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ABSTRACT

> essential for processing and velocity determination { m VSP
nany wells drilled today are deviated from vertical, there is very
time

terature on the effects of well deviation on travel

essing issues when a VSP is conducted in a deviated :l. An
cessing conside ions associated with acquiring precise travel
cidence and walkaway survey conducted in a deviated well was
ring for well dev ion by rotating the vertical component in-line
vave particle motion for each source-receiver pair of the vertical
zgligible effect on acquired travel times. Rotation of tl  vertical
the downgoing P-wave particle motion for each source-receiver

irvey proved to fc  ow convention: practice and the deviation of

ell deviation when acquiring travel times from VSP surveys
rells 1s a concern when characterizing a reservoir by determining
charac  stics of a specific rock yer. Using the travel times
vertical incidence and walkaway surveys, it is demonstrated, by
ocity anisotropy estimate of 17.1 % for a marine shale, that the
athod is well suited for a deviated well setting. This e mate is
ired to published values and to an independent estimate of 17.9 %
the phase-slowness method usii  the same assump ns that
inversion method. Modifying the phase-slowness method also
less intense. In —"neral, with e application of r sonable
nisotropy measurements can be obtained within a deviated well

rational adjustments.
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CHAPTER 1 1

Vertical seisn
number of years in tl
total upgoing and dov
geophones clamped f
surface.

An important
to the receiver. Thes
elastic wave from the

Average velocity is e:

roduction

profiling (VSP) is a seismic technique that has been used for a
hydrocarbon industry. The measurement involves recording the
20ing wavefields propagating through the subsurface by means of

the walls of a drilled well and a source situated at or near the

> of VSP’s is the acquisition of direct travel times from the source
-avel times then can be used to calculate average velocities of the
urce to the geophone located within the rock under investigation.
ly calculated using:

distance from source position to receiver position

VAt'el‘age = d

These veloci
investigation and can
example, estimates of
characterize reservoil

and interval velocitie.

However, the reliabi

ct travel time from source position to receiver position -
s can provide better understanding of the rocks under
e integrated into an exploration and development program. For
slocity anisotropy are increasingly being used to better image and

Travel times from VSP’s are utilized to calculate the average
eeded to determine if a rock unit displays anisotropic properties.

¢ of these velocities depends on the reliability of traw  times.

Errors in velocity de#erminations that are used to help characterize a reservoir - by

determining such as;

decrease the confiden

cts as anisotropic parameters and Vs/Vp - could significantly

in the calculated results.
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inual geophysical meetings. Therefore, the objective of this thesis
ic study of processing issues and their potential affect on deriving
ym a three component vertical incidence and walkaway survey
well. Furthermore, using these travel times [ will show that with
onable assumptions, velocity anisotropy measurements can be

ed well without rigorous computational adjustments.










gas fields. VSP daf
processing of surfac
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1.2  BasicS mic

When first ex:
technique of seismic
seismic trace gather (
VSP survey. These v
recorded time of dow
to the time an ever
However, for upgoin,
specific geophone d¢
propagating wave it \
geophones whose po:
located at the reflect
downgoing wave. In

often about 30 decib

upgoing events are ne

is used to optimize surface seisn : planning, guide the signal
eismic data, assist in reservoir characterization and even help

zholes.

/avefields Obtained From VSP’s

ining any VSP seismic trace gather, it becomes apparent that this
»quisition represents the subsurface differently then the surfacc
rure 1.2.1). There are two different waveficlds recorded during a
refields are characterized by upgoing and downgoing waves. The
oing waves on the VSP trace gather increases. This corresponds
is recorded on specific geophones that increase wi  depth.
vaves the opposite is true. The time recorded of an event on a
eases with depth. Once there is a rctlection of a downward
| propagate upward and therefore will be recorded by s :cessive
on in the borehole decreases with depth. When the receiver is
depth, the upgoing wave is coincident with that of the direct
: context of actual field-recorded data, the downgoing waves are
1 these

(dB) stronger in amplitude than the upgoing waves

is easily identified as the downgoing events (Cassell, 1984).






1.3 The App :atic

When exami; °

technique, there has |
recorded on a vertica
are used consist not o
recently, the VSP toc
has allowed for the ¢
along with P-waves.
origins and elementa:
observed. For an

compressional wave

of Multicomponent Seismology in Vertical Seismic P iling

g the applicatic  of vertical seismic profiling as a seismic
:n an apparent concentration on compressional or P-wave energy
reophone in the borehole. However, many of the VSP tools that
¢ of a vertical geophone but also two horizontal geophones. More
consist of an array of three component geophone packa s. This
mination of shear waves or S-waves and mode-converted waves
Utilizing multicomponent recording requires distinctic  of the
nature of the specific elastic waves of interest (P and S) that are
tropic homogeneous media, particle motion associated with

-wave) propagation is oriented in the direction of propagation.

Therefore, the particle motion is defined entirely by the ray geometry. Shear waves are

associated with par**~'~ motion oriented perpendicular to the direction of propagation.

Hence, the particle
The nature of the
referred to as its spe
For a visua
1.3.1, 1.3.2., and
recorded by a three
ray paths for the yf
well. For the sourc

are shown.

tion can be in any direction within the plane normal to the ray.
icle motion associated with a specific wave mode can also be
> polarization.

derstanding of these different polarized wave motions, Figures
} demonstrate the particle motion involved in the wavefields
nponent vertical seismic profile survey. To simplify 1 : figure,
1g waves are shown for the source that is offset to the left of the

set to the right of the well, the ray paths for the downgoing waves












The P-wave s
Earth's surface. This
recorded by a geoph
leads to a P-wave tha
as a downgoing waw
plane which contains
This plane, which is |
incidence. For the P
the wave is in the dir

For S-wave
direction the source
hence the polarized r
1.3.2 demonstrates
previously defined pl
that is purely horizon
to the ray prop: itio
motion of this wave i
is required to record t

The SV-wave
oriented/polarized pa
perpendicular to the

However, the particle

ation (Figure 1.3.1) shows a P-wave as a vertical impu : on the
ipulse leads to a P-wave that is reflected from a specific depth and
e within the borehole as an upgoing P-wave. This impulse also
ravels to a geophone positioned within the borehole and recorded
The upgoing reflected ray and the downgoing direct r: lie in a
e source, the three component geophone and the reflection point.
pendicular to the reflecting surface, can be defined as the plane of
ave propagation in a flat earth, particle motion or polarization of
ion of the ray.

ypagation, the orientation of the source, or equivalently what
polarized, will have a strong effect on the particle motion and
ire of the specific shear wave. The SH-wave situation in Figure
horizontal impulse orientated/polarized perpendicular to the
e of incidence. This generates a shear wave with particle motion
. This shear wave, categorized as a SH-wave, is polarized normal
lirection and normal to the plane of incidence. Since the particle

surely horizontal, it is apparent why a three component geophone

complete wavefield.

‘tuation in Figure 1.3.3 demonstrates a horizontal source impulse

lel to the plane of incidence. The resulting particle motion is
ly propagation and the motion within the plane of incidence.

iotion 1s not necessarily vertical. Only when the ray is horizontal
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will the motion be ve

polarization nature tt
vertical particle mot;
component along wi
portrayed in Figures
that is also polarizec
However, there is anc
is by utilizing the phe

For a P-wave

cal. Therefore, this shear wave, categorized as a SV-w. 2, has a
should be considered as lying in the plane of incidence, not as

Due to the pc inization nature of the SV-wave, the vertical
the horizontal components can record this wave. In each case
i.1, 1.3.2 and 1.3.3 the different waves were produced by a source
1 the specific direction with respect to the plane of incidence.
er way to produce these different wave modes of interest, and that

menon of mode conversion.

ipil ng upon a horizontal interface between two solids at some

arbitrary angle other tJ'lan 90° (Figure 1.3.4), four different waves are generated at the

interface. They are ¢ ~>flected P-wave and a reflected mode-converted SV-wave. Also

there is a transmitte
conversion. Howeve
wave particle motion
restricted to the sam
polarization distinctic

In the case of
layer over a solid la
Since the liquid will
converted S-wave, ju:

a transmitted mode cc

P-wave and a transmitted S-wave that has undergone mode
the S-waves are propagating at a slower velocity. Since the P-
entirely in the plane of incidence, the S-wave particle motion is

’lane. Therefore, the mode converted S-waves are of the SV-

P-wave impinging upon a horizontal interface between a liquid

* (Figure 1.3.4), only three different waves leave the te ice.

)t support S-wave propagation, there will be no reflected mode

a reflected P-wave. Also, there will be a transmitted P-wave and

rerted S-wave with SV-polarization.

13





















sonic log into seismi
al.(1971), Strick (197
The zero offs

the specific geophon

c travel times, re

ecording locations are at smaller depth intervals (Stew

to studies by Gretener (1961), k 1nett et
and Stewart et al.(1984).

