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Abstract—The Seabed Characterization Experiment was carried out
from March 5 to April 10, 2017 (SBCEX17) on the New England Mud
Patch, approximately 90 km south of Martha’s Vineyard. The SBCEX17
experimental site covers an area of 11 km × 30 km with water depth in
the range of 75–80 m. The Sediment Acoustic-speed Measurement System
(SAMS) is designed to measure sediment sound speed and attenuation
simultaneously over the surficial 3 m of sediments. During SBCEX17,
SAMS was successfully deployed at 18 sites, which were chosen to coincide
with coring locations, with the goal of developing a geoacoustic model
for the study area. In this article, a summary of SAMS operation during
SBCEX17 is presented, as well as preliminary results for sediment sound
speed and its spatial variation in the frequency band of 2–10 kHz. It is
found that in mud, the sound-speed ratio is in the range of 0.98–1. Little
dispersion was observed in this frequency band. Using the preliminary
SAMS sound-speed results measured at different depths, the sound-speed
gradient in mud within the surficial 3 m favors an exponential rather than a
linear dependence at SBCEX17 site. Large gradients are observed for depth
shallower than 1.5 m. For the sandy basement beneath the mud layer, the
sound-speed ratio is as high as 1.105.

Index Terms—Geoacoustic modeling, mid-frequency, mud, SBCEX17,
sediment sound speed, sound speed gradient.

I. INTRODUCTION

S EDIMENT geoacoustic properties, which are the most important
parameters for predicting sound propagation and reverberation

in many cases, are difficult to acquire directly, especially in the low-
to midfrequency band. In situ measurements of sediment properties
were first made in the 1950s [1]–[8] for water depths ranging from
tens of meters to a maximum of 1235 m [2]. Penetrating probes were
pioneered with the goal of building a geoacoustic model for the seafloor
[9]. In these early measurements, sediment properties were obtained at
penetration depths of tens of centimeters in the frequency range of
several kilohertz to 100 kHz. A wide range of sediment types were
sampled from clayey silt to sand.

Recently, extensive in situ measurements of sediment properties have
been conducted for the ocean acoustics community in sandy sediments
and the majority are closely related to major sediment acoustics field
experiments sponsored by the U.S. Office of Naval Research, Arling-
ton, VA, USA. The in situ measurement results were summarized in
[10]–[18] for the Sediment Acoustic Experiment in 1999 and 2004
(SAX99/04), [19]–[20] for the Shallow Water 2006 (SW06), and the
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Target and Reverberation Experiment in 2013 (TREX13) [21]–[22].
In addition to work related to major field trials, descriptions of in situ
measurement efforts can also be found in [23]–[25]. These measure-
ments were conducted from a few hundred hertz to a few hundred
kilohertz to study the frequency dependencies of sediment sound speed
and attenuation. Sediment acoustic models have been proposed for
such frequency dependencies and representative efforts can be found
in [26]–[30].

In contrast, mud properties, including subbottom layering, sound-
speed gradients due to compaction, and gas content, are of great interest
and importance to sound propagation and reverberation and as yet not
well understood. Historical in situ data and investigations on mud or
fine-grained sediment properties include work from [1]–[8], [31], and
[32]. Sediment sound-speed ratio in mud was often found to be less
than unity [1]–[4], [31], [32], and sound-speed gradients were often
observed [5]–[8], [31]. Attenuation measurements were reported in
[1], [3], [4], and [31]. It has been shown that reliable attenuation
records are challenging to obtain in mud due to primitive techniques and
complication from ambient noise [33]. With limited understanding and
measurement of the geoacoustic properties in mud, sediment acoustic
modeling is currently an ongoing research topic [34].

The Seabed Characterization Experiment was carried out from
March 5 to April 10, 2017 (SBCEX17) on the New England Mud
Patch, about 90 km due south of Martha’s Vineyard. The main sci-
entific goals of SBCEX17 are to discover the physical mechanisms
that control sound propagation in fine-grained sediments and assess
inversion and statistical inference techniques and their uncertainties in
such sediments. Fig. 1 shows the experimental site, highlighted with
a green box with bathymetric contours in the background. The main
experimental area is 11 km × 30 km in size with water depth ranging
from 75 to 80 m.

Two survey cruises were conducted in 2015 and 2016 aimed at
providing an overview of the environment at the experimental site.
During the 2015 cruise, a chirp sonar survey was conducted to give a
three-dimensional map of the bottom structure in the form of two-way
travel time (TWTT) [35] (see Fig. 2, bottom panel). In addition, during
the two survey cruises, piston, vibracores, and acoustic cores were
obtained and their locations were labeled on the TWTT map as well
[36]–[38].

