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Abstract

High-resolution seismic profiles along with physical and sedimentological properties of
sediment cores from the Saguenay (Eastern Canada) and Reloncavi (Chile) Fjords allowed the
identification of several decimeter to meter-thick turbidites. In both fjords, the turbidites were
associated with large magnitude historic and pre-historic earthquakes including the 1663 AD
(M > 7) earthquake in the Saguenay Fjord, and the 1960 (M 9.5), 1837 (M ~ 8) and 1575 AD
major Chilean subduction earthquakes in the Reloncavi Fjord. In addition, a sand layer with
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exoscopic characteristics typical of a tsunami deposit was observed immediately above the
turbidite associated with the 1575 AD earthquake in the Reloncavi Fjord and supports both
the chronology and the large magnitude of that historic earthquake. In the Saguenay Fjord, the
earthquake-triggered turbidites are sometimes underlying a hyperpycnite associated with the
rapid breaching and draining of a natural dam formed by earthquake-triggered landslides.
Similar hyperpycnal floods were also recorded in historical and continental geological
archives for the 1960 and 1575 AD Chilean subduction earthquakes, highlighting the risk of
such flood events several weeks or months after main earthquake. In both fjords, as well as in
other recently recognized earthquake-triggered turbidites, the decimeter-to meter-thick
normally-graded turbidites are characterized by a homogeneous, but slightly fining upward
tail. Finally, this paper also emphasizes the sensitivity of fjords to record historic and pre-
historic seismicity.

Keywords : Paleoseismology; Hyperpycnites; Tsunami; Rapidly deposited layers
(RDL); Submarine landslides; Active and passive margins

1. Introduction

Fjords are unique archives of climatic and environmental changes, but also of natural hazards
(e.g., [Syvitski et al., 1987] and [Syvitski and Shaw, 1995]; see also Howe et al., 2010 for a
recent compilation of papers). They can preserve thin sediment sequences deposited under
very high sediment accumulation rates, making them ideally suited to record historical and
pre-historical sedimentological events such as major landslides (e.g., [L'Heureux et al.,
2009] and [Hansen et al., 2011]), floods (e.g., [Bornhold et al., 1994], [Urgeles et al.,

2002] and [Mulder and Chapron, 2010]) or earthquakes (e.g., [Blais-Stevens and Clague,
2001], [St-Onge et al., 2004], [Chapron et al., 2006], [Dallimore et al., 2008] and [Sepulveda
et al., 2010]). These types of events may trigger the deposition of rapidly deposited layers
(RDL)* with specific characteristics and geometries. In fact, by carefully characterizing and
dating the sediments and by comparing the basin fill seismic stratigraphy and sedimentary
records with historical events, it is possible to “calibrate” the recent RDLs with a trigger
mechanism and extend these observations further back in time by using seismic reflection
profiles and longer sediment cores. This in turn can lead to the determination of the natural
frequency of floods or the recurrence time of strong earthquakes during the last millennia,
allowing to put the present changes, if any, in a longer temporal framework.

One often recorded RDL in fjord sediments are turbidites. These turbidites can either be
characterized by a classical fining upward sequence (Bouma, 1962) or a sequence of reverse
and normal grading, known as hyperpycnites, associated with major floods (e.g., [Mulder et
al., 2003] and [Mulder and Chapron, 2010]). In geological settings with a strong historic
seismicity as in active continental margins, the normally-graded turbidites are often associated
with strong earthquakes (e.g., [Goldfinger et al., 2007], [Goldfinger et al., 2008], [Goldfinger,
2011], [Blumberg et al., 2008] and [Nakajima and Kanai, 2000]).

In this paper, we will compare the sedimentological properties of earthquake-triggered
turbidites in fjords from a passive and an active margin: the Saguenay Ford (Eastern Canada)
and Reloncavi Fjord (southern Chilean margin), respectively. While a major part of the
sedimentological data from the Saguenay Fjord was previously published and used here for
comparison, the Chilean data are original and discussed in detail for the first time. In both
settings, we will first look at basin fill geometries and at the properties of historical events
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before extending the records further back in time using longer cores. We will reveal the
similarities of the turbidites from both environments, discuss some of their implications in
terms of sedimentology and paleoseismicity. Finally, the comparison between the two sites
will also be used to illustrate the sensitivity of fjords to record historical and pre-historical
earthquakes.

2. Geological background

2.1. The Saguenay Fjord (Eastern Canada)

The Saguenay Fjord (Québec) is a long (90 km) and narrow (1-6 km) glacially excavated
valley that lies in an ancient graben in the Precambrian Canadian Shield (Fig. 1). It contains
three sub-basins (inner, intermediate and outer basins) delimited by rocky sills of different
water depths as shown in Fig. 2. It is adjacent to the seismically active region of Charlevoix,
where five M > 6 earthquakes (M is the moment magnitude) occurred during the last

350 years (Fig. 1- [Gouin, 2001] and [Lamontagne, 2009]). The Saguenay Fjord receives
sediment from the Saguenay—Lac-Saint-Jean watershed (78,000 km?), which has a mean
monthly discharge of 1500 m®s™*, but can reach 5000 m* s~ * during the spring freshet
(Syvitski and Schafer, 1996). Average mean suspended particulate matter (SPM)
concentration is 3 mg I * with a maximum of 24 mg " * (Hébert, 1995). The fjord contains a
~ 10 m thick 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; Fig. 2c).

Air gun seismic-reflection profiles in the Saguenay Fjord reveal a greater than 800-m-thick
Quaternary sediment sequence filling the fjord and possibly reaching 1300 m in thickness in
the intermediate basin (Praeg and Syvitski, 1991). Five seismo-stratigraphic units were
identified and attributed to the advance and retreat of the Laurentide Ice Sheet (LIS) during
the Late Wisconsinan or to more recent mass transport deposits ( [Syvitski and Praeg

1989] and [Syvitski and Schafer, 1996]): unit 1 is interpreted as ice-loaded glacimarine and
subglacial deposits, unit 2 as ice-proximal sediments associated with rapid deposition at the
margin of the LIS, unit 3 as ice-distal glacimarine sediments deposited during an elevated sea
level (i.e., the Laflamme Sea) and a rapidly ablating ice sheet, unit 4 as Holocene deltaic lobes
of the Saguenay delta and unit 5 as a recent turbidite.

Following deglaciation at around 10 kyr BP (e.g., [Dionne and Occhietti, 1996] and [Occhietti
etal., 2011]), saline waters of the Laflamme Sea flooded the Saguenay depression with a
maximum relative sea level 198 m higher than present (Lasalle and Tremblay, 1978) and
deposited a thick draping layer of slightly calcareous light gray clays, the Laflamme Sea clays
(LSC in Fig. 2; 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 inner basin ( [Smith and Walton,
1980] and [Zhang, 2000]).

