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Abstract  

 

Deformational uncertainty about subsurface structures and accommodational 

uncertainty about rocks are not only closely linked to each other, but also significantly 

impact reservoir responses. The main objective of this dissertation is to investigate the 

effects of these two geological uncertainties on reservoir responses. To achieve this goal, 

we aim to develop and test a reservoir modeling and evaluation workflow that accounts 

for the mode of deformation of a reservoir and the mode of accommodation of reservoir 

properties for a given deformation, by utilizing structural attributes and rock physics 

models.  

First, we investigate the sources of geological uncertainty in structural 

deformation and rock accommodation. We employ different combinations of structural 

geometry and deformation models to represent multiple scenarios for structural 

deformation. Distributed and localized accommodation styles and their subsets can 

represent scenarios for rock accommodation.  

Second, we develop a new geomodeling workflow accounting for the mode of 

structural deformation and rock accommodation. The new workflow links the forward 

deformation and restoration of the reservoir structure to the same processes on the rock. 

An application on a synthetic field demonstrates that realizations and dynamic responses 

from different scenarios can be distinguished from one another by comparing seismic 

responses. 

Next, we propose a new rock physics method, Reconstruction of Equivalent 

Isotropic Medium (REIM), which allows us to compute the angular variation of seismic 

responses of arbitrarily oriented fracture inclusions in an anisotropic medium, and to 

apply our new workflow to unconventional shale resources. Specifically, we apply these 

tools to an unconventional Marcellus gas field in which structural complexity and sparse 

data cause substantial difficulties in evaluation. We identify the sources of geological 

uncertainties and define multiple scenarios based on basin-wide and field-specific 
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observations. By using rock physics models as vehicles to link geological scenarios with 

reservoir properties, we propagate geological assumptions to reservoir responses. We 

then select combinations of structural deformation and rock accommodation scenarios 

by comparing the actual and synthetic seismic responses. The selected scenario and 

models successfully explain the field-specific anomalies. 
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Chapter 1 

1 Introduction 

Understanding and assessing the heterogeneity and anisotropy of reservoir properties is 

one of the most important tasks in reservoir evaluation. As the oil and gas industry 

explores and develops deeper targets and unconventional resources, difficulties in 

assessing reservoirs are giving rise to greater uncertainty as to reservoir response and 

reservoir value. The scarcity and limited resolution of subsurface data make it 

challenging to define three critical components: the structural geometry of target 

subsurface formations, the spatial distributions of petrophysical properties of rocks and 

sub-resolution geological features such as fractures and deformation bands, and the 

underlying geological models explaining the relation between the first two items.  

 Spatial uncertainty and structural uncertainty are two of the most important 

aspects for modeling uncertainty in subsurface problems (Caers, 2011). The uncertainty 

of depositional conditions, the spatial distribution of lithofacies, and their impact on 

reservoir responses have been studied by applying multiple scenarios that feature 

multiple training images  (Park et al., 2013; Jeong, 2014; Strebelle and Journel, 2001). 

By using different training images, these studies attempted to capture different 

geological scenarios in the depositional environments. For the structural uncertainty, 

there are many studies of structural uncertainty to utilize structural attributes on property 

estimations. However, previous research used a single structural interpretation and 

single realization of the abundance and orientations of fracture sets, without considering 

alternative models for both the mechanism of structural deformation and the linkage 

among structural attributes and rock properties (Lohr et al., 2008; Paul et al., 2009). 

Thus, the geological uncertainty by having alternative structural interpretations and their 

effects on reservoir properties have not been investigated in a reservoir modeling 

context. As previous works on scenario uncertainties for depositional conditions 
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revealed, reservoir uncertainty can be largely underestimated if bounded by a single 

geological interpretation when alternatives are exist.  

 To fill this gap, the goal of this dissertation is to investigate geological 

uncertainties on structural geometry, their deformational mechanisms, and their 

interaction with reservoir properties in the subsurface evaluation process. Specific 

research problems and motivations are described below.   

1.1 Problems and Motivations 

1.1.1 Origins of weak connections between subsurface geometry and 

petrophysical properties in subsurface modeling 

Attempts to correlate sub-seismic fractures and joints with structural deformation of 

reservoir geometry utilizing restoration/forward deformation analysis started recently 

(Paul et al., 2009; Lohr et al., 2008). Before that, many research studies linking reservoir 

structures to fractures and joints were limited to purely geometrical approaches (Picou 

and Utzmann, 1962; Bergbauer et al., 2003).  

Conventionally, we conduct a geomodeling process in the following sequence: 

(1) seismic and geological interpretation of reservoir structure, (2) creating reservoir 

geometry, (3) lithofacies modeling, (4) petrophysical modeling, (5) seismic or dynamic 

forward simulation, and (6) comparison with observation (Castro et al., 2005). It is 

intriguing that we conduct the geometrical modeling and petrophysical modeling 

independently, without considering any plausible correlations. If the structure is bent, it 

is a very natural consequence to anticipate perturbation on the curved geometry, such 

as compaction, stress concentration, or mechanical failure of the rocks. By treating the 

geometrical modeling and property modeling independently, we implicitly assume 

either no geological correlations among them or a homogeneity of the correlations 

between structural geometry and reservoir properties within the modeling boundary. It 

is worthwhile to consider geomodeling practice retrospectively, from the 1930s to the 

present time, to see how and why it has developed.   
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Figure 1.1: Advances on static and dynamic reservoir evaluations from 1930’ to present. Left column – 

a, c, and e, correspond to static evaluation – defining subsurface geometry of reservoir structure. Right 

column – b, d, and f depicts geometrical representations of reservoir structures for dynamic forecast (flow 

simulation). Figure a – Reservoir structures were constructed from well picks. A seismic survey was not 

standard at that time (Smiser and Wintermann., 1935). Figure b – In 1935, this material balance equation 

was introduced, and reservoir engineers started to provide time-dependent reservoir responses in analytic 

form while ignoring any spatial heterogeneity (Schilthuis and Hurst, 1935). Figure c – a well interference 

test was used to infer reservoir boundaries (Jahns, 1966). Figure d – the availability of computers allowed 

discretizing the material balance equation into higher resolution and physical dimensions. Modern 

reservoir simulation was applied to predict spatially varying reservoir production by including 

heterogeneous reservoir properties (Coats, 1969). Figure e – structural interpretation conducted in 3D 
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seismic cubes (Dorn, 1998). Figure f – a complex reservoir model that has tens of faults and 

compartmentalization (Jolley et al., 2007). 

Figure 1.1 depicts the resolutions and levels of detail in reservoir evaluation in 

from the mid-30s to present. Since digital seismic imaging had not been invented, 

subsurface structures were constructed based on the contours of well picks and surface 

geometries in 30’s (Figure a; (Smiser and Wintermann., 1935)). Mathematical modeling 

of dynamic responses was conducted in a dimensionless manner (Figure b), only 

focusing on overall time-dependent behavior, and using a material balance equation due 

to the lack of ability for modeling complex geometry—on top of the computational 

limitations before computers were available (Schilthuis and Hurst, 1935). Figure 1.1c 

and d show developments in reservoir modeling thanks to the development of well 

testing analysis (Figure c; (Jahns, 1966)) and numerical reservoir flow simulation 

(Figure d; (Coats, 1969)). Reservoir flow simulation became available due to advances 

in computer science. Since digital seismic image processing was not available until the 

late 60s, resolution of seismic data was limited to defining major horizons and structural 

shapes. Refining sub-resolution boundary of a reservoir were heavily relying on well 

testing analysis. For reservoir flow simulation, the objectives were to find the best lease 

block to acquire or the best candidates to drill, considering the sweep from pre-existing 

producer and injector wells. Defining exact reservoir geometry in the simulation grid 

was irrelevant at that point because we did not have relatively detailed geometry to 

match from the beginning. Indeed, exact geometry was far less important than having 

proper methods to assign spatially varying properties across simulation grids – 

geostatistics – at that time.  

Modern geostatistics were not born until 1962 (Matheron, 1962). In Coat’s 

(1969) example of the usage of numerical flow simulation to find the best new lease 

acreage, the block-by-block transmissibility, kh, was “estimated” from 41 wells – 

without explaining how – and Coat claimed that the kh distribution is “fairly well known” 

(p. 1393). This makes sense because, in Coat’s example, each grid block represents a 

lease acreage. The resolution of the structural model was more or less similar with that 

in the 30s, and the simulation grid block was as coarse as the lease acreage. This 
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demonstrates that modern geostatistics had not widely penetrated the field, even within 

geoscience communities, in the late 60s. Figure 1.1e and f depict reservoir modeling 

practices after 3D seismic images became industry standards. Compared to the 

structural geometry resolution of reservoir models from the 30s and 60s, contemporary 

resolutions are incomparably detailed. Indeed, the structural shapes from contours were 

almost irrelevant to production forecasting from either dimensionless material balance 

approaches, or from 2D numerical reservoir simulations with simplifications of the 

reservoir into almost flat disk plates. The necessity to consider any plausible relations 

between structural geometry and reservoir properties in the subsurface structure can be 

meaningful only when a certain degree of resolution on structural geometry and detailed 

modeling becomes available.   

 

Figure 1.2: Developments and improvements in reservoir modeling accuracy (Demyttenaere et al., 1993). 

The same reservoir was re-evaluated using different vintages of seismic data. With a 3D seismic image, 

the fault interpretations became much finer than the interpretation of the 2D image. With a finer and more 

advanced 3D image, structural interpretation became even finer. For reservoir modeling in the 30s and 

60s, when even 2D images were not available, the structural interpretation would not be that meaningful, 

except to give the general contours of the simplified geometry of the simulation grids.   
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Figure 1.2 depicts structural interpretations on the same reservoir using seismic 

images from different vintages (Demyttenaere et al., 1993). With 2D data, the 

interpretation of faults underestimated the number of faults and the complexity of the 

reservoir structure. With more advanced 3D seismic images, interpretation of faults and 

horizons with the reservoir boundary are even become finer than the older 3D vintage. 

Numerical reservoir simulations in the 60s and 70s were based on interpretations like 

the leftmost image, or even simpler versions. Thus, it is more logical to consider these 

two parts – geological structural interpretation and numerical reservoir flow simulation 

– almost as two independent evaluation tasks. This example offers a good way to explain 

why reservoir evaluation processes are so disjointed among the modeling steps. Indeed, 

the research question of this dissertation would be pointless in the 1960s, when the 

purpose of geometrical subsurface models was merely to capture relative horizontal 

distances and vertical depths as input parameters for flow simulations. However, now 

we can conduct geometrical interpretations with a higher resolution that captures the 

details of structural shapes in greater detail, and the resolution of flow simulations is not 

constrained by numerical capability but by the resolutions of the property we can define.  

1.1.2 Scale and resolution dependency on subsurface evaluation 

As computational capacity increased, there is a tendency to make the simulation 

boundary larger, and the grid size finer. Before we move on, it is meaningful to ask 

ourselves why we want a geomodel at a finer and even finer scale. This can be explained 

as a typical change of support problem (COSP) (Isaaks and Srivastava, 1989). A COSP 

involves a discrepancy between the observation and estimation we made, based on 

specific observation resolution and the actual scale/resolution when it occurs (Gelfand 

et al., 2001).  

Let us assume that current technology requires having a minimum concentration 

of x percent of mineral A in a feeder volume of bulk soil in a concentration process to 

make mineral A marketable. If the feeder soils are excavated and tested for quality by a 

dump truck capacity, evaluating a mining site by measuring the concentrations in a 

smaller volume than the capacity of a dump truck will lead to an overestimation of the 
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valuation. If we have a sorting technology finer than the conventional volume of 

evolution, we can make a profit by the differences of underestimated values of the 

mining sites and the value we can get from a finer sorting. Here the conventional COSP 

includes human-controlled, or more specifically process-controlled, factors. On top of 

that, it is a static problem.  

However, a COSP in subsurface responses is different in that we can only control 

the resolution of the evaluation, not the natural process. Moreover, it is a dynamic 

process. If we set a resolution for discretization, we always miss the sub-resolution 

heterogeneity of dynamic responses. This was one of the biggest motivations to 

discretize a dimensionless material balance equation into the physical and multi-

dimensional domains, to estimate leftover oil-bearing regions among producing wells 

(Aziz and Settari, 1979). Thus, it is legitimate to question the endeavors to model at a 

finer and finer scale, as it might be a false precision: the global constraints such as 

aquifer strength and compartmentalization would still be more impacting parameters on 

the overall valuation of the reservoirs.  

However, with modern developments in secondary and tertiary enhanced 

recovery, together with hydrofracturing technology, we can actually perturb the global 

parameters of the subsets of reservoirs. If we can model and simulate a finer scale in a 

realistic way, we can increase the value of the reservoir. From the COSP perspective, 

finer is better in geomodeling. But here’s the catch: do we know the fine scale properties? 

1.1.3 Endeavors to see beyond seismic resolution 

Digital 3D seismic image provides geoscientists with a geological “Hubble” telescope 

to see the subsurface (Cartwright and Huuse, 2005). With increased computational 

powers, geomodeling with finer gridblock resolution becomes available. Thus, 

modeling subsurface properties beyond seismic resolution becomes one of the utmost 

challenges in E&P projects.  
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Figure 1.3: Example of an MPS algorithm (Strebelle and Journel, 2001). Figure a – training image that 

represents a spatial pattern of a categorical geobody. In this case, it is channelized sand. Figure b – sand 

probability map. Figure c – MPS simulation result. The realization has sand channels on a high sand 

probability location. It also tries to reproduce the shape of the training image.  

Multiple-point simulation algorithms (MPS) provided a breakthrough in 

geostatistics by allowing users to reproduce the “shapes” of geological features – sand 

channel bodies, lobes, and coral reefs – while honoring conditioning data along the wells 

(Strebelle and Journel, 2001). A “training image” – a conceptual visual representation 

of spatial patterns in the geometry of a depositional geobody or lithofacies – provides a 

vehicle to quantitatively transfer geological knowledge of depositional environments 

and the geometrical characteristics of lithofacies into geostatistical modeling (Figure 

1.3a). Figure 1.3c is a realization using the MPS algorithm. It honors the target 

proportion, Figure 1.6b, while trying to reproduce the spatial patterns from the training 

image.  
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Figure 1.4: Example of the usefulness of a rock physics model (González et al., 2008). Rock physics 

models allow us to estimate elastic properties once lithology and petrophysical properties are populated. 

With using the MPS algorithm (1.7a), we can compare the synthetic seismic response with the actual data 

(1.7b). The results (1.7c) honor the underlying assumptions on the spatial distribution of facies – from 

the training image – and are also compatible with actual seismic data.   

Rock physics models have been recognized since the late 60s as powerful tools 

to link geophysical observations and components of rock – pore, mineral, cements, fluid, 

the way they are arranged, pore pressure, and confining stress (Nur and Simmons, 1969). 

With their capability to synthesize “what-if” seismic responses, rock physics models 

were used as guiding tools to infer subsurface heterogeneity in quantitative ways for 

example, (González et al., 2008; Mukerji et al., 2001; Mukerji et al., 1995), amongst 

others. By comparing the what-if seismic response with the actual seismic data, we can 

select more likely realizations. (Figure 1.4). 
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Figure 1.5: Developments in structural interpretations and visualizations. Figure a - H. Cloos’ sketch of 

an oil bearing anticline drawn before 1914 (Cloos, 1947). Figure b – a kinematic model of fault-bent-fold 

structure (Suppe, 1983). Figure c – numerical computation and visualization allow geologists to conduct 

restoration of more complex or finely defined geometry (Laurent et al., 2015).  

The emergence of quantitative descriptions of geometrical deformation of 

subsurface structures also hugely advanced between the late 1960s and the 2000s 

(Dahlstrom, 1969; Maerten et al., 2014; Brandes and Tanner, 2014). Figure 1.5a is a 

geologist’s sketch of an oil field in Java, Indonesia before 1914 (Cloos, 1953). The 

subsurface geometry was reconstructed purely by the observer’s educated imagination. 

However, like in Figure 1.1a, when conditioning the subsurface geometry quantitatively 

with limited observations, the structural map ironically became less informative. This 

could originate from the lack of a transfer algorithm to convert geologists’ qualitative 

models into quantitative forms, on top of the limited data from which to infer the 

subsurface geometry. Starting in the late 60s, kinematic restoration algorithms were 

introduced to link the current structural geometry to more appropriate stratigraphy 

(Figure 1.5b) (Dahlstrom, 1969; Suppe, 1983). With seismic images and computational 

aids on restoration/deformation analysis, geologists can conduct structural analysis in 

finer resolution, not only for the present geometry but also for the kinematic or 

mechanical analysis involved during structural evolution (Figure 1.5c) (Laurent et al., 

2015).  

Indeed, very recent geoscientific developments and achievements provide 

relatively enough data for geologists to reconstruct the present subsurface geometry, 
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reconstruct the likely depositional geometry at a fine scale, populate facies while 

honoring spatial distribution on depositional conditions, and create petrophysical 

properties under different geological conditions. Now, the resolution of the data, 

developments for converting qualitative geological knowledge into quantitative models, 

and developments in geostatistics and rock physics have narrowed the huge gaps among 

the geometry of the subsurface structure, geometry for flow responses, and reservoir 

properties in the models.  

Besides the existence of hydrocarbon, lithofacies and the existence of flow 

hindering/enhancing features are two of the most important pieces of information that 

we want to know about sub-resolution features. For lithofacies modeling, MPS allows 

us to honor and reproduce geometrical realism of facies distribution beyond the 

statistically random process. However, endeavors to infer the flow hindering/enhancing 

features are mostly limited to statistical approaches. As lithofacies cannot be free from 

depositional environments, flow hindering/enhancing features, such as fractures or 

compactions bands, cannot be free from deformational evolutions. As lithofacies 

modeling uses training images to make the realizations more geologically realistic, we 

need to investigate how we can enhance reservoir property modeling by utilizing the 

attributes of structural deformation.    

1.2 Objectives and Scope  

The intent of this work is to develop and apply a new workflow for the geomodeding 

process that allows the honoring of geological assumptions on 1) structural deformation 

of reservoirs and 2) how the deformation is affecting the evolution of the rock. We use 

the term “mode of structural deformation” to denote a set of structural interpretations 

and a model that consists of the present geometry of the subsurface structure and the 

underlying deformational mechanism explaining the present geometry. We use the term 

“mode of rock accommodation” to denote geological assumptions of how the structural 

attributes affect the spatial abundances and orientations of geological features existing 

in sub-scale to the modeling grid size.  
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We conduct the reservoir evaluation and reservoir simulation on geomodels 

created from the current geometry. When geologists observe the earth, an outcrop, or 

subsurface, they observe and process them as phenomena, which involves the 

idealization of observed geometry and a possible processes to create the observed 

geometry. Implicit models give qualitative explanations, while we may have the 

geometry of past subsurface conditions if we have explicit models. Whether implicitly 

or explicitly, we see the geoscience objects with models. As we discussed in Section 

1.1.3, thanks to advances in 3D seismic technology, discrepancies between reservoir 

geometry from seismic and well data and reservoir geometry from numerical 

simulations have been reduced. From Section 1.1.3, we see that quantitative analysis of 

structural deformation is available. Thus, we want to attempt to link reservoir structure, 

especially how the structure has been deformed, to rock accommodation – how the rock 

accommodates the applied deformation – and propagate the assumptions on structural 

deformation and rock accommodation to petrophysical properties and subsurface 

responses.  

Using this new workflow, we want to test and select more likely geological 

scenarios of structural deformation and rock accommodation.  Under each combination 

of scenarios on structural deformation and rock accommodation, the new workflow 

generates multiple subsurface realizations, following each assumption made in the early 

stages of the subsurface evaluation process. If realizations from different scenarios give 

different responses, defining the more likely scenario will give a better understanding 

of subsurface evaluation, and corresponding realizations may serve as better starting 

points for any reservoir evaluation processes such as uncertainty quantification and 

history matching.  

The key research objectives for this work are: 

 Define the sources of geological uncertainty on structural deformation and 

rock accommodation.  

 Develop a new workflow for subsurface modeling, to capture the effects of 

multiple scenarios of structural deformation and rock accommodation.  
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 Develop a new rock physics model to calculate the stiffness tensors of rock 

having multiple sets of sub-resolution geological features such as 

deformation bands, fractures, and cleavages in anisotropic media.  

 Test the new workflow and effects of geological uncertainty from structural 

deformation and rock accommodation on subsurface responses to an 

unconventional Marcellus Shale gas field.   

1.3 Dissertation Outline 

This research entails the development and implementation of a geomodeling workflow 

for subsurface evaluation when there are uncertainties on structural deformation and on 

how the rock has accommodated the deformation. In Chapter 2, we investigate sources 

of uncertainty in geological interpretation for structural deformation and rock 

accommodation. We cover the sources of uncertainty in two ways: discrepancy between 

geological models and true earth, and coverage and resolution of observations. 

Accommodation styles describe how the rock absorbs the applied deformation through 

sub-resolution processes such as faulting, pore arrangements, or developing 

deformation bands. We attempt to provide qualitative explanations of key factors 

affecting the modes of accommodation. 

 In Chapter 3, we propose a new geomodeling workflow to capture the geological 

assumptions about structural deformation of reservoirs – how the structural geometry 

changed from the past to the present condition – and rock accommodation – how the 

rock responded to the applied deformation – from structural modeling to property 

modeling. Multiple interpretations of structural restoration and assumptions about sub-

resolution accommodation processes gives rise to multiple sets of geological scenarios. 

Multiple realizations of geomodels under each scenario have different sub-resolution 

geological features and petrophysical properties that honor individual scenarios. We 

apply the workflow to a synthetic sandstone reservoir, and compare the effects of 

different assumptions on structural deformation and rock accommodation to reservoir 

response for both flow and seismic responses.  
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 In Chapter 4, we propose a new rock physics model to compute the seismic 

attributes of having multiple sets of inclusions in an anisotropic background media. This 

new model decomposes the background anisotropic medium into an equivalent isotropic 

medium that gives identical density and velocity profiles with the measurements. By 

having equivalent isotropic media, we can calculate any combinations of “what-if” 

seismic attributes under different geological assumptions about rock accommodation. 

The new rock physics model can be used to compute seismic attributes on 

unconventional shale reservoirs that have background anisotropy that cannot be ignored, 

with the possible presence of multiple sets of inclusions.  

 Chapter 5 presents the application of the new geomodeling workflow and the 

new rock physics model to an unconventional Marcellus shale gas field in the 

Appalachian basin in the United States. The field has uncertainty related to structural 

interpretations and uncertainty related to the existence of sub-resolution faults and 

fractures. By using the rock physics model from Chapter 4, we can compute seismic 

attributes from effective stiffness tensors representing multiple sets of inclusions in 

anisotropic background medium, for different scenarios. After developing multiple 

geological scenarios on structural deformation and rock accommodation from field data 

and analogy data, we can compute the seismic attributes under each scenario. Compared 

with actual seismic attributes from the 3D seismic survey, realizations from different 

scenarios have different levels of similarity with the true seismic attributes. Comparing 

spatial distributions – abundances and orientations – of sub-resolution features such as 

fractures from the scenarios with higher similarity with true seismic data gives a better 

qualitative explanation of field observations of the given field.       

 Chapter 6 concludes this dissertation and provide recommendations for future 

work. Recommendations include developing alternative tools for conducting 

deformation/restoration analysis on top of the ones used in this dissertation, applying 

the ideas here to conventional reservoirs, the need for a tailored proxy of seismic 

forward simulations, and recommendations for applying the proposed workflow to basin 

and petroleum system modeling. 
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Chapter 2 

2 Linking Geological Uncertainty in 

Modes of Structural Deformation and 

Rock Accommodation 

This chapter reviews two sources of subsurface uncertainty: deformational uncertainty 

about reservoir structure, and accommodational uncertainty about how the rock 

absorbed the applied deformation. The first source creates uncertainty by not knowing 

the exact geometry of the present and past subsurface structures, or how the past 

geometry deformed to the current geometry. We also do not know whether a certain 

portion of a reservoir has been going through porosity reduction by mineral 

rearrangement, or developed a series of fractures when it compressed during the 

structural deformation. To evaluate surface responses effectively, we have to be aware 

of the sources of uncertainty on structural deformation, and of rock accommodation on 

given deformation.  

2.1 Uncertainty about structural deformation 

We do the reservoir evaluation and reservoir simulation on geomodels created from the 

current geometry. When geologists observe earth, an outcrop, or the subsurface, they 

observe and process them as phenomena, which involve idealization of the observed 

geometry and a possible process that shaped the earth into the observed geometry. If it 

is implicit, we can give a qualitative explanation, while we may have geometry of past 

subsurface conditions if we have explicit models.  
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2.1.1 Relationships among geometrical, kinematic, and dynamic 

models 

When we observe geological features, either from an outcrop or through seismic images 

of the subsurface, we always use a set of prior knowledge and try to fit the observations 

with our conceptual understandings. For some observers, a vertical section can be 

merely full of wiggles in pretty patterns, while for others it can be full of information 

that can help reconstruct how it looks and how it ended up in that shape during 

geological timeframes. If we turn these interpretations into a set of explicit 

quantifications and explanations to help them make sense, they become explicit models.  

Brandes and Tanner (2014) provide the following classification and definitions 

of geological models: 

- Geometrical models contain a primary data set, 2D or 3D, of stratigraphic units, 

faults, and other geological information. 

- Kinematic models determine the evolution of a geometrical structural model. 

- Dynamic models study the forces and stresses required to produce the 

geometrical structural model. 

Brandes and Tanner (2014) likewise suggest that every model must be based on a 

guiding conceptual model, have a theoretically-based submodel, have predictive 

capability, and have the ability to deliver testable predictions.  

The following figure (Nenna and Aydin, 2011) is a perfect example of how 

observations are turned into a geometrical model. Figure 2-1a is a picture which contains 

pixels. Geologists observe it and conduct interpretations – run implicit models – based 

on their prior knowledge and conceptual models of geological features, and simplify the 

picture into a simplified data set of lines and figures. In terms of Brandes and Tanner’s 

(2014) criteria, Nenna and Aydin’s sketch presents conceptual models of deformation 

bands. They define the observations into pressure solution seams and veins that have 

their own definitions. By comparing this information with adjacent faults, they can 
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estimate that the geological setting was compressional, and from lab measurements and 

experiments, they can confirm whether their interpretation is correct or incorrect. Now 

it becomes a geometrical model.     

 

Figure 2-1: A picture from outcrop (a) and geometrical model (b) (Nenna and Aydin, 2011). A picture 

(an observation) is simplified and idealized into a geometrical model by geological interpretation - 

implicit models that contain geological information. Pixels of different colors are turned into simplified 

geological features. 

 Kinematic models attempt to explain the evolution of geometrical structural 

models. Thus, kinematic models require more than two geometrical models that 

represent different time points – one for the present, and others for any past time. By 

having multiple geometries, kinematic models involve kinematic vectors linking 

different geometries and representing different geological times. An example of a 
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kinematic model is the well-known kink band migration model for fault-bend folds from 

Suppe (1983). Figure 2-2 shows Suppe’s interpretations of locally thickened shale 

layers by using his kink-band migration model.  

 

Figure 2-2: Suppe’s (1983) fault-bend folding interpretation using his kink band model explains thickness 

variations of Chinshui shale between two adjacent wells.  

 Dynamic models involve kinematic models, and thus automatically geometrical 

models, and require rheological information such as density, elastic modulus, and 

Poisson’s ratio to simplify the equations of motion so they can be solved to captures 

forces and stress, and constraints of the deformation of geometrical shapes of the 

geomodel.    

 The process of creating past geometrical models from current geometrical 

models is called restoration, or retro-deformation analysis. If we use any kinematic 

model as a governing model during restoration analysis, the restoration is called 

kinematic restoration or section restoration. Dahlstrom’s balanced cross section (1969) 

is one of the earliest example of kinematic restoration (Dahlstrom, 1969). The following 

figure is a schematic explanation of Dahlstrom’s cross section restoration using two 
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surfaces. His kinematic model preserves the surface length during the restoration 

process.  

 

Figure 2-3: Schematic explanation of the principal of balanced restoration by Dahlstrom (1969). He used 

nails as visual cues for boundary conditions. In (c), a nail on the left bottom corner is broken, and the 

lower surface was flattened. In (d), the lower surface was re-compacted horizontally, while the center of 

the upper surface was cut and dropped on top of the bottom surface. In both cases, the length and area of 

the two surfaces are preserved.  

If we use dynamic models to reconstruct past geometrical models, they become 

mechanics-based restorations (Maerten et al., 2006; Maerten et al., 2001). This offers 

restored geometrical models with a certain amount of force and stress applied to make 

the deformation conform to the governing equations of motion, assuming the 

constitutive law of stress-strain relations. The following figures depict Maerten and 

Maerten’s (2006) claims about the merits of mechanics-based restorations for 

estimating sub-seismic resolution faults via stress distribution from restoration and 

forward deformation analysis. Figure 2-4a shows a result of the sandbox experiment of 
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McClay (1990) to mimic an extensional fault system. Figure 2-4b shows digitized 

geometrical models of the McClay experiments by Maerten and Maerten (2006). Figure 

2-4c and 1.4d are the computed shear stress distribution, magnitudes, and direction of 

the principal strain components from a restoration analysis.  

 

Figure 2-4: Maerten and Maerten’s (2006) geomechanically based restoration applied to McClay's 

sandbox experiments (1990) to mimic an extensional fault system. Maerten and Maerten's restorations 

use linear elasticity as a constitutive law to reproduce the distributions of maximum shear stress around 

the densely faulted area from McCay’s experiment. (a) The sandbox experiment, (b) geometry of the 

deformed (current) and restored (past) conditions, (c) shear stress distribution from the dynamic model 

used, and (d) direction and magnitudes of restoration vectors.   
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Above all, models are reversible. They give the same kinematic displacement 

vectors, or deformational stress, regardless of the direction of the restoration – from 

present to past (forward deformation) or past to present– except for the direction of the 

restoration and the forward deformation vectors. For example, if the restoration 

displacement of an arbitrary point A is 10 meters north, the forward deformation 

displacement of the point A is 10 meters south. However, if we use nonlinear elasticity 

assumptions, the restoration and forward deformation cannot be the same. Analysis in 

these terms is called retro-deformational analysis (Lovely et al., 2012). It focuses on 

irreversible deformation, and it may require a recursive process to optimize the restored 

geometrical models to the current geometry, in order to make the geometrical models 

consistent under the assumed constitutive laws of nonlinear behaviors (Lovely et al., 

2012).  Since dynamic models, whether assuming linear elasticity or nonlinear elasticity, 

also involve kinematics, we are going to call all of the qualitative and quantitative 

models explaining the evolution of geometrical models kinematic models when we do 

not attempt to differentiate them from dynamic models.  
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Figure 2-5: Drawing by Cloos (1936), reprinted in Blandes and Tanner (2014). Cartoon 4 is a simplified 

geological sketch containing geological features such as reverse faults, folds, horizons, lobes, and canyons 

(a geometrical model of present conditions). Cloos drew sketches of unseen shapes of geometries at past 

times (geometric models in the past). He processed them using his own mental model, without an explicit 

form of equations. Thus, the model of the relations among the sketches is Cloos’ conceptual model on 

fault-related folds. But it is not a “kinematic” model because it does not involve any kinematic principles, 

and not a “dynamic” model because it does not give any explicit number and orientations of forces from 

one figure to another.  

Figure 2-5 gives a good summary of these models and their relations (Cloos, 

1936; Brandes and Tanner, 2014). Cartoon 4 is a geometrical model including 

geological features such as reverse faults, folds, horizons, lobes, and canyons. Cartoons 

3, 2, and 1 are geometrical models representing past geological time. Cloos linked one 

cartoon to another using his own mental model of geological processes, without an 

explicit form of governing laws or equations. Thus, the model showing the relations 

among cartoons is “Cloos’ qualitative model” on fault-related folds. If any kinematic 

principles were used to reconstruct cartoons of past time, we could call this process a 
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kinematic restoration analysis. The mathematical expression of the kinematic principle 

and the sets of assumptions used form a kinematic model. Note that the above models 

and explanations only cover very limited components of the geological modeling 

processes that are relevant to this research.  

Notice that when we use the term “model,” it is not referring to any actual 

observation, but to an idealized concept of either geometry, kinematics or dynamics, or 

their evolutions. When we use “application” or “experiment,” it involves interpretations 

used to covert an observation of current geometry into a geometrical model, and applies 

kinematic or dynamic models to attempt to explain the evolution of the geometrical 

models. The part in which we investigate how well the models work, and try to explain 

why, is called “analysis.”   

2.1.2 Sources of uncertainty in structural deformation 

Truly, the present is the key to the past. The first source of uncertainty in structural 

deformation comes from that key, the present geometrical model. We have the key that 

has been produced from data with poor resolution, or limited coverage. In E&P projects, 

seismic images are one of the primary sources to extract current geometrical models. 

Due to the uncertainty of not knowing the exact velocity model together with the seismic 

resolution, seismic data itself has huge uncertainty when providing geometrical models 

(Li et al., 2015). Thus, we idealize and conceptualize data into geological features to 

build a geometrical structure model. The current geometry of the subsurface is certain. 

Only our geometrical subsurface models of the present are uncertain and imperfect.  Not 

knowing the exact current geometry is the first source of structural uncertainty.  

 



48 
 

 

Figure 2-6: Alternative modes of kinematic models from the identical initial geometry - cartoon A. By 

having slightly different boundary conditions, structural geometry can evolve in different shapes. 

(Brandes and Tanner, 2014) 

The second source of uncertainty comes from not knowing the past geometry 

and its boundary conditions. Figure 2-6 depicts how an identical flat formation can be 

deformed into different geometrical models by having slightly different boundary 

conditions under the applied lateral shortening (Brandes and Tanner, 2014). Even in the 

case when we know the region of the subsurface has been laterally compressed, it is 

highly possible that the seismic data we have will not give enough resolution to 

distinguish cartoon B from cartoon C. 
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Figure 2-7: Dahstrom's (1969) example of equally plausible interpretations from the same observation. 

An apparent anomaly in the amount of fault displacement (a) can be explained by both folding (b) and 

imbrication (c). By choosing one model over another, the geometrical models for both present and past 

conditions will be distinct from those made by other kinematic models.   

In Figure 2-7, Dahstrom (1969) depicts cases when an observation along a fault 

surface can be explained by two different geological mechanisms. Both folding and 

imbrication make localized formations shorter and thicker than the original. As 

Dahstrom (1969) depicted, we can have multiple geological features that explain our 

observations. Even when we choose one geological feature or mechanism that makes 

the most sense, we still have many kinematic models that lead us to different 

combinations of present and past geometrical models. Likewise, even in a case when 

kinematic displacement is identical, different boundary loading conditions may lead to 

different geomechanical history (Lewis et al., 2007). With the same boundary 

conditions, if we assume different constitutive laws, the stress and strain distributions 

and orientations cannot be the same (Lovely, 2011). 
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Not knowing 1) the correct current geometry, 2) the geometry of past time, and 

3) the processes or governing laws during the deformation yields geological uncertainty 

and thereby a number of alternative geological explanations for a given subsurface 

condition. Indeed, subsurface uncertainty is not from the subsurface itself, but from our 

lack of knowledge and understanding. 

2.1.3 Why does this matter for reservoir modeling and evaluation? 

Some might ask why we need to care about the past geometrical shape or how 

the structure has been deformed for engineering purposes, considering the fact that all 

the reservoir volume calculations and flow simulations are conducted on models using 

the present geometrical models. First, knowing the past conditions gives more 

geologically consistent interpretations of current geometry (Novoa et al., 2000).  Figure 

2-8 depicts the usefulness of kinematic models and restoration analysis. Figure 2-8a is 

the original interpretation with three major horizon tops picked. The restored section 

from a kink-band-migration model of Suppe (1983) has a thickness anomaly in a 

restored section (Figure 2-8b). By updating the interpretation of the current geometry 

by adding a fault and re-picked horizons for deepper formations (Figure 2-8c), the 

thickness anomaly in the restored section was resolved (Figure 2-8d). Now the depth 

interpretations for each horizon on the right side have been changed. Estimation of the 

drilling cost should likewise be changed. The thickness of the formations on the right 

side also changed; now it even has a reverse fault. Results of flow simulations will thus 

also change.   
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Figure 2-8: An example of the usefulness of restoration analysis (Novoa et al., 2000). a is the original 

interpretation of the horizons. b is a restored section using a kink-band-migration kinematic model. b has 

an area that does not have even thickness in the restored section. In c, a fault is added. The restored section 

resolved the thickness issue by including a fault in the model (d). 

Second, past geometry directly affects lithofacies modeling. We can run flow 

simulations based on current geometry. However, we should not model reservoir 

properties based on the current geometry, because deposition of the lithofacies happened 

when the formation was horizontal. By knowing the kinematic relations between the 

current geometry and the restored geometry, we can use geological distances on 

property modeling, not the current spatial distance (Mallet, 2004; Caers, 2005). If we 

use Figure 2-8 again, under the original interpretation, the lithofacies around the 

hypothetical fault will not have a vertical throw since it does not assume a fault. 

Lithofacies distribution under the updated interpretation will have a vertical throw from 

the reserve fault. With the combined amount of fault displacement, conductivity across 

the fault will be different. The original interpretation will fail to forecast possible flow 

barriers across the fault.  
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Third, geometrical models with kinematic/dynamic models can give useful 

information on the spatial distribution of reservoir properties. We will cover this 

advantage in the following section.  

2.2 Uncertainty in the mode of rock accommodation 

In the previous section, we roughly simplified the process and characteristics of 

geological interpretations on subsurface structures, by using observations, geometrical 

models, kinematic and dynamic models, and restoration/forward deformation analysis. 

These models implicitly or explicitly assume how the subsurface accommodated 

structural deformation by adding geological features – such as faults, folds, imbrications, 

and so on – with kinematical and dynamical considerations. Like any model, by the 

nature of its simplification, these approaches do not explicitly model how the materials 

among the horizons, faults, and folds accommodated the applied geometrical evolutions.  

 

Figure 2-9: comparison between a folded horizon in a geometrical model and internal features on a fold 

from a lab experiment. a - Cloos' experiment to investigated fold-related features (Cloos, 1968). b - 

Schematic diagram of a folded horizon. 

Figure 2-9 depicts differences between an idealized horizon in a geometrical 

model of a fold, b, and the evolution of geological features within a layer from a lab 

experiment, a (Cloos, 1968).  Figure 2-9a shows the results of a metal beam folding to 
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mimic an extensional fold. The outer parts of the beam have many mechanical failures, 

which can be considered analogies of joints and fractures. The ellipses were circles 

before the beam bent. They represent how the material deformed during the bending. 

