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Summary

It is important to choose an acquisition technique and geometry, which produces minimum footprints. Uniform
distribution of fold, offset and azimuth for al the bins will reduce the footprints to a great extent but it is not achievable in
any 3D practical geometry. Achieving the uniform nominal fold and minimizing the variation of offset and azimuth sampling
across the binsis also the prime objective of the designer in designing the 3D survey geometry so that the geometry creates
minimum footprints.

The Slant geometry, which provides better offset distribution but narrow azimuth, iswidely used in acquisition of
3D seismic data by Geophysical Crews of ONGC. In all the investigations carried out with Slant Geometry in acquiring 3D
seismic data, the active spread for all the shots of salvo had been kept same. But the variation of Xmin, Xmax provided by the
slant geometry asused in ONGC ismore. It has been analyzed and found that by keeping the near offsets samefor all the shot
points of the salvo will provide uniform fold, equally good unique foldage, offset and azimuth but with minimum variation
of Xmin, Xmax and Xavg across the bins. Hence, this suggested option of slant geometry will minimize the acquisition
footprints. The analysis of the two options is compared in detail and it is shown that new options will have minimum

acquisition footprint
I ntroduction

Petrophysical (porosity, permeability) properties,
and with them seismic properties, of carbonate rocks can
change significantly due to dissolution, precipitation, and
cementation processes. As shown by Eberli et. a. (2003),
the matrix structure undergoes drastic change, with pores
taking the matrix place and viceversa. Under such conditions,
arelationship between the seismic, petrophysical and rock
physics attributes of areservoir system can assist in better
understanding of such complicated limestone reservoirs.

Most laboratory research on saturation effects
carried out in sandstones has shown that the Gassmann’s
theory can predict fluid related changesin seismic vel ocities.
Porosity is the most important factor controlling sonic
velocity. But various studies show that poretype, porefluid
compressibility, and variations in shear modulus due to
saturation areal soimportant factorsfor velocities, especialy
in carbonaterocks. Only afew studies haveinvestigated the
effect of saturation on velocity in carbonate rocks. Rafavich
et al. (1984), Wilkens et al. (1984) concluded that porosity
isthe major factor influencing velocity and that pore-fluid
typehasno satistically relevant influence. In contrast, Japsen
et al. (2000) and Assefa et al. (2003) measured consistently
lower shear modulus for water-saturated samples of low
porosity chalk and oolitic grain-packstone, respectively.
Their dataimplies that in carbonate rocks, the assumption

of constant shear modulus in Gassmann’s theory might not
alwaysbevalid. We haveinvestigated the effect of saturation
on different set of carbonates and the applicability of the
Gassmann’s equation for predicting saturation and porosity
effects in carbonate rocks. Assuming linear elasticity and
the rocks to be isotropic and homogeneous, we calculated
shear wave velocities from measured dry Vs and saturated
density. Figure 2(a) showsthat thevariationin shear modulus
is not consistent with Gassmann’s assumptions of a
saturation-independent shear modulus. Large amount of
differenceintheVp/Vsratiosof thedry and saturated values
when plotted against V, and porosity is matched by the plot
of Gassmann'sV /V , versusV, and porosity

Mineralogical and petrophysical description of the
samples: The mineralogy of the first data set (Wang, 2002)
ismainly calcite with low porosities ranging from 0.6% to
16.2%. Brine was used as the saturating fluid. The second
data (Rogen, 2002) was measured on samplesfromthe chalk
reservoirs of Danish North Sea. Rogen (2002) gives
compaction as the primary porosity-controlling factor and
textural variation asasecondary porosity-controlling factor.
The chalk samples are either the mudstone (< 10% large
grains) or wackestones (>10% large grains). The mineralogy
ismainly calcitewith lessthan 5% quartz, kaolinite, smectite
and others. Porosities are high and vary from 14% to 45%.
The gas permeability rangesfrom 0.44 mD for theclay rich
chalk to 8.87 mD in comparably clean chalks. Thethird high

(1289)



(>

Werg's Ve v Vg & Hegroch L

ol 1AL

&

Lo

s i
.
/97""5“

"

P

N
-
Eogan Ve vereas ¥p B NMudiock Lises
e

LI

o G - A5

[T ]

[
Purmily
nw Bl - LuceTs Jonc Ve yerers ¥p E Mudnsch Liees
& e —
—
L = -
- Sl i
o 4 e T E
- h.':#,-" s R i i
AT = v —
- . A £
P~ oy =
- {F — -
o I__ .__.-"' =
-
i
[EET -
Ve o o e e e e
F X
1] - Kl o
Loowt Liresons ¥a wersus Yp & Modeock: Lines Ll o ol | Appuia’s ¥ verses ¥p & Mudroch Lrss
o o n s
-
=
am
i row -
. : s e i i
! r o ramy
- . kel
'-.;jyﬁ ki
=
f—
- e e
1l a

Mudrock Line by Li & Downton (2000), except for the Lucet’s sonic.

