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During the PROMESS campaign (summer 2004) a borehole (PRGL1) was drilled in the upper slope of the Gulf of
Lions. Previous studies showed that the deposition of the sedimentary units at borehole PRGL1 was determined
by changes in the discharge of the Rhone river, induced by sea level and climate variability with a strong 100 ka
imprint. However, there are no detailed studies that focus on the glacial/interglacial transitions (i.e. Termina-
tions) that define 100 ka Quaternary ice-age cycles. Here we present a high-resolution record of terrestrial
long chain n-alkanes (C21 to C33) from MIS 3 to MIS 11 in order to monitor changes in the sediments deposited
on the upper slope of the Gulf of Lions with the aim to provide new insight into the climatic events occurring
during Terminations in the western Mediterranean Sea.
Principal component analysis grouped n-alkane on the basis of the degree ofmaturation of organicmatter (fresh/
degraded) that allowed tomonitor past variability in the source of the sediment deposited in the upper slope as a
consequence of sea level and climate change. This informationwas used to estimate the impact that northern ice-
sheet variability had on thewesternMediterranean basin. As sea level started to fall, fresh terrestrial organicmat-
ter increased owing to the seaward migration of Rhone's mouth. Simultaneously, the decrease in sea level
exposed old and reworked organic material from the Rhone's catchment, including the delta plain and the con-
tinental shelf, that was eroded and transported into our study site. This resulted in an increase in the proportion
of degraded terrestrial organicmatter togetherwith sea level decrease. Aside from sea level changes, the propor-
tion of fresh vs degraded organic matter seems to be affected by the amount of continental runoff, with an in-
creasing proportion of fresh terrestrial organic matter occurring at times of reduced continental runoff. During
the last glacial, the increase of fresh terrestrial organic matter was contemporaneous with Heinrich events
(HEs), suggesting dry and cold conditions on the western Mediterranean basin. These dry and cold millennial-
scale episodes were reproduced during Terminations II, III and IV preceding flood events, most probably due to
weakening/reinforcement of Atlantic Meridional Overturning Circulation (AMOC) that caused dry/humid condi-
tions in western Mediterranean.
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1. Introduction

TheGulf of Lions is a stable andmicro-tidal continentalmargin locat-
ed in the northwestern sector of the Mediterranean Sea, south of the
Rhone delta. It comprises a wide and crescent-shaped shelf and a conti-
nental slope indented by numerous submarine canyons (Fig. 1). Previ-
ous studies in this region have allowed the reconstruction of the
architecture and stratigraphy of the Gulf of Lions continental margin
over the Late Pleistocene and Holocene (Tesson et al., 1990; Berne
et al., 1998; Jouet et al., 2006; Bassetti et al., 2008; Sierro et al., 2009
among others). The sedimentary units deposited on this continental
shelf during the Late Pleistocene andHolocenewere the result of chang-
es in the accommodation space, which is defined as the volume avail-
able to store sediment and water on the shelf. Drops in sea level
during periods of maximum glaciation over the last 400 ka (i.e. MIS 2,
6, 8 and 10) resulted in the reduction of the accommodation space
and in a consequent increase of the sedimentation rate on the shelf.
This process produced a rapid progradation of the deltaic system and
a subsequent formation of forced regressive deposits (Posamentier
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Fig. 1.Map of the Gulf of Lions. The present-daymorphology and the sand distribution on the continental shelf (Aloïsi, 1986) illustrating the Last Glacial sea level rise. Blue arrows
depict the two North Current branches. Core site PRGL1 is indicated by a black star. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
Map taken from Jouet et al. (2006).
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et al., 1992), which are characterized by fine-grained pelitic sediments
(Bassetti et al., 2006). In contrast, sea level rises during deglaciation
periods (e.g. Holocene) were associated with a rapid retrogradation of
the deltaic system from the outer to the inner shelf, as indicated by
the series of transgressive parasequences overlying the regressive
parasequence sets (Berne et al., 2007). The transgressive parasequences
were characterized by pelagic coarse-grained skeletal sediments and
low sedimentation rates (Bassetti et al., 2006).

Due to its location, the Gulf of Lions plays an important role in the
general circulation of the Mediterranean Sea as Western Mediterranean
Deep Water (WMDW) is formed. These water masses are formed when
Modified Atlantic Water cools and sinks (Millot, 1999). Past climate
changes in its source area have had an impact on WMDW formation
(Cacho et al., 2002; Sierro et al., 2005; Frigola et al., 2008; Nieto-Moreno
et al., 2011, among others), which highlights the importance of
performing paleoclimate studies in this region.

The last glacial period was imprinted by major cooling episodes
known as Heinrich events (HEs), which involved massive iceberg dis-
charges into the North Atlantic (Bond et al., 1993). Each of these events
marked the end of a series of cold and warm oscillations (stadials and
interstadials respectively), which began with a prominent warming.
During HE, drifting North Atlantic icebergs led to the entrance of
meltwater in thewesternMediterranean basin producing brief, yet pro-
nounced, negative isotope anomalies which coincided with a large in-
crease in the polar species Neogloboquadrina pachyderma (sin) (Sierro
et al., 2005). H-like events were also present during Terminations II, III
and IV (T-II, T-III, T-IV) when prominent Ice Rafted Debris (IRD) dis-
charges were reported in the North Atlantic (McManus et al., 1999).

Sediments deposited in the upper slope of the Gulf of Lions success-
fully monitored the nature of HE duringMIS 3. Sierro et al. (2009) dem-
onstrated that a sea level rise had occurred after the HE by studying the
formation of condensed layers (CLs) in the upper slope of the Gulf of
Lions. The CLs, rich in biogenic material, were deposited during times
of slow sedimentation rates with high sea levels, when the coastline
was very distant from the shelf break, accommodating the prodeltaic
muds and coastal sediments supplied by the river in the continental
shelf. Frigola et al. (2012) also achieved similar results by using a silt/
clay ratio on carbonate free sediments (Ca-free silt/clay ratio). A high
Ca-free silt/clay ratio after HE was interpreted as a consequence of
Dense Shelf Water Cascading (DSWC) reinforcement due to a greater
water volume at the continental shelf during periods of high sea level.
However, these granulometric proxies (Sierro et al., 2009; Frigola
et al., 2012) need a water mass threshold lying at the continental
shelf, making time a critical aspect for monitoring climate effects. For
this reason, the development of a new approach independent of either
CL formation or DSWC activation with the aim to assess the impact of
rapid H-stadial events during Terminations is needed.

