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AB STRACT

Although it is widely accepted that erosion and sediment transfer respond to millennial-scale climatic variability,
these changes remain difficult to detect in marine sedimentary archives. In the Var sediment-routing system,
northwestern Mediterranean Sea, the absence of a continental shelf results in a direct connection between the Var
River mouth and the deep basin during both highstand and lowstand conditions. This makes the Var sediment-
routing system an ideal target to test whether rivers can transmit climate-driven high-frequency changes in sediment
flux to the ocean. On the basis of an unprecedented (centennial-to-millennial-scale) resolution in turbidite sequences,
we reconstructed the activity of turbidity current overflows along the deep-sea Var Sedimentary Ridge over the past
75 kyr. The overflow activity is highest (one event every 10–30 yr) during maximum glacial conditions (30 kyr–16 kyr
ago [ka]) and rapidly decreases (down to one event every 100–500 yr) during the last glacial-interglacial transition
(Termination 1). During marine isotope stage (MIS)4 and MIS3 (75–30 ka), peaks in the overflow activity occurred
synchronously with cold and arid Dansgaard-Oeschger stadials, while warmer and wetter interstadial conditions
correspond to low overflow activity. We conclude that overflow activity on the Var Sedimentary Ridge mainly re-
flects changes in the magnitude of hyperpycnal currents flowing in the turbiditic channel-levee system in relation
with variations in suspended-sediment concentration during Var River floods. We show that this signal is sensitive to
changes in pure sediment flux induced by climatic perturbations occurring inland: (1) the decrease in glacier-derived
sediment input after glacier retreat and (2) changes in erosion induced by shifts in the vegetation cover in response to
Dansgaard-Oeschger climate swings.

Introduction

Sediment delivery to the ocean results from the
balance between sediment production by erosion
and transfer/storage by fluvial systems (Schumm
1977; Castelltort and Van Den Driessche 2003).
Since the last glacial period (after 80 kyr ago [ka]),
southern Europe has repeatedly undergone dras-
tic climatic changes that have affected land sur-
faces, including glacial termination (i.e., Termi-
nation 1, from ca. 20 ka to 10 ka; Hinderer 2001;
Moreno et al. 2012; Sternai et al. 2013) and
Dansgaard-Oeschger (D/O) cycles (e.g., Allen et al.

1999; Sánchez-Goñi et al. 2002; Fletcher and
Sánchez-Goñi 2008; Fletcher et al. 2010; Macklin
et al. 2012), and have probably resulted in changes
in the sediment budget delivered to the ocean
(Kettner and Syvitsky 2008, 2009). These changes
remain difficult to detect from the marine sedi-
mentary archives because of the strong overprint
exerted by the concomitant sea-level changes and
the subsequent emergence/flooding of continen-
tal shelves that directly affects the morphology
of sediment-routing systems (e.g., drainage basin
area, hypsometry, and delta migration; Blum and
Törnqvist 2000) and their ability to deliver sedi-
ment to the ocean (Mulder and Syvitsky 1996; see,
e.g., Toucanne et al. 2012 for the western Euro-
pean margin). Therefore, the response of sedimen-
tary systems to Late Quaternary climate changes
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is usually highlighted in close proximity with the
erosion zone, such as in lacustrine records (e.g.,
Hinderer 2001; Hinderer and Einsele 2001; Col-
lier et al. 2000), or in fluvial incision/aggradation
phases (e.g., Macklin et al. 2012 for a thorough re-
view). As a result, large uncertainties remain con-
cerning the ability of fluvial systems to transmit
the signal of millennial-scale perturbations to the
ocean (Castelltort and Van Den Driessche 2003;
Meybeck and Vörösmarty 2005; Allen 2008; Jerol-
mack and Paola 2010; Simpson and Castelltort
2012; Armitage et al. 2013; Coulthard and Van de
Wiel 2013).

In this context, small, mountainous rivers drain-
ing active margins with narrow shelves could pro-
vide interesting study sites to investigate climatic
control of the amount of sediments delivered to
the ocean (Allen 2008; Romans et al. 2009; Covault
et al. 2010, 2011). Because sediment transfers are
mostly ensured by periodic floods and because their
floodplains and deltas/estuaries are reduced in size,
these rivers are more likely to discharge larger per-
centages of their sediment loads directly to the
sea (i.e., a lesser proportion of sediments is seques-
tered before entering the sea) than do large rivers
(Milliman and Syvitsky 1992; Mulder and Syvit-
sky 1996; Allen 2008). Thereafter, sediments can
easily escape the narrow shelves and feed deep ba-
sins during both high and low stands of sea level
(Milliman and Syvitsky 1992; Mulder and Syvit-
sky 1996). Recent studies focusing on the termi-
nus of short sediment-routing systems along the
Toyama Deep-Sea Channel (Japan; Nakajima and
Itaki 2007) and on the Newport deep-sea depo-
sitional system (California; Covault et al. 2010)
have shown that during specific intervals, climate
changes alone could have controlled the sedimen-
tary inputs and the turbidite activity, with minor
impact from sea level fluctuations. This highlights
that, in addition to lacustrine and fluvial environ-
ments, deep-sea sediment accumulation in short
sediment-routing systems can be used to investi-
gate the response of terrestrial surface erosion to
climate changes.

In this study, we focus on the sediment depo-
sition pattern of the Var sediment-routing sys-
tem (fig. 1),q1 located in the northwestern Mediter-
ranean Sea, where the absence of a continental
shelf resulted in the direct connection between
the Var river mouth and the deep basin during
both highstand and lowstand conditions (Savoye
et al. 1993). On the basis of sedimentary cores with
high-resolution stratigraphic frameworks, we re-
constructed the Late Pleistocene–Holocene tem-
poral changes of unconfined turbidity-current ac-

tivities off the Var River, more precisely on the
deep-sea turbiditic levee (Var Sedimentary Ridge
[VSR]). The results are comparedwith proxy records
of climate and terrestrial erosion in the western
Mediterranean realm in order to examine whether
rapid climate changes have driven the sediment-
flux variability.

