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Depth and frequency dependence of geoacoustic properties
on the New England Mud Patch from reflection coefficient
inversion®

Yong-Min Jiang,'® Charles W. Holland,? Stan E. Dosso," (¥ and Jan Dettmer®

1School of Earth and Ocean Sciences, University of Victoria, Victoria, British Columbia VSW 2Y2, Canada
’Department of Electrical and Computer Engineering, Portland State University, Portland, Oregon 97201, USA
3Department of Geoscience, University of Calgary, Calgary, Alberta T2N IN4, Canada

ABSTRACT:

Muddy sediments cover significant portions of continental shelves, but their physical properties remain poorly
understood compared to sandy sediments. This paper presents a generally applicable model for sediment-column
structure and variability on the New England Mud Patch (NEMP), based on trans-dimensional Bayesian inversion of
wide-angle, broadband reflection-coefficient data in this work and in two previously published reflection-coefficient
inversions at different sites on the NEMP. The data considered here include higher frequencies and larger bandwidth
and cover lower reflection grazing angles than the previous studies, hence, resulting in geoacoustic profiles with sig-
nificantly better structural resolution and smaller uncertainties. The general sediment-column structure model
includes an upper mud layer in which sediment properties change slightly with depth due to near-surface processes,
an intermediate mud layer with nearly uniform properties, and a geoacoustic transition layer where properties change
rapidly with depth (porosity decreases and sound speed, density, and attenuation increase) due to increasing sand
content in the mud above a sand layer. Over the full frequency band considered in the new and two previous data
sets (400-3125 Hz), there is no significant sound-speed dispersion in the mud, and attenuation follows an approxi-

mately linear frequency dependence. © 2023 Acoustical Society of America. https://doi.org/10.1121/10.0021309
(Received 20 June 2023; revised 23 August 2023; accepted 21 September 2023; published online 18 October 2023)

[Editor: Preston Scot Wilson]

I. INTRODUCTION

Geoacoustic properties of seabed sediments strongly
influence acoustic propagation in shallow-water environ-
ments. Hence, approaches to estimate geoacoustic parame-
ters and uncertainties and to understand and model
sediment-acoustic interactions are important for underwater
acoustics research and applications. Seabed geoacoustic
properties are spatially variable both vertically and laterally,
typically changing most rapidly with depth over the sedi-
ment column. Further, the compressional-wave (sound)
speed and attenuation are frequency dependent (depending
on sediment type), although discerning sound-speed disper-
sion and attenuation frequency dependence remains a chal-
lenging problem. Geoacoustic inversion, whereby seabed
models are estimated from ocean acoustic data, represents
an attractive remote-sensing alternative to direct (invasive)
measurements for the study of in situ seabed properties and
seismo-acoustic interactions.

Direct and acoustic methods have been applied exten-
sively to investigate geoacoustic properties of the seabed in
a variety of littoral environments, to quantify their acoustic
behavior in various frequency bands, and to understand the

“This paper is part of a special issue on Assessing Sediment Heterogeneity
on Continental Shelves and Slopes.
®Email: minj@uvic.ca
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physical mechanisms that control sound propagation in dif-
ferent sediments.''® Acoustic measurements vary greatly in
terms of the lateral scale over which they sample the seabed,
averaging over potential lateral variability (range depen-
dence) of the environment. Some acoustic survey methods,
such as single-bounce reflection measurements considered
here,” ! insonify a seafloor footprint of O(lOl) to 0(102) m
in lateral extent and can provide high-resolution estimates
of the local depth-dependent structure, while others consider
spatial scales of order 0(10°) to O(10% m, providing more
regional averages. Further, various methods consider very
different frequencies, varying from O(lOl) to O(lO(’) Hz,
with concomitant tradeoffs in spatial resolution and penetra-
tion depth.

Until recently, most of the work in acoustic data collec-
tion and geoacoustic inversion has been applied to study the
properties and frequency dependence of sandy (granular)
sediments, with a lack of equivalent attention paid to muddy
(fine-grained) sediments, both theoretically and experimen-
tally. To initiate and organize research efforts for fine-
grained muddy sediments, the Office of Naval Research
sponsored an international, multi-disciplinary sea-going
research program on the New England Mud Patch (NEMP)
in 2017, referred to as the 2017 Seabed Characterization
Experiment (SBCEX17).'? A number of different types of
data were collected over a wide range of frequencies

© 2023 Acoustical Society of America 2383
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(~10Hz to 250kHz) via direct measurements, short-range
(~10-500m) acoustic propagation experiments, and long-
range (~0.5-10 km) propagation experiments.

One approach to acoustic data collection carried out as
part of SBCEX17 involved short-range recordings of tran-
sient signals from a towed acoustic source at a bottom-
moored hydrophone.'" The recorded waveforms (time
series) were processed as reflection coefficients over a range
of seafloor-reflection angles and frequencies, providing
high-information content data for geoacoustic inversion.
These reflection measurements were collected at three sites
on the NEMP. Two of the reflection-coefficient data sets,
obtained with a surface-towed source, were considered pre-
viously by Belcourt er al.,'* who applied trans-dimensional
(trans-D) Bayesian inversion to estimate geoacoustic pro-
files, including sound speed and attenuation frequency
dependence at thick- and thin-mud sites. The compressional-
wave attenuation and details of the mud structure at these
same two sites were considered in greater detail by Holland
and Dosso."* In the present paper, a third data set is consid-
ered, which was collected at a thick-mud site using a deep-
towed source that provided reflection-coefficient data at
lower grazing angles and higher frequencies and over a
larger bandwidth than the data considered previously. The
results of this new inversion provide higher resolution and
smaller uncertainties for geoacoustic profiles and frequency-
dependence examination and are used here, together with
the earlier two results, to construct a general interpretive
model of the sediment-column structure and variability on
the NEMP.

Il. EXPERIMENT AND DATA
A. Study area and data collection

The SBCEX17 study area is located on the NEMP, a
region of active fine-grained sediment deposition offshore
Martha’s Vineyard, MA."> The study area is approximately
30km (east—west) by 8km (north—south) in size, between
the 70 and 85 m isobaths, and corresponds to a muddy sedi-
ment “pond” where the seabed mud layer varies from about
3 to 12m in thickness. Figure 1 shows a 2015 chirp sonar
survey at the SBCEX17 study area in terms of two-way
travel time (TWTT) to a seismic reflector identified as the
base of the mud layer (interpolated from survey lines with
~250m spacing).'® This figure indicates that the mud thick-
ness generally increases from the northwest to southeast.
Core analyses indicate a relatively homogeneous mud layer,
referred to as Unit 1, below which sand content increases in
the mud (Unit 2), above a sand layer (Unit 3).16 Unit 2 could
be termed the geologic transition layer; however, in this
paper, our interest is in the geoacoustic transition interval,
defined as the depth interval where the sound speed is
observed to increase substantially (due to the increase in
sand). The geologic and geoacoustic transition intervals are
not the same.'* The transition interval, as discussed below,
will always refer to the geoacoustic transition interval.

