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ABSTRACT

Optimal hydrocarbon recovery from microbialite-oolite reservoirs can be limited
by complex facies geometries and porosity distribution. This study integrates ground-
penetrating radar (GPR) and detailed outcrop data for 3D mapping of porosity
distribution and stratigraphic architecture within Upper Miocene microbialite-oolite
sequences (Terminal Carbonate Complex) of southeastern Spain.

Twenty kilometers of 2D and 3D GPR data of differing frequencies (25, 50, and
100 MHz) were acquired throughout the survey site, an area approximately 400 m x 300
m. Two-dimensional GPR profiles were collected along a grid covering the entire survey
area, allowing imaging of depositional and diagenetic variability over a broad area. Two
densely spaced 3D grids allow further detailed characterization and comparison of
paleotopographic high and low areas.

Results of this study illustrate that GPR can image stratigraphic features such as
sequence boundaries and tight thrombolite bodies. Reflections are primarily influenced
by porosity variations within the strata. Three of the GPR facies, recognized on the basis
of reflection signatures (strong, weak, or no internal reflections), are linked
predominantly to porosity variations in facies. Each GPR facies has been identified and
delineated in each frequency data set. GPR facies distribution illustrates a large-scale
trend of lower porosity in the updip portion of the survey area.

GPR successfully imaged some depositional features (i.e., sequence boundaries
and some thrombolites), however, in many instances, reflections correlate to variations in
porosity that vary laterally and vertically on a several-meter scale in 3D and commonly
cut across sequence boundaries. The abrupt lateral changes in GPR character are
inconsistent with their being controlled by depositional processes; instead diagenesis and
potentially fractures appear to strongly influence GPR signal. These observations indicate
that porosity characteristics in the study area are associated with both depositional and
diagenetic processes. Although GPR has traditionally been used to image stratigraphic
features, these results indicate GPR can be important for imaging diagenetic features as
well. As such, GPR can be a valuable tool for imaging porosity heterogeneity and
developing conceptual models that portray 3D variations in both stratigraphy and
porosity. Resultant insights may be important for comprehensive understanding of
porosity development and distribution in this system and subsurface carbonate reservoir
analogs.
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CHAPTER 1: INTRODUCTION

Successful exploration and production from subsurface reservoirs requires
understanding of complex facies geometries and porosity that are influenced by a
combination of depositional and diagenetic processes. Commonly, subsurface geologic
data are derived primarily from seismic reflection surveys and wells. Industry seismic
reflection surveys typically image features greater than 10 m in thickness and at least 10s
of meters across (Berkhout, 1984; Sheriff, 1997; Yilmaz, 2001), whereas wells provide
detailed information on vertical changes, but from only a small radius around the
wellbore. To complement these types of data, outcrop analog studies have facilitated
recognition of small-scale vertical and lateral changes that may not be detected in seismic
or well data, but can be important for reservoir characterization and -effective
hydrocarbon recovery. Subsurface reservoirs, however, require prediction in three-
dimensions (3D), information that commonly cannot be obtained from outcrop
investigations alone. Integration of ground-penetrating radar (GPR) and outcrop data
provides a unique opportunity to extend outcrop studies into the third dimension,
ultimately improving understanding of stratigraphic architecture and porosity
distribution. Furthermore, high-resolution data, such as GPR data obtained in this study,
can be important for understanding the nature and controls on reservoir architecture. This
is especially true for understanding reservoirs with complex stratal geometries and
diagenetic patterns that may strongly influence characteristics of reservoirs (Watney,
1980; Knight et al., 1997).

Ground-penetrating radar (GPR) has been used widely as a tool for investigating

characteristics of the shallow subsurface. Geologic applications of GPR include aquifer
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fluid-flow modeling, pollution detection and mapping, fracture detection (Grasmueck et
al., 2004), active faults and sinkhole hazard detection (Reicherter and Reiss, 2001). The
foci of geologic studies range from revealing the internal stratigraphy of ancient (Bristow
et al.,, 2007) and active dunes (Hugenholtz et al., 2007), lacustrine deltas (Stevens and
Robinson, 2007), and paleovalley fill (Hickin et al., 2007; Rother et al., 2007) to
characterization of siliciclastic (Corbeanu et al., 2001, Zeng et al., 2004) and carbonate
reservoir analogs (Pratt and Miall, 1993; Aspiron and Aigner, 2000; Grasmuek and
Weger, 2002; Dagallier et al., 2000; Aspiron et al., 2009; Jorry and Bievre, 2011). Over
the past decade, numerous GPR surveys have complemented outcrop studies (e.g. Pratt
and Miall, 1993; Franseen et al., 1997a; Martinez et al., 1998; Nielson et al., 2004; Van
den Bril et al., 2007; Jorry and Bievre, 2011) by extending stratal information beyond
outcrop faces and improving understanding of stratigraphic architecture in three-
dimensions. Although variations in porosity have been theorized to cause reflections in
some studies (Rust and Russell, 2001; Franseen et al., 2007; Van den Bril et al., 2007,
Jorry and Bievre, 2011), imaging of porosity distribution in carbonate successions
utilizing GPR has not been the primary focus of many studies.

In this context, the purpose of this study is to develop an understanding of 3D
distribution of porosity and depositional facies at several scales in a microbialite-oolite
reservoir analog (Upper Miocene Terminal Carbonate Complex, TCC; La Molata, Spain)
through the integration of multi-frequency GPR and outcrop data. The study area is ideal
for a GPR survey due to excellent exposures surrounding the entire survey area, the dry
climate of the area and the simple mineralogy of the succession. This study explores

three fundamental questions: 1) What is the nature of variability in GPR signal? 2) How
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does reflection character relate to depositional and diagenetic features? 3) Do GPR data
reveal geologic trends within each frequency and across several spatial scales?

To address these questions, twenty kilometers of GPR data of three frequencies
(25, 50, and 100 MHz) were acquired throughout a survey site (12,000 m?). Profiles
adjacent to well-exposed, near-vertical outcrops allow comparison of GPR data with
depositional facies and rock fabrics. Two-dimensional (2D) GPR profiles from a grid
(line spacing of 20 m) covering the entire survey area facilitate imaging of 3D facies
geometries and porosity distribution over a broad area. Nested within the 2D grid are two
smaller densely spaced grids with 5 m line spacing that permit further detailed
characterization and comparison of specific areas of interest.

Results illustrate that some GPR reflections correlate to depositional features such
as sequence boundaries. The majority of reflections, however, are caused by variations in
porosity that may, or may not, correspond to depositional features. Distinct GPR facies
defined on the basis of reflection signatures (strong, weak, or no internal reflections)
correlate predominantly to porosity variations within depositional facies, but most GPR
facies are not uniquely indicative of one depositional facies. In many instances, GPR
facies cut across stratigraphy, and can be related to diagenetic processes affecting
porosity. Therefore, GPR data capture porosity characteristics associated with both
depositional and diagenetic processes. As such, GPR can be a valuable tool for imaging
porosity heterogeneity in carbonate systems and developing conceptual and quantitative
models that portray variations in stratigraphy and porosity in 3D. Resultant insights may
be important for comprehensive understanding of porosity development and distribution

in this system and subsurface carbonate reservoir analogs.
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CHAPTER 2: GEOLOGIC SETTING

The western Mediterranean region was characterized by North-South (N-S)
compression that began in the Cretaceous as the African plate collided with the Iberian
plate to the North (Rehault et al., 1985). This N-S compression continued until
approximately 9 Ma (Sanz de Galdeano and Vera, 1992), when rotation of the African
plate caused a change in direction of compression to NW-SE. The change in direction of
compression led to transtensional deformation of the region, leading to formation of
strike-slip faults and pull-apart basins and extrusion of volcanics (Rehault et al., 1985;
Montadert et al., 1978; Sanz de Galdeano and Vera, 1992).

The study site is located in southeastern Spain in the Cabo de Gata region near the
coastal village of Las Negras, on the southern margin of the Almeria Basin (Figure 2.1).
A major sinistral strike-slip fault, the Carboneras Fault, lies to the northwest and
separates the Neogene volcanic basement of the Cabo de Gata region from the Mesozoic-
Paleozoic metamorphic basement of the Betic Cordillera (Lopez-Ruiz and Rodriguez-
Badiola, 1980; Montenant et al., 1987; Montenant and Ott D’Estevou, 1990; Serrano,
1992).

The volcanic basement, dated at 17 to 6 Ma (Lopez-Ruiz and Rodriguez-Badiola,
1980; Serrano, 1992) formed an archipelago in the Cabo de Gata region during the
Middle to Late Miocene (Esteban and Giner, 1980; Esteban, 1996). The complex
topography of the volcanic basement, on which carbonates were deposited, was likely a
combined result of subaerial and marine erosion, faulting and original volcanic

topography (Esteban, 1979; Esteban and Giner, 1980; Sanz de Galdeano and Vera, 1992;
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Esteban, 1996; Franseen et al., 1998). In the study area, the basement consists of isolated
volcanic highs that formed in association with development of the approximately 11
million year old Rodalquilar caldera (Rytuba et al., 1990). Carbonate production
occurred predominantly on the flanks of local volcanic highs and accumulated on the
flanks, or in interconnected basins, paleovalleys and straits of the archipelago (Esteban
and Giner, 1980; Sanz de Galdeano and Vera, 1992; Esteban, 1996; Johnson et al., 2005).

Volcanic activity predated deposition of the stratigraphic units on which this
study is focused (Franseen et al., 2003). Locally, the youngest volcanic rocks yield an
A Ar date of 8.5+0.1 Ma (Goldstein and Franseen, 1995; Franseen and Goldstein,
1996; Franseen et al., 1998).

Previous studies have documented the Miocene exposures of the study area
(Esteban and Giner 1980; Franseen and Mankiewicz 1991; Franseen et al. 1993; Esteban
et al., 1996; Franseen et al., 1998; Johnson et al., 2005; Lipinski, 2009). The carbonate
strata in the field area are divided into 5 depositional sequences (Figure 2.2) controlled by
3rd-to 4th-order scale relative changes in sea-level, with higher frequency events
superimposed (Franseen et al., 1993, 1998).

The Terminal Carbonate Complex (TCC; Esteban, 1979) is the uppermost sequence
and the focus of this study. It overlies an unconformity that caps DS3, a photozoan reef
complex. The unconformity represents a significant relative fall in sea level thought to
be the landward expression of the Messinian Salinity Crisis, in which a thick sequence of
evaporites were deposited in the Mediterranean basin due to relative sea level fall, lack of
a deep connection to the Atlantic Ocean, and intense evaporation (Esteban, 1979; Esteban

and Giner, 1980; Dabrio et al., 1981; Martin et al., 2003; Martin and Braga, 1994;
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Franseen et al., 1997). Significant erosional topography formed on the unconformity
before deposition of the TCC (Franseen et al., 1993; Goldstein and Franseen, 1995;
Lipinski, 2009).

After deposition of evaporites in the Mediterranean Basin, major flooding of basin
margins resulted in deposition of the TCC, the uppermost Miocene sequence, along the
basin margins (Dronkert, 1976; Esteban and Giner, 1980; Dabrio et al., 1981; Riding et
al., 1991; Franseen et al., 1993; Braga et al., 1995; Franseen et al., 1998). The TCC is
composed of microbialite and oolite-dominated strata (with local photozoan reefs).
Exposures in the study area contain four carbonate sequences that drape paleotopography
on the underlying unconformity. The four sequences were deposited in association with
high-amplitude (greater than 50-80 m), high-frequency glacioeustatic changes (Lipinski,
2009). Each sequence displays similar cyclic patterns of deposition (Franseen et al.,
1993; Goldstein and Franseen, 1995; Lipinski, 2009). A detailed description of the
stratigraphy of each of the four sequences comprising the TCC is provided in the section
below.

Following deposition of the TCC, the Strait of Gibraltar opened and local
Pliocene marine deposition took place in marginal basins nearest the Mediterranean Sea
(Esteban and Giner, 1980; Esteban, 1996; Franseen et al., 2010). Broad uplift in the
Pliocene and later resulted in the definitive withdrawal of the sea from the coastal
marginal basins (Esteban and Giner, 1980; Sanz de Galdeano and Vera, 1992, Esteban,
1996).

Although there has been uplift, the rocks in the area of study internally have not

been deformed significantly, as evidenced by numerous preserved horizontal geopetal

13



fabrics, geometries of strata, regional mapping, and the small amount of displacement
(less than a few meters) along most faults (Esteban and Giner, 1980; Franseen, 1989;
Franseen and Mankiewicz, 1991; Franseen and Goldstein, 1996; Lipinski, 2009). Thus,
present-day outcrops largely preserve Miocene paleotopography, allowing a unique
opportunity to evaluate the role of paleotopography on depositional and post-depositional

processes (Franseen and Mankiewicz, 1991; Franseen et al., 1993).