The study of Terminations is crucial for understanding Quaternary
ice-age cycles with a predominant 100 ka periodicity because they de-
fine the saw-toothed character of glacial to interglacial transitions
(Broecker and van Donk, 1970) with gradual buildup and rapid collapse
of ice-sheets. However, the explanation of this 100 ka period has been
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problematic because, even though it dominates the ice-volume power
spectrum, its power is small in the insolation spectrum. Furthermore,
a high-resolution study in the Alboran Sea (i.e. close to our area) on
Terminations has revealed rapid warm/cold transitions, highlighting
the intricate nature of these periods (Martrat et al., 2014). Therefore,
further research needs to be carried out for these periods in order to
unveil the climate processes occurring at the centennial-to millennial-
scale periodicities, allowing for a better understanding of the mecha-
nisms triggering 100 ka ice-age cycles.

The sediments carried by the Rhone were deposited on the upper
slope during the past five climate cycles (Tesson et al., 1990; Berne
et al., 1998; Jouet et al., 2006; Bassetti et al., 2008; Sierro et al., 2009;
Frigola et al., 2012; Cortina et al., 2013) suggesting that the use of terres-
trial biomarkers could be advantageous to understand past climate var-
iability. A previous study at the same site (Cortina et al., 2013), using
benthic foraminifer assemblages and the proportion between Sr and
Ca in the sediments, identified an increase of CaCO3 associated to a de-
trital source during lowstands. These results revealed that this site pre-
cisely monitors the Rhone's mouth position as a function of the degree
of sediment maturation; increasing its detrital component associated
to fine-grained pelitic sediments (Bassetti et al., 2006) at times of low
sea level.

Long chain n-alkanes concentration and the relative abundance of
even/odd carbon preference vary as a function of the degree of organic
matter maturity (Bray and Evans, 1961). Hence, the study of long
chain n-alkane concentration and distribution could be used at PRGL1
tomonitor changes in the Rhone'smouth position deriving from chang-
es in climate and sea level. Contrary to the granulometric proxies previ-
ously presented (Sierro et al., 2009; Frigola et al., 2012) a time threshold
is not needed in order tomonitor past climate oscillations, implying that
biomarker analyses could be extremely useful to assess climate oscilla-
tion during short periods (e.g. Terminations) when measured at high
resolution.

Here we present a new approach based on biomarker analyses
including long chain n-alkane and alkenone compounds. The central
objectives of our study are to characterize the sedimentary units depos-
ited during the last 440 ka and to assess the impact of the H-like events
during Terminations II, III and IV on the climatic conditions of the north-
western Mediterranean region.

2. Study area

The study site is located on the upper slope of the Gulf of Lions, on
the interfluve of the Boucart and Herault canyons at a water depth of
298 m (Fig. 1). The location of this site, which is not far from the shelf-
break, provides the potential for recording glacial-to-interglacial chang-
es in sediment supply from the Rhone. This area is very suitable for the
preservation of continuous sedimentary records because of the balance
between the sedimentation rates and the accommodation space.
Furthermore, it is not strongly influenced by the Rhone deltaic system
and is very distant from the CatalonianMargin, where erosive processes
have been documented (Rabineau et al., 2005).

The general oceanographic circulation in the Gulf of Lions is
governed by the Northern Current (NC), which is divided into two
branches: the principal branch flowing through the continental slope
and a secondary branch that penetrates the continental shelf (Millot,
1990) (Fig. 1). Due to seasonal stratification and changing wind re-
gimes, the current oscillates in magnitude and direction over the year,
doubling its magnitude during winter in comparison with the summer
months (Béthoux, 1984).

3. Material and methods

During the PROMESS1 campaign (summer 2004), a borehole
(PRGL1) was drilled in the Gulf of Lions (42.690 N, 3.838 E) (Fig. 1)
in order to study the sea level changes and climatic variability of
the western Mediterranean Basin. In the laboratory, 1-cm-thick
slices were taken for every 10 cm. In this study we analyzed samples
from 19.25 to 230.90 mbsf (meter below sea floor), representing
material aged from 23 ka to 440 ka.

3.1. Age model and Globigerina bulloides δ18O record

The age model used in this paper was derived from two previous
studies on borehole PRGL1: for 19.25 to 157.10 mbsf the age model
published by Sierro et al. (2009) was used, whereas for 157.10 to
230.90 mbsf, the age model published by Frigola et al. (2012) was ap-
plied. In both cases the age model was mainly based on comparison of
the G. bulloides δ18O record with the LR04 benthic stack (Lisiecki and
Raymo, 2005). The calculated sedimentation rates resulted in an
average sampling resolution of 1150 years during interglacials and
160 years during glacial stages.

3.2. Biomarker analysis

A total of 700 sampleswere analyzed. Biomarker extractionwas based
on the Villanueva et al. (1997b) procedure. Samples were freeze-dried.
An internal standard (n-nonadecan-1-ol, n-hexatriacontane and n-
dotetracontane) of about 2.5 g of sediment that was extracted with
dichloromethane in an ultrasonic bath was included. The extract was
saponified with 10% potassium hydroxide in methanol to clean up the
interferences with carboxylic acids and ester wax. The phase with the
neutral lipids was extracted with hexane which was completely
evaporated under an N2 atmosphere. Finally, the compounds were
re-dissolved with toluene and derivatized with bis(trimethylsilyl)
trifluoroacetamide and analyzed with gas chromatography. The samples
were analyzed with a Varian 3800 equipped with a Zebron Phenomenex
ZB-1HT INFERNO column coatedwith 100% dimethylpolysiloxane (film
thickness of 0.12 mm; 50 mL ∗ 0.32 mm ID). Hydrogen was the carrier
gas (2.5 mL/min). The oven was programmed from 90 °C (holding
time of 1 min) to 170 °C at 20 °C/min, then to 280 °C at 6 °C/min (hold-
ing time 25 min), to 320 °C at 10 °C/min (holding time 12 min). The
injector was programmed from 90 °C (holding time 0.5 min) to 350 °C
at 200 °C/min (holding time was 20 min) (holding time of 1 min). The
detector was maintained with a constant temperature of 320 °C.