The Var Sediment-Routing System

The Var sediment-routing system extends from the
upper reaches of the southern French Alps (up to
3000 m; fig. 2) q2to the deep Ligurian Sea in the Var
turbiditic system that ends near the continental
slope of Corsica at a water depth of 2700 m (fig. 1).
The southern French Alps margin is characterized
by a very narrow continental shelf (2–3 km maxi-
mum; figs. 1, 2), which is even absent near the Var
River mouth, off Nice. The continental slope is
steep (up to 16%) and is incised by two main sub-
marine canyons, the Var Canyon and the Paillon
Canyon, directly connected to the Var and Loup
Rivers and to the Paillon River, respectively. These
canyons merge into a single upper valley at the
base of the continental slope. The deep deposi-
tional system includes a prominent levee (the VSR)
on the right-hand bank of the middle valley and a
distal lobe at the end of the lower valley (fig. 1).

The Var River (120 km long; fig. 2) is the main
contributor of sediment to the deep depositional
system (Migeon et al. 2012). Annual sediment dis-
charge of the Var River is estimated between 1.32
and 1.63 million tons/yr (Mulder et al. 1997b,
1998). The Var drainage area (ca. 2800 km2) is lo-
cated on the edge between the Mediterranean and
alpine domains and is characterized by a steep
slope (mean slope: 237). Carbonate rocks from the
alpine foreland form the downstream part of the
river basin, while igneous/metamorphic rocks of
external alpine massifs form the upstream areas
(Mercantour Massif; figs. 1, 2). The high sediment
yield (about 500 tons/km2/yr) is mostly associated
with episodic floods, which can reach a magnitude
(1800 m3/s), larger than the mean annual discharge
(70 m3/s), in only a few hours (Dubar and Anthony
1995). Floods mainly occur in autumn, during the
heavy rainfall season, and in spring, when snow
melts (Sage 1976). In 1994, a catastrophic, high-
magnitude flood (200-yr flood) transported in a few
hours the amount of sediment that is normally
transported in 11–14 yr (Mulder et al. 1997b, 1998).

Holocene marine sedimentation rates recon-
structed near the Var River mouth are a fraction
(between 1/11 and 1/39) of those predicted by sedi-
mentation models, q3thus revealing that the sedi-
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ments were poorly trapped in the Var delta and on
the upper slope during highstand conditions (pres-
ervation rate ! 9%; Mulder et al. 1997b, 1998). Af-
ter entering the sea, the major part of the sediment
is evacuated toward the turbidite system directly
by hyperpycnal flow of Var flood currents initi-
ated at the Var River mouth during episodic floods
or is reworked after being deposited for a short
time period (a few weeks to a few years; Mulder
et al. 1998) into slide-induced turbidity currents
(Piper and Savoye 1993; Savoye et al. 1993; Khri-
pounoff et al. 2009, 2012).
Recent monitoring in the Var Canyon and in

the valley revealed that both low-magnitude hy-
perpycnal flows and small, slide-induced turbid-
ity currents can occur once or twice a year at
present (Khripounoff et al. 2009, 2012). These low-
magnitude/high-frequency flows rapidly die in the
canyon or the upper valley (Khripounoff et al. 2009,
2012). On the basis of a 20-yr hydrological record

(1974–1994), Mulder et al. (1997b) estimated that
up to 63% of sediments delivered at the Var River
mouth were exported through hyperpycnal cur-
rents, making them the main sediment transfer
processes in the Var turbidite system.
High-magnitude flows that could produce a sig-

nificant deposit (i.e., wide and thick enough to be
preserved in the sediment record) include (1) hy-
perpycnal flows of exceptional high-magnitude
floods of the Var River and (2) turbidity currents
initiated by the transformation of mass-wasting
processes affecting a large portion of the conti-
nental slope (Piper and Savoye 1993; Mulder et al.
1997b, 1998, 2001a, 2001b; Migeon et al. 2012).
The best-known example of type 2 is the 1979
failure in the Nice airport area, which was trig-
gered after landfilling operations (Dan et al. 2007).
Nevertheless, the latter type of event was shown
to be secondary, because the study of sedimentary
sequences deposited during the past century on a

Figure 1. Map of the Var sediment-routing system, showing the location of the four studied sites. The glacier cover
during the Last Glacial Maximum is highlighted as pale areas with dashed outlines in the upper river valleys; the
metamorphic massif of Mercantour is represented by the area circled by white dashed line. A color version of this
figure is available online.

80411.proof.3d 3 10/17/14 02:17Achorn International

Journal of Geology 000M I L L E NN I A L - S C A L E R E S P ON S E O F R I V E R S



terrace of the Var canyon revealed that deposi-
tion was mainly dominated by hyperpycnal-flow
deposits (∼70% of the sedimentary column; one
event every 7 yr), likely to be connected with his-
torical floods of the Var River (11200-m3/s floods
with a theoretical return period ranging from 3 to
21 yr; Mulder et al. 2001b). Most of these events
are not recorded on the VSR because of the inabil-
ity of most flows to overtop the ridge wall (Mul-
der et al. 1998). Indeed, in the middle valley, the
VSR crest reaches 300 m above the main channel
floor in its western part, and its height decreases
eastward down to a few tens of meters. The rapid
construction during the past 900 kyr required reg-
ular supply by overflow of high-magnitude flows
(Savoye et al. 1993). At present, overflow events
are rare (Mas 2009). Both turbidity-current-related
and hyperpycnal-current-related deposits were
found in Holocene sediments cored on the VSR
(Migeon et al. 2001), but unlike those on the ter-
race of the Var Canyon (Mulder at al. 2001b), re-
cent deposition processes on the VSR are not
dominated by hyperpycnal currents (around 6% of

turbidite beds; Migeon et al. 2012). Hyperpycnal
currents may have been more active on the VSR
during the Pleistocene (Piper and Savoye 1993;
Mulder et al. 1998), because such prominent levees
are most seen in fans with strong glacial input,
such as the Laurentian fan, in which the hyper-
pycnal flows of fluvioglacial discharge result in
high, asymmetric levee systems (Skene and Piper
2003).

