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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Abstract. This paper reports on time lapse VSP study in a naturally fractured
reservoir used for underground gas storage. Four 9-component VSPs were acquired along
with a walkaway and then repeated after the reservoir properties changed. The initial
survey was conducted with the reservoir mostly gas éatﬁrated and the follow-up survey
was conducted with the reservoir mostly watér saturated. The ngar-oﬂset 9-c VSP was
investigated for indications of shear-wave splitting. No clear evidence of S-wave sblitting
or other anisotropic wave propagéﬁion could be attributed to-the reservoir horizon. Ray
trace modeling was performed using the VSP velocity results which showed that very
- little horizontal propagation was within the reservoir for the offset VSP sites. Because of
the ray-path limitations, the offset VSP site data could not constrain ﬁme-lapse changes
to the reservoir horizon. The P-wave walkaway did show a small time—lapée change
within the reservoir horizon. This time-lapse change in velocity was interpreted in terms
of a crack based equivalent media model to give a trade-off curve between crack density
and saturation. A porous media approach was used to estimate por031ty which shows
time-lapse changes Other analysis of the VSP mcludlng reﬂectlwty and frequency vs. v
time analysis showed no clear time-lapse changes (plots in Appendix D). Surface seismic
data near the VSP well was analyzed and modeled and we concludé that AVO analysis

is not applicable to this site.



1. Introduction

The Northern Indiana Public Service Company (NIPSCO) operates naturally
fractured reservoirs for seasonal storage of natural gas. The gas is injected during
summer and withdrawn during winter. As part of DOE sponsored research in fractured
gas production, Lawrence Berkeley National Laboratory (LBNL) designed a VSP
(Vertical Seismic Profile) experiment to aid delineation of NIPSCO’s dolomitic Trenton
Formation reservoir, and to study the seismic effects of variable gas pressures. The
reservoir is in NIPSCQO'’s Royal Center field in Northern Indiana.

The effects of fracturing on seismic wave propagation have been widely studied
(O’Connell and Budiansky, 1974 Crampin, et al., 1986, Schoenberg and Sayers, 1995,
Pyrak-Nolte, et al., 1990) with one of the more significant effects being shear-wave
splitting (also called shear-wave birefringence). Nine-component VSP’s (3 component
sources and 3 component receivevrs) provide an excellent method of measuring shear-wave
splitting (Majer, et al., 1988 , Daley, et al., 1988, Daléy and MgEVilly, 1990, Winferstein
and Meadows, 1991).

2. Background

The Royal Center field has limited geophysical characterization, with few well logs
and only field wide monitoring of gas injection/withdrawal volumes. However, the
annual displacement of water by gas within the natural fractures of the reservoir made
this field a good candidate for time-lapse monitoring. There has been no hydrofracing
or other intentionally induced fracturing of the reservoir.

The Trenton formation is a paleozoic ordovician dolomite which is part of the mostly
shale and limestone stratigraphy of the Royal Center field (Figure 1). It is believed
by the field operators that the top section of the Trenton dolomite is unfractured and

forms a cap for the reservoir. The thickness of the cap section (as well as its fracture



content) was assumed variable and was not well defined by the field operators. Only

| the distribution of wells indicated a potential dominant fracture orientation of NW-SE _
along the axis of an proposed anticline (see Figure E-1 in Appendix E). The dip within
the Royal Center Field is only 1% - 2%.

As part of a fractured gas research program run by DOE’s Federal Energy
Technology Center (FETC), we designed a VSP survey which would take advantage of
the reservoir’s tinie-lapse changes to delineate spatial variations in reservoir properties
as well as providing basic information for other seismic imaging proposed at Royal
Center. Among the poorly defined properties of the reservoir are thickness of fracture
interval, exﬁept of fracturing above the reservoir (possible leakage), spatial distribution
of fractures, and dominant orientation of reservoir fractures. We hoped to use multil;_ie ‘
offset 9-component VSP’s to monitor shear-wave splitting (and other seismic propertiés)
at a productive storage well (implying multiple connected fractures) and at a poor |
storage well (implying no fracturing of poorly connected fractures). From available well
sites, wells 157 (good storage) and 46 (no storage) were selected. The two major goals of
this project, shown in schematic form in Figure 2, were to measure the reservoir fracture
orientation from S-wave splitting and to estimate the frécture density djstfibution
from spatial distribution of time-lapse changes in seismic travel times. A proposed
optimal survey design included source locations as shown in Figure 3, however field site
restrictions (including land and road access limitations) led to a less optimal distribution
of source location as described in the data acquisition section below (Figure 4).

There were two phases of the time-lapse VSP data acquisition at the NIPSCO
Royal Center field site. These two VSP surveys acquired data from essentially identical
acquisifion geometry (source/receiver locations) under distinctly different reservoir
conditions. During the initial survey in December 1996 the reservoir gas pressure was
near its maximum of about_400 psi; during the second survey in May 1997 the reservoir

gas pressure was reduced to about 250 psi. Since the natural water pressure within the



Trenton formation is about 310 psi, the reservoir was mostly gas saturated in 12/96 and

mostly water saturated in 5/97.

3.  Data Acquisition

The initial data acquisition for the NIPSCO VSP experiment took place during
Dec 1996. The sensors were 3-component wall-locking geophones in a 5 level string with
8 foot spacing between recording depths. Downhole digitization was used to enable
multi-level recording on a 7-_conductor wireline and to reduce ambient electrical noise in
the data. Because the 157 well was presurized, a lubricator assembly long enough to
contain the entire string was assembled on site and used for the duration of the survey
(Figure 5). The source were vibroseis trucks, one Fayling P-wave truck and 2 Mertz
S-wave trucks. The vibroseis sources (both P- and S-wave) used a 12 to 99 Hz sweep,
12 s long with a 3 second listen time. The sample rate was 1 ms. Each VSP data
set has over 600 Mbytes of data, with about 10,000 seismograms. The S-wave trucks
were positioned at each source site such that they generated an in-line and a cross-line
polarized shea.r-‘wa,ve (relative to the line connecting the source location and the well).
Source site access was a problem because we could not obtain county permission to use
the paved roads for source points and we could not use farm land at the well 46 site.
Farm land surrounding the 157 well Wés made available by the land owners, however the
soil proved too unconsolidated to support the 40,000+ pound vibroseis trucks. We were
left to locate our source sites on dirt roads, which are in a strict North-South/East-West
grid. The available roads determined the source locations used in the survey. The
following VSP data was therefore acquired at Royal Center field in Dec. 1996 (where
S1 is an S-wave polarized parallel to the line connecting source and well and S2 is an
S-wave source polarized tangential to the line connecting source and well):

Well 46

e Run 1: 970 ft. to 578 ft. at 8ft. intervals, P, S1 and S2 sources at zero offset (well



' pad)
Well 157
e Run 1: 1088 ft. to 296 ft. at 8 ft. semnsor intervals .fovr P, S1 and S2 soﬁrces at well
pad (site 1), and P2 source at site 2.
e Run 2 : 1088 ft. to 696 ft. at 8 ft. sensor intervals for P source at site 7; and S1 and
S2 sources at site 2. ~ |
e Run 3 : 1088 ft. to 696 ft. at 8 ft. sensor intervals for P, S1 and S2 sources at site 3.
e Run 4 : 1088 ft. to 696 ft. at 8 ft. sensor intervals for P, S1 and 52 sources at site 4.
e Run 5: 1016 ft. to 984 ft. at 8 ft. sensor intervals for P and.S2 sources on East
walkaway at 50 ft. source intervals from about 200 ft. to 1550 ft. - o
e Run 6: 1088 ft. to 696 ft. at 8 ft. sensor intervals for P source at site 6 (2740 ft. |
offset). | |

Figure 4 shows a schematic location map of the source sites. The second phase .‘
VSP survey (May 1997) was identical except that |

1) Well 46 was not used (because the lack of access permission away from the well
pad eliminated our ability to perform spatial imaging and therefdre éompromised the
survey), ,

2) Run 1 data (site 1) at well 157 was acquired up to 96 feet at 8 ft intervals to give
better shallow velocity control, | '

3) Run 6 data at site 6 was acquired with both P and S-Wave sources because of

better off-road access conditions.

