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PRE-DRILL CONCEPTS

The details of earlier work in support of drilling this well are available in two previous

reports and the presentation guide attached in Appendices A through D. These reports

are summarized below for convenience.

Regional geologic work done by GLOBEX prior to being granted the exploration license,

concluded that the Gippsland and Bass Basins shared the same tectonic history. In

addition, cores taken from the productive Latrobe section in the Gippsland are almost

indistinguishable from the Eastern View Coal Measures (EVCM) of the Bass Basin. Oils

from wells in both basins have the same signature, indicating similar source rock

development. When taken together, it seemed the Bass should contain large fields in a

"sweet spot" similar to the Kingfisher area in the Gippsland, where the thickest source

rocks are in juxtaposition with the excellent reservoirs. We thought the most likely area

for such a juxtaposition to occur in the Bass was along the southern margin of block

T27P.

Previous Work

The initial attraction to the Bass was heightened by the availability of large tracts of

acreage in an area where earlier exploration activity had prepared the way for new

concepts and modern technologies to yield major discoveries. Of the twenty-nine wells

drilled in the Basin only one (Yolla) had encountered potentially commercial quantities of

hydrocarbons. The encouraging tests in the Yolla well demonstrated the effectiveness

of the hydrocarbon generating system in the Bass Basin and its potential to deliver world

class reserves. The remainder of the wells presented a challenge to explain why they

were unsuccessful, since all of them were located on structures defined by seismic data.

A depositional model was developed which explained the distribution of thick, high

quality reservoir to the north and poorly sorted, bioturbated sands containing high

percentages of lithic fragments to the south. This model and the accompanying maps in

Appendix C show that the preferred area of reservoir quality lay across the northeastern

margin of the basin where thick barrier sandstones were stacked in thick sequences.

This area also coincides with the lower EVCM basin thalwig where the thickest
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hydrocarbon generating shale and coal sequences accumulated in anoxic conditions. It

was in this area that the possibility of major new fields might be found.

Within this preferred area which crosses, or is on trend with T27P, were eight wells,

which were drilled on various types of structures. All of these wells encountered

excellent reservoir sands and contained significant hydrocarbon shows. None of these

structures, however, proved to be effective traps. In fact, along the northern margin of

the basin, only the Yolla well encountered significant trapped hydrocarbons, and it is

located significantly further from the basin margin in the basin thalwig. From the initial

stages of our work it was evident that the main exploration risk in the Bass Basin would

be related to trapping seals and documenting trap integrity.
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Trap I Seal Integrity

Simple structural reconstructions of seismic lines tying Cormorant and Tilana wells

reveal these structures to have very late movement, well into the Miocene or later.

Similar reconstructions across Yolla, however show little or no movement. Shallow

seismic isopachs above 0.5 seconds, indicate a series of thicks and thins parallel to the

Bassian Rise. Our interpretation of this trend was that late lateral movement along the

major basin forming fault had created adjustment zones and pop up structures, such as

Cormorant. Over Barramundi, there was no obvious young structural movement.

When seismic data tying the Cormorant and Tilana wells was examined at high

magnification on our workstation, hundreds of diffraction vertices could be seen

throughout the Demons' Bluff seal interval. When the same interval was compared to

Yolla or Barramundi, there seemed to be a marked decrease in diffraction vertices and

cross hatching. We interpreted this to mean that Barramundi and Yolla were free of

fractures and seal integrity had been maintained.

A third line of investigation into seal integrity lay in the direction of direct hydrocarbon

detection. Boral has published its efforts to document its reserves at Yolla utilizing direct

hydrocarbon detection technology. Esso has also been utilizing these methods at

Bream Field. If hydrocarbon indicators are a reliable indication of hydrocarbon

accumulation, then they constitute defacto proof of seal integrity.

During the early phase of the structural interpretation, an obvious amplitude anomaly

across the Barramundi structure presented itself. This anomaly was analyzed and

qualified as a valid hydrocarbon indicator, as discussed in the attached AVO Report.

Since shear wave velocity information was not available, great emphasis was placed on

measured seismic amplitude response at wells with similar reservoir properties.

Direct seismic ties were available at Yolla, Tilana, and Cormorant. From measured

normal incidence and offset responses at Tilana and Cormorant, it was clear that the wet

sand response was a negative intercept and neutral offset gradient. Yolla, however

displayed a more negative intercept and a positive offset gradient. These were the

responses predicted in our modeling efforts using default values for Poisson's ratio. We
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were also able to replicate the hydrocarbon response at Cormorant by performing a

Gassman substitution in the wet target sand.

Using default values for Poisson's Ratio and published values for coals, we were able to

generate forward models that matched the observed seismic response of both wet and

productive wells. The Barramundi anomaly mimicked the productive seismic response

seen at Yolla and generally conformed to the structural trap as mapped. Accordingly we

concluded that the Barramundi anomaly represented a hydrocarbon filled reservoir,

which would imply effective trap seals.

These three approaches were thought to be sufficient to deal with the risk of ineffective

trap seals, which we believed constituted the greatest exploration risk in this play.
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SUMMARY OF RESULTS

The Barramundi well reached total depth of 2100 meters on October 2,1999, after

penetrating the anticipated reservoir section in the EVCM according to depth prognosis

without encountering a commercial hydrocarbon accumulation.

Evaluating the results of the Barramundi test naturally began with the open hole logs. It

was evident from the first examination that the some of the logs contained unusual and

anomalous readings. The more important observations are listed below:

Observations From

Field Logs

Dipole Sonic Imager (DSI):

o The amplitude of the fast shear wave event is dramatically attenuated from

1250 to 1450 meters and is erratic in amplitude below.

o The Vp I Vs ratio displays large variations over a relatively short interval

Caliper (HCAl):

o While most of the hole was relatively smooth, large borehole breakouts occur

below 1400 meters.

o These breakouts occur in high sand count zones.

Formation Evaluation Log (FEl):

o After carrying encouraging shows of up to eighty units of background gas,

there was a steady decline from 1250 meters and continuing through the

lower Demon's Bluff shale seal interval into the prospective EVCM interval.

o Within this zone, background gas actually decreases in permeable, sandy

intervals.
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Direct Observations

Log Curves Display

Figure 1

Velocity (Vp,:y...,jLpLY.l
D Compressional velocities, ( Vp) , increases with depth, with variations due to

lithology. There is however, a slope change in this increase between 1100

and 1300 meters.

D Shear wave velocities, (Vs ), are also increasing with depth, but along a

steeper, more inconsistent slope. These behaviors result in a anomalous Vp

I Vs curve

D VpI Vs curve displays two large anomalies with the first at 1000 meters ­

1180 meters, and the second at 1180 meters - 1400 meters. The magnitude

of these anomalies represents a base line shift of over 25%.

Density (RHOB):

D Density is seen to increase slightly with depth ( 2.0 to 2.1 glee) over the 1300

meter interval logged, but does not represent the amount of compaction one

would expect.

D There are three major base line shifts in the compaction slope as shown in

the density increase with depth curve at 1000, 1180 and 1500 meters.

D These shifts are not associated with major lithologic changes.

Impedence Amplitude (AI):

D A large change in AI is seen at the depth where the amplitude anomaly was

mapped, where the Vpl Vs and Poisson's Ratio curves also show base line

shifts.

Poisson's Ratio (PR):

D Poisson's Ratio displays a range of values from 0.4 to 0.25 which falls within

a "normal" range.

D Rather than appearing as a smooth decreasing with depth curve, as is

typical, there are large bulges, and slope changes in the curve that are not

"normal" and produce large distortion in offset seismic amplitudes such as

were mapped prior to drilling the Barramundi well.
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Barramundi #1
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ANALYSIS AND DISCUSSION

To better understand these observations, analytical displays were created to better

diagnose their underlying causes and their significance. Our first concern was to

understand what generated the normal incidence and offset amplitude anomaly on which

our reservoir predictions were based.

Reflection Amplitude and AVO Anomaly:

Measured values for shear and compressional velocities, along with computed values for

Poisson's Ratio were used to develop an offset response model, (Figures 2 and 3).

From this model, a strong trough at 1.3 seconds (two way travel time) can be seen. The

behavior of this reflector corresponds exactly to the amplitude anomaly which was

mapped, and on which our hydrocarbon predictions were based. This work was

completed prior to drilling the Barramundi well.

This trough diminishes in amplitude with offset distance, mimicking the observed

hydrocarbon response seen at Yolla. The identical response was also obtained when

Gassman substitution was performed during forward AVO modeling at Cormorant (more

fully described in AVO Report, Appendix B). In brief, forward modeling of the

Barramundi data set yields an anomaly with the same response as that of a hydrocarbon

filled reservoir, yet no hydrocarbon accumulation was present.

Further examination of offset amplitude behaviors shows strong amplitude increases

with offset between 0.9 and 1.040 seconds. These offset anomalies both occur at major

baseline shifts in the Vpl Vs curve, and are not related to lithology breaks or formation

tops. Additionally, the magnitude of these shifts, (as much as 25%), are greater than

could be produced by changes in pore fluids or lithology within a clastic sequence. If

these two possibilities are eliminated, then the relationship between Vp and Vs must be

responding to changes in stresses within the rock matrix. To further explore this

hypothesis we produced several additional analytical products.
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Calculated Offset Amplitude Response
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V p I v, vs. DT Cross Plotting:

Barramundi data were cross-plotted on a standard Vpl V, vs. DT lithology template, and

are shown below (Figure 4). This display, which includes data points from all lithologies,

generally conforms to the lithology template to an approximate depth of 1200 meters. At

this point, a major displacement of the trend or "normal" curve occurs. The magnitude of

this displacement represents a 15% shift on Vpl V,axis. Comparing this range shift

along the Vpl V,axis, to that due to the difference in porosity or lithologies associated

sand or shale in the template (approximately 10%), reveals that the observed shift is

50% greater.
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To further explore this point, the data were sorted by lithology as determined by

mu~imineral volumetric analysis from well logs using Geoquest's Elan process. Since

coal represents a major velocity and density anomaly, we began by repoltting the data

excepting data points associated with coals resulting in the plot shown below in Figure 5.
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Figure 5
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Comparing this plot to the plot including coals, it is apparent that the presence of coals

has little to do with the trend line shift observed in both plots. To test the hypothesis that

lithology is irrelevant to lithologic effects, we resorted the data and plotted the points

related to sandstones only. The results of this plot are show below in Figure 6.
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Figure 6

From the these plots, it is evident that the apparent baseline shift is not associated with

any lithology or lithologic changes and the amount of the shift is greater than range of

values between lithologic classes. An interesting point is shown when the points
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between 1100 and 1300 meters are plotted with an expanded color scale as is shown

below in Figure 7.

Detail Plot ='-- ~~~
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Figure 7
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Here we see a reversal of the normal trend of shallow points plotting towards the upper

right and deeper points plotting progressively towards the lower left. This occurs as

points from 1180 to 1300 meters plotting higher (shallower) on the trend curve than

points from 1100 to 1180 meters.

Taken together, this behavior indicates the presence of large, variable horizontal

stresses and strains in and around the borehole. We began to investigate this further to

determine the direction and magnitude of these stresses.
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BARRAMUNDI #1 ANALYTICAL LOG DISLPAY

Caliban Calculations of Borehole Breakout and Ovalization:

Below 1400 meters, there are major borehole breakouts accompanied by a significant

ovalization of the borehole. The magnitude of these breakouts are at least 6 inches over

gauge (12 inches), which would represent an increase in hole size of 50%. The size of

these breakouts and the ovalization of the borehole indicate strong, unbalanced

horizontal stresses surrounding the borehole.

The orientation of these breakouts can be determined by the ovalization of the hole and

this was also calculated. The major axis of the ellipse is oriented northwest with the

minor axis oriented towards the northeast, suggesting a principal stress axis lying along

a northeast - southwest axis. This degree of ovalization of the borehole also suggests

strong unbalanced forces in the horizontal stress field.

Pseudo Images from SHOT:

To detect formation fracturing, pseudo images were created by converting azimuth

positioned resistivity readings from high-resolution dipmeter recorded data to create a

360· image of the borehole.

From the shallowest interval logged at 1272 meters, there are apparent fractures in this

image as seen on the Barramundi #1 Analytical Log Display. These fractures vary in

density, but are present throughout the lower portion of the hole. The question

immediately arises whether these fractures are open, thereby presenting potential seal

problems.

Fracture Interpretation Based on HALS Data:

Azimuth controlled induction resistivity readings played out in an orthogonal set show an

anisotropy of readings usually associated with open fractures. Some of these are

highlighted with arrows on the Barramundi #1 Analytical Log Display. The more
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prominent of these, are supported by fracture picks on the Pseudo Borehole Images also

seen on the Barramundi #1 Analytical Log Display.

Mechanical Properties Borehole Stability Log:

The calculated horizontal stress from 1160 to 1280 meters is equal or greater than the

total vertical stress. This zone also corresponds to the onset of fractures in the borehole

and borehole breakouts as shown on the Barramundi #1 Analytical Log Display. Within

this zone the calculated minimum safe mud weights to prevent formation fluids from

entering the borehole exceeds the "normal" or "hydrostatic" gradient, even though no

abnormal pore pressures were encountered in this well. This upward shift in the

calculated safe mud weight is due to the abnormal stress regime on the matrix being

interpreted by the software as stress due to pore fluid pressure. This zone is also

associated with a major increase in Poisson's Ratio which is related to horizontal and

vertical stresses.

Below 1280 meters and into the major break out zone at 1400 meters, calculated

horizontal stresses stay below the total calculated overburden stress and the calculated

safe or minimum mud weight returns to a "normal" or "hydrostatic "gradient. This point is

coincident with the base of the second anomaly in the Poisson's Ratio CUNe, and

indicates that at least some of the excess stress is relieved by fracturing. To examine

the extent and density of fracturing, several additional displays were created:

Stonely Fracture Log:

From the Dipole Sonic Imager log a Stonely Fracture Log was produced, which uses the

Stonely Wave traveling along the borehole wall to detect open fractures in the formation.

A brief description of how the Stonely Wave propagates, and its interpretative uses, is

appended to this report (Appendix F). Examination of this product clearly shows the

entire Demon's Bluff increasingly fractured from 1170 meters, extending down into the

top of EVCM. The density and magnitude of open fractures increase up to the point

where the major borehole breakouts begin at 1425 meters. When placed beside the

other borehole tools and products discussed above, as is seen on the Barramundi #1

Analytical Log Display, this key piece helps throw light on the unusual measurements

and calculations described above.

18



INTERPRETATIVE CONCLUSIONS

A study of the data presented here and in the original data set recorded in the borehole

has let us to the following interpretative conclusions.

Geologic Conclusions:

o The formations penetrated in this borehole are under large, unbalanced present day

stresses.

o These stresses have resulted in strains that have been manifested both as fractures

and faults.

o Barramundi failed to contain commercial hydrocarbons by the lack of effective seals

related to these fractures, which was recognized as the major risk prior to drilling.

o The principal stress axis is northeast - southwest.

o There appear to be three major stress regimens between;

1) 1000 to 1180 meters

2) 1180 to 1480 meters

3) 1500 to Total Depth

o Each of these stress zones are characterized by;

1) Increasing fracture density and magnitude

2) Total loss of vertical seal

3) Major borehole breakouts

o The stress field is likely related to the creation of the Barramundi structure, and

lateral movement along faulting parallel to the basin margin.
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Geophysical Conclusion:

I:J The stress changes at 1500 meters are responsible for the Normal Incidence and

AVO anomaly mapped across the Barramundi structure.

I:J Since the anomaly generally fits the Barramundi structure, we conclude the stress

field causing the anomaly, also extends across and is related to the structure.

I:J Stresses operating on the rock matrix are controlling seismic response in Vp, V. and

Poisson's Ratio to an extent greater than sand/shale lithology or pore fluids.

I:J The stress environment precludes the use of Direct Hydrocarbon Detection methods

such as AVO.
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Possible Follow On Work

Although it is clear from a qualitative standpoint, that Barramundi was unsuccessful

because of seal failure, several things could be done to determine how general this

problem is across the Bass Basin and the T27P permit.

1) Calculate the fracture gradient at Cormorant, Tilana, Dondu and Yolla wells

and compare to Barramundi.

2) Determine critical hydraulic pressures for the Demons' Bluff seal.

3) Map Basin Stress regime utilizing AVO methods

4) Geologic study to determine which tectonic movements are responsible for

the generating the stress and strain fields associated with this problem.
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Geological Overview

Globex Far East is operator of Block T 27/P, a 1.8 miIIon acre exploration pemillocaled in 70
melef walier deplhs in the Bus BasIn of AustI b The Bass Basin Is a Lale Mesazoi>CenozoI
intraaalDllic basin trending notthwest III lIOUtheast betWeen VIctorIa and Northern Tasmania wIIh an
area of lIl!P'oximlIIIIIy 65,000 sq;. klomelllll'l. It Is sepa..!It tom the Otway BasIn III the west and
northwest by the King Island Momlllglon Peninlula RIse and from the Gippsland BasIn to the east by
the Paleozoic rocks of the a.sIan Rile.

The overall struclInIlIYllUion of the Bus Basin Is generaIy extensional, foIowIng a lhennaI
sag phase alsoclaled wIIh the lUte! ssfU separation of AustraIIe and AnlaidiCB beginning in the
NIIest CrelllceoUl and persisting ltvough the Eocelle. MId _1ChIng as a ~ of Tertiary
t,alllpressloli hal helped to fomI mIIfIJ of the JlfOIIMICls mapped in the T 27/P pennil and Is clearly
evident on the seismic data.

