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Broad-Band Geoacoustic Inversion 
in Shallow Water from Waveguide 
Impulse Response Measurements 
on a Single Hydrophone: Theory 
and Experimental Results 

Jean-Pierre Hermand 

Executive Summary: Performance models such as the allied Environ- 
mental Support System (AESS) require environmental input parameters such 
as the geoacoustic properties of the battlespace. The models ingest the input 
parameters from databases to predict the ASW and LICkI performance in the 
operating area. These databases have a scarcity of data,  particularly in lit- 
toral environments. A Rapid Environmental Assessment (REA) technique has 
been devleoped which allows for the determination of the geoacoustic prop- 
erties without resorting to large acoustic receiving apertures. The method is 
based on reception of broadband acoustic signals and modelling the littoral en- 
vironment between the acoustic transmitter and a signal receiving hydrophone. 
In addition, the technique has been extended to drifting sonobuoys such that 
the bottom properties of the battlespace can be determined remotely. This 
report presents the measurement and modelling results and demonstrates that 
the bottom features can be resolved. 
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Introduction 

Modern geoacoustic inversion techniques for shallow water environments seek to 
exploit the spatial and temporal structure of waterborne pressure wavefields. 

In this paper, the time dispersion and attenuation characteristics of the acoustic 
waveguide are explicitly used to resolve bottom properties from single-hydrophone 
measurements of propagating broad-band waveforms. 

Numerous variations of the "matched field" concept [ I ,  21 have been investigated to 
localize an unknown sound source [3, 4, 5,6] and later on, to characterize an unknown 
environment [7, 8, 9, 101. Linear perturbative methods [ll, 121 were developed as 
an alternative to nonlinear inverse methods. All these methods match the spatial 
structure of the complex pressure field, in the horizontal or vertical planes, at one or 
more discrete frequencies. The literature dealing with the spatiotemporal structure 
of the wavefield for the purpose of environmental inversion is limited as indicated 
by the review of the state of the art [13] and recent publications [14, 151. 

Related experimental studies relied on acoustic measurements configurations involv- 
ing either bottom-moored vertical arrays (VA) [16, 17, 18, 191, synthetic horizon- 
tal apertures [20, 211 or sound sources and horizontal line arrays towed simulta- 
neously [lo]. These require considerable ship time in surveying large areas of the 
shallow continental shelf where upper sediments typically exhibit marked variability. 

The Yellow Shark experiments performed in the Giglio basin, off the west coast of 
Italy, during the fall of 1994 (YS94) and the spring of 1995 (YS95) were primarily 
designed to develop and validate inversion techniques based on sparse, waterborne 
measurements of the acoustic-channel transfer function [22]. The CW transmissions 
of conventional MFP experiments were replaced by broad-band-coded (200-1600 Hz) 
waveforms generated from bottom-moored calibrated acoustic projectors. The sig- 
nals, propagated over distances of 8-55 km, were received on sparse (4 elements) 
and dense (64132 elements) VA's. The EnVerse sea trials conducted in part south 
of Marettimo island, off Sicily, during the winter of 1997 (EV97), extended the per- 
fectly static configurations of Yellow Shark to an advanced drifting acoustic buoy 
field for the rapid assessment of range-dependent (RD) bottom properties over a 
12 x 8 km wide area [23, 241. 
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In a recent study [13], bottorn geoacoustic parameters were inverted from broad-band 
matched-field processing (BMFP) of multitone pressure fields sampled on a 63 m 
32-element VA in a 15 km mildly range-dependent (RD). soft-bottom, shallow-water 
medium, northwest of Formiche di Grosseto islands [YS94, transect XF, Fig. 11. The 
wide (200-800 Hz) range of tones was necessary and sufficient to resolve correctly 
the bottom. 

In an earlier paper [25], the feasibility of inferring bottom properties from transfer 
function measurements between a source and a single-depth receiver was investigated 
numerically for the Giglio basin platform. Modeled Green's functions were shown 
to be highly sensitive to small variations of archival geophysical/geoacoustic bottom 
parameters, irrespective of source/receiver geometry. 

In the present study, a single-hydrophone, geoacoustic inversion technique is pro- 
posed and demonstrated experimentally with YS94 data. The broad bandwidth of 
the probing signal is utilized to determine bottom properties. An environmentally- 
adaptive processor, the model-based matched filter (MBMF), fully integrates the 
physics of wave propagation into its reference signals (replicas) [26]. The concept 
was applied successfully for source localization in fading time-dispersive ocean chan- 
nels [27]. In essence, the MBMF is a close relative of the "matched signal" (MESS) 
processor which was demonstrated experimentally by backpropagating a received 
signal and effectively refocusing the energy at  the source [28, 291. Here, for the 
purpose of environmental inversion from one-way transmission measurements, the 
process is performed numerically at  the receiver by means of broad-band modeling 
and time-domain correlation. The frequency-dependent attenuation, multipath and 
time dispersion effects due in part to bottom interaction are incorporated into the 
MBMF replicas as a function of candidate models. Environmental matching oc- 
curs when most of the time-spread energy is recombined coherently by the MBMF 
receiver. 

In related papers [30, 311, RD bottom properties were determined from broad-band 
transmission loss (TL) measurements, sparse in range and depth, in a strongly RD 
situation [YS95, transect E F  in Fig. 11. In this frequency-averaged incoherent pro- 
cessing, the data-model matching requirements are less stringent than for space-time 
coherent processing. Considerable robustness of bottom estimates to environmental 
variability was obtained to the detriment of resolution. 

The present work features 1) geoacoustic inversion based on the acoustic-channel im- 
pulse response measured on a single hydrophone over a wide continuum of frequen- 
cies (200-800 Hz), 2) transmission of large time-bandwidth (TB) product waveforms 
and matched filter processing for optimum reception and inversion, 3) objective 
function derived from the MBMF gain relative to the conventional matched filter, 
4) Green's function synthesis with RI and RD coupled normal mode propagation 
models, 5) exhaustive search over bottom parameter spaces with up to 8 dimensions 
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to determine actual ambiguity and resolution properties, 6) statistical analysis of the 
solutions, 7) constrained nonlinear parametric optimization for fast execution time 
in place of combinatorial search, 8) co~rlparisorl of single-element inversion results 
with those obtained from space-coherent MBMF processing over a 63 m 32-element 
VA, 9) conlparison with results obtained under identical conditions from BMFP in- 
version of multitone continuous-wave (CW) pressure fields over the same frequency 
band, 10) measurements over different propagation distances, 11) accurately known 
geometries, not inverted, 12) detailed hydrographical measurements supporting the 
inversion, 13) validation with independent geophysical characterization of the sea 
bottom including specialized sediment core data. 

The YS94 experiments were reported in [22, 131. Additional sediment cores ac- 
quired after YS95 are analyzed in Annex A. In Section 2, the measurements of 
the acoustic-channel impulse response are described. A RD environmental model 
constructed from in situ hydrographical and geophysical measurements is described. 
In Section 3, metrics and objective functions for MBMF inversion are derived from 
previous theoretical results. In Section 4, the approach to modeling, signal pro- 
cessing and inversion of the acoustic data is outlined. In Section 5, results from 
single-depth, depth-average and space-coherent MBMF inversion runs are discussed. 
The emphasis is on observability and resoivability of the bottom from single-depth 
measurements, uniqueness and robustness of the bottom inverses. The experimental 
results are validated with a "ground truth" bottom model and compared with earlier 
BMFP inversion results. Section VI concludes the paper. 
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6 

Broad-Band Inversion Experiments 

During the Yellow Shark sea trials in the summer of 1994 and the spring of 1995 over 
lo5 acoustic signals in the frequency band 200-1600 Hz were propagated between 
fixed sound sources and receiving vertical arrays (VA) along four transects in the 
Giglio basin and platform, off the west coast of Italy. The acoustic-channel impulse 
response measurements analyzed in this paper were obtained in September 1994 
over a mildly range-dependent (RD) transect in the basin platform, northwest of 
the islands of Formiche di Grosseto. Procedures for acoustic and environmental 
measurements were described in [13]. In this section, information specific to the 
investigated acoustic data set is provided. The geoacoustic model of the Giglio basin 
platform [13] is refined on the basis of complementary sediment cores collected in 
1996. 

2.1 Experimental Configuration 

A map of the experimental area in Fig. 1 shows the location of the acoustic and 
oceanographic moorings and of the corings. Fig. 2 shows the configuration of the 
acoustic moorings. 

2.2 Impulse Response Measurements 

Large time-bandwidth-product signals: The signal s(t)  transmitted to measure the 
band-limited impulse response of the acoustic channel consisted of a long (duration 
At = 12 s), broad-band (center frequency f, = 500 Hz, bandwidth Af = 600 Hz), 
linearly frequency modulated (LFM) waveform. In spite of self clutter in the time 
domain, LFM coding was preferred to a binary M-sequence [33] to exploit fully the 
limited frequency band of the flextensional projector by minimizing instantaneous 
bandwidth [34]. 

Source equalization: The LFM waveform was modulated in amplitude to equalize 
the transmitting sensitivity response (TSR) of the projector. The complex envelope 
of s( t )  is approximately given by 
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Figure 1 Map of the Yellow Shark 94 experimental configuration. The moorings, 
northwest of Formiche di Grosseto islands, are identified with the following symbols. 
@: sound source, 0: vertical array, 0: waverider buoy, A: currentmeter chain, 
and 7: meteo buoy. Coring locations are numbered and marked by a symbol. 
See [32] for cores 120, 123, 125 and 126 and [22] for cores 1-16. Cores 18-20 are 
documented i n  this paper. 
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Figure 2 Experimental geometry and range-dependent environmental model for the 
Yellow Shark 15 k m  transect X F  northwest of Formiche di Grosseto islands, ofl the 
west coast of Italy. Source (circles) and vertical array (bar) positions are indicated. 
The upper scale refers to the range-averaged ocean and bottom sound speed profiles 
(solid lines). The clay layer and silty clay bottom with the grainstone interface are 
represented in  gray. The model is based on ocean sound speed profiles and bottom 
geoacoustic properties measured in situ. 
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Table 1 Acoustic and CTD data recordings along transect X F  
Day Range Acoustic data CTD data Sel. 

