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ABSTRACT 

A material whose properties do not change with the direction along which 

they are measured is called isotropic. On the contrary, if the properties of the 

medium show directional dependency it is called anisotropic. Traditional seismic 

exploration is based on processing and interpretation of acoustic data and 

considers seismically isotropic subsoil. However, isotropy is always an 

approximate model to describe the geological formations, especially in 

sedimentary basins. Seismic imaging and estimation of subsurface velocities 

become inaccurate when anisotropic data are treated under the general assumption 

of isotropy. Consequently it is important to define the model and strength of 

anisotropy for the study area and use this information in data processing. 

The main goal of this study is the anisotropy characterization of the Abbott 

gas shale play located in the Arkoma basin, Oklahoma, USA. The data consist in 

seismic records obtained from two surface arrays of 1C geophones and 3C 

accelerometers, respectively, and acquired during the hydraulic fracturing of the 

reservoir. Surface (or near-surface) monitoring can be less expensive if compared 

to borehole monitoring when the observation wells must be drilled. The former 

technique is based on data acquisition from hundreds of receivers widely 

distributed over the Earth surface and gives a larger field view than borehole 

monitoring, generally limited to tenth of 3C receivers. Moreover, arrival time 

analyses of data recorded from surface widely-distributed receiver-networks are 

generally more robust than polarization studies carried out on borehole 

microseismic data. The drawback is a significant lower signal-to-noise ratio due to 

near surface heterogeneities. 

During the treatment of the Abbott gas shale, a few hundred microseismic 

events were recorded and the ten strongest events have been analyzed, together 

with the data from perforation shots. 

Vertical transverse isotropy (VTI) is, unarguably, the most common 

anisotropic model for sedimentary basins and particularly for shales. Seismic 

velocity in VTI media varies with direction of propagation away from the vertical, 
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but not with azimuth. The analysis of the P-waves seismic dataset confirms VTI to 

be the best-suited model for the Abbott reservoir and/or overburden. 

P- and S-waves arrival times in homogeneous VTI media deviate from the 

hyperbolic moveout, which characterize seismic propagation in homogeneous 

isotropic media. The nonhyperbolicity of the traveltime can be used to estimate 

anisotropy parameters. The actual arrival times, picked from the experimental 

data, can be approximated considering analytic traveltime equations, which 

depend on such parameters. 

This inversion technique is tested with full wave synthetic data and applied to 

the Abbott dataset. The three Thomsen anisotropy parameters are estimated from 

P- and SH-arrival times of ten microseismic events, while only compressional 

waves are used for the inversion of four perforation shots. Moreover, the 

sensitivity of the P-wave arrival time inversion to picking noise and inaccuracies 

of input parameters is thoroughly analyzed.  

The inversions of the P-wave arrival times of the perforation shots give quite 

consistent anisotropy parameters, while the results from the compressional and 

shear waves arrival time inversions of the microseismic events are characterized 

by moderate scattering. This can be explained by the lower location accuracy and 

widespread distribution of the microseismic events, compared with the perforation 

shots. Moreover, the elastic properties of the sismogenic volume, as well as the 

local anisotropic properties, vary due to the process of fracturing and possibly 

cause the moderate scattering of the parameters inverted from the microseismic 

events. 

The inversions of the SH-wave arrival times result in consistently high values 

of the anisotropy parameter related to this wave mode.  However, it is important 

to remark that this is the expression of  effective and not intrinsic anisotropy. 

Shear-wave splitting is considered a robust indicator of seismic anisotropy. 

Such phenomenon is exhaustively addressed and described for VTI media, 

specifically. The time-delay between the two split waves can be estimated from 

the seismic records and inverted for anisotropy parameters.  
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The estimation of the splitting times of a seismic event through the cross-

correlation method gives consistent results for adjacent receivers. The inversion of 

the estimated time delays is based on SH- and SV-traveltimes approximations in 

weakly anisotropic media, and confirms the relatively high degree of anisotropy 

already highlighted by the P- and SH-wave arrival time analyses. 

More complex techniques of shear-wave splitting analysis, suitable for more 

general anisotropic models are also implemented. However, these methods, 

widely used for teleseismic shear-waves data, give unreliable results mainly 

because of the low signal-to-noise ratio characterizing the seismic data. 
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RIASSUNTO 

Un materiale si definisce isotropico quando le sue proprietà non cambiano in 

funzione della direzione secondo cui vengono misurate. Al contrario, se il mezzo 

è caratterizzato da una dipendenza direzionale delle sue proprietà, è chiamato 

anisotropico. Tradizionalmente, l’esplorazione sismica è basata sul processamento 

e interpretazione di dati acustici relativi a mezzi considerati sismicamente 

isotropici. Tuttavia, l’isotropia è sempre un modello approssimato per descrivere 

le formazioni geologiche, specialmente nel caso di bacini sedimentari. L’imaging 

sismico e la stima delle velocità sismiche nel sottosuolo risultano essere inaccurati 

quando dati relativi a mezzi anisotropici vengono processati con l’assunzione di 

isotropia. Conseguentemente è importante definire il modello e l’intensità 

dell’anisotropia che contraddistinguono l’area in esame e utilizzare queste 

informazioni per il processamento dei dati sismici. 

Lo scopo principale di questo studio consiste nella caratterizzazione 

dell’anisotropia degli scisti bituminosi del giacimento di Abbott, presenti nel 

Bacino di Arkoma, Oklahoma, USA. I dati consistono in registrazioni sismiche 

ottenute da due stendimenti di superficie composti da geofoni a sola componente 

verticale e da accelerometri a tre componenti, acquisite durante la fratturazione 

idraulica del giacimento. Il monitoraggio sismico di superficie è generalmente 

meno costoso se comparato al monitoraggio da pozzo, specialmente quando i 

pozzi di osservazione non sono disponibili e devono essere perforati. La tecnica 

da superficie è basata sull’acquisizione di dati sismici da centinaia di ricevitori 

opportunamente distribuiti al suolo ed offre una visione del campo d’onda molto 

più ampia rispetto al monitoraggio da pozzo, generalmente limitato a qualche 

decina di ricevitori vicini tra loro. Inoltre, l’analisi dei tempi di arrivo di dati 

acquisiti da reti di ricevitori di superficie costituisce un metodo più robusto 

rispetto agli studi di polarizzazione di cui sono oggetto i dati di monitoraggio 

sismico da pozzo. L’inconveniente è un rapporto segnale rumore sensibilmente 

più basso a causa delle eterogeneità geologiche presenti in prossimità della 

superficie. 



 vii 

Durante il trattamento degli scisti bituminosi di Abbott, è stato registrato 

qualche centinaio di eventi microsismici e di questi sono stati analizzati i dieci 

eventi più forti, oltre che i dati derivanti da scoppi di perforazione. 

La Vertical Transverse Isotropy (VTI) è, senza dubbio, il modello 

anisotropico più comune in bacini sedimentari, specialmente in presenza di scisti. 

La velocità sismica in mezzi VTI varia quando la direzione di propagazione si 

discosta dalla verticale ma non al variare dell’azimut.  L’analisi dei dati sismici 

relativi alle onde P ha confermato che il modello VTI è quello che meglio si 

adatta agli scisti di Abbott e/o alle rocce sovrastanti.  

In mezzi omogenei ed anisotropici di tipo VTI i tempi di arrivo delle onde P 

ed S si discostano dal moveout iperbolico, che invece caratterizza la propagazione 

in mezzi omogenei ed isotropici. La non-iperbolicità dei tempi di percorso delle 

onde sismiche può essere utilizzata per la stima dei parametri di anisotropia. I 

tempi di arrivo ottenuti dai dati sperimentali possono essere approssimati 

attraverso l’utilizzo di equazioni analitiche che esprimono i tempi di percorso in 

funzione dei suddetti parametri di anisotropia. 

Questa tecnica di inversione è stata testata con dati sintetici e 

successivamente applicata ai dati del giacimento di Abbott. Dai tempi di arrivo 

delle onde P ed SH di dieci eventi microsismici sono stati stimati i tre parametri di 

anisotropia di Thomsen, mentre per quattro scoppi di perforazione è stata 

applicata l’inversione delle sole onde compressionali. Inoltre è stata 

accuratamente analizzata la sensibilità del metodo alla presenza di rumore e di 

eventuale inaccuratezza dei parametri di input.  

Le inversioni dei tempi di arrivo delle onde P prodotte dagli scoppi di 

perforazione forniscono parametri di anisotropia tra loro consistenti, mentre i 

risultati dai tempi di arrivo delle onde compressionali e di taglio relativi agli 

eventi microsismici sono caratterizzati da una moderata dispersione. Questo 

risultato può essere spiegato dalla minore accuratezza e più ampia distribuzione 

spaziale delle sorgenti microsismiche, se paragonate agli scoppi di perforazione. 

Inoltre, le proprietà elastiche del volume di roccia nell’intorno di ciascuna 

sorgente microsismica, così come le sue proprietà anisotropiche, variano durante 
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il processo di fratturazione costituendo una possibile causa della dispersione dei 

parametri di anisotropia stimati. 

Le inversioni dei tempi di arrivo delle onde SH forniscono elevati valori del 

parametro di anisotropia associato a questi segnali sismici. Tuttavia è importante 

sottolineare che si tratta di un’espressione della anisotropia effettiva del mezzo e 

non di quella intrinseca. 

 Lo shear-wave splitting è considerato un robusto indicatore di anisotropia 

sismica. Nell’ambito di questo studio, questo fenomeno viene trattato in modo 

esaustivo, con particolare riguardo ai mezzi VTI. Il tempo di ritardo tra le due 

onde di taglio soggette a splitting può essere stimato dai dati sismici e quindi 

invertito per ottenere i parametri di anisotropia.  

La stima dei tempi di ritardo attraverso il metodo della cross-correlazione 

fornisce risultati consistenti per ricevitori vicini. L’inversione dei tempi di ritardo 

è basata sulle approssimazioni dei tempi di percorso delle onde SH ed SV in 

mezzi debolmente anisotropici e conferma l’anisotropia piuttosto pronunciata già 

messa in evidenza dalle analisi dei tempi di arrivo delle onde P ed SH. 

Sono state anche implementate tecniche di analisi dello shear-wave splitting 

più sofisticate, adatte a modelli di anisotropia più generali. Tuttavia, questi metodi 

già ampiamente utilizzati per l’analisi di eventi telesismici hanno fornito risultati 

poco affidabili, principalmente a causa del basso rapporto segnale-rumore 

caratterizzante i dati del giacimento di Abbott. 
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GLOSSARY 

Accuracy. Degree of closeness of measurements of a quantity to that quantity's 

actual (true) value (http://en.wikipedia.org). 

Anisotropy. Quality of a material property that depend on the direction along 

which it is measured (McGraw-Hill Dictionary of Scientific & Technical Terms, 

6E, Copyright © 2003 by The McGraw-Hill Companies, Inc.). 

Back-azimuth. Azimuth from the epicenter of an event to a receiver. 

Borehole. A hole driven into the ground to obtain geological information, release 

water, etc. (Collins English Dictionary). 

Casing. Steel pipe placed in an oil or gas well as drilling progresses to prevent the 

wall of the hole from caving in during drilling, to prevent seepage of fluids, and to 

provide a means of extracting petroleum if the well is productive 

(oilgasglossary.com). 

Dip angle. Angle between a given direction and the vertical axis (positive 

upward). 

Doublet. Pair of earthquakes showing almost identical waveforms in the 

seismograms. 

Effective velocity. Velocity of a homogeneous medium equivalent to a layered 

1D medium, that is, yielding the same zero-offset traveltime 

Gas shale. Organic-rich shale formations hosting natural gas. 

Hodogram. Cross-plot of two horizontal components of particle motion over a 

time window (Shlumberger Oilfield Glossary). 

HTI. Horizontal transverse isotropy 

Hydraulic fracturing. Process of injecting fluids under high pressure into a 

formation to fracture the target rock and increase its permeability. 
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Isotropy. Quality of a material property that does not depend on the direction 

along which it is measured (McGraw-Hill Dictionary of Scientific & Technical 

Terms, 6E, Copyright © 2003 by The McGraw-Hill Companies, Inc.) 

Offset. Horizontal distance between source and receivers. 

Origin time. Time of microseismic event occurrence. 

Out-of-pay. Outside the pay portion of a reservoir (see Pay). 

Overburden. Rocks overlying the reservoir.  

Pay. A reservoir or portion of a reservoir that contains economically producible 

hydrocarbons (Shlumberger Oilfield Glossary). 

Picking errors. Differences in identifying, naming and measuring seismic phases.  

PKS. Unspecified P-wave bottoming in the Earth’s core and converting to S at the 

core-mantle boundary (Encyclopedia of Solid Earth Geophysics, Springer). 

Poisson ratio. Elastic constant that is a measure of the compressibility of a 

material perpendicular to applied stress, or the ratio of latitudinal to longitudinal 

strain (Shlumberger Oilfield Glossary). 

Polarization diagram. Hodogram 

Precision. Degree to which repeated measurements under unchanged conditions 

show the same results (http://en.wikipedia.org). 

Raypath. Geometric path between the transmitting and receiving locations. 

Shale. A fine-grained, fissile, detrital sedimentary rock formed by consolidation 

of clay- and silt-sized particles into thin, relatively impermeable layers 

(Shlumberger Oilfield Glossary). 

Shale gas. Natural gas, mainly methane, produced from shales. 

Shear-wave splitting. Splitting of a linear polarized shear wave into orthogonally 

polarized fast and slow shear waves, when travelling in anisotropic media. 
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SKKS. Unspecified S-wave traversing the core as P and reflected once from the 

inner side of the core-mantle new (Encyclopedia of Solid Earth Geophysics, 

Springer). 

SKS. Unspecified S-wave traversing the core as P (Encyclopedia of Solid Earth 

Geophysics, Springer). 

Split time. Time delay between the fast and slow split shear waves. 

Spread. The geometrical pattern of groups of geophones relative to the seismic 

source (Shlumberger Oilfield Glossary). 

TI. Transverse isotropy 

Time-delay. The time-delay between the arrivals of the two split shear-wave 

phases in seismic anisotropy. 

TTI. Tilted transverse isotropy 

Unconventional reservoirs. Rocks hosting hydrocarbons but characterized by a 

very low permeability, like gas shales and tight sands and carbonates. 

VTI. Vertical transverse isotropy 

Well completion. A generic term used to describe the events and equipment 

necessary to bring a wellbore into production once drilling operations have been 

concluded, including but not limited to the assembly of downhole tubulars and 

equipment required to enable safe and efficient production from an oil or gas well 

(Shlumberger Oilfield Glossary). 

Wellbore. A borehole; the hole drilled by the bit (oilgasglossary.com). 

Wellhead. The equipment installed at the surface of the wellbore 

(oilgasglossary.com). 
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 Chapter 1  

INTRODUCTION 

1.1 Motivation and objectives 

Classical seismology is one of the most powerful geophysical disciplines to 

study the Earth’s interior. Seismic exploration consists in a set of geophysical 

techniques developed to explore the Earth’s crust, generally for commercial uses. 

Both of them are based on the same physical principles and study the wave 

propagation in the subsoil, but at different scales, with different purposes and 

often with different instrumentations and software tools. Passive seismic is a 

methodology recently developed which studies the microseismic events related to 

the exploitation of hydrocarbon and geothermal fields or to geological storage of 

carbon dioxide. In microseismic monitoring, the acquisition techniques are those 

typical of the seismic exploration used by the oil industry but the methodologies 

used to analyze and interpret the data are closer to seismology. 

A medium is isotropic when its properties do not change with the direction 

along which they are measured. On the contrary, if the medium shows a 

directional dependence it is called anisotropic.  

Seismic waves are sensitive to the fabric and composition of the rocks they 

travel through. Seismic anisotropy is one of the rock properties influencing the 

wave propagation. Studying the anisotropic properties of the rocks provides 

important information about their internal structure (e.g. mineral alignments, 

fractures orientation, laminations etc.). The idea that rocks are seismically 

isotropic and show the same wave velocity in all directions was a well-accepted 

simplification in the oil industry, from the beginning of seismic exploration, up to 

the end of the last century. This can be in part attributed to the fact that the oil-

industry research focused on conventional hydrocarbon reservoirs, mostly 

constituted by isotropic or slightly anisotropic sandstones and carbonate rocks. In 
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this classic view of petroleum geology, intrinsically anisotropic rocks, like shales, 

are located around the reservoir, forming source- or cap-rocks and do not 

constitute the target of the exploration. Moreover, anisotropy complicates the data 

processing techniques and requires computing power only recently achieved, as 

additional medium parameters must be accounted for. 

Technological improvements in the stimulation and exploitation of 

hydrocarbon resources have upgraded shales to the category of (unconventional) 

reservoir rocks, emphasizing the necessity to include anisotropy in seismic data 

analysis and imaging. Passive seismic monitoring of hydraulic fracturing has 

become a standard technique in the development of gas shale plays, particularly 

with the purpose of determining the hypocenters of the microseismic events 

produced by this stimulation. A reliable location of these events can be obtained 

only if the anisotropic character of the reservoir rocks and possibly of the 

overburden is accounted for. Moreover, additional information about the 

properties of the rocks, such as fractures density and orientation, direction of the 

local maximum and minimum stresses, fluid flow direction, etc., can be inferred 

from the analysis of the effects of anisotropy on seismic waves. 

Anisotropy-based techniques are becoming “standard” data-processing 

methods in the oil industry, as they significantly improve the resolution of seismic 

images, well ties and spatial positioning of faults and reflectors. 

In this study I analyze passive seismic data acquired at the Earth surface 

during the hydraulic stimulation of a gas shale reservoir located in North America. 

The dataset comprises recordings of perforation shots and microseismic events 

produced by fracturing. I analyze the 10 strongest events among the few hundreds 

recorded during the reservoir stimulation. P-wave arrival times of four perforation 

shots are also considered. The seismic data are recorded with a ten arms star-like 

array of 1C geophones with a high maximum-offset-to-source-depth ratio and a 

cross-like array of 3C accelerometers.  

The main objective of this research is the estimation of the effective 

anisotropy parameters characterizing the study area. The available data comprises 
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both P- and S-wave seismic records, which can be analyzed with different 

techniques to infer the anisotropic properties of the rocks.  

The standard hyperbolic approximation for P- and S-waves moveout in 

layered media is accurate only for relatively short spreads, even if the layers are 

isotropic. Seismic velocity anisotropy may significantly enhance deviations from 

hyperbolic moveout especially in the large offset arrivals (Tsvankin and Thomsen, 

1994). Taking advantage of the star-like geometry of receivers and the high 

maximum-offset-to-source-depth ratio, the non-hyperbolic moveout of P- and SH-

wave arrival times can be inverted to estimate effective anisotropy parameters. In 

this study, such inversions are based on truncated Taylor series-type 

characterizations of moveout in transversely isotropic media with a vertical 

symmetry axis (VTI). 

Shear-wave splitting is a typical phenomenon related to seismic anisotropy. A 

shear wave propagating through an anisotropic formation splits into two S-waves 

orthogonally polarized, and traveling at different velocities. The polarization of 

the leading split shear wave and the time-delay between the two S-modes are two 

diagnostic parameters of anisotropy.  

Several techniques of shear wave slitting analysis have been developed in 

recent years. In VTI media the split time delays can be estimated by the cross-

correlation of the Radial and Transverse components and inverted for the 

anisotropy parameters. More complex techniques of analysis, specifically 

designed to estimate the splitting parameters from teleseismic waves, are based on 

a grid search algorithm for the parameters that best remove the splitting from the 

seismograms. In this study I test the efficiency of these methods with data from 

surface-based microseismic monitoring. 

 

1.2 Thesis outline 

Chapter 2 of this thesis is devoted to describe the theory and the mathematical 

derivations leading to the comprehension of body waves propagation in 
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anisotropic media. The different origins of seismic anisotropy in the Earth crust 

are discussed, with particular focus on gas shales and fractured media. Material 

symmetries related to common geological settings are described and a special 

effort is dedicated to the hexagonal system and to vertical transverse isotropic 

(VTI) symmetry. I also describe the Thomsen’s anisotropies, widely used to 

parameterize VTI media. Moreover, I review the phenomenon of shear-wave 

splitting, one of the most robust indicators of seismic anisotropy.  

A description of the field data analyzed in this study is given in Chapter 3. 

The first sections of the Chapter are dedicated to a comprehensive description of 

the methodologies of gas shales fracturing and passive seismic monitoring, 

followed by a description of the geological setting of the study area. The dataset 

comprises seismic records of perforation shots and microseismic events from 

surface arrays of one- and three-components receivers. Seismic signals produced 

by the active and passive seismic sources are characterized by different frequency 

content and must be properly bandpass filtered. Moreover, denoising procedures 

can be applied to the seismic data obtained from the perforation shots. These 

aspects of the research are described in Chapter 3, which also contains a first 

analysis of the anisotropic model best suited to the study area. This Chapter also 

contains the results of the focal mechanism inversion of 10 microseismic events 

and examples of computation of their theoretical radiation patterns.  

Chapter 4 is devoted to the P- and SH-wave arrival time analyses. I describe 

the relationship between the P-wave traveltimes and the Thomsen anisotropy 

parameters for a transversely isotropic medium with vertical axis of symmetry. 

This equation is the core of the arrival time inversion of P-waves. I accurately 

describe the sensitivity of this inversion method to possible inaccuracies of the 

input parameters such as the vertical velocity and the source location. I also 

analyze the influence of picking noise on the inversion results. Finally, the P-wave 

arrival time inversion is applied to the picked first arrivals of perforation shots and 

microseismic events. 

Two of the three Thomsen parameters are estimated with the analysis of the 

P-waves first arrivals. The remaining parameter can be obtained with the SH-
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wave arrival time inversion. This technique is described and applied to the same 

microseismic events considered for the compressional waves analysis. 

Chapter 5 is dedicated to the analysis of the shear wave birefringence and 

specifically to the estimation of the time-delay between the split shear waves. Due 

to the azimuthal symmetry of VTI media, the Radial and Transverse components 

are polarized parallel to the principal directions of anisotropy and the split time 

can be obtained with a cross-correlation of these two horizontal components. This 

technique is tested with synthetic dataset contaminated with different kind and 

levels of noise and finally applied to the experimental data of a microseismic 

event. The estimated time delays are inverted for anisotropy parameters with a 

method based on the SH- and SV-wave traveltime approximations for weakly 

anisotropic media. 

An additional technique of shear-wave splitting analysis originally developed 

to analyze teleseismic data is described in the Appendix. It consists in the 

inversion of the process leading to the shear-wave splitting, and has been applied 

to synthetic and experimental data of a microseismic event.  
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 Chapter 2  

SEISMIC WAVE PROPAGATION IN ELASTIC 

ANISOTROPIC MEDIA 

2.1 Introduction 

Seismic anisotropy can be defined as the property of rocks for which seismic 

velocities depend on the direction along which they are measured. On the 

contrary, isotropy is the quality of a material property not dependent on the 

direction along which it is measured. Several differences characterize the 

propagation of seismic waves in anisotropic media, with respect to the isotropic 

case. They are explored in this Chapter. 

Seismic anisotropy can be observed in several geological contexts and at 

different depths in the Earth crust, where it is mainly caused by preferred 

orientation of microcracks or fine layering. Shales are fine-grained rocks with silt-

sized and clay-sized components (Nelson, 2010). The preferred orientation of clay 

particles is one of the main causes of anisotropy in shales. In fact, the overburden 

pressure and compaction collapse clay minerals randomly oriented during their 

deposition. Traditionally considered possible source-of-hydrocarbon rocks, if 

properly stimulated, this rock type can produce hydrocarbon gas. 

This Chapter analyzes the main causes of seismic anisotropy in hydrocarbon 

settings, with specific reference to shales. Basics of seismic wave propagation in 

elastic (lossless) media are addressed, together with the description of the most 

common material symmetries of rocks in sedimentary basins. A comprehensive 

analysis of wave propagation in anisotropic media can be found in Helbig (1994) 

and Carcione (2007). 

Elastic stiffness coefficients are conveniently used to define the material 

properties in forward modeling algorithms. However, in seismic processing and 
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inversion a simpler notation is preferable. Thomsen (1986) derived three 

important approximations (the Thomsen parameters) to describe seismic wave 

propagation in VTI media, which are directly analogous to parameters measured 

in reflection surveys. These anisotropy parameters are widely used and highly 

effective in interpreting seismic exploration data. Thomsen parameters and the 

formulations for compressional and shear wave phase velocities are thoroughly 

described in this Chapter. 

An important indicator of seismic anisotropy is the shear-wave splitting. This 

phenomenon is addressed with special reference to transversely isotropic media. 

The last section of this Chapter describes the 2D rotation of horizontal 

components to obtain the Radial and Transverse components from seismic signals 

recorded with 3-C receivers oriented Vertical-North-East in the field. 

 

2.2 Causes of seismic anisotropy 

Seismic anisotropy can be due to several causes, acting at different length 

scales. A finely layered medium acts like a homogeneous anisotropic medium 

when the dominant wavelength of the seismic signal is significantly larger than 

the thicknesses of the single layers, which can be either isotropic or anisotropic. 

Anisotropy may also be caused by preferred orientation of anisotropic mineral 

grains (such as in massive shale formations), preferred orientation of the shapes of 

isotropic minerals (such as flat-lying platelets), preferred orientation of cracks 

(Thomsen, 1986). It is widely accepted that the anisotropy of the Earth’s mantle is 

caused by the preferred orientation of olivine minerals (e.g. Silver and Chan, 

1991; Ismaïl and Mainprice, 1998; Liu, 2009). 

In hydrocarbon settings, the most common type of anisotropy is vertical 

transverse isotropy (VTI) defining media with a vertical axis of symmetry. 

Vertical transverse isotropy is a special case of anisotropy where there are no 

azimuthal variations of seismic properties and is generally caused by a 

combination of sedimentary layering, grain-scale fabrics and mineral alignment 
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(Verdon et al., 2009). Sandstones and carbonates are typical rocks forming 

conventional hydrocarbon reservoirs. Both lithotypes are traditionally considered 

to be isotropic. However, sandstones can develop anisotropic features during and 

after deposition, whereas in carbonate rocks anisotropy is generally caused by 

post-depositional events such as fracturing or diagenesis (Cassel et al., 1997). 

Shales belong to the category of unconventional reservoirs and are fine-grained 

sedimentary rocks mainly composed by quartz, carbonates and clay minerals, 

often forming thin beds or laminae (Figure 2.1). Seismic wave propagation in 

finely layered media, like shales, is characterized by fast and slow directions of 

propagation, that coincide with the directions along which the rock is stiffer or 

softer, respectively. 

 
Figure 2.1 Utica Shale as an example of a fine-layered formation. Dark 

beds are shale and light beds are limestone (after National Energy 

Board, 2009). 

Shales also show an intrinsic anisotropy due to a preferred orientation of clay 

minerals. The magnitude of anisotropy depends on porosity, compaction history, 

and probably the types of clay in the shale. Young, poorly compacted, high-

porosity shales are much less seismically anisotropic than old, well-compacted, 
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low-porosity shales (Thomsen, 1986). Ocean-bottom deposits and low-velocity 

weathered shaley layers may display little or no anisotropy even if they have high 

clay content. With increasing compaction, clay minerals tend to align in the 

direction perpendicular to overburden, determining the seismic anisotropy (Li, 

2004). 

 

 
Figure 2.2 Seismic anisotropy increases because of compaction and alignment of clay 

platelets in shaley sediments (after Cassel et al., 1997) 

Similarly to the alignments of minerals, alignments of fractures or cracks also 

result in seismic anisotropy. In this thesis I consider the terms fracture and crack 

as synonyms even if, strictly speaking, in the geological terminology they have 

different meanings. Grechka (2009) defines a fracture as a compliant planar 

inhomogeneity having one dimension much smaller than the other two and the 

infill material much more compliant than the host rock. I assume the same 

definition. 

Fractures tend to strike perpendicular to the minimum local compressive 

stress. In the proximity of the Earth surface overburden pressure is the least stress, 

determining sub-horizontal fractures. However, at typical reservoir depths the 

minimum principal stress is most likely horizontal causing sub-vertical fractures 

parallel to each other and defining a horizontal transversely isotropic medium 

(HTI). Despite this general rule, a complex geologic history can result in rocks 
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characterized by multiple sets of vertical fractures having various strike. In 

tectonically active areas, formations with TI symmetry can be tilted making both 

VTI and HTI models inadequate and determining the tilted transverse isotropy 

(TTI) symmetry. 

In the seismic context, anisotropy is influenced by the ratio between the 

fracture size and the wavelength of the seismic wave. To produce anisotropic 

effects on the seismic velocities the wavelength of the seismic signal must be 

much larger than the fracture size. 

 

 

 

 
Figure 2.3 a) Fine layered rocks are characterized by VTI anisotropy; b) vertical parallel 

fractures in a homogeneous medium cause HTI anisotropy; tilted thin layering causes TTI 

anisotropy; d) vertical fractures in a VTI medium lead to orthorhombic symmetry 

systems. Axes and planes of symmetry are depicted in red and gray, respectively. 
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Seismic anisotropy may be the result of the superposition of several causes 

among the ones previously mentioned, leading to anisotropic media with low 

order of symmetry (see also Section 2.4). Figure 2.3 shows four geological 

structures possibly encountered in unconventional shales reservoirs determining 

VTI, HTI, TTI and orthorhombic anisotropy. These anisotropic models are 

characterized by a vertical (VTI) a), horizontal (HTI) b), and tilted (TTI) c), axis 

of symmetry. Orthorhombic media d) have three mutually orthogonal planes of 

mirror symmetry. In panels a), b) and c) the transverse isotropy is due to 

horizontal thin layering, a single set of vertical fractures and dipping thin layering, 

respectively; the orthorhombic model of panel d) results from the superposition of 

fine layering and a single set of vertical fractures.  

 

2.3 Seismic wave propagation in elastic media 

Seismic wave propagation in homogenous elastic media is fully described by 

the three dimensional elastodynamic equation of motion (Aki and Richards, 

2002). This equation is the result of the combination of the Newton’s law with the 

constitutive Hooke’s law. 

Newton’s equation, also called equation of motion, is a consequence of the 

momentum conservation and in absence of body forces accelerations are balanced 

by change of stresses: 

ρ
∂2ui
∂t2

=
∂σ ij

∂x j
,            (i,j = 1,2,3), (2.1) 

where ui are the components of the displacement vector, σij are the components of 

the second-order stress tensor and ρ is the density of the medium. The Einstein 

summation convention for repeated indices is implied hereafter. 

The constitutive equation is given by: 

σ ij = cijklεkl ,            (i,j,k,l = 1,2,3), (2.2) 

where εkl are strain components and cijkl is a fourth-rank tensor called the stiffness 

tensor or elasticity tensor. The 34=81 elastic constants forming cijkl relate the nine 
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components of the stress tensor σij (i,j = 1,2,3) to the nine components of the 

strain tensor εkl (k,l = 1,2,3). Equation (2.2) is also known as Hooke’s law. It 

assumes strains sufficiently small that stress and strain depend linearly on each 

other. Such a medium is called linear elastic. 

The elastic wave equation can be obtained by combining equations (2.1) and 

(2.2): 

                    ρ
∂2ui
∂t2

= cijkl
∂2ul
∂x j∂xk

,            (i = 1,2,3). (2.3) 

Considering the symmetry of stresses and strains (σij = σji and εkl = εlk), the 

stiffness tensor is symmetric to interchanging its firsts two and last two indices: 

. (2.4) 

This reduces the 81 elasticity constants to 36. Additional thermodynamic 

considerations impose the following symmetry on the elasticity tensor 

, (2.5) 

reducing the number of independent components to 21 (Aki and Richards, 2002; 

Carcione, 2007). This dramatic reduction of the number of independent elasticity 

constants of the stiffness tensor enables expressing couples of indices (ij) and (kl) 

with single indices I and J, respectively. Precisely, the rules of the Voigt notation 

state:  

11→1, 

22→2, 

33→3, 

23→4, 

13→5, 

12→6. 

Hooke’s law (equation (2.2)) expressed in terms of Voigt notation becomes: 

σ I =CIJεJ ,      (I,J = 1,2,…,6), (2.6) 

or as full matrices, 

€ 

cijkl = c jikl = cijlk = c jilk

€ 

cijkl = cklij
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, (2.7) 

where ,  and . These elements of the strain tensor 

are affected by a multiplicative factor 2 because they are doubled in the equivalent 

equation (2.2). CIJ is symmetric and is called the stiffness matrix, as opposed to 

the stiffness tensor cijkl. Figure 2.4 describes the meaning of the different parts of 

CIJ. 

 
Figure 2.4 Specific submatrices of the stiffness matrix relate 

different parts of the stress and strain tensors. 

