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Abstract 

 

Deep Water Gulf of Mexico Pore Pressure Estimation Utilizing P-SV 

Waves from Multicomponent Seismic in Atlantis Field 

 

 

 

 

Jeffrey Chung-Chen Kao, MSGeoSci 

The University of Texas at Austin, 2009 

 

Supervisor:  Robert H. Tatham 

 
Overpressure, or abnormally low effective pressures, is hazardous in drilling 

operations and construction of sea-bottom facilities in deepwater environments.  

Estimation of the locations of overpressure can improve safety in these operations and 

significantly reduce overall project costs.  Propagation velocities of both seismic P and S 

wave are sensitive to bulk elastic parameters and density of the sediments, which can be 

related to porosity, pore fluid content, lithology, and effective pressures.  Overpressured 

areas can be analyzed using 4C seismic reflection data, which includes P-P and P-SV 

reflections.  In this thesis, the effects on compressional (P) and shear (S) wave velocities 

are investigated to estimate the magnitude and location of excess pore pressure utilizing 

Eaton’s approach for pressure prediction (Eaton, 1969).  

Eaton’s (1969) method relates changes in pore pressure to changes in seismic P-

wave velocity.  The underlying assumption of this method utilizes the ratio of observed 

P-wave velocity obtained from areas of both normal and abnormal pressure.  This 
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velocity ratio evaluated through an empirically determined exponent is then related to the 

ratio of effective stress under normal and abnormal pressure conditions.   Effective stress 

in a normal pressured condition is greater than the effective stress value in abnormally 

overpressured conditions.  Due to an increased sensitivity of variations in effective 

pressure to seismic interval velocity, Ebrom et al. (2003) employ a modified Eaton 

equation to incorporate the S-wave velocity in pore pressure prediction. 

The data preparation and subsequent observations of seismic P and S wave 

velocity estimates in this thesis represent a preliminary analysis for pore pressure 

prediction.  Six 2D receiver gathers in the regional dip direction are extracted from six 

individual ocean-bottom 4C seismic recording nodes for P-P and P-SV velocity analysis.  

The receiver gathers employed have minimal pre-processing procedures applied.  The 

main processing steps applied were: water bottom mute, 2D rotation of horizontal 

components to SV and SH orientation, deconvolution, and frequency filtering.  Most the 

processing was performed in Matlab with a volume of scripts designed by research 

scientists from the University of Texas, Bureau of Economic Geology.  

In this thesis, fluid pressure prediction is estimated utilizing several 4C 

multicomponent ocean-bottom nodes in the Atlantis Field in deepwater Gulf of Mexico.  

Velocity analysis is performed through a ray tracing approach utilizing P-P and P-SV 

registration.  A modified Eaton’s Algorithm is then used for pore pressure prediction 

using both P and S wave velocity values.  

I was able to successfully observe both compressional and shear wave velocities 

to sediment depths of approximately 800 m below the seafloor.  Using Hamilton (1972, 

1976) and Eberhart-Phillips et al. (1989) regressions as background depth dependent 

velocity values and well-log derived background effective pressure values from 

deepwater Gulf of Mexico, I am able to solve for predicted effective pressure for the 

study area.  The results show that the Atlantis subsurface study area experiences a degree 

of overpressure.   
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CHAPTER 1 INTRODUCTION 

1.1 OVERVIEW 
 Seismic reflection methods have been used for nearly a century as a tool to 

construct structural images of the subsurface.  Today, marine environments play a major 

role in exploration and hydrocarbon production, resulting in a rise in marine seismic data 

acquisition.  The most common approach in imaging the subsurface in a marine 

environment involves towed P-wave seismic sources and a streamer of hydrophone 

receivers deployed in the water column.  P-wave energy is detected by the pressure 

sensitive hydrophones.  With interest in seismic shear wave data, ocean bottom cable 

surveys (OBC) and ocean bottom seismometer nodes (OBS) are conducted in marine to 

obtain both P and S-wave information.  This typically involved a P-wave source and both 

geophone and hydrophone sensors lying on the sea floor.  Eventually, the OBC and OBS 

surveys used four component receivers with a combination of a pressure sensitive 

hydrophone, vertical geophone, and two orthogonal horizontal geophones.  In recent 

years, ocean bottom seismic evolved the use of autonomous nodes that are individually 

placed on the seafloor.  Using a combination of both seismic P and S seismic wave 

information, many opportunities for deeper analysis of sediment properties are created.  

For this thesis, the objective is using the ocean bottom seismometer (OBS) node data to 

isolate overpressure fluid regions in the shallow sub-seafloor sediments.  Analysis using 

Eaton’s modified algorithm to incorporate converted wave (C-wave) velocities by Ebrom 

et al. (2003) are used to extract fluid overpressure information from seismic observations. 

Geopressured formations pose significant importance to the planning, 

implementation, and affect the outcome of deepwater drilling worldwide.  Pressure kicks, 

blowouts, lost circulation are problems resulting from abnormal pore pressures are among 

the issues encountered when drilling (Mukerji et al., 2002).  Proper prediction of 

overpressure fluids and pre-drill planning will mitigate threats to drilling safety and 

ultimately lower costs in drilling operations.  Seismic observations can play a key role in 
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pre-drill detection of excess pressure from analysis of changes in reflection amplitude and 

propagating velocities due to the interval stresses acting on the material.  

In typical situations when rapid amounts of sedimentation of large volumes occur 

in a marine environment, the initial deposits are unconsolidated, with high porosity and 

permeability.  As a result, the pressure of the fluids in the pores space is the same as the 

pressure exerted by the weight of overlying fluids, otherwise referred as the normal or 

hydrostatic pressure.  Sediments are buried to greater depth, the weight of the overlying 

material increases and causes higher stress levels to be exerted at the grain contacts.  This 

leads to a rearrangement (compaction) of grains resulting in lower porosity and 

permeability from the compaction of the grains (Bowers, 2002).  Overpressure is 

generated when the rate of sedimentation exceeds the rate where fluid is expelled from 

the pore space.  The pore fluids in the buried sediment are trapped and unable to escape, 

and as the lithostatic load increases, the pore pressure continues to increase, thereby 

supporting part of the weight of the overburden load (Bruce and Bowers, 2002).  This 

increase in pore pressure prevents the grains from compacting in normally pressured 

circumstances.  Overpressure is said to be a result from under compaction or compaction 

disequilibrium. 

I am evaluating regions of overpressure using multicomponent seismic data 

recorded by autonomous ocean bottom nodes.  From six nodes in a larger survey, I 

extract one 2D common receiver gather for each node (six in total) trending northwest to 

southeast along structural dip in deepwater Gulf of Mexico.  The approach involves 

taking both P-wave velocity information and P-SV converted wave velocity information 

to effectively estimate seismic velocities and predict the amount of overpressure.  The 

research focuses primarily in the shallow subsurface regions, up to 1 km below the mud 

line, where zones of excess pressure are prominent and represent significant drilling 

hazards.  Seismic shear wave data is important for the research objective due to its higher 

sensitivity to pressure than P-waves (Ebrom et al., 2006).  The estimated P and S wave 

velocity values are then used in Eaton’s modified equation to determine estimated 

effective stress.   
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The majority of the processing was done through Matlab code.  The Paradigm 

Geophysical processing package, Focus, was used in the beginning of the project to 

display the receiver gathers and extract single shot lines for each of the nodes.  The 

Matlab scripts employed are called Seislab developed by Eike Rietsch at Chevron and 

EGLtools developed by Paul E. Murray, a geophysicist at the Bureau of Economic 

Geology, University of Texas at Austin.  

1.2 PREVIOUS WORK ON OVERPRESSURE 
 

Dutta (1987) addresses the compaction mechanism leading to overpressured 

zones, which is often misunderstood in literature.  He states that it is not simply a 

mechanical loading process where increased overburden loading contributes to reduction 

of porosity and expulsion of pore water, but includes more complex processes.  The 

burial history plays a key role.  Sediment compaction is also dependent on the effects of 

temperature and time.  An example is clay during burial metamorphism as it undergoes 

compaction.  In the Gulf of Mexico, smectite transforms to illite through the reordering of 

clay platelets and redistribution of effective stress is strongly dependent on temperature 

and geologic time (Lahann et al., 2000). 

Methods of measuring porosity and pore pressures from well logs have greatly 

improved the accuracy for overpressure predictions (Pennebaker, 1968).  The basic 

theory behind the analysis of logs is associating the correlations between seismic velocity 

and porosity; and between porosity and effective pressure.  High pore pressure zones 

generally have high porosities and low seismic propagation velocities.  Most analysis 

methods require producing a normal compaction trend that is plotted against depth.  

Deviations from the normal trend are usually indicators of overpressure, assuming other 

conditions such as lithology remain the same (Figure 1).   
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Figure 1: Wireline overpressure indicators. Blue curve is the typical trend curves, and arrows indicate deviations 
from the trendline.  This deviation is an indicator of overpressure (Sayers, 2006).  

 
 

                 
Figure 2: High pressure well example. Sonic log velocity and resistivity undergo reversals from depth trends not 
seen in the density log (Sayers, 2006). 

 

Faust (1950) presents a study of seismic P-wave velocities as a function of the 

depth of overburden and the geologic age of the rocks using approximately a million feet 

of core from over 500 wells.  He develops a formula approximating the velocity with 

increased depth and age of his data.  Hottman and Johnson (1965) discuss how fluid 

pressure within the pore space of shales can be determined from analyzing data using 

sonic and resistivity logs.  Their methods involve first determining a normal compaction 

versus depth line from a normally pressurized well data.  Then well data from 
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overpressured wells can be compared to this normal trend.  Deviations from this trend 

line indicate potential zones of high pressures.  

Pennebaker (1968) studies the correlation between seismically derived interval 

transit time and pressure.  He states that interval transit time varies exponentially and 

predictably with depth, following a normal compaction trend.  Any departure from this 

normal trend can indicate abnormal pressures or lithologic changes (Figure 2).  His 

predictive method is derived from interval velocities that are calculated using seismic 

data.  He is one of the first authors to describe in detail the use of seismic techniques to 

detect velocity changes with depth to estimate high pressure zones.   

Pennebaker’s methodology for detecting interval transit times with respect to 

depth is through the use of a source and receivers near the well.  Travel times are 

recorded and the data collected is then used to calculate the interval velocity by dividing 

any depth interval by half the difference of the zero incidence travel time from the top to 

bottom of the interval.  The interval times are plotted on a log-log graph versus depth.  

Points where an inversion in velocity takes place are observed and noted as zones of 

potential overpressure.  Pennebaker’s technique is limited to sedimentary basins where 

abnormal pressures are the result of under compaction.  

Along similar techniques, Reynolds (1970) suggests that good seismic data and 

proper smoothing allows the prediction the top of overpressures within 500 feet and 90% 

reliability.  Reynolds used NMO (normal move out) to correct the far offsets in the CDP 

(common depth point) gathers to estimate seismic velocities.  Correct velocities (RMS 

velocities) are picked to flatten each CDP gather.  Then the result is plotted as rms 

velocity versus reflection time.  The purpose of this method is to accurately calculate the 

correct velocity, which is then converted to interval velocity and analyzed similarly to 

Pennebaker’s technique.  Reynolds applies a weighted average smooth on the interval 

velocity to give the data a better and more interpretable velocity trend.  Good quality 

seismic data allows more accurate velocity analysis, which can give better incite to 

velocity changes in a material.   
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Bilgeri and Ademeno (1982) improved upon Pennebaker and Reynold’s methods 

through the implementation of more modern seismic analysis techniques such as correct 

migration of the data, amplitude preservation, seismic trace inversion, and logs.  These 

techniques will produce a more precisely resolved seismic section.  Velocity analysis of 

seismic reflections is still a key tool in determining geopressures.  Improvements on the 

seismic data play a vital role in determining an accurate velocity model that can be used 

in the detection of abnormal pressures.   

Dutta (1987) gives a brief discussion regarding a series of studies.  Dutta compiles 

a list of techniques for detecting overpressure and states the most common method 

employs seismic and/or gravity data.   These techniques exploit several characteristics in 

overpressure zone when compared with a normally pressured section: higher porosities, 

lower bulk densities, lower effective stress, higher temperatures, and lower interval 

velocities.   

Eaton’s equation, developed in 1968, is a classic method that relates changes in 

pore pressure to changes in P-wave velocity.  The assumption in Eaton’s method is the 

ratio of P-wave velocities obtained from regions of normal and abnormal pressures is 

related to the ratio of normal and abnormal pressures through an empirically determined 

exponent.  Eaton’s method is restricted to P-wave values.  With the multicomponent data 

set, both P and S wave velocities are readily available.  Ebrom et al. (2003) expanded 

Eaton’s method for pore pressure prediction by incorporating S-wave velocities to take in 

effect pore pressure sensitivity with the presence of shear wave data.  Previous studies 

that utilized Eaton’s modified algorithm for P-SV data was presented by Kumar (2006) in 

her thesis on pore pressure prediction using multicomponent data for the Columbus 

Basin, Trinidad W.I.  

For the purpose and objective of this thesis, I will also use Eaton’s modified 

method for mode converted PS waves relating pore pressure.  Eaton’s method deviates 

slightly from the other methods mentioned above by incorporating empirically derived 

trends from well logs and drilling reports and seismically observed P-wave velocities to 
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gain a general and quantitative approach to pore pressure.  This allows the method to be 

extremely robust.  

 

1.3 DATA 
 

The Atlantis Field (Green Canyon 743) was discovered in 1998 and is 

approximately 300 km south of New Orleans in the Gulf of Mexico.  The Sigsbee 

Escarpment is a major geologic feature within Atlantis Field.  The target of interest for 

this thesis is down dip from the Sigsbee escarpment.  Water depths for the Atlantis range 

between 1300 and 2200 meters.   For the six nodes analyzed, the average water depth is 

approximately 2000 meters (Beaudoin and Ross, 2007).  

 

 
Figure 3: Location of Atlantis Field (Beaudoin and Ross, 2007). 

