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Abstract
A 38 m-long piston core from the deep basin of the Saguenay Fjord, Qu!ebec, recorded rapidly deposited layers (RDL) interpreted
to represent major ﬂoods and earthquakes over the past B7200 years. High-resolution physical, magnetic and sedimentological
analyses revealed at least 14 RDL, generally with a sandy base and a light gray color, interbedded with hemipelagic sediments.
Digital X-radiography and grain size analyses at o1 cm spacing showed that six RDL have normal grading and likely resulted from
earthquake-triggered slumps. Six other RDL have a similar normally graded basal bed, overlain by a coarsening-upward unit that
underlies a ﬁning-upward unit, interpreted as a deposit of ﬂood-induced hyperpycnal ﬂow. By analogy with the deposits that
followed the AD 1663 earthquake, such beds are inferred to result from the breaching and rapid draining of a natural dam generated
by an earthquake-triggered landslide. Based on this interpretation, the chronology derived from paleomagnetic secular variation,
paleointensity and one AMS 14C date suggests that earthquake frequency was dramatically reduced at B4 ka, consistent with iceload modeling during deglaciation in Eastern Canada. This study demonstrates that hyperpycnal and slump-generated turbidites
can be readily distinguished in small basins such as the Saguenay Fjord and that hyperpycnal turbidites tend to be much thicker,
because of greater ﬂow duration and constriction.
r 2003 Elsevier Ltd. All rights reserved.

1. Introduction
A few rapidly deposited layers (RDL), with a
thickness ranging from few centimeters to several
meters, were deposited during the last 350 years in the
deep basin of the Saguenay Fjord, an intracratonic basin
in eastern Canada (Fig. 1). Some of these RDL were
related to the AD 1663 (ME7) earthquake, the 1971 StJean-Vianney and the 1924 Ke! nogami landslides and to
the ﬂood of 1996 (Smith and Walton, 1980; Syvitski and
Schafer, 1996; Urgeles et al., 2002). This record of
historic catastrophic events is extended to the early

Holocene in a new 38 m-long core (MD99-2222)
recovered during the 1999 IMAGES V (International
Marine Past Global Change Study) cruise on the R.V.
Marion Dufresne II. The study includes high-resolution
physical (density, digital X-radiography and color
reﬂectance), magnetic (magnetic susceptibility, paleomagnetic secular variation and paleointensity) and
sedimentological analyses (detailed description, carbonate content and grain size). The purpose is to identify
RDL prior to AD 1663 and to determine the frequency
of natural hazards such as ﬂoods and earthquakes in the
Fjord area during the Holocene.
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2. Geological setting
The Saguenay Fjord (Que! bec) is a long (90 km) and
narrow (1–6 km) glacially excavated valley that lies in an
ancient graben in the Precambrian Canadian Shield

ARTICLE IN PRESS
284

G. St-Onge et al. / Quaternary Science Reviews 23 (2004) 283–294

Fig. 1. The Saguenay Fjord (Qu!ebec). Upper panel: Location of core MD99-2222 sampling site. Also illustrated are the location of the AD 1988
earthquake epicenter and the approximate location of the Charlevoix seismic zone (CSZ). Lower panel: Longitudinal transect along the Saguenay
Fjord showing the bottom morphology and salinity gradients. Modiﬁed from St-Onge and Hillaire-Marcel (2001).

(Drainville, 1968; Fig. 1). It is adjacent to the seismically
active region of Charlevoix (Fig. 1), where ﬁve M > 6
earthquakes occurred during the last 350 years (Lamontagne, 2000). The Fjord receives sediment from the
Saguenay-Lac-Saint-Jean
watershed
(78,000 km2),
which has a mean monthly discharge of 1500 m3/s, but
can reach 5000 m3/s during the spring freshet (Syvitski
and Schafer, 1996). Average mean suspended particulate
matter (SPM) concentration is 3 mg/l with a maximum
of 24 mg/l (He! bert, 1995). The Fjord contains a B10 mthick brackish (0–10) surface layer separated by a sharp
pycnocline that overlies the penetrating saline (30.5)
waters of the Lower St. Lawrence Estuary (Syvitski and
Schafer, 1996).
Seismic-reﬂection proﬁles in the Fjord show a 800-mthick Quaternary sediment sequence ﬁlling the Fjord
and reaching 1300 m thickness in the intermediate basin
(Praeg and Syvitski, 1991). Following deglaciation at
around 10 kyr BP, saline waters of the Laﬂamme Sea
ﬂooded the Saguenay depression with a relative sea level
198 m higher than present (Lasalle and Tremblay, 1978)