From chromatograms, the long chain n-alkane (C21 to C33) where
identified by direct comparison of retention times of known standards
and samples. The area of each compound was then integrated and con-
verted to concentration taking into consideration sample weight and
internal standard concentration.

3.3. Biomarker proxies

Long chain di- and tri-unsaturated alkenones (C37) are produced by
few phytoplankton species belonging to the class of Prymnesiophyceae.
Thus, the concentration of alkenones in the sedimentary record can be
used as a proxy for productivity (Prahl et al., 1993; Villanueva et al.,
1998; Zhao et al., 2006). In this study, alkenone concentrations from a
previous study (Cortina et al., 2015) were used to monitor past produc-
tivity in the area.

Sediments also receive allocthonous organic compounds from
continental vascular plants, e.g. long chain n-alkanes, which are ter-
restrial plant waxes easily removed from leaf surfaces especially by
sandblasting during dust storms (Eglinton and Hamilton, 1967;
Eglinton and Eglinton, 2008). The n-alkanes analyzed in this study
comprise series from C21 to C33 odd/even carbon numbered. Long
chain C23–C33 n-alkanes with a strong predominance of homologs
with an odd carbon number are derived from fresh terrestrial organ-
ic matter (Eglinton and Hamilton, 1967). On the contrary, degraded
organic matter typically displays a distribution of n-alkanes without
an odd carbon number preference. In order to quantify n-alkane dis-
tribution and to assess the degree of maturation of terrestrial organic
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matter two indexes were used: (1) Carbon Preference Index (CPI),
and (2) Alkane Reworked (Arew).

The CPI (Bray and Evans, 1961) of n-alkanes was used to examine
the odd over even carbon number predominance as follows:

CPI ¼ ∑4
i¼0 C 25þ2ið Þ

∑4
i¼0 C 24þ2ið Þ

where Ci is the measured concentration of each n-alkane. CPI values
close to 1 indicate either a contribution from petroleum contamination
or degraded organic matter (Bouloubassi et al., 1997), whereas CPIs N3
indicate input from terrestrial plants (Bray and Evans, 1961).

In order to differentiate the odd numbered higher plant n-alkanes
from the reworked n-alkanes we used the following expression
(Villanueva et al., 1997a):

Aodd ¼
X6

i¼1

C 21þ2ið Þ−
X5

i¼1

C 22þ2ið Þ−
C22 þ C32

2
Arew ¼ Ct−Aodd

where Ci is the measured concentration of each n-alkane and Ct is the
sum if all n-alkane homologs between C21 and C33. Higher values
would be indicative of a source of degraded organic matter.

3.4. Statistical analysis

In order to assess the relationship and a common source of both n-
alkanes and alkenones,we applied a Q-modeprincipal component anal-
ysis (PCA) performed by STATISTICA (StatSoft, Inc., version 7, 2004).We
considered long-chain n-alkanes (C21–C33) and alkenone concentra-
tions (ng∗g−1) as input variables. On the factors obtained, we applied
a varimax-normalized rotation with the aim to maximize the sum of
the variances of the squared factor loadings (e.g. increase correlation
between variables belonging the same factor).

4. Results

4.1. Changes in the organic matter source inferred from its degree of
maturation

Glacial-to interglacial stages are well defined in the δ18O G. bulloides
profile of site PRGL1 (Fig. 2A). The general interglacial–glacial trend of
the CPI (Fig. 2B) shows a decrease from maximum values during inter-
glacials to minimum values at times of Glacial Maxima (GM) 2, 6, 8 and
10. Superimposed to this general trend, short-term oscillations are also
noticed along the whole record with increases of the CPI at times of
heavy G. bulloides δ18O values (Fig.2A). The Arew index (Fig. 2C) showed
an inverse long-term relationship with CPI, with higher values at times
of lower sea level during the GM (e.g. 2, 6, 8, and 10). After that, the Arew

index started to decrease at the beginning of the subsequent Termina-
tions reaching its lowest values at the onset of interglacials.

4.2. The evolution of the biomarker concentration at the upper slope of the
Gulf of Lions during the last 440 ka

The PCA identified three major components that accounted for 82%
of the total variance (Table 1). The sum of the concentrations of the
compounds that defines each PCA component was used to monitor
changes in the composition of the sediments deposited on the upper
slope of the Gulf of Lions.

For Factor 1 (41% of the variance), the main compounds were long
chain n-alkane from C21 to C26. The sum of their concentrations
(Fig. 2D) tended to increase at the end of glacial stages, reaching the
highest values prior to Terminations, duringGM2, 6, 8 and 10. Through-
out the rest of the record, its values remained comparatively low.
Factor 2, explaining 28% of the variance, is mainly composed of long
chain odd n-alkane compounds from C27 to C33. The sum of their con-
centrations (Fig. 2E) shows high variability during the entire record, in-
creasing during the glacial stages (MIS 2, 6, 8 and 10) andMIS 5b, 5d, 7b,
7d, 9b, 9d, 11b, in line with heavy G. bulloides δ18O values (Fig. 2A).

Factor 3,with an explained variance of 13%wasmainly comprised of
long chain di- and tri-unsaturated C37 alkenones. The sum of the
alkenone compounds concentration (Fig. 2F) indicated significant
peaks from 160 ka to 180 ka (MIS 6), at MIS 7d and the interval around
250 to 265 ka (MIS 8). Alkenone concentration remained low for the
rest of the record, generally exhibiting relatively higher values during
warmer periods of the interglacial stages (i.e. 5a, 5c and 5e).

