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Abstract

Large mound structures have been discovered in the Porcupine Seabight (Northeast Atlantic) at a depth of 500^
1200 m, associated with the growth of cold-water deep-sea coral species such as Lophelia pertusa (L.) or Madrepora
oculata (L.). During the Training Through Research cruise in 1997, high-resolution OREtech sidescan sonar data were
acquired over two provinces of these structures. This article focuses on the presentation and quantitative
interpretation of representative sections of these sidescan data from areas around the Belgica and Hovland mounds.
Several image analysis tools were used, but texture analysis, based on grey level co-occurrence matrices, gave the best
results. Entropy and homogeneity indices were calculated, and the resulting images made it possible to discriminate
between different seabed features on a quantitative basis. Mounds, moats and background sediments could be
delineated accurately, and the image textures could be linked to the actual seafloor appearance through core
descriptions and deep-towed video data. A major difference was found in the acoustic returns from the two provinces
studied: the Belgica province shows much rougher textures. This is due to an actual difference in seabed roughness,
caused by a difference in bottom currents and sediment dynamics in the two areas. The combined effect of the
northward-directed North Atlantic slope current and superimposed internal waves and tides appears to be much
stronger in the Belgica province. The reported difference in current strength might well influence the growth of the
deep-water coral species in both areas. 8 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Porcupine Seabight is an embayment of the
North Atlantic continental margin, located o¡
SW Ireland (Fig. 1). It is a dynamic area where

hydrocarbons have been found and good-quality
oils have £owed from test wells (Croker and
Shannon, 1995; Spencer and MacTiernan, 2001).
Its sedimentary environment is characterised by
drift deposits (Van Rooij et al., submitted) and
channel-and-levee complexes (Kenyon et al.,
1978), in£uenced by the northward-£owing ‘slope
current’ which follows the North Atlantic conti-
nental slope contours (White, 2001). Within this
setting, mound structures are found at three dif-
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ferent locations (Fig. 1), in water depths of 500^
1200 m. They have been identi¢ed as ‘carbonate
knolls’ (Hovland et al., 1994), bioherms (Henriet
et al., 1998) or coral banks (De Mol et al., 2002).
Understanding the origin and formation mech-
anisms of these mounds is an important issue,
due to their role as habitat for a large number
of species, and because of the comparison of
present-day mounds with ancient, similar struc-
tures in the geological record. But these formation
controls and evolutionary pathways are still not
clear, although several hypotheses concerning
mound growth are presented in the literature:
e.g. a possible link with methane seepage (Hov-
land et al., 1994), or, in some cases, with the an-
cient presence and decay of gas hydrates (‘Magel-
lan’ mounds, Henriet et al., 1998), or the in£uence
of oceanographic conditions on the growth and
development of the associated coral species (Frei-
wald, 1998; De Mol et al., 2002).
To work towards solving these issues, the

UNESCO-IOC Training Through Research (TTR)
programme organised a multidisciplinary and mul-
tinational survey of the mound provinces in 1997
(Kenyon et al., 1998). The TTR7 cruise was organ-
ised in co-operation with the CORSAIRES and
ENAM2 programmes of the European Commis-
sion. The morphology and spatial patterns of the
mounds on the seabed, in particular, were studied
with a high-resolution sidescan sonar. The result-
ing images were interpreted visually and revealed
much qualitative information (e.g. Wheeler et al.,
in Kenyon et al., 1998). But visual, qualitative
analysis should ideally be supplemented with quan-
titative, repeatable results. These should go as far
as possible beyond what can be achieved with the
unaided eye, and must be usable to bolster the
di¡erent interpretations possible.
Several image analysis techniques and algo-

rithms are now available, from the literature or
as ready-made software packages. This article
aims at presenting re-processed sonar imagery
and its quantitative study with a range of image
analysis techniques. The ¢rst objective is the
quanti¢cation of the acoustic textures associated
with the di¡erent geological features on the
seabed and with the di¡erent mound types. The
second objective is to use these measurements to

throw more light on the important environmen-
tal factors in£uencing mound appearance, their
growth and their formation.

2. Geodynamic setting

2.1. The Porcupine Seabight

The Porcupine Seabight, southwest of Ireland,
extends for about 230 km in the north^south di-
rection, and is 100 km wide at most (Masson and
Miles, 1986; Fig. 1). It is bounded to the north by
the Slyne Ridge, to the south by the Goban Spur,
to the west by the Porcupine Bank and to the east
by the Irish Shelf (Moore, 1992). Water depths
range from 400 m in the north to more than
3000 m in the southwest, where the embayment
opens into the Porcupine Abyssal Plain. The Sea-
bight itself is underlain by an extensional rift basin
(Porcupine Basin), one of the many deep sedimen-
tary basins of this origin that surround Ireland
(Croker and Shannon, 1995). Since the Permo^
Triassic, it has known a long history of extension
associated with faulting and basin ¢ll (Masson
and Miles, 1986; McCann et al., 1995). The basin
has been extensively studied for oil and gas explo-
ration, but only recently has it attracted the re-
newed interest of the academic community, owing
to the presence of cold-water deep-sea corals.
The present-day sedimentation in the area

