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ABSTRACT

In the Neuqu«en Basin the Vaca Muerta is a world class source rock. The reservoir consists

of a distal marine shale that transitions into a carbonate slope. The study area is 600 km2

with a diverse dataset including 3D narrow azimuth seismic, surface microseismic, and six

wells. The primary goals of this research study are to understand the relationship between

critical rock properties and geomechanical moduli, extract further value from the available

data by increasing resolution, and to understand what driveshydraulic stimulation.

Total organic content (TOC) is a major driver with unconventional reservoirs. The

presence of high TOC makes an unconventional play viable and impacts the geomechanical

properties. Understanding the relationship between TOC andgeomechanical parameters

is critical. YoungÕs modulus, bulk modulus, and shear modulus show a clear correlation

with TOC, while PoissonÕs ratio does not. Incorporating geostatistical inversion provides

a route to increased resolution, a constant pursuit of geoscientists and engineers alike. Us-

ing increased resolution, favorable zones for hydraulic stimulation can be more accurately

targeted. Hydraulically induced fractures are shown to grow in homogenous 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 being utilized. Finally, these elements

can be tied together by integrating microseismic data in order to understand what drives

stimulation. YoungÕs modulus, bulk modulus, and shear modulus show a relationship 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 resolution, and being aware of drivers to

stimulation can help optimize completions within the Vaca Muerta.
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CHAPTER 1

INTRODUCTION

The Neuqu«en Basin sits in the shadow of the Andes Mountains along its Eastern Flank.

The basin is located between 32o and 40o S latitude and 66o to 71o W longitude (Garcia

et al., 2013). In total the basin is 120,000 km2 in areal extent in West-Central Argentina

(Figure 1.1) (Howell et al., 2005). It represents the third andfourth most recoverable shale

gas and shale oil resource respectively in the world. Already,for conventional resources the

basin is extremely important representing 57% of natural gasand 40% of the oil production

from Argentina(Badessich et al., 2016). As interest in unconventional plays increase, the

Neuqu«en Basin is primed to be of signiÞcant interest.

Figure 1.1: The Neuqu«en Basin can be seen in yellow within Argentina, which has been
outlined in red, all inside of South America

Within the Neuqu«en Basin, the Vaca Muerta Formation is the richest source providing

50% of ArgentinaÕs currently producible hydrocarbons (Urien and Zambrano, 1994) with a
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total organic content (TOC) ranging from 2 - 14% (Fantin et al., 2014). The formation

occupies an area of at least 25,000 km2 with thicknesses ranging from 25 - 450m (Stinco and

Barredo, 2014). Due to the large areal extent, and the signiÞcant range in thickness of the

formation it is important to understand the heterogeneity to 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 keyimpact on the geomechanical

characteristics of the rock and is critical to understanding unconventional 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 YoungÕs

modulus and PoissonÕs ratio(Goodway et al., 2010). In turn hydraulic stimulation of rock

has been shown to be more successful with the a full understanding 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 understand 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 still deÞnite 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 at what makes an e!ective

development strategy.

The data for this project have been provided by Wintershall Holding, 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 km2 of narrow azimuth 3D

seismic. It should be noted that while nine wells are available, three wells are withheld as

strictly conÞdential. These wells are for internal uncertainty analysis and quality control
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only.

1.1 Project Goals

This study will focus on determining and understanding the relationship between ge-

omechanical attributes and hydraulic stimulation of the rock. 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 valuesfor YoungÕs modulus, PoissonÕs

ratio, bulk modulus, and shear modulus. Comparisons of the values for YoungÕs modulus

and PoissonÕs ratio will be made with the surface microseismic. The relationship between

the two will provide deeper insight into what is driving the hydraulic stimulation. First, an

understanding of elastic properties for the area will need to be assessed through the use of

deterministic inversion. However, since deterministic inversion provides a single non-unique

answer geostatistical inversion will be used in order to understand the certainty surrounding

the wells. The Þnal results after time-depth conversion can be used to understand the

relationship between geomechanical moduli and stimulation.

Further to understanding the uncertainty, the geostatistical 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 workßow provides the ability

to identify heterogenous and homogenous zones, and by extension the ability to optimize

locations for hydraulic fracturing.
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CHAPTER 2

GEOLOGICAL BACKGROUND

The Neuqu«en Basin is bordered by the Andes Mountains to the west, with the Colorado

Basin and the North Patagonian Massif sitting on the east and southeast, 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 continental and marine deposits

(Garcia et al., 2013). A series of transgressive-regressivecycles resulted in the deposition of

several organic rich units that are potential hydrocarbon source rocks (Urien and Zambrano,

1994). Deformation increases with proximity to the Andes Mountains. Thus the Western

margin of the basin along the Andes has signiÞcant structure, while the Eastern area within

the embayment has relatively less structure (Howell et al., 2005). While deformation in-

creases to the west, the deposit thickens towards the East, before thinning out againEast of

the embayment. Hydrocarbon exploration is focused in the embayment to the East where

structure is less signiÞcant and the total sediment packages are thicker (Garcia et al.,2013).

The shape of the basin is triangular with three distinct features marking each of the

arms of the triangle. The Andes Mountains border the west, theSierra Pintanda Massif is

the Northeast arm, and the North Patogonian Massif is the Southeast 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 location of it in relationship to

these three bodies can be seen in Figure 2.1.

The Vaca Muerta Formation was deposited during the Late Jurassic and Early Cretaceous

with the underlying Tordillo Formation, and the overlying Quintuco Formation. The Vaca

Muerta Formation was deposited in sharp contrast with the clastic continental deposits of

the Tordillo Formation. The Vaca Muerta Formation is composed of shales, marls, and
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Figure 2.1: The Neuqu«en Basin is outlined with the Sierra Pintada System to the Northeast
and the North Patagonian Massif to the Southeast, with the Volcanic Arc to the West
(Howell et al., 2005)

carbonates that were deposited under marine conditions. Farther up the ramp the Quintuco

Formation was deposited (Stinco and Barredo, 2014) as part ofa carbonate ramp that was

created during a relative stillstand (Hogg, 1993). The deposition 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 Muerta can be further broken

up into the upper, middle, and lower sections (Howell et al., 2005). 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 Neuqu«en Basin as it applies to the Vaca Muerta Formation, and a review

of each unit seen in Figure 2.2 with special attention to depositional environments and any

other critical factors that a!ect the understanding of the developing Vaca Muerta resource

play.
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Figure 2.2: The critical formations Quintuco, Vaca Muerta, and Tordillo are shown in this
Þgure. 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 development of basin stratigraphy is

strongly inßuenced by the rates of several Þrst order processes including orogen tectonics,

surface processes, climate, isostasy, and eustasy (Johnson, 1995). The Neuqu«en Basin is no

exception to these Þrst order processes. Structural development of the Neuqu«en 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 Þnishes in 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 arc, and Þnally 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 Early Jurassic, (Howell et al.,

2005) with the Neuqu«en Basin sitting along the western continental margin of Gondwana
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Figure 2.3: Three critical phases to the structural evolutionof the Neuqu«en Basin exist
including the (1) synrift phase (2) postrift phase and the (3) foreland phase (Howell et al.,
2005)
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(Reijenstein et al., 2015) as can be seen in Figure 2.4 Extension within the region related

to the collapse of the Gondwana Orogen produced a series of fault bound troughs and

narrow half grabens. The accommodation space that was a result of the extension was Þlled

with a complex array of both clastic and volcaniclastic deposits. The nature of the clastic

deposits vary widely including but not limited to alluvial, ßuvial, shallow-marine, deltaic,

and lacustrine (Howell et al., 2005).

Figure 2.4: Shows the synrift phase, and the location of Gondwana in relationship to the
present day Neuqu«en basin (Reijenstein et al., 2015)

Following the synrift phase, is the postrift phase marked bythe creation of the Andean

magmatic arc. The postrift phase occured during the Early Jurassic through to the Early

Cretaceous. Consequently, the deposition of the Vaca Muerta occured 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 anexpansion of the marine

deposition over the top of the previously prevalent continental sedimentation. Concurrently

there was regional thermal subsidence marking the end of the rifting phase within the regional
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backarc extension. Throughout this period there was cyclical separation from the proto-

PaciÞc due to tectonic uplift and eustatic sea level drop. This resulted 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 Þnal signiÞcant phase of structural development within the basin is the foreland

phase that occurred during the Late Cretaceous through the Cenozoic. This Þnal 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 factors including the reor-

ganization of the PaciÞca plates, a change in rate of South Atlantic spreading, and a decrease

in the angle of the slab subduction. (Howell et al., 2005) Throughout the foreland stage,

the change into a compressional setting alongside associated shallowing of the subduction

zone, along with the generation of the Andean mountain belt resulted 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 Andes Mountains (Howell et al.,

2005).

2.2 Vaca Muerta Formation

The stratigraphic interval of interest for this study is theVaca Muerta Formation. How-

ever it is helpful to understand the adjoining units above and below, the Quintuco and

Tordillo Formations respectively. The deposition of the Tordillo through to the Quintuco

was deposited as part of the postrift phase of the structuraldevelopment of the Neuqu«en

Basin. Two basic depositional envrionments are seen within the three formations. The Vaca-

Muerta Quintuco system represents a series of regressive marine cycles 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.
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The Vaca Muerta Formation generally thickens from the south and east towards the

north and west of the basin. The formation was deposited in ananoxic, anaerobic envi-

ronment (Garcia et al., 2013). Separated out into three sections, upper, middle, and lower,

each subdivision is based on changes in lithology associated with 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, with increasing amounts of car-

bonate material and lower amounts of TOC moving up through thecolumn (Garcia et al.,

2013). These various lithologies are conÞrmed through the analysis of well log response.

(Figure 2.5)

Moving upwards in the column, the middle Vaca Muerta moves into deposits that have

a higher frequency of gravity ßows and slumps. Due to this change there is both a larger

percentage and higher proportion of siliciclastic material(Garcia et al., 2013). The middle

section also represents a transition towards the shoreface. As a result of this an increase in

carbonaceous material, and a drop in TOC is seen (Licitra et al., 2015). Again, this can be

conÞrmed through the use of well logs. This trend can be seen in Figure 2.5.

The upper Vaca Muerta shows the highest carbonate deposition in an increasingly prox-

imal and less restricted marine environment, (Garcia et al.,2013) 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 amount of 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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Figure 2.5: A variety of logs and computations thereof from Wells G (red) and Well I (green)
including from left to right, Gamma Ray, TOC, Volume of Clay, Volume of Carbonate, and
Volume of Quartz
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limestones and marls there is a drastic di!erence in both TOC and carbonaceous material

in the Quintuco compared to the lower Vaca Muerta (Zeller et al., 2015). As a result of the

similarity between the upper Vaca Muerta and the Quintuco there is a diachronouscontact

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 Formations, the two

are often considered to be part of the same larger scale system (Sagasti et al., 2014). The

di!erence in TOC and carbonaceous material between the two formations 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 carbonate-siliciclastic shelf complex

(Kietzmann et al., 2016). The di!erence 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 rich. In contrast 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, theTordillo Formation is a

mainly clastic unit within the Neuqu«en Basin. There are a range of non-marine depositional

environments that are seen through the Tordillo including alluvial fans, lacustrine, and

aeolian systems. The formation can be broken out into four units superimposed on each

other as unconformably bounded units informally named T1, T2, 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 extensive dune Þelds with Þne

to medium grained sandstones that are relatively clean in nature. However, it is interesting

and of note that Unit T4 typically represents a ßow barrier with relatively low porosities and
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Figure 2.6: Shows the di!erence between a carbonate slope system 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 Quintuco, Vaca Muerta, and
the Tordillo Formation in terms of sequence stratigraphy (Kietzmann et al., 2016)

permeabilities (Zavala et al., 2005). This drastic change indepositional 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). This sharp 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 seven critical elements must

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

petroleum system are:

¥ E!ective source

¥ Migratory pathways

¥ Reservoir

¥ E!ective seal

¥ Trapping mechanism - structural, stratigraphic, or combination

¥ Appropriate timing
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Figure 2.8: Shows the nature of the relationship between the the 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 conventional

petroleum system (Momper, 1981). In an unconventional systemthis understanding is to-

tally redeÞned. In essence an e!ective source becomes the unconventional petroleum system.

Again, conventional wisdom would say that shale is homogenous in nature. As unconven-

tional wisdom has been developed it has become apparent that shale is far from homogenous.

In fact, shale is extremely heterogenous with some factors being more key to a working un-

conventional petroleum system than others (Law and Curtis,2002). With this understanding

the complexity of rationalizing the intrinsics of an unconventional system vastly increases.

In this new paradigm, key factors for understanding an unconventional 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 highlighted. The

Þrst question asks whether there are hydrocarbons in place, while 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, 2014) while 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 large di!erence in maturation

(EIA, 2015). It can be seen that the thermal maturity increases towards 1.5% Ro as prox-

imity to the Andes mountains and the historic volcanic arc also increases. In addition to the

volcanic arc wrench faults play a key role in this increase in vitrinite reßectance. The min-

eralogy within the study area has been previously worked up by Bishop (2015). The basic

trends that are seen (Figure 2.5) within all of the wells are decreasing 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 speciÞc content to the middle

Vaca Muerta is present. These lithological trends align withthe depositional environments

previously discussed.

From these numbers it can be seen that the formation as a whole has both hydrocarbon

in place and that there are areas where the geomechanical properties are optimal. The

hydrocarbon that is in place is predominantly type II kerogen, derived from amorphous

marine algae. The oil found is considered to be light in the range of 35 - 45o and low

in parraÞn 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 Þnishing with the dry gas window as

one heads West towards the foothills of the Andes (Rodrigues et al., 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 Vaca Muerta 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 this end, the ability to map such

changes spatially as well as vertically is paramount.
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Figure 2.9: Shows the oil and gas window for the Vaca Muerta, wherein 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 a block on the Eastern part of

the Neuqu«en Basin. The dataset is composed of six wells and a regional narrow-azimuth 3D

seismic survey that is 600 km2. Within the seismic survey, the Wintershall block is a 90 km2

area in the Northeast corner. The six wells are distributed sothat three of wells (Wells A,

G, and I) are located inside of the Wintershall block while theother three wells (Wells B,C,

and H) are located in the larger seismic survey area. Two of thethree wells (Wells G and

I) within the Wintershall block also have microseismic and production datasets associated

with them. It should also be noted that three additional wells(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 conÞdential, and are not discussed past what type of data were made

available. The data made available and not held in conÞdentiality are shown graphically in

Figure 3.1.

