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Abstract

Geological heterogeneities prevent efficient drainage and sweep of hydrocarbons,
causing low recovery efficiency in many oil and gas fields around the world. The
extraction of remaining oil is based on the identification of the reservoir heterogeneities
and the volumes of mobile oil in unswept zones that can be economically produced by
infill wells, side-tracks, and recompletions. The most efficient way of obtaining a 3-D
description of these subsurface heterogeneities, that control the spatial distribution and
recovery of mobile oil, is through seismic surveys.

In this thesis, I provide a rock physics and seismic characterization of structural,
depositional and diagenetical reservoir heterogeneities, from the pore to the field scale, of
Tertiary fluvial sandstones in the mature giant La Cira-Infantas oil field. I introduce
various applications of theoretical rock physics and geological interpretation of 3-D
seismic data to improve recovery factor in oil and gas fields. The approach is presented
in three parts: (1) Description and analysis of structural heterogeneities, (2) study of
heterogeneities associated with depositional and diagenetical processes, and (3) analysis
of pore-fluid effect on elastic properties.

In the first part, I present a rigorous model of faulting, folding, and slip distribution
for the La Cira-Infantas oil field. This field is characterized by a series of structural
heterogeneities associated with early and late Tertiary tectonic events. An intensely
folded, faulted, and eroded Cretaceous sequence underlies the Tertiary cover below the
Middle Eocene unconformity. The west flank of a large antiform, elongated in north-
south direction, is highly fractured by thrust faults that generate a series of asymmetric
secondary folds. Late Tertiary structural heterogeneities are comprised of La Cira and
Infantas anticlines and two groups of associated faults. The first group includes a set of
low-angle reverse faults with east- and west-vergence. They usually cut the entire
Tertiary sequence and glide on a shaly section directly above the Eocene unconformity.
These faults commonly strike from north-south to N30°E . Moreover, there are a number
of important normal faults, which compartmentalize the La Cira and Infantas anticlines

into a set of reservoir blocks. Two different patterns of normal faults were identified in
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plan view: longitudinal and oblique. The description of the dip slip along various seismic
markers suggests that normal faults in the northern La Cira area, formerly interpreted as
continuous fault planes, consist of several overstepping segments.

A simple parallel and small-displacement wrench zone, poorly developed during the
Miocene to Pliocene, explains the folding, thrusting, and normal faulting of the Tertiary
deposits in the La Cira-Infantas structure. The new model of structural heterogeneities
provides a clear delineation of the field production boundaries and compartments, and a
structural configuration concordant with the tectonic history of the basin.

The second part describes a rock physics model for relating the elastic reservoir
properties to porosity, mineralogy, pore fluid, and differential pressure. Here I found that
if subsets of log and core data are used that are constrained by a sequence stratigraphy
framework, meaningful rock physics relations can be determined. These relations can be
rationalized and explained by effective-medium models. By analyzing well logs and core
data, a governing rock physics model was determined. The model implies that velocity
and acoustic impedance are reliable reservoir quality discriminators. Specifically, high
velocity and impedance correspond to shales while low velocity and acoustic impedance
indicate high-quality sands. I applied this concept to map highly heterogeneous reservoir
properties in Tertiary fluvial sandstones in the mature giant La Cira Infantas oil field.

Finally, in the third part of this dissertation I present a rock physics model for
identifying the quality of rock and pore fluid in a cased hole from dipole sonic data, as
well as for monitoring temporal changes in the reservoir from repeated compressional
wave data in the well. By analyzing the Vp/Vs ratio from multi-pole velocity logs, it is
possible to differentiate between nonhydrocarbon- and hydrocarbon-bearing sands. The
Vp/Vs ratio, as calculated from multi-pole sonic logs, is a promising indicator for
delineating bypassed oil behind the casing and pay intervals. The same rock physics
approach should be valid for identifying hydrocarbons in La Cira-Infantas and other
fields with similar geologic setting from surface seismic if pre-stack or offset-stack data
are available. The model predictions are also consistent with time-lapse sonic log data
where the P-wave velocity shows a drop in the intervals open for production. This effect
is most likely associated with free gas coming out of solution. It can also be used for

reservoir depletion monitoring.
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Chapter 1

Introduction

1.1 Definition of the Problem

Recovery of oil from reservoirs using 1990's technology has averaged in the USA
only 35%. For reservoirs outside the USA, statistics show a much lower percentage of
recovery (Tyler and Finley, 1991; Weber, 1999). This is due to poor sweep efficiency in
heterogeneous reservoirs. Reservoir heterogeneities are one of the principal causes for
very low recovery efficiency in numerous gas and oil fields around the world.

Structural, depositional, and diagenetic heterogeneities compartmentalize reservoirs
into flow units of variable lateral and horizontal extent. Reservoir heterogeneities
controlling fluid flow vary from large scale faults and genetic unit boundaries to thin
shale intercalations, sedimentary structures, and pore scale features (Weber, 1986).
Generally, these heterogeneities prevent efficient drainage and sweep of reservoirs and
are frequently bound up with the facies architecture inherited from the original

depositional system.

1.2 Reservoir Heterogeneities and Recovery Efficiency

Reservoir rocks deposited in different sedimentary environments exhibit dissimilar
architectures, which are defined by the facies dimensions, orientations, and vertical and
lateral relationships. Facies, or mixed groups of facies, are the essential building blocks
of reservoirs, and constitute the fundamental flow units (Hearns et al., 1984; Ebanks,
1987, Ebanks, 1993) through which the reservoir drains. Interconnectedness with
adjacent facies promotes effective reservoir drainage, whereas interconnectedness can be

inhibited due to differences in permeability and results in reservoir compartmentalization
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and ultimately in inefficient reservoir drainage or low recovery efficiency (Tyler and
Finley, 1991).
Lake (1989) defines recovery efficiency E,, of the component i as

Ey; :EDiEVi, (1.1)

where E,, is the displacement efficiency and £, is the volumetric sweep efficiency,
E,.,= Amount of i displaced / Amount of i contacted, and (1.2)
E, = Amount of i contacted / Amount of i in place. (1.3)

E,, 1s a function of time and fluid viscosities, relative permeabilies, and capillary

pressures, and £, is a function of time, viscosities, well arrangements, heterogeneity,

gravity, and capillary forces. Laudon (1996) summarizes the intrinsic factors as reservoir
quality (porosity, permeability, lateral and vertical continuity), drive mechanism and type
of fluid recovered (gas, oil, tar), and such external factors as well spacing, production
time and rates, and secondary and tertiary recovery techniques.

Among the intrinsic factors that affect the recovery efficiency, are rock properties.
These include the porosity, permeability, and lithology of sediment bodies comprising a
reservoir, and reflect heterogeneities produced by different stacking arrangements of
sediment bodies or reservoir architecture. These properties strongly depend on the facies
that comprise a depositional system and their preservation (Gardner et al, 1995).

Although recovery efficiency from oil and gas reservoirs is governed by several
factors, reservoir heterogeneities play a very important role in this process. Tyler and
Finley (1991) found a clear relationship between reservoir architecture and conventional
recovery efficiency. They determined that in a diversity of depositional environments, the
fundamental factor that controls recovery efficiency is reservoir genesis, which is based

on depositional processes and diagenetic history.

1.3 Remaining Oil in Mature Fields

Fisher (1987) published statistics for the oil produced and left in mature oil fields in
the USA, and classified the remaining oil into inmobile oil (46.9%), remaining

conventional reserves (5.7%), and unswept zones (16.4%). Actually, the mobile oil can
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be a bigger part of the remaining oil. In the late 1980's, Shell Oil Company found that in
many fields the unswept oil averages 25% in clastic rocks, and often up to 40% in
carbonate, light oil reservoirs (Weber, 1999).

Tyler and Finley (1991) consider mobile oil recovery efficiency as a more sensitive
indicator of the influence of reservoir heterogeneity. They define the unrecovered mobile
oil (UMO) as the oil that remains in the reservoir after primary and secondary recovery
but is movable by primary recovery or water flooding. The essential reason for the
intrareservoir entrapment of UMO is that reservoir heterogeneities exert a fundamental
restriction on the way in which fluids move through the reservoir rock. As a result,
geologic heterogeneities, including faults, genetic unit boundaries and baffles,
permeability zonations within genetic boundaries, and microscopic texture and
mineralogy, do not allow uncontacted and bypassed hydrocarbons to migrate to the well
bore. Therefore, the location and volumetric estimation of bypassed and uncontacted
hydrocarbon compartments demand precise geologic characterization and modeling of

reservoir heterogeneities.

1.4 La Cira-Infantas QOil Field

The problem of recovery efficiency in heterogeneous reservoirs, particularly in
ancient fluvial oil deposits, is of general significance because it has considerable
economic importance worldwide. Much of the oil in the giant fields at Prudhoe Bay
(Alaska), Statfjord (North Sea), Brent (North Sea), Daqing (China), and La Cira-Infantas
(Colombia) is found in fluvial reservoirs (Miall, 1996; Dickey, 1992). This study focuses
on the La Cira-Infantas field.

La Cira-Infantas is located in the Middle Magdalena Basin, near the center of
Colombia, 250 km north of Bogota. The estimated oil originally in place was 3700
million barrels (MMBO). After 80 years of exploitation and drilling of 1742 wells, the
cumulative production has reached only 720 MMBO. The low recovery factor (19%) is

related to the high heterogeneity of the reservoirs.
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1.5 3-D Seismology and Rock Physics

The main challenge for hydrocarbon geoscientists now and in the future is to
considerably improve hydrocarbon recovery efficiency from recently and formerly
discovered reservoirs. A fundamental task linked to accomplishing this aim is to
assemble detailed 3-D descriptions of reservoir heterogeneities. The extraction of
remaining oil is based on the identification of volumes of mobile oil in unswept zones
that can be economically produced by infill wells, side-tracks, and recompletions. In
these particular circumstances, the most relevant reservoir heterogeneities are faults,
boundaries of genetic units, large permeability contrast, and baffles to flow such shale
intercalations (Weber, 1986). The most efficient way of obtaining a 3-D description of
these subsurface heterogeneities is through seismic surveys.

Conventional geophysical reservoir characterization focuses on obtaining the
geological meaning of seismic amplitude and its mathematical attributes. Geostatistics is
frequently applied to correlate such non-physical attributes to reservoir physical
properties. However, these techniques are often not able to provide precise reservoir
property descriptions because they do not take advantage of deterministic physical links
between seismic and reservoir properties. 3-D seismic data, in principle, can be converted
into a volume of the reservoir’s elastic properties such as acoustic and elastic impedance.
The challenge remains to relate these elastic properties to porosity, lithology, and
hydrocarbon saturation. Rock physics provides this connection.

To date, there has been little work on developing specific techniques for reservoir
characterization in fluvial sedimentary settings, based on rock physics analysis and 3-D
seismology. Moreover, much of the work done in seismic stratigraphy, predominantly in
marine sedimentary environments, has put emphasis on the use of 2-D seismic data.

In order to obtain consistent descriptions of reservoir heterogeneities and
relationships among type of deposits, flow units, rock properties, and petrophysical
properties, a rock physics and seismic characterization of reservoir heterogeneities is
carried out in this thesis. Combining core and well-log rock physics analysis and the
geological interpretation of 3-D seismic data, I studied the geological heterogeneities,

from the pore to the field scale, of Tertiary fluvial sandstones in the mature giant La Cira-
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Infantas oil field. The final goal of this study is to present an integrated approach for
seismically mapping reservoir heterogeneities, spatial distributions of petrophysical

properties, and flow units.

1.6 Description of Chapters

The rock physics and 3-D seismic characterization of reservoirs heterogeneities to
improve recovery efficiency is divided in three phases: (1) description and analysis of
structural heterogeneities, (2) study of heterogeneities associated with depositional and
diagenetical processes, and (3) analysis of pore-fluid effect on elastic properties. The
chapters in this thesis present various applications of theoretical rock-physics and
geological interpretation of 3-D seismic data to improve the recovery factor in oil and gas
fields.

In Chapter 2, I present a rigorous model of faulting, folding, and slip distribution for
the La Cira-Infantas oil field. A very thorough and detailed description and
documentation of the structural features, based on the interpretation of a specially
acquired three-dimensional seismic data set, support the model.

Chapter 3 explores the relationships between sedimentary geology and rock physics.
Here I initially describe a rock physics model for relating the elastic reservoir properties
to porosity, mineralogy, pore fluid, and differential pressure, with the stratigraphic
framework used as a constraint to select the relevant data subsets. Later, I define a
methodology for seismic mapping of the internal architecture of Tertiary fluvial
sandstone reservoirs and the spatial distributions of petrophysical properties and their
flow units, that combines core and well-log rock physics analysis with the stratigraphic
interpretation of 3-D surface seismic.

Finally, Chapter 4 presents a rock physics model and its application for identifying
the reservoir quality and pore fluid in a cased hole from dipole sonic data, as well as for
monitoring temporal changes in the La Cira-Infantas reservoirs from repeated

compressional wave data in the well.
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Chapter 2

3-D Seismic Interpretation of Structural
Heterogeneities in the Mature Giant Field

La Cira-Infantas, Middle Magdalena
Valley Basin

2.1 Abstract

The La Cira-Infantas oil field, located in the Middle Magdalena Valley Basin,
Colombia, is characterized by a series of structural heterogeneities associated with early
and late Tertiary tectonic events. An intensely folded, faulted, and eroded Cretaceous
sequence underlies the Tertiary cover below the Middle Eocene unconformity. The west
flank of a large antiform, elongated in north-south direction, is highly fractured by thrust
faults that generate a series of asymmetric secondary folds.

Late Tertiary structural heterogeneities are comprised of La Cira and Infantas
anticlines and two groups of associated faults. The first group includes a set of low-angle
reverse faults with east- and west-vergence. They usually cut the entire Tertiary sequence
and glide on a shaly section directly above the Eocene unconformity. These faults
commonly strike from north-south to N30°E . Moreover, there are a number of important
normal faults, which compartmentalize the La Cira and Infantas anticlines into a set of
reservoir blocks. Two different patterns of normal faults were identified in plan view:
longitudinal and oblique.

The structural interpretation of 3-D seismic data, based on a set of closely spaced
measurements of the fault slip, allows an accurate mapping and analysis of the slip
distribution. The displacement discontinuity, or slip, is a fundamental physical quantity

than can be used to study faults whose characterization provides a better understanding of
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the faulting mechanics and the important factors that control hydrocarbon distribution
within an oil field structure. The description of the dip slip along various seismic markers
suggests that normal faults in the northern La Cira area, formerly interpreted as
continuous fault planes, consist of several overstepping segments.

Because the fault plane segments are roughly elliptical in shape, the slip changes
more rapidly along the dip direction than along the strike. The irregular slip distribution
along the main fault surfaces may affect the hydraulic behavior of the faults, creating
fluid flow anomalies and the resulting production problems in the La Cira-Infantas oil
field. Therefore, integrating the slip analysis into the reservoir studies is vital to
effectively characterize flow paths, fault sealing potential, and reservoir
compartmentalization.

A simple parallel and small-displacement wrench zone, poorly developed during the
Miocene to Pliocene, explains the folding, thrusting, and normal faulting of the Tertiary
deposits in the La Cira-Infantas structure. The new model of structural heterogeneities
provides a clear delineation of the field production boundaries and compartments, and a

structural configuration concordant with the tectonic history of the basin.

2.2 Introduction
2.2.1 Research Motivation

One of the current problems in oil recovery is the restricted knowledge of the
reservoir's external geometry and the controls that geological heterogeneities exert on
hydrocarbon flow. Generally, geological heterogeneities compartmentalize reservoirs into
flow units, preventing efficient drainage and sweep of reservoirs.

Understanding the three-dimensional geometry, spatial organization, genesis, and
evolution of structures such as folds and faults is essential to providing a realistic
conceptual model for flow studies. However, to date wireline log-based structural models
of several mature giant oil fields, including La Cira-Infantas, do not provide a clear
delineation of the field production boundaries and compartments. Moreover, particularly
in La Cira-Infantas, the characteristics and evolution of its structural style are

incompletely understood. Published interpretations show La Cira-Infantas structure,



Chapter 2 — 3-D Seismic Interpretation of Structural Heterogeneities

which is a complex combination of probably coeval folds, thrust faults, and a large
number of normal faults, as the farthest west expression of a thrust belt that extends out
into the Middle Magdalena Valley Basin from the Eastern Cordillera. These structural
elements are not consistent with the characteristics of a typical compressive tectonic
regime, as is generally claimed in the literature (Mojica and Franco, 1990; Dickey, 1992;
Restrepo-Pace et al., 1999a).

In order to solve these uncertainties, I present in this chapter a rigorous model of
faulting for the La Cira-Infantas oil field. A very thorough and detailed description and
documentation of the structural features, based on the interpretation of a specially

acquired three-dimensional seismic data set, support the model.

2.2.2 Location of the Study Area

The Magdalena Valley Basins are a set of intermontane sags, located along the
Magdalena River valley between the Central and Eastern Andean Cordilleras in
Colombia. Geographically and geologically, the north-draining Magdalena River valley
is divided into three regions: Upper, Middle, and Lower (Figure 2.1).

The La Cira-Infantas oil field is located in the central sag: the Middle Magdalena
Valley Basin (MMVB). This basin is an elongated depression with a total area of
approximately 30,000 km?. It is 500 km in length from south to north and 60 km in
average width. Historically, the MMVB is one of the most prolific petroleum basins of
Colombia. The initial commercial exploitation was set up in the La Cira-Infantas Field in

1918. The current production of MMVB is circa 5% of the total oil in Colombia.

2.2.3 Regional Setting

The mountains and sedimentary basins of Central Colombia are located along the
Andes, the principal structural uplift in South America. The Andean range in northern
South America has a complex geological history associated with its particular location at
the junction of the Caribbean, Central, and South American tectonic regions. The Andean

system of Colombia is composed of two geological systems: The Eastern Cordillera and
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Central Cordillera with sialic basement, and the western margin of the Central Cordillera,
the Western Cordillera, and Serrania del Baudo, with simatic basement (Figure 2.1).
Etayo (1985) proposed the development of an aulacogen basin during the Triassic to
Early Cretaceous period. The aulacogen model is workable, because the geologic record
shows that the Triassic to early Cretaceous rift never proceeded through the stages of
continental separation. Cretaceous passive margin conditions and several interior rift
basins were developed in northern South America during the continental separation

between Yucatan and Northern South America (Villamil, 1998a).
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Figure 2.1: Sedimentary basins map of Colombia. After Ecopetrol (2000).

Associated with this separation, the accretion of simatic crustal material took place in
the western flank of the Central Cordillera. From this time onward, simatic basement in
Colombia developed in belts, which are younger to the west, from the western margin of

the Central Cordillera (Etayo, 1985). A second collision and accretion of the Western
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Cordillera occurred at the end of the Cretaceous. Mesozoic aulacogen and passive margin
basins were inverted during Tertiary Andean orogenesis, generating foreland

intermontane basins.

Tectonics and Structural Geology

The Middle Magdalena Valley Basin (MMVB) is an asymmetric sedimentary basin
characterized by a complex geological evolution (Figure 2.2). Its geological evolution is
comprised of a series of distinct stages of tectonic development: the MMVB evolved as
an aulocogen basin in the Triassic to Jurassic, a passive margin basin in the Cretaceous to
Paleocene, and a foreland basin with east-vergence during the Eocene to Oligocene.
Since the Miocene, it has been an intermontane basin.

The faults and folds in the MMVB show a predominant NNE-SSW orientation, and
their origin is associated with the tectonic evolution of the features that bound the basin
regionally, namely the Central and Eastern Cordillera. These ranges are mostly
characterized by east- or west-vergent thrusting and transpression along the principal
strike-slip fault zones of Palestina (Suarez, 1997) and Santa Marta-Bucaramanga
(Montgomery, 1992) (Figure 2.2).

Three distinct structural areas characterize the northern MMVB. The western margin
consists of high-angle reverse faults, the eastern margin is comprised of a zone of thrusts
faults, and the central area shows the least structural complexity in the basin (Figure 2.2;

Suarez, 1997; Restrepo-Pace et al, 1999a).

Stratigraphic Summary

The oldest rocks exposed in the Eastern and Central Cordillera are upper Proterozoic
polymetamorphosed gneiss, amphibolite, metasedimentary rocks, and Cambrian-
Ordovician or Devonian metasedimentary rocks (Etayo et al., 1983). These rocks
represent crystalline basement of the Middle Magdalena Valley Basin. Resting on these
cratonic margin rocks is a series of Jurassic continental sediments that underlie
calcareous and siliciclastic Cretaceous rocks of marine to transitional origin and Tertiary

fluvial deposits (Figure 2.3).