Material and Methods

Sediment Cores. This study is based on four sedi-
ment cores recovered on the western and middle
VSR: three Calypso long piston cores (ESSK08-
CS01, ESSK08-CS05, and ESSK08-CS13) collected
during the 2008 ESSDIV cruise on board the re-
search vessel (R/V) Pourquoi pas? q4(Institut fran-
çais de recherche pour l’exploitation de la mer
[IFREMER]) and an additional core (KNI-22) re-
trieved with a Kullenberg piston corer during the
1996 NICASAR cruise on board the R/V Le Suroît
(IFREMER). Cores ESSK08-CS05, ESSK08-CS01,

Figure 2. Synthetic profile of the Var sediment-routing system. The black line indicates the topographic/bathy-
metric profile of the sediment pathway in the Var sediment-routing system. Sediment cores used in this study
(ESSK08-CS01, ESSK08-CS05, ESSK08-CS13, and KNI-22) have been projected along the crest of the Var Sedimentary
Ridge (VSR). The hypsometric curve of the Var watershed (gray line) shows that 70% of the drainage area span in the
tree dynamic domain between modern and hypothetical Last Glacial Maximum (LGM; located under maximum
extend altitude of glaciers) tree line elevations. ELA p equilibrium line altitude of glaciers during the LGM, adapted
from Kuhlemann et al. (2008). A color version of this figure is available online.
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and KNI-22 were collected along the levee crest;
core ESSK08-CS13 is located on the southwestern
flank of the VSR (fig. 1). The location and coring
characteristics of each core are described in table 1.
Recognition of turbidite beds is based on visual

description. Core ESSK08-CS05 is located on the
uppermost part of the VSR, where levee height
exceeds 300 m (fig. 2). The whole core is composed
of hemipelagic mud and rare, very thin millimet-
ric silt beds (fig. 3b).q5 In cores ESSK08-CS01 and
KNI-22, the upper 5 m are mainly composed of
hemipelagic mud and a few turbidite beds, mainly
fine-grained, while numerous sandy beds, alter-
nating with silt mud, are described in the lower
part of the cores (figs. 3b, 4).q6 Core ESSK08-CS13,
located on the southern flank of the VSR about
20 km from the middle valley (fig. 1), shows rich
turbidite bed intervals alternating with thick
hemipelagic facies (figs. 3b, 4). Core ESSK08-CS01,
located on the lowermost part of the VSR crest
about 130 m above the canyon floor (fig. 2), con-
tains the highest number of turbidite beds. The
cumulative length of sandy/silt beds (i.e., Tc of
the Bouma sequence; Bouma 1962) is negligible in
core ESSK08-CS05, while it represents about 15%
in KNI-22, 30% in ESSK08-CS13, and 40% of the
total length in ESSK08-CS01 (fig. 3b).

Stratigraphic Framework. Planktonic foramini-
fers Globigerina bulloides have been used to estab-
lish the chronostratigraphic framework and have
been picked every 10 cm in hemipelagic layers.
When the turbidites were too dense and the re-
sumptions of hemipelagic deposition were not clear
(e.g., core ESSK08-CS01; fig. 4), samples have been
taken in the uppermost part of the turbidite se-
quence (Te-d of the Bouma sequence; Bouma 1962),
where the lithic sand content theoretically is ab-
sent and no foraminifers transported by turbidity
currents can be found (Zaragosi et al. 2006). How-
ever, the sand fraction (1125 mm) was checked after
washing and before the picking of foraminifers.
Samples with a large content of lithic grains (120%)
were removed in order to avoid analysis of alloch-
tonous foraminifers.
The oxygen isotopic composition of G. bulloides

was measured on a few specimens (3–5 shells)

weighing from 20 to 50 mg. CO2 was extracted with
a Kiel IV carbonate device, and analyses were per-
formed on a DELTA V isotope ratio mass spec-
trometer at the Pierre and Marie Curie University
(Paris). Isotope values are reported in delta nota-
tion relative to Vienna Peedee belemnite. Repeated
analyses of a marble working reference (calibrated
against the international reference NBS-19) show
an accuracy and precision of 0.1‰ (1j). The oxygen
isotope curves of the first 7 m of cores ESSK08-
CS013, ESSK08-CS05, and KNI-22 were previously
published by Jorry et al. (2011).
Radiocarbon accelerator mass spectrometry

(AMS) dating was provided by the Poznan Radio-
carbon Laboratory (Poland) and the Laboratoire de
Mesure du Carbone 14 (Commissariat à l’énergie
atomique et aux énergies alternatives [CEA] Sac-
lay, Gif-sur-Yvette, France) q7and was measured on
about 10 mg of G. bulloides or bulk planktonic
foraminifers (see details in table 2). The 14C ages
were calibrated with Calib.06 software and the
IntCal09 calibration curve (Reimer 2009; table 2).

q8A reservoir age of 400 yr was used. Calibrated
kiloyears before present are referred to as age “ka”
in this contribution.

