P-wave anisotropy in shales from crosswell data

Jerry M. Harris*,Stanford UniversityLeon DahlhausUniversity of Utrecht;and

Reinaldo Michelena,Stanford University SL3.3

Downloaded 09/27/18 to 50.203.133.34. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

SUMMARY

A crosswell dataset, collected at Conoco’ s Borehole Test The Conoco Borehole Test Facility is located in the n
Facility in Oklahoma, was first processed using a tomographgentral part of Oklahoma.There are several boreholes at the

algorithm based oan isotropicvelocity model. The resulting 2-
velocity tomogram was found to have huge artifacts believed t
caused by nonuniform ray coverage and possibly anisotrdpy
comparison of the zero offset crosswell velocities (Horizontal H
Log) with the log-derived sonic velocities (Vertical Path Lg
indicated nearly 25% P-wave anisotropy in some formatid

Despite the artifacts, a good interpretation of the 2-D isotrop{Queen and Rizer, 1990): a NE striking set, a ENE striking set

tomogram was made with the help of synthetic data. The data
then inverted using an algorithm that incorporates a mod
elliptical transverse isotropy. Thianisotropy model produced ar
unambiguous image for two components of velocity {
simultaneously match the sonic log and the crosswell data.

inversions support a final interpretation of 1-D vertical stratificat
of layers, some of which exhibit significant P-wave anisotro
This interpretation is consistent with the sonic logs, crosswell d
and available geological information.

INTRODUCTION

Crosswell seismic tomography has been successfully useg
reservoir delineation in carbonate reservoirs (Harris et al, 1
Lines et al, 1993). In these cases, few problems were causg
velocity anisotropy and the tie between the tomogram and the
logs was reasonably goodThis does not hold true for shales a
clastic reservoirs (Harris et al, 1990) or for the Newkirk 4
described in this paper. A few recent reports have discu
observations of anisotropy in crosswell field data (Miller, 19
Onishi and Harris, 1991).

The data described here were recorded in September
between two wells at Conoco’ s Borehole Test Facility (CBTF) 1
Newkirk in Kay County, Oklahoma.The objective of the study
was to apply traveltime tomography to image vertical stratifica
and possibly identify zones of natural fracturing with shear wg
if present. An unanticipated result was the large degree of P-
anisotropy found in some layers. This P-wave anisotropy was
suspected from artifacts introduced by an inversion algorithm b
on isotropic media. The effect of anisotropy was verified G
processing a synthetic dataset generated for a transversely isq
model. The field data were then reprocessed using an inve

SITE DESCRIPTION

Drth
site

and for this survey the Conoco 33-5 and Conoco 33-6 were §sed.

i#e complete suite of wireline logs indicate that the layers in
CBTF area are flat-lying. The geologic setting is sedimentary
atmostly horizontally layered sandstoneshales and som
g)imestones. There are no structurally complex features with
npossible exception for three sets of subsurface vertical frac

wereESE striking set. The fracturing has no apparent correlation

el dépth or stratigraphy, but has been shown to cause subtle
wave anisotropy in VSP data.

hat The well heads of Conoco 33-5 and Conoco 33-6 are 40(

omleviation with depth of the Conoco 33-5 never exceeds ong
bywhereas the Conoco 33-6 well is slightly deviatethe primary
attgrget zone of the tomography survey lies between depths of
ft and 2760 ft. The nominal separation of the two boreholes &
target depth is about 404 ft where the well starts deviating
WNW direction at a depth of 2560 ftAt 2760 ft the well spacing
d ifoppproximately 3 84 ft. Nominal borehole diameter is 8.5 inchg
hgPhere is no casing.

2d b
WEﬂKTA ACQUISITION

hd The Conoco 33-5 was used for the source and Conoco 33
itthe receivers. Stanford’s piezoelectric bender was used as
ssdalvnhole source.A sweep signal with a length of 250.0 ms &
bostart-stop frequencies of 300 Hz and 2400 Hz, respectively,
chosen. Thirty-two sweeps were stacked to form the recd
198Hismic trace. A 6-element hydrophone array was used
egeceivers. The individual hydrophones were spaced 10 ft ap
The data were sampled at 100 microsecond with 4096 samplg
iotrace. A total of 10 common receiver fans were recordeeceiver
vepoints covered a depth range from 2760 ft to 2230 ft also at
waneervals. The typical shooting pattern fixed the receiver array
firscanned the source upwards from 2750 ft to 1900 ft at ten
asifiervals (FG. 1). Fan 8 (receiver depths 2230 ft to 2280 ft )
y shot at a five-foot source interval by interleaving lo-ft scas.
trgwoeral, the recording aperture ranged from approximately +65
sidegrees for the deepest receivers to +40/-50 degrees fi

model with transverse isotropy (Michelena et al, 1993). This p
describes the geological setting, data processing an
interpretation of the tomograms.