and deposited a thick draping layer of slightly calcareous clays, the Laﬂamme Sea Clays (Lasalle and
Tremblay, 1978). Holocene sediments are a few meters
to tens of meters in thickness in the Fjord. Modern
sedimentation rates range from 7 cm/yr at the head of
the Fjord to less than 0.1 cm/yr in the deepest part of the
deep basin (Smith and Walton, 1980; Zhang, 2000).

3. Methods
3.1. Coring site and core processing
Core MD99-2222 was raised from the deepest part of
the deep basin of the Saguenay Fjord (48 18.28N,
70 15.440 W, water depth 271 m; Fig. 1) using the
Calypso piston coring device on board the R.V. Marion
Dufresne II. Wet bulk density and low-ﬁeld volumetric
magnetic susceptibility (k) were measured on board
using a GEOTEKTM MSCL (Multi Sensor Core
Logger) at 2 cm intervals. Archive halves were then
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photographed, described and measured for spectral
reﬂectance using a hand-held MinoltaTM spectrophotometer at 5 cm intervals. In this paper, we use L which
ranges from 0 (black) to 100 (white) and was previously
used to identify reworked material from the Laﬂamme
Sea Clays in Saguenay Fjord sediments (St-Onge and
Hillaire-Marcel, 2001).
3.2. Grain size analyses and digital X-radiographs
Grain size analyses were made at the Universite!
Bordeaux 1 with a MalvernTM Supersizer ‘‘S’’ with a
sampling interval o1 cm in each RDL and at 5 cm
intervals between the RDL. The grain size data were
then processed with the Gradistat program (Blott and
Pye, 2001). Digital X-radiographs were made on
sediment slabs in an aluminum holder (1.5 m long,
7 cm wide and 0.5 cm thick) or on u-channels (rigid ushaped plastic liners with a 2-cm2 cross-section and a
length of 1.5 m) using the SCOPIX system at the
Universite! Bordeaux 1 (Migeon et al., 1999).
3.3. Inclination and declination determination
The u-channel samples were measured in the Paleomagnetism Laboratory at the University of California in
Davis, using a 2-G EnterprisesTM Model 755 cryogenic
magnetometer, at 1 cm intervals. Inclinations and
declinations were calculated by principal component
analysis (Kirschvink, 1980) using 4–10 alternating ﬁeld
(AF) demagnetization steps at peak ﬁelds of 10–80 mT.
Because of a lack of azimuthal orientation, the declination of each core section was rotated to ﬁt the end of the
overlying core section. Declination below each RDL
was also rotated to ﬁt the declination above it.
Following these procedures, a long-term linear trend
likely resulting from core twisting was removed. This
twisting was probably due to the coarse basal layers of
the numerous RDL.
3.4. Geochemical and isotopic analyses
CaCO3 contents were analyzed with an automatic
Bernard calcimeter at 10 cm intervals. The 210Pbex
measurements were made after chemical treatment,
puriﬁcation and deposition on a silver disk following
routine procedures at GEOTOP (Zhang, 2000) by alpha
counting of the daughter 210Po.
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visually recognizable by their light color due to higher
CaCO3 content resulting from the incorporation of light
gray, slightly calcareous, Laﬂamme Sea Clays (St-Onge
and Hillaire-Marcel, 2001). Most RDL have a sandy
base with corresponding peaks in density and magnetic
susceptibility, along with generally lower paleomagnetic
inclinations that indicate an energetic depositional
process where the magnetic particles are plastered
horizontally because of high ﬂow velocity and rapid
sediment accumulation. Homogeneous, light gray,
clayey silt beds generally overlie the sandy bases.
We identiﬁed two types of RDL based on digital
X-radiographs and high-resolution grain size analyses.
The ﬁrst type (RDL 2, 5, 6, 8, 12 and 13; Figs. 2 and 3)
consists of B7 cm to 1 m-thick ﬁning-upward beds
interpreted as Bouma-type turbidites (Bouma, 1962).
Each consists of sharp-based laminated sand or silt
underlying homogeneous unbioturbated clayey silt. The
second type (RDL 1, 3, 7, 9, 10 and 11; Figs. 2, 4 and 5)
is recognized by a sharp-based ﬁning-upward basal bed
underlying an upper bed composed of a laminated
coarsening-upward unit, separated by a gradational
contact, and followed by a thick ﬁning-upward unit.
These RDL are B40 cm–16 m thick.
The higher CaCO3 content and lighter color of RDL 4
and 14 (only partially cored) are indicative of reworked
Laﬂamme Sea Clays (Fig. 2), but the absence of
characteristic grain size trend (Fig. 6) or sedimentary
structures prevent any clear interpretation on their
depositional process. Nonetheless, because of its thickness and homogeneity, we infer that RDL 14 represents
the upper part of a ﬁning-upward bed, as in the two
types of RDL presented above.
Kneller (1995) and Kneller and Branney (1995)
showed that a basal coarsening-upward unit can be
deposited by a depletive waxing ﬂow, i.e. a ﬂow
decelerating with distance but accelerating with time,
whereas Mulder and Syvitski (1995) showed that such
ﬂows can be generated by ﬂooding rivers if the
suspended matter concentration at the river mouth is
above a threshold value. Beds composed of coarseningand then ﬁning-upward units have been interpreted as
deposits from hyperpycnal turbidity currents or hyperpycnites (Mulder et al., 2002), where the coarseningupward basal unit is deposited during the rising limb of
the ﬂood hydrograph and the top ﬁning-upward unit
during the falling limb (Mulder et al., 2001a, b).