Pleaiem
1 Higgh
porosities ranged from near 20% to as high as 42%. The

P
permeabilitiesranged between 7 mD to ashigh as 1853 mD.

porosity dataset (L ucet, 1989) contained two setsof velocity ~ amounts of quartz and feldspar. The porosity varied from
Thefourth set of datawith medium to high porosity (Aseefa
et d., 2003) wasfrom the Great Ooalitic Limestoneformation,

predominantly composed of oolitic skeletal grainstones,

Fig.1 Trendlinesfor V versusV, are plotted for, a) Wang, b) Rogen, c) Lucet's Sonic, d) Lucet's Ultrasonic and €) Aseefa’'s data set. All these trend
measurements made at sonic and ultrasonic frequencies. The
(grain supported and lacking carbonate mud), packstones

I S BN O O AN N e e
lines are compared against the different Mudrock lines. In all the plots, the trend line for saturated velocities better matches the Carbonate
(grain supported and containing mud) to wackestones (mud

3.2% to 16.7% with intergranular pores (upto 300 microns)
as the primary porosity and moldic porosity with the ooid
grains as the secondary porosity. The permeabilities of the
samples ranged from 0.1 mD to 7 mD. All the data have
ultrasonic measurements of compressional and shear wave
velocities made at 50 MPa, except Lucet (1989) data that
also has measurements at soni ¢ frequencies. Water was used
supported and contai ning morethan 10% grains). Therocks
are mainly composed of calcite and dolomite with minor

as the saturating fluid except in Wang's experiments that

used brine. The values of density and bulk modulus of the
fluid and rock mineralsused in this study are given in table
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1. Among the dataused here, in Aseefa’ sdatathe mineralogy
is other than calcite with dolomite and quartz proportions
ranging up to 55%, and gypsum and feldspar up to 15 %. In
this case we have used the Voigt-Ruess-Hill (VRH) average
(Hill, 1952) to calculate the grain bulk modulus (K ).

Method for calculation

The Gassmann's (1951) relation (eq.1) is used to
calculate the saturated vel ocities and other related reservoir
attributes.

K* =K, +[(1-K /K )2/ {@K, +(1-Q/K_-K/K 3]
M=y

Where, K, ,K K, K* refer tothebulk modulii of, respectively,
theporefluid, therock forming minerals(grain), theair-filled
rock-frame (the dry sample), and thefluid filled rock-frame
(saturated sampl€). @represents porosity and i, and y” refer
to the shear modulii of, respectively, the dry sample and the
fluid saturated sample. Bulk density was calculated using

P =0p+p,

Where, p', p, and p, are, respectively, the densities of the
fluidfilled rock, thefluid filling the pores, and the dry rock.
p, can also be expressed as p, = (1 - @)p,,, Where, p, isthe
density of the matrix (rock forming minerals). To calculate
the velocity and the bulk modulus of the dry rock, and the
deviation of saturated from dry and that of Gassmann’sfrom
saturated, we have used the following equations.

K=p(V,2=43v>) 3
H=PNVeE 4
VEI=K+43y, o 5
M easur ed satur ated
Deviationin %

= [{ Saturated (V oor S)) —Dry (V oor S))}/ Dry (V oor S))] x 100

6

Gassmann Deviation in %
=[{Gassm(\/p(as))—Satuaed(vp(as))}lsauaed(\/p(as))] x 100
Results

A comparison between the measured shear and
compressional velocitiesfor both dry and saturated samples
(fig.1a, 1b, 1c, 1d, 1€), showsthat for the high porosity data,
there is an appreciable reduction in the saturated shear
velocity values and the shift reduces with decreasing

porosity (Wang, 2002). Comparisons between linear trend
lines for the saturated velocity data, with the Mudrock
relationsfrom Castagna (1985; 1993), Wang and Nur (2000),
and Li & Downton (2000) show that all the saturated trend
lines lie markedly below the relations for clastics. The
carbonate Mudrock line of Li & Downton (2000) has the
closest match with thelinear best fit for the saturated vel ocity
data. However, thefit isnot asgood for the entire datarange.
We have examined the cause of this mismatch with the help
of other attribute plots. Interestingly, in all the high porosity
data, the wet line from Wang and Nur (2000) shows a good
correlation with the dry velocity trends.

