure 5.11 Inversion analysis results using wavelet groups (A) and (BJor two di erent low-frequency
background models. By increasing the low-frequency background madi to 12Hz, this allowed for an
increased match of values above the Niobrara horizon (indicated by the hdarontal cyan lines), but did not
necessarily result in an overall better estimation of the absolute magitude of the swings in impedance.
Note the increased match in density () for both 12Hz models, however.

The rst thing to note is the di erence between the two background models, which are plotted as
black-dashed lines in each subplot. As previously discussed, one dfe important visual parameters to

evaluate is the match between the magnitudes of the large swings i, and Zs at the top of the reservoir

127



interval in the original and inverted logs. What we can see from the two s&s of LF background models for
Z, and Z; is that the 12Hz model more closely matches the large swings in these parameters withthe
region de ned by the horizontal cyan lines. This results in the inverted log values for these two parameters
to more closely align in the area above the top of the Niobrara in both 1Riz model cases, though it
doesn't necessarily improve the quality of the match between themagnitudes of the swings inZ, and Zs at
the Niobrara top for the original and inverted logs. Between the two wavekt cases, it seems that the
statistical 0-phase wavelet group more closely matches the magnitude ohe swings at the reservoir top.
With that being said, the visual inspection of the logs does not ultimately provide clear justi cation to

make a nal choice between either the LF background models or the two rmaining wavelet groups. As
such, the resulting errors and correlations of each inversion test caswere compared to one another in order

to make a nal determination of the optimal inputs to the inversion.

Figure 5.12 Comparison of the correlation and error between the predictedmplitudes from the resulting
inverted parameters and the observed seismic amplitudes at the wielocation. Note that the error, though
lower for both 12Hz LF background models does not vary signi cantly; this highlights the non-uniqueness
of the inversion formulation, that multiple underlying property di stributions can produce similar

re ectivites and ultimately, seismic amplitude traces.

In Table 5.3, we can see that the cases using the Hz LF models result in lower errors inZ, Zs, and
than the 8Hz LF model cases, with the test case using the 0-phase statistical walet ultimately having the
lowest overall errors in these parameters. Despite having loweerrors in the predicted well logs, the 1z
LF model cases actually result in higher seismic data error and loweseismic data correlation than the
corresponding 8z LF model cases. Therefore, the decision between theH% and 12Hz LF models is
ultimately a decision whether to prioritize tting the seismic data or well log data.

There are no governing rules of thumb for making this decision, as it depends on the goals of the
inversion in question. One of the main things to consider in our scendo is that we will not have any blind
wells to perform quality control on the inversion results away from ou input well; however, the ultimate
goal of the inversion is to use the properties output from the inversionto interpret the changes inZp, Zs,

and across our study area. An important characteristic of this inversion probkem is that it is non-unique,
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meaning that numerous combinations ofZ,, Zs, and can produce nearly identical seismic responses. We
clearly see this in the seismic data correlation and seismic data eor values from our inversion tests;
overall, these values do not vary signi cantly from one another even thogh the characteristics of the
inverted well logs do. With these considerations in mind, to make a ral selection of the LF background
models and wavelets to use, we will choose to prioritize tting the well log data at the expense of larger
seismic data mist.

Based on this prioritization, the 12Hz LF background models will be used as input, which leaves us
with the nal decision of choosing which group of wavelets to use. Bateen the remaining test cases
(0-Phase, 12Hz LF and -18 Deg, 12Hz LF), the 0-phase statistical wavelet group pragtes the least amount
of error and a slightly higher seismic correlation. Therefore, this grop of wavelets will be used as input to
the prestack AVA inversion on the entire seismic volume in HampsonRasell. This choice of wavelets,
though it does not necessarily verify that our seismic volumes are ineled zero-phase, is more justi able
than having wavelets with signi cantly di erent phases and amplit udes for each angle stack volume, not to
mention that zero-phase statistical wavelets are commonly used as ingifor seismic inversion. That, in
combination with the justi cation that our 12 Hz LF background models are re ective of the low-cut
frequency of our seismic data, provide enough con dence to proceedit the inversion of our entire data

volumes with these input parameters.
5.2.4 Final inversion input parameters

The main parameters tested and compared for the inversion have been stiussed, which were the input
wavelets and LF background models. There are various other test casesdhcould be performed on the
remaining input parameters to the inversion; however, one of the deisions that has to be made when
performing seismic inversion is which parameters are the most imp¢ant ones to compare given time
constraints.

With that being said, we used the typical work ow and default values in HampsonRussell for the other
inputs to our inversion of the whole data volume. These included coariance terms forZ,, Zs, and , a
prewhitening term, and the number of iterations. A summary of our input parameters are shown in
Table 5.4.

The covariance and prewhitening terms come from the inversion formiation itself, where each of the
covariance terms represents the values in the covariance matrixC ,, and the prewhitening term represents
the damping parameter, 4. Refer to Section 1.5 for a detailed discussion of the inversion forntation. For
our purposes, it is important to highlight that the multiplication of th e covariance matrix with the

damping term ultimately dictates how far Z,, Zs, and can vary from their respective background models.
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Table 5.4 Input parameters for AVA prestack inversion in HampsonRussél

Parameter Value
In(Z,) Covariance Term | 0.0966
In(Zs) Covariance Term | 0.0359
In( ) Covariance Term | 0.0192

Prewhitening (%) 1.0

Number of iterations 25

For instance, if the prewhitening (damping) term decreases, it albws for the inversion parameters to
deviate further from the reference model. The prewhitening valie is consistent acrosZ,, Zs, and ,
meaning that adjusting this value would a ect the inversion outputs of each. On the other hand, the
covariance terms allow for the deviation from the LF background to be adjused for each parameter
individually; so if we were comfortable with our inversion resultsfor Z, and Zs but wanted to increase the
match for , we could increase the covariance term for which would allow the inverted values to deviate
further from the LF density background model without impacting the i nverted values forZ, and Zs. Some
tests were performed on this to see if we could more e ectively mate the large swing in impedance values
at the Niobrara top, but the issue is that adjusting these parameters ircreases the amount of deviation
from the LF allowed across the entire well, not speci c intervals. Inthese test cases, the additional
deviation from the LF background models for inverted Z, and Zs did not signi cantly alter the match at
the top of the Niobrara, and thus, we kept the parameters determined by he HampsonRussell work ow;
how these parameters are determined will now be discussed.

Since the covariance terms dictate how far each inverted parameteran deviate from the reference
model at each iteration of the inversion, one approach to determine reasa@lle values of each is to evaluate
the variation in the underlying Z,, Zs, and distributions of the data, more speci cally, of the well data.
This is a generalized description of the approach used in HampsonRuskeh practice, the covariance term
for Z, is determined from the distribution of In(Z,) values, and the covariance terms foiZs and are
determined based on cross-plots of Irf) with In( Zs) and In( ).

These cross-plots were discussed in Section 1.5.1 in relation to tlEssumptions underpinning the
inversion formulation and are shown in Figure 1.12. For determination of coariance values speci cally, the
deviation from the linear relationship (indicated by the red lines in the gure) are used, which is why in
they are listed as In( Zs) and In( ) in Table 5.4. It is important to note that a strong linear
relationship exists between In¢,) and In(Zs), with little deviation from this. As a result, we largely expect
these inverted parameters to follow a similar linear trend. While the density values deviate from a linear

trend, density is not expected to be reasonably predicted, and sohis observation will not in uence our
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results. The prewhitening percentage and number of iterations wer kept as defaults.
5.3 Post-inversion analysis

The input data, wavelets, and inversion parameters discussed in th previous sections were used for
prestack AVA inversion on the full volume within a time window that contained the reservoir intervals.
This resulted in ve output volumes: 1) inverted Z,, 2) inverted Zg, 3) inverted , 4) synthetic (predicted)
data generated using the inverted volumes, and 5) mis t showing thedi erence between the observed and
predicted seismic data. These outputs were used in two main capadis.

The rst use of these parameters was as a quality control (QC) tool. Sine only one vertical well
containing the logs necessary for input and/or validation with the inversion parameters is present in our
study area, we did not have a blind well for which to independentlyevaluate the predictions of our inverted
results away from the input well. As such, the approach to QC was a dierent than what is typically done.
Cross-plots of elastic parameters from the Pilot well were compared wit corresponding cross plots of the
predicted parameters from the inversion to evaluate the extent to vhich the distribution of properties
re ected the distribution of properties in the various geologic units in our dataset. Additionally, data mis t
was brie y evaluated to see the error in the predicted seismic volme. A more in-depth evaluation of the
data mist is a proposed direction of future work.

The second use of these parameters was to determine relationshipstiveen the inverted outputs and
underlying geologic properties so that such meaningful interpretatbns of the inverted results could be
made across both the Niobrara B Chalk and Codell horizons. This was done in # same way as the
method used for RMS amplitudes in 5.1, where high-resolution geocheinal and geologic parameters along
the two ber wells (one in the Codell and one in the B Chalk) were usal to create cross-plots; in this case,
such cross-plots will now be made using our inverted parameters.

Overall, this analysis resulted in the identi cation of parameters that were resolved in the Niobrara
formation that related to underlying reservoir composition and fracture properties. Further discussion of

why we did not use inversion outputs for nal analysis of the Codell formation is given in Section 5.3.4.
5.3.1 Elastic property selection

As previously discussed, density is not expected to be reasonablygdicted when the maximum input
angle to the inversion is less than 45 degrees. Our maximum input angleag 41 degrees, and therefore we
do not expect to get an accurate density inversion (HampsonRussell saflare recommends at least 45
degrees). This rules out the possibility of evaluating some commonly sed elastic parameters, like Young's

modulus, since the calculation of this parameter requires densityWith that being said, there are other
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elastic parameters that do not require density as an input to their catulation, but rather rely solely on
relationships betweenZ, and Zs. Such parameters will be the primary focus of our post-inversion analgis.
The rst such parameter is Poisson's ratio. In terms of our inversion oufputs Z, and Zs, Poisson's ratio

( ) can be de ned as:

Zp 2
Zs
= (5.1)
2 22 2

In general, Poisson's ratio can be used as a uid type indicator; howewe resolving changes in uid type in
unconventional reservoirs is not typically as straightforward as it is in conventional reservoirs. This is
particularly the case when evaluating thin, low porosity reservoir wnits like the ones we are dealing with.
Fortunately, additional relationships exist between reservoir petophysical properties and Poisson's ratio
that can be useful in identifying changes in reservoir characterigts that may have more relevance in
unconventional reservoir characterization. As outlined by Li and Zhao [68],changes in petrophysical

properties that result in an increase in Poisson's ratio are as follows:
~ a decrease in quartz content,
~ an increase in shale content,
" a decrease in con ning pressure, and
" an increase in temperature.

As the list indicates, a number of changes in underlying reservoir pperties can result in an increase in
Poisson's ratio; thus, if we observe di erences in Poisson's ratio aciss our reservoir units, it may be
di cult to identify the underlying causes of these di erences . With that being said, integration of our
computed Poisson's ratio values with other datasets (e.g., geochemisf) collected along horizontals wells in
the Chalk Blu study area can help constrain some of these underlyingchanges.

The second two parameters are lambda-rho ( ) and mu-rho (), which are related to Lane's
parameters, and . As Goodway et al. [39] showed, and can be computed solely usingZ, and Zs,

and are de ned as follows:

=zr 2z% (5.2)

=z2 (5.3)
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Also shown by Goodway et al. [39], the bene t of using such parametergxtends beyond being able to be
computed \independently" of density; cross-plots between and  can be more e ective in distinguishing
between lithology and uid e ects as opposed to the more commonly used @ss-plots ofZ, and Zs. Again,
uid changes may not have the same e ect on these parameters in an uncomntional reservoir; however,
cross-plots of and have also been useful in distinguishing clay fractions in the Baratt shale [69].
Using Equations 5.1, 5.2, and 5.3,, ,and were rst computed from our pilot well logs.
Cross-plots ofZ, vs. Zs, vs. ,andZ, vs. were then compared to evaluate the e ectiveness of these
parameters for distinguishing between geologic units in our well data. e resulting cross-plots are shown

in Figure 5.13 with the color of the points corresponding to the geologic uris within our target interval.

Figure 5.13 Cross-plots ofZ, vs. Zs, vs. ,andZ, vs. for the Pilot well. Points are colored by
respective formation.

