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ABSTRACT : Realistic imaging and conceptualization of reservoir models relies on linking petrophysical properties to geologic
processes. A deliberate strategy adopted in development wells of North Jotana revealed the occurrence of oil in MU-III sequence,

hitherto unknown in the area. This involved meticulous examination of drill cuttings and sidewall coring of low resistivity sands.
Interesting zones, thus identified were corroborated by test results. Lamina scale heterogeneity comprehended by pore-size
distribution and irreducible water saturation revealed the influence of depositional processes in masking the conventional oil
response on electrologs. Sandstones deposited in the lower toe part of deltafront deposits of a tide-dominated delta system in
North Jotana have indicated lowdown of resistivity owing to predominance of dispersed clay resulting in higher microporosity.
SEM studies revealed grain coating and pore filling with clays occluding the porosity. Increased surface area associated with

disseminated clay coating of the grains and filling the pores holds more irreducible water, thus increasing water saturation, which
in turn reduces resistivity values. Resistivity logs respond to total water present in the pores and the high water saturation is due
to bound water. Evaluation of such low resistive pays requires the interpreters to discard the myth that water saturations above
50% are not hydrocarbon productive.  In new wells, close monitoring of well cuttings and sidewall cores backed up with qualitative
resistivity- porosity overlay and real time petrophysical examination are imperative for deciphering zones that merit production
tests.

INTRODUCTION

Jotana field in North Cambay Basin produces mainly
from Lower Eocene Mandhali Member of Kadi Formation
(Fig-1). The generalised stratigraphic succession is presented
in Table-1. The occurrence of oil in Mandhali Member is
generally recognised on the basis of textbook like resistivity
contrast between hydrocarbon-saturated sands and other
lithologies. Meticulous monitoring anticipating oil in the lower
part of deltafront sands, revealed oil fluorescence in drill
cuttings. However, these observations were not corroborated
by the electrolog response of the intervals. Sidewall cores
confirmed the hydrocarbon anomaly and testing of the horizons
revealed the existence of pay zones with resistivity of the order
of 2-3 ohm-metres with log derived water saturation ranging
from 60-80%. Anomalous zones so detected produced oil in
wells Jotana- A and B.

A suite of logs of one such well ‘Jotana-A’ is depicted
in Figure-2. In order to understand the paradox of production
with such high water saturation, sidewall cores were subjected
to Scanning Electron Microscope photomicrographs (SEM),
X-ray diffraction (XRD), Capillary pressure measurements
and integrated with detailed studies of electrologs including Figure 1: Position of Jotana field in North Cambay basin, India
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dipmeter microresistivity curves. The depositional
environment of MU-III sequence in the area has been discerned
and a possible explanation has been suggested with a view to
detect such zones in new wells as well as in drilled wells.

LOW RESISTIVITY PAY SANDS

Exploitation of oil and gas reservoirs initially relies
on the identification of hydrocarbon bearing pays through well
logging. The identification is made possible by marking the
contrast between shale, water sands and saturated sands. When
such a contrast does not exist, the formations have been
interpreted to be highly water saturated or tightly sand/shale
laminated to be producible. It is critical to recognize these
deceptive oil and gas bearing reservoirs when we monitor the
well through examination of drill cuttings and therefore it is
all the more imperative to supplement the open -hole logs
with sidewall cores necessary for integrated interpretation to
decipher productive zones.

Low resistivity sands in Jotana field are having
electric log resistivities less than 5 ohm-meters; generally 3-4
ohm metres and water saturations greater than 50 % and often
as high as 80%. Evaluating low resistivity pay of this nature
needs special attention on the cut off value of water saturation.
The Sw values above 50% were considered to be uneconomic
which is not true in the light of new evidences. Geologically,
the three physical compositions inter alia are:

• Clean sands with such a small grain size as to have high
irreducible water saturation and a consequence restricted
capillary pressure.

• Laminated or thinly bedded sand/shale and/or silt.

• Sands, which contain dispersed clays or clay coatings
on the grains.