Geochemical Analyses. In core ESSK08-CS05, X-
ray fluorescence (XRF) semiquantitative element
data were produced on an Avaatech XRF core scan-
ner at IFREMER (France) at a step size set of 1 cm.
Two measurements were performed, both count-
ing times being integrated over 10 s. The first mea-
surement was realized with an X-ray current of
600 mA and 10 kV, giving access to light elements
such as Al, Si, Ca, Cl, S, Ti, K, Mn, and Fe. The
second measurement, using an X-ray current of
1000 mA and 30 kV, measured Rb, Sr, and Zr. Ele-
ment abundance is expressed in count rate (area).
Principal-component analysis (PCA) was carried
out with an XRF core-scanner data set of 12 in-
dependent geochemical variables (1876 cases) in
order to describe the main variance of the data set,
providing common trends observed for each ele-
ment. The first eigenvector of PCA, accounting for
58.5% of the total variance, displays low Ca values
associated with high positive scores for Al, Si, K,
Ti, Fe, Rb, and Zr, the latter elements being present

Table 1. Location, bathymetry, and length of the studied cores

Core Cruise Research vessel Latitude Longitude Water depth (m) Length (cm)

KNI-22 NICASAR Le Suroît 43721.75′N 7732.63′E 1900 849
ESSK08-CS01 ESSDIV Pourquoi Pas? 43723.24′N 7744.181′E 2130 1052
ESSK08-CS05 ESSDIV Pourquoi Pas? 43723.60′N 7725.190′E 1694 2878
ESSK08-CS13 ESSDIV Pourquoi Pas? 43714.922′N 7747.817′E 2473 2450
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mainly in detrital silicates (table 3).q9 The position
of each sample on the first PCA axis (PCA axis 1)
allows us to qualitatively reconstruct the evolution
of siliciclastic input (e.g., Moreno et al. 2008). Fi-
nally, samples with a high score are interpreted
to represent siliciclastic-rich material (i.e., eroded
from the upper part of the Var River basin and the

metamorphic massif of Mercantour in particular;
see the discussion below).

Turbidite Stratigraphic Framework

The variations of planktonic oxygen isotopes re-
veal a consistent correlation between the four

Figure 3. a, Composite d18O curve (upper line; right-hand scale) of Globigerina bulloides, derived from the stack of
data obtained in all cores (circles on lower line; left-hand scale). The core age model is anchored by 14C accelerator mass
spectrometry dates (asterisks at bottom of panel; see table 1 for details) and has been refined using the tuning of the
G. bulloides d18O curves with the d18O record from the North Greenland Ice Core Project (NGRIP) ice core isotopes
curve (Greenland Ice Core Chronology 2005 [GICC05] up to 60 kyr ago [ka], NGRIP thereafter; NGRIP Members 2004;
Rasmussen et al. 2006; Svensson et al. 2008). Tie points are represented by filled circles at the bottom of the panel; the
open circles correspond to tie points used in the 0–20-ka chronostratigraphy previously established by Jorry et al.
(2011). b, Interpolated age of turbidite sequences for the four sediment cores. c, Sedimentation rate (solid lines) and
sand accumulation (dotted lines; except for core ESSK08-CS05, where sand content is negligible). The numbers 1–19
mark interstadials. HS p Heinrich stadials; MIS p marine isotope stage; VPDB p Vienna Peedee belemnite. A color
version of this figure is available online.
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coring sites. This shows that erosion by turbidity
current processes has a limited impact on the pres-
ervation and continuity of the stratigraphic record
all along the VSR. The age models are established
by tuning Globigerina bulloides d18O records with
the North Greenland Ice Core Project (NGRIP) ice
core isotopes record (Greenland Ice Core Chro-
nology 2005 [GICC05] up to 60 ka, NGRIP there-
after; NGRIP Members 2004;q10 Rasmussen et al.
2006; Svensson et al. 2008). This synchronization
is based on the striking resemblance between the
data sets, which points out the synchronicity be-
tween the Mediterranean climate oscillations (e.g.,
D/O oscillations) and the North Atlantic climate
changes (Cacho et al. 1999; Martrat et al. 2004). Tie
points are located both at the transitions from
stadial (cold) to interstadial (warm) D/O events and
at those from interstadial to stadial ones, as given
by Sierro et al. (2009) for the northwestern Medi-
terranean domain (fig. 3a). The age model of the 0–
20-ka period is based on the VSR chronostrati-
graphy established by Jorry et al. (2011) through
integration of AMS radiocarbon dating (table 2;
fig. 3a). To avoid bias in age models, specifically
when the sedimentation rate is low, thick turbidite
beds (13 cm) were removed from linear interpola-
tion between age tie points. The 14C AMS ages from
20 to 40 ka strongly support the chronology de-
tailed here (table 2). Because of the unambiguous

correlation of the planktonic d18O records between
the four coring sites, a composite isotopic record
was generated (fig. 3a). The latter, used as the VSR
isotopic curve reference in the following discus-
sion, encompasses the past 75 kyr (i.e., Marine Iso-
tope Stages [MIS] 4–1) and perfectly records the D/O
variability, thus providing an unprecedented reso-
lution in turbidite sequences (fig. 3a). This defini-
tively shows that turbidite systems are able to pro-
vide a consistent chronological framework, even
at millennial-scale resolution. From this point, we
used the Var sediment-routing system as a natu-
ral laboratory to investigate the response of fluvial
transfers to millennial-scale climate oscillations.

Multiscale Turbidite Depositional Variations

On the basis of age models, an age was attributed
to each turbidite bed (fig. 3b), allowing a 100-yr
sliding model of 500-yr turbidite frequency to be
built. This allows the identification of variations
in the turbidite frequency at a millennial scale
(figs. 5f, 6c). q11

Fluctuating turbidite frequency of the VSR indi-
cates highest frequencies during maximum glacial
conditions, i.e., from the end of MIS 3 (ca. 30 ka) to
the first part (18–16 ka) of Heinrich Stadial 1 (∼18–
14.7 ka). The turbidite frequency rapidly decreases
(by four-fifths) thereafter, q12i.e., during Termination

Figure 4. Examples of sedimentary facies observed in cores ESSK08-CS13 and ESSK08-CS01. Low turbidite fre-
quencies are observed during Holocene and Greenland interstadials (GIS), whereas the highest frequencies are found
during Last Glacial Maximum (LGM), glacial stadials, and Heinrich stadials (H2, H3). A color version of this figure is
available online.
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1 (with the maximum decrease centered at 16 ka)
and reaches minimum values during the Early Ho-
locene (11.7–5 ka; fig. 5f ).