This partition hold when the tensor is expressed in its principal coordinate 

system. If we represent a VTI medium in a different system of coordinates, we 

will have off-diagonal components, e.g., C14 related to quasi-shear o quasi-

compression. Moreover, if the medium is strongly anisotropic, that partition is not 

valid. 

€ 

ε4 = 2ε23

€ 

ε5 = 2ε13

€ 

ε6 = 2ε12
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2.4 Material symmetries in rocks 

The symmetry of a material, i.e. the type and number of symmetry elements, 

is related to the number of independent elasticity constants of the stiffness matrix 

characterizing that material. Two are the symmetry elements typically considered 

in geophysics: the plane (mirror symmetry) and the axis (rotation symmetry). The 

3D patterns of these symmetry elements define the classes of symmetry. 

Anisotropy and non-uniformity of a medium can be fully described by the 

stiffness matrix. A linearly elastic anisotropic medium in an arbitrary coordinate 

system is completely defined by 21 independent elasticity constants. However, by 

considering a so-called, natural coordinate system, the number of these elasticity 

constants can be reduced to 18. Higher symmetry causes further reduction in the 

number of elasticity constants necessary to describe the medium. The number of 

independent elasticity constants is related to the elements of symmetry 

characterizing the solid. On this basis, material solids belong to one of the 

following symmetry systems, listed from the lowest symmetry: 

 

• Triclinic: 18 elasticity constants (without any element of symmetry) 

• Monoclinic:  13 elasticity constants (1 plane of symmetry) 

• Orthorombic: 9 elasticity constants (3 mutually perpendicular planes of 

 symmetry)  

• Trigonal: 6-7 elasticity constants (3 planes of symmetry) 

• Tetragonal: 6-7 elasticity constants (5 planes of symmetry)  

• Hexagonal: 5 elasticity constants (1 axis of symmetry) 

• Cubic: 3 elasticity constants (9 planes of symmetry) 

 

Note that any arbitrary coordinate system, different from the natural one, 

gives a higher number of non-zero elasticity constants of the stiffness matrix, 

erroneously suggesting a lower symmetry. 



 37 

In seismic exploration anisotropic mechanisms are relatively simple and most 

of the geological structures can be approximated with isotropic media or 

geological models belonging to hexagonal, orthorhombic or monoclinic symmetry 

systems.  

 

2.4.1 Isotropic media 

In isotropic media all directions are equivalent. Isotropy is usually the result 

of uncracked rocks intrinsically isotropic, randomly cracked rocks, or rocks with 

random crystals or grains orientations (Crampin, 1989). Such materials are 

characterized by only two independent elasticity constants. In such materials the 

coupling terms of the stiffness matrix are null (see Figure 2.4): 

CISO =

C11 C11 − 2C66 C11 − 2C66 0 0 0
C11 − 2C66 C11 C11 − 2C66 0 0 0
C11 − 2C66 C11 − 2C66 C11 0 0 0

0 0 0 C66 0 0
0 0 0 0 C66 0
0 0 0 0 0 C66

"

#

$
$
$
$
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$
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'
'

. (2.8) 

CIJ are often expressed in terms of Lamè constants: 

, (2.9) 

where 

λ =C11 − 2C66 ,  and  µ =C66 . (2.10) 

P- and S-wave velocities of isotropic, linear elastic materials are expressed 

by: 

€ 

CISO =

λ + 2µ λ λ 0 0 0
λ λ + 2µ λ 0 0 0
λ λ λ + 2µ 0 0 0
0 0 0 µ 0 0
0 0 0 0 µ 0
0 0 0 0 0 µ
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VP =
λ + 2µ
ρ

     and     VS =
µ
ρ

. ( 2.11 ) 

 

2.4.2 Hexagonal anisotropic media 

An axis of rotational symmetry characterizes hexagonal anisotropic media. 

Since all directions in a plane orthogonal to the symmetry axis are equivalent, this 

plane is called isotropy plane. Any plane containing the symmetry axis is called 

symmetry-axis plane (Grechka, 2009). 

Transversely isotropic (TI) media belong to the hexagonal symmetry system. 

In TI media, velocities are rotationally invariant around the symmetry axis (Al-

Harrasi et al., 2010). The orientation of the symmetry axis defines different TI 

media, i.e. vertical transverse isotropy (VTI), horizontal transverse isotropy (HTI) 

and tilted transverse isotropy (TTI). Examples of VTI, HTI and TTI media are 

depicted in Figure 2.3. In geophysical contexts TI is the simplest anisotropic 

mechanism. VTI media are completely described by five independent elastic 

constants and the stiffness matrix is: 

CVTI =

C11 C11 − 2C66 C13 0 0 0
C11 − 2C66 C11 C13 0 0 0

C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C66

"

#

$
$
$
$
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$
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&

'
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'
'
'
'
'

. (2.12) 

VTI is, unarguably, the most common anisotropic model considered by the 

oil industry. In fact, it is often a suitable mechanism to describe the properties of 

sedimentary basins, which are the most typical geological structure in 

hydrocarbon settings (e.g. Winterstein and De, 2001). Another reason is that the 

relatively limited number of stiffness coefficients can be estimated with different 

techniques of inversion of seismic data. 
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2.4.3 Orthorhombic anisotropic media 

Orthorhombic media are characterized by three mutually orthogonal planes of 

mirror symmetry. If the symmetry planes coincide with the Cartesian coordinate 

planes [x1, x2], [x2, x3] and [x1, x3] the stiffness matrix of the orthorhombic system 

is given by: 

Corth =

C11 C12 C13 0 0 0
C12 C22 C23 0 0 0
C13 C23 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66

!

"

#
#
#
#
#
#
#
#

$

%

&
&
&
&
&
&
&
&

. (2.13) 

Orthorhombic is the symmetry system characterizing olivine, one of the most 

abundant minerals in the Earth’s mantle. It is widely accepted that the seismic 

anisotropy of the upper mantle is related to the strong statistical alignment of 

individual anisotropic olivine crystals (e.g. Silver and Chan, 1991; Ismaïl and 

Mainprice, 1998; Liu, 2009). This preferred crystals orientation is called lattice-

preferred orientation (LPO). 

In the crust, a thin-layered medium, with a set of fractures orthogonal to the 

layering is characterized by orthorhombic symmetry (see Figure 2.3, panel d)). It 

can be considered as a linear superposition of VTI and HTI anisotropic models. 

2.4.4 Monoclinic anisotropic media 

Monoclinic is the lowest possible symmetry system for elastic media. The 

symmetry is determined by a single mirror plane. If the symmetry plane is [x1, x2] 

the stiffness matrix is given by 
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Cmnc =

C11 C12 C13 0 0 C16
C12 C22 C23 0 0 C26
C13 C23 C33 0 0 C36
0 0 0 C44 0 0
0 0 0 0 C55 0
C16 C26 C36 0 0 C66

!

"

#
#
#
#
#
#
#
#

$

%

&
&
&
&
&
&
&
&

. (2.14) 

Monoclinic materials are completely defined by 12 independent elastic 

constants and three orientational parameters. The latter define the direction of 

normal to the symmetry plane, x3 in this specific case, and the rotation within the 

plane (Grechka, 2009).  

Two or more sets of intersecting non-orthogonal vertical parallel cracks, 

determine monoclinic symmetry of the medium. Even if rocks containing sets of 

multiple fractures can be effectively monoclinic, this symmetry class is rarely 

considered in the oil industry because of the difficulties in estimating so many 

independent elastic coefficients from the seismic measurements (Grechka, 2009). 

 

2.5 Basics of seismic wave propagation in anisotropic media 

Before dealing with anisotropy, let’s analyze wave propagation in isotropic 

elastic media. Two types of waves propagate in such media: a compressional (P) 

wave and a shear (S) wave. The first one is polarized parallel to the propagation 

direction n and the second one is polarized perpendicular to n. The polarization 

(particle motion) of the S-wave is defined by the seismic source. Both P- and S-

wave velocities are independent on n, or equivalently, they assume the same value 

in all directions. Moreover, the propagation direction coincides with the ray 

direction g. 

Anisotropic elastic media are characterized by the propagation of three types 

of waves: one compressional and two shear-waves. In general, these waves are 

neither purely longitudinal nor purely transverse to the propagation direction n 
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(see Figure 2.5). The three polarization vectors UQ (Q=1,2,3) are mutually 

orthogonal but, in the most general case, none of them is aligned with either n or 

g. Consequently the three seismic waves are called quasi-P, quasi-S1 and quasi-

S2, hereafter referred as qP, qS1 and qS2, for simplicity. The polarizations of 

these waves are a consequence of the properties on the medium, not of the seismic 

source. S-waves with polarization vectors U2 and U3, are the only shear wave 

propagating in the propagation direction n and no other polarizations are possible 

for n.  

In anisotropic media the velocities of the seismic waves depend on the 

propagation direction and, for the quasi-S waves, also on the polarization. 

 
Figure 2.5 Schematic representation of the polarization of the three wave types 

characterizing a generic anisotropic medium. The three polarization vectors U1, U2, U3 

are neither parallel nor perpendicular to the propagation vector n and characterize one P- 

and two S-waves.  

Phase velocity describes the propagation of plane waves and is directed in the 

propagation direction n, normal to the wavefront. qP, qS1 and qS2 waves are 

characterized by the same propagation direction but different phase velocities. 

The quasi-longitudinal wave is the faster while qS1 and qS2 are the fast and slow 

quasi-transverse waves, respectively. However, if anisotropy is very strong or the 
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medium is anomalous, you cannot distinguish between qP and qS waves (see 

Carcione (2007), Chapter 1 on anomalous polarizations). 

The phase slowness is given by the reciprocal of the phase velocity and has 

the same direction of the phase velocity.  

When the wavefront is not planar the wave packet travels at group velocity. 

Group velocity is related to the propagation of energy and is directed along the 

raypath, in the ray direction g. Generally, measured traveltimes are related to the 

energy velocity, not to the phase velocity. 

Figure 2.6 illustrates the difference between phase velocity v and group 

velocity V. Considering a propagating wavefront at time t and the same wavefront 

at time t+Δt, the phase velocity is given by v = AC /Δt n  and the group velocity 

by V = AB/Δt g . 

 
Figure 2.6 The phase velocity v is directed normal to the wavefront, while the group 

velocity V is directed along the raypath. φ is the group angle and θ is the phase angle. 
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A plane wave solution of the elastic wave equation at time t and position x 

(equation (2.3)) can be expressed as: 

,         (j = 1,2,3), (2.15) 

where uj are the components of the displacement vector u, A is the amplitude 

factor, k is the wavenumber vector and ω is the angular frequency. i is the 

complex unit. The combination of equations (2.3) and (2.15) results in: 

cijkln jnk − ρvQ
2δil( )UlQ = 0          (i = 1,2,3), (2.16) 

where cijkl are elastic constants of the stiffness tensor, nj and nk are direction 

cosines, ρ is the density, v is the phase velocity, δil is the Kronecker delta function 

and UlQ are the components of the polarization vector U. The subscript Q=1,2,3 

denotes qP, qS1 and qS2 waves, respectively. 

Equation (2.16), called Christoffel equation, is generally used to compute 

phase-velocities and slowness surfaces. It can be considered as the Fourier 

transform over space and time of the elastodynamic wave equation and constitutes 

a system of linear homogeneous equations. Let’s define the Christoffel tensor 

Γil = aijkln jnk , where  are the density-normalized elastic parameters. 

Γil  is a function of the material properties and direction of wave propagation and 

describes the propagation velocities of waves with a common propagation 

direction but various polarization directions U. In Voigt notation cijkl becomes CIJ 

(see Section 2.3). 

The Christoffel equation describes a standard eigenvalue-eigenvector 

problem. Equation (2.16) has a non-trivial, real solution iff: 

. (2.17) 

Γ  is positive-definite and has three real, positive eigenvalues corresponding 

to one compressional- and two shear-wave phase velocities and three eigenvectors 

€ 

u j = Aei(k j x j −ωt )

€ 

aijkl = cijkl /ρ

€ 

Γ11 − v
2 Γ12 Γ13

Γ21 Γ22 − v
2 Γ23

Γ31 Γ32 Γ33 − v
2

= 0
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that are the corresponding polarization vectors. Polarization vectors are mutually 

orthogonal because of the symmetry of Γ  and a body wave polarized in the 

direction of one of the three eigenvectors does not experience a polarization 

change while travelling. These three “stable” body waves are the qP, qS1 and qS2. 

Their polarization vectors, i.e. the eigenvectors of Γ , do not coincide with the 

propagation vector.  However, for most rocks, the particle motion is less than 10° 

away from being parallel or perpendicular to the propagation direction (Savage, 

1999).  

The phase-velocity surface is the locus of phase propagation vectors n 

through a point. It represents the directional variation of the phase velocity and is 

formed by three sheets corresponding to three types of waves: an outer qP wave 

surface and two inner qS-surfaces (e.g. Crampin, 1989; Vavryčuk, 2006; 

Carcione, 2007).  

In the specific case of VTI media, the two shear-waves are uncoupled and are 

also named qSV and SH, respectively. The SH wave is a pure shear mode, and its 

polarization vector is perpendicular to n, thus it is polarized out of plane. The 

quasi-shear SV wave is polarized in a vertical plane containing the axis of 

symmetry. As already mentioned, S-waves velocity varies with propagation and 

polarization directions, according to the properties of the VTI medium. 

Consequently, the qSV can be faster or slower than the SH wave, depending on n. 

Hereafter, qP- and qSV-waves may be referred as P- and SV-waves when their 

anisotropic character is clear from the context. 

Figure 2.7 shows a cross section of the phase velocity (panel a)) and 

slowness (panel b)) surfaces for a VTI medium consisting the long-wavelength 

equivalent of an epoxy-glass sequence of layers of equal composition (Carcione, 

2007). The stiffness coefficients are C11 = 39.4 GPa, C12 = 12.1 GPa, C13 = 5.8 

GPa, C33 = 13.1 GPa, C55 = 3 GPa and the density is ρ = 1815 kg/m3. Phase 

velocities of the two S-wave modes coincide in the vertical direction (0°). 

Considering the first quadrant, qSV waves are faster than SH waves up to 40°, 

approximately. 
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Figure 2.7 Phase-velocity section a) and slowness section b) of a medium long-

wavelength equivalent to an epoxy-glass sequence of layers with equal composition. 

Angular coordinate represents the phase angle and the radius is the phase velocity (km/s) 

and slowness (s/km) in panels a) and b), respectively. 

The energy of a seismic wave always travels with the group velocity. Phase 

and group velocities are, in the most general case, not parallel in anisotropic 

media. The group velocity vectors of the three bulk modes are given by 

VjQ = aijklUiQpkQUlQ , (2.18) 

(e.g. Červený, 2001; Carcione, 2007; Grechka, 2009), where the slowness vectors 

are given by  

. (2.19) 

Figure 2.8 shows the group-velocity surface of the epoxy-glass sequence of 

layers already considered in Figure 2.7. The group-velocity surface is the locus 

traced out by all waves radiating from a point source along seismic rays at the 

group velocity. qP wave surfaces vary smoothly but group velocity surfaces may 

have cusps (cuspoidal fins and ridges) when the shear-wave velocity-anisotropy is 

greater than about 10% (Crampin, 1989). This is the case for the qSV surface of 

Figure 2.8. 

    

€ 

pQ = n /vQ
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Figure 2.8 Group-velocity section of a medium long-wavelength equivalent to an epoxy-

glass sequence of layers with equal composition. Angular coordinate represents the phase 

angle and the radius is the group velocity (km/s) 

2.6 Phase and group velocities in VTI media 

Seismic velocities of VTI media do not depend on the source-receiver 

azimuth. However, they depend on the direction of propagation in the vertical 

plane, measured from the symmetry axis. For a given anisotropic medium, 

described by 5 independent elasticity constants, the phase velocities of the three 

wave-modes are well approximated by (Daley and Hron, 1977; Thomsen, 1986): 

vP
2 (θ ) = 1

2ρ
C33 +C44 + C11 −C33( )sin2θ +D(θ )"# $% , (2.20) 

vSV
2 (θ ) = 1

2ρ
C33 +C44 + C11 −C33( )sin2θ −D(θ )"# $% , (2.21) 

vSH
2 (θ ) = 1

ρ
C66 sin

2θ +C44 cos
2θ!" #$ , (2.22) 

where  
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, 

(2.23) 

ρ is the bulk density of the rock and θ is the phase angle, being the angle between 

the wavefront normal and the axis of symmetry.  

The SH-wave phase velocity given by equation (2.22) is a simple two-

parameter elliptical relation that usually needs no further approximation, while, 

equations (2.20) and (2.21) for P- and SV-wave velocities, respectively, depend 

on specification of four independent parameters. In practice approximations to 

equations (2.20) and (2.21) are often used because they are simpler in form or 

lessen the number of independent parameters (Fowler, 2003).  

Postma (1955) shows that the scalar magnitude V of the group velocity is 

given in terms of the phase velocity magnitude v by: 

V2 φ( ) = v2 (θ )+ dv
dθ
!

"
#

$

%
&
2

 (2.24) 

and  

tan(φ) =
tan(θ )+ 1

v
dv
dθ

1− tan(θ )
v

dv
dθ

. (2.25) 

At θ = 0° and θ = 90° the second term in equation (2.24) vanishes, so that, for 

these extreme angles (vertical and horizontal propagation, respectively), group 

velocity equals phase velocity.  

 

2.7 Anisotropy parameters 

The stiffness matrix notation is suitable for descriptions of seismic modeling 

theories and algorithms but inconvenient for seismic processing and inversion. 

Thomsen (1986) defined a convenient notation to describe wave propagation in a 

€ 

D(θ) = (C33 −C44 )
2 +{

€ 

+2 2(C13 +C44 )
2 − (C33 −C44 )(C11 +C33 − 2C44 )[ ]sin2θ +

€ 

+ (C11 +C33 − 2C44 )
2 − 4(C13 +C44 )

2[ ]sin4 θ}
1/ 2
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linearly elastic, hexagonal medium with the axis of symmetry in the vertical 

direction (VTI). The author considered:  

the P wave vertical velocity, vP0 =
C33
ρ

, (2.26) 

the S-wave vertical velocity, vS0 =
C44
ρ

, (2.27) 

and the so-called Thomsen anisotropy parameters, 

ε =
C11 −C33
2C33

,   γ = C66 −C44
2C44

   and 

δ =
C13 +C44( )2 − C33 −C44( )2

2C33 C33 −C44( )2
. 

(2.28) 

vP0 and vS0 are the P- and S-wave velocities, respectively, in the direction of the 

symmetry axis. For a VTI medium the symmetry axis coincides with the vertical 

direction, where phase and group velocities have the same value. Thomsen (2002) 

states the following properties for the anisotropy parameters of equations (2.28): 

o they are dimensionless; 

o when anisotropy reduces to isotropy, they reduce to zero; 

o in formations where these parameters are much less than one, we may 

refer to such formations as weakly anisotropic. 

ε and γ are close to the fractional difference between the P- and SH-wave 

velocities in the direction perpendicular and parallel to the symmetry axis 

(Tsvankin et al., 2010). In a VTI medium they can be used to quantify the P and 

SH-wave anisotropy, respectively.  

The meaning of δ is less intuitive, however it has a key importance for 

seismic reflection data because it governs the P-wave normal-moveout velocities 

from horizontal reflectors (Grechka, 2009). δ controls the wavefront complexity 

for both quasi-P and quasi-SV waves, e.g. when δ = ε the wavefronts are elliptical 

(Berryman, 2008). However, in general anisotropic rocks ε differs from δ and 

most of the time ε is bigger than δ  (Lu et al., 2006). 
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In geophysics, most of the transversely isotropic (TI) formations are weakly 

anisotropic (|ε|<<1, |γ|<<1 and |δ|<<1). Although Thomsen originally considered 

the assumption of weak anisotropy, his notation has since emerged as the best 

choice in seismic processing for TI media with any magnitude of velocity 

variations (Tsvankin et al., 2010). 

 Table 2.1 gives some typical values of the anisotropy parameters for 

different lithologies. The parameters σ and η are defined in the following of this 

section. Shales show the strongest seismic anisotropy while sandstones can be 

moderately anisotropic, especially when they are characterized by high clay 

content. Carbonate rocks are generally isotropic or slightly anisotropic. 

Table 2.1 Average values of anisotropic coefficients measured 

on core samples by Wang (2002). 

Rock type ε δ γ σ η 

Shales 0.12 0.03 0.20 0.55 0.19 

Sandstones 0.07 0.05 0.04 0.04 0.02 

Carbonates 0.03 0.01 0.01 0.05 0.03 

 

Under the weak-anisotropy approximation, the linearized exact equations for 

the phase velocities in the Thomsen parameters are given by (e.g. Grechka, 2009): 

vP (θ ) = vP0 1+δsin
2θ cos2θ +εsin4θ#$ %& , (2.29) 

or equivalently 

vP (θ ) = vP0 1+δsin
2θ +ηsin4θ#$ %&, (2.30) 

where θ is the phase angle between the wavefront normal and the axis of 

symmetry (the vertical axis), and  

η=
ε−δ
1+ 2δ

, (2.31) 

is the Alkhalifah-Tsvankin (1995) anellipticity coefficient; 

vSV(θ ) = vS0 1+σsin
2θ cos2θ"# $% , (2.32) 

where 
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σ ≡
vP0
vS0

#

$
%

&

'
(

2

ε−δ( ) , (2.33) 

is a coefficient introduced by Tsvankin and Thomsen (1994); 

vSH (θ ) = vS0 1+ γsin
2θ"# $% . (2.34) 

At small phase angle θ, the δ term in equation (2.29) dominates the most 

anisotropic effects. The near horizontal propagation is dominated by ε (Upadhyay, 

2004).  

Panels a) and b) of Figure 2.9 show the phase velocity of P- and SV-waves, 

respectively, as a function of phase angle for different VTI media. Note the 

influence of δ and σ on the phase surfaces. 

 
Figure 2.9 P-wave phase velocity a) and SV-wave phase velocity b) as a function of 

phase angle for different values of the anisotropy parameters δ and σ, respectively. The 

P- and S-wave velocities along the vertical symmetry axis are vP0  = 3000 m/s and vS0  

= 1732 m/s. The dashed circles represent phase velocities in an isotropic medium. 

The group velocity of the SH-waves is given by (Tsvankin, 2001): 

VSH(φ) =
vS0 1+ 2γ
1+ 2γcos2φ

, (2.35) 
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where vS0 is the S-wave velocity along the symmetry axis) and φ  is the ray angle. 

In homogeneous media equation (2.35) results in elliptical wavefronts.  

Due to the complexity of the exact P- and SV-waves phase velocity functions 

(equations (2.20), (2.21)), analysis of group velocity is conveniently performed in 

the linearized weak-anisotropy approximation. In weak VTI media, P- and SV-

waves group velocities coincides with the phase velocities, i.e.: 

VP(φ) = vP (θ ) , (2.36) 

and 

VSV(φ) = vSV(θ ) . (2.37) 

P- and SV-waves phase and group velocity functions can be computed with 

the same equations (2.29) and (2.32) but with phase and ray angles, respectively. 

In the linearized weak-anisotropy approximation the group angle can be 

computed from the phase angle by (Thomsen, 1986): 

tanφ = tanθ 1+ 1
sinθ cosθ

1
v θ( )

∂v
∂θ

"

#
$
$

%

&
'
'

, (2.38) 

where v is the phase velocity. 

Equation (2.38) can be written in terms of Thomsen parameters for qP, qSV 

and SH waves as follows (Thomsen, 1986): 

tanφP = tanθP 1+ 2δ + 4(ε−δ)sin
2θP#$ %& ,

tanφSV = tanθSV 1+ 2
vP0
vS0

!

"
#

$

%
&

2

(ε−δ)+ (1− 2sin2θSV )
)

*
+
+

,

-
.
.

, 

tanφSH = tanθSH 1+ 2γ( ) . 

(2.39) 

The combination of equations (2.29), (2.32) and (2.34) with equations (2.39) 

yields the group velocity at any ray angle for qP, qSV and SH waves (Thomsen, 

1986). 
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2.8 Shear-wave splitting 

Shear-wave splitting (SWS) is one of the most robust indicators of seismic 

anisotropy and considered to be one of the most successful methods for detecting 

and characterizing fractures (e.g., Crampin 1985; Li 1997). Shear-wave splitting 

was first positively identified in the field (above swarms of small earthquakes) by 

Crampin et al. (1980) and in seismic reflection surveys of hydrocarbon reservoirs 

by Alford (1986). 

A shear wave entering an anisotropic medium splits in two waves traveling 

with two different velocities (Figure 2.10). This determines a time-delay δt 

between the two wavelets, which are called the fast and the slow S-wave and are 

polarized along the seismic fast and slow axis directions, respectively. The shear-

wave splitting is analogous to the birefringence in optics and the fast and slow S-

waves correspond to the qS1 and qS2, respectively, described in Section 2.5. 

 
Figure 2.10 An S-wave traveling through an anisotropic media splits into two 

components propagating at different velocities (modified from Wüstefeld et al., 2008).  

Fast and slow directions are also called principal directions of anisotropy. The 

polarizations are strictly orthogonal for phase-velocity propagation, and 

approximately-orthogonal for group-velocity propagation (Crampin, 2011).  

Gerst (2003) accurately analyzed the effect of the time-delay on the 

horizontal particle motion. When a wave travels for a sufficient time in the 
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anisotropic medium, the two split waves eventually separate.  qS1 and qS2 have 

linear particle motions, which are pointing in the fast and slow directions, 

respectively and this causes the particle motion at a position along the raypath to 

assume a cruciform shape. When the time-delay between the two split waves is 

small compared to their period the particle motion changes from being linear to 

being elliptical (Figure 2.11). The only exception to the splitting is when an S-

wave enters the anisotropic medium polarized parallel to one of the principal 

directions of anisotropy. This waves will not split since it only have a component 

in one of the two directions. 

The time-delay between the two split waves depends on the strength of 

anisotropy and on the thickness of the anisotropic layer (Wüstefeld et al., 2008). 

Thus, polarizations and time-delay (δt) between the two split S-waves 

characterize the anisotropic medium and define its symmetry system. However, 

one of the major difficulties is that observations of shear-wave splitting are path-

integration phenomena that give no indication of where the anisotropy is located 

along the raypath, nor its extent (Crampin, 2011). Several anisotropic mechanisms 

can cause the S-wave splitting and consequently its interpretation can lead to non-

unique results. 

Shear-wave splitting in the Earth crust is mainly related to fine layering and 

preferentially aligned fractures in an isotropic background, producing a VTI, HTI 

or TTI effective medium (see Figure 2.3). A set of fractures in a horizontally 

layered medium leads to lower symmetry systems like orthorhombic. 

In a fractured medium the leading split shear wave is polarized parallel to the 

main local stress and fluid flow direction. The time-delay between qS1 and qS2 

can be related to crack density and aspect ratio. Consequently, seismic data 

recorded by borehole arrays of 3C receivers can be interpreted to infer the 

intrinsic properties of the reservoir rocks. 
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Figure 2.11 Seismogram a) and polarization diagram c) of synthetic split waves with 

time-delay δt = 0.12 s; seismogram b) and polarization diagram d) of synthetic split 

waves with time-delay δt = 0.004 s 

Shear-waves recorded by 3C receivers located at the surface are less 

influenced by the properties of the reservoir but they strongly depend on the 

characteristics of the overburden. In a VTI medium, the two split shear-waves are 

referred as qSV and SH. The latters S-wave is polarized perpendicularly to the 

vertical symmetry axis. 
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2.9 The shear-wave window 

In this study, seismic data recorded at the Earth surface are analyzed. The 

shear-wave splitting is an important indicator of anisotropy, which can be 

quantified by estimating splitting parameters, e.g. the time-delay δt between the 

fast and slow waves. Several methods can be used to estimate δt and most of them 

are based on the similarity of the waveforms of the two split shear-waves. 

However, the particle motion recorded at the Earth surface may be distorted. In 

isotropic media, the interaction of the shear-waves with the free-surface may 

cause elliptical particle motion determining apparent shear-wave splitting with the 

fast direction coinciding with the backazimuth and consequently compatible with 

VTI anisotropy. The waveform of the two split shear-waves is preserved only 

within the shear-wave window, defined by the incidence angle (Crampin, 2011): 

ic = arcsin
VS
VP

!

"
#

$

%
& , (2.40) 

where VS and VP are the isotropic near surface S- and P-wave velocities, 

respectively. A uniform, isotropic medium with a Poisson’s ratio σ=0.25 (λ=µ) 

has an incidence angle ic=35°. However, because of near-surface low-velocity 

layers, ray paths tend to curve upwards as they approach the free surface, so that 

the effective shear-wave window is often out to straight-line source-to-receiver 

incidence of 45° or greater (Crampin, 2011). Horizontal components observed 

outside the window suffer severe distortions of phase and amplitude so that it is 

difficult to reconstruct the waveforms of the incident shear-wave. 

Topographic irregularities may further complicate the wavefield in proximity 

of the free surface and cause S-to-P conversions (the Local SP-waves) both inside 

and outside the theoretical shear-wave window. Local SP-waves are frequently 

observed in the field as large single-sided pulses on the SV- component, and may 

be mistakenly interpreted as anomalous shear-wave splitting (Crampin, 1990; 

Crampin, 2011). 
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2.10 Back-azimuth rotation of 3C data 

3C receivers are generally oriented with the first horizontal component 

parallel to the magnetic North and the second horizontal component to the East. 

These horizontal components can be rotated into Radial and Transverse. Under 

the assumption of a laterally homogeneous VTI medium they correspond to the 

polarization directions of qSV and SH waves, respectively. In the most general 

case, both the North and East components contain energy of both qSV and SH 

waves. The back-azimuth rotation separates the energy of these two shear-waves 

into the Radial and Transverse components on the basis of the geometry of each 

source-receiver pair. It consists in a rotation of the angle θ measured between the 

vector pointing from the station to the North and the vector pointing from the 

source to the receiver. θ is called back-azimuth angle.  

 

 
Figure 2.12 The R Radial and T Transverse components are obtained with a rotation of 

the N North and E East components with the back-azimuth angle θ. 
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Rotations are performed with rotation matrices. Algebraically, a rotation 

matrix in n-dimensions is a n × n orthogonal matrix. This specific case consists in 

a rotation around the vertical axis and the counter-clockwise rotation matrix is 

given by 

Z
R
T

!

"

#
#
#

$

%

&
&
&
=

1 0 0
0 cosθ −sinθ
0 sinθ cosθ

!

"

#
#
#

$

%

&
&
&

V
N
E

!

"

#
#
#

$

%

&
&
&
, (2.41) 

where Z, R and T are the vertical, Radial and Transverse components, while V, N 

and E are the vertical, North and East component, respectively. This rotation does 

not influence the seismic signal in the vertical direction. 

Figure 2.12 shows the principles of the rotation from North (N) and East (E) 

components into Radial (R) and Transverse (T) components. The picture consists 

in a plane view, where the star represents the epicenter of a microseismic event 

and the black-filled circle is a 3C receiver. Clockwise or counter-clockwise 

rotations around the vertical axis refer to a Cartesian coordinate system with the 

axes pointing toward the observer. In Figure 2.12, the vertical axis is positive 

downward, and the observer is outside the positive z-axis halfspace of the 

Cartesian coordinate system (looking in the direction of the positive z-axis). 

Consequently, the rotation depicted in Figure 2.12 as a clockwise rotation, is in 

fact a counter-clockwise rotation. 

Figure 2.13 shows the expected effect of the backazimuth rotation on noise-

free synthetic traces computed for a VTI medium. The procedure to compute 

synthetic slit-shear data is described in the Section A.2. The receiver is located at 

the Earth surface and the backazimuth is 323°. Panel a) shows the North and East 

components where the qS1 and qS2 are clearly identifiable. The Radial and 

Transverse components consisting in the North and East traces backazimuth 

rotated are shown in panel b). The rotation has effectively separated the energy of 

the split shear-waves, which are delayed to each other by the time-delay δt. In this 

specific example the qSV wave shown in the Radial component is slower than the 

SH wave shown in the Transverse component.  
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Figure 2.13 Synthetic North and East components a) and Radial and Transverse 

components b). δt represents the time-delay between the qS1 and qS2 waves. 
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 Chapter 3  

 DESCRIPTION OF THE DATASET 

3.1 Introduction 

Passive seismic monitoring is an increasingly popular method for reservoir 

characterization. This monitoring technique can infer the temporal and spatial 

evolution of reservoir and/or overburden stress fields, resulting from production 

or stimulation activities. Microseismic mapping is an effective tool to delineate 

active faults, define reservoir compartmentalization or calibrate stimulations, 

which are crucial activities for unconventional reservoirs development.  

