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Abstract

Ground-penetrating radar (GPR, also referred to as ground-probing radar, surface-penetrating radar, subsurface radar,

georadar or impulse radar) is a noninvasive geophysical technique that detects electrical discontinuities in the shallow

subsurface ( < 50 m). It does this by generation, transmission, propagation, reflection and reception of discrete pulses of high-

frequency (MHz) electromagnetic energy. During the 1980s radar systems became commercially available, but it was not until

the mid-1990s that sedimentary geologists and others began to widely exploit the technique. During the last decade numerous

sedimentological studies have used GPR to reconstruct past depositional environments and the nature of sedimentary processes

in a variety of environmental settings; to aid hydrogeological investigations, including groundwater reservoir characterisation,

and to assist in hydrocarbon reservoir analogue studies. This is because in correctly processed radar profiles, and at the

resolution of a survey, primary reflections usually parallel primary depositional structure. Despite the wide use of GPR, a

number of fundamental problems remain in its application to sedimentary research. In particular, there are a wide range of

approaches to the processing of radar data and interpretation techniques used on the final subsurface images vary widely, with

little consensus over a common methodology. This review attempts to illustrate that methods for the collection, processing and

interpretation of radar data are intimately linked and that thorough understanding of the nature, limitations and implications of

each step is required if realistic sedimentological data are to be generated. In order to extract the maximum amount of

meaningful information, the user must understand the scientific principles that underlie the technique, the effects of the data

collection regime employed, the implications of the technique’s finite resolution and depth of penetration, the nature and causes

of reflections unrelated to primary sedimentary structure, and the appropriateness of each processing step with respect to the

overall aim of the study. Following suitable processing, a radar stratigraphy approach to reflection profile interpretation should

be adopted. New or modified terminologies and techniques to define a radar stratigraphy are also recommended, in order to

make the interpretation process more transparent and to avoid confusion with related methodologies such as seismic

stratigraphy and sequence stratigraphy. The full potential of GPR in sedimentary research will only be realised if more thorough

and systematic approaches to data collection, processing and interpretation are adopted.
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1. Introduction

For humans, the shallow subsurface is perhaps the

most important geological layer in the earth. This



Fig. 1. Number of research articles produced each year between

1980 and 2001 on ground-penetrating radar (GPR) in general,

geological applications of GPR (including sedimentology), and just

the sedimentological applications of GPR, based on data extracted

from Thomson ISI’s Science Citation Index.
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layer contains many of the earth’s natural resources

(e.g. building aggregates/stone, placer deposits, drink-

ing water aquifers, soils) and also acts as a sink for

human waste (e.g. landfill sites). In addition, through

the study of rocks and unconsolidated sediment accu-

mulations at or near the surface we have discovered

much about earth history and behaviour of its dynam-

ic landforms. These insights have aided environmental

management, such as prediction of natural disasters,

helped exploration for more remote natural resources

such as oil and gas, and increased understanding of

the geological development of other planets in our

solar system. Given the large rise in human population

predicted for the 21st century, a more detailed under-

standing of the shallow subsurface will be required if

humans are to sustainably manage many of the earth’s

finite resources.

As Grasmück and Green (1996) note, given the

importance of the earth’s upper layers to human

development, it is surprising that during much of the

20th century techniques for exploring them did not

change significantly. Analysis of field exposures

linked via data from limited numbers of widely spaced

boreholes, shallow excavations and geophysical sur-

veys is still typical. Drilling and trial pits are time-

consuming and expensive, often yielding only limited

additional information that is difficult to correlate

between distant sampling points. In some instances

such invasive techniques cannot be implemented due

to environmental or conservation considerations.

The most common geophysical techniques

employed in shallow subsurface investigations are

seismic reflection and seismic refraction, although

these have a vertical resolution that does not normally

meet the submetre resolution required in many prac-

tical situations. Consequently, during the 1970s atten-

tion increasingly turned to using other, higher

resolution, geophysical techniques. One technique

that has proved extremely useful is ground-penetrat-

ing radar (GPR or ground-probing radar, surface-

penetrating radar, subsurface radar, georadar or im-

pulse radar). GPR detects electrical discontinuities in

the shallow subsurface (typically < 50 m) by genera-

tion, transmission, propagation, reflection and recep-

tion of discrete pulses of high-frequency electromag-

netic energy in the megahertz (MHz = 106 Hz, 1

Hz = 1 cycle/s) frequency range. GPR’s origins lie in

research carried out during the early 20th century by
German scientists trying to patent techniques to in-

vestigate the nature of various buried features (Dan-

iels, 1996; Reynolds, 1997). Pulsed electromagnetic

waves were first used in the mid-1920s. Following

these initial developments, much early work using

radar was in glaciology (Plewes and Hubbard, 2001),

with civil engineering, archaeological and geological

applications becoming more frequent from the 1970s

onwards (Daniels, 1996; Conyers and Goodman,

1997; Reynolds, 1997). However, it was not until

the 1980s that GPR systems became commercially

available and digital data acquisition was feasible

(Annan and Davis, 1992). Since the mid-1990s there

has been an explosion of interest in GPR, with an

ever-increasing number of research articles published

on the technique each year (Fig. 1). Many publica-

tions relate to geological applications of GPR, a

significant subset of which have a strong sedimento-

logical component (Fig. 1). GPR has been used by

sedimentologists to reconstruct past depositional envi-

ronments and the nature of sedimentary processes in a

variety of environmental settings, aid hydrogeological

investigations (including groundwater reservoir char-

acterisation), and assist hydrocarbon reservoir ana-

logue studies (Table 1). It is these applications in

sedimentology that form the basis of this review



Table 1

Important sedimentological ground-penetrating radar studies, classified according to the main depositional setting investigated

Depositional

setting

Relevant GPR Papers (most recent first)

Fluvial Best et al. (2003), Cardenas and Zlotnik (2003); Skelly et al. (2003), Woodward et al. (2003), Corbeanu et al. (2001, 2002),

Hammon et al. (2002), Hornung and Aigner (2002), Baker et al. (2001), Nobes et al. (2001), Szerbiak et al. (2001), Bristow et

al. (1999, 2000b), Bridge et al. (1995, 1998), van Overmeeren (1998), Asprion and Aigner (1997), Leclerc and Hickin (1997),

McMechan et al. (1997), Poole et al. (1997), Roberts et al. (1997), Taylor and Macklin (1997), Aigner et al. (1996), Birkhead

et al. (1996), Naegeli et al. (1996), Wyatt and Temples (1996), Alexander et al. (1994), Stephens (1994), Gawthorpe et al.

(1993), Jol and Smith (1991)

Fluvioglacial Cassidy et al. (2003), Heinz and Aigner (2003), Jackobsen and Overgaard (2002), Regli et al. (2002), Tronicke et al. (2002a),

Heinz (2001), Russell et al. (2001), Huisink (2000), Sénéchal et al. (2000), Asprion and Aigner (1999), Augustinus and Nichol

(1999), Beres et al. (1995, 1999), Vandenberghe and van Overmeeren (1999), Greaves et al. (1996), Fisher et al. (1995), Olsen

and Andreasen (1995), Huggenberger et al. (1994), Huggenberger (1993), Fisher et al. (1992b), Sutinen (1992)

Glacial Bakker and van der Meer (2003), Jackobsen and Overgaard (2002), Lønne et al. (2001), Overgaard and Jakobsen (2001), Bano

et al. (2000), Berthling et al. (2000), Dehls et al. (2000), Gilbert (2000), Goes (2000), Augustinus and Nichol (1999), Busby

and Merritt (1999), Busby (1997), van Overmeeren (1994, 1997), Lønne and Lauritsen (1996), Maijala (1992), Sutinen

(1992), Beres and Haeni (1991), Ulriksen (1982)

Coastal Buynevich and FitzGerald (2003), Mäkinen and Räsänen (2003), Møller and Anthony (2003), Moore et al. (2003), Neal et al.

(2001, 2002a,b, 2003), O’Neal and Dunn (2003), Smith et al. (2003), Daly et al. (2002), Jol et al. (2002), Nichol (2002),

O’Neal and McGeary (2002), Clemmensen et al. (1996, 2001), Neal and Roberts (2000, 2001), Rossetti and Góes (2001),

Anderson et al. (2000), Bailey and Bristow (2000), Bristow et al. (2000c), Jol et al. (1996a, 2000), Junck and Jol (2000),

McGourty and Wilson (2000), Roberts and Jol (2000), FitzGerald and van Heteren (1999), Smith et al. (1999), Tronicke et al.

(1999), Vanderburgh et al. (1998), van Heteren et al. (1996, 1998), van Overmeeren (1994, 1998), van Heteren and van de

Plassche (1997), Harari (1996), Meyers et al. (1996), Bristow (1995), Dominic et al. (1995), Dott and Mickleson (1995),

Zenero et al. (1995), FitzGerald et al. (1992), Baker (1991), Strand Petersen and Andreasen (1989), Leatherman (1987),

Ulriksen (1982)

Aeolian Botha et al. (2003), Buynevich and FitzGerald (2003), van Dam et al. (2002a,b, 2003), van Dam (2001, 2002), Clemmensen et

al. (1996, 2001), Neal and Roberts (2000, 2001), Bailey and Bristow (2000), Bristow et al. (2000a,c, 1996), Jol et al. (2000),

Junck and Jol (2000), McGourty and Wilson (2000), van Dam and Schlager (2000), Vanderburgh et al. (1998), van

Overmeeren (1994, 1998), Grant et al. (1997), Greaves et al. (1996), Harari (1996), Schenk et al. (1993), Fisher et al. (1992b)

Delta Pelpola and Hickin (2003), Roberts et al. (2003), Nitsche et al. (2002), Sandberg et al. (2002), Beres et al. (2000), Jol et al.

(1996a,b, 2000), Smith and Jol (1992, 1995b, 1997), Jol (1995), Soldal et al. (1994), Jol and Smith (1991), Ulriksen (1982)

Alluvial fan Ékes and Friele (2003), Ékes and Hickin (2001), Friele et al. (1999), Mills and Speece (1997)

Lake Carreón-Freyre et al. (2003), Pipan et al. (2000b), Grant et al. (1998), Dott and Mickleson (1995), Mellet (1995), Jol and

Smith (1991)

Peatland Holden et al. (2002), Slater and Reeve (2002), Poole et al. (1997), Lapen et al. (1996), Jol and Smith (1995), Theimer et al.

(1994), Hänninen (1992), Warner et al. (1990), Worfield et al. (1986)

Slope Degenhardt and Giardino (2003), Degenhardt et al. (2003), Leopold and Völkel (2003), Sass and Wollny (2001), Volkel et al.

(2001), Barnhardt and Kayen (2000), Bruno and Marillier (2000), Hruska and Hubatka (2000), Olson and Doolittle (1985)

Carbonates Pedley and Hill (2003), Orlando (2003), Xia et al. (2003), Al-fares et al. (2002), McMechan et al. (1998, 2002), Singh and

Chauhan (2002), Asprion and Aigner (2000), Dagallier et al. (2000), Kruse et al. (2000), Orlando (2000), Pedley et al. (2000),

Pipan et al. (2000a), Doolittle and Collins (1998), Sigurdson and Overgaard (1998), Meschede et al. (1997), Dominic et al.

(1995), Liner and Liner (1995), Pratt and Miall (1993)

Volcanic Cagnoli and Ulrych (2001a,b), Cagnoli and Russell (2000), Rust and Russell (2000), Russell and Stasiuk (1997)

Faults, joints

and folds in

sediments

Anderson et al. (2003), Bakker and van der Meer (2003), Green et al. (2003), Liberty et al. (2003), Orlando (2003), Rashed et

al. (2003), Reiss et al. (2003) Rossetti (2003), Slater and Niemi (2003), Al-fares et al. (2002), Jackobsen and Overgaard

(2002), McMechan et al. (2002), Audru et al. (2001), Demanet et al. (2001), Lehmann et al. (2001), Overgaard and Jakobsen

(2001), Reicherter (2001), Reicherter and Reiss (2001), Bano et al. (2000), Beres et al. (2000), Orlando (2000), Pipan et al.

(2000a), Busby and Merritt (1999), Yetton and Nobes (1998), Liner and Liner (1995, 1997), Meschede et al. (1997), Cai et al.

(1996), Lønne and Lauritsen (1996), Wyatt and Temples (1996), Wyatt et al. (1996), Benson (1995), Smith and Jol (1995a),

Pratt and Miall (1993)

Due to some overlap, papers can appear in more than one category, for example those investigating coastal aeolian dunes are placed in both the

‘Coastal’ and ‘Aeolian’ categories. The glacial category includes deformation structures, but not fluvioglacial sediments or studies related to the

internal structure of ice sheets or glaciers.
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paper, although much of the GPR research performed

is of direct or indirect relevance.

Although the rise in use of GPR in sedimentolog-

ical studies can be attributed to its wider availability

since the 1980s, its use by the research community is

also related to the ease and rapidity of data collection,

the ability to collect subsurface information away

from outcrops or boreholes, and the apparent famil-

iarity of the images, due to GPR’s analogy with the

established seismic reflection technique. The power of

seismic reflection data was demonstrated to geologists

when new interpretation techniques associated with

seismic stratigraphy (Mitchum et al., 1977) revolu-

tionised regional sedimentological studies in the late

1970s/early 1980s, and subsequently led directly to

the concepts associated with the new geological

science of sequence stratigraphy (for a review of the

history and controversies surrounding seismic and

sequence stratigraphy consult Miall and Miall, 2001).

Seismic reflection and GPR data are often analo-

gous in terms of wave propagation kinematics (Ursin,

1983; Carcione and Cavallini, 1995) and reflection

and refraction responses to subsurface discontinuities

(McCann et al., 1988; Fisher et al., 1992a). Conse-

quently, the broad assumptions that underpin process-

ing and interpretation of seismic reflection data

(Sangree and Widmier, 1979; Yilmaz, 1987, 2001)

should also apply to GPR. With respect to interpreta-

tion, the basic assumption in both techniques is that,

at the resolution of the survey and after appropriate

data processing, reflection profiles will contain accu-

rate information regarding the nature of a sediment

body’s primary depositional structure. In other words,

the form and orientation of bedding and sedimentary

structures in the plane of the survey will be adequately

represented by recorded reflections, and any nongeo-

logical reflections can be readily identified and re-

moved by data processing, or by simply discounting

them from the interpretation. Although this assump-

tion is a seemingly simple basis for the interpretation

of radar reflection profiles, the degree to which it can

be assumed to be true is dependent upon a wide range

of factors. These include the nature of the sediment

body under investigation, the groundwater regime, the

type of terrain immediately adjacent to the survey line,

the nature and appropriateness of any data processing

undertaken, the interpretation techniques employed,

and the overall understanding and experience of the
researcher(s) with respect to GPR, and hence their

appreciation of the other factors.

Geophysicists and sedimentologists want to extract

accurate and meaningful sedimentological information

from GPR profiles, but so do geomorphologists, soil

scientists, hydrogeologists, archaeologists, environ-

mental scientists and others with an interest in the

structure of the shallow subsurface. Due to GPR’s

relatively recent development and acceptance, and the

wide range of potential uses, experience of GPR end-

users is wide and their subject backgrounds diverse.

This point was emphasised at ‘GPR in Sediments’

(Geological Society, London, 20–21 August 2001)

the first international conference on the applications

of GPR in sedimentological studies (Bristow and Jol,

2003). From the papers presented and comments made

by delegates in open discussion sessions, it was clear

that appreciation of the GPR technique was highly

variable across the user, and potential-user, base. On

the basis of this observation and a comprehensive re-

view of the literature, it is clear that overall understand-

ing of the value and limitations of GPR is not as high as

that generally displayed by the seismic reflection

community for their analogous technique, where robust

data collection, processing and interpretation methods

have been developed, particularly since the 1970s.

It is not the purpose of this paper to review the use

of GPR in sedimentology in terms of the actual

sedimentological information extracted and the con-

clusions drawn. At this stage in the development of

the use of GPR in sedimentological studies, this seems

premature. Instead, it will attempt to consider in detail

the basis for the use of GPR in sedimentology, the

problems and pitfalls of data collection and process-

ing, and the development of techniques for the inter-

pretation of radar reflection profiles that maximise the

sedimentological information obtained and prevent or

minimise incorrect interpretations. Such an approach

appears timely; an increasing number of sedimento-

logical studies are attempting to utilise GPR (Fig. 1,

Table 1), and yet the basis for the processing and

interpretation of their data is often unclear and many

misinterpretations or overinterpretations are evident.

Given the background outlined above, the aims of

this paper are as follows:

(1) to introduce those theoretical aspects that are fun-

damental to understanding the GPR technique and



Fig. 2. The four main types of geophysical reflection survey.

