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Why is it important?
Highly detailed remote sensing of the Earth from space is now almost routine.
The same may not be said for the deep ocean. Synthetic aperture sonar (SAS), the
doppelganger of synthetic aperture radar, holds promise of high resolution remote
sensing of the deep ocean, but the merits of this technology remain largely unproven.
One very practical application for deep ocean mapping technology is the
delineation of seafloor massive sulfide deposits generated by hydrothermal
systems at plate tectonic spreading centres. In this paper the authors evaluate the
pros and cons of using synthetic aperture sonar mounted on an autonomous
underwater vehicle as a tool for mapping such deposits. Based on a trial survey in
the area of the Arctic Mid-Ocean Ridge, they conclude that the fine resolution and
large areal coverage possible with SAS enables highly efficient mapping of the
seabed with a resolution sufficient to determine the location of active and extinct
hydrothermal systems. Furthermore, the authors point out that the high-resolution
SAS data could also be used for post-extraction impact assessment. Steep terrain
and significant thermal discontinuities associated with active hydrothermal vents
can lead to artifacts in the SAS data, but these challenges are endemic to any
imaging sonar system.
Synthetic aperture sonar technology is currently commercially available from multiple
vendors including Kongsberg Maritime, Kraken Sonar Systems and Raytheon.
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ABSTRACT
With the advent of advanced deep sea mining technology, seafloor mining is poised to begin on a
global scale. For the success of any mining operation, it is crucial that both the operators and
regulatory bodies possess detailed information of the resource and surrounding environment
during all stages of the mining process. We propose that synthetic aperture sonar (SAS) is a key
emerging technology that can be used by all relevant parties at only a minimal increase in cost.
This technology, originally designed for military and offshore oil and gas industry applications,
can be readily applied to scientific seafloor mapping. The fine resolution of this technique allows
for deposit mapping of active and inactive seafloor massive sulfide deposits. By clearly
distinguishing between volcanic and hydrothermal landscapes based on features finer than the
resolution of conventional multibeam systems, SAS enables an entirely new level of
hydrothermal deposit survey.
This technology was employed during a detailed survey of shallow hydrothermal systems on the
Arctic Mid-Ocean Ridge system. Here we present preliminary results from a newly discovered
venting area adjacent to the Troll Wall field, southern Mohns Ridge. This area has extensive high
and low temperature hydrothermal accumulations with variable surface morphology, which
appear in SAS imagery to be distinct from adjacent volcanic and tectonic structures. SAS
images, when coupled with assays from ROV rock samples, will enable rapid deposit estimation
for this novel Arctic hydrothermal mineral resource.
KEYWORDS
Seafloor survey; Marine mining; SAS; Seafloor massive sulfides; Hydrothermal vents; Deposit
mapping; Acoustic imaging
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INTRODUCTION
Exploration and exploitation of marine
mineral resources is a rapidly developing
field energized by the increasing demand for
base metals, the lack of new discoveries of
economically viable on-land deposits, and the
massive development of subsea technology
for the oil and gas industry. Several nations
have opened up to active extraction of
seafloor mineral deposits within their
respective exclusive economic zones (EEZ),
with mining potentially beginning in early
2018 within the Papua New Guinea EEZ
[Nautilus Minerals Inc., 2014]. Mineral
exploration in international waters has been
ongoing for the past 13 years with several
leases for polymetallic nodules, maintained
by the International Seabed Authority, due to
begin extraction in early 2016 [Billett, 2014].
In shallow coastal water, marine mining for
phosphate [Beavers, 2013] and precious
stones [Heyes, 2002] has been ongoing for
over 40 years. With the initiation of seafloor
mining now imminent, both operators and
regulatory agencies must develop detailed
requirements for safe and environmentally
responsible extraction. In this paper we
propose that synthetic aperture sonar (SAS),
as deployed on deep-dive autonomous
underwater vehicle (AUV) platforms, can be
a key tool for both operation and
management organizations. Currently SAS
systems are commercially available from
multiple vendors; available systems include
the Kraken Aquapix™, Kongsberg HISAS
1030, and Raytheon ProSAS 60. The
Aquapix™ is a dual-frequency SAS with a
swath width of ~600 m, which was recently
used in the search for the HMS Erebus, a ship
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from the lost Franklin expedition [Whiffen,
2014]. The Kongsberg HISAS 1030 has a 600
m swath width and a theoretical resolution of
3 x 3 cm, and is typically mobilized on the
HUGIN AUV. The ProSAS 60 is a lower
frequency SAS with an effective swath of
3,000 m and a theoretical resolution of 10 x
10 cm; this system is currently deployed as
part of the flight MH370 search [The
Economist, 2014]. In this study, all of the
images have been created with the Kongsberg
HISAS 1030 system, which was mobilized as
the primary acoustic payload on the
Norwegian Defense Research Establishment
HUGIN AUV. With high resolution and large
area coverage rate, SAS can potentially be an
efficient tool for multiple purposes during the
lifecycle of a marine mine including the
initial site survey, extraction monitoring, and
for post-extraction impact assessment.
METHODS
SAS Overview
Synthetic aperture sonar is based on the
principle of collecting multiple pulse-echoes
from sonars in side-looking geometry as
illustrated in Figure 1 [Hansen, 2011]. The
data collected are combined coherently to
form a longer (synthetic) antenna such that
the sonar angular (or along-track) resolution
is improved. SAS is very similar to synthetic
aperture radar (SAR) [Massonnet and
Souyris, 2008]. Although the theoretical
basis for SAS was first published in the mid1980s [Hayes and Gough, 2009], SAS
technology has only become readily
available in the last few years. Today, SAS
technology is accessible for use in various
applications and available SAS systems can
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Figure 1: Principle of synthetic aperture sonar as applied on an AUV platform. The vehicle illuminates sequential overlapping regions which are
then combined in post-processing to create a single sonar image.

