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This marginal field is located in the Beibu Gulftkwi
ABSTRACT water depth from 30 to 150 meters. The currentfiel

production is between 2,000 to 3,008rrels of oil per
National Offshore OQil Corporation, CNOOC. It is peak from one unmanned wellhead platform. Since
located in the BeiBu Gulf of the South China Selae T 1987, five wells have been drilled. Of these fitheee
depositional environment is an open platform bodnde \yere exploration and two were horizontal developmen
by high-water-flow. wells. Of the three exploration wells, two were doo

] prospects and are both currently on productionuffeig
Recently, two horizontal development wells werey).

drilled in this oilfield to enhance the oil prodigst.

They were logged with adnVISION(ADN) and  The depositional environment of carbonate is amope
geoVISION (GVR) logging while driling (LWD)  pjatform. The main reservoir zone is located in the
tools. To fully understand the structure and fregtu |gwer Tertiary Liushagang Formation Third Unit,
system of the area, an integrated solution usinRGV carhoniferous carbonate. The lithology of this
resistivity images was initiated. This study in@8d formation consists of fine-middle sandstone andygre
structural, stratigraphic and stress analysis, an@arponate conglomerate; the major composition ef th
quantitative  fracture and  secondary  porosityconglomerate is limestone or dolomite. The
computation. Carboniferous pay zone includes limestone, skeletal
grain and secondary dolomite (Figure 2). The frastu

Based on the structural analysis, the NE-SW nearyre very developed in the carbonate, and most @f th
borehole structure could be confirmed. Combining th fractures are filled by calcite.

fracture strike statistics and local structure, fitagture

development principle was analyzed. In additiore th The weathered zone has high uncertainty, which was
fracture porosity was calculated using the du&lrdog  only identified in one of the exploration wells. &h
resistivity algorithm (Pezard & Anderson, 1990). porosity of the weathered zone is 16% and of the

_ carbonate it is 5.8%. The reservoir has a unified
Secondary porosity was computed from the GVRpressure system.

images by adapting a method originally developed fo

use with wireline images. A Vug Multiple Effect Rac  The most recent two horizontal development wells,
(Vm) was introduced to generate a porosity map aroun@1H and A2H, were drilled in 2006. The objective of
the borehole using the azimuthal resistivity datathe wells was to drill through the weathered zofie o
obtained from GVR. Using this porosity map, carbonate conglomerate and into the carbonate
windowed over short intervals, Porosity SpectruMformation. Because of high borehole stability fiskhe

Analysis (PoroSpect)* was used to provide aweathered zone, special considerations were taten t
continuous output of the primary and secondaryselect a suitable logging program.

porosity components for the whole logging interval.

. I . LOGGING TOOL SELECTION
With the combination of GVR resistivity images and

density neutron data, a fully integrated solutioBSW There were two main requirements identified to
performed to better define the lithology, geologica syccessfully log these wells: Firstly, to obtain
geological and petrophysical data prior to the
deterioration of the borehole in the weathered zand
secondly, to secure good quality log data beforg an
alteration occurred around the borehole in thervese
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section. Based on these reasons, measurement whdescribe rock texture, rock composition, and
drilling (MWD) and LWD tools were selected as the sedimentary features. The GVR images have a lower
primary logging instruments to acquire all necegsar resolution and their use is normally limited torfation
data in real-time while drilling. In addition, this dip estimation and structural analysis, and fractur
technology provides the capability for proactive identification.
geosteering to place the well in the targeted veser
with limited offset well information. With the latest enhanced image resolution, GVR
resistivity images used in combination with ADN
The final LWD tools chosen were the GVR, MWD and measurements can provide an integrated solution to
ADN. A short description of each tool together wiitie ~ better define the geological structural environmemd
measurements they provide is given below: improve the petrophysical evaluation beyond what is
currently available in the market.
The GVR provides azimuthal formation gamma ray
and five laterolog resistivity measurements. Risigt GEOLOGICAL APPLICATION
at-bit provides the first indication of a lithologhange,
Ring resistivity provides a deep focused resistivit Lithology classification. In  general, lithology
measurement, and three azimuthal button resigtiviti identification in horizontal wells is relatively
measure 56 resistivity values per rotation for eachstraightforward with a simple well design type that
button at three different depth of investigatiome$e targets a single lithology. However, in complex
three buttons also provide three distinct resistivi structures or thin-bedded stratigraphic areas, the
images around the borehole while the tool is iatioh. lithology classification can become very challergim
this situation, lithology classification can verftem not
The MWD tool provides inclination and azimuthal be completed by the use of images alone. Additional
measurements for directional survey computation andore data and/or cuttings information and other
also collects downhole driling and formation petrophysical data need to be evaluated for proper
evaluation information, including images, from @ik  classification.
tools in the bottom hole assembly (BHA). This dista
then transmitted to the surface using mud pulsd@he Neural Network (NN) classification can be
telemetry. At the same time, the tool generatesgpow considered as a software implementation of the
from the mud passing through it to power the tanls methodology that was originally performed by
the BHA. comprehensive manual methods. The first step is
establishing a GVR image pattern by comparing each
The ADN provides bulk density, thermal neutron feature with existing core or cuttings informatidinen,
porosity and ultrasonic caliper measurements. lthiee according to petrophysical parameters, decide en th
GVR, the ADN also provides azimuthal measurementsappropriate properties that characterize the care o
The density, Pef and ultrasonic caliper data can beuttings. These properties depend on the logging to
provided azimuthally in both memory and real-timeused: GVR - resistivity and GR measurements; ADN -
mode. However, due to the high borehole stabilgi r density, neutron porosity, PEF, and caliper
in the weathered zone, this tool was not pickedif measurements. Finally, through on iterative preads
after the well was drilled to TD, and the data wascomparing computed lithology with core or culttitige