2384  J. Acoust. Soc. Am. 154 (4), October 2023
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FIG. 1. (Color online) TWTTSs to the mud-base reflector interpolated from a
chirp sonar survey on the NEMP (Ref. 15), with three sites where wide-
angle reflection-coefficient data were collected indicated by white dia-
monds. Black and white circles represent locations where piston cores and
vibracores were collected, respectively.

Reflecting interfaces below the mud base (i.e., below
the top of the sand layer) were also identified from the chirp
survey. These are referred to as the deep-base I and deep-
base II reflectors, but their geologic origins are unknown as
no cores penetrated to the bottom of the sand layer, and the
only cores that penetrated reliably to the top of the sand
layer were at thin-mud sites (~3 m mud thickness).

In this paper, acoustic data collected at Site SC2 in the
southeast of the SBCEX17 area are inverted for sediment
properties, and the results are combined with those from
previous geoacoustic inversions at Sites SWAMI and
VC31-2" to develop a general model for the sediment-
column structure at the NEMP. Figure 1 shows that TWTTs
are similar at SC2 and SWAMI (thick-mud sites) and are
significantly greater than at VC31-2 (a thin-mud site).

The acoustic data for SC2 were collected on April 3,
2017. Figure 2 illustrates the experiment geometry: An omni-
directional acoustic source (MC18) was towed by the RV
Neil Armstrong at a depth of about 50m and a speed of ~4
knots (2.1 m/s) along a radial survey track that passed within
about 60 m of a bottom-moored hydrophone at ~66 m depth.
The source transmitted a 1 s linear frequency-modulated pulse

RV Neil Armstrong

Sea Surface T

Source depth ~50 m I

Sound Source S~ T~~~ -
N

Water depth ~76 m —{

FIG. 2. (Color online) Data collection geometry. An omni-directional
acoustic source was towed at about 50 m depth along the survey track with
acoustic arrivals recorded at a bottom-moored receiver at ~66 m depth.

Jiang et al.
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over the frequency band 0.5-6.0kHz at a 1s repetition rate.
The acoustic signals, including the direct arrival and reflec-
tions from the seafloor and sea surface, were recorded at the
hydrophone with a sampling rate of 32kHz. Additional
details of the experiment can be found in Ref. 11. The water
depth was relatively constant along the survey track at about
76m, and conductivity-temperature-depth (CTD) casts indi-
cated an essentially uniform water-column sound-speed pro-
file with a seafloor value of 1472 m/s.

B. Data processing

Acoustic data processing and spherical-wave forward
modeling (described in Sec. III A) require precise knowl-
edge of the experiment geometry, including source and
receiver depths, source-receiver range, and water depth at
the seabed reflection point for each source transmission. To
estimate high-precision geometric parameters, arrival times
for direct, bottom-reflected, and surface-reflected paths were
determined via cross correlation, and a ray-based, linearized
Bayesian inversion was applied, regularized with a Gaussian
prior for each parameter based on the best available infor-
mation.'” The grazing angles of seabed reflections were
computed from the high-precision geometry estimates, and a
Monte Carlo method was applied to compute grazing-angle
uncertainties (based on drawing random realizations from
the experiment-geometry uncertainty distributions'”).
Importantly, biases in the arrival times for the direct,
bottom-reflected, and surface-reflected paths due to the
source movement were not negligible in this analysis.
Hence, Doppler effects were computed and compensated for
all arrivals of each source transmission along the track,
which significantly improved the geometric inversion and
reflection-angle estimates.

Seabed reflection coefficients as a function of frequency
for each source transmission (i.e., each seafloor-reflection
angle) were computed using time-windowed direct and
bottom-reflected arrivals, transformed to the frequency
domain, accounting for geometric-spreading and absorption
losses.”"!  The bottom-reflected arrivals were time-
windowed to capture all discernible reflecting horizons. This
time window leads to a maximum bottom-interaction depth
of ~17m below the seafloor. Frequency averaging was
applied over a 100 Hz band (= 50 Hz) about each frequency.
The resulting reflection coefficients are shown in Fig. 3. A
frequency-dependent apparent critical angle (abrupt
decrease in reflectivity with angle) is observed in Fig. 3 run-
ning from about 19° at 3.0kHz to 23° at 0.5kHz. Bragg
oscillations in reflection-coefficient amplitude due to con-
structive/destructive interference within sediment layers are
evident over most angles and frequencies.

The reflection-coefficient data chosen for geoacoustic
inversion include seven center frequencies from 1175 to
2975Hz (~1.34 octave band), with frequency averaging
over £50Hz, and grazing angles from 15.1° to 25.4°, as
shown in Fig. 4 (this figure also includes predicted data
from the geoacoustic inversion, described in Sec. IV A). The

J. Acoust. Soc. Am. 154 (4), October 2023
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FIG. 3. (Color online) Seabed reflection coefficients as a function of graz-
ing angle and frequency, averaged over 100 Hz frequency bands, computed
from the recorded waveforms at Site SC2. Reflection coefficients at seven
frequencies from about 1 to 3 kHz and angles from ~15° to 25° are used for
inversion (dashed lines).

angles are unevenly spaced due to the experiment geometry
and uniform source-tow speed, and the number of grazing
angles differs slightly from frequency to frequency (23-27)
due to the omission of low signal-to-noise ratio (SNR)
results. The range of angles selected for inversion targeted
data with high geoacoustic information content, including
sub-critical and post-critical angle regimes. The frequency-
dependent critical angle is highly informative, but the Bragg
interference pattern is even more informative, yielding
information on the depth and frequency dependence of
sound speed and attenuation and the depth dependence of
density in the mud layer. Relatively high frequencies were
chosen as these are generally more informative since acous-
tic waves at smaller wavelengths sample sediment proper-
ties over more wave cycles within a layer. This is
particularly true for attenuation, where more wave cycles
lead to higher attenuation loss and higher sensitivity.
Further, the relatively large total bandwidth, 1.8 kHz, per-
mits multiple Bragg oscillations to be observed, which
should, in theory, yield lower uncertainties. Larger band-
widths also provide a wider frequency range over which to
detect sound-speed dispersion and attenuation frequency
dependence in geoacoustic inversion results.

In terms of inverting for high-resolution geoacoustic
profiles at a specific location, single-bounce reflection data
have the advantage of a much smaller seafloor footprint,
averaging over less lateral variability in the seabed, and are
less sensitive to variability/uncertainty in the water-column
sound-speed profile than acoustic data that involve continu-
ous bottom interactions over multi-kilometer propagation
ranges. For the reflection data set at SC2 (Fig. 4), the seabed
is spatially averaged over a lateral distance of ~50m, and
the water column is laterally averaged over ~130 m.

