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The primary aim of this research is to assess the application of Chirp technology to marine 
archaeology. The development of acquisition, processing and modelling methodologies for 
evaluating sites of archaeological interest on and below the seabed are discussed. 

Chirp frequency-modulated systems offer pre-determined, repeatable source-
signatures for high-resolution, normal incidence seismic reflection data acquisition. The design 
and application of an optimal processing sequence for Chirp sub-bottom data demonstrates the 
importance of a detailed knowledge of the source-signature. Improvement of greater than 60 dB 
in signal-to-noise ratio is obtained from correlating the frequency-modulated reflection data with 
the transmitted pulse. Effective deterministic deconvolution of correlated data is achieved by the 
application of an inverse filter designed on the Chirp Klauder wavelet. Interpretability of 
deconvolved data is enhanced by the calculation of instantaneous amplitudes. Signal-to-noise 
ratio and reflector continuity are increased by the application of predictive filters whose 
performance is aided by the repeatability of the Chirp source-signature. 

The limits of vertical resolution (Rv) and horizontal resolution (Rh) of Chirp sources 
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bandwidth of the reflection data, Vp the compressional wave velocity, twt the two-way travel time 
to the reflector, 8 the beam-angle of the Chirp source and fd the dominant frequency component 
in the recorded data. 

Buried wooden artefacts can be readily imaged by Chirp-sourced reflection 
seismology. Compressional wave velocity parallel to the wood grain (Vl) is consistently faster 
than that across-grain (VR and Vj). Theoretical and experimental predictions of reflection 
coefficients (KR) calculated for wood buried in unconsolidated marine sediments are typically 
large and negative (KR = +0.27 to -0.79; Kpoak = -0.03 to -0.64). Variations in KR are dependent 
upon the burial-sediment, wood species and structural coherency of the artefact. 

Synthetic modelling demonstrates that small changes in the seafloor impedance 
profile causes random switches in the polarity of the Chirp pulse. Reflection coefficients are 
calculated from Chirp sub-bottom data using amplitude-time relationships and polarity 
information derived from trace-mixing. Calculations from Chirp data acquired over a partially 
buried 17th Century oak wreck provide an average KR of -0.26, in agreement with the predicted 
range. 

A pseudo 3-dimensional Chirp survey of the excavated Mary Rose wreck site (East 
Solent, UK) identified two brightspot anomalies, buried to a depth of 4-5 m, trending east-west 
adjacent to the western margin of the excavation hole. These anomalous reflectors are 
interpreted as infilled palaeo-scour features associated with the wrecking and subsequent 
degradation of the Mary Rose. Fill material comprises wreck fragments and coarse sediment 
sourced from the ship's ballast. Longitudinal scour features were previously unrecognised on the 
site, and represent the first time such palaeo-scour marks have been recognised in the 
sedimentary record. 

Integrated Chirp and side-scan sonar surveys of the Invincible site (East Solent, 
UK) demonstrate the capability of high-resolution acoustic techniques to: identify the extent and 
coherency of semi-exposed wrecks, determine the wrecking history of a site and act as an 
effective management tool. The distribution of wreck material is primarily controlled by storm-
associated wave action, depositing the bulk of fragmented wreck-structure to the north and 
north-east of the in-situ port side. Evidence suggests that current site stability is controlled by a 
combination of tidally induced currents and anthropogenic activity. 
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Marine high-resolution reflection seismology 

- Chapter 1 — 

Introduction 

1.1 Introduction 

Since the development-led boom in rescue archaeology in the 1960s and 1970s, the 

nature of funding and a growing recognition of the non-renewable nature of the archaeological 

resource, have prompted more circumspect attitudes to excavation (Cleere, 1989; Hunter and 

Ralston, 1993). Over the past three decades, emphasis in land-based archaeology shifted 

towards the use of laboratory instrumentation to analyse human cultural artefacts and 

performing site evaluations in advance of land development (Wynn, 1986). Time required to 

excavate entire sites had become a luxury archaeologists can no longer afford. To redress the 

need for manual excavation, a rapid method of non-destructively evaluating a site was required. 

Land-based archaeologists began using high-resolution geophysics as early as the 1940's 

(Wynn, 1986) as a rapid, non-invasive technique to investigate archaeological sites under threat 

from development. A similar situation exists today in marine archaeology as that which existed in 

land-based archaeology in the 1960's. 

The sole legislation governing the treatment of underwater maritime sites in British 

waters is The Protection of Wrecks Act 1973. This Act empowers Government to designate by 

Order the site of what is, or what may prove to be, the wreck of a vessel which it considers 

should be protected from unauthorised interference because of its historical, archaeological or 

artistic importance. Currently, 42 sites within the UK are designated under the Act. The Order 

identifies the site and extent of the restricted area in which certain activities are prohibited except 

under the authority of a licence issued by Government agencies (ADD, 1997). 

In the present climate, social and environmental concerns have created political 

pressures, typically manifested as recommendations to government concerning the protection 

and monitoring of all underwater archaeological sites. In 1989, the Joint Nautical Archaeology 

Policy Committee (JNAPC) voiced these concerns in a series of recommendations to 

Government, outlining the disparity between the protection of archaeological sites on land and 

underwater. One of the recommendations highlighted by the JNAPC (1989) is: Commercial 

seabed operators and statutory undertakers active on the seabed should be encouraged to carry 

out archaeological implication surveys before the seabed is disturbed and co-operate with 

archaeologists during potentially destructive work. They should be encouraged to contribute to 

the costs of rescue excavation of threatened sites. 

The Department of Environment's Planning Policy Guidance Note (PPG) 16, 

Archaeology and Planning (1990), states that: Archaeological remains should be seen as a finite 

and non-renewable resource, in many cases highly fragile and vulnerable to damage and 

destruction. In particular, care must be taken to ensure archaeological remains are not 

needlessly or thoughtlessly destroyed. They contain irreplaceable information about our past 
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and the potential for an increase in future l<nowledge. They are part of our sense of national 

identity and are valuable both for their own sake and for their role in education, leisure and 

tourism. 

Although PPG 16 is concerned with the terrestrial archaeological resource, PPG 20 

(1992), which covers planning policy for the coastal areas of England and Wales, implies PPG 

16 is relevant below the low water mark, outlining that: the coastal zone ... has a rich heritage 

above and below water. Thus, while there is no legal obligation for developers to undertake 

archaeological evaluations prior to offshore development, the implication is that the marine 

archaeological resource is as valuable and vulnerable as that on land, and should be treated 

with equal respect. 

A rapid, inexpensive method of surveying underwater archaeological sites is needed 

prior to development within the coastal zone. Marine archaeology budgets tend to be relatively 

small and usually insufficient to fund independent development of new instruments (Maze!, 

1985). Instead, the field often has to "borrow" technology from outside disciplines. 