 

 The seismic acquisition used ocean bottom seismic (OBS) nodes as the recording 

units.  These nodes were remotely deployed on the seafloor and recorded continuously 

throughout the survey.  The nodes contain seismic sensors, recorders, memory, batteries, 

and a precise clock.  The Atlantis project was the first to use multicomponent nodes at a 
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large industrial scale in deepwater.  Industry participants formed a partnership to design 

and manufacture a total of 900 nodes (Beaudoin and Ross, 2007).   

The batteries in the nodes have an operational lifetime of 28 days before recharge 

and can operate to depths of 3000 meters water depth.  Each node consisted of a 

hydrophone and 3-C 10 Hz fixed Cartesian axis geophone.  The totally autonomous 

nodes lacked internal navigation devices and had no communication capability to 

transmit seismic data, receive commands, obtain seismic monitoring, or quality control.  

The term used to describe the recording is “shooting blind.”  This presented some major 

disadvantages among are the inability to detect external noise or determine proper 

functionality (Beaudoin and Ross, 2007).   

The Atlantis survey was specifically designed to enhance ‘true’ 3-D full azimuth 

P-wave structural imaging of the north flank under salt.  The survey design was not 

designed for optimum use of converted waves for structural imaging at the reservoir level 

(Beaudoin and Ross, 2007).  In this thesis, the objective is to utilize converted wave 

information in developing a pore pressure prediction analysis.  Due to the sparse spacing 

of the nodes, performing a migration to image the shallow subsurface with the converted 

wave data above 1 km is not possible.  The pore pressure analysis is only utilizing the 

first 1000 meters below the seafloor, which do contain legitimate converted wave 

reflections in the seismic gathers, at least in the vicinity of the individual node locations.  

The deepest limit for observable converted wave reflection is close to 800 meters, 

approximately 2 seconds two-way travel time, below the seafloor before reflections 

degrade and become discontinuous.   

The survey design was based on a hexagonal sampling technique where all 

adjacent nodes are equidistant from each other seen in Figure 4.  The nodes are 426 m 

from each other.  Shots are taken in a flip flop shooting technique with a two gun array 

spaced 46.5 m apart.  The seismic sources are spaced 53.7 m apart for the entire survey. 
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Figure 4: Node layout for Atlantis seismic acquisition (Beaudoin and Ross, 2007). 

 

The Atlantis survey comprised of a total 1628 node positions in 247 km2.  The 

UT-Austin Jackson School of Geosciences has obtained a small patch of 25 nodes located 

downdip of the Sigsbee Escarpment where slopes range between 2-5 degrees in dip 

shown in Figure 5.   

Specs for the survey: 

Node Spacing: 426 m 

Shot Spacing: 53.7 m 

Smallest far-offset inline offsets: 8km 

Smallest far-offset crossline offsets: 6km 

Total node area: 247 km2 

Total source area: 757 km2 
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Figure 5: Atlantis seafloor topography.  Red dots indicate the distribution of ocean bottom nodes during seismic 
acquisition. (Beaudoin and Ross, 2007). 

 

The node reliability exceeded 99% (Beaudoin and Ross, 2007).  The node 

deployment, retrieval, and recording were all successful.  Since this research project will 

focus on the horizontal components to observe S waves, rotations must be done to 

correctly rotate the SV energy into the radial components.  This is discussed in Chapter 2.  

The compass reading of the inline horizontal component was not exact so an independent 

polarization analysis was applied to test the orientation of the geophone.  
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Figure 6: Atlantis node layout. Yellow circles are nodes analyzed. Numbering for the nodes begins with line 
numbers beginning from 1019 and ending at 1023, these lines run slightly north to south.  The second part of the 
numbering starts with crossline number 1011 and ends at 1020, these crosslines run slightly west to east.  For 
example, the node circled in the lower left corner is numbered 1019_1011. 

 

1.4  GEOLOGY OF ATLANTIS FIELD 
 

 The Atlantis Field has average water depths between 1300m and 2200m 

(Beaudoin and Ross, 2007).  Atlantis is located where the base of the northern Gulf of 

Mexico continental slope meets the continental rise at the Sigsbee Escarpment in the 

Green Canyon lease area (Figure 7).  “The escarpment represents the seafloor expression 

of the downslope limit of the allochthonous shallow salt” (Orange et al., 2004).   



 12 

 
Figure 7: Atlantis Field (white rectangle) showing transition from lower continental shelf to Sigsbee Escarpment  
(Orange et al., 2004). 

 
The Sigsbee Escarpment has approximately 200 meters of relief with slopes 

greater than 20 degrees.  The field area has two major salt bodies present, an 

allochthonous or migrating salt body and a deeper autochthonous or in-place salt body 

(Figure 8).  The allochthonous salt is complex and has parts of it approaching the seafloor 

from the north.  The autochthonous salt creates an anticlinal structure at approximately 

4500 meters in depth (Beaudoin and Ross, 2007).  Since the research focuses in the 

shallow subsurface, the salt bodies will not be considered and are in fact avoided to 

assure the best quality seismic data analysis.  The red rectangle in Figure 8 shows the 

area of study for this research project.  The stratigraphic dip at this location is gently to 

the south-southeast.   
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Figure 8: Atlantis Field cross‐section (Beaudoin and Ross, 2007). The multicomponent nodes provided for this 
research project are located down dip of the Sigsbee Escarpment in the area highlighted by the red rectangle.  

 
The Atlantis field has numerous small slumps shown in Figure 9.  The slumps 

show two distinctive types of morphology: shallow seated, near surface failures related to 

dipping slopes, and deeper seated amphitheater-shaped slumps (Orange et al., 2003).  The 

geomorphology is likely to due the past slope failure events (Mannaerts et al., 2005).  The 

shallow geology from the seafloor to approximately 1000 m of sediment depth is 

composed of turbidity flows and hemipelagic clays typical of deepwater depositional 

systems, and compartmentalized mass transport complexes (MTCs).  Several shallow 

water flow (SWF) sand intervals were encountered during batchset drilling      

(Mannaerts et al., 2005).  MTCs and SWFs are discussed more in detail in Chapter 7.   
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Figure 9: Slump profile. Slumps are produced from slope failure events and transport sediments downslope 
(Orange et al., 2004). 
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CHAPTER 2: ELASTIC WAVES AND MULTICOMPONENT DATA 

 

2.1 OVERVIEW 
 

A seismic wave is defined as the “propagation of energy through the Earth caused 

by earthquakes or artificial vibrations” (Lillie, 1999).  Elasticity is defined as the “ability 

of a material to return immediately to its original size, shape, or position after being 

squeezed, stretched, or deformed.”  In order for seismic waves to propagate, the earth 

materials must behave elastically.  A material that experiences stress (compression, 

tension, or shearing) undergoes strain, which is a distortion in volume and/or shape.  

Elasticity means the material will return to its original form after the effects of stress is 

removed.  Seismic waves can be categorized into body waves or surface waves.  For the 

interest of this research project, only P and S body waves propagating through the bulk 

material will be observed and discussed.   

Before discussing the P and S waves, elastic constants need to be defined.  An 

elastic constant describes the strain a material experiences under a certain type of stress.  

Bulk modulus, K or incompressibility, describes a material’s ability to resist 

compression.  The bulk modulus is described by a ratio of the change in pressure divided 

by the volumetric strain.  The pressure exerted on the material is equal in all directions, 

hydrostatic for material under water and lithostatic for a material within the Earth.  The 

strain is the change in volume of the material divided by the original volume 

(Lillie,1999).   

                                           (2.1) 

A material’s ability to resist compression will yield a higher K value than a material that 

is easily compressed.  Many fluid dynamic considerations use the compressibility as an 

elastic constant.  Compressibility is the reciprocal of K, the bulk modulus or 

incompressibility.  
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 The shear modulus or rigidity is the ability of a material to resist shearing.  In the 

case where a material undergoes shearing, the stress is the tangential force divded by the 

area the force is applied.  The strain is defined as the shear displacement (∆L) divided by 

the original length (L) of the area experiencing ∆F.  In the case of shear strain, ∆L is 

perpendicular to L. 

                                        (2.2) 

Body waves propagate by a series of compressions and dilatations of a material 

(P-wave) and/or by shearing the material back and forth (S-wave) (Lillie, 1999).  The 

quantity propagating as a seismic P-wave in an isotropic medium may be considered a 

scalar quantity.  The quantity propagating as a S-wave is actually a vector quantity, and 

that requires more information to describe than the shear volumetric strain.  Therefore, 

the S-wave may inherently contain more information than P-waves (Tatham and 

McCormack, 1991).  In an isotropic media, the particle motion for a P-wave is polarized 

in the direction of propagation.  For S-waves, the particle motion is oriented 

perpendicular to the direction of wave propagation.  The particle motion can be in any 

direction within the plane normal to the ray direction.   

  

2.2 ELASTIC WAVES PARTICLE MOTION 
 

For P-wave propagation in a flat earth, the particle motion is in the direction of 

travel of the ray and lies within the vertical plane defined by source to receiver location 

on the surface.   The particle motion for P-wave is contained within the vertical plane 

intersecting the source and receiver.  Even for a horizontal traveling P-wave, the particle 

motion is still in the direction of travel and in the vertical plane defined from source to 

receiver (Tatham and McCormack, 1991). 

For S-wave propagation in a flat earth, the orientation of the source affects the 

polarization.  A SH-wave source has a particle motion that is purely horizontal and 

transverse to the source-receiver orientation.  The particle motion is normal to the ray 



 17 

direction and normal to the plane defined by the source, reflection point, and receiver.  

The SH wave polarization is always purely horizontal.  For a SV-wave, commonly 

referred to as inline polarization, the particle motion is perpendicular to the direction of 

ray propagation within the plane of incidence defined by source, reflection point, and 

receiver (Tatham and McCormack, 1991).  However, the wave particle motion is not 

necessarily vertical.  The particle motion is vertical when the wave travels horizontally, 

and horizontal for a vertically propagating wave.   

 Polarization of the S-wave particle motion is often described in terms of the SV-

wave, also referred to as the in-line and radial component, and SH-wave component, 

referred to as the cross-line and transverse component.  In a horizontally layered earth, 

line orientation from the source to receiver acts as a horizontal axis of a two-dimensional 

coordinates system for the S-wave particle motion.  
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Figure 10: P and S wave polarizations (Guevara, 2000). Particle motions for P‐waves are contained in the vertical 
plane defined by the source and receiver.  Particle motion for SV is normal to the direction of propagation within 
the plane of incidence defined by the source, receiver, and reflection point     

 

2.3 P AND S WAVE VELOCITY EQUATIONS 
 

Velocity by definition refers to a vector with both magnitude and direction.  In the 

seismic sense, propagation velocity is commonly referred to as a magnitude component, 

whereas direction is not always implied.   
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The equations for compressional and shear wave velocity is defined as: 

                                                   (2.3) 

                                                           (2.4) 

In an isotropic elastic media, seismic wave velocities depend on two elastic 

constants: κ, µ, and density (ρ).  When a material is more resistive to deformation, its 

incompressibility and rigidity values will be higher; therefore the seismic velocity will be 

greater (Lillie, 1999).  This concept is important in the analysis of the near subsurface 

investigation of P and S wave velocity values.  Due to the lack of consolidation of the 

sediments near the seafloor, both κ and µ will be lower than those of deeper, more 

compacted sediments.  The three common generalizations for the following velocity 

equations (Lillie, 1999): 

1) For the same material, shear waves will always travel slower than compressional 

waves. 

2) The more rigid the material, the higher the P and S wave velocities. 

3) Fluids(liquids or gasses) have no shear strength (µ = 0).  This lack of rigidity 

indicates two things: a) shear waves cannot travel through fluids, and b) compressional 

waves travel slower through liquid state than through the solid state of a material. 

Since the S-wave velocity is sensitive to shear modulus and density but not bulk 

modulus, Vs can be relatively more sensitive to the presence of abnormal pore pressure 

than P-wave velocity.  In cases where porosity decreases, the pore space decreases and in 

turn, the rock becomes denser.  There is less fluid trapped in the pore space and the grains 

become more compacted, so both Vp and Vs values will increase.  In an overpressured 

sense, pore fluids are trapped in the pore space as compaction continues.  This will cause 

a lower vaue for both Vp and Vs when compared to a normally pressured situation.  

Since shear-wave velocity depends solely on rigidity and density, it is quite sensitive to 

grain contacts associated with compaction.  As suggested above, undercompacted 

situations, the S-wave velocity may be more sensitive to pressure than P-wave velocity.  
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2.4 MULTICOMPONENT OVERVIEW 
 

Multicomponent seismic data can be acquired in land, marine, or borehole 

environment when utilizing more than one geophone.  3C or 3-component seismic data is 

a type of multicomponent seismic that uses three orthogonally oriented geophones.  4C or 

4-component seismic data is another type of multicomponent seismic that uses three 

orthogonally oriented geophones and a hydrophone so both changes in motion and 

pressure can be detected.  Atlantis incorporated the 4C seismic data through the use of 

ocean bottom nodes.  The topic regarding multicomponent seismic can be complex.  This 

chapter outlines the composition of multicomponent seismic nodes and defines the 

polarity standard for the instruments.  Having this knowledge provides the ability to 

understand and observe the seismic data recorded into the nodes.  

A geophone is a device used both onshore and on the seafloor offshore to detect 

ground motion produced particle velocity by seismic waves and transforms the motion 

into electric signals. A three-component (3C) geophone consists of three mutually 

orthogonal components that detect movement in three different directions.  In typical 3C 

geophones, the motion sensors are based on a right-handed coordinate system, with z 

defined as the vertical component that detects motion in the vertical direction, and x and y 

respectively defined as the inline and crossline components (Brown, 2000).  Inline and 

crossline in general are predefined directions in the seismic survey layout.  Typically, 

geophones are laid out so that the x component will be inline of the source (shot) to the 

receiver and y (crossline) is 90 degrees clockwise from this.  However, Atlantis nodes 

were deployed with a random orientation of the geophones.  More details will be 

discussed in section 2.7.  

