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ABSTRACT

T

his chapter describes an integrated approach to reservoir characterization and
three-dimensional (3-D) geologic modeling of the San Andres Formation at
Vacuum field, New Mexico, United States. We present techniques to identify
significant heterogeneities within a carbonate reservoir using stratigraphic, petrophysical, and 3-D multicomponent seismic data. This integrated approach provides a detailed static description of reservoir heterogeneity and improved delineation of the
reservoir framework in terms of flow units.
We use a petrophysics-based method to identify hydraulic flow units within a
sequence-stratigraphic framework. Flow units are characterized within high-frequency
carbonate sequences through analysis of the vertical variation of flow (kh) and storage
capacity (Fh) and pore-throat radius (R35) associated with successions of subtidal,
intertidal, and supratidal rocks. Pore-throat radii from cored wells are used to modify the
empirically derived Winland equation to estimate values of pore-throat radius in noncored wells. Flow profiles, constructed from log porosities and neural-network permeabilities, are correlated and used to build a 3-D geologic-model framework.
Characterization of both matrix and fracture properties within a reservoir is possible using 3-D multicomponent seismic data and wire-line logs. Compressional- and
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shear-wave amplitude attributes together provide more accurate porosity estimates than
those determined from compressional-wave data alone. Shear-wave anisotropy measurements provide information about inferred fracture density and orientation that can be
used to modify permeability models to account for regions with open fractures.
Because of this study, reservoir-simulation models that incorporate modified permeability distributions more accurately account for unexpected early CO2-breakthrough
times observed in the field. In addition, flow-simulation results indicate that the need to
upscale the geologic model was significantly reduced or eliminated by describing flow
units using the combined sequence-stratigraphic- and petrophysics-based method.

INTRODUCTION
Vacuum field is located in southeast New Mexico
on the northwest shelf of the Permian Basin (Figure 1).
Stratigraphic, structural, and diagenetic variability within
the shelf-margin carbonates of the Permian San Andres
and Grayburg Formations form a very heterogeneous
and compartmentalized reservoir. Detailed characterization and modeling of heterogeneities within the reservoir are necessary so that areas of potential bypassed
pay can be targeted using supplemental recovery techniques or infill development, including horizontal wells.
The study area (Figure 2) is under waterflood operations and was converted to a partial-field CO2 flood

and monitored to evaluate the effect of gas injection on
reservoir performance and recovery. During the CO2 program, time-lapse, multicomponent (four-dimensional,
three-component [4-D, 3-C]) seismic data were acquired to demonstrate the use of such data for reservoir characterization. Another objective involved the ability of
repeated surveys to detect and monitor changes within
the reservoir. This study provides the baseline static
characterization and three-dimensional (3-D) geologic
model for the dynamic reservoir characterization project.
Static reservoir characterization provides detailed descriptions of reservoir properties that generally do not
change with time, namely, porosity, permeability, and
flow capacity. Dynamic reservoir characterization that

FIGURE 1. Location map showing
Vacuum field on the northwest
shelf of the Permian Basin. Major
San Andres and Grayburg fields
are shown as black areas. Modified from Hills (1984).
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FIGURE 2. Base map of available data in the reservoir characterization area. Cored wells used in this study are indicated
by open circles, and CO2-injection wells are indicated by triangles. VSPs were acquired in wells CVU-200 and WS-15. An
FMI log was acquired in well WS-226. The large and small dashed squares indicate the areas where geologic models were
constructed. The large solid circle shows the extent of the time-lapse, multicomponent, 3-D seismic surveys. The
location of the dual-lateral horizontal well (CVU-110) is shown in the southeast part of the time-lapse area.
incorporates 4-D, 3-C seismology involves monitoring
field production to determine reservoir-property variations (e.g., fluid saturation) with time (Benson and
Davis, 2000).

This study builds upon other studies and research
on the San Andres Formation within Vacuum field.
Landes (1970) summarized early work and statistics on
Vacuum field. Purves (1990) described lithologic and
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petrophysical aspects of the San Andres and Grayburg
Formations. Several studies have been conducted within
the Central Vacuum Unit (CVU) and surrounding area by
the Colorado School of Mines Reservoir Characterization
Project (RCP). Capello de Passalacqua (1995), Adams
(1997), Scuta (1997), and Pranter (1999) established the
sequence-stratigraphic framework of the Grayburg and
San Andres interval, interpreted the diagenetic history,
and addressed the effects of stratigraphy, structure,
and diagenesis on reservoir performance. Numerous
RCP studies have addressed issues of seismic response,
seismic – well-log correlation, attenuation, shear-wave
polarization, repeatability of seismic response, regional
structural framework, time-lapse logging, fractures, shearwave amplitude vs. offset, compressional-wave velocity/shear-wave velocity (Vp/Vs) attributes, seismic processing, and shear-wave inversion (Swanson, 1996; Voorhies, 1996; DeVault, 1997; Roche, 1997; Scuta, 1997;
Talley, 1997; Blaylock, 1999; Galarraga, 1999; Mattocks,
1998; Mendez-Hernandez, 1999; Lorenzen, 2000). Threedimensional geologic models for this area of Vacuum
field were constructed using well data (Scuta, 1997) and
a combination of petrophysical and multicomponent
seismic data (Pranter, 1999).
A primary goal of this study was to identify the
most significant heterogeneities within the reservoir
and incorporate this information into a 3-D geologic
model for use in flow simulation. Both sequencestratigraphic and petrophysics-based methods were
used to define reservoir zones. Flow units were characterized within high-frequency carbonate sequences
through analysis of the vertical variation of flow (kh)
and storage capacity (Fh) and pore-throat radius (R35)
within the reservoir interval. The resulting 3-D geologic
model, when combined with multicomponent seismic
data, led to improved estimates of reservoir performance using numerical flow models.

Vacuum Field History
Vacuum field is one of the larger oil fields in the
Permian Basin that produces from the Grayburg and
San Andres Formations. The field is part of a major productive trend along the northwest shelf. Vacuum field
was discovered in 1929 and development began in late
1937 after pipeline facilities were built. By 1941, 327
wells were completed on a 40-ac (0.16-km2) spacing
(Purves, 1990; Wehner and Prieditis, 1996). Within the
CVU, scattered development drilling associated with
primary recovery operations continued until a waterinjection program began in 1978. Additional infill development drilling within the CVU continued during
1978 and 1979 on a 20-ac (0.08-km2) spacing. Wells
were drilled on a 10-ac (0.04-km2) spacing during the
late 1980s. During October – December 1995, a onewell pilot CO2-injection program occurred within the

study area. Time-lapse, multicomponent (4-D, 3-C) seismic surveys were acquired during the CO2 pilot program to investigate the utility of these data for reservoir characterization and to detect and monitor changes
in rock-fluid properties associated with the CO2 injection, soak, and production process (Benson and
Davis, 2000). The CO2 flood was later expanded to six
injectors. With the expansion, additional time-lapse,
multicomponent seismic surveys were acquired in
December 1997 and 1998.