provide resolution down to 2-3 cm and
swath widths up to 1,500 m [Hansen, 2013].
Unlike other sonar technologies, SAS gives
range-independent along-track resolution by
increasing the aperture length as function of
range. This provides a solution to a
fundamental sonar problem of obtaining high
angular resolution at long range. In traditional
sonar (real aperture), higher resolution is
obtained by increasing the acoustic frequency.
This, inevitably, decreases the achievable
range in the ocean: acoustic energy at higher
frequencies is more readily absorbed [Lurton,
2010]. It is worth mentioning that although
SAS image resolution becomes range
independent, the image quality and the signal
to noise ratio (SNR) in particular are still range
dependent due to the transmission loss and
other factors [Lurton, 2010].
Another benefit of SAS is that along-track
resolution is independent of acoustic frequency
for transmitter/receiver element-sizes larger
than half a wavelength. This is achieved by
increasing the length of the synthetic aperture
when lowering the acoustic frequency. At the
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lower limit, the classical (diffraction limited)
resolution cannot be better than a quarter of a
wavelength (in any dimension). The information
content in the images will be frequency
dependent. Noticeably, the angular spread
increases with decreasing frequency – which
again must lead to different information
content in the images.
Data Processing
Figure 2 is a generalized flow chart for the
data processing of SAS data. Auxiliary data
such as navigational data about the track
positions and sensor orientation, environmental
data (the sound speed in particular), and the
geometrical model for the imaging scene (the
topography or bathymetry) must be known
within an accuracy such that the SAS images
can be constructed successfully [Cook, 2007].
This is non-trivial and imposes a strong
requirement on the navigation system, which is
generally not achievable even for advanced
navigation systems on AUVs. Therefore most
SAS systems (if not all) use some form of
sonar data driven navigation correction
(referred to as micronavigation) [Bellettini and
Pinto, 2002]. A fundamental difference
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Figure 2: Synthetic aperture sonar processing flow including seabed depth estimation.

