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ABSTRACT

The 70's have seen carbonate reservoirs become important in Indonesia. New

logging and interpretation techniques have conjointly been develcped.

The Dual-Laterolicg {i.1L. ¥ simultaneously records a deep and a shalluw laterslog
and a Micro-Spherically Focused Log (MICROSFL) * which measures the resisti-
vity of the flushed zone. This combination allows good determinaticn of the irue
forization resiéti’vit}' henc: water saturztion in cases where the Induction log

reaches its Umiiztions.

The Dusd-Spaciﬂg Compensated Neutron Log (CNL) * combined wiih the Coms
pensated Density Log (FDC) * allows easy differentiation between oil and gas
in relatively clean reserveirs., Shaliness sometime render the interpretation
less siraightforward and deep invasion combined with high Jas movability con
make it very difficult indeed. .
In carbonate reservoirs, the detection of dolomitized zones ia Imporiant because

of their usually higher porosity and permesbility. The FDC-CNL is useful in
that respect and CORIBAND * computaticn gives ine percentage of dolomite

after corrections for hydrocarbons and clay coniznt, Also, CORIBAND ailows
identification of the transition zone and prevent coatly mistekes in perforating

gones with initial water-cut.

The 4-arm High Resolution Dipimeter (HDT) * has progressively replaced the
S-arm dipmeter. Its excellent rezsgciution when combined with adequate gollware
extends the field of dipmeter applicaiions, one of which i3 the study of 2nviron-
ment at the time o deposition in terms of prevailing energy. This in turn is
used a8 & help tc well-to-well correlation,

" Trade mark of Schiumberger.



INTRODUCTION

A Well Evaluation Conference was presented in Jakarta 1970. It contained
& comprehensive review of the various logs run in Indonesia atthat time and
of different interpretation methods used in typical Indonesian sands and
shales sequences. It was reviewed and re-edited in a more condensed form
at the SPWLA 14th symposium in 1973 without major changes (17).

Meanwhile, new and more sophisticated logging tools were introduced,mainly
the Dual L'aterolog * - Rxo tool, the Dual - Spacing Compensated Neutron *
and the High Resclution Dipmeter * New problems had also to be solved,
related to the growing importance of carbonate reservoirs in the search for
ofl in Imionesia. This paper is meant to show examples of how the new tools

can solve the new problems while giving better answers to the old problems.

APPLICATION OF THE DUAL LATEROLOG-MICROSPHERICALLY FOCUSED RXO
LOG FOR BOTH DETECTION AND QUANTI TATIVE EVALUATION OF HYDROCAR BONS

Short list of Symbols used in the following text (for a complete list of Symbcls
see Reference 2 pages 1 and 2). '

Rt True (uncontaminated,non invaded Sw Water seturation {non invaded -

zone) resistivity. ; zone).
Ct True conductivity. So O11 saturaticn . |
Rm Mud resistivity. sxo Fiitrate saturation (flushed zone ). .
Rxp Flushed zone resistivity )
R' Formation water resistivity

Many years ago when the Electrical Log (ES) was the only resistivity device,
'

the need was felt for a deep reading R‘ tool when the ratio Rt/Rm weas high

(either due te high Rt , or low Rm or both) and the ES nc longer accurate,

e.g. In carbonates or evaporites drilled with salty mud,

This gave rise to the design of a family of Laterologs , devices <capable of
sending a thin focused disc of current into the formation perpendicular to the

borehole even at high Rt/Rm ratios and thus able to measure the formation
resistivities under these conditions with the added advantage of good vertical

definition.

The earlier tools of this type with wide field use were the Laterolog-.7*(LL7)
and the Laterolog - 3* (LL3). The "7" and ""3" respectively indicating seven and
three electrodes in the focusing system, The first tool, LL7 is also referred

to 28 & "resistivity-measuring" and the LL3 as a"conductivity-measuring" device.
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In the LL7 the measure current (lo) is held constant, the tool detects the
vu,htlon in voltage (Vo) which {8 proportional to the resistivity of'the formation.
The best accuracy is in high resistivities. To satisfy the need for improved accur-
acy at lower resistlvitiéa, the LL3 was designed : it maintains the voltage(vo)
of its three electrodes constant, the current (io) which varies with the lormatlon_
conductivity is measured. Best accuracy is in the relatively more conductive
formation, although the tool is also capable of being accurate at resistivities
well over 1000 ohm-m, '

A further need arose to increase the working range of the tools, at both very

low and very high resistivities. To achieve this, both voltage and current are
varied and measured but the product io x Vo is held constant.(''Constant Power"').
The first of these tools was the LL9 or''Sequential Dual Laterolog" (Ref. 4, 5 ).
A further development, very similar to the LL9, is the Dual La'terolog-MICR%FU.
The range of resistivities it is capable of measuring, isfrom 0.2 to 40. 000 ohmc-

_ meters. It provides the simultaneous recording of not only the deepest ever latero-
log(LLd) but also of a ""Shallow Laterolog'(LLs) and a third, very shallow (about 4"
depth of investigation) device, the Micro-Spherically-Focused log ( MICROSFL ) .
The MICROSFL can be in short described as having in the desired shallow investi-
gation depth of a Microlaterolog (MLL) and yet has the capability of ignoring the

mud cake and rugose hole effects of the Proximity Log * (which tends to read
too deep for an accurate Rxo measurement). LLd and LLs are nmwunted on a

sonde (9 electrodes). The MICROSFL is pad mounted on one of the arms of a

four arm centering linkage, which also provides a Caliper measurement ,
A Gamma Ray and SP (Spontaneous Potential) can be recorded simultaneously .
The array of three investigation depths are well distribiuted allowing a
determination of invasion diameter (di) and hence the possiblity of correcting

Ld for d  , resulting in an "Rt" . This is done with the help of Figure 1.