Imagine that Figure 2-9b is the shape of our reservoir model and we do not know the 

geological features within the formation. If the formation was stiff when bent, like the 

steel beam used in the figure, we can have joints and fractures. If the formation was soft 

and ductile, like clay, it may have some fabric development but no joints or fractures. 

Both of them are compatible with the geometrical model we have. However, for the 

subsurface responses we are interested in, such as production forecasting, the estimated 

recovery factors will be different for different geological features.  

Note that the differentiation between the geological deformation on a typical 

geomodel resolution, such as basin modeling or reservoir modeling, and the deformation 

on a subscale, such as voxels of modeling grid/mesh, is not from the natural 

characteristics of the earth, but from the characteristics of the way we see the natural 

phenomenon through models. If we recall Nenna and Aydin’s (2011) interpretations on 

the pressure solution seams in Figure 2-1, the geometrical modeling (geological 

interpretation) boundary is around 5 meters by 5 meters, and the resolution of the 

geological features of investigation, pressure solution seams (PSS), is in centimeters to 

tens of centimeters. It still involves a conceptualized geometry of PSS, which is a 

geometrical model. Nenna and Aydin interpret the observation, meaning they find 

geometries that fit the PSS model from the observation. They have kinematic and 

dynamic models explaining how PSS forms. From the governing laws they have, they 

can link the geometry before forming PSS to the geometry of PSS (Nenna and Aydin, 

2011).   

Now, we call the second source of structural uncertainty the uncertainty from 

the mode of rock accommodation. Like the first source of uncertainty, there is no 

uncertainty in the subsurface. Uncertainty comes from the way we understand the 

subsurface phenomenon (by the model) with our observations (under limited coverage 

and resolution). For the first source, the major uncertainty is rooted in kinematic-

dynamic models of observable features. At least we can extract the horizon tops and 
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some major faults – whether they are slightly bigger or deeper or not is secondary to 

knowing of their existence. However, the second source comes from the sparseness and 

resolution of the observation. Unless we have well data such as image logs and cores, 

the only available observations are outcrops. In a 2D or 3D model, we cannot see 

features finer than the seismic resolution. Thus, the main issue is not the location, and 

not the size, but the existence.  

Another noticeable difference between the two sources of uncertainty is the 

typical way of reproducing and observing the geological processes we want to 

investigate. For a basin, or a reservoir scale structural deformation, we cannot conduct 

deformation experiments with the actual scale. Thus, we either have to conduct scaled 

analogue experiments or numerical simulations. Scaled analogue experiments and 

scaled laboratory models have been used extensively in geological research (Hubbert, 

1937; Hubbert, 1951; Pollard and Fletcher, 2005). However, the fundamental difficulty 

of the scaled models is that it is extremely difficult to select proper materials that are 

weak enough to meet the strength ratio to be scaled as the length ratio. Earth breaks by 

its own weight. To be scalable, if we make a scaled model with a 1:100,000 scale, we 

should find or invent a material we can use to represent the subsurface formation, which 

has 1/100,000 of the formation strength.  

Numerical simulations are free from all the issues related to scaled models. 

However, their main challenges are the fact that we have very limited knowledge on the 

governing laws of kinematics and dynamics, and the boundary conditions of simulations 

(Lovely et al., 2012). For sub-seismic scale reservoir deformation, we do not have scale 

related problems because we can conduct the rock failures and deformation under the 

same scale, with the same pressure and temperature conditions of the subsurface. Due 

to the fact that we achieve favorable conditions in lab experiments for core or sub-core 

resolution phenomena with lots of experimental data, mathematical and numerical 

models tend to be more complex and reproduce the experiment data well (Borja and 

Aydin, 2004). However, two challenges in geomodeling perspectives are first, that 

experiments and numerical models of deformation and failures are events within a 

geologically instantaneous time. Second, even if we want to use these perspectives, we 
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do not have enough input data. They are sub-resolution phenomena.  A rough and simple 

comparison would be at a coarse scale, where we are not sure about our model, while at 

a finer scale, we do not have the necessary measurements.  

We still can infer the existence of fractures with higher confidence from seismic 

attribute analysis (Grechka and Tsvankin, 2004; Chopra and Marfurt, 2007). However, 

it is different in that seismic attribute analysis gives the statistical likelihood of having 

sub-resolution features, not geometrical models of them.    

2.2.1 Distributed versus localized rock accommodation 

When rock is deformed, there must be a discontinuous displacement in one or more 

different scales. Thus, any description of deformed rock, whether it has discontinuous 

features such as fractures or not, is a scale-dependent description. For instance, if flat 

parallel formations are compressed laterally, they may deform in a way to create a gentle 

anticline. When we describe this deformation with a scale of a fold model, we can say 

the deformation was ductile, or continuous. However, if we focus on rocks inside the 

horizon, rocks may develop joints and shear fractures like in Figure 2-9a. If we still 

cannot see any visible fracture or joint with the naked eye, the contact or cement among 

grains should be broken or detached, to rearrange the mineral and pore structure to be 

deformed. Mineral grains can also be broken by micro-cracking, or even on the scale of 

dislocating an atom (Marder and Fineberg, 1996).   

 Dahstrom (1969) used the term “accommodation” to link the kinematic 

evolution of the structure and the geological features that absorb the structural 

deformation (Figure 2-7a and b). Walsh et al. (1996) used the term “accommodation” 

to distinguish sub-resolution deformation into ductile versus non-ductile strains: “The 

limited vertical resolution of refection seismic data results in sub-resolution structures 

accommodating appreciable ductile strains which should be taken into structural 

restoration and balancing and in analysis of fault displacements” (Walsh et al., 1996, p. 

27). 
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In above quote, Walsh et al. define accommodation as deformation resolved by 

sub-resolution structure, either continuously or discontinuously. The claim is simple: 

we should have more “break-out” to make the structure make sense kinematically or 

dynamically. Note that they use “ductile strains” for accommodation by deformation 

not definable as discontinuous deformation in a given resolution, while they use “non-

ductile strains” for accommodation via discontinuous features such as fault 

displacement. If we go back to Lovely et al,’s claims (2012) that retro-deformation using 

nonlinear elasticity is superior to kinematic, or forward deformation by linear elasticity, 

we can re-phrase it in a simpler way: “we need to add more faults, fractures, or even 

microfractures to make sense of the structural shape.” However, the question is “at 

which resolution?” 

Following these usages, we use “mode of accommodation” or “accommodation 

style” to refer to any geometrical or kinematic model of sub-resolution rock deformation, 

and more specifically, to the resolution of a grid mesh or grid voxel on geomodels. If 

the accommodation style involves discontinuous features like joints, fractures, or veins, 

we will call it a “localized” accommodation style. If the rock accommodates the 

voxel/mesh resolution deformation without adding discontinuous features like fractures 

and joints, we will call it “distributed” accommodation. Note that the categorization of 

distributed and localized accommodations are soft or pseudo classifications, to avoid 

unnecessary distraction from the fact that different disciplines have slightly different 

definitions and purposes when they use descriptions such as brittle and ductile. Rutter 

also commented on the ambiguity by using “ductility” to explain the mode of rock 

failure, because many “ductile” rock deformations also involve microcracking on a finer 

scale (Rutter, 1986). If we zoom out the scale of observation to the global scale, rocks 

are ductile and there is no need to prove it, because Earth remains a globe through the 

geological time span. However, on a smaller scale, rocks are brittle because they 

eventually break out at some scale. Nevertheless, the bigger scale ductility is rooted in 

the brittleness at a finer scale.   
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Table 2-1: Rutter's classification of modes of rock failure (Rutter, 1986).  

 
Localization 

Yes No 

Deformation 

mechanism 

Cataclastic Cataclastic faulting Cataclastic flow 

Crystal-plastic Plastic shear zone Plastic flow 

  

In the following three subsections, 2.2.2, 2.2.3, and 2.2.5, we cover some 

classifications of localized and distributed rock accommodations, give short 

descriptions of some important models of these accommodations, and identify some key 

factors to distinguish the mode of specific accommodation style from others, based on 

Rutter’s classification, shown in Table 2-1 (1986), with slight modifications. Note that 

we are not going to cover detailed kinematic/dynamic laws of each accommodation 

model. We focus more on geometrical models of them, and analyze assumptions of their 

kinematic or dynamic models. The reasons are simple; our main interest here is in the 

existence and the impact of accommodations on subsurface responses, and we are not 

going to model their geometrical or kinematic/dynamic models because they are sub-

resolution features.   

2.2.2 Localized accommodation 

In Table 2-1, localized accommodation can be divided into cataclastic and crystal-

plastic mechanism. Aydin et al. (2006) classify localized accommodation into 

deformation bands and sharp discontinuities, which corresponds to the crystal-plastic 

and cataclastic mechanisms in Rutter (Aydin et al., 2006; Rutter, 1986). Figure 2-10 

shows the classification of localized modes of rock deformation by mode of localized 

deformation – shortening/shear/extension – and form of deformation localization – 

sharp surface/tabular band– given by Aydin et al. (2006). If we use a typical 

classification of fractures  – mode I, II, and III,  (Pollard and Fletcher, 2005)—the joint 
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in the following figure is a mode I fracture, while slip surface can be mode II or III 

depending on the direction of the shearing of fracture surfaces. The anticrack model 

from Fletcher and Pollard (1981) can be understood as a geometrical and dynamic 

model of solution surface (Sternlof et al., 2005). If the void of a joint is filled and 

cemented by a mineral, we call it a vein.  

 

Figure 2-10: Mode of rock failure by mode of localized deformation, and form of deformation localization 

(Aydin et al., 2006).  

2.2.3 Distributed accommodation 

Distributed accommodation involves either plastic deformation or cataclastic flow 

(Rutter, 1986; Owen, 1987; Paterson and Wong, 2005).  Paterson and Wong classified 

ductile deformation as follows: 

a) Deformation of the individual grain is same as the macroscopic deformation 

(grain neighbors remain the same) 
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a. Crystal plasticity (dislocation flow): volume-constant deformation and 

independent of confining pressure 

b. Diffusion flow (diffusion creep): change in the shape of the grain 

b) Reconfiguration of grain positions (grain neighbors change) 

a. Cataclastic flow (microbrittle granular flow): 

 Distributed fracturing makes the materials into fragments 

(“brittle” aspect) 

 The relative movement of the fragment (“granular flow” aspect) 

 Strongly pressure-sensitive 

b. Microplastic granular flow: 

 No fracture and disruption of the grain boundary 

 

Figure 2-11: Ductile deformation of rock under Paterson and Wong’s (2005) classification. 
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Figure 2-11 depicts Paterson and Wong’s (2005) classification. Dislocation 

involves instantaneous detachment and reattachment among either minerals or atoms to 

accommodate lateral slip displacement. Diffusion creep involves geometrical changes 

of the grains to accommodate deformation. Cataclastic flow has both mineral breakout 

and rearrangement of pores and mineral components. Microplastic granular flow 

accommodates deformation by rearrangement of pore and mineral arrangements, 

without mineral shape changes or breakouts.  

2.2.4 Vague areas for classification: microcracks in shale, and 

pervasive cleavage 

Shale tends to be considered a ductile subsurface material because it is relatively 

compliable, soft, and is less likely to contain fractures and joints than stiffer rocks such 

as sandstone and carbonate. However, due to the horizontal fabrics by platy minerals 

and alignments from compaction, the geometry of pores are similar to cracks (Vernik 

and Nur, 1992; Bandyopadhyay, 2009). Together with the anisotropy from horizontal 

alignments of platy mineral, crack-like pores make shale anisotropic. The effect of these 

crack-like pores are equivalent to horizontal fractures with respect to their effect on 

seismic responses. Figure 2-12b shows the horizontal alignments of platy minerals in 

shale from vertical compaction (Vernik and Landis, 1996). 

 

Figure 2-12: Fabric developments in vertical cleavage (left) and shale (right). Vertical fabric in cleavage 

was developed while the maximum compressional direction was horizontal. In shale, horizontal fabric is 
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most common because the vertical stress is usually significant. The left figure is from Powell (1979), and 

the right figure is from Vernik and Landis (1996).  

 Cleavage is a fine scaled structure which features 1) a strong planar alignment, 

2) mineral alignments with a perpendicular orientation to the most compressed direction, 

and 3) a tendency to break out to form a joint or fractures along the cleavage (Pollard 

and Fletcher, 2005). It forms in a place that compressed, and once formed it is pervasive 

(Powell, 1979). Because rock is easy to be broken along the cleavage, cleavages can be 

understood as potential surfaces for fractures or joints. Once a rock with cleavage 

experiences de-compaction, or stress perturbations, some of the fabrics in the cleavage 

will be converted to joints and fractures. In shale, when it is uplifted or deformed, 

creating a horizontal crack is relatively easy due to the pre-existing fabric (Vernik and 

Nur, 1992; Bandyopadhyay, 2009).  Note that if we flip the completed fabric 

development in Figure 2-12a by 90°, it is more or less identical in a geometrical sense 

to Figure 2-12b. The two most significant differences between them are that first, 

cleavages are only pervasive within a certain structural area, while fabric in shale will 

be pervasive across the formation, except in a certain area where we expect the existence 

of cleavage. Second, one is usually horizontal, while the other is non-horizontal. We 

leave the classification of cleavage and crack-like pores of shale as choices of usefulness 

from the engineering prospective on subsurface modeling.   

2.2.5 Factors affecting modes of accommodation 

We divided modes of accommodation – modes of deformation in the sub-horizon, 

modeling grid voxel/mesh resolution – into “distributed” and “localized.” Thus, we first 

need to go through the factors affecting whether rock deforms under the distributed or 

localized mode. One useful viewpoint for clarifying the differences between these two 

modes of accommodation is classifying rock deformation into two classes of internal 

flaws – cracks or pores – and seeing the deformation as competition between cracking 

and porosity changes (Hamiel et al., 2004).  
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Before we discuss this distinction further, by just seeing the deformation of rock 

as either development of cracks or porosity changes, it intuitively makes sense that if 

internal flaws are cracks, and they propagate with deformation, it would be localized 

rather than distributed. However, pores are connected to some degree, and linked pores 

can communicate by fluid and pressure. Thus, any deformation processed by changes 

in and re-distribution of pores is aptly called a distributed accommodation. If cracks in 

a rock play the roles of internal flaws, the deformation process involves stress 

concentration around cracks and promotes brittle failure. When pores act as internal 

flaws, they easily dissipate stress or energy concentration across the rock, leading to 

distributed deformation. Thus, if a factor is more promoting roles of pores and pore-

filled fluid, distributed accommodation becomes more likely.  

 Other two key factors are temperature and time span of deformation. With higher 

temperature, rocks become less brittle (Rutter, 1986; Mogi and Publishing, 1972; Nevitt 

et al., 2014). However, this temperature oriented brittle-ductile transition is more 

dominant factors for much deeper formations than typical target depths of hydrocarbon 

bearing formations (Bürgmann and Pollard, 1994). If deformations occur over a long 

period of time, it is more likely to have distributed accommodation (Owen, 1987).      

Table 2-2: Factors affecting mode of accommodation - distributed versus localized. We can categorize 

the effect as promoting the role of pores as internal flaws versus cracks and mineral phase. References 

marked with “*” compiled relations from previous experiments. Other references are independent 

experiments.   

 Distributed 

accommodation 

Localized 

accommodation References 

Low porosity De-promote Promote 
Hamiel et al. (‘04), 

Wong et al. (‘97)* 

Coarse grain size Promote De-promote Wong et al. (‘97)* 

Increasing  

confining pressure 
Promote De-promote 

Hamiel et al. (‘04), 

Tobin and Donath 

(‘71), Mogi (’71), 

Peterson and Wong 

(‘05)* 
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Increasing 

differential stress 
De-promote Promote 

Hamiel et al. (‘04),  

Mogi (’71), Busetti et 

al. (’12) 

Increasing 

intermediate 

compressional stress 

De-promote Promote Mogi (’71) 

Increasing 

temperature 
Promote De-promote 

Rutter (‘85), Mogi 

(’71), Peterson and 

Wong (‘05)* 

Increasing  

pore pressure 
Promote De-promote 

Rutter (‘85), Mogi 

(’71), Owen (‘87), 

Busetti et al. (’12) 

Increasing strain De-promote Promote 

Rutter (‘85), Tobin 

and Donath (‘71), 

Mogi (’71), Peterson 

and Wong (‘05)* 

Longer time span of 

deformation 
Promote De-promote Owen (‘87) 

Increasing 

cementation among 

grains 

De-promote Promote Rutter (‘85) 

Increasing fluid 

saturation 
Promote De-promote 

Owen (‘87), Peterson 

and Wong (‘05)* 

 

Table 2-2 lists the factors affecting modes of accommodation, with references. 

If conditions were promoting the role of pores as internal flaws, it would be more likely 

to have distributed accommodation. Factors promoting pores as internal flaws are 

increasing relative importance of pore fluids while de-promoting the role of solid phases. 

It is convenient to examine whether the factors increase the role or proportion of pores 

to accommodate stress-strain loading. With higher porosity, pore volumes increase. 

Thus, the role of pores as flaws become more dominant. As grain size becomes coarser, 

the area of mineral contacts among minerals becomes smaller and de-promotes the role 

of solid phase. When confining pressure is decreased and differential stress increased, 
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the role of pores is reduced since pore fluid or gas cannot handle the shear stress. Thus, 

the role of solid phase on accommodation increases. Increasing intermediate 

compressional stress increases the rock strength and reduces the influence of pores. 

Increasing temperature makes solids more ductile. Increasing pore pressure makes 

liquid-like flaws dominant. As strain increases, fluid cannot resist shear, thus solid-like 

flaws become more dominant. In a longer time-span with less cementing among 

minerals, rock can deform in a less brittle way. Wet rocks are more compliable than dry 

rocks.   

Note that the researchers in the above references conducted experiments within 

relatively short periods. Compared with a geological time scale, this can be considered 

as instantaneous. Thus, we should not estimate which modes of accommodation are 

more or less likely based on the present observations.  We need to reconstruct geological 

conditions when the major structural deformation happened, either qualitatively or, if 

possible, quantitatively.  

The second classification from Table 1-1 – cataclastic versus plastic 

accommodation – is less impactful than the localized versus distributed classification. 

Once we correctly estimate one mode between localized and distributed, assuming 

localized features as a set of shear fractures or the swamp of shear compaction bands is 

not that significantly different for modeling purposes than modeling them into a single 

porous medium. As Rutter (1986) classified in Table 2-1, cataclastic versus plastic 

accommodation comes from the dominance of elastoplastic or plastic behavior of rocks. 

Roughly, mineral components, temperature, and the timespan of overall deformations 

act as criteria to determine more or less plastic behavior (Table 2-1).  

Here, however, we are not going to cover the cataclastic vs. plastic criteria, for 

several reasons. First, the structural models we use for the basin-reservoir scale are 

either geometrical, kinematically constrained, or dynamically constrained under linear 

elasticity.  Thus, attempting to model the guiding factors within the modeling 

frameworks can yield unnecessary complexity to pursue false accuracy. Second, we can 

have information on the existence of deformation bands, fractures, or joints from 

outcrops and analogies from adjacent fields. For the case of distributed accommodation, 
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the evidence is more pervasive and widespread than localized accommodation. The 

features we can see from the well log and cores are good indicators of accommodation 

style within distributed accommodation. Third, for the distributed accommodation, 

whether the grains have deformed by cataclastic flow, granular flow, or by creeping, 

does not matter practically for both flow simulations and seismic responses.  

In Rutter’s diagram, a subset of localized and cataclastic accommodation style 

is the fracture and joint (Table 2-1). Though kinematic strain from restoration analysis, 

or stress from retro-deformation analysis, is not the same as instantaneous stress-strain 

when the fracture occurred, comparing restoration-deformation stress-strain with 

fracture criteria can be meaningful to conduct qualitative comparisons. In Table 2-3, the 

first three failure criteria are more suitable for discrete failures such as joints and 

fractures. Mogi (1971) found the Von Mises criteria useful to capture the yield strength 

of sedimentary rock to start ductile behavior. So is cohesion strength,  is the coefficient 

of internal friction,  is shear stress,  is effective normal stress, Tu is uniaxial tensile 

strength, and P is pore pressure.  

Table 2-3: Failure criteria. (Jaeger et al., 2007, Pollard and Fletcher, 2005, Mogi, 1971) 

Coulomb’s 𝛕 = 𝑺𝒐 + 𝝁𝝈 

Mohr’s τ = f(𝜎) 

Griffith’s (𝜎1 − 𝜎3)
2 + 8𝑇𝑢(𝜎1 + 𝜎3 + 2𝑃) = 0 

Von Mises {(𝜎1 − 𝜎3)
2 + (𝜎2 − 𝜎3)

2 + (𝜎3 − 𝜎1)
2}

1
2 = 𝑐𝑜𝑛𝑠𝑡. 

 

For the case when we have a geometrical subsurface model that has linked 

nonlinear dynamic models, we can start to attempt to classify sub-categories of rock 

accommodation mode numerically. In that case, the following criteria can be used to 

classify sub-accommodation modes within deformation bands (Aydin et al., 2006; Borja 

and Aydin, 2004).  

 𝒎 ∙ 𝒏 = 1 pure dilation band; 
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0 < 𝒎 ∙ 𝒏 < 1 

𝒎 ∙ 𝒏 = 0 

−1 < 𝒎 ∙ 𝒏 < 0 

𝒎 ∙ 𝒏 = −1 

dilatant shear band; 

simple shear band; 

compactive shear band; 

pure compaction band. 

 where 

𝒎 is a normalized unit eigen vector of A 

𝑨𝑖𝑗 = 𝑛𝑘𝑐𝑖𝑘𝑗𝑙
𝑒𝑝 𝑛𝑙 (2-1) 

 

In equation (2-1), n is the unit normal vector of the band, cikjl
ep is the elastoplastic 

constitutive tensor, and A is the elastoplastic acoustic tensor. Note that the 

classifications in equation (2-1) correspond with Figure 2-10.  

2.2.6 Factors affecting on distribution pattern and characteristics of 

crack 

In previous sections, we covered sources of geological uncertainty on structural 

deformation and rock accommodation. Even after we define proper sets of joints and 

fractures when localized accommodation is the case, we still have another uncertainty 

regarding distribution patterns of joints and fractures. They can be randomly grouped 

and form so called, “fracture swam”, or they can be evenly distributed across a certain 

area (Atkinson, 1984). Having same number of cracks with same geometry and 

orientation in a same volume in a evenly distributed way versus grouped together in 

sparse locations will lead hugely different impact on not only level of confidence on 

estimation but also on uncertainty on development and production. We are going to 
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cover two different types of approaches to link geological conditions on affecting 

characteristics of crack distribution.  

First, understandings from a subcritical crack growth model can be useful to 

estimate pattern of crack distribution (Atkinson, 1984; Gale et al., 2014; Olson, 2004; 

Holder et al., 2001; Renshaw and Pollard, 1994). Subcritical crack growth is a fracture 

or joint generations at stress intensity significantly below the critical stress intensity 

factor (Holder et al., 2001; Renshaw and Pollard, 1994). This model is considered as an 

important mechanism to understand the generations of natural fractures (Holder et al., 

2001).  

 V = 𝐴 ∙ 𝐾𝐼
𝑛 (2-2) 

 

In Equation (2-2), V is crack propagation velocity, KI is mode I stress intensity, A is a 

case specific constant, and n is subcritical crack index. When N is larger, fracture 

propagations depends more on pre-existing cracks and propagate around them. When N 

is smaller, fracture propagation becomes more wide-spread and less dependent on pre-

existing cracks  (Holder et al., 2001).  

 

 
𝑙𝑎𝑑𝑣 = 2𝑎0 (

𝐺

𝐺𝑚𝑎𝑥
)
𝛼

 
(2-3) 

 

Equation (2-3) is a crack tip advance of individual crack in simulation time step when 

subcritical crack is modeled numerically (Renshaw and Pollard, 1994). In the equation, 

a0 is crack length, G is elastic energy release rate for the fracture tip,  Gmax is maximum 

of G among every crack set, and  is velocity exponent that explain how strongly the 

propagation velocity of fracture is related to the degree of stress concentration. When  

is small, every crack propagate relatively evenly while with  larger , crack propagation 
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depend more on tip stress concentration. Thus,  is acting similar with subcritical crack 

index, n,  in equation (2-2).  

 

Figure 2-13: Effect of velocity exponents on crack propagation (Renshaw and Pollard, 2001). Time 1,2, 

and 3 is simulation results in different time steps that can be understood as different geological time. With 

higher velocity exponent, cracks having relatively bigger lengths tend to become even bigger while results 

from smaller velocity exponent tend to develop propagate other cracks evenly.  

Figure 2-13 shows simulation results of subcritical crack development with different 

effect velocity exponent values (Renshaw and Pollard, 1994). When subcritical crack 

mechanism is dominant (having larger velocity exponent), crack propagation is focused 

on some dominant cracks and dependency on flaw distribution become negligible. 

However, when subcritical crack mechanism becomes less dominant (smaller velocity 

exponent), crack propagations spread more evenly and distribution of flaws are become 

more critical. Note that both of numerical simulations in Figure 2-13 share same flaw 

distribution for initial condition.  

 The second factor is interplay of differential tectonic stress and fluid pressure. 

From numerical sensitivity study of plastic deformation and damage of rock with 
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calibrations from experimental data, following observations were found (Busetti et al., 

2012b; Busetti et al., 2012a). 1) When post-failure softening is considered, fractures are 

extremely localized; 2) When the difference between maximum and minimum principal 

stress,  fractures are more easily generated, but localized with low connectivity; 3) Small 

difference between principal tectonic stress is require higher pore pressure to generate 

fracture. However, the abundance of fracture will be high with better connectivity; 4) 

When pore fluid is less viscous, fracture distribution is more uniform and both of tensile 

and shear fractures observed; When pore fluid is viscous, fractures are more localized 

and tensile failure becomes dominant.  

 

Figure 2-14: Inferring paleostress from natural fracture observation (Olson and Pollard, 1989). a) natural 

fractures observed from outcrops (a-A). First set is more evenly distributed and infer less differential 

paleostress (a-B). Second set infer paleostress when generating cracks had more differential stress than 

the first set (a-C). b) Numerical simulation of crack propagation under nearly isotropic stress condition 

(b-A) and significant differential stress (b-B) to reproduce field observations on figure a.  
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Figure 2-14 shows a study on inferring paleostress by patterns from natural 

fractures (Olson and Pollard, 1989). Left column if the figure is a field observations of 

natural fractures in outcrops of Rico Formation, Utah. Olson and Pollard categorized 

cracks into two groups and link the first SW-NE striking set with a paleo stress having 

smaller differential horizontal stress than the paleo stress for the time when the second 

NW-SE striking cracks generated. They reproduce consistent results from numerical 

simulations – when larger differential stress applied, cracks propagate along the major 

cracks and crack abundance becomes more heterogeneous.  

 This results are actually a repeat of factors affecting rock accommodation modes 

in Table 2-2. As we discussed in Section 2.1 and 2.2, discrete failure in a finer resolution 

can be a ductile deformation in a coarse resolution. The previous categorization was the 

factors to infer accommodation modes on each individual grid, or node. If we zoom out 

to the whole boundary of interest, the same factors we discussed to distinguish localized 

and distributed can be reused. The effect of viscosity of pore fluid can be useful to 

distinguish the geological timing of joints and shear fractures when both of them are 

encountered from observations.  

2.3 Endeavors to link structural deformation and rock 

properties to forecast reservoir responses 

As we discussed throughout Chapter 2.1, for larger-scale geological features, e.g. 

formation tops, faults, folds, and reservoir boundaries, we can extract geometrical 

models with uncertainty – due to data resolution and coverage – with high levels of 

uncertainty on kinematics/dynamics of structural deformation. By having geometrical 

models only, we can estimate static values such as total pore volume, or original volume 

of hydrocarbons in place. 

 To estimate dynamic responses, we need to populate the sub-resolution property 

that we covered in Chapter 2.2. Unlike estimating static volumes, forecasting reservoir 

responses is highly dependent on spatial distributions and values. However, we do not 

know the existence, abundance, and spatial distribution of sub-resolution features. Thus, 
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reservoir property modeling involves some level of statistical approaches (Caers, 2005; 

Mukerji et al., 2001). However, we know sub-resolution features such as fractures, 

deformation bands, and low porosity zones are geometrically, kinematically, and 

dynamically linked with reservoir structure. Obviously, there have been many 

approaches to try to link sub-resolution reservoir features and properties with larger 

scale reservoir structures.    

2.3.1 Geometrical approaches 

Curvature analysis is a typical example of a geometrical approach using subsurface 

geometrical models or seismic data to estimate reservoir properties, especially sub-

resolution faults and fractures (Al-Dossary and Marfurt, 2006; Hakami et al., 2004; 

Bergbauer et al., 2003). These approaches rely on geological knowledge that certain 

sub-resolution features are linked with certain geometry of larger scale structural 

geometry, or geophysical knowledge on how seismic anomalies relate to certain 

geological features (Sava, 2004; Avseth et al., 2001; Teng, 1998). Since they do not 

have kinematic or dynamic models on their estimations, they are statistical approaches 

from the beginning.  As we discussed in Chapter 2.1, different kinematic and dynamic 

models can give identical geometrical models in the present time.  

2.3.2 Kinematic and dynamic approaches 

Kinematic information from restoration analysis has been used for sub-resolution 

fracture estimation (Paul et al., 2009; Hennings et al., 2012; Lohr et al., 2008; Suzuki et 

al., 2005). The basic idea of these studies is linking restoration strain tensors to estimate 

spatial distributions of fracture abundance and their orientations. If the principal strain 

is tensile, we can attempt to link it with a mode-I fracture, or joint. If the strain is 

compressional with a differential strain component, we can link it with mode-II, a shear 

fracture. In Lohr and colleagues’ case (2008), observations from wells and estimation 

based on using restoration strain worked well for open mode fractures, but less well for 

shear mode fractures. Hennings et al. used restoration strain to calculate deformational 
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stress by using linear elasticity (Hennings et al., 2000). Then, using the Mohr-Coulomb 

failure criteria, they estimated fractures in 3D models. They also used well data on one 

region as hard data for calibrating restoration stress and fracture abundance. Their 

results reproduced good matches around the calibrated area, but less similar results for 

other regions, which was the other side of a major fault on the modeling area. Dynamic 

models with linear elasticity were used to model secondary fault development from local 

stress perturbation by major faults, and compared with fault interpretation of an oil field 

in the North Sea (Maerten et al., 2002). Secondary fault estimation from the dynamic 

model regenerated major trends and orientations, but failed to reproduce the local 

heterogeneity of directions.  

 Lovely et al. (2012) pointed out that dynamic restorations heavily depend on the 

boundary conditions, including the assumptions on the restored geometrical model. 

They also demonstrated that dynamic models under linear elasticity and nonlinear 

elasticity give similar principal strain-stress orientations overall, but hugely different 

magnitude of stress distributions.  

2.3.3 Linkage between structural deformation and rock 

accommodation 

Larger-scale structural deformation is accommodated by smaller-scale deformation. We 

covered endeavors to link structural deformation with reservoir property estimation in 

Chapter 2.3. It was more focused on practical applications, i.e. how to utilize the spatial 

distribution of structural attributes for property modeling and theoretical models already 

formalized into mathematical formulations. It is worth briefly covering how 

geoscientists extract the relationship between structural deformation and rock 

accommodation.  
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Figure 2-15: Geological observation from outcrops of folds and fractures (Hanks et al., 2004). The 

observed fracture set from pictures A and B is conceptualized as a geometrical model in picture C. 

 The first typical tool is a field survey. Figure 2-13 shows a typical geological 

survey and interpretation process to develop a model to link macro deformation with 

sub-resolution accommodation (Hanks and Wallace, 2004). Geoscientists observe and 

conceptualize the geometry of large-scale and small-scale features. Then, they analyze 

whether the features kinematically and dynamically make sense.  

 A second common tool is lab experiments. Since many instances of sub-seismic 

scale accommodation, such as fractures and ductile deformation, can be reproduced 

under lab conditions while preserving the scale, many lab experiments have been 

conducted to investigate the relationship among stress-strain loading, temperature, and 

pore pressure conditions to develop geological features and change rock properties. 

Peterson and Wong (2005) compiled many of the key lab experiments regarding these 

different subsurface conditions. Mathematical formulations of the kinematics and 
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mechanics of the geological features are obtained from, or compared with, the 

experimental results. In Chapter 2.2.5, we did not cover distributed accommodation, 

noting that cores can capture those features more easily than localized accommodation. 

Since geoscientists observed distributed accommodation from field surveys and cores, 

they also conducted many lab experiments to investigate how deformational loadings 

change rock properties.  

  Many researchers investigated how stress-strain loading on rocks develop 

permeability anisotropy (David et al. 1994; Gray and Fatt 1963; Zoback and Byerlee 

1976). Gray and Fatt (1963) conducted a uniaxial load test on a sandstone core to 

investigate the horizontal and vertical permeability anisotropy induced by stress 

anisotropy. Zoback and Byerlee (1976) expanded the investigation to pore volume strain 

induced by differential stress, and measured relations among differential stress, stress 

anisotropy, and pore volume changes. David et al. (1994) focused on compaction-

induced permeability changes and their hysteresis over typical sandstones, but did not 

consider the anisotropy of permeability. Unlike previous studies focusing mainly on 

stress-induced changes to permeability, Arch and Maltman (1990) studied shear 

deformation in clay samples, conducting comparative Darcy flow experiments by 

rotating the sheared clay to change the fluid flow direction and sheared zone angle, and 

assessing measured permeability and tortuosity using a scanning electron microscope. 

Dewhurst et al. investigated how shear with compaction develops anisotropy in shale 

(Dewhurst et al., 1996).  
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Figure 2-16: Shear deformation on shale develops permeability anisotropy in a way to promote horizontal 

flow (Dewhurst et al., 1996) 

 Figure 2-16 shows the results of Dewhurst et al. (1996). From shear deformation, 

shale develops horizontal connectivity by pore and mineral arrangement. It increases 

horizontal permeability at least two orders of magnitude bigger than vertical 

permeability. This depicts why shale can be a good sealing formation but still promote 

hydrocarbon migrations over a geological time span.  

The third tool is numerical simulation. Numerical simulation has benefits over 

lab experiments by allowing more freedom on boundary conditions, allowing sensitivity 

analysis that are limited in lab experiments by the type of available materials, and 

including the capability to calculate point by point strain-stress evolutions. Finite 

Element Method (FEM) and Distinct Element Method (DEM) are typical examples in 

earth science and rock mechanics contexts (Antonellini and Pollard, 1995; Borja and 

Aydin, 2004; Bruno, 1994). Comparing Antonellini and Pollard’s experiments with 

Bruno’s is a good example of the usefulness of numerical simulations. Both of them 

used DEM, which uses spheres or circular cylinders as representations of mineral grains, 

to simulate how the synthetic rock behaves under vertical compression. They produced 

significantly different results, which represent different geological process. One 

experiment that did not consider cementing among grains in the DEM simulation gave 
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a rearrangement of grains and pores to accommodate vertical loading (Antonellini and 

Pollard, 1995). The other study, which does consider cementing – merely using a cut-

off tensile stress to let two grains fall apart – produced vertical fracture developments 

as vertical loading increased (Bruno, 1994). The first result may be a representation of 

the deformation of soft rock or development of compaction bands, while the latter one 

may be a representation of stiff rock. In Table 2-2, the amount of cementing was one 

important factor to promote localized accommodation. These two numerical simulations 

depict the effect of cementing among grains.  

2.4 Summary 

In this chapter, we discussed two sources of gelogical structural uncetainties: structural 

deformation, and rock accommodation. Uncertainty about structural deformation comes 

from not knowing the exact current geometry, and not knowing the kinematical and 

dynamic evolution of the structure from the past to the present status. Uncertainty on 

rock accommodation mainly comes from limited observations under subsurface 

conditions, and a lack of geometries of geological features due to the resolution of our 

observations.  

 In the end, we want to evaluate a given area of subsurface for a given purpose – 

pollution mitigation, or hydrocarbon exploration and development. To do that, we have 

to fill the area and volumes within geometrical models of horizons and faults with 

reservoir properties. As we discussed, bigger scale structural deformation and smaller 

scale rock accommodation are closely linked. Indeed, it is a categorization introduced 

by the way we investigate subsurface problems and the way we do the geomodeling 

proccss, not from the inherent natural charactersitics of the Earth.  

 In the next chapter, we will propose a new reservoir modeling workflow that 

models reservoir properties while considering multiple geological scenarios in different 

mode of structural deformation, and different rock accommodation scenarios.   
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Chapter 3 

3 Reservoir Modeling with Multiple 

Geological Scenarios on Modes of 

Structural Deformation, and 

Accommodation   

In this chapter, we propose a reservoir modeling workflow to capture the effects of both 

sources of geological uncertainty we discussed in Chapter 2: mode of structural 

deformation, and mode of rock accommodation. Whether we have an explicit form of 

geological explanations for structural evolution or not, interpretations of current 

structural geometry always involve the interpreters’ assumptions on how the earth 

kinematically or dynamically evolved. Thus, if we only focus on the geometry of faults 

and folds and their geometrical uncertainty, we lose some of the valuable geological 

information and interpretations implicitly or explicitly used during the structural 

interpretation process. We want to make a subsurface model from structural 

interpretations to allow petrophysical modeling in a way that is relevant with our 

implicit or explicit underlying geological assumptions. If the interpretations are 

uncertain, we should have the capability to propagate the influence of different 

assumptions though the modeling process. The proposed workflow in this chapter aims 

to capture the higher-level uncertainty of not knowing the exact reservoir structure and 

the relation between reservoir structure and the sub-resolution reservoir properties.  

3.1 Motivation 

For reservoirs with relatively large structural and deformational complexity, reservoir 

forecasting, and uncertainty quantification becomes more difficult, as the governing 
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conditions of reservoir characteristics vary within the reservoirs.  For example, the 

Suban gas field case in Indonesia shows fracture orientations, and its flow 

characteristics in one region are very different from those in another region within the 

same formation but at a different structural location (Hennings et al., 2012). Other 

similar approaches also showed partially successful results by showing good 

agreements with observations from wells within a region close to the calibration wells 

(but not from other well observations), or agreement with only certain modes of 

fractures (Lohr et al., 2008; Paul et al., 2009).  Before we abandon these approaches that 

attempted to utilize attributes from restoration analysis, it is worthwhile to compare a 

typical geomodeling process, depicted in Figure 3.1 (modified from Caers, 2005), with 

the geological uncertainties we discussed in Chapter 2.  