Available Data
Within the study area (Figure 2), 3-D surface
seismic volumes consist of four compressional-wave
(p-wave) volumes, four ‘‘fast’’ shear-wave (S1-wave) volumes, and four ‘‘slow’’ shear-wave (S2-wave) volumes.
These data were acquired through RCP as part of the
time-lapse seismic monitoring project associated with
one phase of the CO2-injection program within the CVU.
Borehole geophysical data include a nine-component
(one 3-C receiver) vertical seismic profile (VSP), walkaway VSP (WAW), and downhole 3-D seismic survey, each
acquired in well CVU-200. In addition, two 9-component
(12 3-C receivers) VSPs, WAWs, and downhole 3-D seismic surveys were acquired in well WS-15 (pre- and postCO2 injection). The downhole 3-D seismic surveys involved data acquisition using the downhole receivers
and surface seismic source.
Other data include conventional logs from 120
wells, one FMI (Formation MicroImager) in well WS226, and log data from a medium-radius, dual-lateral
horizontal well (CVU-110). Fifty of the 120 wells are
present within the smaller characterization and 3-D
model area (Figure 2). Six cores were available (Figure
2), and neural-network-estimated permeability curves
were provided by Texaco, the unit operator, for the
majority of the wells within the study area.
Injection and production data, primarily consisting of monthly cumulative volumes of fluids injected
or produced, were also provided by Texaco. In addition,
17 wells had single or multiple injectivity profiles.

GEOLOGIC SETTING
Within Vacuum field, the Permian San Andres Formation (Guadalupian) consists of approximately 1500 ft
(457 m) of dolomites interbedded with a few thin dolomitic siltstones at a depth of approximately 4500 ft
(1372 m). However, only the upper 600 – 800 ft (183 –
244 m) of the San Andres comprise the main hydrocarbonbearing interval. The overlying Grayburg Formation
(Guadalupian) consists of approximately 250 – 300 ft
(76 – 91 m) of interbedded dolomite, sandstone, anhydrite, and shale. In general, the Grayburg Formation
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exhibits much lower reservoir quality than the San Andres Formation in this area.
Vacuum field is associated with an anticlinal feature
that developed resulting from a combination of sediment
drape, differential compaction, and faulting on the north.

Shelf-margin depositional relief and faults bound the
reservoir on the south (Figures 3, 4). This feature, combined with the high-frequency cycles that are characteristic of the San Andres Formation, created a stratigraphicstructural trap for hydrocarbons at Vacuum field.

FIGURE 3. San Andres structure contour map. Large circle outlines the time-lapse area, and the smaller dashed square
corresponds to the geologic model area. The dashed lines represent the locations of the seismic lines of Figures 5 and 7.
The closely spaced contours correspond to the shelf margin. Note that the smaller geologic model area covers an area
north of the shelf margin.
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FIGURE 4. Top of Lower San
Andres seismic coherency maps:
(A) without interpretation and
(B) with fault interpretation. Light
blue shades indicate areas of low
seismic continuity and red shades
indicate areas of high seismic continuity. The time-lapse seismic area
is denoted by the circle. Modified
from Galarraga (1999).

Major discontinuities interpreted within the reservoir interval from regional 3-D seismic-coherency
volumes (Talley, 1997; Galarraga, 1999) show a variety
of trends, some of which are similar to those fault
trends interpreted from detailed structural mapping
based only on well data. A regional seismic coherency
map of the Lower San Andres horizon (Figure 4) reveals
major east-west – trending discontinuities associated
with normal faults along the Leonardian-Guadalupian
shelf margin within the CVU (Galarraga, 1999). Several
east-west trends that exhibit low seismic continuity are
apparent within the time-lapse area.
Vertical throw of major faults was estimated from
seismic and well data to range from 0 to 70 ft (0 to

21 m) but is generally less than 25 ft (8 m). The major
faults are intersected by numerous smaller-scale faults
with minor offset (10 ft [3 m] of vertical displacement
or less). The estimates of fault displacement are also
supported by data from a dual-lateral horizontal well
(CVU-110) that was drilled along the shelf margin.
Vertical and subvertical fractures within the reservoir interval are observed from core data and borehole images.
Within this part of the field, the structure is described
as an uplifted and rotated central fault block with
downthrown blocks to the north and south.
Vertical displacement along faults at the Upper San
Andres horizon is not as pronounced as the displacement at the Lower San Andres level. A north-south seismic
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FIGURE 5. North-south compressional-wave seismic profile (line 81)
showing significant faults (black
lines). Displayed horizons include
the Grayburg (GB), Upper San Andres (USA), Lower San Andres (LSA),
and the base of a laterally extensive
karst zone within the Lower San
Andres (KZ). Red and blue colors
correspond to changes in peak and
trough amplitudes, respectively
(SEG reverse polarity). Well paths
are shown as yellow vertical lines.
The location of the seismic line is
shown in Figure 3.

profile from a 3-D compressional-wave seismic volume
shows the key horizons, fault blocks, and locations of
the two main bounding faults (Figure 5). Subsidiary
faults are also shown.
Four major depositional environments characterize the San Andres Formation within this part of
Vacuum field (Figure 6). The primary reservoir rocks
consist of peloidal dolopackstones, skeletal dolograinstones, and fusulinid dolopackstones. These rocks alternate with lower-reservoir-quality dolomite intervals
that exhibit variable degrees of anhydrite cementation.
The Lovington siltstone is characterized by very low
matrix permeability and vertically separates the Upper
and Lower San Andres in the northwest part of the
study area. The Lovington represents eolian silts and
sands that were deposited on the platform. Evaporites,
supratidal carbonates, and low-permeability siltstones
provide the seal for the reservoir. The San Andres in
this area represents an overall shallowing-upward interval composed of numerous high-frequency depositional cycles that subdivide the reservoir into alternating zones of high and low reservoir quality. Significant
faults, fractures, and features resulting from pervasive
diagenesis overprint the primary depositional fabric. The
prominent diagenetic processes include dolomitization,
karstification, and cementation. These result in additional
reservoir complexity (Leary and Vogt, 1990; Adams, 1997).

