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ABSTRACT

Microseismicity provides data that can be used to monitor hydraulic fracture stimulation

programs as well as to characterize the resulting hydraulicfractures. This is especially im-

portant in low permeability gas and oil shales, where the creation of additional permeability

through these fracture treatments is essential to production. However, many applications

and analyses of these data are either qualitative in nature or include a large element of in-

terpretational bias. This study looks at two microseismic analytical techniques: the radius

of gyration (ROG) tensor, as described in Sayers & Le Calvez (2010), and the methods de-

scribed in Shapiro (2008) that relate spatio-temporal microseismic signatures to hydraulic

di�usivity and ultimately hydraulic permeability. The rad ius of gyration tensor is used to

generate a characteristic ellipsoid for any set of microseismic events, and the aspect ratio of

this ellipsoid can be related to local in-situ horizontal stress ratios.

These methods are applied to surface microseismic data collected for six horizontal wells

drilled and completed in the Woodford Shale in Canadian County, Oklahoma. Additionally,

an attempt is made to bridge the gap between these methods. Speci�cally, the character-

istic ellipsoid generation from the radius of gyration tensor in Sayers & Le Calvez (2010)

is applied to Shapiros work
ow. Shapiro attempts to link the3D anisotropic triggering

front of seismicity, which is an ellipsoid that envelops time-scaled microseismic events, to

reservoir permeability. The radius of gyration tensor willgenerate this ellipsoid and remove

interpretational bias that would have been present otherwise.

Lastly, an attempt is made at relating the signatures present in the characteristic ellip-

soids to zones of natural fracture reactivation. This is done on a stage-by-stage basis. The

hypothesis is that an ellipsoid with a signi�cant tilt in its most vertical principal axis and

a signi�cant azimuthal rotation away from the maximum horizontal stress direction will be

indicative of natural fracture reactivation. What de�nes a signi�cant amount of deviation
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in each case is open to discussion and further study.

The results of this study are mixed. Due to data and time restrictions, the radius of

gyration tensor was only able to generate a rough range of approximations for maximum

horizontal stress (see Section 3.3.1), and the lack of key core data prevented hydraulic per-

meability from being estimated. However, there were severalresults of this project that can

be considered a success. First, the radius of gyration tensorcan arguably be used as a natural

fracture reactivation indicator, as detailed in Section 3.4. If a correlation can be drawn be-

tween natural fracture reactivation and production improvements, this tool can then be used

as an indicator of which stages will perform better. This same radius of gyration tensor can

also be leveraged in an otherwise interpretive analytical setting de�ned by Shapiro (2008),

as mentioned above. This process is detailed in Section 3.5.This implies that once the

relationship between ellipsoidal triggering fronts and hydraulic permeability is established,

the results will be more consistent and hopefully more accurate. With this goal in mind,

the axes scaling for the characteristic ellipsoids generated from the radius of gyration tensor

comes into question. This issue is addressed in Section 3.5.1, and it is determined that the

scaling recommended by Sayers & Le Calvez (2010) is most likely appropriate.

Additionally, a �lter was implemented based on the RT plots de�ned in Shapiro (2008)

to create a microseismic data subset by removing data pointsthat are not related to injected


uid and proppant placement (see Section 3.2). This subset is more appropriate for locating

zones of natural fracture reactivation, at least for initial analyses. This subset is also rec-

ommended when determining horizontal stress ratios, although the original data should be

included for comparison. The incorporation of various microseismic subsets such as this can

be used to verify results of future studies.

Cimarex Energy Co. has provided the data for this research, and the Reservoir Char-

acterization Project at the Colorado School of Mines has provided the framework for the

project.
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CHAPTER 1

INTRODUCTION

This thesis is an independent study within the Reservoir Characterization Project (RCP)

at the Colorado School of Mines. It is the �rst project focused on studying the Woodford

Shale in Canadian County, Oklahoma, particularly with regards to microseismicity within

this formation. Cimarex Energy Co. has provided the data andsupport for this research.

Speci�cally, this thesis focuses on the implementation of several concepts outlined in litera-

ture to create powerful tools for microseismic analysis. Namely, these tools are the radius of

gyration tensor and the triggering front of seismicity, de�ned by Sayers & Le Calvez (2010)

and Shapiro (2008), respectively. These methods have already been established in their cor-

responding publications, so this study serves as a veri�cation of these techniques as well as an

exploration of their alternative applications. For example, according to Sayers & Le Calvez

(2010), the radius of gyration tensor can be used to determine local horizontal stress ratios.

However, in this study the same tensor is used to identify zones of natural fracture reactiva-

tion, and also as an improvement on the interpretive methodsoutlined by Shapiro (2008).

Shapiro's method can be used to calculate hydraulic permeability from spatio-temporal mi-

croseismic growth, but there is a step of this process that brings interpretational bias into

this procedure. This bias can be removed with implementation of the radius of gyration

tensor. Details about these applications can be found in Chapter 3.

The primary data used in this study were surface microseismic data collected for six

horizontal wells in Canadian County, Oklahoma. Various supporting data were provided in

the form of well logs, core measurements, wellbore deviation surveys, fracture stage data

(spacing, depths, etc.), and treatment data such as injected 
uid volumes and pressures as

well as proppant concentrations. Many of these data were used within the Matlab code, such

as fracture stage data and wellbore deviation surveys used to create a reference origin for the
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RT and ROG plots created. However, some of these data are also not included in the scope of

this study. For instance, the core test measurements are an integral part of the relationship

between microsesimicity and hydraulic permeability, but several key measurements were

missing from the provided data, and as such these data were ultimately excluded from the

framework of this thesis.

1.1 Well Information

This study includes six wells for which microseismic data has been provided. These

are horizontal wells that have been hydraulically treated after drilling, a necessary step to

improve permeability and production in such a low permeability shale. For con�dentiality

purposes, these wells will be denoted Well A-F. Five of the six wells, Well A-E, are roughly

one mile laterals, while Well F is a two mile lateral. In addition, three nearby vertical

wells, denoted Well 1-3, provide logging measurements usedin later calculations of minimum

horizontal stress (see Section 3.3.1). Well 2 also providedcore test measurements. These

wells can be seen in relation to the microseismic study wellsin Figure 1.1. Versions of

this map zoomed in to individual wells can be found in Figure 1.2, Figure 1.3, Figure 1.4,

Figure 1.5, Figure 1.6, and Figure 1.7. These �gures not only show the originally provided

microseismic datasets, but also a lower panel that displaysa microseismic subset after the

data are subjected to a process called RT �ltering. This �ltering method is described in

Section 3.1.

For spatial context, several �gures were included showing a3D rendering of each lateral

well over a backdrop of a slice through a seismic amplitude volume:

� Well A - Figure 1.8

� Well B - Figure 1.9

� Well C - Figure 1.10

� Well D - Figure 1.11
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� Well E - Figure 1.12

� Well F - Figure 1.13

Also included in these �gures are the microseismic events associated with each lateral.

Note that because the background seismic data is an opaque slice through a volume taken

as close to the wellbore as possible, some microseismic events will not be displayed due to

their location behind the slice.

Figure 1.1: Plan view of all 6 study wells, denoted Well A-F, withall microseismic events
displayed. Also shown are the 3 advanced dipole log wells, denoted Well 1-3. Note that the
light blue square is 6 miles on a side.
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(a) Well A microseismic events - un�ltered.

(b) Well A microseismic events - RT �ltered.

Figure 1.2: Comparison between (a): the entire microseismicdataset for Well A and (b):
the resulting microseismic subset after subjecting the dataset to RT �ltering.
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(a) Well B microseismic events - un�ltered.

(b) Well B microseismic events - RT �ltered.

Figure 1.3: Comparison between (a): the entire microseismicdataset for Well B and (b):
the resulting microseismic subset after subjecting the dataset to RT �ltering.
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(a) Well C microseismic events - un�ltered.

(b) Well C microseismic events - RT �ltered.

Figure 1.4: Comparison between (a): the entire microseismicdataset for Well C and (b):
the resulting microseismic subset after subjecting the dataset to RT �ltering.
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(a) Well D microseismic events - un�ltered.

(b) Well D microseismic events - RT �ltered.

Figure 1.5: Comparison between (a): the entire microseismicdataset for Well D and (b):
the resulting microseismic subset after subjecting the dataset to RT �ltering.
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(a) Well E microseismic events - un�ltered.

(b) Well E microseismic events - RT �ltered.

Figure 1.6: Comparison between (a): the entire microseismicdataset for Well E and (b):
the resulting microseismic subset after subjecting the dataset to RT �ltering.

8



(a) Well F microseismic events - un�ltered.

(b) Well F microseismic events - RT �ltered.

Figure 1.7: Comparison between (a): the entire microseismicdataset for Well F and (b): the
resulting microseismic subset after subjecting the dataset to RT �ltering.

9



Figure 1.8: Cross section of Well A with its associated microseismic events over a background
of an inline slice through a seismic amplitude volume. Microseismic events are colored by
stage, and the seismic section is colored by re
ectivity (black corresponding to positive and
red corresponding to negative). Also shown is a horizontal blue line representing the top of
the Woodford Shale, picked from well logs. Depths are in reference to mean sea level.

Figure 1.9: Cross section of Well B with its associated microseismic events over a background
of an inline slice through a seismic amplitude volume. Microseismic events are colored by
stage, and the seismic section is colored by re
ectivity (black corresponding to positive and
red corresponding to negative). Also shown is a horizontal blue line representing the top of
the Woodford Shale, picked from well logs. Depths are in reference to mean sea level.
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Figure 1.10: Cross section of Well C with its associated microseismic events over a back-
ground of an inline slice through a seismic amplitude volume. Microseismic events are colored
by stage, and the seismic section is colored by re
ectivity (black corresponding to positive
and red corresponding to negative). Also shown is a horizontal blue line representing the
top of the Woodford Shale, picked from well logs. Depths are in reference to mean sea level.

Figure 1.11: Cross section of Well D with its associated microseismic events over a back-
ground of an inline slice through a seismic amplitude volume. Microseismic events are colored
by stage, and the seismic section is colored by re
ectivity (black corresponding to positive
and red corresponding to negative). Also shown is a horizontal blue line representing the
top of the Woodford Shale, picked from well logs. Depths are in reference to mean sea level.
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Figure 1.12: Cross section of Well E with its associated microseismic events over a back-
ground of an inline slice through a seismic amplitude volume. Microseismic events are colored
by stage, and the seismic section is colored by re
ectivity (black corresponding to positive
and red corresponding to negative). Also shown is a horizontal blue line representing the
top of the Woodford Shale, picked from well logs. Depths are in reference to mean sea level.

Figure 1.13: Cross section of Well F with its associated microseismic events over a background
of an inline slice through a seismic amplitude volume. Microseismic events are colored by
stage, and the seismic section is colored by re
ectivity (black corresponding to positive and
red corresponding to negative). Also shown is a horizontal blue line representing the top of
the Woodford Shale, picked from well logs. Depths are in reference to mean sea level.
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1.1.1 Hydraulic Stimulations

In shale reservoirs such as the Cana-Woodford, hydraulic stimulation and treatment

programs must be used to improve production and create economically viable wells. In simple

terms, this process requires the injection of 
uids at high pressures into the reservoir until

the formation fails and fractures, connecting permeable pathways to the wellbore. Proppant,

usually in the form of sand, is also injected during this process to keep the induced fractures

from closing after the stimulation program.

The six study wells, Well A-F, were all hydraulically stimulated using a Plug and Perf

completion style, but the number of treatment stages as wellas the type of 
uid and proppant

varied between wells. Wells A and B contain 15 treatment stages, Wells C and D contain 20

treatment stages, Well E has 10 stages, and Well F has 41 stages. Well F has many more

stages mainly due to the fact that it is a two mile lateral, as opposed to Wells A-E which

are roughly one mile laterals. All of the wells were injected with 
uid primarily consisting

of slickwater, but Well A and B also had a crosslink gel included in its treatment 
uid. This

allowed for higher proppant concentrations to be injected into the formation. The proppants

used were either 40/70 or 100 mesh white sand, or a mixture of the two in the case of Well

F. See Table Table 1.1 for a detailed summary of this and other treatment information.

Table 1.1: Hydraulic fracture treatment information for each study well.

Stages
Avg. Stage
Length (ft)

Completion Fluid Proppant

Well A 15 317 Plug & Perf Slickwater+gel 40/70 Sand
Well B 15 306 Plug & Perf Slickwater+gel 40/70 Sand
Well C 20 233 Plug & Perf Slickwater 100 mesh
Well D 20 243 Plug & Perf Slickwater 100 mesh
Well E 10 445 Plug & Perf Slickwater 40/70 Sand
Well F 41 231 Plug & Perf Slickwater 40/70+100 mesh (2:1)
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Although the treatment styles for these wells were di�erent,this study will assume that

the hydraulic fracture treatment design has little e�ect onthe results of the methods out-

lined in Chapter 2. This is a 
awed assumption, but it is the same assumption made in

Sayers & Le Calvez (2010) and Shapiro (2008). This assumption will help make meaningful

interpretations of these data for the time being, but must beaddressed in future studies.

1.2 Thesis Data

Various data were provided for this study, however the primary focus is the microseis-

mic data recorded at each of the six study wells. The remaining data can be considered

supporting data, and include well logs, core test data, wellbore deviation surveys, hydraulic

fracture design parameters, treatment data, and seismic cross-sections. These support data

are detailed in Section 1.2.2.

1.2.1 Microseismic Data

The focus of this thesis is on the microseismic events recorded for the six study wells,

Well A-F. Each of these event sets were recorded and processed by Microseismic, Inc. (MSI).

The six datasets were recorded in the same way, utilizing MSI's FracStar array of geophones

(see Figure 1.14) and then processed using the same algorithmof migration based imag-

ing via di�raction stacking. Each microseismic event has anassociated spatial coordinate

location and occurence time, as well as other attributes such as moment magnitude and

focal mechanism. This study focuses on the spatial coordinates and occurence times of these

events.

As these are all surface data, there will not be a spatial bias of the events toward the

observation well that is usually present in downhole microseismic data. While lateral (X,Y)

placements of these microseismic events will be more accurate, depth (Z) uncertainty is

typically greater in surface microseismic data as opposed to downhole recording. Surface

microseismic data also typically have a weaker signal from the microseismic events due to

the increased distance from each event to receivers and nearsurface attenuation.
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Figure 1.14: General layout of a FracStar array, developed byMicroseismic, Inc. and used
to acquire the microseismic data for Well A-F (Gumbleet al., 2014).
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In addition, several sources of near-surface noise are present in these data due to pump-

ing activity, infrastructure, etc. On the other hand, a borehole is not required for surface

microseismic monitoring, and a surface array of geophones allows for a much wider �eld of

view with greater azimuthal coverage and higher fold from a greater number of receivers.

The FracStar array implemented by MSI is claimed to leveragethese advantages to improve

signal to noise ratio and reduce location uncertainty for the microseismic events. The mi-

croseismic data used in this study has low locational uncertainty (less than 0.5% in most

cases) considering their depths of over 10,000 ft. These uncertainties for each well, as well as

the recording parameters used by MSI in their acquisition, can be seen in Table 1.2. These

uncertainties are calculated based on how accurately the perf shot locations can be estimated

using the imaging migration algorithm. Note that the microseismic data from Well A-D were

recorded using the same receiver array, while Well E and WellF each had an independent

receiver array.