T = transmitter, R = receiver. Modified from Daniels (1996).
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its use in sedimentology, in a manner that is

suitable for the wide user-base;

(2) to outline the fundamental limitations of the GPR

technique, in particular by examining how

unprocessed or poorly processed radar reflection

profiles can often seriously misrepresent the

nature of the subsurface sedimentary structure,

and by considering the causes and nature of

nongeological reflection events that further com-

plicate subsequent data processing and sedimen-

tological interpretation;

(3) to examine the ways in which appropriate data

processing can enhance the interpretability of

radar data, by producing reflection profiles that

more accurately depict the subsurface sedimentary

structure;

(4) to critically evaluate the assumptions that underlie

interpretation of GPR data for sedimentological

research purposes;

(5) to show how systematic interpretation of appro-

priately processed GPR profiles, through the

application of a strictly defined radar stratigraphy

approach, can maximise the sedimentological

information extracted and minimise interpretation

pitfalls.

To earth scientists familiar with the seismic reflec-

tion technique, the need for an understanding of the

basic principles underlying data acquisition, process-

ing techniques that convert data into the most mean-

ingful representation of the subsurface possible, and

robust interpretation techniques that maximise geo-

logical information return, might seem obvious. How-

ever, it is clear that, as yet, the GPR community

engaged in sedimentological research does not fully

share this common vision. This can only inhibit future

research and wider appreciation of the technique

within the earth-science community. This paper is,

therefore, offered as a contribution to the on-going

debate regarding the future direction of GPR research

in sedimentology.
2. Data collection

Geophysical reflection data are of four main types:

common offset, common mid (or depth) point, com-

mon source and common receiver (Fig. 2). Common-
offset surveys (Fig. 2a) are most frequently used in

GPR studies, with commercial radar systems consist-

ing of either a single transmitting and receiving

antenna, or two, separate, transmitting and receiving

antennae. In the latter systems, a fixed spacing is

employed between the antennae, typically with both

orientated in the same direction (i.e. copolarised). In

conventional surveys, antennae are perpendicular to

the survey line, with their broad sides orientated

towards each other. With such an antenna configura-
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tion the survey is said to be copolarised, perpendicular

broadside. However, other potential configurations do

exist and these may provide important additional

information (van Gestel and Stoffa, 2001; Jol et al.,

2002; Lutz et al., 2003). During surveying, antennae

are either dragged along the ground and horizontal

distances recorded on a time-base, which can be

converted to a distance-base through manual marking,
 

Fig. 3. GPR data acquisition and the resulting radar reflection profile. (a) D

components and subsurface reflector configuration. (b) Radar reflection

adjacent survey points. Position of the airwave, ground wave and primary
or they are moved in a stepwise manner at fixed

horizontal intervals (the ‘step size’). Step-mode oper-

ation generates more coherent and higher amplitude

reflections, as antennae are stationary during data

acquisition. This allows more consistent coupling

between antennae and the ground, with the added

benefit of better trace stacking (Annan and Davis,

1992).
 

ata acquisition at an individual survey point, showing GPR system

profile resulting from sequential plotting of individual traces from

reflections are indicated. Modified from Neal and Roberts (2000).
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As data are recorded during surveying, horizontally

sequential reflection traces build up a radar reflection

profile (Fig. 3). Each trace results from the GPR

system emitting a short pulse of high-frequency elec-

tromagnetic energy, typically in the MHz range, that is

transmitted into the ground. As the electromagnetic

wave propagates downwards it experiences materials

of differing electrical properties, which alter its ve-

locity. If velocity changes are abrupt with respect to

the dominant radar wavelength, some energy is

reflected back to the surface. The reflected signal is

detected by the receiving antenna. In systems with a

single antenna, it switches rapidly from transmission

to reception. The time between transmission, reflec-

tion and reception is referred to as two-way travel

time (TWT) and is measured in nanoseconds (10� 9 s).

Reflector TWT is a function of its depth, the antenna

spacing (in systems with two antennae), and the

average radar-wave velocity in the overlying material.

Reflections from subsurface discontinuities are not

the only signals recorded on a radar trace. The first

pulse to arrive is the airwave (Fig. 4), which travels

from transmit antenna to receive antenna at the speed

of light (0.2998 m ns� 1). The second arrival is the

ground wave (Fig. 4), which travels directly through
Fig. 4. Ray paths between transmitting and receiving antennae for the airw

from Fisher et al. (1996).
the ground between the transmit and receive antennae.

The air and ground waves mask any primary reflec-

tions in the upper part of a radar reflection profile

(Fig. 3). Lateral waves can also be present (Fig. 4) and

result from shallow reflections that approach the

surface at the appropriate critical angle and are sub-

sequently refracted along the air–ground interface

(Clough, 1976). It should be noted that reflections

associated with lateral waves are not correctly placed

in time (depth) with respect to the interface that

generated them.

Most sedimentological studies utilise common-off-

set, 2-D radar reflection profiles to characterise the

subsurface. Where there is significant lateral variabil-

ity in internal structure, pseudo-3-D or truly 3-D

surveys may be desirable. Pseudo-3-D surveys in-

volve collecting data on regular or irregular survey

grids, usually in two mutually perpendicular direc-

tions, and often display results in fence diagrams (for

example, Gawthorpe et al., 1993; Bridge et al., 1995;

Bristow, 1995; Aigner et al., 1996; Bristow et al.,

1996, 1999, 2000b; Asprion and Aigner, 1997, 1999;

Leclerc and Hickin, 1997; Roberts et al., 1997; Pedley

et al., 2000; Neal and Roberts, 2001; Russell et al.,

2001; Holden et al., 2002; Skelly et al., 2003). In true
ave, the ground wave, a lateral wave and a reflected wave. Modified
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3-D surveys, transect lines are so closely spaced that

data for individual traces overlap. 3-D data cubes can

be generated from these surveys (for example, Beres

et al., 1995, 1999, 2000; McMechan et al., 1997;

Sigurdson and Overgaard, 1998; Lehmann and Green,

1999; Junck and Jol, 2000; Lehmann et al., 2000;

Sénéchal et al., 2000; Corbeanu et al., 2001; Szerbiak

et al., 2001; Jol et al., 2002; Nitsche et al., 2002;

Heinz and Aigner, 2003). Collecting true 3-D data is

particularly time consuming, largely because of time

required to accurately record the position and eleva-

tion of data points. Lehmann and Green (1999)

attempted to overcome this problem by developing a

semiautomated system that records coordinates during

radar data collection using a self-tracking laser theod-

olite. Other experiments have combined the use of

GPR with Global Positioning Systems (GPS) (e.g.

Urbini et al., 2001; Freeland et al., 2002). Jol and

Bristow (2003) consider other practical difficulties in

performing GPR field surveys for sedimentary re-

search purposes.

Using two separate antennae, common mid-point

(CMP) surveys can also be performed. Antennae are

moved apart sequentially at fixed horizontal intervals

(Fig. 2b). Resulting increases in TWT are used to

calculate average radar-wave velocities to a given

reflection (Annan and Davis, 1976; Reynolds,

1997). Once average velocities have been obtained,

TWT can be converted to depth estimates.

Common-source or common-receiver surveys (Fig.

2c and d) are rarely performed in GPR studies, unlike

in seismic reflection where multi-fold surveys are

standard. GPR experiments by Fisher et al. (1992b),

Greaves et al. (1996) and Pipan et al. (1999), using

standard seismic reflection data-processing techniques

and software, indicate that such surveys have a

number of advantages over common-offset (single-

fold) data collection. These include improved signal-

to-noise ratio, reduction of coherent noise, increased

depth of penetration, greater reflection continuity and

more accurate spatial positioning. However, improve-

ments come at the cost of increased field and process-

ing times, due to the additional data acquired and the

need for access to seismic data processing software.

Consequently, benefits are only likely to outweigh

costs when higher than normal resolution or depth of

penetration are required (Fisher et al., 1992b), or

where results unobtainable using single-fold data-
processing techniques are achieved (Pipan et al.,

1999).
3. Theoretical background and causes of

subsurface GPR reflections

The material properties that control the behaviour

of electromagnetic energy in a medium are dielectric

permittivity (e), electrical conductivity (r) and mag-

netic permeability (l). When an alternating electric

field is applied to a material, those electric charges

that are bound, and, therefore, unable to move freely,

still respond to the applied field by undergoing a small

amount of displacement. When the resulting internal

electric field balances the external electric field, the

charges stop moving (Olhoeft, 1998). This charge

separation in distance is called polarisation and can

be of various types (Powers, 1997): circular orbits of

electrons become elliptical (electronic polarisation),

charged molecules undergo slight distortion (molecu-

lar polarisation), neutrally charged dipole molecules

rotate into alignment with the applied field (orienta-

tional polarisation), and ions accumulate at interfaces

(interfacial polarisation). Polarisation processes store

electric field energy, the amount stored during each

cycle of the alternating electric field determines the

real dielectric permittivity at that frequency (Powers,

1997). In addition, a small amount of energy is lost as

heat due to resistance to the transportation of charge

resulting from polarisation processes. The amount of

energy dissipated determines the imaginary compo-

nent of the dielectric permittivity at that frequency

(Powers, 1997). The real and imaginary dielectric

permittivities are often quoted relative to the dielectric

permittivity of free space (i.e. a region where there is

no matter and no electromagnetic or gravitational

fields). Dielectric permittivity is measured in units

of electrical capacitance (farads) per metre, and rep-

resents a measure of the material’s ability to store

electrical charge.

Dielectric permittivity is in part dependent upon

frequency of the applied, alternating electric field

(Powers, 1997; Olhoeft, 1998). At low frequencies,

charges move the full distance required to balance the

applied field, but only spend a fraction of the time

moving and the rest waiting for the field to reverse

(Olhoeft, 1998). This results in maximum energy
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storage and minimum energy loss. At high frequen-

cies, polarity reversals occur much more quickly and

charge movement may not be complete before the

field reverses. This results in charge storage propor-

tional to the distance moved and a proportionally

small energy loss through dissipation (Olhoeft,

1998). At a certain intermediate frequency a charge

will move the full distance required to balance the

external field in the same time as one cycle of that

field. This will produce maximum energy loss and

energy storage that is an average of the high and low

frequency limits (Powers, 1997; Olhoeft, 1998).

Clearly, each polarisation process will vary in its

ability to respond to the applied electric field and

the net effect will be very much dependent upon the

medium involved. In porous media, grain edges or

pore walls may also limit electrical charge motions

(Olhoeft, 1998).

With respect to water, maximum energy losses

occur around 10–20 GHz (GHz = 109 Hz), and are

caused by relaxation ( = dissipation) processes associ-

ated with the dipolar nature of the water molecule

(Powers, 1997). This effectively limits the upper

frequency range for GPR systems. At low frequencies,

a significant relaxation frequency often associated

with rocks and sediments, and of unknown origin, is

around 10 MHz (Powers, 1997).

Conductivity is a measure of the ability to transport

charge on application of a static electric field. These

charge motions are in addition to those associated

with polarisation phenomena and occur throughout

each half cycle of an alternating electric field, irre-

spective of its frequency. With respect to GPR, the

most important conduction-based energy losses occur

due to ionic charge transport in water and electro-

chemical processes associated with cation exchange

on clay minerals (Olhoeft, 1998).

Due to the nature of e and r, as frequency of an

applied field changes the energy dissipated through

charge transport and the energy stored in charge

displacements also changes. Hence, conduction losses

can also be frequency dependent. For typical earth

materials, below a transition frequency of 10–300

MHz energy losses due to r greatly exceed energy

stored by polarisation processes and propagation will

be dispersive. This limits low-frequency applications

of GPR. Above the transition frequency, energy losses

due to conduction are approximately independent of
frequency. High-frequency propagation is instead lim-

ited by scattering losses, which become particularly

important when wavelengths approach the size of the

particles (Powers, 1997). Scattering is also influenced

by electromagnetic contrast between object and host,

object shape, object orientation relative to electromag-

netic-field polarisation vectors, and antennae geometry

(Olhoeft, 1998). Most GPR systems are designed to

perform within a frequency range of 50 MHz–1 GHz.

Magnetic permeability is essentially the magnetic

equivalent of dielectric permittivity and is a measure of

magnetic field energy stored and lost through induced

magnetisation (Powers, 1997). Magnetic permeability

can, like dielectric permittivity, be divided into its real

and imaginary parts and is often expressed relative to

the magnetic permeability of free space. Magnetic

permeability is measured in inductance (henrys, H)

per metre. All substances respond to an applied mag-

netic field and various types of magnetic behaviour

exist (Walden et al., 1999). Diamagnetic and paramag-

netic behaviour are weak compared to ferromagnetism,

which occurs in substances where unpaired electrons

exist in atoms that are closely spaced. Consequently,

strong coupling (of various types) occurs between

unpaired electron spins and ferromagnetic substances

can display spontaneous magnetisation (Walden et al.,

1999). Materials displaying such behaviour are nor-

mally compounds of the transition metals, particularly

iron, nickel and cobalt. On application of a magnetic

field, complex responses are encountered that are a

function of: the precise type of ferromagnetism (ferro-

magnetism senso stricto, anti-ferromagnetism, ferri-

magnetism or canted anti-ferromagnetism), crystal

form, grain size and grain shape (Walden et al.,

1999). In naturally occurring materials, the strongest

magnetic response is usually seen in ferromagnetic

oxides or sulphides, particularly iron and iron-titanium

oxides such as magnetite, maghaematite, haematite,

goethite and various titanomagnetites. Laboratory

experiments at GPR frequencies have identified im-

portant magnetic relaxation losses associated with both

natural and artificial iron-rich sands. However, the

majority of natural magnetic minerals have never

undergone measurement (Olhoeft, 1998).

In addition to energy losses due to e, r, l and

scattering, losses also occur due to geometric spread-

ing. As energy propagates downward from the trans-

mitting antenna it spreads in an ever-expanding cone,
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causing power to decrease as the inverse square of

distance.

Velocity (v) of an electromagnetic wave is a

function of its frequency ( f), the speed of light in free

space, and the host medium’s relative dielectric per-

mittivity (er), relative magnetic permeability (lr) and

r. Mathematically it is defined as:

v ¼ c0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
erlr

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðr=xeÞ2

q
2

s ; ð1Þ

where c0 is the electromagnetic wave velocity in a

vacuum (3� 108 m s� 1), and r/xe is a loss factor,

where x = 2pf is angular frequency (rad s� 1).

For low-loss materials, such as clean sand and

gravel, the influence of r over the GPR frequency

range is minimal and it is assumed that r/xec 0

(Davis and Annan, 1989; Reynolds, 1997). As little

is known about magnetic response at radar frequencies,

the influence of lr is also assumed to be negligible, and

is given a value corresponding to nonmagnetic mate-

rial (lr = 1). As a result, Eq. (1) can be simplified to:

v ¼ c0ffiffiffiffi
er

p ð2Þ

As the electromagnetic wave propagates through a

medium, its amplitude (A) shows an exponential

decline from its initial value (A0) as it travels distance

z, as follows:

A ¼ A0e
�az; ð3Þ

where a is the attenuation constant. For low-loss

materials this constant is frequency independent, such

that:

a ¼ r
2

ffiffiffiffiffiffiffi
l=e

p
ð4Þ

It can be seen from Eq. (4) that conductivity exerts

the greatest influence over the attenuation constant

(Theimer et al., 1994).

Based on the assumptions that lead to Eqs. (2) and

(4), a number of statements can be made with respect

to behaviour of natural earth materials. Freshwater has

a high e in comparison to air and typical rock-forming

minerals (Olhoeft, 1981). As a consequence, freshwa-

ter content exerts a primary control over dielectric
properties of common geologic materials (Topp et al.,

1980; Davis and Annan, 1989). Generally in such

rocks, sediments and soils, lower e results in higher v,

and lower r results in lower a (Table 2). However,

these relationships break down if the assumptions

outlined above are violated, for instance by introduc-

ing high-conductivity substances, such as seawater

and certain types of clays, or significant amounts of

magnetic material, such as magnetite or haematite.

When a propagating electromagnetic wave encoun-

ters a significant subsurface discontinuity with respect

to er, lr or r, some energy is reflected. Reflection

strength is proportional to the magnitude of change

(Reynolds, 1997; van Dam, 2001). The amount of

energy reflected, with respect to signal amplitude, is

given by the reflection coefficient (R). Assuming that

r and lr contrasts are negligible:

R ¼
ffiffiffiffiffi
er2

p � ffiffiffiffiffi
er1

pffiffiffiffiffi
er2

p þ ffiffiffiffiffi
er1

p ð5Þ

where er1 and er2 are the relative dielectric permittivity

of adjacent layers 1 and 2, or:

R ¼
ffiffiffiffiffi
v2

p � ffiffiffiffiffi
v1

pffiffiffiffiffi
v2

p þ ffiffiffiffiffi
v1

p ; ð6Þ

where v1 and v2 are the velocity of adjacent layers 1

and 2. In all cases, the value of R will lie in the

range + 1 to � 1. Modeling of reflection coefficients

for a range of subsurface discontinuities, associated

with a variety of geological phenomena in unconsol-

idated sediments, indicate radar is sensitive to changes

in the sediment/air/freshwater ratio (Baker, 1991).

