
Fingerprint of tropical climate variability and sea level
in sediments of the Cariaco Basin during the last glacial
period

GAUDENZ DEPLAZES*, ANNA NELE MECKLER*† , LARRY C. PETERSON‡ ,
YVONNE HAMANN*1, BEAT AESCHLIMANN§ , DETLEF G €UNTHER§ ,
ALFREDO MART�INEZ-GARC�IA*2 and GERALD H. HAUG*2

*Geological Institute, Department of Earth Sciences, ETH Z€urich, 8092 Z€urich, Switzerland
(E-mail: gaudenz.deplazes@alumni.ethz.ch)
†Department of Earth Science and Bjerknes Centre for Climate Research, University of Bergen, Bergen,
Norway
‡Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, FL 33149, USA
§Laboratory of Inorganic Chemistry, Department of Chemistry and Applied Biosciences, ETH Z€urich,
8093 Z€urich, Switzerland

Associate Editor – Nathan Sheldon

ABSTRACT

High-resolution palaeorecords of climate are critical to improving current

understanding of climate variability, its sensitivity and impact on the envi-

ronment in the past and in the future. Sediments from the Cariaco Basin off

the coast of Venezuela have proven to be sensitive recorders of tropical

palaeoclimate variability down to an annual scale. However, the fingerprint

of climate and sea level in the sediments of the last glacial period is still not

completely understood. In this study, lamination analysis of sediments from

the Cariaco Basin is extended to the last glacial period. Detailed sedimento-

logical and geochemical analysis (laser ablation–inductively coupled

plasma–mass spectrometry) reveals couplets of light-coloured, terrigenous-

rich and dark-coloured, biogenic opal-rich laminae, which are interpreted to

reflect the seasonal migration of the Intertropical Convergence Zone. In addi-

tion, a previously undescribed, nearly pure terrigenous lamina type is

observed, which is referred to hereafter as a ‘C-layer’. The C-layers in the

sedimentary sequence are interpreted as flood layers that originate from local

rivers. The occurrence of these C-layers is investigated for two core locations

in the Cariaco Basin over the last 110 kyr by continuous X-ray fluorescence

scanning. Dansgaard–Oeschger oscillations are most clearly traced by proxies

reflecting productivity and marine organic matter content of the sediment. In

contrast, the abundance of terrigenous material differs at times between the

two sites. On an interglacial to glacial timescale, the ability to record events

causing C-layers is likely to be influenced by changes in sea level and source

proximity. On a millennial scale, both sediment cores contain more C-layers

during warmer interstadials compared with colder stadials during Marine

Isotope Stage 3. This finding implies that interstadials were not only wetter

than stadials, but probably also characterized by increased rainfall variabi-

lity, leading to an enhanced frequency of flooding events in the hinterland

of the Cariaco Basin.
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INTRODUCTION

The climate of low latitudes is characterized by
distinct seasonal changes in precipitation and
wind circulation in association with the annual
migration of the Intertropical Convergence Zone
(ITCZ) and the intensity of the monsoon sys-
tems. In the past, the ITCZ-monsoon system has
experienced considerable variations in position
and strength including abrupt changes during the
last glacial period (e.g. Chiang, 2009). These vari-
ations seem to have happened in close associa-
tion with climate oscillations of the high
latitudes, but the exact mechanisms of communi-
cation and feedback involving the atmospheric
and oceanic system are still debated (Broecker,
2003; Timmermann et al., 2003; Wunsch, 2006;
Petersen et al., 2013; Stockhecke et al., 2014).
Most long-term terrestrial and marine palaeo-

proxy studies have focused on reconstruction of
the mean state of the climate, for example infer-
ring higher or lower rainfall on a multi-decadal
to millennial timescale. This is typically due to
limitations in the nature and resolution of the
recording archive. However, environmental con-
sequences of climate depend not only on the
mean state of climate, but also on its seasonal
or interannual variability. Floods, for example,
are caused by heavy precipitation during a
limited time interval of days or weeks. Floods
and associated mass movements are major
natural hazards and can dominate erosion and
sediment transport. High-resolution palaeoproxy
studies are therefore needed to reconstruct
climate variability on seasonal to interannual
timescales.
Sediments deposited in the Cariaco Basin on

the northern shelf of South America have been
used as sensitive recorders of regional climate
and the position of the ITCZ over central and
northern South America on a variety of time-
scales (Hughen et al., 1996a; Peterson et al.,
2000a; Peterson & Haug, 2006; Gonzalez et al.,
2008a; Hertzberg et al., 2012). The millennial-
scale Dansgaard–Oeschger (DO) oscillations of
the last glacial period can be traced in great
detail in the Cariaco Basin, based on sediment
colour and the occurrence of lamination (Peter-
son et al., 2000a; Deplazes et al., 2013). These

oscillations between warmer (interstadials) and
colder (stadials) conditions were first reported
in Greenland ice cores (Dansgaard et al., 1993)
and North Atlantic sediments (Bond et al.,
1993). Sediments from the Cariaco Basin are dar-
ker coloured and laminated during interstadials,
and lighter coloured and weakly laminated to
bioturbated during stadials. In addition, it has
been reported that terrigenous input inferred
from sedimentary titanium concentrations oscil-
lates in concordance with the DO oscillations
during Marine Isotope Stage (MIS) 3 (Peterson
et al., 2000a). This finding has been interpreted
as a northward shift in the annual mean posi-
tion of the ITCZ during interstadials, leading to
increased riverine fluxes of terrestrial compo-
nents into the Cariaco Basin. The interpretation
of a latitudinal displacement of the ITCZ over
DO oscillations is in concordance with various
palaeoproxy studies in central and northern
South America (Arz et al., 1998; Baker et al.,
2001; Wang et al., 2004; Leduc et al., 2007;
Hodell et al., 2008; Mosblech et al., 2012) and
also modelling studies (Chiang et al., 2003;
Zhang & Delworth, 2005; Krebs & Timmermann,
2007; Menviel et al., 2014). However, the pre-
cise sedimentary expression of the terrigenous
input and the regional heterogeneity of the ter-
restrial signature within the Cariaco Basin have
not yet been investigated.
The sensitivity of sediment deposition in the

Cariaco Basin to the position and variability of
the ITCZ is demonstrated in the present seasonal
cycle (Thunell et al., 2000; Muller-Karger et al.,
2001; Elmore et al., 2009; Goni et al., 2009;
Calvert et al., 2015). During summer and autumn,
the ITCZ is located north of the equator, over the
catchment area of the Cariaco Basin, and high
precipitation leads to an increased influx of
terrigenous material to the basin. During winter
and spring, the ITCZ moves to the south, and
north-easterly trade winds drive increased
upwelling of nutrient-rich waters, which fuels
the flux of biogenic material such as opal, carbon-
ate and organic matter (OM) to the seabed. This
results in a seasonally varying input of biogenic
and terrigenous components that is recorded as
fine laminae in the sediments at the sea floor
under anoxic conditions. These laminae have

© 2018 The Authors. Sedimentology © 2018 International Association of Sedimentologists, Sedimentology, 66, 1967–1988

1968 G. Deplazes et al.



been studied in detail for the sediment deposited
since the last glacial period (Hughen et al.,
1996a,b, 2004). However, the fine laminae
occurring in sections of the last glacial period
have not yet been characterized.
Terrigenous input and productivity in the

Cariaco Basin are not solely determined by cli-
mate variability associated with the migration of
the ITCZ (Clayton et al., 1999; Peterson & Haug,
2006; Martinez et al., 2007). On longer time-
scales, eustatic sea-level changes must influence
the sensitivity and the depositional regime of
the sediment archive (Peterson et al., 1991;
Haug et al., 1998; Lane-Serff & Pearce, 2009;
Hertzberg et al., 2012; Riboulleau et al., 2014).
The Cariaco Basin is separated from the open
Caribbean Sea by a sill with a depth of ca 146 m
at present. A glacial lowering of the sea level by
at least 120 m during MIS 2 on the one hand
probably reduced the inflow of nutrient-rich
thermocline waters from the Caribbean Sea,
leading to an increased oceanographic isolation
of Cariaco Basin. On the other hand, lowered
glacial sea level would have reduced the width
of the shelf in the southern part of the Cariaco
Basin from ca 50 km at present to a few kilome-
tres at most (Fig. 1). The glacial exposure of the
shelf is expected to have led to reduced deposi-
tion of terrigenous material on the shelf itself,
and to a more direct transport of sediment to
deeper parts of the basin. It is, however, to date
unclear to what extent the eustatic sea-level
changes influenced sediment deposition in the
Cariaco Basin (Clayton et al., 1999; Peterson &
Haug, 2006; Martinez et al., 2007).
In this study, high-resolution X-ray fluores-

cence (XRF) scanning and laser ablation–induc-
tively coupled plasma–mass spectrometry (LA–
ICP–MS) techniques are applied to investigate
sedimentation in the Cariaco Basin on seasonal
to interannual timescales for the last glacial per-
iod in comparison to the current interglacial per-
iod. The sediment laminae are characterized in
detail for selected intervals during the Younger
Dryas (YD), Termination I (TI), Interstadial 8
(IS8) and the subsequent Stadial (S8). Additio-
nally, continuous XRF core scanning is per-
formed on two sediment cores for the time
period of the last 110 kyr. Trends in inorganic
and organic sedimentary components at the two
sites are then compared to differentiate between
local and regional influences, and to investigate
the effects of climate and sea level on sediment
deposition in the Cariaco Basin during the last
glacial period.

