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Summary

About 30% of theworld's estimated hydrocarbon reserves are contained in laminated, |ow-resistivity, |ow-contrast;
shaly sand formations. More often than not, these are either considered uneconomical or do not even draw the attention of
the petrophysicist. In laminated reservoirs, the conventional resistivity tools sense the laminated formation as an effective
medium with alow horizontal resistivity parallel to thelaminae and ahigher vertical resistivity perpendicular to the laminae.
Invertical wells, only the horizontal resistivity is measured, whilein directional wellsthetool becomesincreasingly sensitive
to the vertical resistivity as the angle of inclination increases. As most of the wells logged in Cambay Basin have only
conventional resistivity logs, chance of missing low resistivity pays due to anisotropy and bed/well inclination is quite high.
The present study is directed towards extracting realistic resistivities of the pay zones with the knowledge of shaliness, shale
resistivity and inclination angle of the well/bed.

This study assumes that in laminated pays, shale - sand sequence are parallel to each other. The basic postulate,
which hasitsrootsin geologically conceived sedimentation pattern, statesthat the shaleswithin alaminated pay hasthe same
property as that of athick shale in immediate contact of the sequence. The conventional measurement of resistivity in the
case of avertical well isthe equivalent resistivity of resistancesin parallel and for ahorizontal well it isthat of the resistances
arranged in series. Starting with Archie’s equation in generalized form a formula has been derived for Swv, which is an
improvement over Roberto Aguilera (1990). A formulafor the case where the axis of measurement of the tool is not parallel
to the formation layer has been developed. Case studies are presented which show that the improved formulas yield better

results in laminated reservoirs.

I ntroduction

Laminar clays are distributed in a reservoir as
relatively thin layersof allogenic clay or shale that has been
deposited between clean layers of sand. The overall
laminations reflect multiple cycles of deposition under a
dual flow regime, characterized by fluctuations in energy
levels. These shalelaminations of such shaly sand reservoirs
do not affect the resistivity, porosity or permeability of the
surrounding sand streaks themselves, and a shale fraction
of up to 60% can therefore be reconciled in the reservoir.

If such layersare encountered within bed thickness
of lessthan 5 feet, most of the conventional resistivity tools
(inductiontools) lack the vertical resolution to differentiate
between individual thin beds of sand and shale. The
advanced versions of induction tools with vertical
resolutions of the order of one foot have also been found
wanting since, in practice, examples of individual lamina
with thickness of 6 inches or even |less are not uncommon.
In this context it is emphasized that the angle between the
axisof conventional resistivity tool and the bed playsavery
important role on the response of the tool, which is also
elucidated by Luling, et a (1994).

Previous wor k

Shray and Borbas (2001) advanced aprocedureto
assess water saturation inlaminated sand formations based
on the use of nuclear magnetic resonance (NMR)
measurements and estimates of resistivity anisotropy.
Accurate calculation of fluid saturation is possible only with
a methodology that combines resistivity anisotropy and
high-resolution borehole measurements such as NMR and
boreholeimaging. Forsyth et al. (1993) proposed aparallel
resistivity model to assess water saturation in alaminated
clastic hydrocarbon field located off the coast of Brunei.
Their interpretation method combines rock-core data (or
borehole image logs), production data, and resistivity
measurements acquired with conventional induction tools.
Even though their interpretation increased the value of in
place hydrocarbon reserves by 10%, Forsyth’'s method is
relatively less successful for thinner lamina vis a vis the
vertical resolution of the tool. Roberto Aguilera (1990)
discussed method of computing Swv using Picket Plots
wherein the parallel resistivity model was used. However
Kennedy and Herrick (2004) suggest that the saturation and
porosity exponents depend upon the direction of
measurement (orientation of the bedding plane) as well.
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Henceit becomesall the moreimportant to haveflexibility
while choosing the value of mfor S, computations.

Theory

The present study attempts an improvement in
terms of a, m, n valuesin the saturation equation proposed
by Aguilera. The study has also incorporated effects of
dipping beds as well as bore holeinclination on resistivity
response of conventional tools. Though laminated shale
layers are generally thinner than the adjacent sand layers,
the clay constituents contribute a disproportionate change
in resistivity and porosity on the latter. Petrophysical and
reservoir properties between each layer may vary because
of changing proportions of clays within each lamination.
However, Asquith (1990) has discussed in great detail to
show that because of their detrital origin, shalelaminations
between sands normally have the same clays and water
content as adjacent thick shale beds. This similarity leads
to the assumption that resistivities of laminated shale will
be similar to those of adjacent thicker shale's. Therefore, in
log analysis equations that require clay resistivities, the
resistivity of adjacent shale's can be used to represent that
of the shale in the shaly sand.

Casel. Tool axisperpendicular totheformation

In this case measurement axis of thetool isparallel
to the formation layers and hence if vertical resolution of
thetool isof the extent to include alternations of sand shale
layers, therecorded resistivity will be equivalent totheshale
and sand resistances stacked in parallel within aunit cube.

Thusthe recorded resistivity R will be given by

R, """-.l.- .fc"'ﬂ, '
Where
Vv, = shaevolume per unit volume of theformation
Rsh = Resitivity of shale
Vg, = Sand volume per unit volume of the formation
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For clean sand, saturation estimation is quite
accurately done by Archie's equation and therefore
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Poupon et. al. (1954) derived the same formula
usingm=2andn=2

Thus his equation was

Roberto Aguilera (1990) made a generalization
over Poupon by replacing exponent of Sw with n and
exponent of @with m in the above formulae and thus used
m-1 that did not appear in the Poupon’s formul ae.

