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ABSTRACT Indonesia. Many of these formations are known to
host hydrocarbons, but the fine grained nature of
The Kurnial well was drilled as the first test of the the carbonas results in generally poor reservoir
Kujung Formation in the South Madueaploration  matrix propertis (Wilson 2002; Park et al. 1995).
block on Madura Island in the East Java Basin. Thedowever, as a result of the active tectonic history of
well was drilled to test a large anticlinal structurethe region, many of these carbonates have
mapped on 2D seismic datBhe wellencountered experienced periods of faulting and folding,
very strong mudlog gas shows that persistedesulting in well developed fracture networks that
throughout the Kujung section. An opbole enhance their permeability nd increase their
production tesflowed hydrocarbons to surfadeut  economic potential. Similar fractured carbonate
mechanical problems caused the test to beaeservoirs are present in many large producing
abandoned without determining a flow rate.fields worldwide such as in Iran, Oman and
Evaluationof wireline and logging While Drilling Canada (e.g. Stephenson et al. 2007; Wennberg et
(LWD) logs and sidewall corefrom Kurnial al. 2007; De Keijzer et al. 2007; Rawnsley et al.
indicated that the Kujungormation carbonates are 2007). The OligeMiocene Kujung Formation of
characterised bylow matrix porosity; however, the East Java Basin (Figure 1) is an Indonesian
borehole resistivity and azimuthal density imagescarbonate in which reservoir characteristics may be
reveal a high degree diracturing raising the enhanced by fracturing. This study focuses on data
possibility of a fractured reservoir play. The from a single wellKurnia-1, located near the south
objective of this studyvasto evaluate the viability coast & Madura Island(Figure 1). The well was
of a fractured reservoiMudlog, LWD and wireline  drilled through a Miocene clastic section to the
logging data and borehole image log analysire  primary objective Kujung Formation (Figure 1)
integrated in order to indehti and characterise Drilling proved difficult through the mid section of
fractures in the Kujungarbonatedased on their the wdél and into the lower carbonate dominated
orientation and image characteristics. The study hasectionand assoeited testing difficulties precluded
confirmed strong fracture density in the Kujung a definitive production test, although hydrocarbons
Formation and that zones of greatest fracturewere recovered to surfa@nd several strong gas
intensityalso had thetrongesgas sbws. Fractures shows were recorded while drilling
have been assigned to three orientations and these
fracture sets have been integrated into a coheremh the absence oflefinitive production tests, a
structural framework. In the absence of productiondetailed analysis of open holegk andgeological
data, a qualitative assessment of permeabilityinterpretation of Extended Range Micro Imager
potential has been made based on fractur¢ X RMI E o f Hal |l i burton) and
characteristics and orientation relative to localand AZDE of Weatherfor s bore
regional structures. The results of the study indicatearried out to assess the reservoir potential of the
the KujungFormationin the South Madura block is Kujung Formation The results reveal significant

a potentially viable fractured reservoir. fracture populations in the Kujunigormationthat
coincide with the strongest gas shows. In addition,
INTRODUCTION borehole image derived dip data suggests that the

Deep water pelagiccarbonates are common large scale structure is consistent with the current
throughout South East Asia and particularly in stress field and that fractures have orientations
conducive to flow within this model. Based on this
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o Task Geoscience evidence, it will be demonstrated that, despite the



apparent limited lithological potential of the Kujung through the Late Eocene to Early Oligocene, with
Formation, secondary porosity and permeabilitylocalised carbonate build up, referred to as the CD
provided by the fracture networks mean that theCarbonateRenewed upliftended this depositional
Kujung Formation may be a viable hydrocarbonphase and resulted in widespread erosion.
reservoir. Moreover the study will show that

certain fracture orientatiorsre more conducive to Basin sagtraditionally associated with a slowing of
flow, demonstrating the needto properly the northward migration of the Australiapiate in
characterise the orientation and nature of fracturethe early Oligocene (Hall, 2002 due to newly

in order to fully expld their potential. invoked rorthward subduction Seubert and
Sulistianingsih,2008, resuled in deposition of a

GEOLOGICAL SETTING thick Oligocene section. This sag phase was
followed by a tectonically quiescent period from

