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ABSTRACT. In general, carbonate rocks are composed by heterogeneous pore systems. Pore heterogeneity can be expressed by a combination of pore geometries,
correlating the changing effect of the elastic parameters to 4-D seismic sensitivity. Based on the Kuster-Toks6z model, this work characterizes and classifies different
degrees of porosity according to the following types: 1) round or spherical pores — moldic, vuggy or intraframe porosity; 2) interparticle pores - intercrystalline porosity;
and 3) microporosity or microcracks — fractures and channel occurrences. The methodology was applied to the Glorieta-Paddock carbonate reservoir at Vacuum field,
New Mexico, to estimate bulk and shear moduli, rock density and seismic velocities under dry conditions and saturated by homogeneous fluid. The results indicated
the greater potential of the Upper Paddock Formation to store fluids and the higher seismic sensitivity, due to the geometry of the interparticle porosity and the presence
of microfractures in limestone, which results in decreased rock rigidity and increased seismic sensitivity to saturation by fluids. However, Lower Paddock and Glorieta
formations, consisting of dolomites with spherical interparticle porosity, showed a reduced seismic sensitivity due to increased rock rigidity. Under the conditions of this
study, the methodology proposed by Kuster-Tokstz was more adequate to express the occurrences of seismic velocity anomalies compared to Gassmann’s model.

Keywords: pore geometry, carbonate reservoir, seismic sensitivity.

RESUMO. Rochas carbonaticas geralmente possuem um sistema de poros heterogéneo. A heterogeneidade de poros pode ser expressa por uma combinagdo de
geometrias porosas, correlacionando o efeito de mudangas nos pardmetros elasticos a sensibilidade sismica 4D. Este trabalho se baseia no modelo de Kuster-Toksdz
para caracterizar e classificar porosidades com possibilidades de variagdo entre os tipos: 1) poros arredondados ou esféricos — ocorréncia de porosidade moldica,
vugular ou intraparticulas; 2) porosidade interparticulas — de carater intercristalino; e 3) poros fraturados (“cracks”) ou microporosidades — ocorréncia de microfraturas
ou microfissuras e canais. Com a aplicacdo da metodologia no reservatdrio carbonatico Glorieta-Paddock, no campo de Vacuum — Novo México foi possivel estimar os
madulos de incompressibilidade e de cisalhamento, densidade e velocidades sismicas da rocha, sob condiges drenada e saturada por fases homogéneas de fluidos.
Os resultados obtidos indicaram que a formagao Paddock Superior tem maior potencial para armazenar fluidos, e maior sensibilidade sismica, atribuidos ao aspecto de
poros interparticulas sob influéncia de microfraturas no calcario, que se reflete em um menor valor de rigidez da rocha e potencializa a sensibilidade sismica a saturagdo
por fluidos. Entretanto, as formagdes Glorieta e Paddock Inferior, constituidas por dolomitos com forma esférica de poros interparticulas, apresentaram uma redugdo
da sensibilidade sismica em virtude do incremento de rigidez da rocha. Pelas condigOes impostas neste estudo, é possivel vislumbrar que a metodologia proposta por
Kuster-Toksdz, quando comparada ao modelo de Gassmann, mostrou-se mais adequada para expressar a ocorréncia de anomalias nas velocidades sismicas.

Palavras-chave: geometria de poros, reservatrio carbonatico, sensibilidade sismica.
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INTRODUCTION

Extensive studies of carbonate reservoir rocks have been ob-
served recently, since they constitute the largest oil and gas re-
serves worldwide. Therefore, studies correlating the seismic re-
sponse of carbonate rock physical properties applying the time-
lapse or 4D seismic techniques are important in reservoir charac-
terization and monitoring (Jack, 1997).