3.1. Data Processing

The data processing was mainly performed using the FOCUS-3D seismic proceésing
package produced by COGNI-SEIS (versions 4.0 and 4.1). The coordinate rotation and
particle motion analysis was done using LBNL software.

The processing flow for each data set is as follows:



1) Convert data from field formatfed data tapes.

- 2) Edit and stack uncorrelated traces (in May 1997, stacking was done in the field).

3) Correlate traces and sort by source type.

4) Use P-wave arrival to calculate 3 component geophone rotation angles.

5) Use the calculated rotation angles to rotate each source type data set into
vertical, horizontal in-line, and horizontal cross-line geophone orientations.

~ 6) For zero offset, use S-wave arrivals to measure s-wave splittingv and calculate
anisotropy axis of symmetry to estimate fracture orientation. |

7) Pick arrival times, calculate P and S-wave velocities and Poisson’s ratio.

The phase 1 well 46 data set had problems because of background noise and
rotation analysis error from near vertical P-Wave. propagation (in-field restrictions
discussed above prohibited using an offset P-wave source location). Without reliable
orientatidn'information, the shear-wave data could not be analyzed. The well 46 data
set has not been analyzed beyond step 5, and was not repeated in phase. 2 because of
these problems.

 The phase 1 well.'157 data sets have fair to good data quality, limited by noise
bursts in the well which required hand editing. These noise bursts were probably caused
by gas release into the well. The phase 2 data sets appeared to have more noise bursts,
probably because the reservoir was now mostly water saturated, ‘allowing more gas
bubbling. After performing extensive hand edits in the phase-1 processing, effort was
spent on developing automated noise burst editing routines in the phase 2 data sets
(Figure 6). By editing the noise bursts in the uncorrelated recordings, the impact on the
correlated data was minimized. A 40 Hz, 60 dB/octave low pass filter was applied to
the data before the zero-offset time picking. The rotation angle analysis was done using.
P-wave particle motion eigenvalue analysis (Daley, et al., 1988). The resulting edited,
correlated, rotated seismograms are shown in Appendix A.

The calculation of anisotropy axis of symmetry was done with a 4-component



orientation analysis (Alford, 1986 Thomsen, 1988). However, close inspection of field
data has shown a source amplitﬁd,e variation between the two S-wave vibroseis trucks
which inlvalidates the assumptions of this analysis. Inspection of vibroseis baseplate
accelerometers found a 25% amplitude difference between the t;wo shear-wave vibroseis.
Howéver, correction for this difference still leaves a peak amplitude difference of a factor
of 4 between the data from each shear-wave truck. Additionally, there is noticeable
difference between the two shear-wave wavelets, despite wavelet analysis which was
performed to chose a consistent vibroseis reference sweep for both s-wave sources (see
Figures 7a-b). If the two shear-wave source.s were not generating identical wavelets
into the subsurface, this is another violation of the underlying assﬁmptions of the
4-component anisotropy axis-of-symmetry orientation analysis. Therefor we are not.
using the results from this analysis of the axis of symmetry of anisotropy. The lack of
significant S-wave splitting for the zero offset at well 157 (which is unaﬁ'ecﬁéd by the
amplitude variations) indicates that the 4-component orientation analysis would have
been inconclusive even if the S-wave vamplitude Variatibn was not present in the data
because S-wave splitting is the attribute used for 4-component analysis. The s-wave
splitting analysis, like the velocity analysis utilized travel time information obtained
from the rotated data. Travel time picking was tested ‘using éross—correlation of first
arrival wavelets, and hand picking of peaks or zero crossings, with results in agreement
for all methods. The results shown in Figures 8a-d and Appendix B are for picks of the

maximum of the correlated wavelet.

4. Results
4.1. Site 1 - Vertical Propagation Results

Initial results from the Dec 1996 VSP indicated minimal shear-wave splitting

effects and strong reflections (an example is shown in Figure 7a-d). Analysis of velocity



structure dbtained from the zero offset VSP showed large velocity variatioﬁs in the Royal
Center Field ranging from 9000 ft/s to nearly 20,000 ft/s in the Trenton Dolomite. A
large velocity inversion was measured related to the low velocity Eden shale formation
which overlies the high velocity Trenton dolomite. This velocity inversion has significant
impact on the offset VSP raypaths and on our ability to measure properties within the
reservoir which wiil be discussed below. With the 9-component VSP, P- and S-wave
velocities and their ratio and Poisson’s ratio can be calculated. These data plots are in
Appendix B.

The May 1997 survey successfully repeated the Dec 1996 survey. The two time-lapse
data sets have been analyzed for spatial or temporal variations in P- and S-wave travel
time, shear-wave polarization, and shear-wave splitting. The phase 1 and phase 2
zero-offsgt data analysis both indicated essentially isotropic propagation. When we
corripared the measured travel times between phase 1 and phase 2, we found no change
in S-wave or P-wave time within the 3-4 ms scatter of the data points and allowing for
a static time shift which is attributable to near-surface conditions (Figure 8a-d). This
means that the measured velocity from the zero offset VSP data set was not affected
by the change in reservoir gas saturation. A comparison of shear-wave particle motion
(Figure 9) indicates the polarizations stayed predominantly aligned with the sources
(isotropic propagation), with some indication splitting which can not be attributed to
the reservoir zone. | | |

Our hypothesis for the apparent inability of the zero-offset survey to detect
either fracture-induced anisotropy or velocity changes caused by variable gas
pressure/saturation is that the zone of fracturing associated with the Trenton Formation
reservoir ‘aroun'd well 157 is too thin to be seen by the relatively long wavelengths of our
VSP survey. With dominant frequency of 40 Hz and fast velocities of about 10,000 ft/s
for S-waves, our S wavelength was about 250 ft The relatively thin reservoir (probably

about 30 to 50 ft) was not ”visible” to the waves propagating vertically through the
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Trenton Formation. Additionally, the shallow velocity structure and available well depth
appears to limit the ability of offset VSP geometry to sample a wide range of incident
angles for the Trenton reservoir, thereby limiting the use of amplitude vs offset analysis.
.However, there are small, 1 to 3 ms, time changeé observed at depth (after allowing
for the larger time changes due to the near surface material changes). The two most
compelling éxamples are the P-wave walkaway data and the shear-wave data from sites
3 and 4. v
Analysis foéused on interpreting these small, 2-3 ms travel time éhanges seen at
depth as time-lapse velocity changes confined to the.reservoir (presumably due to
varying gas pressure and saturation). Before analysis of the walkaway and offset data
could begin, we needed to understand the propagation paths in the subsurface; this need: .

led to development of ray traced models for the VSP.

4.2. Modeling

The effects of the subsurface velocities on wave propagaﬁon can be estimated by -
seismic modeling. We performed ray trace modeling, based on velocities measured by
the zero-offset VSP in phase 1 (in Appendix B), to investigate the ability of the offset

source locations to "see” more of the reservoir than the zero offset. Our initial modeling

used the following velocity structure:

Layer Depth (ft) P Velocity (ft/s) S Velocity (ft/s)
0-300 6,100 2720
300-500 ' 15,000 9200
550-670 13,000 | 6200

670-930 9,500 4800
930-1100 18,000 | 9500
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Unfortunately, the results from this model indicated that the velocity structure at Royal
Center significantly limits the propagation within the reservoir. More detailed modeling
with subdivisions of each layer (Figure 10a-b) shows that only a small percentage

of the offset VSP raypath is within the Trenton formation, and less is within the
reservoir (using a high velocity, unfractured cap at the top of the Trenton overlying a
lower velocity fractured reservoir). The highly variable velocity layers (9000 to 18000
ft/s P-wave velocities) with a strong velocity inversion constrains most of the wave
propagation to shallow high velocity layers. The high velocity Silurian limestone bedrock
above the slow velocity Maysville formation caused most of the energy to be propagated
in the bedrock formation. Only a small percentage of the ray paths are in the Trenton
formation reservoir zone (below approximately 950 to 1000 feet). We believe this effect
is the limit on the ability of far offset VSP sites to detect spatial changes in reservoir

properties.