Tectonic history and stratigraphy Late Oligocene to Early Miocene times, during

which Kujung carbonate depositiowas prevalent
The tectonic evolution of the East Java Basin ha®n stable lanéttached platform areas and on fault
been primarily controlled by the convergence of thecontrolled seafloor highs, while shales and marls
Indo-Australian and Eurasian plates. The basin isaccumulated in basinal areas. In the Early Miocene
situated on the southern rgar of the stable Sunda rapid carbonate deposition was restricted to seafloor
Craton to the north of a volcanic arc, runninghighs where reef growth could keg@ace with the
through the centre of the island of Java. Itrapidly rising sea levelln the South Madura area
experienced a complex tectonic history with initial seafloor highs, such as the CD Ridge, are orientated
extension followed by periods of differential parallel with the BN structural grain.By mid
subsidence and later inversion (Hamiltdr§79). Miocene basinal shales and occasional thin
The structural grain of the basin was controlled byturbidites of the Tuban (or Lower OK) Formatio
the fabric of the underlying basement. To thehad replaced carbonate deposition.
northwest of Madura Island in the Muriah Trough,
Bawean Arch and Central Deep, this is A southward shift of the Australigolate boundary
predominantly NESW, whereas in the Kendeng in the Middle Miocenevasfollowed by a phase of
Trough (onshore Eadava) and the Madura Trough widespread magmatic activity across Java. The
the orientation is BV (Figure 1; Sribudiyani et al., latest and most pronounced phase of compression
2005). began in the Mid Miocenghe main compressive

phase commenced in the Late Miocene and
The stratigraphy of the East Java Basin reflects acontinued episodically through to the present day.
balance between carbonate and clastic depositioRre-existing graben faults were reactivated resulting
governed by the relative influences of tectonics, sean large inversion structures. The North Madura
level andland-derived clastic inpu{Sharaf et al., Platform remained a relatively stableghj and was
2005) Many different stratigraphic schemes havebounded to the south by the inverted former basinal
been employed by different companies in the Eastegion, now Madura Island. The main structural
Java basin. Tie paperhas adopted the scheme grain over Madura Island at this time was East
employed by Shellduring their exploration of West as reflected by the Madura Uplift Zorfde
Madura Island between 988 and 9992. This southern part of Madura Island to the south &f th
stratigraphic schemé shown in Figurel; other Madura Uplift Zone remained basinal with
commonly used nomenclature may also be quotedeposition of the marine siltstones and claystones
in brackets. of the Tawun Formation intercalated with

occasional mass flow sandstones of the Ngrayong
From the Early Middle Eocene to Early Oligeene  Member. The Tawun Formations overlain by
a tensional regime, traditionally associated withsandstones and carbonatesh&f Bulu Formation of
backarc spreading, resulteith development of a latest Middle Miocene age. The Bulu Formation is
series of generally NBSW ridges and grabens overlain by the Late Miocene Pasean (or
along the southeastern margin of the Sunda shieldVonocolo) Formation, which consists of a basal
In the eastern part of the basin the trend #&/E shale unit overlain by sandstones and limestones.
These grabens filled with a thick sequencepf This unit outcrops or has been eroded over mdich o
Ngimbang and Ngimbang Formation clas$, the South Mdura Block.The Pliocene Mundu and
including lacustrine shales that constitute thePaciran (or Kawengan) Formations are largely
principal source rock in the region. In the ensuingeroded over the South Madura Block as is the
sag phase, a fully marine shale sequence developd&leistocene Lidah (or Pamekasan) Formation.



STUDY DATA were merged with thavailablewireline logs run to
produce a final suite of logs for interpretation of the

The data integrated during this study was wideentire Kujung section. A massive 250 neethick

ranging andncluded a regional seismic grid and a carbonatg becoming shalier towards the base, was

broad suite of downhole reservoir evaluation toolsencountered between 308313m.Matrix porosity

run across the Kujung Formation in Kuriia in thisthick carbonate sectiors low, averaging 4

These reservoir evaluation tools comprised: mudlog%.

data (lithology, gas, driling parameters and

formation pressure); LW@gamma ray, resistivity, Drill Stem Test of Fractured Intervals

neutron and density logs) and wireline logs (dual

laterolog, density, neutron, spectral gamma ray, fulDespite the overall tight matrix conditiongrang

waveform sonic, formation pressure and dip imagemudlog gas was encountered while drillitngough

logs). Micropalaeontological analyses of cuttingsthe Kujung rmationand tuorescent shows were

and sidewall core samplesopided age dating and also observedn these limestones in both cutis

depositional setting, while thin sections from and sidewall cores The strongest gas shows

sidewall cores provided information on rock fabric appeared to correspond to intervals of high fracture

and texture and qualitative assessment of porositdensity as observed in the borehole image logs

and permeability. (XRMI) leading to a hypothesis that fractures were
the primary source of reservoir porosity in the tight