During SBCEX17, in situ measurements of sediment sound speed
and attenuation in the experimental area were carried out in the fre-
quency band of 600 Hz–10 kHz, using the Sediment Acoustic-speed
Measurement System (SAMS). SAMS was successfully deployed at
a total of 18 sites, which were chosen to coincide with the coring
locations. A combination of direct measurements, such as cores and
SAMS, as well as chirp sonar data can be used to build a geoacoustic
model at the study site to facilitate the development of physics-based
sediment acoustic models.
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Fig. 1. SBCEX17 experimental site on the Mud Patch of New England. The
study site, highlighted with the green box, is about 90 km south of Martha’s Vine-
yard. The background color represents bathymetric contours using data from the
National Oceanic and Atmospheric Administration bathymetry database.

Fig. 2. Top panel: SBCEX17 experimental site with four types of direct
measurement locations overlaid, including acoustic (magenta), piston (blue),
vibracores (black), and Sediment acoustic-speed measurement system (SAMS)
(red). The four priority areas and site names where SAMS data were taken
are shown. Bottom panel: TWTT map of surficial mud layer with piston and
vibracore locations. (Bottom panel picture courtesy of John Goff.)

This article is organized as follows. In Section II, system description
and deployment information, as well as acoustic data, are presented. In
this article, a time-of-flight method is adopted to obtain sound speeds
and, therefore, all sound-speed results presented here are path-averaged
sound speeds. The technique to obtain path-averaged sediment sound
speed is shown in Section III. In this article, sediment sound-speed

results in the frequency band of 2–10 kHz are presented. A full report
of sediment sound speed and attenuation in the frequency band of
600 Hz–10 kHz will be the subject of a follow-on effort. Using SAMS
results taken at different penetration depths in mud, a preliminary model
for sediment sound speed versus depth is presented in Section IV,
followed by the summary in Section V. A transducer model is presented
in Appendix for source and receiver responses when immersed in
different media, i.e., water versus mud, to help understand the acoustic
data taken during SBCEX17.

II. SEDIMENT ACOUSTIC DATA

During SBCEX17, SAMS was successfully deployed at 18 sites.
Sediment sound speed was measured for the surficial 3 m at sites with
varying mud layer thickness, as well as at sites that included penetration
into the sandy basement [35]. These sites were chosen to coincide with
acoustic, piston, and vibracore locations [36]–[38] (see Fig. 2), with
the goal of developing a geoacoustic model for the study site.

A. System Description

SAMS, shown in Fig. 3, is designed to simultaneously measure
sediment sound speed and attenuation over the upper 3 m of sediments.
The system is about 4.8 m tall and 5 m wide between the end points
of the triangular base and the extension arm [21]. SAMS has two
independent and interchangeable drill systems: one employs a suction
mechanism and the other a water jet. The suction system gives minimal
disturbance to the medium around the penetrating probe, whereas the
water jet system can help penetrate consolidated shell/sand layers.
During SBCEX17, both systems were used: the suction system was
used for the majority of the sites with thick mud layers, whereas the
water jet system was used to penetrate the sandy basement. Typi-
cally, it took about 20 min for SAMS to be lowered to the seafloor,
about 80 m below R/V Sharp, while it was in dynamic positioning
mode. The center probe was then drilled into the sediment through
motor control. Once at a desired depth, the data taking usually takes
40 min, and upon completion, data are transferred to the surface for
analysis.

There are ten sources and one receiver on the SAMS tower. The ten
sources include eight ITC1032s, one ITC1007, and one low-frequency
source PS800. ITC1032 and ITC1007 cover a frequency band of 2–
10 kHz, and data from these two sources will be the focus of this
article. The acoustic receiver is a ring transducer at the tip of the center
probe. The inset on the top right corner of Fig. 3 depicts the deployment
conditions during SBCEX17, with all sources and receiver buried in
mud.

The receiver penetration depth was recorded through an encoder,
which measures depth by counting turns as the center shaft rotates to
go down with submillimeter resolution. The penetration depth ranges
from 0 m to maximum extension of 3 m, referenced to the SAMS
frame. As mentioned earlier, SAMS sank into the soft sediments by
30–50 cm for all deployments and, therefore, all measurements were
carried out within the 0.4–3.4-m depth range in sediments, relative to
the water–sediment interface (see Table I; nominal 0.4-m sinking depth
was used). When the probe is at penetration depths of 1.5 and 3 m, the
grazing angle ranges for the ten source–receiver pairs are 27°–45° and
45°–68°, respectively, with sources ranging 1.2–3 m horizontally from
the receiver probe.

A camera was installed on the triangular base of the tower and the
footage was viewed in real time on board the ship. The real-time camera
feed helps ensure safety during deployment and recovery and provides
a qualitative view of surficial sediments and biological activity. In
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Fig. 3. SAMS: There are six ITC1032 and one ITC1007 sources on the extension arm and two ITC1032 sources under the triangular frame. A low frequency
source PS800 is at the end of the extension arm. A ring transducer (receiver) is at the tip of the center probe that is drilled into the sediment under motor control.
The inset shows the system geometry and grazing angle range when the probe is at its maximum penetration depth of 3 m. Receiver penetration depth is referenced
to the frame, in the range of 0–3 m. Since SAMS sank into the soft sediment for all deployments, the source/receiver depths relative to the water–sediment interface
shown in Table I have a nominal sinking depth of 40 cm taken into account.

addition, based on the camera footage, SAMS was observed to sink
30–50 cm into the mud for all deployments.