Recent multibeam surveys (Fig. 2) allowed the identification of several submarine landslides,
with the largest one associated with the M > 7 earthquake of 1663 AD (e.g., [Lévesque et al.,
2006], [Locat, 2008], [Locat, 2011] and [Locat and Lévesque, 2009]). The 1663 AD
earthquake generated a basin collapse: about 3 km?® of landslides and coeval submarine slides
cover most of the deep basin of the fjord (Syvitski and Schafer, 1996). A landslide in the
Laflamme Sea clays at the head of the fjord probably dammed the Saguenay River with about



0.2 km® of material (Legget and Lasalle, 1978). Syvitski and Schafer (1996) interpreted that
this dam was breached during the following spring freshet, contributing to very high SPM
concentrations, which generated an estimated 28-day-long flood and a 11-day-long
hyperpycnal plume (Mulder et al., 1998). These earthquake-triggered slides and the
subsequent flood event lead to the deposition of a widely distributed several meter-thick
turbidite characterized by an acoustically transparent facies (Unit 5) near the top of the
Holocene sequence ( [Perret et al., 1995], [Syvitski and Schafer, 1996], [St-Onge et al.,
2004] and [Mulder et al., 1998]). In sediment cores, the coarse base and lighter color of the
turbidite contrast with the darker underlying and overlying sediments (e.g., [Syvitski and
Schafer, 1996], [St-Onge and Hillaire-Marcel, 2001] and [St-Onge et al., 2004]). Syvitski and
Schafer (1996) concluded that the turbidite observed in sediment cores or in high-resolution
seismic reflection profiles throughout the inner basin of the fjord was deposited by this
hyperpycnal flow.

2.2. Reloncavi Fjord

The Reloncavi Fjord is located at 41.6°S in the Andean Cordillera in Northern Patagonia
(Chile) and is one of the most equatorial fjords in the world (Fig. 1 and Fig. 3). It is ~ 50 km
long, narrow (2-5 km) and curved: the inner basin is orientated NNE-SSW downstream from
the Petrohue delta, but the intermediate basin situated between the Puelo delta and the
Marimelli Island turns towards the SW, while the outer basin is connected to the West with
the Reloncavi Bay (Fig. 3). This large bay corresponds to the southern prolongation of the
Chilean Central Valley (CCV) developed at the piedmont of the Andes and separated from the
Pacific Ocean by the Coastal Cordillera. These mountain ranges and the CCV are resulting
from the subduction of the Nazca plate underneath the South America plate (Fig. 1). The
development of the North Patagonian ice field in the Andes and piedmont glaciers down to
the CCV during Quaternary glaciations resulted in the formation of numerous lakes, bays, and
fjords following the last deglaciation ( [Laugénie, 1982], [Moreno et al., 2001], [Abarzua et
al., 2004], [Kaiser et al., 2005], [Chapron et al., 2006], [Charlet et al., 2008], [Siani et al.,
2010] and [Heirman et al., 2011]). The catchment area of Reloncavi Fjord (11,461 km?) with
its highest peak at Monte Tronador (3451 m asl) includes several large glacial lakes both in
Chile (lakes Todos Los Santos and Tagua Tagua) and in Argentina (lakes Mascardi and
Puelo). Precipitation in the study area is essentially related to the strength (and latitude) of the
westerlies bringing moisture from the Pacific Ocean, resulting in intense precipitation and
favoring large mean river discharges into Reloncavi Fjord: 670 m®s™* and 278 m®s™ ! for
Puelo and Petrohue rivers, respectively (Valle-Levinson et al., 2007). Fresh water supply
together with tidal currents (up to 10 cm s~ %) results in the formation of a pycnocline at

~ 10 m of water depth.

The oblique angle associated with the subduction of an oceanic ridge (the Chilean Triple
Junction) below the South America plate offshore the Taitao Peninsula forms the ~ 1000 km
long Liquine—-Ofqui Fault Zone (LOFZ) striking NNE-SSW as shown in Fig. 1 (Thomson et
al., 2001). The thirteen active volcanoes from the Southern Volcanic Zone of the Andes are
located along this fault zone ( [Lépez-Escobar et al., 1993] and [Lange et al., 2008]), such as
the Yate, Calbuco and Osorno volcanoes shown in Fig. 3. The upper basin of the Reloncavi
Fjord also follows the LOFZ between the Petrohue and Puelo deltas (Fig. 3). Along the
LOFZ, a seismic swarm of more than 7200 earthquakes occurred in Aysen Fjord (Fig. 1) from
January to June 2007 AD with magnitudes increasing from M 5.2 to 6.2. The two largest
earthquakes (M 6.1 and 6.2) occurred on April 2nd and 21th 2007 AD, respectively (Legrand
et al., 2011). This latest earthquake generated up to 300 landslides close to the epicenter that



resulted in 1) a relatively thin (centimeter- to meter-scale) but very heterogeneous deposit
both in space and in internal structure (Van Daele et al., 2010) and 2) a tsunami wave within
the fjord (Naranjo et al., 2009). A similar phenomenon occurred in 1927 (Naranjo et al.,
2009).

Five large historical subduction earthquakes affected the area (Fig. 1) in 2010 AD (M 8.8),
1960 AD (M 9.5), 1837 AD (estimated M of 8.0), 1737 AD (estimated M of 7.5) and

1575 AD ( [Lomnitz, 1970], [Lomnitz, 2004], [Beck et al., 1998], [Cisternas et al.,

2005] and [Horton et al., 2011]). Except for the 1737 AD event, all the other large
earthquakes were associated with very long rupture zones (up to nearly 1000 km in 1960 AD)
and were tsunamigenic. The 2010 AD Maule earthquake generated a tsunami along the
adjacent Chilean coast with a maximum reported localized runup of 29 m on a coastal bluff at
Constitucion, and also resulted in a devastating inundation in the Juan Fernandez Archipelago
and on Easter Island ( [Lorito et al., 2011] and [Fritz et al., 2011]), but did not trigger large
submarine landslides along the Chilean coast near the epicenter (Volker et al., accepted for
publication). In 1960 AD, devastating tsunami waves affected the Pacific coasts of southern
Chile, Hawaii and Japan, but only smaller waves propagated eastward into the Chiloe inland
Sea and adjacent bays and fjords (Chapron et al., 2006). The reported effects of the 1575 AD
earthquake resembled those of 1960 AD ( [Lomnitz, 1970] and [Cisternas et al., 2005]) and
included co-seismic movements, numerous sub-aerial landslides in the Andes along the LOFZ
and sub-aquatic slides and violent waves in several Chilean and Argentinean lakes ( [Veyle,
1960], [Lomnitz, 1970] and [Chapron et al., 2006]). These two major historical events also
triggered eruptions of the Puyehue volcano in 1960 AD and of the Osorno volcano in

1575 AD.

3. Methods

In this paper, we will present the Saguenay and Reloncavi Fjords' recent Holocene basin infill
geometries combining seismic reflection, bathymetric and core data (MD99-2222, MDQ7-
3108 and -3106) sampled on board the R/V Marion Dufresne Il as part of the IMAGES
(International Marine Past Global Change Study) program. The Calypso core MD99-2222
(38 m long) was sampled in 1999 in the inner basin of Saguenay Fjord (Eastern Canada,

Fig. 2) as part of the leg 2 of the IMAGES V expedition, whereas the CASQ core MD07-3108
Cqg (7.4 m long) and its companion surface HAPS core (MD07-3106H, 0.3 m long) were
raised at the same coring station from the outer basin of the Reloncavi Fjord (southern
Chilean margin, Fig. 3) in February 2007 as part of the IMAGES XV (PACHIDERME)
expedition, prior to the 2010 M 8.8 earthquake and tsunami (e.g., [Lorito et al.,

2011] and [Horton et al., 2011]) and the 2007 M 6.2 Aysen earthquake.