The main sbaligiaphlc units of Interest til' pelIaIeum exploIaIion in the aaas BasIn .. 1he
Otway Group (Upper~ C1etac_), the "'II Ii: F~eauxGroup (Upper C1el :eous­
Paleocene), the aIic'aallc: coal baring Baas Group (Eocene), and the Torquay Group (0Ig0cene).

The primary exploialion target wilhIn the Bass BasIn Is the EuIM1 VIew - CollI HeaslnS
petroleum system which Is COl"f1ll1aed of fli. rvoIr and source MqUeI1C8S wilhkl the Bass and
F_GIoupI. This pnMIIl pelIoIeum aystIIIm Is well cIocurnenlBd at the Vola F"18ld (30 MMBO and
500 BCF estimalIld ), discovered by Amoco in 1985 and Ioc:aled 9.5 kIornelan -.thwest of the T 27/P
penril boundary, Vola FilIId pl'lldllc" tom deIaIc ... lhoI..lue sandalIoMs of the Eastern VIew.
Thaae sands 81'1 on 8\'8I'IIlIlI 15 melIIn thick, but have bean obseMld es lhIck .. 100 met8fI, wIlh
JlOl'lISilY ranging belw.., 15 and 20 pen:elll Pl'lIdIIClion ..... will yleIds as high .. 11.8 mmcf of gas
p8f day and 892 bamIIs of COl..... have bean I'lIpCIl1IId from the Vola 11 wei. SUbsequent cIrIIng
and lIIstIng of01--. In the VoIa-1, Tlana-1 ... the F'elIcan-5 well, btl..that these MIddle
and l.atIIl Eocene sandslDMs Il18inlaln good r-.volr c:haractieristI.(porosIly and penneablIly) at
~ exceeding 3,000 meIIIIl'I.

Source rocks within ltIese sections 8fI equivalent lID 1he lall'lIbe Group In the Gippsland BasIn
which ant JlfOYtIIl to contain COlIl1l8lclal aceumuIalions of crude 01. GeochemIc:aI analysis of
hydl'llcalbons produced et the Vola 11 indlcatB Type II k8nlg.- In the lower Eocene (which Is .
generating the majority,of 1he 01 in the fiiIId), and a mIxb.n of Type nand Type III kelogens In the
Uppal' PaIeoClillelWdlol1. A secolldaly pelIoIeum syslem wIIIIn the Upper Cretaceous Otway Group Is
also rec:ognlzed to c:ontaln source rocks, pm'He reservoIi's and IUIlable ..aBnu units, aIlhough very
IimIled data 81'1 evah,. to detallhls system. ..

Structural tin*lg of trap formation Is a key element In 1he Bass Basin. A late Miocene lID early
Pliocene IalIlRII movement can tie seen lID overprint some sbuclunls in the basin. Many of the early
dry holes appe. III have been drIIed on tIlese slructures. In the deeper portions of the basin, wheni
the best source rocks _ thoughlto exist, nligiatIod of I\ydl'lIcartlon proIlMJIy began In the MIocene
just prior to this Iateralll'lOYerrllrlt, and conlinues III lhIs day in the shallow portiol.. of the basin. The
growth histDry exhIlIted by~ of the fHlures, which wwe dry when drIled, __ to Ir.dIl*&
these late formi III struclUres wwe not in place during the main pulse of hydl'lIcarbon mignltion and
IhetefoIe .- had the chance to capture hydlocarilons. In other casea, the recent atruc:tunII
movement has reactivated pre-exIsting fault systems, thereby rupUIng hydl'llc:artlon traps and
allowing hydrocarbons to escape.

"" SlructufeS that have not been atrecled by this recent structural overprint l1f8 the SUbject of the
Globex exploration effort.

3
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Geophysical Overview

In June of 1996, Exploration Consultants began a seismic inlerpretatlon on I-'Y acquired
seismic data Iocal8d in Permit T f27P of lhe Bass BasIn in soulhem AustralIa. UliIizIng exIsIIng seismic
conlroI, GIabex had pcwvIousIy Idelltilled .-aI prospects wIhIn the block and had uncIetlakI!ll a large
2-D selsmIc program to verify the structural closure on these prospects prior to cIriIIIng wildcat well.
The largest of these prospects, Bananu1cI, was lIISigned top priorly for mapping and the decision
was made at GIabex to begin an i"'"nallon of the seismic data on paper prints in order to I'M8t the
.short IIInn deadIne of corJ1IIellng lime struclUre maps on the main horizons of idllreslin the llhorteIt
lime jlQSsIlle.

The newly acquirecl BB96 seismic survey was· acquired in February of 1996 ulillzIng a nlsnic
vessel owned and operallld by the AuIlI 'm GeoIa[llcal Swvey OIgalizallun (AGSO). ThIs cIala
exhIIiled eo:: I lent intIImaI.elIeclIon slie.lg\h which lied IneI wIhIn the survey in a COl_'" b '111111.
HowIlVer when .tyIng the older data SlItI acquired in the __ by hrv1co (TNK4 and TQH5 aeries)
mislIes varying between twenty six and lhi1y eight n.-..econcls were obIeMId. AdcfIllQnaly, the older
dala did not COlIlilliel ill)' lie IineI of IlmIar village wIlhln -=tl.-vey. These~_ reIatIld
jlOIIlIII/y to navlgalIon and posllIanlng em:n andfar the fact that not .. dlIla was procell! If
conslstenlIy as a slngIe grIcI. GIabeX was edvIsecI that 8IlY i1ilwp1elal1ar! on the workslalIon Ihaulr:I
lncIude reeamputlng the navigation i.rannatial. of.. 1MB.

Exploration ConIuIlanls was also asked III provide quality control during the ftnaI processing
phase of the new seismic program which was being completIId • the in_"nallan project was begun.
On examination of lieId data, I was apparent that lhe daliI .. c:ontaIned large amounts of reclIllled
noise. TI1eH i:Iala ... recanIecIin rough ... and cable jerk was VfII'J 1I\1dent on many rec:ordI. In

r--- view of the time COlllliaints. I Was cIecIcIed III .cae the IllIlIe III • mare SIlXep4abIe IignaIIlI IllIlIe
ration by uslng a pre - stack AGe. This approech lead lD • mare blbre:ed stack seclian that did not
produce migrated IllIlIe In the mlgiallan process.

A IracIiliDnaI papef--lnleijlletatlan was c:ompIellld and time maps on lhe Demon's BIutf and
Eastern V_ horizons ... deli\'8I8d on August 20, 1996. It was determined that the 8arranuldl
area contained at IeIIst one driIabIe prospect, and a lIiIntatMI cdIng 1oc8lD\ was .111 ctIld. In
addition, two overlays were jillsInted that llusballld palanllal Normal Incidence ampIlude anomalies
which hacf1leen recagnlzecI cIuring the illerpietalian process. These .1OITl1.... which jlOSIibly
IndicaIe the pnlsene8 of hydllx:arbons on the Bananu1di Prospect, __ not subjedIIcllll a~
qualficatiDn process,~"" presenlied for conslderatIan by any future wortt program.

Aft« cIellveIy of the InlIlal seismic nI8PPinlI over the Barramundi ProsPect. a second, larger
Inteljlletallan project covering the enlinI permit was der.1ed and i,ipIemented far GlDbex by
ExpIalatian ConsuIIants. ThIs proJec:t integrabld the recenlIy canlPleled prospect mapping an
BanaI1Uldi wlIh seismic data caverlng the entire T 27/P permit _. AI rnbbb SEGY IraceI were
loaded an a geophysical wortt stalian along with recomputed shot jllIlnt locations. FIve horizons __ .
mapped over the entire 3700~ .elsnic grid.

Volcanics Layer
Both the top and base of the volcanic layer were mapped, since elsewhere in the Bass Basin,

the thickness of this layer changes dramatically and Is known lD can:ain large inteIvaI veIoclly
variations, which have been documented to cIlsIDrt the Iinle sIrUctures mapped below. The
lICClIIl'lp8II) Isochron shows that aver the southern end of the Barramundi Prospect severallhlcks in
this interval can be Seen. Interval transit limes in sunoundlng wells indicate a range of interval
velocities in the volcanIclastlcs between 7,500 and 11,000 feet per second. These voIcaridaslics are
replacing llhoIogies whose intelval velocities range between 6,500 and 7,500 feet per second.
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As 8 result of these observations, • Is evident that to properly convert time surfaces to dep1118
tighlIy sampled veIocIly databne wiI need to be c:onstructed. Int8MII lIe10clles computed from
seismic stackilll wIoclies eM be used to buId an average wIoc:itt data 1IOIume foe INs purpose.
Stacking veIDciIies used In poe mlng Ihe BB98 daIa have been reseMld and 1IdditIoMIy,
ExpIoralion ConsuIIanlII has dIgIIlzecI the &tacIdI1lI wIocftIes displayed on paper sections of the TNK
4and YQH 5 SlJIWYS In the Barr-.ndI area. These veb lies can be reediIy pI'IlC IIIId Into 8 It'Iab'e
Wllocly 1IOIume which Is suIIabIe for clepIh COIMnIan.

Top Demon's Bluff

. l11e Top at Demon's aIlf Is an A)! e' I It log marIcer 8Ild Is consistent CMII' the entinI.... I
Is also a distinct seismic III8Ilcer and was 8 key horizon In establishing wei ties to JYnthetic
seismograms. ThIs layer also 8CIs 81 a regional I8lII for the peIIoleum ayatem and Is wefuI as 8
reconstruction horizon for Isop8chs 10 study slructInI tiring relIIiYa ID ... 8)......

Top Eatem VIwr

Log char8cler at iius horizon hA 8les a lnIn&ltlon81 boundary wilh c:onaId8rabIe varI8lioiL
Consequently, selanic~ 81 this horizon Is~ Inconsla1lllnl The Top E8atIlm VIew map
lICCOlJ1l8IIYIn this report was made on 8 rwI8tNeIy c:onsIslient allsmlc -.tt correaponcIing to the top
d e>ra'ant .--¥air 88I1lfs In lhe Esao Cor1nolW1I ... wei. ThIs IIlamlc map Is lIIIPIoxilillllll'l 50
melefs ( 165 feet )dlllpel ... the Top Eas1IIIm VIew log pick.

MIddle Eutam"'-

This ....tzon was mapped on a reIelNeIy strong poaIIive~ wllhIn the Eastern VIew
which Is roughly equivalent to Upper M.~ Whie this horizOIl &hows COIllIilIer8bly more
atructuraI relief than the Top Eas1IIIm VIeW, the seismic 1nteopielIIlb1 at this IlMIl Is plagued with
i111e1fel1ng multiples, making event kIel,liDcIIlIoi i aonwwh8t qwstionBble.

AcIdItIonaJ Intalpn,t8tlo"al Wort

In addition to struclUr8I mapping, other aspecbJ of In\erpreIatlon were Investiglltecl and
rec:onvnendatio have been made regarding;

• Depth ClllIIWf'Ilon at seismic times taking into consIderalIon the 1IeIocily etrecls of thick
voIc:anicIastic~ on the linaI depth maps

• Amplitude 1Illr8US 0lI'set (AVO) -'Ysls as 8 tool to tlVlIIuata Ihe amplitude III1OII'IIIes mapped
on the Barran1undi Proaped

• Regional nlamlc lntetpiel8llon 10 evaIu8lIIl the polential of the deeper Palloc_ 8nd
Cretaceoua sec:tion as all8COl1darY objedIIIe.

5
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Prospect Overview

C~ITRp~ngE~nb

VWh the diIcoYely of the Vola field by Amoco... crIicaI eIemen1s of the peIroIeum sysIem
__ establilItled. ThIs same peboleum -syslilm IhouId be pre IInt on the TZ1/P bIoc:k. Common
t1! lIents shared will !he Vola field ilckIde the Demon', BUr .,.. which Plovldes 8ft e«ectlve ...
acRllII!he region, 8IId bolh __ IdjllCllll'lt 10 the 1l1Ijor .... IOUR:e 1cIId....... The reurvoIr
aandIlIt Vola _ pre.lnt and aomewtIIt thIck8r it MIs on !he T27P penna. The crIIc8I faclDr it
exploration IIICCeIS _10 be it tmng oflrllp fonnlIIIon ..... 10 hfdlOCllllbon rnIgl8llalL

One of the majorc:tlallnges ofthlllll......etlIIve 18View_ to expI8II. why"" drIIIId it thII
basin on prominent ItnIctunIs prior 10 the dIsoa JWY by Amoco lit Vola field. _ UI'IIUOC IlIfuL Of
particaIr c:oncem _the e.s12; Cannoi'8fIt ." 8IId 11Ina., atruclInL n-welII_ drtIecI
on the c:resI of slgnllk.8IIt IirUctureI. on tr8nd or r-by to BIodt T 271P.

Cormorant and TIIana Struc:IurM

Acruss bolh ofe-1tnIctures, there appears ID have been Upper Miocelle~ which
may 'have breached.-volr ...... ThIs hrPoC!"ll'l II supported it the CormonInt., wei when
CllIISldei1IIlJ the large vokIrMI of residI... 01it_ taken wIhiI the EasiIlm VIew~ aaiIdL

At TIIana. there is _ ID doubt that a IlnIduni _ exisl&d at lime of hydrocarbon
migration. Deeper seismic retledIona IiCIOIIlI !he TIana IlnIduni ahaw no evIdei ICIl of lhiInIng. In
fact, TIana aeema to have been produced by lr'lInHIlnslona movemIIllt it mid 10 upper Mlocene
fim!!ls. wei after !he main PI*e of /ltdl_bon nligralloiL

BasRJdge

The Bass Ridge Is a large structurally poslIive element approxln.bIIy lhlrty kllomelelS across.
exhIlitIng early enwgenc:e during the Cietaceclill. The BalI2 wei _ drlIed on the c:resI of thII
fealunI wIlhout tnIng a con8.aclal hydI-'xlIl accumulation. Anlund the ,..•• atllr. 8IId dl.riIg
the llankl of this atrudure _ Wge nom'" f8ub which can be dated • active during the depcsllion of
the Easlem VIew. It Is POll" that e- faub _lit ~!he aest of Ihe Ball RIdge t\'oni nignltllljj
hydrocarbons, moving out of the _ IcIIdI6R 1Ii1.iIdaIlIly adjac.1t to the W8Il This hypoCt n'l
1tIenifDrII highlights the Humpbeck 8IId Red ea.-or~ • Ihe .. major traps on Ihe IllIIin
nigratloll pathway from~ rich _1cIId...., it the besln deep.

Yolla FleW

Vola FIeld II 8ft upltvown fault closure, which formed during the eMy Eocel Ie and remained
undisturbed after deposition of the Demon', BIiItr seal Salinic Ine BBll6-54 _ shot over both Ihe
Vola and TIana atrudures. The diIflnrlClll it atrucluI8IlIri1g between prorb:tlve 8fId dry struclInI
(early vs.1lilB) Is rMdent tom thiI proIIe.

DrIIIabIri Prospects

Four main prospedlve areas have been identified, each containing lignHlcant stiucturaI
dosures (ranging between 5,000 8IId 10,000 8Cf1lS each) that exhIllt growth IIiItDl1es fawrabIe to the
trapping of hydrocarbons. These areas which have been lIISigned prospect names, a18 discussed
ildlvidualy.
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BARRAMUNDIPROSPECT
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. ,
Prospect Type:' Fauned Nose:,

Nearest w~u· Co~trol:· _ Cormorant '1, Bass #1 and Yolla.1, ,- ,. ',or' -;"' ~~::.~ p."

t~i~~~~:~,;li~Z."~~~~:S!o.~;~~~:~;.~~it~~~I~l~~~~
Dni6,;g Depths:');;~~:,:/'!::; . E.sle~\(# ..:;"+c; ...2,~OO~~~V.550ft.l

Maj~~K~cl~l~\~S";0~j~;i:}~!i~fl!~r-tj:~,~r~~:)!ili~i~'~'~
~ ....'9.
"- "Ir.';,--__tr

1:100.000

Above the Demon's Bluff horizon, there is little, if any expression to the Barramundi feature. At
the Demon's Bluff, Barramundi is expressed as a strong nose projecting out into the Bass Deep Basin.
During Eastem View time, active faults cut across this nose showing dip changes and interval growth
for prospective Eastem View traps, which were charged after the Demon's Bluff seal was in place.
Below the Middle Eastem View, seismic dips indicate that Barrimundi develops into a faulted anticlinal
closure with dip into a master fault trending northwest and downthrown to the sowthwest

Excellent Reservoir sands seen in the Cormorant #1, are likely to be present over Barramundi,
and the amount of residual hydrocarbons seen in cores indicates an active migration pathway system
from the adjacent Bass Deep Basin. Unlike the Cormorant structure, Barramundi does not display seal
rupturing upper Miocene movement
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BLUE FIN PROSPECT

I~OO,COl

FauRed Anlicfine

Dondu'l I
(

5372 acres J,
5372 acres x 250 bbll ac It x 50 It • 67 MMBO

2,500 meterS ( 8,200 Il)
.;.. ;+i _~ _ .'