12



Chapter 2 — 3-D Seismic Interpretation of Structural Heterogeneities

Buturama'

Totumal

Los‘\nge

Lebrija
2 ' Tisquirama

Cristalina (

Las garza
5 ’ Bonanza\.
Yarigui- Provincia
, Cantagallo l
Sogamoso'

’
LIanito-GaIa’

Galan-San silvastn‘ Lisama

Casabe

4
Pefias Blancay'l_a cira_
,” Infantas

Vi Aguas Blanca:

Caipal-Palagua

Velaquez
Cocarna- '
NarerTeca
0 50 100 Km
[[] cenozoic sedimentary rocks —¢— Anticline
|:| Cretaceous sedimentary rocks —%— Syncline
[E Triassic-Jurassic red-beds and volcanics —4_ Thrust fault
[ Pre-Mezosoic basement and Mezosoic plutons % Strike-slip fault

. Oil field

Figure 2.2: Geological map and producing oil fields of the Middle Magdalena Valley
Basin. After Geotec (1988), Ingeominas (1976), and Ecopetrol (2000).

13



Chapter 2 — 3-D Seismic Interpretation of Structural Heterogeneities

The Jurassic Giron Group, a heterogeneous succession of continental red beds and
silicic to intermediate volcanics, is the oldest sedimentary unit in the MMVB and lies
unconformably on the crystalline basement (Etayo et al., 1983). These rocks filled the
Jurassic rift that developed in the current position of the MMVB and the Eastern
Cordillera (Pindell, 1985; Villamil, 1998b). Cretaceous strata of Colombia were
deposited over an evolving continental margin and show a steady accumulation typical of
thermal subsidence (Villamil, 1998a). The sandy Tambor Formation indicates the
beginning of the Cretaceous deposition during the Valanginian in MMVB. These strata
rest unconformably on Jurassic red beds and were deposited in a continental to
transitional environment (Morales et al., 1958). The underlying calcareous Rosablanca
Formation was deposited in marine conditions during the Hauterivian-Barremian

(Morales et al., 1958).
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Marine environments predominate during the Barremian to Santonian, controlling the

deposition of the overlying La Paja, Tablazo, Simiti, Salto and the La Luna formations.
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The Umir Formation was deposited during a regressive oscillation of Campanian-
Maastrichtian age, and is comprised of shallow marine to lagoonal gray shales with
interbedded coals and some sandstones (Morales et al., 1958).

The marine Cretaceous sequences are overlain by a succession of continental
deposits. These strata are related to specific tectonic events in the Central and Eastern
Cordilleras. The Tertiary stratigraphic column includes the Lisama Formation
(Paleocene), La Paz and Esmeralda Formations (Eocene), Mugrosa Formation
(Oligocene-Lower Miocene), Colorado Formation (Lower Miocene-Lower Middle
Miocene), Real Group (Middle to Uppermost Miocene), and the Mesa Formation
(Pliocene). These strata are composed of siliciclastic rocks deposited primarily in a
continental environment, comprised of alluvial fans and a diversity of fluvial bodies
(Ecopetrol, 2000; Olaya, 1997; Ramon, 1998; Suarez, 1997). Recent studies indicate two
different petroleum sources associated with the Cretaceous rocks; a primary petroleum
source rock in the La Luna Formation of Cenomanian to Santonian age, and a secondary
source rock in the Tablazo Formation of Aptian age (Mora et al, 1996).

Although oil reservoirs discovered in the MMVB include a sequence of marine and
non-marine Middle Cretaceous to fluvial Tertiary rocks, hydrocarbons have been
commercially produced from Tertiary siliciclastic reservoirs. Cretaceous carbonates also

show reservoir potential (Morales et al., 1952; Ecopetrol, 2000).

2.2.4 La Cira-Infantas Oil Field

The La Cira-Infantas (LCI) was the first oil field discovered in Colombia and was the
largest until the discoveries of Cafio Limon in 1984 and Cusiana in 1992. It was
discovered by the Tropical Oil Company in 1918. La Cira-Infantas is located in the
Middle Magdalena Valley Basin, near the center of Colombia, 250 km north of Bogota
(Figure 2.2). The estimated oil originally in place was 3700 million barrels (MMBO).
After 80 years of exploitation and the drilling of 1703 wells, the cumulative production
has reached only 724 MMBO. This low recovery factor (19%) is mostly due to the
heterogeneity of the reservoirs.

The siliciclastic reservoirs in La Cira-Infantas belong to the Colorado Formation

(Zone A) and Mugrosa Formation (Zones B and C). Oil production comes from loosely
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consolidated Tertiary sands of a highly faulted asymmetrical anticline. The net oil-sand
thickness approaches a maximum of approximately 150 m on the crest of the La Cira
structure (Morales et al., 1958).

The reservoir rocks are fine to medium grained, subarkosic, sometimes shaly
sandstones, and are separated into three general intervals, Zones A, B, and C. Average
porosity values are 20% to 23% in Zone C. Permeability may be as high as 1500 mD
(Mesa, 1995; Dickey, 1992). Recent sequence stratigraphy analysis (Laverde, 1996; ICP-
ECP, 1996) indicates that the depositional facies of La Cira-Infantas Tertiary rocks are
associated with fluvial channel systems. Zones A and B represent mixed load channels
or meandering systems, in contrast with Zone C, which was deposited as bed load

channels or braided stream systems.

2.2.5 Data and Methodology

Ecopetrol collected 110 square kilometers of 3-D seismic data (24 fold) covering the
entire La Cira-Infantas oil field (Figure 2.4). This seismic data were initially interpreted
by Gutierrez (1996), and simultaneously integrated with geological and reservoir
engineering data by a multi-disciplinary team of Ecopetrol experts. The seismic structural
evaluation and subsequent discussion presented in this work are based on the original
seismic interpretation by Gutierrez (1996), and new examination of the data.

The general interpretation process is as follows:

e Initially, several versions of the seismic volume were evaluated using different
displays.

e In order to identify the seismic response of Tertiary siliciclastic reservoirs and
associated stratigraphic units, well and outcrop data were integrated with the seismic
data. Well-log curves and tops of 518 wells were converted from depth to time, using
15 well velocity functions. In addition, several synthetic seismograms were
generated, and the surface geological and topography maps were loaded on the
workstation.

e Based on continuity and correlation, seven seismic markers were selected for the
structural mapping. Reflections were chosen that closely corresponded to the top of

Sands-116, top of A-4, top of B-4, Eocene Unconformity, and the Cretaceous
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calcareous levels associated to the Galembo, Salada, and Tablazo Formations (Figure
2.5).

e Seismic markers and fault planes were tracked throughout the data set in vertical
section and time slices, using manual and automatic tracking techniques. Preliminary
time and amplitude maps were generated for quality control and geological

interpretation.
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Figure 2.4: Base map of the La Cira-Infantas oil field showing the location of wells,
surface geology, vertical profiles (inlines and xlines) used in this section to illustrate
the structural features, and the full-fold migrated area of the 3-D seismic survey.
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« Secondary horizon attributes were generated (azimuth, dip, edge, and coherence) and
used to define the fault patterns. Faults traces were picked on the maps and compared
with the fault traces or structural discontinuities interpreted in the vertical sections

and time slices.
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Figure 2.5: Xline 1335 showing the seven seismic markers selected for the structural
mapping. The well Infantas-1613 has the most complete stratigraphic column in the
area of study.
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e Structural time maps were generated and their interpretation was validated, using
detailed structural cross-sections and well data.

e The geometry of the delineated horizons and faults were shown as structural maps
and graphs that form a base for the definition of new opportunities, and subsequent

examination and discussion of the structural geology of the La Cira-Infantas oil field.

2.3 La Cira-Infantas Structural Configuration

Geographically, the La Cira-Infantas oil field is located in the central area of the
MMVB. Although this area exhibits the least structural complexity in the basin, there is a
prevalence of compressional structures, where pre-Cretaceous to Cenozoic rocks are
deformed into an arrangement of strongly developed en echelon folds commonly faulted
by closely related thrusts.

Several structural features were delineated and identified, after careful analysis of 3-D
seismic data and validation with outcrop and well information. Based on the complex
tectonic history of the basin and the main periods of deformation, the Cira-Infantas
structural heterogeneities (folds and faults) can be divided in two main groups:

e Early Tertiary Structures

e Late Tertiary Structures

2.3.1 Early Tertiary Structures

The new seismic images show, a heavily folded, faulted, and eroded Cretaceous
sequence below the Eocene unconformity (Figure 2.6). The primary structure of these
Cretaceous sediments is a large antiform, elongated in the north-south direction. The west
flank of this fold is well preserved in the area covered by the seismic survey and shows
an approximate dip direction of S80°W .

The west flank of this structure is extensively cut by thrust faults that generated a
series of asymmetric hanging-wall secondary folds. These folds have good exploration
potential as possible deeper pool reservoirs (Figure 2.7). The structural configuration of

early Tertiary structures describe here is quite different from the structural model
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published by Morales et al. (1958), which consists of a long and narrow anticline below

Infantas and an elongated dome underlying the La Cira structure.

ROSABLANCA

Figure 2.6: Inline 5730 showing the seismic expression of the late and early Tertiary
structures in the northern La Cira area. Note the heavily folded, faulted, and eroded
Cretaceous sequence below the Eocene unconformity. In contrast, the Tertiary
sequence shows very minimal deformation in this area.
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Figure 2.7: Inline 5060 showing the seismic expression of the late and early Tertiary
structures in the southern Infantas area. The vertical scale units are in two-way time
(ms).
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2.3.2 Late Tertiary Structures

Late Tertiary heterogeneities associated with tectonic deformation are the focus of
this chapter, including the La Cira and Infantas anticlines and associated features (Figures
2.8 and 2.9). The structural elements are characterized according fault attributes and

bedding geometry.

Folds

The La Cira and Infantas anticlines are located in the Cachira paleohigh, a structurally
controlled topographic high, which was active between the late Cretaceous and late
Eocene (Olaya, 1997). Both structures show a clear and consistent left-handed en
¢chelon-fold pattern, and appear to be the westernmost expression of a thrust belt that
extends out into the MMVB from the Eastern Cordillera (Geotec, 1998 and Mojica and
Franco, 1990).

Both folds have a clear surface geology expression, where the competent sandstone
levels of the Tertiary formations create lineaments that clearly reflect the subsurface
structural patterns. The topography also indicates the rate of faulting and folding. A
uniform topographic expression with very little relief characterized the lower dip of the
layers in the La Cira anticline, whereas sharp lineaments with a greater topographic

configuration express the steeper inclinations of the strata in Infantas.

La Cira Anticline

The La Cira anticline is an asymmetric fold that plunges to the north and south. The
axis is approximately north-south oriented and is parallel to the La Cira fault. This fault
breaks the fold in the eastern flank and forms with the Infantas fault system a very gentle
negative flexure in the middle. This anticline is compartmentalized by several normal
faults, generally concentrated on the western flank. In contrast, the eastern synform is

only slightly faulted (Figures 2.8 and 2.9).
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Figure 2.8: Time structural map of the B-4 marker in the La Cira-Infantas field. Yellow
color indicates a high structural position.
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Figure 2.9: Time structural map of the A-4 marker in the La Cira-Infantas field. Yellow
color indicates a high structural position.
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Infantas Anticline

The Infantas fold is a narrow and elongated antiform whose axis also trends north-
south. This antiform is broken along its crest line by the Infantas fault system, causing the
uplift and partial erosion of the east flank. A well-preserved west flank is deformed by
normal faults (Figures 2.8 and 2.9).

The Infantas fault System is the main eastern structural boundary in the oil field,
playing an important role in the generation of the field trap. The former geological model
based on wireline logs, suggested that the Infantas fault affected Cretaceous rocks
(Morales et al., 1958). In contrast, the 3-D seismic imaging of the fault-plane area
indicates that on the eastern side of the Infantas anticline, the fault plane glides on the
base of the Tertiary sequence and does not affect the Cretaceous rocks. Therefore, there is
a clear extension of the field to the east, where the Tertiary reservoirs truncate against the
Infantas fault plane at positions that are more distant east than the easternmost Infantas
wells. This new seismic interpretation of the Infantas fault system was confirmed by a

recent well drilled in the hanging wall of the fault.

Thrust and Reverse Faults

Thrust and reverse faults in the La Cira-Infantas structure show a dominant NNE-
SSW azimuth and east- or west-vergence. Their development is associated with the

Tertiary tectonic evolution of the Central and Eastern Cordilleras (Figures 2.10 and 2.11).

Infantas Fault System

The Infantas fault system is comprised of a set of low-angle, east-vergent reverse
faults that generally strike from north-south to N30°E . The surface exposure of their
fault plane creates a sharp topographic lineament that correlates very well with the
seismic expression of the fault system along the seismic survey. The offset along this
system, as inferred from detailed seismic interpretation and surface geological mapping,
clearly decreases from south to north in the area covered by the seismic data. Old
geological interpretations (Morales et al., 1958; Irving, 1971; Mojica and Franco, 1990)

show the Infantas system faulting the Cretaceous sediments.
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Figure 2.10: Time slice at 400 ms indicating the horizontal seismic expression and
interpretation of the major structural heterogeneities
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Figure 2.11: Structural patterns extracted from the interpretation of the major structural
heterogeneities.
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On the other hand, the new 3-D seismic data show how the fault planes of the
Infantas system cut the entire Tertiary sequence, glide on a shaly section directly above
the Eocene unconformity, and do not affect the Cretaceous sequence in the La Cira and
Infantas areas (Figures 2.12 and 2.13). This new seismic-based description of this thrust
system agrees with the probably wireline log-based interpretation published by Taborda
(1965).

Infatasflt ' —0

| TwT
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Figure 2.12: Inline 5600 showing the vertical seismic expression of the Infantas thrust on
the eastern flank of La Cira anticline.

La Cira Fault

This structural feature is a high-angle reverse fault with west-vergence and a north-

south azimuth. The fault is located in the central area of the La Cira anticline, showing a
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surface exposure (Figures 2.8, 2.9, 2.10, and 2.11). The fault plane cuts the entire Tertiary
sequence, reaching the Eocene unconformity. However, the fault does not drastically

affect the Cretaceous deposits.

Northern La Cira Fault

This thrust fault is located in the northern La Cira area, presenting a low-angle plane
with west-vergence, and a north-south strike. Similar to the Infantas thrust system, this
fault cuts the entire Tertiary sequence, and glides on a shaly section directly above the
Eocene unconformity. Some normal faults slightly cut through, displace, and divide the
northern La Cira fault in three segments, creating a small variation in the strike

orientation of its plane (Figures 2.8, 2.9, 2.10, and 2.11).
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Figure 2.13: Inline 5040 showing the vertical seismic expression of the Infantas thrust in
the Infantas anticline.

Normal Faults

The La Cira and Infantas anticlines are compartmentalized by many normal faults

into an assemblage of reservoir blocks (Figure 2.14). On the basis of the normal fault
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pattern in plan view, I identified two different and clear sets: a longitudinal set and an

oblique set of faults.

Longitudinal Fault Pattern

These features are high-angle normal faults striking east-west, with variable north or
south vergence (Figure 2.14). Their dominant orientation is perpendicular to the direction
of the folds and thrust faults (Figures 2.10, 2.11, and 2.15). The faults appear to cut the
complete Tertiary sequence, reaching the Middle Eocene unconformity and the
Cretaceous rocks below. They are predominately located in the northern La Cira and

northern and southern Infantas.

5400 £ 5600

South \ North

 LINE 1140

Figure 2.14: Xline 1140 showing the vertical seismic expression of the normal faults in
the western flank of the La Cira anticline.

Oblique Fault Pattern

This group comprises a set of high-angle normal faults with a variable strike and dip
orientation. In general, these faults strike between 0° and 30° on either side of the
dominant east-west azimuth of the longitudinal set. Their dip directions change from
NNW-NNE to SSW-SSE; thus, creating pairs of parallel traces with zigzag geometries
(Figures 2.10, 2.11, and 2.15). In addition, there is a small group of transverse normal

faults striking outside the primary range of dominant orientation.
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Although most of the faults with oblique pattern show a dominant normal dip-slip
displacement, some of the faults indicate juxtaposed distinctly different sedimentary
thickness insinuating a strike-slip displacement (Figure 2.5). The number of faults is large
and decreases with depth; therefore, the geometry of the Tertiary reservoir compartments
also varies with depth. In addition, only a few main faults affect the Eocene
unconformity. Figures 2.5 and 2.14 show how the vertical seismic expression of these
faults reaches high complexity in the center of the field, displaying a “negative flower

structure” (Lowell, 1985; Harding, 1990).
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Figure 2.15: Rose diagrams of fault strike and dip orientations.
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The intersections with longitudinal and oblique normal faults, and thrust faults, form
in plan view complicated structures of right, acute, and obtuse angles. The normal faults
are the structural heterogeneities that affect most the external geometry of the reservoir
compartments, developing blocks elongated perpendicularly to the dominant north-south

orientation of the La Cira and Infantas anticlines.

2.4 Slip Distribution on Normal Faults

The slip, also called displacement discontinuity, is the essential physical measurement
that can be used to analyze the faults, whose description provides a better comprehension
of faulting physics and the major mechanisms that control hydrocarbon distribution
within the structure of an oil field. Estimation of slip along the exposed trace of a fault
generally provides limited data about the slip distribution over the three-dimensional fault
surface. Only the structural interpretation of three-dimensional seismic data, based on
closely spaced measurements of the fault slip, permits an accurate mapping of the fault
slip distribution. In this section, I present a realistic description and analysis of the slip
distribution on normal faults, based on the precise 3-D seismic mapping of structural

heterogeneities in the northern La Cira area, La Cira-Infantas oil field.

2.4.1 Normal Faults and Slip Distribution

A fault is a structure or narrow zone along which one side has moved relative to the
other in a direction parallel to the surface or zone. Normal faults are inclined dip-slip
faults along which the hanging wall block has moved down with respect to the footwall
block. The measure of importance of faults is their displacement discontinuity or slip
(Figure 2.16). Descriptions of the 3-D geometry of geological faults suggest that single,
continuous normal faults have approximately elliptical tipline shapes, with horizontal
major axes (Rippon, 1985; Barnett et al., 1987) (Figure 2.17).

Measurements of slip along the exposed trace of a fault usually provide limited
information about the slip distribution over the three-dimensional fault surface. Only in a
few cases, such as several multiple exposures of faults on several excavation levels,

seismic imaging of many offset markers beds, and sand box experiments, can determine

31



Chapter 2 — 3-D Seismic Interpretation of Structural Heterogeneities

the slip distribution over significant parts of a fault plane (Burgmann and Pollard, 1994;
Willemse and Pollard, in press).

The actual dip slip (measurements of throw and heave) cannot be measured with
conventional subsurface data sources, e.g., well logs. In contrast, 3-D seismic reflection
surveys facilitate the detection of subtle variations of the components of dip slip. A good
example is found through the analysis of the slip distribution in a set of structures located
in the northern La Cira area, where normal faults slightly crosscut and offset compressive

structures (Figure 2.18).
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Figure 2.16: The fault slip term describes the actual relative displacement of a fault and is
defined as the measurement of the distance of the actual relative motion between two
formerly adjacent points on opposite sides of a fault (Adapted from Tearpock et al.,
1991).
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2.4.2

In this section, I focus the analysis of the slip distribution on a set of structures
located in the northern La Cira, where normal faults slightly crosscut and offset
compressive structures (Figure 2.19). This area is covered by good quality 3-D seismic

data. Although the structural interpretation of 3-D seismic data provides valuable fault

Northern La Cira Area

information for the analysis of the slip distribution, some assumptions are made:

The data being used are of reasonable quality.
The two-way time-to-depth conversion is known.

The seismic markers have been interpreted correctly.

Interpreted north-south seismic lines (xlines) are oriented perpendicular to the

strike of the fault.
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Figure 2.17: Descriptions of the three-dimensional geometry of ancient faults indicate
that single and continuous normal faults have more or less elliptical tipline shapes
with horizontal major axes (Willemse and Pollard, in press).
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The elements of this analysis are summarized as follows:

e Initially two seismic markers related to the Sands-116 and A-4 reservoirs were
selected and interpreted along the principal normal fault FCNCI1 in this area
(Figure 2.20). Based on standard interpretation techniques, the FCNCI1 fault is

described as a continuous normal fault (see section 2.3).
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Figure 2.18: Base map of the La Cira-Infantas oil field showing the location of oil wells,
surface geology, full-fold migrated area of the seismic survey, and the vertical
profile (xline 1375) and the time slice in the northern La Cira area used in this
section to illustrate the structural features.

Collection of throw measurements in x-lines with 75 m separation. The throw is
defined as the difference in vertical two-way time between the intersection of the
fault surface with the seismic markers (Sands-116 and A-4) in both the footwall and

hanging wall fault blocks (Figure 2.21).
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e Conversion of the throw measurements into a set of dip slip data, using a simple
geometric correction related to the average dip of the fault plane.

e Transformation of the two-way time slip data into depth slip data, using a detailed
velocity function.

e Plotting of the dip slip as a function of the horizontal distance on the fault.
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Figure 2.19: Time slice at 400 ms showing the horizontal seismic expression of the
structural features that characterize the northern La Cira area.

Detailed examinations of the dip slip distribution on some of the normal faults in this
area (e.g., normal fault FNCN1), does not follow the simple pattern usually expected
from single and continuous normal faults, where the tipline shapes are symmetrical and
elliptical (Figure 2.22). For example, the description of dip slip along the seismic markers
Sands-116 and A-4 shows that the normal fault FNCNI1, formerly interpreted as a
continuous fault, consists of at least five overstepping segments (Figure 2.23). Some
segments show a general symmetrical distribution about a central dip slip maximum
(Figures 2.20 and 2.22).

