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Abstract
Analysis of synthetic data was performed to determine the most cost-effective tomographic
monitoring system for a geologic carbon sequestration injection site. Artificial velocity models
were created that accounted for the expected velocity decrease due to the existence of a CO2
plume after underground injection into a depleted petroleum reservoir. Seismic events were
created to represent induced seismicity from injection, and five different geophone arrays were
created to monitor this artificial seismicity.

Double-difference tomographic inversion was

performed on 125 synthetic data sets: five stages of CO2 plume growth, five seismic event
regions, and five geophone arrays. Each resulting velocity model from tomoDD—the doubledifference tomography program used for inversion—was compared quantitatively to its
respective synthetic velocity model to determine an accuracy value. The quantitative results
were examined in an attempt to determine a relationship between cost and accuracy in
monitoring, verification, and accounting applications using double-difference tomography.
While all scenarios resulted in little error, no such relationship could be found. The lack of a
relationship between cost and error is most likely due to error inherent to the travel time
calculation algorithm used.
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Chapter 1: Introduction
The average global temperature has steadily risen over the past 150 years. One suggested cause
of the increase in temperature is the release of carbon dioxide from the burning of fossil fuels.
Annual global release of anthropogenic CO2 is approaching 30 billion tons [1]. Increasing global
population and worldwide economic development are creating higher energy demands. To meet
these demands, further exploitation of fossil fuels must be employed, at least for the immediate
future.
Many sequestration techniques have been suggested to reduce the amount of CO2 being released
into the atmosphere or take CO2 out of the atmosphere. Biological carbon sequestration includes
the removal of atmospheric carbon by plants to be stored in biomass and soils [2].
Implementation of biological sequestration involves growing new forests and ensuring the
continued existence of other plant life. Using vegetation to hold carbon is simple and relatively
cheap, because it only involves growing and maintaining vegetation, but its storing capacity is
limited [3]. Oceanic sequestration involves pumping CO2 deep into the ocean, where it can
dissolve, or exist as icy hydrates [4]. There exists a danger of significantly changing the pH of
ocean water if this is implemented, which could cause significant changes in the oceanic
ecosystem. Geologic sequestration has also been suggested, which could be the safest and most
efficient means of long-term carbon storage, but has its own set of potential negative
consequences.
Geologic carbon sequestration involves long-term storage of CO2 underground. This CO2 is
captured from fossil fuel burning power plants, or other producers of industrial quantities of CO2.
Captured CO2 is then transported by pipeline to sites where it is injected underground into
depleted hydrocarbon reservoirs, unmineable coal seams, or deep saline aquifers. The estimated
storage potential of these sites in the North America is listed below in Table 1-1. Saline
formations have the highest capacity for carbon sequestration, but also the greatest uncertainty in
storage volume and location. Exploration of hydrocarbon reservoirs and coal seams has been
much more extensive, but the potential storage capacity is much lower.
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Table 1-1: North American reservoir storage capacities.

Geologic sequestration is a promising means of long-term, secure storage of CO2, but is
expensive to implement. Costs include removal of CO2 from power plant exhaust, transportation
of CO2 to an injection site, and injection.

When compared to other carbon sequestration

techniques, geologic sequestration arguably has the best potential for long-term storage of huge
volumes of CO2.
Carbon dioxide is in the supercritical state when injected, which has a lower density and
viscosity than the brine and/or hydrocarbons that it displaces. Because of the lower density,
buoyancy will drive the CO2 upward toward the reservoir caprock [5]. For hydrocarbons to
accumulate, an intact, effectively impermeable caprock must be in place, but the potential for
leakage still exists.

Flow of CO2 through the caprock could occur at previously drilled

production wells and faults. CO2 could also leak back into the atmosphere if the injection
pressure is great enough to fracture the caprock or if the reservoir is synclinal [6]. A major
concern involved with geologic carbon sequestration is the monitoring, verification, and
accounting (MVA) of CO2 after injection.
Tomography can be used to determine an internal property of a solid noninvasively by detecting
and analyzing waves passing through the solid. While medical tomography typically analyzes
measurements of wave attenuation, seismic tomography uses wave velocity by measuring travel
times. Seismic tomography has been used previously in exploration for petroleum reservoirs, to
locate anomalous stress regions in situ, and to monitor hydrocarbon production.
tomography has also been used in the past to monitor the injection of CO2.

2

Seismic

Chapter 2: Literature Review
Overview of Stresses and Elastic Moduli
In mechanics, stress is a measure of the force per unit area of a deformable body. Stress at any
point inside of a deformable body is caused by external forces acting on the body. These
external forces produce internal forces that are distributed continuously throughout the body.
The internal reactionary forces act across imaginary boundaries, and the magnitude of these
internal forces defines the stress.
The total state of stress acting on a deformable body is a function of two types of forces: normal
and shear forces. Normal forces are directed perpendicular to the plane on which they act, while
shear forces are parallel to the surfaces on which they act. A schematic of a two-dimensional
stress state, where σx and σy are normal stresses and τxy = τyx are shear stresses, is shown in
Figure 2.1. To describe the state of stress of a deformable body completely (in reference to the
x-, y-, and z-axes), three normal stresses (σx, σy, σz) and three shear stresses (σxy, σyz, σxz) must
be quantified.

Figure 2.1: Elemental stress state.

The state of stress of a deformable body can be expressed in terms of any set of mutually
orthogonal axes, regardless of their orientation. When the orientation of the axes used to
3

describe the state of stress changes, the magnitude of the normal and shear stresses change
accordingly. For any stress state, there exists an axial orientation that simultaneously maximizes
a normal stress and eliminates the shear stresses. The axial orientation that eliminates the shear
stress components defines the principal directions. When oriented in this way, the normal
stresses become the principal stresses (σ1 > σ2 > σ3), which act on the principal planes.
Elastic materials will deform when subjected to stress. Strain is defined as the ratio of the
amount of deformation of a material from loading to the original length of the material. The
relationship between stress and strain during elastic deformation is defined by Young’s Modulus,
E:
Equation 2.1
where σ is axial stress and ε is axial strain. Plotting stress vs. strain during loading is a common
way to represent graphically the behavior of a material during elastic and plastic deformation.
An example stress-strain curve for a brittle material is shown in Figure 2.2.

Figure 2.2: Stress-strain curve.

When stress is applied to a material, strain will occur both in the direction of the stress—axial
strain—and perpendicular to the stress—lateral strain. A representation of this phenomenon is
4

shown in Figure 2.3. Poisson’s ratio, ν, is the opposite of the magnitude of lateral strain divided
by the magnitude of the axial strain:
⁄

lateral strain
a ial strain

⁄

Equation 2.2

Figure 2.3: Strain and Poisson's ratio.

Similar to Young’s Modulus, which describes a material’s response to a ial strain, the shear
modulus, or modulus of rigidity, describes a material’s response to shear strain. Shear strain, γxy,
is the amount of transverse displacement experienced by a material divided by the original length
of that material, as shown in Figure 2.4. The shear modulus, G, defines the relationship between
shear stress, τxy, and shear strain:
Equation 2.3

5

Figure 2.4: Shear strain and shear modulus.

The bulk modulus, K, is another important relationship that describes a material’s strain under
pressure. Bulk modulus is a measure of the relative volume change of a material when stressed,
and is the reciprocal of compressibility. It is defined as the increase in pressure, p, required to
decrease the volume of a material by 1/e, where e is dilation:
Equation 2.4
Young’s modulus, Poisson’s ratio, shear modulus, and bulk modulus are four of the si elastic
moduli. If any two moduli are known for an elastic, isotropic, homogeneous material, then the
other four can be determined.

In Situ Rock Stresses
Rock mass stress analysis is integral for many design considerations in mining, petroleum and
geotechnical engineering. Amadei mentions many of the areas of petroleum engineering in
which rock stress is a primary design concern. This list includes borehole stability, fracturing
and fracture propagation, fluid flow, and geothermal considerations. For the proper design to be
created and implemented, the rock mass must be sufficiently understood [7].
The total stress state at a point in a rock mass is caused by a wide variety of natural causes and is
affected by engineering activities. Overburden stress and tectonic stress are two of the more
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influential natural sources of stress in rock.

Engineering activity such as excavation,

construction, or subsurface fluid injection will also affect the stress state of a rock mass. Hudson
included these influences on in situ stress and many more in his comprehensive list of stresses in
a rock mass. He also included residual stress and thermal stress. All of these sources of stress
combine to cause a specific state of stress for a given region of the subsurface [8].
One of the biggest contributors to the total state of stress is the lithostatic, or overburden, stress.
The weight of the overburden creates a compressional stress in the vertical direction. The
magnitude of the overburden stress, σv, is the sum of the product of the density and the thickness
of the overburden:
∫

( )

Equation 2.5

where ρ(z) is the rock density at depth z, g is the gravitational acceleration constant, and ρavg is
the average density throughout the depth interval Δz. Under flat terrain, the vertical stress is a
principal stress [9], and at great depths the overburden stress is typically the major principal
stress [10].
In addition to the more obvious vertical stress, the overburden weight also causes lateral strain in
the subsurface, which creates a horizontal stress. The magnitude of the horizontal stress, σh, as a
result of overburden pressure is:
Equation 2.6
The total magnitude and direction of the horizontal stresses in situ is typically more a function of
tectonic setting than of gravity, and can be difficult to determine. The minimum horizontal stress
can typically be estimated by hydraulically fracturing the subsurface and measuring the
instantaneous shut-in pressure [11]. The magnitude of the maximum horizontal principal stress
can be more difficult to determine accurately. The directions of the horizontal principal stresses
can usually be inferred from tensile cracks and breakouts in a wellbore [12].
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Rock Failure Criteria
There are many methods used to predict the conditions that will result in rock failure. One of the
most commonly used failure criteria was developed by Charles-Augustin de Coulomb and
simplified graphically by Christian Otto Mohr. The Mohr-Coulomb criterion predicts that a
brittle material subjected to compression will fail when the shear stress on an internal plane
exceeds the shear strength of that plane. The shear strength on an internal plane is given by:
Equation 2.7
with:
Equation 2.8
where σ is the normal stress acting on the plane of failure,

is the angle of internal friction, Si is

the inherent shear strength, and θ is the angle between the major principle stress and the normal
of the plane of failure. The parameters used in this equation can only be accurately estimated for
a certain rock type through sufficient laboratory testing.
This simple shear strength equation can be displayed graphically by plotting shear stress versus
normal stress. Along with the linear failure envelope (Equation 2.7), a stress state can be plotted
as a circle. Each point on a Mohr circle represents a different plane orientation for that particular
state of stress. A generic Mohr circle with Coulomb failure envelope is shown below with a
depiction of the associated lab sample in Figure 2.5.

