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Abstract
A number of GPR surveys have been conducted by the University of Calgary at the Maya
archaeological sites of Maax Na and La Milpa in Belize, Central America. Undertaken
from 2001 to 2008, our research has focussed on enhancing the quality of the GPR
images, highlighting anomalous features, and mapping near-surface stratigraphy and
topography across the Maya plazas. Significant differences in radar velocities between
field seasons are attributed to varying climatic conditions (rainfall) and can be explained
through fluid substitution using the Wyllie Time Average Equation. Variations in
velocities, depth of penetration and resolution have a significant effect on the
interpretation of events on a GPR record. Based on the analysis of more than 40 2-D lines
and four 3-D surveys, the best anomalies have been identified and catalogued, and will
serve as a possible basis for future excavation. GPR surveys show considerable promise

for subsurface imaging at Maya sites.
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Chapter One: INTRODUCTION

This thesis explores the use of Ground-Penetrating Radar (GPR) at two Maya
archaeological sites in Belize, Central America. The main objectives of this investigation
were to: conduct GPR reconnaissance across a Maya plaza at Maax Na, process and
interpret the data, highlight any observed geophysical anomalies, and template a known
subterranean cave, or chultun, at La Milpa. The final goal was to catalogue and prioritize
the best anomalies noted in the near-surface at these sites as a possible basis for
excavation in the future.

1.1 Motivation

GPR surveys have been conducted by the University of Calgary at several Maya sites in
Belize, Central America since 2001 (Aitken and Stewart, 2002). Archaeological
excavations tend to be expensive because of the slow meticulous work required and the
sheer manpower involved. In contrast, GPR is a geophysical method that is non-invasive
and non-destructive. It also provides a snapshot of the subsurface to pin-point a feature of
interest and thus offers the potential to focus the excavation activity effectively and
efficiently. GPR data acquisition has the potential to improve the archaeological return
from excavation sites (Moldoveanu et al., 2002).

Ground penetrating radar involves the propagation of pulses of electromagnetic energy
into the ground. Because of its sensitivity to conductive or resistive boundaries in the
subsurface, GPR can be successfully used to locate void spaces and regions of
disturbance (Henley et al., 2002). In terms of an archaeological context, the transmitted
pulse travels through the lithologic layers of the earth, scattering and reflecting from

stratigraphic boundaries, walls, house floors, pits or rubble (Goldberg, 2001).
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Near-surface geophysical techniques, particularly GPR, have been traditionally employed
in archaeological investigation (Leckebusch, 2003). In the past, non-geophysicists have
routinely conducted these surveys across areas of interest and relied on the raw, real time
displays from the GPR unit to flag or map anomalous features. For large, continuous and
areally extensive features, showing sufficient contrast in electromagnetic physical
properties, this type of methodology is sufficient to target or map out such features.
Smaller features however are more difficult to delineate.
A goal of the research at the University of Calgary is to apply our geophysical expertise
to acquire more detailed analysis of this smaller type of feature in the form of crisper and
more coherent images of the subsurface through improved acquisition parameters and
enhanced processing flows. Pre-existing modeling software, and interpretation
methodology employed in seismic exploration, has been applied to the GPR surveys.
GPR computer mapping and 3-D visualization techniques were implemented to identify
and resolve surfaces of ancient habitation, and aid the archaeologists in their attempt to
reconstruct the history of the Maya civilization at this site. This collaborative effort
between the fields of geophysics and archaeology holds great promise as GPR technology
continues to evolve. Continued research and numerous theses and papers outlining the
application and success of GPR at different Maya archaeological sites will pave the way
to more interest, use and acceptance by archaeologists as a reconnaissance tool. These
include the mapping of Maya buried structures in Ceren, El Salvador (Conyers, 1995),
the successful application of GPR at the Maya site of Kaminaljulu, Guatemala (Valdes
and Kaplan, 2000), and the integration of GPR data with Maya archaeological data at Los

Naranjos, Honduras (Tchakirides et al., 2006). This investigative methodology has



additional relevance to Earth Science in its potential use in environmental and
geotechnical applications (Daniels, 2000), including hydrological permafrost studies by
Moorman and Michel (2000) and Nieto (2005).

1.2 Study Area of Maax Na and La Milpa

The country of Belize is situated between the equator and the Tropic of Cancer at the
northern latitude of (15° to 19° N). Formerly British Honduras, it gained independence
from Britain in 1981 and is bounded by Mexico to the north, Guatemala to the south and
west, and the Caribbean Sea to the east (Figure 1.1). Belize is considered to have a sub-

tropical climate, with a wide range of rainfall, humidity, and temperatures throughout the

country.

GulfFof Mexico

o

North Pacific Ocean

Figure 1.1 Map of Belize within Central America (www.cyberschoolbus.un.org)

Maax Na and La Milpa are two of 800-plus Maya archaeological sites situated in Belize
alone. Located in The Rio Bravo Conservation and Management area that covers 260,000

acres of lush, broadleaf forest, both sites are parts of a larger region under the auspices of



The Programme for Belize Conservation Area (PfBCA). The Conservation Area was
created in 1988 with funding from the Belizean Government and is dedicated to the
preservation of the archaeological ruin sites and the indigenous wildlife within its

boundaries (Figure 1.2).
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Figure 1.2 Map outlining the extent of the Rio Bravo Conservation and
Management area in Northern Belize (www.belizereport.com).

A diversity of plant life including tall mahoganies, mangroves, ferns, vines, and flowers
create a dense rainforest, with large twisted roots and leaves littering the ground surface.
Over the different field seasons the environments we encountered have varied from

parched with little vegetation growth and an absence of insects, to ones of lush greenery,

and an overwhelming richness of wildlife (Figure 1.3).



Figure 1.3 Lush vegetatin in plaza at Maax Na (left), with typical Belizean wildlife
on right (photo courtesy of R. Stewart, and www.parkerlab.bio.uci.edu).

Maax Na (“Spider Monkey House” in local Mayan) was discovered in 1995 by a group
of archaeological surveyors from the University of Texas on a quest to locate other Maya
sites in the area (Allum, 2004). Subsequent excavations and mapping have revealed
hundreds of intact structures within and around the site centre, now considered to be
ceremonial in nature (King, pers. comm., 2004). To date, a number of geophysical
surveys conducted by the University of Calgary at Maax Na and La Milpa have provided
good quality images of the near surface indicating the existence of caves, a looter’s
trench and other important archaeological features. These ancient landmarks provide
archaeologists with the necessary cultural footprints to assist in unravelling and
reconstructing the history of the Maya.

1.3 Geological and Lithological Framework in Area of Maax Na and La Milpa

An overview of the geology and geophysics of northern Belize was undertaken to



become familiar with the geology in and around several Maya ruin sites in northern
Belize including Maax Na and La Milpa. A close examination of the lithological
information and regional geological setting was required to understand what resources
and materials were available to the Maya, and the location and placement of the
monuments and cities of the Maya civilization.

The present geological configuration of Belize involves a long history of plate tectonics,
faulting, major transgressions, regressions, and erosion. Maax Na and La Milpa are
located in the Corozal basin of Northern Belize, one of three geological provinces, that
form the Belize mainland (Campbell, et al., 1997). The Corozal basin consists of a thick
sequence of marine carbonates, primarily limestone, interspersed with lime-rich muds
(marls) and capped by alluvial sands deposited from the Cretaceous period to the
Pleistocene. This basin is an extension of the Yucatan Peninsula and is stratigraphically
part of the North Peten Basin of Guatemala (Aitken and Stewart, 2002).