3.1 Seismic Data

The seismic dataset provided is P-wave data that was shot as narrow 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 seismic 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 reliable 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 workßow are captured here in bullet form (Fernandez-Concheso,
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Figure 3.1: Displays the various types of data available to the project, as provided by
Wintershall. The full stack data are outlined in dark orange,while 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 Þlter
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¥ Pre-stack time migration (PSTM), isotropic

¥ CDP stack

¥ Post-stack noise suppression

Understanding the acquisition parameters and the key elements of the seismic processing

workßow help inform how the data can be used e!ectively, and what limitations exist. The

key elements for the seismic acquisition can be seen in Table 3.1.

Table 3.1: Key seismic acquisition parameters for the Vaca Muerta 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 30 x 30 m

Maximum o!set (inline direction) 4500m

In addition to the key elements of the seismic processing workßow data pre-conditioning

was applied to the data by a previous RCP member, Jorge Fernandez-Concheso 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 into angle ranges, aligning the

stacks in time, and removing remnant artifacts related to seismic acquisition or processing.

Residual Move-Out (RMO) was applied to the full survey of gathers over a long time

window in order to preserve the AVO Type II event at the top of the Quintuco. The process

was ultimately a compromise with some events, especially in the middle Quintuco, still not

21



becoming ideally ßat. However, a signiÞcant improvement canstill 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. This progression in quality of

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

Figure 3.2: Pre-stack common image point gathers at Well A (a)The original migrated data
(b) The data after signiÞcant 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-angle domain with the logic that

AVO equations applied to seismic inversion are a function of angle (MacFarlane, 2014). To

do this Hamson-RussellTM software was used to convert the gathers from o!set to angle

domain. By default this software package uses the Ray Parameter Method, which is based

on Equation 3.1 (Russell, 2014a):

sin(#) =
X ! V int

t ! V 2
rms

(3.1)
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Where# is the incident angle,X is the o!set, V int is the P-wave interval,t is the two-way

travel time, and V rms is the root mean square (RMS) of the P-Wave velocity. The migration

velocity Þeld for the full survey was used to convert from o!set to incident angle domain.

When this was done, a careful review of the angle gathers in di!erent areas of the survey

revealed that data quality is good up to 36o (Fernandez-Concheso, 2015).

It has been shown that the input to pre-stack seismic inversion requires 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 0-9o (Nears), 9 - 18o (Mid-Nears), 18 - 27o (Mid-Fars), and 27 - 36o (Fars)

would be used. Once the angle gathers were stacked into ranges as can be seen in Figure 3.3

the next step was to align the data in time. The alignment of thegathers was done in

JasonTM using the Near angle stack as the reference volume. The Near anglestack 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 alignmentwas used over horizon

alignment since it took into account both phase and amplitude di!erence. All time shifts

applied resulted in a change no greater than 3 ms (Fernandez-Concheso, 2015).

Another critical step is to ensure that the seismic frequencycontent 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 frequencycontent 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 di!erent nature.The change in the frequency

content can be seen in Figure 3.4 with the drop in content at thehigh end of the spectrum

to 60 Hz. This change in frequency content is due to a patching of two di!erent seismic

surveys. Since this area is outside of the critical area for this study, nothing was done to

condition the data in this area. Instead a note has been made of its existence, and it will be

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 Þgure withthe Þrst angle stack from
0-9o in the top left, the second angle stack being 9 - 18o in the top right, the third angle
stack being 18 - 27o in the bottom left, and the Þnal angle stack 27 - 36o in the bottom right.
The angle stacks are along an arbitrary line that starts in the NE and ends in the SE

Figure 3.4: The frequency content for the four angle stacks can be in this Þgure, with most
of the survey having a frequency content range from 10 Hz - 80 Hz, with a drop in the
SW corner to 10 Hz - 60 Hz. Strong frequency content is indicatedin blue, while a lack of
frequency content is indicated in red. The frequency contentfor the entire seismic survey is
adequate for the goals put forth by this study. Additionally the area with di!erent 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 deÞned as coherent anomalies in the data 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 Muerta dataset, one such

seismic artifact was found and removed using TerraSpark GeoscienceÕs Insight EarthR! with

the proprietary Footprint Removal process. Figure 3.5 showsa time slice over the full stack

volume before and after the Footprint Removal process was applied. It should be noted

however that this process was applied individually to each of the four partial angle stacks

(Fernandez-Concheso, 2015).

The previous work completed by Jorge Fernandez-Concheso along with the Wintershall

team was vital in preparing the seismic data for the AVO inversion process. As a result of

the combined e!ort, both the four previously discussed anglestacks and a full stack were

made available.

3.2 Well Data

A total of nine wells have been made available to RCP, of which six wells (Wells A,B,C,G,H,

and I) are within the seismic survey limits. The remaining three 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 eachwell. 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 of elastic

properties possible.

Four of the wells (A,B,C, and H) were drilled from 2013 to 2014 incooperation with a

partner company, while two wells (G and I) were drilled in 2015 in the block operated by

Wintershall. The six wells within the seismic survey have a suite 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 logs.Additional data about the wells
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Figure 3.5: Time slices for the raw seismic amplitudes can be seen in the northeast section
of the survey, with (a) Original data and (b) Data after application of a Footprint Removal
process (Fernandez-Concheso, 2015)

26



Table 3.2: Shows a data audit, with Wells A,B,C,G,H and I beingmade 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 wellshave been shown, no work
will reßect any of the data from these wells

Well A Well B Well C Well D Well E Well F Well G Well H Well I

Logs Gamma Ray X X X X X X X X X
P-Sonic X X X X X X X X X
S-Sonic X X X X X X X X X
Bulk Density X X X X X X X X X
Borehole Image X X X X X X X X
Spectral Gamma X X X X X X X X X
Spinner X X X X X

Core/Cuttings XRD X X X X X
Rock-Eval X X
Porosity-Saturation X X
Core Photos X X
CT Scan X X

Engineering DFIT X X
Production Data X X X X X
Well Reports X X X X X X X X X

include core photos, x-ray di!raction data, daily drilling reports, ßuid analysis, and pyrolysis

was provided to RCP when it was available.

Engineering data are not as available for the study area. Limited production historywas

made available for some of the wells in partial, and the Diagnostic Fracture Injection Tests

(DFIT) were also provided in a limited amount. Well reports were prevalent providing mud

log data, as well as a limited amount of drilling and completion data. All of this information

can be combined to understand the formation pressure and wellbore 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 tooptimize 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, arecritical

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 databeing transposed by a factor.

These anomalies can arise in a number of di!erent scenarios, including but not limited to:

di!erences in logging tools or vendors, borehole washouts, and tool failure.

Previous work done by Jorge Fernandez-Concheso has resultedin four wells (A,B,C, and

H) already being reviewed and corrected. However two wells (G and I) 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 completed, 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 sensitive

to borehole conditions producing incorrect values around washouts. 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 anomalous 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 deÞne how valuable both deterministic and

stochastic inversion results will be. Further to this, the interpretation of inversion results

depends on the consistency of the elastic property logs usingthe same logic. All six wells

show a similar trend as can be seen in the following Þgures including Figure 3.6, Figure 3.7,

and Figure 3.8. Figure 3.6 shows the P-Sonic curves for each of the wells from the Quintuco

through to the Tordillo. Figure 3.7 shows the S-Sonic curves for each of the wells for the

same zone, and Figure 3.8 shows the density curves for each of the wells for the zone in

question.

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 forboth the S-Sonic and the

density well logs. While, the density log for Well G is not complete up through the Quintuco
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Figure 3.6: Shows the character of each P-Sonic log that was made available for the study in
a qualitative sense. It can be seen that each log has a similar characteristic for key horizons.
Further to this it is apparent that all of the wells have been despiked and reviewed for any
anomalous values.
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the focus of the study will be on solely on the Vaca Muerta.

Figure 3.7: Shows the character of each S-Sonic log that was made available for the study in
a qualitative sense. It can be seen that each log has a similar characteristic for key horizons.
Further to this it is apparent that all of the wells have been despiked and reviewed for any
anomalous values.

All of the values for the P-Sonic, S-Sonic, and density logs sit within a reasonable range

for the material through which they are passing. Additionally all of the wells have been

despiked, reviewed for anomalous values, and corrected where necessary. There was no need

to model any logs since there were no signiÞcant gaps or spikes. Corrections were made by

simple interpolations between relatively small gaps or over spikes.

The consistency of the elastic property logs can also be seen quantitively in the following

Figures, including Figure 3.9, Figure 3.10, and Figure 3.11. Each Þgure 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 made available for the study in
a qualitative sense. It can be seen that each log has a similar characteristic for key horizons.
Further to this it is apparent that all of the wells have been despiked and reviewed for any
anomalous values.
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values around a mean exists within standard expectations for the medium through which it

is passing can be seen through the histograms.

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

3.3 Microseismic Data

Surface microseismic data have been provided for two wells (G and I) that are located in

the northeast section as can be seen in Figure 3.1, indicated bythe stars behind the wells.

The surface microseismic data were acquired during the hydraulic stimulation of the two

wells. The acquisition included 10 lines with 2140 channels.The spacing between each of

the channels was 14m with 12 geophones per a station which can be seen in Figure 3.12.

Recording for the microseismic was done with a Sercel 428 witha sample rate of 2 ms.

Well G has four hydraulic fracturing stages, while Well I has Þve hydraulic fracturing

stages, that were distributed relatively evenly throughout the length of the Vaca Muerta
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Figure 3.10: Shows a histogram of the six wells, with the countof any given value along
the Y-axis and the range of actual values along the X-axis. As canbe 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 countof any given value along
the Y-axis and the range of actual values along the X-axis. As canbe 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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Figure 3.12: Shows the microseismic acquisition geometry atWell G. It is indicative of the
setup for the acquisition for both wells. The black lines indicate the receiver lines, the blue
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 are distributed throughout a variety

of depositional environments and the related di!erences within the heterogenous shale. The

importance of these di!erences will be discussed in more detail later.

Uncertainty of microseismic locations arises from two issues. The Þrst situation is the

validity of the detection of events, while the second refers to the estimated position of the

event (Thornton et al., 2013). Additionally, since this is surface 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 key details, has been previously

analyzed by Isabel White of the Reservoir Characterization Project, at the Colorado School

of Mines. The uncertainty for the microseismic locations in WellÕs G and I for both the X

and Y direction is 10 m, while the uncertainty in the Z direction has been analyzed to be 35

m.

Figure 3.13: Shows the approximate locations of the stages for both WellÕs G and I

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

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. Figure 3.14 shows the number

of events by relative depth. The magnitude of the events typically 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 to indicate 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 be seen in Figure 3.15.

Figure 3.14: The number of events for both WellÕs G (blue) and I(green) by relative depth

Strikes for the events are consistent between wells with three di!erent strike mechanisms

being predominant. The strike mechanism seen most frequently within the upper Vaca

Muerta is a half-moon mechanism along a 90o strike direction. Critically, there is a clear

change in strike mechanism from the upper Vaca Muerta to the Quintuco. The strike mech-

anism seen most frequently within the Quintuco has a lower angle with 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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Figure 3.15: The magnitude of events for both WellÕs G (blue) and I (green) can be seen by
count with the highest count for Well G being -1.8 and the highest count for Well I being
-1.9
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While the strike for the events are consistent between wells,the majority of events in Well

G are oriented 30o with the majority of events in Well I oriented 90o. The 30o orientation

is orthogonal to the Mesozoic maximum horizontal stress, while the 90o 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.

Figure 3.16: Microseismic mechanism strike rose plots for Well G (blue) and Well I (green).
The radial axis shows the event count

Distribution of the microseismic events are di!erent spatially for Wells G and I. In Well

G, the event cloud seems to move more along the 90o, with a slight tilt towards the 30o

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

being more in line with the 30o 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 for Well I.

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

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

of the various characteristics of surface microseismic data that are critical have been laid

out.
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Figure 3.17: Well G microseismic in map and depth view. Events show the mechanism, are
scaled by magnitude, and the color is by stage. Coordinates are relative to wellhead

Figure 3.18: Well I microseismic in map and depth view. Eventsshow the mechanism, scaled
by magnitude, and colored by stage. Coordinates are relative to wellhead
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3.4 Previous Studies

Previous work for the Vaca Muerta, speciÞcally for the study area and data made available

by Wintershall, were completed by two previous graduates of the Colorado School of Mines

with the Reservoir Characterization Project. One study was completed within the Þeld of

geology pertaining to the mechanical stratigraphy of the Vaca Muerta by Kyla Bishop, and

the other study was completed in the Þeld of geophysics pertaining to the seismic inversion

of both the post-stack and pre-stack seismic by Jorge Fernandez-Concheso. Reference will

be made to the contributions made by previous studies when it is discussed for the most

part. However, it is important to discuss anisotropy and the impact it has on the play now.

Organic-rich shales show strong vertical transverse isotropy (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 turn

has a critical e!ect on AVO analysis. It has been shown that the reßection coe"cients for

P-Waves as a function of angle of incidence for VTI medium can be expressed using Equation

3.2 (R¬uger, 2002).

RV T I
P (i ) = Riso

P (i ) + Rani
P (i ) (3.2)

Where i is the angle of incidence,Riso
P (i ) is the reßection coe"cient in the absence of

anisotropy, andRani
P (i ) is the anisotropic term, which can be derived using Equation 3.3.

Rani
P (i ) =

1
2

(! 2 " ! 1)sin2(i ) +
1
2

("2 " "1)sin2(i )tan2(i ) (3.3)

Where ! and " are Thomsen parameters (Thomsen, 1986). The subscripts 1 and 2 denote

values for the upper and lower interfaces respectively. There are three critical points that

can be taken away from Equation 3.3. First! inßuences the reßection coe"cient over small

angles, while" becomes important at larger angles. If there is no contrast between! and "

between two interfaces, then it can be assumed that the reßection coe"cient approximates
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that of purely isotropic media. This will hold even if the layers in question are VTI in

nature. Finally, any changes in anisotropy have a strong inßuence on reßection coe"cients

if the changes in isotropic elastic parameters are comparable to the di!erences in anisotropic

parameters (R¬uger, 2002).

At this point it is important to note that Jason T M assumes isotropic AVO inversion

when approaching pre-stack data. Further to this, the narrow azimuth data was processed

isotropically as noted earlier in the chapter. Therefore, if anisotropy is to be taken into

account it will be important to estimate Thomsen parameters for 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 Jorge Fernandez-Concheso.