5. Possible RDL trigger mechanisms
4. Rapidly deposited layers (RDL)
Based on physical, magnetic and sedimentological
data, we identiﬁed at least 14 RDL in core MD99-2222
(Fig. 2). These layers contrast sharply from the dark
gray bioturbated ‘‘background’’ sediments and are

Three trigger mechanisms could be responsible for the
RDL deposition: ﬂoods, landslides initiated by overloading or oversteepening, and earthquake-triggered
slumps. In 1996, a major ﬂood caused by heavy rainfalls
and the destruction of several dykes produced intense
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Fig. 2. Rapidly deposited layers (RDL) in core MD99-2222. RDL 1 is linked to the AD 1663 earthquake. The ﬁning-upward turbidites are in yellow,
the sequences composed of a basal ﬁning-upward turbidite underlying a succession of coarsening and ﬁning beds are in orange, whereas RDL 4 and
14 are in gray (see text for details).

erosion and delivered more than 15  106 m3 tons of
sediments into the Baie des Ha!Ha! and the Northern
Arm of the Fjord (Lapointe et al., 1998). The resulting
bed was several decimeters thick at the head of the
Fjord, but only a few centimeters thick in more distal
areas and no related deposit was detected in the deepest
part of the deep basin, where core MD99-2222 was
retrieved (St-Onge and Hillaire-Marcel, 2001; Urgeles
et al., 2002).
Mulder and Syvitski (1995) showed that the Saguenay
River is too ‘‘clean’’ to generate a hyperpycnal ﬂow even

during a major ﬂood. The highest annual discharge (AD
1928) recorded from AD 1900–1979 (Smith and Schafer,
1987) deposited only a 4 cm-thick sandy bed at the head
of the Fjord. This suggests that spring freshet or heavy
rainfall alone cannot produce the decimeter to meterthick turbidites that are observed distally in core MD992222.
Similar conclusions can be derived from the study of
historical terrestrial landslides such as the 1971 St-JeanVianney and the 1924 Ke! nogami slides, which were
respectively triggered by heavy rainfalls and the release
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Fig. 3. Grain size trend for the ﬁning-upward turbidites.

