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a b s t r a c t
A multiproxy approach was performed on two sediment box cores sampled in the NW Gulf of St. Lawrence in
order to better understand the impacts of recent climatic or land-use changes on the sedimentary regime in
the proximal offshore zone. Multibeam and seismic surveys allowed for the careful selection of coring sites.
The chronology of the cores was established by 210Pb measurements and validated with coinciding historical
weather events recorded in both cores, conﬁrming that the sediments are recent (last 370 years). The lithological
variations in the cores were quantiﬁed using 1) stratigraphic markers and grain size measurements,
2) high-resolution X-ray micro-ﬂuorescence (XRF), and 3) physical and magnetic tracers. The grain
size measurements allowed the identiﬁcation of a major ﬂood around AD 1844 ± 4 years, whereas
a drastic decrease in variations and in the median grain size (d50) occurred around AD ~ 1900,
highlighting the offshore impact of the SM1 dam construction on the Sainte-Marguerite River in
the early 1900s. Sedimentological variations have been investigated by wavelet analysis using XRF
data and the sharp disappearance of high frequencies (b16 year periods) around AD 1900 in the
core facing the dammed river (Sainte-Marguerite River), but not in the reference core, also provides
evidence of dam inﬂuence on the proximal offshore zone sedimentary regime. Indicators are proposed for a
posteriori environmental impact assessment of dams.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Impacts of dam construction on sediment ﬂuxes and carbon cycling have been internationally recognized (Bates et al., 2008) and
changes in ﬂow regime and variations in the composition of
suspended material have been documented in many major ﬂuvial
systems (e.g., Meybeck and Vörösmarty, 2005; Syvitski et al.,
2005). The main challenge in studying sedimentary dam impacts is
to disentangle the dam-induced sedimentological variations from
the natural sedimentological background. In the ﬂuvial environment, it has been addressed through the analysis of sedimentary series in order to establish the before/after threshold in the
sedimentary regime and thus document the dam-induced impacts
(Hart and Long, 1990; Klaver et al., 2007; Wang et al., 2009). Moreover, recent studies have demonstrated the effectiveness of wavelet
analysis to document cyclical variations of geophysical processes
over time (e.g., Kumar and Foufoula-Georgiou, 1997; Torrence and
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du Québec à Rimouski, 300, Allée des Ursulines, C.P. 3300, succ. A, Rimouski, Québec,
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Compo, 1998). Similarly, other wavelet analysis studies have successfully combined classical sedimentological methods with other very
high-resolution methods, such as the 100 μm downcore resolution
afforded by X-ray micro-ﬂuorescence (XRF) (Croudace et al., 2006;
Thomson et al., 2006; Guyard et al., 2007), to decipher anthropogenic
and natural inﬂuences (Kalicki et al., 2008), at the inter-annual- to
decadal-scales. However, in the proximal offshore zone (here: from
the low tide breaker line extending to the seaward line of ﬂuvial inﬂuence), identifying a simple ﬂuvial-induced threshold might be hazardous as it could also be induced by marine drivers. To overcome this,
an innovative approach would be the combination of high-resolution
proxies and a comparative approach. For example, in the coastal and
proximal offshore open water environments, the analysis of
well-dated (e.g., 210Pb and 137Cs) and undisturbed sediments revealed
the possibility to uncover cumulative inﬂuence of other terrestrial
human-induced changes such as deforestation, intensive agriculture
and industrial and urban development, and impacts to the estuarine
or near-shore sedimentary regime (e.g., Chagué-Goff et al., 2000;
Cundy et al., 2003; Huguet et al., 2007). However, distinguishing the impacts in marine sediments of pre-industrial hydro-climatic changes
from those of dam construction on the sedimentary regime is seldom
done. Moreover, a comparative approach with a reference core
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collected in the same local environment (a few km apart), but not submitted to the dammed river inﬂuence, should allow to assess local natural (ﬂuvial and marine) variations and attribute certain variations or
threshold to the exclusive inﬂuence of the dammed river catchment.
In this context, we hypothesize that the following methodological
combination could highlight the dam-induced sedimentological variations from the natural (ﬂuvial-marine) sedimentological background:
the comparison of two undisturbed and well-dated high-resolution
sedimentary proxies of a few centuries sampled from the same local region, but under different sedimentary regimes: 1) a reference core from
the proximal offshore area under the inﬂuence of a natural river mouth
and 2) a sediment core from the proximal offshore area under the inﬂuence of a dammed river.
The Sept-Iles area, NW Gulf of St. Lawrence, Eastern Canada (Fig. 1),
is ideal to test our hypothesis as it holds two rivers under the same
hydro-climatic regime, but one is a natural river (Moisie River) and
the other (Sainte-Marguerite River) was recently impacted by the construction of dams starting in the early 1900s. Moreover, the rivers are

large, they stream in abundant post-glacial material and the offshore
sedimentation rates are quite high, from 0.14 to 0.70 cm/yr (Smith
and Schafer, 1999; Lajeunesse et al., 2007; Normandeau, 2011). In this
study, we describe and discuss the natural variability of the sedimentary
regime for the last three centuries in relation to hydro-climatic variations and the impact of dam construction in the proximal offshore environment of the Sainte-Marguerite River.

2. Regional setting
2.1. Geological and geomorphic setting
At the convergence of the Appalachian and Grenville orogens in the
Eastern Canada, the Gulf of St. Lawrence is a semi-enclosed sea of
226,000 km 2 composed of a shallow-submerged Paleozoic lowlands incised by the submarine u-shaped Laurentian Channel (Piper et al.,
1990). Receiving the brackish waters of the St. Lawrence River Estuary