14



LEGEND

Miocene
Carbonates

Neogene Basins

Neogene
Volcanic Rocks

Betic Basement

metamorphic-
cored Sierra

Carboneras

Mediterranean
Sea

Pedro

Miocene & Pliocene
carbonate rocks

Volcanic rocks

Undifferentiated volcanic
rocks & alluvium T
N

D Alluvium
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Figure 2.2. General stratigraphic section of the Las Negras Area with the TCC, the focus interval of this
study, highlighted in red. A change from heterozoan-dominated facies (DS1A and DSIB) to later
photozoan-dominated facies indicates a change in climate from temperate to tropical. The TCC forms a
capping succession consisting primarily of microbialites and oolites that compose the last unit deposited in
the Miocene. Modified from Franseen et al. (1996).
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CHAPTER 3: STRATIGRAPHIC ARCHITECTURE

The TCC is composed of four carbonate sequences that are primarily made up of
oolites and thrombolites (unstratified microbial buildups) that were deposited in
association with high-amplitude, high-frequency glacioeustatic changes (Figure 3.1)
(Esteban, 1996; Franseen et al., 1998; Brachert et al., 1998). The sequences include
evidence of restricted and normal marine environments (Dronkert, 1976; Rouchy and
Saint Martin, 1992; Franseen et al., 1993; Franseen and Goldstein, 1996). Each is
relatively thin (ranging from 1.3 m to 12.8 m, with an average thickness of 4 m to 8 m in
most places). Typically, sequences drape paleotopography and exhibit similar attitude at
any one location (Franseen et al., 1998; Lipinski, 2009). The total thickness of the TCC at
the La Molata field site is approximately 30 m.

The paleotopography onto which the TCC was deposited on a surface sloping
gently to the east (Figure 3.3). The highest point in the northwest portion of the survey
area is 208 m and the elevation drops approximately 30 m to the east. Instead of a
uniformly dipping surface, two paleovalleys are present in the eastern part of the survey
area.

Each of the four sequences, which will be referred to hereafter as Sequences 1
(stratigraphically lowest) through 4 (stratigraphically highest), displays similar character.
The sequences can be considered cyclical when examined vertically as each sequence
typically begins with a stromatolitic unit at its base overlain by local thrombolite deposits
followed by trough cross-bedded ooid grainstones. The trough cross-bedded ooid

grainstone deposits in many instances are interbedded with thrombolite deposits and fill
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in areas between individual thrombolites. Planar bedded ooid grainstones containing
volcanic rock fragments comprise the uppermost portions of each sequence. The
uppermost meter of the sequences commonly displays evidence of subaerial exposure in
the form of fenestral fabric, alveolar textures, fissures, caliche-coated grains, micritized
grains, truncated grains, laminated crusts, and pendant micrite cements (Franseen et al.,
1993; Whitesell, 1995; Goldstein and Franseen, 2005; Lipinski, 2009; Z. Li, personal
communication, 2011). Ongoing dissertation research by Zhaoqi Li, University of
Kansas, also reveals further evidence of subaerial exposure by the presence of abundant
fenestrae, meniscus cements as well as rhizoliths (Z. Li personal communication, 2011).
In addition to vertical cyclic heterogeneity, a great deal of lateral variability is present.
For example, Lipinski (2009) found that at low elevations, thrombolite boundstones are
thicker and more laterally continuous than at higher elevations.

As the focus of this study was not on unraveling stratigraphic history, this study
leverages the previous studies that have carefully examined the sedimentologic and
stratigraphic character of each of the four TCC sequences (Franseen et al., 1993;
Whitesell, 1995; Lipinski, 2009). These studies indicate the following characteristics of
each sequence, and their general interpretations (see Lipinski (2009) for more detailed
descriptions). Although the TCC contains four sequences, only the upper two sequences
are described below as they were the focus of this study due to limitations of the depth of

penetration of the GPR.

Sequence 3
Sequence 3 is the thickest of the sequences, ranging from 6.3 to 12.8 m (Figures

3.1, 3.2; Lipinski, 2009). It is present throughout the La Molata survey area. Basal
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stromatolite deposits of this sequence commonly range from 5 to 15 c¢m in thickness (but
can reach 20 to 30 cm thickness in a few rare instances), although they are discontinuous
throughout the survey site. Thrombolite boundstone is not common in this sequence, and
where present, forms small, isolated mounds approximately 1 m wide by 1 m thick. The
boundaries between the thrombolites and the overlying ooid grainstone are generally
sharp, rather than interfingered, as in many of the other sequences. Ooid grainstone
comprises the majority of Sequence 3, and is more massive in the lower parts of the
sequence and grades upward into trough cross-bedded ooid grainstone. Within the trough
cross-bedded ooid grainstone, rare, isolated Porites boundstone reef patches
approximately 1 m high by 1 m wide are present. Volcaniclastic-rich planar bedded ooid
grainstone comprises the uppermost portion of the sequence. In a few areas, fenestral

ooid grainstone caps the sequence.

Sequence 4

Sequence 4 is present only in the lower elevations along the eastern half of the
survey area and is likely not preserved in its entirety in any location (Figures 3.1, 3.2;
Lipinski, 2009). The thickest part of Sequence 4 in the study area is 6.2 m. The basal
stromatolite layer of Sequence 4 is the most continuous stromatolite of the four
sequences. It is approximately 10 to 15 cm thick in most areas, but reaches a maximum
thickness of 40 cm in some places, and is present throughout most of the survey area. The
stromatolite commonly is overlain by discontinuous thrombolite boundstone bodies.
These units can extend laterally 10s of m, but can also occur as isolated bodies less than 2
to 3 m wide. The preserved thickness of the thrombolite units reaches up to 4 m, and they

can comprise most of the sequence. Overlying the thrombolite is cross-bedded ooid
19



grainstone containing gastropod fragments in places. The boundary between the

thrombolite bodies and the overlying ooid grainstone is sharp in some locations and

gradational in others.
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SEQUENCES SECTION
RE‘CFE)NT RE%NT Low Elevations High Elevations
PLIOCENE PLIOCENE 175-190m 190-208 m
SEQUENCE
———
—— ol
— ]
—
SEQUENCE i =
3
wle
= (|2
wl| e
ul<=
ol a
=|@ SEQUENCE
= 2
SEQUENCE
1

EXPLANATION

Trough Cross-Bedded
Ooid Grainstone

g

Dense Thrombolite
Boundstone

Vuggy Thrombolite
Boundstone

Volcaniclastic-rich Planar
Bedded Ooid Grainstone

Stromatolite

Massive QOoid Grainstone

Cross-Bedded Qolitic
Gastropod Grainstone

Porites Boundstone

DS3

W& A Skeletal-rich interbeds
/O Fenestral Fabric
A~pv Sequence boundary
~~— Facies contact

Interbedded facies contact

Figure 3.1. General stratigraphic sections of the TCC of La Molata displaying lithofacies variability with
changes in paleotopography. At intermediate elevations, sequences have a build-and-fill architecture
(Franseen and Goldstein, 2004; Franseen et al., 2007b), characterized by a relief-building phase followed
by a relief-filling phase, with the relatively thin sequences draping paleotopography. Microbialites,
primarily thrombolites, are more abundant at lower elevations than higher elevations, and have been
interpreted to dominate deposition during relative rises in sea level. In contrast, ooid grainstone filled in
topographic relief during relative falls in sea level. The alternating building-and-filling phases are the most
probable explanation for the development of the thin, topography-draping sequences found at the study site.
Note SB denotes the positions of sequence boundaries 1 through 4. Modified from Lipinski (2009).
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Figure 3.3. Paleotopographic basement map of the surface on which the TCC was deposited. This map was
generated from measured sections along the perimeter of the survey area. Notice the central high point of
208 m along the northern boundary and the gradual decrease in elevation of approximately 30 m to the east
and southeast. The location of the GPR survey is outlined in black. Modified from Lipinski (2009).
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CHAPTER 4: METHODS

Fieldwork was conducted at La Molata from May to June in the summer of 2010
and included collection of nearly 20 km of GPR data, detailed description of outcrops and
collection of 72 hand samples for thin section analysis. Processing of the GPR data was
carried out immediately upon return (summer and fall of 2010) and included the
application of temporal and spatial filters, migration, gain and topographic corrections.
Following processing, resolution of the three different frequencies was determined and
outcrop data, hand samples and thin sections were analyzed and used to calibrate the
GPR data. In this section, a basic overview of the principles of GPR and a description of
the survey site is followed by detailed explanations of the methods of data acquisition,

processing and calibration to rock samples.

4.1: Principles of Ground-Penetrating Radar

GPR reflection surveys use high-frequency electromagnetic (EM) waves in the
range of 10 to 1000 MHz to image the shallow subsurface. Data collection is rapid, non-
invasive, and cost effective when compared to other methods of subsurface
characterization such as drilling and excavation. Subsurface information, such as
sedimentary structures, location of voids, and depth of water table can be determined
from the response of EM waves propagating and reflecting in the subsurface (Davis and
Annan, 1989; Neal, 2004).

Radar reflections occur at interfaces characterized by contrasting dielectric
properties including electrical conductivity, dielectric constant and magnetic permeability
(Davis and Annan, 1989; Neal, 2004; Annan, 2005). In geologic media, electrical

conductivity is important because it controls the attenuation of radar waves, velocity of
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propagation and interface reflectivity (Davis and Annan, 1989; Neal, 2004). Dielectric
constant is a critical GPR parameter because it controls the propagation velocity of
electromagnetic waves and the reflection coefficients at interfaces (Davis and Annan,
1989; Daniels, 1996; Martinez and Byrnes, 2001; Neal, 2004). For lossless media, the
half-space reflection coefficient, R, for a normal incident plane wave is:

R=[(eN" - (2] / [0 + (e2)'] (1)
where ¢ is the dielectric constant of the upper medium and ¢; is the dielectric constant of
the lower medium (Davis and Annan, 1989). This equation can be used to determine the
strength of reflections at interfaces of media with differing dielectrical properties (i.e.
different bulk dielectric constants). In sedimentary rocks, radar reflections commonly are
generated as EM waves impinge on bedding planes, which are frequently characterized
by variations in lithology, porosity, grain size and orientation or packing of sediment
(Van den Bril et al., 2007; Jorry and Bievre, 2011). Carbonate successions that may
include rock fabric variations may occur between bedding planes due to both depositional
and diagenetic heterogeneity can be even more complex (Budd et al., 2006; Pranter et al.,
20006).

Changes in petrophysical properties that may account for varying dielectric
properties (and thus differing reflection strengths) can arise from changes in mineralogy
or water content. The TCC contains strata composed primarily of limestone and dolomite
with very little mineralogic variation. The succession is above the water table with little
evidence of major amounts of vadose water. Some stratigraphic units are rich in volcanic

rock fragment that have been altered to clay minerals, but these are volumetrically minor.
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A final possible influence on GPR signals are changes resulting from variations in
medium porosity (discussed below). Previous studies have shown that in areas with little
mineralogic variability, contrasts in bulk material dielectric constant may be related to
variations in porosity (Rust and Russell, 2001; Van den Bril et al., 2007). Carbonate rock
has a bulk dielectric constant of 6-8 measured at 100 MHz; air has a dielectric constant of
1 measured at 100 MHz (Davis and Annan, 1989; Martinez and Byrnes, 2001). Units
with varying amounts of porosity above the water table will have different dielectric
constants, and, if contrasts are great enough, will generate reflections. Many mixing
formulas estimate the dielectric response of heterogeneous media; an overview of these
formulas can be found in Shen (1985), Shen et al., (1985) and Greaves et al., (1996). The
complex refractive index method (CRIM) is one such example that can be used to relate
the dielectric constant of a sample to its porosity. For a heterogeneous medium containing
three components (rock, water and air), the bulk dielectric constant, g, can be determined
using the following equation developed by Shen (1985):

Vee = 0SwVew + (1- d)Veg + d(1- Sy) e, )
where ¢ is sample porosity, Sy is water saturation and &, &, and g, are the dielectric
constants of pore water, dry sample grains and air, respectively. In situations in which
water saturation and matrix mineralogy remain the same, porosity is the only factor that
causes changes in the bulk dielectric constant, &.. The dielectric constant value obtained
using this equation can then be inserted into Equation 1 to determine the reflection
coefficient. Clay minerals, quartz silt, and residual water, although minor components in
volume in the study area compared to air and carbonate, also can provide sufficient

dielectric constant contrasts (bulk dielectric constants of clay, silt, and fresh water are 5-
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40, 5-30, and 80, respectively; Davis and Annan, 1989) to cause reflections, especially at
sequence boundaries in the study area, where altered volcaniclastic sediments are
concentrated.

GPR survey resolution (vertical and horizontal) and depth of imaging are related
to the frequency and velocity of the EM waves propagating through media (Davis and
Annan, 1989; Martinez and Byrnes, 2001). Higher frequencies yield greater resolution
but attenuate more rapidly, and therefore they are less effective at imaging with
increasing depth. To achieve imaging at several resolution and depth scales, three GPR
frequencies (25, 50, and 100 MHz) were collected in this study.

Interpretation of radar data depends on recognition of radar facies that are then
interpreted in the context of sedimentology and stratigraphy (Bristow et al., 2000;
Bristow and Jol, 2003; Roberts et al., 2003). This study compares radar facies to adjacent,
well-exposed outcrops, allowing evaluation of the capability of GPR to image
geometries, sedimentary facies, and porosity distribution in three dimensions within the

Survey area.

