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Introduction
The Saguenay Fjord has a long history of natural disasters.
It is located in a seismically active zone in which several
magnitude 6.0 earthquakes have been recorded since the
seventeenth century (Table 1). Other natural disasters
include the St-Jean-Vianney landslides of 1663 and 1971,
and the 1996 flood; each of these events left a distinct sediment signature within the Saguenay Fjord (Lasalle &
Chagnon 1968; Tavenas et al. 1971; Schaefer et al. 1990;
Pelletier et al. 1999). In addition to these events, studies
have also shown that many submarine mass movements
have taken place within the Saguenay Fjord (Syvitki &
Schaefer 1996; Locat et al. 2000; Urgeles et al. 2001).
To date, it has been hypothesized that the submarine
mass movements found in the Saguenay Fjord are associated with the 1663 earthquake which also caused the
first St-Jean-Vianney landslide. In order to confirm this
hypothesis and determine a recurrence interval for submarine mass movements in the fjord, various cores
were collected over many of the submarine slides in the
Saguenay Fjord (Fig. 1).
Various radio-isotopic dating methods can be used to
directly or indirectly date marine sediments. It is also
possible, in certain cases, to use sediment marker horizons to determine sedimentation rates (Tremblay et al.
2003). With many sediment dating methods, it is only
possible to determine the age of marine sediments at a
particular depth. However, if it is assumed that the
sedimentation rate remains constant, the sedimenta-

tion rate can be used to determine the age of a sample
at any given depth.
Several studies which include sedimentation rate data
from the Saguenay Fjord are available (Smith & Walton
1980; Barbeau et al. 1981; Perret 1995, St-Onge et al.
1999; Savard 2000; Zhang 2000; St-Onge & Hillaire-Marcel 2001; Lebeuf et al. 2003). Considering the significant
amount of sedimentation rate data available for the
Saguenay Fjord it must be possible to determine the relationship between a sedimentation rate and the distance
from the sediment source and predict the sedimentation
rate at any given site. In such a case, it would be possible
to estimate the age of any rapid deposition events found
within the Saguenay Fjord. The following is a discussion
of the method used to model the relationship between
sedimentation rate and distance from the sediment
source. The usefulness of this model for predicting sedimentation rates and approximate age of rapid deposition events in the Saguenay Fjord is also discussed.

Geologic setting and previous work
The Saguenay Fjord is located approximately 200 km
northeast of Quebec City. It is approximately 105 km
long, measured along the centreline, is rectilinear in
shape and ends in a y-shape formed by the North Arm
and Ha!Ha! Bay (Fig. 1). The majority of the freshwater
and sediment input to the Saguenay Fjord comes from
the Saguenay River which drains an area approximately
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Fig 1.: Upper Saguenay Fjord with coring stations used to determine the slide history. Range of sedimentation rates are given for each area. The satellite image was provided by Geomatic Canada Centre for Topographic Information. Sun illumination direction for the bathymetric image is 270˚.

78 000 km2 in size (Smith & Walton 1980) and enters
the Saguenay Fjord at the delta near St. Fulgence. Average river discharge, measured near the head of the
Saguenay River, is 1475 m3 s-1. The peak discharge, averaging 2860 m3 s-1, corresponds to the spring freshet
and occurs in May.
The NW-SE orientation of the Saguenay Fjord is controlled by the Saguenay Graben through which it flows
(Rondot 1979). This orientation made the Saguenay
Fjord a preferred glaciation path during the last glaciation period in the region (Prest 1970; Lasalle & Tremblay 1978). For the most part the bedrock consists of
metamorphosed Precambrian rocks. Glacial erosion
gave the Saguenay Fjord its typical U-shape with cliff
walls reaching as much as 400 m in height (Rondot
1979). The higher lands are for the most part covered
by till whilst the lower lands, through which the Saguenay River flows before entering the Saguenay Fjord, are
covered by glacial marine sediments from the
Laflamme Sea (Lasalle & Tremblay 1978). Evidence
indicates that the marine transgression in the Saguenay
region reached elevations ranging between 120 m and
190 m, 10000 years BP (Lasalle & Tremblay 1978).
The Saguenay Fjord is characterized by a two-layered