A

B

Fig. 1. The Gulf of St. Lawrence (A) and the Sept-Îles area (B), showing the sampling location of cores 56BC and 63BC. (1) Sainte-Marguerite River and (2) Moisie River. Also illustrated are the localities mentioned in the text. Solid black arrows represent the primary littoral drift directions. Bathymetry is represented by gray areas.
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from the southwest, there are water exchanges in the southeast corner with the North Atlantic Ocean by the Cabot Strait, while in the
northeast, the Belles-Isles Strait mainly receives the cold Labrador
Sea waters. The Sept-Îles area (50° 00′ N/66° 15′ W) is located in
the NW Gulf of St. Lawrence (Fig. 1). The 45 km 2 bay of Sept-Îles
opens southward onto seven rocky islands, each a few hundred meters
in diameter (Loncarevic et al., 1990) and a few km away from the coast.
The coast and the proximal offshore zone of the Sept-Îles area
(ca. 10–15 km) sit on Precambrian and Cambrian igneous and metamorphic rocks of the Grenville province that have been intruded
540 Ma ago, forming the Sept-Îles intrusive suite (SIIS), a maﬁc layered intrusion made of anorthosite, gabbros, monzogabbros and
other Fe–Ti oxide rocks (Guillou-Frottier et al., 1995; Higgins and
van Breemen, 1998; Higgins, 2005). Further offshore, these rocks
meet with the monoclinal St. Lawrence platform made of Palaeozoic
sedimentary rocks (Pinet et al., 2008). This junction exposes a
post-Ordovician faulting system oriented SW–NE that has undergone differential erosion to form a series of submerged cuesta fronts
(Lajeunesse et al., 2007).
The surﬁcial sediments were deposited during the last glaciation,
and with deglaciation paleo-delta were formed (Dredge, 1983). During
the transgression of the Goldthwait Sea in the area from 11 to 10 kyr BP
(Dubois, 1979; Dredge, 1983; Praeg et al., 1992), the relative sea level
reached 130 m above modern sea level (Dubois, 1979; Dredge, 1983).
As the glacio-isostatic rebound-driven regression of the Goldthwait
Sea occurred from 10 kyr BP (Praeg et al., 1992) to 7 kyr BP (Lessard
and Dubois, 1984), terraces composed of medium to coarse sand were
deposited over distal glaciomarine clays (Dubois, 1979; Dredge,
1983). In addition, post-glacial (5.2–3.8 kyr BP) iron placers (black
titano-magnetite sands) were identiﬁed all along the coast from the
Sainte-Marguerite bay to the Moisie delta (e.g., Dulieux, 1912;
Laverdière, 1955; Habbane, 1992; Hein et al., 1993). The coastline conﬁguration of the Sept-Îles area was established around 5 kyr BP, but the
delta front was located a few kilometers seaward early in the last
post-glacial transgression (Lessard and Dubois, 1984). Then, the combination of decreasing glacio-isostatic rebound, high sediment availability
and southwestward longshore drift initiated the modern phase of
westward littoral transport. Due to glacio-isostatic uplift, the North
Shore rivers have incised themselves within their own paleodeltaic sediments, producing estuaries ﬂanked by soft cliffs. The coastal geomorphology in the Sept-Îles area is characterized by two large Holocene
deltas built side by side where the Sainte-Marguerite River and Moisie
River outlet some 30 km apart, separated by the rocky Pointe-Noire
(Dredge, 1983; Lessard and Dubois, 1984).
The coastline mainly consists of beach terraces, accompanied by soft
cliffs (~30 m, postglacial material) and some igneous rock foreshores
around the islands. The dammed incised Sainte-Marguerite River catchment area covers 6191 km2 (Centre d'expertise hydrique du Québec,
2006), had mean daily discharge of 133 m3 s−1 between AD 1937 and
1987 (Water Surveys of Canada, 2006), and its estuary is partially closed
by a simple spit system on its northeastern ﬂank (Lessard and Dubois,
1984). In contrast, the 1922.5 km2 Moisie River watershed is undammed,
had a mean discharge of 412 m3 s−1 between AD 1965 and 2006 (Centre
d'expertise hydrique du Québec, 2006) and its estuary is a prograding
delta with a double spit system (Dubois and Briard, 1980). Both rivers'
headwaters are incised on bedrock and mouthwaters are incised in
their own paleo-deltas made of para-glacial and post-glacial material.
The adjacent continental shelf has near-shore and proximal offshore
water depths between 5 and 213 m, gradually increasing to over 300 m
towards the Laurentian Channel. This coastal conﬁguration has been stable since 5 kyr BP (Dubois, 1979; Lessard and Dubois, 1984). Such systems have both an increased accommodation height and a high
transport capacity compared to older systems.
Offshore, the postglacial sediment thickness is 10–80 m (Hein et al.,
1993), and ﬁve distinct stratigraphic units were previously recognized
in the area from seismo-stratigraphy and piston coring (listed oldest
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to the youngest): (1) till; (2) glaciomarine ice-proximal sand and
mud; (3) glaciomarine ice-distal mud; (4) paraglacial deltaic sand and
mud; and, (5) postglacial mud, sand and gravel lag (Syvitski and
Praeg, 1989; Hein et al., 1993; Syvitski, 1993; Josenhans and Lehman,
1999; St-Onge et al., 2008). The sedimentation rate decreases exponentially along the eastward extent of the seaway, from 0.70 cm/yr near the
head of the Laurentian Channel to 0.04 cm/yr in the Gulf (Smith and
Schafer, 1999), and Lajeunesse et al. (2007) reported an average sedimentation rate of 0.14 cm/yr in the Sept-Îles archipelago for the last
few centuries. Today, sandy sediments eroded from the coastline
along the Moisie River delta are transported offshore to deeper basins
through canyons and channel-levee systems (Lajeunesse et al., 2007).
2.2. Oceanographic and climatic setting
The tides are mixed semi-diurnal with a mean range of 2.3 m
(Canadian Hydrographic Service, 2007). Waters are inﬂuenced by the
cold and salty Labrador current, which enters from the north-east by
the Belle-Isle Strait, and then ﬂows south-westward parallel to the
north shore towards the head of the Gulf. In terms of surface circulation,
the Sept-Îles area is located ca. 50 km from the northern position of the
Anticosti gyre (cyclonal current) (Meltzer Recherche and Consultation,
1996) and the circulation is rather lead by the ﬂuvial discharge, tidal current and the main wind directions, which trigger the main littoral drift
with a direction from the NE to SW (Lessard and Dubois, 1984; Centre
Saint-Laurent, 1996). Stream ﬂows in the Bay of Sept-Îles range between
0.10 and 0.15 m s−1 and weaken offshore (Belles-Iles et al., 2003). The
offshore wave height of b0.5 m occurs 60% of the time and maximum
waves are of 4.5 m (Belles-Iles et al., 2003). Many secondary drifts are
found around the islands of the Sept-Îles archipelago, forming a complex
oceanographic system (Dubois and Briard, 1980). During wintertime, the
ice-shelf and ice-foot temper the surface circulation, but the sea-ice cover
varies yearly depending on air temperatures (Moign, 1972; Bernatchez
and Dubois, 2004). Waters are ice-free during summer and fall.
2.3. Settlement and dam history
Human settlement in Clarke City, Gallix and Sept-Îles grew with the
development of the ﬁsheries and wood industries around 1850
(Frenette, 1996). The mining industry brought a second wave of settlement in the 1950s to work on iron ore deposits and is still operating in
the area. These three locations form the nucleus of the present city of
Sept-Îles with a current population of 26,500 people (Ministère des
affaires municipales et des régions du Québec, 2010). The wood,
iron-ore and maritime transport industries have been important in
the economy of the region (Frenette, 1996), but also impacted the geochemical properties of the sediments in the bay of Sept-Îles, such as an
enrichment in iron for example (Belles-Iles et al., 2003).
Three dams (SM1, SM2, SM3) were built along the Sainte-Marguerite
River for hydro-electricity (Table 1). The construction of the 15-m-high
structure of the SM1 power station is dated between AD 1901 and AD
1906 (Frenette, 1996), and the SM1 power station began producing
hydro-electricity in AD 1906 (Centre d'expertise hydrique du Québec,
2003). While the dams have inﬂuenced the river ﬂow since the beginning
of the 20th century, the environmental effects of the ﬁrst two dams have
not been documented in detail, but the SM3 reservoir ﬂooding was carefully monitored. A reduction of 76% of the mean annual ﬂow, down to
36 m3 s−1, was measured during two years after the ﬂooding of SM3 in
1998 (Corfa et al., 2001; Messier and Therrien, 2001, 2002). Bernatchez
et al. (2008) also measured a recent (1996–2000) increase in erosion
rates of the sandy cliff in the Sainte-Marguerite River estuary (offshore
side of the spit eroded, then the inner estuary cliffs were attacked) and
the inward curving of the spit system observed by aerial photography
suggests that the waves get further into the estuary than during
pre-dam (SM3) conditions. In contrast, no dams have been constructed
along the Moisie River.
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Table 1
Sainte-Marguerite River dams characteristics.
Dam name