The reflection-coefficient data set obtained here for Site
SC2 differs in several ways from those at SWAMI and
VC31-2 considered in previous work,"? summarized in

Jiang etal. 2385
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Table I, due to different data collection procedures. While
acoustic recordings at SC2 used a nearly omni-directional
acoustic source towed at 50 m depth, recordings at SWAMI
and VC31-2 used a directional source towed just below the
sea surface (~0.4 m depth). Because of this, at SWAMI and
VC31-2, the direct and surface-reflected arrivals could not
be separated by time windowing (as at SC2), and the combi-
nation of the two was considered as a single arrival. While
source directionality was estimated and accounted for in the
data processing for SWAMI and VC31-2, the use of the
omni-directional source at SC2 far from the sea surface
leads to lower uncertainties in the measured reflection data.
Further, the deep-towed source geometry at SC2 yields
lower-angle data with acceptable SNR (in part due to shorter
propagation paths), which are highly informative of sedi-
ment properties. Finally, the SC2 data set has roughly twice

the bandwidth (1175-2975Hz) and more than an octave
higher maximum frequency than the data at VC31-2 and
SWAMI (frequency bands of 410-1362 and 410-1242 Hz,
respectively).

lll. FORWARD AND INVERSE ALGORITHMS

This section summarizes the forward sediment-acoustic
model (how sediment properties are parameterized), the for-
ward acoustic reflection model (how the predicted reflection
coefficients are computed), and the Bayesian inference
method used for geoacoustic inversion.

A. Forward sediment-acoustic model

The sediment properties are parameterized using the
viscous grain-shearing (VGS) sediment-acoustic model.'®

TABLE I. Information summary for sites SC2, VC31-2, and SWAMI. The mud- and sand-base reflector depths are estimated using sediment sound speeds
from inversions, and c,, represents the water sound speed at the base of the water column measured by CTD cast. Note that the angle ranges are those used

in the inversions and do not represent the full range of angles collected.

Receiver location

Water Frequency Angle Mud-base Sand-base
Site Lat. (°N) Lon. (°W) depth (m) ¢,y (m/s) range (Hz) range (deg) depth (m) depth (m)
SC2 40.4400 —70.5269 76 1472.3 [1175,2975] [15,25] 11.7 12.8
SWAMI 40.4614 —70.5753 76 1473.9 [410, 1242] [25, 56] 10.3 11.5
VC31-2 40.4838 —70.7469 77 1470.9 [410, 1362] [29, 60] 32 6.7
2386  J. Acoust. Soc. Am. 154 (4), October 2023 Jiang et al.
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The VGS model was originally developed based on loss
mechanisms that include grain-to-grain shearing, posited to
be a nonlinear (strain-hardening) phenomenon, and fluid
flow around the grains (classical viscosity). It might seem
that the VGS model may not apply to mud since the under-
lying physics are ostensibly based on grain-to-grain shear-
ing, whereas in cohesive muddy sediments, clay platelets
are held together by electrochemical forces. However, if the
attenuation frequency dependence is near f! and the sound
speed is independent of frequency (as observed for mud'?),
sediment losses are not due to classical viscosity, and the
fundamental physics behind the VGS model reduce to the
grain shearing (GS) model. Further, although the thinking
behind GS invokes micro-roughness at granular sediment
contacts, the actual physics and mathematics involve simple
material impulse response functions intended to model the
as-yet poorly understood micromechanics of grain-to-grain
interactions. Ultimately, the physics of the GS model are
implemented mechanistically as a Hookean spring and a
strain-hardening dashpot. Given that the micromechanics of
cohesive sediments are also poorly understood, the spring/
strain-hardening dashpot model may be considered as some-
what general—applicable not only to grain-to-grain interac-
tions, but also to other kinds of bonding.

One of the main advantages of using the VGS model is
to ensure that the sound-speed dispersion and attenuation
frequency dependencies do not violate causality. This
ensures that parameter inter-dependencies, e.g., the fre-
quency dependence of the sound speed and attenuation, are
linked by the Kramers—Kronigs relations, which limit the
solution space. Given these physical constraints, the inver-
sion allows the data to determine the attenuation frequency
dependence (which can vary between f!/2 and f?) and the
associated sound-speed dispersion.

Our implementation'® treats four parameters as depth
independent and reasonably well known: the density and
bulk modulus of the water and sediment grains. These are
assigned narrow prior bounds to account for small uncertain-
ties in the Bayesian inversion. The principal goal of the inver-
sion is to estimate four depth-dependent parameters: porosity
¢, grain-to-grain compressional modulus y,, material expo-
nent n, and compressional viscoelastic time constant t. The
time constant controls dispersion characteristics. At infinitely
small w1t (where w = 2nf is the angular frequency), the
attenuation goes as f2, monotonically decreasing to f! at
ot =1 and then further decreasing to f'/2 at wt ~ 4; for
w1 =< 20, the attenuation is dominated by viscous losses. For
wt = 50, the attenuation goes as f'. The sound-speed disper-
sion is likewise a strong function of wt, going as /¥ at infi-
nitely low frequency, increasing to a maximum rate of
change at wt =1, and then increasing log-linearly for
wt=10. From these VGS parameters, the depth- and
frequency-dependent sound speed and attenuation are com-
puted as well as the depth-dependent density. In Sec. IV,
both the VGS parameters and the corresponding properties of
a fluid-sediment model (i.e., sound speed, density, attenua-
tion) estimated from inversion are presented.

J. Acoust. Soc. Am. 154 (4), October 2023

B. Forward acoustic reflection model

Given the proximity of the source and receiver to the
seafloor in the experiment geometry (Sec. Il A), the plane
wave approximation is not valid, and data prediction
requires the computation of spherical-wave reflection coeffi-
cients. This is carried out by a numerical solution of the
Sommerfeld integral, representing a plane wave expansion,
over incident angle.zo’21 The integrand involves plane wave
reflection coefficients, which are computed for multi-layer
fluid-sediment models (calculated from VGS parameters)
using a recursive algorithm.?* For computational efficiency,
the integral is evaluated using Levin integration,™* with
predicted data at all angles and frequencies computed in par-
allel on a graphics processing unit.”'