These results agree quite well with some slip distribution models derived by

Willemse and Pollard (in press), that show normal faults as a patchwork of segments,
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linked along lines parallel and perpendicular to the overall slip vector. The non-uniform
slip distribution along the main fault surface could affect the hydraulic behavior of the
faults and create production problems in La Cira-Infantas. Therefore, integrating the slip
analysis into the reservoir studies is essential to characterize flow paths, permeability,

sealing capacity, and reservoir compartmentalization.

5690 5720

xline 1375

Figure 2.20: Xline 1375 showing the vertical seismic expression of the normal fault
FCNCI1. Note how the dip slip changes along the fault plane and shows a maximum
central slip around the intersection with the A-4 marker.
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Figure 2.21: Strike projection of fault throw along the FCNCI1 fault. The throw is the
difference in vertical two-way time between the intersections of the fault surface
with the seismic marker (Sands-116 and A-4) in both the footwall and hanging wall

fault blocks.
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Figure 2.22: Strike projections of the dip slip distribution along the intersection of the
FCNCI fault with the seismic markers Sands-116 and A-4.
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Moreover, the orientation of the fault segments is consistent with the pattern-based
classification of the normal faults in La Cira-Infantas. While the western segments A, B,
and C in Figure 2.23 are part of the faults that show a longitudinal pattern oriented east-
west, the eastern segments D and E are part of the group of normal faults with oblique

pattern in map view.
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Figure 2.23: The distribution of the slip along the intersection of normal fault FNCNI
and the seismic marker Sands-116 suggests that this fault in the northern La Cira
area, formerly interpreted as a continuous fault plane, consists of at least five
overstepping segments (A to E). Western segments A, B, and C are part of the faults
that show a longitudinal pattern oriented east-west, and eastern segments D and E are
part of the group of normal faults with an oblique pattern in map view.
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The slip is highly variable. These changes in the theoretical elliptical shape may be
associated with variations in the frictional strength along the fault plane, spatial gradients
of the stress field, inelastic deformation near fault terminations, variation of the elastic
modulus of the host rock, or mechanical interaction with other faults (Burgmann and

Pollard, 1994; Willemse et al., 1996; Maerten et al., 1999).

2.5 Structural Style

The late Tertiary structure of the producing trend of the La Cira-Infantas and
contiguous Colorado and Mugrosa oil fields can be interpreted regionally as a relatively
simple parallel and small-displacement wrench zone. The structural style consists of a
single alignment of anticlines, arranged in a left-handed en échelon pattern, which are
highly fractured by coexisting normal and reverse separation faults.

Wilcox et al. (1973) originally described a “simple parallel wrench fault” as a fault
zone along which there is no indication for preferred convergence or divergence. Later,
other workers used different terms for this kind of deformation. Harding and Lowell
(1979) used “side-by-side wrench faults”, Mann et al. (1983) used “slip-parallel faults”,
and Biddle et al. (1985) use “simple strike-slip faults”. I employ the original definition of
a simple parallel wrench fault in this work.

Simple parallel wrenching is a particular case of simple shear, where external rotation
occurs in addition to internal rotation, and an expected geometric arrangement of
structural features is generated (Lowell, 1985). Simple wrenching is the outcome of
motions of crustal sections in opposite orientations parallel with their contiguous
boundaries, where compressional and tensional stresses are generated in the overlying
sedimentary cover. Crustal deformations and lab experiments indicate that the earliest
deformations are plastic and included folding, followed by a mixture of plastic distortion
and fracturing (Wilcox et al, 1973).

Figure 2.24 shows a strain ellipse of a left-lateral couple that effects rotational shear
and shows the forces and combination of structural features that can arise from
wrenching deformation. It also indicates the extensional and compressional components.
The main structural features of the fundamental wrench model are: (a) en échelon folds,

which are generally the earliest of the structural assemblage to grow normal to the
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compressional direction and inclined at a low angle to the wrench zone. Situated in the
same direction of the fold axes, thrust or reverse faults may appear during subsequent
levels of fold deformation; (b) after origin of the folds, conjugate strike-slip faults or
Riedel shears develop, comprised of synthetic faults inclined at a low angle to the wrench
but in opposite orientation from the folds, and antithetic faults almost perpendicular to the
wrench zone; (¢) secondary synthetic faults or P shear, also inclined at a low angle to the
wrench but in a similar orientation from the folds; (d) the main wrench or master fault,
parallel or subparallel with the wrench zone; and (e) normal faults oriented perpendicular
to the fold axes and the component of extension (Wilcox et al, 1973; Lowell, 1985;

Biddle and Christie-Blick, 1985).

STRAIN ELLIPSE

C = vector of compression
E = vector of extension

Figure 2.24: Wrench assemblage showing the angular relations between structural
features that have a tendency to form in a left-lateral simple shear under perfect
conditions (After Biddle and Christie-Blick, 1985).

2.5.1 Evidence of Wrenching

As I mentioned in section 2.3.2, the structural style of the La Cira-Infantas oil field
consists of a single assemblage of anticlines. These anticlines are arranged in a left-

handed en échelon pattern and are highly broken by coexisting normal-and reverse faults.
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The La Cira-Infantas zone shows some structural characteristics, which support its
classification as a small-displacement and simple parallel wrenching case, where
important compressive and extensional forces are generated along the area of
deformation. These forces are demonstrated by the development of both coexisting
compressive and extensional structures

Small-displacement wrenching zones are characterized by sets of en echelon fold
closures, which obliquely straddle the early stage wrench fault. In addition, strike-slip
fault displacements are not enough to produce a major slip in facies or to interrupt
general structural continuity (Harding, 1974). The strain ellipse of a left-lateral couple is
used to compare the set of theoretical and experimental structural elements with the real
structural patterns at field scale in La Cira-Infantas, in addition to the structural patterns
at regional scale in the MMVB (Figure 2.25).

Although the prediction of the structural patterns based on experiments and theory
include many assumptions, such as homogeneity of rocks, instantaneous deformation,
and non-rotation of early-formed structures (Christie-Blick and Biddle, 1985), the La
Cira-Infantas structural features adjust very well with the predicted ones. The elements
that support the wrench model for the La Cira-Infantas structure are en échelon folds,
normal folds, conjugate strike-slip faults, thrust and reverse faults, and parallelism of

zone with documented wrench faults.

En Echelon folds

Biddle and Christie-Blick (1985) define “en échelon ” as “a stepped arrangements of
relatively short, consistently overlapping or underlapping structural elements such as
faults or folds that are approximately parallel to each other but oblique to the linear or a
relatively narrow zone in which they occur” (Figure 2.26). The structure of the producing
trend of La Cira, Infantas, and adjacent Colorado and Mugrosa anticlines reveal a clear
and consistent left-handed en échelon fold pattern, which obliquely straddle a very early
incipient or non-developed wrench fault. These folds have been developed

perpendicularly to the compressional component of the wrenching deformation.
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STRUCTURAL FEATURES
From the field scale to the basin scale
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(b) Producing trend of La Cira, Infantas, Colorado,
and Mugrosa anticlines revealing a clear and
consistent left-handed en-échelon-fold pattern.

Normal faults

reverse faults

(a) La Cira-Infantas features @ 400 ms. The Infantas
Anticline axis is projected from a deeper marker.

Thrust or

(c) Producing areas and structural settings within
the Middle Magdalena Valley Basin.

STRAIN ELLIPSE

C = vector of compression
E = vector of extension

Figure 2.25: Diagram showing the structural features from the field scale to the basin
scale. Also shown is how good they fit, especially the La Cira-Infantas field features,
into a strain ellipsoid oriented according to an incipient, small-displacement, and
parallel strike-slip fault zone. The master and secondary synthetic faults were not
formed, since these features are usually developed in advanced stages of wrenching

deformation (Wilcox et al., 1973; Christie-Blick and Biddle, 1985).
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This en échelon fold pattern is geometrically different than the “relay” pattern shown
by the San Luis anticline and parallel folds, which control the producing trend of San
Luis, Lisama, Provincia, and other oil fields. The relay pattern characterizes typical
tectonic regimes associated with regional shortening, as the closed thrust-front of the
Eastern Cordillera (Figure 2.25, 2.26, and 2.27), rather than with strike-slip tectonics
(Harding and Lowell, 1979).

EN ECHELON RELAY

Figure 2.26: Simple structural patterns (Harding and Lowell, 1979; Christie-Blick and
Biddle, 1985).

Normal Faults

A longitudinal set of normal faults has developed parallel to the short axis of the
strain and the extensional component. This set crosses the en échelon fold axes at right

angles and bisects the acute angle between the oblique fault set.
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Figure 2.27: Geological map of the La Cira-Infantas area and closed structures

(Ingeominas, 1966; Ingeominas, 1967).
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Conjugate Strike-Slip Faults

Wrenching also probably developed in the La Cira-Infantas set of faults that show an
oblique pattern in plan view (section 2.3.2). Based on their orientation, these faults can be
divided in two groups. The main and largest group is characterized by antithetic faults
that intersect the wrench strike at an angle between 60°and 90°. In contrast, a smallest
group of synthetic faults makes an angle between 10° and 30° with the wrench azimuth.

These kinds of faults, like in the La Cira-Infantas wrenching case, possibly inherit
some of the extensional component of the wrench deformation and become vertical
normal faults with negligible lateral displacement (Wilcox et al., 1973). Only in a few
cases does this set of faults show juxtaposed dissimilar sedimentary thickness suggesting

a clear strike-slip displacement (Figure 2.5).

Thrust and Reverse Faults

The Infantas thrust system, La Cira-Norte thrust, and La Cira reverse fault show a
parallel orientation with the dominant north-south strike of folding, and were probably
developed during subsequent stages of fold deformation. These faults were also

developed normal to the compressional component of the wrench tectonics.

Parallelism of Zone With Documented Wrench Faults

Regionally, the linear and solitary zone of deformation that includes the La Cira,
Infantas, Colorado, and Mugrosa anticlines and associated faults has a distinct parallel
orientation with respect to the major and well-know Santa Marta-Bucaramanga wrench
fault, which shows a large demonstrable lateral offset (Figure 2.25). The Santa Marta-
Bucaramanga fault is a left-lateral, northwest-southeast trending, strike-slip fault.
Campbell (1968) suggests a 110 km left-lateral displacement. Other workers support
Campbell’s strike-slip estimation with recent arguments and correlations (Kellogg, 1984;
Pindell et al., 1998).

In addition, the geological map of the La Cira-Mugrosa trend reveals a regional
antiform striking NNW-SSE, rather that the dominant NNE-SSW orientation of the

structures in the Eastern Cordillera (Figure 2.19). The evolution of incipient strike-slip
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faults, characterized by a zone of parallel and small displacement, as the structural model
proposed for the La Cira-Mugrosa trend in this work, are documented in experiments
(Wilcox et al., 1973). Similar geological analogs to the La Cira-Mugrosa trend are
illustrated in well-studied tectonic regimes. For example Harding (1974) describes strike-
slip faults with very small lateral displacement in the Newport-Inglewood zone, Los

Angeles Basin.

2.6 Phases of Deformation

Proposed tectonic models for the MM VB indicate that this geological depression was
initially an early Tertiary foreland basin originated by uplift of the Central Cordillera to
the west. Later, during the Miocene-Pliocene deformation of the Eastern Cordillera, it
became an intermontane basin (Morales et al., 1958; Taborda, 1965; Mojica and Franco,
1990; Schamel, 1991; Montgomery, 1992; Dengo and Covey, 1993; Cooper et al., 1995).
Some workers even suggest an initial uplift of the Eastern Cordillera during the
Oligocene (Villamil et al., 1999; Restrepo-Pace et al., 1999b).

Gomez (1997), Gomez and Jordan (1998), Gomez et al., (1998), Gomez et al.,
(1999a), Gomez et al., (1999b), and Gomez et al., (2000), proposed that during the early
Paleogene the MMVB was a segmented foreland basin, having its source of sediments in
the Central Cordillera, intrabasinal highs, and the Eastern Cordillera, whose uplift started
in the early Paleogene. In addition, they suggested that a second stage of deformation in
the Eastern Cordillera initiated during the late Paleogene, and the main uplift of the
Eastern Cordillera resulted from Miocene-Pliocene thrusting. The current structural
configuration of the La Cira-Infantas oil field is directly associated with at least two
phases of Tertiary deformation of the Middle Magdalena Valley Basin. The uplift of the
Central Cordillera, also called pre-Andean orogeny (Villamil, 1999), developed strongly
compressive dip-slip structures, where Jurassic, Cretaceous, and probably lower Tertiary
deposits were folded, faulted, and eroded during the Middle Eocene (Taborda, 1965)
(Figures 2.28 and 2.29).

The unconformity generated by this regional Tertiary tectonic event has a clear
angular expression in the seismic profiles along the northern MMVB (Suarez, 1997) and

in the La Cira-Infantas structure (Figures 2.5, 2.6, and 2.14). This Eocene deformation
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period generated a series of compressional structures, including the main antiform and
secondary features (thrusts and minor folds) identified below the Eocene unconformity in

the La Cira-Infantas area.

Jurassic-Paleocene

[l Lisama Formation
] Umir Formation
[[] La Luna Formation (Galembo and Pujamana Members)
[ La Luna Formation (Salada Member) and Simiti Formation
[l Basal limestone Group (Tablazo, Paja, and Rosablanca
Formations) and basal clastic Tambor Formation

[ Giron Formation

Figure 2.28: Block diagram across the La Cira-Infantas area during the Mesozoic to Early
Cenozoic period. The Jurassic Giron Group, a heterogeneous succession of
continental red beds and silicic to intermediate volcanics, lies unconformably on the
crystalline basement. These rocks filled the Jurassic rift developed in the current
position of the MMVB and the Eastern Cordillera. Cretaceous strata were deposited
over an evolving continental margin and show a steady accumulation typical of
thermal subsidence (Villamil, 1998a). The sandy Tambor Formation indicates the
beginning of the Cretaceous deposition during the Valanginian in the MMVB.
Marine environments predominate during the Hauterivian to Santonian, controlling
the deposition of the overlying Rosablanca, Paja, Tablazo, Simiti, Salto, and La Luna
formations. The Umir Formation was deposited during a regressive oscillation of
Campanian-Maastrichtian age (Morales et al., 1958). The marine Cretaceous
sequences are overlain by a succession of Early Tertiary continental deposits of the
Lisama Formation (Paleocene).

A second period of tectonism is responsible for the folding, thrusting, and uplift of the

late Paleogene-Neogene sedimentary cover. During this important Miocene-Pliocene
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episode, the La Cira and Infantas anticlines were developed, faulted, uplifted, and
partially eroded.

The Santa Marta-Bucaramanga fault began its important left-lateral strike-slip activity
in the late Miocene generating the inversion and uplifting of the Eastern Cordillera. This
regional wrenching tectonics probably induced secondary small-displacement and simple
parallel wrench systems, initially developing a single alignment of anticlines arranged in
a left-handed en échelon pattern (Figures 2.30 and 2.31). Later, these folds were slightly

fractured by coexisting normal and reverse faults (e.g., La Cira fault).

Middle Eocene

N\

—4_ Thrust fault

] Umir Formation

[[J La Luna Formation (Galembo and Pujamana Members)

[ La Luna Formation (Salada Member) and Simiti Formation

[l Basal Limestone Group (Tablazo, Paja, and Rosablanca
Formations) and basal clastic Tambor Formation

[l Giron Formation

Figure 2.29: Block diagram across the La Cira-Infantas area during the Middle Eocene.
The uplift of the Central Cordillera, also called pre-Andean Orogeny (Villamil et al.,
1999), developed strongly compressive dip-slip structures, where Jurassic,
Cretaceous, and probably lower Tertiary deposits were folded, faulted, and eroded
during the Middle Eocene (Taborda, 1965).

More recently, a dominantly dip-slip compressive tectonic event, associated with the
regional uplift of the complete Eastern Cordillera in the Pliocene-Pleistocene, accelerated
the folding of the La Cira-Infantas structure. Coexisting normal and reverse separation

faults simultaneously broke these folds. The regional Infantas thrust system was created
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at this time, causing the uplift, faulting, and partial erosion of the eastern flank of the pre-
existing Infantas anticline (Figure 2.32). The Infantas system can be interpreted as the
westernmost expression of a thrust belt that extends into the MMVB from the Eastern

Cordillera.

Late Eocene-Early Miocene

A\

K
2km | =
3
scale
[ Colorado Formation (Zone A)
[J Mugrosa Formation (Zone B) ]
[C] Mugrosa Formation (Zone C)
[ Esmeraldas Formation (Zone D)
J Umir Formation

[[] La Luna Formation (Galembo and Pujamana Members)

[ La Luna Formation (Salada Member) and Simiti Formation

[l Basal Limestone Group (Tablazo, Paja, and Rosablanca
Formations) and basal clastic Tambor Formation

[ Giron Formation

Figure 2.30: Block diagram across the La Cira-Infantas area during the Late Eocene to
Early Miocene period. The folded, faulted, and eroded Cretaceous sequence is
overlain by a succession of continental deposits. These strata are related to specific
tectonic events in the Central and Eastern Cordilleras. The Tertiary stratigraphic
column includes the Esmeralda Formation (Eocene), Mugrosa Formation
(Oligocene-Lower Miocene), and Colorado Formation (Lower Miocene-Lower
Middle Miocene).

Compressive late and early Tertiary structures in the La Cira-Infantas oil field are
characterized by a dominant shortening west-east orientation. Similarly, analyses of
wellbore-breakout orientations in the MMVB indicate that the maximum compressive
principal stress is horizontal and oriented around N68°W (Castillo and Mojica, 1990)
and N76°W (World Stress Map, 1999). Therefore, the orientation of the paleo-stress
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field during the Tertiary and the present-day trends indicate a relative consistency in the
regional stress field orientation during the Cenozoic.

Geological field mapping of oblique normal faults that crosscut and offset
compressive structures and Quaternary deposits (Leon, 1991), suggest a possible younger
episode of faulting. These observations agree with the seismic mapping of normal faults
that slightly crosscut and offset compressive structures in the northern La Cira area. This
recent faulting is possibly associated with present day activity of the Palestina,

Bucaramanga, and La Salina fault systems (Paris and Romero, 1994).

La Cira anticline
ya

/ %e Miocene-Pliocene

Infantas anticline

T Anticline

[J Real Group

[[] Colorado Formation (Zone A)

[CJ] Mugrosa Formation (Zone B)

[[] Mugrosa Formation (Zone C)

[l Esmeraldas Formation (Zone D)

[ Umir Formation

[[] La Luna Formation (Galembo and Pujamana Members)

[ La Luna Formation (Salada Member) and Simiti Formation

[l Basal Limestone Group (Tablazo, Paja, and Rosablanca
Formations) and basal clastic Tambor Formation

[ Giron Formation

Figure 2.31: Block diagram across the La Cira-Infantas area during the Middle Miocene
to Pliocene period. The Santa Marta-Bucaramanga fault began important left-lateral
strike-slip activity in the late Miocene, developing the inversion and uplifting of the
Eastern Cordillera. This regional wrenching tectonics probably induced secondary
small displacement and simple parallel wrench systems, initially generating a single
alignment of anticlines arranged in a left-handed en échelon pattern. Later, these
folds were slightly fractured by coexisting normal and reverse faults.
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La Cira structure

—— Anticline
—4_ Thrust fault
—4A_ Reverse fault

[] Real Group

[[] Colorado Formation (Zone A)

] Mugrosa Formation (Zone B)

[C] Mugrosa Formation (Zone C)

[ Esmeraldas Formation (Zone D)

[J Umir Formation

[[] La Luna Formation (Galembo and Pujamana Members)

[ La Luna Formation (Salada Member) and Simiti Formation

[l Basal Limestone Group (Tablazo, Paja, and Rosablanca
Formations) and basal clastic Tambor Formation

[ Giron Formation

Pliocene-Present

N

Infantas structure

Figure 2.32: Block diagram across the La Cira-Infantas area during the Pliocene to
present period. The regional uplift of the complete Eastern Cordillera in the
Pliocene-Pleistocene generated a dominant dip-slip compressive tectonic event,
accelerating the folding of the La Cira-Infantas structure and the development of
coexisting normal and reverse separation faults. The regional Infantas thrust system
was developed at this time causing the uplifting, faulting, and partial erosion of the
eastern flank of the pre-existing Infantas anticline.

2.7 Conclusions

Based on the interpretation of 3-D seismic data, a conceptual model of the structural

heterogeneities (faults and folds) in the La Cira-Infantas oil field was developed. The La

Cira-Infantas oil field is comprised of a series of early and late Tertiary structural

heterogeneities. The western flank of a large north-south elongated anticline underlies the

Tertiary cover, and is highly fractured by thrust faults that generate a series of

asymmetric secondary folds.
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Late Tertiary structural heterogeneities include the La Cira and Infantas anticlines and
three groups of associated faults. The first group includes a set of low-angle reverse faults
with east- and west-vergence. They cut the entire Tertiary sedimentary column and glide
on a shaly section directly above the Middle-Eocene unconformity. These faults usually
strike between north-south to N30°E . In addition, there are a significant number of high-
angle normal faults, which show oblique and longitudinal patterns. In general, the oblique
set strike between 0° and 30° on either side of the dominant east-west azimuth of the
longitudinal set. These normal faults compartmentalize La Cira and Infantas anticlines
into a group of reservoir blocks.

