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Abstract

In July 1996 a major rainstorm and flood took place in the Saguenay Fjord. Backscatter strength measurements
made with a Simrad EM1000 multibeam echosounder in 1993, 1997 and 1999 have shown spatial and temporal
variations, which are interpreted in relation to the occurrence of the flood. After empirical calibration of the different
maps the data show an overall diminution of 5 dB in backscatter strength in 1997, 1 yr after the flood took place,
while the data sets obtained in 1993 and 1999 show comparable levels of backscatter strength. The different data sets
show a similar pattern of low and high backscatter patches, which represent variations of the backscatter strength of a
few decibels. Several grain size and water content measurements were also carried out on sediment box core and grab
samples from the Fjord bottom in 1997 and 1999. These have shown that the areas with higher acoustic backscatter
correspond to the finer sediments, while the low backscatter patches correspond to the coarser material. The data
show little relation between water content and backscatter strength, thus indicating a poor dependence between the
impedance terms (bulk density and sound speed) and the backscatter. Having taken this into account, the major
contribution to backscatter strength is assumed to result from differences in surface and volume roughness of the
sediment. Since finer grain sizes offer higher backscatter the grain size of the sediment is not considered as being a
major contributor to roughness and hence, backscatter strength. The major factor that seems to control roughness
generation in the Saguenay Fjord is considered to be bioturbation. The areas where geological processes most
physically disturb the bottom, which coincide with the areas where also most accumulation takes place and the
coarser grain sizes are deposited, are more sparsely colonized by organisms. This results in a lower degree of
bioturbation, lower roughness and thus, backscatter strength. This hypothesis helps explain the variation in
backscatter strength observed between the different measurement years. The several million tons of sediment
deposited in the Fjord bottom after the 1996 flood buried the benthic fauna, which was still recovering 1 yr later. The
less bioturbated sediment at this time would present lower roughness with respect to the 1993 and 1999 data resulting
in a lower backscatter strength. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Data from multibeam bathymetry and side-
scan sonar systems is becoming increasingly used
to characterize the sea bottom from a quantitative
and qualitative point of view (Hines, 1990; Gard-
ner et al., 1991; Stewart et al., 1994; Mitchell,
1993; Hughes Clarke et al., 1997; Borgeld et al.,
1999; Goff et al., 1999, 2000). The causes of back-
scatter variations on the sea floor can be best in-
vestigated in structurally simple areas where var-
iations can be modeled with fewer free parameters
(e.g., Mitchell, 1993; Mitchell and Hughes Clarke,
1994 ; Stewart et al., 1994). These conditions are
found where contrasting geologic materials exist.
However, in areas where only fine-grained sedi-
ments are present, regional differences in acoustic
backscatter are often also measured. The differ-
ence in overall levels of scattering strength be-
tween a muddy seafloor and a rocky seafloor is
typically of the order of 20 dB (Urick, 1979),
while in uniformly sedimented bottoms the anal-
ysis and zonation of the backscatter relies on re-
gional variations of as little as 1 dB (Borgeld et
al.,, 1999; Goff et al., 2000; this study; see also
Gardner et al., 1991). Although these differences
are limited to a few dB, the processing techniques
used to display the imagery data allow one to
emphasize and clearly map these minor, but sig-
nificant, changes in acoustic backscatter. This
work is further complicated because the signal
recorded over sediments commonly involves scat-
tering both at the surface and in the volume of the
sediment (Jackson et al., 1986a,b; Hines, 1990;
Gardner et al., 1991; Mitchell, 1993). These can
not be easily separated without substantial knowl-
edge of the seafloor’s surface roughness, density
and other properties (Jackson et al., 1986a) and
therefore, ground-truthing using sediment samples
appears indispensable.

In multibeam systems the sonar geometry is
determined through precise navigation and atti-
tude measurements, while the large-scale bathym-
etry can be mapped at a level of detail unavailable
by any other means. On the other hand, the

physical properties of the bottom are not easily
assessed and usually require additional techniques
to be employed. The sediment type will control
the bottom roughness and the water/sediment
sound speed and density ratios as well as the
attenuation due to the dissipation of acoustic
energy through the interface (Stewart et al.,
1994).

In this manuscript we present three sets of
backscatter data acquired with a Simrad
EM1000 in 1993, 1997 and 1999 in the upper
Saguenay Fjord, Québec. The data are addition-
ally supported by box cores and grab samples. In
between the data sets of 1993 and 1997, a major
flood occurred in the study area (July 1996) de-
positing a fresh sediment layer of up to 16 million
m? (Coté et al., 1999) along large extensions of
the Fjord bottom. This allows us to investigate
not only the causes of spatial backscatter varia-
tions, but also the causes of temporal backscatter
variations in the Fjord. Understanding this is of
crucial importance to provide a more comprehen-
sive picture of the spatial extension and effects of
the 1996 flood in the Saguenay Fjord.