4.2: Survey Site Description

The GPR survey was conducted on the present-day upper surface of La Molata, a
hill capped by approximately 30 m of the TCC (Figure 4.1). ‘La Molata’ translates to
‘the molar’ and as can be seen, the hill resembles a molar tooth. All four sequences of the
TCC are preserved at the study site, although erosional truncation has removed part of the
upper two sequences in the western part of the area. The survey area is relatively flat,
varying only 30 m in elevation over the 400 m by 300 m site. A topographic high is

located along the northwestern boundary and elevation gradually decreases to the east
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and southeast (Figure 4.2). Present-day topography mimics topography at time of
deposition, and has facilitated investigation of paleotopographic influence on depositional
and post-depositional processes (Franseen and Mankiewicz, 1991; Franseen et al., 1993).
Well-exposed, near-vertical outcrops around the perimeter of the survey area are
critical to interpretation of these GPR data. Correlation of radar signatures to nearby
outcrops allow data from the GPR survey to be calibrated to lithology. Further facilitating
the utility of the study site for the GPR survey is the gentle topography (Figure 4.2), arid
climate and minimal development of soil, all of which contribute to more effective

electromagnetic signal penetration.

E W

(approx. 400 m)

= | TCC Thickness
"o (approx. 30 m)

Figure 4.1. La Molata survey area shwing the surface on which GPR survey was conducted. The TC
comprises approximately 30 m of the crest of the hill and contains all four sequences in most areas. Photo
modified from Lipinski (2009).
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Figure 4.2. Contour map of the present-day topography of the top of La Molata within the survey area.
Note the generally flat surface, with only 30 m change in elevation across a lateral distance of
approximately 400 m. The relief and slope angle of the modern surface is similar to the paleotopographic
basement map of the TCC generated by Lipinski (2009) (Figure 4.2). Similarly, topographic lows on the
surface occur in the same locations as the paleovalleys described by Lipinski (2009).
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4.3: Data Acquisition

Nearly twenty kilometers of GPR data were acquired at the La Molata field
location as 2D and pseudo-3D grids (Figure 4.3). GPR profiles were collected with a
Sensors and Software pulseEKKO PRO GPR system, utilizing a 1000 V transmitter and
three different sets of antennas with center frequencies of 25, 50 and 100 MHz.

Two-dimensional profiles were collected along the perimeter of the survey area
within 1 m to 2 m of well-exposed, near-vertical outcrops bounding the survey area,
providing groundtruth for the radar images. Transects were located close enough to the
cliffs to provide direct correlation with exposures, but far enough to avoid edge effects.
To obtain coverage of the entire survey area, 2D profiles were acquired along a grid with
line spacing of approximately 20 m. Profiles of each of the three frequencies were
acquired along the perimeter of the survey area along all 2D transects, allowing
comparison of radar signatures among the different data sets.

Additionally, closely spaced higher resolution pseudo-3D grids (Figure 4.3) were
acquired with 50 and 100 MHz antennas for detailed characterization of areas of specific
interest. Grid locations were chosen to facilitate investigation of paleotopographic
influence on depositional and post-depositional processes. Grid A, located on a
paleotopographic high (western part of survey site) is 50 m by 70 m in size and has a line
spacing of 5 m with 10 m spaced intersecting cross lines. Grid B, located on a
paleotopographic low (eastern part of survey site) is 50 m by 50 m in size and has a line
spacing of approximately 5 m with 5 m spaced cross lines. Optimal areas for 3D grids
were determined by identifying locations in the 2D profiles that exhibited good data

quality and were also located on relatively flat areas with minimal vegetation.
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Profiles were collected in common-offset mode (transmitter-receiver separation
remained fixed) as they were moved along the survey lines. Antennas were kept parallel
to each other and were oriented perpendicular to the direction of movement along
transects, with the transmitter located in the rear and the receiver in the front.

GPR transect locations were chosen to attain the straightest possible transects,
while avoiding surface obstacles, such as thick vegetation, rocks, and patches of soil. Site
preparation included removing loose rocks and stamping down large bushes along
antenna paths, thus enhancing antenna coupling with the ground and reducing above
ground airwave reflections. This preparation also allowed relatively consistent lateral
antenna movement, ensuring even trace spacing. Antennas were positioned manually to
record each trace as they were moved at regular increments along each survey line
(Figure 4.4). A fixed separation between the antennas was maintained by attaching a rope
to the antenna handles and also by carefully placing the antennas on marked survey lines.
The digital data recorder allowed the traces to be viewed in the field as they were
collected, ensuring the system was working properly.

Data acquisition parameters varied with each survey (Table 4.1). Trace spacing
along profiles was determined by antenna frequency; 1 m, 0.5 m and 0.25 m trace
spacings were used for the 25, 50, and 100 MHz antennas, respectively. Antenna
separation was 4 m for the 25 MHz antennas, 2 m for the 50 MHz antennas, and 1 m for
the 100 MHz antennas. Each trace was stacked 32 times and a sampling interval of 0.8
nanoseconds was used for all three frequencies. Vertical stacking increases signal-to-
noise ratio of data, allowing faint and deeper reflections to be imaged (Annan, 2005).

Record length varied between the different sets of antennas, but was generally between
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1200 ns to 1400 ns for the 25 and 50 MHz antennas and 600 ns to 800 ns for the 100
MHz antennas.

To record the precise location of the profiles and account for surface topography,
each transect was surveyed with a Trimble 5800 RTK differential global positioning
system (DGPS) system. The position of each survey line was recorded every 0.5 m with
the DGPS. Measurements have horizontal accuracy of 1 cm and vertical accuracy of 2 cm
(Trimble Users Guide, 2010). Accurate spatial positioning of the GPR profiles obtained
with the DGPS is crucial when multiple intersecting grid lines are acquired over rugged
topography. Furthermore, precise coordinates of the profiles were essential in locating
targets of interest along outcrops, allowing direct correlation of GPR data with specific

stratal features.
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Table 4.1. Summary of the survey parameters used for each of the three frequencies.

Frequency Trace Antenna Sampling Record Length (ns)
(MHz2) Spacing Separation Interval (ns)
(m) (m)
25 1 4 0.8 1200-1400
50 0.5 2 0.8 1200-1400
100 0.25 1 0.8 600-800
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587600 587800 588000

Easting (m)

Figure 4.3. Map of study site showing location of GPR transects. 2D profiles (black lines) were collected
with all three frequencies along the perimeter and along a grid covering the entire survey area with a line
spacing of 20 m. Two pseudo-3D grids (Grids A and B, red lines) with 5 m by 5 m line spacing were
collected in areas of different present-day and paleo-elevations to provide further detail of heterogeneity
within the system and investigate paleotopographic influence on stratigraphic architecture. Grids A and B
are approximately 50 m by 50 m in size.
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Figure 4.4. GPR system configuration and data collection, summer 2010. Antennas were manually
positioned to record each trace as they were moved at regular increments along transects. Note the survey
area includes loose rocks and vegetation that made antenna coupling with the ground challenging. Photo

courtesy of George Tsoflias.
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4.4: Data Processing

Following geophysical data acquisition, GPR data were processed in the lab
(Table 4.2) using Sensors and Software’s EKKOView Deluxe software. Experiments
using a variety of processing methods and parameters provided insights on means to
obtain the optimal data quality. Ultimately, several sets of data processed in different
ways allowed retrieval of the most information from the profiles. Processing included
both high and low-pass filtering, velocity analysis and migration, amplitude gain and
topographic corrections.

The first step in data processing was application of a high-pass filter to remove
low-frequency noise from the traces. GPR data commonly are affected by antenna bias,
which is noise generated by DC offset; low-frequency noise is also induced between the
transmitting and receiving antennas, due to their close proximity to each other (Annan,
2005). This noise, or low-frequency energy, is associated with electrostatic and inductive
fields and decays rapidly with distance from the antennas. The noise commonly is
referred to as “‘WOW?’ and can be suppressed by applying a high-pass temporal filter.
This step frequently is referred to as the ‘DEWOW?’ process.

Following the removal of low-frequency noise, high-frequency noise was
removed from the profiles using a low-pass frequency filter. The cutoff point varied
depending upon the frequency of the data. The 25 and 50 MHz data were cut at 10% of
the Nyquist frequency, which is half the sampling frequency of the signal and includes
the highest frequency that the sampled signal can unambiguously represent (Yilmaz,

2001). This step resulted in preserving frequencies lower than 62.5 MHz in the 25 and 50
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MHz data sets. The 100 MHz data were cut at 20% of the Nyquist frequency, which
resulted in retaining frequencies lower than 125 MHz in the data set.

After the removal of high-frequency noise from the profiles, a spatial filter,
commonly referred to as background removal, was applied to remove background noise
(constant temporal noise). The background filter was computed using all traces in each
profile. Background noise appears in GPR data as coherent noise that originates from
ambient noise. Given the remoteness of the survey area, the majority of background noise
was likely caused by the GPR system. Background noise typically shows up as horizontal
banding or ringing in GPR data and can be readily identified because it appears at the
same times across the profiles and has relatively consistent amplitude (Figure 4.5). This
noise masked reflection data, especially in the lower parts of the profiles, where the
signal-to-noise ratio was low. Although horizontal banding was present in the lower
sections of all three frequencies, it was most prominent in the 25 MHz profiles (Figure
4.5A).

The background removal filter was most effective at enhancing the imaging
quality of the 25 MHz data (Figure 4.5B), but it did not appear to have much of an effect
on the higher frequency data sets. Analysis of the 25 MHz data before and after the
background subtraction allowed more information to be retrieved from the lower portions
of the profiles. Before background subtraction, a prominent horizon at approximately 12
m below the surface that was clearly evident in the 50 MHz data could not be easily
differentiated from the background noise in the 25 MHz data. After background
subtraction, the prominent horizon at 12 m was visible, although it was much fainter and

difficult to trace in areas compared to the 50 MHz data. Background subtraction did,
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however, facilitate recognition of faint reflections in the lower parts of the profiles.
Therefore, examination of the 25 MHz profiles before and after this processing step was
useful in interpretation of the data.

Following filtering, data were migrated using a constant velocity of 0.09 m/ns
obtained by fitting diffraction hyperbolas in each of the data sets. This velocity was
confirmed by measuring the time to a prominent reflection easily traceable on all profiles
throughout the survey area that correlated to a stratigraphically significant horizon on the
outcrop (discussed in detail later). Migration improved the imaging quality of the data
significantly by collapsing diffraction hyperbolas and correcting the dip angles of
steeply-dipping reflections and moving them to their true subsurface positions (Figure
4.6).

Next, the amplitude was adjusted using spherical and exponential compensation
(SEC) gain, which corrected for spherical spreading losses and the exponential
dissipation of energy. This gain is a composite of a linear time gain and an exponential
time gain (Sensors and Software, 2006). The application of SEC gain enhances
amplitudes by the same amount, and as such, information on relative amplitude
differences between traces is maintained. This step is different from the commonly used
Automatic Gain Control (AGC), which normalizes every trace and is not particularly
useful for recognizing or preserving amplitude differences between traces (Figure 4.7).

Various amplitude gains were applied to improve imaging quality of reflections
for interpretation. Weak reflections required application of stronger amplitude gains to
enhance them, making geometries of these reflections more apparent, whereas stronger

reflections required little to no amplitude gain to be most easily recognized.
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The final step in the processing sequence was applying topographic corrections to
each trace along profiles to correct for the variable topography of the survey area.
Topography files were generated from the DGPS data and applied to the profiles using a
velocity of 0.09 m/ns.

A non-traditional processing routine was applied to the data. The application of a
DEWOW filter is usually the first step in data processing, but in one of the processing
sequences, the DEWOW filter was applied to the data after migration. The resulting GPR
images correlate more accurately to outcrop exposures than profiles in which the
DEWOW filter was applied before migration, suggesting that the low frequency “WOW”
signal contains useful subsurface imaging information.

The profiles in which the DEWOW filter was applied following migration contain
amplitudes in some areas closest to the surface that appear to have been dampened to the
degree that they have amplitudes of zero (Figure 4.8). Upon closer examination, these
areas of apparent zero amplitude are actually areas that had very strong amplitudes that
had been clipped, making them appear as areas with no amplitudes.

These areas of apparent zero amplitude correlate well with geologic features,
namely the thrombolite bodies that have very low porosity (discussed in detail below).
Although the contribution of the low frequency “WOW?” signal to the zero amplitude
reflections is not fully understood, the data suggest that there is some geologic control on
the radar data. This processing may prove to be a new method of detecting certain
geologic or petrophysical features, at least in this data set. This step needs to be
investigated further to determine what actually happened to the data through the

application of the DEWOW filter after the migration step.
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Following processing, GPR profiles were converted to SEG-Y format and

imported into a seismic interpretation software package (Seismic Micro-Technology’s

Kingdom Suite). Standard seismic interpretation methods were used to correlate

reflections between profiles, allowing 3D interpretation of the entire survey area.

Table 4.2. Processing sequence for the GPR data. Note that some of the parameters vary depending on the

frequency of the data.

Process

Purpose

Parameters

Stack

Enhance signal-to-noise ratio

Each trace stacked 32 times

DEWOW filter

Remove low-frequency noise
induced by antennas

Manufacturer-optimized
high-pass filter applied

Background noise
removal

Remove horizontal ‘banding’
or constant temporal noise

Averaged noise from entire
profiles. Only applied to 25
MHz data

Low-pass filtering

Remove high-frequency noise

100 MHz data cut at 125
MHz.

50 and 25 MHz data cut at
62.5 MHz.