estuarine circulation. Temperatures in the upper layer
vary between 1.7˚C and 16˚C, while the salinity varies
between 5‰ and 26‰ (Drainville 1968). Drainville
(1968) also found that temperatures in the lower layer
vary between 0.4 and 1.7˚C and salinity ranges from
26‰ to 31‰. Stratification in the Saguenay Fjord is
reduced at the mouth, near Tadoussac, where there is
intense tidal mixing (Schaefer et al. 1990).
Suspended particulate matter (SPM) concentrations
near the head for the Saguenay Fjord range from 10 to
20 mg l-1, and decrease exponentially to less than 0.3 mg
l-1 in deep parts of the inner basin (Sundby and Loring
1978). Sediments in the Saguenay Fjord change from
sandy silts near the delta at St. Fulgence to clayey silts
and silty clays at the confluence of the North Arm and
Ha!Ha! Bay (Perret 1995). Sediments found in the deeper parts of the intermediate and outer basins, between
Anse St-Jean and the mouth of the Saguenay Fjord, are
primarily composed of very sandy muds (Loring 1976).
Loring (1976) also found that the sediments on the
outer two sills are mainly composed of sand and, in the
case of the outermost sill, sand and gravel.
As previously stated, several studies which include sedimentation accumulation rate data have also been
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Fig 2: Geotechnical profile of Lehigh gravity core COR0307-26 collected at station 2. To the far right are the dates estimated using the dry mass sedimentation rate. Lithozone A is composed of mottled olive grey to dark grey silty sandy clay with small stiff light grey clasts. This layer is possibly the
top of the slump debris. B is composed of hemipelagic sediments, mottled grey to olive grey bioturbated silty clay. C is composed of a grey clay overlying a very dark grey silt layer (turbidite). D is a grey to olive grey clay with very dark grey spots, with dark grey spots decreasing with depth and clay
content increasing with depth, likely the uppermost portion of the turbidite in layer C. E marks a return to normal sedimentation, mottled olive grey
to dark grey silty clay containing organic matter. F is silty pale olive clay with some dark grey spots, interpreted here as a rapid deposition event. G
once again marks a return to normal sedimentation.

reported in the literature. 210Pb and 137Cs were most
often used in the Saguenay Fjord to date sediments
(Smith & Walton 1980; Barbeau et al. 1981; Lebeuf et al
1999; St-Onge et al. 1999; Savard 2000; Zhang 2000; StOnge & Hillaire-Marcel 2001; St-Onge et al. 2004). In
some cases, marker horizons were used in order to
determine sedimentation rates in the Saguenay Fjord
(Perret 1995; St-Onge et al. 1999; St-Onge et al. 2004).
Due to microbially mediated oxidation by O2 and
nitrate, which causes CaCO3 dissolution in the Saguenay Fjord (Mucci et al. 2000), 14C dating is rarely used
in the Saguenay Fjord. However in one case 14C dating
was used to date a benthic mollusc and thereby determine sedimentation rate (St-Onge et al. 2004).
Sedimentation rates reported for the Saguenay Fjord
are listed in Table 2. These tend to decrease exponentially with distance from the delta at St. Fulgence. Sedimentation rates as high as 7 cm yr-1 have been measured
near the delta. Values decrease to between 0.15 and 0.4
cm yr-1 at the confluence of the North Arm and Ha!Ha!

Bay (Smith & Walton 1980; Barbeau et al. 1981; St.Onge et al. 2004).
Since sedimentation rates previously reported in the
Saguenay Fjord were given in units of cm yr-1 or g cm-2yr-1,
the rates for this study were calculated in cm yr-1 and g
cm-2yr-1. For the remainder of this article, the term sedi-

Table 1. Earthquakes in the Charlevoix
region of Quebec exceeding
magnitude 6.0
Year

Latitude

Longitude

Magnitude

1663
1791
1860
1871
1925
1988

47.6
47.4
47.5
47.4
47.8
48.1

70.1
70.5
70.1
70.5
69.8
71.2

7.0
6.0
6.0
6.5
6.2
5.9
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Table 2. Sedimentation and dry mass sedimentation rates in the Saguenay Fjord
Referrnce Station