We can immediately see that the cross-plot oZ, vs. Zs has a strong linear trend,; this is not surprising
as we saw a similar result in plots of InZ,) with In( Zs) and In( ) in Figure 1.12. There is some separation
of the Sharon Springs interval, indicated by the cluster of black point in the lower-left corner of the plot,
along with the Ft. Hays interval, indicated by the orange points in the upper-right corner; however, our
main target intervals, the Niobrara B Chalk and Codell sandstone, are tighty clustered in the center. This
lack of separation would make it di cult to use the relationship between Z, and Zs to distinguish between
these units in our inverted volumes.

On the other hand, the plot of  vs. in the center of Figure 5.13 shows a wider spread in the
clusters. The Codell, plotted in red, now appears more separated &m the cluster of the Niobrara chalks
and marls in the center of the plot. Similarly, the plot of Z, vs. on the right side of Figure 5.13 shows
better separation of the Codell as compared with the cross-plot oZ, vs. Zs. Overall, we chose to use&Z,
vs. to try to separate between di erent geologic units in our reservoir. With that being said, and
were still used in a similar evaluation as was performed with RMS amptude values in Section 5.1;
speci cally, the values of these parameters computed from our inveien results were extracted along the
Niobrara ber well and compared with geochemistry and natural fracture measurements to identify

geologically meaningful relationships.
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5.3.2 Investigation of data mist

Before using cross-plots to predict reservoir property distribdion across the horizons in our volume, it
was important to evaluate the data mist. A major assumption of the HampsonRussell inversion
formulation is that the background trend in the reservoir interval is water-saturated clastics (refer to
Section 1.5.1 for more details). This assumption relies on relationshipthat typically hold in conventional
reservoirs which make it particularly useful for identifying anomalous uid e ects. However, choices for 3
and C, are made from the assumption that AVA anomalies in the data would present agleviations from
this background trend. Therefore, if AVA anomalies are present but donot deviate much from the assumed
linear background trend applicable for water-saturated clastics, the boices for 3 and C, may e ectively
damp out anomalies that one hopes to detect through AVA inversion.

As a result, being aware of this formulation and underlying assumptiors gives the mis t of the
predicted data the opportunity to serve as an additional attribute for i nterpretation. Speci cally, if some of
the assumptions made in the inversion algorithm used are not necessaribpplicable to all areas of the
reservoir, there could be a potential to use this to evaluate why cdgin areas may be poorly predicted by
the inversion.

To begin the analysis of data mis t, extractions from the two-way-time of the target reservoir intervals
were taken from stratal attened volumes of the original data and output mis t volumes for each of our
angle gathers (refer to Section 1.6 for more details on stratal attening). Hgure 5.14 shows the mist for
the Niobrara B Chalk and Figure 5.15 shows the mis t for the Codell. The top row of each gure displays
the original data, the middle row displays the data mis t, and the bot tom row displays the data mis t
scaled by 3 in order to make the features in the mis t easier to see;hese are displayed for each of the four
angle stacks used in the inversion.

The Niobrara B Chalk layer is below seismic resolution, but lies wihin an overall seismic amplitude
trough, though it has a positive re ection coe cient between the overlying B1 marl unit. One of the rst
observations about the observed data in the top row of Figure 5.14 is that, paticularly for stack 31 and
stack 41, there is a rectangular region of relatively higher (negative) semic amplitudes, as indicated by the
white-dashed rectangle. Not only does this feature show up in the origial data, but it is also obviously
carried through in the data mis t for stack 41. Given the geometric nature of the feature, it was unlikely
that it was caused by an underlying geologic feature.

Upon further investigation into the data acquisition, it was found that t hey were not able to originally
shoot over this area and thus, had to stitch together the original seisrt survey and a partial re-shoot in

order to cover this region. The area of the re-shoot approximately alige with this feature. Therefore, this
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anomalous feature could either correspond to some change in the reservair survey acquisition conditions
between the time of the original shoot and the re-shoot, or could indicaé some anomalies that were not
addressed in the processing ow applied to this particular versbn of the data (CB study area volume).

This explains the anomalous values in the northwest of the gure, and it b interesting that at least for

stack 41, these anomalous values were not predicted well by the invemsi. This could be due to the fact
that these amplitudes varied too far from the background model trend,and based on the covariance values,
the predicted model could not vary signi cantly enough to capture these anomalous values.

Other than this potential acquisition footprint, there are interes ting signatures in the data mis t.
Furthermore, mis t anomalies are di erent across the di erent horiz ons, which is true for both the mis t at
the Niobrara and Codell intervals, where the mist for the Codell is shown in Figure 5.15. Though the
potential bene ts of relating signatures in the data mis t have been alluded to, the in-depth evaluation of
these is outside the scope of this work. With that being said, it is siil a useful exercise to observe the data
mis t, and ultimately helped delineate the boundaries of an acquisition footprint in the northwest corner of
our data. Further evaluation of data mis t, particularly when applying t he HampsonRussell prestack AVA
algorithm in an unconventional reservoir (since assumptions made are apjgiable to water-saturated clastics

as a background trend), is suggested as an area for further research.

Figure 5.14 Visualization of the data mist at the Niobrara B Chalk horizon. The top row displays the
amplitude data at the stratal slice, the middle row shows the mis t between the predicted seismic data
using the inverted parameters and the data in the top row, and the botom row displays the same mis t
but with 3x the gain to more clearly evaluate the trends.

135



Figure 5.15 Visualization of the data mist at the Codell Sandstone horizon. The top row displays the
amplitude data at the stratal slice, the middle row shows the mis t between the predicted seismic data
using the inverted parameters and the data in the top row, and the botbom row displays the same mis t
but with 3x the gain to more clearly evaluate the trends.

5.3.3 Cross-plot evaluation of inverted parameters for inversion QC

Cross-plots ofZ, vs. using data from our Pilot well were demonstrated to e ectively distinguish
between the Sharon Springs, Niobrara, Ft. Hays, and Codell formations, tbugh it was not immediately
clear whether it would be possible to distinguish between the vanus chalk and marl benches within the
Niobrara formation using these parameters. Figure 5.16 shows the same cmplot of the units from the
Sharon Springs down through the Carlile as displayed in Figure 5.13, now ith the pink-dashed polygons
outlining the Sharon Springs, Ft. Hays, and Codell clusters. In orde to get a better idea of how the
benches within the Niobrara formation potentially break-out, the crossplot to the right of Figure 5.16
showsZ, vs. for just the Niobrara formation.

There is signi cant overlap for most of the benches in the cross-plot dr the Niobrara in Figure 5.16;
however, as indicated by the pink-dashed polygon, there is some isolah of the Niobrara B Chalk. Since
we are able to su ciently isolate both of our target reservoir units by cr oss-plotting Z, vs. , similar
cross-plots were made using the seismic inversion outpuk,, and calculated from Z, and Zs, to evaluate
the extent to which the inversion predicted similar property distributions corresponding to the identi ed

clusters for each geologic interval. Cross-plot comparisons between theell log and inverted data for the
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entire interval from the Sharon Springs through the Carlile are shown nh Figure 5.17. Figure 5.18 shows the

same comparison but for just the Niobrara intervals.

Figure 5.16 Cross-plots of P-impedance,) vs. Poisson's ratio ( ) for the Sharon Springs through the
Carlile shale (left) and for just the Niobrara formation (right), colored b y geologic unit. Distinct clusters
can be identi ed for the Sharon Springs, Ft. Hays limestone, Codell &ndstone, and Niobrara B Chalk
using these two parameters, as indicated by the pink-dashed polygons

Figure 5.17 Cross-plots of P-impedance;) vs. Poisson's ratio ( ) for computed values at the Pilot well
location (left) and parameter values output from the inversion (right) for corresponding depth/time
intervals for the Sharon Springs through the Carlile shale. In general, he distribution in these parameters
for the well data is similar to that of the inverted parameters for the seismic data, with a couple
exceptions. First, the Ft. Hays cluster characterized by higherZ, and in the well data (outlined in pink)
at the left of the gure is absent from the inverted data (corresponding region outlined in blue) in the
cross-plot at the right of the gure. This is likely due to the fact that the relatively large impedance
contrast at this thin layer was not able to be resolved by the inversion which is highlighted by the
inversion analysis in Figure 5.11, where the Ft. Hays is the high magnitud impedance anomaly directly on
top of the Codell formation. An additional observation is that the spread in the inverted parameters at the
two-way-times (TWTSs) roughly at the Codell interval (red values in the plot at the right) is much larger
than the spread in values for the Codell observed at our well location. Fis may not be an issue, but
should be taken into consideration, as our inversion analysis prioritied matching trends at the Niobrara
potentially at the expense of matching trends at other intervals.

In Figure 5.17, the corresponding cross-plot regions from the well data €ft) were highlighted in the

cross-plot of the inversion outputs (right). We can see that as in the cas of the well data clusters, there is
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some distinction between the Sharon Springs formation and the deepernits. We do see some separation
for values in the Codell region of the cross-plot; however it appears tht data points from similar
two-way-times (red points with values of that fall outside the well data range) deviate from this general
cluster region. Perhaps the most interesting observation is that thee are no points from our inversion
outputs that fall in the Ft. Hays cluster, as indicated by the blue-dashed oval. This is particularly
surprising since this cluster is very distinct in our well data cross-plot.

A clue to why we don't see any values plotting in the Ft. Hays clusterregion comes from further
evaluation of the inversion analysis at our well location with the parametes ultimately chosen as nal
inputs to prestack inversion. As a reminder, in Section 5.2.3 the 18z LF background model and
zero-phase statistical wavelet group were chosen as input to our inveion; the original and inverted logs
using these inputs at our Pilot well is shown in Figure 5.11. When we dected these inputs, one of the
priorities was to best represent the large swings irZ, and Zs at the top of the Niobrara; however, as we
can see from the predicted log o, at the Codell interval, matching the swing at the Niobrara was likely
at the expense of adequately predictingZ, at the Codell level. Not only that, but we can see the large
spike (increase) inZ, and Zs just above the Codell, which corresponds to the Ft. Hays formation. This
spike was too large to be accurately predicted by our inversion; thiobservation could explain why we are

not able to distinguish the Ft. Hays cluster in our inverted parameters on the entire volume.

Figure 5.18 Cross-plots of P-impedance4,) vs. Poisson's ratio ( ) for computed values at the Pilot well
location (left) and parameter values output from the inversion (right) for corresponding depth/time
intervals for the Niobrara formation. Each chalk and marl facies is indicated by a di erent color in the plot
at the left. corresponding regions of parameter values are circled in pk, which as indicated by well
control, corresponds to the B Chalk reservoir facies. An area of anomalous vas observed in the inversion
result but not in the well data is highlighted by the green-dashed polgon in the plot at the right.

A similar comparison was made of the cross-plotted well data values and s&hic inversion parameters
for the Niobrara formation, as shown in Figure 5.17. The parameter values for with we identi ed the

Niobrara B Chalk unit in the cross-plot of the well data are indicted by t he pink-dashed polygon in the
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cross-plot of the inverted data. What we observe is that there is not a ditinct cluster of values in our
inverted data like we observe in our well data for the Niobrara B Chalk. Not only that, but as indicated by
the green-dashed polygon, we have points in our inverted data that fall otside any trend observed in the
well. This is not necessarily an issue, as we do not expect the Niobraf Chalk and other units to be
homogeneous across the area; however, the signi cant di erence in thealues for these points warranted
additional investigation.

In order to investigate the trend indicated by the green-dashed pafgon in Figure 5.17, values withZ,
values above 37000ft=s g=ccwere clustered together and colored red, while values below this tleshold
were clustered together and colored blue, as shown in Figure 5.19. The assated map locations of each of
these points were then evaluated by plotting time slices through tke Niobrara interval and coloring the x-y

locations according to these blue and red cluster values, as shown the right side of the gure.

Figure 5.19 Investigation of the anomalous valued identi ed in Figure 5.18. Inhighlighting these values in
both the cross-plot (left) and where they show up in stratal slices (ight), we can see that many of these
anomalous values correspond to the high amplitude feature in the NW (uppeleft) portion of the CB study
area volume. This anomalous area was interpreted to be an acquisition foptint using evaluation of the
data mis t in Section 5.3.2.