Over the past three decades, a range of seismic reflection techniques have been 

deployed in the search for sites of archaeological interest in the marine environment (Frey, 1971; 

Redknap 1990). During this period, relative success has been met with the use of high-

resolution side-scan sonar and echosounder systems to identify archaeological artefacts lying on 

the seabed (Caston, 1979; Hobbs et. al. 1994). Such systems are limited however, as they 

cannot penetrate the subsurface and are therefore unable to image buried artefacts. In 

consequence, a number of workers have used sub-bottom profiling systems in an attempt to 

image buried features (Rao, 1988; Ghauhan and Almeida, 1988). The suitability of these 

systems has been restricted by poor resolution and navigational control, ineffectiveness in 

shallow waters and the absence of any form of post processing of the raw seismic data. Table 

1.1 lists the typical frequency content, vertical resolution and penetration of conventional sub-

bottom profiling systems. 

System Frequency 

(kHz) 

Vertical Resolution 

(m) 

Penetration 

(m) 

Finger 3 - 1 2 0.2 1 0 - 4 0 

Boomer 1 - 5 0.5 - 1 50 - 100 

Sparker 0.1 - 1 2 100->1,000 

Table 1.1: Typical frequency content, vertical resolution and penetration of conventional sub-
bottom profiling systems (After Kearey and Brooks, 1991). 

Recent advances in acquisition and processing technology have culminated in the 

development of a system known as Chirp, a high-resolution, digital, frequency-modulated (FM) 

sub-bottom profiling system. Chirp systems offer vertical resolution on a decimetre scale within 

the top 30 to 40 m of unconsolidated sediment, the capability to operate in shallow water depths, 
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and the acquisition of sub-bottom data in SEG-Y format which allows straightforward transfer to 

off-line processing packages. When Chirp systems are utilised in conjunction with DGPS 

(Differential Global Positioning System) and consistent survey methodologies, navigational 

accuracy of +/ -1 m is attainable. 

1.2 Scope and objectives 

The primary objective of this thesis is to assess the application of Chirp technology to 

marine archaeology. The development of acquisition, processing and modelling methodologies 

for evaluating sites of archaeological interest on and below the seabed are discussed. Chapters 

4, 5, 7 and 8 comprise manuscripts submitted to archaeological and geophysical journals 

(references to these papers are made as footnotes at the beginning of each chapter). Chapters 

3 and 5 investigate characteristics of Chirp sub-bottom data using single-trace synthetic models. 

Due to this thesis structure, some repetition occurs in the introduction and discussion sections of 

chapters. 

Chapter 2 details survey methodologies and parameters used in the acquisition of data 

presented in this thesis. Particular reference is made to the acquisition of Chirp sub-bottom data. 

The vertical and horizontal resolution of Chirp sources are discussed in Chapter 3. This aspect 

of the system is particularly pertinent as the vertical resolution of conventional sub-bottom 

systems is inadequate to image and assess buried archaeological material in the marine 

environment. Synthetic models are presented to compare to accepted criteria for vertical 

resolution. The effects of sediment attenuation on the frequency content of Chirp data and the 

resolution of Chirp systems is outlined. Chapter 4 details an optimal processing sequence for 

Chirp sub-bottom data. One of the major advantages of Chirp systems over conventional sub-

bottom profilers is that they transmit a pre-determined, repeatable waveform which aids post-

processing, interpretability and quantitative data analysis. 

Prior to this research, no work has been conducted on imaging buried wooden material 

utilising marine reflection seismology. The likelihood of imaging wooden artefacts utilising Chirp 

sources is discussed in Chapter 5. Theoretical reflection coefficients of different wood species 

buried in unconsolidated marine sediments are calculated and experiments on wooden samples 

from a 16th Century oak wreck are used to validate the theory. A method for estimating 

reflection coefficients directly from sub-bottom data is outlined in Chapter 6 using Chirp data 

from a 17th Century oak wreck. The effects of a geoacoustically layered seafloor on the polarity 

of the Chirp pulse is modelled using single-trace synthetic seismograms, and implications of 

polarity switches in the calculation of reflection coefficients are outlined. 

The final two chapters present case studies of Protected wreck-sites within the East 

Solent, UK. Chapter 7 details the results and interpretation of a pseudo 3-dimensional Chirp 

survey of the tidally dominated Mary Rose wreck site. The second case study, presented in 

Chapter 8, discusses the effectiveness of repeated Chirp and side-scan surveys over vulnerable 

archaeological sites within the coastal zone. Conclusions are drawn about the applicability of 
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Chirp technology to marine archaeology and the effectiveness of high-resolution reflection 

seismology as a management tool for marine archaeology. 
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Chapter 2 

Data acquisition and survey metliodology 

2.1 Introduction 

Chirp systems use recent developments in powerful and affordable digital electronics 

and desktop computing facilities to aid processing and acquisition techniques to produce high-

quality, high-resolution sub-bottom images in real time. Chirp swept-frequency sources typically 

operate in a range of 1-15 kHz, and offer vertical resolution on a decimetre scale in the top circa 

30 m of unconsolidated marine sediments. Combined digital, high-resolution sub-bottom and 

side-scan data acquisition, in conjunction with consistent survey methodologies, can provide a 

suite of data to assist with the interpretation of the shallow geology and marine archaeology in 

the near coastal zone. 

Data acquisition and marine geophysical survey methodologies are discussed in this 

chapter. Particular reference is made to the acquisition of Chirp sub-bottom data and the 

navigation systems available to the surveyor. The acquisition of side-scan sonar data is well 

documented (Clay, 1977; Fish and Carr, 1990) and is not discussed here. 

2.2 Data acquisition 

2.2.1 Chirp technology 

Chirp profilers are digital, frequency-modulated (FM) sources with a pre-determined and 

repeatable source signature for high-resolution, normal incidence seismic reflection data 

acquisition. Chirp systems generate wideband quantitative acoustic data that can be used for 

sediment classification and estimation of sediment physical properties (Schock and LeBlanc, 

1990). The original system was developed at the University of Rhode Island (URI) under a 

research programme which began in 1981, funded by the Office of Naval Research (Schock and 

LeBlanc, 1990). 

Schock and LeBlanc (1990) showed that the performance of off-the shelf sub-bottom 

profilers {e.g. boomers, pingers) was inadequate for performing quantitative measurements of 

the seafloor. The main problems associated with conventional systems include poor pulse 

repeatability, poor signal-to-noise ratio (SNR) of recorded data, inadequate vertical resolution 

and uncalibrated and non-linear electronics. In order to redress these shortcomings, a real-time 

digital sub-bottom system was designed at URI between 1985 and 1989 (Schock and LeBlanc, 

1990^ 

Chirp systems comprise calibrated, linear electronic components and ensure a 

repeatable source signature by transmitting FM pilot signals containing pre-determined phase 

and amplitude corrections, ensuring no anomalies occur in the transducers or the transmitting 

and receiving electronics. The SNR of Chirp data is improved through matched filter processing 
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by correlating the reflection data with the pre-determined transmitted pulse. If reflections or noise 

do not match the outgoing Chirp waveform, the filter attenuates the unwanted signal. The wide 

bandwidth of Chirp systems limits the classic trade-off between penetration and vertical 

resolution in the sub-bottom by transmitting a range of frequencies, ensuring optimum 

penetration and resolution. The effective resolution of Chirp wideband sources is discussed in 

detail in Chapter 3. 

Figure 2.1 displays an example of the linearly-swept Chirp pulse, together with its power 

spectrum. A typical Chirp sub-bottom profile is shown in Figure 2.2. 