Starting year for power production
(AD)a

Water storage capacity
(m3)a

Catchment area
(km2)a

Position on stream relative to mouth

Sainte-Marguerite-1 (SM1)
Sainte-Marguerite-2 (SM2)
Denis-Perron dam (SM3)

1906
1951
2000

3,251,250
230,800,000
19,607,500,000

6140
6130
7330

Ca. 7 km
Ca. 9 km
Ca. 90 km

a

Data source: Centre d'Expertise Hydrique du Québec (2003).

3. Material and methods
3.1. Coring
Box cores COR0602-056BC and COR0602-063BC (hereinafter referred
to as cores 56BC and 63BC) were collected on board the R/V Coriolis II in
2006 (Fig. 1). The coring sites were selected based on the available chirp
proﬁles (EdgeTech X-Star 2.0, 4.5 to 6 kHz) recorded on board the R/V
Coriolis II (Fig. 2). The use of shallow seismic aimed to ensure that the
sedimentation was undisturbed either by remobilizing processes such
as submerged gravity ﬂows or turbidites. Horizontal and parallel reﬂectors (Fig. 2) testiﬁed of the integrity of the original sedimentation and
was further validated by sedimentological analysis and dating. Core
56BC is 35.5 cm long and was collected 12 km on the seaward side of
the Sainte-Marguerite River estuary at a water depth of 108 m, some
b2 km downstream the littoral drift, whereas core 63BC is 36.5 cm long
and was collected at a water depth of 133 m (Figs. 1, 2; Table 2).
3.2. Continuous measurements
The wet bulk density was measured on board by gamma ray attenuation using a GEOTEK™ Multi Sensor Core Logger (MSCL) at 0.5 cm
intervals (e.g., Weber et al., 1997; St-Onge et al., 2007). In the laboratory, the cores were scanned using a CAT-scan (Computerized axial
tomography; CT) at the INRS-ETE in Quebec City, Canada for the identiﬁcation of sedimentary structures and for the extraction of the

A

CT number proﬁles (Crémer et al., 2002; De Montety et al., 2003;
St-Onge and Long, 2009). A CT number primarily reﬂects changes in
density, but also changes in mineralogy, grain size and organic matter
content (e.g., Boespﬂug et al., 1994).
The cores were then split, described and photographed using a
SmartCIS™ core scanner (e.g., St-Onge et al., 2007). The diffuse spectral reﬂectance was measured using a hand-held X-rite DTP22 digital
swatchbook spectrophotometer at 0.5 cm intervals (Mix et al., 1992;
St-Onge et al., 2007). The reﬂectance data was converted into the L*,
a*, b* color space of the Commission Internationale de l'Éclairage (CIE).
L* values range from 0 (black) to 100 (white), a* is a green to red scale
(−60 to +60), whereas b* is a blue to yellow scale (−60 to +60). In
addition, the low-ﬁeld volumetric magnetic susceptibility (k) was measured at 0.5 cm intervals using a Bartington point sensor mounted on
the MSCL.
In the coastal zone, where marine, coastal and terrestrial processes
inﬂuence the chemistry, choosing a single element to assess environmental and/or climatic changes might not reﬂect the complexity of
the environment. On the other hand, the Principal Component
Analysis (PCA) offers the possibility of deciphering the main components of the variability of a large X-ray micro-ﬂuorescence (XRF)
dataset. XRF measurements were thus carried out at the INRS-ETE
using an ITRAX™ core scanner with a 100 μm downcore resolution
and a one-second counting time to determine the relative concentration of 23 elements (Al, Si, Ti, K, Rb, Ca, Cl, S, Mn, Fe, P, Zn, Br, Zr, Sr,
Ga, Ta, As, Se, V, W, Y, Ar), together with the counting of the coherent

B

Fig. 2. Sub-bottom chirp proﬁles for cores A) 56BC and B) 63BC. Depth is given in m below water surface. Vertical dashed lines are trajectory markers each 50 m. In A), undulations
found at the surface of the sediment parallel to the bedrock represent artifacts due to wave action during data collection. The horizontal and parallel reﬂectors testify of the integrity
of the original sedimentation.
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Core

Latitude
(°N)

Longitude
(°W)

Depth
(m)

Length
(cm)

web site, whereas those of the Sainte-Marguerite River were extracted
from the HYDAT CD-Rom (Water Surveys of Canada, 2006). The Moisie
River ﬂows range from AD 1965 to AD 2002, whereas the SainteMarguerite River covers AD 1937 to AD 1987.