2,950 meters (9,?00.1l)

EaslernVIeW

Middle Eastern VIeW ',' .. . .
strucltJnii' closure 10 north "

L..F:=~-:::::,,~-.:::

Prospect Type:

N<!arest wen Conlr\>t

Prospect Area: '"

",_.,...,.-1 Unrlsked Reserves:

Drilfong Depths:

Blue Fin appears to be a pop-up structure associated with a change in direction of an adjacent
transtensional fault, similar to, but smaller than the Yolla Field structure, Both of these features are
located in the Eastern View source kitchen, and show no evidence of movement post Demon's Bluff.
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HUMPBACK PROSPECT

Humpback Prospect is located on the flanks of the Bass Ridge, which appears to be a pre
Eocene structure with roots well into the Cretaceous. On the periphery, and defining the flanks of the
ridge, are large normal faults associated with downwarp during the formation of Bass Basin Deep.
These faults would have been in place when hydrocarbon migration began in the earty Miocene,
cutting off the crest of the ridge and forming prospective traps around the periphery of the ridge. Esso
drilled their Yurongi #1 on the flank of the ridge in an apparent attempt to test this concept However
their location is over 100 milliseconds downdip from eith6r Humpback or Red Emperor. The excellent
Eastern View sands seen the Yurongi well should be present at both Humpback and Red Emperor.
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RED EMPEROR PROSPECT

571031

Red Emperor Prospect is located on the flanks of the Bass Ridge, which appears to be a pre
Eocene structure with roots well into the Cretaceous. On the periphery, and defining the flanks of the
ridge. are large normal faults associated with downwarp during the formation of Bass Basin Deep.
These faults would have been in place when hydrocarbon migration began in the earty Miocene,
cutting off the crest of the ridge and forming prospective traps around the periphery of the ridge. Esso
drilled their Yurongi #1 on the flank of the ridge in an apparent attempt to test this concept However
their location is over 100 milliseconds downdip from either Humpback or Red Emperor. The excellent
Eastem View sands seen the Yurongi wen should be present at both Humpback and Red Emperor.
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Seismic Control

In block T 27/P, approxirnaIIIly 1,200 kiIornlllllrs of vlnlage II I. lie dala acquked YBriou&Iy by
SheI, III1d Asra;o and Bridge~ been reprocessed and in 8dc11b1 to the MW Ilk lie whk:h was
lIalUired by GIobex in FebNary of 1996. AI 3,700 klan .III'S of seiImic has been mapped on five
hoi izons which include:

• Top Volcanlcs
· • Base VoIc8nica
• Demon's BIulf
• ElIstl!Im VIIIw Coal Me.urea (EVCM)
• MIddle Eaatem View

SeIsmic horizon identificatioil was achleYed by c:cIqIUling aynlhelic 1I8lalilOgl_ in the key
web whfch dlredIy lie the seismic grid under evaUIlion. n-e wells include:

• Connell_It -1
• Dondu-1
• Nangkero -1
• TIana-1
• YoIa-1
• Yurongl-1

N. each wei, the reIIeclion aeries tops __ ClIIT1llIdId besed on Ieb:nie c:tlarader, log c:har8clBr_
welles tops baaed paleo Wilbul Plols of each syuChetic SlIIRllIgIam and the nlSUIIing selarric ties 8re
Inclueled wIIh the llnaI mapa end selanie aectiona in the ..... volume of this report.

Due to lime constnIInlll, malICh ... 10 ph.-lie each 01 the various IIUMlY vilbijfes __ noc
produced, but eachaurvey was lime ahlft8cI to lie the GIobex 8896 survey which provided a besllne
for cooeclloils. Avereoe bulk lime ahilllI ..,.,... ranged belw..n 15 II1d 28 n " •• conda.. Seiamic
data Is Wi lllideIed till be 01 good qUlIIIy for .. hoi lzoclll IIlIIpP8d excepC for Che Middle Eeslrlm VIIIw.
The Middle ElIstl!Im VIIIw hoiIzon Is highly etJecIiId by muII/pllI rellecllClllll tom the relatively herd _
Iloor which wen! noc sulIIcIenliy suppe I1II It by·lhe~ dabllllocIIIi \g.
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CONCLUSIONS

a There are normal incidence and AVO anomalies over the

Barramundi Prospect which represent fault bounded reservoirs

a Estimates of reservoir thickness range upwards from one

hundred eighteen feet, to as much as 300 feet.

a These Reservoirs cover an area of some fourteen thousand

acres.

a They are likely filled with oil and dissolved gas whose GOR

ranges from 1700 to greater than 4500 : 1.

a Potential Reserves are estimated to be 420 Million barrels of oil.

a There are additional anomalies among the coaly portion of the

EVCM, which are not included in this analysis.

3
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Overview and Results

Normal Incidence Investigation

During the early stages of Barrimundi structural interpretation, an obvious
amplitude anomaly was observed covering the Barramundi structure. It was
realized that this anomaly was very likely a Direct Hydrocarbon Indicator (DHI).
This investigation was initiated to determine if this anomaly could be supported
by an in depth examination.

A Normal Incidence interpretation of this DHI anomaly in the Barramundi
prospect indicated that it was similar to th~ anomaly observed in seismic over
Yolla field. These anomalies are characterized by:

.'

o Seismic trough representing the top Eastern View pay sand

o Trough increased in amplitude on structure;
")"

o Time thickness (side peak to side 'peak) of trough increases up dip;

o Trough dims ·in amplitude downdip at a common record section time.

The depth of the trough is interpreted as relating to the relative increase in
hydrocarbon saturation of the reservoir. Likewise, the increasing isochron
thickness of the anomaly is related to the relative reduction in the interval transit
time due to hydrocarbons replacing formation water. The simultaneous
termination of these characteristics at a common downdip seismic record section
time, is interpreted to signify a common dqwndip water level in the reservoir.

- . ,I~. ""

By overlaying the anomaly isochron map on the AVO anomaly outline map, it
appears that twenty-six milliseconds is the downdip limit of the normal incidence
anomaly. If this represents the water leg of the reservoir, then using values for
p,orosity and matrix velocity seen in the Cormorant, then the calculated thickness
of the sand is 118 feet. Utilizing the same parameters, and holding sand
thickness constant, then isochron thickness greater than thirty feet are
hydrocarbon productive with increasing GOR with larger isochron values. This
translates into an oil productive area of about 10,000 acres and a high
condensate yield a productive area of about 2500 acres. These thickness do
not include the main body of the sand seen the cormorant well, but are simply for
the uppermost EVCM sand, which is also the cleanest sand. The reservoirs
below exhibit anomalous characteristics, but are more difficult to analyze
because of their variable porosity and the presence of coals.

j

1

~--
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Amplitude vs. Offset Investigation

In the seismic offset domain, synthetic models generated from well logs.. and
actual seismic well ties, indicate that pay sands in the Voila Field display a
negative normal incidence intercept (trough) and a positive amplitude gradient. A
similar pattern is observed over the Barramundi prospect which transitions into a
flat gradient and shallow intercept time at a common downdip seismic record
section time. This latter pattern is characteristic of water bearing sands, as seen
in the Cormorant well tie. These responses are illustrated below:

(+)

OFFSET

INCREASIN

WET SAND

(-lI----~

~-~-----­
------------~

.'.
.-.PRODUCTIVE SAND

The Barramundi Prospect AVO anomaly:

o Is coincident with the area of the Normal Incidence anomaly
o Fits the structural interpretation
o Is similar to the anomaly seen over Voila Field
o Third term curvature increases along the pattern of the NI isochron

Oil is distinguished from gas by greater AVO curvature and deeper negative
intercept value. It must be said however that increasing reservoir porosity can
produce this same effect. However given the same porosity, the effect produced
by the difference in pore fluids is illustrated below:

5
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(+)

OIL.,........~SAND ____.-----------
(-)11----
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/
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OFFSET

Interpretation of AVO responses in the Bass Basin is complicated by the
presence of coals and igneous materials in the prospective section as well as
interfering multiples in the middle and lower EVCM. These responses are
shown in the following figures:

COAL'

OIL' '_.....-----------

(-1---

(+) I
I

/
/

§t- II
INCREASIN

::J+I---------------f'---?L-------+-
~ I // OFFSET

',//
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The response of igneous bodies is distinctly different from that of prospective
reservoirs, as illustrated below:

(-

(+)r--_

--------........
w ..........o .
~ VOLCANICLASTICS JIII""""' ~ INCREASIN::J+I- """""~-----..

~ I :--., OFFSET

« _.'~

Clearly, basalts and volcaniclastics are easily distinguishable from other
lithologies. However, separating coals from productive sands is more difficult, in
that the normal incidence intercept is negative and the amplitude gradient is
positive for both.

Spatial Mapping

Since the target of this project, hydrocarbon filled reservoirs, and coals have the
same general offset response, they must be identified by other means. By
mapping the spatial distribution of the anomaly in question, and comparing its
behavior with structural position, we were able to distinguish coal from
hydrocarbon filled reservoirs. Because its environment of deposition controls the
distribution of coal, there is no reason for coal to conform to the present day
structure trap, as does the Barramundi anomaly.

Spatial mapping ofthe following Normal Incidence and AVO hydrocarbon
indicators was done, and these maps are attached to this report in the AVO
Interpretation Map Atlas:

a RMS Amplitude
a Anomaly Isochron
a Product Gradient
a AVO Anomaly Extents
a Instantaneous Amplitude

7
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From the RMS amplitude map, it is evident that line to line amplitudes ties need
to be adjusted through Line Tie and Grid Balance processes. Future work on
this project needs to incorporate this step. In general, a qualitative relationship
between depth of trough amplitude and structural position is apparent,
supporting the hydrocarbon filled reservoir interpretation.

The Anomaly Isochron map is contoured on the anomaly's side lobe to side
lobe time thickness. This map shows an apparent time thickness increase from
the flanks of the structure to the crest of almost 40%. It is very suggestive that
the isochron fits the time structure map. By comparing the isochron to structure,
it appears that an isochron time thickness of 0.027 seconds represents the spill
point of the structure, and probably the downdip limit of producable
hydrocarbons. This conclusion is supported by the limits of hydrocarbon
response shown on the AVO Anomaly Extents map. The magnitude of isochron
thickness increase is interpreted as a str-ong hydrocarbon indicator, which we
believe is related to increasing amounts of dissolved gas in the reservoir as one
moves up dip.

Because of the amplitude grid not being balanced, the product gradients do not
tie from line to line on the Product Gradient map. There is however, a strong
relationship between higher structural position and increasing negative product
gradient, which is another indication of hydrocarbons.

The AVO Anomaly Extents map portrays the downdip limit of AVO
Hydrocarbon Response, connected from line to line to indicate the overall shape
of the anomaly. This Outline, when compared to anomaly time structure, follows
the general shape of the time structure..

Mapping Co,nclusions

It was admitted from the outset, that on an individual normal incidence or AVO
profile, we would be unable to distinguish between coal and hydrocarbon
saturated reservoirs. By analyzing the spatial patterns of these responses, we
are able to eliminate coal as an interpretative choice, since we find no reason to
explain why coal should:

D Thicken over the present day structure.
D Truncate downdip at a common structural point.
D Appear in a stratigraphic section relatively free of coal in the Cormorant

However, all of these characteristics are typical of hydrocarbon filled reservoirs.

Individually, each of these observations is suggestive of a hydrocarbon filled
reservoir. However, it is the combined weight of each of these mapped
indicators overlain and compared to one another, and to the Barramundi

8
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structure, leads to the conclusion that the observed Barramundi anomaly is a
valid hydrocarbon indicator, similar to that producing in the Yolla Field. Further
indications are that reservoir porosity, areal extent and thickness are greater at
Barramundi than at Yolla, an indication supported by the quality of Upper EVCM
sands seen at Cormorant.

Reservoir Thickness Calculation

Since the absolute thickness of reservoir sandstone was unknown, we assumed
the trough to peak time interval represented the time thickness of the reservoir.
Utilizing matrix velocities from the Cormorant this resulted in a thickness of 118
feet. We also assumed that this thickness remained constant over the
Barramundi structure, which necessitated varying the reservoir GOR to explain
the isochron thickening up dip. These as~umptions also result in a water level at
approximately the 0.027 sec isochron. .-,

,',

While we believe this assumptions to be reasonable, and consistent with the
data, there are other assumptions that could be made. For example, the
change in isochron thickness can be explained by varying the porosity and pay
thickness, The strong relationship of isochr'on thickness to structural position
compelled us to explain this behavior by varying the GOR between 1700 and
4500:1 '

Given the amount of seismic waveform tuning in response to this stratigraphic
section, and the sand thickness in the Cormorant well, it is entirely possible that
the base of the sand is masked and is actually much thicker. Possible
thicknesses range up to a half wavelength or more, in the order of 250 to 300
feet

Estimated' Reserves

The AVO anomaly covers more than 14,000 acres, in six fault bounded
compartments. Using a recovery factor of 250 barrels oil per acre-foot and an
average pay thickness of 120 feet:

14,000 ac ft x 250 bbs I ac ft x 120 ft =420 million barrels oil

9
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DHllnvestigation

Seismic Processing

During the acquisition of the current data set, five-foot seas and more were typical,
which is characteristic for Bass Strait. Some fifteen lines had to be re-shot because of
noise problems, mostly in the form of cable jerk. This noise is widely separated from
reflected arrivals and a simple K-F filter was found to be extremely effective in dealing
with this problem. Another problem, associated with the sea conditions was the
variation in air gun depth. This caused a variable source pulse and source strength.
Shot consistent amplitude recovery was found to be necessary to balance amplitude
from one shot to the next.

Among the EVCM sands and shales, are interbedded basalts, coals and other volcanic
products, which are strong seismic marker::(particularly in the middle and lower EVCM.
Also in the Miocene volcanic interval above the Demons Bluff, there are some strong
seismic contrasts. These markers set up a system of interbed multiples, which is too
complex for deconvolution to handle effectively. By picking closely spaced panels and
inputting them into a tightly constrained Tau-P process, followed by deconvolution, we
were able to dramatically improve the reflection to multiple amplitudes as is shown in
the following examples.

11
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Scm

Supergather Signal enhancement

Through comparison of noise reduction achieved from three on one to five on
one. it was found that the three on one supergather was sufficient to suppress
random noise without enhancing the multiple content. This also acted to
moderate some of the shot to shot ampl~udevariations, in addition to the one
second window in which shot wise amplitude balancing was run.

After preprocessing. the data were processed for AVO interpretation and
analysis. AVO Attributes Calculated for each line and are found in the Seismic
Atlas appended to this report. A brief discussion of the interpretative significance
of these attributes is given in the interpretation section. The attributes generated
were:

o Normal Incidence Stack
o Instantaneous Amp
o Instantaneous Phase
o Instantaneous Frequency
o Product Gradient

13
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Well Log Models

The lithology of the EVCM contains some prominent seismic markers. The
extremes range from high seismic impedance lithologies such as basalts to low
impedance lithologies such as coals. Three wells were modeled to determine
the Normal Incidence and AVO Response, these were:

a AMOCO #1 Tilana
a AMOCO #1 Yolla
a ESSO #1 Cormorant

These models were generated using GMA software. In each model, Normal
Incidence traces were derived using a wavelet whose frequency content
matched that of the data. Offset traces were then calculated to determine the
AVO response for the zone of interest. Values for formation density and
compresional velocity were taken from lfensity and sonic curves furnished in the
digital well log suite. Default values were used for Poisson's ratio, except for
coals, which were taken from published values for Permian coals in southeast
Australia. In the study wells, the opportunity was present to model the following
lithologies:

a coal
a basalt
a volcaniclastics
a wet reservoir sands
a oil bearing reservoir sands

These lithologies are identified in the lithology column of the models attached in
APPENDIX III. By varying the thickness of one of these lithologies, it was
possible not only to model the seismic response to the actual thickness found in
the well, but determine the response of the end members as has been done for
pay and coal thickness presented in APENDIX III

From these models, it was determined that:

a Eastern View pay sands will be displayed on the BB96 data as a
trough

a Wet sands are shown as a weak normal incidence trough and flat
offset gradient as is shown in the figure below:

14
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o The AVO response of coal in the Eastern View is similar to that of an oil
pay sand. This is not surprising since coal has high porosity and high
hydrocarbon saturation as is shown in the figure above.

o There is little or no distinction between oil pay sands and coals, in the
normal incidence domain. We will have to rely on the fact that oil filled
reservoir sands will conform to the structural trap and coals will not.
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------------- '"
~ ---..
::l ~--.. .
I- VOLCANICLASTICS ....... ......~ INCREASIN
::J + 1---------------...::"""'0.:------+
~ I :--............. OFFSET
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o Basalts have a distinctive Normal Incidence and AVO signature. Starting
with a strong positive reflection coefficient at zero offset, the amplitudes
response is flat out to a reflection angle of about 26°, where the reflectivity
rapidly diminishes to zero at about 35°, as seen in the illustration below:

o Volcaniclastics show a wide variation of both normal incidence and AVO
behaviors. Typically these are seen as positive reflections with flat to
slightly negative offset amplitude gradients as is depicted in the illustration
below.

16
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Cormorant Well Model

The normal incidence model indicates weak negative reflections for the wet
sands in the upper most EVCM between depth1 and depth2. Similarly, the AVO
response for these sands is flat to slightly negative. Below these sands are a
series of strong negative reflectors with positive AVO gradients associated with
the coal series.

For the thickest of these sands, marked as S2 on the model, a Gassmann
substitution of the pore fluids was made from water bearing to high GaR oil.
Note the significantly deeper trough and strongly positive (less negative)
amplitude with offset gradient. It is this sand interval which correlates with the
Normal Incidence and AVO anomaly seen at Barrimundi. The modeled anomaly·
is very similar to the anomaly over the Barramundi Prospect, an example of .
which is shown in the AVO Interpretation section of this report.

.' .