The San Andres Formation along the northwest
shelf can be subdivided into two third-order composite
sequences, herein referred to as the Upper and Lower
San Andres (Figures 7, 8). Similar to the San Andres in
outcrop within the Guadalupe Mountains, the highfrequency sequences in the upper part of the Lower
San Andres at Vacuum field record the progradation
of subtidal, intertidal, and supratidal facies tracts across
a Leonardian platform. The Upper San Andres composite sequence contains approximately nine fourthorder, high-frequency sequences. Only two of the nine
high-frequency sequences of the Upper San Andres
composite sequence lie directly on top of the Lower San
Andres and Lovington on the platform. The San Andres
Formation is capped by a regionally extensive subaerial
unconformity.
Four San Andres high-frequency sequences comprise the most productive reservoir interval within the
study area. These sequences include the upper two highfrequency sequences of the Lower San Andres and the
upper two high-frequency sequences of the Upper San
Andres. Individual high-frequency sequences are further divided into numerous higher-order (fifth-order)
depositional cycles represented by characteristic vertical lithofacies successions (Figure 8).
The sequence-stratigraphic interpretation of the
San Andres was guided by key indicator facies that
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FIGURE 6. Facies model of the San Andres Formation at Vacuum field. The four main facies tracts include subtidal,
intertidal, restricted intertidal, and supratidal. Photographs of representative core samples illustrate the carbonate fabric
and some sedimentary-diagenetic features associated with key lithofacies. MS = mudstone; WS = wackestone; PS =
packstone; GS = grainstone. Black scale bar represents 1 in. (2.54 cm) in all photographs.
represent interpreted depth/energy positions, such as
shoreline and fair-weather and storm wave base (Kerans
and Tinker, 1997). Three indicator facies were identified based on lithology, allochems, and sedimentary
structures. For the San Andres interval, these include
fenestral algal laminites, peloidal ooid dolograinstonesdolopackstones, and fusulinid dolowackestones-

dolopackstones. Vertical lithofacies successions, in
conjunction with key indicator facies and exposure
surfaces, were used to define the finer-scale cyclicity
of the San Andres Formation within cored wells.
Within each high-frequency sequence (HFS 1 – 4),
individual cycles generally are thickest at the base and
become thinner toward the top. Upward cycle thinning,
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combined with an increase in the ratio of peritidal lithofacies to subtidal lithofacies in successive cycles, reflects
decreased accommodation (shallowing-upward trend)
associated with carbonate deposition and progradation.
Karst breccias, terrigenous siltstones, increases in
the proportion of supratidal lithofacies, and fractures

are characteristic features commonly found at or near
high-frequency and composite-sequence boundaries.
The analysis of the sequence stratigraphy from core
and 3-D seismic data suggests that the San Andres first
developed in an overall aggradational (vertically stacked) pattern, followed by a decrease in accommodation

FIGURE 7. Dip-oriented compressional-wave seismic profiles illustrating the San Andres carbonate platform and rampshelf margin. The Upper and Lower San Andres composite sequences are shown between the green lines. Profile A shows
composite-sequence boundaries (green lines), cored-well locations (yellow vertical lines with black boxes that represent
core), stratal geometries, and main stratigraphic horizons: Y = Yates; Q = Queen; G = Grayburg; USA = Upper San Andres;
LSA = Lower San Andres. Profile B is the same seismic profile without vertical exaggeration. The location of the
study area is denoted by a white bar on both profiles. The location of the seismic line is shown on Figure 3.
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FIGURE 8. North-south profile through CVU-60, CVU-345, and CVU-100 showing gamma ray, neutron porosity,
general lithofacies description from core analysis, and interpreted sequence-stratigraphic framework. Profile datum is
the top of the Lower San Andres. From core analysis, a simplified description of an ideal vertical lithofacies succession
is illustrated. Lithofacies for CVU-345 and -100 were modified from Capello de Passalacqua (1995), Adams (1997), and
Scuta (1997). HFS = high-frequency sequence; HST = highstand systems tract; TST = transgressive systems tract; MFS =
maximum flooding surface.
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space and basinward progradation (seaward-stepping
facies tracts). This interpretation is in agreement with
several other interpretations of the San Andres Formation from outcrops within the Guadalupe Mountains
(Sarg and Lehmann, 1986; Sonnenfeld and Cross, 1993;
Kerans, 1995).

PETROPHYSICS-BASED
ZONATION

terval associated with both depositional and diagenetic
rock fabrics (Figure 9). Extensive dolomitization and
karstification have significantly altered the primary
carbonate fabric associated with subtidal through supratidal facies. Oolitic dolograinstones, peloidal dolopackstones, and dolomitic mudstones exhibit a wide
range of porosity and permeability values within each
rock type (Figure 9). Rock-fabric classes exhibit a wide
range of porosity and permeability values resulting from
effective porosity development associated with


The construction of a representative stratigraphic or
structural framework with an appropriate number of
layers or flow units is essential in reservoir modeling.
Various methods have been proposed to characterize
reservoir quality and subdivide carbonate reservoirs into
flow units based on descriptions of pore geometry, rock
fabric, or rock type (Lucia, 1983, 1995; Ahr, 1991; Lucia
et al., 1992; Montgomery et al., 1998; Nevans et al., 1998).
These methods commonly involve establishing relationships between petrophysical properties and rock fabric
or rock type using core and log information. Rock-fabric
units, lithofacies, or depositional facies are then estimated in noncored wells using various techniques. Based
on rock-fabric estimates or facies interpretations in wells
and interpretations of depositional and diagenetic environments with seismic data, 3-D facies models are
built and facies-keyed petrophysical models (e.g., permeability, porosity) are generated. The fine-scale layers
associated with these 3-D models are commonly created between key stratigraphic surfaces using interpreted layering schemes (e.g., proportional, onlapping,
truncated).
This study used an alternative method in which
reservoir zones (flow units) were defined within highfrequency sequences based on vertical variations of flow
(kh) and storage capacity (Fh) and pore-throat radius
(R35). These zones were then used to construct the
geologic-model framework (Gunter et al., 1997). This
method to define flow units can be especially favorable
for fields with log data but limited core information,
where detailed descriptions of rock fabric are not possible or where finer-scale parasequences (cycles) are difficult to identify. In noncored wells, porosity information is commonly available from porosity logs, thus,
only permeability must be estimated. In this study,
neural-network-derived values of permeability were used.

Facies Relationships
The San Andres reservoir is composed of facies that
were deposited on a relatively low-relief carbonate platform and altered by meteoric, marine, and burial diagenesis. In general, there is an increase in permeability
with increasing porosity throughout the reservoir in-





dolomitization of mudstones,
porosity and permeability reduction resulting from
pervasive anhydrite and dolomite cementation within grainstones and packstones, and
permeability enhancement related to dissolution
of allochems and fracture development.

Montgomery (1998), Nevans et al. (1998), and Tucker et al. (1998) found similar relationships between reservoir quality and rock fabric within other Permian carbonate reservoirs at McElroy (Grayburg) field and North
Robertson (Clear Fork) Unit in west Texas. Given the low
correlation between depositional texture and reservoir
quality, a method based on the direct use of petrophysical data was employed to identify reservoir zones.
Within zones exhibiting similar porosity values, connected biomoldic pores and fracture porosity, for example, enhance permeability, whereas separate moldic
pores do not increase permeability. Therefore, knowledge of pore types and estimates of pore-throat radius
are also important to understand effective porosity vs.
total porosity (Lucia, 1999; Martin et al., 1999).

