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Summary

Rock Physics studies can collaborate to identify the
carbonate’s pore system heterogeneities, allowing the
prediction of elastic parameters and seismic velocities in
time-lapse modeling. This work is based on the effective
medium theories and Gassmann’s model to characterize
and classify porosity according to the pore types. The
methodology was applied in the Glorieta-Paddock
carbonate reservoir at the Vacuum field, New Mexico, to
estimate elastic properties under dry and saturated
conditions. The results indicated the greatest potential of
Upper Paddock formation to store fluids and increased
seismic sensitivity due to the interparticle pore aspect
under the influence of microcracks in limestone, reflecting
a lower stiffness rock and increasing seismic sensibility
for fluid saturation. The Lower Paddock and Glorieta
formations consist of dolomite with interparticle pore
aspect under influence of spherical pore shapes, showed
a reduction in seismic sensitivity due to the increase of
rock stiffness. Under the conditions imposed in this study,
we verified that the application of the effective medium
theories, specially the KT model, proved to be better than
Gassmann’s model to express seismic velocity
anomalies.

Introduction

Carbonate rocks are generally composed by
heterogeneous pore systems. This heterogeneity can be
expressed by a combination of pore geometries,
correlating the effect of changes in elastic modulus to
seismic reservoir monitoring. Anselmetti & Eberli (1999),
Kumar & Han (2005) and Xu & Payne (2009) showed that
carbonate rocks are featured by three types of porosity: 1)
rounded or spherical pores — moldic, vuggy or intraframe
porosity — occurrences; 2) interparticle pores -
intercrystalline porosity; and 3) microporosity or
microcracks - microfractures and channels occurrences.

Experimental studies have been developed for
understanding the pore system in carbonate rocks.
Ultrasonic studies about the complex nature of carbonate
rocks can lead to ambiguous conclusions when
interpreting seismic data for reservoir characterization are
affected by texture, mineralogy, pore space and pore
fluid, for example. Pressure and temperature are indirect
factors that also change the elastic modulus. However,
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the pore shape is the most significant carbonate property
affecting the elastic modulus (Gregor et al., 2007). There
are several rock physics models for estimate the seismic
velocity versus saturation, of which low frequency
Gassmann’s model (Gassmann, 1951) probably is the
most well known (Misagui et al., 2010). Besides effective
medium theories have been applied in carbonate case
study, there are some models: KT-Kuster-Toksdz (Kuster
& ToksOz, 1974; Berryman, 1980), SC-Self Consistent
(Wu, 1966; O’Connell & Budiansky, 1974; Berryman,
1980, 1995), DEM-Differential Effective Medium (Norris,
1985; Zimmerman, 1984; Berryman, 1992).

In this ultrasonic conditions study, the pore fluid was
treated as an elastic inclusion for such brine, oil and gas
phase saturation (Mavko et al., 1998; Ruiz & Dvorkin,
2010). However, an approach of the fluid substitution can
be used by combination the effective medium theories for
dry conditions (ultrasonic domain) and then applying
Gassmann’s model for fluid saturation (low-frequency
domain) (Xu & White, 2005; Xu & Payne, 2007). KT is a
generalization for a variety of inclusion shapes with
volume concentration in background medium, each set of
inclusions must be distributed randomly assumption
isotropic effect (Mavko et al., 1998). SC treats grains and
pores symmetrically instead of requiring a single
background material, grains and pores can be connected
or disconnected depending on the porosity range. DEM
assumes isolated pores embedded in a host material that
remains continuous at all porosities (Ruiz & Dvorkin,
2010). We applied Gassmann’s model and the effective
medium theories in case study of Glorieta-Paddock
carbonate reservoir at Vacuum field, New Mexico.

Methodology
We proposed in this study:
e Characterize and classify the geometry of pores.

e Set the multiporous system by effective medium
theories, to consider a dual pore system.

e Evaluate effective medium theories for carbonate rocks
under fluid saturation conditions by approach ultrasonic
domain.

Data set: Glorieta-Paddock carbonate reservoir at
Vacuum field, New Mexico

Vacuum field, discovered in 1929, is mainly composed of
Paleozoic sedimentary carbonates and evaporites,
complemented by the cumulative production for the
Permian dolomites Grayberg and San Andreas
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formations. Also collaborate economically with the two
formations subsequent to San Andreas, called Glorieta
and Paddock, (Acuna, 2000; Grammer et al., 2004).