This Chapter is devoted to a general description of the different techniques 

involved in monitoring the hydraulic stimulation of gas shale plays and 

specifically of the dataset considered in this study. The first part of this Chapter 

describes the main geological characteristics of gas shale reservoirs and 

introduces to the hydraulic stimulation technique. Some basics of passive seismic 

monitoring are also given.   

The seismic data have been recorded by the monitoring of the hydraulic 

fracturing of the Woodford shale located in Oklahoma, USA. I describe the 

geological setting of the study area and the spread configurations adopted for the 

microseismic monitoring. Moreover, I show and analyze active and passive 

seismic records acquired during the stimulation. The former use perforation shots 

as active source and the latter consist in signals produced by microseismic events. 

These two datasets have different characteristics and frequency content, which are 

addressed in this Chapter, together with the analysis of the signal-to-noise ratio. I 

also perform a first analysis of the arrival times with the aim of defining the most 

probable anisotropic model characterizing the study area.  

In the last sections of this Chapter I analyze the microseismic sources of ten 

events recorded during the stimulation treatment. The inversion of the moment 
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tensor focal mechanism from P-waves first arrivals determines the model of the 

failure mechanism caused by the rock fracturing and allows the computation of 

the theoretical radiation patterns of SV- and SH-waves. The comparison of the 

projections on the Earth surface of theoretical and experimental S-waves radiation 

patterns helps us in interpreting results of anisotropy studies, like shear-wave 

splitting analysis.  

 

3.2 Hydraulic fracturing of gas shales 

Shales are sedimentary rocks predominantly composed of consolidated clay 

sized particles. Shales are deposited in low energy environments, like deep-water 

basins, lagoons and lacustric areas, and tidal flats where the fine-grained clay 

particles fall out of suspension in the quiet waters. Organic matter, such as plants, 

algae and animal debris can also be deposited together with the non-organic 

particles. Thus, gas shales can be defined as organic-rich shales hosting large 

quantities of natural gas, mainly methane. Considered hydrocarbon sources or 

sealing rocks in the last century, recently gas shales have became productive 

formations thanks to the technical progress in horizontal wells completion and 

field stimulation techniques like hydraulic fracturing. 

Together with tight sands and some carbonates, gas shales belong to the class 

of unconventional reservoirs. The gaps connecting pores (the pore throats) of 

typical shales can be as small as 20 times the size of a single methane molecule 

(e.g. Bowker, 2007). The very fine sheet-like clay mineral grains and laminated 

layers of shales result in a rock that has limited horizontal permeability and 

extremely limited vertical permeability. Typical unfractured shales have matrix 

permeabilities on the order of 0.01 to 0.00001 millidarcies (DOE, 2009), 

magnitudes too low to permit the natural flow of the gas to the wellbore, except 

over geologic expanses of time. This makes the exploitation of these gas-rich 

rocks commercially non-viable, unless a proper stimulation of the formation is 

accomplished. 
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Hydraulic fracturing (often referred as fracking) is a field stimulation 

technique consisting in injecting fluids under high pressure in the hydrocarbon-

hosting formation with the purpose of creating a high conductivity path that 

extends from the wellbore through a targeted hydrocarbon bearing formation for a 

significant distance, so that hydrocarbons and other fluids can flow more easily 

from the formation rock, into the fracture, and ultimately to the wellbore (API 

2009). Frequently applied to gas shales, this process increases the permeability of 

the pay interval permitting the hydrocarbons to flow to the wellbore and allowing 

the production.  

The shale gas (mainly methane) may be generated thermogenically or 

biogenically and occurs as free gas in fractures and pores, as gas sorbed onto 

kerogen and clay-particle surfaces, or as gas dissolved in organic remains or 

hydrocarbons within the shales (Curtis, 2002). Molecules of adsorbed gas adhere 

to the surface of organic particles and require a pressure lowering to desorb and 

reach the free state. Then the gas moves through the shale matrix reaching a 

fracture face, from which it rapidly flows toward the borehole, driven by the 

pressure sinking. 

For gas shales developments, the injected fluids are primarily water-based 

fluids mixed with additives and some kind of proppant. The chemical composition 

of the fracking fluid depends on several factors, including the clay sensitivity to 

water, as some clays tend to swell in presence of fresh water. Proppants are 

materials carefully sorted for size and sphericity, generally consisting of sand 

grains but also resin-coated sand or high-strength ceramic materials (Duncan, 

2005). Water and sand make up over 98% of the fracture fluid, with the rest 

consisting of various chemical additives that improve the effectiveness of the 

fracture job (DOE, 2009). At the end of the fracking process, once the fluid 

pumping stops, the in-situ pressure reduces and the fractures just created tend to 

close. The proppant helps keeping those fractures open, even during the reduction 

of in-situ pressure due to the exploitation of the gas field. 
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Wells can be drilled vertically down to the bottom or can be eventually 

deviated to the horizontal. The latter is often the most effective option for gas 

shale reservoirs exploitation. The drill bit is steered from the downward trajectory 

to proceed horizontally into the shaley formation for one or two kilometers, with 

the aim of exposing the wellbore surface to as much producing rock as possible. 

In fact, with horizontal drilling, operators can access and drain larger volumes of 

the shale reservoir with respect to using a vertical well. The main drawbacks in 

horizontal drilling are related to the risks of borehole collapsing and to higher 

costs. The horizontal part of the well is drilled in the direction of the local 

minimum horizontal stress σh (Figure 3.1). Hydraulic fractures tend to be aligned 

perpendicular to the direction of minimum compressive stress (σh) and are 

expected to be vertical, striking parallel to the maximum horizontal compression 

(σH). This latest coincide with the preferential direction of fluid flow (Crampin, 

1989). Thus, the direction of the horizontal drilling is properly chosen to intersect 

the greatest number of natural fractures already existing in the reservoir. When the 

stimulated reservoir presents preexisting sets of fractures, the interaction with the 

fluid results in a complex fracture network as it follows the path of least resistance 

that is determined by the fracture pattern and the local stress field (Maxwell et al., 

2010). 

Boreholes are generally completed, and to allow the access of the fracture 

fluids into the producing interval, some holes are blast in the casing by detonating 

perforation shots into the wellbore. The locations of perforation shots are known 

with a good precision, which depends on the accuracy of a well-deviation survey 

(Bulant et al., 2007). 
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Figure 3.1 To exploit gas shales, horizontal wells are drilled in the direction of the 

minimum horizontal stress σh. Fractures produced by hydraulic stimulations tend to align 

parallel to the direction of the maximum local horizontal stress σH, coinciding with the 

preferential direction of fluid flow.  

 Perforation shots and hydraulic fracture treatments are commonly carried out 

in several space- and time-staggered stages which are designed to stimulate 

isolated segments of a reservoir (i.e., multistage fracturing), working from the 

bottom to the top of the productive interval (Eisner et al., 2006). Staging the 

treatment allows for better control and monitoring of the fracture process (HF1, 

2009). Figure 3.2 a) shows the perforation shots clustered in different stages from 

the bottom of the well to the top of the producing formation; the heel and the toe 

of the deviated well are indicated. Perforation shots create open holes in the 

casing to connect the wellbore with the producing formation. Figure 3.2 b) 

illustrates the fracking operation and the consequent triggering of microseismic 

events. 
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Figure 3.2 a) typical layout of perforation shots blasting in the horizontal part of 

the deviated well; b) hydraulic fracture stimulation treatment with microseismic 

events indicated by stars. 



 65 

3.3 Microseismic monitoring of hydraulic stimulation of reservoirs 

Hydraulic fracturing consists in pumping a water-based fluid into the 

production formation with the purpose of opening or creating a system of 

fractures in the volume of rock surrounding the wellbore. This determines a 

permeability and fluid conductivity increase in the reservoir and a more efficient 

hydrocarbon recovery. For low-permeability gas reservoirs this treatment is 

necessary for economic production. Pump rate, pressure, volume, and viscosity of 

the injected fluid are key parameters in controlling the extension of the stimulated 

volume. Microseismic activity usually starts close to the injection point where 

pressure increases are largest. The hypocentral cloud of microseismic events then 

migrates away from that initial location following preferred orientations pre-

defined by the local stress-field orientation or local fault structure (Bohnhoff et 

al., 2010). However, sometimes the fracture system does not propagate in the 

planned directions with the risk of causing an out-of-pay growth of hydraulic 

factures and consequent break out of the reservoir. Fractures growing in the above 

or underlying reservoir formations can determine the production of undesired 

fluids, e.g. water.  Moreover, multistage fracturing can cause repeated hydraulic 

fracturing of reservoir segments fractured in previous stages (i.e. cross-stage 

fracturing) (Eisner et al., 2006). To promptly act on the properties of the injected 

fluid and prevent the mentioned problems, an efficient monitoring system must be 

set up before the stimulation phase.  

The volume of rock stimulated by hydraulic fracturing can be imaged by 

locating microearthquakes induced by the injection (Albright and Pearson, 1982).  

Real time processing of event locations is necessary to modify the stimulation 

design while the stimulation treatment is still in progress and guide well 

placements for optimizing field drainage in the long-term. 

 Moreover, locating the seismic activity in the reservoir is an important 

component of hydraulic fracture delineation, mapping reservoir stresses and 

seismic hazard analysis (Chambers et al., 2010). 
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One of the first documented monitoring of hydraulic stimulation of a 

reservoir is given by Bailey (1973). He patented his, at that time innovative, 

technique to determine the position, in the Earth, of the fractures induced by the 

application of high fluid pressures to the rock wall of the borehole. Bailey 

considered geophones located both at the Earth surface, and downhole. The same 

techniques, although technologically much more advanced, are used nowadays. 

Downhole monitoring entails the deployment of 3C arrays of receivers (8-12 

sensors) in one or more monitoring wells in the vicinity of the stimulated volume 

and generally produces datasets characterized by a high signal-to-noise ratio 

(SNR) (Figure 3.3). However, the need of monitoring wells located at a distance 

not exceeding 500 m from the injection well can limit the applicability of this 

technique. The array of sensors can also be deployed in the injection well itself 

with a consequent reduction of the SNR caused by the high noise level due to the 

fracturing-fluid pumping (e.g. Gaucher et al., 2005; Barzaghi and Ferulano, 2013). 

 
Figure 3.3 Schematic representation of downhole microseismic monitoring of a hydraulic 

stimulation process. Stars indicate microseismic events. 
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Alternatively, monitoring of hydrofracturing can be performed with surface 

or near-surface arrays of receivers. These consist of up to thousands of sensors, 

often distributed on a star-shaped pattern (Figure 3.4). This pattern of receivers is 

an appropriate geometry to reduce the seismic noise produced by the fracking-

pumps and compressors at the wellhead. The spatial sampling must be adequate to 

properly sample the lowest apparent velocity that needs to be captured (Duncan 

and Lakings, 2006). The length of each seismic line is generally equal or higher 

then the depth of the microseismic events to be monitored i.e. the depth of the 

target formation. 

 

 
Figure 3.4 Schematic representation of surface microseismic monitoring with a star-like 

pattern of sensors. Receivers are plotted in blue and three deviated wells in green. The 

raypaths from the source of a microseismic event to the sensors of a seismic line are 

given in red color. 
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Maxwell et al. (2010) summarize the most common techniques to locate 

microseismic events using downhole data. Nevertheless, all these techniques can 

be used with surface or near-surface sensors as well.  Particularly: 

• Hodograms techniques where, from only one three-component sensor, the 

direction between the recording sensor and the microseismic location can 

be determined from the particle motion of the direct P-wave and/or S-

wave arrival, which under certain assumptions is polarized in the direction 

of propagation. The distance to the event is determined from the difference 

in arrival times between the direct P- and S-waves and knowledge of the 

P- and S-wave velocities. 

• Triangulation technique, where arrival times of P- and/or S-waves at 

multiple stations are considered. 

• Semblance techniques, where the goal is to find the location in space 

maximizing a given semblance measure of the seismic signals. This 

technique does not require time picking and it is most suitable for large 

areal spread of sensors. 

Semblance is the most convenient technique to invert surface recorded 

seismic data because of the generally lower SNR with respect to wellbore data. 

MicroSeismic, Inc. (MSI) uses the Passive Seismic Emission Tomography 

(PSET®) technology, a patented microseismic monitoring, mapping and analysis 

process belonging to the semblance category. PSET employs the concept of beam 

steering to gather and sum the output from MSI's FracStar® arrays (star-like 

arrays of sensors) (www.microseismic.com).  

The estimated locations of the microseismic events are generally reported in 

plots of spheres with diameters proportional to the released seismic energy and 

colors related to different wells or different stages of the same well (and 

consequently different hydraulic treatments). Figure 3.5 gives an example of such 

plots.  
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Figure 3.5 Location of microseismic events produced by the hydraulic fracture 

stimulation of a reservoir. Each sphere represents a microseismic event and the yellow 

line is the horizontal part of a deviated well. Color and size of the spheres correspond to 

different stages and relative amplitudes, respectively. Grid cells are 2000 feet square 

(from Williams-Stroud and Billingsley, 2010). 

The choice between downhole or surface arrays of receivers is often driven 

by logistic matters, such as, monitoring wells availability, seismic permitting from 

landowners, cost-benefit analysis, etc. Several experiments comparing the results 

of simultaneous surface and downhole monitoring have been reported. The results 

show general agreement between the event patterns detected (Duncan and Eisner, 

2010). Sakar (2008) analyzes a dataset form the microseismic monitoring of the 

Yibal field in Oman, consisting in seismic recordings from downhole sensors 

deployed in 5 abandoned wells and five surface stations. He concludes that results 

from the surface receivers dataset are consistent with those from the downhole 

arrays, although the latter allow the definition or a higher number of microseismic 

events and a better mapping of the fracture pattern.  
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Eisner et al. (2010a) compare microseismic-event locations and their 

uncertainties using surface and downhole sets of data.  According to that study, 

the estimation of the back-azimuth is the main cause of uncertainty in the source 

location for a vertical array of receivers in a single well. Instead, for surface 

monitoring, the largest uncertainty lies in the vertical position due to the use of 

only a single phase (usually P-wave) in the estimation of the event location. 

3.4 Geological setting of the study area and Woodford Shale 

The object of this study is a gas shale reservoir, located in the Hughes 

County, Oklahoma, USA (Figure 3.6).  

 
Figure 3.6 Map showing the most important gas shale reservoirs in USA. Oklahoma State 

is highlighted in black and the Woodford shale in red (after Horne et al., 2012).  

The reservoir consists in black shales of Late Devonian - Early Mississippian-

age, in the western Arkoma Basin (Figure 3.7). These shales belong to the 

Woodford formation, named by Taff (1902) who described a black shale and chert 

outcrop in the Arbuckle Mountain, Carter County, Oklahoma. The high organic 

content (5-6%) makes the Woodford Shale a prolific oil source, and estimates 

indicate that as much as 85% of the oil produced in central and southern 
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Oklahoma originated in the Woodford formation (Comer, 2008). Type-II kerogen 

is commonly the majority constituent with lesser abundance of both type-I and III 

kerogens (Lewan, 1983). The porosity varies between 2 and 20%, excluding 
fracture porosity. The non-fracture permeability tends to be very low (Spikes, 
2012). Since 2005, thanks to the recent technological progress made in hydraulic 

fracture stimulation to increase the rock permeability, this formation has become a 

significant gas producer.  

 

 
Figure 3.7 Map showing the major geologic provinces of Oklahoma (after Northcutt and 

Campbell, 1995; map available at http://www.ogs.ou.edu/MapsBasic/Provinces.jpg). The 

red cross represents the approximate location of the gas shale reservoir object of this 

study.  

The Woodford formation ranges in depth from 1.8 to 3.3 km, with an average 

thickness of 36 – 66 m (DOE, 2009). It is unconformably underlain by carbonates 

of the early Devonian Hunton group, a collection of Ordovician-Devonian 

carbonates that contains significant hydrocarbon reservoirs, and is overlain by the 

Mississippian Sycamore and Mayes shales and limestones (Blackford, 2005). 

Age-equivalent strata include the Chattanooga Shale, Misener Sandstone, 

Sylamore Sandstone, the middle division of the Arkansas Novaculite, upper part 

of the Caballos Novaculite, Houy Formation, Percha Shale and the Sly Gap 



 72 

Formation. These units represent diachronous onlapping sediments (Comer, 

2008). Figure 3.8 shows the stratigraphic column of the Arkoma Basin. 

 

 
Figure 3.8 Stratigraphic column of Arkoma Basin (after Arbenz, 2008). 
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During the Ordovician, Silurian, Devonian and Mississippian the current 

Arkoma Basin area lay along the western margin of North America and was 

characterized by marine sedimentation in anoxic environment. These conditions 

caused the deposition of black shales, quarzose sandstones and chert beds. From 

the Middle Pennsylvanian the Ouachita orogeny gave rise to the Ouachita 

Mountains in southwest Oklahoma. The subsequent erosion of these reliefs 

deposited a large amount of sediments to the North in the foreland Arkoma Basin 

and to the South in the current Texas. In the Late Pennsylvanian the Arbuckle 

orogeny produced uplifting and deformation to the Southeast of the Arkoma Basin 

further on contributing to the deposit of clastic sediments in the Arkoma, but also 

Anadarko and Ardmore Basins. 

The Woodford formation consists mostly of organic-rich, siliceous, fissile 

shale with variable amounts of carbonate and interbedded cherty beds. These 

features can be observed both in outcrops (Figure 3.9) and core samples (Downie, 

2009). The cherty beds are most common in the upper and lower parts of the 

formation where they form laterally continuous beds 2-8 cm thick (Andrews, 

2009).   

On the basis of gamma ray, resistivity and density logs, the Woodford shale 

can be divided into three units, upper, middle and lower (Blackford, 2005). The 

lower unit immediately overlies the regional unconformity topping the Hunton 

Group, has the lowest radioactivity, and contains more carbonate, silt and sand 

than the other two units. The middle unit has the highest radioactivity, is the most 

widespread lithofacies, and consists of black shale with high concentrations of 

organic carbon, abundant pyrite, resinous spores and parallel laminae. The upper 

unit has intermediate radioactivity and consists of black shale with few resinous 

spores and mostly parallel laminae (Comer, 2008). 

The tectonic activity characterizing this region in the different eras has 

produced a natural fracture system in the siliceous layer of the Woodford shale, 

generally not extending in the shaley interbeds. 
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Figure 3.9 Outcrop of the Woodford formation (after Downie, 2009).  

Waters et al. (2009) reviewed a simultaneous stimulation of adjacent 

horizontal wells in the Woodford Shale formation, in the Arkoma Basin of 

Eastern Oklahoma (see Figure 3.7). From seismic data analysis they report an E-

W trending fault/fracture network, and a secondary NE-SW system. Induced 

fractures on image logs successively confirmed by microseismic imaging of 

hydraulic fractures indicate a N-S orientation of the minimum horizontal stress in 

the area. 

Portas and Slatt (2010) analyzed the natural fracture patterns within the 

Woodford Shale by integrating and calibrating fractures and strata in the exposed 

vertical walls of a quarry, using laser imaging detection and ranging (LIDAR) 

data, 2D seismic lines, and logs and core acquired in a well drilled behind a 

quarry wall. Fracture measurements in the outcrop and LIDAR data revealed two 

extensional fracture sets, the first striking N85°E and the second N45°E. Both of 

them are characterized by a nearly vertical dip. According to these authors, the 

present local stress field has ENE-WSW orientation and generates the second set 

of fractures. The first set instead was probably generated by a paleostress. The 

interpretation of the 2D seismic lines imaging the Upper-Middle Woodford 
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contact and the Woodford-Hunton unconformity surface indicates faults trending 

parallel to the regional faults. 

3.5 The seismic dataset 

In 2008 Microseismic Inc. acquired a seismic dataset during the hydraulic 

stimulation of the Woodford shale. The unconventional reservoir, located in 

Oklahoma (USA), is operated by Newfield Exploration Mid-Continent Inc. The 

main goal of this microseismic monitoring was to locate the events produced by 

the fracking. The survey pattern, specifically designed for this purpose, consists of 

a 10-line Fracstar® array with 1C geophones (vertical component) located on the 

Earth’s surface. The number of receivers per arm varies between 54 (line four) 

and 122 (lines 2 and 10) and the average receiver distance is 23 m. Moreover, 

they deployed 4 lines of three-components accelerometers approximately 

coinciding with four of the 1C seismic lines. All the accelerometers are planted 

with the same orientation, consisting in the magnetic North for the first horizontal 

component and East for the second one. 

The pay interval, located at the approximate depth of 2 km, is probed by 4 

horizontally deviated wells, having the wellheads in the center of the star-like 

array of receivers.  
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Figure 3.10 Plan view of the star-like array of 1C geophones (blue crosses). The black 

triangle in the center represents the wellheads and the orange curves show the wells 

trajectory. Diamonds and circles indicate the locations of microseismic events and 

perforation shots, respectively.  

Figure 3.10 shows a plan view of the star-like array of 1C geophones and 

Figure 3.11 the array of 3C accelerometers. Seismic lines are named 1-10 in the 

star-like array of geophones and 11, 14, 16, 18 in the accelerometers array. The 

black triangle in the center of the arrays represents the wellheads location of the 

four wells, whose trajectories are given in orange color. Receiver numbering for 

each arm starts from the center of the arrays and increases towards the outside. 

The location of the 3C accelerometers of the lines 11, 14, 16, 18 approximately 

coincide with the locations of 1C geophones of lines 1, 4, 6, 8, respectively. 
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Figure 3.11 Plan view of the four 3C lines. The blue crosses represent the accelerometers. 

The black triangle in the center represents the wellheads and the orange curves show the 

wells trajectory. The circles indicate the locations of microseismic events. 

The hydraulic stimulation of the four wells lasted eight days and produced a 

few hundreds microseismic events recorded by the continuous monitoring system. 

Seismic signals from perforation shots were also recorded. The dataset consists of 

files with 30 s length of recording and a time sampling interval of 2 ms. 

Microseismic Inc. located the recorded events with a technology named 

Passive Seismic Emission Tomography (PSET®), thoroughly described by 

Duncan, (2005) (see also Section 3.3 for a short description of PSET technology). 

Positioning microseismic events is out of the scope of this study and I rely on the 

event locations provided by Microseismic Inc. Figure 3.10 shows the location of 

some events and perforation shots whose recordings are analyzed in this thesis. 

The accuracy of the PSET technology in locating the microseismic events 

depends on the signal-to-noise ratio and on the velocity field, which is an input of 
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the inversion procedure. Newfield Exploration Mid-Continent Inc. provided us 

with a 1D velocity profile resulting from log measurements and active seismic, 

which is shown in Figure 3.12. The estimated error in the location of the events 

ranges between 15 and 50 meters, approximately. 

 

 
Figure 3.12 Vertical velocity profile of the study area. 

3.6 Perforation shots 

The hydraulic fracturing of the Woodford shale required the blasting of 72 

perforation shots (perfs for brevity), distributed over the four wells. The standard 

procedure is to perform the hydraulic fracturing of a well and contemporaneously 

to blast the perforation shots of an adjacent well. This causes the noise of the 
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pumps involved in the fracking of nearby wells to contaminate the seismic records 

of the shots. As a consequence only a few shot records have sufficient quality to 

be analyzed. A plan view with the location of the four shots showing the best 

quality is given in Figure 3.10. 

The seismic signals produced by perforation shots were recorded by both the 

1C geophones star-like array and the 3C accelerometers cross array depicted in 

Figure 3.10 and Figure 3.11, respectively. However, explosive sources do not 

produce S-waves and only the recordings from the 1C array are considered for 

perforation shot analyses. 

I analyze the frequency content of the perfs with the aim of designing an 

optimal frequency filter and remove noise out of the source bandwidth. Panel a) of 

Figure 3.13 shows raw data of shot 1, well 5H, stage3, lines 1-3, and panel b) 

shows the frequency spectrum of the first arrivals of line 1, computed trace by 

trace is a narrow time window given by the blue curves in a). Panel c) shows the 

frequency spectrum of the portion of seismic section delimited by the red curves 

in panel a), comprising noise only. Panels d) and e) are the frequency spectra of 

the seismic signals contained in the green and yellow boxes of panel a), 

respectively. The latter two spectra analyze the frequency content of two specific 

types of noise, consisting in almost monochromatic signal of about 23 Hz (panel 

d)) and the noise caused by fluid pumping with a dominant frequency of about 15 

Hz (panel e)).  For the location of the seismic lines and shot see Figure 3.10. 
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Figure 3.13 a) lines 1-3 of the perforation shot 1, well 5H, stage3; direct arrivals of lines 

2 and 3 are indicated by black arrows. b) frequency analysis of the direct arrivals of line 

1; the frequency spectrum refers to the signal included in the time window indicated by 

blue curves in panel a). c) frequency analysis of the noise included in the time window 

indicated by red curves in panel a). d) and e) are frequency spectra of the portion of 

seismogram included in the green and yellow boxes of panel a), respectively.  
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Direct arrivals form the explosive source are characterized by a frequency 

peak of 30 Hz (Figure 3.13 b)), approximately, corresponding to the same 

frequency range of the noise, whose spectra are shown in Figure 3.13 c), d) and 

e). The superposition of the frequency ranges proper of the signal and of the noise 

makes difficult the designing of a frequency filter useful to increase the signal-to-

noise ratio. I apply to the perf data, a bandpass filter with corner frequencies 

6,12,60,70 Hz.  

Most of the perfs seismic records are affected by severe ringing noise, due to 

the water pumping in nearby wells. In order to reduce this unwanted signal I use a 

linear prediction filter in-house coded by Microseismic Inc. The comparison 

between the line 2 of shot 3, well 5H, stage 3 before and after the linear prediction 

filtering is shown in Figure 3.14. The filter effectively reduces the ringing noise.  

A typical seismic attribute considered in seismic data analysis and 

interpretation is the root mean square amplitude (RMS) defined as the square root 

of the average of the squared trace values xn within a time window (e.g. Barnes, 

2007): 

, (3.1) 

where N is the number of samples in a time window twRMS shifting along a 

seismic trace by the shift time tsRMS. The size of the time window defines the 

resolution of the seismic attribute. RMS amplitude sections map seismic features 

isolated from the background signal by amplitude response. This seismic attribute 

is also used to compute the signal-to-noise ratio (see Section A.1). 

Panels c) and d) of Figure 3.14 represent the RMS amplitude of the seismic 

data of panels a) and b), respectively. I consider a time window twRMS = 60 ms 

with a time shift twRMS = 4 ms. The linear prediction filter increases the SNR. The 

relative amplitude of the energy of the direct arrivals after the filtering (panel d)) 

is much higher than the energy of the direct arrivals before the filtering (panel c)). 

In fact, before the application of the linear prediction filter, the amplitude relative 

to direct arrivals is lower than the background noise and it is not identifiable in the 

RMS section (Figure 3.14 c). For the location of the line and shot see Figure 3.10. 
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Figure 3.14 Line 2 of the perforation shot 1, stage 3, well5H, before a) and after b) the 

application of the linear prediction filter. c) and d) are the root mean square amplitude 

sections of the data shown in panels a) and b), respectively. The black arrows indicate the 

direct arrivals from the shot. 
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A typical signature of perforation shots in the seismic records consists in the 

straight arrivals labeled B and C in Figure 3.15. These seismic signals cannot be 

encountered in seismic lines recording microseismic events. My interpretation of 

the seismic signals in Figure 3.15 is that A are direct arrivals from the explosive 

source, T are tube waves traveling along the borehole and, B and C are P- and 

surface-waves, respectively, spreading out from the wellhead and generated by the 

tube waves. 

 
Figure 3.15 a) cartoon showing the travel path of the direct wave from the shot to one 

receiver (A), the tube wave traveling along the borehole (T) and the P- and surface-waves 

spreading out from the wellhead (B) and (C), respectively.  b) seismic section of the line 

7, shot1, stage 3, well 5H, showing examples of waves A, B and C. 
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3.7 Microseismic events 

The fracking operations of the Woodford shale produced a few hundreds 

microseismic events over 8 days of recording. In this study I analyze 10 events, 

showing the strongest coherence of the semblance function used for their 3D 

localization (see Section 3.3). They are named 1 to 10 and correspond to the 

events characterized by seismic data with the highest quality. Microseismic data 

have been recorded by 1C geophones forming the star-like array (lines 1-10) of 

Figure 3.10 and by 3C accelerometers of the cross array (lines 11, 14, 16, 18) 

depicted in Figure 3.11. 

In order to design a proper bandpass filter for the 1C dataset, I analyzed the 

frequency content of the primary signals (i.e. first arrivals) and noise. The goal is 

to remove portions of the noise frequency spectrum non-overlapping with the 

band proper of the primary signal. 

911 seismic traces constitute the 1C dataset, split into the 10 arms forming the 

star-like array. Panel a) of Figure 3.16 shows raw data of the line 5 of Event 10. A 

high frequency ringing is clearly visible between trace 410 and trace 430, 

approximately. Panel c) shows the frequency spectrum of these data and the signal 

at 120 Hz with amplitude relatively high, represents the frequencies of the ringing. 

I performed the frequency analysis on several lines of each of the 10 selected 

events and defined a proper bandpass filter given by the corner frequencies 

2,7,60,80 Hz. This filter effectively removes the ringing. Panel c) of Figure 3.16 

shows the line 5 of Event 10 after bandpass filtering. 
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Figure 3.16 a) Raw data of line 5, Event 10 of the 1C dataset. Panel c) shows the 

frequency spectrum of the first arrivals comprised in the time window defined by red 

lines in panel a). Panel b) shows the seismic data of panel a) after bandpass filtering.  

I applied the designed bandpass filter to the 1C geophones dataset of the 10 

strongest microseismic events. Figure 3.17 shows an example of the 10 lines 

forming the star-like array of Event 10 after filtering. The data are still affected by 

periodic noise (e.g. trace 760-780). Primary signals (direct arrivals) and noise 

share the same frequency band, making bandpass filtering a strategy not 

completely satisfactory for improving the quality of the data. However, the 

anisotropy estimation described in Chapter 4 is based on P-wave first arrivals 

times, which can be easily picked even in presence of residual noise. 
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Figure 3.17 The 10 lines of the star-like array of 1C geophones for Event 10 after 

filtering with a bandpass frequency filter 2,7,60,80 Hz.  

Panel a) of Figure 3.18 shows the root mean square amplitude (RMS) section 

of the bandpass filtered lines 1-3 of Event 10, computed with equation (3.1). The 

RMS amplitude is a seismic attribute generally used in exploration seismic to 

measure the reflectivity of a signal and the strength of primary signal relative to 

the background noise. The length of the time window for computing the RMS 

section is twRMS = 60 ms and the time shift is tsRMS = 4 ms. I computed the signal-

to-noise ratio in decibels (SNRdB) with the procedure described in Section A.1 and 
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the red and green curves in panel a) define the signal and noise time windows, 

respectively. The SNRdB of each trace of the lines 1-3, Event 10, is given by the 

blue curve in panel b) of Figure 3.18, while the red line is the average signal-to-

noise ratio (SNRav) computed separately for the three arms of the star array. 

 
Figure 3.18 a) root mean amplitude section of lines 1-3, Event 10; the red and green 

curves define the signal and noise time windows for the computation of the signal-to-

noise ratio. b) the blue curve represents the signal-to-noise ratio of each trace of lines 1-3, 

Event 10 and the red line is the average of the SNR of each line. 

Figure 3.19 shows the SNRdB of all the 1C traces forming the dataset relative 

to Event 10. The red continuous lines indicate the average SNRdB of each line of 

the star array and the dashed line is the average SNRdB of the entire dataset. The 

variation of the SNRdB for the 10 lines is an expression of the radiation pattern of 

the P-waves. 
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Figure 3.19 Signal-to-noise ratio of the traces forming the 1C dataset of Event 10 (blue 

curve); the red continuous lines represent the average SNRdB of each arm of the star array 

and the dashed line is the average SNRdB of the entire dataset. 

The microseismic events caused by the hydraulic stimulation of the Abbott 

reservoir were also recorded by the cross-like array of 3C accelerometers depicted 

in Figure 3.11. Panel a) of Figure 3.20 shows the Vertical, Radial and Transverse 

components of Event 6, line 11; in a VTI medium these components correspond to 

qP, qSV and SH waves, respectively. 75 accelerometers form the line 11 and three 

traces, one for each component, refer to each receiver. Panels b) and c) show the 

amplitude spectra of the Vertical and horizontal components, computed from the 

signals in the time windows defined by red curves in panel a). Raw data consist in 

the Vertical, North and East components. I obtained the Radial and Transverse 

data with the backazimuth rotation described in Section 2.10.  
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Figure 3.20 a) Raw data showing the Vertical, Radial and Transverse components of line 

11, Event 6; amplitude spectra of the Vertical and Horizontal components, b) and c), 

respectively, computed in the time windows defined by red curves in panel a). 