C. Trans-D Bayesian inversion

Trans-D Bayesian inversion is applied here to solve the
combined problems of parameter estimation and model
selection in the inversion of reflection-coefficient data. This
approach has been described elsewhere?'*>?7 and is only
summarized here. In a Bayesian approach, the goal of the
inversion is the posterior probability density (PPD), defined
as the (normalized) product of the prior probability density
and the likelihood function. Here, bounded uniform priors
are applied to all parameters, except for the number of sea-
bed interfaces, where a Poisson distribution is also applied.
The likelihood is based on the assumption of independent
Gaussian-distributed errors, with standard deviations pro-
portional to the magnitude of the observed data with an
unknown error scale factor at each frequency. Specifically,
for N data divided into Np subsets and j = 1, ..., N; observed
data d;; in the ith subset (e.g., reflection-coefficient data at
Np frequencies with N; angles at the ith frequency), the like-
lihood function is given by

dij—d;(m

! ’
e al ;/Zl (e,\d,,| ,
HH‘ffldul

i=1 j=

L(m,e):

ey

where djj(m) are predicted data for geoacoustic model m
and e;|d;;| is the standard deviation for d;; with e¢; > 0 repre-
senting the error scale factor at the ith frequency, and e
= {e;} are the unknown error-model parameters included in
the inversion.

The reversible-jump Markov-chain Monte Carlo
(rjMcMC) algorithm?® is applied to sample probabilistically
over the choice of model parameterization (i.e., number of
sediment interfaces) and corresponding parameters (inter-
face depth and VGS parameters of the corresponding layers)
plus the error-model parameters (scale factors). Efficient
sampling, including a reasonable acceptance rate of dimen-
sion jumps (changes in number of interfaces), is achieved by
a combination of parallel tempering®’**' and principal-
component reparameterization,”’? with parallel-tempering

Jiang etal. 2387
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chains run in parallel on a computer cluster of multiple cen-
tral processing units. Once a large (convergent) sample of
models is collected, and omitting the initial burn-in models
during which stationary sampling is achieved, the number of
interfaces is marginalized over in considering probabilistic
results in terms of VGS or fluid-sediment model parameters.
Statistical tests are applied to the data residuals (difference
between observed and predicted data) a posteriori to vali-
date the error-model assumptions.®

IV. INVERSION RESULTS AT SITE SC2

A. Trans-D inversion: Priors, data fit, sampling,
and convergence

The trans-D Bayesian inversion algorithm described in
Sec. III was applied to the observed reflection-coefficient
data considered in Sec. II to estimate VGS parameters of the
seabed sediments at Site SC2 on the NEMP. The priors for
all parameters are summarized in Table II. Relatively wide
prior bounds are assigned for the depth-dependent VGS
parameters to allow the data to primarily determine the
inversion results; three of these (y,, 7, and t) are parameter-
ized logarithmically in the inversion to account for potential
variability over an order of magnitude or more. Depth-
independent parameters are tightly constrained as these are
generally well known (e.g., grain bulk density and bulk
compressional modulus from Ref. 16). The number of
parameters in the trans-D model varied from 16 to 76.

It should be noted that the grain bulk modulus is gener-
ally not measured (while reasonable measurements are
available for the other three), but the grain bulk modulus is
quite important for sound speed. In the VGS model, the
sound-speed lower bound is set by the Mallock—Wood equa-
tion, which depends strongly on «,. Since the grain bulk
modulus in some sediments may be smaller than that for a
pure mineral (because of fractures within the grain and, for

TABLE II. Parameter priors for Bayesian inversion, where bounds for base-
ment parameters are the same as for layer parameters, and N is the number
of frequencies in the data set. Note that 7, n, and 7 are parameterized loga-
rithmically in the inversion, but linear values are given here.

Model parameter Prior

Number of sediment layers k [1, 16] + Poisson with 1 =2
Depth-dependent (trans-D)
parameters (i = 1,...,k) :
Interface sub-bottom depth £; [0,17] m
[0.15,0.85]
Grain-to-grain compressional modulus 7, [7.943 x 10°,3.981 x 10°] Pa
Material exponent n; [0.0398, 0.3981]

Viscoelastic time constant t; [0.03, 50] ms

Porosity ¢;

Depth-independent parameters:
Fluid bulk modulus x,,
Fluid density p,,

[2.2245,2.2265] x 10° Pa
[1.0263, 1.0267] g/em®
[2.00,2.15] x 10'°Pa

[2.47,2.67) g/em®

Grain bulk modulus &,
Grain density p,
Error-model parameters (j = 1,...,NF) :

Data error scale factors ¢; [0.001, 0.4]
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clays, dependencies on temperature, pressure, ionic compo-
sition, and biological activity33), it follows that, for inver-
sion, x, should be set to the lowest possible value, not the
mean. The lowest possible value is not known. However, we
estimate a reasonable global lower bound from the
Mallock—Wood equation compared with an extensive set of
in situ sound-speed measurements.”® This ensures that the
widest range of sediment properties can be considered in
inversion, in that it prevents the sound speed from being
biased toward high values. This does allow the possibility
that the grain bulk modulus may be biased slightly low and
the grain-grain compressional modulus slightly high com-
pared to their actual in situ values, but, again, the sound
speed will be unbiased. That is to say, the reflection-
coefficient data have direct information about the sound
speed, but indirect information on the coupled parameters of
grain bulk modulus and grain-to-grain modulus.

Excellent agreement between the observed and pre-
dicted data is achieved in the inversion, as shown in Fig. 4.
Sampling histories and marginal probability distributions for
the log-likelihood (data fit) and the number of seabed inter-
faces sampled in the inversion are shown in Fig. 5.
Approximately 400 000 samples were collected in the inver-
sion after discarding the initial 80 000 samples as the burn-
in phase; however, chain-thinning by a factor of 20 is
applied for convenience in plotting figures in this paper.
Figure 5 shows that a well-mixed Markov chain with a good
acceptance rate for dimension changes was achieved. The
most-probable number of seabed-layer interfaces is 11, with
the distribution extending from 7 to 15. Sampling conver-
gence was assessed by comparing marginal posterior proba-
bility profiles for geoacoustic parameters computed for the
first and second halves of the ensemble of samples: The
results were virtually identical, indicating the inversion
results had ceased to change, and convergence was consid-
ered to be achieved. Examination of the estimated error sta-
tistics and underlying assumptions is presented in the
Appendix.

B. Geoacoustic marginal probability profiles

Results of the geoacoustic inversion are shown in Fig. 6
in terms of marginal posterior probability profiles for inter-
face depths and the depth-dependent VGS parameters;
parameter estimates and uncertainties in terms of PPD
means and 95% credibility interval (CI) widths are also
given in Table III for porosity at selected depths (other
parameters in the table are discussed later in this section). In
Fig. 6, the plot bounds represent the prior bounds, and warm
colors indicate high probabilities and cool colors low proba-
bilities, with probabilities normalized independently at each
depth for display purposes.