between SAR and SAS is that robustness in
SAS is a major, and ongoing, topic [Hagen and
Hansen, 2011; Hansen et al., 2011].
After the platform trajectory has been estimated
and corrected, an imaging plane is chosen and
a SAS image is formed by an imaging
algorithm either in the time domain or the
frequency domain [Hawkins, 1996; Massonnet
and Souyris, 2008]. For interferometric SAS
systems, such as the HISAS 1030, two images
are constructed – one for the upper array and
one for the lower array. These two images are
constructed with a vertical baseline (a slightly
different vertical look angle towards the
seabed) such that the phase in the images
contain information about the vertical direction
towards each pixel in the imaging scene. Time
difference of arrival processing can
subsequently be applied such that the relative
depth of the seabed in the imaging scene is
estimated. This is referred to as interferometric
processing, and is common in SAR [Hanssen,
2001; Jakowatz et al., 1996].
After a SAS image is constructed, its
amplitude must be corrected to compensate for
transmission loss and other effects [Lurton,
2010] so that the pixel values can be fully
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utilized to estimate seabed parameters. Such
processing is common in SAR where the
estimated reflectivity is a very important
parameter [Oliver and Quegan, 1998;
Massonnet and Souyris, 2008]. Accurate
correction requires, however, that the sonar
hardware and software is absolutely calibrated.
To our knowledge, no SAS (or side scan
sonar) system is fully magnitude calibrated to
date. This will be an important goal to achieve
in future development of SAS systems
[Lurton, 2010; Hansen, 2013].
SAS interferometry processing for seabed
depth estimation contains a number of tradeoffs and techniques. The vertical accuracy in
the estimate is related to the range and the
SNR [Hanssen, 2001], such that at longer
range the standard deviation is always higher.
All current interferometry techniques used in
SAR and SAS use pixel averaging in the
interferogram estimation, such that the seabed
depth estimate always has poorer geometrical
resolution than the image. This creates a tradeoff between vertical accuracy and horizontal
resolution. For marginal SNR cases and in
large topographic variations, the seabed depth
estimate from interferometry is susceptible to
increased noise. A particular difficulty in