4.3. - Time Lapse Analysis

Given that the reservoir fractures were not directly detected with shear-wave
anisotropy measurements, we looked to time lapse changes in reservoir properties to
detect and estimate the extent of fractures. We believe that the displacement of gas
by water within the fractures should cause changes in seismic velocity which can be
modeled via theoretical relationships between fractures and seismic propagation such as
equivalent media velocity variations or fracture stiffness variations. In both cases vthe
presence of gas as a fracture filling should create lower velocities than the presence of
water as a fracture filling material. Lower velocities will lead to increased travel times as
measured by a VSP survey. As described above, the Dec 1996 (phase 1) survey had gas
saturation in the reservoir, while the May 1997 (phase 2) survey had water saturated
reservoif conditions with an associated decrease in reservoir pressure. Qur basic tool for

VSP time lapse analysis is travel time differencing. We expect little change in travel
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time above the reservoir (éxcept for the near surface which has velocity changés caused
by seasonal water saturation chahges) and an increase in travel time difference at and
below the reservoir. For each source site we ha&e three independent measures of time
lapse chaxige in travel time; the P-wave, the in-line S-wave (S1), and the cross-line
S-wave (S2). Appendix C has the plots of travel time change for these three sources
for all source points. Additionally, the walkaway survey ﬁrovides well sampled spatial
measurement of the time lapse changes along one azimuth. As mentioned above, the "
time lapse data sets with the most compelling evidence for seismic velocity variations

were the P-wave walkaway and the site 3 and 4 S-wave data.

4.4. Time-Lapse P-Wéve Walkaway Data

The P-wave Walkaway data was analyzed by comparing the time lapse chanées
at the shallowest sensor (984 ft.) with the changes at the deepest sensor (1016 ft)
Without knowing the actual reservoir interval (production is over a large perforated
casing interval), these sensors straddle the "best guess” of the reservoir available from
field engineers ( 984 to 1016 feet). We hypothesize that the deeper sensor will record
a larger time lapse change due to velocity changes within the reservoir induced by
changing from gas to water saturation. Figure 11 shows there is a consistent 0.1 to 0.5
ms djfference in the time lapse delay between the two walkaway sensor depths. The
mean value for the 27 walkaway source locations is 0.2 ms with a standard deviation
of 0.1 ms. The consistency of the time-lapse difference gives us confidence that this
observation is caused by physical property changes within the reservbir zone. We are
thus using a volumetric average over the reservoir region probed by the walkaway, rather
than trying to delineate spatial variability in the ieservoir, as was our original plan.

Knowing the time-lapse change in P-wave propagation time, we need to determine
the actual propagation distance in the reservoir to determine the change in seismic

velocity. The propagation distance is modeled in via raytracing described previously to
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determine the P-wave propagation distance (raylength) in the reservoir for the walkaway
survey. The propagation distance is dependent on the depth chosen for the interface
between Trenton cap rock (high velocity, presumably unfractured) and Trenton reservoir
(lower velocity, fractured). Figure 10 shows raypaths in the reservoir horizon. The
reservoir ray lengths were determined by differencing the 1engths for top and bottom
sensors. We found values for the differenced ray lengths in the reservoir ranging between
20 feet (near offsets) and 60 feet (far offsets). When the 0.2 ms time-lapse travel-time
variation is attributed to these propagation distances, we calculate 5% to 15% velocity .
changes in the reservoir relative to the velocity measured in the near offset survey at site
1. Additionally, inspection of the interval velocities from site 1 finds the intervdl centered
near the reservoir (1016’) has a 10% Vélocity change, so we have confidence in using
10% as our estimate of velocity change in the Trenton reservoir due to changing gas
saturation. With an estimate of time-lapse reservoir velocity change, we can estimate

the material property variation necessary to cause the velocity change.

5. . Estimates of Fracture Density and Saturation in the
Reservoir

Without being able to resolve the anisotropic properties of the reservoir, we decided
to estimate reservoir properties using an equivalent media description of fractures |
(O’Connell and Budiansky, 1974). This model is apprqpriate for our sitﬁation of
long wavelengths (about 100 m) compared to fracture size (presumably 0.1 to 1 m)
and isotropic wave propagation. In this model, the effect of thin randomly oriented
ellipsoidal cracks with variable saturation on material properties is calculated as though
there is a media having equivalent properties to the fractured solid. The crack density,
€, is defined by € = (2N/7)(A?/P), where N = cracks per unit volume, A is the area of

a crack, and P is the perimeter. This relationship for a partially saturated cracked rock
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is given by g
e:ﬁ(u—v) (2-9) (1)
16 (1 — 72) [(1 - &)(1+ 3v)(2— 7) — 2(1 — 20))]

where € = the crack density,
v = Poisson’s ratio for the uncracked matrix,
7 = Poisson’s ratio for the cracked rock, and

£ = saturated fraction of cracks.

In the NIPSCO data, we used

Vp = 15,700 ft/s and Vs = 9600 ft/s for gas saturated conditions, and

Vp = 17,200 and Vs = 9,700 ft /s for water saturated conditions.

" These velocities come from the 72 ft interval velocity centered at 1016 ft. Poisson’s ratio
for an uncracked dolomite (v = 0.33) was taken from Carmichael, 1982.

For our analysis of the NIPSCO data, this analysis leads to a trade off between the
crack density and the crack saturation (the fraction of cracks water saturated). Figure
12 shows the trade off curve of crack density and saturation for the Trenton reservoir-
calculated for the velocity variations seen in the walkaway survey. These two curves
répresent the changes in resérvoir properties at well 157. For any given crack deﬁsifoy,
the difference bétwéen the two curves represents the percentage of fractures whose water
is displaced by gas. For a reservoir with higher fracture density, fewer cracks need to
be gas saturated to give the velocity changes observed in the VSP. If other information
about crack density becomes available (for instance from core measurements) the curves
in Figure 12 can be used. To pfovide a more physical interpretation of crack density, we
can assume a circular fracture of 1 m? area.. We then get the curves shown in Figure 13

‘which has fractures per unit volume instead of dimensionless crack density.
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5.1. Equivalent Porosity Estimate

Because ﬁhere is not strong evidence of fracture induced wave propagation effects
within the reservoir for Site 1 data (near vertical propagation), we believed it would
be instructive to use a matrix porosity model of the time-lapse chdnges observed in
the walkaway VSP. We used an approximation to Gassmann’s relations (Gassmann,
1951) proposed by Mavko, et al., 1998 for data with P-wave velocity (V,). They use the
modulus M = pV,. For a system with two fluids saturating a matrix, we use:

M, = matrix rock modulus,

My = fluid 1 modulus,

Mgy = ﬂuid 2 modulus,

M.11 = modulus of rock saturated with fluid 1,

Moo = modulus of rock saturated with fluid 2.

For the case of two fluids displacing the same porosity, such aé the gas displacing water

in the Trenton reservoir, we can state the porosity ¢ as follows:

} Mg _ Miiz
¢ = (Mo—Mys1)  (Mo—Mjyg3) (2)
- Muatl Maat2

(Mo—Msat1) ~ (Mo—Miatz)

We use water for fluid 1 (p = 1.0, V, = 1531 m/s), and methane gas for fluid 2 (p =
0.34, V, = 430 m/s). Evalua»tibn of this equation gives a porosity of 0.32.

It is interesting to note that evaluation of the crack density plots in Figure 12 for
a differential saturated fraction of 32% gives a crack density of ¢ = 0.27. However, this
should not be considered a true estimate fracture density, because Gassmann’s relations
and the O’Connel and Budiansky relationships have different conceptual models of rocks
and can not in theory be combined. It would be much preferable to maintain a crack
based model of the reservoir and use other information to estimate the fracture density

or the partial saturation change.
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6. Offset Site Data - Possible Anisotropy

The site 3 and 4 S-wave data were analyzed by comparing the S1 and S2 s‘ourc‘e.
polarizations at each site. Since sites 3 and 4 are essentially 90 degrees apart in azimuth,
the S1 and S2 sources have obposite azimuthal polarization at each site. That is, the S1
source at site 3 has the same azimuthal polarization as the S2 source at site 4, while
the S2 source at site 3 has the same azimuthal polarization as the S1 source at site 4.
We therefore expect reversed relative time lapse change when comparing S1 and S2
for sites 3 and 4, if the reservoir has an aligned fracture set which is not on a North-
SOuth. or East-West azimuth. Figure 14 shows that we do observe such reversed time
lapse changes, and both sites have approximétely the same magnitude of change. .Fo‘r
site 3, s2 (North/South polarized) data has about 1.5 ms more time lapse change.
For site 4, S1 (North/ Soﬁth polarized) has about 1.5 ms more time lapse change.
Since the North/South polarized sdurce shows the largest change at both sites, Wé can
propose a conceptual modelv ofa resérvoir with vertical fractures having a predominantly
East/West azimuth. This is because shear waves polafized normal to the fracture strike
azimuth will be slowed compared to shear waves polarized parallel to the fractﬁre
‘azimuth. Unfortunately, lthe data do not have a spa,tially constrained time-lapse change.
We can not resolve a change in the reservoir zone ( 975 to 1025 ft.). The increasing
“time-lapse change seen below 850 ft. may be related to vertical fracturing extending
abdve the reservoir, however this is not consistent with the vertical propagating waves

at site 1.

