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ABSTRACT

In the Neuquen Basin the Vaca Muerta is a world class sourcecko The reservoir consists
of a distal marine shale that transitions into a carbonate slope. The study area is 600 km
with a diverse dataset including 3D narrow azimuth seismic,usface microseismic, and six
wells. The primary goals of this research study are to undesstd the relationship between
critical rock properties and geomechanical moduli, extract further value from the aitable
data by increasing resolution, and to understand what drivelydraulic stimulation.

Total organic content (TOC) is a major driver with unconventional reservoirs. The
presence of high TOC makes an unconventional play viable andpacts the geomechanical
properties. Understanding the relationship between TOC andeomechanical parameters
is critical. YoungOs modulus, bulk modulus, and shear modsilshow a clear correlation
with TOC, while PoissonQOs ratio does not. Incorporating geostatistical inversion provides
a route to increased resolution, a constant pursuit of geosatists and engineers alike. Us-
ing increased resolution, favorable zones for hydraulic stimulation can be more accurately
targeted. Hydraulically induced fractures are shown to grownihomogenous zones and to
dissipate energy in heterogeneous zones. Geostatistical inversion can help identify local areas
of homogeneity contained within zones of greater heterogeneity in order to create complex
fracture networks optimal for production. Further to this, geostatistical inversion provides a
platform to understand the uncertainty of the datasets beig utilized. Finally, these elements
can be tied together by integrating microseismic data in order to understand what drives
stimulation. YoungOs modulus, bulk modulus, and shear modulus show a relaship with
the number and magnitude of microseismic events.

The integration of a variety of datasets, through a number of processes, have shown that
understanding geomechanical properties, increasing regain, and being aware of drivers to

stimulation can help optimize completions within the Vaca Merta.
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CHAPTER 1
INTRODUCTION

The Neuquen Basin sits in the shadow of the Andes Mountains atpits Eastern Flank.
The basin is located between 32and 4@ S latitude and 66 to 71° W longitude (Garcia
et al., 2013). In total the basin is 120,000 kimin areal extent in West-Central Argentina
(Figure 1.1) (Howell et al., 2005). It represents the third andourth most recoverable shale
gas and shale oil resource respectively in the world. Alreadgr conventional resources the
basin is extremely important representing 57% of natural gaand 40% of the oil production
from Argentina(Badessich et al., 2016). As interest in uncoewtional plays increase, the

Neuquen Basin is primed to be of signibcant interest.

b Neuquén
.+ " Basin

Figure 1.1: The Neuquen Basin can be seen in yellow within Ardera, which has been
outlined in red, all inside of South America

Within the Neuquen Basin, the Vaca Muerta Formation is the ribest source providing

50% of ArgentinaOs currently producible hydrocarbons (UrienciZambrano, 1994) with a



total organic content (TOC) ranging from 2 - 14% (Fantin et al., 2014). The formation
occupies an area of at least 25,000 Krwith thicknesses ranging from 25 - 450m (Stinco and
Barredo, 2014). Due to the large areal extent, and the signibcant range in thickness of the
formation it is important to understand the heterogeneity b unlock its potential.

Shale by its very nature is heterogeneous, often on short scales vertically, due to the
manner in which they were deposited. Slight alterations in TOC, mineralogy, and maturity,
amongst other factors can have a critical impact on the quality of the shale (Passey et al.,
2012). Understanding that the heterogeneity of shale has a kempact on the geomechanical
characteristics of the rock and is critical to understanding mconventional plays. Further,
geomechanical parameters are critical to understanding unconventional plays, with the engi-
neering literature focusing on a couple of key parameters including but not limited to YoungOs
modulus and PoissonOs ratio(Goodway et al., 2010). In turndngulic stimulation of rock
has been shown to be more successful with the a full understargl of the geomechanical
attributes of the rock in question (Zhang et al., 2016).

600 wells have been drilled in the Vaca Muerta Formation as of May 2016 (Guzzetti and
Amitrano, 2016). Data are still being collected to try to undestand what makes an e!ective
development strategy. Despite increasing interest in the Vaca Muerta, both well numbers
and production data for the area remains relatively limitedwhen compared to analogous
plays in North America. As a result of the limited data, there is 8l debPnite uncertainty
when trying to optimize completion design (Ejofodomi et al., 2014). The data provided by
Wintershall has made it possible for multiple studies to look tawhat makes an elective
development strategy.

The data for this project have been provided by Wintershall Haling, GmbH as part of
an agreement with the Reservoir Characterization Project Research Consortium. The data
set that has been made available includes nine wells and 600%of narrow azimuth 3D
seismic. It should be noted that while nine wells are available, three wells are held as

strictly conbdential. These wells are for internal uncertainty analysis and quality ctnol



only.
1.1 Project Goals

This study will focus on determining and understanding the tationship between ge-
omechanical attributes and hydraulic stimulation of the rak. Additionally, an e'ort will be
made to understand the uncertainty and limitations of the data available. This will be done
through a variety of methods with particular focus on the use of high end inversion. Results
from inversion techniques will be compared with existing surface microseismic data in order
to understand the relationship between geomechanical attributes and hydraulic stimulation
of the rock.

In order to achieve the goals of this thesis, there are a number of key steps that need to
be addressed. This includes obtaining geomechanical valdies YoungOs modulus, PoissonOs
ratio, bulk modulus, and shear modulus. Comparisons of the lues for YoungOs modulus
and PoissonOs ratio will be made with the surface microseismic. The relationship between
the two will provide deeper insight into what is driving the lydraulic stimulation. First, an
understanding of elastic properties for the area will need to be assessed through the use of
deterministic inversion. However, since deterministic irarsion provides a single non-unique
answer geostatistical inversion will be used in order to understand the certainty surrounding
the wells. The Pnal results after time-depth conversion canebused to understand the
relationship between geomechanical moduli and stimulatio

Further to understanding the uncertainty, the geostatistial inversion is utilized to sep-
arate zones of heterogeneity from homogeneity. Energy from hydraulic stimulation propa-
gates through homogenous zones and dissipates when it reaches a heterogeneous/brittle zone
(Davey, 2012). Therefore adding geostatistical inversion to the workf3ow provides the ability
to identify heterogenous and homogenous zones, and by exiem the ability to optimize

locations for hydraulic fracturing.



CHAPTER 2
GEOLOGICAL BACKGROUND

The Neuquen Basin is bordered by the Andes Mountains to the vigwith the Colorado
Basin and the North Patagonian Massif sitting on the east andositheast, respectively. The
total thickness of the sedimentary wedge can exceed 7000 m deposited in between the Late
Triassic and Early Cenozoic, with a complex array of both coimtental and marine deposits
(Garcia et al., 2013). A series of transgressive-regressoyeles resulted in the deposition of
several organic rich units that are potential hydrocarbonaurce rocks (Urien and Zambrano,
1994). Deformation increases with proximity to the Andes Mautains. Thus the Western
margin of the basin along the Andes has signibcant structure hile the Eastern area within
the embayment has relatively less structure (Howell et al.,0B5). While deformation in-
creases to the west, the deposit thickens towards the East, before thinning out ag&iast of
the embayment. Hydrocarbon exploration is focused in the erapment to the East where
structure is less signibcant and the total sediment packages are thicker (Garcia et 2D]13).

The shape of the basin is triangular with three distinct feattes marking each of the
arms of the triangle. The Andes Mountains border the west, th8ierra Pintanda Massif is
the Northeast arm, and the North Patogonian Massif is the Soutlst Arm. Today, and
throughout much of the history of the basin the Massifs to the northeast and southeast
limited the development of the of the basin through the presence of the wide cratonic area
(Howell et al., 2005). Both the shape of the basin, and the lotwan of it in relationship to
these three bodies can be seen in Figure 2.1.

The Vaca Muerta Formation was deposited during the Late Jurasc and Early Cretaceous
with the underlying Tordillo Formation, and the overlying Quintuco Formation. The Vaca
Muerta Formation was deposited in sharp contrast with the cld& continental deposits of

the Tordillo Formation. The Vaca Muerta Formation is composd of shales, marls, and
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Figure 2.1: The Neuquen Basin is outlined with the Sierra Piatla System to the Northeast
and the North Patagonian Massif to the Southeast, with the Vaanic Arc to the West
(Howell et al., 2005)

carbonates that were deposited under marine conditions. faer up the ramp the Quintuco
Formation was deposited (Stinco and Barredo, 2014) as part afcarbonate ramp that was
created during a relative stillstand (Hogg, 1993). The deposan of both of these formations
are directly related to the variance of the physical conditions within the sediment-water
interface (Johnson, 1974). It should be noted that the Vaca Mue can be further broken
up into the upper, middle, and lower sections (Howell et al., 26). These subdivisions are
illustrated in Figure 2.2.

The analysis of the background geology is broken out into a review of the structural
development of the Neuquen Basin as it applies to the Vaca Mte Formation, and a review
of each unit seen in Figure 2.2 with special attention to depib®nal environments and any

other critical factors that alect the understanding of the developing Vaca Muerta resource

play.



Tordillo

Figure 2.2: The critical formations Quintuco, Vaca Muerta, ad Tordillo are shown in this
Pgure. The Vaca Muerta is further broken down into three subformations named the lower
Vaca Muerta, middle Vaca Muerta, and upper Vaca Muerta

2.1 Structural Evolution

Within orogen/foreland basin systems, and the developmentf dasin stratigraphy is
strongly infBuenced by the rates of several brst order processes including orogen tectonics,
surface processes, climate, isostasy, and eustasy (Johnsd@95). The Neuquen Basin is no
exception to these brst order processes. Structural devetognt of the Neuquen Basin can be
broken out into three distinct phases. The three phases in chronological order are the synrift
phase, the postrift phase, and the foreland phase. The structural evolution that occurs
during these phases starts in the Late Triassic and Pnishes the Early Tertiary (Howell
et al., 2005). In broad terms, the structural evolution starts with an initial extensional
phase, followed by the development of the Andean magmatic arand Pnally a series of
inversion periods that are related to active tectonic movements (Franzese and Gomez-Perez,
2006). These three phases can be seen in Figure 2.3.

The synrift phase occurred during the Late Triassic to the Bdy Jurassic, (Howell et al.,

2005) with the Neuquen Basin sitting along the western conintal margin of Gondwana
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including the (1) synrift phase (2) postrift phase and the (Bforeland phase (Howell et al.,
2005)



(Reijenstein et al., 2015) as can be seen in Figure 2.4 Extasiwithin the region related

to the collapse of the Gondwana Orogen produced a series ofilfabound troughs and
narrow half grabens. The accommodation space that was a result of the extension was blled
with a complex array of both clastic and volcaniclastic deposits. The nature of the clastic
deposits vary widely including but not limited to alluvial, Buvial, shallow-marine, deltaic,

and lacustrine (Howell et al., 2005).
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Figure 2.4: Shows the synrift phase, and the location of Gondwa in relationship to the
present day Neuguen basin (Reijenstein et al., 2015)

Following the synrift phase, is the postrift phase marked byhe creation of the Andean
magmatic arc. The postrift phase occured during the Early Jassic through to the Early
Cretaceous. Consequently, the deposition of the Vaca Muarbccured during the postrift
phase when a sag formed and marine transgression took place (Franzese and Gomez-Perez,
2006). Within the backarc basin setting, subsidence led to aexpansion of the marine
deposition over the top of the previously prevalent contingal sedimentation. Concurrently

there was regional thermal subsidence marking the end of th#ting phase within the regional



backarc extension. Throughout this period there was cyclical separation from the proto-
Pacibc due to tectonic uplift and eustatic sea level drop. Thiresulted in a complex series
of transgressive-regressive cycles of a variety of magnitudes, of which the deposition of both
the Vaca Muerta and Quintuco are a part of (Howell et al., 2005)

The Pnal signibcant phase of structural development within the basin is the foreland
phase that occurred during the Late Cretaceous through the Cenozoic. This Pnal phase
marks a major change in the tectonic activity from an extensional and later sag regime into
a compressional regime. The change was the result of a variety of tastincluding the reor-
ganization of the Pacibca plates, a change in rate of South Atlantic spreading, and a decrease
in the angle of the slab subduction. (Howell et al., 2005) Thrgyhout the foreland stage,
the change into a compressional setting alongside assoaaghallowing of the subduction
zone, along with the generation of the Andean mountain belt raked in marine deposition
transitioning back to continental (Zeller et al., 2015). This resulted in the buildup of more
than 2000m of continental deposits and the buildup of the AndeMountains (Howell et al.,

2005).
2.2 Vaca Muerta Formation

The stratigraphic interval of interest for this study is the Vaca Muerta Formation. How-
ever it is helpful to understand the adjoining units above and below, the Quinto and
Tordillo Formations respectively. The deposition of the Tordlo through to the Quintuco
was deposited as part of the postrift phase of the structuralevelopment of the Neuquen
Basin. Two basic depositional envrionments are seen withihé three formations. The Vaca-
Muerta Quintuco system represents a series of regressive marcycles that are transitioning
towards a carbonate platform (Garcia et al., 2013). In sharp contrast is the Tordillo Forma-
tion, deposited in a variety of non-marine settings including alluvial fans, lacustrine systems,
and aeolian settings. The top of the Tordillo that sits in contact with the Vaca Muerta is
part of an aeolian dune complex, (Zavala et al., 2005) which creates a sharp contrast with

the anoxic marine environment of the lower Vaca Muerta.



The Vaca Muerta Formation generally thickens from the south and east towards the
north and west of the basin. The formation was deposited in aanoxic, anaerobic envi-
ronment (Garcia et al., 2013). Separated out into three sdons, upper, middle, and lower,
each subdivision is based on changes in lithology assoahteith changes in depositional
environment (Badessich et al., 2016).

Deposition of the Vaca Muerta started as a restricted sea along an inner carbonate plat-
form within the lower Vaca Muerta (Badessich et al., 2016). Lithologies show interbedded
marls, carbonates, and limestones. The highest TOC levels and the lowest amount of car-
bonaceous material can be found in the lower Vaca Muerta, withéreasing amounts of car-
bonate material and lower amounts of TOC moving up through theolumn (Garcia et al.,
2013). These various lithologies are conbrmed through the analysis of well log response.
(Figure 2.5)

Moving upwards in the column, the middle Vaca Muerta moves into deposits &h have
a higher frequency of gravity Bows and slumps. Due to this change thas both a larger
percentage and higher proportion of siliciclastic materiglGarcia et al., 2013). The middle
section also represents a transition towards the shorefacks a result of this an increase in
carbonaceous material, and a drop in TOC is seen (Licitra el.a2015). Again, this can be
conbPrmed through the use of well logs. This trend can be seanHigure 2.5.

The upper Vaca Muerta shows the highest carbonate depositian an increasingly prox-
imal and less restricted marine environment, (Garcia et al2013) with another transition
towards the shoreface that is part of the Vaca Muerta (Licitra et al., 2015). On the carbonate
platform there is the lowest TOC present and the highest amotiof carbonaceous material.
(Garcia et al., 2013) Well logs show that this progression is the case, and can be seen in

Figure 2.5.
2.3 Quintuco Formation

Overlaying the Vaca Muerta is the Quintuco Formation that was deposited in a proximal

ramp, open shelf environment similar to that of the upper Vaca Muerta. Composed of
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limestones and marls there is a drastic dilerence in both TOC and carbonaceous material
in the Quintuco compared to the lower Vaca Muerta (Zeller etla 2015). As a result of the
similarity between the upper Vaca Muerta and the Quintuco there is a diachronow®ntact
between the two formations, (Mitchum-Jr, 1985) in which theyappear similar in nature
despite being deposited at separate times.

Due to the similar nature of the Quintuco and the Vaca Muerta Fomations, the two
are often considered to be part of the same larger scale system (Sagasti et al., 2014). The
dilerence in TOC and carbonaceous material between the two fmations may lie in the
depositional environments. The Vaca Muerta Formation was deposited on a carbonate ramp
system, while the Quintuco was deposited within a mixed cadmate-siliciclastic shelf complex
(Kietzmann et al., 2016). The dilerence between these two similar, but di'erent depositional
systems, can be seen in Figure 2.6.

The Vaca Muerta is part of a prograding clinoform system within the low gradient car-
bonate ramp where the nature of the deposits are organic ricin tontrast to this the Quin-
tuco overlays the Vaca Muerta as a set of carbonate rich, shallow marine topsets (Sagasti
et al., 2014). This relationship between the Vaca Muerta and the Quintuco can be seen in

Figure 2.7.
2.4 Tordillo Formation

Deposited during the Kimmeridgian stage of the Jurassic, th@ordillo Formation is a
mainly clastic unit within the Neuquen Basin. There are a rage of non-marine depositional
environments that are seen through the Tordillo including alluvial fans, lacustre, and
aeolian systems. The formation can be broken out into four usisuperimposed on each
other as unconformably bounded units informally named T1, 4, T3, and T4. Unit T4 sits
in contact with the lower Vaca Muerta (Zavala et al., 2005).

Unit T4 represents an aeolian environment characterized by&nsive dune pelds with bPne
to medium grained sandstones that are relatively clean in hae. However, it is interesting

and of note that Unit T4 typically represents a [3ow barrier wih relatively low porosities and
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Figure 2.6: Shows the dilerence between a carbonate slopeteys and a carbonate platform
system, where the carbonate slope was deposited towards the upper Vaca Muerta and the
carbonate platform was representative of the Quintuco (Kietzmann et al., 2016)
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Figure 2.7: Shows the nature of the relationship between the @tuco, Vaca Muerta, and

the Tordillo Formation in terms of sequence stratigraphy (Kietzmann et al., 2016)

permeabilities (Zavala et al., 2005). This drastic change imhepositional environments results
in a clear distinction between the lower Vaca Muerta and the Tordillo which is readily seen

on cores, well logs, and seismic alike (Mitchum-Jr, 1985). iEhsharp boundary, in addition

to the aeolian sequences of Unit T4 can be seen in Figure 2.8.

2.5 Petroleum System

In a conventional system, it is commonly accepted that sevenitical elements must

exist in order to have a working petroleum system. The seven elements of a conventional

petroleum system are:

¥ Elective source

¥ Migratory pathways

¥ Reservoir

¥ Elective seal

¥ Trapping mechanism - structural, stratigraphic, or combination

¥ Appropriate timing
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Figure 2.8: Shows the nature of the relationship between théé aeolian environment seen
in T4 of the Tordillo Formation and the overlaying unconventional shale of the lower Vaca
Muerta (Zavala et al., 2005)

¥ Preservation through time

Each element plays a critical role in ensuring that there is a functioning conveatial
petroleum system (Momper, 1981). In an unconventional systethis understanding is to-
tally redebned. In essence an elective source becomes theamventional petroleum system.
Again, conventional wisdom would say that shale is homoger®in nature. As unconven-
tional wisdom has been developed it has become apparent thaake is far from homogenous.
In fact, shale is extremely heterogenous with some factorgihg more key to a working un-
conventional petroleum system than others (Law and Curti£002). With this understanding
the complexity of rationalizing the intrinsics of an unconventional system vastly increases.

In this new paradigm, key factors for understanding an uncoewtional petroleum system

are:
¥ Thickness

¥ Total Organic Content (TOC)
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¥ Thermal maturity
¥ Mineralogy

¥ Porosity

¥ Permeability

Given this unconventional list, there are two critical questions that are highligied. The
prst question asks whether there are hydrocarbons in placehile the second question ad-
dresses whether the geomechanical characteristics of the unconventional reservoir are appro-
priate for extraction (Fantin et al., 2014). The Vaca Muerta makes an excellent unconven-
tional reservoir by all measures for an unconventional petroleum system. The thickness of
the Vaca Muerta ranges up to 450m, (Stinco and Barredo, 2014hile the TOC range has
an average of 4%, with a maximum of 14% (Fantin et al., 2014). The thermal maturity
ranges throughout the basin from 0.7 - 1.5% Ro showing a largéedence in maturation
(EIA, 2015). It can be seen that the thermal maturity increase towards 1.5% Ro as prox-
imity to the Andes mountains and the historic volcanic arc als increases. In addition to the
volcanic arc wrench faults play a key role in this increase in vihite ref3ectance. The min-
eralogy within the study area has been previously worked up byighop (2015). The basic
trends that are seen (Figure 2.5) within all of the wells are @eeasing clay content towards
the upper Vaca Muerta. Simultaneously an increase in carbonaceous material towards the
upper Vaca Muerta is apparent. Finally, a spike of quartz spdect content to the middle
Vaca Muerta is present. These lithological trends align witlthe depositional environments
previously discussed.

From these numbers it can be seen that the formation as a wholasboth hydrocarbon
in place and that there are areas where the geomechanical peojes are optimal. The
hydrocarbon that is in place is predominantly type Il kerogen, @rived from amorphous
marine algae. The oil found is considered to be light in the rge of 35 - 45 and low

in parrabPn and asphaltene content (Garcia et al., 2013). The majority of the embayment
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is within the oil window. Generally speaking westward movement sees the transition of
maturity from the oil window, into condensate, and Pnishing with the dry gas window as
one heads West towards the foothills of the Andes (Rodriguesad., 2009). This can be seen
in Figure 2.9 with clear transitions through each of the zones

In terms of geomechanical properties that are appropriate for hydrocarbon extraction,
the critical element is fracture existence or the ability to create them. In cases where per-
meability is low, additional stimulation can be required (Warpinski et al., 2009). In such
cases a thorough understanding of the geomechanical properties, an understanding of the
stress state, any natural discontinuities, and a general grasp of the inherent heterogeneity
is essential (Gale and Laubach, 2009). In the case of the Vacaidfta there are zones that
match the criteria outlined, and there are zones that do not. So, while it can be shown that
the Vaca Muerta makes an excellent unconventional reservoir understanding the heterogene-
ity of the shale in both TOC content and geomechanical properties is critical to optimizing
understanding of the unconventional petroleum system. To thiend, the ability to map such

changes spatially as well as vertically is paramount.

17



NEUQUEN BASIN, ARGENTINA
EIA/ARI SHALE GAS/OIL ASSESSMENT

Figure 2.9: Shows the oil and gas window for the Vaca Muerta, wtein it can be seen that
gas is produced towards the West, condensate centrally, and oil is produced towards the East
(EIA, 2015)
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CHAPTER 3
STUDY AREA AND DATA AVAILABILITY

The data for this project were provided by Wintershall Holding GmbH as part of an
agreement with the Reservoir Characterization Project Research Consortium (RCP) at the
Colorado School of Mines. The study area is contained within ddzk on the Eastern part of
the Neuquen Basin. The dataset is composed of six wells and gioaal narrow-azimuth 3D
seismic survey that is 600 krh Within the seismic survey, the Wintershall block is a 90 kr
area in the Northeast corner. The six wells are distributed siinat three of wells (Wells A,

G, and |) are located inside of the Wintershall block while thether three wells (Wells B,C,
and H) are located in the larger seismic survey area. Two of thibree wells (Wells G and

1) within the Wintershall block also have microseismic and prduction datasets associated
with them. It should also be noted that three additional well{Wells E,F and D) outside of
the larger seismic survey area have been provided to RCP for internal uncertainty analysis.
These wells are strictly conbdential, and are not discussed past what type of data were made
available. The data made available and not held in conbdentigliare shown graphically in

Figure 3.1.
3.1 Seismic Data

The seismic dataset provided is P-wave data that was shot asrmaw azimuth. For the
purpose of this study the seismic data are being used to characterize the unconventional
reservoir within the Vaca Muerta Formation. However, the semic data were originally shot
for the purpose of characterizing conventional reservoirs in the area. The data processing
was completed in order to preserve amplitudes, making it rable for AVO analysis and
pre-stack inversion.

The key seismic acquisition parameters are covered in Table 3.1 and the key elements

of the seismic processing workRow are captured here in bullet form (Fernandez-Concheso,

19



OG

oA
o @
| H North
I OB
g

|
20 km

Figure 3.1: Displays the various types of data available to #h project, as provided by
Wintershall. The full stack data are outlined in dark orangewhile the pre-stack data are
outlined in a lighter orange. Wells have been marked by blue dots. Wells with microseismic
and production data are indicated by stars

2015):

¥ Geometry and geometrical spreading

¥ Refraction statics

¥ Surface-consistent spectral constraint deconvolution
¥ Amplitude compensation

¥ Surface-consistent residual statics

¥ Velocity analysis and mute

¥ Radon multiple attenuation

¥ Surface consistent shot and receiver scalars

¥ Pre-stack FXY blter
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¥ Pre-stack time migration (PSTM), isotropic
¥ CDP stack

¥ Post-stack noise suppression

Understanding the acquisition parameters and the key elentsrof the seismic processing
workfR3ow help inform how the data can be used electively, andhvat limitations exist. The

key elements for the seismic acquisition can be seen in Tablé&.3.