Seismic reflection data from the Saguenay Fjord presented in this study (Fig. 4) consist in
unpublished 3.5 kHz chirp data acquired on board R/ Marion Dufresne Il in 1999 (Fig. 4d)
and in previously published Huntec deep-towed system (filtered into 0.5 to 10 kHz and 0.5 to
3 kHz records) (Fig. 4b—c, modified from Syvitski and Schafer, 1996) and a 3.5-7 kHz source
from a Raytheon PTR-106B echosounder (Locat et al., 1988; Fig. 4a, modified from Perret et
al., 1995). In the Reloncavi Fjord, only Fig. 8b has been previously presented in Chapron et
al. (2006) and other unpublished seismic data ( Fig. 5, Fig. 6, Fig. 7 and Fig. 8) consist of
sparker ( Fig. 6 and Fig. 8a) and pinger (Fig. 7) profiles collected in 2004 on board the
Chilean R/V Don Este using the Centipede sparker source (1 kHz) and the Geoacoustics
pinger source (3.5 kHz) from the Renard Center of Marine Geology (Gent University,
Belgium) within the framework of a collaborative project between the Universidad Austral de



Chile (UACH, Valdivia), ETH Zurich (Switzerland) and Université d'Orléans (France).
Below, we briefly describe the coring sites and analyses made on each core.

3.1. Core MD99-2222 (Saguenay Fjord, Eastern Canada)

Core MD99-2222 (Fig. 2) was raised from the deepest distal part of the inner basin of the
Saguenay Fjord (48°18.28 'N, 70°15.44'W, water depth 271 m). Wet bulk density and low-
field volumetric magnetic susceptibility (k) were measured on board using a GEOTEK MSCL
(Multi Sensor Core Logger) at 2 cm intervals. Archived halves were then photographed,
described and measured for diffuse spectral reflectance using a hand-held Minolta CM-2002
spectrophotometer (400—700 nm) 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).

Grain size analyses were made at the Université Bordeaux 1 with a Malvern Super sizer “S”
(0.05-754 um) with a sampling interval of <1 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). Only grain size data in the measured range (0.05-754 um) are presented. CaCOj3
contents were analyzed with an automatic Bernard calcimeter at 10 cm intervals at the
Université Bordeaux 1.

Paleomagnetic measurements were performed on u-channel samples in the paleomagnetism
laboratory at the University of California in Davis, using a 2-G Enterprises Model 755
cryogenic magnetometer at 1 cm intervals. Inclinations were calculated by principal
component analysis (Kirschvink, 1980) using 4 to 9 alternating field (AF) demagnetization
steps at peak fields of 10-50 mT.

3.2. Cores MD07-3108 and MD07-3106 (Reloncavi Fjord, southern Chilean margin)

Cores MDO07-3108 Cq (41°42.01'S, 72°40.09'W, water depth 458 m, CASQ corer) and
MDOQ7-3106H (41°42.00'S, 72°40.08'W, water depth 459 m, HAPS surface corer) were
collected at the same coring site in the distal part of the outer basin; Fig. 3. The CASQ corer is
designed for the sampling of large volume cores of up to 9 m long with a preserved
sediment/water interface, whereas the HAPS surface corer is designed to recover an intact
sediment/water interface. Low-field volumetric magnetic susceptibility (k) was measured on
board using a point sensor on a GEOTEK MSCL (Multi Sensor Core Logger) at 2 cm
intervals. Archived halves were also described and measured on board for spectral reflectance
using a hand-held Minolta CM2600d spectrophotometer (400—700 nm) at 2 cm intervals
following the protocol described in Debret et al. (2006). In this paper, we use b* which ranges
from yellow to blue and was previously used for example to identify changes in diatom
contents vs. terrestrial inputs in Saanich Inlet, a Canadian fjord (Debret et al., 2006). XRF
analysis using an Innov-X scanner was also performed on u-channel samples at 1 cm intervals
at ISMER. Even though the XRF results are presented as ppm, only relative changes are
discussed as an absolute calibration with sediments was not performed. CAT-scan analysis
was performed on the u-channels at INRS-ETE (Québec City). The CT numbers presented in
this paper primarily reflect changes in bulk density (e.g., [St-Onge et al., 2007] and [St-Onge
and Long, 2009]). The grain size measurements were made with a Beckman—Coulter LS-
13320 (0.04 to 2000 um) laser sizer at ISMER. The grain size data were then processed using
the Gradistat software (Blott and Pye, 2001). Again, only grain size data in the measured
range (0.04 to 2000 um) are presented.



The #°Pb 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 #°Po. Radiocarbon analysis (Table 1) was performed at the Poznan Radiocarbon
Laboratory (Poland) on a wood debris sampled at 444 cm and on a pelecypod shell sampled at
562 cm (in hemipelagic sediments). The ages were calibrated with the CalPal-2007-Hulu
Southern Hemisphere calibration curve (Weninger and Joris, 2007). For the shell sample, a
reservoir correction of 400 years was applied (AR = 0), as previously proposed by Kaiser et
al. (2005) for the Holocene sequence of ODP site 1233 located at 41°S offshore Chile.

Scanning Electron Microscope (SEM) exoscopic analysis was undertaken based on the
analysis of 32 quartz grains collected from the sand layer immediately above rapidly
deposited layer 3 and 18 quartz grains from background sediments. The grains were randomly
selected under the binocular microscope in the 125-500 um size fractions. Once images of
each grain were acquired, the main microtextures (e.g. fresh surfaces, fractures, percussion
marks, dissolution, angulosity and adhering particles) were classified from 0 (absent) to 5
(occupying more than 75%) according to the area of the surface of the grain they occupied.
Another classification was used, dividing the grains in 3 types: A — where dissolution
dominates the surface of the grain; B — abundant presence of fresh surfaces; and C —
percussion marks dominate the surface of the grain ( [Costa et al., 2010] and [Costa et al.,
submitted for publication]). Cluster and principal component statistical analysis were
conducted to assist in the characterization of the tsunamigenic layer/grains. To validate the
statistical representativeness of the grain population an empirical test was conducted in a
population of ~ 150 grains. For each sample and microtextural attribute, a global median
value (medtot) was calculated using the total number of grains analyzed (N). Next, a new set
of median values (medpart) were calculated by successively increasing the number of grains
involved in the computation by 1, from 1 to N. The results were normalized (mednorm) by
subtracting each medpart from medtot. It was observed that the dispersion rapidly decreased
with increasing number of grains. Taking the range of medtot + 0.5 as indicative of the
stabilization of the median value, the minimum number of grains required in this semi-
quantitative approach to conduct preliminary sedimentological interpretations is 16 per
sample.

4. Results

4.1. Saguenay Fjord

Four main seismic facies are identified within the previously recognized seismic units 4 and 5
(the upper 50 m; [Praeg and Syvitski, 1991] and [Syvitski and Schafer, 1996]) of the
Saguenay Fjord (Fig. 4): facies F1 and F2 within Unit 4 and facies F3 and F4 within Unit 5.
Facies F1 is observed in the lower part of high-resolution seismic profiles throughout the
inner basin and is characterized on high-resolution profiles by equally spaced, continuous
medium to high amplitude reflections of acoustically layered sediments. They are locally
interrupted by several seismically chaotic to transparent, lens-shaped bodies of variable size
(facies F2), which feature a slightly hummocky top surface and possibly an erosive base. This
seismic facies occurs, in particular, in the proximal part of the deep inner basin (Fig. 4a)
where it exceeds 50 m in thickness, but quickly thins towards the East (where it reaches less
than 20 m in thickness) and underlies a large and seismically transparent deposit (Unit 5).
Facies F3 is present near the sediment/water interface in most of the inner basin and has a
smooth upper limit. It reaches a thickness of 15 m in the deepest part of the fjord (near MD99-
2222 coring site) and is laterally developing onlaps (Fig. 4a and b). Facies F3 is characteristic



of large and fine-grained turbidites (Mulder and Cochonat, 1996). In the distal part of the
inner basin (Fig. 4b, ¢ and d) and along the fjord axis, the base of facies F3 is also locally
characterized by a thin facies F4 composed of several high amplitude reflection of variable
continuity.