 

Figure 3.1: A typical geomodeling process (figures modified based on Caers, 2005). 1 - horizon and fault 

interpretation, 2 - geometrical structural model, 3 - gridding in current geometry, 4 - depositional grid for 

property modeling, 5 - facies modeling, 6 – petrophysical property modeling, and 7 – final model in 

current geometry. The processes along these steps are marked by the capital letters. In each step, some 
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level of simplification and approximation is made. Thus, during the process, we lose certain levels of 

qualitative and quantitative information.  

Cartoon 1 in Figure 3.1 depicts the interpreted faults and horizons. As Walsh 

(1996) commented, structural features from seismic interpretations usually have too few 

faults for the structure to make sense kinematically. Due to the seismic uncertainty (Li 

et al., 2015) and structural modeling uncertainties (Aydin and Caers, 2015), the 

geometrical model from interpreters are already uncertain. Cartoon 2 is a manually or 

numerically optimized structural model of the current geometry. When we convert faults 

and surface interpretations into a set of optimized surfaces that are ready to be 

discretized for further processes, they are again simplified. Cartoon 3 is a stratigraphic 

grid for property modeling. Cartoon 4 is a depositional grid that represents the paleo 

depositional condition. The C between Cartoons 3 and 4 marks a coordinate 

transformation between current geometry and paleo geometry.  

In Cartoon 4, using the hard data along the well and the chosen geostatistical 

algorithm, we populate the spatial distribution of the lithology (Cartoon 5) and 

petrophysical properties (Cartoon 6). Thus, D represents a geostatistical simulation for 

the categorical properties, and E represents the geostatistical simulations for actual 

physical properties. Finally, we “copy and paste” the populated lithofacies and 

petrophysical properties into a geometrical structure model in Cartoon 7. The processes 

of B, C, and F involve coordinate transformation between two different geometrical 

domains – the physical domain representing the present, and the depositional domain 

representing the past. In each step the layers are discretized and we transfer the data to 

the next step. In this transferring process, we lose qualitative information that is not 

explicitly quantified, or the information that is excluded from models in the subsequent 

processes.  

3.1.1 To assess the impact of a parameter, we have to vary it.  

Without having any detailed geomodeling knowledge, we can say without providing 

any references that the modeling activities on Cartoon 1 to 3 are more influential sources 
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of uncertainty than the uncertainty captured by having different geostatistical 

realizations in cartoon 5 and 6. If we go back to previous endeavors to link structural 

information with property estimations, they all fixed the part to the left of the dashed 

vertical line and only tried to estimate fractures using the fixed structural attributes 

(Lohr et al., 2008; Paul et al., 2009; Hennings et al., 2012; Maerten et al., 2001). To 

investigate uncertainty without knowing the proportions among different lithofacies, we 

need to compare subsurface responses from subsurface models generated with different 

target proportions of lithofacies, or with different training images for the Multiple-

Points-Geostatistics (MPS) algorithm (Jeong, 2015). If we want to estimate geological 

features that we believe have a strong relationship with reservoir structures, we should 

have more than one structural model to properly investigate the influence of structural 

aspects on subsurface responses. This is the first theme motivating the new workflow: 

if we want to assess the influence of a parameter on responses, we have to vary the 

parameter.  

3.1.2 Deformation changes not only the geometry, but also the internal 

properties 

The second motivation involves restoration and forward deformation among the present 

and past geometries. We can notice that the vertical wells in Cartoon 3 become 

curvilinear wells in Cartoon 4. Since the present geometry of the subsurface features are 

faulted and folded, they cannot remain vertical if we rewind the geological time to the 

past condition. If the stratigraphic grid is made from proper comparisons between 

present and past geometry (Mallet, 2004), the present spatial distance will be distorted 

in the property modeling grid, just as the vertical wells are distorted in Cartoon 5. Recall 

from Chapter 2 that we have uncertainty from not knowing the mode of structural 

deformation. Thus, it is uncertain how the curvilinear shapes of well trajectories would 

be in the depositional grid. A second question originated from this point: “How about 

the measured property along the well?” From Cartoons 3 to 4, we just copy and paste, 

so to speak. From Cartoon 6 to Cartoon 7, we again copy and paste them back. Rocks 

along the imaginary curvilinear path are aligned in a vertical line from the deformation. 
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But we do not care about the possible influence of the deformation on the petrophysical 

properties.  

 

 

Figure 3.2: Schematic cartoons of a thought experiment to test the “copy & paste” convention. 

Figure 3.2 is a schematic cartoon of a thought experiment, depicting how the 

current practice of “copy and paste” can go wrong. Let assume we have an observation 

of any physical value of 10 at a grid block, and we want to estimate the physical property 

of a block on the right (Cartoon A). Estimating a value of 10 would be a safe choice if 

we can assume the environments of the left block and right block are similar. However, 

if the left block has been exposed to compression and it originally had a value of 30, 

while the right block has been exposed to tensile loadings (Cartoon C), then in this case, 

the best guess would be a value of 30 before loading was applied. Then, the value of the 

right block would be increased to a value bigger than 30 (Cartoon D). Copying and 

pasting A to B, and B to A, would give the wrong answer. 
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Figure 3.3: Comparison of a well trajectory across a normal fault in a vertical section. A - in a present 

structural model (visualized using geomodeling software Paradigm SKUA®). B - in a depositional grid 

(visualized using Stanford Geostatistical Modeling Software, SGeMS). The scale is intentionally omitted.   

Figure 3.3 depicts geometrical differences of a well trajectory in the present 

structural model and a well trajectory in a depositional grid. A horizontal well drilled 

from the right to the left in inset A becomes discontinuous in inset B when plotted in a 

depositional grid. We can anticipate that kinematic and dynamic evolutions of the 

deformation of reservoir rocks across the hanging wall and the footwall may not be the 

same. Probably the formation penetrated by the horizontal well on the left footwall side 

has been compacted during normal faulting, while the formation on the hanging wall 

side exposed dilation from dragging forces during normal faulting. Using the thought 

experiment we conducted in Figure 3.2, “copying and pasting” the measured physical 

values along the well into the depositional grid, and “copying and pasting” them back 

after property modeling makes the results less useful. As we geometrically “restore” 

and “forward deform” the geometrical spatial location via coordinate transformation we 

also have to restore the petrophysical values across the wells when the values are used 

as hard data in the depositional grid. When we copy and paste the populated 

petrophysical properties into the present structural model, we have to forward deform 

the values. We do not want to make and use petrophysical properties that are 

inconsistent with the geological assumptions we have – structural deformation and rock 

accommodation.  
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3.1.3 Well data is precious, but it is one-dimensional 

From the beginning, well data is a biased representation of a reservoir description. We 

drill a bright spot that looks to be the most promising after considering all of our 

knowledge. Thus, extrapolations from the well data can lead us to certain levels of over- 

and underestimation on property extrapolation. On top of that, as we discussed in 

Chapter 2, there are many alternative evolution paths by which sub-resolution volumes 

of formation and rocks accommodate the applied structural deformation. Wells are 

curvilinear lines in a vast three-dimensional space. We have possibilities of having un-

seen geological features from well interpretations in the subsurface away from the wells. 

We also need to include sub-resolution geological features that were not observed from 

the well, but are geologically possible to exist. This is the third motivation for creating 

a new modeling workflow. We should not stick with only the features observed along 

the well paths.  

With these ideas from the three motivations, we can see previous attempts to 

link structural information with fracture estimation differently (Lohr et al., 2008; Paul 

et al., 2009; Hennings et al., 2012; Maerten et al., 2001). First, all of the previous studies 

used single geometrical structure models for present geometries with single restoration 

models. Structural uncertainty is a higher order uncertainty than spatial distributions of 

sub-resolution geological features. To investigate the effects or correlations of structural 

deformation attributes with the spatial distribution of reservoir properties, we should 

use multiple structural or deformational models.  If we want to assess the impact of a 

parameter, we should vary it.  

Second, previous studies only focused on fractures, typically emphasizing 

specific types of fracture sets. Hennings et al. (2012) used restoration strain with rock 

properties to calculate the Mohr-Coulomb failure criteria. Other failure criteria could be 

tested, or even other accommodation modes could be considered. For instance, a study 

on a CS field in Indonesia shows that even in a naturally fractured reservoir, areas with 

no fractures give the highest productivity within the field (Paul et al., 2009). That region 

could have been deformed by a distributed accommodation in a way that preserved high 
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permeability, or the region might have too many fracture sets that fragmentized the 

fracture surfaces, and made the flow and seismic responses similar to typical highly 

porous and permeable rocks.   

We can reuse Figure 3.2 to depict the previous studies with some other 

possibilities. Hennings et al. used present petrophysical values when computing Mohr-

Coulomb failure criteria with strain from restoration analysis.  This can be mapped by 

applying compaction and extension in Figure 3.2-B, which has underestimated values 

for the right block. Even if we have exact values like in Cartoon D, applying failure 

criteria on Cartoon D is wrong because the spatial distribution of values were for 

Cartoon C. However, we also have the possibility that the two blocks accommodate the 

compaction and extension with a distributed accommodation style.  

3.2 Methodology 

We propose a reservoir property modeling workflow to capture the effects of both 

sources of geological uncertainties: how the reservoir has been deformed, and how the 

rock has accommodated the deformation. The new framework requires the following 

capabilities to capture uncertainty on structural deformation and rock accommodation: 

 Use structural deformation attributes from restoration/forward deformation 

analysis. 

 Restore the hard data using structural deformation attributes under the mode of 

rock accommodation. 

 Use the restored hard data, not the measured hard data to condition geostatistical 

simulation. 

 When transferring populated reservoir properties into the present structural 

model, copy, forward-deform, and paste, rather than just copying and pasting.   

3.2.1 Proposed workflow 
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The new geomodeling framework consists of three processes different from the typical 

geomodeling process (Figure 3.1):  

A. Restoration of hard conditioning data by using the structural deformation 

attributes and rock accommodation mode 

B. Geostatistical modeling using restored hard data 

C. Forward-deformation of populated data  

Equations (3-1), (3-2), and (3-3) correspond with these three components. Equation (3-1) 

express the restoration of the measured hard data along the well to a restored condition. 

In equation (3-1), f is the functional expression of the evolution of a reservoir property 

from past condition to present condition. Thus, f-1 is the inverse function of f, a 

restoration of reservoir properties. O stands for the observations in the present condition, 

while O* is the restored value of O to a past condition. r is the structural deformation 

attributes that contain spatial variables containing deformational information, such as 

displacement vectors or restoration strains and stress. Subscript n is an index for a 

specific mode of structural deformation scenario out of N alternatives. Subscripts m and 

M correspond to an index for a specific mode of rock accommodation scenario out of 

M alternatives. If we have N different scenarios for structural deformation, which are a 

combination of a geometrical structural model with certain kinematic/dynamic models, 

and M different scenarios for rock accommodation, an identical set of observed values 

along the wells will be converted into N by M number of sets of different values. Note 

that the curvilinear well trajectory of Cartoon 4 in Figure 3.1 and the disconnected well 

trajectory in Figure 3.3 are slightly different in the depositional grids because they have 

different scenarios for the mode of structural deformation.  

 𝑂𝑛𝑚
∗ = 𝑓−1(𝑂, 𝑟𝑛, 𝐴𝑚), 𝑛 = 1:𝑁, 𝑚 = 1:𝑀 (3-1) 

 

 𝑆𝑛𝑚
∗ = 𝑔𝑒𝑜𝑠𝑡𝑎𝑡. (𝑂𝑛𝑚

∗ ) (3-2) 
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 𝑆𝑛𝑚 = 𝑓(𝑆𝑛𝑚
∗ , 𝑟𝑛, 𝐴𝑚), 𝑛 = 1:𝑁, 𝑚 = 1:𝑀 (3-3) 

 

Equation (3-2) is a geostatistical simulation to populate and fill the depositional 

grid with petrophysical values. Note that we use Onm*, not O. Thus, the values we use 

as conditioning hard data are restored values based on a combination of structural 

deformation mode n and rock accommodation mode m. Equation (3-3) is the forward-

deformation of the populated petrophysical properties, Snm*, into the values of the 

present status.  

 

Figure 3.4: A schematic diagram of the three proposed components. The red arrow represents equation 

(3-1), the yellow arrow is for equation (3-2), and blue arrow is for equation (3-3).  Explanations of the 

structural model used are covered in the following sections.  

Figure 3.4 is a pictorial explanation of the proposed workflow under a specific 

combination of structural deformation and rock accommodation scenarios. We can 

notice that the spatial distribution of the simulated property, S*, in the depositional 

domain looks like a typical realization using a two-point sequential geostatistical 

algorithm, such as Sequential Gaussian Simulation (SGSim) (Remy et al., 2009; Caers, 
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2005). However, the property values in present structural domain, S, deviate from the 

original results by considering compaction and extensional loading during structural 

deformation.  

Equations (3-1) and (3-3) only contain two different time steps. By doing so, we 

implicitly assume that all the target reservoirs in the geomodels are deposited within a 

shared geological time span. However, if we have multiple geological episodes that 

affect structural deformation and the depositional environment, and we have multiple 

geometrical models to represent different episode times, we can discretize the forward 

deformation functions into multiple series of functions.  

3.2.2 Defining scenarios for mode of structural deformation and mode 

of rock accommodation 

In Chapter 2, we covered the sources of geological uncertainty from structural 

deformation, and from mode of rock accommodation in a general sense. When we have 

a specific subsurface area to model, first we can assess the geometrical uncertainty from 

seismic interpretation. If we are uncertain on a geometrical interpretation, we may have 

multiple present geometrical structure models. On top of that, we can select available 

kinematic/dynamic models that are compatible with the interpreted geometrical models. 

From this process, we can introduce multiple scenarios for the mode of structural 

deformation. Thus, a scenario of structural deformation is a combination of the present 

geometrical model and a kinematic or dynamic model explaining the link between the 

present and past structural geometry.    

To develop multiple scenarios for rock accommodation modes, categories from 

Chapter 2 can be useful. For instance, say we have a core section from wells showing 

that grains are tightly bounded by cementing, and we are not sure of the relative timing 

of cementing over major extensional faulting. By changing the order of cementing and 

extensional deformation, we can double the number of scenarios of rock 

accommodation modes because if a major structural deformation happened prior to 
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cementing, it is apt to accommodate it by distributed accommodation, and localized 

accommodation for the order of cementing and structural deformation.  

 

Figure 3.5: Examples of geological explanations for having different fracture sets on a fold structure. 

Paths A and B go through different burial histories, and thus have different stress history and generate 

different fracture sets (Hanks et al., 2004). 

Figure 3.5 offers a good example of having multiple geological explanations, 

and thus multiple scenarios of different geometrical and kinematic models, for almost 

identical fold structures (Hanks and Wallace, 2004). The authors conducted field 

observations of many fold outcrops in Brooks Range, Alaska. Many of the folds have 
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different fracture sets. The above figures are multiple possible geological interpretations 

to make sense of the structure and observations.  

3.2.3 Structural deformation attributes and a proxy restoration  

Kinematic models and restoration under a certain kinematic model give restoration 

displacement vectors. Figure 3.6 depicts the relations between two different grids that 

are linked by displacement vectors. If dynamic models link the two grids, we have force 

and stress information in addition to the attributes we get from kinematic models.   

 

Figure 3.6: Displacement vectors between a present structural grid and a past depositional grid. 

 

 𝒙[𝑝𝑎𝑠𝑡] = 𝒙[𝑝𝑟𝑒𝑠𝑒𝑛𝑡] + 𝒓 

𝒓 ≈ −𝒖 (3-4) 

  

Equation (3-4) shows the relations between present and past geometry with a 

restoration displacement vector. The reason why we use “” is because when using 

dynamic models for restoration, restoration displacement and deformation displacement 

are not symmetrical in some cases (Maerten et al., 2006; Lovely et al., 2012; Lewis et 

al., 2013). From the deformation displacement vector, the Lagrangian strain can be 

calculated using equation (3-5). 
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The infinitesimal components of strain (equation (3-6)) are defined using the 

first two parts of the right-handed part of equation (3-5). Deformation gradients can be 

divided into symmetric and asymmetric parts, as shown in equation (3-7). The left term 

of the right-handed part is for the infinitesimal strain, equation (3-5), and the right term 

is for pure rotation. Using infinitesimal strain over Lagrangian strain will introduce 

errors in the process. However, using infinitesimal strain over Lagrangian strain is more 

convenient since it contains deformation information alone by excluding infinitesimal 

rotation. Justification to use the infinitesimal strain can be made by comparing the 

magnitude of error introduced by using infinitesimal strain over the accuracy of the 
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collected data and considerations of the application of the analysis (Pollard and Fletcher, 

2005). Since there is uncertainty about the exact geometry and underlying deformation 

process, we focus more on capturing in a relative sense the spatial distributions and 

magnitudes of deformation strain. Thus, we will use the infinitesimal expression for 

further applications.  

By Eigen value decomposition of the strain tensor we can extract the principal 

strains and directions, equation (3-8). The trace of the strain tensor, equation (3-9) is 

dilatation that represents volume changes by deformation. If we use Hooke’s law with 

pre-deformed elastic properties, we can calculate the elastic deformational stress.  

 {𝜺I, 𝜺II, 𝜺III } 

{𝑾I,𝑾II, 𝑾III } (3-8) 

 

 𝑑𝑖𝑙𝑎𝑡𝑎𝑡𝑖𝑜𝑛 =  ∑𝜺i 
(3-9) 

 

Note that if we use dynamic models, for a model with multiple layers with 

different stiffness, the spatial distribution of the deformational strain will be different 

from those from kinematic models in that the stiffer layers will deform less. If we use a 

single stiffness values for all layers, the deformational strain will become identical with 

the results using the same kinematic laws.  

Here, we are not aiming to propose a single way to utilize structural deformation 

attributes. We can use different attributes, or modify the attributes into different forms 

to serve a given research purpose better. For instance, the orientation of maximum 

tensile principal strain from deformation analysis can be used to estimate the direction 

of open mode joints when the area underwent tensile deformation. The magnitudes of 

principal stress can be used to infer possibility, or abundance of fractures.  
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Likewise, we are not attempting to test or compare which kinematic/dynamic 

models are superior over the others. In reality, we seldom conduct restoration analysis, 

especially for reservoir modeling practices. Kinematic restoration analysis is usually 

conducted at a basin level to reconstruct paleo depositional conditions in sedimentology 

or sequence stratigraphy related research (Burgreen and Graham, 2014). Dynamic 

restoration is usually used in research of structural geology contexts, to model relatively 

larger scale deformation such as deformation of crust with faults (Lovely, 2011; Nevitt 

et al., 2014). This is partially because the concepts and techniques of restoration, for 

both kinematic and dynamic models, are new enough that their industrial applications 

have been limited thus far. After Dahstrom (1969), many breakthroughs on kinematic 

restoration were made in the ’90s and after the new millennium (Brandes and Tanner, 

2014). Dynamic restoration was first introduced early in the 2000s (Maerten et al., 2002).  

It has been only a couple of decades since we started to develop structurally 

complex reservoirs. Offshore, we develop reservoirs with a relatively smaller number 

of wells – which increases the probability that the differences among wells’ structural 

deformation are not negligible. Onshore, we develop unconventional fields where the 

areas of interest are vast compared to the conventional reservoirs (Zagorski et al., 2012; 

Carter et al., 2011). By the magnitude of the size, we cannot always assume that the 

effect of structural deformation is homogeneous.  

A proper coordinate transformation between the present structural grid and the 

depositional grid (arrows C and F in Figure 3.1) was neglected, or at least not conducted 

in a rigorous way, until Mallet introduced the Space-Time mathematical framework, 

known as UVT-transformation (Mallet, 2004). Figure 3.7 depicts typical problems of 

neglecting kinematics between the structural and depositional grids. Because numerical 

flow simulation is one of the end products of typical reservoir modeling practices, grid 

system within structural models – faults and horizons – are generated optimized to run 

flow simulations. The grid system in inset A that has fault parallel grids is called a pillar 

grid. Since coordinates of this grid do not correspond with geological spatial distance in 

the depositional condition, the geobody, a channel in this case, cannot preserve a 

realistic size and shape (Gringarten et al., 2008). Inset B shows the distortion created in 
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an opposite way from inset A. It started from facies modeling in a depositional grid 

system. Thus, the spatial distance and geological distance agreed with one another. 

However, when made into the present structural model, it just changes the elevations 

while preserving the horizontal location (Castro, 2007). The geometrical inconsistencies 

of these two cases originated by neglecting the kinematic models of the horst-graben 

system, for A, and the anticline, for B.      

 

Figure 3.7: Typical geometrical distortions caused by not considering the structural deformation of the 

reservoir. A – A pillar grid is created for numerical flow simulation. Object based modeling of channel 

bodies using pillar grid systems create distortions of geobody shapes (Gringarten et al., 2008). B – Unlike 

inset A, facies realization of deltaic deposits are modeled in a depositional grid. However, due to not 

having kinematic/dynamic models to link it with present structural shape, this model only shifted the 

elevations of each grid block (Castro, 2007).    

However, as we discussed, it is not common to conduct explicit forms of 

restoration/forward-deformation analysis. Mallet introduced UVT transformation to 
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give a coordinate transformation between present geometry and a time domain 

representation of restored geometry (Mallet, 2004).   

 

Figure 3.8: Pictorial demonstration of “flexural slip” forward deformation and UVT coordinate 

transformation by Mallet (2004).  

Figure 3.8 depicts the idea of UVT transformation. G-space means the present 

structural domain with present geometry. If we reconstruct the spatial geometry of an 

unfolded state, it is restoration, or retro-deformation. �̅�-space represents a parametric 

space where the present spatial coordinates of X and Y are parameterized into U and V, 

while the vertical axis of �̅�-space is a chronological time axis to represent the time-

stratigraphy (Wheeler, 1958). While restoration analysis involves geometrical models, 

UVT transformation has a geochronological model, “Geochron model”, which has 

parameterized space coordinates of u and v, and a parameterized stratigraphic time 

coordinate, t. Thus, it does not have restored geometry.  
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By definition, this is not a restoration, or a kinematic model. However, it does 

try to assign the same geochronological time, t, after unfaulting and unfolding structures 

into parametric (u, v) space from mathematical optimization. While kinematic 

restoration aims to secure the kinematic consistency of the current structural geometry, 

and dynamic restoration aims to investigate the evolution of a structure with the required 

force to generate the structure on top of kinematic consistency, the main purpose of 

UVT transformation focuses on reconstructing parametric space to secure stratigraphic 

modeling in the parametric space that is less distorted. While restoration is a 

reconstruction of past geometry in physical space, UVT transformation is a 

reconstruction of past stratigraphy in unitless parametric space. If both UVT 

transformation and kinematic models use flexural slip models with same boundary 

conditions, both of them will give identical restoration in a different space with the same 

deformational strain.  

Since the parametric space is a hybrid space of space and time, displacement 

vectors among the two coordinates are physically meaningless. However, strain among 

the coordinates is still meaningful because strain itself is independent of the scale of the 

model. Thus, if we want to use strain from restoration-deformation, UVT transformation 

can be considered and used as a proxy of actual restoration analysis. To make a long 

story short, UVT transformation does not provide a physical deformation displacement 

vector, but it does give a physically meaningful deformation strain. 

3.2.4 Restoring the hard data and forward deformation of reservoir 

properties 

Once we extract structural deformation attributes from a specific structural deformation 

scenario, we can start hard data restoration with a certain rock accommodation scenario 

(the red arrow in Figure 3.4). Under a specific scenario of a structural deformation mode 

and a rock accommodation mode, equation (3-1) can be re-written as equation (3-10) 

because the accommodation style is fixed, and the structural deformation attributes and 

present observation values are the only spatially varying variables.  
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 𝑂∗ = 𝑓−1(𝑂, 𝑟 ) 
(3-10) 

 

This result does not necessarily have to be the exact way that the reservoir 

properties have evolved. The important thing here is to capture the most important 

geological events that geoscientists are considering in the transfer relations, in a simple 

yet representative way. As long as the observed values are conserved from consecutive 

forward and backward transfers, and the forward and inverse of the relations are 

bounded within physically meaningful ranges, any transfer relations can be postulated. 

We may call the equation (3-10) a pseudo restoration, and the pseudo function, f, can 

be called a transfer function of the pseudo restoration.  

 

Figure 3.9: Schematic explanation of porosity changes by dilatation. Since all volume changes are 

accommodated by pore volume changes, the new numerator for deformed porosity is the summation of 

the original porosity and dilatation. The new denominator for deformed porosity is merely a sum of 1 and 

the dilatation.  

For instance, use the dilatation in equation (3-10) to restore porosity. If we 

assume all the deformation strains are accommodated by pore volume changes – and 

thus, by distributed accommodation – the bulk volume change can be depicted by Figure 

3.9. With dilatation, which represents proportional volume changes, the measured 

porosity can be restored by equation (3-11):  
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 ∅𝑟𝑒𝑠𝑡𝑜𝑟𝑒𝑑 = (1 + 𝑑𝑖𝑙𝑎𝑡𝑎𝑡𝑖𝑜𝑛)∅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑑𝑖𝑙𝑎𝑡𝑎𝑡𝑖𝑜𝑛 (3-11) 

 

Again, equation (3-11) is one way of postulating a possible transfer function for 

porosity. Other possible options include using lab experiments. Using depth-porosity 

trends from many experiments, we can postulate compaction-porosity relations. The 

compaction-porosity curve can be used as a transfer function to restore and forward 

deform the porosity values.  

When conducting geostatistical simulations using restored values, one thing we 

should be careful is that we should not use the probability density function (pdf) of 

current values when conducting a normal score transformation if Gaussian assumptions 

are needed. We should use “what-if” properties in depositional conditions. For instance, 

if porosity measured in a specific well is 10 percent and the restored porosity under a 

certain scenario is 20 percent, the percentile of 10 percent porosity in the present 

condition does not necessary to be same with percentile of 20 percent porosity in a past 

depositional condition. If the measured 10 percent porosity is a lower quartile, rank 

transformed value using present pdf of porosity would be -0.67449. However, if restored 

10 percent porosity is around median of restored porosity distribution, the rank 

transformed value would be around 0. Figure 3.20 in Section 3.3.4 shows an example 

of how porosity distribution changes from the present values to restored values. This 

point offers a strong benefit, because in actual subsurface modeling we always have 

very limited data and information to infer the proper pdf of subsurface values. However, 

by using restored values in simulation, we can utilize the pdf of values from currently 

deposited conditions of the same lithology.  

After we populate the properties in the depositional condition, we can “copy, 

forward-transform, and paste” back to the present structural model. For the case where 

we assume a localized accommodation mode, we can either use the magnitude of the 

Eigen strain or the elastic deformational stress, by using the Eigen strain with elastic 

properties in depositional conditions as an index for fracture abundance. In a rigorous 



98 
 

sense, we should use stress to infer the existence and abundance of fracture sets and 

their abundance. However, using field specific empirical relations between deformation 

strain and fracture abundance can be useful when kinematic restoration is conducted 

(Lohr et al., 2008). Figure 3.10 is comparison of the magnitude of the deformation strain 

in the wells and the fracture abundance measured at the well.  

 

Figure 3.10: Example of comparison between fracture densities and deformation strain magnitude (Lohr, 

2008). 

Recall from Lovely et al. (2012) that when accommodation modes use a 

localized style, the relation between deformational strain and deformational stress is 

nonlinear, so the relationship between stress and an abundance of localized features is 

likewise nonlinear.  In this case, we can make nonlinear transfer relations between the 

structural deformation attributes and an abundance of localized features from a curve 

between strain and abundance, either from detailed numerical simulation or from the 

empirical curves of lab experiments. By doing so, we can mimic nonlinear behavior 

related to structural deformation even as we do restore/forward by deforming the 

kinematic model or dynamic model with linear elasticity.   
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 𝑂∗ = 𝑂   &   𝑆 = 𝑆∗    
(3-12) 

If we revisit the conventional “copy and paste” process within the proposed 

process, restoration and forward deformation returns the same values as equation (3-12). 

The typical “copy and paste” convention can be understood as one of the 

accommodation modes that assume no influence of structural deformation on reservoir 

property evolution.  

3.2.5 In defense of using an inaccurate and simplified pseudo 

restoration of properties 

It is possible to challenge the above examples of linking deformational attributes in 

restoration and forward deformation of petrophysical properties. For instance, we would 

rather numerically simulate the elastoplastic behavior of rock with a finite element 

model, by creating a finer inner mesh within a depositional grid block to model localized 

deformation, assuming deformation strain as boundary conditions for each sub 

simulation block. This scenario is from an actual research paper, except the context is 

not a reservoir scale and the time is not geological time (Borja et al., 2000). It is true 

that there are many available advanced models that can reproduce many of the 

subsurface features that we are interested in.  

However, using more detailed physics does not mean that a model is more useful 

for a given situation. Subsurface geomodeling, especially property modeling on sub-

resolution grid blocks, demonstrates such a case. First, since it is subsurface and sub-

resolution we do not have enough modeling input parameters, especially for the 

geometrical models of sub-resolution features. We do not even have the geometry of 

the sub-resolution features for the area away from the wells. From the beginning, this is 

a reason to use geostatistical algorithms to populate petrophysical properties. Second, 

the available detailed physical models capture the kinematic and dynamic evolution of 

rock deformation over geologically infinitesimal time. We can widen and deepen our 

knowledge on the behavior of rock deformation by those models, but cannot restore or 

enact forward deformation exactly over geological time. It would be beneficial to use 
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those models to develop transfer relations, like a curve of the volume proportion of 

compaction bands by an increased amount of compaction strain. Thus, they also can be 

considered as possible pseudo restoration models.  

Third, even when assuming we have a reliable model to simulate rock 

deformation over a geological time span, with the capability to model different types of 

failures, we have a higher level of uncertainty on the current geometry of structural, 

kinematic, and dynamic models. Thus, it would be more beneficial to use the new model 

as a better version of a dynamic model to conduct structural restoration for a reservoir 

scale. Thus, under a sub-resolution accommodation style sub-resolution features would 

remain, even given an imaginary deformation model for the geological time span.  

3.2.6 Comparing the likelihood of scenarios 

By having N structural restoration modes with M accommodation modes, N×M number 

of geological scenarios become available. We can make any number of scenarios if we 

want to, and we can populate any number of realizations under each scenario. However, 

two questions arise: 

- Do the realizations from difference scenarios give meaningfully different 

subsurface responses? 

- How can we rank more or less likely scenarios among N×M? 

One straightforward solution is cross validation by using well data.  By dividing 

the available wells into two groups, we can use one group as conditioning data and the 

other group as validation data. If the number of wells is limited, we can compare seismic 

attributes between the seismic data we have and the synthesized attributes from 

realizations. We can use seismic attributes along a number of ghost wells – imaginary 

well trajectories we are interested or candidates for future drillings-- along a number of 

key vertical sections, or even along a full 3D survey volume.  

 To compare the realizations with either upscaled well data or seismic attributes 

from a seismic survey, we need to calculate the effective medium property of the grid 



101 
 

blocks in the present structural model, combined with the sub-resolution geological 

features that we assumed from different rock accommodation scenarios. Effective 

medium theories from rock physics give mathematical and empirical models to calculate 

the effects of changes in porosity and pore fluids, as well as the effective medium 

properties that have geological features such as crack-like pores, thin lamination in shale, 

and crack inclusions. We will cover some useful models and demonstrate their usage in 

Chapter 4.  

To compare the similarity or dissimilarity among actual and synthetic 

observations from realizations in quantifiable manners, we can use distance-based 

multidimensional scaling (MDS) (Caers et al., 2010; Park et al., 2013; Jeong et al., 2014; 

Borg and Groenen, 2003). By using any metric of distance, we can capture pairwise 

dissimilarity among the actual and synthetic observations. We can then visualize the 

dissimilarity in a metric space using MDS.  

 

Figure 3.11: 2D projection of 3D models using MDS. We cannot plot the 3D volume in physical space 

(left). However, we can display dissimilarity among models by using pairwise distance in a metric space 

using MDS. 

Figure 3.11 is the example of the usefulness of MDS. Using geostatistical 

simulations, we can have a number of geomodels under each specific geological 

scenario. We can visually compare the difference among models when there are several. 

However, it is less practical to visually compare hundreds, or even thousands of models. 

After choosing a problem-tailored distance metric, we can visualize the differences in a 

metric space like the plot on the right of Figure 3.11. Each dot corresponds with actual 
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models, and we can trace them back by indexing them. These plots are the results that 

we will cover in a later section.  

Plots in metric space are color coded by different scenarios in the figure. If the 

color coded dots are segregated well from each other, that means different scenarios that 

we selected to model have sensitive factors in the results of numerical simulations. In 

the figure, the red dot, the true model, is placed closely with the scenarios of the yellow 

and green dots. From the plot, we can raise the likelihood or rank of these two scenarios 

while lowering the rank of the other three scenarios (Park et al., 2013). Alternatively, 

we can investigate whether the assumptions used in the yellow and green scenarios can 

be supported with other geological, geophysical, or engineering evidence.  

3.3 Application on a 3D synthetic reservoir 

To test the proposed framework and effects of different geological scenarios of 

structural deformation and rock accommodation modes, we created a synthetic reservoir 

that has a certain level of structural complexity and ambiguity in its dominant sub-

resolution geological features.  

3.3.1 Synthetic model description 
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Figure 3.12: Structural geometry of the synthetic reservoir. Top – top view of geometry. Bottom – side 

view of geometry. Red dots – exploratory wells. Blue dots – exploratory wells converted to injectors. The 

synthetic subsurface reservoir structure has seven faults that make compartmentalized reservoir blocks, 

horst-graben in the central parts, and anticline dome in the right region.  

Figure 3.12 shows the fault networks and top and bottom horizon of the synthetic 

reservoir (the present geometrical model). It has seven faults, a horst in the central 

region, and an anticline dome in the right region. Paradigm® SKUA-GOCAD™ 

subsurface modeling software was used for this example case.  

3.3.2 Multiple geological scenarios in structural deformation 

As discussed in Chapter 2, different kinematic/dynamic models will lead to different 

geometry in deformation or restoration analysis. In reservoir modeling with real field 

data, we can never know exactly how the structure has been deformed. However, for 

this example case, we are going to apply two different kinematic models to construct 

depositional grids, and choose one of them as the true deformation of the structure. 
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Figure 3.13: Reservoir structures colored by dilation from deformational strain. Left – deformation 

scenario A. Right – deformation scenario B 

 Figure 3.13 shows dilatation distributions from two different deformation 

analyses using different kinematic models. Dilatation is the summation of the Eigen 

strain values that are obtained by equation (3-9). It can be understood as a representation 

of the fractional changes of the volumes by structural deformation. 

Scenario A results from a flexural slip model that preserves area and line length, 

by allowing strain discontinuity across faults and horizons (Suppe, 1983; Mallet, 2004). 

Scenario B is conducted under a minimum-deformation principle, which minimizes 

strain discontinuity over the area (Mallet, 2002). We chose scenario A as the true 

deformation history of the synthetic reservoir. It is noteworthy that we arbitrarily chose 

one restoration principle to represent the true deformational history of the synthetic 

reservoir. This does not say anything about which scenario is more geologically realistic. 

3.3.3 Multiple geological scenarios in rock accommodation  

As we simplified the deformation history of the reservoir, we made rock 

accommodation styles by altering the sequence of two rock accommodation events. The 

two events are diagenesis and deformation. For further simplicity, diagenesis is modeled 

as a 10% porosity reduction by cementation. Deformation is modeled by using the 

deformational dilatation. Figure 4 depicts two geological scenarios of how the reservoir 

properties have evolved. 
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Figure 3.14: Geological scenarios for reservoir property evolution. In the synthetic case, a sequence of a 

diagenesis event and geological deformation are considered. The left column means the reservoir 

experienced diagenesis, and then deformation was applied. Since the deformation was applied after the 

rock became stiffer, the deformation is assumed to be accommodated by a localized feature – by 

generating fractures. The right column is the case where structural deformation was applied when the 

rocks were soft. On this route, cataclastic flow accommodates structural deformation. Then cementation 

occurs, resulting in porosity reduction. Overall, both accommodation routes will lead to nearly identical 

mean porosity values. 

For the localized accommodation scenario, the true porosity in the depositional 

domain will be reduced by 10%. The elastic properties of the cemented rock are 

calculated by a rock physics model. In this example, we use the constant cement model 

(Avseth et al., 2001). Since we already have the principal strain components – their 

magnitudes and directions – from the structural deformation, we can calculate the stress 

components using Hooke’s law, by using  a point by point elastic modulus from a 

constant cement model. We assume that the synthetic reservoir may have only open 

mode fractures. Fracture intensity is scaled from the principal stress where it is tensile. 

Fracture normal direction is decided by the most tensile principal strain direction. Figure 

3.15 depicts the workflow for calculating petrophysical properties within the localized 

accommodation scenario. Details of the rock physics models used here will be covered 

in Chapter 4. 
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Figure 3.15: Petrophysical property generation under the localized accommodation scenario. "*" in the 

elastic stiffness tensor will be covered in Chapter 4. 

For the distributed accommodation scenario, the true porosity is changed 

proportionally by the dilatation from the deformation. Fractional changes on a volume 

of interest need to be accommodated by pore volume changes, as depicted in Figure 3.9. 

After the porosity is updated by the dilatation, a uniform 10% reduction, by adding 

cement, is applied as a diagenesis event. In this scenario, there is no fracture generation. 

Figure 3.16 depicts the petrophysical property generation under the distributed 

accommodation style.  
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Figure 3.16: Workflow for generating petrophysical properties under the distributed accommodation 

scenarios. 

For matrix permeability, the Kozeny-Carman relation is used (Mavko et al., 

2003). Thus, we assume the matrix permeability is a function of matrix porosity. For 

the synthetic reservoir, we chose the localized accommodation scenario as the true 

scenario. Thus, we created a naturally fractured reservoir.  
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Figure 3.17: Reservoir property evolution of the true case. Syn-depositional porosity is populated by 

unconditional SGSim. As diagenesis occurred, porosity reduction by cementation was applied. As 

deformation took place, fractures were generated by following fracture intensity from the principal stress 

and fracture normals, from the most tensile principal strain direction. An explicit discrete fracture network 

was only populated in the initial production area. Flow-related reservoir properties are modeled as a single 

medium with a summation of matrix and fracture properties, since the matrix permeability is relatively 

high compared to the fracture permeability. 