2. Geological framework

The Saguenay Fjord lies within the Canadian
Shield, which is mostly composed in this area by
Precambrian rocks of metamorphic origin. The
region was tectonically active between 175 and
190 Myr ago, which ended up with the formation
of the Saguenay graben structure (Du Berger et
al., 1991). During the Pleistocene, ice sheets cov-
ered the area several times (LaSalle and Trem-
blay, 1978). The Saguenay graben, oriented
more or less parallel to the glacial flow, became
a preferred path for ice flow and resulted in deep
excavation of the bedrock. The final retreat of the
Wisconsinan ice sheet, which took place about
10000 yr ago (LaSalle and Tremblay, 1978), was
followed by significant isostatic emergence,
varying from 140 m on the north side of the
graben to 120 m on the south side (Bouchard et



R. Urgeles et al. | Marine Geology 184 (2002) 41-60 43

Saguenay River -

i,
Bras Nord

48° 24'N #

48° 20N 3 Yo

! Fjord slope
I pelta

Bras Nord central Channel
Slump

Flows

Partial liquefaction

Rafted block TR
Spread S 1 1 L

48° 24'N

LA sy

=

Debris blocks S \\S e ,
\ SSahN NM& J

48° 20'N
km
0 5
— —
70° 52'W 70° 48'W 70° 44'W 70° 40'W

Fig. 1. (A) Bathymetry of the studied area with shaded relief illuminated from the West. Contours are also plotted at 10-m inter-
val. Circles show location of grab samples, inverted triangles show location of box cores. White is for samples collected in 1999
black for those collected in 1997. (B) Geomorphological map of the Saguenay Fjord. Note abundance of escarpments and failure
related deposits. Inset shows location of the study area.
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al., 1983). This retreat was accompanied by the
rapid infill of as much as 1000 m of sediments
(Syvitski and Praeg, 1989; Locat and Syvitski,
1991).

Seismic activity has had a profound impact on
the morphology of the region in the form of grav-
itational phenomena both onshore (LaSalle and
Chagnon, 1968; Tuttle et al., 1990; Lefebvre et
al.,, 1992; Locat et al., 1997) and on the Fjord
bottom (Schaffer and Smith, 1987; Pelletier,
1993; Locat et al., 2000; St-Onge and Hillaire-
Marcel, 2001) (Fig. 1b). The latest major sedimen-
tary event in the Saguenay Fjord is associated
with the flood of July 1996. The flood deposited
a layer of a few decimeters in thickness along the
Baie des Ha! Ha! and along large portions of the
Bras Nord. At the river mouths, sediment accu-
mulations exceeded several meters (Fig. 2). Prior
to the flood, the Fjord bottom sediments were
largely contaminated with industrial material
(Loring and Bewers, 1978; Barbeau et al,
1981a,b) and it is believed that the huge amount
of ‘clean’ newly deposited sediments has buried
the old contaminated ones, thus providing a nat-
ural concealing layer.

The morphology of the Upper Saguenay Fjord
is characterized by a Y-shape with one arm of the
Y being the Bras Nord and the other one being
the Baie des Ha! Ha! (Fig. 1A). The Fjord in that
area has water depths ranging from 0 to 225 m
and a width between 3 to 5 km. The much larger
Saguenay River flows into the Bras Nord while
the Mars and Ha! Hal! rivers both flow into the
Baie des Ha! Ha! The typical tidal range in the
area is about 4-5 m. The most active segment of
the upper Saguenay Fjord is the Bras Nord where
the accumulation rate is measured to be several
centimetres per year at the delta (Locat and Le-
roueil, 1988; Perret et al., 1995) in contrast to the
Baie des Ha! Ha! where sedimentation rates are
of the order of 0.2 cm/yr (Barbeau et al., 1981a).
Thus the Bras Nord is being filled more rapidly
that the Baie des Ha! Ha!

The water depth in the Bras Nord ranges from
about 10 m at the mouth of the Saguenay River
to 200 m at the confluence with the Baie des Ha!
Ha! The Baie des Ha! Ha! itself has a water depth

which rapidly descends to about 100 m near the
head (at La Baie city) to 200 m downstream (Fig.
1B). The sea floor of the Baie des Ha! Ha! has a
unique feature located around 70°49'W, 48°
20.5'N, in the form of a sharp and more or less
straight escarpment (Fig. 1A). Above it, the slope
is 0.6° and below 0.2°. The slopes on either side
of the Fjord are quite different, in particular in
the Baie des Ha! Ha!, the northern escarpment
is steep with slopes exceeding 40° while the
south shore slope is gentler and gullied. The
slope on the north side is controlled by the
bedrock while the southern side is dominated by
Quaternary sediments. The Bras Nord is bisected
by a shallow channel (Fig. 1) along its axis,
potentially acting as a conduit for mudflows or
debris flows originating from the upper reaches
of the Fjord.

3. The backscatter equation

As multibeam sonars project acoustic energy at
different angles on a narrow azimuth range most
of the energy that is returned back to the sonar
does not come from direct echoes. Since there is
always some amount of bottom roughness, this
acts to scatter the arriving sound in all directions
producing the phenomena that we know as back-
scatter. The time series of backscattered energy
after the first arrival can be therefore used to infer
changes in seafloor properties along that azimuth
(Hughes Clarke, 2000). This acoustic energy is
measured by multibeam systems and recorded as
the backscatter strength (BS), which is a
calibrated quantity that depends on the topo-
graphic and acoustic properties of the seafloor
(Urick, 1975; see also Stewart et al., 1994) and
defined as:

BS =20 log%—SL—RCpr—XMIpr—TVGJr
2ar +2TL—10 logA4 (1)

where f'is the received raw echo amplitude, B is a
scaling factor to account for A/D conversion, SL
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is source level, RCVyp, and XMITy, are receiver
and transmitter beam pattern compensations,
TVG is the time-varied gain, o is the absorption
coefficient for water, r is slant range, TL is trans-
mission loss due to spherical spreading of the
acoustic wave and A is the equivalent ensonified
area or ‘acoustic footprint’ of the pulse (Urick,
1975).