2.2.2 University of Southampton Chirp system 

The University of Southampton Chirp system is a modified GeoAcoustics GeoChirp 

Model 136A towed transducer system. Individual components and system specifications are 

outlined in Table 2.1 and discussed below in more detail. 

Sub-
sea 

Surface 
electronics 

Tow Fish 
• Model 136A 
• Surface tow catamaran 

Transducers • 4 model 137D transducers 

Hydrophone 
• Mini-streamer with built-in pre-amplifier 
• Bandwidth: 500 Hz to 15 kHz 

Sub-sea electronics bottle 
• Chirp generation & power amplifier. 
• Power output: 400 W 
• Depth rating: 600 m 

Transmitted signal 
• Puise iength: 16 or 32 ms 
• Frequency. 2-8 or 1.5-11.5 l<Hz 

Tow cable 
• Multi-core soft deck cable 
• Multi-core armoured cable 

Profiling Unit 

• Provides the main processing facilities 
• Multi-pin connector provides all power and 

signal interconnections to sub-surface 
electronics and towflsh. 

• Trigger provides a divided profiling rate. 
• Power: 2000 W maximum 

Sonar Enhancement System 

• SE881 workstation. 
• Video display monitor. 
• GUI interface operator terminal. 
• Thermal line-scan recorder. 
• Two helical scan 8mm tape drives. 
• Internal and external hard disks 

Table 2.1: Technical specification of the Southampton University GeoChirp profiling system. 
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two-way time (ms) 
Frequency (kHz) 

Figure 2.1: (a) An example of a 32ms, swept-frequency Chirp pulse; (b) The 
associated power spectrum. 
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Figure 2.2: Typical Chirp profile acquired over Hamstead Ledge, West Solent, UK. Data 
acquired ustiling a GeoAcoustics GeoChirp Model 136A towed transducer system, 
transmitting a 32ms, 2-8 kHz swept-frequency source at a transmit rate of 4 pulses per 
second. 
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® Sub-sea systeiv (Figure 2.3) 

The GeoChirp is configured with the electronics bottle on the tow-fish and the receiving 

hydrophone attached and towed directly from the rear of the fish. The multi-core tow cable 

provides all power and signal connections between the surface processing system and the fish. 

Two tow fish options are available; the standard Model 136A tow fish (Figure 2.3a) and the 

surface tow catamaran (Figure 2.3b). Four Model 137D transducers are mounted on one of the 

above fish. The towed hydrophone comprises an 8-section mini-streamer and in-built power 

amplifier, with a bandwidth of 0.5 to 15 kHz (Figure 2.3c). The separate transmitting and 

receiving electronics preserves the linearity of the acquisition system and allows simultaneous 

transmission and reception (Schock ef a/., 1994). All tow cable, transducers and hydrophone 

connections are provided by the sub-sea electronics bottle, which controls power amplification 

and Chirp generation. The transmitted Chirp signal may be varied in pulse-length (16ms or 

32ms) and bandwidth (2-8kHz - high penetration mode; 1.5-11.5kHz - high resolution mode). 

Figure 2.4 a illustrates the basic towfish and surface electronics connections. 

• Surface electronics (Figure 2.4 b) 

Profiling Unit 

The Profiling Unit (PU) controls the triggering and acquisition rates of the Chirp system. A single 

multi-pin connector provides all signal and power connections for the towfish via the deck and 

tow cables. The trigger rate, which can be varied from 1 to 10 pulses per second, is defined by 

the master clock and the divider on the profiling unit. Interconnections between the Profiling Unit 

and Sonar Enhancement System are via BNC cables. 

Sonar Enhancement System 

The Sonar Enhancement System (SES) is used for the acquisition, processing, display and 

digital storage of the Chirp data. The SES comprises a workstation with an OS-9™ based 

operating system, video display monitor, an operator terminal with a graphical user interface 

(GUI), thermal line-scan recorder and two helical scan 8mm tape drives of 2.3Gb capacity. The 

SE881 workstation is the core of the SES system, comprising a power supply, processing 

boards, acquisition board, display board and hard disk drive for data-storage and system 

software. Digital data is acquired in SEG-Y format, enabling post-processing of sub-bottom data 

in industry-standard seismic processing software (Chapter 4). Data may be stored in 

uncorrelated or correlated format. The SES allows on-board processing of Chirp data, including 

bandpass filtering, bottom tracking, wave motion compensation and slant-range correction of 

side-scan sonar data. 
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(a) 
tow point sub-sea 

electronics bottle 

Elevation 

Plan 

GeoChirp 

tai fin model 137D transducers 

1.5m 

(b) 

Elevation 

2.0m 

hollow polypropylene pontoons 

Plan 

model 137D 
transducers 

sub-sea 
electronics bottle 

(c) 

1.0m 

Figure 2.3; Diagram illustrating the main components of the GeoAcoustics GeoChirp 
acquisition system; (a) Model 136Atowfish; (b) Catamaran deployment; 
(c) 8-section, neutrally buoyant mini-streamer. 
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(a) 

deck cable 

tow 
cable 

§ ^ 
transducers 

t l i T 

Receiver/ 
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splice 
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Profiling Unit 
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drive 
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Sonar Eniiancement System 

Video 
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7 

Figure 2.4: (a) System block diagram of the GeoAcoustics GeoChirp profiling system, (b) 
Diagram of the main surface electronics components - profiling system, sonar enhancement 
system, GUI interface and video display monitor. 
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® Chirp calibration 

Calibration of the Chirp system is conducted in the acoustic test facility (a water-filled 

wooden vat) at GeoAcoustics Ltd, Great Yarmouth. A perfect Chirp pulse is transmitted by the 

immersed transducers over the desired frequency range, reflected off the bottom of the vat and 

received by the hydrophone streamer. The received signal, which is distorted due to the 

frequency response of the transducers, receiver and the system electronics, is recorded and 

digitised. Analysis of the received signal allows a transfer function to be designed, which is in 

turn used to create an inverse function and applied to the transmitted Chirp waveform, thus 

compensating for the system non-uniform response. In this manner, the linearity of the system is 

preserved by compensating for the frequency response of the source and receiving electronics. 

An assumption in this iterative process is that system characteristics and the source-signature 

do not change with time. Experimental tests by GeoAcoustics Ltd. suggest that there is no 

change in the source-signature characteristics, but transducers and transducer-plate coupling 

characteristics are eventually modified over time. 

2.2.3 Chirp data acquisition 

Figure 2.5 summarises the acquisition and processing of Chirp sub-bottom data with 

noise-free synthetic illustrations. At the time of pulse transmission, an FM pilot signal containing 

predetermined phase and amplitude corrections is generated for the power amplifier. The output 

from the power amplifier is converted to the Chirp pulse (Figure 2.5 i) via the transducers 

mounted on the towfish. The transmitted pulse propagates through the water column, into the 

sediment pile and reflects from acoustic impedance contrasts in the sub-surface (represented by 

the impulse response of Figure 2.5 iii). Sub-bottom reflections are recorded by the mini-streamer 

and amplified before being digitised by an analogue-digital (A/D) converter. The recorded 

seismogram is: 

x(0 = e(t) * s(t), (2.1) 

where e(t) is the earth's impulse response and s(t) the transmitted Chirp pulse (Figure 2.5 iv). 