Figure 3.17 depicts how the true reservoir properties relating to flow behavior 

are generated for the synthetic reservoir. Porosity in the syn-deposition condition was 

cemented first. Then, the reservoir had been deformed under deformation scenario A. 
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While it deformed, open mode fractures were populated by following the most tensile 

direction as the normal direction of fracture surfaces with the fracture intensity, which 

is scaled proportionally to the tensile stress induced from deformation. Since we are 

going to run a flow simulation only on the development area, actual DFN realizations 

are populated only within the production area.  

 

Figure 3.18: Calculating the effective medium with fractures and cementing, using the effective medium 

model. Hudson’s model is used for effective stiffness tensor calculation (see Chapter 4). 

3.3.4 Creating reservoir models for each scenario 

Now we can apply and test the proposed geomodeling workflow with the synthetic 

reservoir we have created. Let assume that we do not know the actual geological history 

of the reservoir, but that the true history is within our prior scenarios.   
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Figure 3.19: Multiple scenarios of structural deformation and reservoir property evolution. Two scenarios 

on structural deformation and two scenarios on rock accommodation mode give four different potential 

scenarios. By including the conventional approach as one scenario, we need to test five different scenarios.  

Figure 3.19 compares all the scenarios by combining alternatives in our 

understanding of the mode of deformation and the mode of rock accommodation. 

Scenario S1 is the case when we chose the correct deformation interpretation and the 

correct timing of cementation. S1 and S3 will generate fractured reservoirs, while S2 

and S4 will generate reservoirs without fractures. Again, we are assuming that we have 

not seen any fractures from the vertical wells. “Cv” is a conventional geomodeling case, 

in which we implicitly assume that the reservoir properties remain identical from one 

state to another.  The color codes in Figure 3.19 will be used in the same order on the 

following plots of reservoir responses. 
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Figure 3.20: Porosity modeling using the proposed framework under scenario 2. Porosity along the wells 

have larger values by un-cementing and un-deforming. Since we use higher porosity values in the 

geostatistical simulation, the realization in the depositional domain has higher porosity values. By 

forward-deformation, the range of the porosity becomes smaller. Values along the wells are identical with 

the original values. 

 

Figure 3.21: Porosity modeling from the conventional workflow. Deformational compaction and 

extension are neglected, or it is intrinsically assumed that those effects are negligible for reservoir 

modeling purposes. 
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Figure 3.20 and Figure 3.21 compare the conventional workflow and the 

proposed workflow under scenario S2, in terms of how the porosity values are treated. 

For both cases, the porosity along the wells in the current condition is identical. The 

conventional approach conducts a geostatistical simulation – a conditional SGSim in 

this case – using the observed porosity. The proposed workflow uses the “restored” 

porosity under the geological assumptions. Since scenario S2 assumed the right 

deformation with the wrong sequence order of cementation events, the restored values 

will deviate from the true porosity along the well location in the depositional domain.   

For the fractured cases, i.e. scenarios S1 and S3, the fracture intensity is slightly 

different for each realization, since the elastic moduli for each realization are different 

by the populated porosity differences. Using the fracture intensity, one DFN simulation 

is conducted for individual realizations within the production area. Thus, each 

realization has a different fracture permeability & fracture porosity. Across the five 

scenarios, 20 realizations are simulated. Thus, we have 101 realizations including the 

true model.  

3.3.5 Comparisons 

Figure 3.22 depicts one realization from each scenario, with the corresponding reservoir 

responses. Flow simulations are conducted using the Schlumberger ECLIPSE reservoir 

simulator. Rock physics models are used to calculate seismic velocity while considering 

porosity, saturation, mineralogy, cementation, and fractures (Hudson, 1990; Mavko et 

al., 2003). Realizations from S2 and S4 do have all zero values on the fracture intensity 

maps, since S2 and S4 assume the deformation has been accommodated by the rocks 

via rearrangement of pore and matrix structures (distributed accommodation). The third 

column is the permeability tensor component on the X axis. The S2, S4, and Cv cases 

have different permeability tensor components for vertical direction, since they assume 

no fractures. Reference, S1, and S3 have different tensor components for each direction. 
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Figure 3.22: One realization and its reservoir responses, out of 20 realizations from each scenario. The 

circles are the locations of exploratory vertical wells. Blue circles are converted to injectors. Porosity 

along these locations is used as hard data for geostatistical simulations. Top row – Ref. means true case. 

S1~S4 and Cv correspond to each scenario, including the conventional approach. Colors correspond to 

Figure 3.19. 1st column – matrix porosity, 2nd – fracture intensity, 3rd – fracture permeability component 

on X axis, 4th – P-wave velocity distribution, 5th – oil saturation distribution after 900 days of production. 

 In reality, we cannot have access to the true flow responses until we drain the 

field. Even though the proposed workflow gives better production forecasts, it would be 

less interesting unless we could see which scenario is more suitable at an early stage. 

Since we have actual seismic data in the early stage and we can calculate synthetic 
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seismic attributes for each realization, we may choose a more suitable scenario over a 

less suitable one if seismic attributes from one scenario are more similar to the true data 

while realizations from other scenarios are less similar. Since it is practically impossible 

to manually quantify similarity using the naked eye, MDS plots using Euclidean 

distance are applied. For comparison purposes, we also applied an MDS plot on porosity 

for every realization.  

 

Figure 3.23: MDS plot by distance of porosity (left) and distance of seismic attribute (right). Since 

fracture porosity is negligible, realizations from S1, S3, and the conventional case have similar porosity 

distributions. Thus, all of them are grouped together. However, when MDS is done by using distance 

between seismic attributes, S1, S3, and Cv are all grouped separately because realizations from the Cv 

scenario does not have fractures while S1 and S3 have fractures but under different distribution 

characteristics. When plotted by seismic attributes, S2, S4, and Cv, which have distributed 

accommodation assumptions, are grouped relatively closely.  

Figure 3.23 shows the MDS plots of the porosity and seismic attributes (MDS 

plots using production attributes are shown later). This figure depicts the usefulness of 

using seismic attributes when we are not sure about the existence of sub-resolution 

geological features. In the left figure, realizations under scenarios S1, S3, and the 

conventional approaches are clustered together. This is because realizations from S1 

and S3 accommodated structural deformation by forming fractures, and fracture 

porosity is negligible compared to the matrix porosity, around 20 percent. Thus, all of 

them are grouped together. In the meantime, realizations from S2 and S4 are clustered 

separately. For S2 and S4, we assume the structural deformation is accommodated in a 
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distributed style by pore volume change. Since S2 and S4 assume different kinematic 

laws, their deformational attributes have different spatial distributions and the porosity 

realizations are deformed differently. Even using the point-by-point values of true 

porosity, we cannot distinguish what scenario would be more appropriate for the given 

reservoir.   

Obviously, we do not have access to a true 3D porosity map for real field 

applications. However, when MDS is plotted by seismic attributes, realizations from 

scenario S1, S3, and Cv are all grouped separately because realizations from the Cv 

scenario do not have fractures, while S1 and S3 have fractures but under different 

distribution characteristics. When plotted by seismic attributes, realizations under 

scenarios S2, S4, and Cv that have distributed accommodation assumptions are grouped 

relatively closely. Due to the nonlinear relation between porosity, or density with 

seismic responses, especially when having fractures, using seismic attributes provides 

segregations among realizations compared to the case when we just use static values 

like porosity. This is because the changes in rock properties are nonlinear functions to 

the attributes that we use – porosity, fracture abundance, and deformation strain-stress. 

Now, let’s see whether the good segregations in the MDS plot with seismic attributes 

show good agreement with the reservoir flow responses.  

 

Figure 3.24: Flow responses of all realizations from different scenarios in the proposed and conventional 

workflows. Left – Cumulative oil production, Right – Cumulative water production. 
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Figure 3.24 plots the cumulative oil and water production of true reservoir 

responses and 100 realizations from different geological assumptions. As can be seen 

from the band of responses in each scenario, results from different geological 

assumptions are grouped together. Realizations from S1 and S3, which assume a 

fractured reservoir, show responses closer to the true responses than do the cases that 

do not assume a fractured reservoir. Specifically, S1, which shares a deformation history 

with the true case, produces bands of responses which scatter around the true oil 

production.  

 

Figure 3.25: MDS plot using distance of the total oil production curve and the water cut curve. 

Figure 3.25 shows MDS plots of total oil production and water cut curves. 

Normally, it is not necessary to use MDS to plot production curves since we can easily 

display many curves at the same time. However, an MDS plot still gives a visually more 

friendly display of the similarity and clustering of responses, because production curves 

tend to be overcrowded and it is hard to see if curves overlap. If we examine the water 

production, the effect of using the proposed workflow with a good geological 

assumption becomes more noticeable. Except for realizations from S1 and S3, none of 

the 60 realizations from S2, S4, or Cv achieve close forecasting of water production. 

The difference between oil and water production can be induced from the fact that the 

reservoir was initially oil filled. Therefore, in any case, the initial status of production 

will have enough influx of oil. However, the water breakthrough is hugely influenced 

by the permeability distribution. It is worth noting that realizations from conventional 
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approaches are far from the true cases. Even with similar oil production, which may 

impact revenue, giving a better prediction of water-cut, which is related to cost, would 

be important for reservoir evaluation.  

3.3.6 Discussion  

100 realizations from five different geological scenarios of structural deformation and 

reservoir property evolution were compared with true responses from a synthetic 

reservoir. Flow responses of the realizations using the correct scenario give good 

forecasts and uncertainty quantifications of flow responses. Realizations are grouped 

separately in an MDS plot, and the correct scenario gives closer segregation on the MDS 

plot when acoustic impedance is used.  

If we assume the strain distribution from the deformation is uniform across the 

reservoir, and that any property evolution is also uniform around the reservoir, the 

proposed workflow becomes identical with the conventional workflow. For cases where 

any major geological event influences an area uniformly, or with minor variation over 

the area of interest, the advantages of the proposed workflow may be less noticeable. 

However, for cases where the effects of geological events vary spatially or are uncertain, 

the proposed workflow may become effective. For instance, in some cases, we know 

whether the reservoir is naturally fractured or not. However, there are many cases where 

we fail to see any significant evidence of fractures, not only from seismic responses, but 

also from the vertical exploratory wells.  In S3 in Figure 3.22, for instance, even though 

the realization has fractures, the low matrix porosity in the fractured area compensates 

for the seismic velocity drop by the existence of fractures. This may present difficulties 

in distinguishing fracture swarms. The realization on S4, a case with no fractures, gives 

the opposite example. Localized high porosity returns low seismic velocity, so we may 

want to consider the possibility of having fractures in that area. The virtue of the 

proposed workflow is being able to test the scenario at an early stage of the project cycle. 

Moreover, if it does not produce any significant differences from the conventional one, 

we can always use the conventional process. In that case, we may conclude that the area 

of interest may share a more or less homogenous geological history and impact. 
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The proposed framework may not be required in every situation. Obviously, the 

E&P industry has successfully conducted subsurface modeling and production for 

decades. However, if the reservoir has relatively higher structural complexity within the 

modeling boundary, the proposed framework is expected to be beneficial.  

 

Figure 3.26: Situations when the proposed framework would be beneficial vs. less beneficial. Cartoon A 

– structural attributes are relatively homogeneous within the field boundary and the fields have densely 

drilled wells. B – fields have higher structural complexity within the area of interest. Deep-water 

conditions limit the number of wells and they need to share the same well pad, which limits the area we 

can investigate from wells. C – in unconventional fields, the areas of development are different orders of 

magnitude. Thus, even with a relatively gentle structure from the scale of conventional reservoirs, they 

can have relatively high structural complexity across the fields. In A and B, the red arrow and lines mean 

wells. In C, the red arrow may represent hundreds of intensive drilling layouts.  

Figure 3.26 uses cartoons to explain the cases when the proposed workflow 

could be useful or not. In cartoon A, we found oil or gas fields with gigantic structure 

and have dense production wells. Thus, we have less spatial heterogeneity on structural 

deformation attributes. In addition, having data from enough wells resolved the property 

estimation as interpolation problems. In cartoon B, we have to develop 

compartmentalized reservoirs from the same one or two rigs. The number of wells is 

limited by the capacity of the well pads. Since all the wells from the same rigs are 
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sharing almost identical entry points, additional information from the wells is limited. 

In cartoon C, unconventional fields are explored across a relatively large surface area 

with intense drilling activities. Since unconventional resources are spread out in the 

basin level, though the area may have relatively less complex structure with the scale of 

a conventional reservoir, an unconventional reservoir may contain a higher level of 

complexity by having much wider areas of interest.  

3.4 Summary 

In this chapter, we proposed a framework for a geomodeling workflow to model 

geological uncertainty arising from structural deformation and rock accommodation. To 

test the proposed framework, we applied it on a 3-D synthetic reservoir made for testing 

purposes. We compared the effect of geological uncertainty on structural deformation 

of reservoir and reservoir property evolution in reservoir responses. Realizations of the 

reservoir from different geological scenarios generate distinctively different reservoir 

responses when applied to a synthetic reservoir. Realizations from the correct scenario 

give closer reservoir responses to the true reservoir, not only in the flow responses but 

also in the seismic attributes on an MDS plot. This approach is very promising because 

we can test our geological understanding at an early stage of the project cycle. For the 

given synthetic case, the conventional workflow fails to generate realizations that 

produce similar reservoir responses. Application to a real field case should be conducted 

as a future study. 
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Chapter 4 

4 Modeling Seismic Anisotropy while 

Honoring Vertical Velocities and Bulk 

Density with Multiple Sets of 

Inclusions   

As demonstrated in Chapter 2, proper rock physics models are essential for propagating 

geological assumptions on structural deformation and rock accommodation to "what-if" 

seismic responses. When implementing these ideas in a field application, the first 

challenge is how to honor the well log and velocity profiles, while still creating offset 

and angle-dependent seismic responses according to the specific geological assumptions 

we want to test. In this chapter, we first review currently available rock physics models 

to model elastic anisotropy arising from aligned inclusions. Then, we propose a new 

approach to model effective stiffness tensors with any number of crack sets with 

arbitrary crack orientations, within an anisotropic background matrix. This model is 

applied to Sarout’s shale experiment data (Sarout and Guéguen, 2008; Sarout et al., 

2008).   

4.1 Rock physics models for multiple geological scenarios 

Rock physics models have been successfully used to quantify subsurface 

heterogeneities, such as lithology estimations (Avseth et al., 2001), pore pressure effects 

(Mukerji and Mavko, 1994), linking seismic properties with flow properties in a 

coherent way (Castro et al., 2005), and investigating multiscale problems (Mukerji et 

al., 1995).  By using rock physics models, we can predict the possible seismic signatures 

for different subsurface conditions, including degree of cementation (Avseth et al., 
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2000),  whether we have fractures or not (Sava and Mukerji, 2001), and how saturation 

changes from the productions may impact seismic responses (Lee and Mukerji, 2012).  

 To use rock physics models for differentiating rock properties for distributed 

accommodations (deformations absorbed by rearrangement of pores and minerals) or 

localized accommodations (deformations absorbed by creating discontinuous features 

such as cracks or fractures), we need to model the elastic properties of the host medium 

without crack inclusions, and the elastic properties of the medium with inclusions. This 

section first reviews the current rock physics models available for this modeling. 

4.1.1 Rock physics models for isotropic and anisotropic medium 

without cracks 

For isotropic medium 

All natural rocks have a certain degree of anisotropy in the core or well log scale, due 

to various geological factures and processes such as layering, compactions, pore shapes, 

and mineral orientation (Bandyopadhyay, 2009). But in many cases, rock properties are 

modeled as isotropic at a given scale by default, unless the medium is clearly anisotropic 

or the anisotropy is the main focus of the investigation.  For modeling elastic properties 

of isotropic mediums, we can use either empirical rock physics models, theoretical 

models, or both. Basically, if we know the bulk density, P-wave, and S-wave velocity, 

we know all the elastic properties for isotropic mediums. But we also need to know how 

P-wave velocity would change if porosity and bulk density were changed, and likewise 

how the S-wave would be changed. Empirical models are either derived from lithology 

or basin-specific measurements. They usually do not give elastic properties such as bulk 

or shear moduli directly, but rather give empirical relations between two or three key 

measurements, such as P-wave and S-wave velocity, so we can reconstruct the elastic 

properties of the rock using other measurement data (Greenberg and Castagna, 1992).  

Theoretical models are based on simplified and idealized physical models such 

as the contact model of spheres (Mindlin, 1940), or cement models of contacts among 

spheres (Dvorkin and Nur, 1996) or ellipsoidal inclusions (Berryman, 1980). Even when 
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we use theoretical models, we still use observed data to find the optimal model 

parameters. 

For anisotropic medium 

To model the anisotropy of a rock, we need to assume a certain degree of symmetry. By 

following Voigt’s notation, we can express stiffness tensors in a 6 by 6 matrix. For 

isotropic material, we have two independent constants in the stiffness tensor, so we need 

two velocity measurements, while a transversely isotropic medium has five independent 

constants and thus requires five different measurements (Mavko et al., 2003).  For the 

typical sources of anisotropy, vertically transversely isotropy (VTI) symmetry serves as 

a good approximation for anisotropic rocks in many cases (Bandyopadhyay, 2009). 

Modeling an effective elastic medium involves mixing problems. Theoretical 

bounds, such as the Voigt and Reuss bounds, give theoretical minimum and maximum 

elastic properties when different elastic materials are mixed. Rock anisotropy can be 

understood as having different stiffness in different directions within the theoretical 

bounds. When the shape of inclusion falls in specific shapes and the properties of 

inclusion are known, effective medium models for inclusions, such as self-consistent 

approximation (SCA) (Budiansky, 1965; Hill, 1965; Tai Te Wu, 1966; Berryman, 1980) 

or the differential effective medium model (DEM) (Cleary et al., 1980; Norris, 1985), 

can be used.   

The five independent constants of a VTI medium are related to Thomsen’s 

anisotropic parameters by equation (4-1):To model the anisotropy of a rock, we need to 

assume a certain degree of symmetry. By following Voigt’s notation, we can express 

stiffness tensors in a 6 by 6 matrix. For isotropic material, we have two independent 

constants in the stiffness tensor, so we need two velocity measurements, while a 

transversely isotropic medium has five independent constants and thus requires five 

different measurements (Mavko et al., 2003).  For the typical sources of anisotropy, 

vertically transversely isotropy (VTI) symmetry serves as a good approximation for 

anisotropic rocks in many cases (Bandyopadhyay, 2009). 
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Modeling an effective elastic medium involves mixing problems. Theoretical 

bounds, such as the Voigt and Reuss bounds, give theoretical minimum and maximum 

elastic properties when different elastic materials are mixed. Rock anisotropy can be 

understood as having different stiffness in different directions within the theoretical 

bounds. When the shape of inclusion falls in specific shapes and the properties of 

inclusion are known, effective medium models for inclusions, such as self-consistent 

approximation (SCA) (Budiansky, 1965; Hill, 1965; Tai Te Wu, 1966; Berryman, 1980) 

or the differential effective medium model (DEM) (Cleary et al., 1980; Norris, 1985), 

can be used.   

The five independent constants of a VTI medium are related to Thomsen’s 

anisotropic parameters by equation (4-1): 

 
𝑐33 = 𝜌𝛼2, 𝑐44 = 𝜌𝛽2, 

𝑐11 = 𝑐33(1 + 2휀), 𝑐66 = 𝑐44(1 + 2𝛾),  

𝑐13 = ±√2𝑐33(𝑐33 − 𝑐44)𝛿 + (𝑐33 − 𝑐44)
2 − 𝑐44 (4-1) 

 

Thomsen’s weak anisotropic parameters are expressed in equation (4-2): 

 

 𝛼 = √𝑐33 𝜌⁄        𝛽 = √𝑐44 𝜌⁄        ε =
𝑐11 − 𝑐33

2𝑐33
 

 

𝛾 =
𝑐66 − 𝑐44

2𝑐44
       𝛿 =

(𝑐13 + 𝑐44)
2 − (𝑐33 − 𝑐44)

2

2𝑐33(𝑐33 − 𝑐44)
 (4-2) 

 

Transversely, isotropic elastic material can be expressed in Voigt notation as 

equation (4-3): 
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[
 
 
 
 
 
𝑐11 𝑐12 𝑐13

𝑐12 𝑐11 𝑐13

𝑐13 𝑐13 𝑐33

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

𝑐44 0 0
0 𝑐44 0
0 0 𝑐66]

 
 
 
 
 

, where      𝑐66 =
1

2
(𝑐11 − 𝑐12) 

(4-3) 

 

4.1.2 Rock physics models for isotropic and anisotropic mediums with 

cracks 

Theoretically, we can extract effective elastic properties from inclusions with complex 

geometry by using stress-strain analysis with finite discretization (Grechka et al., 2006). 

But in reality, we do not know the exact geometry, density, and orientation distribution 

of the inclusions. Moreover, our measurements and data are usually much coarser 

resolution than the expensive computation needed to honor exact geometry. Thus, 

computations from FEM or FVM methods are used to test and compare more easy-to-

calculate effective medium models for materials with aligned cracks, such as Hudson’s 

penny shape inclusion model (Hudson, 1990) or Kachanov’s inclusion model 

(Kachanov, 1980). Both Hudson’s and Kachanov’s models assumes isotropic host 

medium and simplify the geometry of inclusion as penny-shaped ellipsoids, where the 

abundance of crack inclusions are expressed in a well-known definition of crack density 

as equation (4-4) (Bristow, 1960; Kachanov, 1980):  

 

      

𝑒 =  
3𝜙𝑐𝑟𝑎𝑐𝑘

4𝜋𝛼
=

𝑁

𝑉
𝑎3   (4-4) 

   

where crack porosity is crack,  is the aspect ratio of the crack ellipsoid, N is the number 

of cracks in measured volume V, and a is the crack radius.  
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Hudson’s model, equation (4-5) calculates the elastic stiffness tensor using 1st 

and 2nd order correction terms expressed in terms of the crack density and aspect ratio.  

 𝑪𝑖𝑗
𝑒𝑓𝑓

= 𝑪𝑖𝑗
0 + 𝑪𝑖𝑗

1 + 𝑪𝑖𝑗
2 ,    (𝑖, 𝑗 = 1,2,3) (4-5) 

 

In the above equation (4-5), the superscript “0” indicates the background 

isotropic elastic stiffness without cracks. Cij is the stiffness tensor components which 

are expressed in Voigt notation. Superscripts “1” and “2” correspond to the 1st order 

and 2nd order correction terms. Hudson proposed his original 2nd order correction terms, 

but Cheng (1993) demonstrated that using only the 1st correction terms gives 

numerically stable results. Cheng also provided a modified 2nd order terms using a Pade 

approximation which does not have instability problems (Cheng, 1993). When the crack 

normals are aligned with axis-3, meaning the horizontal fractures are parallel with the 

axis-1 and axis-2 plain, the stiffness tensor, from Hudson’s model with 1st order 

correction, can be expressed by equation (4-6). K’ and μ’ are the bulk and shear moduli 

of the inclusion material, while λ and μ are the Lamé constants of the un-fractured rock. 

 

 
𝒄𝟏𝟏

𝟏 = −
𝝀𝟐

𝝁
𝒆𝑼𝟑𝟑 

𝒄𝟏𝟑
𝟏 = −

𝝀 + 𝟐𝝁

𝝁
𝒆𝑼𝟑𝟑 

𝒄𝟑𝟑
𝟏 = −

(𝝀 + 𝟐𝝁)𝟐

𝝁
𝒆𝑼𝟏𝟏 

𝑐66
1 = 0 

where 

𝑈11 =
16(𝜆 + 2𝜇)

3(3𝜆 + 4𝜇)

1

1 + 𝑀
            𝑈33 =

4(𝜆 + 2𝜇)

3(𝜆 + 𝜇)

1

1 + 𝑘
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 and 

M =
4𝜇 ,(𝜆 + 2𝜇)

𝜋𝛼𝜇(𝜆 + 𝜇)
            𝑘 =

[𝐾 , + (
4
3)𝜇 ,](𝜆 + 2𝜇)

𝜋𝛼𝜇(𝜆 + 𝜇)
 

 (4-6) 

 

As can be seen from equation (4-6), Hudson’s model adjusts the stiffness 

constants proportional to the crack density. The original 2nd order correction terms 

proposed by Hudson are in equation (4-7). 

 
𝑐11

2 =
𝑞

15

𝝀𝟐

(𝝀 + 𝟐𝝁)
(𝒆𝑼𝟑𝟑)

𝟐
 

𝑐13
2 =

𝑞

15
𝝀(𝒆𝑼𝟑𝟑)

𝟐
 

𝑐33
2 =

𝑞

15
(𝝀 + 𝟐𝝁)(𝒆𝑼𝟑𝟑)

𝟐
 

𝑐44
2 =

2𝑞

15

𝝁(𝟑𝝀 + 𝟖𝝁)

(𝝀 + 𝟐𝝁)
(𝒆𝑼𝟏𝟏)

𝟐
 

𝑐66
2 = 0 

where 

𝑞 = 15
𝜆2

𝜇2
+ 28

𝜆

𝜇
+ 28 

 (4-7) 

Cheng (1993) pointed out that using only first order correction terms gives more 

stable results than using second order terms. He also proposed a modified second order 

corrections, shown in equation (4-8), which solves the instability problem of using the 

original second order terms. Cij
2 is the second order correction term from equation (4-7), 

and Cij
1 is the first order correction term from equation (4-6).  
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𝑐𝑖𝑗

𝑒𝑓𝑓
= 𝑐𝑖𝑗

0
1 − 𝑎𝑖𝑗 ∙ 𝑒

1 + 𝑏𝑖𝑗 ∙ 𝑒
 

where 

𝑏𝑖𝑗 = −
𝑐𝑖𝑗

2

𝑐𝑖𝑗
1 ∙ 𝑒

 

and 

𝑎𝑖𝑗 = −
𝑐𝑖𝑗
1

𝑐𝑖𝑗
0 ∙ 𝑒

− 𝑏𝑖𝑗 
(4-8) 

 

On the other hand, Kachanov’s model starts with a compliance tensor, which is 

the inverse of stiffness, and proportionally increases the compliance constant to crack 

density as expressed in equation (4-9). The superscript 0 denotes the background 

properties without inclusions.  

 

 𝒔𝑖𝑗
𝑒𝑓𝑓

= 𝒔𝑖𝑗
0 + ∆𝒔𝑖𝑗  (4-9) 

 

For the case when one set of crack inclusions coincide with the normal to the 

axis-1 with crack density e1, the correction terms can be simply expressed as equation 

(4-10). Kfl is the bulk modulus of the inclusion material, 0 and E0 are Poisson’s ratio and 

Young’s modulus of background material, respectively, and 𝜍 is a fluid factor.  

 

 
∆𝒔11 =

16𝑒1(1 − 𝜈0
2)

3𝐸0

(1 − 𝜍),        ∆𝒔55 =
32𝑒1(1 − 𝜈0

2)

3(1 − 2𝜈0)
 

∆𝒔66 = ∆𝒔55 

where (4-10) 
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𝜍 =
1

(1 + 𝛼(
𝐸0

𝐾𝑓𝑙
− 3(1 − 2𝜈0)))

 

 

Hudson’s model was compared with clean sand having artificial penny-shaped 

inclusion, and showed good reproduction of P-wave velocity measurements in a dry 

condition (Rathore et al., 1995). Both Kachanov’s and Hudson’s models were also 

compared with FEM computations, and Kachanov’s model gives slightly better results 

for inclusions on impermeable mediums (Grechka and Kachanov, 2006). Comparisons 

between these two models are covered in later sections.  

Both Hudson’s and Kachanov’s models require an isotropic host medium. 

Models to calculate the effective elastic properties of inclusions in anisotropic mediums 

exist, but require certain conditions for implementation to have explicit forms for the 

calculations. Both SCA and DEM models can be used to calculate the effective medium 

of anisotropic inclusion within an anisotropic host medium, when the axis of symmetry 

of the host and the inclusion medium are aligned (Mura, 1983; Nishizawa, 1982; 

Bandyopadhyay, 2009; Sevostianov et al., 2005; Sevostianov and Kachanov, 2007).  

Available explicit forms would be useful when we want to model a crack-like pore and 

its effect on the effective medium with the intrinsic anisotropy from mineral fabrics of 

shale (Bandyopadhyay, 2009; Vernik and Nur, 1992).  

Once the rocks have either background anisotropy or crack inclusions, the 

resultant medium is anisotropy. Thus, seismic propagation in the rock has angular 

dependency. Phase velocity calculations with explicit forms are only available when the 

type of symmetry is known, along with directional information on the symmetry axis 

(Mavko et al., 2003).  

 (𝐶𝑖𝑗𝑘𝑙𝑛𝑗𝑛𝑙 − 𝛿𝑖𝑘𝜌𝑉2)𝑝𝑘 = 0 (4-11) 

 

Christoffel’s equation (4-11) allows one to calculate the phase velocity of any angle of 

incidence once we construct stiffness tensors in Voigt notation and know the bulk 
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density (Auld, 1990; Sun, 2002). In equation (4-11), ni are the unit vector components 

in the direction of wave propagation, δik is the Kronecker delta, pk are unit displacement 

polarization vectors, ρ is the density, Cijkl are the effective elastic stiffness tensor 

components, and V is the phase velocity. This equation can be rewritten in matrix form 

as follows: 

 

 

[

Γ11 − 𝜌𝑉2 Γ12 Γ13

Γ22 − 𝜌𝑉2 Γ23

𝑠𝑦𝑚. Γ33 − 𝜌𝑉2

] {

𝑝1

𝑝2

𝑝3

} = 0 

where, 

Γ𝑖𝑘 = 𝐶𝑖𝑗𝑘𝑙𝑛𝑗𝑛𝑙 (4-12) 

 

Eigen values of the LHS of the matrix form of Christoffel’s equation gives ρV2 

for a given angle of the wave propagation. To construct the matrix, the following 

relations can be used (Sun, 2002): 

 

 Γ11 = 𝑛1
2𝐶11 + 𝑛2

2𝐶66 + 𝑛3
2𝐶55 + 2𝑛2𝑛3𝐶56 + 2𝑛3𝑛1𝐶15 + 2𝑛1𝑛2𝐶16 

 

Γ22 = 𝑛1
2𝐶66 + 𝑛2

2𝐶22 + 𝑛3
2𝐶44 + 2𝑛2𝑛3𝐶24 + 2𝑛3𝑛1𝐶46 + 2𝑛1𝑛2𝐶26 

 

Γ33 = 𝑛1
2𝐶55 + 𝑛2

2𝐶44 + 𝑛3
2𝐶33 + 2𝑛2𝑛3𝐶34 + 2𝑛3𝑛1𝐶35 + 2𝑛1𝑛2𝐶45 

 

Γ12 = 𝑛1
2𝐶16 + 𝑛2

2𝐶26 + 𝑛3
2𝐶45 + 𝑛2𝑛3(𝐶25 + 𝐶46) 

                            +𝑛3𝑛1(𝐶14 + 𝐶56) + 𝑛1𝑛2(𝐶12 + 𝐶66) 
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Γ13 = 𝑛1
2𝐶15 + 𝑛2

2𝐶46 + 𝑛3
2𝐶35 + 𝑛2𝑛3(𝐶36 + 𝐶45) 

                            +𝑛3𝑛1(𝐶13 + 𝐶55) + 𝑛1𝑛2(𝐶14 + 𝐶56) 

 

 Γ23 = 𝑛1
2𝐶56 + 𝑛2

2𝐶24 + 𝑛3
2𝐶34 + 𝑛2𝑛3(𝐶44 + 𝐶23) 

                            +𝑛3𝑛1(𝐶36 + 𝐶45) + 𝑛1𝑛2(𝐶25 + 𝐶46) (4-13) 

 

For example, let us assume that we have an isotropic medium with bulk and 

shear moduli of 25 GPa and 15 GPa, and bulk density of 3.5 g/cc. Because it is isotropic, 

there is no directional dependency on phase velocity. The stiffness tensor for this 

isotropic medium is given by 

 

𝑪 =

[
 
 
 
 
 
45 15 15
15 45 15
15 15 45

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

15 0 0
0 15 0
0 0 15]

 
 
 
 
 

 

(4-14) 

 

For a vertically propagating seismic wave, the normal n would be [0 0 1]. We 

can construct Christoffel’s matrix using equations (4-13) and (4-12), and they give the 

following 3 by 3 matrix G.  

 
𝑮 = [

15 0 0
0 15 0
0 0 45

] 
(4-15) 

 

If we conduct an eigen value decomposition on Christoffel’s matrix G, using 

equation (4-15), it is obvious that its Eigen values are (45, 15, 15). Together with the 

given density, now we have a P-wave velocity of 3.5857 km/s, and an S-wave velocity 

of 2.0702 km/s. This is identical with the P- and S-wave velocity of an isotropic medium 

calculated using the following equation (4-16).  
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𝑉𝑝 = √(𝐾 +

4

3
𝐺)/𝜌,    𝑉𝑠 = √𝐺/𝜌 

(4-16) 

 

Previous equations applying Hudson’s and Kachanov’s models demonstrated 

the case when the axes of symmetry is axis-3, which means horizontal fractures. For the 

case when we have multiple sets of inclusion with different orientations, we can, as an 

approximation, simply superimpose the correction terms of each inclusion set using the 

previous equations, after rotating the correction terms with respect to the orientation of 

specific fracture sets. Since the Voigt’s stiffness tensor is a simplified notation of the 4th 

order tensors, we need to use special tensor rotation equation to re-orient the correction 

terms into the right direction. This can be done by using equation (4-17) and a Bond 

transformation (Auld, 1990).  In the equation, matrix M and N are 6 by 6 Bond 

transformation matrices (Equation 3.18). ij is the cosine of the angle between new i-

axis and the original j-axis.  

 

 [𝐶′] = [𝑀][𝐶][𝑀]𝑇 

[𝑆′] = [𝑁][𝑆][𝑁]𝑇 (4-17) 

 

𝐌 =

[
 
 
 
 
 
 𝛽11

2    𝛽12
2    𝛽13

2

𝛽21
2    𝛽22

2    𝛽23
2

𝛽31
2    𝛽32

2    𝛽33
2

2𝛽12𝛽13           2𝛽13𝛽11          2𝛽11𝛽12

2𝛽22𝛽23           2𝛽23𝛽21          2𝛽21𝛽22

2𝛽32𝛽33           2𝛽33𝛽13          2𝛽31𝛽32

𝛽21𝛽31 𝛽22𝛽32 𝛽23𝛽33

𝛽31𝛽11 𝛽32𝛽12 𝛽33𝛽13

𝛽11𝛽21 𝛽11𝛽22 𝛽13𝛽23

𝛽22𝛽33 + 𝛽23𝛽32 𝛽21𝛽33 + 𝛽23𝛽31 𝛽22𝛽31 + 𝛽21𝛽32

𝛽12𝛽33 + 𝛽13𝛽32 𝛽11𝛽33 + 𝛽13𝛽31 𝛽11𝛽33 + 𝛽12𝛽31

𝛽22𝛽13 + 𝛽12𝛽32 𝛽11𝛽23 + 𝛽13𝛽21 𝛽22𝛽11 + 𝛽12𝛽21]
 
 
 
 
 
 

 

 

𝐍 =

[
 
 
 
 
 
 𝛽11

2    𝛽12
2    𝛽13

2

𝛽21
2    𝛽22

2    𝛽23
2

𝛽31
2    𝛽32

2    𝛽33
2

𝛽12𝛽13           𝛽13𝛽11          𝛽11𝛽12

𝛽22𝛽23           𝛽23𝛽21          𝛽21𝛽22

𝛽32𝛽33           𝛽33𝛽13          𝛽31𝛽32

2𝛽21𝛽31 2𝛽22𝛽32 2𝛽23𝛽33

2𝛽31𝛽11 2𝛽32𝛽12 2𝛽33𝛽13

2𝛽11𝛽21 2𝛽11𝛽22 2𝛽13𝛽23

𝛽22𝛽33 + 𝛽23𝛽32 𝛽21𝛽33 + 𝛽23𝛽31 𝛽22𝛽31 + 𝛽21𝛽32

𝛽12𝛽33 + 𝛽13𝛽32 𝛽11𝛽33 + 𝛽13𝛽31 𝛽11𝛽33 + 𝛽12𝛽31

𝛽22𝛽13 + 𝛽12𝛽32 𝛽11𝛽23 + 𝛽13𝛽21 𝛽22𝛽11 + 𝛽12𝛽21]
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  (4-18) 

 

The effective medium stiffness, or compliance tensors of multiple set of 

inclusions, can be expressed by the following equations:  

 
𝐶𝑒𝑓𝑓 = 𝐶0 + ∑[𝑀𝑖][∆𝐶𝑖 ][𝑀𝑖]

𝑇

𝑛

𝑖

 

𝑆𝑒𝑓𝑓 = 𝑆0 + ∑[𝑁𝑖][∆𝑆𝑖
1][𝑁𝑖]

𝑇

𝑛

𝑖

 
(4-19) 

 

Gassmann’s fluid substitution equation allows one to calculate the bulk modulus 

of rocks when the fluid in the pores is replaced by a new fluid (Gassmann, 1951). 

Equation (4-20) is Gassmann’s equation to link dry rock modulus with that of fluid-

saturated rock. Ksat is the bulk modulus of the fluid-saturated rock, while Kdry and Kfl 

are the bulk moduli of dry rock and fluid. K0 is the mineral bulk modulus.  is the shear 

modulus.  

 𝐾𝑠𝑎𝑡

𝐾𝑜 − 𝐾𝑠𝑎𝑡
=

𝐾𝑑𝑟𝑦

𝐾𝑜 − 𝐾𝑑𝑟𝑦
+

𝐾𝑓𝑙

𝜙(𝐾𝑜 − 𝐾𝑓𝑙)
 

𝜇𝑠𝑎𝑡 = 𝜇𝑑𝑟𝑦 (4-20) 

 

Brown-Korringa’s equation (1975) can be used to conduct fluid substitution for an 

anisotropic medium.  sijkl
dry is the effective compliance tensor component of dry rock, 

while the superscript “sat” means saturated. The superscript “0” indicates the mineral 

solid. fl and 0 are the compressibility of the fluid and the mineral.  