Changes in the amount and type of fluid occupying

pore spaces, minor changes in porosity, changes in the

sediment grain type, and changes in grain shape,

orientation and packing all give significant reflections

(Table 3). Consequently, features such as the water

table, sedimentary structures and lithological bound-

aries should all be visible with GPR. Ability to image

primary sedimentary structure and lithological bound-

aries is of particular importance to sedimentological

applications of GPR. Sedimentary bedding is a prod-

uct of changes in sediment composition and changes

in the size, shape, orientation and packing of grains

(Fig. 5), and results in corresponding changes in

porosity (Collinson and Thompson, 1989). The rela-



Table 2

Examples of the electrical properties of some common geologic materials at 80–120 MHz (based primarily on van Heteren et al., 1998, but with

additional data from Davis and Annan, 1989; Theimer et al., 1994; van Overmeeren, 1994)

Medium Relative dielectric

permittivity (er)
Electromagnetic-wave

velocity (m ns� 1)

Conductivity

(mS m� 1)

Attenuation

(dB m� 1)

Air 1 0.3 0 0

Fresh water 80 0.03 0.5 0.1

Seawater 80 0.01 30,000 1000

Unsaturated sand 2.55–7.5 0.1–0.2 0.01 0.01–0.14

Saturated sand 20–31.6 0.05–0.08 0.1–1 0.03–0.5

Unsaturated sand and gravel 3.5–6.5 0.09–0.13 0.007–0.06 0.01–0.1

Saturated sand and gravel 15.5–17.5 0.06 0.7–9 0.03–0.5

Unsaturated silt 2.5–5 0.09–0.12 1–100 1–300a

Saturated silt 22–30 0.05–0.07 100 1–300a

Unsaturated clay 2.5–5 0.09–0.12 2–20 0.28–300a

Saturated clay 15–40 0.05–0.07 20–1000 0.28–300a

Unsaturated till 7.4–21.1 0.1–0.12* 2.5–10 b

Saturated till 24–34 0.1–0.12* 2–5 b

Freshwater peat 57–80 0.03–0.06 < 40 0.3

Bedrock 4–6 0.12–0.13 10� 5–40 7� 10� 6–24

From Neal and Roberts (2000).
a Unsaturated and saturated values not differentiated (van Heteren et al., 1998).
b Values not available.
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tionship between primary radar reflections and prima-

ry bedding underpins use of GPR in sedimentological

studies, particularly with respect to clastic sediments

where physical processes typically dominate.
Table 3

Reflection coefficient modeling for typical changes in sediment water con

Layer 1 Porosity (%) er R

Layer 2 (

Dry sand 35 3.1

Saturated sand 35 20.7 �

Dry sand 35 3.1

Dry sand 30 3.27 �

Saturated sand 35 20.7

Saturated sand 30 17.7

Saturated sand 35 20.7

Peat 70 46.5 �

Dry sand 35 3.1

Dry heavy-mineral sand 35 19.9 �

Saturated sand 35 20.7

Saturated heavy-mineral sand 35 53 �

Round grains 33 23.5

Platey grains 33 16.9

Isotropic grain packing 33 22.5

Anisotropic grain packing 33 16.9

Reflection coefficients indicate the proportion of energy theoretically ref

indicating polarity of the reflected wave. Modified from Baker (1991).
Numerous GPR studies have broadly confirmed

the relationship between primary radar reflections and

primary bedding (Table 1). This has been achieved

either by performing direct visual comparison be-
tent, porosity, lithology, grain shape and grain orientation

eflection coefficient Geological significance

+ 1 to � 1)

0.44 Water table

5% porosity change in dry sand

0.013

5% porosity change in saturated sand

+ 0.04

lithology change to high-porosity peat

0.2

dry heavy-mineral placer deposit

0.43

saturated heavy-mineral placer deposit

0.23

+ 0.08 grain-shape change

orientation change for platey grains

+ 0.7

lected from an interface. Values range from + 1 to � 1, the sign



Fig. 5. Bedding in sediments and sedimentary rocks resulting from changes in composition, size, shape, orientation and packing of sediment

grains. Redrawn from Collinson and Thompson (1989).
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tween radar reflection profiles and underlying sedi-

mentary structure or, perhaps less satisfactorily, by

obtaining reflection geometries recognisable to the

interpreter as resulting from primary sedimentary

structure. However, only more recently, with the

work of van Dam and Schlager (2000), van Dam

(2001) and van Dam et al. (2002a,b, 2003) has a

more fundamental examination been undertaken of

the causes of GPR reflections in sediments. In the

aeolian coversands they were studying, these workers

found that changes in er, associated with variations in

water content, were most significant in causing

reflections and that changes in lr and r were not

particularly significant. Variations in water content

were related to both changes in sediment porosity and

a particular sediment’s ability to hold water. Presence

of organic material, iron-oxide precipitates and finer

grained sediment had all caused water content, and

hence er, to increase. Organic material occurred as

distinct soil horizons in the coversands that marked

important bounding surfaces within the sedimentary

sequence. It was, therefore, effectively enhancing

reflections related to primary sedimentary structure.

A similar effect has been noted in coastal aeolian

dune deposits (Clemmensen et al., 2001; Neal and

Roberts, 2001).
Small textural variations associated with primary

bedding in unsaturated aeolian sediment were shown

by van Dam (2001) and van Dam et al. (2003) to

result in changes in er capable of causing clear radar

reflections. This was again due to changes in water

content, which was itself controlled by the size

distribution and connectivity of sediment pore net-

works. Results also confirmed the assertion of Annan

et al. (1991) that sharpness of a reflection is a function

of transition-zone width (i.e. distance over which er
changes) relative to dominant wavelength. Wave-

lengths must be less than approximately three times

the size of the transition zone to obtain a sharp

reflection. Above this there is typically dispersion

and generation of more diffuse reflections.

Goethite iron-oxide precipitates, occurring either in

bands or irregular layers, were shown by van Dam

(2001) and van Dam et al. (2002a) to result in

significant reflections in the coversands they studied.

This was due to the higher water retention capacity of

goethite with respect to the host quartz sand, which

resulted in higher er. Neither lr or r were significantly

altered by presence of goethite and were not, there-

fore, responsible for reflections. Diagenetic precipita-

tion of iron oxides in unconsolidated sediments is

related to flow of pore water. Sedimentary structure,



Fig. 6. Normal moveout resulting from a separation (x) between the

transmitter (T) and receiver (R). The time t(x) for a reflection with a

T–R separation x is larger (by Dt) than t(0), which would be

observed at zero offset (i.e. if the antennae were coincident). With

increasing antenna separation, the reflection from the horizontal

reflector displays hyperbolic normal moveout. Modified from Fisher

et al. (1992a).
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various discontinuities and overall regional flow pat-

terns help determine flow path and, hence the nature

and form of precipitates. Where precipitation was

found along primary bedding, reflection strength

was enhanced due to the higher er contrast and

reflection patterns accurately represented the nature

of bedding (van Dam, 2001; van Dam et al., 2002a).

However, where iron-oxide bands cut across deposi-

tional bedding or irregular precipitations were devel-

oped, reflection patterns were more complex, with

reflections from precipitates masking, or interfering

with, reflections from primary bedding.

The findings of van Dam and Schlager (2000), van

Dam (2001) and van Dam et al. (2002a,b, 2003) have

important implications, because in certain instances

they call into question the assumption that primary

reflections in radar profiles obtained from sedimentary

sequences represent primary depositional structure.

The influence of secondary iron-oxide precipitation

is particularly important because this is a common

feature in many unconsolidated sand and/or gravel-

dominated sedimentary sequences.

The influence of diagenetic precipitates and other

diagenetic processes is likely to be even more signif-

icant in sedimentary rocks, although so far this has not

been investigated in any detail. In addition, subse-

quent surface fracturing and preferential weathering in

exposed outcrops are also likely to produce reflections

unrelated to primary sedimentary structure (Corbeanu

et al., 2001). Some of these problems can potentially

be reduced with careful data processing (Szerbiak et

al., 2001).

Fractures and other deformation structures also

generate reflections unrelated to primary sedimentary

structure, as they usually represent major electromag-

netic discontinuities within a sediment or rock body.

Furthermore, they will also disturb bedding continu-

ity. Faults, joints and folds have been identified in

sediments and sedimentary rocks by numerous GPR

investigations (Table 1). The presence of such features

can make radar reflection profiles very difficult to

interpret sedimentologically and even lead to misinter-

pretations when they are not properly identified.

Another common non-sedimentary feature in radar

profiles from unconsolidated sediments is a distinct

reflection from the water table. The detection of the

water table is common at lower radar frequencies

because thickness of the capillary zone is small
compared to radar wavelength. Consequently, there

is sufficient contrast between unsaturated and saturat-

ed sediments to reflect an easily detectable proportion

of incident wave energy (Table 2). The water table is

usually a horizontal or very-gently dipping surface

that cross-cuts primary sedimentary structure (for

example, Beres et al., 1995; Birkhead et al., 1996;

Harari, 1996; van Heteren et al., 1998; van Over-

meeren, 1998; Smith et al., 1999; Tronicke et al.,

1999; Vandenberghe and van Overmeeren, 1999; Neal

and Roberts, 2000, 2001; Russell et al., 2001), al-

though distinct ‘steps’ can occur under certain ground

conditions (van Overmeeren, 1997).
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Although it is generally true that in sediments and

sedimentary rocks reflections parallel bedding, it is

clear that some reflections can result from subsurface

features unrelated to primary sedimentary structure.

Consequently, at each study site there is a need for a

clear and realistic assessment of the non-sedimentary

features likely to be present. Preferably this should

occur prior to data collection, and certainly before

data processing and interpretation.
4. Inherent limitations of unprocessed GPR data

4.1. Time-zero drift

This occurs when the first break in a common-

offset radar reflection profile (the airwave) changes

position from trace to trace during data collection. It
Table 4

Comparison between two-way travel time (TWT) and depth for a zero-offs

of 0.5, 1 and 2 m

A single, constant velocity of 0.121 m ns� 1 and horizontal reflectors are a

common-offset profiles are displaced downwards, i.e. they appear at g

significantly longer travel times to reflectors at shallow depth. This effect

waves only a small difference exists between depths on the zero-offset and

This is illustrated by reference to the 7-m-thick zone above the water table i

7, which have estimated vertical resolutions of 0.23, 0.4 and 0.56 m, resp

Area obscured by the air and ground waves in the 200, 100 and 50 M
causes misalignment not only of the air and ground

waves, but also the primary and secondary reflections

beneath. Drift commonly occurs when console elec-

tronics are markedly colder or warmer than ambient

air temperature, such as when a GPR system is

operated outdoors having just been removed from

storage (Sensors and Software, 1999a). This problem

is usually eliminated after the console’s internal tem-

perature has stabilised with respect to the external

temperature (Bano et al., 2000). Damaged cables may

also induce similar, but more erratic, time shifts

(Sensors and Software, 1998).

4.2. Common-offset data collection

Although common-offset surveying is the most

popular, convenient and quickest way of obtaining

radar reflection profiles, there is an inherent limitation
et GPR profile and common-offset profiles with antenna separations

ssumed. As a consequence of antenna separation, reflections on the

reater depth than their true (zero offset) position. This is due to

reduces with increasing depth, such that beneath the air and ground

common-offset profiles, relative to total depth and vertical resolution.

n the 200, 100 and 50 MHz common-offset profiles presented in Fig.

ectively.

Hz radar profiles shown in Fig. 7.



Fig. 7. Return-frequency spectrums, radar reflection profiles and radar-footprint size variations with depth for data collected along the same shore-parallel transect across sand-and-gravel-rich beach ridge-plain deposits, Beckfoot, outer Solway Firth, northwest

England using antennae with nominal centre frequencies of (a) 50 MHz, (b) 100 MHz and (c) 200 MHz. Note expansion of the elevation axis beneath the water table (WT) due to the decrease in radar wave velocity.

A. Neal / Earth-Science Reviews 66 (2004) 261–330 pp. 275–278
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to this mode of data acquisition. As antennae are not

coincident, image distortion occurs (Fisher et al.,

1992a), because reflection travel times are too long

with respect to depth of the reflector that generated

them (Fig. 6). Table 4 illustrates this by reference to the

GPR profiles in Fig. 7, which were collected at three

different antenna frequencies and spacings. Difference

between travel time at a given offset and at zero offset

is called normal moveout. The effect of normal move-

out becomes less significant with increasing travel

time (depth), as the time taken for the radar wave to

travel from the transmitter, to the reflector and then

back to the receiver increasingly approaches, but never

truly meets, the zero-offset time (i.e. the time taken

with zero transmitter–receiver separation). However,

the situation becomes more complex if significant

velocity variations occur with depth or reflectors are

dipping (Yilmaz, 1987, 2001). However, Yilmaz

(1987, 2001) also notes that as long as the average

(root mean squared) velocity to a reflector is known,

the degree of offset is less than reflector depth, and

dips of reflectors in the line of the survey are shallow

( < 15j), hyperbolic normal moveout (Fig. 6) is still a

reasonable approximation.

4.3. Signal saturation

Due to the short time interval between transmitter

‘shots’ during surveying and large energy input from

the airwave, ground wave and near-surface reflec-

tions, receivers become signal saturated (Fisher et

al., 1996). When this occurs, a slowly decaying,

low-frequency ‘wow’ is induced on the trace that is

superimposed on higher frequency reflections (Sen-

sors and Software, 1999a). The wow’s magnitude

depends on ground conditions and antenna separation

(Sensors and Software, 1998).

4.4. Depth of penetration

It has already been demonstrated that propagating

electromagnetic waves undergo energy losses in the

subsurface. These limit the depth that radar waves can

penetrate at a particular frequency or location. The

frequency-dependent nature of attenuation (Davis and

Annan, 1989) means that, in general, the higher the

antenna’s frequency, the shallower the depth of pen-

etration (Fig. 7). Practical implications of this rela-
tionship for sedimentological studies have been

examined by Jol (1995), Smith and Jol (1995b) and

Jol et al. (2002).

4.5. Horizontal and vertical resolution

In seismic reflection, resolution has two common

definitions (Knapp, 1990). These can be directly ap-

plied to radar data. The first relates to the ability to

determine reflector position in space or time. In terms

of vertical resolution, this is a function of the wavelet

sharpness or pulse width. By this definition, and for

practical purposes, vertical resolution is proportional to

frequency, i.e. as frequency increases so does vertical

resolution (Knapp, 1990). The second definition of

resolution relates to ability to resolve two closely

spaced features. With respect to vertical resolution,

this is controlled by wavelength (Knapp, 1990). Wave-

length (k) is governed by wave frequency and velocity:

k ¼ v

f
ð7Þ

The return centre frequency (the most common

frequency detected by the receiving antenna) is typi-

cally lower than the nominal centre frequency for the

transmit antenna (Fig. 7). This is because any antenna

transmits across a range of frequencies (Conyers and

Goodman, 1997) and higher frequencies are preferen-

tially attenuated as waves propagate through the earth,

resulting in longer average wavelengths (Jol, 1995;

Bano, 1996). Consequently, more realistic vertical

resolution estimates are obtained using return centre

frequency. It is evident from Eq. (7) that if the return

centre frequency is higher then k decreases and

vertical resolution, by the second definition, increases.

In order to increase vertical resolution, by the two

definitions given above, the high-frequency content of

the data must be enhanced. This has an additional

benefit in that repetitive thin beds (beds of similar

dimension to the wavelength) tune response to fre-

quencies harmonic with bed thinness. Hence, thinner

beds are resolved if there are higher frequencies in the

bandwidth (Knapp, 1990).

Wave theory indicates that the best vertical reso-

lution that can be achieved is one-quarter of dominant

wavelength (Sheriff, 1977). Within that vertical dis-

tance any reflections will interfere in a constructive
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manner and result in a single, observed reflection (Fig.

8). Vertical resolution of a radar reflection profile has

important implications for its sedimentological inter-

pretation, as it will determine the scale of sedimentary

structure that can be observed. In particular, it will

determine whether laminae, lamina-sets, beds or bed-

sets can be imaged (Fig. 9). Given that the thickness
Fig. 9. Practical distinction between laminae and beds in terms of

thickness. Redrawn from Boggs (1995).

Fig. 8. Horizontal resolution as determined by Fresnel zone width.

(a) Electromagnetic waves propagate through the ground in an ever-

expanding cone, with the cone’s apex at the transmitting antenna.

All reflections within one-quarter of the dominant wavelength will

interfere constructively to form a single reflection. (b) Waves closest

to the Fermat path contribute most to a reflection’s amplitude. (c)

Fresnel-zone width is a function of reflector depth and frequency-

dependent wavelength. The higher the frequency (and shorter the

wavelength) the higher the horizontal resolution. Modified from

Emery and Myers (1996).
of individual laminae is regarded by many as < 0.01

m (McKee and Weir, 1953; Collinson and Thompson,

1989; Bridge, 1993; Boggs, 1995) and maximum

vertical resolutions so far recorded in low-loss materi-

als such as sand and gravels with high-frequency

antennae are between 0.02 and 0.08 m (e.g. Neal et

al., 2002b, 2003, with 900 MHz antennae), sets of

laminae, beds and bedsets are most likely to be

resolved.

