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ABSTRACT

A MODEL FOR BACKSCATTERING ANGULAR RESPONSE OF GASSY
SEDIMENTS: APPLICATIONS TO PETROLEUM EXPLORATION AND

DEVELOPMENT PROGRAMS

by

Luciano Emidio Neves da Fonseca

University of New Hampshire, December 2001

The location and distribution of near-surface gas in continental
margins is of particular ihterest for oil exploration and development
programs. The presence of gas seepages can be evidence of the'possible
existence of subsurface hydrocarbon reservoirs. Gas is also a potential
hazard for offshore facilities, as it decreases the strength of
unconsolidated sediments increasing the risk of seafloor failures and

slumps.

Acoustic remote sensing systems such as multibeam and sidescan
sonars can be used for mapping and detection of near-surface gas in
marine sediments. These systems provide a realistic depiction of the
seafloor by means of the simultaneous acquisition of co-registered high-

resolution bathymetry and calibrated seafloor backscatter. The
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recognition of gas signatures in acoustic remote sensing data depends on
the proper modeling of the acoustic backscatter response. In this thesis,
a high frequency backscatter model that takes into account the amount
of free gas in the sediments is proposed. Inversion of this model is used
to estimate the distribution of near-surface gas in the sedimentary basin.
Additionally, analysis of backscatter images and detailed bathymetry
reveals anomalous seafloor features, which are associated with gas

expulsion.

The acoustic remote sensing data is analyzed in conjunction with
other layers of information available in the exploration region, including
a core database, structural maps, location of wells, geochemical data and
geophysical data. This analysis attempts to link anomalous acoustic
backscatter on the seafloor to sub-surface structures, a necessary step
toward the understanding of the stratigraphic or tectonic control of
seafloor seepages. New visualization techniques, which take advantage of
3D tools and GIS integration, are used to help analyze and understand

these complex relationships in a natural and intuitive manner.

Xii
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INTRODUCTION

Terrestrial hydrocarbon exploration and production has benefited
greatly from aerial photography and electromagnetic remote sensing. In
the offshore, however, where optical and electromagnetic sensors are of
limited value, we must turn to acoustic techniques to provide detailed
information on the nature of the seafloor and the subsurface. The
application of “acoustic remote sensing techniques” to problems of
hydrocarbon exploration and production is in its naissance. This thesis
explores the potential of this approach and in particular the use of high-
resolution multibeam sonar data, in combination with newly developed
analytical and visualization techniques for better understanding both the

hydrocarbon and geohazard potential of offshore regions.

The thesis begins with a brief review of the application of
traditional remote sensing techniques to terrestrial hydrocarbon problem
and then a review of the acoustic techniques used in the offshore (in this
introduction). In Chapter 1 a new model is developed for the high-
frequency backscatter angular response of gassy sediments. This model
can be used to better interpret the acoustic response of seafloor
sediments and potentially for the direct extraction of the gas-content of
near-surface sediments from acoustic data. Chapter 2 describes the

development of an approach for using both a 2-D GIS and an innovative
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interactive 3-D GIS system for analyzing the complex inter-relationships
amongst multiple geological and geophysical data sets. Finally, in
Chapter 3, both the model and the interactive GIS are used to explain
the cause of acoustic backscatter anomalies in the near-surface

sediments of a hydrocarbon rich-area off the coast of northern California.

Remote Sensing Applied to Hydrocarbon Exploration

Electromagnetic remote sensing and aerial photographs have been
used for decades as an aid for locating geologic structures that may
contain oil and natural gas. These techniques are incorporated early in
exploration programs as a reconnaissance-mapping tool for a large
region, and then used for the selection of smaller areas with lower
exploration risk. Subsequently, the selected areas are examined in detail
by applying more expensive subsurface geophysical techniques such as
seismic reflection and refraction. The central idea is to focus the more
expensive exploration techniques in regions of higher petroleum

potential.

The analysis of remote sensing data in support of petroleum
exploration is based on the spatial and spectral signatures of targets in
the images (Berry and Prost, 1999). The spatial signatures include the
geomorphology, structural arrangements, regional structural trends as
well as distribution of faults and folds. The spatial signature also

includes the texture imprinted by different surface materials on the
2
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image. On the other hand, the spectral signature reveals variations in
electromagnetic energy reflected or emitted by different materials exposed

on the land surface.

The spatial signature of a remotely sensed image shows important
elements of the geologic structural framework based on what is observed
on the surface. As exploration continues, this surface expression can be
related to subsurface structures, using additional information from
known wells or seismic lines. This analysis is essential for the
identification of structural highs such as anticlines and domes, which
are primary exploration targets. Examples of structural information that
are typically derived from remote sensing data are the dip angle of rock
layers and the surface expressions of folds. Folded structures are
recognized by the opposing dips of rock layers and by their topographic
expression. Other techniques for recognizing these structures include the
identification of atypical drainage or vegetation, irregular joint patterns,
and anomalous mineral distributions. Additionally, fracture structures
are identified as linear features on remote sensing images. This approach
has been one of the most common applications of remote sensing data,
allowing for the mapping of joints, faults and their offsets, thrusts,
rollovers, slides and other linear expressions on the surface. Besides the
structural information, remote sensing can be used to delineate

sedimentary basins and directly locate outcrops. Remote sensing images
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also serve as base maps for installations and other logistical aspects of

the hydrocarbon production process.