Table 3.1: Key seismic acquisition parameters for the Vaca Miia Survey used in this study
(Fernandez-Concheso, 2015)

Acquisition parameter Information
Patch size 9,180 x 3,300 m
Aspect Ratio 0.36 (narrow azimuth)
Source type Vibroseis
Shot line spacing (m) 420
Receiver spacing (m) 60
Record length (s) 2.5
Sample rate (ms) 2
Number of inlines 908
Number of crosslines 751
Bin size 30x30m
Maximum o!set (inline direction) 4500m

In addition to the key elements of the seismic processing work3ow data pre-conditiogi
was applied to the data by a previous RCP member, Jorge FernagmlConcheso in collabo-
ration with the team at Wintershall. The work completed includes post seismic processing
steps for optimizing the pre-stack seismic gathers for AVO inversion, conversion of gathers
from the o!set domain to the angle domain, stacking the data ito angle ranges, aligning the
stacks in time, and removing remnant artifacts related to seismic acquisition or processi

Residual Move-Out (RMO) was applied to the full survey of gathers over a long time
window in order to preserve the AVO Type Il event at the top of he Quintuco. The process

was ultimately a compromise with some events, especially inghmiddle Quintuco, still not
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becoming ideally Rat. However, a signibcant improvement catill be seen from applying
the RMO to the pre-stack migrated o!set gathers in comparison to the both the original
data quality and the post seismic processing data quality. Ti& progression in quality of

input data can be seen in Figure 3.2 around on a series of gatharound Well A.

il ‘“"I‘"";Tﬁm:mi%m";wmmm-mlu

(i G T T T
(a) (b) (c)

Figure 3.2: Pre-stack common image point gathers at Well A (ajhe original migrated data
(b) The data after signibPcant seismic processing steps have been applied (c) The data after
RMO with events optimized for AVO inverison (Fernandez-Concheso, 2015)

The data were converted from o!set domain to incident-angleamain with the logic that
AVO equations applied to seismic inversion are a function ohgle (MacFarlane, 2014). To
do this Hamson-RusselM software was used to convert the gathers from o!set to angle
domain. By default this software package uses the Ray ParaneetMethod, which is based

on Equation 3.1 (Russell, 2014a):

X1 Vit

S|n(#) = m

(3.1)
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Where# is the incident angle X is the o!set, Vi, is the P-wave interval,t is the two-way
travel time, and V s is the root mean square (RMS) of the P-Wave velocity. The migration
velocity peld for the full survey was used to convert from olseta incident angle domain.
When this was done, a careful review of the angle gathers in difent areas of the survey
revealed that data quality is good up to 36 (Fernandez-Concheso, 2015).

It has been shown that the input to pre-stack seismic inversiorequires at least three
partial stacks with limited incidence angles in order to produce a stable and reliable result
(MacFarlane, 2014). The goal of this is to maximize the number of stacks while maintaining
the integrity of the data. With that in mind it was decided that four sub stacks with the
angle ranges of 09(Nears), 9 - 18 (Mid-Nears), 18 - 27 (Mid-Fars), and 27 - 36 (Fars)
would be used. Once the angle gathers were stacked into ran@s can be seen in Figure 3.3
the next step was to align the data in time. The alignment of thegathers was done in
Jason™™ using the Near angle stack as the reference volume. The Near angfiack was
used as a reference volume since it was the most similar to the zero o!set data, as it is the
least compromised by normal move out (NMO). Volume alignmenivas used over horizon
alignment since it took into account both phase and amplituel di'erence. All time shifts
applied resulted in a change no greater than 3 ms (Fernandez#€beso, 2015).

Another critical step is to ensure that the seismic frequencgontent of all of the angle
range stacks are roughly in the same range for the four angle stacks. The frequency content
for each of the four stacks have been shown to have a frequenoptent from 10 Hz to 80 Hz.
This frequency content holds for the entirety of the survey, except for the southwest corner
where the frequency content is of a slightly dilerent nature.The change in the frequency
content can be seen in Figure 3.4 with the drop in content at thiigh end of the spectrum
to 60 Hz. This change in frequency content is due to a patching two dilerent seismic
surveys. Since this area is outside of the critical area forithstudy, nothing was done to
condition the data in this area. Instead a note has been made of its existence, and it wdl b

discussed in more detail in the Deterministic Inversion section.
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Figure 3.3: The four angle stacks can be seen in this bgure witte brst angle stack from
0-2 in the top left, the second angle stack being 9 - 18n the top right, the third angle
stack being 18 - 27in the bottom left, and the Pnal angle stack 27 - 36n the bottom right.
The angle stacks are along an arbitrary line that starts in tb NE and ends in the SE

NE NEAR SE MID-NEARS

Frequency Content (Hz)

Figure 3.4: The frequency content for the four angle stacksmde in this Pgure, with most
of the survey having a frequency content range from 10 Hz - 80 Hzjtlwa drop in the
SW corner to 10 Hz - 60 Hz. Strong frequency content is indicated blue, while a lack of
frequency content is indicated in red. The frequency conteifibr the entire seismic survey is
adequate for the goals put forth by this study. Additionally the area with dilerent seismic
frequency content is not in a critical area of interest. The angle stacks are along an arbitrary
line that starts in the NE and ends in the SE
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Seismic artifacts can be due to either seismic acquisition or processing (Galbraith and
Hall, 1997). Artifacts can be debned as coherent anomalies imetdata that are not rep-
resentative of what is being imaged, but rather as the result of acquisition or processing
parameters (Marfurt and Alves, 2015). In the case of the Vaca bérta dataset, one such
seismic artifact was found and removed using TerraSpark Ge@nceOs Insight Earth with
the proprietary Footprint Removal process. Figure 3.5 showstime slice over the full stack
volume before and after the Footprint Removal process was @ed. It should be noted
however that this process was applied individually to eachf ¢he four partial angle stacks
(Fernandez-Concheso, 2015).

The previous work completed by Jorge Fernandez-Conchesorajawith the Wintershall
team was vital in preparing the seismic data for the AVO invesion process. As a result of
the combined elort, both the four previously discussed anglstacks and a full stack were

made available.
3.2 Well Data

A total of nine wells have been made available to RCP, of whiclixsvells (Wells A,B,C,G,H,
and 1) are within the seismic survey limits. The remaining thee wells (Wells D,E, and F)
have been made available solely to RCP for internal uncertainty analysis. Table 3.2 shows
the nine wells and what data have been made available for easbll. All of the wireline logs
are both modern and of high quality covering the Vaca Muerta in entirety, with most logs
also covering the overlying Quintuco and a small part of the underlying Tordillo. Critically
P-Sonic, S-Sonic, and Density well logs are available for all wells making calculation afséc
properties possible.

Four of the wells (A,B,C, and H) were drilled from 2013 to 2014 icooperation with a
partner company, while two wells (G and 1) were drilled in 2015 in the block operated by
Wintershall. The six wells within the seismic survey have a #e of wireline logs (gamma
ray, P-Sonic, S-Sonic, density, resistivity, photo electric, etc.), enhanced logs including image

logs, nuclear magnetic resonance logs, and lithology log&dditional data about the wells
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Figure 3.5: Time slices for the raw seismic amplitudes can beesein the northeast section
of the survey, with (a) Original data and (b) Data after appliation of a Footprint Removal
process (Fernandez-Concheso, 2015)
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Table 3.2: Shows a data audit, with Wells A,B,C,G,H and | beingnade available for the
whole of the research. Wells D,E, and F have been made available solely for internal uncer
tainty analysis. While what was made available for these wellsave been shown, no work
will reRect any of the data from these wells

WellA WellB WellC WellD WellE WellF WellG WellH Welll
X X X X X X

X
X

Logs Gamma Ray
P-Sonic
S-Sonic
Bulk Density
Borehole Image
Spectral Gamma
Spinner
Core/Cuttings XRD
Rock-Eval
Porosity-Saturation
Core Photos
CT Scan
Engineering DFIT X
Production Data X
Well Reports X

X X X X X X
X X X X X X
X X X X X X

X X X X X
X X X X X X
X X

X X x X x

X X

XXX 3 5 XX XX s s X X
x X
><><><>< ><><>< ><><

X X
x
x

include core photos, x-ray dilraction data, daily drilling reports, 3uid analysis, and pyrolysis
was provided to RCP when it was available.

Engineering data are not as available for the study area. Limited production histornyas
made available for some of the wells in partial, and the Diagstic Fracture Injection Tests
(DFIT) were also provided in a limited amount. Well reports wee prevalent providing mud
log data, as well as a limited amount of drilling and completio data. All of this information
can be combined to understand the formation pressure and wmlre stability, which in turn
can be used to better understand the geomechanical characteristics of the reservoir.

Similar to the seismic data which had some pre-conditioning toptimize it for AVO
inversion, well data also requires pre-conditioning in order to make it suitable for purpose.
This is a critical step since well logs, especially P-Sonic, S-Sonic, and bulk density, arecal
to both the deterministic and stochastic inversion process. Well logs are a key factor in the
processes of getting good well ties, wavelet estimation, building the low frequency model,
and creating conditioning datasets for stochastic inversion, and the interpretation process.

The well logs need to be reviewed for possible anomalies that are not representative of what
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is being imaged. Such anomalies include but are not limited to: data spikes or unrealistic
values, missing sections, misaligned data in depth, and daleing transposed by a factor.
These anomalies can arise in a number of dilerent scenarios, including but not limited to:
dilerences in logging tools or vendors, borehole washouts, and tool failure.

Previous work done by Jorge Fernandez-Concheso has resulteéour wells (A,B,C, and
H) already being reviewed and corrected. However two wells (&) still required review
and correction where it was applicable. Particular attention was paid to the elastic-property
logs in this process. Similar to the work previously compleate the well logs were de-spiked
and corrected for unphysical values, which were very few, except around the beginning and
end of well log runs where anomalies are prone. The bulk density log is particularly sémsi
to borehole conditions producing incorrect values around whouts. In order to get a sense
of if and when a washout has occurred., the caliper log can be particularly helpful. In
the case of all six wells, the caliper log indicates very few zones where washout may have
occurred, and in the zones that were potentially a problem amalous well log behavior does
not appear to exist.

In order to identify trends within the data, consistency between elastic property logs is
critical. It is the presence of these trends that debne how valble both deterministic and
stochastic inversion results will be. Further to this, the interpretation of inersion results
depends on the consistency of the elastic property logs usitige same logic. All six wells
show a similar trend as can be seen in the following bgures utihg Figure 3.6, Figure 3.7,
and Figure 3.8. Figure 3.6 shows the P-Sonic curves for each loé tvells from the Quintuco
through to the Tordillo. Figure 3.7 shows the S-Sonic curvesrf@ach of the wells for the
same zone, and Figure 3.8 shows the density curves for each h# tvells for the zone in
guestion.

It can be seen that the quality for each of the wells are acceptable, and that the well logs
show similar trends at each of the tops. The same can be said bwth the S-Sonic and the

density well logs. While, the density log for Well G is not comipte up through the Quintuco
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Figure 3.6: Shows the character of each P-Sonic log that was aeaavailable for the study in
a qualitative sense. It can be seen that each log has a similar chaeadtic for key horizons.
Further to this it is apparent that all of the wells have been dspiked and reviewed for any

anomalous values.
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the focus of the study will be on solely on the Vaca Muerta.
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Figure 3.7: Shows the character of each S-Sonic log that wasdeavailable for the study in
a qualitative sense. It can be seen that each log has a similar chaexditic for key horizons.
Further to this it is apparent that all of the wells have been dspiked and reviewed for any

anomalous values.

All of the values for the P-Sonic, S-Sonic, and density logg svithin a reasonable range
for the material through which they are passing. Additionalf all of the wells have been
despiked, reviewed for anomalous values, and corrected whaecessary. There was no need
to model any logs since there were no signibcant gaps or spik€srrections were made by
simple interpolations between relatively small gaps or over spikes.

The consistency of the elastic property logs can also be seemutitively in the following
Figures, including Figure 3.9, Figure 3.10, and Figure 3.11. Had>gure shows the distri-

bution of log values colored by well for P-Sonic, S-Sonic, and density. The clustering of
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Figure 3.8: Shows the character of each density log that was deavailable for the study in
a qualitative sense. It can be seen that each log has a similar chaeadtic for key horizons.
Further to this it is apparent that all of the wells have been dspiked and reviewed for any
anomalous values.
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values around a mean exists within standard expectationsrfthe medium through which it

is passing can be seen through the histograms.

Count

ULRRE RRRRARER S T T T T T T T T T |RLRRRRRRES | RLRRRRRRRI LARRARR R AR R RE AR AR RRRRER IRERRARERRS LR AR T

360 P-Sonic (us/m) 165

Figure 3.9: Shows a histogram of the six wells, with the counf any given value along the
Y-axis and the range of actual values along the X-axis. As can beem each well has a
reasonably Gaussian distribution of values providing a mean P-Sonic for the six wells of 245
ps/m

3.3 Microseismic Data

Surface microseismic data have been provided for two wells (G and 1) that are located in
the northeast section as can be seen in Figure 3.1, indicated e stars behind the wells.
The surface microseismic data were acquired during the hyddec stimulation of the two
wells. The acquisition included 10 lines with 2140 channeld.he spacing between each of
the channels was 14m with 12 geophones per a station which cam $een in Figure 3.12.
Recording for the microseismic was done with a Sercel 428 wédlsample rate of 2 ms.

Well G has four hydraulic fracturing stages, while Well 1 has Y& hydraulic fracturing

stages, that were distributed relatively evenly throughout the length of the Vaca Mueat
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Figure 3.10: Shows a histogram of the six wells, with the couf any given value along
the Y-axis and the range of actual values along the X-axis. As cdire seen each well has a
reasonably Gaussian distribution of values providing a mean S-Sonic for the six wells of 425
us/ft
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Figure 3.11: Shows a histogram of the six wells, with the coutf any given value along
the Y-axis and the range of actual values along the X-axis. As cdre seen each well has a
reasonably Gaussian distribution of values providing a mean density for the six wells of 2550
kg/m?3
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== Receivers
® Microseismic Events

\/

Nz

2 km

Figure 3.12: Shows the microseismic acquisition geometry \All G. It is indicative of the
setup for the acquisition for both wells. The black lines indicate the receiver lines,dlblue
dots are microseismic events, and the star shows the location of Well G
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interval. The approximate distribution of the stages within each of the wells can be seen in
the graphic shown in Figure 3.13. As a result, the stages aretdilsuted throughout a variety

of depositional environments and the related dilerences within the heterogenous shale. The
importance of these dilerences will be discussed in more detail later.

Uncertainty of microseismic locations arises from two isssle The Prst situation is the
validity of the detection of events, while the second referotthe estimated position of the
event (Thornton et al., 2013). Additionally, since this is stface microseismic the greatest
direction of uncertainty is in the depth direction (Eisner and Duncan, 2009). The uncertainty
of the surface microseismic, along with some of the other kegtdils, has been previously
analyzed by Isabel White of the Reservoir Characterizationr@ject, at the Colorado School
of Mines. The uncertainty for the microseismic locations in WellOs G and | for both the X
and Y direction is 10 m, while the uncertainty in the Z direction has been analyzed to be 35

m.

Well G Well |

Tordillo

Figure 3.13: Shows the approximate locations of the stages fmth WellOs G and |

The number of events within the microseismic data are heavily weighted towardseth

top for both Wells G and I. Some of the potential reasons for this will be discussed later,
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however it can be noted that it is not due to a recording bias. gure 3.14 shows the number
of events by relative depth. The magnitude of the events typadly increase in both wells
up to -1.8 for Well G and -1.9 for Well I. After this point a steepdrop o! is seen in the
number of events with greater magnitude. This would seem todicate that after -1.8 and
-1.9 respectively the events are not picked up as well by the receivers. Distribution for the

magnitude of events and the respective count for them can bees in Figure 3.15.

Depth
200 m

EmWell |
mWell G

0 20 40 60 80 100 120
Count

Figure 3.14: The number of events for both WellOs G (blue) andgreen) by relative depth

Strikes for the events are consistent between wells with three dilerent strike mechanisms
being predominant. The strike mechanism seen most frequgntWithin the upper Vaca
Muerta is a half-moon mechanism along a 9Gtrike direction. Critically, there is a clear
change in strike mechanism from the upper Vaca Muerta to the Qutuco. The strike mech-
anism seen most frequently within the Quintuco has a lower alggwith a strike more in
accordance with the ancient stress conditions. It is of note that this change in strike mech-
anism between the upper Vaca Muerta and the Quintuco increases the qualitative certainty

that the events are accurately located.
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Count

Magnitude

Figure 3.15: The magnitude of events for both WellOs G (blug)dal (green) can be seen by
count with the highest count for Well G being -1.8 and the highest count for Well | being
-1.9
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While the strike for the events are consistent between wellhe majority of events in Well

G are oriented 30 with the majority of events in Well | oriented 9C°. The 3( orientation

is orthogonal to the Mesozoic maximum horizontal stress, wa the 9 is in line with the

current maximum horizontal stress. The stress orientations for each well and the count for

those events can be seen in Figure 3.16.
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Figure 3.16: Microseismic mechanism strike rose plots for W& (blue) and Well | (green).
The radial axis shows the event count

Distribution of the microseismic events are dilerent spatially for Wells G and 1. In Well

G, the event cloud seems to move more along the®Q@vith a slight tilt towards the 30°

strike. In Well | the majority of events are North and East of the well with the distribution

being more in line with the 30 strike. The spatial and directional distribution of the two

wells can be seen in Figure 3.17 for Well G and in Figure 3.18 foreWl.

Microseismic monitoring can play a critical role in understanding the stimulatin of the

rock volume during hydraulic fracturing. (Rutledge and Philips, 2003) As such, knowledge

of the various characteristics of surface microseismic dathat are critical have been laid

out.
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Figure 3.17: Well G microseismic in map and depth view. Eventhiew the mechanism, are
scaled by magnitude, and the color is by stage. Coordinates are relative to wellhead
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Figure 3.18: Well I microseismic in map and depth view. Eventghow the mechanism, scaled
by magnitude, and colored by stage. Coordinates are relative tvellhead
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3.4 Previous Studies

Previous work for the Vaca Muerta, specibcally for the study area and data made available
by Wintershall, were completed by two previous graduates ohé Colorado School of Mines
with the Reservoir Characterization Project. One study was completed within the peld of
geology pertaining to the mechanical stratigraphy of the Vaca Muerta by Kyla Bishop, and
the other study was completed in the beld of geophysics pertaining to the seismic inversion
of both the post-stack and pre-stack seismic by Jorge Fernarmd€oncheso. Reference will
be made to the contributions made by previous studies when i$ idiscussed for the most
part. However, it is important to discuss anisotropy and thempact it has on the play now.

Organic-rich shales show strong vertical transverse isofy (VTI) as the result of bedding
parallel lamination that is perpendicular to the axis of symmetry (Vernik and Milovac, 2011).
The horizontal P-Wave velocity is faster than the vertical P-Wave velocity, which in drn
has a critical elect on AVO analysis. It has been shown that the ref3ection coe"cients for
P-Waves as a function of angle of incidence for VTI medium carelexpressed using Equation

3.2 (Ruger, 2002).

Rp (i) = RE°(i) + RE™ (i) (32

Where i is the angle of incidenceRE°(i) is the reRection coe"cient in the absence of

anisotropy, andRa" (i) is the anisotropic term, which can be derived using Equation 3.

RE" (i) = %(!2" 1)sin?(i) + %("2 " " )sin?(i)tan?(i) (3.3)

Where! and" are Thomsen parameters (Thomsen, 1986). The subscripts 1 and 2 denote
values for the upper and lower interfaces respectively. Themare three critical points that
can be taken away from Equation 3.3. First inRuences the rel3ection coe"cient over small
angles, while" becomes important at larger angles. If there is no contrast beéen! and "

between two interfaces, then it can be assumed that the rel3amti coe"cient approximates
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that of purely isotropic media. This will hold even if the lagrs in question are VTI in
nature. Finally, any changes in anisotropy have a strong inf3oee on ref3ection coe"cients

if the changes in isotropic elastic parameters are comparable to the dilerences in anisotropic
parameters (Rtger, 2002).

At this point it is important to note that Jason ™ assumes isotropic AVO inversion
when approaching pre-stack data. Further to this, the narrow azimuth data was pecessed
isotropically as noted earlier in the chapter. Therefore, if anisotropy is to be taken into
account it will be important to estimate Thomsen parametersdr the Vaca Muerta from well
logs, data from published studies, and certain assumptions. The estimation of these Thomsen
parameters for the Vaca Muerta has been previously done by Jergernandez-Concheso.

The methodology employed for this looks at the symmetry of thstilness tensor for VTI
media (Willis, 2013). To do this bve independent elastic modexist for the media (Mavko
and Dvorkin, 2009). Three of the stilness coe"cients can be calculated with density and

full-waveform dipole sonic tools using Equation 3.4, Equatn 3.5, and Equation 3.6.

Cas = $bV|32 (3.4)
Cus = $bV52 (35)
Ces = $0V82toneley" shear (36)

Where $, is the bulk density, Vp is the P-Wave velocity, Vs is the S-Wave velocity, and
Véioneley" shear 1S the horizontal shear velocity. The horizontal shear velocity can be calculated

using the Equation 3.7.
!

DTST2" DT2, (3.7)

DTSM Stoneley" shear —

mud
'p
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Where DTST is the Stoneley sonic log$.n.g is the drilling mud density that can be
found in the log headers, andDTq is the slowness of the drilling mud. The parameter
can be estimated by assuming an isotropic match in the undeihg Tordillo using Equation
3.6. This leaves two independent stilness coe"cientsC;, and C,3, that can be estimated
using the MANNIE approach as shown in Equation 3.8 and Equation.® (Suarez-Rivera

and Bratton, 2012).

Ciz= %G" 2C4s (3.8)

C12 = &Qg (39)

Where the coe"cients%and &are experimentally determined from cores that are analyzed
in multiple orientations in reference to the bedding planes.The values for both of these
coe'cients were debned for a survey in a nearby area, and were determined to be 1.218
and 1.25 respectively (Willis, 2013). Finally, an equation afymmetry is used for the bnal
coe"cients (Mavko and Dvorkin, 2009). The Thomsen paramets themselves are estimated
using the results from the sti'lness coe"cients. This can be & in Equation 3.10, Equation

3.11, and Equation 3.12.

Ci" Css
= 3.10
o (3.10)
Ces " Cuas
s 3.11
2Cos (3.11)
1 # 2 n n " $
= 2C2 2(Cis+ Ciy) " (Cas" Cua)(Crat Cs3" 2Cua) (3.12)
33
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Well log data from C and H were used in relationship with Equatin 3.4 through to
Equation 3.12 to calculate the Thomsen parameters for the VadMuerta. Well C and H
were used as they were the only wells with reliable StonelegMogs. Figure 3.19 shows the
logs for! and". It is noted that with the exception of some short wavelength ariations in
the upper Vaca Muerta that the values forl and " remain relatively equal throughout the

whole interval. | has a mean value of 0.1, while has a value 0.2 for both Well C and H.

Thomsen parameters (unitless) Thomsen parameters (unitless)
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Figure 3.19: Thomsen parameter logs for Well C (left) and H (@ht), showing! in orange
and " in blue (Fernandez-Concheso, 2015)

Since the anisotropic parameters do not have a large contrasithin the Vaca Muerta
it was concluded that based on Equation 3.2 and Equation 3.3 that the isotropic equations
are a good approximation for the VTI behavior. However, this des not hold with the lower
Vaca Muerta which directly overlies the isotropic, aeoliasandstone, of the Tordillo. Here,
there is a strong anisotropy contrast as the result of the dérence in the bedding nature of
the lower Vaca Muerta with the Tordillo. In order to account fa this the critical properties

for the lower Vaca Muerta and the Tordillo in terms of rel3ectity modeling were calculated

and shown in Table 3.3.
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Table 3.3: The average properties for both the lower Vaca Muertand the Tordillo as
obtained from well logs. Modibed from Fernandez-Concheso (2015)

Property Lower Vaca Muerta Tordillo

$ (kg/m 3) 2360 2610
Ve (M/s) 3170 4700
Vs (m/s) 1870 2710
" 0.2 0
! 0.1 0

The rel3ection coe"cients for the isotropic and anisotropic properties described in Ta-
ble 3.3 are compared in Figure 3.20.