In the case of a spherical wave front, a suitable

assumption in seismic profiling, horizontal resolution

is governed by the width of the first Fresnel zone (Fig.

8). Fresnel zone width is a function of wavelength and

depth to a particular reflector (Sheriff, 1977; Rey-

nolds, 1997). Depth is important because radiated

energy expands laterally as it propagates downwards,

such that horizontal resolution decreases downwards.

However, energy transmission into the ground is

fundamentally different in radar. GPR antennae are

dipoles and generate polarised wavefields that show

strong directionality to amplitudes (Engheta et al.,

1982; Roberts and Daniels, 1996; Lehmann et al.,

2000). Radiated energy creates an electromagnetic

field within 1.5 wavelengths of an antenna (Engheta

et al., 1982; Conyers and Goodman, 1997). Conse-
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quently, ground within this zone is essentially part of

the antenna and defines the ‘near-field’ zone (Conyers

and Goodman, 1997). Beyond the ‘near-field’ zone is

the ‘far-field’ zone in which energy is transmitted.

Shape of the propagating radar wave front is compli-

cated by the way in which the wavefield couples with

the ground (Engheta et al., 1982; Lehmann et al.,

2000) and is elongated in the direction of the survey

line when copolarised, perpendicular broadside sur-

veying is undertaken. Also, the higher the er of the

ground the more focused the radar beam (Annan et al.,

1975; Conyers and Goodman, 1997; Reynolds, 1997).

The receiving pattern of an antenna is exactly the

same as the transmitting pattern, and shows the same

degree of directionality for given ground conditions

(Roberts and Daniels, 1996). A method and equation

(Eq. (8)) for estimating the approximate size of the

radar footprint (area illuminated on a buried surface),

based on subsurface er, radar wavelength and depth to

a horizontal reflector, is shown in Fig. 10. A practical

illustration of the increasing size of the radar footprint

with depth is given in Fig. 7 for three antenna

frequencies.

For a given frequency, the width of the long axis of

the radar footprint estimated using Eq. (8) (Fig. 10) is

always wider than that which would be derived for a

spherical wave front (i.e. the width of the convention-
Fig. 10. Calculating radar-footprint size on a horizontal reflector. Mo

communication, 2002).
al circular Fresnel zone), although widths approach

each other at high values of er. However, as the radar

footprint is elliptical in shape, its short axis is nar-

rower than that associated with the circular Fresnel

zone, except at very low values of er. Where dipping

surfaces are encountered, shape and size of the foot-

print is further complicated by orientation of the

radiating wave front with respect to reflector dip and

strike (Moran et al., 2000), although there is no simple

way of estimating this.

The decrease in horizontal resolution with depth

noted above, and illustrated in Fig. 7, has important

implications for interpretation of radar profiles in

sedimentary research. Based on a radar profile col-

lected over fluvioglacial sands and gravels that were

subsequently excavated, Heinz (2001) noted that

stratification in the lower part of the section was

poorly imaged compared to similar stratification in

the upper part. Heinz (2001) also demonstrated, using

forward modeling based on the detailed sedimentolo-

gy of excavated exposures, that the scale of the feature

that can be resolved is limited by antenna frequency, if

it is assumed ground conditions at a particular location

are invariant over the time scale of an individual

survey.

A further consideration with respect to horizontal

resolution is the horizontal spacing between traces on
dified from Conyers and Goodman (1997) and Annan (personal



Fig. 11. At any particular reflection time, a reflector point may lie

anywhere on the radar wave front. On an unmigrated reflection

profile the record point is mapped directly beneath the transmitter–

receiver. Modified from Kearey and Brooks (1991).
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the radar reflection profile. This is a function of the

step size used when originally collecting the radar

data (see Section 2). In selecting a step size the aim is

to horizontally sample the subsurface sedimentary

structure such that it is adequately represented on

the final radar image. The step size chosen is both a

function of the frequency of the antenna(e) used and

the nature of the sedimentary structure. GPR manu-

factures often recommend conservative maximum

step sizes for their different antennae that are appro-

priate for any ground conditions and survey objectives

(e.g. Sensors and Software, 1999a). The higher the

frequency of the antenna(e) the smaller the suggested

maximum step size. However, in practice the recom-

mended step size can often be increased, especially
Fig. 12. On an unmigrated reflection profile, reflector points from a planar,

the resulting record surface has a shallower dip (as). Modified from Kear
where the sedimentary structures have low to moder-

ate dip. The most effective way of determining the

most appropriate step size for a given survey is

through a series of initial field trials. Woodward et

al. (2003) found that for the fluvial sedimentary

features they were investigating to be resolved with

accuracy, reflections from them needed to appear on at

least 10 adjacent radar traces.

4.6. Diffractions, distortions, dip displacements and

out-of-line reflections

The simple impression given by 2-D radar reflec-

tion profiles that reflections recorded on a given trace

were obtained from directly beneath the survey point

(Fig. 3) is incorrect. This is because, as already noted,

radar antennae radiate and receive electromagnetic

energy in a complex 3-D cone. Consequently, a

reflection on a trace can originate anywhere on the

radar wave front (Fig. 11). The effects that result

include (Yilmaz, 1987, 2001; Robinson and C�oruh,
1988; Kearey and Brooks, 1991):

(1) down-dip movement of reflector points generated

on dipping reflectors, such that a record surface is

created that has an apparent dip shallower than the

reflector that generated it (Fig. 12);

(2) generation of diffractions by isolated reflector

points (Fig. 13) and strongly curved reflectors

(Fig. 14), often obscuring primary reflections;
dipping reflector (dip = at) have undergone down-dip movement and

ey and Brooks (1991).



Fig. 13. Generation of a diffraction on an unmigrated reflection profile from an isolated reflector point. (a) Reflection paths to and from the

reflector point, at survey points 1 to 7. (b) Diffraction on the resulting unmigrated radar reflection profile, caused by mapping record points

directly beneath each survey point. Modified from Kearey and Brooks (1991).
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(3) distortions caused by undulating reflectors, such

that record surfaces depict synclinal features that

are narrower, and anticlines that are broader, than

in reality.

(4) generation of out-of-plane reflections.

The extent to which subsurface diffractions, dis-

tortions and out-of-line reflections develop in an

unprocessed radar profile is a function of the shape,

orientation, dip and spatial location of the reflector

that generated them and nature of the radiating wave

front. These features again have important implica-

tions for the interpretation of radar reflection profiles.

First, dips will be underestimated (Fig. 12), with the

amount of underestimation (in degrees) increasing

with increasing dip, such that for reflector surfaces

perpendicular to the plane of a radar reflection

profile:

sin at ¼ tan as ð9Þ
where as is the dip of the record surface and at is the
true dip of the reflector (Kearey and Brooks, 1991,

p. 70).

Second, objects that act as isolated reflector points

(Fig. 13), such as man-made pipes and cables perpen-

dicular to the survey line (Fig. 15a), or individual

sediment grains that are large with respect to radar

wavelength, e.g. cobbles and boulders in gravel-sized

sediment (Fig. 15b), will generate diffractions that can

obscure primary reflections (Naegeli et al., 1996;

Papziner and Nick, 1998; Busby and Merritt, 1999).

In fluvial sediments, diffractions caused by lateral

truncation of various heterogeneities have also been

identified (Beres et al., 1999). Vandenberghe and van

Overmeeren (1999) used synthetic-radar-profile mod-

eling to account for linear sets of diffractions gener-

ated by intersecting fluvial channels, channel bottoms

and the edge of horizontal beds eroded by a channel.

Faults and joints can also result in diffractions (Wyatt

et al., 1996; Overgaard and Jakobsen, 2001).



Fig. 14. Record surfaces generated by a concave reflector whose curvature exceeds that of the radiating wave front. Waves from survey points 1

to 10 have at least three reflector points (a, b, c) on the reflector surface. The resulting unmigrated radar reflection profile shows a complex

‘bow-tie’ pattern generated by three, separate, curved record surfaces. Modified from McQuillin et al. (1979).
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Third, where concave-up, curved bedding is

encountered, such as trough cross-bedding, whether

it can be imaged in unprocessed data will depend

upon its relationship to wave front curvature. Where

bedding curvature exceeds wave front curvature a

‘bow-tie’ record surface pattern will be generated,

because reflections will originate from at least three

discrete reflector points (Fig. 14). These ‘bow-tie’

patterns are a poor representation of the reflector

that generated them, and it will be difficult to

interpret the presence of such curved features with

confidence. Even where bedding curvature is less

than wave front curvature, the image will still be
distorted due to down-dip movement of the record

surface, such that troughs appear narrower than in

reality.

Fourth, out-of-plane reflections, from both isolated

point reflectors and discrete reflector surfaces, are

particularly hard to identify in the 2-D radar reflection

profiles used in many sedimentological studies. Leh-

mann et al. (2000) utilised the strongly directional

nature of the energy radiated by GPR antenna to

design surveys that would identify out-of-plane reflec-

tions from various natural subsurface features in a

suite of fluvioglacial sediments. Such an approach

clearly has significant potential in other studies, par-



Fig. 15. (a) Unmigrated 100 MHz radar reflection profile showing a complex sequence of cross-cutting diffractions. These have resulted from communication cables and pipes

(associated with a sprinkler system) both buried in the shallow subsurface (ca. 1 m) at the Royal Birkdale Golf Club, Sefton, northwest England. The golf course is on coastal dunes,

but many reflections resulting from the dunes’ primary sedimentary structure, which mainly appear to be dipping gently to the right, are obscured by the steeply dipping diffraction

tails. The profile has an AGC gain applied with a maximum limiting value of 500, and no horizontal or vertical averaging. (b) Complex sequence of cross-cutting diffractions in an

unmigrated, shore-parallel, 450 MHz radar reflection profile from a small, mixed-sand-and-gravel beach-ridge strandplain at Aldeburgh, Suffolk, southeast England. The diffractions

partially obscure a set of horizontal reflections resulting from the primary sedimentary structure of the beach deposits. Diffractions are believed to be caused by large sediment grains

(e.g. cobbles) throughout the upper part of the sedimentary sequence. The profile has an AGC gain applied with a maximum limiting value of 125, and no horizontal or vertical

averaging.

A
.
N
ea
l
/
E
a
rth

-S
cien

ce
R
eview

s
6
6
(2
0
0
4
)
2
6
1
–
3
3
0

2
8
5



A. Neal / Earth-Science Reviews 66 (2004) 261–330286
ticularly where sedimentary structure shows marked

three-dimensional heterogeneity.

4.7. Ambient and systematic electromagnetic noise

GPR systems are essentially wideband receivers

and are, therefore, susceptible to interference from

various man-made sources including television trans-

mitters, FM radio transmitters, mobile (cell) phones

and their transmission towers, walkie-talkies and other

types of radio communication (Conyers and Good-

man, 1997; Olhoeft, 1999, 2000). Fig. 16 shows

interference affecting individual traces on a reflection

profile collected immediately adjacent to a military

airbase. The GPR operators noted that the interference

coincided with take-off and landing of planes, and its

random nature in time suggests the noise was related

to radio communications. In some instances random

background noise can be reduced by trace stacking at

the time of data collection (Olhoeft, 1999), or by

choosing an antenna frequency significantly different

to that of the noise (Conyers and Goodman, 1997).

However, the former increases data collection times

and the latter may compromise the initial survey

objectives.

Systematic noise can also be generated in radar

profiles, the most common of which are ‘ringing’

multiples. These are multiple ‘reflection’ events of

various origins and are normally dominated by a

single frequency that obscures primary reflections

(Sensors and Software, 1998). Ringing can result from

power overloads on antennae and other system noise,

leading to horizontal bands, typically of lower fre-

quency (Young et al., 1995; Geophysical Survey

Systems, 1996; Conyers and Goodman, 1997). Ring-

ing is common where wire cables are used to connect

the transmitter and receiver to the console, because

they can act as a second antenna or radiator (Annan

and Davis, 1992). This effect is significantly reduced

by using fibre-optic cables instead (Annan and Davis,

1992). Ringing can also occur when radar signals

bounce back and forth between a high-conductivity

reflector and an antenna (Geophysical Survey Sys-

tems, 1996; Sensors and Software, 1998). Neal et al.

(2002a) recorded high-frequency ringing during sur-

veying of the middle and lower upper part of a mixed-

sand-and-gravel beach and ascribed it to presence of

highly conductive saline groundwater. Conductive
clays also generate similar high-frequency ringing

(Fig. 17).

4.8. Surface reflections

Although GPR antennae direct much of their elec-

tromagnetic energy into the subsurface, some is also

lost into the air. As in the subsurface, when radar

waves in air strike an object or planar surface with high

electrical contrast, part of the signal is reflected and

detected by the receiver. Consequently, not all reflec-

tions on radar profiles are necessarily from subsurface

features. This is particularly the case when unshielded

antennae are used. Shielding tries to prevent unwanted

surface reflections by placing metal plates immediately

above the antennae to act as reflectors. However,

success is marginal unless shields are three to four

times the size of the antenna element (A.P. Annan,

personal communication, 2002). Consequently,

shielded antennae tend to be smaller and, therefore,

of higher frequency. For example, the company Sen-

sors & Software manufacture two GPR systems com-

monly used for sedimentological applications: the

PE100 system utilises unshielded antennae ranging

from 12.5 to 200 MHz, whereas the PE1000 system

operates with shielded antennae ranging from 110 to

1200 MHz.

Common causes of surface reflections include

power lines and poles, trees, metallic fences, large

boulders, walls and irregular topography (Sun and

Young, 1995; Bano et al., 1999, 2000; van der Kruk

and Slob, 2000). As in the subsurface, unshielded

antennae radiate energy in a 3-D pattern, such that as

they record along a survey line, travel time to surface

features varies systematically. Consequently, diffrac-

tions and linear record surfaces are generated on the

radar profile (Fig. 18). Surface scattering can obscure,

or be confused with, primary reflections.

The precise nature of the surface reflection re-

sponse will be dependent upon antenna frequency;

the size, shape and orientation of the surface object,

and the objects location in relation to survey line

orientation. Due to variations in coupling between an

antenna’s radiated energy and the ground, different

electrical ground conditions will result not only in

different radiation patterns and strengths in the sub-

surface (see Section 4.5), but also in the air. Van der

Kruk and Slob (2000) note this will have a particular



Fig. 16. (a) Unmigrated and unfiltered 100 MHz radar reflection profile showing high-frequency ambient noise resulting from aircraft radio communications at Woodvale, Sefton, northwest England. Noise partially obscures

primary reflections from this stabilised coastal-dune sequence. (b) The noise can be almost entirely removed by time-domain, low-pass, frequency filtering with a cutoff of 125 MHz, although a lower frequency component re-

mains between 35 and 41 m. (c) The lower frequency noise can be removed by spatial filtering using an alpha-mean trim filter, which is particularly useful for removing single ‘bad’ traces (Sensors and Software, 1998). All

profiles have an AGC gain applied with a maximum limiting value of 1000, and no horizontal or vertical averaging.
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Fig. 17. (a) Unmigrated and unfiltered 100 MHz radar reflection profile from the Ayres coastal foreland, Isle of Man, showing systematic high-frequency ringing between approximately 158 and 212 m and beneath a two-way travel time of approximately 50 ns. Noise is associated with a lens-shaped subsurface structure filled with a complex mixture of

unsaturated, sandy and silty clay, sand, and sand and gravel (Ay-f2 in (c)). The lens sits within a sequence of clean sands and gravels (Ay-f1 in (c)). Ringing is occurring due to the presence of conductive clays in the lens’ sediments. (b) The effects of ringing in the profile can be removed by time-domain, low-pass, frequency filtering with a cutoff of 187 MHz.

(c) Velocity structure for the profile, based on two common mid-point surveys (CMP2 and CMP3), identification of the water table (WT) and radar-stratigraphy interpretation that identified one radar surface (Ay-s1) and two radar facies (Ay-f1 and Ay-f2). All profiles have an AGC gain applied with a maximum limiting value of 1000, and no horizontal or

vertical averaging.
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Fig. 18. 100 MHz unmigrated radar reflection profile showing a broad diffraction (beneath a two-way travel time of 100 ns across the whole profile shown) resulting from surface

scattering. The diffraction obscures some primary reflections in the coastal dune sequence surveyed and was caused by a large dune hillock adjacent to the transect line on the Hillside

Golf Club, Sefton, northwest England. The profile has an AGC gain applied with a maximum limiting value of 400, and no horizontal or vertical averaging.
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impact on the amplitude of surface reflections. They

also demonstrate that the nature of a reflection re-

sponse to a surface reflector is highly dependent upon

survey line orientation, because of the polarised nature

of the radiated electromagnetic waves. In order to

minimise surface reflections, van der Kruk and Slob

(2000) recommend the emitted electric field is polar-

ised perpendicular to surface objects, i.e. under stan-

dard radar reflection profiling, vertical features such

as trees should be at the ends of survey lines, whereas

walls should be perpendicular to the survey line. By

contrast, horizontal features, such as fence wire,

should parallel the survey line. However, constraints

placed on survey line orientation may compromise

initial objectives. If this is the case, surface reflections

will have to be identified and accounted for during

interpretation.