Copyright Journal of Ocean Technology 2015

interferometry processing is the probability of
estimating an incorrect wrap in the phase
difference map, which leads to periodic errors
in the estimated depth map. There are
techniques to mitigate the errors by using
signal bandwidth and specific advanced
processing [Ghiglia and Pritt, 1998; Sæbø et
al., 2013]. Finally, in the underwater domain
sound speed variations cause acoustic
refraction that must be compensated for,
otherwise large-scale errors (bias) may occur
in the seabed depth estimates [Lurton, 2010].
Deposit Mapping
Active Hydrothermal Systems
The challenge faced in mapping seafloor
massive sulfide (SMS) deposits is in
differentiating volcanic, tectonic, and
hydrothermal morphologies to correctly assess
the extent and depth of a mineralized zone. This
typically requires direct imaging of the seafloor
or a very high-resolution side scan survey, both
of which are intensely time consuming (and
consequently expensive) to collect.
To date a common SMS deposit mapping
technique with AUV assets is done via a
nested survey approach [Yoerger et al., 2007;
German et al., 2008; Ferri et al., 2010]. The
nested survey begins with a high-altitude
multibeam mapping run, typically gridded at
>2 m resolution and designed to give an
overview of the area. On the mapping run,
trackline data from the vehicle’s CTD and
nephelometer are used to identify any
hydrothermal plume regions. Next, either
through autonomous control [Yoerger et al.,
2007] or on a subsequent deployment, the
area covered is dramatically decreased: a
lower vehicle altitude is used to create metre-
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scale maps and detailed vehicle sensor grids,
which culminate in a photomosaic survey of
the prospective active venting site. This type
of survey is excellent for locating SMS sites
with active high-temperature venting in a
reasonably small area, but is not optimal for
assessing an area for potential mining
activities. The nested survey design is unable
to locate areas of extinct or diffuse venting,
and only maps a region directly around an
active hydrothermal vent at maximum
resolution. For photomosaicked regions,
structure-from-motion [Singh et al., 2007]
can be used to create cm-resolution
topographic renderings from image mosaics,
but only for a relatively small-mosaicked
region. For economic exploitation of seafloor
mineral deposits, finding regions with
multiple inactive vents is ideal [Lipton,
2012], a task that current survey techniques
are ill suited to accomplish.
SAS has the potential to solve some of the
survey issues described above by surveying
large areas at fine resolution. The SAS
imagery can then be used to differentiate the
surficial geology of the entire survey region.
At SAS-achievable resolutions, it should be
possible to differentiate between volcanic,
tectonic, and hydrothermal morphologies. This
means that active venting systems can be
identified by the morphology of the venting
edifice, independent of the dispersion of the
hydrothermal plume; a notoriously fickle
indicator in the search for hydrothermal
systems [Veirs et al., 1999].
Extinct Hydrothermal Systems
Current techniques for mapping extinct
hydrothermal systems focus on the large-scale
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spreading ridge morphology from ship-based
multibeam [Devey et al., 2013] and on the
magnetic signal generated from hydrothermal
flow. In basalt-hosted hydrothermal systems,
the flow of hydrothermal fluid alters magnetic
minerals in the basalt, causing de-magnetized
regions corresponding to areas of fluid flow
[Tivey and Johnson, 2002; Szitkar et al.,
2014A]. In ultramafic-hosted hydrothermal
systems, hot fluid flow causes the precipitation
of magnetic minerals and consequently creates
a magnetic high in the otherwise un-magnetic
ultramafic substrate [Szitkar et al., 2014B].
The magnetic signature of hydrothermal
systems is a key tool in locating extinct
venting systems that lack a distinct surface
expression due to erosion of the friable
hydrothermal chimneys and persistent (though
typically slow) pelagic sedimentation [Tivey et
al., 2014]. The drawback to magnetics data is
that it does not provide information as to the
degree or type of mineralization present, but
rather is merely an indicator of past
hydrothermal flow. Consequently, magnetics
can be used to locate regions of past or present
hydrothermal activity, but cannot inform on
the type of deposit or economic viability of the
region. However, magnetics data is reasonably
simple to collect as the magnetometer is
typically deployed in the mapping vehicle and
collects data during a standard bathymetric
survey mission, rendering this technique an
ideal add-on to existing survey missions.
A combination of SAS and magnetometer
survey is also ideal for identifying extinct
hydrothermal systems with sediment cover. In
typical marine environments, sediment cover
of 0.5 to 1 m is sufficient to mask the key
topographic features used to distinguish
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hydrothermal morphologies from adjacent
volcanic and tectonic morphologies. For
example, a conical pile of basalt pillows is
morphologically distinct from a hydrothermal
chimney, but only when the critical slope and
pillow morphology are exposed. Sediment
cover blocking those key features would
render the observer unable to distinguish
between the two deposit types, though lowfrequency SAS may provide enough sedimentcover penetration to alleviate this issue. In
young oceanic crust (<5 mya), sedimentation
is largely controlled by re-suspension of
pelagic sediment in the nepheloid layer
[Mitchell et al., 1998]. Consequently, sediment
distribution is largely dependent on the
formation of basins rather than on the age of
the oceanic crust. For exploration purposes this
means that accurate identification of the
surficial morphology of an area is key in
interpreting the magnetic signal, as the
sediment cover will attenuate the magnetic
signal. Co-registration of the magnetic data
with SAS imagery could remove some
ambiguity in the magnetics data due to
sediment cover: visual interpretation of the
SAS imagery can provide an estimate of the
sediment layer thickness. It should be noted
that broadband SAS including low frequencies
and high frequencies might give additional
information about the sub-sediment texture
[Sternlicht et al., 2012].
EXAMPLE SITE: SOUTHERN MOHNS
RIDGE
The Arctic Mid-Ocean Ridge (AMOR) system
is a collection of ultra-slow spreading ridges
extending from the Icelandic hotspot to the far
north [Pedersen et al., 2010B]. Within the
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Figure 3: Jan Mayen Island hotspot and surrounding mid-ocean ridges. Both the northern Kolbeinsey Ridge (left) and southern Mohns Ridge
(right) are highly elevated with respect to the rest of the Arctic Mid-Ocean Ridge (AMOR) system. This elevation is due to the combination of a
slow spreading rate and increased magmatic input from the Jan Mayen hotspot (Pedersen et al., 2010A). The red box highlights the area
covered in Figure 4, which is the southern-most spreading segment of the Mohns Ridge.