7. Other Analysis

There is remaining analysis beyond the scope of this report which holds promise for
fracture and gas detection using reflection and mode-conversion properties. In the phase

1 data we observed a strong reflection from the Trenton formation and a strong mode
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conversion (Figure 7). The mode conversion seems associated with the Maysville and
Eden formation contact, while the S-wave reflection seems associated with the Trenton
formation and may be affected by reservoir gas saturation. Initial investigation of
zero-offset (site 1) P-wave reflectivity, using F-K separation of upgoing and downgoing
energy, did not yield any clear time-lapse changes (see plots in Appendix D). Frequency

vs time analysis of the walkaway P-wave also yielded no clear time-lapse changes (plots

_ in Appendix D).

8. Surface Seismic Analysis

As part of the FETC fractured gas research program, LBNL was asked to study
2-D surface seismic data which had been interpreted using Trenton formation reflection
amplitude anomalies as representative of gas saturation. We also thought it would be
instructive to compare two crossing surface lines which intersect near the location of
well 157. Figure E-1 shows the location of lines RC-1 and RC-5 along with many of the
wells in the Royal Center field. The VSP well, S-157-T', is at the intersection of these
two lines. Figure E-2 shows CDP gathefs from these two lines in the vicinity of well
157. The Trenton formation reflection (top of Trenton) is at about 0.17 s time. Figure
E-3 shows the CDP stacked sections from lines RC-1 and RC-5 with the VSP stacked
upgoing reflections inserted in the middle. Again the Trenton reflection is at about 0.17
s. We see that the reflection wavelet for the VSP is quite different with earlier energy.
The two surface lines are similar with RC-1 having reduced side lobes (red) compared to
the main peak (blue). The bottom of Trenton reﬂecfion ( 0.2 s) is quite similar on both
surface lines and the VSP, indicating little effect from the reservoir which presumably
varies laterally away from the VSP well. Our reprocessing of these two seismic lines did
not show the strong lateral variation in the Trenton reflection wavelet which hadl been
interpreted as lateral variation in fracturing.

The possibility of using AVO techniques in the surface seismic was investigated,



18

however the velocity structure is a strong limit on the actual incident angles which can
be obtained. Figure E-4 shows modeling of the surface seismic cdp gathers for the top of
Trenton reflection, and we can see that there is very limited angular coverage. Therefor

we have concluded that the Trenton is not a good candidate for AVO studies.

9. Summary and Conclusions

Underground storage of ndtu‘ra.l gas with seasonal injection and withdrawal
providves an excellent opportunity to Study time-lapse changes in reservoir proberties. In
particular, the NIPSCO site is attractive beca.uée water displaces gas within the reservoir,
thus maximizing the changés in material properties and elastic wave propagation. We
designed and acquired a time-lapse VSP study aimed at characterizing the reservoir_} )
. properties using the spatial and tempofal ya‘riations in seismic wave propagation.
Unfortunately, the study was initially compromised by surface access restrictions
which limited the scope of data acquisition, and by questions about the amplitude
equivalence of two shear-wave sources. Nonetheless, multiple 9-C VSPs were collecte;1
while the reservoir was gas saturated and repeated with the reservoir water satura.te&.
The velocity structure of the Royal Center site included a strong velocity inversion
which greatly limited the volume of the reservoir which could be probed with the VSP
method. The near offset VSP (site 1) was analyzed for shear-wave splitting (under the'
assumption of vertical fracturing with a dominant orientation), but no definitive result
could be obtained. This is partially due to problems with shear source amplitudes, but
the travel time analysis also found no splitting within the reservoir horizon (and within
the resolution of the data). We believe the reservoir is too thin for the wavelengths
obtainable with the VSP method in this fast velocity material (dolomite). vThe far offset
source sites did show som.e shear wave splitting, and a time-lapse change in velocity
was observed in the P-wave walkaway. The P-wave walkaway data could be constrained

to time-lapse change in velocity within the reservoir horizon. This result was analyzed
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in terms of fracture density and partial crack saturation ﬁsing the long wavelength,
equivalent media approach. Tradeoff curves between crack density and saturation were
generated for the gas saturated and water saturated conditions. The difference between
these two curves represents the percentage of the fracture space utilized for gas storage
for a given fracture density. |

Other studies included variation in near-offset P-wave reflections (no changes
observéd) and frequency vs time analyéis of the walkaway data (no clear time-lapse

- change). We also conducted an analysis of surface seismic data acquired near the VSP
well. We found no difference in the Trenton reservoir between north-south and east-west
reflection lines. We also used our ray tracing model based on VSP velocities to study the

" CMP reflection gathers. We found that, like the offset VSP surveys, the CMP gathers
had very little variation in angle of incidence of rays. This means the AVO analysis
would not be useful for the Trenton reservoir. Again like the VSP surveys, the shallow

(velocity in{rersion with large céntrasts is preventing lateral sampling of the ’I‘renfon at
any reflection point.

In conclusion, the Trenton reservoir has good potential for assessing the effects
of varying gas and water saturation. However, surface seismic sources will be limited
in their ability to image the effects because of the velocity structure and the relative
thinness of the reservoir. We believe that borehole source methods, such as crosswell
or singlewell imaging, provide the best opportunity to study the seismic responsev by

avoiding the shallow velocity inversions and providing higher frequency data.
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Figure 1. Geologic column for the Royal Center field. The approximate depths of major
units at the VSP Qeﬂ 157 are: Glacial Till 0-150 ft., Silurian limestone and shale 150-675
ft., Eden shale 675 - 930 ft., Trenton dolomite 930 - 1100 ft.

Figure 2. Schematic objectives of NIPSCO VSP.
Figure 3. Original design cbncept for NIPSCO VSP.

Figure 4. Seismic source locations for NIPSCO VSP data acquisition. Field conditions

and local access laws prevented locations as in original concept (Figure 2).

Figure 5. Sixty ft. lubricator pipe used to introduce multi-level sensor string in the

presurized VSP well.

Figure 6. Uncorrelated vibroseis data showing effects of automatic noise burst editor

before (left) and after (right) edits.

Figure Ta. Seismograms from orthogonal S-wave experiment at site 1. The left side
data set is in—lir'le horizontal oriented sensors recording an in-line oriented S-wave source
over the depth range 296 ft. to 1088 ft. The right side data set is cross-line horizontal
oriented sensors recording a cross-line oriented S-wave source over the same depth range.
" These data sets are used for estimating shear wave anisotropy which can be controlled

by subsurface fracturing.

Figure 7b. Four orthogonal S-wave recordihgs for depths 936 to 1088 ft (the approximate
reservoir zbne). Top-left is in-line source and in-line sensor (XX), top-right is in-line
source and cross-line sensor (XY), bottom-left is cross-line source and in-line sensor
(YX), bottom-right is cross-line source and cross-line sensor (YY). The seismograms are

normalized to the maximum of each source. -

Figure 8a. Time lapse change in P-wave travel time for site 1. Times are 1996 data

(gas saturated reservoir) minus the 1997 times (water saturated reservoir).
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Figure 8b. S-wave splitting in terms of travel time difference (S1 (in-line, east-
west) source minus S2 (cross-line, north-south) source for site 1 in 1996 (gas saturated

reservoir).

Figure 8c. S-wave splitting in terms of travel time difference (S1 (in-line, east-west)
source minus S2.(cross-line, north-south) source for site 1 in 1997 (water saturated

Teservoir).

