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Abstract 

S-wave reflection profiling has many theoretical advantages, when compared to P-wave 

profiling, such as high-resolution potential, greater sensitivities to lithologic changes and 

insensitivity to the water table and pore fluids, and could be particularly useful in near-surface 

settings.  However, S-wave surveys can be plagued by processing pitfalls unique to near-surface 

studies such as interference of Love waves with reflections, and the stacking of Love waves as 

coherent noise, leading to possible misinterpretations of the subsurface.  Two lines of S-wave 

data are processed and used to locate previously unknown faults in Quaternary sediments in a 

region where earthquake activity poses a threat to surface structures.  This study provides clear 

examples of processing pitfalls such as Love waves with hyperbolic appearances on shot gathers, 

and a CMP section with coherent noise that is easily misinterpreted as reflections.  This study 

demonstrates pros and cons of using SH reflection data in the near surface.     
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Chapter 1: Introduction  

Researchers in the engineering, environmental and mining branches of geophysics are 

highly interested in the elastic properties of the near-surface and their effects on seismic wave 

propagation.  Important material properties such as stiffness and lithology are desired 

information in near-surface studies for applications in the hydrogeological, geotechnical, mineral 

and petroleum resources, and geo-hazard fields within the engineering, environmental and 

mining branches of geophysics.  For some applications, shear-wave (S-wave) reflection surveys 

have theoretical advantages over comparable compressional-wave (P-wave) surveys, both for 

hydrocarbon exploration and the engineering and environmental community (Helbig and 

Mesdag, 1982; Tatham and Stewart, 1993).  However, P-wave reflection signal is routinely 

easier to generate, record and process compared to S-wave reflection data, making it the 

preferential choice for imaging the subsurface (Tatham and Stewart, 1993).    

The hydrocarbon exploration industry benefits from the acquisition of converted P-SV 

waves, where SV is the vertically polarized S-wave (Bansal and Gaiser, 2013; Tatham and 

Stewart, 1993).  These benefits include lithology discrimination and rock properties 

determination, verification of the presence of fluids, anisotropy determination, the ability to 

image structure through gas saturated media, the identification and characterization of fractures 

and time lapse monitoring, increased resolution, and determination of depth (Bansal and Gaiser, 

2013; Kendall and Davis, 1996).  The hydrocarbon exploration industryôs goals are generally to 

produce images of deep petroleum-bearing structures, characterize reservoirs by determining 

lithology, porosity and fluid content, and to make specific determinations for well locations.  

These goals make the converted P-SV wave the ideal candidate for realizing the benefits of S-

waves.  The downgoing P-wave travels at faster velocities than a pure S-wave, and the reflected 
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energy reaches recording devices as an SV-wave.  This is beneficial because both P- and S-wave 

data are then available for determining material properties such as VP\VS ratios, material 

stiffness, presence of fluids, etc. In addition, if P-waves are attenuated due to the presence of 

pore fluids, the unaffected S-wave data is also available.   

The near-surface community has been struggling with, evaluating, and improving the use 

of SH-waves, the horizontally polarized S-wave, since the 1990ôs (Hasbrouck, 1991).  Near-

surface characterization is becoming more and more important as population increases (Haines 

and Ellefsen, 2010).   Increased population growth is in turn increasing demand for clean water 

and industrial minerals creating a need for a better understanding of the near-surface, including 

hydrogeological, geotechnical, mineral and petroleum resources, and geo-hazard investigations 

(Haines and Ellefsen, 2010).  Shallow S-wave reflection surveys are capable of providing higher 

resolution images of the near-surface, particularly in saturated or partially saturated 

environments and environments where P-waves can travel up to 10 times faster than equivalent 

S-waves such that wavelengths of S-waves are smaller, even if S-wave frequencies are lower 

(Goforth and Hayward, 1992; Haines and Ellefsen, 2010).  However, processing of S-wave 

reflection data can have inherent and devastating pitfalls and difficulties associated with the 

presence of coherent noise on shot records that must be overcome to avoid misinterpretation of 

the subsurface (Miller et al., 2001).   
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1.1 Shear-wave Theory  

In the seismic method, mechanical waves are recorded after they propagate through the 

earth from a source to a sensor.  As seismic waves move through the ground, they exert an 

external force on the materials that deforms the matrix of the rocks they pass through (Telford et 

al., 1976).  These external forces oppose the internal forces of the materials, but once the 

mechanical force is removed, the internal forces allow the materials to return to their original 

state.  A fluid will  resist volume changes, though not changes in shape.  A fluid can take on any 

shape, but its overall volume will not be permanently changed when transient external forces act 

upon it.  This property of materials returning to an original size and shape after deforming forces 

have been removed is known as elasticity.  A theoretically perfectly elastic material is one that is 

completely restored to its original condition after linear deformation.  If a material is stressed 

beyond its elastic limit, some form of permanent deformation will occur and the material will not 

return to its original size and shape.  If the deformation is small, rocks can be considered 

perfectly elastic without significant error.  The forces that are applied externally to a body and 

the changes that result can be related by the theory of elasticity. 

 Stress on a body is defined as the ratio of the force to the area over which the force is 

applied (Sheriff, 2006).   Stress can be normal, where the force is perpendicular to the area, or 

stress can be shearing, where the force is parallel or tangential to the area.  If the force is neither 

parallel nor perpendicular, it can be broken down into normal and shear stress components.  

Changes in shape, called strains, occur when an elastic body is subjected to stress.  Strain can 

also be resolved into normal strains and shearing strains.     
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Figure 1.  Stress vs. strain graph.  An elastic modulus is defined by the ratio of stress to strain (Modified from 
Sheriff and Geldart, 1995). 