Longitude

A
B
C
D
A*
E
F
G
H
I
J
K
L
M
B*
C*
N
O
P
18
19
20
21
22
11
12
85-03-1B
85-03-2A
85-03-7A
85-03-8A
85-03-8A
85-03-9A
85-03-10B
85-03-11A
85-03-12A
1999
90-41AGC
BHH
SAG-15
SAG-5
SAG-5
SAG-30
BHH
SAG-36
SAG-36
SAG-5
SAG-30
SAG-30
8703-12-L3
8703-32-L6
8809-01-L1
8809-34-L7
8809-35-L8
8809-39-L10
8809-39-L11
COR0307-02-BX-2
MD99-2222
MD99-2222
86-016-21B
86-016-21B
86-05-6
22LE6
21LE5

-70.8763
-70.8414
-70.8076
-70.7964
-70.7858
-70.7807
-70.7696
-70.7677
-70.7483
-70.7402
-70.7359
-70.7134
-70.6635
-70.6135
-70.4145
-70.2771
-70.8482
-70.8094
-70.7640
-70.8759
-70.8167
-70.7390
-70.6975
-70.6090
-70.4062
-70.2693
-70.8702
-70.8497
-70.8133
-70.7563
-70.7563
-70.7368
-70.7057
-70.6270
-70.8080
-70.7976
-70.3842
-70.7698
-70.7050
-70.8595
-70.8595
-70.3953
-70.7698
-70.1625
-70.1625
-70.8595
-70.3953
-70.3953
-70.7850
-70.7918
-70.8117
-70.8115
-70.8125
-70.7243
-70.7243
-70.7384
-70.2573
-70.2573
-70.8197
-70.8197
-70.5353

Latitude Distance
(km)
48.4190
48.4151
48.4108
48.4168
48.4121
48.4108
48.4190
48.4048
48.4061
48.3927
48.3780
48.3652
48.3652
48.3647
48.3513
48.3064
48.3362
48.3392
48.3616
48.4221
48.4034
48.4034
48.3620
48.3661
48.3594
48.3100
48.4231
48.4147
48.4117
48.4182
48.4182
48.3992
48.3618
48.3697
48.3518
48.3554
48.3558
48.3668
48.3623
48.4233
48.4233
48.3628
48.3668
48.2620
48.2620
48.4233
48.3628
48.3628
48.3575
48.4253
48.4083
48.4063
48.4075
48.3677
48.3677
48.4064
48.3047
48.3047
48.4112
48.4112
48.3637

0.5
3.0
5.7
6.9
7.2
7.9
8.6
9.3
10.6
12.3
14.0
16.8
20.5
24.5
39.5
51.6
1.4
5.0
8.4
0.4
5.1
11.2
18.0
24.8
40.3
51.8
0.7
2.5
5.2
9.5
9.5
11.7
17.4
23.4
5.0
6.2
41.8
8.4
17.5
1.4
1.4
41.2
8.4
61.4
61.4
1.4
41.2
41.2
6.9
7.5
5.4
5.4
5.3
11.4
15.6
11.0
52.9
52.9
4.8
4.8
30.4
31.0
44.0

ω
cm yr-1
>1
0.9
0.4
0.4
0.7
0.4
0.35
0.4
0.35
0.2
0.15
0.15
0.15
0.4
0.25
0.4
0.1
0.1
0.15
7
0.5
0.53
0.29
0.31
0.24
0.12
6.93
4.86
1.93
1.07
0.43
0.42
0.26
0.25
0.24
0.3
0.37
0.1
0.3
0.6
0.7
0.2
0.2
0.24
0.36
1.5
0.29
0.35
0.25
0.42
0.65
0.88
1.18
0.25
0.25
0.52
0.18
0.15
0.51
2.47
0.19

ωdm
g cm-2yr-1

4
0.29
0.31
0.17
0.18
0.14
0.07
5.43
3.01
1.19
0.79
0.35
0.33
0.18
0.16
0.17
0.21