VSP survey configuration is basically a checkshot survey, except

t et al.,

1984). There 1s a source at the surface that is kept stationary at a small offset (angle)

with respect to the ge
are not the only elem
used for investigating
seismic horizons. Al
in designing deconvo.
The configura
situations where the
modification is that
geophones in the bor
geophone (Figure 1
survey, is also used
wavefields. One adv
downgoing wavefielc
Also, fault and dip id
2000). However, the
has to be taken to ens

consuming and expen

hone in the borehole (Figure 1.4.2). However, the dire. arrivals

t of the wavefield investigated. The uj »ing wavefields are also
ratagraphic horizon markers which can be correlated wi  surface
patterns of multiple reflections can be identified and used to help

ion operators to attenuate multiples in surface seismic data.

n and uses of zero offset VSP survey can also be extended into

yorchole is considerably deviated or even horizon The
order to keep the source at a small offset with resp  to the
sle, the source has to be moved so that it is positioned . ove the

3). This configuration, categorized as the vertical incidence
» obtain information from the direct arrivals and the upgoing
tage of the vertical incidence survey is that the upg ng and
can be used to image lateral coverage from beneath the well.
tification of the formation around the well is possible (Hardage,
sadvantage to this type of survey configuration is that ; :at care

> that the source and receivers are vertically aligned. This 1s time

C.
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In both vertic
The survey configur:
incidence with respe
1.4.4). This survey
offshore in a deviatec

throughout the course

The offset V

and deviated wells, the offset VSP configuration is widely used.
n consists of a source placed at some offset beyond near normal
to a number of receiver positions within the borehole (Figure
nfiguration is ¢ te common when a VSP survey is acquired
rell. The source can be hung off the side of the rig and kept there

f the survey.

> configuration can be used for acquiring many of the same

attributes about a formation as the zero offset VSP. This configuration is also commonly

used for investigating
allows for the possit
vertically polarized (]

The walkawa
itself to acquinir~ m
vertically polarized |
single receiver or a

borehole. Then a m

some azimuth to the Ireceivers.

offsets on both sides

This configur
VSP. However, sinc
many depth levels, tl

target rocks. Becaus¢

10de conversion. It can lend itself to SV shear wave analysis and
ty of acquiring 11 rmation about the recorded SV wave when a
vave) source is used.

survey (Figure 1.4.5) is a survey configuration that also lends
e ins "t into the prop: ition of P and SV elastic v ves if a
wave) source is used. This survey configuration consists of a
uml  of receivers kept stationary at a specific depth in the
ber of sources ranging from zero offset to far offset are fired at
Da is co nly acquired from far to zero source
the receivers.

on can also be used to acquire the same attributes as e offset
t is common practice in walkaway surveys not to acqu : data at
- allows for more in-depth investigation of a specific area of the

f the range of source offsets, this survey configuration 1s
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commonly used for  plitude variation with offset (AVOQ) analysis (Coulom , 1993).
Also, this is quite us.  for acquiring a range of anisotropic attributes that are associated

with a specific rock 1 within a reservoir.

26



CHAPTER 2

2.1 Vertical Incide
The Hibernic
Newfoundland, Cana
operated well in 19
blocks as characteri:
number of wells tha
Figure 2.1.1, there ai
For this study
2.1.1 demonstrates tt
the field, to the nort
study were acquired
were acquired in the
deviated producing
kilometers. For a 1

Hibernia field that th

wells with their posit

P Survey Characteristics for i nis Study

e and Walkaway Survey Locations
il field is located 315 kilometers southeast of St. John's,
in 80 meters of water. This Field was discovered by a Chevron-
The Hibernia o field consists of n

(Sydora, 1999). ny fault

| by Figure 2.1.1. These fault blocks have been dri :d by a
riginate from a gravity-based structure (GBS). As indicated in
sil producing wells and gas or water injector wells.

1e location concentration will be on the Q and R blocks. Figure
the Hibernia Q and R fault blocks are located near the :nter of
ast of the GBS. The vertical incident survey data used for this
the B-16_2 well drilled into the Q block. The walkaway data
3-16_4z well drilled into the R block. These wells e cased
lls that at reservoir depth are separated by approxin ely 1.5
re three-dimensional understandii  of the specific area of the

'SP surveys were acquired in, Figure 2.1.2 show the two deviated

| relative to the GBS.
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2.2

Distinctive S

For any VSP
acquisition terminolo
the position of the V¢
1s the name given to .
of the oil rig. In the ¢

meters above sea lev

rey Characteristics for VSP’s Conducted in Deviated Wells

irvey acquired in a vertical or deviated well, there is standard
associated with it. The depth measurements taken to  termine
tool in the well are first acquired at the kelly bushing (k ). This
pecific bushing that is located just over the hole on the drill floor

e of an offshore rig, the kelly bushing (KB) can be several tens of

Hence, it is convention to convert all the depth measurements

relative to sea level. "'his common datum 1s referred to as the standard reference datum

(SRD). The depths q

The length o
progression of the su1
survey points. In a v
their true v lical de
depth of the geophot
along the borehole a
than the true vertical
depth measurements
determined by comp:

calculated true vertici

survey conducted dur

|

ed for this study will all be referenced to SRD.
vire attached to the VSP tool that is spooled out ¢ ing the
y gives the meas' :d depth (MD) of the geophones at the specific
cal well, the measured depth of the geophones should be equal to
s because the amount of wire spooled out will be equal to the
However, for a deviated well these values represent distance
the measured depths of the geophone positions will be greater
>pths. Figure 2.2.1 illustrates the distinction between these two
a deviated well. The true vertical depths of the geophones are
ng the ophone positions in the well (measured depth) with the

lepths of the well. This is determined from a direction-inclination

2 the drilling process.
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CHAPTER 3
Travel Time - De

As discussed
travel times to define
of vertical seismic pr
be investigated, the si

Initially, thes
acquired in vertical
practice in the hydro
discussing processin
deviated wells. This
deriving travel times
with a description ¢
possible geometric a
precise travel times.
component signal is

component are then

chapter concludes wi

gnal Processing of the Vertical Incidence Survey for
h Measurements

Section 1.2, vertical seismic profiling was first used to measure
1ime-depth relationship within the rock column. As the technique
ling evolved, allowir for many different formation attributes to
ificance of acquiring basic travel times has remained.

ravel time measurements were obtained through VSP surveys
Is. However, highly deviated boreholes have become common
bon industry since the 1970's. Yet, there is very little literature
>onsiderations when trying to acquire precise travel mes in
1apter focuses on processing issues and their potential effect on
»m three component vertical incidence data. The chapter starts
he experimental survey configuration. It then proceeds with
signal processing considerations for the purpose of quiring
his gives theoretical insight into why rotation of the vertical
formed. The travel times acquired after rotation of the vertical
lly, the

npared to the raw vertical component travel times. Fi

ybservations and final remarks.
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3.1 Vertical Inci nce Survey Configuration

The vertical ir-ncidence survey data was acquired using Schlumberger’s Array
Seismic Imager (A! 1 borehole tool (Kawahara et al.,1990) in the B-16 2 cased
production well. The ASI tool consists of a string of five sensor packages mounted on a
special bridle cable + :h a separation of 15 meters and connected to a mother cartridge
(Figure 3.1.1). 7 ic sensor packi contains three mutually orthogonal geophones so
that the complete seis ic wavefield was recorded.

The vertical i idence survey was acquired from a measured depth (MD) range of
4369.0 meters to 634 meters from the standard reference datum (SRD). This measured
depth range is 3682. meters to 633.0 meters in true vertical depth (TVD) from SRD.
The survey be; 1s at measured depth of 4369.0 meters (3682.4 meters TVD). This is
the position of the la geophone on the array, and the other four geophones in the array
are positioned at 15 —ster intervals above the last. This allows the array to extend an
interval of 60 meter  Because of the magnetic clamping, it is assumed that the tool
anchors to the bottor urvature of the deviated well. A source-boat carefully positioned
the source (air-gun)  >ve the middle of the array at a depth of 3 meters. A number of
shots for each 60 me! interval were fired to try to obtain a consistent source wavelet and
increase the signal to Hise ratio. The sampling rate was 1ms and the recording time was
five seconds. Figur J.1.2 gives an indication of how the survey was implemented by
showing how the shc  were positioned over the first two levels of the survey consisting
of five geophones ea  and at a measured depth range (MD) of 4369 to 4309 meters and

4294 to 4234 meters.
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The geophones were
15 meters above the

survey proceeded as

sition of the first geophone in the previous 60 meter int

iclamped and then pulled up the well so that the last geophone was

al. The

dicated until a measured depth of 1834.0 meters (1773.3 meters

TVD) after which the Jsurvey interval ch  ged from 15 meters to an inconsistent interval.

This interval varied f
intervals. Figure 3.]
the borehole and a 3-

depths.