A conductivity-temperature-density (CTD) unit was fastened onto
the SAMS frame throughout the experiment. The CTD unit was about
1 m above the water–sediment interface, with the frame sinking depth
taken into account. From March 23 to April 6, the water sound speed
near the seabed varied from 1470 to 1473 m/s (see Table I).

B. SAMS Deployments During SBCEX17

During SBCEX17, four priority areas were chosen and they are the
following:

1) the central area;
2) the northwest (NW) section of the main acoustic track;
3) east–west (E-W) transect with transition into shallow mud layer

to the west;
4) the “sand box” area with sandy intrusion as close to 1.5 m below

the water–sediment interface (see Fig. 2; top panel).
These sites were chosen to study the spatial variation of sediment

sound speed in both range and depth and, specifically, its relation with
the following:

1) mud layer thickness;
2) sound-speed depth structure or its gradient in mud;
3) transition from mud into sandy basement.
Details of all deployments are listed in Table I, including the

closest core location, SAMS GPS coordinate, penetration depth,
source/receiver depths, and water sound speed about 1 m above the
seafloor. At some of the sites, acoustic data were taken at two penetration

depths, usually one near 1.5 m and the other at maximum penetration
of 3 m. Note that the penetration depth is the relative depth between
receiver and fixed source plane, whereas the source/receiver depths
are referenced to the water–sediment interface and have the 30–50-cm
system sinking depth taken into account.

C. Acoustic Data Obtained Using ITC1007 and ITC1032

As mentioned earlier, for all deployments at SBCEX17, SAMS sank
about 30–50 cm into the soft surficial sediment. The fact that all sources
and the receiver were buried in mud contributed collectively to the high
quality of the acoustic data. In such cases, sound does not have to couple
through the water–sediment interface as it does when the frame sits
on the ocean bottom (with sources above water–sediment interface).
In addition, the relatively homogeneous soft sediment enhances the
strength and quality of the signal as will be seen.

During the experiment, Gaussian pulses with 1-kHz bandwidth
were used with center frequencies in the range of 2–10 kHz in 500-Hz
increments. During the experiment, every transmitted signal was
repeated three times. The three received signals were observed to be
almost identical and, therefore, only the mean signals are shown here.
An example is shown in Fig. 4, using the 2–3-kHz Gaussian pulse.
To reduce edge effects, the Gaussian envelope is allowed a 2-ms time
window, with the Gaussian signal peak lined up at the 1-ms center. In
Fig. 4, the acoustic signals are Gaussian filtered and the filter has a full
3-dB bandwidth of 1 kHz. Filtered data are shown in blue, whereas their
envelopes are shown in red. Sources 1–8 are ITC1032s, whereas source
9 is an ITC1007. The horizontal distances between sources 1–9 and the
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TABLE I
SAMS DEPLOYMENT INFORMATION DURING SBCEX17

PC: piston core, VC: vibracore, AC: acoustic core, and IVAR: intensity vector au-
tonomous recorder.
∗Penetration depth: receiver depth relative to SAMS frame.
∗∗Source/receiver depths: depths relative to the water–sediment interface (with nominal
0.4-m sinking depth added, see Fig. 3 inset).

receiver range from 1.23 to 2.96 m. Signal amplitudes in Fig. 4 are
normalized with reference to that of source 1, the closest ITC1032.
Source 9, ITC1007, has a higher source level than those of ITC1032s,
resulting in a higher signal amplitude. For sources that are directly
under or close to the frame (sources 1–3), trailing arrivals scattered

Fig. 4. Data taken during SBCEX17, with sources 1–8 ITC1032s and source
9 an ITC1007. Waveform used: 2–3-kHz Gaussian pulse. Signal amplitudes are
normalized with reference to source 1.

from the frame can be observed, whereas sources further away are
much less affected.

Interestingly, when comparing signal amplitudes between in-water
and in-sediment data, it was found without exception that the signal
amplitude with sources and receiver in sediment is higher than that when
both are in water, given the same geometry. Fig. 5 shows the comparison
between the in-water and in-sediment data for both ITC1032 (left)
and ITC1007 (right) at a deep mud site, PC9. The in-water (blue) and
in-sediment (red) data were taken at penetration depths of 2.384 and
2.382 m, respectively. For PC9, the in-sediment data slightly lag behind
the in-water data, indicating a lower sound speed. Moreover, both
panels show that the in-sediment data have higher amplitudes than their
in-water counterparts. The minute difference in receiver depth (0.2 cm)
cannot account for the 23% amplitude increase for the in-sediment data.