Period # Period # time 

10 Sept 94 15021 1012-1242 71 0930-1221 62 1050 

11 Sept 94 6087 0732-0820 25 0600-0706 25 0732 
4524 1318-1418 31 1228-1317 25 1318 

Time refers to UTC. The transmission times of the pings selected for inversion are indicated 
in the last column. See [13] for corresponding multitone signal transmissions. See [22] for details 
regarding the acoustical and oceanographical runs. 

The equalization function equ is defined by 

equ(x) = IF(w, +xAw)l-l, for 1x1 5 i; 
elsewhere. 

where IF(w)l is a measured TSR normalized to unit gain. The transmitted signals 
(pings) were measured in water by a pole-mounted hydrophone in the far field of 
the projector. 

2.3 Acoustic Data 

A total of 176 pings were transmitted (Table 1). 

Measurement reproducibility: Figure 3 shows the matched-filtered signals received 
on four VA elements over the period of each run. The overall ping-to-ping variability 
was low and the temporal trends of the dispersed arrivals were correlated to the 
slowly time-varying thermocline thickness. Short-term variability was stronger in 
the VA upper part where sound speed gradients were large and sensitive to near- 
surface effects. The signal-to-noise ratio (SNR) and signal time coherence were 
sufficiently high for inversion at all ranges and depths. 

Energy time spreading: Fig. 4 shows the total energy and time spreading versus 
depth at each range, at the MF output. The energy was normalized to its maximum 
at 4.5 km range. The energy time spreading was characterized by 

where the mean time ( t )  is defined as 
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Figure 3 Matched-filter envelope outputs at 37.2 m ,  57.2 m ,  77.2 m and 97.2 m 
water depths (from top to bottom) and 4.5 km, 6 km, 9 k m  and 15 k m  ranges 
( f m m  left to right). The envelopes were normalized for each range separately. 
Travel times were determined accurately from diflerential GPS ranges and GPS- 
clock-synchronized transmission and reception times. Elapsed times refer to the first 
transmission of each run. Some pings were missing. 
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Figure 4 Waveguide impulse response characteristics versus depth: (a) normalized 
total energy and (b) time spreading for the ranges of 4.5 k m  (dash-dot), 6 k m  (dot), 
9 k m  (solid), and 15 k m  (dash). The signal realizations from each run (Table 1) 
were ensemble averaged. 
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Figure 5 Seismic reflection profile of the surficial sediment layers along tran- 
sect X F ,  northwest of Formiche di Grosseto islands: (a )  deep profile, (b) clay layer. 
Acoustic mooring locations, and range and depth scales are indicated i n  Fig. 1. The 
profile was obtained with short pulses of 1 m s  duration and 300 J energy transmitted 
every 0.7 s from a boomer and received o n  a short 10 element array both towed right 
below the sea surface at a speed of 2.3 m/s .  The depth-averaged water sound speed 
was 1508.1 m/s .  

and the mean duration ( t2)  is defined similarly. The energy time spreading is large 
(2at =22-40 ms) with respect to the time resolution of the probing signal ( l / A  f = 
1.7 111s). The depth and range dependence relates to the modal composition, as 
shown later. The frequency band was sufficiently wide to observe, at all depths and 
ranges, the time dispersion characteristics of the acoustic channel which are central 
to the inversion technique discussed here. 

2.4 Oceanographic and Geophysical Data 

Environmental data were reported in [13]. Figs. 5 and 6 in [13] show the range- 
dependent ocean SSP measured along transect XF during the acoustic transmissions. 
The high-resolution, single-channel, seismic reflection profile in Fig. 5 shows the 
sediment layering along the 15 km transect XF. Analysis of sediment cores collected 
near the mid point of transect XF is given in Annex A. 
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2.5 Range-Dependent Environmental Model 

Fig. 2 depicts a RD environnlental rrlodel of the transect XF. This simplified model, 
considered as our ground truth, was derived from 

2-D ocean CTD profiles (SSP), 

bat hymetry, 

acoustic stratigraphy, 

mass properties and sound speed profiles of sediment cores [32, 35, 221, 

inversion of angle-dependent bottom reflection data [13], 

geological interpretation [36,  37, 381, 

early TL datalmodel comparison [39], and 

BMFP geoacoustic inversion [13]. 

The displayed 2-D sound speed structure was measured during the 15 km LF acoustic 
run [Fig. 5(c),(e) and (h) in [13] for the 9 km, 6 km and 4.5 km runs, respectively]. 
The acoustic propagation was determined by a strongly downward refracting, late 
summer temperature profile, below a well-developed thermocline. The mixed-layer 
thickness (20 m) was slowly time-varying with mild range dependence. The bottom 
is nearly flat (111-116 m) and characterized by a low-speed clay layer of variable 
thickness (5-9 m) overlying a higher-speed silty clay bottom with grainstone at  the 
interface; the subbottom is made of similar consolidated sediments. Sound speed 
and gradient in the top sediment layer are mildly range dependent. Table 1 indicates 
the CTD data recording periods. See Table I1 in [13] for descriptive statistics of the 
mixed-layer thickness, water depth and top-sediment-layer thickness for the four 
measuring ranges. 
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Model-Based Matched Filter Inversion 

In this section, signal processing and metrics for single-hydrophone inversion are de- 
rived. The signal processor is the model-based matched filter developed and applied 
for source localization in fading time-dispersive ocean channels [27]. 

3.1 Model-Based Receiver 

We assume that the transmitted signal s( t )  propagates through a deterministic sta- 
tionary ocean medium characterized by a Green's function G(t, r ) ,  where r is the 
difference in radius vectors between the point source and receiver. The received 
signal r ( t ,  r) is the convolution of s ( t )  and the time-invariant impulse response of 
the channel g(t, r )  and is perturbed by an additive, zero-mean, stationary Gaussian 
noise process n(t) .  The receiver input x(t ,  r )  is given by 

where @ denotes convolution. Consider a receiver with time-invariant impulse re- 
sponse h(t) and output y(t, r), 

y(t, r )  = h(t) @ x(t, r ) .  

The signal-to-mean noise power ratio (SNR) p(t, r )  of y(t, r) is chosen as the criterion 
for optimization of h(t, r ) .  The upper bound on p(t, r )  is given by 

where N0/2  is the power spectral density of n( t )  assumed to be white, R(w, r) is the 
received energy spectrum, 

where S(w) is the transmitted energy spectrum and G(w,  r )  is the transfer function 
of the channel (Fourier transform of the Green's function), and Er is the received 
energy. 
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For large time-bandwidth-product signals s ( t )  which satisfy the condition 
A ~ ( A w ) ~ / w ,  >> 27r, the expression for p,,,, reduces to 

where 
1 s(r) = , /n l ~ ' ( w ,  r)12dw, (10) 

R is the frequency band of transmission, &, = SOAw/2r is the transmitted energy 
and fr = &,P(r) is the received energy. The prime synlbol indicates here and 
henceforth that an arbitrary mean time delay is removed from the phase factor. 

Let us define the model-based matched filter (MBMF) with frequency response 

X(w, r) = ?-LOG1* (w, r )S* (w) exp(- jwr)  

where ?-Lo is an arbitrary gain factor and G' denotes a predicted transfer function. 
The SNR at the MBMF receiver output is given by [27] 

where < is a phase variable and R G ~ q ~  (J, r) is the complex-valued correlation 

3.2 MBMF Performance 

To evaluate the performance of the MBMF receiver two extreme cases need to be 
considered as references. 

Optimum receiver: If the Green's function were known exactly, i.e. G1(w, r )  = 
G1(w,r), Vw E 0, then 

p(r)  = pmax (r) 1 (14) 
and the MBMF is the optimum receiver, 

The receiver yields a higher output peak SNR for the received signal shape than for 
any other signal shape with the same energy. 

MF receiver: If the Green's function were totally unknown, i.e. G1(w, r) = 1, Vw E 
R, then 
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where 

The receiver is the conventional matched filter (MF), 

The reduction of peak SNR at the MF output due to energy time spreading is 
quantified by the ratio 

p.(r) - n ( r )  = 7(r) 5 1, 
~ m a x ( r )  P(r) 

where 

Processing gain: The relative performance of the MBMF and MF processing is 
quantified by the ratio 

~ ( r )  - max< IRG'G~ (<, r, l2 
poo- 7(r) 

(21) 

The MBMF processing gain relative to the MF is equal to the degree of time 
dispersion in the actual channel (117 > l), weighted by the degree of similarity 
(0 5 I7ZI2 5 1) between the actual and modeled channel responses, both evaluated 
over the frequency band of transmission 0. The product of these two quantities is 
not necessarily greater than one. In the event that the medium Green's function is 
poorly modeled, the MF receiver outperforms the MBMF receiver. 

When H and 3C are normalized to the same energy, the output noise mean levels are 
equal and the peak levels can be compared. The arbitrary constants in Eqs. (11) 
and (18) must satisfy the relation 

3.3 Space Coherent MBMF Processing 

For an arbitrary K-element array the receiver inputs are 

and the receiver output is defined as the coherent sum 

where k refers to r k ,  the difference in radius vectors between the point source and 
the kth receiver. 
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3.4 Definition o f  Inversion Metrics and Objectives 

Objective functions suitable for inversion derive from the MBMF processing gain 
relative to the MF [Eq. 211. This metric is called MBMF gain from this point on. 
We denote p the model parameter vector and rI the parameter space such that 
p E n. 

Time coherent: The objective function for a single receiving element is defined as 

where 4 and 4, are the peak levels of the MBMF and MF receiver outputs y(t). 4 
replaces p to emphasize that the input signal x( t )  and reference signals h(t)  of the 
receivers are normalized to unit energy such that 

With this normalization 4 is an estimate of the correlation coefficient between the 
measured and synthesized band-limited (R) impulse responses. 