of liquid industrial waste (Schafer et al., 1990). The 1971
landslide displaced more than 7.5  106 m3 of sediments
(Lasalle and Tremblay, 1978). It deposited a centimeter
to decimeter-thick homogeneous light gray clayey bed in

the Northern Arm, but nothing in the deepest part of the
Fjord (Smith and Walton, 1980; St-Onge and HillaireMarcel, 2001). The 1924 landslide displaced about
1.9  106 m3 of sediment (Smith and Schafer, 1987),
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but deposited only a 4 cm-thick light gray clayey layer in
the Northern Arm of the Fjord (Smith and Schafer,
1987), suggesting that terrestrial landslides alone cannot
generate the thicker turbidites observed more distally in
core MD99-2222.
The AD 1988 earthquake (M ¼ 6) (Lamontagne,
2000; Fig. 1), did not produce any signiﬁcant landslides
or submarine slides in the deep basin of the Fjord
(Urgeles et al., 2002). However, a major earthquake
(ME7) that occurred on February 5, AD 1663 near the
mouth of the Saguenay Fjord (Lamontagne, 2000) or in
the Saguenay area (Locat et al., 2003), generated about
3 km3 of landslides and submarine slides over most of
the deep basin of the Fjord (Syvitski and Schafer, 1996).
A landslide at the head of the Fjord possibly dammed
the river with about 0.2 km3 of material (Syvitski and
Schafer, 1996). Syvitski and Schafer (1996) interpreted

that this dam was breached during the following spring
freshet, contributing to very high suspended particulate
matter concentrations, which generated an estimated 28day-long hyperpycnal ﬂow. They concluded that the
turbidite observed in sediment cores or in seismic
reﬂection proﬁles throughout the Fjord was deposited
by this hyperpycnal ﬂow and that the underlying debris
ﬂow was triggered by the initial earthquake shock.

6. Earthquake and ﬂood-induced RDL
6.1. The AD 1663 event
Previous core, seismic reﬂection and multibeam
bathymetry investigations in the Saguenay Fjord have
identiﬁed and linked a meter-thick RDL to the AD 1663
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earthquake (Schafer and Smith, 1987; Locat and
Leroueil, 1988; Perret et al., 1995; Syvitski and Schafer,
1996; Locat et al., 2000; St-Onge and Hillaire-Marcel,
2001). In cores sampled in the deepest part of the deep
basin, this RDL is the ﬁrst meter-thick unbioturbated
and homogeneous light gray layer observed downcore.
It is a ﬁning-upward turbidite with a low organic carbon
content and an increase in inorganic carbon content
(Perret et al., 1995; Syvitski and Schafer, 1996; St-Onge
and Hillaire-Marcel, 2001). The top of this RDL was
observed at depths of B70 cm (Perret et al., 1995;
St-Onge and Hillaire-Marcel, 2001), 50 cm and 70 cm
(Syvitski and Schafer, 1996) in cores collected in the
proximity of core MD99-2222. On the basis of its similar
downcore depth, thickness, sediment texture, color and
CaCO3 content (Figs. 2, 4 and 5), we assign the
uppermost RDL of core MD99-2222 to the AD 1663
earthquake.
In core MD99-2222, we interpret the basal ﬁningupward turbidite of RDL 1 as the result of the initial
earthquake shaking and the overlying coarsening- and
then ﬁning- upward units as a result of a hyperpycnal
turbidity current generated by the spring freshet. The
very thin basal unit compared to the top unit implies a
strongly asymmetric ﬂood hydrograph, such as that
.
during glacier outburst ﬂoods (Bjornson,
1992), consistent with breaching and rapid draining of the landslide dam. A numerical model of the transport and
deposit of the inferred hyperpycnal ﬂow (Mulder et al.,
1998) correctly reproduced the formation of the basal
inversely graded and top normally graded units.