reacquired in a reaming mode. optimum scheme for evaluating lithology from logala
is obtained. This process is illustrated in thevitbart
FULLY INTEGRATED SOLUTION shown in Figure 4.

Borehole images have become the major source dased on the special characteristics of each foomat

geological information from logging data since 1986 type, there were four different lithologies ideisif in

Currently there are relatively few ways of acquirin this well; shale, chalk shale, sand, and carbonite.

borehole images; most commonly used are thdinal classification result for well A2H is showm i

resistivity images acquired with either wirelineol®  Figure 5.

such as the Formation Microlmager (FMD* or LWD

tools such as the GVR. Shale has high GR, high density and neutron pgrosit
low resistivity, and appears as a darker brownrcimlo

The resolution difference between these two typles othe static resistivity images. From the images, ibd

images determines the extent of geologicalboundaries are very clear and in some sections

interpretation that can be offered. The high-reomiu  formation deformation is also visible.

image provided by the wireline electrical image can
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Chalk shale has a relatively high GR, mediuminfluence of the fracture angle. They proposed the
resistivity, and appears as a brown color in tladicst fracture porosity algorithms:
resistivity image. A few of these bed boundaries lba if (LLD > LLS )

identified from the GVR images.
g ®, = (1/LLS " -1/LLD "?)x R, x LLD x 200

Sand has a similar log response to the chalk shalé.(LLS > LLD )
However, it has a low GR and high resistivity rasg ®, = (1/LLD "? -1/LLS "*)x R,, x LLD x100
that appears as a yellow color in the static images

1)
Carbonate has a different signature compared teetho Where
above; it has lower GR, higher density, lower nautr @ is the fracture porosity, %
porosity, relatively higher resistivity and appeass a R is the mud filter resistivity, ohm.m.
bright color in the static images with fracturetfeas
visible in the images. The GVR provides multi-depth focused laterolog

resistivity measurements. In the LWD logging
Structural Analysis. From the close-up GVR image, environment, with little or slight invasion in pegable
formation bed boundaries can be distinguished & thzones, the deep button resistivity and ring resfgtare
shale and chalk shale formations. Dip picking wasalmost the same; the shallow button might be affict
made following these sinusoidal features (FigurellY) by invasion or influenced by irregular borehole
some cases, deformation of the structure was alsgeometry. Thus, for this study, the deep and medium
identified through images as shown in Figure 9.sEhe button resistivity measurements have been seledthd
features provide additional information for fornwati the assumption that fractures are the major catise o
structure and facies analysis. The darker colothef separation between middle button and deep button
image represents low resistivity measurements whilgesistivities. Based on this assumption, quantigati
the lighter color represents high resistivity computation of fractures is carried out. Combining
measurements. fracture density, length and porosity, the zonehwit

developed fractures can be quickly identified. For
Based on the dips picked on the images from shalexample, in A1H well, the fractured carbonate isyve
formations, the cross-well structure could be imteted  developed in all intervals with a fracture densitpund
as shown in Figure 6. Based on this study, theatti ~ 0.6#/m, length 1.578m/mand porosity 0.03%. These
of the structure was presented as SE, with 10°0fo 2 results are shown in Figure 12 and Figure 16.
dip, confirming the initial structure from the map