MATERIAL AND METHODS

Study sites

The records presented in this study were
obtained from giant ‘Calypso’ sediment cores
recovered at two sites in the Cariaco Basin during
IMAGES cruise XI (PICASSO) aboard the R/V
Marion Dufresne in 2003 (Laj & Shipboard
Scientific Party, 2004). The cores were taken from
the western and eastern sides of the central
saddle that divides the Cariaco Basin into two
sub-basins. The 48�3 m long core MD03-2622
(10°42�370N, 65°10�150W, water depth 877 m) was
retrieved close to the location of Ocean Drilling
Program Site 1002 (Shipboard Scientific Party,
1997) from the western side of the central saddle
of the Cariaco Basin (Fig. 1). For the depth inter-
val of 17�7 to 20�8 metres below sea floor (mbsf)
the compositional data record of MD03-2622 was
completed with data from core MD03-2620 that
was taken at the same site. The 52�97 m long core
MD03-2621 (10°40�690N, 64°58�290W, water depth
847 m) was recovered from the eastern side of the
central saddle (Fig. 1).

Age model

The age model for core MD03-2621 is described
in Deplazes et al. (2013) and is based on cross-
correlation of the total reflectance (L*) record to
other AMS (Accelerator Mass Spectrometry)14C-
dated colour records from the Cariaco Basin
(Hughen et al., 1996a, 2004, 2006). The age model
was further fine-tuned by correlating the L*
record to the Greenland ice core d18O record of
NGRIP (Steffensen et al., 2008; Svensson et al.,
2008; Wolff et al., 2010; Fig. 2). The age model
for core MD03-2622 is based on correlating the L*
record (Laj & Shipboard Scientific Party, 2004)
and the XRF scanning derived bromine record to
the same parameters from core 2621 (Table S1).
Both of the age models were interpolated linearly
between tie points. In core 2622, several, centime-
tre-thick, turbidite layers observed during the
Bølling–Allerød (BA) time period were treated as
event layers and temporally compressed in the
age model.

Total reflectance L*

The shipboard L* record of core 2622 (Laj &
Shipboard Scientific Party, 2004) was comple-
mented for the depth interval of 13�5 to 18�0 m
with a new, high-resolution L* record (Figs 3
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and S1). This record was measured in the same
way as the L* record of core 2621 (Deplazes
et al., 2013): L* values were acquired with a res-
olution of ca 70 lm (143 to 146 pixels cm�1)
along transects on pictures obtained with a line
scan camera mounted in an Avaatech XRF core
scanner (Avaatech XRF Technology, Alkmaar,
The Netherlands) at ETH Z€urich.

X-ray fluorescence core scanning

Semi-quantitative element analysis was per-
formed with Avaatech XRF core scanners (Rich-
ter et al., 2006) located at ETH Z€urich (core
2621, part of 2622) and the University of Miami
(complete core 2622; Gibson & Peterson, 2014).
The XRF scanning allows continuous, non-
destructive measurements of chemical composi-
tion on a sub-millimetre scale at the sediment
core surface. Prior to measurements, the upper-
most ca 1 mm of the sediment was carefully
removed and the sediment surface was

smoothed. The XRF scans were made at both
10 kV and 30 kV, with 2000 lA and 1000 lA
and a counting time of 20 sec and 10 sec for
cores 2621 and 2622, respectively. The measure-
ments were acquired with a down-core resolu-
tion of 0�2 to 1�0 mm and 5�0 mm, respectively,
and a cross-core slit size of 12 mm for both
cores. Elemental intensities measured by XRF
core scanning were compared in some intervals
to high-resolution LA–ICP–MS data (Figs S2 and
S3), and long-term trends were cross-checked
with conventional XRF measurements at
selected locations (n = 30; Figs S4 and S5;
Tables S2 and S3).

Laser ablation–inductively coupled
plasma–mass spectrometry

Laser ablation–inductively coupled plasma–
mass spectrometry (LA–ICP–MS) scans were
made on six resin-embedded sediment blocks of
core MD03-2621 at the ETH Z€urich (Fig. 2).
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in Fig. 2.
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Sediment was ablated from the blocks in a
sealed ablation cell (Fricker et al., 2011) with a
square 160 lm wide laser beam with a repeti-
tion rate of 10 Hz and a wavelength k of
193 nm (G€unther et al., 1997). For LA–ICP–MS
scanning the ablation cell was moved under the
laser beam with a velocity of 20 lm sec�1. The
signal acquisition time per data point was
0�56 sec, which results in one data point every
11 lm. The data were quantified using NIST
SRM 612 for calibration and the calculation
protocol as described by Longerich et al. (1996).
Further details can be found in the Supporting
Information (Table S4).

Lamination analysis

Sedimentological analysis was performed on
thin sections taken from the same resin-
embedded sediment blocks that were analyzed
with LA–ICP–MS. The thin sections were
scanned, photographed and analyzed with polar-
ization microscopes for transmitted light (Figs 4
to 8 and S6).

Conventional X-ray fluorescence

Bulk chemical sediment analyses with conven-
tional X-ray fluorescence (XRF) were performed
for 30 samples (Fig. S4). The analyses were made
using a wavelength dispersive XRF spectrometer
(WD–XRF; Axios, PANalytical, 2�4 kV; Malvern
Panalytical Limited, Royston, UK). A total of 10
major and 21 trace elements were quantitatively
analyzed after fusion of the ground powder
samples with Lithium–Tetraborate (1:7 mixture)
using a ClaisseM�fluxer (Malvern Panalytical
Limited). The quality of the results was con-
trolled with certified reference material (BCR-2,
USGS). The precision was generally better than
�0�5% for major elements, and better than 5.0%
for trace elements with concentrations above
10 ppm.

Organic geochemistry

Organic properties were measured for selected
samples (Fig. S4) for comparison with the L*
record and to determine the origin of the organic
material. Freeze-dried sediment samples were
extracted with an Accelerated Solvent Extraction
system using a solvent mixture of DCM:MeOH
(9:1). Chlorins, i.e. chlorophyll pigment trans-
formation products (Harris et al., 1996), were
measured using a high performance liquid

chromatograph coupled to a photodiode array
detector (PDA, Thermo Surveyor; Harris &
Maxwell, 1995; Fietz et al., 2011). Glycerol dia-
lkyl glycerol tetraethers (GDGTs) were analyzed
by high performance liquid chromatography/at-
mospheric pressure chemical ionization–mass
spectrometry (HPLC/APCI–MS; Hopmans et al.,
2000; further details can be found in the Sup-
porting Information). Total organic carbon (TOC)
was calculated by the difference between Total
Carbon (TC) and Inorganic Carbon (IC) deter-
mined by a UIC, Inc. (Joliet, IL, USA). CM 5012
CO2 Coulometer (Herrmann & Knake, 1973).

RESULTS

Description and composition of lamination

In the following, the laminations and their
chemical composition will be described starting
from the youngest section studied here and
going backwards in time.