Carbonate reservoirs, in general, have heterogeneous pore
systems consisting of vugs, molds, channels and microfractures.
Different types of pores and porosity imply in several elastic
moduli that impact seismic properties, shear (V) and compres-
sional wave (¥p) velocities and density (o). Furthermore, the
properties of the fluids present in the pores also change seis-
mic behavior. Thus, mineralogy, pore geometry, porosity, as well
as saturation fluid properties, temperature and pressure, are im-
portant factors that affect seismic velocity (Wang, 1997). Some
theoretical models applied to siliciclastic rocks, for example,
Biot-Gassmann (Biot, 1956) take into consideration only average
porosity of the rock matrix, because it implicitly assumes homo-
geneous pore distribution in the rock. However, in carbonates, it is
necessary to propose models that best represent the pore system
due to heterogeneities resulting from diagenesis. Kuster-Toksoz
model (Kuster & Toksdz, 1974) takes into account the effect of
pore geometry, porosity and rocky matrix mineralogy, and all in-
clusions that contribute to the prediction of 7 and V. Berryman
(1995), Kumar & Han (2005), Wang et al. (2009), Xu & Payne
(2009), Wang & Sun (2010) and Payne et al. (2010) used the
Kuster-Toks6z model and proposed methodologies aimed at its
improvement.

Acuna (2000) developed a 4D multicomponent seismic
characterization of the Glorieta-Paddock carbonate reservoir, at
Vacuum Field, New Mexico. One of the objectives of the study
was to use the available data to quantify the effect of anisotropy
and anomalies observed in velocity dispersion of fluid saturated
rocks, regarding the lithologies of interest: dolomite in Glorieta
formation; limestone in Upper Paddock formation; and, dolomite
in Lower Paddock formation. Acuna (2000) concluded that the
model developed according to the Gassmann theory (Gassmann,
1951) did not satisfactorily represent the anomalies observed in
the Glorieta-Paddock carbonate reservoir due to its limitation to
represent the occurrence of microfractures in the Glorieta and
Paddock formations.

This study strategically proposes to use the Kuster-Tokstz
model to evaluate the Glorieta-Paddock reservoir, in order to
consider the effect of pore geometry and fluid inclusion. There-
fore, a strategy to classify the pores in clean carbonates was de-

veloped. Then, elastic modulus and density of carbonate rocks
were estimated, simulating fluid saturation conditions, improv-
ing the understanding of ¥» and Vs; and inversion of elastic
parameters, important to reservoir characterization. Furthermore,
the results of both models, Kuster-Tokséz and Gassmann theory,
were compared.

METHODOLOGY

Anselmetti & Eberli (1999), Kumar & Han (2005) and Xu & Payne
(2009) demonstrated that carbonate rocks have basically three
categories of pore types: 1) Rounded or spherical pores, repre-
senting the moldic, vug or intraparticle porosities; 2) intercrys-
talline interparticle porosity and 3) fractured pores (cracks) or mi-
croporosity characterized by the occurrence of microfractures and
channels. To develop rock physical models it is necessary: 1) to
characterize and classify pore geometry; 2) to define the multipore
system for the Kuster-Tokstz model, in order to take into account
pore geometry combinations; 3) to calculate ¥p and Vs based
on incompressibility (K) and shear (1) moduli, and density (o)
for different fluid saturation conditions.

VACUUM FIELD - GLORIETA-PADDOCK RESERVOIR

Figure 1 shows the geological map of the study site. The Vacuum
field in New Mexico, discovered in 1929, has a sedimentary sec-
tion composed mainly of Paleozoic carbonates and evaporites,
including the Permian dolomites of the Grayburg and San An-
dres formations and the Glorieta and Paddock Formations, which
define the Glorieta-Paddock carbonate reservoir (Acuna, 2000).
Figure 2 shows the stratigraphic column of the Delaware Basin,
where the Vacuum Field and the Permian provinces are located.
The Glorieta Formation is characterized by dolomitic sand-
stones naturally fractured, with porous isolated lenses. The Pad-
dock Formation is divided into low Lr and Upper units. The Up-
per Paddock Formation is composed by dolomites with intercrys-
talline and vug porosities and limestones with vug and moldic
porosities occurring at regular intervals, forming the primary
production zone. The Lower Paddock Formation shows naturally
fractured dolomites. Figure 3 shows rock samples of the Glorieta
and Paddock formations (Acuna, 2000). This study focuses on the
formations of the Glorieta-Paddock carbonate reservoir.