High-resolution physical, magnetic, sedimentological (detailed description and grain size) and
geochemical (CaCOs3) analyses revealed the presence of at least 14 RDLs in core MD99-2222
(Fig. 9), matching the occurrence of several high-amplitude reflections in facies F1. The
uppermost RDL is a 15-m thick layer corresponding to facies F3 near the seabed and F4
between 13 and 16 m below the seafloor. This RDL has been associated with the 1663 AD
earthquake (St-Onge et al., 2004). Throughout the core these RDL are easily recognizable by
their sandy bases (associated with higher values in wet bulk density and magnetic
susceptibilities), light gray color, high CaCO3 content and low basal paleomagnetic
inclinations, contrasting sharply with the dark gray bioturbated background sediments. The
light gray color and the high CaCOj3 contents indicate the incorporation of Laflamme Sea
clays (St-Onge and Hillaire-Marcel, 2001), whereas the low paleomagnetic inclinations at the
base of the RDL indicate an energetic depositional process, the magnetic particles being
oriented horizontally because of high flow velocity and rapid sediment accumulation.

Using digital X-radiography and grain size analyses at < 1 cm spacing, St-Onge et al. (2004) showed
that six RDLs, ranging from 7 cm to 1 m in thickness (Fig. 9), are fining upward and resulted from the
transformation of earthquake-triggered slumping. Their sandy bases are variable in thicknesses but are
generally less sorted than their more homogenous fine tails (Fig. 10). Earthquakes that produced RDLs
in the Saguenay Fjord are likely to have a magnitude higher than 6.75 (Urgeles et al., 2002) assuming
that their epicenter is located near the one of the 1988 earthquake (Fig. 1), which had a magnitude of 6
and did not produce significant landslides or submarine slides in the deepest part of the inner basin (
[St-Onge and Hillaire-Marcel, 2001] and [Urgeles et al., 2002]). Small localized submarine slides
possibly linked to the 1988 AD earthquake were nonetheless observed in the Baie des Ha!Ha! or in the
Northern Arm of the fjord (Lévesque et al., 2006). Six additional RDLs, ranging from 40 cm to 15 m
in thickness (Fig. 9), have a similar fining upward basal unit, but are overlain by a coarsening upward
unit that underlies a second fining upward unit. The two units at the top are associated with the
deposition of a flood-induced hyperpycnal flow. By analogy with the 1663 event, such beds are
inferred to result from the breaching and rapid draining of a natural dam generated by an earthquake-
triggered landslide (see St-Onge et al., 2004 for details). Based on this interpretation, the chronology
derived from paleomagnetic secular variation, relative paleointensity (St-Onge et al., 2003) and one
AMS YC date, the Saguenay Fjord record contains turbidites, triggered either directly or indirectly by
strong earthquakes during the last 7200 cal BP (Table 2; see St-Onge et al., 2004 for details).

4.2. Reloncavi Fjord

Both sparker and pinger seismic profiles in the Reloncavi Fjord are highlighting the presence
of numerous mass wasting deposits (MWDs) along the slopes of the Puelo delta and in the
infill of the intermediate and outer basins (Fig. 6 and Fig. 7). In the most distal part of the
outer basin, these MWDs are still erosive and evolving into acoustically transparent bodies
with onlapping geometries and a high amplitude reflection at their base. These acoustically
transparent bodies are typical for large and fine grained turbidites ( [Mulder and Cochonat,
1996] and [Chapron et al., 2006]). Up to seven distal turbidites are identified on pinger data
(Fig. 7 and Fig. 8) either stacked in front of a rock sill or in front of a 30 m thick acoustically
layered levee (near the coring site MD07-3108Cq, labeled drift deposit on Fig. 8a). This large



levee, observed below 450 m water depth at the transition from the Reloncavi Fjord to
Reloncavi Bay, is suggesting strong bottom currents at the seabed (Faugeéres et al., 1999).
These peculiar elongated and stratified deposits can be related to strong tidal currents (Bge et
al., 2000) that were previously documented in the Reloncavi Bay (Chapron, 2008), but also at
several locations in Chilean fjords ( [Sievers and Silva, 2008] and [Castillo and Velenzuela,
2008]). Similar channel-levee systems were also identified on the seafloor of several gulf,
channels and bays of the Chilean coast of Patagonia ( [Dasilva et al., 1997] and [Kissel and
The shipboard Scientific party, 2007]). It is thus possible that the successive distal turbidites
stacked in the distal part of the Reloncavi Fjord have recently filled the channel of a large drift
deposit. Based on the available set of profiles in the Reloncavi Fjord, it is clear that these
turbidites are originating from mass wasting events initiated along the eastern slopes of the
Puelo delta that passed from the intermediate basin into the outer one through a bedrock
channel located south of the Marimeli Island (Fig. 5).

As with the Saguenay Fjord core, the physical and sedimentological properties of core MDO07-
3108 Cq allowed easy recognition of 4 RDLs (Fig. 11). These layers range from 219 cm
(RDL 1) to 48 cm (RDL 2) in thickness and were also clearly visible on board the ship after
the opening of the CASQ corer for further sampling (Fig. 12). They can easily be correlated
with the four upper turbidites identified on pinger profiles (Fig. 7 and Fig. 8). The RDLs are
sharply contrasting with the greenish to yellowish and bioturbated muds associated to the
“continuous” background sedimentation in Chilean fjords from Northern Patagonia ( [Mulsow
et al., 2009] and [Rebolledo et al., 2011]; Fig. 12). These bioturbated muds are notably
characterized by higher values in b* due to their yellowish color (Fig. 11). The RDLs are
clearly defined by a poorly sorted coarser base, a dark gray color reflected by higher L*
values (not shown) and lower b* values (Fig. 11), a higher Fe content, as a well as a fining
upward trend. These data along with the visual description of the core (see Fig. 12) also reveal
the similarity of these four RDLs, as well as their very homogenous upper part. These
properties indicate that these 4 RDLs are classical fining upward turbidites. The increase in Fe
content in the turbidites suggests an increase in terrestrially-derived sediments originating
from the (mostly) igneous Andes mountains ( [Lamy et al., 2004] and [Muratli et al., 2010])
drained by the Puelo River (Fig. 3).