Younger Dryas
Two basic types of laminae can be characterized
in the Younger Dryas (YD) time interval, which
are here referred to as A-layers and B-layers
(Figs 4, 8A, S2, S3 and S6). The A-layers have a
light colour on the sediment surface and light-
yellowish colour in thin sections under cross-
polarized light; they consist of calcareous and
siliciclastic components. Biogenic shells of fora-
minifera, coccolithophorids and occasional dia-
toms can be recognized. This layer type is
characterized by, in comparison with B-layers,
higher concentrations of calcium (Ca) and ter-
rigenous elements such as iron (Fe), titanium
(Ti) and aluminium (Al), but lower concen-
trations of bromine (Br) and lower silicon to
aluminium ratios (Si/Al).
The B-layers are dark-coloured on the sedi-

ment surface and in thin sections under cross-
polarized light (Figs 4, 8A, S2, S3 and S6); they
are enriched in diatoms and have lower
concentrations of calcareous and siliciclastic
components. The B-layers are characterized by
elevated Br intensities and Si/Al values. In
marine sediment cores, Br has been shown to
provide reliable estimates of the OM content
(Ziegler et al., 2008). In analogy to the present-
day seasonal cycle, layer type B appears to cor-
respond to the more productive, boreal winter
season and layer type A to the rainy, summer
season.
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Viewed in thin section, the millimetre-scale
A-layers and B-layers generally consist of multi-
ple individual sublaminae, which can in some
cases be traced by their elemental composition,
for example the Si/Al ratio (Fig. 8A). A typical
millimetre-scale B-layer therefore consists of
many sublaminae of type B, which are separated
by some thinner sublaminae of type A. In addi-
tion to the basic types A and B, occasional
layers with different characteristics, such as
microturbidites and layers with visible microbio-
turbation are observed.

Termination I
With the onset of deep basin anoxia in the
Cariaco Basin at the transition from the end of

the last glacial period to the BA, the sediment
character changes abruptly from a light-coloured,
bioturbated sediment to a dark coloured, lami-
nated sediment (Fig. 5). The Br values mimic this
colour trend traced by the total reflectance L* in
great detail, with higher values in darker sedi-
ments. Layer types A and B also occur in the BA,
although typically they are thinner and less dis-
tinct when compared with the YD. In addition to
A-layers and B-layers, a third lamination type is
apparent, which is hereafter referred to as a ‘C-
layer’.
The layer type C has a blue-greyish colour on

the fresh sediment surface and a light yellowish-
red colour when the sediment surface is oxi-
dized (Fig. 5, for example 17 to 22 mm, Figs 7
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and 8C, 5 to 20 mm). The C-layers have a grey
colour in thin section the under cross-polarized
light; they are in most cases separated by sharp
boundaries from the surrounding sediment
and have a homogenous microfacies. A typical
C-layer is composed dominantly of fine-grained
siliciclastic material and is characterized by con-
siderably elevated concentrations of Fe, Ti and
Al, and low values of Br, Ca and Si/Al. As dis-
cussed further below, C-layers are interpreted to
reflect flood events in the local catchment area.

Stadial 8
Most colder stadials of MIS 3 are at least partly
laminated at their beginning and bioturbated
towards the end (Deplazes et al., 2013). A well-
laminated section from Stadial 8 (S8) following
Interstadial 8 (IS8) (Fig. 2) was selected to char-
acterize the lamination style during stadials
(Figs 6 and 8B).
Both lamination types A and B can be recog-

nized in the stadial section, but the A-layers
are thicker and more dominant, whereas
B-layers are thin and best recognized by peaks

in Si/Al (Figs 6 and 8B). The C-layers can also
be recognized, but they occur only rarely. The
previously described microfacies consisting of
alternating A-sublaminae and B-sublaminae
within A-layers and B-layers is also evident in
most of the section studied here; at some loca-
tions traces of microbioturbation also appear.
In general, however, the lamination is less dis-
tinct and the compositional differences and
variability between the layers are reduced com-
pared to the lamination of the other studied
sections.

Interstadial 8
Two sections of Interstadial 8 were selected to
characterize the nature of the lamination during
warmer interstadials: one at the onset (IS8-2,
consisting of two sediment blocks) and one
well within the interstadial (IS8-1; Figs 2, 7,
8C, 8D and S6). Like the transition into the B/A,
the onset of IS8 is expressed as a sharp change
from a bioturbated, lighter coloured sediment
to a distinctly laminated sediment with dark
layers.
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At the onset of IS8, C-layers occur frequently
and can clearly be recognized on the oxidized
sediment surface as light yellowish-red layers,
which appear as dark grey layers in thin section
under cross-polarized light (Figs 8C, 8D and S6).
The C-layers are again characterized by high val-
ues of Fe, Ti and Al and low values of Br, Ca
and Si/Al in comparison to the A/B-layers; they
have a homogeneous facies and seem to occur in
a regular pattern (Figs 7 and 8C). Within other
sections of IS8, the C-layers occur less fre-
quently (Fig. 8D) or disappear completely
(Fig. S7). The thickest C-layers seem to corre-
spond with times when C-layers occur more fre-
quently (Fig. S7).
Layer types A and B and their microfacies

consisting of sublaminae can be clearly sepa-
rated from the C-layers. However, the B-layers
within IS8 are usually less well expressed than
in the YD and show great variability in their
thickness and detectability (Figs 8C and D). The
most characteristic features of the B-layers are
the dark colour and the peak in Si/Al. The
A-layers are intermediate between the dark,

terrigenous-poor B-layers and the light, terrige-
nous-rich C-layers.

Millennial-scale variability

The detailed examination of selected sediment
intervals in thin section described in the
Description and composition of lamination sec-
tion showed that individual layer types can be
characterized by L* and elemental concentra-
tions or ratios measured by LA–ICP–MS and
XRF core scanning. The occurrence of these
layer types and longer-term trends can therefore
be assessed over the entire length of the Cariaco
sediment record by using the measured high-
resolution L* and elemental intensities or inten-
sity ratios alone (Fig. 2).
On a centennial to millennial-scale, the L*

record and Br intensities trace the DO oscillations
as defined by NGRIP d18O (NGRIP Members,
2004) in great detail and in a coherent way at both
locations in the Cariaco Basin (Figs 2 and 3). War-
mer periods, such as the current interglacial per-
iod and the interstadials, are characterized by a
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darker sediment colour and elevated Br intensi-
ties compared to colder periods. Both L* and Br
intensities show a good correlation with TOC and
concentrations of chlorins (Fig. S4), which are
chlorophyll derived pigments (Harris et al., 1996;
Rosell-Mel�e & Koc, 1997). The terrestrial versus
marine origin of the organic sedimentary fraction
can be estimated with the Branched and Iso-
prenoid Tetraether (BIT) index. The BIT index is
defined on the relative GDGT abundance of ter-
restrially derived tetraether lipids versus marine
derived crenarchaeol (Hopmans et al., 2004; Wei-
jers et al., 2006). The BIT index is lower than 0�1
in all measured samples (Table S5) which sug-
gests that the organic material is dominantly of
marine origin.
In contrast to the L* and Br records, proxies

for terrigenous concentrations do not always
agree between the two sites within the Cariaco
Basin (Figs 2 and 3). The long-term trend of the
terrestrial, siliciclastic fraction over the last

110 kyr can be assessed by the XRF scanning
derived log ratio of Ti and Ca intensities – ln(Ti/
Ca). The use of log ratios has been suggested by
Weltje & Tjallingii (2008). The element Ti is cho-
sen to trace the terrigenous, siliciclastic fraction
because it is a redox-insensitive element and its
variations are thus not affected by diagenesis
(e.g. Peterson et al., 2000a; Haug et al., 2001).
The log-ratio ln(Ti/Ca) should therefore reflect
the relative balance between terrigenous and cal-
careous fractions, with the latter predominantly
of biogenic origin (Martinez et al., 2010). The
XRF scanning derived ln(Ti/Ca) can be well cor-
related with quantitative XRF measurements (co-
efficient of determination R2 = 0�99, Fig. S5;
Tables S2 and S3). When comparing the ln(Ti/
Ca) records of the two coring sites 2621 and
2622, similar long-term trends are observed dur-
ing MIS 1 and the later portion of MIS5, whereas
the records show somewhat differing trends dur-
ing MIS 2 to MIS 4 (Figs 2 and 3).
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The detailed examination of laminae composi-
tion described in the Description and composi-
tion of lamination section has revealed a
distinct layer type C, which is characterized by
high terrigenous concentrations. In the continu-
ous scanning XRF record, the occurrence of
these layers can be traced by brief positive
excursions of ln(Ti/Ca) (Figs S7 and S8). Three
different regimes can be defined based on the
appearance of the C-layers during the last
110 kyr at the two core locations (Fig. 9). First,
during Interglacials MIS 1 and MIS 5, C-layers
are largely missing in both cores with the excep-
tion of the beginning of the BA, where some
C-layers occur. Second, during MIS 3, C-layers
are abundant in both cores and occur more

frequently in interstadials than in stadials.
Third, during MIS 2 and MIS 4, C-layers are
observed almost only in the western core 2622.
An exception is the marked peak in ln(Ti/Ca) at
the end of the last glacial period, that coincides
in both cores with a distinct grey clay-rich sedi-
ment deposited during a time before the onset of
the BA (e.g. Lin et al., 1997).