RL S
(See also Ref. 2, Chart Rlnt - 9, page 64).

Long established and still persistent in many minds is the idea that a Laterologis
& tool for very high resistivities only. The following will demonstrate that this

is not the case, thus enhancing the usefulness of modern Laterologs.

What we are looking for here is quantitative hydrocarbon evaluation, not o much
the detection of hydrocarbon bearing formations. It is interesting to compare
the main deep resistivity devices here. Very broadly seen, as a detection
Mc_g_ the Induction Log (6FF40) * starts to become preferred when Rm! /Rw>- 2,
while the Dual LL is better when Rmf/Rw< 2. (See Ref. 4). The latter has
the advantages of 1) giving an immediate "Overlay' picture with the MICROSFL
(Rxo) while if using the IES an extra run with an Rxo tooll, plus tracing,
ie required and 2) vertical definition {8 much better with the DLL-Rxo (24"

current / measure shcet against €' for the IES),
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If an annulus is present during logging, the Induction capability loses some ground.

It is to be noted that the ratio nmf/Rw is not the only criterion to be applied.

More important is the ratio Rxo/R as well as the absolute value of Rtltself.

t L]
The latter limits Induction usage to 100 ohm-m maximum.

Generally we can say that for invasion diameters of more than 30" and Rt/Rxo> 2
the LLLd gives a better Rt than the 6FF40.

In Indonesia Rt/Rxo is nearly always > 2 in hydrocarbon bearing formations.
| For Rt/Rxo = 2 and Sw. SM’5 we can use the plot of Figure 2, (See alsoRef. 4).
A step profile of invasion is assumed and the Rmf/Rw ratio is plotted ageinst
Sw . The dashed line defines the border line between the two regions where
either 6FF40 Induction or Laterolog should be preferred. Here we see thata
better Rt is obtained by the LL if Sw = 40% and Rmf/Rw-s 2.5.

. Both conditions are prevalent in most Indonesian hydrocarbon bearing

) reservoirs, If Sw cutoff is set at 30% the Rmf / Rw range goes to 3.5 and for
S' = 20% , Rmf / Rw is as high as 7, '

If a strong annulus is present, a condition which exists often at the time of
logging, the Laterolog area is much increased : see the solid curve on Figure 2.

In this case all Indonesian reservoirs are well within the Laterolog area.

Following are a few examples of Dual Laterolog-MICROSFL, as well as some

Induction logs, in Indonesian reservoirs,

253 '
o
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DUAL LATEROLOG - MICRO - SFL COMBINATION
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The first exlmplo‘ ‘(Flgure 3) ‘shows & sand shale series 'where it is clear at

a glance that there are at least four zones o{ interest.

Zone A, shows ‘some sgeparation between LLd and LLs lnd a Inrge separation
between L.LLs and MSFL, Lndicating invas[on“ah'd"mont“certunly' 'hydrocarbomr

The Gamma Rny shows the sand as qulte clean, with a._ sllghtly “negative SP.T

——_r

Zone B dl similar__except for the fact that the SP ls..anghtly— “positive here.

This may -well indicate (fresher) water rather than hydrocarbons (This was con - °

firmed by detailed calculatlons and -ubaequent Drill Stem Tests).

~

Zone €shows a deeper——invnsion and -a - higher . Gamma_ Ray._ indicating some
higher .clay content. Reslstivity is lower_than in_A and B, howe'w'fe-r/one __might

still conclude that there _maybe some hydrocarbon, but examination of the lower

part of zone D condemns zone C as most probably water bearing

Zone D-looks clean,--quite homogeneous with again a glightly negative SP indi- . __
caung—n- —again lower then in zone B, and has a clear hydrocarbon water .
contact_(at 422 m). X vy R B

Zone E is a continuation of D, but is oomewhat more .shaly which causes

R s Tr— —

resistivity to be lower. - e e

o

e e wm——

T =T z
Thus -this log gives an - immediate look at the section, all in one single log _

run Ir._giv_es clues as to hydrocarbon content, sand thickness, ahalinessr as

un as to permeability and movability, as will be deen\in some more detail

T

in the following examples e

————— — r —— e e —— ——

" In addi'.lon'v this log provides an easy guide for the Wellsite Geologist or Petroleum _

Engineer ‘:fo.f'_ further action, such as the decision of whe“x.'e"‘"to _shoot sidewall

cores, where-40o run Formation lnterval _Tests or plan Drill Stem Tests.
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| COMPARISON LATEROLOG — INDUCTION IN HIGH RESISTIVITY FORMATIONS
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The-second—example-{Figure-4)-is-—of —a_Dual Lateralog-MICROSFL._log__and
8FF40 Induction Log-in an.Indonesian carbonate section. Also shown “on Figure 4"
is an R‘ derived from the Dual LL-MICROSFL with chart R(M - 9 {oI' Rel.Z

page 64). R .. TTENIe

At first glance we see a luadﬂy—lmmulng.resiatmny_th:ouguones A and B
and a more constant value through zone C. This- is indicative of a long
transition zone through A and B. Zone C may well be- lt irreducible water
saturation (Ref. 9).