 

An elastic modulus is defined as the ratio of stress to strain (Figure 1) (Mussett and Khan, 2000; 

Telford et al., 1976).  The stronger the material, the higher the value of the modulus, making the 

strain produced by a given stress smaller.  There are several types of moduli that are relevant to 

seismic waves.  The bulk modulus (k), is a measure of the incompressibility of a material, or how 

much force is needed to change the volume of the material without changing its shape. The bulk 

modulus is mostly sensitive to pore material (fluids) and is defined as follows: 
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where P is the pressure and ȹ is the dilatation, or the change in volume per unit volume (Telford 

et al., 1976).  The shear modulus (µ) is a measure of the ability of a material to resist shearing, or 

the force needed to change the shape of a material, without changing its volume (Telford et al., 

1976).  The shear modulus is defined as follows: 
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where ȹF/A is the shearing stress and ȹl/l is the shear displacement divide by the length of the 

area being acted upon by the tangential force ȹF.   

 For seismic waves, in general: 
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where the appropriate mass is the density (ɟ) of a material such as rock.  Longitudinal, or P-

waves, cause both a change in size and shape so both the bulk modulus (k), and the shear 

modulus (µ) is involved.  P-wave velocity is as follows: 
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Transverse, or S-waves, waves cause only a change in shape and no change in volume, so only 

the shear modulus (µ) is involved in the following equation for S-waves: 
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The shear modulus (µ) is important to engineers for site response and material strength.  

This relates to basic safety characterization of buildings and structures exposed to dynamic 

forces such as seismic waves produced by earthquakes, wind or vibrations from manmade 

technology (Stumpel, 1984).  High amplitudes and low frequencies from geohazards such as 

seismic waves from earthquakes decrease the shear modulus, which decreases a materialôs ability 

to resist the forces it is experiencing (Stumpel, 1984).   

P-waves, or longitudinal waves, have particle motion in the direction of propagation.  S-

wave particle motion is perpendicular to the direction of propagation but can be in any direction 

in the perpendicular plane (Figure 2).  S-wave motion can be resolved into two components of 

polarization.  Horizontally polarized S-waves have motion parallel to the surface of the ground 

and are known as the SH, or horizontal component.  Vertically polarized S-waves have motion 

perpendicular to the ground surface and are known as the SV, or vertical component.  Plane 

polarized S-waves have either only SH, or only SV motion (Sheriff and Geldart, 1995).  SH 

waves have particle motion parallel to a boundary and are considered autonomous in that all 

transmitted and reflected energy are also SH-waves, and there is no conversion at a boundary 

(Helbig and Mesdag, 1982; Waters, 1987).  SV-waves however, can transmit and reflect SV 

waves, as well as generate P-waves at interfaces.  SV waves can in turn be generated by P-waves 

at interfaces (Helbig and Mesdag, 1982).   
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Figure 2: Incident shear-wave on ground surface.  SH and SV particle motion is perpendicular to the direction of 
travel indicated by the ray (Modified from Burger et al., 2006).   

 

1.2 Near-surface applications of S-waves 

 

The exploration industryôs goals are usually to locate hydrocarbons in sedimentary rock 

environments that are several hundred to several thousand meters deep (Johnson and Clark, 

1992; Stewart et al., 2003).  For the deeper hydrocarbon exploration targets, P-SV conversion, 

rather than S-S, is the most useful method for industry for a number of reasons (Stewart et al., 

2003).  P-SV conversion is characterized by a downgoing P-wave that is reflected and converted 
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at an interface and travels back to the surface as an upgoing SV-wave.  Compared to S-S 

measurements, P-SV is relatively inexpensive, is an effective way of obtaining S-wave 

information, and it is broadly applicable (Stewart et al., 2003).  S-wave properties relating rock 

type and lithology can be measured and subsurface images can be improved with P-SV analysis 

(Stewart et al., 2003).  P-SV data has applications in the imaging of hydrocarbon associated 

structures and hydrocarbon saturated sediments, lithology estimation, anisotropy analysis, fluid 

description, and reservoir monitoring (Stewart et al., 2003).     

            Pure SH surveys are typically used by the near-surface community where noise 

suppression, polarized nature and improved resolution potential on shallow, relatively thin layers 

is the main goal (e.g. Bexfield et al., 2006; Guy et al., 2003; Haines and Ellefsen, 2010; Pugin et 

al., 2002; Pugin et al., 2007).  Most conventional high-resolution seismic reflection data are P-

wave (e.g. Hunter et al., 1984; Jongerius et al., 1985; Miller and Steeples, 1990).  Though this 

method has been a useful and less complicated tool for imaging the subsurface, resolution can 

still be a difficulty encountered with the use of P-waves.  In saturated sediments on land, sources 

can generally produce frequencies in the range of a few hundred Hertz (Dobecki, 1993).  The 

equation for wavelength is: 

 
ʇ
ὠ

Ὂ
 

(6) 

 

where V is velocity and F is frequency.  For these subsurface conditions it is possible to achieve 

shorter wavelengths for the slower velocities of S-waves thereby achieving higher resolution.  

High-resolution does not necessarily depend on high frequency (Dobecki, 1993).  Given a P-

wave velocity and some dominant frequency, the wavelength will be longer than the wavelength 

given an S-wave velocity and the same dominant frequency (Dobecki, 1993).  For example, 



9 

 

given a P-wave velocity of 1,500 m/s in saturated sediments and a dominant frequency of 100 

Hz, a P wavelength would be around 15 m.  Given the ¼ wavelength resolution criterion, 

resolution would be around 3.75 m.  Given an S-wave velocity of around 180 m/s in saturated 

sediments, and a dominant frequency of 100 Hz a wavelength would be around 1.8 m.  This 

gives a resolution of about half a meter.        