Space-time coherent: The objective function for K receiving elements is defined as 

Unit energy normalization is applied to the sum input signal Ck xk and reference 
signals Ck hk indicated by $ instead of p. Eq. 27 is analogous to the processing gain 
of a generalized beamformer relative to a plane-wave. 

An important attribute of the metrics in Eqs. 25 and 27 is that the magnitude of 
1 - 4 and the sign and magnitude of @ - 1 represent the knowledge incorporated in 
the hypothesized environment. Clearly maximizing 4 and @ are equivalent. How- 
ever, in searching II, p solutions for which @ < l are excluded (or penalized in an 
optimization algorithm) and p solutions for which @ > 1 are weighted according 
to magnitude. When 4 and are expressed in dB, i.e. 2010glo(.), 0 dB is the 
reference level. 

An alternative formulation of the objective is 

which weights the MBMF gain relative to the MF receiver by the loss relative to  the 
optimum receiver ( 4  < 1). 
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Space incoherent: The overall performance of single-receiver inversion was measured 
by the quadratic means 

where dk and refer to the kth element of the VA. In contrast to Eq. 27 the received 
signals are weighted equally at all depths iridependeritly of their energy. This metric 
is conservative. When considered as an objective, the matching criterion is more 
stringent than with Q,  as shown later. 
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Inversion Approach 

4.1 Parametric Search and Optimization 

TO assess the true ~erformance of MBMF inversion, the environmental parameters 
were first searched exhaustively. Standard optimization algorithms do not provide 
statistics of the solutions. 

In narrow-band MFP inversion approaches, combinatorial searches have been com- 
monly applied to find a global maximum of an objective (Bartlett power at a single 
frequency) without being trapped in local minima [7, 91. As broad-band approaches 
lead to well-behaved objectives, supervised searches and state-of-the-art nonlinear 
optimization methods were investigated at the end of this paper. 

For very large parameter spaces, a global search based on simulated annealing [40] 
or genetic [41] algorithms can incorporate the MBMF processor and objective func- 
tion. Our experience has been that inversion of at-sea data requires physical insight 
and supervised trial-and-error experiments rather than extensive modeling. Once 
the inversion model was properly parameterized, constrained nonlinear optimization 
algorithms were found reliable and more efficient, as shown later. 

4.2 Range Dependence Consideration 

Even the mild range dependence of the environment presented some difficulty. The 
thermocline depth and clay layer thickness variability (Table I1 in [13]) limited the 
resolution achievable with a RI inversion model. Clearly, solving for a totally un- 
known RD situation was not feasible with limited computing power. A priori knowl- 
edge from archival environmental databases and in  situ measurements were available 
to support the inversion. Towed oscillating CTD [42] and satellite-sensed sea surface 
temperature data provided detailed ocean sound speed cross-sections of transect XF. 
Bathymetry and bottom stratigraphy were derived from high-resolution echo sound- 
ing and sediment profiling, respectively. 

Range-independent (RI) and range-dependent (RD) inversions were performed. For 
RD inversion, the 2-D ocean SSP, bathymetry and stratigraphy measured in  situ 
were included in the model (Fig. 2). The clay layer thickness variation was calculated 
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from seismic two-way travel times and depth-average sound speed. The calculation 
was biased as the clay SSP was not known prior to RD inversion. However the bias 
was negligible in comparison with the thickness variation (5-9 m) with range. For 
RI inversion, ocean SSP and bathymetry were averaged over range. 

4.3 Inversion Model Parameterization 

The bottom inversion model was defined as a sediment layer and a half-space ho- 
mogeneous bottom, referred to as clay layer and silt bottom. The parameter space, 
discretization steps and bounds are given in Table 2. For both RI and RD inversions 
the following assumptions and parameterization were made. 1) Known densities (p) 
of the clay layer and silt bottom were held fixed. 2) Unknown attenuations (P)  of 
the clay layer and silt bottom were varied. 3) Unknown compressional wave sound 
speed (c,) profile in the clay layer was modeled by a top cp at the water-bottom 
interface and a semi-positive gradient (ac,) both constant with range, and varied. 
4) Unknown c, of the silt bottom was constant with depth and range, and varied. 
5) cp at the bottom of the clay layer was constrained to be greater than the silt. 
6) Known geometric parameters (z,, z, and R) of the experimental setup were held 
fixed. Six geoacoustic parameters were searched exhaustively. In addition the clay 
and silt p and p were searched locally about the maximum. Inversion models are 
designated as RIR and RDR where R is the range rounded to the kilometer. 

4.4 Green's Function Synthesis 

Medium Green's functions G ( t ,  r, p) were Fourier synthesized from 104 C W complex 
pressure solutions with a frequency spacing bf = 5.859375 Hz over the frequency 
band R = [199.218750,802.734375] Hz. These values correspond to a discrete Fourier 
transform (DFT) with sampling frequency f, = 6000 Hz and length N = 1024 
(AT = N /  f, = 170.667 ms). From Nyquist sampling theorem the frequency spacing 
b f was constrained by the inequality 6 f < 1/D where D is the total time dispersion, 
i.e. the difference in group delay between the slowest and fastest modes over the 
whole frequency band for every candidate environment. The CW solutions were 
calculated with modified versions of acoustic propagation models [43]: the normal 
mode model SNAP [44] for RI environments, and the coupled normal mode model 
C-SNAP 1451) with a range spacing SR = 50 m for RD environments. Adiabatic 
approximation was not sufficient for the 6-15 km part of the transect where sharper 
variations of bathymetry and clay layer thickness (Fig. 5) caused mode coupling. 
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Table 2 R I  and RD inversion models for Yellow Shark transect XF 
Model parameter p Run Pl 6~ PU # 
Geometric 

source depth z, (m) 
receiver depths z, (m) 

known 
known 

range R (km) known 
Water column 

density Pwater 1 
depth zwater (m) RI (zwater)~ 

RD zwater(r) 
sound speed (m/s) RI (cwater(z))R 

RD cwater ( ~ 1  T)  

Clay layer 
density Pclay 1.5 o 

RI 1 0.1 2.5 16 
attenuation flcl, (dB/X) RI 0.04 0.02 0.08 3 

0.01 0.01 0.2 20 
RD 0.06 o 

sound speed c a y  ( m )  RI 1450 5 1510 13 
1400 5 1500 21 

RD 1400 5 1540 29 
I - )  RI 0 1 5 6 

0 0 

RD 0 0.5 10 21 
thickness Azclay (m) RI 0 0.5 10 21 

gradient 

RD Azclay(r) 
Silt bottom 

density Psilt 1.8 o 
RI 1 0.1 2.5 16 

attenuation flsilt (dB/X) RI 0.1 0.05 0.2 3 
0.05 0.05 1 20 

RD 0.15 o 
RI 1520 10 1600 9 
RD 1540 o 

sound speed csilt (m/s) 

P = b c l a y ,  Pclay, cclayr Atclay, psilt, Psilt, csilt] is the model vector. The densities p are 
ratios referenced to water. The o symbol indicates fixed parameter value. Models are designated 
RIR or RDR where R is the range rounded to the kilometer. 
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4.5 Acoustic Data Processing 

The VA received signals xk(t) ,  k = 1,2, .  . . ,32, were matched-filtered with the 
transmitted signal s( t )  (MF) and received signals synthesized for every candidate 
environment rk (t ,  p) = gk (t, p )  8 s( t )  (MBMF). The signals measured by the source 
reference hydrophone were used for s( t )  to compensate for distortion in the trans- 
mission chain (amplifiers and acoustic projectors). The peak levels in Eqs. 25 and 
27 were determined from the envelopes of the single or summed receiver outputs, 

where I 1 denotes the magnitude of the corresponding analytic (complex-valued) 
signal calculated via Hilbert transform. 

4.6 Pings Selected for Inversion 

The reproducibility of the waveguide impulse response measurements at each range 
(Fig. 3) justifies the use of any single ping to represent the ensemble of pings, for 
the purpose of bottom inversion. Fig. 6 shows the MF real-valued outputs for the 
selected pings (Table 1). On 10 September 1994 the selected pings correspond to the 
mid point of the 9 km and 15 km oceanographic runs, i.e., when the measured 2-D 
sound speed profile used in the inversion models best represented the intervening 
one (Fig. 5 in [13]). On 11 September the 4.5 km and 6 km acoustic runs were 
delayed with respect to the oceanographic runs so that the first ping from each run 
was used for the inversion. 
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Figure 6 Waveguide impulse response measurements selected for inversion at the 
four ranges: (a) 4.5 km, 11 September 1994 1318 UTC ping, (b) 6 km, 11 September 
1994 0732 UTCping, (c) 9 km, 10 September 1994 1808 UTCping, (d) 15 km, 10 
September 1994 1050 UTC ping. 
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5 
Experimental Inversion Results 

Single-depth and space-coherent MBMF inversion runs were performed from signals 
transmitted at 4 ranges and received at 32 depths, with both RI and RD models. 
Due to space limitations, results are presented graphically for inversion runs with 
9 km data only. Other runs including data-oriented simulations are discussed. 

5.1 Propagation over a Soft Sediment Layer 

The propagation over a slow bottom layer is characterized by narrow bands of high 
TL the central frequencies of which are analytically related to the ratios c ~ ~ ~ ~ / c , , ~ ~ ~ ,  
c ~ ~ ~ ~ / G ~ ~ ~ ,  and psilt/pclay, and AzClay [46]. As frequency increases, waterborne modes, 
in increasing numerical order, begin to travel only in the lossy slow sediment layer 
with concomitant increased attenuation and decreased group velocity [Fig. 2 (c) 
in [30]]. The transition frequency associated to each mode corresponds to a propa- 
gation null. 