COR0602-56BC
COR0602-63BC

50.040
50.090

66.535
66.268

108
133

35.5
37.0

3.6. Principal component analysis on XRF data

Table 2
Coordinates, water depth and length of cores 56BC and 63BC.

(Coh) and incoherent (Inc) collisions (e.g., Croudace et al., 2006; Rothwell
et al., 2006; Thomson et al., 2006; Guyard et al., 2007; St-Onge et al.,
2007).
3.3. Grain size
Grain-size measurements (0.04–2000 μm) were performed at 0.5 cm
intervals using a Beckman Coulter™ LS13320 laser sizer on wet sediment.
Prior to their analysis, the sediments were diluted into a Calgon solution
(1% sodium hexametaphosphate) and shaken at least 3 h using an
in-house rotator, then submitted to an ultrasound bath for 10 min
(Matthews, 1991) and ﬁnally sieved at 2 mm. The results of at least ﬁve
runs were averaged. The GRADISTAT 8.0 software (Blott and Pye, 2001)
was used to extract the parameters of the grain size distributions. The
presented results were calculated using the geometric method of the moments as suggested by Blott and Pye (2001); the averaged and standard
error (SD) by units were calculated for grain size, sorting, % sand, % silt
and % clay. For our comparative approach, we selected the d50 as a key
parameter. Such distribution-dependent parameters were assessed useful
for ﬂow-related granulometric analysis (Komar and Carling, 1991;
Mulder et al., 2001) and they provide the advantage of being comparable
in multiple site studies.
3.4. Dating and chronology
Sedimentation rates for both cores were derived using the 210Pb activity of dried and crushed sediments determined by alpha spectrometry of the daughter 210Po at the GEOTOP research center (Zhang, 2000).
The sedimentation rate (SR) is obtained through the slope of a linear regression (r2 >0.98 in both cores) between the ln(210Pbexcess), which
was calculated by subtracting the supported 210Pb determined visually
on the activity versus depth graph. The errors were estimated considering a least mean square ﬁt on the slope, then reported on the SR, as in
Sorgente et al. (1999); the experimental errors were also reported on
ln(210Pbexcess) using a min–max method. The 210Pb dating method is
of common use for dating series up to 400 years if the sediment is homogeneous (Smittenberg et al., 2005; Liu et al., 2007), despite exceeding the common rule of ﬁve to six times the isotopic half-life, which
allows a ~100–120 year range based on the 22.3 year 210Pb half-life.
The age models were nonetheless restricted to the topmost homogeneous sedimentological unit of each core.
3.5. Historical data
The AD 1914 to AD 2006 precipitation data were obtained from
Environment Canada online climatological database (Environment
Canada, 2007) for the Natashquan meteorological station (Fig. 1), located 360 km eastward of Sept-Îles (same latitude), also in a cold
maritime climate. The scale of this study being at the inter-annual
to decadal variability, the Sept-Îles meteorological data was insufﬁcient due to a discontinuous and short series (AD 1944 to AD
2002). However, the covariation is visually obvious between the
Natashquan and Sept-Îles data (Fig. 3), and the regression coefﬁcients increase with longer periods, with 0.51 for a 1-year smoothing
and 0.53 for a 3-year smoothing. This suggests that the Natashquan
series is suitable for long-term comparison with the Sept-Îles meteorological conditions. The daily river ﬂows of the Moisie River were
downloaded from the Centre d'expertise hydrique du Québec (2006)

In order to distinguish which combination of elements represents
the most variance in the data down-core, a principal component
analysis (PCA) was performed on the XRF data. The dataset was chosen
for its very high resolution (100 μm). The original XRF dataset is composed of 25 sedimentological variables against depth in each core; it
was analyzed from its raw state. Only the top unit of each core was selected for all the subsequent analysis. Depending on the age model, the
number of observations is either 2500 or 3350, giving 1 data point per
0.083333 yr and 1 data point per 0.11 yr for cores 56BC and 63BC,
respectively. Many elements were discarded: Ar due to interaction
with air components; Inc and Coh because they are not elemental;
and others (Y, Ta, Se, Ga, Si, Zn, Br, As, R, P, Al, V) because exploratory
multivariate analysis revealed that the elements that have average
amount below 50,000 cps are relatively redundant and only introduce
noise in the multivariate components. Their removal allowed to obtain
a clearer signal, higher levels of explained variance and eased the interpretation. Then, the linear trend was removed for all elements and we
performed a PCA using the software RStudio (v0.96.330), using the
“PCA” function from the package “FactoMineR” (Lê et al., 2008), as
recommended by Cornillon et al. (2010). Standardization of each variable is comprised by default in this function.
3.7. Wavelet analysis
Wavelet analysis was performed in order to identify possible oscillations or cycles in the sedimentary data followed by cross-wavelet analysis
to quantify the match between two sedimentary series (Guyard, accepted
for publication). The wavelet analysis increases in popularity for
uncovering the periods of recurrent cycles because it allows to assess
the evolution and behavior of the cycles through time (e.g., Torrence
and Compo, 1998; Guyodo et al., 2000). The inputs were the ﬁrst principal
component (PC1) of the PCA on XRF data of the two cores, with depths
transformed into years according to the age models. As the inter-annual
and inter-decadal variations were targeted, we also used a low pass ﬁlter
of 0.58 and 0.77 running means (7 data-points) respectively for cores
56BC and 63BC to remove high-frequency meteorological-related variations. The wavelet power spectra of each series were computed with
the MATLab 7.4.1 software using Grinsted's Continuous wavelet transform (CWT), then we calculated the cross-wavelet power spectra using
Grinsted's Cross-wavelet transform (XWT) (Torrence and Compo,
1998). For both CWT and XWT calculations, we used a Morlet wavelet,
which is a stable sinusoidal wave modulated by a Gaussian signal and is
often used in sedimentology (Lamoureux et al., 2006; Debret et al.,
2007). The results have a 95% conﬁdence level cone of inﬂuence (COI), a
parameter depending on the length of the series, and a 95% conﬁdence
level over the power spectrum.
4. Results
4.1. Core 56BC
Core 56BC is primarily composed of olive gray muddy sand, with
darker mottles in the top 4 cm (Figs. 1b, 4a, Table 3). Two distinct lithological units are observed down core. The bottom horizon (Unit 1) is
observed from 35.5 to 29 cm and is composed of very poorly sorted
(4.7 μm) clayey silt with sand. In this basal unit, the tomographic intensity, magnetic susceptibility, density, L* and a* decrease upcore, whereas the d50 and Fe content increase upcore. The contact with the
overlying unit is sharp and the 25 cm of the top unit is homogenous
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Fig. 3. One-year (gray) and three-year (black) smooth of daily precipitations in the Sept-Îles and Natashquan meteorological stations. Vertical dashed lines are visual markers of
each decade. The two series present a high visual match.
Data source: Environment Canada (2007).