Figure 2.5: Normal, shear and principal stresses on laboratory sample and Mohr diagram.
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The Mohr-Coulomb failure envelope shown above can only be accurately determined after many
lab samples, with different confining stresses (σ3), are loaded until failure. When these circles,
which represent the states of stress at failure, are all plotted on the same set of axes, the failure
envelope is the line that is tangent to all the circles. The failure envelope divides the plot into a
stable region on the right and a failure region on the left. A rock whose state of stress can be
represented by a Mohr circle wholly on the right of the failure envelope should be stable, while
any Mohr circle intersecting the failure envelope should be showing the state of stress of a rock
in failure. The Mohr-Coulomb failure criterion can also be applied to jointed rock masses,
though the initial shear strength should be considered zero [13].
The Mohr-Coulomb failure criterion is used often because of its simplicity to implement and
visualize. It is also easy to determine the parameters of the failure envelope through triaxial
testing. Unlike other failure predictors, the Mohr-Coulomb criterion is based on real mechanics.
One of the biggest strengths of the Mohr-Coulomb failure criterion, its linear nature, is also a
drawback. Extensive laboratory tests have suggested that the failure envelope should not be
linear, but concave downward [14]. The Mohr-Coulomb failure envelope is not applicable in the
tensile region of the graph.
In the early 1920’s, A. A. Griffith developed a new method of predicting the failure of brittle
materials. His research into brittle failure was inspired by the fact that the tensile stress required
to break atomic bonds in glass is ten to one hundred times greater than the actual tensile strength.
Griffith reckoned that tiny imperfections must exist in brittle materials that weaken them. The
failure envelope for the Griffith theory of brittle failure is [15]:
Equation 2.9
where τ and σ are the shear and normal stresses respectively, and K is the uniaxial tensile
strength.
The Griffith theory of failure has proven to be more applicable in the tensile region than the
Mohr-Coulomb criterion. The Griffith failure envelope is non-linear, like tests show a failure
envelope should be, but for many materials the Griffith envelope becomes increasingly
inaccurate for greater confining stresses [16].
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The third and final failure criterion to be discussed is the Hoek-Brown Criterion. The HoekBrown failure criterion is the purely empirical relationship that follows:
(

)

Equation 2.10

where σ1 and σ3 are the maximum and minimum principal stresses, σci is the uniaxial
compressive strength of the intact rock, and mb, s and a are parameters that depend upon rock
type and degree of fracturing [17].
Originally, the Hoek-Brown failure envelope had a unit s-value and an a-value of 0.5. The
equation was later generalized into the form shown above so it could be used in various
applications. The Hoek-Brown failure criterion should only be applied to rocks that behave
isotropically under compression [18]. Heavily jointed and unjointed rocks tend to behave this
way, but rocks with preferential jointing do not. The Hoek-Brown failure criterion should only
be used for preliminary estimations, not for final design calculations [19].
Laboratory results for peak strength for any given rock type can vary by as much as 20% simply
by varying the sample diameter. Furthermore, in situ rock strength can be only 70% of the peak
intact rock strength determined from lab testing [20]. Because of the discrepancies between in
situ and lab sample rock strength, determining rock mass properties in situ is the superior option.

Porous Media
Reservoir rocks contain void space. The quality of a reservoir is controlled mainly by porosity,
which defines storage capacity, and permeability, which defines flow capacity. Porosity and
permeability are controlled primarily by rock type, but are also dependent upon natural fractures
and degree of fissuring [21].
Permeability, k, is the measure of the ease at which a rock allows fluid flow. It is usually
expressed in units of millidarcies (mD). Sandstones typically have a permeability of 1 to 1000
mD [22]. A schematic of a simple linear flow test used to determine permeability is shown in
Figure 2.6. According to Darcy’s Law, the volumetric flow rate, Q, for this test is related to
permeability by:
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(

)

Equation 2.11

Figure 2.6: Linear flow test apparatus for determining permeability.

where k is the permeability in D if Q is measured in cm3/sec, A is the cross-sectional area in cm2,
Δp is the pressure drop in atm over the distance L in cm as determined from the difference in
pressure heads, h1 and h2, and μ is the fluid viscosity in cP (1 cP = 0.001 Pa∙s) [23].
Porosity is equal to the volume of voids divided by the total volume. Porosity is reported as
either a percentage or a fraction of the total volume of a sample that contains voids. It is
important to distinguish between “interconnected” or “effective” porosity and “absolute”
porosity [24]. The total volume of pore spaces divided by the total volume of rock is absolute
porosity while effective porosity is the volume of interconnected pores divided by the total
volume of rock. The distinction between effective and absolute porosity is important, because
pore space that is not interconnected plays no part in the storage or transport of fluids. Porosity
values vary from 0.1-0.3 for consolidated sandstones to 0.45-0.55 for some soils [25].
In porous media, the presence of pore pressure must be accounted for. Pore pressure is the
pressure a fluid exerts on pores from within the medium. This pressure acts in all directions
from inside the body. Pore pressure has the effect of counteracting confining stresses, and
augmenting tensile stresses. For a positive-compression sign convention, effective stress, σ’,
which accounts for pore pressure is:
Equation 2.12
where σ is the stress acting on a porous media with pore pressure PP [26].
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Hubbert and Rubey outlined the interaction between pore fluid and rock to explain the in situ
response to pore pressure increase [27, 28]. They combined Terzaghi’s concept of effective
stress with the Mohr-Coulomb failure criteria. For discontinuities, which have no inherent shear
strength, the pore pressure required for shear failure, called critical pore pressure, PC, is:
Equation 2.13
where σ is the normal stress acting on the discontinuity,

is the coefficient of friction, and τ

is the shear strength of the discontinuity. Pore pressure can lead to shear failure because pore
fluids alleviate compressive stresses and supply no shear strength. The fluid is not acting as a
lubricant to ease frictional sliding; the coefficient of friction does not change. Shear failure from
pore pressure buildup occurs because the normal stress holding the rock in place is alleviated.
Most of the crust is thought to be in “failure equilibrium” [29], meaning there is usually little
increase in pore pressure required to cause in situ shear failure.
The Mohr-Coulomb failure criterion can easily be modified to account for pore pressure. A
Mohr circle representing the state of stress of a dry sample of rock need only be shifted toward
the tensile region in the amount of the pore pressure to describe the effective stress state
accurately. The effect of pore pressure on a Mohr diagram is shown below in Figure 2.7.

Figure 2.7: Effect of pore pressure on Mohr circles.
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Although pore pressure shifts a Mohr circle, the failure envelope remains unchanged; the
addition of pore pressure will drive a rock toward shear failure [30]. According to the MohrCoulomb failure criteria, a stable, brittle material can reach failure if the maximum principal
stress is increased, the confining stress is decreased, or pore pressure is increased [31]. Mohr
circles depicting a stress state and the three possible paths toward failure are shown in Figure 2.8.
A combination of these three changes may also lead to rock failure.

Figure 2.8: Three paths toward failure for a stable Mohr circle.

Increase of the major principal stress and reduction of the least principal stress are primarily
controlled by tectonic activity. Changes in pore pressure, however, typically occur regionally by
man-made or natural means. Pore fluids play an important role in in situ rock failure associated
with earthquake swarms [32], fluid injection [33], impoundment reservoirs [34], and natural
groundwater recharge [35]. Effective stress decrease from pore pressure increase causing shear
failure is the most likely failure mechanism associated with fluid injection [36].

Seismic Waves
Pierre de Fermat, arguing that Nature is not wasteful, hypothesized and later proved that beams
of light will take the path between two points that requires the least travel time [37]. Fermat’s
principle applies to seismic waves as well as beams of light. Snell’s law, which follows Fermat’s
principle, defines the relationship between the angle of incidence and the angle of refraction for
waves passing through the boundary between two isotropic media:
( )
( )
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Equation 2.14

where θ1 and θ2 are the angles of incidence and refraction, respectively, and V1 and V2 are the
wave velocities through the two media, as depicted in Figure 2.9.

Figure 2.9: Snell's law.

Seismic waves are caused by the release of energy in or on the Earth. Seismic energy can be
caused by the sudden release of natural strain built up in a rock mass or be introduced by
artificial processes like the detonation of explosives. In situ shear failure is the predominant
cause of seismic activity. In addition to seismic energy, in situ rock failure will emit energy in
the form of heat and noise.
Many measurement scales are used to quantify the amount of energy released from earthquakes.
The most widely recognized is the Richter scale. The surface wave magnitude, MS, and body
wave magnitude, mB, were created in an attempt to improve upon the Richter scale, which is
only applicable for very close—hypocentral distances less than 600 km from geophones—
seismic events. These scales can vary significantly from one another for some hypocentral
depths and magnitudes, and they all become inaccurate when applied to larger magnitude
earthquakes. To correct the obvious discrepancies, Hanks created the moment magnitude scale
(MMS), denoted MW. The equation for determining a MMS scaled value is:
Equation 2.15
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where M0 is the magnitude of the seismic moment in dyne·centimeters. Unlike the other seismic
energy scales, the MMS allows for negative values, and has no upper limit [38].
Values of MW greater than 7 are major seismic events typically caused by massive earthquakes.
MW values less than 4 are considered minor earthquakes typically resulting in no structural
damage. Microseisms are very small seismic events that create seismic waves that cannot be
felt, but can be detected by receivers.