The dominant microseismic trends visible within the data strike consistently at about

N085� E. This is consistent with the maximum horizontal stress direction of this region (Gum-

ble et al., 2014; Pezaet al., 2014). Not all stages of each well show this azimuthal trend,

but each study well has several stages that do display this characteristic microseismic event

propagation direction.

Overall, Well A-D, which are adjacent to each other (see Figure1.1), show higher event

counts per stage than Well E and Well F. These event counts can be seen in Table 1.3. In

addition, the events of Well A-D tend to cluster around the wellbore, creating fewer long

linear trends that are present in Well E and Well F. This could indicate that there are more

near-wellbore natural fracture sets that are being reactivated by the stimulation program, or

this could be due to the di�erence in the hydraulic treatmentdesign of these wells compared

to Well E and Well F (see Table 1.1). Likely, it is a combination of both. Either way, this

indicates a more complex near-wellbore fracture geometry for these wells.
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Table 1.2: FracStar geophone array parameters and resulting error in recorded microseismic
data (Microseismic, 2013, 2014a,b).

Stations
Station

Spacing (ft)
Geophones
per Station

FracStar
Arms

Error X
(ft)

Error Y
(ft)

Error Z
(ft)

Well A-D 1,412 100 6 10 18 27 53
Well E 2,189 90 6 14 33 36 39
Well F 1,321 100 6 10 32 42 84

Table 1.3: Microseismic event count for each study well, including the e�ects of RT �ltering.

Stages
Microseismic
Events

Events
Per Stage

Events after
RT Filtering

Filtered
Events

Well A 15 2195 146 1896 299
Well B 15 2011 134 1672 339
Well C 20 2917 146 2595 322
Well D 20 3788 189 3448 340
Well E 10 971 97 919 52
Well F 41 3899 95 2482 1417
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The most anomalous microseismic trends are visible within roughly the �rst half (toe-

side) of Well F. The �rst sixteen stages appear to be reactivating a preexisting fault network,

as these events extend much farther below the Woodford than is typical, and the azimuthal

trend strikes at about N60� E. The anomalous depth of these events can be seen on the right

half of Figure 1.13, and the azimuthal trend is visible in the north end of Figure 1.7. This is

the motivation for dividing the stages of Well F into two groups: Stage 1-16 which appear to

be reactivating some tectonic feature within the Hunton Limestone, and Stage 17-41 which

appear to be more consistent with the typical microseismic signature in the Woodford Shale

(N085� E).

Subjecting these data to RT �ltering{a process described inSection 3.1{removes a portion

of the data that can be considered unrelated to 
uid injection during stimulation. Compare

the panels of Figure 1.2, Figure 1.3, Figure 1.4, Figure 1.5, Figure 1.6, Figure 1.7 to see the

e�ect of this �ltering in map view. It is clear that this �lter ing process removes many of the

distal events that could be considered anomalous. Notably, an entire population of events

is removed in the northeast section of Well F (Figure 1.7). In fact, RT �ltering had the

most signi�cant e�ect on the �rst sixteen stages of Well F, with over 1000 events removed

(compare Figure A.188 to Figure A.231). This is also the reason for the abnormally high

number of �ltered events for Well F seen in Table 1.3.

1.2.2 Supporting Data

Additional data was provided to support the microseismic analyses and allow implemen-

tation of the later methods outlined in Chapter 2, particularly relating microseismicity to

horizontal stress ratios and hydraulic permeability. These support data include well logs,

core test data, wellbore deviation surveys, hydraulic fracture design parameters, treatment

data, and seismic cross-sections. Many of these, such as thewellbore deviation surveys, frac-

ture design parameters, and treatment data were used withinthe Matlab code used to create

both the RT plots described in Section 3.1 and the radius of gyration tensor plots detailed

in Section 3.2. For instance, both the RT and ROG plots required an origin location to plot
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microseismic data. This was achieved using hydraulic fracture stage data and wellbore devi-

ation surveys. The stage data provided the measured depths of the center of each stage, and

this depth could be cross-referenced with the deviation surveys to �nd the regional spatial

coordinates of each stage center. As microseismic events arespatially described using this

same regional coordinate system, this process could then beused to plot the microseismic

events in reference to their corresponding stage. RT plots also require a time origin, which

was derived from treatment data. Speci�cally, the �rst occurence of bottom hole pressure

greater than zero was chosen as t=0.

Unfortunately, the provided core test data was unable to be included in the scope of

this study. The application of this data would be for obtaining hydraulic permeability from

microseismicity as described in Section 2.1.3 as per Equation 2.7. Many of the required

poroelastic parameters are included in the core test data, such as the bulk and shear moduli

of the dry frame material. However, there are several required measurements missing from

the core data, namely bulk moduli of the pore 
uids and grain material. These measurements

are critical in this relationship, so overall the core test data were excluded.

Well logs appearing in this study include calculated vertical and horizontal static Young's

modulus, vertical and horizontal static Poisson's ratio, overburden gradient, and pore pres-

sure gradient. These logs were acquired and processed by Schlumberger, and were used to

derive estimates for minimum horizontal stress gradient, as described in Section 3.3.1 via

Equation 3.1. Ultimately this was used to derive rough approximations for maximum hor-

izontal stress by using Equation 2.12 and making assumptions about � and p in the same

equation.

The seismic data provided are limited to cross-sectional slices in line with each lateral

well. These slices cut through re
ectivity amplitude volumes of P-P seismic re
ection data.

The �gures displaying these sections can be found in Section1.1. These sections provide

basic geologic and spatial context for the microseismic data.
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1.3 Geologic Overview

The Woodford Shale is an organic rich silty shale found throughout Oklahoma and sub-

divided into three regions: the Woodford, the Cana-Woodford in the midwest, and the

Barnett Woodford in the southwest. This study focuses on theCana-Woodford of the Mid-

west region, speci�cally in Canadian County. The Woodford has an average thickness of

approximately 200 ft (see Figure 1.15) in this region, and wells drilled into this formation

produce dry gas, condensate, and oil (Guptaet al., 2012, 2013). The base of the Woodford

is characterized by rugged basin 
oor topography that has put a measure of control over

lithofacies distribution throughout the Woodford. In general, basin 
oor depressions tend to

contain low TOC cherty lithofacies alternating with ductile TOC-rich lithofacies, resulting

in brittle-ductile couplets in these locations. Basin 
oorhighs are characterized by TOC-rich

ductile lithofacies containing more clay (Guptaet al., 2013). Overall, the Woodford Shale

is characterized by lithological heterogeneity and nonuniform fracture distributions within

the Cana-Woodford region, as determined by core analyses inGupta et al. (2013). This

distribution is supported by the depositional history of this region, outlined below. Geo-

graphically, the Anadarko Basin is bounded by the Nemha Uplift onthe east, the Cimarron

Arch on the west, and the Wichita and Amarillo Uplifts to the south. To the north is the

Anadarko Shelf, which extends across much of Western Kansas.These features can be seen

in Figure 1.16 and Figure 1.17.

1.3.1 Depositional History

The Woodford Shale was deposited in the Late-Devonian/Early-Mississippian within an

epeiric sea covering the Oklahoma Basin (see Figure 1.18). The base of the Woodford is

marked by a widespread regional unconformity found above the Silurian Hunton Limestone

and visible in Figure 1.19. Remnant topography of the pre-Woodford basin shows an irregular

character, which in turn controlled the distribution of di� erent lithologies as the epeiric sea

progressed from south-southeast to northwest during the global sea level rise of the late

20



Figure 1.15: Isochore map showing the Woodford Shale distribution in Oklahoma. The star
represents the study location of Guptaet al. (2013), which is approximately the same for
this study.
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Figure 1.16: Early-middle Paleozoic boundaries of the Oklahoma Basin and other major
features, overlain by a smaller colored map of the features created by the Pennsylvanian
Orogeny (Gupta et al., 2013).
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Figure 1.17: Map of Oklahoma marking the orogenic features created in Pennsylvanian time
(Pezaet al., 2014).

Devonian. The paleo-shoreline is found to the northeast while the basin depocenter is to

the southwest, creating a gentle dip of approximately 2� or less to the southwest within

the Woodford and underlying Hunton Limestone (Guptaet al., 2013). Paleogeographic

reconstruction indicates that this region was near 15� and 20� south latitude during the

deposition of the Woodford in the Late Devonian (Guptaet al., 2013; Pezaet al., 2014).

These latitudes are associated with temperate climate and frequent ocean upwelling, both

of which contribute to the high biological content found in the Woodford Shale.

The Woodford Shale exists in relatively thicker packages intopographically low areas of

the deformed pre-Woodford basin, as opposed to the thinner deposits on the topographic

highs. The basin 
oor lows also contain brittle cherty lithofacies that are absent in basin

highs. This is most likely due to the fact that these structural lows were inundated earlier

by the epeiric sea transgression, and as such were subjectedto turbidity currents and debris


ows absent in the basin highs. As such, more quartz-rich silty facies were deposited in these
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Figure 1.18: Paleogeography of North America during the Late Devonian near the time
of Woodford Shale deposition. Oklahoma's paleo-location is outlined in red (Gupta et al.,
2012).
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Figure 1.19: Basic stratigraphy of the Woodford Shale (Guptaet al., 2013).
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lows as opposed to the clay-rich suspension fallout characterizing the structural highs. It

is these cherty lithofacies that combine with the organic-rich shales to create brittle-ductile

couplets that are highly bene�cial to hydraulic fracturing treatments and production from

such impermeable reservoirs. In contrast, the topographichighs contain more ductile clay

facies that are not as susceptible to hydraulic fracture treatment.

After deposition, the Oklahoma Basin was broken into many smaller basins due to a

series of sharp uplifts during a Pennsylvanian orogenic episode. Guptaet al. (2013) has

shown many faults extending through the Woodford, most of which stop below the Oswego

Limestone. This would indicate that the signi�cant tectonic activity a�ecting this formation

occurred primarily during Pennsylvanian time. This is consistent with the observations in

Johnson (2008) which indicate the Pennsylvanian as a time of signi�cant crustal upwelling

and basin subsidence in the Oklahoma region. This complex post-depositional tectonic de-

formation would also account for much of the natural fracturing present within the Woodford

Shale (Guptaet al., 2013). Additionally, natural fracturing can be identi�ed in outcrop on

the formation, and according to Guptaet al. (2013) image log analysis in analogous shale

plays show a good relationship between such tectonic features and natural fractures in the

subsurface.

1.3.2 Horizontal Stress Regime

Past microseismic monitoring results, as well as a shear anisotropy analysis byPezaet al.

(2014) has established the maximum horizontal stress orientation to strike slightly north

of east/west. Additionally, a geomechanical model calibrated using full core, o�set wells,

and advanced dipole sonic logs has shown the di�erential between maximum and minimum

principal stresses to be approximately 1,500 psi in the Woodford Shale of the Anadarko

Basin. However, these stresses have shown a high sensitivityto clay content in this basin,

with higher clay content corresponding to higher in-situ stress and vice-versa (Pezaet al.,

2014).
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CHAPTER 2

LITERATURE REVIEW

The work
ow outlined in this document primarily follows the methodology published by

S. A. Shapiro and C. M. Sayers & J. Le Calvez in their papersMicroseismicity: A Tool

for Reservoir Characterization and Characterization of Microseismic Data in Gas Shales

Using the Radius of Gyration Tensor, respectively. Shapiro extensively analyzes the spatio-

temporal evolution of microseismic data and attempts to link such signatures to geomechan-

ical properties such as hydraulic permeability. Sayers & LeCalvez use the radius of gyration

tensor to link spatial microseismic signatures to in-situ horizontal stress ratios. Each of

these authors' work will be outlined in the following sections, and both of those work
ows

are recreated in Chapter 3 as completely as possible with available data. Additionally, the

radius of gyration tensor method outlined by Sayers & Le Calvez is applied directly to one

of Shapiro's methods, bridging the gap between these two distinct analytical methods. This

will be explained in detail in Chapter 3.

2.1 Microseismicity: A Tool for Reservoir Characterization

Shapiro (2008) applies numerous methods of spatio-temporal microseismic analysis for

reservoir characterization. Only the relevant sections ofhis work will be included in this

literature review. These include the concept of triggeringfronts and their use in RT plots

(i.e. plots of microseismic event growth away from the injection source over time), as well as

the extension of these methods to hydraulically anisotropic rocks, ultimately linking spatio-

temporal microseismic signatures to anisotropic permeability of the reservoir rock.

2.1.1 Seismicity and Linear Di�usion of Pore Pressure

If it is assumed that 
uid injection pressure (i.e., bottom hole pressure) is smaller than

the minimum principal stress, then the process of seismicity triggering in space and time is
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controlled by a process of linear relaxation of stress and pore pressure perturbations. This

process is described by the system of Frenkel-Biot equations for small linear deformations of

poroelastic systems (Biot, 1962). These equations show that in a homogeneous isotropic 
uid-

saturated poroelastic medium, there are three waves that propagate a strain perturbation:

longitudinal and shear seismic waves (i.e., P and S waves) and a highly dissipative slow

compressional wave. As typical clouds of microseismic events take hours to form, it is di�cult

to describe this process using P and S waves due to their propagation velocity, so the slow

wave is used instead. The pore pressure perturbation of these slow waves can be described by

a linear partial di�erential equation of di�usion, obtaina ble by uncoupling the pore pressure

from the complete system of Frenkel-Biot equations in the low frequency range (Shapiro,

2008). However, uncoupling the pore pressure di�usion equation requires an additional

assumption of an irrotational displacement �eld in the solid skeleton. This assumption

is valid for weakly heterogeneous and weakly elastically anisotropic rocks (Shapiro, 2008).

Shapiro concludes that the spatio-temporal evolution of hydraulically induced seismic events

in heterogeneous and anisotropic porous media can be described as follows:

@p
@t

=
@

@xi
[D ij

@
@xj

p]; (2.1)

whereD ij are the components of the tensor of hydraulic di�usivity,x j (j = 1, 2, 3) are the

components of the radius vector from the injection point to an observation location in the

medium, p is pore pressure, andt is time (Shapiro, 2008). Along with the other assumptions

thus far, if only the hydraulic permeability of the medium isallowed to be heterogeneous and

anisotropic, Equation 2.1 can still be uncoupled from the complete system of Frenkel-Biot

di�usion equations in the low-frequency range. According toBiot (1962), the coe�cient D

in Equation 2.1 has the following relation to the permeability tensor of the medium:

D = N K =�; (2.2)

N =
M (K d + 4=3� d

K d + 4=3� d + � 2M
;
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M = ( �=K f + ( � � � )=Kg)� 1;

� = 1 � K d=Kg;

whereK is the tensor of hydraulic permeability,D is the tensor of hydraulic di�usivity,

� is the pore-
uid dynamic viscosity,N is a poro-elastic modulus de�ned above,K f;d;g is the

bulk moduli of the 
uid, dry frame, and grain material, respectively, � d is the shear modulus

of the frame, and� is porosity (Shapiro, 2008).