It can be seen that the farther angles show a greater mismatch between the isotropic
model and the anisotropic model for the interface between ¢hlower Vaca Muerta and the
Tordillo. In order to account for this an estimation of the amsotropic model is made by
multiplying the isotropic equation by 0.9. The estimation sems to do a good job of matching
the anisotropic model. Since the anisotropy had to be estimated using the wells, due to the
isotropic nature of the PSTM processing and the equations tige to Jason™ | this thesis

will not be addressing the characterization of stress.
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Figure 3.20: The rel3ection coe"cients for the lower Vaca Mu& and the Tordillo interface
are shown for the angle range from 0 - 3&vith the isotropic model in blue, the anisotropic

model in orange, and an estimation of the anisotropic model in black (Fernandez-Concheso,
2015)
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CHAPTER 4
DETERMINISTIC INVERSION

Inversion, all types of seismic inversion, seek to transform seismic ref3ection data into
guantitative rock properties that are descriptive of the reservoir. Inversions have been shown
to have higher resolution than what is provided with seismicraplitudes alone, and support
more accurate interpretations (Pendrel, 2001). The other itical element that seismic in-
version provides is the transformation from the interface moperty that seismic amplitudes
represent, as opposed to the layer properties represented by impedance (Francis, 2014). Fur-
ther to the estimation of impedance from stacked seismic data, changes within the elastic
properties from pre-stack seismic data can also be analyzed as it relates to the variation of
reection amplitudes with olset (Keys and Foster, 1998). Seismic inversion results can be
calibrated with petrophysical data to be predictive of changes in rock and Ruid @perties
(Francis, 2014). These rock and 3uid properties can be combined to create a more represen-
tative reservoir model. As a result, seismic inversion is a gd Prst step in bridging the gap
between the belds of petroleum geology, petroleum enginagriand petroleum geophysics
(Yilmaz, 2001).

Seismic inversion has a long history of being used for conventional reservoirs. The focus
of inversion for such plays is to determine facies and (3uids in order to better understand
the reservoir (Pendrel, 2001). However, inversion has seen avolution of use in more
recent years with applications to unconventional reservar Specibcally, the focus has been
on extracting lithology, rock properties, and geomechanical properties from seismic data
(Goodway et al., 2010). These are important properties to werstand since unconventional
shale plays require high TOC to guarantee the presence of hydrocarbons, as well as agdtim
mineralogy and stress attributes for successful hydraulic stimulation (Ouenes, 2012). It is

precisely these parameters which can be determined through the use of seismic data with

a7



the inversion process (Goodway et al., 2010).

This chapter will begin with the theory underpinning deterministic constrainedsparse
spike inversion (CSSI) as it is specibcally applied to preastk seismic inversion. Next the
detailed workRow, quality controls, and the Pnal results of the pre-stack seismic inversion
will be discussed for the Vaca Muerta interval. The purpose for this work is to updatée de-
terministic inversion results with the introduction of new well data and seismic stratigraphic
horizon picks provided by Wintershall. In addition to this, the updated deterministic in-

version results served as a platform from which the geostateal inversion results were built.

4.1 Theory

Pre-stack seismic inversion or simultaneous inversion ddd often referred to, are called
so because three properties are solved for at the same time, providing the end picisl of P-
Impedance, S-Impedance, and density (Russell, 2014b). Hees it should be noted that in
order to get reliable results for density an angle range greater than®4@ generally required
(Francis, 2014). The objective of seismic inversion is to dotonor the convolutional model
while creating a geologically realistic set of elastic properties. This is done by lookingtiaé¢
forward modeling technique of creating seismic response in reverse (Russell, 1988). This can
be seen in Figure 4.1.

At the most basic level, this is based on the convolutional nael, wherein seismic is
derived as a product of ref3ectivity from the earth model by a walet or source function.
This relationship is explained by Equation 4.1 with the addition of noise represented/b
N(t) (Russell, 1988). However when this process is applied toversion the elects of noise,
attenuation, and other extraneous elects are assumed to have been su"ciently addressed in

the processing workBow (MacFarlane, 2014).

S(t) = R(t) ! W(t) + N (1) (4.1)
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Figure 4.1: Shows the seismic acquisition process on the lefind side, wherein the earth
model is identibed through a modeling algorithm (seismic processing), and then shown as

seismic response. Inversion works to take the seismic response, reverse the process through
the inversion algorithm, and try and best understand the original earth model

Where S(t) represents seismic, R(t) represents ref3ectivityV(t) represents the wavelet,
and N(t) represents noise.

This process is graphically represented, without the adddn of noise. (Figure 4.2) The
inverse process that begins with seismic as referenced byUfeg4.1 requires a priori infor-
mation about the wavelet and an understanding of how the eldstproperties relate to the
reRectivity series (MacFarlane, 2014). The wavelet usedrfthe inversion is assumed to be
invariant, well debned representation of the source function (Cooke and Schneider, 1983). In
reality though, the wavelet will be time-variant and comple& in shape (Russell, 1988) due to
the heterogeneity and complexity of the earth. One way to ensure a more consistent wavelet
for a given period of time is to constrain the vertical extent of data input for the waslet
extraction (MacFarlane, 2014). This approach has the advantage of only using data from

the zone of interest as an input into the wavelet extraction.
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Earth Model Reflectivity = Wavelet Seismic

S Y

Figure 4.2: Shows a graphical representation of the convalaal model wherein the re-
Bectivity series is derived from the earth model, and is combined with a wavelet or source
function in order to create seismic. This in reverse as shovim Figure 4.1 will provide the
inversion result and by extension a model of what the earth l&s like (MacFarlane, 2014)

4.2 Inversion Techniques

Inversion can be broken into post-stack and pre-stack inversion, as well as into model
based and constrained sparse-spike inversion (CSSI). Figalnversions can also be broken
out into deterministic and geostatistical approaches (Pendrel, 2001). The result for all in-
version techniques will result in a set of rock properties thaepresent the earth model both
simpler and better than as seismic does with its interface properties. In addition toif) the
rock properties from inversion techniques can be associated with any number of petrophysi-
cally derived information such as lithology, porosity, and RBuids (Latimer et al., 2000)his
study will utilize pre-stack CSSI in both a deterministic and geostatistical employ.

A previous study, by Jorge Fernandez-Concheso (2015), cowted post-stack and pre-
stack inversion in addition to model based and CSSI. The resuif post-stack data is acoustic
impedance, while the results from pre-stack data includes elastic impedance values (Latimer
et al., 2000). Pre-stack data have the distinct advantage of providing enough values that
geomechanical moduli can be estimated, however post-stack data provides a good basis for
moving forward into pre-stack inversion. Ultimately though pre-stack inversion provides
more robust results than post-stack inversion (Anderson, 20).

Post-stack inversion assumes the special case of normal diecice. As a result there is

no mode conversion, and the rel3ection coe"cients are a function of the change in acoustic
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impedance between layers (Russell, 1988). The zero olset P-wave rel3ection coe"cient can
be written as Equation 4.2

A7 A

Rp = -2’2 "7
: Vo + $1 Vi

(4.2)

Where $ is density andV is P-wave velocity. Subscripts 1 and 2 represent the values of
incidence for the upper and lower transmitted layers.

This stands in stark contrast to the assumptions made with pre-stack inversion which
does not assume no mode conversion. Instead when the seismic ray strikes the boundary
at any incidence angle except for zero or normal there is mode conversion from P-wave to
S-wave. As a result, the ref3ection coe"cient becomes a funeti of the P-wave, S-wave, and
density of the interpreted layers. The Zoeppritz equations express the amplitude variations
with o!set (Russell, 1988). However, the Zoeppritz equatiaprovide for complex solutions
for any given incidence angle. In order to make inversion more tractable several dilerent
approximations for the derived ref3ection coe"cients have éen made that are valid over
certain ranges of angles of incidence. This study utilizebe Aki-Richards approximation
(Aki and Richards, 2002) which is a linearized approach to the-Rave rel3ection coe"cient.

The Aki-Richards approximation can be seen in 4.3.

1% &v'2 (#$ 1# $#V &v'2 &#v
Re(#)=2 1" 4 = sin®# "+ - 1+tan®# —P" 4 5 gin2g 75 4.3
p(#) > Vo sin $ > an v, v, sin Ve (4.3)

Where Vp, Vs, and #$ are respectively the average P-wave velocities, S-wave velocities,
and densities in any given interface, ¥p, # Vs, and #$ are dilerences in parameters across
the interface, and# is the average of the P-wave incidence and transmissions angles.

In this study, it has been shown that there is no distinct advantage between model based
and CSSI technigues. However, the simplicity of the low fregacy model was shown to be a

critical element (Fernandez-Concheso, 2015). Theoretically speaking, both approaches have
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advantages and disadvantages. The advantages of CSSI indutiat the data are used in
the calculation, the low frequency information is mathematially included in the solution,
and the pnal result should match the geology. Disadvantages for the CSSI include a more
statistical approach which results in a less robust answer when the data are noisy (Russell,
1988).

Model based inversion in contrast provides a complete solofi, including the low fre-
guency information already. Any errors that are present in te dataset populate throughout
the entire solution. In this approach though, the major advantage is that multiples and
attenuation elects can be modeled. The disadvantage of the model based approach is the
solution is arrived at iteratively and so the solution may neer converge. Additionally, more
than one forward model will correctly bt the data resulting in a non-uniqueness to the solu-
tion (Russell, 1988).

The CSSI technique is employed in this study with the JasdM software. Constrained
sparse spike inversion as the name implies assumes ref3ection coe'fds to be sparse in
nature. In the CSSI method the impedance log utilizes the infmation to set the correct
absolute impedance range, but unlike the model based method it does not directly depend on
the impedance log information (Russell, 1988). It is callecbnstrained sparse spike inversion
because constraints are provided in order to improve the agagy of the Pnal result of the
inversion (Duenas, 2014). The objective function for CSSI outlines the core constraints that
the user attempts to minimize. Equation 4.4 outlines all of the critical components that
debne the inversionOs constraints. For the most accurate representation of the earth model
it is best if the inversion is kept simple in order to honor the non-uniqueness inherent to the

problem (MacFarlane, 2014).

F (VP ’ VS, $) = (FSeismic + FContrast + I:Trend + I:Spatial + I:SVD + I:Gardner + FM udrock) (4-4)
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Each term represents a misbt function that has been calculated by the trac&sgismic
controls the seismic residuald;onrast €NSures the solution is sparse by controlling the elastic
parameter variance,Fr.ng Stabilizes the frequencies related to the trend;spaia controls
the smoothness of the outputFsyp stabilizes the inversionFgaaner CONSstrains the density,
and Fyugrock CONSstrains the S-Impedance.

The Pnal result from CSSI includes a relative inversion reléuand an absolute inversion
result. The relative inversion result does not contain the loirequency model showing only
the inBuence of the seismic and the objective function. The stlute inversion includes
the low frequency model as a set condition from which the answer is debPned. The general

workRow for CSSI can be seen for pre-stack inversion in Figute3

Mid Stack Far Stack

Near Stack’

oy Srepeecy Strat. Model,
=== m e

Input

" G = i

Output

Figure 4.3: WorkRow for CSSI pre-stack that has been generalz (Duenas, 2014)

All types of deterministic inversion focus on the importancef the objective function,
as seen by Equation 4.3. As discussed int he next chapter, geistical inversion dilers
from these methods in that it does not make use of the objectivianction to stabilize it.
Instead, geostatistical inversion makes use of the probdty density function (PDF) in order

to understand the variety of non-unique solutions that are possible for the property solutions
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trying to be obtained (Pendrel, 2001). This nuance will be discussed in complete detail in a

later chapter.
4.3 Updated Seismic Stratigraphic Interpretation

One of the critical reasons for updating the deterministicwersion was that Wintershall
provided an updated set of horizons which take into accounhé seismic stratigraphic nature
of the Vaca Muerta. The low frequency model is built using thepdated horizons as a frame-
work, which will be discussed later. A previous study by JorgEernandez-Concheso points
out the critical nature of the low frequency model for the given dataset, and by extension
the importance of the update. The updated horizons were caudyy reviewed in order to
ensure that they lined up with an accurate seismic stratigraphic interpretation of th&aca
Muerta across the whole survey. After all of the horizons wemsmoothed keeping structural
detail in mind, it was found that all horizons within the Vaca Muerta were acceptable. The

horizons made available for this study from shallowest to deepest are:

¥ Quintuco

¥ Secuencia 8
¥ Secuencia 7
¥ Secuencia 6
¥ Secuencia 4
¥ Secuencia 3
¥ Secuencia 1

¥ Tordillo

Eight horizons were picked within the survey. Of these eight picked horizons, the Quli

tuco and Tordillo horizons were available from previous studies, with all other horizons being
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new for this study. Secuencia 6 is the only horizon which does not seem to adequately follow
a consistent seismic trend. However, it is not one of the hoags critical to this study. Only

four horizons are being used for this study, they are:

¥ Secuencia 4
¥ Secuencia 3
¥ Secuencia 1

¥ Tordillo

All eight horizons are shown in Figure 4.4. The section shown this Pgure is an arbi-
trary line that goes through all of the wells used in the study, and will be used repeatedly

throughout this thesis. The arbitrary line used can be seemiFigure 4.5.

=

Quintuco
=
Secuencia 8 —

Secuencia 6
r—

Secuencia 1 ==

. Secuencia 4

~ Secuencia 3

“% Tordillo

Figure 4.4: All eight horizons, including the four horizons uskin this study are shown. It
can be seen that Secuencia 6 does not seem to follow a seisnécface, however as discussed
it is not one of the four critical horizons

The updated horizons do a much better job of delineating consistent sequence strati-
graphic events. However, as the markers for the petrophysiaee lithostratigraphic the two
do not always line up perfectly. Secuencia 4 is the uppermost horizon, which coincides with
the top of the Vaca Muerta. As such, it also marks the di'lerencén between the overlying
Quintuco and the Vaca Muerta. Secuencia 3 is the prst of two hpons within the middle

Vaca Muerta. It approximates the transition zone in betweenhe upper Vaca Muerta and
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the middle Vaca Muerta. Secuencia 1 marks the transition zone between the middle Vaca
Muerta and the lower Vaca Muerta. The top of the Tordillo also epresents the bottom of

the Vaca Muerta.
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Figure 4.5: Arbitrary line through each of the six wells withinthe survey area

Seismic stratigraphy can be used to show how depositional sequences and by extension
chronostratigraphic correlation can be an answer to this mercomplicated, and more realistic
model of the earth (Gani and Bhattacharya, 2005). Figure 4.6hsws the dilerence in
between lithostratigraphic and chronostratigraphic intepretation. When lithostratigraphic
correlation is used, a direct interpretation between wells is made with the base assuiop
that deposition was horizontal in nature. However, deposiial controls often results in a
signibcantly more complicated situation. Figure 4.7 showhe dilerence that this distinction
makes in terms of the Vaca Muerta.

Figure 4.8, Figure 4.9, Figure 4.10, and Figure 4.11 show time wtture maps of the
four critical horizons as surfaces. The four horizons show kear change in elevation from

West towards the East, with similar structural trends in all d them. Each horizon shows the
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Gamma el 1 Gamma Well 2 Basinward

Landward

»2— Datum (floodlng shale)
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Lithostratigraphic
correlation

Mouth-bar Heterolithics Shale
|:| sandstone - -

Pattern continues Pattern continues

Chronostratigraphic
correlation

Figure 4.6: The dilerence in between lithostratigraphic andhronostratigraphic can be seen
in this cartoon. While lithostratigraphic is simpler, it is not always as true to the earth
model (Gani and Bhattacharya, 2005). These dilerences can be well highlighted by the use

of seismic stratigraphy
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TWT (600 ms)

Figure 4.7: The dilerence in between lithostratigraphic andhronostratigraphic can be seen
for the Vaca Muerta along the arbitrary line. A representative lithostratigraphic pi& can be
seen in a black dashed line, while the chronostratigraphidégis can be seen in green. There
is a marked dilerence between the two approaches in terms, and it can be seen that the
chronostratigraphic picks work better with the seismic striagraphic picks
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deepest point towards the center of the survey with shallower portions in all other directions.
A major fault can be seen trending in a northwest-southeast diction in all of the maps,

with other smaller faults seen with a similar trend throughout them.

HIGH

LOW

[ 5000m

Figure 4.8: Time structure map for the interface between the Qmiuco and the Vaca Muerta

4.4 Low Frequency Model

When building low frequency models there are two critical gée The Prst goal is to
honor all of the well data. The second goal is to account for the low frequency information
that is not present in the seismic data. Seismic data for thistiedy have been shown to
range upwards from 10 Hz. Therefore, the missing low frequendgta ranges from 0 - 10
Hz. This missing information is Plled in with the use of a low figuency model (Pendrel,
2015). Low frequency models are built utilizing the informabn from well logs, specibcally
the P-Wave, S-Wave, and density logs. In order to focus on the low frequency data, a Plter is
applied to isolate the frequencies required for the inversion solution (Close et al., 2010). The
information gleaned from the low frequency model enhances the qualitative and quantitative
nature of seismic inversions (Kumar and Negi, 2012) throughieating the absolute nature
of the rock properties produced. This information in turn carbe applied to a variety of

absolute reservoir properties (Pendrel, 2015). The frequency content and what medium that
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LOW

- 5000 m

Figure 4.9: Time structure map for the top middle Vaca Muerta.A wrench fault can be
seen in the West with a strike trending generally NW-SE

LOW

. 5000 m

Figure 4.10: Time structure map for the top lower Vaca Muerta
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LOW

[ 5000m

Figure 4.11: Time structure map for the interface between thea¢a Muerta and the Tordillo

it comes from can be seen in Figure 4.12, where it is broken onta the low frequency model
and the seismic contributors.

The literature debates whether a simple or complex low frequency model is the better
path forward (Kumar and Negi, 2012). A simple low frequency nu®l was utilized here.
Interpolation of well log data, especially in a larger survey with less control becomes in-
creasingly critical (Fernandez-Concheso, 2015). This irased uncertainty results from an
inability to identify how large lateral variability is (Pendrel, 2015). However, in the absence
of any other information it is the best that can be done with the data available. Therefore,
critical thinking into how the data are interpolated in between wells is a necessastep. Six
types of interpolation were employed in an elort to come up with tle most geologically real-
istic low frequency model that also honors the well data, and Plls in the missing information.

The bve interpolation methods tested were:

¥ Inverse distance weighted
¥ Locally weighted

¥ Triangulation
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Frequency Content by Medium

Power Spectrum

Frequency Content

Figure 4.12: The red block represents the low frequency modeld the blue block represents
the seismic data. Note the crossover between the low frequgmuodel and the seismic data
contributions, where the frequency content is a combination of both

¥ Natural neighbor

¥ Global kriging

Inverse distance weighting interpolation estimates cell values by averaging the valugs
sample data points within the neighborhood of each procesgirell. The closer the point
is to the center of the cell, the more inBuence, or weight, it has on the overall averaging
process. The thought being to move everything towards the average when nothing else is
known (Watson and Phillip, 1985). Locally weighted interpolation is an extension of inverse
distance weighted so that smoother results are obtained. This done by employing a mixing
weight of 0.5 for each local weight (Shepard, 1968). Triangulaticonnects triangles between
known data and interpolates in between these. Where this is npossible a gradient is
estimated from the areas that interpolation is possible, and the gradient is used to exti@pte
away from known points (Renka and Cline, 1984). Natural neidjor interpolation bnds the
closest subset of input samples to a query point and applies weights to them based on

the proportionate areas to interpolate a value (Sibson, 1981). Global kriging uses a linear
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combination of weights applied to known data based on a model of spatial correlation, in
which the global mean is constant over the entire area and is based on all of the control
points (Sheri!, 2002). Choosing which approach is the best is ttivial, and all approaches
suler from an inability to model lateral variation (Pendrel, 2015). Ultimately, global kriging

was chosen as the best bt for the following reasons:

¥ Quantitatively the most accurate
¥ Honors the wells the most
¥ Geologically the most plausible

¥ Aligns with the previous study by Jorge Fernandez-Concheso

The quantitative comparison between the interpolation metbds is based on the relation-
ship in between any given interpolation methodOs range of values, and the range of values
for the inversion results. While all interpolation methods eek to honor the well data, some
methods wholly honor the well data while others allow an outside inBuence. There is also
the rate of decay away from the well to consider. Figure 4.14 @hs that global kriging
honors the well at the location and then gradually decays as it moves away from the well,
until the next closest well takes over. On the qualitative sie Figure 4.13 shows that global
kriging provides the most geologically plausible result. Fally, it is of note that the study
conducted by Jorge Fernandez-Concheso found that global ding worked the best over the
same area with two less wells. The similarity in Pnal results between the studies canbr
independently that it is the best interpolation method.

Once global kriging was decided upon, variogram ranges were experimented with to
optimize results. Shorter ranges yielded changes that were too rapid given the similarity
between wells for impedance. The best range found was 40 km as be seen in Figure 4.13.
The results for variogram ranges were also similar in thiswgtly to the ranges found by Jorge

Fernandez-Concheso. The similarity between wells in term§impedances, especially within
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Global Kriging Inverse Distance Weighted

HIGH

Triaqulg_t_ipn Natural Neighbor

LOW

Figure 4.13: The bve interpolation methods that were testedre@ shown here for the P-
Impedance values in map view. Global kriging provides the rabgeologically plausible
result, while inverse distance weighted and locally weighted provide solutions that are not
only not geologically plausible but appear to show marked bulleyeOs around wells

Global Kriging Weight Influence by Well

! summed weights

Weight Factor

Figure 4.14: The global kriging weight inBuence by well is siwa along an arbitrary line.
The weight factor that a given well has at a given location ish®wn by the Y-axis. Wells
are shown to have a weight of 1 close to the well itself with the weight decaying as it moves
closer to the inBuence of a neighboring well

64



the Vaca Muerta, can be seen along an arbitrary line for P-Ingglance, S-Impedance, and
density in Figure 4.15, Figure 4.16, and Figure 4.17 respectiye The variation along any

given layer can be attributed to the signibcant area covered by the arbitrary line.

Low Frequency Model P-Impedance 16
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Figure 4.15: The low frequency model for the P-Impedance is showith well logs Pbltered
back to the merge frequency of 10 Hz. The well logs and the lowdteency model are seen
to match very well, suggesting qualitatively that the model \as robust

Low Frequency Model S-Impedance 75
Secuenciad4 |
)
0.1s 4 =
, s 3
Tordillo — 4
e~ £ 3
w
2.5

Figure 4.16: The low frequency model for the S-Impedance isosim with well logs Pltered
back to the merge frequency of 10 Hz. The well logs and the lowdteency model are seen
to match very well, suggesting qualitatively that the model \as robust

45 Well Tie and Wavelet Estimation

Correlating the seismic and well data is done through a process called a well-tie, whigh

by its very nature an iterative process. The process has a hugepact on the Pnal inversion
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Figure 4.17: The low frequency model for the density is showntiwwell logs bltered back to
the merge frequency of 10 Hz. The well logs and the low frequerapdel are seen to match
very well, suggesting qualitatively that the model was robust

results, and takes several updates through a combination of shifts and stretch/squeeze op-
erations (MacFarlane, 2014). The wavelet estimation has artge role in this process as the
shape and energy of the wavelet will greatly impact the quai of the well-tie. This is due in
part to the fact that the seismic wavelet represents the energy illuminating the subsurface.
By extension, the wavelet is the bridge between the elastic gperties of the earth and the
seismic rel3ection data (Close et al., 2010). This phenomenioas previously been shown in
reverse order graphically by Figure 4.1.

Well A is the only well with reliable checkshot data for buildng the time-depth curve.
Therefore, Well A was used to get a sense for what the time-depth relationship should
be. With that information, all other time-depth relationships were set using a Pltered P-
Sonic log. The accuracy of the time-depth relationships that were set without checkshots is
substantiated by the comparison of time-depth curves for all of the wells, as can be seen in
Figure 4.18.