To understand the source performance when buried, a transducer
model was developed for sources immersed in water or in mud, referred
to as before and after burial cases in later text. Similar analysis was
carried out for the acoustic receiver. Details of the transducer model
and modeling results are given in the Appendix. The modeling of
source performance is essential to understand both amplitude and phase
changes for sources immersed in different media, which will impact
both sound speed and attenuation analyses.

The results presented in this article are limited to the sediment
sound-speed results for ITC1032 and ITC1007 since the parameters
needed for the transducer model are only available for these two sources.
Preliminary transducer modeling results show negligible phase change
for ITC1032, ITC1007, and the receivers before and after burial in
the frequency band of 2–10 kHz. As demonstrated in the Appendix,
for typical SAMS propagation path lengths in the range of 2–4.3 m,
this phase change would result in a maximum of 0.3% sound-speed
correction. Though small, this slight phase change was included in all
sound-speed calculations presented in this article.

III. SOUND-SPEED RESULTS IN FINE-GRAINED SEDIMENTS

Path-averaged sediment sound-speed results are presented for the
four priority areas described in Section II. A time-of-flight method
is adopted to obtain the path-averaged sound speeds over relevant
propagation paths. Results show small variation for sound speeds in
mud. For sites with data taken at two or more penetration depths, a
simple two-layer model was built to investigate the averaged sound
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Fig. 5. Comparison between in-water and in-sediment data from ITC1032 (left) and ITC1007 (right) using the 2–3 kHz Gaussian signal at a deep mud site, PC9.
The in-water and in-sediment data were taken at penetration depths of 2.384 and 2.382 m, respectively, with receiver depth differing by 0.2 cm.

Fig. 6. Example of best matching both phase and amplitude between in-water
and in-sediment data using ITC1007. Waveform: 2–3-kHz Gaussian pulse. Blue:
in-water data at a receiver depth of 2.886 m. Red: in-sediment data at a receiver
depth of 2.897 m at VC1 location. Black: shifted early part of in-water data to
match the in-sediment within the matching time window marked by the gray
lines. VC1: site with sandy intrusion.

speeds in both layers as a crude estimate of sound-speed gradient within
the surficial 3 m.

A. Method to Obtain Sound Speed

To obtain signal arrival time, both phase and amplitude information
of the early part of the signal were used, when there should be little
contamination by unwanted arrivals. This was carried out by best match-
ing both phase and amplitude of the early part of the signal between
in-water and in-sediment data that were taken with close-to-the-same
geometries.

The process of phase and amplitude matching between in-water and
in-sediment signals is demonstrated in Fig. 6 using data from ITC1007.
The in-water data were taken at the penetration depth of 2.886 m (see

Fig. 3 inset for system geometry), whereas the in-sediment data were
taken at 2.897 m (VC1 location). The blue and red curves represent
in-water and in-sediment data; the black curve is the best match between
the two for the part of the signal bounded by the two gray lines.
Through best matching, the time difference between the two signals
can be obtained. Since the geometry of the system is known, the time
difference corresponds to the sound-speed difference between the two
media. In addition, a slight correction is made to account for the delay
of the transmitted signal due to immersion in the sediment (see the
Appendix). With the sound speed in water measured using an on-frame
CTD, the path-averaged sediment sound speed can be obtained.

B. Path-Averaged sound-Speed Results at the Four Priority
Areas

The path-averaged sediment sound-speed results are presented as
sound-speed ratios, i.e., the ratio between sound speed in sediment
and in water. The in-water sound speed was measured using the
on-frame CTD, as shown in Table I, for each site. The sound-speed
ratios and their uncertainties for the four priority areas are presented
here, starting from the central area. Note, results in Fig. 7 and later
in Fig. 8 are mostly in the penetration depth range of 2–3 m (see
Table I for penetration depths). For sites that have multiple penetration
depths, the results represent mean sound-speed ratio averaged over all
penetration depths, if not stated otherwise. They are used here to first
study the general sound-speed variation among the four priority areas.
The depth dependence of sound speed in mud is presented later in this
section.

Measurements at the five sites in the central area yield similar
sound-speed ratios [see Fig. 7(a)] with the mean sound-speed ratio in
the range of 0.99–1. Little dispersion is observed in the frequency band
of 2–10 kHz. The uncertainty bars represent one standard deviation
of sound-speed results obtained using the nine source–receiver pairs.
It is interesting that the other five sites, along the NW part of the
main acoustic track, show similar variation among sites, but the overall
sound-speed ratio is less than that in the central area by 0.5% or 7.4 m/s
[see Fig. 7(b)]. Note that the central area has a surficial mud layer of
11–12 m, whereas the NW part of the main acoustic track has a variable
mud layer thickness of 7–10 m.

Along the E-W transect, the surficial mud layer thickness reduces
from 6–8 m (PC54 and 55) to 2–3 m (PC52). Results from PC54 and
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Fig. 7. Sediment sound-speed ratio in the frequency band of 2–10 kHz at (a) five sites in the central area and (b) five sites along the NW part of the main
propagation track. Penetration depths are listed in Table I.