The digitised signal is subsequently processed by the SE881 workstation, correlating the 

digitised data with the transmitted waveform (Figure 2.5 v). Cross-correlation of the recorded 

seismogram with the Chirp pulse yields: 

x'(t) = e(t) * w(t), (2.2) 
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x(t) = e(t) * s(t) 
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Figure 2.5: Syntlietic data illustrating the convolution and correlation of Chirp data. 
[i] s(t) = 32ms transmitted Chirp pulse 
[ii] w(t) = s(t)*s(t) = autocorrelation of the Chirp pulse (zero-phase Klauder wavelet) 
[iii] e(t) = impulse response 

[iv] Recorded seismogram: x(t) = e(t)*s(t) 

[v] Correlated seismogram: x'(t) = e(t)*w(t) 

[vi] Instantaneous amplitude representation of the correlated seismogram. 
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where x'(t) is the correlated seismogram (Figure 2.5 v) and w(t) the zero-phase Klauder wavelet, 

i.e. the autocorrelation of s(t). Chirp data is normally displayed by calculating the instantaneous 

amplitude [R(t)]^ of the correlated data, where: 

R(t) = -y/x^(t) + y^(t) , (2.3) 

where x(t) is the signal and y(t) the quadrature (Taner, 1979; Yilmaz, 1987). The calculation of 

R(t) yields the seismogram displayed in Figure 2.5 vi. 

2.2.4 Navigation 

The Global Positioning System (GPS) is a constellation of 21 US military satellites 

orbiting 20,000 km above the earth's surface. The satellites transmit signals detailing their 

geographical positions, which can be read by suitable receivers, enabling users to ascertain their 

position to within 100 m accuracy. For many applications however, an accuracy of 100 m is 

insufficient. This inaccuracy in position fixing is termed selective availability, and is 

predominantly due to in-built random errors in satellite signals imposed by the US Department of 

Defence. 

The accuracy can be improved upon utilising differential GPS (DGPS), by installing a 

GPS receiver at a known reference site on land. This enables errors in the GPS system to be 

determined by comparing observed and calculated ranges to the satellite constellation. The 

differential corrections can then be transmitted via a radio link to a second GPS receiver located 

on the survey vessel, improving the accuracy to a level of 1 to 10 m - depending on the quality of 

signal received by the reference station, terrain and the type of GPS receiver utilised by the 

surveyor. One problem with this set-up is that the surveyor is required to establish and maintain 

the reference receiver. 

Radio Data System (RDS) is a method of transmitting data over an inaudible frequency-

modulated (FM) subcarrier. RDS enables DGPS corrections to be broadcast over a wide 

geographical area. A network of GPS reference stations, located at 20 FM broadcast 

transmitters and 4 repeater stations, has been erected by C&MT Ltd. in the UK. The reference 

stations generate DGPS correction messages and transmit them in a piggy-back signal on the 

RDS sub-carrier. Classic FM. The name of this service in the UK is Focus FM. The majority of 

GPS receivers accept an industry standard DGPS correction known as RTCM SCI04 and this is 

the format utilised by Focus FM. The main advantage of this service is that the user is not 

required to establish a reference station. 

' The calculation of Instantaneous amplitudes and its implications are considered in Chapter 4, Section 4.3.1. 
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2.3 Survey methodology 

2.3.1 Survey design 

Successful surveying is dependent upon good planning and consistent methodology. 

Prior knowledge of the following site-parameters is advantageous as they are important in the 

choice of survey equipment and vessel; seabed substrate, bathymetry, environmental conditions 

and orientation/type of archaeological structures/material. Ideally, information on all of these 

parameters is sought prior to survey; practically however, this type of information is not always 

available. 

As outlined above, there are two choices for Chirp deployment - the sub-sea towfish and 

the surface-tow catamaran. Bathymetry, availability of survey vessels and site-location are the 

dominant controls of which deployment is utilised. The advantage of deploying the catamaran is 

that it does not require an on-board winch system and may be successfully deployed in water 

depths as shallow as 2m. The main disadvantage, however, is that in open-waters, the 

catamaran tends to be less stable than the towfish, and data-quality suffers from signal break-

up. Conversely, the towfish deployment requires a mechanical winch system and cannot be 

deployed manually as the weight of the towfish exceeds 150 kg. However, the towfish is very 

stable in the water and suffers from less signal break-up. 

Navigation is of utmost importance in marine geophysical surveying. Large-scale 

reconnaissance surveying is often conducted using stand-alone GPS receivers, whereas more 

detailed archaeological site surveys require DGPS systems. As outlined in Section 2.2.2, there 

are two options which provide positioning fixing on this scale: Focus FM or a self-maintained 

land reference station. The main advantage of the surveyor maintaining his own reference 

station is that it is a flexible, accurate and cost-effective system (providing a reference station is 

available to the surveyor); whereas the use of Focus FM is dependent upon subscription. The 

major disadvantages of self-maintained reference stations are signal range (typically <20 km) 

and interference from commercial radio users such as Taxi drivers and merchant shipping. 

Interference effects may cause the differential link to fail and abruptly end a planned survey -

effectively wasting the cost of boat-hire and the surveyors time. Although the problem may be 

intermittent, it is unpredictable. The advantage of Focus FM is the permanent differential link, 

with a cost-dependent accuracy; premium rate (1-2 m); basic rate (10 m). 

Both premium rate Focus FM and a self-maintained reference station have been used in 

the acquisition of navigation data presented in this thesis. 

2.3.2 Acquisition parameters and survey methodology 

Chirp and side-scan sonar data presented in this thesis were acquired using the 

parameters outlined in Table 2.2 and the surface electronics configuration in Figure 2.6 a and b. 

Acquisition parameters and trigger rates are listed in the introductory sections of the relevant 

chapters. 
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Trigger source External 

(Triggered from Profiling Unit) 

Trigger rate 4 pulses per second 

Channel allocation 

0 = Uncorrelated Chirp 

1 = Correlated Chirp 

2 = Sidescan port transceiver 

3 = Sidescan starboard transceiver 

Non-delayed window Channels 0, 2, 3 (0-96 ms) 

Delayed window Channel 1 (96-229 ms) 

Sample Period 40 |is 

Chirp pulse 2-8 kHz 

Side-scan frequency 100 kHz 

Table 2.2: Parameters input into the Analogue Menu of the SES 
and Profiling Unit for the acquisition of Chirp (correlated and 
uncorrelated) and digital side-scan data. 

Using these parameters, the trigger signal for both the Chirp and side-scan systems is derived 

externally from the Profiling Unit. Channel 0 has a user-defined 10 dB gain amplification for the 

acquisition of uncorrelated Chirp data. It is recommended that a standard channel configuration 

is used, as it makes set-up and connections more consistent. The sample period is determined 

by the source signal bandwidth. For the maximum source frequency of 11.5 kHz, the Nyquist is 

43 |is, therefore a sampling rate of 40 |j.s ensures the returned signal is not aliased. Channel 1 is 

used to record correlated Chirp data, and has a user-defined delay time of 96 ms which 

corresponds to the system response time of correlating the sub-bottom data with the source-

signature. 