In doing so, an interesting trend was revealed: most of these anomaloususiter values occur in the same
region of the data as the potential acquisition footprint identi ed in F igure 5.14. As discussed, parameter
values predicted by the inversion that fall outside of the ranges ideti ed in well control are not necessarily
an issue since we expect changes in properties to occur across theardVith that being said, due to the
fact that these anomalous parameter values also occur in the region whereewdenti ed a
geometric-looking anomaly that likely corresponds to an acquisition fogprint, we decided that it would be

best to evaluate cross-plotted values with this anomalous area removefilom all time samples. Additional

139



evaluation of seismic amplitudes and data mis t (not shown here) revaled that a similar footprint was also

observed above the Niobrara, between the Niobrara and Codell, and belowhe Codell, indicating that its

e ects were not isolated to the Niobrara B Chalk interval, which furth er supported this decision.
Fortunately, foregoing the analysis of the inverted parameters in thisregion does not signi cantly

impact the interpretations that can be made. This portion of the data overlaps with only one of the legacy

well trajectories and does not align with any of the HPR well trajectories, and therefore we will still be

able to evaluate relationships between the inverted parameters and ost of our wells in the project area.
5.3.4 Discussion

Given the limited angle ranges of our input to prestack AVA inversion (maximum angle of 41 degrees),
density could not be reliably predicted using the inversion mettodology. This ultimately impacted the
nature of the post-inversion analyses performed. Speci cally, lambd-rho ( ), mu-rho ( ), and Poisson's
ratio ( ) were the elastic parameters chosen to evaluate the inversion outpstsince they can be computed
using only Z, and Zs.

Furthermore, since additional wells containing the appropriate logs wee not available within the CB
study area survey boundary, blind well tests could not be performedor the inverted parameters. For that
reason, we took a di erent approach to QC of our inversion. This includel evaluation of data mist and
also included cross-plotting the aforementioned elastic parameterfor the Pilot well and inverted volume,
so the extent to which the inversion produced a reasonable disthution of these parameters for the various
geologic units in our data could be evaluated.

Evaluation of the data mis t led to the identi cation of an anomalous geometri ¢ feature in the
northwest corner of the CB study area survey. This was ultimately irterpreted as an acquisition footprint
from a seismic survey re-shoot over that area. The anomalous feature wdhi was further highlighted in the
cross-plot analysis for the Niobrara B Chalk, for which an anomalous cluster opoints corresponded to the
location of this feature in map-view, leading to the decision that this area of the survey would not be used
for interpretation of underlying changes in geology.

Our cross-plot analysis also led to the observation that parameter valuesharacteristic of the Ft. Hays
formation were absent in the inversion results, which highlighted te potential impacts of the decision to
prioritize more accurate predictions of properties for the Niobrara formation made in Section 5.2.3.
Ultimately, making more accurate predictions of properties in the Niobrara may have been at the expense of
making accurate predictions of properties in the Codell, which wagotentially re ected in the distributions
observed in our cross-plots. Overall, this reduced our con dence irthe accuracy of inversion outputs for

the Codell horizon, resulting in the remaining inversion analysego be focused on the Niobrara formation.
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5.4 Application of inverted parameters

The approach used to relate inverted parameters to underlying geologiparameters was similar to that
performed in Section 5.1; however, instead of using RMS amplitudes,, , and inversion parameters
were cross-plotted against the geochemistry and natural fracture measaments to identify geologically
meaningful relationships. In doing so, certain trends identi ed usng the high-resolution geochemistry and
fracture information, speci cally in the Niobrara ber well, allowed for the extension of these relationships
across the seismic volume to make meaningful interpretations away &m our ber well control.

Strong relationships were not identi ed between for the inversionoutputs at the Codell horizon,
however. This is not to say that the inversion outputs do not relate to underlying geologic features in the
Codell, just that these outputs did not related to the available features that were measured along the
Codell ber well. As Section 5.3.3 highlighted, inversion results vere prioritized to more accurately predict
property values for the Niobrara, potentially at the expense of accurate poperty predictions for the Codell.
Furthermore, given that the Niobrara formation is roughly 300 feet thick in our reference well (including
both chalks and marls) while the Codell is less than 20 feet thick, tle cross plots in Figure 1.12 will be
dominated by non-Codell parameter values, which may misrepreserthe amount of deviation present in the
Codell parameter values from an assumed linear background trend. For ttee reasons, the evaluation of

inversion outputs at the Niobrara will be the main focus of this section
5.4.1 Niobrara

Before evaluating the potential relationships between our inversionoutputs and values taken along our
Niobrara well, it is helpful to visualize these parameters in map-vew. Figure 5.20 shows maps of ,
and for the Niobrara B Chalk level with legacy and HPR wells overlain for refelence. One thing to note
here is that the anomalous amplitudes identi ed in the data mis t inv estigation in Section 5.3.2 also
appear inour and inversion outputs. With the wells now plotted, it is clear that thi s anomalous area
is likely an acquisition artefact, as the toes of the HPR wells were diled to the end of section boundaries,
which directly corresponds to the southern edge of these anomalous vada. Outside this anomalous area,
however, we see that there is still signi cant variation in all three parameters across the Niobrara B Chalk
surface. Therefore, the goal of the following analysis is to identify he geologic controls on the distribution
of these properties across the Niobrara B Chalk. Successful identiation of these will allow us to use the
inversion results to predict changes in the reservoir away from wlcontrol and provide the context to
interpret the distribution of legacy well production, microseismic events, and natural fractures observed in

our other datasets.
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Figure 5.20 Maps of the three main elastic parameters computed using thsverted P-impedance ;) and
S-impedance Zs) volumes plotted for stratal slices of the Niobrara B Chalk reservoir. These included
(Left) Lambda-rho, , (Center) Mu-rho, , and (Right) Poisson's Ratio, . Trajectories of HPR and
legacy wells landed in the Niobrara B Chalk are also plotted on the maps.

In order to do so, a similar analysis to the one performed in 5.1 was usedut with cross-plots of ,
and inversion parameters against the geochemistry and natural fracture measements to identify
geologically meaningful relationships. The strongest relationship idetied in this analysis for the Niobrara
was between the clay content and along the stage locations. The cross-plot and line plots (by stage) for

this relationship are shown in Figure 5.21.

Figure 5.21 (Left) Cross-plot of clay fraction vs.  for the Niobrara B Chalk ber well. The correlation
between the two is relatively strong (R? = 0:331). (Right) Plot showing the clay fraction and parameter
plotted for stage locations along the Niobrara B Chalk ber well. Disregarding the high-frequency
oscillations of the clay fraction, the trends in these two parameterds fairly consistent for most of the stage
locations. The steep increase in both parameters for larger stages is patilarly compelling.

In general, the  parameter was higher for higher clay percentages along the well, resitig in an R?
value of 0.331. In evaluating the line plots, we can see that the strongest fationship between these two
parameters occurs toward the heel of the well (larger stage numbers)The extent to which this relationship
corresponds to underlying geologic parameters is questionable, howav First, other than near the heel of
the well, the relationship between these two parameters is not paitularly strong. Second, the

parameter is related to incompressibility; the changes in which areoftentimes associated with underlying
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changes in uids, as opposed to changes in rock properties or compaosition.

However, that is not to say that changes to the rock matrix cannot be disinguished using - -
analysis. Even when cross-plots of vs. are used for uid identi cation, variability exists within these
clusters, indicating that uid type is not the only factor in uenci ng the relationship between these
parameters. Furthermore, cross-plots of vs. have been demonstrated to be useful for determining
brittle zones (in addition to gas saturated zones) in the Barnett shale $9]. Such observations led us to take
a slightly di erent approach; rather than cross-plotting geochemical properties against individual elastic
parameters, we decided to compare the relationships in- - space to see if meaningful relationships

emerged. Figure 5.22 shows the modi ed approach to this analysis.

Figure 5.22 (Left) Cross-plot of  vs. with points colored by clay fraction. In general, higher clay
fractions corresponds to higher values of . (Center) Cross-plot of clay fraction vs. Quartz fraction. These
parameters generally increase with one another, though perhaps not liner (note the steep increase in
quartz content for clay fractions above 0.5). This relationship is consitent with what has been observed for
the Niobrara formation, that clay content and quartz content often increase together [66]. (Right) The
same cross-plot of  vs. but now with points colored by quartz fraction. The cluster of high quartz
percentage is de ned by both higher values of and

The plot in the left of Figure 5.22 shows  vs. for the stage locations along the horizontal ber well
in the Niobrara B Chalk with the colors of the points corresponding to the shale (vclay % computed by
geology M.S. student, Chad Taylor, using Steiber's method). As indited by the green-dashed polygon, in
general, stage locations with higher clay content display higher valug of . This doesn't come as a
surprise, since we identi ed this relationship in Figure 5.21. This trend, however, is opposite of what was
observed using similar cross-plots for the Barnett shale, where higdr clay content resulted in lower values
of  [69]. Upon further investigation of the geochemical parameters along the we a relationship between
clay content and quartz content was identi ed, as shown in the middle plot in Figure 5.22. In general,
higher clay content corresponds to higher quartz content, but that this trend is not necessarily linear.
Speci cally, we see that for clay content values above 0.4 (40% clay),ite quartz content increases
disproportionately. Such a trend could indicate that the relatively higher proportion of quartz in this
portion of the well would overall increase the brittleness. Extendng this line of thinking to - - space,

the right plot in Figure 5.22 now shows the cross-plotted points coloredby quartz content. Though the
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relationship isn't perfect, the cluster identi ed by the green polygon contains all of the stages with the
highest quartz content separated by their values of and

Another relationship was also identi ed initially using a cross-plot between and the open and
partially open (open) fractures along the well. Though the R? value was not particularly high (0:164),
evaluating the relationship on a stage-by-stage basis and in- - space proved to be potentially more

meaningful. These relationships are shown in Figure 5.23.

Figure 5.23 (Left) Plot showing  and the density of open (and partially-open) fracturs for stage locations
along the Niobrara B Chalk ber well. Though the relationship is not partic ularly strong, the steep
decrease in  corresponds to an area with a high density of open fractures in the wellwhich is shaded in
red. (Right) Cross-plot of  vs. with points colored by the shaded areas indicated in the plot on the
left. Note the isolated cluster of the portion of the well that had a high density of open fractures. This
relationship indicates that distinction of higher uid volumes may b e possible through evaluating the
inversion results in - - space.

The line plots at the left of Figure 5.23 show a large spike in open fractugs that corresponds to a
signi cant drop in at the same location (between stages 53-62, highlighted in red). In generalye know
that these measurements of open fractures were taken after legacy welproduced from the area and some
of the natural fracture characteristics may have changed since thenhowever, this corresponding spike in
open fractures may indicate an area where a higher volume of uid was inhese fractures, or may indicate
some underlying change in rock properties from the presence of fraates (like density).

As was shown by Goodway et al. [39], - cross-plots can highlight trends in background uids;
therefore, to investigate this relationship further we cross-ploted  vs. and colored the points by the
same stage grouping, which is displayed in the right side of Figure 5.23. WAt we see is that the areas
along our well where we saw an increase in open fracture density and assated decrease in  are
separated in -  space; this potentially gives credence to our hypothesis that thesepen fractures could
correspond to uid property changes along the well. If this is the casethis nding supports the conclusion
that these fractures were likely open during the legacy phase, as thirelationship was made between 2009

seismic data and 2018 fracture data.

144



Before moving to the application of these relationships to the fullseismic inversion parameters at the
Niobrara B Chalk surface, it is worth noting relationships that were not identi ed in this analysis. We did
not identify any signi cant correlations between our geochemical and facture parameters with ; though
as we saw, cross-plots of vs. did help distinguish between zones of higher clay content and higher
open fracture densities. Increasing shale content had a positive calation with Poisson's ratio, which ts
with the relationships between petrophysical properties and Poissn's ratio as was discussed in Section
5.3.1, but the relationship between the two was relatively weak, so kely does not explain most of the
variability observed in Poisson's ratio at the Niobrara B Chalk surface. Quartz content displayed little to
no e ect on Poisson's ratio (R? = 0:01), which was one of the other petrophysical properties that could
potentially have an impact on Poisson's ratio. This does not, however, rean that Poisson's ratio will not
be a useful parameter to aid in our interpretations. In fact, since wehave seen that shale and quartz did
not seem to have a signi cant impact on Poisson's ratio, this may indicae that the other two parameters
listed, namely temperature and pressure, could cause the signi canvariability observed in the distribution
of Poisson's ratio at the Niobrara B Chalk.

The nal step taken in this analysis was to extend the two relationships identi ed in our cross-plots of

VS. using the Niobrara ber well to the remaining wells drilled in the Niobrara formation in our area.
In combining the relationships identied in - - space, we can now separate both increased quartz content
and open fracture densities in the Niobrara B Chalk ber well. To demonstrate this, the clusters identi ed

in Figure 5.22 and Figure 5.23 are now displayed together in Figure 5.24.