S-wave energy traveling with horizontal particle motion (SH waves) has no conversion at 

boundaries and therefore travel the entire path from source to receiver as SH-waves (Helbig and 

Mesdag, 1982; Young and Hoyos, 2001).  SV-waves on the other hand, can be converted to P-

waves at interfaces (Helbig and Mesdag, 1982; Young and Hoyos, 2001).   

Much of the P-wave seismic energy can be reflected at the water table (Haines and 

Ellefsen, 2010).  Reflections below or adjacent to the water table can become obscured by the 

strong water table reflection.  This does not occur when using SH polarized waves, as they are 

sensitive to the properties of the grain framework, and are not affected as much by the presence 

of pore fluids.  Though S-waves are relatively insensitive to pore fluids, it is still possible to have 

an impedance contrast between dry materials and the water table when the materials are 

different, allowing S-waves to detect saturation changes and lithological boundaries within an 

aquifer, as well as the base of the aquifer (Stumpel, 1984).     

When surface conditions consist of dry, coarse-grained or loose material, high frequency 

P-waves can be difficult to generate and an S-wave survey may succeed where a P-wave survey 

fails (Pullan et al., 1990).  For partially saturated sediments and gas-containing sediments, S-

waves have lower absorption than P-waves, allowing for more penetration by S-waves (Stumpel, 

1984).  Fractures and fault zones can be better located because S-waves can have a higher 

reflection coefficient than P-waves for air or water-filled cracks.  Using S-waves allows the shear 
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modulus of fault zones to be assessed.  S-wave velocities generally correlate well to properties of 

many lithologies.  With the combination of P-wave and S-wave velocity measurements giving 

even more insight into lithology and material properties in the form of Vp/Vs ratio and Poissonôs 

ratio (Haines and Ellefsen, 2010; Tatham and Stewart, 1993). 

 There are numerous examples of studies in the literature where S-wave reflection 

surveying has been successfully used for near-surface applications.  The applications fall into 

five major categories: 

Á Investigations to map a bedrock surface under thick alluvium (Goforth and Hayward, 

1992; Hunter et al., 1984; Pugin et al., 2013). 

Á Imaging of relatively shallow packages of unconsolidated saturated sediments to map 

and determine stratigraphy (Bexfield et al., 2006; Haines and Ellefsen, 2010; Hunter 

et al., 2002; Pugin et al., 2004; Pugin et al., 2007; Young and Hoyos, 2001; Carr et 

al., 1998; Deidda and Ranieri, 2001). 

Á Detecting and determining faults and fault structure, deformation due to active faults, 

and detection of fractures and joints (Benson and Mustoe, 1991; Wang et al., 2003; 

Woolery et al., 1993; Woolery and Street, 2002; Shtivelman et al., 1998; Kurahashi 

and Inazaki, 2007).  

Á Determination of geological and mechanical properties of near-surface materials for 

engineering purposes (Inazaki et al., 2001; Krawczyk et al., 2013; Pugin et al., 2002). 

Á Detecting near-surface geohazards and determining Vs structure for geohazard 

assessment and precautions (Benjumea et al., 2001; Guy et al., 2003; Harris, 2010; 

Inazaki, 2004; Krawczyk et al., 2012; von Steht et al., 2008; Inazaki, 2005). 



11 

 

The aforementioned studies use S-waves due to their increased resolution potential at 

equivalent and lesser frequencies, their sensitivity to lithology independent of pore fluid, 

avoiding problems associated with high reflectivity of P-wave energy at the water table, and to 

determine material and mechanical properties.   

 The literature on shallow shear-wave reflection surveys is lacking detailed information 

about the difficulties and pitfalls associated with shear-wave reflection processing.  Miller et al., 

(2001), touches on some of the problems, however a more in-depth review of these issues is 

necessary.  The resolution and detail of these reflection data provide first-time glimpses at 

structures and depositional features speculated on but never imaged.  This study highlights 

detrimental processing pitfalls and difficulties that can arise when working with shallow, 

unreversed polarity SH data, and the need for a customized approach to provide accurate results.    

 

1.3 Shear-wave pitfalls 

More caution and attention to detail is required to avoid processing pitfalls with S-wave 

surveys, compared to P-wave surveys. The potential accuracy and fidelity of S-wave reflection 

profiling depends upon whether or not reflections can be clearly identified and separated from 

coherent noise (primarily Love waves) consistently record to record (Miller et al., 2001).  In S-

wave reflection profiling, reflections are not the only possible hyperbolic events with the source 

point apex (Kelly, 1983).  Coherent noise in the form of dispersive Love waves can appear 

hyperbolic on shot gathers and easily stack on CMP sections resulting in incorrectly interpreted 

cross-sections (Miller et al., 2001).  Love waves are surface waves that have a velocity of 

 ὠ πȢωὠ (7) 
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(Burger et al., 2006), consist only of SH-motion and to propagate require the presence of a low-

velocity layer overlying a high-velocity layer or sub-layer (Sheriff and Geldart, 1995).  Love 

waves cause particle motion in a horizontal line that is perpendicular to the direction of 

propagation.   This study reaffirms that Love waves can have a hyperbolic appearance on shot 

gathers (Kelly, 1983) with arrival times consistent with shallow targets and can stack coherently, 

leading to possible misinterpretation of the subsurface.   