Detailed records of the positions and extent of all

surface features likely to cause reflections will aid

their identification on a radar profile (Sun and Young,

1995). Diffractions are relatively easy to identify (Fig.

18), as these hyperbolic events display moveout at the

velocity of air, which is much higher than the velocity

associated with subsurface materials (Sun and Young,

1995; Bano et al., 1999, 2000; van der Kruk and Slob,

2000; McMechan et al., 2002). However, surface

reflections from large, planar or linear objects (e.g.

walls, metallic fences and quarry walls), which run

parallel or subparallel to the survey line, are more

difficult to recognise (Lehmann et al., 2000; van der

Kruk and Slob, 2000). Where these are present, a

CMP survey can be performed on the transect line,

with surface reflections being identified on the result-

ing CMP profile by moveout at the velocity of air

(Sun and Young, 1995; van der Kruk and Slob, 2000).

Alternatively, Lehmann et al. (2000) used data from

two separate reflection profile surveys, utilising dif-

ferent antenna orientations, to identify the out-of-

plane reflection from a quarry wall.

4.9. Vertical and lateral variations in subsurface

radar-wave velocity

GPR data are recorded on a fixed and invariant

time base (Fig. 3). Depths can only be estimated on a

radar reflection profile if the velocities of the radar

waves are known. Where a single, average velocity is

sufficient to characterise the subsurface (e.g. many
unsaturated sands and gravels), then TWT can under-

go simple linear conversion to depth and an image is

not distorted. However, where significant changes in

velocity occur with depth, the radar profile becomes

distorted because the depth scale is expanding and

contracting with increasing TWT. This problem is

well illustrated in any GPR section with a water table.

Low-loss unsaturated sediments typically have signif-

icantly higher radar-wave velocities than equivalent

saturated sediments (Table 2). As radar waves pass

through the water table into saturated sediment they

slow down. As a result, the depth scale on the radar

profile has to expand to take account of this (Fig. 7;

Neal and Roberts, 2000). However, the profile

remains visually distorted, with, for example, reflec-

tion dips appearing to increase below the water table.

Similar changes in velocity can also occur laterally,

particularly if subsurface sediment type changes along

the survey line. For example, in Fig. 17 two main

types of sediment are present above the water table.

Lens-shaped radar facies Ay-f2 is a complex mixture

of unsaturated sandy and silty clay, sand, and sand and

gravel, with an average radar velocity of 0.077 m

ns� 1. By contrast, the unsaturated sand and gravel of

Ay-f1 is characterised by a velocity of 0.12 m ns � 1.

These large velocity variations have led to significant

lateral distortion of the radar image, with the water

table appearing progressively deeper as Ay-f2 thick-

ens. More importantly from a sedimentological per-

spective, however, reflection configurations that

characterise the radar facies and radar surfaces have

also been systematically distorted. These effects can-

not be easily corrected and often have to be compen-

sated for in a qualitative manner during interpretation.

A number of other studies have indicated that

significant vertical and lateral velocity variations

occur in sediments and sedimentary rocks, even over

relatively short distances. Greaves et al. (1996) esti-

mated velocities of between 0.06 and 0.125 m ns� 1

from 35 CMP gathers along a 450 m transect across a

complex, 30-m-deep sequence of fluvial and aeolian

sediments of glacial origin. Hubbard et al. (1997) used

crosshole radar tomography to obtain velocities of

between 0.125 and 0.145 m ns� 1 for unconsolidated,

unsaturated gravelly sands in boreholes 4 m apart and

4 m deep. Tronicke et al. (2002a) also used tomo-

graphic radar data to detect velocity variations of up to

50% (approximately 0.1 to 0.15 m ns� 1), largely in a
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vertical direction, along an 18 m transect in unsatu-

rated glaciofluvial sands and gravels. The velocity

variations were interpreted as resulting from changes

in porosity, and silt and clay content. In contrast,

Tronicke et al. (2002b) found lateral velocity varia-

tions of only 0.012 m ns� 1 (0.068 to 0.08 m ns� 1)

using crosshole radar along a 30 m transect through a

sequence of saturated postglacial sand and gravels.

Binley et al. (2001) measured largely vertical velocity

variations of 0.045 m ns� 1 (0.085 and 0.13 m ns� 1)

for a 12-m-thick sequence of unsaturated medium-

grained fluvial sandstone, using crosshole radar in

boreholes 5 m apart. Low-velocity zones were asso-

ciated with thin layers of discontinuous siltstone and

interlaminated fine/medium sandstone, which had led

to either greater water retention or ponding. Hammon

et al. (2002) also used crosshole radar, to a depth of 16

m in boreholes 14 m apart, to detect lateral and

vertical velocity variations of up to 0.1 m ns� 1

(0.05 to 0.15 m ns� 1) in an unsaturated fluvial

sandstone with thin layers of intraclast conglomerate

and mudstone. Zones of low-velocity were correlated

with the mudstones.

4.10. Topographic variation along the survey line

Another problem associated with the fact that GPR

data are recorded on a time base is that elevation

changes along a survey line are not taken into account.

This can lead to significant distortions of the subsur-

face image if uncorrected (Fisher et al., 1996). This

problem is made worse because the radiated energy

from a transmitter (given the constraints on direction-

ality outlined previously) always propagates outwards

from the antenna at right angles to the surface.

Therefore, on slopes energy is no longer directed

vertically downwards, but instead has a horizontal

component that increases with increasing dip of the

slope. This is generally a problem on slopes greater

than 6j, due to resulting mislocation of subsurface

reflections (Lehmann and Green, 2000).
5. Data processing

The basic aim of processing GPR data, just as in

processing reflection seismic or many other types of

geophysical data, is to try and overcome the inherent
limitations of the basic survey data, such that you

obtain more realistic subsurface information. This

then allows more confident interpretation in terms of

geological or sedimentological meaning. Clearly some

limitations cannot be overcome once data has been

collected, as they are dependent upon site character-

istics and/or the data collection configuration used

(e.g. depth of penetration, step size). Also some data

enhancements must be performed at the time of data

collection (e.g. trace stacking at individual survey

points to remove ambient noise).

Due to the analogies between seismic reflection

and GPR, many seismic reflection processing techni-

ques can be used without modification on radar data

(Fisher et al., 1992a; Maijala, 1992; Rees and Glover,

1992; Young et al., 1995; Fisher et al., 1996; Annan,

1999; Pipan et al., 1999), although there are a number

of notable exceptions. However, it was not until the

advent of digital-data collection that GPR could fully

exploit seismic processing (Annan and Davis, 1992;

Fisher et al., 1992b; Young et al., 1995; Greaves et al.,

1996). Seismic reflection processing has become

extremely sophisticated, its development having been

facilitated by strong financial backing from oil and

gas exploration companies. As a result, numerous

software packages are commercially available, which

can perform almost any data manipulation required

(Annan, 1999). However, the GPR-research commu-

nity has been relatively slow to take up the numerous

opportunities offered by such packages. This perhaps

reflects the combined effects of the limited geophys-

ical background of some GPR users, the often limited

financial support available for GPR-based research

projects, and the fact that in commercial applications

benefit-to-cost ratios of a project very quickly ap-

proach unity (Annan, 1999), leaving little time for

more complex data processing.

In the following section, the main types of process-

ing that have been, or could be, applied to GPR data

in sedimentological studies will be discussed and,

where appropriate, their relative strengths and weak-

nesses will be assessed. The nature and order of any

processing that might be applied to a set of GPR data

will be dependent upon the site characteristics, the

radar system and software system(s) employed and

the survey’s overall objective. Clearly, the processing

options presented here are not exhaustive and those

discussed will not be appropriate for all data sets.
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Annan (1999) outlines other processing techniques

applicable to radar data, although the benefits of their

routine use in sedimentological studies have yet to be

demonstrated.

5.1. Time-zero-drift correction

In order to correct for misalignment of the first

break that can occur in a radar reflection profile (see

Section 4.1), GPR software packages often contain

routines that perform automatic realignment. They do

this by physically moving individual traces up or

down by the required amount of TWT. As a threshold

is required to identify the first break, problems can

occur when data are particularly noisy, because it may

be difficult to define consistently across all traces.

Successful realignment causes all reflections beneath

to become correctly aligned and is, therefore, often the

first piece of data processing performed.

5.2. Normal-moveout corrections

As noted in Section 4.2, common-offset radar

reflection profiles are distorted with respect to depth,

particularly in their upper part. Normal-moveout cor-

rections can be applied to remove this effect and

create zero-offset traces (Fisher et al., 1992a; Fisher

et al., 1996). Although generation of zero-offset traces

is necessary for some more-advanced data processing,

e.g. certain types of migration (Fisher et al., 1996),

normal-moveout corrections are often not performed

during GPR studies. This is because depth distortion

is small in that part of the radar profile containing

primary reflections (i.e. in the area beneath that

obscured by the air and ground waves, see Table 4),

and many other processing steps appear to work

adequately with common-offset data (e.g. Young et

al., 1995).

If common-offset data are to be used for further

processing, time zero must be moved from the first-

break position, as this marks the arrival at the receiver

of the airwave generated by the transmitter. Conse-

quently, the airwave was generated at some finite time

before it was detected by the receiver. In order to get a

more realistic TWT, and hence depth estimate, for the

primary reflections, time-zero must be moved up trace

(i.e. back in time) to the point at which the initial

pulse was generated at the transmitting antenna. The
adjustment required can be calculated if the antenna

spacing is known, as the velocity of radar waves in air

is constant (0.2998 m ns� 1). An antenna spacing of 1

m would, for example, require an adjustment in time

zero of approximately � 3.3 ns from the first break.

5.3. Signal-saturation correction

Due to low-frequency ‘wow’ induced by signal

saturation of the receiving antenna (see Section 4.3) a

‘dewow’ filter is usually applied to radar data after

acquisition. Dewow is a high-pass filter ideally opti-

mised to allow the spectral peak for a specific antenna

centre-frequency to pass with fidelity, but suppress the

low-frequency ‘wow’ (Sensors and Software, 1998).

However, such filtering can occasionally create two

artifacts: a precursor to the first break or, where wow

is particularly large, blank areas in the trace where the

signal exceeded the electronics’ clipping level (Sen-

sors and Software, 1998). The former can sometimes

be removed by using a different high-pass filter and

the latter can be removed by reducing wow, usually by

increasing antenna separation (Sensors and Software,

1998).

5.4. Application of gains and filters

As radar-signal strength generally decreases with

increasing travel time, due to progressive attenuation,

it is usually necessary to increase the strength of

weaker signals at later times. This is achieved by

applying gain to data. Gain is a time-variant scaling

and various scaling functions can be utilised (Yilmaz,

1987, 2001; Geophysical Survey Systems, 1996;

Sensors and Software, 1998). Where continuity of

stratigraphic horizons is of central interest, it is often

desirable to show all recorded information in traces,

irrespective of amplitude (Annan, 1999). Consequent-

ly, in many sedimentological studies data are plotted

and interpreted with automatic gain control (AGC).

AGC applies gain, within user-defined limits, that is

inversely proportional to signal strength, and thus

attempts to equalise all signals (Yilmaz, 1987, 2001;

Geophysical Survey Systems, 1996; Sensors and

Software, 1998). Information regarding relative

amplitudes is lost. To preserve relative amplitudes,

gains can be applied, once more within user-defined

limits, that attempt to take into account signal decay
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due to geometric spreading and exponential dissipa-

tion of energy (Yilmaz, 1987, 2001; Young et al.,

1995; Fisher et al., 1996; Sensors and Software,

1998).

Although application of gain is useful for data

display and as an important precursor to some more-

advanced processing procedures, it also has the un-

desirable effect of amplifying various types of ambi-

ent and systematic noise (Yilmaz, 1987, 2001). As a

result, application of gain should be carefully consid-

ered, with the objective of obtaining relevant infor-

mation regarding subsurface structure without

introducing artifacts (Annan, 1999).

Filters are designed to alter the shape of individual

traces through mathematical manipulation, enhancing

or eliminating certain features (Sensors and Software,

1998). Typical features requiring removal from GPR

profiles include the low-frequency wow referred to in

Section 5.3 (‘dewow‘ is a type of time filter), and

ambient and systematic noise (see Section 4.7). There

are essentially two types of filter: time filters act

vertically and are applied to individual traces sequen-

tially, whereas spatial filters act with respect to hori-

zontal position and use adjacent traces (Sensors and

Software, 1998).

There are many different types of filter and dis-

cussion of their characteristics and designs is well

beyond the scope of this paper. However, in many

sedimentological studies, practitioners often use sim-

ple vertical and horizontal running-average filters.

These act to reduce random or high-frequency noise,

with horizontal averaging having the added effect of

emphasising horizontal or gently dipping reflections

and removing more steeply dipping ones. Both filters

tend to increase the apparent interpretability of radar

profiles. However, such averaging effectively reduces

horizontal and vertical resolution, and can also distort

or remove important dipping reflections, especially

when over-judiciously applied.

Perhaps more useful in removing ambient or sys-

tematic noise is more direct frequency filtering, which

attempts to remove a specified frequency band from

the data set. This is well illustrated by reference to the

two examples presented previously, illustrating ambi-

ent (Fig. 16a) and systematic noise (Fig. 17a). Ambi-

ent noise in Fig. 16a can be almost entirely removed

by frequency filtering (Fig. 16b). Coherent noise

present in Fig. 17a can be entirely removed by time-
domain, low-pass, frequency filtering (Fig. 17b). In

both cases, frequency filtering has preserved the main

character of primary reflections, albeit with a slight

decrease in vertical resolution, and enhanced their

visibility, continuity and, hence, interpretability. If

necessary, lower frequency noise still present in Fig.

16b can be removed by spatial filtering (Fig. 16c).

However, filtering of this sort does lead to an effective

decrease in horizontal resolution, as a form of hori-

zontal averaging is taking place.

Many other options exist for filtering GPR data,

with the type of filter employed being very much

dependent upon the overall objective. Simple data

processing such as gain application and filtering

should not radically modify the data set. Their pur-

pose should be to enhance basic aspects of the data

that are of interest to a given study (Annan, 1999). In

sedimentological applications, form and orientation of

primary reflections is normally of paramount impor-

tance and basic processing should seek to enhance,

but not distort, these features.

5.5. Velocity profile estimates

Good subsurface-radar-wave velocity information

is important for converting TWT to an accurate

estimation of depth. Velocity can be estimated in a

number of ways, including measuring TWT to an

horizon or buried object of known depth; direct

laboratory measurements on field samples; using

time-domain-reflectometry probes in the field; mea-

suring travel time between two wells using borehole

radar; transillumination surveys between two parallel

exposures; iterative migration and CMP surveys

(Annan and Davis, 1976; Topp et al., 1980; Fisher

et al., 1992a; Greaves et al., 1996; Conyers and

Goodman, 1997; Reynolds, 1997; Binley et al.,

2001; Hammon et al., 2002; Tronicke et al., 2002a).

The standard approach to velocity estimation in

many studies is the CMP survey (Fig. 2b), as it is

entirely noninvasive and can be supplemented by

subsequent ground truthing (Annan and Davis,

1976; Beres and Haeni, 1991; Tillard and Dubois,

1995; Greaves et al., 1996; van Overmeeren et al.,

1997). Velocities are derived as in seismic reflection,

using normal-moveout principles (Yilmaz, 1987,

2001; Robinson and C�oruh, 1988). To obtain the most

reliable estimates, reflection events from surfaces that
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are horizontal in the plane of the survey should be

used (Beres and Haeni, 1991; Tillard and Dubois,

1995), such that the CMP survey also becomes a

common depth-point (CDP) survey (Yilmaz, 1987,

2001). A typical CMP profile is shown in Fig. 19. The

profile was collected with 50 MHz antennae centred

on the mid-point CMP1 in Fig. 7c. As reflections in

the equivalent radar reflection profile are horizontal

(Fig. 7c), the CMP profile is ideal for estimating

radar-wave velocities. An individual reflection event

can be picked manually and the average velocity (v1)

to and from it is obtained using:

v1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðx22 � x21Þ=ðt2x2 � t2x1Þ	

q
; ð10Þ

where tx1 and tx2 are the two-way travel times to the

reflection event at antenna separations x1 and x2,

respectively (Robinson and C�oruh, 1988, p. 89).
In Fig. 19, the most significant event is the water-

table reflection, with the average velocity down to it

being 0.121 m ns� 1. Velocity below the water table

was estimated to be 0.079 m ns� 1, based on the

known velocity above the water table and average

velocities down to various reflections below the water

table. However, this value should be treated with

caution due to difficulties associated with calculating

interval velocities (Tillard and Dubois, 1995). Once

velocity structures for radar reflection profiles have

been obtained, TWT can be converted to estimations

of depth or elevation. The two-layer velocity structure

derived for the profiles in Fig. 7 leads to a split

elevation scale at the water table, and also indicates

that the image is visually distorted in the vertical

plane. Such distortion can lead to problems with

interpretation (see Section 4.9). In addition to being

performed manually, most seismic and some GPR

software contain automatic-velocity-analysis pro-

grams (e.g. Sensors and Software, 1999b).