Glorieta-Paddock Reservoir Data Selection

Average elastic and petrophysical properties were estimated for
gach reservoir-layer, using core samples from five wells located
in the Chevron-Texaco concession area (Fig. 1-B). The following
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Figure 1 —Map showing Vacuum field and Permian provinces: (A) companies operating in Vacuum field;
(B) west unit in detail — study site in rectangle, Vacuum field — Glorieta, operated by Chevron-Texaco since
1992. Adapted from Acuna (2000) and Grammer et al. (2004).
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ERA|PERIOD EPOCH FORMATION LITHOLOGY A RSO T
(m) (m)
Dewey Lake Redbeds / Anhydrite 60-125 125
Ochoan Rustler Halite 31 156
Salado Halite / Anhydrite 305 461
Tansill Anhydrite / Dolomite 61 522
Yates Sandstone - Shale / Anhydrite 61 583
Seven Rivers Dolomite / Anhydrite 152 735
Guadalupian Queen Sandy Dolomite / Anhydrite / 65155

Shale 890

g = Salbitg Dolomite / Anhydrite / Shale / &
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= E San Andres Dolomite / Anhydrite 460 1442
& Glorieta Sandy Dolomite 30 1472
Paddock Upper leestonell?olomlte 9 1564
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Leonardian | >

Tubb Dolomite / Sandy interval 122 122
Drinkard Dolomite 92 1961
Abo Dolomite / Anhydrite / Shale 305 oy
Wolfcampian Wolfcamp Limestone / Dolomite 0-460 2421

Figure 2 — Stratigraphic column of the Delaware Basin, where the Vacuum field and the Permian provinces
are found. The Glorieta-Paddock reservoir study site is highlighted. Adapted from Acuna (2000).
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Figure 3 — Rock core photos of the Glorieta-Paddock reservoir: (A) Shows the fractures in a core of the Lower Paddock
Dolomite; (B) dolomitic sand of the Lower Paddock Formation; (C) porous limestone (in blue) and permeability of the pro-
duction area in the Upper Paddock Formation; (D) dolomite of the Upper Paddock, showing low porosity and permeability,
characteristics of a not very good production area. Adapted from Acuna (2000).

formations were highlighted: Glorieta — dolomite, Upper Paddock
— limestone and Lower Paddock — dolomite. Figure 4 shows the
ideal vertical petrophysical profiles for the average mineralogi-
cal composition (Acuna, 2000), and Figure 5 shows the vertical
petrophysical profiles calculated according to Nur et al. (1995),
to characterize the framework for both dry and drained rocks.

Table 4 shows calcite and dolomite properties, the minerals most
commonly found in carbonates; however, other minerals are also
observed in the Glorieta and Paddock formations, justifying the
average petrophysical values listed in Figure 4. The selected data
will be used to implement the rock physics relationship with the
gstimate of seismic velocity under fluid saturation.
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Figure 4 — Elastic and petrophysical properties according to profile data of 5 wells (Acuna, 2000), highlighting the mineralogical averages of
Glorieta and Paddock formations: (A) mineral incompressibility modulus, (B) mineral shear modulus, (C) mineral density, and (D) porosity.
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Figure 5 — Calculation of framework elastic properties (drained or dry rocks) for the Glorieta and Paddock formations,
according to Nur et al. (1995), based on the data profile of 5 wells (Acuna, 2000): (A) incompressibility modulus,

(B) shear modulus, and (C) density.