—

——— m— . -
- 3

The Induction Log alone would nther auggest an 011 Wnter Contact at the
border of zones A and B with a shorter tranaition zone below. Part of zone
-B—tndvractically all of C shows the Induction Log 1ncapable of coplng with
the high resistivities, even in this 8} " hole and not very salty mud.
_T_h.enl-.':o;'e*hole signal is in this case always small and negative (around 2
mmhos/m) This means that at a true resisnvxty of 100 ohm-m (conductivity
Ct * 10 mmho/m) the 6FF40 tool reads C,, = 10-2 L mmho/m or 125 ohm-m
at R = 200 (C = 5) , I.CIL = " 5.2 " St'ummho/m or 333 ohm-m
at R = 400 (C =2.5) , -HCIL =2.5-2=0.5 mmho/m _or 2000 ohm-m
(meaning the curve now reaches the edge of the film scale)

ltR = 400 (C- 2) , C_ = _.2.2=® Ommho/mor > ohm-m,

JIL
hence the sharp excursions of the 6FF4O curve to the nght and well off scale.

Added to this (Ref. 1, 2, 4) is the effect of the zero drift * 2 mmho/m that each
tool has, as well as the possible change in "Standoff* die to to the sonde being
at times centered in the hole, change of hole sl_zg and consequgnt changes in

borehole signal. We may therefore conclude tim? in zone C, the "pay zone",
the DLL-MICROSFL is a must. Looking at zones A ancL_B we see that R

R (lrom DLL-MICROSFL) are 1n fair to good agreement. e

IL

In conclusion : for hydrocarbon detection alone either 6FF40 or DLL maydo,
but for reliable evaluation of resistivity and conaequently of hydrocarbon
saturations, the DLL-MICROSFL is a must in the pay zone and in addi’iion' it
gives a much better definition of the transition zone (See also Ref. 9, Exnmple 1).
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SANDS CHARACTERISTICS SHOWN BY DUAL LATEROLDG
- MSFL COMBINATION
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FIGURE 5 : Example 3

Sand-shale sequence in
Indonesia. Indication of

sand characteristics.



Figure 5 shows nnotﬁer exampIe ol a m I'CL= lVIIC!!DSF[ﬂGR/CaHper this time

in a nnd shale sequence gtving an- immediate idea of the section as far as

hydrocarbon presence is concerned as wen as good “indication of sand quality,
permubmty nnd“hydrocarbon mmbihzy

oe Lhd 20

Good vertical reeolutlon shows aharp bed“boundarles -ag- well as vertically
thin features such as the lignite ‘bed at 980.5 m (E on Figure 5) and the thin
shale bréak-at1000.5 m ( F on Figure_J)

The separation between the three resistivity curves gives an indication of some

relative-sand-characteristics— -
‘ s o o -
Sand A : very small separation between LLd and LLe, large between LLd and

PIRS et oAl l] B e nimn . S

MICROSFL. This indicates shallow _invasion and tonsequently good porosityand
permeability. The large separation between LLd/ LLs and MICROSFL is an

indication of moved hydrocarbons. In short: a good reservoir. (Chart R .9

around 20").

- —

1 ~

L —— e ——— e .- -

Ref, 2 page 64 gives a d

Sand B : similar in resistivity range, but larger separation between LLLLd and
LLs, indlcating deeper invasion (Chart gives ad oI 30-35 inches), probably

due to - lower porosity. Still a good reservoir, but probably a finer grained

nndstone = = ’-
. s —:‘__. o & - - o
Sand C : looks not dissimilar to B but has,-starting at 995 m towards the top,

increasingly lower resistivities_with_similar invasion depths as sand B(confirm-
ed by plotting on the chart to be around 35 inches). The lower resistivities are
probably due to increased clay _cgptjégit,. which is confirmed by the Gamma Ray.

T —

Sand D : has lower resistivities, less separation between LLd and LLs,

indicating 1ess“deé§‘1nvasxon'-(Ch'art':-"d; = 20 - 25 inches). The lowermost 4 -

5 meters look still fairly good. Then increasingly . the three curves start to

lose-separation. (zone Dl on-Fig. -5). ’I‘;tis: indicates lack - of invasiox{ due to

low permeability. The same reduction in separation between the three curves
can be seen in_zones B) and. C . Here, the Gamma Ray also shows large
increases, indicating increased clay content. In Dl however, the Gamma Ray
deflections remain much lower, this means that the reduction of permeability in
this sand is due to decreasing grain size, in other words -1ncreaaing silt, rather

than clay content.

- - .- - - e e

—— —— . e —— ¥ e e . - Ce——————— e - -
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IDENTIFICATION OF NON - MOVABLE QIL ZIONES
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Identification of non-movable hydrocarbons,
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Figure 6 shows again a aand/shaly sand/ahale sequenco. ol and Rw are about
equal, which is confh'med by -SP-{not- shown)—=and—sand- D—wfch-is-undoubtedly

water bearing with a resistivity of 0.6 ohm -m.(LLdez LLs s MSFL). Al  three

sands A, B and C higher up in the well_s_l;xgy_h_ys!rocarbon - water. _contacts with
LLd*2 MSFL in the water and LLd =_'?MSFL in the hydrocarbon (in this case

ofl ) beartsg, parts. o TR S 'f-\

. 2 o

~ - T

In each of the sands however, th& oil bearing part shows distinct section where
LLd * LLs * MICROSFL (indicated with a, b and c_’on Fig. 6). Thehighresistivity

_ indicates ofl, but the fact that R & R _(or S =4 S ) indicates that this ofl
is not moved by the invasion. proeegs zones &, b and ¢ are tar mats or heavy,

viscous oil xzt uncommonly found just above an oil-water contact.

R
p— e w e

The—upper- secuona of A; -B-and C sande (croas hatched on- Fig. -6)show fair -

to good movability of the oil. - = e
*‘ .