The range of seismic events that are classified

microseisms is about 2 > MW > -4 on the MMS. This is because any seismic event with MW = 2
is below the threshold of what can be felt and MW < -4 events cannot be measured accurately and
distinguished from background noise.
Upon the release of seismic energy, seismic waves propagate the medium in all directions from
the seismic event. There are four types of seismic waves. The mode of propagation and the
direction of particle movement in the propagation medium define the type of seismic wave. The
passage of seismic waves can be detected by geophones or accelerometers—called receivers.
Two classifications of seismic waves exist: surface waves and body waves. Rayleigh and Love
waves are the two types of surface waves; they only travel along free surfaces. Rayleigh waves
cause motion perpendicular to the surface while Love waves cause motion parallel to the surface.
Body waves are either primary (p-waves) or secondary (s-waves) depending on their mode of
travel.
P-waves are so-called because they are the fastest travelling seismic waves and will therefore be
the first to be registered by any receiver. P-waves are compressional waves; they travel by
alternately compressing and dilating the travel medium in the direction of wave propagation. A
depiction of a compressional wave is shown below in Figure 2.10. The velocity of a p-wave, Vp,
through an elastic media is given by:
⁄

√

Equation 2.16

where K and G are the bulk and shear moduli of the medium and ρ is the density of the medium.

15

S-waves, the second-fastest seismic waves, typically travel between one-half and two-thirds the
speed of p-waves [39]. They are shear waves, which cause particle motion within the media to
occur perpendicular to the propagation direction, as shown in Figure 2.10. S-wave velocity, Vs,
in an elastic media is given by:

√

Equation 2.17

where G is the shear modulus and ρ is the density of the medium. Unlike p-waves which can
travel through solids, liquids, and gases, s-waves can only travel through solids. S-waves cannot
propagate fluids because fluids have no rigidity.

Figure 2.10: Compressional and shear waves.

P-wave velocity in porous media is affected by the contents of the pore volume.

Wyllie

developed the empirical time-average equation in the 1950’s to relate the p-wave velocity in a
porous medium to its porosity and the p-wave velocities of its solid and liquid constituents [40].
The time average equation has since been used as a simple way to determine the porosity of
reservoirs noninvasively. The time-average equation is:
Equation 2.18
where Vp is the p-wave velocity through the medium,

is the porosity of the medium and VpF

and VpM are the p-wave velocities through the pore fluid and the rock matrix, respectively. The
16

time-average equation was developed by studying the velocity of compression waves through
aggregates of glass beads saturated with assorted plastics at room temperature and pressure.
Dvorkin suggests Wylie’s time-average equation loses accuracy when applied to the temperature
and pressure of a hydrocarbon reservoir, especially one with higher porosity or increased clay
content [41]. In 1980, Raymer et. al. introduced an improved equation which relates porosity to
p-wave velocity that is based on well log data [42]. Raymer’s equation is:
(

)

Equation 2.19

P-wave velocity equations as a function of porosity are typically only applicable for a range of
confining pressures [43], porosities [44], and clay contents [45]. It is important to note, however,
that p-wave velocity for a given porous media is dependent upon the fluid within the pores.

Fluid Injection
Fluid injection into the Earth’s subsurface has occurred for decades. Seismicity from in situ rock
failure has been detected at fluid injection sites for enhanced oil recovery [46-48], waste disposal
[49-52], geothermal energy production [53, 54], and solution mining [55]. There is some debate
over whether seismicity at fluid injection sites is induced by the pore pressure increase, or just
occurring naturally [56, 57].
McClain listed three conditions that will likely result in seismicity at fluid injection sites [58]:
1.

a regional tectonic stress state that is near shear failure prior to injection,

2.

a reservoir with sufficient porosity to accept the injection fluid with low enough
permeability to restrict flow, and

3.

a fluid injection rate and injection pressures high enough to increase the formation pore
pressure significantly over a wide area.

All three conditions are not required for seismicity. The first condition addresses only the ease at
which in situ shear failure can occur within the reservoir. A reservoir with a state of stress near
failure requires a smaller change in effective stress to reach failure than a more stable reservoir.
The second two conditions state the circumstances under which pore pressure buildup can occur,
to lower the effective stress sufficiently for shear failure to occur.
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Seismicity from fluid injection can be “induced” or “triggered,” though sometimes these terms
are used interchangeably. For “induced” seismicity, the pore pressure increase, whether natural
or man-made, plays the dominant role in driving the rock mass toward failure. Seismicity is
“triggered” when the pore pressure increase is a small contribution to the stress state that causes
failure. Often, the mechanisms through which pore pressure influence rock failure are difficult
to quantify, making the distinction between induced seismicity and triggered seismicity
impossible [31].
In response to a series of small earthquakes occurring in the Denver area that were linked to fluid
injection of waste water at the Rocky Mountain Arsenal, controlled fluid injection was
performed at the nearby Rangely Oil Field in an attempt to induce seismicity through fluid
injection.

Frequency and magnitude of seismic events seemed to correlate with the fluid

injection rate and bottom-hole pressures. The direction and magnitude of the principal stresses
were estimated to confirm that the occurrence of seismic activity follows the effective stress
lowering induced shear failure as proposed by Hubbert and Rupey [59]. Similar results were
found during purely research-oriented fluid injection in Matsushiro, Japan, but on a smaller
scale. Microseisms were detected around the injection point that could conclusively be linked to
the injection [60].

Fluid Properties
Carbon dioxide is a gas at standard temperature and pressure. At pressures above 7.4 MPa, CO2
is a liquid and at temperatures above 31.1°C, CO2 is gaseous. A diagram of pressure vs.
temperature vs. phase for CO2 is shown in Figure 2.11. For CO2, the pressure-temperature
combination of 7.4 MPa and 31.1°C is called the critical point. The critical point is the point at
which all properties of the liquid and the gas become identical. CO2 existing above the critical
point is a one-state fluid which acts like both a gas and a liquid [61].
At most potential reservoir depths, the geothermal gradient and overburden stress are such that
the temperature and pressure are great enough to cause the CO2 to become supercritical. When
in the supercritical state, the density of CO2 is similar to that of liquid CO2, but has low, gas-like
viscosity [61].

Supercritical CO2 density can vary from 600-900 kg/m3 depending on the

pressure. The bulk modulus of supercritical CO2 is approximately 46 MPa [62].
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Figure 2.11: CO2 phase diagram.

Petroleum reservoirs contain a mixture of a wide variety of organic and inorganic compounds.
The organic compounds in petroleum reservoirs are chiefly hydrocarbons, which contain
hydrogen and carbon. Mixtures of small hydrocarbon molecules, C1-C4, will be gaseous, while
large hydrocarbon molecules, C5 and above, are liquid or solid. Hydrocarbon reservoirs will
invariably contain water, typically as a brine solution [63].
The physical, chemical and thermodynamic properties of hydrocarbons are highly variable.
Properties such as density, compressibility, and viscosity are dependent on the number of carbon
atoms in the molecule, temperature, and pressure.

The density of liquid hydrocarbons at

reservoir temperature and pressure are expected to be between 620 kg/m3 and 800 kg/m3. The
bulk modulus of petroleum liquids is typically 0.7-1.3 GPa [64].
The properties of reservoir water are less variable. Reservoir water is typically a brine solution,
which has high percent dissolved solids. Brine will have a density above 1000 kg/m 3 and can
reach as high as 1200 kg/m3. The bulk modulus of water at reservoir temperature and pressure is
approximately 2.3 GPa [62].
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Range approximations of the densities and bulk moduli of brine, oil and supercritical CO 2 are
summarized in Table 2-1.

By using Equation 2.16 with rigidity, G, equal to zero, the

compressional velocities of the fluids can be determined.

Approximate values for the

compressional velocities are also shown in Table 2-1.
Table 2-1: Reservoir fluid properties.

These fluid property values are rough estimates. Reservoir conditions are too variable to state
what the wave velocities will be with much confidence. Considering the difference in p-wave
velocities through these fluids and the effect of pore fluids on p-wave velocity through porous
media (Equation 2.18 and Equation 2.19), a significant change in p-wave velocity through a
porous medium can be expected if either water or oil in that medium is displaced by supercritical
CO2. [65].

Double Difference Tomography
In 1917, Radon showed that path integrals taken over an infinite number of lines passing through
a two-dimensional object at an infinite number of angles can be used to reconstruct the object
perfectly [66]. In two-dimensions, the set of all path integrals for any angle through the object
can be combined to form a one-dimensional projection of the object.

And the set of all

projections can be used to reconstruct the two-dimensional object. Radon later proved his
transform in three-dimensions and it was expanded by others to

.