2.1.2 Triggering Fronts and RT Plots

The concept of a triggering front can be explained as the outer limit of pore pressure

perturbation due to 
uid injection into a 
uid-saturated me dium. For simplicity, this section

assumes that such a 
uid injection can be represented by a point source of pore pressure per-

turbation in an in�nite, hydraulically homogeneous and isotropic poroelastic 
uid-saturated

medium (Shapiro, 2008). As such, the injection is e�ectivelya step function that turns on

at time 0. As time elapses and the magnitude of the pore pressure perturbation increases,

microseismic event triggering becomes more likely. These events most likely trigger at a

distance from the injection source that is less than or equalto the size of the signi�cant pore

pressure perturbation zone (called the relaxation zone), with farther distances corresponding

to a much lower probability of occurence. The boundary between this relaxation zone and

all points beyond it, spatially, is known as the triggering front of seismicity.

To arrive at a more formal de�nition of a triggering front, the relaxation zone is de�ned

as the distance travelled in a given timet0 by the phase front of a harmonic pore pressure

di�usion wave of frequency 2�=t 0. This frequency is chosen as it is the upper bound of dom-

inant frequencies of a rectangular signal of durationt0 (Shapiro, 2008). It is this rectangular

signal that will cause the pore pressure perturbations in the medium at any point and any

time t0. Such a de�nition results in the following equation for the triggering front in an
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isotropic homogeneous medium:

r =
p

4�Dt; (2.3)

wherer is the radius of the triggering front (a sphere in a homogeneous isotropic medium),

D is scalar hydraulic di�usivity, and t is the time from the start of 
uid injection. These

triggering fronts are de�ned as the outer limit of the zone inwhich it is probable for micro-

seismic events to occur, so when viewing a plot of the spatio-temporal distribution (i.e., an

\RT plot") of these events, the triggering front will be de�n ed as the upper bound of the

visible cloud of events. It follows that these triggering fronts can then be used to estimate

the hydraulic di�usivity of the formation if it is not known. However, this assumption adds

interpretation bias to the resulting value of hydraulic di�usivity, as the appropriate value

of di�usivity that characterizes the spatio-temporal microseismic growth must be estimated

by the interpreter. Two methods were used to mitigate this bias that were not covered in

Shapiro's book; these will be discussed in Chapter 3.

Shapiro (2008) numerically veri�ed Equation 2.3 through implementation of a computer

simulated 
uid injection in two hydraulically identical ho mogeneous models that di�er in

the distribution of critical pore pressure (the amount of pore pressure perturbation needed

to experience rock failure i.e., a microseismic event). Theresults of this experiment can be

seen in Figure 2.1. More detail regarding this experiment canbe found within the reference

material. However, it is important to note that in these experiments, the hydraulic di�usivity,

and therefore the triggering front of seismicity were de�ned before the microseismic events

were synthetically created. The results show that an overwhelming number of the events

appear within the envelope of the triggering front, as predicted by Equation 2.3.

Furthermore, this spatio-temporal distribution of eventsappears to occur in reality, as

found in the two case studies Shapiro (2008) conducted, involving 
uid injection experiments

in both Fenton Hill, USA and Soultz, France. See Figure 2.2 for theRT plots resulting from

these studies. Di�ering from the numerical forward modeling experiment, the di�usivity of

these formations was unknown before the case study experiments. Thus, the RT plots were
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Figure 2.1: Synthetic microseismicity generated for two di�erent spatial distributions of
critical pore pressure. The upper row displays (from the left): values of critical pore pressure
randomly distributed in space by an exponential auto-correlation function; then, the resulting
microseismic cloud (plan view) for such a criticality distribution; �nally, the corresponding
RT plot for this modeled microseismicity (Shapiro, 2008).
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used to estimate the hydraulic di�usivity of these two formations.

Figure 2.2: RT plots created for two case studies on water injection experiments in the
framework of two di�erent Enhanced Geothermic System projects - one at Fenton Hill, USA
and the other at Soultz, France (Shapiro, 2008).

2.1.3 Seismicity and Hydraulic Anisotropy

Even though the scalar di�usivity found in Equation 2.3 can e�ectively describe real-world

microseismic data, the fact remains that most rocks are characterized by strong hydraulic

anisotropy. The scalar di�usivity does not accurately represent this anisotropy, but an

alternative equation can be used to capture this property. To do this, the assumption must

be made that the components of the tensor of hydraulic di�usivity D are homogeneously

distributed in the medium. Then, Equation 2.1 can be modi�edto obtain a triggering front

for an e�ectively homogeneous, anisotropic, poroelastic,
uid-saturated medium:

r =

r
4�t

n T D � 1n
; (2.4)

wheren = r =j �r j, D � 1 is the inverse ofD , and T denotes that the matrix is transposed.
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In the principal coordinate system of the di�usivity tensor, the matrix D ij becomes

diagonal (D11, D22, D33), yielding the following:

x2
1=D11 + x2

2=D22 + x2
3=D33 = 4�t; (2.5)

It follows that if the principal coordinate system is scaledas

xsj = x j =
p

4�t; (2.6)

then the triggering front equation becomes an equation of anellipsoid with half-axes

lengths equal to the square root of the principal di�usivities (Shapiro, 2008). Thus, the

triggering front of seismicity is an ellipsoid in an anisotropic 3D space (see Figure 2.3). This

ellipsoidal shape will become signi�cant in Chapter 3.

Figure 2.3: Top: a microseismic cloud from the Fenton Hill casestudy shown in three
di�erent spatial views. Middle: Time-scaled coordinates of the same microseismic data, as
per Equation 2.6. Bottom: the same as previous but with a �tted characteristic ellipsoid
(Shapiro, 2008).
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Now that an anisotropic tensor of hydraulic di�usivity is obtained, Equation 2.2 can be

applied and rearranged into

K = D
�
N

; (2.7)

This method of obtaining anisotropic hydraulic permeability from anisotropic hydraulic

di�usivity was also tested on Shapiro's case studies at Fenton Hill and Soultz. In Fenton

Hill, the permeability was calculated to be on the order of 10� 16 m2, and rough estimates

by other authors put the permeability at Fenton Hill at 10� 17 � 10� 15 m2 (Pearson, 1981).

The experiment in Soultz provided estimates of permeability on the order of 10� 17 m2, while

independent hydraulic data puts the permeability at 2:5� 10� 17 m2 in this area (Junget al.,

1996). The results of these studies appear to support the credibility of this relationship.

However, this ellipsoidal triggering front poses the same interpretational bias problem as the

scalar triggering fronts mentioned earlier. This is the motivation for applying the methods

used by Sayers & Le Calvez (2010) to this work
ow, as described in the Methods section.

2.2 Characterization of Microseismic Data in Gas Shales Using the Radi us of
Gyration Tensor

Sayers & Le Calvez introduce a tool for microseismic analysis known as the radius of

gyration tensor. This tool can be used to characterize microseismic clouds, as it provides the

principal axes of such clouds of data as well as the length, width, and height of the fracture

treatment through the principal radii of gyration. The eigenvectors of the radius of gyration

tensor coincide with the principal axes of the microseismiccloud, while the eigenvalues are

related to the lengths of these axes. As such, this tensor generates a characteristic ellipsoid

for any set of microseismic data. The ratios of the eigenvalues of this tensor can also be used

to characterize the shape anisotropy of the microseismic cloud. This is signi�cant because

the shape anisotropy of the microseismicity is sensitive tothe anisotropy of the in-situ stress

�eld, as well as the orientation of preexisting fracture networks. Thus, the radius of gyration

tensor may be used to characterize such features (Sayers & LeCalvez, 2010).
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2.2.1 The Radius of Gyration Tensor

Fracture systems created in hydraulic fracture treatmentsof gas shales exhibit a pre-

ferred orientation and width based on the in-situ stress state as well as the distribution of

natural fractures or other heterogeneities. Orientation of these fractures is a function of the

orientations of the principal stress directions as well as the orientations of natural fractures.

Furthermore, the width of the stimulated fracture network will be sensitive to the anisotropy

of the in-situ stresses. For example, low stress anisotropywill typically correspond to wider

fracture fairways, especially when natural fractures are present. Conversely, high stress

anisotropy will typically correspond to narrow fracture fairways (Sayers & Le Calvez, 2010).

In mathematical representation, the radius of gyration tensor is de�ned as

T =

0

@
T11 T12 T13

T21 T22 T23

T31 T32 T33

1

A (2.8)

where

Tij =
1
N

NX

k=1

(r (k)
i � �r (k)

i )(r (k)
j � �r (k)

j ) (2.9)

(Rudnick & Gaspari, 1986).

In Equation 2.9, a summation is taken over theN microseismic events that occurred dur-

ing monitoring and development of the hydraulic fracture system. r (k)
i is the i th component

of the kth microseismic event, andr (k)
i is the i th component of the position vector of the

center of gravity of the microseismic cloud. In other words,r (k)
i is the average value ofr (k)

i

taken over all microseismic events (Sayers & Le Calvez, 2010).

BecauseTij is a real symmetric tensor, it will have three real eigenvalues� 1, � 2, and � 3

de�ned such that � 1 � � 2 � � 3. The square roots of each eigenvalue will give the three

principal radii of gyration, while the eigenvectors give the principal axes of the radius of

gyration tensor. Additionally, becauseTij is a real symmetric second-rank tensor, it can be

represented by an ellipsoid. In this context, a characteristic ellipsoid's principal axes will

coincide with the eigenvectors of the radius of gyration tensor with semi-axis lengthsai given
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by

ai =
p

3� i ; i = 1; 2; 3 (2.10)

(Rawdon et al., 2008).

If one of the principal axes of the characteristic ellipsoidis near vertical, the eigenvalues

can then be denoted as� V , � H , and � h. These are, respectively, the vertical eigenvalue,

the largest horizontal eigenvalue, and the smallest horizontal eigenvalue. Because the axes

lengths of the characteristic ellipsoid are de�ned in termsof the eigenvalues, the aspect ratio

� of the microseismic cloud can be de�ned as either a simple ratio of the horizontal axes

lengths, or by the square root of the ratio of the horizontal eigenvalues given by

� = ( � h=� H )1=2 (2.11)

This aspect ratio � de�nes the width of the fracture fairway as well as the magnitude of

the seismic anisotropy. The seismic anisotropy will decrease with increasing aspect ratio.

2.2.2 Stress Anisotropy

In general, the width divided by the length of the microseismic cloud given by � is

inherently related to the ratio of minimum horizontal stress to maximum horizontal stress

(Sh and SH , respectively). Small values ofSh=SH , corresponding to a highly anisotropic

stress state, are consistent with classical planar hydraulic fractures with � =width/length � 0.

Furthermore, if the formation is assumed to be azimuthally isotropic, such that Sh=SH =1,

the microseismic cloud would have horizontal axes of equal lengths, so that � =1 in this

limit. However, if the formation contains an anisotropic distribution of natural fractures,

the width of the microseismic cloud will be given by a factor� in the limit Sh=SH =1. In this

context, the parameter� accounts for the anisotropy in the mechanical response of fractured

rock (Sayers & Le Calvez, 2010). The variation of� between the lower and upper limits of

Sh=SH =0 and Sh=SH =1 is characterized by a parameterp in the following equation:

� = width=length = � � (Sh=SH )p (2.12)
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In Equation 2.12, to arrive at a reasonable value ofp, which must be determined inde-

pendently for each formation, one can calculate� at any location whereSh=SH are known.

Then, combine this with knowledge of the orientation distribution of natural fractures in

this area (using, for example, borehole images or seismic re
ection amplitude variation as a

function of incidence angle and azimuth). Thus,� , Sh=SH , and � are known, and Equation

2.12 can be solved forp.

Once this relationship is de�ned, a plot such as the one in �gure Figure 2.4 can be created,

allowing this method to be used in a predictive sense. For example, if one knowsSh=SH

in one location, the aspect ratio for a microseismic cloud inthis location can be estimated.

Alternatively, maximum horizontal stress can be estimated in a location where microseismic

data are present (yielding� ) and minimum horizontal stress is known.
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Figure 2.4: Variation of microseismic aspect ratio,� as a function ofSh=SH , assuming� =1
in Equation 2.12 (Sayers & Le Calvez, 2010).
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CHAPTER 3

METHODS

The following sections will detail the application of the work
ows outlined in Chapter

2. Speci�cally, this is the detailed summary of the application of RT plots, the radius of

gyration tensor, and ellipsoid �tting on time-scaled microseismic data. The purpose of this

study is multifold. Firstly, this serves as a test of the applicability of these methods to

real surface microseismic data acquired during hydraulic fracture treatments in a producing

unconventional reservoir, the Woodford Shale. Secondly, these methods ultimately allow

calculations of several geomechanical and poroelastic parameters, namely local horizontal

stress ratios and hydraulic permeability. Thirdly, the radius of gyration tensor is leveraged

to indicate the presence of natural fractures (an application not covered in the literature).

Lastly, an attempt is made at combining a portion of the work
ows outlined by Shapiro

(2008) and Sayers & Le Calvez (2010) to reduce interpretation bias in ellipsoid �tting on

time-scaled microseismic data. Unfortunately, due to data and time constraints, values of

horizontal stress ratios and hydraulic permeabilities were not realized. This will be detailed

more later in this chapter.

It is also signi�cant to note that a Matlab work
ow was used to generate all �gures in

this chapter. As such, this process is easily reproducible forany given set of microseismic

data, making future applications of these work
ows computationally inexpensive with a short

turnaround time (on the order of hours).

3.1 RT Plots

The RT plots generated for this study can be found in Section A.1 of the appendix.

Each plot depicts the entire microseismic event set recorded for its corresponding well, with

each event plotted at the distance it occurred from the \injection source" (estimated to

be the center of the treatment stage) and at the time in which it occured after the start
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of treatment (t=0 corresponds to the �rst occurence of bottom hole pressure greater than

zero). The interpreted triggering front of seismicity is plotted on each RT plot in red, with

its scalar di�usivity value displayed in the top right corner. The events associated with each

stage of treatment are superimposed on each other, so the resulting RT plots are showing

characteristic growth for that entire well and geologic region, as opposed to an individual

stage. Note that some microseismic events may fall outside the bounds of these plots, and

as such are treated as outliers that will be �ltered as described later in this section.

As the triggering front is de�ned by Shapiro (2008) as the outer bound of the disturbance

caused by a pore pressure di�usion wave, which in turn is caused by the hydraulic stimulation,

it can be inferred that the triggering front is also the outerbound of where injected 
uid

interaction is taking place at any given time. Thus, the triggering fronts can be used as

a quality control tool, in that events occuring beyond this limit can be removed from the

microseismic dataset entirely. This procedure then leavesa subset of microseismic data that

are more likely to be directly related to the hydraulic stimulation program as opposed to any

extraneous causes such as fault reactivation, relaxation of recently treated adjacent wells,

pressure tests or production of nearby wells, etc. The subsets of microseismic events are

employed in Section 3.2 and will be discussed more therein.

Due to the interpretive nature of the triggering fronts, this �ltering runs the risk of re-

moving potentially useful data. This is why it is important to de�ne a scalar hydraulic

di�usivity value that best characterizes the microseismicevent growth over time. Two pri-

mary methods were used to accomplish this goal. The �rst is a simple plot of distance

versus the square root of time (an \RTQC" plot). When microseismic events are plotted in

this space, the microseismic event growth in time will be linear, as the triggering front is

a square root function as de�ned in Equation 2.3. Thus, the triggering front in this space

will also be linear, and much easier to �t to the data by hand. Compare the RT plots in

Figure A.1-Figure A.6 to their corresponding RTQC plots in FigureA.7-Figure A.12. The

second method to reduce this interpretational bias is employed when these triggering fronts
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are expanded into 3 dimensions and an anisotropic di�usivity tensor is calculated. This

methodology is described in Section 3.5.