DISCUSSION

Marine biogenic sedimentation

The good correlation of the total reflectance L*
with chlorophyll derived pigments (chlorins)
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and total organic carbon (TOC; Fig. S4) con-
firms that L* dominantly traces the organic mat-
ter fraction of the sediment (e.g. Peterson et al.,
2000a). The low BIT values of <0�1 (Table S5)
suggest that the organic material is mainly of
marine origin (Hopmans et al., 2004; Weijers
et al., 2006). This is confirmed by the high cor-
respondence of L* with Br intensity which, as
noted already, can be used as a proxy for mar-
ine TOC (Ziegler et al., 2008).
Sedimentary marine TOC variability depends

on organic-matter input (export production),
organic-matter preservation and dilution by
sediment mineral components, factors that
themselves can be inter-related (Tyson, 2005). In
the Cariaco Basin, the Dansgaard–Oeschger (DO)
oscillations, and therefore climate variability,
are faithfully traced by L* and Br measurements
at both locations, even though the relative car-
bonate and siliciclastic concentrations vary dif-
ferently at times between the two core locations
(Figs 2 and 3). The L* variability therefore
cannot simply be a dilution signal of variable
calcareous or siliciclastic input. Sediment trap
studies in the Cariaco Basin have suggested that
surface productivity and mineral ballast (espe-
cially opal and carbonate) are the main factors
determining the carbon flux to the sea floor, and
that anoxia below ca 250 m water depth is not
responsible for the TOC-rich sediments observed
today (Thunell et al., 2000, 2007). For the time
period since the last deglaciation, Riboulleau
et al. (2011) have suggested that intervals with
high TOC in the Cariaco Basin are associated
mainly with periods of high productivity of
organic-walled organisms (dinoflagellates, green
algae, cyanobacteria and bacteria). Variable
organic matter (OM) degradation was excluded
as a cause for variations in TOC over this time
period. Because organic-walled organisms do
not produce a mineral test in addition to OM,
such as calcareous plankton and diatoms, they
result in a high Corg/mineral export ratio and
high TOC values in the sediment (reduced
‘planktonic autodilution’; Tyson, 2005). During
the last glacial period, organic-walled dinoflagel-
late cysts have been shown to be more abundant
during warm interstadials compared with cold
stadials (Gonzalez et al., 2008b). It is therefore
hypothesized that high TOC concentrations
(reflected by high L* and Br values) are mainly
due to elevated productivity of organic-walled
organisms over the time period presented in this
study.

Interpretation of laminae

Layer types A and B
In analogy to the present-day seasonal cycle,
layer type B is interpreted to form during the bor-
eal winter based on the observed enrichment in
biogenic opal. Increased abundances of biogenic
opal in these layers can be observed both visually
and by high Si/Al ratios in LA–ICP–MS data. The
excess of Si relative to the Si/Al of the siliciclas-
tic fraction should reflect the biogenic opal con-
tent, as long as the Si/Al of the siliciclastic
fractions remains more or less stable. The B-
layers show an up to five-fold higher Si/Al ratio
compared with A-layers (Figs 4 and 8), which
can hardly be explained by changes of Si/Al in
the siliciclastic fraction, because the mineralogy
of Cariaco Basin sediments does not show vari-
ability of this magnitude (Clayton et al., 1999). In
contrast, sediment trap studies show that sea-
sonal biogenic opal concentrations can vary as
much as six to seven-fold (Goni et al., 2009). The
B-layers also show high Br intensities, suggesting
that they are enriched in marine TOC from
organic-walled organisms as well. The elevated
concentrations of TOC are the likely reason for
the dark colour of the B-layers on the sediment
surface. Under cross-polarized light, the dark col-
our of the B-layers is additionally enhanced by
the optically isotropic biogenic opal.
Within the Younger Dryas (YD) interval, the

A-layers typically contain more abundant calcite
compared with the B-layers, based on thin sec-
tion observations and elevated Ca concentra-
tions. However, this distinction is less clear in
the glacial sections of S8 and IS8. In sediment
trap studies, higher CaCO3 concentrations are
typically measured during the stratified/rainy
season, but some years show the opposite or no
trend (Goni et al., 2009; Calvert et al., 2015).
The CaCO3 production in the surface waters can
therefore apparently peak during different times
of the year. Additionally, some fraction of the
CaCO3 is potentially mobilized from the nearby,
CaCO3-rich northern shelf around Tortuga and
Margarita, Venezuela (Morelock et al., 1972;
Peterson et al., 2000b; Martinez et al., 2007).
Calcite or Ca concentrations are therefore more
complex to interpret in terms of seasonal vari-
ability. Regardless, the increased abundance of
siliciclastic material in A-layers, reflected in ele-
vated concentrations of terrestrial elements, sug-
gests that these layers are preferentially
deposited during the rainy season.
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In summary, the light-coloured, siliciclastic
and partly CaCO3-rich A-layers are interpreted
to reflect the stratified/rainy season, with
enhanced riverine terrigenous input to the Cari-
aco Basin. The dark-coloured, TOC and biogenic
opal-rich B-layers are interpreted to reflect the
dry season, when enhanced upwelling of nutri-
ent-rich waters triggers increased productivity of
diatoms and organic-walled organisms, and
enhanced deposition of organic matter. The sub-
laminae could represent individual blooms trig-
gered by episodic periods of strong upwelling.
The observation that A-layers and B-layers are
found in glacial sections of the Cariaco sequence
indicates that laminated intervals of the last gla-
cial period can contain varves, even though they
are less distinct and continuous as compared
with the YD and the BA intervals.

Layer type C
The C-layers have an almost exclusive silici-
clastic composition that distinguishes them
from the A-layers and B-layers. In principle,
they could originate from turbidity currents,
triggered by mass movements or slumping
along the seismically active coast. Such
turbidite layers can indeed be recognized in
Cariaco Basin sediments (for example, Fig. S9)
but they are generally darker and thicker than
the C-layers, show a mixed composition of
biogenic, calcareous and siliciclastic compo-
nents, and are generally graded, which is not
the case for C-layers.
The C-layers typically do not show internal

sublaminae like A-layers and B-layers, which
suggests that C-layers have an event-like
character. Additionally, C-layers are sometimes
observed at regular intervals over many centime-
tres (for example, IS8; Fig. 7), pointing to a peri-
odic and most probably seasonal occurrence.
Therefore, the C-layers are interpreted as flood
layers that have a meteorological origin. Periods
of heavy precipitation in the hinterland of the
Cariaco Basin are known to cause flooding and
mobilize large quantities of sediment, which are
transported by local rivers to the sea (Elmore
et al., 2009; Lorenzoni et al., 2012). Subsurface
nepheloid layers might then transport the silici-
clastic suspension load from the coastal environ-
ment to the study sites (Lorenzoni et al., 2009),
resulting in the deposition of light-coloured
event deposits.
Similar light grey terrigenous layers inter-

preted as suspensate event deposits or flood lay-
ers have been described in the Santa Barbara

Basin, USA (Behl, 1995; Schimmelmann et al.,
2006) and in the Arabian Sea (L€uckge et al.,
2002) along continental slopes within an oxygen
minimum zone (OMZ). Clay layer frequencies
have also been used in the Black and Red seas
for palaeoprecipitation changes (Lamy et al.,
2006). In the Arabian Sea off the Makran coast,
these grey terrigenous layers occur on a regular
basis, forming varve-like sediments. L€uckge
et al. (2002) suggest that the light grey layers
represent single short-term events that occur
preferentially during one season. A similar pro-
cess could explain the regular occurrence of the
C-layers in sections of the glacial sediments of
the Cariaco Basin (Fig. 7). However, according
to this interpretation, the C-layers would not be
expected to form true varves, because poten-
tially several or no events could happen during
one season.