The description of the structural heterogeneities using three-dimensional seismic data,
based on closely spaced measurements of the fault slip, allows a detailed mapping and
analysis of the slip distribution. The mapping of the dip slip along the seismic markers
Sands-116 and A-4 suggests that the normal fault FNCN1 in the northern La Cira area,
formerly interpreted as a continuous fault plane, consist of at least five overstepping
segments. Because the fault segments are approximately elliptical in shape, the slip varies
more quickly along the dip orientation than along strike.

This irregular slip distribution along the main fault surfaces may affect the hydraulic
behavior of the faults, generating fluid flow anomalies and the resulting production
problems in the La Cira-Infantas oil field. Therefore, integrating the slip analysis into the
reservoir studies is vital to effectively characterize flow paths, fault sealing potential, and
reservoir compartmentalization.

Folding, thrusting, and normal faulting of Paleogene and Neogene sediments in the
La Cira-Infantas oil field are explained with a simple parallel and small displacement
wrench zone, which was developed during the Late Miocene-Pliocene. Some faults show
offsetting relations that suggest a possible younger stage of faulting, possibly related to

present-day activity of the major fault systems in the basin.
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Chapter 3

Stratigraphy-Guided Rock Physics and
Seismic Reservoir Characterization

3.1 Abstract

The success of secondary and tertiary hydrocarbon recovery hinges on reliable
modeling of reservoir physical properties, most important of which are porosity,
permeability, and hydrocarbon saturation. Reservoir heterogeneities prevent efficient
drainage and sweep of hydrocarbons. The most efficient way of obtaining a 3-D
description of the subsurface heterogeneity is through seismic surveys. Seismic data, in
principle, can be converted into a volume of the reservoir’s elastic properties such as
acoustic and elastic impedance. The challenge remains to relate these elastic properties to
porosity, lithology, and hydrocarbon saturation. Rock physics provides this link.

The needed relations between acoustic and elastic impedance and reservoir properties
can be determined from well log and core data where the rock characteristics are
measured simultaneously on the same rock sample. This study found that if subsets of log
and core data are used that are constrained by a sequence stratigraphy framework,
meaningful rock physics relations can be determined. These relations can be rationalized
and explained by effective-medium models. The key to obtaining such models is
consistency between the reservoir’s sedimentological characteristics (e.g., texture and
composition), well log data (e.g., GR), and core analysis (e.g., porosity and velocity).
This concept was applied to map highly heterogeneous reservoir properties in Tertiary
fluvial sandstones in the mature giant La Cira-Infantas oil field (Middle Magdalena
Valley Basin, Colombia).

By analyzing well logs and core data, a governing effective-medium-based rock

physics model was determined. The model implies that velocity and acoustic impedance
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are reliable reservoir quality discriminators. Specifically, high velocity and acoustic
impedance correspond to shales whereas low velocity and acoustic impedance indicate
high-quality sands. The model also allows for fluid prediction from a combination of P-
and S-wave data.

Rock-physics-and-stratigraphy-based interpretation of seismic data appears to be a
promising approach for the detection of depleted, bypassed, and untapped reservoirs and

deeper pools in mature fields such as La Cira-Infantas.

3.2 Introduction
3.2.1 Research Motivation

Depositional and diagenetic heterogeneities compartmentalize fluvial reservoirs into
flow units of variable lateral and horizontal extent. These heterogeneities prevent
efficient drainage and sweep of reservoirs and are frequently bound up with the facies
architecture inherited from the original depositional system. These reservoir
heterogeneities are among the principal causes of the very low recovery in numerous gas
and oil fields around the world.

Tyler and Finley (1991) found a clear relationship between reservoir's architecture
and conventional recovery efficiency by evaluating 450 major Texas reservoirs. They
concluded that in a variety of depositional settings, the dominant factor that controls
recovery efficiency is reservoir genesis, which includes depositional processes and
diagenetic history. To date, there has been little work on developing specific techniques
for reservoir characterization in fluvial sedimentary settings, based on rock physics
analysis and 3-D seismology; moreover, much of the work done in seismic stratigraphy,
particularly in marine sedimentary environments, has focused on use of 2-D seismic data.

The problem of recovery efficiency in heterogeneous reservoirs is of general
significance because ancient fluvial oil deposits have considerable economic importance
worldwide (Miall, 1996). Traditional seismic reservoir characterization puts emphasis on
finding the geological meaning of reflection data and/or mathematical attributes thereof
(e.g., seismic amplitude) (Sheriff, 1992; Hardage et al., 1994; Weimer and Davis, 1996;

Brown, 1999). Geostatistics is often used to relate such attributes to reservoir physical
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properties (Doyen, 1988; Hirsche et al., 1997). However, these techniques are often
unable to deliver an accurate reservoir property description because they do not take
advantage of deterministic physical links between seismic and reservoir properties.

In order to determine consistent relationships among type of deposits, flow units, rock
properties, and petrophysical properties, a rock physics and seismic characterization of
reservoir heterogeneities is documented in this chapter. Described here is a rock physics
model for relating the elastic reservoir properties to porosity, mineralogy, pore fluid, and
differential pressure, with the stratigraphic framework used as a constraint to select the
relevant data subsets. The purpose of this model is to: (a) generalize the relations
observed in well log and core data, (b) find the ranges of applicability of these relations,
and (c) separate the effects of porosity from those of pore fluid on seismic properties.
Finally, a new methodology is defined for seismic mapping of the internal architecture of
fluvial sandstone reservoirs and the spatial distributions of petrophysical properties and
their flow units, that combines core and well-log rock physics analysis with the

stratigraphic interpretation of 3-D surface seismic.

3.2.2 La Cira-Infantas Oil Field Reservoirs

La Cira-Infantas (LCI) was the first oil field discovered in Colombia (1918). The
estimated original oil in place is 3,700 million barrels (MMBO). After 80 years of
exploitation and drilling of 1703 wells, the cumulative production has only reached 720
MMBO. One of the major causes for this low (19%) recovery is the high spatial
heterogeneity of the LCI fluvial environment. La Cira-Infantas is located in the central
section of the Middle Magdalena Valley Basin (MMVB) (Chapter 2, Figure 2.2).
Although oil reservoirs discovered in the MMVB include a sequence of marine and non-
marine Middle Cretaceous to fluvial Tertiary rocks, hydrocarbons have been
commercially produced from Tertiary siliciclastic reservoirs (Chapter 2, Figure 2.3).

The siliciclastic reservoirs in LCI belong to the Colorado Formation (Zone A) and
Mugrosa Formation (Zones B and C) (Figure 3.1). Oil production comes from loosely
consolidated Tertiary sands of a highly faulted asymmetrical anticline. The reservoir

rocks are fine to medium grained, subarkosic, clean-to-shaly sandstones (Mesa, 1995).
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Average porosity is 21% in Zone A, 20% in Zone B, and 23% in Zone C. Permeability
may reach 1500 mD. It is highly variable laterally and vertically (Dickey, 1992).

Recent sequence stratigraphy analysis (Laverde, 1996; ICP-ECP, 1996) indicates that
the depositional facies of La Cira-Infantas Tertiary rocks are associated with fluvial
channel systems. Zones A and B represent mixed load channels or meandering systems,
in contrast with Zone C, which was deposited as bed load channels or braided stream

systems.
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Figure 3.1: Tertiary stratigraphy and reservoir zones, La Cira-Infantas oil field.
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Based on the concepts and models of Dickinson (1985), the tectonic setting that best
fits the composition of the sandstone reservoirs in La Cira-Infantas (Figure 3.2) is a
transitional continental block. This setting for the source area is consistent with the
basin’s position adjacent to the Central Cordillera (Chapter 2, Figure 2.2). This range is
characterized by igneous-metamorphic rocks (Proterozoic), batholiths, and stocks
(Triassic-Jurassic). This interpretation about sediment provenance during the Oligocene

agrees with source area models presented by Gémez et al., (1999) and Villamil (1999).
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Figure 3.2: Compositional plot of Oligocene and Miocene sandstone reservoirs, La Cira-
Infantas oil field (After Mesa, 1995).

3.2.3 Data and Methodology

Using a combination of core and well-log rock physics analysis and the stratigraphic
interpretation of 3-D surface-seismic data, this study defines the internal architecture of a
Tertiary fluvial sandstone reservoir and proposes a new methodology for seismically
mapping spatial distributions of petrophysical properties. This multidisciplinary approach
includes the analysis of reservoir heterogeneities at different scales, using rock core,
wireline logs, and 3-D seismic data. The data available for this analysis include:

e More than 500 wells with log-based petrophysical analysis.
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e Core descriptions: four cored wells.

e Core plugs: 40 measurements of Vp and Vs and 1930 permeability and porosity
measurements.

e A petrography study of 230 thin-sections and five SEM analyses.

e Stanford Rockphysics Project database: ultrasonic velocity measurements collected
by Han (1987), Yin (1992), and Estes et al. (1994).

e 3-D reflection seismic data, 110 square km, 24 fold. For this study, an area of 20
square km was selected in the northern part of the La Cira-Infantas field; La Cira
Norte. The reasons for this selection are (a) the good quality of surface seismic, (b)
the simple geologic structure, and (c) the availability of well logs in numerous wells
in La Cira Norte.

e One set of dipolar sonic logs (Vp and Vs).

e 15 vertical seismic profiles.

The rock physics and seismic characterization of fluvial reservoirs is divided into two
phases. The first phase focuses in the analysis of reservoir heterogeneities at wellbore
scale. Heterogeneities at this scale include the pore network (pore and pore throats), grain
size and composition, grain packing, lamination and bedding styles, sedimentary
structures, lithofacies, and vertical stratification sequences (Slatt and Galloway, 1993).

The main tasks associated with this initial process are summarized as follows:

« Major types of deposits, vertical sequences, and depositional environments are
identified from available core. In order to determine reservoir rock quality, different
types of deposits, at the whole-core scale, were related to their mineralogical, textural,
and pore-level properties and to permeability, porosity, and fluid saturation, as
measured on core plugs.

« Petrophysical properties are analyzed, such as changes in texture, cementation,
differences in sedimentary structures or bedding styles, and/or separations or
prominent shales that may have bearing on fluid distribution and flow, in order to
decide what types of deposit, or associations of lithofacies, are possible flow units.

« Several seismic parameters are calculated. The set of parameters include bulk and
shear moduli, Vp/Vs ratio, Poisson's ratio, and impedance from P- and S-velocities,

and density core and log data.
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o Using a sequence-stratigraphy framework as a constraint to select the relevant data
subsets, some relations among seismic parameters, and rock and petrophysical
properties were generated for each type of deposit. Then, these correlations are
compared to empirical relationships.

o Theoretical rock physics relationships are tested and new rock-physics models are
generated for this particular set of reservoir rocks.

The second phase includes seismic analysis of the fluvial architectural elements and
flow units at interwell scale and a complete 3-D seismic analysis and mapping of the
fluvial heterogeneities and their flow units at fieldwide scale. Elements of interwell scale
heterogeneity comprise lateral bedding geometries, styles, and continuity; and systematic
lateral, and vertical textural patterns (Slatt and Galloway, 1993). Constituents of
fieldwide variability include reservoir thickness, facies geometries and continuity, and
bulk reservoir properties (Slatt and Galloway, 1993). The process is carried out as
follows:

« Seismic inversion techniques are used to convert 3-D seismic surface data into a
volume of the reservoir’s elastic properties such as acoustic impedance. These elastic
properties are related to porosity, lithology, pressure, and hydrocarbon saturation
using the new the stratigraphy-constrained rock physics model.

« The new rock physics relations are used to seismically map the internal architecture

and the reservoir quality in these Tertiary fluvial sandstones.

3.3 Rock Physics Effects and Reservoir Quality

This section focuses on the analysis of reservoir heterogeneities at wellbore scale.
Elements of these kinds of heterogeneities consist of the pore network (pore and pore
throats), grain size and composition, grain packing, lamination and bedding styles,
sedimentary structures, lithofacies, and vertical stratification sequences (Slatt and
Galloway, 1993). The pore geometry is affected by mineralogy (type, abundance, and
position), texture (grain size, grain shape, sorting, and packing), detrital fines in
intergranular areas, shale laminae, and type of pore-fill cement. The size and shape of the
pore network are the results of various geological, physical, and chemical processes, and

are generated during the genesis (sedimentation) and/or the geological history of the rock
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(tectonic processes, diagenesis, etc.) (Schon, 1996). That is, the characteristics of the pore
geometry are controlled by the depositional environment and diagenesis, and define the
quality of the reservoir (Barr and Altunbay, 1995).

The most significant properties of reservoir rocks are porosity and permeability,
because they control the volume and production of fluids in the reservoir. In other words,
they determine the reservoir quality of a rock. Prediction of reservoir rock quality and its
spatial distribution are usually one of the principal uncertainties in exploration and
development drilling.

Seismic surveys are the most efficient way of obtaining a 3-D description of the
subsurface heterogeneity and the reservoir quality at the interwell and field scale. Seismic
surface data can be converted into a volume of the reservoir’s elastic properties, such as
acoustic and elastic impedance. The challenge remains to form a relationship among
these elastic properties to porosity, lithology, and hydrocarbon saturation. Rock physics
provides this connection.

Rock physics is the link between rock properties and seismic interpretation, and is the
fundamental constituent to the quantitative integration of surface seismic data, well logs,
and core information (Mavko and Nur, 1996). Elasticity theory provides relations for the

velocity of P (V,) and S (V) seismic waves in terms of elastic constants, and the elastic
media can be established from velocity and density p measurements. For an isotropic,

homogeneous, and elastic media,

K+ﬂﬂ
y= [A2H 3" and 3.1)
p p
v, :\/E, (3.2)
)

Vo o |12V (3.3)
v, V05-v

where A and u are the Lamé constants, K is the bulk modulus, and v is Poisson's ratio.

Rocks or materials with high bulk moduli are stiff (that is, they have low
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compressibility), and those with high Lamé constant or shear moduli are rigid. A change
in lithology usually produces important variations in stiffness and rigidity, and minor
changes in density. In addition, a change in the saturation of the fluid modifies the
stiffness and density, and commonly does not modify rigidity.

Seismic velocities and density depend on porosity and also on other rock properties
such as lithology (clay content, grain size, sorting, structural anisotropy, etc), fluid
content, depth, pressure, age, compaction, cementation, and temperature. Seismic
velocity depends strongly on porosity, and frequently the increase in velocity with the
reduction in porosity is the main factor controlling velocities.

The parameters that control fluid flow are predominantly characteristics of the pore
geometry (pore size, shape, etc.) and relationships such as porosity and velocity related to
the pore geometry attributes. Although permeabilty is not directly related to velocity or
acoustic impedance, these parameters are certainly not completely independent. In fact,
porosity and pore shape influence both bulk modulus and permeablity.

Acoustic impedance is a significant rock physics parameter, because the reflection
coefficient of normal incident waves is a function of the impedance contrast across the
boundary causing the reflection. The acoustic impedance for a P-wave is

z=V,p, (3.4)

and the normal reflectivity is given by the simple expression
V,—pV,
R:pz 2~ Pi" ’ (3.5)
p2 VZ + pll/l
where p, and V| are the density and velocity in the incident medium, and p, and V, are

those beyond the interface. In other terms, the zero-offset reflection coefficient is
expressed as

R=22"% (3.6)

Z, +Zl

where z, and z, are the acoustic impedance values in the layer above and below the

reflection boundary, respectively.
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3.3.1 Porosity Effect

To determine accurate relationships between porosity and seismic wave velocities is
vital, especially when seismic data are applied to predict and map rock properties, such as
lithology, porosity, and porosity-related properties (permeability, pore fluids, pore
pressure, etc). However, to find these relations is not a trivial task. Mavko and Nur
(1996) explain the reason for the difficulty and suggest the following solution: "The
effective elastic properties of porous media and the related elastic wave speeds are

fundamentally controlled not by porosity, ¢, but by the rate of change of porosity with
stress, R=0¢/do, which depends on the shape of the pores and their connectivity.

Therefore, it is only with specific assumptions or information about the pore space
geometry, that special relations between velocity and porosity, itself, can be derived."

Three different approaches have been used to relate the effects of porosity on
velocity: empirical relations, bounds, and deterministic models (Mavko et al, 1998).
Strictly speaking empirical relations only apply to the specific set of rocks studied and
they may fail to predict velocity-porosity relations outside the range of values or rock
types for which they are estimated (e.g., Wyllie et al, 1956; Raymer et al, 1980; Han,
1987, etc).

On the other hand, bounds are derived from fundamental principles and can have
broad applicability, but they provide the range of velocities that are possible at a given
porosity, or vice versa (Mavko and Nur, 1996). For instance, the Hashin-Shtrikman (HS)
Bounds (Hashin and Shtrikman, 1963) are upper and lower bounds for predicting the
effective moduli given the fractions, f, and the bulk, K, and shear moduli, [] of each

constituent, and can be modified for multiple constituents, and they are termed as

ks =K + 1 /> - (3.7)
(K, = K) '+ fi(K +3p)
HSt fz
o s ARy (3-8)
F TS (K )
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An adjusted upper HS bound, which takes into account of the critical porosity of the
material (Nur et al., 1998; Mavko and Nur, 1996), is characteristic of a stiff cemented

rock; in contrast, the lower bound is characteristic of a soft, uncemented sediment.

Core-based Analysis

This section describes the measurements of porosity, permeability, and V, and Vg in
about 40 core plugs from wells LC-1880, LC-1991, and LC-1879. V', and V have been

measured at varying confining pressure in air-saturated samples. Velocity measurements
at 5 MPa and 10 MPa confining pressure are the focus of this core-based analysis,
because they are most similar to the reservoir effective pressure in Zones A, B, and C.
The elastic properties of porous sedimentary rocks are essentially controlled by porosity
and matrix mineralogical composition. The core measurements from La Cira-Infantas
reservoir and non-reservoir rocks show a simple and strong dependence of velocity on

porosity (Figures 3.3, 3.4, and 3.5).
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Figure 3.3: Compressional velocity (V) versus core porosity.
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Figure 3.8: Acoustic impedance (/,) versus core porosity. Core samples are separated by
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These cross-plots also illustrate the important effect of rock texture, particularly grain
size, in the rock velocities, acoustic impedance, and porosity. Suspended load deposits
(Orton and Reading, 1993), associated with very fine grain rocks, show low porosity and
high velocity and impedance. In contrast, mixed-load deposits (Orton and Reading,
1993), associated with fine sands, show high porosity and low velocity and impedance

(Figures 3.6, 3.7, and 3.8).

3.3.2 Clay Effect

Han (1987) and Yin et al. (1988) demonstrated the effects of dispersed matrix clay on
velocity in synthetic sand-clay mixtures. Later, Marion (1990) modeled these effects, and
showed that velocities in sands increase with increasing clay content as long as the
sediments are grain-supported. When the clay-volume percentage is less than the
porosity, clay is only a component of the pore-filling material, not the matrix; therefore it

stiffens the pore component of the material and increases velocity.
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Core-based Analysis

Velocity, porosity, and mineralogy were measured in 21 dry samples from La Cira-
Infantas (Figure 3.9). The goal was to precisely determine relations between velocity,
clay content, and porosity. The core plugs come from shaly zones (non-reservoir rocks).
The measurements indicate that the clay content in the shaly intervals is relatively low,

thus shaly zones are made up mostly of silt rather than clay.
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Figure 3.9: Mineralogical composition (x-ray diffraction analysis) of 21 core samples
from La Cira—Infantas shaly zones. Other minerals include carbonates, gypsum,
barite, and halite. Clay minerals include smectite, illite, chlorite, and kaolinite.

It is not clay content that determines the velocity; but rather the porosity. The shaly zones
in La Cira-Infantas apparently do not have very high clay content, but instead have very

low porosity. They are generally made out of silt and very fine sand grains.

3.3.3 Texture and Composition Effect

Porosity and permeability are the most important properties of reservoir rocks

because they define the reservoir quality of a rock (Bloch, 1994a). Prediction of reservoir
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rock quality and its spatial distribution are generally one of the main uncertainties in
hydrocarbons exploration and development (Kupecz et al., 1997). The quality of a clastic
reservoir can be predicted in diagenetically-simple rocks and can be related to
depositional environmentally-restricted parameters, such as rock texture and framework

composition (Bloch and McGowen, 1994; Bloch, 1994b) (Figure 3.10).

RESERVOIR QUALITY

(POROSITY & PERMEABILITY)
|

ROCK TEXTURE DETRITAL COMPOSITION
u Grain Size Rigid Grains
u Sorting Ductile Grains
u Packing
HShape & Roundness

Figure 3.10: Environmentally-restricted parameters that affect the reservoir quality of
diagenetically-simple clastic rocks.

The composition, mechanical properties, and relative content of detrital mineral
components in clastic rocks affect physical and chemical diagenesis, and therefore the
quality of the reservoir rock. Commonly, sandstones with a high content of mechanically-
rigid grains exhibit good reservoir quality. For example, highly stable quartz arenites are
most likely to preserve high porosities and permeabilities after mechanical compaction.
In contrast, a rock with a high content of ductile grains has a framework with low
stability; therefore, mechanical compaction by itself can drastically reduce original
porosity and permeability (Bloch, 1994b).