The methodology employed for this looks at the symmetry of the sti!ness tensor for VTI

media (Willis, 2013). To do this Þve independent elastic moduli exist for the media (Mavko

and Dvorkin, 2009). Three of the sti!ness coe"cients can be calculated with density and

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

C33 = $bV 2
P (3.4)

C44 = $bV 2
S (3.5)

C66 = $bV 2
Stoneley " shear (3.6)

Where $b is the bulk density, VP is the P-Wave velocity,VS is the S-Wave velocity, and

V 2
Stoneley " shear is the horizontal shear velocity. The horizontal shear velocity can be calculated

using the Equation 3.7.

DTSMStoneley " shear =

!
DTST2 " DT 2

mud"
! mud

! b

(3.7)
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Where DTST is the Stoneley sonic log,$mud is the drilling mud density that can be

found in the log headers, andDTmud is the slowness of the drilling mud. The parameter

can be estimated by assuming an isotropic match in the underlying Tordillo using Equation

3.6. This leaves two independent sti!ness coe"cients,C12 and C13, that can be estimated

using the MANNIE approach as shown in Equation 3.8 and Equation 3.9 (Suarez-Rivera

and Bratton, 2012).

C13 = %C33 " 2C44 (3.8)

C12 = &C13 (3.9)

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 deÞned for a survey in a nearby area, and were determined to be 1.218

and 1.25 respectively (Willis, 2013). Finally, an equation ofsymmetry is used for the Þnal

coe"cients (Mavko and Dvorkin, 2009). The Thomsen parameters themselves are estimated

using the results from the sti!ness coe"cients. This can be seen in Equation 3.10, Equation

3.11, and Equation 3.12.

" =
C11 " C33

2C33
(3.10)

' =
C66 " C44

2C44
(3.11)

! =
1

2C2
33

#
2(C13 + C2

44) " (C33 " C44)(C11 + C33 " 2C44)
$

(3.12)

43



Well log data from C and H were used in relationship with Equation 3.4 through to

Equation 3.12 to calculate the Thomsen parameters for the Vaca Muerta. Well C and H

were used as they were the only wells with reliable Stoneley well logs. Figure 3.19 shows the

logs for ! and ". It is noted that with the exception of some short wavelength variations in

the upper Vaca Muerta that the values for! 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.

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

Since the anisotropic parameters do not have a large contrastwithin 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 does not hold with the lower

Vaca Muerta which directly overlies the isotropic, aeoliansandstone, of the Tordillo. Here,

there is a strong anisotropy contrast as the result of the di!erence in the bedding nature of

the lower Vaca Muerta with the Tordillo. In order to account for this the critical properties

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

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

Property Lower Vaca Muerta Tordillo

$ (kg/m 3) 2360 2610
VP (m/s) 3170 4700
VS (m/s) 1870 2710

" 0.2 0
! 0.1 0

The reßection 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 the lower Vaca Muerta and the

Tordillo. In order to account for this an estimation of the anisotropic model is made by

multiplying the isotropic equation by 0.9. The estimation seems 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 native to JasonTM , this thesis

will not be addressing the characterization of stress.
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Figure 3.20: The reßection coe"cients for the lower Vaca Muerta and the Tordillo interface
are shown for the angle range from 0 - 36o with 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 reßection data into

quantitative rock properties that are descriptive of the reservoir. Inversions have been shown

to have higher resolution than what is provided with seismic amplitudes alone, and support

more accurate interpretations (Pendrel, 2001). The other critical element that seismic in-

version provides is the transformation from the interface property 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

reßection amplitudes with o!set (Keys and Foster, 1998). Seismic inversion results can be

calibrated with petrophysical data to be predictive of changes in rock and ßuid properties

(Francis, 2014). These rock and ßuid properties can be combined to create a more represen-

tative reservoir model. As a result, seismic inversion is a good Þrst step in bridging the gap

between the Þelds of petroleum geology, petroleum engineering, and 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 ßuids in order to better understand

the reservoir (Pendrel, 2001). However, inversion has seen an evolution of use in more

recent years with applications to unconventional reservoirs. SpeciÞcally, the focus has been

on extracting lithology, rock properties, and geomechanical properties from seismic data

(Goodway et al., 2010). These are important properties to understand since unconventional

shale plays require high TOC to guarantee the presence of hydrocarbons, as well as optimal

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

47



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

This chapter will begin with the theory underpinning deterministic constrainedsparse

spike inversion (CSSI) as it is speciÞcally applied to pre-stack seismic inversion. Next the

detailed workßow, quality controls, and the Þnal results of the pre-stack seismic inversion

will be discussed for the Vaca Muerta interval. The purpose for this work is to update the 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 geostatistical inversion results were built.

4.1 Theory

Pre-stack seismic inversion or simultaneous inversion as it is often referred to, are called

so because three properties are solved for at the same time, providing the end products of P-

Impedance, S-Impedance, and density (Russell, 2014b). However, it should be noted that in

order to get reliable results for density an angle range greater than 40o is generally required

(Francis, 2014). The objective of seismic inversion is to both honor the convolutional model

while creating a geologically realistic set of elastic properties. This is done by looking atthe

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 model, wherein seismic is

derived as a product of reßectivity from the earth model by a wavelet or source function.

This relationship is explained by Equation 4.1 with the addition of noise represented by

N(t) (Russell, 1988). However when this process is applied to inversion the e!ects of noise,

attenuation, and other extraneous e!ects are assumed to have been su"ciently addressed in

the processing workßow (MacFarlane, 2014).

S(t) = R(t) ! W(t) + N (t) (4.1)
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Figure 4.1: Shows the seismic acquisition process on the lefthand side, wherein the earth
model is identiÞed 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 reßectivity, W(t) represents the wavelet,

and N(t) represents noise.

This process is graphically represented, without the addition of noise. (Figure 4.2) The

inverse process that begins with seismic as referenced by Figure 4.1 requires a priori infor-

mation about the wavelet and an understanding of how the elastic properties relate to the

reßectivity series (MacFarlane, 2014). The wavelet used for the inversion is assumed to be

invariant, well deÞned representation of the source function (Cooke and Schneider, 1983). In

reality though, the wavelet will be time-variant and complex 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 wavelet

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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Figure 4.2: Shows a graphical representation of the convolutional model wherein the re-
ßectivity 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 shownin Figure 4.1 will provide the
inversion result and by extension a model of what the earth looks 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). Finally, inversions 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 that represent the earth model both

simpler and better than as seismic does with its interface properties. In addition to this, the

rock properties from inversion techniques can be associated with any number of petrophysi-

cally derived information such as lithology, porosity, and ßuids (Latimer et al., 2000).This

study will utilize pre-stack CSSI in both a deterministic and geostatistical employ.

A previous study, by Jorge Fernandez-Concheso (2015), conducted post-stack and pre-

stack inversion in addition to model based and CSSI. The resultof 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, 2009).

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

no mode conversion, and the reßection coe"cients are a function of the change in acoustic
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impedance between layers (Russell, 1988). The zero o!set P-wave reßection coe"cient can

be written as Equation 4.2

RP =
$2V2 " $1V1

$2V2 + $1V1
(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 reßection coe"cient becomes a function 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 equations provide for complex solutions

for any given incidence angle. In order to make inversion more tractable several di!erent

approximations for the derived reßection coe"cients have been made that are valid over

certain ranges of angles of incidence. This study utilizes the Aki-Richards approximation

(Aki and Richards, 2002) which is a linearized approach to the P-wave reßection coe"cient.

The Aki-Richards approximation can be seen in 4.3.
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(4.3)

Where VP , VS, and # $ are respectively the average P-wave velocities, S-wave velocities,

and densities in any given interface, #VP , # VS, and # $ are di!erences 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 techniques. However, the simplicity of the low frequency 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 include that the data are used in

the calculation, the low frequency information is mathematically included in the solution,

and the Þnal 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 solution, including the low fre-

quency information already. Any errors that are present in the dataset populate throughout

the entire solution. In this approach though, the major advantage is that multiples and

attenuation e!ects can be modeled. The disadvantage of the model based approach is the

solution is arrived at iteratively and so the solution may never converge. Additionally, more

than one forward model will correctly Þt the data resulting in a non-uniqueness to the solu-

tion (Russell, 1988).

The CSSI technique is employed in this study with the JasonTM software. Constrained

sparse spike inversion as the name implies assumes reßection coe"cients to be sparse in

nature. In the CSSI method the impedance log utilizes the information 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 calledconstrained sparse spike inversion

because constraints are provided in order to improve the accuracy of the Þnal 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

deÞne the inversionÕs 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 + FT rend + FSpatial + FSV D + FGardner + FMudrock ) (4.4)
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Each term represents a misÞt function that has been calculated by the trace.Fseismic

controls the seismic residuals,Fcontrast ensures the solution is sparse by controlling the elastic

parameter variance,FT rend stabilizes the frequencies related to the trend,FSpatial controls

the smoothness of the output,FSV D stabilizes the inversion,FGardner constrains the density,

and FMudrock constrains the S-Impedance.

The Þnal result from CSSI includes a relative inversion result and an absolute inversion

result. The relative inversion result does not contain the lowfrequency model showing only

the inßuence of the seismic and the objective function. The absolute inversion includes

the low frequency model as a set condition from which the answer is deÞned. The general

workßow for CSSI can be seen for pre-stack inversion in Figure4.3

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

All types of deterministic inversion focus on the importanceof the objective function,

as seen by Equation 4.3. As discussed int he next chapter, geostatistical inversion di!ers

from these methods in that it does not make use of the objectivefunction to stabilize it.

Instead, geostatistical inversion makes use of the probability 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 deterministic inversion was that Wintershall

provided an updated set of horizons which take into account the seismic stratigraphic nature

of the Vaca Muerta. The low frequency model is built using the updated horizons as a frame-

work, which will be discussed later. A previous study by JorgeFernandez-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 carefully reviewed in order to

ensure that they lined up with an accurate seismic stratigraphic interpretation of theVaca

Muerta across the whole survey. After all of the horizons weresmoothed 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 Quin-

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 horizons 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 inthis Þgure 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 seen in Figure 4.5.

Figure 4.4: All eight horizons, including the four horizons used in this study are shown. It
can be seen that Secuencia 6 does not seem to follow a seismic interface, 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 petrophysicsare 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!erencein between the overlying

Quintuco and the Vaca Muerta. Secuencia 3 is the Þrst of two horizons within the middle

Vaca Muerta. It approximates the transition zone in between the 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 represents the bottom of

the Vaca Muerta.

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 more complicated, and more realistic

model of the earth (Gani and Bhattacharya, 2005). Figure 4.6 shows the di!erence in

between lithostratigraphic and chronostratigraphic interpretation. When lithostratigraphic

correlation is used, a direct interpretation between wells is made with the base assumption

that deposition was horizontal in nature. However, depositional controls often results in a

signiÞcantly more complicated situation. Figure 4.7 shows the di!erence 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 structure maps of the

four critical horizons as surfaces. The four horizons show a clear change in elevation from

West towards the East, with similar structural trends in all of them. Each horizon shows the
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Figure 4.6: The di!erence in between lithostratigraphic andchronostratigraphic 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 di!erences can be well highlighted by the use
of seismic stratigraphy
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Figure 4.7: The di!erence in between lithostratigraphic andchronostratigraphic can be seen
for the Vaca Muerta along the arbitrary line. A representative lithostratigraphic pick can be
seen in a black dashed line, while the chronostratigraphic picks can be seen in green. There
is a marked di!erence between the two approaches in terms, and it can be seen that the
chronostratigraphic picks work better with the seismic stratigraphic 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 direction in all of the maps,

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

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

4.4 Low Frequency Model

When building low frequency models there are two critical goals. The Þrst 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 this study have been shown to

range upwards from 10 Hz. Therefore, the missing low frequencydata ranges from 0 - 10

Hz. This missing information is Þlled in with the use of a low frequency model (Pendrel,

2015). Low frequency models are built utilizing the information from well logs, speciÞcally

the P-Wave, S-Wave, and density logs. In order to focus on the low frequency data, a Þlter 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) through creating the absolute nature

of the rock properties produced. This information in turn canbe applied to a variety of

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

Figure 4.10: Time structure map for the top lower Vaca Muerta
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Figure 4.11: Time structure map for the interface between the Vaca Muerta and the Tordillo

it comes from can be seen in Figure 4.12, where it is broken out into 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 model was utilized here.

Interpolation of well log data, especially in a larger survey with less control becomes in-

creasingly critical (Fernandez-Concheso, 2015). This increased uncertainty results from an

inability to identify how large lateral variability is (Pend rel, 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 necessary step. Six

types of interpolation were employed in an e!ort to come up with the most geologically real-

istic low frequency model that also honors the well data, and Þlls in the missing information.

The Þve interpolation methods tested were:

¥ Inverse distance weighted

¥ Locally weighted

¥ Triangulation
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Figure 4.12: The red block represents the low frequency modeland the blue block represents
the seismic data. Note the crossover between the low frequency model 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 valuesof

sample data points within the neighborhood of each processing cell. The closer the point

is to the center of the cell, the more inßuence, 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 is done by employing a mixing

weight of 0.5 for each local weight (Shepard, 1968). Triangulation connects triangles between

known data and interpolates in between these. Where this is not possible a gradient is

estimated from the areas that interpolation is possible, and the gradient is used to extrapolate

away from known points (Renka and Cline, 1984). Natural neighbor interpolation Þnds 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 not trivial, and all approaches

su!er from an inability to model lateral variation (Pendrel, 2015). Ultimately, global kriging

was chosen as the best Þt 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 methods is based on the relation-

ship in between any given interpolation methodÕs range of values, and the range of values

for the inversion results. While all interpolation methods seek to honor the well data, some

methods wholly honor the well data while others allow an outside inßuence. There is also

the rate of decay away from the well to consider. Figure 4.14 shows 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 side Figure 4.13 shows that global

kriging provides the most geologically plausible result. Finally, it is of note that the study

conducted by Jorge Fernandez-Concheso found that global kriging worked the best over the

same area with two less wells. The similarity in Þnal results between the studies conÞrms

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 can be seen in Figure 4.13.