Fig. 8. Sediment sound-speed ratio in the frequency band of 2–10 kHz along
the middle E-W transect. Note, at PC52, data were taken at two penetration
depths: 1.5 and 3 m. With surficial mud layer thinning and the emerging sandy
intrusion, sound-speed ratio at 3 m is about 3% more than that at 1.5 m.

PC55 (see Fig. 8) are similar to those from the NW part of the main track
[see Fig. 7(b)]. At PC52, the chirp sonar data indicate that the intruding
sandy basement is about 2–3 m below the water–sediment interface.
To investigate sound-speed depth dependence, data were taken at 1.5
and 3 m penetration depths. The first 1.5 m has a sound-speed ratio
of 0.983, whereas at 3 m, the averaged sound-speed ratio increases to
about 1.01 due to greater sand content (see Fig. 8).

The most pronounced sound-speed variation is in the “sand box”
area in the southwest corner of the study area. The surficial mud layer
thickness varies from about 1–2 m near VC1 location to about 6 m at
VC8. A track was chosen to follow VC1, 2, 4, 6, and 8. At all five sites,
two penetration depths, approximately 1.5 and 3 m, were employed to
investigate the variation of sediment properties over depth.

At 1.5-m penetration depth, the sound-speed ratio is about unity
for the first two sites with the thinnest surficial mud layers VC1 and
VC2 [see Fig. 9(a)]. As the surficial mud layer thickness increases

from VC4 to VC8, Fig. 9(a) shows a trend of decreasing sound speed.
VC6 and VC8 have the lowest sound-speed ratio among the five sites,
about 0.98. As SAMS penetrates to 3 m, the variation in sound speed
increases significantly. At VC1, penetration into the sandy layer is the
greatest and, therefore, it has the highest sound-speed ratio of 1.07.
From VC1 to VC8, sound speed measured at 3 m steadily decreases
due to the decreasing sand content. VC8 has a thick enough mud layer
that there is no direct penetration into the intruding sandy basement.
The sound-speed ratio at VC8 is 0.99 at 3-m penetration, just slightly
higher than 0.98 measured at 1.5 m.

One interesting trend in sound-speed ratio over the four priority areas
was observed from west to east. The measured sound-speed ratio on the
west side of the study area (PC52, VC6, and VC8 at 1.5-m penetration
depth) is observed to be the lowest at the study site, with mean values
about 0.98. In between E-W transect and NW part of the main track
(from PC54 to IVAR1), the mean sound-speed ratio increases to about
0.99. Further east, the sound-speed ratio in the central area continues to
increase to about 0.995. This is consistent with observations by Twichell
and McClennen [39] of the steady fining of surface sediment to the west
based on the data of Hathaway.

C. Simple Two-Layer Model for Sites With Incremental
Penetration Depths

One central question of SBCEX17 is: What is the impact of sediment
inhomogeneity on sound propagation in mud? An important aspect of
sediment inhomogeneity is sound-speed variation over depth. SAMS
data allow a simple way to investigate such depth dependence by
comparing results measured at different depths. There are two types of
depth dependence at SBCEX17 sites: one is the sound-speed gradient
potentially due to overburden pressure or compaction in mud and the
other is the sound-speed gradient due to intruding sandy materials.

The former corresponds to sites with a thick mud layer, such as
PC33, IVAR2, PC54, and VC8, where sediment geoacoustic properties
were measured at two depths to investigate vertical structures. Fig. 10
shows the results of path-averaged sediment sound-speed ratio at the
four sites, with the red curve representing the shallow penetration and
the blue for the deep. The mean sound-speed ratio results show a
trend of increasing sound-speed ratio at deeper penetration depths, with
overlapping uncertainty bounds at some frequencies. Note that these
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Fig. 9. Sound-speed ratio in the “sand box” area, the SW corner of the SBCEX17 site. Five sites were chosen: VC1, 2, 4, 6, and 8 to map out the shallowest
sandy intrusion at VC1 to the total disappearance of it at VC8. At all five sites, data were taken at penetration depths of 1.5 m (left) and 3 m (right).

Fig. 10. Sediment sound-speed ratio at (a) PC33, (b) PC54, (c) IVAR2, and (d) VC8.

four sites have mud layer thickness greater than 5 m based on the chirp
data. For VC8, although the chirp data indicate that the surficial mud
layer can be 5 m thick, an increase in sandy content may contribute to
the two well-separated sound-speed ratio curves at penetration depths
of 1.5 and 3.035 m.

Conceptually, path-averaged sediment sound speed can be estimated
straightforwardly by measuring the distance and travel time between a
source and a receiver, as has been done so far (see Figs. 7–10). Using
the sound-speed results integrated over the propagation path, however,
the sound speed for the deeper sediment can be underestimated, as will
be shown next.