In addition, a thin sandy layer is observed immediately above RDL 3 (Fig. 13), with no hemipelagic
sediments between the two layers, suggesting deposition immediately after the turbidite. Sea urchin
fragments of Spatonyuide anea with preserved spines and urchin hairs were also observed in that thin
layer and indicate remobilization of littoral material (sands and living organisms). Moreover, the SEM
exoscopic analysis revealed that the grains from that sand layer are peculiar when compared with the
background sediments (Fig. 14). The grains from the sand layer present significant fracturation
(conchoidal, parallel and steps) and, in some cases, indentation (percussion marks) and sharp edges
(Fig. 13). These features (more specifically their frequency, neatness and freshness) are commonly
associated with strong inter-grain collisions and in association with a unique and high energy event
that affected the grains immediately before deposition ( [Costa et al., 2010] and [Costa et al.,
submitted for publication]). The differentiation of glacial (i.e., other frequent type of grains in the
study area) and tsunami grains is complex, mainly because as Mahaney (2002) stated: glacial grains
present the greatest range of microtextures when compared with other grains affected by other
geological agents. Nonetheless, Fig. 14 allows to distinguish grains namely by their mean and by the
1, 25, 75, 99 percentile microtextural values even if the global range in the classification is similar.
The mean values (classification in terms of area of the surface of the grain) for the sand layer are 3, 3,
2, 2 and 1 for angulosity, fresh surfaces, v-marks, dissolution and adhering particles, respectively. By



contrast, the mean values for the background sediments are 1, 2.5, 1, 2.5 and 3 for angulosity, fresh
surfaces, percussion marks and adhering particles, respectively. Acknowledging the caution that must
be taken in the interpretation, the two populations of grains can be differentiated. These results
indicate that the typical sand grain in the layer above RDL 3 (e.g. Fig. 13b) is a sub-angular to angular
grain mechanically marked by impact in more than 50% of its surface, but still presents some
dissolution and adhering particles. The microtextures revealed in the Reloncavi Fjord sediments and
their representation in the grain population have also been detected in samples associated with
tsunamis from Indonesia (2004 Tsunami) and Scotland (Storegga Tsunami) (Costa et al., 2010),
strongly suggesting that they were formed by a tsunami.

In order to date these turbidites, three methods were employed: 1) radiocarbon dating and 2) °Pb
measurements between the two uppermost RDLs (Fig. 11) of the CASQ core, and 3) ?°Pb
measurements from the top of the companion surface core (MD07-3106H; Fig. 15). As summarized in
Table 1, a wood debris sampled at 444 cm in RDL 3 yielded a calibrated age of AD 1222 + 30 while a
pelecypod shell sampled at 562 cm in the background sediments yielded a calibrated age of

1475 + 30 cal BP (AD 1475 + 31). These dates, along with the sedimentological data, indicate that
RDL3 contains reworked organic material. By extrapolating a constant sedimentation rate down to the
only available date in background sediments and by excluding the RDLs from calculation, making the
assumption that they were deposited “instantaneously”, we can calculate a sedimentation rate of

0.11 cmyr ™. This rate is similar (0.16 cm yr %) to the one derived using °Pb in the hemipelagic
sediments of the companion surface core (MD07-3106H) sampled at the same location as the CASQ
core (Fig. 15) and to the one (0.14 cm yr 1) derived in sediments from nearby Gulf of Ancud
(Rebolledo et al., 2011; see Fig. 3a for location). Using the radiocarbon-derived sedimentation rate, we
can then assign ages of ~ 1400 AD, 1570 AD, 1840 AD, 1960 AD respectively for RDLs 4, 3, 2 and 1.
These ages are very close to the ages of three of the four major historical subduction earthquakes of
1575 AD , 1837 AD and 1960 AD (Lomnitz, 2004). In addition, even though the exponential decrease
is not clearly seen likely due to biological mixing, there is a clear *°Pb activity signal (Fig. 11)
between RDL 1 and RDL 2, indicating their recent deposition (cf. Mulsow et al., 2009). Very low
219pp activity at the base of RDL1 also suggests that these sediments are reworked. Moreover, by
examining the #°Pb measurements of core MD07-3106H, we can clearly identify and associate the
uppermost RDL to the 1960 AD earthquake (Fig. 15). Indeed, by extrapolating the derived
sedimentation rate (Fig. 15b) obtained on that surface core to the top of the RDL (~ 8 cm), we can
calculate an approximate age of 1957 AD. Based on this line of evidence and the very similar
characteristics of the turbidites, we associate each of these turbidites with the strong subduction
earthquakes of 1575 AD, 1837 AD and 1960 AD and with an older prehistoric earthquake that struck
the area around 12801390 AD based on the recording of a radiocarbon-dated tsunami deposit in
nearby Rio Maullin estuary (see Fig. 3a for location; Cisternas et al., 2005). This age model is also
strongly supported by the tsunami layer observed immediately above the turbidite associated with the
1575 AD earthquake. Whether the tsunami was directly triggered by the earthquake or indirectly
following submarine slides leading to the deposition of the turbidite is currently impossible to
determine, but the earthquake, along with the one from 1960 AD, were both reported to generate a
tsunami. The fact that no tsunami layer was observed above the turbidite associated with the 1960 AD
earthquake probably reflects that the 2.5-m high tsunami waves reported offshore Castro harbor along
the eastern coast of Chiloe Island (see Chapron et al., 2006 for details) were not powerful enough to
significantly rework the littoral environment close to the coring site in the Reloncavi Fjord. In
addition, the 1960 AD event resulted in an abrupt change in the timing and amplitude of the tides in
the Reloncavi Bay (see Chapron et al., 2006 and references therein). These changes induced by
underwater co-seismic movements may have complicated the propagation of tsunami waves in the



Reloncavi Fjord. This is also supported by the fact that no sandy layer associated with the 1960 AD
tsunami, nor significant lithological changes were observed in surface sediments from the nearby Gulf
of Ancud (Rebolledo et al., 2011). This suggests that the tsunami waves that impacted the Reloncavi
Fjord in 1575 AD may have been higher than 2.5 m.

5. Discussion

In the below section, we will first discuss the implications of the Chilean turbidite record in
terms of paleoseismicity. We will then compare the turbidite records of both settings to
highlight the similarities of their sedimentological records and the sensitivity of fjords to
record strong seismic events.

5.1. Implications for Chilean subduction earthquakes

The presented record from the Reloncavi Fjord indicates that three of the four major historical
subduction earthquakes were recorded, the 1737 AD event being the one not recorded.
According to historical accounts, the effects of the 1575 AD were similar to those of the

1960 AD earthquakes ( [Lomnitz, 1970] and [Cisternas et al., 2005]). For example, Cisternas
et al. (2005) summarized that: “Conquistadors, at forts limited to the northern half of the
1960 rupture area, wrote of persistent marine inundation near Imperial, Valdivia and Castro
that implies widespread tectonic subsidence. They also described a devastating tsunami near
Valdivia”. The new turbidite record and its overlying sand layer are consistent with this
summary of historical accounts, both supporting the magnitude of the event and the
chronology of the turbidite record. Similarly, the study of Cisternas et al. (2005), based on
buried soils and sand layers from outcrops of the Rio Maullin estuary identified the 1960 and
1575 AD earthquake-induced tsunamis, an older one between ~ 1280 and 1390 AD, but not
the 1837 and 1737 AD events. Mass wasting deposits associated with the 1960 and 1575 AD
earthquakes were also recorded in nearby Lake Puyehue (see Fig. 3a for location), but not for
the 1837 and 1737 AD events (Moernaut et al., 2006 and references therein). The recording of
the 1837 AD earthquake in the new turbidite record attest to the sensitivity of this fjord to
capture strong subduction events that may not necessarily generate significant subsidence or
tsunami wave (Cisternas et al., 2005). In addition, the absence of a turbidite associated with
the 1737 AD earthquake and of any subsidence or tsunami deposit in the nearby Maullin
record (Cisternas et al., 2005), as well as the absence of mass wasting deposits in nearby Lake
Puyehue (Moernaut et al., 2006) suggest that it was a weaker seismic event, as suggested by
the historical archives: “the effects of the 1737 earthquake appear modest by comparison,
even after allowing for a dearth of 18th-century historical records from south-central Chile”
(Cisternas et al., 2005). Finally, the observation in Reloncavi Fjord of a turbidite at

~ 1400 AD (which corresponds to the timeframe of the tsunami deposit reported by Cisternas
et al. (2005) at ~ 1280-1390 AD) with sedimentological characteristics almost identical to the
turbidites associated with the other subduction historical earthquakes supports its seismic
origin, but also a strong magnitude for that seismic event as it generated subsidence, a tsunami
(Cisternas et al., 2005) and a large turbidite (this study).