The topography of the area consists of a series of escarpments formed by successive
cycles of faulting, slumping and weathering, and is oriented in a southwest-northeast
direction. This alignment has influenced the drainage pattern of the rivers and streams in
the Three Rivers region, appropriately named after the Rio Azul, the Rio Bravo and the

Booth’s Rivers (Figure 1.4).
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Figure 1.4 Transect through Northern Belize (from www.northernbelize.com).

The study sites of Maax Na and La Milpa are situated west of the La Lucha Escarpment.
Geomorphically, the study area is a central pediplain, a broad, low-relief erosional
surface with gentle topography, and linear-trending lakes of karstic origin (Moldoveanu
et al., 2002). The region is also characterized by thousands of natural caves and caverns
below the surface caused by limestone dissolution. The geologic sequence and
paleogeography of the region in the near surface consists of the Santa Rosa Group, the
Hillbank Formation, and the Yalmac Formation. The limestone quarries extensively
exploited by the Maya originated from these formations. Figure 1.5 outlines the main
outcropping formations and geologic rock type that characterize the different regions of
Belize. The locations of Maax Na and La Milpa are primarily dominated by Mesozoic

carbonates. A more detailed report on the geology of Belize is offered in Appendix A.
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Figure 1.5 Geological overview of Belize (reproduced from Campbell et al., 1997).

Northern Belize supports a number of different ecosystems. Lowland broadleaf forests
cover the limestone escarpments of Rio Bravo, where rich, lime soils derived from the
erosion of the Maya Mountains have developed. To the east, more nutrient-poor soils are
common, giving rise to pine trees and savanna grasses. Fresh-water wetlands and swamps
known as “bajos” exist in areas of low topographic relief especially along rivers, while
mangrove forests blanket the north-east and coastal regions.

The stratigraphy of the near-surface sediment of the Maax Na plaza consists of a fertile
brown soil matrix and humus, underlain by multiple man-made layers of limestone
plaster, and detrital, stacked above the limestone bedrock. This tiered arrangement has
been verified by two archaeological pits excavated at the plaza, and will be discussed

later in the thesis.



1.4 The Maya Civilization

The Maya are considered to be one of the greatest Mesoamerican civilizations with
expertise in mathematics, astronomy and engineering. Their culture flourished in Central
America for over a millennium. Culminating during the Classic Period (A.D. 300-900),
their ceremonial complexes have stone temples, palaces, ballcourts and stone stalae
(Demareist, 2006). It was a time of industrious construction in which immense structures
were built within and atop the topographically highest points in the region (Miller, 1999).
Kings erected massive temples and palaces to reinforce their legitimacy and power, and
as tribute to their gods. Important historical dates festooned the palaces and other stone
monuments. Their architecture not only made use of the corbel arch but certain temples
were positioned so that the precise observations of the equinox, solstice and other
astronomic events could be made by sighting planets and stars along defined positions on
special buildings ( Awe, 2007). Large plazas surrounded these structures and served as
the loci for religious ceremonies and royal processions.

1.5 Urban Design and Architecture of Maya Cities

Figure 1.6 is an artistic representation of the ceremonial centre of the great Maya city of
Copan highlighting the great plaza and surrounding temple pyramids. Although Maax Na
and La Milpa are at a much smaller scale to Copan, they are similar to many Maya sites
throughout Central America. Maya site planning varied from one location to another, as
differing natural features were integrated into the design. Some sense of order is evident
however in that elevated structures such as temples, palaces and large plazas were
typically located in the civic centre and surrounded by residential compounds. At times,

causeways, known as "sacbeob", connected various parts of the settlement. These ancient
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roadways were also constructed of limestone and paved with natural white lime cement

called "sascab".

Figure 1.6. Urban desin of cify of Copan (National Geographic, 1989).

The Maya rarely demolished existing structures, choosing to expand through accretion as
temples, palaces, and entire complexes were rebuilt over and over again through the
centuries (Coe, 1999). Buildings were often placed upon or abutted to older structures as

depicted in Figure 1.7.

=

Figure 1.7 Maya pyramids rebuiItVé xistin ones (aseﬁé and Fash, 1991).
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In terms of architecture, the Maya are most noted for their stepped and ornate structures
from the Pre-Classic period through to the Post-Classic period (400 B.C. — 1200 A.D.).
Temples were buildings elevated on high pyramidal platforms with restricted interior
spaces and large free-standing facades called roof combs (Sharer, 1994). Palaces were
single-storied, multi-room buildings situated on low platforms that served administrative
and residential functions (Coe, 1999).
The plaza areas were extensive, and built to accommodate the Maya crowds who
gathered for sacred rites and processions. Classic Maya cities commonly have a north
plaza dedicated to ritual events surrounded by religious buildings built on high platforms
and pyramids (Allum, 2004). Other plazas throughout the city were used as public
market areas, venues for public ceremonies or were exclusive to elite residences (Allum,
2004). Each new phase in construction of the pyramids and temples often required
refurbishing of the plaza surface, resulting in a multitude of layers capped by a hard lime-
based plaster. According to archaeologist Leslie Shaw, an excavated pit at Maax Na
“found layer upon layer of plaster floor and limestone rubble, evidence of a very
constructed landscape” (Allum, 2004).
The Maya ingeniously developed various methods to store rainwater in strategically
placed reservoirs. One method of reservoir construction was to dig down to bedrock with
tools often made of chert and obsidian, and sculpt the soft, friable limestone into large
concave features. At Maax Na, these excavated depressions, at the periphery of the
plazas, were then lined with wet clay and allowed to dry in the heat, forming reservoirs
(Shaw, pers. comm., 2004). The plazas were intentionally designed to tilt slightly in the

direction of the reservoirs to collect and store precipitation during the rainy season. This
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inclination was observed in our case at Maax Na by topographic mapping of the plaza
using the Total Station survey instrument.

1.6 Building Methods and Materials

The Maya were resourceful builders, using available construction materials including
soil, natural limestone cobbles and boulders, large crudely chiseled limestone blocks, and
stucco (Wilson and Wilson, 1990). Tons of recycled rubble and quarried limestone were
used to construct the pyramids and plazas. The abundant soft-limestone beds were easily
manipulated and cut into blocks or reduced by burning to produce lime for plaster
(Sharer, 1994). The resultant white plaster proved to be impermeable and very durable
and was used to top plaza surfaces and as a top coat to temples and pyramids, which were
then brightly painted. The plaster also served to cover any imperfections in workmanship.
The Maya did not have access to metal tools, yet their work shows great skill and
creativity.

1.7 The Site of Maax Na

The identification of Maax Na as a monumental centre was first documented in 1995
when an archaeological reconnaissance team for the Programme for Belize Archaeology
Project (PfBAP), directed by Dr. Fred Valdez Jr. of the University of Texas at Austin
(Valdez, 1997), surveyed the area. The Maax Na Archaeology Project, co-directed by
Drs. Leslie Shaw (Bowdoin College) and Eleanor King (Howard University), initiated
investigations in 1996 with emphasis on site mapping and exploration. Site mapping
remains ongoing. Based on the initial work, the site appears to have been occupied from
the Late Preclassic Period (250 B.C.—A.D. 250), to the Late Classic Period (600-800

A.D.) A major construction episode took place during the Early Classic (250-600 A.D.).
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Maax Na is one of five major sites within the boundaries of the P BAP conservation area,
and with this high site density, each site must have had to balance its economy in
reference to the volatile political world that surrounded it (PfBAP Report, 2005).
The monumental center at Maax Na is located on a hilltop at 180 m above sea level and
includes three plazas (Plaza A, Plaza B and Plaza C) connected by a wide causeway.
Maax Na’s site centre is unique in that the large distances between buildings in Plaza A
imply it was deliberately built on a grand scale (Figure 1.8). A free-standing stelae (stone
column) with no discernable markings was discovered at the southern end of the
causeway, possibly to represent the commencement of sacred versus secular space as is
found in the Maya city of Copan (PfBAP, 2005). Plaza B contains a single large pyramid
atop a natural hill and stands approximately 24.6 m above the plaza surface. A set of
steps carved out of the hill created a base for the pyramid structure. Early excavations at
the plaza have revealed layers of buried stonework, each of which served as a pavement

surface at different stages of Maax Na’s construction and development.
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Figure 1.8 The monumental centre of Maax Na; GPR surveys were conducted at
Plaza A (PfBAP, 2004).