A brst pass with a zero-phase wavelet was attempted with eachthe six wells. However,
it was consistently found that the energy of the wavelet was not symmetrical as would be
expected with a zero-phase wavelet. The asymmetry of the wavelet that was determined to

be zero-phase can be seen in Figure 4.19. The unequal shapesanel of the lobes on either
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Figure 4.18: The time-depth curves for all six wells are showrt can be seen that they
overlay each other in a way suggesting that all wells have a similame-depth relationship

side indicate that the true phase is not zero-phase.

A second pass showed that shifting the phase of the wavelet ninety degs resulted in a
wavelet shape that had an equal amount of energy on either side bktcenter. The wavelet
was rebned using techniques based on well rel3ectivity to esdte both the amplitude and
phase simultaneously. This process was carried out for easlell individually. After an
optimal well tie was achieved for every instance, a multi-wlelvavelet was estimated using all
of the wells. A multi-well wavelet was estimated for each of the four dilerent angle stacks.
Figure 4.20 shows that the quality for each of the wavelets pgarning to each of the stacks
are within an acceptable range of agreement. Additionallyf can be seen that the phase
for all of the wavelets is in fact 90, and consistently so within a 10 range. Finally, the
amplitude spectrum reveals that the Near (0 - 9 stack has the highest amount of energy
with the Far (27 - 36°) has the least amount of energy. This is the type of trend that would
be expected in a typical seismic acquisition and therefore acas a good independent QC of
the wavelet estimation. The Pnal wavelet used for both the deterministic and geostatistical

inversions was the multi-well wavelet.
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Figure 4.19: An asymmetrical zero-phase wavelet is shown in tt@p panel. The center is
indicated by the black dashed line, and the dilerent characteand size of the lobes around
the center is clearly seen. This is further conbrmed by the preawhich slopes heavily ranging
from 280 - 360. Modibed from Fernandez-Concheso (2015)

Final well ties for the six wells had a cross-correlation betwa the seismic and the
synthetic of 0.9 or better resulting in a 30% improvement over the well ties usira zero-
phase wavelet. Well ties can be judged both quantitativelyral qualitatively as shown in
Figure 4.21 where an example well-tie is displayed. Well G is bgiused as the example well
tie. The comparison between seismic and synthetic can be made can be made qualitatively
by reviewing the similarity in the shapes produced by the seismand the synthetic. Behind
the synthetic in gold, a quantitative assessment of the tie is made on a trace by trace basis.
It can be seen that the well-tie between the Quintuco to the Tordillo shows a strongatch
between the seismic and the synthetic. As a direct result theitral P-Impedance inversion
results, prior to parametrization, also shown in Figure 4.2tan be seen to match with the
well P-Impedance.

While all well-ties showed strong results, Well C showed theanst match between seismic
and synthetic. This is due to the di'lerence in the character of the seismic in this area which

results from a portion of this survey being patched from a dilerent acquisition. The change
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Figure 4.20: A 90 phase wavelet was found to best match the character of the seismic, and
provide the best well-ties. This is conbrmed by the equal amauof energy on either side
of the center line, in addition to the relatively Rat shape othe phase. Energy for each of
the stacks is shown in the amplitude panel with the near stackaving the most amount of
energy, and far stack having the least amount of energy
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Figure 4.21: Four panels from left to right represent the exaphte well-tie conducted on Well
G. The brst panel on the left shows the 30wavelet. The second panel, one in towards
the right, shows the seismic data with a P-Sonic log overlaying the wiggles in the center.
The third panel, shows the synthetic data as wiggles with thergss-correlation between the
seismic and the synthetic in color behind it. The almost entirely gold color of the cross-
correlation indicates the greater than 0.9 agreement between the two. The fourth panel
on the far right shows the P-Impedance well log disappearing into the initial P-Impedance
results from inversion, prior to parameterization
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in the seismic character is readily seen in Figure 4.22 espdygian the Near (0 - @) stack
with signal-to-noise (S/N) maps. The other note that can be m@e from these maps, is that
the seismic quality on the whole is good to excellent. Not onlgoes the S/N ratio diler in
this area, but the frequency content in this area also shifts. This is marked by up to a 20

Hz drop in the higher frequency range within the anomalous zen
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Figure 4.22: Four maps show the four angle stacks and what theNbtatio is for each of
them with the anomalous zone captured in the black box on eachap. The dilerence in
seismic character for Well C is particularly apparent with he Near (0 - 9) stack, but can
also be seen on the other three stacks. Nonetheless the qyatif the seismic as a whole is
seen to be good to excellent

4.6 Inversion Parameters

Optimizing the results of a pre-stack inversion is an iterative process that requires careful
testing of every parameter. However, because most parametenteract the testing needs
to be comprehensive in order to assess the impact of every parameter on the Pnal inversion

results. Adding to the complexity is the fact that pre-stack mversion by its nature is simul-
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taneous. The simultaneous nature of the inversion means th#tree properties are being
computed for, and each of these also interact with one another. Table 4.1 shows all of the

inversion parameters and the values used for each one.

Table 4.1: Table outlining the key parameters and the relateglalues for the deterministic
inversion

Parameter Value
Window Vaca Muerta
Gardner Slope 0.516
Mudrock Slope 0.769

Contrast misbt P-Impedance uncertainty 5%
Contrast misbt S-Impedance uncertainty 1%

Contrast misbt Density uncertainty 5%
Seismic misbt S/N ratio (Nears) 12 dB
Seismic mispbt S/N ratio (Mid-Nears) 18 dB
Seismic mispbt S/N ratio (Mid-Fars) 18 dB
Seismic misbt S/N ratio (Fars) 12 dB
Wavelet scale factor (Nears) 1
Wavelet scale factor (Mid-Nears) 1
Wavelet scale factor (Mid-Fars) 1
Wavelet scale factor (Fars) 1
Merge Cut-O! Frequency 10 Hz

Equation 4.3 refers to each of the major elements within the objective function, whichear
in turn directly related to the parameters outlined in Table 4.1. The seismic mispt function
controls the seismic residuals taking into account the S/N tes. The equation that explains

how this is determined can be seen in Equation 4.5

% (

1 o . -
Fseismic = — I Ly(seismic" synthetic) ! Multiplier seismic (4.5)

u
Substacks Substack

Where Usypstack 1S the uncertainty used to normalize the misbt. The uncertaty is cal-
culated as the ratio between S/N ratio and the seismid. is a normalizing variable that is

sensitive to outliers in the noise of the input data. The multigkr takes the wavelet scale
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factor for each partial stack.
The contrast misbt function controls the elastic parameter variance, and is controlled by

Equation 4.6. The function itself is inBuenced by the contst misbt uncertainty parameters.
& 1
1 1 1
Fcontrast = U PLp(#1p) + U_! Le(#1s)+ J! Le(# %) (4.6)

Ip Is

Where all u variables refer to the contrast mispbt uncertainty¢rm as debned in Table 4.1.
Lp is a normalizing variable that takes the seismic misbt into consideration. I#, # | s, and
# $ are the elastic parameter changes in vertical time that haveeen normalized to the low
pass Pltered trends.

The trend misbt function is used to stabilize the low frequencies relative to theend.
There are soft trend misbt uncertainty parameters that relatdo each individual elastic
parameter. Final values were not displayed in Table 4.1 sintke values had very little to
no elect on the inversion results in testing. The merge cuto! frequency also has a very large
elect on the trend misbt function. Equation 4.7 shows the interaction between these various

elements.
% (

1 -
! Ll(# PLowpass) ! Multlpher SoftT rendMisfit (4-7)

tu Elastic

Frrend =
Elastic

Where tugasic  l00ks at the soft trend misbt uncertainty debPned for each pareeter.
# PLowpass IS the low pass Pltered elastic parameter trace minus the Iquass Pltered trend.
The low pass Plter frequency is the user dePned merge cuto!duency. As in previous mispt
functions the L, variable refers to a normalization factor for the given equain.

Default values for the soft spatial misbt function were ultimately okay, so it will not be
discussed in this study. The singular value decomposition {{®) misbt function also is not
discussed because the default values were ultimately usedelrock physics misbt functions
look at the relationship that density and S-Impedance haveitt the inversion for the Gardner

mispt function and the mudrock mispbt function respectively.The Gardner mispt function
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looks at the relationship in between density and P-waves solely, while the mudrock misbt
function looks at the relationship in between the S-waves and P-waves solely. The valtgs
the Gardner and mudrock slope are debned in Table 4.1, however the uncertainties are not
debned in the table because the values were inbnitely small in relationship with the given
slope values. Equation 4.8 looks at the mispbt function that cetrains the density for the
inversion, while Equation 4.9 looks at the misbt function that constrains the S-waves for the

inversion.

&
L, #S. Hle, (o

F = 1 ! 4.
Gardner gu 1 2$ 2|F’ 1+ (G ( 8)

1 e BVe Ve
F = — 1L Se TPy P ! 4.9
Mudrock mu 1 ZVS 2Vp VS vend ( M ( )

The slopes for Gardner and mudrock can be determined in a number of ways, the two most
common can be broken out into static and elastic methods. The static method computes
values physically from the rock within a laboratory, while tle elastic method calculates the
values from the well logs themselves. In this case, the slgpeere calculated using the elastic
method. The equation for calculating GardnerOs slope can kersin Equation 4.10 and the

equation for mudrock slope can be seen in Equation 4.11.

11

(¢= ;\;P (4.10)
P
Vs
(M= szvls Ve (4.12)
Vo Vs

One of the most importanta items is the merge cut-o! frequency which determines the
crossover point between using the low frequency model, and using the seismic spectrum and

other related key factors. It should be noted that it does not go instantaneously from one to
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the other, but rather a slope is used to debne the rate at which it transitions from the low
frequency model to the seismic. If the merge cut-o! frequency is too high the interpoéat
values between wells will imprint over the seismic data. Omsite to this, if a merge cut-
o! frequency is too low there will be a gap in the available frequency content resulting in
degraded inversion results. Figure 4.23 shows the bandwidihthe Mid-Near stack with the

selected merge frequency of 10 Hz.

Merge Frequency Filter

Amplitude

0 20 40 60 80 100 120 140

Frequency (Hz)

Figure 4.23: The merge frequency of 10 Hz is shown by the left gnehin line. The crossover
between the inBuence of the low frequency model and the seisisishown by the decreasing
infBuence of the low frequency model with the red line, and thedreasing inf3uence of the
seismic with the blue line
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4.7 Inversion Results and Quality Control

A successful deterministic inversion will transform seisimref3ection data into quantita-
tive rock properties that can be used to describe the reseiv@endrel, 2001). However, it is
critical to review the results of the inversion in order to determine that they a as accurate
as possible. This can be done in a variety of ways, however it will be done in four separate

ways in this study. They are:

¥ Seismic-synthetic correlations
¥ Qualitative review of band-limited and full-bandwidth data

¥ Extracted pseudo-logs from the inverted properties compared with the s ame

properties from the well logs

¥ Map extractions of the various inverted volumes throughout the Vaca Muert a

Figure 4.24 shows the seismic-synthetic correlations forgleach of the four angle stacks.
The better the correlation between seismic and synthetic, éhlower the residuals, and the
better the inversion in a quantitative sense.

As indicated there are two types of inversions band-limitedral full-bandwidth. Band-
limited inversions do not include the low frequency model. Ti& results in the band-limited
inversion being relative since it is not linked to a base point. Thus the comparison between
the wells and the band-limited inversion speaks to the quality of the data, how well the
wavelet was estimated, and the accuracy of the well-tie. Figei14.25 shows the band-limited
inversion results for P-Impedance. The clear visual correlation in between all of the wells
and the seismic inversion indicates that the quality of the data is adequate, the wavelet
was estimated well, and that the well-tie was accurate. Variatits in the rock property P-
Impedance can be seen along the arbitrary line showing the gmgpcally plausible solution

for the survey area.
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Figure 4.24: Seismic-synthetic correlation for each one dig angle stacks is shown, with
an average seismic-synthetic correlation higher than 90%. This is one of the quantitative
quality controls that shows the strength of the well-tie, waelet, and parameterization. Note
that the quality of the seismic-synthetic correlation does drop in the Southwest corner where
a dilerent survey has been patched in
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Figure 4.25: Band-limited P-Impedance with the wells overlaion top of the seismic inver-
sion. A good match can be seen in between the well logs and the inversion showing a good
wavelet, accurate well-tie, and strong parameterization. fie lower Vaca Muerta is character-
ized by a cool blue, the middle Vaca Muerta starts hot and mellows towards a green, which
it stays through the upper Vaca Muerta. It does oscillate between green and red within the
upper zone

Figure 4.26 shows the band-limited inversion results for $apedance. Again a very clear
visual correlation is seen between the wells and the seismiwersion. Qualitatively, it is
hard to see degradation of the results in the band-limited results suggesting that the well-tie
and wavelet estimation were done accurately. Clean ties begen the well logs and inversion
results at this level also indicate accurate parameterizan. With both the P-Impedance
and S-Impedance results the lower Vaca Muerta is characterized by a dark blue. The lower
Vaca Muerta sits in sharp contrast with the overlaying middlévaca Muerta which starts as
a yellow and then mellows into alternating red and green for the upper Vaca Mrtta. The
yellow below the blue of the lower Vaca Muerta represents theeolian sandstone dominated
Tordillo formation. Lateral discontinuities within each ofthe layers can be seen throughout
the arbitrary line.

The angle range required for accurate density results variey seismic acquisition and
processing, but it is commonly required that the angle range for the pre-stack data needs

to be greater than 40 (Pendrel, 2015). While density results proximal to the wellb@ can
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Figure 4.26: Band-limited S-Impedance with the wells oveiila on top of the seismic inver-
sion. A good match can be seen in between the well logs and the inversion showing a good
wavelet, accurate well-tie, and strong parameterization. Itan be seen that there is little

to no degradation between the P-Impedance and the S-Impedance. The lower Vaca Muerta
is characterized by a cool blue, the middle Vaca Muerta starts hot and mellows towards a
red, which it stays through the upper Vaca Muerta. It does osltate between green and red
within the upper zone

still be considered accurate, away from the wellbore accuracy drops o! quickly (Pedir
2001). Therefore, the results of this seismic inversion are reliable for the P-Impedance
and S-Impedance, but away from the wellbore they are not aaate for density. However,
Figure 4.27 shows that the tie between the density results anthé seismic inversion at the
well appears to be very good. This indicates two important pies of information (1) The
data around the wellbore can still be considered accurate €luto the strong tie between
the well logs and the seismic inversion results for density)(Parameterization, accuracy of
the well-tie, and strong estimation of the wavelet have resigld in a stable inversion of the
P-Impedance and S-Impedance such that the density resultseaalso stabilized.

The full-bandwidth results have absolute numbers that have been anchored by thero-
duction of the low frequency model into the inversion. Whilehte band-limited results are
better for quality control of the data, the full-bandwidth results are better for interpretation

of the data. Full-bandwidth data are optimal for quantitative interpretation, extraction of
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Figure 4.27: Band-limited density with the wells overlain ortop of the seismic inversion.
A good match can be seen in between the well logs and the inversioSince the angle
range is not present to obtain density, the good match and stability speaks to how well the
P-Impedance and S-Impedance results were parameterized

key reservoir properties, and critically estimation of geonchanical parameters as will be
shown later. Figure 4.28 shows the full-bandwidth results fdP-Impedance. Qualitatively,
the tie between the well logs and full-bandwidth inversion still shows an excellent match.

Similar to the band-limited results, the full-bandwidth reslts for S-Impedance show very
little degradation as can be seen in Figure 4.29. Greater la& discontinuity can be seen
using the S-Impedance volume in this case, than is possible with the P-Impedance alone.
Both the P-Impedance and S-Impedance volumes for the full-bandwidth make interpretation
of the break between the upper Vaca Muerta and the overlaying Quintuco signibcantly easier
than it would be with seismic alone. Additionally, the two neessary pieces of information
that pertain to the band-limited density results also hold for the full-bandwidth results. The
full-bandwidth density results can be seen in Figure 4.30.

While the section views of the inversion results, both bandrhited and full-bandwidth,
provide a good qualitative QC the use of pseudo-logs can pide a good quantitative QC.
This is done by extracting the trace information for each of the elastic properties at daof

the given well locations. By appropriately bltering, this comparison can be done for both
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Figure 4.28: Full-bandwidth P-Impedance with the wells oveain on top of the seismic
inversion. A good match can be seen in between the six well logs and the inversion. A cooler
blue characterizes the lower Vaca Muerta with a green and blue oscillations heating up to
red and green oscillations towards the upper Vaca Muerta. The full-bandwidth results can
be used to dilerentiate between the upper Vaca Muerta and theverlaying Quintuco. This

is hard to do using seismic alone

Figure 4.29: Full-bandwidth S-Impedance with the wells oviin on top of the seismic
inversion. A good match can be seen in between the six well $ognd the inversion. A
cooler blue characterizes the lower Vaca Muerta with a greemé blue oscillations through
the middle Vaca Muerta into the upper Vaca Muerta. Again, the fll-bandwidth results can
be used to dilerentiate between the upper Vaca Muerta and theverlaying Quintuco. This
is hard to do using seismic alone
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Figure 4.30: While some degradation is visible when compared the full-bandwidth P-
Impedance and S-Impedance results, the results appear to dpgite stable. Again this is an
indicator of how well parameterized the other elastic propges are. Critically it should be
noted that the match between the wells and the surrounding imrsion suggests that the data
at least around the wellbore is accurate

the band-limited and full-bandwidth inversions. The matches are excellent for all elastic
properties with both the band-limited and full-bandwidth results. The comparisons for the
full-band results can be seen in Figure 4.31, Figure 4.32, andgbre 4.33. It can be seen
that the comparison between the pseudo-log extractions from the inversion results is always
slightly worse for Well C that sits in the zone with a lower ssimic-synthetic correlation.
Lateral variability of the elastic properties are best seen in map view. There are a variety
of general trends that are observable in each of the dilerenayers that are inherent to that
layer. These dilerences in size and shape of impedance bodies may speak to dilerences in
depositional or post-depositional trends. Upper Vaca Mueatis characterized by long thin
bodies that are trending Northeast-Southwest. The middle \@ Muerta is characterized
by smaller bodies that have a North-South trend, along with gnibcantly higher visually
apparent faulting. This is especially apparent in the central West portion of the survey.
The lower Vaca Muerta is characterized by bodies that remairelatively small, but become
more elongate around the North-South trend seen in the middlea¢a Muerta. In addition,

faulting becomes even more apparent throughout the entire survey.
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Figure 4.31: Each of the wells is shown overlaying the pseuldgr extractions from the seismic
inversion for the full-bandwidth P-Impedance results
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Figure 4.32: Each of the wells is shown overlaying the pseuldgr extractions from the seismic
inversion for the full-bandwidth S-Impedance results
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Figure 4.33: Each of the wells is shown overlaying the pseulbgr extractions from the seismic
inversion for the full-bandwidth density results
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Figure 4.34: This map view of P-Impedance for Secuencia 4 sisothe lateral variability
within it. Throughout this horizon the trend is generally Northeast-Southwest with relatively
large bodies that are 1000m wide along the narrow portion of the axis. This is evidenced by
the presence of the hot yellow body in the Southeast portion of the survey
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Figure 4.35: This map view of P-Impedance for Secuencia 3 sisothe lateral variability
within it. Throughout this horizon the trend changes to genglly North-South with the
bodies being thinner and smaller than the upper Vaca Muerta. Ithe middle Vaca Muerta
faulting is also more readily present, especially in the central West portion of the sew
Note the Bower structure suggesting stike-slip faulting
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Figure 4.36: This map view of P-Impedance Secuencia 1 shows thteral variability within

it. Throughout this horizon the trend remains generally Norh-South with the bodies be-
coming more elongate along the axis of trend, while remaining roughly the same size.Ha t
lower Vaca Muerta faulting is even more readily present, now visible throughout the entire

survey
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A couple of other key points can be observed in the cross-sent First, there is a steady
drop in the range of P-Impedance values for each of the maps as you go into each successively
deeper layer. This is conbrmed by cross-section views of both the full-bandwidth and band-
limited results for the P-Impedance. Interestingly, the dgeer the map view slice, the more
heterogenous the bodies appear to be. As discussed in Cha@tahe shale progrades towards
a carbonate slope environment suggesting that the greater heterogéw in the Vaca Muerta
may be part of the more distal shale complexes. In addition, d#ing is more readily apparent
in the middle Vaca Muerta and lower Vaca Muerta suggesting thahe more distal shales
may also be more heavily faulted.

These observations about size and trend will become more critical heading into the geo-
statistical inversion, and as such will be discussed in morestdil in the next chapter. In

addition to P-Impedance, the S-Impedance and density volumes will be explored.
4.8 Summary

A robust update to the deterministic pre-stack inversion hasden carried out. The update

to the deterministic inversion takes into account three crital factors, which are:

¥ Updated seismic stratigraphic horizons
¥ Two new wells introduced to the study

¥ Results have been optimized for input into geostatistical inversion

The updated seismic stratigraphic horizons capture the imptant di'lerence between
lithostratigraphic and chronostratigraphic interpretation through a more accurate interpre-
tation of what is happening within the seismic. Figure 4.7 cdpres the dilerence that this
makes in terms of interpretation over a large scale within theusvey. Wells G and | are
new wells that have been drilled since the previous study and deterministic inversion carried
out by Jorge Fernandez-Concheso. The two wells are necessdng to the fact that they

both introduce a tighter well control over the survey in additon to the fact that these wells
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have surface microseismic associated with them. The introction of this additional data,
since previous performed research, is paramount to this sty Finally, previous studies have
focused over a much larger window including the Quintuco anda¢a Muerta in the inversion
process. This study focuses in on the results of the Vaca Mteertself, and getting the most
accurate results possible within this zone. The improvement within the zone of interest is
critical moving into geostatistical inversion which will attempt to understand the complexity

of the heterogenous shale.
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CHAPTER 5
GEOSTATISTICAL INVERSION

Deterministic inversion has long been considered a limited solution in terms of the product
it delivers since it bnds a local solution. In other terms, thanswer that is found through
deterministic inversion is fundamentally non-unique. Geostatistical inversion provides an
opportunity to explore the variety of non-unique solutions hirough an assessment of the
uncertainty that is present within the dataset (Francis, 205). This is done through the
creation of a multitude of realizations all of which honor bit the seismic data and well data
(Sullivan et al., 2004). The inputs to geostatistical inversion are the seismic data, elastic
property logs, horizon data, and the wavelets from the origal deterministic inversion. These
data are used to build the initial model, as well the determistic inversion (Ansari and Riahi,
2014) which provides a single non-unique answer as a reference for building the geostatistical
inversion (Francis, 2005).

The results of geostatistical inversion are the property solutions of P-Impedance, S-
Impedance, and density which are created through the use oftprobability density functions
(PDFOs). The PDFOs constrain all the possible outcomes in biiie and space (Pendrel,
2001). A PDF is transformed into Gaussian space through a normal score transformation
(Ansari and Riahi, 2014). Any a priori data are derived from weélogs and spatial statistical
properties. Additionally, a trend model may be introduced to bBlp guide the geostatistical
inversion results. The process ensures that both the seisn@ind the well data are honored
(Pendrel, 2001). This is done through an algorithm that lookat the criteria of the original
seismic trace, and determines the best adjustment between the synthetic and the original
trace, before moving to the next trace. This process is repeated until the best solution is
found for each trace in all possible realizations (Sancevero et al., 2008). The result is a

multitude of inversions that in turn can be used to estimate rislor make probability maps
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debning the likelihood of a given value of a property within any given node of a realized
cube. Additionally, it is of note that an approximation of wel resolution can be inferred
when you are within a reasonable distance of a given well. This resolution is signibtant
beyond seismic resolution (Pendrel, 2001). Nonetheless, fpr@cess will honor both the well
data and the seismic data no matter the proximity to the wells (Sancevero et al., 2008). So
what you are left with is a series of models each of which may represent the earth at any
given node, and which honors the data at all given nodes.

Within Jason™ | the standard deviation of the kriging as it is associated tohe initial
model is computed and provided as an error grid map to the algthm. The map provides
spatial constraints to the contribution of well and seismic data. The inBuence of a welNer
the seismic data is obtained using a variogram, as debned byetiaariogram range (Ansari
and Riahi, 2014). The use of variograms will be discussed in greater detail later.