6.2. Other earthquake and flood-induced RDL
By analogy to the AD 1663 RDL, the ﬁve other
sequences composed of a ﬁning-upward turbidite underlying a coarsening- and ﬁning-upward sequence (Figs. 2
and 4) are considered to have been deposited through a
similar series of events. The succession from the basal
turbidite to the hyperpycnite seems continuous for all
these RDL with no visible traces of ‘‘background’’
hemipelagic sedimentation or bioturbation between the
two units. This indicates that the ﬂood-induced turbidite
was deposited very shortly after the deposition of the
basal ﬁning-upward turbidite.

7. Earthquake-triggered RDL
The individual ﬁning-upward turbidites (Figs. 2
and 3) all have similar characteristics suggesting that
they were deposited by similar events. The absence of
thick turbidites in the deepest part of the Fjord
associated with historical ﬂoods or terrestrial landslides and the similarity of the beds with the lowest
unit of the RDL couplets described above suggest that
the most likely explanation for their deposition is
that they were produced by earthquake-triggered
terrestrial and/or submarine slides, that transformed
into a debris ﬂow and then to a turbidity current (e.g.,
Piper et al., 1999). However, in this type of RDL, no
slides dammed the river upstream and the top hyperpycnite is lacking.
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8. Chronology
Because of CaCO3 dissolution (St-Onge et al., 1999),
little material is available for radiocarbon dating. One
benthic mollusk shell at 2090 cm yielded an AMS
radiocarbon age of 3790760 yr BP, corresponding to
3636 (3709) 3816 calendar years using CALIB4.3
(Stuiver et al., 1998), assuming a marine reservoir
correction of 400 yr. The correction was recently
shown to be appropriate for the St. Lawrence Estuary
waters, which composes the bottom waters of the Fjord
(St-Onge et al., 2003). The interval of hemipelagic
sediment between this date and the base of the AD 1663
RDL accumulated at a rate of 0.15 cm/yr. This estimate
is consistent with a sedimentation rate of 0.18 cm/yr
determined by extrapolation of 210Pbex activities on top
of core MD99-2222 (Fig. 7) and with rates calculated
using 137Cs and 210Pbex activities in box-cored sediments
from surrounding sites (Smith and Walton, 1980;
Zhang, 2000; St-Onge and Hillaire-Marcel, 2001). Using
the 0.15 cm/yr sedimentation rate, we then correlated the
full magnetic vector of core MD99-2222 ‘‘background’’
sediments with the Holocene paleomagnetic record of
core MD99-2220, raised from the St. Lawrence Estuary
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Fig. 7. 210Pbex measurements in the surface sediments of core MD992222. Using the regional 210Pbex supported value of 1.0 dpm/g (Zhang,
2000), we estimated a sedimentation rate (SR) of 0.18 cm/yr.
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(48 38.32N, 68 37.93W, water depth: 320 m; St-Onge
et al., 2003). This exercise resulted in a good correlation
to core MD99-2220 inclination (r ¼ 0:47; Fig. 8),
declination (r ¼ 0:53; Fig. 8) and relative paleointensity
proxy (r ¼ 0:71; see Electronic supplement, Fig. S1–S4)
records. Core MD99-2220 chronology is primarily based
on 13 14C AMS dates and is in good agreement with the
Greenland Ice Sheet Project (GISP2) chronology (Meese
et al., 1994) and the tree-ring chronology of Stuiver et al.
(1998) for the last B8500 cal BP (St-Onge et al., 2003).
The resulting chronology reveals that the base of core
MD99-2222 is about 7200 cal BP (Fig. 8).