0.18
0.35
0.37
0.56
0.77
0.18
0.18
0.3

0.53
1.89
0.12
0.15
0.1

Method

Reference

137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
137Cs
210Pb
210Pb
210Pb
210Pb
210Pb
210Pb
210Pb
marker horizon
marker horizon
marker horizon
marker horizon
marker horizon
marker horizon
marker horizon
marker horizon
marker horizon
210Pb
marker horizon
210Pb
210Pb
210Pb
137Cs
marker horizon
marker horizon
210Pb
marker horizon
marker horizon
137Cs
210Pb
marker horizon
marker horizon
marker horizon
marker horizon
marker horizon
marker horizon
marker horizon
210Pb
210Pb
14C
marker horizon
marker horizon
marker horizon
marker horizon
marker horizon

Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Barbeau et al (1981)
Smith & Walton (1980)
Smith & Walton (1980)
Smith & Walton (1980)
Smith & Walton (1980)
Smith & Walton (1980)
Smith & Walton (1980)
Smith & Walton (1980)
This study
This study
This study
This study
This study
This study
This study
This study
This study
Lebeuf et al. (2003)
Perret (1995)
Savard (2000)
Savard (2000)
Savard (2000)
Savard (2000)
St-Onge et al. (1999)
St-Onge & Hillaire-Marcel (2001)
St-Onge & Hillaire-Marcel (2001)
St-Onge & Hillaire-Marcel (2001)
St-Onge & Hillaire-Marcel (2001)
Zhang (2000)
Zhang (2000)
This study
This study
This study
This study
This study
This study
This study
This study
St-Onge et al. (2004)
St-Onge et al. (2004)
This study
This study
This study
Perret (1995)
Perret (1995)
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mentation rate will refer to rates measured in cm yr-1
and rates measured in g cm-2yr-1 will be referred to as
dry mass sedimentation rate.

Methodology
In order to determine the approximate ages of the submarine mass movements located in the Upper Saguenay Fjord, piston cores, Lehigh gravity cores and box
cores were collected in 2003 at the locations shown in
Figure 1. The cores were stored horizontally at a temperature of 4˚C. They were scanned using CAT-scan imaging technology (Crémer et al. 2002) and then logged
using a Geotek multi-sensor core logger equipped with
two probes used to measure density and the magnetic
susceptibility of the sediments. The cores were then
extruded vertically in the laboratory.
Box cores were extruded immediately after collection.
Water content was measured then the intact shear
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strength (cu) and remoulded shear strength (cur) were
determined using the Swedish Fall Cone testing apparatus. The liquidity index (IL) was calculated using the
relationship proposed by Leroueil et al. (1983). Samples
of the remoulded materials were set out to air dry and,
once dried, were pulverized using a mortar and pestle
and sent for geochemical testing. The percentage of
carbonate material was measured using the Chittick
apparatus (Dreimanis, 1962). Organic content was also
determined using the modified Walkey-Black method
(CEAEQ MA. 1010 - WB 1.0). Extruding samples vertically caused some compression, averaging approximately 5 cm, in the samples. An appropriate constant correction was therefore applied to each of the measured
depths over the affected length.
For Lehigh gravity cores, water content, cu and cur were
measured. Plastic and liquid limits were also determined on selected samples. Photographs of the soil were
taken prior to testing and the soil was described prior
to sampling for water content. Geotechnical profiles
(e.g. Fig. 2) were assembled and used in conjunction

Fig 3A: Cat-scan images and water content profile for cores taken in slides in the North Arm. Arrows are used to indicate the surface which is being
dated in each core. In cores where multiple surfaces are found, the thickness of the debris layer is removed from the cumulative depth to the surface
dated (in Table 3). In cases where an erosive surface overlies an older slide event (eg. Station 1) the age of the older event is not determined.
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Fig 3B: Cat-scan images and water content profile for cores taken in slides in Ha!Ha! Bay.