Analyzing the plots of bulk and shear modulii, for
dry, saturated and Gassmann derived values (fig. 2a) wefind
that the saturated shear modulusare lower thanthedry values
for some data sets This observation is violates Gassmann's
assumption of fluid not interacting with the matrix. For the
other data sets (Wang, 2002 and L ucet, 1989), the saturated
shear modulus values are only slightly higher than the dry
values. The saturated bulk modulus is higher than the dry
modulus for a mgjority of the data (Fig.2b), in agreement
with the theory of acoustic wave propagation in saturated
media. However, results from Gassmann's equations show
a mismatch with measured values. The bulk modulus is
underestimated in cases where shear modulus does not
change with saturation. For the rest of the data sets,
Gassmann’s equations overestimate bulk modulus values
(fig. 2c). Figs.2d and 2e show that the bulk and shear moduli
are inverse functions of porosity. The difference between
dry and saturated bulk moduli also appears to depend on
porosity. For bulk modulus, it variesfrom 15 GPain thelow
porosity range of 1 to 10% and goes down 5 GPa at high
porosities of 45%. For shear modulus, it variesfrom +/- 2.5
GPainthelow porosity range (1-10%) to almost negligible
in the high porosity range of 40 to 45%.

Figs.3 and 4 compares the relation between dry
saturated and Gassmann cal cul ated vel ocitiesin comparison
with the saturated vel ocities. Thereisasdlight increaseinthe
saturated V, (fig.34) for amost all the data sets. However
for saturated V. (fig.3b), we see an appreciable lowering of
velocitiesfor all the high & medium porosity data (in direct
co-relation with fig.2e). Furthermore for Wang (2000) and
Lucet ultrasonic (1989) data with very different range of
porosities and permeabilities, there is no change shear
velocity after saturation. The Gassmann predicted
compressional velocities (fig.4a) have overestimated the
measured compressional velocities. On the other hand, the
Gassmann derived shear velocities overestimates the
measured shear velocities for high porosity data sets (fig.
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Fig.2 Plotting of rock moduli is done for, a) shear modulus saturated v/s dry, b) bulk modulus saturated v/s dry and c) bulk modulus Gassmann v/s
saturated. Theincrease in bulk modulusisvisible across all the data sets except for Lucet’s sonic and afew points of Wang's data and similarly
a decrease of shear modulus is visible across al the data sets except the Lucet’s ultrasonic and the Wang's data. The variation between the
saturated and dry values for these elastic moduli is observed to be inversely proportional to the porosity As shown in d) bulk modulus vs.
porosity and €) shear modulus vs. porosity, the variation in difference between saturated and dry isfrom 15 GPato 5 GPain bulk modulus with
increase in porosity and from +/- 2.5 GPato negligible for shear modulus with increase in porosity.

4b). For estimating the saturated vel ocities, the Gassmann’s
equations appear to fail in carbonate rock that shows a
variation for carbonate in shear modul us due to saturation.

Eq. 6 & 7, representing ‘Measured Saturated
Deviations and ‘ Gassmann Deviations' respectively, are
used for calculating the deviation in velocity estimation by
Gassmann fromthat of lab calculated. Most of the dataval ues

of saturated V, (fig.5a) show a positive deviation of up to
7% for the porosity ranges of 0-35%. For higher porosities
ranges, thedeviationsare higher and rangesfrom 7% to 18%.
The deviationsin the saturated V ¢ (fig.5b) from that of dry
Vsareonly 0to +/- 3% in the porosity ranges of 0-5%. For
higher porosities, the deviations goes down to -18%. The
line of density effect accounts for only 8% of the negative
shift in velocities. For an isotropic and homogeneous rock,
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Fig.3 Variation in velocities of a saturated and dry rock for & compressional velocities and b) shear velocities are depicted here. Saturated V,, is
overestimated for most of the data points except the Lucet’s sonic and saturated Vs is underestimated for most of the data points except the
Lucet’s ultrasonic and Wang's data, which are on or around the line of equal values. This noticeable variation in the saturated shear velocities
indicates some process other than density contribution to have played arole in the rock fluid system.
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Fig.4 The Gassmann predicted values of a) compressional velocity, overestimates the saturated velocities except for the Lucet’s ultrasonic and
Wang's data points, and b) shear velocity are overestimated for all the data sets except for Lucet’s ultrasonic and that of Wang's.

the rest of the deviation can be attributed to the weakening
of shear modulus dueto the saturating fluid. The Gassmann
deviation in V, (fig.6a) lies between -5% to +5% for low
porosity (up to 5%) and varies from up to 15% to almost
negligible as the porosity varies form 5 to 45%. Similarly
the positive deviations in V (fig.6b), narrows down from
15% at 10% porosity to 8 % at 40% porosity. For amajority
of the data sets that have experienced shear weakening, the
deviations are in inverse relationship with porosity. Fig.5¢
displaysadecreaseinV upto 18%andincreaseinV upto
27%. Data plotting along the line of zero V deviations,
indicates that the data has remained unaffected by the
presence of fluid and has only experienced density effects.
Similarly in Gassmann’s deviation crossplot the
overestimation of V_isupto 18% and overestimation of V|

up to 24%. A closer look at the dataindicates that the shear
weakening effect isignored and both the vel ocities are over
predicted.