Figure 8d. Time lapse change in S-wave travel time for site 1. Times are 1996 data
(gas saturated reservoir) minus the 1997 times (water saturated reservbir) for S1 (in-line,

east-west) source and S2 (cross-line, north-south) source.

Figure 9. Compariéon of S-wave hodograms (particlé motion) for in-line (east-west)
source polarization (left) and cross-line (north-south) source polarization (right) for three
depths within or below the reservoir. The S-wave polarization is dominantly isotropic
with some ellipticity and a moderate east-west component on the cross-line (north-south)

source data (right).

Figure 10a. Ray tra_cingvfor P-wave walkaway survey. Note that very little propagation
occurs in the Trenton formation. Velocities are from the 1997 site 1 VSP modified to

better match the walkaway travel times.
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Figure 10b. Close-up view of raypaths within the reservoir zone of the Trenton. A
conceptual model of an unfractured Trenton cap with minimal fracturing above a highly
fractured Trenton reservoir was applied to estimate the raylengths within the reservoir.
These raylengths were used in the fracture density and saturation estimates for the

reservoir. The five sensor locations are the walkaway sensor depths.

Figure 11. Time lapse changes in P-wave travel time for top and bottom walkaway
sensors. The sensors were not moved between each station recording. Times were picked
on the unrotated vertical component. The station spacing was 50 ft. The difference
between these two curves provides the estimate of time-lapse velocity changes between
gas filled and water filled reservoir conditions using the raylengths estimated raytracing
(Figure 10). The average difference for all stations between the 1016 and 984 ft sensors

is 0.2 ms with a standard deviation of 0.1 ms.

Figure 12. Trade off curves for dimensionless crack density ¢ and saturation ¢ for the
two VSP surveys. The difference between the curves for a given € represents the partial

saturation used for gas storage.

Figure 13. Trade off curves for volumetric crack density and saturation ¢ for the two
VSP surveyshsing a 1 m? circular fracture. The difference between the curves for a given

crack volume represents the partial saturation used for gas storage.

Figﬁre 14. Time-lapse changes in S-wave travel time between 1996 (gas saturated
reservoir) and 1997 (water saturated reservoir) VSP surveys. The north-south polarized

S sources have larger time changes than the east-west polarized sources.
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Figure A1l. Cross correlation of two Pelton generated sweeps showing 85 ms delay due

to varying trigger time shift in 1996 data set.

Figure A2. Cross correlation of two data traces with a 100 ms time shift added to show

full wavelet. 85 ms delay from figure Al has been removed.

Figure A3a - A3c. Seismograms from Well 46, 1996. The three panels are geophone
components horizontal in-line (left), horizontal cross-line (center), and vertical (right).
The traces have been rotated (using P-wave particle motion) and are scaled using the
maximurﬁ of all three panels. A3a is P-wave source, .A3b is S-Wave in-line source, A3c is

S-wave cross-line source.

Figure A4a - A4d. Seismograms from Well 157, site 1, 1996 survey. The three panels
are geophone components horizontal in-line (left), horizontal cross-line (center), and
vertical (right). The traces have been rotated (using P-wave particle xﬁotion) and are
scaled using the maximum of each trace. A3a is P-wave source at site 1, A3b is S-wave
in-line source, A3c is S-wave cross-line. A4d is P-wave source at site 2 (used for rotation

analysis of site 1 data).

Figure Aba- A5c. Seismograms from Well 157, site 2, 1996 survey. The three panels are
geophone components horizontal in-line (leff), horizontal cross-line (center), and vertical
(right). The traces have been rotated (using P-wave particle motion) and are scaled
using the maximum of each trace. 5a - A5c are the P-wave, S-wave in-line, and S-wave

cross-line, respectively.

Figure A6. Seismograms from Well 157, site 3, 1996 survey. The three panels are
geophone components horizontal in-line (left), horizontal cross-line (center), and vertical
(right). The traces have been rotated (using P-wave particle motion). Left panels are
S-wave cross-line source, right panels are S-wave cross-line (each scaled to maximum of

three components).
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Figure A7a - A7c. Seismograms from Well 157, site 4, 1996 survey. The three panels are
geophone -components horizontal in-line (left), horizontal cross-line (cenfer), and vertical
(right). The traces have been rotated (using P-wave particle motion)v and are s.caled
using the maximum- of. each trace. A7a- AT7c are the P-wave, S-wave in-line, and S-wave

cross-line, respectively.

Figure A8a - ABf. Seismograms from Well 157, walkaway, 1996 survey. The 5 parléls
are géophone depths 984, 992, 1000, 1008 and 1016 ft. left to r_ight. The 27 traces per
panel are the 27 offset locations (50 ft. spacint). The traces are scaled to the maximum
of each section except where noted. A8a-A8c are P-wave source,. geophoné components
vertical (trace scaling), unrotated.horizontal 1 (tra,.ce.scaéing), and unrotated horizontal

2. A8d-A8f are S-wave cross—ljné source, vertical, unrotated horizontal 1, and unrotated

horizontal 2

Figure A9. Seismograms from Well 157, site 6 P-wave source, 1996 survey. The three
panels are horizontal in-line (left), horizontal cross—liné (center) and vertical (right). The

traces are normalized to their maximum.
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Appendix B: Travel Time, Velocity and Rotation Angle Tables
and Plots |



Figure B1.
Figure B2.
Figure B3».’
Figurfe B4.

Figure B5.
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Rotation angles for 1996 site 1.

Travel times for 1996 site 1 without low pass ﬁlter.
Tra‘vefl'times foi 1996 site 1 with low p‘ass.ﬁlter.
Average velocities for 1996 site 1.

Int\erva,l velocities for 1996 site 1, wit.hv an 80 interval.

Figure B6. Travel times for 1996 site 3. The columns are depth (ft.), P time, S1 .

(in-line) time and S2 (cross-line) time.

Flgure B7. Travel times for 1996 site 4. The .columns are depth (ft) P time, S1

(in-line) time and S2 (cross-line) time.

Figure BS8.

Figure B9.

Travel times for 1996 site 6. The columns are depth (ft.), P time.

Plot of P-wave interval velocities for 1996 site 1 using a 40 ft. interval.

Figure B10. Plot of S-wave (in-line source) interval velocities for 1996 site 1 using a 40

ft. interval. v

Figure B11. Plot of S-wave (cross-line source) interval velocities for 1996 site 1 -using a

40 ft. interval.
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Figure Cla. Time-lapse change in P-wave travel time at site 1.
Figure C1b. Time-lapse change in S-wave (in-line source) travel time at site 1.
Figure Clc. Time-lapse change in S-wave (cross-line source) travel time at site 1.

Figure C1d. Travel time difference between S1 (in-line, E-W) and S2 (cross-line, N-5)
at site 1 for 1996 and 1997 sﬁrveys.

Figure C2a. Time-lapse change in P-wave travel time at site 2.

Figure C2b. Time-lapse change in S-wave travel time at site 2 for S1 (in-line, E-W)
and S2 (cross-line, N-S) for 1996 minus 1997.

Figure C2c. Travel time difference between S1 (in-line, E-W) and S2 (cross-line, N-S) -
at site 2 for 1996 and 1997 surveys.

Figure C3a. Time-lapse change in P-wave travel time at site 3.
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Figure C3b. Time-lapse change in travel time at site 3 for S1 (in-line, E-W) and S2
(cross-line, N-S).

Figure C3c. Travel time difference between S2 (cross-line) and S1(in-line) for 1996 and

1997 surveys.

Figure C3d. Time-lapse travel time difference for site 3, S2 minus S1 and 1996 minus

1997.

Figure C4a. Time-lapse change in P-wave travel time at site 4.

Figure C4b. Time-lapse change in travel time at site 4 for S1 (in-line, E-W) and S2
(cross-line, N-S). |

Figure C4c. Travel time difference between S2 (cross-line) and S1(in-line) for 1996 and

1997 surveys at site 4.

Figure C4d. Time-lapse travel time difference for site 4, S2 minus S1 and 1996 minus

1997.

Figure Cb5a. Time lapse P-wave time change for walkaway survey for two sensors (984

and 1016’).
Figure C5b. Time lapse and spatial change for P-wavé.walkaway.