Zone C, perforated across oil and tar, produced 1250 barrels of clean oil

) per —day- == N .\:
e N

It is important to note that a depleted zone would also show S to be equal to

sxo (LLd‘-\\.',MICROSFL in this~ Eage—bf R B R ) _The_ resisthtyofa deplet-

. ed zone measured by a deep readmg tooI would be hxgher than that of the water ,

zone, while being lower than_the -deep resistivity measurement in the not yet

depleted zone. This condition is-illustrated by the_short log section .shown on

" Figire ¢ to the right of zone C. —_— - ) —
A T \\ __——-— ;} 2 ._\. % :
ad .
In conclusion : \\».‘;_

The_Induction log has long been the main device in Indonesia used for detection of

hydrocarbons as well as for reservoir evaluatien possibly leading to & pessi -
mistic estimation of oil saturation. \1“;

If for-hydrocarbon-detection the Induction-log remains an—excellent device,the——
newer Dual Laterolog - MICROSFL has shown {tself to be the better tool for
quantitative evaluation in practically all reservoirs in Indonesia, both sandstones
"“d_"ﬂ’.‘_’f"_f,‘.i‘.’: Water saturations from the DLL - MICROSFL are found to be

considerably lower, often by a factor of 1.2 to 2.

As a hydrocarbon detection tool the DLL-MICROSFL offers valuable "Quick-Lodk"
information such as sharp bed definition (2' for the DLL-MSFL compared to6' for
the Tnduction LCog), invasion depth,~ movabllity of the hydrocarbons,permeability,

sand quality. _.

A further important advantage is the reduction of valuable rig time.
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FIGURE 17:

In this clean shales-sand series,

detects hydrocarbons in the two upper sands above 1080'.

the overlay Microlaterolog - Induction
The FDC-CNL
indicates a gas-oil contact at 1030'. Note also the good definition of the
coal beds at 986' - 990' and 1100' - 1108' by the FDC-CNL.
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APPLICATION OF THE COMBINATION COMPENSATED FORMATION DENSITY
LOG (FDC) * DUAL-SPACING NEUTRON LOG (CNL) * TO GAS - OIL
DIEFERENTIATION. . wewal  w¥ e

T er =
- - - - - -

Theinverse-effects  of gas-on-the F'drga_usﬁ'b'éiﬁ_ii;.l;;and a Neutron log “have B
been used for years to differentiate between oxl and gss inhydrocarbon bearing

T — v ——— " — ——— o At 2

relervoh‘" end several examplo&—havo~been~ahown in various papers. At the txrm

of-Ih:-prelentation of the Well Evaluation™ Conferenc&— Indonesia—in—-1970; the -
most-sophisticated- Neutron.nuﬂable.waa__m_e “Side wall Epithermal Neutron(SNPj* '

It_was recorded separately from the Formanon Density log, and this made it

neceuary to make an overlay of the two logs in order to identily gas bearing

zones. In addmon. ‘the porosify measurement was -adversely— affected - by— bad=.
hole-conditions. — - - = .

- ——— ———

Early in the 708, a new ‘neutron device was-introduced : the -Dual - Spacing .-
Neutron-Log{CNL) (6) (7}._Its.. mmdvantage ig its”combinability with the

B D —

Compensated Formation Density Log (FDC) -The two-~curves are recorded

simultaneously allowing for quick, easy 1dent1fxcétxon of gas zonesinrelanvely

clean and simple lithologiéa. Figure 7 and 8 show two-such-examples.-In-both -
cases;- the-Induction Log -(IES)_is also shown, with the Microlaterolog (MLL)

overlaid. This overlay identifies easily the hydrocarbon bearing zones in both

- — —

cases. ) . z by

-

I

LU

— — T

—_ i
Flg 7 is an examp.e of_a clean sand/shale sequence. ThelES-MLL overlay '

]

shows the lower sand, below 1120', to be:;itﬁér"‘“—ﬁ"a'rixig and the upper sands
above 1080, to be hydrocarbons-bearing. -The-separation-between .the__Density _
and_Neutron curves is what one would expect in sands up to 1030' Above this

depth, there is a marked change in separation with the Neutron readmg

—— . s s

suddenly appreciably less porosity than the density. This feature is characdteristic —
STine prevenceof gas. Its—effect-is-to-decrease-Neutron. porosity and_increase__
the apparent porosity from the e Dengity (in (in fact decrease the Denaity readings)

resulting in a lnrge separation between the two curves. We can safely conclude

- -
- —

at a gas-oil contact at 1030'. Note also the sharp definition of the coal beds at
86 - 990' and 1100 - 1108'. Both Density and Nutron go off-scale towarde high
porosities, the Gamma-Ray reads minimum value and the resistivity curves,

especially the MLL because o{ its good vertical resolmlon shoot to hlgh resistivities,

e = L e b - -
> — - - - - == s e -

* Trade mo.rk of Schlumberger. ._ x . -
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FIGURE 8 :

The overlay Induction-Microlaterolog clearly indicates an hydrocarbons - water

contact at 760'. The hydrocarbon is easily

identified as gas by the FDC-CNLlog.