Due to the proximity of the Rio Azul/Rio Hondo drainage basin and Thompson’s Creek,
a large reservoir filled the area to the west of the causeway. We can imagine that the
reservoir would have contributed both aesthetically and functionally to the community
(PfBAP report, 2005). The residential zones in the vicinity of Maax Na suggest an
economic focus on agricultural products. Areas east of the site centre appear to have had
only limited settlement due to the loction of the escarpment and bajo.

1.8 The Site of La Milpa

La Milpa is also part of the Programme for Belize, within the Rio Bravo Conservation
area and adjacent to the La Milpa field station (Figure 1.2).

This site was initially discovered in 1938 by Sir Eric Thompson, and additional mapping
of the main plaza was undertaken in the 1970’s by David H. Pendergast and H. Stanley

Loten (Tourtellot III et al., 1993). More extensive excavation work did not begin until
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1992, under the guidance of Dr. Norman Hammond from Boston University. La Milpa is
considered to be the third largest ancient Maya city in Belize after Caracol and Lamanai,
covering over 75 square kilometres. It was founded in 400 BC, and flourished at several
times during its history. The recent discovery of a royal burial site has raised the profile
of La Milpa. The undisturbed tomb of the Maya King, “Bird Jaguar”, or his successor,
believed to have ruled around 450 AD, was highlighted by a magnificent jade necklace
adorning the remains (www.belizereport.com).
Termed the Northern Group, Plaza A is approximately 18 km? in areal extent and the
largest constructed in the Classic period in Belize. Figure 1.9 outlines the layout of the

plaza we investigated at the archaeological site of La Milpa.

o

mElai s

Figure 1.9 Layout of Plaza A at the Maya site of La Milpa ( www.travelbelize.org).

Plaza A is surrounded by four pyramids over 24 metres high, postulated to have housed
elite residences and administrative offices. The plaza also contains two ball courts, and

two chultunes under the plaza floor. Chultunes are bottle-shaped underground storage
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chambers often used to collect rainwater, but in this locale were most likely used as
storage pits. Although the pyramids and temples are hidden away beneath grassy hills and
sub-tropical rainforest, the plaza has been mostly stripped of vegetation, making it an

ideal location for GPR reconnaissance.
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Chapter Two: GROUND-PENETRATING RADAR THEORY

2.1 What is GPR?

The term ‘ground-penetrating radar’ (GPR) refers to a technique designed primarily to

detect “the location of objects or interfaces buried beneath the earth’s surface or located

within a visually opaque structure” (Daniels, 2004). GPR uses electromagnetic (EM)

radiation in the microwave band (UHF and VHF), and generally operates in the

frequency range of 10 -1000 MHz. A high-frequency electromagnetic (EM) energy pulse

is transmitted into the ground and is partially reflected back to the surface because of

changes in bulk electrical properties (Bristow and Jol, 2006). The resultant GPR trace is

simply a recording of the electric field from the subsurface as a function of time (Figure

2.1).

Transmitter

Receiver

Signal at Receiver

| Direct Signal

Reflected
Signal

Figure 2.1 A schematic of how GPR works (adapted from www.cﬂhd.gov).

From this series of reflections, we can infer information about the near-surface. Signal

recognition is fairly straightforward because the arrivals recorded by the receiver look
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very similar to the original emitted signal (Annan, 2003). The basic unit of
electromagnetic wave travel time is the nanosecond (ns), where 1 ns = 107%s.

The success of GPR surveys is site dependent. The composition of near-surface materials
and local or temporary conditions, such as the clay content of soils and the saturation
level of the material, all play key roles in obtaining interpretable images of the earth. The
saturation level results in considerable changes in dielectric permittivity which translates
into varying velocities as evidenced in the surveys undertaken during the dry and wet
field seasons encountered at Maax Na.

2.2 Electromagnetic Theory and Wave Properties

An important aim of geophysical surveying is to measure electromagnetic properties, and
to deduce information about the composition and distribution of near surface materials
based on contrasts within these physical properties. GPR is a geophysical tool employing
electromagnetic waves. Understanding the behaviour of electrical and magnetic fields,
and the properties of matter is a necessary first step in resolving a correct and meaningful
interpretation (Olehoeft, 2000).

2.3 Physical Laws and Properties Affecting GPR

Maxwell’s Equations are a combination of electrical and magnetic property laws based
on discoveries by scientists including Faraday, Gauss and Ampere. These equations
describe electromagnetic phenomena. The principles and development of ground-
penetrating radar are based on these laws. Charles (2007) offers a thorough explanation
of Maxwell’s equations.

The events or reflections on a GPR record are caused by impedance differences in one or

more of the three physical properties that affect radar, namely dielectric permittivity,
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magnetic susceptibility, and electrical conductivity. The interactions between the
electrical field and charged particles (specifically electrons) are dependent on the
electrical properties of the material. Electrical properties control how electromagnetic
waves travel through a material. The dielectric permittivity primarily controls the wave
velocity while conductivity determines the amplitude or attenuation of the signal.
Conduction is due to the movement of charge carriers. Energy is lost from the electrical
field and converted to heat. Electrical polarization, or dielectric permittivity, is the
displacement and separation of charges due to an applied electromagnetic field, and
results in the redistribution of subatomic particles and molecules to new equilibrium
positions. This mechanism conversely stores energy. The dielectric permittivity of a
medium can vary with saturation, composition, type of pore fluid, material texture, and
temperature (Hubbard, 1997).

Magnetic polarization (permeability or susceptibility) is created by the rotation and
motion of electrons in atomic orbits, resulting in energy dissipation and storage (Olhoeft,
2000). The magnetic properties of most geologic material, barring those rocks that
contain high concentrations of magnetic minerals, are considered to be similar to those of
a vacuum. Therefore, it is relatively common to make the assumption that the magnetic
permeability is equal to one.

The velocity of radar waves in a medium is given by the following formula (Reynolds,
1997):

: 2.1)

Error! Objects cannot be created from editing field codes.
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Where ¢ = 0.3 m/ns (speed of light in air), ¢, - relative dielectric constant,

L - magnetic permeability, P - the loss factor where P = o/we,

€= €& (€, = 8.854 x 102 F/m which is the permittivity of free space),

o - conductivity, and o = 2xf, where f is frequency.
The conditions at Maax Na appear to be favourable to GPR surveying as there seems to
be little clay content and an absence of saturated saline fluids. At high frequencies and in
conditions conducive to GPR (i.e. a non-magnetic medium, with p, = 1, that contains
low-loss materials, P ~ 0,), electrical properties tend to be the dominant factor controlling

GPR responses (Annan, 2003), giving the approximate radar velocity as:

: (2.2)

Error! Objects cannot be created from editing field codes.
Where V = velocity of the radar pulse, g, = relative dielectric constant

and ¢ = speed of light in air (0.3 m/ns).



Table 2 lists the dielectric permittivity, electrical conductivity, radar velocity and

attenuation ranges for common rock and near-surface materials.
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Table 2.1 Important EM properties of near-surface materials reproduced from
(Davis and Annan, 1989), (Daniels, 1996), and (Leckebusch, 2003).