Fig 3C: Cat-scan images and water content profile for several cores taken in slides in the Central Basin. Arrows with question marks are used to indicate surfaces which are likely due to sliding, but which could not be confirmed.
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with the CAT-scan imagery and visual descriptions in
order to identify the changes in stratigraphy. The layers
could then be separated into different facies, including
hemipelagic sediments, turbidite sequences, and debris
matrices. The contact horizons where hemipelagic sediments overlie turbidite or debris signatures were identified. These contact horizons (Fig. 3) were used to date
the rapid deposition events which are either mass wasting events, or turbidites associated with the 1663 or
1971 St-Jean-Vianney slides or the 1996 flood.
Sedimentation rates
Additional sedimentation and dry mass sedimentation
rates were calculated in this study using cores collected
in the Saguenay Fjord between 1985 and 2003 (Locat et
al. 1986; Locat et al. 1987; Perret et al. 1988) and are
listed in Table 2. These were determined using 1663 and
1971 St-Jean-Vianney landslide debris marker horizons. In order to calculate the dry mass sedimentation
rates, the water content profile was used to determine
the dry density of the sediment. Dry density was calculated assuming a specific gravity of 2.75, typical for
Eastern Canadian clays (Leroueil et al. 1983).
Samples from COR0307-02, collected at Station 2 (Fig.
1), were analyzed for 210Pb. 210Pb activity was inferred by
measuring the activity of the daughter product 210Po by
alpha spectrometry (Flynn, 1968) assuming secular
equilibrium between the two isotopes. A detailed description of the procedure can be found in Zhang
(2000). The natural log of unsupported 210Pb was plotted versus both depth and mass-depth for COR0307-02
is shown in Fig. 4.
The distance from the delta at St. Fulgence to each of
the locations where sedimentation rates were reported
was determined by measuring along the centreline of
the Saguenay Fjord. It was assumed that the sedimentation rate is constant along transects perpendicular to
the centreline of the fjord. Sedimentation and dry
mass sedimentation rates were plotted versus the distance from the delta at St. Fulgence. Data from the
North Arm and the central basin of the Saguenay Fjord
were log-log transformed, in order to ensure that the
variance of the error distribution remained the same
for all values of distance, and a least squares linear
regression model was fitted to the transformed data. A
log-log plot of each data set is shown in Fig. 5. Because
Ha!Ha! Bay has separate and much smaller sediment
input sources than in the North Arm, it was assumed
that these sources do not have a significant effect on
sedimentation rates in the central basin. Therefore, the
sedimentation rate data points for Ha!Ha! Bay were
not used in the model. In total 52 points were used to
model sedimentation rate in the North Arm and central basin, while 29 points were used to model dry
mass sedimentation.
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Results
Sedimentation rates were found to range between 0.1
and 7 cm yr-1, while dry mass sedimentation rates range
between 0.07 and 5.43 g cm-2yr-1. The following linear
regression equations were found for the sedimentation
rate:
(1)
where ω is the estimated sedimentation rate in cm yr-1,
and x is the distance from the delta at St. Fulgence in
km. Log-transformed values of sedimentation rate ranged from -0.92 to 0.84. The coefficient of determination for the linear regression model is 0.63, and the
standard deviation of the error distribution is 0.24.
Repeating the same exercise for the dry mass sedimentation rate returned the following equations:
(2)
where ωdm is the dry mass sedimentation rate in g cm-2yr-1.
Log-transformed values of dry mass sedimentation rate
ranged from -1.15 to 0.73. In this case the coefficient of
determination is 0.82, and the standard deviation of the
error distribution is 0.20.
Because there is a reasonably good correlation between
sedimentation rate and distance from the sediment
source, it is reasonable to use the model to predict the
sedimentation rate at a given distance from the sediment
source. The distance from the delta at St. Fulgence to each
of the coring stations in the North Arm and the central
basin of the Saguenay Fjord was measured along the centreline of the fjord. These distances were then used to
estimate the sedimentation rate, dry mass sedimentation
rate and age of the rapid deposition events at each station
in the North Arm and in the central basin, Table 3.
There were insufficient data points to model the evolution of sedimentation rates for Ha!Ha! Bay. Ages of
the rapid deposition events in Ha!Ha! Bay were estimated using a sedimentation rates ranging between 0.1
and 0.25 cm yr-1, reported in the literature for nearby
stations. A dry mass sedimentation rate of 0.16 g cm-2yr-1
was also used to estimate the ages of the rapid deposition events in Ha!Ha! Bay.