(Figure 1). Secondary porosity analysis. It is well known that
correlations between hydrocarbon production and
PETROPHYSICAL ANALYSIS neutron-density logs can be inconsistent for some

reservoirs. In carbonate formations with inherent
Fracture Analysis. From the LWD resistivity image, azimuthal anisotropy and lateral heterogeneityjsit
there are three fracture zones identified: A beezone often found that good production can be obtainedfr
(Figure 8), a fractured carbonate zone with intddeel  intervals showing low log porosity readings whereas
tight features (Figure 10), and a fractured carb®na zones with higher log porosity may not produce as
zone (Figure 11). The breccia zone is locatedetdp  expected.
of the carbonate; picking fractures in this zoneasy
difficult because of the shape of irregular rockTo get a better understanding of the structure and
fragments. However, the features of fractured casb® better estimate of carbonate reservoir producttbe,
zones can be easily identified and picked, esdgcial high resolution wireline electrical image was uged
zones with interbedded tight features. compute the secondary porosity (Newberry, 1996),

while the Combinable Magnetic Resonance tool
The dual laterolog response in fractured rocks fivas  (CMR)* provided the porosity of the relative large
introduced by Sibbit and Faivre (1985). There ave t pores. Similar to the wireline electrical imageg th
major simplifying assumptions used for fractureisolated or developed fractures and vugs can be
analysis; high formation contrast compared to muddentified from LWD resistivity images (Figure 14).
resistivity (R>>R,), and the separation between deep
laterolog resistivity (LLD) and shallow laterolog In LWD, the GVR provides a conductivity map of the
resistivity (LLS) is due to invasion. Pezard andborehole wall, primarily from within the un-invaded
Anderson (1990) extend their work to include thezone. The classic Archie saturation equation ismias:
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aR Therefore, an understanding of fracture developrisent
n Y . . .
S, = —CD = (2)  very important for carbonate reservoir evaluatitm.
R, general, fractures are associated with far figldsstand

local structural stress. Perhaps one group ofures is
By setting § = 1.0, a= 1.0 and m = n = 2.0, the Archie controlled by far field stress, and another may be

saturation equation can be written as: influenced by the local structure. Neverthelesg set
of fractures is generated by ancient stressestiate
1 (ijllz Moreover, the present far field stress may vasy
b=—| X (3)  different ancient stresses. Thus, finding fractarel
S, \ R stress relationships are the key element for fractu

predication.
This equation shows that once the porosity value of
each depth is known, assuming thg &d R, are  From the LWD resistivity image, there are two diéfet
constant at each depth, any changes in formatiotypes of fractures that can be identified; drilling
resistivity (R) at a specific azimuth indicates the induced fractures and natural fractures. In mosesa
porosity () at that direction is varying. the drilling-induced factures appear as a stralgtg
with a corresponding line at 180° offset as shown i
For more accurate measurements, we concentrateeon tFigure1l9. The natural fractures generally show low
focused azimuthal button resistivities. In eachtdep apparent angles because of the high deviation ef th
the GVR provides 56 resistivity measurements arounthorizontal wells as illustrated in Figurell. Norhal
the borehole. Each resistivity measurement covars ahe strike of drilling-induced fractures reflecthet
azimuth of 6.4°; one vug may influence more thae on maximum horizontal stress orientation. But considgr
azimuthal resistivity measurement, and at the dammee  the well trajectory with high deviation and NW-SE
one azimuthal resistivity may influence by multiple azimuth was similar to the present maximum horiabnt
vugs (Figure 13). So the button resistivity measeet  stresses, the strike of the drilling-induced fraesuis
is not a simple average of azimuthal resistivittheO not the same as the present maximum horizontasstre
parameter is defined for this influence:
R, =R xV According to the fracture statistics of these twellsy
m there are two sets of fractures identified in A2H,
Where R one button resistivity measurement, ohm.m compared to one set found in A1H along the same
R; one sector resistivity measurement, onm.m strike (Figure 15); this NW-SE strike is same as th
Vi, Vug multiple effect factor, ohm.m present maximum horizontal stress and is perhaps th
reason for the fractures opening. The strike aitlzer
Replacing R with the button resistivity, the Archie set of fractures is NEE-SWW and these closed frastu

Equation above can be transformed into: are found in the same direction as the major faiie
NEE-SWW strike fracture is not developed in A1H
1 R, 12 because of the larger displacement from a majdt. fau
o=——F— (4)
SW R me Natural fractures exist in both wells, but in A2Het

fractures are more developed in the tight zones
Applying the above equation, the GVR image can beompared to AlH. There are two sets of natural
transformed into a porosity map. Using the samdractures; one is controlled by existing far fislesses,
methodology as used in PoroSpect (B.M Newberryand the other is controlled by a major fault.
1996), the secondary porosity can be analyzed.