In detail, the VSR turbidite frequency during
MIS 4 and MIS 3 shows a strong correlation with
the climatic variations recorded in the planktonic
d18O record (figs. 4, 6).q13 Peaks in the turbidite fre-
quency occurred synchronously with D/O stadials
(5–10 turbidites/500 yr at site ESSK08-CS13), while

interstadial conditions corresponded to low turbi-
dite frequencies (0–5 turbidites/500 yr). As a result,
the turbidite activity seems to be directly con-
nected to D/O climate perturbations, according to
a cold-high/warm-low turbidite activity pattern
(fig. 6). The latter relationship is emphasized by the
fact that frequencies as low as those encountered
during the Early Holocene are reached when in-
terstadial conditions are maintained long enough,

Table 2. List of Radiocarbon Ages Used in This Study

Core, lab codea Foraminifer type
Depth
(cm bsf)

AMS 14C age
(yr BP)

Error
(yr)

Cal age
(ka)

d18O NGRIP-tuned
age (ka)

ESSK08-CS13:
Poz-51828 Globigerina bulloides 6.5 795 30 .51
Poz-33994 G. bulloides 300.5 12,080 180 13.59b

Poz-34446 G. bulloides 447.5 13,930 70 16.76b

Poz-34150 G. bulloides 678.5 17,720 100 20.68b

Poz-51830 G. bulloides 833.5 19,550 340 22.92 23.33
Poz-51832 G. bulloides 883.5 21,670 140 25.43 25.08
Poz-51833 G. bulloides 957.5 23,230 330 27.53 27.33
Poz-51834 G. bulloides 1044.5 27,250 250 31.29 30.85
Poz-51835 G. bulloides 1107.5 29,210 310 33.44 32.82
Poz-51836 G. bulloides 1170.5 30,040 340 34.34 35.64
SacA 31588 G. bulloides 1231.5 33,080 260 37.16 38.36
SacA 31589 G. bulloides 1297.5 34,780 350 39.43 40.82

ESSK08-CS05:
Poz-33960 G. bulloides 234.5 3,805 30 3.80b

Poz-33962 G. bulloides 345.5 8,805 35 9.53b

Poz-33989 G. bulloides 436.5 13,090 180 14.91b

Poz-34445 G. bulloides 486.5 14,770 80 17.48b

Poz-33992 G. bulloides 596.5 17,070 100 19.81b

SacA 29450 G. bulloides 785.5 21,260 80 24.90 24.30
SacA 29451 G. bulloides 950.5 23,290 100 27.63 27.30
SacA 29452 G. bulloides 1099.5 26,750 130 31.08 30.41
SacA 29453 G. bulloides 1340.5 30,620 180 34.85 35.62
SacA 29454 G. bulloides 1440.5 32,310 220 36.55 38.09

ESSK08-CS01:
SacA 31580 Bulk plankton 65.5 2,130 30 2.22
SacA 29455 G. bulloides 163.5 4,840 30 5.20
SacA 29456 Bulk plankton 366.5 9,405 30 10.28
SacA 33155 G. bulloides 470.5 11,130 90 12.68
SacA 33156 G. bulloides 566.5 13,960 100 16.78
SacA 33157 G. bulloides 742.5 16,310 80 19.14
SacA 31581 Bulk plankton 945.5 18,410 80 21.50 20.86
SacA 31582 Bulk plankton 1258.5 20,700 80 24.28 23.52
SacA 31583 G. bulloides 1440.5 21,720 80 25.49 24.98
SacA 31584 Bulk plankton 1626.5 22,820 90 27.21 26.36
SacA 31585 G. bulloides 1787.5 24,170 100 28.38 27.43
SacA 31586 Bulk plankton 1960.5 25,440 120 29.96 28.70
SacA 31587 G. bulloides 2135.5 26,530 140 30.92 29.56

KNI-22:
Poz-33957 G. bulloides 263.5 6,540 80 7.05b

Poz-33958 G. bulloides 475.5 13,440 60 15.72b

Poz-33959 G. bulloides 689.5 16,880 80 19.59b

Note. AMS p accelerator mass spectrometry; bsf p below sea floor; NGRIP p North Greenland Ice Core Project.
AMS 14C ages are calibrated (cal age) with Calib06 software using the Intcal09 calibration curve and a reservoir age of
400 yr. Only 14C ages between 0 and 20 kyr ago (ka) were integrated in age models; the equivalent d18O NGRIP-tuned
ages of other 14C ages are also reported.
a Poz p Poznan Radiocarbon Laboratory (Poland); SacA p Laboratoire de Mesure du Carbone 14, Saclay (France).
b Published by Jorry al. (2011).
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precisely during D/O interstadials 8, 12, 14, 16, and
19. As a consequence, frequencies of D/O cycles 5–
12 (47–30 ka) seem to be modulated by the so-
called Bond cycles (Bond et al. 1993), during which
maximum turbidite activity is coeval with Hein-
rich stadials (fig. 6).