5.2 Modal Dispersion and Attenuation 

For nominal conditions of transect XF, i.e. pclay = 1.5, cclay = 1485 m/s, OzClay = 
8 m and csilt = 1540 m/s, the first three "null" frequencies are f l  = 130 Hz, f2 = 
663 Hz and f3 = 1196 Hz. Mode 1 is mostly contained in the clay layer, and in 
the water column, is strongly attenuated over the frequency band of transmission 
R = [200,800] Hz. Mode 2 is waterborne for f < f2, and sediment borne for f > f2. 
The higher-order modes are waterborne as f < f, 'dm > 3 and Vf E R. 

Fig. 7 shows the amplitude distribution in time and depth of all modes summed 
coherently, and of modes 2-5 taken separately, for a range of 9 km. The high- 
loss mode 1 is not shown. Modes 2 and 3 are the most energetic with significant 
intermodal dispersion (a few ms). In the upper third of the waveguide, high-order 
(> 4) modes are dominant. Intramodal dispersion increases with mode order. Mode 
filtering and interference produce a depth-dependent arrival structure characteristic 
of the bottom conditions. Even small changes of the bottom SSP have a profound 
effect on the broad-band mode pattern and arrival structure at a single arbitrary 
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Figure 7 Modeling of the spatiotemporal structure of the wavefield, and modal 
dispersion and attenuation over a slow bottom layer: coherent sum (left) and indi- 
vidual modes (2-5). R = 9 km, Cl = [200,800] Hz, pclay = 1.5, %lay = 1485 m/s,  
Azclay = 8 m and Gilt = 1540 m/s. 

depth [25]. It is noted from the mode coherent sum in Fig. 7, that the effects of 
both types of dispersion, i.e. intermodal and intramodal, can be observed at most 
depths. 

5.3 Optimum Receiver Gain and MBMF Sensitivity 

For further references, the optimum receiver gain and MBMF receiver sensitivity 
are evaluated for the experimental conditions (Fig. 2). 

Soft sediment layer: Fig. 8 shows the optimum receiver gain ak versus depth for 
soft top sediment layers of different sound speeds and thickness overlying a harder 
bottom, for a range of 9 km. There is an overall increase of cPk with bottom softness, 
i.e. for cclay + 1400 m/s and Azclay + 10 m. The detailed features can be explained 
from modal analysis. 

When cclay varies [Fig. 8(a)], increases at the depths where dispersed modes 
contribute significantly to the wavefield. A water depth interval of lower ak values is 
centered about 82 m where one mode only prevails and is weakly dispersed (of order 2 
or 3 depending on cclay value, f 2  = 291 Hz and f 3  = 544 Hz for &lay = 1400 m/s). 

When AzcIay increases [Fig. 8(b)], the frequency components of mode 1 and then 
mode 2 enter progressively the sediment layer, while the higher-order modes become 
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Figure 8 Optimum receiver gain versus depth for varying soft bottom parameters: 
(a) cclay with AzClay = 8 m and (b )  AzClay with cclay = 1485 m/s. R = 9 km, 
R = [200,800] Hz, pclay = 1.5, PC], = 0.06 dB/& cclay = [1400,5,1500] m/s,  
Azclay = [O,  0.5, 101 m ,  psilt = 1.8, = 0.15 dB/X, and ~ i l t  = 1540 m/s. 
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Figure 9 Optimum receiver gain versus depth at diflerent ranges: R = 4.5 k m  
(dash-dot), R = 6 k m  (dot), R = 9 k m  (solid) and R = 15 k m  (dash). cclay = 
1485 m/s and Azclay = 8 m. Other parameter values are the same as Fig. 8 

more dispersed, resulting in higher Qk values towards the waveguide boundaries. 
Two distinct peaks are related to mode 1 filtering [fl = max(S2) = 800 Hz for 
AzClay = 1.3 m and fi = min(R) = 200 Hz for Azclay = 5.2 m]. 

Range dependence: Fig. 9 shows the optimum receiver gain ak versus depth for 
the four transmission ranges, and for cclay = 1485 m/s and AzClay = 8 m. The depth 
variations of ak become smoother with range as a result of depletion of interfering 
modes. The intramodal part of dispersion takes over the intermodal part, and the 
effects of mode filtering by the secondary low-speed waveguide develop with range. 
There is marked increase of Qk near the waveguide boundaries because of the larger 
contribution of time-dispersed high-order modes. These predictions with a simple 
bottom model correspond qualitatively to the measured energy time spread in Fig. 4. 

Sensitivity: Fig. 10 shows the sensitivity of the MBMF gain to varying two clay 
parameters. The reference environment is for c,lay = 1485 m/s and AzClay = 8 m. 
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Figure 10 Sensitivity of MBMF gain to varying soft bottom parameters: (a) 
Magnitude-sorted objective Qk at 55.2 m depth and corresponding (b) cclay and 
(c) AzClay values (dots) and non-linear running medians [4?'] (solid); (d) depth- 
average 5 and (e) space-coherent *. R = 9 km, R = [200, 8001 Hz, pclay = 1.5, 
PClay = 0.06 d B / X ,  ccl, = [1400,5,1500] m/s, AzClay = [O,  0.5,10] m, psilt = 1.8, 
Psilt = 0.15 d B / X ,  and Gilt = 1540 m/s. 
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The Qk, 5 and @ objectives were sorted in ascending order of magnitude. The 
single-depth objective Qk exhibits high sensitivity [Fig. 10(a)]. Only about 10% of 
the parameter combinations yields a positive MBMF gain. The trend and variation 
of the sorted parameters are related to the objective sign and magnitude [Figs. 10(b) 
and (c)]. Comparison of the 0 dB crossing-point abscissae shows that the space- 
coherent objective @ is less sensitive to mismatch than single-depth Qk and depth- 
average 5 [Figs. 10(d) and (e)]. The sensitivity of Qk was depth dependent and at 
most depths, higher than +. 

Other modeled objectives showed similar sensitivity to silt sound speed but lower 
sensitivity to clay sound speed gradient and to clay and silt densities and attenua- 
tions as will be seen from at-sea data. 

Hard us soft bottom: The potential of MBMF is not limited to inversion of soft 
bottoms. Fig. 11 shows the optimum receiver gain Qk versus depth for hard bottoms 
of different sound speeds (cp). Achievable gains are of the same order as for a soft 
top layer and decrease as cp + c,,~,,. Here, the depth distribution is independent of 
cp. Larger values are spread over the downward refracting part of the SSP (Fig. 2) 
as for the soft bottom case, and are strongly localized in depth (95 m) close to the 
sea floor. 

Optimum spatial sampling: To some extent, suitable depths for transmission and 
reception can be choosen a priori. It will be evident later that the depths at which 
the optimum receiver gain is greater are generally better in resolving the environ- 
ment. For hard bottom type, suitable reception depths can be determined from 
range-averaged water depth and SSP [e.g. Fig. 111. For soft bottom type, these 
depths are not as well determined as the thickness and to a lesser extent the sound 
speed, of the top sediment layer have an effect upon the frequency-dependent modal 
functions [e.g. Fig. 81. In the major part of the water column the "optimum depths" 
are determined by the sound speed gradient structure and near the sea floor, by the 
bottom acoustic penetration. 

The source/receiver geometry should be chosen such that, in the measurements, 
the effects of bottom interaction are maximized and ocean variability minimized. 
SNR (TL versus ambient noise) and signal time coherence (decorrelation due to 
medium inhomogeneities) are depth dependent. Signals received close to the sea 
floor are typically less affected by near-surface ocean variability (e.g. Fig. 3). In 
these respects, downward refracting conditions with source and receiver in the lower 
part of the waveguide are more favorable. 

In principle, the broad-band measurements integrate the bottom conditions over 
range. However, in a range-dependent situation, the parameter integrals obtained 
with a RI inversion model can be overly weighted by the conditions local to the 
receiver. This is due to mode coupling and relates to the depth dependence of the 
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Figure 11 Optimum receiver gain versus depth for hard bottoms. The sound speed 
cp  increases from left (dot) to right (solid). fl = [200,800] Hz, R = 9 km, p = 1.8, 
0 = 0.15 dB/X, and c, = [1520,10,1600] m/s. 
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relative contribution of local low and high order mode functions to the waveform 
received at a single depth. 

5.4 Model-Based Inversion 

The bottom properties of the transect XF were first determined by varying sys- 
tematically the values of six geoacoustic parameters within the bounds defined in 
Table 2. 

Fig. 12 compares the MF output with the MBMF output for RI9 replicas that 
best matched the signals received on the VA from the sound source at 9 km range. 
For both space-coherent (a) and single-depth (b) MBMF processing, most of the 
energy spread in time was recombined coherently into a single peak with more than 
ten (+11.2 dB) and three (+5.0 dB) times the energy respectively. The respective 
estimated losses relative to the optimum receiver (unit energy) are small (- 1.9 dB 
and -1.6 dB). The single-depth MBMF gains compared well with the predicted 
optimum receiver gains (solid line in Fig. 9). 

The high degree of time symmetry of the single-depth MBMF envelope outputs 
indicate that the MBMF replicas closely modeled the received signals. The cor- 
responding real-valued outputs are good estimates of the received autocorrelation - 

functions. The time resolution, i.e. the width of the main peak, is inversely pro- 
portional to the effective bandwidth (Eq. 34 in 1271) of the received signal which . . 

is smaller than the transmit because of attenuation of certain spectral components 
( l / A  f = 2.4 ms versus 1.7 ms between the -3 dB points). The effective bandwidth 
and hence the time resolution, varied with depth. In the present situation, depth- 
dependent narrow frequency bands of high TL occured as a result of the soft top 
sediment layer [30, 311. The sidelobes have a level comparable to the sinc function 
(-13 dB). 

5.5 MBMF Performance versus Depth 

Fig. 13 shows the single-element objectives $k and Qk versus depth from the trials 
of over 10' FU9 candidate environments (p values). The environments were ranked 
in ascending order of objective magnitude. 