except for some exceptional layers as described below. This upper horizon (Unit 2) is a muddy sand composed of a coarser mean grain size and
is also very poorly sorted (5.4 μm).
A major feature in Unit 2 is a peak in the d50 (833 μm) observed at
20 cm. It is synchronous with the maximum in density (2.18 g/cm3)

and CT number (1123), low magnetic susceptibility (413 to 658×10−5
SI), L* (28.96) and Fe counts (2124 counts), as well as stable spectral
reﬂectance (the slope of the linear trend of L* diminishes from 0.78
for the core section 20–28.5 cm to 0.11 for the overlying core section
4–20 cm). A second feature is a double peak in the d50 observed at 4

A

C

B

D

Fig. 4. Physical, geochemical and sedimentological properties of cores A) 56BC and B) 63BC. From left to right: CAT-Scan image and derived CT number (black = raw data; red=
7-point smooth), magnetic susceptibility (k), density, d50, Fe content (black = raw data; red = 7-point smooth), a* (G = green; R = red), b* (Y = yellow; B= blue), L* (Bk = black;
W = white). In A) and B) Green and gray rectangles in the d50 tile represent the sedimentary units based on granulometric mean and sorting; the width matches the mean grain
size on the d50 scale. The light gray horizontal rectangles highlight the contact of units and features seen in multiple proxies, as arrows supported the trends described in the text.
Also illustrated are the 210Pb activity (ln(210-Pb in excess)) for cores C) 56BC and D) 63BC, with the derived sedimentation rate (SR), linear regression equation, and graphical
depth-time equivalence. Note the grain size peaks at 20 cm in 56BC and at 14 cm in 63BC, the upcore ﬂattening in the d50 in 56BC from 15 cm, and the general decrease in
many proxies in 56BC between 4.5 and 0 cm.
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Table 3
Average and standard error of mean, sorting, and sand, silt, clay content of cores 56BC
and 63BC, by sedimentary units.
Core unit

56BC (n = 71)
Unit 1
Avg

Meana (μm)
Sortinga (μm)
Sanda (%)
Silta (%)
Claya (%)

63BC (n = 74)
Unit 2

SD

11.6 ± 7.0
4.7 ± 1.1
10.8 ± 10.5
70.5 ± 7.8
18.6 ± 6.7

Avg

Unit 1
SD

104.2±69.9
5.4 ± 0.6
61.8 ± 11.8
33.9 ± 9.8
4.4 ± 2.3

Avg

Unit 2
SD

39.4 ± 31.9
7.7 ± 2.7
33.3 ± 25.0
52.6 ± 19.1
14.2 ± 5.8

Avg

SD

122.8±89.2
6.9 ± 1.0
63.6 ± 12.4
30.6 ± 10.6
5.8 ± 2.0
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for the major peak in d50 recorded at 14.5 cm in the d50 (1010 μm). Similarly, two smaller peaks in the d50 are observed at 3 and 4 cm. Smaller
amplitude variations are however observed in the upper 8 cm where
the CT number (1090 to 1070), density (2.07 to 1.11 g/cm3) and d50
(537.1 to 264.3 μm) decrease up-core while magnetic susceptibility increases up-core (406 to 903×10−5 SI).
4.3. Chronology

and 5 cm (116.1 μm and 123.3 μm, respectively). Finally, most parameters decrease sharply above 4 cm, which is most probably due
to biological mixing.

In core 56BC, the 210Pb activity is almost constant in the upper 4 cm
(Fig. 4c), which suggests a mixing zone created by bioturbation. Below
this mixing zone, the 210Pb activity proﬁle suggests that the sedimentation rate is constant at 0.12 ±0.014 cm/yr. This sedimentation rate was
only applied to the upper 25 cm (Unit 2), providing a sequence of
208 years (AD 1798–2006). In core 63BC, biological mixing is not observed (Fig. 4d) and the sedimentation rate is 0.09 ±0.008 cm/yr.
Again, the chronology was limited to the upper lithological unit (Unit
2), for a 370 year-long sequence (AD 1636–2006).

4.2. Core 63BC

4.4. Grain size, historical water ﬂows and precipitations

Core 63BC (Figs. 1b, 4b, Table 3), is generally composed of visually
massive, olive gray muddy sand. Nonetheless, below 33.5 cm, the physical properties indicate that the sediment becomes ﬁner and lighter in
color as illustrated by the mean grain size, as well as the spectral reﬂectance L* and b* proﬁles. This depth marks the sedimentary contact
between the basal (1) and upper (2) lithological units. Unit 1 is characterized by a highly variable and very poorly sorted grain size, dominated by
silt, but with a variable sand and clay content. The upper Unit 2 is coarser
and very poorly sorted. No major trends are observed in this unit, except

There are three key textural characteristics. Firstly, the normalized
d50 grain size record of both cores (Fig. 5a) shows a striking peak at
AD 1840 in core 56BC and at AD 1847 in core 63BC. Secondly, close to
AD 1900, the d50 proﬁle ﬁnes and becomes signiﬁcantly less variable
in core 56BC, while it continues to vary in core 63BC. Thirdly, the only
two events recorded after AD 1900 in core 56BC are two peaks, dated
at AD 1965 and AD 1972 (Fig. 5c). Similarly, variations in core 63BC,
dated at AD 1963 and AD 1974, are also observed in the d50. Note
that even though the amplitude of these d50 peaks is small, they

Gradistat (Blott and Pye, 2001) outputs were averaged ± SD for each sedimentological
unit.
Geometric moment of moment was selected for Mean and Sorting calculation.