As most of the rock samples do not comply with
Gassmann assumption, plots of V /V . against porosity and
V,_ help usto analyze the effect of porosity and fluid content
and to seethat how well Gassmann can emul ate theseresults.
Fig.7a shows that V /V  versus porosity, for dry samples,
decreaseswith increasein porosity downto 1.45 at aporosity
of 45%. Theratio for the saturated values at lower porosity
lies around 1.97 (similar to dry values) and shows only
minimal positive deviation of 0.05. The high porosity data,
reachesamaximum of 2.10 and showsapositive deviation of
up to 0.60. Similarly, saturated V /V _ when plotted against
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Fig.5: Deviations of Saturated velocities from that of Dry are plotted
versus porosity for, a8) compressional velocity and b) shear velocity.
Vp suffers a deviation of +7% for most of the data points except
that of Lucet’s sonic and goes up to +18% with increasein porosity.
The bulk effect of fluid is definitely more than the density effect
which intends for a—ve deviation of Vp. However, Vs showsa—
ve deviation in velocity which linearly increases with increase in
porosity, and is much more than what is accounted by the density
effect. ¢) Deviation in Vp versus deviations in Vs, shows that
except for Wang's data and Lucet's sonic, the data has observed
bulk strengthening and shear weakening which increases with
increase in porosity.
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data. As the porosity increases, deviations in Vp varies from
+15% to almost negligible at the highest porosity of 45%.
However, Vs except for the low porosity shows a+ve deviation
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in Vs, shows that except for Wang's data (almost no deviation)
and Lucet’s ultrasonic, the data has been over estimated.
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Fig.7. Plotting is done for separating the effect of fluid and air/gas in the pores and is shown as, a) Saturated and Dry Vp/Vs versus Porosity, b)
Saturated and Dry Vp/Vs versus Vp. The plotting of Gassmann derived velocity values is done at ¢) Gassmann and Saturated Vp/V's versus
Porosity and d) Gassmann and Saturated Vp/Vs versus Vp, to show that Gassmann velocities can be used to model the saturated velocities
despite the fact that the assumption of a constant shear for the rock islargely not followed by most of the data sets considered here. The Vp/Vs
ratio is 1.90 for low porosity rocks and decreases linearly up to 1.45 with increase in porosity up to 45% porosity. Plotting of Vp/VsversusVp
isan excellent tool for differentiating formation filled with fluid from that of gas. For low porosity data this difference is not very appreciable
but as the porosity increases the difference becomes more and more prominent. As in this case the difference of Vp/Vs versus Vp is 0.05 for

low porosity data but is as large as 0.60 for high porosity data set.

V., (fig.7b) displaysacomparablevariation for V /V ; for the
dry and the fluid filled formations. The V JV reaches a
maximum of 2.10 for high porosity datawhere asthe same
formation with gasfilled pores hasthevalue of around 1.45.
Thisdifference of 0.65 isasignificant differenceto spot for
the formation where AVO study has to be carried out. The
Gassmann V /V  when plotted against the porosity and the
V, (fig.7c & 7d) presented almost same (slight
underestimation for low porosity samples) pictures. Thelow
porosity data does not have any appreciable difference of
ratiosto spot for the porosity or substitution of fluid effects
in the formation. However, when the porosity increasesthe
difference starts building up clear and has value of around
0.50 for the porosity effects and around 0.55 for the fluid
effects for the same high porosity data.

Conclusions

The Gassmann cal culated velocities and modulus
underestimates the saturated velocities and modulus,
especialy for the low porosity formation where thereis no
variation of shear after saturation. The effect of fluids does
not seem to play an important role in these formations for
calculating saturated velocities. For the high porosity
formation, the Gassmann’s overestimation of V,and V¢ is
much more than what can be explained by density effect.
Thefluidin the rock seemsto have played major roleinthe
altering the shear strength of the rock. Though the
determinationof V  and Visinaccuratein the shear altered
rocks, the theory has successfully modelled thevariationin
theV/V ¢ ratio for the effect of both porosity and fluid asit
isknowntodofor clasticsand asoto lay checksfor proposed
AVO study of an area. The use of Gassmann equation for
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carbonate rocks needs to be understood better before
applying them for forward models.
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