Lithology is glauconitic sands which explains the large, shale-like, separation in

the water-bearing zone.
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In Fig. 8, the lithology is glauconitic sand hence the separation between

the Neutron and Density curves below 760'. The presence of glauconite in the
sand explains the relatively high radioactivity level throughout the sand(40 to
45 API compared to 10 - 20 API for a clean quartz sand). At 760°', the IES-MLL
overlay shows a hydrocarbon - water contact, and the FDC-CNL identifies

the hydrocarbon as gas. Note the zone at 712' - 724' : the separation is again
similar to what it was below 760'. This is due to shale content asconfirmed
by the GR and resistivity curves, The consistent negative density correction

(Af) is due to baryte in the mud (Mud weight : 13.6) resulting in heavy
mud-cake,

As mentioned for the previous example, shales and clay have an opposite effect

to that of gas on density and neutron measurements. This is due to their high
bound water content. So it becomes difz'icult to identify gas zones ifthe formations
are shaly and correction for shaliness must first be applied. In difficult cases,
it becomes necessary to compute the density of the hydrocarbons in the
formation (fh) to make the differentiation. This n.ec'essitates the knowledge

of the residual hydrocarbons saiuration in the flushed zone (Srh = 1 - Sxo)
and in turn requires to have a measurement of the resistivity in this zone (Rxo).
It will be obtained from a micro-resistivity survey such as the Proximity log,
the Microlaterolog or the MICROSFL which is recorded simultaneously withthe
Dual Laterolog. Knowledge of Srh is in any case necessary to correct porosity

measurements for the hydrocarbon effect to arrive at the true porosity.

\

There is however a convenient way to take the shale effect into account without
going to lengthy calculations. Under normal conditions, in a shale [ sand
sequence, the Gamma-Ray curve is a good indicator of shaliness. If one plots
the difference in apparent porosities derived from the Density and Neutron
measurement, which is an indication of shaliness, versus Gamma- Ray
readings in the sands throughout the interval under study (provide the length
of the interval is such that enough data can be gathered), a linear
relationship can be established between (PD - PN)and GR for the oil and water
bearing reservoirs., The presence of gas will cause the corresponding levels
to plot outside of the trend thus defined because then the gas effect will
counteract the shale effect thus changing (@D - @N) for a given level of radio-
activity in the sand.
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FIGURE 9 a :

Differentiation between oil and gas in this example is

complicatedly the presence of clay in the sand as shown

by GR, SP and a Resistivity curves.
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Such_an example is shown on Fig. 9 a, There iz no obvious gas effect on

e e e G- e - G- e— —

shown_throughout _the sand_are plotted on the GR vs (@D - ON) plot on_ which _

the oil-water zone has been established for the whole well (Fig., 9 b')Tit becomes

e ————

obviaus_that_levels 1 and 2, at the bottom of the sand, are oil_bearing while

levels 3 to 7 are gas bearing. The reservoir was originally thought__ to _b‘e

entirely gag bearing from a test _made by perforating the top part . But it.was- __
found later to be oil-bearing in nearby structurally deeper wells, confirming

the gas-oil contact predictable from_the_logs at 1032'_between ._ levels 2 and3..

-

FIGURE 9 b:

This simple ;:l;)i-e-tl;ws the gas-oil contact to be between levels 2 and 3

et ETELTIRNIST TCTVER! e €&N. Tl O Uil tedlees

co e - memgm e

Another effect can render the intei'p—x‘--e:t:at.ioﬁ “difficult. ;r(;:-,-}-’a:-‘;e_: 8-. detectable
effect on the logs, li is neéesééx:y that enough gas is present near the borehole.
Most nuclear devices have shallow investigation, of the order of 8" to 10". Soif the
hydrocarbons have been thoroughly washed out by mud-filtrate invasion, inter-
pretation will not indicate gas. The situation hasimproved with the introduction
of the CNL which "sees" further away from the borehole than the SNP.Butthere
are still some cases when combination of large invasion, high gas movability
and small but noticeable amounts of shaliness render even sophisticated inter-

pretation methods practically useless to differentiate between o0il and gas.
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FIGURE 10 :

The sand at 1070' - 1095' {s shown to be hydrocarbons bearing by the Induction log,
The lack of tell-tale separation between FDC and CNL curves even in the cleanest
part at the bottom leads to believe that the sand is oil bearing. In fact, it tested dry
gas. This is explained by large invasion and high movability of the gas. The sand

at 1160' - 1172' is clearly picked-up as gas bearing.




Whows a log recorded in the shaly sands sequence as in Fig. 7 in a
nearby-well,” The sand at 1070 - 1095' is relatively clean at bottom but no

tell-tale separation can be seen on the Density-Neutron. Complete calculations

letd"w'f'ﬂ"‘—.ss to .7, and the conclusion was : oil, But it was perforated

and-produced dry gas,

A’:\Ey.& the water sands above and below concludes at an invasion of 120"
or more. (This was arrived at by plotting the ratios Rxo / R 4 and Rxo/RSN
on-the-chart of Fig. 1l). Also it shows that the percentage of residual hydro-
¢arbons near_the borehole within the investigation of the Proximity log (Not
'al_zgwp) which is quite comparable to that of the nuclear devices is in therange
5 to 10%. This .ia insufficient to result in any noticeable effect on even the
C_l‘i—l:-.'—'f‘_k;é"l-arge invasion and low residual saturation are easily explained by
th'e—fﬁﬁ'_a_c‘haracteristics : weight was up to 16.5 and waterloss as high as 16.
In the nearby well, where mud weight wasll.9 and waterloss 7,the same study
shows -only 30" of invasion in the same sands. There, differentiation between
oil and_gas_was easy as demonstrated by Fig. 7.
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In—coné¢lusion, we can say that differentiation between oil and gas is possible
under normal circumstances and often easy from the Density-Neutroncombina-
tion. Shaliness can be corrected for without too much trouble. But deep invasion
and high differential pressure between mud column and formation might flush

the gas so thoroughly that its identification becomes impossible.

