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1. INTRODUCTION

When studying geological structures on the sea floor, such as lava flows or rock debris, their
age is a valuable clue to their origin. The amount of overlying fine-grained sediment is often
used as a rough guide to geologic age. This presentation will discuss preliminary attempts to
estimate the thicknesses of sediment drapes overlying rocky surfaces in 6.5 kHz GLORIA
sidescan sonar imagery by inferring the amount of signal attenuation that has occurred in the
sediment drape. First, the signal variation with grazing angle over a uniformly-buried surface, a
lava flow, is analysed for attenuation, which is expected to increase towards shallow grazing
angles and longer attenuating paths through the sediment layer. Second, a rocky surface is
buried by varying amounts of sediment, which is analyzed at constant grazing angle. The rocky
surface is produced by volcanoes at a midocean ridge spreading centre and the sediment thickens
away from the centre at a rate which can be used to estimate the sediment accumulation rate.

2. ACOUSTIC MODEL

When mapping an area with sonars for the first time, complicated acoustical models have
limited use for deriving information about the sea floor because there are usually insufficient data
to constrain these models. In order to derive sediment information, therefore, an acoustic model
must be simple. A first-order model for the attenvating effect of sediment drapes is illustrated in
Figure 1.
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Figure 1. A simple acoustical model of rocky
basement overlain by attenuating fine-grained
sediments

Highly-scattering surface

A plane wave is incident upon a sea floor comprising a highly-backscattering surface overlain by
fine-grained attenuating sediments. The sediment surface is flat so that the refracted wave is
transmitted into the sediment as a plane wave. The intensity of the signal is reduced at the surface

by the pressure transmission coefficient squared (T,,,2), and is further reduced on the return path

(by T5,2). Imregularities within the sediment are assumed to be small such that the plane wave is
not broken up. The effective backscatter strength of the sedimented surface is
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the backscatter from the lava flow shows an anomalous 10 dB decrease with range from 4 to 20
km that is due to signal attenuation in the sediments overlying the flow. The difference of the

two curves in F:gure 3 is graphed against llsmBg in Figure 4, where the grazing angle 83 was
determined using ray-tracing. The difference in backscatter strength between the two curves in
Flgure 3, accordmg 1o the first-order acoustical model in equation 1, is - o
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’ ABS = BlSv(eg‘) - BSs(eg) + 20 lOglO(TwsTsw)' - (2):

where BS,, and BS; are the effective surface backscatter strengths of the lava flow and "normal”
sediments respectively. If the variation of T with angle is small, if the angular dependencies of
BS,and BS; are sufficiently similar for the third term in equation 2 to dominate, if the sediment

has constant thickness #, and if there is negligible refraction within the sediment, a graph of ABS

against 1/sinf, will yield a straight line with slope 2hogp. Excluding data below 15° where
refraction may be significant, the graph has a slope of -0.8 dB. Given that the sediment is 1-2 m
thick [6], the data suggest a sediment attenuation coefficient of 0.2-0.4 dB/m, Wthh compares
favourably with other published attenuation values around 6.5 kHz. _

1

4. MIDOCEAN RIDGES

Figure 5 shows a swath of GLORIA data collected across a midocean ridge. The brightness:
in the image decreases away from the spreading centre as the volcanic sea floor is progressively
covered by sediments (the numbers below the image are kilometres measured from the spreading
centre). To correct for the variable response of the GLORIA system, the data were first
converted to relative sea floor backscatter strengths using the design characteristics of the sonar
[7, 8]. Although the sonar is uncalibrated, this calculation is sufficient because this study
involves only the variation and not absolute backscatter levels. The range is restricted to 5-10 km
to avoid errors with the beam pattern calculation and effects of refraction in the sediments.