Migration Collapse diffraction Velocity of 0.9 m/ns
hyperbolas and move steeply | determined by fitting
dipping reflectors to correct diffraction hyperbolas
subsurface locations

Amplitude gain Correct for GPR signal Spreading and Exponential

attenuation with time,
maintain relative changes in
amplitude throughout each
profile

Compensation (SEC) gain

Topography correction

Account for highly variable
topography

DGPS elevation measured
every 0.5 m along transects
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Figure 4.5. Character of GPR data before and after removal of background noise. A.) 25 MHz profile
before background subtraction. Note prominent horizontal banding (constant temporal noise) is most
prominent in the lower portion of the profile. B.) After application of a background removal filter,
background noise was markedly decreased, allowing faint reflections in the lower parts of the profile to be
more easily recognized.
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Figure 4.6. Effect of migration on GPR data on a representative 100 MHz profile. A.) Unmigrated profile;
green arrow points to a diffraction hyperbola. B.) Migrated profile using a migration velocity of 0.09 m/ns.
Note diffraction hyperbolas have been collapsed and steeply dipping reflections have been adjusted to their
true subsurface locations. The migration step greatly improved the quality of the data by allowing imaging
of complex subsurface geometries.
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Figure 4.7. A.) The SEC gaining process scales each point in an ungained trace (top) by corresponding
points in the SEC gain function (middle), resulting in a trace with more consistent amplitudes with time
(bottom). (Modified from Sensors and Software, 2006). B.) 100 MHz profile after AGC has been applied.
C.) Same 100 MHz profile after SEC gain applied. The application of an SEC gain enhances the amplitudes
of weaker reflections from greater times (greater depths), emphasizing reflections and enhancing their
interpretability. Note that the SEC gain is an exponential function and that the same gain function is applied
to each trace throughout the profiles, maintaining relative signal strengths.
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Figure 4.8. Effect of application of DEWOW before and after migration. A.) Unmigrated profile (100
MHz), note diffraction hyperbolas (green arrow) and steeply dipping reflections. B.) Migrated profile with
DEWOW applied before migration. C.) Migrated profile with DEWOW applied after migration. Note the
bright white area in the center of the profile appears to be completely devoid of reflections.
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4.5: Resolution Identification

After completing data processing, the resolution of each of the three frequencies
was determined, as knowledge of the size of features that can be resolved with each data
set is essential for accurate interpretation of the data. Resolution is the ability of the data
to differentiate two reflections that are close to each other in time and defines the
maximum size of feature that can be unambiguously imaged (Davis and Annan, 1989). It
is dependent on wavelength, which is a function of frequency and velocity. The equation
for resolution is A = v/f, where A = wavelength, v = velocity, and f = frequency.
Resolution of GPR data is typically considered to be approximately one-quarter of a
wavelength (Davis and Annan, 1989; Neal, 2004; Annan, 2005). Therefore, the
theoretical resolution of the three different frequencies (25, 50 and 100 MHz) using a
velocity of 0.09 m/ns is approximately 0.9 m, 0.45 m and 0.225 m, respectively. Because
resolution is not determined solely by frequency, actual resolution may vary depending
on changes in velocity, with lower velocity media having shorter wavelengths (greater
resolution) than higher velocity media (Davis and Annan, 1989; Lines and Newrick,
2004; Bristow, 2009). Furthermore, theoretical resolutions are rarely obtained because
the dominant frequency recorded by the receiving antenna is typically lower than the
transmitted frequency because of signal attenuation. Actual resolution values were
obtained by determining the dominant frequency of each data set through examination of
average amplitude spectra (Figure 4.9).

The actual resolutions (one-quarter wavelength of the peak frequencies) were
found to be between 70 and 80% of the theoretical values. This degradation is likely due

to energy losses associated with imperfect coupling with the ground and signal
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attenuation in the subsurface. As a result, the estimated resolution of the 25, 50, and 100

MHz antennas is approximately 1.12 m, 0.59 m and 0.31 m, respectively (Table 4.3).

These values represent the minimum thickness of a layer or size of geometric feature that

can be resolved at each frequency.

Table 4.3. Resolution of the three different frequencies determined from dominant frequencies of data sets.

Transmitted Dominant Frequency Wavelength (m) | Resolution (m)
Frequency (MHz) | Recorded (MH2z)
25 20 4.50 1.12
50 38 2.37 0.59
100 72 1.25 0.31
549— n*‘— Dominant frequency for
i\ representative100 MHz profile
5 :
p— ):". is 72 MHz
° g
2 274— '\
=3 |
137—‘ A \"’\ﬂ_
0 : — —
[ 1 l
0 70 140 210 280 350 420 490 560
Frequency (MHz)

Figure 4.9. Average amplitude spectrum of a representative 100 MHz profile. Note that the dominant
frequency, denoted with green dashed line, is approximately 72 MHz, less than the 100 MHz input signal.
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4.6: Outcrop Description and Sampling

Identification of specific events and radar signatures was aided by basic
processing of GPR data carried out during data collection. In situ groundtruth of the
radar data was provided by comparing outcrops in the field to GPR signatures along the
perimeter of the survey area. Correlation of radar reflections to the facies and textural
characteristics of the adjacent outcrop was the most critical step in the interpretation of
the data, as correlations from the profiles nearest the perimeter provided calibrations for
interpretation of profiles from the interior of the survey area, away from outcrops.

The numerous lithofacies in the survey area have been characterized by Lipinski
(2009). This study utilizes this framework, and evaluates the four primary carbonate
lithofacies (ooid grainstone, dense thrombolite boundstone, vuggy thrombolite
boundstone, and stromatolite) for comparison to GPR data (Table 4.4; Figure 4.10).
Additionally, at the top of each sequence, some ooid grainstone units contain
volcaniclastic grains which influence the GPR signature. This thickness of the
volcaniclastic-rich ooid grainstone capping Sequence 3 ranges in thickness from 15 cm to
40 cm, with an average thickness of approximately 30 cm, which is nearly twice the
thickness of the volcaniclastic-rich ooid grainstone capping Sequence 4.

One depositional facies, ooid grainstone, most commonly is trough cross-bedded
and grades upward to planar-bedded volcaniclastic-rich ooid grainstone that is capped by
fenestral ooid grainstone (Figure 4.10A, B). Ooid grainstone deposits range in thickness
from 0.5 m to more than 12 m and may be laterally extensive for 10s of meters, although

in some instances deposits are less than 1 m across, filling between thrombolite bodies.
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Another depositional facies, thrombolite boundstone, typically displays a dark
gray to brown, clotted, micritic texture (Figure 4.10A, C). Deposits commonly include
ooids and peloids as well as skeletal fragments including gastropods, bivalves, calcareous
red algae, benthic foraminifera and serpulid worms. Thrombolite units range in thickness
from 0.3 m to 4 m and may be 0.5 m to 10s of meters wide. The geometries of these
bodies may be mound-like to loaf-shaped and even columnar in form. The boundaries
between thrombolite units and adjacent ooid grainstone units may be sharp or
gradational; many of the thrombolite units include ooid grainstone interbeds.

Still another depositional facies, stromatolite, is finely laminated, have alternating
coarse-fine laminae and may be planar, undulating or wavy in form (Figure 4.10D).
Rarely, they exhibit domal or digitate morphologies. Stromatolite units range in thickness
from 0.05 m to 0.7 m, with an average thickness of 0.2 m to 0.3 m.

In addition to detailed description of outcrops, 62 rock samples representing a
range of variability in lithofacies and porosity were collected for thin section analysis.
These samples were collected systematically from the perimeter of the survey area to
include varying GPR signatures. A DGPS was used to record the location of each sample
and also the position of sequence boundaries, providing accurate measurements to which
the GPR data could be correlated. Rock samples from areas of GPR transects were within
1 to 2 m of the GPR data. Samples were collected from all portions of the survey area,
although some areas were more densely sampled than others (see Figure 5.9) to tightly
constrain GPR data to depositional facies. Once a field relationship was established
between hand samples and GPR data, it was used to relate GPR facies to lithology

throughout the study site. Hand specimens include a wide range of rock textures ranging
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from coarse-grained oolitic grainstone with interparticle to oomoldic porosity to

thrombolites with varying amounts of porosity. Of the hand samples collected for this

study, 27 are thrombolite, 24 are ooid grainstone and 11 are stromatolite.

Table 4.4. Lithofacies of Lipinski (2009) compared to lithofacies utilized in this study, and their
sedimentologic characteristics. Note lithofacies of this study consider many of the previously defined
lithofacies as a single type for comparison to GPR data.

Lithofacies defined by Lithofacies Characteristics
Lipinski (2009) utilized in this
study

Massive ooid grainstone

Trough cross-bedded ooid
grainstone

Cross-bedded oolitic
gastropod grainstone

Volcaniclastic-rich planar-
bedded ooid grainstone

Fenestral ooid grainstone

Ooid grainstone

Trough cross-bedding dominates much
of the ooid grainstone; may be
interbedded with thrombolite and
include skeletal fragments (gastropods,
bivalves, serpulid worms) and peloids.
Planar cross-bedding and volcanic
rock fragments are more common in
the uppermost portions of sequences
and commonly display evidence of
subaerial exposure (fenestrae,
meniscus cements and rhizoliths).

Dense thrombolite Dense Clotted, micritic texture; may include

boundstone thrombolite ooids and skeletal fragments. Low
boundstone porosity.

Vuggy thrombolite Vuggy Clotted, micritic texture; may include

boundstone thrombolite ooids and skeletal fragments. Common
boundstone vuggy porosity.

Stromatolite Stromatolite Fine, planar to wavy laminae, digitate

in some areas.
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Figure 4.10. Representative outcrop photos of key lithologies. A) Detail of outcrop showing the various
lithofacies found in the TCC. Green arrow points to one of the three rounded thrombolite units in the
foreground; ooid grainstone is surrounding the thrombolites. B) Trough cross-bedded ooid grainstone. Note
complex cross bed sets and truncations, and the differential weathering that reflects different degrees of
cementation. C.) Thrombolite boundstone. Note the bulbous morphology emphasized by weathering on the
outcrop; hand for scale. In the outcrop, depositional fabric is a cryptic, clotted, micritic texture. D)
Stromatolite with undulating to wavy laminations; note pencil for scale. E.) Volcaniclastic-rich ooid
grainstone; this friable unit commonly weathers to gentle slopes on outcrops.
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4.7: Petrographic Analysis of Rock Fabrics

A total of 62 thin sections were prepared and examined to provide detailed
information on rock fabrics. Petrographic analysis included description of depositional
aspects including texture, grain type, size and sorting. Additionally, rock fabric features
such as pore type (moldic, interparticle and wvuggy), pore size, cementation and
mineralogy were explored. Thin sections were prepared using standard techniques.
Samples were impregnated with blue epoxy and analyzed with JMicroVision ™ image
analysis software to quantify porosity (Figure 4.11). The image processing technique of
thresholding was used to evaluate porosity; blue colored, epoxy-filled portions of samples
were taken to be porosity. A total of 12 photomicrographs from each sample provide
fundamental petrographic data for porosity analysis. The average porosity from each of
the 12 photomicrographs was used to determine average porosity of each sample. Thin

section data as they correlate to radar reflections, specifically variations in porosity, are

important to understanding GPR signatures (discussed in detail in Chapter 6.1).
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Figure 4.11. Appearance of porosity in thin section before and after using image analysis software. A.)
Ooid grainstone impregnated with blue epoxy. B.) Same ooid grainstone sample with pores highlighted in
red. Image analysis software allowed easier visualization of pore size, shape and distribution, and
quantification of porosity. This sample has 23.1% porosity.
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CHAPTER 5: RESULTS
5.1: Rock Fabrics

Stratigraphy and depositional facies are first-order influences on rock fabric, but
in this succession, the strata have been impacted by various processes of diagenesis as
well. The combination of depositional and diagenetic processes creates highly variable
rock fabrics among and within depositional facies across the study area. The purpose of
this section is to provide qualitative and quantitative data on the variability of rock fabrics
present in each of the three dominant lithofacies that make up the succession (ooid
grainstone, thrombolite boundstone, and stromatolite); a later section (Section 5.3) will
discuss how these relate to GPR data. Although diagenesis has impacted the survey area,
the focus of this study is to describe the present-day rock fabrics and relations to GPR,
not to elucidate the complex diagenetic processes and history. Likewise, the complex
diagenetic history of the study area is currently the focus of on-going dissertation

research by Zhaoqi Li.

Ooid Grainstone

Ooid grainstone displays a wide range of variability both in depositional and
diagenetic textures (Figure 5.1A-C). Ooids range in diameter from 0.1 mm to 0.5 mm; the
majority are approximately 0.3 mm in size. Ooid grainstones range from well- to poorly
sorted and contain variable amounts of skeletal fragments. Ooid grainstones have been
impacted by diagenesis; many have been completely recrystallized and porosity has been
enhanced in some grainstone and reduced markedly in others. Porosity of ooid grainstone
samples ranges from 9.4 to 46.6%, with an average porosity of 17.7 (n = 24). Pore types

in ooid grainstone include moldic, intergranular and vuggy; the dominant pore type in
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most samples is moldic, from the dissolution of ooids and skeletal grains. Variation is at
the scale of the entire survey area, sequences, individual trough cross-bed sets, beds,
laminae, and even single thin sections (Figure 5.2).