The results for variogram ranges were also similar in this study to the ranges found by Jorge

Fernandez-Concheso. The similarity between wells in terms of impedances, especially within
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Figure 4.13: The Þve interpolation methods that were tested are shown here for the P-
Impedance values in map view. Global kriging provides the most geologically plausible
result, while inverse distance weighted and locally weighted provide solutions that are not
only not geologically plausible but appear to show marked bulleyeÕs around wells

Figure 4.14: The global kriging weight inßuence by well is shown along an arbitrary line.
The weight factor that a given well has at a given location is shown 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 inßuence of a neighboring well
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the Vaca Muerta, can be seen along an arbitrary line for P-Impedance, S-Impedance, and

density in Figure 4.15, Figure 4.16, and Figure 4.17 respectively. The variation along any

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

Figure 4.15: The low frequency model for the P-Impedance is shown with well logs Þltered
back to the merge frequency of 10 Hz. The well logs and the low frequency model are seen
to match very well, suggesting qualitatively that the model was robust

Figure 4.16: The low frequency model for the S-Impedance is shown with well logs Þltered
back to the merge frequency of 10 Hz. The well logs and the low frequency model are seen
to match very well, suggesting qualitatively that the model was robust

4.5 Well Tie and Wavelet Estimation

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

by its very nature an iterative process. The process has a huge impact on the Þnal inversion
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Figure 4.17: The low frequency model for the density is shown with well logs Þltered back to
the merge frequency of 10 Hz. The well logs and the low frequencymodel 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 a large role in this process as the

shape and energy of the wavelet will greatly impact the quality 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 properties of the earth and the

seismic reßection data (Close et al., 2010). This phenomenon has previously been shown in

reverse order graphically by Figure 4.1.

Well A is the only well with reliable checkshot data for building 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 Þltered 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 Þrst pass with a zero-phase wavelet was attempted with eachof the 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 shape andsize of the lobes on either
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Figure 4.18: The time-depth curves for all six wells are shown.It can be seen that they
overlay each other in a way suggesting that all wells have a similar time-depth relationship

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

A second pass showed that shifting the phase of the wavelet ninety degrees resulted in a

wavelet shape that had an equal amount of energy on either side of the center. The wavelet

was reÞned using techniques based on well reßectivity to estimate both the amplitude and

phase simultaneously. This process was carried out for eachwell individually. After an

optimal well tie was achieved for every instance, a multi-well wavelet was estimated using all

of the wells. A multi-well wavelet was estimated for each of the four di!erent angle stacks.

Figure 4.20 shows that the quality for each of the wavelets pertaining to each of the stacks

are within an acceptable range of agreement. Additionally, it can be seen that the phase

for all of the wavelets is in fact 90o, and consistently so within a 10o range. Finally, the

amplitude spectrum reveals that the Near (0 - 9o) stack has the highest amount of energy

with the Far (27 - 36o) has the least amount of energy. This is the type of trend that would

be expected in a typical seismic acquisition and therefore acts as a good independent QC of

the wavelet estimation. The Þnal 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 thetop panel. The center is
indicated by the black dashed line, and the di!erent characterand size of the lobes around
the center is clearly seen. This is further conÞrmed by the phase which slopes heavily ranging
from 280 - 360o. ModiÞed from Fernandez-Concheso (2015)

Final well ties for the six wells had a cross-correlation between the seismic and the

synthetic of 0.9 or better resulting in a 30% improvement over the well ties usinga zero-

phase wavelet. Well ties can be judged both quantitatively and qualitatively as shown in

Figure 4.21 where an example well-tie is displayed. Well G is being used 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 seismic and 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 strongmatch

between the seismic and the synthetic. As a direct result the initial P-Impedance inversion

results, prior to parametrization, also shown in Figure 4.21can be seen to match with the

well P-Impedance.

While all well-ties showed strong results, Well C showed the worst match between seismic

and synthetic. This is due to the di!erence in the character of the seismic in this area which

results from a portion of this survey being patched from a di!erent acquisition. The change
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Figure 4.20: A 90o phase wavelet was found to best match the character of the seismic, and
provide the best well-ties. This is conÞrmed by the equal amount of energy on either side
of the center line, in addition to the relatively ßat shape ofthe phase. Energy for each of
the stacks is shown in the amplitude panel with the near stack having 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 example well-tie conducted on Well
G. The Þrst panel on the left shows the 90o wavelet. 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 the cross-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 especially on the Near (0 - 9o) stack

with signal-to-noise (S/N) maps. The other note that can be made from these maps, is that

the seismic quality on the whole is good to excellent. Not onlydoes the S/N ratio di!er 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 zone.

Figure 4.22: Four maps show the four angle stacks and what the S/N ratio is for each of
them with the anomalous zone captured in the black box on eachmap. The di!erence in
seismic character for Well C is particularly apparent with the Near (0 - 9o) stack, but can
also be seen on the other three stacks. Nonetheless the quality of 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 parameters interact the testing needs

to be comprehensive in order to assess the impact of every parameter on the Þnal inversion

results. Adding to the complexity is the fact that pre-stack inversion by its nature is simul-
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taneous. The simultaneous nature of the inversion means thatthree 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 relatedvalues for the deterministic
inversion

Parameter Value

Window Vaca Muerta
Gardner Slope 0.516
Mudrock Slope 0.769
Contrast misÞt P-Impedance uncertainty 5%
Contrast misÞt S-Impedance uncertainty 1%
Contrast misÞt Density uncertainty 5%
Seismic misÞt S/N ratio (Nears) 12 dB
Seismic misÞt S/N ratio (Mid-Nears) 18 dB
Seismic misÞt S/N ratio (Mid-Fars) 18 dB
Seismic misÞt 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, which are

in turn directly related to the parameters outlined in Table 4.1. The seismic misÞt function

controls the seismic residuals taking into account the S/N ratios. The equation that explains

how this is determined can be seen in Equation 4.5

FSeismic =

%
)

Substacks

1
uSubstack

! Lq(seismic " synthetic)

(

! Multiplier Seismic (4.5)

Where uSubstack is the uncertainty used to normalize the misÞt. The uncertainty is cal-

culated as the ratio between S/N ratio and the seismic.Lq is a normalizing variable that is

sensitive to outliers in the noise of the input data. The multiplier takes the wavelet scale
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factor for each partial stack.

The contrast misÞt function controls the elastic parameter variance, and is controlled by

Equation 4.6. The function itself is inßuenced by the contrast misÞt uncertainty parameters.

FContrast =
&

1
uI P

! LP (# I P ) +
1

uI S

! LP (# I S) +
1
u!

! LP (# $)
'

(4.6)

Where all u variables refer to the contrast misÞt uncertainty term as deÞned in Table 4.1.

LP is a normalizing variable that takes the seismic misÞt into consideration. #I P , # I S, and

# $ are the elastic parameter changes in vertical time that have been normalized to the low

pass Þltered trends.

The trend misÞt function is used to stabilize the low frequencies relative to the trend.

There are soft trend misÞt uncertainty parameters that relateto each individual elastic

parameter. Final values were not displayed in Table 4.1 sincethe values had very little to

no e!ect on the inversion results in testing. The merge cuto! frequency also has a very large

e!ect on the trend misÞt function. Equation 4.7 shows the interaction between these various

elements.

FT rend =

%
)

Elastic

1
tuElastic

! L1(# PLowpass )

(

! Multiplier Sof tT rendMisf it (4.7)

Where tuElastic looks at the soft trend misÞt uncertainty deÞned for each parameter.

# PLowpass is the low pass Þltered elastic parameter trace minus the lowpass Þltered trend.

The low pass Þlter frequency is the user deÞned merge cuto! frequency. As in previous misÞt

functions the L1 variable refers to a normalization factor for the given equation.

Default values for the soft spatial misÞt function were ultimately okay, so it will not be

discussed in this study. The singular value decomposition (SVD) misÞt function also is not

discussed because the default values were ultimately used. The rock physics misÞt functions

look at the relationship that density and S-Impedance have with the inversion for the Gardner

misÞt function and the mudrock misÞt function respectively.The Gardner misÞt function
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looks at the relationship in between density and P-waves solely, while the mudrock misÞt

function looks at the relationship in between the S-waves and P-waves solely. The valuesfor

the Gardner and mudrock slope are deÞned in Table 4.1, however the uncertainties are not

deÞned in the table because the values were inÞnitely small in relationship with the given

slope values. Equation 4.8 looks at the misÞt function that constrains the density for the

inversion, while Equation 4.9 looks at the misÞt function that constrains the S-waves for the

inversion.

FGardner =
1

gu
! L1

&
# $
2$

"
# I P

2I P
!

( G

1 + ( G

'
(4.8)

FMudrock =
1

mu
! L1

&
# VS

2VS
"

# VP

2VP
!

*
VP

VS

+

trend

! ( M

'
(4.9)

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 the elastic method calculates the

values from the well logs themselves. In this case, the slopes were calculated using the elastic

method. The equation for calculating GardnerÕs slope can be seen in Equation 4.10 and the

equation for mudrock slope can be seen in Equation 4.11.

( G =
! !
2!

! VP
2VP

(4.10)

( M =
! VS
2VS

! VP
2VP

! VP
VS

(4.11)

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 deÞne the rate at which it transitions from the low

frequency model to the seismic. If the merge cut-o! frequency is too high the interpolated

values between wells will imprint over the seismic data. Opposite 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 bandwidthof the Mid-Near stack with the

selected merge frequency of 10 Hz.

Figure 4.23: The merge frequency of 10 Hz is shown by the left green thin line. The crossover
between the inßuence of the low frequency model and the seismicis shown by the decreasing
inßuence of the low frequency model with the red line, and the increasing inßuence of the
seismic with the blue line
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4.7 Inversion Results and Quality Control

A successful deterministic inversion will transform seismic reßection data into quantita-

tive rock properties that can be used to describe the reservoir (Pendrel, 2001). However, it is

critical to review the results of the inversion in order to determine that they are 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 for the each of the four angle stacks.

The better the correlation between seismic and synthetic, the lower the residuals, and the

better the inversion in a quantitative sense.

As indicated there are two types of inversions band-limited and full-bandwidth. Band-

limited inversions do not include the low frequency model. This 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. Figure 4.25 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. Variations in the rock property P-

Impedance can be seen along the arbitrary line showing the geologically plausible solution

for the survey area.
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Figure 4.24: Seismic-synthetic correlation for each one of the 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, wavelet, and parameterization. Note
that the quality of the seismic-synthetic correlation does drop in the Southwest corner where
a di!erent survey has been patched in
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Figure 4.25: Band-limited P-Impedance with the wells overlain 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. The 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 S-Impedance. Again a very clear

visual correlation is seen between the wells and the seismic inversion. 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 between the well logs and inversion

results at this level also indicate accurate parameterization. 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 middleVaca Muerta which starts as

a yellow and then mellows into alternating red and green for the upper Vaca Muerta. The

yellow below the blue of the lower Vaca Muerta represents theaeolian sandstone dominated

Tordillo formation. Lateral discontinuities within each of the layers can be seen throughout

the arbitrary line.

The angle range required for accurate density results variesby seismic acquisition and

processing, but it is commonly required that the angle range for the pre-stack data needs

to be greater than 40o (Pendrel, 2015). While density results proximal to the wellbore can
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Figure 4.26: Band-limited S-Impedance with the wells overlain 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. It can 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 oscillate between green and red
within the upper zone

still be considered accurate, away from the wellbore accuracy drops o! quickly (Pendrel,

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 accurate for density. However,

Figure 4.27 shows that the tie between the density results and the seismic inversion at the

well appears to be very good. This indicates two important pieces of information (1) The

data around the wellbore can still be considered accurate due to the strong tie between

the well logs and the seismic inversion results for density (2) Parameterization, accuracy of

the well-tie, and strong estimation of the wavelet have resulted in a stable inversion of the

P-Impedance and S-Impedance such that the density results are also stabilized.

The full-bandwidth results have absolute numbers that have been anchored by the intro-

duction of the low frequency model into the inversion. While the 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 ontop of the seismic inversion.
A good match can be seen in between the well logs and the inversion. Since 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 geomechanical parameters as will be

shown later. Figure 4.28 shows the full-bandwidth results forP-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 results for S-Impedance show very

little degradation as can be seen in Figure 4.29. Greater lateral 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 signiÞcantly easier

than it would be with seismic alone. Additionally, the two necessary 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 band-limited and full-bandwidth,

provide a good qualitative QC the use of pseudo-logs can provide a good quantitative QC.

This is done by extracting the trace information for each of the elastic properties at each of

the given well locations. By appropriately Þltering, this comparison can be done for both
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Figure 4.28: Full-bandwidth P-Impedance with the wells overlain 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 di!erentiate between the upper Vaca Muerta and the overlaying Quintuco. This
is hard to do using seismic alone

Figure 4.29: Full-bandwidth S-Impedance with the wells overlain 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 through
the middle Vaca Muerta into the upper Vaca Muerta. Again, the full-bandwidth results can
be used to di!erentiate between the upper Vaca Muerta and the overlaying Quintuco. This
is hard to do using seismic alone
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Figure 4.30: While some degradation is visible when compared to the full-bandwidth P-
Impedance and S-Impedance results, the results appear to bequite stable. Again this is an
indicator of how well parameterized the other elastic properties are. Critically it should be
noted that the match between the wells and the surrounding inversion 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, and Figure 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 seismic-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 di!erent layers that are inherent to that

layer. These di!erences in size and shape of impedance bodies may speak to di!erences in

depositional or post-depositional trends. Upper Vaca Muerta is characterized by long thin

bodies that are trending Northeast-Southwest. The middle Vaca Muerta is characterized

by smaller bodies that have a North-South trend, along with signiÞcantly 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 remainrelatively small, but become

more elongate around the North-South trend seen in the middle Vaca 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 pseudo-log 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 pseudo-log 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 pseudo-log 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 shows the 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 shows the lateral variability
within it. Throughout this horizon the trend changes to generally North-South with the
bodies being thinner and smaller than the upper Vaca Muerta. Inthe middle Vaca Muerta
faulting is also more readily present, especially in the central West portion of the survey.
Note the ßower structure suggesting stike-slip faulting
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Figure 4.36: This map view of P-Impedance Secuencia 1 shows the lateral variability within
it. Throughout this horizon the trend remains generally North-South with the bodies be-
coming more elongate along the axis of trend, while remaining roughly the same size. In the
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-section. 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 conÞrmed by cross-section views of both the full-bandwidth and band-

limited results for the P-Impedance. Interestingly, the deeper the map view slice, the more

heterogenous the bodies appear to be. As discussed in Chapter2, the shale progrades towards

a carbonate slope environment suggesting that the greater heterogeneity in the Vaca Muerta

may be part of the more distal shale complexes. In addition, faulting is more readily apparent

in the middle Vaca Muerta and lower Vaca Muerta suggesting that the 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 more detail 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 has been carried out. The update

to the deterministic inversion takes into account three critical 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 important di!erence between

lithostratigraphic and chronostratigraphic interpretation through a more accurate interpre-

tation of what is happening within the seismic. Figure 4.7 captures the di!erence that this

makes in terms of interpretation over a large scale within the survey. Wells G and I are

new wells that have been drilled since the previous study and deterministic inversion carried

out by Jorge Fernandez-Concheso. The two wells are necessarydue to the fact that they

both introduce a tighter well control over the survey in addition to the fact that these wells
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have surface microseismic associated with them. The introduction of this additional data,

since previous performed research, is paramount to this study. Finally, previous studies have

focused over a much larger window including the Quintuco and Vaca Muerta in the inversion

process. This study focuses in on the results of the Vaca Muerta itself, 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 Þnds a local solution. In other terms, theanswer that is found through

deterministic inversion is fundamentally non-unique. Geostatistical inversion provides an

opportunity to explore the variety of non-unique solutions through an assessment of the

uncertainty that is present within the dataset (Francis, 2005). This is done through the

creation of a multitude of realizations all of which honor both 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 original deterministic inversion. These

data are used to build the initial model, as well the deterministic 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 of the probability density functions