The-'CNL meakes it easler as it is recorded together, with the density, giving

‘the log good visual appeal. It is borehole compensated so not affected by bad
holes and it can in some instances 'see' gas better than SNP because of its
deeper Investigation. In addition, its combinability with the FDC is an appre-
ciable rig-time saving factor. A micro-resistivity measurement is useful for
the differentiation in difficult cases and necessary to arrive at thetrue poros-

ity in case of light hydrocarbona.
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FIGURE 12 :

FDC and CNL have been recorded with limestone compatible scales. Zone B is
identified as limestone by the absence of separation between the two curves,while
gonee A and C seem to contain an appreciable amount of dolomite.
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APPLICATION OF COMPUTER PROCESSED INTERPRETATION TO
- : = CARBONATES PROBLEMS '

“l‘h!"‘!"DCICN‘IT ‘combination has uses other than just di!ferentiating between oil
and gas. The responses of the two measurements are inverse also in front of
dolomites, with the Dual-Spacing Neutron showing more porosity than the
é‘o.x-lx'ﬁér;s—a‘t;&mﬁb;x;;ﬁon Density. So, in carbonate reservoirs, it becomes
possibleto-differentiate between limestone and dolomite. Dolomite content of
;m reservoir is an important data and is often related to permeability if

it comes from recrystallisation of the original limestone.It is often associated

with secondary porosity.

If the FDC and the CNL have been run in limestone compatible scales,meaning -
fhat they will overlay in clean limestone, the CNL will read 16 limestone
porosity units _mare than the FDC in front of a 100% dolomite formation. Any

separation of the two curves within O and 16 p.u. will correspond to a percent-

age of dolomite such that :

‘% dolomite = Separation
= 5 ' .16 (p.u.)

An example is shown on Fig. 12. The FDC and CNL curves overlay perfectly
over-zone B-defining it as pure limestone. Zone A shows 3 p.u. separation
betwc_'.gh_ FDC and CNL, indicating 18% dolomite. The separation between FDC

and CNL varies from 8 p.u. at bottom to 5 p.u. at top of zoneC, indicating
Trom 50% to 30% dolomite. : :

In practice, the readings of the CNL and FDC have first to be corrected for
€lay content - in general small - and possibly hydrocarbons before the

determination of the dolomite's percentage can be attempted. The clay content

(Vcl.) is given by various clay indicator like GR, R;, Neutron, cross-plots
‘as explained in Ref. 8. Log readings are corrected for it then need to be
corrected for hydrocarbons. The matrix density ( /ma) is then derived
(Fig. 13) and the percentage of dolomite can now be defined as :

——

s % dolomite = ﬁma - 2.7

e 2 2.87 - 2.7
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FIGURE 13 : Clay and hydrocarbons correction by CORIBAND

- C is the clay point, L is plotted from logs readings.

- X is such that XC = LC /(1 - Vcl.).
It represents the clean part of the formation or (1 - Vcl.) % of the bulk.

- X' represents the clean part of the formation but the residuals hydrocarbons
have now been replaced by water - .«Fma can be read at this stage.

= Y represents the formation after the clay has been replaced by matrix and
the hydrocarbons by water. It has the effective porosity O = g)x' (1 - Vel ).
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These calculations are lengthy and difficult to do continuously if one has to do
them "menually’. On the other hand, data can be fed to a computer which will
process them quickly and and &accurately. The CORIBAND program (Complex
Reservoirs Interpretation By Analysis of Neutron and Density) is used. Its
normal output in this respect is a matrix density curve scaled from 2.50 to
.3. 00. In this particular case, it is slighty modified to show a " % Dolomite"
curve instead of /ma. It is best to record logs digitally on magnetic tapes
which can be handled directly by the compuer, Otherwise digitization of the

_optical logs, time consuming and error-prone, is necessary.

An example of CORIBAND is shown on Fig. 14. The heading is elf - explanatory.
On the first trat¢k are shown the % dolomite curve and a secondary porosity index
obtained by difference between the total porosity and the the porosity derived
from the sonic, taken to be equal to primary-intercrystalline / intergranular -

porosity. In this example the most porous parts of the reservoirs seem to be

asgsociated with 10 to 25% dolomite and some secondary porosity.

If the % dolomite from the CORIBAND is compared to the one found by quick-
look analysis of the FDC-CNL of Fig. 12 (Same well,- same interval ), some
discrepancies are seen. CORIBAND shows 10 to 15% dolomite over interval B
which looked like pure limestone on the log. This is due to the hydrocarbons
correction. On the other hand, the top of zone C has only 20 to 25%dolomite
against an apparent 30% from the logs. This is due to the clay correction :
sbout 15% clay has been identified by CORIBAND. This percentage increases
to 20% at the bottom of the interval. No dolomite is shown anymore because
. of a cutoff : above 15% clay, the % dolomite curve drops back to zero. Here,
the clay indicator retained by CORIBAND was Rt. The GR is rather useless
in this type of reservoir, and the cross-plots are affected by lithology.

On the second track one finds the water saturation of the reservoir and two

curves giving the residual hydrocarbons volume and weight. The two curves

would overlay each other if the hydrocarbons density was 1.00. As it is, the

separation between the two is an indication of hydrocarbons density, in this case
oll. This density is obtained before CORIBAND is attempted by pre-interpretation
using the DET * program (Automatic Parameters Determination) or is input

by the log analyst. .

% Trade mark of Schlumberger.
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FIGURE 14 :

Q .Sw is constant down to around 1112', ftthen starts incressing. The lower
part of the log is thus interpretated as a transiition zone. Zone 1108 - 1130' was
perforated and produced 70 to 90% water, while zone 1048' - 1064' produced 1200
BOPD, no watér.*



e 27 -
An analysis of the-fluids-in-the reservoir is given on the third track.Porosity
is split between w;tcr,_(q.-swj. and hydrocarbons. In turn, these are split in
moved and residuals hydrocarbons. The reservoir itself is analysed in track
4 which shows clay (Vcl.), matrix and fluid (()) percentage.