In Fig. 13(a) the MBMF peak levels, which represent the correlation coefficient 
between actual and predicted responses, attain acceptable values at all depths > 
0.78, Vk). The data are matched unevenly over depth. The coefficients are closer to 
unity ($k > 0.9) in the lower two thirds of the waveguide, where more (+3 dB) energy 
is received [solid line in Fig. 4(a)]. The slightly poorer match in the upper third is due 
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Figure 12 Comparison of MF (gray filled) and MBMF (solid) envelope outputs for 
the RI9 bottom model parameters that maximized the objective Q: (a) space-coherent 
processing of the 32 VA signals (q) and (b) processing of a single VA signal at 55.2 m 
water depth (a). The MBMF gain relative to the MF receiver and loss relative to 
the optimum are indicated. 
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Figure 13 Sensitivity of the objectives $k (a) and Qk expressed i n  dB (b) versus 
depth for RI9 inversion. Varied parameters are PClay, cClay, AzClay, and 
Gilt. The 123786 tested environments were sorted in  ascending order of objective 
magnitude. 
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to the combined effects of lower SNR, decreased signal coherence and the complex 
arrival structure (Fig. 3) which was not fully modeled using a RI approximation. 

In Fig. 13(b) the MBMF gains relative to MF attain positive values at all depths 
(ak > 2 dB). Environmental match results in higher MBMF gains (up to +5 dB) 
at the depths where the measured energy time spreading was stronger [solid line in 
Fig. 4(b)]. This depth dependence was anticipated in the prediction of the optimum 
receiver gain for a simplified bottom model [solid line in Fig. 91. Mismatch results 
in the highest loss (down to -10 dB) very near the bottom. 

The surfaces in Fig. 13 represent the objective sensitivity to bottom properties to the 
exclusion of other known experimental conditions which were incorporated into the 
modeling. The bottom is not resolved equally at all depths. The overall resolution 
in parameter vector p is determined by the objective gradients a(bk/ap and aQk/ap. 
The gradients remain relatively constant in most of the negative MBMF gain region, 
then increase rapidly in the positive region for most depths. Along the loci of 
maxima, the gradients decrease with depth. The better resolution at upper depths 
is due to the greater complexity of the local field, which conveys more information. 
The larger gradients of +k and Qk correspond to the larger magnitudes of Qk. This 
confirmed the adequacy of optimum receiver gain prediction in selecting suitable 
reception depths as discussed earlier. In a corresponding simulated case, (bk + 1 
irrespective of depth, but the depth dependence of 4k and ak sensitivities to p 
mismatch were similar as in the real data case. 

5.6 Bottom Parameter Ambiguity and Resolution 

For each inversion run, ambiguity diagrams were constructed for all combinations 
of the P components of model parameter vector p, taken 2 at a time, i.e. (;) = 
P!/2(P - 2)! pairs (6 for P = 4, 15 for P = 6). Such diagrams are displayed in 
Figs. 14 and 15 for RI9 inversion. The depth-average MBMF gain 5 [Eq. 291 
is shown as being representative of single-element inversion. In Fig. 14 only the 
pairs comprising the most sensitive parameters, i.e. cclay7 acClay, AzClay and %ilt, 
are displayed showing distinct regions of negative (blue) and positive (green-brown) 
gains and no local maximum. In each diagram the positive region is characterized 
by a ridge with one culminating point [max(5), white square]. The nonlinear rela- 
tionship between the objective and the different bottom parameters are quantified 
by the degree of curvature. Only the pair (cClay7 acClay) exhibits a linear relation- 
ship. It is apparent that the parameter discretization steps were sufficiently small 
in comparison with the effective resolution. 

In Fig. 15, 5 is always positive over the wide range of locally searched density and 
attenuation values. The density resolution is higher for the clay than for the silt. 
The MBMF gain which does not account for TL is less sensitive to attenuation. 
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Figure 14 Ambiguity of RI9 parameters: c,-lay, acClay, Azclay and Gilt. The di- 
agrams show sections of the 6-D ambiguity function 5 along the main directions - 
at the point where the function is maximum (white square), i.e. = 3.2 dB for 
/?clay = 0.04 dB/X, cClw =I475 m/s, = 3 S-', AzClay = 9 m,  /?silt = 0.15 dB/X 
and Gilt = 1530 m/s. The densities pclay and psilt were fixed. The diagrams com- 
prising /?,lay and are not shown (see Fig. 15). The axis limits correspond to the 
search bounds. Pseudocolor scaling spans the range of objective values in the whole 
6-D search space. The gray areas are unsearched (or unphysical) combinations. 
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Figure 15 Ambiguity of RI9 parameters: (a) (pclay, psilt) and (b) (,Belay, Psilt) pairs. 
The gray areas are the unsearched combinations for which silt values are greater than 
clay. 

Nevertheless PcIay and PSilt are resolved as attenuation does not only affect the 
frequency-dependent received energy (TL), but also its time spreading. 

Space-coherent MBMF processing of the 32 VA signals resulted in similar ambiguity 
properties, but did not enhance resolution because of less stringent matching condi- 
tions. This substantiated synthetic-data sensitivity results as shown in Fig. 10. In 
the objective Q [Eq. 271 the lower-energy higher-order mode arrivals, which convey 
essential information, contribute less to the coherent sum than the main arrivals 
[Fig. 71. When compared with single-depth results, the parameter-dependent objec- 
t ive gradients were generally smaller notwithstanding the larger MBMF gains [e.g. 
Fig. 12(a)]. 

Fig. 16 compares the (cClay, Azclay) ambiguity diagrams obtained from at the 
32 VA depths separately. Only positive gains are displayed for clarity. The clay 
layer parameters are well resolved at almost every depth. There is definitely no 
significant solution for which no clay layer exists, i.e. cclay + Gilt and AzClay + 0 
(upper left region of each diagram). At a few depths, some local maxima occur 
with MBMF gains which are low relative to the global maximum. Even for a single 
depth, the broad signaling bandwidth eliminated most of the ambiguity sidelobes 
commonly observed in narrow-band simulations. Likewise, the depth-dependent 
ambiguity diagrams for the other parameter pairs resembled their depth averages 
shown in Fig. 14. 

The above at-sea cross-ambiguity results were compared with corresponding mod- 
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Figure 16 Depth dependence of the (cclay, AzClay) ambiguity for RI9 single-element 
inversions. Water depths are indicated in each diagram. Axis limits correspond 
to search bounds. The pseudocolor scaling spans the range o-maxp,k(@k) for all 
diagrams. The combinations for which Qk < 0 dB are gray-coded. 

eled auto-ambiguity results. The real data were replaced with data synthesized for 
the parameter values which maximized the real-data objective. The quantitative 
correspondence between the auto- and cross-ambiguity diagrams indicated that the 
parameter-dependent resolution was limited by physical observability and not by 
modeling accuracy. 

Examination of the RI4, R16 and R115 inversion results showed similar ambiguity 
and resolution features. 

5.7 Objective Statistics 

The exhaustive search allowed statistical descriptions of a large set of solutions 
Qk(p)> p E TZ. Quantiles of the Gk distribution associated to each parameter value 
were calculated to determine the central tendency of the solutions. 

Fig. 17 shows the 90th percentile of the single-depth RI9 objectives. The graphs 
show the distribution of negative (blue bars) and positive (green bars) PgO(ak) ,  and 
the maximum max(ak) (yellow triangle), for each depth (kth row) and parameter 
(column). The last row corresponds to 5. 

At every depth the correct solution of a "soft layer over hard bottom" is detected with 
no ambiguity. For cclay, AzClay and %ilt the signed PgO distributions are essentially 
bimodal with their positive part centered about the maximum. The cclay7 acClay and 
AzClay values that maximized ak vary slightly with depth in a joint and systematic 
way: a smaller cclay results in larger acClay and Azclay keeping the cclay average 
over Azclay nearly constant. This ambiguity involving three parameters was not 
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Figure 17 A posteriori distribution of the objective for single-element RI9 inver- 
sions. The four most sensitive parameters (column) are displayed for each of the 32 
VA elements (row). Water depths are indicated on the left-hand side. The bottom 
row corresponds to the depth-average objective 5. For each searched value, the 90th 
percentile PgO is represented by a blue (MBMF loss) or green (MBMF gain) bar. 
The horizontal line corresponds to 0 dB (MF). The location (triangle) and value 
(right-hand side) of max(Qk) are indicated. Each graph is scaled vertically from 
min[PgO(Qk)] to max(Qk). The horizontal axis limits are the search bounds. 
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Table 3 RI9 single-depth versus space-coherent bottom inverses 
Clay layer Silt bottom 

a 5  PC,, ccIay acc~ay Azc~ay Psi~t Gilt 
(dB) (dB/X) (m/s) - (m) (dB/X) 

Smean n/a 0.048 1476.6 2.41 8.66 0.131 1531.6 

C 11.2 0.04 1475 3.0 8.5 0.10 1530 

Single-depth (S), depth-average (A) and space-coherent (S) solutions of RI9 inversion runs. For 
single depth, the mean and mean absolute deviation of the parameter values obtained at the 32 
depths separately are given. Fixed parameter values are: p,,,, = 1.5 and psi,, = 1.8. 

apparent in depth-dependent ambiguity diagrams as in Fig. 16. At certain depths 
the centroid of PgO provided more reliable estimates than the max(Qk) location (e.g. 
AzcIay for z, = 73.2 m). Close to the waveguide boundaries the PgO distributions 
for Azclay flatten and the maxima point to the actual Azclay local to the VA rather 
than to the range-averaged Azclay. This result, confirmed by RD synthetic data/RI 
inversion, is related to the mode-dependent integrating capability discussed earlier. 
For acClay, the large differences between the PgO and maximum values indicate a 
sensitivity lower than for the other parameters. The PgO distributions for Pclay and 
in particular Psilt which appeared uniform over the narrow search window are not 
shown. 

The maxima of the quadratic means of Qk such that Qk > 0.95 max(Qk) were close 
to max(ak). 