Discussion

Do Temporal Variations of Turbidite Deposits on the

VSR Reflect Changes in Sediment Input at the River

Mouth? Our results show that deep turbidite ac-
cumulation seems to respond to climatic changes
at centennial-to-millennial timescales (figs. 5, 6).
Nevertheless, before drawing conclusions about
the mechanisms driven by climate changes that
control sediment erosion and transfer in the Var
sediment-routing system, it is important to define
to what extent temporal variations in turbidite de-
posits on the VSR reflect changes in sediment in-
put at the river mouth.
On the VSR, vertical accumulation (in a single

core) of turbidites reflects variations in overflow
activity of turbidity currents through time. On
the other hand, the increase in the number of tur-
bidite beds and sand content eastward (down-
stream; from core ESSK08-CS05 to ESSK08-CS01,
located at about 300 and 130 m above the canyon
floor, respectively; figs. 3b, 3c, 5f ) is likely caused
by the gradual decrease of the elevation of the
VSR, which becomes less and less effective at con-
fining the flows (Piper and Savoye 1993; Migeon
et al. 2001; Dennielou et al. 2006; fig. 2).

Only low-frequency/high-magnitude flows, both
flood-induced (hyperpycnal current) and slide-
induced (turbidity current), can spill over the top
of the VSR and deposit a bed that could be pre-
served at geological timescales. As a result, the
turbidite frequency variations recorded on the VSR
may reflect changes in the magnitude of flows
rather than the frequency of events triggered in the
system (Piper and Normark 1983; Skene et al.
2002). The most recent example of overflow oc-
curred during the 1979 event, but that was limited
to the eastern end of the VSR, whose height is
about a few tens of meters (Mulder et al. 1997a).
In the western and middle part of the VSR, where
the studied cores are located (fig. 1), the height of
the levee exceeds 100 m (fig. 2). The capacity for
turbidity current to mobilize a sufficient amount
of sediments to overflow the ridge crest in this
part of the VSR is the concomitant triggering of a
large number of failures by an earthquake, which
could then coalesce to form a huge turbid cloud
(Piper and Savoye 1993; Mulder at al. 1997b, 1998).

q14As a result, turbidite deposits observed in cores
are considered to result from (1) large slide-induced
turbidity currents triggered by earthquakes and
(2) hyperpycnal currents following high-magnitude
Var River floods (Piper and Savoye 1993; Mulder
at al. 1997b, 1998). The two types of related de-
posits (i.e., Bouma-type turbidites and hyperpyc-
nites, respectively) were not discriminated, and
turbidite is used as general term in the text in this
study.
A major change in the frequency of turbidite

deposits is observed at 16 ka in each studied core
(figs. 3b, 5f ). The sharp decrease in the turbidite
frequency after 16 ka is associated with a change
in turbidite bed type, which become finer grained
and thinner. This change in sedimentation could
be induced by a change in type of currents (mainly
in magnitude) flowing in the middle valley (Piper
and Savoye 1993; Migeon et al. 2012). Previously
attributed to the Pleistocene-Holocene boundary,
this transition has been reported in numerous
cores recovered in the Var sedimentary system
(Piper and Savoye 1993; Savoye et al. 1993; Migeon
et al. 2001, 2006, 2012; Jorry et al. 2011).
After 16 ka, overflows on the western and middle

VSR were rare, about one event every 100–500 yr
(fig. 5f ). Moreover, numerous thick, turbiditic,
sandy beds are found on the distal part of the sys-
tem (eastern VSR and distal lobe) during the Ho-
locene interval (Piper and Savoye 1993; Migeon
et al. 2001, 2006, 2012). On the basis of this ob-
servation, we assume that slide-induced turbid-
ity currents predominantly flowed in the middle

Table 3. Principal-Component Analyses (PCA) Calcu-
lated for X-Ray Fluorescence Core Scanner Data for Core
ESSK08-CS05

Element PCA 1 score

Aluminum (Al) .887
Silicon (Si) .890
Sulfur (S) 2.615
Chlorine (Cl) 2.794
Potassium (K) .890
Calcium (Ca) 2.484
Titanium (Ti) .949
Manganese (Mn) .346
Iron (Fe) .812
Rubidium (Rb) .830
Strontium (Sr) 2.760

Note. Factor load for each variable in the first main
axis (PCA 1 score). A high positive score is found for
elements commonly represented in siliciclastic rocks
(Si, Al, K, Ti, Fe, and Rb). The value of every sample
defined on the first PCA axes enables us to qualitatively
reconstruct the evolution of siliciclastic input recorded
in the Var Sedimentary Ridge (figs. 4, 5).
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Figure 5. Evolution through the past 30 kyr of (a) the d18O composite curve of Globigerina bulloides on the VSR
(black line; BA p Bolling-Allerod period; HS p Heinrich stadials; LGM p Last Glacial Maximum; VPDB p Vienna
Peedee belemnite; YDp Younger Dryas); (b) relative sea level (RSL), fromWaelbroeck et al. (2002; line) and Clark et al.
(2009; circles), inferred from radiocarbon and U/Th dating of corals (MPW p meltwater pulse); (c), summer insolation
at 407N (in W/m3); (d) Mediterranean aridity, inferred from percentage of semidesert taxa pollens from core MD95-2043
in the Alboran Sea (Fletcher and Sánchez-Goñi 2008); (e) siliciclastic input, deduced from principal-component analysis
(PCA) axis 1 score of ESSK08-CS05 X-ray fluorescence core-scanner data; and (f ) turbidite frequency in the four cores.
Note that the right-hand scale concerns core ESSK08-CS01, whereas left-hand scale concerns the other cores. ka p