Uncertainty is calculated in the form of probability volumesthat are provided with each
property volume created (Pendrel, 2001). For example, every P-Impedance, S-Impedance,
and density volume calculated using sequential Gaussian silation (SGS) within Jason™
provides with it a probability volume for that given realization that shows the likelihood
of a given value at every node within the cube. Using the mean wohe, and the standard
deviation volume for a given property of a given realization the coe"cient of variation can

also be calculated using the Equation 5.1:

Co = (5.1)

)
M
The coe"cient of variation is by its nature unitless.

5.1 Theory

The geostatistical method used in this research study is sequential Gaussian simulation
(SGS). SGS looks at the distribution within each critical elastic log including P-Impedance,

S-Impedance, and density. From these logs pseudowells for each trace of the seismic data are
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derived (Sancevero et al., 2008). This is done through the creation of histograms for each
important elastic log, which shows the distribution of the values (Torres-Verdin et al., 2006)
for any given well. The time window is limited to the zone of irgrest that was debned by
the deterministic inversion. The aim of the SGS carried out on the elastic logs is to Pll the
volume to inverted through a process called simulation (Saavero et al., 2008). PDFQOs are
ptted to each histogram (Pendrel, 2001) within Gaussian spa¢Ansari and Riahi, 2014). It

is benepcial to introduce a trend model that will assist in gding the SGS process.

Play concepts for unconventional resources starts with an darstanding of where the
source rocks are, what the kerogen types are, and the TOC cent. This makes TOC a
critical parameter that will quickly help debne the fairway fo any given play. Added to
this should be an understanding of thickness and reservoir quality (Sonnenberg and Meckel,
2016). As such, using TOC for the background trend model with wonventional plays could
be critical to understanding the play as a whole. Alternativiy, mineralogy in combination
with the fungible term brittleness has previously been proposed as a good backgroundieio
for geostatistical inversions (Varga et al., 2013). Howevgt has been pointed out by a variety
of authors that brittleness is a relatively ambiguous term that is hard to capture the meaning
of (Hucka and Das, 1974). This in combination, with brittlenes taking a secondary role to
TOC in terms of itOs critical nature to unconventional playsSonnenberg and Meckel, 2016)
would seem to indicate that TOC provides a better background mad for geostatistical
inversion.

The crux of geostatistical inversion is in the use of PDFOs irder to debne a given trend
within a given horizon. The PDFOs are used to model the histogramwithin each horizon
and each zone of a given trend model. The histograms, as stated, are derived from the
elastic logs. A given PDF used to model a given histogram, can be explained by the general

equation:
| bf(x)dxz F(b" F(@= P(a<X<b) (5.2

a
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The PDF that is debned sits within the limits given by a and b rgsectively within
Equation 5.2. It is important to note that f(x) will always be positive and x will sum to one.

This can be seen in Figure 5.1 showing a typical PDF broken out Istandard deviations.

Figure 5.1. Shows a typical pdf broken out into standard deviens, where one standard
deviation shows 68% of data, two standard deviations show 95%¢data, and three standard
deviations shows 99.7% of data

Once the PDF has been debned, the cumulative density funatigCDF) will be used to
make a random draw from the elastic values using Markov Chain dvite Carlo (MCMC)
techniques (Grijalba-Cuenca et al., 2000). This is done by $trcreating a CDF that ac-
curately represents the probability of the unconventional reservoir model, givendhnputs
from both the geostatistics and the measured seismic. Critically, the solution should be
a combination of the prior and the likelihood functions describi all possible models and
relative probabilities (Zunino et al., 2013). Again, the modeWill bt the measured data, and
will be consistent with any and all a priori information (Pendel, 2001).

Vertical and horizontal variograms are used to model the digbution of data throughout
the nodes available within the volume, while matching the kst bt. The vertical variograms
are calculated from the well data (Sancevero et al., 2008) while the horizontal variograms
are estimated from a series of horizon slices through the pieusly built deterministic in-
version (Francis, 2005). Variograms are used to describe thpatial correlation of any given

phenomenon (Wackernagel, 2013), in this case the variation of elastic properties within a set
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of well logs. Horizontal variograms can be given a dominant iazuth which will be parallel
with the dominant trend as seen within the horizontal slices from the deterministiawersion.

Classically, geostatistics variograms can be broken out into a large variety of shapes
debned by a mathematical model (Wackernagel, 2013). Jas¥nutilizes two variogram
types, they are exponential and Gaussian respectively. Adigdinally, the nugget elect can
be debned in order to assess what combination of uncertaingjort range spatial variation,
or measurement error is present within a given dataset. Theshree elements: exponential,
Gaussian, and nugget elect are weighted out of a total of one) order to debne the shape
of the variogram.

The basic elements of all variograms are the sill, range, andigget elect. The sill is
debned by the variance of the dataset itself. In the case where the data has been normalized
the sill will always be out of 1.0. The range debnes the distance at which it takes the data
to reach the sill. The nugget elect sits along the the Y-Axis andakes any measurement
error among other factors into account (Wackernagel, 2013As such, the nugget e!ect will
be discussed in more detail later. All of these variogram elente are seen in Figure 5.2.

Exponential variograms can be explained using the Equation 5.3. C(0) is used to represent
the nugget elect, which will be discussed in greater detail momentarily. The sill is debPned
by C(0) + C(1), where the range for the model is debned to bg 3at which the variogram

is 95% of the sill (Cressie, 1993).
* h+ & * h+'
"(h)= C(0)! Exp 3 =c! 1" exp " 3 (5.3)

Gaussian variograms can be explained using the Equation 5.Again C(0) is used to
explain the nugget elect, while C(0) + C(1) are used to explain the sill. The range is(3
which in the case of the Gaussian model describes a sill with asymptomatic behavior shgwin
a parabolic nature at the origin (Cressie, 1993).

* * '
+ & ,+

h h
1 = I _ = I n " _
(h) = C(0)! Gauss 3 c! 1" exp 2 (5.4)
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Figure 5.2: Shows how the basic elements of a variogram intetawith the sill, nugget, and
range all clearly labeled
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The nugget elect is a critical parameter which must be taken into consideration when
modeling variograms. The nugget e!ect for values of h for O are explained by the Equation
5.5, while the nugget e!ect for values greater than 0 are explained by the Equation 5.6. The
presence of a nugget elect is often the result of data sparsitgneasurement error, and/or
short range spatial variation (Isaaks and Srivastava, 1989While all three would be potential
explanations for a nugget elect within the data, very little to no nugget elect is actually

seen within the data. As such further reference to the nuggeteet will be limited.

'(hy=0 (5.5)

" (h)= C(0) (5.6)

Each of the dilerent variogram shapes as debned by the Equations 5.3 and 5.4 in addition
to the nugget elect which is explained by Equations 5.5 and 6.are shown in Figure 5.3.
The variogram shapes can be exponential, gaussian, or any @amation thereof with the
nugget elect debPned along the Y-Axis.

After the vertical and horizontal variograms are debned, thalgorithm randomly revisits
every node within the grid and resimulates a potential answer for that node. That is, a
synthetic trace for each node is calculated and set to replatiee previous value. This step
requires previous knowledge of the wavelets used for the deterministic inversion as an input
(Sancevero et al., 2008). This is due to the fact that the process is broken down into three
steps. In the pbrst step, local reRectivity is computed fromhe simulation of elastic values. In
the second step, the seismic wavelet is convolved with thel3ectivity series to numerically
create a local seismic trace. Finally, the seismic residual ¢alculated given the previously
gleaned information (Grijalba-Cuenca et al., 2000). A seismic residual is the dilerence

between the measured seismic trace and the simulated seismtnace (Torres-Verdin et al.,
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Figure 5.3: Shows the three possible variogram types incladi Exponential seen in red,
Gaussian seen in blue, and one example of a hybrid of Exponential and Gaussian shown here
in green.
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2006). This can be written as seen in Equation 5.7

SeiSMIiCresiqual = Se€ISMICsimulated ' Se€ISMICactyal (5.7)

The generated synthetic trace is compared to the original trace within this last process.
The seismic residual calculated from this is used as an accapte-rejection test wherein
simulated annealing is used to optimize the process. If the wetrace is accepted it is
incorporated into that realization within the inversion asa possible solution. This process
is repeated until all nodes, within all realizations, of all ppperties, within every inversion

meets the acceptance criteria (Sancevero et al., 2008). $hprocess is shown in Figure 5.4

Figure 5.4: Shows the geostatistical inversion process in angealized format, highlighting
the importance of the simulated annealing process (Sancevero et al., 2008)

5.2 Background Discrete Model

A background discrete model can be introduced as a way to help guideogtatistical

inversion results. Discrete property trend models can be $ad on a number of dilerent
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rock properties, which in turn are based on petrophysical well logs with a given set of
cutols. The discrete property trend models could be debned dacies, lithologies, [uids,

or any combination thereof (Pendrel et al., 2006). Due to the nature of how these discrete
models are created it is important that the model can be brokeout into a Pnite number of
discrete properties that have a clear relationship with theack properties being imaged by
the inversion. As previously discussed, in unconventionasources TOC is one of the critical
factors. In the case of the Vaca Muerta it also clearly marks a series of zones that have a
clear and identibable relationship with the rock properties P-Impedance and S-Imette.

As such it makes an ideal candidate for the discrete model to heed as a background model.

Figure 5.5: The crossplot show S-Impedance on the y-axis, Pgedance on the x-axis, with
TOC plotted in color on the z-axis

Discrete background modelOs can be created in Ja¥otthrough the use of Facies and
Fluid Properties (FFP). The FFP module utilizes Bayesian theory togenerate probability
volumes from the deterministic inversion results (Pendrel etl., 2006). This is done by brst
understanding the relationship in between the elastic properties and petrophysical properties
of interest. In this case the relationship of interest existsetween P-Impedance, S-Impedance,

and TOC. The relationship between these properties can be agzed in Figure 5.5.
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High TOC is seen to clearly correlate with lower values of P-lpedance and S-Impedance,
while lower values of TOC are seen to correlate with higher kees of P-Impedance and S-
Impedance. This in combination with Figure 4.28 and Figure 42would seem to indicate
that the lower Vaca Muerta has a high TOC content, and that the nddle and upper Vaca
Muerta vary between a medium and lower level of TOC content. Bm Figure 5.5 it is
important to group the petrophysical log into a series of disete properties that represent

the Vaca Muerta as a whole. The discrete property categoriese shown in Table 5.1.

Table 5.1: Shows the range of values for TOC that breaks the camious petrophysical log
into the three individual discrete properties

TOC (%) Discrete Property Value Range

0.00 - 3.00 Low TOC
3.01 - 9.00 Medium TOC
>9.01 High TOC

P-Impedance, S-Impedance, and the discrete breakout of TQ&2n be plotted to show
the relative distributions of each category and how it relates to the elastic properties. This
relationship can be seen in Figure 5.6. It is shown that eachqperty represented within
the discrete background model clearly separates into a zone identiPed by a distinct range of
the given elastic properties. The clear correlations observed between continuous TOC and
the elastic properties can be broken out into discrete valgewith like correlations. That is
Low TOC correlates to higher values of P-Impedance and S-Ingence while High TOC
correlates to lower values of P-Impedance and S-Impedance.

The new petrophysical logs with the discrete properties came used to calculate prior
probabilities for each property. The prior probabilities for each class can be seen in Table 5.2.
The window for the discrete background model is from the Quinco through the Tordillo,
in order to create a bu'er zone on either side of the Vaca Muerta for the background trend.

2D PDFOs for each discrete property value can be calculatesing the FFP module. It is

critical that each of the discrete classes are well represented with little to no overlaponder
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Figure 5.6: The crossplot show S-Impedance on the y-axis, Pgedance on the x-axis, with
discrete values for TOC plotted in three distinct colors onhlie z-axis. Red represents High
TOC, green represents Medium TOC, and blue represents Low TOC

Table 5.2: Shows the prior probability for each discrete pperty for the FFP analysis

Discrete Property Prior Probability

High TOC 0.08
Medium TOC 0.22
Low TOC 0.70
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for the model to be accurately represented. The breakout of discrete values plotted with
P-Impedance and S-Impedance can be seen in Figure 5.7. The 2DF®s are represented
by two individual histograms each of which represents the relanship between one elastic
property and the discrete classes. The relationship betwe®-Impedance and the discrete
classes can be seen in Figure 5.8 and the relationship betwedmBedance and the discrete

classes can be seen in Figure 5.9

Figure 5.7: The crossplot shows PDFOs overlain on top of the #adiscrete property values.
They are signibed by red for High TOC, green for Medium TOC, antlue for Low TOC.
S-Impedance sits on the y-axis, with P-Impedance on the x-axis, and the discrete values for
TOC plotted as the three distinct colors on the z-axis

Once the Bayesian distributions for the PDFOs have been stldcthe weighted values
can be applied to the inversion volumes. From this application the backgroundsdrete trend
model can be computed as a volume. Figure 5.10 shows an arbirdine that represents
this transfer of weighted values from the Bayesian distributions.

While Figure 5.10 shows the most probable discrete property lue. For each discrete
class that has been analyzed there is consistently greater than a 90% certainty of it being

present at the given location. This can be seen in Figure 5.1hosving the certainty of
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Figure 5.8: The histogram shows the relationship between P-padance and the three dis-
crete property values - High TOC in red, Medium TOC in green, ashLow TOC in blue. The
black curves characterize the 1D density functions that are related to each of the discrete
property values of the background model

Figure 5.9: The histogram shows the relationship between S+ipmdance and the three dis-
crete property values - High TOC in red, Medium TOC in green, ashLow TOC in blue. The
black curves characterize the 1D density functions that are related to each of the discrete
property values of the background model
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Figure 5.10: The arbitrary line shows the distribution of LowMedium, and High TOC. High
TOC characterizes the lower Vaca Muerta as would be expected,edium TOC and some
Low TOC characterizes the middle and upper Vaca Muerta. The Quintuco and Tordillo,
above and below the Vaca Muerta are characterized by blanket values of Low TOC

each discrete class within a given location along the arbéry line. The bPnal FFP volume
of discrete classes, with the least amount of uncertainty possible is used as an input as a

discrete trend model for the geostatistical inversion process.
5.3 Simulation Parameters and Results

Geostatistical inversion is a multi-stage approach that ulizes variograms and PDFOs in
place of the objective function (Pendrel, 2001). This creates a number of key dilerences
in terms of the process between the geostatistical approach and the deterministic approach
starting with where the frequency content comes from. The division of frequency content
and where it comes from for a geostatistical inversion can lseen in Figure 5.12.

The a priori data that is supplied by the low frequency model fothe deterministic
inversion is built using the well logs, spatial statistical properties, and the background trend
model if used. The central and higher frequency content of the geostatistical inversion is
built in using an algorithm that accepts or discards simulatns at individual grid points
(Pendrel, 2001). The potential values are pulled from the simulation process which debnes
the population of P-Impedance, S-Impedance, and density luas for the wells within the
survey (Grijalba-Cuenca et al., 2000). The acceptance orjeetion of values at individual

grid points are related to whether the synthetic put forth agrees with the input seismic
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Figure 5.11: The arbitrary line shows the certainty that eacltdiscrete value is what it has
been assigned as in the most probable volume represented oy &rbitrary line in Figure 5.10.

Red assigns an extremely high conbdence close to 100%, wHile lbepresents an extremely

low conbdence close to 0%. Most values have a conbdence greater than 90% suggesting high
conbdence that the discrete values are as they are represehin Figure 5.10
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Figure 5.12: Frequency content of a geostatistical inversicbroken out into the a priori
information shown in red, the central frequency content which is consistent with the deter-
ministic inversion in blue, and the added apparent frequency content which is built in during
geostatistical inversion in green
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(Pendrel, 2001). The acceptance or rejection of values will be discussed further in the next
section.

The potential increase in resolution is one of the key focuses of this work. In order to
accurately represent how the increase in frequency content translates to a greater under-
standing of the earth model, one term that was previously dePned is being used, an@ on

term is being coined. The terms in use for this research study are:

¥ Resolution
¥ Apparent resolution

Resolution is debned as the ability to separate two features that are close to one another.
Once the ability to separate these two features is lost, thedlividual identity of the features
is no longer apparent, and as such resolution of the featuresno longer resolved (Sheri!,
1997). While the data is still within close proximity of the wdls an actual increase in
resolution beyond the seismic bandwidth is possible (Peredy 2001). However, data farther
away from the wellbore cannot be considered resolution sin¢asi one of several non-unique
possibilities. It can be said however that the data still hon@ both the well data and the
seismic data. Therefore, apparent resolution, is the term used to describe data that honors
the inputs from the earth model but may or may not represent actual seperation between
two features.

The simulation process, based on the well data, is used to accomplish four key goals:

¥ Test and rebne discrete background trend property prior probabilities for

the geostatistical inversion

¥ Verify that the simulated continuous properties are within the expecte d

ranges, as seen on the elastic property well logs

¥ Ensure that the settings adequately characterize the thicknesses of given

elastic property values within the Vaca Muerta as seen within the well log
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data

¥ Ensure that the settings adequately characterize the size and shapes of
given elastic properties within the Vaca Muerta as cross-referenced w ith

the deterministic inversion results

Fifty simulations, as well as Pbfty unconstrained and constnaed inversions were run. The
decision to use Pfty in all of these cases was based on dintimig returns from the increase in
the total number of realizations. In all of these steps it is important to note that simulation
looks at appropriate distribution of discrete and continuos properties within a given zone
of interest without assigning appropriate locations. In other words, the percentage, size, and
distribution of properties should approximate what is seemithe well logs and deterministic
inversion without necessarily approximating the correctdcations for those bodies. This
is because, at this point the seismic data has not yet been introduced in order to present
acceptance and rejection criteria for each individual gridgint.

The simulation phase of the geostatistical inversion breaks out the discrete background
model into sections that are debPned by the seismic stratigraic model. As such the prior
probabilities for each discrete property needs to be re-esated for each individual horizon
that will be looked at. For the Vaca Muerta the zones will be broken out into Secuencia 4
representing the upper Vaca Muerta, Secuencia 3 representing the middle Vaca Muerta, and
Secuencia 1 representing the lower Vaca Muerta. Table 5.3 shows the updated estimated
prior probabilities broken out by horizon.

The update to the model is critical in that it rePnes the understnding of the prior
probabilities so that they apply to horizons of interest within the Vaca Muerta. It can be
seen that while the dominant prior probability for the initial model is Low TOC, this changes
to Medium TOC for Secuencia 4 and 3 with a shift to High TOC for Smuencia 1. These
changes in prior probabilities are evident through the compison of any given horizon and

all horizons in histograms, as can be seen in Figure 5.13.
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Table 5.3: The breakout of prior probabilities for each disete property has been shown, as
broken out into each individual seismic stratigraphic horian

Horizon Discrete Property Prior Probability
Secuencia 4 High TOC 0.18
Medium TOC 0.50
Low TOC 0.32
Secuencia 3 High TOC 0.16
Medium TOC 0.74
Low TOC 0.10
Secuencia 1 High TOC 0.55
Medium TOC 0.35
Low TOC 0.10

Figure 5.13: Compares histograms for the data for the range iretiveen the Quintuco to the
Tordillo (left), and just in between Secuencia 4 and SecuerncB (right). The distribution

of data for discrete values clearly changes given the change in vertical gate. This rePned
update helps the accuracy of the simulation when applied to the geostatistical inversion
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In order to ensure that prior probabilities have been debned appropriately a qualive
review of the quality of the results can be carried out by comparing the actual TOC curve
from the original background discrete model and the pseudo-TOC curve produced during
the simulation process. Simulation of results show that pezatages of each discrete property
are on par with the actual TOC curve for each well suggesting that the approximations are
accurate. A comparison between the actual TOC curve for Well G and bve simulations can
be seen in Figure 5.14 The comparison between the actual deter property distributions
and the simulations meet the expectation that the percentageof each discrete property are

on par, but the location of any given discrete property does hmecessarily line up.

Figure 5.14: Five simulations of the discrete background mdds compared to the actual
discrete background model for Well G. The six discrete TOC curves show comparable dis-
tributions of High, Medium, and Low TOC that are not necessaly distributed in the same
place. This is the expected result during simulation

In addition to the background discrete property trends being tested for accurate prior
probabilities and rebPned, the continuous elastic properties are also reviewed during simula-
tion. It is important that the range of any given simulated eastic property is comparable to
the range found within both the well logs and the determinist inversion results. Table 5.4
compares the range for bPve simulations chosen at random with the range found for the actual

well logs and the deterministic inversion for P-Impedance.

111



Table 5.4: The ranges for dilerent mediums critical to simwdtion including Pve of pbfty
simulations chosen at random in addition to well logs and thdeterministic inversion. All
error ranges for the Upper and Lower are shown in percent dilemee in comparison to the
well logs for both the simulation and the deterministic inver®n for P-Impedance

Medium Lower Range Upper Range Lower Range Error (%) Upper Ramgrror (%)
Simulation 1 5.69 13.76 0.4 5.2
Simulation 2 5.83 13.50 1.6 6.1
Simulation 3 5.43 13.63 2.0 5.6
Simulation 4 5.97 13.33 2.8 6.8
Simulation 5 5.76 14.38 1.0 3.0

Well Logs 5.65 15.26 - -
Deterministic Inversion 6.65 12.56 8.1 9.7

This comparison between simulations and the well logs has been carried out for all bfty
simulations and all elastic properties, with Pve randomly chosen and shown in Table 5.4
for P-Impedance alone. The results comparing the average dilerence between all of the

simulations for each elastic property and the well logs is shown in Table 5.5.

Table 5.5: Shows the average error between all bfty simulat® and the well log range, as
well as the average error for all bfty simulations and the detainistic inversion range for
the continuous elastic property values

Elastic Value Range Well Log Error (%) Inversion Error (%)

P-Impedance Upper 5.3 4.4
Lower 15 7.4

S-Impedance Upper 8.4 3.2
Lower 3.9 2.1

Density Upper 0.1 0.2
Lower 1.4 2.1

The average dilerence between all of the simulations and the deterministic inversioash
also been calculated and added to the Table 5.5. The two tables, Table 5.4 and Table 5.5,
highlight the similarity between the ranges for all of the snulations, the well logs, and the
deterministic inversion for all elastic properties. Error prcentages between the simulations
and the well logs tend to be lower than the error percentages between the well logs and

the inversion. For all cases the error percentages are lower than 10%. In terms of elastic
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properties the lowest error percentages are for the density results, followed by P-Impedance,
with S-Impedance containing the most uncertainty for the rages. When comparing the
average error of the bfty simulations to well logs or inversion selts the percentage error
tends to be on par with one another.

The comparison of ranges in terms of percentage error betwethiem is a good quanti-
tative comparison of the continuous properties. A more quightive approach compares the
actual P-Impedance, S-Impedance, and density logs with pskailogs extracted from the
simulated volumes. As with the background discrete property adel, the values at any one
given location are not expected to line up. Instead, it is expected that the overall trend
will exist within the same range of values, and that the average thickness of events foeth
continuous properties will be comparable. An example compson for Well | shows the ac-
tual elastic property values overlain on top of a single simulated volume for the same elastic
properties in Figure 5.15.

Since the thicknesses of the elastic property value events are comparable to the actual
log values it can be said that the settings adequately simulate the Vaca Muerta. Further to
this, this quality control provides a good qualitative check of the continuous property ranges
which had previously been compared quantitatively.

Simulation also provides an opportunity to get a sense of the size and shape of continuous
properties including P-Impedance, S-Impedance, and density. This is done by reviewing the
deterministic inversion results, and estimating the sizera shape of given bodies. Similar
to the background discrete trend model the estimations of €izshape, and trend are broken
out by seismic stratigraphic horizons. This increases the portance that the seismic strati-
graphic horizons are picked with depositional and post-depositional processes in mind, as
was the case for this study. Careful review of stratigraphidises throughout each horizon
for the dominant size, shape, and trend of elastic bodies igtical for this step. While it
is impossible to capture this perfectly, an average can beufad for a given horizon by care-

ful analysis of every body for each individual slice. The size along the X and Y direction
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Figure 5.15: The actual elastic logs P-Impedance, S-Impeda and density for Well H are
compared to pseudo-logs extracted from one simulation of Pfty. The logs show a similar
nature with similar thicknesses suggesting that the simulation accurately represents the
dataset. Further to this the ranges are comparable, providghan additional qualitative
control
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in addition to the trend of elastic property values for a given horizon has been stated in

Table 5.6.