FORMATION OF CARBONATE VERSUS
SILICICLASTIC ROCKS

The formation of carbonate sedimentary rocks is influenced by
physical processes dominated by complex biological and diage-
netic processes that do not occur in siliciclastic rocks. The gener-
ation of siliciclastic sediments is related to the intensity and type
of physical energy, such as winds, waves, direction and inten-
sity of currents, which affect sediment texture on the depositional
site (Folk, 1968). On the other hand, the generation of carbon-
ate sediments is affected by the organism population dynamics

Brazilian Journal of Geophysics, Vol. 30(4), 2012

and derived particles, as well as particularities of the organism
microstructure (Moore, 1989).

The texture of the carbonates is dependent on the diage-
netic process that generates different porosity types of carbon-
ate rocks (Moore, 1989) and are generally classified according
to two schemes: Folk (1959) and Dunham (1962). Rock poros-
ity represents the volume fraction that is not occupied by solids,
an important parameter to estimate hydrocarbon storage capac-
ity. Therefore, total porosity represents the volume of voids, con-
nected or not, while effective porosity corresponds to the volume
of connected pores, controlling where fluid is allowed to flow.
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Table 1 — Comparison between carbonate and siliciclastic sedimentary rocks. Adapted from Moore (1989).

Carbonate sedimentary rocks

Siliciclastic sedimentary rocks

Higher occurrence in the tropics

Climate, water depth are not limiting

Most marine

Marine or non-marine

Standing structure bodies

There is no analogous procedure

Sediment texture is controlled by growth and ultra-structure of
the bodies.

Sediment texture reflects the hydraulic energy of sedimentation
gnvironment

Grain composition directly reflects deposition environment

Grain composition reflects origin of sediment, climate and
tectonic of the source

Limestone shelves frequently consist of numerous stacked
sequences

Clastic shelves generally show no cyclicity

Shelfis affected by sea level changes due to carbonate production
rate constant in the entire shelf

Shelf evolution responds to sea level in a more complex manner
due to source tectonics and climate

Often cemented in marine environment

Rarely cemented in marine environment

Mud and grains may be formed by chemical precipitation

Mud and grains are formed by the degradation of pre-existing
rocks

Susceptible to distortions in early diagenesis, porosity difficult

Less susceptible to early diagenesis, predictable porosity related

to predict to depositional environment
More susceptible to diagenesis by burial, higher porosity onthe | Less susceptible to diagenesis by burial, porosities relative to
surface deeper layers

In sedimentary rocks, the porosity formed during deposition pro-
cess is called primary porosity, while porosity generated after the
deposition process, caused by geochemical events such as dis-
solution, is referred to as secondary porosity (Suguio, 1998; Es-
cobar Chaparro, 2002). The occurrence of fractures is common
in carbonate rocks in response to the tension generated by three
main regimes: tectonics, geopressure and formation of caves by
dissolution, which can be good for the exploration of hydrocarbon
reserves due to porosity variation (Escobar Chaparro, 2002).
According to Moore (1989), the diagenesis in carbonates is
affected by temperature and the chemical reactions occurring in
the pore fluids, such as dissolved organic acids, carbon dioxide
(C O,), hydrogen sulfide (H,.S), among other components re-
leased during mineral phase change, and thermal degradation of
organic matter and hydrocarbon. Thus, carbonates are more sus-
ceptible to dissolution due to the high rate of chemical reactions
during diagenesis, which changes drastically the resulting poros-
ity. Under burial, the carbonates react to pressure more easily
than siliciclastics, causing a porosity decrease with depth. Lower
rates of chemical reactions in the siliciclastics, are usually inher-
ent to unstable siliciclastic phases, such as feldspars, causing
secondary porosity formation. According to Spadini & Marcal
(2005) anomalies in carbonate reservoirs can occur even under
great burial pressure, thus maintaining good porosity levels by

physical-chemical processes. The basic differences between sili-
ciclastic and carbonate rocks are summarized in Table 1.