Although the RT plots found within this study are an integral part of the work
ow, they

were not generated by the author, but rather by Gumble (2015).

3.2 Radius of Gyration Tensor Results

The radius of gyration tensor, as described in Section 2.2, was calculated in a Matlab

environment and then used to generate characteristic ellipsoids for the six study wells. The

corresponding plots for each well can be found in Section A.3 of the appendix. In addition,

plots were generated for each individual stage of all six wells, as well as for two sets of

microseismic data: the complete un�ltered dataset, and thesubset created through RT plot

�ltering as described in Section 3.1. If viewing the electronic version of this document,

comparisons can be made between the corresponding plots of the two microseismic subsets

by clicking the reference link in each caption.

A representative ROG plot can be seen in Figure A.124. Each of these ROG plots has

four panels representing four perspectives indicated above each panel: 3-dimensional view

in the top left, plan view in the top right, cross-sectional view looking west in the bottom

left, and cross-sectional view looking north in the bottom right. This particular example

shows the microseismic event sets corresponding to all 20 stages of treatment plotted with a

common origin, so that the event sets will be overlapping each other and hopefully creating

a signature representative of the entire well. Such plots ofoverlapping stages will be referred

to as a \superstage". Note that the origin of these plots corresponds to the estimated

injection location at the center of each treatment stage as discussed in Section 3.1. These

plots are annotated with various statistics about the displayed microseismic data, as well

as the characteristic ellipsoid �tted to these data. The center of mass, which is also the

center of each characteristic ellipsoid, is indicated in the top left corner. The total number

of microseismic events can be found in the top right corner. Parameters that describe the

characteristic ellipsoid are found in the center: Verticaland azimuthal deviations on the
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middle left, principal semi-axes lengths in the middle right (color coded to the axes in

the panels), and an approximate aspect ratio below the semi-axes lengths, denoted by� .

The center of mass is calculated as the average (x, y, z) values for the entire microseismic

dataset. The vertical deviation is de�ned as the angle between vertical and the principal

axis of the characteristic ellipsoid closest to vertical. The azimuthal deviation is the smallest

angle between north and the longest (green) principal axis,measured clockwise with east

corresponding to 90� . The principal semi-axes lengths are calculated based on the eigenvalues

of the radius of gyration tensor, as per Equation 2.10, and the approximate aspect ratio�

is calculated as the ratio of the two horizontal axes of the characteristic ellipsoid. Note

that these axes will not always correspond to the same color for each well or stage, and

this will not be an exact aspect ratio due to the vertical deviation of the characteristic

ellipsoid. However, the relationship established by Sayers& Le Calvez (2010) between this

aspect ratio and local horizontal stress ratios (see Equation 2.12) only applies when one of

the principal axes is near vertical, and the aspect ratios ofsuch ellipsoids will be minimally

a�ected by their small vertical deviations. However, this approximation will still add error

to the calculated aspect ratio proportional to the verticaldeviation, and should be kept in

mind. See Section 4.1 for suggestions regarding this correction.

As mentioned above, Figure A.124 depicts a superstage for Well D. However, it is also

using the complete microseismic dataset for this well. Compare this to Figure A.145, where

the RT plot for Well D (seen in Figure A.4) was used to �lter events occuring beyond the

triggering front. It is immediately apparent that �ltering o f these events causes a reduction

in the size of the characteristic ellipsoid due to the removal of the 340 events occuring beyond

the triggering front. However, the deviation values as well as the aspect ratio are comparable

to the original values, save for a small reduction in� . In this particular case, the RT �ltering

process has not changed the overall character of the characteristic ellipsoid. This is typical

for the superstage plots, due to the averaging out of more unique characteristics of each

treatment stage. Characteristic ellipsoids for some individual stages of the study wells show
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more extreme changes when subjected to RT �ltering, and these will be discussed in Section

3.6.

This complexity then raises the argument of which set of microseismic data is more

appropriate for these studies. For example, �ltering the microseismic events beyond the

triggering front can result in a characteristic ellipsoid that is a better �t, visually speaking, to

the event set. Compare the un�ltered microseismic data of Stage 15 in Well A in Figure A.33

to the �ltered subset in Figure A.49 for an example of this qualitative �t improvement.

However, an argument can be made that these \anomalous" events that are �ltered out give

important insights into the in-situ stress �eld, and removing them would be unwise. On the

other hand, these �ltered events could be related to nearby fault reactivation. If this is the

case, those events should be removed when determining horizontal stress ratios with this

method.

3.3 Horizontal Stress Ratios

According to Sayers & Le Calvez (2010), the aspect ratio� calculated from the radius

of gyration tensor plots is relatable to the local in-situ horizontal stress anisotropy (see

Equation 2.12). This is due to the fact that this horizontal stress anisotropy is a primary

driver of the orientation of the propagating hydraulic fractures, the resulting shape of the

microseismic event cloud, and thus the characteristic ellipsoid for that cloud. However,

natural fractures can also impact this shape by diverting the hydraulic fractures created by

the stimulation program, possibly increasing the aspect ratio of the characteristic ellipsoids.

To account for this possibily, Sayers & Le Calvez (2010) haveincluded a term� in Equation

2.12 that accounts for the heterogeneity due to these naturalfractures. This value ranges

from zero to 1 as a scaling factor on the relationship betweenaspect ratio and horizontal

stress ratio. It follows that if natural fractures are diverting the hydraulic fractures to a

large extent, � should be closer to 1, whereas if natural fractures are parallel with maximum

horizontal stress, or if the formation is relatively homogeneous and possessing fewer natural

fracture sets, � will be closer to zero. This, however, poses a problem of quanti�cation.
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For a robust relationship between microseismic aspect ratios and horizontal stress ratios

to be established, a value of� must be chosen that e�ectively captures the e�ect of these

natural fractures. According to a lecture by Lorenz (2016), the angle between maximum

horizontal stress and the principal natural fracture orientation is a large deciding factor for

whether or not hydraulic fractures are diverted by these natural fracture sets. If the angle

is between 0 and 60� , the hydraulic fracture is more likely to be diverted, whereas if this

angle is between 60� and 90� , the stimulated fracture is less likely to follow the natural

fractures; however, the latter range of angles also provides the greatest possible increase to

the resulting aspect ratio, and should be weighted as such when translating this information

to � values. It stands to reason that a 60� angle between natural fractures and the maximum

horizontal stress orientation would be the sweet spot of maximizing likelihood of hydraulic

fracture diversion while still increasing characteristicellipsoid aspect ratio. This angle should

probably correspond to� = 1. If the angle between maximum horizontal stress and natural

fractures is close to zero, then� should also be close to zero, but not exactly zero. Similarly, if

this relative angle is above 60� , then � must decrease to account for the decreased likelihood

of hydraulic fracture diversion. However, any diversion that does occur at these angle ranges

will have a greater e�ect on the aspect ratio of the microseismic cloud, so this must be

considered as well. Additionally, if the natural fractures are at a 90� angle to the maximum

horizontal stress, there is the possibility of the hydraulic fracture diverting perpendicularly

in both directions as opposed to just the direction corresponding to the acute angle between

the max horizontal stress and the natural fracture plane. This would e�ectively double the

potential for increasing aspect ratio, and should be re
ected in the choice of� .

The next problem with the relationship in 2.12 is the parameter p. This is de�ned as

a formation-spec�c parameter that describes the variationof horizontal stress ratios with

microseismic aspect ratios. As such, it is an empirical term that must be solved for given

trustworthy values of all other terms in 2.12. � can be calculated from microseismic ROG

plots as described earlier in Section 3.2,� is possible to obtain through re�nement and
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implementation of the reasoning posed above in this section, and Sh can be obtained from

sonic velocity logs. The problem that arises here is attaining a value of maximum horizontal

stress to plug into this equation. This relationship is potentially very useful in that it can be

used to derive maximum horizontal stress values, as these are typically di�cult to measure.

However, to establish this relationship in the �rst place, atleast one trustworthy value of

maximum horizontal stress must be obtained to derivep.

3.3.1 Estimating Maximum Horizontal Stress

Equation 2.12 allows calculations of horizontal stress ratios from microseismic data, but

requires accurate� and p values. This section outlines an attempt to bypass this missing

information and arrive at a table of values for maximum horizontal stress for a given range

of p values and an assumption that� =1. The well logs provided in this study can be

used to calculate minimum horizontal stress using Equation3.1, as described below, and

microseismic aspect ratios are obtained from the radius of gyration tensor of each well's

superstage plot. These aspect ratios can be found in Table 3.1. Note that the aspect ratio

chosen for Well F is an average of the aspect ratios of the two superstage plots (Stage 1-16

in ?? and Stage 17-41 in??). Also, all stress values derived from Well E are suspect, dueto

the fact that the superstage plots for Well E have large vertical deviations (see Figure A.166

and Figure A.177). This causes the calculation of microseismic aspect ratio � as de�ned

by Equation 2.11 to be inaccurate. This source of inaccuracyis addressed in the future

recommendations section (Section 4.1).

To calculate a value of minimum horizontal stress, the following equation was imple-

mented:

� h � �p p =
Eh

Ev
(

� v

1 � � h
)( � v � �p p) (3.1)

where � h is the minimum horizontal stress gradient,� is Biot's constant, pp is pore pres-

sure gradient,Eh;v are horizontal and vertical static Young's modulus, respectively, � h;v are

horizontal and vertical static Poisson's ratio, respectively, and � v is vertical stress gradient
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Table 3.1: Microseismic aspect ratios for the superstage plots in all study wells, including
both raw and RT �ltered datasets.

� (Un�ltered) � (RT Filtered)
Well A 0.532 0.438
Well B 0.419 0.328
Well C 0.546 0.315
Well D 0.506 0.432
Well E 0.263 0.303
Well F 0.447 0.575

(Iverson, 1995). Note that this is an anisotropic form of thisequation (VTI) due to the in-

corporation of both vertical and horizontal measurements of Young's modulus and Poisson's

ratio.

The well logs provided include vertical and horizontal Young's modulus (static), vertical

and horizontal Poisson's ratio (dynamic, but approximately equal to the static values within

the Woodford Shale), overburden gradient, and pore pressure gradient. This combination,

along with the assumption that Biot's � is equal to 1, allowed Equation 3.1 to be used to

calculate the minimum horizontal stress gradient at Well 1-3. However, this procedure is

highly sensitive to the value used for pore pressure gradient. To elaborate, one of the logs

provided is minimum horizontal stress gradient, calculated by Schlumberger (red curve in

Track 2 of Figure 3.1, Figure 3.2, and Figure 3.3). This is the measurement needed for

Equation 2.12, but there is an underlying assumption of a constant pore pressure gradient,

which can be seen as the blue curve in Track 3 of Figure 3.1 and Figure 3.2. An alternative

to this is to extract a pore pressure gradient log from seismic data, using the 4 nearest

traces of a pore pressure volume (See the black curves withinTrack 3 of Figure 3.1 and

Figure 3.2). In each case, this seismic extraction produced lower pore pressure gradients

compared to the constant pore pressure gradient assumption, which caused the calculated

minimum horizontal stress to be lower than the provided measurement (compare the black

to the red curves in Track 1 of Figure 3.1 and Figure 3.2). Also, the assumption that Biot's

constant is equal to 1 was probably not made by Schlumberger,and this altered� value could
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account for part of the observed di�erence. For instance, when Equation 3.1 is used with all

provided log values including the constant pore pressure gradients, but with � still equal to

1, the resulting minimum horizontal stresses are much closer to the provided (red) curves.

Compare the blue curve to the red in Figure 3.1 and Figure 3.2. The di�erence between these

curves could be due to a di�erence in Biot's constant, or possibly the implementation of a

di�erent equation than 3.1. Regardless, all minimum horizontal stress values were compiled,

and average stress values were chosen for each well (two for each well: one provided by

Schlumberger, and one calculated with Equation 3.1). Thesevalues are found in Table 3.2.

Table 3.2: Estimated average values for minimum horizontalstress for Wells 1-3. The
left column corresponds to calculated values using Equation 3.1, whereas the right column
corresponds to values calculated by Schlumberger.

sh Calculated (psi) sh Schlumberger (psi)
Well 1 10,000 11,000
Well 2 9,500 10,500
Well 3 8,000 8,200

With estimated values for minimum horizontal stress, Equation 2.12 can be implemented.

However,� and p are still unknown for the Woodford Shale, so assumptions must be made.

� is assumed to be 1, andp is allowed to vary discretely between 0.25 and 10. With

these assumptions, a table of values for maximum horizontalstresssH can be produced.

Because both the un�ltered microseismic data and the RT �ltered data are included in this

approximation, two total tables are produced (Table 3.3 andTable 3.4). Each well has six

possiblep values for whichsH is calculated, assuming� =1. The values from Table 3.2 were

used as the minimum horizontal stress (sh) input for this calculation, but only one value

could be used for each well. As such, an average was taken between the calculated and

Schlumberger values ofsh, and then the closest vertical well to the horizontal study wells

was favored. For instance, Well 3 is closest to Well F (see Figure 1.1), so the average of

the calculated 8,000 psi and the Schlumberger 8,200 psi (i.e. 8,100 psi) was used in the

calculation of the maximum horizontal stress at Well F. Well 1is closest to Well A-E, so it
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Figure 3.1: Well 1 { Track 1: minimum horizontal stress values calculated (blue/black)
and provided (red). The black curve is calculated with seismic-derived pore pressures, while
the blue assumes a constant pore pressure gradient.Track 2: minimum horizontal stress
gradients corresponding to track 1. Track 3: Pore pressure gradient (blue/black) and
overburden gradient (red). The black curve is derived from seismic data, while the blue
assumes a constant pore pressure gradient.Track 4: Horizontal (black) and vertical (red)
Poisson's ratio.Track 5: Horizontal (black) and vertical (red) Young's modulus.
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Figure 3.2: Well 2 { Track 1: minimum horizontal stress values calculated (blue/black)
and provided (red). The black curve is calculated with seismic-derived pore pressures, while
the blue assumes a constant pore pressure gradient.Track 2: minimum horizontal stress
gradients corresponding to track 1. Track 3: Pore pressure gradient (blue/black) and
overburden gradient (red). The black curve is derived from seismic data, while the blue
assumes a constant pore pressure gradient.Track 4: Horizontal (black) and vertical (red)
Poisson's ratio.Track 5: Horizontal (black) and vertical (red) Young's modulus.
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Figure 3.3: Well 3 { Track 1: minimum horizontal stress values calculated (black) and
provided (red). Track 2: minimum horizontal stress gradients corresponding to track 1.
Track 3: Pore pressure gradient (black) and overburden gradient (red). Track 4: Horizontal
(black) and vertical (red) Poisson's ratio. Track 5: Horizontal (black) and vertical (red)
Young's modulus.
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was favored for those �ve wells. However, Well 2 should still be included in the calculations

for these wells, so the overallsh chosen for Well A-E was 10,250 psi. The anomalous tectonic

conditions by Well F, observable in the ROG plots in Appendix A.3and microseismic clouds

in Figure 1.7, meant that only the closest vertical well, Well3, was used in the maximum

horizontal stress calculations for Well F.

