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ABSTRACT

Compressional and shear VSPs were recorded and
processed to determine if valid mode converted shear
results can be extracted from a standard compressional VSP
using commercially available methods.

The survey area is located in Silo Field, 18 miles
northeast of Cheyenne, Wyoming. The field produces from
fractured Niobrara limestone. Above is 5000 ft of Pierre
shale, the subject of several studies on anisotropy and
wave propagation. Below are several potential reservoir
sands, including the Codell, D, and J formations.

The VSPs were acquired using Schlumberger’s three-
axis downhole tool. Sources included two Mertz BSX tandem
vibrators (one horizontal and one vertical per truck), one
Litton 311 vertical vibrator and two Bolt Omnipulse airgun
systems.

Six VSPs were recorded in four passes. The BSX
vibrators were positioned 400 ft from the well while the
Litton vibrator was at 4500 ft during the first pass.
Signals were recorded from each source before moving the
tool to the next level, eliminating variations in tool
orientation and coupling when comparing the vertical P,
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vertical S and offset P surveys. Surveys with the Litton
vibrator at 3000 ft offset and the Bolt source at 400 and
1500 ft were each recorded in geparate passes.

A vaveform sonic was recorded over the interval
6800-8160 ft. No useable signal could be recovered above
this point.

Three-component VSP processing adds polarization to
the classical single component chain. Wavefields were F-K
filtered to remove compressional energy before attempting
to extract converted shear reflections from the
compressional data.

Shear results can be extracted from compressional

VSP surveys, using commercially available methods.
Results of the same mode (P, SV, SH) generally shov a good
match of events and character. Comparison of events between
modes is fairly consistent, but character matches are often
poor.

Amplitude differgnces may be due to different
responses to the same horizon by different modes. Without
information from a shear source, quantitative applications
of converted results must be treated as indications only,

until these differences can be explained.
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INTRODUCTION

With the advent of three component VSP recording
capability, classical approaches to acquisition and
processing must be reconsidered.

Processing objectives have traditicnally been to
isolate the pure compressional reflection, removing all
else as undesgired ﬁoise. Often coherent, this "noise" may
be converted shear wave modes.

If these modes could be enhanced and extracted, a
more detailed analysis could be performed on data without
appreciably increasing acquisition costs.

Potential applications include fracture
identification, lithology and porosity determination and
confirmation of direct hydrocarbon indicators observed on
compressional data.

Such applications require accurate compressional
and shear velocities, polarizations and amplitudes. Studies
of propagation effects such as attenuation and anisotropy
may yield additional information.

Implementation of these applications requires
greater attention to detail in processing, acquisition
techniques and eguipment design.

Compressional and shear VSPs were recorded and
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processed to determine if valid mode cbnverted shear
results can be extracted from a standard compressional VSP
using commercially available methods.

The survey area is located in Silo field, 18 miles
northeast of Cheyenne, Wyoming (fig 1). The field produces
from fractured Niobrara limestone. Above is 5000 feet of
Pierre shale, the subject of several studies on anisotropy
and wave propagation. Below are several potential
regservoir sands, including the Codell, D and J formations.

This site was chosen to complement surface shear
and compressional seismic surveys acquired for a fracture
determination study. The tie between preliminary
compressional seismic results and the compressional VSP and
synthetic is presented in figure 2. The top of the
Niobrara is at 1.77.sec. Codell, D, anva sanqs are among
events between 1.9 aﬁd %.1 sec and the top of the Pierre
shale is just above 0.8 éec.

No automatic gain control has been applied to any
VSP display in this thesis. The plotting routine
normalizes on a trace by trace bésis, thus amplitude
comparisons are not straightforwvard.

Two reflected shear wavefields are present in the

compressional data. Converted P-SV reflections are

generated as the direct P arrival passes through an
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Survey Location

MONTANA

WYOMING

Viisvda3N | vioXva s
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- _ —
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— — | COLORADO

Figure 1. The survey area is located in Silo Field, 18

miles northeast of Cheyenne, Wyoming.
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VSP and synthetic.

Tie between compressional results of seismic,

Top of Niobrara is at 1.77 sec.
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interface. A second set of shear reflections occurs when a
strong shear arrival, generated at surface, passes through
these same horizons. The latter will be referred to as

P-S-S reflections for convenience.
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ACQUISITION

Six VSPs and a waveform sonic survey were recorded
in the well State of Wyoming Y-2, located 4800 ft west of
the surface seismic line in sec. 32 of 16N 64W (fig. 3).
This vertical well was drilled by Amoco Production Company
in May 1984. Table I recaps wvwell conditions at the time of
acquisition, November 10-13 198S. Pumps in nearby

producing wells generated 15 Hz noise during acquisition.

Equipment

The VSPs were acquired using Schlumberger’s three
axis SAT® downhole tool and_CSU‘ surface recording system.
The hydraulically anchored SAT tool uses one 10 Hz geophone
per axis, transmitting data to surface in digital form, at
2 ms sample rate. Lower frequency geophones would be
preferred for shear measurements, but are more sensitive to
rough field handling and pose greater difficulties in
matching horizontal and vertical responses.

Sources included two Mertz BSX vibrators, one
Litton 311 vibrator and two Bolt Omnipulse airgun systems.
The BSX is a tandem vibrator, having dual electronics and
vibrating units. These were configured with one vertical

R Schlumberger trademark
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Amoco
State of Wy, Y-2

Location Map

R64 W

+

o,
|
!
3

31 36

seismic line

—
X __{ J

*® Offset VSP

Figure 3. Location map for VSP and seismic line.

is 4800 ft west of the seismic line.

The well
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TABLE I

WELL CONDITIONS

original TD 82358
survey TD 8165 - debris below
Open Hole 7925 - 8165
Bit Size 6 1/8"
Casing 7" 0O - 7925

9 578" 0O - 1981
Fluid ‘crude oil - top at 2800

open hole interwval drilied with crude

Run Interval
Logs available sonic 1 1980 - 7876
2 7916 - 82358

density 1 7916 - 8258
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and one horizontal unit on each truck, increasing

the holddown weight available in either mode. The Litton
311 is a single vertical vibrator. Consistent freezing
temperatures during the acquisition greatly improved source

coupling.