A hydrophone is a device designed to detect seismic or acoustic energy in the 

form of pressure changes in water during marine seismic acquisition (Sheriff, 2002).  

Hydrophones, unlike geophones, detect pressure changes rather than motion.  

Hydrophones typically record P-wave energy only.  A hydrophone detects pressure 

changes omni-directionally.  When reflected energy is being recorded, the hydrophone 
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senses pressure when the instrument is perturbed.  Shear waves particle motion, with no 

volumetric change, is normal to the direction of ray propagation.  Therefore, it is difficult 

for a shear wave particle motion with no volumetric change or pressure variation to 

perturb the hydrophone.  So in typical hydrophone recording, only P-waves will exist in 

the records.   

Multicomponent seismic (4C) can be acquired in marine environments by 

utilizing a hydrophone in the water column and three component orthogonally oriented 

geophone on the seafloor.  S waves cannot travel through water.  Multicomponent nodes 

are laid on the surface of the seafloor to assure coupling to the ‘solid’ seafloor and a 

medium that will support shear wave propagation.   

The Atlantis data set used Fairfield’s Z-3000 model nodes for recording.  These 

nodes contain one hydrophone and three orthogonal Cartesian component geophones, one 

vertical and two horizontal components.  The hydrophone and vertical geophone are used 

for recording P-wave data.  The horizontal components record mode converted S-wave 

data.   

In the marine seismic exploration sense, converted waves are defined as a down 

going P wave that converts into an up going S-wave upon reflection.  In this case, P and S 

waves make up the full converted wave.  Shear waves consist of both SV and SH waves.  

In anisotropy studies, the SH or transverse component is important to observe shear wave 

splitting.  For this thesis project, the primary interest for S-wave particle motion is the 

SV, and the media is assumed to be isotropic.    

 

2.5 MULTICOMPONENT POLARITY STANDARD 
 

Knowing the impulse signal polarity of the multicomponent nodes is extremely 

important.  Brown et al. (2000) define the polarities in a right-handed fixed axis 

coordinate system for the geophones (Figure 11) as:  
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X : forward line direction; motion in this horizontal line direction gives positive output 

from the inline phone (right-hand index finger pointing away from body while looking 

along the line from source to receiver) 

Y : direction 90 degrees clockwise from the forward line direction; motion in this 

horizontal direction gives positive output from the cross-line phone (right-hand middle 

finger pointing to the right) 

Z: downward vertical direction; motion in this downward direction give positive output 

from the vertical phone (right-hand thumb pointing down) 

 

 

 

 
Figure 11: Components for a multicomponent seismic node.  Notice Z is positive downwards.  X and Y are the 
horizontal components with a right‐handed fixed Cartesian axis geometry with X defined as the forward inline 
direction and Y defined as the crossline direction.   

 

 Knowing the polarizations of the multicomponent node is essential when 

beginning to handle the seismic data.  If the geophone was positioned incorrectly during 

acquisition, or if its orientation is not known, the data may have flipped polarity when 

being reviewed.  More is discussed in Section 2.7 regarding the importance of knowing 

the orientation of the components when trying to rotate the x and y into radial and 

transverse directions.  Before discussing geophone rotations, a method introduced by 
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Kanasewich (1981) is discussed in the following section about methods to evaluate the 

polarizations, which is necessary to determine the orientation of the geophone.  

2.6 POLARIZATION ANALYSIS FOR DETERMINING GEOPHONE ORIENTATIONS 
 

The polarization analysis technique used was introduced by Kanasewich (1981).  

The theory of polarization properties was first studied for electromagnetic fields in optics 

and radio transmission (Wolf, 1959; Landau and Lifshitz, 1962; Born and Wolf, 1965).  

Later, the theory was incorporated into seismology studies of elastic waves.  I am only 

using this technique to analyze the horizontal component receivers for S-wave 2D 

rotation to a standard receiver orientation. 

Elastic waves displace particles as they travel through the Earth.  This 

displacement shows preferred directions of polarization, which is dependent on the type 

of seismic wave and the elastic properties of the medium.  Polarization is defined by the 

shot to receiver azimuth orientation and to the elastic properties of the medium  

(Guevara and Stewart, 1998).  Polarizations of seismic events are conventionally 

measured in the 3-D sense.  Since this particular study starts with a simplification in the 

2-D sense, the vertical ground motion will not be taken into account.  The main attributes 

of polarization are shape and direction. In an isotropic homogenous medium, the basic 

polarization cases are (Guevara, 2000): 

1. P-wave polarization: linear and in the direction of wave propagation 

2. S-wave polarization: linear and perpendicular to the wave propagation 

The design of the polarization filter was used by Montalbetti and Kanasewich 

(1970) and is a variation described by Flinn (1965).  Flinn implemented a covariance 

matrix algorithm to analyze and filter earthquake multicomponent data using a time 

dependent window.  Eigen analysis on data defined by a time window can approximate 

an ellipsoid.  From the ellipsoid parameters, linearity of the polarization can be observed.  

If the linearity is close to one, then the polarization in linear, and if it is close to zero, the 

polarization is circular (Kanasewich, 1981).  Two main polarization parameters to 

observe when using this method are ellipticity and direction angle.  The direction angle 
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defines the amount of rotation necessary for rotating the horizontal geophone components 

into inline and crossline orientations.  The covariance matrix method uses the common 

receiver gathers for both horizontal component geophones.  Information regarding the 

angle of incidence and amplitude windowed around the first arrival of energy is used in 

the matrix computation.  Further detail in mathematical theory is explained in Appendix 

A.  Examples of the results are displayed in Figure 12 and 13. 

Montalbetti and Kanasewich (1970) introduced a method using a covariance 

matrix to analyze polarized waves.  For the two horizontal components H1 and H2, the 

covariance matrix is: 

                                               (2.5) 

An estimate of rectilinearity of the particle motion trajectory over a specific time window 

can be found by diagonalizing the matrix (Guevara and Stewart, 1998).  For the 

polarization analysis on the Atlantis gathers, the time window was centered over the 

direct arrival.  The resulting two eigenvalues give information on the circularity or 

linearity of particle motion.  λ1 is the largest eigenvalue and λ2 is the smallest, taking the 

ratio of λ1/λ2 gives the circularity of the data.  Rectilinearity is defined as: 

                                                              (2.6) 

 

If f is close to 1 then the polarization is linear. If f is close to 0, the polarization is 

circular. 

If the ellipticity defined by the amplitudes of the two horizontal components is 

high the ellipsoid is closer to a line, and if the ellipticity is very low the ellipsoid becomes 

closer to a circle. The orthogonal horizontal axes define the shape of the ellipsoid and its 

direction is the direction of the principal axis. In the simplest case, the components of an 

ellipse in a 2-D orthogonal coordinate system are two sinusoids and the phase difference 

between the two sinusoids regulates the grade of ellipticity. Thus if they are in phase, the 

ellipse is reduced to a line (the highest ellipticity), while if they are 90° out of phase, the 
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ellipse becomes closer to a circle (minimum ellipticity). More details regarding ellipticity 

are included in Appendix B. When two or more wave modes interfere, even if the pure 

modes are linear originally, the shape changes, becoming more or less elliptical, as shown 

by Zheng and Stewart (1995). 

 

 

 

Figure 12: Node 1020_1014 displaying linearity for the horizontal components.  Linearity is 1 until close to 0 offset.  
This is normal because the seismic source is at and near normal incidence at this point. 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Figure 13: Node 1020_1014 polarization angle with offset. 

 

2.7 2D HORIZONTAL GEOPHONE ROTATIONS 
 

Each node in Atlantis has an independent orientation of horizontal components 

when recording from the sea floor.  A remote operating vehicle (ROV) deployed nodes so 

orientation of the horizontal X (inline) and Y (crossline) component are random to the 

survey layout.  One of the objectives in this research project is to be able to observe the 

seismically converted SV wave energy.  When properly rotated, the P-SV energy will be 

contained in the X (inline) component and Y (crossline) component should not contain 

SV energy unless there are anisotropy effects.  The rotations performed in this project are 

in the 2D horizontal plane.  Due to pitch and roll variations from a true vertical 

orientation on the rugged seafloor, a 3D geophone rotation will yield a more complete 

analysis.  For the nodes used in this project, the seafloor was fairly flat with a 5 degree 

dip at the maximum slope.   

In the Atlantis nodes, there was a compass reading for the orientation of the node.  

The compass was aligned with the X horizontal component of the geophone.  A simple 



 27 

calculation of the rotation angle between the receivers to source azimuth based off the 

compass reading is not always reliable.  To test the best rotation angle, polarization 

analysis was applied using the two horizontal components.  Once the correct rotation 

angles are found, a 2D rotation to align the X component with the source-receiver 

azimuth and the Y component normal or 90 degrees clockwise from X to the source-

receiver azimuth is performed.  The study utilized single line of receiver gathers that 

essentially crossed directly over the node (0 m offset at normal incidence).  Rotations 

placed the inline and crossline components in their respective radial and transverse 

directions as well.  In the 2D case, rotating the horizontal components to inline and 

crossline directions is the same as radial and transverse when the lines are at normal 

incidence.  However, in the 3D case, inline and crossline and radial and transverse do not 

always mean the same thing. “For a right-handed system, the radial component, points 

away from the source and transverse component, points in a clockwise azimuthal 

direction [orthogonal to the radial component] when looking downward in the positive z 

direction” (Gaiser, 2007).  Therefore, X (inline) and Y (crossline) are reserved for 

predefined horizontal directions of the survey layout, shown in Figure 14.  Radial 

indicates the direction of the line from a given shot to the receiver, and transverse is the 

direction 90 degrees clockwise from the radial, shown in Figure 15 (Brown et al., 2000).  
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Figure 14: The yellow star represents a seismic source.  The red lines indicate the horizontal components for six 
receivers in this example.  Notice the top most and bottom most nodes are already placed with X inline with the 
source.  The remaining four will have energy recorded to both horizontal sensors.  

 

 
Figure 15: This is an example of the horizontal components being rotated so that they are in radial and transverse 
directions.  The yellow star represents the seismic source.  Gaiser (2007) states the radial points away from the 
source and the transverse points in a clockwise direction orthogonal to the radial. 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2.8  2D ROTATION TO RADIAL AND TRANSVERSE DIRECTIONS 
 

 After performing polarization analysis to determine the orientation of the 

horizontal geophone components relative to the receiver to source azimuth, the resulting 

rotation angle is substituted into the 2-D rotation matrix below. 

  
                                     (2.7) 

Radial is defined as: 

                                             (2.8) 

Transverse is defined as: 

                         (2.9) 

 

 To show an example of this process, I use node 1020-1014.  The polarization 

angle is displayed in Figure 13.  The approximate angle in the analysis is -53 degrees. 

The source lines run from the northwest to the southeast at an angle of -24.5 degrees, 

counter-clockwise from true north (0 degrees).  From these two values, we can calculate 

the orientation of X, which is 28.5 degrees clockwise of true north at the time of 

acquisition.  Gaiser’s (2007) definition, radial direction is the direction pointing away 

from the source.  The black dot is the static node position on the seafloor in Figure 16.  A 

127-degree rotation in the clockwise direction from original H1 orientation will allow the 

data to be rotated into the radial direction. 
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Figure 16: Display of 2D rotation for node 1020‐1014 into the radial direction for the seismic sources northwest of 
the static node position (black dot).  The blue line represents a single source line.  The blue arrows along the blue 
line indicate the direction of source wavefield propagation, which is toward the node.  This knowledge allows us to 
calculate the receiver to source azimuth.  A rotation of 127 degrees will place the recorded X component into the 
radial direction for seismic waves generated from the northwest region.  

 
In Figures 17 and 18, the raw X and Y components, prior to rotation, are 

displayed for node 1020-1014.  The results after a 2D rotation into radial and transverse 

directions are shown in Figures 19 and 20.  Notice the direct arrival or the first reflection 

is prominent for the radial direction and has little to no energy in the transverse direction.  

This is the first observation to note when trying to determine if the rotation is successful.  

The direct arrival is a seismic P-wave generated by the source on the seismic vessel.  It 

cannot be a S-wave because S-waves cannot travel through the water column from the air 

gun to the seafloor.  From the discussion of particle motion for P-waves, the particle 

motion is in the direction of travel of the ray and lies within the vertical plane defined by 

source to receiver (Tatham and McCormack, 1991).  Ideally, there should not be energy 

in the transverse component in a flat-layered and isotropic Earth.  The transverse data 

shown in Figure 20 however does show energy recorded into the transverse component 

later than the direct arrival.  This energy is probably residual reflections from mode-
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converted shear waves.  For the research objective of interest, the transverse component 

is ignored.  The radial component is used for velocity analysis, discussed in Chapter 5.  

The radial component is assumed to contain the majority of the S-wave reflected energy.  

 

 
Figure 17: Node 1020_1014 raw X component gather. 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Figure 18: Node 1020_1014 raw Y component gather. 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Figure 19: Node 1020_1014 gather rotated into the radial direction. 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Figure 20: Node 1020_1014 gather rotated into the transverse direction. Note the essentially lack of energy at the 
time of the direct arrival.  This figure is plotted with the same scale as Figure 19. 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CHAPTER 3: EATON’S ALGORITHM 

3.1 OVERVIEW  
Eaton’s (1969) equation for estimating pore pressure trends from seismic 

velocities is tested for observed PS-wave velocity values obtained the six nodes in 

Atlantis Field.  Eaton’s method relates pore pressure to deviations in P-wave velocity 

from an established depth trend.  The underlying assumption of the Eaton’s method is 

that the ratio of P-wave velocity values obtained from regions of abnormal and normal 

pressure through an empirically determined exponent can be related to the effective stress 

ratio of an abnormal and normal region (Kumar et al., 2006).  The exponential 

relationship is found to be a general value in the Gulf of Mexico and can be extended to 

other Tertiary basins (Eaton and Eaton, 1997).  Eaton’s method is restricted to P-wave 

velocity values.  Ebrom et al. (2003) incorporate S-wave velocities from multicomponent 

surveys into a modified Eaton’s equation for pore pressure prediction.  As discussed 

earlier, S-waves velocities are more sensitive to changes in pore pressure than P-wave 

velocities (Ebrom et al., 2002).  The equations for calculating the increase in sensitivity 

are discussed in Section 3.2.  

