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Summary

Study of key parameters of reservoir viz, porosity, water saturation, permeability and pore size distribution from
well logging datais more complicated in carbonate reservoir due to geological heterogeneities than Clastic reservoir.

In homogeneous reservoir, wherethe grains are regularly shaped and pore space may be complicated and intergranul ar,
the evaluation and transformation of parameters can be done through empirical equations. But itisvery difficult to evaluate
these parametersin carbonate reservoir dueto post depositional changesi.e. diagenesis, such asrecrystallization, dolomitization,
cementation, compaction, and dissolution. Crystallization & dolomitization may increase or decrease porosity and permeability,
Cementation and compaction, reduces porosity to very low values because of pore size decreases as grain size and sorting
decreases, while dissolution/leaching develops vugs and fractures, which may result in large variation in porosity and
permeability of carbonate rock.

By integrating available core data with well log data, assessment of rock fabric can be made by Lucia Plot. Pore
geometry categories & pore size classes can be analysed from template for calculating rp,,, which is based on equation
(Aguilera & Aguilera, 2002) and by using Pickett plot techniques, evaluation of range of various reservoir parametersi.e.
permeability, pore throat aperture, water saturation, capillary pressure etc. can be made. These parameters can be evaluated
effectively. Core permeability Vs porosity data was plotted on the template (Aguilera), which shows that pore size of the
reservoir is varying from 0.5 to 10 ym. The same data was also plotted in template of particle size (dp) and rock- fabric
number (&) , which shows that pore size of the reservoir are varying from 0.5 to 10 um. The capillary pressure data and “J’
function shows that the reservoir is having three types of pore geometries. This paper describes such an approach in detail.

I ntroduction

Clastic rocks devel op through the attrition of other
rocks and their grains are regularly shaped and pore space
though complicated, remainsintergranular and are generally
undergoes only minor ateration or diagenesis. Theserocks
form as sediments are transported, deposited and lithified
or compacted and cemented into solid rocks; Whereas
Carbonate rocks have complex structure of micrite particles
and grainillustratesthe complexity of pore micro geometry
and are chemically unstable & undergo substantial changes
such as dolomitization and mineral dissolution etc. The
permeability depends on textural parameterslikerock fabric
i.e. size, sorting, roundness, sphericity, orientation and
packing of grain. The carbonate sediments are composed
of threetextural elements: grains, matrix and cement. Matrix
is very fine-grained material, which is lithified mud of
deposition, which fills most of the space between graing/
particles. Cement isacrystalline material, which formsin
the most of space remaining between grains and matrix or
between grains, which binds matrix and grain together.

Carbonate rocks are much more susceptible to post
depositional changes (diagenesis) than clastic rocks.
Diagenesis can cause dramatic changes in carbonate pore
shape and size, which may increase or decrease the porosity
and permeability, therefore diagenesis adds further
complexity to primary pore space of the carbonate rock.
These convoluted pore space of carbonate may be quite
different from that found in clastic rocks.

Dunham classified the carbonate rock, which
provides some clue to the energy of deposition (fig.1).

The classification is based on relative contents of
mud and grains with additional categories for crystalline
carbonates and boundstones. Choquette and Pray classified
carbonate porosity according to rules shownin (fig.2).

Aboveclassification hel psto understand initial oil
migration from an underlying source rock into areservoir
by the action of capillary forces, therefore, capillary pressure
curves are direct indicators of pore geometry of the rocks
that controls permeability. Considering above, the capillary
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Fig. 1: Dunham classification of carbonate rock.
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Fig. 2: Choquette and Pray classification of carbonate porosity.

pressure curve is also a good mechanism to predict
permeability (k).

In capillary pressure mechanism, the water from
potential reservoir forces into the source rock, where it
displaces oil droplets; these droplets form a continuous
phase and migrate upwards. If the capillary pressure of the
oil exceeds the reservoir displacement pressure, oil will
replace water from poresand will migrate through thelargest
pore spaces to the top of reservoir. In this process oil &
water move simultaneously in opposite directions. After
migration of oil, somewater may remainin pores, whichis
lowest water saturation, called irreducible water, thiswater
saturation will depend upon pore size, and therefore
variation in pore size distribution, in reservoir plays an
important rolein of carbonaterocks. Thiswill resultininitial
reservoir saturation, which ismore complicated in carbonate
rocks than clastic rocks.

Carbonate rocks may have pores of all size from
micro pores to mega pores (0.5 um to 10 um), which
behaves, differently inthereservoir. Macro poresareeasily
filled with oil while micro-pores have retained some water
after oil migratesinto thereservoir; these micro-poreswith
retained water also provide a least continuous path for
logging current even when the water saturation isvery low
inthe pores. Thisaction, giveslow resistivity, which could
beinterpreted as high water saturation zone, but whiletaking
production from this reservair, oil will flow only from the
macro-pores whereas the capillary-bound-water in micro-
poreswill retain in microspores.