From the expressions above three sorts of fac-
tors are involved in the equations: (1) factors as-
sociated with the transmitter—receiver characteris-
tics (B, SL, RCVy,, XMITyp, r); (2) factors
associated with seafloor geometry (4); (3) factors
associated with attenuation of sound in water
(a, TL).

The sediment properties contributing to back-
scatter strength (built into the ‘f’ term) are rela-
tively well known but it is generally complicated
to determine what the relative influence of each of
the different variables on the resultant backscatter
strength is. The matter is further complicated by
the fact that both surface and volume components
contribute to the total backscatter strength (Jack-
son et al., 1986a). This problem is usually ap-
proached from the scattering cross-section per
unit angle per unit area of scattering o, which is
related to the backscatter strength (BS) by:

BS = 10logo (2)

Jackson et al. (1986b) calculate the scattering
cross-section independently for the surface o(6)
and the volume o,5(6) components and then add
them together, i.e., assume that surface roughness
does not modify the energy that goes through the
interface:

0 =0(0)+0(0) (3)

According to the composite roughness model of
Jackson et al. (1986b) there are three major com-
ponents influencing the scattering cross-section.
Impedance terms (mainly bulk density and p
wave velocity), surface roughness terms (from
grain size to bedforms to bioturbation) and vol-
ume hetereogeneities (layering, burrows, mud
clasts, ..). For a complete formulation see Jackson
et al. (1986b).

4. Methods

The data presented in this paper is largely
based on multibeam bathymetry acquired with
the Simrad EM1000 in three cruises in July 1993
(before the flood), and August 1997 and August
1999 (after the flood) on board the catamaran
CCGS Frederick G. Creed. The EM1000 works
at a frequency of 95 kHz, and may be operated
in water depths between 3 and 1000 m. In shallow
mode, it uses 60 beams spaced 2.5°, thus covering
a sector up to 150° or ~7.5 times the water
depth. The beams are 3.3° and 2.4° width in the
across and foreaft direction respectively. The data
are positioned using differential GPS. Using ad-
vanced processing techniques a vertical resolution
of 0.25% the water depth can be achieved for
features that span an horizontal distance of about
10% of the water depth, the average beam foot-
print size (Hughes Clarke et al., 1996).

The EM1000 is also capable of providing a
quantitative measure of the sea-floor backscatter
strength, which can be displayed in side-scan so-
nar like images (Hughes Clarke et al., 1996).
These images are typically resolved to a higher
resolution of about 5% the water depth. The
EM1000 corrects the amplitude series for gain
changes, propagation losses, predicted beam pat-
terns and for ensonified area (see Eq. 1). Subse-
quent processing uses real sea floor slopes and
applies empirically derived beam-pattern correc-
tions to produce a quantitative estimate of sea-
floor backscatter strength across the swath. The
variation with grazing angle is removed by ex-
tracting the average intensity values for angle
bins. This contains a composite of both the resid-
ual beam pattern effects and the mean seabed an-
gular response, which allows the local angular
difference from the mean level to be calculated
for each angle, and then subtracted from the side-
scan imagery. While this technique is useful to
delineate regional sediment boundaries (Hughes
Clarke et al., 1997) it is also true that the varia-
tion in backscatter strength as a function of graz-
ing angle also provides additional potential for
sediment classification (Hughes Clarke et al.,
1996), which we are not taking into account. An-
other problem is that we assume that the shape of
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Fig. 2. Extent of the deposits of the 1996 flood. Isocontours are shown for areas where layer thickness is higher than 0.5 m from
the comparison of swath bathymetry data acquired in 1993 (previous to the flood) and 1999. For thicknesses lower than 0.5 m
the thickness is shown as proportional circles indicating the thickness measured in the box cores.

the angular response curve does not change along
the corridor of seabed within which the averaging
is done. If this is not the case a residual would
remain in the resulting normalized data.

Both the bathymetric and backscatter data were
acquired using Simrad’s Merlin software and pro-
cessed using the Ocean Mapping Group of the
University of New Brunswick ‘Swathed’ tools.
The data was then imported into GMT (Wessel
and Smith, 1991, 1998) to generate bathymetric
and backscatter plots.

Comparison between the different backscatter

data sets could not be performed straightfor-
wardly because changes in hardware, software
and different calibrations were applied to the
EM1000 system between the different years. Prior
to 1994 an unrecoverable automatic gain control
error was applied to all EM1000 backscatter data
collected within 25° of vertical incidence (Ham-
merstad, 1994). This was removed in 1994, and
for the period mid 1994-mid 1996 this caused
the data acquired in this region to be underpre-
dicted by about 15 dB (Hughes Clarke et al.,
1997). In mid 1996 a software change seemed to

Fig. 3. Sequence of backscatter maps for: (A) 1993. (B) 1997. (C) 1999. Note lower backscatter in the proximal areas and en-
largement of the extension of the low backscatter acoustic facies in 1997. Box in C shows calibration area. For the three surveys,
the backscatter gray-scale palette is histogram equalized with respect to the 1999 survey.
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rectify this problem (Hughes Clarke et al., 1997).
To overcome these inconveniences and to make
comparisons between different data sets, an em-
pirical method for calibrating the data was con-
ceived (Kammerer et al.,, 1998; Schmitt et al.,
2000). Since it was believed that the most distal
parts of the Fjord were insignificantly affected by
the flood of 1996 (see also Fig. 2), we supposed
that the parameters controlling acoustic backscat-
ter there had not changed. Therefore, the mean of
the backscatter for this area was assumed to re-
main constant and thus believed to be equal to
the value measured in the last survey. The mean
difference between different surveys in this cali-
bration area was removed and made comprehen-
sively to the whole of the survey area in order to
suppress the effects induced by those changes.