seems to be mainly pelagic and hemipelagic,
with sediments becoming ¢ner towards greater
depths (Rice et al., 1991). Around 500 m depth,
a coccolith^foraminiferal marl was described by
Lampitt et al. (1986), while Swennen et al. (in
Kenyon et al., 1998) also found foraminiferal
sands. At 3000 m, Tudhope and Sco⁄n (1995)
encountered planktonic oozes, both on the £oor
of a channel system, on its £anks and in the sur-
rounding areas. Over the whole area, ice-rafted
glacial erratics are present, as well as clinker and
coal residues. Iceberg ploughmarks were recog-
nised on the Porcupine Bank, in water depths of
140^500 m (Belderson et al., 1973). Ever-present
bioturbation generally decreases towards greater
depths, although important di¡erences in degree
exist over short distances (Rice et al., 1991).
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Fig. 1. Location map of the Porcupine Seabight. Bathymetric contours in metres (GEBCO, 1997). The sidescan sonar survey lines
selected in this study are represented as grey lines, labelled ORAT-1 to ORAT-9. The representative sections analysed with Tex-
An are marked with black squares. Sections 2 and 3 are pictured in Figs. 2 and 6, sections 4 and 5 in Figs. 3 and 7. PB: Porcu-
pine Bank, SR: Slyne Ridge, RC: Rockall Channel.
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The main sediment supply zone is located on
the shelves (Celtic and Irish shelf), while the input
from the Porcupine Bank is much smaller (Rice et
al., 1991). Hence it is only along the slightly
steeper eastern slope of the Porcupine Seabight
(2^3‡) that several channels are found (e.g. Ken-
yon et al., 1978). They form the upper part of the
‘Gollum Channel’ (Fig. 1), and seem to be inac-
tive nowadays (Tudhope and Sco⁄n, 1995).
Slightly to the north, and on the undissected
stretches of the slope in between the channels,
ridges were found, ca. 25 m high and on average
1.5 km apart. They were interpreted as slump
folds, caused by downslope sediment creep (Ken-
yon, 1987). However, the most northerly of these
structures was later recognised on high-resolution
seismic records as being a province of mounds
(‘Belgica’ province, Henriet et al., 1998).

2.2. Regional hydrography and sediment transport

Temperature and salinity measurements at the
mouth of the Seabight revealed the water mass
structure in the area (Hargreaves, 1984). The
upper layer (750 m) of relatively warm and saline
water is formed by the in£ow of ENAW (Eastern
North Atlantic Water) from the Bay of Biscay
(Hargreaves, 1984; White and Bowyer, 1997).
This layer is underlain, down to 950 m depth,
by MOW (Mediterranean Out£ow Water), char-
acterised by a high salinity and low oxygen con-
tent. At greater depth, down to 1700 m, the in£u-
ence of Labrador Sea water is demonstrated by
a salinity minimum and oxygen maximum. At
about 1900 m, traces of Norwegian Sea water
are detected (Rice et al., 1991). A permanent ther-
mocline is present at water depths of 600^1400 m,
indicated by a temperature decrease from 10‡C
to 4‡C. A seasonal thermocline forms yearly at
about 50 m depth.
Both bottom and detached nepheloid layers,

formed by high concentrations of suspended par-
ticles in the water column, are found at several
places in the Porcupine Seabight (Rice et al.,
1991) and west of the Porcupine Bank (Dickson
and McCave, 1986). They are thought to originate
from the Porcupine Bank, where they are formed
through the erosion of the seabed by internal

waves and tides. They detach from the seabed
and move o¡-slope along isopycnal surfaces until
a depth of some 700^800 m.
A general northward current system, called the

‘slope current’, is present along the eastern North
Atlantic continental slope (White, 2001). This cur-
rent generally follows the contours of the conti-
nental slope, although measurements at 2000 m
depth by Rice et al. (1991) could not show if
the current enters rather than bypasses the Sea-
bight. Pingree and Le Cann (1989) found consis-
tent northward bottom residual currents at two
locations along the eastern slope in the Seabight
(1000 m depth). New et al. (2001) studied the
possibility of this slope current being the north-
ward transport mechanism for the MOW. From
their models, currents at the (relative) density sur-
face of 27.60 (800^1300 m depth) seem to sweep
around the Seabight, although a part of the gen-
eral northward slope current bypasses it as well.
Besides these general poleward £ows, there exist

relatively strong diurnal and semidiurnal internal
tides and associated internal waves. They are
present in the areas where the shelf slope exceeds
the characteristic slope de¢ned by Huthnance
(1986) as a function of the semidiurnal frequency,
the Coriolis frequency at this latitude, the depth
and the degree of water strati¢cation. This is in
particular the case in the eastern Porcupine Sea-
bight, where the local slope exceeds the charac-
teristic slope. This can result in enhanced near-
bottom currents and turbulence (Pingree and Le
Cann, 1990; Rice et al., 1990).

2.3. Mound structures

Mound structures have recently been discov-
ered in the Porcupine Seabight, and have rapidly
become a hot topic of research in the area. This is
largely due to their environmental signi¢cance.
They occur mainly in two areas (Fig. 1). One
cluster is located along the eastern slopes (Belgica
province; Henriet et al., 1998). Another cluster
can be found in the northern Seabight, and has
been divided into two provinces, the Magellan
province and the Hovland province (Henriet et
al., 1998; De Mol et al., 2002).
Each of these provinces has distinct (geo)mor-
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phological characteristics, making out three ge-
neric types of mounds. The Hovland province is
mainly characterised by large mounds (average:
110 m, but up to 150 m above the sea£oor) placed
on a relatively smooth seabed. Most mounds seem
conical, and they are often linked in multiple,
elongated, ridge-like structures with upper slopes
varying between 10 and 25‡. They are surrounded
by irregular moat structures, scoured in the hemi-
pelagic sediments by the local currents (De Mol et
al., 2002). The Magellan mounds are very numer-
ous and mainly buried (Huvenne et al., submit-
ted). A few of them also protrude up from the
seabed. Generally speaking, they are not as large
as the Hovland mounds; average sizes of 70 m
were estimated from commercial 3D seismics
(Huvenne et al., 2001). Moats were scoured
around the Magellan mounds too. Finally, the
mounds in the Belgica province are placed along
the slightly steeper eastern slope. They are semi-
buried by sediments piling up against the struc-
tures at the upslope side; at their western side
they are £anked by a north^south-running chan-
nel (Van Rooij et al., submitted). They are mainly
arranged en echelon, which is interpreted as evi-
dence of the strong currents in the area (Wheeler
et al., in Kenyon et al., 1998). However, clear
moat structures (such as seen in the Magellan
area) are not visible in this province.
Core information reveals that the mounds are