In addition tothe more standard suite of wireline catbonates. Aproduction testwas run across the

tools, borehole image logs were collected, entire Kujung opethole section to testydrocarbon

providing a unigue perspective on the geologicaldeliverability. The test was conducted as an epen

evaluation of the Kujung Formation, becausehole test to avoid potential damage to the fracture

structural, lithological and petrophysical network that may have resulted frommementing

information can be acquired at a much highercasing.Combustible hydrocarbons were detected at

spatial resolution than standard open hole ilbglg surfacebut mechanical problems caused the test to

tools. Adverse borehole conditions in some sectionde abandoned without determining a flow rdtee

of Kurnial meant that image logs were restrictedtest was aborted due to plugging of teststring

to two sections with a large (919 m) separation. Théyy intraformational shales.

upper interval was logged over 1237.5 to 2086 m

through the largely clastic Tawun and TubanSTRUCTURAL CHARACTER OF THE

formaions. The lower image interval was logged KURNI A PROSPECT

over 3005 to 3350 m in the Kujung carbonates with

both AZD and XRMI logs available. Image logs in Seismic interpretation

both intervals were found to be of generally very

good quality with only minor stick and pull The Kurnia prospect was interpreted from seismic

artefacts and somedeced image quality in regions data and regional structural information as a large

where the borehole is enlarged. wrenchrelated anticline with two structural
culminations (Figure 3). The structure was

KUJUNG FORMATION MAT RIX delineatedon a 1.2 km x 1.8 km seismic grid

CHARACTERISATION comprisingdata acquired in 1983, 1984, 1986 and

1989 Although reprocessed using modern
The KujungFormation comprisemicro-crystalline  technology and workflows, ala quality remains
packstone towackestone with very poor visible poor to fair Figure 4 is a seismic line over the
porosity (Figure 2). In the upper part of the Kurnia structure
formation (30043052 m) the carbonates are
intercalated with soft, siltglaystoneswith ahighly ~ The location of the structurelose b the southern
interbedded naturas revealed by wireline logs coast of Madura Islandestrictedseismic coverage
Log evaluation shows the limestones to beover the crest of thKurnia structure to a series of
generally tight with matrix porosities typically- 3 line ends(Figure 3). Migration artefacts associated
6% with occasional bedsith porosities of 8.0% with these lineends, have introduced some

uncertainty into the interpretation thfe top Kujung
Thelower intervalfrom 3050to 3350m was logged horizon. However, despite these issubg, Kurnia
using LWD gamma rayresistivity and density structure was mapped as robust fowway dip
neutron. This section was also logged with crossclosure, with several faults interpreted within the
dipole sonic and XRMI wireline logs. These logs structure, including a significant dowa-the-south



reverse fault immediately south of th€urnial  direct detection in the XRMI image, or from
location (Figure 4). Interpretation of offshore lines interpretation of bedding trends. The majority of
confirmed closureto the south, resulting in areal faults appear to have a WNBSE strike, parallel
closure of approximately 13am* with vertical to the regional fold axis, but a few were als
relief in the order of 40ths TWT or 600 metres. interpreted to strike in a more-\® direction and
Kurnia-1 was located to test the higher doetter may reflect basement trendSribudiyani et al.,
defined western culmination of the largeale fold  2005.
(Figure3).

The overall fold geometry described by bedding is
Kurnia -1 borehole image analysis of largscale similar to that interpreted from seismic of an
structure antiform with a WNWESE axis, although the NNE