9. Earthquake recurrence during the Holocene
Doig (1998) described seven unusual silt layers in
organic-rich lake sediments from the Saguenay area that
he interpreted as the result of resuspension after local
earthquakes of magnitude X6. Dating control was
based on extrapolation of the appearance of 137Cs at
AD 194376, suggesting a maximum age of B3 ka for
the lake cores. Based on this chronology, Doig (1998)
estimated a recurrence interval in the range of one
earthquake every 350–1000 years. However, because
there are no chronological constraints beyond AD 1943,
pre-anthropogenic sedimentation rates are unknown,
making this estimate highly speculative.
Earthquakes that produced RDL in the Saguenay
Fjord are likely to have a magnitude higher than 6.75
(Urgeles et al., 2002) if their epicenter was located near
the epicenter of the M ¼ 6 AD 1988 earthquake (Fig. 1),
an earthquake which did not produce any signiﬁcant
landslides or submarine slides in the Fjord (Urgeles
et al., 2002). The epicentral area of the AD 1988
earthquake as the source of moderate to strong earthquakes in the Saguenay region is supported by the
following evidence. First, prior to AD 1988, no M > 3
earthquake was recorded or reported in the Saguenay
area (Du Berger et al., 1991). Second, a cluster of deep
seismic events is now observed around the area of the
AD 1988 earthquake (Urgeles et al., 2002) and third,
there is no apparent link between earthquakes and
surface geologic features such as the Saguenay graben
(Du Berger et al., 1991). The high magnitude threshold
necessary to trigger a RDL in the Saguenay Fjord is
consistent with the long mean recurrence interval of
2000 years calculated in this study over the past 4 ka
(two RDL in 4 ka), which is longer than the estimate of
Doig (1998) for the last 3 ka. The shorter recurrence
interval of Doig (1998) for MX6 earthquakes may
result from the lack of chronological control and/or the
recording of lower magnitude earthquakes such as the
M ¼ 6 AD 1988 earthquake.
Based on our chronology and excluding RDL 4, the
frequency of RDL and hence that of large earthquakes
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Fig. 8. Core MD99-2222 tuned chronology. (A) Inclination. (B) Declination. Core MD99-2220 magnetic inclination and declination records are
from St-Onge et al. (2003). Arrows indicate the estimated age of each RDL. The correlation coefﬁcients were calculated from 750 to 7200 cal BP.

in the Saguenay region appeared to have been substantially higher in the mid-Holocene, prior to 4 ka, with a
recurrence interval of approximately 300 years (Fig. 8).
There is no direct relationship between seismicity and
the rate of crustal rebound determined from raised
shorelines (e.g. summarized by Shaw et al., 2002), as
crustal rebound was fast from 106 ka and much slower
thereafter. However, the core MD99-2222 RDL record
is consistent with the ice-load modeling of Wu (1998),
who predicted that the greatest fault instability would be
expected in the 74 ka period in Eastern Canada,
possibly activating pre-existing faults from numerous
zones of weakness in the Saguenay area (Du Berger
et al., 1991). The well-dated record from core MD992222 thus substantially improves the record of Eastern
Canadian paleoseismicity (Adams, 1996).
10. The impact of earthquakes on sedimentation
The turbidites in the Saguenay Fjord are probably all
related, either directly or indirectly, to earthquake

activity, as no other mechanism could account for
the decimeter to meter-thick turbidites observed distally
in core MD99-2222. However, the cumulative thickness of those directly derived from slope failure is
only about 10% of those that result from hyperpycnal
ﬂow. Thick turbidites are most readily generated by
hyperpycnal ﬂow because of the much longer duration of such turbidity currents (days) compared with
those generated by slumps (hours). Large turbidity
currents on continental margins gain much of their
sediment load from remobilizing sediment stored in
canyons (conduit ﬂushing of Normark and Piper, 1991),
so that duration of ﬂow is a critical factor in determining
the ultimate size of a turbidite bed. Indeed, during high
magnitude ﬂoods, the concentration of suspended
particulate matter increases exponentially with increasing discharge and long duration events associated with
high sediment load suggest hyperpycnal ﬂows could be
responsible for a considerable amount of the ﬂuvial
terrigenous inputs into the oceans (Mulder et al., 2003;
Syvitski, 2003).
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