Texture includes a group of small-scale geometrical features of the constituent grains,

such as size, sorting, packing (spacing of grains), fabric, shape, and rounding (Blatt et al.,
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1980). Beard and Weyl (1973), working with unconsolidated sands, studied the effect of
texture on porosity and permeability. They particularly investigated the influence of grain
size and sorting, because these are the most important textural parameters controlling
pore space. Grain size is a basic descriptive characteristic, and grain sorting is a
measurement of the variety of grain sizes and the magnitude of the spread of these sizes
around the mean size. Generally, sands from dissimilar aqueous environments show a
well-documented correlation between sorting and grain size, where fine sands are better
sorted than very fine sands or silts (Blatt, et al, 1980). Beard and Weyl (1973), found (1)
porosity is basically independent of grain size but strongly controlled by sorting, (2)
permeability decreases as grain size becomes finer and as sorting becomes poorer, and (3)
low sphericity (grain shape) and high angularity (grain roundness) increase porosity and
permeability.

Folk (1951) introduced the important concept of textural maturity to incorporate a
variety of textural characteristics. This arrangement of characteristics presents a
succession of stages that is the product of kinetic energy input during sedimentation.
Folk's textural maturity classification comprises four stages: immature, submature,

mature, and supermature (Figure 3.11).

IMMATURE

SUBMATURE

MATURE

SUPERMATURE

o0

ANGULAR WELL-ROUNDED

Figure 3.11: Textural maturity classification. Modified from Folk (1951).
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Immature sediments contain considerable clay and the grains are poorly sorted and
angular. They represent a low energy sedimentary environment that is unable to take
apart the constituents of the sediments. Submature sediments have very little to no clay,
but the non-clay particles are poorly sorted and angular. Mature sediments contain no
clay and are well sorted and angular. Supermature sediments have no clay and are both
well sorted and rounded. They represent a very high energy sedimentary environment and
high sediment transport rates. Although Folk's classification follows a sequential
organization, some rocks indicate a textural inversion. One example is a bimodal grain
size mixture, where well-rounded grains are surrounded by a clay-rich matrix, or have
well-rounded but poorly sorted grains. Such bimodal mixtures should be considered as
the lowest stage of textural maturity.

In clastic rocks with a high content of mechanically rigid grains, bimodality has an
important effect on reservoir quality. Clarke (1979) analyzed the effect of grain sorting
on reservoir properties and concluded that, in some clastic rocks, reservoir quality is
affected more by bimodality than by diagenesis. Taking into account the important effect
of sorting in reservoir quality, it is a critical task to establish accurate relations between a
reservoir's elastic properties and textural parameters. The main purpose of this section is
to suggest experimental and theoretical relations between seismic wave velocities and
grain sorting and composition. These relations are essential when seismic or sonic data

are used to predict reservoir quality in clastic rocks.

Effect of Sorting on Elastic Velocity—Experimental Data

As previously mentioned, Beard and Weyl (1973), in work with unconsolidated
sands, studied the effect of texture on porosity and permeability, however, they did not
include acoustic velocity measurements in their extensive analyses. Estes et al. (1994)
measured velocity, porosity, and permeability on unconsolidated mixtures of
mechanically rigid grains, including natural sands and glass beads. The experiments
carried out by Estes et al. are very important, especially the measurements on glass beads,
because they illustrate the effect of sorting on velocity and porosity, excluding
compositional effects and other textural effects, such grain shape and roundness. Figure

3.12 shows schematically the Estes et al. experiment and their results. In this particular
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example, the samples were made by artificially mixing, in various amounts, large size

glass beads with much smaller size glass beads.
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Figure 3.12: Example of the effect of textural sorting on porosity and velocity in bimodal
mixtures of glass beads (Dataset from Estes et al., 1994).

The large and small well-sorted end members have similar porosity values, as
expected, but when the smaller beads fill the pore space between the larger beads, the
porosity drastically decreases. In other words, the observed clear dip in porosity is
directly associated with a poor sorting of the grain mixture (Figure 3.12, blue line). These
well-known results were fully documented by Cumberland and Crawford (1987). The
glass mixture also shows a velocity peak that pairs with the dip in porosity when the
beads samples are poorly sorted (Figure 3.12, red line). In this case, the deterioration of
grain sorting results in a more efficient packing, thus causing the matrix mixture to stiffen
and the velocity to increase.

Figure 3.13 is a cross plot of velocity versus porosity measurements from the Estes et
al., (1994) glass bead dataset. This plot shows the effect of textural sorting, fluid

saturation, and pressure on porosity and velocity. The blue arrow indicates the trend
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created by the effect of sorting in a mixture of glass beads with similar fluid saturation
(dry) and pressure (5 MPa). The well-sorted or texturally-mature end points show the
highest porosity and the lowest velocity in the bimodal mixture. The deterioration of
grain sorting produces the lowest stage of textural maturity, the lowest porosity, and the
highest velocity in the bimodal mixture. This textural change creates a reduction in
porosity from 39% to 27% and an increase in velocity from the range of 1300-1400 m/s
to 1750 m/s.

The green arrow indicates the trend created by the effect of fluid saturation and
pressure on porosity and velocity in a mixture with similar textural maturity. For
example, the point of lowest textural maturity increases the velocity from 1750 m/s to
2750 m/s when the pressure increases from 5 MPa to 30 MPa. Similarly, the velocity
increases from 1750 m/s to 3250 m/s when the dry pore space is saturated with water. In
contrast, the pressure effect on porosity on this particular dataset is very small since the
glass bead mixture has a mechanically stable framework and preserves high porosities

after mechanical compaction.

5000 L) L) L) L) L) L) L) L) L)
, , , N N e Dry sample 5 Mpa
4500 o ERREREE Do R Lo #% Dry sample 30 Mpa Co
i i i i i « Wet sample 5 Mpa
: : : : : # Wet sample 30 Mpa
proe| SERERS SR Lok T ERTRRS CRTTPPRIRR T S SN
R e
asoof oo CERSERREEEN ¥ EERENTE R EERSERRERRRRE
& o | ey ¥
~ : S : * ® :
Esooof i i ** ------------
Q . : : : :
> o ke F ok
2500 T SRR e g T W e g
ST T . T
2000+ T T A Do DTty e ** """
: : e - o : : : :
: : : c e ° : : :
PO Estestdata T ' — ."‘0
Glass:beadsg : : : : : . 4
1000 Set#2 i i i i i i i B —

0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4
Porosity (fraction)

Figure 3.13: Cross plot of velocity versus porosity measurements in the Estes et al.
(1994) glass beads dataset. It shows the effect of textural sorting, fluid saturation,
and pressure on porosity and velocity.
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These interesting observations in synthetic materials can be extrapolated to natural
sedimentary rocks and can be used to extend the work of Clarke (1979) who concluded
that there is a negative effect on porosity and permeability due to sorting of clastic
reservoirs. In general, these measurements show that sediments with a uniform rigid
composition and a low stage of textural maturity will exhibit a high velocity, in
comparison with mature or supermature sediments. In other words, if the rock framework
is mechanically stable, well-sorted clastic rocks with a simple diagenesis will exhibit
better reservoir properties and lower elastic velocities that poorly-sorted clastic rocks.

Reservoir quality is not exclusively a function of rock texture. Composition and the
relative content of detrital mineral components in clastic rocks also play an important role
in the mechanisms of porosity reduction, such as mechanical compaction. Yin et al.
(1988) and Yin (1992), in work with uncemented mixtures of rigid (sand) and ductile
(clay) granular materials, investigated the combined effect of texture and clay content on
porosity, permeability, and velocities. Bimodal samples were prepared by mixing, in
different proportions, clean, well-sorted Ottawa sand grains with pure room-dried fine
kaolinite particles.

Figure 3.14 is a cross plot of velocity versus porosity measurements for the Yin
datasets. This plot shows the effect of textural sorting, detrital mineral composition, and
pressure on porosity and velocity. Yin's measurements reveal systematic changes of
porosity and velocity with clay content and the associated textural change. The red dots
indicate the trend created by the effect of mechanical compaction in a sample of 100%
well-sorted or texturally mature sands grains. This sand sample with a high content of
mechanically-rigid grains is most likely to preserve high porosities and permeabilities
after mechanical compaction.

The blue dots show the trend created by the effect of mechanical compaction in a
sample of 100% kaolinite fine particles. This fine grain sample with a high content of
ductile grains shows low framework stability. In this case, mechanical compaction by
itself can drastically reduce original porosity and permeability.

The green dots indicate the trend created by the effect of sorting and mechanical
compaction in a bimodal mixture of 60% Ottawa sands grains and 40% kaolinite fine

grains. This particular grain mixing generates the highest deterioration of grain sorting
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and produces the lowest stage of textural maturity. This stage is characterized by the
lowest porosity and the highest velocity in the bimodal mixture.

When measurements are plotted at the same differential pressure, new trends are
revealed. For example, a clear "inverted V" is discovered in the dataset if only the end-
points at 50 MPa are outlined. Marion (1990) observes this "inverted V" in the Yin's
dataset and isolates different trends in the porosity-velocity relationship: one for shaly
sands and the other for sandy shales.

The shaly sands trend is between the 100% sands grains mixture and the bimodal
mixture of 60% Ottawa sands grains and 40% kaolinite fine grains. In contrast, the sandy
shales trend is between the pure kaolinite mixture and the bimodal mixture. Marion
concludes that the "inverted V" is due to clay content and compaction. This conclusion
can be extended and it can be defined that the "inverted V" is created by the effect of

textural sorting, the framework stability of the grain mixture, and the degree of physical

compaction.
3.5
—¢— Sand=100%, Clay=0%
Sand=60%, Clay=40%
3 —e— Sand=0%, Clay=100%
— 50 Mpa
2.5
E 50 Mpa
<
o
2 i
= 0 Mpa
0 Mpa
151 Yin's data
Wet samples
1 ; ; ; ; ; :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Porosity (fraction)

Figure 3.14: Cross plot of velocity versus porosity measurements in the Yin at al. (1988)
and Yin (1992) datasets. It shows the effect of textural sorting, detrital composition,
and physical compaction on porosity and velocity.
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The combined effect of sorting and composition is illustrated in Figure 3.15. The plot
schematically shows the typical trends under compaction of two bimodal mixtures at the
low stage of textural maturity, and compares the Estes et al., (1994) dataset with the Yin
et al. (1998) and Yin (1992) datasets. Both sets have similar textural sorting, but a very
different grain composition. As previously indicated, the Estes et al. data framework is
very stable and only minorly reduces the porosity (green arrow). In contrast, the presence
of ductile grains (e.g., clay) in the Yin's data, reduces the stability of the framework,

increases the compaction rate, and drastically reduces the porosity (blue arrow).
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Figure 3.15: Sorting and composition, low stage of textural maturity.

Effect of Sorting on Elastic Velocity—Theory

Some effective medium models for granular composites, such as the constant cement
and uncemented sand models (Dvorkin et al., 1991, 1994; Dvorkin and Nur, 1996),
mimic the process of deteriorating sorting in sands (Appendix A). Core analysis supports
the hypothesis that in the constant cement model, the data and the theoretical curve
deviate from the contact cement curve, because grain sorting starts to deteriorate at the
cemented porosity point (Avseth et al., 2000). This also provides the reasoning for the

uncemented sand model: smaller particles fall between the larger well-sorted grains

(Figure 3.16).
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Figure 3.16: Porosity reduction in sands due to deteriorating sorting. M means
compressional modulus.

Geometry of a Bimodal Grain Mixture. The focus of this analysis is a bimodal

mixture of elastic spheres or perfectly rounded grains. An initial assumption establishes
that there are only two grain sizes present in the mixture: large grains and small grains.
The diameter of the former is much larger than that of the latter. Depending on the
volumetric fraction of the large and small grains, various configurations are possible, as
shown in Figure 3.17, where on the left (frame a) we have only large particles and on the
right (frame e) only small particles. Let the number of large particles in a representative
volume be L and that of small particles be / (Figure 3.18). The radii of the particles are
R (for large particles) and » (for small particles).

The total volume of the small grains when they are packed together at porosity ¢,

which is the critical porosity for the small grains (as in Figure 3.17, frame a), is

(3.9)

That of the large grains when they are packed together at porosity ¢ ,, which is the

cl>

critical porosity for the large grains (as in Figure 3.17, frame a), is

7R’L
1 - ¢cl .

4
3 (3.10)
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Figure 3.17: Porosity reduction in sands due to deteriorating sorting.

The pore-space volume of the large grains packed together is

4 9 mRL (3.11)
3 1-¢, .

If the volume of the small grains in a pack is smaller than the pore-space volume of
the large grains in a pack, all small grains can be accommodated inside the pore space of

the large grain pack. We then have a configuration as shown in Figure 3.17, frame b. The
condition for this geometry is

4 m’l _4¢,7RL 7l RL
31- ¢cs = 3 1- ¢cz :>(1—¢CS )/ (1_¢d )S ¢01 :ﬁg ¢c[’ (3.12)
where
rl RL
- 4 3.13
B (1_%) (1_%) (3.13)
T P B AR R
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—

=
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Figure 3.18: Size distribution in a binary particle mixture.
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The total porosity ¢ of this mixture is

¢=9¢,—B1-¢,) (3.14)

If the volume of the small grain pack equals that of the pore-space volume of the

large grain pack, then B = ¢, and
¢ = ¢cl¢cs ) (315)

as in Figure 3.17, frame c.
In the case of S > ¢, the large grains will be suspended in the pack of the small

grains (Figure 3.17, frame d). The total volume of the composite is

4 4
AL (3.16)
3 31-¢,
and the pore volume is that of the small grain pack:
4 ]
2 8,ml (3.17)
3 1 - ¢CS
As a result, the total porosity of the composite is
o 0 (3.18)

“Tr-0,) B

If B= ¢,, then the large grains touch each other and ¢ = ¢,¢. . If S = o, which
means that only the small grains are present, the porosity of the composite is ¢ . The

summary of these results is:

¢=9¢, <p=0;

¢:¢cl_ﬁ(l_¢c‘s) <::8<¢c1;

¢=9.0, <pL=9¢, (3.19)
¢=0, [1+(1-9,) Bl <S>0,

¢=19¢, <p=-ce
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The corresponding graph of the total porosity of the composite is given in Figure
3.19.

Elasticity of a Bimodal Grain Mixture. In this section, an initial assumption is that

B = ¢, 1.e., the small grains fill the entire pore space of the large grain pack, or the large

grains are suspended in the small grain pack (Figure 3.17, frames c, d, and e). Here also,
a second assumption defines that the elastic moduli of the large grain material are much
larger that those of the small grain pack. In this case, and because the small grain pack
(soft) envelopes the large grains (stiff), a new approach is presented, where the effective
elastic moduli of the composite is modeled as the lower Hashin-Shtrikman bound of two
elastic components where the soft component is defined as the small grain pack and the

stiff component is defined as the large grain pack.
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Figure 3.19: Total porosity versus the ratio of the small grain pack volume to the large
grain pack volume. The critical porosity for large grains is 0.4 and that for small
grains is 0.6.
For B> ¢,, the total volume of the composite is given by Equation 3.16 and the

volume of the small grain pack is 47’1/ [3(1— @,)]. Therefore, the volumetric

concentration of the small grain pack (the soft component) in the composite is

1
1+(1-9,) B

Sson = (3.20)

The Hashin-Shtrikman lower bound then gives the following effective-medium

elastic moduli of the dry composite:
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Soft

EM =
(3.21)
Gy =

where K, and G, are the bulk and shear moduli of the large grain material, respectively,
and K, and Gy, are the bulk and shear moduli of the small grain pack, respectively.

If the small grain pack can be approximated by a random dense pack of identical
elastic spheres, its elastic moduli can be calculated from the Hertz-Mindlin contact theory

(Mavko et al., 1998) as

2 2 1 2 2 1
n. (1- G 3 S5-4v, 3n(l- G N
ngﬁ — [ s ( ¢cs)z S P]3, GS,)ﬁ — S [ s (2 ¢cs)z zs P]S,

187 (1~ v,y 52-v,) 27°(1-v,)

)

(3.22)
1, K 2., K

Vo= (=) (2

T 2'6. 3G

1
. 3
where K and G, are the bulk and shear moduli of the small grain material, respectively,

P i1s the differential pressure, and 7, is the coordination number (the average number of
contacts per grain) for the pack of small grains. This approximation may not be
appropriate if the small grain pack is a pack of, for example, clay particles.

Consider now the case B < ¢, (Figure 3.17, frames a, b, and c). The two elastic end-
members are: (1)B = 0, i.e., the pack of the large grains (without small grains present
in the pore space, Figure 3.17, frame a) with porosity ¢,,; and (2) S = ¢, i.e., the small
grains fill the entire pore space of the large grain pack (Figure 3.17, frame c).

The elastic moduli of the first end-member (at S = 0) can be calculated from the
Hertz-Mindlin contact theory by assuming that the large grains are identical elastic

spheres with bulk modulus X, shear modulus G,, and coordination number #, .

Then the bulk modulus K, and the shear modulus G, are:
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1

n12 (1 — ¢cl )2 G12 P]'z G = S— 4V1 [311]2 (1 — ¢cl )2 G12 P]lz
1872 (1-vy 7 52-v,) 272°(1-v) ’
1,K 2., K 1

4 :5(51 —5)/ (Ez +§)-

K =1

(3.23)

The bulk and shear moduli of the second end-member are given by Equations 3.21

where f,, has to be replaced by ¢,,:

¢cz 1- ¢cl

+
K +(41 3)Gg,, K, +(41 3)Gg,

o, 4
] I_SGSoft’

GSoft 9KSn/t + 8 GSoft
6 K, +2G,,

K, = [
(3.24)

1- _
G2 — [ ¢cl + ¢cl ] r_ ZSoft’ ZS()ft =
G ¥ Zsy G+ Zg,

These two end points can be connected by a lower Hashin-Shtrikman bound curve.
In order to calculate the volumetric fractions of the two end members in the composite, a
new assumption must be made to define that the two end-members added together result

in the given numbers of small and large grains (Figure 3.20).

sellae Na®

OO X2 (OO

Figure 3.20: Two end members added provide required configuration.

)
S

If the volume fraction of the first end member in the composite is f, and that of the
second end member is f, =1— f,, then the number of the small grains in a unit volume

of the composite is

] = f2¢cl(1 _ ¢cs)

3.25
Am” | 3 (3-25)

and the number of the large grains is
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__1-9,
TaaR 3 (3.26)
Then
_ rl R’L B
B G g)= o (327)
As aresult,
fr=Bl ¢, fi=1-f,. (3.28)

Then, the Hashin-Shtrikman lower bound of the mixture of the elastic end members
with the bulk and shear moduli K, and G, and K, and G,, respectively, and volume

fractions f, and f,, respectively, is

o, 4
KEM:[K / + i ]l__Gv
 +(4/ 3)G K, +(4/ 3)G, 3 (3.29)
_ f1 fz -1 _ _Q9K1+8Gl ‘
GEM_[G + ] | RN ’
t+Z G +Z 6 K, +2G,

and it is assumed that the first end member is softer than the second end member.
Equations (3.21) and (3.29) provide the elastic moduli of the composite’s dry frame.
In the low-frequency limit, the shear modulus of the saturated composite is the same as

that of the dry frame. The bulk modulus of the saturated composite K, can be calculated

from that of the dry composite using Gassmann’s equation

=K ¢K EM (1 + ¢ )KFlm‘d KEM I K sotid T KFluid
= Dsolid )
(1 - ¢)Kquid + ¢KSolid - KFluidKEM/ KSolid

K. (3.30)

where K, ., 1s the bulk modulus of the pore fluid and K, is that of the composite solid.

K

0

. can be calculated by mixing the material of the large grains with that of the soft
grains and using, for example, Hill’s average (Mavko et al., 1998). The volume of the

solid material in the large grains is 47ZR’L/ 3 and of the small grains is 4’1/ 3. The
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volume fraction f, of the large grain material in the entire solid phase of the composite is

then
R’L 1 1
= = = . 3.31
T (RL) 1+B(1-¢.) (1-9,) B3
The resulting Hill’s average is
1 f, 1=f
Ko = 5 UK+ (1= 1)K, + G+ =20 (3:32)

S

This new bimodal grain mixture model is applied successfully to field data in the

Section 3.4.2.

3.3.4 Application of Theoretical Rock Physics Models to Synthetic Data

To match theory to the elastic behavior of laboratory data, the uncemented sand
model of Dvorkin and Nur (1996) (Appendix A) and the Estes et al., (1994) synthetic
dataset are used. This model is an effective-medium model that connects two end-points
in the elastic-moduli-porosity plane. One end-point is at the critical porosity (about 40%)
where the sand is modeled as a pack of elastic spheres.

The other end-point is at zero porosity where the elastic moduli of the rock are those
of the solid phase. The connecting trajectory is designed to model the porosity reduction
where smaller particles are deposited away from the large grain contacts (deteriorating
sorting). The pressure dependence is introduced through the elastic moduli of the dry
frame at the critical porosity, according to the Hertz-Mindlin elastic sphere contact
model.