Deans stated the Radon transform more simply with the analogy:
{

}

{

}

{ ̌}

{ }

The internal distribution, f, of the object is acted on by some probe to produce the profile. In the
case of tomography, the internal distribution can be density, stress, fluid saturation, etc. The
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probe is typically a wave. Depending on the application, frequencies from gamma waves to
sound waves can be used. The profile, ̌, would be the wave attenuation or travel time. Each
profile is a sample of the Radon transform, and only with the knowledge of infinite samples can
complete reconstruction be guaranteed [67].
Radon’s transform allows for “deconstruction” by separating a two-dimensional object into
infinite one-dimensional projections. Instead of determining profiles from a probe through an
internal distribution, it is typically more advantageous to determine the internal distribution from
profiles. Determining an internal distribution from profiles is commonly referred to as the
“reconstruction” problem. For reconstruction, the inverse Radon transform is used.
The Radon transform was created for continuous functions. For applications in tomography, the
region is not treated continuously, but must be discretized. In two-dimensions, these discrete
elements are called pixels, while in three-dimensions, they are called voxels. A compromise
must be made when defining the size of these elements. Smaller elements result in a higher
resolution, but the internal distribution of interest can only be defined for an element if sufficient
ray paths traverse that element. Generally, the element size will depend upon the desired
resolution, the number of ray paths and the wavelength [68]. Since anomalies smaller than a
wavelength cannot be detected, the side dimensions of an element should not be less than one
wavelength [69].
For the velocity tomography reconstruction problem, the travel times are known along with the
size and location of each element in the object. The length of each ray path through each element
is determined, and a slowness value for each element is assumed, where slowness is the
reciprocal of velocity. The matrix form of the reconstruction problem for velocity tomography is
as follows:
Equation 2.20
where S is the N x M ray path matrix with Sij being the length of the segment of ray path i in
element j. T is the N x 1 vector containing the travel time for each ray path and P is an M x 1
vector containing the slowness of each element. Since N ≠ M for most cases, S is invertible and
an algorithm must be used to solve for P [70].
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There are many reconstruction techniques; the most used algorithms are the iterative least
squares technique (ISLT), algebraic reconstruction technique (ART), and simultaneous iterative
reconstruction technique (SIRT). All reconstruction techniques start with an assumed internal
distribution of an object and make incremental changes to the internal distribution of the object
until convergence. With only a finite number of ray paths through an object, one can always find
two internal distributions, f and g, that both correlate exactly to the projections, where f ≠ g.
Therefore, no reconstruction technique will exactly reproduce all original objects [71].
The iterative least squares technique was the first reconstruction technique developed, and is the
simplest to implement. For ILST, all travel times are calculated at the beginning of each
iteration and all elements in the slowness matrix are updated simultaneously. ART is a ray-byray correction. Only one ray path is considered at a time, and all elements that that ray path
traverses are corrected simultaneously. Finally, SIRT is a point-by-point correction. For each
iteration, all ray paths travelling through a single element are considered simultaneously to
correct that element only [72].
A double-difference seismic tomography method, which is a variation of ILST, has recently been
developed [73]. The double-difference method takes advantage of both absolute and relative
travel times to improve event locations and correct the velocity model simultaneously. If two
seismic events are near each other, then the majority of their respective ray paths to any receiver
should be nearly identical, and any difference in travel time is indicative of the material between
them. The double-difference method makes use of differential arrival times to determine relative
event locations and the velocity structure within the source region, and absolute arrival times to
determine the velocity model outside of the source region. For the double-difference method, the
system of linear equations is solved by a least-squares algorithm developed by Paige and
Saunders [74].
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Chapter 3: Optimization of Geophone Array for Monitoring
Geologic Carbon Sequestration using Double Difference
Tomography
Abstract
Analysis of synthetic data was performed to determine the most cost-effective tomographic
monitoring system for a geologic carbon sequestration injection site. Artificial velocity models
were created that accounted for the expected velocity decrease due to the existence of a CO 2
plume after underground injection into a depleted petroleum reservoir. Seismic events were
created to represent induced seismicity from injection, and five different geophone arrays were
created to monitor this artificial seismicity.

Double-difference tomographic inversion was

performed on 125 synthetic data sets: five stages of CO2 plume growth, five seismic event
regions, and five geophone arrays. Each resulting velocity model from tomoDD—the doubledifference tomography program used for inversion—was compared quantitatively to its
respective synthetic velocity model to determine an accuracy value. The quantitative results
were examined in an attempt to determine a relationship between cost and accuracy in
monitoring, verification, and accounting applications using double-difference tomography.
While all scenarios resulted in little error, no such relationship could be found. The lack of a
relationship between cost and error is most likely due to error inherent to the travel time
calculation algorithm used.

Introduction
Average global temperatures have steadily risen over the past 150 years. One suggested cause of
the increase in temperature is the release of carbon dioxide from the burning of fossil fuels.
Annual global release of anthropogenic CO2 is approaching 30 billion tons [1]. Increasing global
population and worldwide economic development are creating higher energy demands. To meet
these demands, further exploitation of fossil fuels must be employed, at least for the immediate
future.
Many sequestration techniques have been suggested to reduce the amount of CO2 being released
into the atmosphere or take CO2 out of the atmosphere. Biological carbon sequestration includes
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the removal of atmospheric carbon by plants to be stored in biomass and soils [2].
Implementation of biological sequestration involves growing new forests and ensuring the
continued existence of other plant life. Using vegetation to hold carbon is simple and relatively
cheap, because it only involves growing and maintaining vegetation, but its storing capacity is
limited [3]. Oceanic sequestration involves pumping CO2 deep into the ocean, where it can
dissolve, or exist as icy hydrates [4]. There exists a danger of significantly changing the pH of
ocean water if this is implemented, which could cause significant changes in the oceanic
ecosystem. Geologic sequestration has also been suggested, which could be the safest and most
efficient means of long-term carbon storage, but has its own set of potential negative
consequences.
Geologic carbon sequestration involves long-term storage of CO2 underground. This CO2 is
captured from fossil fuel burning power plants, or other producers of industrial quantities of CO2.
Captured CO2 is then transported by pipeline to sites where it is injected underground into
depleted hydrocarbon reservoirs, unmineable coal seams, or deep saline aquifers. The estimated
storage potential of these sites in the North America is listed below in Table 3-1. Saline
formations have the highest capacity for carbon sequestration, but also the greatest uncertainty in
storage volume and location. Exploration of hydrocarbon reservoirs and coal seams has been
much more extensive, but the potential storage capacity is much lower.
Table 3-1: North American reservoir storage capacities.

Geologic sequestration is a promising means of long-term, secure storage of CO2, but is
expensive to implement. Costs include removal of CO2 from power plant exhaust, transportation
of CO2 to an injection site, and injection.

When compared to other carbon sequestration

techniques, geologic sequestration arguably has the best potential for long-term storage of huge
volumes of CO2.
Carbon dioxide is in the supercritical state when injected, which has a lower density and
viscosity than the brine and/or hydrocarbons that it displaces. Because of the lower density,
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buoyancy will drive the CO2 upward toward the reservoir caprock [5]. For hydrocarbons to
accumulate, an intact, effectively impermeable caprock must be in place, but the potential for
leakage still exists.

Flow of CO2 through the caprock could occur at previously drilled

production wells and faults. CO2 could also leak back into the atmosphere if the injection
pressure is great enough to fracture the caprock or if the reservoir is synclinal [6]. A major
concern involved with geologic carbon sequestration is the monitoring, verification, and
accounting (MVA) of CO2 upon injection.
Seismic tomography can be used to monitor the spread of CO2 once injected underground, by
taking advantage of the velocity difference between CO2 and the petroleum or brine that it
displaces [75]. Wyllie showed with his time-average equation that the p-wave velocity through a
porous medium is dependent upon the p-wave velocities of both the solid matrix and the pore
fluid [40]:
Equation 3.1
where Vp is the p-wave velocity through the medium,

is the porosity of the medium and VpF

and VpM are the p-wave velocities through the pore fluid and the rock matrix, respectively.
Compressional velocity through a fluid can be determined by:

√

Equation 3.2

where K and ρ are the bulk modulus and the density of the fluid, respectively. The densities of
water, oil and supercritical CO2 are all similar, but the bulk moduli are significantly different.
The density, bulk modulus, and approximate p-wave velocity at reservoir temperature and
pressure are listed below in Table 3-2.
Table 3-2: Reservoir fluid properties.
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By substituting the reservoir fluid property values in Table 3-2 into Equation 3.1, it can be seen
that reservoir fluid displacement by supercritical CO2 will cause a drop in velocity.
Tomography can be used to determine an internal property of a solid noninvasively by detecting
and analyzing waves passing through the solid. While medical tomography typically analyzes
measurements of wave attenuation, seismic tomography uses wave velocity by measuring travel
times. Seismic tomography has been used previously in exploration for petroleum reservoirs
[76], to locate anomalous stress regions in situ [77], and to monitor hydrocarbon production [78].
Time-lapse tomography has been employed at carbon sequestration test sites, most notably at the
Sleipner gas field [79] and the Weyburn-Midale Field [80].
A double-difference tomography algorithm has recently been developed [73]. The doubledifference method takes advantage of both absolute and relative travel times to improve event
locations and correct the velocity model simultaneously. If two seismic events are near each
other, then the majority of their respective ray paths to any receiver should be nearly identical,
and any difference in travel time is indicative of the material between them. The doubledifference method makes use of differential arrival times to determine relative event locations
and the velocity structure within the source region, and absolute arrival times to determine the
velocity model outside of the source region.

Synthetic Data
Synthetic data were created to test the relative accuracies of multiple geophone arrays. Many
assumptions were made to conduct the analysis. The reservoir receiving the injected CO 2 was
assumed to be porous, permeable, isotropic, homogeneous, and tabular. Assuming a porous and
permeable reservoir is obviously valid, however, isotropy and homogeneity rarely exist in situ.
Differences in horizontal principal stresses or directional permeability are quite common, but are
too site-specific to be considered. While a majority of hydrocarbon reservoirs are anticlinal, the
reservoir was assumed to be tabular for simplicity. Viscous fingering, which is the instability
that occurs when a less viscous fluid invades another more viscous, but immiscible fluid, is
expected during CO2 injection. To simplify the model, viscous fingering was also ignored.
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It is expected that the presence of CO2 will lower the p-wave velocity in the reservoir. The
percent decrease in p-wave velocity in any region was assumed to be proportional to the CO2
saturation expected for that region. The region immediately surrounding the injection well is
expected to have the greatest CO2 saturation, and, therefore, was assigned the greatest p-wave
velocity decrease of 10%. The decrease in p-wave velocity was lessened at greater distances
from the injection well until it approached the background velocity near the edge of the CO2
plume.
There are many forces driving the migration of CO2 underground. Two of the more obvious
driving mechanisms are buoyancy and a pressure gradient. Carbon dioxide is significantly less
dense than both petroleum and brine, so CO2 will always have a tendency to rise upon injection.
Injection pressures will create a pressure gradient, causing CO2 to spread through the reservoir to
a region with a lower pressure.