Provenance of terrigenous material

Previous studies have suggested that the domi-
nant input of terrigenous material to the Cariaco
Basin comes from local rivers along the sur-
rounding coast, and that aeolian transport or
other remote fluvial sources like the Orinoco or
the Amazon rivers are less important (Elmore
et al., 2009; Martinez et al., 2010). The four
major local rivers that discharge into the Cariaco
Basin are the Tuy (and Tuy-Tac), Unare, Never�ı
and Manzanares (Fig. 1). The C-layers reach
greater thickness and are more frequent at the
western compared to the eastern site (Fig. 9).
These differences imply a more western prove-
nance of the C-layer sediment (i.e. the Tuy or
Unare rivers) because sediment thickness and
the sensitivity to individual flood events is
expected to decrease with distance from the
river delta (Nittrouer, 1999).
This inference of a likely western provenance

is supported by the elemental composition of
the sediment. A regional study investigating sur-
face sediments from the Cariaco Basin has sug-
gested that the different riverine sources to the
Cariaco Basin can be distinguished by their geo-
chemical fingerprint (Martinez et al., 2010). A
ternary diagram of chromium (Cr), thorium (Th)
and scandium (Sc) from Martinez et al. (2010)
was applied to investigate the geochemical
fingerprint of the sections measured by LA–ICP–
MS (Fig. 10). The average values of the LA–
ICP–MS measurements overlap with or are near
to the composition of sediments from the rivers
Tuy, Unare and Never�ı, suggesting that the
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western rivers are the dominant source for the
studied core locations. The chemical signatures
of the C-layers in particular (BA C; IS8-1 C; IS
8-2 C in Fig. 10) tend to fall even closer to the
elemental field of the River Tuy, although they
are not very distinct from the overall sediment
signature.
Today the River Tuy carries by far the highest

annual sediment load (ca 12 9 106 tons per
annum) of all local rivers (Milliman & Syvitski,
1992). The drainage area of the River Tuy
includes heavily populated areas and today’s
river runoff is anthropogenically disturbed

(Mogoll�on et al., 1995). The modern situation
can hence only be used with caution as an ana-
logue for the past (Peterson & Haug, 2006). How-
ever, the River Tuy drains a tectonically active
hinterland with a steep topography (Escalona
et al., 2011). Tectonic activity and topography
are key factors in enhancing sediment discharge
loads (Milliman & Syvitski, 1992) and favour the
River Tuy as an important supplier of terrige-
nous material. The sedimentological characteris-
tics, the geochemical signature and the
geological setting all point towards a south-wes-
tern riverine provenance of the terrigenous
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Fig. 10. Provenance study of terrestrial fraction from sediment core MD03-2621. Average values of different sec-
tions measured by laser ablation–inductively coupled plasma–mass spectrometry were plotted in the Sc*10-Cr-
Th*10 ternary diagram of Martinez et al. (2010), which discriminates different regional sources based on surface
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within Interstadial 8; ca 21�206 to 21�258 m, Fig. 7). The depth scales are given in uncorrected depth, i.e. depth
in metres below sea floor, which was not corrected for voids or gaps in the sediment (Deplazes et al., 2013).
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input, and especially of the sediment deposited
as C-layers, likely to be a combination of the
River Tuy and the Unare River.

Influence of sea level on terrestrial
sedimentation

Previous studies have used Ti abundances or
ratios of Ti to other elements to reconstruct ter-
rigenous input to the Cariaco Basin (Peterson
et al., 2000a; Yarincik et al., 2000; Haug et al.,
2001; Martinez et al., 2007). However, the dif-
ferences in Ti concentrations and ln(Ti/Ca) at
the two sites during portions of the last glacial
period suggest that these proxies vary in their
sensitivity to the signal.
The three different regimes distinguished by

C-layer abundance peaks in ln(Ti/Ca) at the two
sites (Fig. 9) yield insights into the underlying
processes. It is likely that sea level and source
proximity (e.g. Peterson & Haug, 2006) had a
major influence on terrigenous sedimentation
and the occurrence of C-layers in the Cariaco
Basin during the investigated time period.
During the sea-level highstands of MIS 5 and
MIS 1, the broad Unare Shelf region south of the
Cariaco Basin is flooded. Riverine terrigenous
material is partly trapped on the shelf and has a
long transport distance to the studied sites. This
probably helps to explain why neither site
appears to register C-layers during highstands.
The absence of C-layers does not necessarily
mean that suspended material from flooding is
not reaching the study sites any more, but that
potential event-layers may be so thin that they
integrate into the typical sublaminae of the
A-layers. During an intermediate climate regime,
such as MIS 3 with a sea level of ca 60 to 80 m
below present, both sites record the presence of
C-layers. The shelf is partly exposed and the
local rivers can feed sediment more directly to
the core locations. During maximum sea-level
lowstands, such as during MIS 2 and MIS 4, it
is mainly the western site that registers C-layers,
whereas C-layers are only occasionally observed
at the eastern site. At such times, the eastern
site may have lost its sensitivity to record the
C-layers because of its location in the eastern
sub-basin further away from the river mouth(s)
and on the opposite side of the central saddle.
Transport of terrigenous material in the form of
nepheloid layers might result in the saddle pre-
venting flows to the eastern sub-basin during
sea-level lowstands, although both coring sites
are located at similar water depths on the

shallower part of the saddle. Additionally,
changes in ocean currents (Alvera-Azcarate
et al., 2009; Lane-Serff & Pearce, 2009) and the
magnitude of the flood events might be influenc-
ing factors.

Influence of climate variability

On a millennial timescale, the C-layers occur
distinctly more often in interstadials than in
stadials of MIS 3 at both locations (Fig. 9).
Because sea level can apparently influence
deposition of C-layers, the stadial–interstadial
difference could potentially be related to sea-
level changes as well. However, the timing and
magnitude of millennial-scale sea-level changes
during MIS 3 is still debated. Some studies
reconstruct high sea levels during warm inter-
stadials inferring that sea level is mostly related
to ice sheet behaviour in the Northern Hemi-
sphere (Arz et al., 2007). Other studies relate
high sea level or sea-level rise with cold peri-
ods in the Northern Hemisphere, arguing that
the sea level responds mainly to an Antarctic
forcing (Siddall et al., 2003). Either way, the
observed pattern in the occurrence of C-layers
is difficult to explain with sea level alone,
because changes in sea level might be expected
to affect the occurrence of C-layers differently
at the two sites (see Influence of sea level on
terrestrial sedimentation section), which is not
observed during MIS 3.
A more regional, climate-related reason for

the observed changes in C-layer occurrence is
therefore likely. The C-layers are interpreted as
flood events, which are triggered by periods of
heavy rainfall. The increased frequency of
C-layers during interstadials at both locations
points to increased rainfall in the hinterland of
the Cariaco Basin associated with a northward
shifted ITCZ during interstadials. The C-layers
also seem to be thicker at times when they
occur more frequently (Fig. S7) i.e. during
interstadials. Assuming a positive relationship
between layer thickness and flood magnitude it
would indicate that during interstadials flood
frequency and magnitude of events increased.
Layer thickness can also depend on other
factors; therefore, this conclusion has to be
taken with caution.
The interpretation of increased frequency and

perhaps higher magnitude events during inter-
stadials is in accordance with previous studies
that have reconstructed warmer and wetter con-
ditions during interstadials, leading to an overall
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enhanced river runoff of terrigenous material to
the Cariaco Basin (Peterson et al., 2000a; Gonza-
lez et al., 2008a). The high-resolution records
presented in this study additionally suggest that
a greater fraction of terrigenous material deposi-
tion took place in the form of individual, and
perhaps higher magnitude, flood events instead
of continuously over the whole year or in one
season. The more northward position of the
ITCZ during interstadials seems to have resulted
in increased intraseasonal to interannual rainfall
variability, which is also suggested by the
increased variance of the L* records during
interstadials and by modelling studies (Deplazes
et al., 2013). Such an increase in rainfall vari-
ance and occurrence of extreme precipitation
events might have been crucial for mobilizing
the sediment in the catchment area. Therefore,
extreme events could have an important control
on erosion and sediment transport in the Cari-
aco Basin drainage basin, as has been shown in
other regions (Terry et al., 2002).
Additionally, the inferred stronger seasonality

and interannual climate variability during inter-
stadials compared with stadials could have had
an important influence on changes in phyto-
plankton community structure and primary
productivity traced by the L* and Br records.
Enhanced rainy seasons in the interstadials
compared to the stadials might have brought
additional nutrients to the Cariaco Basin, when
inflow of nutrient-rich sub thermocline waters
from the Caribbean Sea was restricted because
of the lower sea level (Peterson et al., 2000a;
Lane-Serff & Pearce, 2009). Strong rainy seasons
would also have resulted in stratified condi-
tions, which can favour the flourishing of some
types of organic-walled organisms (Dahl et al.,
2004; Gonzalez et al., 2008b; Riboulleau et al.,
2011). Such stratification might have been
enhanced in a basin more restricted by the sea-
level drop of ca 60 to 80 m expected for MIS 3.
In addition, the fact that B-layers are observed
suggests that diatom blooms occurred regularly,
likely to be stimulated by upwelling during the
windy season. Hence, a strong seasonal and
interannual change between upwelling and
stratified conditions, as well as an increased
occurrence of extreme precipitation events
during warm periods, might have enhanced phy-
toplankton productivity with an increased abun-
dance of organic walled organisms, leading to
elevated TOC concentrations that are traced by
the L* and Br record. In summary, sea level is
likely to determine the ability of a specific site

within the Cariaco Basin to register the C-layers
on an interglacial to glacial timescale. On a sub-
decadal to millennial timescale, however, cli-
mate variability in association with ITCZ
migration is posited to have a major influence
on the occurrence of C-layers as well as on phy-
toplankton community structure and primary
productivity.