Procedure

Acquisition parameters are listed in Table II wvhile
figure 4 illustrates source positions and survey intervals.
Note the east-west line along which the sources were
positioned is 180 ft south of the well. Offsets reported
are direct well-to-source distances. Preliminary modeling
indicated the reflected P-S conversions should be maximized
in the region of the 4500 ft offset.

The six VSPs were recorded in four passes. The BSX
vibrators were positioned 400 ft from the well while the
Litton vibrator was at 4500 ft during the first pass.
Signals were recorded from each source before moving the
tool to the next level, eliminating variations in tool
orientation and coupling when comparing the vertical P,
vertical S and long offset P surveys.

The 3000 ft vibrator offset and Bolt 400 and 1500
ft offsets were each recorded in separate passes. The

surveys using the Bolt Omnipulse were run as a source
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TABLE II
ACQUISITION PARAMETERS
PARAMETER P SURVEYS SH SURVEYS
Vibrator 2xBSX + Litton 311 2 x BSX
Sample Rate 2 ms 2 ms
Sweep frequency 8 - 96 H=z 4 - 52 H=z
Sweep length 8 sec. 8 sec.
Min. sweeps 3 3
SURVEY SOURCE OFFSET INTERVAL " LEVELS
"1 P BSX 200 500-8160 87
2 SH BSX 400 S00-8160 87
3 Litton 4500 4000-8160 73
4 Litton 3000 5950-7000 15
S Bolt 400 5950-7000 15
= Bolt 1500 5950-7000 15
Level spacing surveys 1,2, 3 surveys 4,5, 6
50 £t 6050-8160
75 4100-5975 5950-7000
100 3000-4000
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. VSP Acquisition Configuration
W Amoco
> State of Wy. Y-2
: O _r o r g
~ °o o ' ° 0 o ' s000 %
Q Q o 2000 o o
o o o P}
- T o o
- ” -
9 -0
. 2000
E 87 levels
S
o - 4000
<
=
e
= o
Q
w
@ 72 levels
- - 6000
15 levels 15 levels 15 levels
- -
- -.\\;\\\\\~ - 8000
238° open hole
COmpreaaiohal vibrator EAlr gun g
N Qo
Shoar vibrator UWavoform sonic 1000 ft.

Figure 4. Six VSPs ascquired in four passes. To ensure
eimilar tool response, the surveys of 87 and 72

levels were taken in one pass.
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comparison test and are reviewed in Appendix A. The 3000
ft vibrator survey fills in offset positions for potential

future studies.
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VELOCITY LOGS

The waveform sonic was recorded over the interval
8160 to 6800 ft. No useable signal could be recorded above
this point, probably due to lack of bonding between
formation and caeing. Open hole logs, recorded at the time
of drilling, wvwere patched to extend the sonic to within
2000 ft of surface. The shear velocity determined from the
vaveform sonic has been extended with interval velocities
from the shear VSP, which are not as accurate.

Logs in figure 5 have been corrected for drift.
Drift is the difference between VSP arrival times and times
from integration of the sonic log. Seismic times are
agsumed to be correct and sonic values may differ because
of noise, borehole and frequency effects. Though the shear
log is coarse, the curves are similar and have been used
for subsequent modeling.

A low-velocity shear zone between 3200 and 3600 ft
is evident on the velocity ratio curves of figure 6. Both
average and interval curves are ratios from P and SH input
data. The pronounced velocity ratio anomaly can not be
explained with information currently available. Anisotropic

effects are postulated. (see Appendix C).
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Velocity Logs w
w
[11]
ft/sec
- — 16000
Compressional
— — 12000
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Figure 5. Compressional and shear velocity logs. .

ft are from VSP interval velocities.

Shear velocities above 6800

1
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Figure 6. Average and interval velocity ratios. The anomaly between 3200 and

3600 ft is believed to be due to anisotropy, as discussed in Appendix C.
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POLARIZATICN

Polarization prepares three component data for
classical single component processing. The procedure
compensates for tool rotation and tends to enhance

different types of waves for subsequent processing.

Polarization Theory

Polarization is performgd in two stages, as
illustrated in_fiqure 7. Hodograms, polari?ation angles and
correlation measures of ellipticity are used to monitor the
quality of the process. Hodograms (fig 8) display the
velocity trajectory by plotting X(t) versus Y(t) in a small
time window surrounding the first arrival.

Because records are contaminated by noise, the
curve should be an ellipse rather than a straight line
(assuming plane waves in a homogeneous medium). The major
axis defines the main direction of energy arrival in the
horizontal plane. For a compressional signal, this points
towards the source, establishing a fixed reference axis,
consistent from level to level, irrespective of tool
rotation.

Once this axis is determined, a coordinate

transformation from (X,Y) to (Hmax,Hmin) is performed. The
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Horizontal Polarization
} Hmin P Source
weIIG X < * ’:Hmax r
+ Y
Geophone Polarized
Orientation Wavefields
P - SV Polarization
P SoFe
P 4
AN \/ Geophone
N\ sV Hmax Orientation
N\ \ . /P
7y
\\ \\ Qoob
N
NN & Polarized
\ N Wavefields
\\ 7
N/
7
7 7
s/
Z7
7 //
e T
P SV

Figure 7. Polarization is performed in two stages.
Longitudinal and transverse orientations enhance

in-plane motion of P- and SV-vaves.
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Typical Hodograms
Vertical P

R

Offset P

/

y

Figure 8. Hodograms display velocity trajectory by
plotting X(t) ve Y(t) in a small window around the

first arrival.
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Hmax axis is8 in the direction of maximum particle velocity
with the Hmin axis perpendicular to this (not a true
minimum if the ellipse is gkgw). g

Asguming linear polarization, the Hmax axis
represents the in-plane motion of P and SV waves, while
Hmin should enhance the SH wavefield. If we had a pure P-SV
source, a true visco-elastic medium and perfect horizontal
layering, we should observe only noise in the Hmin axis.

Components of the in-plane P-SV wavefield can be
further enhanced by polarizing the 2 and Hmax axes into
longitudinal and transverse axes. These final axes
represent particle velocity in line with and normal to the
ray of the direct P arrival, respectively.