Other challenges in S-wave surveying include the difficulty of producing and propagating 

broad bandwidth S-waves, in particular, with a vibratory source (Garotta, 1999).  Broad 

bandwidth S-waves are desired to maximize resolution in layers to resolve impedance changes.  

A compressional vibratory source loads (depresses) the ground with the weight of the system.  

Then the mass, relative to the baseplate, moves up and down vertically, allowing the Earth to 

rebound elastically from the depression due to preloading.  This results in transmission through 

the earth at a peak force potential equal to its own weight (Garotta, 1999).  For a compressional 

source, the ground force is equal to the weighted sum of the baseplate and reaction mass 

accelerations:  

 Ὂ  ὓὃ ὓὃ  (8) 

 

where F is the ground force, Mr and Ar are the mass and acceleration of the reaction mass 

respectively, and Mb and Ab are the mass and acceleration of the baseplate respectively (Wei et 

al., 2010).  Decoupling with a compressional vibrator occurs when the weight holding the base 

plate down is exceeded by the ground force (Schrodt, 1987). Decoupling can produce harmonic 

distortion, which arises from a nonlinear process, and is observed when frequency-modulated 
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mechanical vibrators are overdriven for given near-surface conditions on land (Seriff and Kim, 

1970). 

S-wave vibrators also load the ground using the mass of the system, but attempt to move 

the earth in a horizontal side-to-side motion consistent with desired particle motion.  Some 

researchers (e.g. Ghose, 2002), assume that the ground-force equation for a compressional 

vibrator can also be used for a shear vibrator.  However, it is only possible for an S-wave 

vibrator to transmit a force equal to the product of its own weight and the friction between the 

base plate and the ground (Garotta, 1999), which raises the question of whether using the ground 

force equation for a compressional vibrator with a shear vibrator is appropriate.  Decoupling 

occurs with shear vibrators when the ground force exceeds the horizontal force with frictional 

forces factored in:     

 ὓὃ ὓὃ ‘άὫ (9) 

 

For a mass weighing 141 kg, a baseplate weighing 168 kg, and the gravitational acceleration of 

9.8 m/s
2
, the theoretical ground force for a shear vibrator (if calculated using the ground force 

equation for a compressional vibrator) would be about 3,028 N.  However, if the friction 

coefficient µs is equal to anything less than 1, the horizontal force will be exceeded by the 

ground force and decoupling will occur.  Therefore, using the ground-force equation for 

compressional vibrators with a shear vibrator is inappropriate as the horizontal motion, friction 

and decoupling are not taken into account.   

For P- and S-wave signal of the same bandwidth and center frequency, the resolution 

improvement potential of S-waves is greater based on much slower S-wave velocities in 

comparison to those of P-waves in unconsolidated saturated materials (Miller et al., 2001).  
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However, taking advantage of these slower S-wave velocities can be difficult due to the 

challenge of recording high dominant reflection-frequency S-wave data that does not suffer from 

excessive attenuation.  Narrow bandwidth and low signal-to-noise ratio is a recognized problem 

with S-waves.  These issues can inhibit the greater resolution potential and contribute to 

processing challenges such as frequency filtering narrow bandwidth data, thus reducing the 

bandwidth further.  Other problems that can arise are having signal and noise with the same 

dominant frequencies, and enhancement of near-offset Love waves arriving within the noise 

cone with velocity filtering.  As evidenced in this study and in Miller et al., (2001), the accurate 

separation of reflections from Love waves within the first several hundred milliseconds is 

difficult because of the hyperbolic shape and because of geologic settings consisting of loose, 

unconsolidated material where the velocity changes very minimally with depth.    

 

 

1.4 Extended Correlation 

Based on the listen time used to record these uncorrelated Vibroseis S-wave data, the 

slower than expected velocities meant desired depths were not reached using conventional 

correlation approaches to form the seismic record.  Extended Vibroseis correlation is typically 

used when exploration-scale seismic data is used to illuminate deep basement or mantle 

information at a regional or crustal scale (Allmendinger and Zapata, 2000; Best, 1991; Okaya 

and Jarchow, 1989).  This extended correlation approach has never been documented in the 

literature with near-surface data.  This study provides an example of the effectiveness of using 

this technique on near-surface data to obtain the returns from deeper reflections.  It is clear this 
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can be a practical technique for near-surface applications from time-depths of interest being 

deeper than expected to a lack of previous seismic studies and velocity structure to guide survey 

design.  This can result in acquired data that do not meet the depth objectives. Though general 

lithology information may be available, material velocities can vary considerably, especially in 

the near-surface (Zimmer et al., 2007). 

  There are two types of extended Vibroseis correlation: the fixed-bandwidth method and 

the self-truncating method (Figure 3).   Fixed-bandwidth extended Vibroseis correlation 

truncates the sweep to simulate a longer listening time (Okaya and Jarchow, 1989). Self-

truncating extended correlation truncates the sweep to a length equal to the time remaining at 

each sample beyond the listen time (Okaya and Jarchow, 1989).  Bandwidth is better preserved 

as it gradually diminishes with extra correlation time with the self-truncating method.  Prior to 

the extended listen time, bandwidth is maintained as in standard correlation, so this method can 

be applied without sacrificing resolution within the original listening time (Okaya and Jarchow, 

1989).  