Of the four VGS parameters in Fig. 6, the sediment
porosity ¢ has the smallest uncertainties relative to its prior
bound widths, consistent with its primary importance in
defining sound speed and density values. Figure 6(b) indi-
cates that the porosity decreases in two steps from a surficial
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value of approximately 0.59 to 0.51 at about 2.4 m depth
and then remains essentially constant to about 10.8 m, with
some small fluctuations (= 0.1) over the lower ~1.6m.
From about 10.8 to 11.7 m depth, porosity decreases from
~0.49 to 0.28 in two steps. From 11.7 to 12.8 m, porosity
is about 0.29, and then it decreases to ~0.21 for
12.8-14.4 m. Below 14.4m, porosity appears to decrease
slightly, although the significance of this is unclear given
increased uncertainties. No further changes in porosity are
observed above the ~17 m basement (the maximum acous-
tic penetration given the time window applied in data proc-
essing). Porosity uncertainties, quantified in terms of 95%

2 Probability
x10*

CI widths, are about 0.02—0.04 from the surface to 14.4m
depth.

Interface depths in the marginal profile of Fig. 6(a) at
~11.7, 12.8, and 14.4m were identified to represent the
mud-base, sand-base, and deep-base I interfaces and agree
closely (within 0.1-0.2 m) with the corresponding reflector
depths computed using TWTTs interpolated from the chirp
reflection survey'> and sediment sound speeds from the
inversion. The interpreted depths of the interfaces are
included as dashed lines in Fig. 6. The significant decrease
in porosity from 10.8 to 11.7m depth corresponds to the
sand-mud geoacoustic transition layer.
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FIG. 6. Marginal posterior probability profiles for (a) interface depths and (b)~(e) VGS parameters porosity ¢, grain-to-grain compressional modulus 7,
material index n, and compressional viscoelastic time constant 7, respectively (last three parameterized logarithmically). Interpreted mud-base, sand-base,

and deep-base I interfaces are indicated by dashed lines.
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TABLE III. Mean parameter values and 95% ClIs for porosity, sound speed, density, and attenuation at selected depths for Site SC2 (c, and «, given for a

frequency of 1175 Hz).
¢ c,(m/s) o (g/cm3) o, (dB/m/kHz)

Depth (m) Mean CI Mean CI Mean CI Mean CI

0.5 0.586 [0.568, 0.604] 1466 [1462, 1470] 1.69 [1.65,1.72] 0.08 [0.05, 0.14]
1.8 0.549 [0.525, 0.565] 1480 [1475, 1484] 1.75 [1.71,1.79] 0.05 [0.03, 0.08]
4.0 0.507 [0.495, 0.520] 1488 [1484, 1492] 1.82 [1.79, 1.85] 0.03 [0.02, 0.04]
10.5 0.490 [0.468, 0.506] 1499 [1485, 1506] 1.84 [1.81,1.88] 0.04 [0.02, 0.06]
11.0 0.369 [0.357,0.382] 1589 [1574, 1597] 2.04 [2.00, 2.07] 0.01 [0.01, 0.03]
11.5 0.277 [0.263, 0.289] 1701 [1679, 1713] 2.19 [2.15,2.21] 0.12 [0.08,0.21]
12.5 0.292 [0.274, 0.306] 1735 [1729, 1741] 2.16 [2.12,2.19] 0.42 [0.32,0.50]
13.6 0.213 [0.201, 0.221] 1882 [1871, 1893] 2.29 [2.25,2.31] 0.10 [0.07,0.17]
15.2 0.174 [0.155, 0.234] 1969 [1928,2013] 2.35 [2.24,2.39] 0.89 [0.44, 1.74]

Given that the inversion algorithm applied here is based
on uniform-layer models, some layered structure in the results
could represent continuous gradients in the actual seabed
sediments. In particular, the stepped porosity decreases from
10.8 to 11.7 m depth in Fig. 6(b) may represent a nonlinear
negative gradient, as observed in fluid-sediment inversions of
modal-dispersion data for the NEMP based on general gradi-
ent models.”” Likewise, the stepped porosity decrease over
the top 2.4 m could represent a negative gradient.

Figures 6(c)-6(e) show marginal profiles for VGS
parameters corresponding to the grain-to-grain compres-
sional modulus 7,, material index n, and visco-elastic time
constant 7, respectively (parameterized logarithmically).
Marginal profiles for all VGS parameters include a uniform
layer from about 2.4 to 7.5 m in depth.

Inversion results in terms of fluid sediment-model
parameters of sound speed c,, bulk density p,, and attenua-
tion o, (in logarithmic units), computed from the VGS PPD,
are shown in Fig. 7, including a zoom-in for sound speed
over the top 4m (¢, and o, are shown for a frequency of
1175Hz, and the interface probability profile, mud-base,
sand-base, and deep-base I interfaces are identical to those
in Fig. 6). It should be noted that the thin layer between
~7.5 and 7.9 m depth involving an abrupt change in attenua-
tion (and other parameters in Figs. 5 and 6) seems unphysi-
cal and is likely an artifact of the data or inversion. Mean
parameter estimates and 95% CI widths for these parameters
are also given in Table III. The sound-speed results in Fig.
7(b) indicate a similar structure but opposite trends to the
porosity in Fig. 6(b) (i.e., sound-speed increases correspond
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FIG. 7. Marginal posterior probability profiles for (a) interface depths and (b)—(d) geoacoustic parameters sound speed c,, density p,, and attenuation o,,,
respectively, with (e) showing a zoomed-in profile for ¢, over the top 4 m (sound speeds and attenuations are shown for a frequency of 1175 Hz). Interpreted
mud-base, sand-base, and deep-base I interfaces are indicated by dashed lines.
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to porosity decreases and vice versa), due to their relation-
ship in VGS theory. The average sound-speed gradient in
the upper 4m is ~ 65!, below which there is an essentially
iso-speed layer to about 10.8 m depth (with fluctuations and
increasing uncertainty over the lower ~2.4m). From about
10.8 to 11.7m, the sound speed increases from about 1499
to 1701 m/s, representing the sand-mud geoacoustic transi-
tion layer; below this are two layers with lower interfaces at
about 12.8m (sand-base) and 14.4m (deep-base I) and
sound speeds of ~1735 and 1882 m/s, respectively. Below
14.4m, a higher sound speed with large uncertainty is
indicated. CI widths for sound speed vary from about 8 to
34 m/s over the top 14.4m.