Discussion
Evolution of sedimentation and dry mass sedimentation rate
Bioturbation activity causes mixing which tends to
homogenize chemical properties, which can cause some
difficulties in using 210Pb. This effect, which has been
noted in some cores from the Saguenay Fjord (Savard
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Fig 3D: Cat-scan images and water content profile for remaining cores taken in slides in the Central Basin. Station 17 is not shown because thickness
of hemipelagic sediments above slide debris was estimated using box core and piston core data.

2000; St-Onge et al. 2004), was not found in COR030702. Because the samples for the 210Pb samples were taken
from sediment remoulded over 2 cm, there is a slight
smoothing effect in the data, shown in Fig. 4. However,
this effect is not considered to be very significant considering the rapid rate of sedimentation in the area.
There is a significant amount of variability in the sedimentation and dry mass sedimentation rates, as evidenced in Fig. 5. Suspended particles undergo settling
as they mix with ambient water and sink under their
own weight or in combination with other particles
(Syvitski et al 1987). Since the path of floccules is near
vertical after it escapes the surface layer, sedimentation
rates reflect changes in SPM concentrations within the
surface layer (Syvitski et al 1987). Effects such as wind
effects, tide effects, tidal interaction with topography,
surface plume migration and Coriolis force add to the
variability found in the sedimentation rates. Assuming
that the sedimentation rate remains the same for a
transect perpendicular to the centreline of the fjord
simplifies the analysis and does not take into account
these mixing effects.
Even for cores collected at the same station, there can
be significant variation in sedimentation rates. In the
cases of core 86-016-21B and core 85-03-8A, in which
more than one marker horizon is present, the sedimen-

tation and dry mass sedimentation rates calculated
using each marker horizon were found to differ by 1.36
cm yr-1 and 0.64 cm yr-1 (Table 2). As already mentioned
by Smith & Walton (1980) and Smith & Ellis (1982),
sediment accumulation fluctuates both seasonally, and
annually. This variation is not very large when calculated over a large number of years. However when calculated over a small number of years, the variation can be
very significant, as in the case for cores 86-016-21B and
85-03-8A. Considering the significant variability that
can be found even for a single station, it is more appropriate to predict the mean sedimentation rate for a
given distance from the delta. Mean sedimentation
rates predicted using a 95% confidence interval are
shown in Table 3. While this method is not suitable for
finding a precise date for a rapid deposition event it can
be useful for predicting the range of possible dates.
As can be seen in Fig. 5, the evolution of sedimentation
rate with distance from the sediment source can be
reasonably modelled using a power function. There is a
better correlation between distance and dry mass sedimentation rate than between distance and sedimentation rate. This is likely due to the fact that changes in
density with distance from the sediment source are better accounted for by dry mass sedimentation rate. When
determining sedimentation rate, it is tacitly assumed that
the density remains relatively constant with depth. Fur-

1988
1791
1860 or 1870
1988?
1988
1663
1988
1663
1988
1663 or 1791
1988
1860 or 1870
1860 or 1870
1663
1870
1663
1791 or 1860
1860 or 1870
1860 or 1870
1791
1971?
1663
1870?
1860 or 1870
1791
1988
1984-1990
1710-1797
1824-1877
1977-1985
1986-1991
1732
1991
1716
1987
1781
1989
1831-1886
1837-1894
1511-1688
1867-1916
1537-1705
1790-1867
1838-1893
1821-1884
1712-1803
1964-1974
1595-1726
1873-1915
1833-1890
1778-1853
1989
0.22
0.22
0.16
0.32
0.31
0.2
0.18-0.27
0.18-0.27
0.16
0.27-0.38
0.26-0.37
0.1-0.25

0.23
0.32
0.19-0.28
0.27-0.38

0.2
0.18
0.23
0.29
0.27
0.33
0.16-0.24
0.15-0.23
0.19-0.28
0.24-0.34
0.23-0.33
0.28-0.39