Total n-alkane concentration (Fig. 2G) mainly oscillated accordingly
with the long chain odd n-alkane compounds from C27 to C33 (Fig. 2E),
with a correlation of 0.91 (p b 0.001). Correlation decreased to 0.50
(p b 0.001) when comparing total n-alkane concentration with the
sum of the concentration of the main compounds of factor 1 (long
chain n-alkane from C21 to C26) (Fig. 2D).

5. Discussion

5.1. Sedimentation processes in the upper slope of the Gulf of Lions over the
past 440 ka

The n-alkane distribution along the PRGL1 together with the bio-
marker indexes described in the present work recorded changes in the
source of sediments deposited on the upper slope of the Gulf of Lions.
In order to explain these changes we should take into account that
first, the Rhone is the main source of sediments for the Gulf of Lions
shelf although other rivers account for minor contributions along the
coastline (Pont et al., 2002) and second, the shelf accommodation
space in the Gulf of Lions (i.e. the volume available to store sediment
and water on the shelf) has changed over the Late Pleistocene (Jouet
et al., 2006; Bassetti et al., 2008; among others) in response to sea
level oscillations. High sedimentation rates (Sierro et al., 2009; Frigola
et al., 2012) and a decreased Ca-free silt/clay ratio have been document-
ed at PRGL1 during periods of maximum glaciation MIS 2, 6, 8 and 10.
These events were the result of a rapid progradation of the deltaic sys-
tem towards the shelf edge, as the deltaic system could no longer be ac-
commodated in the shelf during periods of limited accommodation
space due to the drop in sea level (Sierro et al., 2009). On the contrary,
during interglacial periods the sea level increase resulted in the retro-
gradation of the deltaic system. During these times there was enough
space on the shelf to accommodate the prodeltaic muds and coastal
sediments supplied by the Rhone. The outcome was a decrease of the
sedimentation rates and the formation of CLs, rich in biogenic material
(Sierro et al., 2009).

During glacial stages (MIS 2, 6, 8 and 10) and substages (5b, 5d, 7b,
7d, 9b, 9d, 11b), when the sea level started to fall, an increase in the
total amount of n-alkanes (Fig. 2G) with a strong signature of the odd
n-alkanes from C27 to C33 (Fig. 2E) was monitored. Sedimentological
studies in themodernGulf of Lions identified an inverse relationship be-
tween n-alkanes concentration and the distance of the Rhone's mouth
(Bouloubassi et al., 1997; Kim et al., 2006). Consistent with these stud-
ies, our results suggest that the increased Rhone input caused by a sea-
ward migration of its mouth led to an increased supply of terrestrial
organicmatter to the upper slope. These results are in linewith previous
studies where these compounds are extensively used as a measure to
supply fresh vascular waxy plant matter to the environment (Eglinton
and Hamilton, 1963). Therefore, the sum of odd n-alkanes from C27 to
C33 could be used as a reliable proxy of fresh terrestrial organic matter.

As glacial stages further developed, the sea level continued to fall
leading to changes in the organic matter composition. An increasing
importance of the n-alkanes from C21 to C26 (Fig. 2D) with a reworked
nature (Fig. 2C) and without an odd carbon preference (low CPI)
(Fig. 2B) was observed at the PRGL1 location. Usually, the n-alkane



Fig. 2.Biomarkers in sediment core PRGL1. A.Globigerina bulloides δ18O values. B. Three-point-average of the Carbon Preference Index (CPI). C. Three-point-average of the alkane reworked
concentration (ng∗g−1). D. Three-point-average of the sumof the concentrations of C21 to C26 n-alkanes (ng∗g−1). E. Three-point-average of the sum of the concentrations of odd-alkanes
from C27 to C33 (ng∗g−1). F. Three-point-average of the sum of the concentrations of C37 di and tri unsaturated alkenone (ng∗g−1). G. Three-point-average of the total n-alkane
concentration (ng∗g−1). Red bars represent warmer substages. Blue bars indicate Terminations. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
A, values from 23 ka to 265 kawere taken from Sierro et al. (2009), values from 266 ka to 440 kawere taken from Frigola et al. (2012); F, alkenone concentrationswere taken from Cortina
et al. (2015).
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distributions predominated by a mixture of C25 to C33 n-alkanes with
high odd-to-even CPI constitute the typical distribution of hydrocarbons
originated from higher plants (Eglinton and Hamilton, 1967). Their oc-
currence is consistent with the predominant inputs observed in deltaic
environments (Albaiges et al., 1984, 1987).

Hydrocarbons in aerobic and anaerobic bacteria generally consist of
n-alkanes with no preference for odd or even carbon number homologs
in the C23 to C31 range (Davis, 1968; Jones, 1969; Jones andYoung, 1970;
Bird and Lynch, 1974; Naccarato et al., 1974). Some fungal (Jones, 1969;
Jones and Young, 1970) and yeast (Baraud et al., 1967; Fabre-Joneau
et al., 1969) species also synthesize these mixtures.

Microbial modification of originally sedimented organic matter can
also be considered as a possible source of these n-alkane distributions
in the C23 to C31 range without odd or even carbon number preference.
Johnson and Calder (1973) observed rapid changes brought by in situ
microbial activity breaking down the higher plant alkanes with re-
synthesis of a distribution lacking odd-to-even predominance. In
other studies, growing experiments performed with fungal species
(Cladosporium resinae) using n-C16 as substrate showed that a modal
n-alkane distribution ranging between C19 and C30 maximized at n-
C28 with no odd-to-even carbon number preference is formed
(Walker and Cooney, 1973). Studies of bacterial reworking of sedimen-
tary lipids have also led to these distributions (Grimalt et al., 1985,
1988).

Typically, land-derived organicmatter is often reported as amixture
of modern and reworked material that has been eroded from sedimen-
tary deposits or paleo-soils. This erosion can be influenced by climate as
well as relative changes in base sea level. A detailed study by Bassetti
et al. (2008) on the prograding sedimentwedges recovered in the vicin-
ity of our core site demonstrated that during general sea level fall our
study area was sourced by deposits of reworked material from the en-
tire emerged shelf. Furthermore, a decrease of the sea level would



Table 1
Factor loadings and explained variance of n-alkanes and alkenones resulting fromQ-mode
principal component analysis. Three factors were extracted explaining a total variance of
82%.