Figure 5.24 Combined clustering analysis from the results shown in igure 5.22 and Figure 5.23. (Left)
Cross-plot of  vs. with points colored by the two clusters representing proxies foropen fractures (red)
and quartz-clay fraction (green). (Center) Map showing the Chalk Blu study area colored by these
clusters using cut-o s de ned for and using the cross-plot. (Right) Same colors, but now highlighted
along trajectories of wells drilled in the Niobrara B Chalk.
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The quartz cluster is highlighted in green and the open fractures clster is highlighted in salmon. Using
the the threshold values that distinguish these clusters, clustr assignments were given to each portion of
the remaining wells drilled in the Niobrara B Chalk, which included both legacy wells and HPR wells. The
distribution of these values along the well trajectories is shownn the right side of Figure 5.24. In Chapter
6, these clusters will be integrated with additional interpretations of our post-stack seismic attributes with
the goal of interpreting the underlying causes of the observed distbutions in legacy well production,

microseismic events, and natural fracture densities.
5.5 Summary

Given the nature of the Niobrara B Chalk reservoir and the observations fom the legacy phase of eld
development and production (refer to Section 1.4), it is likely that fractures and faults are a rst-order
control on the signi cant variability observed in the production from | egacy wells (refer to Chapter 3).
With that being said, our amplitude and inversion analysis presentedin this chapter showed that prestack
seismic attributes may aid in the interpretation of open fracture networks, in addition to highlighting some
additional reservoir properties that may de ne secondary controls on poduction variability. Though the
Codell Sandstone reservoir is characterized by more consistent pdoction, there is still potential to
optimize the placement of such wells, both horizontally and verticall, given the pay zone identi ed by Chad
Taylor that exists in the deeper section of the formation. Results fom this chapter, therefore, may aid in
both the optimization of well placement and completions parameters base@n the relationships identi ed.

For the Codell formation, a relatively strong relationship between RMS amplitude and clay content was
identi ed. The center portion of the lateral (stages 24-46) were interpreted to have landed in the deeper
pay zone of the Codell, characterized by more brittle components and &ving overall lower clay content.
RMS amplitudes were correspondingly lower for the higher quality pg zone. This result indicates rst of
all, that the landing zone may not only be a re ection of the vertical changes in the Codell reservoir, but
perhaps also lateral changes in thickness of the pay zone across the syudrea. Second of all, if this is the
case, the implication is that RMS amplitudes observed at the Codell lorizon may be used to interpret
thicker pay intervals across the area which ultimately allows for rcommendations to be made about where
to land wells within reservoir \sweet spots" in the Codell sandstore.

For the Niobrara formation, relationships were identi ed between both RMS amplitude values and
inverted parameters from the prestack AVA inversion performed. RMS amplitudes along the Niobrara B
Chalk ber well trajectory were shown to correlate with TOC percentage, which was consistent with the
expected amplitude response to increased organic content. Furthenelationships were identi ed in

cross-plots of vs. . Two clusters were isolated in - - space, which constituted proxies for open (and
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partially open) fractures and quartz content. Using cut-o values de n ed based on these clusters, these
clusters were able to be mapped for well trajectories across the vatoe to highlight potential relationships.
Ultimately, this provided a way to identify areas of the Niobrara format ion with higher densities of open

fractures and areas that may be more quartz-rich (and therefore more proa to fracturing).

The observations made in this chapter will be integrated with both legay well production and
microseismic event distributions, in addition to the structural characterization from Chapter 4, to form a
more complete understanding of how structure and stratigraphy ultimately combine to in uence the
performance of wells across the Chalk Blu study area. The implicatiors and recommendations of the
results presented will not only apply to the Chalk Blu study area, h owever. The understanding gained
may ultimately extend to the larger Hereford Field region, with potential relevance to other producing

elds in the DJ Basin.
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CHAPTER 6
INTEGRATED INTERPRETATION

The previous three chapters in this work evaluated components that dene di erent aspects of the
Chalk Blu study area and Hereford Field. Chapter 3 evaluated the extent to which completions in legacy
wells impacted the cumulative oil and uids produced, indicating that geologic factors largely contributed
to the variability observed. Chapter 4 evaluated structural variabil ity in the study area and across the
region, drawing parallels between observations at the fracture scale lalhe way to the fault-system scale.
Chapter 5 determined attributes that correlate with observed trends along our two key horizontal wells in
the region.

All of the analyses, observations, and interpretations of the previous chpters, though useful, do not
inform the objectives set out for the CBDOP if evaluated in isolation. However, through the integration of
each of these components, a more complete understanding of how the sttural and stratigraphic
heterogeneity combine to impact legacy well performance, which in ttn, ultimately impacts HPR well
performance can be gained. This chapter will provide a comprehensivlook at how the the previous
analyses combine to enhance the understanding of historic produai across the eld, while also providing

insight on how to optimize future development and production.
6.1 Present-day expression of natural fractures

The in-depth characterization of natural fractures presented in Chaper 4 focused primarily on the
integration of fracture strike and dip magnitudes observed in the Niobrama and Codell ber wells to inform
the timing and initiation mechanisms of natural fractures which was then extended to interpret the timing
and initiation mechanisms of faults across the region. Though this proviéd the context to understand the
controls on development and relationship between the faults and fracttes at the time of their initiation, it
did not fully evaluate the extent to which such fractures and faults contribute to the present-day petroleum
system.

It is therefore useful to evaluate the fractures based on their presnt-day expressions, i.e., whether they
are cemented, closed, partially-open, or open. Such expressionsotigh they may be controlled by patterns
observed in the fracture sets identi ed, are more re ective of whathas occurred since the initiation of the
fracture sets.

Figure 6.1 shows the break-down of cemented, partially-open, close@nd open fractures in both the
Niobrara and Codell wells. Note that these present-day expressions dfacture type are independent of

fracture set; there may be fractures from each set that are cementedor example. For visualization
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purposes, the fractures plotted individually in the panel shown atthe left of the gure have been translated
into averaged fracture density curves along the well, as shown in th two panels at the right of the gure.
Fracture density in this case is de ned as the normalized number ofrfactures per unit length along the
well. These curves are not scaled the same for the Niobrara and Codellubkeep in mind that overall the
Niobrara formation has a signi cantly larger number of fractures than the Codell (4447 compared to 298);

however, the curves are scaled consistently within each formation.

Figure 6.1 Plots displaying the present-day expression of fractues along the Niobrara B Chalk and Codell
Sandstone ber wells. There are four types of fractures plotted: ceranted, partially-open, closed, and
open; these ultimately dictate how the previous fracture sets idati ed in Chapter 4 will impact reservoir
deliverability and well performance. The four plots at the left of the gure show each individual fracture
identi ed for each well. These are plotted to re ect the strike di rections interpreted for each fracture. Note
the signi cantly higher fracture densities in the Niobrara, but also t he variability across all four fracture
types. The plots at the right of the gure show the fracture density curves computed for each fracture for
visualization purposes.

A few observations are important to note as they prompted the questions hat guided the integrated
analyses performed using these fracture sets. The rst thing to Fghlight, speci cally using the plot at the
left of Figure 6.1, is that the relative changes in fracture type along thetwo wells is not consistent. An
example of this is that higher densities of open fractures at a location aing the Niobrara ber well do not
always correspond to higher densities of open fractures at the correspding location along the Codell ber
well. The same is true for all fracture sets; while closed fracturesire are fairly evenly distributed along the
Codell ber well, they appear densely clustered in the center ad toe-ward portion of the Niobrara well.

The second thing to highlight now using the fracture density curwes plotted at the right Figure 6.1 is

that relative proportions of fracture types are very di erent along di erent portions of the Niobrara well.

149



Speci cally, a clear decrease in cemented fracture appears at the sanocation as a clear increase in
partially-open fractures. On the other hand, we don't see a similar tade-o between relative densities of
di erent fracture types in the Codell. Rather, fracture densit ies of cemented and open fractures are highest
in the center portion of the lateral, whereas partially-open and closed factures are more evenly distributed
along the entire well.

Both of these observations indicate that the underlying controls that dictate whether fractures are
expressed as cemented, partially-open, closed, or open under praseay reservoir conditions may be
di erent for the Niobrara than the Codell. To investigate this furth er, the following sections will evaluate
potential controls on the present-day fracture expressions for both wlls, using the structural, amplitude,

and inversion-based seismic attributes derived in Chapters 4 and 5.
6.2 Interpretations: Niobrara

This section will provide integrated interpretation of the identi ed relationships from previous chapters
to provide a thorough analysis of how such observations ultimately may mpact well performance of wells

drilled in the Niobrara formation by HPR.
6.2.1 Niobrara Controls on natural fracture density

Fracture sets were interpreted in Chapter 4 to help constrain therelative timing of structural events in
the basin. this analysis did not need to account for relative fracture @nsities (to a large degree) in order to
draw conclusions. For instance, regional fracture set interpretatios were based on failure mode and
azimuth ranges, and were not necessarily concerned with whether all dhe fractures in the set belonged to
the B Chalk or one of the over- or underlying marl benches.

When discussing how fractures may impact well performance, hower, it may be critical to have an
understanding of landing zones along the length of a horizontal well and he this impacts the density of
fractures along the well (not to mention that natural fracture densiti es are typically re ective of
brittleness). This is especially important in the Niobrara formation, as the target B Chalk reservoir is less
than 30 feet thick in the area and has more ductile, clay-rich marls that lie above and below it. Therefore a
brief overview of the geosteering along the well (adapted from interpetations made by Chad Taylor and
extended to incorporate observations in fracture densities) relatre to landing position will be made, so
that subsequent interpretations of why fracture densities may clange along a well will be better informed.

Figure 6.2 shows the geosteering pro le (reproduced from work by Chadaylor) of the Niobrara B
Chalk ber well. The predominately purple curve indicated to the right by the number 2 is the spectral

gamma ray taken along the well. Chalks in this case would show \cleaner" gama ray, as they contain less
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clay and would be indicated by more purple shades in the prole. A fradure density curve showing the

total count (including all fracture types / sets) is plotted below t he steering pro le.

Figure 6.2 Steering pro le and zone interpretations adapted from Chad Tglor from the Niobrara B Chalk
ber well. The curve indicated by the number 1 to the right of the p ro le at the top of the gure indicates
the measured C9 hydrocarbons along the well while the curve indicad by the number 2 is the spectral
gamma ray log. More purple gamma ray values indicate \cleaner" formations, ad so in our case represent
chalkier intervals, whereas the green gamma ray values may indicate more marly zone. It is important to
note the variability in the fracture densities that result from the steering pro le. As the well is steered into
various zones (characterized by di erent gamma ray responses) the dicture densities change accordingly.
Marl zones have relatively lower fracture densities, with the exeption of the B Marl Zone interpreted
toward the toe of the well; notice the two large spikes of (mostly cemeted) fractures.

The heel of the well (once it turns back up) to the south shows gamma na values that are more green,
indicating that this is likely a more marl-rich zone. Given the relative depth of these units, this portion of
the well is interpreted to be in the B1 Marl zone, which lies abovethe B Chalk. Higher gamma ray zones
(marl) have been outlined by the green-dashed lines; observing thfracture densities at the associated
locations along the well, this B1 Marl zone corresponds to an area of relately lower total fracture densities.

The well is then steered into the main B Chalk zone, with is the regrvoir target. This interval is
characterized by lower (purple) gamma ray values and overall has constiently high fracture densities that
do not change much across the zone (outlined by the purple-dashed lisg Further toward the toe, the well
appears to exit the reservoir interval and enter into what is likely a transition between the B Chalk and B

Marl zones along the well. This is re ected both in the higher gamma rayvalues and the sharp decrease in
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fracture densities at this portion of the well where we have relatiwely higher (green) gamma ray values.
Toward the toe, the well continues to be drilled deeper, and fulfy enters into the B Marl zone interpreted

by Chad. One interesting thing to note is that despite being in the marl zone, there are two large spikes in
fracture density. From the individual fracture curves in Figure 6.1, we can see that these spikes are mostly
due to the presence of cemented fractures in this portion of the wkl Although marls are typically more
ductile (due to relatively higher concentrations of organic matter and day), that is not to say that marl
zones cannot be signi cantly fractured.

Overall, we observe that landing zone is a direct control on natural fractire densities along the length
of the well in the Niobrara. When we are within a particular zone, fracture densities are not as variable, as
we saw for the B Chalk zone. Though this re ects a rst-order control on the total number of fractures at
any given point along the well, additional information can be gained through obgrvations, not how total
fracture density changes along the well, but rather how relative desities of each fracture type (cemented,

partially-open, closed, open) changes relative to features we obserue our seismic data.
6.2.2 Niobrara Controls on present-day expression of natural fractures

Now that we have an idea of how absolute fracture densities change, we Wimove to analysis of how
relative fracture densities between di erent fracture types change along the Niobrara well, with the goal of
informing the underlying controls on the present-day expressiorof fractures in the formation.