0.2
0.29
0.16-0.25
0.24-0.35

0.23
0.21
0.2
0.32
0.3
0.29
0.19-0.28
0.17-0.26
0.16-0.25
0.27-0.38
0.25-0.36
0.25-0.35

0.16
0.2
0.16
0.1-0.25

0.16
0.2
0.16
0.1-0.25

0.37-0.50
0.1-0.25

0.28-0.40
0.16

0.43
0.2

0.34
0.16

1981-1987
1715-1792
1823-1871
1972-1980
1984-1989
1443-1779
1973-1991
1383-1755
1963-1987
1483-1795
1963-1987
1825-1877
1827-1881
1491-1637
1867-1906
1557-1698
1778-1849
1828-1879
1799-1861
1721-1799
1964-1973
1629-1737
1888-1921
1859-1900
1765-1835
1963-1987
0.39
0.37
0.48
0.46
0.33-0.47
0.31-0.44
0.41-0.56
0.39-0.53

16
17
22*

15

12
13
14

11

8
9
10

7*

6*

3
5*

9
112
70
12
7
56
3
62
4
52
4
48
44
128?
34
107?
54
42
47
77
9
101
31
39
62?
4
1
2

ωdm
ω

Range of possible dates

Estimated sedimentation rate
ω
ωdm
cm yr-1
g cm-2yr-1
Estimated range of sedimentation rate
ω
ωdm
cm yr-1
g cm-2yr-1
Cumulative depth
to surface dated
(cm)

The act of collecting a core causes
damages to the core. Sediments are
partially remoulded and cores are
compressed (Locat & Lee 2002). In
addition, the method used for
extruding samples can cause further compression in the sample.
This happens most often for the
first meter of the sample where the
sediments are very soft. Although it
is possible to estimate the amount
of compression which occurs
during extrusion and correct depth

Station

Errors associated with locating stratigraphic changes

Table 3. Estimated range of sedimentation rates and dates for rapid deposition events

Comparing sedimentation and dry
mass sedimentation rate ranges in
Table 3, it can be seen that the two
models often return similar date
estimates. Although the standard
deviation of the error distribution
is larger for sedimentation rates,
there are many more sedimentation
rate data points than dry mass sedimentation rate data points. The
95% confidence interval for the
mean sedimentation rate is therefore smaller than for the dry mass
sedimentation rate. Since the 95%
confidence interval was used to calculate the range of possible dates,
the range of possible dates found
for sedimentation rate is also smaller than the range of possible dates
estimated using the dry mass sedimentation rate. For both models,
the range of possible dates becomes
larger when the rapid deposition
events are found deeper in the core.

Interpreted date of event

ther when plotting the sedimentation rate versus distance it must be
assumed that the density throughout the fjord also remains constant. Of course these assumptions
are not correct, which may explain,
in part, the larger standard deviation in the error distribution for
sedimentation rates. Density is integrated into the dry mass sedimentation rate and is therefore not affected by changes in density. It is therefore best to use dry mass sedimentation rate in order to predict the ages
of rapid sedimentation events.

* These stations are located in Ha!Ha! Bay. Sedimentation rates were not estimated using the statistical models. Range is based on nearby sedimentation rates found in the literature and in this study.
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Fig 4: Activity of unsupported 210Pb versus (a) depth and (b) mass-depth.

Fig 5: (a) Sedimentation rate versus distance from the sediment source. (b) Dry mass sedimentation rate versus distance from the source.

values, it is not possible to do the same for compression
due to coring. Additionally, when taking Lehigh gravity
cores, the top few centimetres are often greatly remoulded, and in some cases up to 20 cm of material can be
lost, leading to potentially large errors in estimated age.
The depth to the surface being dated can be accurately
measured to within 0.5 cm. Water content was accurate
within a margin of 2%. These can cause errors on the
order of 1 to 2 years, which can be significant when the