composed of carbonate-rich clay containing abun-
dant coral debris fragments. Most of them are
covered with cold-water coral associations of Lo-
phelia pertusa L. and Madrepora oculata L. (Akh-
metzanov et al., in De Mol et al., 1998). A more
extensive description of these mound types, their
seismic facies and sedimentology is given in De
Mol et al. (2002). The authors also discuss the
possible role of the MOW and the associated
oceanographic conditions in the origin and forma-
tion history of the coral banks.

3. Methodology

3.1. Sidescan sonar imagery

Acoustic images of the sea£oor in the Porcu-

pine Seabight were acquired with an OREtech
sidescan sonar system during the TTR7 survey
(Akentieva and Shashkin, in Kenyon et al.,
1998). The OREtech is a high-resolution system
capable of ensonifying a swath of 2000 m (1000 m
on either side) in its long-range mode. It was op-
erated at a frequency of 30 kHz, recording images
with a raw spatial resolution of 0.375 m. The in-
strument was towed V130 m above the seabed
and was positioned by an acoustic short-baseline
underwater navigation system. Additional pitch,
roll and heading sensors gave information about
the attitude of the vehicle, i.e. what portion of the
sea£oor it was actually ensonifying.
Nine separate lines of data were recorded over

the Porcupine Seabight: three lines in the north-
ern part of the Seabight, four in its eastern part,
and two over the Gollum Channel. The latter two
lines are not considered here, because they do not
show any mound structures. The ground track of
the other lines is shown in Fig. 1. The navigation
and attitude ¢les were ¢ltered and reprocessed to
remove outliers and spikes, and the raw acoustic
data were processed using PRISM (LeBas and
Hu«hnerbach, 1998). This thorough processing fol-
lowed the steps outlined in Blondel and Murton
(1997): radiometric corrections (speckle removal,
time-varying gain corrections), geometric correc-
tions (e.g. slant range to ground range, anamor-
phosis), as well as stencilling and mosaicking. To
preserve details while reducing the amount of
noise present in the data, the original resolution
of 0.375 m was reduced to 3 m across and along
track. The dynamic range of the acoustic back-
scatter was fully preserved through quantisation
on 256 levels (8 bits).

3.2. Concurrent datasets

Other instruments were used during the TTR7
survey, and their measurements in the areas enso-
ni¢ed by the OREtech sidescan sonar were used
to further the analyses. Airgun re£ection seismic
data were recorded to gather some information
about the sub-sea£oor. The OREtech system
also contained a 6-kHz acoustic sub-bottom pro-
¢ler. Point information was collected through
gravity and box coring, TV-guided grab samples
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and a few dredges in selected places. Underwater
photographs and video imagery, collected from a
system towed 2^8 m above the seabed, were used
for ground-truthing in the classi¢cation and inter-
pretation of the acoustic images. The detailed
technical speci¢cations of these instruments are
given in Kenyon et al. (1998).
Pro¢ler and seismic records provide informa-

tion about the location of mounds and moats,
while the core records and video images are
used in re¢ning the interpretation of the image
analysis results.

3.3. Spatial statistics and image analysis

The processed sonar images were ¢rst inter-
preted visually, i.e. qualitatively. Seven distinct
areas were selected for further investigation, on
the basis of their coverage and complexity. Three
sections contain mound structures from the north-
ern Seabight (Hovland province) (Fig. 2a,b), while
the other four sections were chosen over mounds
and sedimentary structures of the eastern Sea-
bight (Belgica province) (Fig. 3a,b).

In a general way, the di¡erent units of remote-
sensing images can be mapped on the basis of
their tonal and textural properties. Tonal infor-
mation is directly related to the amount of acous-
tic energy backscattered, i.e. the grey levels. Dif-
ferent statistical indices (e.g. extrema, median
values) can be used to quantify local information.
In this case the variance and skewness images
were computed, using moving windows of 5U5
pixels, more or less matching the size of texture-
building elements in the images.
These ¢rst-order statistics quantify the distribu-

tion of the grey levels, but do not take into ac-
count their positions relative to each other (i.e.
the acoustic textures). Local textural properties
can be intuitively quali¢ed as rough or smooth,
varied or homogeneous, repetitive or random, and
hence can help in distinguishing between di¡erent
areas and features in the images. Quantitative tex-
tural measurements (second-order statistics) can
be extracted from the image with various tech-
niques, the most e⁄cient ones being stochastic
(e.g. Haralick, 1979). In this study, we used
non-directional edgeness, calculated with the So-