3.2

Processing C
Incidence Su

3.2.1 Geometric C
The geometri
precise travel times

survey conducted in
incidence survey tha
the vertical compon
downgoing P-wave

coordinate frame def
maximized onto that
for each source-recei

degrees, on all  ree

m 80, 90 and 100 meters for the last eight five geophone 60 meter
shows a plan view of the geophones with respect to the track of

nensional representation of the geophone positions at true vertical

1siderations When Acquiring Travel Times from a Vertical
ey

siderations

onsiderations for processir a vertical incidence survey to acquire
1 be established by first investigating the near normal incidence
vertical borehole. One of the main properties of the near normal
llows for the consistent acquisition of precise travel times, is that
t 1S in-line with the

t of a " ree-component ‘ophone pack:

rticle motion. Hence, the vertical component is in a common
:d by the particle motion of the P-wave and therefore the signal is
mponent. If this common coordinate frame were not e  blished

r pair, then the downgoing P ve would be s:  )led, to different

nponents.
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normal incident dow
affect the precision ¢
frame affect the abi
incidence source-rec
normal incidence cor
is harder to identify i
Literature th
nonexistent. Howewv:
questions should not
with the direct down;
deviation of the bore
attached to the tool,
Consequently, all thi
level and not in-lin ‘
component vertical |
motion are nag
three.
When
near normal 11
the vertical c

source 1s alwe

> significant questions. Can an unresolved measurement of a near
oing P-wave without resolution into a common coordinate frame
acquired travel times? Can the absence of a common coordinate
7 to acquire precise travel times even if there is a near normal
rer configuration? Can an unresolved P-wave signal a near
suration cause a change in the shape of a first arrival wavelet so it
nset or even phase shift it?

could give some insight on these questions seel = to be
when processing the signal from a vertical incidence survey these
s ignored. This is because the vertical component is 1 t in-line
ng P-wave particle motion, rather, it is at an angle dicta 1 by the
le. Also, because of the rotational torque in the connecting cable
e horizontal components rotate freely as the survey p gresses.
components are in a different coordinate frame for each survey

with the P-wave particle motion. Therefore, within a threc

;ident survey, measurements of the downgoing P-wave particle

>dominately on one component, but to different degr i, on

vel times from VSP data acquired when the source is beyond
he offset or walkaway survey), it is common practice to rotate
line

lie th the P-wave particle motion. This is because

€ Tl the
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line with the P-wave

processing vertical in

irticle motion. However, rotation is not common practice when

lence data even though the vertical component is not in-line with

the direct downgoing f’-wave. In the context of this argument, it would be good practice

to obtain a commor
acquiring travel time
vertical component -
the downward P-wa

predominately on the

coordinate frame defined by the P-wave particle motion when
rom a vertical incident survey. This can be done by rotating the
ing the signal from all three components - vertically in  ne with

particle motion. This will ensure that the P-wave signal is

ertical component, establish a common coordinate frame for each

source-receiver pair and possibly increase the reliability of the acquired travel times.

The remainde
process on the vertic.
aimed at shedding so
component into a col

from a vertical incide

»f this chapter demonstrates the implementation of the rotational
incidence signal. The discussion following this demon ation is
: light on determining if there is a need for rotation of the vertical
non coordinate frame when trying to acquire precise travel times

e survey conducted in a deviated well.
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3.3 Vertical comp ent processing

3.3.1 Geometry ass ~nment and Trace Editing

As outlined i jection 3.1, the vertical incidence survey data used for this study
was conducted in the¢ -16_2 deviated cased production well using Schlumberger’s ASI]
borehole tool. The -vey depth range is from a true vertical depth (TVD) of 3682.4
meters to 633.0 mete  from the standard reference datum (SRD). The B-16 2 well is at
a maximum deviatior f 48 degrees from the vertical.

Assigning the ertical incidence survey geometry recreates the source-receiver
survey configuration. orehole path and the shot-to-receiver azimuths. East-wi  (x) and
north-south (y) posit 1al coordinates are needed. These positional coordinates denote
the offset (in meters) om a point directly below the kelly bushing at SRD (76m). Even
though there is a sm.  range of source positions over the middle geophone in the array
(Section 3.1), a sing source position with the same offset coordinates as tI middle
geophone is used fi each progressive survey level. Trace quality control is then

performed by compar g entered and computed data.

Figure 3.3.1 | >wsthe " "up i1 and downgoing wavefields recorded. Several
events can be identif 1 in these data. The downgoing P-wavefield and the upgoing P-
wavefield are labeled P and P-P respectively. The large change in the slope « the first
breaks at the upper els (shallower depths) of the survey is due to changes in level

spacing. The promi it steeply sloping downgoing event is identified as a { 1e wave

which propagates alo  the well b
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After further
show little noise. Ec
first break downgoi
3.3.2 shows the trac«
to 3538.6 meters). ~

P-wave without any

3.3.2 Acquiring F

Acquiring th
involves the use of a
the onset of the firs
energy reveals that
taken to pick a time
100ms. This preve
determination. In F
(TVD 3682.4 mto 3

Trying to det
m to 647.9 m), whe
concern. Confidenc
(Figure 3.3.4). Exa

1s determined that a

survey confidence in

amination of Figure 3.3.1 (b), the majority of the ensemble traces
1g of these traces in order to better determine a time pick from the
P-wave would probably be ineffective. To solidify this, Figure
f the first three stages of the survey (TVD range of 3682.4 meters
re is a clear representation of the onset of the direct (downgoing)

litional noise.

' Break Travel Times

rst break travel times from the onset of initial downgour  P-wave
st break picking algorithm. A time gate is picked before and after
‘eak downgoing P-wave. Examining the onset of the st break

st of the energy lies within a time envelope of 100ms. Care is

ite that encompasses the first break energy and does not exceed

additional recorded signal from being used in the { t break
ire 3.3.3, the time gate is shown for the first 15 recor d traces
3.6 m).
1ne the time ite for the shallow part of the survey (T ' 1820.8

he survey depth interval varies from 80, 90, or 100 meters, is of
n determining the onset of the first break energy is much lower
iing these traces and using the more prominent traces as  guide, it
0 ms tin g2 can also be used. However, for this part of the

ecific picks is low.
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From these t /el time picks, a time-depth relation (Figure 3.3.5) is created.
Since there was ver little processing of the signal before these travel times were
obtained, travel time 1icquired after the rotational process is compared to these “raw”
travel times. Thisrel 2nce is needed in order to assess if rotating the vertical component
should be considere when acquiring travel times from a vertical incidence survey

conducted in a deviat  well.

3.4 Three Comporn it Processing

3.4.1 Geometry As: nment and ..ace Editing

Assigning the ometry to all three components is much the same as ass 1ing the
geometry to just th vertical component. For each component, the sar  source
coordinates and calct  :ed source-to-receiver offsets are used. However, the azimuth and
the inclination of th¢ “orehole from North also enter the calculation. These data are
obtained from the dikection and inclination measurements taken during the drilling
process. The measur  depth associated with the direction and inclination data is paired
up with the same me | ured depths (MD) of the survey. e appropriate corresponding
direction and inclinat n data are then used. In some cases, the measured depths taken
during specific samp . of the direction and inclination survey are not an exact match to

the wvertical incider survey. .uerefore, the closest direction and inclination

measurements to the  rtical incidence’s measured depths are used.
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For this studs

one (1), the y-comg
vertical component)
data effectively, oth
This is calculated t
Section 3.3.1. The
gathers (Figure 3.4.1

On first inspi
than the z-componen
zooming in closer o1

polarity of every fo

reversed before rotati

3.4.2 Rotational A

The purpose
seismic data to a ney
As with the vertical
rotation of the verti
motion.  This will
determine what angl
used.

A hodogram
time. Figure 3.4.3 (

another with a simpl

both receivers. Figu

he x-component of the geophone package is assigned the number
ent is assigned the number two (2), and the z-component (the
assigned the number three (3). To process the three component
calculations such as the azimuth of each component are needed.
n the source-to-receiver azimuth in the same way outlined in
calculations allow for the display of the raw compor 1t trace
ion of the x and y-components, they seem to be slightly noisier
Additionally, the downgoing P-waves are not as prominent. Also,
ne individual traces of the y-component reveals a reversal in the
h or fifth trace (Figure 3.4.2). The polarity of these traces is

al analysis can be performed.

ysis

" rotational analysis is to reorientate or rotate three component
soordinate frame that is defined by the nature of the e: zriment.
icident data used for this study, this process can allow for the
| component into the plane of the downgoing P-wave particle
il onto the vertical component. To

axim @ the P-wave s

are needed for component rotation, the concept of a hodogram is
a plot of seismic amplitudes recorded in a plane as a f ction of
illustrates two seismic receiver components at right angles to one
at a 45 degree angle to

zd plar  seismic wavefront approachir

3.4.3 (b) illustrates a hodogram pli  of data that could p. sibly
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have been recorded «
is a plot of the ampli
given time window.
five sequential samp
window is marked
Component 1 of the
approaching wavefrc
recorded on Compor
motion of the wave
recorded on this con
rotation (solid lines)
purpose of this study
rotation into the plan
Before using
with the downgoing
introduced in order t

this study. The x-co

he two receivers in Figure 3.4.3 (a). Each point in the hodogram
e on Component 1 versus the amplitude on Component 2 within a
he five points in the hodogram plot represent the amp udes of
from the recorded data traces. The first time sample in the time
an “X” and sequential samples are connected with a line. If
eivers in Figure 3.4.3 (b) had been orientated directly toward the
the majority of the energy in the ve samples would have been
t 1. Component 2 would have been perpendicular to the particle
e been

nt, therefore, relatively little of the energy would I

nent. Figure 3.4.3 (c) illustrates a new set of components after

hich maximizes the power on the new Component 1. For the
1e new Component 1 can represent the vertical compon  and its
f the downgoing P-wave energy.