While the factors affecting CO2 migration in real-world

scenarios would be far more numerous and occasionally unpredictable, the assumptions listed
above allow these variations to be disregarded.
With only buoyancy and pressure gradients being considered, CO2 should be expected to take the
shape of a funnel or inverted cone after injection. This is the basic plume shape assumed for this
analysis. A depiction of half of a CO2 plume cross-section is depicted in Figure 3.1 with an
approximate decrease in velocity shown for each region of the plume. The three-dimensional
plume is essentially this half cross-section revolved around the injection well. In the actual
model, the decrease in velocity from the edge of the plume to the injection well is more
continuous than what is shown.
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Figure 3.1: CO2 plume cross-section contour with percent decreases in velocity from background.

For this analysis, five different CO2 plume sizes were considered. The plume radii were: 100 m,
250 m, 500 m, 750 m and 1000 m. These five plume sizes were meant to represent the growth of
a single CO2 plume during continual, long-term injection. The half cross-section shown in
Figure 3.1 is that of the 750 m radius plume. Scatter plots of the top view and side view of the
same plume are shown to scale in Figure 3.2. The nodal velocity model representing the 750 m
radius plume in Figure 3.2 is shown in Appendix A.
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Figure 3.2: Top (top) and side (bottom) view of 750 m radius plume.

Seismicity is expected to occur during and after injection of CO2 from the increase in reservoir
pore pressure.

If fluid injection is performed correctly, the seismic events should be

microseisms. For double-difference tomography to be successful, many events need to occur,
preferably in clusters. Seismic event locations were generated for each CO2 plume radius.
Induced seismicity from fluid injection can be expected to occur anywhere the critical pore
pressure is reached. Since the injected CO2 will be displacing the reservoir fluids, an increase in
pore pressure will occur even at great distances from the injection well. Therefore, seismic
events can be expected well beyond the plume boundary. Even though seismic events can occur
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outside the plume, seismicity is most likely to occur at the greatest pore pressure increase, which
occurs in the immediate vicinity of the injection well.
The frequency and location of seismic events is unpredictable and typically unique to any
injection site. To account for this variability, seismic events were created in five separate
regions in and around the CO2 plume. The approximate locations of these regions are shown
below in Figure 3.3 relative to a half cross-section of a CO2 plume. The event regions have been
named as: A-Caprock, B-Injection, C-Within, D-Boundary, and E-Beyond. Future reference to
these event regions will use this naming scheme.

Figure 3.3: CO2 plume cross-section with event regions.

With five plume sizes, each having five separate seismicity regions, a combined 25 event regions
were created. In each event region, 200 events were randomly generated. Double difference
tomography requires pairs of events to perform inversion. With fewer than 200 events, the
occurrence of randomly generated event clusters in Region E, the largest region, was unlikely.
Ideally, thousands of events could be generated for each region, but more than 200 events were
deemed computationally unfeasible, especially when the total number of data sets was
considered for this study. The number of events is somewhat arbitrary, but was chosen as a
compromise to have a sufficient number for double difference tomography while having few
enough events for the process to be computationally practical. A list of the synthetic event
locations for the “boundary” region of the 750 m plume radius is in Appendi A.
30

No events were created at a distance greater than 150% of the plume radius from the injection
well. At some previous injection sites with seismic monitoring systems, seismic events were
detected as far as a few kilometers away from the injection well [32, 59]. If an event generation
region was created that extended to a distance many kilometers away from the injection well,
randomly generated seismic event pairs would be unlikely with only 200 events. Furthermore, if
event pairs did occur at such great distances from the injection well, they would not aid in
resolving an anomalous velocity region centered around the injection well. For these reasons,
the potential for seismic events occurring greater than 150% of the plume radius from the
injection well was ignored.
Geophone arrays were simulated to monitor the artificial seismicity. Geophones would ideally
completely surround the area of interest, but this arrangement is typically cost prohibitive, and in
the case of fluid waste injection monitoring, the added risk of penetrating the disposal reservoir
is present. Instead, compromises must be made between cost and accuracy. In an attempt to find
a relationship between cost and accuracy, five different geophone arrays were studied, each with
a different installation cost.
Many factors contribute to the total cost associated with drilling deep wells. The most influential
factor affecting drilling cost is the depth of the well. Cost determination is typically done on a
well-by-well basis [81]. This is because geologic setting, mud use, risk potential, directional
difficulty, and many more factors can all be used to calculate total drilling cost [82]. For this
analysis, a drilling cost of $1250/m was assumed.
The first geophone arrangement tested, the circular array, consists of ten geophones evenly
spaced on a circle centered at the injection well. All geophones in the circular array are
positioned 100 m above the reservoir, and the circle has a 1000 m radius. A spiral geophone
array was tested. The spiral array also consists of ten geophones, but the geophones are installed
among five boreholes instead of ten, and the elevations of the geophones vary. The five
boreholes are evenly spaced on a 1000 m circle around the injection well. The bottom geophone
is 100 m above the reservoir and the geophone elevations increase by 20 m for each successive
borehole in the counterclockwise direction. A random geophone array was also tested. For the
random array, ten geophones were placed at random between 100 m and 250 m above the
reservoir in the 2000 x 2000 m square centered at the injection well. A geophone array was also
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installed on the surface, evenly spaced on a 1000 m circle around the injection well. For the
surface array, the reservoir was assumed to be 1700 m deep. Finally, an ideal geophone array
was installed. The ideal array, dubbed the “cylinder” geophone array, is essentially made of four
circular arrays at varying depths. The cylindrical array consists of ten boreholes evenly spaced
on a 1000 m radius circle, with four geophones in each hole. The geophones are at elevations of
-200 m, -100 m, 0 m, and 100 m if the top of the reservoir is assigned an elevation of 0 and the
upward direction is taken as positive. The drilling cost associated with each geophone array is
shown in Table 3-3. A more detailed list of geophone array installation costs with geophone
locations can be found in Appendix A along with 3D schematics of the geophone arrays.
Table 3-3: Installation cost of each geophone array.

Drilling cost is the primary variable cost for these five alternatives.

All other costs:

transportation, injection, monitoring, etc. are fixed for the process. For these reasons, only the
drilling cost is considered for this analysis, as any other cost would be incurred regardless.
The final stage of the data creation phase of the project involved calculating travel times from the
events to the receivers. A shortest-path travel time calculator employing Dijkstra’s algorithm
was used. The code for the travel time calculator, which was written in MATLAB, is shown in
Appendi

B.

Dijkstra’s method, for the application of seismic travel time determination,

involves creating nodes throughout the region of interest. These nodes are then connected by
segments to their neighboring nodes. The travel time for each segment is determined from the
segment length and the synthetic velocity model. The travel time for each possible path from
event to receiver is then calculated, and the quickest travel time is recorded as the true travel
time.
The number of nodes had to be decided upon for the travel time calculator. More nodes mean a
more precise travel time, but a longer computation time. Since all possible travel paths are
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considered with the Dijkstra method, the computation time increases exponentially with
increasing number of nodes. To determine the optimum number of nodes, the travel time
calculator was executed with varying number of nodes and the computation time was recorded.
For these trials, 200 travel times were calculated with a 3.0 GHz processor. Computation time is
plotted versus the number of nodes in each direction in Figure 3.4.

Figure 3.4: Computation time versus number of nodes.

The ideal operating point, when number of nodes and run time are both considered, was assumed
to occur near the bend of the curve in Figure 3.4. To verify the proper compromise between
accuracy and computation efficiency, travel times for five randomly chosen ray paths are plotted
versus number of nodes in each direction in Figure 3.5. As expected, the travel time for any
event-receiver pair varies significantly for fewer nodes, but converges as node number increases.
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Figure 3.5: Travel time versus number of nodes.

Considering both computation time and precision, the ideal number of nodes in each direction
was determined to be 30. Also, with 30 nodes in the x-, y-, and z-directions, the anomalous
velocity region representing the CO2 plume was sufficiently accounted for. Greater node spacing
could result in no nodes being placed inside the CO2 plume, which would result in inaccurate and
worthless travel times.

Velocity Model Reconstruction
This analysis consists of 125 unique combinations: five stages of plume growth, five event
regions, and five geophone arrays. Double-difference tomographic inversion was performed on
each of these 125 scenarios independently. After the synthetic data creation, monitoring CO2
migration underground was approached like a real-world passive seismicity study. For this
problem, the geophone locations are known, the travel times are approximated, and the velocity
model is assumed. For passive-source tomography, the first step is to determine seismic event
locations.
To determine event locations, the travel times from a single event to all receivers were
considered simultaneously.

From the approximated travel time to each receiver, and the

assumed background velocity, a distance from the event to each receiver was calculated. Also,
an event location was assumed, and the distance between that assumed event location and the
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receiver was calculated. Microsoft E cel’s Solver add-in was used to minimize the sum of the
errors between these two distances for each receiver by changing the assumed event location.
A few potential weaknesses exist from using this event location technique. First, the ray path is
assumed to be linear for this technique. Seismic ray paths are known to be non-linear, but with
the constant background velocity, the linear ray path assumption is valid. Second, the calculated
seismic event locations can contain significant error if the assumed background velocity is
significantly different than the actual velocity. To overcome this potential source of error,
multiple background velocities were used to calculate every event location. The velocities used
for locating the events ranged from 10% lower than the assumed background velocity to 5%
greater than the background velocity. The assumed event location with the lowest total error was
taken as the actual event location.
TomoDD, a double-difference seismic tomography program, was used to create velocity models.
TomoDD requires pairs of events for inversion. The double-difference tomography algorithm
minimizes the error between the observed and calculated travel times for pairs of events
simultaneously, rather than the residual for a single travel time. The maximum distance between
paired events was set to ten meters. A maximum distance between an event pair and a receiver is
typically specified, but since all events were generated relatively close to the geophone arrays, no
restriction was placed on the distance between an event pair and a receiver. Event pair locations
and respective travel times to receivers are inputted into tomoDD along with an assumed velocity
model. The input velocity model was constant at the assumed background velocity.
Before further discussion of tomoDD can occur, a few terms need to be defined. Two input
parameters, damping and smoothing, significantly affect the velocity model resulting from
tomoDD. Three smoothing values constrain the amount of smoothing in the x-, y- and zdirections. Smoothing removes significant, abrupt changes in the resulting velocity structure.
The damping value controls the degree to which the seismic events may be relocated, and,
consequently, the degree to which the velocity model is allowed to change. The proper damping
value varies for each reconstruction problem, and depends mostly on the condition of the
problem. The condition of the problem is expressed by the condition number, which is the ratio
of the highest eigenvalue to the lowest eigenvalue. It has been determined empirically that
appropriate damping values will typically result in a condition number between 40 and 80 [83].
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Finally, a derivative weight sum (DWS) is calculated for each voxel during inversion. DWS,
which is a function of the number of ray paths traversing a voxel and the length of those ray
paths within the voxel, is a measure of confidence in the velocity value assigned to a voxel.
DWS is non-negative, with higher DWS values typically indicating higher confidence.
Tests were performed on one of the 125 data sets to determine appropriate values for damping
and smoothing simultaneously. For these tests, a variety of damping and smoothing values were
tried and the response of tomoDD was recorded and analyzed. The variance of the residual was
plotted against the mean of the residual, as shown in Figure 3.6. Each curve on Figure 3.6
corresponds to a single smoothing value, and each point on a smoothing curve corresponds to a
different damping value. The optimum values for damping and smoothing were assumed to
occur near the three-dimensional elbow of the set of curves in Figure 3.6. The elbow was
assumed to occur at a smoothing value of 25 and a damping value of 100, which is the
“operating point” labeled on Figure 3.6.