Observations of the densities of di erent fracture types in the Niobrara discussed in 6.1 showed that a
relative increase in partially-open fractures corresponded to a reltive decrease in cemented fractures.
These are the two most abundant fracture types, both of which constitued the majority of the regional
fracture sets identi ed in Chapter 4. Both of these fracture sets wee fairly evenly distributed along the
length of the well, and given the nature of regional fracture system devepment, it is likely that a
cement-forming process would impact fractures consistently witin this set if all of the fractures were
subject to the same conditions.

Partially-open fractures interpreted from the image logs may contain cenent in their pore space, despite
being partially-open. Cement development does not have to fully lose fractures; as Gale et al. [65] describe,
cementation events may result in fractures that remain open based onhe nature of cement growth,
resulting in partially-open cement- lled fractures from a fractu re cementation event. One potential reason,
therefore, for the occurrence of partially-opened fractures is thathey did not become fully cemented,
despite having been subject to the same event that fully-cemerd other fractures along the well. However,
this hypothesis does not account for the relative proportions of cemertd and partially-cemented fractures

along the length of the well. This uneven distribution of the two typ es implies that some underlying
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heterogeneity { be it structural, stratigraphic, or uid-related { ¢ ontributed to the trends observed.

One of the possibilities is that structural changes to the reservoirinterval had the e ect of
partially-opening fractures that were previously fully-cemented. Depending on the timing of such an event,
these newly-opened fractures may |l with reservoir uids, preventing further cement development to
fully-cement such fractures. To investigate this possibility, fracture densities were overlain on structural
attributes to evaluate if a potential relationship existed between changes in structure and changes in
fractures along the Niobrara well. Plotting the fractures on top of the topographic reference time structure
of the Above Salt horizon produced a geologically meaningful result. Figur 6.3 shows cemented and
partially-open fracture density curves for the Niobrara ber well overlain on a normalized two-way-time
structure map of the Above Salt horizon. The area of relatively higher dasities partially-open fractures

corresponding to relatively lower densities of cemented fractues is outlined by the black-dashed line.

Figure 6.3 Fracture densities of cemented and partially-open fractues along the Niobrara B Chalk ber
well plotted on top of the normalized two-way-time structure map of the Above Salt horizon. Recall in
Chapter 4 that this horizon was determined to be good reference horan for the relative depositional
topography at the time of reservoir deposition. The black-dashed lines ighlight the area along the well of
a relative increase in partially-open fractures corresponding to a elative decrease in cemented fractures.
Note that this area also occurs along a portion of the time structure that is changing from higher to lower
elevation from south to north. This may indicate that changes in the structure of the reservoir intervals
have partially-opened previously cemented fractures.

In Figure 6.3 the trajectory of the well crosses along an area of the timetsucture that decreases in
elevation from south to north. The area of relatively sharp decreases alns exactly at the area of the well

where we see the change in fracture proportions, indicating that a semdary change in the structure of the
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reservoir may have resulted in exure of the units around the area ofmaximum change. Flexure can be
described as bending of rock due to some structural change, and depding on where the rock unit
interacts with this change in structure impacts whether fractures will open or close as a result. Figure 6.4
illustrates this e ect, with areas in blue highlighting where the bending of a structure would represent
extension and potentially open fractures, and areas in red highlightingwhere the bending of a structure

would represent compression and have the opposite e ect.

Figure 6.4 A schematic showing how fractures may respond to changes structure. Areas in blue highlight
where fractures may be opened due to extension around a structur@yhereas areas in red highlight where
fractures may be closed due to compression around a changing structwr Modi ed from Chonghui et al.
[8]. Image available via Creative Commons license: CC BY-NC-ND 3.0.

To evaluate this relationship further and highlight areas of relatively larger changes in time structure,
the gradient was taken along the Above Salt horizon, with areas of decreasinglevation change colored in
blue and areas with increasing elevation change colored in red, shown Figure 6.5. Open and closed
fracture densities are also plotted in addition to cemented and partally-open, as the exure relationship
may relate to such fractures as well.

We can see now that the area of relatively higher partially-open fractues and lower cemented fractures
aligns with the largest negative gradient values. As we showed in Figure 8, these areas may correspond to
extensional exure around the changing structure, resulting in more open fractures. Furthermore, we can
see a similar e ect occurring in the open fractures, highlighted n green. The response in the closed
fractures (highlighted in teal), on the other hand, shows the oppositee ect. Fractures near areas of

increasing gradient are now subject to compression, and are closing asresult.
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Figure 6.5 Gradient magnitude taken along the two-way-time structure of the Above Salt horizon. Natural
fracture density curves are plotted for the Niobrara ber well, as shovn in red. The area highlighted in teal
for cemented fractures (and green for partially open) corresponds to th highest magnitude gradient along
the well. This is the location for which we observe a relatively higler density of partially-open fractures
relative to cemented fractures. This likely indicates that the gructural exure of the Niobrara horizon
(ultimately caused by changes in underlying basement structure)caused previously cemented fractures at
this location to be partially-opened. The observation of fracture respnses to exure is perhaps even more
apparent in the comparison of open and closed fractures. Along the well weaa see that for locations
aligned with the highest negative gradient values (dark blue) we see tw clusters of open fractures.
Furthermore, in between those two clusters, a relative increasén gradient occurs, and some of the
fractures at that location are closed as a result. The same e ect happenat the toe of the well, where that
response to exure also results in more closed fractures. Legacy welare colored by their production
groups assigned in Chapter 3.

This observation is clear evidence that secondary changes in structermay have the e ect of opening
previously cemented or closed fractures and closing fractures that ay have been previously open in the
Niobrara B Chalk reservoir. What's more, is that this supports the conclusion that regional stress direction
is likely not as impactful on the distribution of where open fractures occur. Rather, this shows that
changes in stresses due to localized secondary structural moventenay have more of an e ect on where
open fractures occur, and furthermore, where they may either hg { or hinder { well production depending
on whether prior production has depleted these fractures.

One observation that points to this e ect can be seen in the relative poduction of the wells. The legacy
wells have been colored by their production groups assigned in Chapte. We can see that one of the best
legacy producers (light green, group 2) intersects the area of higher graeht magnitudes. Therefore, it is
likely that this well has tapped into this connected network of open ard partially-open fractures, which
may result in depletion of these fracture networks at the HPR well. On the other hand, the legacy well

that intersects the ber well toward the toe (north), has lower pr oduction, and does not intersect an area
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of these elevated gradient magnitudes. Therefore, pressure depieh may be less surrounding this well
location.

Though rock properties (brittle vs. ductile compositions) may ultimately control the total number of
fractures observed in the Niobrara, this is not the main control on the present-day expression of such
fractures. The rst order control on whether fractures are open, closé, cemented or partially-open in the
Niobrara is structural movement that occurred after the initial dev elopment of these fracture systems, in
some cases after the initial development of cement. Furthermore, sce we do not see an overall increase in
the total number of fractures (only relative changes in the densitiesof di erent fracture types) near these
structural features, it is likely that secondary structural changes do not initiate new fractures to a large

degree. Rather, pre-existing fractures are opened or closed by suchanges.
6.2.3 Niobrara Well-scale: completions

The previous section combined observations from fracture densitiemterpreted from image log data
collected along the Niobrara ber well in the Chalk Blu study area wit h structural attributes extracted
from the CB study area seismic volume. These observations providedontext to hypothesize how induced
fractures may interact with the formations given the fracture and rock properties. Data that may further
constrain such interactions are recorded microseismic events dumj the stimulation of the two ber wells.

Figure 6.6 displays the fracture density curves for all four types offractures (cemented, partially-open,
closed, and open) interpreted in the Niobrara ber well plotted over the gradient attribute discussed in the
previous section. Surface microseismic events recorded durin@e stimulation of the well are shown at the
left of the gure. Note the blue dashed lines which highlight areas of litle to no recorded events; these gaps
re ect where the surface array was not recording as opposed to a lack of mroseismic events generated at
those well locations. Black dashed lines are used to highlight areas of dger microseismic events.

Denser microseismic events occur in three clusters along the Nicdra well; observations of fracture
densities along these three areas show the denser events typigaficcur in areas oflower overall fracture
densities, particularly where the total number of cemented fractues is lower (though we do not have
coverage of the full portion of the well where we observe higher densits of partially-open fractures toward
the heel).

Denser areas of microseismic events ultimately indicate where ergy introduced into the reservoirs
during hydraulic fracturing produced a large enough seismic evento be detected by the surface array, and
ultimately can be used to identify where higher densities of indeed fractures were generated along the well.

Given the distributions of microseismic events along the Niobrara wi, this has signi cant implications.
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Figure 6.6 Comparison of microseismic event distribution for the Niobraa ber wells with the fracture
densities and attributes discussed in the previous section. Notehat higher densities of microseismic events
tend to align with lower total fracture densities in the Niobrara B Chal k formation. These trends are
outlined by the black-dashed lines. The blue-dotted lines in thesouthern portion of the wells indicate
where the surface array of receivers was not recording events; thefore, the lack of events in these regions
of the well are related to how the data was collected rather than undesting geologic changes.

Since we observed overall higher densities of microseismic evenwhere we hadower densities of
natural fractures in the Niobrara, this indicates that the energy of the hydraulic fracturing is likely being
distributed along these pre-existing fracture planes, as opposedtinducing new fractures in the rock.
Furthermore, the legacy well to the south in Figure 6.6 was one of the higbst producers in the Chalk Blu
study area during the legacy phase of production. The location along theber well near this southern
legacy well also corresponds to lower overall C9 concentration, or hegwhydrocarbons (refer to the green
curve indicated by the 1 to the right of the steering pro le in Figur e 6.2), indicating that such fractures
have likely been depleted. Though we do not have microseismic emes recorded toward the southern
portion of the well near the legacy well, the implication of the observaton is that not only will we lose
energy in our fracs to pre-existing natural fractures, but this e ect may be ampli ed in pressure-depleted
areas of the reservoir (think path of least resistance for hydraulic fratures).

Though perhaps counterintuitive, this observation potentially impl ies that areas with lower fracture
densities, and particularly areas with lower open fracture densites near legacy wells, might result in more
e ective hydraulic fracture stimulation in the Niobrara B Chalk rese rvoir.

One additional point to highlight, is that although the densities of micr oseismic events were lower near
the toe of the well where the two large spikes in cemented fractueoccur, the fact that there are cemented
fractures in this area indicates that legacy well completions did not imulate these fractures (otherwise, we
would expect uids to have interacted with the cement). If you recall, the toe-ward portion of the well

(north) was steered into what was is likely a densely fractured areawithin the B Marl bench. Furthermore,
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this area of the well had a relatively higher concentration of heavy hydocarbons. This may indicate that
although targeting lower densities of natural fractures is likely moreadvantageous in the Niobrara B Chalk,
there may be fractures that have not been depleted to target in otherintervals of the Niobrara formation.

Using the relationships identi ed between \ground-truth" observat ions of fractures in the B Chalk ber
well with microseismic events, we wanted to extend our observatios to the full Chalk Blu DSU using the
proxies derived from seismic inversion in Chapter 5. The post-ingrsion analysis performed in Section 5.4
resulted in the identi cation of two clusters related to underly ing geomechanical and compositional
properties in the Niobrara B Chalk ber well. Speci cally, using - - analysis, cut-o s de ning two
clusters were identi ed. The rst cluster represented a proxy for quartz content (which was shown to
typically increase with increasing clay) and the other representd a proxy for open fractures.

Figure 6.7 shows a zoomed in map around the main project DSU with all thevells in the Niobrara
formation plotted. Microseismic events are also plotted on the map. For ou purposes, we assume that
higher densities of microseismic events can be used to identify @as where the rock volume has been more
e ectively stimulated during well completions, and where a highea number of induced fractures may have
been generated. Two trends in the microseismic events are highliggd in the map, indicated by the yellow
and white dashed boxes.

The yellow boxes indicate where relatively lower densities irmicroseismic events correspond to the open
fracture cluster and legacy well intersections with the N-S trendhg HPR wells. Depleted zones have
previously been identi ed as a result of legacy production; this obsrvation may indicate that areas of
increased open fractures may be pressure depleted by legacy websid e ectively dissipates the energy
input into the reservoir during completions along these pressurelepleted fracture networks.

The white boxes highlight areas where relatively higher densitie®f microseismic events (along a single
well) also correspond to areas of the map representing the quartz-gfacluster, indicated in green. Since an
increase in quartz content may increase the brittleness of a rocknit, this relationship may indicate that
relatively more brittle zones in the Niobrara B Chalk result in more e ective well completions.