About a thousand feet below the Top of EVCM there are a series of thin coals
(three to six feet), which due to their-spacing set up a tuning effect that results in
a bright banded set of reflectors. These reflectors can be traced from the line
BB96-50 tie to the Cormorant well, across to the Barrimundi Prospect. This band
of reflectors largely prevented us from being able to evaluate potential deeper
anomalies.

Yolla Well Model

Of primary interest in this well is the productive zones. The forty-foot thick oil
pay zone at about 6000 feet, immediately below the Top of EVCM, is expressed
as a seismic trough. Several tests were taken in this zone resulting in flow rates
from 1198 BO and 2.2 MMCF to 892 BO and 11.8 MMCF. This results in
calculated GaR's from 1836:1 to 3377:1, depending on the zone tested. This
variable GaR, from what has to be the same reservoir, is in our view due to
permeability variations within the zone tested. Since gas is about 100 times
more permeable than oil, we believe the lower figure more accurately represents
reservoir gas saturation. Seismically, this sand is characterized by a larger
negative trough at normal incidence, than wet sands, and in the offset domain
shows a positive gradient with strong curvature beyond reflection angles of 27° .

A significant amount of dry gas, up to 15 MMCF was tested in a lower zone
below 9000 feet, but this sand appears to be relatively tight from well logs, and it
is problematical that this zone could sustain these rates. Since the vertical
separation between these two zones is insufficient to explain this dramatic
difference in GaR, and the fact that most of the source rocks in this portion of
the basin are still within the oil generation phase, we also assume this is related
to reservoir permeability. This zone models with much the same response as

17
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the oil zone above, which may be further evidence that ratio of dissolved gas is
much lower than indicated by the production test. The fact that the Normal
Incidence and AVO response is much weaker than that of the shallower zone,
when in fact gas should give a stronger response, is also taken to mean this
interval is lower in porosity.

Also of interest is the response of the three hundred-foot thick Igneous layer
around 8500 feet. The seismic response of this layer is totally unlike any of the
other lithologies modeled in this well. Starting with a strong positive reflection
coefficient at zero offset, the amplitudes response is flat out to a reflection angle
of about 26°, where the reflectivity rapidly diminishes to zero at about 35°.

Tilana Well Model

This well was chosen to model because af the relatively thick volcaniclastic and
igneous layers within the EVCM. The nearly homogenous igneous body at
approximately 6700 feet exhibits minor internal reflectivity, while the
volcaniclastics layer from 10,000 feet to TD is seismically active with strong
internal reflectors, related to variety of textures, densities and matrix velocities
typical of these types of rocks.

Predictive Analysis
Limiting Factors

As in every DHI investigation, there are limiting factors affecting NI and AVO
Interpretation. Below are factors, which were weighed during the investigation,
along with our assessment of the impact each factor has in contributing to the
overall accuracy of our predictions:

a Lack ofshear wave infonnation from Bliy wells in this basin required us to use
default values for shear velocities... The greatest cause of concern was the
values to be used for coal. There is an extremely wide range of possible
values for coal depending on the type of coal, depth of burial, hydrocarbon
saturation etc. For this study, values used were taken from published values
given for Permian coals in Southeast Australia. These values, if in error
probably de-emphasize the effect of coal.

a Less than optimum cable lengths were used in all of the seismic data
acquired in this area. Since the AVO effect of pay sands is most prominent
beyond reflection angles of 27°, a streamer length of 15,000 feet would have
been desirable. This longer cable would also magnify the cable jerk noise
problems discussed earlier.

18
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o Inadequate source input. On the weaker shot records it was apparent that
there was a loss of reflection amplitude simply due to spherical spreading on
all events, not just the event under discussion. It is our view that these
records represent a small sample of the overall database. In addition, the
effect of the three on one supergather was to minimize this effect.

o Inconsistent source input. Due to wave action, the air guns were firing at
varying water depths affecting source strength and signal. Again the effects
of the supergather helped mitigate this problem.

o Noisy input records. In an effort to reduce noise, seismic processing was
necessary which had the potential of disturbing the amplitude relationships
we were trying to measure. Every possible precaution was taken to ensure
that this didn't happen.

o Lack ofamplitude tie. Due to the prC!lblems discussed above, and software
limitations, it was not possible to deal with this problem effectively.
Consequently were reluctant to make quantitative judgments, regarding bed
thickness involving tuning.

o Amount of faulting in reservoir. The segmented reservoir in this case meant
that in any segment, there were a limited number of common downdip
terminations with which pinpoint water levels.

Conclusions

o There are normal incidence and AVO anomalies over the Barramundi
Prospect which represent fault bounded reservoirs

IJ Estimates of reservoir thickness rang~. upwards from one hundred eighteen
feet, to as much as 300 feet.

IJ These Reservoirs cover an area of some fourteen thousand acres.

IJ They are likely filled with oil and dissolved gas whose GOR ranges from 1700
to greater than 4500: 1.

IJ Potential Reserves are estimated to be 420 Million barrels of oil.

IJ There are additional anomalies among the coaly portion of the EVCM, which
are not included in this analysis.

19



Future Work

A great deal more analytical interpretative work could be done on this data set to
enhance its predictive results. There are several important preconditions to
initiating an extended study. These are:

o Gaining a better well tie within the anomaly area

o Obtaining pertinent shear wave data

o Grid balance and amplitude tie data set

Meeting these requirements would enable us to perform an AVO inversion
which, would greatly enhance our ability to predict:

o Sand thickness
o Reservoir porosity
o Reservoir fluids and GOR .
o Enable to look for pays in the lithologically more complex Middle EVCM

20



571G53

Guide to PI uen..tIon ExhIbits

In the .... Mil "'''c. cbtng the l&pWaIIoi. ~ T..,.,. from COi.IIl.,..
Auatnd8, three major"""-7belinlwer. fonned. From W8It to eat, these bellna
.. known as the 0tMy BalIn, Ihe Bua BelIn. end Ihe Glppll.ld Basin. As al8SUlt 01
,.,.. .....I1IIoo'I end d1_111 fNW three ...... Ihe GIpp' id 8IIIIn, wtIIch Is ..
most .....-c pmdIar 01 h)clIoc::wboi" In AUItI II h8I pIUducId fNW Iix baln barrels
01 end gas from mont than • daan WOftd c:IIIn 1IIIIds.

'The major 01 end gas .......,.. In Ihe G/pp1l.1d BasIn .. produced from Ihe
tAbube~ S)*rJ camprllld 01 Blc8..~ _idlb ....
sourced by eoc... and P"IIX... COIIIs and .....11 ~lIIl..a1bubi Group. ThIs ....
......, Is ""llnt In the Bas s.In.~ cores I'ram ........ b 1·11 ..
c:ornpaNd. they i'JdIIIlIlgUiIhIIbIIt. 'Dun the leeI't' fbouIII be U proJIk: as
" ..... b· ,.",.... MIpIIbor.

It WIllI this obllh.-a., thelled GIoiJeJr•• '101111 olher CllIi1p8Iln. to .e. new
look at the """",.."*dy '-ger Baal BalIn to dltImliI.. , h9' InIp8Ct eucpluiatiot.
apporUiIIIes mIgI'lt ... exIIl The T27/P Block Clf*1dIId by GIabM ilCCllpOl...........
thIt c:an IIICC1f11PBli1 .. 01 the procb:IIon wINn the _ I id BasIn (...:~
TopL.alJube~. GIPPSlAND, BASS BASIN ANALOGY '.. II)')

Glppslllnd Geology

RegIoI'" tlIcta*, 1IIITJeIa iilrecIi '" the tll.11'II ~ III Bull StnIIt .... shown on
... FACIES DEVELOPMENT cllplay. wf*:h lhovilS tll.I.1I being formed by traM-
tell.'" bees lICllng aaou the PlM'III... Colli PIal8 .. it t1roIlIt up during the
IlIte MesOZlOic. The Glppsllnd Besln WIIlIIIIed with cleS1lcl from source grounds IocatIIcI
in the p1lllnt dIiy State 01 Vidotia transported from~st to soutt-.t during the
C,etaCeous through the Eocene. The best production from these i4JPII' Latrobe
(P"IDC8l .. to Eocene)daatic resetWirI is IocalIed in the dBlpest I*t 0I1he basin.
The8e reserwlrs W9f8 charged by migtalit III hydrocartlolll which __ generated in
duper Labobe Group C08II8fld ahales.

This plafemJd .....lOCllted will this prodIlCIIon Is shown on the IIIsmlc
croIIl8cIion (GIPPSlANDIBASS BASIN ANALOGY) • the f8UIt bounded .... Ib.. deep
wtMn the ,lettalt aourat rock lICCUl'IlUIIIII In the ~.at tlIckI..... From Ihe
GeneIaIad l..etiobe SItudute. It c:an. be ...... that there .. no IIgIlIIIcai It fIeldS on
lither IloundIng tIIn8ce. WIIl'J from the IOUI'CI klldlan, i IdIcalIiIIlI a lack 01 efI'eclNe long
diatallCl hydtocatxln migliiIluil. To pcIIb~ a ...... 0I1Q1e, Ihe outIlne ~ the GIobex
Ik:ense Is pcIIbapid on'" GelrM/IzIJd Top LJJtmbe Sttuc:tute IMp.

Bass Basin Sballgniphy

The Bas BalIn ..... from Ihe same set 01 regioI'" tec:Iui it: elemenla .. effect the
anIita Baas SIr8it shown on Ihe FACIES DEVELOPMENT diIpIay. The baIin was '.
formed by trana-tenIionlII forces 8dlng on !he thinned n ex1ended aust underfying the
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BasI Strait. The blIIln d the Bass StraIt opened .. ., ImIguIer ll8rieI d sharply divided
IUb-bIIIins creel8d and upac.d by tJanIruim f8u1ts. The dllpest d .... ,"tHlIIsins,
quicldy fonned perrNnInt. 8'IOJCic IacuItrlne erMro"m.,ts, where CllIIIy and IIglII source
mBtertIIlllCCUl1UMld. ........... the Bas BalIn, the gI...1t wIume d .... IIOUI1:8 roe:ka
is~ .... Pat.DC8I. IhIck shown on the PALEOCENE GEOGRAPHY cllplay.
Based on .-ogy wIt1lle dIstriluIIon d prolllc P10dt0c1lon obMMId dllee:11y -.c-It to
the source kII:hen nJIIIlIled In the GIpp.r. III BalIn, It Is cu conviction tINIt .." IDlI!or
lIIW!otl!lul1 ",!IJI1YJilY wi be found il cloIe praxiDity !p .. SOlIP' b'''''' which
qosHI .. !OUItMIIt llClf!laIi d '" G!obIx I!IOIit. Aa rtnIng tnd regIoI..r .1bUiIi ....
conIInued, .... beIInI were COih'llldld Ineo IIrgIr IlIcuItrtne boll•••,,"'Xting r.rg.
sc:aIe. amIntI and tides, which tended to oxygenate tnd~ source rock
production.

The soun::e gr'OU'lds which provided sedIinencs to ,. the Bass BasIn .. IocII(ed In
present dIIy T8ImIII1ia to the south, and .. coqlliled d a complex d rnelIin'lolJ)hi
and igneous roc:kI d PIlI. 'Z1I1c lIg8. ThiI 8OUI'Ce ... provided welt,..... Will.lli"" •
strong IIlhic coqlOi..il The el'f6cta d thlllIlhIc COi'1POi.It .......It when ob8ervtng
the ex1remeIy low plII'i1I....... and potOliliel (depid8d on the eo.. Pltg AIIIII)- ­
FACIES DEVELOPMENT mol""), pIotIIid from an plugllo+~ on the IOUlhem
il'I8Igit. d the beIIn. This .. d the baIn is~ to the point d ....,..It Input and
.... prone to clean up due 1IO willl1CMit tg and resoriit tg. It is this poor" sty ntseNOir
lhat hal preduded WiI1IIB'CiIII IUCCMS In the IOUlhem hal d the bIIIIn. rlY8 web
drIIed on the PelIcan 1IruCtUnt, neer ItleIClUltlem n6g11., .. encounterM hydtlJC:M)ona,
but their IUItained now ..... ant not commwcilll.

The high 1I8lues d porosity 8f1d plII'i1Iublllty shown on the~ Plug AneIysJs
diIpIlIy .. from sampleslaken from WIllIs kit Iedon" mergln d Itle on-INnd with Itle
GIobex permit. Cab' 1 II mineral II01urMs fOr indivIdulII wells In lhiI hnd ..
dIIpIa~ on the~ at IIlII 8enItJI Bar~ FACIES DEVELOPMENT
il'IOi.IIge, along with ClllaIlal8d '.... d pclIOIity and plII'i1Iubility. ThIs hnd d highly
porous and penne" sandi WIn deposIIIId along Itle northern llank d .. basin as
migtalittg IIIaIItItne bers, which ... compued d rewortced sands from .. deItIIs
fringing the southern n.-git. d the basin. 1ltHe.-1dl have been exIIensiveIy
wiI.-wJillld 8f1d sor18d. Berlwwe fanned by IIrong cim......... p8111irna, which ."'oped
In the It tcrNIIngIy IBrge and open body d __ CCMlr'_tg the basin at the close d the
EaIl8m View nIgI8IIMt c:yde and the begltlling d Ile Demon'. BIuI'f~
cycle.

Slacked sequences d these stndI hIM! been pert811i1tBd In c:1oIe prmdmity to
the Globex block that meuure up lD oiWluldred and fI'ty (150) mel8rI thick. .Is only
in this ... 01 the~ BuIn that the combiIaatIon 01 uce••nt ..."... and
thick pnMIIt, hJdtocwbon source rocks .. fuund on ... IItrucbnd Ea,*""
VIew "lilt~ In til. 1m.....,...... (ne'" two mllion aa.s), only nine
,..Is have been ...d In ..... highly prospectM tNnd. one 01 which encount8Nd
commercIII hydrocarbons.

Ba.s Basin Structure

As Is depicted on the PtNent Dey Sttuctute portion d the PALEOCENE
GEOPGRAPHY clsplay, the Bass Basin is ., asymmetric extBnsionaI basin, whose
thllwig runs northweIt - southeast along the north east flank d the basin through the
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GIobex f*IIIll The seclIon below the Top Eastern VIew (Eocene Reservoir), llhcMn In
green is dominatIId by tiItec:l fault blocks. FlIUb are I8rgeIy buried end do not eu high
into the shaIow section. Above the Demon'. BIuIf (Eocene Top SeaI). shown in yellow,
basin sag 8I1d .. ch8nIclerIze the I8CIloiil.

The PROSPECTS AND LEADS cbpIBy iIIustnItes the trap styles that dominate
the prospecIIve bIn1er ber sand trend I1MIppIld at top of Eastern VIew. h"'",e&!lllcci of
over 5,000 Ian of 20 seismic r8\I06Is IIIled fall bkx:ks end .1Ilc:li.... some of which
haw been tul8d by earlier opeIlIhwa. FO!K c:umIIIIIy ide,,1iIIed prospedMt ..... wIIhln
the block 618 hIghIIgIltId In OIW Ig8. Three of ..... prospects are shown on thIa dIIp/lIy
If1d BamImundI Prospect is shown~ on the 8Mwnundi ProIlp8d dispI8y.
Prior to discus.ing these areas. it is US8fuI to 8n8Iyze whIIt has been done in the Bass
Basin by pnMous IiAplOlldklil opel...... .

Results of PrevIous Activity

Of the nine W8II. drilled in the trend. aft encota'iIIIred lhick ~IierS8Ilds, and two
fowJd comrnen:IaI acallnulallons al hydIoawtxIIlI which Is deaIlJNDd •~
The YoHa 11 disc:oYefy wellwaslMtlld at neMy 900 b8neIs al 01 end 12 MMCTgi"a per
day. ThIs wIIdca dI8aMIry was SlICCNsfuIy 8ppI1IIsed this yeer by the draJg of the
YoAa IJ2 well Ioc:IIIIId two and a hIIII' (2.5) kIIometenJ to the south of fa Yolla ...
<bc:ovefy. R for the Yoia sIrucIIn are somewhat~ _this time, with the
opei_k»r ing very IitIIe ilomiallon. Our 8IItimae of YoII& Field ....rve. is
apprOJCImatlIIy 100 mllIan barrels of light gnMly crude and 400 BCF of gas.

Four olher wells, Comiofant, King, TiIana and Dondu went dfiIIed on irnpreuive
struc:tur8s. but III. e.xhiIiIt veryl•• struclu'lII_~vementthat could hew b.-eched any
IIlCisting trap. This upIanIdlon is supported by the fact ihIit both,Cormorallt and TIIana
conbllned sIgnific:ant anJOI.Ilts of ..sIdual hydloawtxllllln the upper EastIIm V_.

Ball IJ2 was drilled on the crest al a huge .IIk:IIne, and pellOliBIed a smaD
section of the Eastem V_ before susp.nding Op8I_tious aIIBr 8r1C:OW\trIrlng igneous
rocks of WJknown age at 1,891 metenI. Modem llllmic data over this feaIunt rev88ls a
large basement pop-up slructure, which wu probably formed by IaIIanIl movamant
Isso:ialBd with basin opening. Nona altha Pallocarle or upper CreIIIcaous, which
should be prospec:live. hII. been tested on this enormous structure.

The Nangkero #1 and YurongIiIl1 wells boCh seem to be poorly positioned with respect
to structural trapping. In filet, a review of recenIly KqUired seismic: data over Nangk8ro
fails 10 show a VlIIid reason to drill a test at lh8t Jocallon.