AMOR the northern Kolbeinsey Ridge and
Mohns Ridge (Figure 3) both lie within the
ice-free Norwegian EEZ, and are of interest
for marine mineral exploration [Ellefmo,
2014]. The first systematic exploration of the
AMOR for the presence of hydrothermal
systems began in 2001 as part of the
SUBMAR program, and at least four systems
have since been discovered [Pedersen et al.,
2005; Pedersen et al., 2009; Pedersen et al.,
2010B; Baumberger et al., 2013]. One area of
particular interest is the intersection of the
AMOR with the Jan Mayen hotspot, which has
contributed to prolific volcanism along the
northern Kolbeinsey Ridge and southern
orthogonally spreading Mohns Ridge (Figure
3). The southern Mohns Ridge rises to a shoal
depth of 420 m depth, as compared to the
average depth of ~2,300 m depth for spreading
centres on the rest of the Mohns Ridge. The
abnormally shallow depth made this location

Copyright Journal of Ocean Technology 2015

an early target in the search for hydrothermal
systems, and in 2005 Pedersen et al. located
the Troll Wall hydrothermal system.
The Troll Wall system is situated on the
eastern flank of the active rifted spreading
centre. Since its discovery, this location has
been acoustically mapped from hull mounted
systems in 2008, 2011, 2012, and 2014, with
repeat surveys over the venting systems and
successive expansion of the surveyed area. In
2013 two additional active vent sites were
discovered on the eastern flank of the
segment, both at junctions of major N-S
trending normal faults.
RESULTS
With the location of the two new vent fields
discovered during the 2013 survey, in 2014 the
Centre for Geobiology at University of Bergen
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Figure 4: Shaded relief bathymetry of the southern Mohns Ridge orthogonal spreading centre overlain with the 2014 HISAS coverage
collected by the HUGIN AUV. The red inset box delineates the area covered in Figure 5.

used the HUGIN AUV equipped with the
HISAS 1030 SAS system to image both
hydrothermal sites and the surrounding
seafloor. The HUGIN AUV imaged ~21 km2,
including the central rift valley and both flanks
of the spreading centre (Figure 4). The SAS
data was collected in three dives, each under
eight hours in duration. The special focus of
this deployment was on the flanks of the
volcano after the 2013 discovery of off-axis
venting on the eastern flank of the spreading
centre. The SAS investigation clearly
identified the two new hydrothermal vents on
the eastern flank, and did not locate any
additional sites of focused hydrothermal
venting on the western flank. On the eastern
flank, the SAS imaging area covered the newly
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discovered vent fields (Figure 5). Detailed
images of several locations of interest were
produced to illustrate the different volcanic,
tectonic, and hydrothermal morphologies
contained in the SAS image and
interferometric bathymetry. Where possible,
each SAS image is paired with an ROV video
capture of the seafloor in that region to
illustrate the accuracy of the SAS acoustic
image product. The SAS images are formed
using the back projection algorithm. Seabed
depth is estimated using the complex cross
correlation technique for wideband
interferometry [Sæbø et al., 2013]. The SAS
images have a theoretical single look complex
resolution of approximately 3 x 3 cm, and the
geometrical resolution in the seabed depth
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Figure 5: Overview of two new hydrothermal deposits discovered through multibeam sonar maps in 2013 and directly imaged during the
summer of 2014. The vents, marked by red boxes, are visible by the mounds of hydrothermal debris and “flares” of hot water distorting
the acoustic image.