To use an extended correlation method, the original uncorrelated field data must be 

available.  Typically it is suggested that upsweep data should be used for extended correlation 

because frequencies in the later portion of the sweep are attenuated and generally do not 

penetrate to the maximum target depth (Okaya and Jarchow, 1989).  This attenuation with depth 

means reflections from deeper depths have lower frequencies, and therefore correlating a 

truncated downsweep would eliminate those critical lower frequencies (Okaya and Jarchow, 

1989).  No studies have been published on the use of a downsweep with extended correlation.   
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Figure 3:  a. Conventional Vibroseis crosscorrelation.  b. The fixed-bandwidth extended correlation method where 
the sweep frequencies are truncated and the record is extended.  c. The self-truncating method whereby the 

correlation operator truncates on its own (From Okaya and Jarchow, 1989)  
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1.5 Love-wave inversion for surface elevation static corrections 

 Compared to P-wave statics, S-wave statics can be difficult, especially in saturated 

sediments, because S-wave velocity in near-surface inhomogeneous materials have greater 

variability than P-wave velocities, and shear velocity is less affected by the water table (Garotta, 

1999).  For these reasons shear statics can have much larger variations relative to compressional 

statics.  Many studies (Park et al., 1999; Xia et al., 1999) use the MASW (multi-channel analysis 

of surface waves), which employs Rayleigh waves (the result of interfering P- and SV waves) to 

determine near-surface S-wave velocity structure.  This very shallow velocity function might be 

used in correcting for surface elevation statics.  Since the S-wave reflection data collected in this 

survey are in the SH orientation, MASW in determining near-surface velocity structure and 

surface statics would not be appropriate because of its SV orientation.   

With the SH polarized data comes Love waves, making MALW (multi-channel analysis 

of Love waves) an ideal candidate for use with this SH reflection data.  No examples could be 

found in the literature of the inversion of Love waves being used in the near-surface community 

for shallow S-wave velocities and static corrections, despite Love wave inversion being more 

stable in theory with less non-uniqueness than Rayleigh wave inversion (e.g. (Mari, 1984; Safani 

et al., 2005; Safani et al., 2006; Xia, 2009; Xia et al., 2010; Xia, 2009).  This may be in large part 

because the acquisition of SH wave data is more difficult than acquiring vertical component 

surface wave data (Xia, 2009).     

The MALW method (Xia et al., 2010) requires the same three general steps used in 

MASW;  collection of surface wave data, dispersion curve image creation and inversion (Park et 

al., 1999; Xia et al., 1999).  Since the use of raw uncorrelated field data is preferred for multi-

channel analysis, swept sources such as Vibroseis are the ideal source choice (Park et al., 1999; 
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Xia et al., 1999).  In MASW/MALW surveys, data are collected using the same basic field 

configurations and acquisition routines as CMP P- and S- reflection surveys (Park et al., 1999; 

Xia et al., 1999).  Therefore, the Love waves acquired as part of this data set (with a Vibroseis 

source) should be ideal for the MALW process.   

The next step, and one of the most critical in MALW processing, is the generation of a 

dispersion curve, which is later used to generate the VS profile (Park et al., 1999; Xia et al., 

1999).  Dispersion curves for Rayleigh waves and Love waves differ in appearance (Figure 4).  

Surface waves by their very nature are dispersive, meaning each frequency increment has a 

different phase velocity.  This dependence results in different wavelengths at each frequency that 

is propagated (Park et al., 1999; Xia et al., 1999).  Dispersion curves are displayed as phase 

velocity versus frequency, and analysis involves picking by the user before the data inversion 

portion.  

An iterative inversion process is used to calculate the VS profile from the dispersion 

curves (Park et al., 1999; Xia et al., 1999).  An initial earth model, consisting of velocity (in the 

MALW case only S-wave velocity), density, and thickness parameters is the starting point for the 

iterative inversion process (Park et al., 1999; Xia et al., 1999).  When inversion is complete, a 

model for surface-elevation statics can be created based on the VS profile.  Average velocities for 

each layer can be used for elevation corrections.     
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Figure 4.  Synthetic seismogram (a) and corresponding dispersion curves (b) for Rayleigh waves and synthetic 
seismogram (c) and corresponding dispersion curves (d) for Love waves (From Safani et al., 2006).  

 

 

1.6 Problem Statement 

Two lines of S-wave reflection data were collected using a vibratory shear source and 

SH-oriented geophones at a dam site near Ogden, Utah.  These data were collected as part of a 

site-characterization project focusing on a man-made dam in a high-risk seismic zone adjacent to 

a large active fault.  As part of a large seismic program principally S-wave data were collected to 

obtain a high-resolution S-wave seismic sections and Vs  structure of Quaternary sediments 

adjacent to the dam.  These data were used to aid in locating any unknown faults and to predict 

the mechanical material behavior in the presence of a range of ground motion.  This study 
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provides information on the Vs structure at the site and identifies previously unknown faults in 

the Quaternary sediments.  

Shallow SH-wave studies have provided high-resolution images of the near-surface for a 

number of different applications, as previously referenced in the introduction.  However, there is 

little information in the referenced literature about the many pitfalls and difficulties of processing 

the range of data recorded for these different applications, especially as it relates to coherent 

source noise.  Additional pitfalls are associated with narrow bandwidth filtering and having 

signal and noise with the same dominant frequencies.  Near-offset Love wave higher modes 

arriving within the noise cone with apparent velocity consistent with reflections represent 

understudied problems potentially under-addressed in previous studies.   