(PDFÕs). The PDFÕs constrain all the possible outcomes in bothtime 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 well logs and spatial statistical

properties. Additionally, a trend model may be introduced to help guide the geostatistical

inversion results. The process ensures that both the seismic and the well data are honored

(Pendrel, 2001). This is done through an algorithm that looksat 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 riskor make probability maps
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deÞning 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 well resolution can be inferred

when you are within a reasonable distance of a given well. This resolution is signiÞcantly

beyond seismic resolution (Pendrel, 2001). Nonetheless, theprocess 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 JasonTM , the standard deviation of the kriging as it is associated to the initial

model is computed and provided as an error grid map to the algorithm. The map provides

spatial constraints to the contribution of well and seismic data. The inßuence of a wellover

the seismic data is obtained using a variogram, as deÞned by the variogram 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 simulation (SGS) within JasonTM

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 volume, 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 =
)
µ

(5.1)

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 interest that was deÞned by

the deterministic inversion. The aim of the SGS carried out on the elastic logs is to Þll the

volume to inverted through a process called simulation (Sancevero et al., 2008). PDFÕs are

Þtted to each histogram (Pendrel, 2001) within Gaussian space (Ansari and Riahi, 2014). It

is beneÞcial to introduce a trend model that will assist in guiding the SGS process.

Play concepts for unconventional resources starts with an understanding of where the

source rocks are, what the kerogen types are, and the TOC content. This makes TOC a

critical parameter that will quickly help deÞne the fairway for 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 unconventional plays could

be critical to understanding the play as a whole. Alternatively, mineralogy in combination

with the fungible term brittleness has previously been proposed as a good background model

for geostatistical inversions (Varga et al., 2013). However, it 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 brittleness taking a secondary role to

TOC in terms of itÕs critical nature to unconventional plays (Sonnenberg and Meckel, 2016)

would seem to indicate that TOC provides a better background model for geostatistical

inversion.

The crux of geostatistical inversion is in the use of PDFÕs in order to deÞne a given trend

within a given horizon. The PDFÕs are used to model the histograms within 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:

, b

a
f (x)dx = F (b) " F (a) = P(a < X < b ) (5.2)
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The PDF that is deÞned sits within the limits given by a and b respectively 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 bystandard deviations.

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

Once the PDF has been deÞned, the cumulative density function (CDF) will be used to

make a random draw from the elastic values using Markov Chain Monte Carlo (MCMC)

techniques (Grijalba-Cuenca et al., 2000). This is done by Þrst creating a CDF that ac-

curately represents the probability of the unconventional reservoir model, given the inputs

from both the geostatistics and the measured seismic. Critically, the solution should be

a combination of the prior and the likelihood functions describing all possible models and

relative probabilities (Zunino et al., 2013). Again, the modelwill Þt the measured data, and

will be consistent with any and all a priori information (Pendrel, 2001).

Vertical and horizontal variograms are used to model the distribution of data throughout

the nodes available within the volume, while matching the best Þt. 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 previously built deterministic in-

version (Francis, 2005). Variograms are used to describe thespatial 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 azimuth which will be parallel

with the dominant trend as seen within the horizontal slices from the deterministic inversion.

Classically, geostatistics variograms can be broken out into a large variety of shapes

deÞned by a mathematical model (Wackernagel, 2013). JasonTM utilizes two variogram

types, they are exponential and Gaussian respectively. Additionally, the nugget e!ect can

be deÞned in order to assess what combination of uncertainty,short range spatial variation,

or measurement error is present within a given dataset. These three elements: exponential,

Gaussian, and nugget e!ect are weighted out of a total of one, in order to deÞne the shape

of the variogram.

The basic elements of all variograms are the sill, range, and nugget e!ect. The sill is

deÞned 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 deÞnes the distance at which it takes the data

to reach the sill. The nugget e!ect sits along the the Y-Axis andtakes any measurement

error among other factors into account (Wackernagel, 2013).As such, the nugget e!ect will

be discussed in more detail later. All of these variogram elements are seen in Figure 5.2.

Exponential variograms can be explained using the Equation 5.3. C(0) is used to represent

the nugget e!ect, which will be discussed in greater detail momentarily. The sill is deÞned

by C(0) + C(1), where the range for the model is deÞned to be 3( at which the variogram

is 95% of the sill (Cressie, 1993).

' (h) = C(0) ! Exp
*

h
a

+
= c !

&
1 " exp

*
"

h
a

+'
(5.3)

Gaussian variograms can be explained using the Equation 5.4. Again C(0) is used to

explain the nugget e!ect, 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 showing

a parabolic nature at the origin (Cressie, 1993).
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Figure 5.2: Shows how the basic elements of a variogram interact, with the sill, nugget, and
range all clearly labeled
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The nugget e!ect is a critical parameter which must be taken into consideration when

modeling variograms. The nugget e!ect for values of h for 0 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 e!ect is often the result of data sparsity, measurement error, and/or

short range spatial variation (Isaaks and Srivastava, 1989). While all three would be potential

explanations for a nugget e!ect within the data, very little to no nugget e!ect is actually

seen within the data. As such further reference to the nugget e!ect will be limited.

' (h) = 0 (5.5)

' (h) = C(0) (5.6)

Each of the di!erent variogram shapes as deÞned by the Equations 5.3 and 5.4 in addition

to the nugget e!ect which is explained by Equations 5.5 and 5.6 are shown in Figure 5.3.

The variogram shapes can be exponential, gaussian, or any combination thereof with the

nugget e!ect deÞned along the Y-Axis.

After the vertical and horizontal variograms are deÞned, thealgorithm 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 replacethe 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 Þrst step, local reßectivity is computed from the simulation of elastic values. In

the second step, the seismic wavelet is convolved with the reßectivity series to numerically

create a local seismic trace. Finally, the seismic residual is calculated given the previously

gleaned information (Grijalba-Cuenca et al., 2000). A seismic residual is the di!erence

between the measured seismic trace and the simulated seismictrace (Torres-Verdin et al.,
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Figure 5.3: Shows the three possible variogram types including 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

SeismicResidual = SeismicSimulated " SeismicActual (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 acceptance-rejection test wherein

simulated annealing is used to optimize the process. If the new trace 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 properties, within every inversion

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

Figure 5.4: Shows the geostatistical inversion process in a generalized 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 guide geostatistical

inversion results. Discrete property trend models can be based on a number of di!erent
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rock properties, which in turn are based on petrophysical well logs with a given set of

cuto!s. The discrete property trend models could be deÞned asfacies, lithologies, ßuids,

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 broken out into a Þnite number of

discrete properties that have a clear relationship with the rock properties being imaged by

the inversion. As previously discussed, in unconventional resources 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 identiÞable relationship with the rock properties P-Impedance and S-Impedance.

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

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

Discrete background modelÕs can be created in JasonTM through the use of Facies and

Fluid Properties (FFP). The FFP module utilizes Bayesian theory togenerate probability

volumes from the deterministic inversion results (Pendrel etal., 2006). This is done by Þrst

understanding the relationship in between the elastic properties and petrophysical properties

of interest. In this case the relationship of interest existsbetween P-Impedance, S-Impedance,

and TOC. The relationship between these properties can be analyzed in Figure 5.5.
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High TOC is seen to clearly correlate with lower values of P-Impedance and S-Impedance,

while lower values of TOC are seen to correlate with higher values of P-Impedance and S-

Impedance. This in combination with Figure 4.28 and Figure 4.29 would seem to indicate

that the lower Vaca Muerta has a high TOC content, and that the middle and upper Vaca

Muerta vary between a medium and lower level of TOC content. From Figure 5.5 it is

important to group the petrophysical log into a series of discrete properties that represent

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

Table 5.1: Shows the range of values for TOC that breaks the continuous 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 TOCcan 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 each property represented within

the discrete background model clearly separates into a zone identiÞed 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 values with like correlations. That is

Low TOC correlates to higher values of P-Impedance and S-Impedance while High TOC

correlates to lower values of P-Impedance and S-Impedance.

The new petrophysical logs with the discrete properties canbe 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 Quintuco through the Tordillo,

in order to create a bu!er zone on either side of the Vaca Muerta for the background trend.

2D PDFÕs for each discrete property value can be calculated using the FFP module. It is

critical that each of the discrete classes are well represented with little to no overlap inorder
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Figure 5.6: The crossplot show S-Impedance on the y-axis, P-Impedance on the x-axis, with
discrete values for TOC plotted in three distinct colors on the 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 property 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 2D PDFÕs are represented

by two individual histograms each of which represents the relationship between one elastic

property and the discrete classes. The relationship between P-Impedance and the discrete

classes can be seen in Figure 5.8 and the relationship between S-Impedance and the discrete

classes can be seen in Figure 5.9

Figure 5.7: The crossplot shows PDFÕs overlain on top of the three discrete property values.
They are signiÞed by red for High TOC, green for Medium TOC, andblue 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 PDFÕs have been selected, the weighted values

can be applied to the inversion volumes. From this application the background discrete trend

model can be computed as a volume. Figure 5.10 shows an arbitrary line that represents

this transfer of weighted values from the Bayesian distributions.

While Figure 5.10 shows the most probable discrete property value. 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 5.11 showing the certainty of
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Figure 5.8: The histogram shows the relationship between P-Impedance and the three dis-
crete property values - High TOC in red, Medium TOC in green, and Low 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-Impedance and the three dis-
crete property values - High TOC in red, Medium TOC in green, and Low 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 Low, Medium, and High TOC. High
TOC characterizes the lower Vaca Muerta as would be expected, Medium 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 arbitrary line. The Þnal 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 utilizes variograms and PDFÕs in

place of the objective function (Pendrel, 2001). This creates a number of key di!erences

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 beseen in Figure 5.12.

The a priori data that is supplied by the low frequency model forthe 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 simulations at individual grid points

(Pendrel, 2001). The potential values are pulled from the simulation process which deÞnes

the population of P-Impedance, S-Impedance, and density values for the wells within the

survey (Grijalba-Cuenca et al., 2000). The acceptance or rejection 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 eachdiscrete value is what it has
been assigned as in the most probable volume represented by the arbitrary line in Figure 5.10.
Red assigns an extremely high conÞdence close to 100%, while blue represents an extremely
low conÞdence close to 0%. Most values have a conÞdence greater than 90% suggesting high
conÞdence that the discrete values are as they are represented in Figure 5.10
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Figure 5.12: Frequency content of a geostatistical inversion broken 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 deÞned is being used, and one

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

¥ Resolution

¥ Apparent resolution

Resolution is deÞned as the ability to separate two features that are close to one another.

Once the ability to separate these two features is lost, the individual identity of the features

is no longer apparent, and as such resolution of the features is no longer resolved (Sheri!,

1997). While the data is still within close proximity of the wells an actual increase in

resolution beyond the seismic bandwidth is possible (Pendrel, 2001). However, data farther

away from the wellbore cannot be considered resolution since it is one of several non-unique

possibilities. It can be said however that the data still honors 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 reÞne 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 Þfty unconstrained and constrained inversions were run. The

decision to use Þfty in all of these cases was based on diminishing 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 continuous 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 seen in the well logs and deterministic

inversion without necessarily approximating the correct locations 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 grid point.

The simulation phase of the geostatistical inversion breaks out the discrete background

model into sections that are deÞned by the seismic stratigraphic model. As such the prior

probabilities for each discrete property needs to be re-estimated 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 reÞnes the understanding 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 Secuencia 1. These

changes in prior probabilities are evident through the comparison 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 discrete property has been shown, as
broken out into each individual seismic stratigraphic horizon

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 in between the Quintuco to the
Tordillo (left), and just in between Secuencia 4 and Secuencia 3 (right). The distribution
of data for discrete values clearly changes given the change in vertical gate. This reÞned
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 deÞned appropriately a qualitative

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 percentages 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 Þve simulations can

be seen in Figure 5.14 The comparison between the actual discrete property distributions

and the simulations meet the expectation that the percentages of each discrete property are

on par, but the location of any given discrete property does not necessarily line up.

Figure 5.14: Five simulations of the discrete background model is 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 necessarily 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 reÞned, the continuous elastic properties are also reviewed during simula-

tion. It is important that the range of any given simulated elastic property is comparable to

the range found within both the well logs and the deterministic inversion results. Table 5.4

compares the range for Þve simulations chosen at random with the range found for the actual

well logs and the deterministic inversion for P-Impedance.
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Table 5.4: The ranges for di!erent mediums critical to simulation including Þve of Þfty
simulations chosen at random in addition to well logs and thedeterministic inversion. All
error ranges for the Upper and Lower are shown in percent di!erence in comparison to the
well logs for both the simulation and the deterministic inversion for P-Impedance

Medium Lower Range Upper Range Lower Range Error (%) Upper Range Error (%)

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 Þfty

simulations and all elastic properties, with Þve randomly chosen and shown in Table 5.4

for P-Impedance alone. The results comparing the average di!erence 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 Þfty simulations and the well log range, as
well as the average error for all Þfty simulations and the deterministic inversion range for
the continuous elastic property values

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

P-Impedance Upper 5.3 4.4
Lower 1.5 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 di!erence between all of the simulations and the deterministic inversion has

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 simulations, the well logs, and the

deterministic inversion for all elastic properties. Error percentages 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 ranges. When comparing the

average error of the Þfty simulations to well logs or inversion results the percentage error

tends to be on par with one another.