estimates is 18 x 18 cm. The SAS images are
despeckled using a multitaper despeckling
technique [Austeng et al., 2013], resulting in
SAS images with reduced variance and a
geometrical resolution of around 9 x 9 cm.
Figure 6 illustrates the end-member of diffuse
venting hydrothermal flow, which develops as
extensive microbially mediated iron-oxide
ridges and nodule-like deposits [Thorseth et
al., 2007; Øvreås et al., 2007]. These features
are ubiquitous within 1 to 2 km of a
hydrothermal system (Figure 5, centre), and
represent regions of extensive low-temperature
iron-oxide mineralization that is heavily
constrained by near-surface faulting. These
diffuse flow systems are well imaged using
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SAS, as the fluid flow is far too low
temperature to interfere with the image
formation. Focused flow deposits (Figures 5
and 7) proved to be more challenging, as the
assumed sound velocity profile is wildly
inaccurate in the presence of >250°C jets of
hydrothermal fluid.
Figure 7 is a SAS image of an actively venting
hydrothermal system that lies on the outskirts
of one of the vigorously venting hydrothermal
fields. The SAS image of this formation
suffers from only slight defocusing seen
surrounding the shadow region of the vent,
largely due to the relatively low temperature of
the vent fluid as compared the adjacent
>250°C vent systems (right-hand box, Figure
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Figure 6: Comparison of full-resolution SAS imagery to direct ROV video capture of low-temperature iron-oxide hydrothermal deposit. In
the SAS image, 20-50 m long ridges are visible in the left of the image. These ridges were seen imaged directly during a deployment of
the ROV Aglantha (inset image). The elongate iron-oxide ridges are thought to grow along faulted diffuse flow pathways. These represent
the alteration and degradation of an SMS deposit due to oxidation at near-ambient conditions.

Figure 7: Comparison of a SAS fusion image to direct ROV imagery of a low-flow hydrothermal feature. Diffuse flow structures are
comparatively easy to image, as the thermal gradient does not substantially degrade the sonar image. Note that the wide blanket of
hydrothermal debris is well-imaged, whereas the actively venting summit is only seen by its shadow profile.
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Figure 8: Comparison of SAS sonar image to direct ROV imagery of a faulted offset in partially hydrothermally altered sediment. Note the
largely rectangular fracture patterns and faulted offsets typical of recent tectonic activity.

5). The SAS image of the venting structure
contains a phase-wrapping error, seen on both
the near and far sides of the vent as blocks of
blue surrounded by green. This type of error is
intrinsic in the use of an interferometric system
in regions where the local topographic
variation is near to or larger than the wrapping
distance. In comparison to the submersible
video still (Figure 7 inset), it is clear that the
SAS image accurately depicts the sizeable pile
of talus that surrounds this hydrothermal
chimney: the extent of a hydrothermal mound
is a key element to making deposit estimates.
While the detailed imaging of the actively
venting summit is challenging given the hightemperature fluid flow, the spatial extent of the
formation is captured well in the SAS image.
Tectonically dominated terrain (Figure 8) is a
difficult environment for stable vehicle flight:
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rapidly changing seafloor topography makes it
challenging to fly a level profile with respect
to the topography. In this case, careful
selection of the dive tracklines running parallel
to the strike of major faults resulted in
excellent imaging of the fault faces. While the
main examples of hydrothermal flow do
co-occur with faults in many hydrothermal
environments, the main challenge presented by
this terrain is in mission planning. The detailed
SAS sonar image and bathymetry product
clearly show the differences in faulted versus
hydrothermal terrain. The tendency of
hydrothermal systems to create either networks
of interconnected ridges (Figure 6) that lack
block rotation or in forming conical talus
deposits surrounding a central spire (Figure 7)
mean that a skilled observer can distinguish
between these different morphologies and the
adjacent tectonic features. Automated seabed
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Figure 9: This is a SAS fusion image of the termination of a recent lava flow with pillow texture (lower right) in contrast to the underlying
sediment and older flow ridge in the upper right of the image.