The signals from the Radial and Transverse components show amplitude 

peaks at lower frequencies than the Vertical component. S-waves travel more 
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wavelength than P-waves along the path from the source to the receiver and 

generally are strongly attenuated (QS<QP). This results in a weaker signal for the 

shear-waves and lower frequency content. The main target of the 3C dataset is the 

study of the horizontal components. A bandpass filter with corner frequencies 

2,7,30,40 Hz seems adequate to preserve the primary signals of the horizontal 

components and remove most of the high frequency noise identifiable in the 

seismic image shown in panel a) of Figure 3.20. Figure 3.21 shows the Vertical, 

Radial and Transverse components of line 11, Event 6, after bandpass filtering.  

 
Figure 3.21 Vertical, Radial and Transverse components of line 11, Event 6, after 

bandpass filtering (2,7,30,40 Hz). 

Panel a) of Figure 3.22 shows the RMS amplitude section of the Vertical, 

Radial and Transverse components of line 11, Event 6. The red and green curves 

define the signal and noise time windows used to compute the signal-to-noise 

ratio according to the procedure described in Section A.1. The blue line in panel 

b) is the SNRdB of each seismic trace of the dataset and the red lines are the 

average SNRdB of the Vertical, Radial and Transverse components, reading 
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SNRav
V =11.4 , SNRav

R =10.3  and SNR av
T = 8.2 , respectively. The lower signal-to-

noise ratio in the horizontal components compared with the Vertical one is 

probably due to the stronger intrinsic attenuation of S-waves with respect to P-

waves. 

 
Figure 3.22 a) RMS section of the 3C dataset of line 11, Event 6; the red and green 

curves define the signal and noise windows. b) signal-to-noise ratio of the Vertical, 

Radial and Transverse sections. 

3.8 Anisotropic model of the study area 

The Abbott gas shale reservoir is located in the Arkoma sedimentary basin 

(Oklahoma, USA). In absence of geological structures, the typical anisotropic 

symmetry considered for sedimentary basins is characterized by a vertical axis of 

symmetry (i.e. VTI anisotropy). In sedimentary basins, the deviation from 
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isotropy is usually attributed to some combination of fine layering and inherent 

anisotropy of shales (Fomel and Grechka, 2001). However, alignment of fractures 

at scale larger than the scale of pores and grains, but smaller than the seismic 

wavelength, may give rise to different kind of anisotropy. The superposition of 

sediments intrinsically anisotropic, like shales, with sedimentary layering and 

possibly aligned fractures can lead to anisotropic models with low symmetry (e.g. 

Teanby et al., 2004). 

Seismic velocities are rotationally invariant around a symmetry axis for 

hexagonal symmetry but depending on the orientation of the symmetry axis we 

can distinguish horizontal transverse isotropy (HTI), VTI or tilted transverse 

isotropy (TTI). An alignment of vertical fractures developed in an isotropic 

medium produces HTI symmetry, while it gives rise to an orthorhombic symmetry 

if the background is a VTI medium  (Al-Harrasi et al., 2010; Section 2.2). Figure 

2.3 shows some examples of geological structures leading to VTI, HTI, TTI and 

orthorhombic anisotropic models.  

Differently from VTI, anisotropic models like HTI, TTI, orthorhombic and 

monoclinic are azimuthally anisotropic. When multiazimuth seismic data are 

available, a simple method to distinguish between VTI and HTI, TTI or lower 

symmetry systems is to analyze the traveltimes recorded by lines having different 

azimuth. This kind of analysis can be easily performed with data acquired with a 

star-array of receivers. However, while it does allow differentiating between VTI, 

HTI or TTI it can’t differentiate between anisotropy and heterogeneity. Hence we 

need to make an assumption about the degree of homogeneity of the media unless 

we use S-wave splitting as an indicator of anisotropy.  

An example of first arrivals picking relative to Event 1 can be seen in Figure 

3.25. Figure 3.23 shows manually picked P-arrival times of Event 1 for the 10 

lines forming the 1C star array depicted in Figure 3.10. The scale of the vertical 

axis is arbitrary because the origin time (time of microseismic event occurrence) 

is unknown. Arrival times are plotted versus dip angle. The latter is the angle 

between the vertical and a straight line connecting the hypocenter and each 

receiver. This angle differs from the takeoff angle because the stratified structure 
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of the medium (see Figure 3.12) causes bending of the ray but it is useful to 

evaluate possible azimuthal anisotropy of the arrival times. The similarity of 

moveout with angle for all lines, and consequently at any considered azimuth, 

suggests that arrival times are mainly controlled by a 1D layered medium with a 

vertical axis of symmetry.  

 
Figure 3.23 Arrival-time picks of lines 1-10 of Event 1 vs. dip angle (after Eisner et al., 

2011). 

Figure 3.24 further confirms the analysis of the data shown in Figure 3.23. It 

shows differential arrival time for lines 1-9 relative to line 10 plotted as a function 

of dip angle defined above. Differences in arrival times are below 20 ms along the 

whole profile, without systematic variations, which would be caused by non-VTI 

anisotropy. 

This analysis confirm that VTI is the most suitable symmetry describing this 

reservoir-overburden system, as there are no evidences of HTI, TTI or lower 

symmetries. Verdon et al., (2009) and Al-Harrasi et al., (2010) observed a 

combination of HTI and VTI symmetries from S-wave splitting analysis of 

borehole data acquired during passive seismic monitoring of reservoirs. However, 
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these observations were made in reservoirs different from the gas shale of this 

area. Moreover, differently from borehole data, seismic data recorded from the 

surface are much more sensitive to the properties of the overburden than the 

properties of the reservoir rocks, as most of the ray travels through the 

overburden. 

 

 
Figure 3.24 Differential times of Event 1 (i.e., arrival times lines 1÷9 subtracted from 

arrival times of line 10) as a function of dip angle (after Eisner et al., 2011). 

3.9 Focal mechanisms inversion of microseismic events 

Microseismic events are simply small-magnitude earthquakes. The analysis 

of this seismic energy is rooted firmly in earthquake seismology. 

Generally, the dominant source mechanism of seismicity induced by 

hydraulic-fracturing is shear slip, which is determined by elevated pore pressure 

reducing normal stress along pre-existing fractures (Pearson, 1981). A detailed 

analysis of the source mechanisms of the microseismic events produced by the 

fracking of gas shales is out of the scope of this study. However, knowing the 



 95 

source mechanism enable us to predict the polarity and relative strength of the S-

waves at the Earth surface. Furthermore based on the source mechanism we can 

understand if the source radiates generally polarized S-waves suitable to split, 

under the hypothesis of an anisotropic medium. For example, if the polarization of 

the S-wave radiated from the source is parallel to one of the principal directions of 

anisotropy it will not split. 

I performed the picking of the first arrivals and focal mechanisms inversion 

with an in-house software, called SP and provided by Microseismic Inc.. Focal 

mechanism are computed with a least square inversion of P-wave amplitudes on 

vertical components in a homogeneous isotropic medium.  Point source 

approximation is used, as the observed wavelengths are several orders of 

magnitude larger than source dimensions (meters).  The software provides both 

the full and the double-couple moment tensor mechanisms. De La Pena et al. 

(2011) describe the algorithm considered by Microseismic Inc. for the inversion 

of the focal mechanism within the SP software. 

Figure 3.25 shows an example of the picking of first arrivals for the seismic 

lines 1-10 of Event 1. First arrivals can be clearly identified in the seismic 

sections; red arrows are located in correspondence of an inversion of polarity of 

the first arrival. This polarity flip is caused by the focal mechanism. 
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Figure 3.25 Examples of the picking of the first arrivals to be used for the focal 

mechanism inversion of Event 1. The red arrows indicate polarity inversions. 
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Figure 3.26 shows a map view of the 10 lines forming the star-like array and 

P-waves amplitudes picked from seismograms shown Figure 3.25. The size of the 

circles is proportional to the amplitude of the picked P-waves and blue and red 

colors represent negative and positive seismic amplitudes, respectively. Positive 

polarity corresponds to motion down and negative polarity to motion up. Only the 

amplitudes of reliable picks are plotted. The smooth variation of both magnitude 

and polarity of the amplitudes of direct arrivals with offset, denotes both good 

consistencies of the picks and an excellent coupling of the geophones (Eisner et 

al., 2010b). 

 

Figure 3.26 Positive (red) and negative (blue) amplitudes of the picked P-wave first-

arrivals of Event 1 at the corresponding receivers position. The size of each circle is 

proportional to the amplitude of the picked phase. The location of the event is indicated 

by the green diamond and its focal mechanism is plotted in the upper right corner. 

The focal mechanism inversion is based on the least square minimization of 

the misfits between observed and predicted amplitudes in a homogeneous 

isotropic model with a free surface boundary condition. The P-wave velocity of 

the homogeneous model is the effective velocity of the seismic event computed 
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from the 1D velocity profiles given in Figure 3.12 and the source depth. The large 

number of receivers and the wide coverage, both in terms of offset and azimuth, 

guarantees a stable inversion. 

The full moment tensor mechanism inversion always fit better the observed 

data with respect to pure-shear mechanism, as it has additional two degrees of 

freedom (Eisner et al., 2010b). However, this specific case shows similar L2-

misfits for full or pure-shear mechanisms, suggesting that the microseismicity is 

mainly caused by pure shear microearthquakes. The non-shear components 

resulting from the small difference in the L2 misfits between the full and pure-

shear mechanism may be related to inaccurate modeling and noise. 

 

 
Figure 3.27 Source mechanisms of 10 events. The microseismic activity is related to 

strike-slip and oblique dip-slip faults. 
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I computed the focal mechanisms of the strongest 10 events where the term 

strength refers to the coherence of the semblance function used to localize the 

events (Section 3.3) and it is not directly derived from their magnitude. Figure 

3.27 shows the location of the events and their pure shear source mechanisms; the 

star-like array of 1C geophones is also plotted. 

The microseismicity produced by the hydraulic fracturing of this gas shale 

reservoir is driven by two mechanism of slip: strike-slip and oblique dip-slip. 

Seismic data of a single point source of double-couple suffers from an ambiguity 

in which is the fault and auxiliary plane. The strike, dip and rake angles, the 

moment tensor components and, the components of the seismic moment tensor 

and magnitude of the events shown in Figure 3.27, are given in Table 3.1 and 

Table 3.2, respectively. 

Table 3.1 Strike, dip and rake angle describing 

the focal mechanisms of the events shown in 

Figure 3.27 

Event # Strike 
(degrees) 

Dip 
(degrees) 

Rake 
(degrees) 

1 246 85 120 
2 220 85 -175 
3 245 84 98 
4 70 90 75 
5 260 84 -74 
6 50 85 -180 
7 250 88 100 
8 250 88 -70 
9 255 83 83 
10 85 90 90 
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Table 3.2 Pure shear components of the seismic moment tensor and moment 

magnitude of the events shown in Figure 3.27.  

Event # Mxx Myy Mzz Mxy Mzx Myz Mw 

1 3.4·107 -5.5·107 2.1·107 5.5·107 -1.1·108 4.3·107 -0.6 

2 2.1·108 -2.0·108 -3.2·106 -3.5·107 -2.1·106 -2.6·107 -0.5 

3 -3.0·106 -7.8·106 1.1·107 9.1·106 -4.9·107 2.1·107 -0.9 

4 -1.2·107 1.2·106 0 -1.5·107 6.7·107 -2.4·107 -0.8 

5 1.9·107 -1.6·107 -1.6·107 -2.6·107 5.9·107 -1.9·107 -0.8 

6 8.0·107 -8.0·107 0 1.4·107 4.6·106 5.4·106 -0.8 

7 2.0·107 -4.1·106 2.1·106 5.2·106 -3.3·107 1.2·107 -1 

8 -7.7·106 1.0·107 -2.6·106 -1.3·107 4.1·107 -1.4·107 -1 

9 -7.4·106 1.2·106 6.2·106 -1.1·106 -2.4·107 6.9·106 -1.2 

10 0 0 0 0 4.5·107 -3.9·106 -1 

 

A thorough analysis of the mechanisms of fracturing leading to the dip-slip 

and strike strike-slip faulting resulting from the focal mechanism inversions of 

this dataset, is out of the scope of this study. However, for completeness, I report 

some possible mechanisms of fracturing, coming from the literature. 

Figure 3.28 describes a possible failure mechanism related to dip-slip 

faulting. From the analysis of a microseismic dataset acquired during the 

hydraulic stimulation of a reservoir in continental USA, Eisner et al. (2010b) 

interpret the steeply dipping failure planes to be caused by slip associated with 

tensile opening of fractures parallel to bedding. Gas shales are characterized by 

horizontal planes of weakness related to their strong horizontal fabric. The 

presence of natural fractures perpendicular to the bedding layers can result in a 

mini-pop-up above the horizontal fractures. However, this model requires the 

minimum stress to be vertical which is unlikely for the Abbott reservoir. 
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Figure 3.28 Schematic drawing of hypothetical failure mechanism due to horizontal 

fracturing during hydraulic stimulation. The minimum stress is vertical and the induced 

fracturing produces reverse dip-slip faulting mechanisms (after Eisner et al., 2010b). 

Figure 3.29 shows the failure mechanism related to strike-slip faulting. This 

mechanism is based on the same planes of weakness described in Figure 3.28, that 

is, horizontal discontinuities related to the shales fabric and vertical fractures. 

However, this failure mechanism indicates that the local minimum stress direction 

is directed NE-SW. 

Rutledge et al. (2004) analyzed microearthquake data detected during five 

hydraulic fracture treatments in the Carthage gas field of East Texas. Events 

throughout all the treatments show both left- and right-lateral strike-slip faulting 

along near-vertical fracture planes that strike subparallel with the maximum 

horizontal stress σHmax. The authors’ interpretation consists in a system of shear 

fractures linking natural and hydraulic fractures in a series of low-angle 

dilatational jogs and is depicted in Figure 3.30. 

In is important to notice that the two models shown in Figure 3.29 and Figure 

3.30 differentiate in the horizontal stress parallel to the strike of the seismogenic 

faults, consisting in the minimum and maximum local horizontal stresses, 
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respectively. However, in both models fractures open against the minimum 

horizontal stress σHmin. 

 
Figure 3.29 Hypothesis of failure mechanism due to vertical fracturing during hydraulic 

stimulation. The double lines represent the hydraulic fractures. The minimum stress σHmin 

is horizontal and the induced fracturing produces strike-slip faulting mechanisms. 

 
Figure 3.30 Plan-view schematic of a narrow, on-trend fracture mesh formed by a series 

of extensional (hydraulic) fractures connecting natural shear fractures. The single-line 

segments represent the natural fractures, which are rotated ±10° from σHmax. The double 

lines represent the hydraulic fractures (after Rutledge et al., 2004). 
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3.10 Source radiation pattern of microseismic events 

The moment tensor inferred from the focal mechanism inversion can be used 

to compute the radiation pattern of the source and the radiation strength of S-

waves. This helps in interpreting the different features characterizing the seismic 

data, e.g., polarity inversions of the first arrivals or absence of coherent signal at 

the expected traveltime of a specific line, e.g., vicinity of nodal lines for P-waves 

in Figure 3.25. 

Considering a double-couple source, the radiation patterns of the far-field P-, 

SV- and SH-waves in homogeneous, isotropic media are given by (Chapman, 

2004): 

 

          RP = Mxx cos
2φ +Myy sin

2φ +Mxy sin2φ( )sin2θ +                     

                     +Mzz cos
2θ + Mzx cosφ +Myz sinφ( )sin2θ , 

(3.2) 
       RSV = 0.5 Mxx cos

2φ +Myy sin
2φ −Mzz +Mxy sin2φ( )sin2θ +  

  + Mzx cosφ +Myz sinφ( )cos2θ , 

          RSH = 0.5 Myy −Mxx( )sin2φ +Mxy cos2φ( )sinθ +  

                              + Myz cosφ −Mzx sinφ( )cosθ , 

 

where Mij i,j=x,y,z are the components of the moment tensor, and θ and φ are the 

polar co-latitude and longitude, i.e. the angles from the z (Vertical) and x (East) 

axes.  

Figure 3.31 shows the far field P-, SV- and SH-waves radiation patterns 

computed with equation (3.2) and the moment tensor of Event 6 (see Table 3.2 for 

the moment tensor components). 
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Figure 3.31 Radiation patterns of the far-field P-wave a), and of SV- and SH-waves, b) 

and c), respectively. Positive amplitudes are plotted in red and negative amplitudes in 

blue. The three panels refer to Event 6. 
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Panel a) of Figure 3.32 shows the actual amplitudes picked from the 1C 

seismic records of Event 6 and panel b) shows the projection of the P-wave 

radiation pattern (Figure 3.31 a)) at the Earth surface. The matching of both 

polarities and relative amplitude is quite remarkable. 

 
Figure 3.32 Comparison between the picked P-wave first arrival amplitudes of Event 6 

a), with the projection of the radiation pattern of P-waves at the Earth surface b). Positive 

amplitudes are plotted in red and negative amplitudes in blue. The source focal 

mechanism of Event 6 is also shown. The location of the microseismic event is indicated 

by the green diamond.  

Panel a) of Figure 3.33 shows the actual amplitudes of the Radial component 

picked from the 3C records of Event 6; assuming a VTI anisotropic medium the 

Radial component contains SV-waves. Panel b) of the same figure shows the 

projection of the SV-wave radiation pattern (Figure 3.31 b)) at the Earth surface. 

The actual amplitudes of the first arrivals of the Transverse component of 

Event 6 are given in Figure 3.34 a); panel b) shows the projection of the SH-wave 

radiation pattern (Figure 3.31 c)) at the Earth surface.  

For both S-wave components, the matching between the experimental and 

theoretical data, in terms of relative amplitude and polarity, is good.  

 

 



 106 

 
Figure 3.33 Comparison between the picked S-wave first arrival amplitudes of the Radial 

component of Event 6 a), with the projection of the radiation pattern of SV-waves at the 

Earth surface b). Positive amplitudes are plotted in red and negative amplitudes in blue. 

 

The matching between the projection on the Earth surface of the picked 

amplitudes from real data and from the radiation pattern of equation (3.2) is good, 

for the entire dataset, i.e. for the 1C and 3C lines of the 10 strongest events.  

A further example of comparison between picked amplitudes and projections 

at the Earth surface of the computed radiation pattern is shown in Figure 3.35. 

These pictures refer to Event 1, characterized by an oblique dip-slip mechanism.  

Circles in panels a), c) and d) of Figure 3.35 represent the amplitude of first 

arrivals picked on the P-, SV- and SH-seismograms, respectively, while circles in 

panels b), d) and e) represent the projection of the radiation pattern of the 

corresponding wave-types at the Earth surface.  
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Figure 3.34 Comparison between the picked S-wave first arrival amplitudes of the 

Transverse component of Event 6 a), with the projection of the radiation pattern of SH-

waves at the Earth surface b). Positive amplitudes are plotted in red and negative 

amplitudes in blue. 

 

S-waves radiated form the source and polarized parallel to one of the 

principal directions of anisotropy will not split. The comparison of the projections 

on the Earth surface of theoretical and experimental source radiation patterns 

helps us in interpreting the seismic data and predicting shear-wave splitting 

observations.  

 



 108 

 
Figure 3.35 Comparison between the picked P- and S-wave first arrival amplitudes of 

Event 1, with the projection of the radiation pattern of at the Earth surface. Panels a), c) 

and e) show the picked amplitudes from P-, SV- and SH-seismograms and panels b), d) 

and f) show the projection of the corresponding radiation patterns at the Earth surface. 

Positive amplitudes are plotted in red and negative amplitudes in blue. 
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 Chapter 4  

TRAVELTIME INVERSION OF qP- AND SH-WAVES 

4.1 Introduction 

Conventional seismic data processing and interpretation are based on the 

hyperbolic approximation of the moveout, as a consequence of the assumption of 

isotropic subsoil. These techniques become inaccurate when anisotropic data are 

treated under the general assumption of isotropy (e.g. Lynn et al., 1991; 

Alkhalifah and Larner, 1994; Tsvankin, 1995; Tsvankin and Thomsen, 1995). 

Anisotropy significantly affects the normal-moveout velocity (NMO) of shale 

reservoirs and ignoring this contribution leads to misties in time-to-depth 

conversion (Banik, 1984; Alkhalifah et al., 1996; Sarkar and Tsvankin, 2006). 

The main goal of this thesis is to compute the anisotropy parameters of the 

subsoil from the analysis of microseismic events due to hydraulic fracturing of a 

gas shale reservoir. A relatively simple but effective method to quantify 

anisotropy from seismic data is the inversion of P- and S-wave traveltimes. 

Traditionally used for active seismic applications (Tsvankin and Thomsen, 1994; 

Alkhalifah and Tsvankin, 1995; Grechka and Tsvankin, 1998), these inversions 

can also be applied to microseismic data.  

I assume the reservoir and the overburden to be approximated by a single 

homogeneous VTI medium that, in terms of traveltimes, is equivalent to a 1D 

medium formed by isotropic or anisotropic layers (Backus, 1962; Grechka and 

Tsvankin, 1998). Evidences of the correctness of this assumption, coming from 

the observed P-wave arrival times, do not seem to require a higher order of 

symmetry (Section 3.8; Eisner et al., 2011).  

Intuitively, the reliability of these techniques depends on the maximum offset 

of the seismic data as the non-hyperbolicity manifests itself at large source-

receiver distance. However, other parameters involved in the methodology 
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constitute sources of error and ultimately affect the results of the inversion. In this 

Chapter I describe the P-wave arrival-time inversion and analyze its sensitivity to 

possible uncertainties in the input parameters. Moreover this technique is applied 

to the field data with the purpose of estimating the anisotropic properties of the 

reservoir and/or overburden. 

Two of the three Thomsen anisotropy parameters, ε and δ, can be obtained 

from the inversion of the P-waves moveout, while the third one, γ, from the SH 

arrival times. In laterally homogenous VTI media, the backazimuth rotation of the 

horizontal components into the Radial and Transverse directions separates qSV 

and SH waves. In the last part of this Chapter the SH-wave arrival time inversion 

is tested with synthetic data and applied to microseismic events. 

4.2 P-wave traveltime inversion for VTI media 

Let’s consider a seismic source located in a homogeneous isotropic medium 

at depth zs. In the schematic representation of Figure 4.1 seismic waves travel 

from the source to the receiver in a straight-line raypath and with an offset-

dependent traveltime t(x). The traveltime tP (x)  of the direct P-wave recorded by 

the receiver is given by 

tP
2 (x) = tP

2 (0)+ x2 VNMO

2
, (4.1) 

where tP(0) is the zero offset P-waves one-way traveltime, x is the offset, i.e., the 

horizontal projection of the source-receiver distance and VNMO is the normal 

moveout velocity, which in this simple case is the P-wave velocity of the isotropic 

medium. Equation (4.1) shows a hyperbolic dependence of the traveltime with 

respect to the offset and still holds in the small spread approximation of a 

homogeneous transversely isotropic medium with a vertical symmetry axis (VTI). 

However in such a case 

VNMO = vP0(1+ 2δ)
1/2 , (4.2) 

where vP0 is the P-wave velocity measured along the vertical symmetry axis and δ 

is the Thomsen parameters (Section 2.7; Thomsen, 1986). In the small-spread 
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approximation the traveltime of a VTI medium is still hyperbolic but the normal 

moveout velocity is neither the horizontal nor the vertical P-wave velocity. 

 

 
Figure 4.1 Schematic representation of a passive seismic monitoring experiment; x is the 

receiver offset and φ is the dip angle (after Gei et al., 2011). 

In an anisotropic medium the polarization vector and the ray direction of a 

propagating P-wave do not coincide and the quasi-compressional wave is called 

qP. A complete description of this phenomenon can be found in the Section 2.5. 

In laterally homogeneous VTI media, the traveltime of the qP wave can be 

approximated by 

tP
2 (x) = tP

2 (0)+ x2

VNMO
2

−
2ηx4

VNMO
2 tP

2 (0)VNMO
2 + 1+ 2η( ) x2#

$
%
&

, (4.3) 

where VNMO is given by equation (4.2), and η is the anellipticity (equation (2.31)). 

Equation (4.3) was proposed by Alkhalifah and Tsvankin (1995), as the result of 

the modification of a three-term Taylor series expansion of the moveout given by 

Tsvankin and Thomsen (1994) and is suitable to be used for inversions of arrival 
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times recorded from microseismic events or perforation shots or calibration shots. 

Its last term accounts for the deviation of the traveltime from the hyperbolic 

distribution in the large offset approximation The inversion algorithm consists in a 

nonlinear iterative minimization of the residual traveltimes given by the difference 

between the synthetic traveltimes computed with equation (4.3) and experimental 

traveltimes. The latter are given by  

 tP (x) = tP
a (x)− t0 , (4.4) 

where tP
a (x)  are the observed arrival times and t0 is the, generally unknown, 

origin time.  

The inversion of observed arrival times to compute the anisotropy parameters 

δ and η, requires to know or invert the origin time t0, the P-wave velocity along 

the symmetry axis vP0, the source depth zS and the one-way vertical traveltime 

tP(0). I assume that the horizontal position of the source is either known with 

sufficient accuracy (perforation shots) or determined from symmetry of the 

moveout. 

 

4.2.1 P-wave traveltime inversion of synthetic data 

In order to test the algorithm described in the Section 4.2, for the estimation 

of the Thomsen parameters δ and η with the P-wave traveltime inversion, I 

compute a synthetic dataset with a full wave method. The 2D elastic wave 

equation (2.3) is numerically solved for a medium with VTI symmetry (equation 

(2.12)) with a Fourier method. The time integration is based on a 4th order Runge-

Kutta scheme. A complete description of the modeling algorithm can be found in 

Chapter 9 of Carcione (2007). 

The blue crosses in Figure 4.2 represent the location of the 1C geophones 

forming the array used to monitor the hydraulic fracturing of the Abbott shale 

play. The red lines are synthetic seismic lines, mimicking the actual star-like 

array. The red star in the center of the array is the epicenter of the synthetic 

dataset. The coordinates of the source are: East= 2443 m, North = 2950 m and 
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depth = 2100 m. The numerical mesh has 455x315 points, with a grid spacing of 

10 m. The average receiver distance in the real data is 23 m. Consequently in the 

synthetic data I use a similar spacing (receivers placed at every other grid point). 

In order to avoid wraparound, absorbing strips of 30 gridpoints length are 

implemented at the boundaries of the numerical mesh. The source is a dilatation 

force, whose time history is a Ricker wavelet with a dominant frequency of 30 Hz. 

The wavefield is computed with a time step of 1 ms.  

 
Figure 4.2 Comparison between the actual star-like array of 1C geophones used to 

monitor the hydraulic fracturing of the Abbott shale play (blue crosses) and the array for 

computing the synthetic dataset (red lines). The red star represents the epicenter of the 

synthetic dataset. 

Some parameters regarding the geometry of the synthetic and actual arrays of 

receivers are reported in Table 4.1. This information is important for comparison 

of the real and the numerical experiments as the larger the receivers offset, the 
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better constrained is the inversion of the P-wave arrival time. The number of 

receivers per line does matter only in presence of picking noise, which is not the 

case of these noise-free synthetic data. 

Table 4.1 Minimum and maximum offsets of the synthetic and real 

star-like arrays. 

Line 

number 

Minimum offset (m) Maximum offset (m) 

Real array 
Synthetic 

array 
Real array 

Synthetic 

array 

Line 1 365 360 2560 2560 

Line 2 365 360 3132 3120 

Line 3 365 360 2857 2860 

Line 4 507 500 1711 1700 

Line 5 535 640 1839 1840 

Line 6 366 360 1920 1920 

Line 7 366 360 2034 2040 

Line 8 367 360 2400 2400 

Line 9 366 360 2676 2680 

Line 10 366 360 3132 3120 

 

 

The properties of the homogeneous VTI medium used for computing the 

synthetic seismograms are given in Table 4.2. vP0  is the effective vertical P-wave 

velocity computed from the velocity profile shown in Figure 3.12. Data about the 

S-wave velocity and density of the study area are not available. I obtained the 

value of vS0 , effective S-wave vertical velocity with the mudrock line, an 

empirical relationship defined for clastic silicate rocks composed primarily of 

clay- and silt-sized particles (Castagna, 1985): 

vS0 = (vP0 −1.36) /1.16 , (4.5) 

where vP0  is expressed in km/s. 
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The density has been obtained with the Gardner’s rule, defined for 

sedimentary rock characterized by P-wave velocity in the range 1.5-6.1 km/s 

(Gardner et al., 1974): 

ρ =1.74vP0
1/4 , (4.6) 

where the density ρ is expressed in g/cm3 and the velocity vP0  in km/s. 

Table 4.2 Seismic properties of the homogeneous 

VTI medium considered for the seismic modeling. 

vP0 (m/s) 2900 ε 0.1 

vS0 (m/s) 1328 δ 0.1 

ρ (kg/m3) 2271   

 

Figure 4.3 shows examples of picking P-waves arrivals and Figure 4.4 is a 

contour plot of the picked arrival times of the whole synthetic dataset. 

 

 
Figure 4.3 Example of picking P-waves arrivals of lines 1-3 of the synthetic dataset. 
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Figure 4.4 Contour plot of synthetic arrival times. The source is located in the center of 

the array and indicated by the black star. The gray lines represent the different arms of 

the star-like array. 

Panel a) of Figure 4.5 shows the comparison between the picked arrival times 

obtained from line 1 of the synthetic dataset and the analytic arrival times 

computed with equations (4.3) and (4.4) for an isotropic medium (δ=0 and η=0). 

In panel b) the analytic arrival times correspond to the best results of the 

inversion. The comparison of the inversion results with the input parameters of 

the numerical modeling procedure given in Table 4.3 confirms the effectiveness 

of the P-wave arrival time inversion. In that table, the item RMS represents the 

root mean square of the time residuals. Noise free data with known source 

position and vertical P-wave velocity can be used to invert for anisotropy 

parameters with high precision and accuracy. 

 

 



 117 

 
Figure 4.5 Comparison between the picked arrival times from synthetic seismic data 

(crosses in blue) and analytic arrival times (circles in red) computed for an isotropic a), 

and VTI b) medium.  

 

Table 4.3 Comparison between the parameters used as 

input of the seismic numerical modeling and the results 

of the inversion of the synthetic data. 

 Input synthetics Output inversion 

t0 (s) 0.500 0.497 

δ 0.100 0.099 

η 0.100 0.095 

RMS (ms) - 0.5 

 

 

4.2.2 Sensitivity analysis of the P-wave traveltime inversion 

If the origin time t0 is unknown, the traveltime inversion based on equation 

(4.3) requires knowing the vertical P-wave velocity vP0 and the source depth zS. 

The velocity model often comes from vertical seismic profile (VSP) surveys and 

well logging, and is usually calibrated from seismic signals of perforation shots at 

known positions along the treatment well. The locations of perforation shots are 

known with a limited precision, which depends on the accuracy of a well-
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deviation survey (Bulant et al., 2007). Microseismic events can be located with 

different techniques, shortly described in the Section 3.3. While the horizontal 

location of the events is generally quite accurate, surface monitoring mostly 

suffers from the estimation of hypocenter depth (Eisner et al., 2009).  

It is important to evaluate the effect of inaccuracies of these input parameters 

on the results of the P-wave traveltime inversion. In order to explore the 

sensitivity of the inversion to the input data, I compute synthetic datasets 

mimicking real seismic data acquisitions during a microseismic monitoring. The 

reservoir and the overburden are approximated with a homogeneous vertical 

transversely isotropic medium (VTI). A vertical cross section through the 

synthetic passive seismic monitoring experiment is given in Figure 4.1, where x is 

the source-receiver offset, zs is the source depth, t(x) is the traveltime at offset x 

and t(0) is the one-way vertical traveltime. Figure 4.6 shows a plane view of the 

synthetic experiment. The grey straight lines represent eight seismic lines 45° 

regularly spaced, forming a star-shaped array of receivers and the source is 

located in the center of the array at coordinates xs=3350 m, ys=3350 m and 

zs=2100 m. The medium is characterized by an effective vertical velocity vP0
True

=2906 m/s and anisotropy parameters δ=0.1 and η=0.1. I consider the same value 

for the two parameters to directly compare their relative change in the inversion as 

input parameters change. The origin time is simulated by subtracting 0.5 s from 

the computed traveltimes; this gives t0=-0.5 s. All the testing described in the 

following sub-section refers to this model of homogeneous VTI medium, unless 

differently specified. 

 



 119 

 
Figure 4.6 Contour of synthetic arrival times over a plan view of a typical layout for 

surface array monitoring of hydraulic stimulations. The source is located in the center of 

the array. The gray lines represent the different arms of the star-pattern array (after Gei et 

al., 2011). 