Velocity versus porosity for Estes et al. glass beads dataset at different pressures is
plotted in Figure 3.21. The overlapped unconsolidated model curve in red is for 100% dry
rock. The effective pressure in the model is 5 MPa. and the framework mineralogy used
for modeling is glass. Note the excellent match between the theoretical prediction and the
experimental data. This observation illustrates how well the uncemented model from
Dvorkin and Nur (1996) predict the effect of textural sorting on velocity and porosity, if

the framework composition is uniform.
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Figure 3.21: Velocity versus porosity for Estes at al. glass beads dataset at different
pressures. The data points are color-coded according to the pressure. The overlapped
unconsolidated model curve in red is for 100% dry rock. The effective pressure in
the model is 5 MPa. The framework mineralogy used for modeling is 100% glass.

3.4 Stratigraphy-constrained Rock Physics Model for Reservoir
Quality Prediction

Conventional seismic characterization of hydrocarbon reservoirs focus on finding the
geological significance of reflection information and/or attributes thereof (e.g., seismic
amplitude). Mathematical techniques, such as geostatistics, neural networks, and cluster
analysis are often used to relate such attributes to reservoir physical properties. However,
these techniques are often unable to provide correct reservoir property description

because they do not take advantage of deterministic physical links between seismic and

reservoir properties.
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By analyzing well logs and core data, and integrating essential concepts of
sedimentary geology and theoretical rock physics, I determine a governing effective-
medium-based rock physics model for La Cira-Infantas reservoirs. This LCI rock physics
model relates the elastic reservoir properties to porosity, mineralogy, pore fluid, and
differential pressure, using the stratigraphic framework as a constraint to select the
relevant data subsets. These relations can be rationalized and explained by effective-
medium models.

The key to obtaining such models is consistency between reservoir sedimentological
characteristics (e.g., texture and composition), well log data (e.g., GR), and core analysis
(e.g., porosity and velocity). The practical goals of the rock physics model are to: (a)
simplify the relations observed in well log and core data, (b) define the ranges of
applicability of these physical relations, (c) separate the effects of porosity from those of
pore fluid on seismic properties, and (d) interpret seismic impedance inversion in terms

of reservoir quality.

3.4.1 Cycles in Stratigraphy

Stratification is a fundamental characteristic of sedimentary rocks. Cyclic and
episodic processes or events, and biologic and diagenetic overprint generally produce
stratification in the sedimentary record. Strata usually show a specific rhythmicity or
cyclicity, due to regularly alternating beds or repeated series of particular lithologies,
which are better known as depositional cycles (Einsele et al., 1991).

Genetically, depositional cycles are controlled by two groups of sedimentary
mechanisms: autogenic (within-basin) and allogenic (extra-basinal). Autogenic examples
in fluvial systems are the migration and superposition of channel systems. In constrast,
allogenic sequences are caused by changes external to the basin, such as climatic
variations, tectonic movements (Miall, 1997).

Geoscientists study sedimentary processes, including cyclicity and resultant
depositional products, at different time and physical scales. Miall (1996) suggests a
classification of reservoir architectural units and their associated sedimentary processes,
according to depositional time scale, into 10 classes spanning at least 12 orders of

magnitude, from the lamina at one extreme to a basin-fill complex at the other extreme.
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Miall also reviews a hierarchy of physical scales, presenting at least 14 orders of
magnitude, from the few square centimeters in area of the smallest scale of a ripple
foreset, to the ten of thousands of square kilometers of a major sedimentary basin.

The original sedimentary cycles can be affected by several diagenetic processes.
Diagenesis comprises a range of mechanical and chemical processes during burial
history, such as mechanical compaction, cementation, replacement of unstable minerals,
displacement of components, dolomitization, and dissolution (Blatt et al., 1980; Boggs,

1995).

3.4.2 Mugrosa Formation Reservoirs (Zones B and C)

The siliciclastic reservoirs in LCI belong to the Colorado Formation (Zone A) and
Mugrosa Formation (Zones B and C). Oil production comes from loosely consolidated
Tertiary sands. The reservoir rocks are fine to medium grained, subarkosic, clean-to-shaly
sandstones. Average porosity is 20% in Zone B, and 23% in Zone C. Permeability may
reach 1500 mD (Figure 3.22). It is highly variable laterally and vertically (Dickey, 1992).

This section focus in characterizing the rock properties and rock physics attributes of
the Mugrosa Formation reservoirs. Zone B comprises a thick succession (550 m) of
alternating fine-grain sandstones and shales (Dickey, 1992). The lower part of the
sequence consists of dull blue and brown, massive, mottled shales with some thin
interbeds of fine-grained sandstones and light-green sandy shales. The upper part of the
formation is gray, fine to coarse grained, somewhat pebbly sandstone, interbedded with
minor amounts of green and mottled shales (Morales et al, 1958).

Zone C is the most prolific reservoir in La Cira-Infantas. This reservoir zone is gray
to grayish green, fine- to medium-grained, rarely coarse and pebbly sandstones, with
interbedded gray, blue, and red shales (Morales et al., 1958). Sequence stratigraphy
indicates that the depositional facies in the La Cira-Infantas Tertiary rocks are associated
with fluvial channel systems. Zone B represents mixed load channels or meandering
systems, whereas Zone C was deposited as bed load channels or braided stream systems
(Laverde, 1996).

In order to relate the elastic reservoir properties to porosity, mineralogy, pore fluid

compressibility, and effective pressure, modern high-quality well-log data from La Cira-
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Infantas wells 1880 and 1882 are used, where core data are available as well. First, the
position of La Cira-Infantas sands in the rock physics space is identified by plotting

velocity versus porosity for a major fining-up sedimentary cycle, between 791 m and 915

m of depth, in well LC-1880 (Figure 3.23).
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Figure 3.22: Well LC-1880, Zone C. Typical gamma-ray response, grain size distribution,
type of deposit, P-wave velocity log, core porosity, and permeability. The
classification of deposits (third frame from the left, with a color key) is based on the
grain size: (1) suspended-load (mud/silt), (2) mixed-load (fine-sand), and (3) bed-
load (gravel and sand) (Orton and Reading, 1993). Marked are the two fining-up
cycles selected for modeling (Intervals 1 and 2).

Superimposed on the cross-plot are several model curves. The data points lie well
below the “fast” Wyllie, Raymer, and critical porosity curves. This means that the rocks
are unconsolidated and lack cementation, which is common for shallow early-Tertiary La
Cira-Infantas sediments. Another feature apparent in Figure 3.23 is a large scatter of the
data points around the general trend. The scatter reduces if basic sequence stratigraphy is

used to guide the modeling (Figures 3.24 and 3.25).
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Figure 3.23: Velocity versus porosity in well LC-1880 and La Cira-Infantas core data
(pink dots) with model curves superimposed. The models are: (a) the Hashin-
Shtrikman upper and lower bounds, (b) critical porosity, (¢) Wyllie’s time average
and (d) the Raymer et al. model. (See description of the models in Mavko et al.,
1998). The solid-phase P-wave velocity and density used in the models are 5.65 km/s
and 2.64 g/cc, respectively (for a mixture of 80% quartz and 20% feldspar typical for
the arkosic sands of La Cira-Infantas). The fluid phase is brine whose bulk modulus
and density are 2.5 GPa and 1 g/cc, respectively. The large symbols are for selected
consolidated sandstones, clean (red) and with clay (green), based on Han's data
(1986). The velocity in the cores was calculated by assuming that they are 100%
water saturated and applying Gassmann’s equation to the dry-rock lab data.

In Figure 3.25, velocity versus porosity is cross-plotted for consecutively smaller
depositional cycles. Stratigraphy terminology for the selected cycles was adapted from
Miall (1996). The first cross-plot (Figure 3.25a) corresponds to the large 850 m interval

(basin-fill complex scale), shown in Figure 3.24a. The correlation coefficient here is very
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small because the interval consists of many smaller cycles with complex geological and

diagenetic history.
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Figure 3.24: Gamma ray versus depth in well 1880 for increasing order of cyclicity. The
order of the plots corresponds to that in Figure 4.5. Marked as Intervals 1 and 2 are
the two fining-up cycles selected for modeling.

The correlation coefficient increases as I choose smaller cycles within which the
sedimentary environment conditions and diagenetic nature of the sands are more uniform.
The final cross-plot in Figure 3.25f shows a high-correlation trend for a single well-
developed fining-up cycle between 893.21 m and 898.48 m of depth (see gamma ray
versus depth in Figure 3.24f). This final subset of the data will be used for rock physics

modeling.
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Figure 3.25: Velocity versus density-derived porosity in well 1880 for increasing order of

cyclicity (increasing resolution). The data points are color-coded according to shale
content, which was calculated from the gamma-ray data. The straight lines are a
linear fit to the data with the correlation coefficient shown in the plots. The
corresponding gamma-ray versus depth plots are shown in Figure 3.24.
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To develop a rock physics model that links porosity, mineralogy, pressure, and pore
fluid bulk modulus to the elastic rock properties, I use well log data from well LC-1880.
Consider an interval between 885 m and 915 m (Figure 3.26) where two fining-up

depositional cycles are highlighted in the GR track.
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Figure 3.26: Well LC-1880, Zone C. Two minor fining-up cycles chosen for rock
physics modeling. Cycle 1 on top and Cycle 2 below.

To match the elastic behavior of the selected depositional cycle, I again choose the
uncemented sand model of Dvorkin and Nur (Mavko et al., 1998). This choice is based
on the fact that the sand under examination appears to be uncemented and much softer
than consolidated sandstone in the same porosity range (Figure 3.23).

Figure 3.27 gives the velocity- and impedance-porosity trends for the selected fining-
up ward cycle with the model curves superimposed. The upper curve corresponds to the
clean-sand (80% quartz and 20% feldspar) and the lower curve is for 55% quartz, 20%
feldspar, and 25% clay. It is now apparent that the velocity-porosity trend observed in
the data is not a simple linear trend. The data points move from the clean-sand model

curve to the shaly-sand curve as porosity decreases and shale content increases.
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Next, I use the theoretical model to understand the velocity behavior in another minor

fining-up ward cycle between 900.53 m and 908.76 m (Figure 3.26). In this case, the

selected clean-sand model also accurately matches the low-shale content data points

(Figure 3.28). However, in order to match the high-shale content points in this interval, I

must allow for only 20% quartz and 20% feldspar and increase the clay content from

25% (as in the first selected cycle) to 60%. This selection of mineralogy, although

seemingly arbitrary, is consistent with the grain size and classification of deposits in the

intervals selected (Figure 3.22). In the first cycle the lithology varies from clean sand to

siltstone whereas in the second cycle the lithology changes from clean sand to claystone.
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Figure 3.27: Velocity and impedance versus porosity for a fining-up ward cycle between
893.21 m and 898.48 m. The data points are color-coded according to the GR-
derived shale content. The model curves are for 100% water saturated rock (I assume
that the sonic tool samples the mud filtrate invasion zone). The effective pressure in
the model is 12 MPa. The mineralogy used for modeling is given on the plots.

In effect, by applying the selected rock physics model to the data, I diagnose the rock,

1.e., predict mineralogy from velocity and porosity (Asveth et al., 2000). This rock

physics diagnostic is important because the clay content strongly affects the quality of the

rock (or the permeability). Moreover, by diagnosing the rock I implicitly predict the rock
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strength (friability) from velocity and porosity by showing that the data fall on the

uncemented-sand model.
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Figure 3.28: Same as Figure 3.27 but for a fining-up cycle between 900.53 m and 908.76
m.

It is apparent from Figures 3.25, 3.27, and 3.28 that the impedance of the high-shale
content sand is higher than that of the low-shale content sands. This observation is in
apparent contradiction to some of the existing velocity-porosity models (e.g., Han, 1987)
where clay acts to decrease the rock’s velocity. In fact, in the case under examination, the
clay content in the intervals with 100% shale may be as low as 20%-30%.

As it turns out, “shale” in La Cira-Infantas actually contains a large fraction of silt
that has mineralogy close to that of clean sand (Figures 3.2 and 3.9). Consequently, the
main difference between shale and sand in La Cira-Infantas is grain sorting, which
deteriorates in the shaly layers. This poor sorting in shales acts to reduce the total
porosity (as compared to clean sands) and thus acts to increase the velocity.

The rock physics model established here will serve as the basis for interpreting
seismic data for porosity and the presence of hydrocarbons in the high-resolution

stratigraphic cycles. Once porosity values are established, it will be straightforward to
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estimate permeability in LCI because a good correlation exists between the two

parameters (Figure 3.29).
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Figure 3.29. Permeability versus porosity in well 1882, Zone C sands.

3.4.3 Colorado Formation Reservoirs (Zone A)

The Colorado Formation is referred to as Zone A in the La Cira-Infantas field (Figure
3.30). The lower 150 m of Zone A consists of fine-grain sandstones interbedded with
mottled shales. Above this is 210 m of gray, medium coarse sandstones with thin-bedded
and blue to green shales. Overlying these beds are 170 m of gray and red mottled shales,
with thin interbedded sandstones, followed by 180 m of brightly mottled shales and
coarse grained sandstones, and finally overlain by 76 m of dark gray to black, well-
bedded carbonaceous shales that contain brackish water fossils, the La Cira fossil horizon
(Morales et al., 1958; Taborda, 1965; Dickey, 1992). Zone A totals approximately 786 m.

Gomez et al., (1999) suggest a deposition within fluvial meander belts and adjacent
flooded areas for Zone A, with exception of the La Cira Shale interval, which ranges
from 120 m to 200 m (Figure 4.30). They propose for this rich-organic black shale a
sedimentary environment characterized by a wide flood basin, with slightly brackish

lakes, swamps, and oxbow lakes.
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In order to relate the elastic reservoir properties to porosity, mineralogy, pore fluid
compressibility, and effective pressure in Zone A, modern high-quality well-log data
from well La Cira 1879 are used, where core data are available as well. The log data span

the depth interval from 120 m to 670 m with sands and shales represented in Figure 3.30.
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Figure 3.30: Well LC-1879, Zone A. Gamma-ray, P-wave velocity, density porosity, and
water-saturation content curves.

First, the position of La Cira-Infantas sands in the rock physics space is identified by
plotting velocity versus porosity for a major sedimentary cycle or sequence (Figure 3.31).
This plot shows a pattern that resembles the "inverted V" pattern identified by Marion
(1990) in uncemented mixtures of rigid (sand) and ductile (clay) granular materials (Yin
et al., 1988). Marion identified two different trends in the porosity-velocity relationship;
one for sandy shales, and one for shaly sands. The sandy shales trend is between the pure
kaolinite mixture and the bimodal mixture of 60% Ottawa sand grains and 40% kaolinite.
The shaly sands trend is between the 100% sands grain mixture and the bimodal mixture

of sand grains and kaolinite (Section 3.3.3).
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Figure 3.31: Well LC-1879, Zone A. Compressional velocity is plotted versus density-
porosity. The colorbar indicates gamma ray values.

In Figure 3.31, the lower branch of the trend corresponds to the shallowest interval of
Zone A, referred to as the La Cira Shale. This sedimentary unit is a rich-organic black
shale with high GR values and, apparently, large clay content. The organic matter,
important component of this black shale, is preserved in abundance in flood plain muds,
lake bottoms and swampy areas (Blatt, et al., 1980). The upper branch of the trend
corresponds to higher GR values and deeper intervals where sand starts to dominate.
Lithology in this interval varies from clean high-quality, reservoir sandstones to low-
quality reservoir siltstones and shaly sandstones. In contrast with the La Cira Shale, the
lower sands and fine-grain units correspond to channels and overbank deposits. The
mineralogical composition of these sandstones and siltstones is comparatively uniform,
and the content of clay is relatively low in the fine-grain rocks (Section 3.3.2). The
"inverted V" pattern presents a duality for the velocity-porosity relationship at the major

sequence scale. Similar values of velocity correspond to very different values of porosity
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and permeability. For example, 2500 m/s corresponds to low- and high-quality reservoir
rocks.

Sedimentary rocks are not deposited randomly, but follow certain cyclic patterns in
geological time and space (Section 3.4.1). If the geological position is taken in account, |
can solve the velocity-porosity duality for Zone A. Figure 3.32 illustrates again the
"inverted V" for Zone A, and the data points are colored by depth.

The lower branch corresponds to organic-rich black La Cira Shale and is located in
the top of the sedimentary section. The upper branch is composed of the fluvial sands and
shales underlying the transitional, probably estuarine La Cira Shale. This upper branch
clearly is similar to the velocity-porosity trends in Zones B and C at the major cycle scale
(Figure 3.25). In summary, to characterize the rocks in Zone A, every branch should be
separated and study independently. After the separation of the La Cira Shale, the lower
sands and shales can be analyzed following the same procedure applied to the underlying

Zones B and C (Section 3.2.2).
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Figure 3.32: Well LC-1879, Zone A. Compressional velocity is plotted versus density-
porosity. The colorbar indicates depth values.
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Finally, I use the theory developed previously for the bimodal grain mixture in
Section 3.3.3 to simulate the "inverted V" pattern founded in the well log data from well
LC-1879 (Figure 3.33). The average bulk density is 2.36 g/cm’. The pore fluid density is
about 1 g/cm’. Therefore, the differential pressure is about 1.7 MPa at the top and 9.4
MPa at the bottom of the interval, respectively. In order to model the effect of changing
effective pressure, I used the model twice, with 2 MPa and 10 MPa differential pressure
as input. Other inputs are:

Pl = 30cs = -2y =11ng =14;
K| =37 GPa,G) =45 GPaK = 21 GPa,Gy =8 GPa;K ; =2.5 GPa.
As can be observed in Figure 3.33, the model results match very well the two trends in

the velocity-porosity plot.
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Figure 3.33: Well LC-1879, Zone A. Compressional velocity is plotted versus density-
porosity. The colorbar indicates gamma ray values. Bimodal model curves are
superimposed.
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3.5 Seismic Imaging of Fluvial Reservoirs

This section presents a 3-D seismic analysis and mapping of fluvial heterogeneities
and their flow units at interwell and fieldwide scale. Elements of interwell scale
heterogeneity consist of lateral bedding geometries, styles, and continuity; and systematic
lateral and vertical textural patterns. Constituents of fieldwide variability are reservoir
thickness, facies geometries and continuity, and bulk reservoir properties (Slatt and
Galloway, 1993). For this purpose, I have selected the northern part of La Cira-Infantas
field, referred to as La Cira Norte (Chapter 2, Figure 2.18).

The development of 3-D seismology has given reservoir geologists and geophysicists
a new tool to predict the geometry and quality of the reservoir away from well control
and to choose in-field drilling targets in mature oil and gas fields with improved recovery
efficiency. Although a few case histories of imaging fluvial deposits from 3-D surface
seismic data have been published, the understanding of the relationship between the
fluvial architectural elements and the seismic response is still deficient. Moreover,
zonation in several flow units is a solid approach for modeling and predicting of reservoir
performance.

Several field studies have used the flow unit concept, but most of these approaches
are strictly qualitative, based on subjective predictions of lithofacies or depositional
environments. However, this technique, although important, is only one-dimensional and
therefore restricted to the wellbore domain. In addition, a 3-D quantitative mapping of the
components of the reservoir sequence, including the flow units, is crucial to generate a
realistic framework for reservoir simulation modeling.

Solving this problem is the core of this chapter. I determine the seismic response of
the fluvial reservoirs and predict their reservoir quality. I will particularly focus on how
the depositional facies and associated flow units at reservoir scale might be illustrated by

3-D surface-seismic data.

3.5.1 Fluvial Reservoirs

Fluvial deposits represent one of the most important non-marine environments in the

stratigraphic record. Because ancient fluvial deposits are reservoirs for the accumulation
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of hydrocarbons, they are of substantial economic significance. Much of the oil in the
giant fields at Prudhoe Bay (Alaska), Statfjord (North Sea), Brent (North Sea), Daqing
(China), and La Cira-Infantas (Colombia), is found in fluvial reservoirs (Miall, 1996;
Dickey, 1992). These reservoirs are typically very heterogeneous, both vertically and
laterally, which results in low recovery efficiency (Tyler and Finley, 1991).

Miall (1992) divided the fluvial deposits into four main levels of scale and
complexity as follows: individual clastic facies, architectural elements, river systems, and
basin scale deposits. Facies represent the primary mesoscopic heterogeneities in
petroleum reservoirs. Architectural elements are assemblages of facies and represent the
principal depositional features of fluvial systems. Architectural elements are the source of
macroscopic heterogeneities.

At a somewhat larger scale, four river systems or fluvial channels are traditionally
classified as meandering, braided, anastomosed, and straight (Miall, 1992; Emery and
Myers, 1996). Variations at this scale generate macroscopic heterogeneities that directly
affect the geometry of the reservoirs. Because fluvial channels are difficult to identify in
the stratigraphic record, some investigators have suggested an alternative and practical
system of classification based on grain size (Orton and Reading, 1993; Emery and
Myers, 1996). River systems can accordingly be classified as follows: high-bedload
(gravel), bedload (gravel and sand), mixed-load (fine-sand), and suspended-load.