Eaton’s equation (1969) is originally written as:  

     (3.1) 

 ρ/D is predicted formation pressure gradient in psi/ft 

S/D is the overburden stress gradient 

P/Dn is the normal pore pressure gradient 

∆tn is the normal hydrostatic shale travel time 

∆to is the observed shale travel time 

E is Eaton’s empirically determined exponent  

The change in travel time can immediately be converted to interval P-wave velocities 

from a seismic survey by substituting P-wave velocity values for travel times in the last 

term: 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         (3.2) 

 Vpo is observed P-wave interval velocity 

Vpn is normal hydrostatic P-wave interval velocity 

 

From this point, a re-arrangement in parameters can be done to enhance the physical 

insight offered by the equation.  Subtract S/D from each side and then divided by the 

quantity –(S/D - ρ/D).  

                     (3.3) 

For the terms on the left side of the equation, overburden minus pore pressure yields the 

effective stress value for both observed and normal (hydrostatic) regions.  The final 

equation can be written as:   

               (3.4) 

Vpo = P-wave velocity value for the observed region 

Vpn = P-wave velocity value of a normally pressured region 

σeff,o =  predicted effective stress value 

σeff,n = effective stress value of a normally pressured region 

Ep = empirically determined Eaton’s P-wave exponent 

The velocity values are the interval velocities for both normal and observed 

conditions.  More information for velocity terms is found in Chapter 6.  Since P-wave 

and S-wave velocities are determined separately, PS-wave interval velocity is assumed to 

be the square-root of the product Vp and Vs.  This allows for the substitution of Vps into 

the modified Eaton’s equation (Tessmer and Behle, 1988).   

              (3.5) 
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After determining Vps, a modified Eaton’s equation for converted waves can be written 

as: 

                  (3.6) 

Vps,obs = PS-wave velocity value for the observed region 

Vps,n = PS-wave velocity value of a normally pressured region 

σobs =  predicted effective stress value 

σn = effective stress value of a normally pressured region 

Eps = empirically determined Eaton’s PS-wave exponent 

  
E is Eaton’s exponent, which is creatively called the E value.  It is normally 

assumed to be a value of 3.0 for P-waves (Eaton and Eaton, 1997).  Ebrom et al. (2003) 

modeled values of E for both P and S waves with varying depths and the degree of 

overpressure.  In areas of moderate overpressure, Ep has a range of 3.0 to 3.5 and Es 

values vary between 2.5 to 2.7 (Ebrom et al., 2003).  Converted waves for this equation 

are by definition a downgoing P-wave and upcoming reflected S-wave so it’s expected 

that Eps should have a value intermediate between Ep and Es.  Ebrom et al. (2003) 

compute a range for Eps between 2.5 to 3.0 over a sediment depth range of 1000 m to 

3000 m.  For this research study, a value of 2.6 for Eps is assumed.  

3.2  SENSITIVITY OF P AND S WAVES TO PRESSURE 
 

Commonly, widely available seismic P-wave data are used to estimate subsurface 

pressure regimes for marine environments.  With the rise of marine multicomponent 

surveys, the uses of converted waves are being incorporated into tools for pore pressure 

estimation.  Shear wave velocities inherently are more sensitive than P-waves to pressure 

variations.  Further, in areas where P-wave data are distorted by shallow gas, S-wave data 

may offer an alternative source of information.  This results from the lack of sensitivity to 

the fluids themselves, concentrating the sensitivity of the S-wave velocities on the 

rigidity µ and its sensitivity to the actual strength of the grain-to-grain contacts.  Shear 
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waves may also be more easily affected by lithological variations than P-waves, 

especially in sand-shale sequences.  With this being said, using converted waves to obtain 

shear waves velocities for pressure prediction should be applied with the knowledge that 

shear-wave velocities are also affected by other signals outside of pore pressure 

variations (Ebrom et al., 2002).   

 The following paragraphs describing how shear-waves velocities are inherently 

more sensitive to pore pressure was published by Ebrom et al. (2002).  To test they 

hypothesis that converted waves have a higher sensitivity than P-waves, a test was 

conducted by ray-tracing seismic waves through a simple earth model.  The model was 

1D with a simple combination of 50% sand, 50% clays where the sediments are assumed 

to compact normally.  The only variable is porosity decreases and density increases with 

depth.  Using porosity, effective pressure, and clay percentage, empirical relationships for 

Vp and Vs can be calculated for each layer.  The following equations are from Eberhart-

Phillips el al. (1989).   More information regarding Eberhart-Phillips is discussed in 

Chapter 7.  

     (3.7) 

                 (3.8) 

Relative sensitivity of P and S wave velocities to perturbations in porosity, clay 

percentage, and effective pressure can immediately be inferred by normalizing the 

equations by their constant coefficients, 5.77 and 3.7 respectively.  

    (3.9) 

            (3.10) 

By analyzing ratios of the coefficients for the three parameters, S-wave velocities 

are 11% more sensitive to variations in porosity, 40% more sensitive in variations to clay 

percentage, and 27% more sensitive to variations in effective pressure than P-wave 

velocities.  These percentages only give an estimated value for the marine sediments in 

the Gulf of Mexico.  Eberhart-Phillips et al. (2002) derived these regressions from a 
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limited number of samples.  One of the criticisms regarding the Eberhart-Phillips velocity 

equations is the shear-wave velocities are slightly too high in shales when compared to 

real measurements in deep water, which will results in conservative estimates in Vp/Vs 

ratios (Ebrom et al., 2002).   

 Ebrom et al. (2002) conclude that shear-wave and converted wave velocities are 

more sensitive to overpressure than P-wave velocities for shallow layers.  The difference 

in sensitivity begins to decrease with depth.  Shear wave velocities are more sensitive 

than compressional wave velocities to variations in effective pressure by 27%.  Further, 

S-waves have a more acute sensitivity to variations in clay percentage than P-waves.  For 

the modeling in this research, porosity and clay percentage remain constant.  Effective 

pressure values will fluctuate based on background velocity values.  
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CHAPTER 4: WAVEFIELD SEPARATION AND 
DECONVOLUTION 

 

The concept of wave field separation was introduced by Schneider and Backus 

(1964) using ocean bottom seismic measurements off the California coast.  There are a 

few critical steps highlighted to separate the upgoing and downgoing wavefields.  Figure 

21 shows basic responses of a multicomponent sensor.  These three responses in the 

figure are important for separating wavefields.  The Y (cross-line) horizontal geophone is 

assumed to contain almost no energy and is ignored. 

 

 
Figure 21: Basic responses of a multicomponent sensor (Backus et al., 2006). 

 

First, an appropriate calibration between a hydrophone (P) and horizontal 

geophone (X) response must be made.  Hydrophones are pressure measurements, 

whereas geophones record particle velocity measurements.  I simplified this step by 

applying a scalar value to normalize amplitudes between the two instruments.   After the 

calibration, the seafloor hydrophone response (P) can be combined with the seafloor 

vertical response (Z) to create isolated downgoing (D) and upgoing (U) wavefields using 

the relationships expressed in the frequency domain (Backus et al., 2006).  
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      (4.1) 

      (4.2) 

D = downgoing wavefield 

U = upgoing wavefield 

P = hydrophone response 

Z = vertical geophone response 

φ = angle of incidence at the surface 

 

The idea is having access to the downgoing and upgoing wavefields so sub-

seafloor reflectivity can be recovered by taking the ratio U/D in the frequency domain.  If 

we look at Figure 22 and 23, the bubble pulse generated by the source interferes with the 

P-P reflections.  The P-P reflections are the U-shaped curves because the image has been 

flattened to the seafloor reflection, thus overcorrecting the reflections.  The bubble pulse 

dominates the portion between 1.4 to 1.8 seconds, which is approximately the first half-

second below the seafloor.  Since the primary interests in this study are in the shallow 

sediments in the subsurface, some processing procedures need to be applied before 

velocity analysis.   
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Figure 22: Raw vertical geophone component with seafloor (yellow) flattened at 1.4 seconds. The bubble pulse (B) 
marked with the red lines is dominant in the reflections near the seafloor.  The P‐P reflections (R) are marked with 
the green lines.  

R 

B 
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Figure 23: Raw hydrophone gather with seafloor flattened. The red lines indicate the bubble pulse (B) resonating 
through the subsurface.  The U‐shaped curves are the P‐P reflections. 

  
 The procedure to improve the data quality is presented in the study published by 

Backus et al. (2006).  To obtain the sub-seafloor reflectivity in the shallow sections, the 

Fourier transforms of the up and downgoing wavefields are calculated through a simple 

combination of the raw hydrophone and vertical geophone seismic data sets for the 

particular nodes of interest.  At each offset, the upgoing wavefield is divided by the 

downgoing wavefield.  The output after applying an inverse Fourier transform is shown 

in Figure 24, with a Butterworth frequency filter applied.  The frequency filter creates a 

larger halo around the seafloor reflection that can be ignored during the velocity analysis 

process.  The bubble pulse is attenuated through this basic deconvolution process.   

  

B 
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Figure 24: Deconvolved P‐P gather with a high pass Butterworth filter applied. The seismic data has been shifted to 
0 seconds, eliminating the travel time through the water column. The yellow line is the sea floor. 

 
 Deconvolution was not applied to the radial component containing PS reflection 

data.  The PS data displays enough continuity and clarity in the shallow reflections for a 

first pass velocity analysis.  Figure 25 shows an example of the radial component 

containing converted wave seismic data.  The seismic data has been flattened to the 

seafloor.  For a more detailed velocity analysis, more refinement in the hydrophone to 

geophone calibration and in the deconvolution process is necessary for both P-P and P-S 

seismic data sets.  Other processing procedures such as applying a mute above the 

seafloor to remove residual noise, frequency filtering, removal of bad traces, 3-D 

geophone rotation, etc. is critical when analyzing the multicomponent nodes in a 3-D 

sense. The overall goal for applying these processing steps is to clean the seismic data 

enough to interpret velocities.  
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Figure 25: Radial component P‐SV gather with seafloor flattened. The seismic data has been shifted to 0 seconds, 
eliminating the travel time through the water column.  Reflections seen in this example are the mode converted 
shear waves. The yellow line indicates the sea floor. 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CHAPTER 5: VELOCITY ANALYSIS USING A RAY-TRACING 
APPROACH 

 

 I used a layer-stripping algorithm using ray-tracing techniques to estimate P and S 

wave velocities included in EGLtools written by researcher Paul Murray from the Bureau 

of Economic Geology in Matlab to estimate P and S wave velocities.  This velocity 

estimation technique takes on a layer-stripping ray tracing approach for velocity 

estimation through the correlation of PP and PS data.  This means PP and PS reflections 

have a joint interaction through depth registration of the PP and PS reflection times.  The 

program allows the user to provide the thickness (m) between each user-defined layer.  

From this point, P and S wave velocities are adjusted in conjunction to the thickness until 

an appropriate registration for PP and PS is found.  Registration or correlation for a 

specific reflection layer is set when both the P-P and P-S seismic reflections are correctly 

flattened.  P and S velocities are computed as interval velocities for each selected 

interval.  Once the parameters for the first layer are found, the user repeats the approach 

for the next layer in depth.  This method employs ray tracing down to the desired 

sediment depth.   

 It is useful to define a few velocity terms.  The following are taken from Sheriff’s 

Encyclopedia discussions, 2002.  

Average velocity is the ratio of distance along a certain path to the time to traverse the 

total path. It is defined as: 

              (5.1) 

and generally represents the average velocity from the surface to the reflectivity 

interface. 
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Interval velocity is the average velocity over some interval of travel path.  It is often 

approximated by Dix velocity when calculated from actual seismic travel times and 

source-receiver offsets. Dix’s velocity equation is defined as: 

         (5.2) 

 Where Vn is the rms velocity and tn is the zero-offset arrival time for the nth reflection. 

This is generally take fas the average velocity in the same interval between reflecting 

boundaries. 

 

Root-mean-square (rms) velocity refers to a specific raypath, assuming horizontal 

layers 

     (5.3) 

The rms derived velocities are typically a few percentages larger than corresponding 

average velocities to the reflector depth. 

  

Observed P and S wave velocities from the EGLtools software package are 

provided as interval velocities between two reflectors.  Figure 26 shows an example of 

the P-P and P-S registration process for seismic wave velocity.  The yellow curve is the 

active reflective layer evaluated.  The black curves show the different layers defined by 

the user.  The velocity analysis is based off a top-down approach beginning at the first 

observable reflection below the seafloor.     
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Figure 26: Example of velocity analysis from EGLtools. The yellow curve shows the active layer.  

 
 Figure 27 is an example of flattening the active reflecting layer.  It takes the 

correct velocity to horizontally flatten the reflection.  The registration process occurs 

when both the PP and PS gather have their reflections flattened.  Note the yellow 

reflector in the PP gather at approximately 0.22 seconds correlates to the yellow layer in 

the PS gather at approximately 0.81 seconds.  Since S-waves travel more slowly than P-

waves, the same reflection for a downgoing P-wave and upgoing reflected S-wave gather 

will have a greater two-way travel time than a gather consisting of a downgoing P-wave 

and upgoing reflected P-wave.  
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Figure 27: Example of a flattened layer in yellow.  Once both reflections are flattened horizontally, velocity values 
are recorded and the user moves onto the next layer.   

 
 Interval velocity is plotted during the velocity analysis procedure as seen below in 

Figure 28.  The blue plot displays the interval Vs values, and the green plot displays the 

interval Vp values.  The plot shows both compressional and shear wave velocities are 

increasing with depth down to 800 meters below the seafloor.   
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Figure 28: Velocity model. Blue is the Vs interval velocity with depth. Green is the Vp interval velocity with depth. 

