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Abstract 

Within a research programme aimed at developing in situ sediment classification methodologies, it has been 
demonstrated that with only limited ground truth information, sub-bottom profiler data can be inverted to produce 
quantitative information on the spatial distribution of surj?cial sediment physical properties. Further, it has also been 
shown that using an integrated approach to the analysis of seismic shear wave velocity data and reflection responses 
can help discriminate subtle variations in the seabed sediment properties. 

1. Introduction 

In the past few years, there has been increasing interest in geophysical remote sensing of sea floor sediment 
properties, in particular, in research related to developing in situ sediment classification methodologies capable of 
providing input data for geo-acoustic and mine burial models. At the University of Wales, Bangor (UWB), research in 
this field has progressed along two fronts: 

(i) research into extracting physical/geotechnical information from the seismic reflection response, and 

(ii) studies of sediment seismic shear wave propagation characteristics, including development of methodologies for 
underway measurement. 

This paper presents results of a series of integrated experiments (seismic reflection and shear wave) carried out in 
Irvine Bay, Scotland, an area of the eastern Clyde Sea near Glasgow, in 1995. The aims of the experiments were: 

(i) to acquire high quality, high resolution digital sub-bottom profiler data in a suitable format for processing and 
analysis of the sea floor reflection response, 

(ii) these data to be acquired in an area offering appropriate ground truth information to enable calibration of the sea 
floor reflection response and ultimately, to allow validation of the seismo-acoustic physical property predictions, 

(iii) to process the acquired seismic data to provide maps of the physical property distribution in the area using 
geotechnical processing algorithms developed at UWB (on the basis of published empirical acoustic-physical property 
relationships), and 

(iv) to acquire complementary shear wave velocity data to help interpret any anomalous areas observed on the 
'seismo-acoustic property' maps. 
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2. Background 

2.1 High resolution seismic reflection studies 

It has been known for several decades that the sea floor reflection coefficient (or acoustic impedance) can be used for 
the broad classification of sea flow sediment type e.g., [I]. During recent studies carried out in other areas 121, "in 
press" [3], the Marine Geophysics Group at UWB has demonstrated the potential for using the seismic reflection 
response recorded during surveying with a conventional boomer sub-bottom profiler system to provide semi- 
quantitative information on sea floor sediment properties. In the absence of precise quantitative control, the previously 
reported studies concentrated on attempting inferences on sediment property variability on the basis of spatial change 
in the relative reflection strength and bottom reflectivity variance. However, within the current study reported herein, 
interpretation of the seismic reflection response has been taken a stage further, with laboratory-derived control data 
(in the f o m  of measured physical properties) used to calibrate the reflection response, thereby enabling a more 
'absolute' acoustic measure of the in situ sediment properties. 

2.2 Shear wave studies 

As reported previously [4], there is clear correspondence between the surface sediment seismic shear wave velocity, 
sediment grade and bathymetry within the study area. In general, deeper water is characterised by the presence of 
muds of low shear wave velocity ( c. 30 rnts); the areas of shallower water are predominantly sands and muddy sands 
displaying higher shear wave velocities (60-90 m/s) suggesting a bathymetric control on sediment properties. For the 
purpose of the current study (1995 experiment), the shear wave survey concentrated on a neighbouring sector of Irvine 
Bay, with the primary objective being the provision of information to help interpret any anomalies arising from the 
seismic reflection interpretation. 

3. Data acquisition 
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Figure 1: Grab sampled mean grain size 



3.1 Seismic reflection response 

High resolution digital seismic reflection data were acquired using a Uniboom surface towed source and a separately- 
towed hydrophone. Data were recorded digitally on an Elics-Delph 2 marine digital acquis~tion system. Sub-bottom 
profiles were initially interpreted to provide information on subsurface structure and seismic character of the various 
sedimentary units, en route to constructing a seismic stratigraphy for the area The second stage ~nterpretation was 
directed towards the extraction of physical/geotechnical information from the dig~tal seismlc reflect~on response. 

3.2 Shear wave velocity 

The UWB bottom-towed geophysical sledge [5] was used to acquire shear wave velocity data for the surficial sediment 
cover in a pseudo-underway fashion. For the shear wave measurements, the sledge-mounted horizontally-polarised 
shear wave source was fired at discrete locations along the survey track, with signals detected by an integral bottom- 
towed multi-element geophone array. Recorded travel-time data were inverted to provide information on the spatial 
variability of shear wave velocity in the upper 2-3 metres of the sediment cover. For the purpose of this study, the 
interpretation concentrated on arrivals at near source detectors in order to provide a velocity measure for the 
immediate surface layer. 