Components Factor 1 Factor 2 Factor 3

Loadings

C21 0.96 −0.04 0.14
C22 0.92 −0.09 0.00
C23 0.96 0.09 0.17
C24 0.96 0.10 0.11
C25 0.86 0.42 0.16
C26 0.95 0.21 0.14
C27 0.30 0.86 0.07
C28 0.50 0.32 0.06
C29 0.08 0.96 0.12
C30 0.53 0.44 0.06
C31 −0.04 0.96 0.07
C32 0.48 0.49 −0.22
C33 0.06 0.91 0.02
C37:2 −0.21 −0.17 −0.91
C37:3 −0.11 0.00 −0.95
Explained variance 41% 28% 13%

Components were listed in a factor if factor loading was higher than 0.7 (bold numbers).

Fig. 3. The n-alkane concentrations in sediment core PRGL1. A. Globigerina bulloides δ18O
C. The n-alkane concentration of one sample taken during glacial substage 7b (mbsf: 15
10 Glacial Maximum (mbsf: 203.46 m, age: 350 ka).
A, values from 23 ka to 265 ka were taken from Sierro et al. (2009), values from 266 ka
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makeolder sediments available for erosion from the entire Rhone catch-
ment area, including the continental shelf and the delta plain, with a
more reworked nature. Consequently, we hypothesize that as sea level
falls, a major proportion of old and reworked material from the Rhone
catchment area was eroded increasing the proportion of reworked n-
alkanes reaching the upper slope. Consequently, the sum of n-alkanes
fromC21 to C26 seems to be a reliable tool tomonitor degraded terrestri-
al organic matter.

The variation of n-alkane concentration over the past 440 ka, as
shown in Fig. 3A–B, corroborates our sedimentation model. These data
suggest a high supply of fresh terrestrial organic matter (odd C27 to
C33) along the entire record, with a partial substitution of degraded ter-
restrial organic matter (C21 to C26) during GMs. A histogram of the n-
alkane concentrations during GM at MIS 10 (Fig. 3D) and MIS 7b
(Fig. 3C) allowed us to corroborate the preference for odd carbon
number during periods with a predominant deposition of fresh
terrestrial organic matter compared to periods with a higher supply
of degraded terrestrial organic matter. Despite the changes in com-
position during glacial stages, the total n-alkane concentrations
(Fig. 2G) increased from the beginning to the end of these periods
as a result of seaward migration of the shoreline. Our sedimentation
values. B. Evolution of n-alkane concentration (ng∗g−1) between 23 ka and 440 ka.
6.36 m, age: 207 ka). D. The n-alkane concentration of one sample taken during MIS

to 440 ka were taken from Frigola et al. (2012).
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model based on n-alkane concentration is in line with previous
studies at PRGL1 (Sierro et al., 2009; Cortina et al., 2011, 2013;
Frigola et al., 2012) that monitored an increase of the Rhone input
as sea level decrease.

In order to ascertain the change in the nature of organic matter
(fresh vs degraded), the percentage of both the fresh (Fig. 4H) and de-
graded terrestrial organic matter was calculated (Fig. 4I). The biogenic
carbonate index (Cortina et al., 2013) measures the proportion of bio-
genic carbonate derived mainly from foraminifera and coccolith shells
in relation with detrital carbonate from Dolomite Alps associated fine-
grained prodeltaic sediments. This index was calculated from XRF
data by subtracting the standardized Ca value from the standardized
Sr value (Sr–Ca) (see more details in Cortina et al. (2013)) (Fig. 4E).
The sediment deposited during the onset of glacials (Fig. 4A, B) is
Fig. 4. Fresh vsdegraded terrestrial organic carbon deposition at theGulf of Lions. A.Globigerina b
rates (m∗ka−1). D. Three-point-average of the Carbon Preference Index (CPI). E. Three-point-a
Silt/clay ratio on carbonate free sediment (Frigola et al., 2012). G. Log10 benthic foraminifer te
organic matter. I. Three-point-average of the percentage of degraded terrestrial organic ma
[alkenones] / ([alkenones] + [n-alkanes]). Red bars represent warmer substages. Blue bars ind
reader is referred to the web version of this article.)
A, values from 23 ka to 265 ka were taken from Sierro et al. (2009), values from 266 ka to 440
characterized by the high percentage of fresh terrestrial organic matter
(Fig. 4H),which is in agreementwith an elevated proportion of biogenic
carbonate (Fig. 4E), high values of Ca-free silt/clay ratio (Fig 4F) and
benthic foraminifer test concentration (Cortina et al., 2013) (Fig. 4G).
As the Rhone's mouth migrated seaward in response to the sea level
drop, sedimentation rates at the upper slope increased (Fig. 4C). This
occurred because the accommodation space in the continental margin
was not sufficient enough to accommodate the sedimentary particles
of the Rhone and the fine-grained pelitic sediments associated with
the prodeltaic system were deposited at the upper slope (Bassetti
et al., 2006). The benthic foraminifer microfauna switched from meso-
trophic (highstands) to eutrophic (GM) (Cortina et al., 2013) decreasing
the benthic foraminifer test concentration and therefore the proportion
of biogenic carbonate owing to elevated Rhone input. The sediments
ulloides δ18O values. B. Sea level reconstruction (Waelbroeck et al., 2002). C. Sedimentation
verage of the biogenic carbonate index, see details of calculation in Cortina et al. (2013). F.
st∗g−1 (Cortina et al., 2013). H. Three-point-average of the percentage of fresh terrestrial
tter. J. Three-point-average of the alkenone proportion that was calculated as follows:
icate Terminations. (For interpretation of the references to color in this figure legend, the

ka were taken from Frigola et al. (2012).
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deposited on the upper slope during GMs had a higher proportion of
degraded terrestrial organic matter with low CPI values (Fig. 4D) asso-
ciated with fine particles that resulted in a decreased Ca-free silt/clay
ratio. These results corroborated the general idea that the decrease in
sea level exposed old and reworkedmaterial from the Rhone catchment
area, including the continental shelf and the delta plain, making these
sediments available to erosion. Such conditions led to an increase of
the proportion of terrestrial degraded organic matter in the sediments
deposited at the upper slope as Rhone input increased due to sea level
drop.
5.2. The productivity events recorded by alkenones in the Gulf of Lions dur-
ing the last 440 ka

Marine biosynthesized alkenones (Table 1, Factor 3) remained rela-
tively low compared with terrestrial derived n-alkanes (Fig. 2G),
suggesting the importance of Rhone input in the sediments deposited
on the upper slope of the Gulf of Lions. The proportion of alkenones in
relation to n-alkanes (i.e. [alkenones] / ([n-alkanes] + [alkenones]))
was calculated to evaluate periodswith elevated oceanic producers con-
tribution to the sediments (i.e. high ratio values) (Fig. 4J).