vergence of the fold based on well data is not
Although the main focus of this study is the Kujung apparent from seismic interpretation. A number of
Formation carbonates, bedding dip data wadactors may contribute to this apparent discrepancy:
derived by manual picking déatures in the XRMI the seismic data over the Kurnia structure consist of
images from both the Tawun/Tuban and Kujunga series of line ends, resulting in poor imaging and
image intervals in order to derive a larggmale  migration; the structural dips measured in the well
structural model.The observed dip of bedding cannot be accurately imaged on seismic; and the
features in the upper and lower image intervals issteep NNE dips may be associated with drag
strikingly different. The clastics of the upp rotation close to the dowto-the-NNE reverse fault
interval have a variable dip orientation but aresome 300 m to the NNE of Kurnia It should also
generally shallow (<15°), dipping to the NW or be noted thathere is about 100 metres uncertainty
WSW (Figureb), whereas the limestone beds of thein the seismic line location. In addition the NNE
lower image interval dip steeply (>40°) to the NNE vergent closure evident from well data may be a
(Figure 5). The steep dips observed in the lowerrelatively minor reverse structure, resulting in an
section were unexpected basedn seismic overall boxfold geometry, which is not evident at
interpretation but are corroboratetty AZD image  seismic scale. Ae important factor is that both data
analysisover the same interval as the lower XRMI sets confirm the overall orientation of fold and fault
image. trends.

Despitethe large data gap between the upper andPrilling induced features and in-situ stress
lower image intervals (2088005 m), the
relationships apparenthen the data are viewed as
a whole appear to confirm the largeale fold
geometry suggested by the seismic analysis wit
some additional complexitiegFigure 5). As
illustrated in the dip azimuth vector plot Bfgure

Drilling induced tensile fractures (DITF) were
observed in both the upper and lower image
intervals of Kurné&1. Orientation of features in the
r3(RMI images showed th&ITFs dominantlystrike
NNE-SSW (Figure 7) Breakouts were less
. ) ) ' . commonin both intervals and are generally low
rséttar][gﬁ |sfr<'21)rr:]ea:hceontmtljgustgdb\?\gv\;\s/e a_ﬁ]rir;utr;s confidence pipks_ as the_observed hole e_nlargement
' was often coincident with local coentrations of

accompanied by a gradual decrease in dip fron}latural fractures, making it difficult to rule out hole

bask()e LCI) tofp (I)tf the d'\:‘\'/e”i' aIbeg [zunctuated bé’ i(;Tgenlargement by washout of fractured mateffdle
probable Taull modifications between aroun interpretedbreakouts although of low confidenge

m and 1850 m in the upper image intervaig(re d o ;
. ..do generally ploas expected &0° to DITF strike
5). Talen together these trends are consistent WItI’(Figgure 7) 1¥h2 orientaﬁion oftte DITFs indicates

the strata from Kurnid forming a largescale NE that SH. is orientated NNESSW and Sk,

verging antiform(Figure §. The orientation of this WNW-ESE consistent with the overall largeale

fold was tested by plotting all data on a stereoplo -
that shows that the bedding forms a linear girdIetgoblgegr]\?g(;'1 tit(;);yarr;iysgg?gﬂsi;seéhat the stress regime

consstent with limbs of a fold with a calculated
axis plunging shallowly WNW Kigure 5). This  The concentration of DITFs is greater in the Kujung
orientation was confirmed by plotting the data onfFormatian than in the upper clastic section. Whilst
an azimuth/depth histogram which shows a clear Uthis may be partially controlled by lithological
shaped profileKigure5). properties, there is also a strong correlation with

drilling mud weight: the DITF frequency is highest
In addition tooverallbedding trendsseveral faults where mud weight was highest, i.e. 16.5 ppg
were interpreted to intersect the wellbore either byhetween 308@114 m (Figure 10).



CHARACTERISTICS OF F RACTURES IN clustered, a conclusion that it is reflected in the
THE KUJUNG FORMATION fracture densitydistribution (Figure 10) To test

these conclusions, the orthogonal width of fracture
Fractures arecommon in the carbonates of the clusters was determined and the spacing of clusters
Kujung Formation and are easily recognised in thén each group calculated in order to fully
XRMI images collected in the lower interval of characterise fracture distributiofigblel).
Kurnia-1. Fractures were classified priraras
resistive or conductive relative to their host Figure 10shows the approximate distribution of
lithology (e.g. Figure 8). In the case of conductivefracture clusters for each fracture group aathle2
fractures, some show partial sinusoid traces on thehowsstatistics for thecluster density fumber of
borehole image that are similar to DITFs (Figure 8).fractures within a clust). These data show thtite
The image trace tends to be strongest irptiiion  NNE-SSW  striking fractures have the largest
of the image that corresponds to the tensile failurexumber of factures per cluster (maximum 37 and a
direction (as determined from the occurrence ofmean of around 4), although this is closely matched
DITFs) and diminishes away from this point by N-S striking fractures which have a mean
(Figure §. Previous studies have documentedcluster density of around 3 fraces per cluster and
similar features elsewhere and suggest that tha largertotal number of clusters at 7The NW-SE
coincidene of these features with the DITF striking fractureshave a mean of less than 2
orientation and their incomplete image trace areractures per cluster and a median phighlighting
caused by the fractures being drilling enhanced anthe isolated nature ofractures in this orientation.
opened in response to borehole hoop stressddowever it should be noted thahe mode for each
(Barton and Zoback, 2002; Barton et al., 2009). Ingroup is one fracture indicaing that isolated
view of this fact theseréctures were classified fractures are common in each grdijable?2).
separately as drilling enhanced features.