2.3.3 Data storage 

Two options are available for data storage - two 8mm dual scan helical tape drives and 

a choice of an internal (500 Mb capacity) and external (1Gb capacity) hard disk. Each 8mm 

tape, with a 2.3Gb capacity, equates to between 4 and 25 survey hours depending on data 

density. The advantage of recording directly to tape is the amount of space accessible. The 

disadvantages include a time delay in the start and end of recording and slow play-back time 

which can be a problem when reviewing data on-board the survey vessel. Conversely, recording 

directly to hard disk ensures immediate writing and play-back of data, but is limited by the size of 

the disk. 

Acquisition of data in SEG-Y format ensures the transfer of data to off-line processing 

and interpretation packages is straightforward. The optimal processing of Chirp sub-bottom data 

is discussed in detail in Chapter 4. The main advantages of digital data acquisition include 

improvement in sub-bottom and side-scan data quality through post-processing and the ability to 

quantitatively analyse the geophysical signature of anthropogenic material. All 
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Figure 2.6: Illustration of the surface electronics configuration for the acquisition of: (a) Chirp 
uncorrelated and correlated sub-bottom data (b) Chirp correlated and uncorrelated sub-bottom 
data and digital side-scan sonar data. 
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post-processing of Chirp data presented in this thesis was conducted in the ProMAX™ 6.0 

software package (Advance Geophysical Corporation) mounted on a Sun Ultra workstation. 
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Chapter 3 

The effective resolution of Chiirp sources 

3.1 Introduction 

Seismic resolution limits define how close two points can be in the sub-surface, yet still 

be distinguished. In this chapter, both vertical and horizontal (or lateral) resolution of Chirp 

sources are considered. 

Synthetic models, examining the seismic response of convolving the zero-phase Chirp 

Klauder wavelet (Figure 3.1) with two spikes of increasing separation distance, are presented as 

a control on the vertical resolution of Chirp sources. Comparisons are made between the results 

of this modelling exercise and the accepted criteria for vertical resolution as outlined by Rayleigh 

(Jenkins and White, 1957), Bicker (1953), Widess (1973) and Kallweit and Wood (1982). The 

discussion on horizontal resolution of Chirp sources compares the resolution predicted by the 

Fresnel Zone to that predicted by the frequency dependent beam angle of Chirp sources. The 

final section in this chapter discusses the effects of sediment attenuation on the effective 

resolution of chirp sources. 

Figure 3.2 illustrates the notation used throughout this discussion. All calculations and 

modelling exercises conducted in this chapter are for a 2-8 kHz Chirp source (fa = 5 kHz, and 

band ratio (fy/fi) of 2 octaves)} of 32 ms duration, sampled at a rate of 40p,s and transmitted by 

an array of 4 transducers with a beam angle of 45°. Generalised results relating to Chirp sources 

are inferred from these exercises. 

3.2 Vertical resolution (R^) 

3.2.1 Introduction 

Vertical seismic resolution describes how closely two points can be in a vertical plane, 

yet still be distinguished. Conventionally, vertical seismic resolution is expressed in terms of the 

wavelength of the dominant frequency (fd) of the seismic signal. The generally accepted 

threshold for vertical resolution is a quarter of the dominant wavelength (Yilmaz, 1987). This 

treatment however, does not account for the frequency content of a Chirp wideband signal. In 

this chapter, emphasis is placed upon the temporal resolution of Chirp sources in terms of time 

and frequency components, rather than in terms of wavelengths and thickness (which inherently 

require a knowledge of interval velocities). 
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Figure 3.1; (a) The zero-phase Klauder wavelet - the autocorrelation of the 
32ms, 2-8 kHz Chirp pulse; (b) The associated power spectrum. 

frequency 

fu = highest terminal frequency of a band-
limited wavelet 

fi = lowest terminal frequency of a band-
limited wavelet 
ftj = dominant frequency content 

Af = fu - f| = bandwidth 

At = time duration of wavelet 

At' = time separation of wavelets 

Rv = vertical resolution (in time) 

Rh = horizontal resolution (in distance) 

Figure 3.2: A graphical representation of notation used in the discussion on seismic 
resolution of Chirp sources. 
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3.2.2 Temporal resolution and signal bandwidth 

The relationship between temporal resolution and signal bandwidth is defined by the 

uncertainty principle (Clarebout, 1976; Clay, 1977) as; 

where Af is the bandwidth and At the time duration of the wavelet. Intuitively, for two wavelets of 

duration At separated by At', the wavelets are resolvable when At < At', and are on the limit of 

resolution when At = At' (Figure 3.2). The uncertainty principle therefore defines the minimum 

bandwidth required to identify two points separated by At. Equally, the relationship can be used 

to define the vertical resolution of a wideband seismic source of bandwidth Af as: 

R v = - ^ - (3-2) 

Schock and LeBlanc (1990) and Parent and O' Brien (1993), without justification, 

propose that the vertical resolution of Chirp sources is controlled by the length of the Klauder 

wavelet, approximately equal to the inverse of the bandwidth. This proposal is in direct 

agreement with equation 3.2. 

3.2.3 Criteria for vertical resolution 

A unifying definition of vertical resolution is absent, as a precise definition is rather 

subjective. The complexity of the issue is outlined by Koefoed (1981) who proposed that vertical 

resolution is controlled by three aspects of the seismic wavelet - the width of the central lobe, 

side lobe ratio and side tail oscillations. Koefoed concluded that an improvement in any one of 

these aspects leads to a deterioration of one of the other aspects. The limits of vertical 

resolution are variably defined as: 

(a) Rayleigh's criterion 

The criterion established by Rayleigh (Jenkins and White, 1957; Kallweit and Wood, 1982) is to 

define the peak-to-trough separation as the limit of resolution (Figure 3.3 ii). In other words, two 

wavelets are resolved when their separation distance exceeds the peak-to-trough separation of 

an individual wavelet, i.e. when At' > b/2. 
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(i) 
Tr 

inflection 
point 

b/2̂  < > 
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b/2 TR 
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criterion 

Bicker's 
criterion 

Unresolved 

Figure 3.3: The limits of resolution as defined by Rayleigh and Picker, (i) For a wavelet, b 
= wavelet breadth; b/2 = peak-to-trough time; TR = separation between inflection points, 
(ii) Rayleigh's limit of resolution occurs when wavelets are separated by the peak-to-
trough time interval, b/2; Bicker's limit occurs when wavelets are separated by a time 
interval equal to the separation of inflection points, TR. (modified from Kallweit and Wood, 
1982). 

(b) Ricker's criterion 

Bicker (1953) studied the composite waveform as a function of separation and observed the 

central maxima of two waveforms merge as separation decreases, finally merging into a single 

peak with no subsidiary maxima. Bicker chose the vertical resolution criterion to be that 

separation where the composite waveform has a "flat-spot" (zero-curvature) at the central 

maximum (Figure 3.3 ii). A point of zero curvature occurs when two spikes are separated by an 

interval (TR) equal to the separation between the inflection points on the central maximum of the 

convolving wavelet (Figure 3.3 i). 