Most ooid grainstones consist of calcite and dolomite with little mineralogic
variability. The exceptions are volcaniclastic-rich ooid grainstone units found at the top

of sequences. These units appear to impact radar signals, as illustrated below.

Dense and Vuggy Thrombolite Boundstone

Thrombolite boundstones are recognized by clotted, micritic textures (Kennard
and James, 1986; Planavsky and Ginsburg, 2009). In the study area, thrombolites display
micritic textures that are commonly heavily recrystallized (Figure 5.1D, E). Although
dense thrombolite boundstone units have low porosity, the vuggy thrombolite boundstone
units include solution-enlarged vugs. Diameter of vugs ranges up to 10 mm in size,
although most appear to be in the range of 0.2 to 0.5 mm. Similar to ooid grainstones,
there is a large range of variability in porosity within and among thrombolite bodies.
Porosity of thrombolite units ranges from 3.9 to 29.9%, with an average porosity of

13.0% (n = 27).

Stromatolite

Stromatolites are also heterogeneous and have a wide range of textures and
porosity. Stromatolitic laminations are typically about 0.1 mm thick and may be laminar,
wavy, or crinkly. Some stromatolites are digitate, with small branches protruding from
the surface. Nonetheless, many have been recrystallized to the point that individual

laminations are indistinguishable, and are recognized only by undulating form in outcrop.
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Average porosity of stromatolite samples is 12.6% although it ranges from 3.5 to 24.5%
(n = 11). Porosity is moldic and vuggy, and pores are typically less than 0.1 mm in

diameter. Dissolution commonly enhances or creates porosity along laminations (Figure

5.1F).

Figure 5.1. Representative photomicrographs the three major facies illustrating the variability in rock
fabrics. In each, the blue color represents open porosity. A) Well cemented, recrystallized ooid grainstone
with low porosity (8.8%). B) Ooid grainstone with intermediate porosity (15.5%), C) Ooid grainstone with
high porosity (43%). D) Moderately recrystallized thrombolite with low porosity (dense thrombolite
boundstone) (7.1%). E) Thrombolite with intermediate porosity (vuggy thrombolite boundstone) (17.1%).
F) Stromatolite with intermediate porosity (18.2%). Note the great range of porosity, both within and
among different lithofacies. Qualitatively, these photomicrographs illustrate that diagenesis is the dominant
control on porosity in this succession, not primary depositional texture.
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Figure 5.2. Thin section photomicro

graph of ooid grainstone displaying abrut Vaiatin in rain size,
shape, sorting, and sharp changes in preserved (open) porosity. (Blue color is epoxy filling pore space.)

This variation is present from the thin section scale, to between individual beds and bed sets of this
depositional facies.
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5.2: Character of GPR Signatures

The 25 and 50 MHz antennas penetrated to a depth of approximately 12 m and
provide a vertical resolution of 1.12 m and 0.59 m, respectively. The 100 MHz antennas
penetrated the subsurface to approximately 6 to 8 m and had a vertical resolution of 0.31
m. Despite different resolutions, characteristics of radar data are similar among the three
frequencies, as discussed in detail below.

Although all three frequencies included similar signatures in the same locations
along profiles, the character of the reflections varies markedly both laterally and
vertically. In some areas, reflections were very strong, and in others, reflections were
much weaker or appeared absent; in some cases, these were accompanied by changes in
continuity and geometry. Four GPR facies, recognized on the basis of reflection
signatures (strong, weak, or no internal reflections) are evident in data and define
geometric bodies (Figure 5.4).

GPR Facies A is recognized by the absence of internal reflections. These areas are
evident on the profiles as mostly discontinuous, patchy white bodies (Figure 5.4A). GPR
Facies A can cover a lateral extent of between 2 m to more than 30 m and range in
thickness from 0.5 m to 4 m. This facies is more common in downdip areas of the survey
area.

GPR Facies B is characterized by weak internal reflections (Figure 5.4B). These
reflections are discontinuous and are undulating to wavy. GPR Facies B is ubiquitous in
all survey lines in the updip parts of the survey area, where it is continuous across tens of

meters and may reach up to 11 m in thickness. Downdip, this facies is discontinuous and
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patchy, extending across widths of approximately 20 m, and rarely exceeding a thickness
of § m.

GPR Facies C exhibits strong internal reflections, most of which are wavy and
discontinuous (Figure 5.4C). This facies is most common in the downdip parts of the
survey area. The lateral extent of GPR Facies C seldom is greater than 40 m and typically
has a thickness of 6 m to 10 m, but reaches a maximum thickness of 12 m.

GPR Facies D is represented by one stratigraphically important and widespread
feature observed in in the 25 MHz and 50 MHz data at a depth of approximately 12 m is
a strong, continuous reflection evident throughout the survey area (Figure 5.4D). This
prominent event is the only reflection that can be traced continuously throughout the
survey area. The 100 MHz data did not image strata at this depth, so do not include this

GPR signature.
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Figure 5.3. Representative profiles from each of the three frequencies used in this study showing the
varying depths of penetration. Note that the 25 and 50 MHz data both penetrated to a depth of
approximately 12 m, whereas the 100 MHz imaged to a depth of approximately 6 to 8 m (Note depth scale
is different for 100 MHz data).

A B

Reflection Amplitude (x 1000)

Figure 5.4. Representative lines illustrating different GPR facies (GPR Facies A-C). The first three GPR
facies are defined by the character of reflections in all frequencies (50 MHz data shown). A) Zones
exhibiting no internal reflections (yellow arrow), B) Zones exhibiting weak internal reflections, C) Zones
exhibiting strong internal reflections, D) Another GPR facies (D), is characterized by the strong,
continuous reflection (green arrow), evident only in the 25 and 50 MHz data. This reflector is present
across the study area and forms the base of the study interval.



5.3: Calibration of GPR Facies to Depositional and Diagenetic Attributes

Well-exposed, near-vertical cliffs surrounding the survey area provide the
opportunity to calibrate radar data with geologic features (Figure 5.5). Correlation of
radar signatures with variation along the outcrop face revealed that GPR facies correlate
with depositional facies in some instances at several scales and frequencies (Figures 5.6,
5.7).

The closest association between radar character and depositional features occurs
with the strong, continuous reflector described above (GPR Facies D; Figure 5.4D). This
reflection represents a prominent event in the GPR data at a depth of approximately 12 m
that correlates with a layer of volcaniclastic-rich ooid grainstone that directly underlies
Sequence Boundary 3. This unit is continuous along the outcrop and ranges in thickness
from 20 cm to 60 cm, with an average thickness of approximately 30 cm. On the outcrop,
the volcaniclastic-rich grainstone unit is nonresistant and very friable, with volcanic rock
fragments in some areas altered to clay minerals. Signal attenuation across this interface
is so great that it inhibited imaging of stratigraphy below this horizon in both the 25 and
50 MHz data (see Figures 5.6, 5.7). This prominent reflection forms the base of the study
interval.

Although there is a close correspondence between stratigraphy and this strong,
continuous reflection, the GPR facies above it (GPR Facies A-C), in sequences 3 and 4,
do not show the same association with distinct depositional facies. Instead, they are
influenced additionally by rock textures related to diagenetic overprinting (cementation
or dissolution). Analysis of outcrop, slab and thin section samples reveals the following

qualitative relationships:
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e GPR Facies A, zones exhibiting no internal reflections, correlate to thrombolite
bodies that typically have very low porosity.

e GPR Facies B, characterized by weak internal reflections, correlates to units with
moderate porosity, independent of depositional facies. Facies B can be made up of
oolite, thrombolite or stromatolite units.

e GPR Facies C, recognized by strong internal reflections, generally correlates with
high, but variable, porosity units. The most common lithology correlating to GPR
Facies C is ooid grainstone, although thrombolite and stromatolite units are found in

association with this facies locally.

These relations between geologic features and radar facies are qualitatively
evident at several scales throughout the study site. These associations can be refined and
quantitatively explored, as well. To do so, petrographic analysis provides quantitative
data on types and amounts of porosity of samples systematically collected to evaluate the
range of variability in GPR signature.

A plot of porosity for each radar facies reveals that porosity is qualitatively
distinct among the GPR facies (Figure 5.8). For example, the mean porosity values for
rocks corresponding to the occurrence of GPR Facies A, B and C are 7.9%, 15.0% and
22.5%, respectively (Table 5.1.)

The differences can be quantified by nonparametric statistical analysis (Mann-
Whitney U). This technique is useful for testing whether group means are the same across

a number of groups with non-normal distributions. Tests of these data reveal that porosity
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for each GPR facies are statistically distinct, at a significance level of greater than 99% (p
<0.0001).

GPR Facies A, characterized by weak to absent internal reflections, always
correlates to thrombolite units with low porosity. Within this facies, porosity values for
the 25 and 75% quartiles are 4.9% and 11.9%, respectively, with a mean porosity of
7.9%. Thus, the thrombolite bodies that make up GPR Facies A include little variability
in porosity, with a standard deviation of 3.5%.

Zones exhibiting weak reflections, GPR Facies B, correlate primarily to units that
have intermediate porosity. Porosity for the 25% quartile is 11.3% and the 75% quartile is
16.4%, with an average value of 15.0%. Lithologically, GPR Facies B includes all
depositional facies, with 40% representing ooid grainstone, 37% are thrombolite and 23%
are stromatolite. These data emphasize the absence of a simple relationship between
depositional facies and GPR Facies B.

GPR Facies C, defined by strong reflections, typically correlates with units with
high porosity, although variability exists within and between stratal units of this facies.
Strata of GPR Facies C have mean porosity of 22.5%, and porosity for the 25 and 75%
quartiles are 18.5 and 25.7, respectively. The dominant lithology correlating with areas of
strong reflections is ooid grainstone, which comprises more than 52% of the samples.
The remainder of samples from Facies C consists of 28% thrombolite and 19%
stromatolite. As is the case with GPR Facies B, the diversity of depositional facies
correlating to GPR Facies C shows there is not a simple relationship between

depositional facies and GPR Facies B.
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In sum, the results illustrate that whereas GPR Facies A shows a strong
relationship between radar facies and depositional facies (correlating always to tight
thrombolite units), lack of a systematic relation between depositional facies and GPR
Facies B and C indicate that GPR Facies B and C cannot be used to image depositional
facies (Table 5.2.) Instead, each radar facies includes statistically different porosity, an
attribute which may be independent of depositional facies (compare with Figure 5.1).

An additional factor that could influence reflection strength, which define the
GPR facies, is contrasts at interfaces; larger contrasts in dielectric properties at interfaces
cause stronger reflection amplitudes (Davis and Annan, 1989; Lines and Newrick, 2004;
Neal, 2004). Visual comparison of porosity from a densely sampled interval (Figure 5.9)
clearly demonstrates the relationship between porosity and porosity variability and GPR
facies. For example, areas of low porosity correlate with GPR Facies A. Areas with
intermediate porosity and only moderate changes in porosity correspond to GPR Facies
B. In contrast, areas of high or highly variable porosity correlate with GPR Facies C.
These data unambiguously indicate the importance of porosity, which may or may not be
related to depositional facies, on GPR character.

To more rigorously explore the influence of porosity contrasts on GPR facies,
porosity changes between stratigraphically (vertically) adjacent samples were tallied
within and among GPR facies (Figure 5.10, Table 5.3). A plot of the absolute value of
changes in porosity across interfaces of samples from GPR Facies B and C (Figure 5.10)
reveals that they are qualitatively distinct. The purpose of this analysis is to illustrate

variability in porosity and variability in radar signature and their relations, not the cause
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of any one particular reflection. Samples were not collected with that purpose in mind,
nonetheless, co-rendering these data illustrate several important relationships.

For example, GPR Facies B is characterized by intermediate reflection strength,
and includes strata with a mean porosity change between adjacent samples of 6.6% and a
standard deviation of 5.3%. In marked contrast, GPR Facies C, represented by strong
reflections, has a mean porosity change of 12.5% with a standard deviation of 7.7.
Collectively, changes in porosity across interfaces above and within GPR Facies C are
greater than those of GPR Facies B. These data are consistent with the interpretation that
variations in reflection strength are caused by changes in porosity as EM waves travel
through the succession.

These qualitative relations can be explicitly tested. Quantitative analysis
(nonparametric Mann-Whitney) reveals that populations of measured variations in
porosity (Figure 5.10) between GPR Facies B and C are statistically distinct at a
significance level of greater than 99% (p < 0.0029), consistent with the qualitative trends.
(GPR Facies A included too few transitions to statistically test for relationships.)

An additional quantitative analysis was carried out to determine the relation
between porosity and GPR reflection amplitude magnitude. Quantitative data of the
reflection amplitude magnitude correlating to thin section samples were obtained by
calculating the root mean square (RMS), which is the square root of the mean of the
squares of the values (Equation 3), of the reflection amplitude for each thin section
sample to determine the relationship between porosity and the magnitude of reflection
amplitude (Figure 5.11).