Ag illustrated in figure 7, the longitudinal
wavefield tends to enhance direct P and reflected SV energy
for offset sources. The transverse wavefield then enhances
reflected P and direct SV energy. For small offiset
configurations, the longitudinal axis represents the P

wvavefield while the transverse axis contains the total SV
enezgzj

Polarization Results
The polarization procedures appear to have

performed well. The mixed energies in both the longitudinal
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and transverse data files can be easily separated with
velocity or F-K filters during subsequent processing.

A strong direct P arrival followed later by a
ringing SV event is.evident on the Hmax wavefield from the
400 ft offset compressional'vibrator (fig 9). This event
can not be a tube wave, for reasons discussed in Appendix
c. The precursors to the downgoing SV are P-S conversions,
occurring near surface. Converted shear reflections can be
seen originating from the direct P arrival at 0.89 sec and
below TD at 1.17 sec.

Both Hmax and Hmin (fig 10) contain a surprising
amount of coherent shear energy for this acquisition
geometry. The Hmax wavefield contains greater energy than
the Hmin where more random events of larger amplitude
indicate a poor signal-to-noise ratio. Normalization in the
plotting routine has amplified the Hmin display. The
indistinct direct P arrival indicates the out-of-plane
nature of this wavefield.

Subsequent polarization has nearly eliminated the
downgoing SV from the longitudinal waQefield (fig 11). The
strong direct P arrival is perturbed by high velocity
reflected events at several points, indicated by five depth
annotations on the aligned stacks in figure 12. Such

disturbances are not observed on the horizontal axis nor on
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Figure 9. Polarized data from the P-wave vibrator, 400 ft

offset.

Hmax is the axis of maximum horizontal motion.

Depths where spacing changes are given in Table II.
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Vertical P Hmin Wavefield
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Vertical P Longitudinal Wavefield
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Figure 11. Polarized data from the P-wave vibrator, 400 ft
offset. Longitudinal polarization enhances direct

and reflected P-waves for this acquisition geometry.
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either axis of the far offset. The velocity of these events
appears to be 18,000 ft/sec, close to that of casing

(17, 500). These events are not from geologic interfaces,
but possibly a water hammer effect as the P wave passes a
restriction in the casing-formation annulus.

Transverse polarization (fig 13) has enhanced the
downgoing SV, leaving only a weak P arrival.'Converted‘
shear reflections can be seen originating below TD at 1.17
sec and from the direct P arrival at 0.89 sec. A P-S-S
reflection, originating from the direct shear arrival at
1.9 sec is visible by sighting along a shear reflection
slope. Signal-to-noise ratio appears as good as that for
the longitudinal result.

The shear vibrator produces a Hmax wavefield (fig
14) surprisingly clean before the first shear arrival. Low
frequencies dominate a record containing gocd energy and no
apparent compressional waves. The basic shear wavelet dces
not ring like that in the compressional record. Downgoing
multiples are stronger than any observed in the P data. The
vibrator was oriented to produce SH waves, thus Hmax should
be 90 degrees from the P-SV plane.

Downgoing shear is weaker in the Hmax wavefield of
the 4500 ft offset compressional vibrator (fig 13) than

that observed from the vertical socurce. As in the vertical
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Vertical P Transverse Wavefield
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Figure 13. Polarized data from the P-wave vibrator, 400 ft
offget. Transverse polarization enhances direct and

reflected SV-waves for this acquisition setup.
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SH-wave Hmax Wavefield
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Offset P Hmax Wavefield

4000’

B R SRR B IR
ity Rt
LS L L s e G r T TR TS
dliiedatat o i
S L T L U ST So el gL ST essssaqi |
L e L e T LTy e Yo T e g v TSy e (e |
L T LT T T T L T T L L geegseeaeeqeesiii il
(BRI IR Sl
L e e e S et e T T
L L L L o e S S LSS e TS
DD TR e R e e R P A I RRRECE AL MR
R R SRR (R IR R T CC AR ICEC S SIRRSRTORORLLS!
e e e T T T L LS
(U e e T T T T T s e T e
e L e UL T SR
R R T T s e S T e (s
SRESERNNE (T S AR Ee e R ERLERNIRIYY
itk T e
. [ s e e
LRSS e AR TRTECRARRSS5ANINIBSN
R R SN
3) RICGASSS |

81680’

3

2

1 sec.

4500

Figure 18S.

Polarized data from the P-wave vibrator,

Hmax represents the axis of maximum

ft offset.

horizontal motion.



T-3198 29

source records, the strong P arrival contrasts with the
indistinct event in the Hmin wavefield (fig 16). Hmin has
an apparently stronger shear arrival, but poorer
s;gnal-to-noise ratio.

Offset longitudinal and transverse polarizations
(figs 17, 18) produced only one surprise. Both upgoing
compressional and shear reflections can be dlearly seen
when sighting along the transverse results. This
poclarization should have enhanced the P refleqtions, but
the converted shear events are stronger. Transmitted P-SV
conversions, originating at the direct P arrival, can be

seen on the transverse wavefield (eg 0.85 and 0.90 sec).
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Offset P Longitudinal Wavefield
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MODELING

Models from the velocity logs help understand why
both P and S reflections are observed on the offset
transverse wavefield. Figs 19,20 and 21 showv ray trace
results for direct arrivals, P-P and P-S reflections from
the top of the Niobrara formation, generated using the
model in Table III. Direct arrival times predicted by the
model agree with tho=se observed from the VSP data within
+/- 2 mg, lending credibility to modeled raypaths.

Tablé III also lists amplitudes and angles of
incidence to the well for a tool positioned at 6850 ft and
reflections from the top of the Niobrara for various source
offsets. From the model, the vertical reflection
coefficient of this interface is 0.109 for P wvaves and
0.166 for S waves. Modeled reflection amplitudes are 10% of
incident and shear values are larger than P, both
decreasing with offset.

In contrast, the converted wave reflection
amplitude increases with offset, starting at less than 2%
of the direct P amplitude and increasing to nearly 10% for
the 4500 ft offset. The converted reflection ig nearly
twice as large as the P-P reflection at the far offset.