It is observed in carbonate rocks that porosity-
permeability transform generated from core data, shows
large variability, which reflectsthat thereisno relation ship
between porosity — permeability, this is due to, without
inclusion of poresizedistributioni.e. pore geometric factors
{inter-granular or inter-crystalline pores, isolated vugs and
interconnected vugs (touching vugs / fracture)}, which
control flow of electrical current and fluid flow in the pore
space. The geometry of the inter-particle space is related
to the size and shape of the particle and distribution of shale,
cement, compaction and inter-particleleaching which reflect
in porosity-permeability variation in the reservoir.

Lucia, (1983) Showsthat instead of dividing rock
fabricsinto grain supported and mud supported (Dunham’s
classification), rock fabricsare divided into grain dominated
and mud dominated. He showed that fabrics can be defined
using particle size boundaries <20 um, 20 - 100 ym, & 100
- 500 um and interms of 1348 x 'A' value, corresponding to
grain sizevariation from 4.0to 0.5, in uniformly cemented
non vuggy rocks (fig.3).
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Fig. 3: Luciaplot for rock fabrics from core data.
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M ethodology

For homogeneous reservair, the basic equations
in formation evaluation are:

|—1ln

Rt/ Ro
Rt/Rw* Rw/Ro, (Rw/Ro =1/F)
Rt/Rw* UF, Rt =a*@ ™

Sw
I
I
I

*Rw* |

Take log on both sides
LogRt=-mlog @ + log (aRw) + log |

From above equation alog —log plot of @, Vs Rt
with 100% water line, slope“m”, intercept “Rw” isdrawn
and other lines (90%, 65%, 50%, 30%, 10%) are also drawn.
Aguilera(1990b) showed that astraight linein Pickett plot
would be result of an interval of constant permeability at
irreducible water saturation. Different values of Sw, K, Pc,
h & r_values have been drawn and shown in plot (fig 8 &
fig.9). The construction of plot is based upon following
equations of permeability (1), Capillary pressure (2) height
above the free water level (3) :

1. LogRt=(-3n-m)log@ +log[aRw(250/ k ¥2)

2. LogRt=(-m +28125n) logd + log[(aRw) *
(1.0961 Pc %) - with straight line slope equal to (-
m + 2.8125 n) where m=n=2 and slope of Straight
line = 3.625.

3. h=0.705*Pc

Case Study

For case study an example of “LII reservoir” of
Mumbai highfield of Indiahasbeen taken. Thisisacase of
carbonate reservoir. One well of the field is taken for this
study. The -1l reservoir isdivided into six Zones A (960.2-
964.4m), B(964.5-976.0m), C (976.0-982.0m), D (983.8-
988.0m),E (988.1-994.0)& F (994.5-997.7m), these Zones
are separated by mudstone/ shale which may be permeable.
The main clay is Montmorillonite, which is identified by
NGS log. L-Il lime stone facies were deposited in cyclic
pattern, due to frequent fluctuation of sea levels; this is
characterized by bio-micritic limestone.

At first stage, Core data is taken for study for
analysis of rock-fabric and pore throat classes of the well
of above field. The pore throat aperture r_, at 65% water
saturation (standard value used by Winland) can also be
calculated by r 0588 [ (100 @) °84] and rp35, with

35=5.395[K

Aguilera equation for rp,, =2.665[k/(100 @)]°* by using
template (fig. 4) with core data.

Coredata analysis

Core permeability Vsporosity datawas plotted on
template (Aguilera) for calculating rp,, values based upon
equation (Aguilera), which shows that pore size of the
reservoir are varying from 0.5 to 10 um (figure-4)

The same data was also plotted in template of
particle size (dp) and rock fabric number (A) in which all
lines intersect at porosity of 3.5 % and permeability of
0.0015 md. This data aso shows that rock fabric number
(A) isbelow 3.0 and particle size of reservoir below 10 um
(figure-3)

Saturation height method for estimation of pore
throat sizevariation

Laboratory measured capillary pressure data was
also used in support of recognizing, variation in pore-size
distribution asit iscontrolled by the pore geometry (porosity
and permeability) and reflects the interaction of rock with
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Fig. 4: Aguileraequation for pore throat aperture
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fluids; therefore water saturation Vsinterval depth (height)
profile can also be converted to apore size variation profile.
As reservoir height is increases above free water level
(FWL), water saturation decreasesto minimum (irreducible
level) at the top of the reservoir due to variation of pore
sizedistribution from high at FWL to low at top of reservair.
On analysis of capillary pressure curve, it is observed that
in caseof higher permeability , lower displacement pressure
isrequired to displace wetting phase by non-wetting phase,
(lower side of ideal characteristic capillary pressure curve),
flat section of middle portion of capillary pressure curve,
indicates that large number of pores have been invaded by
the oil and grains of reservoir are well sorted and the slope
of the middle portion of the capillary pressure curve will
depend on sorting of grains of reservoir i.e. higher slope
poor sorting.