Fig. 2. (a,b) Two representative sections (sections 2 and 3) of the processed OREtech sidescan imagery, showing mound struc-
tures from the northern Seabight (Hovland province). The ground resolution is 3 m per pixel, and the pixel brightness is directly
proportional to the acoustic backscatter (i.e. higher backscatter levels are brighter, lower backscatter levels are darker). The
masked portions correspond to the nadir of the OREtech vehicle, where no useful data can be acquired.
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bel algorithm (Pratt, 1978); the edgeness per unit
area; two-dimensional Fourier transforms; and
textural entropy and textural homogeneity com-
puted from grey-level co-occurrence matrices
(GLCMs; Blondel, 1996).
The edgeness per unit area was computed over

windows of 19U19 pixels, to be comparable to
the windows of 20U20 pixels and 40U40 pixels
used for co-occurrence matrices. The edgeness es-
timates the number of edges (sharp changes in
grey level) per unit area (e.g. Pratt, 1978). The
more of these sharp changes are present, the
rougher the texture will be. Edges are detected
through algorithms based on the calculation of
the second-order derivative in all directions, or
the convolution of the image with speci¢c kernels
which smooth homogeneous areas and enhance
contrasts at boundaries.
Natural textures are much more complex than

arti¢cial textures, and their Fourier transforms
generally do not provide clearly interpretable re-
sults (e.g. Russ, 1994). This was indeed the case
here, and the e¡ect is probably enhanced by
acoustic noise and by the physics of the imaging

process. Therefore Fourier transforms were not
considered any further. The other techniques, us-
ing both ¢rst- and second-order statistics, were
compared with principal component analysis.
This shows that the textural entropy and homo-
geneity, computed with GLCMs in moving win-
dows of 20U20 pixels, best describe the texture
and image variability. This is consistent with pre-
vious analyses performed on similarly high-reso-
lution sidescan sonar imagery, like DSL-120 data
(1-m resolution: Blondel et al., 1993) or TOBI
data (6-m resolution: Blondel, 1996). The tech-
nique and its results are detailed in 4. Textural
analysis of sonar imagery.

4. Textural analysis of sonar imagery

4.1. Textural analysis

Textures can be quanti¢ed in di¡erent ways,
but theoretical work by Haralick (1979) and prac-
tical applications to sonar imagery by Reed and
Hussong (1989), Blondel et al. (1993), Blondel

Fig. 3. (a,b) Two representative sections (sections 4 and 5) of the processed OREtech sidescan imagery, showing the mounds and
some sedimentary structures of the eastern Seabight (Belgica province). Ground resolution and pixel brightness convention are
equal to those in Fig. 2.
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(1996, 2000), Gao et al. (1998) and others have
shown that co-occurrence matrices are the most
adapted tools. Co-occurrence matrices address the
average spatial relationships between pixels of a
small region. Experiments on human vision (Ju-
lesz, 1973, in Blondel, 1996) demonstrated that
the eye could not distinguish between textures
with di¡erent second-order statistics, proving
GLCMs could be used to go further than tradi-
tional, visual interpretation alone.
The textural information in the image is de-

scribed by a set of co-occurrence matrices
{PD(i,j)}. Each element PD(i,j) expresses the rela-
tive frequency of occurrence of two points, with
the respective grey levels i and j, at D(d,a) (Eucli-
dean distance d and angle a) from one another. If
the image is quanti¢ed with NG grey levels, the
GLCMs will be NGUNG arrays. They are com-
puted on ¢nite windows. The distance D(d,a) be-
tween pixels is very sensitive to the orientation a.
This is particularly true for sidescan sonar images,
in which the insoni¢cation angle varies across
track, but also along track because of the move-
ments from the sonar platform (roll, pitch, yaw).
Two identical structures may be imaged with dis-
tinct look angles, and their textural signatures
appear di¡erent. To ensure that the textural indi-
ces of any non-isotropic texture are not signi¢-
cantly in£uenced by the angle at which it is enso-
ni¢ed, the co-occurrence matrices are averaged for
angles a=0‡, 45‡, 90‡, and 135‡, following Reed
and Hussong (1989) and Blondel (1996). The only
computational parameters are now the inter-pixel
displacement d, the size of the computation win-
dow and the number of grey levels.
Co-occurrence matrices are not easy to inter-

pret directly, and they are more e¡ectively de-
scribed by statistical measures called indices.
More than 25 textural indices are available from
the current literature, and rigorous evaluations of
their performance in the speci¢c case of high-res-
olution sonar images has been performed by
Blondel et al. (1993) and Blondel (1996), in con-
junction with extensive ground-truth data. These
evaluations revealed that two indices (entropy and
textural homogeneity) are su⁄cient for sidescan
sonar interpretation, as they can explain nearly
all the textural variations (e.g. Blondel et al.,

1993; Blondel, 1996). Entropy measures the lack
of spatial organisation inside the computation
window. It will be high for rough textures, and
low when the texture is more homogeneous or
smoother, or contains organised heterogeneities
(e.g. ripples). Textural homogeneity indicates the
amount of local similarities within the chosen
area. Some authors also refer to it as the in-
verse-di¡erence moment (Gao et al., 1998). Tex-
tural homogeneity is higher for regions with a
uniform backscatter (containing only a few grey
levels). Because of the high sensitivity of GLCMs
to linear combinations of the grey levels, addition-
al factors were introduced by Blondel et al. (1993)
to ensure invariance if time-varying or angle-vary-
ing gains change from one computation window
to the next. The general texture processing has
been incorporated into a software called TexAn
(for Textural Analysis) (e.g. Blondel, 2000).
Repeated tests showed that the optimal separa-

tion between textural units was achieved by com-
puting entropy and homogeneity in moving win-
dows of 20U20 pixels. The total ranges of
homogeneity and entropy values (0^255) were
each divided into 25 bins. The two-dimensional
entropy^homogeneity space (or feature space) is
described by a look-up table (Figs. 4 and 5), in
which each combination of homogeneity and en-
tropy is assigned a class number. A ‘combined
image’ was created for each of the seven selected
sonar images, in which each pixel received the
appropriate class number corresponding to its
homogeneity and entropy values (Figs. 6 and 7).
Finally these combined images were investigated
in order to classify seabed features such as
mounds, moats and background sediments.