Table 3.3: Values of maximum horizontal stress calculated using Equation 2.12 assuming
� =1 while allowing p to vary between 0.25 and 10. The aspect ratios for this table were
taken from the un�ltered superstage plots of each of the six study wells.

p= 0.25 0.5 1 2.5 5 10
Raw Data sH (psi) sH sH sH sH sH

Well A 127,961 36,216 19,267 13,193 11,629 10,918
Well B 332,558 58,384 24,463 14,516 12,198 11,182
Well C 115,333 34,383 18,773 13,057 11,569 10,889
Well D 156,359 40,033 20,257 13,461 11,746 10,973
Well E 2,142,402 148,188 38,973 17,488 13,389 11,715
Well F 203,798 40,630 18,141 11,183 9,517 8,780

Table 3.4: Values of maximum horizontal stress calculated using Equation 2.12 assuming
� =1 while allowing p to vary between 0.25 and 10. The aspect ratios for this table were
taken from the RT �ltered superstage plots of each of the six study wells.

p= 0.25 0.5 1 2.5 5 10
RT Filtered Data sH (psi) sH sH sH sH sH

Well A 278,501 53,429 23,402 14,260 12,090 11,132
Well B 885,581 95,274 31,250 16,009 12,810 11,459
Well C 1,041,074 103,301 32,540 16,270 12,914 11,505
Well D 294,299 54,923 23,727 14,339 12,123 11,147
Well E 1,216,055 111,645 33,828 16,525 13,015 11,550
Well F 74,358 24,542 14,099 10,110 9,050 8,562

An interesting outcome of creating these tables is that, for the given� value of 1, inap-

propriate p values become obvious. For instance, in both Table 3.3 and Table 3.4,p values

of 0.25, 0.5, and 1 produce unrealistically large values of maximum horizontal stress. This

immediately allowsp to be constrained, assuming a correct� is chosen. If these results are

combined with other knowledge of the stress regime in the Cana-Woodford, such as the 1,500
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psi di�erence between minimum and maximum principal stresses in the Anadarko basin cal-

culated by Pezaet al. (2014), then a smaller range of acceptablep values can be derived.

Again, this depends on an accurate� value, so calculating this value should be prioritized

in future studies.

3.4 Hypothesis: Natural Fracture Indicators

The review of the numerous ROG plots generated for the six study wells has led to the

formulation of a hypothesis: that these plots can indicate individual treatment stages that

have reactivated preexisting natural fracture sets. The premise behind this hypothesis begins

with the consideration of a homogeneous, isotropic formation. A hydraulic stimulation of

such a formation should result in relatively planar fractures striking in the orientation of

maximum horizontal stress and extending vertically in cross-section. The corresponding

microseismic event set for this ideal scenario should produce a characteristic ellipsoid that

is well behaved, in that it has a vertical axis nearly vertical, and an azimuthal deviation

near the maximum horizontal stress direction. Any signi�cant deviations from this result

are most likely due to some sort of heterogeneity or anisotropy in the formation itself.

This is likely going to be in the form of natural fractures, asit is common for hydraulic

fractures to reactivate and be diverted by such features. Thus, one can use the vertical and

azimuthal deviation values derived for each characteristic ellipsoid as an indicator of natural

fracture reactivation. Because this is an approximation that disregards other sources of

heterogeneity and anisotropy, only large deviations from a\well behaved" characteristic

ellipsoid are considered to have natural fracture reactivation. As such, any characteristic

ellipsoid that has an azimuthal deviation that is 10� or more away from the maximum

horizontal stress direction (estimated to be roughly 85� east of north in accordance with the

�ndings in Peza et al. (2014) as well as observed azimuthal trends in past completions in the

Cana-Woodford) in addition to having a vertical deviation of at least 20� can be interpreted

as having reactivated some preexisting fracture network. Note that this technique does not

capture all cases of natural fracture reactivation, but evidence has shown it to be a reasonable
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criterion for locating extreme cases. Additionally, smaller deviations either azimuthally or

vertically are sometimes acceptable as natural fracture reactivation indicators so long as the

other deviation value is signi�cantly large. For now this will have to be a qualitative cuto�

chosen by the interpreter. An example of this is shown in the Well B evidence in Section

3.4.1.

To demonstrate this hypothesis, several examples from individual treatment stages will

be considered and compared. These comparisons are made using the RT �ltered ROG plots,

as they tend to be more representative of the microseismic data set. Filtering events that

occur beyond the triggering front should not remove any events that directly correspond to

the 
uid injection program as per the reasoning in Section 3.1. Therefore, even if any �ltered

events do correspond to reactivation of natural fractures,these would fall outside the reach

of the treatment 
uid, and would be less impactful on the performance of the well. In those

cases, knowing that a distant fracture network was reactivated would be less useful, as it

most likely would not a�ect production, pressure communication, etc. Similar evidence for

natural fracture reactivation is in fact seen in the un�ltered data, but in many cases the

events that would be �ltered out in the RT plots are dominating the characteristic ellipsoids.

When these events are �ltered out, the character of the ellipsoid changes dramatically. For

example, compare Figure A.132 to its RT �ltered plot in Figure A.153. In this case, the

characteristic ellipsoid for the un�ltered data would indicate natural fracture reactivation

according to the proposed hypothesis, but the RT �ltered ellipsoid is very close to what would

be considered a well behaved hydraulic fracture stimulation. Excluding the ellipsoids, the

visual character of these plots do not di�er strongly, so it can be inferred that the \o�-screen"

events are driving the original, un�ltered characteristicellipsoid, and as such are creating a

false positive of natural fracture reactivation. While moredistal natural fractures may be

reactivated in this case, these are too far from the wellboreto interact with the treatment


uid and proppant, and as such are not considered to be e�ective natural fractures for the

purposes of this study.
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3.4.1 Hypothesis Support in Study Wells

Consider Figure A.184. Visually speaking, this plot shows a disperse set of microseismic

events with very little to no planar fracture indicators. This can be considered evidence

for natural fracture reactivation. Additionally, the crite ria for the proposed hypothesis are

satis�ed: the vertical deviation is 29:3� (above 20� ) and the azimuthal deviation is 67:8�

(more than 10� deviated from 85� ). Compare this example to an earlier stage of the same well

in Figure A.180. This �gure has visual indicators of planar hydraulic fractures, speci�cally

in map view. Additionally, it would be considered a well behaved ellipsoid due to its vertical

and azimuthal deviations of 11� and 79:3� , respectively.

Next, compare two stages of Well F. This is a well that is known tohave caused reac-

tivations of natural fractures and faults, so it is a good inclusion to test this method. In

Figure A.258, one of the few well behaved stages of Well F is shown. Note the low vertical

deviation and the aziumthal deviation near the maximum horizontal stress direction. Com-

pare this to a more typical stage for this well in Figure A.241. It is visually obvious that this

is a non-traditional hydraulic fracture result. There are individual clusters of microseismic

events that are most likely indicative of fracture reactivation, and few planar features be-

sides. The deviation values for this stage are also indicative of natural fracture reactivation

as per the hypothesis.

More evidence for this hypothesis can be found within each ofthe study wells, as detailed

below:

Compare the well behaved stage 4 ofWell A in Figure A.38 to the potential reactivation

shown in Stage 10 of the same well (Figure A.44).

Well B is less clear, but stage 11 (Figure A.77) may be showing signs ofnatural frac-

ture reactivation. Note that stage 11 does not meet the azimuthal deviation requirement

imposed by the hypothesis, but the very large vertical deviation still makes it a candidate

for reactivation. A more well behaved stage of this well can be seen in Figure A.79. While

stage 13 still shows the clustered populations of events as in stage 11, there are also visible

54



planar fractures extending in the maximum horizontal stress direction unlike in stage 11.

Well C has many cases of stages that fall somewhere between the criteria for well behaved

and natural fracture reactivation. However, stage 13 in Figure A.116 still shows promis-

ing evidence for reactivation both visually and according to the hypothesis (allowing for a

slightly smaller azimuthal deviation). More reactivationstages are found in Figure A.105,

Figure A.106, and Figure A.114. Some representative well behaved stages are found to be

stages 5, 7, and 18 in Figure A.108, Figure A.110, and Figure A.121, respectively.

Well D shows potential fracture reactivation in Figure A.146, FigureA.150, Figure A.155,

and Figure A.163, and more well behaved stages in Figure A.153, Figure A.156, Figure A.159.

Well E : potential fracture reactivation in Figure A.184 and Figure A.185, and well

behaved stages in Figure A.178 and Figure A.180.

Well F has many examples that support this hypothesis: stages 3, 9,18, 20, and 27

(Figure A.235, Figure A.241, Figure A.250, Figure A.252, and Figure A.259, respectively)

all show reactivation signs. Compare these to the few well behaved stages of this well,

found in Figure A.239, Figure A.258, and Figure A.272. Recall that this well is known to

have many cases of nearby fault and fracture reactivation, and as such has fewer traditional

planar fractures and many unique ROG plot signatures, such as in Figure A.234 where there

appears to be two stages' worth of event populations most likely due to reactivation of a

nearby fault.

3.5 Shapiro Ellipsoids: Applying ROG Methodology to 3D Triggering Front s

As mentioned in 2.1.3, assuming an e�ectively homogeneous, anisotropic, poroelastic,


uid-saturated medium, the triggering front of seismicity becomes an ellipsoid if the mi-

croseismic events are scaled by their occurence time according to Equation 2.6. Similar to

the triggering front �tting mentioned in Section 2.1.2 and Section 3.1, where the triggering

front that best �ts the data must be chosen by an interpreter,this ellipsoid must also be

chosen by hand. However, �tting a three dimensional ellipsoid to a set of microseismic data

is much more di�cult to do by eye than a one dimensional triggering front on an RT plot.
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In addition, the RTQC plots helped in the RT plot triggering front �tting, but there is no

such plot that is applicable in three dimensions. As it is the axes lengths of this ellipsoid

that gives the principal components of an anisotropic di�usivity tensor, which can then be

related to hydraulic permeability via Equation 2.7, it is important that this ellipsoid char-

acterizes the microseismic events as best as possible. Fortunately, the work
ow outlined in

Section 2.2, where a characteristic ellipsoid is generatedto �t an arbitrary set of data points,

can be applied here. The only di�erence is that now the radiusof gyration tensor, and its

corresponding characteristic ellipsoid, is generated fortime scaled microseismic data instead

of traditional spatial microseismic data. This ultimatelyallows for a data-driven triggering

front to be generated, removing nearly all interpretational bias in determining the anisotropic

di�usivity tensor. This is the second of the two methods for reducing interpretational bias

mentioned in Section 3.1.

3.5.1 Characteristic Ellipsoid Axes Scaling

This method raises an important debate regarding the axes scaling within the radius

of gyration tensor work
ow (see Equation 2.10). The characteristic ellipsoid generated by

the radius of gyration tensor will correspond exactly to theanisotropic triggering front of

seismicity. Therefore, one must trust that this characteristic ellipsoid is truly characteristic

of the microseismic data, particularly with regard to the scaling of the axes. The particular

scaling proposed by Sayers & Le Calvez (2010) originates in the polymer studies in Rawdon

et al. (2008), which claim that this scaling will eliminate a bias towards larger con�gurations

[of polymers] with regards to their radii of gyration and itse�ects on the characteristic

asphericity that partially characterizes the shape of the polymer. With this scaling factor,

the shape of the characteristic ellipsoid will no longer be biased, regardless of the size of the

polymer or microseismic con�guration. As microseismic event sets are indeed spatially large

compared to traditional polymer samples, this would imply that Equation 2.10 is appropriate.

In statistical terms, scaling the the axes of the characteristic ellipsoids according to 2.10

would correspond to roughly a 61% con�dence region (SWOG Statistical Center, n.d.). This
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is calculated from the following equation relating the variance along the x, y, and z axes to

the critical value de�ning the con�dence region of the characteristic ellipsoid:

(
x
� x

)2 + (
y
� y

)2 + (
z
� z

)2 = s (3.2)

where � x , � y, and � z are the standard deviations of the data points along thex, y, and

z axes, respectively, ands is the critical value that is chosen to generate an ellipsoidof a

speci�c con�dence level (Spruyt, 2014). For example,s can be chosen to be equal to 5.991

if a con�dence level of 95% is desired.

In the case of the characteristic ellipsoids de�ned by Sayers & Le Calvez (2010), their

principal axes do not likely coincide with the principal cartesian axes, but rather with the

eigenvectors of the calculated radius of gyration tensor. These axes are then scaled according

to the eigenvalues, as these eigenvalues represent the spread, or variance, of the data in

the direction of the eigenvectors (Spruyt, 2014). Therefore, � x , � y, and � z in Equation 3.2

correspond to the square roots of the eigenvalues of the radius of gyration tensor. Combining

this realization with the axes scaling de�ned by Equation 2.10, this results in an equation

for these ellipsoids similar to Equation 3.2:

(
x0

p
3� 1

)2 + (
y0

p
3� 2

)2 + (
z0

p
3� 3

)2 = 1 (3.3)

wherex0, y0, andz0correspond to the set of principal axes de�ned by the three eigenvectors

calculated from the radius of gyration tensor, and� 1;2;3 correspond to the eigenvalues, or

variance, of this radius of gyration tensor in the directionof x0, y0, and z0, respectively.

Therefore, rearranging Equation 3.3 yields an analog to Equation 3.2 with a critical value

of s = 3. A chi-square calculator designed by SWOG Statistical Center (n.d.) attributes

this critical value to a con�dence region of 60.8375%.

To qualitatively test this con�dence region, below it is compared to a larger con�dence

interval of 80% for several stages of Well D. This would correspond to a more conservative

triggering front that would ultimately �lter out fewer data if used as a �lter similar to the

RT plots method described in 3.1. Compare the results of one such stage with increased
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axes scaling found below in Figure 3.4.

Note that the 80% ellipsoid appears to be a better �t for the data simply due to the

increased number of events enveloped by the ellipsoid. However, there is also a large increase

in the blank space enveloped by this increased ellipsoid area (compare the empty space visible

in the north view of Figure 3.4(a-b)). Several other stages ofWell D, as well as the Well D

superstage, are scaled up to this 80% con�dence level, and can be found in Section A.2 of

the appendix. The outcome is debatable, as these other plotsexhibit the same inclusion of

more distal events while also increasing blank space. However, these microseismic data sets

tend to be much more densely populated near the wellbore, so it is probably ill advised to

favor the relatively few distal events by upscaling the axesof these characteristic ellipsoids.

Therefore, the original scaling recommended by Sayers & Le Calvez (2010) will be used.