Table 5.6: Shows the average size in the X and Y directions indition to the average trend
direction in degrees for the continuous properties of P-Impedance, S-Impedance, and density
by the horizon that they are found in

Horizon Size X (m) Size Y (m) Trend (Degrees)
Secuencia 4 (Upper Vaca Muerta) 4800 1000 45
Secuencia 3 (Middle Vaca Muerta) 2000 2500 0
Secuencia 1 (Lower Vaca Muerta) 500 2000 0

Shape is partially dePned through the trend and size of the elastic bodies. Representative
shapes for each horizon, in addition to relative size and tmd can be seen in Figure 5.16.
Variation between each of the Vaca Muerta layers is signibdanThese changes between

horizons are likely due to depositional, post-depositionadr a combination of these processes.

Figure 5.16: The shape, relative size, and trend of the typiceontinuous body for Secuencia
4 can be seen in blue, for Secuencia 3 can be seen in green, an8douencia 1 can be seen
in red

These typical shapes can be seen in stratigraphic slices that are representative of each
layer with the approximate size, shape, and trend of the boes within them in Figure 5.17,

Figure 5.18, and Figure 5.19.
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Figure 5.17: The horizon shows the size, shape and trend of tyal bodies within an example
slice of Secuencia 4. The size of the body bts the 4800 by 1000m discussed, witl &rettd

Figure 5.18: The horizon shows the size, shape and trend of tyal bodies within an example
slice of Secuencia 3. The size of the body bts the 2500 by 2000m discussed, withtieefd
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Figure 5.19: The horizon shows the size, shape and trend of tygl bodies within an example
slice of Secuencia 1. The size of the body bts the 2000 by 500m discussed, withteefd

5.4 Inversion Parameters and Results

A successful geostatistical inversion has the ability to accguish two important objec-

tives that are not attained with deterministic inversion alone. They are:

¥ Understand the uncertainty of the data

¥ Increase the apparent resolution of the data

Uncertainty analysis is inherent in all steps of a geostatistal inversion. Quality control
and analysis of the statistics of the uncertainty will be discussed more in the next section.
This section will address how to debne parameters in order tionit uncertainty. Proper
parameterization of key inputs, in addition to proper analysis of the data in order to cor-
rectly debne the PDFOs and variograms is required. In turn this will have a direct elect on
how accurate the geostatistical results are. Similar to the simulation result, there are bfty
inversion volume results.

Since seismic is a direct input into the geostatistical inversion, and all data must honor

the seismic data as outlined by Equation 5.7, an understanding of the S/N ratio for each
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angle stack is critical. The S/N ratio for each angle stack has been debned in Table 5.7. The

S/N ratio is debPned using Equation 5.8.
* +
SN rato =201 loggy  L5Eme (5.8)

) noise

By extension the wavelet has a critical role in the process,nse the seismic wavelet is
convolved with the rel3ectivity series to estimate each local seismic traces (Grijalba-Cuenca
et al., 2000). Therefore, the same multi-well wavelets used for the deterministic inversianme
also incorporated into the geostatistical inversion. The equation used to approximate the

derived rel3ection coe"cients are made using Equation 4.3san the deterministic inversion.

Table 5.7: The S/N ratio for each angle stack as debned for tgeostatistical inversion. Note
that noise is higher for the near and far stacks, than the central two stacks

Angle Stack (Degrees) S/N Ratio (dB)

Nears (0 - 9) 12
Mid-Nears (9 - 18) 18
Mid-Fars (18 - 27) 18
Fars (27 - 36) 12

Each horizon represents separate dePnitions for both PDF@d sariograms. The PDFOs
for each horizon incorporate an understanding of the backgind model trend, using the
three discrete values to help guide the results. This is done & similar nature to how FFP
is used to debne the discrete background model trend. The keyedence between FFP and
the PDFOs used for the discrete background trend model, is tthiae relationship between
each of the elastic properties is analyzed. This can be seen in an example showing the
related PDFOs for Secuencia 3 in Figure 5.20. The 2D PDFOs fdn kacdizon provide the
relationship between all of the elastic properties using TOC as a background trend model.
From this each individual grid node is modeled one by one by @sating a conditional local

PDF, and randomly drawing values from said PDF (Debeye et al1996).
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Figure 5.20: An example variogram for Secuencia 1 showing dilltbe critical elements of a
variogram. It can be seen that the model variogram (thick blueused for the geostatistical
inversion follows the trend provided by the dataset. Trend data for P-Impedance can be
seen in orange, S-Impedance can be seen in green, and density can be seen in blue. Since
the model variogram starts at O there it is assumed that there is no nugget elect

Not only are variograms debned by individual horizons, but &y are also debned sep-
arately for vertical and horizontal trends. Further, in the case of horizontal anisotropy as
shown for each layer by Figure 5.16 variograms are debned fothbdirections. An example
vertical variogram is shown in Figure 5.21 for Secuencia 1.

Figure 5.21 shows a variogram that is debPned for each of the stia parameters being
estimated including P-Impedance, S-Impedance, and densitVariograms in JasonM can
be broken down into the same three basic elements that all vagrams are, as referenced in
Figure 5.2 in addition to the di'erent possible types includng Gaussian, Exponential, and

any combination thereof. The four important elements are:

¥ Sill
¥ Range
¥ Nugget

¥ Type
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Figure 5.21: Shows the relationship between P-Impedance aBdmpedance, P-Impedance
and density, and S-Impedance and density for the PDFOs diedtby the background trend
model built on discrete separations of TOC

In practical terms, each element of the variogram has a critical role in describing the
spatial correlation of the data values. The sill debPnes the ceiling for the data, which in
the case of normalized data as used in this study, will always be 1.0. Range debnes which
data points are clearly correlated. Beyond the dePned rangfee values assigned to a model
variogram do not help in debning the spatio-relationship wht the elastic properties. The
nugget represents measurement error in addition to smallade variability, or the uncertainty
below sampling scale. Variogram type determines how quicklizé continuity decreases as a
function of range and will vary depending on whether the vargram is Exponential, Gaussian,
or a hybrid of the two. The critical values for the vertical vaiograms for each horizon are
debned in Table 5.8. Since the value for the sill is always 1.0, and the value for the nugget
is always assumed to be 0.0 the only two parameters that vary for horizons are range and
type of variogram. The critical values for the horizontal vaiograms for each horizon are the

spatio-temporal relationships explained by Table 5.6.
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Table 5.8: Shows key parameters for the variograms that applp each of the horizons
including range and type of variogram. The sill value will alwgs be 1.0 as the dataset has
been normalized, and the nugget is always assumed to be 0.0

Horizon Range (s) Type (%)

Secuencia 4 0.01 Exponential (100), Gaussian (0)
Secuencia 3 0.016 Exponential (100), Gaussian (0)
Secuencia 1 0.009 Exponential (25), Gaussian (75)

Once parameters have been optimized for minimal uncertainty, the physical results can
be reviewed. The combination of the values for the PDFOs and wegriams results in Pfty
possible non-unique solutions. The inversion process can breken into unconstrained and
constrained, where the critical di'lerence is how the well pinformation is input. Constrained
inversion results represent the Pnal step in the geostatistical inversion process prior to quality
control and analysis of said results. One of the bfty possible non-unique solutions for P-
Impedance, S-Impedance, and density for constrained ingern can be seen in Figure 5.22,

Figure 5.23, and Figure 5.24.

Figure 5.22: Constrained P-Impedance volume is shown along arbitrary line, for one of
pfty simulations

In the bfty unconstrained inversion runs the well data are usetw help debne the range,

however for all other purposes the wells can be considereihtdl For the bfty constrained
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Figure 5.23: Constrained S-Impedance volume is shown along abitrary line, for one of
pfty simulations

Figure 5.24: Constrained density volume is shown along an dérhary line, for one of pbfty
simulations
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inversion runs the well data is used to help debPne the range, and has an inf3uence over the
elastic property volumes. In both cases, the debpned PDFOs sadograms are utilized. The
dilerence between unconstrained and constrained inversions around the wellbore can be seen

for Well G in Figure 5.25.

Figure 5.25: Values are illustrated for the constrained (I) rad unconstrained (U) directly
around Well G. While the blind match on the left for the unconstained shows a reasonable
match, an almost perfect match can be seen on the right with éhconstrained results. This
dilerence is particularly noticeable right above the dark blie of the lower Vaca Muerta

The apparent resolution away from the wells is increased thugh statistical conditioning
that allows for the possibility of resolution beyond traditional inversion methods, while
ensuring that all the data are honored. Further, there is a region around the welivhere
the resolution is increased beyond the seismic resolution (Pendrel, 2001). The increase in
apparent resolution away from wells and in actual resolution around the wells, is shown
to change from seismic bandwidth to near well log bandwidth. This increase in apparent
resolution from deterministic to geostatistical inversin can be seen for the volume of P-
Impedance in Figure 5.26, while the increase in actual resban around the well can be

seen for P-Impedance in Figure 5.27 for Well G.
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Figure 5.26: The change in apparent resolution between deta@nistic inversion and geo-
statistical inversion can be seen by comparing P-Impedancénag the same arbitrary line
within the Vaca Muerta. Unbltered well logs are overlain on {o of both inversion results,
however the unpbltered well logs have a similar bandwidth to géhgeostatistical inversion and
not to the deterministic inversion

Figure 5.27: The change in apparent resolution between detanistic inversion (D) and

geostatistical inversion (G) can be seen by comparing P-Img@nce for Well G within the

Vaca Muerta. Unbltered well logs are overlain on top of both wersion results, however the
unbltered well logs have a similar bandwidth to the geostatical inversion and not to the
deterministic inversion.
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Review of Figure 5.27 shows the increase in apparent resabutifrom deterministic to
geostatistical inversion. The vertical resolution from the deterministic inversion results have
been shown to be roughly 35 m given the quality of the data. Hower, the geostatistical
results appear to have a similar resolution to the well logs themselves. This comparison
would suggest that the vertical resolution for the geostatigal results are 3 m. This is a

signibcant improvement.
5.5 Statistics and Quality Control

Reviewing the statistics and potential quality control steps of the Pnal constrained geo-
statistical results are part of the same process in that the statistical certainty of thelastic
properties is produced. The results can be reviewed both qualitatively and quantitatively in

four distinct manners:

¥ The mean of all results are compared to the deterministic results. A si milar
result for the mean and the deterministic results suggests qualitativ ely that

the results are accurate

¥ Standard deviations for each of the elastic properties are compared to the
mean. Further to this, the overall standard deviation of all volumes of one
elastic property type can be compared to the mean of one elastic prope rty
type

¥ Coe"cient of variations for each of the elastic properties are com pared to
the mean, and to each other. Like standard deviations an overall coe"cie nt
of variation for a single elastic property can be compared to the mea n of a

single elastic property

¥ Priors and posteriors for each individual horizon within each individual seed

are compared to see if the model accurately represents the input provided
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The visual comparison between the geostatistical mean of all bfty realizations and the
deterministic inversion results provides a good quality control. If the two sets of results
appear to be similar than the results of the geostatistical uersion are within the correct
frame of reference (Cooke and Cant, 2010). While deterministinversion is fundamentally
non-unique it seeks to output the best bt model (Pendrel, 20D1Likewise, the mean of all
geostatistical inversion results should be the model that bts best. Thus, a visual inspection
of these two volumes should qualitatively indicate that the esults from the deterministic
and geostatistical inversion agree, if not are actually actate (Cooke and Cant, 2010). A
comparison between each elastic volume from the deterministic inversion is compared with
the same elastic volume from the mean of all bfty constrained geostatistical inversion results
in Figure 5.28. The line used is a shorter one than the arbitrgrline that crosses through
Wells G and I, in addition to providing more detail through a cbser look at the data, referred
to herein as the NE-SW line. The results for P-Impedance and IBypedance are stable
suggesting robust answers for the geostatistical inversio However, there is a signibcant
degradation in the quality of the results for density suggesting that (1) the stability of the
density results for the deterministic inversion are the result of how stable the parameters are
for P-Impedance and S-Impedance, and (2) density results cannot be Plled in statistically if
the appropriate angle range is not already present.

Further to this qualitative comparison of the data, a quantifative comparison can be
accomplished through reviewing the standard deviation votes and the related coe"cient
of variation volumes. Both volumes show a sense for the uncertainty in a quantitative
manner, and both have an advantage in a given setting. The standard deviation volumes
are a direct comparison to the mean providing the clearest ssnof what the uncertainty is
for a given realization. However, the coe"cient of variationvolumes are unitless allowing
them to be used when comparing results from dilerent units orven just dilerent scales of
dilerent units (Contreras et al., 2005). This has a direct application to the property volumes

P-Impedance, S-Impedance, and density wherein P-Impedance and S-Impedance have vastly
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Figure 5.28: Shows a comparison between each of the elastiogarties (P-Impedance, S-
Impedance, and density) for the deterministic inversion results and the mean of thdtyp
constrained geostatistical inversions. The top row shows the results for the mean of thig b
constrained geostatistical inversion, while the bottom row shows the non-unique saoturt

for the deterministic inversion. It can be seen that P-Impeahce and S-Impedance are
very close in character suggesting qualitatively that the gstatistical inversion is accurate.
The comparison for the density results are not on the same level suggesting that even for
geostatistical results a greater angle range is required to get accurate results
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dilerent scales, and both have entirely di'erent units than density. Standard deviation for
all bfty simulations for each elastic property can be seen indtire 5.29, while coe"cient of
variation for all bfty simulations can be seen in Figure 5.30.

The standard deviation results show that the range in comparison to the mean has a
very small change on a percentage basis. This can be seen on aenmdnode basis for each
of the elastic properties through the use of the coe"cient of variation, which is arrived at
using Equation 5.1.

This uncertainty can be looked at from a dilerent perspectivewith the use of priorOs
and posteriorOs which exist for each individual horizon and each individual realization. It is
important that a strong similarity exists between the prior and posterior for each case. Such
a strong similarity can be seen for a single horizon within one of bfty readtions for all of
the elastic properties in Figure 5.31.

The use of both a proper likelihood function and good postericheck of the error resid-
ual distribution is a good statistical practice. The relationship in between the posterior,
likelihood, and the prior are explained by the relationship seen in Equation 5.9 (Minasny

and McBratney, 2011).

P osterior = Constant! Prior ! Likelihood (5.9)

This relationship can be explained in a more complex manner through the Equation 5.10.

(Bosch and Gonzalez, 2010)

) post(m) = C$pri0r (m)$data(dobs ) g(m)) (5-10)

Where) ,0st(m) is the posterior probability density and$yior (M) is the a priori probability
density. The whole value$yaa (dons” 9(mM)) is the data likelihood function. Within this dgps
represents the observations made from the data, the forward woheling operator g maps

models space into data space. The used throughout the equation represents the earth
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Figure 5.29: Along the NE-SW line the standard deviations for Paipedance (top), S-
Impedance (middle), and density (bottom) are shown with legends that give a sense for the
scale of the values associated with the standard deviations for the mean of all bfty simulaton
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Figure 5.30: Along the NE-SW line the coe"cient of variations fo P-Impedance (top), S-
Impedance (middle), and density (bottom) are shown with legends that give an absolute
scale in percent for the values associated with the coe"cient of variation for the mean of all
pfty simulations
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Figure 5.31: Priors and posteriors are compared for one realiion out of bfty, for a single
horizon out of three for all three elastic properties. The comparison of probability density
function (PDF) can be seen with red and blue, while the compa®n of cumulative density
function (CDF) can be seen with pink and light blue. The fact thathe prior and posteriors
are so similar for the PDF and CDF indicate that the data pbts thanodel

model. Finally, c represents the constant. Using the Equation 5.10, a set of spl@s are

produced from the posterior probability density (Bosch and Gonzalez, 2010).
5.6 Summary

A geostatistical inversion has been applied with robust qligy control carried out. Up-
dates to the understanding of the earth model due to geostatistical inversion over determin-

istic inversion are:

¥ An understanding of the uncertainty of the well and seismic data

¥ Increased apparent resolution for the entire earth model, with increa sed

actual resolution around the wellbore

Geostatistical inversion provides an understanding of the uncertainty through genenag
large numbers of impedance realizations which by nature must bt both the seismic data
and the well data. The inversion procedure checked through a series of quality controls
(Williamson et al., 2007). The impact of the uncertainty on tle models itself can also be
assessed through this understanding (Debeye et al., 1996).

Statistical conditioning allows for increased apparent resolution beyond the traditional

inversion methods, while ensuring that both the seismic and well data is honored (Pendrel,
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2001). Spatial heterogeneity debnition is increased through variograms which are used to

model the earth statistically (Debeye et al., 1996).
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CHAPTER 6
MICROSEISMIC

Microseismic has become an increasingly useful tool for understanding the electiveness
of hydraulic stimulations. Historically speaking microseism has been a technology that has
been used by and driven by reservoir engineers. However, gagics can also draw upon
the wealth of knowledge that is provided by microseismic and itOs associated properties (Lee,
2014). Microseismic sources can be investigated using earthquake seismology methods that
could help unlock information surrounding the hydraulic fracture process (Maeil, 2011).
Critically this information that has itOs roots in classicalesmology (Lee, 2014) can be used

to help understand the geomechanical aspects of hydrauli@aéturing (Maxwell, 2011).
6.1 Theory

Microseismic monitoring is a technique used to determine the location and natuoé
fractures in a reservoir. The injection or production of Buidrom a formation will lead to
changes in stress and pressure (White, 2012). When these changee large enough seismic
deformation occurs in the rock, which in turn releases compressional and shear wave energy
that propagates through the rock volume (Albright and Pearso, 1982). Through the use of
passive seismic data, it is possible to interpret and infer details about the rock stress, pressure
movement, and fracturing near and in the reservoir (White, 2I2). This can manifest itself
through a relationship with geomechanical properties, sudis PoissonOs ratio and YoungOs
modulus (Langenbruch and Shapiro, 2015).

Since microseismic has itOs roots in classical seismology, many of the principles that govern
earthquake seismology can be applied to it. However, as them@ implies the events occur
on a much smaller scale and are induced as a result of hydraudtimulation. As such the

best microseismic data are recorded as close to the events asgible, instead of being placed
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across a large area to capture earthquake ruptures (Lee, 2014). In earthquake seismology

Equation 6.1 is used to dePne the magnitude of the earthquakeOs strength.

Mw = 0.67L0gio(Mo) " 6.07 (6.1)

Where M, is the seismic moment debPned as a quantitative measure of th@aunt of
energy released by an earthquake in the units N*mMyy is the unitless and dimensionless
quantity that is commonly used a measure of an earthquakeOs magnitude. The seismic

moment can be calculated using the Equation 6.2.

Mo = HAD (6.2)

Where A is the surface area of the rupture created by the earthquakdoag a fault or
fracture, D is the amount of displacement along a rupture surface, andis the average shear
strength of the rock encompassing the ruptured zon&l, for natural earthquakes that are
felt often need to be greater than a magnitude of 5, while micseismic events are always
less than 0 (Kamei et al., 2015). This relationship can be see Figure 6.1.

In microseismic, the seismic moment is an indicator of the amount of rock disturbed by

the event, and can be related to the amplitude of the recorde@ismic through Equation 6.3

_ 4*$0%R$ 0

M
0 F.

(6.3)

Where $; is density, ¢, is the wave velocity,R is the source-receiver distance,gis the low
frequency level of a displacement on the seismogram, ardis a radiation pattern coe"cient
(Bakun and Lindh, 1977). The equation shows that the seismimoment is dependent on
rock properties as well as distance with microseismic. Usingj&ation 6.1 the magnitude of
microseismic events can be calculated. Table 6.1 gives a sense for the moment magnitudes

of microseismic events.
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Figure 6.1: Compares the typical magnitude of a microseisméwent (M< 0) with the typical
magnitude of a natural earthquake that is felt (M>5) to give a sense of the dilerence in
size between individual induced microseismic events and natural earthquakes (Kamei et al.

2015)

Table 6.1: Moment magnitude of microseismic range events. Bieed from Maxwell (2006)

Moment Magnitude  Slip  Area (nf) Equivalent Explosive Charge

-4 10pum 0.003 1 mg
-3 40 um 0.03 30 mg
-2 0.1 mm 0.1 19
-1 0.4 mm 3 309
0 1 mm 30 1kg
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These microseismic events can be recorded through a numbérdderent techniques.
Whichever technique is ultimately chosen the receivers used tecord the microseismic data
should be 3C so that they are capable of recording both P and &wes (Lee, 2014). This
work focuses on the surface recording arrays since event utaigties using surface methods
tend be well behaved and more easily interpreted than their downhole counterparts (Eisner
and Duncan, 2009). When a microseismic even occurs P and S-egmware created at the
origin point known as the hypocenter and radiate outwards (Wke, 2012) as can be seen in

Figure 6.2.

Figure 6.2: The microseismic event originates at Q, the hypewter, and radiates both P and
S-waves that travel through the medium and eventually arrive at a receiver. Both downhole
and surface receivers are indicated here by the use of R. (Eisner and Duncan, 2009) This
study focuses on the use of surface microseismic

Figure 6.2 assumes a simple isotropic, homogenous medium. The&roseismic event
locations are determined using an understanding of the arrival times for P and S-waves that
are recorded in combination with the velocities. The P-wave arrives brst at a given time

using Equation 6.4

tp = t0+# tp (64)
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Wheretp indicates the arrival time of the P-wave g is the origin time at the hypocenter
location, and #tp represents the total travel time of the P-wave. The S-wave arrives after

the P-wave at a later time as given by Equation 6.5:

ts = 1o +# ts (65)

Wherets indicates the arrival time of the S-wave, and, again represents the origin time
at the hypocenter location, and #s denotes the travel time of the S-wave. The distance

between the event and receiver can be calculated using Equati6.6.

Dor = (tp " to)Vp =(ts" to)Vs (6.6)

Where Dqr represents the distance between the microseismic event ame treceiver,Vp
represents the velocity of the P-wave, an¥s represents the velocity of the S-wave. Using
this equation, the relationship between velocities, dista®, and time can be equated for

microseismic.
6.2 Relationship with Hydraulic Fracturing

The ability of rock to fracture is based on a combination of factors. Two critical mecha-

nisms that create microseismic events are:

¥ Pore pressure increases

¥ Activation of previously existing fractures or faults

Fluid injection can decrease the elective normal stress by isang the pore pressure. The
fracture gradient dePnes the pressure or stress required naluce a fracture, which is related
to the matrix stress coe"cient. In turn, the matrix stress coe"cient is dePned by the vertical
stress and the pore pressure. When Ruid is injected into theservoir the pore pressure of

the rock is increased. When the pore pressure exceeds the tirex pressure, shear failure
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is induced in the rock volume. An increase in microseismic exg directly corresponds to
an increase in pressure and injection rates. With Ruid injeicin the highest pressure will be
closest to the injection points (Bohnho! et al., 2010).

Injection related shear movement can be caused where there are pre-existing faults and
fractures. The magnitude of events and the degree of subsequdeformation depends on
the extent of natural fracturing already present in the zone (Maxwell et al., 2003). Injection
of Buids near faults will alter the stress of the faults themsees (Bohnho! et al., 2010).

The quality of a rock geomechanically speaking is a critical element to understand when
assessing shear failure. This can be qualitatively described using brittleness and ductility,
wherein a relatively brittle rock will fail abruptly while a relatively ductile rock tends to fail
more gradually. The increase in the amount of time required rfdailure allows a window
within which pressure can be alleviated to avoid failure (Zoback, 2007). The dilerent tygs
of failure associated with brittle and ductile behavior within a given formation can be seen

in Figure 6.3.

Figure 6.3: Represents how the fracture envelope changes fas mmedium shifts from brittle
towards ductile (Twiss and Moores, 1992)
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Failure of the rock is also impacted by the presence of the naal fractures and faults.
The injection of Buids and subsequent change in conbning pressure and axial stress within
a given rock volume pushes medium closer to the failure envelope (Srhedc and Gupta,

2003). This can be explained graphically, as seen in Figuret6.

Figure 6.4: Mohr diagram explaining the relationship betweeconbning and axial pressures
with the failure envelope (Sminchak and Gupta, 2003)

Directly tied to the activation of previously existing fradures or faults, is an under-
standing of the dilerent types of fracture networks. Since, the fracture networks #t are
reactivated and consequently created by hydraulic stimulation may be simple, linear features
or complex, interconnected networks (Warpinski et al., 2009). This variation in the types of
fracture networks can be seen in Figure 6.5.