The recent large Chilean earthquake of 2010 AD (M 8.8) and the 2007 AD Aysen Fjord event
(M 6.2) occurred after the PACHIDERME expedition that took place in February 2007 and
are therefore not documented in the sediments presented in this study. In addition, the striking
seismic swarm of more than 7200 earthquakes with magnitudes increasing from 5.2 to 6.2 that
started on January 23 rd 2007 in the Aysen Fjord area (Fig. 1c) is not recorded in the sediment
cores that were retrieved in the Reloncavi and Aysen Fjords respectively on February 16th



and February 19-20th 2007 (Kissel and the shipboard scientific party, 2007). In the cores
from Reloncavi Fjord, the 1927 AD Aysen Fjord event is not identified. It is also very
unlikely that RDL in Reloncavi Fjord are resulting from landslides triggered by a local
earthquake similar to the 2007 AD Aysen Fjord event since they are very different both in
size and internal structures. RDL from the Reloncavi Fjord are essentially resulting from sub-
aqueous remobilization of sediments accumulated in the Puelo Delta with high accumulation
rates evolving distally into meter-thick turbidites with an acoustically transparent facies,
whereas the 2007 AD Aysen Fjord event suggests a relatively thin (centimeter- to meter-
scale), but very heterogeneous deposit both in space and in internal structure (Van Daele et
al., 2010). It is however possible that major subduction earthquakes along the Chilean coast
favored co-seismic movements along the LOFZ similarly to the 1960 AD event (Chapron et
al., 2006), which most likely contributed to mass wasting processes along the Puelo Delta that
were recorded in the present study.

5.2. Sedimentological implications

The earthquake-triggered turbidites from the Saguenay and Reloncavi Fjords share several
common features. First, in both settings, the decimeter- to meter-thick turbidites can easily be
identified on seismic profiles and on cores by their physical and sedimentological properties.
In each case, the turbidites have a distinctive color and incorporated material with a distinct
geochemical signature associated with their provenance. Then, the fining upward turbidites
within the same core and in both settings are very similar and are characterized by a coarse
base, normal grading and a very homogenous upper part. In addition, in both cases, the
earthquake had a direct and an indirect effect: a turbidite (resulting from MWDs) and tsunami
layer in Reloncavi Fjord and a basal fining upward turbidite (resulting from MWDs) followed
by a hyperpycnite in the Saguenay Fjord (cf. Fig. 13, Fig. 16 and Fig. 17).

As explained above, the hyperpycnal deposits observed in the Saguenay Fjord resulted from
the rapid breaching and draining of natural dams created by earthquake-triggered landslides.
A similar series of event was described in Lake Puyehue following the 1960 AD earthquake,
where a natural dam generated by several earthquake-triggered landslides was breached,
generating a hyperpycnal flow and the deposition of a hyperpycnite with a reverse and normal
grading as in the Saguenay Fjord record (Chapron et al., 2007). Similarly, historical archives
attest to a major flood following the catastrophic breaching of a dam at the outlet of Lake
Rinihue created by earthquake-triggered landslides in 1575 AD. As summarized in [Lomnitz,
1970] and [Cisternas et al., 2005], the lake water behind the dam raised by 40 cm per day to
amount to almost 80 m before being breached four months later. The subsequent flood killed
more than 1200 people and induced large damages in the city of Valdivia.

On a methodological point of view, the turbidites from both the Saguenay and Reloncavi
Fjords were easily identified by their physical and sedimentological properties. A similar
approach was also applied along the Cascadian subduction zone and the Northern San
Andreas Fault, where several turbidites could easily be identified and correlated on the basis
of continuous measurements of magnetic susceptibility and density at the mouth of several
submarine canyons and channels on the abyssal plain offshore Oregon and California, USA
(e.g., [Goldfinger et al., 2007] and [Goldfinger et al., 2008]). These mostly decimeter-thick
turbidites were generally characterized by a coarse base, normal grading and homogenous fine
tail as in the fining-upward turbidites observed in the Saguenay and Reloncavi Fjords.
Similarly, Goldfinger (2011) briefly highlighted the physical properties of several earthquake-
triggered turbidites along the Sumatran margin. Again, these turbidites share common features



with the turbidites from the Saguenay and Reloncavi Fjords including a coarse base, normal
grading and homogenous fine tail. In addition, the grain size in the uppermost part of most of
the turbidites from the Saguenay and Reloncavi Fjords (Fig. 9, Fig. 10, Fig. 11,

Fig. 12 and Fig. 13), along with several earthquake-triggered turbidites from offshore Oregon
and California, USA (e.g., [Goldfinger et al., 2007] and [Goldfinger et al., 2008]), is finer
than the sediments immediately above in the background sediments, allowing the use of that
observation to clearly define the upper contact of these turbidites. Similar homogenous upper
part of fining upward earthquake-triggered deposits were also observed by [McHugh et al.,
2006] and [Beck et al., 2007] in records from the North Anatolian Fault in the Marmara Sea
(Turkey). However, it is important to note that thick homogenous intervals observed in cores
from an active margin are not necessarily associated with seismic events. For example, in
Effingham Inlet, a fjord from Vancouver Island in British Columbia (Canada), the
homogenous beds are not associated with seismic events, but rather to coastal upwelling
events that lead to the resuspension of sediments by bottom currents ( [Dallimore et al.,
2005] and [Dallimore et al., 2008]). These beds were not characterized by a coarse base, nor
by grading. In the same core, however, [Dallimore et al., 2005] and [Dallimore et al., 2008]
recognized thin turbidites and several debris flows possibly associated with strong
earthquakes. Similarly, Blais-Stevens and Clague (2001) identified several debris flows in
Ocean Drilling Program (ODP Leg 169S) cores from Sannich Inlet, another fjord in British-
Columbia, that they attributed to moderate to large earthquakes. In these ODP cores, the
debris flows appeared massive, but were not graded.