Material Relative Dielectric | Radar Velocity | Electrical |Attenuation
Constant Conductivity
() { v: m/ns) {o; mS/m) | (o dB/m)

Aldr 1 0.3 a a
Distilled water 80 0.033 0.m 21107
Tap water 80 0.033 0.5 0.1
Salt water 50 0.033 Fx10° B00
Sand (dry) ] 0.130 0.m 0.m
Sand [saturated) 20-30 0.060 0.10-1.00 0.03-0.30
Silts £-30 0.070 1-100 1-100
Shales 5-15 0.030 1-100 1-100
Clays 5-40 0.060 2-1000 1-300
Humid soil 30 0.055
Cultivated soll 15 0.075
Rocky sail 7 0.113
sandy soil (dry) 2.6 0190 1.4 1
Sandy soil (saturated) 25 0.060 B3 23
Clayey sail {dry) 245 0.190 27 3
Clayey soil (saturated) 19 0.070 a00 200
sandstone [saturated) B a.100
Limestone (dry) 4-3 0106 -0.150 0.s0-2 0.40-1.00
Lirmestone (saturated)
Basalt [saturated) 8 0,106
Sranite (dry) ] 0134 0.01 - 1 0.01-1.00

Conversely, this formula may be written as:

5

Error! Objects cannot be created from editing field codes.

(2.3)

As noted above, the relative dielectric permittivity (RDP) of a material is its capacity to

store and allow the motion of charges within an imposed electromagnetic field. It is

dimensionless. RDP is calculated as the ratio of a material’s electrical permittivity to the

electrical permittivity of a vacuum, which has an RDP of 1 (Conyers and Goodman,

1997).
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Amplitudes of the reflections generated on a GPR profile, are the direct result of the
differences between the relative dielectric permittivity of a material within the

subsurface. The magnitude of the reflection generated at the interface can be shown as

(Conyers and Goodman, 1997):

> (2.4)
Error! Objects cannot be created from editing field codes.

where R = coefficient of reflectivity at an interface
€1= RDP of overlying material
& = RDP of underlying material.
Significant reflections are generated when changes in the dielectric permittivity between
two materials occur over a small distance. When the RDP changes gradually with depth,
only minute differences in reflectivity will occur, resulting in the absence of a reflector or
at best a weak response (Conyers and Goodman, 1997).
The depth of penetration of the data can be calculated using the following formula:
S=v*t> (2.5)

where v = average radar velocity in m/ns,

s = distance or depth to target in metres,

t = two way time of the latest coherent signal in nanoseconds.
For example, based on the above equation, and using an average velocity of 0.072 m/ns
and the maximum two-way travel time of coherent data of 50 ns (as taken from the GPR
sections collected at the plaza), the total depth of the GPR survey was 1.8 m.
The vertical resolution of a GPR survey, or the ability to identify the top and bottom of a

layer or object, is dependent upon the frequency of the transmitting antenna and its
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associated wavelength. As the thickness of a layer or diameter of an object approaches or
decreases to less than a wavelength, the top and bottom of the object can no longer be
resolved but can still be detected, appearing as a point-source return or diffraction
(Moorman and Michel, 2000). Lower frequency antennas will allow for deeper
penetration whereas higher frequency antennas can provide excellent resolution of the
near-surface.

The dominant wavelength in the GPR pulse can be calculated using the following

formula:

A=Y
f , (2.6)

where A = wavelength in m

v = average radar velocity in m/ns

f = dominant frequency
If we assume a vertical resolution of A/4, then using a frequency of 250 MHz, and an
average velocity of 0.072 m/ns, the wavelength is 0.288 m, and the resolution is 0.072 m.
In drier conditions, the velocity increases to 0.122 m/ns. The calculated wavelength is
therefore 0.488 m, with a decreased resolution of 0.122 m.
Archaeologists can identify very thin layers below the surface of the plaza. According to
the detailed analysis of a two by one metre excavated pit by onsite archaeologist, Dr.
Eleanor King, the layers vary from 0.07 to 0.30 m in thickness. This represents the limits
of GPR resolution in this particular location, but it still may be possible to identify and

differentiate the plaza strata. Plaza construction consisted of rubble and cobble layering,
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with plaster intervals. Rubble zones, such as these, may provide permeable horizontal
pathways and create major conduits for fluid flow (Hubbard, et al, 1997). The
electromagnetic properties of common earth materials can vary significantly and
seemingly randomly over small distances. Large property changes in dielectric
permittivity may be created by water saturation for example. Chapter 4 contains further
discussion and GPR modelling of the plaza at Maax Na.

During our field work in 2004, permission was granted by the archaeologists to obtain
samples of the limestone cobble which form the plaza layering. Lab tests to quantify the
physical properties especially the dielectric permittivity based on these rock samples are

currently being conducted.
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Chapter Three: GPR ACQUISITION AND SURVEYS
3.1 Survey equipment

The GPR surveys were conducted between 2002 and 2008 at the sites of Maax Na and La

Milpa using several systems from Sensors and Software Inc., including the NOGGIN and

Pulse EKKO units as shown in Figure 3.1.

Figure 3.1 Noggin 250 MHz Smart-cart unit (left); photo courtesy of R. Stewart, and
and the Pulse EKKO 100 MHz unit (right) (www. eeescience.uteledo.edu).

The Noggin unit incorporates a frequency antenna of 250 MHz and an associated
bandwidth of 125-375 MHz. The transmitter and receiver antennas are each 0.114 m
long, 0.016 m thick, and housed in a shielded yellow case. The antennas inside the unit
are parallel but are usually oriented perpendicular to the survey line (Greg Johnson,
personal comm., 2006). This allows for better 2D imaging as the radiation energy largely
stays in the path of the survey line as demonstrated by the oval shape of the antenna

footprint, and off-line reflections are minimized (Figure 3.2).
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Figure 3.2 Antenna placement and footprint of the Noggin 250 MHz unit
(reproduced from Sensors and Software Inc.).

One advantage of this instrumentation is that the antennas are attached to a “lawnmower-
type” cart which is lightweight, efficient and simple to operate. A digital video logger
(DVL), mounted on the cart, enables one to control the antennas and survey acquisition,
observe real time data on a display screen, and store the data into internal memory or an
external Flash card. An odometer mounted on one of the wheels controls the speed and

frequency of trace collection. Figure 3.3.outlines how the GPR data is collected.

L 4

Data Control Data
Unit Display

_ Transmitter Receiver

" S Antenna Antenna
i Direct

Ground Surface

Figure 3.3 A schematic of GPR data collection (www.rtclark.com).
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The one disadvantage of this setup is that a common mid-point (CMP) velocity survey
cannot be conducted because the Noggin is a bistatic and monolithic system in which the
transmitter and receiver antennas are housed in the same unit at a fixed separation
interval of 0.28 m. As a result, velocities are measured by fitting hyperbolic curves to
point diffractors in the near-surface as demonstrated in Figure 3.4. Note that radar

velocities typically decrease with depth.

TIME [nz]
=

Field acquisition parameters for the 2-D lines included trace spacing at 0.05 m with
temporal spacing set at 0.4 ns. The pseudo 3-D surveys were acquired in a forward
reverse set-up in which every second line was shot in the opposite direction for
expediency. The area of the 3-D GPR grids varied in size from 25 to 49 m”. Line spacing
was 0.5 m, with spatial and temporal spacing similar to the 2-D lines. A listing of the

acquisition parameters is outlined in Table 3.1.



Table 3.1 Acquisition parameters for the 2002-2008 field seasons.