Unlike the synthetic dataset described in Section 4.2.1, traveltimes are 

computed with equation (4.3), i.e., the same equation is used for forward and 

inverse modeling. However, I obtained comparable results with different 

techniques for traveltimes computation (e.g., traveltimes computed with equations 

listed in Bulant et al. (2007) and full-wave numerical modeling (Carcione, 2007) 

and picking), supporting the assumption that the use of equation (4.3) to produce 

and also invert the data does not affect the conclusions of this study. An example 

of synthetic arrival times is given in Figure 4.6 where they are plotted in a contour 

style. 
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Picking noise is simulated by perturbing synthetic arrival times with Gaussian 

noise with zero mean and increasing values of standard deviation, from 0 to 4 ms. 

The standard deviation of the Gaussian noise is defined as 

, 
(4.7) 

where N is the number of arrival times in the dataset and ni is the noise to be 

added to the i-th arrival time. Figure 4.7 shows an example of synthetic 

traveltimes perturbed with Gaussian noise with standard deviation σn = 4 ms 

compared with noise-free traveltimes. 

 

 
Figure 4.7 Example of synthetic traveltimes with (blue circles) and without (red circles) 

Gaussian noise (σn = 4 ms). 

The inversion described in the following sections aims to compute the 

anisotropy parameters δ and η and the origin time t0 from the synthetic traveltimes 

perturbed by the Gaussian noise. The P-wave vertical velocity vP0 and the source 

depth zs are inputs to the inversion. The horizontal position of the source (xs, ys) is 

considered a known quantity because it can be robustly inverted in VTI media. 

The limit of determining three parameters only (δ, η, t0) is related to the nature of 

€ 

σn =
ni
2

i=1

N
∑
N
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the Taylor expansion represented by equation (4.3). This is also confirmed by the 

inversion described by Bulant et al. (2007). 

Sometimes the origin time can be measured during the microseismic 

monitoring. In that case the traveltimes can be inverted for the vertical velocity 

vP0, and the two anisotropy parameters δ and η, simultaneously. 

 

4.2.2.1 Sensitivity picking noise 

VTI anisotropy does not consider azimuthal variations of the seismic 

properties, i.e., velocities. Consequently, in principle traveltimes from a single 

seismic line (e.g. one of the lines depicted in Figure 4.6) are sufficient to apply the 

inversion and compute δ and η. However, in presence of noise, the redundancy of 

data given by considering the eight arms of the star-array, provides a better 

statistical sampling, which results in a more precise estimation of the anisotropy 

parameters. This can be inferred from Figure 4.8, showing the results of 100 

inversions, each of them corresponding to a different realization of Gaussian noise 

with constant σn = 4 ms. For this test I consider a maximum offset-to-depth-ratio 

(MO/SD) of 1.5 and 200 receivers per line with a receiver spacing of 16 m.  

Blue circles are the results of inversions considering a single seismic line, 

while red circles are the anisotropy parameters obtained from the eight-arms star-

like array shown in Figure 4.6. The two anisotropy parameters are characterized 

by a linear trend as values of δ and η trade off with each other. The black 

diamond in the center of Figure 4.8 represents the true values of δ and η, the ones 

used to compute the synthetic traveltimes. Red circles result in tighter clustering 

than the blue ones proving the higher effectiveness of the eight-arms array with 

respect to a single seismic line. Consequently, the inversions described in this and 

next sections are performed considering the star-array geometry. 
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Figure 4.8 Anisotropy parameters δ versus η, as results of inversions of traveltimes 

perturbed with 100 different realizations of Gaussian noise (σn = 4 ms). Red circles 

correspond to inversions with the star geometry and blue circles indicate inversions with 

a single-line geometry. The black diamond indicates the actual values of the anisotropy 

parameters (δ = 0.1 and η = 0.1) (after Gei et al., 2011). 

Figure 4.9 shows the results of inversions of synthetic traveltimes versus 

noise level expressed in terms of standard deviation. The MO/SD is 1.5 and each 

line of the star array has 200 receivers, 16 m spaced. For each value of σn I 

compute 100 realizations. Panels a) and b) shows estimated δ and η, respectively. 

Inaccuracies in the estimated anisotropy parameters are proportional to the noise 

level. Moreover, η is slightly more sensitive than δ to picking noise. Panel c) 

shows the estimated origin time and panel d) the root mean square of the time 

residuals. t0 is basically unaffected by the presence of noise and the RMS of time 

residuals assumes the same value of the noise standard deviation. Measured RMS 

of time residuals from inversions of experimental datasets can be used to estimate 

the noise level in picked arrival times. 
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Figure 4.9 a) estimated anisotropy parameters δ, b) η, c) origin time t0, and d) RMS of 

time residuals for nine values of the standard deviation of Gaussian noise σn. The 

maximum offset-to-source depth ratio (MO/SD) is 1.5, the receiver spacing is 16 m, and 

the number of receivers per line is 200 (after Gei et al., 2011). 

Figure 4.10 shows the standard deviation of estimated anisotropy parameters 

versus maximum offset-to-source-depth ratio. For each value of MO/SD I 

compute 100 noise realizations with σn = 4 ms. The depth of the source is 2100 m 

and the three curves shown in each panel of Figure 4.10 have been obtained 

considering different strategies to increase the maximum offset. For the curves 

indicated by circles I add receivers to the different arms of the star-array, keeping 

constant the receiver spacing of 25 m. The number of receivers varies between 63 

(MO/SD = 0.75) and 168 (MO/SD = 2). The curves defined by asterisks are 

computed considering a constant number of receivers per arm (100) and 

increasing the receiver spacing from 16 m (MO/SD = 0.75) to 42 m (MO/SD = 2). 

I considered the same strategy for the curves indicated by triangles but in this case 
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each seismic line has 200 receivers with spacing varying from 8 m (MO/SD = 

0.75) to 21 m (MO/SD = 2). 

 
Figure 4.10 Standard deviation of 100 estimations of anisotropy parameters δ a), and η b) 

versus maximum offset-to-source-depth ratio (MO/SD). The standard deviation for the 

Gaussian noise perturbing the synthetic traveltimes is 4 ms. For curves defined by circles, 

the maximum offset is increased by increasing the number of receivers in each line of the 

star-array from 63 (MO/SD = 0.75) to 168 (MO/SD = 2). For curves, given by asterisks 

and triangles, the arms are stretched, increasing the receiver spacing with a constant 

number of receivers per line of 100 and 200, respectively (after Gei et al., 2011). 

Inaccuracies in the estimation of δ and η decrease as MO/SD increases. The 

fastest reduction of σδ and ση is for  MO/SD smaller than one; the improvement 

in the estimation of the anisotropy parameters for  MO/SD larger than 1.5 is 

negligible. Moreover, the better statistical sampling related to the increase of the 

number of receiver per line more effectively reduces the standard deviation of δ 

and η, compared to stretching the seismic lines for increasing the maximum 

offset. This conclusion is similar to the one obtained from the analysis of Figure 

4.8. 

Figure 4.11 quantifies the improvement in the estimation of δ and η related to 

an increment of the number of receivers forming the eight seismic lines of the 

star-array of Figure 4.6. It shows the standard deviation of the anisotropy 

parameters as a function of the number of receivers per line nr. The MO/SD = 1.5 

is constant and the circles represent the standard deviation of 100 noise realization 
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with σn = 4 ms. The maximum offset is constant and increasing the number of 

receivers reduces the receiver spacing. A rapid improvement of the estimation of 

δ and η is obtained by increasing nr up to 200, corresponding to a receiver 

spacing of 15 m. The uncertainty reduction falls off approximately as 1/ nr . 

 
Figure 4.11 a) standard deviation of anisotropic parameter δ, and b) anellipticity 

coefficient η, versus the number of receivers per line (nr). Each circle is the standard 

deviation of 100 estimations corresponding to the same number of different noise 

realizations. The maximum offset-to-source-depth ratio is 1.5. The standard deviation for 

the Gaussian noise is 4 ms (after Gei et al., 2011). 

4.2.2.2 Sensitivity to P-wave vertical velocity 

Vertical velocity is a crucial information in the traveltime inversion. Often, 

the set of geophysical studies performed at a site before the fracking operations 

comprises measurements of velocity such as vertical VSP surveys or well velocity 

logging. However, these measures can be affected by errors and the scaling from 

high-frequency log velocities to seismic velocities can be nontrivial. Therefore it 

is important to test the sensitivity of the P-wave arrival-time inversion to 

reasonably incorrect values of vP0 . I consider seven velocity values, ranging from 

-10% to +10% of the actual velocity vP0
True = 2906 m/s. The procedure consists in 

computing the synthetic arrival times with vP0
True  and inverting them with vP0 , an 
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incorrect value of vertical velocity. I also perturbed the arrival times with 

Gaussian noise. 

Panels a) and b) of Figure 4.12 show the estimated δ and η versus P-wave 

vertical velocity. Panel c) shows the origin time and panel d) the RMS of time 

residuals. For each value of vP0  I computed 100 realizations of the Gaussian noise 

and each of them corresponds to a circle in the four panels of Figure 4.12. The 

vertical dashed lines indicate inversions computed with vP0 = vP0
True . The maximum 

offset-to-source-depth ratio is 1.5 and the number of receivers per arm is 200. 

 
Figure 4.12 Anisotropic parameters δ a) and η b), origin time t0  c), and RMS of time 

residuals d) versus P-wave vertical velocity. The maximum offset-to-source-depth ratio is 

1.5, the standard deviation for Gaussian noise is 4 ms, and the number of receivers per 

line of the star-array is 200. The vertical dashed lines represent the true velocity value 

(after Gei et al., 2011). 
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δ and η reveal a systematic bias increasing almost linearly with the actual 

difference between vP0  and vP0
True . However, the scatter (or standard deviation) of 

the inverted anisotropy parameters remains approximately constant and depends 

on the level of noise in the arrival-times only (Figure 4.12 a) and b)). The standard 

deviation of the Gaussian noise is constant, determining a constant scatter of the 

inverted anisotropy parameters computed with the different values of vP0 . The 

bias, or accuracy, of the two inverted anisotropy parameters is proportional to 

vP0 − vP0
True .  

Similarly to Figure 4.9 c), the origin time shown in Figure 4.12 c) is little 

affected by the noise; on the contrary it depends on the input P-wave vertical 

velocity. The RMS of time residuals matches the standard deviation of the 

Gaussian noise but it is quite indifferent to the perturbations of the vertical 

velocity. Thus this parameter quantifies the level of picking noise in the dataset 

but it is completely inefficient in revealing the possible use of incorrect values of 

vP0 . Inaccurate values of the input P-wave vertical velocity cause proportional 

inaccuracies in the estimated anisotropy parameters that cannot be detected from 

the RMS or any other result of the inversion. 

The dependency of the anisotropy parameters estimated with the P-waves 

arrival-times inversion in presence of inaccurate values of the vertical velocity for 

increasing offset is shown in Figure 4.13. Marked solid lines represent the mean 

and shaded areas the standard deviation of 100 inverted δ (panel a)) and η (panel 

b)), for each value of MO/SD. I consider three different input vertical velocities 

vP0 = 0.9 ⋅ vP0
True , vP0 = vP0

True  and vP0 =1.1⋅ vP0
True , corresponding to the curves marked 

with circles, triangles and asterisks, respectively. The synthetic arrival times are 

perturbed with Gaussian noise (σn = 4 ms). Each arm of the star-array has 200 

receivers and the MO/SD is increased by increasing the receiver spacing from 8 m 

(MO/SD = 0.75) to 21 m (MO/SD = 2). The symbols in Figure 4.13 a) and b) are 

the mean values of the anisotropy parameters inverted from 100 realizations of 

randomly distributed Gaussian noise in the synthetic arrival times and represent 
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the accuracy of the inversion method as a function of MO/SD and vP0 . The 

shaded areas are standard deviations σδ and ση and are related to the Gaussian 

noise. There are two sources of uncertainty in the estimated parameters: the lack 

of accuracy, highlighted by the means and related to the incorrect value of vP0 , 

and the lack of precision, highlighted by the standard deviations and due to the 

picking noise. Increasing the offset reduces the effect of the Gaussian noise on 

both the estimated Thomsen parameters and improved the precision of the results. 

This is highlighted by the narrowing of the shaded areas for increasing values of 

MO/SD. The accuracy of the Thomsen parameter δ increases with the increasing 

offset. Surprisingly, η reduced its accuracy at high values of MO/SD for 

vP0 ≠ vP0
True .  

 
Figure 4.13 The mean (solid lines) and standard deviations (shaded areas) of δ a), and η 

b), versus offset-to-source-depth ratio (MO/SD). We use vP0 = 0.9 ⋅ vP0
True  for data points 

represented by circles, vP0 = vP0
True

 for triangles and vP0 =1.1⋅ vP0
True  for asterisks. The 

standard deviation for Gaussian noise is 4 ms. The means and standard deviations are 

computed from the results of 100 inversions corresponding to the same number of noise 

realizations (after Gei et al., 2011). 
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4.2.2.3 Sensitivity to source depth 

With the aim of testing the sensitivity of the P-wave arrival time inversion to 

inaccurate values of the source depth I compute synthetic arrival times with the 

correct value of source depth zs = 2100 m and invert them with input depths zʹ′s 

ranging from 0.95 zs  to 1.05 zs. The arrival times are affected by Gaussian noise 

with σn = 4 ms. 

Figure 4.14 shows δ, η, t0 and the root mean square of time residuals versus 

source depth zʹ′s. For each value of zʹ′s I compute 100 noise realizations, each of the 

corresponding to a circle in the different panels. I consider 200 receivers per arm 

of the star-array with a spacing of 16 m. This gives a MO/SD of 1.5.  

 
Figure 4.14 Anisotropic parameter δ a) and η b), origin time t0  c), and RMS of time 

residuals d) versus source depth. The maximum offset-to-source-depth ratio is 1.5, the 

standard deviation for Gaussian noise is 4 ms, and the number of receivers per line of the 

star-array is 200. The vertical dashed lines represent the true source depth value (after 

Gei et al., 2011). 
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Inverted anisotropy parameters are characterized by a systematic bias any 

time zʹ′s differs from zs. Such bias is proportional to | zʹ′s - zs|. The depth zʹ′s affects 

the accuracy, but not the precision, of the inversion results. In panels a) and b) of 

Figure 4.14 for varying zʹ′s the scatter remains constant and it is present even with 

zʹ′s = zs. Such scatter is clearly related to the Gaussian noise and influences the 

precision of the inverted δ and η. The origin time (Figure 4.14 c)) is not affected 

by the noise but it strongly depends on the input source depth. Similarly to the 

analysis performed for inaccuracies in the vertical velocity, the RMS of time 

residuals (Figure 4.14 d)) match the standard deviation of the Gaussian noise. 

Figure 4.15 shows the means (solid lines) and the standard deviation (shaded 

areas) of inverted δ (panel a)) and η (panel b)) for increasing values of MO/SD. 

Each data point in the graphs represents the mean of anisotropy parameters 

obtained from 100 noise realizations with σn = 4 ms. Each seismic line forming 

the star-array has 200 receivers and the MO/SD is increased by increasing the 

receiver spacing, from 8 m (MO/SD = 0.75) to 21 m (MO/SD = 2|). 

 
Figure 4.15 The means (solid lines) and standard deviations (shaded area) of δ a) and η 

b), versus the offset-to-source-depth ratio (MO/SD). We use  for data points 

represented by circles,  for triangles, and  for asterisks. The standard 

deviation for Gaussian noise is 4 ms. The means and standard deviations are computed 

from the results of 100 inversions corresponding to the same number of noise 

realizations. 
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For both anisotropy parameters, increasing the offset causes a reduction in the 

accuracy of the inversion. This can be explained by the fact that VTI anisotropy 

mainly affects horizontal traveltimes. As the offset increases, the raypath become 

more horizontal, and the erroneous depth is compensated by larger values of the 

VTI parameters. The standard deviations σδ and ση represent the precision of the 

inversion, which increases with increasing offset. In fact the shaded areas narrow 

with increasing MO/SD.  

Incorrect source depths cause inaccuracies in the estimated δ and η, 

proportional to the depth error. Long offsets make the estimations worst, reducing 

the accuracy. However, the precision of the inversion is not affected by the source 

depth but by the picking noise and improves with increasing MO/SD. 

 

4.2.2.4 Summary of the sensitivity tests 

Some of the most common sources of errors in the estimation of anisotropy 

parameters with the P-wave arrival time equation (4.3) are picking noise and 

uncertainties in the vertical velocity and source depth. The Gaussian noise 

perturbing the synthetic arrival times affects the precision of the resulting 

anisotropy parameters δ and η, whereas the origin time t0 is estimated accurately. 

Long offsets of the lines forming the star-pattern array improve the estimation of 

anisotropy parameters, most effectively up to 1.5 of the maximum offset-to- depth 

ratio. Increasing the number of receivers per line of the star-array also increases 

the precision of the resulting anisotropy parameters, because they improve 

statistical sampling. Long offsets, and a high number of receivers per line improve 

the estimation of δ and η from noisy arrival times only if accurate values of the 

source depth and vertical P-wave velocity are used. If the latter input values are 

not correctly estimated, the increase of the maximum offset causes a bias of the 

estimated anisotropy parameters. The precision increases with increasing length of 

the maximum offset and the number of receivers, giving an incorrect impression 

of more accurate results. 
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Operators and service companies need to use an accurate vertical velocity and 

good calibration shots to obtain reliable unbiased estimates of anisotropy for 

microseismic monitoring. A well- calibrated anisotropic velocity model is needed 

for accurate and un-biased locations of microseismic events. 

Table 4.4 summarizes the results of testing the P-wave arrival time inversion 

with synthetic traveltimes. Uncertainties in the input parameters are given in 

roman type and their effect on the results of the inversions are given in italic type. 

Possible remedies to improve the inverted δ and η are also given. 

Table 4.4 Summary of the results of P-wave arrival time inversions of synthetic data 

(after Gei et al., 2011). 

  δ η t0 

Picking 

noise 

 Scattered*# Scattered*# No effect 

Velocity Lower than vP0
True  Higher* Higher Lower 

 Higher than vP0
True  Lower* Lower Higher 

Source depth Lower than zs Higher Lower Higher 

 Higher than zs Lower Higher Lower 

* Long offsets improve the estimation. 

# A high number of receivers per line improves the estimation. 

 

4.2.3 Inversion of field data 

The seismic dataset recorded during the hydraulic fracturing of the Abbott 

field comprises data from perforation shots (perfs) and microseismic events. I 

chose 4 perfs and 10 events showing the highest quality and picked the first 

arrivals from seismograms of the 1C geophones star array (see Section 3.5). 

Finally, I applied the P-wave arrival time inversion to the picked arrival times.  

In the inversion procedure, the quantities to be estimated are the origin time 

t0, and the anisotropy parameters δ and η, while the source position and the P-

wave velocity in the vertical direction are considered known quantities. As the 
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tests on synthetic data sets in previous sections revealed, the inverted anisotropy 

parameters depend on the correct depth of the source. The location of perforation 

shots is generally known with high accuracy (less than 2% error, as discussed in 

Bulant et al., 2007). The hypocenter of microseismic events is computed with 

PSET technology described in the Section 3.3.  The uncertainties in the location 

of the events depend on the receiver distribution and on the correctness of the 

vertical velocity field, which must be known. Eisner et al. (2009) estimated the 

vertical and horizontal uncertainties in the source location simulating the 

acquisition from a large array of vertical component geophones distributed on the 

Earth surface in a 2D regular grid. They show that the horizontal uncertainty is 

relatively well constrained, with standard deviations of 10 m East and North, 

respectively, while the vertical uncertainty is less constrained with a standard 

deviation of 42 m. Even if the surface array of receivers considered in this study 

has a different geometry, I consider these values as a reference. Uncertainties in 

the vertical velocities also strongly influence the estimated anisotropy parameters. 

The effective velocity for the perforation shots and microseismic events, is 

obtained from the vertical velocity profile of Figure 3.12 and the source depth. 

 

4.2.3.1 Inversion of perforation shots 

Only a few perforation shots among the overall 72 fired in the casing of the 

four wells of the Abbott field have sufficient quality to be reliably picked. The 

seismograms characterized by the best quality belong to the shots 1-4 of the stage 

3 of well 5H. The horizontal shot separation is 37 m and the vertical separation is 

negligible.  

Figure 4.16 shows the 1D P-wave velocity profile of the study area and the 

effective velocity at the perfs depth. The effective velocity is the P-wave velocity 

of a homogeneous medium equivalent to the 1D medium, that is, yielding the 

same P-wave zero-offset traveltime. At 2100 m, depth of the perforation shots 

analyzed in this section, the effective P-wave velocity is vP0=2906 m/s. 

Coordinates of the perforation shots and effective velocity are also given in Table 
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4.5; these parameters constitute the inputs of the inversion. For a plan view of the 

1C star-array and shots positions see Figure 3.10. 

 

 
Figure 4.16  1D vertical P-wave velocity profile of the study area. The interval velocity is 

given by the continuous line and the dashed line is the effective vertical velocity. The 

asterisk represents the effective velocity (vP0 = 2906 m/s) with the source located at 2100 

m, the depth of the perforation shots (after Gei et al., 2011). 

Table 4.5 Input parameters for P-wave arrival time inversions of perforation shots 

(after Gei et al., 2011). 

 Easting (m) Northing (m) Depth (m)  vP0(m/s) 

Shot 1 2343 2410 2100 2906 

Shot 2 2341 2517 2100 2906 

Shot 3 2341 2552 2099 2906 

Shot 4 2342 2590 2100 2906 

 

An example of seismic lines and picked first arrivals is shown in Figure 4.17. 

The seismic data of this picture refers to perforation shot 3, stage 3, well 5H. 
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Further examples from perforation shot 1 of the same stage and well can be seen 

in Figure 3.13 and Figure 3.14. 

 

 

 
Figure 4.17 Seismic lines 1-5 of perforation shot 3, stage 3, well 5H. Picked first arrivals 

are indicated by red curves. 

Figure 4.18 show the contour plots the picked arrival times of shots 1-4 of 

stage 3, well 5H. In the Northwestern part of the star-array the first arrivals are too 

weak to be reliably picked (see also lines 4 and 5 in Figure 4.17). 

Figure 4.19 shows the time residuals of the P-wave arrival time inversion of 

shots 1-4 of stage 3, well 5H. 
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Figure 4.18 Panels a), b), c) and d) show contour plot of the picked arrival times for 

perforation shots 1, 2, 3 and 4, respectively. The straight, gray, numbered lines represent 

the 10 arms of the Fracstar. The black stars represent the source locations. 

Results of the inversions of P-wave arrival times from shots 1-4 of stage 3, 

well 5H are given in table Table 4.6. The values of the inverted anisotropy 

parameters are quite high, indicating an anisotropic reservoir and/or overburden. 

Moreover, δ and η are similar from shot to shot, although they are obtained from 

independently picked arrival times of the four perforation shots. The Thomsen 

parameter ε has been compute from δ and η with equation (2.31). 
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Figure 4.19 Contour plots of time residuals (panels a), c), e) and g)) and time residuals 

versus offset (panels b), d), f) and h)) for perforation shots 1, 2, 3 and 4 of stage 3, well 

5H. In panels a), c), e) and g) the straight, gray lines represent the 10 arms of receivers of 

the Fracstar, and the star is the source location. 
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The inversion of arrival times from shot 4 shows slightly different results 

from the other shots. This is most probably related to the fact that only lines 1, 2, 

3, 10 and part of line 9 could be reliably picked, making shot four the least 

constrained. 

Vertical and lateral heterogeneity in the medium can cause non-hyperbolicity 

of the moveout (e.g. Backus, 1962; Fomel and Grechka, 1997). Apparent 

anisotropy can be caused by inversion of P-wave traveltimes of isotropic layered 

media. To estimate the influence of layering in the inversions of perforation shots 

1-4, I computed synthetic arrival times considering a 1D medium with the interval 

velocities reported by Figure 4.16 (continuous line) and the geometry of the field 

data of shot 1. 

 

 
Figure 4.20 Contour plot of synthetic arrival times. The straight, gray, numbered lines 

represent the 10 arms of the Fracstar. The star is the source location. 

Basically, the synthetic dataset comprises arrival times to the same receivers 

of the experimental dataset, excluding traces giving unpickable signal in the real 

data. The source location of synthetics corresponds to the coordinates of shot 1. 

Moreover, the synthetic arrival times have been contaminated with Gaussian noise 

and σn = 4 ms, similar to the RMS of time residuals observed in the inversions of 

the field data. Figure 4.20 shows a contour plot of the synthetic dataset and Figure 
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4.21 the residuals time of the P-wave arrival time inversion in a contour plot 

(panel a)) and versus offset (panel b)). 

 
Figure 4.21 a) contour plot showing the time residuals from inversion of synthetic data; 

the straight, gray lines represent the 10 arms of receivers of the Fracstar, and the white 

star is the source location. b) time residuals of perforation shot 1 of synthetic arrival 

times versus offset. 

The results of the inversion of the synthetic dataset are reported in Table 4.6 

and labeled “Isotropic”. η is approximately half of the values of anellipticity 

observed in the inversion of the field data and δ is ten times smaller. 1D layering 

can be addressed for 50 % of the effective anisotropy estimated from the 

experimental data, indicating that the medium is anisotropic. 

More general conclusions about the inverted anisotropy parameters require 

the generalization of the methodology to at least 1D layered media. The observed 

anisotropy strength seems to be consistent with that observed in active seismic. 

The residuals observed in the inversions of the real data set are surprisingly low, 

suggesting small effects of the near-surface structure in this area. 
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Table 4.6 Results of P-wave arrival time inversions of field data (after Gei et al., 2011). 

 t0 (s) δ η ε RMS (ms) 

Shot 1 -0.256 0.117 0.273 0.454 4.0 

Shot 2 0.666 0.121 0.264 0.449 3.4 

Shot 3 0.433 0.121 0.276 0.464 3.3 

Shot 4 -0.118 0.136 0.222 0.418 4.4 

Isotropic 0.001 0.012 0.115 0.130 4.3 

 

4.2.3.2 Inversion of microseismic events 

|The fracking operations and microseismic monitoring with continuous 

recording of the Abbott gas shales lasted 8 days. Among the few hundreds events 

recorded by the 1C star-array of geophones, for the P-wave arrival time inversions 

I consider the 10 events giving the strongest coherence of the semblance function 

used to compute their hypocenter. A short description of this location technique 

can be found in Section 3.3 and a plan view of the 1C star-array and events 

locations in Figure 3.10. 

I have picked the first arrivals from the seismograms of the 10 strongest 

events. Examples of seismic sections of microseismic Events 1 and 10 can be 

found in Figure 3.25 and Figure 3.17, respectively. Figure 4.22 shows the picking 

of the first arrivals of event 7. 
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Figure 4.22 Picking of first arrivals of Event 7 for the 10 seismic lines forming the star 

array.  

Figure 4.23 shows examples of contour plots of picked arrival times for 

Events 1, 6, 7 and 10. 

The P-wave arrival time inversion for homogeneous VTI media requires 

knowing vP0, the effective P-wave velocity computed from the vertical velocity 

profile shown in Figure 4.16 at the event depth. vP0 and the source coordinates of 

Events 1-10 are given in Table 4.7. 
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Figure 4.23 Panels a), b), c) and d) show contour plots of the picked arrival times for 

perforation Events 1, 6, 7 and 10. The straight, gray, numbered lines represent the 10 

arms of the Fracstar. The white stars show the source locations. 

Table 4.7 Input parameters for P-wave arrival time inversions of microseismic events. 

 Easting (m) Northing (m) Depth (m)  vP0(m/s) 

Event 1 2713 2233 2060 2888 

Event 2 1524 2141 2087 2900 

Event 3 2690 2210 2146 2926 

Event 4 2667 2324 2070 2892 

Event 5 2644 2278 2053 2884 

Event 6 2964 2758 2356 3015 

Event 7 2576 2301 2067 2891 

Event 8 2713 2347 2045 2880 

Event 9 2667 2347 2075 2894 

  Event 10 3010 2690 2237 2965 
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Comparisons between experimental and synthetic arrival times for 

homogeneous isotropic and anisotropic media are shown in Figure 4.24. I 

consider lines 2, 5, 7 and 10 of Event 7. Panels a), c), e) and f) show 

synthetic arrivals times computed for an isotropic medium with the 

effective P-wave velocity proper of Event 7; the mismatching between the 

synthetic and experimental arrival times given by red and blue dots, 

respectively, clearly indicates that the medium is not isotropic. Instead 

there is a good matching between experimental and synthetic arrival times 

for a VTI medium with properties given in Table 4.7 and Table 4.8. In 

particular, the latter table summarizes the results of the inversions of the 10 

microseismic events. 

Figure 4.25 shows time residuals of the P-wave traveltime inversion for 

Events 1, 6, 7 and 10, in contour plots and versus offset. Panels c) and d) refer to 

Event 6. The picture in panel d) shows distinct clusters of residuals belonging to 

different lines. A similar behavior characterizes also Event 2 (time residuals not 

shown here). This may be due to a mispositioning of the microseismic events and 

makes the results of these inversions less reliable than the inversions of the other 8 

events. 
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Figure 4.24 Comparison between experimental arrival times (blue dots) and synthetic 

arrival times (red dots) for lines 2, 5, 8 and 10 of Event 7. In panels a), c), e) and g) the 

synthetic data correspond to an isotropic medium, while in panels b), d), f) and h) the 

symmetry of the medium is VTI with the parameters given in Table 4.7 and Table 4.8. 
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Figure 4.25 Contour plots of time residuals (panels a), c), e) and g)) and time residuals 

versus offset (panels b), d), f), h)) for Events 1, 6, 7 and 10. In panels a), c), e) and g) the 

straight, gray lines represent the 10 arms of receivers of the Fracstar, and the white star is 

the source location. 
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The results of the P-arrival time inversion of Events 1-10 are given in 

Table 4.8. δ and η are results of the inversion and have average values of 

0.14 and 0.22, respectively. ε is computed with equation (2.31).  

 

Table 4.8 Results of P-wave arrival time inversions of microseismic events with data 

acquired with the 10 star-like array configuration. 

 t0 (s) δ η ε RMS (ms) 

Event 1 -0.184 0.125 0.226 0.408 5.3 

Event 2 0.155 0.116 0.224 0.392 14.4 

Event 3 -0.491 0.112 0.199 0.356 5.4 

Event 4 0.270 0.200 0.156 0.418 5.1 

Event 5 -0.519 0.166 0.179 0.404 7.0 

Event 6 -0.093 0.016 0.450 0.480 10.3 

Event 7 -0.283 0.165 0.190 0.418 5.6 

Event 8 0.018 0.191 0.154 0.404 6.7 

Event 9 -0.232 0.178 0.176 0.417 4.9 

  Event 10 0.214 0.087 0.254 0.385 4.5 

 

Consistency between anisotropy parameters of the different events is 

less pronounced with respect to the results of perforation shots inversions 

shown in table (4.3). This is most probably caused by the lower accuracy 

in the source depth of microseismic events with respect to the perfs. The 

event locations are computed with the PSET technology (Section 3.3), which 

requires a reliable vertical P-wave velocity field. The locations of perforation 

shots, instead, are known with high accuracy (e.g. Bulant et al., 2007). Moreover, 

the perforation shots analyzed in Section 4.2.3.1 are tightly clustered, while 

microseismic events are more widespread. Even if the geological setting of the 

study area is quite homogeneous, local natural heterogeneities of the seismic 

properties of the volume of rock surrounding the seismic sources and/or 

overburden may influence the results of the inversions. Finally, during the 

hydraulic treatment the elastic properties of the seismogenic volume, as well as 
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the local anisotropic properties, vary due to the process of fracturing. All these 

natural or induced local heterogeneities may influence the P-wave traveltimes and 

consequently the inverted anisotropic properties. 

In order to evaluate the influence of the geometry of the array of receivers on 

the results of the inversion, I considered arrival times at the 1C geophones with 

the cross-like configuration of the 3C receivers, shown in Figure 3.11. This can be 

done because, in the cross-like array, the 1C and 3C receivers are placed in the 

same locations. Table 4.9 shows the anisotropy parameters and origin times 

obtained from this downsampled dataset.  