Pore-Throat Radius—R35
Pore-throat radius values from capillary-pressure
tests on core plugs and estimates of pore-throat apertures
from log data were used to farther support flow-unit
interpretations (Appendix). Gunter et al. (1997), Martin et al. (1997), and Hartmann and Beaumont (1999)
discussed techniques and advantages of using porethroat radius values at 35% mercury-injection capillary
pressure (R35) to identify reservoir flow units.
Air-brine capillary-pressure tests were conducted
on 18 core plugs taken from the CVU-100 core. Coreplug petrophysical data are listed in Table 1. Capillarypressure and pore-throat radius curves for several coreplug samples illustrate the variability in reservoir quality and flow potential within the reservoir (Figures 10,
11). Flow units with higher reservoir quality and flow
potential have relatively flat initial slopes and are shifted to the left on Figure 10 (sample 2 has the highest reservoir quality). The Lovington (sample 7) has very low
reservoir quality and limited flow potential and acts
as a barrier between the Upper and Lower San Andres.
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FIGURE 9. Porosity-permeability
crossplot for the cored interval in
well CVU-100. Data points are labeled according to depositional
texture identified from core descriptions in Capello de Passalacqua
(1995), Adams (1997), and Scuta
(1997). The crossplot shows the
range of reservoir quality associated
with the observed rock types.

Flow potential is directly related to pore-throat radius
or the connectivity between pores. This is clearly illustrated in Figure 11 as sample 2 exhibits the largest pore

throats, whereas the Lovington siltstone (sample 7) has
extremely small pore throats. For comparison to other petrophysical parameters, pore-throat sorting (PTS) values

Table 1. Core-plug petrophysical data.
Core plug

Porosity (%)

Permeability (md)

Pore-throat sorting

Pore-throat radius — R35 (Mm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

17.1
22.4
17.0
10.4
17.3
17.8
2.9
21.3
15.4
6.0
13.0
9.2
9.8
15.0
15.9
12.3
10.3
6.5

107.7
933.1
37.4
0.1
25.9
95.0
0.0
146.6
78.6
0.9
35.1
6.7
23.7
7.0
2.6
8.8
10.3
1.7

1.66
1.41
2.35
3.70
1.73
1.48
–
2.29
2.38
1.39
1.86
2.67
4.21
3.70
4.33
2.41
1.80
2.96

13.0
16.8
16.1
1.5
9.5
15.4
0.01
7.2
8.1
0.8
7.6
7.0
5.5
9.3
1.3
10.1
12.8
2.1

Sequence-Stratigraphic, Petrophysical, and Multicomponent Seismic Analysis of a Shelf-Margin Reservoir

FIGURE 10. Capillary-pressure
curves obtained from centrifuge
studies of water-saturated core
plugs from the San Andres and
Lovington siltstone. The capillarypressure curves show the range of
reservoir quality associated with
the different rock types. The number
next to each curve corresponds to
the core-plug sample number from
Table 1.

(Appendix) are also listed for each core-plug sample
(Table 1).
The geometry and sorting of pores and pore throats
were also evaluated by analyzing thin sections with an
optical microscope and thin sections and rock surfaces
with a scanning electron microscope (SEM) of the same
lithology and from the same location as each core plug.
Visual estimates of porosity, pore-throat radius, and
pore connectivity (permeability) from thin sections and
SEM analysis compare relatively well to estimates obtained from capillary-pressure analysis on core plugs
(Pranter, 1999). In general, interparticle and intercrystalline pore types are associated with the most productive
lithologies. Intraparticle porosity was significant in some
samples, but connectivity between pores was generally low. Therefore, permeability values for these samples were relatively low. A weak relationship exists between depositional texture and reservoir quality. The
weak relationship is, in part, a result of pervasive anhydrite cementation and replacement. Porosity within
some dolograinstones and dolopackstones is completely filled with anhydrite cement, whereas some dolomudstones and dolowackestones exhibit well-developed
intercrystalline porosity. Binary SEM images were
created to illustrate the variability in pore geometry
and pore-size distribution (Figure 12G – I). The binary

images were created using NIH Image (version 1.56), a
public-domain image-processing software (Anselmetti
et al., 1998). Samples with higher reservoir quality generally have higher values of R35 and exhibit well-sorted
pores and pore throats. Some heterogeneous samples
with poorly sorted pore throats exhibit greater values
of average porosity than samples with well-sorted pore
throats. However, permeability of poorly sorted samples is generally lower (Figure 12). Binary images (Figures 12H – I) show the low connectivity (in 2-D) between pores within the poorly sorted sample vs. the
well-sorted sample. Estimated R35 values from capillarypressure data reflect the difference in reservoir quality
and PTS observed in these samples (Figure 12).
Information from the capillary-pressure tests on
the San Andres samples was used to modify the Winland equation to relate more closely to carbonate pore
characteristics of the San Andres reservoir. Pore-throat
radius values were related to core-plug porosity and permeability to modify the coefficients of the empirically
derived Winland equation using a multivariable linearregression algorithm (Kuester and Mize, 1973). Wettingphase (brine) saturations from 10 to 75% were investigated to evaluate the relationship among pore-throat
radius, porosity, and permeability at each saturation.
The pore-throat radius equation (modified Winland
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FIGURE 11. Pore-throat radius
curves computed from capillarypressure data on core plugs from the
San Andres and Lovington siltstone.
The pore-throat radius curves show
the range of reservoir quality that is
related to the representative porethroat size of the sample. The number next to each curve corresponds
to the core-plug sample number
from Table 1.

equation) at 35% saturation resulted in the highest
correlation coefficient among the variables. This modified Winland equation was then used to estimate porethroat radius in noncored wells. R35 curves were generated for each well within the area and used with flow
and storage capacity to identify and correlate reservoir
flow units.

Use of Flow and Storage Capacity
Reservoir zones within high-frequency sequences
were defined based on vertical variations in flow and
storage capacity using log data and core. The technique
utilizes stratigraphic modified Lorenz (SML) plots (Gunter et al., 1997) or crossplots of cumulative flow (kh)
and storage capacity (Fh) to define flow units within a
stratified reservoir. On the SML plot, cumulative flowand storage-capacity values are plotted in stratigraphic
order, starting at the base of the reservoir. This is unlike
the original Lorenz plot in which flow-capacity values
are arranged from maximum to minimum, despite stratigraphic position (Craig, 1993). Significant inflection
points on the SML plot correspond to changes in flow
or storage capacity associated with stratification, fractures, porosity, and other factors that affect reservoir
quality. These changes are interpreted using straightline segments that define intervals (flow units) within