Barr8mundI Prospect

GIobex plans to drill the first upI0rati0n well on the Barnlmundi Prospect.
Almost 14.000 prospecIIve acres ... mapped under fault cIosu"e at the East8m VIew
level. Refemng to _ BAR~U~OI PRQSPECT display. strudUr6I co"bol is supplied
by thiftY (30) 20 Jelsmic line$, jncIuding nineteen (19) lines reoentIy acquired by Giobex.
ExgeIIent rrtSeI"t"Oir~ Mnds .. cIerIiQnItnIlBd at the nearby Cormorant '1 well,
~ the logs illustrate ... hundred meters of sand in the upper Eastern View. with ~
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porosities a\'8l'8glng neerly thirty percent (30%) and lMJl'lIg8 pennallblltles of nearty
one Darcy. WilhIn this sand, • promin.1t Slismic arnpIiIude .lOII'IIIIy, shown on the
Seismic AnomeIy Depth MIp, has been mapped and COI"IWIIIl8d to the dl!IpIh stNctunt
1Il8p.

Direct HydlClCabon DelBclion: NormaIlnddlll08

0peralDr8 In the Bass SIr8it have nteenUy beg\.rl using direct t¥ilocarbon
del8ction (Ottl) melhods to d.1Ine8IB hydroaubon filled reservon. In the Gipp .Iand
Basin, Easo hila pubIshed piIp8I'S describing the use of normeI incIdeIlC8 seismic
ampIIudes to IMp the exlIInt of the ges I 01 COIll11ct and the 01 I watIIr COid8Ct with

. <:onsider8bIe success. Their published dlIIa, shown on lie ANALOGS cispIay, shows
hydlocarbon filled I'ItHMlIrs 818 lndicalBd-by • promlnent bright trough (Ill reel) across
\he praduc:tM .... of 8nNlm Field. These .llIIi'pietallve CllI'lCUIIOnS haw been
COI".,,18d by the driIIng of MV8nII wells, and are an intIgnII pm of their field
....Iopment progiwn.

In \he Bass BasIn, BoraI has based their res.w ea1ImIItes of the Vola FIeld on
extansiY8 DHI work In both lie nonnaI inddence and ofI'Mt domIin. A high ampIilude
trough (red ie.1lctlon) is assodMed with the produclMt sand at the top of the Eesl8m
VIew In the VoIIlI dIsaMtry __. ThIs prominent AId trough, which Ina'e.... In
8I11pItude and widens upcIp to the bounding faJIt, is ..... on the Yola ReId ANALOGS
displ8y.

R"""'1g to the BARRAMUNDI ANOMALY display, mapped over the BarramundI
Prospect is a Dintct Hydrocarbon IndicalDr. Shown both In dip and strike views on
seismic sec::tions beW.--. 1.3 and 1.4 SICOIlds lwt, the bright I8d trough, which gains
sbwlgth and bI'C*iIns upcIp ""nics the anomaly oos.wd over Voila FIeld. As shown
by !he green oulIIne on the AmpIilude Anon&y Depth MlIp, the bright spot anomaly fits
\he preSlnt day Barr8munc:II StrudLn, consistent with the behalllor of a hydrocarbon
filled ntSIMlir. The AIJf1Ilut:Ie AnomIIIy IsocIifon MlIp shoJIS an iSOCtllUI thick
assoclalllcl with the crest of the sIIucIunt, IUgges!ing higher hydlC)(:arbon salIMaliolls
and lor higher gas to 01 ratios higher on !he s1rudure.

Direct Hydrocarbon: Offset DomaIn

Given the pronounced empIItude eII'8ct 8SSocIlltecI with hydrocarbon filled
I8HIVOIrs In the normal incidence domrIIn, 8 substal1llll hydrocaIbon efI'8ct would be
~ and Is obseMId In the olI'1Iet domIin. As is shown by the ac:IL-'. and
mod.lad o«set responses on the BARRAMUNOI ANOMALV dIapIay, hydrocarbons ...
expressed by a negative .1tIfaIpt and posIINe orr.t gradIet It. UIlIIziIQ Gassman's fluid
substilullon, the same I8SIIfWIr sand satLnlIIcI with W8tBr resuIs In a snlIIIlr r.egallV'8
illllltept and flat ofrHt gradient. This Is consIsIBnt with the anomaly obllrved at Vola,
where the low ampIIIude trough belOw the weIIIr contact exhiliIs • flat QladIent that
becOmeS • da.par trough and 8 positive gradient above the water level in the producllve
portion of the reservoir.

Referring to !he EASTERN VIEW AMPLITUDE ANOMALY display, offset
amplitudes are displayed for selected gatherlId I8COIds over the Ban'amundi anomaly.
It Is evident that offset amplitudes outside the green outline, deplctillg the normal



571G57

Incidenc:e OHI, 8lChlbIt • flat response, While those inside !he gRIM outline, eJChIbIt •
posiIive AVO gradient. This beMvlor mimics that d!he Vola anomaly, leading 10 the
conckIIIon that this anoma!y is a yaIId hYdIOWlfbon jMM 'or.
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Wave Propagation

Compressional Shear Stoneley
wave wave wave
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Conventional (monopole) sonic tools
In monopole sonic tools, an omnidirectional pres­
sure source creates a compre..'isional wave pulse in
the borehole fluid, which pmpagmes out into the
formation. As this pulse enters the formation, it
creates a slight uniCorm bulge around rhe borehole
wall (Fig. 2 top). This io tllrn excites both com­
pressional and shear waves in rhe formation. As
the compressional and shear waves propagate in
the fonnalion, they create head waves in the bore­
hole Iluid. It is these head waves, rather than the
direct formarion compressional and shear waves,
that the rcee; vcrs detect (Fig. 2 bottom).

ShearCompressional

Two types of body waves Lravel in rocks­
compressional and shear. Compressional waves.
or P-wavcs, arc waves of rock compression and
ex.pansion. They arc created when a rock is sharply
compressed, such as when struck by a hammer
(Fig. I). With compressional waves, small particle
vibrations occur in the same direction the wave is
traveling. Shear waves, or S-waves, are waves of
shearing action as would occur when striking the
rock column from the side. In this case, rock par­
ticle motion is perpendicular to the direction of
wave propagation.

The rock mechanical properties, which can
be characterized by the rock density and elastic
dynamic constants, control thc speeds at which
these waves travel. rn fluid-saturated rocks, these
properties depend on the amounL and type of Iluid
present, the makeup of the rock grains, and the
degree of intergrain cemenlalion. Soft, loosely
consolidated rocks exhibit smaller clastic stiffness.
As a result, sound waves lravcl slower in soft rock
than in hard.

At Rest

Figure I. Compre!i.'lirmal and shear wave propagation. Figure 2. Body wave propagation in hard/ormation with
monopole source (fOp); typical sonic ~'v'a'l)efomL\ reco,-ded
by a monopole 1001 in hard/ormation.! (bot/om).

2 Wave I>ropagation Scm
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This phenomenon is illustrated in Fig. 3.
a snapshot from a finite-difference calculation
displaying the elastic fields in a borehole and the
surrounding fast formation. The left axis is the
borehole axis. and the left and bottom scales are
axial and radial distance in meters.

Head waves are created only when the for·
mation waves propagating up the borehole travel
faster than the waves created in the fluid. Fonna­
tion compressional waves are always faster than

fluid waves. but that is not the ca.;;e for shear
waves. rn slow, poorly consolidated formations.
the shear velocity is ofLen less than the Ouid
velocity-preventing shear measurement from the
monopole tool. This is illustrated in the top half of
Fig. 4. where the compressional body wave as well
a~ its head wave exists in the borehole. The com­
pressional and nuid modes are the only informa·
tion carried by the waveform (Fig. 4 bottom).

Trailing tbe head waves are the more compli­
cated guided borehole waves and the Stoneley
wave. The guided borebole waves come from
reflections of source waves reverbemting in the
borehole. Tbe Stoneley wave. a surface-type wllve
guided by the borehole, tmvels slower than the
fluid waves. Both are dispersive; that is, their
velocity is a function of frequency.

Shear body wav..

4.0

3.5
Compressional
body wave

3.0
Compressional
headwave6

2.5

Shear head wave

2.0

0.5

1.5

0.0

1.0

0.0 0.5 1.0

Compressional: 76 ~seclft

Shear: 139 l'S"cIIl
Fluid: 200 ~seclft

Borehole diameler: 10 in.
lime: 1 msec
SCurce: 12-kHz monopole

Figure 3. Snapshot from a finite-difference cakulalion
displaying the elastic fields in u borehole and surrounding
fastfornuuions (monopole .wurre).

Scm

Wave P~pagalion 3
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Figure 4. Sound wave pmpaKalioll insoftformlllioJl with
monopole source (top); lypical.mn'ic waveforms recorded
by 1I mono"ule 100/ in !mfrformmioH.'i (IJOfrom).

Figure 5 is a snapshot from a finite-difference
calculation displaying the fields excited by the
monopole source in a slow formarion. Starting
from top to bouom. the illustration shows:

The fnrmation comprcssi'onal body wave travels
along the borehole, dragging its refracted head
wave in liquid, as well as the refracted solid
hcad wave (a.shcur disturbance).

Lower in the borehole the fluid modes are
present. genemting shear dislUrbances in the
formation (the fluid head wave).

A striking difference. between the. fast and slow
formations occurs in the shear wave fteld; no
shear bo<..ly or head waves appear. The shear
body wave has been directed radially outward
away frOll) (he borehole.

The Stoneley mode appears clearly as a surface
wave.

Dipole sonic tools
A dipole tool utilizes a directional source and

receivers. The dipole source behaves much like
a piston, creating a pressure increase on one side
or the hole and a decrease on the other. This causes
a small nexing of the borehole wall. as illustrated
in Fig. 6, which directly excites compressional and
shear waves in the formation. Propagation of this
flexural wave is coaxial with the borehole, whereas
displacement is at right angles 1<) the borehole axis
and in line with the transducer. The source oper­
ates at low frequencies. usually below 4 kHi.,
where excitation of these waves is optimum.

A new option (lrovides a low-frC<.lucncy source
operating below I kHz. With up to a 20-dB
improvement in signal-to-noise ratio. this source

gives optimum resulls in extremely large boreholes
and in very slow fonnations. In addition, the depth
of investigation is increased.

The compressional and shear waves radiate
straight oul into the formation. There is. however.
an additional shearfflexural wave propagating up

the borehole. It creates a "dipole-type" pressure
dislurbance in the borel1ole fluid. It is this pressure
disturbance that the directional receivers detect.
The shear/flexural wave, initiated by the flex.ing
action of the borehole, is dis£>Crsi ve. At low
frequencies it travels at the same speed as the
shear wave~ af higher frequencies it lravels at a
slower sreed. Unlike monopole-only tools. the
dipole tool can record a shear/flexural wave eve.n
in slow formations.

In slow formations (Fig. 7), the shear/flexural
wave is short in duration and concentrated at lower
fretluencies. In addition to the shear/flexural wave,
there is a higher-frequency compressional arrival
in the beginning of the waveform. In this typical
slow formation synthetic example, there is a c1C4.lr
ficxural wave from which the shear slowness is
inferred.

Sloneley
wave

~FIUidW
directional s

( ((~»)

Wellbore

Compressional
wave

4 Wave Propagation
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Propaga1ian

Displacement

Form8lloIi
Comprnslcnal

-.ave

Flexural Wave

Mud-

Welibore

....... "....
filexural wave

n§;')Joo)

Steerable
Electromagnetic

Transmitter

Mud-

Figure 6. DSI trclilsduce,. operalion.

Compressional
body wave

Compressional
head wave

Compressional
head wave

Fluid modes

Fluid head wave

Shear head
wave absent

1.00.50.0

4.0

2.0

3.5

0.0

3.0

0.5

1.0

1.5

2.5

,
----if'J'N····- -,,
----.,r.'!',J...p.:v~

Compressional: 157 ~sec/fl

Shear: 300 ~secJft

Fluid: 200 ~sec/fl

Borehole diameter: 12 in.
Time: 2 msec
Source: 12·kHz monopole

Figure 5. Snapshot from it fillite-difference calculatioll
displayinl{ the elasfic,fieldx in a borehole and ,rurmundiHg
.'ilowfonlJatiOJlS (flw/wpofe SOli fee).

Compressional Flexural
wave wave

I .. tv
-..A.1'v"v'Vv-...------ ;' V I~ /'-
! " I'v, J"---- YVo./V\,vv. .J, }, I\. _

I 1\/

----0-'.fJON- ,-jX f'...-----
n'V

.J\) f f\-
I IJ

--- ~X;('h"N~'----\/J'.,-----
n'

-f·J·.J',,~"V'~---~v fJ'-
('

~\J X.j
1\ '

./'\JAr··------

Figure 7. Sound wave. propagation in soJi jonna/iotl with
dipole source (top); typical dipole sonic waveforms recorded
ill ,wft formations (bottom).
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Figure H is a snapshot from a finite-difference
calculation where a dipole source excites the bore­
hole and surrounding slow fonnations. The princi­
pal fealures are the compressional body wave, the

shear body wave and the borehole flexural mode.
The flexural mode is the series of overlapping

lobes of compressional and shear disturbance in
the formation and of pressure in the burehole nuid.
all radially localized near the borehole wall. The
leoolng. edge of the flex-uml m(x!e is coincident
with the shear body wave. Its apparenL phase
velocity in the borehole is that of the formation
shear. The trailing edge contains higher-frequency
component, lind tmvcls more slowly, and the mode
gradually spreads in axial extent.

Dirrerences have been observed between shear
slowncsscs from monopole and dipole transmitters
in the same formation. These are to be expected
and arc altribuled to environmen131 effec£s such as
different depths of investigation. anisotropy. stress
distribution, ditTerent vertical resolutions and
monopole dispersion.

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Compressional
body wave

Shear body wave

Flexural mode

0.0 0.5 1.0

6 Wave Propagation

Compressional: 157 ~sec/ft

Shear: 300 ~seclft

Fluid: 200 ~seclft

Borehole diameter: 12 in.
Time: 2 msec
Source: 12-kHz monopole

Figure 8. SnapIhatfmm ajinire-dijJerenfe calculation
displaying rhe e/asricjields in a borehole and surrowuUnx
slowjormmiofl (dipole .wurce).

Scm
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Fracture Evaluation from Inversion of

Stoneley Transmission and Reflections

Takeshi Endo(l), Kazuhiko Tezuka(2), Takeshi Fukushima(l), Alain Brie(l), Hitoshi Mikada(l)
and Makoto Miyairi(2)

(l)Sch/umberger K.K., Fuchinobe, Kanagawa-ken, Japan
(2)JAPEX Research Center., Chiba, Japan

ABSTRACT INTRODUCTION

The borehole Stoneley wave has a unique advantage
in that it is sensitive to permeable fiactures. The main
limitation of the Stoneley leC.bnique is its sensitivity to
borehole irregularities and lithology changes. Recently
introduced Stoneley modeling leC.bnique proved to be ef­
ficient in showing these effects qualitatively. However, a
quantitative estimation of fracture parameters bas been
prevented due to difficulties in conecting these borehole
effects.

This study presents a new methodology developed to
obtain a quantitative evaluation of the fracture parame­
ters and of the fiacture permeability from the horehole
Stoneley wave.

The evaluation is made in two steps. The first step
consists in the analysis of the Stoneley wavefOllll to ex­
tract the transmission and reflections coefficients. This is
done with a single integrated process to improve compat­
ibility between transmission and reflection coefficients.
This process includes a new parametric wave separation
algorithm.

In a second step the fracture aperture distribution is
inverted from the transmission and reflection coeffi­
cients based on a multi-layers model. The effective frac­
ture width in each layer is inverted by minimizing the
difference between the measured reflection and transmis­
sion coefficients and the ones from the model. Finally the
fiacture permeability for each layer is estimated from the
effective fiacture width.

This new methodology has advantages in that (I) the
procedure integrates transmission and reflection analy­
ses; (2) a new wave separation process separates trans­
mitted waves and reflected waves efficiently; (3) the
inverse model includes borehole irregularities and lithol­
ogy effects; and (4) joint inversion with up- and down­
going reflection coefficients and transmission coeffi­
cients better determines the fracture aperture.

Fractures are major importance in oil and gas explora­
tion in bard-rock reservoirs. The fracture system domi­
nates the flow of fluids in such reservoirs, and a
desaiption of these mter-connecting networks is essen­
tial in the reservoir engineering evaluation.

Out of the many measurements that provide informa­
tion on fractures, the Stoneley wave has a unique advan­
tage in that it is sensitive to the permeability of fractures.
The Stoneley wave bas a potential not only in detecting
fractures but also in evaluating the permeability of frac­
tures. Various methods were attempted to evaluate frac­
tures with Stoneley wave. These methods include
Stoneley attenuation analysis(Brie et aI.,1988) and
Stoneley reflection analysis(Hornby et aI.,1989). The
main limitation of the Stoneley technique is the sensitiv­
ity to borehole irregularities and lithology changes.

Tezuka et aI. (1997) proposed a Stoneley modeling
technique to evaluate these borehole effects on Stoneley
wave propagation. This modeling technique was com­
bined with standard reflection and transmission analyses
to differentiate reflections and attenuations due to frac­
tures from those due to horebole irregularities and lithol­
ogy changes(Tezuka et aI., 1995). This combined
technique proved to be efficient in showing these effects
qualitatively and it was applied successfully to several
datasets(Tezuka et aI., 1995; Bodo et aI., 1997). Howev­
er, a quantitative estimation of fracture parameters was
prevented due to difficulties in correcting these borehole
effects.