 

The depth limit of the velocity analysis for this data set is around 800 m below the 

seafloor.  A lack of coherent reflections for both P-P and P-S gathers prevents velocity 

analysis deeper than 800 m.  In Figures 26 and 27, reflections below 0.8 seconds for the 

P-P gather are difficult to identify.  Reflections below 1.2 seconds for the P-S gather 

become discontinuous and sporadic with offset.  Originally, Dr. Milo Backus and Paul E. 

Murray employed this method for the study of gas-hydrate targets.  They state the method 

is not generally applicable for deeper targets (Backus et al., 2006).  Fortunately, the 

objective of this thesis focuses on the shallow sediment depths (less than 1km).    

The estimated P and S wave velocity values for the six nodes are used as the 

Vps,obs (equation 3.6) parameter in Eaton’s modified equation for pore pressure 

estimation.  The background velocity parameters for a normally pressured environment 

are discussed in Chapter 7.  Appendix C displays all the velocity values interpreted from 

the six nodes.  
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CHAPTER 6 OVERPRESSURE THEORY 

6.1 OVERVIEW 
 The ability to predict and estimate zones of abnormal fluid pressure from 

remotely recorded seismic data can significantly impact safety, drilling and well designs, 

and help minimize costs associated with exploration drilling and exploitation.  Pore 

pressure estimates add another set of observations that can be compared and contrasted 

with existing log data to develop a more complete picture of the necessary means to 

execute a development and production project.  In this thesis, the objective is to utilize 

marine multicomponent node data to develop a method to evaluate velocity values for 

both P and P-SV waves, and use this additional information to predict subsurface fluid 

pressure in the shallow sediments.  From these velocity values, a modified Eaton’s pore 

pressure prediction algorithm is used to estimate effective stress values to estimate 

deviations from normally pressured conditions.  Any deviation from the normal 

hydrostatic pressure indicates the presence of abnormal pore pressure.   

  

6.2 OVERPRESSURE INTRODUCTION 
 

To understand the scope of the research, it is important to define some key terms 

relating to fluid pressures (Mouchet and Mitchell, 1989).  Before discussing definitions, 

note the terms “pressure” and “stress” is assumed to be used interchangeably even though 

pressure is an isotropic force whereas stress is a tensor.  Pore pressure is defined as the 

pressure of fluid in the pore space of the rock.  Hydrostatic pressure is the pressure 

exerted by the weight of a static column of fluid from the surface to a given depth.   The 

dimensions and geometry of the fluid column do not affect the hydrostatic pressure.  The 

equation for hydrostatic pressure is defined as: 

              (6.1) 

Ph = hydrostatic pressure (Pascals) 

ρf  = fluid density (kg/m3) 



 52 

g = acceleration due to gravity (m/s2) 

z = vertical height of fluid column (m) from the sea surface 

 

The bulk density of sediment is a function of matrix density, porosity, and density 

of the fluid within the pores and can be expressed as: 

              (6.2) 

ρb = measured bulk density 

ρm  = matrix density 

ρf  = fluid density   

φ = fractional porosity (between 0 to 1) 

 

Overburden pressure is the pressure exerted by the weight of the overlying 

sediments at a given depth.  This includes both solid and fluid material.  The overburden 

pressure is also referred to as the lithostatic stress.  Overburden stress is defined as: 

      (6.3) 

S = overburden pressure (Pascals) 

ρb = mean bulk density of the sediment (kg/m3) 

g = acceleration due to gravity (m/s2) 

z = depth below sea surface (m) 

 

Overpressure is subsurface pore pressure that is abnormally high, exceeding the 

hydrostatic at a given depth.  When describing overpressures, it is important to 

understand effective stress.  It is defined as the difference between overburden stress and 

pore pressure.  In a normally pressured environment, pore pressure is equal to the 

hydrostatic pressure.  Effective stress is the amount of overburden stress that is supported 

by the rock matrix and is defined as: 
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               (6.4) 

σeff  = effective stress (Pascals) 

S = overburden stress (Pascals) 

p = pore pressure (Pascals) 

 

 Figure 29 is an example of an overpressured environment.  The red line is the 

pore pressure gradient that is deviating away from the hydrostatic pressure.  Any 

deviation away from the hydrostatic line marks the presence of overpressure.  When 

effective stress is a small value, high overpressure exists because the pore fluid trapped 

within the pore space is supporting much of the overburden stresses.   

 

 

 
Figure 29: Overpressure diagram modified from Bruce and Bowers, 2002. The red line indicates the pore pressure 
curve.  Any deviation from the hydrostatic line indicates overpressure. 

 

In a normally pressured environment, effective stress should increase with depth.  

In an abnormally pressured environment, the abnormal effective stress will be less than 
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the normal effective stress at the same given depth.  This occurs when the pore pressure 

exceeds the hydrostatic gradient causing the overall value of the effective stress to 

decrease.  When this happens, the pore fluid pressure begins to support or bear part of the 

weight of the overburden (Bruce and Bowers, 2002).  However, pore pressure does not 

usually reach the overburden stress.  When pore pressure approaches the overburden 

stress, fractures in the rock open and release the fluids and pressures.   

 Commonly in drilling, equivalent mud weight (EMW) is used as the basic 

measure of pressure gradient.  Weight by itself does not imply a gradient but when it is 

equated to volume then it can be related to gradient.  For example, when mud weight is 

10.5 lbs/gallon, this is describing a density.  The conversion factor is 1 lb/gallon is equal 

to 0.0519 psi/ft (Bruce and Bowers, 2002).  Drillers commonly use the unit psi/ft.  The 

calculations discussed for pore pressure estimation will primarily use units in Pascals 

(N/m2).  A good test of the formation pressure is made by observing the density of the 

mud weights required to prevent a rise in fluid level in the well.  Having the mud weight 

data can confirm the results from seismically estimating the degree of overpressure using 

converted waves.  To prevent kicks while drilling, the mud weight is typically kept 

slightly higher than the formation fluid pressure at a given depth.  When drilling through 

an abnormally pressure zone, the mud density increases to maintain pressure equilibrium 

in the formation (Bruce and Bowers, 2002).   

 

6.3 CAUSES OF OVERPRESSURE 
 

 There are four general categories that lead to overpressure: undercompaction, 

thermal expansion, lateral transfer, and tectonic loading (Bowers, 2002).  In a normal 

pressured region, formations maintain hydraulic communication with the surface during 

burial.  The effective stress continues to increase with depth.  In overpressured zones, the 

effective stress decreases when abnormally high pore pressure exists.  Undercompaction 
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is highlighted as the main cause of overpressure in Atlantis.  This is discussed further in 

Section 6.4.  The other three categories are described in Section 6.3.2. 

6.3.1 Undercompaction Cause 
 

 Undercompaction occurs when sedimentation rate exceeds the rate of fluid 

expulsion from pore space as pores are trying to compact.  This can occur when low 

permeability prevents pore fluids from escaping while sedimentation is occurring.  

Excess pressure increases as the weight of the overburden sediment deposits continue to 

deposit on top of the pre-existing layers.  Undercompaction commonly occurs in a 

transition zone from a sand-prone to shale prone environment (Bowers, 1995).  During 

burial, increasing overburden is the prime cause for fluid expulsion to happen (Mouchet 

and Mitchell, 1989).  The fluid trapped in the pore spaces begin to partially support the 

stress imposed by the overburden, this is why pore pressure increases in overpressured 

zones.   

Terzaghi and Peck (1948) experimentally simulated the role of drainage in clay 

compaction.  First a simple relationship was established for overpressure pressure or total 

stress. 

 

         (6.5) 

S = overburden pressure or total stress 

P = formation fluid pressure 

σeff = pressure supported by the matrix or effective stress 

 

The conclusions of the experiment suggested undercompaction occurs when the 

interstitial fluids support part of the overburden load.  This effect simultaneously retards 

any reduction in porosity or increase in density (Mouchet and Mitchell, 1989).  
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Rubey and Hubbert (1959) define an exponential function relating porosity and depth in 

normal compaction conditions as: 

          (6.6) 

φ = clay porosity at depth z 

φ0 = surface porosity at depth = 0 

c = constant 

The constant c is the value of the slope of normal compaction.  Clay porosity can 

vary between 80% to less than 10% over a 5000m interval (Mouchet and Mitchell, 1989).  

The amount of water that is expelled from pore space can be considerable.  The equation 

above shows that the clay porosity has the potential to decrease exponentially as depth (z) 

increases.  A reduction in the clay porosity results with an increase in the bulk density.   

In clays, the decrease in sediment porosity due to compaction is dependent on the 

weight of the sediments or overburden.  In normal circumstances, clay compaction 

involves a combination of three variables to maintain equilibrium: clay permeability, 

sedimentation and burial rate, and drainage efficiency.  If permeability is low then water 

cannot be expelled immediately.  At a given sedimentation rate, Kmin is defined as the 

minimum allowable permeability that will permit the compaction equilibrium to be 

maintained.  If the permeability in clay drops below the Kmin, the fluid expulsion rate 

decreases and abnormal pressures are created until the expulsion is complete.  If 

sedimentation rate throws off the equilibrium conditions, a greater volume of fluid must 

be expelled from the pore space in order for equilibrium to be maintained.  Therefore, 

Kmin  needs to increase for balance to be preserved.  However, permeability does not 

typically vary greatly in sediments at a certain depth so it can be stated “pore pressure 

intensity is dependent on the sedimentation rate” (Mouchet and Mitchell, 1989).   

6.3.2 Thermal Expansion, Lateral Transfer, and Tectonic Loading 
 

 Thermal expansion causes abnormal pore pressures during stages of heating, 

hydrocarbon maturation, and the expulsion/expansion of intergranular water during clay 
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digenesis (Bowers, 1995).  In thermal expansion, overpressure is generated when the rock 

matrix constraining the pore fluid as the pore fluid tries to increase in volume from 

heating (Bowers, 2002).  The pressure in an isolated volume increases with increasing 

temperature more rapidly than the surrounding fluids above a certain geothermal gradient 

(Barker, 1972).  Thermal expansion can occur when the following conditions are 

satisfied: environment is isolated, constant pore volume, and increases in temperature 

(Mouchet and Mitchell, 1989).  Unlike undercompaction, fluid thermal expansion can 

cause effective pressure to decrease as sedimentation occurs.  Commonly, unloading is 

often associated to the decrease in effective pressure.  Thermal expansion can reduce the 

load carried by the rock grains when fluid contained in the pore spaces expands in 

volume (Bowers, 2002). 

Overpressure caused by lateral transfer can occur when a sealed interval has pore 

fluid transferring in from an interval containing higher pressured fluids (Bowers, 2002).  

Lateral transfer is termed as high pore pressures generated by water flowing along 

laterally extensive inclined permeable aquifers (Yardley and Swarbrick, 2000).   

Overpressure can occur when trapped pore fluid is squeezed by tectonically 

driven lateral stresses.  This is similar to undercompaction when pore pressures increase 

when trapped pore fluids are being squeezed from the sediment loading (Bowers, 2002).  

In a tectonically driven scenario, pore pressure may increase similarly to rapid 

sedimentation when lateral compression occurs quickly while faults form effective seals 

to trap pore fluids within the formation (Dutta, 1987).  

 

6.4 Undercompaction as the Cause of Overpressure in Atlantis 
 

Undercompaction is believed to be the primary cause of overpressure in Atlantis 

Field in the shallow subsurface at the particular locations down dip of the Sigsbee 

Escarpment analyzed in this study.  The Sigsbee Escarpment is the dominant bathymetric 

feature within the Atlantis Field area (Orange et al., 2004).  The feature is the seafloor 



 58 

expression of the edge of an underlying allocthonous salt canopy (Mannaerts et al., 2005) 

located northwest of study area.  The shallow geology from the seafloor to 1000 m in 

sediment depth is a combination of turbidites and hemi-pelagic clays and 

compartmentalized mass transport complexes (Mannaerts et al., 2005).  Mass transport 

complexes (MTCs) are extensive deepwater deposits that can occur in both slope and 

basin settings.  These deposits can be transported in sheets, lobes, and channel fills.  The 

location of MTCs can originate around the shelf edge, mid to upper slope, and on the 

flanks of salt diapirs.  Flows that originate on the slope are more likely to be mud prone 

whereas flows that originate at the shelf edge have a better chance of containing sand or 

some type of mixed sand and mud matrix (Posamentier, 2005).   

Shallow water flows (SWF) are poorly consolidated geopressured sands where 

fluid flows in the shallow sediments near the seafloor can cause long-lasting uncontrolled 

flow up a borehole, well damage, formation compaction, and damaged casing 

(Ostermeier, 2002).  They are known to occur in almost all deepwater ocean basins where 

sedimentation rate is high.  Unconsolidated sediments with high sedimentation rates 

characterize the overpressured zone and low permeability seals that prevent pore fluids 

from escaping.  For example, if an unconsolidated sand body is in shale or mudstone, 

water from the sand body cannot easily escape from the pore space due to the low 

permeability seal around them.  From the high rate of sedimentation from the overburden 

on top of the sand body and the lack of fluid expulsion, pore pressure builds into 

abnormally high levels above the normal hydrostatic value (Mallick and Dutta, 2002).   

  Huffman and Castagna (2001) and Zimmer et al. (2002) discuss static rock 

properties of SWF sediments from laboratory experiments.  They found the 

unconsolidated sediments displayed low bulk densities and abnormally low P and S wave 

velocity values.  When effective stress increases, compaction causes porosity to decrease.  

The material is more solid and the framework is more rigid at higher effective stresses.  