The comparison of ranges in terms of percentage error betweenthem is a good quanti-

tative comparison of the continuous properties. A more qualitative approach compares the

actual P-Impedance, S-Impedance, and density logs with pseudo-logs extracted from the

simulated volumes. As with the background discrete property model, 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 for the

continuous properties will be comparable. An example comparison for Well I 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 size and shape of given bodies. Similar

to the background discrete trend model the estimations of size, shape, and trend are broken

out by seismic stratigraphic horizons. This increases the importance 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 stratigraphic slices throughout each horizon

for the dominant size, shape, and trend of elastic bodies is critical for this step. While it

is impossible to capture this perfectly, an average can be found 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-Impedance, and density for Well H are
compared to pseudo-logs extracted from one simulation of Þfty. The logs show a similar
nature with similar thicknesses suggesting that the simulation accurately represents the
dataset. Further to this the ranges are comparable, providing an 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 in addition 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 deÞned through the trend and size of the elastic bodies. Representative

shapes for each horizon, in addition to relative size and trend can be seen in Figure 5.16.

Variation between each of the Vaca Muerta layers is signiÞcant. These changes between

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

Figure 5.16: The shape, relative size, and trend of the typical continuous body for Secuencia
4 can be seen in blue, for Secuencia 3 can be seen in green, and for Secuencia 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 bodies 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 typical bodies within an example
slice of Secuencia 4. The size of the body Þts the 4800 by 1000m discussed, with a 45o trend

Figure 5.18: The horizon shows the size, shape and trend of typical bodies within an example
slice of Secuencia 3. The size of the body Þts the 2500 by 2000m discussed, with a 0o trend
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Figure 5.19: The horizon shows the size, shape and trend of typical bodies within an example
slice of Secuencia 1. The size of the body Þts the 2000 by 500m discussed, with a 0o trend

5.4 Inversion Parameters and Results

A successful geostatistical inversion has the ability to accomplish 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 geostatistical 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 deÞne parameters in order tolimit uncertainty. Proper

parameterization of key inputs, in addition to proper analysis of the data in order to cor-

rectly deÞne the PDFÕs and variograms is required. In turn this will have a direct e!ect on

how accurate the geostatistical results are. Similar to the simulation result, there are Þfty

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 deÞned in Table 5.7. The

S/N ratio is deÞned using Equation 5.8.

S/N Ratio = 20 ! log10

*
) seismic

) noise

+
(5.8)

By extension the wavelet has a critical role in the process, since the seismic wavelet is

convolved with the reßectivity series to estimate each local seismic traces (Grijalba-Cuenca

et al., 2000). Therefore, the same multi-well wavelets used for the deterministic inversionare

also incorporated into the geostatistical inversion. The equation used to approximate the

derived reßection coe"cients are made using Equation 4.3, as in the deterministic inversion.

Table 5.7: The S/N ratio for each angle stack as deÞned for thegeostatistical 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 deÞnitions for both PDFÕs and variograms. The PDFÕs

for each horizon incorporate an understanding of the background model trend, using the

three discrete values to help guide the results. This is done in a similar nature to how FFP

is used to deÞne the discrete background model trend. The key di!erence between FFP and

the PDFÕs used for the discrete background trend model, is that the relationship between

each of the elastic properties is analyzed. This can be seen in an example showing the

related PDFÕs for Secuencia 3 in Figure 5.20. The 2D PDFÕs for each horizon 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 estimating a conditional local

PDF, and randomly drawing values from said PDF (Debeye et al.,1996).
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Figure 5.20: An example variogram for Secuencia 1 showing all of the critical elements of a
variogram. It can be seen that the model variogram (thick blue) used 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 0 there it is assumed that there is no nugget e!ect

Not only are variograms deÞned by individual horizons, but they are also deÞned 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 deÞned for both directions. An example

vertical variogram is shown in Figure 5.21 for Secuencia 1.

Figure 5.21 shows a variogram that is deÞned for each of the elastic parameters being

estimated including P-Impedance, S-Impedance, and density. Variograms in JasonTM can

be broken down into the same three basic elements that all variograms are, as referenced in

Figure 5.2 in addition to the di!erent possible types including 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 andS-Impedance, P-Impedance
and density, and S-Impedance and density for the PDFÕs dictated by 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 deÞnes the ceiling for the data, which in

the case of normalized data as used in this study, will always be 1.0. Range deÞnes which

data points are clearly correlated. Beyond the deÞned rangethe values assigned to a model

variogram do not help in deÞning the spatio-relationship with the elastic properties. The

nugget represents measurement error in addition to small scale variability, or the uncertainty

below sampling scale. Variogram type determines how quickly the continuity decreases as a

function of range and will vary depending on whether the variogram is Exponential, Gaussian,

or a hybrid of the two. The critical values for the vertical variograms for each horizon are

deÞned 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 variograms 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 applyto each of the horizons
including range and type of variogram. The sill value will always 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 PDFÕs and variograms results in Þfty

possible non-unique solutions. The inversion process can be broken into unconstrained and

constrained, where the critical di!erence is how the well log information is input. Constrained

inversion results represent the Þnal step in the geostatistical inversion process prior to quality

control and analysis of said results. One of the Þfty possible non-unique solutions for P-

Impedance, S-Impedance, and density for constrained inversion can be seen in Figure 5.22,

Figure 5.23, and Figure 5.24.

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

In the Þfty unconstrained inversion runs the well data are usedto help deÞne the range,

however for all other purposes the wells can be considered blind. For the Þfty constrained
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Figure 5.23: Constrained S-Impedance volume is shown along anarbitrary line, for one of
Þfty simulations

Figure 5.24: Constrained density volume is shown along an arbitrary line, for one of Þfty
simulations
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inversion runs the well data is used to help deÞne the range, and has an inßuence over the

elastic property volumes. In both cases, the deÞned PDFÕs andvariograms are utilized. The

di!erence 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) and unconstrained (U) directly
around Well G. While the blind match on the left for the unconstrained shows a reasonable
match, an almost perfect match can be seen on the right with the constrained results. This
di!erence is particularly noticeable right above the dark blue of the lower Vaca Muerta

The apparent resolution away from the wells is increased through 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 wells where

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 inversion can be seen for the volume of P-

Impedance in Figure 5.26, while the increase in actual resolution 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 deterministic inversion and geo-
statistical inversion can be seen by comparing P-Impedance along the same arbitrary line
within the Vaca Muerta. UnÞltered well logs are overlain on top of both inversion results,
however the unÞltered well logs have a similar bandwidth to the geostatistical inversion and
not to the deterministic inversion

Figure 5.27: The change in apparent resolution between deterministic inversion (D) and
geostatistical inversion (G) can be seen by comparing P-Impedance for Well G within the
Vaca Muerta. UnÞltered well logs are overlain on top of both inversion results, however the
unÞltered well logs have a similar bandwidth to the geostatistical inversion and not to the
deterministic inversion.
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Review of Figure 5.27 shows the increase in apparent resolution from 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. However, the geostatistical

results appear to have a similar resolution to the well logs themselves. This comparison

would suggest that the vertical resolution for the geostatistical results are 3 m. This is a

signiÞcant improvement.

5.5 Statistics and Quality Control

Reviewing the statistics and potential quality control steps of the Þnal constrained geo-

statistical results are part of the same process in that the statistical certainty of theelastic

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 Þfty 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 inversion are within the correct

frame of reference (Cooke and Cant, 2010). While deterministic inversion is fundamentally

non-unique it seeks to output the best Þt model (Pendrel, 2001). Likewise, the mean of all

geostatistical inversion results should be the model that Þts best. Thus, a visual inspection

of these two volumes should qualitatively indicate that the results from the deterministic

and geostatistical inversion agree, if not are actually accurate (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 Þfty constrained geostatistical inversion results

in Figure 5.28. The line used is a shorter one than the arbitrary line that crosses through

Wells G and I, in addition to providing more detail through a closer look at the data, referred

to herein as the NE-SW line. The results for P-Impedance and S-Impedance are stable

suggesting robust answers for the geostatistical inversion. However, there is a signiÞcant

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 Þlled in statistically if

the appropriate angle range is not already present.

Further to this qualitative comparison of the data, a quantitative comparison can be

accomplished through reviewing the standard deviation volumes 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 sense of 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 di!erent units or even just di!erent scales of

di!erent 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 elastic properties (P-Impedance, S-
Impedance, and density) for the deterministic inversion results and the mean of the Þfty
constrained geostatistical inversions. The top row shows the results for the mean of the Þfty
constrained geostatistical inversion, while the bottom row shows the non-unique solution
for the deterministic inversion. It can be seen that P-Impedance and S-Impedance are
very close in character suggesting qualitatively that the geostatistical 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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di!erent scales, and both have entirely di!erent units than density. Standard deviation for

all Þfty simulations for each elastic property can be seen in Figure 5.29, while coe"cient of

variation for all Þfty 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 a node by node 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 di!erent perspectivewith the use of priorÕs

and posteriorÕs 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 Þfty realizations for all of

the elastic properties in Figure 5.31.

The use of both a proper likelihood function and good posterior check 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).

Posterior = Constant ! P rior ! 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$prior (m)$data (dobs " g(m)) (5.10)

Where) post(m) is the posterior probability density and$prior (m) is the a priori probability

density. The whole value$data (dobs " g(m)) is the data likelihood function. Within this dobs

represents the observations made from the data, the forward modeling operator g maps

models space into data space. Them used throughout the equation represents the earth
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Figure 5.29: Along the NE-SW line the standard deviations for P-Impedance (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 Þfty simulations
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Figure 5.30: Along the NE-SW line the coe"cient of variations for 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
Þfty simulations
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Figure 5.31: Priors and posteriors are compared for one realization out of Þfty, 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 comparison of cumulative density
function (CDF) can be seen with pink and light blue. The fact that the prior and posteriors
are so similar for the PDF and CDF indicate that the data Þts themodel

model. Finally, c represents the constant. Using the Equation 5.10, a set of samples are

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

5.6 Summary

A geostatistical inversion has been applied with robust quality 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 generating

large numbers of impedance realizations which by nature must Þt 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 the 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 deÞnition 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 e!ectiveness

of hydraulic stimulations. Historically speaking microseismic has been a technology that has

been used by and driven by reservoir engineers. However, geophysics can also draw upon

the wealth of knowledge that is provided by microseismic and itÕs associated properties (Lee,

2014). Microseismic sources can be investigated using earthquake seismology methods that

could help unlock information surrounding the hydraulic fracture process (Maxwell, 2011).

Critically this information that has itÕs roots in classical seismology (Lee, 2014) can be used

to help understand the geomechanical aspects of hydraulic fracturing (Maxwell, 2011).

6.1 Theory

Microseismic monitoring is a technique used to determine the location and natureof

fractures in a reservoir. The injection or production of ßuidfrom a formation will lead to

changes in stress and pressure (White, 2012). When these changes are 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 Pearson, 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, 2012). This can manifest itself

through a relationship with geomechanical properties, suchas PoissonÕs ratio and YoungÕs

modulus (Langenbruch and Shapiro, 2015).

Since microseismic has itÕs roots in classical seismology, many of the principles that govern

earthquake seismology can be applied to it. However, as the name implies the events occur

on a much smaller scale and are induced as a result of hydraulic stimulation. As such the

best microseismic data are recorded as close to the events as possible, 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 deÞne the magnitude of the earthquakeÕs strength.

MW = 0.67Log10(M 0) " 6.07 (6.1)

Where M 0 is the seismic moment deÞned as a quantitative measure of the amount of

energy released by an earthquake in the units N*m.MW is the unitless and dimensionless

quantity that is commonly used a measure of an earthquakeÕs magnitude. The seismic

moment can be calculated using the Equation 6.2.

M 0 = µAD (6.2)

Where A is the surface area of the rupture created by the earthquake along a fault or

fracture, D is the amount of displacement along a rupture surface, andµ is the average shear

strength of the rock encompassing the ruptured zone.MW for natural earthquakes that are

felt often need to be greater than a magnitude of 5, while microseismic events are always

less than 0 (Kamei et al., 2015). This relationship can be seen in 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 recorded seismic through Equation 6.3

M 0 =
4*$ 0c3

0R$ 0

Fc
(6.3)

Where$0 is density,c0 is the wave velocity,R is the source-receiver distance, $0 is the low

frequency level of a displacement on the seismogram, andFc is a radiation pattern coe"cient

(Bakun and Lindh, 1977). The equation shows that the seismicmoment is dependent on

rock properties as well as distance with microseismic. Using Equation 6.1 the magnitude of

microseismic events can be calculated. Table 6.1 gives a sense for the moment magnitudes

of microseismic events.

134



Figure 6.1: Compares the typical magnitude of a microseismicevent (M< 0) with the typical
magnitude of a natural earthquake that is felt (M> 5) to give a sense of the di!erence in
size between individual induced microseismic events and natural earthquakes (Kamei et al.,
2015)

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

Moment Magnitude Slip Area (m2) Equivalent Explosive Charge

-4 10µm 0.003 1 mg
-3 40µm 0.03 30 mg
-2 0.1 mm 0.1 1 g
-1 0.4 mm 3 30 g
0 1 mm 30 1 kg

135



These microseismic events can be recorded through a number of di!erent techniques.

Whichever technique is ultimately chosen the receivers used to record the microseismic data

should be 3C so that they are capable of recording both P and S-waves (Lee, 2014). This

work focuses on the surface recording arrays since event uncertainties 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-waves are created at the

origin point known as the hypocenter and radiate outwards (White, 2012) as can be seen in

Figure 6.2.

Figure 6.2: The microseismic event originates at Q, the hypocenter, 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. Themicroseismic 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 Þrst at a given time

using Equation 6.4

tP = t0 + # tP (6.4)
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Where tP indicates the arrival time of the P-wave,t0 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 = t0 + # tS (6.5)

Where tS indicates the arrival time of the S-wave, andt0 again represents the origin time

at the hypocenter location, and #tS denotes the travel time of the S-wave. The distance

between the event and receiver can be calculated using Equation 6.6.

DQR = ( tP " t0)VP = ( tS " t0)VS (6.6)

Where DQR represents the distance between the microseismic event and the receiver,VP

represents the velocity of the P-wave, andVS represents the velocity of the S-wave. Using

this equation, the relationship between velocities, distance, 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 e!ective normal stress by raising the pore pressure. The

fracture gradient deÞnes the pressure or stress required to induce a fracture, which is related

to the matrix stress coe"cient. In turn, the matrix stress coe"cient is deÞned by the vertical

stress and the pore pressure. When ßuid is injected into the reservoir the pore pressure of

the rock is increased. When the pore pressure exceeds the fracture pressure, shear failure
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is induced in the rock volume. An increase in microseismic events directly corresponds to

an increase in pressure and injection rates. With ßuid injection 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 subsequent deformation depends on

the extent of natural fracturing already present in the zone (Maxwell et al., 2003). Injection

of ßuids near faults will alter the stress of the faults themselves (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 ducti le rock tends to fail

more gradually. The increase in the amount of time required for failure allows a window

within which pressure can be alleviated to avoid failure (Zoback, 2007). The di!erent types

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 as the medium 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 natural fractures and faults.