Figure 3.6: Residual variance versus mean with operating point shown.

Double-difference tomography involves an iterative process, so the number of iterations had to
be determined. Too few iterations will result in an under-determined velocity structure, while
too many iterations requires unnecessary calculation time and results in over-fitting of the data.
TomoDD was run with damping and smoothing values of 100 and 25, respectively, to determine
the number of iterations. The largest root mean square (RMS) residual observed at a station was
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recorded for each iteration, and is shown in Figure 3.7. Decreasing RMS indicates convergence.
TomoDD converged upon a solution in approximately 25 to 30 iterations for the scenario shown.
Some of the 125 scenarios could require a greater number of iterations that the scenario shown,
so 40 iterations were used to solve each system.

Figure 3.7: Root mean square versus iteration number.

Sharp decreases in RMS alternate with relatively little decreases in RMS every five iterations in
Figure 3.7, because the inversion technique is adjusted after every fifth iteration. For the first
five iterations, inversion of the velocity model is performed and the seismic event locations are
updated. Only event locations are recalculated for the next five iterations; the velocity model
does not change.

This technique of alternating between simultaneous inversion and event

relocation should be employed because the velocity models converge faster than the seismic
event locations [84].
TomoDD was used to reconstruct a velocity model for each of the 125 scenarios described
above.

The damping and smoothing values for each of these scenarios was 100 and 25,

respectively. Each inversion process involved 40 iterations. After determining the 125 velocity
models, they were compared to their corresponding input velocity model.
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Results
Each of the 125 resulting velocity models from tomoDD was compared quantitatively to its
respective synthetic velocity model.

Both volume trend analysis and nodal analysis were

attempted as means of quantifying the results. The velocity models proved to be too complex for
volume trend analysis which became fragile and unreliable in this application. Only nodal
analysis will be discussed because of the inability of trend analysis to quantify the results.
Node-by-node analyses are simpler and easier to implement, but have the potential to provide
results that are less favorable than expected in this application. Stretching of an anomalous
velocity region is likely to occur whenever seismic wave travel paths are unidirectional through
that region.

This is the case for all of the geophone arrays except the cylindrical array.

Stretching of the low-velocity zone can be expected for the other four geophone arrays because
all seismic events are occurring within the reservoir and the geophones were kept well above the
reservoir to maintain caprock structural integrity. Nodal analyses cannot distinguish stretching
from other possible means of error.
Both the synthetic velocity models and the velocity models determined from the doubledifference algorithm have 40 nodes in the x-, y-, and z-directions, with a velocity at each node.
The velocity models determined by tomoDD also have a DWS associated with each node, which
is a measure of the confidence of that node’s assigned velocity. The nodal velocities as well as
the DWS were used to quantify the results.
For time-lapse tomography applications, it is becoming common practice to report percent
change in velocity from the original, unperturbed state, rather than the absolute velocity through
the medium. Percent change in velocity from background is calculated by:
Equation 3.3
where Vact is the actual nodal velocity and Vback is the background velocity. A background
velocity in a synthetic study such as this would be arbitrary. Instead of reporting absolute
velocities that are dependent upon an arbitrary background velocity, nodal velocities were
converted to standardize the results.

The original velocity models were created using an

assumed percent change in velocity from background, so the background velocity is not relevant.
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The nodal velocities in the velocity models determined by tomoDD were converted to a percent
difference from input velocity.
The percent difference in velocity was originally calculated for the entire velocity model, but a
deceptively low error value resulted because the velocity model inputted to tomoDD was
constant at the background velocity. If a voxel remained unchanged by tomoDD, then it was left
at the background velocity, which was the actual velocity for a majority of the nodes. To get a
more realistic error value, the percent difference was calculated again for voxels with nonzero
DWS. The percent difference in velocity was also calculated for the nodes with the top 25%, the
top 50%, and the top 75% of all nonzero DWS values. In all, five error values were calculated
for each of the 125 data sets. Percent difference is plotted for each DWS inclusion threshold in
Figure 3.8.

Figure 3.8: Box plot of average percent difference between nodes in the input and output
velocity models for each DWS inclusion level.

The box plots in Figure 3.8 contain the minimum, first quartile, median, third quartile, and max
error values for each DWS inclusion level. Error increases for increasing confidence. That trend
is counterintuitive generally, but can be expected for this analysis.

The average percent

difference when all nodes are considered is deceptively low because the background velocity
was known exactly and inputted to tomoDD. Since the assumed velocity model inputted to
tomoDD was equal to the background velocity, nodes with DWS=0 are likely to have zero error.
The increase in error for the top 50% and top 25% of nodes with nonzero DWS is likely due to
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stretching of the output velocity model. If stretching of the low-velocity region occurred, which
is expected with mostly unidirectional ray paths, then many of the nodes with high confidence
will also have significant error. Because of the uncharacteristically high error values for the top
50% and top 25% of nonzero DWS, and the deceptively low error values when all nodes are
considered, only error values calculated from the top 75% of nonzero DWS values will be
discussed further.
Figure 3.9 shows a box plot of the average percent difference for each seismic event region.
When only events near the “caprock” are considered, there is consistently higher error in the
outputted velocity model. Since four of the five geophone arrays are located entirely above the
CO2 plume, ray paths from events above the CO2 plume do not traverse the plume. Conversely,
ray paths from events located near the injection well must pass through the plume to register on a
geophone; therefore, the “injection” event region gives the best results. While the caprock event
region cannot be used to detect the CO2 plume alone, if used with other event regions, it could be
used to define the top of the plume, and prevent stretching of the output velocity model.

Figure 3.9: Box plot of average percent difference between nodes in the input and output
velocity models for each event region data set.

A box plot of the average percent difference was also plotted versus CO2 plume growth, as
shown in Figure 3.10. Since each of these five data points represents the combination of 25 data
sets, conclusions drawn from these relationships can be skewed. However, it seems evident that
mapping of CO2 plumes becomes more accurate when the plume becomes larger. This should be
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e pected, because it is easier to “see” a larger plume than a smaller plume. More ray paths are
expected to traverse a larger plume than a smaller plume, so a larger plume will be more evident
after tomographic inversion.

Figure 3.10: Box plot of average percent difference between nodes in the input and output
velocity models for each plume radius, meters.

A box plot of the average percent difference values for each geophone array is shown in Figure
3.11. All geophone arrays give relatively good results. The circular geophone array and the
surface array seem to give the best results consistently. The cylinder array has the lowest
median, but also the highest single error value. The spiral and random arrays give less desirable
results than the others when all combinations are averaged.
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Figure 3.11: Box plot of average percent difference between nodes in the input and output
velocity models for each geophone array data set.

Discussion of Results
The ultimate goal of this analysis is to determine a relationship between cost and accuracy in
MVA applications.

Figure 3.12 shows the relationship between cost and average percent

difference that was determined from this analysis. No correlation between drilling cost and
accuracy is apparent from this analysis. The drilling costs shown in Figure 3.12 are based on an
assumed per meter drilling cost of $1,250. They are also calculated for a reservoir 1700 m deep.

Figure 3.12: Average percent difference versus cost.
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A complete list of error values is shown below in Table 3-4. The error values vary significantly
between scenarios, with no consistent, overlying trend, but there are some local trends. Error
values for the caprock event region are typically considerably higher than the other event
regions. The 100 m and 250 m radius plumes have higher error compared to the other plume
sizes.
Table 3-4: Average percent difference for all 125 scenarios. Values highlighted in green are the
lowest 25% and values highlighted in red are the highest 25% of all error values.

Source of Error
There are many potential sources of error in the process. The first step in the process, calculating
synthetic travel times, introduces error.

To calculate the travel times, nodes were placed
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throughout the region in uniform, rectangular pattern, and segments were constructed between
the nodes. This process can involve error, because the ray path between any seismic event and
receiver may be forced onto an indirect path.
To determine the magnitude of potential error, a simple test was created. A single receiver was
inputted into the travel time calculator with 1000 seismic events placed on the shell of a 1000
meter radius sphere centered at the receiver. The velocity was assigned to be 100 m/s. With a
constant velocity of 100 m/s and a constant ray path distance of 1000 m, all travel times should
be 10 s. A histogram of the travel times calculated by the synthetic travel time calculator is
shown below in Figure 3.13.

Figure 3.13: Histogram of synthetic travel times.

None of the travel times were calculated to be less than 10 s. The minimum travel time
calculated was 10.03 s, the maximum was 15.16 s, and the average was 11.8 s. With the travel
times being, on average, 18% higher than the actual travel times, the travel time calculator was a
significant source of error. Furthermore, calculating travel times is the first step in the process,
so the error created is likely to compound during the subsequent steps.