(c) Widess' criterion 

Both Bayleigh's and Bicker's criterion were defined using two spikes of equal amplitude and 

polarity. Widess (1973) described the results of convolving a zero-phase wavelet with two spikes 

of equal amplitude, but opposite polarity. Widess concluded that the "theoretical threshold of 

resolution" occurs when wavelet separation is one-eighth of a wavelength of the dominant 

frequency of the propagating wave. 

(d) Kallweit and Wood's criterion 

The main objective of Kallweit and Wood's (1982) work was to develop concepts for the 

resolution of zero-phase wavelets unifying the viewpoints outlined above, thereby removing 

polarity considerations from resolvability. Kallweit and Wood concluded that the temporal 

resolution of a broadband wavelet with a white spectrum is controlled by the highest terminal 

frequency ( f j , and the resolution limit approximates to 1/(1 .SfJ provided the band ratio of the 

wavelet exceeds 2 octaves. These authors further concluded that the practical limit of resolution 

occurs at a quarter wavelength condition and approximates to 1/(1.4fu). 
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Table 3.1 summarises the criteria outlined above for the vertical resolution of a seismic 

source. 

Criterion RV 

Rayleigh 
(Jenkins and White, 1957) 

b 

2 
Ricker 
(1953) 

TR 

Widess 
(1973) 

X D _ Vp 

8 8 ^ 

Uncertainty principle 
(Clarebout, 1976; Clay, 1977) 

1 

Af 
Kallweit & Wood 

(1982) 
1 

1.4fu 

Yilmaz 
(19873 

4 " 4 ^ 

Schock & LeBlanc 
(1990) 

Parent & 0 ' Brien 
(1993) 

length of compressed Chirp 
pulse {i.e. Klauder wavelet) 

Table 3.1: Table summarising the criteria for vertical seismic resolution 
as outlined in the text. 

3.2.4 The effective vertical resolution of Chirp sources 

Figure 3.4 shows the results of convolving the zero phase Klauder wavelet with two 

spikes of equal amplitude and polarity, with separation distance increasing at a constant interval 

of 40ps (corresponding to the sample rate of the Chirp source waveform). The modelling 

rationale follows that of Rayleigh and Ricker in examining the resolution of two spikes of equal 

amplitude and polarity. The synthetic seismograms display both the seismic 

response of the composite wavelets and the instantaneous amplitude of the waveform 

The calculation of R(t) effectively applies an envelope function to the data, smoothing the time 

series. Chirp sub-bottom data is conventionally displayed in this manner. 

The interference composites in Figure 3.4 destructively interfere until a separation 

distance of 0.28 ms (model g) is realised. At this separation, the envelope function of the 

composite waveform fits Ricker's criterion for vertical resolution, with a point of zero curvature in 

the centre of the composite waveform. Model h, with an increment of 40p.s on model g, fits 

Rayleigh's criterion, where the wavelets are clearly resolved into two maxima of equal amplitude 

corresponding to the spatial positioning of the spikes in the impulse response (separation of 0.32 

ms). 

See Section 4.3.1 of Chapter 4 for further discussion. 
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Figure 3.4: (a-h) The seismic response of the Klauder wavelet convolved with two 
spikes of increasing separation - impulse responses are shown on the left and 
synthetic traces on the right (continued overleaf). 
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Closer examination of the wavelet complexes (ignoring the envelope function) shows 

that two separate waveforms can be distinguished in models c to e. In model c, the envelope 

function also successfully discriminates two distinct reflections, corresponding to the positions of 

the spikes in the impulse response. However, in model f, the composite waveforms destructively 

interfere once again, and three distinct reflections appear instead of two. Therefore, the 

separation distance in model g is the first separation distance truly representing the effective 

resolution of the 2-8 kHz source. The wavelets cease interfering with one another once this 

critical separation distance is passed. This implies that close examination of correlated Chirp 

data (prior to the calculation of reflection strength) may uncover resolution aspects 

unrecognisable in data subsequent to the application of the envelope function. 

Table 3.2 lists the comparative time- and spatial- vertical resolutions for the criteria 

outlined above. 

Criterion Rv (ms) Rv (m) 

Rayleigh Model (h): At' = 0.32 0.240 

Ricker Model (q): At' = 0.28 0.210 

Widess a - 0.038 

Uncertainty principle A t = — = 0.16' 
Af 

CU25 

Kallweit & Wood — 0.09 
1.4fu 0.068 

Yilmaz 
Vp 

—— = N/A. 
4fd 

0.075 

Schock & LeBlanc 
Parent & 0 ' Brien 

Klauder wavelet length 

( A t ) = 0.16' 0U25 

Table 3.2: Summary of the vertical resolution in time (centre column) and space (right 
column) calculated from models (Figure 3.4) and theory using a 2-8 kHz Chirp source (with a 
dominant frequency of 5 kHz) travelling through sediments of Vp = 1500 ms ' \ All calculations 
ignore attenuation effects, assuming the bandwidth of the signal is preserved. 

Deconvolution is a process that attempts to increase vertical resolution by compressing 

the seismic wavelet in time. Ideally, deconvolution compresses the seismic wavelet to a single 

spike (or Dirac-delta function), thereby broadening the power spectrum. The synthetics 

presented in Figure 3.4 are not deconvolved. Deconvolution of synthetics is pointless, as it is 

possible to compress the Klauder wavelet to the ideal spike by designing a decon-operator 

around the source wavelet. Therefore, the modelling exercise represents the worst case 

scenario, or lowest limit of resolution. 

If we accept that the vertical resolution of the wideband Chirp source must be dependent 

upon the entire frequency content of the source-signature and not only upon the dominant 

frequency component, the uncertainty principle is the criterion which governs the resolution of 

Chirp sources. If we further accept that Rayleigh's criterion represents the limits of resolution of 
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the instantaneous amplitude of the wavelet, then model h (with a separation distance of 0.32 

ms) defines the lowest limit of vertical resolution. For Chirp sources, this approximates to twice 

the value predicted by the uncertainty principle (0.16' ms. Table 3.2), or: 

Af/d:=2. (3.3) 

So, the lower limit {worst case scenario) to the vertical resolution of Chirp sources may be 

written as: 

Ry < — . (3.4) 

The upper limit (best case scenario) of vertical resolution is dependent upon the signal-to-noise 

ratio of the data, attenuation effects and the success of data deconvolution. Realistically, the 

upper limit of resolution of the wideband Chirp source must be dependent upon the entire 

bandwidth of the waveform (Equation 3.3), and not merely the dominant frequency of the source. 

These proposals suggest the temporal resolution of the source signal is constrained by the 

relationship: 

(3 .5) 

It must be stressed that this relationship is a generalisation, and is entirely dependent upon the 

definition of resolution (in this case Rayleigh's criterion is used). For the 2-8 kHz Chirp source, 

the limits of vertical resolution are: 0.25m>Rv>0.125m 

3.3 Horizontal resolution (Rh) of Chirp sources 

Horizontal resolution refers to how closely two reflecting points can be situated laterally, 

yet be imaged as two separate points rather than one (Yilmaz, 1987). The generally accepted 

control on horizontal resolution is the Fresnel zone, a circular area on a reflector whose diameter 

is dependent upon the depth to the reflector, the compressional wave velocity of material above 

the reflector and the dominant frequency of the incident seismic wave. The radius of the Fresnel 

zone (Rfz) is given by the relationship: 

where Vp is the average velocity, twt is the two-way time of the reflector and fd is the dominant 

frequency in the recorded data (Yilmaz, 1987). When two reflecting points fall within the radius 

described by the Fresnel zone, the points are unresolved. In general, the radius of the Fresnel 

Zone increases with depth of penetration. 