The well-behaved statistics of Qk at most depths gave confidence in the single- 
hydrophone bottom inverses. Table 3 summarizes the results. The mean of the 
single-depth results compare well with the depth-average and space-coherent results. 

5.8 Comparison with Sediment Core Data 

For most depths and ranges, the inverted values of c,lay, AzClay and Gilt 
represent good piecewise linear fits of the actual range-averaged bottom SSP as 
best as it can be derived from sediment core and stratigraphic data. In comparing 
with core data, sediment compaction caused by the liner penetration was taken into 
account (see Annex A). For example, the core depth in Fig. 24 is less than 70% of the 
actual depth. Short core data were extrapolated to the thick clay layer conditions 
of the transect XF as discussed on p. 336 in [13]. The values of PcIay and Psilt agree 
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with previous broad-band TL datalmodel comparisons [39] and inversions [31] in 
the Giglio basin platform. Inclusion of acClay as a variable of the RI model resulted 
in a small bias on AzClay at certain depths. 

5.9 Comparison with BMFP Bottom Inverses 

The performances of BMFP and MBMF inversions can be compared objectively 
as the respective multitone and broad-band data were acquired under identical ex- 
perimental conditions. The tones covered the frequency band with third-octave 
frequencies. For the 9 km range, the a posteriori distributions weighted with fitness 
in Fig. 25 in [13] are comparable to the single-depth PsO distributions in Fig. 17. 
The only differences between the two RI inversion models are that thermocline depth 
and water depth were varied versus fixed and one versus two attenuation param- 
eters were varied. The two techniques resolve the bottom, but the maxima are 
more accurate and the distributions more compact with MBMF than with BMFP. 
The MBMF, single-hydrophone, bottom inverses were more robust in spite of being 
derived from 1 versus 38 realizations of a 12 s signal. 

5.10 Depth Combinations 

A hydrophone at a single depth and a VA that spans the water column are two 
extreme measurement configurations. Intermediate configurations, especially very 
sparse arrays, are of practical interest. 

The space coherent MBMF gain max(Q) was calculated for all possible combinations 
of N VA elements (depths) taken K at a time, i.e. 

N !  
= C(N, K) ,  K = 1,2, .. . , N. (E) = K!(N - K)! - 

For each combination, 4 and 4, in Eq. 27 were determined from the coherent sum of 
the respective single-element MBMF and MF outputs with unit energy normalization 
depending on the combined elements. The MBMF replicas that maximized 9 with 
N = 32 VA elements were used. 

Fig. 18 shows RI9 results for N = 16 elements at 4 m intervals. 

In Fig. 18(a) the objectives 9, arranged in ascending order of magnitude for each 
K value, increase at a rate related to the acoustic field complexity. There is an 
overall increase of 9 with K ,  including for the worst combinations. The larger 
MBMF gains are achieved with fewer elements the depth combinations of which 
include the more time dispersed signals. The intersection between each (K1, K2) 
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Figure 18 Space coherent MBMF gain 9 for all possible combinations of N = 16 
VA elements taken K = 1, 2, . . . , N at a time (RI9 inversion). (a) Each curve is the 
magnitude-sorted 9 versus combination index for each number of elements K indi- 
cated at the maximum (dot). (b) The three curves (left scale) are the max(9) (solid), 
median P5()(@) (dash) and min(9) (dash-dot) calculated from all K-combinations 
[e.g. C(16,8) = 128701. The dots indicate the 32 VA element depths (right scale). 
The pseudocolor represents the element relative importance Z normalized such that 
min(1) = 0 and max(Z) = 1 for 1 5 K 5 N - 1. The circles in place of the squares 
indicate the combination that produced max(Q). 
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pair of curves determines the relative numbers of K1 and K2 combinations, for which 
Q(K1) > Q(K2) with K1 < K2. For example, 55% of the 4 element combinations 
yields a larger MBMF gain than 6% of the 8 element ones. Curves calculated for a 
corresponding simulated case behaved similarly. 

In Fig. 18(b) the relative importance of the elements (colored squares) and the 
combination that maximizes QJ (circles) are shown for each K value (vertically). For 
given K the importance of the kth element relative to N elements is defined as 

where 

1' = C { l I , , > ~ > [ @ ( ~ l )  - 11 1 = 1,2,..-,C(N, K), 
Cl[@(~l> - 11 

and cl is the lth combination index vector. 

It is instructive to follow, as K + N, how the best (circles) or good (not shown) 
elements are selected according to Z (color-coded). For K = 1 the optimum depth 
is in the SSP downward refracting part (Fig. 2). For K = 2 a second element is 
added near the sea floor. For K = 3 a third element is added between the first 
two. For K = 4 a fourth element is added immediately below the thermocline. 
As K + 16 additional elements are redistributed over depth and clustered in the 
boundary regions where Z is higher (yellow-brown). The low (blue-green) Z region 
spans the 55-85 depths, the energy time spreading of which was smaller [Fig. 4(b)]. 
The max(Q) (solid line), which was obtained with the best combination (circles), 
increases rapidly to more than 13 dB for K = 4 and then decreases slowly to 11 dB 
for K = 16. 

A significant gain increase (+5 dB) with respect to K = 1 is already achieved with 
K = 2. The median & 3 ( Q )  (dotted line) increases logarithmically and min(@) 
(dash-dotted line) quasi linearly. In a corresponding simulated case max(Q) was 
also attained with K = 4 but increase rates and value for K = 16 (7 dB) were 
smaller than for the real case because there was no intrinsic gain over noise. 

Examination of other ranges led to the same observations. At 4.5 km range where 
the acoustic field comprised a larger number of excited modes max(Q) (also 13 dB) 
was obtained with K = 6 elements, but K = 4 already yielded 12 dB. For K > 6, 
max(Q) decreased more rapidly than for the other ranges. 

For complicated situations, the combination of a limited number (2-4) of reception 
depths, chosen with physical insight, can increase output SNR, enhance resolution 
and eliminate possible ambiguities. 
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Figure 19 Range dependence of sound speed and gradient of the top clay layer 
along the transect XF: core 120 near 7.5 km range (dash) and core 123 near 15 km 
range (solid). 

5.11 RD versus RI Inversion 

Higher resolution of the clay SSP (top speed cclay and gradient acclay) was achieved 
with RD inversion. For these runs, the search ranges were extended and the other 
bottom parameters were held fixed (Table 2). The range dependence of ocean SSP, 
water depth and top layer thickness was incorporated into the coupled normal mode 
modeling. RI inversion runs of cclay and AzClay which assumed acClay = 0 m/s were 
performed for comparison. Results are summarized in Table 4 for the four ranges. 
The median (S row) and semi-interquartile range (Q) of the 32 single-depth bottom 
inverses are given to describe their central tendency and dispersion. 

The space-coherent , depth-average and single-dept h (discretized) bottom estimates 
are close or equal, and in good agreement with the in situ geophysical data. 

In single-depth RD inversion runs, the sensitivity to acclay was noticeably improved 
compared to the preceding RI runs [acclay statistics in Fig. 171. It is remarkable 
that changes in the cclay and acClay RD estimates reflect the range dependence of 
the clay layer SSP along the transect XF as observed on cores 123 (15 km), 120, 
18, and 8 (7.5 km), and 9 (0 km) in Figs. 19 and 24, and Fig. 12 in [13]. The RD9 
cClay and values fit well the SSP measured on core 18 (Fig. 24). The previous 
RI9 estimate acClay = 3 s-' is consistent with the RD4, RD6 and RD9 estimates. 
The larger differences between the R115 and RD15 objective values are explained by 
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Table 4 RI and RD inversion results at the four ranges 
RI model RD model 

The maxima of MBMF peak level (+,4) and gain (*,rk), and corresponding parameter values are 
given. Spacecoherent (C), depth-average (A) and single-depth (S) discretized results are compared. 
For single depth, median (S) and semi-interquartile range (Q) values calculated from the 32 depths 
processed separately are given. Fixed parameter values are: p,l, = 1.5, PC], = 0.06 dB/& 
dc,,aY = 0 S-' (RI model), p,ilt = 1.8, P s i ~ t  = 0.15 dB/X, and csilt = 1530 m/s. 
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the local cp increase in the depression bottom (Fig. 5) made of more consolidated 
sediments. The RD inversion model did not allow c,ilt to vary with range so that 
the RI model was more robust a t  that range. 

Compared to RI inversion with gradient search, the forced zero-gradient condition 
reduced the maxima by only a fraction of a decibel. The RI estimates of c,lay and 
AzCIaY represented depth- and range-averages consistent with RD inversion. For 
example, the R16 value equals the RD equivalent as calculated from cClay acClay, i.e. 

The inverted thicknesses of the top layer are close to the range-averaged stratigraphic 
data (8.1-6.9 m from Table I1 in [13]). However the thinning of the top layer 6 km 
away from the VA was not detected by RI inversions. 

The mutual consistency of the inversion results obtained with different model param- 
eterization~ and data realizations for different ranges demonstrated the robustness 
of MBMF inversion. The bottom inverses represent reliable range integrals of the 
in situ direct geophysical/geoacoustic observations. The resolution of RI inversion 
was limited by ocean and bottom variability, mostly by the range dependence of the 
thermocline and top layer thicknesses accounted for in the RD inversion. 

5.12 Parametric Optimization 

Having examined the resolution performance of MBMF inversion over a large pa- 
rameter search space, standard optimization methods were investigated in terms of 
their accuracy and execution efficiency. A constrained nonlinear optimization algo- 
rithm based on state-of-the-art sequential quadratic programming method [48] and 
line search strategy [49] was implemented [50]. 