CHARACTERIZATION AND CLASSIFICATION OF

PORE GEOMETRY IN CARBONATES

Carbonate texture is related to diagenetic processes, which in-
duces the formation of different pore types in the carbonate rocks
(Moore, 1989). Usually, the texture of carbonates is classified
according to the schemes proposed by Folk (1959) and Dunham
(1962). In addition, Suguio (1998) also defines carbonate rock
porosities, such as:

o interparticle porosity between sedimentary particles;

o intraparticle porosity resulting from the voids within indi-
vidual crystals;

e microfractures or microcracks porosity results from frac-
tured surfaces, which is given by the percentage of open
fractures relative to the total rock volume;

e channel porosity results from dissolution along the frac-
tures or other types of elongated pores;

o moldic or shaped porosity is defined by the voids formed
by selective removal, typically by dissolution of compo-
nents, such as shells and oolites;

e vug porosity is caused by the dissolution of dolomite or
calcite crystals in the recrystallization process.

Revista Brasileira de Geoffsica, Vol. 30(4), 2012
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The Kuster-Tokstz model assumes pore geometry of carbon-
ate rock beforehand. Thus, taking into consideration the defini-
tions proposed by Suguio (1998), an ideal classification of pore
type was adopted based on Kumar & Han (2005), Xu & Payne
(2009) and Wang & Sun (2010) in order to analyze the input data
of the Glorieta and Paddock Formations (Figs. 4 and 5). Basically,
these authors suggest three classes for porosity volume in clean
carbonates, with possible variations among the types: 1) round
or spherical pores represent moldic, vug or intraparticle poros-
ity; 2) intercrystalline, interparticle porosity; and 3) cracks or mi-
croporosity formed by secondary processes generating microfrac-
tures or microcracks and channels in low porosity carbonates. It
is assumed as reference, for carbonate rocks, the occurrence of
interparticle pores, either presenting rounded pores resulting in
stiffer rocks, or with fractured microporosity resulting in less stiff
rocks. The average pore heterogeneity shown in Figure 6 is ex-
pressed by the statistical distribution of pore shape coefficients.
The pore geometry coefficient is given by the ratio between the
small and the great semi-axis, which is 1 for a perfect spherical
geometry and tends to 0 (zero) for a more ellipsoidal geometry.
Table 2 shows average pore geometry coefficient adopted for the
carbonate rocks of this study.

Table 2 — Pore geometry coefficient adopted for
carbonates, according to Xu & Payne (2009).

Pore Pore geometry

composition coefficient (a)
Round 0.80
Interparticle 0.15
Fractured 0.02

Figure 7 shows in detail the variations caused by pore geom-
etry in relation to pore volume. The crossplot ¥p — ¢ (porosity)
shows the Glorieta-Paddock data, calculated for drained rocks. A
good correspondence with the lithological descriptions presented
in Table 3 is observed. Kumar & Han (2005) emphasize that the
predominantly spherical pore type approaches Hashin-Shirikman
lower limit. The interparticle pore geometry is regarded as refer-
ence inthe study of carbonates, and may be affected by microfrac-
tures or spherical inclusions in the pore volume.

Kuster-Tokstz model: pore geometry combinations

To calculate Vp and Vg, Kuster & Toksoz (1974) derived ex-
pressions under ultrasonic frequency conditions to estimate the
incompressibility (K x7) and shear (ux 7) moduli. Berryman
(1995) included pore geometry contribution in the Kuster-Toks6z

Brazilian Journal of Geophysics, Vol. 30(4), 2012

model, according to:

_ %Mqub + K (Km + %Mm)

Kgr y
K + IMm — K¢

: (1)

m+ m m+ m
. Mplm =+ tm (1 ¢ )’ @)
Wm + Cm — Lo

where K,,, and 11, are the incompressibility and shear moduli of

the mineral matrix, respectively. The empirical parameter ¢, may

be calculated according to Berryman (1995):

fy = MZ(9K,” + 8hm) . )
(Km + 21m)