Water content and grain size were measured in
seafloor surface samples obtained from grab and
box sampling devices. Grab sediment samples
were obtained by means of a Shipek sediment
sampler on board the R.V. Alcide C. Horth in
August and October 1997 and May 1999, on the
R.V. Martha Black in August 1997, and on board
the CCGS Dennis Riverain in August 1999. The
Shipek can obtain a sample of approximately 0.01
cubic meters. Surface samples from box cores
were obtained on board the Alcide C. Horth in
October 1997, May, June and August 1999. The
box corer has typical dimensions of 0.5X0.5X
0.5 m, which produces almost no sample remold-
ing. The use of the Shipek grab sampler is justified
however, because for the surface spatial analysis
much more samples could be collected from a
smaller ship. A differential GPS system was used
for positioning the vessel at the time of the sam-
pling, but no account was taken for sampler offset
from the vessel. Based on our observations of
typical wire angles and the known depths, the
total sample position uncertainty is estimated to
be 15-20 m.

Water content was measured after drying the
samples at 105°C for a period of 24 hr. Grain
size measurements were made using the hydro-
meter method. Sediments that showed evidence
of high organic matter contents were first treated
with hydrogen peroxide. Subsequently all sedi-
ments were set in suspension in a solution of hexa-

metaphosphate (5 g/l), which has the effect of re-
ducing the links between clay particles due to the
flocculation. The density variation of the solution
was measured at different time intervals and, fi-
nally, the Stockes’ law was used to compute the
mean diameter of the sediment particles from
their settling speed and the changing density of
the solution with time. For comparisons between
backscatter and core data, the mean intensity of
seabed backscatter was derived from a ~ 100X
100 m area around each core location.

5. The results
5.1. EMI1000 backscatter

The EM1000 backscatter data are shown for
the three successive surveys in Fig. 3. The imagery
is displayed following a palette equalized accord-
ing to the cumulative data distribution curve of
the 1999 data, so that the different gray levels are
adjusted to occupy the same area on this map
(‘histogram equalization’). This technique enhan-
ces the contrast due to small changes in backscat-
ter. The backscatter scale bar also provides an
idea of how the data are distributed. Since most
of the changes in gray scale are observed around
the value of —30 dB (for year 1999) this indicates
that most of the values occur around an interval
centered on this quantity (see also Table 1).

At a first glance, regional variations of the
backscatter are clear in the Saguenay Fjord (Fig.
3). Although these variations appear strong on
the backscatter images (Fig. 3) they are only of
the order of a few dB. This is due to the histo-
gram equalization. It is to be noted that, for ex-
ample for the data acquired in 1999, 90% of the
data lies within the interval between —39 dB and
—24 dB (Table 1).

Both, at La Baie des Ha! Ha! and the Bras
Nord, the backscatter increases towards the distal
parts away from the river mouths. In the La Baie
des Ha! Ha! a more complex pattern than in the
Bras Nord is shown. Overall the backscatter in-
creases towards the west, as in the Bras Nord, but
the low backscatter area tends to be constrained
in the center of the Fjord, describing a sinuous
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Table 1
Backscatter statistics
1999 1997 calibrated 1997 1993 calibrated 1993
Mean —30.82 —35.23 —30.23 —30.51 —24.94
Std. dev. 4.95 6.28 6.28 5.02 5.02
By, [—39.18, —24.28] [—46.78, —26.80] [—41.76, —21.79] [—38.08, —22.53] [—32.50, —16.95]
0% [—33.24, —27.96] [—38.75, —31.05] [—33.74, —26.04] [—33.25, —27.80] [—27.67, —22.23]
Min. —124.57 —91.13 —86.12 —128 —126.34
Max. —5.6 —6.77 —1.75 —6.81 —1.24
Calibration area
Mean —29.31 —24.29 —23.73
Std. dev. 3.04 4.22 3.60

2 Interval containing 50% of the backscatter measurements.
b Interval containing 90% of the backscatter measurements.

curve more or less parallel to the Fjord margins
(Fig. 3). Where the southern shore describes a
convex northwards promontory or the reverse
outline in the northern shore, high backscatter,
apron-like areas tend to develop displacing the
low-backscatter areas northwards or southwards
respectively (Fig. 3). This pattern is further com-
plicated by the fact that the southern side of the
Fjord has a complex gullied morphology (Fig. 1B)
with variable backscatter intensity (Fig. 3).