A

B

C

Fig. 5. Comparison of river ﬂows and grain size. Temporal series of A) historical water ﬂows (Q, 3-yr smooth) of Moisie (blue) and Sainte-Marguerite Rivers (black), B) normalized
d50 for cores 56BC (open triangles) and 63BC (black dots) and C) precipitations in Sept-Îles (monthly maximum, gray line), Moisie River ﬂow (monthly maximum, blue line) and
grain size (normalized d50) of cores 56BC (black dots) and 63BC (open triangles) from AD 1944 to 2006. Normalization of d50 was performed over the whole unit 2, based on average and SD. Light gray rectangles highlight features mentioned in the text. Vertical dashed lines are visual markers of each 25 years (A, B) or each decade (C). In A), note the peak
in the d50 dated around 1844 ± 4 yrs, the ﬂattening of the d50 curve around AD 1900 for core 56BC, and in C) the two peaks in the d50 dated in AD 1962 and AD 1972 in core 56BC,
the Moisie gully-ﬂow event of November 3rd, AD 1966 seen in precipitations and June 2nd, AD 1966 ﬂow event. In C), the second maximum precipitation event was September 4th,
AD 1972, as the second maximum ﬂow event was June, 2nd, AD 1976.
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correspond to signiﬁcant changes in the grain size distribution (mean
coarsens from 60 to 127 μm).
For historical ﬂow records (Q), the d99.5 events (from statistical distribution) for the Moisie and Sainte-Marguerite datasets reveal the
same two maximum ﬂood events: May 29 to June 6, AD 1966, with a
maximum daily ﬂow of 3820 m3 s−1 and 1570 m 3 s−1, respectively
for Moisie and Sainte-Marguerite, and May 19 to 26, AD 1976, with a
maximum daily ﬂow of 3200 m3 s−1 and 1480 m 3 s−1, respectively
(Fig. 5a,c). As for precipitations in Sept-Îles, the analysis of diluvian
rains performed by Bernatchez et al. (2008) revealed that the most important events were November 3, AD 1966, with 114.60 mm and
September 3, AD 1972, with 98.60 mm. May 29, AD 1966, with
36.80 mm and March 28, AD 1976, with 38.60 mm also correspond
to heavy hydro-meteorological events (Fig. 5c).
4.5. Principal component analysis (PCA)
In both cores (Fig. 6, Table 4), the multivariate composition is similar, where Fe, Ca, Mn, Ti and K loadings are positive and the highest in
the ﬁrst principal component (PC1) axis (loadings > 0.64 for core
56BC; >0.58 for core 63BC). These dominant elements are low in the
second component (PC2) axis (absolute loadings b 0.32 for both cores,
except K in 63BC at 0.390). This indicates that the variability of felsic

and maﬁc components is expressed mostly in the ﬁrst component and
has no signiﬁcant correlation with the second component. Moreover,
the ﬁrst component explains a great part of the variance, with 45.3%
and 25.0% in 56BC and 63BC, respectively, compared to close to 13%
for the second component in both cores, providing satisfactory levels
of cumulative variance of the ﬁrst two parameters (Cornillon et al.,
2010). The variations captured by the PC1 are thus interesting parameters for further spectral analysis.
4.6. Continuous wavelet transform (CWT)
4.6.1. 56BC
The continuous wavelet transform (CWT) on the PC1 of core 56BC
(Fig. 7b) reveals an asymmetrical pattern: a pronounced power decrease at AD 1910, particularly in the periods b 16 years, dividing the series into “before” and “after” phases. The “before” stage lasted from the
beginning of the series (AD 1798) to around AD 1900–1910 and reveals
1) in the 1–2, 2–4 year-bands, stable signiﬁcant periods (red circled
with black line), 2) in the 4–8,8–16 and 16–32 years-bands, an interval
of high spectral power (red) between 1810 and 1910, centered at 1840,
with two signiﬁcant spectral power features at a 6 year period. A second
phase persisted after 1910, during which the spectral power (all
periods>16 years) is almost absent (dominated by blue), except for

A. 56BC

B. 63BC

Fig. 6. Biplots of principal component analysis (PCA) of the XRF data for cores A) 56BC and B) 63BC for the ﬁrst two components (PC1, PC2). The further an element extends from
zero in the PC axis, the higher it is correlated with this principal component. The explained variance of each component is in parenthesis. Note that Fe, Ca, Mn, Ti have the highest
scores over the ﬁrst principal component (horizontal axis), similarly in both cores.
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Table 4
Results of principal component analysis on XRF data of cores 56BC and 63BC: loadings
by elements and explained variance of the principal components 1 and 2.
Loadings
[n.u.]

Fe
Ca
Mn
Ti
K
Cl
Rb
Zr
W
Sr
Explained variance (%)

Core
56BC (n = 2500)

63BC (n = 3350)

PC1

PC2

PC1

PC2

0.875
0.890
0.647
0.651
0.837
0.683
0.299
0.432
0.403
0.724
0.254

−0.228
−0.091
−0.312
−0.253
−0.041
0.045
0.701
0.228
0.479
0.207
0.079

0.822
0.725
0.653
0.640
0.585
0.209
0.178
0.158
0.113
0.064
0.158

−0.214
0.098
−0.304
−0.203
0.390
0.108
0.644
0.016
0.191
0.689
0.081

Principal component analysis (PCA) was performed with FactoMineR (Lê et al., 2008)
only for the top unit of each core.