- concept of the hodogram to rotate the vertical compon t in-line

-wave particle motion, specific component labeling has to be

)llow the rotations performed by the hodogram algorithi used for

onent is given the label H1, the y-component is given t! label of

H2 and the vertical cnlmponent (z) is labeled V1. Throughout the rotational processes, it

is assumed that the
component when vie
The three-dir.
decomposed into twc
horizontal plane (H1
component and the

of H1 and H2 throt

component is 90 degrees in a clockwise direction frc  the H2
d from above the H1-H2 plane (right-handed coordinate 'stem).
1sional coordinate rotation of the three geophone com; nents is
>parate two-dimensional rotations. For these data a rota »n in the

2) is followed by a rotation in the plane defined by the vertical
ited H1 component. Figure 3.4.4 (a) illustrates how the rotation

N “e theta is performed. The H1-axis is rotated throt 1
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(a)

Vertical ) »mpor 1t (pointing upward)

Rotated H2 or
H2(theta)

=™ H2

‘I
|
H1 Rotated H1 or
H1(theta)
(b) Original Vertical

Rotated vertical
or V(phi)

Angle phi
——————— H1(theta)

H1 (theta,phi)

Figure 3.4.4 A de; tion of the rotations performed on the three component vertical
incident data for this udy. (a) Illustrates the first set of rotations in the HI-H2 plane.
Note the vertical com nent is orientated upward for clarity. (b) Illustrates the second set
of rotations around H The new coordinate axes after the rotation are solid lines and the
original positions of t axes are dashed lines.

53



angle theta in the dir
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on all three compor
performed. A time
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before and 40ms afte
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Another usefi
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"etermined. Mult

on of the F~ axis (counter-clockwise). Note that the direction of
s unaftected by this rotation.

ion is performed in the plane defined by the vertical-ax and the
s denoted as H1 (theta). In this case, the angle phi is measure
| the direction of H1 (theta). Figure 3.4.4 (b) illustrates the phi
1e rotated H2-axis which is denoted as H2 (theta). Note that this
tion of the rotated H2 component unchanged. The ve cal axis
e angle phi is referred to as V (phi), and the Hl(theta) s after
tle phi is referred to as Hl(theta,phi). / er these rot

ons are

‘e frame of the geophones is now aligned with the P-wave signal.

irst Break ..avel Times after Rotation of the Vertical

‘hree components at one time for every geophone position, the
d for this study allows for the examination of the power recorded
s with respect to the axes of the specific component rotation
e that encompasses the first break downgoing P-wave for each
le interpretations of different time gates, 10ms
he initial trough of the first break allows for a number of samples
-wave particle motion with confidence.

cature of this hodogram algorithm is that it displays the  rizontal
‘¢ and after the rotation in real time. This can increase confidence

1 “on 1 : it~ possible to visually interpret the
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effectiveness of the

dcessing step for each trace. This is especially useful for the

shallow levels which ~ontain more noise. Figure 3.4.5 displays the hodograms for the

first level (five geopl
is well defined. He
confidence. Figure :
the rotation is perfo:
concentration of the
component is NOwW pc
with the source.

To be certain
the borehole inclin:
component inclinatic
consists of subtractin
with the original incl
found in Table 3.4.1.
plane of incidence an
rotation angles used :

A of this study.

.es) of the survey. The particle motion of the downgoing P-wave
e, the new component axes are picked with a high degree of
6 displays the hodograms for the first level (five geophc ) after
ed. These hodograms show that the vertical component has a
The vertical

irst break energy from all three components.

‘ed directly towards the impinging -wave and in a vert 1l plane
“this, the inclination angle of the vertical component (define by
»n) before rotation is compared with a calculated vertical
This ¢

relative to the vertical planc after rotation. :ulation

the angle phi for which the vertical component is rotate through
ition angle. The inclination calculations for the first two levels are
‘he vertical component for the first three levels is now in a vertical
t of the

therefore in-line with downgoing P-wave. The full data

the rotation of the vertical component can be found in Appendix
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3.5 A Comparison [Iravel Time Measurements

Initial compar ns between the raw and rotated vertical component travel times
(Appendix B), indic: : only small variation between them. To detect any variance that
warrants further exan ation the difference between the raw and rotated travel nes are
calculated (ie. (rotate ravel time) — (raw travel time)).

To estat sh . efinition of a di rence between the raw travel times and the
times acquired: err tion of the vertical component, the precision at which we are able
to sample the downgt g P-wave needs to be discussed. "~ e precision is dicta by the
sample rate at which e signal was recorded. The vertical incidence survey data was
acquired with a samp  j rate of 1ms (Section 3.1). Therefore, a travel time difference of
less than t Ims, after  tating the vertical component, cannot be detected. Hence, travel
times beyond * Ims: considered a difference in travel time measurement after rotating
the vertical componer

For an initial 1derstanding, the magnitude of the average of the differences
between rotated verti  compor : travel times with respect to the correspor ng raw
vertical component { ‘el times (ie. [(rotated travel time) — (raw travel time)| ) is
calculated to be 0.45 . The value is less than 1 ms, therefore, initially I conclude that
there is minimal diffe ice between the rotated and raw vertical component tra . times.
This suggests that the rocess to compensate for well deviation by rotating the vertical
component in-line wi he P-wave particle motion does not affect the first arriv. . within

‘
the trace ensemble.  owever, a closer examination is needed because aver. ng the
travel times could po: bly smooth or average any time differences (> 1 ms ). To show
specific travel time  Tferences at each geophone level, Figure 3.5.1 displays these

differences between {  raw t times and .vel times acquired after rotation of the

vertical component,
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differences, implyin;
any specific reason
vertical component ¢
five of these are as:
(TVD 1820.8 m to 6.

Differences t
component cou  be
because the picks b
determine if these di
rotation of the vertic:

Figure 3.5.2
the shallow section
confidence in the at
specific noisy traces
irregular average vel
have very little affec
ms, only equates to &
the smoothing asso«
relatively insensitive
velocities show vel

sensitive to travel timr

Figi : 3.5.1 indicates bias towards more positive than negative

itation resulted in larger travel times. I was unable to termine
this bias. Nevertheless, these results indicate that rotating the
sed 10 traces to have travel time differences > 1 ms. However,
l1ated with travel times acquired from the noisy shall v traces
Jm) where confidence in some of the picks is low.

ond the shallow icks indicate that the rotation of the vertical
yosing inaccuracies in the raw travel times. This poses a problem
: an affect on calculated average and interval veloc es. To
rences do have an affect, the average velocities before and after
omponent is calculated.

istrates that the average velocities correlate very well. However,
ows a wide range of average velocities. This suggests that
ty of the picking algorithm to acquire precise travel t es from
- low for both raw and rotated data sets, therefore, resulting in
ities. Nevertheless, the travel time differences found throughout
n the aver: : velocities. The highest travel time difference of 5
werage velocity difference of 9 ms™. These results cor  pond to
‘ed with continually averaging as the depths increase and are
o small travel ne variation. However, calculated interval

ty changes over specific depth intervals and should be more

Jifferences.
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3.5.3 illustrates that
interval velocity diffi
very sensitive to any
To try to reduce the
reveal important tret
depth interval is cal
produce consistent t
velocities correlate w
and again suggests {
precise travel times fi

After examini
100 ms™ to 900 ms™
differences are asso
determine an interv:
difference, I decide
velocities around the

depths and times, a ti

ind rotated travel times to calculated interval velocities, Figure
ry little information can be acquired and irregular unrealistic
nces occur. This suggests that for this data set the calculation is
vel time variations over the depth  erval between two receivers.
istability of the calculated interval velocities, and thus possibly
, the average of the interval velocities over each five receiver
lated. Figure 3.5.4 illustrates that this procedure was able to
istic velocities and shows that both sets of averaged interval
The shallow section shows a wide range of interval velocities
t confidence in the ability of the picking algorithm to acquire
1 specific noisy traces is low for both raw and rotated data sets.
the differences in interval velocities, it is found they r ge from
Jowever, it is not possible to determine if these interval velocity
|
ted with travel time differences greater than I ms. 0 try to
velocity difference that is associated with a 1 ms travel time
» choose depths and travel times that correspond to average

ean aver: : velocity for bc * data sets (2411 ms™). U g these

el time difference of 1 ms will give an interval velocity differcnce

of approximately 250 ms™. Hence, excluding interval velocity differences > 250 ms™

reveals that travel tin
clusters that on avere

Unfortunately, witho

differences greater than 1 ms generate small, seemingly random,
: have interval velocity differences ranging from 350 to 650 ms™.

access to interval velocities derived from a sonic log, I am unable

64









ich

to determine v

correlate best, and tht

3.6 Remarks
Examination ¢
made when trying f
conducted in a deviat
found when comparir
orientated along the
orientated in-line wit
Nevertheless,
concerning vertical
brought forth in Sect
the deviation of the 1
rotational analysis s
another similar data
analysis is performed
Attempting a
deviated well should
can be essential to th

development prc  an

t of travel time measurements produce interval velocities that

should be used for further applications.