GPR Acquisition Parameters
Noggin Frequency 250 MHz Antenna Separation 0.28 m

# Traces | Stninterwal | Line Length | # samples | Sample rate | Totaltime  Direction
[m) [m) [ns] [m)

30
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TT0
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FRebar Line 44
Line1 1260
Line 3 1348
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3-D Grid 778 Line interwval
A-lines [1lines) 00
‘-lines [1lines) non

45 172

248002463 . 123.35M231
2BRI26E 1276326
ZB21268 12.08M2.35

LLLATE] . B.6/6.9
9920929 . 49.55/49.94
HFasz000 . H2.9/55.95
TTANT2 358513055

24602466 122 4M23.25
19561354 . AT.797.EE
HP3IMTE 53.6058.7
Line interal
Y -lines [ lines) 1
3-D Grid 3 Line interval
-lines (1 lines) m

1EE415T0 TRAGITEAS
3962920 133413595
193801301 9685195
23042226 156125
03A0TIMO2T B0LE/50. 505130
15.55 32
3385 BT
La WMilpa
3-D Grid Line interval 0.25
H-lines (72 linex) 360 005 18 2T 04 108 E-ul
-lines(24 lines) 120 0.05 [ 270 04 102 -1
Pulse EKKO Frequency 100 MHz Anmtenna Separation 0.5 m (CMP) and 1.0 m

Maax Na

Line 14 [CMIF) 12 05 1 260 08 200 E-u
La WMilpa

Line 15 a7 0.5 ix] 200

Line 16 [CPIF) 17 0.5 iX] 200
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Two CMP surveys were conducted in 2008; one parallel to the 2-D line south of the north
structure at Maax Na, and the second along the edge of the pseudo 3-D grid at La Milpa.
This was accomplished using the Pulse EKKO 100 MHz transmitter and receiver antenna
units. Separation between the antennas was set at 0.5 m steps, with a total line length of
5.5m.
Although our work was primarily conducted with Sensors and Software equipment, other
manufacturers include GSSI (Geophysical Survey Systems, Inc.) and MALA. Each have
a variety of products suited for specific applications and experience levels. As GPR
technology has continued to evolve, multiple receiver arrays, advanced signal processing
and improved display capability are now available. For more detailed specifications from
each manufacturer, please refer to the reference list for a listing of their websites.

3.2 Survey design

In 2004 and 2008, several GPR surveys were conducted at Maax Na, templating the plaza
area, an excavated pit and a ceremonial altar. Figure 3.5 shows the orientation of the 2-D
lines and three pseudo 3-D grids surveyed at the plaza over a number of field seasons
(2002 — 2008). The grids are not considered to be an exact three dimensional
representation of the subsurface as found in seismic exploration. Due to the high cost of
individual antennas, and their deployment complexity, GPR array acquisition is not
standard practise for archaeological investigation. However, recent articles cited in the
literature show successful examples of this emerging research and technology. According
to Gustafsson and Alkarp (2007), seamless and high resolution 3-D images of the
subsurface were generated based on exactly positioned parallel profiles using several

separate transmitter and receiver antennas combined into one single antenna array unit at
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the Uppsala Cathedral in Sweden. Due to the surface conditions at Maax Na, such a setup
would be virtually impossible to employ. Thus, we use a series of closely spaced lines
that are interpolated to form a pseudo 3-D image. This procedure is timely and cost
effective as long as the resolution is sufficient. In the literature, a pseudo 3-D is referred
to as display profiles made up of a series of traces or scans. GPR scans are traces
displayed in colour or greyscale. In this thesis, I will refer to GPR scans as records or

profiles and the pseudo 3-D grid display profiles as simply 3-D lines.
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Figure 3.5 Orientation of GPR survey lines and grids at Maax Na plaza during
multiple field seasons (reproduced from E. King, 2004, pers. comm.).

The original three lines at the western part of the plaza shot in 2002, two in an E-W
orientation, and one in a N-S direction, were reacquired and extended in length to the
edges of the plaza in 2004 and 2008. In addition, GPR data imaging a ceremonial altar

and traversing the eastern plaza and across a ramp feature along the north structure, were
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surveyed for a total number of 40 2-D lines. The three 3-D grids were shot in the western
plaza and across the altar feature just north of the ball court. In 2003, one of the 3-D grids
was acquired in conjunction with a 3-component micro-seismic survey. Two
archaeological pits were also excavated, within one of the 3-D grids in 2003, and at the
intersection of two 2-D lines in 2004. As a common midpoint survey is not possible with
the Noggin instrumentation, velocity information is determined by fitting a hyperbola to
the observed diffraction events (Moldoveanu et al., 2002). Those diffractions, imaged on
numerous 2-D lines at Maax Na, and from a piece of rebar wedged into the side of an
excavated pit, allowed us to determine the velocities of the near-surface during our first
visits to the site between 2002 and 2004. During the field season in 2008, we were
fortunate enough to have a Pulse EKKO 100 MHz antenna unit which allowed for
transmitter and receiver separation. As previously mentioned, two CMP surveys were
conducted: one at Maax Na plaza along a 2-D transect south of the north structure, and
the second at La Milpa, across the 3-D grid. Significant differences in velocities were
obtained each field season. Since the measurements were conducted in virtually the same
area, we now attribute these differences to variations in the air and water content of the
limestone, precipitated by wet conditions in 2002, 2004 and 2008, and dry weather in
2003. Measured velocities in 2002, 2004 and 2008 ranged from 0.056 - 0.106 m/ns.
Conversely, velocities from 0.119 — 0.140 m/ns were acquired in 2003. This represents
almost a doubling of velocities at the extremes of the various ranges. Radar velocities,
unlike seismic velocities, generally decrease with depth because of denser and

consolidated rock, and increased water saturation.
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3.3 Elevation and coordinate map using the Total Station Surveying Tool

To provide exact coordinates of the features delineated on the GPR images, total station
surveys were conducted in the 2004 and 2008 field seasons. We used the Leica TC805L
total station survey across the entire plaza, and over a ramp feature associated with the
north structure. This survey tool allows for accurate spatial and topographic coordinates
based on existing reference markers (turning points) set in place by the archaeologists. In
previous years, a GPS system was used but accuracy concerns due to satellite and tree

cover issues have demanded more dependable systems (Aitken and Stewart, 2004).
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Figure 3.6 Topographic map of Maax Na incorporating total station survey data of
GPR lines and archaeological turning points.

The resultant topographical map of the plaza, based on the positioning of the survey lines
and turning point data, reveals a gentle sloping of the plaza to the south southeast (SSE)

(Figure 3.6). The Maya engineered plazas such that their slope allowed for the drainage
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of water away from pyramids and other structures during the torrential downpours
associated with the rainy season. This was a means of protecting the temple and palatial
structures from flooding and to collect the rainwater for future use. Interestingly enough,
at Maax Na, the Maya created a large reservoir to the southwest as shown in Figure 3.7,
and may have been in the process of building another to the southeast before they

abandoned the site (Shaw, 2008, pers. comm.).

Maax Na, Belize
Rio Bravo Conservation Area

Residential Sector
(unmapped)

. %m K n

§ R South Acropolis

hd -

Figure 3.7 Ceremonial centre of Maax Na; note reservoir to the southwest of North
Plaza (King, 2005, pers. comm.).
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Chapter Four: RADAR VELOCITY AND MODELLING

4.1 Rock Properties affecting GPR

The success of GPR surveys is dependent on the composition of near-surface materials
and conditions. The clay content of soils, the presence of saline fluids, and the saturation
level of the material in general, play key roles in obtaining interpretable images of the
earth. Radar velocity information collected over the four field seasons varied dramatically
due to climatic conditions and wet versus dry environments. As dielectric permittivity is
inversely proportional to radar velocity, it appears to be the property most sensitive to
saturation of the near surface, assuming a non-magnetic and non-conductive medium.