3.5.2 Obtaining Hydraulic Permeability from Anisotropic Di�usivity

As mentioned in Section 2.1.3, an anisotropic di�usivity tensor is obtained from �tting

a characteristic ellipsoid to time-scaled microseismic data. This di�usivity tensor can be

related to hydraulic permeability of the reservoir rock according to Equation 2.7. However,

as seen in Equation 2.2, this relationship is involved, requiring a large amount of core test

data in the form of bulk moduli of the reservoir 
uid, dry frame, and grain material (K f;d;g ,

respectively), the shear modulus of the frame (� d), and porosity of the reservoir (� ). Many of

the required poroelastic parameters are included in the core test data, such as the bulk and

shear moduli of the dry frame material. Porosity can be obtained from logging measurements,

and hydraulic di�usivity is obtained from the microseismicdata. However, there are several

required measurements missing from the core data, namely bulk moduli of the pore 
uids

and grain material. Also missing, but independent from the core data, is a measurement of

pore-
uid dynamic viscosity (� ). Ultimately, due to data limitations, this relationship has

not been achieved in the scope of this study.
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(a) Recommended axes scaling - 61% con�dence interval

(b) Increased axes scaling - 80% con�dence interval

Figure 3.4: Comparison between (a): the axes scaling recommended by Sayers & Le Calvez
(2010) and (b): an increased scaling corresponding to an 80%con�dence interval (Spruyt,
2014; SWOG Statistical Center, n.d.).
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3.6 Discussion

As mentioned in Section 3.2, some stages exhibit drastic changes in character when sub-

jected to RT �ltering. For example, a comparison of the un�ltered microseismic data in

Figure A.22 to the RT �ltered version in Figure A.38 shows an improvement in the charac-

teristic nature of the characteristic ellipsoid. This is determined qualitatively by visual in-

spection and comparing where major trends exist in the data (i.e. planar features) compared

to where the horizontal axes line up azimuthally. Other examples of this visual improvement

in �t due to RT �ltering can be found in Figure A.39 (compare to Figure A.23), Figure A.40

(compare to Figure A.24), and Figure A.49 (compare to Figure A.33).Well A has the most

examples of this qualitative character improvement, but examples for other wells are also

present, such as in Figure A.81, Figure A.105, Figure A.123, and Figure A.157.

An important debate arises from the comparison of some of these individual stages. See

Figure A.102 and its corresponding RT �ltered subset in Figure A.123. There is a signi�cant

decrease in aspect ratio (from .567 to .237) resulting from this �ltering. As horizontal

stress ratios are calculated from this aspect ratio, this would imply that the choice of which

microseismic subset to use in this calculation is critical.However, using the superstage plots

to determine these horizontal stress ratios will mitigate this impact, as the RT �ltering is

less impactful on those aspect ratios in most cases. Overall, it is recommended that the RT

�ltered data be used in determining horizontal aspect ratios, as these will remove anomalous

events from the data that may correspond to nearby faults, pressure e�ects from nearby

producing wells, etc. As such, the RT �ltered data would most likely be more representative

of the near-wellbore environment and the stresses acting onthat location. However, the

raw data should de�nitely be included as a comparison when calculating horizontal stresses

using this method. The results calculated from each datasetwill provide insights into which

dataset is ultimately appropriate for this method.

An interesting quality can be found in stage 4, 5, and 6 of Well A.Each stage has the

same azimuthal deviation between 95� and 100� that is reduced to about 83� by RT �ltering.
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This may imply that a fault or fracture set near these stages was reactivated during their

treatment, although these events driving this skew are mostlikely not related to 
uid and

proppant placement and as such will not signi�cantly a�ect production. There are also

many more of these characteristic improvements in Well A compared to the other study

wells. This could mean that there are more natural fracture sets near Well A, but these

are most likely not near the wellbore, as the RT �ltering process has removed their impact

on the characteristic ellipsoid. This would suggest that the comparisons between the raw

data and the RT �ltered data may be another tool that can be leveraged to determine

locations of natural fracture reactivation. However, the RT�ltered data are still a more

conservative choice for a standalone dataset, as there are fewer anomalous stages according

to the hypothesis, and these stages are more likely to have the natural fractures interacting

with production as rationalized in Section 3.4.

It has been established that the RT �ltered microseismic data is most appropriate for

conservatively locating zones of natural fracture reactivation, as well as when calculating

horizontal stress ratios. This leaves only the question of which data to use in the hydraulic

permeability calculation discussed in Section 3.5. This calculation is based on the principal

of �tting a triggering front to a set of microseismic data as introduced in Section 2.1.2. The

only di�erence is that the triggering front will be 3-dimensional, and the microseismic data

will be scaled by occurence time. Because triggering frontsare the very �lter used in RT

�ltering, it would be redundant to use the RT �ltered data as an input for this 3D triggering

front �tting. As the radius of gyration tensor will automatic ally generate a 61% con�dence

region ellipsoid, using RT �ltered data as an input will over-�lter the data. Thus, it is

recommended that the raw datasets be used as an input for generating 3D triggering fronts

and hydraulic permeability.
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

The radius of gyration tensor has been shown to be a useful andrelevant tool for mi-

croseismic analysis. Its implementation yields characteristic ellipsoids that can be used for

calculating local horizontal stress ratios. Maximum horizontal stress is typically hard to

calculate, and this method provides an alternative way to arrive at such values while making

microseismic data more valuable overall.

The radius of gyration tensor can be applied to the hydraulicpermeability calculations

detailed by Shapiro (2008). This application removes interpretational bias found in the �tting

of ellipsoidal triggering fronts. Coupled with core test data and engineering parameters given

by 2.2, the result is data-driven values of permeability.

Characteristic ellipsoids generated by the ROG tensor work
ow can give insights to natu-

ral fracture distributions in the hydraulically treated formation. When these natural fracture

sets are reactivated, it is hypothesized that these heterogeneities will show in the microseis-

mic data, and skew what would be considered a \well behaved" characteristic ellipsoid.

Of the two microseismic datasets discussed in this text, theraw dataset and the RT

�ltered dataset, it was determined that the most appropriate data would depend on which

application one is pursuing. For determining horizontal stress ratios, it is recommended that

the RT �ltered data be used, however the raw data should be included for veri�cation of

results once the relationship given by Equation 2.12 is established.

Superstage ellipsoids should be used for these calculations at �rst, as these will be rep-

resentative of the well as a whole, instead of heavily weighing individual characteristics of

each treatment stage. For calculating hydraulic permeability, it was reasoned that the raw

data would be most appropriate. For locating zones of natural fracture reactivation, a con-

servative choice would be the RT �ltered data, however this would potentially miss zones of
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natural fractures that may have been captured by the anomalous events �ltered by the RT

plots.

4.1 Recommendations

There are several areas of this research that are incompletedue to data and time con-

straints. As such, this section outlines suggestions and recommendations for any wishing to

continue the applications of these methods.

The most desirable result of this study would be a robust calculation of maximum hori-

zontal stress, calculated after establishing the relationship in Equation 2.12. Speci�cally, this

would mean arriving at values of� and p. Suggestions for how one can calulate� are found

in Section 3.3, but other methods for quantifying heterogeneity, such as CT scan analysis,

can be used as alternatives. Findingp for a given �eld will be more complicated, and will

most likely require many microseismic datasets and at leastone independently calculated or

estimated maximum horizontal stress value. Alternatively,if the study conducted by Peza

et al. (2014) is accurate, their calculation of a 1,500 psi di�erential between maximum and

minimum horizontal stress (see Section 1.3.2) can be used to�nd a starting estimate of

maximum horizontal stress and ultimatelyp as well. This can also be used as a constraint

on the possible values ofp as reasoned in Section 3.3.1.

To make these methods of greater value to completion to engineers, it is recommended

that estimates of hydraulic permeability be calculated from microseismic data according to

the methods in Shapiro (2008). Particularly, these calculations should leverage the char-

acteristic ellipsoid �tting from the radius of gyration tensor. However, this raises the next

recommendation regarding the axes scaling for characteristic ellipsoids. The current axes

scaling corresponds to roughly a 61� con�dence region. However, when �tting the ellipsoid

as a 3D triggering front as opposed to a visual representation of an entire microseismic

dataset, a larger axes scaling might be more appropriate. Reducing the con�dence interval

is not recommended. In either case, this relationship requires much core and engineering

data as outlined by Equation 2.2.
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Next, the approximate aspect ratios calculated for each characteristic ellipsoid can be

adjusted. These aspect ratios are su�cient for early implementations of this method due to

widely varying aspect ratios for each stage, but as the method is re�ned the small errors due

to this estimation will become detrimental. In its current form, aspect ratios are estimated

as a ratio of the smallest principal horizontal axis length divided by the largest. This ratio

assumes that the principal vertical axis is perfectly vertical. In many cases, the vertical

axis is 10� or more deviated from true vertical. Thus, the principal horizontal axes will be

tilted from true horizontal, as they must maintain orthogonality to the vertical axis. As this

vertical deviation increases, the aspect ratio estimate becomes less accurate. A true value of

aspect ratios should be calculated as the projection of the principal horizontal axes onto the

horizontal plane. This will account for the tilt in these axes by incorporating the vertical

deviation value in the calculation.

The methods outlined in this thesis all have the underlying assumption that the hy-

draulic fracture stimulation design will not a�ect the resulting microseismicity. While this

assumption serves for intermediate analyses such as these,ultimately the e�ect of fracture

stimulation design choices should be quanti�ed. This will improve the accuracy of all �ndings

using these methods, as well as make microseismicity more appealing to engineers.

Lastly, this process was coded in Matlab, but the processingand turnaround time of

these methods can be improved by recreation of the program ina language such as Java or

C. This point is minor and included only for the sake of completeness.
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APPENDIX - COMPLETE SET OF PLOTS - ALL WELLS

A.1 RT Plots

Figure A.1: RT plot for Well A: Stage 1-15 (Gumble, 2015). Corresponding RTQC plot in Figure A.7.
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Figure A.2: RT plot for Well B: Stage 1-15 (Gumble, 2015). Corresponding RTQC plot in Figure A.8.
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Figure A.3: RT plot for Well C: Stage 1-20 (Gumble, 2015). Corresponding RTQC plot in Figure A.9.
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Figure A.4: RT plot for Well D: Stage 1-20 (Gumble, 2015). Corresponding RTQC plot in Figure A.10.
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Figure A.5: RT plot for Well E: Stage 1-10 (Gumble, 2015). Corresponding RTQC plot in Figure A.11.
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Figure A.6: RT plot for Well F: Stage 1-41 (Gumble, 2015). Corresponding RTQC plot in Figure A.12.
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A.1.1 RTQC Plots

Figure A.7: RTQC plot for Well A: Stage 1-15 (Gumble, 2015). Corresponding RT plot in Figure A.1.
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Figure A.8: RTQC plot for Well B: Stage 1-15 (Gumble, 2015). Corresponding RT plot in Figure A.2.
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Figure A.9: RTQC plot for Well C: Stage 1-20 (Gumble, 2015). Corresponding RT plot in Figure A.3.
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Figure A.10: RTQC plot for Well D: Stage 1-20 (Gumble, 2015). Corresponding RT plot in Figure A.4.
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Figure A.11: RTQC plot for Well E: Stage 1-10 (Gumble, 2015). Corresponding RT plot in Figure A.5.
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Figure A.12: RTQC plot for Well F: Stage 1-41 (Gumble, 2015). Corresponding RT plot in Figure A.6.
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A.2 Radius of Gyration Tensor Plots - Axes Scaling Comparisons

(a) Recommended axes scaling - 61% con�dence interval

(b) Increased axes scaling - 80% con�dence interval

Figure A.13: Comparison between (a): the axes scaling recommended by Sayers & Le Calvez
(2010) and (b): an increased scaling corresponding to an 80%con�dence interval (Spruyt,
2014; SWOG Statistical Center, n.d.).
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(a) Recommended axes scaling - 61% con�dence interval

(b) Increased axes scaling - 80% con�dence interval

Figure A.14: Comparison between (a): the axes scaling recommended by Sayers & Le Calvez
(2010) and (b): an increased scaling corresponding to an 80%con�dence interval (Spruyt,
2014; SWOG Statistical Center, n.d.).
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(a) Recommended axes scaling - 61% con�dence interval

(b) Increased axes scaling - 80% con�dence interval

Figure A.15: Comparison between (a): the axes scaling recommended by Sayers & Le Calvez
(2010) and (b): an increased scaling corresponding to an 80%con�dence interval (Spruyt,
2014; SWOG Statistical Center, n.d.).
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(a) Recommended axes scaling - 61% con�dence interval

(b) Increased axes scaling - 80% con�dence interval

Figure A.16: Comparison between (a): the axes scaling recommended by Sayers & Le Calvez
(2010) and (b): an increased scaling corresponding to an 80%con�dence interval (Spruyt,
2014; SWOG Statistical Center, n.d.).
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(a) Recommended axes scaling - 61% con�dence interval

(b) Increased axes scaling - 80% con�dence interval

Figure A.17: Comparison between (a): the axes scaling recommended by Sayers & Le Calvez
(2010) and (b): an increased scaling corresponding to an 80%con�dence interval (Spruyt,
2014; SWOG Statistical Center, n.d.).
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A.3 Radius of Gyration Tensor Plots - Characteristic Ellipsoids

This section includes all radius of gyration tensor plots generated for each stage and su-

perstage of the six study wells, as well as for both the un�ltered and RT �ltered microseismic

datasets. Links are included in the electronic version of this document to easily compare the

ROG plots of the two datasets.
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A.3.1 Well A: Complete Dataset

Figure A.18: Characteristic ellipsoid for Well A: Stage 1-15. Compare with the RT �ltered plots in Figure A.34.
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Figure A.19: Characteristic ellipsoid for Well A: Stage 1. Compare with the RT �ltered plots in Figure A.35.
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Figure A.20: Characteristic ellipsoid for Well A: Stage 2. Compare with the RT �ltered plots in Figure A.36.
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Figure A.21: Characteristic ellipsoid for Well A: Stage 3. Compare with the RT �ltered plots in Figure A.37.
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Figure A.22: Characteristic ellipsoid for Well A: Stage 4. Compare with the RT �ltered plots in Figure A.38.
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Figure A.23: Characteristic ellipsoid for Well A: Stage 5. Compare with the RT �ltered plots in Figure A.39.
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Figure A.24: Characteristic ellipsoid for Well A: Stage 6. Compare with the RT �ltered plots in Figure A.40.
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Figure A.25: Characteristic ellipsoid for Well A: Stage 7. Compare with the RT �ltered plots in Figure A.41.
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Figure A.26: Characteristic ellipsoid for Well A: Stage 8. Compare with the RT �ltered plots in Figure A.42.
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Figure A.27: Characteristic ellipsoid for Well A: Stage 9. Compare with the RT �ltered plots in Figure A.43.
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Figure A.28: Characteristic ellipsoid for Well A: Stage 10. Compare with the RT �ltered plots in Figure A.44.
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Figure A.29: Characteristic ellipsoid for Well A: Stage 11. Compare with the RT �ltered plots in Figure A.45.
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Figure A.30: Characteristic ellipsoid for Well A: Stage 12. Compare with the RT �ltered plots in Figure A.46.