Based on planktic foraminifer assemblages (Cortina et al., 2013) it
has been demonstrated at PRGL1 from MIS 6 to 11 that productivity in
the mixed layer increased during glacial stages (i.e. MIS 6, 8 and 10)
and cold substages (i.e. 7b, 7d, 9b, 9d). However, alkenone-based pro-
ductivity estimates generally showed low values during glacials and
no-significant increases at times of cold substages (Fig. 2F). The most
plausible explanation for this seems to be the seaward migration of
Rhone's mouth as a response to sea level drop and the ensuing increase
of Rhone input that diluted oceanic signal (i.e. low alkenoneproportion)
(Fig. 4J). On the contrary, high alkenones concentrations and propor-
tions were found during warmer periods (i.e. MIS 5a, 5c, 5e, 7a, 7c, 7e,
9a, 9c, 9e and 11c). At these times the increase in sea level caused an in-
crease in the accommodation space in the continental shelf where
Rhone sediments where deposited. Hence, the sediments deposited in
the upper slope were predominantly of oceanic origin leading to an in-
crease of alkenone concentration and CL formation (Sierro et al., 2009).
These results indicated that the record of alkenone-based productivity
on the upper slope was highly influenced by Rhone's mouth migration
as a response to sea level variability. Moreover, the fact that the propor-
tion of alkenones in relation to n-alkanes decreased simultaneously
with CPI values supports the idea that low CPI values were the result
of an increase in the proportion of terrestrial degraded organic matter
rather than to the increase of low-chain marine-sourced biomarkers
(Rosell-Melé and McClymont, 2007).

Very high and distinctive productivity values recorded during
cold MIS 8 and 7d periods appear also to have a sea level component,
as corroborated by low n-alkane concentrations (Fig. 2G). The MIS 8
productivity event occurred during the glacial period with the
highest sea level (Cortina et al., 2013), and the 7d productivity
event occurred during a warmer interval (Fig. 4A) with higher tem-
peratures (Cortina et al., 2015) and therefore, a probable sea level
rise. The third productivity maximum took place around 170 ka. In-
terestingly, increased rainfall both in the eastern (Ayalon et al.,
2002) and western (Plagnes et al., 2002) Mediterranean basins has
been reported during this interval. Furthermore, high percentages
of Neogloboquadrina pachyderma (dex.) linked to increased annual
stratification in the water column have been monitored in the Gulf
of Lions, leading to the formation of a deep chlorophyll maximum
(Cortina et al., 2013). Taken together, all these evidences suggest
that enhanced productivity conditions in the western Mediterranean
basin were coetaneous with increased precipitation in the whole
Mediterranean Sea around 170 ka. Moreover, the fact that this inter-
val coincides with the deposition of the singular cold Sapropel 6 in
the eastern Mediterranean Sea (Cita et al., 1977) suggests a possible
link between these two events. However, further research needs to
be carried out in order to unveil possible connections.

5.3. The impact of HE on the sediments deposited in the Gulf of Lions during
the last glacial period

The granulometric proxies (Sierro et al., 2009; Frigola et al., 2012)
require a water mass threshold lying at the continental shelf, making
the variable of time a critical aspect for monitoring climate effects. On
the contrary, the continuous interplay between fresh and degraded ter-
restrial organic matter is not time-dependent and therefore can be used
to monitor H-like events occurring at millennial scales during Termina-
tions. Hencewe propose (1) to assess the impact of HE on terrestrial or-
ganic matter deposition (fresh vs degraded) during the last glacial
period and, (2) to characterize the H-like events during T-II, T-III and
T-IV and its ensuing impact on the western Mediterranean climate.

Light isotope signature (Fig. 5A), and in the case of the strongest
events the presence ofN. pachyderma sin (Fig. 5G), marks the HE during
the last glacial period (Sierro et al., 2005). The H3, H4 and H5 in the
upper slope of the Gulf of Lions are defined by an increase of the per-
centage of fresh terrestrial organic matter (Fig 5C) with high CPI
(Fig. 5B), and a decrease of the proportion of the degraded terrestrial or-
ganic matter (Fig. 5D). Considering the results discussed in Section 5.1,
the partial substitution of degraded terrestrial organic matter (associat-
ed with low CPI) by fresh terrestrial organic matter (associated with a
high CPI) could be taken as an indicator of changes in the source of ter-
restrial organic matter to the upper slope. Furthermore, granulometric
proxies, the CL's formation (Fig. 5E) (Sierro et al., 2009) and the increase
of the Ca-free silt/clay ratio via DSWC activation (Fig. 5F) (Frigola et al.,
2012) suggest the occurrence of flooding events posterior to HE, or at
least restricted to the last phase of HE (Flückiger et al., 2006).