This effect is compounded by differences in the incident
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Figure 19. Direct arrival raypaths for 4500 ft offset from

the model of Table III.
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Figure 20. Compressional raypaths reflected from the top of
Niobrara for 4500 ft offset from the modei of Table

III.
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Table III.
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TABLE III

MODEL FROM VELOCITY LOGS

Layer Depth (top) V. (ft/sec) Vo (ft/gec)
1 (8] 6045 2558
2 1500 8320 3670
3 2010 8772 4084
4 2400 9824 4565
S 3150 9667 3958
6 3600 10162 4988
7 4122 11151 5441
8 42735 10121 3079
9 49795 11239 3958
10 5415 10728 5360
11 5633 12137 5956
12 60eo0 10763 5465
13 6468 9790 -4937
14 6585 11073 5926
15 6745 10471 5130
16 €875 11716 5910
17 7730 1047S 5135
18 7920 13060 7172
19 8060 11884 6481
20 8137 13178 7197
Depth 6850 AMPLITUDES ANGLE OF INCIDENCE
to geophone
Wave 400 1500 3000 4500 400 1500 3000 4500
up P . 080 . 075 . 062 . 048 2 10 18 27
up S .109 . 082 . 073 . 061 2 10 18 27
up P-S . 013 . 046 . 079 . 091 1 S 10 14
down P . 740

down S . 876 176 165 153 143
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angles to the geophone.

Returning to figures 19, 20 and 21, comparison of
direct and reflected raypaths indicate the P-P and S-S
polarizations are essentially correct, since the offset
survey only covers the lower half of the well. Polarization
of the P-S reflections are not accurate, hence both
longitudinal and transverse wavefields would be expected to

contain some reflected shear energy.
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F-K PLQOTS

F-K plots of final polarization results support the
observations made of the wavefields. Average compressional
velocity is 11450 ft/sec while shear velocity averages 5790
ft/sec on these plots.

In the vertical P data, P energy has been enhanced
in the longitudinal record (fig 22) but traces of shear
energy are still present. The upper frequency limit for
this data is approximatély SO Hz. Harmonics of the 15 Hz
noise from nearby production pumps appear along the
frequency axis. 12 Hz noise and the 24 Hz harmonic have
not been explained.

In contrast, considerably more than a trace of P
energy remains in the transverse axis (fig 23).
Polarization does not reject signal, but merely tends to
enhance various wvave modes. Thus for a compressional
source, the observed result should not be surprising. When
compared to the longitudinal results, shear-has been
considerably enhanced, dominating below 2S5 Hz.

The low frequency character of the vertical SH data
is glaringly evident in the F-K plot of figure 24. Energy
is essentially restricted to the 6-16 Hz range.

The offset longitudinal data (fig 25) contains



T-3198

LONGITUDINAL VERTICAL P

(ZH) Aouanbaui4

ber (cycles/km)

num

Wave

Figure 22. F-K plot of the longitudinal wavefield from the P-wave vibrator,
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400 ft offmset. P energy is enhanced and only a trace of shear remains.
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primarily downgoing P and upgoing shear. Traces of other
modes are present but relatively weak. The upper frequency
limit is slightly lower than that of the vertical survey
and 15 Hz harmonics are again visible.

The offset transverse F-K plot (fig 26) displays
downgoing shear with both upgoing P and shear. The
reflected shear is stronger than the P events. This
reflected shea: has been noted on the data as converted P-S
events and should not be dominant in this wavefield.
Raytrace modeling indicated these events could appear and

would be stronger than reflected P.
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RESULTS

Using the appropriate polarized wavefields,
processing proceeds as for the classical single component
VSP for vertical P, vertical SH and offset P (Table 1V).
Wavefields were F-K filtered to remove compressional energy
before attempting to extract shear reflections from the
P-source data. Deconvolution of converted wave results
proved difficult.

All reflected results are processed through wave-
shaped deconvolution and presented in two way time without
AGC. Moveout correction of offset data is done after
deconvolution. Corridor Stacks use only the first 200 ms
after the direct arrival from each trace, retaining the

entire length of the bottom seven traces.

Standard Processing

Good continuity and little noise characterize the
vertiqal P results (fig. 27). Dimming of reflections when
passing behind a strong shallower reflector (eg.
reflections of 1.75-1.8 sec as they pass events at 1.6 or
1.3 sec) is typical of VSP displays without AGC. Several
traces have been deleted before velocity filtering in an

attempt to remove the influence of the casing reflections



T-3198 47

TABLE IV

VSP PROCESSING CHAIN

Load / Demux

Vertical Stack - manual rejection of bad traces
median stack

Break picks - verified interactively

Polarization
input output
X, Y axes Hmax - in-plane SV wave
Hmin - uncoupled SH wave
Z, Hmax axes longitudinal - direct P, refl. SV

transverse - refl. P, direct SV

hodograms, angles, correlation coefficients for
quality control

Bandpass filtering - 6-70 Hz , third order Butterworth

F-K filter - manual rejection of P energy before shear
processing, not performed on SH source

Gain correction - (T/T,)t-*

Time-domain velocity filter - 9 level for P and SH
11 level for shear extraction

Waveshape Deconvolution - P 14-45 H=z, length 2.1 sec
shear 8-24 Hz, length 1.2 sec

Moveout correction - for offset source positions
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Vertical P-wave VSP
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noted earlier. This has not entirely succeeded at 1.48
sec, vhere the first arrivals and corridor stack are
incorrect.

The vertical P result shows several perturbations
of reflection alignment in the bottom 15 traces,
particularly the event at 1.97 sec. Fracture and dip
effects may be the cause. This effect can be seen on all
reflection results.

The vertical SH results (fig 28) are noisier,
though continuity of stronger reflections is still good.
The deteriorated quality of the top four traces of this
result appears to be due to formation anisotropy. (see
Appendix C).

Figure 29 is a comparison of P and SH corridor
stacks, synthetics and acoustic impedances. The shear
displays are plotted at one half the time scale of
compressional data and tied at the Niobrara reflection
(1.77 sec P time and 3.83 sec shear). Events above and
below will only match when the V. /Vgs ratio remains close to
2,0. The event and character match of both corridor stacks
with the P synthetic i=s remarkable. The strong event at
1.48 sec on the compressional corridor stack is due to
incomplete removal of a casing reflection.