Pore type and fluid saturation are expressed as inclusions in:

N
Kp=Y_ oi(Ki — Kn)P™, (4)

i=1

N
He = Zd’z (i — H«m)Qmi . (5)

i=1
According to Berryman (1995), and based on pore shape, the
parameters P™ and Q" are estimated for each material phase
i, inclusion of total oV, in the pore volume ¢;. Then, the param-
eters Ky and pg are rewritten to represent a system of multiple

pore geometries:
Ko fe ) ¢i(Ki = Kn) PR+ f1) 6 (K — Km) P}
i=1 i=1 (6)

N
+/F Y bi(Ki — Km) PR,

i1
N . N .
1o fE Y b — wm) QR+ f1Y iy — 1m) Q"

i=1 i=1
N | (7
+IE Y il — um) O

i=1
where fz, f7 and f are the fractions for pore types or shapes:
spherical, interparticle and microfractures, respectively.

ESTIMATES OF SEISMIC VELOCITIES

Based on the calculation of X and w moduli, combined with rock
density (p), it is possible to estimate ¥p and Vg, as obtained by
Mavko et al. (1998):

K+ 4
Vo=, ;3“, ®)

Vs =

SRS
©
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Ref+round

Reference

Ref+microfractures

Figure 6 — lllustration showing carbonate pore geometry. Reference for interparticle pores.
Adapted from Xu & Payne (2009) and Wang (1997).

Spherical pores
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Figure 7 — Diagram used to determine carbonate pore types. The red arrow indicates increasing
round pores; the purple arrow indicates increasing fractures and microporosity. The blue line is the
reference for interparticle pore (Kumar & Han (2005) and Xu & Payne (2009)). The G, U and L points
were calculated for drained rocks of Glorieta, Upper and Lower Paddock intervals, respectively. Note
the ideal porous type: (A) 80% round, (B) interparticle reference, and (C) 40% microfractures.

The fluid has zero shear modulus, therefore w is the same for
dry and fluid saturated rock, determined by laboratory tests or well
profile analysis. On the other hand, K and p are influenced by
saturating fluid for different phases, where:

p=po(l =)+ pspd, (10)

is the relationship of mineral density (o), fluid density (o ;) and
(¢); therefore, p s, dependent on fluid phases and their ratios.
Table 4 shows fluid parameters adopted and the properties of the
main minerals commonly found in carbonate rocks. The mean
values of the mineral properties used in this study (Table 4) are
the values of the characterization profile by Acuna (2000).

Incompressibility (K) and shear (w) moduli of carbonate
rocks can be estimated and evaluated according to Kuster-Toks6z
model, Equations (1) and (2), or by Gassmann theory (1951):

(1-%)
0
Ksw =Kavt 5 i gy 11
Ky Ko K2
MUSar = WUdry » (12)

where K, is the incompressibility modulus of saturated rock,
K is the mineral incompressibility modulus of the matrix com-
ponents, estimated by laboratory tests or well logs, K 7; is the
fluid incompressibility modulus. Dry rock or framework incom-

Revista Brasileira de Geoffsica, Vol. 30(4), 2012
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Table 3 — Pore shape effect on data distribution of the wells with respect to reference
line. Interparticle: Glorieta formation, round; Upper Paddock, fractured; and Lower

Paddock, round.

Poreshape influence
Well Formation (interparticle reference)
A —round F —fractured
VGWU127 Glorieta 20% — A
Paddock Upper 10% - F
Lower 40% — A
WS-13 Glorieta 20%— A
Paddock Upper 10% - F
Lower 40% — A4
SR-9 Glorieta 40% — A
Paddock Upper 20%-F
Lower 20%— A4
SR-12 Glorieta 40% — A
Paddock Upper 10% - F
Lower 20% - A
SR-10 Glorieta 20%— A
Paddock Upper 10%-F
Lower 20%— A

pressibility modulus (K 4-,) and dry rock shear modulus (stqy-)
may be obtained using the relationship proposed by Nur et al.
(1995) for 0 < ¢ < ¢¢ , Where, ¢¢ is rock critical porosity,
that is, the limiting porosity that a rock can have, since above this
value the rock becomes loose sediments.