3.3 Grab and core sampling 

Thirty grab samples and three gravity cores were collected to provide a range of ground truth information. Core 
samples were both X-rayed and logged for compressional wave velocity prior to extrusion from the core barrel. In the 
laboratory the core material was analysed for grain size characteristics, moisture content, specific gravity of the 
grains, bulk density, porosity and shear strength. Grab samples were analysed for grain size distribution, with the data 
from all the samples used to produce grain distribution maps for the survey area (Figure 1). 

4. Properties from the reflection response 

4.1 Processing the seismo-acoustic data 

In the first instance, the raw boomer data were compiled and processed to enable maps of the relative bottom 
reflectivity strength and shot-to-shot reflectivity variance to be produced. The bottom reflectivity variance i.e. the shot- 
to-shot variance of the relative bottom reflectivity strength, was calculated over a window of 40 shots. Ground truth 
data from the laboratory core analyses were then used to calibrate the relative reflectivity strength at the fixed core 
locations, this then allowing conversion of the relative bottom reflectivity strengths to absolute measures of the bottom 
reflection coefficient. The bottom reflection coefficient (or acoustic impedance) values could then be inverted to 
produce geophysically-determined maps of the bulk density, porosity and mean grain size of the sea floor sediments. 

4.1.1 Calibration and inversion 
The calibration of the seismo-acoustic data was carried out using the porosity and density information from the three 
gravity cores. Using the empirical equations of Richardson and Briggs 161, it was possible to determine an 
empirically-derived reflection coefficient for each of the cores for both density and porosity data. A linear regression 
technique was then used to determine the linear relationships between reflection coefficient and bottom reflectivity 
strength, making it possible to produce a reflection coefficient map for the entire area (Figure 2). Thenceforth, the 
same empirical relationships [6] were used to invert the seismo-acoustic data for the physical properties (bulk density, 
porosity and grain size) of the surficial sediment cover (using the UWB developed geotechnical processing 
algorithms). 

4.2 Sediment type and grain size 

The acoustically-derived sea floor sediment types, defined in terms of mean grain size, indicate that the south-western 
two-thirds of the area surveyed comprises sandy mud (Figure 3). This is in agreement with the published BGS map 
for the area [7]. As mentioned previously, there is a high degree of correlation between the grain size of the surficial 
sediments and the bathymetry. An examination of the seismo-acoustic data also shows a close relationship between 
bathymetry and the seabed reflection coefficients. For example, two topographic ridges in the area are associated with 
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areas of elevated reflection coefficients, providing an independent test of the strong inter-relationship between sea 
floor sediment type and bathymetry. 
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Figure 2: Sea floor reflection coefficient 

Throughout the area there is good visual correlation between high reflection coefficients and low phi values (coarser 
grained sediments), the latter obtained from the analysis of grab samples. Similarly, there is a high degree of 
correlation between the acoustically-derived modified Folk sediment classification (based on the reflection 
coefficients) and the same obtained from grab samples. Further, examining the spatial distribution of surficial 
sediment across the survey area for both acoustically-derived and grab sample data, the contour boundaries between 
different sediment types appear markedly similar in position and form. 

4.3 Bulk physical properties (bulk density and porosity) 

Maps of acoustically-derived bulk density and porosity display similar trends to those seen for mean grain size 
distribution. Again, there seems to be a close inter-dependence between bathymetry and acoustically-derived 
properties, not unexpected on the strength of the earlier discussion. 