Glorieta formation is characterized by naturally fractured
dolomitic sandstones with isolated pore zones of
lenticular type. Paddock is divided into upper and lower
portion. In the Upper Paddock there is a predominance of
dolomite with intercrystalline and wvuggy porosity.
However, at irregular intervals occurs limestone vuggy
and moldic porosity, representing the main production
area. The Lower Paddock is characterized by highly
fractured dolostone. In the Fig. 1, the samples of Glorieta-
Paddock rocks are characterized, emphasizing the
possibility of: 1) sandy dolomite in Glorieta, 2) limestone
of excellent porosity and permeability in Upper Paddock,
also low porosity and permeability dolostone occurrences,
and 3) fractured dolostone in Lower Paddock.
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Figure 1 - Description of Glorieta-Paddock carbonate
reservoir (after Acuna, 2000): 1- Glorieta consists of
dolomitic sandstones (B); 2- Upper Paddock porous
limestone (C); 3- Lower Paddock fractured dolostone (A,
D). We used data from logs and core samples for five
wells in the study area.
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Figure 2 - Mineral properties derived from logs and core
samples for five wells in Glorieta-Paddock reservoir (after
Acuna, 2000): bulk modulus, shear modulus, density and
porosity.
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Figure 3 - Dry properties calculated by Nur et al. (1995)
theory from logs and core samples for five wells in
Glorieta-Paddock reservoir (after Acuna, 2000): bulk
modulus, shear modulus and density.

Table 1 — Glorieta-Paddock data set overview after Acuna
(2000). Mineral and dry properties derived from logs and
core samples of according to Figures 2 and 3.

Mineral Dry
Formation|  Well Porosity| Bulk | Shear Density Bulk | Shear Density
(%) [modulus |modulus (&/em?) modulus |modulus (&/cm?)
(GPa) | (GPa) |°© (GPa) | (GPa) |°©

vewu127|  11.14] 6687 3380 288] 4825] 2438] 261

ws-13 1208] 6652  3378] 289 4643 2358 260

Glorieta | SR-9 641  69.14] 3422 282 5806 2874 267
SR-12 907  6777] 3391 285 5240 2622 264

SR-10 1220 6646] 3376] 289 4619  2346] 260

vewu127| 1483 5257 2426 284  3308] 1527 248

Upper | W13 1463]  5247]  2424] 283 3328 1538] 249
SR-9 837] 5066  23.96]  273|  4006] 1895 254

Paddock g, 1471 sas0] 2424 283]  33.19] 1533 248
SR-10 1377 sau| 241s] 282 3417 1584 249

vewu127| 1089 6697 3380 288] 4874] 2460 261

lower |_WS-13 1036]  67.19] 3384 287 4979 2507 262
SR-9 849] 6805|3398 285 5361  2676] 265

Paddock g, 648 6909 3421 282] s700] 2866] 267
SR-10 946]  6758] 3388 286 5160 2587 263

We studied the five wells logs average to estimate the
elastic and petrophysical reservoir considered for each
layer: Glorieta, Upper Paddock and Lower Paddock. It
was observed that the Upper Paddock has a great
potential to fluid accumulation. Thus, Fig. 2 shows the
media logs for the mineral composition, and the dry rock
conditions in the Fig. 3, that was used to apply the rock
physics models. The data set overview has been listed in
Tab. 1, where a small difference between well logs is
observed in each formation. It should be noted the
predominance of carbonate rock limestone in Upper
Paddock, featuring the main reservoir zone to be studied.
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Characterization and classification of the geometry of
pores

The diagenetic texture of carbonates is related to
processes which lead to the different kinds of pore
carbonate rocks (Moore, 1989). Usually, the texture
carbonate is classified as the propositions of Folk (1959)
and Dunham (1962). For applying of the effective media
models according to the study methodology proposed, it
is necessary to predict the pore geometry of carbonate
rocks. Thus, we performed a correlation of the textural
observations with the dry bulk modulus comportment by
an idealized pore type classification (Kumar & Han, 2005;
Xu & Payne, 2009; Wang & Sun, 2010) for the input data
analysis of Paddock and Glorieta formations (Fig. 4).
Basically, the authors suggest three classes for the pore
volume in clean carbonates, with the possibility of
variation between different types: 1) rounded or spherical
pores - representing the occurrence of moldic, vugs and
intraparticle  porosity; 2) interparticle porosity -
intercristaline; and 3) fractured pores (cracks) or
microporosity - occurrence of microfractures or
microcracks and channels in low porosity carbonates. The
interparticle porosity is assumed as reference in
carbonate rocks and can be influenced by rounded pores
making the rock more rigidity, or by fracturing influence
generating microporosity and leading the rock less
rigidity. Tab. 2 shows the pore shape evaluation in
Glorieta-Paddock reservoir. The heterogeneous medium
in the pores are expressed by the statistical distribution of
aspect ratio.