Figure C5c. Time lapse S-wave (cross-line source) time change for walkaway survey for

two sensors (984 and 1016’).

Figure C5d. Time lapse and spatial chaﬁge for S-wave (cross-line source) time change

for walkaway survey for two sensors (984 and 1016’).

Figure C6. Time lapse P-wave time change for site 6 (1996 - 1997).
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Figure D1a. Particle motion for comparison for 1997 site 1 S-waves. St (in-line, E-W)
source (left side) and S2 (cross-line, N-S) source (right side). Level number is sequential

from shallowest (96 ft.).

Figure D1b. Particle motion for comparison for 1997 site 1 S-waves. S1 (in-line, E-W)
source (left side) and S2 (cross-line, N-S) source (right side). Level number is sequential

from shallowest (96 ft.).
Figure D2a. Upgoing data from 1996 site 1 P-wave source after F-K filter.
Figure D2b. Upgoing data from 1997 site 1 P-wave source after F-K filter.

 Figure D3a. Frequency vs time (top) and spectra (bottom) plot for average of two

farthest 1996 walkaway P-wave sites for sensor at 984 ft.

Figure D3b. Frequency vs time (top) and spectra (bottom) plot for average of two

farthest 1996 walkaway P-wave sites for sensor at 1016 ft.

Figure D3c. Frequency vs time (top) and spectra (bottom) plot for average of two

farthest 1997 walkaway P-wave sites for sensor at 984 ft. |

Figure D3b. Frequency vs time (top) and spectra (bottom) plot for average of two
farthest 1997 walkaway P-wave sites for sensor at 1016 ft.
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Figure E1. Location map of some surface seismic lines and wells in the Royal Center

field. The surface lines analyzed are RC-1 and RC-5 which intersect near VSP well 157.

Figure E-2. Example CDP gathers from surface line RC-5 (left) and RC-1 (right) near
the intersection of the lines. The reflector at about 0.17 s is the top of the Trenton

reservoir formation.

Figure E-3. CDP stacked sections for surface lines RC-1 (left, CDPs 576 - 596) and
RD-5 (right, CDPs 618- 638) with the well 157 site 1 VSP P-wave upgoing stack displayed
in the middle (labeled as CDP 1). The top of the Trenton reservoir formation is at about
0.18 s.

Figure E-4. Ray trace modeling of surface seismic CDP gather at Royal Center field
using the velocity model derived from the well 157 VSP. The lack of variation in reflection
angle of incidence at the Trenton reservoir formation (about 970 ft.) shows the limitations

on any AVO analysis.
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Figure 1. Geologic column for the Royal Center field. The approximate depths of major
units at the VSP well 157 are: Glacial Till 0-150 ft., Silurian limestone and shale 150-675
ft., Eden shale 675 - 930 ft., Trenton dolomite 930 - 1100 ft.



NIPSCO VSP Experiment Objectives

Objective 1: Determine fracture orientation from s-wave splitting.

Input
S-wave

Fractured formation

. Slow S-wave polarization

Fast S-wave polarization

Output
S-wave
Objective 2: Estimate fracture location from winter/summer
changes in P & S wave attributes
Well Seismic Source
@ ® &

Sensor

Fracture Zone

Figure 2. Schematic objectives of NIPSCO VSP.



NIPSCO VSP DESIGN

Concept - Equal Offset Distance, Multiple Azimuths
Acquire at Productive and Non-Productive Wells
Acquire at Maximum and Minimum Gas Pressures
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Figure 3. Original design concept for NIPSCO VSP.



NIPSCO VSP Source Locations

@ P, S1, S2 at Well Pad (only for 12/96 survey)
— Wwell 46 @
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v @ P (and S1in 5/97 survey)
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| Figure 4. Seismic source locations for NIPSCO VSP data acquisition. Field conditions

and local access laws prevented locations as in original concept (Figure 2).
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Example of noise bursts in uncorrelated data (left) and after automatic editing (right)
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Figure 6. Uncorrelated vibroseis data showing effects of automatic noise burst editor

before (left) and after (right) edits.
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Figure Ta. Seismograms from orthogonal S-wave experiment at site 1. The left side

data set is in-line horizontal oriented sensors recording an in-line oriented S-wave source

over the depth range 296 ft. to 1088 ft. The right side data set is cross-line horizontal

oriented sensors recording a cross-line oriented S-wave source over the same depth range.

These data sets are used for estimating shear wave anisotropy which can be controlled

by subsurface fracturing.
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Figure 8a. Time lapse change in P-wave travel time for site 1. Times are 1996 data

(gas saturated reservoir) minus the 1997 times (water saturated reservoir).
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Figure 8b. S-wave splitting in terms of travel time difference (S1 (in-line, east-
west) source minus S2 (cross-line, north-south) source for site 1 in 1996 (gas saturated

reservoir).
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Figure 10b. Close-up view of raypaths within the reservoir zone of the Trenton. A
conceptual model of an unfractured Trenton cap with minimal fracturing above a highly
fractured Trenton reservoir was applied to estimate the raylengths within the reservoir.
These raylengths were used in the fracture density and saturation estimates for the

reservoir. The five sensor locations are the walkaway sensor depths.
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Figure 12. Trade off curves for dimensionless crack density ¢ and saturation ¢ for the
two VSP surveys.. The difference between the curves for a given € represents the partial

saturation used for gas storage.
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Figure AT7a - A7c. Seismograms from Well 157, site 4, 1996 survey. The three panels are
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(right). The traces have been rotated (using P-wave particle motion) and are scaled
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Figure A9. Seismograms from Well 157, site 6 P-wave source, 1996 survey. The three

panels are horizontal in-line (left), horizontal cross-line (center) and vertical (right). The

traces are normalized to their maximum.
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Figure B1. Rotation angles for 1996 site 1.
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Figure B2. Travel times for 1996 site 1 without low pass filter.
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320 36.219971 : 832 72.788422
328 36.542309 : - ] 840 73.631210
336 37.009010 Co . 848 74.451897
344 37.278412 o . 856 74.942802
352 37.529041 o E 864 75.580254
360 37.786831 N . - 872 76.167969
368 38.047371 : _ ‘ 880 76.708191
376 38.181679 ’ . © 888 77.325256
384 38.349899 ’ ' 896 78.071518
392 38.590069 : 904 78.542900
.400 38.865990 ) . 912 79.221809
408 39.192390 ) : : _ 920 80.178543
416 39.679642 : . o - ) . - 928 81.469543
424 39.798672 ) : : 936 82.785439
432 40.049541 : ' o 944 83.164330
440 40.326698 - : . : 952 .83.472641
448 40.884819 o : ) 960 83.751060
456 41.509621 ) . : 968 84.047432
464 41.995701 . 976 84.116219
472 42.513741 o ‘ : 984 '85.121834
480 42.861118 : ) 992 85.525513
488 .43.316010 - 1000 . 85.848137
496 44.099991 1008 86.374161
504 44.391060 : 1 1016 87.068222
512 44.899910 ’ . . 1024 87.580963
520 45.363079 ) . 1032 88.039948
528 45.760811 ) ) : : i 1040 88.483467
536 46.246101 . : ) . ) . 1048 88.942459
544 46.455650 ' : 1 1056 89.645889
552 46.867500 1064 89.806953
560 47.207150 ) 1072 90.187431
568 47.775108 ) | 1080 90.606918

576 48.534580 o ‘ ] ] 1088 91.109512
‘584 48.836510 ’ S

592 49.276340
600 49.830730
608 50.724812
616 51.335751
624 52.135429
632 52.848919
640 53.469849
648 54.157631
656 55.072739
664 55.524940
672 56.031361
680  56.775970
688 57.610630
696 58.316761
704 . 59.084301
712 59.895309
720 60.780392
728 61.736511
736 62.934090
744 63.609890
752 . 64.345123 :
760 65.131233 . o T e
768 65.893997 L ‘ . ) o e

776 66.968063 T o b e e i s e s e+ e i
784 ' 67.482758 : :

792 68.243408

800 69.054764 ' o Fig,Ui"'e‘B?:.- T%‘avel times for 1996 site 1 with lowﬁ p‘ass. filter.
|




DEPTH

P_VELOCITY
296.
304.
312.
320.
328.
336.
344.
352.
360.
368.
376.
384.
392.
400.
408.
416.
424.
432.
440.
48,
456.
464.
472.
480.
488.
496.
504.
512.
520.
528.
536.
544.
552.