4.2. Acoustic textures in the Hovland province

Preliminary analyses (the direct visual interpre-
tation, and the ¢rst-order statistics) already show
a major di¡erence in appearance between the sea-
beds of the northern and the eastern Porcupine
Seabight (Hovland versus Belgica provinces).
The mean and standard deviation of the grey lev-
els of the images from the Belgica area are much
higher than for the Hovland province. Therefore
both provinces will be discussed separately.
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Features in the images of the northern Porcu-
pine Seabight such as mounds, moats and back-
ground sediments are fairly easy to recognise
visually (Fig. 2). Their entropy/homogeneity sig-
natures correspond to well-delineated classes,

as visible in the corresponding look-up table
(Fig. 4), although it is still necessary to de¢ne
narrow transition classes as well. Mounds have
the highest entropy and homogeneity indices
(note that the homogeneity index is a reversed

Fig. 4. (a,b) Look-up tables (or feature space graphs) of the images presented in Fig. 2a,b.

Fig. 5. (a,b) Look-up tables (or feature space graphs) of the images presented in Fig. 3a,b.
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Fig. 6. (a,b) Classi¢ed and interpreted results of the sidescan sonar images shown in Fig. 2. The classi¢cation is based on the en-
tropy and homogeneity texture indices calculated from the original images, and on the look-up tables presented in Fig. 4. The
colour coding is the same as the one used in Fig. 4.

Fig. 7. (a,b) Classi¢ed and interpreted results of the sidescan sonar images shown in Fig. 3. The classi¢cation is based on the en-
tropy and homogeneity texture indices calculated from the original images, and on the look-up tables presented in Fig. 5. The
colour coding is the same as the one used in Fig. 5.
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indicator: high values indicate low homogeneities
and vice versa). Mounds therefore contain the
roughest textures, they are characterised by a
wide range of entropy and homogeneity values.
Due to saturation e¡ects, the human eye would
not recognise these textures as consisting of a
large number of grey levels (and hence being in-

homogeneous). Because of their orientation (slope
towards the instrument), the mound slopes also
have the brightest re£ections (in high contrast
with the surroundings), within which the human
eye cannot easily recognise di¡erences. However,
the TexAn software can identify the inhomogene-
ity.

Fig. 8. Sub-bottom pro¢ler (6-kHz) seabed pro¢les across (a) a Hovland mound and (b) a Belgica mound. Pro¢le (a) follows the
nadir of the sidescan sonar image pictured in Fig. 2a, and hence nearly follows the ridge of the mound structure. Pro¢le (b) does
not correspond to Fig. 3a or b, because none of these crosses a mound along its nadir line. Hence the pro¢le was taken from an-
other part of the sidescan sonar tracks, and is shown as an illustration of the appearance on sub-bottom pro¢les of a Belgica
mound.
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The sonar and textural images show the
mounds as elongated structures and multiple
ridges (Figs. 2 and 5), extending more than 2.5
km in length and 250^400 m in width, generally
tending NE^SW. From pro¢ler data, they are es-
timated to reach around 110 m in height above
the seabed (Fig. 8a). Mounds have the roughest
image textures, due to the presence of coral debris
and of what seem to be carbonate crusts or drop-
stones, but mainly because of the occurrence of
corals and their associated fauna. This can be
seen clearly from the seabed video (Fig. 9a), and
is also reported from the core descriptions (e.g.
cores TTR7-AT-5G, 14G and 17G, Table 1). An
extra factor causing the roughness is the patchi-
ness of the coral associations. Their acoustic re-

turns create irregular patterns, resulting in a large
number of grey levels, arranged in unorganised
patches within small neighbourhoods of the im-
ages, and hence with a low homogeneity (high
homogeneity index) and a high entropy (Fig. 4).
Compared to the mounds, the sediments are

much smoother (lower entropy and homogeneity
values) and mainly have a much smaller entropy
range (Fig. 4). This is due to the actual smooth-
ness of the sediments on the seabed, inducing little
or no variations in the acoustic returns. In the
core descriptions (TTR7-AT-9G, 11G, 12G and
13G), the seabed for these locations is described
as water-rich marl, or sometimes even ‘soupy’ clay
(Swennen et al., in Kenyon et al., 1998). The
seabed video shows hemipelagic muddy sediments