Contrastingly, when increases in effective stresses are slow, compaction is impeded 

causing the materials to maintain a higher porosity than normal.  Compressional 

velocities show a modest change with observed pore pressure changes.  However, shear 
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wave velocities often show larger changes with small changes in pore pressure as a 

material moves close to critical porosity which results in a low rigidity associated with 

grain contacts and directly affects the S-wave (Huffman and Castagna, 2001).  Castagna 

(1993) suggest that below a certain effective stress where pore pressure is abnormally 

high, there is a rapid increase in Vp/Vs ratio.  In regions S-wave velocities are 

anomalously low due to loss rigidity that can be tied to the lack of strength of the material 

and its susceptibility to liquefaction and formation collapse.   

Undercompaction occurs when rapid sedimentation traps pore fluid in pore spaces 

preventing fluid expulsion as sediments try to compact.  During a series of batch set 

drilling programs of 15 production wells, several shallow water flow sand intervals were 

encountered.   These SWFs were associated with buried compartmentalized mass 

transport complexes (Mannaerts et al., 2005).  As stated in Section 6.3.1, 

undercompaction typically occurs in transitional environment from sand prone to a shale 

prone region (Bowers, 1995).  My interpretation suggests the overpressure regions in 

Atlantis fields are caused by the rapid sedimentation generated by the mass transport 

complexes.  These MTC’s are likely to be a result of slump deposits produced by slope 

failures on the Sigsbee Escarpment due to internal forcing such as overpressure and 

weakening (Orange et al., 2003).   
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CHAPTER 7: EATON’S METHOD USING ATLANTIS DERIVED 
VELOCITIES 

 

Eaton’s equation for pore pressure prediction relates the ratio of seismic 

propagation velocity trends between observed velocities and those in a normally 

pressured setting raised to an empirically determined exponent to the ratio between 

effective pressure for predicted and normal pressured conditions.  The values used for 

observed velocities and observed effective stress were analyzed using EGLtools. 

Preliminary analysis with background velocity depth trends (from various areas), 

utilizing Hamilton and Eberhart-Phillips observed data, were conducted and shown in 

Figures 30 to 35.  More refined published analysis (Mannaerts et al., 2005) is referenced 

in Figures 36 to 40.  Plots of the results from this study are included in Figures 41 and 42.  

The values plotted in Figures 41 and 42 include a linear regression computed from the 

distribution of velocities from the six nodes.  Table 3 is created using the linear 

regression equation to interpolate P and S wave velocity values from 0 m to 800 m below 

the seafloor.  I use two different sets of velocity equations as the input for background 

velocities in a normally pressured environment.  These two sets are velocity regressions 

developed by Hamilton (1979) and Eberhart-Phillips et al. (1989).  Effective pressure 

following a normal pore pressure gradient is the other parameter required for Eaton’s 

equation.  I developed an overburden gradient for deepwater Gulf of Mexico sediments 

using bulk density values from deep-sea drilling location URSA 1324A provided by the 

Integrated Ocean Drilling Program (IODP).  Ursa is approximately 100 km from Atlantis 

and has water depths around 1000 m.  Effective pressure under normal pressured 

conditions is determined by subtracting hydrostatic values from the overburden gradient 

at given depths.  Then, I solve Eaton’s equation for predicted effective pressure.  The 

results show that overpressure calculated from P and S wave velocity values do exist in 

the subsurface from 0 to 800 m below the seafloor.  However, specific zones of high 

overpressure were not distinguishable from the interpretation of Atlantis data.  Details 
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regarding why the occurrence of overpressured zones and its magnitude could not be 

deciphered is discussed throughout the chapter.  

 Atlantis bulk density measurements were not available.  Field bulk density 

measurements from the URSA log were used in the analysis.  From the similarities in 

sediment geologic age and nature of deposition, I assume the URSA bulk density values 

were an appropriate fit for constructing an overburden gradient to use for Atlantis.  The 

Ursa basin is located 210 km south-southeast of New Orleans, Louisiana.  Sediments are 

from turbidity deposits in the late Pleistocene from the ancestral Mississippi River 

(Flemings et al., 2008).  These sediments are the same geologic time period as Atlantis.  

Water depths for URSA are less than Atlantis with an average water depth of 1000 m 

contrasted to average water depths in Atlantis of 2000 m.  Both locations are considered 

deepwater sedimentation environments.    

7.1 HAMILTON VELOCITY OBSERVATIONS 
 

In the 1970’s, Hamilton published extensive laboratory and field research 

measurements on marine sediments and rocks to analyze compressional and shear wave 

velocities in oceanic sediments.  Hamilton performed measurements for both sands and 

silt-clays and has separate analyses for both types of sediments.  The equations used for 

Atlantis are from the silt-clay and turbidite regressions.  Hamilton analyzed 20 areas of 

mostly turbidites and silt clays in the Indian Ocean, Atlantic Ocean, Caribbean Sea, and 

the Gulf of Mexico.  The data was statistically analyzed and average values for 

compressional wave velocity gradient were determined.  The regression equation for the 

compressional wave velocity measurements is given as: 

        (7.1) 

D = sediment depth in meters below seafloor 

 

Hamilton also performed laboratory experiments for shear wave velocities.  He 

used 47 in-situ measurements of silt-clays and turbidites to sediment depths of 650 m.   
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Three depth dependent regression equations are used to characterize shear waves in 

various depth intervals.  Velocity curves for both P and S waves are shown in Figure 30, 

and the velocity values are displayed in Table 1.  

  

Shear wave velocity equations: 

0 to 36 m interval is: 

      (7.2) 

 36 to 120 m interval: 

       (7.3) 

120 to 650 m interval:  

      (7.4) 

D = sediment depth in meters below seafloor 

 

 
Figure 30: Graph showing Hamilton’s observations of Vp and Vs equations for siltyclay sediments 
extrapolated to 1000 m of sediment depth (Hamilton, 1979). 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Depth (m)  Vp (m/s)  Vs (m/s)  Vp/Vs  Vps (m/s) 

0  1511  116  13.03  419 
100  1634  365  4.48  772 
200  1744  438  3.98  874 
300  1842  496  3.71  956 
400  1930  554  3.48  1034 
500  2010  612  3.28  1109 
600  2082  670  3.11  1181 
700  2149  728  2.95  1251 
800  2212  786  2.81  1319 
900  2272  844  2.69  1385 

1000  2331  902  2.58  1450 
 

Table 1: These are values from Hamilton’s velocity equations. Depth represents the sediment depth in 
meters below the seafloor.   

 

7.2 EBERHART-PHILLIPS VELOCITY OBSERVATIONS 
 

 The Eberhart-Phillips developed velocity equations from laboratory observations 

of P and S wave velocities in oceanic sediments.  I used them in conjunction with the 

Hamilton equations for background velocities.  Eberhart-Phillips et al. (1989) discuss 

empirically determined relationships among seismic velocity, effective pressure, porosity, 

and clay content in sandstone.  Laboratory measurements were performed on a collection 

of 64 different sandstones.  For each sample, relationships between effective pressure and 

P and S wave velocities were determined.  The main difference between the Hamilton 

and Eberhart-Phillips velocity equations is that the latter utilize three parameters: 

porosity, clay content, and effective pressure, whereas Hamilton used a best fitting linear 

equation to relate his laboratory measurements.  The P and S wave velocity curve is 

shown in Figure 31, and the velocity values are in Table 2.  The velocity equations for P 

and S waves are defined as: 
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     (7.5) 

    (7.6) 

φ = fractional porosity varying with depth (from 0 to 1) 

P = fractional clay content (from 0 to 1) 

σeff = effective pressure  

 

I use a depth dependent porosity equation to model the change in porosity with depth as 

an input into the Eberhart-Phillips Vp and Vs equations. 

      (7.7) 

K = minimum porosity at maximum depth and is set to zero 

φ = porosity varying with depth 

φ0 = initial porosity at the surface 

c  = constant with dimensions of pressure, set at 5200 psi  

σeff  = effective pressure (psi) 

 

 
Figure 31: Values from Eberhart‐Phillips Vs and Vs regressions (Eberhart‐Phillips et al., 1989). 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Depth (m)  Vp (m/s)  Vs (m/s)  Vp/Vs  Vps (m/s) 

0  1325  253  5.24  579 
100  1471  364  4.04  732 
200  1605  465  3.45  864 
300  1728  558  3.1  982 
400  1843  644  2.86  1089 
500  1949  724  2.69  1188 
600  2048  797  2.57  1278 
700  2141  867  2.47  1362 
800  2228  931  2.39  1440 
900  2311  992  2.33  1514 

1000  2389  1050  2.28  1584 
 

Table 2: These are values from EberhartPhillips velocity equations. Depth represents the sediment 
depth in meters below the seafloor.   

The velocity regressions are unique in their incorporation of clay percentage, 

porosity, and effective pressure.  Seismic velocity has a strong dependence on the 

effective pressures (Todd and Simmons, 1972).  The percentage of clay content is 

significant in determining Vp and Vs values, and a small amount of clay can significantly 

affect velocity (Eberhart-Phillips et al., 1989).   

For this particular study, porosity was set to 40%.  Porosity near the mud line for 

URSA was found to be around 80% and declined down to 55% within the first 50 meters 

below the sea floor (Flemings et al., 2008).  However, porosity values above 40% are 

beyond the limit for the Eberhart-Phillips velocity equations and will output negative 

velocity values.  Matrix density was assumed to be 2.70 g/cc in the Ebrom et al. (2002) 

study.  I used a bulk density of 2.035 g/cc to resemble deepwater sediments.  Water 

density is assumed to be 1.04 g/cm3.  Clay and sand mixtures were assigned to be a 50/50 

mix.  In my modeling, porosity declined from 40% to approximately 33% at 800 meters 

below sea floor. 
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7.3 ATLANTIS VELOCITY VALUES COMPARED TO HAMILTON AND EBERHART-PHILLIPS 
REGRESSIONS  
 

Table 3 shows the Vp and Vs values for Atlantis subsurface velocities.  The 

velocity values are extracted from the trend line equations: 

          (7.8) 

               (7.9) 

z is sediment depth (m) below the seafloor 

 

Depth (m)  Vp (m/s)  Vs (m/s)  Vp/Vs 
0  1349  130  10.38 

100  1458  195  7.48 
200  1568  260  6.03 
300  1678  325  5.16 
400  1787  390  4.58 
500  1897  455  4.17 
600  2007  520  3.86 
700  2116  586  3.61 
800  2226  651  3.42 
900  2336  716  3.26 

 

At 0 m depth, the Vp/Vs ratio is extraneous and should not be regarded.  At 100 m below 

the seafloor, a high Vp/Vs ratio of 7.48 was observed.  

One of the limits of the Eberhart-Phillips regression is that shear wave velocity 

appears to be slightly high for shales.  The resulting velocity ratios in Figure 32 produce a 

Vp/Vs ratio that are conservative compared to field results in shale dominated basin     

(Ebrom et al., 2002).  When compared, the Hamilton Vp/Vs curve is slightly higher than 

Eberhart-Phillips.  Both velocity values are used to calculate the estimated effective 

pressure using Eaton’s modified equation.  

 

Table 3: Estimated Vp and Vs values of the Atlantis interpolated from the regression values in equations 7.8 and 7.9. 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Figure 32: EberhartPhillips Vp/Vs curve yields a more conservative estimate than the Hamilton Vp/Vs 
curve.  This is due to a higher estimate of shear wave velocity in clays.   

 

 
Figure 33: Comparison of the observed Atlantis Vp/Vs ratio with the background velocities of Hamilton and 
Eberhart‐Phillips.  Observed Atlantis Vp/Vs starts approximately at 7.5 at 100 m sediment depth and decreases 
rapidly with depth. 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The Atlantis Vp/Vs ratios are much higher than both the Hamilton and Eberhart-

Phillips Vp/Vs calculations (Figure 33).  At approximately 100 m in sediment depth, 

Atlantis has a Vp/Vs value of 7.5 and declines rapidly with depth.  At 800 m in depth, the 

ranges between the three curves vary from 2.4 to 3.4.  Perhaps the sediments become 

more consolidated at sediment depths of approximately 800 m, or the deep water 

sediments are simply less compacted than the previously published data.  Access to 

deepwater sediment samples like Atlantis, where water depths were on average 2000 m, 

was not available at the time Hamilton and Eberhart-Phillips conducted their velocity 

experiments.  This may explain why observed Atlantis Vp/Vs ratio is greater than the 

background velocity ratios.  The Atlantis values are a first pass analysis of the area.  

Further, more detailed analysis, may offer different results than the ones produced in this 

research project.  Table 4 shows the different Vp and Vs values for the three sets of 

velocities.  

 

depth (m)  Vp (m/s)  Vp (m/s)  Vp (m/s)  Vs (m/s)  Vs (m/s)  Vs (m/s) 
0  1349  1511  1325  130  116  253 

100  1458  1634  1471  195  365  364 
200  1568  1744  1605  260  438  465 
300  1678  1843  1728  325  496  558 
400  1787  1930  1842  390  554  644 
500  1897  2010  1949  455  612  724 
600  2007  2082  2048  520  670  797 
700  2116  2149  2141  586  728  867 
800  2226  2212  2228  651  786  931 

             
  key:           
  Atlantis           
  Hamilton           
  Eberhart‐Phillips         

 
Table 4: Atlantis, Hamilton, and EberhartPhillips velocity values.  At depths between 0 to 500 m, there is 
a significant difference in Vp and Vs values between Atlantis and the laboratory values. 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7.4 OBSERVING DIFFERENCES BETWEEN USING VPS FROM VP IN EATON’S EQUATION 
 

 I used P-wave and P-SV converted wave velocities in Eaton’s modified algorithm 

to observe the differences in the effective pressure estimates calculated with Hamilton 

and Eberhart-Phillips velocity observations.  Pore pressure for Atlantis is estimated by 

subtracting the overburden pressure values minus the estimated effective pressure values.   