the reservoir. Segments on the plot that slope greater
than 458 are indicative of zones of relatively higher flow
potential and lower storage capacity (potential thief
zones). Segments that slope less than 458 correspond to
zones of greater storage capacity and lower flow capacity (possible barriers). Segments that trend near 458
represent zones characterized by similar flow and storage capacity.
SML plots were generated for the San Andres interval using wells within the study area that had
porosity logs and permeability estimates from neural
network analysis (Figure 13). Core and log values of cumulative storage (Fh) and flow capacity (kh) for a given
well generally exhibited very similar trends. SML plots
were interpreted using straight-line segments to define
flow units that adequately described the vertical variability within the reservoir. Figure 14 illustrates an
interpreted SML plot for cored-well CVU-345. Within
this well, the Lower San Andres is characterized by thicker zones with significant storage capacity, whereas the
Upper San Andres is more thinly layered and vertically
heterogeneous. The low-permeability Lovington siltstone exhibits limited flow potential and acts as a barrier between the Upper and Lower San Andres, as noted
by relatively horizontal segments on the SML plots.
To understand the significance of the interpreted
zones with regard to flow performance, a modified
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FIGURE 12. Photomicrographs of thin sections of core plugs 2, 17, and 15 obtained through an optical microscope
(A – C) and with an SEM (D – F). Binary images of SEM photos, displayed as G, H, and I, illustrate the variability in pore
geometry and pore-size distribution. In thin sections, blue epoxy highlights porosity; porosity on SEM and binary images
is black. Reservoir quality and pore-throat sorting (PTS; higher numbers represent lower sorting) are reduced from samples
2 to 15. Although porosity values are similar in samples 17 and 15, permeability is lower for sample 15 because of the
poorly sorted nature of pore throats (H and I).

Lorenz (ML) plot (Gunter et al., 1997) shows flow units
arranged in order of decreasing flow capacity. The ML
plot identifies which zones have a high flow potential
and which zones act as barriers or baffles to fluid flow
(Figure 15). In well CVU-100, 4 of the 12 flow units account for 60% of the flow capacity and only 20% of the
storage capacity (Figure 15). These zones are more likely
to take injected fluid, which could result in water or

CO2 cycling through high-permeability zones and
bypassed pay in zones with relatively lower flow potential. Production operations that have involved selectively perforating these bypassed pay intervals
within the Upper San Andres have resulted in a significant increase in oil production from those targeted
wells with a very small or no increase in the volume of
produced water (Scuta and Hurley, 1998). In both wells,

73

74

Pranter et al.

FIGURE 13. Stratigraphic modified
Lorenz plot for the San Andres
Formation, well CVU-345.

FIGURE 14. Interpreted stratigraphic modified Lorenz plot, well CVU345. Straight-line segments are used
to interpret intervals of similar reservoir quality based on changes in the
slope of the curve. Each straight-line
segment is inferred to be a flow unit.
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FIGURE 15. Modified Lorenz plot,
wells CVU-100 and -345. Flow units
defined from the stratigraphic modified Lorenz plot are plotted in order
of decreasing flow capacity. Steeply
dipping segments (lower left) represent flow units characterized by high
flow capacity and relatively low
storage capacity. Relatively flat segments (upper right) represent flow
units with low flow capacity and
greater storage capacity. In well
CVU-100, note that 4 of the 12
flow units account for 60% of the
flow capacity and only 20% of the
storage capacity.

zones within the Lower San Andres tend to have greater storage capacity relative to flow capacity, whereas
the opposite is observed for the Upper San Andres.
A stratigraphic flow profile for well CVU-100 (Figure 16) illustrates the flow units that were identified
within the reservoir interval in that well. Flow units
that were defined in cored wells were correlated across
the area in noncored wells. Stratigraphic flow profiles
were generated for all wells with porosity and permeability logs to correlate flow units and establish the
finer-scale reservoir layering within the sequencestratigraphic framework. This framework formed the
basis for layering within the 3-D geologic model. Eighteen parasequence-scale flow units or reservoir zones
were correlated across the model area within the Grayburg dolomite, Grayburg sandstone, Upper San Andres,
Lovington, and Lower San Andres. Seven flow units were
defined and correlated within the Upper San Andres
and eight flow units were defined within the Lower San
Andres. The Grayburg dolomite, Grayburg sandstone,
and Lovington each comprised one reservoir zone. Two
main faults interpreted from well data and compressional-wave seismic volumes were incorporated into
the reservoir framework during the model-building
process. These faults exhibit the greatest vertical throw
and, based on production and injection response, are
believed to partially compartmentalize the reservoir.

FRACTURES AND SHEARWAVE ANISOTROPY
The methods used to characterize fractures within
the San Andres are addressed in this section. This section also presents a brief overview of shear waves and
their factor in fracture characterization within the CVU.
Vertical and subvertical fractures were observed in
cores from six wells and on a borehole-image log from
well WS-2-26 (southwest part of study area). A combination of both open and healed (cemented) fractures
was observed. Using borehole images, Scuta (1997) identified two orthogonal sets of open fractures and one set
of healed fractures. The dominant orientations of open
fractures are 110–1408 (parallel to the present-day, maximum horizontal-stress direction) and 60–808 (parallel
to the San Andres shelf margin) (Scuta, 1997). The
set of healed fractures also parallels the San Andres
shelf margin. Although core and borehole images confirm the presence and nature of fractures, 3-D multicomponent seismic data were necessary to spatially analyze fracture density and orientation.
When vertically propagating shear waves enter an
anisotropic medium, similar to a reservoir with aligned
vertical fractures, the waves are polarized, resulting in
fast shear-wave (S1) particle motion parallel to the
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FIGURE 16. Stratigraphic flow profile, well CVU-100. Flow units (FU) are shown for the San Andres interval (labeled 5 –
16). Flow unit 4 is the Grayburg sandstone. This well did not penetrate the deeper flow units (17 and 18). Displayed data
include gamma ray (GR), core and log porosity, core and neural-network permeability, R35, K/Phi, percent flow
capacity (kh), percent storage capacity (Fh), and flow unit number. Gamma-ray values less than 50 API units are
shaded blue, and porosity values greater than 7% are shaded yellow.

aligned fractures and slow shear-wave (S2) particle motion perpendicular to the fractures (Winterstein, 1992).
A medium (reservoir) is less rigid perpendicular to
fractures, so the velocity of shear waves that are polarized in this orientation is reduced. The opposite is true
regarding shear waves polarized parallel to aligned
fractures. In this direction, the rigidity is greater and
shear-wave velocity is greater. This difference in shear-