It is clear from the gure that this trend is not consistent across the area. For instance, areas in the
map assigned to the green cluster in some cases display a relativelywer density of microseismic events.
Furthermore, higher densities of microseismic events may also oar in areas belonging to both the
background and open fractures cluster. So, although higher densities of isroseismic events were observed
to correspond to the green quartz cluster which may indicate more eective reservoir stimulation in some

cases, this relationship is clearly not the only factor impacting compétions across the study area.
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Figure 6.7 Results from the post-inversion analysis performed in Chaer 5 with two clusters colored in

pink (proxy for open-fractures) and green (proxy for increased quarz content). All wells drilled in the
Niobrara (legacy and HPR) are shown along with microseismic events. Tretls of lower microseismic events
in areas of the open-fracture cluster intersected by a legacy well &jectory are outlined by the
yellow-dashed boxes. Areas of relatively higher densities along wetajectories where they intersect the
quartz-clay cluster are outlined in white-dashed boxes.

6.2.4 Niobrara Regional scale: drilling

In Chapter 4, secondary structural movements in the basement horizoranalogous to features identi ed
to have been present during the formation of the Colorado Mineral Beltwere determined to potentially
impact faulting, and therefore fracturing, at the Niobrara (and shallower) intervals. Speci cally,
reactivated basement shear zones along with uplift associated with pential magmatic intrusions
in uenced the development of both tiers of the LBNF system. In Secton 6.2.2, it was shown that such
structural changes could impact fracture densities within the Niobrara formation. This observation at the
well-scale is also re ected in production trends during the legag phase on a regional scale.

In Chapter 3 a regional map of GOR values computed by Chad Taylor using pulicly available data
from the COGCC, as shown in Figure 3.9. An E-W boundary of high to low GOR values was observed in
the center of the eld. Similar trending features were observed m both the Basement two-way-time
structure and in basement structural features identi ed in varian ce attribute extraction at the horizon.
Furthermore, a NE-SW trend was also observed in the GOR map, where G& values typically decreased

(higher proportion of oil, more favorable) to the northeast, with addition al wells to the northwest of the
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regional survey boundary also containing relatively higher values. A snilar trend of NE-SW structure was
observed in shallower faulted horizons, speci cally, the Sub-Parknan. To evaluate how such observations
may relate to one another, Figure 6.8 shows Basement and Sub-Parkman sictural features interpreted

(top row) and then overlain with the GOR trends identi ed (bottom r ow).

Figure 6.8 (Top row) maps of the Basement and Sub-Parkman variance attribtes and Basement structural
overlay with two-way-time. Structural features are annotated in various colors on each map. (Bottom row)
same maps with annotations now shown in black, overlain with regional gas-6ratio (GOR) trends.

There is a clear relationship between the features identi ed in he overlays. Higher GOR values seem to
follow the trends identi ed that re ected an area of secondary basemat uplift. Furthermore, we can see
that the timing of this likely is what impacted the distribution of t he main grabens (parallel fault
structures in map-view). Given the depositional context of the SubParkman horizon, the development of
the upper-tier of the LBNF system in this interval can be used to identify the distribution of processes
impacting the generation and ultimately the expulsion of reservoir uids from the pore space into fractures.
Integrating this from observations and interpretations made about the distributions of these trends with
team member, Chad Taylor, the trends in low GOR likely indicate areas where oil may have been expelled
from the matrix space into the pore spaces earlier, as oils in these fraore systems typically show lower
API gravity, which is re ective of lower maturity oil. On the other h and, areas of higher GOR may be

indicative of later charge after additional maturation had occurred, ultimately resulting in a higher
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proportion of gas in the fractures and faults in this region.

Integrating these observations now with the trends observed in Figue 6.8, a potential explanation
comes from the areas for which clear secondary basement structural mement has occurredrelative to the
development of the upper-tier of the LBNF system expressed at the Sub+Rman interval. In the absence
of anisotropic stress conditions, the distribution of structures ina LBNF system will be fairly equally
distributed, as there won't be external in uences contributing to their formation. However, in the presence
of external anisotropic stress conditions, whether on a regional or localed scale, such systems will form
patterns that may be oriented in directions re ecting this in ue nce [57].

There is an obvious trend in the graben system identi ed in the SubParkman horizon, as has been
discussed numerous times, which trends NE-SW. However, there arcertainly areas of the Sub-Parkman
horizon for which the main grabens do not seem to favor a speci c orientabn, and where the
parallel-trending faults constituting the graben system are not present. Speci cally, the main trend along
the graben system corresponding to the basement uplift trend whex higher GOR magnitudes are observed
is oriented along such features. This points to the fact that developrent of this tier of the LBNF system
was likely in uenced by such structural movement, and as a result this would have occurred relatively early
in the oil generation window of the Niobrara formation, expelling less matre oil into the fracture systems
that were already initiated, but the subsequently reactivated or opened along these structural trends.

Furthermore, for the most part, the high GOR values exist in areas of the eld for which there are more
isotropic expressions of the faults at the Sub-Parkman layer, wherehtey do not seem to follow any
preferred trend. Fitting this into the same timeline of development of this system, this indicates that such
external anisotropic stress conditions introduced by structural novement of the basement did not occur
during the formation the development of the LBNF system. If such is the case, ltere would not have been
the mechanism present to prematurely expel reservoir uids fromthe pores into the matrix, thus allowing
for higher API gravity oils and higher proportions of gas to be generated.

The implications of this are that we can potentially use such trends topredict the impact of structural

changes on the uids we expect to produce from the reservoir on a regiah scale.
6.3 Interpretations: Codell

This section will provide integrated interpretation of the identi ed relationships from previous chapters
to provide a thorough analysis of how such observations ultimately may pact well performance of wells

drilled in the Codell by HPR.
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6.3.1 Codell Controls on natural fracture density

In Chapter 5 a relatively strong correlation existed between RMS amfitudes along the Codell ber well
and clay fraction, as shown in Figure Figure 5.5. Speci cally, higher chy content was associated with
higher RMS amplitudes and vice versa. It is known that the center potion of the Codell ber well is
landed in the higher quality pay zone in the Codell, as determined lp CB team member Chad Taylor. This
pay zone, or lower-Codell unit, is characterized by relatively hgher quartz content and lower clay content
than the upper-Codell, which makes it more brittle overall. This ts with the observation of higher
densities of natural fractures in the center of the Codell ber wel.

Since the deviation survey showed that this well steered deepewrhen it entered into the lower-Codell,
there could ultimately be two scenarios underlying this observaton. The rst is that the lower- and
upper-Codell units are of consistent thickness along the well andhat the reason the well landed in the
lower-Codell was simply the result of being steered deeper. Thsecond is that, though the well was in fact
steered deeper in the center portion of the lateral, the center of tke lateral was also sampling a relatively
thicker pay interval within the lower-Codell.

Figure 6.9 illustrates these two possible scenarios. The steegnevaluation of this well is shown at the
top of the gure, courtesy of CB team member Chad Taylor. Four logs are shownthe bottom of which
(log 4) corresponds to gamma ray values. This is a clear depiction that th center of the lateral is indeed

sampling the lower-Codell pay interval.

Figure 6.9 Schematic showing two di erent scenarios that may re ed the distribution of lower- to
upper-Codell reservoir facies given the log response observed ihet Codell ber well.
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In the rst scenario shown in Figure 6.9, the upper- and lower-Codd units (shown as green and yellow
polygons to correspond with the color scheme of the gamma ray log) are shown aging of consistent
thickness along the well trajectory. Given that the well was steeed downward and landed in the
lower-Codell pay zone in the center portion of the lateral, scenaridl would be a valid explanation for the
trends observed across the lateral.

In the second scenario, the same well trajectory is shown; howevenow the lower-Codell is shown to be
relatively thicker in the center portion of the lateral. The data coll ected along the length of the well in this
case would not change; the same zone is being sampled at that portion of the iveWhat does change,
however, is that now the lateral changes in reservoir properties codl be re ected as relative amplitude
changes in seismic.

As discussed in 5.1.2, decreased clay content could e ectively dezase the RMS amplitude of the Codell
horizon in the seismic data. Scenario 1 shown in Figure 6.9 would stiltesult in the di erences of the
parameters collected along the length of the well; however, this soario would not result in changes in the
seismic response along the well. The well log data in this case are rective of vertical property changes in

the Codell horizon.

Figure 6.10 Cemented and open natural fracture densities observed irhe Codell overlain on RMS
amplitude values extracted from the Codell horizon in angle stack 21 fronthe CB study area volume. Note
the increased fracture densities in the center portion of the wellwhich correspond to the pay zone of the
lower-Codell, which aligns with lower RMS amplitude values.

On the other hand, given the changes in amplitudes along the Codell reector observed in the seismic,

we know that some underlying property must be changing laterally. Tohighlight this, the RMS amplitudes
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along the length of the Codell ber well are shown in Figure 6.10. The desity curves for both cemented
and open fractures are also shown, with the highest densities along ¢hwell outlined by the black-dashed
lines. These areas of the well correspond to overall lower seismic @iitudes. Observations from these plots
show consistency with scenario 2 in Figure 6.9.

From a geologic standpoint, the interpreted shallow marine or shoreface epositional environment of the
Codell does not rule out scenario 2 as a geologically plausible featuren such environments, underlying
sea oor topographic controls or di erences in wave or current energy mayresult in the deposition of
relatively coarser-grained bar forms to the surrounding areas which mabe more clay-rich. Further
analysis in 6.3.3 will ultimately provide evidence that this is the case using vertical well control in an

analysis performed by team member, Chad Taylor.
6.3.2 Codell Well-scale: completions

The observations discussed in the previous sections highlighted ¢hfact that higher densities of
fractures, particularly open and cemented, exist in the higher qualty reservoir pay interval of the
lower-Codell. We previously saw that higher densities of microsesmic events occurred at locations of
relatively lower natural fracture densities along the well. This was not found to be true for the Codell
formation, however.

Figure 6.11 displays the fracture density curves for all four types ofractures (cemented, partially-open,
closed, and open) interpreted in the Codell ber well plotted over the RMS amplitude attribute extracted
for the Codell horizon using stack 21 from the CB study area volume. Suace microseismic events recorded
during the stimulation of each well are shown at the left of the gure. Note the blue dashed lines which
highlight areas of little to no recorded events; these gaps re ect whee the surface array was not recording
as opposed to a lack of microseismic events generated at those well loaats. Black dashed lines are used
to highlight areas of denser microseismic events.

There is a single portion of the Codell well for which higher densites of microseismic events occur. This
area corresponds to higher fracture densities and lower RMS amplitdes, which is ultimately the region of
the well interpreted to not only intersect the lower-Codell pay zone, but to also potentially intersect an
area where the lower-Codell pay zone ithicker (scenario 2 from Figure 6.9).

Denser areas of microseismic events ultimately indicate where ergy introduced into the reservoirs
during hydraulic fracturing produced a large enough seismic evento be detected by the surface array, and
ultimately can be used to identify where higher densities of indeed fractures were generated along the

well. Given the distributions of microseismic events along the Cdell well, this has signi cant implications.

164



Figure 6.11 Comparison of microseismic event distribution for the Codi ber well with the fracture
densities and attributes discussed in the previous section. Notehat higher densities of microseismic events
tend to align with higher total fracture densities in the Codell formation. These trends are outlined by the
black-dashed lines. The blue-dotted lines in the southern portia of the wells indicate where the surface
array of receivers was not recording events; therefore, the lack of ents in these regions of the well are
related to how the data was collected rather than underlying geologic canges.

Since we observed overall higher densities of microseismic evenwhere we hadower densities of
natural fractures in the Niobrara, this indicates that the energy of the hydraulic fracturing is likely being
distributed along these pre-existing fracture planes, as opposedtinducing new fractures in the rock. On
the other hand, we observed higher densities of microseismic evenin the portion of the Codell well with
higher densities of pre-existing fractures. This seems counterinttive to the previous point; however, this
observation is likely more re ective of the changes in rock propertis of the lower- vs. upper-Codell as
opposed to changes in the fracture properties.

Keep in mind that although the relative densities of fractures are higter in the portion of the Codell
well that intersected the lower-Codell pay zone, the total numbe of fractures interpreted in the entire
Codell ber well was 298 (compared to 4447 in the Niobrara). Therefore despé the presence of higher
natural fracture densities in the center of the lateral coupled with the fact that many of the fractures in the
Niobrara B Chalk reservoir have likely been depleted during legacy @il production, the presence of
fractures in the lower-Codell would not have the same e ect of disgating the energy as it would in the
Niobrara formation. As a result, the higher densities of natural fractures re ect that the lower-Codell has
relatively lower clay content and higher brittleness than the upper-Codell and are more susceptible to the
generation of induced fractures.