A simple diagram, in Fig. 11, is shown to demonstrate the mea-
surement geometry and the meaning of sound speed shown so far. In
Fig. 11, c1 represents the path-averaged sound speed from the source to
the receiver at the first penetration depth h1 (path length r), whereas c
represents that from the source to the receiver at the second penetration
depth h1 + h2 (path length R). Here, h1 and h2 are usually about
1.5 m, i.e., data were taken at 1.5 and 3 m. The path lengths of the

nine source–receiver pairs range from 1.9–3.4 m for r and 3.2–4.2 m
for R. The sound-speed results shown in Figs. 7–10 are path-averaged
sound-speed results c1 for layer 1 and c, the path-averaged sound speed
over both layers. If the sound speed c2 in the lower layer is higher than
c1, the overall sound speed c will be higher than c1, but lower than
c2. Note that the word “layer” here only refers to the two parts of the
sediment bounded by SAMS penetration depths and has nothing to do
with physical bottom layers.

Using this simple two-layer fluid model (see Fig. 11), one may obtain
the mean sound speed c2 for the lower layer, with c1 as an input.
Ray bending will be neglected in the two-layer model, as worst case
calculations show negligible ray bending effects. Ray bending must
be considered only when the two “layers” are distinctly different, and
the worst case is for the greatest source–receiver separation. Taking
the greatest horizontal and vertical separations to be 3 m, the change
in time delay due to ray bending is less than 0.2% using exaggerated
sound speeds of 1450 and 1650 m/s for layers 1 and 2. This simple
model is meant to give a crude estimation of sediment sound-speed
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Fig. 11. Diagram of a simple fluid two-layer model for sites with data taken
at two depths, providing averaged sound speed within each layer. Note: this
two-layer model does not correspond to a physical bottom model. Here, r1, r2,
r, and R are path lengths, and the accompanying c1, c2, and c show mean sound
speed along the paths.

variation as a function of depth. More sophisticated modeling will be
carried out in the future to extract vertical profiles using the ten pairs
of source–receiver geometries.

Following Fig. 11, sound speed c1 can be obtained using data taken at
penetration depthh1 with propagation distance r; similar for the overall
mean sound speed c at penetration depth h1 + h2, with propagation
distance R. Then, c2 can be obtained using the relation

c =
r1 + r2

t
=

r1 + r2
r1
c1

+ r2
c2

where t is the signal arrival time, and r1 and r2 are propagation paths
in layers 1 and 2 with R = r1 + r2. Therefore

c2 =
r2

r1+r2
c

− r1
c1

With r1/r2 = h1/h2, we can find

c2 =
1

h1
h2

+1

c
−

h1
h2
c1

.

After applying the two-layer model, the sound speeds c1 and c2 can
be obtained. Fig. 12 uses the same data as in Fig. 10, but instead of giving
a path-averaged sound speed c for the deeper penetration, it provides a
sound speed c2 in the lower layer. The first layer results are identical
to those in Fig. 10. Though a very crude way to look at the vertical
structure of sediment sound speed, the sound speed for the lower layer
should be closer to its true value. All sites that have data at more than one
penetration depths were recalculated using the two-layer model. The
sound speeds in the so-called “sand box” area produce even greater
difference among sites from VC1 to VC8 (see Fig. 13), if compared
with the right panel of Fig. 9.

IV. PROPOSED BOTTOM SOUND-SPEED MODEL: LINEAR

VERSUS EXPONENTIAL

In fine-grained sediments, the vertical structure of sediment geoa-
coustic properties is crucial for geoacoustic modeling purposes [9].
Using the SAMS sediment sound-speed results taken at different depths,

a preliminary study of the sound-speed structure at the SBCEX17 site
is presented in this section.

Here, data are restricted for those taken at the deep mud sites, i.e.,
with surficial mud layer thickness greater than 5–6 m. There are a
total of 14 such sites, and among them, four sites have data at two
penetration depths. Combined sediment sound-speed ratios from the
14 sites are shown as a function of measurement depths in Fig. 14. The
measurement depth (not penetration depth as will be explained next)
ranges from 1–3.1 m, with the sinking depth 0.4 m taken into account.

As noted earlier, for all deployments in SBCEX17, SAMS sank into
the sediment by 30–50 cm. For sites that only have one penetration
depth, sediment sound-speed ratio represents the averaged sound speed
from about 40 cm beneath the water sediment interface (where the
source was) down to the receiver. For sites that have two penetration
depths, the two-layer model was used to find the averaged sound speed
within each layer. Measurement depth represents the middle depth of
each layer where the measurement was conducted, with the sinking
depth included (0.4 m). The measurement depth can be calculated
using the source/receiver depths in Table I: for deployments with one
penetration depth, it is simply the average of source and receiver depths,
whereas for sites with multiple penetration depths, the measurement
depth for the second or third layer is the average of first and second
receiver depths or that of second and third receiver depths. Again, the
layers here are bounded by penetration depths and they are not related
to physical bottom layers.