This indicates that capillary pressure curves also
reflects pore size variation, which is directly related to the
permeability, therefore capillary pressure curves for rock
samples from the same reservoir having different
permeability will be different. For obtaining single
representative capillary curve for wholereservoir, Leverett
replaced “r” by (k /@)"?(pore geometry factor) in capillary
pressure equation and proposed, dimension less, “J"’
functions, which will be different for different type of rocks.

Capillary pressure Vs Sw, core (fig.5),al so shows
that three-pore size variations are present in the reservoir,
displacement pressureiszero dueto high permeability, Swir
is10 ~ 15%.

The“J' function Vs Sw, (fig. 7) indicatesthat “ J’
function, correlating group for all measurement of capillary
pressure with similar pore geometries.

Evaluation of reservoir from log data by using
Pickett plot

Fig. 3& 4 using core data & Fig. 5& 6 using
capillary pressure data (measured from core data) reflects
pore size variation and useful for evaluating the reservoir
from log data. A Log-log graph of porosity Vs Resistivity
plot i.e., Pickett Plot is good technique for understanding
reservoir characterization in homogeneous, naturally
fractured and shaly reservoir. Before evaluating various key
parameter of formations from above plot, the value of ‘m’
(cementation factor) in various pore geometry categories
(intergranular, intercrystalline, vuggy and fracture), “n”
(saturation exponent), Rw, Log/core relationship and rock
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Fig. 5: Capillary pressure Vs Sw plot (core data).
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Fig. 6: Leverett ‘J function Vs Sw plot (core data).

properties corresponding to particular environment should
beanalysed correctly , so that good results could be achieved
from above plot.

Well log parameter Rt & @e, data of one well of
abovefield are used for constructing Pickett Plot. Rw value
is taken 0.106 and slope m=2 for above reservoir. The
equation No.1 to 3 (page.2 & 3), were used for calculating,
permeability “k”, Capillary Pressure “P_", pore throat
aperture “r " etc. The water saturation lines, permeability
lines and Capillary Pressure lines are drawn on the Pickett
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plot as shown in fig.7 with log data. The sameisshownin
enlarge view in fig.8 without log data. P, and r,are valid
between Sw=30% and 90%.From above equations and
plot, “r . Wwas evaluated equal to ~ 108/ P, and reservoir
height was evaluated equal to ~0.705* P_
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Fig. 8: Pickett plot for LIl -Zone-A, Zone-C, Zone-E and All Zones

In Pickett plots, permeability, water saturation, pore
sizevariation etc of L-11 reservoir areshownin (fig. 7) along
with well log data & Fig.8 with enlarge view. Capillary
pressure curve Vs Sw plot showsthat thereare mainly three
types of pore geometries, which are controlling fluid
movement. “J’ function Vs Sw curvea so confirmsthe same,
and shows that two types of pore geometries are
representing to whole of the reservoir with third one also
have some effect in fluid movement.

Zone A, is gas bearing, pore throat aperture have
different pattern may be due to clayey nature and high
specific surface area. Water saturation may be highin this
zone due to irreducible water saturation which reduces
resistivity. The pore sizedistribution haveelliptical pattern
due to variation in pore size from 7 ~8 um and reversing
back to 4~5 um. Permeability is varying from 30 md to
1000md.

Zone C, has pore throat aperture (2um to 6um).
Permeability is varying from 1md to 200md.

Zone E, has pore throat apertures variation from
(2 umto 6 um). Permeability isvarying 0.1 to 100md range.
Pore throat aperture variesin all directions with different
permeability values which shows that layer may have
multiple pore size distribution.

ThezoneF, iswater bearing, pore throat apertures
varies from (5um to 10um) and reversing back to below
lessthan 10um line. Permeability variesfrom 10md to70md.

Conclusion

e Corepermeability Vsporosity dataplottedin Aguilera
plot shows that pore size of the reservair is varying
from 0.5t0 10 ym .

e Core permeability Vs porosity data plotted in Lucia
plot, particle size (dp) and rock- fabric number (&)
showsthat particle size of thereservoir arevarying from
0.5t0 10 pm.

e Total, L-Il reservoir has average pore size variation
from 2 um to 10 um, permeability varies from 1md to
1000md.

* In zone A, pore size distribution is having elliptical
pattern due to variation in pore size from (7 ~8 um)
and reversing back to (4~5um). Permeability isvarying
from 30 to 1000md.
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e Zone C, has pore throat aperture (2um ~ 6um) and
permeability isvarying from 1md to 100md.

e ZoneE, hasporethroat apertures variation from (2 ~6

um). Permeability isvarying from 0.1 to 100md. Pore

throat aperture varies in al directions with different

permeability values which shows that layer may have

multiple pore size distribution.

 The zone F, is water bearing, pore throat apertures

variesfrom 5um to 10um and reversing back to below
< 10um line. Permeability varies from 10md to 70md
range.
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