The P synthetic has been convolved with a 27 Hz
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P and SH-wave Comparison
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zero phase Ricker wvavelet. The shear synthetic, presented
for completeness only, was produced with a 17 Hz wavelet.
The display is overdriven to prevent the large amplitudes
between 3.1 and 3.4 sec from washing out the events below.
Lacking waveform sonic data, shear synthetic amplitudes are
vrong above 3.4 sec and only event occurence can be
congidered. Above 3.1 sec the VSP level spacing becomes too
coarse for even this comparison.

Like the vertical P result, the offset P result of
figure 30 displays good continuity and little noise.
Velocities for moveout corrections were chosen to allow
comparison with vertical results, affecting the alignment
of some reflections.

To avoid deconvolving stretched traces, moveout
corrections were applied after deconvolution. Excessive
stretching of the offset trace above 1.3 sec distorts the
comparison of vertical and offset compressional results in
figure 31. Destructive interference from a transmitted
P-SV event (fig 18) has weakened reflections betveen 1.9

and 2.0 sec in the offset corridor stack.

Converted Wave Extraction
Extraction of converted SV reflections proceeded

wvithout difficulty until the deconvolution stage of
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Offset P-wave VSP
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P Corridor Stacks

Figure

at 400 and 4500 ft offgsets. Destructive interferance

has ves

31. Correlation of P results from P-

kened events at 1.9-2.0 gec in offset res

ults.
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processing. Choice of appropriate wavefields and
interference from the direct shear arrival posed problems.

VSP deconvolution procedure uses a downgoing wave
to design an operator for each level. This operator is
then applied to the corresponding upgoing trace.

For converted P-SV reflections, deconvolution
operators will be incorrect if they are designed from the
downgoing shear wavefield. This downgoing wavefield
consists of transmitted P-SV conversions and does not
represent the multiples pattern of the reflected P-SV
conversgions.

Primary P-SV reflections are generated by the
direct compressional arrival. The strongest reflected SV
multiples should be generated by multiples of the direct
compressional wave. Because of this, the downgoing |
compressionél wavefield should be used to design the
deconvolution operators for P-SV reflections.

These operators are applied to the upgoing shear
wavefield of the transversely polarized record for the
vertical survey. Upgoing shear events are enhanced by
velocity filtering before deconvolution. The longitudinal
record provides the upgoing wavefield for offset surveys.

Vertical and offset converted P-SV results are

presented in figures 32 and 33. In the vertical case,
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processing is being pushed to the limits. Modeling
indicated reflected energy to be 2% of incident energy and
the results are ringing.

Signal strength is much better in the offset
survey, but moveout corrections proved difficult. To align
events and place them properly in time, neither
compressiocnal nor shear velocities are correct. Moveout
corrections have distorted the corridor stack above 2.4
sec. A balance must be struck between increasing offset to
strengthen SV conversion and reducing offset to avoid
distortion by moveout corrections.

Results after the direct shear arrival contain a
mixture of P-SV and P-S-S reflections. Results near the
first bresk are acceptable, but there were no strong
downgoing multiples. In an area with strong multiples or
bubble effect of offshore airguns, deconvolution results

may prove unacceptable.

Transmitted Wave Extraction

Again, interference of the two reflected shear
vavefields caused difficulties. Once the converted SV
reflections cross the direct shear arrival, they can not be
distinguished from the P-S-S reflections.

To reduce the effect of the converted reflections,
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the Hmin wavefield ié used for processing. In theory, the
P-SV conversions should not be present in this ocut-of-plane
wavefield. In préctice, they are very veak.

No useable results could be coaxed from the
vertical data (fig 34) due to thé poor signal to noise
ratio of the horizontal minimun (energy) wavefield. Though
noisy and veak af depth, the offset results (fig 35) do
correlate vith other shear corridor stacks (fig 36).
Possibly the longer travel path through shallow layers
cauged more SY energy to be rotated in the offset geometry.

For the comparison of shear results, time scales
have again been adjusted. The two way time ratio for
converted to transmitfed shear reflections is 3 to 4. (P
twvo way time factor would be 2.) While events match
reasonably well, character match across all four corridor
stacks is poor. Separately, converted waves match each
other véll, as do the transmitted results. Stretch from

moveout corrections severely distort both offset results.
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Vertical Transmitted-SV VSP
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FUTURE WORK

Questions in the following areas appear to merit

further investigation.

Processing
1) Can event and character matches be improved by
better polarization or deconvolution procedures?
~2) Can transmitted P-S conversions be used like
reflection events to locate horizons?
3) Can a time-domain velocity filter be developed
to account for the asymmetry of apparent velocities on

offset data?

Interpretation

1) Can analysis of velocities, polarizations and
amplitudes provide solid indications of fracturing or
lithology and porosity identification?

2) Are observed variations in the presence of
events and the character match of various modes consistent
with theory?

3) Are the polarization and shear velocity
anomalies discussed in Appendix C indications of

anisotropy?
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4) Are the shear events observed in this data set a
common occurrance? If not, why is this set different and

how could similar events be generated in other surveys?
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CONCLUSIONS

Shear results can be extracted from compressional
VSP surveys, using.commercially available methods. Results
of the same mode (P, SH or SV) generally show a good match
of both events and character. Comparison of events between
modes is fairly consistent, but character matches are often
poor.

Amplitude differences may be due tq different
responges to the same horizon by different modes. Without
information from a shear source, quantitative applications
of converted results can not be made with confidence, until
these differences can be explained..

Shear arrival times could be easily picked from
polarized wavefields of compressional surveys in this
experiment. This is necessary for processing and picks may
not be as easy on every survey. Waveform sonic should be
recorded and processed for shear velocities to verify VSP
velocities and generate synthetics. The synthetic may help
to confirm differences between compressional and shear
results.

Converted and transmitted reflected wavefields
interfere with each other in processing. Deconvolution is

difficult. In an area with strong multiples or airgun
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bubble effect, deconvolution results may prove
unacceptable. Lower frequency geophones should be used for
shear measurement.