‘he issue of whether special processing considerations needs to be

obtain precise travel times from a vertical incidence survey

well has lead to inconclusive results. Only slight vari ons are
the first break travel times acquired from the vertical ¢ ponent
is of the borehole with that of the rotated vertical ¢ 1ponent

e P-wave particle motion.

suggest that there will be no difference in travel times in all cases
dence surveys is a quick assumption. I think the arguments
3.2.1  res the theoretical support that for these survey situations
cannot be easily dismissed. Presently, due to the availability of
sare, a loss in productivity is not an issue. If it is found for
- that there are differences in the travel times after tational
en the procedure has demonstrated its value.

tational analysis on a vertical :idence survey in a highly

- be overlooked. This is especially true when these travel times

mtinued integrated processing within a reservoir exploration and
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CHAPTER 4
Time Measureme

Operationally
survey. A walkawa
positioned at a range
degrees. This surve
respect to a change ir
measured travel times

One of the 1

involves understandii

gnal Processing of the Walkaway Survey for Travel
S

walkaway survey is quite different than a vertical cidence
survey is conducted over a small depth interval with sources
fsets with angles ranging from normal incident to as much as 65
configuration allows for the measurement of travel tt s with
1gle of incidence. Whereas, for the vertical incidence survey, the
ve a vertical time-depth relationship.

st active areas of current seismic research and development

qualitatively and quantitatively the effects of velocity anisotropy

on seismic imaging awd velocity analysis. Vertical seismic profiling has shown great

promise as a techniq
taken within the roc
anisotropy on veloci
requirement that can
(Ahmed et al., 1986).
acquiring anisotropy

There are prc
from a walkaway su
configuration poses ¢
receiver offset chang
shot position. This is

Therefore, the direct

|

to investigate velocity anisotropy because the measurements are
under investigation. Furthermore, the dependence of seismic
differences as a function of angle has proven to be a specific
e obtained from VSP survey configurations like the walkaway
‘herefore, the importance of precise travel times is funde :ntal in
ormation.

ssing considerations when trying to acquire precise travel times
y. For example, the geometry for this type of source-receiver
issue. Since the offset for each source is changing as the source-
, the source-receiver coordinate frame will be different for each
lucted ical or deviated well.

ue for a walkaway survey ¢ av

lowngoing P-wave particle motion is not necessarily recorded
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predominantly on onc
component is used tc
possible phase shiftin
first arrival wavelets
break picking algorit
because of the survey
the direction of the P-
survey. However, |
deviation, leads to ac

well for the same sou

Whereas, when the

»mponent of a three component geophone package. If the vertical
>quire travel times, and its orientation is not taken into account,
»f the first arrival onsets or changes in shape and amplitude of the
> i1ssues that cannot be ignored. Therefore, the ability of a first
| to acquire precise travel times would be in question. Hence,
sometry, it is appropriate to rotate the vertical component toward
wve particle motion when acquiring travel times from a walkaway
izontal displacements of subsequent geophones, due to well
tional processing considerations. This is because, in a vertical

> there is a common source-receiver plane for each survey level.

1 is deviated, there will be a slightly different source-receiver

plane for each surveg' level due to these horizontal displacements. This chapter

investigates these adc
processing technique
conducted in a deviat

The chapter br

proceeds with the pro

onal considerations through a discussion of the three component
equired to obtain precise travel times from a walkaw: survey
well.

ns with this study’s walkaway survey conf iration. It then

ssit - of the three-component data. Further, first break travel

times are acquired and/final remarks are given. The operational theory of the algorithms

used to process the w

previously addressed

:away data (e.g. First break algorithm, Hodogram algori

n) was

Chapter 3 and will not be discussed.

69









of 7977.12 meters an

clockwise angle creat

4.2 Three Compor

4.2.1 Geometry As:

Assigning the
the same procedure
However, since the
survey, the quantity «

The geometr
inclination and azim
obtained from the di

the well that correspc

sreated a source-receiver azimuth of 287 degrees calculated by the

from a specific source to the receivers.

it Processing

nment and Trace Editing

>quisition geometry to the walkaway survey primarily ¢ sists of

f outlined in Section 3.3.1 for 2 vertical incidence survey.
ophones are kept in the same position for the duration of the
reophone positional data to enter is much less.
ssignment requires the source-to-receiver offsets, as well as the
of the borehole er the specific survey depths. These data are

ttion and inclination data measurements for the depth section of

to the survey depths. The x-component of the geophone package

1s assigned the numLT. one (1), which signifies the H1 horizontal component. The y-

component 1S assigne
The z-component is .
component. The de
geometry was assigni

Inspection of
ms time shift on eac

shifts cannot be deter

the number two (2), which signifies the H2 horizontal component.
ignment the number three (3) to distinguish it as V1, the vertical
were ins ted after geometry assignment to confirm that the
correctly.

ch component in each survey lev: indicates that there is a + 40
race after source 106 (Figure 4.2.1). The reason for - :se time

ned from field notes or header statements. Tt  fore, these traces
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on each level are tim:
bandpass filter (8-1:
ensembles.

Further 1spe
3482.73 m) and leve

level 3 (TVD 3506.9

hifted by - 40ms, after which, a trace DC removal and b erworth

6-80 Hz) is performed in order to properly display the trace

on indicates prominent noise spikes occurring in level 1 (TVD
} (TVD 3518.99 m) of the x-component trace ensembles and in

1) of the z-component trace ensemble (Figure 4.2.2). The reasons

for these noise bursts tannot be determined from field notes or header statements. Spike

and noise burst edit
bursts do allow for t
with the first break e

After prelimir

correspond to the sui

soritt  is performed; however, further inspection of these noise
acquisition of first break travel times since their onsets coincide
gy.

y editing of the data, the trace ensembles for each component that

y levels can be displayed (Figure 4.2.3). One noticeable feature

is the signal obtaineul rom the level 4 (TVD 3518.99 m) z-component. The coherent

signal is very low a
hence, it is difficult 1
filtering provided litt

4.2.3 is used for the r

no reason could be determined for why level 4 was differe
obtain travel times from the z-component. Attempts at andpass
or no improvement. Therefore, the original data shown in Figure

itional analysis.
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4.2.2 Rotational A

The theory o
same as the vertica
performing a rotatior
the final result was t
maximizing power -
walkaway survey is
significant offsets, a
requires more in-dep
is not predetermines
Therefore, the final ¢
The overall result of
well situation. In
performed. The hori
vertical compc mnt
vertical component 1
(H2). This leaves t
originating from the

Through 1tera

determined for the m

after the first break p:

ysis

1€ rotational analysis performed on the walkaway survey is the
ncidence survey. However, there are some differences when
analysis on a walkaway data set. For the vertical incidi ce data,
ave the vertical component in line with the impinging P-wave by
1sferred from all three components to the z-compon t. The
onsiderably different in design. Since the source can be at
at an azimuth to the geophone package, the hodogram analysis
nterpretations of the results. Final orientation of the z-component
s it was for the vertical incidence survey (i.e. vertically up).
:ntation of the z-component will be different for each shot taken.
s rotational procedure is illustrated in Figure 4.2.4 for vertical
- context of a deviated well situation the same procedure is
ital component (H1) is rotated, through an angle theta, around the
1en the

) a plane that contains the source and the receiver.

otated, through an angle phi, around the horizontal component

vertical component pointing directly at the impingir P-wave
rce at a specific azimuth.

e examination of different time gates, an optimal time ate was
rity of the traces in each level. A window 10ms before 1d 40ms

uces hodograms that allow for confident interpretation of the
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rotation angle requi
impinging direct dow

Examination
signal recorded for
rotations also dimini
component ensembl¢
(3494.94 m) and leve

This routine ¢

low and noisy sign °

component of level
primarily used for th
used without the in
rotation using only tt

a power maximized \

4.2.3 Acquiring
Component
Determining f

wave after rotation o
each receiver level ir
3 for the vertical inc
of the energy lies w

acquired (Appendix

| to rotate the vertical component (Figure 4.2.5) towards the
oing P-wave.
Figure 4.2.6 shows a significant improvement in the P-wave

el 5 (TVD 3531.08 meters) of ¢ walkaway survey. These

ed the presence of the SV-shear waves in the origin:  vertical

This is as equally true for level 1 (TVD 3482.73 m), level 2
(3505.90 m).
» proved to be appropriate when dealing with the problem of the

displayed within the ensemble corresponding to the vertical

(TVD 3518.99 meters). Since the horizontal compc nts are

station, the first break energy displayed on these compo nts was

:ction of the vertical component. Final results show that the

10rizontal components for the rotational analysis can still produce

ical component ensemble (Figure 4.2.7).

irst Break ..avel Times after Rotation of the Vertical

first break travel times from the onsct of the initial downgoing P-

€ vertical component into a source :ceiver plane of inc  nce for
Ives the same use of the first break algorithm utilized in Chapter
nce survey. Examining the first break energy revealcd that most
in a tim

envelope of 50ms. ...e travel time picks were then
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4.3 Remarks

Even though
well, the processing
difference between t
are horizontal disp
Therefore, for the sa;
each level of the sur
analysis rotated each

The walkawa
and allows for a m
incidence. This acqu
the investigation of {
the walkaway and e
assumptions, velocit

in a deviated well wi

¢ walkaway survey used for this study is conducted in  deviated
itine is the same for a walkaway done in a vertical well. The only
» deviated well situation and a ver ‘:al well situation is that there
ements of subsequent geophones due to the well deviation.

-source, there will be a slightly different source-receiver plane for

. However, this did not prove to be a problem since the H>tational
rtical component into the specific source-receiver plane.
survey is of  ationally different than the vertical incide : survey

surement of travel times with re ect to a change in angle of
tion of angular dependent travel time measurements is needed for
nation anisotropy. The final chapter of this study will show, using
cal incidence travel times, that with the application of reasonable

inisotropy measurements can be obtained from VSP’s conducted

ut rigorous computational adjustments.
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CHAPTER 5 /
Measurements in

The velocity
upon its direction of -
travel faster in the
anisotropy is present.