The processing of the S-wave data at this site has been riddled with difficulties.  As 

evidenced by these data, Love waves with a hyperbolic appearance on shot records can easily be 

CMP stacked and then misinterpreted as reflections, masking the true reflections and worse yet 

provide inaccurate appraisal of geohazards.  In addition, power lines were present at the site 

along one line resulting in electric and mechanical noise in these data. Harmonic distortion 

caused by decoupling of the base plate from the Earth can also be seen in some of the shot 

records resulting from the nature of the vibratory source used to produce S-waves, the variability 

of ground coupling, and the drive producing the ground force (Reust, 1995).  Data presented here 

demonstrates why extreme caution must be taken when separating true reflecting events from 

coherent noise and the detail necessary to produce accurate images and that despite narrow 

bandwidths and various noise sources, the collection and processing of this type of data provides 

valuable information for site characterization.    
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The S-wave velocities recorded at this site were slower than expected, resulting in the 

listen time being too short.  Therefore desired depths were not obtained using conventional 

Vibroseis correlation.  The extended Vibroseis correlation technique was used as a possible 

remedy to this problem.  The literature available on extended Vibroseis correlation lacks 

examples where the technique has been used in near-surface situations.  A bonus coming from 

this study is that the use of extended Vibroseis correlation on near-surface data was not only 

possible, but useful.   

While the use of inversion of Love-waves for near-surface velocity structure and surface 

elevation static corrections is not an often used procedure in the near-surface community, this 

study shows the benefit and the potential of using this technique with SH reflection data.   

 

Chapter 2: Data Acquisition and Analysis 

2.1 Site 

 A.V. Watkins Dam is located in Box Elder County, 12 miles northwest of Ogden, Utah 

(Figure 5).  Information on the state of the dam foundation is needed to appraise if the dam 

structure is in need of repair.  Prior seepage and leakage within the foundation and the 

embankment have increased the probability of dam failure if the dam is modified for increased 

capacity.  Failure has the potential to result in uncontrolled release of reservoir waters and could 

lead to the loss of life.   

The Willard Bay Reservoir is the water body retained by A.V. Watkins dam and was 

constructed in 1964.  It has no natural drainage outlets and is used as an off-channel storage 

facility.  The Willard Canal feeds the Willard Bay Reservoir from the Slaterville diversion dam 
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which is located 8 miles to the south.  Water is also returned to the Weber River by way of the 

Willard Canal.  The reservoir provides irrigation, municipal, recreational, and industrial water to 

heavily populated areas east of the Great Salt Lake.    

A.V. Watkins Dam is an earthen structure that sits atop primarily lacustrine deposits of 

sand, silt and clay in the ancient Lake Bonneville basin.  The dam contains over 17 million cubic 

yards of material and holds back the 10,000 acre Willard Bay reservoir.  At its maximum height, 

the dam is 36 feet high and is more than 14.5 miles long.  The dam has had previous near-

failures due to piping and internal erosion of foundation soils, but there is also a seismic hazard 

from the nearby Wasatch Fault (Figure 6).  There would certainly be loss of life and property 

damage if dam failure occurred with the reservoir at maximum capacity.  A site-response model 

to ground movement originating from along the Wasatch Fault and associated faults is necessary 

to establish long-term safety requirements based on historically possible earthquakes and to 

determine what retrofitting is required to optimize the damôs resistance to ground motion.  This 

study focuses on the seismic S-wave reflection data collected at this site.      
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Figure 5.  Location of Ogden and Willard Bay Reservoir (site) in north-central Utah.  

 

Figure 6.  Proximity of site to the Wasatch Fault.  Data was collected along the two lines shown.   
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 The collection of seismic data at this site was complicated by a number of noise factors 

affecting data quality, including electrical and mechanical noise from nearby high-tension power 

lines, cultural noise from boats on the water and vehicles on an interstate highway adjacent to the 

site, train traffic approximately 1 mile east of the dam, as well as the source noise that is always 

present but whose character changes with each site.  

2.2 Geologic and Structural Setting 

The A. V. Watkins Dam and associated Willard Bay Reservoir is located in the Basin and 

Range physiographic province of Utah, and specifically in the Great Basin section (Banner, 

1992) (Figure 7).  The Great Basin of the Basin and Range physiographic province is 

characterized by wide, sediment-filled valleys separated by north-south trending mountain 

ranges (Banner, 2006).  This dam site is on the eastern margin of the present day Great Salt 

Lake.  The Great Salt Lake is a remnant of the Pleistocene fresh-water Lake Bonneville, which 

formed due to extensive normal faulting in the area (Eardley, 1938; Lemons and Chan, 1999).  

The Willard Bay Reservoir is located within the boundary of the ancient Lake Bonneville 

shoreline and on the eastern boundary of the Great Salt Lake (Figure 8).  

Sediments that fill the basin adjacent to and underneath the site consist of hundreds of 

meters of Quaternary basin-fill deposits overlain by pre-Lake Bonneville Lake deposits,  Lake 

Bonneville deposits (lacustrine sands, silts and clays), and post-Bonneville alluvium and 

colluvium from the nearby Wasatch Front (Pre-Cambrian crystalline rocks such as schist, gneiss, 

pegmatites and granites) (Eardley, 1938; Hintze, 2005).  A stratigraphic column of an Ogden 

area rock column shows the near-surface geology to consist of a Late Eocene tuff overlain by a 

sequence of Pliocene-Miocene valley-fill deposits over 3000 ft thick, overlain by up to 100 ft of 

Quaternary alluvium and soil, and Lake Bonneville deposits (Hintze, 2005) (Figure 9). 
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Willard Bay Reservoir is located immediately adjacent to the active Wasatch Fault of the 