thousands of years ago. A color version of this figure is available online.
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Figure 6. Evolution through the past 75 kyr of (a) the d18O composite curve of Globigerina bulloides on the Var
Sedimentary Ridge (line); see figure 3 for further details; (b) siliciclastic input deduced from principal-components
analysis (PCA) axis 1 score of ESSK08-CS05 X-ray fluorescence core-scanner data; (c) turbidite frequency in core
ESSK08-CS13 (dashed lines represent minimum and maximum error of visual counting); interstadials are indicated by
black arrows; and (d) pollen concentration of woody taxa in Lago Grande di Monticcio (Allen et al. 1999). The age
model has been reshaped using the Greenland Ice Core Chronology 2005 timescale; following chronological inter-
pretation of vegetation variability by Watts et al. (2000) and Fletcher et al. (2010), the previous age model (Allen et al.
1999), based on counting annual layers, was conserved for age tuned between tie points. HSpHeinrich stadials; MISp

marine isotope stage; VPBD p Vienna Peedee belemnite. A color version of this figure is available online.
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valley after 16 ka. Indeed, such fast (with a large
content of sands eroded from the channel) and
thin flows hardly spilled over the (100–300-m-high)
western and middle VSR but may have deposited
sand beds downstream, where the elevation of the
levee decreases significantly. As a result, the low
frequency of turbidites and the low sedimentation
rate observed in cores after 16 ka (figs. 3, 5f ) are, as
previously suggested by Piper and Savoye (1993),
more likely caused by flows bypassing the upper/
middle VSR, shifting the sedimentation prefer-
entially to the downstream portion of the sys-
tem, rather than by disconnection of the deep de-
positional system from the Var River in response
to deglacial sea level change. This assumption is
strongly supported by the absence of a continental
shelf off the Var River, enabling a perennial river-
canyon connection through time (Savoye et al.
1993).

Before 16 ka (i.e., during the Pleistocene), over-
flows on the western and middle VSR were fre-
quent, up to one event every 10–30 yr (fig. 5f ). Tur-
bidite beds are thick (several centimeters) and
composed of mixed sediments. These beds were
probably deposited by slow (carrying a large
amount of mud) and thick currents with a dura-
tion of days to weeks (Piper and Savoye 1993;
Mulder et al. 2001a, 2003). Given the absence of
continental shelf, no morphological difference in
the Var delta between lowstand and highstand
conditions could have induced slide-related tur-
bidity currents with such characteristics (Piper and
Savoye 1993). So we assume that the characteris-
tics of Pleistocene flows correspond more closely
to flood-induced hyperpycnal currents (Mulder
and Alexander 2001; Alexander and Mulder 2002;
Piper and Normark 2009) originated from the Var
River (Piper and Savoye 1993; Mulder et al. 1998,
2001a). The continental influence of such currents
is supported by the low abundance of coccoliths
in Pleistocene turbidite beds (Piper and Savoye
1993; Mulder and Alexander 2001). The high fre-
quency of turbidites observed on the western/mid-
dle VSR before 16 ka may reflect that hyperpycnal
currents spilling over the VSR occurred more fre-
quently than during Termination 1 and the Holo-
cene. This result does not necessarily reflect an
increasing number of hyperpycnal events in the Var
sediment-routing system but could indicate that
a larger volume of sediments was involved dur-
ing glacial times, at least during high-magnitude
events (Piper and Normark 1983).

We conclude that variations in frequency of
overflows recorded in cores from the western-to-
middle VSR mainly reflect changes in the magni-

tude of hyperpycnal flows of Var River floods. Low-
magnitude events represent the main part of the
sediment flux in the Var sediment-routing system
(Mulder et al. 1997b, 1998) but have a very limited
importance in the geological record, since they
do not deposit sediments on the VSR, where they
have the best chance of being preserved in the long
term. Furthermore, high-magnitude events con-
tributed sporadically to sediment flux but were
very important for the interpretation of the geo-
logical record. Therefore, we cannot affirm that
evolution of the frequency of high-magnitude hy-
perpycnal currents, observed in cores, is represen-
tative of variations in the sediment flux transiting
the system. Nevertheless, this signal is mainly re-
lated to flood magnitude, and thus it contains in-
formation about the climate conditions that pre-
vailed in the drainage area. Indeed, the capacity of
a river to generate hyperpycnal flows with vari-
ous frequency, magnitude, and duration depends
on relationships between the suspended-sediment
concentration and the water discharge (i.e., den-
sity contrast with seawater) that are highly sensi-
tive to climate conditions (Mulder and Syvitsky
1995; Mulder et al. 1997b, 1998, 2003). For the Var
River, Mulder et al. (1997b) demonstrated that, for
a given water discharge, floods occurring after
dry periods have an enhanced suspended-sediment
concentration and hence are more likely to be
transformed in hyperpycnal flows into the sea.
Therefore, hyperpycnal activity could have been
more sensitive to pure sediment-flux perturbations
(due to variations in erosion/sediment availabil-
ity) than to changes in sediment-flux variations
arising from water discharge (Mulder et al. 2003).
To verify this hypothesis, the following discussion
focuses on the turbidity activity changes in reac-
tion to climate change.

Climate Interpretation of Turbidite Frequency Rec-

ords. The Last Glacial Maximum and Termina-
tion 1. The maximum of the VSR turbidite ac-
tivity is observed between 30 and 16 ka (fig. 5f ), a
period encompassing the global Last Glacial Max-
imum (LGM; 26–19.5 ka). During this period, Eu-
rope was characterized by a cold climate that led
to extensive glaciation in the Alps (Ivy-Ochs et al.
2008) and in the Var River basin (Buoncristiani and
Campy 2004). At that time, glaciers covered about
17% of the total Var drainage basin area (Jorry et al.
2011; figs. 1, 2).