Two simple bottom sound-speed models, one exponential and the
other linear, were obtained as best fits to all the SAMS path-averaged
sound-speed results (see Fig. 14). Their expressions are

cexp = 1382.8 + 83.9× (
1− e−1.611×z

)

and

clin = 1446.3 + 7.7× z.

All parameters here represent best fit parameters between model
and data using the criteria of minimum RMSE. RMSE for the linear
and exponential fits are 0.00521 and 0.00502, respectively, with the
exponential model lower by 3.7%. The statistical significance between
the two models was tested using Welch’s t-test, with the data/model
errors for both models as paired samples. The two models are indeed
statistically distinguishable at 96.8% confidence level.

The linear model here shows a 7.7s−1 sound-speed gradient, in
comparison to a site-averaged linear sound-speed gradient of 9s−1

within the surficial 10-m mud layer [40]. Within the SAMS measure-
ment depth range of 1–3.1 m, sound-speed ratio shows a trend of
increase to approximately 1.5 m and majority of data remain in the
range of 0.995–1 between 1.6 and 3.1 m. Subject to the assumptions
used in this analysis, it appears that the SAMS data favor the nonlinear
model. Larger gradients are observed at depth less than 1.5 m, and
the nonlinear model describes this behavior. These results should be
compared with other measurement techniques to constrain sediment
geoacoustic properties near the water–sediment interface and for depth
greater than 3 m. In addition, the differences in mud properties among
measurement sites need to be considered in the development of the
bottom model.

V. SUMMARY

During SBCEX17, SAMS was successfully deployed at a total of
18 sites. These sites were chosen to measure sediment geoacoustic
properties in mud and also in the intruding sandy basement for acoustic
modeling purposes. The four priority areas are as follows:

1) the central area;
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Fig. 12. Sediment sound-speed ratios in layers 1 and 2, using the two-layer model. (a) PC33. (b) PC54. (c) IVAR2. (d) VC8. Same data as shown in Fig. 10.

Fig. 13. Averaged sound-speed ratios for the second layer for VC1, VC2,
VC4, VC6, and VC8 after applying the two-layer model (in comparison with
Fig. 9, right panel, the overall mean sound speed).

2) NW part of the main acoustic track;
3) E-W transect with transition into shallow mud layer;
4) the “sand box” area with sandy intrusion about 1.5 m below the

water–sediment interface.
In this article, path-averaged sediment sound speed in the frequency

range of 2–10 kHz is presented for the four priority areas using the time-
of-flight method. In general, there is little dispersion in mud between
2 and 10 kHz. Along the main acoustic track, slight spatial variation
in sound speed can be observed. Measurements at the five sites in the
central area yield similar sound-speed ratios with the mean in the range
of 0.99–1. For sites along the NW part of the main acoustic track, the
overall sound-speed ratio is less than that in the central area by 0.005
or 0.5%.

For sites with apparent sandy intrusions, including the E-W transect
and the “sand box” areas, results for the surficial mud layer are similar
to those from the NW part of the main track. For sandy intrusion sites,
such as at PC52 and VC1-VC6, data were taken at penetration depths
of 1.5 and 3 m to investigate the sound-speed variation as a function

Fig. 14. Depth dependence of sediment sound-speed ratio in surficial mud
layer. Results use all sound speeds obtained using the 2–3-kHz Gaussian signal.
Both linear and exponential curves are best fits to SAMS results using the criteria
of minimum root-mean-square error (RMSE). The exponential model has an
RMSE of 0.00502 that is 3.7% lower than the linear.

of depth. A two-layer model was applied to data taken from these sites
and the mean sound speeds c1 and c2 within each layer were obtained.

Among the sites with clear sand intrusion, the most pronounced
sound-speed variation is in the “sand box” area. The surficial mud layer
varies in thickness from about 1–2 m near VC1 to about 6 m at VC8. At
the penetration depth of 1.5 m, VC1 and VC2, with the shallowest mud
layer, have sound-speed ratios about unity. As the surficial mud layer
thickness increases from VC4 to VC8, a trend of decreasing sound-
speed ratio is observed. VC6 and VC8 have the lowest sound-speed
ratio among the five sites, about 0.98. At 3 m, the variation in sound-
speed ratio increases significantly. At VC1, with penetration into the
underlying sandy intrusion, the sound-speed ratio is the highest, about
1.105. From VC1 to VC8, sound-speed ratio steadily decreases due to
less sandy content in the surficial 3 m. VC8 has a thick enough mud layer
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Fig. 15. (a) Transducer equivalent circuit with a parallel combination of
capacitor Co and impedanceZT , which is comprised of a sum of (b) mechanical
and radiation impedances. (c) Radiation impedance represented by a parallel
inductor–resistor combination.

that there is no direct penetration into the intruding sandy basement so
it only shows a slightly increased sound-speed ratio of 0.995, compared
to 0.98 at 1.5-m penetration.