Fracture aperture assessment
The imaged fractures are variable in orientation, but
can be divided into three groups based on strikéhe calculation of fracture aperture values from
orientation (Figure 9): mpup 1strikesdominantly  borehole resistivity images is complex. Several
NNE-SSW, group 2 strikes N5 and goup 3 NW  methods have beesuggested in different studies
SE. Conductive fractures are more common thanbased on measurement of excess conductance over
resistive (Figure 9), but this may be related to thethe fracture interval. The most common algorithm
dominance of resistive calcareous lithologies in theused was devised by Luthi and Southaité (1990)
Kujung Formation making resistive fractures moreand has many limitations that are discussed in detalil
difficult to detect. No clear crosscuttingaonship by the authors. The mogmnportant issue for the
was observed where one set of fractures is offset bgurrent study is that the method is considered to be
another. Accordingly the temporal relationship of invalid for fractures with> 40° dip, which is the
the different strike groups cannot be determined. case for all fractures in thi€ujung study interval.

To test thiseffect, the algorithm was used across
The fractures were further characterised bythe lower image sectioof Kurnia-1, but was found
calculating spacing and density parametergo generateatentlyunrealistic apertures of >5 m.
speifically: orthogonal spacing of fractures in each Based on these results the method was considered
set; cluster thickness; ffractured matrix thickness; to be inappropriate for the study well.
and along hole fracture and fracture cluster density.
Summary statistics for each of these parameters arss an alternative, a method was used in which the
provided inTables 1 and 2 and discussed dfty interval of excess conductance asatax with the
here. Calculated spacing statistics for individual fracture is measured and a pixel distance derived
fractures indicate that fractures in all threefrom the image that is equivalent to the fracture
orientation groups are on average closely spacebeight calculated by Luthi and Southaité (1990).
(Table 1).Minimum spacing is around 1 cm and the The method iscruder than that of Luthi and
majority of fractures have spacing of less than 15Southaité (1990) but is effective in giving a
cm. The full range of spacing values is variable upqualitative estimate of average fracture apertére.
to a maximum of around 50 m fofW-SE striking  summary of the derived apertures is provided in
fractures Spacing statistics for all three groups Table3.
have alognormal distributionwith spacing values
heavily skewed towardsmall spacing in each Based on visual examination of the XRMI image
group indicaing that the fractures are strongly itis unlikely that any of the fractures have apertures