surface being dated is very shallow. The error becomes
much less significant for deeper slides particularly
when compared with the error due to variability in
sedimentation rates.
In many cores it is easy to find the contact between different stratigraphic layers using visual description and
Cat-scan imagery. However, the contact between turbidite layers and overlying hemipelagic sedimentation is
often difficult to see visually. Since the turbidite layers
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found in this portion of the fjord are often composed
of terrestrial sediments, carbonate content can be used
to help interpret the data. For example in COR0307-26,
Fig. 2, water content in layer D is more variable than
the one found in the overlying hemipelagic sediment
(layer E). In the Cat-scan image D presents as being the
same intensity as the overlying sediment, but appears to
have a slightly layered structure. Visually, the layer
seems to transition from grey clay at the bottom of the
layer to hemipelagic sediment at the top of the layer.
Both intact and remoulded shear strength are lower in
this layer.
The turbidite layer in COR0307-26 (C) has a total carbonate content as high as 4.8%. Because oxic dissolution within the Saguenay Fjord removes carbonates
from sediments normally deposited at the water/sediment interface (Mucci et al. 2000), the turbidite must
be composed of terrestrial sediments which were
rapidly deposited. In the case of the 1996 flood turbidite layer, de Montety et al. (2000) found that box cores
collected three years after the flooding event commonly
contained bioturbation structures between 5 and 10 cm
in the depth, showing that bioturbation occurred in the
upper portion of the 1996 turbidite layer. Bioturbation
causes mixing which would tend to homogenize chemical properties. This could explain why carbonate levels
in layer D are only slightly higher than in the hemipelagic sediments.
Comparison of predicted dates with seismic activity
When the ranges of predicted dates in Table 3 are examined, it can be seen that whilst some slides could be
associated with the 1663 earthquake many cannot. If it
is assumed that the rapid deposition events identified
in the cores are associated with seismic activity (Table
1), it is possible to associate most of the rapid deposition events to one of these seismic events, Table 3. In
several cases more than one seismic event could be the
cause of the slide event. In addition, at Station 14, one
of the rapid deposition events could possibly be associated with the 1971 St-Jean-Vianney landslide. In many
cores, there is more than one rapid deposition event.
This suggests that once a large scale slide has occurred,
subsequent seismic activity can cause minor sliding in
the scar. Although not all cores were long enough to
reach the surface of the large scale slide which was to be
dated, several cores did indeed reach this surface.
The oldest slide events dated in Stations 5, 6, 7, and 15
can be interpreted as occurring in 1663. Station 7 could
also be associated with the 1791 earthquake. Slides
dated at Stations 2, 14 and 17 can all be associated with
1791, whereas slides at Stations 8, 9, 12 and 13 can be
associated with the seismic activity which took place in
1860 or 1870. The core taken at Station 16 was collected
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in an area believed to have been unaffected by sliding,
but a small layer of debris was found in the core. This
layer can be associated with the 1860 or 1870 earthquakes. Cores taken at Stations 1, 3 and 22 are not long
enough to reach the surface of the large scale slide. The
cores still record sliding events which most likely took
place in 1988. In the case of Stations 10 and 11, the
length of the core makes it difficult to be certain that
the bottom-most layer is associated with a slide event.
Further analysis of the stratigraphy, geomorphology
and seismic reflection profiles is needed in order to
verify the source and triggers associated with the rapid
deposition events. In addition further analysis is
required in order to verify that the debris surfaces of
the large landslides were reached in each core, results
from this analysis are forthcoming.

Conclusions
Evolution of sedimentation rate in the Saguenay Fjord
can be reasonably modelled using a power function.
The method can be reasonably used to predicting the
range of possible dates for rapid deposition events in
the Saguenay Fjord. However, it is not suitable for finding a precise date for a rapid deposition event. The
greatest source of error associated with the predicted
ages is the natural variability of sedimentation rate, but
error due to core quality can also be significant. Many
cores contained more than one rapid deposition event.
Predicted age ranges for many of these rapid deposition
events can be associated with a seismic event. While
some slides could be associated with the 1663 earthquake many cannot, disproving the hypothesis that all
the submarine sliding events in the Saguenay Fjord
were caused by the 1663 earthquake. Large scale sliding
events were interpreted to occur in 1663, 1791, and
1860 or 1870. Further analysis is required in order to
verify that the debris surface of the large landslides
were reached in each core, results from this analysis are
forthcoming.
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