The beam angle of a Chirp source, and therefore the footprint of the system, is 

dependant upon the transducer array and the bandwidth of the source. Beamwidth figures at 

certain frequencies for a 4-transducer Chirp array are listed in Table 3.3. 
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Frequency (kHz) Beamwidth (°) 

3.5 55 

5.0 45 

7.0 35 

Table 3.3: Beamwidth figures for the 4-transducer Chirp 
array (courtesy of GeoAcoustics Ltd.). 

Simple trigonometry defines the radius of the Chirp footprint (Rcf, the circular area of the reflector 

insonified by the system) as: 

R cf (3.7) 

where 0d is the beam angle of the system associated with the dominant frequency component of 

the Chirp source. 

The final factor effecting horizontal resolution of seismic data is the trace interval. In the 

case of marine seismic surveying, this factor is dependent upon survey speed (ms"^) and the 

pulse rate (s'^) of the survey system by: 

Trace Interval = survey speed / pulse rate. (3.8) 

In practice, the radius of the Fresnel zone will never increase to a size as large as that 

predicted by the Chirp footprint. Therefore the upper and lower limits of the horizontal resolution 

of Chirp sources may be defined as: 

Vptwt 
t a n - ^ > R h > 

Vn 
(3.9) 

For a 2-8 kHz source, propagating in a medium of Vp= 1500 ms" , the limits of horizontal 

resolution at a two-way travel-time of 10 ms (7.5 m) are: 3.11m > R^ > 1.06m, reinforcing the 

requirement of towing the Chirp towfish as close to the seabed as possible in order to maximise 

the horizontal resolution. As outlined above, the other controlling factor on horizontal resolution 

is the trace interval. Typically, Chirp surveying is conducted at a rate of 4 knots, or 2 ms'\ with a 

pulse rate of 4 s ' \ equating to a trace interval of 0.5 m. The trace interval in this case is of the 

same order as the Fresnel zone and the chirp footprint. It is therefore a significant factor in the 

effective horizontal resolution, and should be considered in data interpretation. 
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3.4 Attenuation effects 

Attenuation by marine sediments is arguably the most important factor determining the 

effective resolution of the Chirp source. Figure 3.5a is a plot of compressional wave attenuation 

in marine sediments against mean grain diameter compiled by LeBlanc et al., 1992b. These 

data display an increase in attenuation with increased $ with a maximum observed at fine sand. 

With further increase in ({>, attenuation decreases in the silt region and drops gradually. 

The zero-phase Chirp Klauder wavelet is designed to have a Gaussian shaped power 

spectrum (Figure 3.1). This zero phase (or linear phase) characteristic results in the pulse being 

symmetrical about its peak value. Non-linear phase, caused by phase dispersion of the pulse as 

it propagates through an attenuating medium, modifies the shape of the pulse so the time 

domain representation of the wavelet is no longer symmetrical (LeBlanc et al., 1992b). The Chirp 

wavelet is effectively stretched in time due to attenuation effects, broadening the time duration of 

the pulse (Figure 3.5b). As the Chirp source signature is known exactly, effective deterministic 

deconvolution will, to a varying degree, offset the effects of pulse-broadening by compressing 

the wavelet in time. Source-signature deconvolution is discussed in detail in Chapter 4, Section 

4.3.1. 

Attenuation effects are manifested in the frequency content of the reflected Chirp data 

by a downshifting of the dominant frequency, f j , in the power spectrum (Chapter 4, Section 

4.3.1; LeBlanc etal., 1992b; Schock et al., 1989; Panda etal., 1994). Figure 3.5c displays the 

shift in fd for a 2-10 kHz Chirp pulse propagating through sand silt and clay. This shift in fa is a 

measurable quantity and has been used to directly convert frequency shift per metre to a 

measurement of sediment attenuation (LeBlanc et al., 1992b; Panda et al., 1994). The shift in fd 

to a lower frequency causes an unavoidable increase in the size of the Fresnel zone, and so 

lowers the horizontal resolution of the system. 

Figure 3.6 illustrates the effects of sediment attenuation on the frequency content of 

Chirp sources. The profile, shot through a sequence of laminated marine muds and clays, was 

acquired utilising a 2-8 kHz Chirp source of fd = 5 kHz. The dominant frequency component in 

the power spectra decreases with depth of penetration, from 5 kHz at the seafloor (5 ms) to 2.9 

kHz in the sediment pile above the bedrock reflector (22 ms). This corresponds to an overall 

downshifting of 2.1 kHz in 17 ms (or 12.75 m penetration assuming Vp= 1500 ms"^). Figure 3.5c 

(after LeBlanc et al., 1992b) predicts a shift of approximately 200 Hz in the dominant frequency 

component for a 2-10 kHz Chirp pulse propagating in marine clays at a depth of 13 m. The 

attenuation effects in the Strangford Lough data are an order of magnitude higher than those 

predicted by LeBlanc et al., 1992b for fine-grained marine sediments. These high attenuation 
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Figure 3.5 (modified from LeBlanc et al., 
1992b): 
(a) Attenuation measurements plotted as a 
function of mean grain size for unconsolidated 
marine sediments. 
(b) Increase in pulse width for a 2-10 kHz Chirp 
pulse propagating through unconsolidated 
marine sediments. 
(c) Downshift in the centre frequency of a 2-10 
kHz chirp pulse propagating through 
unconsolidated marine sediments. 
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Figure 3.6: Diagram illustrating the effects of sediment attenuation on the frequency content of 
Chirp sources. The profile, shot through a sequence of laminated marine muds and clays in 
Strangford Lough (Northern Ireland), was acquired utilising a 2-8 kHz Chirp source of f^ = 5 kHz. 
The power spectra average the frequency content of 40 traces over 2 ms time windows of 
increasing depth: 4-6ms (seafioor), 13-15 ms and 19-21 ms. Frequency analysis is conducted on 
correlated data, sampled at an interval of 40 p,s. 
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effects may be attributable to the destructive interference of the high frequency component 

(caused by interference composites from sediment laminae), leading to an overall decrease in 

bandwidth and substantial decrease in the dominant frequency component. This attribute of 

Chirp data is further discussed in Chapter 6. 

Attenuation effects are very important when selecting the operating frequency band of 

the Chirp source for optimum resolution and penetration. In sand-dominated environments, 

where attenuation effects are highest, a source signature with a relatively small bandwidth and 

low f j is desirable. In contrast, clay- and silt-rich environments will attenuate the Chirp source to 

a much lesser extent, and so relatively wideband sources with a higher fd is desirable for 

optimum penetration and resolution. However, as outlined in the above paragraph, the presence 

or absence of sediment lamination is also an important factor in choosing the source signature 

for site investigation. 