Fig. 9. Selection of photographs from the TTR7 deep-tow video (locations indicated in Figs. 2 and 6). (a) Coral association on
the £ank of a Hovland mound, picturing Lophelia pertusa L. (b) Smooth, bioturbated seabed (background sediments) in the Hov-
land province. (c) Seabed appearance in the moat of a Hovland mound. (d) Coarser-textured background sediments on the sea-
£oor of the Belgica province.
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with a high degree of bioturbation (Fig. 9b). No
ripples, sandwaves or other current-induced bed-
forms or irregularities can be observed on the
seabed.
The textural signature of the moats, scoured in

the seabed around the mounds, lies somewhere
between that of the mounds and the sediments,
and is restricted to a very narrow range of entro-
pies and homogeneities (Fig. 4). Transition classes
towards mound and sediment textures sometimes
need to be de¢ned. However, a texture typical of
the geological feature can be delineated in the
image, which would be di⁄cult to achieve directly
from visual analysis. It can be seen that the
shapes of the moats are fairly irregular, and that
they are not as well developed on all sides of the
mounds. Interpreted from the video images, it
seems that the moats contain slightly coarser ma-
terials than the background sediments in the area
(Fig. 9c). The sea£oor seems sandier, containing
dropstones and coarse fragments, while no biotur-
bation can be seen. This is most probably due to
current scouring and a limited amount of bed
armouring, which can leave sandier materials in
the scour marks while sweeping away the ¢nest
sediments (Gomez, 1983). Another factor of in£u-
ence may be the presence of some coral or shell
fragments distributed o¡ the mounds by the cur-

rents. The only core taken in a moat (TTR7-AT-
6G) seems to con¢rm this interpretation (‘forami-
niferal sand/marl with some lithic and shell frag-
ments’, Table 1). These coarser materials clearly
increase the entropy of the acoustic returns, but
the homogeneity index stays as low as for the
background sediments (Fig. 4). Really inhomoge-
neous, irregular image textures are only found
amongst the coral patches on the mounds.
The look-up table (Fig. 4) shows that a rela-

tively large interval of homogeneities and a re-
stricted interval of entropies are not directly as-
signed to a geological feature. They correspond in
fact to a class called ‘ridges’. This contains the few
pixels which form a transition between mound
surfaces and shadow zones: areas of rapid change
in smoothness and organisation, with their own
textural signature.
Comparing the classi¢cation results from di¡er-

ent sections of the same province, the same tex-
tural patterns can be seen in the look-up tables
(Fig. 4a v. 4b). They are sometimes shifted over
at most 10 entropy or homogeneity units. This
shows the general consistency of the algorithm
and of the textural signatures, although these
small di¡erences could cause misclassi¢cations,
for example of moats, in automated (unsuper-
vised) classi¢cations. The cause of these shifts

Table 1
Core descriptions from the TTR7 cruise (from Swennen et al., in Kenyon et al., 1998)

Province Core Latitude Longitude Location Description of upper horizon

Hovland TTR7-AT-5G 52‡13.99 12‡43.38 mound coarse carbonate sand with corals at the top
Hovland TTR7-AT-6G 52‡13.67 12‡43.56 moat foraminiferal sand/marl ; some lithic and shell fragments
Hovland TTR7-AT-9G 52‡12.73 13‡02.38 background

sediments
greyish brown carbonate clay rich in forams with some shell
fragments

Hovland TTR7-AT-11G 52‡12.72 13‡02.46 background
sediments

light olive brown liqui¢ed mud with high foram content

Hovland TTR7-AT-12G 52‡16.40 13‡00.42 background
sediments

foraminiferal light olive brown to dark brown silt ; tube of
Polychaeta found at the top of the core

Hovland TTR7-AT-13G 52‡19.19 12‡59.07 background
sediments

soupy foraminiferal silty marls

Hovland TTR7-AT-14G 52‡18.88 12‡40.70 mound branching corals in foraminiferal silt matrix; rare dropstone
present

Hovland TTR7-AT-17G 52‡08.72 12‡49.15 mound silt with high foraminiferal content; shell and coral fragments
present

Belgica TTR7-AT-33G 51‡18.00 11‡39.19 background
sediments

soupy brownish foraminiferal sand, coarse-grained

Belgica TTR7-AT-36G 51‡23.14 11‡42.17 background
sediments

coarse sand, yellow-orange in colour; live animal/intact
Polychaeta tube; forams
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is not clear; they may be related to a di¡erent
direction of ensoni¢cation of the mounds, to
di¡erent water conditions during the recording,
or to unaccounted changes in the acquisition set-
tings.

4.3. Acoustic textures in the Belgica province

Textural analyses of the images from the east-
ern Porcupine Seabight do not provide such a
clear and immediate interpretation (Fig. 7). There
is a gradation in entropy and homogeneity again,
but areas that can be interpreted as mounds have
a smaller and lower entropy range than in the
Hovland province. Their textural signatures are
not unique any more: some areas, which can be
interpreted as sand ¢elds or moats, contain sim-
ilar or even higher entropy and homogeneity val-
ues. But mounds still show a coarse texture,
caused by the patchy growth of coral colonies.
This creates a micro-topography which can give
coral colonies a ‘cauli£ower’ appearance in side-
scan sonar images, especially at very high resolu-
tions (e.g. Milkert and Hu«hnerbach, 1997; Frei-
wald et al., 1999).
Acoustic artefacts present in all sonar images

are re£ections from the sea surface (visible as a
continuous high-backscatter line) and near-nadir
areas, in which the backscatter does not have any
physical signi¢cance (e.g. Blondel and Murton,
1997). These artefacts present very high entropies
and homogeneities, with values close to the tex-
tural indices of mounds. They correspond to
sharp changes in grey levels and hence show an
irregular texture. The artefacts are easily recognis-
able as such on the original image, and can be
either masked during TexAn processing, or re-
moved through advanced post-processing (e.g.
within PRISM). They were kept in the images
presented here, for completeness and to show
how textural analysis was reacting to these abrupt
changes.
The mounds in the eastern Porcupine Seabight