σeff = overburden – pore pressure                          (7.10) 

pore pressure = overburden - σeff                 (7.11) 

In Figures 34 and 35, it appears that the converted wave velocities yield a larger deviance 

in pore pressure from the normal hydrostatic gradient than the pore pressure estimation 

from P-wave velocities.  To observe the differences between pore pressure estimation, I 

calculated the percent increase in pore pressure values between the estimated Atlantis P-

wave only velocities and estimated Atlantis converted PS wave velocities.  There are two 

sets of comparisons, one set using Hamilton background velocities, and the other set 

using Eberhart-Phillips background velocities.  When using Hamilton’s velocities, there 

was an average increase of 17.5% in pore pressure values when using converted shear 

wave velocity.  When using Eberhart-Phillips velocities, there was an average increase of 

26.7% in pore pressure values using converted shear wave velocities.  Ebrom et al. 

(2002) indicated S-wave velocities are 27% more sensitive to variations in effective 

pressure than P-wave velocities (Ebrom et al., 2002).  The 26.7% increase in shear wave 

sensitivity using the Atlantis data values is in accordance with Ebrom’s calculation.       
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Figure 34: Pressure curve generated by using P‐wave only velocity values in Eaton’s equation for pore pressure 
prediction.  MBSF is meters below the seafloor. The effective stress increases with depth.  Hamilton and Eberhart‐
Phillips pore pressure curves deviate back towards the hydrostatic line at around 700 m.  The names for the pore 
pressure curves indicate the type of background velocity used in the calculations.  

  

depth 
(m) 

overburden 
pressure 
(MPa) 

hydrostatic 
pressure 
(MPa) 

pore 
pressure 
Hamilton 
(MPa) 

pore pressure 
Eberhart‐
Phillips (MPa) 

0  0  0  0  0 
100  1.65  1.02  1.2  1.04 
200  3.53  2.04  2.45  2.14 
300  5.43  3.06  3.64  3.26 
400  7.37  4.08  4.76  4.37 
500  9.3  5.1  5.77  5.43 
600  11.14  6.11  6.64  6.41 
700  13.03  7.13  7.4  7.34 
800  14.91  8.15  8.01  8.17 

 

Table 5: Values for the graph in Figure 34.  The 4th and 5th column in the table are pore pressure values expressed in 
mega‐Pascal using the estimated Atlantis P wave velocity values and the background P wave velocities in Eaton’s 
modified equation. 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Figure 35: Pressure curve generated by using Vps values in Eaton’s modified equation for pore pressure prediction.  
MBSF is meters below the seafloor.  Both Hamilton and Eberhart‐Phillips pore pressure curves deviate away from 
the hydrostatic line indicating the presence of overpressure.  The names for the pore pressure curves indicate the 
type of background velocity used in the calculations.  There appears to be a greater deviation in pore pressure 
when using the Vps values. 

 

depth 
(m) 

overburden 
pressure 
(MPa) 

hydrostatic 
pressure 
(MPa) 

pore 
pressure 
Hamilton 
(MPa) 

pore pressure 
Eberhart‐
Phillips (MPa) 

0  0  0  0  0 
100  1.65  1.02  1.41  1.37 
200  3.53  2.04  2.87  2.85 
300  5.43  3.06  4.22  4.3 
400  7.37  4.1  5.48  5.72 
500  9.3  5.1  6.65  7.08 
600  11.14  6.11  7.69  8.33 
700  13.03  7.13  8.68  9.54 
800  14.92  8.15  9.58  10.68 

 

Table 6: Values for the graph in Figure 35.  The 4th and 5th columns are pore pressure values expressed in mega‐
Pascal using the estimated Atlantis PS velocities and the background PS velocities in Eaton’s modified equation. 
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 Figures 34 and 35 show a general trend of gradual increase in pore pressure 

values from both P and PS velocities.  The deviation from the hydrostatic pressure is due 

to velocity differences between Atlantis vs. Hamilton and Eberhart-Phillips.  According 

to the graphs, there appears to be evidence of overpressure present in the first 800 m 

below the seafloor in Atlantis field.  However, as long as the background velocities are 

greater than the estimated/observed Atlantis velocities, there will be a degree of 

overpressure in existence due to the strong dependence on velocity ratios in Eaton’s 

method.  There are two main implications from this: Atlantis velocities are an initial pass 

analysis and may change with more refinement; and Hamilton and Eberhart-Phillips 

velocity regressions may not fully account for low sediment velocities in the Atlantis 

deepwater regime.   

 Another area of interest is having the ability to observe zones of high 

overpressure through abnormal drops in velocity values with depth.  This may indicate 

the location of undercompacted sands with high pore pressure.  The impact would be 

extremely beneficial in the safety of drilling and production.  The next section addresses 

if the current estimated Atlantis pore pressure values can directly impact detection of 

shallow water flow zones.  

 

7.5 SHALLOW WATER FLOW ZONES AND OBSERVED VELOCITIES 
 
 One of the goals in seismically estimating P and S wave velocities is detecting 

locations of high overpressures in the subsurface by observing abnormal variations in 

velocity with depth.  Mannaerts et al., (2005) describe in detail the presence of shallow 

overpressured sand bodies in Atlantis Field.  In a batch-set drilling program of 15 wells, 

several of the wells encountered shallow water flow (SWF) sand zones that were 

interpreted to be associated with compartmentalized mass transport complexes (MTCs). 

The drill center lies at the base of the Sigsbee Escarpment represented by the green 

square in Figure 36.  The shallow geology from the seafloor to 3,000 ft below the 
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seafloor consists of turbidites and hemipelagic clays from deepwater depositional systems 

and compartmentalized mass transport complexes (Mannaerts et al., 2005).   

 
Figure 36: View (looking North) of the Sigsbee Escarpment digital terrain model with aerial extent of mass 
transport complexes. Area of study for thesis is located at the green square (Mannaerts et al., 2005). 
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Figure 37: Well locations for the batch‐set wells are indicated by yellow dots at Atlantis. Correlations displaying 
sand bodies are displayed in figures 39 and 40. The green squares are the appraisal well locations (Mannaerts et al., 
2005).  

During appraisal drilling prior to the 15 drilled batch-set wells, well GC 743-4 

(Figure 37) encountered an unexpected 100 ft thick sand at depths of 1,365 ft to 1,665 ft 

below the seafloor (Unit F in Figure 38).  Sand flowed undetected, creating a ledge in the 

well bore causing the 20-inch casing to buckle and fail from the borehole instability.  As 

a result, the well was abandoned.  The appraisal well was respud 200 ft southwest of the 

original abandoned location (GC 743-6 in Figure 37) with expectations of similar 

overburden conditions to the failed well.  Down to 1,365 ft below the seafloor, the 

overburden geology was similar with clay-rich deposits, but the SWF sand associated 

with Unit F in the failed well was absent (Mannaerts et al., 2005).  Correlations of the 

production wells are displayed in Figures 39 and 40.  GC 743-6 is located in an area 

where Unit F sands seem to thin out.  This may be an explanation to the absent sand body 

in the respud well.  

Re-evaluation of the subsurface geology to predict SWF sand bodies using high-

resolution 3D seismic and well data proved to be inconclusive.  The sand body in Unit F 
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that caused an abandoned appraisal well could not be distinguished from the sand-free 

zone encountered in the second appraisal well at the same interval.  The distribution of 

the SWF sands could not be predicted with the 15 production wells.  Analysis of seismic 

amplitudes, seismic facies, and multiple attributes for the geohazard intervals such as 

Unit F were also inconclusive (Mannaerts et al., 2005). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 38: Shallow subsurface stratigraphy and Pre and Post‐Appraisal Geohazard assessment at the Drill Center 
(green double lines).  Units F and I are considered high risk geohazard zones (Mannaerts et al., 2005).  

 

Due to inconclusive tests for SWF zones, the entire Unit F interval as well as Unit 

I were deemed high risk during post-appraisal drilling whereas Unit C was considered 

low risk potential for geohazards or abnormal overpressures (Figure 38).  In my study, 

velocities were interpreted to approximately 800 m (2624 ft) below the seafloor, which 

covers the range of the three shallow water flow sands.  The hypothesis is that shear 

waves should have a higher sensitivity to changes in pore pressure than compressional 
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waves.  Having the ability to detect peculiar drops in both compressional and shear wave 

velocities may indicate the presence of overpressured intervals.  However, in my analysis 

no abnormal deviations in velocity values for both P and S waves were detected through 

the SWF zone (Unit F).  Figures 41 and 42 are graphs of all the interpreted P and S wave 

velocities for this project with the SWF zones.  There are a few explanations as to why I 

did not detect fluctuations in seismic velocities.  One being the shallow water flow zones 

does not occur throughout the Atlantis shallow subsurface.  Exploration well drilling in 

the Atlantis area did not encounter any SWF zones prior to the production wells.  This 

suggests there is an overall low potential for encountering SWF, even with the presence 

of sand bodies and MTCs.  Another explanation may be the lack of interpretable 

reflections between the sand bodies, as well as the lack of continuous node coverage for 

the shallow sediments analyzed in this study.  Each of the six nodes had only an average 

of four reflections that were deemed fit for velocity analysis, and they appear to be 

associated with the sand bodies.  Due to the finite sampling of values in each node, this 

naturally smoothes the velocity variation with depth making detailed observations more 

difficult.  Also, with only a half dozen 2D lines used in this study, the spatial distribution 

of the interpreted P and S wave velocities are limited.  

An interpretation based on the velocity values that deviate from the regression 

line calculated from the six analyzed nodes may be too presumptuous at this point 

because Atlantis velocities may vary after a more detailed analysis that includes the zones 

between the sand bodies.  However, it is interesting to note that the observed velocities 

cluster around the location of the sand bodies in Figures 41 and 42.  These events are 

most likely due to acoustic impedance contrasts between the sand and shale.  As stated 

above, the current velocity estimations are consistent with normally pressured sands.  We 

must note, however, rather sparsely sampled P and S wave velocities vs. depth cannot be 

taken as a compaction trend.  Improvements in seismic processing methods to bring out 

the more subtle reflections for velocity interpretation may yield a more detailed 

evaluation of the shallow sediments below the seafloor.  The distributions of the SWF 
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sands are correlated by the well information.  Testing the 25 nodes in a 3D regime may 

offer more insight in the detection of high pore pressure.   
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Figure 39: Well correlation over the northern Atlantis drill center area.  The diagram displays the variation of the 
thickness of the sand layers in each of the three mass transport complexes.  Unit F is approximately 1500 ft or 460 
m below the seafloor.  Unit I is approximately 2350 ft or 715 m below the seafloor (Mannaerts et al., 2005). 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Figure 40: Well correlation over the southern Atlantis drill center area.  The diagram displays the variation of the 
thickness of the sand layers in each of the three mass transport complexes.  Unit F is approximately 1500 ft or 460 
m below the seafloor.  Unit I is approximately 2350 ft or 715 m below the seafloor (Mannaerts et al., 2005) 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Figure 41: All seismically determine P‐wave velocities for Atlantis for the six individual nodes with a linear 
regression fit to depth.  The three columns indicate three main SWF zones mapped by using well data (Mannaerts 
et al., 2005). 
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Figure 42: All seismically determine S‐wave velocities for Atlantis for the six individual nodes with a linear 
regression fit to depth.  The three columns indicate three main SWF zones mapped by using well data (Mannaerts 
et al., 2005). 
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CHAPTER 8: SUMMARY, CONCLUSIONS, AND FUTURE WORK 

8.1 SUMMARY 
 

The estimation of pore pressure from seismic velocity observations presented 

some fascinating results.  Plots for pore pressure estimation with the use of P-SV 

converted wave velocities show a constant pore pressure gradient indicating 

overpressures from the mud line to sediment depths of 800 m.  The approximate sediment 

depth below the seafloor of 800 m is the limit of velocity analysis for the receiver gathers 

in this particular data set.  Six dip-oriented 2D common receiver gathers from six 

different locations were analyzed. 

Both the Hamilton and Eberhart-Phillips velocity curves represent Vp and Vs 

values in deep water sediments under a normally pressured regime.  Eaton’s modified 

algorithm for pore pressure estimation relates the ratios of Vps and effective stress to each 

other.  Again, the algorithm is defined as: 

                                  
            

Eps is Eaton’s empirical constant.  For the depth of the Atlantis data, a value of 2.6 for Eps 

is assumed for converted waves.  A value of 3.0 for Ep is assumed for the compressional 

waves (Ebrom et al., 2003).  Pore pressure prediction is obtained by solving for the 

observed effective pressure.  The pore pressure is equal to the depth dependent 

hydrostatic value.  The estimated pore pressure is calculated by subtracting observed 

effective pressure from the overburden at a given depth. 

Using both Hamilton and Eberhart-Phillips velocities as background Vps values 

produced two different sets of pore pressure curves.  Both outputs of pore pressure show 

the evidence of abnormal pore pressure from the mud line to 800 m.  The observation 

displaying seismic evidence of overpressure should be taken with a grain of salt.  First, 

the Atlantis estimated converted wave velocities are a first pass analysis.  The data 

quality used for velocity analysis was fairly poor for P-P reflections at shallow depths 
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below the seafloor.  The P-SV reflections had continuous, clear reflections at shallow and 

became discontinuous below 1.5 seconds, seen in Figure 43 (sediment two-way P-SV 

travel time discounting travel time through water column).  The observable reflections 

are not always consistent from node to node.  

 
Figure 43: Velocity analysis showing the reflections for PP that are not clear or continuous.  The layer 
thickness between observable PP reflections can be pretty great. 

 

 In some interpreted layers, the thickness between reflections can be between 100 

m to 300 m.  Velocity values have a limited sampling for each line.  With this being said, 

it is difficult to isolate the presence of shallow water flows where pockets of abnormal 

pore pressure can be particularly high.  The trend line interpolation smooth the P and S 

wave velocity curves creating difficulty in distinguishing between zones with SWF and 

clays.  