97



Figure A.31: Characteristic ellipsoid for Well A: Stage 13. Compare with the RT �ltered plots in Figure A.47.
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Figure A.32: Characteristic ellipsoid for Well A: Stage 14. Compare with the RT �ltered plots in Figure A.48.
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Figure A.33: Characteristic ellipsoid for Well A: Stage 15. Compare with the RT �ltered plots in Figure A.49.
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A.3.2 Well A: RT Filtered Dataset

Figure A.34: Characteristic ellipsoid for Well A: Stage 1-15. Compare with the un�ltered plots in Figure A.18.
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Figure A.35: Characteristic ellipsoid for Well A: Stage 1. Compare with the un�ltered plots in Figure A.19.
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Figure A.36: Characteristic ellipsoid for Well A: Stage 2. Compare with the un�ltered plots in Figure A.20.
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Figure A.37: Characteristic ellipsoid for Well A: Stage 3. Compare with the un�ltered plots in Figure A.21.
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Figure A.38: Characteristic ellipsoid for Well A: Stage 4. Compare with the un�ltered plots in Figure A.22.
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Figure A.39: Characteristic ellipsoid for Well A: Stage 5. Compare with the un�ltered plots in Figure A.23.
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Figure A.40: Characteristic ellipsoid for Well A: Stage 6. Compare with the un�ltered plots in Figure A.24.
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Figure A.41: Characteristic ellipsoid for Well A: Stage 7. Compare with the un�ltered plots in Figure A.25.
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Figure A.42: Characteristic ellipsoid for Well A: Stage 8. Compare with the un�ltered plots in Figure A.26.
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Figure A.43: Characteristic ellipsoid for Well A: Stage 9. Compare with the un�ltered plots in Figure A.27.
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Figure A.44: Characteristic ellipsoid for Well A: Stage 10. Compare with the un�ltered plots in Figure A.28.
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Figure A.45: Characteristic ellipsoid for Well A: Stage 11. Compare with the un�ltered plots in Figure A.29.
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Figure A.46: Characteristic ellipsoid for Well A: Stage 12. Compare with the un�ltered plots in Figure A.30.
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Figure A.47: Characteristic ellipsoid for Well A: Stage 13. Compare with the un�ltered plots in Figure A.31.
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Figure A.48: Characteristic ellipsoid for Well A: Stage 14. Compare with the un�ltered plots in Figure A.32.
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Figure A.49: Characteristic ellipsoid for Well A: Stage 15. Compare with the un�ltered plots in Figure A.33.
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A.3.3 Well B: Complete Dataset

Figure A.50: Characteristic ellipsoid for Well B: Stage 1-15.Compare with the RT �ltered plots in Figure A.66.
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Figure A.51: Characteristic ellipsoid for Well B: Stage 1. Compare with the RT �ltered plots in Figure A.67.
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Figure A.52: Characteristic ellipsoid for Well B: Stage 2. Compare with the RT �ltered plots in Figure A.68.
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Figure A.53: Characteristic ellipsoid for Well B: Stage 3. Compare with the RT �ltered plots in Figure A.69.
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Figure A.54: Characteristic ellipsoid for Well B: Stage 4. Compare with the RT �ltered plots in Figure A.70.
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Figure A.55: Characteristic ellipsoid for Well B: Stage 5. Compare with the RT �ltered plots in Figure A.71.
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Figure A.56: Characteristic ellipsoid for Well B: Stage 6. Compare with the RT �ltered plots in Figure A.72.
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Figure A.57: Characteristic ellipsoid for Well B: Stage 7. Compare with the RT �ltered plots in Figure A.73.

124



Figure A.58: Characteristic ellipsoid for Well B: Stage 8. Compare with the RT �ltered plots in Figure A.74.
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Figure A.59: Characteristic ellipsoid for Well B: Stage 9. Compare with the RT �ltered plots in Figure A.75.
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Figure A.60: Characteristic ellipsoid for Well B: Stage 10. Compare with the RT �ltered plots in Figure A.76.
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Figure A.61: Characteristic ellipsoid for Well B: Stage 11. Compare with the RT �ltered plots in Figure A.77.
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Figure A.62: Characteristic ellipsoid for Well B: Stage 12. Compare with the RT �ltered plots in Figure A.78.
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Figure A.63: Characteristic ellipsoid for Well B: Stage 13. Compare with the RT �ltered plots in Figure A.79.
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Figure A.64: Characteristic ellipsoid for Well B: Stage 14. Compare with the RT �ltered plots in Figure A.80.
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Figure A.65: Characteristic ellipsoid for Well B: Stage 15. Compare with the RT �ltered plots in Figure A.81.
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A.3.4 Well B: RT Filtered Dataset

Figure A.66: Characteristic ellipsoid for Well B: Stage 1-15.Compare with the un�ltered plots in Figure A.50.
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Figure A.67: Characteristic ellipsoid for Well B: Stage 1. Compare with the un�ltered plots in Figure A.51.
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Figure A.68: Characteristic ellipsoid for Well B: Stage 2. Compare with the un�ltered plots in Figure A.52.
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Figure A.69: Characteristic ellipsoid for Well B: Stage 3. Compare with the un�ltered plots in Figure A.53.
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Figure A.70: Characteristic ellipsoid for Well B: Stage 4. Compare with the un�ltered plots in Figure A.54.
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Figure A.71: Characteristic ellipsoid for Well B: Stage 5. Compare with the un�ltered plots in Figure A.55.
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Figure A.72: Characteristic ellipsoid for Well B: Stage 6. Compare with the un�ltered plots in Figure A.56.
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Figure A.73: Characteristic ellipsoid for Well B: Stage 7. Compare with the un�ltered plots in Figure A.57.
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Figure A.74: Characteristic ellipsoid for Well B: Stage 8. Compare with the un�ltered plots in Figure A.58.
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Figure A.75: Characteristic ellipsoid for Well B: Stage 9. Compare with the un�ltered plots in Figure A.59.
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Figure A.76: Characteristic ellipsoid for Well B: Stage 10. Compare with the un�ltered plots in Figure A.60.
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Figure A.77: Characteristic ellipsoid for Well B: Stage 11. Compare with the un�ltered plots in Figure A.61.

144



Figure A.78: Characteristic ellipsoid for Well B: Stage 12. Compare with the un�ltered plots in Figure A.62.
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Figure A.79: Characteristic ellipsoid for Well B: Stage 13. Compare with the un�ltered plots in Figure A.63.
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Figure A.80: Characteristic ellipsoid for Well B: Stage 14. Compare with the un�ltered plots in Figure A.64.
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Figure A.81: Characteristic ellipsoid for Well B: Stage 15. Compare with the un�ltered plots in Figure A.65.
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A.3.5 Well C: Complete Dataset

Figure A.82: Characteristic ellipsoid for Well C: Stage 1-20.Compare with the RT �ltered plots in Figure A.103.
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Figure A.83: Characteristic ellipsoid for Well C: Stage 1. Compare with the RT �ltered plots in Figure A.104.
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Figure A.84: Characteristic ellipsoid for Well C: Stage 2. Compare with the RT �ltered plots in Figure A.105.
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Figure A.85: Characteristic ellipsoid for Well C: Stage 3. Compare with the RT �ltered plots in Figure A.106.
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Figure A.86: Characteristic ellipsoid for Well C: Stage 4. Compare with the RT �ltered plots in Figure A.107.
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Figure A.87: Characteristic ellipsoid for Well C: Stage 5. Compare with the RT �ltered plots in Figure A.108.

154



Figure A.88: Characteristic ellipsoid for Well C: Stage 6. Compare with the RT �ltered plots in Figure A.109.
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Figure A.89: Characteristic ellipsoid for Well C: Stage 7. Compare with the RT �ltered plots in Figure A.110.
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Figure A.90: Characteristic ellipsoid for Well C: Stage 8. Compare with the RT �ltered plots in Figure A.111.
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Figure A.91: Characteristic ellipsoid for Well C: Stage 9. Compare with the RT �ltered plots in Figure A.112.
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Figure A.92: Characteristic ellipsoid for Well C: Stage 10. Compare with the RT �ltered plots in Figure A.113.
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Figure A.93: Characteristic ellipsoid for Well C: Stage 11. Compare with the RT �ltered plots in Figure A.114.
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Figure A.94: Characteristic ellipsoid for Well C: Stage 12. Compare with the RT �ltered plots in Figure A.115.
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Figure A.95: Characteristic ellipsoid for Well C: Stage 13. Compare with the RT �ltered plots in Figure A.116.
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Figure A.96: Characteristic ellipsoid for Well C: Stage 14. Compare with the RT �ltered plots in Figure A.117.
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Figure A.97: Characteristic ellipsoid for Well C: Stage 15. Compare with the RT �ltered plots in Figure A.118.
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Figure A.98: Characteristic ellipsoid for Well C: Stage 16. Compare with the RT �ltered plots in Figure A.119.
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Figure A.99: Characteristic ellipsoid for Well C: Stage 17. Compare with the RT �ltered plots in Figure A.120.
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Figure A.100: Characteristic ellipsoid for Well C: Stage 15. Compare with the RT �ltered plots in Figure A.121.
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Figure A.101: Characteristic ellipsoid for Well C: Stage 19. Compare with the RT �ltered plots in Figure A.122.
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Figure A.102: Characteristic ellipsoid for Well C: Stage 20. Compare with the RT �ltered plots in Figure A.123.
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A.3.6 Well C: RT Filtered Dataset

Figure A.103: Characteristic ellipsoid for Well C: Stage 1-20. Compare with the un�ltered plots in Figure A.82.
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Figure A.104: Characteristic ellipsoid for Well C: Stage 1. Compare with the un�ltered plots in Figure A.83.
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Figure A.105: Characteristic ellipsoid for Well C: Stage 2. Compare with the un�ltered plots in Figure A.84.
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Figure A.106: Characteristic ellipsoid for Well C: Stage 3. Compare with the un�ltered plots in Figure A.85.
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Figure A.107: Characteristic ellipsoid for Well C: Stage 4. Compare with the un�ltered plots in Figure A.86.
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Figure A.108: Characteristic ellipsoid for Well C: Stage 5. Compare with the un�ltered plots in Figure A.87.
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Figure A.109: Characteristic ellipsoid for Well C: Stage 6. Compare with the un�ltered plots in Figure A.88.
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Figure A.110: Characteristic ellipsoid for Well C: Stage 7. Compare with the un�ltered plots in Figure A.89.
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Figure A.111: Characteristic ellipsoid for Well C: Stage 8. Compare with the un�ltered plots in Figure A.90.
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Figure A.112: Characteristic ellipsoid for Well C: Stage 9. Compare with the un�ltered plots in Figure A.91.
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Figure A.113: Characteristic ellipsoid for Well C: Stage 10. Compare with the un�ltered plots in Figure A.92.
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Figure A.114: Characteristic ellipsoid for Well C: Stage 11. Compare with the un�ltered plots in Figure A.93.
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Figure A.115: Characteristic ellipsoid for Well C: Stage 12. Compare with the un�ltered plots in Figure A.94.
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Figure A.116: Characteristic ellipsoid for Well C: Stage 13. Compare with the un�ltered plots in Figure A.95.
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Figure A.117: Characteristic ellipsoid for Well C: Stage 14. Compare with the un�ltered plots in Figure A.96.
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Figure A.118: Characteristic ellipsoid for Well C: Stage 15. Compare with the un�ltered plots in Figure A.97.
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Figure A.119: Characteristic ellipsoid for Well C: Stage 16. Compare with the un�ltered plots in Figure A.98.
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Figure A.120: Characteristic ellipsoid for Well C: Stage 17. Compare with the un�ltered plots in Figure A.99.
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Figure A.121: Characteristic ellipsoid for Well C: Stage 18. Compare with the un�ltered plots in Figure A.100.
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Figure A.122: Characteristic ellipsoid for Well C: Stage 19. Compare with the un�ltered plots in Figure A.101.
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Figure A.123: Characteristic ellipsoid for Well C: Stage 20. Compare with the un�ltered plots in Figure A.102.
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A.3.7 Well D: Complete Dataset

Figure A.124: Characteristic ellipsoid for Well D: Stage 1-20. Compare with the RT �ltered plots in Figure A.145.
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Figure A.125: Characteristic ellipsoid for Well D: Stage 1. Compare with the RT �ltered plots in Figure A.146.
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Figure A.126: Characteristic ellipsoid for Well D: Stage 2. Compare with the RT �ltered plots in Figure A.147.
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Figure A.127: Characteristic ellipsoid for Well D: Stage 3. Compare with the RT �ltered plots in Figure A.148.
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Figure A.128: Characteristic ellipsoid for Well D: Stage 4. Compare with the RT �ltered plots in Figure A.149.
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Figure A.129: Characteristic ellipsoid for Well D: Stage 5. Compare with the RT �ltered plots in Figure A.150.
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Figure A.130: Characteristic ellipsoid for Well D: Stage 6. Compare with the RT �ltered plots in Figure A.151.
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Figure A.131: Characteristic ellipsoid for Well D: Stage 7. Compare with the RT �ltered plots in Figure A.152.
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Figure A.132: Characteristic ellipsoid for Well D: Stage 8. Compare with the RT �ltered plots in Figure A.153.
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Figure A.133: Characteristic ellipsoid for Well D: Stage 9. Compare with the RT �ltered plots in Figure A.154.
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Figure A.134: Characteristic ellipsoid for Well D: Stage 10. Compare with the RT �ltered plots in Figure A.155.
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Figure A.135: Characteristic ellipsoid for Well D: Stage 11. Compare with the RT �ltered plots in Figure A.156.
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Figure A.136: Characteristic ellipsoid for Well D: Stage 12. Compare with the RT �ltered plots in Figure A.157.
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Figure A.137: Characteristic ellipsoid for Well D: Stage 13. Compare with the RT �ltered plots in Figure A.158.