Wasatch Range.    The active Wasatch fault represents a hazard with respect to the safety and 

stability of the A. V. Watkins Dam, particularly because this site is located on the edge of a deep 

sedimentary basin.  This is particularly troublesome because conversion of body waves to 

surface waves can occur at the margins of basins and surface waves represent the source of most 

damage-causing ground motion (Joyner, 2000).  To predict potential earthquake-induced ground 

motion and amplification, the near-surface velocity structure is of utmost importance, especially 

knowledge of Vs structure (von Steht et al., 2008).  Since sedimentary basins are known to 

amplify surface waves, contributing to strong ground motion (Joyner, 2000), and water-saturated 

clayey sediments are subject to intense shaking and potential liquefaction during an earthquake  

(von Steht et al., 2008), characterization of velocity structure and material properties at this site 

were needed to determine the safety of the dam and fitness for enhanced storage. 
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Figure 7.  Map of the Great Basin, characterized by the Basin and Range physiographic province.  Site location 
shown by red star.  (Modified from Hintze, 2005).   

 

Figure 8.  Highest shoreline of Pleistocene Lake Bonneville with location of the present-day Great Salt Lake 
shoreline.  Red star indicates location of site.  (Modified from Lemons and Chan, 1999).   
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Figure 9.  An Ogden area rock column.  The red bracket indicated the part of the rock column that this study may 

image.  (Modified from Hintze, 2005) 
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2.3 Acquisition 

A series of seismic surveys was conducted at this site to help evaluate the risk of potential 

ground motion to surface structures.  Acquisition was designed to image as shallowly as possible 

while still recording energy returning from depths of up to 3,500 ft.  This required long spread 

lengths, long offsets, split-spread geometries, broad-bandwidth source energy, and closely 

spaced receiver stations.  To effectively image both near surface and deeper data, four types of 

data were collected to optimize the accuracy and resolution, including MASW (multi-channel 

analysis of surface waves), tomography, and P- and S-wave reflection data.   All four types of 

data were collected along two, ¾ mile long lines, oriented SW to NE parallel to the downstream 

toe of the dam structure, with a 480-channel Geometrics Geode distributed seismograph system 

enhanced with LTU Ethernet boosters (Figure 10).   

The focus of this study is on the S-wave reflection data, which was collected with an IVI 

minivib 1 vibrator equipped with a waffle plate (Figure 11) that delivered a 10-second upsweep 

of 20-200 Hz, with a 12-second listen time.  For each station, three uncorrelated and unstacked 

records were recorded using single 14 Hz geophones oriented to be sensitive to SH energy to 

optimize the resolution and signal-to-noise ratio on processed sections.  Receiver and source 

spacing was 10 ft.      
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Figure 10.  Location of Line 1 and Line 2 along A. V. Watkins dam.  

 

Figure 11.  View of the waffle plate with teeth used for S-wave acquisition.  
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2.4 Standard Correlation Processing 

 In general the common-midpoint (CMP) approach was used for the processing of both 

lines of S-wave data.  S-wave data were processed using proprietary software of the Kansas 

Geological Survey, including SeisUtilities, WinSeis, SurfSeis and LWSeis.  Since data was 

recorded uncorrelated in the field, pre-processing steps included conversion of raw data, 

Vibroseis whitening (Coruh and Costain, 1983), and conventional Vibroseis correlation.  The 

basic processing flow for the S-wave data is shown in Figure 12, with percentage of time spent 

on the main parts of processing in Figure 13.   

For standard processing, conventional Vibroseis correlation was performed using the full 

sweep length before any muting was done.  The Vibroseis method employs a frequency-

modulated source sweep to transmit seismic energy into the ground (Brittle et al., 2000; Ristow 

and Jurczyk, 1975).  The earth sensor responses produce a wiggle trace that is recorded with the 

earth response and an embedded sweep that must be compressed to a zero-phase wavelet to see 

unique reflections from layers with different physical properties, which can be done by using 

cross-correlation of the synthetic sweep or pilot trace with the recorded trace (Brittle et al., 2000; 

Yilmaz, 1987).  Cross-correlation by definition shows the degree to which two waveforms, or 

time series, resemble each other by determining the time lag at which they are most similar 

(Yilmaz, 1987).      

For a swept source in the time domain, the basic convolutional model says that the 

recorded trace, x(t), is equal to the reflectivity of the geology, or Earthôs response, r(t), 

convolved with the sweep, s(t): 
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 ὼὸ ὶὸ ίzὸ (10) 

where * is the convolutional operator (Brittle et al., 2000).  In the frequency domain, sweep 

deconvolution is based on the same convolutional model and can be written: 

 ὢὪ ὙὪὛὪ (11) 

where X(f) is the recorded trace in the frequency domain, R(f) is the reflectivity in the frequency 

domain, and S(f) is the sweep in the frequency domain.  The sweep is removed through division 

(Brittle et al., 2000). 

By cross-correlating the sweep with the recorded trace in the time domain, a deconvolved 

sweep is obtained from the following equation: 

 ὼ ὸ ὶὸ  zίὸṧίύὸ (12) 

where sw(t) is the sweep input into the ground, and ṧ is the cross-correlation operator (Brittle et 

al., 2000).  The length of the sweep subtracted from the length of the uncorrelated Vibroseis 

record gives the length of the resulting correlated record (Yilmaz, 1987). Standard correlation 

gave a record of 1800 ms in length (Figure 14).  
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Figure 12.  Basic processing flow used for Lines 1 and 2 S-wave data for both conventional and extended 
correlation.  
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Figure 13.  Percentages of time spent on different parts of processing. 
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            A.   