wave velocity produces time delays between the fast
and slow shear waves, known as shear-wave birefringence or splitting (Winterstein, 1992). These shear-wave
properties were investigated and used to identify and
characterize fractures within the San Andres reservoir.
In many petroleum reservoirs, the stress created by
the overlying rock mass (vertical stress component)
is generally the largest in magnitude. If differences
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in horizontal stress exist, maximum and minimum
horizontal-stress components can be defined. Fractures
within a reservoir that are oriented parallel (or near
parallel) to the maximum horizontal compressive stress
have a greater possibility of being open, unless filled
with cement or gouge, than those fractures oriented
perpendicular (or near perpendicular) to the maximum
horizontal stress. Estimates of the maximum (presentday) horizontal compressive stress direction were made
using borehole breakouts, VSP shear-wave polarization
data, and residual-rotation analysis of surface seismic
data. These analyses produced very similar results for
the San Andres Formation with maximum horizontalstress directions of 122, 123, and 1188, respectively
(Mattocks, 1998; Scuta, 1997; Michaud, 1999, personal
communication; Roche, 1997). Because the shear-wave
surface seismic acquisition coordinate system was not
the same as the natural coordinate system associated
with the maximum horizontal compressive stress, the
shear-wave data were rotated using Alford rotation (Alford, 1986) during seismic processing to the estimated
S1 (1188) and S2 (288) component directions. Shear-wave
anisotropy is a measure of the amount of shear-wave
splitting (time delay) caused by anisotropy within the
reservoir, which is commonly associated with fractures
and low-aspect-ratio pores (pores that are relatively flat
or elongate vs. spherical). Estimates of normalized shearwave anisotropy were computed by using isochron (time
interval) differences across the reservoir interval between
the processed fast (S1) and slow shear waves (S2) as

tS2  tS1
tS1
where DtS1 is the time interval of a given zone on the S1
seismic volume and DtS2 is the time interval of the same
zone on the S2 seismic volume. The amount of shearwave splitting or anisotropy is expressed as a percent.
Given variability in the local stress regime and structural complexities, it would be unrealistic to assume
that all open fractures within the reservoir are exactly
aligned to 1188. Likewise, the direction of the fast shear
wave within the reservoir will not be aligned to 1188 at
all locations. Therefore, variations in open-fracture orientation from the maximum horizontal-stress direction can result in negative anisotropy values.
A shear-wave anisotropy map that covers the San
Andres reservoir (Figure 17) shows the lateral variation
in anisotropy across that interval. The shear-wave anisotropy reflects the anisotropy within a reservoir associated with aligned fractures and karst zones. Given
how the seismic data were acquired and processed at
Vacuum field, positive values of shear-wave anisotropy
correspond to northwesterly aligned fractures or lowaspect-ratio pores. Positive and negative shear-wave anisotropy values computed across the reservoir interval

are interpreted to coincide with two orthogonal sets of
aligned vertical-fracture trends within the reservoir as
observed in cores and on borehole images (Scuta, 1997).
Areas of high total-fluid production also coincide with
the areas of positive shear-wave anisotropy, and these
areas are interpreted to exhibit a greater density of aligned vertical fractures.

INTEGRATED GEOLOGIC
MODEL
A 3-D geologic model that represents the vertical
and lateral heterogeneity within the reservoir was constructed for use in flow simulation to predict reservoir
performance. The geologic model covers the central part
of the time-lapse seismic area where the fold-of-stack is
higher (range of 160 – 240) and there is greater confidence in the seismic data interpretation. The model
area includes 50 wells. Dimensions of the model are
4070 ft (1240 m) on each side. Total thickness ranges
from 681 ft (208 m) on the northwest side of the model
to 868 ft (265 m) on the southeast. The model is
spatially discretized into 37 rows, 37 columns (Dx = Dy =
110 ft = 34 m), and 18 layers of variable thickness. The
cell x and y dimensions of 110 ft (34 m) (twice the
seismic bin size of 55 ft [16.75 m]) is selected to minimize the total number of model cells, maintain spatial
details, and reduce the possibility of problems during
simulation associated with numerical dispersion. Because the model incorporated nonvertical faults, some
of the cells are divided, resulting in a total of 26,242
cells in the model (Figure 18). The formations included
in the model were the Grayburg dolomite, Grayburg
sandstone, and approximately 700 ft (213 m) of the
upper part of the San Andres Formation (Figure 18). The
Grayburg dolomite and Grayburg sandstone each comprised 1 layer, and the remaining 16 layers represented
the San Andres Formation. Additional details of the
3-D geologic model are in Pranter (1999).

Parameter Estimation Using
Multicomponent Seismic Attributes
Three-dimensional, multicomponent seismic data
provide information to characterize lateral variations of
physical rock properties, such as porosity and permeability within a reservoir. However, the vertical resolution of seismic data is much lower than the resolution
provided by well information. Because individual flow
units were below seismic resolution (Figure 19), mapbased parameter estimation techniques using multicomponent seismic attributes were used to populate
model cells with porosity and permeability.
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FIGURE 17. Shear-wave anisotropy in the reservoir interval. Average daily total-fluid production contours and values
from the Grayburg-San Andres interval are overlain and posted in barrels of fluid per day for the period 1995 – 1998. Red
colors indicate areas of positive shear-wave anisotropy, and blue colors indicate areas of negative shear-wave anisotropy.
Yellow to orange colors reflect areas where shear-wave anisotropy is near zero.

Deterministic techniques, including multivariable
regression and attribute-based rescaling, were used to
estimate porosity. Well data combined with attribute

dependence in SGM (Stratamodel) were used to estimate permeability. The porosity model and information on fracture density from shear-wave anisotropy
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were used to create a permeability model that included
contributions from both matrix and fracture porosity.

Porosity Model
The lateral detail provided by the 3-D seismic data
was used to distribute porosity within the geologic model. Porosity models were built separately for the Upper
and Lower San Andres intervals. To estimate porosity,
seismic-derived average-porosity maps are generated for
the Upper and Lower San Andres. The average-porosity
maps were then used as constraints to compute 3-D
porosity distributions within the geologic model. Gorell (1995) used a similar method to combine reservoirproperty maps with well data to populate reservoir
zones that were below seismic resolution.
The process of generating average-porosity maps
from seismic data involved five main steps: (1) interpret
key horizons on compressional- and shear-wave seismic volumes; (2) extract seismic attributes from the intervals of interest (e.g., Upper and Lower San Andres)
and identify relationships among the seismic attributes
and reservoir properties from well data; (3) develop and
apply a calibration function (multivariable regression
equation) using the multicomponent seismic attributes;
(4) compute and map residuals or differences between
the actual mean porosity values at the well locations

and those estimated using the calibration function; and
(5) add the mapped residuals to the mean porosity map
computed using the calibration function. The final
product is a map of mean porosity that incorporates the
lateral detail from the seismic attributes and honors
well data. Schultz et al. (1994), Hinterlong et al. (1998),
and Smith et al. (1998) used similar techniques to generate seismic-derived reservoir properties by integrating compressional-wave seismic data.
Numerous seismic attributes were compared to porosity data using multiple crossplots to identify meaningful relationships among the data. Average-reflectionstrength (envelope) attributes provided reasonable correlations and were used for subsequent analyses. Average
reflection strength is a complex trace attribute that can
be thought of as amplitude independent of phase (Taner et al., 1979). Maps of Upper San Andres average porosity and reflection strength from P- and S1-wave data
(Figures 20, 21) show the trends related to high porosity
and low reflection strength and low porosity and high
reflection strength. The well-based average-porosity maps
were generated for a larger area than shown in Figures
20 and 21 and incorporate porosity data from all wells
in the area.
Crossplots and statistical measures were used to
quantitatively compare seismic attributes to average
porosity at each well location. Average porosity for the

FIGURE 18. Geologic model parameters. Model framework incorporates the reservoir flow units and two main faults.
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FIGURE 19. Compressional-wave synthetic seismogram, well CVU-196. Gamma ray, neutron porosity, sonic transit time,
density, acoustic impedance, synthetic seismic traces, and compressional-wave surface seismic traces are displayed.
Petrophysical-based flow units correspond well to vertical changes in porosity, transit time, density, and acoustic
impedance. Although the Upper and Lower San Andres are resolvable on surface seismic data, individual flow units are
below seismic resolution. GBDOL = Grayburg dolomite; USA = Upper San Andres; LSA = Lower San Andres.