Rums = VR + R+ ... + R,/ 1) (3)
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where R is the magnitude of the reflection amplitude and n is the number of values. To
determine the RMS of the magnitude of the reflection amplitude, the location of the thin
section samples on the 50 MHz GPR profiles was identified on each GPR profile. Then,
the RMS of the reflection amplitudes was calculated from a time interval corresponding
to a thickness of 0.9 m and containing three adjacent traces (1.5 m lateral distance).

A source of uncertainty in this analysis is that the GPR averages properties within
an interval that is one quarter of a wavelength, which is 0.61 m for 50 MHz data (refer to
chapter 4.6, Resolution Identification). Another major assumption is that the thin section
properties are the same for the interval as well. These uncertainties may explain why
there is not a strong correlation, however, there is a trend illustrating that typically the
greater the magnitude of the reflection amplitude, regardless of rock type (Figure 5.11B),

the greater the corresponding porosity value will be.
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Table 5.1. Summary of relations between GPR facies and porosity.

GPR Facies | Number of Mean Standard 25% 75%
Samples Porosity Deviation Quartile Quartile

A 11 7.9 3.5 4.9 11.9

B 30 15.0 6.7 11.3 16.4

C 21 22.5 8.9 18.5 25.7

Table 5.2. Summary of relationship between GPR facies and depositional facies. Note that GPR Facies A
correlates to dense thrombolite in every instance, whereas there is no clear relationship between GPR
Facies B and C and depositional facies.

GPR Number % Dense % Vuggy % Ooid | % Stromatolite
Facies of thrombolite | Thrombolite | grainstone samples
samples samples samples samples
A 11 100 0 0 0
B 30 0.7 30.0 40.0 23.3
C 21 0.5 28.5 52.4 19.0

Table 5.3. Statistical summary of porosity contrasts between stratigraphically adjacent samples within and
among GPR facies. In this table, data are based on absolute values of the differences between samples and

the immediately overlying samples.

Note GPR Facies C has a greater mean change in porosity and

standard deviation. GPR Facies A included too few transitions to statistically test for relationships.

GPR Facies | Number of Mean Standard 25% 75%
Samples Change in Deviation Quartile Quartile
Porosity
B 17 6.6 4.9 3.7 7.1
C 19 12.5 7.7 8.1 17.7
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Figure 5.5. Example of calibration of 100 MHz GPR profile to the outcrop. The massive portion of the
outcrop nearest the surface correlates well with GPR Facies A (very low porosity - tight thrombolite).
Bedded oolite underlying the thrombolite body causes intermediate to strong reflections. Correlation of the
radar reflections to the outcrop was critical for accurate interpretation of the profiles away from outcrops.
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Figure 5.6. Relations between outcrop-scale lithologic changes and GPR facies. Outcrop photomosaic
(Lipinski, 2009) compared to corresponding GPR profiles and radar facies (A, B, C-with green circles),
from all three frequencies. The photomosaic is highlighted with different colors to emphasize varying
lithologies (brown = thrombolite, light blue = oolite.) The individual thrombolite bodies correspond closely
with GPR Facies A (very low porosity - tight thrombolite) in the 100 MHz profile. Yellow and orange
arrows show thrombolite bodies that appear to change morphology subtly between the outcrop face and 2
m to the interior where the GPR profile was collected. The 50 and 25 MHz profiles offer lower resolution
than the 100 MHz data, but are capable of penetrating deeper and imaging larger-scale features, such as
sequence boundaries (e.g. prominent reflector (green arrow) at 12 m depth on 25 and 50 MHz profiles).
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Figure 5.8. Relationship between porosity and radar facies. Data included in the red boxes falls in the
interquartile range, which is the difference between the 1% and 3" quartiles (25" and 75" quartiles). The
bars on either side of the red boxes extend to the 5th and 95™ percentiles. Note GPR Facies A includes
lower values of porosity; whereas GPR Facies B and C typically have higher values of porosity. GPR
Facies C has the most variability in porosity.
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Figure 5.10. Relation between GPR facies and change in porosity between adjacent samples. Note that
GPR Facies C has a greater overall range in changes in porosity in addition to a higher mean porosity
change. Box and whisker bounds are the same as Figure 5.8. GPR Facies A included too few transitions to
statistically test for relationships and is not illustrated.

69



A) Porosity vs. Amplitude (RMS value)
35000
@
o
=
= 30000 . y=601.33x + 1936
E: R?=0.3407
‘E 25000
°
<
= 20000
o
G . + Porosity vs.
o 15000 . Amplitude (RMS
.‘E * value)
@ 10000 ) oS
E T —Linear (Porosity vs.
o 5000 *e®
g * . ¢ o Amplitude (RMS
*, I
= 5 '.: . value))
0 5 10 15 20 25 30 35 40
Porosity
B) Porosity vs. Amplitude (RMS Value)
35000
[+]
o
2 30000
o
(]
E A
c 25000 a
o n
k5 A -
= 20000 [ | = Qoid Grainstone
U B |
o
® A i . A Stromatolite
2 15000 == "
=
':é; A @ Dense
10000 - i
g . iz m Thrombolite
« or Y, = » Vuggy Thrombolite
v 5000 -
S 5 o
oc ™Y m
o
0 ": ®
0 5 10 15 20 25 30 35 40
Porosity

Figure 5.11. Relation between porosity and RMS of the magnitude of reflection amplitude for thin section
samples. Note that outliers beyond the 5™ and 95™ quantiles were not included in these analyses. A.) Plot of
porosity vs. RMS of reflection amplitude for thin section samples. Note there is a trend of greater porosity
corresponding to greater RMS reflection amplitude magnitudes. B.) Plot of porosity vs. RMS of reflection
amplitude for thin section samples showing the lithologies of each sample. Note that dense thrombolite
samples tend to have low RMS reflection amplitude values (red dots) whereas the other lithologies display
a wide range in porosity. The same general trend of greater porosity values corresponding to greater RMS
reflection amplitude magnitudes is seen for all rock types.
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5.4: Distribution of GPR Facies in 3D

To recognize and map GPR facies in 3D more systematically, a suite of objective,
reproducible criteria (specifically, amplitude and continuity of reflections), were defined
(Figure 5.12). The first step in mapping GPR facies was identifying correlations between
prominent reflections and character in GPR profiles and geologic features evident on
adjacent outcrops. These features were then correlated among profiles. The most
prominent reflection, located at a depth of approximately 12 m, was mapped first in all 25
and 50 MHz profiles, and formed the base of the study interval at a consistent depth of
approximately 12 m, which matches the depth of Sequence Boundary 3 as traced on
outcrops along the perimeter of the survey site. This strong reflection can be found in all
25 and 50 MHz profiles throughout the entire area.

A less prominent, somewhat continuous reflection, located at depths ranging from
0 m to 6 m, was mapped in all frequencies as well. This reflection correlates to Sequence
Boundary 4 and it was identified in the eastern part of all profiles throughout the survey
area. To map this sequence boundary, the reflection correlating to this horizon was first
located in profiles along the perimeter of the survey area, where GPR measurements were
used to locate it in areas in which it was discontinuous or difficult to trace. Once the
horizon was mapped in profiles along the perimeter it was tied to intersecting lines from
the interior. This reflection corresponding to Sequence Boundary 4 would have been very
difficult, if not impossible, to map if GPS measurements had not been collected along the
outcrop.

These continuous reflectors that are tied to significant stratigraphic surfaces

(sequence boundaries) provide a framework within which to analyze and map GPR
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Facies A-C and compare them to geologic features. After mapping these major bounding
reflections, the next step was mapping the lateral and vertical extent of the three GPR
facies. Mapping in 3D revealed marked variations in the distribution and geometries of
GPR facies throughout the survey area (Figures 5.13, 5.14) and that GPR facies vary
spatially at several scales. At the largest scale, distribution of radar facies has a notable
trend relating to topography (Figure 5.15). The updip portion of the survey area (western
end) is dominated by weak reflections (GPR Facies B) with little variability in reflection
strength. Downdip areas have more variation in radar signatures. This trend is observed
in profiles of all frequencies throughout the survey area. An isopach map of GPR Facies
B (Figure 5.16) clearly illustrates this trend.

The other GPR facies exhibit distinct patterns of distribution as well. For
example, an isopach map of GPR Facies A (tight thrombolite) reveals variability in
thickness, continuity and distribution throughout the survey area (Figure 5.17). Relative
to GPR Facies B (Figure 5.16), this GPR facies is more patchily distributed, has a smaller
range in thickness and shows no large-scale updip to downdip trends in abundance.
Bodies of GPR Facies A appear to be largely discontinuous, with lateral extents of a few
meters (less than 20 m) as is evident in profiles from the 3D grids (Figures 5.18, 5.19).

Whereas variations in distribution of GPR facies were evident in adjacent profiles
in the coarse 2D grid (20 m by 20 m line spacing) that covered the entire survey area, the
two 3D grids with 5 m line spacing illustrate an even more intimate level of detail of
changing geometries of GPR facies. Three-dimensional grid data reveal significant
lateral and vertical changes in GPR facies within distances of 5 m or less (Figures 5.18,

5.19). These abrupt changes, most evident in the distribution of the GPR Facies A (tight
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thrombolite bodies), clearly illustrate the pronounced spatial variability that is common in
this system, both in updip and downdip areas.

The conventional approach for subdivision and analysis of strata is on the basis of
sequences. In this study, however, mapping in 3D reveals that GPR facies cut across
stratigraphy in many instances (Figure 5.20) and the horizon representing the upper
sequence boundary (Sequence Boundary 4) was discontinuously mappable (e.g., its
location is ambiguous in some areas). Although not emphasized in previous GPR studies,
this relationship is perhaps not surprising, given the observation that GPR facies are
related to rock textures, which in turn reflect a complicated combination of depositional
and diagenetic influences, as discussed above. The greatest permittivity contrasts may
not occur at the sequence boundaries.

At the largest scale, volumetric analysis suggests that of the three main GPR
facies (A-C), Facies A makes up 1.4% of the preserved part of the TCC between the
modern-day surface and the base of Sequence 3. This likely represents a minimum
estimate, as a grid with 20 m line spacing may have missed some of the small lateral
bodies represented by GPR Facies A. Facies B composes 51.1%, and the rest of the
survey is made up of Facies C (47.5%). Variability is present at a finer level of detail as
well. Although GPR facies cut across sequence boundaries, volumetric analysis by
sequence can provide information that is important for developing conceptual and
quantitative models, especially populating reservoir simulation models. Volumetric
analysis shows that Sequence 3 composes 83.8% of the survey area volume. It reaches a
maximum thickness of 12.9 m and thins toward the east, where the minimum thickness is

6.0 m (Figure 5.21).
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Sequence 3 is present over the entire survey area and is the best-preserved
sequence imaged in this survey, although erosion has likely removed some of the
uppermost part, especially in the western (updip) portions where it is exposed at the
modern-day surface. The sequence has a stepped morphology; the relatively isopachous
western (updip) and eastern (downdip) portions are separated sharply by a significant
change in thickness in the central part of the survey area that trends north-south.

Within this sequence, GPR Facies A composes only a small amount (0.7%) of the
total volume of this sequence and is found only in the updip parts of the survey area
(Figure 5.22). The updip part of the survey area is dominated by GPR Facies B, whereas
GPR Facies C is more common downdip where it frequently occurs stratigraphically
above GPR Facies B (Figures 5.23, 5.24). Volumetrically, GPR Facies B comprises
55.6% of Sequence 3 and GPR Facies C makes up 43.2%. Isopachs of GPR Facies B and
C show one or more possible linear to sub-linear trends. In areas with these trends, GPR
facies boundaries are near-vertical, a character not ubiquitous throughout the survey area
(Figure 5.25; see discussion below). Because GPR Facies A constitutes a volumetrically
insignificant portion of this sequence, the facies proportion map for this sequence
compares only GPR Facies B and C (Figure 5.26). This map clearly illustrates that the
ratio of GPR Facies B to GPR Facies C is greater in the western (updip) portion of the
survey area, whereas the opposite is true downdip. Thus, patterns of GPR facies
proportions follow paleotopographic trends.

Sequence 4 is present only in the downdip portions of the survey area, where it
reaches a maximum preserved thickness of 6.1 m (Figure 5.27). Modern erosional

truncation has likely played a role in the present-day thickness distribution of this
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sequence, removing it from the updip areas and perhaps some of the downdip areas as
well, and it is not known how much was eroded. Nonetheless, within this sequence,
distribution of GPR Facies A (Figure 5.28) makes up a larger proportion of Sequence 4
compared to Sequence 3 (4.9% compared to 0.7%). Similarly, distribution of GPR Facies
B does not show clear cut linear trends or systematic changes in abundance in the
sequence, although it composes a smaller volumetric proportion than in Sequence 3
(33.1% in Sequence 4 compared to 55.6% in Sequence 3; Figure 5.29). GPR Facies C
composes 58.6% of Sequence 4 and appears to have a greater thickness in the central to
eastern (downdip) part of the survey site (Figure 5.30). However, this apparent trend must
be considered carefully, as a possible reason for this pattern of distribution may be due to
the thicker preserved sequence in those areas. Because the top of the sequence has been
eroded by an unknown amount, facies proportion maps were not generated for this

sequence.
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Figure 5.12. Representative 50 MHz profile illustrating the different GPR facies. Note GPR Facies B and C
cut across Sequence Boundary 4. Note individual reflectors cut across the boundary between GPR Facies B
and C, suggesting that these boundaries are digenetic rather than depositional as discussed below.