Figure 14.  (A) Shot gather from Line 1 with a 500 ms gain applied.   
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 B.   

Figure 15.  (B) Interpreted shot gather from Line 1 with a 500 ms gain applied. 

 

After preliminary editing to remove extra or noisy traces, the three shot gathers that were 

recorded at each station were vertically stacked in an attempt to cancel noise and enhance 

coherent reflections, thus improving signal-to-noise ratio.  The quality of data is noticeably 

different on Lines 1 and 2.  Line 1 data quality is poorer than that of Line 2 (Figure 15), in that 

reflections are more obscured and the data are noisier.  The amplitude spectrums of both lines 

after correlation are shown in Figure 14.  The amplitude spectrum for Line 1 shows a large 

quantity of random noise that has proven difficult to remove because the noise consists of many 

frequencies.  Acquisition notes state Line 1 had a variable surface and that the vibrator pad was 

Higher mode Love waves 
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rattling as data collection occurred.  This is another source of noise which reduces the quality of 

Line 1 data below than that of Line 2. 

 

 

A.  

             Figure 16.  (A) Shot gather from Line 2 with a 500 ms gain applied.  
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B.   

Figure 17.  (B) Interpreted shot gather from Line 2 with a 500 ms gain applied. 

 

The frequency spectrum for Line 2 has noise at single frequencies, which are easy to 

remove with filters, while keeping the other frequencies in the signal.  For example, there were 

power lines present on Line 2, which is the 60 Hz frequency noise in Figure 16a.  The amplitude 

spectra for Lines 1 and 2 show noise at different frequencies on the two lines (Figure 16).  Figure 

17 shows an alternative plot of the amplitude spectra for both lines.  Noise at different 

frequencies show up as show up as horizontal lines at single frequencies on these plots, as well 

as noise that is randomly throughout the data.   Both lines 1 and 2 have a dominant frequency of 

Higher mode Love waves 
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~35 Hz with minimum and maximum usable frequencies of about 22-65 Hz respectively.   With 

velocities as low as 500-600 ft/s, this dataset has a potential vertical resolution of about 5 ft.   

The presence of high-amplitude dispersive Love waves is evident on both lines (Figure 

18).  It can be challenging to determine where a reflection ends and a Love wave begins 

(Figure19), and to separate true reflections from coherent noise when dispersive Love waves are 

present (Miller et al., 2001). 

 

A.   

 

 B. 

Figure 18. (A)  Amplitude spectra for Line 1.  Spectra shows noise spikes near 150 Hz.  (B) Amplitude spectra for 
Line 2.  Spectra shows power line noise at 60 Hz 
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Figure 19.  Alternate amplitude spectrums of Line 1 (top) and Line 2 (bottom).  Line 1 contains much more random 

noise that is more difficult to remove than the noise at certain frequencies in Line 2.     
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Figure 20. Shot record from Line 2 where Love waves are clearly visible in between the red lines. 
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Figure 21.  Zoomed in shot gather from Line 2 showing curves fit to reflections.  Dashed blue lines indicate where it 

becomes difficult to distinguish reflections from Love waves.   

 

First-arrival muting was used to mute everything arriving before the noise cone, 

including first arrivals, refractions, direct wave, P-wave reflections and Love waves.  There must 

be a low velocity layer for Love waves to propagate with a higher velocity layer beneath it 

(Kelly, 1983).  Careful attention was paid to mute as much of the Love waves as possible so that 

reflections could be clearly identified.  The muted records used only 100 traces of the 480 traces 

recorded to minimize Love-wave data included in the stacked section (Figure 20).  Near-offset 

mutes were also applied to the first five traces on either side of the source from 900 to 1800 ms 

on Line 2 data.  These near-offset traces were especially noisy on many Line 2 records due to 

their proximity to the vibrator.        
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Figure 22.  Shot record from Line 2 showing muted data.  All linear Love-wave energy has been removed in order to 
prevent Love-waves from stacking into the final stacked section.  Near-offset mutes from 900 to 1800 ms have also 

been applied to remove excessive noise.   

 

Velocity analysis used groups of 25 CMPôs to pick velocities.  11 velocity values were 

used ranging from 500 to 1000 ft/s in increments of 100 ft/s, and 1000 to 2000 ft/s in increments 

of 200 ft/s.  Normal moveout (NMO) corrections were applied to CMP gathers, after scaling and 

frequency filtering (Figure 21).  Surface-consistent correlation statics and residual correlation 

statics were then applied to the data (Figure 22).  Once static corrections were made, velocity 

analysis was undertaken again, adjustments made and gathers were CMP stacked.   
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 Figure 23.  An NMO corrected CMP gather from Line 2 with scaling and frequency filtering applied.   
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A.  

B.  

Figure 24.  A portion of a Line 2 CMP stack showing nature of reflectors before statics (A), and nature of reflectors 
after statics (B).  
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The CMP stacked sections were migrated to correct any dipping beds and geometric 

distortion caused by faulting or other subsurface variations.  For high-resolution reflection data 

that have low near-surface velocities, migration may have a negligible effect on the appearance 

of reflections (Black et al., 1994).  For this data set, migration did not seem to affect shallower 

reflections much if at all, but improved coherency of deeper reflections and spatial accuracy 

(Figure 23, 24).  The migrated stacked sections were also time-to-depth converted.  A portion of 

the depth converted section from Line 2 is shown for comparison to time sections (Figure 25).         

 

Figure 25.  Portion of Line 2 stacked time section before migration.   Diffraction hyperbola can be seen in the red 
circle.    

 






































































































































