Upper and Lower San Andres was computed from log
data using average-reflection-strength values for the
same intervals on the seismic data. Correlation coefficients (r) of 0.81 and 0.57 between average porosity
(Fmean) and P- (PARS) and S1-wave (S1ARS) average
reflection strength, respectively, were determined for
the Upper San Andres (Figure 22). By combining these
attributes using multivariable regression, the correlation coefficient increased to 0.85. The resulting calibration function

fmean ¼ 11:6372  0:00665504  ðPARS Þ  0:00118643
 ðS1ARS Þ
was used to transform the seismic data to average porosity at each bin location. For the Lower San Andres,
only 10 wells penetrated the entire interval; thus, statistical estimates of correlation coefficients were considerably less reliable. However, because data from the 10
wells aligned with the trends observed for the Upper
San Andres when plotted on the same graphs, the same
calibration function was applied to both Upper and
Lower San Andres intervals.

The calibration steps described involve a curve fit
(or linear fit) to data points on the crossplots. The linear
calibration curve (trend line) did not pass through all
the points on the crossplot. As a result, when the seismic attributes were converted to average porosity using
the model function defined by the trend line, the estimated properties did not agree exactly at most well
locations (residual error). The residual error ranged
from 1.75 to 1.50%, with the greatest residual error
being along the margins of the model area. The residual
map was added to the regression results to correct the
minor differences between the estimated and actual
porosity values at the well locations. The final averageporosity maps incorporate the lateral detail from the
multicomponent seismic and honor well data (Figure
23). The Upper San Andres porosity maps show the
southwest-to-northeast trend of higher average porosity that parallels the shelf margin. The maps also show
the trend of lower average porosity to the northwest.
This area of low average porosity corresponds with an
area of higher total-fluid production from the San Andres that is believed to be associated with greater fracture permeability.
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To estimate porosity in three dimensions, attributebased rescaling was used. Attribute-based rescaling involves estimating porosity within each flow unit using
a mapping approach (e.g., kriging, distance weighting,
etc.) followed by linear rescaling of each vertical column of the geologic model (Figure 24; also see Gorell,
1995). At each location in the geologic model, the
average porosity must conform to the seismic-derived
average porosity. Therefore, at each x,y location, the
following equation must be honored:

layer porosity estimates must be modified. The following assignment was used to rescale each vertical column of the model so that the seismic-derived mean
porosity map was honored:

N
P

where Frk is the rescaled porosity. Attribute-based rescaling can be viewed as the application of an areadependent scaling factor to each of the model layers.
At well locations, the seismic-derived average porosity
value was equal to the average porosity from well data
because of the calibration and residual correction process. Therefore, the scaling factor was equal to 1 at each
well location. The final distribution of porosity within
the geologic model reflects the vertical variation of porosity as defined by well data and the lateral porosity
variation estimated using multicomponent seismic data.
A quantitative measure of confidence in the calibration process is useful to determine the accuracy of

average ði; jÞ ¼ k¼1

fk ði; jÞ hk ði; jÞ
H ði;jÞ

;

where Faverage is the seismic-derived average porosity
for the entire interval (e.g., Upper San Andres interval),
Fk is the porosity for layer k in the interval, hk is the
thickness of layer k in the interval, and H is the
thickness of the entire interval. The estimated average
porosity for the model for the Upper or Lower San Andres may not agree with the seismic-derived averageporosity map for that interval. Therefore, the model-
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7
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FIGURE 20. Upper San Andres maps of (A) average porosity and (B) P-wave average reflection strength. The averageporosity map is based on well data. The six CO2 injectors are shown as triangles on each map. Areas of high average
reflection strength and low porosity are blue, and areas of low average reflection strength and high porosity are
red and white.
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FIGURE 21. Upper San Andres maps of (A) average porosity and (B) S1-wave average reflection strength. The averageporosity map is based on well data. The six CO2 injectors are shown as triangles on each map. Areas of high average
reflection strength and low porosity are blue, and areas of low average reflection strength and high porosity are
red and white.

the estimated results. We used the following method
for this validation: One well was removed from the data
set and a new calibration function was derived using
multivariable regression. The new calibration function
and residual correction were applied, and the estimated
porosity value at the removed well location was compared with the actual value from the removed well. This
process was repeated separately for 47 wells in the data
set, and the residuals between the estimated and actual
values were mapped (Pranter, 1999). A clear improvement in estimated porosity was achieved by incorporating multicomponent seismic data. Correlation coefficients (r) between estimated and actual average porosity values at well locations improved from 0.55 using
well data alone to 0.89 with multicomponent seismic
data (Figure 25).

Permeability Model
Permeability within the San Andres reservoir is
controlled by a variety of pore types, including fractures. Within a complex reservoir like the San Andres,
log-derived data typically only provide information
about properties of the rock matrix. Likewise, log-

derived porosity and even neural-network permeability
data based on log porosity and core data do not account
for the contribution of fractures to reservoir quality.
Neural-network permeability values are more closely
associated with matrix permeability, whereas shear-wave
anisotropy from multicomponent seismic data reflects
the velocity anisotropy associated with open vertical
fractures and low-aspect-ratio pores associated with the
rock matrix or fractures. Thus, we used the neuralnetwork-derived permeability data and measurements of
shear-wave anisotropy to estimate permeability values
for the reservoir interval. Production data, borehole
images, and core data were also used to address the
distribution of permeability.
Permeability models were created both with and
without constraints to the seismically guided porosity
information. The porosity model was used to weight
the distribution of neural-network permeability. This
was done to account for the basic relationship that
was observed between porosity and permeability and
to include the lateral detail from the multicomponent
seismic data that was also incorporated into the porosity model (Pranter, 1999). These steps produced a permeability model that primarily accounted for lateral
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final permeability model. In general, the Upper San
Andres exhibits lower horizontal permeability than
the Lower San Andres. This difference in permeability
within the model accounts for the observed difference
in reservoir productivity between the Upper and
Lower San Andres.

GEOLOGIC MODEL AND
PRODUCTION DATA

FIGURE 22. Crossplot of Upper San Andres average
porosity vs. (A) P- and (B) S1-wave average reflection
strength. Plotted values of average porosity and reflection strength were obtained at well locations within the
model area.