 Abnormal pressure occurs in various degrees in nearly all sedimentary basins in 

the world (Mouchet et al., 1989).  The potential goal is to be able to pinpoint the 

overpressure zones in Atlantis field.  The velocity values in this project were too finite to 
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be able to locate the shallow water flow sands.  However, the methodology to handle 

multicomponent seismic node data for deepwater sediments is successfully outlined in 

the research. Atlantis is the world’s deepest seafloor 3D and largest multicomponent node 

commercial survey (Howie et al., 2008).  For the first time, full azimuth shear wave data 

can be collected in deepwater.  In the past, ocean bottom cables were used to record shear 

wave data.  The recording is constricted to a narrow azimuth.  This research project hopes 

to open the door to utilizing converted shear waves from multicomponent seismic nodes 

to estimate the magnitude of overpressure in different zones and varying depths.  

 

8.2 FUTURE WORK 
 

Backus and Murray from the Bureau of Economic Geology have recently utilized 

the methodology used to estimate compressional and shear wave velocities.  Atlantis 

receiver gathers experienced the main steps involved in this methodology.  There is more 

refinement needed to obtain more seismic clarity.  The hydrophone and geophone gathers 

are raw from the field.  I did some basic processing such as a frequency filter, water 

bottom mute, and a simple deconvolution.  Deconvolution used both hydrophone and 

vertical geophone traces.  I used a simple scalar to correlate between the hydrophone 

(pressure recording) and geophone (velocity recording).  The horizontal components 

were fairly clean and exhibited strong impedance.  There is much room for improvement 

in the methodology.  Ideally, the velocity analysis needs to be in the 3D domain with 

more finally interpreted reflection layers.  When plotted, having the ability to observe 

deviations in P and S wave velocities from a background velocity to possibly indicate the 

presence of overpressures is one of the goals.   

Eaton’s pore pressure equation uses the Eaton’s exponent (E) to relate velocity 

ratio to effective pressure ratio.  This exponent was assumed to be 2.6 for converted shear 

waves and 3.0 for compressional waves.  This assumption in E value affects the outcome 
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of the predicted pore pressure.  More care should be looked into calculating a more 

accurate exponent value.   
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APPENDIX A: POLARIZATION ANALYSIS 

Appendix A follows Kanasewich (1981) method for polarization analysis.  The 

specific goal of using this method for polarization analysis is to observe the converted 

shear wave reflection in the Atlantis horizontal geophone components.   The physical 

meaning emphasized through in this section. 

The motion of a particle under the action of a wave can be approximated into an 

ellipse. Vibration of a particle or point in the 2-D space defined by the orthogonal 

horizontal components is described.  The components of the 2-D wave shape are 

considered harmonic sinusoids in time.  The equation of the ellipse can take the form: 

              (A.1) 

Ex and Ey represent the recording components of the geophone 

Ax and Ay are the amplitudes 

φy - φx is the phase difference for the recording components of the geophone, 

shape of the ellipse is controlled by the phase difference 

 

This equation of an ellipse is illustrated in Figure A.1 
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Figure A.1: Polarization ellipse.  The horizontal geophone components are H1 and H2, their corresponding 

amplitudes are A1 and A2, λ1 and λ2 are the semi‐major and semi‐minor axes.  

 

 Equation A.1 can be written in matrix form as: 

     (A.2) 

 

We can define: 

  and  

Equation A.2 can be represented as: 

             (A.3) 

Where ET is the transpose of E. An orthogonal transformation can be made to rotate by an 

angle ψ (Figure A.1) to a new coordinate system axis, H1’ and H2’.  The rotation matrix,T 

is defined as: 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            (A.4) 

 

S can be diagonalized using Eigen analysis to the form S’.  

λ1 and λ2 are the eigenvalues. 

 and  are the corresponding eigenvectors.  So, 

 and  

The diagonalization of S is given as: 

      (A.5) 

The equation for the ellipse in the rotated coordinate system H1’ and H2’ is then: 

               (A.6) 

The eigenvalues are the semi-major and semi-minor axes of the ellipse (Figure A.1) for 

the rotated coordinate system.  Born and Wolf (1965) derive the polarization paramters as 

a function of amplitudes and phase difference.  For the polarization of Atlantis, the direct 

arrival is analyzed.   The amplitudes are the energy recorded into the first arrival.  The 

phase difference is assumed to be minimal to no difference between the components.  

The direction angle ψ (Figure A.1) is given by:  

     (A.7) 

ψ is the rotation angle in degrees applied to the rotation matrix for the multicomponent 

nodes to be rotated into inline and cross-line directions.                                            

 The ratio of the minor axis to the major axis, or ellipticity is given by: 

          (A.8) 

where β is given by: 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               (A.9) 

 The sign in equation A.8 defines the direction of particle motion.  When looking, face-

on, into the propagating wave, the polarization is positive when rotation is clockwise, and 

negative when rotation is counter-clockwise.  
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APPENDIX B: WORKFLOW – RAW SEISMIC TO VELOCITY 
ANALYSIS 

 
1. SEGY data was loaded into Paradigm’s processing software, Focus.  The data set has 

each of the four components (X,Y,Z, and hydrophone) in separate SEGY files.  There are 

25 multicomponent node data provided to the University.  In total, there are 100 SEGY 

files.  BP Americas also provided the school with a set of basic processed data.  The data 

set used in this research project incorporated the raw recordings.  The dataset has the 

word RAW denoted in the file convention.  The datasets with minor processing have the 

word COMP denoted in the file naming convention.  

2. Once the SEGY’s are loaded, the data can be sorted by common receiver name.  The 

naming convention of the nodes is explained in Figure 6.  Within each common receiver 

gather, the second ordering is by common shot line.  I extracted half-dozen single shot 

lines from the common receiver gathers using Paradigm’s processing software, Focus.  

The shot lines were near vertical incidence of the nodes.  The lines were exported out to a 

directory in SEGY format.  

3. From this point, EGLtools and MATLAB were primarily used in the remainder of the 

work.  EGLtools was designed and created by BEG researcher Paul E. Murray to function 

within MATLAB for analyzing multicomponent seismic data.  Since the publication of 

this thesis, there was no extensive user guide for EGLtools.  A simple workflow is 

outlined in this section to highlight major steps for the velocity analysis portion of the 

project.  

4. Each of the exported SEGY files were loaded into MATLAB using EGLtools.  The 

script for SEGY loading is shown below. 

STEP 1  
startjob; 
%%% 
  
blocksize=500000; 
fname = '../P_1020_1014_21281.sgy'; 
PRAW = sgy_readf(fname,'../sdfdata/PRAW_n1020',blocksize); 
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% PRAW.hdrdef.RECPT = [205,208]; 
% % XRAW.hdrdef.AZIMUTH = [225,228]; 
% PRAW.hdrdef.SRAZ = [233,236]; 
% PRAW.hdrdef.SOFFSET = [237,240]; 
% ZRAW.hdrdef.COMP = [201,202]; 
%%% 
sdf_autoclose; 
autohistory('path=../SDF'); 
endjob; 
 
STEP 2 
startjob; 
  
load ../SDF/PRAW; 
  
[sx,sy] = hdr_src(PRAW); 
[rx,ry] = hdr_rec(PRAW); 
  
dx = rx-sx; 
dy = ry-sy; 
az = atan2(dx,dy); 
az=az.*180/pi; 
azd=round(az); 
  
recpt=ones(1,408); 
recpt=recpt.*1020; 
offset = hdr_readf(PRAW,'OFFSET'); 
soffs = offset .* sign(azd); 
  
PRAW.hdrdef.RECPT = [205,208]; 
% XRAW.hdrdef.AZIMUTH = [225,228]; 
PRAW.hdrdef.SRAZ = [233,236]; 
PRAW.hdrdef.SOFFSET = [237,240]; 
PRAW.hdrdef.COMP = [201,202]; 
  
hdr_writef(PRAW,'RECPT',recpt); 
hdr_writef(PRAW,'SRAZ',az); 
hdr_writef(PRAW,'SOFFSET',soffs); 
hdr_writef(PRAW,'COMP',1); 
 
sdf_autoclose; 
autohistory('path=../SDF'); 
endjob; 
 

A few headers were created during the loading: RECPT, SRAZ, SOFFSET, and COMP.  

These headers are necessary in each of the four components for EGLtools to be able to 

read the SEGY files.  RECPT is the name of the node, i.e. 1020_1014.  COMP is related 
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to receiver name.  Both headers are ways to keep the data organize.  However, since this 

project only use single shot lines to resemble a 2D analysis, COMP values were set to ‘1’.  

If dealing with 3D data, the COMP header would be more valuable to keep the shot line 

volume organized.  Having a value in COMP is still necessary in the program, regardless 

of the number of shot lines being analyzed.  SRAZ is the source-receiver azimuth.  This 

is computed by taking the inverse tangent of the difference between receiver and source 

in the X and Y directions of the UTM coordinate system.  The raw Atlantis data set had 

the source to receiver offsets numbered all in positive values.  This causes display issues 

in EGLtools because of the positive set of offsets.  To resolve this, the sign of the 

azimuths are multiplied to the offset values to properly number the offsets from negative 

to positive values.  Traces NW of node are negative offsets, and traces SE of the node are 

positive offset values.  

5. The script for polarization analysis was written in MATLAB. Horizontal rotations 

were performed after the angle of rotation is found to rotate the horizontal components 

into radial and transverse directions.  

6. A velocity model must be created before velocity analysis can be executed.  The 

command to create a velocity model is usually obcvelprep.  However, due to the nature of 

the two-dimensional analysis, a different script called obcvprep is used.  The command 

is: 
% to run obcvprep 
% first need to edit WD_REC 
wd = hdr_readf(ZRAW,'RECELEV'); 
hdr_writef(ZRAW,'WD_REC',wd); 
save ZRAW ZRAW 
vel = obcvprep('ZRAW','RECPT','SDF','REC_X','REC_Y',1500); 
 
More about ‘obcvprep’ can be found by typing in “help obcvprep” or by looking through 

the .m file in MATLAB. Atlantis SEGY data has the water elevation values for each node 

stored in ‘WD_REC.’  Obcvprep reads the water depth from the header ‘WD_REC.’ The 

water depth value from ‘WD_REC’ is copied into ‘RECELEV’ in the script above.  Then 

the file is saved and a velocity model is created from the command in the last line.  The 

parameters in the command are found in obcvprep.m and more information is given 
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relating to data structures in EGLtools docs directory.  If obcvprep is run correctly, the 

display should look like this when ‘vel’ is typed in the command window in MATLAB.  

TYPE: 'OBC' 

X: 793612 

Y: 3014165 

ENS: 1020 

SKEY: 'ZRAW' 

PICK: 0 

WVEL: 1500 

THICK: {[]} 

VP: {[]} 

VS: {[]} 

TZP: {[]} 

TZS: {[]} 

SRCDEPTH: 0 

WDEPTH: 0 

X and Y are the UTM coordinates of the origin of a particular node, in this case node 

1020_1014.  WVEL is water velocity set at 1500 m/s.  The other parameters are blank 

because the velocity model is currently empty.  

 7. A wavefield separation is performed followed by a deconvolution process called 

uddecon. Again, more information can be found by viewing the uddecon.m script.  In this 

project, a few lines of script were taken out the original file and renamed as 

uddec_mod.m.  The background information of the wavefield separation process can be 

found in the Schneider and Backus, 1964 and Backus and Murray, 2006 papers listed in 

the Bibliography section.  I only applied a deconvolution to the P-wave dataset.  The 

radial dataset was pretty clean with good acoustic impedance.  In uddecon, the process 

automatically flattens the P-wave gather to the 0 seconds.  The command to flatten 

gathers in EGLtools is called winshift. 



 94 

8. Once both P-SV and P-P reflection gathers are properly flattened to time 0 seconds, 

velocity analysis can be executed by typing in obc_velan.  
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APPENDIX C: PRELIMINARY RESULTS FROM THE SIX 
MULTICOMPONENT NODES 

 

Below are the values for the compressional and shear wave velocity values in 

meters/second for the six nodes analyzed in this thesis project.  Refer to Figure 6 for 

more details regarding the physical location of the 25 node patch provided to the 

University.  UTM coordinates of the receivers can be found in the header information in 

the SEG-Y files.  In Table B.1, the fields in the table are for each node and arranged by 

node name, layer, depth (m), Vp, Vs, time P, time S, thickness, Vps, and Vp/Vs ratio.  

The approach in determining the velocity values involves a ray tracing approach for the 

velocity analysis.  Layers are the interpretable reflections in the P-P and P-S shot gathers 

for each node.  Depth is in meters and is the depth below the seafloor for the reflection 

layers.  Time P and time S are the one-way travel times of the seismic waves from the 

seafloor.  The travel time through the water column is subtracted out prior to the velocity 

analysis.  Figures 36 and 37 displays the Vp and Vs values for all six nodes.  Thickness is 

the measure of the thickness between each layer in meters.  Vps is calculated using the 

approximation: .  Vp/Vs is the ratio of Vp over Vs.   

 Velocity analysis was performed in EGLtools, written in MatLab.  Analysis was 

simplified into single shot lines, resembling a 2D analysis.  Inlines were picked based on 

nearest proximity of the first arrival in Focus.  For example, if the nearest offset shot was 

10 m from the position of the node in the seafloor, that inline was chosen and assumed to 

be approximately normal incidence. Small offset values could be classified as normal 

incidence because the water column average 2000 m in depth.  The single shot lines are 

exported into SEG-Y and imported into MatLab where horizontal rotations are performed 

for the horizontal components to rotate the data into radial and transverse components.  

Angles of rotation were calculated using polarization analysis described in Appendix A.  

A scan of angles between 0 to 360 degrees in increments of 5 degrees was also performed 

to ensure proper rotation.   
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 Before running the velocity analysis, updates were required in the header 

information for each SEGY file.  Source to receiver azimuth, offsets, receiver number are 

among the headers that required updates.  The SEGY data is raw from the field; many 

modifications are necessary, depending on the objective.  In order for EGStools to 

function correctly, one requirement is the offsets are numbered from negative to positive.  

In this case, traces from the NW are negative offsets and traces from the SE are positive 

offsets.   
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Table B.1: Observed values for six Atlantis multicomponent nodes 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