Using the path-averaged sound-speed results taken at different depths
in mud, a preliminary bottom sound-speed model is proposed. It appears
that the SAMS data favor the nonlinear bottom sound-speed model over
the linear and larger gradients are observed at depths shallower than
1.5 m. This observation should be compared with other measurements,
such as cores, chirp sonar, and the angle of intromission, to constrain
sediment geoacoustic properties near the water–sediment interface
and for depths greater than 3 m, to facilitate the development of a
geoacoustic model at the study site.

APPENDIX

TRANSDUCER MODELING INCLUDING BURIAL EFFECTS

As the sources were buried 30–50 cm into surficial sediments, there
is a concern that a time shift relative to operation in water could bias
sound-speed determinations. To address this problem, a model was
developed and used to predict source behavior in water and sediment.
Additionally, a similar model was used to look for time shifts in
reception. The transducer modeling effort presented here is similar to
that developed by Buckingham and Richardson [13], who examine the
pulse-distorting effects of mechanical resonance and loading by the
surrounding medium. The present effort emphasizes the differences
between in-water and in-sediment transducer behavior.

The transducer model employs the equivalent circuit (see Fig. 15)
in which the capacitance of the transducer is denoted as C0. The other
circuit elements are nonelectrical and the transformer used to convert
their mechanical and radiation properties into electrical properties
are omitted [41], that is, the model gives their equivalent electrical
properties as manifested at the transducer terminals. These include
spring constant (CT ), mass (LT ), and dissipation (RT ). The radiation
properties are represented by the parallel combination of LR and RR.
This departs from the use of a series combination [13], [41] and
has the advantage that the values of LR and RR are independent of
frequency for spherical transducers. No attempt was made to fix the
model parameters based on dimensions and physical properties. Rather,

TABLE II
EQUIVALENT CIRCUIT PARAMETERS

they were determined by fitting the model to admittance measurements
(I/V, with reference to Fig. 15) made over frequencies up to 50 kHz.
The values of the model circuit elements for the ITC 1032 and ITC
1007 transducers are given in Table II.

Using the equivalent circuit of Fig. 15, the ratio of complex pressure
P at range r to voltage V is

P

V
=

1

r

√
ρc

4πRR

ZR

ZT

. (1)

Using recorded replicas of the transmitter voltage, this complex
transfer function will give the time dependence of the in-water pressure
at range r. If the source is buried in sediment, the change in the transfer
function can be found by scaling various parameters by the sediment
density and sound-speed ratios, i.e.,aρ andν. Specifically,ρ and c inside
the radical above are replaced by aρ ρ and νc, whereas RR is replaced
by aρνRR, and LR is replaced by aρ LR. For the simulations to be
presented, the following acoustic parameters were used: c = 1470 m/s,
aρ = 1.6, and ν = 0.99.

The model results presented in Figs. 16 and 17 use the same transmit-
ted signal as in the sea trial, and in this case, the 2–3-kHz Gaussian pulse
was used for both ITC1032 and ITC1007. For both sources, modeling
results are consistent with field data (see Fig. 5) that an increase in
amplitude after insertion in the sediment is observed [see Figs. 16(a) and
17(a)]. The reason for this increase cannot be seen by simple inspection
of (1), but consideration of the underlying physical model shows that
the factor inside the radical is independent of the acoustic impedance
ρc, whereas ZR is nearly proportional to ρc. The greater density of
sediment compared to water thus accounts for the increase in amplitude.
For this article, the most important output of the model is the phase
delay for sources immersed in sediment with respect to that in water.
ITC1032 shows little phase delay, i.e., ∼1 μs [see Fig. 16(b)], whereas
ITC1007 shows a phase delay range of 2.5–4 μs. For propagation paths
of 2–4.3-m range, this phase delay would cause a maximum of 0.3%
correction to the sound speed (an increase in measured sound speed
after the delay is removed). Phase delay results were included in the
sound-speed calculations in this article.

The same concern regarding time delays upon insertion into the
sediment applies to the SAMS receiver (ITC5510). The equivalent
circuit model can be used to predict the complex receiving response,
provided it is supplemented with a factor known as the diffraction
constant [42]. Two issues stand in the way of applying the model: first,
owing to the interaction of the ring transducer with the drill shaft, the
receiver geometry is not one of the simple types for which the diffraction
constant is known. Second, no admittance measurements have been
made on this transducer, so the model parameters are not known. As an
interim approach, the ITC1007 parameters and the diffraction constant
for spherical transducers have been used with the result that amplitude
and time shifts are found to be negligible for sediment insertion. In
support of this conclusion, the assumption of spherical symmetry in the
model was removed, giving the model an extra variable parameter. After
fitting this model to the measured receiving sensitivity as a function of
frequency, amplitude and time shifts again were found to be negligible.
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Fig. 16. (a) Model waveforms and (b) modeled time lag for transmitted pressure with a source in water and sediment with center frequency 2.5 kHz for the ITC
1032 transducer.

Fig. 17. Model waveforms and (b) modeled time lag for transmitted pressure with a source in water and sediment with center frequency 2.5 kHz for the ITC
1007 transducer.
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