The density marginal profile in Fig. 7(c) shows a similar
structure to the sound speed, with increases in density gener-
ally corresponding to increases in sound speed, and relatively
small uncertainties: 95% CI widths vary from about 0.06 to
0.08 g/cm® to 14.4m in depth. The attenuation profile in Fig.
7(d) is well determined, with CI widths varying from 0.02 to
0.18dB/m/kHz to 14.4m depth. The attenuation is observed
to decrease from the surface to about 2.4 m depth. Although
the mechanism for this decrease is not well understood, it is
consistent with the two other sites (VC31-2 and SWAMI) at
the NEMP'? as well as direct measurements of attenuation in
muddy sediments of the Eel River.>® Below this, attenuation
remains constant to about 7.5 m depth and then is variable but
decreases slightly to 10.8 m. Over 10.8-11.7 m depth (the
transition layer) the attenuation increases rapidly. Attenuation
results are discussed further in Sec. V.
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C. Sound-speed dispersion and attenuation
frequency dependence

In this section, the dispersion of sound speed and fre-
quency dependence of attenuation for the seabed sediments
at Site SC2 are investigated in a manner similar to earlier
work at SWAMI and VC31-2."° Fig. 8 shows marginal
probability densities for sound speed and log-attenuation
computed from the VGS inversion results at frequencies
from 1125 to 3125Hz and for seven depths from 0.5 to
15.2 m selected to investigate specific features of the profile.
These depths are the same as those considered in Table III
for a frequency of 1175 Hz and are illustrated on the sound-
speed and attenuation marginal profiles in Figs. 8(a) and
8(d), respectively.

Considering first sound-speed dispersion in the mud
above the transition layer, Fig. 8(b) shows that at depths of
0.5, 1.8, and 4.0 m, there is no discernible increase in sound
speed over the frequency band considered despite small
uncertainties (95% CIs =<9 m/s). At 12.5m depth, in the
sand layer, the mean sound speed increases by about 13 m/s
from 1125 to 3125Hz, with the sound-speed increase
resolved beyond uncertainties. At 13.6 m depth, between the
sand base and deep base, a smaller sound-speed increase
(~5m/s) may occur over this frequency band, but the differ-
ence is not resolved beyond uncertainties. At 15.2 m depth,
below the deep base, a 50 m/s increase is suggested, but not
resolved beyond the large uncertainties.

Considering next the attenuation frequency dependence,
Fig. 8(c) shows no discernible change (less than 0.002
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FIG. 8. (a) and (d) Sound-speed and attenuation marginal probability profiles indicating selected depths where sediment frequency dependence is considered
(dotted lines with depths given), respectively. (b) and (c) Marginal PPDs for sound-speed dispersion and attenuation frequency dependence, respectively, at
the selected depths. Note that the ordinate range for all sound-speed plots in (b) is 50 m/s except at 15.2 m depth, where it is 200 m/s, and the ordinate range

is 1 for all log-attenuation plots in (c).
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dB/m/kHz) in attenuation over the frequency band for mud
depths of 0.5, 1.8, and 4.0 m. At 10.0 m depth (bottom of the
iso-speed mud section), a small decrease in attenuation
(~0.015dB/m/kHz) is indicated. This is caused by the low
values at this depth in the bi-modal distribution for the vis-
coelastic time constant 7, shown in Fig. 6(e), which are
likely unrealistic. The relatively large uncertainties in the
frequency-dependent attenuation and sound-speed disper-
sion estimates at 10.0m are due to the combination of the
bi-modal distribution for 7 and the larger uncertainties for
7, and n from 9.3 to 10.8 m depth. In and below the sand
layer, no significant change in attenuation is indicated. For
attenuation expressed here in units of decibels per meter per
kilohertz, a constant value (or constant log value) is equiva-
lent to a first-power frequency dependence (f!) over the
1125-3125 Hz band.

V. SEDIMENT STRUCTURE AND VARIABILITY AT THE
NEMP

This section considers the new inversion results for Site
SC2 together with previous results at SWAMI and
VC31-2" in constructing a general model of the sediment-
column structure and in investigating spatial variation at the
NEMP. Results at the three sites were all obtained via trans-
D inversion of reflection-coefficient data, employing the
VGS sediment model and spherical-wave data predictions.
However, there are differences in the angular range and fre-
quency band of the data sets (Table I), such that information
content differs between sites.

_ Site SC2 (This study)

Figure 9(a) provides an interpreted model representing
sediment-column structure on the NEMP for a mud thick-
ness corresponding to that at Site SC2, but believed to be
generally applicable (with some variability) across the mud
patch. This model is based on information from the
reflection-coefficient inversion results at the three sites as
well as core measurements'® and the chirp sonar survey.'?
Figs. 9(b)-9(d) show sediment sound-speed profiles from
the inversions at the three sites in terms of PPD mean esti-
mates and 95% CI uncertainties, arranged so that the top of
the sand-mud transition layer aligns across all panels. In the
interpretation of Fig. 9(a), the mud consists of three layers:
an upper layer roughly 4 m thick in which properties vary
slightly with depth due to near-surface processes such as
bioturbation; an intermediate layer with uniform properties
that extends to about 1-2 m above the mud base; and a sand-
mud transition layer in which geoacoustic properties change
rapidly with depth due to increasing sand content in the
mud. The transition layer terminates at the mud-base inter-
face, below which is a layer of sand. Below the sand layer
(sand-base interface) is the deep-base I interface.

The sound-speed inversion results at the three sites in
Figs. 9(b)-9(d) correspond to the general structure in Fig.
9(a), with some differences between sites due to geographic
variation and possibly due to differences in data information
content. In consideration of the Ilatter, note that the
reflection-coefficient data at SC2 are expected to be the
most informative (see discussion in Sec. II), and the inver-
sion results at SC2 do indeed provide the best resolution and
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FIG. 9. (Color online) (a) Interpreted model of the sediment-column composition at the NEMP (explained in text). (b)—(d) Sound-speed inversion results at
Sites SC2 (at 1175 Hz), SWAMI (1081 Hz), and VC31-2 (1081 Hz), respectively, with the latter two calculated from the VGS models presented in Ref. 13.
Solid curves indicate mean sound-speed profiles, and gray curves are 95% Cls. Horizontal dashed lines indicate the depths (from top down) of the top of the

transition layer, the mud base, the sand base, and, at SC2, deep-base .

2392  J. Acoust. Soc. Am. 154 (4), October 2023

Jiang et al.