CONCLUSIONS
From the result for A1H (Figure 17, 18), the seamyd
porosity developed zone can be analyzed. In lowQuantitative analysis of fractures is possible by
secondary porosity intervals, the external poroaity  applying the dual laterolog resistivity methodology
image-derived porosity is almost the same (Figute 1 using GVR multiple depth button measurements. This
The separation of these two porosities indicates thmethod allows this novel means of fracture evatumati
extent of secondary porosity development. to be done using LWD measurements.

GEOMECHANIC ANALYSIS Secondary porosity is the key to understanding the

heterogeneity of a carbonate reservoir. Althougd th
In carbonate fractured reservoirs, hydrocarborGVR has a lower resolution compared to wireline
production is highly influenced by the fractures.resistivity images, the secondary porosity from the
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GVR image can successfully be used to provide th&vans M., et al., “Improved Formation Evaluation

means of understanding the complexity of a carlonatUsing Azimuthal Porosity Data While Drilling” SPE

reservoir. 30546 presented at SPE annual technical confe&nce
exhibition, Dallas, 22-25 October, 1995.

From GVR images, natural fractures, drilling inddice

fractures or borehole breakouts can be distingdishe Ford G., et al., 1999, “Dip Interpretation from

By recognizing the different fracture types, theResistivity at Bit Images (RAB) Provides a New and

generation of natural fractures may be better istded  Efficient Method for Evaluating Sturcturally Compgle

and effectively used for natural fracture predictio Areas in the Cook Inlet, Alaska,” SPE 54611, SPE
Western Regional Meeting, Anchorage, Alaska, 26-28

With the combination of GVR resistivity images and May, 1999.

ADN density and neutron data, a fully integrated

formation evaluation can be carried out for littgtal  Greiss R-M, et al., 2003, “Real-time Density and

classification, geological applications and strugtu Gamma Ray Images Acquired While Drilling Help to

analysis. This provides the fundamentals for adgh  Position Horizontal Wells in a Structurally Complex

petrophysical and geomechanical analysis of thdlorth Sea Field,” SPWLA 4% Annual Logging

formation. Symposium, June 22-25, 2003.

DISCUSSION Newberry B.M., Grace L.M., and Stief D.D.,
“Analysis of Carbonate Dual Porosity Systems from

The fracture porosity from GVR multiple depth Borehole Electrical Images” SPE 35158 presented at

resistivities was not fully verified by core or giection  the Permian Basin Oil & gas recovery Conference,

data. Nevertheless, the assumption made concernirididland Texas 27-29 March, 1996.

resistivity separation is considered reasonable.tk®

moment, it only provides a qualitative analysidailtgh  Pezard P.A., Anderson R.N., “In Situ Measurements

with more data it should be possible to deliver aof Electrical Resistivity, Formation Anisotropy, dn

quantitative result. Tectonic Context pyilippe”, presented at SPWLA
thirty-first Annual Logging Symposium, June 24-27,

The secondary porosity computation from GVR imagesl990.

can be used to evaluate the porosity texture, st t

does not mean that the absolute value of the sacgnd Rosthal R.A., et al., “Formation Evaluation and

porosity is the same as that obtained from cora.dat Geological Interpretation from the Resistivity-het-

Furthermore, the selection of,\s another variable that Bit Tool,” SPE 30550, SPE Annual Technical

influences secondary porosity computation. We carConference & Exhibition, Dallas, USA, 22-25 Octaber

only adjust \, by checking the standard deviation of 1995.

the input porosity and images obtained in shalerer

fractured tight zones, where the standard deviatiolsibbit A.M. & Faivare O., “The dual laterolog

should be as small as possible. response in fractured rocks” presented at SPWLA
twenty-sixth annual logging symposium, 17-20 June,
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Figure 2: Reservoir cross section map showing
position of the three exploration wells.
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Figure 3: LWD resistivity image processing and
inter pretation wor kflow.
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Figure 5: A2h well lithology classification using LWD
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Figure 7: Bed boundary in GVR image. The green
tadpole corresponds to formation bed boundaries.
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Figure 8: Breccia zone features in GVR image. Thered
tadpoles correspond to fractures.

Figure 9: Deformation features in LWD resistivity

image.
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Figure 10: Fractured carbonate zone with interbedded

tight features.
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Figure 14: Vugs appear as darker features in LWD
I resistivity image features.
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Figure 12: Fracture parameters statistics.
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Figure 13: Vug multiple effect factor.

Figure 15: Fracture strike and dip statistics.
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Figure 17: A1H low secondary porosity interval. Track E e eIk
2 displays GVR static deep button resistivity image, e
Track 3 & 4 shows porosity distribution spectrum,
while track 5 shows the external porosity(black), Figure 19: Drilling-induced fracture in LWD image.
image-derived porosity (blue) and secondary porosity The pink tadpole corresponds to drilling- induced
(red). fractures.
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