This indicates that hydraulic fracturing is potentially much more e ective if wells either land in the pay
zone, and furthermore, whether a Codell well lands in an overall ticker pay zone. If, in fact, the lower

Codell facies is thicker in this interval, it may impact the e ec tiveness of hydraulic fracturing operations
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during well stimulation. Therefore, it is not only important to land w ells within the lower-Codell, but also
to target areas of the eld where the lower-Codell is thicker. This point will be discussed further in the

following section.
6.3.3 Codell Regional scale: drilling targets

The previous discussion made a case for the possibility that scenarid from Figure 6.9 is more
consistent with our data observations, it does not provide de nitive evidence that the lower-Codell pay
zone is actually thicker where the center portion of the Codell berwell is drilled. However, further
evidence comes from the integration of with analyses performed by CB #@am member, Chad Taylor.

Using vertical well data across the Hereford eld, Chad was able to compu the net-to-gross (net pay
zone from a resistivity cuto to gross thickness) of the Codell sandsone using resistivity values collected in
the well. Higher resistivities characterize the lower-Codell,as the higher porosity contributes to relatively
larger volumes of hydrocarbons to be present in this zone. Based on thevalues, Chad created a contour
map re ecting areas across the region where the Codell sandstone had atrte-gross (NTG) of 0.5 or
greater; this e ectively created a map of thicker areas of the pay zonen the Codell. Figure Figure 6.12
shows a comparison of this contour map overlain on a basement coherency maypth two-way-time

structure superimposed.

Figure 6.12 Comparison of net-to-gross (NTG) contour intervals mapped by geolog\.S. student, Chad
Taylor, using resistivity values of the Codell formation from verti cal logs across the region (left) and where
these higher NTG values intersect with the Chalk Blu study area. Higher NTG ultimately implies thicker
Codell pay zone; therefore, the intersection of these contours wit the lower observed RMS amplitude
values (right) support the interpretation that RMS amplitude values decrease in thinner areas of the
lower-Codell. Microseismic events are plotted as black dots.
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Evaluating the distribution of the high NTG areas of the Codell represented by the contour intervals at
the left of Figure 6.12, an area of thicker pay zone cuts directly across th Chalk Blu survey area.
Zooming into the map of RMS amplitudes extracted from the Codell horzon from angle stack 21 of the CB
study area volume at the right of the gure, there is an area of relatively lower RMS amplitudes that closely
aligns with the interpreted contour intervals (which are outlined in white on the RMS amplitude horizon).

This relationship, though determined from relatively sparse well ©ntrol, provides further evidence that
the Codell pay zone may be thicker in certain areas of the Chalk Blu sudy area and provides evidence
that such areas of thicker lower-Codell may be images using RMS amplide extractions at the Codell
horizon (and recall the tuning analysis from Chapter 5 that showed RMS anplitudes would not be a ected
signi cantly by changes in the total thickness of the Codell) [70]. Furthermore, from the gure we can see
that microseismic events are consistently more dense along areas of tixells landed in lower RMS
amplitude regions.

There are a couple implications of this. The rst is that induced fracture properties may change
whether we land in relatively thicker intervals of the pay zone. Snce the decrease in clay content
ultimately results in a more brittle formation and given that the highe r densities of natural fractures in this
portion of the well indicate that this zone is more prone to fracturing, fractures may be able to propagate
further when the well is landed within a thicker lower-Codell interval (as illustrated by the red and green
arrows on the schematic in Figure 6.9).

In scenario 1, fractures induced in the center of the lateral would popagate into a relatively thicker
interval of the clay-rich upper-Codell compared to the same locatbn in the well in scenario 2. Ultimately,
fractures may not propagate as far into this more clay rich zone, as it is mag ductile; furthermore, even if
fractures do propagate, proppant embedment into clay-rich pores andrhctures may inhibit the e ective
fracture heights, since proppant would not be able to travel as far intofractures (indicated by the length of
the red arrow). Scenario 2 on the other hand, would support the growth oflarger induced and e ective
fracture heights (indicated by the length of the green arrow). Fracture hits determined by CB team
member Rosie Zhu using low-frequency DAS measurements show thatlarger number of frac hits from
neighboring Codell wells intersect the center portion of the berwell. This also contributes to the
interpretation that seismic amplitudes at the Codell may be used b map thicker areas of the pay interval
at the Codell, and that such areas may contribute to larger stimulated rock volumes.

Since lower RMS amplitudes may be used as a proxy for thicker Codlepay zone intervals, this means
that areas where we have seismic amplitude information away from weltontrol may be used to constrain
predictions of thicker pay intervals of the Codell formation, despte the fact that this interval falls below

seismic resolution (and so we cannot directly image a top and base). It wadetermined in Chapter 2 that
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relative changes in RMS amplitudes may have been altered during th post-processing steps applied to the
regional volume; therefore, we could not use the amplitude information ¢ perform this analysis in its
current form. However, if this a version of this volume for which rektive amplitude changes have been
preserved, the thicker pay interval of the Codell sandstone could ectively be mapped across the 440 sg mi
survey of the Hereford Field region. This would ultimately provide recommendations for future areas to
target in the Codell sandstone, and allows for speci ¢ stage-by-stage copfetions adjustments to be made

whether a well intersects a thicker pay zone in the Codell or not.
6.3.4 Discussion

These analyses highlighted two very di erent controls on fracture ditributions for the Niobrara and
Codell formations. Though absolute fracture density is controlled by nechanical stratigraphy of the various
benches within the Niobrara formation, relative densities of di erent fracture types (cemented,
partially-open, closed, open) was predominately controlled by secondarstructural in uences on the
reservoir. Speci cally, exure around changes in topography introduced by changes in basement structure
through time caused exure which resulted in the opening of previowsly closed or cemented fractures and
closing of other fractures.

On the other hand, present-day fracture type expression was largelyot controlled by structure in the
Codell, as we did not observe the same level of response to exure imé fractures within the Codell.
Higher overall fracture densities were observed in the center of th lateral, which corresponded to areas of
thicker lower-Codell pay zone. There was an increase in open and cemied fractures speci cally. Overall,
present-day expression of fracture type is more heavily in uened by stratigraphy rather than structure in
the Codell.

Furthermore, both of the trends identi ed and their impacts on reservoir e ectiveness may be mapped
on a regional scale, given the appropriate data. The nal chapter will disciss what the overall
recommendations and conclusions are surrounding further developmenf this eld, and the types of data

and analyses that could be performed to leverage the relationships idéred here.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

The obijective of this work was to identify and characterize the geologic antrols on production from the
Niobrara and Codell reservoirs in the Hereford Field, northern DJ Bash, Colorado.

To inform the main objective, this work was composed of a few key elemés, organized by chapter. In
Chapter 2, a comprehensive evaluation of the seismic data processingas discussed. Chapter 3 gave a brief
overview of legacy production across the Hereford Field and within theChalk Blu study area. An
in-depth investigation of the relationship between faults and natural fractures was provided in Chapter 4.
In Chapter 5, seismic amplitudes were compared to geologic variables andmestack AVA inversion was
performed. At rst glance, each of these elements may appear disconoted from one another, and it wasn't
until Chapter 6 that each of these seemingly independent componentbegan to make sense as a complete
picture to inform the geologic factors that impact reservoir performancein the study area and wider region.

Though the relationship between chapters was not immediately obviousrbm how this work was
organized, the bene t of organizing it in this way was that the analyses ineach chapter could have clear
takeaways, independent of the nal integrated interpretations presented in Chapter 6.

In this chapter, the conclusions of the previous chapters will be ssnmarized, and nal recommendations
based on these conclusions will be provided. Two main sets of recommations resulted from the work
performed: one surrounds geologic recommendations related to the sulgesnt drilling and completions of
wells across the area and the other focuses on recommendations for fueuwork based on datasets and

analyses that might contribute to the overall understanding of the geobgic heterogeneity of the region.

7.1 Conclusions

7.1.1 Seismic data processing

Steps performed in seismic data processing can signi cantly altethe content of the information
contained within seismic data. In most cases this is bene cial; witlout signi cant alteration of the data
collected in the eld, seismic data would be largely uninterpretalde. However, depending on the nature of
analyses to be applied using the nal processing output, some alterabns of the data may not be favorable.

In our evaluation, we saw that the nature of the post-stack enhancementspplied ultimately altered the
regional seismic volume (440 sq mi) in such a way that relative changes iseismic amplitudes were not
preserved. This did not allow us to con dently perform amplitude-based analyses with this dataset;

speci cally, we could not evaluate changes in RMS amplitudes or inveréd parameters on a regional scale.
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There were also some challenges in interpreting information from thelataset for which we were more
con dent that relative amplitudes were preserved, which was the 16sq mi CB study area volume. Fault
shadow e ects were identi ed that produced artefacts at the resewoir intervals. The characteristics of such
artefacts may lead to misinterpretations of fault structures without careful examination of the data. Faults
across the region have been observed to signi cantly impact well oper&ns in some cases, so the
misinterpretation of fault structures may have consequences for dlling and production.

Though challenges arose as a result of the processing, the ows applieceve standard for what is
typically applied to land seismic surveys. This is to say that sesmic data processing rarely comes without
challenges, and some unfavorable processing e ects and artefacts araavoidable. With that being said,
the main takeaway is that identifying potential artefacts and processing e ects as they relate to the target
analyses to be performed using seismic data is critical, as these gaigni cantly alter interpretations if not
taken into account. Therefore, gaining an understanding of the nature othe processing steps applied along
with conducting a preliminary examination of the data are two steps that interpreters should take before

conducting their nal analyses.
7.1.2 Legacy production evaluation

Redevelopment of unconventional resource plays is common; in reddepment scenarios, accounting for
prior phases of development and production is essential to understating how wells drilled in newer phases
will produce. As such, it was important to begin the analyses presergd in this work with an evaluation of
legacy well production across the eld.

In doing so, signi cant variability in the volumes and relative proporti ons of reservoir uids produced
from legacy wells in the Niobrara formation was observed across the Herefordi€ld and within the Chalk
Blu study area. An analysis of potential engineering impacts (completion parameters) on production
resulted in the conclusion that geologic heterogeneity was a primary fadr contributing to the production
variability observed.

In the new phase of development and production in the Chalk Blu study area speci cally, numerous
drilling and completion parameters were varied so that an optimal combiration of parameters might be
identi ed. Though useful, this approach to engineering design of thewells did not allow for constraint of the
role that geologic parameters might play on well performance. So not only didhe evaluation of legacy well
performance provide useful information about the variability in production from the reservoir during the
legacy phase, it played a critical role in constraining the geologic contils on production. This ultimately
allowed for the e ective evaluation of the relative impact of the engineering parameters that were varied in

HPR wells drilled in the study area when integrated with the work of other team members on the project.
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Leveraging information and learnings gained from prior phases of developmerand production should
therefore be a priority for operators whose goals are to extract additional reerves from a previously
developed area. In our case, the integration of such data with geologic obsextions provided insight and

understanding that could not have been attained otherwise.
7.1.3 Fault and natural fracture characterization

The motivation behind the approach to fault and natural fracture characterization was as academic as
it was practical. The initiation and development of the two-tiered lay er-bound normal-fault system in the
DJ Basin is not well-understood on a regional scale, and 440 sq mi 3D seistrvolume provided to RCP in
this project presented a unique opportunity to characterize this system over a wide area. Integration with
detailed analysis of natural fracture sets interpreted from image log daa allowed for the constraint on the
timing of development of faults in the LBNF system and observations of regbnal structural features in the
basement horizon allowed for controls on fault development to be idented.

From an academic standpoint, the observations that resulted from this anafsis contributed to the
understanding of the nature of LBNF and natural fracture systems within the basin. From a practical
standpoint, the constraint on the timing and development of these sytems relative to the timing of
petroleum generation and expulsion helped inform the production varbility observed across the region.
Furthermore, di erences in the expression of these fracture syems between the Niobrara and Codell
formations ultimately impacted the e ectiveness of reservoir stimulation, highlighting the importance of
performing such an analysis.