In the case of the Bras Nord, the backscatter
contrast is more prominent than in the Baie des
Ha! Ha! (Fig. 3). It is especially low immediately
west of the Saguenay River delta and all along the
southern half of the upper Bras Nord, probably
reflecting the pathways of sediment delivered from
the river to the Fjord. The low backscatter facies
are surrounded by the high backscatter facies,
which merge distally with the high backscatter
facies at the Baie des Ha! Ha! Bathymetry and

Table 2
Sediment sample statistics

geomorphological evidence (Fig. 1) suggest a
complex sediment deposition pattern in the Baie
des Ha! Ha!, while in the Bras Nord this is con-
trolled by the larger point-source sediment input
of the Saguenay River, which creates a more uni-
form sediment-type gradient from proximal to
distal parts. As a result, the backscatter maps
(Fig. 3) show relatively less contrast in backscat-
ter strength between the low and high-backscatter
areas in the Baie des Ha! Ha! than in the Bras
Nord (Fig. 3) as well as a more complex distribu-
tion of the two acoustic facies.

The regional backscatter zonation observed in
the EM1000 data is persistent through 1993, 1997
and 1999 with slight differences. The relative
boundaries between the different acoustic back-
scatter regions and the overall backscatter
strength appear to change slightly (see Table 1
and Fig. 3). In 1993 (Fig. 3A) the boundaries
between the different acoustic regions are more

Year Mean Max Min Std. dev. No. samples
(0 0) (l) 0) (0 0)
Water content 1997 75.36 206.52 16.80 27.91 74
1999 96.32 204.78 26.75 37.31 234
Clay content 1997 20.26 68.86 9.13 8.43 46
1999 26.18 40.56 4.36 7.94 187
Silt content 1997 70.46 24.87 86.69 17.38 46
1999 71.24 95.64 30.34 9.44 187
Sand content 1997 9.26 57.69 0.03 14.03 46
1999 2.58 57.70 0 8.21 187
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Fig. 4. (A) Backscatter map for 1999 with superimposed isocontours of water content (% ratio of total weight to dry weight) as

measured in 1999. (B) Backscatter map for 1999 with superimposed isocontours of grain size (% clay) as measured in 1999. Iso-
contours maps were created using the continuous curvature splines of Smith and Wessel (1990).
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with < 0.2 is not shown.

diffuse than in the two following years. In August
1997 (Fig. 3B), just 13 months after the flood of
1996, the proximal low-backscatter facies show a
larger extension and an overall lower backscatter
within the whole region. In contrast, in 1999 (Fig.
3C) the boundaries between the different acoustic
regions seem to evolve backwards to come close
to those of 1993, and in overall the backscatter is

similar, although slightly lower, than the average
backscatter measured in 1993.

5.2. Sediment samples vs. EM1000 backscatter
It is to be noted here that, since the backscatter

strength integrates over some sediment volume,
for the purpose of cross correlation with sediment
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properties it is assumed that there are no signifi-
cant variations in grain size or water content as a
function of depth within the sediment (i.e., there
are no layer interfaces at the maximum depth of
signal penetration). Since bioturbation tends to
mix the upper sediment column, thereby homog-
enizing the sediment, this is presumed to be a
valid assumption. Therefore, we have assumed
that the volume over which the EM1000 backscat-
ter integrates contains no layering and that the
sediment grain size and water content measured
are characteristic of the interval over which the
backscatter strength is obtained. Variations in
water content due to the overburden are consid-
ered to be proportional, hence the relative spatial
variations hold with depth, and therefore cross
correlation with backscatter strength is not af-
fected.

5.2.1. Water content
Water content was measured in 234 samples
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from the Saguenay Fjord in 1999 and in 74 sam-
ples in 1997. The values range from as little as
17% to as much as 207% for 1999, while similar
values for 1997 (27-205%) were observed (Table
2). However, the mean water content appears sig-
nificantly lower for 1997 than for 1999 (Table 2),
indicating that sediment loosening may have oc-
curred at the sediment—water interface. Both years
show the lack of any significant trend in water
content from west to east, from proximal to distal
areas (Fig. 4A), and several localized anomalies
are observed (Fig. 4A).

Water content is a property of the sediment
that is directly related to the porosity and sedi-
ment bulk-density. In the light of the discussion
above, one would therefore expect to find some
degree of correlation between water content and
backscatter. The data obtained in 1999 does not
show a clear correlation and scatterplots mostly
display a cloud of points (Fig. 5). For 1997, how-
ever there seems to be a slightly positive trend in
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Fig. 6. Frequency histogram of water content as measured in grab samples for the Bras Nord (top) and the Baie des Ha! Ha!
(bottom) for 1997 (left, total 74 samples) and 1999 (right, total 234 samples). High backscatter areas are shown as filled bars,

low backscatter areas are shown as transparent bars.
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(not enough samples were

collected in the Bras Nord) showing an increase in
backscatter strength with increasing water con-

tent. Nevertheless, the
still too low.

correlation coefficients are

This lack of correlation is also clear in Fig. 6.
Neither the sediments sampled on the Bras Nord
(Fig. 6) nor the sediments sampled in the Baie des
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Ha! Ha! in 1999 (Fig. 6) show markedly different
water content distributions in the high and low
backscatter areas, only those of the Baie des
Ha! Ha! show slightly higher water contents with-
in the areas of high backscatter.