The various modes have been compared by chgosing an
appropriate time scale, tied at the Niobrara reflection.
Correlations abéve and below this event depend on the
assumption that the velocity ratio remains constant.
Comparison after conversion from time to depth would be
more accurate.

Polarization should be time variant for offset
surveys, to be strictly correct. Despite this,
polarization has performed well for compressional and shear
energy. Polarization of converted P-S reflections is not
correct. This is observed on wavefields and F-K plots.
Raytrace modeling demonstrates these reflections are not
normal to the direct arrival. A model based approach
should be used for this wave mode.

Horizontal polarization angles can provide
indications of fractures or anisotropy (Crampin). Results
from vertical P surveys should be treated with caution as
horizontal components are weak. Surveys should be recorded
on the same pass to eliminate variations in tool
orientation and coupling for comparison purposes.

Comparison of polarization angles from SH and P
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vibrators does not show rotation of the direct SH arrivals
in the Niobrara. This doees not preclude the presence of
fractures. Logistice caused the shear source to be oriented
8o that SH waves were normal to the expectgd orientation of
the vertical fracture plane, thus little if any rotation
should be observed.

A qualitative inspection of the VSP reveals some
indirect indications of fracturing. The amplitude of some
direct shear arrivals appears to be reduced upon entering
the Niobrara. Deeper reflections travel up through the
Niobrara at a lower velocity than direct arrivals predict.
This occurs in the bottom 6 traces of all VSP results and
both P an& S velocities are affected. There appears to be a
difference between SH and SV velocities in the Niobrara.
Quantitative investigations of amplitudes, velocities and
polarization are required to verify these indications.

Offset increases converted shear energy but
requires moveout corrections which distort results. These
correctiong are difficult in the P-SV case. This conflict
should be resolved on an individual basis depending on the
ocbjectives of a particular survey.

Direct and reflected apparent velocities are not
symmetric for long offset surveys. This violates a basic

premise of time-domain velocity filters. Correction to
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zero moveout upsets wavelet similarity, affecting velocity
filtering and deconvolution processes.

The Bolt Omnipulse source provides good, clean
compressional and shear signals in one pass. Tilted shots
can not be depended upoh to provide sufficient
compressional energy, vertical shots are required. The
stacking technique should cancel tube waves on shear
surveys. Arrival times agree with those observed from
vibrator surveys.

The interval 3200-3600, in the Pierre shale, is
anisotropic. SV velocities are higher than SH in this
zone (Appendix C). This is theoretically expected in
laminated solids for angles of incidence less than 30
degrees. Shear velocities, velocity ratios and
polarization angles support this conclusion. Compressional
velocities are only faintly disturbed in this zone. This
interval does not differ from surrounding intervals on the
gamma ray log or surface seismic.

When compared with examples published in the
literature, the shear energy of this data set is unusually
strong and cocherent. There is no tube wave to obscure
shear events. A surprising amount of shear energy is
observed in the vertical compressional data. Good.P—SV

reflections are present from depths of 8000 ft with a
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source offset of only 400 ft, an incident angle of three
degrees.

Is this a common occurance - or has a fortunate set
of circumstances provided a rare example? Surveys traverse
only two formations. Signals have passed through S000 £t
of Pierre shale, a formation frequently studied because of
its unusual acoustic properties. The Niobrara belowvw is

known to be extensively fractured in this area.
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APPENDIX A

OMNIPULSE

As a source comparison test, two 15 level surveys
vere recorded over the interval 5950 to 7000 ft, ue=ing the
Bolt Omnipulse source. Tvwo sources wvere used at a 400 ft
offgset vhile'only one was available for the survey at 1500
ft offset.

The Omnipulse is a truck mounted 400 cubic inch
airgun with teeth fixed to the base of the pad to
facilitate tranemission of shear energy into the ground.
The airgun can be fired in either a vertical orientation,
as a compressional source, or with the chamber tilted 45
degrees left or right, generating a mixture of P and S
vaves.

Adding shots with left and right tilts, stacks P
vaves while canceling S waves. Subtracting left tilt shots
from shots tilted right, stacks S waves and cancels P
wvaves. Conceivably, this technique would also cancel tube
wvaves on shear records.

Stacks of figure 37 demonstrate the effectiveness
of the principle. The strong direct arrivals and clean

records on the Z axis of the P stack contrast sharply with
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Omnipulse

P Stack

Figure 37. P and S stacks from Omnipulse source, 400 ft

offget, demonstrate the effectiveness of the stacking

principle.

Top two traces are shallowv test shots.
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the shear stack Z axiegs where direct arrivals are no larger
than later noise.

The horizontal axes of the éhear stack show atrong,
coherent shear energy with little noise before the shear
arrival and no evidence of a compressional arrival. Shear
stacking has effectively canceled the compressional
activity observed on the horizontal axes of the P stack.
The shear events on the P stack are of higher fréquency
than that of the shear stack. The same relationship
occurred on the vibroseis data. Arrival times of the
Omnipulse agreed with those from the vibrator sources +/- 2
ms.

Corridor stacks of these surveys after waveshaping
deconvolut;on are compared with vibrator corridor stacks in
figure 38. The Omnipulse survey only covered 15 levels,
thus there are no results above 1.42 sec. Events after 1.6
sec are below the deepest shot. Airgun shear events
correlate well and appear to contain higher frequencies.

Only two shots at each level were taken with the
gun in the vertical orientation. It was assumed the P
energy from tilted shots (eight each side) would be
gufficient. The washed out appearance of the Omnipulse
compresgional corridor stack suggests more P éﬁergy is

needed and more vertical shots should be taken.
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Omnipulse Results
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APPENDIX B

HORIZONTAL POLARIZATION ANGLES

The vertical P, vertical SH and offsget P surveys
vere acquired during one pass in the well. Signals were
recorded from each source before moving the tool to the
next level, eliminating variations in tool orientation and
coupling wvhen comparing these surveys.

Horizontal polarization angles indicate tool
orientation and should agree on all three surveys, allowing
for source position geometry. Variations in apparent shear
orientation are theoretically due to anisbtropy or
fracturing.