The results of this analysis could only be attained by taking a systemat approach. First, detailed
observations and initial interpretations of faults and fractures were made. Second, interpretations were
constrained by relating observations to the regional structural contet of the basin. Third, parallels drawn
between the development of fault and fracture systems across scalessvleveraged to integrate

interpretations into a cohesive framework of the timing of events that in uenced the petroleum system.
7.1.4 Prestack AVA inversion and seismic amplitude analysis

Inversion parameters produced from prestack AVA inversion were nothe most impactful pieces of
information extracted from the seismic data in terms of their ability to e ectively characterize geological
heterogeneity that impacted well performance. One reason for this ishHat structural heterogeneity and its
impact on the distribution of fractures in the Niobrara and brittle pay zones in the Codell were likely

rst-order controls on reservoir quality in the two formations.
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Another reason is that the types of information that could be extracted from seismic inversion given the
type of data we had access to was limited. Speci cally, we had singleeenponent 3D seismic data and
associated angle gathers with ranges that did not allow us to accurately pmct density using prestack AVA
inversion. Furthermore, limited well control did not provide su cient quality control to be performed on
the inversion results, so trade-o s were made during the inversin analysis process. Speci cally, accurately
predicting impedance values for the Niobrara formation was prioritizedover the Codell formation.
Relationships were made using analyses that relied on only P- and S-ingglance predictions in the Niobrara
B Chalk; however, the conclusions that could be drawn from this werdimited.

Overall, the types of information output from seismic inversion that would be most useful for the
characterization of the Niobrara reservoir would require azimuthal-basd (as opposed to angle/o set)
analysis. In-depth modeling was not performed, however, which mahave contributed to increased
constraint of the geological signi cance of changes in inversion parameters a@nadditional analyses which
may have also contributed to additional application of the inversion results were also identi ed through the

process.

7.2 Recommendations

7.2.1 Geologic Recommendations

Overall, it was found that total fracture density for both the Codell and Niobrara formations was
controlled by stratigraphy; namely, what the properties of the unit landed in along each horizontal.
However, structural controls were found to signi cantly impact the r elative densities of various fracture
types, namely, whether they are cemented, partially-open, closedr open present-day. Such networks of
open fractures de ned by structural features, one of which was found ¢ be exure around basement
structural changes carried through to the reservoir intervals, directly controlled open fractures along the
Niobrara ber well. Furthermore, such open fracture systems were @pleted by legacy wells during the
prior phase of production.

The same was not true for the Codell well, however. Structure plag a secondary role to stratigraphy in
overall fracture densities. Speci cally, higher densities of natiral fractures exist in the more brittle
lower-Codell pay zone identi ed. With that being said, it was also shown that structure during the time of
Codell deposition impacted the distribution of net-to-gross of this high quality reservoir interval.

Based on these and additional observations made in this work, the two prirary geologic

recommendations are given:

1. Target areas of lower overall fracture densities, speci cally openrfcture densities, which can be

mapped regionally based on structural trends identi ed,
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2. Target areas of higher overall fracture densities, higher resistities, and lower RMS amplitudes (as
these indicate areas with higher volumes of hydrocarbons and that are mersusceptible to the
generation of induced fractures) for wells drilled in the Codell sadstone, which can be mapped

regionally using RMS amplitudes calibrated to well control.
7.2.2 Recommendations for future work

Given the structural importance identi ed across the region and its in uence on both stratigraphy and
present-day expressions of fractures in the reservoir targets, #hfollowing recommendations for future work

are given:
1. AVA inversion

" HampsonRussell: The angle stacks are inverted simultaneously for isaipic model parameters

" AVA behavior that deviates from the background model parameter relatiorships may not be
captured in the inversion. If so, then analysis on the inversion data s t may be useful and is

recommended

" Elastic-impedance inversion can be applied to each angle stack separgten order to potentially

expose lateral variations

2. Prestack AVA analysis of the large regional survey data. The angle stacks wiout post-processing
enhancements would be required. This would allow for the potential rapping of thicker pay zones in

the Codell across the region

3. Stratal attening: More detailed examination of the Niobrara and Codell in tervals may be useful for

anomaly detection

4. Prestack Depth Migration (PSDM): PSTM is typical for these type of projects but perhaps PSDM

may be useful to produce the correct depth structure, and compesate for the fault shadows artefacts

5. VVAZ: Gathers before and after VVAZ analysis would allow validation of the estimated attributes.
7.3 Closing remarks

The value of approaching structural interpretation using an integrated fault and fracture approach
allowed for the identi cation of relationships with uid trends obse rved across the region. Not only was
integration of various structural data types necessary for this work, bu integration with other team
members, speci cally with the work of Chad Taylor, was also essentiato transform observations and

identi ed relationships into true understanding and interpret ations. The subsurface cannot be e ectively
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characterized { let alone understood { in isolation; it truly requir es the integration of geoscience and
engineering disciplines, and the work done by students on the ChalBlu Development Optimization

Project has truly exempli ed that.
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APPENDIX A
SEISMIC TO WELL TIE AND VERTICAL RESOLUTION

Figure A.1 Depiction of the seismic to well tie performed with the Niobrara horizon shown.

Figure A.2 Depiction of the seismic to well tie performed with the Sub-Parkman, Lower Pierre, Niobrara,
and Codell horizons shown.
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Figure A.3 Calculations of vertical resolution of the seismic data for boththe Niobrara B Chalk and Codell
sandstone formation properties. Note that in our area both of these units hae thicknesses well below the
seismic resolution values.
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APPENDIX B
COPYRIGHT PERMISSIONS

B.1 U.S. Geological Survey

For use of materials reproduced at the left of Figure 1.4 and the map in Figte 1.9. From the U.S.

Geological Survey's website.

Figure B.1

B.2 American Association of Petroleum Geologists

For use of materials from Sonnenberg [2] and Sonnenberg [1]. From AAPG's Wsite.

Figure B.2

B.3 Rocky Mountain Association of Geologists

Approval for use of Figure 1.8 and Figure 1.10 from Thul and Sonnenberg [3].
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B.4 Geological Society of London

For use of materials reproduced in Figure 4.10 from Ferrill et al. [6]. Fom GSL's website.

Figure B.3
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B.5 Creative Commons

For use of Figure 6.4 from Chonghui et al. [8]. Additional information can be fourd at

https://creativecommons.org/licenses/by-nc-nd/3.0/.
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practicable, remove from the Collection any credit as required by Section 4(c), as requested.

b. You may not exercise any of the rights granted to You in Section 3 above in any manner that is
primarily intended for or directed toward commercial advantage or private monetary compensation.
The exchange of the Work for other copyrighted works by means of digital file-sharing or otherwise
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shall not be considered to be intended for or directed toward commercial advantage or private
monetary compensation, provided there is no payment of any monetary compensation in
connection with the exchange of copyrighted works.

. If You Distribute, or Publicly Perform the Work or Collections, You must, unless a request has been
made pursuant to Section 4(a), keep intact all copyright notices for the Work and provide,
reasonable to the medium or means You are utilizing: (i) the name of the Original Author (or
pseudonym, if applicable) if supplied, and/or if the Original Author and/or Licensor designate
another party or parties (e.g., a sponsor institute, publishing entity, journal) for attribution
("Attribution Parties") in Licensor's copyright notice, terms of service or by other reasonable means,
the name of such party or parties; (i) the title of the Work if supplied; (iii) to the extent reasonably
practicable, the URI, if any, that Licensor specifies to be associated with the Work, unless such
URI does not refer to the copyright notice or licensing information for the Work. The credit required
by this Section 4(c) may be implemented in any reasonable manner; provided, however, that in the
case of a Collection, at a minimum such credit will appear, if a credit for all contributing authors of
Collection appears, then as part of these credits and in a manner at least as prominent as the
credits for the other contributing authors. For the avoidance of doubt, You may only use the credit
required by this Section for the purpose of attribution in the manner set out above and, by
exercising Your rights under this License, You may not implicitly or explicitly assert or imply any
connection with, sponsorship or endorsement by the Original Author, Licensor and/or Attribution
Parties, as appropriate, of You or Your use of the Work, without the separate, express prior written
permission of the Original Author, Licensor and/or Attribution Parties.

[e]

d. For the avoidance of doubt:

i. Non-waivable Compulsory License Schemes. In those jurisdictions in which the right to
collect royalties through any statutory or compulsory licensing scheme cannot be waived,
the Licensor reserves the exclusive right to collect such royalties for any exercise by You of
the rights granted under this License;

i. Waivable Compulsory License Schemes. In those jurisdictions in which the right to collect
royalties through any statutory or compulsory licensing scheme can be waived, the Licensor
reserves the exclusive right to collect such royalties for any exercise by You of the rights
granted under this License if Your exercise of such rights is for a purpose or use which is
otherwise than noncommercial as permitted under Section 4(b) and otherwise waives the
right to collect royalties through any statutory or compulsory licensing scheme; and,

. Voluntary License Schemes. The Licensor reserves the right to collect royalties, whether
individually or, in the event that the Licensor is a member of a collecting society that
administers voluntary licensing schemes, via that society, from any exercise by You of the
rights granted under this License that is for a purpose or use which is otherwise than
noncommercial as permitted under Section 4(b).

e. Except as otherwise agreed in writing by the Licensor or as may be otherwise permitted by
applicable law, if You Reproduce, Distribute or Publicly Perform the Work either by itself or as part
of any Collections, You must not distort, mutilate, modify or take other derogatory action in relation
to the Work which would be prejudicial to the Original Author's honor or reputation.

5. Representations, Warranties and Disclaimer

UNLESS OTHERWISE MUTUALLY AGREED BY THE PARTIES IN WRITING, LICENSOR OFFERS
THE WORK AS-IS AND MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY KIND
CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, INCLUDING,
WITHOUT LIMITATION, WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A PARTICULAR
PURPOSE, NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER DEFECTS,
ACCURACY, OR THE PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT DISCOVERABLE.
SOME JURISDICTIONS DO NOT ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, SO SUCH
EXCLUSION MAY NOT APPLY TO YOU.

6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO
EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL,
INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS
LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

7. Termination
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a. This License and the rights granted hereunder will terminate automatically upon any breach by You
of the terms of this License. Individuals or entities who have received Collections from You under
this License, however, will not have their licenses terminated provided such individuals or entities
remain in full compliance with those licenses. Sections 1, 2, 5, 6, 7, and 8 will survive any
termination of this License.

Subject to the above terms and conditions, the license granted here is perpetual (for the duration of
the applicable copyright in the Work). Notwithstanding the above, Licensor reserves the right to
release the Work under different license terms or to stop distributing the Work at any time;
provided, however that any such election will not serve to withdraw this License (or any other
license that has been, or is required to be, granted under the terms of this License), and this
License will continue in full force and effect unless terminated as stated above.

s

8. Miscellaneous

a. Each time You Distribute or Publicly Perform the Work or a Collection, the Licensor offers to the
recipient a license to the Work on the same terms and conditions as the license granted to You
under this License.

b. If any provision of this License is invalid or unenforceable under applicable law, it shall not affect

the validity or enforceability of the remainder of the terms of this License, and without further action

by the parties to this agreement, such provision shall be reformed to the minimum extent
necessary to make such provision valid and enforceable.

No term or provision of this License shall be deemed waived and no breach consented to unless

such waiver or consent shall be in writing and signed by the party to be charged with such waiver

or consent.

This License constitutes the entire agreement between the parties with respect to the Work

licensed here. There are no understandings, agreements or representations with respect to the

Work not specified here. Licensor shall not be bound by any additional provisions that may appear

in any communication from You. This License may not be modified without the mutual written

agreement of the Licensor and You.

e. The rights granted under, and the subject matter referenced, in this License were drafted utilizing
the terminology of the Berne Convention for the Protection of Literary and Artistic Works (as
amended on September 28, 1979), the Rome Convention of 1961, the WIPO Copyright Treaty of
1996, the WIPO Performances and Phonograms Treaty of 1996 and the Universal Copyright
Convention (as revised on July 24, 1971). These rights and subject matter take effect in the
relevant jurisdiction in which the License terms are sought to be enforced according to the
corresponding provisions of the implementation of those treaty provisions in the applicable national
law. If the standard suite of rights granted under applicable copyright law includes additional rights
not granted under this License, such additional rights are deemed to be included in the License;
this License is not intended to restrict the license of any rights under applicable law.

34

e

Creative Commons Notice

Creative Commons is not a party to this License, and makes no warranty whatsoever in connection
with the Work. Creative Commons will not be liable to You or any party on any legal theory for any
damages whatsoever, including without limitation any general, special, incidental or consequential
damages arising in connection to this license. Notwithstanding the foregoing two (2) sentences, if
Creative Commons has expressly identified itself as the Licensor hereunder, it shall have all rights and
obligations of Licensor.

Except for the limited purpose of indicating to the public that the Work is licensed under the CCPL,
Creative Commons does not authorize the use by either party of the trademark "Creative Commons"
or any related trademark or logo of Creative Commons without the prior written consent of Creative
Commons. Any permitted use will be in compliance with Creative Commons' then-current trademark
usage guidelines, as may be published on its website or otherwise made available upon request from
time to time. For the avoidance of doubt, this trademark restriction does not form part of this License.

Creative Commons may be contacted at https://creativecommons.org/.
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