Velocity ani:
compliance of rocks
(Jones et al., 1981, B
intrinsic property of :
by depositional effec
cause of velocity ani
much research done ¢

The reason
sedimentary rocks of
anisotropy in t litio
that increase the risk -

Vertical seisn
velocity anisotropy
investigation. Many
measurements using

review on this topic

acquired from a VSP

plication of Travel Times for Velocity Anisoti py
leviated Wells

th which an elastic wave propagates through a rock ¢ depend

vel. If, for example, the velocity of an elastic wave is observed to

rizontal direction than in the vertical direction then velocity

ropy results from directional variations in the mechanic
d has been widely observed in both laboratory and field studies
ik, 1984, and Leslie et al., 1999). Velocity anisotropy may be

ek related to its mineralogy and grain fabric, or it may be caused

iuch as thin interbedding of different rock types. Event ugh the
ropy within a roo  may be difficult to determine, there as been
juantifying it.

quantifying velocity anisotropy is that it occurs 1 many

terest in exploration geophysics. Ignoring the effects of velocity
- data processing may lead to positional errors in seism images
dry holes (Isaac et al., 1999, Vestrum et al., 1999).

profiling has shown great promise as a technique to investigate
)cause the measurements are taken within the ro  under
echniques have been developed to obtain velocity ¢ sotropy
avel times acquired from VSP surveys. However, a literature

vealed that most techniques were developed using travel times

irvey conducted within a vertical well. Since many wells drilled
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S

today are highly de
correction for well d¢
in which the path of
deviated wells.

By using trav
I demonstrate that the
for acquiring velocity
that a buried layer o

can be described by ¢

shale within the Upp
anisotropy estimate.
To demonstra
estimate for the shale
is elliptically anisotrc
1990, Miller et al., 1'
times, this assumptio:

to be determined und:

ted from vertical, most of these techniques need to clude a
ition. A method for acquiring velocity anisotropy measurements,
e borehole could be ignored, would certainly be well ited for
imes acquired from the vertical incidence and walkaway surveys,
avel time-inversion method (Slawinski et al., 2003) is well suited

iisotropy measurements in deviated wells. This method assumes

iterest is elliptically anisotropic and that the velocity anisotropy
ngle parameter ( ¥ ). 1 will calculate this parameter for a marine

Zone of the Hibernia Reservoir and then give a percent velocity
that this technique produced an appropriate velocity : sotropy
ser, 1 continue to use the assumption that a buried layer of interest
> to modify the widely accepted phase-slowness method (Gaiser,
}, Miller and Spencer, 1994). Using the walkaway survey travel
'ependent percent velocity anisotropy estimate

rill allow for an

he same conditic
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5.1 Travel Time Ii

5.1.1 Elliptical Ani
Before apply:
which this method i
This discussion will
throughout this chapt
In an ideal w
with a complete set ot

experiment to meast

ersion Method

tropy Assumption
r the travel time inversion method, I will discuss the assumption

vased on: a buried layer of interest being elliptically anisotropic.

;0 define the terminology and the anisotropy parameter ( ¥ ) used

1d, it would be appropriate to use the full elastic wave equation
elastic parameters for seismic processing. However, in practice an

: those parameters is almost impossible to carry out. A useful

approach to simplifying the experiment is to assume some form of symmetry that

decreases the number
When velocity

depends on the directi

wavefront is different
to measured in the di
elastic parameters re
describing phase ar
However, assuming ¢

The assumpti
propagating wavefro

ellipse, the directiol

pf independent elastic parameters.

anisotropy is present in a rock, the velocity of wave propagation

on of the propagating wave. Also, the direction of the velocity of a

when measured normal to its surface (phase velocity) as compared

stion of ene ition (ray velocity). Due to the number

prop:

ired to di r : a specific medium fully, convenient equations
ray velocities and their direction are not easily accessible.
ptical anisotropy simplifies this situation considerably.

of elliptical anisotropy is derived from the simplification that a
can be described as an ellipse. Along the symmetry : s of an

»f energy propagation coincides with the wavefront normals.
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Therefore, it can be ¢

magnitude (Slawinsk
layer of interest to ¢

However, one has t
elliptical anisotropy
layer.

With that bei
et al. (2003) describe

This parameter is def

and y is assumed to |

values determined f
anisotropy is not app;

It 1s not intu

respect to the velocit

the percent differenc

difference between tt

10nstrated that corresponding phase and ray velocities are equal in

t al., 2003). Hence, there are only two velocities within a buried
sider, the vertical ( V) and the horizontal ( V. ) ray velocities.

cknowledge that there is no way of knowit beforel d if the

sumption is appropriate for describing the anisotropy of a buried

said, using the simplifications of elliptical anisotropy, Slawinski
e anisotropy within a layer of interest by a single parameter ( ).
«d by:

1= Ve.y:2 (A)

V2

where V. = horizontal ray velocity
V, = vertical ray velocity

constant over a finite depth range. If the magnitudes of a set of ¥
a medium are not constant, then the assumption of elliptical
riate.

ve to try to conceptualize the anisotropy parameter ( y ) with

nisotropy present in a rock. However, y can be used to calculate

yetween the horizontal and vertical ray velocities. If tl  percent

vertical and horizontal ray velocities can be expressed as:

®=V-.V

—~
V.

<

x 100.
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Using equation (A ¥ can be expressed in terms of g, as follows:

Vi=V, V2 y+1

Substituting V, in te..ns of J into the percent difference expression, @, one obtains:

Using a numerical example to illustrate this, if } is given a value «

implies that the diff
Hence, determining

present in a rock.

5.1.2 Theory

For the tra
system (X,Z) where.
plane is considered
to a receiver located
by the transition f
horizontal. Also, de¢

This method

and linearly inhomo

nce

P=(v2y+1 -1)x100.

0.20 this
ween vertical and horizontal ray velocities ( @) is 18.3 %.

can be u 1to give an estimate of the percent velocity anisotropy

time inversion method a two-dimensional Cartesian »ordinate
nd Z correspond to the horizontal and vertical axes of the Cartesian
gure 5.1.1). The source position is the origin which is  an offset
some point ( X, Z2) in the layer « interest. The interface defined
1 the upper medium to the layer of interest is asst =d to be
1 to the interface ( H ) is assumed to be known from other studies.

nsiders that the medium above the layer of interest is anisotropic

1eous along the vertical axis. This means that the instantaneous
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velocity (V) of an ¢

described by the line

where a 1s the spec
velocity gradient fo;

model within some
travel time in the u

interface from the u

function:

where

is the ray parameter

Using the ass

the anisotropy can «

Slawinski et al. (200

itic wave through the medium increases with depth( Z )and can be
function:

Viz) =a+ i |,
in the medium which contains the source, and b is a constant

1e medium. This instantaneous linear velocity trend is a valid

dimentary basins (Slotnick, 1959, Acheson, 1981). Hence, the
er medium from the source to a refraction point ( X, ) on the

:r medium into the layer of interest is defined by the travel time

(x,)—;n[””’ﬁ{ 1=yl (pa) ]
1_

a \/17—[p(a+bH)]2

2hy

) VI(Bx)? +a’ +(a+bH)* [ —|2a(a+bH)[

ined and described by Slawinski and Slawinski (1999).

1ption that the layer of interest is elliptically anisotropic and that

icribe the parameter ¥, an explicit expression is dev ped by

n terms of a single refraction point X,

1 (v —v\2
x(x,)= — o ~,——1 .
e WXV (2, - H)
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This expression inco  Hrates the calculated #;(' X,) and the travel time measurements ( T')
acquired from a V¢ survey. Also, the expression incorporates the vertic: interval
velocity ( V;) of the yer of interest which is obtained through previous studies.

It is shown tt  the refraction point X, can be determined through the co ition

ox(x,)

x"

=0 (Slawinski et al, 2003).

Therefore, this condi  n states that differentiating the equation y (x,), equating it to zero
and solving for x,, will allow one to obtain the x-ordinate of the refraction point at the
interface with a dept expressed as H for a specific source receiver pair. Inserting the
refraction coordinate ack into the equation for ¥ (x,), can now give a value for the

anisotropy parameter. Since y is assumed to be constant for a given depth, repeating tl

\
procedure for multipl shots paired with same receiver should give the same value for y.

If the y values are rlot constant for a given depth, then the assumption of elliptical

anisotropy may not | valid. The walkaway survey configuration is ideal for verifying
this assumption beca : multiple travel times are acquired at a given depth as tl  source-
receiver offset chang . To conclude this section, I will use the travel times acquired
from vertical inciden nd walkaway surveys to determine an anisotropy paran er for a

marine shale, and thu  give an estimate of the percent velocity anisotropy present.
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5.1.3

Method and F
The shale lay:
located in the Upper .

silty-shale sequences

are a number of unkr

ults
under investigation is part of the Cape Island member formation
ne of the Hibernia Reservoir, and is characterized as consisting of

lint and Sinclair, 2001). As outlined in the previous sect n, there

vns that need to be acquired before the anisotropy parameter ()

for this shale layer caunjve determined.

Correlating th
charts for the B-16 -
meters) Is just above

sampled the mediun
determining the req
determined in Chap
rotated vertical comp

Using these travel ti
(Figure 5.1.2). Tt

regression, a second

. ( dr )
derivative | — | pro
dz

Substituting the trave

velocities.

(VD depths of the vertical incidence survey with lithostratigraphy
rell (Bidgood, 2003), reveals that survey level 184 (TVD 3413.6
e shale layer. Because the vertical incidence survey thoroughly

bove the shale, the vertical incident travel times are used for
ed instantaneous linear velocity function V(z). Since it was
* 3 that there are no notable differences between the raw and
ent travel times, I use the raw travel times for determining V(z).