The sources were positioned along an east-west line
180 ft south of the well. The 400 and 4500 ft offset
figures are direct well-to-source distances. Thus, the
compressional survey angles should differ by a constant 27
degrees. The shear vibrator was oriented to provide SH
vaves and should differ from the vertical compréssional by
90 degrees or 63 degrees from the offset.

Since offset P angles should be the least
ambiguous, they are taken as the reference for the plots of

figure 39. Level zero is the deepest level. To compare



Horizontal Polarization Angles

- oo.
- 60°

il 30°

L ~30°

Vertical P

(shifted -30°) [ "8°°

b -90.

\

Level 80 60 40 20 ]

Figure 39. Horizontal polarization angles from vertical and offset vibrators
indicate tool orientation. Vertical curves shifted a constant amount to

overlay.

86TE-L

8L



T-3198 79

with the offset P reference, curves from both vertical
sources are shifted a constant amount at each level. To
match the offset curve, angles from the vertical P source
must be shifted -30 degrees, which compares well with the
-27 degrees calculated above.

Shear angles must be shifted 45 degrees to match
the offset P curve. This is 15 degrees different from the
value expected from calculations. Since shear angles agree
over the entire survey, it seems the shear vibrator was
actually rotated 15 degrees east of the desired
orientation.

The horizontal component of the vertical P survey
ig very weak, especially at depth, thus confidence in these
angles is low. Given this, the correlation is surprisingly
good and divergence at deeper levels can be explained.

The shear angle diverges from that of the
compressional at levels 77-79. This interwval (3500-3700
ft) corresponds to the section of high V./Vs ratio and is
believed to be anisotropic. (see Appendix C).

Comparison of polarization angles from SH and P
vibrators does not show rotation of the direct SH arrivals
in the Niobrara. This does not preclude the presence of
fractures. Logistics caused the shear source to be oriented

so that SH wvaves were normal to the expected orientation of



T-3198

the vertical fracture plane,

should be observed.

thus little if any rotation

80
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" APPENDIX C

VELOCITY OBSERVATIONS

Asymmetry of apparent velocities in offset data.

Raypaths suggest that downgoing velocities are not
symmetric with upgoing velocities for offset
configurations. The disparity increases for shallower
levels. This violates a basic assumption of most (all?)
time-domain velocity filters. >

The F~-K plots support this observation of velocity
asymmetry noted on ray trace models. All vertical data,
both up and downgoing, display P velocities of 11450 ft/sec
and S velocities of 5790 ft/sec. 0Offset plots contain a
range of velocities for each wave mode and all velocities
are higher than those observed for the vertical data.
Additionally, downgoing velocities are higher than upgoing.
Downgoing shear velocities range from 6560 ft/sec to 8100
ft/sec while the corresponding reflected wvaves travel
between 5790 ft/sec and €560 ft/sec. For compressional

wvaves, the respective ranges are 13450 - 15000 ft/sec and

12100 - 13450 ft/sec.
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Anisotropy

Differences of shear wave velocities are observed
near the top of several records. This effect may be due to
formation characteristics and could severely affect surface
shear results.

Hmax and Hmin are well aligned for the shear source
(£fig 40) but records from the compressional sources (fig
41), especially the Hmax component, deviate from alignment
near the top of the data. Data from both vertical sources
has been aligned to arrival times of the SH vibrator.

The ringing arrivals along with this disparity can
not be a tube wave because ringy events clearly appear in
vertical P Hmax traces above the top of fluid, known to be
at 2800 ft in this well. The moveout of traces réquires a
velncity higher than shear which averages 5790 ft/sec from
F-K plots, and tube wave velocity is calculated to be 4350
ft/sec. F-K plots show no appreciable energy at tube-wave
velocity. Further, there is no reflection from the bottom
of'the well and particle motion is predominately
horizontal, not vertical (£figs 9, 10, 11). While a tube
wave must be present, it is not observed because the
anchoriné force of this tool is 440 1lbs., and tool weight

is only 175 lbs.
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Figure 40. Stacks of polarized horizontal axes from 400 ft offset, SH-wave

Events are aligned to direct arrival times of SH-wave survey.
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vibrator.
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On vertical records, the shift appears abruptly
above the trace at 3600 ft.. A change in wavelet can be
seen at this point on shear source records.

Coincidentally, the Vs/Vs ratio abruptly changes and the
horizontal polarizatioh angles from P and SH sources
diverge at this depth.

All this could be due to poor arrival time picks.
Changing break picks to align the vertical P Hmax vavefield
only shifts the velocity ratio and misaligns the SH
wavefields. Changing picks to remove the ratio anomaly
(3400-3600 ft) introduces unacceptable alignment of all
horizontal wavefields.

| The alignment disparity is more pronounced on the
offset data (fig 42). The offset data is aligned to shear
arrival times picked from the offset Hmin component. While
the apparent velocity of the Hmax wavefield differs from
that of the Hmin throughout the data set, major divergence
begins at approximately 5100 ft. Notice, from the direct P
raypaths in figure 19, that the length of direct rays
through the 3150-3600 interval begins to noticeably
increase for arrivals above 5400 ft.

The offset Hmin wavefield does not behave in this
manner. Observe in figure 43 that this record is the only

compressional wavefield whose wavelet and multiple patterns
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Eventa are aligned to arrival times picked from Hmin.

offset.
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resemble that from the SH source.

These phenomena are consistent with theoretical
expectations of velocities in laminated solids (White 1983
pp53-59). SV velocity could be higher than SH velocity for
angles of incidence lesa than 30 degrees.

This possible explanation can not be confirmed with
the information currently available. The interval in
question does not differ from its surroundings on either
the compressional surface seismic or the gamma ray log in
this well. No detailed geoclogic information about this

interval of the Pierre shale is available.
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APPENDIX D

POLARIZATION

The downhoie tool records X, Y, and Z axes without
orientation information. The tool rotates and randomly
orients the horizontal X and Y axes from level to level. To
analyse and correlate signals from these axes, the
components must be correctly oriented to some fixed
reference axes.

Polarization is performed in two stages, as
illustrated in figure 7. Hodograms, polarization angle and
correlation coefficients are used to monitor the quality of
the process.