Table 4.9 Results of P-wave arrival time inversions of microseismic events with 1C 

data downsampled  to the 4 cross-like array configuration of 3C receivers. 

 t0 (s) δ η ε RMS (ms) 

Event 1 -0.184 0.086 0.282 0.417 4.3 

Event 2 0.168 0.238 0.075 0.349 7.1 

Event 3 -0.492 0.063 0.286 0.385 5.6 

Event 4 0.271 0.168 0.178 0.406 4.2 

Event 5 -0.519 0.142 0.207 0.408 5.0 

Event 6 -0.086 0.153 0.135 0.329 10.9 

Event 7 -0.284 0.121 0.235 0.413 4.5 

Event 8 0.021 0.213 0.142 0.415 3.3 

Event 9 -0.230 0.156 0.203 0.422 4.0 

  Event 10 0.215 0.108 0.184 0.332 3.9 

 

I already proved that data from a star-array of receivers better estimate the 

anisotropy parameters with respect of data from a seismic line (Figure 4.8) 

because of a better statistical sampling. Consequently I assume that the results of 

the 10 arms star array are more reliable than the parameters obtained with the 

cross-like array. However, this experiment gives an estimation of the different 

accuracy achievable with these two configurations of receiver. Surprisingly 

enough, the origin times are virtually unaffected by the lower number of input 

arrival times. The RMS of the time residuals of the 4 arms array are 
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systematically lower than the RMS of the star-like array, confirming the lack of 

relationship between this quantity and the accuracy of the estimated anisotropic 

parameter. Instead, the RMS of the time residuals quantifies the picking noise 

(Figure 4.9). 

4.3 SH-waves traveltime inversion for VTI media 

Under the assumption of a homogeneous VTI medium the backazimuth 

rotation of the North and East components separates the qSV- from the SH-waves 

in the Radial and Transverse components, respectively. In the same medium the 

raypath of a seismic wave is a straight line from the source to a receiver (Figure 

4.1). The SH-wave experimental traveltime is given by 

tSH (x) = tSH
a (x)− t0 , (4.8) 

where  tSHa (x)  is the observed arrival time at offset x and t0 is the origin time. The  

traveltime of the SH-wave can be computed as a function of x, of the source depth  

zS and the group velocity VSH(φ) by: 

tSH (x) =
x2 + zS

2

VSH (φ)
. (4.9) 

VSH is computed with equation (2.35) and the ray angle φ between the raypath and 

the symmetry axis is given by: 

φ = arctan(x / zs ) . (4.10) 

Experimental SH-wave arrival times can be inverted to compute the 

anisotropy parameter γ, which is one of the variables in the computation of VSH. 

The algorithm consists in a nonlinear iterative minimization of the residual 

traveltimes given by the difference between the synthetic arrival times computed 

with equation (4.8) and picked arrival times.  
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4.3.1 SH-traveltime inversion of synthetic data 

In order to validate the SH-traveltime inversion algorithm, I compute a 

synthetic dataset with a full wave method. The 2D numerical modeling is based 

on a Fourier method, with time integration based on a 4th order Runge-Kutta 

scheme (see Chapter 9 of Carcione, 2007).  

Figure 4.26 shows the comparison between the cross-like array of 3C 

accelerometers used to monitor the hydraulic fracturing of the Abbott shale play 

(blue crosses) and the synthetic seismic array (red lines). The length of each 

synthetic seismic line coincides with the length of the corresponding arm of the 

actual cross-like array. The coordinated of the source indicated by the red star are: 

East= 2443 m, North = 2950 m and depth = 2100 m. 

 

 
Figure 4.26 Comparison between the actual cross array of 3C accelerometers used to 

monitor the hydraulic fracturing of the Abbott shale play (blue crosses) and the array 

considered for the synthetic dataset (red lines). The red star represents the epicenter of the 

synthetic dataset. 
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The minimum and maximum offsets of each arm of the synthetic cross-like 

array of receivers are given in Table 4.10. 

 

Table 4.10 Minimum and maximum offsets of 

the synthetic cross-like array of receivers. 

Line 

number 

Minimum 

offset (m) 

Minimum 

offset (m) 

Line11 370 2070 

Line 14 500 1720 

Line 16 370 1930 

Line 18 360 2060 

 

To compute the synthetic seismograms of SH-waves I consider the properties 

of the homogeneous VTI medium given in Section 4.2.1 and already used to 

compute synthetic P-wave traveltimes. Data about the S-wave velocity and 

density of the study area are not available, thus the effective vertical S-wave 

velocity vS0=1328 m/s and the density ρ=2271 kg/m3 are obtained with the 

empirical relationships given in equations (4.5) and (4.6), as a function of the P-

wave velocity. Synthetics are computed with the Thomsen parameter γ=0.1.  

Figure 4.27 shows the picking of synthetic SH-wave data used for the 

inversion.  

Panel a) of Figure 4.28 shows the picked arrival times from the synthetic lines 

11, 14, 16 and 18, compared with the analytic arrival times computed with the 

best estimate of vS0, and γ; panel b) shows the time residuals, that is, the difference 

between the picked and analytic traveltimes. 
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Figure 4.27 Picking of synthetic data to be used for the SH-wave arrival times inversion.  

 
Figure 4.28 a) noise-free arrival times from the picking of synthetic data to be used for 

the SH-wave arrival times inversion (circles) and analytic arrival times computed with 

equation (4.8); b) time residuals.   
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The comparison of the inversion results with the input parameters of the 

numerical modeling procedure is given in Table 4.11 and confirms the 

effectiveness of the SH-wave arrival time inversion of noise-free synthetic data. 

Table 4.11 Comparison between the parameters used as input of 

the seismic numerical modeling of SH-waves and the results of 

the inversion of the noise-free synthetic arrival times. 

 Input synthetics Output inversion 

γ 0.100 0.102 

vS0 (m/s) 1328 1326 

t0 (s) 0.500 0.508 

RMS (ms) - 0.6 

Real data are affected by picking noise, which can cause instability in the 

inversion algorithm. I order to test the reliability of the inversion in presence of 

picking noise I contaminate the picked arrival times of Figure 4.28 with Gaussian 

noise with zero mean and standard deviation of 10 ms. The results of the SH-

arrival time inversion of the noise contaminated synthetic arrival times are 

described in Figure 4.29 and Table 4.12. 

 

 
Figure 4.29 a) noise contaminated arrival times from the picking of synthetic data to be 

used for the SH-wave arrival times inversion (circles) and analytic arrival times 

computed with equation (4.8); b) time residuals.   
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Table 4.12 Comparison between the parameters used as input of 

the seismic numerical modeling of SH-waves and the results of 

the inversion of the noise-contaminated synthetic arrival times; 

both t0 and vS0 are estimated. 

 Input synthetics Output inversion 

γ 0.100 0.025 

vS0 (m/s) 1328 1505 

t0 (s) 0.500 0.313 

rms (ms) 10 10.1 

 

The presence of noise in the synthetic SH-waves arrival times makes 

unreliable the inversion when only the source depth zs is known. This is caused by 

the trading off between origin time and S-wave velocity in the vertical direction. 

An erroneous pair of estimated t0 and vS0 is compensated by an equally wrong 

estimation of γ. However, considering also the origin time as a known parameter 

forces the vertical velocity to its correct value and also γ  can be correctly 

estimated. This is shown in Table 4.13. 

 

Table 4.13 Comparison between the parameters used as input of 

the seismic numerical modeling of SH-waves and the results of 

the inversion of the noise-free synthetic arrival times. 

 Input synthetics Output inversion 

γ 0.100 0.107 

vS0 (m/s) 1328 1325 

rms (ms) 10 9.0 
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4.3.2 SH-traveltime inversion of field data 

I have applied the SH-wave arrival time inversion to the Transverse 

components of the 10 strongest events already considered in the P-wave 

traveltime analysis described in the Section 4.2.3.2. 

Figure 4.30 represents an example of picking the first arrivals of SH-waves, 

suitable to be inverted with equation (4.8). The Radial and Transverse 

components result from the backazimuth rotation of the North and East 

components of the 3C seismic dataset. Figure 4.30 shows the lines 11, 14, 16 and 

18 of Event 6. A plan view of the four lines and the location of Event 6 can be 

seen in Figure 3.11. 

The source location and the offset of each receiver are known quantities, 

while, vS0 and the Thomsen parameter γ are unknowns. The source locations of 

the events are given in Table 4.7. Two different options can be adopted regarding 

the origin time t0. It can be forced to assume the value obtained from the P-wave 

arrival time inversion (see Table 4.8) or it can be inverted in the inversion 

procedure. The tests performed in the Section 4.3.1 show that, in case of noise-

contaminated arrival times, considering the origin time as an unknown parameter 

leads to erroneous estimations of γ. Thus, for the SH-wave inversions of Events 1-

10 I consider the origin times resulting from the inversion of the P-wave arrival 

times of the 1C dataset a known quantity (see Table 4.8). 

Figure 4.31 shows the inversions of Events 1, 6, 9 and 10, where the left 

panels show the comparison of the picked- (filled circles) with the synthetic-

arrival-times (empty red circles) computed with the best estimate of vS0, γ, and t0, 

while the right panels are time residuals. 

The results of the inversions of the 10 strongest events are summarized in 

Table 4.14. 
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Figure 4.30 Vertical, Radial and Transverse components of lines 11 (top row), 14 (2nd 

row), 16 (3rd  row) and 18 (bottom row) of Event 6. The red curves represent picking 

times of SH-waves. 
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Figure 4.31 Results of SH-traveltime inversion of Events 1, 6, 9 and 10 (panels a), b) c) 

and d), respectively). Left panels show the picked traveltimes of the different seismic 

lines compared with the analytic traveltimes and panels on the right are time residuals. 

Origin times are forced to values obtained from the P-wave inversion. 
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The SH traveltimes are much worse fitted than qP-wave traveltimes and show 

significant residuals depending on offset. This would indicate either non-VTI 

anisotropy or heterogeneity. As we do not observe similar behavior with qP-wave 

times we can exclude non-VTI anisotropy and assume the SH times are either 

contaminated with picks of qSV-waves or SH-wave model is significantly 

heterogeneous. 

Panels c) of Figure 4.31 shows the inversion of Event 9. This is an example 

of  insufficient range of offset of the picked traces, producing unrealistic inversion 

outputs, i.e. vS0 and γ, and a very low RMS of time residuals. The latter confirms 

the lack of relationship between accuracy of the estimated parameters and RMS of 

time residuals, which instead, are related to the picking noise. Similar 

considerations can be made for Event 7. 

 

Table 4.14 Results of SH-wave arrival time inversions of microseismic events. 

Event # 1 2 3 4 5 6 7 8 9 10 

γ 0.64 0.60 0.64 0.64 0.64 0.67 0.78 0.63 0.74 0.57 

vS0 (m/s) 1479 1480 1499 1463 1460 1563 1460 1454 1458 1534 

RMS (ms) 11.1 17.5 7.5 10.8 16.7 11.7 11.3 8.8 6.1 23 

 

 

The results of the inversion of the 10 microseismic events given in Table 4.14 

show high values of γ, but both the Thomsen parameters and the vertical S-wave 

velocities are quite consistent. It is important to remark that these high values of 

γ are expression of the effective and not intrinsic anisotropy of the Abbott gas 

shale and overburden.  
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 Chapter 5  

SHEAR-WAVE SPLITTING ANALYSIS 

5.1 Introduction 

Traditional seismic exploration is based on processing and interpretation of P-

wave data. S-waves rapidly attenuate determining a lower signal-to-noise ratio 

and lower spatial and temporal resolution, compared to compressional waves. 

However, when dealing with anisotropic media, S-waves become particularly 

interesting as they carry information related to the intrinsic structure of the 

geological formations, that P-waves do not. 

Shear-wave splitting is considered to be the most diagnostic phenomenon 

caused by anisotropy (Fang and Brown, 1996). In optics it is known as 

birefringence. The key point in shear-wave splitting analysis is the estimation of 

the time-delay δt between the faster qS1 and the slower qS2 split shear-waves. 

This splitting time is proportional to the strength of anisotropy. 

Measuring time-delays requires the identification of arrival times of the two 

split shear-waves. The major difficulty in measuring shear-wave splitting from 

surface-recorded data is that shear-waves write complicated signatures into three-

component seismograms where polarizations, and particularly time-delays, can be 

heavily scattered and vary widely in time and space (Crampin and Gao, 2006). In 

recent years a variety of techniques have been proposed to determine the time-

delay between the split shear-waves and their polarizations. Shear-wave splitting 

analysis of microseismic events has been performed on borehole data with 

satisfactory results (e.g. Verdon et al., 2009). Accurate trace-by-trace visual 

analyses of polarization diagrams can be applied to selected borehole records, 

where tenth of receivers are available. However, such analyses are still a 

challenging research activity for surface-recorded data, which can be strongly 

affected by coda waves, reverberations and noise. Moreover, star-like arrays for 
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surface microseismic monitoring are generally equipped with hundreds of 

receivers and more automated techniques of analysis are required. These are 

preferred also because of objectivity, consistency and repeatability (Crampin and 

Gao, 2006). 

In VTI media the backazimuth rotation of North-East into Radial-Transverse 

components separates the energy of SV- and SH-waves. Thus, a simple cross-

correlation of the Radial and Transverse components enables the measuring of the 

splitting time. In this Chapter, I test the sensitivity of this method to the noise 

level by considering synthetic split waves. Among the 10 events considered for 

the P- and SH-waves arrival time inversions described in Chapter 4, I consider 

Event 1 only for the cross-correlation analysis of experimental data. One section 

of this Chapter is also devoted to an accurate description of the main difficulties 

encountered in shear-wave splitting analysis and their causes. 

Finally, synthetic time-delays computed with a full wave modeling and 

picking are inverted with an algorithm based on fitting experimental data with 

analytic splitting times computed with approximated traveltime equations. The 

same methodology is then applied to experimental time-delays estimated with the 

cross-correlation method from the seismic data of Event 1.  

 

5.2 Shear-wave splitting analysis in VTI media 

Microseismic sources produce shear waves with polarizations determined by 

their source mechanisms. If a propagating S-wave travels through an anisotropic 

layer it splits into two quasi-shear waves, polarized according to the natural 

polarization directions of the formation. The two split waves propagate with 

different velocities; the faster is called qS1 and the slower qS2. This phenomenon 

is thoroughly described in Section 2.8. Here I list specifics of S-wave propagation 

in VTI anisotropic homogeneous media:  

• Share waves split into a transverse SH- and a radial qSV-waves, the latter 

polarized in a vertical plane;  
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• Polarizations of SH-, qSV- and qP-waves are perpendicular to each other; 

• Dip angles coincide with group angles;  

• Velocities of SH- and qSV-waves are azimuthally invariant but depend on 

dip angle, and generally differ from each other;  

• There is zero time-delay (δt) at zero offset, meaning SH- and qSV-waves 

propagate with the same velocity in the vertical direction;  

• In the horizontal direction SH-waves propagate faster than qSV-waves. 

In VTI media the Radial and Transverse directions coincide with the principal 

directions of anisotropy. Equivalently Radial and Transverse components coincide 

with the qSV and SH pure modes (assuming lateral homogeneity). If the signal-to-

noise ratio is sufficiently high, a cross-correlation of the Radial and Transverse 

components can be used to estimate the time-delay δt between the two split shear-

waves. 

Even in VTI media, heterogeneities in the near surface velocity field may 

alter the natural polarization directions of the S-wave modes, which results to be 

rotated with respect to the Radial and Transverse directions. Consequently any 

information about the principal directions of polarization is lost. In that case the 

splitting measurements can be generalized to transversely isotropic media with an 

axis of symmetry not coinciding with the vertical, e.g. HTI media. This 

generalization assumes vertically propagating S-waves polarized in the horizontal 

plane but not necessarily along Radial and Transverse directions. In such case the 

splitting time can be estimated through rotation scanning analyses. These 

techniques have been developed to analyze teleseismic data (e.g. SKS, SKKS and 

PKS waves) and have been successfully applied to borehole records from 

microseismic monitoring in hydrocarbon fields (e.g. Verdon et al., 2009). Several 

papers describe different algorithms to properly rotate the horizontal components 

(e.g. Silver and Chan, 1991; Fang and Brown, 1996; Wang et al., 2006; Kolinsky 

et al., 2009), although, they are all based on the same principles. The analysis 

consists in a scanning procedure over rotation angles and time shifts with the main 

goal of defining the natural polarization directions and the degree of anisotropy. 
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The cross-correlation analysis is described in the following of this Chapter, 

while an example of rotation scanning analysis is given in Section A.3. 

 

5.2.1 Cross-correlation of Radial and Transverse components 

The cross-correlation is a standard method to measure the degree and the 

optimal time shift, also called lag time, to which two waveforms are the most 

similar. Considering two discretized seismic traces u1 and u2, the cross-correlation 

function is given by (Upadhyay, 2004): 

Cc(τ ) = 1
N

u1(k) u2 (k +τ )
k=1

N

∑ ,
 

(5.1) 

where N is the number of samples for data trace and τ stands for the time-delay of 

u2 relative to u1. A maximum in the cross-correlation function Cc gives the 

relative time-delay for which the two seismic traces are most similar to each other. 

In shear-wave splitting analysis the cross-correlation is performed trace by trace 

in a time window containing the first arrivals of both the fast and slow split-

modes. The cross-correlation then theoretically finds the optimal time shift in 

which the split waves align. 
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5.2.1.1 Synthetic data 

In order to test the cross-correlation method and the influence of the noise to 

the estimated splitting time, I apply the cross-correlation technique to synthetic 

datasets. 

Panel a) of Figure 5.1 shows synthetic North and East components computed 

with the procedure described in Section A.2. The azimuth of the initial 

polarization vector is 75° and the applied time shift δt0 =0.12 s. The North-East 

source coordinates expressed in meters are (0,0) and the location of the receiver is 

(-270, 352). The source wavelet is the first derivative of a Gaussian function, with 

a frequency peak of 18 Hz, mimicking the frequency bandwidth of the real data 

(Figure 3.20). The traces have been contaminated with Gaussian noise with zero 

mean and standard deviation σtn=0.03. Panel b) of the same figure shows the 

Radial and Transverse components, after backazimuth rotation.  

 
Figure 5.1 Synthetic North and East a), and Radial and Transverse b) components. 

Panel a) of Figure 5.2 shows the cross-correlation function obtained from the 

Radial (R) and Transverse (T) components of Figure 5.1 b). It shows a negative 

peak at δtinv= -0.12 s. Panel b) shows the Radial component together with the 

Transverse component corrected for the time delay δtinv. 

The cross-correlation is a standard method to measure the degree to which 

two time series are similar or anti-similar. Similar waveforms have positive peaks 

of the cross-correlation function (equation (5.1)), while anti-similar waveforms 
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have negative peaks. Figure 5.2 shows an example where the Cc function 

estimates the time shift at which two waveform are the most anti-similar. 

 

 
Figure 5.2 Cross-correlation function of the Radial and Transverse components shown in 

Figure 5.1 b) and the same traces after the application of a time shift δtinv to the 

Transverse component. 

I computed a synthetic split shear wave dataset with the geometrical setting of 

the line 11 of Event 1 (see Figure 3.11). The seismic line consists of 75 receivers 

and the source coordinates are East=2713 m, and North=2233 m. I vary the 

azimuth of the initial polarization vector from 0° (receiver 1) to 355.2° (receiver 

75), with an angular increment of 4.8°. I adopt this extreme variability of the 

initial polarization direction for testing the cross-correlation procedure, but in real 

datasets all the receivers should have a similar value of initial polarization, which 

depends on the source mechanism of the microseismic event. Similarly, the 

imposed time shift between the split shear-waves vary from -24 ms (Receiver 1) 

to +24 ms (Receiver 75). Figure 5.3 shows the geometrical setting considered for 

the synthetic dataset. The red star is the source and the black dots are the receivers 

forming the seismic line, numbered 1 to 75 in the North-South direction. The 

green lines represent the initial polarization directions. 
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Figure 5.3 Initial polarization directions of the synthetic shear-wave dataset (green lines) 

and geometrical setting of the line 11, Event 1. The red star represents the source and the 

black dots are the receivers. 

In the VTI model, the principal directions of anisotropy coincide with the 

backazimuth direction and its perpendicular, i.e. the Radial and Transverse 

directions, respectively. The noise free synthetic Radial and Transverse traces 

have been contaminated with random Gaussian noise with a standard deviation 

σtn=0.29 and with real noise. The real noise was selected from raw waveforms 

(experimental data) before primary-wave signals arrival. 

 The standard deviation of the Gaussian noise and a scaling factor of the 

source for the real noise contaminated synthetic dataset have been calibrated to 

obtain SNRdB = 13.3 dB, the same value observed in the field data of line 11, 

Event 1 (see Section A.1 for the definition of SNRdB). Figure 5.4 show the 

synthetic noise free and noise contaminated Radial and Transverse components. 
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Figure 5.4 Synthetic Radial and Transverse components noise free a), contaminated with 

Gaussian noise b) and with noise from the real data c).  

Panels a), b) and c) of Figure 5.5 show the cross-correlation function of the noise 

free, Gaussian-noise contaminated and real-noise contaminated synthetic datasets, 

given in panels a), b) and c) of Figure 5.4. The white circles represent the maxima 

of the absolute value of the crosscorrelation function for each receiver and the 

black dots are the time shifts used to compute the synthetic Radial and Transverse 

components. Positive and negative maxima of the function Cc are related to 
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similar and anti-similar waveforms, respectively, examples of which are given in 

Figure 5.2 and Figure 5.8. As expected the lag times are correctly estimated in the 

noise-free dataset (panel a)) while time delays show some scattering in the noise-

contaminated components.   

 

Figure 5.5 Cross-correlation function for Radial and Transverse components of the noise-

free a), Gaussian-noise contaminated b), and real-noise contaminated c) synthetic 

datasets. The white circles represent the estimated splitting times; the black dots are time-

delays used to compute the synthetics. 

The shear-wave splitting does not occur and the cross-correlation fails when 

the initial polarization vector is parallel to one of the two principal directions of 

anisotropy, i.e., parallel to Radial or Transverse directions for VTI media. These 

are also called Null measurements and are specifically addressed in Section A.5.  

Panel a) of Figure 5.6 shows the Radial and Transverse components of 

receiver 8 for the noise-free synthetic dataset (Figure 5.4 a)) and panel b) the 

corresponding hodogram. The initial polarization is parallel to the Transverse 



 167 

component and no S-wave splitting occurs, determining the zero amplitude Radial 

component. 

 

 
Figure 5.6 Radial (R) and Transverse (T) components of receiver 8 of the noise-free 

synthetic dataset a), and corresponding polarization diagram b). The vertical dashed lines 

of panel a) define the time window for cross-correlation analysis. The black arrow in 

panel b) is the backazimuth direction, the green line is the initial polarization direction 

and the red line represents the particle motion. 

Receivers 8, 18, 29, 43 and 60 of the three panels of Figure 5.4 are 

characterized by Null measurements. In panel a) of Figure 5.5, showing the results 

of the analysis of the noise-free synthetic dataset, the estimated time-delays of 

these 5 receivers are incorrectly computed. For the same receivers, in presence of 

noise (panels b) and c)) a positive or negative maximum of the cross-correlation 

function is observed, resulting from cross-correlation of the S-wave arrival of the 

non-zero component and some noise waveform on the other component. Such 

measurements are obviously incorrect and can be detected from the lack of 

consistency and as well as low values of the cross-correlation function. 

Another possible failure of the cross-correlation technique is related to the 

low signal-to-noise ratio on one of the two components. Panels a) and b) of Figure 

5.7 show the polarization diagram of receiver 3 of the synthetic seismograms 

contaminated with real noise, before and after backshifting. Backshifting consists 

in time shifting the Transverse component with the lag obtained from the cross-
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correlation analysis and should result in a linearization of the particle motion 

shown in hodograms. Panels c) and d) show the Radial and Transverse 

components of the same receiver 3, before and after backshifting. The low SNR 

characterizing both horizontal components causes failure to identify the correct 

lag time. 

 

 
Figure 5.7 Hodograms of receiver 3 of the synthetic dataset contaminated with real noise, 

before a) and after b) backshifting. c) Radial (R) and Transverse (T) components in the 

time window of analysis indicated by the vertical dashed lines. d) Radial (Rs) and 

Transverse (Ts) components after backshifting. 

Figure 5.8 represents an example of successful analysis of synthetic split-

waves contaminated with real noise. Panels a) and b) show the polarization 

diagrams of the time windowed Radial and Transverse components before and 
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after backshifting; the waveform of the same components are shown in panels c) 

and d). The effectiveness of the cross-correlation analysis is evidenced by the 

alignment of the backshifted Radial (Rs) and Transverse (Ts) components clearly 

visible in panel d). Moreover, the linearization of particle motion determined by 

the backshifting can be appreciated by the comparison of panels a) and b). 

 

 
Figure 5.8 Hodograms of receiver 51 of the synthetic dataset contaminated with real 

noise, before a) and after b) backshifting; c) Radial (R) and Transverse (T) components in 

the time window analysis indicated by the vertical dashed lines; d) Radial (Rs) and 

Transverse (Ts) components after backshifting. 

Table 5.1 summarizes the percentages of success of the cross-correlation 

inversions for synthetic datasets having the geometry of line 11, Event 1, but 

different noise type and levels. Different values of signal-to-noise ratio SNRdB are 
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considered. The column A indicates the percentages of the inversion results 

exactly matching the input parameters used to compute the synthetics, while in 

column B are considered successful the inversion results in the range δt0-dt ≤ δtinv  

≤ δt0+dt, where δt0 is the true time-delay between the two split waves used in 

computing the synthetic traces, δtinv is the inversion result and  dt=2 ms is the time 

sampling interval. 7% of the noise free synthetic traces are not correctly inverted; 

these are Null measurements, described in Section A.5. 

Even in presence of noisy data the cross-correlation method should ensure 

reliable estimations of split times with good consistency among nearby receivers. 

 

Table 5.1 Percentage of success of the cross-correlation inversion for different types of 

noise and SNRdB; Column A: δt exactly inverted, Column B: δt within ± 2 ms. 

 Α B  

 δt (s) δt (s) SNRdB 

Noise-free 93% 93% --- 

Gaussian noise 35% 67% 13.3 

Real noise 29% 59% 13.3 

Real noise 57% 84% 21.6 

Real noise 68% 89% 25 

 

 

5.2.1.2 Field data 

The cross-correlation technique has been applied to the horizontal 

components of lines 11, 14, 16 and 18 of Event 1, which are shown in Figure 5.9. 

The blue curves represent the limits of the time window considered for the 

computation of the cross-correlation function. 
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Figure 5.9 Radial and Transverse components of lines 11 a), 14 b), 16 c) and 18 d) of 

Event 1. The blue curves represent the time window considered in the cross-correlation 

analysis. 

 



 172 

Figure 5.10 shows the crosscorrelation function (equation (5.1)) of the Radial 

and Transverse components of the four 3C lines of Event 1. The white circles 

represent the maximum of the absolute values of the Cc function of each receiver. 

Unlike in line 16, well-defined patterns can be identified in the plots of lines 11, 

14 and 18 but the maxima of the absolute value of Cc result in a scattered 

distribution of the time shifts at which, the two waveform are the most similar or 

anti-similar. The scattering is due to phase-skipping and noise. However, as we 

crosscorrelate Radial and Transverse components, we assume a medium 

characterized by a vertical axis of symmetry and hence the splitting times should 

be consistent for similar dip angles (1D medium), or analogously for nearby 

receivers. Nearby receiver consistency is actually a more general condition 

resulting from the smoothness of the seismic wavefield. 

 
Figure 5.10 Cross-correlation function for Radial and Transverse components of lines 11 

a), 14 b), 16 c) and 18 d) of Event 1. The white circles represent the estimated splitting 

times and their diameter is proportional to the maximum of the absolute value of the 

cross-correlation function. 
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From the analysis of the projection on the Earth surface of the radiation patterns 

of SV- and SH-waves shown in panels d) and f) of Figure 3.35, respectively, one 

can infer the expected polarity of the cross-correlation function for each receiver 

and estimate the lag time from the receiver offset. For example, approximately the 

first 20 traces of line 11, are characterized by positive polarity of the first arrivals 

of both SV- and SH-waves (see Figure 3.35), while for the last 55 traces the first 

arrivals of SV- and SH-waves have opposite polarity. This should result in 

positive polarity of the Cc function for the first 20 receivers of line 11 and 

negative polarity for the remaining receivers (Figure 5.10 a)). Moreover, the 

epicenter of the microseismic event is quite close to receivers number 20-30 of the 

line 11, resulting in a nearly zero splitting time (i.e. lag time in the cross-

correlation). Taking in mind that in VTI media Radial and Transverse components 

contain predominantly SV- and SH-wave modes, respectively, the former remarks 

can help in defining some constraints for the algorithm searching through the 

relative maxima and minima of the cross-correlation function. Specifically, the 

splitting time is computed for increasing offset receivers and within a lag-time 

window centered on the average lag-times of the eight previously measured 

splitting times on neighboring receivers. For each line, the time window of the 

eight receivers characterized by the shorter offsets is centered on a lag-time value 

arbitrarily chosen by the user. This procedure assures consistency of the splitting 

times of subsequent receivers. Figure 5.11 shows the cross-correlation functions 

of lines 11 (a)), and 18 (b)) and the estimated split times, obtained with the 

constrained procedure, are given by the white circles. The function Cc of line 16 

given in Figure 5.10 c) does not show any clear trend; consequently constraints 

for a guided searching of the lag-time cannot be defined. This is not surprising, 

since the Transverse component of line 16 is expected to have low energy due to 

the radiation pattern, and amplitudes of the first arrivals are comparable to the 

noise level. 
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Figure 5.11 Cross-correlation function plots for Radial and Transverse components of 

lines 11 a), 18 b) of Event 1. The diameter of the white circles is proportional to the 

relative maximum or minimum of the cross-correlation function of each receiver. 

Maxima and minima are evaluated within the lag-time windows defined by the white 

curves.  

According to the polarities of the projections of SV- and SH-waves radiation 

patterns at the Earth surface shown in Figure 3.35, for line 14 we should pick 

positive values of the cross-correlation function for the first one fourth of the line 

and negative values for the last three fourths as illustrated in Figure 5.12 a). 

However, these estimated lag-times are quite high if compared with time-delays 

of the lines 11 and 18 shown in Figure 5.11. Instead the splitting times obtained 

from the maxima of the Cc function shown in Figure 5.12 b) are very consistent 

with the splitting times of lines 11 and 18, as required by VTI symmetry.  

Significant differences among time-delays of different lines suggest 

azimuthal dependence of anisotropy and possibly indicate deviation from the VTI 

symmetry. Splitting time estimations for more general anisotropy symmetries 

requires more complex algorithms if compared with the cross-correlation. 

Attempts of shear-wave splitting analysis for HTI media applied to Event 1 are 

given in Section A.3. These techniques involve time shifting and rotations of the 

horizontal components with the aim of removing the wave splitting so that the 

original isotropic polarization and waveform are restored, i.e. polarization and 

waveform the S-wave before the splitting. A similar strategy can be considered in 
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this section with the aim of removing the ambiguity affecting the lag-time 

estimation of line 14 (i.e. Figure 5.12 a) and b)). 

 
Figure 5.12 Cross-correlation function plots for Radial and Transverse components of 

line 14 of Event 1, where split times are estimated through the minima a) or maxima b) in 

the time-lags windows defined by the white curves. The diameter of the white circles is 

proportional to the relative maximum or minimum of the cross-correlation function of 

each receiver. 

Assuming VTI symmetry and near-vertical raypaths of SV- and SH-waves in 

the near surface, the Transverse component can be backshifted with the lag-times 

estimated with the cross-correlation method. As illustrated in Section A.3, the 

initial polarization, i.e., polarization of the S-wave before splitting, can be 

estimated through a rotation scanning procedure based on the minimization the 

rotated Ts component. Rs and Ts identify the backshifted components polarized in 

the Radial and Transverse directions. The initial polarization depends on the 

source mechanism and is independent on the symmetry of the anisotropic 

formations traversed by the seismic waves. Consequently it should have the same 

value for all the receivers forming the cross-like array and for a given 

microseismic event. I have computed the initial polarizations of lines 11 and 18 

after backshifting the Transverse component with the lag-times shown in Figure 

5.11 and the results are shown in Figure 5.13 a) and b), respectively. The results 

are consistent and show an approximate azimuth of the particle displacement of 

the pre-split S-wave of 155°. The initial polarizations of line 14 computed the lag-

times given in Figure 5.12 a) and b) are given in Figure 5.13 c) and d), 
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respectively. Panels c) and d) show 90° phase shift and the latter plot shows the 

better consistency with panels a) and b) of the same figure. 

 
Figure 5.13 a) and b): initial polarizations of lines 11 and 18, computed with the lag-

times shown in Figure 5.11; c) and d): initial polarizations of line 14 computed with the 

lag-times shown in Figure 5.12 a) and b), respectively. 

Analysis of P-wave arrival times reported in Section 3.8 indicates that this 

wave type is mainly controlled by a 1D-layered medium with a vertical axis of 

symmetry. Such a medium implies similar splitting times for similar dip angles, 

and suggests the lag-times of panel b) to be the most reliable between the two 

panels of Figure 5.12. This is confirmed by the initial polarization analysis. 