Recently, numerical modeling of Alpine rivers
predicted that LGM floods were characterized by
both a lower frequency and a lower water discharge
than those during the subsequent Bolling-Allerod
(14.7–12.9 ka), Younger Dryas (12.9–11.7 ka), and
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Holocene periods (Kettner and Syvitski 2008,
2009). However, these studies showed that LGM
floods transported a significantly higher sediment
load, related to the large amount of sediments pro-
duced by glaciers. Savoye and Piper (1993)q15 first
suggested that the large number of turbidites ob-
served on the VSR during the Pleistocene resulted
from high-magnitude hyperpycnal flow of fluvio-
glacial Var floods with a high sediment load. This
interpretation is supported by siliciclastic input
variations presented in figure 5e. The Var water-
shed is mainly composed of marls and limestones,
and the siliciclastic input appears to be essentially
delivered by the metamorphic massif of Mercan-
tour (fig. 1). During the LGM period, glaciers were
located in two main valleys (the Vésubie and Tinée
Valleys) that drain the Mercantour Massif (Buon-
cristiani and Campy 2004; fig. 1). As a result, sili-
ciclastic sediments deposited during the LGM can
be interpreted as glacier-derived sediments. Both
siliciclastic/glacier-derived sediment input and tur-
bidite frequency were high during glacial time
and synchronously decreased at 16 ka (fig. 5). Since
this timing corresponds to the age of major glacial
retreat reported in the Alps (20–16 ka; Hinderer
2001; Ivy-Ochs et al. 2004, 2008; Schaefer et al.
2006), we assume that the 16-ka transition in the
VSR turbidite sedimentation is explained by the
decreasing impact of alpine glaciers on both ero-
sion in and sediment delivery to the Var River.
This finding is consistent with results from slack-
water sediments from an eastern Mediterranean
watershed in which a similar rapid change in flood-
ing sediment origin from ice melt related to rain-
fall related occurred between 20 and 17 ka (Wood-
ward et al. 2008).

The D/O Cycles. Temporal changes in tur-
bidite deposition recorded in core ESSK08-CS13
cover the past 70 kyr, including MIS3 and MIS4.
The southern European climate during MIS3 was
characterized by millennial-scale oscillations (D/O
cycles), with cold and arid periods (D/O stadials,
including the Heinrich stadials) followed by rela-
tively warm and wet periods (D/O interstadials).
Turbidite activity on the VSR clearly responds to
D/O cycles through a stadial-high/interstadial-low
turbidite activity pattern (fig. 6). This draws an in-
verse relationship between precipitation and turbi-
dite accumulation that contrasts highly with other
recent studies conducted on turbidite systems (Na-
kajima et al. 2007; Covault et al. 2010). This con-
firms that in the case of the Var sediment-routing
system, in which sediment transport by hyperpyc-
nal flow predominates, deep-sea sediment transfers

are more reactive to pure sediment-flux perturba-
tions (i.e., erosion/sediment availability) than to
water-discharge changes (Mulder et al. 2003). We
assume that these variations could be driven by
variations in erosion induced by changes in glacier
and vegetation cover.
Little is known about the response of alpine gla-

ciers to climate oscillation during MIS 3 and the
D/O cycles, since the maximum extension of
LGM glaciers erased former moraines. Siliciclas-
tic/glacier-derived sediment inputs in the Var
sediment-routing system remained high during
the whole last glacial period (50–16 ka; fig. 6b).
This suggests that glaciers could have existed dur-
ing MIS 3 in the upper basin and stayed quite sta-
ble. Importantly, there is no relation between tur-
bidite activity and the PC1 curve (siliciclasitc/
glacier-derived sediment inputs), suggesting that
glaciers may have had a limited control over sedi-
ment transfers at that time.
Moreover, vegetation in southern Europe quickly

responded to D/O climate oscillations, with sparse
vegetation cover under cold and arid stadial con-
ditions (Allen et al. 1999; Sánchez Goñi et al. 2002;
Combourieu Nebout et al. 2002; Fletcher and Sán-
chez Goñi 2008; Fletcher et al. 2010; fig. 6d). This
probably enhanced runoff and erosion and thus
induced a larger sediment supply in the Var wa-
tershed (e.g., Syvitski and Milliman 2007). Con-
versely, the development of vegetation cover in
the watershed under wetter interstadial conditions
would have contributed to stabilizing soils and
limited runoff. The impact of vegetal cover on
sediment transfer was probably exacerbated by
the geomorphological characteristics of the wa-
tershed. Because of the high elevation (ca. 90%
above 500 m) and relief, a small change in tem-
perature corresponds to a large change in vegeta-
tion cover (especially forest cover; fig. 2). This
pattern is correlated with alluvial stratigraphic
studies that reveal aggradation of Mediterranean
rivers linked to intense erosion of unvegetated
soils during stadial intervals, while mean water
discharge (i.e., volume) was greater during wetter
interstadials, as attested by incision phases in
Mediterranean rivers (Macklin et al. 2002, 2012;
Woodward et al. 2008).

Conclusions

This study presents the first detailed millennial-
scale stratigraphic framework in the Var sediment-
routing system over the most recent glacial and
interglacial intervals (i.e., the past 75 kyr), based
on temporal changes in turbidite deposition in the
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western Mediterranean Sea. Turbidity activity on
the VSR mainly reflects changes in magnitude of
hyperpycnal flows spilling over the ridge, in rela-
tion with variations of the suspended-sediment
concentration of the Var River floods. We show
that this signal is sensitive to changes in pure sed-
iment flux induced by climatic perturbations oc-
curring inland. Precisely, erosion/sediment avail-
ability changes in response to (1) the presence or
absence of glaciers in the drainage area and (2) the
reduction or development of vegetation cover in
response to D/O climate swings. Our findings,
based on an unprecedented resolution in turbidite
sequences for the past 75 kyr, show that rivers
can transmit high-frequency changes in sediment-
flux changes to deep basins and that turbidity de-
posits can be used as archives of high-resolution
land-to-sea transfers. As 66% of global rivers are
able to produce hyperpycnal currents (Mulder and
Syvitski 1995), the Var River represents a major
case study for understanding the modulation of

sediment transfer to the deep ocean through gla-
cial/interglacial and millennial-timescale climate
changes.
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