greaterthan 1 cm and theaperturs deternmed  Relationship of fractures to largescale structure
using the excess conductance technique appear to
provide reasonable results for the majority of theAs outlined, there istrongevidence from bedding
fractures measured witha median calculated dip trends from Kurnidl to support the case that
aperture of 1 cm and mode and mean of 3 mm. Ithe strata form a largscale antinal structure
the effects of apparent versus true thickr{ds® to  (Figures5 and 6). Asymmetric folds of this type are
angle of intersection of the fracture with the common in the overiding plate in fold and thrust
wellboré are taken into consideration, then it is belt settings at subduction boundaries as is the case
more likely that the true fracture aperture is on thefor Madura Island. Seismic interpretation of the
millimetre rather than centimetre scale. The veryKurnia structure suggests thatldimg is fault
large calcubted aperturesf as much a$1.5 m are controlled in the form of a forced fold (Cosgrove
generatd where the algorithm detest more and Ameen, 2005) with folding induced in the
conductive responses fronadjacent carbonate overlying strata as the fault progressively breaks
mudstone bexland interpret these as a fracture through from below.
response These excessively large apertures are
clearly erroneouandshouldbe ignored. The mechanicalnature of such folds has been
studied in great detail anché fracture patterns
expected in these features can be readily predicted
VIABILITY OF THE KUJ UNG AS A based on the variance of outer arc extension and
FRACTURED RESERVOIR inner arc compression around the fold hinge (e.g.
Price 1966; Stearns 1978; Cosgrove and Ameen
The viability of a fractured reservoir depends on the2005). Based on the method of Price 68P a
fractures being open and connected. In Kuintae  theoretical fracture orientation set was generated to
first qualitative indication of an open fracture compare to the fractures observed in Kuhiin
network was obtained when the well repeatedlyorder to assess whether the fracture orientation sets
Aki ckedod when dr i IKujungg caduld be@engrdted pulely from foldi@gure 1).
section, and the associated gas had to be circulatdd this theoretical scenario the uppeastic section
out through the choke manifold while the would sit on the gently SW dipping limb and the
mudweight was increased. A production test wadower image interval, Kujung Formation, would fall
performed in an attempt to quantify the productionon the steeply dipping NE lim{@Figure 1). It can
potential from the fractured Kujung reservoir: this then be demonstrated that the theoretical fracture
flowed combustible hydrocarbons to surface, butpatterns depicted in Figure 11 closelytatmaall of
testing difficulties prevented the flow test from the defined sets observed in Kurdialn addition,
being completed conclusively. the model predicts that the tensional (T) fractures,
which form parallel and perpendicular to the fold
In the absence of conclusive test resudisalitative  hinge, will be orientated normal to bedding.
predictionsof flow potential havdbeen made based Therefore, the T1 and T3 fractures, formedapeal
on the image log charactstics of the fractures and to the hinge, should dip in the opposite direction to
their orientation relative to present day stresg@nd bedding in each of the fold limbs and show reverse
known larger scale structures. bhe following dip on either side of the fold lim@igure 1). This
sections the character and orientations of theis indeed the case for Kurria in the upper image
fractures inthe Kujung Formatiomre considered in interval (on the SW dipping limb) beihd) dips
an attempt to qualitatile rank fracture orientations broadly to the W or SW whilst the hingarallel
with respect to their potentiédr fluid flow. fractures dip to the NE; and in the lower image
Kujung interval beds dip to the NNE whilst hinge
It is very difficult to assess the openness andparallel fractures dip to the SYFigure 1).
connectivity of a fracture network based purely on
wireline logs and borehole image logs. It is oftenAn additional feature oforced folds observed in
assumed, when drilling withconductive water typeexamples such as the Zagros Mountains of Iran
based muds, that conductive fractures are opefe.g. Satterzadeh et al. 2000; Stephenson et al.
because they give a mud response. However, 2007), is that they tend to form periclinal or doubly
conductive response would also be obtained fronplunging norcylindrical folds, which can cause
closed fractures filed with  conductive enhancement of the fractures that strike
mineralisation such as pyrite or shale gougeperpendicular tahe main fold hinge (T2 and T4 in
Converselyresistive fractures suggest cementationFigure 11). This could explain the preponderance of
and yet may transmit fluid. NNE striking fractures observed in both of the



image intervals of Kurnid (Figures10 and 12). often referred to as being critically stressed
Several lines of evidence support a periclinal fold(Hickman et al 1997; Finkbeiner et 4B97; Barton
geometry for the Kur@i structure, but the most et al 1998; Trice 1999; Rogers 2003Figure 12
compelling is Kujung structure map that clearly shows that the majority of conductive fractures fall
shows a doubly plunging structure (Figure 3). within the 30° preferential window and that those
that were classified as drilling enhanced tend to fall
The fact that the Kurnia structure bearsin the critically stressed orientation and would
resemblance to examples such as the those from thikerefore be expected to more easily dilduring
Zagros Mountains is namivial because the drilling. Of course, this assessment is purely
lithologies that make up the Asmari Formation in qualitative because modelling of the full stress
the Iranian example are also dominated by pelagitensor and knowledge of the mechanical nature of
carbonates with little matrix porosity and the rocks is required to accurately predict the
permeability, but which have high hydrocarbon critical stress orientation, but it serves as a
yields through secondary fracture porosity (e.g.reasomble means of ranking fracture orierdas
Sattarzadeh et a2000, Stephenson et al. 2007 andthat would be favourable for hydrocarbon
Wennberg et al. 2007). Further examples of similarextraction.
forced fold carbonate reservoirs can be found in
Oman (De Keijzer et al. 2007). Although the Fracture porosity and permeability
Kurnia-1 interpretation is based on only one well,
the comparison with the emwles in Zagros and Using the calculated statistics for fracture
Oman is potentially important as both host fieldsdistribution it is possible to make a semi