The inverse problem is stated as 

subject to: 

where P  clay , @clay, Cclay, acc~ay Azclay, Psi~t , Psi~t ~ s i ~ t ] ;  PI and Pu are given in Ta- 
ble 2. The objective 0 was taken as either a, 5 or Q with or without penalty 
function P for 0 < 1 as discussed earlier. 
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Fig. 20 shows the Qk(p) iterates of a RI9 optimization run at 55.2 nl water depth. 
The optimization algorithm located the rnaximunl known from the preceding ex- 
haustive search, and terminated typically after a few hundred iterations. Varying 
starting guesses and termination criteria led to a large percentage of successful so- 
lutions. When compared to genetic algorithms applied to BMFP inversion of corre- 
sponding multitone data [13] the nunlber of forward modeling runs is much smaller 
[0(102) versus 0(104)].  

In the present case, the good performance of such parametric optimization is mainly 
attributed to the well-behaved underlying ambiguity function as was visualized from 
its equipotential surfaces. Fig. 21 displays such a surface for a constant value m(p) = 
P90[?6(p)] as a function of the three clay parameters. 

5.13 Data versus Model Waveguide Impulse Responses 

Fig. 22 compares waveguide impulse responses measured (top) on the VA, and their 
model (bottom) for best-fitting values of the geoacoustic parameters obtained with 
RD inversion runs for the four ranges (Table 4). The detailed features of the waveg- 
uide impulse responses are well reproduced by the model. From the envelope re- 
sponses (color-coded), measured and predicted distributions of energy in time and 
depth are nearly identical. The depth-to-depth agreement between data and model 
real-valued responses (gray lines) is excellent. There are small differences at 15 km 
range which were explained earlier but main features are preserved. Nearly as good 
data-model agreement was obtained with RI inversion. 
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Figure 20 Objective Qk and bottom parameters p convergence for RI9 inversion 
at 55.2 m depth using a constrained nonlinear optimization algorithm. Subscripts c 
and s stand respectively for clay and silt. 
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Figure 21 Objective equisurface m(cClay, acClay, Azclay) = ~ ~ ~ ( 5 )  for ,&lay = 
0.04 dB/X, = 0.15 dB/X and Gilt = 1530 m/s. 
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Figure 22 Measured (top) versus modeled (bottom) waveguide impulse responses 
from RD inversion for the four ranges: (a) 4.5 km, 11 September 1994 1318 UTC 
ping, (b) 6 km, 11 September 1994 0732 UTC ping, (c) 9 km, 10 September 1994 
1808 UTCping, (d) 15 km, 10 September 1994 1050 UTCping, (e) RD4, ( f )  RD6, 
(g)  RD9, and (h) RD15 inversion models. The time scale is the travel time. The 
water depth scale corresponds exactly to the VA acoustic aperture. Envelope (color- 
coded) responses are interpolated between the the array elements with normalization 
to unit total energy. Overlaid real-valued responses (white) are at 39.2 m,  47.2 m,  
55.2 m,  63.2 m,  71.2 m ,  79.2 m,  87.2 m and 95.2 m depths. The same dynamical 
range was maintained for the data-model pair of each range. 
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Discussions and Conclusions 

In this paper, we have developed and investigated a single-hydrophone, broad-band, 
geoacoustic inversion technique. Our main motivation was to demonstrate experi- 
mentally that it was possible to invert for bottom properties without resorting to 
large acoustic receiving apertures, synthetic or real. 

The technique is based on broad-band measurements and modeling of the waveguide 
Green's function. Predicted medium impulse responses for a known geometry and 
water-column acoustic model unknown (hypothesized) bottom geoacoustic models 
were incorporated into the reference signal (replica) of a matched filter. The depth- 
dependent, model-based matched filters (MBMF) were applied to the broad-band 
signals received on a 63 m 32-element vertical array. 

Single-depth and space-coherent objective functions for parametric optimization 
were derived from the MBMF processing gain relative to the conventional matched 
filter. This defined a reference level against which candidate bottom models were 
compared. It corresponds to the free-space Green's function which makes no as- 
sumption regarding the propagation medium. Solutions yielding negative gains were 
definitely rejected while the positive ones were weighted according to their magni- 
tude. This normalization provided more physical insight than a straight correlation 
coefficient between measurements and predictions. 

The band-limited (200-800 Hz) responses were synthesized from CW complex pres- 
sure fields calculated by normal-mode models including or not including mode cou- 
pling. The inversion models included range-averaged or range-dependent environ- 
mental data measured in situ. 

The inverted parameters were the sound speed profile, attenuation, and thickness of 
the top layer of soft unconsolidated clay sediments and sound speed and attenuation 
of the underlying harder silty clay bottom. 

Searching the entire parameter space and considering all reception depths were fun- 
damental to performance assessment of MBMF inversion at a single depth. 

Range integrals of the bottom properties were determined unambiguously within the 
constraints imposed by the various parameterizations. The large time-bandwidth 
product of the propagated signals and the matched filter processing provided con- 
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siderable robustness against volume and bottom uncertainty and variability without 
compromizing resolution. 

The inversion results were in good agreement with the direct geoacoustic/geophysical 
measurements from sediment cores and seismic profile. It is emphasized that this 
type of "ground truthing" should be viewed with caution. Inverse methods are, at 
least, potentially more accurate and reliable in characterizing the in situ geoacoustic 
properties of the sediment cover than conventional methods. Parameters such as 
attenuation and sound speed profile are extremely difficult to measure on sediment 
samples and are subject to spatial aliasing. 

Most importantly, the single-depth and space-coherent inversion results obtained for 
different ranges, depths, signal realizations, and bottom parameterizations were mu- 
tually consistent. They also agreed with earlier inversion results from matched-field 
processing of multitone vertical array data under identical conditions. Comparison 
of objective statistics showed that the higher resolution and robustness of MBMF 
inversion was attributable to the continuum in place of the discrete frequencies and 
the intrinsic robustness of the time-domain matched filter. 

At a range of 9 km, the space-coherent hiBMF gain was 11 dB and single-depth 
ranged from 2 dB to 5 dB depending on depth. For the clay layer, attenuation, top 
sound speed, gradient, and thickness were determined as ,Belay = 0.05 * 0.01 dB/X, 
cclay = 1477 f 4 m/s, acclay = 2.4 1.1 s-' and Azclay = 8.7 f 0.8 m, and for 
the silt bottom, the attenuation and sound speed as OSilt = 0.13 f 0.04 dB/X and 
Gilt = 1532 f 5 m/s. The most sensitive parameters were cclay, Azclay and Gilt. 

As range increased, the bottom variability limited the resolution achievable with a 
range-independent inversion model. Resolution of the bottom sound speed gradient 
was enhanced by accounting for the range dependence of water-column sound speed 
profile and depth and upper-sediment-layer thickness measured in situ, in the cou- 
pled normal mode model. Comparison of results for different ranges showed that 
the known variations of the bottom sound speed profile were correctly integrated. 

Space-coherent processing of all possible VA signal combinations showed that the 
highest MBMF peak level (13 dB) and resolution were attained with only 2-4 hy- 
drophones optimally distributed in depth, depending on the wavefield complexity. 
This was explained by redundancy in the spatiotemporal structure and verified by 
simulations based on the experimental conditions. Likewise the sensitivity of single- 
depth MBMF processing to varying bottom parameters was, for many depths, higher 
than space-coherent over the entire array. 

Finally, it was shown that the well-behaved ambiguity functions permitted the use 
of constrained nonlinear optimization methods in place of combinatorial searches, 
thereby considerably reducing the execution time. 
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In conclusion, even for the fairly complex environmental conditions of Yellow Shark 
a single transnlission of a broad-band-coded signal received at a single depth, and a 
few hundred forward modeling runs, were sufficient to correctly resolve the bottom 
features. 

The next phase of this research is extending MBMF inversion to a field of advanced 
drifting acoustic buoys for the rapid assessment of range-dependent bottom proper- 
ties. Preliminary inversion results of carbonate sands on the western Sicilian shelf 
agree with expectations from geophysical ground truth [24], demonstrating the gen- 
eral applicability of the single-hydrophone geoacoustic inversion method presented 
in this paper. 
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Annex A 

Sediment Core Analysis 

Core data: In addition to 16 short (0.4-2.1 m) sediment cores obtained in the 
Yellow Shark experimental area (Fig. 2 in [13]) a 5.35 m long core 18 (Figs. 23 and 
24) was collected by R/V Urania during the Maremma sea trials in November 1996. 

The core was taken with a piston corer at a point close to transect XF where 
the upper clay layer was sufficiently thin (4 m) to reach the underlying sand and 
silt layers. Two short (1.3 m) cores 19 and 20 (Fig. 25) of undisturbed surficial 
sediments were taken with a sediment-water corer by R/V Alliance in April 1997 at 
the same location. These new cores analyzed by CNR Istituto di Geologia Marina 
of Bologna and SACLANTCEN refined the geo-acoustic model of the Giglio basin 
platform. 

Calibration: Cores 19 and 20, and short (1.4 m) cores 8 and 9 analyzed previously 
(Fig. 12 in [13], were used to calibrate the compressional wave (sound) speed ( c p )  
profile measured on core 18. The profile had to be corrected for a bias introduced 
in the measurement of very small travel times (= 0.1 ms) over the small diameter 
(63 mm) and compaction of the soft sediment caused by the liner penetration. 

Correlation based on magnetic susceptibility (K) and cp  curves showed that core 18 
did not recover the uppermost interval of unit 1, i.e. the first 30 cm below the sea 
floor. This was identified from the apparent trend reversals of K and cp  observed 
in core 18 with respect to cores 19 and 20 (Fig. 26). 

The surficial, very soft sediments were probably dispersed away by the compressional 
wave generated by the piston corer. Taking into account the lost of the uppermost 
30 cm of the sedimentary column, a more accurate evaluation of the compaction of 
core 18 can be attempted. Considering a depth-average c p  of 1485 m/s, the real 
thickness of the sediment layer between the sea floor and the grainstone layer, which 
is thought to generate the strong reflector at 5.35 ms depth in a corresponding 
seismic profile, is 397 cm. Thus, subtracting the top 30 cm lost, the stratigraphic 
thickness represented in the upper half of core 18 should be 367 cm; real thickness 
measured in core is 270 cm. This results in a mean value of 26% for the compaction 
in the upper soft sediment unit, with peak values of 50% at the top of the core (see 
correlation between the cores 18, and 19 and 20 in Fig. 26). 