Figure 5.13. GPR profiles (50 MHz) along the perimeter of the survey area. The modern-day ground
surface is highlighted in red, Sequence Boundary 4 in blue and Sequence Boundary 3 in yellow. These
surfaces were identified through correlations of semi-continuous to continuous reflections to the outcrop.
GPR facies were identified through analysis of GPR signal character. GPR Facies A is highlighted in green,
GPR Facies B is outlined in pink and GPR Facies C comprises the rest of the profiles. Note in some areas
that the boundaries between GPR facies appear near-vertical. Also of interest is the observation of the
large-scale trend that GPR Facies B is thicker and more laterally continuous in the western part of the
survey area than the eastern part and is commonly overlain by GPR Facies C. Also note the patchy
distribution of GPR Facies A. On this 3D perspective plot the scale is accurate for the foreground but varies
in the distance.
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Depth

Figure 5.14. 50 MHz profiles from the interior of the survey area (2D grid) show the distribution of GPR
facies. Color codes are the same as in Figure 5.12. Note that GPR Facies B (outlined in pink), correlating to
weak reflections, is thicker in the western (updip) part of the survey area. Note several of the boundaries
between GPR facies B and C are near-vertical to steeply sloping.
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Figure 5.16. Isopach map of distribution and thickness of GPR Facies B (weak reflections correlating to
intermediate porosity) between surface and base of Sequence 3 in 50 MHz data. Note that the distribution

of this GPR facies is most prevalent and thickest in the updip (western) part of the survey area (red-yellow
colors) and thins to absent (blue-green colors) towards the downdip (eastern) areas.
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Figure 5.17. Isopach map of distribution and thickness of GPR Facies A (areas exhibiting absence of
internal reflections, these correlate to tight thrombolite units) between surface and base of Sequence 3 in 50
MHz data. Note distribution is heterogeneous throughout the survey area and that it is a minor component
volumetrically (1.4%). This likely represents a minimum estimate, as a grid with 20 m line spacing may
have missed some of the small lateral bodies represented by GPR Facies A.
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Figure 5.18. Three-dimensional data reveal changes in GPR facies away from outcrop exposures (left to
right). These 100 MHz profiles are from Grid B, located in the downdip part of the survey area (see Figure
6). Note the changing geometry of GPR facies between the succession of parallel GPR profiles 5 m apart.
The most notable change is in Facies A (green arrow), which is characterized as bright white zones in the
GPR data; note how it is discontinuous away from the outcrop. Comparison of profiles with adjacent
outcrops and thin sections shows that Facies A here represents tight thrombolite bodies.
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Figure 5.21. Isopach map of Sequence 3 (50 MHz data). Note that the sequence has a stepped morphology
with a rapid change in thickness in the central part of the survey area, whereas the western (updip) and
eastern (downdip) parts are relatively constant thickness. The thickest part of the sequence is approximately
12 m (yellow) in the western (updip) part of the survey area. Blue dashed line denotes location where
Sequence 4 terminates. Note that this thickness change occurs in the same general area of a fault interpreted
by Lipinski (2009; Figure 5). GPR data reveal no unambiguous evidence of a fault; instead, this thickness
change is interpreted to represent paleotopographic variability (see discussion, 6.1).

Thickness (m)

Figure 5.22. Isopach map of GPR Facies A in Sequence 3 (50 MHz data). This GPR facies is only present
in the western (updip) portion of Sequence 3 and where present, distribution is sporadic.
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Figure 5.23. Isopach map of GPR Facies B in Sequence 3 (50 MHz data). Note that GPR Facies B is
thickest and most continuous in the western (updip) part of the survey area. Distribution of this GPR facies
is sparser and thinner to absent to the east. Black arrows point to one of the apparent linear to sub-linear
trends; a line across this area is illustrated in Figure 5.24.

12

1.5
Thickness (m)
Figure 5.24. Isopach map of GPR Facies C in Sequence 3 (50 MHz data). Distribution shows that this GPR
facies is thinnest in the western (updip) part of the survey area but is variable throughout the survey area.
Black arrows point to an apparent linear to sub-linear trend; a line across this area is illustrated in Figure
5.24.
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Figure 5.26. Map of the ratio of the thickness of GPR Facies B to GPR Facies C in Sequence 3 (50 MHz
data). In this map, a value greater than 1 means that the thickness of GPR Facies B is greater than GPR
Facies C at that location, whereas a value less than 1 means the opposite. Note that the thickness ratio of
GPR Facies B to GPR Facies C is much higher (up to 7 times more likely in some areas) in the western
(updip) portion of the survey area. This map illustrates the changing probabilities of encountering different
GPR facies across the study area.
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Figure 5.27. Isopach map of Sequence 4 (50 MHz data). Note the thickest parts of the sequence are found
downdip.

100 m
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Figure 5.28. Isopach map of GPR Facies A, corresponding to tight thrombolite bodies, in Sequence 4 (50
MHz data). Note distribution is intermittent throughout the sequence and the maximum thickness of these
bodies is less than 3 m.
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Figure 5.29. Isopach map of GPR Facies B in Sequence 4 (100 MHz data). Where present, the thickness of
this GPR facies is approximately 1 m in most areas, but can reach a thickness of 3 m locally. Distribution
of this GPR facies does not appear to follow any evident linear trends.
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Figure 5.30. Isopach map of GPR Facies C in Sequence 4 (100 MHz data). GPR Facies C is the most
dominant GPR facies in Sequence 4 and reaches a maximum thickness of approximately 5 m. Note the
thickest portions of GPR Facies C occur in the central to eastern (downdip) part of the survey site.
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CHAPTER 6: DISCUSSION

A fundamental challenge in applied sedimentology and stratigraphy is “predicting
the anatomy of sedimentary rocks in the subsurface, in particular the distribution of
porosity (and its derivative, permeability)” (Schlager, 2000). To address this important
unknown, subsurface imaging techniques such as GPR have provided valuable insights
into the 3D variability in stratigraphic architecture of both carbonate and siliciclastic
successions. This study aimed to explore GPR’s utility in examining the anatomy of a
microbialite-oolite carbonate complex with a well-constrained depositional and

diagenetic framework.

6.1: Interpretation of Relations between GPR Facies and Geology

GPR data collected in this study clearly illustrate that GPR facies cut across
individual reflections and stratigraphy and show that they are not always directly or
uniquely related to distinct depositional facies (Figures 5.7, 5.19). This lack of relation
may be considered surprising given the successful imaging of sedimentologic features in
other carbonate successions (Grasmuek and Weger, 2002; Nielson et al., 2004; Jorry and
Bievre, 2011). Instead, in this Upper Miocene succession, changes in GPR facies
correspond most closely to changes in porosity and porosity variability, which may or
may not be related to depositional features (Figures 5.8, 5.10, 5.19). Instead, within the
upper two sequences that were imaged within the TCC, porosity within the sequences is
controlled by the complex inter-relations of both depositional and diagenetic history.

For example, trough cross-bedded ooid grainstone has marked variability in grain
size, shape and sorting at several scales, from individual laminae to bed sets. Some of

these variations likely are controlled by original, depositional processes (Rankey and
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Reeder, 2011). The initial porosity can be enhanced or degraded by diagenetic processes
as well (Cantrell and Walker, 1985; Evans and Ginsburg, 1987; Cantrell, 2006). These
superimposed signatures lead to highly variable porosity within individual oolitic units,
which may result in rock fabric bodies that cross-cut stratigraphy. High and variable
porosity leads to numerous interfaces with marked dielectric contrasts, resulting in strong
reflections in the GPR data (GPR Facies C), whereas lower and less variable porosity
leads to weaker reflections (GPR Facies B).

In contrast, many of the tight thrombolite units have only small changes in
porosity, resulting in very weak or absent reflections in the GPR data (GPR Facies A).
Given the depositionally unstratified, mottled nature of thrombolites (Kennard and James,
1986; Planavsky and Ginsburg, 2009) and the small variation in porosity within these
bodies, it is likely that tight thrombolites include few interfaces with contrast sufficient to
cause significant internal reflections.

Nonetheless, the succession is not all pure carbonate, and this factor has an
influence on the GPR signal, as suggested by the reflector corresponding to Sequence
Boundary 3 (GPR Facies D). This strong, continuous reflector likely is caused by a large
dielectric constant contrast related to a change in mineralogy across the interface between
Sequence 3 into the upper portion of Sequence 2, where volcaniclastic minerals are
concentrated. Additionally, weathering of the volcaniclastic minerals to clay minerals
may cause the unit to retain moisture. Presence of water in this unit, even a small amount,
would cause a significant reflection and rapid attenuation of the radar data due to

increased electrical conductivity.
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A less distinctive reflection that was fairly continuous in profiles of all
frequencies was located at a depth of 0 m to 6 m. This reflection correlated well with
Sequence Boundary 4 at the top of Sequence 3 on the outcrop, where a volcaniclastic-rich
ooid grainstone caps the sequence. This reflection is likely not as well expressed as
Sequence Boundary 3 for several reasons. First, this unit is much thinner than the
volcaniclastic-rich ooid grainstone capping Sequence 2, however, with an average
thickness of approximately 15 cm, half the thickness of the comparable unit that
corresponds with the reflection representing Sequence Boundary 3. A second difference
between this volcaniclastic-rich ooid grainstone and that at the top of Sequence 2 is that
the capping unit is discontinuous. Together, the variable thickness and continuity are
likely responsible for the highly variable and discontinuous nature of the GPR reflection
representing Sequence Boundary 4.

An interesting finding is that the GPR facies are not distributed uniformly
throughout the study area. For example, GPR Facies B is abundant and thick in the updip
parts of the survey area, and less continuous and thinner downdip. Analysis of outcrop
and thin section data reveal that updip areas, which have an abundance of GPR Facies B,
typically have lower porosity than downdip areas. This change to lower overall porosity
in updip areas is consistent with higher amounts of calcite cement that postdates TCC
deposition in updip areas (Z. Li, personal communication). Thus, this large-scale trend of
GPR facies distribution is interpreted to reflect primarily a diagenetic overprint. Evidence
is that contacts between GPR Facies B and C commonly are subvertical in places linear,
which is inconsistent with most depositional contacts, cut across sequence boundaries,

and many reflectors are continuous across the facies boundaries.
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Several other intriguing aspects of the GPR data warrant discussion. The first
aspect concerns the nature and origin of the step-like morphology evident in the isopach
of Sequence 3. The abrupt change in thickness in the central part of the survey site
(Figure 5.21) may have formed from one of several different processes. One possibility is
that the change in thickness observed in Sequence 3 may be a result of post-depositional
erosional truncation following deposition of Sequence 3 but before deposition of
Sequence 4. Based on Pleistocene and Holocene analogs, many erosional terraces are
produced during sea-level rise (Blanchon and Jones, 1995). During slow sea-level rises
or stillstands, wave energy and intertidal bio-eroders commonly truncate beds and form
notches or step-like terraces (Sarg, 1988; Blanchon and Jones, 1995; Webster et al.,
2009). Evidence consistent with this interpretation would include truncation of
underlying beds at the change in thickness, a distinct flat-to-gently dipping surface with
possible marine encrusters or borings, as well as coarse rubble and debris immediately
downdip from the truncation. As it represents erosion of lithified strata, this rubble and
debris likely would include a different diagenetic history than surrounding sediments as
well. No evidence of these features is observed on outcrops (Lipinski, 2009) and GPR
data include only ambiguous evidence for truncation, which cannot be correlated between
adjacent GPR lines.

Alternatively, another possibility for the step-like morphology is that the change
in thickness is constructional, related to depositional relief. If this were the cause, the
succession might include evidence for offlapping patterns or shallow water facies and
higher energy deposits passing abruptly downdip to lower energy, thinner deposits (e.g.,

Sarg, 1988; Hanford and Loucks, 1993; Schlager, 2005). Further support for a
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constructional origin could include continuous evidence of subaerial exposure across
paleotopography from updip areas to downdip areas. Although no unambiguous evidence
of offlapping patterns or lateral facies changes are apparent on outcrops or in the GPR
data, fenestral ooid grainstone caps Sequence 3 throughout the study area (Lipinski,
2009). This observation indicates that the sequence was not truncated.

The step-like geometry in Sequence 3 may be a result of a combination of
different processes. As Lipinski (2009) demonstrated, deposition of sequences within the
TCC was influenced by a complex interplay among sea level change, paleotopography,
and less than optimal carbonate production. Nonetheless, in the absence of a higher
resolution grid or data set, the details of the nature and origin of this geometry remain
ambiguous. Furthermore, a more focused examination of the outcrop may provide
insights into the origin of this thickness change and may prove to be useful for
reconstruction of sea-level history of the Upper Miocene.