segmentation [Cobb and Principe, 2011; Cobb
et al., 2010] may be a potential technique to
apply in this type of SAS image interpretation.
Seafloor volcanic textures were not imaged
with an ROV during the 2014 expedition, but
were imaged in the SAS survey (Figure 9).
Fresh and altered volcanic facies commonly
underlie hydrothermal systems; the same
magma chamber that supplies the heat for
hydrothermal circulation also erupts as lavas on
the seafloor. In this image, there is a clear
distinction between fresh pillow basalts and an
older volcanic ridge. Distinguishing between
various generations of volcanic activity is
critically important when studying seafloor
volcanoes. The volume of magma release in
each eruptive event is a highly informative
parameter for understanding the dynamics of a
volcanic complex [Caress et al., 2012].
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Individual lava flows have varying morphology
[Fundis et al., 2010] making the eruptive
volume from individual events a poorly
constrained parameter in seafloor
volcanological studies. Regions of recent
volcanism are primary targets when searching
for seafloor hydrothermal systems, though
seafloor volcanism can also destroy the surface
expression of even large hydrothermal deposits.
DISCUSSION
Synthetic aperture sonar has the potential to
transform the process of surveying for seafloor
mineral deposits. The fine resolution and large
areal coverage possible with SAS allows for
the surficial geology of a prospective area to
be investigated in one survey operation. This
level of resolution does come with some
limitations. SAS processing is a
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computationally intensive process, which
makes the creation of full-resolution SAS
mosaics cumbersome. Current workflows
involve creating a lower resolution overview
mosaic to locate regions of interest and
subsequent creation of detailed images of
specific features. This workflow is largely
successful, but the creation of a fullresolution, tiled, and scalable mosaic of a
survey area would fully enable the geologic
interpretation of a deposit area.

system performed admirably well in and
around the Jan Mayen vent sites, numerous
locations suffered from poor image formation
due to complex vehicle motion caused by
erratic terrain. Improvement in the vehicle’s
terrain-following ability and platform stability,
coupled with the application of more advanced
SAS imaging geometries, would greatly
improve the overall system performance.

Another complication is that the presence of
hydrothermal fluid causes a de-focusing of the
acoustic image, severely degrading the image
directly over vigorously venting systems. This
error is inherent in any acoustic system, as the
presence of hydrothermal fluid flow
invalidates the assumed sound velocity profile,
but it is especially evident in SAS images
given the large number of pings that are
combined in a single synthetic aperture.
Additionally, rough terrain that cannot be
compensated for with a variation in the
imaging plane will defocus the SAS image and
allow potential wrapping errors in the
interferometric bathymetry product. These
errors are unfortunately prevalent in active
hydrothermal systems, as they are frequently
hosted on steep fault scarps [Kelley et al.,
2005; Kelley and Shank, 2010; Krasnov et al.,
1995]. These types of errors are less prevalent
at recently extinct or diffuse venting sites – the
type of deposit that is more favourable to
economic exploitation [Lipton, 2012].

Management of marine mineral extraction will
require a regional understanding of the marine
environment at a resolution that is relevant to
both the extraction process and the impact of
that extraction [Boschen et al., 2013]. The SAS
images presented in this study (Figures 6 to 9)
illustrate the utility of a fine-resolution system
to differentiate between economically relevant
geologic units by relying on a detailed view of
the morphology and sonar image. SAS provides
a tool to image large areas at fine resolution;
this imaging is useful for the initial deposit
estimation and seabed classification, which can
be done rapidly over large survey areas with a
minimal expenditure of vehicle time. For postextraction impact assessment, repeat surveys
using SAS could determine both the extent of
extraction operations and the impact of the
mining plume on the surrounding area. SAS is
the only mature technology to provide fineresolution imagery over large areas, which
makes this tool ideal for exploration and
management of marine mining operations.

The application of SAS to marine geological
exploration will require further work in
improving SAS performance in geologically
complex terrain. While the HISAS 1030
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