Incompressibility of fluid-saturated rock

Fluid incompressibility modulus is calculated according to fluid
saturation model, and may be homogeneous or heterogeneous
for brine, oil and gas phases (Mavko et al., 1998). In this study,
we considered homogeneous saturation for the ideal situations:
100% brine, 100% oil and 100% gas, according to the properties
shown in Table 4.

Table 4 - Elastic properties of minerals and fluids, according to Mavko et al.
(1998) and Walls & Dvorkin (2005).

K(GPa) | n(GPa) | p(g/cc)
. Calcite 70.2 29 2.71
Minerals* -
Dolomite 76.4 49.7 2.87
Brine 2.68 1.03
Fluids™ 0il 0.820 0.782
Gas (Ethane) 0.135 0.341

*Mavko et al. (1998); **Walls & Dvorkin (2005).
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The formation of an effective fluid from different phases can be
gstimated from the Voigt-Reuss-Hill average, using the estimated
fluid saturation properties, according to Batzle & Wang (1992) to
estimate the changes occurring in the reservoir with respect to
temperature and pressure conditions. Xu & Payne (2009) sug-
gest a formula to replace fluids in carbonates, which uses the
Voigt-Reuss-Hill average to estimate the elastic modulus using
the Kuster-Toksdz model and the Gassmann theory.

RESULTS

The results obtained for ¥p and Vs using the Glorieta-Paddock
data are presented and show the sensitivity of these velocities to
the imposed saturation conditions. In this study, the potential
response of each reservoir layer was evaluated under saturation
conditions, followed by a discussion. As shown in Figures 8 to
12 and as initially suggested in the definition of the study site, the
Upper Paddock Formation has a greater potential to predict the
saturating fluid.

In Figure 8, the crossplot between the incompressibility
modulus of the rock saturated by fluid estimated by Kuster-Toksoz
(Kx ) and for drained rock (K,-,) shows the greater potential
of the Upper Paddock Formation to reflect changes in the satura-
tion conditions. It should be noted that the drained and saturated
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Figure 8 — Crossplot of incompressibility modulus of fluid saturated (K g 7)
and drained (K 4,-,,) rocks according to Kuster-Toksoz model. Upper Paddock
cores are highlighted for displaying significant sensitivity to saturation.
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Figure 9 — Crossplot K — ¢ of Kuster-Toks6z and Gassmann models for identical saturation situations,
to verify potential variation in the Glorieta-Paddock reservoir. Highlight shows Upper Paddock formation.
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Figure 10 — Crossplot V» — ¢ for different saturation situations according to Kuster-Toksdz model
highlighting the Upper Paddock Formation.
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Figure 11— Crossplot ¥p — Vg for different saturation situations according to Kuster-Toks6z
model highlighting the non-linear trend of carbonates, as shown by Castagna et al. (1993).
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Figure 12— Crossplot ¥'p/ Vg — ¢ for different saturation and dry (drained) rocks according to Kuster-Toksdz
model highlighting the saturation changes of the Upper Paddock. It is possible to distinguish the lithologies as

stated by Castagna et al. (1993).

incompressibility moduli of Glorieta and Lower Paddock forma-
tions remained practically unchanged. Figure 9 shows the cross-
plot K — ¢ for identical saturation conditions, in order to enable
the investigation regarding the sensitivity of incompressibility
modulus of the saturated rock (K'), estimated by Gassmann and
Kuster-Toks6z; and, potential variation in the Glorieta-Paddock
reservoir. The Upper Paddock Formation has greater capacity to
distinguish different fluid phases as a function of its porosity
types, and also, because it has lower incompressibility values.
In addition, Figure 9 shows that the Kuster-Toksdz estimated
incompressibility has higher differentiation capacity compared