small features between AD1945 and 1965 in the 1–4 year periods. The
data since AD 1970 corresponds to the bioturbation mixing zone identiﬁed with the 210Pb data (Fig. 4c).
4.6.2. 63BC
In the CWT of PC1 of core 63BC (Fig. 7c), the signiﬁcant periods are
especially obvious and stable in all frequency bands below 16 year periods (1–2, 2–4, 8–16 year-bands) throughout the whole series. A decrease in the spectral power (more blue) is observed during three
intervals: AD 1880–1710, 1860–1890 and 1920–1950. Excluding these
three short intervals, stable periods are found around 3 years, 6 years,
and 10–12 years. In longer periods, two stable periods of high spectrum
power are found at 28–32 yrs and 64–70 yrs, but they appear not
signiﬁcant.
4.7. Cross-wavelet transform (XWT)
The cross-wavelet analysis performed on both PC1s for 56BC and
63BC (Fig. 7d) revealed the similar cyclic activity before AD
1900–1920, with signiﬁcant periods especially b 8 years. Similarly
to the 56BC-CWT pattern (Fig. 7b), a threshold (weaker spectral
power) is also observed in the periods b8 years after AD
1900–1920. It is followed by an additional feature with elevated
power at the 6-year period that appeared around AD 1955. Another
pattern supports the match between both cores: the two weaker cyclic activity time intervals of AD 1860–1890 and 1920–1950. In the
longer periods, spectral power is relatively high (red) but not significant, especially for the period centered around 12 years, thus
supporting an overall match between both cores.
5. Discussion
5.1. Proximal offshore sedimentary variations
The multiproxy analysis suggests that both cores 56BC and 63BC
have recorded the hydro-meteorological events of the last two centuries. On the one hand, the maximum peak of the d50 is synchronous
in both cores with the timing of the largest historical meteorological
event. A ﬁrst event was in AD 1966, either in June (after ﬂow) or
November (after rain); the November AD 1966 event corresponds to
the Moisie Gully-ﬂow event, during which the ﬂooded Moisie River carried a large volume of sediment (Dredge and Thom, 1976) (Figs. 4, 5).
The second peak is either synchronous with the event of June AD
1972 (after ﬂow), September AD 1972 (after rain), or May AD 1976
(after ﬂow and rain). The difference for the second event is within dating uncertainties. On the other hand, the cyclic activity of both cores
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shows similar patterns of stable cyclic activity and synchronous time intervals with less cyclic activity (Fig. 7).
In terms of dating errors, the assumption of linear sedimentation
rates has been largely debated in sedimentological research
(Sorgente et al., 1999), but it remains nonetheless a mathematical
way to exploit the data. Fortunately, the 210Pb proﬁle activity of
both cores plotted against depth followed the “ideal case […] [of an] exponential decline” (Sorgente et al., 1999), as also revealed by very
strong linear regression, with r2 of 0.982 and 0.987 respectively for
cores 56BC and 63BC (Fig. 4c,d). Moreover, we restricted the age models
to the topmost homogeneous unit (unit 2), we excluded the bioturbation zone of core 56BC from the linear regression, we calculated the statistical power of the 210Pb decay relationships with depth, and we
quantiﬁed the uncertainties. Finally, the concomitant timing of sedimentary features and hydro-meteorological historical events reinforces
the validity of both core age models.
5.2. Dam-induced proximal offshore sedimentary changes
The multiproxy analysis of sedimentological patterns, geochemical stability and cyclic activity indicates a major local change in the
sedimentary regime in front of the dammed Sainte-Marguerite
River estuary (56BC), a behavior not replicated at the nearby Moisie
River mouth (63BC). The fact that a distinctive shift in the grain size and
most sedimentological parameter distributions around AD 1900
(Figs. 4, 5) is observed offshore of the dammed Sainte-Marguerite
River suggests that the construction of dams on the Sainte-Marguerite
River has played a role in the sedimentary regime at its mouth and
the proximal offshore zone. The absence of changes matching both subsequent dam constructions probably relates to a “ﬁlter effect” due to initial bedload reduction, and also the location of SM1 power station
(starting AD 1906) at the most downstream location, tempering the offshore delivery changes (Table 1).
In terms of post-dam ﬁning of the grain size (Fig. 4), the observed
impacts corroborate with observations from around the world and
elsewhere in Québec. Some authors have observed ﬁner grain size
or higher clay content in lake sediment downstream of a dam on the
Danube (Klaver et al., 2007), downstream of middle-lower Yangtze
River after the Three-Gorges Dam ﬂooding (Wang et al., 2009) and in
the coastal bay of the Mea Kong after the construction of its last dam
(Hungspreugs et al., 2002). This is also consistent with the absence of
certain grain size modes (medium to coarse sands) and increase in
ﬁner modes (more ﬁne sand and silt) that have already been observed
as consequences of dam construction (Hart and Long, 1990) in the
Outardes River estuary, in the Lower St. Lawrence Estuary.
Moreover, a concomitant sharp decrease in the short periods
(b 16 year cycles) was observed only in the power spectrum of the
56BC-PC1 around AD 1910 (Fig. 7b). The shorter periods nearly disappear, but the XWT analysis conﬁrmed that longer periods are still
present, but not signiﬁcant (Fig. 7d). Moreover, the AD 1900–1920
threshold of high frequency is less obvious in the XWT because of
the AD 1955 signiﬁcant feature. A similar feature appeared in core
56BC, but had mid-power (yellow) and was not signiﬁcant. Its signiﬁcance in XWT (Fig. 7d) conﬁrms that the variability in core 56BC after
AD 1900–1920 is not hazardous because it matches the natural cyclic
activity of core 63BC, but with a lower power. Due to a strong inﬂuence
of maﬁc and felsic contents onto the variability of XRF-PC1 (high loadings in PCA, c.f. Fig. 6, Table 3), it implies that the detrital inputs remain
abundant but characterized weaker amplitude cyclic variations after the
threshold of ﬁrst dam ﬂooding (AD ~1910).
This impact on the cyclic activity could originate from a bedload
reduction. Considering the signiﬁcant reduction in stream power
(Messier and Therrien, 2001), the homogenized ﬂow regime, typical of
reservoir-driven hydrological modiﬁcation (Assani et al., 2006), slowed
down the watershed erosion (Erwin et al., 2011) and the transport of
suspended matter was reduced by “several orders of magnitude”
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Fig. 7. Wavelet analysis of cores 56BC and 63BC. A) Normalized 7-point smooth (0.77 yrs) XRF-PC1 series of both cores; B) continuous wavelet transform (CWT) of 56BC; C) CWT of
63BC; D) cross wavelet transform (XWT) of the two cores (Grinsted et al., 2004). I. is the power spectra against time (years AD) and against periods (years), with blue being weaker
cyclic activity and red the most cyclic activity; the white corners are outside the 95% conﬁdence level cone of inﬂuence (COI). The black lines illustrate the 95% conﬁdence level on
the power spectra. II. is the global wavelet spectrum against periods (blue line), while dashed blue line is the 95% conﬁdence interval on the global wavelet spectrum. Note the
similar signiﬁcant feature centered at AD1840 in both 56BC and 63BC, and the sharp decrease in cyclic activity in 56BC after AD ~1910. In the XWT, the presence of signiﬁcant features after AD ~1910 reveals that the core 56BC shows the same cyclic activity than 63BC, but with much more weaker spectral intensity.