:s, a graph of true vertical depth versus travel times is plotted
graph displays a non-linear trend, thus, using least squares

rder polynomial curve provides a very close fit. T ing the

:es a linear instantaneous velocity function with respect to time.

imes back into this velocity function gives a set of insti taneous
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After plotting
linear trend is visible
least squares regressi

V(z)is found to be:

As outlined 1r
medium which cont:
value gives the veloc
above equation (155!
velocity gradient of |
environment within f
the graph of instanta
are acceptable for t
parameter.

The vertical i
velocity ( V; ) of t
incidence survey wit
determined that the i

for survey levels 188
shale layer.
Now that the

velocity within the st

sraph of instantaneous velocity versus true vertical depth, a near
r depths above the shale layer (Figure 5.1.3). Througha near

fit the instantaneous velocity function with respect to depth

V(z) = 1.553 + 0.803z .

ie previous section, a = 1.553 Kms™ represents the velocity of the
s the source. Since this study is in a marine environment this

of the propagatii  source wave in water. The value gi 1 in the
1s™") gives a highly appropriate value for this environment. The
10.803 5™ is also a highly appropriate value for this ser nentary
Hibernia Reservoir (Wright, pers. comm., 2002). Even though
yus velocity versus depth displays a near linear trend, the results
environment and will be used for determinii  the anisotropy

dence survey is also useful for determining the vertic interval

buried layer. By correlating the TVD depths of the vertical
ithostratigraphy charts for the B16 2 well (Bidgood, 2 13), it is

rval velocity ( V; = 4319 ms™ ) calculated from raw travel times

VD 3455.5 meters) and 189 (TVD 3466.0 meters) are within the

locity function of the medium above the shale and the interval

: has been det.  .ined, the assumption that the interface between
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the upper medium ar
travel times. If the v
zero offset, then this
By correlating lithos
TVD depths of the w
shale layer and level:

with respect to offset

suggests horizontal lz
the B-16_4z well (Bi

meters (TVD).

Knowir that

level 5 (TVD 3531.0:

within the shale at a

positions ( X; ) from
5 are used. Now tl

parameter Y can be c:

Using the ma

he shale layer is horizontal can be verified using the walkaway
caway travel time curves show a high degree of symm: y about
-indicate the medium is horizontally layered (Miller et : , 1994).
1graphy charts for the B-16 4z well (Bidgood, 2003) with the
away survey, it i1s determined that levels 1, 2 and3 are  ove the
and 5 are within the shale layer. Displaying these tr: :l times

r each level indicates a high degree of symmetry, and therefore

‘ing . .gure 5.1.4). Again, using the lithostratigraphy charts for

»od, 2003) the depth to the interface ( H ) is found to be 3509.4

els 4 and 5 of the walkaway survey are in the shale layer, I chose

1eters) to be assigned the ordinate Z; which represents a receiver
ecific depth. Finally, the travel time ( T ) for a range f offset

proximately 8000 meters to 1000 meters on both sides of receiver

all the unknown values have been determined, the a sotropy
u ed.

. . ooty
smatical software package Derive®, the condition —* =0 1s

Oox

r

performed on the funTjon x (X, ). This determines the refraction point ( x,) for each

offset. However, th

ranging from aj ox

oftware package could not calculate refraction points for otfsets

itely 1900 meters to 1000 meters. Since it is still possible to
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among the set of
demonstrates that th
provides an indicatio:
parameter value, the
velocity anisotropy e:
elastic anisotropy is
anisotropy values obt
To demonstre
velocity anisotropy et

assumption to modify
et al., 1994, Miller :
determined under the
walkaway survey, I ¢

determine an addition

independent y values given in the table above, it only

:lliptical anisotropy assumption is valid for this case, but also
f the reliability of the method. To determine a single a sotropy
srage y value was found to be 0.185. Thus, the average percent

nate for the shale layer is 17.1%. This value indicates that weak
sent (Thomsen, 1986) and correlates well with P-wave velocity
ed from shale samples at corresponding depths (Thomsen, 1986).
that the travel time-inversion method produced an appropriate
nate for the shale layer, I continue using the elliptical 2 sotropy
ie widely accepted phase-slowness method (Gaiser, 1990, Miller
| Spencer, 1994) so that an anisotropy parameter ( ¥ ) can be
me conditions. Finally, using the travel times acquired from the

:ulate an anisotropy parameter ( y ) for the shale layer, and thus

percent velocity anisotropy estimate.
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5.2 The Phase S

5.2.1 Theory

The p se
slowness measurer.
velocity (#), or tl

normal to its surf

equations:

Gaiser (1990), derr
the immediate area

from VSP data by {

ov
in el times ( At
the vertical slowne:
times ( At ) betwe
5.2.1). He then de
locally by fitting ¢

vertical slowness es

ness Method

wness method is based on determining horizontal and vertical
s (S and §; ). Slowness is defined as the inverse of the phase

wverse of the velocity of a propagating wavefront in a direction

Horizontal and vertical slowness can be represented by the

s a
"

¢ 2
© &

z X
trates that if one assumes the layer of interest is homogeneous in

sources and receivers, then slowness estimates can be determined

simplifying the above equations to:

At
S, S, = —A—;x
s 1now 1 obtained within a layer of interr by the ~fference

tween two source positions (Ax) for a s; ific receiver * pth, and

in be obtained within a layer of interest by the difference in travel

wo receiver depths ( Az ) for a specific source positic  (Figure

nstrates that the horizontal slowness estimates can be calculated
i 72

| coordinate  ice (¢ ), and

1

sht line segments in a sque

ates can be calculated by a linear least squares fit to the direct
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arrival times over :

layer of interest sii
avoided if we also a
As discussec

energy propagation

Hence, the horizont:

are equal in magnit

determining 8, and
corresponding ray v
each axis because th
Therefore, me 1ituc
Hence, using regres:

are not needed. Hov

consistent, the the
taken to ensure that
horizontal and vert
chosen, one could b«

The walkav
closely spaced rece
shots/samples can 1

sampled along each .

orresponding interval 4¢. Even though homogeneity ithin the
lifies the slowness calculations, these fitting procedures can be
me elliptical anisotropy.

1 Section 5.1, by assuming elliptical anisotropy, the direction of
incides with the wavefront normals along the axis of = ellipse.

ind vertical _y velocities (Vy and V) along the axis of the ellipse

e to the corresponding phase velocities (& and #). Therefore,

- along the axis of an elliptical wavefront is now the inverse of the

oL

ycities. These ray velocities have to be equal in magn de along
;ame point on the wavefield is sampled for different shot positions.

of the slowness values with respect to each axis are also equal.

n techniques to determine a function that will give Sy or .S, values

ver, if it is found that the S s are not consistent or the ;s are not

iptical anisotropy assumption may not be valid. Also, care has to
rar ~ of shot positions will provide slowness estimates along the
If random shot positions are

| axis of an elliptical wave front.

ampling the v cal axis instead of the horizontal and vi versa.
7/ survey is ideal for determining slowness estimates, because
2ars can be fixed within a layer of interest and many specific
taken over a wide range of angles to ensure the wavefront is

nmetry axis.
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To determine shot p itions from a walkaway survey that will provide slowness values
along the horizonta] xis of an elliptical wavefront, I use a classical wavefront chart
(Miller et al., 1994).  'his chart (Figure 5.2.2) is a contour plot of first break travel time
picks as a function  source-receiver offset and receiver depth. Referring  Figure
5.2.2, a choice of nc  planar wavefront contours over a range of offsets (red ox) will
ensure that the wav ront normal coincides with the horizontal axis of the ellipical
wavefront, and thus 1al horizontal slowness estimates can be obtained. To determine
shot positions from ¢ alkaway survey that provide samples along the vertical axis of the
ellipse, and thus obt:  axial vertical slowness estimates, a range of near normal incident
shot positions can be sed. However, the walkaway survey data used for this study was
acquired in a highly T\:viated well. Referring back to Figure 5.2.1, the phase-slowness
method was develoy 1 using measurements acquire from VSP surveys con icted in
vertical wells. Wher 1 well is deviated, the vertical slowness estimate will be affected
because it is assumed the two receivers are in the same plane of incidence for specific
shot position. For t ) receivers in a deviated well, there is a horizontal displacement

over a )z. Therefore, e hc coordinate cannot be held constant when determining

S.. Hence, the vertic  slowness estimate corresponds to an “apparent” vertical slowness

( S, ) and a correctic must be made (Gaiser, 1990). The correction that gives = “true”

vertical slowness esti ate (S )alor ap -of receivers withina
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deviated well, is de

receiver array orient

where @ is the inc

particular source po
slowness values (S,

slowness estimates.

Once confid

the anisotropy parar

slowness by first sut

with the equivalent |

Knowing that slown

replaced with the im

mined by the product of the total slowness vector (5 ) and the

n (a). This can be expressed as:

S, =S8xd=-S_ sinfcosy +S, cosd
(Ohlsen et al., 1998)

ition of the borehole and ¥ is the azimuth with respect to the

on line and the array consisting of two receivers. The rizontal

~ere calculated from offsets used to calculate the appar  vertical

e in the horizontal and vertical slowness estimates is e iblished,

er ( ¥ ) can now be expressed in terms of horizontal and vertical
tuting ¥y and V; in:

x=Vi-VE

27,
zontal 1ve :al phase velocities (T and &) to yield:

x=29.-0¢

207
is defined as the inverse of the phase velocity, & and @, can be

ie of slowness to express g as:
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Determining y will

estimate within a layz

ow allow for the calculation of a percent velocity anisotropy

of interest.