The proper processing and interpretation of remotely sensed
images permit the classification of surface materials and their properties.
In many cases, it is possible to discriminate lithologies and to
differentiate the surface distribution of multiple formations or rock units.
This discrimination is based on both spectral and spatial signatures.
Classification techniques based on the spectral signature of surface
materials are normally applied to multispectral remote sensing data. In
a multispectral image, each pixel is a multidimensional vector containing
the reflectance of surface materials in various spectral windows. For the
classification, each pixel is treated as a multivariate variable that is
assigned to a clustered class based on some statistical distance. For
single band remote sensing, the classification is normally based on the
spatial signature observed on the image. Different spatial signatures are
related to the distribution, to the erosional characteristics and to the
variation of the exposed material (Chavez & Gardner, 1994). These
anomalous distributions are observed as a texture pattern of a particular
target on the image. A typical example is the classification of radar

images, which rely mainly on textural differences (Miranda et al., 1997).

Remote sensing analysis is also used in the direct detection of

hydrocarbons. The detection is done though the identification of surface

4
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expressions and surface indicators of the possible presence of a
subsurface hydrocarbon reservoir (Mello et al., 1990). In accordance with
the principle of vertical migration, hydrocarbons escape from a
subsurface reservoir, leaking through an imperfect cap rock or by
reservoir spill, and then migrate upward where they may be trapped in
sediments and soil (Rice, 1985). Applying this principle, the location of
hydrocarbon seepages was one of the most successful of the early
prospecting techniques. Most of the world’s major petroleum producing
areas were first explored because of a visible seepage of oil or gas (Link,

1952).

Hydrocarbon seepages can be located in remote sensing images
though the analysis of the spectral behavior of surface targets. The
mapping is done through the identification of stressed vegetation or
through the detection of alterations on surface rocks (Oliveira and
Croésta, 1996). Some plants absorb traces of hydrocarbons present in the
soil, and consequently display abnormal spectral signatures and
variation in density. In some cases, variations in the distribution of plant
species were reported due to the presence of hydrocarbons in the soil.
Additionally, hydrocarbon seepages induce diagenetic reactions on
surface rocks. These altered rocks show different spectral behavior in a

multispectral image set (Matthew,1985).
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Remotely sensed images are also used to help understand the
tectonic control of seafloor seepages, since zones of faults and fractures
often delineate areas of higher fluid escape (Mello et al., 1990). With
these images, it is possible to define regional structural trends and thus
determine where the application of surface geochemical techniques
would be most successful in evaluating the regional hydrocarbon
potential. The combining of remote sensing and surface geochemistry can
be applied to exploration of large areas at a fraction of the cost compared

to conventional techniques.

Moving Towards Deep-Water Exploration

In recent years, hydrocarbon exploration has moved offshore to
deep-water targets where there is still a great potential for finding new oil
reserves. In these marine regions, a detailed depiction of the offshore
seabed morphology and geology is essential for oil exploration and
mining. The same level of detail is required for underwater engineering
applications such pipeline laying, cable routing, platform siting, etc. In
addition, with the U.N. Law of the Sea Act, which confers sovereign rights
in the exclusive economic zones, (and potentially beyond) this detailed
depiction of the seafloor will become extremely important for the

economy of the majority of coastal nations.

An approach similar to terrestrial remote sensing exploration is

essential for the study of the new vast and unknown offshore prospecting
6
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areas. Unfortunately, the conventional electromagnetic remote sensing
approaches discussed above are inadequate for underwater exploration
(Joseph et al., 1997). Water absorbs electromagnetic energy very rapidly
due to its strong conductivity and dissipative characteristics, limiting the
use of electromagnetic remote sensing to very shallow water. These

problems are amplified as the water becomes more saline.

Acoustic waves, which propagate as mechanical vibrations,
however, are more pertinent to underwater exploration. Acoustic
methods in the form of conventional single beam echo sounders and
seismic profilers have been used for some time. These two methods were
the principal source for earlier seafloor mapping data (Tyce, 1986).
Single beam echo sounders use an acoustic transmitter and receiver
(transducer) to measure the two-way travel time of a sonar signal to the
seafloor; the depth can be derived from the two-way travel time if the
sound speed profile of the area is known. In addition to basic
measurements of two-way travel time, the intensity of the echo that
returns to the transducer (backscatter) and sometimes the complete
waveform of the returning signal are also recorded. The shape of the
waveform, the backscatter and the two-way travel time can be used to
determine some of the physical characteristics of the seafloor (Djikstra,

1990).
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