204



Figure A.138: Characteristic ellipsoid for Well D: Stage 14. Compare with the RT �ltered plots in Figure A.159.
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Figure A.139: Characteristic ellipsoid for Well D: Stage 15. Compare with the RT �ltered plots in Figure A.160.
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Figure A.140: Characteristic ellipsoid for Well D: Stage 16. Compare with the RT �ltered plots in Figure A.161.
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Figure A.141: Characteristic ellipsoid for Well D: Stage 17. Compare with the RT �ltered plots in Figure A.162.
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Figure A.142: Characteristic ellipsoid for Well D: Stage 15. Compare with the RT �ltered plots in Figure A.163.
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Figure A.143: Characteristic ellipsoid for Well D: Stage 19. Compare with the RT �ltered plots in Figure A.164.
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Figure A.144: Characteristic ellipsoid for Well D: Stage 20. Compare with the RT �ltered plots in Figure A.165.
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A.3.8 Well D: RT Filtered Dataset

Figure A.145: Characteristic ellipsoid for Well D: Stage 1-20. Compare with the un�ltered plots in Figure A.124.
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Figure A.146: Characteristic ellipsoid for Well D: Stage 1. Compare with the un�ltered plots in Figure A.125.
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Figure A.147: Characteristic ellipsoid for Well D: Stage 2. Compare with the un�ltered plots in Figure A.126.
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Figure A.148: Characteristic ellipsoid for Well D: Stage 3. Compare with the un�ltered plots in Figure A.127.
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Figure A.149: Characteristic ellipsoid for Well D: Stage 4. Compare with the un�ltered plots in Figure A.128.
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Figure A.150: Characteristic ellipsoid for Well D: Stage 5. Compare with the un�ltered plots in Figure A.129.
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Figure A.151: Characteristic ellipsoid for Well D: Stage 6. Compare with the un�ltered plots in Figure A.130.
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Figure A.152: Characteristic ellipsoid for Well D: Stage 7. Compare with the un�ltered plots in Figure A.131.
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Figure A.153: Characteristic ellipsoid for Well D: Stage 8. Compare with the un�ltered plots in Figure A.132.
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Figure A.154: Characteristic ellipsoid for Well D: Stage 9. Compare with the un�ltered plots in Figure A.133.
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Figure A.155: Characteristic ellipsoid for Well D: Stage 10. Compare with the un�ltered plots in Figure A.134.
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Figure A.156: Characteristic ellipsoid for Well D: Stage 11. Compare with the un�ltered plots in Figure A.135.
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Figure A.157: Characteristic ellipsoid for Well D: Stage 12. Compare with the un�ltered plots in Figure A.136.
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Figure A.158: Characteristic ellipsoid for Well D: Stage 13. Compare with the un�ltered plots in Figure A.137.
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Figure A.159: Characteristic ellipsoid for Well D: Stage 14. Compare with the un�ltered plots in Figure A.138.
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Figure A.160: Characteristic ellipsoid for Well D: Stage 15. Compare with the un�ltered plots in Figure A.139.
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Figure A.161: Characteristic ellipsoid for Well D: Stage 16. Compare with the un�ltered plots in Figure A.140.
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Figure A.162: Characteristic ellipsoid for Well D: Stage 17. Compare with the un�ltered plots in Figure A.141.
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Figure A.163: Characteristic ellipsoid for Well D: Stage 18. Compare with the un�ltered plots in Figure A.142.
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Figure A.164: Characteristic ellipsoid for Well D: Stage 19. Compare with the un�ltered plots in Figure A.143.
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Figure A.165: Characteristic ellipsoid for Well D: Stage 20. Compare with the un�ltered plots in Figure A.144.
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A.3.9 Well E: Complete Dataset

Figure A.166: Characteristic ellipsoid for Well E: Stage 1-10. Compare with the RT �ltered plots in Figure A.177.
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Figure A.167: Characteristic ellipsoid for Well E: Stage 1. Compare with the RT �ltered plots in Figure A.178.
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Figure A.168: Characteristic ellipsoid for Well E: Stage 2. Compare with the RT �ltered plots in Figure A.179.
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Figure A.169: Characteristic ellipsoid for Well E: Stage 3. Compare with the RT �ltered plots in Figure A.180.
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Figure A.170: Characteristic ellipsoid for Well E: Stage 4. Compare with the RT �ltered plots in Figure A.181.
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Figure A.171: Characteristic ellipsoid for Well E: Stage 5. Compare with the RT �ltered plots in Figure A.182.
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Figure A.172: Characteristic ellipsoid for Well E: Stage 6. Compare with the RT �ltered plots in Figure A.183.

239



Figure A.173: Characteristic ellipsoid for Well E: Stage 7. Compare with the RT �ltered plots in Figure A.184.
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Figure A.174: Characteristic ellipsoid for Well E: Stage 8. Compare with the RT �ltered plots in Figure A.185.
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Figure A.175: Characteristic ellipsoid for Well E: Stage 9. Compare with the RT �ltered plots in Figure A.186.
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Figure A.176: Characteristic ellipsoid for Well E: Stage 10. Compare with the RT �ltered plots in Figure A.187.
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A.3.10 Well E: RT Filtered Dataset

Figure A.177: Characteristic ellipsoid for Well E: Stage 1-10. Compare with the un�ltered plots in Figure A.166.
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Figure A.178: Characteristic ellipsoid for Well E: Stage 1. Compare with the un�ltered plots in Figure A.167.
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Figure A.179: Characteristic ellipsoid for Well E: Stage 2. Compare with the un�ltered plots in Figure A.168.
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Figure A.180: Characteristic ellipsoid for Well E: Stage 3. Compare with the un�ltered plots in Figure A.169.
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Figure A.181: Characteristic ellipsoid for Well E: Stage 4. Compare with the un�ltered plots in Figure A.170.
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Figure A.182: Characteristic ellipsoid for Well E: Stage 5. Compare with the un�ltered plots in Figure A.171.
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Figure A.183: Characteristic ellipsoid for Well E: Stage 6. Compare with the un�ltered plots in Figure A.172.
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Figure A.184: Characteristic ellipsoid for Well E: Stage 7. Compare with the un�ltered plots in Figure A.173.
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Figure A.185: Characteristic ellipsoid for Well E: Stage 8. Compare with the un�ltered plots in Figure A.174.
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Figure A.186: Characteristic ellipsoid for Well E: Stage 9. Compare with the un�ltered plots in Figure A.175.
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Figure A.187: Characteristic ellipsoid for Well E: Stage 10. Compare with the un�ltered plots in Figure A.176.
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A.3.11 Well F: Complete Dataset

Figure A.188: Characteristic ellipsoid for Well F: Stage 1-16.Compare with the RT �ltered plots in Figure A.231.
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Figure A.189: Characteristic ellipsoid for Well F: Stage 17-41. Compare with the RT �ltered plots in Figure A.232.
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Figure A.190: Characteristic ellipsoid for Well F: Stage 1. Compare with the RT �ltered plots in Figure A.233.
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Figure A.191: Characteristic ellipsoid for Well F: Stage 2. Compare with the RT �ltered plots in Figure A.234.
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Figure A.192: Characteristic ellipsoid for Well F: Stage 3. Compare with the RT �ltered plots in Figure A.235.
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Figure A.193: Characteristic ellipsoid for Well F: Stage 4. Compare with the RT �ltered plots in Figure A.236.
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Figure A.194: Characteristic ellipsoid for Well F: Stage 5. Compare with the RT �ltered plots in Figure A.237.
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Figure A.195: Characteristic ellipsoid for Well F: Stage 6. Compare with the RT �ltered plots in Figure A.238.
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Figure A.196: Characteristic ellipsoid for Well F: Stage 7. Compare with the RT �ltered plots in Figure A.239.
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Figure A.197: Characteristic ellipsoid for Well F: Stage 8. Compare with the RT �ltered plots in Figure A.240.
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Figure A.198: Characteristic ellipsoid for Well F: Stage 9. Compare with the RT �ltered plots in Figure A.241.
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Figure A.199: Characteristic ellipsoid for Well F: Stage 10. Compare with the RT �ltered plots in Figure A.242.
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Figure A.200: Characteristic ellipsoid for Well F: Stage 11. Compare with the RT �ltered plots in Figure A.243.
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Figure A.201: Characteristic ellipsoid for Well F: Stage 12. Compare with the RT �ltered plots in Figure A.244.
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Figure A.202: Characteristic ellipsoid for Well F: Stage 13. Compare with the RT �ltered plots in Figure A.245.
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Figure A.203: Characteristic ellipsoid for Well F: Stage 14. Compare with the RT �ltered plots in Figure A.246.
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Figure A.204: Characteristic ellipsoid for Well F: Stage 15. Compare with the RT �ltered plots in Figure A.247.
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Figure A.205: Characteristic ellipsoid for Well F: Stage 16. Compare with the RT �ltered plots in Figure A.248.
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Figure A.206: Characteristic ellipsoid for Well F: Stage 17. Compare with the RT �ltered plots in Figure A.249.
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Figure A.207: Characteristic ellipsoid for Well F: Stage 15. Compare with the RT �ltered plots in Figure A.250.
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Figure A.208: Characteristic ellipsoid for Well F: Stage 19. Compare with the RT �ltered plots in Figure A.251.
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Figure A.209: Characteristic ellipsoid for Well F: Stage 20. Compare with the RT �ltered plots in Figure A.252.
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Figure A.210: Characteristic ellipsoid for Well F: Stage 21. Compare with the RT �ltered plots in Figure A.253.

277



Figure A.211: Characteristic ellipsoid for Well F: Stage 22. Compare with the RT �ltered plots in Figure A.254.
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Figure A.212: Characteristic ellipsoid for Well F: Stage 23. Compare with the RT �ltered plots in Figure A.255.
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Figure A.213: Characteristic ellipsoid for Well F: Stage 24. Compare with the RT �ltered plots in Figure A.256.
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Figure A.214: Characteristic ellipsoid for Well F: Stage 25. Compare with the RT �ltered plots in Figure A.257.
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Figure A.215: Characteristic ellipsoid for Well F: Stage 26. Compare with the RT �ltered plots in Figure A.258.
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Figure A.216: Characteristic ellipsoid for Well F: Stage 27. Compare with the RT �ltered plots in Figure A.259.
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Figure A.217: Characteristic ellipsoid for Well F: Stage 28. Compare with the RT �ltered plots in Figure A.260.
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Figure A.218: Characteristic ellipsoid for Well F: Stage 29. Compare with the RT �ltered plots in Figure A.261.
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Figure A.219: Characteristic ellipsoid for Well F: Stage 30. Compare with the RT �ltered plots in Figure A.262.
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Figure A.220: Characteristic ellipsoid for Well F: Stage 31. Compare with the RT �ltered plots in Figure A.263.
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Figure A.221: Characteristic ellipsoid for Well F: Stage 32. Compare with the RT �ltered plots in Figure A.264.
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Figure A.222: Characteristic ellipsoid for Well F: Stage 33. Compare with the RT �ltered plots in Figure A.265.
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Figure A.223: Characteristic ellipsoid for Well F: Stage 34. Compare with the RT �ltered plots in Figure A.266.
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Figure A.224: Characteristic ellipsoid for Well F: Stage 35. Compare with the RT �ltered plots in Figure A.267.
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Figure A.225: Characteristic ellipsoid for Well F: Stage 36. Compare with the RT �ltered plots in Figure A.268.
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Figure A.226: Characteristic ellipsoid for Well F: Stage 37. Compare with the RT �ltered plots in Figure A.269.
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Figure A.227: Characteristic ellipsoid for Well F: Stage 38. Compare with the RT �ltered plots in Figure A.270.
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Figure A.228: Characteristic ellipsoid for Well F: Stage 39. Compare with the RT �ltered plots in Figure A.271.
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Figure A.229: Characteristic ellipsoid for Well F: Stage 40. Compare with the RT �ltered plots in Figure A.272.
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Figure A.230: Characteristic ellipsoid for Well F: Stage 41. Compare with the RT �ltered plots in ??.

297



A.3.12 Well F: RT Filtered Dataset

Figure A.231: Characteristic ellipsoid for Well F: Stage 1-16.Compare with the un�ltered plots in Figure A.188.
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Figure A.232: Characteristic ellipsoid for Well F: Stage 17-41. Compare with the un�ltered plots in Figure A.189.
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Figure A.233: Characteristic ellipsoid for Well F: Stage 1. Compare with the un�ltered plots in Figure A.190.
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Figure A.234: Characteristic ellipsoid for Well F: Stage 2. Compare with the un�ltered plots in Figure A.191.
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Figure A.235: Characteristic ellipsoid for Well F: Stage 3. Compare with the un�ltered plots in Figure A.192.
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Figure A.236: Characteristic ellipsoid for Well F: Stage 4. Compare with the un�ltered plots in Figure A.193.
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Figure A.237: Characteristic ellipsoid for Well F: Stage 5. Compare with the un�ltered plots in Figure A.194.
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Figure A.238: Characteristic ellipsoid for Well F: Stage 6. Compare with the un�ltered plots in Figure A.195.
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Figure A.239: Characteristic ellipsoid for Well F: Stage 7. Compare with the un�ltered plots in Figure A.196.
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Figure A.240: Characteristic ellipsoid for Well F: Stage 8. Compare with the un�ltered plots in Figure A.197.
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Figure A.241: Characteristic ellipsoid for Well F: Stage 9. Compare with the un�ltered plots in Figure A.198.
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Figure A.242: Characteristic ellipsoid for Well F: Stage 10. Compare with the un�ltered plots in Figure A.199.
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Figure A.243: Characteristic ellipsoid for Well F: Stage 11. Compare with the un�ltered plots in Figure A.200.
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Figure A.244: Characteristic ellipsoid for Well F: Stage 12. Compare with the un�ltered plots in Figure A.201.
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Figure A.245: Characteristic ellipsoid for Well F: Stage 13. Compare with the un�ltered plots in Figure A.202.
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Figure A.246: Characteristic ellipsoid for Well F: Stage 14. Compare with the un�ltered plots in Figure A.203.
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Figure A.247: Characteristic ellipsoid for Well F: Stage 15. Compare with the un�ltered plots in Figure A.204.
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Figure A.248: Characteristic ellipsoid for Well F: Stage 16. Compare with the un�ltered plots in Figure A.205.
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Figure A.249: Characteristic ellipsoid for Well F: Stage 17. Compare with the un�ltered plots in Figure A.206.
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Figure A.250: Characteristic ellipsoid for Well F: Stage 18. Compare with the un�ltered plots in Figure A.207.
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Figure A.251: Characteristic ellipsoid for Well F: Stage 19. Compare with the un�ltered plots in Figure A.208.
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Figure A.252: Characteristic ellipsoid for Well F: Stage 20. Compare with the un�ltered plots in Figure A.209.
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Figure A.253: Characteristic ellipsoid for Well F: Stage 21. Compare with the un�ltered plots in Figure A.210.
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Figure A.254: Characteristic ellipsoid for Well F: Stage 22. Compare with the un�ltered plots in Figure A.211.
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Figure A.255: Characteristic ellipsoid for Well F: Stage 23. Compare with the un�ltered plots in Figure A.212.

322



Figure A.256: Characteristic ellipsoid for Well F: Stage 24. Compare with the un�ltered plots in Figure A.213.
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Figure A.257: Characteristic ellipsoid for Well F: Stage 25. Compare with the un�ltered plots in Figure A.214.
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Figure A.258: Characteristic ellipsoid for Well F: Stage 26. Compare with the un�ltered plots in Figure A.215.
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Figure A.259: Characteristic ellipsoid for Well F: Stage 27. Compare with the un�ltered plots in Figure A.216.
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Figure A.260: Characteristic ellipsoid for Well F: Stage 28. Compare with the un�ltered plots in Figure A.217.
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Figure A.261: Characteristic ellipsoid for Well F: Stage 29. Compare with the un�ltered plots in Figure A.218.
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Figure A.262: Characteristic ellipsoid for Well F: Stage 30. Compare with the un�ltered plots in Figure A.219.
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Figure A.263: Characteristic ellipsoid for Well F: Stage 31. Compare with the un�ltered plots in Figure A.220.
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Figure A.264: Characteristic ellipsoid for Well F: Stage 32. Compare with the un�ltered plots in Figure A.221.
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Figure A.265: Characteristic ellipsoid for Well F: Stage 33. Compare with the un�ltered plots in Figure A.222.
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Figure A.266: Characteristic ellipsoid for Well F: Stage 34. Compare with the un�ltered plots in Figure A.223.
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Figure A.267: Characteristic ellipsoid for Well F: Stage 35. Compare with the un�ltered plots in Figure A.224.
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Figure A.268: Characteristic ellipsoid for Well F: Stage 36. Compare with the un�ltered plots in Figure A.225.
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Figure A.269: Characteristic ellipsoid for Well F: Stage 37. Compare with the un�ltered plots in Figure A.226.
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Figure A.270: Characteristic ellipsoid for Well F: Stage 38. Compare with the un�ltered plots in Figure A.227.
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Figure A.271: Characteristic ellipsoid for Well F: Stage 39. Compare with the un�ltered plots in Figure A.228.
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Figure A.272: Characteristic ellipsoid for Well F: Stage 40. Compare with the un�ltered plots in Figure A.229.
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Figure A.273: Characteristic ellipsoid for Well F: Stage 41. Compare with the un�ltered plots in Figure A.230.
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