5.3. Sensitivity of fjords for paleoseismology

The paleoseismological records from offshore Oregon, California and Sumatra ( [Goldfinger
et al., 2007], [Goldfinger et al., 2008] and [Goldfinger, 2011]) used the synchroneity of the
correlated turbidites from different canyons or channels as the main argument for their trigger
mechanism. This has the advantage of excluding turbidites generated by local submarine
slides unassociated with an earthquake or by flooding, but the disadvantage of needing more
ship time and cores. On the other hand, the Saguenay and Reloncavi Fjords records have the
advantage of preserving a continuous record of decimeter- to meter-thick turbidites, as well as
background sediments that accumulated at high sedimentation rates due to their proximal
environments. These high sedimentation rates allowed the recording of historical seismic
events that can then be used for “calibration” of the turbidites with a known sequence of
events. The proximal location of the coring sites also allows, if any, to capture tsunami
deposits such as in the case of the 1575 AD earthquake and the subsequent tsunami. However,
to record historical events, the coring site must be located in an area that has a long written
history, but most importantly, the top of the sediment cores must be recovered and preserved.
This is often not the case with long piston cores, but as shown here, this can be achieved by
using large volume CASQ corers (Fig. 12). Once the “calibration” to the historical events is
made, then longer cores can be employed to extend the paleoseismicity record further back in
time. For example, as seen on the 3.5 kHz seismic profiles of the Reloncavi Fjord

(Fig. 7 and Fig. 8Db), at least 3 others acoustically transparent deposits can be seen and
therefore suggest the presence of older earthquake-triggered turbidites that were retrieved in
the MDO07-3107 Calypso core (31 m long). This giant piston core will be presented in another

paper.



6. Conclusions

High-resolution seismic profiles and physical and sedimentological properties of sediment
cores from the Saguenay and Reloncavi Fjords allowed the identification of several decimeter
to meter-thick turbidites. In both fjords, the turbidites were associated with large magnitude
historic and pre-historic earthquakes including the 1663 AD (M > 7) earthquake in the
Saguenay Fjord and the 1960 (M 9.5), 1837 (estimated M of 8), 1575 AD major subduction
earthquakes in the Reloncavi Fjord. These turbidites are characterized by a homogenous, but
slightly fining upward tail. In addition, a sand layer associated with a tsunami was overlying
the 1575 AD turbidite. In the Saguenay Fjord, the earthquake-triggered turbidites are
sometimes underlying a hyperpycnal deposit associated with the rapid breaching and draining
of a natural dam formed by earthquake-triggered landslides. Similar hyperpycnal floods were
also recorded in historical and continental geological archives for the 1960 and 1575 AD
Chilean earthquakes, highlighting the risk of such flood events several weeks or months after
main earthquake. Following a strong earthquake, the head of the fjord can eventually be
exposed to catastrophic hyperpycnal floods when landslides also occur in the catchment area.
The presence of active faults and/or the proximity of a well-documented historic seismicity
and the Quaternary geology (glacio-isostatic rebound, high sedimentation rates, quick clays in
the Saguenay Fjord (Locat et al., 1984), volcanic activity and deposits in Northern Patagonia
(thick Andosols, Chapron et al., 2007)) are preconditioning factors to the occurrence of
landslides across tributaries and subsequent catastrophic outburst floods.

In both fjords, the high sedimentation rates between each RDL allows the recording of most
of the strong seismic events compared to the margin sedimentary record, which for example,
did not record the 1837 and 1737 AD events (Cisternas et al., 2005) or any major submarine
landslides in the epicentral area of the 2010 AD (M 8.8) Chilean earthquake (Volker et al.,
accepted for publication). The presented comparison between the sedimentological records
from a passive (Saguenay Fjord) and an active (Reloncavi Fjord) margin highlights that, when
carefully chosen, fjords with high sediment accumulation rates are pristine sites to record
historical and pre-historical earthquakes. Finally, the sedimentary record from Reloncavi
Fjord also illustrates that the occurrence of several sub basins and sills is not necessarily
preventing the development of mass wasting events into debris flows and large turbidites in
the distal sub basins of fjords, when the sub basins are characterized by increasing depths and
when the fjord is not too elongated (< 50 km).
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Fig. 1. General location of the studied fjords in Eastern Canada (Saguenay Fjord) and Southern Chile
(Reloncavi Fjord) highlighting their contrasted geodynamic settings (a): a passive margin in Canada,
but an active subduction margin in Chile. (b) Extension of the Laflamme Sea clays (LSC) in the
catchment area (gray shaded area around Lac St-Jean and the Saguenay Fjord) of the Saguenay River

and Fjord. The epicenters and estimated magnitudes of historical earthquakes that affected the

study area are also indicated (after Lamontagne, 2009). (c) Schematic overview of the rupture zones
(after Blumberg et al., 2008) associated with historical major subduction earthquakes in Southern
Chile (black lines). Also illustrated (in c) are the location of the Liquiie—Ofqui Fault Zone (LOFZ) in
Northern Patagonia, the two main epicenters in 1960 AD (black stars) offshore the cities of
Conception and Valdivia, and the epicenter of the 2007 AD (M 6.2) Aysen earthquake. The epicenter

of the 2010 AD Chilean earthquake (M 8.8) is illustrated in a.
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Fig. 2. a) Satellite image of the Saguenay Fjord area illustrating the proximity of faults and of the St-
Jean—Vianney landslide (1663 AD; after Locat, 2008). The fjord multibeam bathymetry (after Locat
and Levesque, 2009) is also presented together with the location of seismic profiles presented in

Fig. 4 and MD99-2222 coring site. b) Zoom near the coring site. c) A bathymetric profile along the
entire length of the fjord illustrates the presence of sub-basins and sills, the approximate depth of
the pycnocline in the fjord waters (after St-Onge et al., 2004) and core MD99-2222 sampling site.
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Fig. 3. Digital elevation model of the topography in Northern Patagonia (upper panel — a) illustrating
the size of Reloncavi Fjord catchment area (black line) and the location of lakes Nahuel Huapi
(Argentina) and Puyehue (Chile) together with the Maullin River estuary (Chile) discussed in the text.
Detailed digital elevation model of the topography surrounding Reloncavi Fjord and Bay and the
bathymetry of these sub-basins (middle panel — b). Also illustrated are cores MD07-3108 Cq and
MD3106H sampling site, as well as the Yate, Calbuco and Osorno volcanoes, lakes Frias (Argentina)
and Todos Los Santos (Chile), and the LOFZ discussed in the text. The bathymetric profile along the
axis of the fjord (lower panel — c) from the Petrohue delta to the outer basin also reveals the
presence of sub-basins, deltas and sills of glacial origin. The location of the seismic profiles presented
in Fig. 6 is also illustrated.
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Fig. 4. Selection of four seismic reflection profiles from the inner basin of the Saguenay Fjord (see
Fig. 2 for location) (4a, modified from Perret et al., 1995), in the distal part of the inner basin (4b and
4¢, modified from Syvitski and Schafer, 1996) and in the middle of the inner basin (4d). Seismic units
4 and 5 of Syvitski and Praeg (1989) and Syvitski and Schafer (1996) are illustrated together with
seismic facies F1, F2, F3 and F4 discussed in the text (this study).



w— sparker (1 kHz)
——— pinger (3.5 kHz)

MDO07-3108Cq

Fig. 8a ;
Fig. 8b Fig 7b

Q’\Q{

Fig. 5. Location of seismic profiles from the Reloncavi Fjord presented in Fig. 6, Fig. 7 and Fig. 8. Core
MDO07-3108 Cq sampling site, the Yate Volcano, Puelo delta and Marimeli Island are also shown.
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Fig. 6. Sparker (1 kHz) seismic profiles from the outer (a) and intermediate (b) basins of the Reloncavi
Fjord illustrating the occurrence of mass wasting deposits (MWDs), rock sills and turbidites. The
vertical scales are given in two-way-travel time (TWT).
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Fig. 7. Selection of pinger (3.5 kHz) seismic profiles from the outer basin of the Reloncavi
Fjord illustrating the accumulation of mass wasting deposits (MWDs), seven large turbidites
(T1to T7) and the occurrence of free gas in the sediments. The vertical scale is given in two-
way-travel time (TWT) and in meters (assuming a velocity of 1500 m s %). Profiles a, b and ¢
intersections are also shown.
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Fig. 8. Selection of seismic profiles in the distal outer basin of the Reloncavi Fjord illustrating the
accumulation on sparker (a) and pinger (b) profiles of turbidite deposits stacked in the channel of a
drift deposit. The location of cores MD07-3108 CASQ and MD07-3107 is given in (b). The vertical
scale is given in two-way-travel time (TWT) and in meters (assuming a velocity of 1500 m s™*) below

the sea surface.