Using the petrophysics-based zonation combined
with multicomponent seismic data, the observed variability in permeability between and within the Upper
and Lower San Andres was more accurately represented
within the geologic model. Simulation results using
geologic models of the study area based on well data
alone did not show the preferential drainage of the
Lower San Andres as observed in the field (Bard, 1999,
personal communication). The discrepancy was primarily because of the similarity in permeability distributions between the two intervals that resulted from
using well data alone to estimate permeability within
the geologic model. Reservoir simulation models based
on the modified permeability distribution more accurately accounted for the unexpectedly early CO2breakthrough times observed in the field than simulation models based solely on matrix properties. In addition, simulation results indicated that by using the
petrophysics-based method to define reservoir zones,
the need for additional upscaling was significantly reduced or eliminated, because reservoir zones for simulation are defined at the start of the modeling process
rather than at the end. If necessary, additional zones or
layers can be added or merged to improve the history
match with production data. The sequence-stratigraphic
framework must be honored to ensure that reservoir
zones are properly correlated across the geologic model and simulation area.

CONCLUSIONS AND
IMPLICATIONS
heterogeneity associated with the reservoir matrix.
The San Andres shear-wave anisotropy data (Figure 19)
were then used to bias or modify horizontal (kx and ky)
and vertical (kz) permeability values within each flow
unit to account for the contribution of fractures to reservoir quality and reservoir performance. Permeability
values in areas that exhibit positive shear-wave anisotropy were increased to account for the presence of
open fractures and, therefore, higher permeability in
the horizontal and vertical directions (Pranter, 1999).
Figure 26 is an example of a vertical slice through the

1)

The San Andres Formation within the study area
consists of stacked, shallowing-upward carbonate
cycles that were deposited within subtidal, intertidal, and supratidal environments. Vertical lithofacies successions, changes in lithofacies proportions, and exposure surfaces identified in core define
four high-frequency sequences within the reservoir
interval. The upper two high-frequency sequences
form the Upper San Andres composite sequence,
and the lower two high-frequency sequences form

83

84

Pranter et al.

FIGURE 23. Upper San Andres maps of (A) average porosity and (B) estimated average porosity using multivariable
regression. The six CO2 injectors are shown as triangles on each map. Contour interval on map A is 0.2%. Areas of low
and high average porosity are blue and red or white, respectively. The lateral variability in average porosity provided by
the seismic data is incorporated in map B.

the uppermost part of the Lower San Andres composite sequence.
2) The petrophysics-based method presented here is a
useful technique for characterizing reservoirs like
the San Andres at Vacuum field. The method is
useful to refine the gross sequence-stratigraphic
interpretation when data are limited and when individual parasequences (cycles) are difficult to recognize or correlate. Likewise, it is essential that the
gross sequence-stratigraphic framework be defined
in advance. The petrophysics-based method would
be limited in reservoirs with significant faults, complex structures, or stratigraphic complexities (e.g.,
shelf-slope transition) where well-to-well correlation is highly complicated. However, with additional well and core data, the petrophysics-based
approach should be used in addition to proportional-,
truncated-, or onlap-layer geometries to construct a
more refined geologic-model framework.
3) Using a petrophysics-based method, the most significant flow units were defined within highfrequency sequences. High-frequency sequences
and depositional cycles compartmentalize the reservoir vertically into alternating zones of high and
low reservoir quality. Diagenetic processes, includ-

ing dolomitization, anhydrite cementation and replacement, and karstification, have significantly
altered the primary carbonate fabric.
4) Core porosity and permeability data, thin sections,
SEM images, and PTS estimates from capillarypressure data were used to characterize vertical variability in reservoir quality. Lithofacies and depositional cycles were difficult to directly identify in
noncored wells. As a result, a petrophysics-based
method was used to define flow units (reservoir
zones) within high-frequency sequences. The most
significant reservoir zones were identified based on
vertical changes in storage (Fh) and flow capacity
(kh) and pore-throat radius (R35). Using this approach, an appropriate number of zones (layers)
were defined to construct a 3-D geologic model that
did not require upscaling prior to flow simulation.
5) Parameter estimation was improved by incorporating multicomponent seismic attributes with well
data. Porosity was modeled using P- and S1-wave
average-reflection-strength attributes. Shear-wave
anisotropy measurements provided information
about inferred fracture density and enhanced permeability that was not available from either core
analyses or compressional-wave seismic data.
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FIGURE 24. Geologic model and
map of seismic-derived average
porosity. To estimate porosity in
each layer of the geologic model,
porosity is first mapped in each
layer using a mapping approach
with well data. To include the
lateral variability provided by the
seismic data, each vertical column
of cells is rescaled so that the
estimated average porosity of each
column honors the seismic-derived
average-porosity map.

FIGURE 25. Crossplot of Upper
San Andres average porosity from
well data vs. estimated average
porosity with and without multicomponent seismic data. Data
points correspond to wells used
in the validation process.
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FIGURE 26. North-south permeability cross section from the 3-D geologic model. The difference in horizontal permeability between and within the Upper and Lower San Andres is shown. The difference in permeability within the
model accounts for the observed difference in reservoir productivity between the Upper and Lower San Andres. GBDOL =
Grayburg dolomite; USA = Upper San Andres; LOV = Lovington; LSA = Lower San Andres.

6)

The petrophysics-based method can be used in
other fields where porosity and estimated permeability data are available or can be determined, for
example, using neural networks. The method is especially useful for fields that have limited core data
and where definition of flow units based on rock
fabric is difficult. Another application is to support
the interpretation of reservoir zones based on rockfabric descriptions where core data are abundant.
In addition, multicomponent seismic data provide
information about interwell heterogeneity that is
not available when using only well data and
compressional-wave seismic data.
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APPENDIX
In the absence of core data, R35 can be estimated
directly from the Winland equation:

log R35 ¼ 0:732  0:588 logðkÞ  0:864 logðfÞ:
In the Winland equation, air permeability (k) is given in
millidarcies, porosity (F) is given in percent, and R35 is
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expressed in microns. Air-brine capillary-pressure tests
were conducted on 18 core plugs taken from the CVU100 core.
Pore-throat sorting corresponds with the degree of
sorting of pore throats within a rock sample (Jennings,
1987). PTS ranges from 1.0 (perfect sorting) to 8.0
(essentially no sorting) with the majority of rock samples falling between 1.2 and 5.0 (Jennings, 1987). Values of PTS were computed using the following equation
adapted from a sorting coefficient equation developed
by Trask (1932):

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Third-quartile pressure
PTS ¼
First-quartile pressure
where the first- and third-quartile pressures are obtained directly from the capillary-pressure curve and reflect
the 25% and 75% brine-saturation pressures adjusted
for irreducible saturation (Jennings, 1987). For the airbrine capillary-pressure tests, brine (water) was the
wetting phase.
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