Consequently, I assume the splitting times of panel b) of Figure 5.12 the most 

reliable for line 14, aware that this is in contrast with what suggested by the 

polarities of the first arrivals of SV- and SH-waves inferred from the projections 
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on the Earth surface of the corresponding radiation patterns. However, small 

errors in the source mechanism inversion may cause this uncertainty. 

I performed the backshifting of lines 11, 18 and 14 considering the lag times 

represented by the white circles in Figure 5.11 a) and b) and Figure 5.12 b), 

respectively. The results are shown in Figure 5.14, where the three panels forming 

the left column show the superposition of the Radial and Transverse components 

while the right column shows the same components after backshifting. 

 
Figure 5.14 Superposition of the Radial components in variable density format (black and 

yellow) and Transverse components in wiggle+variable area format (red) for line 11 (first 

row), line 14 (second row) and line 18 (third row) of Event 1. Panels a), c) e), and b), d), 

f) show the Radial and Transverse components before and after backshifting, 

respectively. 
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In VTI media, backshifting the Radial and Transverse components linearizes 

the horizontal particle motion displayed in polarization diagrams. Figure 5.15 and 

Figure 5.16 show examples of hodograms and waveforms of two receivers 

belonging to the lines 11 and 18, respectively. Panels a) and b) show the particle 

motion and panels c) and d) the waveforms of the Radial and Transverse first 

arrivals before and after backshifting. The time shift of the Transverse component 

is performed with the lag-times given in Figure 5.11. Note that the azimuths of the 

linear particle motion shown in panels b) correspond to the initial polarizations of 

those receivers, displayed in Figure 5.13 a) and b), i.e., 155° approximately. 

 

 
Figure 5.15 Hodograms of receiver 59 of line 11, before a) and after b) backshifting, 

where the black arrows indicate the backazimuth direction (from the source); Radial (R) 

and Transverse (T) components c), and Radial (Rs) and Transverse (Ts) components after 

backshifting d); the vertical dashed lines identify the time window considered for the 

hodograms. 
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Figure 5.16 Hodograms of receiver 20 of line 18, before a) and after b) backshifting, 

where the black arrows indicate the backazimuth direction (from the source); Radial (R) 

and Transverse (T) components c), and Radial (Rs) and Transverse (Ts) components after 

backshifting d); the vertical dashed lines identify the time window considered for the 

hodograms. 

Panel a) of Figure 5.17 shows the polarization diagram of receiver 39 of line 

14, before backshifting, while panels b) and c) have been obtained after 

backshifting of the Radial and Transverse components with time-lags given in 

Figure 5.12 a) and b), respectively. The black arrows indicate the backazimuth 

direction (from the source). Backshifting results in nearly-linear particle motion 

oriented 65° b) and 155° c), approximately. Panels d), e) and f) show the Radial 

and Transverse waveforms corresponding to the hodograms of panels a), b) and 

c), respectively. The vertical dashed lines identify the time window considered for 

the polarization diagrams. As already mentioned the lag-time relative to panels c) 

and f) is considered the most reliable because of the better consistency with lag-

times and initial polarizations of lines 11 and 18. 
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Figure 5.17 a) hodogram of receiver 39 of line 14, before backshifting; b) and c) 

hodogram of receiver 39 of line 14 after backshifting with the lag-time given in Figure 

5.12 a) and b), respectively; d), e) and f) Radial (R) and Transverse (T) components, 

corresponding to the polarization diagrams of panels a), b) and c), respectively. 

Time-delays between the two split shear-waves versus dip angle are shown in 

Figure 5.18. The brown, blue and magenta circles represent the splitting times (i.e. 

lag times) of lines 11, 14 and 18 of Event 1, respectively, obtained with the cross-

correlation method. The red and green circles are splitting times obtained from 

picking of synthetic data computed with a pseudospectral method, and are shown 

in this figure for comparison to the experimental data. Two different 

homogeneous VTI models have been considered for computing the synthetic 

splitting times, with vP0 = 2888 m/s and vS0 =  1479 m/s, velocities reported in 

Table 4.7 and Table 4.14, respectively, and considered for the P- and SH-travel 

time inversions of Event 1 (Chapter 4). The anisotropy parameters for the dataset 

Synthetics 1 are ε=0.41, δ=0.125 and γ=0.64 (σ=1.09), values obtained from the 

mentioned traveltime inversions, while for Synthetics 2 they are ε=0.12, δ=0.03 

and γ=0.2 (σ=0.33), typical values for shales given in Table 2.1. The synthetic 
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split times do not represent an attempt to invert the experimental time-delays but 

have the only purpose of showing the compatibility of the results of the cross-

correlation technique with realistic VTI anisotropic models. 

 
Figure 5.18 Splitting times for lines 11, 14 and 18 of Event 1; synthetic splitting times 

from two different VTI homogeneous media are given for comparison. 

The Abbott dataset comprises horizontal components from 272 

accelerometers for each microseismic event. Such amount of data requires an 

automated or semi-automated method to analyze the shear-wave splitting, 

allowing us to measure the success of such measurements by observation of 

consistency in the inverted parameters, i.e. splitting times and initial polarizations. 

The cross-correlation belong to the second category and gives satisfactory results 

when constraints are imposed in the lag-time searching and time-delays are 

limited.  

 

5.3 Fallacies in shear-wave splitting analysis 

The cross-correlation of field data described in Section 5.2.1.2 give 

encouraging results but I find important to mention the principal reasons for 

which SWS analysis of surface microseismic seismic data is still far from being a 

standard procedure. 
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In hydrocarbon exploration shear-wave splitting studies are carried out  

mainly to find the distribution and orientation of fractures or microcracks. This is 

particularly important for hydraulically stimulated reservoirs. However, several 

problems can be encountered, especially when the seismic data are acquired from 

the Earth surface and not from monitoring wells. 

Crampin and Gao (2006) report an accurate analysis of possible problems 

encountered in shear-wave splitting analysis of small earthquakes in the crust, 

reducing the efficiency of the different techniques of analysis. Basically, the 

authors explain the reasons for which the assumptions on which the shear-wave 

splitting analyses are based (Section 5.2), can be violated. 

The fast and slow split waves may have different waveform. They have 

different polarizations and thus respond differently to the structure between source 

and receiver (e.g. Liu et al., 1997). Slow waves tend to be more attenuated than 

fast shear-waves (e.g. Hudson, 1981), determining a reduction of the frequency 

bandwidth of the seismic signal. The lower frequency content results in a less 

impulsive waveform if compared with the fast waves. The shear-wave signals 

above small earthquakes may be contaminated by P- and S-wave coda, other 

shear-wave arrivals, surface-waves and reverberations, which will affect the 

waveforms of the split shear-waves. Many techniques to estimate the splitting 

time are based on cross-correlation-like algorithms based on the similarity 

between the two split shear-waves rotated in the principal directions of anisotropy. 

Different waveforms for the fast and slow shear-waves may determine unreliable 

measurements of time-delays. 

The stronger attenuation of S-waves with respect of the P-waves may 

determine a low signal-to-noise ratio, worsened by high amplitude coda waves 

and reverberations already mentioned. Moreover, specifically for seismic data 

acquired during the hydraulic stimulation of reservoirs, the recordings can be 

heavily contaminated by the noise produced by the pumps injecting the fracturing 

fluid in the target formation. 

The expected split time-delays to be measured are typically small, in the 

order of a couple of hundred milliseconds. This is a short time interval if 
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compared to the complete shear-wave-trains and may be difficult to identify. 

Lovell et al. (1987) report that even earthquake doublets with almost identical 

waveforms may show significant variations in time-delays. 

The fast and slow split shear-waves are assumed to be orthogonally polarized. 

However, in surface observations orthogonal polarizations are preserved only at 

normal incidence. Orthogonality at non-normal incidence is both geometrically 

and geophysically distorted (Crampin and Gao, 2006). Most techniques estimating  

time-delays, including the methods I consider in this study, need to separate the S-

waves into the two pure modes. This is done assuming orthogonal polarization. 

The interaction with the free surface may cause the distortion of the particle 

motion of the S-wave if recorded outside the shear-wave window. This a solid 

angle defined in the Section 2.9. The waveforms of shear-waves outside an 

effective window of ∼45° can be severely distorted from the polarizations of the 

emergent wave by the effect of S-to-P conversions on shear-wave energy 

(Crampin and Gao, 2006). The maximum offset-to-source depth ratio of the 

dataset considered in this study ensures emergent angles at the Earth surface lower 

than ∼45°. Rough topography may locally reduce the shear-wave window causing 

severe distortions of the phase and amplitude of the split shear-waves but the 

Abbott field is characterized by smooth topography. 

The polarizations of fast and slow shear waves may exchange directions 

among different events, in what are called 90°-flips. For shallow, crustal 

earthquakes, these polarization inversions are attributed to wave propagating 

through microcracks containing fluids at critically high pore-fluid pressures 

surrounding the seismically active source (e.g. Crampin et al., 2002; Padhy and 

Crampin, 2006; Bianco and Ferulano, 2009). Hydraulic fracturing of reservoirs 

typically produces microfractures with high pore-fluid pressures and consequently 

90°-flips of the fast and slow shear waves are expected. However this 

phenomenon concerns the comparison of qS1 and qS2 polarities from different 

events, while in this study I analyze the shear wave splitting from Event 1 only. 

Problems possibly encountered in SWS analysis are summarized in Table 5.2. 

These are intrinsic limitations of the method, which sometimes, can be partially 
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overcome by a proper design of the acquisition system. For example shallow 

buried-arrays of receivers generally records data with a higher signal-to-noise 

ratio if compared to surface arrays, with the drawback of higher costs.  

 
Table 5.2 Difficulties in measuring shear-wave splitting above small earthquakes (from 

Crampin and Gao, 2006). 

  References 

Slow shear-waves propagate through higher impedance than fast shear-
waves: effects of higher impedance 
1 Slow shear-wave is slower than fast shear-wave Crampin (1981) 

2 Slow shear-wave may be more attenuated than fast shear-wave 
and may sometimes be unobservable 

Hudson (1981), 
Mueller (1991) 

3 Slow shear-wave may have lower frequencies than fast shear-
wave 

Crampin (1981) 

4 Slow shear-wave may be less impulsive than fast shear-wave Crampin (1981) 

Low signal-to-noise ratios: source and effects of noise 
5 Shear-waves are carried in the coda of P-waves Volti and 

Crampin (2003) 
6 Slow shear-waves are carried in the coda of the fast shear-waves Volti and 

Crampin (2003) 
7 Shear-wave splitting inserts very small (typically <0.2 s) time 

anomalies into seismic wave-trains which are easily hidden by 
noise 

Volti and 
Crampin (2003) 

Many techniques mistakenly tend to assume orthogonality: sources of 
non-orthogonality 
8 Polarizations of shear-waves propagating at the group-velocity 

are not necessarily orthogonal except in a few isolated symmetry 
directions 

Crampin (1981) 

9 Except for normal incidence, any orthogonality of polarizations 
will be distorted by interaction with the free-surface 

Booth and 
Crampin (1985) 

10 Orthogonality may be seriously distorted for propagation near 
shear-wave singularities  

Crampin (1981), 
Volti and 
Crampin (2003), 
Crampin (1991) 

Interaction with surface and sub-surface topography 
11 The effects of the shear-wave window mean that irregular surface 

and internal topography may have severe effects on shear-wave 
polarizations, depending on the dip, orientation, distance from 
recorder, and direction and wavelength of the incident shear-wave 

Booth and 
Crampin (1985), 
Liu and Crampin 
(1990) 
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Other sources of scattering 
12 Inhomogeneities of the geological structure Crampin (1981) 
13 Varying source-time functions. Note that multiple sources can 

usually be recognized and 
eliminated from analysis. Note also that since shear-wave 
splitting is controlled by the 
path rather than the source the effect of varying source functions 
can usually be eliminated 

Crampin (1981) 

14 Shear-wave singularities where the faster and slower split shear-
waves have coincident phase velocities can be very common in 
some microcracked sedimentary sequences. Propagation within 
∼10◦ of a singularity may cause severe anomalies in time-delays 
and polarizations. Note that shear-wave singularities are 
comparatively common in sedimentary basins but are rare above 
small earthquakes 

Crampin (1981) 

15 Shear-waves from earthquake radiation patterns range over 360◦ 
in polarization and vary the division of energy between split 
shear-waves 

Crampin (1981) 

16 90◦-flips in shear-wave polarizations due to critically high pore-
fluid pressures on all seismically active faults lead to the typically 
±80% variations observed in time-delays between split shear-
waves. These 90◦-flips are believed to be the major source of 
scattering above small earthquakes 
 

Crampin et al. 
(2004) 

 

5.4 Split times inversion 

The split time δt between the fast and slow S-waves can be estimated with the 

cross-correlation method illustrated in Section 5.2.1. The time-delays smoothly 

vary with dip angle and depend on the velocities of qS1 and qS2, measured in the 

given ray direction according to (Savage, 1999; Gerst, 2003): 

δt = L 1
VS1

−
1
VS2

"

#
$

%

&
' ,  (5.2) 

where L is the length of the anisotropic path traversed and VS1  and VS2  are the 

velocities of the fast and slow S-waves in the direction of propagation.
 
 

A general anisotropic parameter computed from the split times is the percent 

anisotropy, widely used to quantify the anisotropic strength of the subsurface (e.g. 

Savage, 1999; Gerst, 2003; Bianco & Zaccarelli, 2009). However, the percent 
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anisotropy depends on VS1  and VS2  and varies with dip angle or receiver offset. 

Consequently it is a measure of anisotropy for the specific travelpath. Instead, the 

main goal of this study is the estimation of the intrinsic anisotropy of the subsoil, 

independently on the offset or dip angle characterizing the horizontal components. 

In particular I consider the Thomsen parameters (Thomsen, 1986; Section 2.7) 

specifically defined for VTI anisotropy. 

There are no standard inversion methods to estimate Thomsen parameters 

from measured split times. One of the simplest inversion algorithms consists in  

best fitting experimental data with analytic time-delays. The latter consist in 

analytic approximations to SH- and qSV-waves traveltimes, which depend on 

group velocities. The analytic formulation for SH-wave group velocity in VTI 

media can be determined from equations (2.24) and (2.25), and is given by 

equation (2.37) in terms of the Thomsen parameter γ. Due to the complexity of the 

exact phase-velocity function vSV (equation (2.21)) analytic expressions of SV-

waves group velocities are not available, if not in the elliptical-anisotropy 

approximation or under the assumption of weak-anisotropy. Alternatively, SV-

waves traveltimes are given, as a function of offset, by truncated Taylor series, but 

even these approximations cannot account for complex features of SV-

wavefronts, like cusps. Consequently the available SV-wave traveltimes 

approximations can match experimental data only for limited ranges of offset, or 

equivalently dip angles (dip angles coincide with ray angles in homogenous 

media). 

The analytic split times are given by: 

δta = tSH − tSV , (5.3) 

where tSH  and tSV  are the traveltimes of the two S-wave modes and can be 

computed as a function of offset or dip angle, which are related by equation 

(4.10). SH traveltimes are given by equation (4.9) while different options can be 

considered for qSV-waves:  

a) qSV traveltime is given by: 
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tSV (x) =
x2 + zS

2

VSV (φ)
, (5.4) 

where x is the offset and zS is the source depth. In the weak-anisotropy 

approximation, the group velocity VSV(φ) depends on  the anisotropy 

parameter σ (equation (2.33)) and is given by equation (2.37). 

b) qSV traveltime is approximated by a truncated Taylor series-type 

characterization of moveout, which, in the weak-anisotropy approximation 

can be expressed by (Tsvankin and Thomsen, 1994): 

          

tSV
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(5.5) 

where x is the offset, vS0 is the S-wave velocity measured along the vertical 

symmetry axis and tS(0) is the one-way traveltime given by: 

tS(0) =
zS
vS0

, (5.6) 

where zS is the source depth. 

Figure 5.19 shows the comparison of traveltimes computed with equation 

(4.9) (analytic) and traveltimes picked from synthetic SH-wave seismograms 

obtained with full wave numerical modeling, for increasing dip angle. The 

homogeneous VTI medium is characterized by vP0 =2888 m/s (Event 1 in Table 

4.7), vS0 =1479 m/s (Event 1 in Table 4.14), ρ=2268 (equation (4.6)), zS=2060 m 

(Event 1 in Table 4.7), ε=0.12, δ=0.03 and γ=0.2 (σ=0.34). These are typical 

values of Thomsen anisotropy parameters for shales (Table 2.1). Figure 5.19 

shows a good match between the synthetic and analytic traveltimes. 
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Figure 5.19 a) comparison between SH-wave traveltimes obtained from the analytic 

equation (4.9) and from numerical modeling and picking of first arrivals; b) difference 

between the analytic and synthetic traveltimes. 

Figure 5.20 shows the comparison of analytic and synthetic SV-wave 

traveltimes. In the legend, SV Thomsen refers to equation (5.4) and SV Taylor to 

equation (5.5) for which the second only (2 terms) or the fourth order terms (3 

terms) are considered. For dip angles lower than 20° the analytic curve best 

reproducing the synthetic traveltimes is the Taylor (2 terms) while for the range of 

angles considered in this study (0°-45°), the best approximation is given by the 

Thomsen analytic curve. 
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Figure 5.20 a) Comparison between SV-wave traveltimes obtained from analytic 

equations and from numerical modeling and picking of first arrivals; the red curve is 

obtained from equation (5.4) and the green and yellow curves from equation (5.5); b) 

difference between the synthetic and analytic traveltimes. 

Figure 5.21 shows the comparison between the difference of SH- and SV-

wave traveltimes (i.e. split times) obtained from analytic equations and from 

numerical modeling and picking of first arrivals. SH-traveltimes are computed 

with equation (4.9), while SV-traveltimes with the analytic curves specified in the 

legend.  Similarly to the Abbott splitting times (Figure 5.18) the maximum dip 

angle is 45°. The discrepancies between the analytic and synthetic split times are 
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mainly due to the inaccuracy of the analytic approximations of SV-wave 

traveltimes (Figure 5.20 b)).  

 
Figure 5.21 Comparison between the split times obtained from analytic equations and 

from numerical modeling and picking of first arrivals. 

It is important to remark that these differences between synthetic and analytic 

split times strongly depend on the magnitude of the anisotropy parameters used to 

compute them and tend to reduce as γ and σ tend to 0, i.e. the anisotropy becomes 

weaker and weaker. The main goal of this test is to have a general understanding 

of the accuracy and reliability of this inversion method but there is no linear 

relationship between anisotropy strength and errors in the estimated anisotropy 

parameters. 

The yellow, red and green curves of Figure 5.22 represent analytic split-time 

curves best fitting the synthetic time-delays indicated by the black dots. The 

analytic curves are given by the difference between SH-traveltimes computed 

with equation (4.9) and SV-traveltimes obtained with the formulas specified in the 

legend. Continuous curves represent the best fit obtained without any constraint in 

the fitting procedure. It is quite clear that the inverted anisotropy parameters 

strongly depend on the maximum dip angle considered in the inversion, here set to 

45°. A shorter or wider range of dip angles would result in different best fitting 

curves. The green dashed curves have been obtained by fitting the synthetic split 

times up to 20°, while the dashed red and yellow curves by forcing the fitting in 

the range 40°-45°. The anisotropy parameters estimated with the constrained and 

unconstrained fitting procedures are given in Table 5.3. 
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Figure 5.22 Analytic curves best fitting the synthetic splitting times (black dots); 

continuous and dashed curves are obtained without and with constraints in the fitting 

procedure, respectively.  

Figure 5.21 clearly indicates that fitting experimental data with those analytic 

equations certainly results in wrong estimations of γ and σ. However, the test 

performed here shows that with appropriate constraints the fitting procedure can 

give reasonable results (Table 5.3). When experimental data are considered and 

the correct parameters are unknown, the choice of the most appropriate constraints 

is a subjective process based on the user’s experience and can lead to unreliable 

results. 

 

Table 5.3 Result of the splitting time inversion of a synthetic dataset without and with 

constraints in the fitting procedure. 

 Without 
constraints 

With 
constraints 

Actual values 

 γ σ γ σ γ σ 
Thomsen 0.13 0.21 0.22 0.33 0.2 0.34 

Taylor (2 terms) -0.1 -0.09 0.19 0.32 0.2 0.34 

Taylor (3 terms) 0.14 0.21 0.24 0.31 0.2 0.34 

 

I have inverted the split times estimated with the cross-correlation method for 

the seismic data of Event 1 (see Section 5.2.1.2). The best fitting of the 

experimental split times with the three analytic curves already considered in this 
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section are shown in Figure 5.23 and the estimated anisotropy parameters are 

given in Table 5.4. Similarly to the synthetic data-fitting shown in Figure 5.22, the 

green dashed curve in Figure 5.23 is obtained by fitting the experimental split 

times up to 20°, while the green and red curves are forced to fit the data in the 

range 40°-45°. 

 
Figure 5.23 Analytic curves best fitting the experimental splitting times for Event 1, lines 

11, 14 and 18 (black dots).  

Figure 5.19 and Figure 5.20 prove that, for weakly VTI media, analytic and 

synthetic traveltimes are in good agreement for both SH- and SV-waves. For these 

latter wave mode the error in traveltimes is less than 3% up to 40° dip angle and 

for SH-wave it is less than 1%. However, these small percentages become 

significantly high when the difference in traveltimes, i.e. split time, is considered. 

In that case the error can be as high as 100% or even more, depending on the dip 

angle. Thus specific ranges of angles must be considered for the different analytic 

traveltime equations best fitting the experimental data, and even so, the inverted 

anisotropy parameters can be considered as representative of the magnitude of 

anisotropy but certainly not as precise estimates.  

The parameters given in Table 5.4 confirm the relatively strong anisotropy 

already highlighted by the results of P- and SH-traveltime inversions (Table 4.8 

and Table 4.14) characterizing the Abbott gas shales and overburden. 
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Table 5.4 Results of the splitting time inversion of lines 11, 14, and 18 of Event 1, 

obtained with constraints in the fitting procedure. 

 γ σ 
Thomsen 0.37 0.45 

Taylor (2 terms) 0.46 0.53 

Taylor (3 terms) 0.45 0.43 
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 Chapter 6  

CONCLUSIONS 

6.1 Summary and conclusions 

The main goal of this study is the estimation of effective anisotropy 

parameters from microseismic monitoring data recorded during the hydraulic 

stimulation of a gas shale play located in North America. Seismic data are 

acquired from the Earth surface with a star-like array of 1C geophones and a 

cross-like array of 3C accelerometers. The surface monitoring provides wide 

coverage at multiple offsets and azimuths enabling inversions of anisotropy 

parameters from arrivals of direct (quasiP and quasiS) waves. 

The reservoir is located in the Arkoma sedimentary basin, Oklahoma, USA. 

In absence of geological structures, the typical anisotropic model considered for 

sedimentary basins is vertical transverse isotropy (VTI), which is characterized by 

a vertical axis of symmetry. To confirm such hypothesis for the Abbott reservoir I 

analyze the picked arrival times of the strongest microseismic event recorded 

during the hydraulic treatment. The similarity of the moveout with dip angle at all 

azimuths indicates that arrival times of compressional waves result from traveling 

in an approximately 1D flat-layered structure with a vertical axis of symmetry. P-

wave arrivals do not show a strong evidence of horizontal transverse isotropy or 

tilted transverse isotropy symmetries. Rather, VTI symmetry is a good 

representation of the geological structure characterizing the study area.  

P-waves first arrivals of 10 microseismic events are picked and inverted for 

the source focal mechanisms. The hydraulic fracture stimulation treatment 

activated dip-slip and strike slip sources and for each microseismic event the 

theoretical SH and SV-wave radiation patterns are computed. Polarity and relative 

strength of the observed S-waves at the Earth surface are consistent with the focal 

mechanisms inverted from P-waves.  
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An effective method to quantify anisotropy from seismic data is the inversion 

of P- and S-wave traveltimes. The propagation of P-waves in isotropic 

homogeneous media is characterized by hyperbolic moveout. Instead, in 

anisotropic homogeneous media the moveout is non-hyperbolic and can be 

parameterized in terms of the Thomsen anisotropies. These parameters can be 

estimated through a nonlinear iterative minimization of the time residual given by 

the difference between experimental and analytic traveltimes. The latter are 

computed with a formulation proposed by Alkhalifah and Tsvankin (1995), as a 

function of the anisotropy parameters δ and  η. The efficiency of the inversion 

method is tested with full wave synthetic seismic data obtained with 

pseudospectral modeling and considering a realistic geometry of the experiment, 

i.e. a star like array of receivers. 

Intuitively, the reliability of this technique depends on the maximum offset of 

the seismic data as the non-hyperbolicity manifests itself at large source-receiver 

distances. However, I show that other parameters involved in the methodology 

may constitute sources of error and ultimately affect the results of the inversion. 

Consequently, I study the sensitivity of the P-wave arrival time inversion for 

homogeneous VTI media to picking errors and uncertainties in the P-wave 

vertical velocity and source depth, typical issues in microseismic monitoring. 

Gaussian perturbations of the synthetic arrival times simulate picking errors 

and affect the precision of the resulting anisotropy parameters δ and η, while the 

origin time is estimated accurately. Long offsets of the lines forming the star-

pattern array improve the estimation of anisotropy parameters from noisy arrival 

times, most effectively up to 1.5 of the maximum-offset-to-depth ratio. Increasing 

the number of receivers per line of the star-array also increases the precision of 

the resulting anisotropy parameters, because they improve statistical sampling. 

Long offsets, and a high number of receivers per line improve the estimation of δ 

and η only if accurate values of the source depth and vertical P-wave velocity are 

used. If the latter input values are not correctly estimated, the longer the 

maximum offset the greater the bias of the estimated anisotropy parameters. The 
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precision increases with increasing offset and number of receivers, giving an 

incorrect impression of more accurate results. 

Operators and service companies need to use an accurate vertical velocity 

profile and good calibration shots to obtain reliable unbiased estimates of 

anisotropy from microseismic monitoring data. A well-calibrated anisotropic 

velocity model is needed for accurate and un-biased locations of microseismic 

events. 

Four perforation shots, closely located, are independently inverted, and give 

consistent anisotropy parameters resulting in δ = 0.12 and η = 0.27,  

approximately. However, non-hyperbolic moveout can also be caused by 

heterogeneity (layering) of the subsoil. Furthermore, I invert the synthetic arrival 

times computed with an isotropic layered model suitable for this reservoir and 

obtain an effective anisotropy approximately 50% of the anisotropy obtained from 

the field data. This result suggests that the effective anisotropy observed in the 

field data is caused partially by the intrinsic anisotropic properties of the 

formations.  

The P-wave arrival time inversion is also applied separately to the 1C dataset 

of 10 microseismic events giving average effective parameters δ = 0.14 

 and η = 0.22. The consistency between anisotropy parameters estimated from the 

different events is worse compared to the results from perforation shots. This can 

be due to a lower accuracy in the events depth location, compared with the high 

accuracy of the perforation shots location. Furthermore microseismic sources are 

distributed over a much larger area and, even if the geological setting of the study 

area is laterally homogeneous, local natural heterogeneities in the volume of rock 

surrounding the microseismic sources and/or overburden may influence the results 

of the inversions. Finally, during the hydraulic treatment the elastic properties of 

the seismogenic volume, as well as the local anisotropic properties, vary due to 

the process of fracturing. All these natural or induced local heterogeneities may 

influence the P-wave traveltimes and consequently the inverted anisotropic 

properties from microseismic events. 
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The SH-wave arrival time inversion is applied to the same 10 microseismic 

events considered for the inversion of compressional waves. Inverting this wave 

mode allows us to infer the average Thomsen parameter γ = 0.65. The SH 

traveltimes are much worse fitted than qP-wave traveltimes and show significant 

residuals depending on offset. This would indicate either non-VTI anisotropy or 

heterogeneity. As we do not observe similar behavior with qP-wave times I 

assume the SH times are either contaminated with picks of qSV-waves or SH-

wave velocity model is significantly heterogeneous. 

Shear-wave splitting is considered to be one of the most diagnostic 

phenomena caused by anisotropy. The key parameters in shear-wave splitting 

analysis are the time-delay δt between the fast qS1 and the slow qS2 split shear-

waves, and the principal directions of anisotropy. Time delay can be related to the 

strength of anisotropy, and in transversely isotropic media the principal directions 

define the orientation of the symmetry axis.  

Several methods have been developed in the last two decades to estimate the 

splitting parameters. Differently from existing studies where the anisotropy is 

estimated from a limited number of receivers in boreholes, or a few receivers 

located at the surface, the dataset analyzed in this study consists of a large amount 

of closely spaced receivers, which allows for consistency evaluations. The large 

amount of data also requires automated or semi-automated algorithms of analysis. 

In VTI media qS1 and qS2 are naturally polarized in the Radial and 

Transverse directions, not necessarily in this order. Consequently I estimate the 

split times of Event 1 through the cross-correlation of these two horizontal 

components. I discriminate between positive and negative peaks of the cross-

correlation function by evaluating the projection of the theoretical S-waves 

radiation pattern on the Earth surface and the consistency of the inverted initial 

polarization among nearby receivers. This method gives satisfactory results, and 

consistent splitting times are obtained from three lines of the cross-like array of 

3C receivers and Event 1. 

I consider an additional technique of splitting time estimation suitable to HTI 

anisotropic models widely used for teleseismic-data analysis. The method is tested 
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with synthetic split shear-waves and increasing signal-to-noise ratio. The analysis 

of the synthetic dataset reveals a considerable sensitivity to the noise level. This 

method of analysis of the shear-wave splitting is applied to the horizontal 

components of the four 3C seismic lines relative to Event 1 but any pattern can be 

hardly recognized in the distribution of the inverted time delays. These 

unsatisfactory results are most probably due to the low signal-to-noise ratio 

characterizing the experimental dataset. 

I developed a method of inversion of splitting times based on SH- and SV-

traveltimes approximations, which gives relatively good results for synthetic 

traveltimes computed for an medium with anisotropy properties typical of shale 

lithology. However, the validity of this method is limited to the weak anisotropy 

approximation and the results strongly depend on choices made by the user. This 

method, far from providing conclusive and precise estimations of the parameters 

γ and σ, confirms the relatively high degree of anisotropy already highlighted by 

the P- and SH-wave arrival time inversions. 

To summarize, the analysis of data from the microseismic surface monitoring 

of the Abbott gas-shale reservoir confirms that this is an efficient method to locate 

microseismic events and compute focal mechanisms. Surface recorded seismic 

data can also be successfully used to compute effective anisotropy parameters 

with robust methods based on P and S-waves moveout. Shear-wave splitting is a 

solid evidence of anisotropic media in the subsoil. Time delays between the fast 

and slow qS waves are successfully estimated with the crosscorrelation method 

while unsatisfactory results are obtained from methods generally used for 

teleseismic data analysis, most probably because of the low signal-to-noise ratio 

characterizing this dataset. The inversion of the estimated shear-wave splitting 

times give reasonable values of anisotropic parameters but this inversion method 

is strictly valid for weak anisotropic media.  
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6.2 Recommendations for future work 

The most challenging part of this study is the shear-wave splitting analysis 

from surface recorded data. The estimation of the splitting times for Event 1 gives 

reliable results with good consistency among nearby receivers, when the cross-

correlation of Radial and Transverse components is used. Nevertheless, the 

method proposed here to invert the measured time delays is not completely 

satisfactory. Further research should involve the development of a robust method 

of inversion of the splitting times, based on accurate approximations of the qS1 

and qS2 group velocities. A promising technique is proposed by Grechka (2013) 

who suggests to circumvent the difficulties encountered in computing the SV-

wave velocities for a given ray direction by solving a polynomial equation whose 

real-valued roots provide the phase directions of the P- and either one or, in case 

of triplication, three SV-waves propagating along a selected ray; those phase 

directions then allow the group and phase velocities to be computed in a standard 

fashion. 

Once a robust scheme of inversion of the splitting times has been developed a 

larger number of events from the Abbott dataset should be analyzed, in addition to 

Event 1 already considered in this study.  
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APPENDIX 

 

A.1 Estimate of the signal-to-noise ratio 

The level of noise with respect to the primary seismic signal is an important 

parameter, especially when considering analyses based on waveforms. A high 

level of noise can alter the waveform of the primary signal and reduce the 

efficiency of algorithms searching for similarities between different components 

(i.e. Radial and Transverse). 

A classic method to estimate the signal-to-noise ratio (SNR) is given by 

(Sheriff and Geldart, 1996): 

SNRdB = 20 log10
RMSS
RMSN
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(A1) 

 

where RMSS and RMSN are the root mean square amplitude of the signal and 

noise, respectively, computed in time windows of given lengths. The 

mathematical formulation to compute the RMS is given in equation (3.1).  