Complex fracture networks that are natural, or the result of better stimulation, create
wells that perform better when compared to continuous, simplgeometries. Therefore creat-
ing a complex network is the ultimate goal of stimulation degn (Baihly et al., 2010). High
level models used to try and match reservoir conditions to predict the nature of hydraulic
fracture development and optimize completions design has become common practice. In-
creasingly these engineering models are seeking to handle heterogenous complex descsiption
of the earth model which better match the real conditions (Hry et al., 2014). Ultimately,

whether we can create complex induced fractures by targeting zones with pre-existing natur
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Figure 6.5: Four types of fractures with varying levels of imrconnectivity and complexity.
The more complex and interconnected the fracture network, the better the stimulatioof
the reservoir (Warpinski et al., 2009)

fractures is ambiguous, and will require further testing (Bhop, 2015).
With the hydraulic stimulation of the Vaca Muerta there are ke pieces of data that can
be reviewed in reference to the microseismic data which conbrthat the microseismic is
interacting with the rock volume, and not a change in engineigrg parameters. The review
of engineering data that conbrms that the rock volume is causing the change in microseismic

are:

¥ Comparison of the bottomhole pressure by completion stage and number

of microseismic events

¥ Comparison of bottomhole pressure for dilerent wells and the number o f

microseismic events

Relative bottomhole pressure was kept within the same range for each of the stages in

both Wells G and I. A comparison between Stage 1 and Stage 5 f&kll | reveals that the
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bottomhole pressure for the completion of both stages were keglatively similar. Fig-
ure 3.14 shows that most of the microseismic events occurred closer to the shallower Stage
5. The comparison between bottomhole pressure by completistage and the number of

microseismic events can be seen in Figure 6.6

Figure 6.6: Bottomhole pressure on the Y-Axis is graphed vs. tenon the X-Axis for both
Stage 5 (shallower) and Stage 1 (deeper). Beneath this arestmicroseismic events on the
Y-Axis in histogram format vs. time, again on the X-Axis. It can beseen that despite
similar bottomhole pressures the microseismic count for Stage 5 is much higher than that
for Stage 1

The higher microseismic count for Stage 5, over Stage 1 suggests that factors beyond
engineering are creating this di'lerence. The change is likely due to variations ihd rock
volume itself. One such example of a change that could accouat this shift in microseismic
count is TOC content. Figure 6.7 shows that TOC content decreas signibcantly from Stage
1 to Stage 5.

The signibcant decrease in TOC from Stage 1 at the bottom towards Stage 5 at the

top of Well I, and the similar trend in Well G shows that a lower TOC content has a clear
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Figure 6.7: Shows TOC content by percentage in the two wellsdhhave microseismic data
associated with them. The cartoon caption of where the stages are in a relative sense for
both wells is also shown. From this it can be deduced that Stagehas a signibcantly lower
TOC content than Stage 1. Additionally, it can be seen that Well has a slightly lower TOC
content overall than Well G. It should be noted that tops applyto Well | only

142



correlation with the prevalence of microseismic events. Thobservation can be conbrmed
by comparing Figure 6.7 with Figure 3.14 clearly showing thathe same zone that has lower
TOC also has a much higher concentration of microseismic events.

The relationship between bottomhole pressure and microseismic events for Stage 5 alone
can be seen in Figure 6.8. There is a slight drop between the noen of microseismic events

between Well G and Well 1, although the trend remains the samef both.

Figure 6.8: The bottomhole pressure for both Well G (red) and &l | (blue) are seen to
be roughly the same, at approximately 6000 psi. The microsgiik events are also relatively
comparable between Well G (red) and Well | (blue), and clearly show the same trend

The slight drop in the trend between Well G and Well | could be accounted for with lateral
variability between the two wells. This can be conbrmed by refring to Figure 6.7 that shows
that Well G has a higher TOC percentage relatively consistély for the length of the well

than Well I. Well G also has a lower number of microseismic events while maintaining the
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same trend as Well I, suggesting that lateral variability could account for this slight dilerece

in microseismic count with similar bottomhole pressure data
6.3 Uncertainty of Microseismic Data

There are a number of uncertainties in surface microseismic in terms of event detection
and location that can reduce the accuracy of the survey. Sométhese uncertainties can be
reduced by changing the recording equipment, acquisition set up, or processing. Other uncer-
tainties are inherent to this type of survey (White, 2012). Tle major sources of uncertainty

include:

¥ Velocity pelds
¥ Background noise

¥ Acquisition geometry

An accurate velocity model is required for both P and S-Waves iorder to minimize
the uncertainty for accurately locating microseismic events. This is done by relying on the
knowledge of surrounding velocity Pelds, primarily the utilization of sonic logs. The sonic

logs in turn can be inaccurate or limited in a number of ways that are outlined as follows:

¥ Values recorded represent the rock volume close to the borehole

¥ Anisotropy can have a relatively large impact on microseismic wave prop-

agation
¥ Presence of fractures and faults alect wave propagation

¥ Sonic logs are acquired at dilerent frequencies than microseismic even ts

S-wave velocity belds are often more di"cult to debPne than P-wave velocity belds as 1D

models cannot account for anisotropy in velocities (Eisner and Duncan, 2009). In order to
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minimize error, the velocity model is often calibrated given known locations such as perfo-
rations. However, the accurate location of a perforation anthe associated data, decreases
the farther away that you move from said perforation (Zimmer2011).

Another important consideration for the location of microsamic events is noise. Noise
can be both coherent and incoherent in nature with high amplitude noise being partieuly
damaging to the magnitude of viewable events. Borehole nois@n originate from tube waves
that have slow velocity moveouts (Bohnho! et al., 2010). Addionally poor cementing or
coupling problems can elect the overall quality of the data (Zimmer, 2011). Background
noise can also be introduced from outside sources including but not limited to trucks, well
pumping, and other beld activities (White, 2012).

A Pnal consideration is the acquisition geometry. Uncertaty in acquisition is related
to the distance between the events and the geophone array, wian optimal distance of
no greater than 300m between injection site and the array (Bohnho! et al., 2010). This
uncertainty due to distance greatly increases when the lerigts multiple time greater than
the length of the array itself (Zimmer, 2011). As the wave pramates farther away from the
hypocenter, more information about the source becomes attertad with higher frequency
information being lost brst (Bohnho! et al., 2010).

As previously stated, the noise for this survey was determindy previous work completed
by Isabel White to be within 10m in the X and Y direction, and within 35m in the Z direction.
However, this is further mitigated by an understanding of theelationship between the change
in formation and a correlating change in the type of slip sedor the individual microseismic
events. There are three types of slip seen within both wells, however two types of slig ar
predominant within both. The three possible types of slip @& seen in Figure 6.9.

The moment tensor can be divided into three types of moment teors. The three types
commonly used can be seen in Figure 6.10, and are isotropicdie-couple, and compensated
linear vector dipole. The work done for this thesis focuses on the use of double-couple.

Double couple source mechanisms are represented graphically with beachball diagrams. A
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Figure 6.9: The three types of slip seen within the Wells G anddre dip slip, strike slip, and
oblique slip with oblique slip and dip slip being the dominantypes seen in the Quintuco
and Vaca Muerta respectively

beachball diagram with a colored center shows reverse difpsiwhile a white center shows
normal dip slip. When the beachball diagram is broken out intéour quadrants it represents
strike slip. Finally oblique slip represents a combinationfestrike slip and dip slip. The shift
between dominantly normal dip slip to oblique reverse sugdgesa big change in the stress
environment (Fox et al., 2013).

The mechanism for each event and the associated magnitude dam seen for Well G,
with the break between the Quintuco and the Vaca Muerta indigted in Figure 6.11. The
dominant type of slip moves from oblique Slip in the Quintuco to dip slip in the Vaca Muerta.
In addition to the change in slip the strike for events clearly shifts from within tle Quintuco
to the Vaca Muerta. The strike associated with Quintuco is NW-B which is in line with
the ancient stress conditions. In contrast to this the results from the Vaca Muerta are E-W
in nature which is in line with more recent and current stress states. The shift in both slip
and strike is clear and sudden between the Quintuco and the Vaca Muerta giving a much
better sense of accuracy in the Z direction than 35m. The shiftebween the Quintuco and
the Vaca Muerta for the inversion can be given within the lendgt of the wavelet, suggesting a
much higher sense of precision within the dataset than is swggied by quantitative analysis

alone.
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Figure 6.10: Three types of tensor types are shown includingptropic, double-couple, and
compensated linear vector dipole. Double-couple beachballs as seen in the middle column
and the bottom row (c) (Fox et al., 2013)
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Figure 6.11: The shift between the Quintuco and the Vaca Mueatis shown by the overlain
colors of blue and green respectively for Well G. Similarly a clear shift between obliquesli
and dip slip can be seen for the events in the Quintuco and Vacaudrta. The size of the
balls are associated with the relative magnitude of the events. This qualitative comparison
gives the sense that a much higher level of accuracy exists for the locations of the events
vertically than was directly calculated
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Within Figure 6.11 the wellbore is indicated in grey, with the grforation and therefore
subsequent injection zones indicated by the overlain grey triangles. In relationship withe
injection zones it can be seen that the majority of events exiat or above Stage 3 within

the well.
6.4 Integration of Datasets

Integrating datasets both within and across disciplines is optimal when trying tain-
derstand what the earth model represents. The benebts from integrating datasets include
deriving a better sense of the earth model, and encouraging communication both within and
across disciplines. The raw data being integrated here are well logs, microseismic, and seis-
mic. Microseismic data are inherently viewed in depth, and the analysis of the uncertainty
for both the inversion results and the microseismic data haswealed a greater conbdence
in the data from the seismic and wells. As such, the well logs rebeen used to create a
velocity model that converts the inversion results and their deratives from time into depth.

Since the velocity model was built using the well logs, it is most accurate within the
vicinity of the well with a slow decrease in certainty away from said wells. A comparison
between the P-Impedance logs in depth and the P-Impedance wole in depth can be seen
in Figure 6.12. This shows the clear integration of well logsithr seismic, that have now
been shown in both time and in depth.

Integration with these datasets along with microseismic, via the time-depth conversion,
has allowed for comparison between the three. The timeline a€quisition for the datasets
is extremely important as it informs what knowledge can be gleaned from the datasets.
The critical well logs when comparing datasets come from WeIG and I, as these are the
two wells for which microseismic was acquired. Order of acgition for the datasets is (1)
seismic (2) well logs for Wells G and I, and (3) microseismiorfthe same wells. Since the
seismic and well logs existed prior to the microseismic datahich occurs consecutively with
stimulation, it can be assumed that the data from the seismicral well logs are essentially

virgin in nature. Therefore, any relationships between theessmic and well logs with the
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Figure 6.12: The clear match between the values for P-Impedanwell logs in depth and the
given P-Impedance volume suggest that the time-depth congon has been done correctly.
The seismic reference datum (SRD) indicates the acquisition datum in depth, with ¢hwell
logs shown with all the data collected for each one. The variation in KB for each well log
gives a sense of the topography within the area

microseismic would be predictive of what parameters are neprone to stimulation.

Initial relationships between P-Impedance, S-Impedance, and density with the microseis-
mic data are possible in both a qualitative sense and a quantitative sense. A qualitative
comparison between microseismic and each of the elastic properties from the deterministic
inversion are analyzed. P-Impedance is compared with the enbseismic in Figure 6.13, S-
Impedance is compared with the microseismic in Figure 6.14ddensity is compared with
the microseismic in Figure 6.15.

The code that makes the quantitative comparisons possibleag/provided by Isabel White,

a fellow student with the Reservoir Characterization Project at Col@ado School of Mines
who is currently pursuing her PhD. The code works by comparing the location of avgn
microseismic event in depth to the nearest value within a given volume. This is done on a
node by node basis, however when there is no microseismic event the node is built into the
background trend. This allows a quantitative comparison of hat values are associated with

microseismic events, and what values are present within th@ckground trend. A comparison
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Figure 6.13: Shows P-Impedance with the microseismic in red dain on top of it. While
trends are hard to see in 3D view, what can be taken away is that the microseismic events
seem to have a preference correlating with lower values of P-Impedance

Figure 6.14: Shows S-Impedance with the microseismic in rededain on top of it. While
trends are hard to see in 3D view, what can be taken away is that the microseismic events
seem to have a preference correlating with lower values of S-Impedance
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Figure 6.15: Shows density with the microseismic in red ovainh on top of it. While trends
are hard to see in 3D view, what can be taken away is that the microseismic events seem to
have a preference correlating with lower values of density

between the background trend, and the trend of values asso@dtwith microseismic events
allows a quantitative understanding of whether the trend for microseismic deviates from the
background trend. Deviation from the background trend, bytie microseismic trend, suggests
that a particular set of values may be more prone to stimulation The comparison of the
background trend with the microseismic trend for P-Impedareis shown in Figure 6.16.

The events for P-Impedance that are associated with the microseismic values appear to
show a preference for lower values when compared to the backgrd trend around Well
|. This can be seen with a hike in microseismic values on the lewend of values for P-
Impedance, but it can also be seen with a lack of microseismic events at all towards the
higher end of values. Events for S-Impedance are compared quantitatively between the
background trend and the microseismic trend in Figure 6.17.

Similar to the events for P-Impedance, a preference towards the lower values for the
microseismic events seems to prevalent when compared to tleckground trend. Again this

can be seen with a hike in microseismic events in the lower vatj but can also be seen with
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Figure 6.16: A comparison between the background trend for IFypedance values around
Well I is compared with the values associated with the microsgnic events. For P-Impedance
it appears that a lower P-Impedance in comparison with the trend is associated with stim-
ulation. Background trend in seen in blue, while the microseismic trend is seen in red

Figure 6.17: A comparison between the background trend forI8ypedance values around
Well I is compared with the values associated with the microsenic events. For S-Impedance
it appears that a lower S-Impedance in comparison with the trend is associated with stimu-
lation. Background trend is seen in blue, while the microseismic trend is seen in red
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a drop o! in microseismic events at all towards the higher end of S-Impedea values in the
background trend. The fact that both P-Impedance and S-Impedance favors lower values
for microseismic would seem to suggest that the relative rélanship between P-Impedance
and S-Impedance in terms of geomechanical moduli may be mamgbrtant than either one
taken individually. A comparison between the background trend and the microseismic trend

for density is shown in Figure 6.18.

Figure 6.18: A comparison between the background trend for gty values around Well |

is compared with the values associated with the microseismic events. For density it appears
that a lower density in comparison with the trend is associatd with stimulation. Background
trend is seen in blue, while the microseismic trend is seen in red

Again with the density results, there is a preference for lowanicroseismic values with
the trend than the trend provided by the background volume anand Well I. Overall, the
relationship between density appears to be tighter than theelationship found in either P-
Impedance or S-Impedance. However the spike of lower densiglues are more anomalous
to the trend with density, than with either P-Impedance or S-impedance. In the same vein,
the drop in values are also anomalous to the background trend. This further reinforces the
need to move into geomechanical moduli for a comparison between datasets in order to assess

whether anything can be derived from this apparently similar, yet disparate naturleetween
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microseismic and background trend.
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CHAPTER 7
GEOMECHANICS

Unconventional reservoirs porosities and permeabilitiesealower than those found in
conventional reservoirs. Hydraulic stimulation is often regjred for economic production
(Warpinski et al., 2009). The performance of hydraulic fracturing is controlled by the me-
chanical behavior of the rock. Understanding the relationgh between mechanical properties
of the formation, stress state in the subsurface, and natural discontinuities at depth dictate
the path forward with completion designs (Gale and Laubach, 2009). The combination of
these critical elements hinge around a discussion about the elects of stress and strain. Stress
represents the forces acting within the subsurface, whileain describes the deformation that

results from stress (Fox et al., 2013).
7.1 Theory

Geomechanical models can describe a variety of attributes for any given rock volume,
including principal stresses, pore pressure, elastic properties of the rock, and the given rock
strength over an area of interest (Barton and Moos, 2010). The tie between hydraulic
stimulation and elastic geomechanical properties of the rock is essential to understand b
prst it is important to discuss the relationship between sties and strain. Stress has no
standard notations in literature and is written as bothS and ) for normal stress, while it
is usually written + for shear stress. Figure 7.1 represents the tensor that dabess forces
acting on all the possible surfaces (Fox et al., 2013).

The nine components of the stress tensor can be resolved into three orthogonal principal
stresses which can be notated as eith8&, S,, and S; or ) 1, ) 2, and) 3. The sigma makes no
reference to orientation of the stresses while th® notation describes both the orientation
and requires that the relative magnitudes are specibed. (Bishop, 2015) In situ stress states

are divided into three types based on the relative magnitudes of the three principal stresses.
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Figure 7.1: Components of the stress tensore, with the top nrat representing stress in
a Cartesian coordinate system. The bottom matrix is used to describe theathematical
representation of this (Fox et al., 2013)

The division of the stress states are divided into three calated faulting regimes that can
be seen in Figure 7.2. In the case where the vertical stress e tmaximum stress normal
faulting is seen. If the vertical stress is the middle stresa terms of relative magnitude it is
a strike-slip regime. The last case is where the vertical stress is thevést, which results in

a reverse faulting regime (Fox et al., 2013).

Figure 7.2: Three stress regimes with the associated fauljipattern are shown (Fox et al.,
2013)

Strain is a materialOs deformation in response to stress. The resulting deformation is
described through a series of relationships, which in turn are described by equations. Every
equation describes elastic moduli, with the focus on the use of YoungOs modulusPaissonOs

ratio. YoungOs modulus describes the ratio of applied stress in one direction with the resulting
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strain in the same direction (Fox et al., 2013). Equation 7.1 describes the relationship
between elastic properties that can be derived through thewersion process and YoungOs

modulus.

E = $V2 (7.1)

Where E is YoungOs modulu$ is density, andVg is E-wave velocity. Ve can be derived
from a combined understanding of P-wave velocity and S-wavelocity. YoungOs modulus is
often thought of as a proxy for a rockOs stilness, with a built in assumption that a higher
YoungOs modulus will correspond to a greater required apgl&ress to induce a given strain
(Fox et al., 2013). PoissonOs ratio describes lateral exgian to axial contraction (Fjaer
et al., 2008). The relationship between elastic propertiehat can also be derived from the
inversion process and PoissonQs ratio can be seen in Equation 7.2.

2n 2
= 2\\/53—22\/532 (7.2)
Where, represents PoissonOs ratig, represents P-wave velocity, and/s represents S-
wave velocity. Other critical elastic moduli include bulkOs rdalus which relates volumetric
strain to the mean hydrostatic stress, shear modulus which is debPned as the abifity the
material to resist shear deformation (Fjaer et al., 2008). Qe any two moduli have been
calculated it is possible to calculate the rest of them. Eqiian 7.3 shows how bulk modulus
can be derived, and Equation 7.4 can be used to show how shear modulus can be derived.
* * 4+ +

K=8% V7" 3 VE (7.3)

H= $VeE (7.4)
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WhereK represents bulk modulus angl represents shear modulus. All other parameters
in Equation 7.3 and Equation 7.4 are previously debPned. Theastic moduli estimated
through the inversion process, well logs and seismic, represent dynamic estimates for the
parameters in question. As such the values derived from theloeities of elastic waves and
the density of the rock (Fjaer et al., 2008). In contrast to ths static geomechanical moduli
can be derived from mechanical tests of the physical rock,cinding uniaxial and triaxial
tests in a controlled laboratory setting. The key dilerence between static and dynamic
moduli is that static estimates are smaller than dynamic modu This is attributed to the
dilerences in how they are measured (Crain and Holgate, 2014). The relationship between
static and dynamic estimates for elastic moduli can be estirte.

Given the nature of the narrow azimuth seismic dataset it is hard to incorporate anisopy
past basic estimations, as shown in Chapter 3, into the geoof@anical moduli. Anisotropy
can be broken out into vertical transverse isotropy (VTI) andhorizontal transverse isotropy
(HTI) However depositional and diagenetic processes tend tause layering, especially with
mudrocks (Hart and Taylor, 2013). This laminated nature of sales has a signibcant im-
pact on hydraulic stimulation in that the concentration of stress at the interface of the rock
properties can dictate where failure will preferentially occur (Davey, 2012). The dilerence

between VTI and HTI, along with the incorporation of the two canbe seen in Figure 7.3.
7.2 Properties derived from Deterministic Inversion

Seismic waves that travel through the earth create small, short term, strains in the
rock that lie in the elastic regime of the rocks themselves (@y et al., 2012). Once the
deterministic inversion results have been determined it is possible to calculate useful elastic
moduli such as YoungOs modulus and PoissonOs ratio. This eaiolne by utilizing Equation
7.1 for YoungOs modulus and Equation 7.2 for PoissonOs rafiee same constraints that
pertain to the inversion results in terms of density also p&in to anything calculated using
those results. Since PoissonOs ratio does not require density as part of the calculation, the

angle range of 36is bne for this calculation. However, the density variable ire calculation
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Figure 7.3: Block diagrams showing the layering within VTI, tle vertical fracturing that can
cause HTI, and how these can be combined in mudstones (Hart andylor, 2013)
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of YoungOs modulus means that the results may not be valid gfieom the well. Nonetheless
there are two key points of note (1) the stable nature of the deity from the deterministic
inversion provides a stable YoungOs modulus and (2) the data around the well are valid.
YoungOs modulus calculated from the deterministic invessican be seen in Figure 7.4, while

PoissonOs ratio calculated from deterministic inversioarcbe seen in Figure 7.5.

Figure 7.4: The calculated YoungOs modulus from the derivats of the deterministic inver-
sion along the arbitrary line. Higher values for Quintuco ted to be dominant, with lower
values for the Vaca Muerta within Secuencia 4 through to the Tdillo

Figure 7.5: The calculated PoissonQOs ratio from the derivags of the deterministic inversion
along the arbitrary line. Again higher values for the Quintuo tend to be dominant, with
lower values for the Vaca Muerta being present between Senam 4 and the Tordillo
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General trends from the YoungOs modulus volume show that on the whole the Qudn
has higher values than that of the Vaca Muerta. Similarly, PoissonOs ratio has higher values
in the Quintuco than in the Vaca Muerta. This similar nature bdéween gross trends on
a qualitative level suggest that a quantitative approach idikely appropriate. Within the
Vaca Muerta itself the general trend for YoungOs modulus is elative increase from the
lower Vaca Muerta towards the upper Vaca Muerta. PoissonOs ratio is slightly more complex
in that the highest values are present in the lower Vaca Muerfawith the trend generally
decreasing upwards. The qualitative relationship between YoungOs modulus and PoissonOs
ratio appears to be generally inverse in nature. Conbrming the need for a more qualitative
analysis of the critical geomechanical moduli. Faulting is not readily apparent in any of the
cross sections and this also applies to the geomechanicalumees. However, faulting can
be seen in map view suggesting small vertical displacementdapotentially greater lateral
displacement. Therefore, this along with lateral heterogeneity trends will be discussed with
the map views following. Stratal slices for Young®Os modulus and PoissonOs ratio that cut
through the lower, middle, and upper Vaca Muerta can be seen Figure 7.6, Figure 7.7,
and Figure 7.8 respectively.

Lateral heterogeneity is clearly present within the lower &a Muerta. Note that lateral
heterogeneity for PoissonOs ratio is valid, while the certainty for lateral heterogeneity for
YoungOs modulus reduces the farther away from any given welhtcol. Lower PoissonOs
ratio tends to be more prevalent in the SW, with higher valuesawards the NE and NW.
Similar to what is seen in cross section, the inverse trend is apparent in Young®Os modulus
for the lower Vaca Muerta. Major faulting appears to be relatively minimal throughouthe
survey, with one clear example NE of Well H. PoissonOs ratio apps to be higher around the
fault, while YoungOs modulus appears lower. Wells G and | are of note since theseviells
are the ones that were hydraulically stimulated, and micros&inic data were recorded. Again
higher values of PoissonOs ratio and lower YoungOs modulus can be seen around these wells

which likely accounts for the lack of microseismic events assated with the lower stages.
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Figure 7.6: Stratal slice cutting through PoissonOs ratio fileand YoungOs modulus (right)
within the lower Vaca Muerta. Both faulting and lateral heteogeneity are clearly present
on both slices, with a major fault being apparent NE of Well H. No rajor faulting appears
to be in the proximity of either Well G or I, the wells that were stimulated with hydraulic

fracturing

Figure 7.7: Stratal slice cutting through PoissonOs ratio fileand YoungOs modulus (right)
within the middle Vaca Muerta. While lateral heterogeneity $ clearly present on both slices,
the fault seen in the lower Vaca Muerta is less clear in the mitel Nonetheless, the fault is

still present NE of Well H
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PoissonOs ratio for the middle Vaca Muerta tends to be highdrah that of the lower
Vaca Muerta. The SE portion of the survey tends to be lower, Wi the NE portion tending
to be higher. There also appears to be a North-South trend thait times has a NE-SW
trend to it. YoungOs modulus on the other hand tends to have higher values in the SW and
NE with the portions in between being signibcantly lower. Hower, there are local highs for
YoungOs modulus around both Well G and I, as well as moderatelgthvalues for PoissonOs

ratio around Well G and I.