We aim to exploit the full information of measured
Stoneley waveform for both attenuation and reflections,
and attempt the quantitative fracture aperture inversion
including borehole irregularities and lithology changes
effects.

In the following section, we will desaibe a new meth­
odology for Stoneley fiaeture evaluation. The evaluation
will be done in two steps. The first step extracts Stoneley
transmission and reflection coefficients and the second
step performs fiacture aperture inversion. The procedure



METHODOLOGY

Stoneley Transmission and Reflection Analysis

10 the next step, transmitted waves after wave separa­
tion are input to transmission coefficients (TC) analysis
and transmitted and reflected waves are input to reflec­
tion coefficients (RC) analysis. Transmission coeffi­
cients are evaluated with the Normalized Differential
Energies (NOE) technique (Brie et a1, 1988). NDE is
converted to transmission coefficients while correcting
for the borehole fluid attenuation. A borebole compensa­
tion (BHC) is achieved by calculating the average of the
receiver and transmitter mode results. Tbe reflection
analysis technique, which is based on Hornby et aI.
(1989), is further enhanoed in this study. Waveforms
from common-source arrays are used for down-going re­
flection analysis and those from synthesized common­
receiver arrays are used for up-going analysis. The ex­
tension of common-source arrays to common-receiver
arrays is implied by the reciprocity principle. Combining
results of down-going reflection analysis and up-going
reflection analysis provides borehole compensation.
Here, the borehole compensation is done by averaging
the reflection coefficients from the down-going analysis
and the up-going analysis.

known from STC processing results (Kimball and
Marzetta, 1984). Tbe transmined and the reflected
Stoneley waves are separated in frequency domain as­
suming a moveout derived from input Stoneley slow­
ness. Amplitudes of the down-going and the up-going
components are obtained with the least squares method
assuming they are constant within three depth levels (I ft
interval). Outputs of this process are transmitted waves,
down-going reflected waves and up-going reflected
waves. We found that this wave separation process was
very important for obtaining high quality reflection coef­
ficients and transmission coefficients.

Stoneley Fracture Apenure lnverswn

The measured IraDSmilled and reflection coefficients
are compared with those from forward model to invert
fracture aperture. Following Tezuka et aI.(1997), we em­
ploy a multi-layers model where borehole and formation
are discretized using a 0.1524 m (6 inch) interval along
the borehole axis (Figure 2). Each layer is described with
compression slowness (DIC;), shear slowness (Dtsi), den­
sity (RhOj) and hole diameter (HdJ. These parameters
are obtained from log measurements. 10 this study, we
extend the formulation by Tezukaet aI. (1997) to include
fracture parameters for each layer, a number of fracture
(nj) and a width of individual fracture (dJ.

M--""
TC

1.\oansmitted wave
Up­

GoIng
TC

B

M.-...
RC

Down­
CoIn.

RC

integrates IraDSmission and reflection analyses to ensure
the compatibility between the up- and down-going re­
flection coefficients with the transmission coefficients.
The inversion process employs a multi-layers model to
account for the effects of borehole irregularities and li­
thology cbanges.

We use the low-frequency Stoneley waveform ac­
quired by the DSI' Dipole Shear Sonic Imager tool. An
overall evaluation procedure is shown in Figure I. The
procedure consists of two parts: (a) Stoneley transmis­
sion and reflection analyses and (b) Stoneley fracture
aperture inversion. The methodology was implemented
in the SonFrac' interpretation software. This software is
an interactive module built on the Schlumberger GeoF­
rame' intelJlretation system.

Figure 1: A flow chart of proposed sonic fractureevaJu­
ation procedure. The box denoted as A contains the
Stoneley transmission and reflection analyses part and
the one denoted as B contains the fracture aperture inver­
sion part.

This part integrates the transmission analysis hy Brie
et aI. (1988) and reflection analysis by Hornby et aI.
(1989). The first step performs parametric wave separa­
tion taking the advantage that Stoneley slowness is

The amplitude coefficients of up- (Vj) and down-go­
ing (Dj) waves satisfy the following relation at the
boundary:

• denotes a Mark of Schlumberger
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where Mb is Ibe propagator matrix for borehole irreg­
ularities and lilbology effects and Me is Ibe one for frac­
ture effects. This equation corresponds to Ibe equation
(13) ofTezuka et aI.(l997). The propagator matrix is
modified to include Me for fracture effects. The Stoneley
wave number is computed wilb Ibe formula by Olang et
aI. (1988). We include Ibe borehole irregularities effects,
Ibe lithology effects and Ibe fracture effects in Ibe in­
-verse model because we cannot separate Ibese effects
because Ibey interact wilb each olber and are not inde­
pendent (Kostek et aI., 1998a). The model reflection co­
efficients and transmission coefficients at each deplb are
computed wilb Ibe five layer model from the ratio of the
incoming wave amplitude and Ibe outgoing amplitude
by Ibe following formula:

Figure 3: An inclined fracture crossing Ibe borebole at
an angle e.

(3)

where ddip' dhoro L and Hd are an aperture of dipping
fracture, an aperture of Ibe equivalent horiwntal frac­
ture, a trace of Ibe ellipse in Ibe layer, and a hole diame­
ter, respectively (Figure 3).

(2)

(1)

R = Uout/Din

T = Dout/Din

(6)

It is assumed tbatlbe Stoneley wave responds to an
effective fracture width (nd) in Ibe layers because Ibe
low-frequency Stoneley wave cannot resolve closely­
spaced multiple fractures (Kostek et aI., 1998b).

Figure 2: Diagram showing Ibe multi-layered model
employed for Ibe fracture inversion. Ui and Di denote
amplitudes of up-going and down-going waves in each
layer.

Fracture Permeability Estimate

Permeability of an isolated horiwntal fracture is giv­
en by Ibe following formula (Brown, 1989).

d
3

K= 12H (4)

where d is Ibe fracture width of Ibe individual fracture
and H is Ibe thickness of Ibe fracture wne. In case of
multiple fractures, Ibe formula is extended as:

3
n(d/n) (5)

K= 12H

where n is Ibe number of fractures in Ibe wne and d is Ibe
widlb of an individual fracture. FinaUy, fracture perme­
ability of dipping fractures are estimated as:

3
K= n(ddiln ) L

12H Lf"ll

where LruIJ is the perimeter of Ibe ellipse. In Ibese esti­
mations, we can utilize Ibe external information as frac­
ture density and fracture dip measured from micro­
resistivity images.

The initial inversion is performed in each layer as­
suming an horiwntal fracture. This initial inversion
gives an effective fracture width for a parallel plate of in­
finite extent and constant aperture. Then dipping effects
are corrected using Ibe ratio of a trace of Ibe ellipse and
Ibe horiwntal circle:

San

EXAMPLE

The melbodology was applied to a fractured reservoir
example. The well was drilled through a very hard dolo­
mite formation. Figure 4 shows Ibe results of Ibe wave



separation process. Up- and down-going reflected waves
are clearly separated from the transmitted waves though
these arrivals are closely overlapped in time. Figure 5
shows the results of the fracture aperture inversion. Both
transmission and reflection analyses were performed in
the 0 to 2.5 kHz frequency band in this analysis. There
are three significant events at X7g0, XglO and X840 ft.
A solid curve in track 2 shows transmission coefficients
from measured wavefonns and a dashed curve shows re­
constructed transmission coefficients computed from
the fitted model. Tracks 3 and 4 show the down- and up­
going reflection coefficients from the measured wave­
forms and the reconstructed reflection coefficients from
the fitted model. Track 5 shows the inverted fracture ap­
erture. Fracture apertures at X780, X810 and X840 ft
take the values of 1 to 2 millimeter.;. These values are
fairly large, however, we should note that these values
are an effective aperture integrated in each layer. The
low-frequency Stoneley wave cannot resolve closely­
spaced multiple fractures. Agreements between recon­
structed and measured reflection and transmission coef­
ficients are generally good. These indicate that the
inver.;ion model fits the real data. These reconstruct logs
are useful quality indicatOlll for inversion.

CONCLUSIONS

We have developed the improved methodology for
Stoneley fracture evaluation. In order to obtain high­
quality reflection and transmission coefficients for input
to the fracture parameter inver.;ion, transmission and re­
flection analyses are integrated into one process. A new
parametric wave separation in frequency domain bas
been developed to separate transmitted wave and reflect­
ed waves. The fracture aperture inver.;ion is perfonned,
based on a multi-layer.; model at every 6-inch interval.
Fracture permeability can be estimated from the effec­
tive fracture aperture. The major advantages of the pro­
posed methodology are:

- The procedure integrates transmission and reflection
analyses to ensure the compatibility of reflection and
transmission coefficients.

- The procedure employs a new paratnetric wave sepa­
ration developed to separate transmitted and reflected
waves without altering amplitudes.

- The inver.;e model includes borehole irregularities and
lithology effects rather than correcting these effects be­
fore the inver.;ion.

- Joint inver.;ion with up- and down-going reflection co­
efficients and transmission coefficients better deter­
mines the fracture aperture than with an independent
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inver.;ion with either reflection coefficients or transmis­
sion coefficients only.

The procedure was applied to a fractured reservoir ex­
ample in dolomite formation which showed reasonable
agreements between the measurements and the inver.;ion
model.
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Figure 4: An example of wave separation. Raw wavefonns are processed to obtain direct transmitted waves. up-going
and down-going reflected waves.
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ABSTRACT

Identification and evaluation of fracture systems are
important in oil and gas exploration in hard-rock areas
and for scientific drilling. In fracture systems, faults are
major events that impact not only the fracture distribution
but also the rock structure and stresses. Near faults are
significant rock deformation, fracturing and variations of
the stress field. Faults have, therefore, large effects on the
producibility and stability of a reservoir and must be ac­
counted for when completing the well.

We integrated various sonic interpretation techniques
to evaluate these effects. Stoneley wave reflections and
attenuation analysis are known techniques for fracture
evaluation. They have the advantage of showing open
permeable fractures but also are sensitive to borehole
irregularities. Stoneley modeling, when added to these
techniques, estimates the effect of the borehole and im­
proves the reliability of Stoneley fracture evaluation.
Stoneley permeability analysis evaluates the slowdown
of the Stoneley wave to indicate fluid mobility in the pore
space, both from fractures and porosity. The recently in­
troduced dipole shear anisotropy evaluation provides in­
formation on aligned cracks and stress directions. The
technique evaluates shear wave splitting resulting from
acoustic anisotropy. These techniques react in different
ways to the presence of fractures in the formation. Com­
bining these indications provides additional information
on the reservoir characteristics, especially the location of
fault zones.

We applied these techniques in two wells. The first
well was drilled for scientific purposes to intercept a
known large active fault in a granodiorite formation. In
this data set, near the fault the Stoneley wave shows evi­
dence of strong fracturing and deformed zones. Acoustic
anisotropy indicates significant perturbations of the
stress field. Stoneley permeability analysis detects high
fluid mobility. The second well was drilled in a granite
formation in an oil field. We observed similar signatures
in the Stoneley and anisotropy results that strongly sug­
gest the presence of a fault intercepting the wellbore. In
this data set, systematic variations of the fracture's dip
and strike, consistent with sonic evaluation results, are
also observed on the microresistivity images. High mo-

bility indications from Stoneley analysis are confirmed
by the production data.

Integrating anisotropy information with conventional
fracture evaluation techniques uncovers new possibilities
for reservoir evaluation. Fractures can be identified and
better understood with the resulting fracturing and rock
alteration to give new insights on reservoir properties and
producibility.

INTRODUCTION

In hard-rock reservoirs production is often mostly
done through fractures. Therefore, the knowledge of the
fracture locations and of their characteristics is of primary
importance for well completion design and for field de­
velopment. Of the many measurements that provide in­
formation on fractures, the most important ones are
azimuthal resistivity, microresistivity imaging, ultrasonic
imaging. and sonic techniques. Sonic techniques include
Stoneley wave reflections evaluation(Homby et aI.,
1989), and Stoneley attenuation(Brie et aI., 1988). The
advantage with Stoneley techniques is that they detect
major open fractures, the one from which most of the pro­
duction comes from. The reliability of Stoneley fracture
evaluation was improved through the use of Stoneley
modeling, which allows separation of the effect of bore­
hole irregularities and lithology changes from permeable
fractures (Tezuka et aI., 1995). Permeability-added
Stoneley slowness is another technique that has proved
useful in identifying potentially producing intervals. It is
based on the difference between a Stoneley slowness
computed from elastic theory, without the effect of per­
meability and the measured Stoneley slowness (Winkler
et aI., 1989). The difference is an indicator of permeabil­
ity in the formation.

Recently, dipole shear anisotropy evaluation from
cross dipole measurements was introduced (Esmersoy et
aI., 1995). This technique also provides information on
fractures through the evaluation of acoustic anisotropy
and has been used with success in identifying producing
intervals. The direction of the fast shear wave also pro­
vides information on stress and fracture orientation. The
indications provided by this measurement differ some-



what from the Stoneley techniques indications. In par­
ticular shear wave anisotropy investigates a volume of
formation up to 3-5 borehole diameters away from the
borehole (Sinha et aI., 1994) and can indicate fractures
missed by other techniques.

In this paper we compare the response of these dif­
ferent techniques in two wells. The first well was drilled
for scientific purposes to intercept a known, large active
fault in a granodiorite formation. The second well was
drilled in a granite formation in an oil field. We examine
the sensitivity of the techniques to different types of
fractures and to the environment, and determine how
they can be combined to provide an improved evalua­
tion.

DIPOLE SHEAR ANISOTROPY ANALYSIS

A tectonically fractured formation exhibits azimuth­
al anisotropy to shear waves. A shear wave that is polar­
ized parallel to the fracture strike will propagate faster
than a shear wave polarized perpendicular to it. A shear
( or flexural) wave, such as the ones generated by a di­
pole source, will split as it propagates along the borehole
and give a fast shear wave and a slow shear wave polar­
ized along the anisotropy axis.

With the availability of two sets of dipole transmit­
ters and receivers in orthogonal directions, the DSI* Di­
pole Shear Sonic Imager tool can measure the shear
slowness in different directions in a plane perpendicular
to the tool axis. The full evaluation requires recording
the waveforms on an axis parallel with the transmitter
axis, but also in the perpendicular direction Or cross di­
rection (Esmersoy et aI., 1995). This is done with both
transmitters so that four sets of array waveforms are re­
corded at every level (Both Cross Receivers acquisition
mode). The waveforms are rotated and the fast shear az­
imuth obtained when the cross energy is minimal (see
Appendix A).

Anisotropy indications are evaluated from wave en­
ergies. fast and slow shear slownesses, and arrival time
differences.

STONELEY PERMEABILITY ANALYSIS

As the Stoneley wave propagates in a permeable for­
mation, it is attenuated and slowed down. The effects of
permeability on the slowness and attenuation of the
borehole Stoneley wave have been studied extensively.
The full Biot theoretical model was established by
Chang et al. (1988) and confirmed experimentally
(Winkler et aI., 1989). But because of the large number
of parameters necessary in this model to describe the
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formation, the borehole and the mudcake, the implemen­
tation of the quantitative inversion from Stoneley slow­
ness to fluid mobility is not straightforward. A
convenient. simpler. technique is to use the low frequen­
cy S-Se approximation. (S-Se) is the difference between
the elastic slowness evaluated from the shear and mud
slownesses for a formation without permeability, and the
measured slowness. The difference increases with perme­
ability and can be used as an indicator. The principle of
this technique is developed in Appendix B.

STONELEY FRACTURE ANALYSIS

As the Stoneley wave propagates past an open frac­
ture, some of the energy is reflected, some is dissipated in
the permeable fracture and the remaining part is transmit­
ted. Stoneley attenuation and reflection coefficients pro­
vide information on open fractures. Stoneley attenuation
was evaluated with the Normalized Differential Energies
(NDE) technique (Brie et. ai, 1988). The computation
was made in the 0 to 1.5 kHz frequency band. A borehole
compensation was achieved by calculating the average of
the receiver and transmitter mode results.

The evaluation of Stoneley reflections was described
by Hornby et al.(1989). The method was further devel­
oped to evaluate the up- and down-going reflections after
they have been separated from the total waveform with a
velocity filter. Both down- and up-going Stoneley reflec­
tions were evaluated in the 0.25 to 4.25 kHz frequency
band, for the real and model waveforms. In the Stoneley
evaluation results presented in the following sections, the
down-going reflections are shown on the left side and for
the up-going reflection on the right side.

Following the method proposed by Tezuka et aI.,
1995, model waveforms are generated from log data:
compressional slowness, shear slowness, density and
hole diameter. These waveforms are processed in the
same manner as the real ones to obtain the reflection co­
efficients and the Stoneley energy losses caused by the
borehole irregularities and the bed boundaries. On the fi­
nal plots these effects are shown in white, and the addi­
tiona� reflection coefficient and energy losses resulting
from fractures and permeability are shown in black.

CASE STUDIES

Well A

Well A is a scientific well drilled in Japan. Its purpose
was to intercept the Nojima fault, which was active dur­
ing the Kobe earthquake in January 1995. The displace­
ment across this fault, measured at surface is 1.8 ffi. The
formations in this well are mostly granodiorite. The well



was extensively logged and cored. In addition to con­
ventional logs. monopole and dipole sonic waveforms
were acquired with a DSI tool. Both Cross Dipole wave­
forms were measured to evaluate acoustic anisotropy.

In the upper part of the well (not presented in this pa­
per), the fast shear azimuth from the anisotropy evalua­
tion is stable in a WNW, -60' , orientation. This is
confirmed by the FMI* Fullbore Formation Micro Im­
ager fracture orientation results, and the tectonic stress
orientation in this area.