Coarse and porous rocks that can be saturated with hydrocarbons are deposited within
the channels and their related bar deposits. Therefore, an understanding of the
architecture of the diverse classes of channel fill is crucial. For many years, petroleum
geologists diagnosed the subsurface geometry of fluvial reservoirs using environmental
interpretations.

Today, they accept that 3-D seismology is a powerful tool to image the geometry of
the fluvial deposits, and even to accurately define reservoir heterogeneities (Miall, 1991,
1996; Selley, 1996). However, the traditional methodology for environmental and
lithofacies prediction is invaluable and plays an important role during the process of
integrating geophysical tools and geological criteria, especially in cases where the

reservoir geometry is below the limits of resolution of the seismic method.
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3.5.2 Seismic and Sequence Stratigraphy

Seismic stratigraphy 1is '"basically a geologic approach to the stratigraphic
interpretation of seismic data" (Vail et al.,, 1977). It relies on the identification of
unconformity surfaces or sequence boundaries on seismic data, by genetically defining
related packages or sequences of rocks (seismic sequence analysis). Within these
sequences, variations of the seismic reflection characteristics can be interpreted in the
context of depositional environment and lithofacies (seismic facies analysis). Every
seismic facies can be examined in terms of the lateral variation of individual reflection
events, or series of events, to locate and to determine the nature of changes in the
stratigraphy or fluids in the pore space (reflection character analysis) (Bally, A. W., 1987;
Sheriff and Geldart, 1995).

During the last two decades, seismic stratigraphy has developed into sequence
stratigraphy as depositional characteristics that were first seen and understood in seismic
data have been recognized in outcrops and in well-log data. The theory underlying
sequence stratigraphy is that sediment deposition is governed by four elements:
accommodation, sediment inflow, eustasy, and climate (Wilgus et al., 1988; Van
Wagoner et al., 1990; Weimer and Posamentier, 1993). Sequence stratigraphy provides a
detailed chronostratigraphic framework for exploration and reservoir management,
including the evaluation of hydrocarbon potential and location of by passed oil in
producing fields. Depositional facies are considered to have the primary control on
sandstone reservoir architecture and porosity distribution unless diagenesis and erosion
have occurred. For the loosely consolidated siliciclastic reservoirs in La Cira-Infantas,
facies are also an important component in resolving hydrocarbon flow units due to the
direct relationship between porosity and permeability. 3-D seismic techniques make it
possible to predict the reservoir geometry and quality away from the well control.

Rock physics relationships between elastic properties and reservoir properties
established previously in Section 3.4 suggest that the prediction of the lithology and the
mapping of the reservoir quality in fluvial reservoirs using acoustic impedance and
velocity inverted from P-wave seismic data is feasible. In order to describe the reservoir
heterogeneities, I link the rock physics properties of the fluvial deposits and the seismic

response of 3-D P-wave data available in La Cira-Infantas.
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3.5.3 Seismic Inversion

For this part of the study, the northern part of the La Cira-Infantas field, referred to as
La Cira Norte, was selected. The reasons for this selection were (a) the good quality of
surface seismic, (b) simple geologic structure, and (c) the availability of well logs in
numerous wells in La Cira Norte. The approach to delineating good quality reservoirs is
based on linking the reservoir properties to a seismic observable—impedance or velocity
(Section 3.4). Once this rock physics link or transform is established, three-dimensional
impedance and/or velocity volumes of the subsurface are needed to which this transform
can be applied. In order to create an impedance/velocity volume from surface seismic, a
model-based inversion technique is used (Figure 3.34). The method operates by
generating a forward model that best mimics the seismic surface data when converted to
synthetic form. The method involves starting with a straightforward estimate of this
model and changing this estimate until the error between the model and the observed

seismic data is minimized (Russell, 1988).
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Figure 3.34: Original seismic trace display (top) and velocity profile (bottom) obtained
from the seismic inversion. Color key shows compressional velocity.
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Seismic Impedance Volume—Practical Implications

In order to build an impedance volume, the algorithm requires an initial velocity
model; in this case, sonic logs available for several wells were used, since no other
sources for velocity models exist. This approach immediately results in a limitation in the
extent of velocity/impedance volumes to be obtained: most of the wells with sonic logs in
La Cira Norte are logged in their bottom part within the lower portion of Zone B and the
upper part of Zone C. Therefore, the interpretation is focused only on the parts of the
reservoir where sonic logs are available. Another limiting factor is the fact that sonic logs
must be matched with the adjacent seismic traces. Sometimes this match is impossible to
achieve. Therefore, it is necessary to decide which information is more reliable: seismic
or sonic data. Seismic data was selected as most reliable. As a result, the wells where it is
impossible to achieve a good match with seismic traces were discarded. Four main
assumptions were made when creating velocity/impedance volumes:

* A sonic tool is most likely to record velocities in a zone that has some mud filtrate
invasion. On the other hand, a far-resistivity tool allows us to estimate saturation in the
virgin formation. In the case, resistivity data are not available in the invaded zone.
Therefore, the first assumption (which is partly incorrect) is that the sonic and resistivity
tools give us information about the same volume of the rock.

* The wells in La Cira Norte were logged some time before the seismic survey was
conducted. During this period of time changes in reservoir fluid distribution due to
production were likely to occur. In general, seismic and sonic data sample, rocks with
different fluids. Therefore, the second assumption, which is also partly incorrect, is that
the sonic and seismic data describe rocks with the same pore fluid.

* In this inversion it is assumed that all traces are from normal incidence waves. By
so doing the AVO effects related to fluid and lithology changes between layers are
neglected.

* Finally, in the wells with sonic logs, density logs are not available, and the direct
calculation of impedance in these wells is not possible. Therefore, the third assumption is

that the bulk density can be calculated from sonic velocity using Gardner's equation:

RHOB (g/em3) = 1.741 7,025 (kmy/s). (3.33)
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Stratigraphic Interpretation

The basic geological assumption made in the seismic interpretation is that seismic
reflections follow chronostratigraphic depositional surfaces (Vail et al., 1977). This
assumption means that if a continuous seismic reflector is picked over the entire La Cira
Norte area, a permanent depositional time or depositional strata surface is defined.

One areally continuous seismic marker identified as B4 was selected. This marker is
located in the top of a major fining-up cycle between the operational Zones B and C
(Figure 3.34). Now, the structural component is removed from the sedimentary sequence,
flattening the 3-D velocity volume relative to the B4 marker or reference strata surface.
Consecutive strata slices starting below B4 (B4 plus 140 ms) and ending in the datum
marker B4, show the evolution from a braided stream channels system at the base to a
meandering fluvial channels system at the top. Straight channels are clearly delineated at
the base of the sequence (Figure 3.35), whereas complex meander deposits are described
at the upper level of the C sands (Figure 3.36). Yellow color here corresponds to low
velocity (sands) and green color is for high velocity (shales). This seismic interpretation
of the reservoir architecture agrees with local (Laverde, 1996) and regional stratigraphy
studies (ICP-ECP, 1996).

These recent sequence stratigraphy analyses, based on the description of La Cira-
Infantas cores and outcrop data, indicate that depositional facies of La Cira-Infantas
Tertiary rocks are associated with fluvial channel systems. Zones A and B represent
mixed load channels or meandering systems, in contrast with Zone C, which was

deposited as bed load channels or braided stream systems.

3.6 Reservoir Quality from Seismic Data

Reservoir quality of a rock is defined by its porosity and permeability. The spatial
distribution of the reservoir is one of the main uncertainties in hydrocarbon exploration
and production. 3-D seismology is the most efficient tool to study reservoir
heterogeneities and the reservoir quality at the interwell and field scale. In order to
predict the reservoir quality from seismic data in La Cira-Infantas, initially a small
volume of seismic surface data was converted into a volume of the reservoir’s elastic

properties in Section 3.5.3.
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Figure 3.35: Inversion velocity on a strata slice in the vicinity of B4 plus 100 ms. A
straight channel is clearly delineated east of well LC-1780.

The La Cira-Infantas rock physics model developed in Section 3.4 relates the elastic
reservoir properties to porosity, mineralogy, pore fluid, and differential pressure, using
the stratigraphic framework as a constraint. The model implies that velocity and acoustic
impedance are reliable reservoir quality discriminators. Specifically, high velocity and
impedance correspond to shales whereas low velocity and acoustic impedance indicate
high-quality sands.

That section also shows that rock quality in the diagenetically simple reservoirs of La
Cira-Infantas can be related to environmentally restricted depositional parameters, such
as rock texture and framework composition. The rock physics model established in
section 3.4 will serve as the basis for interpreting seismic data for reservoir quality and

the presence of hydrocarbons in the high-resolution stratigraphic cycles (Chapter 4).
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Figure 3.36: Inversion velocity on a strata slice in the vicinity of B4 plus 35 ms. A
meandering fluvial channels system is visible.

3.6.1 Summary of Effects on Reservoir Quality and Elastic Properties

Section 3.3 illustrates the different physical and geological variables that influence
both reservoir quality and elastic properties. Because a good correlation exists between
porosity and permeability for the loosely consolidated sandstones in La Cira-Infantas
(Figure 3.29), predicting reservoir quality is straightforward. Sandstones that exhibit high
porosity exhibit high permeability. Once porosity values are established, it will be
uncomplicated to estimate permeability in La Cira-Infantas. Using multiple and
schematic cross-plots, where the rock elastic property is plotted versus reservoir quality,
the effects of the main variables that affect reservoir quality and elastic properties in La

Cira-Infantas rocks are summarized as follows.
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The necessary relations between acoustic impedance and reservoir properties were
determined from well log and core data where all rock attributes are measured at the
same time on the same rock sample (Section 3.4). These relations were rationalized and
explained by effective-medium models. The key to obtaining such models is consistency
between the reservoir’s sedimentological characteristics (e.g., texture and composition),

well log data (e.g., GR), and core analysis (e.g., porosity and velocity).
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Figure 3.37: Effect of sorting and grain size on acoustic impedance and reservoir quality.

Figure 3.37 illustrates the effect of textural sorting and grain size. If the rock
framework is mechanically stable, well-sorted clastic rocks with a simple diagenesis will
exhibit better reservoir properties and lower elastic velocities than poorly-sorted clastic
rocks. Similarly, very fine grain rocks will show low reservoir quality and high velocity
and impedance. In contrast, fine and medium grain sands show high reservoir quality and
low velocity and impedance (Section 3.3).

Laboratory experiments and field data also show a velocity increase that pairs with a
reservoir quality reduction when rocks are poorly sorted. In this particular situation, the

deterioration of grain sorting results in a more efficient packing thus causing the rock
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matrix to stiffen, the velocity or acoustic impedance to increase, and the reservoir quality

to decrease (Figure 3.38).
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Figure 3.38: Effect of grain packing on acoustic impedance and reservoir quality.

Reservoir quality is not an exclusive function of rock texture. Composition and the
relative content of detrital mineral components in clastic rocks also play an important role
in the mechanisms of reservoir quality reduction, such as mechanical compaction. Figure
3.39 shows the effect of rigid grain content. Sandstones with a high content of
mechanically-rigid grains are most likely to preserve high porosities and permeabilities
after mechanical compaction, thus causing the rock matrix to soften, the velocity or
acoustic impedance to decrease, and the reservoir quality to increase.

The combined effect of sorting and composition is illustrated in Figure 3.40. The plot
shows schematically the typical trends under compaction of two clastic rocks at the low
stage of textural maturity. As previously illustrated, the rigid framework is very stable

and minorly reduces the reservoir quality (green arrow).
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Figure 3.39: Effect of rigid grain content on acoustic impedance and reservoir quality.
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Figure 3.40: Combined effect of texture and composition on acoustic impedance and
reservoir quality.
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Figure 3.41: Clay mineral and effective pressure effects on acoustic impedance and
reservoir quality.

In contrast, the presence of ductile grains reduces the stability of the framework,
increases the compaction rate, and drastically reduces the reservoir quality (blue arrow).
Existing velocity-porosity models, laboratory, and field data show that an increase in clay
content decreases the sandstone’s velocity, impedance, and its reservoir quality.
Similarly, an increase in effective pressure reduces the reservoir quality and increases the

sandstone’s velocity and impedance (Figure 3.41).

Type of Deposit Mapping

River systems can be classified as high-bedload (gravel), bedload (gravel and sand),
mixed-load (fine-sand), and suspended-load (Orton and Reading, 1993; Emery and
Myers, 1996). These river systems can be mapped and directly related to the quality of

the reservoirs, using the acoustic impedance volume and the rock physics relationships
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developed in Section 3.3. Suspended load deposits, associated with very fine grain rocks,
show very low reservoir quality and very high velocity and impedance. Mixed-load
deposits, associated with fine sands, show moderate porosity and velocity and impedance.
In contrast, bedload deposits, associated with medium and coarse sandstones indicate

high reservoir quality and low velocity and impedance (Figure 3.42).
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Figure 3.42: Relationship between the type of fluvial deposit, reservoir quality, and
acoustic impedance.

Flow Unit Mapping

Reservoir geologists and hydrologists have recognized the necessity of characterizing
geological and petrophysical units to formalize their descriptions of rock strata as storage
containers and pathways for fluid flow. Maxey (1964) proposed the inclusion of the term
hydrostratigraphic unit into the Code of Stratigraphic Nomenclature to satisfy this need.

Other designations that have been introduced include reservoir facies (Lansgton and
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Chin, 1968), reservoir unit (Pettijohn et al., 1973), flow units (Hearns et al., 1984;
Ebanks, 1987), and lithohydraulic unit (Krause et al., 1987). Hearns et al., (1984) were
the first to use the term flow unit, defined as "a reservoir zone that is continuous laterally
and vertically, and has similar permeability, porosity and bedding characteristics."

A few years later, the flow unit concept was formalized and presented by Ebanks
(1987) and was slightly modified again by Ebanks et al. (1993). They define the flow unit
as "a mappable portion of the total reservoir within which geological and petrophysical
properties that affect the flow of fluids are consistent and predictably different from the
properties of other reservoir rock volume". Moreover, Ebanks et al. (1993) characterize
the flow unit as a specific volume of a reservoir, which is composed of one or more
reservoir-quality lithologies and any nonreservoir-quality rock types within that same
volume, as well as the fluids they contain. A flow unit is recognizable on wireline logs,
and correlative and mappable at the interwell scale. It may be in communication with
other flow units.

Reservoir engineers usually have serious problems in their numerical models for
simulating reservoir behavior, including geological heterogeneities. Zonation of a
reservoir into several flow units is a solid approach for modeling and predicting
performance. This permits more quantitative delineation and mapping of the components
of the reservoir sequence that are most significant to reservoir behavior.

This approach generates a realistic framework for constructing reservoir simulation
models, and is thus an objective reservoir zonation to be used in numerical simulation of
reservoir performance (Weber et al., 1990; Hearns et al., 1984). A number of field studies
have used the flow unit or a similar concept (Sneider et al., 1977; Hearns et al., 1984;
Krause et al., 1987; Rodriguez, 1988; Slatt and Hopkins, 1990; Montgomery, 1991;
Hamlin, et al., 1995). However, most of these approaches are strictly qualitative, based
on subjective predictions of lithofacies or depositional environments.

The qualitative seismic mapping of the reservoir flow units is possible for fluvial
loosely consolidated sandstones, based on the good relationships between acoustic
impedance, reservoir quality, and flow unit discriminators (porosity and permeability).

Seals, associated with very fine grain rocks, show very low reservoir quality and very
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high velocity and impedance. Baffles, associated with fine sands, show moderate
reservoir quality, velocity, and impedance.

In contrast, the flow units classified as speed zones, related to medium and coarse
grained sandstones, show high reservoir quality, and low velocity and impedance (Figure
3.43). Moreover, a seismic physical attribute, in principle, can be converted into a volume
of flow units, if the elastic properties are related and integrated with the borehole-
restricted and quantitative approaches used by petrophysicists, such as Flow Zone

Indicator (Amafule et al., 1993) and Winland's equation (Gunter et al., 1997).
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Figure 3.43: Relationship between the type of flow unit, reservoir quality, and acoustic
impedance. Flow unit terminology from Gunter et al. (1997).
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Reservoir Quality Prediction

Figure 3.44 shows strata slices of (a) reflection amplitude and (b) P-wave impedance.
The images are based on the high-quality 3-D surface seismic data obtained at the
northern part of La Cira-Infantas, or La Cira Norte. The impedance are from seismic
inversion (Figure 3.36). The two-color impedance display clearly shows low-impedance
channel sands (yellow) encased in high-impedance shaly flood plain (green).

P-wave impedance can confidently relate to the reservoir quality because my rock-
physics analysis of the Tertiary fluvial deposits in La Cira-Infantas show that high
velocity and acoustic impedance correspond to shaly intervals and low velocity and
acoustic impedance correspond to clean sands.

The model developed here can be used to quantitatively relate the impedance to
porosity. The seismically generated porosity volume will have a vertical resolution of
tens of meters. The reliability of identifying hydrocarbons in situ will increase if the
shear-wave data (offset reflectivity or elastic impedance) are available (Chapter 4).

In summary, using impedance (both acoustic and elastic) inversion results appears to
be crucial for reservoir characterization because the rock physics transformations
between velocity, porosity, and mineralogy cannot be immediately applied to the
reflection data. At the same time, they can be directly applied to impedance inversion
data for interpreting these data in terms of reservoir quality, i.e., porosity and clay
content. Moreover, the porosity-permeability transformation shown in Figure 3.29 allows
one to estimate permeability from impedance inversion.

There are several assumptions embed in the seismic interpretation process that
introduces uncertainty to the estimates of reservoir quality. Because the integrated
approach proposed in this study is based on solid geological and physical concepts there
is some reduction in the degree of this uncertainty. However, there are important
assumptions associated with the manipulation (acquisition, processing, and inversion) of
the seismic data, and the integration of diverse datasets from different scales and origins,

that remain in the interpretation process and add uncertainty to the final predictions.
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Figure 3.44 (a): Conventional amplitude display on a strata slice in the vicinity of marker

B4 plus 35 ms.
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Figure 3.44 (b): P-wave impedance display on a strata slice in the vicinity of marker B4
plus 35 ms. Yellow color corresponds to low-impedance velocity sands and green

color is for high-impedance shales. A meandering fluvial channel system is visible.
The 2-color display is used to enhance the visibility of the depositional features.
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The general procedure to seismically predict the reservoir quality is summarized in
Figure 3.45. If the target area is under exploratory and appraisal activities, where the
principal reservoir information comes from a few wells and a seismic volume, the
application of the geology-constrained rock physics approach proposed in this chapter
can provide important diagnostic estimates of the reservoir quality. These estimates
include sedimentary trends, rock types, flow units, and rock properties at relatively low
vertical resolution (seismic scale). On the other hand, if the target area is under
development, the relevant reservoir information comes from seismic data and several
wells, and estimates of the reservoir quality at high-vertical resolution can be obtain with
the inclusion of geostatistics in the proposed approach.

Geostatistics is a useful tool to quantify and model spatial variability, including scales
of heterogeneities and direction within the datasets (Chambers et al., 2000). The principal
role of geostatistical techniques to improve the reservoir quality prediction rest in data
integration, mix diverse information accounting for uncertainty, and reassign such
uncertainty into the final forecast (Journel, 1994). Geostatistical techniques such as
stochastic simulation constrained by seismic data can provide detailed reservoir models at

the required scale for reservoir simulation studies (Helgesen et al., 2000).
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Figure 3.45: General procedure for seismic reservoir quality prediction.
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3.7 Conclusions

Meaningful rock physics relations can be determined if subsets of log and core data
are constrained by a sequence stratigraphy framework. These relations can be rationalized
and explained by effective-medium models. The key to obtaining such models is
consistency between reservoir sedimentological characteristics, well log data, and core
analysis.

By analyzing well logs and core data, a governing effective-medium-based rock
physics model was determined. Rock physics analysis and modeling in Tertiary fluvial
deposit shows that velocity and acoustic impedance are reliable reservoir quality
discriminators. High velocity and acoustic impedance correspond to shales while low
velocity and acoustic impedance indicate high-quality sandstone reservoirs.

The principal distinction between shaly zones and sandy zones in La Cira-Infantas is
porosity rather than clay content. Shaly zones are made out of silt and therefore have low
porosity and very low permeability. By analyzing the inversion-velocity strata slices
obtained from 3-D surface seismic data in the La Cira-Infantas oil field, it is possible to
describe the geometry of productive sandy intervals and water-saturated shaly zones.

The general importance of the rock physics modeling is that it goes beyond pure
statistical correlation, and therefore allows for generalizing the observed trends and
applying them with confidence to the entire field. The new set of relationships for fluvial
rocks in La Cira-Infantas is the essential rock physics framework to create pseudo-logs,
and to predict and to map rock properties, such as lithology, porosity, and porosity-
related properties (permeability, pore fluids, etc.) using seismic data.

Rock physics and stratigraphy-based interpretation of P-wave seismic data is a
promising methodology for the detection of depleted, bypassed, and untapped reservoirs
and deeper pools in mature fields such as La Cira-Infantas. This approach can be applied

to other fields of a similar geological setting.
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Appendix 1  Effective Medium Models for Granular Composites

Contact Cement Model. The Dvorkin and Nur (1996) model assumes that the

composite is built from the original pack of identical spherical grains at critical porosity
(36-40%). Porosity then decreases due to the uniform deposition of cement on the surface

of every grain (Figure Al).
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Figure Al: Contact cement model. Porosity decreases from the critical porosity value due
to cement deposition around grains. This diagenetic process results in a strong
velocity increase.