The injection of ßuids and subsequent change in conÞning pressure and axial stress within

a given rock volume pushes medium closer to the failure envelope (Sminchak and Gupta,

2003). This can be explained graphically, as seen in Figure 6.4

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

Directly tied to the activation of previously existing fractures or faults, is an under-

standing of the di!erent types of fracture networks. Since, the fracture networks that 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, simplegeometries. Therefore creat-

ing a complex network is the ultimate goal of stimulation design (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 descriptions

of the earth model which better match the real conditions (Hryb et al., 2014). Ultimately,

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

fractures is ambiguous, and will require further testing (Bishop, 2015).

With the hydraulic stimulation of the Vaca Muerta there are key pieces of data that can

be reviewed in reference to the microseismic data which conÞrmsthat the microseismic is

interacting with the rock volume, and not a change in engineering parameters. The review

of engineering data that conÞrms 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 di!erent 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 forWell I reveals that the
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bottomhole pressure for the completion of both stages were kept relatively 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 completionstage 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. time on the X-Axis for both
Stage 5 (shallower) and Stage 1 (deeper). Beneath this are the microseismic 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!erence. The change is likely due to variations in the rock

volume itself. One such example of a change that could account for this shift in microseismic

count is TOC content. Figure 6.7 shows that TOC content decreases signiÞcantly from Stage

1 to Stage 5.

The signiÞcant 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 wells that have 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 Stage5 has a signiÞcantly lower
TOC content than Stage 1. Additionally, it can be seen that Well I has a slightly lower TOC
content overall than Well G. It should be noted that tops applyto Well I only
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correlation with the prevalence of microseismic events. This observation can be conÞrmed

by comparing Figure 6.7 with Figure 3.14 clearly showing that the 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 number of microseismic events

between Well G and Well I, although the trend remains the same for both.

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

The slight drop in the trend between Well G and Well I could be accounted for with lateral

variability between the two wells. This can be conÞrmed by referring to Figure 6.7 that shows

that Well G has a higher TOC percentage relatively consistently 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 di!erence

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. Someof these 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). The major sources of uncertainty

include:

¥ Velocity Þelds

¥ Background noise

¥ Acquisition geometry

An accurate velocity model is required for both P and S-Waves in order to minimize

the uncertainty for accurately locating microseismic events. This is done by relying on the

knowledge of surrounding velocity Þelds, 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 a!ect wave propagation

¥ Sonic logs are acquired at di!erent frequencies than microseismic even ts

S-wave velocity Þelds are often more di"cult to deÞne than P-wave velocity Þelds 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 andthe associated data, decreases

the farther away that you move from said perforation (Zimmer,2011).

Another important consideration for the location of microseismic events is noise. Noise

can be both coherent and incoherent in nature with high amplitude noise being particularly

damaging to the magnitude of viewable events. Borehole noisecan originate from tube waves

that have slow velocity moveouts (Bohnho! et al., 2010). Additionally poor cementing or

coupling problems can e!ect 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 Þeld activities (White, 2012).

A Þnal consideration is the acquisition geometry. Uncertainty in acquisition is related

to the distance between the events and the geophone array, with an 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 length is multiple time greater than

the length of the array itself (Zimmer, 2011). As the wave propagates farther away from the

hypocenter, more information about the source becomes attenuated with higher frequency

information being lost Þrst (Bohnho! et al., 2010).

As previously stated, the noise for this survey was determinedby 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 therelationship between the change

in formation and a correlating change in the type of slip seenfor the individual microseismic

events. There are three types of slip seen within both wells, however two types of slip are

predominant within both. The three possible types of slip are seen in Figure 6.9.

The moment tensor can be divided into three types of moment tensors. The three types

commonly used can be seen in Figure 6.10, and are isotropic, double-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 and Iare dip slip, strike slip, and
oblique slip with oblique slip and dip slip being the dominanttypes seen in the Quintuco
and Vaca Muerta respectively

beachball diagram with a colored center shows reverse dip slip, while a white center shows

normal dip slip. When the beachball diagram is broken out intofour quadrants it represents

strike slip. Finally oblique slip represents a combination of strike slip and dip slip. The shift

between dominantly normal dip slip to oblique reverse suggests a big change in the stress

environment (Fox et al., 2013).

The mechanism for each event and the associated magnitude canbe seen for Well G,

with the break between the Quintuco and the Vaca Muerta indicated 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 the Quintuco

to the Vaca Muerta. The strike associated with Quintuco is NW-SE 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 shift between the Quintuco and

the Vaca Muerta for the inversion can be given within the length of the wavelet, suggesting a

much higher sense of precision within the dataset than is suggested by quantitative analysis

alone.
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Figure 6.10: Three types of tensor types are shown including isotropic, 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 Muerta is shown by the overlain
colors of blue and green respectively for Well G. Similarly a clear shift between oblique slip
and dip slip can be seen for the events in the Quintuco and Vaca Muerta. 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 perforation and therefore

subsequent injection zones indicated by the overlain grey triangles. In relationship withthe

injection zones it can be seen that the majority of events exist at or above Stage 3 within

the well.

6.4 Integration of Datasets

Integrating datasets both within and across disciplines is optimal when trying toun-

derstand what the earth model represents. The beneÞts 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 has revealed a greater conÞdence

in the data from the seismic and wells. As such, the well logs have been used to create a

velocity model that converts the inversion results and their derivatives 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 volume in depth can be seen

in Figure 6.12. This shows the clear integration of well logs with 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 ofacquisition 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 Wells G and I, as these are the

two wells for which microseismic was acquired. Order of acquisition for the datasets is (1)

seismic (2) well logs for Wells G and I, and (3) microseismic for the same wells. Since the

seismic and well logs existed prior to the microseismic data,which occurs consecutively with

stimulation, it can be assumed that the data from the seismic and well logs are essentially

virgin in nature. Therefore, any relationships between the seismic and well logs with the
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Figure 6.12: The clear match between the values for P-Impedance well logs in depth and the
given P-Impedance volume suggest that the time-depth conversion has been done correctly.
The seismic reference datum (SRD) indicates the acquisition datum in depth, with the well
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 more prone 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 microseismic in Figure 6.13, S-

Impedance is compared with the microseismic in Figure 6.14, and density is compared with

the microseismic in Figure 6.15.

The code that makes the quantitative comparisons possible was provided by Isabel White,

a fellow student with the Reservoir Characterization Project at Colorado School of Mines

who is currently pursuing her PhD. The code works by comparing the location of a given

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 what values are associated with

microseismic events, and what values are present within thebackground trend. A comparison
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Figure 6.13: Shows P-Impedance with the microseismic in red overlain 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 red overlain 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 overlain 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 associated with microseismic events

allows a quantitative understanding of whether the trend for microseismic deviates from the

background trend. Deviation from the background trend, by the 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-Impedance is 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 background trend around Well

I. This can be seen with a hike in microseismic values on the lower end 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 thebackground trend. Again this

can be seen with a hike in microseismic events in the lower values, but can also be seen with
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Figure 6.16: A comparison between the background trend for P-Impedance values around
Well I is compared with the values associated with the microseismic 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 for S-Impedance values around
Well I is compared with the values associated with the microseismic 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-Impedance 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 relationship between P-Impedance

and S-Impedance in terms of geomechanical moduli may be more important 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 density values around Well I
is compared with the values associated with the microseismic events. For density it appears
that a lower density in comparison with the trend is associated 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 lower microseismic values with

the trend than the trend provided by the background volume around Well I. Overall, the

relationship between density appears to be tighter than therelationship found in either P-

Impedance or S-Impedance. However the spike of lower densityvalues 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 naturebetween

154



microseismic and background trend.
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CHAPTER 7

GEOMECHANICS

Unconventional reservoirs porosities and permeabilities are lower than those found in

conventional reservoirs. Hydraulic stimulation is often required for economic production

(Warpinski et al., 2009). The performance of hydraulic fracturing is controlled by the me-

chanical behavior of the rock. Understanding the relationship 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 e!ects of stress and strain. Stress

represents the forces acting within the subsurface, while strain 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 but

Þrst it is important to discuss the relationship between stress 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 describes 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 eitherS1, S2, and S3 or ) 1, ) 2, and ) 3. The sigma makes no

reference to orientation of the stresses while theS notation describes both the orientation

and requires that the relative magnitudes are speciÞed. (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 matrix representing stress in
a Cartesian coordinate system. The bottom matrix is used to describe the mathematical
representation of this (Fox et al., 2013)

The division of the stress states are divided into three correlated faulting regimes that can

be seen in Figure 7.2. In the case where the vertical stress is the maximum stress normal

faulting is seen. If the vertical stress is the middle stress in terms of relative magnitude it is

a strike-slip regime. The last case is where the vertical stress is the lowest, which results in

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

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

Strain is a materialÕs 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 YoungÕs modulus andPoissonÕs

ratio. YoungÕs 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 the inversion process and YoungÕs

modulus.

E = $V2
E (7.1)

Where E is YoungÕs modulus,$ is density, andVE is E-wave velocity. VE can be derived

from a combined understanding of P-wave velocity and S-wave velocity. YoungÕs modulus is

often thought of as a proxy for a rockÕs sti!ness, with a built in assumption that a higher

YoungÕs modulus will correspond to a greater required applied stress to induce a given strain

(Fox et al., 2013). PoissonÕs ratio describes lateral expansion to axial contraction (Fjaer

et al., 2008). The relationship between elastic properties that can also be derived from the

inversion process and PoissonÕs ratio can be seen in Equation 7.2.

, =
V 2

P " 2V 2
S

2V 2
P " 2V 2

S
(7.2)

Where , represents PoissonÕs ratio,VP represents P-wave velocity, andVS represents S-

wave velocity. Other critical elastic moduli include bulkÕs modulus which relates volumetric

strain to the mean hydrostatic stress, shear modulus which is deÞned as the abilityfor the

material to resist shear deformation (Fjaer et al., 2008). Once any two moduli have been

calculated it is possible to calculate the rest of them. Equation 7.3 shows how bulk modulus

can be derived, and Equation 7.4 can be used to show how shear modulus can be derived.

K = $
*

V 2
p "

*
4
3

+
V 2

S

+
(7.3)

µ = $V 2
S (7.4)
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WhereK represents bulk modulus andµ represents shear modulus. All other parameters

in Equation 7.3 and Equation 7.4 are previously deÞned. The elastic moduli estimated

through the inversion process, well logs and seismic, represent dynamic estimates for the

parameters in question. As such the values derived from the velocities of elastic waves and

the density of the rock (Fjaer et al., 2008). In contrast to this static geomechanical moduli

can be derived from mechanical tests of the physical rock, including uniaxial and triaxial

tests in a controlled laboratory setting. The key di!erence between static and dynamic

moduli is that static estimates are smaller than dynamic moduli. This is attributed to the

di!erences in how they are measured (Crain and Holgate, 2014). The relationship between

static and dynamic estimates for elastic moduli can be estimated.

Given the nature of the narrow azimuth seismic dataset it is hard to incorporate anisotropy

past basic estimations, as shown in Chapter 3, into the geomechanical moduli. Anisotropy

can be broken out into vertical transverse isotropy (VTI) andhorizontal transverse isotropy

(HTI) However depositional and diagenetic processes tend to cause layering, especially with

mudrocks (Hart and Taylor, 2013). This laminated nature of shales has a signiÞcant 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 di!erence

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 (Gray et al., 2012). Once the

deterministic inversion results have been determined it is possible to calculate useful elastic

moduli such as YoungÕs modulus and PoissonÕs ratio. This can be done by utilizing Equation

7.1 for YoungÕs modulus and Equation 7.2 for PoissonÕs ratio.The same constraints that

pertain to the inversion results in terms of density also pertain to anything calculated using

those results. Since PoissonÕs ratio does not require density as part of the calculation, the

angle range of 36o is Þne for this calculation. However, the density variable in the calculation
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Figure 7.3: Block diagrams showing the layering within VTI, the vertical fracturing that can
cause HTI, and how these can be combined in mudstones (Hart and Taylor, 2013)
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of YoungÕs modulus means that the results may not be valid away from the well. Nonetheless

there are two key points of note (1) the stable nature of the density from the deterministic

inversion provides a stable YoungÕs modulus and (2) the data around the well are valid.

YoungÕs modulus calculated from the deterministic inversion can be seen in Figure 7.4, while

PoissonÕs ratio calculated from deterministic inversion can be seen in Figure 7.5.

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

Figure 7.5: The calculated PoissonÕs ratio from the derivatives of the deterministic inversion
along the arbitrary line. Again higher values for the Quintuco tend to be dominant, with
lower values for the Vaca Muerta being present between Secuencia 4 and the Tordillo
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General trends from the YoungÕs modulus volume show that on the whole the Quintuco

has higher values than that of the Vaca Muerta. Similarly, PoissonÕs ratio has higher values

in the Quintuco than in the Vaca Muerta. This similar nature between gross trends on

a qualitative level suggest that a quantitative approach islikely appropriate. Within the

Vaca Muerta itself the general trend for YoungÕs modulus is a relative increase from the

lower Vaca Muerta towards the upper Vaca Muerta. PoissonÕs ratio is slightly more complex

in that the highest values are present in the lower Vaca Muerta, with the trend generally

decreasing upwards. The qualitative relationship between YoungÕs modulus and PoissonÕs

ratio appears to be generally inverse in nature. ConÞrming 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 geomechanical volumes. However, faulting can

be seen in map view suggesting small vertical displacement and potentially greater lateral

displacement. Therefore, this along with lateral heterogeneity trends will be discussed with

the map views following. Stratal slices for YoungÕs modulus and PoissonÕs ratio that cut

through the lower, middle, and upper Vaca Muerta can be seen in Figure 7.6, Figure 7.7,

and Figure 7.8 respectively.

Lateral heterogeneity is clearly present within the lower Vaca Muerta. Note that lateral

heterogeneity for PoissonÕs ratio is valid, while the certainty for lateral heterogeneity for

YoungÕs modulus reduces the farther away from any given well control. Lower PoissonÕs

ratio tends to be more prevalent in the SW, with higher values towards the NE and NW.