Figure I shows the Stoneley evaluation results. On
the VDL shown on the right of the figure we observe
that the Stoneley is highly attenuated and almost com­
pletely disappears at 620 m. This is where the well
crosses the fault. The Stoneley arrival is also delayed in
the 10 m interval below the fault and in another interval
at 670 m. There are strong reflections, attenuation and
permeability indications in front of the fault. In effect,
the slowness values in the vicinity of the faults are large,
and the model waveforms could not be calculated in the
interval at 610-640 m. Therefore only total reflections
and attenuation are presented with gray shading in this
zone. Porosity is significant from 625 m to 675m as
shown by the sonic porosity curve. Granodiorite rocks
are normally not porous. In this case, the porosity is
caused by rock deformation associated with the move­
ment of the fault. Fracturing and breaking of the rock
into fragments are responsible for the porosity and high
permeability in this zone.

We can clearly observe up-going reflections from the
upper boundary (623 m) of the fault zone but there are
almost no down-going reflections from this boundary
because they are severely attenuated across the porous
zone. Below the fault we observe a succession of reflec­
tions and attenuation events that are larger than the mod­
el calculated values, indicating open permeable
fractures. Above the fault, however,few events are de­
tected, and little porosity. This shows that most of the
deformation took place below the fault.

The shear wave was very attenuated in this well, es­
pecially below the fault zone, probably because of the
presence of many fractures. This made anisotropy eval­
uation difficult in the lower section. On the anisotropy
evaluation results (Fig. 2), we observe strong anisotropy
above the fault, between 604 and 623 m. The fast shear
azimuth is in the NS direction. Below the fault, the sonic
anisotropy is small. The fast shear azimuth rotates to
NW 60 Q at 650 m. There is no correlation between the
sonic anisotropy indications and the presence of frac­
tures. The strike of fractures detected by a borehole tele­
viewer log at 600-650 m is almost in the NE direction
(Ito et al.,1996a; Ito et aI., 1996b). Therefore, in this
case, anisotropy does not appear to be related to frac­
tures, and is likely to be stress induced, or caused by
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cracks which are too small to be detected by other frac­
ture indicators. The rotation of the fast shear azimuth is
more pronounced near the fault. This shows the strong
influence of the fault on the stress field.
The features we observed on the sonic in well A are

I. The well crosses a major fault at 620 m.

2. The fast shear azimuth moves gradually away from
the regional trend above the fault. It then rotates
rapidly across the fault, and finally goes gradually
back to the regional trend below.

3. Sonic anisotropy is significant above the fault, ab­
sent across it, and small below.

4. No major fractures are observed in the interval
above the faults, but many fractures are detected
below.

5. Porosity and permeability are small above the
fault, high at the fault, and significant below, with
a succession of porous, highly permeable, inter­
vals probably consisting of broken rock.

6. The fracture orientation observed on the FMI im­
ages is different from the fast shear azimuth in the
vicinity of the fault.

WellB

Well B was drilled in a fractured granite basement in
Egypt. The DSI log in this well includes the monopole
P&S, monopole Stoneley and Both Cross Dipole modes.
Conventional openhole logs and the FMI data were also
recorded, and a detailed fracture orientation evaluation
made from FMI data.

In the upper part of the well (not presented in this pa­
per), both the FMI fracture orientation results, and the
fast shear azimuth from the anisotropy evaluation coin­
cide, giving a NW, _40 0

• orientation. This suggests that
the direction of major tectonic stress in this area is about
-40' .

Upper Zone (X280-X380 fl):

Figure 3 shows the Stoneley evaluation results. In the
upper part of the section few fractures are detected. The
attenuation shows a few minor events from X350 to
X370 ft, and above X300 ft. On the reflection analysis
there is a minor up-going reflection at X360 ft and a
small down-going reflection at X280 ft. These events are
not correlated between the various Stoneley results, giv­
ing little confidence in the fracture indications. The
Stoneley permeability indicator, (S - Se), shows some
increase between X345 and X370 ft, and above x300 ft.
These indications coincide with zones where Stoneley
attenuation is observed and seem related to porosity per-



meability. There is also good correlation between (S ­
Se) and porosity. From field experience this zone is not
a potential producer. On the anisotropy evaluation re­
sults (Fig. 4), the fast shear azimuth moves gradually
from the general trend at _40' to _20' below X325 ft.
There is substantial anisotropy at X300 ft as indicated
on the energy, slowness and time differences. However
at this location there is no indication of major fractures
from the Stoneley indicators. The PMI analysis shows
fractures of various dip angles, but few are opened. The
fracture strike is well defined on the polar plot at about
-45' (Fig. 5, top right), and therefore in good agreement
with the anisotropy indications.

Lower Zone (X380-X520 It):

In this section major events are detected by the frac­
ture indicators between X380 and X460 ft. These events
cause significant Stoneley reflections both in the down­
and up-going directions, and Stoneley attenuation. The
borehole effect evaluated with Stoneley modeling is
usually small giving good confidence in the fracture in­
dications. The porosity is almost 15% from X380 to
X460 ft. Permeability indications from (S - Se) are also
large down to X490 ft. There are good permeability in­
dications in front of events detected by the Stoneley
fracture techniques. On the anisotropy results we ob­
serve a rotation of the fast shear azimuth that goes from
-45' above X400 ft to +20' below and then to 0' for
the lower part of the interval. There is no significant
acoustic anisotropy detected where these changes take
place. However there is strong anisotropy detected be­
tween X455 ft and X490 ft.

These indications suggest that the well crosses a fault
at about X400 ft. The event detected as fractures may
actually be the fault itself or fractures caused by the
presence of the fault. Faults are common in granite, but
we do not have additional confirmation of the presence
of this fault. Although various faults have been identi­
fied in the vertical seismic profile results in higher sec­
tions of the well, there is no such data available in the
interval of interest.

Again in this well the peaks of sonic anisotropy do
not correspond to fractures events on the Stoneley, with
the exception of the indication at X460 ft. This is be­
cause the sonic wavelength is short in comparison with
the size of these fractures. It would certainly be different
at seismic frequencies, and we expect that the observed
fractures would cause significant anisotropy on seismic
measurements. Sonic anisotropy is caused mostly by
small cracks in the rock. These cracks are open only
when oriented parallel to the major stress direction.
Therefore sonic anisotropy is a good indication of the
present stress direction.

The PMI analysis in this zone shows two sets of open
fractures with low dips (30 to 50'), increasing to 70'
above X425 ft. Three trends are observed on the fracture
polar plot. The main trend, composed of fractures with a
strike azimuth of about of -70', possibly extensional
fractures, have low dip. This is quite different from the
fast shear azimuth which in this zone ranges from 0 to
10' . The two smaller trends at -30 and +40' may repre­
sent shear conjugate fractures. They are mostly from in
the lower part of the interval. Sonic anisotropy is indica­
tive of the present state of stress, and the different fracture
orientation from the fast shear azimuth in the vicinity of
the fault suggests that most of these fractures were creat­
ed at a time when stresses were different. It is most likely
that the state of stress changes every time a fault is active.

This well is a good oil producer. Most of the produc­
tion comes from the zone next to the fault. Other welIs in
the same field that did not intercept this fault did not reach
commercial production levels.
The features we observed on the sonic in welI Bare

I. There are indications that the well crosses a fault at
about X400 ft.

2. The fast shear azimuth changes slightly 70 ft above
the fault, then changes by nearly 65' across the
fault and goes back to an intermediate value for
100 ft below the fault until it finalIy returns to the
regional trend. These changes of dominant anisot­
ropy azimuth according to depths are clearly ob­
served in anisotropy azimuthal plot(Fig. 6).

3. Sonic anisotropy is absent close to the fault, but is
significant at some distance above and below the
fault.

4. No major fractures are observed in the interval
above the fault, but large fractures are detected at
and below the fault.

5. Porosity and permeability are small above the fault,
but significant below.

6. The fracture orientation observed on the PMI imag­
es is different from the fast shear azimuth in the vi­
cinity of the fault.

7. The fault zones have a high permeability and have
a high potential for production.

INTERPRETATION IN A FAULT ZONE

Last and McLean (1996) studied the effect of a major
fault on earth stresses in the Cusiana field in Columbia.
They used a computer model and predicted that the major
stress orientation changes gradualIy as one get close to
the fault, then rotates by 90' , and then goes gradually
back to the background stress direction. Barton and Zo­
back (1994) studied stress orientation from borehole



breakout logs in the vicinity of faults, and reported a
similar pattern. They also discussed stress magnitudes,
and concluded that stress anisotropy disappears at the
fault. Auzias (1995) confirmed computer modeling re­
sults with model Plexiglas experiments, and showed
that the major stress direction commonly rotates to be­
come parallel to the fault on one side, and then perpen­
dicular to it on the other side, thus rotating by 90° . This
combined with Barton and Zoback's remark that stress­
es equalize at the fault suggests that stresses become
equal and exchange roles when crossing a fault. Auzias
also studied the influence of multiple faults and showed
the importance of the fault friction coefficient and of the
presence of contact points on the stress distribution.

We observed these various phenomena in the two ex­
amples we described. In particular the rapid stress rota­
tion at the fault is clearly seen on the fast shear azimuth
log. We also noticed the absence of anisotropy immedi­
ately next to the fault.

The formation layers close to the fault are deformed
when the fault moves. Deformation causes bending and
breaking of the rock, with the creation of fractures and
even porosity. Both extension and compression shear
fractures can be created. Deformation may not been
symmetrical on both side of the fault. In the examples
we studied, we noticed that the lower side of the fault is
usually more fractured, and more porous, hence more
deformed, than the upper side. But we do not know if
this is a general feature. Certainly the fractures and po­
rous rock associated with a fault in hard rock are very
permeable. Because the fault has a large extent, it can
drain and carry fluid a long way, which is very impor­
tant for production.

CONCLUSIONS

We evaluated two wells crossing a fault with sonic
techniques. The Stoneley wave was used to evaluate
fractures and permeability, and cross-dipole shear mea­
surements were used to evaluate sonic anisotropy. The
results were compared with other measurements sensi­
tive to fractures, such as FMI images or BHTV. We
concluded the following:

- Stoneley attenuation and reflections are indicative
of open fractures and fault zones.

- Permeability-added Stoneley slowness is a good in­
dicator of permeable zones in hard rocks. It is sen­
sitive to both fractures and rock permeability.

- Stoneley attenuation is sensitive to large open frac­
tures and also to a lesser extent to rock permeabili­
ty.
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- Stoneley modeling is effective in showing what
fraction of Stoneley reflections and attenuation is
caused by borehole effect or bed boundaries.

- In a stable tectonic environment. the fast shear azi­
muth indicates the direction of maximum stress and
is parallel to the fracture strike.

- Sonic anisotropy is not sensitive to the large frac­
tures seen with the Stoneley techniques. It is sensi­
tive mostly to a high density of small cracks in the
rock which also causes good permeability. Small
cracks are aligned with the current state of stress in
the rock, so that the fast shear azimuth reflects the
maximum stress direction.

- Because of their much larger wavelength seismic
waves would behave differently from sonic ones.
In particular large fractures are known to cause an­
isotropy on the seismic shear.

- Abrupt changes in fast shear azimuth can be indica­
tive of the presence of a fault, and therefore of
zones with high potential for production.

. In the vicinity of a fault major disruptions to the
stress and fracture orientation occur. Fast shear az­
imuth and fracture strike, are no longer parallel.

- Sonic Stoneley information, shear anisotropy and
FMI images complement each other to provide a
more complete understanding of the fractured res­
ervoir, and provide essential information for field
development.
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APPENDIX A, Rotation and evalnation ofBCR wave­
forms for anisotropy

The 4-components data can be rotated to obtain the
waveform vector along any azimuth using a rotation ma­
trix;

e : angle of rotation

Uxx : pre-rotation upper dipole in-line waveform

Uxy : pre-rotation upper dipole cross-line waveform

Uyy : pre-rotation lower dipole in-line waveform

Uyx : pre-rotation lower dipole cross-line waveform

where

R = [cosa sinal
-sina cosaJ
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(8-1)

Vxx : rotated upper dipole in-line waveform

Vxy : rotated upper dipole cross-line waveform

Vyy : rotated lower dipole in-line waveform

Vyx : rotated lower dipole cross-line waveform

The waveforms are rotated to find the azimuth for
which the energy of the shear wave at the cross receiver
is minimum. The shear wave at this azimuth is com­
pared with the one in the perpendicular direction. if it ar­
rives earlier. then this is the fast shear azimuth.
Otherwise the fast shear azimuth is the perpendicular di­
rection since the fast and slow shear directions are per­
pendicular. The tool orientation measured by a general
incHnometry device is then used to obtain the fast shear
azimuth with respect to true north. Fast and slow shear
velocities can then be evaluated using the Siowness­
time-coherence processing on the rotated waveforms
(Kimball and Marzetta.1984).

APPENDIX B, Stoneley Permeability from the S-Se
principle

At a frequency that is much lower than the Biot crit­
ical frequency and where the wavelength is much larger
than the borehole diameter. omitting the complication of
mudcake. the Stoneley slowness. S. in a borehole of ra­
dius rb through a permeable formation of frame shear
modulus G can be expressed as:

S2;p (_I +.!._ 2 J
1/1 K 1/1 G ioorbZoJ

where
Pm: mud density

Kill: mud bulk modulus

w ; 27tf: angular frequency

20 : wall impedance of the permeable formation includ­
ing the elastic effect of the solid frame.

In equation (B-1), the successive terms are the con­
tribution of the fluid expansion. the borehole expansion.
and the fluid flow in the pore space. The impedance 20
can be expres~ in term ofBiot slow wave number k 2
and mobility - (permeability/viscosity) as: C

T]

I HP )(kc2 rb)
- ; k (KIT]) (8-2)
Zo c2 Hbl)(kc2rb)

where H~I) and H\ I) are the Hankel function of the
first kind order 0 and I respectively. k 2 is a
complicated function of w. <I> - porosity. <f - frame
shear modulus. K, - sold grain modulus. Kb - frame

bulk modulus. Kf - pore fluid bulk modulus and also
KIT].

We can express the measured Stoneley slowness. S in
two terms; S2 ; S2 + S2 where S. is the zero frequency
elastic slowness an~ Sp fs the permeability-added slow­
ness. S; is the firstterms of (B-1).

S2 ; P (..!.... + !..) (B-3)
e 1/IK G

m
In the DSI tool. the Stoneley frequency is below I kHz.
therefore S.» Sp. Therefore. using (B-I).(8-2) and (B­
3), we can write;

2S (S-S ) ; S2 ; (Cp)2 ~ (8-4)
e e p ~:;;

where the coefficients (Cp)2 is a function of 00 • P •
K/T] .<1>. G. K,. Kb- Kj S. and Km . 1/1

The expression of Cp is complex and also depends on
(KIT]) . Strictly speaking, SiS-S.) is not proportional to
,JK/T] . However. Cp is a slowly varying function and can
be considered a constant in the first approximation as in­
dicated in Fig. B-1 which shows the relation between mo­
bility and IS-Se) computed from the model. Therefore IS­
S.) can be used as a qualitative indicator of pore fluid mo­
bility.

For clarity (8-4) was shown with the low frequency
approximation for the elastic slowness Se' However, in
the processing the full elastic Stoneley slowness algo­
rithm was used (Chang et al.. 1988). and the calculated S­
Se indicator uses the frequency dependent elastic Stone­
ley slowness.

r­
t,

IO:·~~--------=.."-~---~,~....,...,
Figure B I Relation between mobility versus S-Se com­
puted from model. Used parameters are:
Compressional slowness: 77.0 us/ft. Shear slowness:
132.0 us/ft. Formation density: 2.42 glee. Porosity: 0.2.
Solid grain bulk moduls: 35 GPa. Pore fluid bulk modu­
lus: 2.25 GPa. Pore fluid density: 1.0glcc.Holediameter:
8.0 inch. Viscosity: I cP
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ABSTRACT INTRODUCTION

Identification and evaluation of fracture systems is of pri­
mary importance to the development of hard rock reser­
voirs. Sonic measurements are sensitive to fractures and
can contribute in many ways to their evaluation. Stoneley
wave reflections and attenuation analysis are commonly
used techniques. They have the advantage of showing
open penneable fractures. Last year Tezuka et al im­
proved the reliability of Stoneley fracture evaluation us­
ing Stoneley modeling, a technique which evaluates the
effect of borehole irregularities and lithology changes,
and pennits differentiation of penneable fractures. Per­
meability added Stoneley slowness is another useful
technique. It compares the measured Stoneley slowness
to the elastic slowness obtained from a model without
penneability. The difference, the penneability added
slowness, is an indication of the mobility ofthe pore fluid
in the formation.

The recently introduced dipole shear anisotropy evalua­
tion also provides infonnation on fractures. This tech­
nique evaluates shear wave splitting resulting from
acoustic anisotropy. Fractures and anisotropic stresses
being the main causes of acoustic anisotropy in a trans­
versely isotropic horizontal (Till) fonnation, the
direction of the fast shear wave provides information on
fractures and stress orientation. The indications provided
by this measurement differ somewhat from the Stoneley
techniques indications; in particular shear wave anisotro­
py investigates a volume of fonnation up to 3-5 borehole
diameters away from the borehole and can indicate frac­
tures missed by other techniques. In this study we evalu­
ated a data-set with these different acoustic techniques:
dipole shear anisotropy, permeability added Stoneley
slowness, Stoneley attenuation and Stoneley reflections,
including modeling of the effects of borehole irregulari­
ties. We compared the results from the different tech­
niques to determine their sensitivity to different types of
fractures and to the environment, and discussed how they
can be combined to provide an improved evaluation of
fractured reservoirs.