5.2.2. Grain size
The analyses of the sediment samples (Table 2)
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collected in the Baie des Ha! Ha! and the Bras
Nord show almost no differences in grain size
between 1999 and 1997. The predominant sedi-
ment fraction in the Fjord is silt, both in 1997
and 1999 (total average 71.2% in 1999 and
70.46% 1in 1997) and then clay (total average
26.2% in 1999 and 20.3% in 1997), while only
very little amounts of sand are present at the river
mouths (total average 2.6% in 1999 and 9.3% in
1997). As there are only two significant grain size
classes, for all further comparisons between back-
scatter and grain size we use the clay content,
although the plots against silt content would yield
a very similar trend. In doing so, we also compare
backscatter against cohesion, which is determined
by the amount of clay minerals.

From a rapid glimpse at the different EM1000
surveys (Fig. 3) a negative correlation between
observed backscatter strength and grain size
(Fig. 4A) is expected. In Fig. 4A it is particularly
striking how the contours describing clay content
outline the acoustic pattern distribution observed
in the backscatter strength map. The river mouths
where most coarse material (low clay contents)
accumulates, show the lowest backscatter, while
the higher clay contents are associated to the
higher backscatter.

A regression of the backscatter strength versus
clay content (Fig. 7) shows that the sediments
containing a higher proportion of the finer frac-
tion are those with higher backscatter. In partic-
ular the good correlation obtained for the Bras
Nord in 1999 is striking (unfortunately only one
sample could be collected in 1997), with a corre-
lation coefficient near 0.8, while little relation ap-
pears to exist between both parameters in the Baie
des Ha! Ha! neither in 1999 nor in 1997 (Fig. 7).
This is in general contradiction with previous
studies which have shown an overall increase in
backscatter strength with grain size (Stanic et al.,
1989; Jackson et al., 1986b; Jackson and Briggs,
1992; Hughes Clarke et al., 1997; Knebel et al.,
1999; Goff et al., 2000). This trend is also clear in
Fig. 8, which shows lower clay contents where
backscatter is low and higher clay contents where
backscatter is high. In the Baie des Ha! Ha! the
relation between backscatter and grain size is no-
tably less obvious, but a similar trend appears to
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Fig. 8. Frequency histogram of grain size as measured in
grab samples for the Bras Nord (top) and the Baie des Ha!
Ha! (bottom) in 1999. High backscatter areas are shown as
filled bars, low backscatter areas are shown as transparent
bars (total 186 samples).

exist (Fig. 8). The less contrasted backscatter
strength and more complex pattern distribution
of low and high backscatter acoustic facies (Fig.
3) may help explain the lack of a better correla-
tion in the Baie des Ha! Ha!

6. Discussion

6.1. Inferred causes of the spatial backscatter
variations

As already mentioned, several factors probably
contribute to backscatter strength in proportions
that depend on the sedimentary setting being con-
sidered (see 1. Introduction). These include rough-
ness and the sediment-water speed and density
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ratios. A complete model should also consider
scattering from within the volume of the sediment
(Jackson et al., 1986b). In this section we are not
only considering those physical constraints that
condition the backscatter strength but also the
biogeological processes that affect these physical
properties. The factors that should be considered
in the context of the Saguenay Fjord are ex-
plained here below in apparent order of decreas-
ing importance.

6.1.1. Bottom roughness

The main parameter that correlates with back-
scatter strength is grain size ((Fig. 4B in the Bras
Nord, Figs. 7 and 8). This is also one of the most
reported correlations in the literature (Jackson et
al., 1986b; Jackson and Briggs, 1992; Hughes
Clarke et al., 1997; Knebel et al., 1999). The
backscatter responds to grain size because the lat-
er induces different amounts of roughness to the
sea bottom, with the larger roughness being asso-
ciated to the coarser sediments.

The case of the Saguenay Fjord is analogous to
the Eel River shelf (Borgeld et al., 1999) where the
finer materials of a flood deposit are associated
with the highest backscatter. Therefore, it would
seem that lower roughness values would yield
higher backscatter producing results that are ap-
parently in contradiction with presently available
models (see Jackson et al.,, 1986b). However,
Jackson et al. (1986b) state that for bottoms hav-
ing relatively fine sediments, there is a surprisingly
weak dependence of scattering strength on sedi-
ment type, with an increase of only 3-6 dB when
moving from clay and silt to sandy bottoms.
Within each sediment class, however, particular
sites may differ by as much as 10-15 dB, strongly
suggesting that sediment type, as determined from
grain size distribution, is not a sufficient descrip-
tor as far as backscatter strength is concerned
(Jackson et al., 1986b). The fact is, however,
that the data does shows a certain correlation
(Figs. 4B and 7) thus it appears that probably
different processes take place in different sediment
types, whose effects on the backscatter strength
would prevail over those of the roughness associ-
ated with grain size.

At the wavelength being considered for the

EM1000 (1.6 mm) the most important inhomoge-
neity is not the graininess of the sediment, but
larger-scale inhomogeneities (Jackson et al.,
1986b) such as those caused by burrowing, shells
and ripple marks. Two major feature types may
contribute roughness to the Fjord bottom. These
are the sedimentary structures such as ripple
marks and bioturbation structures. The firsts
tend to occur often on non-cohesive materials
and are subject to available physical energy of
the media, while the second would, a priori,
mostly occur in areas where physical disturbance
is minor.