As noted in Section 4.9, in addition to varying

vertically, velocity can also vary horizontally, leading

to lateral distortion of the resulting radar reflection

profile. If significant lateral velocity variation is

suspected, a number of CMP surveys will have to

be performed to adequately characterise it (e.g.

Greaves et al., 1996). This will then allow qualitative

or quantitative correction for this effect, either before

or during interpretation.
5.6. Deconvolution

Deconvolution is an analytical process designed to

remove the effect of a previous filtering operation

(Yilmaz, 1987, 2001; Kearey and Brooks, 1991). In

both seismics and radar, deconvolution attempts to

remove filtering effects resulting from propagation of

a source wavelet through a layered earth, and the

recording system response (Kearey and Brooks, 1991;

Turner, 1994). In seismics, this includes dereverbera-

tion to remove ringing multiples associated with water

layers, deghosting to remove the multiple associated

with the base of the weathered layer, and whitening or

spiking deconvolution to equalise amplitudes of the

different frequency components. The intended effect

of the deconvolution process is to shorten pulse length

and, therefore, improve vertical resolution (Kearey

and Brooks, 1991).

Unfortunately, application of deconvolution filters

employed in seismic processing has met with limited

success with radar signals (e.g. Fowler and Still, 1977;

Payan and Kunt, 1982; LaFlèche et al., 1991; Maijala,

1992; Todoeschuck et al., 1992; Fisher et al., 1996;

Arcone et al., 1998). Annan (1999) believes this is

because prior to deconvolution the radar wavelet is

often as compressed as can be realistically achieved,

and some underlying assumptions used for wavelet

estimation in seismics do not apply. Turner (1992,

1994) attempted to overcome the latter by designing

deconvolution filters based on more realistic assump-

tions about radar-wave behaviour in the subsurface. In

particular, Turner (1992, 1994) designed a time-vari-

ant deconvolution filter that addressed the fact that the

frequency-dependent nature of attenuation is far great-

er than in seismics. This substantially improved ver-

tical resolution in the radar data presented.

More recently, Xia et al. (2003) employed deter-

ministic deconvolution, which requires detailed

knowledge of the source wavelet characteristics, to

improve the resolution of radar reflection profiles

collected from a limestone with shale partings. This

improved resolution allowed greater correlation be-

tween beds identified in adjacent quarry walls and

reflections on the radar profiles. Overall, however,

Annan (1999) believes that deconvolution is difficult

to apply systematically to GPR profiles, can lead to

various data artifacts, and often does not lead to a

major improvement in resolution, although it can be

ws 66 (2004) 261–330



Fig. 19. (a) 50 MHz radar profile for a common mid-point survey centred on CMP1 in Fig. 7a. The profile has been plotted to allow manual picking of reflection events for velocity

analysis, using Eq. (10). (b) CMP profile interpretation, showing position of the airwave, strong lateral waves that partially obscure the ground wave and a water-table reflection. With

increasing antenna separation (i.e. distance), the planar water-table reflector has caused hyperbolic normal moveout of the resulting reflection. Therefore, it is ideal for performing

velocity analysis. The profiles have an AGC gain applied with a maximum limiting value of 150, and no horizontal or vertical averaging.
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useful where reverberation is a significant problem.

As a result, deconvolution of radar data should be

approached with caution and should perhaps not be

viewed as an essential processing step unless a spe-

cific problem demands it.

5.7. Surface-reflection removal

Reflections from various surface features can be

superimposed on radar profiles, obscuring primary

reflections (see Section 4.8). Sun and Young (1995)

and Bano et al. (1999, 2000) used simple geometrical

modeling and synthetic radar profiles to separate

surface-scattering events from both primary sedimen-

tary structure in a sandstone and tectonic features in

fluvial sediments. Sun and Young (1995) also dem-

onstrated that migration (see Section 5.8) at the

velocity of radar waves in air, and careful interpreta-

tion of CMP profiles, can also distinguish surface and

primary reflections.

In most instances, mere identification of surface

reflections is sufficient to allow full radar profile

interpretation. However, where they are very strong

or particularly numerous, it may be desirable to

remove these unwanted reflections. Sun and Young

(1995) modified a seismic processing stream to suc-

cessfully remove a series of surface-scatter hyperbola

from a reflection profile collected over a sequence of

fractured carbonates.

5.8. Topographic correction

As noted in Section 4.10, radar data collected in the

field does not take into account topographic variation

along a survey line. This can be corrected by moving

traces up and down by an appropriate TWT relative to

a common datum, based on knowledge of the velocity,

and, therefore, depth profile of the uppermost part of

the radar profile (Geophysical Survey Systems, 1996;

Sensors and Software, 1996a). In order to do this,

survey line topography must be adequately character-

ised. Topographic surveys are typically performed

using either a total station/laser theodolite or differ-

ential GPS, as these have the required vertical accu-

racy and allow relatively rapid data collection. Spatial

sampling in such surveys should ensure that all

significant breaks in slope are accounted for. Topo-

graphic corrections can also be performed relative to a
reflection that is known, or believed to be, horizontal

across a survey line.

5.9. Migration

Migration attempts to remove diffractions, distor-

tions, dip displacements and out-of-line reflections

resulting from the fact that radar antennae radiate

and receive electromagnetic energy in a complex 3-

D cone (see Section 4.6). It can, therefore, be viewed

as a form of deconvolution that increases spatial

resolution (Yilmaz, 1987, 2001). Migration was per-

formed on the first seismic reflection data, collected in

1921 (Sheriff and Geldart, 1995), and has been

routine in seismic processing ever since. Fisher et al.

(1992a) indicate seismic migration techniques can

only be used on GPR data when the same assumptions

apply. Consequently, wave-propagation kinematics

must satisfy the laws of geometrical optics and prop-

agation must be linear and nondispersive. These

conditions are met when electrical conductivities are

low ( < 10 mS m� 1) and frequencies are in the normal

range for GPR (Fisher et al., 1992a). Consequently,

seismic migration techniques are generally regarded

as having direct application to most radar data (Fisher

et al., 1992a,b; Maijala, 1992; Fisher et al., 1996;

Sensors and Software, 1996b).

The goal of migration is to make the reflection

profile look like the geological structure in the plane

of the survey. It attempts to correctly position subsur-

face reflection events. However, due to various uncer-

tainties, in practice a significantly improved, but still

imperfect image, is usually achieved (Hatton et al.,

1986). Such improvements are likely to be very

beneficial in sedimentological studies, where the na-

ture and form of stratigraphic units and primary

sedimentary structure is of utmost importance. Com-

pare and contrast, for instance, unmigrated and mi-

grated 100 MHz GPR profiles from aeolian deposits

associated with a large, coastal, trough blowout (Fig.

20). Complex diffractions in the upper part of the

unmigrated image lie above a laterally continuous and

essentially horizontal reflection (Fig. 20a). Following

migration using the program of Sensors and Software

(1996b), which utilises the frequency–wave number

approach of Stolt (1978), these diffractions are col-

lapsed to reveal a more realistic arrangement of

subsurface reflections (Fig. 20b). The image is further
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Fig. 20. Processing and interpretation sequence for a 100 MHz radar reflection profile collected from a large, coastal, trough blowout at Raven Meols, Sefton, northwest England, as part of a study by Neal and Roberts (2001). (a) Time-zero corrections and ‘Dewow’ filter. (b) Stolt

frequency–wave number migration using a velocity of 0.132 m ns� 1. (c) Topographic correction. (d) Radar-stratigraphy interpretation. See Table 6 for a full radar-stratigraphy description and its sedimentological interpretation. All profiles have an AGC gain applied with a

maximum limiting value of 400, and no horizontal or vertical averaging.



Fig. 21. Processing sequence for the migration and topographic correction of the 450 MHz radar reflection profile shown in Fig. 15b. (a) Time-zero corrections and ‘Dewow’ filter. (b) Stolt frequency–wave number migration using a velocity of 0.131 m ns� 1. (c) Topographic

correction. All profiles have an AGC gain applied with a maximum limiting value of 125, and no horizontal or vertical averaging.

A. Neal / Earth-Science Reviews 66 (2004) 261–330pp. 303–304
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enhanced by subsequent topographic correction (Fig.

20c). The horizontal reflection forming the base of the

unmigrated profile is seen to actually consist of two

reflections. Auger holes indicate this double reflection

is caused by a water table (Neal and Roberts, 2001).

Above the water-table reflection, migration has

revealed a second laterally continuous reflection,

which displays a complex topography (radar surface

s2-so, Fig. 20c). Auger holes show this is a soil

separating two aeolian sands (Neal and Roberts,

2001). The soil’s irregular topography had led to

distortion of the unmigrated image through broaden-

ing where it was gently convex-up and narrowing

where it was gently concave-up, and through gener-

ation of ‘bow-tie’ diffractions where it was strongly

concave-up (see Section 4.6 and Fig. 14). Migration

successfully corrects for these effects. Above the soil

reflection are a series of more-steeply dipping reflec-

tions, interpreted as resulting from sets of cross-

bedding (Neal and Roberts, 2001). Comparison of

the unmigrated and migrated profiles indicates migra-

tion has resulted in dip increases broadly consistent

with theoretical predictions (Eq. (9)).

A second example of the benefits of migration is

presented in Fig. 21. This 450 MHz GPR data set was

collected from a mixed-sand-and-gravel beach-ridge

strandplain, as part of a study by Neal et al. (2002a).

The profile was acquired along a beach-ridge crest,

parallel to the coast and depositional strike. As a result

of survey orientation, the majority of primary reflec-

tions in the unmigrated image appear horizontal,

although they are often partially obscured by a series

of cross-cutting diffraction hyperbolae that consistent-

ly have their apexes in the profile’s upper part (Fig.

21a). Profile migration, again using the program of

Sensors and Software (1996b), results in collapse of

the diffraction hyperbolae and increased lateral conti-

nuity to primary reflections (Fig. 21b). Subtle changes

to reflection orientation are achieved by subsequent

topographic correction of the migrated profile (Fig.

21c). Diffractions in the unmigrated profile are be-

lieved to have been generated by coarse gravel in the

upper part of the beach, with large (with respect to a

radar wavelength of approximately 0.3 m), individual

sedimentary particles acting as isolated reflector

points. Fisher et al. (1992a,b), Liner and Liner

(1995), Vandenberghe and van Overmeeren (1999),

Beres et al. (2000); Lehmann and Green (2000),
Lehmann et al. (2000), Rust and Russell (2000) and

Neal and Roberts (2001) all provide further practical

illustrations of the advantages of various types of

migration to sedimentological GPR data.

Despite the advantages outlined above, and the fact

that migration has been beneficial to radar data

collected from both contemporary sediments and

sedimentary rocks (Fisher et al., 1992a,b; Maijala,

1992; Beres et al., 1995, 1999, 2000; Bridge et al.,

1995; Liner and Liner, 1995; Fisher et al., 1996;

Wyatt et al., 1996; Grant et al., 1997; van Over-

meeren, 1998; Vandenberghe and van Overmeeren,

1999; Lehmann and Green, 2000; Lehmann et al.,

2000; Pipan et al., 2002a,b; Rust and Russell, 2000;

Sénéchal et al., 2000; Corbeanu et al., 2001; Heinz,

2001; Neal and Roberts, 2001; Overgaard and Jakob-

sen, 2001; Russell et al., 2001; Szerbiak et al., 2001;

Hammon et al., 2002; Neal et al., 2002a,b, 2003;

Nitsche et al., 2002; Tronicke et al., 2002a; Cardenas

and Zlotnik, 2003; Degenhardt et al., 2003; Heinz and

Aigner, 2003; Orlando, 2003; Pedley and Hill, 2003;

Skelly et al., 2003), its use in sedimentary research is

by no means routine. Furthermore, there is often little

or no justification within many research articles for its

omission, and many studies fail to fully acknowledge

or take into account potential limitations of the unmi-

grated sections they present. Therefore, it appears

appropriate to take a closer look at migration, by

outlining the basic types of migration routine and

their relative strengths and weaknesses.

There are essentially two types of migration, time

migration and depth migration (Hatton et al., 1986;

Yilmaz, 1987, 2001; Kearey and Brooks, 1991; Sheriff

and Geldart, 1995). Time migration is appropriate

where lateral velocity variations are small to moderate

(Yilmaz, 1987, 2001). In seismics, migrated sections

are commonly processed and displayed in time, be-

cause depth conversion is never completely accurate

due to velocity uncertainties, and interpreters like to

compare migrated and unmigrated sections to evaluate

how ‘successful’ migration has been (Yilmaz, 1987,

2001). The latter point emphasises the subjective

aspect of migration processing, in that processors are

likely to have preconceived ideas about how the final

migrated profile will appear, and this will lead to bias

in the processing parameters chosen (Annan, 1999).

Where lateral velocity variations are large, depth

migration is required to obtain a true subsurface
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picture (Yilmaz, 1987, 2001). However, success will

be dependent upon how well velocity variations are

characterised. Table 5 outlines the principal types of

migration that can be employed, and the advantages

and limitations of each. In GPR processing, time-

migration algorithms are typically employed. In sed-

imentological studies, Kirchoff migration (Lehmann

and Green, 2000; Lehmann et al., 2000; Corbeanu et

al., 2001; Heinz, 2001; Russell et al., 2001; Szerbiak

et al., 2001; Hammon et al., 2002; Tronicke et al.,

2002a; Degenhardt et al., 2003; Heinz and Aigner,

2003), Stolt frequency–wave number migration (van

Overmeeren, 1998; Vandenberghe and van Overmee-

ren, 1999; Rust and Russell, 2000; Neal and Roberts,

2001; Overgaard and Jakobsen, 2001; Neal et al.,

2002a,b, 2003; Orlando, 2003; Skelly et al., 2003),
Table 5

The principal types of migration method, listed in order of their historical

Migration type Method

Semicircle

superposition

Amplitude mapping at sample points in a time

section onto a semicircle in a depth section

using wave front charts

Diffraction

summation

Summing amplitudes along diffraction

hyperbola whose curvature is governed by the

medium’s velocity

Kirchoff Same as diffraction summation, but with added

summation amplitude and phase corrections applied before

summing

Finite difference Finite-difference solutions to the scalar wave

equation

Frequency–wave Fourier transforms to facilitate coordinate

number (f–k): transformations from frequency to vertical

Stolt wave number axis, while keeping the

horizontal wave number unchanged

Frequency–wave Imaging principle invoked by summing over

number (f–k): the frequency components of the extrapolated

phase shift wavefield at each depth step

Frequency–space Finite-difference technique implemented in the

(f–x) hybrid domain of frequency–space based on

continuous fractions expansion

Based on Yilmaz (1987), with additional information from Sheriff and Ge
phase-shift frequency–wave number migration (Beres

et al., 1999; 2000; Sénéchal et al., 2000) and a

combination of phase-shift frequency–wave number

and frequency–space migration (Fisher et al., 1992b)

have all been successfully employed to help clarify

subsurface structure.

Irrespective of the migration algorithm, success in

achieving its goal will be dependent upon how closely

the profile approximates a zero-offset section; the

signal-to-noise ratio, and the accuracy of velocities

used, with sensitivity to velocity errors increasing

with increasing dip (Yilmaz, 1987, 2001). An addi-

tional problem arises because migration can be either

2-D or 3-D. In 2-D migration, it is assumed that the

radar profile does not contain any energy from outside

the plane of the transect. However, this is not the case,
development, and with their advantages and limitations

Comments

Performed before digital computers

First computer implementation of migration

Accurate for dips up to 90j
Only vertical velocity variations accounted for

Sensitive to spatial extent of the summation ( = aperture width)

60j is maximum dip that can be migrated

Vertical and lateral velocity variations accounted for

Produces less migration noise

Sensitive to the depth step size (measured in TWT) over which

calculations are performed

Less sensitive to velocity errors than Kirchoff-summation and

frequency–wave number migration

Accurate for dips up to 90j
Requires one, constant velocity

Profiles stretched to account for vertical velocity variations

Often the most economical method

Accurate for dips up to 90j
Vertical velocity variations accounted for

Sensitive to depth step size, as in finite-difference migration

Similar sensitivity to velocity errors as Kirchoff summation

Accurate for dips up to 80j
Vertical and lateral velocity variations accounted for

Sensitive to depth step size

Often easiest method for depth migration

ldart (1995).
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because energy is radiated in three dimensions (see

Section 4.6). This can lead to variations in migration

quality both in and between sections, due to spatially

variable 3-D effects not correctly treated by 2-D
Fig. 22. Flow diagram of the processing sequence applied using PulseEK

final migrated, topographically corrected radar reflection profiles presente
migration. These problems can only be overcome by

initial acquisition of 3-D GPR data sets and their

subsequent 3-D migration (e.g. Beres et al., 1995,

1999, 2000; Lehmann et al., 2000; Pipan et al., 2000a;
KO software (Sensors and Software, 1996a,b, 1998) to produce the

d in this paper (Figs. 20c, 21c and 25a).
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Sénéchal et al., 2000; Corbeanu et al., 2001; Szerbiak

et al., 2001; Nitsche et al., 2002).