Brazilian Journal of Geophysics, Vol. 30(4), 2012

to Gassmann theory. Such behavior was expected because the
Kuster-Toks6z model takes into consideration pore geometry. It
should also be highlighted that the Upper Paddock Formation
has interparticle porosity affected by fracturing, which results in
micropores. The rock becomes less rigid and shows lower incom-
pressibility values, thus reflecting increased seismic sensitivity.
On the other hand, the opposite is observed for the Glorieta and
Lower Paddock formations with spherical interparticle pore geo-
metries (Table 3); therefore, the rock is more rigid, incompress-
ibility higher and seismic sensitivity lower. Applying the modulus
estimated from the Kuster-Toks6z model, (¥p) was calculated for
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the Upper Paddock Formation (Fig. 9), as shown in the cross-
plot ¥p — ¢ of Figure 10, demonstrating the elevated potential
to distinct between saturation phases.

Figure 11 shows the crossplot between ¥p and Vg, for
drained and saturated rocks with different fluids, estimated by
Kuster-Toks@z. It is interesting to observe the non-linear trend
of the curves, typical for carbonates, according to Castagna et al.
(1993) who suggest the influence of heterogeneity on pore geo-
metry. Differently, for siliciclastic rocks a linear trend is observed
due to the presence of predominantly homogeneous pores.

Figure 12 shows the crossplot ¥p/ Vs — ¢ according to
Kuster-Toksdz, for drained rocks and for each saturated fluid
phase, established in Table 4. According to Castagnaetal. (1993),
this analysis is useful to distinguish areas where there is fluid
variation and different lithology. Hence, this case study shows
the potential of Upper Paddock Formation to reflect saturation
changes. To differentiate carbonate lithologies in drained situa-
tions, the variation occurs according to mineralogical composi-
tion, the average value for dolomite is 1.7 and for calcite 1.9. This
confirms the expected correlation for Glorieta-Paddock reservoir
in this interval, specifically the Upper Paddock Formation, lime-
stone; and Glorieta and Lower Paddock, dolomites; as a function
of mean elastic and petrophysical properties for the minerals that
make up each layer, as shown in Figure 4.

CONCLUSIONS

This case study implements a methodology to classify and ana-
lyze pore geometry in carbonate reservoirs, in order to define a
system of multiple pore geometries as required by Kuster-Toksoz
model. This allowed us to directly estimate incompressibility and
shear moduli for rocks, under both homogeneous saturation by
the fluids, brine, oil and gas, and drained conditions.

This methodology applied to the study site, Glorieta-Paddock
reservoir, proved that the Upper Paddock Formation is poten-
tially more capable of storing fluids, and has higher seismic sen-
sitivity. It was also verified that the interparticle porosity, with
microfractures pore geometry in the Upper Paddock Formation,
resulted in lower rock incompressibility and rigidity, which en-
hances the seismic sensitivity to saturation. Unlike other forma-
tions, Glorieta and Lower Paddock interparticle porosity charac-
terized by spherical geometry results in lower incompressibil-
ity and rock rigidity, and reduced seismic sensitivity. Therefore,
the results from Kuster-Toks6z and Gassmann models were com-
pared. Gassmann results are similar to those presented by Acuna
(2000), and do not correspond to the anomalies observed in the

Upper Paddock to express variations between different satura-
tion phases. Thus, the analysis of pore geometry impact on the
results given by Kuster-Toksdz suggests that the physical mod-
eling of carbonate rocks under the conditions imposed in this
study resulted in an estimate of elastic modulus and density
that corroborates the theoretical understanding of ¥ and V;
and the inversion of elastic parameters, important to characterize
heterogeneous reservoirs.
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