Influence of sedimentary structures in bottom
roughness and backscatter strength has been de-
scribed by Borgeld et al. (1999) in the Eel Shelf,
off California. According to these authors, the
rapid deposition of a muddy layer associated
with a flood resulted in better preservation of in-
corporated ripple forms than in areas less directly
impacted by the flood deposit. Both the Saguenay
Fjord and the Eel Margin have in common that
the finer sediments are those yielding the higher
acoustic backscatter. However, the situation in
the Saguenay Fjord differs from that of the Eel
margin in that the area of sediment deposition
associated with the flood corresponds for the
most part to the area of lower backscatter (Figs.
2 and 3). If sediment structures were to exist on
the coarser sediments, this would induce an in-
crease in bottom roughness, and thus in backscat-
ter strength. Therefore, roughness associated with
flow structures can not be considered to explain
the ‘inverse’ correlation between grain size and
acoustic backscatter.

On the other hand, organisms tend to prefer
quiet areas with little physical disturbance (see
for example Aller and Aller, 1986; Alongi and
Robertson, 1995; Gerino et al., 1999), which, in
the Saguenay Fjord, occur in the most distal high-
backscatter areas, away from the river mouths
(the most important Saguenay river in the Bras
Nord and the smaller Mars and Ha! Ha! rivers
in the Baie des Ha! Ha!), where higher energy and
episodic sedimentation induce coarser sediment
and higher sedimentation rates (Fig. 2, see also
Locat and Leroueil, 1988). Organisms may pro-
duce pits and depressions related to burrowing
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and foraging activity. The benthos also produces
elevations such as mounds from burrow excava-
tion, tracking and feeding (Frey, 1975). Typical
length scales of these features range from meters
down to submillimeter scales (McCall and Tevesz,
1982). The backscatter strength responds to bot-
tom roughness and subbottom heterogeneity at
scales on the order of 0.5-2 times the acoustic
wavelength at typical grazing angles for side-
scan surveys (Jackson et al., 1986a), i.e., at hori-
zontal spans of 0.8-3.2 mm for the EM1000,
which is probably within the diameter and height
range of bioturbation structures in the Fjord bot-
tom.

It is thus our opinion, that the higher backscat-
ter of the finest sediments is due to bioturbation
induced roughness, while on the lower backscatter
patches, close to the river mouths and along the
sediment pathways, physical disturbance of the
benthos prevents a more important colonization,
thus a lower degree of bioturbation and rough-
ness generation, and consequently lower backscat-
ter strength. This hypothesis is supported by the
association of the flood occurrence with, (1) the
variation in overall levels of backscatter strength
observed previous and after the flood of 1996
(Table 1), and (2) the drastic decrease in the num-
ber of specimens and species associated with the
deposition of the flood layer (Pelletier et al., 1999)
(see 6.2. Inferred causes of the temporal backscat-
ter variations). If this hypothesis holds true, this
would imply that significant changes in the
benthic ecosystem could be monitored from back-
scatter strength measurements.

6.1.2. Subsurface features-volume scattering

In addition to what has been stated in the pre-
vious section, buried structures such as burrows,
buried ripples and fluid escape structures, may
also cause acoustic scattering (volume scattering)
when there is significant penetration of the sonar
signal into the sediment. It has been shown that,
generally, where sediments are fine volume scat-
tering is predominant over surface scattering
(Jackson and Briggs, 1992), while for sand bot-
toms, roughness surface scattering is relatively
more important (Jackson et al., 1986b). This sug-
gests that in the mostly clayey silts of the Sague-

nay Fjord volume scattering due to the bioturba-
tion might be even more important than surface
scattering. Mitchell (1993) suggests that for a fre-
quency of 100 kHz at 30° grazing angle, approx-
imately the frequency of the EM1000, the signal
loss is 20-30 dB/m in fine sediments. Mitchell
(1993) also shows that acoustic energy from the
EM1000 can penetrate a maximum of 50 cm in
muddy sediments, which would imply an acoustic
response contributed by the entire sediment col-
umn recovered from our box cores.

6.1.3. Water—sediment sound speed and density
ratios

The remobilization induced by bioturbation
may cause loosening or hardening of the sedi-
ment. Here there is contradictory data in the Sa-
guenay Fjord. While some authors report loosen-
ing of the uppermost sediment causing a marked
reduction of the ratios of mass density (Montety
et al., 2000), and therefore a reduction in com-
pressional wave speed ratios at the water—sedi-
ment interface (Richardson et al., 1983), others
consider that bioturbation is the most plausible
cause for the apparent surficial sediment overcon-
solidation typically observed on most cores (Per-
ret et al., 1995; see also Baraza et al., 1990; Lee et
al., 1999). Nevertheless, bioturbation is associated
with an upper mixed layer with high water con-
tents (Ekdale et al., 1984) which most likely will
reduce both ratios.