Figure 7.8: Stratal slice cutting through PoissonOs ratio ffleand YoungOs modulus (right)
within the upper Vaca Muerta. While lateral heterogeneity is @arly present on both slices,
the fault clearly seen in the lower Vaca Muerta, and somewhat@sent in the middle Vaca
Muerta does not appear to be present in the upper Vaca Muerta

Within the upper Vaca Muerta only the SE portion has lower PoisonOs ratio, while the
rest of the survey appears to have a relatively high value of PoissonOs ratio. YoungOs modulus
once again seems to have an inverse relationship with Pois€s ratio. Note that around Well
| there is a local high of YoungOs modulus and a local low of Poissaafo. Given the
prevalence of microseismic events in the upper Vaca Muerta for both Well | and Well G, as
discussed in Chapter 6, there appears to be a qualitative tie between these values for the

geomechanical moduli and stimulation. This tie will be discussed in greater detail later this

164



chapter in both a qualitative and quantitative manner.

Other geomechanical moduli can also be calculated from thetdrministic inversion re-
sults, including bulk modulus and shear modulus. However, ¢élse moduli both also require
a valid density result. As such the data are mainly valid aroundhe wells. Example stratal
slices for both shear modulus and bulk modulus were included for the upper Vaca Maeas
can be seen in Figure 7.9. Bulk modulus and shear modulus volisneere calculated using
Equation 7.3 and Equation 7.4 respectively. Faulting is morelearly present in the upper
Vaca Muerta in these stratal slices, with a few more major fatsl in the NE corner of the

survey.

Figure 7.9: Stratal slice cutting through bulk modulus (leff and shear modulus (right)
within the upper Vaca Muerta

The relationship between TOC and geomechanical moduli is investigated. In turn, both
are compared to stimulation as shown in part in Chapter 6. Fige 7.10 shows the relationship
that exists between TOC and YoungOs modulus as well as PoissonOs ratio. The relationship
between TOC and YoungOs modulus appears to be an inverse aere rock high in TOC
correlates with low YoungOs modulus. On the other hand Paie®s ratio appears to have no

relationship at all with TOC. This is shown by the fact that all values of TOC high or low
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could have any value, high or low, of PoissonOs ratio.

Figure 7.10: The relationship between YoungOs modulus andsBonOs ratio with TOC can
be seen in the crossplot. YoungOs modulus has a clear relabipnwith TOC, while PoissonOs
ratio shows no apparent relationship

The TOC was calculated using the Schmoker method. While botthé Passey and a
straight correlation method were also looked at it, the correlation method proved tover-
estimate the volume of shale relative to the lithoscanner prediction and XRD resslt The
Schmoker method was found to best estimate the TOC. SchmokeOT can be calculated

using the Equation 7.5.
* o+
A
TOC= " B (7.5)

$
Where $ is the formation density, andA and B are Schmoker parameters for which the
default values are 154.497 fok, and 57.261 foB. (Schmoker and Hester, 1983) The strong
relationship between YoungOs modulus and TOC, and the relationship between PoissonOs
ratio and TOC for the Vaca Muerta can be corroborated by other studies within the area.
Using both dynamic and static geomechanical moduli with a fosuon core and log data.

(Dietrich, 2015) It should be noted that the relationship between TOC and YoungOs modulus
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is valid for all methods of calculation including Passey and the correlation method.

TOC with the Passey method is calculated using Equation 7.6. It makes use of the sonic
and resistivity logs in combination with vitrinite rel3ectance estimates (Passey et al., 1990).
The vitrinite ref3ectance values for Wells B and C were found toe between the range of 0.74
and 1.36, with an average of 0.9. This corresponds to level of organic maturity (LOM) values
between 10 and 11. (Bishop, 2015) LOM is empirically derivetbin vitrinite ref3ectance data
(Passey et al., 1990).

TOC= #log(R)! 10P297 0.16884.0M ° (7.6)

Interestingly, ThomsenOs anisotropy parameters were notifid to have a strong corre-
lation with TOC within the Vaca Muerta. (Dietrich, 2015) The relationship that TOC has
with the other geomechanical moduli including shear modulus and bulk modulaan be seen

in Figure 7.11.

Figure 7.11: The relationship between bulk modulus and shearodulus with TOC on the
Z-Axis can be seen in the crossplot. A relationship clearly ests between both bulk modulus
and TOC, as well as shear modulus and TOC
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The relationship between both bulk modulus and shear modulus with TOC is an inverse
relationship where TOC is high when the moduli are low. The relationship between TOC
and three geomechanical moduli can be seen in Equation 7.7.

1,11
TOCH# = # . # . (7.7)

Note that there is no clear relationship with PoissonOs ratimd TOC.
7.3 Properties derived from Geostatistical Inversion

Derivatives of the geostatistical inversion including Prhpedance, S-Impedance, and den-
sity can also be used to calculate geomechanical moduli much the same way that they were
with the deterministic inversion results. However, the sameil@rences that apply to the
geostatistical inversion in contrast to the deterministicnversion also apply to their deriva-
tives. The key aspects include understanding the data at a deeper level, as well as increasing
the apparent resolution of the data across the seismic volunwgth an increase in actual
resolution near the well. Uncertainty was addressed in Chagt 4, therefore the increase in
apparent and actual resolution will be the focus for the geomechanical results.

The dilerence in apparent resolution for a single constrained realization can be seen
for PoissonOs ratio in Figure 7.12. Overall, it can be seenttliae same trend exists for
both the deterministic and geostatistical results. Howeveisince the apparent resolution is
higher in the geostatististical inversion subtleties within any given layer can be more clearly
seen. The derivatives of geostatistical inversion including PoissonOs ratio will honorhbot
the seismic and well log data. Some interesting conclusiorsncbe seen by comparing the
volumes. For instance, the lower Vaca Muerta has both the higsieand the lowest PoissonOs
ratio. Overall the middle Vaca Muerta consistently has medium to higher values, and the
upper Vaca Muerta is far more interspersed than is apparent with the deterministic inversion
alone. This interspersed nature may point to the change in depitional environment as the

environment progrades from a distal marine to a carbonate slope.
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Figure 7.12: PoissonOs ratio for both deterministic and geistical results. It can be
seen that there is a higher apparent resolution for the geostatistical results than for the
deterministic results. This translates to a better understading of the subtleties within any
given unit

Similar to PoissonOs ratio, the dilerence in apparent resolution for a single constrained
realization can be seen for YoungOs modulus in Figure 7.13. Heaneunlike PoissonOs,
as discussed in Chapter 5 the constraints of density apply tooth the deterministic and
geostatistical results.

Nonetheless, it can be seen that the trend for both YoungOs mlus derived from deter-
ministic and geostatistical inversions remains relativelgimilar. The data around the wells
showing an increase in resolution will be discussed for each of the geomechanical moduli in
comparison to the deterministic inversion results, as shown Figure 7.14

Both around Well I and G bulk modulus increases upwards from the lower Vaca Muerta.
As can be seen in Figure 7.14 the trend has the lowest values witte lower Vaca Muerta,
with roughly the same values interspersed for the middle andoper Vaca Muerta. It only
becomes signibcantly higher moving into the Quintuco. This particularly apparent with the
deterministic results. Shear modulus has a much more gradual increase than bulk modulus,
although the trend is similar. The lowest values for shear modulus are in the lower Vaca
Muerta, with slightly higher values in the middle Vaca Muerta, and the same again in &

upper Vaca Muerta.
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Figure 7.13: YoungOs modulus for both deterministic and gedistical results. It can be
seen that there is a higher apparent resolution for the geostatistical results than for the
deterministic results

Figure 7.14: YoungOs modulus for both deterministic and geistical results. The deter-
ministic results are always on the left side, while the geostatistical results are always on the
right side for each geomechanical moduli. It can be seen that there is a higher apparent
resolution for the geostatistical results than for the deteninistic results. The data shown
here is around Well |
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Note that the trends are similar for both the deterministic andgeostatistical results.
A full comparison between these results with microseismic for bothe deterministic and
geostatistical inversion derivatives will be discussed in greater detail in the next section
both qualitatively and quantitatively. Despite the fact that the trends are similar, the
geostatistical inversion has provided a better way to undetend the heterogeneity of the
Vaca Muerta on a much bPner scale than was possible with the detenistic inversion alone.
This is particularly apparent when looking at Figure 7.14 whexr the increased resolution

shows the extent of the vertical heterogeneity around the given wellbores.
7.4 Integration of Geomechanics with Microseismic

It has been shown that there is a tie between TOC and microseismic, as well as a clear
tie between TOC and three geomechanical moduli. It has also been shown that all elastic
properties have a relationship with stimulation. It is logical that three geomechanical moduli
will have a clear relationship with stimulation in the Vaca Muerta. Further, it hasbeen shown
that around the wellbore itself that geostatistical inversin increases the resolution. Before
going any further it is important to address the dilerent lewls of vertical resolution for
each dataset in use, as well as a relative sense of certainty €ach of these datasets. As
documented in Table 7.1. The resolution for each medium has been either calculated, taken
from default values, or from previous work. Certainty on thedther hand is on a qualitative

and relative scale.

Table 7.1: Resolution and relative certainty for the datage being compared. Note that
the resolutions here are purely quantitative. It has been shown that the certainty for the
microseismic is much better than this in a qualitative sense, as shown in parenthesis besides
the quantitative value

Medium Resolution Certainty
Well logs 1m Good
Deterministic Inversion $35m Good
Geostatistical Inversion $3m Fair
Microseismic $35m @ 2m) Good (Fair)
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In order to arrive at the point that it is possible to compare geomechanical properties
with microseismic it take a number of steps, which have at di'erent times, been reviewed
within the thesis. However, for review the workf3ow to arrive tathis point can be shown

visually with Figure 7.15

Figure 7.15: The workBow used to integrate the various datasen question

A comparison between the deterministic geomechanical moduhdthe microseismic can
be looked at in both a qualitative and quantitative sense. The wglitative comparison for
the deterministic geomechanical moduli with the microseismic was made using Transfo¥m
This allows 3D visualization of multiple dilerent kinds of daasets including wellbore tracks,
seismic, and microseismic in depth space as will be shown forttb®oissonOs ratio and
YoungOs modulus. Figure 7.16 shows the overlay of these dasaséth the key comparison
being made between PoissonOs and microseismic on a qualidgvel.

In a quantitative sense, there is no tie between PoissonOtorand microseismic. As evi-
denced with this qualitative comparison in that there does not appear to be any correlation
between the events and any given range of values for Poissorafls. For example, micro-
seismic events are seen both in areas where the values are clearly 0.32 and greater, as well as

in areas where the values are approaching 0.2. Microseismergs tend be more prolibc in
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Figure 7.16: PoissonOs ratio is shown in the volumes, the baié tracks for Well G (left)
and Well | (right) with the perforation points have been shown in grey, and the microseismic
data has been shown in white. The perforation points along the wellbore are shown by grey
triangles, while the magnitude of the microseismic events are shown by the size of the white
circles

the Quintuco and the upper Vaca Muerta than in the middle Vacavuerta. However, there

is no clear reason as to why this is the case when looking at Figu7.16 alone. The next
qualitative comparison shows YoungOs modulus with the wellbore track and the microseismic
events in Figure 7.17.

The qualitative comparison between YoungOs modulus and microseismic, similarhe t
qualitative comparison in PoissonOs shows no clear trend with the values for either Well G
or Well I. However, a qualitative comparison between Well G antlell |1 shows that higher
values of YoungOs modulus appears to be correlated to greatémulation. In addition
to this the subtle decrease in YoungOs modulus with depth correlates with the decrease in
microseismic events. While it is hard to derive a qualitativdie with a single panel, the
combined data appears to show that microseismic preferentially stimulates rock witiigher
YoungOs modulus.

The quantitative relationship for deterministic PoissonOs ratio with microseismic che
seen in Figure 7.18. As seen in the qualitative comparison, tieels no relationship between

PoissonQs ratio and stimulation. This is shown by the factahthe trend for the background
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Figure 7.17: YoungOs modulus is shown in the volumes, the baak tracks for Well G (left)
and Well | (right) with the perforation points have been shown in grey, and the microseismic
data has been shown in white. The perforation points along the wellbore are shown by grey
triangles, while the magnitude of the microseismic events are shown by the size of the white
circles

values of PoissonOs ratio mirror the trend shown for the valaéPoissonOs ratio that were
stimulated.

Quantitative analysis for deterministic Young®s modulus with microseismic can be seen
in Figure 7.19. While the overall qualitative comparison for ¥ungOs modulus showed that
higher values were associated with microseismic events, this was di"cult to assess given a
single panel. However, the quantitative analysis for Young@odulus conbrms what is seen
gualitatively. When comparing the background trend with thetrend associated with micro-
seismic events, there are an anomalous number of higher events associated with microseismic.

A relationship between YoungOs modulus and PoissonOs wéttoa relative scale of brittle
to ductile in a bxed stress state is shown by Figure 7.20. A hile formation is more likely
to fracture. Therefore, the ideal values for PoissonOs rasibould be low, while the ideal
values for YoungOs modulus should be high. It is important t@te that the geomechanical
properties will vary with stress state, temperature, Buidype, and mineralogy. Additionally,
the existence of fractures already will elect how easily stimulation occurs. Therefore, it is

assumed that YoungOs modulus and PoissonOs ratio should be useful guides when determining
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Figure 7.18: Quantitative comparison of trends for Poissoméatio for both Well G and Well
|. The background trend for the volume is shown in blue, while the trend associatedtiwi
the microseismic events are shown in red

Figure 7.19: Quantitative comparison of trends for YoungOsodulus for both Well G and
Well I. The background trend for the volume is shown in blue, wle the trend associated
with the microseismic events are shown in red
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how to stimulate the earth (Grazulis, 2016). However, the etir does not provide a bxed

stress state. Therefore it is important to conduct experiments to show where theoretical
relationships hold, and when they do not. The quantitative amparisons seen in Figure 7.18
and Figure 7.19 would seem to indicate that the theory holds fofoungOs modulus, but does

not hold for PoissonOs ratio.

Figure 7.20: YoungOs modulus vs. PoissonOs ratio with thatiggiship that this has with
ductility and brittleness in a bxed stress state. Note that theearth does not provide a bxed
stress state (Grazulis, 2016)

The apparent relationship between YoungOs modulus and stimulation, in combination
with Equation 7.7 would seem to suggest that there will also be a relationship between bulk

modulus and shear modulus with stimulation. Unsurprisinglyhe quantitative trends found
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for the geostatistical inversion derivative results show a similar trend to the deterinistic
inversion derivatives. Table 7.2 which compares the meansdarmanges for the background
trends and microseismic trends. These trends are shown for the geomechanical properties
that correlate to stimulation for both the deterministically and geostatistically derived prop-

erties.

Table 7.2: The mean values and trend values for both the detemmstically and geostatis-
tically derived geomechanical parameters for YoungOs mamylshear modulus, and bulk
modulus are shown. It can be seen that the means and ranges for both derivations (deter-
ministic and geostatistical) are similar. Additionally it can be seen that the tie between the
three geomechanical parameters and stimulation holds

Deterministic Geostatistical

Youngs (*1 N/m?) Shear (*1¢ N/m?) Bulk (*10° N/m?) Youngs (*1° N/m?) Shear (*1¢ N/m?2) Bulk (*10° N/m?)
Mean (Background) $25 $12 $23 $25 $13 $23
Mean (Microseismic) $31 $15 $27 $32 $15 $28
Range (Background) 20 - 37 9-18 15 - 32 20 - 36 9-18 16 - 33
Range (Microseismic) 24 - 35 13- 17 19 - 30 24 - 35 12 - 17 20-31

7.5 Summary

Previous work for the Vaca Muerta within a nearby area showed that well log and core
data reveals that YoungOs modulus, but not PoissonOs ratio has a clear tie with TOC (Diet-
rich, 2015). Furthermore in addition to YoungOs modulus, treare two other moduli that
correlate with TOC including bulk modulus and shear modulusThese three moduli appear

to have a correlation with stimulation, as can be shown in Eqtign 7.8.

Stimulation # E # K # (7.8)

Ultimately it was found that the trends for both deterministic and geostatistical deriva-
tives provide the same trends, and similar means serving aduather quality control on the
statistics of the results. Qualitatively however, it was shon that geostatistical inversion
provides increased detail around any given well. This padularly applies to understanding

the heterogenous nature of the shale.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

In Argentina, well costs may be much higher than in comparablenconventional plays
in North America (Bishop, 2015). It may be due to economics, thidhere is also a sparser
dataset available for Vaca Muerta than is common for the NortiAmerican analogues. Ta-
ble 8.1 shows the average well spacing, total active area,datotal undeveloped area for a
series of unconventional North American plays. In sharp corast to this, spacing data for
the Vaca Muerta does not exist because there is only 600 wells total that penetrate it. Op-
timal completion and well spacing for horizontal wells within the play is still being analyzed

(Suarez and Pichon, 2016).

Table 8.1: The average well spacing, total active area and @tundeveloped area for bve
major unconventional plays in the United States are shown (Bl 2011)

Unconventional Play Spacing (Wells/kn?) Active (km?) Undeveloped (kn?)

Bakken 3 16892 -
Barnett 14 10554 6172
Marcellus 21 27511 218261
Niobrara 5 25900 -
Woodford 10 12172 -

As such the need for predictive models is critical (Fantin et g12014). This is particularly
important during the early development of the play. Additiorally, given the limited amount
of data available understanding the certainty of the availale data is important. This helps
understand how the data can be used, and how to best proceed with development of the Vaca
Muerta play. During early development the goal must be to systematically characterizke
dilering aspects of the play in relationship with what contibutes to production, (Bishop,
2015) an understanding of the data available and how it can be used to create predictive

models is paramount.
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8.1 Applicability of Analysis

The major conclusions from this research study that have been drawn are:

¥ The rock property TOC is shown to correlate with stimulation of the
rock volume, in addition to with key geomechanical parameters including

YoungOs modulus, bulk modulus, and shear modulus

¥ Increased resolution was obtained utilizing geostatistical inversi on, which
can be used to understand what portions of the Vaca Muerta are optimal

for hydraulic stimulation

¥ The relationship between microseismic events and geomechanical para me-

ters was assessed and shown

TOC plays a critical role in understanding unconventional plays. Geomechanical param
eters play a critical role in understanding the stress andstin relationships of a rock volume.
The two have been shown to be inextricably linked, with the relationship beindictated by
Equation 7.7. Since high TOC can be found in the lower Vaca Muerta and lower TOC in
the middle and upper Vaca Muerta it follows that these are the zones to focus on. It also
follows that the more optimal zones geomechanically speagihave a good source bed.

The heterogenous nature of the Vaca Muerta was better investigated through the utiliza-
tion of geostatistical inversion. This is especially apparent through the increased resolution
around the wellbore as shown in Figure 5.27 in Chapter 5. Thiadreased resolution trans-
lates to a better ability to understand what parameters drive stimulation within the Vaca
Muerta. Hydraulic fractures are shown to grow in zones of homegeity, and when they
reach the interface of a heterogenous/brittle zone, the energy dissipates in the stressed zone
(Davey, 2012). Therefore targeting a homogenous section such as the interface between the
upper and middle Vaca Muerta as seen on Figure 7.14, would pid& hydraulic stimulation

that propagated into the formation until they reached the nearby heterogenous and brittle
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zones. Geostatistical inversion also provided a better understanding of the uncertairdy
the data, and a platform around which to analyze the datasets being used.

Finally, the relationship between microseismic events and ¢hgeomechanical and elastic
parameters was analyzed. It was found that microseismic events tended to occur in the
upper Vaca Muerta where the geomechanical parameters were optimal for fracture creation.
The relationship that dictates is Equation 7.8. However, itlsould be noted that the upper
Vaca Muerta is not heavily fractured, while the middle Vaca Muka is (Bishop, 2015). This
could result in both a greater number of and a greater magnitude of microseismic events
in the upper Vaca Muerta. That is to say that the benebt of hydraulic stimulation is not

directly correlated to the number and magnitude of microseismic events.
8.2 Recommendations and Future Work

While the utmost elort was made in this thesis to incorporate @road scope of topics and
datasets in order to better understand the geomechanical parameters of the Vaca Muerta
and itOs relationship with hydraulic stimulation, there ar@ number of avenues of research
that were not addressed. There are exciting future opportunities for research, they include:

(1) Introduce anisotropy into the analysis:

Shales are inherently anisotropic as discussed in Chaptert®wever the data provided
and the software used approaches AVO inversion with the built in assumption that the earth
model is isotropic. In order to compensate for this, previous work focused on a simple
update to the isotropic model in order to imitate the anisotopic earth model. Wintershall
has committed to providing a wide azimuth dataset, and there are now software packages
which have packages that are built to incorporate anisotropy into the estimation tfie earth
model.

Paula Barbosa (2017) addresses anisotropy in the well log dat It spends signibcant
elort addressing geomechanical parameters and their relationship with anisotropy. Taking
the current analysis from the largely isotropic assumptions that have been made into an

anisotropic model that better represents the earth model would be benebcial. Further to
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addressing anisotropy in geomechanical parameters the dataset could be used to look at
varying stress regimes.

(2) Obtain reliable density results:

Elorts were made in this thesis to integrate inversions, both deterministic and gecsts-
tical, with microseismic data in order to be predictive abouwwhat geomechanical moduli is
associated with stimulation. While it was clearly shown that ¥ungOs modulus, bulk modu-
lus, and shear modulus have a relationship with stimulationhie lack of angle range for the
pre-stack data makes it di"cult to be predictive away from wells.

The wide azimuth data, that is to be provided, may have an anglenge large enough to
obtain density that is stable. If the angle range is greater than 43han it may be possible
to accurately estimate the geomechanical moduli that have be shown to correlate with
better stimulation of the rock. If this was then combined withPaula BarbosaOs anisotropic
analysis of geomechanical parameters this would inform future hydraulic stimulation as well
as placement of wells.

(3) Integrate downhole microseismic data:

Downhole microseismic has been acquired for horizontal wells within the survey provided.
Utilization of surface and downhole microseismic in referem¢o the geomechanical volumes
in both a vertical and lateral sense would allow for much better approximation of what
factors contribute to the stimulation of the rock volume. In adition to this, the variety of
microseismic collection approaches would provide greater certainty in both the vertical and
lateral directions.

If well logs were provided for the horizontal wells, a greatarnderstanding of certainty
within the lateral direction for both the deterministic and geostatistical inversiongould be
acquired. This in turn, could be used to increase the certainty of correlation between the
various datasets being integrated in this thesis.

(4) Incorporate multi-component data:

181



Multi-component data is also being acquired within the survey. 3C data can be utilized
to improve the reservoir model in terms of lithology, types of Ruid present, the identibcation
of fracture networks, and the overall presence of anisotropy within the survey. This is
accomplished through doing both P-wave and S-wave invers@nThe S-wave splits into fast
and slow components in an anisotropic medium, which can be further utilized to understand
the complexity of a given reservoir.

(5) Better understand how fractures tie into geomechanical analysis:

This thesis focused solely on elastic geomechanical moduli, however there are core data
that has been made available that would allow the tie to static moduli to be made. This
could be done through uniaxial and triaxial testing of the ca data in order to calculate the
geomechanical moduli of the data independently.

Additionally core data could be used to identify any horizordl discontinuities that may
occur. Literature review revealed that this could include, @t is not limited to, ash beds,
bedding parallel veins of bbrous material (beef), and possihigrusive sills all of which
could be barriers to fracture growth. Better understandingpoth of these would assist with
understanding the fracture network. This in turn would infeom how to best stimulate the

rock volume and produce the Vaca Muerta
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