An important advance for sedimentological studies

has been the development of a topographic-migration

algorithm for radar (Lehmann and Green, 2000), as

many profiles, particularly those collected over indi-

vidual landforms, show significant variations in ele-

vation (e.g. aeolian dunes, slope deposits). On slopes,

radiated energy from a GPR antenna has a horizontal

component that increases with increasing dip (see

Section 4.10). During migration this is not fully

accounted for if a horizontal data-acquisition surface

is assumed, or if conventional elevation corrections

(see Section 5.8) are applied before migration. This

can lead to reflections being significantly out of

position on migrated sections where slopes exceed

approximately 6j (Lehmann and Green, 2000). Neal

et al. (2002b) noted such problems on a convention-

ally migrated GPR profile collected over a relatively

steep-sided (up to 32j) chenier beach-ridge, where

interpretability was significantly reduced compared to

migrated data collected where there was limited

topographic variation. The topographic migration of

Lehmann and Green (2000) was developed from

seismic algorithms designed to deal with the effects

of mountainous terrain and utilises Kirchoff-summa-

tion methods. For successful migration, lateral and

vertical coordinates of traces should be known within

10% of dominant radar wavelength and subsurface

velocities need to be within 10% to 20% of their true

values (Lehmann and Green, 2000).

5.10. Data processing streams

A data processor is confronted by three main tasks

(Yilmaz, 1987):

(1) selecting an appropriate sequence of processing

steps;

(2) choosing an appropriate set of parameters for each

processing step;

(3) evaluating output resulting from each processing

step and identifying problems caused by incor-

rect parameter selection.

Yilmaz (1987) demonstrates how different process-

ors can produce significantly different end products

from the same initial data set, because of different
decisions made. Fisher et al. (1992b) and Greaves et al.

(1996) demonstrate this point very well with respect to

radar, with their different approaches to the processing

of the same multi-offset data. A processor’s ability to

make the right choices is often as important as effec-

tiveness of the processing algorithms in determining

final image quality. Processing, therefore, cannot be

entirely objective, with some considering it more of an

art than a science (Yilmaz, 1987).

A wide range of options are available and process-

ors choose different ones depending upon algorithms

available, objectives of the study, and their experience

and ability. This means accurate records of all pro-

cessing steps performed should be maintained. The

data processing stream employed in preparation of the

final, migrated, topographically corrected, radar

images presented in this paper is shown in Fig. 22.

Unfortunately, there are numerous examples in the

GPR literature where little or no processing informa-

tion is given. This clearly undermines the potential

validity of interpretations drawn from the final reflec-

tion profiles, as readers cannot assess for themselves

the likely extent to which they are an accurate

representation of true subsurface structure.
6. Radar reflection profile interpretation

Soon after the realisation that GPR could provide

useful data for stratigraphic and sedimentological

studies, various authors suggested that the principles

of seismic stratigraphy could be applied to the inter-

pretation of radar reflection profiles (Baker, 1991;

Beres and Haeni, 1991; Jol and Smith, 1991). Jol

and Smith (1991) first used the term ‘radar stratigra-

phy’ for this new interpretation technique, although

Gawthorpe et al. (1993) were the first to fully define

the concept and its relationship to seismic stratigraphy.

Seismic stratigraphy was developed by the petro-

leum industry in the 1970s, principally by the Exxon

Research Group, as a means of systematically inter-

preting seismic data to determine the stratigraphy and

depositional environment of sedimentary rock forma-

tions (Mitchum et al., 1977). It took many years to

develop an appropriate methodology, which was tested

on a worldwide database (Hardage, 1987). Develop-

ment of this approach was to be of profound impor-

tance to the science of stratigraphy, leading to concepts
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associated with sequence stratigraphy and controver-

sies over the role of eustatic sea-level change in

controlling the overall depositional framework (Miall

and Miall, 2001). However, the principles underlying

seismic stratigraphy are remarkably simple and it is

unnecessary to delve into the more controversial

aspects of its subsequent use in order to apply the

technique. The basic concept that underpins the inter-

pretation regime is that seismic reflections parallel

bedding surfaces at the survey resolution (Mitchum et

al., 1977; Sangree and Widmier, 1979). This is gener-

ally true, because of the tendency for stratified sedi-

ments to show greater continuity of lithology, and,

therefore, physical properties, parallel to depositional

surfaces rather than across them, although it is ac-

knowledged that lateral variations do occur (Sangree

and Widmier, 1979). This general principle underwent

considerable testing by seismic stratigraphy’s propo-

nents. However, it is acknowledged that there are

exceptions to parallelism between bedding and reflec-

tions. These include reflection events from non-strati-

graphic reflectors such as fluid contacts and diagenetic

surfaces, diffraction patterns, out-of-line reflections

and occasional effects associated with the finite reso-

lution of seismic pulses (Sangree and Widmier, 1979;

Hardage, 1987). As Sangree and Widmier (1979) note

‘it is our experience that reflections do parallel beds

within the limitations of seismic resolution. The seis-

mic interpreter must learn to handle problems, excep-

tions, and pitfalls’.

Originally in seismic stratigraphy, reflection pro-

files were subdivided into seismic sequences by sur-

faces of discontinuity (seismic sequence boundaries)

defined by systematic reflection terminations

(Mitchum et al., 1977). Reflection termination types

include erosional truncation, toplap, onlap and down-

lap. However, with development of sequence stratig-

raphy in the 1980s and the very specific meaning

attached to the word ‘sequence’ in terms of changes

in relative sea level (van Wagoner et al., 1990), seismic

sequences are now known as seismic packages and

seismic sequence boundaries are now called seismic

surfaces. Seismic packages are interpreted as deposi-

tional units consisting of genetically related strata,

which are bounded top and bottom by unconformities

or their correlative conformities, as defined by seismic

surfaces (Mitchum et al., 1977). The term seismic

facies has remained unchanged since its definition
and describes the two or three-dimensional sets of

reflections lying between seismic surfaces. Seismic-

facies reflections are characterised by their distinctive

configuration, amplitude, continuity, frequency and

internal velocity (Mitchum et al., 1977). A standard

terminology exists to describe seismic package exter-

nal form, and the configuration, amplitude, continuity

and frequency of reflections (Mitchum et al., 1977;

Sangree and Widmier, 1979; Hardage, 1987). Analysis

of seismic-facies characteristics allows direct interpre-

tation of environmental setting, depositional processes

and lithofacies (Mitchum et al., 1977; Roksandic,

1978; Sangree and Widmier, 1979; Hardage, 1987).

Unlike in the development of seismic stratigraphy,

early pioneers of radar stratigraphy could not have

tested the approach on a large, worldwide data set, as

one did not exist at that time (ca. 1991). Instead, they

recognised that the principle assumption underlying

seismic stratigraphy also applied to radar data collect-

ed from sedimentary environments, i.e. reflections

paralleled bedding, albeit on a much finer scale.

Numerous studies over the last decade have confirmed

this general observation (see Section 3).

That the same interpretation technique is likely to

be applicable on two very different scales reflects the

fact that sedimentary sequences, particularly those

dominated by clastic sediments, appear to display a

hierarchy of depositional units, from individual lami-

nae to whole sedimentary basins (Miall, 1991). De-

spite this enormous range of scales, physical contrasts

that define sedimentary units are essentially the same,

and units have similar forms and internal structures

(Miall, 1991). Therefore, radar surfaces, radar pack-

ages and radar facies (Neal et al., 2002b), which are

defined in the same way as the equivalent terms in

seismic stratigraphy, are the building blocks of the

radar stratigraphy for a GPR reflection profile (Fig.

23). Although common in the GPR literature, the terms

‘radar sequence’ and ‘radar sequence boundaries’

should not be used, because, as was the case originally

in seismics, these cause confusion due to the specific

meaning of ‘sequence’ in sequence stratigraphy.

Although much of the terminology associated with

seismic stratigraphy can be directly applied to the

definition of a radar stratigraphy, it is recommended

here that some of the descriptive terminology

employed is modified. This is because in both seismic

and radar stratigraphy there has been a tendency to
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Fig. 23. Terminology to define and describe radar surfaces, radar packages and radar facies. Modified in part from Mitchum et al. (1977), Campbell (1967) and Allen (1982).
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mix descriptive and interpretive terms, particularly

with respect to definition of facies (e.g. ‘migrating-

wave facies’ or ‘prograded-fill facies’), which can

clearly be misleading if the context in which these

terms are used is not clear. Also, where purely

descriptive terms have been used, they have often

been poorly defined. Consequently, it is recommended

that radar facies reflection configurations are de-

scribed in terms of the:

(1) shape of reflections;

(2) dip of reflections;

(3) relationship between reflections;

(4) reflection continuity.

Basic terms to describe these attributes are shown

in Fig. 23 and are derived in part from terms used in

seismic stratigraphy (Mitchum et al., 1977), but also

partly from attempts to describe and classify sedimen-

tary structures (Campbell, 1967; Allen, 1982). Radar

surfaces can also be described using this terminology,

excluding, of course, that defining the relationship

between reflections.

In radar stratigraphy, as in seismic stratigraphy,

there are inevitably violations to the general principle

that reflections parallel bedding. These include reflec-

tions generated by the water table and diagenetic

horizons, diffractions generated by isolated reflector

points, out-of-line reflections, reflections generated by

faults and joints, surface reflections, and ambient and

systematic noise. As in seismic stratigraphy, it falls to

the interpreter to deal with these problems, by devel-

oping ways of identifying, removing or discounting

reflections that are not related to primary sedimentary

structure. Such methods have already been discussed

(Section 5).

In sedimentological studies carried out at the scale

and resolution of GPR surveys, definition of sedimen-

tary facies and bounding surfaces is fundamental to

interpretation (Reading, 1996). Bedding and sedimen-

tary structure are often important elements in defining

facies. Bounding surfaces represent depositional

breaks in the sedimentary sequence and define the

external form of facies. Relationships between sedi-

mentary facies are critical for interpretation at the

environmental level, particularly in eliminating alter-

native interpretations (Reading, 1996). Facies associ-

ations are thus the essential building blocks of facies
analysis and contacts between individual facies (as

defined by bounding surfaces) allow definition of

architectural elements (Reading, 1996).

Only a relatively small number of GPR studies

have fully applied the principles of radar stratigraphy,

i.e. radar surfaces, radar packages and radar facies

have all been identified on the radar reflection pro-

files, after discounting or removing reflections unre-

lated to primary sedimentary structure. In doing so,

these studies have subsequently demonstrated or in-

ferred that radar facies represent aspects of the broader

sedimentary facies (namely their bedding and internal

structure) and that radar surfaces represent bounding

surfaces (e.g. Jol and Smith, 1991; Smith and Jol,

1992; Gawthorpe et al., 1993; Huggenberger, 1993;

Bristow, 1995; Beres et al., 1999; Neal and Roberts,

2000, 2001; Corbeanu et al., 2001; Heinz, 2001; Neal

et al., 2001, 2002a,b, 2003; Szerbiak et al., 2001;

Russell et al., 2001; Hornung and Aigner, 2002;

O’Neal and McGeary, 2002; Heinz and Aigner,

2003; Skelly et al., 2003). Thus, at the resolution of

the GPR survey, it has been possible to interpret

sedimentary facies and facies associations from radar

reflection profiles and thus help determine environ-

ment of deposition and formative processes. It has

proved a particularly powerful technique where sed-

imentary structure is a fundamental criteria for defi-

nition of sedimentary facies, as is usually the case in

clastic sediments and rocks.

Two examples will be presented to demonstrate

how radar stratigraphy is defined and how subsequent

environmental interpretations may be derived. The

first example uses a previously unpublished 100

MHz radar profile collected by Neal and Roberts

(2001), as part of their study of coastal-dune blowout

deposits. This profile was presented earlier to demon-

strate benefits of migration and topographic correction

(Fig. 20a–c). Using the principles of radar stratigra-

phy, and at the survey’s vertical resolution (0.4 m), it

is possible to identify one major radar surface (s2-so)

and two major radar facies (f2-pbd and f3-dl) on the

migrated and topographically corrected image (Fig.

20d). These give the deposits a relative chronology.

The water table at the base of the interpretable profile

is not related to primary sedimentary structure and can

be discounted from the radar-stratigraphy interpreta-

tion. Once radar surfaces and radar facies have been

defined they can be described using objective, radar-



Table 6

Description and interpretation of the radar stratigraphy for Raven Meols blowout (see Fig. 20d)

Description Geological interpretation

Radar facies

f2-pbd

Series of cross-cutting reflections with limited lateral

continuity. Reflections have low to moderate apparent

dips that toplap s2-so.

Aeolian deposits of the pre-blowout dunes (pbd),

characterised by a complex series of cross-strata

separated by numerous bounding surfaces.

Radar surface

s2-so

Laterally continuous, undulating reflection with

complex topography.

Thin soil (so) representing a former vegetated surface.

Radar facies

f3-dl

Laterally continuous, subparallel, moderate to

high-angle reflections that downlap s2-so. Occasional

low-angle cross-cutting relationships between reflections.

Aeolian deposits of the blowout’s depositional lobe (dl),

displaying packets of well-developed cross-strata with

occasional third-order bounding surfaces.
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stratigraphy terminology (Table 6). As this radar

profile was collected from a contemporary environ-

ment, current depositional context can be used to help

interpret the radar stratigraphy sedimentologically. In

this instance, such information is complemented by

data from field exposures, trenches, auger holes and

historical aerial photographs to arrive at the final

interpretation (Table 6). A unique labeling system

(Fig. 24) has been used for the radar surfaces and

radar facies (Fig. 20, Table 6) that summarises both

their sequence of development and sedimentological

interpretation. Neal and Roberts (2001) used a series

of intersecting, similarly interpreted radar profiles to
Fig. 24. Suggested labeling system for radar surfaces and radar

facies on reflection profiles, which summarises both their sequence

of development and sedimentological interpretation. The study-site

location or transect name/number can be omitted if required.
reconstruct the three-dimensional internal structure of

the blowout deposits. In older Holocene or Quaternary

deposits, various dating methods can convert a rela-

tive chronology defined by a radar stratigraphy into an

absolute chronology.

The second example comes from a study by Neal

et al. (2002a), who collected 450 MHz data from a

recently formed ( < 120 years), mixed-sand-and-grav-

el, beach-ridge strandplain. Migration of the data has

already been discussed with reference to a shore-

parallel reflection profile (Fig. 21). As the shore-

parallel profiles are dominated by horizontal reflec-

tions (Fig. 21), migrated cross-shore profiles contain

reflections showing the true dip of reflectors that

generated them, i.e. the cross-shore profiles parallel

sedimentary dip. Consequently, there is no need to

employ three-dimensional surveying techniques, as in

the previous example, to confidently determine the

true orientation and dip of primary bedding. The

profiles collected had a high vertical resolution (0.08

m) and Neal et al. (2002a) were able to define and

objectively describe a complex radar stratigraphy for

the upper beach deposits consisting of 33 radar pack-

ages (Fig. 25). Direct ground truthing was not possi-

ble at the site, because the upper beach gravel was not

suitable for trenching. However, additional informa-

tion to aid interpretation was available from the

deposits’ current environmental context, data from a

previous beach-profile monitoring program along the

same survey line, and description of similar deposits

in the literature. Using these in conjunction with the

radar stratigraphy, it was possible to interpret the radar

surfaces as bounding surfaces (bs) that separated radar

facies resulting from primary sedimentary structure

associated with berm-ridge (br), overtop (ot) and

mixed overtop/overwash (ot/ow) deposits (Fig. 25).
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On this basis, it was possible to reconstruct the

strandplain’s depositional history and identify likely

conditions leading to beach-ridge development.

The examples presented above have demonstrated

that radar stratigraphy is a powerful technique for the

systematic description of reflections generated by

primary depositional structure (sets of laminae, beds,

bedsets, bounding surfaces and architectural ele-

ments). Definition of radar stratigraphy allows subse-

quent detailed environmental interpretation, particu-

larly when combined with ground truthing or other

forms of suitable data. However, its use in GPR-based

sedimentological studies has been far from straight-

forward. Since its inception in 1991, the overriding

emphasis, with the exception of the small number of

studies described above, has been on characterisation

and interpretation of radar facies, with radar surfaces

and radar packages typically not being defined. This

overemphasis on radar facies analysis, rather then true

radar stratigraphy, led to the common misconception

that any radar reflection pattern constituted a radar

facies. As a result, use of radar facies to describe

reflections not related to primary sedimentary struc-

ture and stratigraphy became commonplace. Terms

such as ‘water-table radar facies’ and ‘hyperbolic’ or

‘diffraction radar facies’ can be found throughout the

GPR literature. In addition, radar surfaces have also

been described as radar facies. The term ‘palaeosol

radar facies’ has been used on several occasions,

despite the fact that the ‘facies’ is defined by only a

single reflection, i.e. it is a radar surface at the

resolution of the radar profile. These examples are

clearly in violation of the correct use of the term radar

facies and, therefore, the true principles of radar

stratigraphy.