To conclude this section, the travel times acquired from the walkaway survey are

used to determine s]J"/ness estimates. These estimates are then used to calculate an

anisotropy parametet
estimate. This will

calculated using the t

5.2.2 Method and 1
To acquire a

slowness method twc

or the same marine shale and thus a percent velocity  isotropy
re further evidence that the percent velocity anisotropy estimate

rel time inversion method is appropriate.

sults
:locity anisotropy estimate of the shale layer using the phase-

:vels of the walkaway survey are needed. It has been established

that levels 4 (TVD 3519 meters) and 5 (TVD 3531.08 meters) are within the shale layer

(Section 5.1.3). Th
estimates used to dete

As outlined 1r
choice of consistent
that the direction of
the ellipse. Wavefr
source-receiver offse
travel times as a func

Examining th

offsets of approximat

appropriate travel times are utilized to calculate the slowness
iine an additional anisotropy parameter ( ¥ ).

ie previous section, to determine horizontal slowness estimates, a

nar wavefronts over a ra1 : of offsets has to be dete ined so
normal to these wavefronts is in line with the horizon  axis of
charts are created using the travel times, receiver d ths and
for levels 4 and 5. Figure 5.2.3 illustrates this contor  plot of

1 of source-receiver offset and receiver depth for all off .
hart reveals that planar wave fronts become consistent between

3000 meters to 7000 meters. Hence, using the travel ti s that
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correspond to the
calculated for levels -
To obtain e
assumed elliptical wa
respect to levels 4 an
that are from offset:
estimates that are mo
incidence are calcula
2000 meters will giv
incidence, [ use trav
slowness estimates at
than 2000 meters are
This correction will n
Graphing hor
5.2.4), shows the ind:
and vertical cases.

homogeneity and ell

slowness estimates, a

sets within this range, the horizontal slowness estimates are
nd 5.
cal slowness est 1ates that are along the vertical axis of the
front, travel times acquired from sources at normal inci¢ ce with
of the walkaway survey are needed. To avoid using travel times
)eyond normal incidence - which would equate into slowness
10rizontal than v ical - straight- ray source-to-receiver angles of
[t is found using simple trigonometry that offsets greater than
ngles of incidence greater than 30 degrees. To maintain normal
times from offsets less than 2000 meters. Once the vertical
»btained, horizontal slowness values corresponding to o ets less
o determined so a correction for well deviation can be p  ormed.
rallow for “true” vertical slowness estimates to be determined.
ntal and vertical slowness versus source-receiver offset (Figure
lual slowness estimates are self consistent for both the horizontal

[hese results are consistent with the assumption of lateral

cal anisotropy. Using the mean of the horizontal and vertic:

lue for y is calculated (Table 5.2.1).
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Table 5.2.1 The Av

Corresponding Calcu
Island Member orm

.ge Horizontal and Vertical Slowness Estimates in Addition to the

ed Anisotropic Parameter ¥ for a Shale layer Within the Cape
on, Hibernia Reservoir.

Average Hori
Slowness Est
(ms/m)

0.2050

ital | Average Vertical Slowness | C
ate Estimate
(ms/m)

| U.2413 I

The calculate:
of 17.9% for the sha
layer (Thomsen, 19

obtained from shale s

alue of y gives an additional percent velocity anisotropy estimate

layer. This value indicates weak elastic anisotropy in the shale
, and correlates well with P-wave velocity anisotroj  values

iples at corresponding depths (Thomsen, 1986).
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5.3 Summary of R

|
By assuming

elliptically anisotrop
single parameter Y,

around a point-to-po
coordinate plane. [
inversion method is
deviated borehole.

Using the tr
surveys, the anisotrc
located within the C:
equates to a percent
anisotropy 1s present
(Thomsen, 1986).

To verify that
phase-slowness meth
within the shale laye
additional y value to
comparison to what i
correction for borehol
method was found to
Again, this suggests t
with published values
only demonstrated th
velocity anisotropy
understanding of the

Hibernia Reservoir.

its

t linear vertical velocity gradient for the medium ove an
layer of interest, in which the anisotropy can be desci ed by a
winski et al. (2003), developed a travel time inversion method
problem based on a single source-receiver pair within a Cartesian
:ause the path of the borehole can be ignored, the travel time

Tvell suited for acquiring velocity anisotropy ecstimates within a

:l times acquired from the vertical incidence and walkaway
parameter ( ¥ ) was calculated to be 0.186 for a shale layer
Island Member formation of the Hibernia reservoir. = is value

slocity anisotropy estimate of 17.1%. This suggests { t weak

ithin the shale layer and compares well with publish  values

is velocity anisotropy estimate is reasonable, the widely accepted
was dified using the same assumption of elliptical anisotropy
Not only did modifying the phase-slowness method allow for an
calculated, it also made this method operationally less intense in

| utlined by Gaiser, (1990) and Miller et al., (1994). However, a
eviation still had to be implemented. The value for y using this
0.196, which equates to a percent anisotropy estimate « 17.9%.

t weak anisotropy is present within this shale and compares well
Thomsen, 1986). Calculatit the anisotropy parameter ( ¥ ) not

| the travel time inversion method is well suited for acquiring
:asuren  ts in deviated wells, but also gave a pr. min

-

nisotropic characteristics of a marine shale layer within the
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CHAPTER 6 (

This study ir
precise travel times
conducted in deviat:
vertical component ¢
motion, the raw and
differences in travel
apparent in the shall
due to the noise ass
harder to determine.
displayed a bias tow
found to explain this

These randon
times had very little
velocities were som
interval velocities we
sonic log interval ve
sonic log interval vel
vertical incidence su
higher degree of p

dismissing the crede

nclusions

stigates the processing considerations associated with acquiring
om three component vertical incidence and walkaway surveys
wells.  After compensating for well deviation vy rotating the
he vertical incidence survey into the first arrival P-wave particle
-ated vertical component travel times were differenced. Random
mes were observed. These travel time differences were more
section of the vertical incidence survey. This was most likely
ated with these traces making the onset of specific first arrivals

1€ travel time picks acquired from e rotated vertical component

Is being greater than the raw travel times. No reason Huld be
IS.
ifferences between the raw and rotated vertical compor t travel

ect on calculated average velocities. However, calculated interval

hat sensitive to these variations. Nevertheless, diff¢ nces in
randomly clustered. Comparing calculated interval velocities to
ities could have given more insight on this issue. Unfo nately,
ities were not available. Hence, determining if processing of this
y, to compensate for well deviation, produced travel times with a
ision was inconclusive. However, 1 would caution totally

> of the rotational process when acquiring travel times from a

vertical incidence surv F y.
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The processir
the three component
rotating the vertical «
processing a walkwa
four of the walkawa
degree of noise. No
for the P-wave signe
travel time versus of
provided evidence th
the layer of interest w

Using the tray
it was demonstrated -
(2001) is well suited
The assumption that
by a single anisotrog
estimate of 17.1% to
estimate indicated tl
velocity anisotropy v

To further ve
velocity anisotropy e
was modified using t

This allowed for an

considerations associated with acquiring precise travel {  es from

alkaway st ey proved to follow conventional practice. Because
nponent into the source-receiver plane is common prac € when
survey, deviation of the well was not an issue. However, Level
survey had a ver :al component signal that consisted of a high
ason was found for this; however, the rotational process allowed
0 be recovered. The high degree a symmetry displayed by the
it graphs proved to be useful in the final chapter. These graphs
the assumption of horizontal layering of the rocks directly above
valid for this study.

times acquired from the vertical incidence and walkaw: survey,

t the travel time inversion method, developed by Slawinski et al.

it acquiring velocity anisotropy measurements in deviated wells.

¢ buried layer of interest is ellipti [ly anisotropic and :scribed
parameter provided the means for a percent velocity .  sotropy
2 calculated for a marine shale. The percent velocity a sotropy

weak anisotropy is present and compared well with P-wave
es for shales at ¢ -esponding depths (Thomsen, 1986).
y that e travel time inversion method produced an appropriate
mate, the wi :ly accepted phase-slowness method (Gai , 1990)
same assumptions that goo 1 the travel time-inversion methc

dependent percer velocity anisotropy estimate of 17.9% to be
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calculated. Again, th
and compares well w
well deviation had -
slowness method max
Gaiser, (1990) and M
that with the applica

can be obtained withi

suggests that weak anisotropy 1s present within the marine shale

- published values (Thomsen, 1986). Even though, correction for

be implemented, the assumptions used to modify the phase-
it operationally less intense in comparison to what is outlined by
aret al., (1994). In general, using these travel times demonstrated
n of reasonable assumptions, velocity anisotropy mea -ements

1 deviated well without rigorous computational adjustments.
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Al PENDIX A

Vertical Compc  nt Rotation Angle (Phi) for Vertical Incidence !
Conducted in-  B-16_2 Cased Production Well, Hibernia Oil |
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AP ’ENDIX B

Raw and Rotated * tical Component Travel Times Acquired from the
Vertical Incidence S ey conducted in the B-16 2 Cased Production Well,
Hibernia Oil Field.
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AYPENDIX C

Rotated Vertical omponent Travel Times Acquired from the Walkaway
Survey conducted " the B-16_4 Cased Production Well, Hibernia O Field.
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