 
𝑠𝑖𝑗𝑘𝑙

𝑠𝑎𝑡 = 𝑠𝑖𝑗𝑘𝑙
𝑑𝑟𝑦

−
(𝑠𝑖𝑗𝑎𝑎

𝑑𝑟𝑦
− 𝑠𝑖𝑗𝑎𝑎

0 )(𝑠𝑏𝑏𝑘𝑙
𝑑𝑟𝑦

− 𝑠𝑏𝑏𝑘𝑙
0 )

(𝑠𝑐𝑐𝑑𝑑
𝑑𝑟𝑦

− 𝑠𝑐𝑐𝑑𝑑
0 ) + 𝜙(𝛽𝑓𝑙 − 𝛽0)

 
(4-21) 
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4.1.3 Comparing Hudson’s and Kachanov’s models with Rathore’s 

experimental data: the importance of proper model choice with 

proper implementation 

Each rock physics model has its own assumptions and limitations. Thus, choosing a 

proper model depends on several conditions, such as the lithology of the rock, the 

frequency of waves and assumptions about interactions among pores, and the cracks of 

the models. In this section, we use Rathore and colleagues’ experimental data to 

compare Hudson’s and Kachanov’s models for modeling crack inclusion in a clean 

sandstone case. Their experiment (1995) was conducted in a way to test the accuracy of 

Hudson’s model by adding penny-shaped human-made inclusion in Danish beach sand, 

where we know the actual petrophysical and elastic properties with high accuracy. They 

measured seismic velocity by changing the angle of seismic incidence with the 

orientation of artificially made cracks. shows the experiment configuration. The exact 

properties of the host sandstone and geometry of the artificial crack can be found in 

Table 4-1.  

 

Figure 4.1: Configuration of the experiment of Rathore et al., 1994. A series of disc planes of sandstone 

were assembled after the crack-voids were carved out. The crack density of the artificial crack was 

controlled to be 0.1.   
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Table 4-1: Properties of the host sandstone and geometry of the artificial cracks. The velocity 

measurement on crack-free host sandstone for both the dry and water-filled case are in the right column.  

Crack info: 

Diameter: 5.5 mm 

Aperture: 0.02 mm 

Crack density: 0.1 

Crack porosity: 0.23 % 

 

Matrix info: 

Porosity: 34.6 % 

Dry bulk density: 1.712 g/cc 

Test seismic frequency: 100 kHz 

 

Velocity measurement on host medium 

Vp
dry=2.543 km/sec 

Vs
dry=1.517 km/sec 

Vp
wet=2.715 km/sec 

Vs
wet=1.408 km/sec 

 

They repeated the measurements once for a dry case, and again for a wet case 

by water. Their procedures were as follows:  

- For dry case: apply Hudson’s model with 2nd order correction terms using 

equation (4-6) and equation (4-7), with dry bulk and shear moduli of 

sandstone, 5.82 and 3.94 GPa from dry rock velocity, and 0 GPa bulk 

modulus for dry air. A comparison between the measurement and the 

calculation from Hudson’s model is shown in Figure 4.2.  

- For the wet case: apply Hudson’s model with 2nd order correction terms 

using equation (4-6) and equation (4-7), with wet bulk and shear moduli of 

sandstone, 9.72 and 4.07 GPa from wet rock velocity, and 2.16 GPa for water 

bulk modulus. Results can be seen in Figure 4.3. 
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Figure 4.2: Rathore and colleagues’ experiments on dry sample. The circles are the measured velocity, 

and the solid line is the velocity calculated from Hudson's model using 2nd order corrections, showing 

good agreement. Theta is the angle between the seismic wave and the orientation of the crack normal. 
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Figure 4.3: Rathore and colleagues’ experiments on a wet sample. The circles are the measured velocity, 

and the solid line is the velocity calculated from Hudson's model using 2nd order corrections, which does 

not show good agreement. Theta is the angle between the seismic wave and the orientation of the crack 

normal.  

In the original paper, the authors claimed that Hudson’s model works well in 

reproducing the experiment data for the dry sand case, but fails to reproduce the 

experiment data for the wet case. But the reason why their results for the wet case 

deviated from the experiments is because they implicitly assumed the interactions of 

pores and cracks by applying the process of Hudson’s model directly, using wet rock 

properties with fluid properties. By doing so, they assume no fluid communications 

among the pores and crack inclusions.  

 We are going to re-calculate the effective elastic properties in a way that assumes 

communication between pores and cracks. We call this implementation B, while the 

previous one is implementation A.  

- Start from Hudson’s model results for the dry case. Then, apply Brown-

Korringa’s fluid substitution, equation (4-21), to make the dry stiffness 

tensor a wet stiffness tensor. Compute the velocity again.  
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Figure 4.4: Comparison of implementation A and implementation B with the experiment data. After 

applying fluid substitution on the dry crack, the calculated velocity agrees with the measurements (blue 

solid). Red solid line is a result from implementation A. blue circles are measurements from the 

experiments. 

 

Figure 4.4 shows that implementation B agrees well with the measurement. 

Implementation A assumes no fluid interaction among the pores and cracks when the 

rock is excited by the applied seismic wave. However, implementation B assumes fluid 

interaction among the pores and cracks by applying fluid substitution after it adds a dry 

crack on the dry host rock.  

The reason why implementation B is more appropriate for the given experiment 

could be because the rock used for the experiment is a very clean and very porous 

sandstone. The porosity was 34.6%, and considering the given seismic frequency, 100 

k Hz, and the seismic velocity, 2200 m/s, the wave length is about 2.2 cm. The penny 

shaped human-made crack was also relatively gentle, with a 0.0036 aspect ratio and 

0.02 mm crack thickness. Even with the high frequency, the pores of the host rock and 

cracks could be relatively permeable to allow pressure relaxations among each other. In 
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short, the pores and crack could communicate with each other in those specific 

experiments under the applied seismic perturbation.  

 

Figure 4.5: Comparisons of computation results from other options. Red solid – Hudson’s model with 

2nd order correction adding wet inclusion in wet matrix; blue solid – Hudson’s model with 2nd order 

correction adding dry crack in dry matrix, then fluid substitution applied;  Blue dash - 2nd order correction 

by Cheng; green cross - Kachanov model; cyan star - dry Kachanov model with fluid substitution.  

We also applied Hudson’s model with Cheng’s modified 2nd order correction, 

and Kachanov’s model, with the same setting. Figure 4.5 shows the results. Cheng’s 

method give nearly the same results as the original 2nd order correction. Kachanov’s 

model gives the most accurate reproduction when the angle of the seismic wave is nearly 

parallel with the fracture, but accuracy becomes poor when the angle becomes close to 

the crack normal. This is slightly unfair because we know that there is communication 

between pores and cracks in that experiment, but Kachanov’s model assumes no 

interactions from the beginning. For practical applications, we can customize 

Kachanov’s model with Brown-Korringa’s fluid substitution to handle a case where we 

force communication among pores and cracks (cyan color in Figure 4.5). But by doing 

so, we break the underlying assumptions of Kachanov’s formulations. The results also 

show a poor reproduction of measurements. Comparing red solid to blue solid, or green 
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cross to cyan cross, there are fundamental difference in angular dependency of seismic 

velocity for communicating versus non-communicating assumptions among pores and 

inclusions.  

 

 

Figure 4.6: Schematic comparison between Hudson's and Kachanov's models. Both models make the 

adjustment linearly proportional to the crack abundance, which is expressed by crack density. In a way, 

Hudson’s model subtracts stiffness while Kachanov’s adds compliance.  

 Figure 4.6 shows fundamental differences between Hudson’s model and 

Kachanov’s model. Both of them start from inclusion-free properties and make 

adjustments proportionally as the inclusion abundance, the crack density from equation 

(4-4), increases. While Hudson’s model reduces stiffness by subtracting stiffness 

constants with increased numbers of cracks, Kachanov’s model increases the 

compliance constants with increased numbers of cracks.  

The biggest drawback of Hudson’s regular model is that it only can handle a 

limited amount of crack inclusion from mathematical formulations. Since it linearly 

subtracts stiffness, when crack density becomes bigger than a certain amount, the results 
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become physically meaningless. For a simpler explanation, stiffness becomes a negative 

value. The upper left plot on Figure 4.6 shows how the stiffness becomes negative as 

crack density increases. Normally it is recommended to use Hudson’s model with crack 

density values of less than 0.1. For Kachanov’s model, as we add more and more soft 

inclusion, the medium becomes softer and softer by having bigger and bigger values on 

its compliance tensors. Stiffness, the inverse of compliance, asymptotically goes to zero 

but never becomes negative.  

The mathematical drawback of Hudson’s model does not mean that it is inferior, 

and the mathematical stability of Kachanov’s model does not mean that it is superior. 

But definitely one will outperform the other when the way it sees stiffness and/or 

compliance is well-matched with the actual physical characteristics. For sandstone, as 

we tested by applying Rathore and colleagues’ experiments, Hudson’s model works. 

Compared to shale, sandstone is stiffer, and stiff sandstone tends to break out since it 

cannot handle more than a certain number of inclusions. But for shale, or any material 

where non-interaction assumptions hold well, Kachanov’s model may work better 

because some materials are actually more compliable than other stiffer minerals.  As 

Gretchka and Kachanov tested (2006a), for less permeable and more compliable 

minerals, Kachanov’s model may be a safer choice since both of them give similar 

results, as we saw from Figure 4.5. Actually, under the non-interaction assumption, if 

we compare the red solid line with Kachanov’s results (the green cross), Kachanov’s 

model outperformed Hudson’s for Rathore and colleagues’ experiments.  
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Figure 4.7: Comparison among Hudson, Kachanov, and Hudson by Cheng 

If we recall equation (4-7), which uses the second order correction terms of Hudson’s 

model, what the second order terms do is simply reduce the 1st order subtraction by 

adding up the 2nd order corrections. Recall from Figure 4.6, the 2nd order correction 

terms try to pull the slope up to make it drop less linearly. Similarly, Cheng’s modified 

2nd order correction (equation 3.8) does not subtract stiffness, but multiplies adjustment 

terms from basis stiffness. This actually makes Hudson’s model more similar to 

Kachanov’s model. Figure 4.7 shows changes in P-wave velocity as crack density 

increases, as computed by Hudson’s (red solid), Kachanov’s (blue circle), and Hudson’s 

by Cheng (green solid) model. By changing subtraction into multiplication, it acts like 

Hudson’s model with smaller crack density, but more like Kachanov’s when crack 

density is increased.   

This example case does not prove that one model excels the others. What we can 

take from the example is that we need to choose a proper model by considering the 
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lithology we want to model, and the effect of seismic frequency on communications 

among pores and inclusions. For a relatively porous host medium with relatively low 

frequency, Hudson’s model works well. Using Cheng’s modified 2nd order correction 

term in Hudson’s model is a safer option since it gives nearly the same results as the 

original, but has better numerical stability. For ductile materials where we have 

information that the material can endure a large portion of soft inclusions, using 

Kachanov’s model would be more appropriate.   

4.1.4 Problem statement 

First problem: insufficient measurements 

To reconstruct the elastic anisotropy of rock, we need to have many different 

measurements. For an isotropic medium, we only need the P-wave velocity and S-wave 

velocity. But for a transversely isotropic medium, we need at least five velocity 

measurements to construct the elastic properties. In many real field practices, we only 

measure P-wave velocity by measuring the slowness of the sonic log. S-wave velocity 

is usually inferred by using empirical assumptions, or from analogous well data. Cores 

are only retrieved from important target intervals. Not only do we have very limited data 

to reconstruct the medium without inclusion, but we will also have little data to infer 

the possible existence of cracks unless they are clearly noticeable from the well log, or 

from the cores. Thus, any resultant anisotropic medium properties - starting from the 

background medium property, adding inclusion properties, and then reaching the final 

properties - relies on a certain degree of idealization into available measurements, 

models, and analogies. 

Second problem: how hard is our hard data? Representative elementary volume 

of well log, seismic data, and reservoir property modeling are all different. 

Even if we have a perfect measurement in perfectly corrected and treated cores, we still 

encounter a typical scale problem. The resolution of the well log is on the centimeter to 

meter scale, while the resolution of seismic data is meters to tens of meters.  
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Figure 4.8: Schematic figure of an example when data from the well can miss abundant subsurface 

features.   

It is possible to have a swarm of vertical joints one foot away from the vertical 

well we drilled. What we measure through the well is not necessarily representative of 

the bigger scale modeling. When we have measurements from a smaller REV and try to 

extrapolate into a bigger scale, we always have uncertainties about un-measured 

subsurface features. Figure 4.8is a schematic figure to explain a possible situation when 

we can fail to encounter any fractures from the well, but abundant fractures actually 

exist. If we use the experiments in Rathore et al. (1994) as an analogy of the schematic 

figure, the P-wave velocity measured from the core would be 2.7 km/s. The vertical 

velocity from a velocity survey, such as check shot survey, would be around 2.5~2.6 

km/s if we assume the fractures are tilted about 10~20o. If we do not take the possible 

existence of fractures into account, one of many possible wrong interpretations could 

overestimate the porosity of the given area. For the case of unconventional shale fields, 

shale is normally believed to have a higher degree of anisotropy than sandstone (Vernik 

and Nur, 1992; Bandyopadhyay, 2009). With that higher intrinsic anisotropy, 

interpretations from seismic responses can be over- or underestimated if we fail to have 

proper assumptions about subsurface conditions. 
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Third problem: if we add un-observed inclusion, we cannot honor the measured 

data 

One of the inputs of existing rock physics models for inclusion is the elastic properties 

of an "inclusion-free" background medium. By knowing the inclusion-free properties, 

idealized shapes of inclusion, and the properties of the inclusion, existing rock physics 

models can calculate the effective medium properties of medium with inclusion. Well-

known rock physics models for determining the effective medium with inclusions, such 

as Hudson’s and Kachanov’s, are typical examples.  

We are supposed to start with the mineral first, then consider inclusion. First, we 

need to know the elastic properties of the host rock without cracks, which requires well 

retrieved cores and a clean section of the rock where we do not have any significant 

fractures or inclusions. If we go back to the example of Figure 4.8, we can easily 

calculate back and reconstruct a combination of host rock and crack effects, while 

preserving the bulk density and vertical velocity. But if there is a possibility of having 

horizontal cracks which we happened to fail to capture from the well, we cannot use the 

optimal combinations of host rock properties and crack information. As soon as we add 

horizontal cracks to our model, the vertical velocity drops significantly. By following 

the typical implementation process, we may develop a tendency to narrow down to a 

specific combination among numerous possible scenarios.  

Fourth problem: there is no rock physics model for cracks with arbitrary 

orientations on a vertically transversely isotropic medium 

The biggest difficulty of calculating scenario-dependent seismic properties of shale is 

the limitation of the orientation of inclusion for working shale models. Current SCA and 

DEM models only allow inclusions with orientations that are parallel with the symmetry 

axes of the background. Two reasons can account for the lack of a rock physics model 

for crack inclusions oriented at arbitrary directions with respect to the symmetry of the 

background anisotropic mediums. First, previous studies of investing crack inclusion on 

shale were focused on either depth trends of crack-like pores in shale (Bandyopadhyay, 

2009; Nishizawa and Yoshino, 2001), or on the dependency or aspect ratio of crack-like 
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pores with hydrocarbon maturation (Vernik and Nur, 1992). Rock physics models which 

allow us to model bedding parallel cracks were sufficient for those purposes. The second 

reason comes from the limitation of mathematical formulations of anisotropic SCA and 

DEM models, where an explicit form is only available when the axis of symmetry of 

the background material and the inclusion material are aligned (Mura, 1983; Nishizawa 

and Yoshino, 2001).  

4.2 A new rock physics workflow to determine effective 

stiffness tensors of crack inclusions in an anisotropic 

medium 

4.2.1 Background idea and requirements of a new model 

We propose a new rock physics modeling workflow to allow one to add cracks with 

arbitrary orientation in an anisotropic host medium, by decomposing the background 

anisotropy into two parts: an effective isotropic part, and anisotropy by crack-like pores. 

The idea is rooted in the shared viewpoints on the shape of pores in shale, to model the 

crack-like pores of shale by ellipsoids (Vernik, 1993; Vernik and Nur, 1992; 

Bandyopadhyay, 2009; Nishizawa and Yoshino, 2001). These scholars modeled the 

pores of shale as crack-like inclusions which can be expressed by aspect ratios. After 

assuming shale as a VTI medium, Vernik (1993) and Bandyopadhyay (2009) linked the 

aspect ratio of pores with hydrocarbon maturation, or compaction trend with depth. 

Their work shows that simplifying the shape of pores in shale into cracks gives a good 

representation of actual elastic properties of shale.  
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Figure 4.9: Schematic figure of the proposed model. Model a is a typical way of seeing shale: anisotropy 

by fabric, and anisotropy by crack-like pores. Model b is equivalent to a, by combining isotropic host 

(cartoon c) medium and crack-like pores (cartoon d). Crack-like pores* (red) have smaller crack aspect 

ratio than crack aspect ratio of the model a to make the same level of anisotropy from the isotropic 

background medium (cartoon c).  

Based on these grounds, we can attempt to see the intrinsic anisotropy as caused 

by crack-like pores (Figure 4.9). Apparently, it is not true that the major part of the 

anisotropy of shale comes from the fabric and alignment of mineral components having 

horizontally parallel trends (model a in Figure 4.9). But even when seeing the shale as 

in model a, what we do mathematically is calculate an effective stiffness of VTI medium 

by adding inclusion having same axis of symmetry with host medium. The proposed 

idea also attempts to construct an effective VTI medium, but by adding inclusion with 

axis of symmetry in an isotropic host medium, not an VTI medium in a way the resultant 

effective medium acceptably reproduce the anisotropy while preserving the same axis 

of symmetry. We call it a “Reconstruction of Equivalent Isotropic Medium” as a name 

of process, or “Reconstructed Equivalent Isotropic Medium” for the extracted isotropic 

host medium. We will use REIM for both the process and for the host medium.  

If we conduct a thought experiment, the original shale in model A has two 

interbedded minerals: one stiffer, the other softer. Since it is layered, the vertical 
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stiffness is less than the horizontal stiffness. With crack-like pores, this stiffness contrast 

becomes larger. To construct an equivalent model like b, the starting point is finding 

the isotropic elastic properties which give slightly higher stiffness than the horizontal 

stiffness of model a, because once we add cracks, the equivalent stiffness will be slightly 

smaller. Then, we can try to find the optimal aspect ratio of the crack-like pores of model 

b in a way that reproduces the same vertical stiffness while also keeping the same total 

porosity. Since the crack-like pores are horizontally elongated soft inclusions, the 

horizontal stiffness would be nearly the same while the vertical stiffness would drop 

significantly. Now we can reconstruct an equivalent effective medium model. Even if 

the final VTI medium has slightly different values in some other direction than vertical 

and horizontal, the equivalent model will honor bulk density, porosity, seismic velocity 

along the axis of symmetry, and horizontal velocity. The benefit of this approximation 

is that it allows us to add incrementally any set of fractures with any direction of 

orientation.   

To do this simplified decomposition, we want to meet the following constraints:  

• The porosity of "crack-like" pores should be same as the shale porosity  

• The bulk density should remain the same  

• The model should reproduce vertical P-wave and S-wave velocity  

• The model should reproduce horizontal P-wave velocity  

• The bulk and shear moduli of isotropic host material should fall within 

reasonably realistic ranges for shale, or its mineral components 

4.2.2 A two-step optimization to find equivalent isotropic hosts and 

crack-like inclusion 

To implement the proposed decomposition with the given constraints, we need to find 

an optimal combination of 1) the aspect ratio of crack-like pores, 2) the bulk modulus 

of the host medium, and 3) the shear modulus of the host medium. Now it becomes a 

typical optimization problem. We divided the optimization procedure into two steps: 
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one for finding the optimal aspect ratio of crack-like pores with a given bulk and shear 

moduli to preserve vertical and horizontal P-wave velocity, and the other for finding the 

optimal bulk and shear moduli to honor the vertical phase velocities with a given aspect 

ratio.  

 

Figure 4.10: Flow charts of the inner and outer optimization loops. The inner loop aims to find the optimal 

isotropic host medium, while the outer loop aims to find the optimal shape of the crack-like pores. 

The algorithm consists of a two-step optimization - an outer loop to find the 

optimal aspect ratio of crack-like pores to meet Thomsen’s epsilon, ε, “optARcrack,” 

and an inner loop to find the optimal bulk and shear moduli to meet the vertical phase 

velocity and bulk density with the given information on multiple inclusion sets, 

“optKGmdls.” The outputs of “optKGmdls” are equivalent bulk and shear moduli of the 

isotropic medium, to reproduce vertical phase velocities with given information on 

inclusions. The output of “optARcrack” is the optimal aspect ratio of the crack-like 

pores with the bulk and shear moduli of the equivalent isotropic medium.  
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Example: applying Sarout’s velocity measurement on shale cores 

To test the proposed model, we compare it with actual shale data from Sarout’s 

experiment (Sarout and Guéguen, 2008; Sarout et al., 2008). The experiment was 

conducted on dried and wet shale with a similar setting to Rathore’s experiment. We are 

going to use the wet case experiment. 

Bulk measurement: 

Porosity: 5 % 

Saturated bulk density: 2.3775 

Water bulk modulus: 2.3 GPa 

Crack porosity: 0.23 % 

 

Extracted Thomsen’s parameter: 

: 0.3023 

: 0.2394 

: 0.1556 

 

Extracted Voigt’s stiffness tensor, C =  

 

35.3 14.3 10.9    

14.3 35.3 10.9    

10.9 10.9 22.0    

   7.1   

    7.1  

     10.5 

 

Table 4-2: Measurements and results of Sarout’s experiment on wet shale 

Table 4-2 shows key measurements from the experiment. The right column is 

the stiffness tensor reconstructed from Sarout’s experiments. By applying the proposed 

model, we can decompose the VTI stiffness tensor into two parts: an isotropic stiffness 

tensor from the extracted bulk and shear moduli, and the incremental anisotropy which 

is the difference between the VTI stiffness tensor and the isotropic stiffness tensor. The 

numbers of each component can be seen in Figure 4.11.  



151 
 

 

 

Figure 4.11: A decomposed isotropic medium and crack-like pores. Equivalent stiffness tensors are 

preserving the C11, C33, and C44 components. 

Now, we have a combination of isotropic host medium and crack-like pores that 

contribute incremental adjustments for developing anisotropy. Note that Voigt average 

bulk modulus, KV, which is average of upper left 9 components with 18.31 GPa for the 

CVTI material, is smaller than the bulk modulus of equivalent isotropic host medium. 

This can be explained in a simple way. If we have a shale which has faster horizontal 

P-wave velocity Vp1, and slower vertical P-velocity Vp2, we can reconstruct this 

observation by starting with an isotropic medium which will give slightly faster P-wave 

velocity than Vp1 (Thus, average bulk modulus must be slightly higher for the 

equivalent host than the true rock). Then we add an optimal set of crack-like pores, 

which are ellipsoid, in such a way that the porosity of inclusion is the same as the shale 

porosity. Since we added the cracks in a VTI manner, the vertical P-wave velocity will 

drop significantly, while the horizontal P-wave velocity will drop slightly. By having 

optimal combinations of the aspect ratio of pores and the bulk and shear moduli, we can 

reproduce the same phase velocities in vertical and horizontal directions. 
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Figure 4.12 shows a comparison of the measured velocity from the experiment 

(circles), the calculated velocity from the true stiffness tensor (red solid), and the 

calculated velocity from the equivalent stiffness tensor of the isotropic medium with 

crack-like pores (blue dash). Results from the proposed model show good agreement 

with the true data. Now the obvious merit of this approach is that we can calculate “what 

if” stiffness tensors while assuming any fracture sets we want to test. Another advantage 

is the ability to use the equivalent aspect ratio of crack-like pores with any available 

trends, such as aspect ratio depth trends or TOC trends, and conduct additional analysis 

to evaluate the formation.  

 

 

Figure 4.12: Comparison of true vs. calculated velocity using the proposed model.  

Effective properties with cracks in an anisotropic medium 
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Now we can calculate incremental changes in fracture inclusion using an equivalent 

isotropic medium. For example, we will add one vertical fracture set, filled with water 

with a 2.3 GPa bulk modulus, its normals along axis-1, with the same crack density, 2.2 

with an aspect ratio of 0.01. This aspect ratio was intentionally chosen to exaggerate the 

effects on effective stiffness. By using Hudson’s model with Cheng’s 2nd order 

modification, together with a Bond transformation, we can calculate the effective 

stiffness tensor of vertical cracks in VTI shale as in equation (4-22). CVTI-CISO in the 

equation is equivalent to the incremental anisotropy modeled by the crack-like pores.  

 

 
𝐶𝑒𝑓𝑓 = 𝐶𝑉𝑇𝐼 + ∑[∆𝐶𝑖

𝑐𝑟𝑎𝑐𝑘]

𝑛

𝑖

 

= 𝐶𝐼𝑆𝑂 + (𝐶𝑉𝑇𝐼 − 𝐶𝐼𝑆𝑂) + ∑[∆𝐶𝑖
𝑐𝑟𝑎𝑐𝑘]

𝑛

𝑖

 

(4-22) 

 

[
 
 
 
 
 
30.6 12.6 9.2
12.6 34.7 10.3
9.2 10.3 21.4

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

7.1 0 0
0 2.4 0
0 0 5.8]

 
 
 
 
 

=

[
 
 
 
 
 
35.3 14.3 10.9
14.3 35.3 10.9
10.9 10.9 22

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

7.1 0 0
0 7.1 0
0 0 10.5]

 
 
 
 
 

 

 

+

[
 
 
 
 
 
−4.7 −1.7 −1.7
−1.7 −0.6 −0.6
−1.7 −0.6 −0.6

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

0 0 0
0 −4.7 0
0 0 −4.7]

 
 
 
 
 

 

(4-23) 

 

Equation (4-23) shows Voigt’s stiffness tensors of Sarout’s wet shale, the 

incremental portion by adding vertical fractures, and the resultant stiffness tensor of the 

effective medium of Sarout’s wet sands with vertical cracks. By adding a vertical crack 
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which is perpendicular with axis-1, now c11, the stiffness constant for axis-1 becomes 

smaller than c22, and it has orthorhombic symmetry   

Since we have an effective stiffness model for vertical fractures on Sarout’s wet 

shale, let’s compare it with the effective medium of having a vertical fracture set in an 

isotropic medium. This would be the case when we model any anticipated fracture set 

without using the proposed model. Instead of orthorhombic symmetry, the effective 

tensor would have HTI (transversely isotropic with horizontal symmetry axis) 

symmetry. From equation (4-16) with the vertical P- and S-wave velocity of Sarout’s 

wet shale, which are 3.04 km/s and 1.73 km/s, the bulk and shear moduli of the rock 

under the isotropic assumption would be 12.53 GPa and 7.1 GPa. Note that the bulk 

modulus of the equivalent isotropic medium from the proposed model was 21.6 GPa. 

Figure 4.13 shows the effective stiffness of the rock calculated by Using Cheng’s 2nd 

order Hudson model. 

 

[
 
 
 
 
 
30.6 12.6 9.2
12.6 34.7 10.3
9.2 10.3 21.4

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

7.1 0 0
0 2.4 0
0 0 5.8]

 
 
 
 
 

 

[
 
 
 
 
 
20.3 7.2 7.2
7.2 21.8 7.6
7.2 7.6 21.8

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

7.1 0 0
0 4.2 0
0 0 4.2]

 
 
 
 
 

 

 

Figure 4.13: Effective stiffness tensors: left - when the background medium was modeled as VTI; right - 

when the background medium was modeled as isotropic medium. 

As we can see, c33 and c44, which are linked with vertical P- and S-wave 

velocities, are almost the same while c11 and c33, which are linked to the horizontal 

seismic velocity along axis-1 and axis-2, are quite different.   
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Figure 4.14: P-wave velocity with angle of incidence from vertical to dipping toward axis-1. Red solid-

crack on anisotropic medium; blue dash-crack on isotropic medium. 

Figure 4.14 shows the P-wave velocity calculated from Christoffel’s equation 

by varying the angle of incidence from axis-3 to axis-1. Notice that the stiffness 

constants are reduced to smaller numbers as we include cracks in Figure 4.13, and the 

vertical velocities for each case are not identical. With fixed bulk and shear moduli of 

the host medium, we cannot preserve the velocity profile we have when we add new 

inclusions in our considerations. We want to model different combinations of crack 

inclusions while preserving the velocity profile. In the next section, we cover how to 

use the proposed approach to model elastic properties for several scenarios that have 

different geological features.  
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4.2.3 Different host medium properties for different geological 

assumptions 

Interpretation of reservoir properties along the wells is one of the most important tasks 

in subsurface modeling, because the interpreted values are used as "hard" data for 

reservoir property modeling. The values are starting points when we propagate any kind 

of property modeling in the volume of interest.  

Thus, if we have alternative geological scenarios, the interpretations along the 

wells and the values of reservoir properties along the wells should be made consistent 

with the alternative scenarios.  

In section 4.2.2, we proposed a two-step optimization to decompose shale 

anisotropy into an isotropic host medium and anisotropy caused by inclusion of crack-

like pores. The inner loop optimization is used to find the optimal bulk and shear moduli 

of the host isotropic medium to reproduce vertical phase velocity with given sets of 

multiple inclusions. 

I am going to reuse Sarout’s wet shale scenario, to which we added a vertical 

crack, as an example.  

Measurements 

Bulk density: 2.36 g/cc 

Vpvertical: 3.0 km/s 

Vsvertical: 1.7 km/s 

Porosity: 5.92 % 

Equivalent Isotropic medium 

K: 21.6 GPa 

G: 11.8 GPa 

 

Inclusions 

Set 1: crack-like pores 

Set 2: vertical cracks 

Table 4-3: Properties and measurements of Sarout's wet shale with vertical cracks 

Table 4-3 contains the bulk density, vertical phase velocity, and total porosity. 

Notice that the bulk density is reduced slightly from Sarout’s wet shale since we added 

a vertical fracture set. The K and G in the center are equivalent isotropic host rocks 

before we added vertical fractures.  
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Case assumption K, GPa G, GPa Thomsen’s [  ] 

1 Pore (O), 

Fractures (O) 

19.9 11.9 0.2, 0, -.006 

2 Underestimate fracture 

abundance (50%)  

19.2 11.9 0.24, 0.15, -0.043 

3 Wrong assumptions on pore 

shape 

12.1 7.1 -0.03, -0.20, -0.02 

4 Assume no fracture 18.6 11.9 0.27, 0.34, -0.03 

5 Assume wrong fracture 

orientation 

24.7 12.8 0.26, 0.08, 0.12 

6 Assume wrong fluid 

properties (softer fluid) 

21.6 11.8 0.13, 0, -0.09 

7 Isotropic medium w/o 

fracture 

11.9 7.1 0, 0, 0 

Table 4-4: Assumptions about subsurface and corresponding optimization results of the host rock 

properties, and Thomsen's parameters on a final effective medium  

Let’s assume that we have vertical phase velocity and bulk density 

measurements, but we are not sure of the intrinsic anisotropy or the existence of fracture 

sets. Table 4-4 contains seven scenarios with different assumptions. Case 1 is where we 

know the correct set of inclusions, for both crack-like pores and vertical fractures. In 

Case 2 we underestimate the abundance of vertical fractures. For Case 3 we assumed 

vertical fractures in the isotropic host rock. Case 4 assumes VTI on the shale correctly, 

but does not assume the existence of fractures. In Case 5, we assume the fractures are 

tilted 30o from vertical axis. Case 6 assumes a lighter and softer fluid, such as 

hydrocarbon, while Case 7 just models the rock as a pure isotropic medium. Note that 

all of the cases exactly reproduce the vertical P- and S-wave velocity when calculated 

based on the effective stiffness tensor, which is a combination of the host isotropic 

medium from K and G in the middle column, with assumed pore geometry with a 

fracture set.  

If we believe the crack density of vertical fractures is less, the host rock should 

be slightly softer to honor the velocity profile. The bulk modulus of equivalent isotropic 
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host medium (EIM) in Case 2 is slightly sosfter than that of Case 1. If we ignore the 

intrinsic anisotropy, the bulk modulus of EIM becomes much smaller because we ignore 

the fact that the horizontal stiffness of shale is much higher than the vertical. Cases 3 

and 7 show much smaller bulk moduli of EIM than the other cases, while Case 3 has 

slightly stiffer properties to honor the velocity when having vertical fractures. By 

assuming no vertical fractures, the bulk modulus EIM of Case 4 can be softer than Case 

1. If we assume the fractures are actually tilted, they will reduce the vertical velocity 

noticeably. To compensate for this, the EIM bulk modulus of Case 6 becomes much 

stiffer than in Case 1. When we assume a lighter and softer inclusion material, such as 

oil, the rock stiffness must become stiffer as can be seen from Case 7.  

Again, all the cases exactly honor and reproduce vertical velocity and bulk 

density, while they have different properties for host rocks and crack parameters. As we 

can see, Thomsen’s anisotropy parameters are also different for each set of assumptions. 

Since geological control factors for mineral distributions and fracture abundances are 

different, property modeling based on incorrect assumptions will lead to wrong 

conclusions, even though they honor the hard data (vertical velocities and density). Any 

extrapolations based on that would drift further away from the more likely realizations.    

One more thought experiment with simple calculations are as follows. We drill 

into Sarout’s shale with the crack we just created after we hit the overlying sandstone, 

as schematized in Figure 4.15. The seismic reflectivity in this region is -0.1. The 

adjacent region to the left of the drilled region shows no seismic reflectivity, but we are 

sure that there is sandstone above. One of the easiest explanations would be lithology 

changes. If we have sandstone in the left region with the same seismic impedance as the 

overlaying sandstone, we do not have seismic reflectivity in that region.  



159 
 

 

 

Figure 4.15: Thought experiments on extrapolation of surface properties. By having sandstone over the 

Sarout shale with vertical cracks, we have negative reflectivity on the right-hand region. The left-hand 

region has no drilling has nearly zero reflectivity. 

But the reality of the un-drilled area is the exact same Sarout shale, with the 

same stiffness tensor and properties before we added cracks, but horizontally tilted 70o 

by some geological process.  

 

Figure 4.16: Stiffness tensor after rotation gives faster vertical velocity. 
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Figure 4.16 shows the schematic assumptions and Voigt’s stiffness tensor after 

conducting the Bond transformation from equation (4-17). Unless we assume a 

geological scenario where we can anticipate the tilting of the formation, it would be 

extremely difficult to model that region as a shale formation. This is not a purely made-

up example. Some horizontally compressed Marcellus formations in the Appalachian 

basin show rotation, tilting, and development of vertical foliation which enhance 

vertical stiffness. We are going to cover these cases in chapter 4.  

4.2.4 Cone search method  

The next challenge is how to compare the synthetic data of each realization of the 

different scenarios to the available field data. Within the provided data set using in 

Chapter 5, we have the azimuth cube of the fastest P-wave velocity and differences 

between the fastest and slowest velocity data as 3D cubes. Thus, if we extract the 

azimuth of the fastest and slowest seismic velocities, a comparison between the field 

seismic data and the synthetic data becomes geologically and practically meaningful. 

The technical challenge is that we need to calculate the orientation and the values of the 

fastest and slowest velocity in every simulation grid block. From the equations covered 

in Chapter 4, we can calculate seismic velocity at any angle of incidence when Voigt’s 

stiffness tensors are given. However, the challenge is the number of calculations to 

extract an azimuthal profile of seismic velocity. It is doable to calculate seismic 

velocities on discrete combinations of azimuth and offset angles, but computationally 

heavy. On top of that, it is subject to a decision to choose the discrete steps of the 

azimuth and the offset of angle of incidence.  

To resolve this problem, we propose a fast searching technique, a Cone 

searching method, to minimize the required number of velocity calculations while 

guaranteeing the ability to find the exact azimuth of the fastest seismic velocity. The 

idea is simple. If we assume the anisotropy of rock is orthotropic, we can extract three 

principal directions of stiffness by conducting Eigen value decomposition. The first 
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challenge is the fact that rocks with multiple sets of joints and fractures with different 

orientations may not be orthotropic. However, this condition is acceptable when 

considering that what we want is the azimuth of fastest seismic velocity, and that the 

velocity itself and an orthotropic assumption is more than enough to calculate the data 

we want. For analyzing other seismic attributes, such as AVO or AVAz, an orthotropic 

assumption on symmetry is enough to investigate the angular or azimuthal variations of 

seismic responses.  

Second, we need to reconstruct Voigt’s stiffness tensor, which is a fourth-order 

tensor notated into six by six matrix form, into a certain second-order tensor form from 

which we can extract principal orientations that correspond to fastest-intermediate-

slowest seismic velocity. For this purpose, we can use a second-order Voigt tensor, or a 

dilatational modulus that we can construct by using Equation (4-24) and (4-25) from 

Voigt’s stiffness tensor components (Cowin and MehRrabdi, 1987; Sun, 2002).   

 
𝑨 = [

𝐶11 + 𝐶12 + 𝐶13 𝐶16 + 𝐶26 + 𝐶36 𝐶15 + 𝐶25 + 𝐶35

𝐶16 + 𝐶26 + 𝐶36 𝐶12 + 𝐶22 + 𝐶23 𝐶14 + 𝐶24 + 𝐶34

𝐶15 + 𝐶25 + 𝐶35 𝐶14 + 𝐶24 + 𝐶34 𝐶13 + 𝐶23 + 𝐶33

] 

(4-24) 

 

 
𝑩 = [

𝐶11 + 𝐶55 + 𝐶66 𝐶16 + 𝐶26 + 𝐶45 𝐶15 + 𝐶46 + 𝐶35

𝐶16 + 𝐶26 + 𝐶45 𝐶22 + 𝐶44 + 𝐶66 𝐶24 + 𝐶34 + 𝐶56

𝐶15 + 𝐶46 + 𝐶35 𝐶24 + 𝐶34 + 𝐶56 𝐶33 + 𝐶44 + 𝐶55

] 

(4-25) 

 

The Eigen vectors of A and B are identical and correspond to the orthotropic axis of 

symmetry where the axis with the maximum Eigen value coincides with the orientation 

of fastest seismic velocity. Now, it is straightforward to calculate the fastest and slowest 

velocity with their azimuths, using Christoffel’s equation from Chapter 4.  

However, if the axis of fastest velocity were vertical, or nearly vertical, its 

azimuth would not correspond with the azimuth of the fastest velocity of the field 

seismic data. This is because the azimuth of fastest velocity in the seismic data is the 

fastest velocity in azimuthal variation, not of the vertical velocity when it is the fastest.  
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To resolve this situation, we compare the dip of the fastest axis with the offset angle of 

a representative searching offset of the given azimuthal data from the seismic survey. 

For instance, if the azimuthal variation of velocity was extracted from seismic data with 

azimuthal stacks with offset angles of up to 40 degrees, we may use a 20-degree offset 

and a corresponding “searching” cone to test azimuthal velocity from the synthetic data. 