4.2 Comparison of radar velocity measurements in the field

Velocity values in 2002, 2004 and 2008 ranged from 0.056 - 0.106 m/ns. These velocities
appear to be consistent with a more saturated near-surface environment. Rainfall occurred
in the area weeks before and during the field work. Conversely, velocities of 0.119 —
0.140 m/ns were acquired in the parched spring of 2003 when drought-like conditions
prevailed, with a noticeable absence of insects and wildlife.

The velocity information observed in the field is summarised in Table 4.1.
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Table 4.1 Velocity Information observed during the different field seasons.

Field Observations at Maax Na (Diffractions noted in subsurface)
Year Project | Line |Instrument| Depth |Measured| Time | Interval | Average| Field
Welocity Yelocities * Welocity| Velocity | Conditions
Setting
(mins) im) (m/ns) ins) | (m/ns) | (mfs)
2002 2 3 003 040 0100 | 1000 0100 | 0082 wiet
2 3 0.08 0.60 0.082 |1500] 0.013 el
2 3 003 070 0074 | 17.50 wiet
2 3 0.08 0.87 0.072 12175 0.063 ¥ el
2004 3] 4 0.08 065 0043 |16.25] 0048 | 0.060 et
003 1.04 0072 |2800| 0100 et
2008 0 3 0.06 0.57 0.056 |19.07| 0.056 | 0.058 el
0086 063 0057 |21.07| 0066 wiet
008 084 0057 | 2797 0057 wiet
0.06 1.20 0.062 |4000| 0.072 et
2003 1 0.03 076 0122 |19.00 0122 dry
2003 [Rebar set at: 0.74
Lines 1 0.08 0.75 0,122 1875 MN/A 0.135 dry
3 003 074 0134 | 1850 dry
0.08 0.76 0.138 | 19.00 dry
4 003 078 0140 | 19.50 dry
3 0.08 0.75 0.140 | 18.75 ¥ \J dry

By measuring velocities and depth to the diffracted events, one can determine interval

velocities as outlined in the above table. Interval velocity is the velocity of the wavelet

through a single homogeneous layer and is calculated based on the Dix equation as

follows:

VnZTn _Vn2-1Tn-1
Tn - Tn—l

2

where V; is the interval velocity, V,, is the measured velocity and T is time.

(4.1)

Detailed interval velocities allow one to obtain a more correct velocity at a particular

depth and in turn, create a more accurate depth model.

Average velocities are the mean velocity of the pulse averaged over the travel time

(Hatton et al., 1988).



36

4.3 Water content and its effect on radar velocities

Based on our field observations, we were compelled to understand why the radar
velocities between saturated and unsaturated materials differed so drastically. In the
acoustic world, the Wyllie Time Average equation is often used, attempting to explain
changes in field velocity by changes in the saturation of the pore space (Wyllie et al.,
1958). We propose to use the same concept for radar velocity. Using the Wyllie equation,
radar velocities are estimated for any porosity, rock matrix or fluid type. In this case, the
plaza consists of repeated layers of cobble limestone topped with thick plaster. The
porosity within the near-surface is a combination of the intragranular velocity within the
limestone cobbles themselves, and the intergranular porosity of the void space between
the cobbles. Within these voids, created through plaza construction, natural fracturing, or
dissolution, pore space is filled with water or air, or a combination of the two. The
velocity differences recorded in the field are the result of pore fill, since the rock matrix
remains the same. Thus, we adapt the Wyllie Time Average equation to calculate the

velocity of the medium by:

1 1-
ﬁ = % + V—M¢ (4.2)
where V, is the actual velocity measured, Vg is the velocity of fluid (air and/or water)
within the pore space, Vi is the velocity of the rock matrix (limestone at 0.104 m/ns),
and ¢ is the porosity.

To calculate the porosity of the medium, a simple rearrangement of the equation terms

and a number of assumptions are required.
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With the range of measured velocities recorded in the field during the drought of 2003, of
Vaequal to 0.119-0.140 m/ns, Vi equating to the velocity of the limestone matrix at
0.104 m/ns, and dry conditions in which all the pore spaces are filled completely with air
implying a Vg of 0.300 m/ns, it then follows that the porosity of the limestone medium
(@) is calculated to be in the range of 20 to 40%. This range is pretty high for limestone
rock in general but possible for a combination of limestone detrital, cobbles, and plaster,
and the fact additional void space exists between the cobbles in the man-made plazas.
If we now assume wet conditions as encountered in 2002, 2004 and 2008, in which pore
space or fill is saturated with water, and substitute the above range of porosities into the
following equation,

VY,
A VgV (1-9)

(4.3)

using Vi equal to the velocity of limestone matrix at 0.104 m/ns, and assuming the pore
fluid to be water such that Vg is 0.033 m/ns, we can calculate a new set of velocities,
Va, and compare them to the field velocities determined at the site from the hyperbolic
curve fitting to diffractors in the near-surface.

With water-saturated porosities ranging from 20% to 40%, we expect the actual
velocities, V4, to be 0.056 to 0.073 m/ns. Referring back to Table 4.1, our observed
average velocities in the field were actually 0.058 to 0.082 m/ns.

4.4 Modelling of GPR data

Modelling of the GPR data was based on information garnered from the first excavation

by the field archaeologists, of a two-by-one metre pit at the plaza at Maax Na.
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The plaza levels, or lots, consisted of large limestone rubble at the base, with smaller
cobbles filling in the remaining spaces, followed by a thick interval of plaster. Lots
correlate with specific phases of Maya construction (Shaw, 2004, pers. comm.). Based on
the detailed information about the layering and mode of construction from the excavated
pit, a graphical representation was created in Excel and is shown in Figure 4.1. At least
seven previous layers of construction were evident interspersed with rubble and cobble
layering, with four major refurbishings of the plaza, and lots of little patching in between

(King, 2005, pers. comm.).

LOT1

LOT 2

LOT3

metres (m)
(W) sanaw

LOT 4
LOT $icg
LOTS

LOT A0

7/ Plaster floor (C1 - 4)
108 Small rock ballast (fist size cobbles)

Mi)(ed small rubble ballast (10-20 ¢cm)
Black gumbo clay w/ fugitive ceramics

Bedrock
Figure 4.1 Schematic representation of the pit (reproduced from E. King).

As the plaza is constructed primarily of limestone from the base to the top, identifying
what could cause contrasts and thus changes in impedance was challenging. The only real
physical differences were the forms of limestone in terms of plaster, rocks and large

cobbles, and the saturation of the materials. In the saturated conditions of 2002, 2004 and
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2008, it was assumed that the interspersed cobble layers provided a permeable pathway
for fluid flow. As the relative dielectric permittivity value of limestone is 8, compared to
water at 80, it would follow that the dielectric constant for this interval should increase.
In fact, average dielectric constants may increase up to 20 % with the infiltration of fluid
along a preferential flow path (Hubbard et al., 1997).
Based on these assumptions, a GPR radargram was generated using CREWES software
LOGEDIT and SYNTH (now SYNGRAM) developed at the University of Calgary.
LOGEDIT is a seismic based program which allows one to create and manipulate
geophysical logs for input into a synthetic generation program called SYNGRAM.
Forward modelling of seismic reflection data is based on changes in seismic velocity and
density. Often, this information is taken directly from borehole information, namely sonic
and bulk density logs. Assuming a non-magnetic medium, ground-penetrating radar
geologic models depict spatial variation in dielectric constant and conductivity as
opposed to acoustic impedance (Anderson and Cardimona, 2002). In this case, these
physical properties are not explicitly known so understanding the differences in the
physical properties of radar necessitates the construction of “artificial” logs. Generating a
GPR radargram entails a number of assumptions and requires the creation and
manipulation of pseudo dielectric permittivity and conductivity logs from initial sonic
and density logs. According to Equation 2.1, there is a direct relationship between radar
velocity and dielectric permittivity. The sonic or slowness log was replaced, in this
instance, by a dielectric permittivity log. The density log was manipulated to represent a
constant “pseudo” conductivity curve using a constant value of 1 mS/m, representing the