An important application of CORIBAND was described in ref. 9. It {8 related
to the concept of irreducible water, bound to the formation and immovable.The
amount of irreducible water has been proved to be constant in & relatively
homogeneous reservoir. If a reservoir contains more water than the irreducible

amount, water-cut can be predicted. If it is at irreducible saturation, the

production is water-free unless external water f{lows in through coning, high
permeability zones (fraétures) communicating with the water table or communication

between zones behind Easing because of poor cementation.

B

It is assumed that if Q. .Sw “is constant over & reservoir, it is in fact (¢’S“’)h-r
If it starts increasing, or varies following the porosity , water-cut must be
expected. Q.Sw is traced on the third track of the plot as mentioned above.

"“In this example, Q. Sw - ls_ guite constant down to 1112' then starts increasing

indicating the start of a _transuion zone. The well was perforated at 1108'- 1130'

and produced 70 to 90% of black sulphurous water. It was then plugged back
and reperforated at 1048 - 1064' producing 1200 bopd., no water,

- o
" e g———

- In addition to solving continuous hthology determination problems and allowing

selective perforating to avoid interstitial water-cut, CORIBAND provides accurate
values of porosity and wﬁt-e-x:- saturation hence is a great help for the determi-

nation of the reserves.:lntegrauon of both porosity and hydrocarbons jin-situ is
made and listed. And an—mdxcation of hydrocarbons movability is given by the

difference between the two curves @.Sw and @.Sxo.

o
-
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Results on the left have been obtained with the standard program.

Resulte on the right were obtained with CLUSTER. The fault at
890 m {8 now clearly identified by & well defined "red" pattern
(B) corresponding to drag on the down-thrown side. And cross-

_bedding exists in sand A which was mot apparent with the standard
processing.
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APPLICATION OF THE HIGH RESOLUTION DIPMETER (HDT) * RESULTS TO
REGIONAL WELL-TO-WELL CORRELATION

One of the concerns of the geologist is the determinatit;n of the dip ofa formation.
~ He is interested in the r'eg‘ional dip to help him map reservoirs, pin- point faults
and unconformities, and generally solve structural problems. This was handled
well enough by- t'he 3-arm dipmeter which~-_?n most cases gave satisfactory
answers (10).-..B‘Jt the last -few-years 'have- seen - a growing interest in more
detailed atrntig;aphic. analysis -of reservoir;.- Dips within a sedimentary unit
or cycle give an indication as to-direction and mode of deposition. And dips
related to .thoabqundaries—of the units are supposedly indicative of the geometry of
the reservoir.- -I.t becomes, through careful study of these dips, possible to
estimate with-reasonable -accuracy the shape of a sand body. The strike, the
lateral extent,-the thickening and the location of the sediments' source can be
derived from-such a study for-a given sand or group of sands (10) (11) (12).
Thle‘type of -analysis requires a maximum density of dips as the thickness of
_& depositional cycle can be quite smali; v down to the order of a few inchesor
"less, and the'aehsity of occ.urer;cea such as foreset beds within a cycle can be-
.high, This strained the possibilities of the 3-arm dipmeter to the point
where a substitute had to be found if progress was to be made. The 4-arm
"High Resolution Dipmeter (HDT) ensued. :

The much im_préved vertical resolution of the HDT results in the curves being
correlated having a high density of sharp correlatable features.Cases are known
where as many as 10 correlations per foot are possible. Optical correlation

then .becomes ‘too painstaking if one wants to make full use of the resolution.
Therefore the-.:data are recorded._on.a magnetic tape which is then fed to a com-
puter, Through use of appropriate software, results are obtained at the
requested density. 1 .rge correlation intervals afe used for structural appli-
cailona while;short.correlation-intervals, 'so‘metimes down to 1 foot or less,
are used for detailed stratigraphic analysis., In order to eliminate random ,
accidental dips, - the .CLUSTER * program has been recently developed (13).
One example ise shown on-Fig. -15.1t allows taking full advantage of the resolution,
while at the same time smoothing out the results for easier reading.Short of
using very computer-time consuming and consequently expensive program doing
with extreme accuracy what an optical correlator would do, this program is

‘believed to obtain results as near ag one can get to the true dips.

* Trade mark of Schlumberger.
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Relationbetween water depth, level of depositional energy and dipmeter results scatter
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The high density of results obtained from the HDT has a side-effect which has
proven to be very valuable, The early users were often puzzled by zone of
great scatter in dip azimuth and magnitude. While some of these zones could
be explained by mechanical reasons like hole dama‘ge while drilling, usually
obvious on a caliper log, others did not fit this interpretation. It was thought
e:l_:y-on that the scatter was linked to the energy level prevailing during
deposition (14) and three main energy levels were defined corresponding to:

- High energy - Continental, near ahore' (inner shelf)

e Medium energy - Delta fronts, Middle shelf

- Low energy - . Outer shelf, abyssal deeps
Thehigher the energy, the larger the scatter of the dip magnitude.

Follovﬂng this tflodel, transgression and regression cycles can be recognized

By studying the dip scatter. And it is possible to idenﬁfy: geparate units within

a sand which would otherwise have been considered as a whole (14).