Figure 4-17 is a cartoon example of the searching cone and orthotropic axis of symmetry, 

extracted from Eigen value decomposition of the Voigt tensor from Equation (4-24). 

 

Figure 4-17: Cartoon example of a cone searching method to find the azimuth of fastest velocity. Left (a): 

when the axis of fastest velocity is nearly vertical (red), the azimuth of the second-fastest axis will be 

chosen to represent the orientation of the fastest velocity (blue). Right (b): if the axis of fastest velocity 

is off from vertical, its azimuth can directly represent the fastest orientation. The blue cone is a 

representation of the representative offset angle used to produce the azimuthal variation of velocity from 

seismic data (searching cone).  

Now, we can calculate four velocities along the searching cone: two with the 

azimuth of the fastest velocity, and with 180o added, two perpendicular to the previous 

direction. By averaging those two sets, we have the fastest and slowest azimuthal 

velocity from the stiffness tensors having multiple sets of sub-seismic features along the 

geological scenarios. 
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4.3 Summary 

In this research, two key ideas are modeling inclusions in an anisotropic medium by 

decomposing it into equivalent isotropic host mediums superimposed with anisotropy 

from inclusions, and modeling hard data along the wells when we have uncertainty 

about the existence of geological features.  

If we select one or two specific cases out of the tested combinations, we are 

going to have slightly different vertical profiles of equivalent isotropic host media and 

inclusions along the well. Together with different assumptions on the distribution of 

orientations and the abundances of multiple sets of inclusions, the property distributions 

of subsurface models will be different from each other by using different REIM profiles 

along the wells. Application to an unconventional Marcellus shale gas field using this 

idea, and propagating geological assumptions to 2D and 3D models, are explored in 

Chapter 4.  

Note that the proposed model for decomposing background shale anisotropy into 

an isotropic medium and crack-like pores is not a rigorous rock physics model. It is a 

workaround approach to model the “what-if” responses. To make a rigorous comparison, 

we may conduct either constructed composites of anisotropic mediums with artificial 

inclusions, as Rathore did, or more detailed numerical simulations in the same way as 

Grechka and Kachanov compared effective medium theory with FEM simulation results 

(Grechka and Kachanov, 2006; Rathore et al., 1995). Such comparisons with either 

experiment, or detailed numerical simulations, remains an important part of future work.   
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Chapter 5 

5 Unconventional Shale Reservoir 

Modeling with Multiple Geological 

Scenarios for Deformation of 

Reservoir Structure and Evolution of 

Rock Properties: Application on a 

Marcellus shale gas field 

In this chapter, we apply the workflows in Chapter 3 – geomodeling that considers 

different geological scenarios for structural deformation and rock accommodation - and 

the rock physics method in Chapter 4 -  decomposing measurements along the wells 

into equivalent isotropic mediums and sets of localized accommodational features - to 

an unconventional Marcellus gas field which has structural complexity and unexpected 

reservoir responses. Our method helps to rule out less likely geological assumptions 

using seismic response comparisons, and the models from the remaining scenarios allow 

enhanced geological and engineering understanding of a given field. For fields with 

structural complexity and small amounts of well data, applying the workflow may 

provide what-if field responses and corresponding contingency plans.  

5.1 Introduction and Motivations 

5.1.1 Marcellus shale with unconventional resources 
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The middle Devonian Marcellus Shale play in the Appalachian Basin is one of the 

largest unconventional hydrocarbon-producing plays in the United States. Since 2013, 

shale gas has become the largest natural gas provider in the United States, and Marcellus 

shale contributes the largest portion of natural gas with production rates of nearly 15 

Bcf per day, comprising 85% of U.S. shale gas production (U.S. Energy Information 

Administration, Annual Energy Outlook, 2015). The reserve potential of Marcellus 

shale is estimated from 50 tcf to 500 tcf (Zagorski et al., 2012; Carter et al., 2011).  

 

Figure 5.1: Natural gas production in the U.S. by region, from 2012 to 2015. Color-coded regions are 

marked on the U.S. map (Source: U.S. EIA Drilling Productivity Report, 2015). 

Figure 4.1 shows cumulative changes in shale gas production in key regions in the U.S. 

from 2012 to the present (U.S. EIA Drilling Productivity Report, 2015). Marcellus shale 

outnumbered Bakken shale and Haynesville shale thanks to steady increases in 

production.  
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Figure 5.2: Generalized stratigraphy of Middle Devonian formations in the Appalachian Basin (Wang 

and Carr, 2013). Union Spring Member and Oatka Creek Member correspond to Lower and Upper 

Marcellus where less geological terms used. Upper Devonian Rhinestreet Shale seats over Tully 

Limestone. Devonian Huntersville chert and Oriskany sand formation are deposited below Onondaga 

formation.  
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Figure 5.3: Cartoon depicting the paleogeography of the Middle Devonian Acadian foreland basin (Kohl 

et al., 2014). The central basin (dark blue) is the fairway of Marcellus shale. Sources of deposition are 

fed from the Acadian highlands. The western part of the Marcellus fairway is believed to be a persistent 

depocenter of carbonates.  
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Figure 5.4: Iron fertilization by dust storms near the Sahara desert (Wrightstone, 2010). Iron fed from 

storms with tropical climates created conditions for maximum algae generation. 

Having organic rich black Devonian shale deposited in a marine environment, 

Marcellus shale is placed in an Appalachian basin which experienced a basin-wide 

collision, developing structural complexity with folds and faults though a series of 

orogenies that created the Appalachian Orogen (Zagorski et al., 2012; Engelder et al., 

2009; Wang and Carr, 2013; Kohl et al., 2014). Regional depositional setting is related 

to the Acadian orogeny and can be subdivided into the following steps: 1) rapid 

subsidence leading to accumulation of marine black shale, 2) deposition of terrestrial 

gray and silty shale, 3) collision developing basin-wide uplift, and 4) limestone 

accumulation during a tectonically quiet transgressive period (Zagorski et al., 2012). 

The paleoclimate during the deposition is believed to be tropical with significant 

seasonal storm activities. Terrestrial iron components fed into the depocenter during 

stormy seasons are believed to be one source to increase the amount of algae and make 

the Marcellus shale organically rich (Wrightstone, 2011).  Figure 5.2 shows generalized 
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stratigraphy of the Middle Devonian formations in the Appalachian Basin (Wang and 

Carr, 2013). Upper Devonian Rhinestreet Shale seats above Tully Limestone. Oatka 

Creek Member and Union Spring Member are also called as Upper and Lower 

Marcellus. Devonian Huntersville Chert and Oriskany Sandstone locate below 

Onondaga Limestone. Figure 5.3 is a cartoon of the paleogeography of the Middle 

Devonian foreland basin (Kohl et al., 2014). Figure 5.4 is an aerial photo of iron fed 

into the ocean by Saharan dust storms. Consistent supplies of fertilizers through tropical 

weather are believed to account for the rich organic contents of Marcellus shale (Kohl 

et al., 2014; Wrightstone, 2011; Zagorski et al., 2012).  

 

Figure 5.5: Trend map of Marcellus shale play. The blue solid lines are defined folds, with black dashes 

for faults. The basin-wide trends of folds and faults are striking NE-SW (figure from Zagorski et al., 

2012). 

Figure 5.5 shows the general trends of faults and folds in the Appalachian basin 

(Zagorski et al., 2012). Since the basin was compressed NW-SE during Pennsylvanian-
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Permian Alleghenian orogeny, the strikes of the major faults and folds are trending NE-

SW. Due to its compressional setting, the Appalachian basin has structural complexity 

toward the basin margin (the valley and ridge on the SE side) while it is relatively gentle 

toward the basin (Appalachian Plateau, NW side). Many of the observed geological 

features - fractures, joints, and cleavage sets - have correlations with structural trends of 

the Appalachian basin. All or some of the geological features are believed to be 

structurally originated and thought to be the main reason for the high shale gas 

production in the Marcellus shale play (Engelder et al., 2009; Evans et al., 2014; Wilkins 

et al., 2014; Zagorski et al., 2012). Due to the massive deposition, lower Marcellus shale 

seldom has signs of bioturbation and is less laminated. However, the upper Marcellus 

shale is more laminated and has heavy bioturbation. Thus, the upper Marcellus has less 

organic content than the lower Marcellus shale.  

5.2 Field and data description 

We were provided with field data, including 3D seismic data and data from a couple of 

wells, on a Marcellus shale play located in West Virginia. To maintain confidentiality, 

the data donor asked to remain anonymous. Therefore, while the analysis for this study 

used the area’s real features and real numerical data, the numbers reported have been 

changed slightly.  

5.2.1 Available data  

3D seismic data cubes in travel time and after depth migration are available. Figure 5.6 

shows the pre-stack depth migration (PSDM) seismic cube with two exploration wells 

in the data region. On the same wellpad with Well-A, there are four additional horizontal 

wells. Similarly, one other horizontal well shares a wellpad with Well-B. Only Well-A 

and Well-B have well log data along the vertical sections. 
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Figure 5.6: 3D PSDM seismic data and the two main exploration well locations. Well-A is located toward 

the basin while Well-B is located toward the Appalachian thrust belt. Thus, the Well-A region is 

seismically gentle, while the Well-B region has more complex seismic responses.  

5.2.2 General characteristics of the data area 

The area is located close to the front of an Appalachian thrust fold. Following the major 

structural axis of the Appalachian basin, structural features such as folds and faults are 

well-aligned, with a strike direction of NE-SW. Since the eastern part of the data area, 

where Well-B is located, is closer to the Basin thrust and the seismic horizons have more 

complicated geometry in this region, the operator calls this a complex area. Well-A is 

located in the western part (gentle area), which is closer to the basin side and does not 

have any structural perturbations, as seen in the seismic data. 

The operators encountered productive gas columns in the target Marcellus 

formation for both Wells A and B. The field is under appraisal status, as the operators 
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conducted evaluations to define well productivities to develop optimal spacing for 

horizontal producers in the Well-A and B regions, and possible well locations for the 

next exploration wells. Due to the structural location of the field – a transition between 

a structurally complex overthrust and a structurally gentle depocenter – the operators 

have difficulties extracting field-wide general rules from Well-A and B, to extrapolate 

to un-drilled regions. We will cover the basin- and field-level challenges and difficulties 

in Sections 5.3 and 5.4. 

5.3 Factors affecting gas productivity in Marcellus play 

Reserve estimation and well productivities of the Marcellus shale play heavily depend 

on the lithofacies of shale, their thickness, and the pre-existing joint network (Wang and 

Carr, 2013; Wilkins et al., 2014; Zagorski et al., 2012; Thompson et al., 2011; Osholake 

et al., 2012). The first two are obvious factors in any natural resource evaluation process. 

If we have shale with higher gas contents with thicker formations, the region has a larger 

static amount of gas in place. The joint network is related to well productivity and the 

economics of the field developments. For example, if one field has thick and rich shale 

formation but no pre-existing fracture networks, it may require intense hydraulic 

fracturing operations. However, if the field has well-distributed pre-existing fracture 

networks, it would require less expensive development since fewer producing wells 

would need to be drilled and the field would have a larger per-well estimated recovery.  

 There are differences among these three factors. The first two factors are more 

global factors that become less uncertain the moment we choose fields to investigate or 

develop within the Appalachian Basin. However, the third factor remains uncertain even 

after we choose the fields to investigate, and even after getting well data from the region.  

5.3.1 Basin scale factors: Lithofacies of shale and their thickness 

The spatial distribution of lithofacies is one of the most important sources of uncertainty 

in subsurface resource evaluation, because it directly affects not only the static volumes 

or specific subsurface resources, but also the dynamics of how to extract them (Strebelle 
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and Journel, 2001; Park et al., 2013; Vo and Durlofsky, 2015; Vo and Durlofsky, 2014; 

Jeong, 2014; Xu, 2014).  

 However, the relative importance of the spatial distribution of lithofacies and 

their thickness is slightly different for different scales and different applications. First, 

the uncertainty on facies distribution depends on the scale of observation and the scale 

of the deposition processes. When we deal with a channelized sandstone reservoir, the 

geometries and locations of channel sand bodies are highly uncertain (Vo and Durlofsky, 

2015; Jeong, 2014). When we deal with channel and lobe deposition patterns in a delta 

scale, the locations and paths of the channel and the attached lobes are uncertain (Xu, 

2014). However, if a region of investigation is a bin on a several kilometers by 

kilometers scale in a depocenter on a hundreds of kilometers scale, if we encounter 

specific facies along the well, it is less likely that we will have horizontal variability in 

lithofacies within the bin of investigation. Thus, the importance of uncertainty on spatial 

distribution of lithofacies is very relevant when we are dealing with a region deposited 

in highly variable locations in depositional processes, and on a scale having meaningful 

variations of the deposition of lithofacies in paleogeography (syn-depositional 

condition).  

 

Figure 5.7: Volume comparison of the required amount of source rock to produce one barrel of oil. The 

volume of required source rock was calculated by Andrews (2013). 

Figure 5.7 is a cartoon comparison of the required volume of source rock to 

produce a barrel of crude oil (volume calculation from Andrew, 2013). If we spread one 
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barrel of oil to a height of one foot it will be a 2.3 ft by 2.3 ft rectangle, while the required 

area of source rock is four to five football fields one foot thick. This depicts fundamental 

differences on the level of heterogeneities of the source rock and reservoir rocks. An 

effective source rock should be massive and have largescale deposition, while an 

effective reservoir rock should have certain geometrical conditions with stratigraphic 

settings. Accordingly, reservoirs are the results of special levels of heterogeneities while 

sources are the results of special levels of homogeneities. Horizontal variograms of the 

lithofacies in Marcellus shale across the Appalachian basin are around 400,000 ft, with 

the major axis orienting NE-SW (Wang and Carr, 2013). The length of the given field 

is 80,000 ft. The lithofacies that Wang and Carr categorized are not sand versus shale, 

but a subset of shale and mud distinguished by slight differences in organic contents and 

the compositions of silt and carbonate. When we are trying to choose a lease in an 

unconventional fairway, the spatial variability of lithofacies and their depth is one of 

the key uncertainties to be more or less economical. However, once we choose a region 

to evaluate, uncertainty in lithofacies and their thickness is no longer the biggest 

uncertainty compared with the spatial variability of well productivities.  

5.3.2 Field scale factor: Joint sets and their importance in Marcellus 

play 

Well productivities of the Marcellus shale play heavily depend on pre-existing fracture 

networks, because the effects of hydraulic fracturing hugely hinge on whether or  not 

the cracking connects and/or reopens pre-existing natural fracture networks (Engelder 

et al., 2009; Inks et al., 2015; Osholake et al., 2012). Since many observations on 

fractures and joints sets are highly related with Appalachian thrust belt and major faults 

and folds that align with Appalachian thrust, many researchers and operators believe 

that pre-existing fracture and joints sets were developed during orogeny and controlled 

the structural geometry of the Appalachian thrust belt (Wilkins et al., 2014; Aydin, 

2014).  

 However, there are different opinions on defining different sets of flow 

enhancing/preventing geological features: joints/ fractures/ veins/ cleavages/ 
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deformations bands; origins of specific features – structural/ hydrocarbon maturation/ 

chemical reactions; and timing of features – pre-/ syn-/ post-orogenic. Since the 

existence, abundance, and orientations of those features are important factors in 

estimating gas productivity, having multiple theories means geological uncertainty in 

understanding and evaluating the fields in the Marcellus shale play. 

Fractures and joints in Marcellus shale play are typically categorized into three 

sets: J1, J2, and J3 (Engelder et al., 2009; Aydin, 2014; Plumb et al., 1991; Plumb and 

Hickman, 1985; Hancock, 1985; Zoback et al., 1985). The J1 set is nearly vertical and 

generally parallel with the strike of the Appalachian ridge and its major faults and folds. 

The J2 set is also vertical in general and is either perpendicular with J1, or the mean of 

the conjugate sets are perpendicular when the J2 joints are placed as conjugate joints. 

J3 is less common and sub-vertical, generally striking parallel with J1.  

Figure 5.8 shows the strike orientations of the J1 and J2 joint sets of Marcellus 

shale (Engelder et al., 2009). The strike of J1 coincides with the orientation of current 

maximum compressional stress, NE-SW, while the mean strike of J2 coincides 

perpendicularly with the current maximum compressional stress, NW-SE. 
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Figure 5.8: Orientations of J1 and J2 sets of joints in Marcellus shale (Engelder et al., 2009). The strike 

of J1 is parallel with the current maximum compressional stress, NE-SW (SHmax), and the strike of J2 is 

perpendicular with the current maximum compressional stress.  

  Engelder and his colleagues (2009) addressed three conundrums on Marcellus 

fractures. First, the vertical joint sets, J1 and J2, have nearly perfect planarity. Either an 

opening joint or shear mode joints are generally curvilinear and less likely to form a 

perfect planarity (Figure 5.9). Second, regarding the J1 joint, open-mode joints that have 

persistently remained open in current conditions have strikes perpendicular to tectonic 

loadings from orogeny, NW-SE. Since the tectonic loading compressed NW-SE, joints 
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opened by striking NE-SW are hard to keep open. Third, the orientation of maximum 

compression has been rotated 90 degrees horizontally from the orientation of the 

tectonic loading, to the currently measured maximum compressional stress.  The 

direction of tectonic loading is parallel with strike of J2, NW-SE, while the borehole 

stress measurements are consistently parallel with the strike of J1 in a compressional 

sense. The geological aspect of the third conundrum is the mechanism of the 90-degree 

rotation of principal stress, while the engineering aspect of the third conundrum is that 

estimations of orientation of hydraulic fractures from bore-hole stress measurements do 

not work well in Marcellus play, due to the flipping of principal stress.  

 

Figure 5.9: Photo of outcrop of J1 and J2 joint sets (Engelder et al., 2009). Both sets are vertical and have 

nearly perfect planarity. 

These three conundrums, given the inconsistency with common knowledge and 

that we don’t know the mechanism behind these problems, increase difficulties when 

estimating the preferential directions of higher flow connectivity and make development 

plans less optimal, due to discrepancies between the estimated abundance and 

orientations of joint sets and the actual joint sets encountered after drilling.  

5.4 Problem statements of the field 
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As we discussed in 5.3, defining and understanding the spatial distribution of 

accommodational features in the target shale formation – the number of joint sets and 

their abundance, mean orientations, easiness to re-open, and possible connectivity – is 

one of the most important tasks to evaluate unconventional shale gas plays.  

 

Figure 5.10: Horizon tops of a formation above Marcellus shale (left) and a formation below Marcellus 

shale (right). The Well-A region is seismically gentle, while the Well-B region has geometrical 

complexity from seismic data.  

 The given data field successfully encountered gas-producing shale formations 

from the vertical exploration of both Well-A and Well-B (Figure 5.10). Since the 

existence of a gas-flowing formation is verified, the remaining questions for the 

operators were how to test productivity and the optimal development plan, including the 

orientation and spacing of horizontal wells, and where to drill the next exploratory well 

to maximize understanding and valuation of the field.   

5.4.1 Higher well connectivity on a structurally gentle area 

The operators drilled a few horizontal wells to test frac job efficiency and configure the 

best frac job settings for the area. Since the Well-A region is expected to be structurally 

gentle and flat (Figure 5.10 and Figure 5.11b), they drilled the horizontal wells relatively 

close to one another, and the operator originally believed a large and intense frac job 
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might be needed. However, when the test frac job was conducted, widespread fracturing 

was detected in the micro-seismic observations, even with a small amount of injection 

(Figure 5.11).  

 

Figure 5.11: Micro-seismicity during hydraulic fracturing (left) and a vertical section of the seismic inline 

along Well-A.  

The test revealed the possibility of having well-developed, widespread pre-

existing fracture networks which were not observed in the vertical well log, with 

preferential connectivity along the NW-SE direction. A strong thief zone absorbing a 

huge amount of injecting fluid was also observed. This indicates the presence of faults, 

or relatively big fractures. It is hard to define any fault near the thief zone based on 

seismic data. More importantly, the horizontal wells were too closely spaced to be 

optimal due to the unexpected high connectivity.  

5.4.2 Water influx without water injection  

The Well- B region is located in a structurally more complex region toward the basin 

ridge (Figure 5.10 and Figure 5.12). In this region, a gas productivity test was suspended 

by an unexpected large amount of water influx without injecting any water. Because the 

target formation is located below thick columns of interbedded shale and carbonates and 

overlaid above thick Onondaga carbonate (Recall the stratigraphy from Figure 5.2), 
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together with nano-scale permeability of Marcellus shale, the large amount of water 

influx was extremely unexpected. 

 

Figure 5.12: Seismic crossline along Well-B. Unlike Well-A, the Well-B region has more complex 

geometry around the target formation from seismic responses.  

5.4.3 Existence of pre-existing sub-seismic geological features and 

their orientation 

Unexpected observations from the Well-A and Well-B regions indicate the existence of 

sub-seismic geological features that enhance flow with preferential orientation. The 

presence of a meaningful amount of fractures in the Marcellus formation was not 

expected from the well log and cores from the vertical wells in the Well-A region.  
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Figure 5.13: One-foot long core sections selected from cores from Well-A. a) One-foot section from 

Mahantango shale. Red lines represent a fracture preserved in the core. All the other horizontal cracks are 

post-drilling cracks from horizontal fabrics. b) One-foot core section of Mahantango located two feet 

above Cherry Valley limestone. The orange vertical line is a crack line, but we cannot determine whether 

it is a drilling-induced crack or a vertical joint. c) One-foot core section of Marcellus shale one foot below 

Cherry Valley limestone. They all crashed during drilling and core retrieval. Slickenside and mineralized 

fractures are observed in the fragmented core particles. d) One-foot core section of Marcellus shale two 

feet above Onondaga limestone. All cracks are drilling-induced, or post-drilling cracks along foliation 

and fabric. Unlike the core from Mahantango, there are many tilted and curvilinear surfaces.    

Figure 5.13 shows four one-foot core section images from cores retrieved from 

Well-A. In 5-12a, the red line indicates a natural fracture indicated in the Mahantango 

formation. All the nearly horizontal cracks are drilling induced, or post-drilling cracks 

along fabrics. 5-12b is a one-foot section of Mahantango. The orange line is a vertical 

crack but we cannot determine whether  it is a drilling-induced crack or a natural fracture. 

5-12c is a one-foot section of Lower Marcellus shale located one foot below Cherry 

Valley limestone. The section was fragmented during coring. Slickenside and 

mineralized fractures are observed in the section. Finally, 5-12d is a one-foot core 

section of Lower Marcellus located two feet above an Onondaga formation. Here, the 

surfaces of drilling/coring induced cracks are not horizontal but tilted and curvilinear, 

and look like a feet-level thrust system.  
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Figure 5.14: Section slides of cores from Mahantango and Lower Marcellus. a) Mineralized fractures in 

Mahantango formation. b) This organic-rich Marcellus shale section does not have noticeable fabrics at 

inch-level resolution.  

Figure 5.14 shows core section images of (a) Mahantango shale with veins in it 

and (b) organic rich Lower Marcellus shale. From the cores, we can definitely see that 

the formation is brittle enough to be broken down easily based on the horizontal and 

sub-horizontal drilling-induced cracks.  

 

Figure 5.15: Stereonet (a) and Rossette plot of the strikes of drilling-induced cracks. Note that the nearly 

horizontal foliations from Figure 5.13 (the red line) are not included and only the crack surface lines 

(orange lines) are counted. The orientations of drilling-induced cracks show a high level of consistency.  
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Figure 5.15 shows the orientations of drilling-induced cracks. Though the 

formation shows a relatively high level of brittleness during drilling and core retrieval, 

the abundance of natural fractures and joints or faults are not significant, based on 

observation along Well-A. However, given the indicated microseismic activity during 

hydraulic fracturing in the Well-A region and the water influx in the Well-B region 

during well testing, a pre-existing fracture network or a series of sub-seismic faults, 

flow-enhancing features, is expected. Since the fractures are not well-defined from the 

vertical well, we do not have a good understanding of the intensity and directions of the 

flow-enhancing features. As mentioned earlier, the major compressional direction of the 

Marcellus basin is NW-SE. If the Marcellus shale has shear mode natural fractures, the 

mean of the directional normal of conjugate fractures would orient in a NE-SW direction. 

If it has open mode joints, the joints would orient with the strike of joints parallel with 

NW-SE. However, the preferential directions of the connectivity of microseismicity, 

which the origin can be interpreted by a linkage of fracture networks or faults from the 

Well-A region, are persistently NE-SW, parallel to the current maximum compressional 

stress while perpendicular to tectonic compressions from a series of orogeny.  

5.4.4 Uncertainty on geometrical interpretation 

In the 3D seismic data for the given field, we have interesting features that increase the 

complexity of geometrical interpretations of the subsurface structure. Along the NE-SW 

strike direction in the central area of the survey boundary, there are persistent repeated 

horizons near the Marcellus formation. Figure 5.16 is a crossline of the PSDM seismic 

cube with Well-A in the line. In the central part, there is triangular geometry that has a 

segmented horizon. In Figure 5.10, while the left figure – a horizon above Marcellus 

shale – has a localized “bump” that looks like a band of anticline, the right figure – a 

horizon below Marcellus shale – remains flat. This localized “bump” or abrupt 

thickening corresponds with the repeated section in Figure 5.16.  
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Figure 5.16: Repeated sections near the target horizons along a seismic crossline including Well-A. The 

type and origin of the feature is unclear and it leads to uncertainty in structural interpretation.  

5.4.5 Consequences for further appraisal and developments  

From the basin-wide joint observation, the persistent direction of a major joint, J1, on 

the Marcellus shale is a NE-SW strike, with directional normals toward NW-SE. The 

directional normals of the second major joint set, J2 a younger joint set than J1 (this is 

controversial among geologists; it will be covered in 5.5), are parallel with the strike of 

the Appalachian thrust. Both of them are nearly vertical, and the angle between the two 

sets varies around the basin from around 50 degrees to nearly perpendicular (Engelder 

et al., 2009). Figure 5.9 shows the orientations of the J1 and J2 joint sets. Note that these 

observations are a general description of fractures on Marcellus shale, not a field-

specific description. Thus, we are not even sure whether the flow-enhancing geological 

features are related to J1 and J2 or not. As Engelder et al. (2009) mentioned, the 

observed persistent directions of main joints cannot be explained by conventional 

geomechanical models following Mohr-Coulomb failure criteria. In the given field, we 

failed to link the structural geometry directly to the joint abundances (from the Well-A 

region). Current stress conditions, magnitudes, and orientations do not give mechanical 
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explanations of joint networks in basin-wide observations. Thus, we have difficulties 

estimating the spatial distribution of the abundance of flow-enhancing features, one of 

the most critical factors in developing unconventional shale gas developments. 

 Let’s assume that we have a reliable rule: that subsurface structure indicates the 

existence and abundance of flow-enhancing features. Even in that case, from the 

uncertainty of the repeated section in the seismic data, we can determine neither the 

current structural geometry nor the deformational history of the subsurface. On top of 

that, we are not sure whether the flow-enhancing features are linked with present stress, 

or with paleo-deformational stress.  

5.5 Defining sources of geological uncertainty 

As we discussed in 5.3 and 5.4, we have not only field-specific but also basin-wide 

geological uncertainties about how to interpret structural geometry, and about what sub-

seismic geological features enhance or hinder flow, and their origin. These two 

uncertainties correspond to geological uncertainties in the structural deformation and 

rock accommodation, covered in Chapter 2. As we discussed in Chapter 2, classification 

and separation of these two sources of uncertainty are scale-dependent and involve 

model-related uncertainty. A group of relatively small faults can be understood and 

modeled as a set of shear fractures when the size of the modeling grid block is relatively 

bigger than the size of the faults. A certain mode of rock accommodation can be a 

consequence of a certain type of mode of structural accommodation, and vice versa.  

 In the following sections, we first define the sources of geological uncertainty 

in modes of structural deformation and in modes of rock accommodation, separately. In 

addition, we review and propose geological models of how the deformation mode and 

accommodation mode are linked, to explain the larger- and smaller-scale phenomena 

together.   

5.5.1 Defining sources of structural deformation uncertainty  
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For the repeated section in Figure 5.16 the operators use the term “duplex,” which is a 

branch of a thrust system different from imbricate fans on the structural closure of 

accommodating horizontal displacement (Boyer and Elliott, 1982). Since thrust is a very 

common feature in compressional tectonic loading conditions, and duplexes become 

more likely where there is rigidity contrast and vertical heterogeneity, the presence of 

duplexes in the Appalachian thrust belt is highly likely. Figure 5.17a shows the 

difference between imbricate fans and duplexes as subsets of thrust systems (Boyer and 

Elliott, 1982). Figure 5.17b and c are conceptual model of duplexes and fault-bend folds 

(Thomas, 2001). However, it is not certain whether this is actually a duplex feature and 

if so, which horizon is repeated, or which side is the overlaying part and which is the 

underlying. 

 

Figure 5.17: Duplex models as a branch of the thrust system. a) Imbricate fans and duplexes (Boyer and 

Elliott, 1982). b) Conceptual cartoon of duplex system (from data donor). c) Cartoon of fault-bend fold 

(FBF) (2001, Thomas). An FBF can be understood as the smallest component to compose a duplex that 

may have a series of FBFs inside. 
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Figure 5.18: Alternative interpretation of abrupt thickening by a band of reef carbonate. On the left is the 

horizon of a formation above Marcellus shale. On the right is a contemporary photo image of a band of 

coral reef in Miami Beach.  

Another possible interpretation of the repeated section is a long band of 

carbonate reef. The left part of Figure 5.18 is an overhead view of the horizon of a 

formation above Marcellus shale which has a long band of locally elevated horizon tops. 

The right part of Figure 5.18 shows a present-day carbonate reef near Miami Beach that 

can be an analogy to interpret the localized thickening or repeated section. Since the 

area is expected to be located in a marine environment with interbedded shale and 

limestone, either the Onondaga carbonate below or the overlaying Tully limestone could 

have developed a massive local reef complex.  
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Figure 5.19: Seismic pull-up below reef platform. The left image is a cartoon example of seismic pull-up 

in seismic response by faster travel time in denser carbonate (a) (from the website of Universidade 

Fernando Pessoa). The right image is a crossline along Well-A. The dark blue box identifies the region 

having uncertainty in structural interpretation. The light blue box covers all the horizons below the 

Marcellus shale formation.   

Figure 5.19a depicts a typical seismic pull up in the presence of a carbonate reef. 

Due to the denser and stiffer property of carbonate, waves travel faster and have shorter 

travel times. Thus, the two-way-travel time of lower horizons becomes shorter. Figure 

5.19b depicts the vertical crossline that has Well-A in it. The localized thickened area 

around Marcellus, in the dark blue box, is the uncertain feature. All the horizons below 

the Marcellus shale formation have well-aligned anticlines (the lighter blue box). This 

could be a well-aligned anticline from the compression. Alternatively, it can be a 

seismic pull-up from the presence of a localized stiffer or thicker carbonate formation. 

The problem here is that both the duplex and reef interpretation can explain the seismic 

pull-up. If the duplexed structure involves repeated sections of a carbonate formation, 

it produces the same effect as a localized thick reef platform in seismic travel time for 

the lower horizons.  

We can use the analogy of a localized thickness anomaly observed in the 

Appalachian basin to qualitatively review the two interpretations we just proposed. 
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Since Marcellus and its adjacent formations have been exposed in the same basin-level 

depositional environment and tectonic loading, the thickness anomaly observed in the 

given field should be observed in different regions. Wang and Carr (2013) conducted 

lithofacies analysis of 3880 public well data of Marcellus shale formation on the 

Appalachian basin. Among those wells, a couple of wells with distinctive thickness 

anomalies were recognized.  

 

Figure 5.20: Wells with localized thickness anomalies. Section AA’ and BB’ are wells from Philadelphia 

and CC’ is from West Virginia (Wang and Carr, 2013).  
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Figure 5.21: Satellite image of well sections with thickness anomalies (image from Google Earth). The 

three red lines correspond with AA’, BB’, and CC’ from Figure 5.20. 

Figure 5.20 shows three well sections with thickness anomalies in formation 

above the Lower Marcellus shale (Wang and Carr, 2013). Figure 5.21 is a satellite image 

of the well sections from Figure 5.20. They are all located along the Appalachian ridge. 

Since all three wells are located along the basin ridge, this suggests a possible relation 

between structural deformations and localized thickening.  In Figure 5.20, well section 

AA’ has a fault interpretation along the well with a distinguishable repeated section of 

the Lower Marcellus formation. However, well sections BB’ and CC’ have fault 

interpretations from the wells, but without noticeable repeated sections. Though well 

section AA’ is an obvious example of repeated sections from duplexes, fault-bend folds, 

or any combination of a sub-system of thrusts, observations from BB’ and CC’ do not 

decisively indicate that the thickenings are from duplexes or fault-bend folds. This is 

because any minor reverse fault in these regions is one of the most frequent features in 

the Appalachian basin, while the thick formation can still be originated from other 

geological processes such as the deposition and erosion process, or from forming 

anticlines.  

Though we have limited data on localized thickening, or the repeated section, 

we can use observations of deeper or shallower formations in the same basin, which 
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have experienced relatively similar tectonic loadings over geological time. Figure 5.22 

shows a duplex in Silurian-Ordovician formations observed from an outcrop in West 

Virginia (Ferrill and Dunne, 1989). Although these are deeper formations than the 

formations around Marcellus shale, the observed duplexes were generated from the 

Pennsylvanian-Permian Alleghenian orogeny that also applied as tectonic loadings on 

the Marcellus shale. Observations of duplexes in deeper horizons do not indicate the 

same geological processes in different formations. However, they surely indicate that 

duplexes are working deformational mechanisms in the Appalachian basin, absorbing 

tectonic loadings.  

 

Figure 5.22: Duplex of Silurian-Ordovician formation observed from an outcrop section in West Virginia 

(Ferrill and Dunne, 1987). On the left is a sketch of part of a duplex (a fault-bend fold) of Silurian-

Ordovician formations observed in West Virginia. On the right is a conceptual model of observed 

duplexes by Ferrill and Dunne (1987).    

Note that these interpretations are not collectively inclusive of all possible 

modes of structural deformation, nor are they perfectly mutually exclusive to some 

degree. Fault-bend folds and duplexes are nucleated from basement faults. Bands of 

carbonate platforms, or faulted carbonate platforms can nucleate basement faults by 

acting as a stiffer boundary (Thomas, 2001; Bigi and Costa Pisani, 2005). There are 

always possibilities that a set of different structural deformation mechanisms worked 

together to make the larger-scale deformation work. The adequate number of modes to 

cover the geological uncertainty depends on the complexity of the structural geometry, 

the level of understanding of the geological history of the region, the resolution of the 



193 
 

data, the availability of adequate geological models to explain the situation, the types of 

decisions to be made from the study, and the subject decisions of geo-scientists.  

5.5.2 Defining sources of rock accommodation uncertainty 

As we discussed in Section 5.4, the given field is under appraisal with a limited number 

of wells. Thus, we need to rely on published studies to develop rock accommodation 

scenarios.  In Marcellus shale gas plays, the existence and abundance of pre-existing or 

possible fluid conduits constitute one of the most important geological factors to decide 

the productivity and commerciality of fields, by affecting the results of hydraulic 

fracturing (Osholake et al., 2012; Zagorski et al., 2012; Sahai et al., 2012; Thompson et 

al., 2011). Researchers who are more focused on engineering aspects – optimal well 

spacing, length of horizontal drilling, and distance among hydraulic stimulation – 

attempt to estimate the so-called SRV, simulated reservoir volume, and use the 

brittleness of the rock to estimate the productivities of the region (Sahai et al., 2012; 

Osholake et al., 2012; Zagorski et al., 2012). 

 Defining and testing possible modes of rock accommodation is important 

because the existence and abundance of sub-seismic geological features directly act as, 

or are closely linked with, flow-enhancing or flow-hindering features. For instance, a 

joint set remaining open makes fluid easier to flow and makes SRV bigger. However, 

if the same joint set in a different lease lots is healed or cemented, and becomes a set of 

veins, it acts as a flow barrier. The rocks that experienced fracturing in a past geological 

time may respond differently when stimulation jobs are applied, because of hysteresis 

from previous accommodational events (Nygård et al., 2006). 

 In Section 5.3, we discussed the field-wide and basin-wide geological 

uncertainty on the spatial distribution of sub-seismic geological features. Due to the 

limited data in the given data set, we should start developing possible modes of rock 

accommodation from basin-wide observations. Sources of the uncertainty on rock 

accommodation style can be sorted into two groups: (1) uncertainty on defining and 

categorizing sub-seismic features affecting seismic and flow responses, and (2) 

uncertainty on the origins of the sub-seismic features. 
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We briefly discussed the first group in Section 5.3. Researchers have different 

interpretations and opinions on how to categorize the number of different 

accommodational features. The origins and timing of each feature are also arguable. 

Indeed, these uncertainties are linked because if we assume a joint set originated from 

structural folding, we will anticipate a joint set near a ridge of the field. However, if we 

believe that high pore pressure from hydrocarbon maturation was the origin of the joint 

set, our estimation of joint abundance should rely more on the spatial distribution of 

organic-rich shale.  

 The following are the geological features from different modes of rock 

accommodation defined in Marcellus shale and adjacent carbonate formations. 

 J1 joints, nearly vertical and orienting parallel with Appalachian ridge 

 J2 joints, nearly vertical and orienting perpendicular with Appalachian ridge    

 J2 as conjugate shear fractures, not as joints 

 J3 joints, sub-vertical and having the same strike orientation as J1 

 Veins that used to be J1 or J2 joints 

 Lateral Parallel Shortening (LPS) and cleavages - vertical or sub-vertical 

planar potential joint surfaces – during LPS 

 Vertical stylolites in carbonates orienting parallel with Appalachian ridge 

 Vertical veins in carbonates orienting perpendicular with Appalachian ridge 

When we dealt with a synthetic reservoir in Chapter 3, we could clearly divide 

one mode of rock accommodation from alternative modes of accommodation, because 

the history of geological events in the synthetic reservoir was simply chosen among one 

of combinations that we created. However, in the real field application on the Marcellus 

case, the modes of accommodation style mentioned above cannot be clearly divided, or 

considered fully independent from each other.  
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On this issue, there are no unanimous classifications on different types of 

Marcellus fracture/joint sets and their origins among geologists. The discordance on 

classifications and interpretations might originate from; 1) different survey locations 

having different geological conditions within Marcellus play, 2) natural complexity of 

geological processes that we cannot fully resolve. Though there are minor differences 

on defining different joint sets themselves, grouping them into three major sets (J1 to 

J3) is common among researchers. However, some researchers contend that these sets 

were generated in a relatively short period, while others argue that the generations of 

joints happened in distinctively different geological times. We will call the first 

argument the mechanical approach and the second one the episodic approach.  