compared to pre-dammed conditions (Garel and Ferreira, 2011). In Québec, this regulated ﬂow regime strongly affects cyclic-related ﬂow activity, such as interannual ﬂow parameters (timing and magnitude of
maximum ﬂows), and the disappearance of 10 year ﬂow occurrence
(Assani et al., 2006; Lajoie et al., 2007). Moreover, these hydrological
modiﬁcations also provide an explanation for the grain size ﬁning observed after AD 1900, resulting from a reduction in stream power postdam construction. The relationship between reduced high-frequency
oscillations, ﬂow regulation and reduced sediment delivery in the
dammed Sainte-Marguerite River is thus a plausible interpretation.

According to this interpretation of a ﬂow decrease induced by
post-dam conditions, a corresponding stepwise reduction in terrestrial
inputs after each dam was constructed might be expected. However,
since the felsic and maﬁc contents were stable in the cores until the
AD 1950s (Figs. 4, 7a), a shift in source material could instead be involved. The iron content most likely originates from the well-known
placers of black sand composed of iron-rich titano-magnetite in the
coastal zone of the Baie Sainte-Marguerite and the Sainte-Marguerite
River estuary (Habbane, 1992; Hein et al., 1993), supporting its abundance in the shoreface sediments. Considering that the paleodeltaic
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sediments which compose the coastal cliffs and the estuary banks as
well as the littoral sediments are also rich in iron (Dredge, 1983), the increased wave dominance after dam ﬂooding due to stream power reduction, might have produced coastal erosion, as proposed by Rao et
al. (2010), and as Xue et al. (2009) observed a post-dam doubling of
coastal erosion rates. In our study area, this is supported ﬁrst by a significant decrease of stream power after SM3 ﬂooding (−76% of river annual mean ﬂow during at least two years) (Messier and Therrien,
2001); second, by continuous historical coastal erosion, with average
rate of retreat of 0.5 m y −1 between 1931 and 2006 for the SainteMarguerite spit systems and coastal cliffs (Bernatchez et al., 2008);
third by direct post-SM3 dam increased coastal erosion of both the
spit (−480 m between 1996 and 2000) (Messier and Therrien 2001;
Therrien et al., 2001; Messier and Therrien, 2002) and consequently of
the cliffs within the estuary that are nowadays exposed to waves (receding at rates ranging between −1.8 and −3.5 m y−1) (Bernatchez
et al., 2008). Considering this accumulation of evidence pointing towards both stable terrestrial and coastal input to the proximal offshore
zone, including the absence of a coastal plain that could have ruptured
the spatial continuum of ﬂuvial-marine sedimentation (Slattery and
Phillips, 2011), and the stability of the coastal conﬁguration since
5 kyr BP (Dubois, 1979; Lessard and Dubois, 1984), a dam-induced
switch in detrital sources is thus plausible.
The impact of the ﬁrst dam construction masks the potential effects of the other dam constructions, thus revealing an important
bias in the recent environmental impact studies trying to decipher
the natural and anthropogenic causes in such long-term modiﬁed
environments. Nonetheless, the geochemical, grain size and cyclic
activity proxies may altogether be suggested as a group of indicators
contributing to uncover dam impacts in proximal offshore zone sedimentary records (Table 5), unraveling new avenues for a posteriori
environmental impact assessments.
6. Conclusions
A multiproxy approach performed on two sediment box cores sampled in the Sept-Îles area, NW Gulf of St. Lawrence, allowed us to decipher the consequences of dam construction and natural climate
variability on the proximal offshore zone sedimentary regime during
the last 370 yrs. In the core 56BC sampled 12 km offshore in the Baie
Sainte-Marguerite, a major change associated with the construction of
the SM1 dam along the Sainte-Marguerite River was recorded around
AD 1900. Natural climate variability was also recorded by the d50, as
the largest meteorological events (AD 1966, AD 1972/1976), supporting
both age models. Also recorded in both cores, a major ﬂood, larger than
any in the historical data, was dated at AD 1844 ± 4 yrs. Wavelet analysis of the high-resolution XRF data revealed the abrupt disappearance
of signiﬁcant short period cycles (b 16 yrs) around AD 1900 in the core
from the dammed river (Sainte-Marguerite River), but not in the reference core, illustrating the inﬂuence of dams on the sedimentary regime.
The complexity of measuring dam impacts in perturbed environment
was also exposed by the absence of signal of the second and third
dams in the records. This study thus highlights the potential of wavelet
analysis, combined with grain size data (d50) and multivariate statistics
(PCA on XRF data), to delineate dam-induced impacts on the proximal
offshore habitat and proposes a posteriori environmental impact assessment indicators.
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Table 5
Suggested group of indicators contributing to uncover dam impacts in proximal offshore zone sedimentary records.
Theme

Suggested indicators

Method used in this study

Time

Temporal coincidence
between sedimentological
shift and dam construction

Space

Documented site selection
in catchment area

Based on 210-Pb chronology,
compared with reference core
and past meteorological
extreme events (precipitations
and river ﬂows); matched with
historical dam ﬂooding dates
Select coring sites according to
local currents (downstream)
and seismic (chirp) proﬁles
Use a local reference core out
of catchment area
XRF geochemical counts and
best loadings of the ﬁrst
principal component analysis
(PCA), matched with placers
content (documentary) and
validated with geological map
(documentary)
Laser grain size
analysis + descriptive statistics
(Gradistat) + identify most
sensitive parameters (d50);
compared with reference core
Continuous wavelet transform
(CWT, Morlett) on XRF-PCA ﬁrst
component; patterns compared
with reference core using
cross-wavelet transform (XWT)

Geochemistry Most abundant elements
matching between
watershed and proximal
offshore sediments:
(Fe, Ca, K…)

Grain size

Grain size parameter shift
after temporal threshold
(d50 ﬂattening)

Cyclic activity Cyclic activity shift after
temporal threshold:
missing high frequency
periods (b16 yrs)
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