Table 1 : Stratigraphic Succession of Jotana Field

Age Formation Brief Lithological description

Recent to Gujarat Alluvium Predominantly sand, clay and
 sub recent alluvium.
Upper Miocene Jhagadia Thick sands with alternation of

thin claystones.
Middle Miocene Kand Mainly claystones with minor sands.
Lower Miocene Babaguru Dominantly sands with

alternations of shale.
Oligocene Tarapur Predominantly shales with minor

sands. Shales greenish grey and
fossiliferrous.

MiddleEocene Kalol Mainly sandstones with
alternations of shales and coal.
Shales at the top are sideritic and
arenaceous.
Coals marking formation top

Mehsana Member designated as Top coal,
intervened by sands that thicken
southward. Underlying coal is
named Bottom coal. Sands
below Bottom coal are called
Sobhasan sands.

Lower Tongue Shales with occasional coaly matter.
Lower Eocene Mandhali Sandstones/siltstones with

Member alternate beds of shale and
occasional coal streaks. Upper
part is shaly, laminated with silts.

Older Cambay Mainly shales with minor
Shale siltstones at places.

Figure 2 : Electrolog response of well Jatana - A
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Low-resistivity sandstone reservoirs may easily be
overlooked in exploration and development wells. However,
integration of data from electrologs, well site observations
and laboratory findings helped to detect hydrocarbon bearing
zones, which otherwise would have been overlooked. A
breakthrough was achieved when in the flank areas of Jotana
structure in South Jotana, laminated reservoirs of MU-I sands
proved to be productive only in the recent past. This indicates
the possibility of such occurrence in other sequences of
Mandhali Member. Hitherto, MU-III sequence wherever oil
bearing, exhibited the conventional electrolog response.

ELECTROLOG CHARACTERISTICS

The drill cuttings of MU-III sequence comprise of
medium to fine, silty sandstones with high clay content.
Composite logs of Jotana wells -A, B and C pertaining to
MU-III sands demarcate possible intervals of interest with
SP and GR curves indicative of argillaceous sandstones (Figs-
2, 3 &4). Bulk density and sonic response are that of a change
in lithology from shale which is also supported by caliper
curve returning to bit size hole diameters. Although resistivity
is low, the very fine- grained sandstone in sidewall core
samples showed the same oil fluorescence as those of drill
cuttings.  Jotana-A produced oil @10M3/day and Jotana-B
@6 M3/day on production testing and has been put on
commercial production.

The general log response in such intervals of MU-
III sequence is summarised as:

• Feeble to sometimes little or no excursion on SP.
• Gamma Ray indicative of highly shaly nature.
• MSFL tracks and follows ILD.
• Density porosity is less than neutron porosity.
• Delta T shows few variations.
• Dipmeter  resistivity curves are suggestive of reservoir

quality.

RESERVOIR EVALUATION

The electrical conductivity of a rock is mainly due
to the presence of conductive formation water in its pore space
with the assumption that rock matrix is non conductive. In
Archie’s equation both cementation exponent ‘m’ and
saturation exponent ‘n’ are assumed to be 2. It is valid only if
electric conductivity is solely due to pore fluid network. On
conventional log analysis using Archie’s equation, the
formations appear to be water bearing. The measurement of
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resistivity exponent ‘m’ and saturation exponent ‘n’ in the
laboratory yielded values of 2.31 and 1.41 respectively
(Sharma Pushpa etal, 2002). Water saturation calculated with
these parameters turned out to be 70-80%. Drill cuttings and
sidewall cores had indicated strong fluorescence and solvent
cut coupled with hydrocarbon odour. Therefore, identification
of oil zones reliably with only log data in such formations is a
difficult proposition. In order to comprehend the apparent
paradox of oil production from sands with calculated high
water saturation, sidewall cores were subjected to laboratory
analyses. Result of analyses is elaborated.