Conclusions
Double-difference tomographic inversion was performed on the 125 synthetic data sets: five
stages of CO2 plume growth, five seismic event regions, and five geophone arrays. Each
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resulting velocity model from tomoDD was compared quantitatively to its respective synthetic
velocity model to determine an accuracy value. The quantitative results were examined in an
attempt to determine a relationship between cost and accuracy in MVA applications using
double-difference tomography. While all scenarios resulted in little error, no such relationship
could be found.
Analysis of synthetic data could provide a means of testing proposed tomography applications.
It also has the potential to provide a means of determining the relative accuracy of tomographic
inversion algorithms. For synthetic analyses to be successful, extremely precise input data must
be created. The synthetic travel times determined for this process proved to be inconsistently
inaccurate. These inaccuracies led to possibly unreliable results.
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Chapter 4: Discussion of Results
Sources of Error
There are many potential sources of error in the process. The first step in the process, calculating
synthetic travel times, introduces error. To calculate the travel times, nodes were placed in the
region in a rectangular pattern, and segments were constructed between the nodes. This process
can involve error, because the ray path between any seismic event and receiver may be forced
onto an indirect path.
To determine the magnitude of potential error, a simple test was created. A single receiver was
inputted into the travel time calculator with 1000 seismic events placed on the shell of a 1000
meter radius sphere centered at the receiver. The velocity was assigned to be 100 m/s. With a
constant velocity of 100 m/s and a constant ray path distance of 1000 m, all travel times should
be 10 s. A histogram of the travel times calculated by the synthetic travel time calculator is
shown below in Figure 4.1.

Figure 4.1: Histogram of synthetic travel times.

None of the travel times were calculated to be less than 10 s. The minimum travel time
calculated was 10.03 s, the maximum was 15.16 s, and the average was 11.8 s. With the travel
times being, on average, 18% higher than the actual travel times, the travel time calculator was a
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significant source of error. Furthermore, calculating travel times is the first step in the process,
so the error created is likely to compound during the subsequent steps.
By considering a simple example, the magnitude of the error inherent to the travel time
calculator can be realized. If an event that occurs within a reservoir is detected by a geophone in
that reservoir, then, assuming constant velocity and straight ray paths, the travel time will simply
be the distance traveled over the seismic velocity of the reservoir. If the velocity of the reservoir
is then decreased by 10% and a second event occurs at the exact location of the first event, then
there will be an 11.1% increase in the straight-ray travel time. Decreases in velocity due to the
presence of CO2 are not expected to exceed 10%, so this 11.1% increase in travel time is a
maximum value. With receivers placed outside the reservoir, the percent change in travel time
decreases quickly. The maximum percent change in travel time from before to after injection is
less than the average percent error in travel time for the synthetic travel time calculator.
A significant source of error in most passive seismic tomography studies is determining event
locations [85]. Accuracy of source locations is highly dependent upon the accuracy of the travel
time picks and the assumed velocity model. With inconsistent inaccuracies in the travel time
picks, significant error in the seismic source locations should be expected. Histograms of the
event location error for each of the geophone arrays are shown in Appendix C. The event
location “error” is simply the distance between the assumed event location and the actual event
location.
Determining the event locations became a major source of error in the process. For the random
geophone array, the average distance between receiver and source is approximately 750 m and
the average error is approximately 65 m. The magnitude of event location error is a large
percentage of the distance between source and receiver. To locate the seismic events, the
velocity model was assumed to be constant, and the ray paths were assumed to be straight.
These two assumptions could introduce some error into the event locations. The majority of the
error, however, is most likely due to the error introduced by the travel time calculator.
The event location error is not as damaging to the results as the travel time error. The algorithm
used in tomoDD is equipped to relocate seismic events after updating the velocity model, so
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event location error should decrease with increasing iteration number. However, tomoDD will
not adjust travel times, only discard the inconsistencies.
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Chapter 5: Conclusions
Double-difference tomographic inversion was performed on 125 synthetic data sets: five stages
of CO2 plume growth, five seismic event regions, and five geophone arrays. Each resulting
velocity model from tomoDD was compared quantitatively to its respective synthetic velocity
model to determine an accuracy value. All scenarios provide results with little error; the greatest
error for the chosen DWS threshold was calculated to be approximately 8.2%. Quantification of
results was performed by calculating the average percent difference of all nodes between each
resulting velocity model and its respective synthetic velocity model. The small error values
could show that a different means of quantifying the results is necessary.
The travel time calculator proved to be too imprecise. The maximum percent change in travel
time from before to after injection is less than the average percent error in travel time for the
synthetic travel time calculator. Analysis of synthetic data requires input data more precise than
the travel time calculator could create.
The quantitative results were examined in an attempt to determine a relationship between cost
and accuracy in MVA applications using double-difference tomography. While all scenarios
resulted in little error, no such relationship could be found. The lack of a clear relationship
between cost and error could be due to failure by the quantification method to rank the scenarios
appropriately. It could also be the case that no true relationship between cost and error actually
exists. Finally, the lack of a relationship could be a result of the travel time calculator used. The
travel time calculator proved to be too imprecise to perform this study.
Analysis of synthetic data provides an inexpensive means of testing proposed tomography
applications. Synthetic analysis has the potential to provide a means of determining the relative
accuracy of tomographic inversion algorithms, the most cost-effective geophone array, and the
applicability of new and different monitoring applications. Synthetic analysis could also be used
to supplement or validate real world tomographic imaging.
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Chapter 6: Future Work
The travel time calculator is the source of the most significant error in the process. It may be
possible to circumvent this inherent error in the travel time calculator by performing a time-lapse
synthetic analysis. Two velocity models would need to be created: a pre-injection velocity
model and a post-injection velocity model. The pre-injection synthetic velocity model could be
constant at the background velocity, while the post-injection synthetic velocity model would
represent the presence of a supercritical CO2 plume. The magnitude of the error for any travel
time may be consistent for pre-injection and post-injection scenarios. This time-lapse analysis
would involve essentially the same process, but instead of comparing the calculated velocity
model to the synthetic velocity model, comparison of two calculated velocity models would
occur. The post-injection calculated velocity model would be subtracted from the pre-injection
velocity model and that difference would be compared to the difference in the synthetic models.
The error introduced by the travel time calculator could be minimized by using this process.
A preliminary trial of the method described above was performed to gauge its feasibility. The
trial method was performed on the “Beyond” event region of the 750 m radius plume for all five
geophone arrays. The results of this trial are shown below in Table 6-1. The results of the initial
method and the proposed trial method are similar for all five geophone arrays, except the
cylinder array.
Table 6-1: Average percent difference for the
"Beyond" event region of the 750 m radius plume for
the initial method and the proposed trial method.

Another possible means of minimizing the error in the travel time calculation would be to find or
develop a new travel time calculator. TomoDD has a synthetic travel time calculator, which will
be tested to determine its accuracy and precision.
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Perhaps a new travel time calculation

algorithm needs to be developed prior to synthetic analysis being a viable means of modeling
applications of tomography.
Many means of quantifying the results were attempted in this study. All quantification methods
gave similar results, which may imply, but does not prove, that any of the methods will suffice.
A more applicable quantification method should be developed for the synthetic analysis
application.
The process used in this analysis involved many steps, and each step has the potential to induce
inaccuracies by user error. To avoid the hassle and potential user error present in executing these
many steps, a single program will be created that will execute the entire process from beginning
to end. While the potential for user error is still present, one program with one user interface will
minimize its potential. Creating a single program to streamline the analysis will also reduce the
time required to perform the synthetic analysis.
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Appendix A: Synthetic Data
All spatial dimensions are measured in meters.
The z-direction is the vertical direction with positive z indicating up. The top of the reservoir is
the z=0 plane. Injection occurs at the point (0, 0, -50) m.
For depth measurements, down is positive from the surface, and the reservoir is 1700 m deep.

Table A-1: Percent decrease from background velocity for the 750 m radius plume.
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Figure A.1: 3D schematic showing the circle geophone array (red triangles) and the 750 m
radius plume (blue).

Figure A.2: 3D schematic showing the spiral geophone array (red triangles) and the 750 m
radius plume (blue).
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Figure A.3: 3D schematic showing the random geophone array (red triangles) and the 750 m
radius plume (blue).

Figure A.4: 3D schematic showing the cylinder geophone array (red triangles) and the 750
m radius plume (blue).
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Figure A.5: 3D schematic showing the surface geophone array (red triangles) and the 750 m
radius plume (blue).
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Table A-2: Synthetic seismic event locations for the "boundary" location of the 750 m radius plume.