seem to consist mainly of single structures nearly
1 km long, placed en echelon on a few N^S lines
and having their main axes oriented in a NNE^
SSW direction. Moats are not present around
every mound, as can be seen from the pro¢ler

data, for example (Fig. 8). When present, these
moats often correspond to very high grey levels,
and high entropy and homogeneity indices. They
certainly have higher grey levels and texture indi-
ces than the moats in the northern area.
Background sediments, identi¢ed from their so-

nar appearance corroborated by video images,
present textures with entropy values much higher
(60^80 units higher on a scale of 0^255) than the
background sediments of the northern Porcupine
Seabight (Figs. 4 and 5). Cores taken in these
rougher sediments are described as ‘soupy’ fora-
miniferal sands or coarse sands (pelagic cores
TTR7-AT-33G, 36G, Table 1). From the video
(Fig. 9d) it is clear that these sediments are indeed
coarser. Stones and sometimes even coral debris
are present on the seabed, which is not the case in
the northern area. In some cases the seabed seems
nearly gravelly, while in other cases bedforms
such as ripples or dunes are developed (Wheeler
et al., in Kenyon et al., 1998). They will greatly
in£uence the sonar returns, introducing backscat-
ter values di¡erent from the ones usually expected
from smooth sediments. These variations will in
turn induce textural variations. Another parame-
ter which was not explicitly quanti¢ed in the core
descriptions, but which is likely to play an impor-
tant role in the di¡erent acoustic returns as well,
is the change in the sediments’ porosity and den-
sity.

5. Discussion

Textural analysis with TexAn quanti¢ed the
major di¡erences in the acoustic and geological
character of the seabed in the northern and east-
ern Porcupine Seabight (Hovland and Belgica
provinces). In the Belgica province, the sediments
and the background seabed are rougher, the
mounds are slightly smaller and they consist of
single structures often placed en echelon. The
textural di¡erence between di¡erent features
(mounds, moats, sediments) is much less pro-
nounced. Other features such as striation patterns,
barchan-like dunes and sandwaves can be seen in
some parts of the sidescan sonar data. These fea-
tures are not present in the Hovland province.
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Here the seabed is much smoother, thus empha-
sising even more the distinct roughness of the
mound surfaces and moats. Mounds in this prov-
ince can be lined up in ridges, or can consist of
multiple structures. The main di¡erences between
the Hovland and Belgica provinces therefore seem
to be the character of the sediments, and the char-
acteristics of the mounds.
The principal reason for the di¡erence in acous-

tic appearance between the two provinces is the
recent current regime at the seabed, and the asso-
ciated sediment dynamics. Pingree and Le Cann
(1989) measured average current speeds of 2.5 cm/
s and 11.0 cm/s at 8 m above the seabed, imme-
diately south and north of the Belgica province
(50‡47.4PN, 11‡24.5PW and 51‡40.5PN, 12‡02.6PW,
Fig. 1). In both cases, £ows were in a northward
direction. Bathysnap measurements described by
Rice et al. (1990) on the western £ank of the
Seabight show current speeds varying between 1
and 3 cm/s, mainly directed to the southwest
(Fig. 1). According to the hydrographic models
of New et al. (2001), the residual currents in the
area should follow the depth contours and sweep
around the Porcupine Seabight. Similar conclu-
sions were drawn by White (2001) from available
current meter data west of Ireland: bottom cur-
rents in the Porcupine Seabight seem to follow the
depth contours, but the measurements in the Hov-
land province show the lowest current stability
and speeds.
Besides these general currents, the existence of

internal tides and waves and breaking internal
waves was mentioned by several authors (e.g. Pin-
gree and Le Cann, 1990; Rice et al., 1991). Rice et
al. (1990) mapped the locations in the Porcupine
Seabight where the seabed slope exceeds the char-
acteristic slope, and found that the area described
here as the Belgica province is prone to these ef-
fects. At these locations, internal tides are gener-
ated in the continuously strati¢ed waters by the
interaction of the across-slope barotropic tide
with the shelf break (New and Pingree, 1990).
The strati¢cation is even enhanced at this depth
(c. 750 m) due to the contact between the water
masses of the ENAW and the MOW, each with
their own density. This all results in an intensi¢-
cation of the (near-bottom) tidal currents and the

induction of large oscillations of the water par-
ticles (due to some form of resonance with their
natural frequency) (Rice et al., 1990). Because of
non-linear e¡ects and breaking of the internal
tides on the steep slopes and shallow waters of
the shelf, also internal waves of higher frequency
are generated, which can locally enhance or re-
duce turbulence and energy dissipation (New,
1988). The occurrence of rougher sediments in
the Belgica area could therefore be explained by
this presence of locally enhanced current systems.
They would increase the resuspension of ¢ne par-
ticles, leaving the coarser ones on the seabed. The
presence of ripple marks and striation patterns on
the sonar images brings the stronger currents in
evidence, while the two directions of striation
show the in£uence of the two superimposed cur-
rents : the slope current and the tidal in£uences.
Present-day strong current action seems to be ab-
sent from the Hovland province, as is witnessed
by the hemipelagic muddy sediments and the large
amount of bioturbation visible on the seabed.
Concerning the presence of internal waves,