Core description: Core 18 can be divided into three main sedimentary units charac- 
terized by distinctive lithology, grain size and physical parameters (Fig. 24). These 
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Figure 23 Photograph of sediment core 18 collected with a piston corer. The coring 
location is indicated in Fig. 1 
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Figure 24 Compressional wave (sound) speed, magnetic susceptibility, mass prop- 
erties and lithology versus core depth of core 18. 

- - 
5-50 1W-W 1 0 1 4  76 72 71 I120 I m  8x3 

- 
141 15 

Ma@ swocpr SI umI) Scund rpced (mls) Mean gram sue (@) P m l t y  (8) Wata ccmlent (Q) Wet h l t y  (glcrn 3) 

Figure 25 Sound speed, magnetic susceptibility and mass properties versus core 
depth of cores 19 and 20. Coring locations are indicated i n  Fig. 1. 
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Figure 26 Calibration of core 18 with sediment-water cores 19 and 20 based on 
magnetic susceptibility (K) profile. 

units are from the bottom: 3) lower bioturbated mud (285-535 cm); 2) bioclastic 
muddy sand and biocalcarenite (200-285 cm); 1) upper bioturbated mud (0-200 cm). 

Unit 3 is made up of massive grey silty clays with occasional, very thin sand lam- 
ina; primary sedimentary structures are not recognizable due to a high degree of 
bioturbation; the macrofauna is represented by scattered specimens of the mollusks 
Turritella sp. and Nucula sp. The top of unit 3 is characterized by an irregular 
contact with the overlying bioclast-rich unit 2; this contact is partially masked by 
large burrows cutting the unit 3 and filled with coarser sediment of unit 2. Sound 
speeds in unit 3 are in good agreement with the other physical parameters; the av- 
erage value is 1530 m/s with a slight upward increase and scattered peaks in the 
lower half of the unit. These features match with the observed upward increase of 
the mean grain size and bulk density and the concomitant decrease of porosity and 
water content; scattered peaks are related to very thin sand layers, also well detected 
by magnetic susceptibility, bulk and solid density. 

Unit 2 is a sharp-based composite unit made up of three distinct horizons. The 
lower horizon (275-285 cm) is a structureless, bioclast rich muddy sand; bioclasts are 
shallow marine mollusk fragments (Glycimeris sp., Chlamys sp.). The intermediate 
horizon (270-275 cm) is a thin, well cemented biocalcarenite layer; thin sections 
show that this layer can be better defined as a grainstone [51] due to the carbonate 
nature of its skeletal components (mollusk shells and foraminifera tests), the absence 
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of rriatrix and the carbonate cement. Tlic upper horizon (200--270 cm) is siniilar 
to the lower one in tcr~iis of facies characteristics differing only in its higher niud 
content and well-defined fining-upward trend. Sound speeds reflect well the lithology 
and physical paranleters of the unit; the sharp base is recorded by a sudden speed 
iricrcase to an average value of 1590 ni/s (lower horizon), which corresponds to t,he 
abrupt appearance of a fine sand fractior~ arid the consequent increase of bulk density 
and decrease of porosity values; the rriairily carbonatic nature of sand-size clasts is 
detected well by the abrupt decrease of nlagnetic susceptibility values. Peak values 
of sound speed (2200 111/s) arid lowest values of nlag~ietic susceptibility correspond 
to the grainstone layer of the interrriediate horizon. The upper horizon exhibits 
a gradual mean grain size and bulk density upward decrease and a concomitarit 
porosity and water coritent increase; these trends are perfectly mirrored by the 
sound speed profile that shows a gradual decrease to an average value of 1570 I I ~ / S  

arid by the rrlagrietic susceptibility profile that, on the contrary, shows a gradual 
upward increase due to the progressive disappearance of the carbonate fraction. 

Unit 1 (0--200 cni) is very soft rnassive yellow-gray clays. Mean grain size curve shows 
an overall fining-upward trend except for the topniost horizon which is characterized 
by a reverse coarsening-upward trend, clearly recognizable in cores 19 and 20. The 
other physical parameters are strictly related to mean grain size variations: bulk 
density decreases while porosity and water content increase; these trends clearly 
reflect the degree of compaction of thc sediments: Sound speeds in this upper unit 
are also in excellent agreement with the other physical paranleters with a progressive 
decrease lowards the top of the core where values as low as 1460 m/s are measured. 
The magnetic susceptibility curve shows a complex patter11 that apparently does 
not match with the other parameters; the most prominent feature is a large peak 
in the intermediate part of the unit, that appears to be related only to a decrease 
in solid density values; this fact indicates the presence of light ultrafine particles 
(probably charcoal). Similar magnetic susceptibility peaks have been observed in 
other cores of the sariie geographic area a t  the same stratigraphic level; its detailed 
characterization and interpretation will be the subject of a future paper. 

General stratigraphic framework: The lithologic units recognized in core 18 are well 
constrained in terms of sedimentary facies and physical parameters; moreover, the 
vertical stack of these units has a clear stratigraphic meaning; thus, using a sequence 
stratigraphic approach, core 18 can be read in terms of sedimentary evolution of the 
depositional site in relation to relative sea-level changes during the last glacial cycle. 
The outer shelf area of the northern Tyrrhenian sea where core 18 was collected is 
characterized by a thick succession of pliocene to quaternary marine deposits. High- 
resolution seismic profiles [52] show that younger deposits are arranged in a vertical 
stack of thin tabular seismo-stratigraphic units separated by erosional surfaces; the 
erosional character of such surfaces becomes more evident at  shallower depths where 
small sand bodies with progradational geometries develop above the surfaces around 
erosional remnants. Core 18 has recovered the youngest seismo-stratigraphic unit 
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(units 1 and 2) and the upper part of the underlying one (unit 3); the irregular 
contact between units 3 arid 2 corresponds to the erosional surface shown by seismic 
profiles; the strong reflection that is nornlally associated to such a surface is easily 
explained by the higher velocity and bulk density values of unit 2 deposits, with 
respect to the overlying and underlying units. Frorri a stratigraphic point of view, 
core 18 records the sedimentary history of the northern Tyrrhenian sea outer shelf 
during the last glacial cycle; shallow marine silty clays of unit 3 were deposited during 
the sea-level falling stage of the cycle; duririg the last glacial maximum (ca. 20 kyrs 
B.P.) the sea level reached its minimum level at -120 m below the present one; in 
this period shelf areas experienced subaerial condition and an erosional surface de- 
veloped; during the transgressive stage related to the subsequent rapid sea-level rise, 
the forrner subaerial erosional surface was reworked by marine erosional processes; 
the bioclastic muddy sands at the base of unit 2 were deposited during this phase 
which is characterized by a dramatic decrease of terrigenous sediment input due 
to the rapid landward retreat of the shoreline and associated depositional systems 
with the consequent trapping of sediment in continental settings; sedimentation in 
shelf areas was characterized by the progressive increase of the biogenic component; 
during the late phase of the transgression and the early phase of the subsequent high- 
stand stage, outer shelf areas were almost starved and pure carbonate deposition 
took place; the relatively long period of starving and the exposition to high-energy 
marine processes, promoted the early cementation of carbonate deposits; the grain- 
stone layer of unit 2 formed in this phase. The upper part of units 2 and unit 1 
were deposited during the high-stand stage of the cycle; in this stage terrigenous 
input progressively increased due to the slow progradation of coastal depositional 
systems; carbonate deposition was gradually replaced by terrigenous sediments and 
outer shelf areas became a quiet muddy environment. 

Methodologies: Grain size analyses were performed using standard techniques; frac- 
tions coarser than 63 mm were separated with sieves; finer fractions were determined 
with a Merirnitics Sedigraph 5000; porosity, density and water content were obtained 
by using Beckman 930 gas pycnometer. Sound speed measurements were described 
in [13]. 

Whole core magnetic susceptibility was measured at 2 cm intervals with a Bart- 
ington MS2 susceptibility meter coupled with a core scanning sensor type MS2C 
with 100 mm internal diameter. The meaning of magnetic susceptibility is the ease 
with which a material can be magnetized. Low-field volume magnetic susceptibility 
(K) is defined as the ratio of induced magnetization intensity (M) per unit vol- 
ume to the strenght of the applied magnetic field (H) inducing the magnetization 
( K  = M I H ) .  In low (< 1 mT) magnetic fields the magnetic moment induced in 
the material reverts to zero on removal of the applied field [53]. Magnetic suscep- 
tibility is not a measure of a permanent magnetization and (hence) is not related 
to the earth's magnetic field. Since M and H are measured in units of magnetic 
field, K is a dimensionless ratio. Magnetic susceptibility is largely a function of 
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mineralogy, but the size and shape of magnetic grains are also of significance. Ferri- 
and ferromagnetic grains may be divided into three categories: rnultidomain (MD), 
single domain (SD) and superparamagnetic (SP) on the basis of the size. Magnetic 
susceptibility is sensitive to changes in the grain-size across the SP-SD-MD ranges 
with increasing values occurring for S P  arid MD domain states. In deep sea sedi- 
ments this parameter is function of the concentration and composition (mineralogy 
and grain size) of magnetizable material contained within the core. This material is 
represented by ferromagnetic minerals (ferrimagnetic and canted antiferromagnetic) 
as well as paramagnetic minerals (clay and ferromagnesian silicate minerals, iron 
and manganese carbonates, and some iron sulfides). Magnetic minerals in marine 
systems can be derived from a variety of sources and several mechanisms may affect 
their concentration: a) change in supply rate of magnetic minerals from primary 
sources (terrigenous, volcanogenic, biogenic, hydrothermal, etc.); b) change in ac- 
cumulation rate of the weakly magnetic component of the sediment; c) authigenic 
growth of magnetic minerals and/or diagenetic. 
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