Continued on next page
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Table A-3: Breakdown of geophone locations and drilling costs.
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Appendix B: MATLAB Code for Travel-Time Calculator using
Dijkstra Algorithm
function [costs,paths] = dijkstra(AorV,xyCorE,SID,FID,iswaitbar)
%DIJKSTRA Calculate Minimum Costs and Paths using Dijkstra's Algorithm
%
% Inputs:
% [AorV] Either A or V where
%
A is a NxN adjacency matrix, where A(I,J) is nonzero (=1)
%
if and only if an edge connects point I to point J
%
NOTE: Works for both symmetric and asymmetric A
%
V is a Nx2 (or Nx3) matrix of x,y,(z) coordinates
% [xyCorE] Either xy or C or E (or E3) where
%
xy is a Nx2 (or Nx3) matrix of x,y,(z) coordinates (equivalent to V)
%
NOTE: only valid with A as the first input
%
C is a NxN cost (perhaps distance) matrix, where C(I,J) contains
%
the value of the cost to move from point I to point J
%
NOTE: only valid with A as the first input
%
E is a Px2 matrix containing a list of edge connections
%
NOTE: only valid with V as the first input
%
E3 is a Px3 matrix containing a list of edge connections in the
%
first two columns and edge weights in the third column
%
NOTE: only valid with V as the first input
% [SID] (optional) 1xL vector of starting points
%
if unspecified, the algorithm will calculate the minimal path from
%
all N points to the finish point(s) (automatically sets SID = 1:N)
% [FID] (optional) 1xM vector of finish points
%
if unspecified, the algorithm will calculate the minimal path from
%
the starting point(s) to all N points (automatically sets FID = 1:N)
% [iswaitbar] (optional) a scalar logical that initializes a waitbar if nonzero
%
% Outputs:
% [costs] is an LxM matrix of minimum cost values for the minimal paths
% [paths] is an LxM cell array containing the shortest path arrays
%
% Revision Notes:
% (4/29/09) Previously, this code ignored edges that have a cost of zero,
% potentially producing an incorrect result when such a condition exists.
% I have solved this issue by using NaNs in the table rather than a
% sparse matrix of zeros. However, storing all of the NaNs requires more
% memory than a sparse matrix. This may be an issue for massive data
% sets, but only if there are one or more 0-cost edges, because a sparse
% matrix is still used if all of the costs are positive.
%
% Note:
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%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

If the inputs are [A,xy] or [V,E], the cost is assumed to be (and is
calculated as) the point-to-point Euclidean distance
If the inputs are [A,C] or [V,E3], the cost is obtained from either
the C matrix or from the edge weights in the 3rd column of E3
Example:
% Calculate the (all pairs) shortest distances and paths using [A,xy] inputs
n = 7; A = zeros(n); xy = 10*rand(n,2)
tri = delaunay(xy(:,1),xy(:,2));
I = tri(:); J = tri(:,[2 3 1]); J = J(:);
IJ = I + n*(J-1); A(IJ) = 1
[costs,paths] = dijkstra(A,xy)
Example:
% Calculate the (all pairs) shortest distances and paths using [A,C] inputs
n = 7; A = zeros(n); xy = 10*rand(n,2)
tri = delaunay(xy(:,1),xy(:,2));
I = tri(:); J = tri(:,[2 3 1]); J = J(:);
IJ = I + n*(J-1); A(IJ) = 1
a = (1:n); b = a(ones(n,1),:);
C = round(reshape(sqrt(sum((xy(b,:) - xy(b',:)).^2,2)),n,n))
[costs,paths] = dijkstra(A,C)
Example:
% Calculate the (all pairs) shortest distances and paths using [V,E] inputs
n = 7; V = 10*rand(n,2)
I = delaunay(V(:,1),V(:,2));
J = I(:,[2 3 1]); E = [I(:) J(:)]
[costs,paths] = dijkstra(V,E)
Example:
% Calculate the (all pairs) shortest distances and paths using [V,E3] inputs
n = 7; V = 10*rand(n,2)
I = delaunay(V(:,1),V(:,2));
J = I(:,[2 3 1]);
D = sqrt(sum((V(I(:),:) - V(J(:),:)).^2,2));
E3 = [I(:) J(:) D]
[costs,paths] = dijkstra(V,E3)
Example:
% Calculate the shortest distances and paths from the 3rd point to all the rest
n = 7; V = 10*rand(n,2)
I = delaunay(V(:,1),V(:,2));
J = I(:,[2 3 1]); E = [I(:) J(:)]
[costs,paths] = dijkstra(V,E,3)
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% Example:
%
% Calculate the shortest distances and paths from all points to the 2nd
%
n = 7; A = zeros(n); xy = 10*rand(n,2)
%
tri = delaunay(xy(:,1),xy(:,2));
%
I = tri(:); J = tri(:,[2 3 1]); J = J(:);
%
IJ = I + n*(J-1); A(IJ) = 1
%
[costs,paths] = dijkstra(A,xy,1:n,2)
%
% Example:
%
% Calculate the shortest distance and path from points [1 3 4] to [2 3 5 7]
%
n = 7; V = 10*rand(n,2)
%
I = delaunay(V(:,1),V(:,2));
%
J = I(:,[2 3 1]); E = [I(:) J(:)]
%
[costs,paths] = dijkstra(V,E,[1 3 4],[2 3 5 7])
%
% Example:
%
% Calculate the shortest distance and path between two points
%
n = 1000; A = zeros(n); xy = 10*rand(n,2);
%
tri = delaunay(xy(:,1),xy(:,2));
%
I = tri(:); J = tri(:,[2 3 1]); J = J(:);
%
D = sqrt(sum((xy(I,:)-xy(J,:)).^2,2));
%
I(D > 0.75,:) = []; J(D > 0.75,:) = [];
%
IJ = I + n*(J-1); A(IJ) = 1;
%
[cost,path] = dijkstra(A,xy,1,n)
%
gplot(A,xy,'k.:'); hold on;
%
plot(xy(path,1),xy(path,2),'ro-','LineWidth',2); hold off
%
title(sprintf('Distance from 1 to 1000 = %1.3f',cost))
%
% Web Resources:
% <a href="http://en.wikipedia.org/wiki/Dijkstra%27s_algorithm">Dijkstra's Algorithm</a>
% <a href="http://en.wikipedia.org/wiki/Graph_%28mathematics%29">Graphs</a>
% <a href="http://en.wikipedia.org/wiki/Adjacency_matrix">Adjacency Matrix</a>
%
% See also: gplot, gplotd, gplotdc, distmat, ve2axy, axy2ve
%
% Author: Joseph Kirk
% Email: jdkirk630@gmail.com
% Release: 1.1
% Date: 4/29/09
% Process Inputs
error(nargchk(2,5,nargin));
all_positive = 1;
[n,nc] = size(AorV);
[m,mc] = size(xyCorE);
[E,cost] = processInputs(AorV,xyCorE);
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if nargin < 5
iswaitbar = 0;
end
if nargin < 4
FID = (1:n);
end
if nargin < 3
SID = (1:n);
end
if max(SID) > n || min(SID) < 1
eval(['help ' mfilename]);
error('Invalid [SID] input. See help notes above.');
end
if max(FID) > n || min(FID) < 1
eval(['help ' mfilename]);
error('Invalid [FID] input. See help notes above.');
end
isreversed = 0;
if length(FID) < length(SID)
E = E(:,[2 1]);
cost = cost';
tmp = SID;
SID = FID;
FID = tmp;
isreversed = 1;
end
L = length(SID);
M = length(FID);
costs = zeros(L,M);
paths = num2cell(nan(L,M));
% Find the Minimum Costs and Paths using Dijkstra's Algorithm
if iswaitbar, wbh = waitbar(0,'Please Wait ... '); end
for k = 1:L
% Initializations
if all_positive, TBL = sparse(1,n); else TBL = NaN(1,n); end
min_cost = Inf(1,n);
settled = zeros(1,n);
path = num2cell(nan(1,n));
I = SID(k);
min_cost(I) = 0;
TBL(I) = 0;
settled(I) = 1;
path(I) = {I};
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while any(~settled(FID))
% Update the Table
TAB = TBL;
if all_positive, TBL(I) = 0; else TBL(I) = NaN; end
nids = find(E(:,1) == I);
% Calculate the Costs to the Neighbor Points and Record Paths
for kk = 1:length(nids)
J = E(nids(kk),2);
if ~settled(J)
c = cost(I,J);
if all_positive, empty = ~TAB(J); else empty = isnan(TAB(J)); end
if empty || (TAB(J) > (TAB(I) + c))
TBL(J) = TAB(I) + c;
if isreversed
path{J} = [J path{I}];
else
path{J} = [path{I} J];
end
else
TBL(J) = TAB(J);
end
end
end
if all_positive, K = find(TBL); else K = find(~isnan(TBL)); end
% Find the Minimum Value in the Table
N = find(TBL(K) == min(TBL(K)));
if isempty(N)
break
else
% Settle the Minimum Value
I = K(N(1));
min_cost(I) = TBL(I);
settled(I) = 1;
end
end
% Store Costs and Paths
costs(k,:) = min_cost(FID);
paths(k,:) = path(FID);
if iswaitbar, waitbar(k/L,wbh); end
end
if iswaitbar, close(wbh); end
if isreversed
costs = costs';
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paths = paths';
end
if L == 1 && M == 1
paths = paths{1};
end
% ------------------------------------------------------------------function [E,C] = processInputs(AorV,xyCorE)
C = sparse(n,n);
if n == nc
if m == n
if m == mc % Inputs: A,cost
A = AorV;
A = A - diag(diag(A));
C = xyCorE;
all_positive = all(C(logical(A)) > 0);
E = a2e(A);
else % Inputs: A,xy
A = AorV;
A = A - diag(diag(A));
xy = xyCorE;
E = a2e(A);
D = ve2d(xy,E);
all_positive = all(D > 0);
for row = 1:length(D)
C(E(row,1),E(row,2)) = D(row);
end
end
else
eval(['help ' mfilename]);
error('Invalid [A,xy] or [A,cost] inputs. See help notes above.');
end
else
if mc == 2 % Inputs: V,E
V = AorV;
E = xyCorE;
D = ve2d(V,E);
all_positive = all(D > 0);
for row = 1:m
C(E(row,1),E(row,2)) = D(row);
end
elseif mc == 3 % Inputs: V,E3
E3 = xyCorE;
all_positive = all(E3 > 0);
E = E3(:,1:2);
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for row = 1:m
C(E3(row,1),E3(row,2)) = E3(row,3);
end
else
eval(['help ' mfilename]);
error('Invalid [V,E] inputs. See help notes above.');
end
end
end
% Convert Adjacency Matrix to Edge List
function E = a2e(A)
[I,J] = find(A);
E = [I J];
end
% Compute Euclidean Distance for Edges
function D = ve2d(V,E)
VI = V(E(:,1),:);
VJ = V(E(:,2),:);
D = sqrt(sum((VI - VJ).^2,2));
end
end

70

Appendix C: Sources of Error

Figure C.1: Event location error histogram for the circle array.

Figure C.2: Event location error histogram for the spiral array.
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Figure C.3: Event location error histogram for the random array.

Figure C.4: Event location error histogram for the cylinder array.

72

Figure C.5: Event location error histogram for the surface array.

Table C-1: Minimum, average, and maximum event
location errors, in meters, for all five geophone arrays.
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