Sediment Thickness Distribution and Variability

Figure 6 shows the amplitude distributions for the areas outlined in Figure 5. The
distributions are narrow over the ridge axis and widen as the sea floor becomes older. The
centres of the distributions decrease, reflecting the sieady overall accumulation of sediments. The
upper -30 dB tail of the distributions remains at a level similar to that for the ridge axis ("young
sea floor"), showing that abyssal hills are exposed by erosion or non-deposition on steeper
slopes. Beyond 30 km from the spreading axis (~1 m.y), the lower tails of the distributions
reach the -65 to -75 dB backscatter level of deep sediment ponds found on 10-m.y.-old sea floor
[9] and the basement is probably masked by the sediment ponds in these areas (the level of
backscatter from the sediments themselves exceeds the heavily attenuated backscatter from the.
basement). The changing shape of the distributions before 1 Ma (the distributions appear to
smooth out from an initially narrow distribution over the spreading centre to broader distributions
on older sea floor).can be explained relatively simply by noting that sediment accumulation is
likely to be spatially-distributed because of sediment slumping or through the action of bottom
currents so that different areas are left with varying amounts of sediment cover, leading to
varying amounts of attenuation of the backscattered amplitudes. The smoothing of the
distributions in Figure 6 can therefore be interpreted as a convolution of the bare rock amplitude
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distribution by the varying amounts of attenuation.

Equation 1 can be used to express this interpretation mathematically using probability density
functions (PDFs). The sediments are assumed to accumulate in such a way that there is no
statistical connection between the backscatter strength of the basement and the attenuation due to
the sediments, and these may be treated as independent random variables. The backscatter
strength distribution, which is represented by the PDF ppg(A), is then given by a convolution
[10] of a PDF representing the variations in backscatter strength of the basement surface ppg(A)

with a PDF representing the variations in the amount of attenuvation p(H), where H=h2ogp/sin6y’
and A is the amplitude in decibels.

~ Pus(A) = pps(A) * p(-H). : (3).

The asterisk represents the convolution operator. Transmission of the signal through the
sediment surface is common to areas of both thick and thin sediment cover, and therefore the
transmission coefficient is constant and is left out of the convolution. The parameter in the
attenuation PDF is negative due to the definition of H. The amplitudes are further varied because
of interference effects which cause image speckle and other fluctuations caused by the sonar
system. Since the sonar system’s effective gain and the sea floor's backscatter strength are
additive independent random variables, the distribution of backscatier strengths measured by the
sonar is given by a further convolution with a PDF p,(A) representing these variations [11].

Pm(A) = (pps * pu) * p(-H) | (4).

The progressive broadening of the distributions in Figure 6 is therefore due to a convolution of
the backscatter distribution of the volcanic basement (pps*py) with a sediment attenuation
distribution p(H), which represents an increasing range of sediment thickness as the sea floor
ages. Furthermore, if the distribution of amplitudes measured over the spreading centre
represents the PDF pps*py, for the more sedimented areas, the PDF p(H) may be recovered by
deconvolving the distributions using the spreading centre distribution as the response function.
The distributions of sediment thickness p(k) are then given by rescaling p(H) and parameter H

with an estimate of the factor 2azp/sin8,". This is presented separately [5] and suggests that it
may be possible to determine sediment thicknesses as great as 10-20 m with 6.5 kHz sonar.

Sediment Accumulation Rate

The means of the signal levels in Figure 6 and two further data sets are shown in Figure 7.
The graphs are linear between 5 and 30 km, which implies a steady increase in the average
sediment thickness. The graphs are non-linear within § km of the spreading axis, presumably
where there are active geological processes such as faulting and volcanism over the valley fioor.
Beyond about 30 km, the flattening of the curves is due to sediments accumulating at discrete
sites (sediment ponds) which acoustically mask the underlying basement and these slowly grow
in area while the remainder of the sea floor maintains a relatively uniform range of sediment
thickness. We can describe the linear part of the graphs mathematically by taking the mean of

equation 1. We assume that BS and 4 are independent, that oy and cosec(8, ) are constant, and
that the mean backscatter strength of the basement is constant with distance from the spreading
centre. The slopes of these graphs are :
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where R is the sea floor half-spreading rate in km/m.y. (3 km/m.y. here), which can be estimated
by modelling sea floor magnetic anomalies. This equation can be solved for the sediment
accumulation rate § (mm/ka). Assuming an attenuation coefficient of 0.3 dB/m, the ~0.34
dB/km average slope of Figure 7 suggests an average sediment accumulation rate of ~6 mm/ka.