Assuming linear polarization of the direct arrival
from a compressional source, particle velocity will be
along rays ﬁointing tovards the source. The maximum
particle velocity observed in the horizontal components
will then alwayé point towards the source, establishing a
fixed reference axis consistent from level to level,
irrespective of tool rotation. —

Hodograms (Fig 8) display the velocity trajectory
by plotting X(t) versus Y(t) in a small time window
surrounding the first afrival. Because records are

contaminated by noise, the curve should be an ellipse
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rather than a straight liné. The major axis defines the
main direction of energy arrival in the horizontal plane.
The direcfion of the major axis is determined-by a
~line passing through the origin and fit to the cloud of
points on the hodogram. Once this axis is determined, a
coordinate transformation from (X,Y) to (Hmax, Hmin) is

computed by:

Hmax X coa(A) + Y sin(A)

Hmin -X 8in(A) + Y cos(A)

where A is the angle between the major axis and the X
geophone. The Hmax axis is in the direction of maximum
particle velocity with the Hmin axis perpendicular to this
(not a true minimum if the ellipse is skew).

The Hmax axis represents the in-plane motion of P
and SV waves, while Hmin should enhancg the uncoupled SH
vavefield. If we had a pure P-SV source, a true
visco-elastic medium and perfect horizontal layering, we
should observe only noise in the Hmin axis.

Components of the in-plane P-SV wavefield can be
further enhanced by polarizing the Z and Hmax axeg into
longitudinal and transverse axes. These final axes
represent particle velocity in line with and normal to the

ray of the direct P arrival respectively.

Ag illustrated in figure 7, the longitudinal
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vavefield tends to enhance direct P and reflected SV energy
for offset sources. The transverse wavefield then enhances
reflected P and direct SV energy. For small offset
configurations, the longitudinal axis represents the P
vavefield while the transverse axis contains the total SV
energy.

By velocity filtering, individual wave modes of
interest can be further enhanced vhile supressing undesired
modes. For example, if SV waves from an offset source are
desired, velocity filter the transverse wavefield for the
dowvngoing SV and the longitudinal wavefield for the upgoing
SV. Processing then proceeds as for the classical single
component VSP.

The preceeding approach is a signal based method,
using the recorded signal without recourse to external
knowledge. The degree of success of this method is
dependent on offset and Velocity contrasts. Reflected waves
are‘exactly normal to direct arrivals only over a few
levels in any survey. Refractions can radically alter the
arrival angle of direct waves, distorting polarization
results of the reflected energy. (see MODELING section)
This procedure provides a good direct P signal, but
reflected energy is not strictly correct.

A model based approach could avoid some of the
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problems by "forcing" polarization. This would overcome
some offset and refraction effects but success is dependent
‘on an accurate model. Being processor dependent, this
violates the thgsis objective of a "commercial®"™ solution.

Polarization should be time variant to be strictly
correct for offset surveys. For a given level, the incident
angle of reflection events arriving later in the trace,
from deeper horizons, will be different from events
generated by horizons close to the level (fig 8).

For shear energy, an early assumption is violated
vhen polarization is non-linear (fractures or anisotropy).
As models can not account for such effects, the signal
based method should be used. The hodogram window should be
placed over a strong downgoing shear event, 1if one is
present.

All these procedures assume input data from a
properly designed tool having identical amplitude and phase
response for all geophones. For reasons stated above,
geophone response versus incident angle complicates

amplitude studies of offset VSP data.
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APPENDIX E

VSP DEPTH and ARRIVAL TIMES

Depth Arrival Times (ms) Depth Arrival Times (mae)
(ft) P SH__Offget (£ft) P SH Qffsget

8180 894 1926 1003 46 S5S900 693 1530 a49
8110 aa9 1920 998 47 35825 688 1519 843
8060 aas 1911 997 48 3S77S 684 1512 840
8010 883 1906 993 49 35730 679 1508 840
7960 a79 1899 990 SO0 S700 673 1501 836
7940 877 1896 987 S1 S623 671 1486 833
7900 873 1886 2838 S2 S8s50 664 1474 829
7830 868 1873 280 S3 S473 638 1462 82s
7800 863 1867 977 S4 S400 650 1446 818
10 7730 asa 1859 973 S3  S3a2S8 644 1434 814
11 7700 834 1850 969 -+ S6 3250 638 1423 811
12 7650 849 1839 967 37 S173 631 1412 806
13 7600 843 1830 962 38 3S100 624 1398 803
14 7350 841 1822 959 S9 S028 617 1385 799
1s 7300 837 1814 956 60 4950 610 1371 79S8
16 7430 833 1806 983 61 4873 603 1356 790
17 7400 829 1798 948 62 4800 397 1341 787
18 7350 823 1789 943 63 4723 590 1324 783
19 7300 820 1781 941 64 46350 2B 1309 777
20 7250 817 1773 939 63 43573 S74 1294 773

VENOOMLEWN -

2 7200 811 1763 933 66 4500 1279 769
22 7100 807 1736 933 67 4428 765
23 7100 803 1748 927 €8 4424 7635

24 70350 798 1740 926 69 4400 337

23 7000 794 1732 923 70 4325 SS1 1247 760
26 6930 790 1723 919 71 4230 S44 1233 756
27 6900 786 1718 917 72 417S $37 1220 754
28 6830 780 1708 911 73 4100 S29 1208 749
29 6800 777 1697 sS08 74 4000 520 1187 744
30 67350 772 16487 90S 75 3900 S11 11863

<} § 6700 764 1679 300 76 23800 S00 1148

32 6630 762 1672 a9s 77 3700 489 1126

33 6600 757 1663 a93 78 3600 480 1106

34 63350 733 1643 890 79 3500 470 1071

33 6300 730 1639 aas 80 3400 459 10580

386 6430 743 . 1632 8a3 81 3300 449 1024

37 6400 737 1622 878 82 3200 438 1003

38 6330 733 1609 a73 43 3100 428 981

39 6300 729 1601 873 84 3000 419 961

40 6250 728 1591 a69 a3 2300 369 as6

41 6200 721 1583 867 86 2000 314 737

42 6150 716 1576 8635 87 1300 257 607

43 6100 711 1368 asl esa 1100 208

44 60380 706 1360 as9 89 1000 198 430

45 S973 699 1544 833 20 S00 133 289