The mechanism behind this variability could be as follows: during
the HEs there was a collapse of the Atlantic Meridional Overturning
Circulation (AMOC) (Broecker, 1994) concurrent with Northern
Hemisphere (NH) coolings owing to reduced inter-hemispheric heat
exchange and conspicuous warmings in Antarctica (Blunier and Brook,
2001). During these times the Mediterranean climate was cool and dry
(Cacho et al., 1999; Shackleton et al., 2000; Sánchez-Goñi et al., 2002;
Combourieu-Nebout et al., 2002; de Abreu et al., 2003; Pérez-Folgado
et al., 2003) and rainfall and runoff from continents was reduced (Cacho
et al., 1999; Sánchez-Goñi et al., 2002; Combourieu-Nebout et al., 2002;
Bartov et al., 2003; Jiménez-Espejo et al., 2007; Rodrigo-Gámiz et al.,
2011). The reduction of the runoff from the continents could weaken
the erosional processes in Rhone catchment area, plunging the amount
of degraded terrestrial organicmatter reaching the upper slope and there-
fore raising the proportion of fresh terrestrial organic matter with elevat-
ed odd carbon preference. The rapid AMOC resumption after HE linked
with Greenland (Blunier and Brook, 2001) and Mediterranean (Martrat
et al., 2004, 2007) warming favored the increase of the Rhone's flow en-
hancing erosion of old and reworked sediments and thus, the arrival of
degraded terrestrial organic matter to the upper slope.

This process finished with a sea level rise during the warmest tem-
peratures in Greenland and both, the formation of the CL in the upper
slope of the Gulf of Lions (Fig. 5E) (Sierro et al., 2009) and the increase
of Ca-free silt/clay ratio owing to DSWC activation (Frigola et al.,
2012). These patterns, although recognizable, are not as apparent in
HE5a and HE6 maybe a consequence of higher sea level that prevented
the upper slope to monitor clearly the changes in the source of the
terrestrial organic matter.

5.4. The impact of the northern ice sheets dynamics on the western
Mediterranean climate during T-II, T-III and T-IV

HEs were described as marine sediment layers containing a large
concentration of IRD and a scarcity of foraminifera at particular north-
east Atlantic mid-latitudes (Broecker et al., 1992) and these IRD were



Fig. 5. Impact of Heinrich events on northwesternMediterranean environmental conditions. A. Globigerina bulloides δ18O values (Sierro et al., 2009). B. Three-point-average of the Carbon
Preference Index (CPI). C. Three-point-average of the percentage of fresh terrestrial organic matter D. Three-point-average of the percentage of degraded terrestrial organic matter. E.
Percentage fine sand (62–150 μm) (Sierro et al., 2009). F. Silt/clay ratio on carbonate free sediment (Frigola et al., 2012). G. Percentage of Neogloboquadrina pachyderma (sin). Blue
bands depict Heinrich events (HEs). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

29A. Cortina et al. / Chemical Geology 430 (2016) 21–33
recorded over each of the rapid Terminations during the past 500 ka
(McManus et al., 1999).

Fig. 6 shows that in the Gulf of Lions (PRGL1) similar patterns re-
garding terrestrial organic carbon deposition are monitored during the
last glacial period and Terminations. Rapid fresh/degraded oscillations
of terrestrial organic matter were monitored (Fig. 6C, D). The mecha-
nisms behind these rapid cold–warm (fresh/degraded terrestrial organ-
ic matter) transitions should be similar than those described during last
glacial period (Section 5.3), and are probably related to ice rafting and
meltwater events in the North Atlantic region (Bond and Lotti, 1995)
and its ensuing impact on the climate of the Mediterranean region.
Starting from the GM (lower CPI values), rising summer insolation trig-
gered initial disintegration of a massive, isostatically compensated ice
sheet (Cheng et al., 2009). The associated injection of fresh water at
northern latitudes reduced the North Atlantic DeepWater (NADW) for-
mation, reducing AMOC (Dixon et al., 1999; Wiebe and Weaver, 1999)
and initiating a cooling in the North Atlantic region (Barreiro et al.,
2008). This AMOC weakening would result in a increase of the atmo-
spheric pressure gradient in the North Atlantic (Ganopolski and
Rahmstorf, 2001), which resulted in arid and cold conditions inwestern
Mediterranean (Moreno et al., 2005). Cooling in North Atlantic reduced
melt rate and reestablished NADW, causing warming in northern high
latitudes. Such conditions would result in decreased atmospheric
gradient (Ganopolski and Rahmstorf, 2001), enhancing humid and
warm conditions in western Mediterranean (Moreno et al., 2005). The
temperature increase at northern latitudes then again led to a
freshwater input into the North Atlantic and the gradual shutdown of
NADW formation. These rapid cold/warm ended when the interglacial
conditions were achieved.

We hypothesize that the changes in the proportion of fresh/degrad-
ed terrestrial organic matter are intimately linked to these rapid cold/
warm episodes. Cold and arid conditions would lead to a decrease of
the Rhone's input. The flow reduction would result in the reduction of
old and reworked material erosion that was exposed since sea level is
still increasing. Such conditions favored the deposition of fresh terrestri-
al organic matter in the upper slope. In contrast, during rapid warm and
humid events the Rhone's inputwould increase due to both, a precipita-
tion enhancement and the melting of the continental ice accumulated.
Hence, the increase in Rhone's input would enhance the erosion of old
and reworkedmaterial increasing the proportion of degraded terrestrial
organic matter sedimenting on the upper slope. Our model is in line
with a previous study in the Gulf of Mexico (Meckler et al., 2008) that
described a similar increase in the deposition of reworked material at
times of flood events during last deglaciation. These warm episodes,
probably associated to flooding events, were analogous to flooding
events recorded during last glacial (Sierro et al., 2005; Frigola et al.,



Fig. 6. Impact of H-like events during Terminations on northwestern Mediterranean environmental conditions. A. Globigerina bulloides δ18O values. B. Three-point-average of the Carbon
Preference Index (CPI). C. Three-point-average of the percentage of degraded terrestrial organic matter. D. Three-point-average of the percentage of fresh terrestrial organic matter. E.
Percentage fine sand (62–150 μm) (Sierro et al., 2009). F. Silt/clay ratio on carbonate free sediment (Frigola et al., 2012). Orange bars depict Terminations. H-like events are numbered
and represented by blue bands.
A, values from 23 ka to 265 ka were taken from Sierro et al. (2009), values from 266 ka to 440 ka were taken from Frigola et al. (2012).
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2012). However, unlike granulometric proxies (i.e. % fine sand, Ca-free
silt/clay ratio) (Fig. 6E, F), our proxy based on n-alkanes responded
quickly to change in the Rhone's source monitoring similar patterns
during Terminations. These results highlight the usefulness of n-
alkane-based proxies to monitor rapid climate oscillations during
Terminations.