pshallowest. Fans 9 and 10 (receiver depths 2475 ft to 262
tiealld not be used because of errors in their depth pos
probably as a result of mud in the borehole making it difficu
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interleave the receiver array between previously recorded de;l)limztracer was used to create the synthetic traveltiniBise same

The remaining eight fans together provided about 5 150 traceq
which 4969 were used for tomography and analysis. typical
common-source gather is shown ic.R2.

HORIZONTAL PATH VS. VERTICAL PATH LOGS

It is known thatP-wave anisotropy can occur in laminate
shales. The sonic logs give a good indication of velocity alo
vertical paths (Vertical Path Log). In thick and laterally
homogeneous layer, the zero vertical offset crosswell traces (sq
and receiver at thsame depth) provide an estimate for the velocitig
between the two wells along horizontal paths (Horizontal P)
Log). The latter is made using the first arrival times and the cor
values for the separation of the boreholes.
sonic velocities at the two wells are compared with the zero o
crosswell velocities in IE. 3. The most striking difference in thi
comparison can be seen at depths between 2500 and 2700 fi
this interval, the average horizontal velocity from the crosswell

smfersion procedure used on the field data was applied to
isotropic modeldataset. The velocities were reconstructed ver
well and only the geometry and coverage problems near the e
were found to cause artifacts.

We then created a synthedataset using a model with 1-D
jtransverse isotropy and performed the isotropic inversion ag
nghe model assumed elliptical anisotropy with the two velog
components taken fromid= 4. In order to identify the artifacts
urdated to missing data and asymmetrical coverage, we cre
ssubsets of the synthetic data to exactly match the field survéye
atbsulting synthetic tomogram is shown e F4b. Comparing the
réotmogram made with the anisotropic synthetic with the tomogi

The median filt¢macde from the field data, one sees remarkable similariti

feapecially in the lower shale section below 2500 ftSuch
5 similarities were not present in the isotropic synthetic (not show
.thlis providing strong evidence of anisotropy in the thick lo

is approximately 1500ft/s and the vertical velocity from the soniginterpretation of the field data tomograms, even when anisotrg

log is about 1150fft/s. The crosswell estimate is approximate
30% faster than the log estimate. The high values in the
gamma ray and calculated porosity logs as well as the mud re
for this interval indicate a thick shale formation.

ISOTROPIC TRAVELTIME TOMOGRAPHY

Picking was done on both common shot gat{CSGs) and
common receiver gathe(CRGs) as well as on common (vertical
offset gathers (CO§). The final result was a set of 49gather-
consistent arrival times. The picked traveltimes were then inve
to solve for the interwell velocity. The string inversion algorith
was used with a constant starting velocity (Harris, 1991). T
algorithm produces a model of 1-D or 2-D isotropic velocityc. F
4a shows the 2-D tomogram of compressional wave velocities
10 iterations with a constant velocity (142ft/s) starting model.
The mean absolute residual traveltime error is less thal
millisecond. Examination of this 2-Esorropic tomogram clearly
shows poorly imaged areas: the triangular shaped region in
upper part of the image and the arc-like feature at the bott
These are due to the asymmetrical ray coverage and missing
As a result, only the middle part of the tomogram (2200-270(Q
can be reliably used for visual interpretation, even though
section has large artifacts tooFurthermore, comparison of th
isotropic tomogram and the sonic logs shows poor correlat
Only the low velocity sandstone zone at a depth of approximg
2400 ft appears to match.

To test the hypothesis that anisotropy and ray coverage
reponsible for the poor tomogram obtained from the field data
created two synthetic traveltimdatasets for inversion, one
isotropic, the other anisotropic. The isotropic synthetic model
derived from the zero vertical offset crosswell velocities. 1D

\inversion tools are not avalible. We conclude that anisotropy
Sfan-uniform ray coverage contribute the huge artifacts to the f
boet tomogram created with the isotropic algorithne. (Ba).