3.5 Conclusions 

® The vertical resolution of Chirp sources are dependent upon the bandwidth (Af) of the 

reflection data by: 

» The horizontal resolution of Chirp sources are constrained by: 

2 2 2 ^ fd 

where Vp is the compressional wave velocity, twt the two-way travel time and Qd the beam 

angle associated with the dominant frequency component, fd. 

» Sediment attenuation causes a lithology-dependent broadening of the Chirp wavelet, a 

downshifting of the dominant frequency component and an associated decrease in 

bandwidth. These factors adversely affect both the vertical and horizontal resolution of the 

Chirp source. 
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Chapter 4 

Optimal processing of marine high-resolution seismic reflection (Chirp) data^ 

4.1 Introduction 

Chirp sub-bottom profilers are high-resolution FM sources offering vertical resolution on 

the decimetre scale in the top c. 30m of unconsolidated sediments. Typical applications of Chirp 

systems are in areas of marine bottom-sediment classification, marine foundation, pipeline 

laying, platform and well-site evaluation and archaeological and environmental impact surveys. 

The principal feature that distinguishes Chirp systems from short-pulse, single-

frequency profilers (e.g. boomers and pingers) is the nature of the Chirp source-signature. The 

sonar system transmits computer-generated, swept-frequency pulses (Figure 4.1a) which are 

amplitude- and phase-compensated (Schock eta!., 1989; LeBlanc etaL, 1992a; Panda eta!., 

1994). This precise waveform control helps suppress source-ringing (a common problem 

affecting the vertical resolution of short-pulse profilers). The Chirp waveform is weighted in the 

frequency domain to possess a Gaussian spectrum (Figure 4.1b) and the autocorrelation of the 

Chirp pulse is the zero-phase Klauder wavelet shown in Figure 4.1c. 

Chirp technology therefore presents the uncommon case amongst high resolution sub-

bottom systems of a determined, repeatable source-signature, and hence a greater probability of 

recognising signal in the presence of noise. The following discussion summarises the optimal 

processing of uncorrelated Chirp data and highlights the inherent advantages to the seismic 

processor in a resolved source-signature. Emphasis is placed upon the processing of these data 

to aid interpretability of high resolution profiles, rather than quantitative sediment analysis. 

Results indicate that the application of predictive filter techniques to Chirp sub-bottom data is 

successful in increasing both the SNR and the lateral continuity of the data. 

4.2 Methodology 

Uncorrelated single-fold data presented in this paper were acquired in the East Solent, 

U.K. in May 1995 utilising a Chirp towed transducer system comprising 4 transducers coupled to 

a plate and a single-section hydrophone. The hydrophone (bandwidth of 0.5 to 15 kHz) 

comprises an 8-section mini-streamer and in-built power amplifier. Throughout the survey, a 

32ms Chirp pulse (Figure 4.1 a) of bandwidth 6 kHz (sweep of 2-8 kHz) with a repeat period of 

250 ms and a sample interval of 40^s was employed. The dominant frequency (or carrier 

frequency), fd, of this pulse is 4.6 kHz (Figure 4.1b). The Chirp section used in this paper 

represents a continuous, single channel profile of 200 traces, with an average trace-interval of 

^ Quinn, R., Bull, J.M. and Dix, J.K., Marine Geophysicai Researciies, in review. 
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Figure 4.1: (a) Tine 32 ms frequency-modulated pulse linearly sweeping from 2-8 kHz. (b) 
Power spectrum of the Chirp pulse, (c) Zero-phase Klauder wavelet - the autocorrelation 
of the Chirp pulse. 
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Figure 4.2: Flow chart outlining the processing sequence applied to uncorrelated Chirp 
data. Phase 1 = correlation and deconvolution; Phase 2 = filtering. 
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0.6m acquired in an average water depth of 7.5 m. All data processing is conducted in the 

ProMAX™ 6.0 software package (Advance Geophysical Corporation) mounted on a SUN Ultra 

workstation. 

Processing algorithm and parameter suitability were assessed by their effects on both 

single- and multi-trace Chirp seismograms. Processing of the uncorrelated data is divisible into 

two phases (Figure 4.2): (1) correlation and deconvolution; (2) filtering. 

Two methods are employed to demonstrate the effects of the processing algorithms on 

the uncorrelated data. The first method is the presentation of the full profile at significant stages 

within the processing sequence. The second mode of display is single-trace seismograms 

(together with associated power spectra) in which the effects of each step in the processing 

sequence can be examined in detail (Figure 4.3). Trace 3100 is chosen as the display trace as it 

possesses a relatively low SNR and the effects of each processing stage can be readily 

appreciated. 

4.3 Chirp data processing 

4.3.1 Phase 1 - correlation and deconvolution 

A zero-phase correlation of the uncorrelated data was performed utilising the source 

sweep in Figure 4.1a. The resulting correlated data are effectively the superposition of the 

Klauder wavelet (Figure 4.1c) on the earth's impulse response, plus some noise component. 

The results of correlation with the source sweep are illustrated in the profile of Figure 4.4 and the 

single-trace seismogram of Figure 4.5a. In the complete profile, the major reflection events 

(seabed at 10 ms and bedrock profile between 20 and 25 ms) are distinguishable, but sharp 

detail in the sediment pile is lacking due to the ringiness of the Klauder wavelet. However, the 

correlation process has increased the overall SNR of the data, aiding interpretability (compare 

the power spectra of Figures 4.3 and 4.5a). A noticeable characteristic of the correlated data is 

the downshifting of the carrier frequency from 4.6 kHz in the source sweep to 4.2 kHz in the 

reflection data. A similar effect was recognised by LeBlanc et al. (1992b) and Panda et al. (1994) 

and attributed to sediment attenuation causing the centre frequency of the Chirp pulse spectrum 

to shift to a lower frequency. 

Subsequent to correlation, a source-signature deconvolution (Figure 4.2, Phase 1) is 

performed to reduce the ringiness of the correlated data. The solution to the deconvolution 

problem is said to be deterministic (Yilmaz, 1987) as the Chirp source-signature is known 

exactly. An inverse filter (the inverse of the Klauder wavelet) is calculated and this operator is 

convolved with the correlated data. A comparison of the correlated and deconvolved 

seismograms in Figures 4.5a and 4.5b demonstrates that individual reflectors are enhanced by 

this process, and previously indistinguishable events are revealed. However, this process fails to 

convert the seismogram into a series of pure spikes representing the desired impulse response 

due to the presence of noise. 
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Figure 4.3: Single uncorrelated Chirp seismogram (Trace 3100) with associated power 
spectrum. 
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Figure 4.4: Correlated Chirp profile of 250 traces with an average trace interval of 0.6m. 
The seabed and bedrock interfaces are imaged at approximately 10 ms and 23 ms two-
way travel time respectively. 
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Figure 4.5: Diagram illustrating the three initial stages in the processing history of the 
Chirp profile. Single trace seismograms (Trace 3100) are displayed with their associated 
power spectra, (a) Zero-phase correlation (b) Source-signature deconvolution of 4.5a (c) 
Instantaneous amplitude calculation of 4.5b. 
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Figure 4.6: Correlated Chirp profile subsequent to source-signature deconvolution and 
instantaneous amplitude calculation. 
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