During T-II and T-IV the increase in the proportion of fresh terrestrial
organic matter was most likely linked to cold/arid conditions and re-
duced runoff coinciding with heavy 18O values in the western Mediter-
ranean region (Fig. 6A). Interestingly, during T-III high fresh terrestrial
organic matter input was linked to light 18O values (Fig. 6A). The exact
source of the isotope signal during massive IRD discharges in the Med-
iterranean remains unclear. Sierro et al. (2005) claimed that during
the last glacial interval, the meltwater pulses into Mediterranean pro-
duced light isotope excursions during HE. However, a new high-
resolution record by Martrat et al. (2014) has showed that western
Mediterranean region experienced a high climate variability during T-
II where massive IRD occurred as well. The former authors documented
warm periods within T-II that could be associated to light 18O values in-
side stadials not previously recorded due to the low-resolution of previ-
ous studies. This observation raises corresponding caution with the
interpretation of 18O records in the Mediterranean during periods of
high IRD discharge in the North Atlantic.

Accordingly, twomechanisms could explain the anomalous light 18O
values during T-III. First, as proposed by Sierro et al. (2005) and analo-
gous to HE occurring in last glacial, the input of freshwater in Mediter-
ranean Sea from melted icebergs could produce an anomalous
decrease of 18O isotope values during cold periods. Secondly, this behav-
ior could be a consequence of the amount and rate of insolation rise.
Speleothem studies at Sambao Cave (China) (Cheng et al., 2009) during
Terminations, demonstrated that contrary to T-II and T-IV, T-III was
interrupted by a long interstadial that could be a response to a low
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amount and rate of insolation rise. The warm signature of this intersta-
dial could imprint 18O isotope values hiding the effect of cold and arid
climate, as monitored in H-like events at T-II and T-IV. The exact mech-
anism remains unclear, however, the fact that regarding 18O isotope
values uninterrupted Terminations (T-II and T-IV) had similar pattern
and different to the interrupted (T-III) Termination lets us assume that
this interstadial plays an important role in the 18O isotope signature.

Regarding the intensity, global sea level reconstructions
(Waelbroeck et al., 2002) (Fig. 4B), isotope studies in benthic fora-
minifera (Shackleton, 1987) and previous studies in the Gulf of
Lions (Cortina et al., 2013) have indicated MIS 6 and MIS 10 as sim-
ilar glacial stages, and MIS 8 as a less intense glaciation. The fact that
T-II and T-IV had a greater number of steps (3 H-like and 4 H-like re-
spectively) than T-III (1 H-like) could be the result of differences in
the quantity of ice melted until reaching an interglacial state. There-
fore, MIS 8 would be a less intense deglaciation associated to a less
intense glacial. This can also be corroborated by the recorded
percentage of IRD that were 63.66%, 43.59% and 79.77% for MIS 6,
MIS 8 and MIS 10 respectively (McManus et al., 1999). Regardless
the number of steps, all the Terminations studied showed a strong
millennial component transmitted from high latitudes to the north-
western Mediterranean basin, highlighting the strong interconnec-
tion between northern and middle North Atlantic latitudes.

6. Conclusions

The proportion of degraded/fresh terrestrial organic matter arriving
to the upper slope of the Gulf of Lions varies mainly at glacial/intergla-
cial scales as a function of sea level changes. As sea level decreases an in-
crease of both total n-alkanes and fresh terrestrial organic matter is
monitored in the upper slope owing to the seaward migration of the
Rhone'smouth. As glacial stages further developed, the sea level contin-
ued to fall exposing to erosional processes the older and reworked sed-
iments from the Rhone catchment area, including the continental shelf
and the delta plain. The outcome was an increase of the proportion of
degraded terrestrial organic matter arriving to the upper slope that
was associated to the fine-grained prodeltaic sediments. On the con-
trary, during episodes of extremely high sea level river-borne sediments
barely arrived to the upper slope, enhancing the proportion of marine-
derived components (e.g. alkenones). A pronounced productivity
event occurred around 170 ka, a period characterized by enhanced pre-
cipitation in the whole Mediterranean Sea. During this interval the
deposition of the singular cold Sapropel 6 took place in the eastern
Mediterranean Sea. Therefore, further research is needed to unveil pos-
sible links between the two basins during this period.

During last glacial, as the sea level fell the progressive decrease of
fresh terrestrial organic matter was punctuated by several increases
during HE. We interpreted these increases as a consequence of the
cold and dry conditions prevailing at these times that caused a decrease
in Rhone'sflow. These short cold eventswere followed by shortflooding
events that caused an increase of the proportion of the degraded terres-
trial organicmatter.We interpret that both precipitation andmeltwater
of the continental ice led to increased continental runoff enhancing the
erosion of old and reworked material from Rhone catchment area.

Analogous to last glacial, rapid cold/warm oscillations were identi-
fied during T-II, T-III and T-IV, where the cold episodes shared some
similarities with HE. These rapid cold/warm oscillations detected in
the western Mediterranean basin, responded most probably to a col-
lapse/resumption of the AMOC. During a collapse, increased
atmospheric gradient in the North Atlantic induced dry and cold
conditions in the western Mediterranean region, reducing runoff and
enhancing the proportion of fresh terrestrial organic matter. However,
the AMOC resumption produced a decrease in the atmospheric
gradient in the North Atlantic, which resulted in warm and more
humid conditions in the western Mediterranean. Such conditions led
to increased continental runoff and the ensuing erosion of old and
reworked material from the Rhone catchment area that imprinted
sediments deposited in the upper slope.

Our high-resolution record showed that climate conditions during
Terminations were more dynamic than thought, identifying 3 (T-II), 1
(T-III) and 4 (T-IV) rapid stadial events during these short periods of
strong sea level increase. Moreover, it was demonstrated that the west-
ern Mediterranean climate responded quickly to both northern ice-
sheets and AMOC dynamics. As the western Mediterranean is a key re-
gion in deep-water production, the impact of these rapid oscillations is
expected to spread in the whole basin affecting the Mediterranean
ocean circulation and land climate.
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