Frederiksen et al. (1992) found that Lophelia col-
onies around the Faeroes seemed to be linked to
areas where the seabed slope exceeded the critical
value, and enhanced near-bottom tidal currents
were present. The breaking internal tides would
in£uence resuspension at the seabed, and create
an enhanced primary production in the associated
soliton zones at the sea surface. Both e¡ects could
increase the food supply for the coral colonies.
However, they also state that Lophelia is not re-
stricted to only these areas of internal tide gener-
ation. This seems to be the case in the Hovland
province, for example.
Current regime in general, and current speed in

particular, are considered as very important envi-
ronmental parameters in£uencing the growth of
Lophelia organisms. The corals preferably grow
in high-current areas with enhanced turbulence,
such as ridge crests (Freiwald et al., 1997) or the
up-current ends and tops of lithoherms, where
streamlines are compressed (Messing et al.,
1990). The higher current velocities would en-
hance the food supply for these suspension feeders
(Freiwald et al., 1997). However, Frederiksen et al.
(1992) state that higher current speeds do not al-
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ways mean enhanced food supply, because the
food particle concentration also plays a role.
Besides their in£uence on food supply, Wilson

(1979) also discusses the importance of current
speeds for the internal dynamics of the Lophelia
colonies. High or variable currents should be able
to break o¡ parts and branches of the corals,
which then can form a new substrate for (re)colo-
nisation. Sometimes whole ‘coppices’ break o¡ or
collapse onto the mounds (Freiwald et al., 1999).
It is possible that these help to construct the ‘cau-
li£ower’ structures seen on certain sonar images.
The coral ‘rubble’ and debris also could be spread
over the sea£oor in areas where currents are
strong enough, such as the Belgica province, caus-
ing the coarser-textured surroundings of the
mounds to develop. As the presence of hard set-
tling grounds (boulders, dropstones, large shells,
coral debris, etc.) is another of the prerequisites of
Lophelia growth (Rogers, 1999), this could also be
one of the reasons for the more scattered presence
of the corals in the Belgica province.
Currents can also in£uence the amount of sedi-

ment trapped inside the coral framework. They
can help to prevent the living corals from silting
over (Frederiksen et al., 1992). In this way there
could be a di¡erence in dynamics between the two
provinces as well, although further research is
necessary to establish these processes.

6. Conclusion

The objectives of this article were two-fold:
¢rst, to present processed sidescan sonar imagery
from important mound provinces in the Porcu-
pine Seabight; second, to show how image anal-
yses could be used to bolster and quantify the
interpretations of these images.
After a brief reminder of the geological and

environmental importance of the Porcupine Sea-
bight area, we presented high-resolution sidescan
sonar imagery recently acquired with the 30-kHz
OREtech sidescan sonar, during the Training
Through Research cruise TTR7 (Kenyon et al.,
1998). This dataset was accurately reprocessed us-
ing the PRISM software (LeBas and Hu«hnerbach,
1998), yielding a fully geo-referenced acoustic im-

age of the sea£oor in the area. Di¡erent image
analysis techniques were tried, but qualitative
and quantitative comparisons showed that the
best one was textural analysis based on GLCMs,
using the TexAn software (Blondel, 1996).
Combined entropy/homogeneity images ob-

tained with the TexAn classi¢cation show that
there is a clear di¡erence between the acoustic
character of the northern and eastern Porcupine
Seabight (Hovland and Belgica provinces). In the
Hovland province, mounds, moats and back-
ground sediments can clearly be delineated from
acoustic textures alone. Mounds are the roughest,
because of the presence of coral fragments and
living corals on the seabed, causing an irregular
relief. Background sediments in the Hovland
province are mainly muds, forming a smooth sea-
£oor. Moat textural signatures are intermediate
between the textural signatures of mounds and
background sediments. In the Belgica province,
the textural signatures are in general rougher
and more complicated to interpret. Coarser sands,
dropstones and bedforms induce higher entropies
and homogeneities in the images. Background
sediments and moats sometimes have rougher tex-
tures than mounds. Mounds cannot always be
easily distinguished from the background sedi-
ments, using only the classi¢ed images.
The di¡erence between both provinces is most

probably caused by a di¡erence in current re-
gimes. The mean (residual) current at this depth
(500^1000 m) seems to follow the depth contours,
but secondary current systems are superimposed.
The generation of internal tides in the Belgica
province could enhance the currents there and
in£uence the resuspension of sediments. The local
current regime is very important for Lophelia col-
onies. It in£uences their food supply directly and
indirectly, and can in£uence colony stability.
Hence, both sites could exhibit distinct dynamics
of mound growth, although further research is
necessary to establish and con¢rm these di¡eren-
ces. Long-term deployment of current meters or
ADCPs at selected sites in these two areas would
be essential for settling this point.
The work presented here is but one facet of the

multidisciplinary research necessary to understand
the complex but unique dynamics and environ-
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ment of the coral communities and mound struc-
tures, currently being discovered along the conti-
nental margins. This is nonetheless an important
facet, as it demonstrates the importance of local
currents in the system, and as it gives an overview
of the phenomenon, and an idea of the di¡erent
circumstances within which these structures can
occur.
The statistical techniques, and particularly the

textural analysis with TexAn, made a complete,
quantitative interpretation possible. This interpre-
tation can be replicated with similar results on
any part of the dataset, or performed on any oth-
er dataset; it represents a common basis for quan-
titative, repeatable and reliable image analysis.
Other facets of this ongoing research are now

under investigation. In particular, the integrated
study of high-resolution 2D and (commercial) 3D
seismics of the Magellan province brings more
detailed insights into these processes (Huvenne
et al., 2001). It is only once all these pieces are
brought together that a complete image of these
enigmatic structures can be built, and that paral-
lels with similar structures now being discovered
around the world’s ocean can be made.
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