CONCLUSIONS

This high-resolution study of organic and inor-
ganic proxies in two sediment cores from the
Cariaco Basin reveals new insights into the
interplay between sea level and climate:
1 The Dansgaard–Oeschger (DO) oscillations of
the last glacial period are most clearly traced by
total reflectance L* and elemental bromine mea-
surements. These proxies can be well correlated
over different sites of the Cariaco Basin and
dominantly reflect the marine organic matter
content of the sediment. Oscillations in the
organic matter content likely reflect changes in
phytoplankton community structure and pri-
mary productivity, which are influenced by the
position and the variability of the Intertropical
Convergence Zone (ITCZ).
2 Couplets of paired light and dark-coloured
laminae (layer types A and B) can be recognized
in the sediment sections of the Younger Dryas
(YD), the Bølling-Allerød (BA) and the last
glacial period, and are interpreted as varves
tracing the seasonally varying flux to the sea
floor. An additional terrigenous layer type C is
identified that seems to occur almost exclusively
during the last glacial period and the onset of
the Bølling-Allerød.
3 The terrigenous, siliciclastic C-layers are
interpreted to originate from heavy precipitation
and flood events that at times occurred season-
ally. The sedimentological characteristics, geo-
chemical fingerprint and the geological setting
point to a south-western riverine provenance of
the C-layers, most likely the River Tuy and
potentially the Unare River.
4 The sedimentary terrigenous contents and
the occurrence of C-layers at the two sites differ
at times from one another depending on sea
level. The more frequent occurrence of C-layers
in the western site relative to the eastern site
during Marine Isotope Stage (MIS) 4 and MIS 2
is explained by a lowering of sea level, which
favours the western site for deposition of these
particular flood deposits. Additionally, changes
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in ocean currents and the magnitude of the flood
events might be influencing factors.
5 During MIS 3, when sensitivity to flood

events at both sites is greatest because of interme-
diate sea levels, the increased occurrence of C-
layers during interstadials compared to stadials
at both sites is best explained by enhanced rain-
fall variability and flood frequency in association
with a northward position of the ITCZ.

ACKNOWLEDGEMENTS

The IMAGES program, Carlo Laj and crew of the
R/V Marion Dufresne are thanked for a success-
ful coring cruise. The authors are grateful to U.
Brupbacher, M. K€ohler, P. Ulmer and L. Zehn-
der for technical assistance. K. Gibson is
acknowledged for her help in establishing the
age model. We also thank two anonymous
reviewers. This work was supported by the
Deutsche Forschungsgemeinschaft (DFG, Gott-
fried Wilhelm Leibniz Prize) and the US
National Science Foundation (NSF).

REFERENCES

Alvera-Azcarate, A., Barth, A. and Weisberg, R.H. (2009) A
nested model of the Cariaco Basin (Venezuela):

description of the basin’s interior hydrography and

interactions with the open ocean. Ocean Dyn., 59, 97–120.
Arz, H.W., P€atzold, J. and Wefer, G. (1998) Correlated

millennial-scale changes in surface hydrography and

terrigenous sediment yield inferred from last-glacial

marine deposits off northeastern Brazil. Quatern. Res., 50,
157–166.

Arz, H.W., Lamy, F., Ganopolski, A., Nowaczyk, N. and

P€atzold, J. (2007) Dominant Northern Hemisphere climate

control over millennial-scale glacial sea-level variability.

Quatern. Sci. Rev., 26, 312–321.
Baker, P., Rigsby, C., Seltzer, G., Fritz, S., Lowenstein, T.,

Bacher, N. and Veliz, C. (2001) Tropical climate changes

at millennial and orbital timescales on the Bolivian

Altiplano. Nature, 409, 698–701.
Behl, R.J. (1995) Sedimentary facies and sedimentology of

the late quaternary Santa Barbara Basin, Site 893. In:

Proceedings of the Ocean Drilling Program, Scientific

Results. Ocean Drilling Program (Eds J.P. Kennett, J.G.

Baldauf and M. Lyle), College Station, TX, pp. 295–308.
Bond, G., Broecker, W., Johnsen, S., McManus, J., Labeyrie,

L., Jouzel, J. and Bonani, G. (1993) Correlations between

climate records from North Atlantic sediments and

Greenland ice. Nature, 365, 143–147.
Broecker, W.S. (2003) Does the trigger for abrupt climate

change reside in the ocean or in the atmosphere? Science,

300, 1519–1522.
Calvert, S.E., Piper, D.Z., Thunell, R.C. and Astor, Y. (2015)

Elemental settling and burial fluxes in the Cariaco Basin.

Mar. Chem., 177, 607–629.

Chiang, J.C.H. (2009) The tropics in paleoclimate. Annu.

Rev. Earth Planet. Sci., 37, 263–297.
Chiang, J.C.H., Biasutti, M. and Battisti, D.S. (2003) Sensitivity

of the Atlantic intertropical convergence zone to last glacial

maximum boundary conditions. Paleoceanography, 18,
1094. https://doi.org/10.1029/2003PA000916.

Clayton, T., Pearce, R.B. and Peterson, L.C. (1999) Indirect

climatic control of the clay mineral composition of

Quaternary sediments from the Cariaco basin, northern

Venezuela (ODP Site 1002). Mar. Geol., 161, 191–206.
Dahl, K.A., Repeta, D.J. and Goericke, R. (2004)

Reconstructing the phytoplankton community of the

Cariaco Basin during the Younger Dryas cold event using

chlorin steryl esters. Paleoceanography, 19, PA1006.

https://doi.org/10.1029/2003PA000907.

Dansgaard, W., Johnsen, S.J., Clausen, H.B., Dahljensen, D.,
Gundestrup, N.S., Hammer, C.U., Hvidberg, C.S.,
Steffensen, J.P., Sveinbjornsdottir, A.E., Jouzel, J. and Bond,
G. (1993) Evidence for general instability of past climate

from a 250-kyr ice-core record.Nature, 364, 218–220.
Deplazes, G., L€uckge, A., Peterson, L.C., Timmermann, A.,

Hamann, Y., Hughen, K.A., R€ohl, U., Laj, C., Cane, M.A.,
Sigman, D.M. and Haug, G.H. (2013) Links between

tropical rainfall and North Atlantic climate during the last

glacial period. Nature Geosci., 6, 213–217.
Elmore, A.C., Thunell, R.C., Styles, R., Black, D., Murray,

R.W., Martinez, N. and Astor, Y. (2009) Quantifying the

seasonal variations in fluvial and eolian sources of

terrigenous material to Cariaco Basin, Venezuela. J. S. Am.
Earth Sci., 27, 197–210.

Escalona, A., Mann, P. and Jaimes, M. (2011) Miocene to

recent Cariaco basin, offshore Venezuela: structure,

tectonosequences, and basin-forming mechanisms. Mar.

Petrol. Geol., 28, 177–199.
Fietz, S., Martinez-Garcia, A., Rueda, G., Peck, V.L.,

Huguet, C., Escala, M. and Rosell-Mel�e, A. (2011)

Crenarchaea and phytoplankton coupling in sedimentary

archives: common trigger or metabolic dependence?

Limnol. Oceanogr., 56, 1907–1916.
Fricker, M.B., Kutscher, D., Aeschlimann, B., Frommer, J.,

Dietiker, R., Bettmer, J. and G€unther, D. (2011) High

spatial resolution trace element analysis by LA-ICP-MS

using a novel ablation cell for multiple or large samples.