Although high-resolution data (0.31 m resolution in the 100 MHz data)
successfully imaged small-scale variability in GPR facies changes throughout the survey
area, some features visible on outcrop were not necessarily easily discernable on all
profiles. For example, numerous fractures ranging from 0.1 to 1 cm are visible on the
outcrops, but were difficult to trace away from the outcrop, even when GPR profiles were
collected within 1 to 2 m from the outcrop. Some fractures observed on the outcrop were
open (filled with air) and some were filled with calcite cement. Although the probability
that air-filled fractures would be easier to detect than those filled with carbonate minerals
that have similar dielectric properties as the surrounding units, GPR was unable to image

them in this survey. Fractures, especially fractures with near-vertical orientations as those
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found in the survey area, are difficult to detect on GPR profiles. Discontinuity analysis of
multi-polarization and true 3D data with closely spaced inlines and crosslines can image
fractures, however (Tsoflias et al., 2004; Grasmuek et al., 2004; Guidry et al., 2007). As
fracture characterization was not the purpose of this study, true 3D data were not
acquired, so the absence of imaging of fractures in these data does not imply their
absence.

Nonetheless, fractures may influence GPR signatures indirectly. In the data, near-
vertical transitions between GPR facies that appear to follow linear trends in some areas.
Although many boundaries between GPR facies are inclined at 10 to 60 degrees (Figures
5.11, 5.19), many others are near-vertical (Figure 5.24). Mapping these near-vertical GPR
facies changes between adjacent lines highlights linear to sub-linear trends, as is seen in
the western (updip) portion of the survey area (Figures 5.22, 5.23). Although near-
vertical boundaries associated with depositional facies are present in the study site (e.g.
some thrombolite bodies are columnar in form and have near-vertical boundaries between
them and adjacent ooid granistone) many of the near-vertical changes in GPR facies
cannot be easily associated with depositional features for several reasons. A first reason
relates to the thickness of the GPR facies changes. If the most pronounced boundaries
(12 m high) were caused by a thrombolite-ooid grainstone facies transition, the thickness
of the thrombolite would have to be nearly three times the thickness of thrombolite
bodies observed on the outcrop, which reach a maximum thickness of only 4 m. A
second line of evidence against a depositional origin of the abrupt, near-vertical changes
in some GPR facies is that they appear to be traceable across numerous GPR lines that

have a spacing of 20 m. Thus, thrombolite bodies would have to extend laterally for more
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than 100 m, an attribute not observed on the outcrop. Third, these vertical facies changes
are found in Sequence 3 in areas where outcrop shows thrombolite to be nearly absent.
The height, lateral extent, calibration to outcrop, and overall morphologies of these near-
vertical changes in some GPR facies suggest that they are more likely a result of post-
depositional processes rather than depositional processes.

Broadly comparable linear features have been described in association with
fractures and faults in other studies (e.g., Guidry et al., 2007). Fractures and faults have
been shown to be an important control on fluid flow, and therefore, can strongly
influence diagenetic alteration. There are no major faults in the survey area; one minor
fault occurs in the area but it does not correspond to any of the near-vertical GPR facies
changes. Numerous fractures cut the strata in the study area and may be responsible for
the near-vertical, linear to sub-linear trends. The linear trends of near-vertical changes in
GPR facies likely do not represent individual fractures, as these likely would not be
evident on the 2D lines (cf. Guidry et al., 2007). Instead, the GPR facies boundaries may
represent zones of diagenetic alteration related to fractures. A true 3D GPR survey
(Grasmuek et al., 2004; Guidry et al., 2007) would be required to improve constraints on
the nature and origin of these features.

Caves are another feature visible on outcrop that were not apparent in the GPR
data. The perimeter of the survey area had small caves with lateral dimensions of 0.5 to 2
m with heights ranging up to 2 m. The majority of the caves extended less than 1.5 m into
the interior of the survey area and decreased in size with increasing distance away from
the outcrop face. It was expected that if caves were present in the interior of the survey

area, that they would be evident in the GPR data. Analysis of the GPR data, however,
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illustrate that no cavities or caves larger than 30 cm (smallest size feature that can be
resolved with highest frequency antennas, 100 MHz) are present in the interior of the
survey area. Specifically, the data showed no prominent diffraction hyperbolas, a
common result when GPR signals pass through air-filled voids (Sigurdsson and
Overgaard, 1998). The lack of diffraction hyperbolas suggests that the survey area

contains only small-scale cavities, with dimensions below the resolution of the data.

6.2: Implications

Over the past several decades, numerous studies have demonstrated the usefulness
of GPR as a tool for imaging stratigraphic features in a multitude of depositional
environments, ranging from eolian to marine, carbonate to siliciclastic systems
(McMechan et al., 1998; Jol et al., 2003; Hugenholtz et al., 2007; Jorry and Bievre,
2011). Studies in carbonate successions have focused on imaging stratigraphic features
at several scales, from thick, relatively homogenous carbonate packages (Pratt and Maill,
1993; Liner and Liner, 1995), to complex, heterogeneous carbonate sequences (Dagallier
et al., 2000; Grasmuek et al., 2004; Neal et al., 2008; Aspiron et al., 2009; Jorry and
Bievre, 2011). Although these studies exemplify the wide range of applications of GPR
in carbonate strata, the utility of GPR to image changes in porosity and diagenetic
variability has not been emphasized.

Although this study demonstrates that some GPR signatures are closely related to
depositional features, it is variations in porosity, both depositional and diagenetic in

origin, that form the dominant influence on reflection characteristics in this succession.
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Most GPR facies transitions correlate more closely with variations in porosity
than with depositional facies and features, showing that GPR imaging can be markedly
influenced by diagenetic complexity. For example, the contacts between GPR Facies B
and C commonly cut across Sequence Boundary 4 (Figures 21, 25, 33) and may represent
any of the major depositional facies (ooid grainstone, thrombolite or stromatolite) in the
survey area. Some reflectors are continuous across these contacts. The cross-cutting
relationships between GPR facies and depositional features provide evidence of
diagenetic influence.

Large-scale patterns of distribution of GPR facies provide further evidence of
diagenetic overprinting evident in GPR data. For example, GPR Facies B is most
continuous and thickest in the updip part of the survey area, whereas extent of this facies
is patchier and less thick downdip. Examination of outcrop and thin sections reveals that
the depositional facies in updip areas have lower porosity resulting from more calcite
cementation, as discussed above. Dissertation research focusing on the diagenetic history
of La Molata by Zhaoqi Li also provides evidence for overall lower porosity and greater
amounts of calcite cement updip compared to downdip areas.

In sum, these results show that at least in some successions GPR represents an
underappreciated, but potentially powerful, tool for mapping diagenetic overprinting and
complexity in carbonate strata as suggested by Franseen et al. (2007).

These types of insights on spatial changes in porosity can be valuable analogs for
understanding, predicting, and modeling variability in the subsurface. Construction of
subsurface reservoir models requires assigning properties (facies, porosity) away from

known points such as wells (Knight et al., 1997; Lipinski, 2009). Commonly, spatial

97



variability is constrained by wells, which may be tens to hundreds (or even more) of
meters apart. As revealed in this study, there is marked variability at a much finer scale
that could be used as input for a reservoir model.

Similarly, reservoir models are developed by defining sequences and surfaces
from well or seismic data. Within this framework, facies probabilities are used to
distribute depositional facies, each of which include a predefined range of petrophysical
properties (porosity and permeability). The properties at any given point are sampled by
various methods from the overall population of petrophysical property values. The GPR
data collected for this study directly image the petrophysical properties that are utilized in
reservoir modeling (changes in porosity). As such, utilizing the trends in these types of
data allow the removal of the intermediate step of assigning lithofacies, thereby reducing
uncertainty.

If these strata formed part of a subsurface reservoir, the distribution of high
quality reservoir bodies (porous units) would likely be more variable than a simple,
layered stratigraphic model might imply. For instance, the observation that GPR facies
readily cross-cut sequence boundaries indicates that sequence boundaries likely would
not influence fluid flow through the system. At the largest scale, downdip areas that have
porous grainstone and vuggy thrombolite boundstone units would likely be better
reservoir flow units than the lower porosity units found updip. At a finer scale, dense
thrombolite boundstone units and low porosity ooid grainstone bodies could form baffles
or even barriers to flow, whereas vuggy thrombolite boundstone and porous ooid
grainstone would likely form flow units. Nonetheless, individual boundaries are not

constrained by stratigraphy or layering, but instead appear to be strongly influenced by a
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complex diagenetic overprinting. High-resolution studies such as this can provide data
and conceptual models for understanding and effectively exploiting analogous subsurface

heterogeneous reservoirs.

CHAPTER 7: SUMMARY AND CONCLUSIONS

GPR data of differing frequencies were acquired in 2D and 3D to provide
characterization of the stratigraphic architecture of two sequences in an Upper Miocene
microbialite-oolite carbonate reservoir analog. GPR reflections and facies correlate to
variations in stratigraphy and porosity evident through calibration to well-documented,
adjacent outcrops.

Lower-frequency data (25 and 50 MHz) are useful in identifying large-scale
features, such as sequence boundaries and large-scale variations in porosity. The lower
frequency data imaged the upper two sequences to a maximum depth of approximately
12 m, where a volcaniclastic-rich ooid grainstone unit attenuates the signal. Higher
frequency data (100 MHz) resolve finer-scale lithofacies geometries and porosity changes
within and among sequences; some GPR facies cross-cut sequence boundaries. The 100
MHz data imaged to a depth of approximately 6 m. Integration of data of different
frequencies allows recognition of heterogeneity at multiple scales.

Results of this study illustrate that although GPR can image stratigraphic features
such as sequence boundaries and tight thrombolite bodies, reflections are primarily
influenced by porosity variations within the strata. Three of the GPR facies, recognized

on the basis of reflection signatures (strong, weak, or no internal reflections), are linked
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predominantly to porosity variations in facies. Each GPR facies has been identified and
delineated in each frequency data set.

A large-scale trend, observable in GPR data of all frequencies, was that GPR
Facies B, which correlates to units of intermediate porosity, was most dominant in the
western (updip) portion of the survey area. This finding is in agreement with other
research that shows updip units have overall lower porosity and a greater amount of
calcite cement than downdip units, suggesting a diagenetic control on porosity and GPR
facies distribution. Furthermore, in many instances, GPR facies cut across individual
reflections and sequence boundaries. Additionally, boundaries between GPR facies B and
C are commonly near-vertical and define linear trends in map view, suggesting the
influence of fractures. These results indicate that GPR data captured porosity
characteristics associated with both depositional and post-depositional processes.
Although GPR has traditionally been used to image stratigraphic features, this study
indicates GPR can image diagenetic features as well. As such, GPR can be a valuable
tool for imaging porosity heterogeneity and developing conceptual models that portray
3D variations in stratigraphy and porosity. Resultant insights may be important for
comprehensive understanding of porosity development and distribution in this system and

subsurface carbonate reservoir analogs.

CHAPTER 8: RECOMMENDATIONS FOR FUTURE WORK
One suggestion for the design of a future survey that would likely be more
successful at capturing complex GPR facies geometries and distribution is one in which

GPR profiles are collected in a more densely spaced grid (at least 5 m by 5 m line
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spacing) covering the entire survey area. A main goal of this study was to image
heterogeneity, both depositional and diagenetic, throughout the TCC. The two 3D grids
clearly illustrate that a grid spacing of 20 m was insufficient to capture the rapidly
changing geometries and distribution of GPR facies. The 3D grids with 5 m by 5 m line
spacing were much more effective at capturing abrupt changes in geometries of GPR
facies, elucidating their complex distributions. Data from the 3D grids suggest that abrupt
changes in geometries of GPR facies may occur throughout the entire survey area,
however, the 20 m by 20 m line spacing of the 2D grid was unable to fully capture such
variation. Therefore, a future study with more closely spaced lines would likely image the
variability and changing geometries of GPR facies more effectively. Of particular interest
would be a dense 3D grid located over the area in which an abrupt change in thickness
occurs in Sequence 3. Closely spaced lines from this area may provide evidence useful
for determining the origin of the thickness change.

Another suggestion to better constrain relations between GPR signatures and
depositional facies would be collection of more closely spaced rock samples. A denser
sampling may allow more accurate quantification of porosity and variations in porosity
that could be quantitatively correlated to magnitude of reflection amplitude.

An additional approach to investigate the role of porosity variation on GPR
signals could be to image other areas with similar depositional and diagenetic histories
but more simple successions, such as ones composed almost entirely of either oolite or
microbialite units, to test whether or not the GPR response was just as complex. This
approach would likely contribute to a better understanding of factors influencing GPR

signatures.
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Successfully imaging all four sequences of the TCC might require a different
geophysical approach. An unanticipated outcome of this survey was the severe
attenuation of GPR signal as EM waves encountered the volcaniclastic-rich ooid
grainstone layer at the base of Sequence 3 (depth of approximately 12 m). Although this
unit was known prior to conducting the survey, the influence it had on the radar data was
unexpected. One way to image below this unit would be to conduct a near-surface
seismic survey over the area. Acoustic waves would likely not attenuate as rapidly when
they encounter the electrically conductive unit. Depending on the survey design, a high-
resolution seismic survey would be capable of resolving meter-scale features to a depth

of 50 m.
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