Further confusion to the interpretation of radar

profiles has also been caused by use of interpretive

facies names, such as ‘channel-fill facies’ and ‘pro-

gradational-beach facies’. Such an approach is valid if

the context in which it is used is clearly understood,

i.e. it is an interpretation of a nonunique set of

reflection characteristics and their relationship to other

nonunique sets of reflections, in a given or suspected

depositional context. However, if this context is not

made clear, use of interpretive facies names has the

danger of suggesting that particular depositional envi-

ronments or sub-environments are characterised only

by certain radar facies.
The reasons for the adoption of the much-looser

concept of radar facies analysis during much of the

1990s may well reflect several interrelated factors:

(1) initial papers to suggest that radar stratigraphy

provided a suitable framework for radar profile

interpretation appear to have unintentionally over-

emphasised the importance of identifying radar

facies, as opposed to the radar surfaces that de-

marcate them, as the facies were seen as key to

interpreting the depositional environment and

sedimentary processes;

(2) many studies in the 1990s were performed on data

that had not undergone more advanced processing

procedures, particularly migration. Migrated radar

profiles are normally much more suitable for full

radar-stratigraphic interpretation because they

provide a more coherent and realistic image of

the subsurface (see Section 5.9). When seismic

stratigraphy was developed, migration of seismic

profiles was routine and standard;

(3) the potential significance of out-of-line reflections

and certain nongeological reflections, such as

those from surface objects and ambient/systematic

noise, was only beginning to be explored during

the 1990s. As a result, these appear to have gone

unrecognised in some instances, making definition

of a full radar stratigraphy difficult and the use of

just radar facies more appealing;

(4) in certain, very specific circumstances, a radar

facies analysis approach can be more appropriate.

Where active bedform migration does not take

place or is limited, such as in vegetated coastal

dunes and some carbonate systems, lateral facies

changes can occur that are not defined by

bounding surfaces. Consequently, resulting radar

facies are not bounded by radar surfaces (e.g.

Bristow et al., 2000c; Dagallier et al., 2000).

Many of the problems outlined above have begun

to be addressed. Considerable research has been

carried out with respect to identification and removal

of out-of-line reflections, diffractions, surface reflec-

tions and ambient/systematic noise (see Sections 5.4

and 5.7). Simple migration programs are now provid-

ed with most GPR-system software (e.g. Geophysical

Survey Systems, 1996; Sensors and Software, 1996b)

and more advanced seismic processing packages,
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which can perform a variety of migration types, are

commercially available and often PC based. Further-

more, seismic interpretation and 3-D-modeling soft-

ware can be used to automatically pick and

characterise radar surfaces (Sénéchal et al., 2000;

Heinz, 2001; Heinz and Aigner, 2003), potentially

making identification simpler.

As a consequence of these developments, and as

noted earlier, a series of recent studies have reassessed

use of the radar stratigraphy approach to interpretation

of radar profiles, mainly using migrated data from

sand and/or gravel-rich sediments and rocks (Beres et

al., 1999; Neal and Roberts, 2000, 2001; Corbeanu et

al., 2001; Heinz, 2001; Neal et al., 2001, 2002a,b,

2003; Szerbiak et al., 2001; Russell et al., 2001; Heinz

and Aigner, 2003; Skelly et al., 2003). These studies

met with considerable success, allowing much more

detailed and confident sedimentological interpretation

of the radar data than would have been possible using

radar facies analysis.

Considering these developments, it now seems

timely to abandon the less-robust radar facies anal-

ysis approach to interpretation and generate data

appropriate for radar stratigraphy interpretation. In

order to do this, processors and interpreters will

have to: (1) have a full appreciation of inherent

limitations to their data; (2) be able to process their

data to an appropriate level; (3) develop skills to

identify reflections not related to primary deposi-

tional structure, (4) understand the principles of

radar stratigraphy and its implementation. It is

perhaps in the area of data processing that the

biggest challenges lie for GPR users. However, with

the ever-developing power of personal computers

and increasing commercial availability of seismic

and radar-specific data processing software, high

levels of processing capability are becoming avail-

able to all. It is up to the GPR community to take

advantage of these opportunities.
7. Conclusions

GPR has found a wide range of applications in the

field of sedimentology over the last two decades. This

is because in correctly processed profiles and at the

resolution of the survey, primary reflections generally

parallel primary depositional structure. Using GPR
wisely, it is possible to image the two and three-

dimensional structure of a range of sedimentary struc-

tures in unconsolidated sediments and sedimentary

rocks, including sets of laminae, beds, bedsets, bound-

ing surfaces and architectural elements. However, in

order to do this accurately, many of the inherent

limitations to the field data must be acknowledged

and where possible overcome by careful and system-

atic data processing. More advanced data processing,

such as migration, which is essential to obtain cor-

rectly positioned subsurface reflections, is only just

beginning to be performed on a regular basis by GPR

researchers. GPR processing packages are supplied

with commercial radar systems and these are some-

times adequate to perform all the data manipulations

necessary. However, there are strong analogies be-

tween GPR and seismic reflection, and radar data can

also be imported into the wide range of commercial

seismic processing software.

It is recommended that appropriately processed

data are interpreted sedimentologically using the

principles of radar stratigraphy, as defined in this

paper. Radar stratigraphy allows the definition of

radar packages, through delineation of radar surfa-

ces (identified by systematic reflection termina-

tions), and description of radar facies, which are

the sets of reflections lying between radar surfaces.

Where it has been possible to define a full radar

stratigraphy, which is principally in clastic sedi-

ments or sedimentary rocks, researchers have dem-

onstrated or inferred that radar surfaces correspond

to bounding surfaces and radar facies represent

aspects of the broader sedimentary facies. Supple-

mentary information, such as geological context, the

relationship between the various radar surfaces and

facies, data from ground truthing, and data from

subsequent laboratory analyses, can then be used in

conjunction with the radar stratigraphy to furnish a

full sedimentological interpretation. Less robust in-

terpretation techniques such as radar facies analysis,

which does not define the radar surfaces that bound

the facies or the resulting radar packages, should be

abandoned as a primary interpretive tool, except in

very specific instances.

In order to apply radar stratigraphy successfully, an

interpreter must have a thorough understanding of a

wide and complex range of factors, including: the

scientific principles that underlie the GPR technique,
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Fig. 25. (a) Migrated and topographically corrected 450 MHz radar reflection profile from a beach-ridge strandplain at Aldeburgh, Suffolk, southeast England. The profile has an AGC gain applied with a maximum limiting value of 250, and no horizontal or vertical averaging. (b) Radar-stratigraphy interpretation defining 33 sequential radar surfaces (s1–s33) and radar

facies (f1– f33). Sedimentological interpretation indicates radar surfaces correspond to bounding surfaces (bs) and radar facies represent either berm-ridge (br), overtop (ot) or mixed overtop/overwash (ot/ow) deposits. Modified from Neal et al. (2002a).
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the effects of the data collection configuration used, the

effects of survey-line topographic variation, the effects

of the technique’s finite resolution (both vertical and

horizontal) and depth of penetration, the causes of

reflections unrelated to primary depositional structure,

and the nature and appropriateness of each processing

step undertaken. Data processing should aim to pro-

vide, within the limitations of the field data and

processing routines employed, an accurate record of

the subsurface location and orientation of reflections

caused by primary sedimentary structure. Only with

this more thorough approach to data collection, pro-

cessing and interpretation will the full utility of the

radar-stratigraphy interpretation approach be tested,

and the full potential of GPR in sedimentary research

be realised.
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ternary depositional history of the Reuss delta, Switzerland:

constraints from high-resolution seismic reflection and georadar

surveys. J. Quat. Sci. 17, 131–143.

Nobes, D.C., Ferguson, R.J., Brierley, G.J., 2001. Ground-penetrat-

ing radar and sedimentological analysis of Holocene flood-

plains: insight from the Tuross valley, New South Wales.

Aust. J. Earth Sci. 48, 347–355.

Olhoeft, G.R., 1981. Electrical properties of rocks. In: Touloukian,

Y.S., Judd, W.R., Roy, R.F. (Eds.), Physical Properties of Rocks

and Minerals. McGraw-Hill, New York, pp. 257–330.

Olhoeft, G.R., 1998. Electrical, magnetic, and geometric properties

that determine ground penetrating radar performance. Proceed-

ings of GPR’98, Seventh International Conference on Ground

Penetrating Radar. University of Kansas, Lawrence, KS,

pp. 177–182.

Olhoeft, G.R., 1999. Applications and frustrations in using ground

penetrating radar. Proceedings Ultra Wideband Conference,

Washington DC, 20–22 September 1999.

Olhoeft, G.R., 2000. Maximising the information return from

ground penetrating radar. J. Appl. Geophys. 43, 175–187.

Olsen, H., Andreasen, F., 1995. Sedimentology and ground-pene-

trating radar characteristics of a Pleistocene sandur deposit. Sed-

iment. Geol. 99, 1–15.

Olson, C.G., Doolittle, J.A., 1985. Geophysical techniques for re-

connaissance investigations of soils and surficial deposits in

mountainous terrain. Soil Sci. Soc. Am. J. 49, 1490–1498.

O’Neal, M.L., Dunn, R.K., 2003. GPR investigation of multiple

stage-5 sea-level fluctuations on a siliciclastic estuarine shore-

line, Delaware Bay, southern New Jersey, USA. In: Bristow,

C.S., Jol, H.M. (Eds.), Ground Penetrating Radar in Sedi-

ments. Geol. Soc. London Spec. Publ. 211, 67–77.

O’Neal, M.L., McGeary, S., 2002. Late Quaternary stratigraphy and

sea-level history of the northern Delaware Bay margin, southern

New Jersey, USA: a ground penetrating radar analysis of com-

posite Quaternary coastal terraces. Quat. Sci. Rev. 21, 929–946.

Orlando, L., 2000. Evaluation of the integrity of massive rock by

ground penetrating radar. In: Noon, D.A., Stickley, G.F.,

Longstaff, D. (Eds.), Proceedings of the Eighth International

Conference on Ground Penetrating Radar. SPIE, Billingham,

vol. 4084, pp. 816–821.

Orlando, L., 2003. Semiquantitative evaluation of massive rock

quality using ground penetrating radar. J. Appl. Geophys. 52,

1–9.

Overgaard, T., Jakobsen, P.R., 2001. Mapping of glaciotectonic



A. Neal / Earth-Science Reviews 66 (2004) 261–330 327
deformation in an ice marginal environment with ground pene-

trating radar. J. Appl. Geophys. 47, 191–197.

Papziner, U., Nick, K.-P., 1998. Automatic detection of hyperbolas

in georadargrams by slant-stack processing and migration. First

Break 16, 219–223.

Payan, I., Kunt, N., 1982. Subsurface radar signal deconvolution.

Signal Process. 4, 249–262.

Pedley, H.M., Hill, I., 2003. The recognition of barrage and paludal

tufa systems by GPR: case studies in the geometry and correla-

tion of Quaternary freshwater carbonates. In: Bristow, C.S., Jol,

H.M. (Eds.), Ground Penetrating Radar in Sediments. Geol.

Soc. London Spec. Publ. 211, 207–223.

Pedley, H.M., Hill, I., Denton, P., Brasington, J., 2000. Three-di-

mensional modeling of a Holocene tufa system in the Lathkill

Valley, north Derbyshire, using ground-penetrating radar. Sedi-

mentology 47, 721–737.

Pelpola, C.P., Hickin, E.J., 2003. Long-term bed load transport

rate based on aerial-photo and ground penetrating radar sur-

veys of fan-delta growth, Coast Mountains, British Columbia.

Geomorphology. 57, 169–181.

Pipan, M., Baradello, L., Forte, E., Prizzon, A., Finetti, I., 1999. 2-

D and 3-D processing and interpretation of multi-fold ground

penetrating radar data: a case history from an archaeological

site. J. Appl. Geophys. 41, 271–292.

Pipan, M., Baradello, L., Forte, E., Prizzon, A., 2000a. GPR study

of bedding planes, fractures and cavities in limestone. In: Noon,

D.A., Stickley, G.F., Longstaff, D. (Eds.), Proceedings of the

Eighth International Conference on Ground Penetrating Radar.

SPIE, Bellingham, vol. 4084, pp. 682–687.

Pipan, M., Baradello, L., Forte, E., Gasperini, L., Bonatti, E.,

Longo, G., 2000b. Ground penetrating radar study of the Cheko

Lake area (Siberia). In: Noon, D.A., Stickley, G.F., Longstaff,

D. (Eds.), Proceedings of the Eighth International Conference

on Ground Penetrating Radar. SPIE, Bellingham, vol. 4084,

pp. 329–334.

Plewes, L.A., Hubbard, B., 2001. A review of the use of radio-echo

sounding in glaciology. Prog. Phys. Geogr. 25, 203–236.

Poole, G.C., Naiman, R.J., Pastor, J., Stanford, J.A., 1997. Uses and

limitations of ground penetrating radar in two riparian systems.

In: Gibert, J., Mathieu, J., Fournier, F. (Eds.), Groundwater/

Surface Water Ecotones: Biological and Hydrological Interac-

tions and Management. Cambridge Univ. Press, Cambridge,

pp. 140–148.

Powers, M.H., 1997. Modeling frequency-dependent GPR. The

Leading Edge 16, 1657–1662.

Pratt, B.R., Miall, A.D., 1993. Anatomy of a bioclastic grainstone

megashoal (Middle Silurian, southern Ontario) revealed by

ground-penetrating radar. Geology 21, 223–236.

Rashed, M., Kawamura, D., Nemoto, H., Miyata, T., Nakagawa, K.,

2003. Ground penetrating radar investigations across the Uema-

chi fault, Osaka, Japan. J. Appl. Geophys. 53, 63–75.

Reading, H.G., 1996. Introduction. In: Reading, H.G. (Ed.), Sedi-

mentary Environments: Processes, Facies and Stratigraphy, 3rd

edition. Blackwell, Oxford.

Rees, H.V., Glover, J.M., 1992. Digital enhancement of ground

probing radar data. In: Pilon, J. (Ed.), Ground Penetrating Radar.

Geol. Surv. Can. Pap. 90-4, 187–192.
Regli, C., Huggenberger, P., Rauber, M., 2002. Interpretation of

drill core and georadar data of coarse gravel deposits. J. Hydrol.

255, 234–252.

Reicherter, K.R., 2001. Palaeoseismologic advances in the Granada

basin (Betic Cordilleras, southern Spain). Acta Geol. Hisp. 36,

267–281.

Reicherter, K.R., Reiss, S., 2001. The Carboneras Fault Zone

(southeastern Spain) revisited with ground penetrating radar—

Quaternary structural styles from high-resolution images. Geol.

Mijnb. 80, 129–138.

Reiss, S., Reicherter, K.R., Reuther, C.-D., 2003. Visualization and

characterization of active normal faults and associated sediments

by high-resolution GPR. In: Bristow, C.S., Jol, H.M. (Eds.),

Ground Penetrating Radar in Sediments. Geol. Soc. London

Spec. Publ. 211, 247–255.

Reynolds, J.M., 1997. An Introduction to Applied and Environmen-

tal Geophysics. Wiley, Chichester.

Roberts, R.L., Daniels, J.J., 1996. Analysis of GPR polarization

phenomena. J. Environ. Eng. Geophys. 1, 139–157.

Roberts, M.C., Jol, H.M., 2000. The sedimentary architecture and

geomorphology of a cuspate spit: Tsawwassen, British Colum-

bia. Regensbg. Geogr. Schr. 33, 141–156.

Roberts, M.C., Bravard, J.P., Jol, H.M., 1997. Radar signatures and

structure of an avulsed channel, Rhone River, Aoste, France. J.

Quat. Sci. 12, 35–42.

Roberts, M.C., Niller, H.-P., Helmstetter, N., 2003. Sedimentary

architecture and radar facies of a fan delta, Cypress Creek, West

Vancouver, British Columbia. In: Bristow, C.S., Jol, H.M.

(Eds.), Ground Penetrating Radar in Sediments. Geol. Soc. Lon-

don Spec. Publ. 211, 111–126.

Robinson, E.S., C�oruh, C., 1988. Basic Exploration Geophysics.

Wiley, Chichester.

Roksandic, M.M., 1978. Seismic facies analysis concepts. Geo-

phys. Prospect. 26, 383–398.

Rossetti, D.F., 2003. Delineating shallow Neogene deformation

structures in northeastern Para State using ground penetrating

radar. An. Acad. Bras. Cienc. 75, 235–248.
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