In hard rock reservoirs production is often mostly done
through fractures. Therefore the knowledge of the frac­
ture locations and of their characteristics is of primary
importance for well completion design and for field de­
velopment. Many measurements provide information on
fractures, the most important ones are azimuthal resistiv­
ity, micro-resistivity imaging, ultra-sonic imaging, and
sonic techniques. Sonic techniques include Stoneley
wave reflections evaluation (Hornby et ai, 1989), and
Stoneley attenuation (Brie et ai, 1988). The advantage
with Stoneley techniques is that they detect major open
fractures, the one from which most of the production
comes from. Last year the reliability of Stoneley fracture
evaluation was improved through the use of Stoneley
modeling which allows separation of the effect of bore­
hole irregularities and lithology changes from penneable
fractures (Tezuka et ai, 1995). Penneability added Stone­
ley slowness is another technique which has proven use­
ful in identifying potentially producing intervals. It is
based on the difference between a Stoneley slowness
computed from elastic theory, without the effect of per­
meability and the measured Stoneley slowness (Winkler
et aI, 1989). The difference is an indicator ofpermeability
in the fonnation.

Recently, dipole shear anisotropy evaluation from cross
dipole measurements was introduced (Esmersoy et ai,
1995). This technique also provides infonnation on frac­
tures through the evaluation of acoustic anisotropy and
has been used with success in identifying producing in­
tervals. The direction of the fast shear wave also provides
information on stress and fracture orientation. The indi­
cations provided by this measurement differ somewhat
from the Stoneley techniques indications. In particular
shear wave anisotropy investigates a volume of forma­
tion up to 3-5 borehole diameters away from the borehole
(Sinha el aI., 1994) and can indicate fractures missed by
other techniques.

In this paper we compare the response of these different
techniques in a fractured reservoir. We will examine their
sensitivity to different types of fractures and to the envi­
ronment, and see how they can be combined to provide



an improved evaluation.

DIPOLE SHEAR ANISOTROPY ANALYSIS

A tectonically fractured formation exhibits azimuthal
anisotropy to shear waves. A shear wave that is polar­
ized parallel to the fracture strike will propagate faster
than a shear wave polarized perpendicular to it. A shear
(or flexural) wave, such as the ones generated by a
dipole source, will split as it propagates along the bore­
hole and give a fast shear wave and a slow shear wave
polarized along the anisotropy axis (Fig. I).

With the availability of two sets of dipole transmitters
and receivers in orthogonal directions, the DSI* Dipole
Shear Sonic Imager Tool can measure the shear slow­
ness in different directions in a plane perpendicular to
the tool axis. The full evaluation requires recording the
waveforms on an axis parallel with the transmitter axis,
but also in the perpendicular direction or cross direc­
tion. This is done with both transmitters so that four sets
of array waveforms are recorded at every level (Both
Cross Receivers acquisition mode). The 4-components
data can be rotated to obtain the waveform vector along
any azimuth using a rotation matrix;

[
RWXX RWxyl = R[PWXX PWxylRT

RWyx RWyyj PWyx PWyyj

R = IcosO sinol
L-sinO cosoj

where
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arrives earlier, then this is the fast shear azimuth. Other­
wise the fast shear azimuth is the perpendicular direc­
tion since the fast and slow shear directions are
perpendicular. The tool orientation measured by a gen­
eral inclinometry device is then used to obtain the fast
shear azimuth with respect to true North. Fast and slow
shear velocities can then be evaluated using the STC
processing on the rotated waveforms (Kimball and
Marzetta, 1984).

STONELEY PERMEABILITY ANALYSIS

As Stoneley wave propagates in permeable formation, it
is attenuated and slowed down as depicted in Figure 2.
The effects of permeability on the slowness and
attenuation of the borehole Stoneley wave have been
studied extensively both theoretically (Chang et a!.,
1988) and experimentally (Winkler et aI., 1989). Due to
a large number of formation, borehole and mud cake
parameters involved, the implementation of the
quantitative inversion from Stoneley slowness to fluid
mobility is not straightforward. Therefore in practice we
use the low frequency S-Se approximation which is
simpler to implement. The basis of this method is as
follows.

At a frequency which is much lower than the Biot
critical frequency and where the wavelength is much
larger than the borehole diameter, omitting the
complication of mud cake, the Stoneley slowness, S, in
a borehole of radius rb through a permeable formation
of frame shear modulus G can be expressed as:

e: Angle of rotation

PWxx : Pre-rotation upper dipole in-line waveform

(Eq. I)

PWxy: Pre-rotation upper dipole cross-line waveform

PWyy : Pre-rotation lower dipole in-line waveform

PWyX: Pre-rotation lower dipole cross-line waveform

RWxx: Rotated upper dipole in-line waveform

RWxy: Rotated upper dipole cross-line waveform

RWyy: Rotated lower dipole in-line waveform

RWyx: Rotated lower dipole cross-line waveform

The waveforms are rotated to find the azimuth for
which the energy of the shear wave at the cross receiver
is minimum. The shear wave at this azimuth is com­
pared with the one in the perpendicular direction, if it

where

Pm: Mud density

Km : Mud bulk modulus

OJ = 21tf: Angular frequency

2 0 : Wall impedance of the permeable formation
including the elastic effect of the solid frame.

In equation (Eq I), the successive terms are the
contribution of the fluid expansion, the borehole



(Eq.2)

expansion, and the fluid flow in the pore space. The
impedance Zo can be expressed i!' term of Biot slow
wave number k 2 and mobility - (permeability!

. .) c T]
VISCOSIty as:

I _ Hfl)(kdb)
Z - kc2 (KIrj) (1)( )o HO kc2rb

where Hd 1) and Hl 1) are the Hankel function of the
first kind order 0 and I respectively. k 2 is a
complicated function of W , <p - porosfty, G - frame
shear modulus, Ks - sold grain modulus, Kb - frame
bulk modulus, Kf - pore fluid bulk modulus and also
KIT] .

We can express the measured Stoneley slowness, S in
two terms; S 2 = S 2 + S 2 where Se is the zero
frequency elastic slgwnefs and Sp is the permeability
added slowness. S2 is the first terms of (Eq. I),

e

S2 = P (_1_ +.!.) (Eq.3)
e m K G

m
In the DSI tool, the Stoneley frequency is below I kHz,
therefore Se» Sp' Therefore, using (Eq. 1),(Eq. 2) and
(Eq. 3), we can write;

2S (s-s ) = S2 = (Cp)2 ~ (Eq.4)
e e p ~~

where the coefficients (Cp) 2 is a function of W, P ,
K/Tj,<\>, G, Ks' Kb, Kf , S, and Km . m

The expression of Cp is complex and also depends on
(K/Tj) . Strictly speaking, Se(S-Se) is not proportional

to JK/Tj . However, Cp is a slowly varying function and
can be considered a constant in the first approximation.
Therefore (S-Se) can be used as a qualitative indicator of
pore fluid mobility.

For clarity (Eq. 4) was shown with the low frequency
approximation for the elastic slowness Se. However in
the processing the full elastic Stoneley slowness algo­
rithm was used (Chang et ai, 1988), and the calculated S­
Se indicator uses the frequency dependent elastic Stone­
ley slowness.

STONELEY FRACTURE ANALYSIS

As the Stoneley wave propagates past an open fracture,
part of the energy is reflected and a part of the energy is
transmitted as depicted in Figure 3.

Stoneley attenuation and reflection coefficients provides
information on opened fractures. Stoneley attenuation
was evaluated with the Normalized Differential Ener­
gies (NDE) technique (Brie et. ai, 1988). The computa-
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tion was made in the 0 to 1.5 kHz frequency band. A
borehole compensation was achieved by calculating the
average of the receiver and transmitter mode results.

Following the method proposed by Tezuka et ai, 1995,
model waveforms were generated from log data: com­
pressional slowness, shear slowness, density and hole
diameter. These waveforms were processed in the same
fashion as the real ones to estimate borehole, and bed
boundaries effects. On the final plots the attenuation due
to borehole variations and lithology is shown in white.
The additional attenuation due to fractures and perme­
ability is shown in black.

To evaluate Stoneley reflections, up and down going
reflected fields were first separated from the total wave­
form with a velocity filter. Both down and up going
Stoneley reflections were evaluated in the 0.25 to 4.25
kHz frequency band, for the real and model waveforms.
The resulting reflection coefficients are presented on Fig­
ures 4 and 6. The results for the down going reflections
are shown on the left side, and for the up going reflection
on the right side. The model waveforms were also eval­
uated to estimate the borehole and bed boundary effects.
The model reflection coefficient is coded white, while
the added reflection coefficient caused by fractures are
shown in black.

CASE STUDY

The data of this case study is from a well drilled in the
fractured granite basement. The DSI log in this well in­
cludes the monopole P&S, monopole Stoneley and di­
pole BCR modes. Conventional open hole logs and the
PMI' Formation Micro Imager data were also recorded,
and a detailed fracture evaluation from the PMI data was
performed (Fig. 9).

The sonic results are presented in two sections, the upper
one from x260 to x380 ft (Fig. 4 and 5), and the contin­
uation in the lower zone from x380 to x510 ft (Fig. 6 and
7). In each section the results are presented in two paral­
lel plots. One with Stoneley fracture evaluation results,
Stoneley permeability indicator, and porosity, and anoth­
er one with acoustic anisotropy results.

In the upper section there are very few fractures detected
by the Stoneley techniques. The attenuation shows a few
minor events from x345 to x370 ft, and above x300 ft.
On the reflection analysis there is a minor up going re­
flection at x360 ft and a small down going reflection at
x280 ft. These events are not correlated between the var­
ious Stoneley techniques so that the results have a low
confidence level. The Stoneley permeability indicator, S
- Se, shows some increase between x345 and x370 ft, and



above x300 ft. These indications coincide with zones
where Stoneley attenuation indications were observed.
There is also good correlation between S - Se and poros­
ity. This suggests that Stoneley permeability and attenu­
ation are seeing porosity from small fractures and
cracks, and that there are no fracture with large enough
flow potential to generate Stoneley reflections. This
confirm the field experience which says that this zone is
not a potential producer. The anisotropy evaluation re­
sults (Fig. 5) show that the fast shear azimuth is stable at
about -40 degrees. There is substantial anisottopy at
x300 ft seen on the energy, slowness and time differenc­
es. However at this location there is no indication of ma­
jor fractures from the Stoneley indicators. The FMI
analysis shows fractures at varying dipping angles, but
very few are opened. The fracture strike is well defined
on the polar plot at around -45 degrees (Fig. 9 top left),
and therefore in good agreement with the anisotropy in­
dications. This suggests that the direction of major tec­
tonic stress in this area is about -40 degrees.

In the lower section major events are detected on all
Stoneley techniques at x394, x420, and x460 ft. These
events cause significant Stoneley reflections both in the
down and up going directions, and Stoneiey attenuation.
The borehole effect evaluated with Stoneley modeling is
small except for the event at x394 ft for which half of the
reflection seems to come from the borehole. Some
smaller events are detected between x430 and x460 ft.
The S - Se Stoneley permeability indicator shows more
mobility here than in the previous section. It also shows
peaks of permeability in front of the events detected by
the other Stoneley techniques. Porosity also is overall
higher in this interval. On the anisotropy results we ob­
serve large variations of the fast shear azimuth which is
70 degrees at the top, then goes down to 20 degrees be­
tween x408 ft and x425 ft, then reads 0 to 10 degrees be­
low x425 ft. There is no significant acoustic anisotropy
detected where these changes take place. However there
is strong anisotropy detected between x455 ft and x490
ft. Although the strong anisotropy indication at x408 ft
corresponds with a fracture detected with the Stoneley
technique, the other anisotropy peak at x485 ft does not
correspond to any event on the Stoneley. The FMI anal­
ysis in this zone shows two sets of fractures with low
dips (30 to 50 degrees), increasing to 70 degrees above
x425 ft, in a way similar to the fast shear azimuth. Two
trends are observed on the fracture polar plot: one main
trend at an azimuth of -70 degrees, and two smaller ones
at -30 and +40 degrees. These last ones being mostly
from the lower part of the interval.

The fast shear azimuth and the fractures strike are both
at -40 degrees in the upper section. This suggest that this
is the regional tectonic state of stress. But how can we
interpret the various phenomenon we observe in the
lower section: the change in fast shear azimuth, the low

fracture dips, and the difference between the fast shear
azimuth and the fracture strike.

Two hypotheses can be proposed:

1 - Thermal stresses: granite is an igneous rock which
came from large depths and high temperatures as a plas­
tic rock in the form of a diapir. When reaching shallow
depths the rock mass cooled down rapidly which pro­
duced shrinkage and fracturing, especially close to the
diapir borders. The orientation of these fractures is a
function of the thermal stresses and are not reiated to the
regional state of stress. But with this hypothesis it is dif­
ficult to explain all the features we observed.

2 - Presence of a fault: a fault perturbs the stress field
around it. Faults are common in granite. and various
faults were mapped with VSP images acquired over the
reservoir. Identification ofafault in abasement reservoir
with fractures is not straight forward, however, a fault
can be present when a zone with relatively no, or little,
fractures is observed next to a zone with extensive frac­
tures. This is what we have in this interval. If we look at
the Stoneley reflections we see the number of large open
fractures is much higher starting at x410 ft compared to
the upper zone x250 to x400 ft.

A fault causes a drag zone in which rock deformation is
large. Bending of the beds next to the fault causes exten­
sional stresses, and extensional fractures on one side of
the bed and compressional stresses, with conjugate shear
fractures, on the other. We expect the stress direction to
change rapidly when the well crosses the fault. Looking
at the log we observe that the stress direction changes
rapidly between x410 and x425 ft, and that the Stoneley
indicators show a very strong event at x420 ft. This is
probably a fault intercepting the well. This fault is open
and seen on the logs as a large fracture. Below the fault
is a deformed zone with a sequence of extensional frac­
tures, and compression shear conjugate fractures. We
notice that the porosity is good in this zone because of
the substantial rock deformation. The FMI analysis in
this zone shows these extension fractures have low dip,
and a strike azimuth of about -75 degrees. Shear conju­
gate fractures have strike azimuths at -35 and -115 de­
grees, which is consistent with a maximum stress
direction as -75 degrees. However, the fast shear azimuth
in this zone is very different between 0 to 10 degrees. It
suggests that the fractures could have been created at the
early stage of faulting, before the present state of stress
was established. On the other hand, the fast shear azi­
muth (0 - 10 degrees) indicates the present maximum
stress direction.

Option 2, the fault hypothesis seems to be the most like­
ly, although we do not have additional confirmation of
the presence of a fault in this interval. It is believed that



most of the production in this well which is a good oil
producer comes from the fault zone. Other well in the
same field which did not intercept this fault did not pro­
duce any oil.

CONCLUSION

We have evaluated fractures from Stoneley reflections
and attenuation, permeability from Stoneley slowness,
and acoustic shear anisotropy. These results were com­
pared with the information provided by PMI images. In
this well drilled in a granite formation we concluded the
following:

- Stoneley attenuation and reflection see large open frac­
tures and fault zones.

- Permeability added Stoneley slowness is a good indi­
cator of permeable zone in hard rocks. It is sensitive to
both fractures and rock permeability.

- Stoneley attenuation is sensitive to large open fractures
and also to a lesser extent to rock permeability.

- Stoneley modeling is effective in showing what frac­
tion of Stoneley reflections and attenuation is caused by
borehole effect or bed boundaries.

- In a stable tectonic environment the fast shear azimuth
indicates the direction of maximum stress and is parallel
to the fracture strike.

- Acoustic anisotropy indications are often not directly
correlated with large fractures. However they can be in­
dicative ofcracks or small fracture systems, and are usu­
ally good producibility indicators.

- Abrupt changes in fast shear azimuth can be indicative
of the presence of a fault, and therefore of high potential
zones for production.

- In the vicinity of a fault major disruptions to the stress
and fracture orientation occur. Fast shear azimuth and
fracture strike are no longer parallel.

- Sonic Stoneley information, shear anisotropy, and PMI
images complement each other to provide a more com­
plete understanding of the fractured reservoir, and pro­
vide essential information for field development.
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Figure 1: Shear-wave splitting in dipole logging. Fast­
shear waves are polarized in the fracture strike and/or
maximum stress directioo, and slow-shear waves are
polarized perpendicular to that.
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Figure 2: Permeability effects on Stoneley wave. As
Stoneley wave propagates in permeable formation, it is
attenuated and slowed down.

Figure. 3: Fracture effects on Stoneley wave. As Stooe­
ley wave propagates past an open fracture, a part of the
energy is reflected and a part of the energy is transmiUed.

Scm



571G97

..u\'Utllt'i:w~

." ....
• .>00 '!O

k~

•t
•;

1
1

·•·
t

• ,· ,
• t•:·

J
! I

X350 • I

· i·
t
j

S------CMi P~~~

~

••
1

•

EfT Pf-I

•

l··
·.

0$ 0
(mt1\3

~»~.

(

1-+

1

+--l~1 X~
I '.

Figure 4: Stoneley fracture permeability analysis result for the upper section Figure 5 Sbear anisotropy analysis result for the upper section
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Figure 6: Stoneley fracture permeability analysis result for the lower section
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Figure 7 Shear anisotropy analysis result for the lower section
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