The first group of thought – the mechanical approach – focuses more on 

mechanical explanations of joint development. Researchers in this group try to explain 

the joints by tectonic loading, fold geometry, or present stress orientation (Aydin, 2014; 

Wilkins et al., 2014; Engelder, 1985). Researchers in the episodic group focus more on 

the sequence of geological episodes, especially on fabric developments in the shale and 

on hydrocarbon maturations (Evans, 1994; Plumb et al., 1991; Engelder et al., 2009; 

Inks et al., 2015). It is noteworthy that this discordance do not necessary mean that one 

interpretation is wrong or right because different interpretations are based on different 

fields and data within Appalachian Basin having different geographical and geological 

conditions. Because the field we have has limited data, we are not sure what types of 

joint/fracture sets do we have and how they formed. Thus, we are not sure which 

interpretations and analogies are the most appropriate for this field.  
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Figure 5.23: Joint sets in Marcellus shale and trends of their orientation (Engelder et al., 2009). 

Among the different interpretations, the most critical differences in field 

evaluation and engineering applications are in the sequence and origin of J1 and J2 sets. 

We will refer to these models as “Aydin’s”, “Engelder’s”, or “Wilkin’s” models, using 

the name of the first or sole author of the related publications (Aydin, 2014; Wilkins et 

al., 2014; Engelder, 1985; Engelder et al., 2009). Aydin’s model tries to explain joint 

sets as consequences of rock accommodation on tectonic loadings (Figure 5.24). He 

explains that J2, parallel in this paper with the left picture in Figure 5.23 and 

perpendicular with the Appalachian structural front (ASF), is slightly older than J1 and 

J3, and was generated when the basin was compressed in a NW-SE direction but before 

any complex structural geometry such as faults, folds, and thrust systems developed. 

Thus, the orientation of J2 is strike-parallel with the maximum tectonic compression. 

The J1 set is shear fractures from folding and thrusting, with J3 as a splay of J1. Thus, 

both J1 and J3 are strike-parallel with ASF. Cleavage development during 

compressional loading is the reason of having nearly perfectly planar joint surfaces for 

J1.    
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Figure 5.24: Aydin’s (2014) model to explain J1 to J3 as consequences of tectonic loadings. Tectonic 

loading is parallel to these vertical sections. J2 was generated from compressional loading by having joint 

surfaces with surface normals perpendicular to the loading. J1 (2nd-a) was generated when structural 

deformation occurred, with J3 (2nd-b) as a splay set.  

Engelder’s model has a different order of episodes (Engelder et al., 2009). In 

this model, the J1 sets are pre-folding, the J2 sets are syn-tectonic, and the J3 sets are 

post-folding. Thus, all three joint sets formed at different geological times. As with 

Aydin’s (2014) interpretation, the orientation of J1 is influenced by cleavages developed 

during layer-parallel-shortening (LPS) – NW-SE direction tectonic compression. The 

difference is that in Aydin’s model, the pre-fold cleavages opened to be J1 joints as syn-

folding events, while Engelder’s model interprets the time of the J1 joint as pre-folding 

from excessive pore pressure resulting from hydro-carbon generation. In this model, the 

J2 joints are syn-tectonic and opened or sheared to the minimum compressional tectonic 

stress. J3 is believed to have formed after J2 by the reactivation of J1 joints. Thus, it can 

easily be misinterpreted as a splay of J1. For both Aydin’s and Engelder’s models, the 

role of cleavage is critical. We will address that element in more detail after we cover 

Wilkins’ model. 
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Figure 5.25: A kinematic model of the sub-seismic features of the Marcellus shale play in Wilkins et al. 

(2014). The model focuses on detachment faults near stiffer carbonate formations as the main drivers of 

forming joints and stylolite.   

Wilkins’ model is one of the mechanical approaches that attempts to explain 

sub-seismic features with tectonic loadings and structural deformation. The difference 

between Aydin and Wilkins is that Wilkins’ model attempts to explain all the features 

being generated together in the geological time scale – they are not necessary 

instantaneous, but not in distinctively different geological times either. Figure 5.25 

shows the kinematic model of Wilkins’ model. This interpretation attempts to explain 

joint/fracture/vein sets by considering the deformation and accommodation of carbonate 

formations around Marcellus shale formations. This model disagrees with the other two 

on joint set J1. In this model, instead of J1, there are a series of sub-seismic reverse 

faults that can be understood as a counterpart to J1 in Engelder’s and Aydin’s models. 

The veins in Figure 5.25 are a counterpart of J2 by extending to the minimum stress 

orientation during tectonic loading. In this model, all the discontinuous features in the 

shale formations are only located close to adjacent carbonate formations. Likewise, the 

central part of the Marcellus shale in terms of depth does not have joints and veins. 

Joints and fractures in the Marcellus shale in this model only happen near the carbonate 

formations, where the shale experiences large displacements that cannot be resolved by 
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plastic and ductile deformation. The model is based on observations from a field with a 

relatively thick Marcellus shale formation. 

 

Figure 5.26: Subcritical crack index of U.S. onshore unconventional shale play (Gale et al., 2014). 

Figure 5.26 shows the subcritical crack index (SCI) of unconventional shale 

plays in the U.S. (Gale et al., 2014). SCI is an exponent having mode I stress intensity 

as a base to compute crack propagation velocity (Holder et al., 2001). Since mode I 

stress intensity is the magnitude of the stress components in the near-tip field of crack 

tip when it propagate under linear elasticity,  having a small SCI value means crack tips 

propagate even with smaller stress concentration applied. With a small SCI, propagation 

of crack tips of new or small cracks happens more often than the propagation of bigger 

crack tips. The SCI values of the Marcellus shale play are relatively small compared 

with other shale plays. The variance of SCI is also relatively small given the similar 

values. The consequence is more widespread cracks with better crack connectivity. The 

spatial distribution of crack flaws is more important with small SCI with contrast to the 
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case of high SCI, where the distribution of flaws are less impactful than the stress 

distributions on crack propagations. Since cleavages – vertical foliation from lateral 

compaction – are easy to break out, if a given field has also experienced LPS or 

developed cleavages, the field may have relatively small SCI and significant horizontal 

connectivity. Faint horizontal fabric and foliations from core sections in Figure 5.14 can 

also offer support for this scenario.  

All three of these models are considering LPS (layer parallel shortening) as one 

of the most important drivers in generating sub-seismic features. However, because of 

different assumptions and interpretations, estimations based on different models can be 

quite different. For instance, under Wilkins’ model, if the Marcellus formation is 

relatively thicker, we may not expect to have joints sets from the major portion of the 

target Marcellus formation. Under Aydin’s model, the joint sets will be densely located 

near the higher curvature along the folds, because the kinematic model of fold parallel 

joints are syn-tectonic. However, under Engelder’s model, the J1 joints are less sensitive 

to the curvature of geometry because they are created by pre-folding from hydrocarbon 

generation.  

5.5.3 Effects of hydrocarbon generation  

The above interpretations attempt to link tectonic loadings and the corresponding 

structural deformation to link joints, veins, and fractures. However, as Engelder’s model 

assumes a weak correlation between structure and the J1 joint, some researchers argue 

that open-mode fractures in shale are not closely linked with structural aspect.  

In this section, we will cover observations of the characteristics of open-mode 

fractures in shale made by different researchers. Gales et al. (2014) conducted a meta-

analysis of fractures in shale and argued that the existence of an open-mode fracture in 

shale does not show a strong correlation with structural features such as folds and faults. 

Hydrocarbon generation is believed to be a potential driver of fractures in shale 

(Swarbick et al., 2002). High correlations among fracture abundance with TOC on shale 

support these arguments (Rodrigues et al., 2009). A basin-wide study on joints in the 

Appalachian basin showed that joints in shale are more systematic and vertical than 



201 
 

joints in sandstone (Nickelsen, 1986). In this study, the orientations of the joints in the 

shale do not change with the changes of the fold axis.  

On top of different interpretations linking structural aspects with the abundance 

and orientations of joints sets in shale, these studies argue that correlations between 

obvious structural geometry (such as folds and faults) and joints in the shale are thin. 

We cannot be definitive on which interpretation is right. One possible explanation is the 

different viewpoints and focus of the researchers when conducting their respective 

studies. The studies in Section 5.5.2 were focused on kinematic models explaining 

fractures and joints in tectonic loadings. They happened to be joints and fractures in 

shale. Studies in this section focus more on shale and hydrocarbon maturations in shale. 

Open-mode fractures are one of the hydrocarbon expulsion vehicles, and if the 

maturation of hydrocarbon happens before major geometrical deformation, studies 

focusing on shale and hydrocarbon maturations in it would not find any meaningful 

correlations among joints and structural shapes of the subsurface. The former 

emphasizes “fracturing” in rocks while the latter emphasizes “shale” that has fractures.  

5.5.4 Non-deformational factors affecting the accommodation style of 

shale: saturation and burial history 

In a previous section, we showed a group of studies arguing that joints in shale are not 

following structural trends that other rocks, such as sandstone and carbonate, do. Those 

studies are arguing that shale accommodates deformational loading in a shale-like way 

– with ductile and plastic deformation. This conflicts with other studies that claim 

correlations among joint sets and structural deformations. We need some vehicles to 

reconcile these discrepancies.  

 Different behaviors of shale under different saturation conditions and different 

loading histories may provide some useful explanations (Valès et al., 2004; Nygård et 

al., 2006).  Valès et al. (2004) conducted repeated mechanical failure tests on shale with 

different water saturations. When shale was fully saturated by water, the failure surfaces 

followed shale fabric, not the typical failure angles of sandstone cores. However, when 
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water saturation was reduced by including air-filled pores in it, failure surfaces were 

generated in angles typical of sandstone experiments. Using this finding, if a shale 

formation develops a set of joints from hydrocarbon generation that is in a  liquid phase, 

the formation will still react as shale-like when deformation is applied. If a gas phase is 

produced from maturation, the formation becomes partially gas saturated and starts to 

behave like typical sandstone when deformation is applied.  

 Nygård and colleagues’ (2006) experiments were conducted in saturated 

conditions but with different loading histories to test the hysterisis of shale failure. When 

shale cores are normally consolidated – meaning that the current stress is the maximum 

stress applied – shale cores behave ductilely. When the cores are overconsolidated – 

meaning that the cores have been pre-loaded and relaxed – they easily break down. If 

this finding can be generalized, when shale formations are monotonically buried deeper 

and deeper by newer sediments, any joint sets in the shale may have little correlation 

with structural deformation. However, if there was uplifting or erosion on overlaying 

formations that reduced overburden stress on the shale formations before structural 

deformation, joint sets in the shale may have a noticeble correlation with the structural 

geometry of folds and faults. Thus, burial history can be a critical factor in estimating a 

proper combination of structural deformation and rock accommdation.  

5.6   The effect of interaction among different formations 

One of the obvious geological events that the Marcellus shale play experienced was 

compressional tectonic loadings involving Appalachian orogeny. LPS (lateral parallel 

shortening) from the tectonic loading and rock accommodations to LPS are two of the 

main sources of geological uncertainty we defined from previous sections. If we recall 

Wilkins’ model, the abundance of accommodation features in shale is denser near the 

adjacent stiffer carbonate formations (Wilkins et al., 2014). Developments of vertical 

cleavage are closely related with the deformation of adjacent stiffer layers (Nickelsen, 

1986; Ferrill and Dunne, 1989). From the previous studies, we can infer that structural 

deformation of adjacent formations interfere with each other and affect rock 

accommodations.  
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 Thus, we propose to expand our interest to the adjacent stiffer layers for a better 

evaluation of Marcellus shale formation. On top of the fact that the adjacent formations 

were deformed together with the Marcellus formation, there are a couple of reasons for 

this expansion. First, the thickness of the Marcellus shale formation in the given field is 

relatively too thin to be fully defined separately. It is inevitable to define shale 

formations from seismic data by defining adjacent carbonate or sandstone formations. 

Second, we anticipate that the field-specific problems – the water influx and strong 

connectivity along the ASF strike discussed in Section 5.4 – are closely linked with 

structural deformation and rock accommodation of the adjacent formations. In an 

unconventional reservoir, the underlying carbonate or sandstone, which are the main 

targets for conventional reservoirs, are normally ignored for flow simulations by only 

considering the dynamic modeling within the shale boundary (Osholake et al., 2012). If 

the Onondaga carbonate formation below the Marcellus shale has fractures and faults in 

the formation, wells on the overlaying Marcellus shale may have a huge influx of water. 

In this case, modeling flow simulations around the well bore on the shale formation 

becomes less meaningful if we consider the order of differences in the hydraulic 

conductivity of sandstone, or fractured limestone versus shale.  

The third reason to expand our focus is the fact that adjacent non-shale 

formations are typical targets of “conventional” reservoirs while a shale gas play is an 

“unconventional” reservoir. Researchers and practitioners in industry have more 

experience and expertise in defining and understanding non-shale formation. We want 

to use geological knowledge and data from adjacent conventional formations to 

investigate the unconventional Marcellus formation.  For instance, giving more 

attention to the underlying Onondaga carbonate may give useful inferences on possible 

areas of caution regarding water influx issues. To do that, we need geological models to 

link geological processes in multiple adjacent formations.  

5.6.1 Structural deformation and rock accommodation for adjacent 

formations: the necessity of expanding the boundary of 

investigation  
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Though there are many uncertainties in details on the timing and amount of, it is certain 

that formations near the Marcellus shale experienced a series of compressional tectonic 

loadings over geological time. The Appalachian Mountains and the fold and fault belts 

that we can see from the surface are evidence of compressional tectonic loadings. In 

terms of applied lateral shortening, some regions and formations accommodate 

shortening via structural deformation. All other formations that have gentle structures 

in a macroscopic sense must have some sub-scale deformation and accommodation to 

absorb the basin-level shortening. If we assume the localized thickening in Figure 5.16 

indicates duplexes, it is an intriguingly obvious question to ask what would happened 

to un-duplexed adjacent formations, or structurally gentle areas. If one of the adjacent 

stiffer carbonate formations was duplexed, we want to have explanations of 

deformations on the other stiff layers below and above the duplexed one. Among those 

formations, there are softer shale formations. We also want to know how the shale 

formation accommodated the compressional loading with neighboring stiffer 

formations.  

 

Figure 5.27: Blind duplex and cover deformation observed in an Ordovician formation in the Appalachian 

Basin (Ferrill and Dunne, 1989), with a seismic section of cross line along Well-A of the given data set. 

The red rectangular box in the seismic vertical section corresponds to the Marcellus shale and Onondaga 

carbonate formations.  
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For the stiffer formations with apparent gentle structure but exhibiting complex 

structural deformation in adjacent stiff formations, a “blind duplex” model can give a 

plausible explanation (Ferrill and Dunne, 1989).  This is a proven concept in West 

Virginia from field observations of Ordovician formations, including outcrops. It 

explains that by having a series of fault-bend folds – a duplex – on lateral stacking, a 

stiff carbonate or sandstone formation can go through LPS while remaining perfectly 

horizontal and flat in a macroscopic sense. It also gives an explanation for the overlying 

shale formation. Ferrill and Dunne also observe that the cover deformation of the 

overlaying shale formation is accommodated by developing vertical cleavages. Figure 

5.27 shows a conceptual model of Ferrill and Dunne’s blind duplex with cove 

deformation, with a vertical seismic section of the crossline along Well-A where it was 

considered structurally gentle. If we assume a stiff formation above Marcellus shale is 

duplexed, it is possible to have a blind duplex on the Onondaga carbonate formation 

with cover deformation on the Marcellus by forming vertical cleavages.  

 

Figure 5.28: Cleavage duplexes accommodate up to 40% of LPS by forming vertical cleavage and inter-

layer cleavage (figure modified from Nickelsen, 1986). Vertical lines with orange colors represent vertical 

cleavage development during LPS. The red tilted line is a reverse fault component of interlayer cleavage.  

 For the LPS of the Marcellus shale formation, we have cleavage duplex as 

another type of “blind” duplex that is observed in outcrops of Marcellus shale 
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(Nickelsen, 1986; Ferrill and Dunne, 1989). Figure 5.28 shows the cleavage duplex with 

an image of the outcrop and a schematic cartoon (Nickelsen, 1986). On top of LPS 

accommodation by forming vertical cleavages, Nickelsen observed a series of reverse 

faults forming an interlayer duplex, which made the regional thickness of the Marcellus 

shale evenly thicker. The beauty of Nickelsen’s model is that it allows an explanation 

that can resolve discrepancies among the interpretations of different researchers. For 

instance, Aydin and Engelder disagreed on the timing of J1 and J3: Aydin interpreted 

J3 as a splay of J1 while Engelder believed J3 is a consequence of re-activation in a 

different geological time (Engelder et al., 2009; Aydin, 2014). Both agree that cleavage 

development was a critical vehicle of LPS accommodation. In Nickelsen’s model, J1 

can be a joint set opened from a vertical cleavage and J3 can be mapped to a series of 

reverse faults that consists of a cleavage duplex. Figure 5.29 shows schematic models 

of the developments of vertical cleavage and a cleavage duplex (Nickelsen, 1986). 

 

Figure 5.29: Sketches of cleavage and cleavage duplex development under LPS (Nickelsen, 1986). Left 

(a): vertical cleavage development from LPS. Horizontal foliation prior to LPS is masked out, as cleavage 

is development during LPS. Right (b): Excessive LPS on top of pre-developed cleavage deformation 

ignites to develop thrusting by forming an interlayer blind duplex.  
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Nickelsen’s model does not reject any of Aydin’s and Engelder’s models since 

not all vertically cleavaged shale formations have duplexes in them. It also can reconcile 

the observation of Wilkins and his colleagues (2014), who did not see vertical joints but 

rather many high angled fractures or interlayered reverse faults, by using reverse fault 

in the cleavage duplexes in Figure 5.28. Since not all cleavage surfaces become joints 

or fractures but duplexed shale surely contains a series of reverse faults, Nickelsen’s 

model can also explain the high angle fracture, or faults only focused near stiff layers. 

The existence of a cleavage duplex system in a Marcellus shale formation is a good 

example of the scale dependency of geological description mentioned in Chapter 2. The 

same category of thrust systems – duplex – can make noticeable structural geometry 

from seismic resolution, and it can also process smaller scales to accommodate 

deformational loadings.  

 

Figure 5.30: A combination of structural deformations and rock accommodations considering adjacent 

formations to Marcellus shale. In these specific combinations, a duplex of stiff formation above the 

Marcellus formation in the central part absorbs LPS. The Onondaga formation accommodates LPS by a 

blind duplex. Marcellus shale on top of a blind duplexed Onondaga accommodates LPS by forming 

vertical cleavage and a cleavage duplex.  

 Figure 5.30 shows a combination of duplexes on the formation above the 

Marcellus, a blind duplex on the Marcellus, and vertical cleavage and a cleavage duplex 
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in the Marcellus formation. This combination can explain both what we observed from 

other researchers on joint set characteristics and field-specific observations: high 

horizontal connectivity in a structurally gentle area. It is noteworthy that we are not 

attempting to explain everything with one model, but rather demonstrate possible 

benefits of expanding our focus to adjacent formations to supplement the multiple 

scenario approach to link structural deformation and rock accommodation.  

5.6.2 Contrasting flexural rigidity among adjacent stiff formations 

A duplex system, as a subset of a thrust system, exists when a layer parallel slip is 

promoted by a vertical contrast of layered formations. If the condition does not promote 

a layer parallel slip, either by having a more massive and mixed deposition with lack of 

horizontal layering, or by a lighter overburden when tectonic loading is applied, the 

earth may deform by imbricate fan systems rather than duplex or fault-bend folds (Boyer 

and Elliott, 1982; Ferrill and Dunne, 1989; Thomas, 2001).  

Flexural rigidity, resistance offered by formation when bending is applied, can 

be a useful way to estimate the relative tendency of bending when stiff layers are 

exposed to deformation (Pollard and Johnson, 1973). In Equation (3-3)), E is Young’s 

modulus, h is the thickness of the layer, and  is Poisson’s ratio of the formation rock. 

On top of Young’s modulus that can be understood as the stiffness index, the thickness 

of the formation affects the overall rigidity in cubic law. 

 
𝑅 =

𝐸ℎ3

12(1 − 𝜈2)
 

(5-1) 

 

Figure 5.31 is the well log along Well-A, with Young’s modulus and the 

interpreted lithofacies marked, and part of a vertical section of seismic amplitude along 

the cross-line with Well-A. The Onondaga formation is at least twice as stiff as the Tully 

limestone formation, and thicker than the Tully formation. On top of that, Tully 

limestone is bounded by softer overlaying Rhinestreet and underlying Mahantango and 

Marcellus shale formations. This flexural rigidity contrast – stiffness and layer thickness 
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– can be used as input parameters for structural geologists to evaluate candidate 

scenarios of structural deformation across Marcellus and adjacent formations.  

 

Figure 5.31: Young's modulus along Well-A. Red boxes are carbonate formations and blue boxes are 

shale formations. The figure on the right side shows the relative thickness and Young's modulus of the 

Onondaga and Tully carbonate formations. 

5.6.3 Differences between interactions among adjacent formations: 

joints from shale vs. joints from non-shale formations   

Another type of interaction that we can consider is the initiation formation of joint 

generation in the case of open-mode joints. Spencer’s study, based on the Rocky 

Mountains, showed that joints in sandstone formations are usually contained in the 

sandstone formations, while joints in shale formations always indicate joints in adjacent 

stiffer formations (Spencer, 1987). Spencer used contrasts of the fracture gradients to 

explain these observations. Though sandstone is stiffer than shale with a higher elastic 

modulus, the tensile strength of shale is much stronger than sandstone. Thus, hydraulic 

fractures in sandstone remained within the sandstone formation, while hydraulic 

formation in shale also creates fractures in adjacent sandstone formations.  
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 Spencer’s model has two practical usages for explaining observations in a 

Marcellus shale play, in both field-specific and basin-wide terms. First, it gives very 

straightforward explanations of engineering difficulties found in the given field for both 

the Well-A and Well-B regions. As we discussed, the Well-A region had too high 

horizontal connectivity when hydraulic fracturing was conducted, and the Well-B 

region had an unexpectedly large amount of water influx during well tests. Since the 

given field is located near the structural front of the Appalachian Ridge, the shale 

formations are relatively thinner than in the northeastern part of the basin. Hydraulic 

fracturing in the Marcellus formation would definitely initiate fractures in adjacent 

stiffer formations. Relatively thin shale formations surrounded by fractured carbonate 

formations can have relatively high horizontal connectivity and water influx from 

adjacent fractured formations.  

 Second, Spencer’s model allows us to anticipate vertical connectivity between 

the Marcellus and overlaying Mahantango shale formations. Vertical inter-formation 

connectivity is a critical question to estimate per-well productivity. If open-mode 

fractures from hydrocarbon maturations of Marcellus shale formation were confined 

within the formation, the thickness of the pay zone will be limited in the Marcellus shale 

only. However, if hydrocarbon expulsion created vertical fractures up to the 

Mahantango shale formation, the region becomes more profitable by having a thicker 

pay zone and more efficient hydraulic fracturing, since both of the shale formations have 

been fractured.  
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Figure 5.32: Vertical fracture connectivity to overlaying shale formations (Ink et al., 2015). 

 Figure 5.32 is a schematic diagram of the vertical connectivity of natural fracture 

sets – J1 and J2 (Inks et al., 2015). In this figure, the J1 fracture sets remain in the 

Marcellus shale formations while the J2 fractures run up into the overlaying 

Mahantango shale formation. This interpretation assumes that the J2 fractures were 

generated when the Marcellus shale expulsed gas, while J1 was formed earlier, prior to 

the maximum maturation, by generating liquid phase hydrocarbon. If we follow 

Spencer’s (1987) and Inks and colleagues’ (2015) interpretations, defining the location 

of thicker and organically richer black shale lithofacies out of all the other variations of 

shale lithofacies would be the most important factor, to guarantee both a larger gas 

reserve amount and less-expensive production costs from vertical connectivity from the 

J2 fracture.  

5.7 Applying the proposed framework to the Marcellus data 

In the previous sections, we investigated basin-wide and field-wide sources of 

geological uncertainties and their impacts on the field evaluation. In the present chapter, 
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we test the proposed framework.  First, we define a discrete number of structural 

deformation scenarios and rock accommodation scenarios. We then apply the proposed 

workflow in a 2.5D vertical region along the seismic crossline having well-A within it. 

Once the overall best structure model is selected from the comparison generated by the 

2.5D model, we will create 3D models having both of Well-A and Well-B using the best 

structural deformation scenario. 

5.7.1 Facies and rock property interpretation along well-A  

Before populating the properties following each deformational scenario, we must 

extract the petrophysical properties and their relations to the seismic properties. In Well-

A, we have core analysis data, well log data, and a velocity profile along the well from 

the VSP survey. Since the main target formations are shale and contain a large portion 

of water in the shale minerals and hydrocarbon contents, porosity derived from the 

neutron porosity log tends to be high compared to the porosity measured in core analysis. 

While porosity measurement and mineral density from cores are well aligned with 

porosity ranges and mineral density range from the Marcellus core analysis (around 5-

8 percent), neutron porosity is detected up to 40 percent with excessively low bulk 

density values. Washout from the drilling activities, drilling induced fractures, and poor 

attachments of tools on the wellbore can be the reason. Thus, the neutron porosity and 

density from the well log cannot be taken as hard data for petrophysical modeling. We 

derive porosity and density from the P-velocity profile along the well, using a rock 

physics model. The process is as follows: 

 Define lithofacies along the well 

 Develop Density-Vp relations for each facies 

 Take the mineral density of each facies from core analysis 

 Derive fluid properties for sub-surface conditions 

 Derive porosity along the well 
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First, we defined the lithofacies along the Well-A by comparing interpretations from 

core analysis, mud log reports, and well logging to published typical log-facies relations 

(Zagorski et al., 2012; Wang and Carr, 2013; Carter et al., 2011). The resolution of the 

property modeling grid is approximately 100ft by 100ft horizontally and 3ft vertically, 

and the right column of Figure 5.33 shows the up-scaled lithofacies. The target 

formations are relatively thin (tens of feet) and available core analysis is based on the 

formations themselves instead of each lithofacies. Table 4-1 shows the comingled 

lithofacies of each formation. 

 

Figure 5.33: Defined lithofacies along the well from well log interpretation, core analysis, and mud log 

interpretation (left), up-scaled lithofacies in property grids (right). 

Table 5-1: Lithofacies and average properties of each formation (CMS – calcareous mudstone, POM – 

pyritic organic mudstone, MS – mudstone, COM – calcareous organic mudstone).   

 Lithofacies  f_coeff. d_coeff. 𝝆𝒃𝒖𝒍𝒌 

g/cc 

𝝆𝒇𝒍𝒖𝒊𝒅 𝑲𝒇𝒍𝒖𝒊𝒅 , 

GPa 

Rhinestreet  Shale 0.288 1.8385 2.67 1.0084 2.6984 

Tully Limestone 0.3740 1.5828 2.72 1.0084 2.6948 

Mahantango CMS/POM/M

S/COM 

0.2820 1.8000 2.64 0.5939 0.1240 

Upper 

Marcellus 

MS 0.2680 1.8450 2.58 0.6278 0.1345 
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Cherry Valley  Limestone 0.2800 1.7500 2.64 0.6278 0.1345 

Lower 

Marcellus 

Organic 

mudstone 

0.2620 1.8290 2.53 0.6870 0.1578 

Onondaga  Limestone 0.2300 2.6892 2.62 0.6532 0.1436 

  

Second, we derived the empirical density-velocity relations from each formation. 

Since the main formations are shale, we use Gardner’s power law (Mavko et al., 2003) 

relation in Equation (4-9). 

 𝜌 = 𝑑 ⋅ 𝑉𝑝
𝑓 

(5-2) 

By comparing the P-wave velocity along the well to the density log, we derive 

Garnder’s d and f coefficients for each layer so that the mean bulk density from the 

empirical relations fall into the Marcellus core analysis results. Coefficients for each 

formation are in Table 4-1 along with the mean bulk density of each formation.  

Next, we derive the fluid properties for each formation. Data on fluid content 

and the saturation of each fluid are available from the core analysis. We use Batzle-

Wang equations (Wang, 2001) to calculate the density and bulk modulus of mixed fluid 

in each formation (Table 4-1). Finally, we get a porosity profile along the well that 

reflects core data and the velocity profile.  

For property grid cells without fractures, we use the average mineral and fluid 

density in each formation to calculate cell by cell bulk densities. After adding random 

errors, Gardner’s equations with different derived coefficients are used to calculate P-

wave velocity. After adding random errors on P-wave velocity, S-wave velocity was 

calculated by using the following empirical relations from Marcellus core analysis data 

according to Equation (5-3): 

 𝑉𝑠𝑡𝑟𝑎𝑛𝑠𝑖𝑡 𝑡𝑖𝑚𝑒 = 1.511 × 𝑉𝑝𝑡𝑟𝑎𝑛𝑠𝑖𝑡 𝑡𝑖𝑚𝑒 + 16.56,    𝑚𝑖𝑐𝑟𝑜𝑆𝑒𝑐/𝑓𝑡 
(5-3) 

Note that the above procedure calculates isotropic and un-fractured bulk density 

and P-wave velocity. In the conventional approach, we either use bulk density or P-

wave velocity with adding artificial errors to reproduce natural variability (Castro et al., 

2005; Lee and Mukerji, 2012). Since we assume several different inclusion sets that 
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comprise rock anisotropy, relations between P-wave velocity and bulk density of 

isotropic rocks for each formation form the starting point for reconstructing the rock 

properties along the well under different scenarios using methodologies proposed in 

Chapter 4. 

5.7.2 Variogram modeling for property generation 

Since only Well-A and Well-B are available in the given field, we performed vertical 

variogram analysis using the well log and horizontal variogram analysis using the 

amplitude of the seismic data. Though we populate properties on each formation, not 

on each lithofacies, we conducted facies modeling by using variogram ranges from 

Wang and Carr (Wang and Carr, 2013). Table 5-2 shows the variogram ranges of 

lithofaices and properties.  

Table 5-2: Variogram ranges for lithofacies and properties 

 Max range Medium Vertical Main 

direction 

Lithofacies 300,000 ft 15,000 ft 10 ft NE-SW 

Properties 18,000 ft 9000 ft 10 ft NE-SW 

 

Figure 5.34 shows the results of lithofacies modeling (left) and color-coded 

boundary of each formations. As Figure 5.34 demonstrates, the longer range compared 

to the size of the modeling boundary renders changes in the lithofacies not significant 

in the modeling area. The longest horizontal length of the field is about 80,000 feet, or 

approximately one quarter of the maximum range from Wang and Carr’s study. 

Additionally, the variability of the lithofacies within each formation reflects minor 

differences such as organic mudstone versus pyritic organic mudstone; these become 

less meaningful given the high degree of uncertainty in the scale of the given field for 

the lithofacies. Thus, we model lithofacies by each formation such as Upper Marcellus 

shale and Lower Marcellus shale, not by organic mudstone versus carboniferous organic 

mudstone.  
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Figure 5.34: Modeling grids color coded by populated lithofacies (left) and formation (right). Only the 

Marcellus formations are shown.  

5.7.3 Modeling alternative structural models with different structural 

deformation modes 

 

Figure 5.35: Structural models of four different scenarios on modes of structural deformation.  
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Based on the observations from seismic data and reviews on literatures from Section 5.5 

and Section 5.6, we defined four different modes of structural deformations from D1 to 

D4. The structural model of D1 has a duplex of Tully limestone on stiffer layers above 

the Marcellus formation. For D2, Onondaga limestone is duplexed in a structural model. 

The structural model of D3 has locally thickened horizons in the center of the section to 

model localized reef structure, while the model of D4 has a localized thickened section 

on the Onondaga formation. Structural models are generated using the Paradigm 

SKUA platform, as can be seen from Figure 5.35. Petrophysical properties inside each 

formation are populated by following each accommodation style. 

5.7.4 Defining rock accommodation styles 

Based on field specific observations and geological interpretations of different 

researchers in section 5.5 and 5.6, we assume seven different accommodation scenarios 

with two possible assumptions on how to model background anisotropy in shale 

formations. Thus, we have a total of 14 different combinations of accommodation 

modes.  For simple notation, “A1a” corresponds to accommodation mode one with 

modeling background shale anisotropy. “A2i” corresponds to accommodation mode 

two with modeling shale as an isotropic medium.  

 The conventional approach makes no explicit considerations of structural 

deformation and rock accommodation in property modeling process; it corresponds with 

“A1.” In this case, well interpretation along Well-A in section 5.7.1 is directly used for 

reservoir modeling and all formations are modeled without the existence of any crack 

or fracture. Mode “A2” and Mode “A3” are ductile accommodation and shear fractures 

following the accommodation amount and fracture orientation assigned from dilatation 

and Eigen strains from deformation analysis. From A1 to A3 exactly correspond to the 

scenario used for the synthetic example in Chapter 2.  

 Mode “A4” follows “Aydin’s” interpretation covered in Section 5.4 (Aydin, 

2014).  Three different joint sets, J1, J2, and J3, are all assigned from geometrical 

analysis. Mean curvature is used to indicate abundance of joints, while geometrical dip 
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and azimuth guide orientations of joint sets. Under “Aydin’s” mode, all joint sets are 

modeled only in main shale formations – Mahantango, Upper Marcellus, and Lower 

Marcellus.  

Mode “A5” is following “Engelder’s” interpretation in Section 5.4. The 

difference between “A4” and “A5” is the abundance and orientation of the “J1” joint 

set. In Engelder’s case, the orientation of J1 joints do not follow current geometry. 

Instead, it strikes perpendicular with the paleo-tectonic loading orientation, NW-SE. 

The abundance is guided by the LPS indicator which is a normalized indication of the 

relative amount of lateral parallel shortening by multiplying compressional dilation 

from restoration strain and normalized thickness variation of Onondaga formation by 

following the assumption of Nickelsen of blind duplex (Nickelsen, 1986). Furthermore, 

it also considers the existence and abundance of cracks or fractures in the main shale 

formations. However, the previous four modes differ precisely in how they consider 

deformation in adjacent formations, by distinguishing variations in thickness in 

Onondaga formation resulting from the deformation process.  

 The interpretation of “Wilkin’s” in Section 5.4 is assigned into Mode “A6”. 

Onondaga formation is not only used as a LPS indication, but also a formation having 

nearly horizontal fractures representing series of sub-seismic reverse faults originating 

from the LPS. In this mode, orientations of joint sets are identical with “A3” – Aydin’s 

– while the abundance of the joint set corresponding to J1 is guided by the distance from 

the Onondaga formation. If the formation is close to the Onondaga, the crack abundance 

is larger. 

 The “A7” mode of accommodation is a new interpretation proposed by 

combining ideas of A5 and A6 and using Nickelsen’s model and Ferrill and Dunne’s 

model to link the LPS of adjacent formations (Nickelsen, 1986; Ferrill and Dunne, 1989); 

it combines blind duplex on the stiff layer and cover deformation on the soft formation 

by developing vertical cleavage. The relationship between adjacent horizons was 

depicted in Figure 5.30. We call it as “NFD” by following the first characters of the 

three authors.  



219 
 

 

Figure 5.36: Vertical cleavage development during the LPS resulting in both a perpendicular and stiffer 

orientation. The opening of vertical cleavage resulting from the generation of hydrocarbons made the 

rock stiffer. It provides a coherent explanation on the discrepancy between the orientation of current 

maximum stress and paleo maximum compressional stress.  

Figure 5.36 depicts how vertical cleavage and J1 joints accommodated the LPS 

in mode “A7”. The abundance of J1 joints are guided by the LPS of the Onondaga 

formation. Thus, it shares the same orientation and abundance with “A4” – “Engelder’s” 

mode for J1 joint sets. It differs from “A4” in the explicit modeling of fractures in the 

Onondaga formation. “A7” can be understood as a  hybrid of “A4” and “A6” using 

Nickelen’s idea of blind duplex with cover deformation (Nickelsen, 1986).  

These 14 different combinations – seven modes with two assumptions on 

background anisotropy of shale – will be combined with the four different structural 

interpretations covered in Section 5.7.3. In each of the 56 combinations, the existence 

of space and abundances of crack/joint/fracture sets are modeled by following the 

different assumptions of each combination.  

5.7.5 Modeling background shale anisotropy  

In the present section, we populate the background anisotropy of Marcellus shale under 

VTI symmetry assumptions. By applying REIM (Reconstruction of Equivalent 

Isotropic Medium) along Well-A, we can extract equivalent solid isotropic medium by 

having equivalent bulk modulus and equivalent shear modulus, Keq and Geq respectively, 

and the aspect ratio of crack-like pores discussedin Chapter 4. When the axis of 
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symmetry is tilted, we can easily compute stiffness tensors using Bond’s transformation. 

Although constructing the anisotropic stiffness tensors of Marcellus shale by itself is 

not our main goal, the anisotropic tensors reveal the background anisotropy of rock and 

divide it into equivalent isotropic solid phases and crack-like pores. This process closely 

and acceptably approximates the stiffness anisotropy when the crack-like pores are 

added back to the isotropic solid phase. Having the isotropic background media allows 

us to construct and compute the anisotropy of the elastic responses of shale having 

multiple sets of inclusions such as joints, fractures, or veins.  

 

 

Figure 5.37:  Relations among equivalent bulk and shear modulus, and the aspect ratio, crack density to 

porosity of crack-like pores color-coded by formations.  

Figure 5.37 shows the relationship between porosity and aspect ratio of crack-

like pores and elastic moduli of equivalent isotropic solid phase. Each color-coded 

formation follows the same pattern of having a  higher aspect ratio and softer equivalent 
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isotropic media.  Thus, less dense rock with slower seismic velocity will be modeled to 

have a higher level of anisotropy. When the pores are added back into the isotropic solid 

media with aspect ratio, the resultant stiffness tensors reproduce both the expected 

vertical velocity and the desired amount of stiffness anisotropy (Figure 5.38). 

 

Figure 5.38: Reproduction of velocity and P-wave anisotropy (Thomsen’s epsilon). Left figure shows 

calculated P-wave anisotropy by combining crack-like pores with the equivalent isotropic solid phase 

using Hudson’s model and Cheng’s second order correction terms. The reconstructed effective medium 

exactly reproduces the measured velocity (right figure) and stiffness anisotropy.  