Analyses of sidewall cores of wells Jotana-A, B, and
C indicate that the sands are not clean and consist of clay-
sized particles. Capillary presure curves for the samples

Figure 3 :  Electrolog response of well Jotana -B
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worked out from high-pressure mercury porosimetry studies
are shown in Figure 5a. The irreducible water saturation of
samples of wells Jotana- C, B and A  are 81%, 63% and 82%
respectively. Pore size analysis to understand the network of
pore throats and the effect of distribution on production is
also inferred from mercury porosimetry data calculating
backwards from capillary curves (Fig.5b). We assume that
the pore sizes are the pore throat radii because the capillary
pressure from mercury intrusion experiments reflects the
narrowest regions of the void space penetrated by mercury.
Bimodal pore size distribution is also indicated.  Capillary

Lowdown of Resistivity: Effects of Microporosity on Oil Bearing

Figure 4 :  Electrolog response of well Jotana -C

Figure 5a :  Capillary curves of  Jotana wells
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curves exhibit high irreducible saturation indicative of
microporosity and consistent with wireline log measurements
of high water saturation. Micropores of pore throat diameter
less than 0.5 microns dominate the samples. Mesopores and
macropores of diameter 0.5 to 5 and greater than 5 microns
respectively also are present. These pore sizes contain
hydrocarbons and fine- scale heterogeneity is evident by the
variations in mesoporosity and macroporsity.

Water-wet environment of nearly all water laid
sediments ensures that water normally occupies the finer pore
space, even if oil and gas fills all coarse porosity (North, 1985).
The coarse porosity may yield water free oil, but pores smaller
than 5-10 microns contain water both through capillarity and
through imbibition. This high irreducible water saturation in
the finer pores means that effective porosity is invariably lower
than total porosity. This is due to partitioning of large pores
by authigenic clays. The ratio of fine pores to coarse pore
space increases commonly during diagenesis.

SEM microphotographs of Jotana-A samples
depicted as Fig-6a reveal that grains coated with clays occlude
porosity. Kaolinite occurring as pore filling is also viewed
(Fig-6b). Dispersed clay occurs in the pores as wells as on the
grains. XRD studies confirmed the identification of clay
minerals. Clay primarily as Kaolinite along with subordinate
amounts of Illite occupies the intergranular pore space and
also coat framework grains obscuring the grain boundaries.
This detrimentally affected the porosity with less of meso and
macropores to store the hydrocarbons.

The general log response of SP, GR and resistivity
curves could thus be tracked down as response to dispersed
clay in the sandstones. Reservoir application suggestive of
reservoir quality can be derived from dipmeter logs. Changes
in the aspect of dipmeter resistivity curves respond primarily
to changes in rock texture and sedimentary structure (Jean
Pierre Delhemme, 1988). Fine features as shale streaks can
be seen on high-resolution dipmeter microconductivity profiles
and can distinguish between laminated and dispersed clays.
Microresistivity curves of wells Jotana-A, B and C distinguish
the zones in question from laminated sand/shale to dispersed
clay (Fig.7). Spectral log recorded in well Jotana- A aided
clay mineral identification in well Jotana-A with Thorium-
Potassium cross plot (Fig.8).

The challenge of identifying such reservoirs at the
well site was addressed with a stochastic approach adopted in
wells Jotana-A, B and C. The well-site observationsFigure 5b : Pore size distribution
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Figure 6: SEM Photomicrographs of MU-III sands, Jotana - A (After Mohanty, 03)

Figure 7 : Dipmeter microresistivity curves of MU-III sequence wells
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inordinately have to be supplemented with sidewall coring,
cross plotting of density -neutron logs to validate shaliness
and then support them with an overlay of resistivity -porosity
for qualitative detection of interesting zone (Fig 9).  The
concept of resistivity-porosity combination was first proposed
by Passey etal in 1990. The practical approach is of overlaying
a properly scaled porosity curve in linear scale on a resistivity
curve in logarithmic scale. The overlay of resistivity versus
bulk density with both the logs superimposed merges in water
zones. The prospective oil zone shows up with bulk density
crossing and moving to the left of resistivity. A subtle but
positive separation is a quick look technique to discriminate
between oil and water-bearing zones in MU-III sequence wells
Jotana-A and B (Fig 10). The separation is clear in the tested
zones, which have produced oil. It is explained by the fact
that when water saturated, the two curves can be overlain since
both responds to variations in formation porosity.