Int. J. Mass Spectrom., 307, 39–45.
Gibson, K.A. and Peterson, L.C. (2014) A 0.6 million year

record of millennial-scale climate variability in the

tropics. Geophys. Res. Lett., 41, 969–975.
Goni, M.A., Aceves, H., Benitez-Nelson, B., Tappa, E.,

Thunell, R., Black, D.E., Muller-Karger, F., Astor, Y. and
Varela, R. (2009) Oceanographic and climatologic controls

on the compositions and fluxes of biogenic materials in

the water column and sediments of the Cariaco Basin over

the Late Holocene. Deep Sea Res., 56, 614–640.
Gonzalez, C., Dupont, L.M., Behling, H. and Wefer, G. (2008a)

Neotropical vegetation response to rapid climate changes

during the last glacial period: palynological evidence from

the Cariaco Basin. Quatern. Res., 69, 217–230.
Gonzalez, C., Dupont, L.M., Mertens, K. and Wefer, G.

(2008b) Reconstructing marine productivity of the Cariaco

Basin during marine isotope stages 3 and 4 using organic-

walled dinoflagellate cysts. Paleoceanography, 23,
PA3215. https://doi.org/10.1029/2008PA001602.

Grant, K.M., Rohling, E.J., Bar-Matthews, M., Ayalon, A.,
Medina-Elizalde, M., Bronk Ramsey, C. and Roberts, A.P.
(2012) Rapid coupling between ice volume and polar

© 2018 The Authors. Sedimentology © 2018 International Association of Sedimentologists, Sedimentology, 66, 1967–1988

Palaeoclimate variability, Cariaco Basin 1985

https://doi.org/10.1029/2003PA000916.
https://doi.org/10.1029/2003PA000907
https://doi.org/10.1029/2008PA001602


temperature over the past 150,000 years. Nature, 491, 744–
747.

G€unther, D., Frischknecht, R., Heinrich, C.A. and Kahlert,
H.J. (1997) Capabilities of an argon fluoride 193 nm

excimer laser for laser ablation inductively coupled

plasma mass spectrometry microanalysis of geological

materials. J. Anal. Atom. Spectrom., 12, 939–944.
Harris, P.G. and Maxwell, J.R. (1995) A novel method for

the rapid determination of chlorin concentrations at high

stratigraphic resolution in marine sediments. Org.
Geochem., 23, 853–856.

Harris, P.G., Zhao, M., Rosell-Mel�e, A., Tiedemann, R.,
Sarnthein, M. and Maxwell, J.R. (1996) Chlorin

accumulation rate as a proxy for Quaternary marine

primary productivity. Nature, 383, 63–65.
Haug, G.H., Pedersen, T.F., Sigman, D.M., Calvert, S.E.,

Nielsen, B. and Peterson, L.C. (1998) Glacial/interglacial

variations in production and nitrogen fixation in the

Cariaco Basin during the last 580 kyr. Paleoceanography,

13, 427–432.
Haug, G.H., Hughen, K.A., Sigman, D.M., Peterson, L.C. and

R€ohl, U. (2001) Southward migration of the intertropical

convergence zone through the Holocene. Science, 293,
1304–1308.

Herrmann, A.G. and Knake, D. (1973) Coulometric method

for the determination of total, carbonate, and non-

carbonate carbon in igneous, metamorphic, and

sedimentary rocks. Z. Anal. Chem., 266, 196–201.
Hertzberg, J.E., Black, D.E., Peterson, L.C., Thunell, R.C. and

Haug, G.H. (2012) Decadal- to centennial-scale tropical

Atlantic climate variability across a Dansgaard-Oeschger

cycle. Paleoceanography, 27, PA3218. https://doi.org/

10.1029/2011PA002251.

Hodell, D.A., Anselmetti, F.S., Ariztegui, D., Brenner, M.,
Curtis, J.H., Gilli, A., Grzesik, D.A., Guilderson, T.J.,
M€uller, A.D., Bush, M.B., Correa-Metrio, A., Escobar, J.
and Kutterolf, S. (2008) An 85-ka record of climate change

in lowland Central America. Quatern. Sci. Rev., 27, 1152–
1165.

Hopmans, E.C., Schouten, S., Pancost, R.D., van der Meer,
M.T.J. and Sinninghe Damst�e, J.S. (2000) Analysis of intact

tetraether lipids in archaeal cell material and sediments by

high performance liquid chromatography/atmospheric

pressure chemical ionization mass spectrometry. Rapid

Commun. Mass Spectrom., 14, 585–589.
Hopmans, E.C., Weijers, J.W.H., Schefuss, E., Herfort, L.,

Sinninghe Damst�e, J.S. and Schouten, S. (2004) A novel

proxy for terrestrial organic matter in sediments based on

branched and isoprenoid tetraether lipids. Earth Planet.

Sci. Lett., 224, 107–116.
Hughen, K.A., Overpeck, J.T., Peterson, L.C. and Trumbore,

S. (1996a) Rapid climate changes in the tropical Atlantic

region during the last deglaciation. Nature, 380, 51–54.
Hughen, K.A., Overpeck, J.T., Peterson, L.C. and Anderson,

R.F. (1996b) The nature of varved sedimentation in the

Cariaco Basin, Venezuela, and its paleoclimatic

significance. In: Palaeoclimatology and Palaeoceanog-

raphy from Laminated Sediments (Ed. A.E.S. Kemp), pp.

171–183. Geological Society, London.
Hughen, K.A., Southon, J.R., Bertrand, C.J.H., Frantz, B. and

Zermeno, P. (2004) Cariaco basin calibration update:

revisions to calendar and 14C chronologies for core PL07-

58PC. Radiocarbon, 46, 1161–1187.
Hughen, K., Southon, J., Lehman, S., Bertrand, C. and

Turnbull, J. (2006) Marine-derived 14C calibration and

activity record for the past 50,000 years updated from the

Cariaco Basin. Quatern. Sci. Rev., 25, 3216–3227.
Krebs, U. and Timmermann, A. (2007) Tropical air-sea

interactions accelerate the recovery of the Atlantic

meridional overturning circulation after a major

shutdown. J. Clim., 20, 4940–4956.
Laj, C. and Shipboard Scientific Party. (2004) MD132/IMAGES

XI, PICASSO cruise report, Les rapports de campagnes �a la

mer. Institut Polaire Francais Paul-Emile Victor (IPEV), p. 76.

Lambeck, K., Rouby, H., Purcell, A., Sun, Y. and Sambridge,
M. (2014) Sea level and global ice volumes from the Last

Glacial Maximum to the Holocene. Proc. Natl Acad. Sci.

USA, 111, 15296–15303.
Lamy, F., Arz, H.W., Bond, G.C., Bahr, A. and P€atzold, J.

(2006) Multicentennial-scale hydrological changes in the

Black Sea and northern Red Sea during the Holocene and

the Arctic/North Atlantic Oscillation. Paleoceanography,

21, PA1008. https://doi.org/10.1029/2005PA001184.

Lane-Serff, G.F. and Pearce, R.B. (2009) Modeling

hydrography and marine sedimentation in the Cariaco

Basin since the last glacial maximum. J. Geophys. Res.,
114, 2239–2260.

Leduc, G., Vidal, L., Tachikawa, K., Rostek, F., Sonzogni,
C., Beaufort, L. and Bard, E. (2007) Moisture transport

across Central America as a positive feedback on abrupt

climatic changes. Nature, 445, 908–911.
Lin, H.L., Peterson, L.C., Overpeck, J.T., Trumbore, S.E. and

Murray, D.W. (1997) Late quaternary climate change from

delta d18O records of multiple species of planktonic

foraminifera: high-resolution records from the anoxic

Cariaco Basin, Venezuela. Paleoceanography, 12, 415–427.
Longerich, H.P., Jackson, S.E. and G€unther, D. (1996) Laser

ablation inductively coupled plasma mass spectrometric

transient signal data acquisition and analyte concentration

calculation. J. Anal. Atom. Spectrom., 11, 899–904.
Lorenzoni, L., Thunell, R.C., Benitez-Nelson, C.R.,

Hollander, D., Martinez, N., Tappa, E., Varela, R., Astor,
Y. and Muller-Karger, F.E. (2009) The importance of

subsurface nepheloid layers in transport and delivery of

sediments to the eastern Cariaco Basin, Venezuela. Deep
Sea Res., 156, 2249–2262.