electrical conductivity of saturated limestone. According to the Sensors and Software
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Inc., an attenuation log may also be used. Two different logs were created based on the
velocities measured in the field in 2002 (saturated) and 2003 (dry).
The dielectric permittivity logs were created by assuming the plaster layers were
impermeable and equivalent to the dielectric permittivity of limestone. The dielectric
permittivity values were increased by 20 % (saturated) and 5 % (dry) respectively over
those areas in the excavated pit that contained rubble or small rocks. The zones were also
assumed to be at least 0.08 m thick, which is just above the vertical resolution for this
type of system (i.e. calculated resolution of 0.072 m). Because the SYNGRAM program
is designed for seismic modelling and not GPR, it was also necessary to multiply the
velocity values by a constant to bring them into a more acceptable range. This of course
will change the transit times of the new logs but can be accommodated by “stretching” or
compressing the radargram. The logs were then convolved with a 250 Hz minimum phase
wavelet. One of the resultant GPR synthetics is aligned with the archaeological
information, the pseudo-conductivity log (blue) and the pseudo-dielectric permittivity log

(red) for comparison (Figure 4.2).
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Figure 4.2 Radargram generation using a pseudo-dielectric permittivity and
conductivity log.

Acknowledging the simplicity of model, and the huge underlying assumptions in its

creation, two radargrams, specific to a saturated and dry environment were generated.

Figures 4.3 and 4.4 show the rather promising similarity or tie of the radargrams, to the

2002 and 2003 GPR data.
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Figure 4.3 Comparison of 2002 data (Wét) with GPR radargram.
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Figure 4.4 Comparison of 2003 data (dry) with GPR radargram.

This type of methodology allows one to determine approximately the depth of

archaeological “lots” on the GPR record, assuming the lot is resolved (i.e. impedance



changes in the electromagnetic properties). The location of each individual lot is
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dependent on the radar velocity. This concept is best demonstrated by comparing the two

datasets in time (Figure 4.5).
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Figure 4.5 Time comﬁison between the 2002 and 2003 GPR data.

This figure reveals two important points. Radar velocity controls when an event occurs

on a GPR record, and the resolution of that event. In 2003, the radar velocity is higher or

faster, thus the travel time to that event is shorter. Conversely, while the 2002 data is

slower, observe how much more information and resolution is displayed. For example,

Lot 10 is imaged at approximately 33 ns on the left side and 19 ns on the right side of

Figure 4.5. Assuming velocities of 0.072 m/ns and 0.122 m/ns for their corresponding

radar velocities, and using equation (2.5), depths to Lot 10 are calculated to be at 1.18 m

and 1.16 m respectively. The archaeologists mapped Lot 10 at 1.2 m.

Based on the velocities encountered in 2002 and 2003, and the frequency of the Noggin

unit at 250 MHz, the wavelength of the data ranges from 0.29 to 0.49 m according to

Equation (2.6). It follows then that the best theoretical resolution using /4, is 0.072 and
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0.122 m respectively. The plus/minus 0.01 m difference determined from the depth
conversion of the different vintages appears to be within the limits of our vertical
resolution and confirms that the event is within the same pulse or cycle.
These variations in velocities, depth of penetration and resolution have a significant

effect on the interpretation of events on a GPR record.
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Figure 4.6 Depth comparison between 2002 and 2003 GPR data.

As shown, to tie the same archaeological event (Lot 10) in depth, one of the sections
needs to be either stretched or compressed as demonstrated in Figure 4.6. The need to do
this is often overlooked by non-geoscientists unfamiliar with the importance and
dependency of near-surface radar velocities and how this can change from year to year.

4.5 Radar velocity measurement in lab

In 2005, a piece of rubble taken from the excavated pit was sent to a colleague, Dr. Elena
Pettinelli at the Universita Roma Tre. She is conducting a series of tests measuring
dielectric permittivity and electrical conductivity under dry and saturated conditions.
According to Annan (2003), dry limestone rock should typically have a relative dielectric

constant ranging from 4-8, and an electrical conductivity of 0.50-2.0 mS/m.
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I have unfortunately not received the results as yet, and did not plan to regenerate or
research additional modelling packages until I had more realistic numbers. Quantifiable
physical properties of the limestone samples, from the excavated pit, especially in
saturated conditions, will serve to create a more realistic GPR radargram. Forward
modelling is essential to understanding and interpreting GPR and should be used in all

situations when possible to add confidence in the site interpretation (Goodman, 1994).
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Chapter Five: PROCESSING
5.1 Processing Steps

In my research work, processing of the GPR data has been accomplished using various
systems and different software programs and processing flows, including GEOX, EKKO-
Pro, EKKO View, Promax, Vista, MATLAB and ReflexW. As time progressed, equipped
with more knowledge, experience and understanding of the subject, it was felt that using
or adapting seismic based systems was not the best approach. Converting time
(milliseconds to nanoseconds), frequencies (Hertz to Mega Hertz) and velocities (m/s to
m/ns) within each system was cumbersome and prone to error. Programs geared
specifically to GPR and its associated units were a better alternative, which is why in the
end, I preferred to do most of the processing using a software package called ReflexW,
developed by Karl-Josef Sandmeier.

5.2 ReflexW Processing Flow and Examples

The GPR datasets were all processed using ReflexW, a program designed for processing
and interpretating seismic, acoustic or electromagnetic reflection, refraction and
transmission data (Sandmeier, 2004). The advantage of using this program is that many
of the options available to the seismic processor, which I am familiar with, including 2-D
and 3-D processing capabilities, are available and all the conversions to the appropriate
GPR units are dealt with. The processing flow consisted of a dewow filter and gain, a
smoothing operator, a band-pass filter (specifically a Butterworth filter), background
removal, an F-K Stolt migration and a bulk shift to bring the start time to time zero.
Several different filters were applied to the data both spatially and temporally, each

providing a distinct and necessary function in optimizing the GPR record displays.
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Challenges in processing the 3-D surveys in particular, were due to calibration problems,
and the presence of skipped traces. Similar processing flows were established for the
GPR lines for both 2-D and 3-D. Due to the acquisition procedure for the 3-D, namely a
reversal in the direction of all the odd lines, an additional step to essentially flip the line is
necessary such that all lines are aligned in the same direction. This is done automatically
within ReflexW if imported correctly. The most effective processing flow is outlined in

Figure 5.1.

Data manipulation

Subtract mean dewow: 8 ns

Move start time: 20 ns

Energy decay: 0.5

Band pass Butterworth: 50 - 425 MHz

Background removal

F-K migration (Stolt): 0.056 m/ns

Running average: 5 traces

Figure 5.1 ReflexW processing flow applied to the GPR data.

The most important lesson I have garnered to date is the fact that elaborate processing
flows are not necessarily the answer and do not particularly optimize GPR data. Keeping
the flow simple seems to work well and great care should be taken when applying

migration and the dewow filter.
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A great deal of my research focussed on testing individual processing algorithms and
creating processing flows for the GPR data. The following is an explanation of each
processing step and its applicability to radar data.