o f 5. DISCUSSION

Clearly, when mapping sediment drapes for academic or offshore engineering applications,
the most desireable tool is a sub-bottom profiler. Why then bother with indirect sonar methods
such as this? There are three possible uses: the method can potentially determine sediment
thicknesses that are unresolvable with sub-bottom profilers, a sidescan sonar's spatial coverage
can be used 10 fill between lines in those cases where sub-bottom profilers can resolvg sediments,
and where the sea floor's topography is rough, such as over midocean ridges, scattering from the
abyssal hills obscures the sediments in sub-bottom profiler records but sidescan sonar can still
detect these sediment thicknesses (this is evident from Figure 7). However, there are problems
with the sonar method. In addition to the uncertainty in attenuation coefficients, the spatial
resolution of sidescan sonar causes a bias because the amount of attenuation depends on the
variability of the sediment thickness over spatial scales finer than the sonar footprint; a given
volume of sediment will reduce the backscatiered amplitudes more if it drapes on the topography
than if it fills low areas in the basement. Model results [5] show that sédiment thicknesses may
be underestimated and sedimentation rates may also be too low. This source of error will need
further empirical investigation. _

As a method for mapping sediment accumulation rates over ridges, this is important because.
the sediments are carbonaceous and their accumulation represents a sink of carbon in the oceans,
with implications for the overall carbon cycle {12]. Ac¢cumulation rates can be measured from
individual sediment cores but these are unreliable because sediment erosion and redeposition are
difficult to account for. Rates can be determined from sub-bottom profiler records by mapping
the rate of thickening of sediments away from ridges but, to avoid the effect of abyssal-hill
scattering, the profiler must be towed near the sea floor [13, 14]. The advantages of sidescan.
sonar methods are that they average out the sediment thickness variations that affect cores and
they are collected efficiently. Probably a combined approach, using sonar data but with deep-tow
records for calibration, will be the most practical way to map variations in sedimentation rates
along ridges, which can then be compared with variations in biological productivity.

6. CONCLUSIONS

A preliminary assessment has been made of a simple acoustical model for a highly scattering
geological surface covered by sediments, in which the attenvation of the backscattered signal is
proportional to the sediment thickness and to the sediment attenuation coefficient. The amplitude
variation with range for a GLORIA 6.5 kHz sidescan sonar image of a lava sheet flow is
consistent with an attenuation coefficient of 0.2-0.4 dB/m for the overlying fine-grained
sediments. The result suggests that preliminary estimates of sediment drapes from sidescan
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sonar data may be possible.

Over the South East Indian Ridge, the mean signal level decreases in GLORIA data collected
with the sonar towed away from a spreading centre. When interpreted with the simple model,
this suggests that the average rate of sediment accumulation is ~6 mm/ka (assuming the
attenuation coefficient is 0.3 dB/m). Furthermore, the amplitude distribution of the sonar may
also be used to recover information on the variability of sediment thickness via a simple
convolution model. : ‘ : :
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Figure 2. A GLORIA swath crossing a lava |
flow 100 km north of the Hawaiian islands..
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Figure 5. A swath of
GLORIA data across a
spreading centre in the
central Indian Ocean. High
amplitudes are plotted
white.

Figure 6. Amplitude histograms for
the areas outlined in Figure 5. The
histograms represent 4000 samples in
each 5 X 5 km area of sea floor.

Figure 7. The mean signal level. The
cireled points are from Figure 6 and
other symbols from two further
swaths, Standard errors are ~0.1 dB.
The simple gradient of the mean
outside the rift valley walls from 5 to
30 km implies a constant
sedimentation rate and steadily
increasing attenuation away from the
ridge. The sediment accumulation rate
estimated from this slope is 6 mm/ka.
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