ANISOTROPIC TRAVELTIME TOMOGRAPHY

A better method of estimating the magnitude of the anisotropy
to use an inverse model that includes anisotropy. We chos¢
elliptical model with variable axis of symmetry to describe t
variations of velocity with direction and a layered structure (w|
raigping straight interfaces) to describe the heterogenei
niMichelena, et al, 1993). The data were inverted iteratively start
Hiom a homogeneous isotropic model with 130 horizontal lay
and a vertical axes of symmetry. Ray bending at the interfaces
pfievperly considered by tracing rays in the Tl mod&he starting
values of slopes of the boundaries and axes of symmetry of
ndifferent layers didn’t change significantly through the iteratio
and therefore, the final model also has horizontal layers W
thdical axes of symrnetry.
pm. FiG. 5 shows the estimated horizontal and vertical compong
dzftaelocity estimated for the Tl modelBecause the velocity mode
ft) assumed to be elliptical, the estimated vertical compor
tisisrresponds to the value of a best fitting ellipse, Vz.nmo.
ewhereas the horizontal component is a true velocifhe sonic log

it€lye large anisotropy (-25%) of the interval between 2500 ft 4

Weagh |0g.

we More importantly, the vertical component of the Tl veloci
model is closer to the sonic log than the horizontal compond
jelserefore, using an elliptical model for the velocities appears

orelocity, blocked to 7 ft, is displayed with the tomogram velocitigs.
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consistently less than or equal to to the log value, which means|ti@ishi, M. and J. M. Harris, 1991. Anisotropy from head way
the true anisotropy may not be ellipticaln the interval between| Expanded Abstracts of the SEG Annual Meeting, p. 115.

2500 and 2700 iV nmo alternates between being equal and lowepyyeen, J.H. and W. D. Rizer, 1990, Seismic Anisotropy
than the log velocity, another feature which suggests that tiNatural Fractures, Journal of Geophysical Research, 95-9
interval may be a combination of different layers with varyi 911'255'11'273

degree of non-elliptical anisotropy.

1900 ft [~ 1900 £t

CONCLUSIONS

This study shows that significant P-wave anisotropy can| be 2000
present in sedimentary shales. This type of anisotropy is likely due
to thin bed laminations, through which horizontally propagating
waves travel faster than vertically propagating waves.
anisotropy, in this case greater than 25%, gives rise to Hugh
artifacts in tomograms generated by isotropic allgorithms. 200 7]
Nevertheless, we have shown that in this simple sedimentary sz
environment a good model of the stratified heterogeneity could| be 2300
found with the use of the sonic logs and zero vertical offset el
velocities. Because the isotropic inversion method is not suitable .. 6250210
for imaging anisotropic media, the use of well logs, geologifal =
information, and synthetic traveltime models is necessary tq be
able to interpret the inversion resultsThe remarkably good fan 52 2490 00
comparison between the field data tomogram and the synthetic [data
tomogram may be called an interpretative isotropic inversion. fan 4: 25602620 _|
The data were inverted for a model of elliptical anisotropy.
This transversely isotropic model leads to a consistent interpretgtion i
of the crosswell and the log data, further supporting a mode| of ,,,,,:m’,’:,?
strong P-wave anisotropy at the Newkirk sifEhis inversion gave .
a much better match to the logs and a model fully consistent with 200 = 2800

i ive i i i Fic. 1. Shooting patterns; receiver spacing 10 ft, shot interva
the interpretative isotropic model discussed above. it (fan 17) or 5% (fan 8).
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Fig. 3. Comparison of sonic log

velocity (Horizontal Path Log).

Fig. 4a. Field data P-wave
tomogram created with an
isotropic inversion model.
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Fig. 4b. Synthetic data P-
wave tomogram created with
an isotropic inversion model.

18000 T T T

16000

14000

12000

VELOCITY (ft's)

10000 — 50N veloCily Well 33-6 4

==« zero vertical offset velocity

1 1 1 1 1 1 1 n | 1 n

000 I £ " 1
1900 2000 2100 2200 2300 2400 2500 2600 2700
DEPTH (ft)

velocity (Vertical Path Log) and zero vertical crosswell

20000 T T

18000

16000

14000

12000

velocity (It/s)

L 1 . . . " . | L 1
1210 2010 2110 2210 2310 2410 2510 2810 2710

20000 —p——sm e —— T

18000

1600¢

14000

velocity (ft/s)

12000

10000 +— -

: | | . | i L . ! " —
1910 2010 2110 2210 2310 2410 2510 2810 2710

18000 -

18000 — —

14000

12000

velocity (ft/s)

10000

L | , L s ! n |

L i .

M | L
1910 2010 2110 2210 2310 2410 2510 2610 2710

depth (ft)

Fig. 5. Result of 1-D transverse isotropy inversion. (a) horizo
componen(Vy, thick line); vertical componei(V, o, thin line).
Comparison between estimated horizontal component of veld
(thick line) and the sonic log (thin line). (c) Comparison betwg
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