The trend curves of both porosity to the aspect ratio of crack-like pores and 

porosity to elastic moduli for each formation can be used to model background 

anisotropy on rocks in the regions away from the well locations. When fitted into 2nd 

order polynomials, the coefficients for each formation are contained in Table 5-3. When 

a porosity value is given for a specific formation, we can retrieve the bulk and shear 

modulus of isotropic solid phase and the aspect ratio of pores. This approach makes it 

easier to populate the background elastic properties under TI (transversely isotropic) 

assumption.    

Table 5-3: coefficient of 2nd order polynomial linking porosity to aspect ratio, crack-like pores, and the 

elastic moduli of equivalent isotropic media. Three numbers correspond to a,b, and c of ax2 + bx +c.   

 Mahantango Upper Marcellus Lower Marcellus 

Porosity to  

aspect ratio 
-17.98, 4.84, 0.006 -14.23, 4.17, 0.026 -14.86, 4.19, 0.0079 
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Porosity to  

bulk modulus 
620.46, -217.7, 48.99 657.80, -217.91, 47.76 592.33, -184.12, 43.93 

Porosity to  

shear modulus 
189.70, -100.99, 20.13 175.11, -98.83, 19.48 164.09, -89.06, 17.78 

 

The relationship indicated here assumes that the shale with higher porosity has 

higher anisotropy. Vernik and Liu explained this trend by arguing that micro-cracks 

increased when pore pressure induced greater porosity. (Vernik and Liu, 1997). 

However, if the porosity of shale kept increasing from pore pressure (e.g. from 

hydrocarbon generation) the higher porosity and lower density may perhaps lead lower 

aspect ratio of crack-like pores and a lower level of stiffness anisotropy (Vernik and 

Nur, 1992; Bandyopadhyay, 2009). Recalling from Figure 5.14, core sections from 

Mahantango, which is denser than Marcellus, has more visible horizontal foliation while 

the core section from lower Marcellus has faint lamination than Mahantango. Thus, 

some geological conditions may produce exactly the opposite relationship between 

porosity, or bulk density, and the aspect ratio of crack-like pores.  

One other possible way of constructing relations among petrophysical 

parameters is to change the portion of crack-like pores out of total porosity while fixing 

aspect ratio of crack-like pores into a single number. Neither approach produces 

significantly different results.  A smaller aspect ratio alongside a higher crack porosity 

increases the stiffness anisotropy by making the crack density value larger.  Additionally, 

the reconstruction of crack-like pores and the equivalent isotropic solid phase can be 

modeled to acquire the isotropic medium. The goal of this analysis is not to produce a 

realistic shale model, but to capture how it develops anisotropy with different geological 

conditions and processes.   

5.7.6 Reconstruction of equivalent isotropic medium along the well 

under different rock accommodation scenario  

In Section 5.7.4, we defined seven different types of accommodation scenario. Together 

with the assumptions on background anisotropy of shale, we have 14 different 
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accommodation styles. If we assume the existence of certain geological features along 

the well region, we need to adjust the petrophysical properties accordingly. For instance, 

if we anticipate the existence of vertical joints filled with light fluid near the wellbore, 

a stiffer and denser un-fractured bulk material is necessary to preserve bulk density and 

effective stiffness 

One may challenge this idea of having different sets of shear and bulk moduli 

by noting that we have some of the most reliable data along the wells. Yet interpreting 

this data involves many geological assumptions themselves, which may lead to widely 

disparate and conflicting interpretations. Recall that porosity from the Neutron density 

log along Well-A contains many porosity values larger than 40 percent. One possibility 

interpretation is to attribute these values to the washout from drilling or bad attachments 

from the logging device to the borehole surfaces.  But pre-existing fractures might also 

cause this as well.  In fact, distinguishing natural fractures from those induced by  

drilling was practically impossible in Figure 5.13.    

By using the internal optimization loop on the REIM process to extract optimal 

bulk and shear modulus (see Chapter 4), we can recalculate different bulk and shear 

modulus along Well-A according to 14 different accommodation scenarios. Note that if 

we assume background anisotropy, the number of inclusion sets are increased by one 

by having pores act as one extra set of crack inclusion.   
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Figure 5.39: Left – comparison of assumptions on background shale. By having stiffer solid isotropic 

media, resultant vertical stiffness will be preserved with one more crack inclusion – crack-like pores. 

Right – different accommodation styles yield different bulk modulus profiles.  

Figure 5.39 compares the effect of different assumptions on background 

anisotropy (left) and different accommodation scenarios involving different sets of 

crack inclusions (right). The left figure contains a distinctively larger bulk moduli 

profile based on the difference in background isotropic medium. When background 

anisotropy is assumed, the blue curve, we extract isotropic solid phase without pores. 

When we assume isotropic background, we extract isotropic bulk rock with pores in it. 

While two curves in the left figure have discontinuous sections, the blue curve on the 

right figure does not have discontinuous sections. A6, accommodation style based on 

Wilkins et al., assumes crack and vein existence on Cherry Valley and Onondaga 

formations. Thus, REIM under A6 produces equivalent bulk and shear modulus on 

carbonate formations while Accommodation style from A1 to A5 do not produce 

equivalent background medium on Cherry Valley and Onondaga formations.  
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Figure 5.40: Trend among porosity and equivalent bulk and shear moduli of isotropic background media. 

Upper rows assume isotropic shale while the lower rows assume anisotropic shale. First number 

corresponds to accommodation scenario and second number corresponds one for assuming isotropic 

background matrix and two for anisotropic background medium. “Keq42” is for the equivalent bulk 

modulus assuming background shale anisotropy with Accommodation scenario A4.  
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 Figure 5.40 shows a reconstructed bulk modulus plot with porosity, color-coded 

by formations. Under anisotropic assumptions, bulk modulus is shifted to larger values 

because it assumes the extraction of pores from the rock. Direct comparison of the bulk 

modulus from this process with actual bulk modulus of consisting minerals may be a 

good quality check on the process. We can extract empirical relations to extrapolate 

background isotropic properties for regions away from the well locations.  

In this analysis, we focused on modeling inclusions into shale rocks. However, 

shale is ductile material compared to carbonate and many sandstones. We less stressed 

the ductile accommodation simply because it is straightforward to model and already 

covered it in Chapter 2.  Furthermore, Marcellus shale has multiple joint/fracture sets 

spreading across Appalachian basin.  

5.7.7 Petrophysical property modeling for each scenario 

We have four different structural models having different grid cells, 14 different models 

of the petrophysical properties along the wells.  By using empirical relations between 

porosity to bulk and shear modulus, and the aspect ratio of crack-like pores for cases 

assuming background anisotropy, the properties of background media are decided by 

the formation and porosity values. Spatial distributions of orientation, abundance, and 

the existence of each inclusion set is decided by deformational strain, structural 

geometry, or combinations of them as defined from Section 5.7.4. When all the 

information of background medium and crack inclusions are determined for a specific 

simulation node, we can use any effective model of crack inclusion. To make the process 

consistent, the same effective model (Hudson’s model with Cheng’s 2nd order correction 

terms) used on extraction of isotropic background media is used (Cheng, 1993).   

 Once all the cell nodes are calculated, we can compute seismic responses for the 

different orientation thanks to having Voigt’s stiffness tensors considering multiple 

crack inclusions without constraints on their orientations. Using the cone searching 

method covered in Chapter 4, we can easily extract the azimuth of the fastest seismic 

velocity and variations of seismic velocity. We also can calculate the seismic anisotropy 

of resultant rock media assuming different combinations of inclusion sets.  
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5.7.8 Comparisons and discussion 

We compare the volume-weighted sum of squared errors (SSE) between seismic 

attributes from survey and synthetic attributes computed for each structural model and 

accommodation model (Equation (5-4)). 25 models for each combinations are populated 

and the total number of models are 1400. In here, the main purpose is to find the overall 

best structural deformation model out of four alternatives to expand a 3D model in a 

following section.  

 

𝑆𝑆𝐸𝑉𝑜𝑙𝑢𝑚𝑒 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 = 1
∑ 𝐶𝑒𝑙𝑙𝑉𝑜𝑙𝑢𝑚𝑒𝑖

𝐶𝑒𝑙𝑙 #
𝑖=1

⁄ × ∑ 𝐶𝑒𝑙𝑙𝑉𝑜𝑙𝑢𝑚𝑒𝑖 ∙ (𝐴𝑡𝑡𝑟𝑏𝑡𝑖
𝑠𝑦𝑛𝑡𝑒𝑡𝑖𝑐

− 𝐴𝑡𝑡𝑟𝑏𝑡𝑖
𝑠𝑢𝑟𝑣𝑒𝑦

)2

𝐶𝑒𝑙𝑙 #

𝑖=1

 

  
(5-4) 

 Seismic reflectivity in 0-degree angle (Rpp0), azimuth of fastest P-wave velocity 

(AzimVfast), and difference between fastest and slowest azimuthally varying P-wave 

velocity (dVfVs) are used to compute volume weighted SSE.  

Table 5-4: Comparison by Rpp0.  

\Deformation 

Accommodation 

D1: Tully 

Duplex 

D2: Tully Reef D3: Onondaga 

Duplex 

D4: Onondaga 

Reef 

A1: Conventional 1.58 1.82 1.95 2.31 

A2: Ductile 1 1.24 1.65 1.67 

A3: Brittle 2.04 2.32 2.43 4.27 

A4: Aydin’s 1.27 1.57 1.94 2.25 

A5: Engelder’s 1.13 1.33 1.74 1.76 

A6: Wilkin’s 1.14 1.36 1.70 1.72 

A7: NFD 1.09 1.35 1.73 1.72 

 

Table 5-5: Comparison by dVfVs.  

\Deformation 

Accommodation 

D1: Tully 

Duplex 

D2: Tully Reef D3: Onondaga 

Duplex 

D4: Onondaga 

Reef 

A1: Conventional 1.43 1.45 1.37 1.33 

A2: Ductile 1 1.30 1.17 1.15 

A3: Brittle 1.25 1.39 1.25 1.28 

A4: Aydin’s 1.50 4.40 1.59 3.20 

A5: Engelder’s 2.37 2.84 1.91 2.70 

A6: Wilkin’s 1.51 1.49 1.32 1.39 
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A7: NFD 1.35 1.40 1.31 1.28 

 

Table 5-6: Comparison by AzimVfast.  

\Deformation 

Accommodation 

D1: Tully 

Duplex 

D2: Tully Reef D3: Onondaga 

Duplex 

D4: Onondaga 

Reef 

A1: Conventional 1.99 2.68 2.59 2.70 

A2: Ductile 1.05 2.33 2.23 2.36 

A3: Brittle 1.19 2.34 2.17 2.38 

A4: Aydin’s 1.12 2.37 2.23 2.42 

A5: Engelder’s 1.16 2.36 2.27 2.36 

A6: Wilkin’s 1.13 1.20 1.13 1.24 

A7: NFD 1.20 1.06 1 1.02 

 

Table 5-7: Comparison by multiple of Rpp0 – dVfVs - AzimVfast.  

\Deformation 

Accommodation 

D1: Tully 

Duplex 

D2: Tully Reef D3: Onondaga 

Duplex 

D4: Onondaga 

Reef 

A1: Conventional 4.23 6.77 6.62 7.93 

A2: Ductile 1 3.58 4.15 4.33 

A3: Brittle 2.92 7.18 6.30 12.38 

A4: Aydin’s 2.03 15.61 6.60 16.59 

A5: Engelder’s 2.96 8.55 7.21 10.77 

A6: Wilkin’s 1.85 2.33 2.42 2.82 

A7: NFD 1.70 1.91 2.16 2.16 

 

We also compute volume-weighted SSE only along the well where we know the 

measured seismic velocity and density from the well log. Because this value is 

comparison between the true Rpp0 from seismic data and the closest Rpp0 when we 

have detailed measurements, if any volume-weighted SSE is smaller than this value, we 

cannot reject that scenario. In the same way, we can convert the SSE into likelihood 

probability by using Equation (5-5). Table 5-8 shows likelihood normalized by the 

maximum values.  

 
𝑝(𝑑|𝑚) ≅ 𝑒𝑥𝑝 (−

𝑆𝑆𝐸

𝑆𝑆𝐸𝐷𝑎𝑡𝑎@𝑤𝑒𝑙𝑙

) 
(5-5) 

 

Table 5-8: Comparison by multiple of Rpp0 – dVfVs – AzimVfast (likelihood).  

\Deformation 

Accommodation 

D1: Tully 

Duplex 

D2: Tully Reef D3: Onondaga 

Duplex 

D4: Onondaga 

Reef 



230 
 

A1: Conventional 0.06 0.02 0.02 0.01 

A2: Ductile 1.00 0.09 0.06 0.06 

A3: Brittle 0.09 0.01 0.02 0.00 

A4: Aydin’s 0.25 0.00 0.02 0.00 

A5: Engelder’s 0.07 0.01 0.02 0.00 

A6: Wilkin’s 0.31 0.20 0.16 0.12 

A7: NFD 0.40 0.28 0.18 0.19 

 

Average of volume-weighted SSE of 50 models for each scenario combinations 

normalized by the minimum mean SSE. Table 5-4, Table 5-5, and Table 5-6 are for 

normalized SSE tables of Rpp0, dVfVs, and AzimVfast respectively. In each table, 

combinations of structural deformation scenarios and rock accommodation scenarios 

having smaller values close to one are the combinations showing better similarity among 

synthetic and actual seismic responses. From Rpp0 table, D1-A2 and D1-A7 

combinations show the lowest errors. In overall, D1- Tully duplex yields the smallest 

errors with any combinations of rock accommodation scenarios. However, Rpp0 

comparison does not distinguish among accommodation scenarios. dVfVs comparison 

shows smaller differences among combinations except A4 and A5 yield relatively larger 

errors. When compared by AzimVfast, D1 – Tully duplex – gives the least amount of 

SSE as we seen from Rpp0 comparison. However, when focusing on A7 – 

accommodation scenario based on Nickelsen-Ferrrill-Dunne, results from all 

deformational scenarios gives relatively same level of errors. Table 5-7 shows 

multiplications of all three normalized SSE of Rpp0 – dVfVs – AzimVfast. Though the 

values in the tables are not representing likelihood of the scenarios, the multiplied values 

can be understood as proxy of likelihood. In overall, D1-A2, Tully Duplex with having 

ductile deformation yields the smallest errors. The second and third combinations 

having smallest errors are D1-A6 and D1-A7. In overall, D1 yields the smallest errors.  

Table 5-9 and Table 5-11 shows the sum of SSE of each comparison summed 

into same structural models and accommodation models respectively. Table 5-10 and 

Table 5-12 show the likelihood probability normalized by the maximum values.  
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Table 5-9: Comparison volume-weighted SSE by structural deformation scenarios. SSEs from 14 

accommodation scenarios sharing the same structural deformation scenario are averaged and normalized 

by the minimum value among four deformational scenarios.  

Scenario\Attributes Rpp0 dVfVs AzimVfast 

D1: Tully Duplex 1 1.05 1 

D2: Tully Reef 1.18 1.44 1.62 

D3: Onondaga Duplex 1.42 1 1.54 

D4: Onondaga Reef 1.70 1.24 1.64 

 

Table 5-10: Comparison of likelihood by structural deformation scenarios. Likelihood probabilities from 

14 accommodation scenarios sharing the same structural deformation scenario are averaged and 

normalized by the minimum value among four deformational scenarios.  

Scenario\Attributes Rpp0 dVfVs AzimVfast Combined 

D1: Tully Duplex 1.00 0.98 1.00 0.98 

D2: Tully Reef 0.66 0.70 0.50 0.23 

D3: Onondaga Duplex 0.37 1.00 0.56 0.20 

D4: Onondaga Reef 0.31 0.87 0.50 0.13 

 

Table 5-11: Comparison of volume-weighted SSE by accommodation scenarios. Results from different 

assumptions on shale anisotropy are combined for comparison focusing on the effects of 

accommodational style only.  

Scenario\Attributes Rpp0 dVfVs AzimVfast 

A1: Conventional 1.38 1.21 2.33 

A2: Ductile 1 1 2.33 

A3: Brittle 1.99 1.12 1.86 

A4: Aydin’s 1.27 2.31 1.90 

A5: Engelder’s 1.07 2.13 1.90 

A6: Wilkin’s 1.06 1.24 1.06 

A7: NFD 1.06 1.16 1 

 

Table 5-12: Comparison of likelihood probability by accommodation scenarios. Results from different 

assumptions on shale anisotropy are combined for comparison focusing on the effects of 

accommodational style only. Likelihood probability is normalized by the maximum value.  

Scenario\Attributes Rpp0 dVfVs AzimVfast 

A1: Conventional 0.40 0.66 0.21 

A2: Ductile 1.00 1.00 0.44 

A3: Brittle 0.16 0.79 0.40 

A4: Aydin’s 0.56 0.27 0.41 

A5: Engelder’s 0.83 0.14 0.41 

A6: Wilkin’s 0.83 0.63 0.89 
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A7: NFD 0.86 0.73 1.00 

 

Differences in near offset seismic reflectivity (Rpp0) among models are not 

noticeably significant for both comparisons by structural deformation modes and rock 

accommodation modes. Since the attributes capture the vertical seismic responses, the 

results make sense because we modeled petrophysical properties so as to reproduce the 

vertical velocity profiles observed along the well. Scenarios having structural features 

on Tully formation, D1 and D2, shows slightly smaller SSE than D3 and D4. When we 

compare the differences between fastest and slowest seismic velocity (dVfVs) among 

structural deformation modes, duplex scenarios, D1 and D3, show smaller SSE than reef 

scenarios, D2 and D4. dVfVs captures geological features introducing offset 

dependency on seismic responses such as pore fluid, or existence of fractures. D1 

scenario yields the smallest SSE on comparisons of azimuth of fastest P-wave velocity 

(AzimVfast). D1 gives the best match with seismic attributes when compared 

independently, or compared sequentially from Rpp0, dVfVs, and AzimVfast in order of 

seismic attributes of no angular dependency, of offset dependency, and of azimuthal 

dependency.  

   When compared by accommodation scenarios, the accommodation scenarios of 

A6 and A7 show smaller SSEs than other cases. All two models assume LPS 

accommodation as one of the most important guiding factors on inclusion features. A6 

and A7 have inclusion sets in Onondaga limestone. A2 – ductile accommodation – 

yields the smallest SSE for Rpp0 and dVfVs comparisons. Since all four structural 

deformation scenarios are under assumptions of compressional condition and fracture 

sets are also for the compressional environments, spatial regions having large dilatation 

correspond to regions with high fracture abundance. It can be interpreted as a 

coincidence or an indication of noticeable correlations between structural attributes and 

petrophysical properties.  

Tully duplex showed overall smaller SSEs among different structural deformation 

scenarios. Actually, the accommodation models having best matches with seismic 

attributes, A6 to A7, are only meaningful when the Onondaga formation has been 
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exposed to accommodations related to LPS. For the case of Onondaga duplex, or 

Anticline of Onondaga formation, the Onondaga formation accommodates the tectonic 

loading by having noticeable structural deformation. Thus, A6 to A7 become 

meaningful only when the Onondaga formation accommodated by LPS does not involve 

major structural changes. Tully Duplex, D1, is more likely scenario not only from the 

direct comparisons to seismic attributes but also the structural deformation scenario to 

justify the observations of having A6 and A7 as accommodation modes with smallest 

SSEs. Thus, we choose the Tully duplex model for further investigation in a full 3D 

model. 

 

 

Figure 5.41: Seismic amplitude from true seismic survey (top). Synthesized amplitude in field scale from 

a realization on the scenario of Tully duplex with blind duplex (bottom). 

Figure 5.41 compares seismic amplitude with actual seismic data and synthetic 

seismic amplitude with the combination of Tully duplex as structural deformation model 

and A7 as accommodation model.  From the combination of Tully duplex and any of 

A5 to A7, we can extract information from Onondaga formation to estimate abundance 

of fractures in the adjacent Marcellus formation.  
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Figure 5.42: Indication of blind duplex from thickness variation and weakness of seismic responses on 

Onondaga formation. Well-A region has higher indication values than other regions. When blind duplex 

is assumed as accommodation model in Onondaga, thickness variation and weaker amplitude in blindly 

duplexed area can be anticipated.  

Figure 5.42 is a 2.5D section of Lower Marcellus shale colored by blind duplex 

indication. Blind duplex indication is derived from Normalized Onondaga thickness and 

vertical summation of normalized seismic amplitudes on Onondaga formation. Blind 

duplex creates elongated thickening without having noticeable geometrical 

perturbations from seismically driven structural geometry. If the formation is blindly 

duplexed, it may contain a series of nearly horizontal faults. Thus, the seismic amplitude 

becomes weaker. The blind duplex indication has higher values around the Well-A 

region. Thus, the Well-A region does not have fracture or fault networks, yet the 

orientation of the fractures/fault NE-SW correspond with reverse fault on Onondaga 

formation and vertical cleavage of Marcellus.  

5.8 Expansion to 3D model  

We selected the Tully duplex structural model for 3D expansion. Within the 3D model, 

we apply 14 different accommodation styles on property modeling.  

5.8.1 3D structural model of Tully duplex scenario 
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In the 3D structural modeling, we want to capture repeating section of Tully duplex and 

thus reproduce the localized thickening we see from the seismic survey (Figure 5.43). 

By applying different accommodation modes within the 3D model, we investigate 

whether models from certain accommodational assumptions more closely reproduce 

seismic observations. Finally, we aim to see whether the combination of the structural 

model and accommodation models can explain the field specific problems discussed 

earlier.  

 

Figure 5.43: Seismic section with Mahantango horizon of localized thickening. Orange color – crossline 

along Well-B region. Red color- crossline along Well-A region. Under the Tully duplex scenario, 

localized thickening region in the seismic cube are modeled as repeated sections of Tully and Mahantango 

formation from duplex deformation.  



236 
 

 

Figure 5.44: Horizon picks of Rhinestreet shale formation 

 

Figure 5.45: Optimized surfaces and partial manual picks for Tully limestone horizons. 
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First, horizon picks for each formations from seismic survey are conducted.  

Figure 5.44 shows horizon picks of Rhinestreet shale formation. The second step 

involves creating optimized surfaces from manual picks. Figure 5.45 shows the 

optimized surfaces of the top of Tully limestone formation. Parts with light blue are for 

the Tully limestone with the repeating section under the other repeating section above 

(light gray).  

 

Figure 5.46: Structural model of Tully duplex model with surface horizons. 
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Figure 5.47: Duplex features captured in the structural model. The left figure is the surface top of a 

Mahantango formation and the right figure is the repeating horizon by duplex. 

Figure 5.46 shows a structural model of a Tully duplex scenario. Figure 5.47 

depicts the repeating section on the Mahantango formation by removing the Rhinestreet 

shale and Tully limestone formations on top of the Mahantango formation.   

 

Figure 5.48: Property grid colored by formation index. 
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Figure 5.48 is a geological grid for property modeling colored by formation 

index. Using the same procedure we followed for 2.5D vertical section modeling, we 

can populate and calculate petrophysical properties according to each accommodation 

scenario.  

5.8.2 Discussion  

From the same type of comparisons among seismic responses of from field data and 

synthetic responses from each model, we compare the SSE and the likelihood of the 

models from each accommodation scenario (Table 5-13 and Table 5-14). Models from 

the accommodation scenarios assuming the blind duplex on Onondaga carbonate 

formation give a lower level of SSEs. From the comparison of chosen attributes, A6 and 

A7 are more likely scenarios than other accommodation scenarios.  

Table 5-13: comparison of SSE of near-offset seismic reflectivity (Rpp0), differences between fastest and 

slowest P-wave velocity (dVfVs), and azimuth of fastest P-wave velocity (AzimVfast) by different 

accommodation scenarios.  

Scenario\Attributes Rpp0 dVfVs AzimVfast 

A1: Conventional 3.02  1.18  2.89  

A2: Ductile 1.74  1 2.46  

A3: Brittle 2.15  1.12  2.56  

A4: Aydin’s 3.20  2.07  2.61  

A5: Engelder’s 1.50  2.46  2.59  

A6: Wilkin’s 1.37  1.23  1  

A7: NFD 1  1.14  1.05 

 

Table 5-14: comparison of likelihood probability of near-offset seismic reflectivity (Rpp0), differences 

between fastest and slowest P-wave velocity (dVfVs), and azimuth of fastest P-wave velocity (AzimVfast) 

by different accommodation scenarios.  

Scenario\Attributes Rpp0 dVfVs AzimVfast 

A1: Conventional 0.45  0.58 0.07 

A2: Ductile 0.75  1.00 0.31  

A3: Brittle 0.64  0.70  0.17  

A4: Aydin’s 0.42  0.01  0.00  

A5: Engelder’s 0.82  0.02  0.01  

A6: Wilkin’s 0.86  0.58  0.49 

A7: NFD 1.00  0.66  0.66 
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 The results align with 2.5D comparisons. One minor differences from 3D over 

2.5D results are the Ppp0 comparisons. Compared to 2.5D, differences of SSE on Rpp0 

among scenarios become larger. When the modeling volumes are small and close to the 

hard data (Well-A), all models can reproduce relatively similar reproductions on seismic 

responses. However, results from A1 to A5 are deviated away from the obtained seismic 

responses when 2.5D is expanded to 3D. It depicts possible caveat when the scenarios 

or models are selected from the comparisons of one or two parameters. Comparisons by 

offset dependent and azimuthal dependent attributes remain nearly unchanged.      

 Results of A6 and A7 are negligible in terms of SSE of all three attributes. If we 

recall the accommodational scenario of A6 and A7, both are nearly identical except how 

they call the features – reverse fault vs J1 joints on Lower Marcellus, assumptions on 

reverse faults making blind duplex in Onondaga for only A7. However, the effect of 

reverse faults in Onondaga under A7 scenario on azimuthal variation is less likely 

detectable from AzimVfast because the normals of fault surfaces are 30 degree from 

vertical axis. With having vertical veins striking NW-SE, AzimVfast would not vary by 

the existence of Onondaga blind duplex. However, Modeling Onondaga blind duplex 

as reverse faults can be the reason of smaller SSE on Rpp0 of A7 over A6.  

Having larger errors do not mean that those accommodation scenarios are 

inferior, or more likely to be wrong. It just means that the realizations under those 

scenarios yields less similar synthetic seismic responses compared to the seismic data 

of the field. If we interpret the smaller SSE as an indication of being a more appropriate 

scenario for the field, the interpretation would only hold good for this field, or fields 

having similar geological settings – especially structural setting. 

 From the comparisons, we choose A7 – a new interpretation proposed by 

combining interpretations of Nickelsen (1986) and Ferrill and Dunne (1989) – as the 

most likely accommodation model. Now, we test whether the combination of structural 

deformation model and rock accommodation model – Tully Duplex and Ay – allow us 

to anticipate anomalies on Well-B region. Well-B region had difficulties during well 

test analysis by having strong water influx from unknown sources.  
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Figure 5.49: Blind duplex indication from normalized Onondaga thickness and normalized weakness of 

seismic amplitude. All of them are scaled from zero to one. 

 

Figure 5.50: Blind duplex indicator on Onondaga (a) and structural front of Tully duplex. Regions with 

higher blind duplex indicator corresponds the foreland of Tully duplex.  

Figure 5.49 shows the blind duplex indication used in Figure 5.42. As can be seen 

from Figure 5.49c, both the Well-A region and the Well-B region have higher blind 

duplex indication. Under the scenario of accommodation modes from A6 and A7, 

having blind duplex in the Onondaga formation yields cleavage/joint/fracture 
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developments on Marcellus shale because of LPS. Figure 5.50 shows the regions having 

higher blind duplex indicator are coincide with the foreland of Tully duplex.   

 

Figure 5.51: Comparison of blind duplex indication, horizon dip, and azimuth of fastest P-wave velocity 

in the Well-A and Well-B regions. 

Figure 5.51 superimposes the Well-A and Well-B regions on top of the blind 

duplex indication map (bottom) and horizon dip (top) with azimuth of fastest P-wave 

velocity near the Well-A and Well-B region after flipping 90 degree. In the Well-A 

region, the azimuth of fastest P-wave velocity corresponds perpendicular to the 
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orientation of possible fracture swamps or fault networks. In accommodation modes of 

A6 and A7, Onondaga formation forms vertical joints/vein perpendicular to shortening 

orientation to compensate LPS and make the azimuth of fastest seismic velocity 

perpendicular to preferential flow orientation (Inks et al., 2015).   

The Well-B region also has a higher value on blind duplex indication. The 

difference between the Well-A region and Well-B is the variability of the azimuth of 

fastest P-wave velocity and geometrical complexity on Well-B region. The Well-B 

region is closer to the present structural front of the Appalachian ridge. Thus, the Well-

B region may have not only the blind duplex on Onondaga formation and cover 

deformation with developing cleavages on Marcellus shale as Well-A region might have 

experienced, the region may contains a series of faults or fractures. Having a series of 

reverse faults in Onondaga carbonates with a series of joint/fracture/cleavages – named 

differently under different accommodation scenario – can explain the possible conduits 

of water influx from the formation below Marcellus shale. This water could stem from 

the Onondaga formation or Oriskany sandstone formation beneath the Onondaga 

carbonate. Due to densely existing reverse faults from blind duplex – if this is the correct 

accommodation – the Onondaga formation can act as a highway for water influx toward 

the Marcellus formation. The southern region in Figure 5.51 shows relatively low blind 

duplex indicator for being a hinterland of Tully duplex. It also show relatively flat 

surface horizons. We may anticipate relatively less dense fracture, or fault abundance 

in the region. In retro-perspective, the southern region may be a good candidate for 

closer distance on horizontal drilling than the Well-A region.   

5.9 Summary 

In this chapter, we applied the proposed geomodeling workflow on an unconventional 

shale gas field on Marcellus play. We investigated the uncertainty of geological 

understanding for both structural deformation and rock accommodation on Marcellus 

play by comparing explanations proposed by different group of geologists.  
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 Applying the new rock physics methods from Chapter 4 allow us to conduct 

petrophysical modeling under any number of inclusion sets with arbitrary orientation 

for each inclusion set.  Comparing angle-dependent seismic responses with synthetic 

responses created from a new rock physics method allows us to evaluate the likelihood 

of combinations of structural deformation scenarios and rock accommodation scenarios.  

 By expanding 3D modeling from the Well-A region to the Well-B from 

combinations of scenarios selected from 2.5D comparison, we generated models that 

allow us to give coherent explanations on the field specific problems; unexpected 

horizontal connectivity on the Well-A region and water influx during well-testing 

operation on the Well-B region. Expanding the focus on modeling to adjacent 

formations provided geologically coherent interaction among formations on how they 

may have accommodated LPS. Investigating adjacent formations also help to mitigate 

problems from limited amount of data on the target formation.   

 The field application in this chapter depicts the benefits of considering 

alternative geological interpretations on structural deformation and rock 

accommodation in the geomodeling process. We assume the geological interpretations 

as a fixed input on quantitative analysis using geomodeling. However, the geological 

interpretations are one of the most uncertain parts of the subsurface evaluation process. 

Applying the proposed workflow on structurally complex geological subsurface 

problems may provide a better understanding of geological settings and possible 

engineering problems.  
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Chapter 6 

6 Conclusions and Future Works 

This works has endeavored to integrate two geological uncertainties – modes of 

structural deformation and rock accommodation – in the geomodeling and evaluation 

process.  These two geological uncertainties are not only closely linked to each other, 

but also to petrophysical properties and subsurface flow and seismic responses. Previous 

works attempting to link structural attributes with reservoir evaluations could lead 

underestimation the effects of structural uncertainty on reservoir responeses by relying 

on  one interpretation or a combination of sub-resolution features such as faults and 

joints. We claimed that we have to vary interpretations and assumptions on structural 

deformation and their effects on sub-resolutions features to conduct subsurface 

evaluations rigorously when we have complex structure and uncertainties on sub-

resolution geologic features. We proposed a new geomodeling workflow that 

propagates geological assumptions on structural deformation of subsurface and 

accommodation of rock to reservoir properties. Alternative structural deformation 

scenarios introduce different structural attributes such as deformational strain and stress 

on top of geometrical attributes such as curvature and thickness variations. Different 

rock accommodation scenarios relate the structural deformation attributes to realizations 

of spatial distributions of geological features and rock properties differently. 

Realizations under different sets of scenarios for structural deformation and rock 

accommodation have different spatial distributions of geological features and rock 

properties yet honor conditioning data. 

Because these two geological uncertainties have not been studied in the context 

of geomodeling, we first examined the sources of geological uncertainty that affect the 

subsurface evaluation (Chapter 2).  These uncertainties include not merely cases where 

the geometry is different, but also cases where the geometry is identical, as multiple 

deformation scenarios can result in either instance.  Even for identical geometries, the 
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resulting rock properties may be different because of differences in rock 

accommodation modes. Because our knowledge of the exact geometry and deformation 

mechanism of it is limited, multiple geological models for the structural deformations 

are necessary resulting in additional interpretational uncertainties. Additionally, we 

discussed different modes of rock accommodations as an additional layer of geological 

uncertainty by having either discrete or continuous accommodation styles such as 

creating fractures or pore rearrangement as accommodational vehicles to the structural 

deformation.  

We proposed a new geomodeling and evaluation workflow to propagate 

multiple geological scenarios of structural deformation and rock accommodation 

(Chapter 3). Using a structurally complex synthetic reservoir case, we demonstrated that 

even with the same present subsurface geometry and well data, realizations and their 

seismic and flow responses are dramatically different when different geological 

scenarios are applied. The results depict possible underestimation of the uncertainty of 

reservoir responses when we we use only a single geological interpretation. We also 

depict the usefulness of using a rock physics model to compute what-if seismic 

attributes when assuming different modes of rock accommodation and their sub-

resolution deformation processes. 

In Chapter 4, we proposed a new rock physics method to compute seismic 

attributes with multiple sets of inclusions having different orientations in anisotropic 

media such as shale. By extracting the intrinsic anisotropy of the background medium 

into both an equivalent isotropic medium with equivalent crack-like pores, we overcame 

limitations and computational costs of previously available rock physics models where 

constraints on the orientations of inclusions with respect to the symmetry of a symmetry 

the effective medium exists to have explicit forms of computation. Our proposed model 

expands upon earlier studies by allowing us to understand more of the possible types of 

cracks the formations may have under situations when we lack clear knowledge of the 

orientation of inclusion and the level of background anisotropy of shale formation. To 

reflect the velocity and density profile along the wells under different scenarios of rock 

accommodation, such as different sets of joints, cleavages, and porosity, we 
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reconstructed the rock along the wells as combinations of equivalent background media 

and multiple sets of inclusion under each geological scenario.  

In Chapter 5, we applied the new geomodeling workflow and rock physics 

models to an unconventional Marcellus Shale gas field. The field has not only structural 

complexity leading to multiple interpretations on structural deformation but also 

uncertainty on rock accommodation. By considering the multiple scenarios of structural 

deformation and rock accommodation, we created noticeably different realizations for 

each scenario yet each honoring the well data. The new rock physics model proposed in 

Chapter 4 compares what-if seismic attributes with real seismic data. Realizations from 

a scenario selected according to seismic attribute comparison better explains previously 

difficult to understand field observations.  

The key findings from this study are as follows: 

 Uncertainty about the structural deformation of subsurface geometry and the 

uncertainty of the rock accommodation correlate with uncertainty on 

affecting the abundances and distributions of key geological features acting 

as flow barriers or flow enhancers.  

 Thus, we should not be bounded by a single structure model with a single 

assumption on sub-seismic geological features such as fracture sets.  

 Comparisons between synthetic seismic responses according to different 

geological scenarios and actual seismic responses are effective tools for 

choosing a more likely geological scenario. 

 By expanding investigations from target formations to adjacent formations, 

we can better understand the subsurface geological conditions of the target 

formations. When the existence of geological features in target formations 

are correlated with the structural deformation and rock accommodation of 

adjacent formations, we can utilize adjacent formations where having more 

data and knowledge helps to mitigate difficulties from sparseness and 

resolution of data on the target formation. 
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Our method helps rule out less likely geological assumptions.  By using seismic 

response comparisons and the models from the remaining scenarios, we understand 

better the previously misunderstood subsurface responses. For the fields with structural 

complexity and small amounts of the well data, applying the workflow may provide 

"what-if" field responses and corresponding contingency plans. 

This work is the first attempt to investigate and capture multiple scenario 

uncertainties of structural deformation and rock accommodation in geomodeling 

process; thus, many areas require additional research: 

 In this work, the geological models used for structural deformation were 

limited to restoration methods under linear elasticity. Conducting 

deformational analysis using nonlinear constitutive laws is more challenging 

due to the paucity of data. Comparing geomodeling results from linear 

versus nonlinear deformation analysis in the workflow may provide a better 

understanding of the relationship between structural deformation, the spatial 

distribution of petrophysical properties, and corresponding subsurface 

responses from measurements.  

 Synthetic and field applications of the proposed workflow are conducted for 

particular situations when spatial variability of lithofacies are negligible.  We 

can apply this process to more conventional reservoirs where higher level of 

heterogeneity occurs in the facies distribution.  Improving our understanding 

of the relative effects of facies upon structural uncertainty can advance our 

understanding of the reservoir evaluation process. Furthermore, by 

contrasting the modes of accommodation across distinctive boundaries of 

facies, such as channel sands and floodplain, we can discover both 

geological and engineering applications such as uncertainties on shale 

formations on top of target sandstone reservoir to be a sealing layer or to be 

a leaking conduit.  

 Development of a fast but reliable proxy for seismic responses is also 

beneficial. Though we can extract many different seismic attributes from real 
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seismic data, comparing the real data with synthetic seismic data is 

challenging because of the difficulties in finding the optimal level of 

accuracy and complexity of seismic forward modeling for synthetic 

responses. Comparing multiple tailored proxy seismic simulators on 

realizations under different geological scenarios with flow responses 

represents an additional thorough investigation for maximizing the 

usefulness of models of rock physics and the actual seismic data for real field 

applications.  

 Linking the proposed workflow and rock physics model with basin and 

petroleum system modeling (BPSM) will make the subsurface evaluation 

process more consistent from the study of geology to the application through 

engineering. In this work, we ignored the possible effects of vertical 

movements of target formations that may be applied on basin-scale, such as 

lifting and subsidence, and the uncertainty of erosions. Both are important 

factors on both the developments and the abundances of geological features. 

Relatively sparse data limits our ability to fully construct a 3D BPSM.  Thus, 

it probably would not meaningful for the scale of conventional reservoirs. 

However, since evaluations of unconventional fields are conducted in basin 

scale, linking the workflow with BPSM may enhance our quantitative and 

qualitative understanding of the spatial distribution of geological features 

and their effects on subsurface responses.   
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