More rounded pores

VP (kmys)

000 005 010 015 020 025 030 035 040
Porosity

Figure 4 - Evaluation of the pore type in carbonates: the
red arrow indicates increase of rounded pores, and the
purple arrow indicates the increase of microfractures and
microporosity. The blue line is the reference to
interparticle pores (after Han & Kumar, 2005; Xu &
Payne, 2009). The points marked by G, U and L were
calculated for the dry rock properties in Glorieta, Upper
Paddock and Lower Paddock, respectively. The
idealization of pore type: (A) 80% rounded, (B)
interparticle reference line, and (C) 40% microfractures.

Table 2 - Influence of pore shape for the inclusion
distributions of well data in reference to interparticle line:
Glorieta formation - rounded, Upper Paddock -
microcracks and Lower Paddock - rounded.

Geometric
influence of
the porosity

well Formation {Interparticles
baseline)
R - Rounded
C — Cracks
Glorieta 20% - R
VEWuU127 Paddock Upper 10% - C
Lower 40% - R
Glorieta 20% - R
WS-13 Paddock Upper 10% - C
Lower 40% - R
Glorieta 40% - R
SR-9 paddock Upper 20% - C
Lower 20% - R
Glorieta 40% - R
SR-12 Paddock Upper 109 - C
Lower 20% - R
Glorieta 20% - R
SR-10 paddock Upper 10% - C
Lowwer 20% - R

Sensibility of elastic effective medium models

We present the results of applying the effective elastic
media (KT, SC and DEM) and Gassmann’s model in the
data set of the Glorieta-Paddock reservoir, in order to
verify the model that best expresses the anomalies
observed in seismic data by Acuna (2000), especially in
Upper Paddock areas saturated with oil and gas.

Evaluating the Glorieta and Paddock formations, the bulk
modulus changes are not significantly in Glorieta and
Lower Paddock for dry and saturated conditions.
Therefore, the Upper Paddock represents an area with
greater permeability and porosity that assure better
reservoir conditions by the occurrence of microporosity
(Fig. 5). It was not possible to observe significant changes
in the bulk modulus of phase adopting the saturation
Gassmann’s model, but the effective elastic medium
models were able to reflect changes in bulk modulus in
the order of sensitivity models: DEM < SC < KT, where
SC had a very similar behavior to KT.

We can check in the comparison of effective elastic
medium models that can be overestimate or
underestimate on bulk modulus behavior for phase
saturation taking into account the dry line. After, the KT
model was chosen for differentiation of the fluid saturation
and lithology by the great expression of sensitivity.
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Figure 5 - Analogy between G, KT, SC and DEM models.
The full line represents dry conditions data. The KT
showed more range fluid saturation sensibility by Upper
Paddock limestone. The crossplot (E) shows all models in
comparison.
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Figure 6 - Seismic velocities for  fluid saturation
calculated by KT model. In red, Upper Paddock
saturation sensibility. Verified non-linear tendency for
carbonates second Castagna et al. (1993).
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Figure 7 - Calculated for situations of dry rock and
different saturations as model KT. Emphasis on the
variation of saturation in the formation Paddock higher. It
is possible the lithology discrimination (Castagna et al.,
1993).

The Fig. 6 shows a non-linear trend for crossplot P and S
seismic velocities, typical characteristic in carbonate
rocks, suggesting pore geometry heterogeneity, the
opposite situation occurs in siliciclastic rocks by
homogeneous pore system (Castagna et al., 1993).
Through Fig. 7 is possible to evaluate rock type
formations: Upper Paddock limestone, Lower Paddock
and Glorieta dolostones, additionally the fluid phase
saturations in Upper Paddock. The mineralogical average
composition confirms the expected correlation to Glorieta-
Paddock reservoir: 1.7 — dolomite (Glorieta and Lower
Paddock dolostones) and 1.9 — calcite (Upper Paddock
limestone).
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Conclusions

With the implementation of the methodology, it was
possible to classify and analyze the pore system in
Glorieta-Paddock carbonate reservoir case study. We
estimated directly the elastic modulus under saturation or
dry conditions. In fact, the greatest potential of Upper
Paddock to store fluids is proved by seismic and higher
sensitivity results. The pore geometries in the Upper
Paddock, interparticle under the microcrack influences,
resulted in lower stiffness rock causing an increase in
seismic sensibility. Glorieta and Lower Paddock
presented interparticle porosity under the spherical
geometry influence, reflecting an increase of rigidity rock
and reduction of seismic sensibility. Then, a comparative
analysis between models was performed. The KT model
was chosen by the high saturation sensibility expression.
However, the conditions of the available data do not allow
a complete representation of the best model for in-situ
reservoir conditions. We suggest that the physical
modeling of carbonate rocks proposed in this work
resulted in an estimate of the elastic modulus, as
confirmed to theoretical understanding of the seismic
velocities and elastic parameters inversion, important for
the characterization of heterogeneous reservoirs.
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