with large hydrocarbon reserves. guantitative estimate of the sedamy porosity that
may be derived from fractures and also a qualitative
Fractures and in-situ stress estimate of permeability potential. The estimates

are calculated in two ways both using the mean
As well as the comparison to proven fracturedmatrix block size for each fracture group but using
reservoir analogues, some other features of thdifferent values for the assumedesjpire: method 1
Kurnia fracture orientatiomake them attractive for uses the mean cluster width and assumes fractures
hydrocarbon production. As outlined, the fractureare open for the full width; and method 2 uses the
orientations compare well with the overall large mean aperture combined with the mean number of
scale structure and are therefore consistent witlfiractures per cluster to derive a flow aperture
having formed under the same stress field tha{Figure 13). The results of these calcuat are
resulted in folding and faulting.d#vever, a perhaps given inTable4.
more important feature is the fact that the fracture
orientations are consistent with the orientations ofThe statistics show that the porosity values
present day hsitu stress based on breakout andcalculated purely on cluster width (method 1) are
DITF orientations. Figure 12 shows &ery very high in the order of 20% for NN&SW and
simplified orthogonal plain strain elligs for N-S striking fractures. This estimate is considered
fracture mode based on a NN&SW orientated excessive as the cluster width cddtion is based
maximum horizontal stressThis allows a basic only on the distance between the first and last
orientation ranking to be made whereby fracturedracture in each cluster and does not take into
that are NV-SE trending i.e. with strike parallel to account the matrix rock that lies between each
the minimum horizontal stress (&f) orientation fracture. The porosity estimate based on method 2
are theleast likely to be open as they are held shuis considered to be more realistic and giveame
by orthogonal compressionFigure 13. By  secondary porosity estimates of around 0.5%, in
comparison fractures striking parallel to SHa.x  line with the worldwide average for fractured
(NE-SW) are consideredhore likely to allow fluid  reservoirs (e.g. Nelson 2001). In the most intensely
flow as they can orthogonally dilate in the direction fractured zones, however, secondary porosity
of least compessional stress (Figure 12)  estimates, calculated using the maximum number of
Additionally, previous studies have shown that fractures pr cluster, can approach 5% in the case of
whilst fractures parallel to S| may be operthey  NNE-SSW striking fractures. The-N and NWSE
are not necessarily the most permeable (e.g. Bartostriking fractures also have localised secondary
et al 1998; Rogers 2003). Field testing andporosity estimates approaching 3% (Table 4). If
modelling suggests that in mamases the most more than one set of fractures is open and
permeable fractures are those that lie oblique t@wonnected then the combingmbrosity would be
SH,.x and are experiencing shear failure and arenigh.



To convert these estimates into permeabilityduring drilling and the distribution of fractures in
potential it is inherent that assumptions are madéhe well, and an incompleteailll stem test showed
that all of the fractures are open to fluids (i.e. arethat it was possible to produce combustible gas to
not cemented or filled with gouge) and aresurface. All of these features combine to suggest
connected away from the wellbore amale infinite  that the Kujung Formation is indeed a viable
extension along their length. If this were the casdractured hydrocarbon reservoir.

then NNESSW striking fractures alone would

provide reasonable permeability potential and ifInformation gathered on the nature of the fracture
connected to either of the other groups themework will be useful in well design for future

potential for flow is good. appraisal and exploitation of the fractured Kujung

reservoir. The structural model can be used to
Fracture occurrence conpared to mudlog gas predict zones of most intense fracturing. Production
shows wells should be drilled as horizontal or highly

deviated wls in a northwesterly orientation in
All of the discussiongresented suggest that there iszones of greatest predicted fracture intensity to
indeed very good potential for the fracture sets inmaximise the intersection of open fractures. Further
the Kujung Formation to form a viable hydrocarbon geomechanical studies should also be performed to
reservoir. However, all of these methods are in oneptimise mudweight to control formation pressure
way or other indirectests of flow potential. Despite while avoiding nvasion and damage of fracture
the problems encountered during productionnetwork.
testing, it is very encouraging that combustible
hydrocarbons flowed to surface, although it is NnotACKNOWLEDGEMENTS
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TABLE 1 - SUMMARY STATISTICS G FRACTURE SPACING