Table 1. Radiocarbon analyses from core MD07-3108 Cq (Reloncavi Fjord). The
conventional age (**C yr BP) is reported at 1o, whereas the calibrated ages (cal BP or
AD) were derived using the 2c range.

Sample Lab. Depth Sample 1'4°~9€ Calibrated Calibrated
("Cyr AR age age
name - num.{em) - Re - Cgp) (cal BP) (AD)
MDO07-3108- Poz-
444 20917 444  Wood 1220 +30 — 1159 +60 791 + 60

MDQ7-3108- Poz-

562 20879 562  Shell 810+30 0 475+31 1475 + 31
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Fig. 9. Correlation of the seismic facies and Rapidly Deposited Layers (RDLs) identified at the sampling
site of core MD99-2222 in the Saguenay Fjord. Two types of RDLs are distinguished (turbidites in
yellow and turbidites capped by a hyperpycnite in orange) based on the physical properties (bulk
density, diffuse spectral reflectance (L*), grain size), carbonate content (CaCOs;) and paleomagnetic
data (low-field volumetric magnetic susceptibility (k) and inclination).
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Fig. 10. Detailed grain size signature of RDLs (classical turbidites) from the Saguenay Fjord showing a
fining-upward trend for each RDL.



Table 2. Characteristics and age of the rapidly deposited layers (RDL) from the

Saguenay and Reloncavi Fjords.

Thickness

Layer (cm) Type of deposit

Core MD99-2222 (Saguenay Fjord)

Basal

RDL1 1500 turbidite + overlying
hyperpycnite

RDL2 17 Turbidite
Basal

RDL3 61 turbidite + overlying
hyperpycnite

RDL4 7 Homogenous gray layer

RDL5 109 Turbidite

RDL6 7 Turbidite
Basal

RDL7 36 turbidite + overlying
hyperpycnite

RDL8 16 Turbidite
Basal

RDL9 190 turbidite + overlying
hyperpycnite
Basal

RDL 10 81 turbidite + overlying
hyperpycnite
Basal

RDL 11 229 turbidite + overlying
hyperpycnite

RDL 12 22 Turbidite

RDL 13 54 Turbidite

Not full Likely the homogen
RDL 14 coortedu g uppiry ptari 01? a ?ugri)igilftz

Core MDO07-3108 Cq (Reloncavi Fjord)

RDL1 219 Turbidite
RDL2 48 Turbidite
;I’sunaml 6 Sand layer
ayer

RDL3 185 Turbidite
RDL4 162 Turbidite

Trigger
mechanism

Earthquake and
subsequent
hyperpycnal flow

Earthquake

Earthquake and
subsequent
hyperpycnal flow

Unknown
Earthquake
Earthquake

Earthquake and
subsequent
hyperpycnal flow

Earthquake

Earthquake and
subsequent
hyperpycnal flow

Earthquake and
subsequent
hyperpycnal flow

Earthquake and
subsequent
hyperpycnal flow

Earthquake
Earthquake

Unknown

Earthquake
Earthquake

Tsunami

Earthquake
Earthquake

Estimated age
(cal BP), or
(AD) when

reported

1663 AD

3700
4200

4600
4900
5150

5250
5650

5750

5950

6850
7000
7100
7150

1960 AD
1837 AD

1575 AD

1575 AD
~ 1400 AD
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Fig. 11. RDLs in core MD07-3108 Cqg. These layers were identified based on the physical properties
(low-field volumetric magnetic susceptibility (k), CT number (primarily reflecting bulk density), diffuse
spectral reflectance (b*), grain size) and geochemistry (Fe content). Two types of RDLs are
distinguished (four turbidites in yellow and a tsunami layer in blue). Ages obtained on a shell (black
circle) and a wood fragment (white circle) are also illustrated.



Fig. 12. Pictures of the Calypso CASQ corer on board the R/V Marion Dufresne Il (left) and of core
MDO07-3108 Cq just after being opened on the deck (right). The Rapidly Deposited Layers (RDLs) are
clearly contrasting with the Bioturbated Background Sediments (BBS). A detailed picture of the top of
core MD07-3108 Cq before sampling reveals that RDL 1 is covered by less than 10 cm of BBS. A
similar thickness of hemipelagic sediments was also observed in the companion surface core (see

Fig. 15).
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Fig. 13. Grain size signature of the sand layer overlying RDL 3 in the Reloncavi Fjord (a) and Scanning
Electron Microscope (SEM) image of a typical quartz grain (b) from this layer characterized by
dissolution features (A), fresh surfaces (B), percussion marks (C), adhering particle (D) and fresh

surface (E).
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Fig. 14. Box plot diagrams comparing the range of microtextural signatures detected in grains from
the possible tsunami deposit (n = 32 grains) and background sediments (n = 18 grains).
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Fig. 15. a) **°Pb activity and b) derived sedimentation rate (SR) for core MD07-3106H. Biological
mixing occurs in the upper ~ 1 cm, followed by a clear exponential decrease of the *°Pb activity until
the top of the 1960 AD turbidite. The supported **°Pb value was estimated from the average **°Pb
activity values at the base of the core (0.98 + 0.06 dpm/g) and is very similar to the one obtained in a
nearby core from the Gulf on Ancud (Rebolledo et al., 2011). The sedimentation rate in (b) was

calculated from the slope of the linear regression using a constant initial concentration model.



Direct impact of the AD 1663 earthquake
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Fig. 16. Synthetic map of the direct impact of AD 1663 earthquake (a) and of its consequences (b) in
the Saguenay Fjord. A detailed view of the Saguenay Fjord delta multibeam bathymetry (c) also
reveals the morphology of an erosive channel (black arrows) and of flow and slump deposits in the
Baie des Ha!Ha! documented by Urgeles et al. (2002) and associated to the AD 1663 earthquake by
Locat (2011). Modified from Mulder et al. (2003), after [Praeg and Syvitski, 1991], [Syvitski and
Schafer, 1996], [Urgeles et al., 2002] and [Lévesque et al., 2006].
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Fig. 17. Synthetic map of the direct impact of AD 1960 earthquake in Reloncavi Fjord. Mass wasting
deposits in the outer basin are distally developing into a large turbidite. These mass wasting deposits
are originating from the Puelo delta and passed into the outer basin through the Marimelli channel.
Gravity reworking along the Puelo delta was probably triggered by co-seismic movements along the
Liquiie—Ofqui Fault Zone (LOFZ) as discussed in the text.