SV_VELOCITY
9115.
9210.
9248.
9340.
9423.
9463.
9584.
9671.
9754.
9846.
9920.

10050.
10122.
10187.
10277.
10336.
10479.
10591.
10707.
10748.
10766.
10812.
10871.
10961.
11049.
11085.
11148.
11217.
11268.
11353.
11405.
11475.
11494.
11530.
11520.
11509.
11594.
11652.
11692.
11682.
11667.
11684.
11673.
11673.
11656.
11621.
11630.
11663.

11625.

11593.
11566.
11571.
11561.
11529.
11483.
11419.
11401.
11398.
11377.
11357.
11318.
11294.
11292.

SH_VELOCITY

2623.
2671.
2725.
2781.
2814.
2832.

Figure

B4. Average velocit

800. - 11285,

808. 11287.
816. 11218.
824. 11202.
832. 11183.
840. 11184.
848. 11202.
856. 11223.
864. .. 11203.
872. 11166.
880. 11122.
888. 11109.
896. 11110.
904. 11152.
912. 11190.
920. 11200.
928. 11156.
936. 11075.
944. 11099.
-+ 952, 11151.
960. 11204.
968. 11263.
976. 11333.
984’ . 11293.
992. 11328.
1000. 11376.
1008. 11398.
1016. 11423.
1024. 11443.
1032. ) 11479.
1040. 11517.
1048. 11550.
1056. 11573.
1064. 11620.
1072. 11657.
1080. 11690.
1088. 11708.

ies for 1996 site 1.



) 832. 10038. 832.  5102. 832.  5628.

DEPTH P_VELOCITY Deth_sv SV_VELOCITY Depth_sh SH_VELOCITY 840.  9705. 840.  4917. 840.  6160.

336. 15488. 336. 10452. 336. 14262. 848. 9560. 848. 4909. 848. 5849.

344, 16198. 344. 10786. 344. 15568. 856. 10098. 856.  4896. 856.  5924.

352. 16911, ' 352. 10554. 352, 13544. 864. 10648. 864.  4729. 864.  5833.

360. 16960. 360. 10694. 360. 12472. 872. 11265. 872.  5443. 872.  6151.

368. 17187. 368.  9292. 368. 12479, 880. 11369. 880.  5524. . 880.  7291.

376. 17752. 376. 11486. 376. 18645. . ) 888. 10688. 888.  5666. 888.  6374. .

384. 18448. 384, 11969. 384. 19515. 896.  9690. 896.  5562. 896.  5783.

392. 19213, 392. 11132. 392. 16731. : : 904. 10073. 904. 5432, 904.  5313.

400. 20196. 400. 11016. 400. 18274. - 912. 10994. 912.  5568. 912.  5530.

408. 19518. 408. 11817. 408. 14453. : 920. 12207. 920." 5967. 920.  5692.

416. 18768. 416. 10070. 416.  9664. : 928. 13348. 928.  6517. 928.  6453.

424. 17610. 424.° 9718, ¢ 424,  8199. 936. 14676. 936.  7154. 936.  6237.

432. 17644. 432.  9623. 432,  7762. 944. 13203, .~ 944.  8024. 944.  6002.

440. 18138. 440. 9423, 440.  7615. 952. 13205. 952.  7895. 952.  6829.

448. 18540. 448. 11411. 448.  8840. 960. 13928. 960.  7879. 960.  6552.

456. 18378. 456.  9580. 456.  7158. . 968. 15276. 968.  17878. 968.  8518.

464. 17294. 464. 10167. 464.  7792. 976. -18196. 976.  9241. 976. 10152.

472. 16851. 472. 10115. 472.  6696. 984. 18163. 984. 10368. 984. 13525.

480. 16141. 480.  9386. 480.  6828. : 992. 17749. 992. 9813, 992, 11279.

488. 16933. 488.  9114. 488.  6464. 1000. 17391. 1000.  9924. 1000. 12409.

496. 17632. 496. 10394. 496.  8734. . . 1008. 16757. 1008. 8998.. 1008. 12622.

504. 18225. 504. 10557. 504,  8624. © 1016. 15653. 1016.  9545.. 1016. 13878.

512. 17746. 512. 10946. © 512, 10378. : } 1024. 18158. 1024.  9236. 1024. 17724.

520. 17050. - 520. 10903. 520. 11095. 1032. 18315. 1032. 9282, 1032. 11120.

528. 15786. 528. 10313. 528. 10105. ‘ . 1040. 17921. 1040.  9456. 1040. 13813.

536. 15257. 536.  9095. 536. 15310. 1048. 17895. 1048.  9707. 1048. 13259.

544. 15689. 544. 8037. 544. 11198, o :

552. 15685. 552.  8268. 552. 16346.

560. 15639. 560. 8566. 560. 12684.

568. 14547. 568.  6897. 568. 10723.

S76. 13870. 576.  6747. 576.  9833.

584. 13394. 584.  6667. 584.  9230.

592. 13125. 592.  6485. 592,  9722.

600. 12816. 600.  6205. 600.  8387.

608. 12753. . 608.  5794. 608.  6751.

616. 12527. 616.  6868. 616.  6180.°

624. 11901. 624.  6655. 624.  5782.

632. 11746. 632.  6347. 632.  5206.

640. 11138. 640. 5826. 640. ° 5353.

648. 10946. 648.  6580. 648.  5974.

656. 10828. 656.  5763. 656.  4849.

664. 10744. 664.  5443. 664.  4831.

672. 10730. 672.  5129. 672,  4535.

680. 10475. S 680.  4914. 680.  4578.

688. 10222. 688. - 5024. 688. 4777.

696.  9966. 696.  4240. 696.  4502.

704.  9772. 704. 4333, 704.  4213.

712.  9542. 712, 4172, 712.  4253.

720.  9598. 720.  4309. - 720.  4009.

728.  9639. 728.  4319. 728.  4065.

736.  9508. . 736..  4526. : 736.  4181.

744. 9299 744.  4557. 744.  4516.

752. 9323. 752. 4460. ) 752. 4120.

760.  9449. 760.  4603. 760.  4082.

768. 9753. 768. - 4635. 768.  4460.

776. 9633. 776. 4961 . 776. 4230.

784.  9619. : 784. 4934 784.  4957.

792,  9476. 792.  4594. 792.  4765.

-800.  9613. 800.  4673. 800.  4593. :

808. 9885. 808.  4761. 808.  4718. 0 ' i . 5

816. 10360. 816:  4674. 816. .5472. o ) ) :

824. 10371. 824. .4671. 824.  5274. o SO ——

Figure B5. Interval Velocitieé for 1996 site 1; with an 80 interval.



1088

121.
121.
122.
122.
123.
125.
125.

126.
127,
128.
128.
130.
130.
131.
132.
132.
133.
133.

134.
135
136.
136.
137.
136.
137.
137.
138.

139.
140.
139.
139.
140.
138.
139.
141.
140.
139.
139.
139.
139.
140.
140.
140.
140.
140.
140.
141.

190102
942596
021103
365196
443497
073196
326599

.288300

844498
102303
488007
913101
580704
206406
142197
052994
644897
968994
964798

.072006

792297

.108398

671295
162094
374100
760605
298096
631500
342697

.426102

609100
429794
533005
665298
105301
373703
913300
134796
499603
479401
379807
646194
862106
029800
287704
178604
561096
430801
750504
123901

.186615
.262604
.622498
.026215
.504211
.656586
.981812
.222809
.482788
.109314
.963104
.145905
.555115
.008789
.655396
.202698
.421112
.281189
.550903
.728302
.901215
.457489
.004303
.520111
.863403
.195709
.525085
.774200
.761993
.265503
.453705
.311615
.349701
.289612
.306702
.158112
.245300
.248505
.193115
.315399
.601501
.538910
.606293
.683990
.799286
.973511
.133698
.177002
.282898
296.