As more HDT plots poured out, exceptions to that theory become evident. High
‘energy zones identified from the scatter of results were proven by péleonto-
logical studies to have been deposited in deeper waters than predicted.So more
thought was given to this apparent discrepancy and a logical explanation was
found. The energy, low on the outer shelf, is high again where formations aTe
deposited on the slope between outer shelf and abyssal deeps. The very fine
grained marine shales slump while silts and looser sand grains slide down the
slope to be deposited in deeper waters. So we can define_a second cycle of 3

energy levels, resulting in the same appearance of the dipmeter results, from

high on the upper slope to medium on thelower slope and low again in the
abyssal deeps. '

The environments associated with the 3 energy levels now become (15) (18)(Fié. 16):
1) High energy : 20° or more scatter of dip magnitude
- Continental, near share (inner shelf)
- Upper slope

2) Medium energy : 5° to 20° scatter

- Delta fronts, middle sheld
- Lower slope

8) Low energy . : Less than 5° scatter
. « Outer shelf
- Abyssal deeps, turbidites
As already mentioned, damage to the formation while drilling, cavingand swelling
shales can result in high dip spread whichis notassociated with dcposluonal-enery.
A look at a caliper log is usually enough to identify and discard these zones as not

representative.
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A continuous regressive phase from outer shelf below 650' to continental

deposits above 150'.

Water depths may vary from area to area for agiven

environment and must not be taken literally.
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Another cause of scatter is faulting and / or weathering. The scatter here is
due to reworking under high energy of sediments which may have been deposited
with low energy. It is not related to depositional energy.

Fig. 17 shows n_fypical example of a complete regressive cycle from very low

energy on the outer shelf to very high energy corresponding to continental depo-
sits. An unconformity at 800' and faults at 350' and 235' result in dips being higher
than expected from the environment. A few random high dips from 650' to 400’ are

due to hole damage (caving). It is otherwise a practically continuous sequence.

It is reasonable to assume that geological events of such amplitude corresponding
to major shore line migrations occur on a basin wide scale and thus are correla-

table over large distances. The next examples will illustrate this point.

Fig. 18 is an example of transgression followed by regression (16). Seven units
can be identified :

a) High dips without significance in the basement,

b) High spread (300 - 400) - High energy - Inner shelf from micro-
palebntology.

¢) Low spread (40) - Low energy - Micropaleontology indicates outer
shelf, There is a short transition zone between b) and ¢) indicating
that there was indeed transgression, probably rather rapid.

d) Medium to high spread (20° - 300). Medium to high energy.
Upper slope from micropaleontology. '

e) Low spread (4° - 5°) - Could have bee. a continuation of the
transgression and correspond to bauyal environment . In fact,
micropaleontology indicates outer shelf. We have now entered
the regressive phase. d) marked the end of the transgression.

f) High spread (30°) - High energy - Inner shelf

g) Very high spread (400) - Very high energy - The absence of
fauna end the lithology indicate a continental environment,

marking the last stage of the regression.

The limit between transgression and regression is evident. There is animportant
break in dip dispersion (thus energy) from high to low, betweenupper slope and
outer shelf. A slight difference in the position of this limit as givenby HDT and by
micropaleontology can be noted.This is no doubt due to scarcity of fauna and

sampling interval.

This Nmit has been found in all the wells in the area and i8 considered as a
time line. Based on this, regional well-to-well correlation becomes possible
while it is difficult to impossible when using electric or nuclear (GR) loge only.
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FIGURE 18

to

It is followed immediately by regression

Transgression from inner shelf to outer slope characterizes the

Gumai formatiecn.
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Correlation between-two wells 10 kms apart. The limit between Gumai{ and Palembang

is well defined by the dipmeters results as the apex of the transgression.

FIGURE 19
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Fig. 19 shows an example of such a correlation between two wells aboutl0kms
apart . The .stlrt of the regressive sequence (Palembang Formation) is clearly
defined on the dipmeter plot by a marked change in energy. Correlation from
the logs usually ends the Gumai Formation at the first occurence of sands.
Here conventional correlation would have started the Palembang on Well B at
1142 or 1136 m. Analysis of the dipmeter results puts it at 1162 m, or 20 mlower.
Note also that the sands above 1030 m. in well A correspond to shales in well
B. But the dipmeter results confirm that they have both been deposited with the

same level of energy on the outer shelf as confirmed by paleontological data.

The High Resolution Dipmeter (HDT) is thus shown to be an " environment
indicator" which can be used to recognize environments and to define broad units
correlatable between wells far apart. As such, and in addition to its other
uses like structural dip determination or reservoir geometry identification, it
proves to be of great help to the exploration geologist when correlations basedon

conventional logs are difficult if not impossible because of lithology changes.

CONCLUSIONS

The new technologies presented here proved very valuable for both exploration
and development purposes. A more accurate value of Rt (and consequently oil
saturation) is obtained in many cases with the Dual-Laterolog (DLL) when the
resistivity is high or the invasion pattern unfavourable for the induction log.
Differentiation between gas and oil has been made easier by the combination
‘Compensated Formation Density (FDC) - Dual-Spacing Neutron (CNL). The latter,
" little or not affected by the borehole, allows better porosity evaluation. Andthe
CORIBAND program gives continuous accurate answers to the prime questions,

oil saturation and porosity.

An additional but certainly not negligible feature of these new tools is their

combinability, Two runs in the hole suffice to give the desired answers if the
combinations DLL-MICROSFL and FDC-CNL are used. Their visual appeal
is compounded by an appreciable gain fn rig-time making them a fx-xust in
development drilling. o

The High Resolution Dipmeter has added a new dimension to the already

considerable utility of the dipmeter results. Its good resolution has been
enhanced by the use of the CLUSTER program. And its illustrated application to

environment identification makes it a very valuable tool in exploration.
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