The effective bulk (K,,,) and shear (G,,, ) moduli of dry rock are:

n 3 3
Kdry = g(l - ¢c )McSn’ Gdry = ngry +2—0 n(l - ¢c )GcSz" (Al)

where 7 is the coordination number which is the average number of contacts per grain (n

=6-9); ¢. is the critical porosity; G, is the shear modulus of the cement; K is the bulk

modulus; and M, = K, +4G, / 3 is the M-modulus of the cement. S, and S, are:
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where K and G, are the bulk and shear moduli of the grain material, respectively.

This model can accurately predict velocity in many cemented sands (Figure A2).

T T T T T
Quartz Grains .
o © Quartz Cement

40

Quartz Grains
Clay Cement

Y Very Clean Sand
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Figure A2: Example of adjusting cementation model to a lab data set. By changing the

properties of cement, we can match the very clean sandstone data and the data from
sandstones with more shale.

Constant Cement Model. In this model (Asveth et al., 2000), the composite is based

on the pack of identical spherical grains at critical porosity. Porosity then decreases to
some "cemented porosity" due to the uniform deposition of cement on the surface of

every grain. Finally, porosity decreases due to the deposition of cement away from grain

contacts.
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At the cemented porosity, the dry-rock moduli are calculated from the contact-cement
theory. For smaller porosities, the cemented porosity point is connected with the solid-

phase modulus at zero porosity. This solid-phase modulus is that of the mixture of 1 — ¢,
(one minus critical porosity) fraction of grains and ¢ (critical porosity) fraction of

cement. These two points are connected in the lower Hashin-Shtrikman fashion (Figure
A3).

The effective bulk (K, ) and shear (G,,, ) moduli of dry rock are:

0/ ¢, . _1-91 ¢,

= 1 —4G,1 3,
w (K +4G,/ 3 K.+4G/3) ’
. (¢/¢b — ¢/ ¢b)_ ;= G, 9K, +3G, .
G4z Gtz 6 K,+2G,

. (A.3)
Ky =5 1= 0K, + 0K +( K¢’ L))

c

G, =311-0)G,+ .G, + (=2 + L)

s

where K, and G, are the dry-rock bulk and shear moduli, respectively, calculated from

the contact cement model at ¢ = ¢, (see Contact Cement Model in previous section).
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Figure A3: Constant cement model.

This model accurately predicts velocity in many reservoirs (Figure A4).
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Figure A4: Constant cement model applied to North Sea well log data.

Unconsolidated Sand Model. In this model, Dvorkin and Nur (1996) assume that the

composite is based on the pack of identical spherical grains at critical porosity, then
porosity decreases due to the deposition of cement away from grain contacts. At critical
porosity, the elastic moduli of the dry frame are calculated versus effective pressure from
the Hertz-Mindlin equations. For smaller porosities, the critical porosity point is
connected with the solid-phase modulus at 0% porosity in the lower Hashin-Shtrikman
fashion (Figure AS5).

The effective bulk (K,,, ) and shear (G,,, ) moduli of dry rock are:

019 1-0] ¢ . 4,

dry :[ 4 4 HM?

Gdry :[ ¢/ ¢c +1_¢/ ¢c]—1_z, Z_GHM(9KHM+8GHM];
K, +2G,,

(A4)

Gtz Gi+z 6

where
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and K, and G are the bulk and shear moduli of the solid phase, respectively, given in

Equation A.3. This model successfully mimics many in-situ data (Figure A6).
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Figure A5: Unconsolidated sand model.
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Figure A6: Unconsolidated sand model applied to North Sea well log data.
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Chapter 4

Bypassed Oil Identification and Reservoir
Monitoring Using Open- and Cased-hole
Sonic Logging, La Cira-Infantas QOil Field

4.1 Abstract

This chapter presents a rock physics model for identifying the quality of rock and
pore fluid in a cased hole from dipole sonic data, as well as for monitoring temporal
changes in the reservoir from repeated compressional wave data in the well. I use a
theoretical rock physics model that links porosity, lithology, pressure, and pore fluid to
the elastic rock properties in fluvial reservoirs in La Cira-Infantas oil field (Colombia) to
interpret compressional- and shear-wave log data in a cased hole. By analyzing the Vp/Vs
ratio from multi-pole velocity logs, it is possible to differentiate between
nonhydrocarbon- and hydrocarbon-bearing sands.

These theoretical results are consistent with Vp/Vs empirical relations. Theoretical
modeling has an advantage over empirical relations because it is based on sound physical
principles and as such can be generalized and fine-tuned to a site-specific geological
situation. It is straightforward to forward model porosity, lithology, pressure, and pore-
fluid effect on Vp/Vs using a theoretical model as opposed to empirical models.

The model predictions are also consistent with time-lapse sonic log data where the P-
wave velocity shows a drop in the intervals open for production. This effect is most
likely associated with free gas coming out of solution. The Vp/Vs ratio, as calculated
from multi-pole sonic logs, is a promising indicator for delineating bypassed oil behind

the casing and pay intervals. It can also be used for reservoir depletion monitoring.
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4.2 Introduction

4.2.1 Research motivation

La Cira-Infantas oil field (LCI) is located in the Middle Magdalena Valley Basin,
Colombia. The estimated oil originally in place was 3700 million barrels (MMBO).
After the drilling of more than 1703 wells, the cumulative production is only 724
MMBO. About 55% of total number of wells drilled in the giant LCI have no electric
logs since they were drilled before the development of borehole logging (Taborda, 1965).
Dickey (1992), who was the chief geologist in LCI during the 1930’s, wrote the
following about the effect of the lack of logging tools: “Before electric logging it was
impossible to see where the individual pay sands were by examination of the cuttings.
Consequently, many sands were shut off behind pipe”. In mature oil fields like LCI, the
possible reserve increment from the re-evaluation of existing wells to detect bypassed oil
intervals can be economically and technically feasible. Well recompletions guided by
new cased-hole logging are economically attractive due to the high probability of adding
new oil with a moderate capital investment.

Modern nuclear logs are the main tools in detecting bypassed oil behind the casing
and reservoir monitoring, however their effectiveness is limited drastically by borehole
and reservoir conditions. Cased-hole acoustic techniques have been developed during the
last few years and serve as reliable alternatives to nuclear tools. New rock physics models
are needed to accurately interpret these modern acoustic data. This chapter presents a
rock physics model and its application for identifying the quality of rock and pore fluid in
a cased hole from dipole sonic data, as well as for monitoring temporal changes in the

LClI reservoirs from repeated compressional wave data in the well.

4.2.2 Cased-hole logging for detecting bypassed oil

Diverse cased-hole logging technologies have been used for evaluating reservoir
properties behind the casing (Smolen, 1987, 1996). Several applications based on cased-
hole logging have been reported, including the evaluation of porosity, lithology, and
hydrocarbon saturation. Cased-hole logs play a particularly important role in detecting

and evaluating bypassed hydrocarbon intervals. Logging techniques varying from

137



Chapter 4 — Bypassed Oil Identification and Reservoir Monitoring

borehole gravimeter (Rasmussen, 1975; Gournay, 1982) and conventional gamma-ray
logs (King and Bradley, 1977) to advanced nuclear tools have been applied successfully
to identified bypassed reserves.

Modern nuclear tools, such as pulsed neutron capture (PNC), pulsed neutron spectral
(PNS), and the high-resolution gamma ray spectroscopy, are the primary logs in detecting
bypassed oil behind the casing (Felder, 1988; Westaway et al., 1981). The applicable
results of these tools are only trustworthy in particular borehole and reservoir conditions.
Their cased-hole log responses are strongly affected by several borehole environmental
factors, their limited depth of investigation, and reservoir characteristics such as
shaliness, radioactive zones, low porosity, brine salinity, and complex lithology (Felder,
1988). During the last decade a cased-hole acoustic technique has been developed and
serves as a reliable alternative to the nuclear tools for detecting oil behind the pipe: full-

waveform sonic logging.

4.2.3 Full-waveform sonic logging

Since the 1950’s, the original applications of acoustic logging were based on the idea
of measuring formation compressional velocity using monopole-based technology. In the
early 1990’s, a modern generation of commercial multi-pole sonic tools became available
(Harrison et al., 1990; Chen and Eriksen, 1991; Nieto and Cowper, 1991), and full-
waveform logs can now be obtained by recording the complete pressure signal at each
receiver downhole for every source pulse (Paillet and Cheng, 1991).

The processing of these recorded acoustic waveforms provides formation velocities,
such as compressional, shear, and Stoneley propagation velocities. These velocities can
be applied to estimate geomechanical properties in situ (Paillet et al., 1992) and
formation properties, such as lithology, porosity, fluid content, and permeability (Hornby,
et al., 1992). In addition, they can be use for fracture detection and AVO calibration
(Schlumberger, 1995).

Improved acquisition and processing methods have made the recording of formation
acoustic data feasible in open and cased holes (Tubman et al., 1984; Bettis et al., 1987).
These tools usually use long source-receiver separation, multiple receivers, and lower

frequency sources. Compressional wave velocities are usually determined from monopole
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waveforms and shear wave velocities are determined from dipole or quadrupole
waveforms (Schlumberger, 1990; Chen and Eriksen, 1991).

During the last decade several workers have published case histories illustrating the
successful use of different full-waveform acoustic commercial tools for detecting
hydrocarbons behind the casing (Kessler and Sanders, 1989; Georgi et al., 1991; Sanders,
1993; Brie et al., 1995; Yan et al., 1995; Moos et al., 1995a; Moos et al., 1995b; Moos
and Dvorkin, 1996; Moos, 1997; Moos and Walker, 1997; Schiuma et al., 1997).
However, the successful application of this acoustic tool is not always guaranteed, for
cased-hole shear wave logging is very troublesome in some areas because borehole

conditions and the similarity of the dipole mode and the Stoneley wave (Walker, 1997).

4.2.4 Data and methodology

The siliciclastic reservoirs in LCI are rocks from the Colorado Formation (Zone A)
and Mugrosa Formation (Zone B and C). The production of hydrocarbons comes from
loosely consolidated Tertiary sands. The reservoir rocks are fine to medium grained,
subarkosic, and sometimes shaly sandstones (Figure 4.1).

The average porosity is 21% in Zone A, 20% in Zone B, and 23% in Zone C.
Permeability may be as high as 1500 mD (Mesa, 1995; Dickey, 1992). High-resolution
sequence stratigraphic analyses (Laverde, 1996) indicate that the depositional facies of La
Cira-Infantas Tertiary rocks are associated with fluvial channel systems. Zones A and B
represent mixed load channels or meandering systems, in contrast with Zone C, which
was deposited as bed load channels or braided stream systems (Figure 4.1).

In this study is analyzed the relationship between the acoustic properties and oil
saturation in Zone C and the La Cira Sands interval, the latter being a secondary member
of Zone B. A set of data from well LC-1882 was selected to carry out this task (Figure
4.2). LC-1882 was completed in Zone C and a set of open-hole well logs, including a
monopole sonic log, was collected in 1988. Seven years later, Zone C was closed, new
cased-hole monopole and dipole sonic logs were recorded, and a new upper interval (La
Cira Sands) was open for production.

This chapter presents a comparison between the open (1988) and cased-hole (1995)

monopole sonic measurements, and the results of the application of the monopole and
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dipole sonic logs to detecting hydrocarbons behind casing in LCI fluvial reservoirs. The
commercial sonic tool used by the oil field operator in 1995 was a Dipole Shear Sonic
Imager (DSI) from Schlumberger. The DSI tool integrates dipole- and monopole-based
technology into one assemblage, providing compressional, shear, and Stoneley velocities
(Schlumberger, 1990; Harrison et al., 1990). Figure 4.3 shows the DSI tool, which is a
multi-receiver instrument with a linear array of eight receiver stations, two dipole

transmitters, and a monopole transmitter (Schlumberger, 1990).

Vshale

_g Ox-bow
Channel Levée abandoned meander

Zone [—————

Sa—

— Meandering Fluvial Channels Systems

Depth (kft)

2.6 _—
— Sand deposition in
o ———— active braided

2.8

C Zone

_‘% Braided Fluvial Channels Systems

Figure 4.1: Well LC-1882. Productive Zone B (La Cira Sands Zone) represents a
meandering system, in contrast with Zone C, which was deposited as a braided
stream system (Block diagrams adapted from Selley, 1996).

4.3 Pore Fluid Effect

The detection of bypassed oil and the reservoir monitoring using cased- and open-

hole sonic logs is based on the strong influence of oil or water on the bulk modulus and
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compressional wave velocity (Vp) and the negligible influence on the shear modulus and
transverse wave velocity (Vs). Vp/Vs ratio values for oil and water-saturated porous
rocks are usually much higher than for gas-saturated rocks. In addition, oil-bearing rocks
generally exhibit a lower bulk modulus and density than water-bearing rocks. Therefore,
when Vp and Vs are know from field measurements, as in the LCI case where sonic log
measurements are available, the Vp/Vs ratio value can be use as a detector of the oil
saturation in the reservoir rocks (Nur and Wang, 1988).

This effect is the basis of applying empirical Vp/Vs relations of Castagna et al. (1985
and 1993), Han (1986), and Williams (1990) to separating water-saturated from
hydrocarbon-saturated rocks in the acoustic velocity domain. These empirical relations
are statistical fits to well log and lab data for water-saturated shales and sands. The
approach presented here is based on effective-medium modeling, which allows one to
directly predict the effect of different pore fluids as well as porosity and mineralogy on

the elastic rock properties.

Figure 4.2: Base map of the La Cira-Infantas oil field showing the location of oil wells,
surface geology, and the full-fold migrated area of the seismic survey. Note the
location of well LC-1882.
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Figure 4.3: Schematic of the Dipole Shear Sonic Imager (DSI) tool (Schlumberger,
1990).

The uncemented sand model of Dvorkin and Nur (Appendix A, Chapter 3; Mavko et
al., 1998) was selected for studying the pore-fluid effect in LCI reservoir rocks, based on
the fact that the sands under examination are loosely consolidated. The model correlates
the elastic reservoir properties to porosity, mineralogy, pore fluid, and differential
pressure.

This model is an effective medium approach that connects two end-points in the
elastic-moduli-porosity plane. One end-point is at zero porosity where the elastic moduli
of the rock are those of the solid phase. The other is at the critical porosity (about 40%)
where the sand is modeled as a pack of elastic spheres. The model assumes that porosity
reduces from the initial grain-pack value due to the deposition of solid particles away
from grain contacts. These non-contact solid particles softly affects the compressibility of
the rock. The pressure dependence is introduced through the elastic moduli of the dry
frame at the critical porosity, according to the Hertz-Mindlin elastic sphere contact

model.
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The LCI rock physics model can be used to identify hydrocarbons in situ when both
P- and S-wave data are available. Figure 4.4 indicates a cross-plot of Vp versus Vs for
dipole sonic data for the rock interval between 787.75 m and 799 m of depth in well LC-
1882. The solid-phase moduli and density values used in the model correspond to a
mixture of 80% quartz and 20% feldspar, typical for the arkosic sands of LCI (Mesa,
1995). The fluid phase varies between water with an average salinity of 19000 ppm and
oil with an average A.P.I. gravity of 24.1 (Morales et al., 1958). The effective fluid bulk
modulus and density were calculated using the relations of Batzle and Wang (1992). The

effective pressure used in the model is 11 MPa.

Water
Well LC-1882 Interval 787.75-799 m Saturation
4500 T T 1
Shales (Williams, 1990)
2
2 0.9
4000 ° Water—bearing Sands 0.8
(Williams® 1990)
= 40.7
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> 80 %o .*
el o %
3000 | %g % 1 B Hoa
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a
2000 : ‘ 0
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Figure 4.4: Vp versus Vs for log data. The theoretical and empirical model lines are
superimposed on the plots.
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The dipole tool sampled the rock beyond the invaded zone. The model line drawn at
100% brine saturation clearly separates the water-saturated rocks from those with
hydrocarbons. The LCI model line is close to the empirical relations by Castagna et al.
(1985) and Williams (1990) that are based on well log data. These curves are slightly
different from those drawn from Han’s (1986) and Castagna et al. (1993) relations that
are based on ultrasonic laboratory velocity data. The advantage of the theoretical
treatment of the fluid detection problem is that the reservoir conditions and pore-fluid
properties can explicitly be specified that is not straightforward in empirical relations.

As previously mentioned, for a given reservoir rock the pore-filling fluid affects the
wave velocities. Gassmann theory describes the effects of uniform saturation on velocity

at low seismic frequencies (Mavko et al., 1996). Gassmann's equations are as follows:

K K
I S R 5.1)
KO _Kdry KO _K.vat ¢(KO _Kﬂ)
ludry = Il'lsat ’ (52)

where K, represents the dry rock bulk modulus, and p,,, represents the dry rock shear
modulus. K, stands for the mineral modulus, K , 1is the water-saturated rock bulk
modulus, and x,,, is the water-saturated rock shear modulus. K, is the bulk modulus of

the pore fluid and ¢ is the porosity. Figure 4.5 shows a cross-plot of Vp versus Vs for

core data from LCI at the in-situ effective pressure. The measurements were conducted
on room-dry samples and Gassmann's equation was used to calculate the velocities for
brine-, oil-, and gas-saturated rocks. Again, the model line separates the rocks with brine

from those with hydrocarbons.

4.4 Hydrocarbon Identification and Reservoir Monitoring

La Cira well 1882 was completed in Zone C with open-hole well log measurements,

including monopole sonic, collected in 1988. Seven years later, Zone C in this well was
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closed, and new cased-hole monopole and dipole sonic logs were recorded (Figure 4.6).

A new interval (La Cira Sands) above Zone C was open for production.

4500 T T
¢ Brine-saturated Rock Shales (Williams, 1990)
¢ Oil-saturated Rock S
e Dry Rock
4000 Water-bearing Sands T
(Williams, 1990)
1 Shaly Sands
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Figure 4.5: Vp versus Vs for core data. The theoretical and empirical model lines are
superimposed on the plots.

Figure 4.7 is a plot of the shale content, the Vp/Vs ratio, and Vp versus depth for
Zone C sands from the early (1988) and recent (1995) measurements. Superimposed on
the Vp/Vs track are two model curves, one for 100% water and the other for 100% oil
saturation. The intervals where the data Vp/Vs curve falls between the two model curves
correspond to the completed hydrocarbon-bearing intervals from which oil was produced
between 1988 and 1995. In this context, the model can be used for hydrocarbon
identification.

In the Vp track, a drop in the velocity is observed between the years 1988 and 1995.

The observed difference, and, in general, small velocity values, also tie in well with the
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intervals open for production. The observed large Vp decrease in some intervals is most
likely due to the addition of free gas to the original fluid system as the reservoir pressure
falls below the bubble point. Notice that the intervals with free gas correspond to those

where the 1995 Vp/Vs data fall below the 100% oil saturation curve.

— Oil (bbls/d)
160  ——— Water (bbls/d) .
— Gas (sct/d)
Production
120 p from —m—m—m» J
&; C zone
=2 Production
g from
S g0l 1988 La Cira Sands\ -
% Monopole
E Acquisition Y
1995 [r—
Monopole and Dipole

40 | Acquisition

89 90 91 92 93 94 95 96
Year

Figure 4.6: Production rate versus time for well LC-1882. Large increase in production in
1995 is due to the opening of the La Cira Sands interval.

The same hydrocarbon indicator technique is applied to the La Cira Sands interval
that was closed to production (Figure 4.8). As expected, the repeated Vp data show no
temporal changes. At the same time, the Vp/Vs ratio clearly delineates (by falling
between the two model lines) the intervals that were chosen for completion
independently, based on the open-hole resistivity data (see water saturation in the first
frame of Figure 4.8). The large production rate increase shown in Figure 4.6 after 1995 is

due to production from these intervals.
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Figure 4.7: Well LC-1882, Zone C. Interval opens to production. (a) Shale volume versus
depth with bars indicating open intervals. (b) Vp/Vs ratio versus depth. The green

and blue curves are model curves for 100% oil and 100% brine saturation,
respectively. The black curve is from 1995 data. The part of the data curve that falls
below the 100% water saturation curve is shown in gray. (c¢) Vp versus depth. The
black and the red curves are for the 1988 and 1995 data, respectively.
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45 Conclusions

The results show that first-principle-based theoretical rock physics modeling can be
used to interpret P- and S-wave well log data for hydrocarbon detection behind the casing
influvial Tertiary sands. The same rock physics approach should be valid for identifying
hydrocarbonsin LCI and other fields with similar geologic setting from surface seismic if
pre-stack or offset-stack data are available. The rock physics interpretation of dipole
sonic logs appears to be a promising methodology for the detection of bypassed and
untapped ail, and pay intervals behind the casing in mature fields such as LCI.

WEell log data also show that a noticeable change in Vp can be expected in produced
intervals. Such changes, combined with rock physics interpretation can be a basis for

seismic reservoir monitoring.
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