SNR estimated with equation (A1) depends on the length of the time 

windows containing primary signals and noise. These windows must be short 

enough to isolate the primary signal but sufficiently large to consider a 

representative portion of noise.  

In this study the signal-to-noise ratio is computed from the root mean square 

amplitude section of the entire dataset. This RMS section is computed with a 60 

ms moving time window and a superposition of 4 ms. An example of RMS 

section of the three components of a seismic line is given in panel b) of Figure 

A1. For each trace of the RMS section I consider two different time windows. The 

first window, called signal time window, is centered to the first arrivals and the 

second one, the noise time window, is located in a region of the seismic section 

affected by noise and where no primary signals are recorded. The SNR of each 

seismic trace is given by 
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,
 

(A2) 

 

where max(RMSS) is the maximum value of the RMS function for that trace in the 

signal time window and av(RMSN) is the mean value of the RMS in the noise time 

window. The maximum of the RMSS generally refers to the primary signal and is 

independent from the time window width. A rough estimation of the SNR of 

entire datasets can be obtained computing SNRav, the mean of the SNRdB of the 

traces forming a given set of seismic traces. 

Figure A1 shows an example of time windowing to compute the SNR of the 

horizontal components of line 11, Event 1. Panels a) represents the Vertical, 

Radial and Transverse components and panel b) the corresponding RMS section. 

The signal and noise windows are indicated by the red and green curves, 

respectively, and are 360 ms wide. The portion of the seismogram isolating the 

noise of each component is located before the P-wave first arrivals (Vertical 

component) to avoid any possible contamination with primary signals. The blue 

broken curve in panel c) represents the signal-to-noise ratio of each trace and the 

red horizontal lines are the mean values (SNRav), computed separately for each 

component. SNRav of the Vertical, Radial and Transverse components of line 11, 

Event 1 are 12.9 dB, 12.6 dB and 14.1 dB, respectively. 

 

 

SNRdB = 20 log10
max(RMSS)
av(RMSN)
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Figure A1 a) Vertical, Radial and Transverse components of line 11 of Event 1, and b) 

corresponding root mean square amplitude section. The signal and the noise time 

windows are identified by red and green curves, respectively. c) SNRdB of the seismic 

traces shown in panel a) (blue broken line), and SNRav of the three components (red 

horizontal lines).  

 The estimation of the signal-to-noise ratio with equation (A2) does not 

depend on the wideness of the time window for the primary signal and noise, 

provided that the root mean square of the signal is stronger than that of noise. 

However, other factors influence the SNR. The frequency filtering modifies the 
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signal-to-noise ratio of the traces as well as the rotation of the horizontal 

components of a 3C receiver, e.g. from North-East to Radial-Transverse. In fact, 

the amplitude the primary seismic signals vary depending on the considered 

coordinate system, because of their polarization in 3D space. The noise instead, 

can be considered randomly polarized. 

In order to estimate the SNR of the horizontal components, not independently 

but as a whole, I consider the average SNRdB of the traces of both the Radial and 

Transverse components.  

The blue broken line in Figure A2 shows the SNRdB computed with equation 

(A2) for each trace forming the Vertical, Radial and Transverse components of 

line 11, Event 1. The red horizontal lines are the average of SNRdB of the Vertical 

and Horizontal components. Differently from the picture in panel c) of Figure A1, 

the average of SNRdB of the horizontal components is computed as a whole and 

not for the Radial and Transverse dataset separately. I obtain SNRav of the 

Vertical and Horizontal components of 12.9 dB and 13.3 dB, respectively. 

 

 
Figure A2 SNRdB of each trace (blue curve) of the Radial and Transverse components of 

the line 11, of Event 1. The red line is the mean of the SNRdB of the Vertical and 

Horizontal components.  
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A.2 Synthetic split shear waves 

To evaluate different inversion techniques for estimating the split time, 

synthetic dataset must be computed and subsequently inverted. In this section I 

describe the procedure adopted to produce the synthetic traces.  

Let’s revise the mechanism leading to shear-wave splitting. The microseismic 

source generates P- and S-waves. The polarization of S-waves depends on the 

source mechanism. If, in the path from the source to the receiver, the seismic 

wave propagates through an anisotropic formation, it splits in two modes with 

polarizations determined by the anisotropy of the medium. The S-wave splits into 

a fast qS1, and a slow qS2, components. The polarization directions of the P- and 

the two S-waves are perpendicular to each other but, in the most general case, 

they do not coincide either with the propagation direction, or with the initial 

polarization. The particle motions of qS1 and qS2 are parallel to the principal 

directions of anisotropy. In VTI media the fast and slow directions coincide with 

the Radial and Transverse directions, not necessarily in this order.  

The 3C receiver, located at the surface, records the vertical and two 

horizontal components, the latter generally oriented North and East. The 

backazimuth rotation described in Section 2.10 separates the energy of the split S-

waves into the Radial and Transverse components on the basis of the geometry of 

each source-receiver pair. 

I compute synthetic split shear-waves for VTI media similarly to the method 

considered by Silver and Chan (1996). They model the splitting due to anisotropy 

as the geometrical operation of projecting the pre-split S-waves onto the fast and 

slow polarization directions and then time shifting these two components. 

Specifically, the main steps are: 

 

1. set the source and receiver locations; 

2. consider a (P1,P2) Cartesian coordinate system with the axis P1 parallel to 

the initial polarization direction and defined by β0 azimuth of the 

polarization vector of the S-wave, before the splitting; 
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3. apply a Dirac delta function at time t0 of the qSP1 component, polarized 

parallel to the axis P1; 

4. convolve the qSP1 component with a wavelet function w(t); 

5. compute the Radial and Transverse components of the S-wave before 

splitting; 

6. shift the Transverse component by positive or negative time δt0 relative to 

the Radial component; 

7. rotate the Radial and Transverse components to North and East directions; 

8. add noise to the North and East components (optional). 

 

Analogously to Silver and Chan (1991) the above-described procedure, can be 

expressed as: 

s(t) =Rβ0

T Rς0

T DRς0
* w(t) +n , (A3) 

where 

                            
,  i = ζ0, β0  (A4) 
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nN(t) and nE(t) represent two independent sets of band limited Gaussian noise 

applied to the North and East components; ζ0 = θ - β0, where θ is the backazimuth 

Ri =
cosi −sin i
sin i cosi

"

#
$

%

&
'

D =
δ(t +δt0 / 2) 0

0 δ(t −δt0 / 2)

"

#
$
$

%

&
'
'

w t( ) = w(t)
0

!

"
#
#

$

%
&
&



 206 

and β0 is the azimuth of the polarization vector of the pre-splitting S-wave; w(t) is 

the wavelet function and δt0 is the time-delay between the fast and slow qS waves. 

Equation (A3) can also be expressed by (Silver and Chan, 1991): 

sN(t) = w(t +δt0 / 2)cos
2 ς 0 +w(t −δt0 / 2)sin

2 ς 0( )"
# cosβ0 −  

   w(t +δt0 / 2)cosς 0 sinς 0 −w(t −δt0 / 2)cosς 0 sinς 0( )sinβ0"#+ nN , 

sE (t) = − w(t −δt0 / 2)sin
2 ς 0 +w(t +δt0 / 2)cos

2 ς 0( )"
# sinβ0 +  

    w(t −δt0 / 2)cosς 0 sinς 0 −w(t +δt0 / 2)cosς 0 sinς 0( )cosβ0"#+ nE , 

(A8) 

where sN and sE are the North and East components of the split shear-waves, and 

nN and nE are two independent sets of random noise with Gaussian distribution.  

 
Figure A3 Plan view of the experiment set up to compute the synthetic split shear-waves. 

The North, East and depth coordinates of source and receiver are (0, 0, 0) and (352, -

270,0), respectively, and are indicated by a black and a red dot. The green arrow is the 

polarization vector of the S-wave before splitting and its components in the Radial-

Transverse systems are given by the blue arrows. θ represents the backazimuth.  
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Figure A3 represents a plan view at the Earth surface of the experiment set up 

considered to compute the synthetic split shear-waves. The green arrow represents 

the projection over the surface of the polarization vector of the S-wave before 

splitting (initial polarization vector) and its Radial-Transverse components are 

given in blue color. The axis P1 is parallel to the initial polarization. θ = 323° is 

the backazimuth, and β0 = 35° is the azimuth of the polarization vector of the S-

wave before splitting.  

Figure A4 illustrates the procedure adopted to compute the synthetic split 

shear-waves. Panel a) shows the pre-splitting components in a Cartesian 

coordinate system with the axis P1 parallel to the initial polarization vector (see 

also Figure A3). Panels b) and c) show the Radial and Transverse components 

before and after splitting, respectively. Panel d) represents the North and East 

components after splitting, computed with equations (A8).  

 
Figure A4 a) synthetic noise-free components of the pre-split S-wave in a Cartesian 

coordinate system with the axis P1 parallel to the polarization direction and P2 

orthogonal to it; b) pre-split Radial (R) and Transverse (T) components; c) Radial (R) and 

Transverse (T) components after splitting with a δt0 time-delay; d) North (N) and East (E) 

components of the split shear-waves. 
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The wavelet w(t) is a first derivative Gaussian function with a dominant frequency 

of 18 Hz, the same value of the dominant frequency estimated from the real data 

(Figure 3.20). 

In VTI media, the rotation by back-azimuth angle of the North-East to 

Radial-Transverse components, separates the energy of the qSV and SH shear-

waves. The back-azimuth rotation is based on the geometry of each source-

receiver pair (see Section 2.10). However, either near-surface heterogeneities in 

the weathering zone or more complex anisotropy can cause deviations from the 

Radial and Transverse polarization directions. Consequently, the back-azimuth 

rotation may be not completely effective in separating the two shear components. 

I simulate the effects of the near surface heterogeneities by considering fast and 

slow directions not coinciding with the Radial and Transverse coordinate system. 

The green arrow of Figure A5 represents the initial polarization vector and the red 

arrows are its components in the fast (qS1) and slow (qS2) directions. Note that 

the fast-slow and Radial-Transverse coordinate systems do not coincide but are 

rotated by the angle γ0 =15°. θ = 323° is the backazimuth, and β0 = 35° is the 

azimuth of the polarization vector of the S-wave before splitting.  

In time domain, the North and East components can be computed by  

s(t) =Rβ0

T Rς0+γ0

T DRς0+γ0
* w(t) +n , (A9) 

or equivalently by 

sN(t) = w(t +δt0 / 2)cos
2(ς 0 +γ0 )+w(t −δt0 / 2)sin

2(ς 0 +γ0 )( )"
# cosβ0 −  

           w(t +δt0 / 2)cos(ς 0 +γ0 )sin(ς 0 +γ0 )−(  

           w(t −δt0 / 2)cos(ς 0 +γ0 )sin(ς 0 +γ0 ))sinβ0"#+ nN , 
(A10) 

sE (t) = − w(t −δt0 / 2)sin
2(ς 0 +γ0 )+w(t +δt0 / 2)cos

2(ς 0 +γ0 )( )"
# sinβ0 +  

           
w(t −δt0 / 2)cos(ς 0 +γ0 )sin(ς 0 +γ0 )−(

 

           
w(t +δt0 / 2)cos(ς 0 +γ0 )sin(ς 0 +γ0 ))cosβ0!"+ nE .  
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Figure A5 Plan view of the experiment set up to compute the synthetic split shear-waves 

for fast and slow directions not coinciding with the Radial and Transverse directions. The 

green arrow is the polarization vector of the S-wave before splitting and its components 

in the fast (qS1) and slow directions (qS2), are given by the red arrows. θ represents the 

backazimuth and γ0 is the angle between the qS1 and the Radial directions. 

Panel a) of Figure A6 shows the shear wave before the splitting in the 

(P1,P2) coordinate system and panels b) and c) its components in the fast (S1) and 

slow (S2) directions. Panel d) represents the Radial and Transverse components; 

note that both traces contain energy from both the fast and slow shear-waves. This 

is caused by the angle γ0 between the fast and Radial directions. Panel e) shows 

the North and East components computed with equation (A10). The wavelet w(t) 

is a first derivative Gaussian function with a dominant frequency of 18 Hz. The 

synthetic dataset of Figure A6 is contaminated with Gaussian noise with a 

standard deviation of 0.03 s, limited to the band (0,5,30,40) Hz. The time 

sampling interval is 2 ms. 
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Figure A6 a) synthetic noise-contaminated components of the pre-split S-wave in a 

Cartesian coordinate system with the axis P1 parallel to the polarization direction and P2 

orthogonal to it; b) pre-split fast (sS1) and slow (sS2) components; c) fast (sS1) and slow 

(sS2) components after splitting with a δt0 time-delay; d) Radial (sR) and Transverse (sT) 

components; e) North (sN) and East (sE) components of the split shear-waves. 

The procedure described in this section is simpler than more sophisticated 

forward modeling techniques used to compute synthetic split shear-waves (e.g. 

Ramos-Martinez et al., 2000; Bansal and Sen, 2008; Zhao et al., 2008). It assumes 

a vertically propagating S-wave in an anisotropic homogeneous medium. This can 

be an acceptable approximation for horizontally layered media with low near-

surface velocities. In fact, in such media the bending of the rays causes near 

vertical propagation of both qP- and qS-waves in proximity of the Earth surface. 

The analysis of moveout of Event 1 described in Section 3.8 suggests that the 1D 

layered medium with a vertical axis of symmetry is a suitable model for the study 

area. 
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A.3 Rotation scanning analysis 

The upper mantle is unambiguously known to be seismically anisotropic (e.g. 

Silver and Chan, 1991; Liu, 2009; Hanna and Long, 2012). The main constituent 

of the upper mantle is olivine, which is a mineral having intrinsically anisotropic 

crystals. The A-type lattice preferred orientation (LPO) of olivine crystals is the 

major cause of the anisotropy of the upper mantle.  

The seismic anisotropy of the mantle can be estimated by analyzing the shear-

wave splitting experienced by S-waves travelling through this region of the Earth 

interior. For this purpose, the seismic waves most commonly considered are 

teleseismic SKS, SKKS and PKS. They represent waves P-to-S converted at the 

core-mantle boundary, which from the receiver side, are radially polarized. If in 

the travelpath from the core-mantle boundary to the surface these shear-waves 

encounter an anisotropic medium, they split in two different waves orthogonal to 

each other and propagating at two different velocities (see Section 2.8).  

Silver and Chan (1991) developed an algorithm to invert shear-wave splitting 

data from teleseismic waves and retrieve the fast shear wave polarization direction 

and the splitting time. Such technique, also referred as rotation scanning analysis 

or Transverse component minimization method, is based on two main 

assumptions:  

• the initial polarization (before the splitting) of the S-wave is known; 

• the subsoil is transversely isotropic with a horizontal axis of symmetry (HTI). 

The first assumption depends on the kind of wave considered by the authors: 

SKS, PKS and SKKS waves are polarized in the Radial direction, i.e., their initial 

polarization corresponds to the backazimuth (e.g. Silver and Chan, 1991; 

Wüstefeld, 2007). In isotropic media the Transverse component of these waves is 

identically zero. 

The Silver and Chan algorithm searches overall rotation angles φ and time 

shifts δt; an energy function is computed and the minimum or maximum value of 

this function corresponds to the best couple (φ0, δt0). δt0 represents the time-delay 

between the two split shear-waves and φ0 assumes different meanings depending 
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of the definition of the energy function but it is always related to S-waves 

polarizations. Instead, δt0 is related to the degree of anisotropy of the formations 

the seismic waves traveled through. δt0 and φ0 are the parameters that best remove 

the splitting so that the original isotropic waveform is restored. Removing the 

splitting from noise-free split traces maximizes the energy on the Radial 

component and zeroes the Transverse component. If noisy split traces are 

considered, the energy relative to the Transverse component is not zeroed but 

minimized. 

Differently from teleseismic waves analysis, in microseismic monitoring the 

initial polarization of the S-wave is unknown. Assuming VTI media and split 

shear waves modeled by equation (A3), the splitting can be removed and the 

initial polarization can be estimated by applying the operator DRζ( )
−1

 to the 

Radial and Transverse components for tentative rotation angles ζ and time-delays 

δt. Matrices R and D are defined by equations (A5) and (A4). Correct values of 

the splitting time δt0 and rotation angle ζ=θ−β0, where θ is the backazimuth and 

β0 is the initial polarization azimuth, lead to the pre-split condition where the 

whole S-wave energy is confined in one horizontal component and the particle 

motion on the other component is zero. In Figure A3 these two components are 

referred to the axis system P1-P2. Considering Radial and Transverse input 

components, a successful searching procedure would lead to maximum energy to 

the first component s1 (former Radial) and minimum energy to the second 

component s2 (former Transverse) given by: 

E = s2
2 (t)dt

−∞

+∞

∫ . 
(A11) 

Following Silver and Chan (1991), this technique, based on the minimization 

of the energy of the second component, can be used to estimate δt0 and the initial 

polarization of the shear wave. This is considered a semi-automated method, even 

if it is quite sensitive to input parameters, which must arbitrary set by the user.  
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The rotation scanning analysis is based on assumptions that, if violated, may 

lead to unsuccessful and misleading anisotropic estimations. These assumptions 

are (e.g. Gerst, 2003):  

a) the waveform of the fast and slow S-waves are similar; 

b) the time window of analysis includes the whole wavelet; 

c) the waveform of the split shear-waves is not sinusoidal; 

d) S-wave onset and wavelet are clearly identifiable; 

e) there is no S-wave signature on the Vertical component, i.e., S-waves are 

characterized by near vertical propagation in proximity of the Earth 

surface; 

f) the signal-to-noise ratio is high. 

In the following sections the rotation scanning analysis is applied on field 

data form the Abbott dataset. However, with the aim of evaluating the effect of 

the noise on the inversion results, I perform some tests on noise-contaminated 

synthetic data with signal-to-noise ratio similar to the filed data.  

 

A.3.1 Minimum energy of  the second component (min2) 

This section is devoted to the method of inversion based on minimizing the 

second component after reversing the splitting. The min2 inversion is first 

described considering a synthetic dataset and subsequently it is applied to the 

Event 1 of the Abbott dataset. 

Let’s consider a synthetic split shear wave dataset consisting in the horizontal 

components of a single 3C receiver and computed with equation (A10). Figure A7 

shows the initial polarization vector (green arrow) and its components in the 

principal directions of anisotropy (blue arrows). N and E indicate the North-East 

coordinate system while the axes P1-P2 define a coordinate system with P1 

parallel to the initial polarization direction, i.e., the polarization of the S-wave 

before splitting. R-T and S1-S2 are the Radial-Transverse and fast-slow 

coordinate systems. 
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Figure A7 Plan view of the experiment set up to compute the synthetic split shear-waves 

for fast S1 and slow S2 directions not coinciding with the Radial and Transverse 

directions. The red dot defines the receiver location and the black dot is the epicenter of 

the microseismic event. 

The backazimuth is θ0 = 322.5°, and the initial polarization angle is β0 = 35°. I 

consider anisotropy more general than VTI (i.e. HTI) characterized by the angle γ0 

= 15° between the principal directions of anisotropy S1-S2 and the Radial-

Transverse directions. γ0 = 0 for VTI media. ϕ0 is the angle between the directions 

S2 and P2. The synthetic fast and slow, North and East, and Radial and 

Transverse components are shown in panels a), b) and c) of Figure A8, 

respectively. The seismic traces have been contaminated with Gaussian noise with 

a standard deviation of 0.03. The rotation angle γ0 causes the presence of energy 

of both the fast and slow modes in both the Radial and in the Transverse 

components.  
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Figure A8 a) fast (sS1) and slow (sS2) components; b) North (sN) and East (sE) 

components; c) Radial (sR) and Transverse (sT) components; d) sP1inv and sP2inv 

components of synthetic split traces. 

The inversion is based on a grid search algorithm over the angle γ between 

the fast and Radial components, the time-delay between the split shear-waves δt 

and the angle ϕ between the components sS2 and sP2 (see Figure A7). The grid 

search is minimizing the energy on the sP2 component, parallel to the axis P2. This 

is equivalent to maximize the seismic signal on the sP1 component, corresponding 

to the initial polarization of the S-wave. The energy function on the sP2 component 

computed in a time window is defined by: 

EsP2
= sP2

2 (t)t=t1
t2∑ ,     (A 12) 

where t1 and t2  are  the upper and lower limits of the time window. The two 

components sP1 and sP2 are computed by applying the operator Rγ
TDRϕ( )

−1
 to the 



 216 

Radial and Transverse components for tentative rotation angles ϕ and γ and time-

delays δt. The rotation matrix R and time shifting matrix D are defined in 

equations (A4) and (A5), respectively. The searching algorithm can be described 

as: 

• rotate the Radial and Transverse components by the angle γ, in order to 

recover the fast sS1, and slow sS2 components; 

• correct for the anisotropy delay by shifting back sS1 and sS2 with the time-

delay δt; 

• compute sP1 and sP2 by rotating sS1 and sS2 by the angle φ; 

• evaluate the energy function EsP2 . 

I have applied this algorithm to the synthetic Radial and Transverse 

components shown in the panel b) of Figure A8. In the grid search algorithm the 

angles γ and φ vary in the ranges -45°≤ γ ≤45° and -90°≤ ϕ ≤90°. The time-delay 

δt varies in the range -0.2 s ≤ δt  ≤0.2 s. The outputs of the inversion procedure 

are indicated as ϕinv,  γinv and δtinv. Figure A9 shows the energy map as a function 

of the angle φ and time-delay δt, after rotation of the Radial and Transverse 

components with the angle γ = γinv = 15°. Thus it represents the energy of the 

second component computed considering sS1 and sS2 as input traces. The 

minimum in the energy map is located at ϕinv = -57° and δtinv = 0.12 s. The angle 

βinv initial polarization azimuth resulting from the inversion is given by 

βinv =mod θ +γ inv −ϕinv,180( ) , where the function mod represents the modulus 

after the division. 
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Figure A9 Energy map (EsP2 ) computed with the s1 and s2 components shown in Figure 

A8 (c). The arrow indicates the minimum of the energy function, corresponding to φinv 

and δtinv. 

The results of the inversion are given in Table A1 together with the input 

parameters used to produce the synthetic traces. Panel (d) of Figure A8 shows the 

waveforms of sP1inv and sP2inv obtained from the backsplitting of the Radial and 

Transverse components. The low energy in the sP2inv component can be 

appreciated. Figure A9 shows that φinv and δtinv result from a global minimum. 

However, the function is very complex with multiple additional minima justifying 

the use of grid searching. These results also explain why this inversion is very 

sensitive to the noise level as global minima may be masked and distant minima 

may be picked instead. 

 

Table A1 Input parameters to compute the synthetic dataset and inversion results. 

 γ (°) δt (s) β (°) 

Input 15 0.12 35 

Inversion result 15 0.12 35.5 
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A.3.1.1 Synthetic data 

In order to simulate the inversion of an entire seismic line I have computed 

synthetic split shear-waves considering the geometry of the line 11 of Event 1, i.e. 

the source and receivers location mimic the field experiment. Particularly, I 

consider a noise-free dataset and synthetics contaminated with random Gaussian 

noise and real noise, i.e. noise selected from raw waveforms before primary-wave 

signals arrival.  

The time-delay δt0, the initial polarization azimuth β0 and the angle between 

the Radial-Transverse and principal directions of anisotropy γ0, are different for 

each receiver. δt0, β0 and γ0 vary in the ranges -24≤ δt0 ≤+24 ms, 0°≤ β0 ≤360° and  

-45°≤ γ0 ≤45°. A schematic plane view of the seismic line, the source and the 

direction of the initial polarization of each receiver are shown in Figure 5.3.  

Figure A10 shows the noise-free (panel a)), Gaussian noise contaminated 

(panel b)) and real noise contaminated (panel c)), synthetic Radial and Transverse 

components of line 11; the blue curves indicate the time window of analysis of 

length tw = 0.24 s. The standard deviation of the random noise and the seismic 

wavelet of the noise-contaminated traces have been scaled to obtain SNRdB = 

13.3, comparable with the signal-to-noise ratio of the field data (Figure A2). 

Figure A11 shows the SP1inv and SP2inv components, resulting from back-

splitting procedure. As previously described the algorithm searches for the best 

values of the rotation angles φ and γ and of the time-delay δt, to minimize the 

energy of the SP2 component. The SP2inv components in panels b), d) and e) clearly 

show the low amplitude of the seismic signal within the time window of analysis. 
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Figure A10 Synthetic Radial and Transverse components noise free a), contaminated with 

Gaussian noise b) and with noise from the real data c). For panels b) and c) SNRdB = 

13.3, the same value of the field data. The blue curves indicate the time window of 

analysis. 
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Figure A11 Synthetic SP1inv and SP2inv components from the noise free synthetics a), and 

the same contaminated with Gaussian noise b) and with noise from the field data c). The 

amplitude of SP2inv has been effectively minimized. 

Figure A12 shows the results of the inversion of the noise free, Gaussian 

noise contaminated and real noise contaminated synthetic line11, Event 1. Panels 

a), b) and c) represent the time-delay δtinv, the initial polarization βinv and the 

deviation angle γinv of the noise-free (row 1), Gaussian noise contaminated (row 

2), and real noise contaminated (row 3) synthetic data.  
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Figure A12 Inversion results of the noise-free (first row), Gaussian noise contaminated 

(second row), and real noise contaminated (third row), synthetic data: a) shear-wave split 

time δtinv, b) initial polarization directions βinv and c) deviation angles γinv. The black dots 

represent values used to compute the synthetic data and the red circles are inversion 

results.  
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The presence of noise determines inefficiency of this method to estimate the split 

parameters and poses significant problems for the inversion. Note that most of the 

inverted parameters shown in the second and third rows of Figure A12 are 

incorrectly estimated, even if the SP2inv component of panels b) and c) of Figure 

A11 are effectively minimized in the time window of analysis. 

In order to evaluate the influence of the noise level on the min2 inversion I 

inverted synthetic field-noise-contaminated datasets with increasing signal-to-

noise ratio SNRdB. Particularly, SNRdB=21.6 and SNRdB=25 are obtained 

doubling and tripling the scaling factor applied to the source and initially used to 

obtain SNRdB=13.3. Table A2 summarizes the results of the inversions. Columns 

A shows the percentage score of the perfectly estimated splitting parameters, i.e., 

the inverted values equal the input values used to compute the synthetics. 

Columns B represents the percentage score of the estimated splitting parameters 

falling within a range of ±2 ms and ±2° of the input values used to compute the 

synthetics. These experiments demonstrate that the noise level is a key issue for 

the min2 inversion and that the SNRdB of the real data might be too low to obtain 

reliable results. 

 

Table A2 Percentage of success of the min2 inversion for different types of noise and 

SNRdB. 

 Α B 

 δt (s) γ (°) β (°) δt (s) γ (°) β (°) SNRdB 

Noise-free 91% 41% 37% 96% 99% 90% ∞ 

Gaussian noise 24% 3% 1% 52% 29% 28% 13.3 

Real noise 20% 1% 1% 53% 16% 20% 13.3 

Real noise 31% 1% 1% 61% 36% 39% 21.6 

Real noise 42% 7% 9%  64% 60% 50% 25.0 
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A.3.1.2 Field data 

I applied the min2 inversion technique to the Abbott field data of Event 1. 

The Radial and Transverse components of the seismic lines 11, 14, 16 and 18 are 

shown in Figure 5.9. A plan view showing the seismic lines and source locations 

can be seen in Figure 3.11. Through a rotation- time shift -rotation procedure, the 

min2 inversion minimizes the energy on the former Transverse component. The 

result is a SP1inv-SP2inv seismic section with SP1inv and SP2inv polarized parallel and 

perpendicular, respectively, to the initial polarization vector. The angle between 

the Radial-Transverse and principal directions of anisotropy γ is allowed to vary 

between -45° and +45° and the angle ϕ between -90° and +90° (see Section 

A.3.1). 

 Figure A13 shows the SP1inv and SP2inv components of the lines 11, 14, 16 and 

18, Event 1. The SP2inv has been effectively minimized in the time window of 

analysis, even if some residual signals are still identifiable. These residuals 

located outside the time window of analysis are seismic noise differently 

polarized with respect to the primary signals. 

Rows 1-4 of Figure A14 shows the results of the min2 inversions of lines 11, 

14, 16, 18, respectively, of Event1. Panels a) show δtinv, time-delay of the two 

split shear-waves and panels b) and c) show the initial polarization angle βinv and 

the deviation angle γinv. In a medium characterized by VTI symmetry, the splitting 

time of subsequent receivers should be consistent and the initial polarization 

should be the same for all the receivers. Instead in panels a), b) and c) patterns on 

the distribution of δtinv, βinv and γinv can hardly be recognized. The results of the 

min2 inversion applied on synthetic data (Section A.3.1.1) demonstrate that a 

possible cause of failure of this type of splitting analysis is the low signal-to-noise 

ratio characterizing these field data. However also others among the assumptions 

given in Section A.3 may be violated, contributing to these unsatisfactory results. 

 

 

 



 224 

 
Figure A13 SP1inv and SP2inv components of the line 11 a), line14 b), line 16 c) and line 18 

d) of the Event 1. The amplitude of SP2inv has been effectively minimized. 
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Figure A14 Inversion results of line 11 (first row), line 14 (second row), line 16 (third 

row) and line 18 (fourth row), of Event 1. Panels a) show shear-wave split times δtinv, 

panels b) show initial polarization directions βinv and panels c) are deviation angles γinv.  
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A.4 Comparison of splitting analyses 

Two different methods of splitting time estimation are considered in this 

study, namely the cross-correlation (Section 5.2.1) and the min2 (Section A.3.1). 

They are based on the waveform similarity between the two split shear-waves. 

However, different degrees of freedom are allowed in the inverse procedures. The 

cross-correlation inversion is based on a simple comparison the Radial and 

Transverse components, while the min2 inversion also considers a possible 

rotation of the horizontal components before time shifting and consequently is 

able to address anisotropic models more general than VTI (i.e. HTI).  

From the comparison of Figure 5.10 and Figure A14, it is clear that the two 

inversions produce different results. Figure A15 shows the comparison between 

the splitting time-delays estimated with the cross-correlation (red circles) and the 

min2 techniques (black dots), for line 11 of Event 1. For this example, the 

deviation angle γ of the min2 inversion is forced to 0, while, in the most general 

case it varies between in a specific range defined by the user, e.g. -45°< γ  <45°. 

The min2 inversion with γ =0 of the Radial and Transverse components is 

equivalent the cross-correlation inversion.  
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Figure A15 Comparison between the splitting time-delays obtained from the Radial and 

Transverse components of Line11, Event1, with the cross-correlation (red circles) and 

with the min2 (black dots) techniques. 

 

A.5 Cycle skipping and Null measurements 

Cycle skipping and Null measurements are intrinsic fallacies of the SWS 

analyses. They may occur even if the assumptions behind all the inversion 

methods proposed in this study are respected and independently on the quality of 

the data, i.e., the signal-to-noise ratio. 

Cycle skipping in shear-wave splitting analysis, can be determined by band 

limited S-wave arrivals or reverberations and short period multiples. The latter 

can be hardly addressed without altering the original waveform of the split S-

waves. The frequency band of the raw seismic data can be analyzed and 

appropriately filtered to remove as much noise as possible, keeping unaltered the 

waveform of the S-waves. However, a narrow bandpass filter tends to determine 

sinusoidal waveform of the wavelets and similarity between noise and primary 
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signals, causing ambiguity in the SWS analyses. The 1D or 2D functions of the 

cross-correlation and min2 methods determining the optimum time-delay δtinv, 

show similar values at δtinv = δt
true ± n ⋅T / 2 , where  is the real time-delay 

and T is the period of the wave. 

With the cross-correlation method the cycle skipping causes a wrong 

estimation of the time-delay while with min2 method it can also affect the 

inversion of the slow direction with 90° uncertainty, i.e., ambiguity between the 

fast and slow directions.  

 Null measurements are caused by δt=0 due to isotropy or measurements 

close to the axis of symmetry in a transversely isotropic medium and fast or slow 

directions parallel to the initial polarization (Gerst, 2003; Wüstefeld, and 

Bokelmann, 2007). The rotation scanning analysis is affected by both conditions, 

while the cross-correlation methods by the second condition only. In case of Null 

measurements, either the algorithms find false results, due to a minimum in the 

1D or 2D evaluation functions of the different SWS inversion methods caused by 

coherency with noise, or the estimated δt coincides with the higher or lower ends 

of the range of search values. 

Null measurements can lead to misinterpretations of the results of the 

analysis. However, the data object of this study consists in 272 3C accelerometers   

deployed in a cross-like array (see Figure 3.11) and the analysis of P- and SV-

waves reported in Chapter 4 suggests the existence of effective anisotropy.  These 

characteristics of the dataset should limit the number of Null measurements. 

 

δt true
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