G2:ST'€T £20C 18qWIBAON 62


https://doi.org/10.1121/10.0021309

smallest uncertainties for sediment structure. Figure 9 shows
that the total thickness of the mud, from the seafloor to the
mud base, decreases from ~11.7m at SC2 to 10.3m at
SWAMI to 4.0m at VC31-2, in close agreement with the
chirp sonar results. At all sites, the upper mud layer is char-
acterized by low surficial sound speeds of 1446-1466 m/s
and a small increase in sound speed with depth. The inter-
mediate mud layer, characterized by an essentially constant
sound speed <1500 m/s, extends to about 10.8 m depth at
SC2 and 9m at SWAMI but is essentially absent at the thin-
mud site VC31-2, where the upper layer extends to the top
of the transition layer at about 2m depth. At all sites, the
transition layer is characterized by a rapid increase in sound
speed through a series of steps (or a gradient), changing
from <1500m/s to about 1700-1740m/s. The transition
layer is reasonably consistent in thickness: about 0.9 m at
SC2 and 1.3 m at the other two sites. Below this transition,
the thickness of the sand layer is ~1.Im at SC2 and
SWAMI and >3 m at VC31-2. The sound speed in the sand
varies from ~1740m/s at SC2 and SWAMI to = 1800 m/s
at VC31-2 (but with large uncertainties). Below the sand
layer, the deep-base I interface is resolved at SC2 as a sig-
nificant increase in sound speed (and uncertainty) but is not
observed in the inversion results for the other two sites.

To further compare sediment properties at the three
sites, Fig. 10 shows marginal probability densities for poros-
ity, sound speed, and log-attenuation in the upper mud layer
at 0.1 m depth and in the sand layer at depths appropriate to
each site (5m at VC31-2, 10m at SWAMI, and 12.5m at

SC2). Results for the sound-speed ratio between the mud at
0.1 m depth and seawater at the base of the water column
are also included in the figure. In each panel of Fig. 10, the
sites are arranged from top down, corresponding to a pro-
gression from northwest to southeast on the NEMP (Fig. 1).
PPD mean estimates and 95% CI uncertainties for these
properties are tabulated in Table I'V.

Figure 10 and Table IV show that uncertainties for the
new results for SC2 are significantly smaller than those for
the other two sites. Considering first the results at 0.1 m
depth in the mud, there appears to be a trend with porosity
decreasing, and sound speed and sound-speed ratio increas-
ing, from the northwest to southeast. These trends are con-
sistent with (but not informed by) northwest to southeast
trends of increasing mean grain size and increasing sand
content in near-surface core samples.'® The increase in
sound-speed ratio from northwest to southeast was also
observed in high-frequency measurements obtained using
the Sediment Acoustic-speed Measurement System probe.>’
In Fig. 10, the sound-speed ratio is less than unity (by an
amount greater than the uncertainty) at all sites. In the sand,
there is no definitive evidence, given uncertainties, of varia-
tion in porosity between sites, although CIs suggest the pos-
sibility of a decrease from northwest to southeast. The sand
sound speed and attenuation appear to be highest at VC31-2,
where the sand layer is thickest, while sand sound speed is
similar at SWAMI and SC2.

Most published geoacoustic inferences at the NEMP
treat the entire mud layer as a single unit and report the
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FIG. 10. Marginal probability densities for selected sediment properties at sites VC31-2, SWAMI, and SC2 from top down in each panel (a northwest to
southeast progression at the NEMP). Columns of panels, from left to right, show results for porosity, sound speed, log-attenuation, and sound-speed ratio.
Rows of panels, from top down, show results for the upper mud at 0.1 m depth and for the sand layer at depths appropriate to each site as indicated. Vertical
lines delineate 95% Cls. Sound speeds and log-attenuations are for frequencies of 1181 Hz for VC31-2 and SWAMI and 1175 Hz for SC2.
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TABLE IV. Mean parameter estimates and 95% ClIs in mud at 0.1 m depth and in the sand layer at appropriate depths for sites VC31-2 (1081 Hz), SWAMI

(1081 Hz), and SC2 (1175 Hz).

At water/sediment interface (0.1 m in sediment):

) ¢y (m/s) o, (dB/m/kHz) Sound-speed ratio
Site Depth (m) Mean CI Mean CI Mean CI Mean CI
VC31-2 0.1 0.66 [0.64, 0.69] 1446 [1438, 1455] 0.06 [0.01, 0.20] 0.983 [0.977, 0.989]
SWAMI 0.1 0.64 [0.63, 0.66] 1454 [1447, 1459] 0.04 [0.01, 0.12] 0.986 [0.982, 0.990]
SC2 0.1 0.59 [0.57, 0.60] 1466 [1462, 1470] 0.08 [0.05, 0.12] 0.996 [0.993, 0.999]
In sand layer:

¢ ¢, (m/s) o, (dB/m/kHz) Sand layer thickness (m)
Site Depth (m) Mean CI Mean CI Mean CI Mean CI
VC31-2 5.0 0.32 [0.29, 0.36] 1826 [1788, 1858] 1.36 [1.04, 1.80] 35 [3.2,3.8]
SWAMI 10.6 0.30 [0.29,0.31] 1741 [1722,1754] 0.05 [0.01, 0.13] 1.3 [1.1,1.5]
SC2 12.5 0.30 [0.27,0.31] 1735 [1729, 1741] 0.41 [0.32, 0.50] 1.1 [1.0, 1.3]

depth-averaged attenuation. In Ref. 14, a simple model was
proposed to predict the mud unit depth-averaged attenuation
that assumes:

(1) The attenuation above the transition interval is more or
less uniform across the NEMP with a depth-interval
average of 0.025 dB/m/kHz,

(2) The attenuation in the transition interval is more or less
uniform across the NEMP with a depth-interval average
of 0.017 dB/m/kHz,

(3) The transition interval has approximately the same
thickness across the NEMP at 1.2 m.

Thus, the only input to this model is mud thickness. The
model'* predicted the depth-averaged attenuations at the
thin- and thick-sediment sites (VC31-2 and SWAMI), which
differ by a factor of 2, as well as the depth-averaged attenua-
tion obtained by Knobles et al.*® and Wan et al.*® in a thick-
sediment area. The new results at SC2 provide another
opportunity to test that model. With a mud thickness of
11.7m, the model predicts a depth-averaged attenuation of
0.040 dB/m/kHz. The measured depth-averaged attenuation,
i.e., averaging over the depth-dependent results (the fourth
column of Fig. 7), is 0.041dB/m/kHz at 1175Hz. Since
attenuation is observed to be a nearly linear function of fre-
quency, i.e., nearly constant with frequency in units of dB/
m/kHz, the proposed model appears reasonable at this site
as well.

VI. SUMMARY AND DISCUSSION

Wide-angle reflection-coefficient data are highly infor-
mative for sediment properties and have been applied in
geoacoustic inversion for various sediment types in shallow-
water environments.” >"'*'*?! This paper applied trans-D
Bayesian inversion, a VGS sediment-acoustic model, and a
spherical-wave forward model to reflection-coefficient data
collected at a thick-mud site (SC2) on the NEMP, with a
focus on exploring geoacoustic properties and frequency
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dependencies in greater detail and for higher frequencies
than considered previously. In particular, the SC2 data set
has roughly twice the bandwidth and more than an octave
higher maximum frequency, as well as data at 10° lower
grazing angles, than data sets considered in previous inver-
sions at thick- and thin-mud sites (SWAMI and VC31-2,
respectively) at the NEMP.'?