5.2.1 Data manipulation

In order to create a 3-D grid of equal dimensions, several assumptions are necessary.
Firstly, one must establish that the starting point of each line is correct, and that lines are
identical in length or contain an equal number of traces. Consideration should also be
given to the fact that if surveys are conducted in a forward-reverse acquisition mode,
every second line needs to be reversed or the traces and common depth points
renumbered, to reflect a consistent direction for processing.

5.2.2 Trace Interpolation

Skipped traces are common on GPR lines, and were evident on several of the lines in our
survey as shown in Figure 5.2. Skipped traces are due to the cart moving too fast for data
collection, by not allowing time for the specified number of stacks to be generated, or
loss of contact with the wheel and odometer, resulting in a series of repeated traces. The
position of each trace is correct, but a “true representative” trace fails to be collected. The
traces should be edited in this case by either zeroing out or killing the trace, a process
which I have adopted within ReflexW (Figure 5.3). An interpolation may also be applied
to fill in the gap in the data. Several interpolation techniques were tested within Promax.
A tau-p interpolation called INFILL DATA was the most successful technique applied to
the stacked data. The process transforms a 21 trace aperture of x-t traces to a range of dip,

or slant stacked traces. Each dip trace is then weighted, sample by sample, by the
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semblance along that dip and then inverse transformed back to the x-t domain (Figure

5.4). ReflexW, however, does not contain a similar technique.
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Figure 5.2 A GPR section showing skipped or repeated traces.
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Figure 5.3 A GPR section with the skipped traces deleted or zeroed out.
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Figure 5.4 A GPR section showing the application of INFILL DATA to correct for
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the skipped traces.
Important information contained in the subsurface data is considered to be anything

The first two dominant events on a GPR record are the air-wave and the ground-wave.
below these two waves. Time zero is often difficult to pinpoint due to a time delay

5.2.3 Bulk Shift
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between the emission of the transmitted pulse and the reception by the receiving
antennae, the opposite polarity of the two pulses, and the ensuing likelihood of
destructive interference. In this case, a bulk shift can be applied to the data with the
assumption that time zero represents the start of or first deflection of the air-wave.

5.2.4 Normal Move-out

A zero offset section is one in which the source (transmitter) and receiver are co-incident
and the travel path of the pulse is directly below the antennae and perpendicular to the
reflecting boundary, assuming a flat surface and a constant velocity medium. The GPR
data collected at Maax Na and La Milpa is not considered to be zero offset due to the
separation of the transmitter and receiver within the Noggin antenna unit at 0.28 m, and
the Pulse EKKO instrumentation at 1.0 m. The additional time delay for the transmitted
pulse to reach the receiver is termed the normal move-out correction. The equation for

calculating normal move-out is:

P 1/2
X 5.1)
AT :(TOZ +—2j -7, .
Vv
Assuming the depth to limestone bedrock at 1.5 m, and a radar velocity of 0.060 m/ns,
the normal move-out correction is only 0.22 ns and 2.70 ns for the Noggin and the Pulse
EKKO antennae units respectively. Due to this small difference for the Noggin
instrumentation, calculated at less than a quarter of a nanosecond, applying the NMO
correction to the processing flow proved unnecessary. According to Leckebusch (2003),
in normal applications this value is constant and very small. Therefore, it is normally

neglected without complications. Application of the NMO correction was applied to the

Pulse EKKO Line 15.
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5.2.5 Muting

Muting of the data, specifically the air wave and ground wave, is a good idea before
applying gain. The strong amplitude of these events tends to be further enhanced if
included in the gain window. Removing them through muting, before the gain
application, results in more realistic true amplitude values and an even distribution of
amplitude throughout the section.

5.2.6 Dewow Filter

All GPR systems contain a low-frequency component. The magnitude of the low
frequency component and how it manifests itself in the data depends on the ground
conditions around the antennas, and the distance between the antennas (Annan., 2003). A
high-pass filter, known as a dewow filter, is used to eliminate this component by acting
on each trace independently. Unfortunately, when the raw data are high-pass filtered, the
wavelet is stretched in time with additional oscillations occurring before and after the

original pulse (Annan., 2003). An example of this is shown below in Figure 5.5.

e e R e e e e e i o i S e T e s pre sty
no dewow [-20

with dewow
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Figure 5.5 Example of a GPR record with and without a dewow filter.
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Unfortunately, this particular process may also cause data artifacts and give rise to the
pre-cursor in the data before time-zero when looking at plotted sections. Other filtering
techniques such as an Ormsby filter, and removing or muting the non-data areas will
address the presence of these unwanted artificially induced features. Care must be taken
in selecting the correct time window (Berard, 2006).

5.2.7 Gain Function

The application of a gain function is especially critical to GPR data due to the rapid
attenuation of electromagnetic energy with depth. This is due in part to heat conversion,
and the rapid absorption of higher frequency energy in the near-surface. Several gain
functions were tested, namely automatic gain control (AGC), a time-variant gain, and an
energy decay function. The application of an AGC gain improved the amplitudes
throughout the section but the true amplitude of the events is not preserved and any
further amplitude manipulation is not valid. The AGC filter facilitates this through the
generation of equally distributed amplitudes within a predefined time window
(Sandmeier, 2004). Each sample is multiplied by a scalar derived from a window of data.
The size of the window determines the severity of the equalization (Hatton et al., 1988).
Small window sizes cause a strong equality distribution, while large windows result in a
weak distribution of amplitudes. The time variant gain did a fairly good job of preserving
the signal strength and continuity of the deeper events. However, it did appear to create a
spurious event on the GPR record where the gain was ramped to accommodate the
decrease in amplitude with depth. This event was not “real”. Having the ability to
recognize the presence of “processing artifacts” from real world geology necessitates not

just an understanding of the near-surface, but how these processes work. Based on a
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comparison of the different techniques, the application of an energy decay curve was

deemed the best for preserving amplitude information at depth (Figure 5.6).
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Figure 5.6 Comparison between a raw record and one with energy decay applied.

Another lesson to heed has been the need to look at the instrument gain applied to the
data during acquisition. The instrument gain function is set in the initial stages as an input
parameter, and controls how much the signal is amplified as the data is recorded on the
digital video logger (DVL). This gain setting, which varies from 1 to 9, is for display
purposes only and will not be applied to the data. A second level of gain is also available
to the user (Sensors and Software manual, 2003). The linear gain parameter, set at 2, is
usually adequate for most ground conditions but can vary from 0 to 5. One of the best
anomalies we have come across during the last few years didn’t show up when re-
acquiring the lines because the instrument gain in the lower part of the section was not set

correctly (too low). Even in field acquisition, this process is extremely important. The
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user who may be looking for anomalies directly on the DVL would simply miss the
feature if the data were not adequately gained enough. The critical thing here is the gain
parameter is set automatically at a default value and unless the user is aware of this, such

a mistake can easily be made.

5.2.8 Filtering

The running average filter is considered a smoothing spatial filter and performs a running
average across a specified number of traces within a specified time interval. This filter
method suppresses trace dependent noise and serves to emphasize horizontally coherent
energy. A running mean value is calculated for each value of each trace within a specified
time window, and is then subtracted from the central point. A band-pass filter is a
filtering technique in which only certain ranges of frequencies are recovered in the data.
This essentially rids the sections of low frequency interference and noise associated with
higher frequencies. Based on the different tests, it appears the steeper the slope of the
boxcar filter, the more ringiness or aliasing is apparent. A Butterworth filter is a subset of
the band-pass filter, and does not have a boxcar shape. Instead it contains only two
reference frequencies, in which frequencies within the range are passed and those outside
the range are disregarded. The frequency response of the Butterworth filter is flat (with
no ripples) in the pass band.

5.2.9 Migration

According to Sandmeier (2004), migration is one of the most important filters and