391510

250.693207
252.228185
252.487503
255.160706
255.687698
256.663086
258.250397
259.698608
260.596497
261.828613
263.054504

t264.336914

265.503693
266.779388
267.948914
268.823090
269.994385
271.263702
272.569489
273.634094
274.943298
275.866089
277.098785
278.080200
279.253601
280.033813
281.380096
282.698700
285.381897
286.153900
285.633911

© 285.668213

285.933105
286.174988
286.410004
286.709412
287.206512
287.450287
287.684814
288.115295
289.019501
289.968811
290.248413
290.547913
290.385712
291.311401
291.346588
291.812592
292.083099
292.456787

Figure B6. Travel times for 1996 site 3. The columns are depth (ft.), P time, S1

(in-line) time and S2 (cross-line) time.



696 105.702904 230.274399  223.496002
704 . 106.180199 231.616302 224.936096
712 . 106.839401 232.699402 225.323303
720 107.529297 233.883301 226.788406 ‘ "
728 108.329300 235.238495 228.916794 )
736 109.363098 236.337708 - 230.800598
744 109.931702 237.198105 232.413101
752 110.614403 237.797501 234.058807
760 111.382301 238.522903 235.232803
768 111.928497 240.124802 . 235.631302
776 112.629097 242.376099 235.869202
784 112.872002 243.908005 '237.239197
792 113.719803 244.603897 _  238.762695
800 114.433296 245.717300 240.072800
808 115.031303 246.948807 241.092697
816 115.736099 248.411499 242.537994
824 116.174301 249.360703 243.828293
832 116.665604 250.310806 244.881607
840 117.240799 251.461899 246,.737900
848 118.028801 252.782898 248.128799 -
856 118.958603 253.700699 248.637207 :
864 119.775200 ' 254.377197 249.633408 .
872 120.203300 255.017197 251.218597
880 120.717499 256.052795 251.790604 : B -
888 121.223999 257.721588 252.775497 ’ -
896 121.876297 258.765991 254.180496
904 122.350403 259.432404 254.968506
912 122.818001 - 260.082214 255.261902
920 123.334000 261.183289 256.419800
928 124.367500 262.934113 258.222900
936 125.856201 264.302612 ©259.302795
944 125.965599 264.450592 259.827698
952 126.087303 264.577087 260.783600
960 126.259102 264.661591 259.219788
968 126.354301 264.819397 259.497986
976 126.196404 264.799805 259.640594
984 126.568703 265.001312 260.027191
992 126.632301 265.264313 260.589203
1000 126.590103 265.465698 260.882202
1008 126.817200 © 265.714508 261.624298
1016 126.830200 266.033295 262.257507 -
1024 126.615402 266.200104 263.025208
1032 126.620201 266.461609 . 262.955597
1040 126.569000 266.720703° 263.600006
1048 126.730604 267.038788 264.213013
1056 127.366600 267.392395 264.502899
1064 127.185600 267.444092 264.876709
1072 127.474403 267.633514 265.012207
1080 127.689697 267.825806 265.420898
1088 128.060806 268.104401 266.004913
[}

Figure BT7. vTra,vel-‘times for 1996 site 4. The columns are depth (ft.), P time, Sl

(in-line) time and S2 (cross-line) time.



Depth%96 P96
696
704
712
720
728
736
744
752
760
768
776
784
792
800
808
816
824
832
840
848
856
864
872
880

.000000
.000000
.000000
.000000
.000000
'.333328
.666656
.000000
.500000

500000

.000000
.500000
.000000
.000000
.000000
.000000
.000000
.000000

500000
000000

.000000
.000000
.500000
.500000
.000000
.500000
.666656
.833328
.000000
.000000
.500000
.750000
.000000
.250000
.500000
.000000
.000000
.500000
.166672
.833344
.500000
.000000
.500000
.500000
. 000000
.750000
.500000
.500000
.500000

000000

o

Figure B8. Travel times for 1996 site 6. The columns are depth (ft.), P time.
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Figure B9. Plot of P-wave interval velocities for 1996 site 1 using a 40 ft. interval.
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Figure B10. Plot of S-wave (in-line source) interval velocities for 1996 site 1 using a 40

ft. int_erval.



Site 1 May 1997
S2 Interval Velocity
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Figure B11. Plot of S-wave (cross-line source) interval velocities for 1996 site 1 using a

40 ft. interval.
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"Appendix C: Time Lapse and Travel Time Difference Plots



(£t)

Depths

NIPSCO VSP
Site 1 (100’)
P Time Difference (96-97)

-Time_(ms)

Figure Cla. Time-lapse change in P-wave travel time at site 1.
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Figure C1b. Time-lapse change in S-wave ('iﬁ—line s.ource) travel time at site 1.
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 Figure Clec. Tim.e—vlapse change in S-_&avei:'(.CfOSS—line é‘ource) travel time at site 1.- V
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200
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Figure C1id. Travel time difference between S1 (in-line, E-W) and S2 (cross-line, N-S)
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at site 1 for 1996 and 1997 surveys.

20



- NIPSCO VSP
Site 2 (640’ E)

£ . - P Time Difference
200
400
9
,.C: -
iB
o 600 ~
DI_
~ -
o)) _
800 —
1000 —
D
71200 ——————————
| 5 79 11 13

Time (ms)

15

Figure C2a. Time-lapse change in P-wave travel time at site 2. v
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Figure C2b. Time-lapse change in S-wave travel time at site 2 for S1 (in-line, E-W) |
‘and 52 (cross-line, N-S) for 1996 minus 1997.
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Figure C2c. Travel time difference between S1 (in-line, E-W) and S2 (cross-line, N-S)
at site 2 for 1996 and 1997 surveys. |
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Figure C3a. Time-lapse change in P-wave travel time at site 3.
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Figure C3b. Time-lapse change in travel time at site 3 for S1 (in-line, E-W) and 52 -

(cross-line, N-S).
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Figure C3c. Travel time difference between S2 (cross-line) and S1(in-line) for 1996 and

1997 surveys.
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Figure C3d. Time-lapse travel time difference for site 3, S2 minus S1 and 1996 minus

1997.
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Figure C4a. Time-lapse change in P-wave travel time at siﬁe 4.
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Figure C4b. Time-lapse change in travel time at site 4 for S1 (in-line, E-W) and S2

| (cross-line, N-S).
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Figure C4c. Travel time difference between S2 (cross-line) and S1(in-line) for 1996 and

1997 surveys at site 4.
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NIPSCO VSP Walkaway
P-Wave Time Difference 96-97
984 ft and 1016 ft Sensors

Ui
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Figure C5a. Time lapse P-wave time change for walkaway survey for two sensors (984

and 10167).
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Figure C5c. Time lapse S-wave (cross-line source) time change for walkaway survey for

two sensors (984 and 1016°).
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Figure C5d. Time lapse and spatial change for S-wave (cross-line source) time change

for walkaway survey for two sensors (984 and 1016”).
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Figure D1a. Particle motion for comparison for 1997 site 1 S-waves. S1 (in-line, E-W)

source (left side) and S2 (cross-line, N-S) source (right side). Level number is sequential

| from shallowest (96 ft.).




Figure D1b. Particle motion for comparison for 1997 site 1 S-waves. S1 (in-line, E-W)

source (left side) and S2 (cross-line, N-S) source (right side). Level number is sequential

from shallowest (96 ft.).
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Figure D3a. Irequency vs time (top) and spectra (bottom) plot for average of two

farthest 1996 walkaway P-wave sites for sensor at 984 ft.
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farthest 1996 walkaway P-wave sites for sensor at 1016 ft.
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Figure D3c.

Frequency vs time (top) and spectra (bottom) plot for average of two

farthest 1997 walkaway P-wave sites for sensor at 984 ft.
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Appendix E - Surface Seismic Analysis
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Figure E-2. Example CDP gathers from surface line RC-5 (left) and RC-1 (right) near

of the lines. The reflector about 0.17 s is the top of the Trenton
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Figure E-3. CDP stacked sections for
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surface lines RC-1 (left, CDPs 576 - 596) and
RD-5 (right, CDPs 618- 638) with the well 157 site 1 VSP P-wave upgoing stack displayed

in the middle (labeled as CDP 1). The top of the Trenton reservoir formation is at about
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the velocity model derived from the well 157 VSP. The lack of variation in reflection

using

angle of incidence at the Trenton reservoir formation (about 970 ft.) shows the limitations

on any AVOQ analysis.
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