The consolidation state may have an important
effect on the sediment strength and generally com-
ports a densification of the sediment. Sediment
overconsolidation typically results, for example,
from sediment erosion (Lee and Edwards, 1986).
Cases where areas of high backscatter were be-
lieved to correspond to the presence of overcon-
solidated sediments have already been reported in
the literature (see Lee et al., 1999). Essen (1994)
discusses the effects of layering and consolidation
in backscatter strength to show that although
shear-waves velocities are small in unconsolidated
sediments as compared to compressional waves
velocity, they are of some influence on the sea-
floor reflectivity. Regions where this might occur
in the Saguenay Fjord include those that have
suffered sediment landslides resulting in the re-
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moval of the upper sediment layer. However the
areas that have undergone these processes, such
as the area to the east of the central escarpment in
the Baie des Ha! Ha! (Fig. 1A) do not show evi-
dence of an increase in backscatter strength. It
must also be noted, however, that since the event
took place, probably in 1667 (see discussion in
Locat et al., 2000), a continuous input of sedi-
ment has taken place and the backscatter may
no longer respond to these non-active now-buried
features.

All these processes should be accounted for in
measuring the water content. Water content is, a
priori, an important factor influencing the back-
scatter strength because it is directly related to the
sediment bulk-density and porosity and thus it
conditions the water-sediment density and
sound-speed ratios, as well as the penetration an-
gle of the refracted incident wave. However the
data presented in Figs. 4A, 5 and 6 suggest almost
no correlation between water content, and thus
density, and backscatter strength. This is in con-
trast to the highly variable water content mea-
sured in samples for both 1997 and 1999 (see Ta-
ble 2), thus inducing highly variable sediment
densities. This is partially explained by the low
differences in backscatter strength being consid-
ered over the whole study area and, as mentioned
earlier, the fact that regions such as the Baie des
Ha! Ha! present a complex pattern of low and
high backscatter patches.

6.2. Inferred causes of the temporal backscatter
variations

The acoustic response of the Fjord bottom
measured in the course of the three EM1000
cruises shows an overall decrease of the backscat-
ter strength in 1997 with respect to that measured
in 1993 and 1999 (Table 1). The data recorded in
1997 shows a considerable extension of the low
backscatter facies (Fig. 3). This implies that some-
time between 1993 and 1997 an alteration of the
bottom characteristics occurred. However, the
evidence that a similar acoustic zonation is
present in 1993 and 1999 support the idea that
the process controlling the nature of the bottom,
and therefore the different acoustic zones, oper-

ates permanently. As shown by the grain size-
backscatter relation, these processes are related
to the sediment transport and distribution on
the Fjord bottom, and the only major event in
between 1993 and 1999, which significantly dis-
turbed the sedimentation pattern was the flood
of July 1996. As a consequence we believe that
the observed acoustic variations are related to
the flood.

The flood represented the arrival of several tons
of sediment to the Fjord bottom, which resulted
in burial of large extensions of the Fjord by a
newly deposited layer. Such a layer thus produced
a high mortality of the benthos (Pelletier et al.,
1999) burying as well all traces of bioturbation.
This probably resulted in a decrease in the bottom
roughness and thus of the backscatter strength
because, although there was an input of coarser
material to the Fjord bottom, the roughness asso-
ciated with the graininess of the newly deposited
materials was probably much lower than the
roughness associated with the bioturbation struc-
tures that were now buried. This interpretation is
in agreement with studies of the Fjord benthos
showing a drastic reduction in the number of spe-
cies and specimens at several stations when com-
paring data previous and shortly after the flood
took place (Pelletier et al., 1999). Data subse-
quently collected has shown that benthic organ-
isms and remobilization of the Fjord bottom have
returned to the Fjord (Montety et al., 2000), thus,
probably increasing bottom roughness again and
explaining the increase in overall backscatter level
observed between 1997 and 1999 (Table 1). In
support of this hypothesis there is also an overall
increase in water content from 1997 to 1999,
which seems to point to the recolonization of
the substratum and the formation of an upper
mixed layer (Berger et al., 1979; Ekdale et al.,
1984).

7. Conclusions

(1) The present backscatter strength of the Sa-
guenay Fjord as measured from the EM1000 is
around —31 dB. Several zones can be delimited
according to their backscatter strength, which rely
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on acoustic differences of 2 to 3 dB. The zones
presenting the lower backscatter are located at the
river mouths and more proximal areas, while the
high backscatter areas appear in more distal set-
tings.

(2) The overall backscatter strength of the
Fjord bottom has not remained constant over
time; an overall decrease seems associated with
a large flood event and major sediment input to
the Fjord, which occurred in 1996. An overall
decrease in backscatter strength of 5 dB is found
when comparing the 1993 and 1997 data, while
present overall backscatter strength is similar to
that of 1993.

(3) In the Saguenay Fjord, considering the
small differences in backscatter strength measured
between zones of low and high backscatter, there
appears to be little relation between water content
and, thus, density and backscatter strength.

(4) From the studied samples, the sediments
with lower clay contents are those which present
the lowest backscatter strength, in contrast to the
usual observed increase in backscatter strength
with increasing grain size.

(5) The major factor, which appears responsible
for the present distribution of low and high back-
scatter patches, is hypothesized to be the interac-
tion between sedimentary input and sediment re-
working by organisms. This hypothesis considers
that, in the Saguenay Fjord, the roughness in-
duced by bioturbation is higher than the rough-
ness associated with the graininess of the sedi-
ment. The hypothesis is also supported by
published data, which show a profound effect of
the 1996 flood event on the Fjord benthos.

(6) The observed temporal variations in back-
scatter strength are believed to reflect the varia-
tions in roughness associated to bioturbation,
thus, the impacts of the flood on the benthos
(1997 data) and its subsequent recovery (1999
data).
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