The reflection-coefficient inversion at SC2 indicates an
11.7m thick mud layer. The mud sound speed increases
from the water-sediment interface to 2.4 m depth, remains
essentially constant from 2.4 to 10.8 m, and increases rap-
idly to ~1700m/s over 0.9m to the mud-base interface
(clearly resolved at 11.7m depth). The sand-base interface
is also well resolved, indicating an ~1.1 m thick layer with a
mean sound speed of ~1735 m/s. This structure is consistent
with a transition layer of increasing sand content in the mud
above an underlying sand layer, as found in cores at thin-
mud sites. An interface corresponding to the deep-base I
reflector is indicated about 1.6 m below the sand. The atten-
uation profile indicates a slight decrease from 0 to 2.4m
depth and a clear increase from 10.8 to 11.7 m, which is, to
our knowledge, the first such result for attenuation over the
transition layer by inversion or direct measurement on the
NEMP. The porosity profile is well estimated with values
typical for mud to ~10.8 m depth and then transitions to
sand values.

The geoacoustic profiles obtained here for SC2 provide
significantly better structural resolution and smaller
uncertainties compared with earlier results at SWAMI and
VC31-2. This is likely because the angle and frequency
ranges for the SC2 data include frequency-dependent criti-
cal-angle effects and Bragg oscillations, which are highly
informative. To summarize a synthesis of the inversion
results for SC2, SWAMI, and VC31-2:

* The sound-speed ratio at the water/sediment interface is
found to be less than unity by an amount greater than the
uncertainty at all sites.
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 All sites indicate a small increase in sound speed over the
upper layer of the mud, about 2—4 m thick. Below this,
sound speed is essentially uniform down to about 1.1-1.3
m above the sand-base interface at the thick-mud sites
(SC2 and SWAMI), but this intermediate mud layer is
absent at the thin-mud site (VC31-2).

At all sites, a transition layer exists in the lower mud over
about 0.9-1.3 m above the sand layer over which the
physical properties change rapidly with depth: Sound
speed and density increase and porosity decreases. A
monotonic increase in attenuation over the transition layer
is clearly indicated in the high-quality inversion results at
SC-2.

* All sites include a sand layer varying in thickness from
1.1 to 3.5 m below the transition layer, with relatively uni-
form properties over depth, including a sound speed of
about 1740 m/s at the thick-mud sites and ~1800 m/s (but
with higher uncertainty) at the thin-mud site.

* Apparent trends in sediment properties across site loca-
tions on the NEMP include the mud thickness increasing,
the sand thickness and porosity decreasing, and the surfi-
cial sound speed and sound-speed ratio increasing in
going from the northwest (VC31-2) to southeast (SC2).

* Within the full frequency bands considered in the three
data sets (400-3125Hz in all), there is no or very weak
sound-speed dispersion in the mud layer, and the attenua-
tion frequency dependence follows an approximately lin-
ear (f!) behavior.

1175 Hz 1475 Hz 1675 Hz

1875 Hz

The general sediment-column structure presented in this
paper has also been observed in geoacoustic inversions of
other types of data on the NEMP. For example, trans-D
inversion of modal-dispersion data, including high-order
modes (up to mode 21) at the SWAMI site, gave results simi-
lar to those obtained here.>> The modal inversion results
included a low surficial sound speed of approximately
1460 m/s, with a small increase in sound speed in the upper
4m, followed by an iso-speed profile to about 8 m. From
~8 to 10.5m, the sound speed increased from ~1480 to
roughly 1800 m/s, representing the mud-to-sand transition,
although with larger uncertainties and lower depth resolution
than the reflection-coefficient inversions considered here.
Other trans-D modal-dispersion inversions with smaller
numbers of modes***! at thick-mud sites (mud-base reflector
at about 10 m) produced geoacoustic models with a low surfi-
cial sound speed, an iso-speed profile, and a transition from
mud to sand sound speeds at a depth consistent with the
mud-base reflector, but they do not resolve a sound-speed
increase in the upper mud, likely due to more-limited data
information content. Finally, trans-D inversion of ship-noise
matched-field data*” at a thinner-mud site (mud-base reflec-
tor at ~6m) also produced a low surficial sound speed,
iso-speed layer, and transition to higher speed at about the
mud-base reflector, but with considerably higher uncertainties.

In summary, the compilation and synthesis of high-
resolution reflection-coefficient inversion results at thick-
and thin-mud sites on the NEMP developed here should

2175 Hz 2575 Hz 2975 Hz

o
w

Error scale factor
o
N

o
-

1x10% 2¢x10*  1x10* 2x10*  1x10* 2x10?

1x10* 2x10*

1x10* 2x10*  1x10* 2x10*  1x10* 2x10*

lteration
0.4
503
Q
K
Q
IS 0.2
w
S
10 0.1
0 , .
Probability

FIG. 11. Sampling histories and marginal probability densities for error scale factors at frequencies indicated.
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of predicted data.

provide a useful model for sediment-column structure that
can serve as a reference for and be refined by future work.
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APPENDIX

This appendix examines the error model applied in the
Bayesian geoacoustic inversion. This model was based on
the assumption of uncorrelated Gaussian errors with the
standard deviation at each frequency scaling directly with
the data at that frequency, and the scale factor for each fre-
quency treated as an unknown parameter in the inversion.
The sampling histories and marginal probability densities
from the inversion for these error scale factors are given in
Fig. 11, which shows that the scale factors vary from about
0.1 to 0.2 (i.e., standard deviations are 10%—20% of the data
values).
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To consider the assumptions of Gaussian-distributed
errors, Fig. 12 shows histograms of the error residuals
(observed data minus predicted data sampled in the inver-
sion), showing reasonable agreement compared to standard
Gaussian distributions. In fact, the residuals for all frequen-
cies except 2175Hz pass the Kolmogorov—Smirnov test,
indicating no evidence against the Gaussian assumption at
the 0.05 level. Although the residuals at 2175 Hz did not
pass this test, since the histogram is not strongly non-
Gaussian (e.g., does not include large outliers), this is not a
significant concern here.

To consider the assumption of uncorrelated errors, Fig.
12 also shows the residual autocorrelation function (means
and 95% CI) at each frequency. Recognizing that the
reflection-coefficient data are not uniformly spaced in angle,
the autocorrelations nonetheless have narrow peaks, =< 1
lag-point wide at all frequencies except 2575 Hz, which is
slightly wider. Further, >95% of the samples at each fre-
quency except 2575 Hz passed the runs test, indicating no
evidence against the assumption of uncorrelated residuals at
the 0.05 level, and at 2575 Hz, ~60% of samples passed.
Hence, the assumption of uncorrelated errors appears to be
well supported.
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