Individual fracture spacings Cluster width Matrix block width
Group 60°/118 | 56°/270| 45°/211| 60°/118| 56°/270| 45°/211| 60°/118| 56°/270| 45°/211
orientation ° ° ° ° ° ° ° ° °
Count 345 314 86 50 77 42 50 77 42
Min
Spacing
(m) 0.013 | 0.008 | 0.013 | 0.072 | 0.090 | 0.070 | 0.558 | 0.149 | 0.163
Max
Spacing
(m) 35.433 | 36.548 | 53.126 | 3.086 | 2.030 | 1.013 | 35.350 | 36.420 | 30.830
Geometric
Mean (n) 0.164 | 0.270 | 0.329 | 0.485 | 0.493 | 0.161 | 2.294 | 1559 | 1.671
Median (m)| 0.115 | 0.197 | 0.231 | 0.565 | 0.507 | 0.116 | 2.231 | 1.507 | 1.269
Mode (m) | 0.060 | 0.088 | 0.047 | 0.087 | 0.135 | 0.082 | 0.565 | 0.807 N/A
St Dev 2.497 | 2439 | 6588 | 0.848 | 0.561 | 0.231 | 5559 | 4.444 | 6.820
Error 'V 0.012 | 0.011 | 0.020 | 0.012 | 0.011 | 0.020 | 0.012 | 0.011 | 0.020
Acute angle| 34.790 | 32.179 | 48.795 | 34.790 | 32.179 | 48.795 | 34.790 | 32.179 | 48.795
Kurtosis | 115.834| 149.200| 43.798 | 0.455 | -0.294 | 2.540 | 21.405 | 44.957 | 6.807
Skewness| 9.453 | 10.793| 6.121 | 1.187 | 0.852 | 1.756 | 4.180 | 6.130 | 2.627

TABLE 2 - SUMMARY STATISTICS G- CLUSTER DENSITY F& EACH ORIENTATION (ROUP

Group | gh0/11g°| 56°/270°| 45°/211°
orientation
Number of
clusters 50 77 42
Min number of
fractures 1.000 1.000 1.000
Max number of
fractures 37.000 | 15.000 | 15.000
Mean 3.860 2.997 1.604
Median 4.000 3.000 1.000
Mode 1.000 1.000 1.000
St Dev 7.973 3.223 2.352
Kurtosis 4.30 2.033 21.81
Skewness 2.08 1.526 4.23




statistics- all fractures

numbe of
fractures 633.000
Min aperture (m)| 0.003
Max aperture (m)| 51.506
Mean aperture
(m) 0.003
Median aperture
(m) 0.010
Mode 0.003
St Dev 2.685
Kurtosis 220.717
Skewness 13.168

TABLE 3 - SUMMARY OF CALCULATED FRACTURE APERTURES

TABLE 4 - SUMMARY OF FRACTUREPOROSITY ESTIMATES

Group 1- Group 2- Group 3-
Units 60°/118° 56°/270° 45°/211°
Mean cluster separation m 2.294 1.559 1.671
Mean cluster width m 0.485 0.493 0.161
Mean number of fractures 3.9 3.0 1.6
Max number of fractures 37 15 15
Mean fracture aperture m 0.003 0.003 0.003
Effective aperture m 0.012 0.009 0.005
Effective Max aperture m 0.111 0.045 0.045
Porosity estimate from cluste
width % 174 24.0 8.8
Porosity estimate from
fracture aperture and mear, % 0.5 0.6 0.3
number of fractures
Maximum Porosity from
aperture and manumber of % 4.6 2.8 2.6
fractures in cluster
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Figure 1 - (a) Map of the East Java Basin showing dominant tectonic trends reflecting the dominant

influence of subduction along the Java Trench. Location of the study well Kursiaako

shown on thesouth coast of Madura Island. (b) General stratigraphic column for the East Java
Basin, note that stratigraphic unit names in this area are not standardised and the nomenclature

of Shell is adopted here for convenience.
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Figure 2 - Photomicrographs of thin sections taken from sidewall cores in the Kujung Formation, showing

typical matrix characteristics of the carbonates.

Recrystallised Wackestone/Packstone  Jomm Dolowackestone

0.2mm



Figure 3 - Seismic depth map of top Kujung horizon. The Kurnia structure is charactesisedaubly
plunging anticline with a dominant N\SE axis. The positions of two reverse faults controlling
formation of the structure are shown in relation to the collar position of klirnia