The equation according to Aguilerais

a a1 ¥y 1
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Equation (2), an improvement over Aguilera’s
equation, can be used in most of the fields of western India
where mis taken as 2.15. If shaliness is around 30% the
correctionin Swvaluesisapproximately 5% and if shaliness
is of the order of 20% the correction in saturation value
will be about 3%. Thus it is realized that the correction
incorporated with proper generalization isvery significant.
In case of laminated reservoirs, equation 1 will yield more
realistic saturation valuesthan the ones cal cul ated by other
formulae.

Case Il. Tool axis not perpendicular to the
formation

This situation arises (i) when the well isinclined
(i) and/or the beds are dipping. Both the conditionswarrant
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corrections to arrive at a representative resistivity value.
Thisisattempted by considering R, —the resistivity in the
direction parallel to thelayer and R, —theresistivity inthe
direction perpendicular to the layer and solving for R  as
follows. The potential dropin parallel directionwill beR |
cosoand potential drop in perpendicular directionwill beR,
| sind where, | isthe measuring current and

disthe angle subtended by the axis of measurement of the
tool withformation layers.

Thus, ,I'.'.'I_'1 {.'.l.'..|I cos .-:5:| [n'."l sin F
whichimplies &,” = (i, cos 6 + (i, sin -
RH isgiven by
| ¥V, V.
__sh | _sd
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To afirst degree of approximation R  appearingin
the denominator of the first term can be approximated to be
equal to R the measured resistivity and thus the above
equation can be expressed as aquadratic equationin R ; of
theform
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a, b, ¢ have to be computed from the above
equation and finally it leads to the computation of R_. The
value hasto be substituted in equation (1) for estimation of .

Application of the formula on field examples

For this study, well log data has been interpreted
for zones with laminated shale-sand sequences, which are
validated by geological studies and core data analysis.
I nterpretation results using Multi mineral model have been
used for porosity values and standard values for a, & m
viz., 0.62, & 2.15taken. Using parallel resistivity formulag,
theresistivities of sand layersin the laminae are evaluated
and using Equation (2), Sw values are computed for vertical
wells. These are illustrated as Case-l in the tables and
paralogs shown below. For inclined well/ dipping
formations,the angle between formation layer and the
measurement axis of the tool has been taken as 15 degrees
and the resulting Rsd values have been used in Equation
(2) for arriving at the Case Il Sw values

[llustr ative Tables

Table-1: Calculated water saturations from Well A, Cambay
Basin Calculations assume R =0.18 ohm-m, R =3.0

ohm-m.

Zone @ R, Vg, S, Sw
(Proposed model) (Multi
Casel Casell Mmineral)

1 026 4.0 0.23 0.51 0.52 0.61

2 027 20 0.18 0.81 0.81 0.77

3 021 6.0 0.20 0.50 0.53 0.59

4 023 6.0 0.20 0.45 0.48 0.60

5 022 65 0.17 0.48 0.50 0.56

Table-2: Water saturations from Well B, Cambay Basin.
Calculations assume R, =0.14 ohm-m (intervals 1, 2 &
3) and 0.18 ohm-m (intervals 4 &5), R, =3.0 ohm-m.

Zone @ R, Vg, S, Sw
(Proposed model) (Multi
Casel Casell mineral)
1 0.22 45 031 042 044 054
2 0.24 50 024 040 042 050
3 0.23 20 023 080 080 083
4 0.22 55 031 038 043 049
5 0.20 50 024 056 058 0.62
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Table-3: Calculated water saturations from Well C, Cambay
Basin Calculations assume R =0.19 ohm-m, R ,=2.0

ohm-m.
Zone @ R Vg, S, Sw
(Proposed model) (Multi
Casel Casell Mineral)
1 0.27 6 0.04 052 053 0.56
2 0.19 7 0.20 0.37 050 0.58
3 0.24 7 0.12 043 0.46 0.55
Discussions

In caseof vertica well or whentheformation layers
are perpendicular tothewd | bore, the value of Siw computed
as per the proposed model is significantly lower than the
one computed with the help of multi mineral model. This
may explain the production scenario in some of the wells,
which appear to be more than expected.

Computation with assumed angle of 15 degree
between the formation layers and measurement axis of the
tool indicates marginal increasein Swv valuesin most of the
Cases.

The interval, which appears as water bearing in

Multi mineral analysis, appearsthe samein the present study
aswell.

[llustrative Paralogs
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Fig. 1: Paralog of Well A showing zone 1&2
Conclusions
The present study aimsto derivethetrueresistivity

in laminated sand- shale sequence thereby attempting to
achieve realistic saturation estimations.
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Fig. 3: Paralog of Well A showing zone 4&5

Animprovement in the computation using formula
proposed by Aguilera has been attempted.

A method for computation of resistivity has been
developed
for the case where, the axis of measurement of the
tool isnot parallel to the formation layers.

Significant improvement in oil saturation valuesin
laminated reservoirs, as shown by this study, will resultin
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Fig. 4: Paralog of Well B showing zone 1,2& 3

upward revision of reserves, which could serve asatool for
mitigating the exploration risks.
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