Similar to what is seen in cross section, the inverse trend is apparent in YoungÕs modulus

for the lower Vaca Muerta. Major faulting appears to be relatively minimal throughoutthe

survey, with one clear example NE of Well H. PoissonÕs ratio appears to be higher around the

fault, while YoungÕs modulus appears lower. Wells G and I are of note since these two wells

are the ones that were hydraulically stimulated, and microseismic data were recorded. Again

higher values of PoissonÕs ratio and lower YoungÕs modulus can be seen around these wells

which likely accounts for the lack of microseismic events associated with the lower stages.
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Figure 7.6: Stratal slice cutting through PoissonÕs ratio (left) and YoungÕs modulus (right)
within the lower Vaca Muerta. Both faulting and lateral heterogeneity are clearly present
on both slices, with a major fault being apparent NE of Well H. No major 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 PoissonÕs ratio (left) and YoungÕs modulus (right)
within the middle Vaca Muerta. While lateral heterogeneity is clearly present on both slices,
the fault seen in the lower Vaca Muerta is less clear in the middle. Nonetheless, the fault is
still present NE of Well H
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PoissonÕs ratio for the middle Vaca Muerta tends to be higher than that of the lower

Vaca Muerta. The SE portion of the survey tends to be lower, with the NE portion tending

to be higher. There also appears to be a North-South trend thatat times has a NE-SW

trend to it. YoungÕs modulus on the other hand tends to have higher values in the SW and

NE with the portions in between being signiÞcantly lower. However, there are local highs for

YoungÕs modulus around both Well G and I, as well as moderately high values for PoissonÕs

ratio around Well G and I.

Figure 7.8: Stratal slice cutting through PoissonÕs ratio (left) and YoungÕs modulus (right)
within the upper Vaca Muerta. While lateral heterogeneity is clearly present on both slices,
the fault clearly seen in the lower Vaca Muerta, and somewhat present 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 PoissonÕs ratio, while the

rest of the survey appears to have a relatively high value of PoissonÕs ratio. YoungÕs modulus

once again seems to have an inverse relationship with PoissonÕs ratio. Note that around Well

I there is a local high of YoungÕs modulus and a local low of PoissonÕs ratio. Given the

prevalence of microseismic events in the upper Vaca Muerta for both Well I 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
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chapter in both a qualitative and quantitative manner.

Other geomechanical moduli can also be calculated from the deterministic inversion re-

sults, including bulk modulus and shear modulus. However, these moduli both also require

a valid density result. As such the data are mainly valid aroundthe wells. Example stratal

slices for both shear modulus and bulk modulus were included for the upper Vaca Muerta, as

can be seen in Figure 7.9. Bulk modulus and shear modulus volumes were calculated using

Equation 7.3 and Equation 7.4 respectively. Faulting is moreclearly present in the upper

Vaca Muerta in these stratal slices, with a few more major faults in the NE corner of the

survey.

Figure 7.9: Stratal slice cutting through bulk modulus (left) 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. Figure 7.10 shows the relationship

that exists between TOC and YoungÕs modulus as well as PoissonÕs ratio. The relationship

between TOC and YoungÕs modulus appears to be an inverse one,where rock high in TOC

correlates with low YoungÕs modulus. On the other hand PoissonÕs 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 PoissonÕs ratio.

Figure 7.10: The relationship between YoungÕs modulus and PoissonÕs ratio with TOC can
be seen in the crossplot. YoungÕs modulus has a clear relationship with TOC, while PoissonÕs
ratio shows no apparent relationship

The TOC was calculated using the Schmoker method. While both the Passey and a

straight correlation method were also looked at it, the correlation method proved to over-

estimate the volume of shale relative to the lithoscanner prediction and XRD results. The

Schmoker method was found to best estimate the TOC. Schmoker TOC can be calculated

using the Equation 7.5.

TOC =
*

A
$

+
" B (7.5)

Where $ is the formation density, andA and B are Schmoker parameters for which the

default values are 154.497 forA, and 57.261 forB . (Schmoker and Hester, 1983) The strong

relationship between YoungÕs modulus and TOC, and the relationship between PoissonÕs

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 focus on core and log data.

(Dietrich, 2015) It should be noted that the relationship between TOC and YoungÕs 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 reßectance estimates (Passey et al., 1990).

The vitrinite reßectance values for Wells B and C were found tobe 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 derived from vitrinite reßectance data

(Passey et al., 1990).

TOC =
-
# log(R) ! 100.297" 0.1688#LOM

.
(7.6)

Interestingly, ThomsenÕs anisotropy parameters were not found 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 moduluscan be seen

in Figure 7.11.

Figure 7.11: The relationship between bulk modulus and shearmodulus with TOC on the
Z-Axis can be seen in the crossplot. A relationship clearly exists 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.

TOC #
1
E

#
1
K

#
1
µ

(7.7)

Note that there is no clear relationship with PoissonÕs ratioand TOC.

7.3 Properties derived from Geostatistical Inversion

Derivatives of the geostatistical inversion including P-Impedance, 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 same di!erences that apply to the

geostatistical inversion in contrast to the deterministic inversion 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 volumewith an increase in actual

resolution near the well. Uncertainty was addressed in Chapter 4, therefore the increase in

apparent and actual resolution will be the focus for the geomechanical results.

The di!erence in apparent resolution for a single constrained realization can be seen

for PoissonÕs ratio in Figure 7.12. Overall, it can be seen that the same trend exists for

both the deterministic and geostatistical results. However, since 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 PoissonÕs ratio will honor both

the seismic and well log data. Some interesting conclusions can be seen by comparing the

volumes. For instance, the lower Vaca Muerta has both the highest and the lowest PoissonÕs

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 depositional environment as the

environment progrades from a distal marine to a carbonate slope.
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Figure 7.12: PoissonÕs ratio for both deterministic and geostatistical 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 understanding of the subtleties within any
given unit

Similar to PoissonÕs ratio, the di!erence in apparent resolution for a single constrained

realization can be seen for YoungÕs modulus in Figure 7.13. However, unlike PoissonÕs,

as discussed in Chapter 5 the constraints of density apply toboth the deterministic and

geostatistical results.

Nonetheless, it can be seen that the trend for both YoungÕs modulus derived from deter-

ministic and geostatistical inversions remains relativelysimilar. 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 shownin 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 withthe lower Vaca Muerta,

with roughly the same values interspersed for the middle and upper Vaca Muerta. It only

becomes signiÞcantly higher moving into the Quintuco. This is 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 the

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

Figure 7.14: YoungÕs modulus for both deterministic and geostatistical 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 deterministic results. The data shown
here is around Well I
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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 boththe 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 understand the heterogeneity of the

Vaca Muerta on a much Þner scale than was possible with the deterministic inversion alone.

This is particularly apparent when looking at Figure 7.14 where 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 inversion increases the resolution. Before

going any further it is important to address the di!erent levels of vertical resolution for

each dataset in use, as well as a relative sense of certainty for each 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 theother hand is on a qualitative

and relative scale.

Table 7.1: Resolution and relative certainty for the datasets 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 1 m Good
Deterministic Inversion $ 35 m Good
Geostatistical Inversion $ 3m Fair
Microseismic $ 35 m ($ 2m) Good (Fair)

171



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 workßow to arrive at this point can be shown

visually with Figure 7.15

Figure 7.15: The workßow used to integrate the various datasets in question

A comparison between the deterministic geomechanical moduli and the microseismic can

be looked at in both a qualitative and quantitative sense. The qualitative comparison for

the deterministic geomechanical moduli with the microseismic was made using TransformTM .

This allows 3D visualization of multiple di!erent kinds of datasets including wellbore tracks,

seismic, and microseismic in depth space as will be shown for both PoissonÕs ratio and

YoungÕs modulus. Figure 7.16 shows the overlay of these datasets with the key comparison

being made between PoissonÕs and microseismic on a qualitative level.

In a quantitative sense, there is no tie between PoissonÕs ratio and 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 PoissonÕsratio. 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. Microseismic events tend be more proliÞc in
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Figure 7.16: PoissonÕs ratio is shown in the volumes, the wellbore tracks for Well G (left)
and Well I (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 VacaMuerta. However, there

is no clear reason as to why this is the case when looking at Figure 7.16 alone. The next

qualitative comparison shows YoungÕs modulus with the wellbore track and the microseismic

events in Figure 7.17.

The qualitative comparison between YoungÕs modulus and microseismic, similar to the

qualitative comparison in PoissonÕs shows no clear trend with the values for either Well G

or Well I. However, a qualitative comparison between Well G andWell I shows that higher

values of YoungÕs modulus appears to be correlated to greaterstimulation. In addition

to this the subtle decrease in YoungÕs modulus with depth correlates with the decrease in

microseismic events. While it is hard to derive a qualitativetie with a single panel, the

combined data appears to show that microseismic preferentially stimulates rock with higher

YoungÕs modulus.

The quantitative relationship for deterministic PoissonÕs ratio with microseismic canbe

seen in Figure 7.18. As seen in the qualitative comparison, there is no relationship between

PoissonÕs ratio and stimulation. This is shown by the fact that the trend for the background
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Figure 7.17: YoungÕs modulus is shown in the volumes, the wellbore tracks for Well G (left)
and Well I (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 PoissonÕs ratio mirror the trend shown for the valueof PoissonÕs ratio that were

stimulated.

Quantitative analysis for deterministic YoungÕs modulus with microseismic can be seen

in Figure 7.19. While the overall qualitative comparison for YoungÕs 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 YoungÕs modulus conÞrms what is seen

qualitatively. 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 YoungÕs modulus and PoissonÕs ratiowith a relative scale of brittle

to ductile in a Þxed stress state is shown by Figure 7.20. A brittle formation is more likely

to fracture. Therefore, the ideal values for PoissonÕs ratioshould be low, while the ideal

values for YoungÕs modulus should be high. It is important to note that the geomechanical

properties will vary with stress state, temperature, ßuid type, and mineralogy. Additionally,

the existence of fractures already will e!ect how easily stimulation occurs. Therefore, it is

assumed that YoungÕs modulus and PoissonÕs ratio should be useful guides when determining
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Figure 7.18: Quantitative comparison of trends for PoissonÕs ratio for both Well G and Well
I. The background trend for the volume is shown in blue, while the trend associated with
the microseismic events are shown in red

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

stress state. Therefore it is important to conduct experiments to show where theoretical

relationships hold, and when they do not. The quantitative comparisons seen in Figure 7.18

and Figure 7.19 would seem to indicate that the theory holds forYoungÕs modulus, but does

not hold for PoissonÕs ratio.

Figure 7.20: YoungÕs modulus vs. PoissonÕs ratio with the relationship that this has with
ductility and brittleness in a Þxed stress state. Note that theearth does not provide a Þxed
stress state (Grazulis, 2016)

The apparent relationship between YoungÕs 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. Unsurprisinglythe quantitative trends found
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for the geostatistical inversion derivative results show a similar trend to the deterministic

inversion derivatives. Table 7.2 which compares the means and ranges 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 deterministically and geostatis-
tically derived geomechanical parameters for YoungÕs modulus, shear 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 (*109 N/m 2) Shear (*109 N/m 2) Bulk (*10 9 N/m 2) Youngs (*109 N/m 2) Shear (*109 N/m 2) Bulk (*10 9 N/m 2)
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 YoungÕs modulus, but not PoissonÕs ratio has a clear tie with TOC (Diet-

rich, 2015). Furthermore in addition to YoungÕs modulus, there are two other moduli that

correlate with TOC including bulk modulus and shear modulus.These three moduli appear

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

Stimulation # E # K # µ (7.8)

Ultimately it was found that the trends for both deterministic and geostatistical deriva-

tives provide the same trends, and similar means serving as afurther quality control on the

statistics of the results. Qualitatively however, it was shown that geostatistical inversion

provides increased detail around any given well. This particularly 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 comparableunconventional plays

in North America (Bishop, 2015). It may be due to economics, that there is also a sparser

dataset available for Vaca Muerta than is common for the NorthAmerican analogues. Ta-

ble 8.1 shows the average well spacing, total active area, and total undeveloped area for a

series of unconventional North American plays. In sharp contrast 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 total undeveloped area for Þve
major unconventional plays in the United States are shown (EIA, 2011)

Unconventional Play Spacing (Wells/km2) Active (km 2) Undeveloped (km2)

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 al., 2014). This is particularly

important during the early development of the play. Additionally, given the limited amount

of data available understanding the certainty of the available 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 characterizethe

di!ering aspects of the play in relationship with what contributes 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

YoungÕs 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 and strain relationships of a rock volume.

The two have been shown to be inextricably linked, with the relationship beingdictated 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 speaking have 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. This increased 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 homogeneity, 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 provide 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 uncertaintyof

the data, and a platform around which to analyze the datasets being used.

Finally, the relationship between microseismic events and the geomechanical 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, it should be noted that the upper

Vaca Muerta is not heavily fractured, while the middle Vaca Muerta 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 beneÞt of hydraulic stimulation is not

directly correlated to the number and magnitude of microseismic events.

8.2 Recommendations and Future Work

While the utmost e!ort was made in this thesis to incorporate abroad scope of topics and

datasets in order to better understand the geomechanical parameters of the Vaca Muerta

and itÕs relationship with hydraulic stimulation, there area 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 Chapter 3, however 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 anisotropic 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 ofthe earth

model.

Paula Barbosa (2017) addresses anisotropy in the well log data. It spends signiÞcant

e!ort 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 beneÞcial. 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:

E!orts were made in this thesis to integrate inversions, both deterministic and geostatis-

tical, with microseismic data in order to be predictive aboutwhat geomechanical moduli is

associated with stimulation. While it was clearly shown that YoungÕs modulus, bulk modu-

lus, and shear modulus have a relationship with stimulation the 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 anglerange large enough to

obtain density that is stable. If the angle range is greater than 45o than it may be possible

to accurately estimate the geomechanical moduli that have been shown to correlate with

better stimulation of the rock. If this was then combined withPaula BarbosaÕs 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 reference to 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 addition 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 greaterunderstanding of certainty

within the lateral direction for both the deterministic and geostatistical inversionscould 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:
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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 ßuid present, the identiÞcation

of fracture networks, and the overall presence of anisotropy within the survey. This is

accomplished through doing both P-wave and S-wave inversions. The 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 core data in order to calculate the

geomechanical moduli of the data independently.

Additionally core data could be used to identify any horizontal discontinuities that may

occur. Literature review revealed that this could include, but is not limited to, ash beds,

bedding parallel veins of Þbrous material (beef), and possibleintrusive sills all of which

could be barriers to fracture growth. Better understandingboth of these would assist with

understanding the fracture network. This in turn would inform how to best stimulate the

rock volume and produce the Vaca Muerta
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