4.4 Reflectivity variance as a sediment classification aid 

Bottom reflectivity variance (Figure 4) can be used in a semi-quantitative manner to broadly d~scr~minate between 
different types of sea floor as the parameter varies as a function of the sea floor sediment roughness. For the Irvine 
Bay survey, there was a high degree of visual correlation between the bottom reflection ceoffic~ent and the shot-to-shot 
variance, the areas of high bottom reflection coefficients generally having correspondingly high values of shot-to-shot 
variability. This is to be expected as it is more probable that coarser grained sediments are both more highly reflective 
and more highly scattering; the latter is both as a consequence of the larger particle size and because these coarser 
sediments are more likely to exhibit bedforms (e.g. ripples). 
Probably most importantly, shot-to-shot variance as a sediment discriminator allows areas where bottom surface 
scattering may be a problem (in acoustic sediment property inversion terms) to be recognised. With regard to the 
Irvine Bay data, areas of outcropping bedrock or glacial till could be identified by a combination of very high sea floor 
reflection coefficients (i.e. values that are above those of upper limits for normal marine sediments), and/or high shot- 



to-shot bottom reflectivity variance. Clearly knowledge of bottom surface scattering is important if the results of 
acoustic surveys are to be used with confidence in sea floor sediment property prediction. 
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Figure 3: Sea floor reflectivity variance 

4.5 Independent validation of the acoustic interpretation 

To test the validity of the acoustic interpretation, a subset of the acoustically-derived physical property data was 
compared with a published data set produced from an independent laboratory study of the physical properties of the 
Irvine Bay sediments. The referenced data were gamma-density core logs acquired by the Admiralty Research 
Establishment in 1989 [8]. The ARE logs comprised a series of discrete density measurements at 10 cm intervals 
down the length of each core. Comparison of acoustically-derived densities with the gamma-density data yielded 
excellent agreement, lending support to the acoustic physical property classit~cation methodology. 

The second independent approach to method validation presented itself in terms of the comparisons between acoustic 
mean grain size predictions and grain size distributions produced from the analysis of grab samples. As with the 
independent density test and as discussed above (4.2), there appears to be close agreement between the acoustically- 
predicted and physically-derived properties. 

5. Shear wave velocity data 

5.1 Shear wave velocity as a sediment property indicator 

The seismic shear wave velocity is widely recognised as an indicator of the structural strength of a sediment. 
Essentially the shear vibrations are translated through the skeletal frame of the sediment hence the relation to 
structural properties (of the sediment particle framework) and the significance for seabed 
classification/characterisation studies. Further comment on shear wave propagation in marine sediments and 



120 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

velocity/physical property relations is beyond the scope of this paper but can be found in the expanding literature on 
the topic. 
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Figure 4: Acoustically derived sea floor mean grain size (phi) 

5.2 Irvhe Bay 1995 study 

The velocity transect presented here as Figures 5. cross zones of the survey area (specifically the southernmost sector) 
which yielded subtle changes in sediment physical properties on the basis of the seismo-acoustic prediction. In the 
main part, these zones of subtle change occur in areas of predominantly finer grained sediment. On the basis of the 
seismo-acoustic prediction using boomer data, the south eastern margin of the area surveyed showed a decreased 
porosity, increased bulk density and increased grain size. For the same area, shear wave data show much scatter down 
this zone, but show subtly higher velocities at the start and end of the line with a mean value of c. 40-45 m/s. Those 
highs correspond with anomalies in the boomer property predictions, as do general trends in shear wave velocity 
along the southern margin of the area (in an east - west direction). Interestingly, a simultaneous survey with a USP 
~ o x a n n  system did not discern these anomalous zones. 

5.3 Signiticance of the shear wave data 

As well as providing inherently useful information in themselves, the shear wave data in this case have been shown to 
be capable of discerning very subtle changes in sediment properties. Indeed they have also revealed that the apparent 
increased sensitivity of the processed (inverted) boomer reflection response over the Roxann data may well be real and 
not artificial. 
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Figure 5: Variation of shear wave velocity along southern transect 

6. Discussion and conclusions 

Because of the highly variable nature of marine sediments and the problems associated with physically sampling sea 
floor materials, geophysical remote sensing methodologies probably hold the greatest potential for sea floor sediment 
classification/characterisation for a range of environmental and engineering applications. Further, it has become clear 
in recent years that engineering estimates and geo-acoustic models rely upon reliable in situ parameter estimates to 
provide a representative description of the sediment body. 

Within this study it has been demonstrated that, with only limited ground truth information, it is possible to invert 
seismic reflection responses from sub-bottom profiler data to produce maps of the surficial distribution of sediment 
porosity, bulk density and mean grain size. Further, it has been shown that the seismic shear wave velocity is a 
sensitive indicator of sea floor sediment properties, and that the combined analysis of the sediment shear wave 
caharcter and seismic reflection response can be used to discriminate subtle variations in sea floor sediment 
properties. 
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