DEPOSITIONAL ENVIRONMENT

Clays are the primary cause of low resistivity pay
and can form during and after deposition. They could be

Figure 8 : Spectral log of Jotana-A

Figure 9 : Cross plot of density and neutron(Jotana-A, Oil Zone)

distributed in the formation as laminar shales, dispersed clays
and structural shales. The most common depositional
environments where low resistivity pay sands occur are:

• Lowstand basin fan complexes
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• Deep water levee channel complexes and overbank
deposits

• Trangressive marine sands
• Lower toe part of delta front deposits and laminated silt-

shale-sand sequences in upper parts of alluvial and
distributary channels.

In North Jotana, MU-III sands occur in the lower toe
part of deltafront of a tide-dominated delta system receiving
detritus from Allora area in the north through an axial drainage
system flowing and dispersing sediments southward onto
Jotana area. Prograding parasequences developed within MU-
III sequence due to alternating regressive and trangressive
processes operated in a tide-dominated environment.

EXPLANATION

Capillary pressure and electrical resistivity, normally,
are a function of rock fluid saturation history. SEM and XRD
studies demonstrated the presence of clays and these clay
minerals have sufficient surface area to bind significant

amounts of water. Wherever, formations with large surface
areas are present, high irreducible water saturation will result.
The sources of high capillarity are the loose pore filling
Kaolinite, pore lining and pore filling Illite. The capillary
attraction to water can be very high; hence the actual water
saturation is high. Surface area of clay-size particles in
comparison to a formation of one micron Quartz spheres with
no clay containing 35% porosity and surface area of 1.47m2/
g, the clay minerals Kaolinite and Illite have 10 to 70 m2/g
(Joe Zemanek,1989). Clay excess conductivity also influences
electrical resistivity. This is because double layers associated
with clay minerals provide an additional conductive path for
current to flow through the rock. Clays present a large surface
area on which water adheres, and the water, which is only
several molecular layers thick on these surfaces are bound
and cannot move. Water attaches to the surface of clay particles
and since clays have large surface to volume ratio, the relative
volume of clay bound water is large. The water spreads on
the surface area and will not move. Thus, the water cannot
move under the influence of hydrostatic pressure. The

Figure 10 : Density-Resistivity overlay
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irreducible water is held against the sand grains by surface
tension and is rendered immobile. The resistivity log responds
to the total water both bound and unbound (free). The
calculated and actual water saturation can therefore be high,
but hydrocarbons will be produced, if present.

Post-depositional processes altered and created
variations in original porosity built by different grain packing
configuration. Formations with dispersed clays were formed
during the deposition of individual clay particles or masses of
clay. Clay was formed in fluid filled sediments in the toe part
of MU-III deltafront in North Jotana through diagenetic
processes. Dispersed clays resulted from post-depositional
processes like burrowing etc. Size differences between
dispersed clay grains and framework grains allowed the
displaced clay grains to line or fill the pore throat between
framework grains. These effects cause dramatic lowering of
resistivity values. The presence of disseminated clays
occurring as rock matrix and also as grain coating and pore
filling in MU-III sandstones is the raison d’etre for the
lowdown of resistivity.

CONCLUSION

Oil bearing MU-III sands deposited by alternating
regressive and transgressive conditions on the toe part of
deltafront in North Jotana in a tide-dominated environment
lacks the conventional electrolog response. These sandstones
with grains coated with clay and pores filled with clay occlude
porosity and have high irreducible water saturation. The
presence of dispersed clay results in predominance of
microporosity causing lowdown of resistivity values.

Identification is difficult but resistivity- porosity overlay has
proved to be diagnostic in two development wells.
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