Lorenzoni, L., Benitez-Nelson, C.R., Thunell, R.C.,
Hollander, D., Varela, R., Astor, Y., Audemard, F.A. and
Muller-Karger, F.E. (2012) Potential role of event-driven

sediment transport on sediment accumulation in the

Cariaco Basin, Venezuela. Mar. Geol., 307, 105–110.
L€uckge, A., Reinhardt, L., Andruleit, H., Doose-Rolinski, H.,

von Rad, U., Schulz, H. and Treppke, U. (2002) Formation of

varve-like laminae off Pakistan: decoding 5 years of

sedimentation. In: The Tectonic and Climatic Evolution of

the Arabian Sea Region (Eds P.D. Clift, D. Kroon, C. Gaedicke

and J. Craig), pp. 421–431. Geological Society, London.
Martinez, N.C., Murray, R.W., Thunell, R.C., Peterson, L.C.,

Muller-Karger, F., Astor, Y. and Varela, R. (2007) Modern

climate forcing of terrigenous deposition in the tropics

(Cariaco Basin, Venezuela). Earth Planet. Sci. Lett., 264,
438–451.

Martinez, N.C., Murray, R.W., Thunell, R.C., Peterson, L.C.,
Muller-Karger, F., Lorenzoni, L., Astor, Y. and Varela, R.
(2010) Local and regional geochemical signatures of

surface sediments from the Cariaco Basin and Orinoco

Delta, Venezuela. Geology, 38, 159–162.
Members, N.G.R.I.P. (2004) High-resolution record of

Northern Hemisphere climate extending into the last

interglacial period. Nature, 431, 147–151.

© 2018 The Authors. Sedimentology © 2018 International Association of Sedimentologists, Sedimentology, 66, 1967–1988

1986 G. Deplazes et al.

https://doi.org/10.1029/2011PA002251
https://doi.org/10.1029/2011PA002251
https://doi.org/10.1029/2005PA001184


Menviel, L., Timmermann, A., Friedrich, T. and England,
M.H. (2014) Hindcasting the continuum of Dansgaard-

Oeschger variability: mechanisms, patterns and timing.

Clim. Past, 10, 63–77.
Milliman, J.D. and Syvitski, J.P.M. (1992) Geomorphic

tectonic control of sediment discharge to the ocean – the

importance of small mountainous rivers. J. Geol., 100,
525–544.

Mogoll�on, J.L., Ramirez, A.J. and Bifano, C. (1995) Influence
of sampling strategy, lithology, vegetation and rainfall on

metal background concentrations in sediment of the tropical

Tuy River Basin, Venezuela. Chem. Geol., 121, 263–272.
Morelock, J., Maloney, N. and Bryant, W.R. (1972) Structure

and sediments of the continental shelf of central

Venezuela. Bol. Inst. Oceanogr. Univ. Oriente, 11, 127–136.
Mosblech, A.S., Bush, M.B., Gosling, W.D., Hodell, D.A.,

Thomas, L., van Calsteren, P., Correa-Metrio, A.,
Valencia, B.G., Curtis, J. and van Woesik, R. (2012) North

Atlantic forcing of Amazonian precipitation during the

last ice age. Nature Geosci., 5, 817–820.
Muller-Karger, F., Varela, R., Thunell, R., Scranton, M.,

Bohrer, R., Taylor, G., Capelo, J., Astor, Y., Tappa, E.,
Ho, T.Y. and Walsh, J.J. (2001) Annual cycle of primary

production in the Cariaco Basin: response to upwelling

and implications for vertical export. J. Geophys. Res.
Oceans, 106, 4527–4542.

Nittrouer, C.A. (1999) STRATAFORM: overview of its design

and synthesis of its results. Mar. Geol., 154, 3–12.
Petersen, S.V., Schrag, D.P. and Clark, P.U. (2013) A new

mechanism for Dansgaard-Oeschger cycles.

Paleoceanography, 28, 24–30.
Peterson, L.C. and Haug, G.H. (2006) Variability in the mean

latitude of the Atlantic Intertropical Convergence Zone as

recorded by riverine input of sediments to the Cariaco Basin

(Venezuela). Palaeogeogr. Palaeoclimatol. Palaeoecol., 234,
97–113.

Peterson, L.C., Overpeck, J.T., Kipp, N.G. and Imbrie, J. (1991)
A high-resolution late quaternary upwelling record from the

anoxic Cariaco Basin, Venezuela. Paleoceanography, 6,
99–119.

Peterson, L.C., Haug, G.H., Hughen, K.A. and R€ohl, U.
(2000a) Rapid changes in the hydrologic cycle of the

tropical Atlantic during the last glacial. Science, 290,
1947–1951.

Peterson, L.C., Haug, G.H., Murray, R.W., Yarincik, K.M.,
King, J.W., Bralower, T.J., Kameo, K., Rutherford, S.D.
and Pearce, R.B. (2000b) Late quaternary stratigraphy and

sedimentation at site 1002, Cariaco Basin (Venezuela). In:

Proceedings of the Ocean Drilling Program, Scientific

Results (Eds R.M. Leckie, H. Sigurdsson, H. Acton and G.

Draper), pp. 85–99. ODP, College Station, TX.

Riboulleau, A., Tribovillard, N., Baudin, F., Bout-
Roumazeilles, V. and Lyons, T.W. (2011) Unexpectedly

low organic matter content in Cariaco Basin sediments

during the Younger Dryas: origin and implications. CR
Geosci., 343, 351–359.

Riboulleau, A., Bout-Roumazeilles, V. and Tribovillard, N.
(2014) Controls on detrital sedimentation in the Cariaco

Basin during the last climatic cycle: insight from clay

minerals. Quatern. Sci. Rev., 94, 62–73.
Richter, T.O., van der Gaast, S., Koster, B., Vaars, A.,

Gieles, R., de Stigter, H.C., de Haas, H. and van
Weering, T.C.E. (2006) The Avaatech XRF Core Scanner:

technical description and applications to NE Atlantic

sediments. In: New Techniques in Sediment Core

Analysis (Ed. R.G. Rothwell), pp. 39–50. Geological

Society, London.

Rosell-Mel�e, A. and Koc, N. (1997) Paleoclimatic significance

of the stratigraphic occurrence of photosynthetic biomarker

pigments in the Nordic seas. Geology, 25, 49–52.
Schimmelmann, A., Lange, C.B., Roark, E.B. and Ingram,

B.L. (2006) Resources for paleoceanographic and

paleoclimatic analysis: a 6,700-year stratigraphy and

regional radiocarbon reservoir-age (ΔR) record based on

varve counting and 14C-AMS dating for the Santa

Barbara Basin, offshore California, USA. J. Sed. Res., 76,
74–80.

Shipboard Scientific Party (1997) Site 1002. In: Proceedings

of the Ocean Drilling Program, Initial Reports (Eds H.

Sigurdsson, R.M. Leckie and G.D. Acton), pp. 359–373.
ODP, College Station, TX.

Siddall, M., Rohling, E.J., Almogi-Labin, A., Hemleben, C.,
Meischner, D., Schmelzer, I. and Smeed, D.A. (2003) Sea-
level fluctuations during the last glacial cycle. Nature,

423, 853–858.
Steffensen, J.P., Andersen, K.K., Bigler, M., Clausen, H.B.,

Dahl-Jensen, D., Fischer, H., Goto-Azuma, K., Hansson,
M., Johnsen, S.J., Jouzel, J., Masson-Delmotte, V., Popp,
T., Rasmussen, S.O., R€othlisberger, R., Ruth, U., Stauffer,
B., Siggaard-Andersen, M.L., Sveinbj€ornsdottir, A.E.,
Svensson, A. and White, J.W.C. (2008) High-resolution

Greenland ice core data show abrupt climate change

happens in few years. Science, 321, 680–684.
Stockhecke, M., Sturm, M., Brunner, I., Schmincke, H.U.,

Sumita, M., Kipfer, R., Cukur, D., Kwiecien, O. and

Anselmetti, F.S. (2014) Sedimentary evolution and

environmental history of Lake Van (Turkey) over the past

600 000 years. Sedimentology, 616, 1830–1861.
Svensson, A., Andersen, K., Bigler, M., Clausen, H., Dahl-

Jensen, D., Davies, S., Johnsen, S., Muscheler, R.,
Parrenin, F., Rasmussen, S., R€othlisberger, R., Seierstad,
I., Steffensen, J. and Vinther, B. (2008) A 60000 year

Greenland stratigraphic ice core chronology. Clim. Past, 4,
47–57.

Terry, J.P., Garimella, S. and Kostaschuk, R.A. (2002) Rates
of floodplain accretion in a tropical island river system

impacted by cyclones and large floods. Geomorphology,

42, 171–182.
Thunell, R.C., Varela, R., Llano, M., Collister, J., Muller-

Karger, F. and Bohrer, R. (2000) Organic carbon fluxes,

degradation, and accumulation in an anoxic basin:

sediment trap results from the Cariaco Basin. Limnol.
Oceanogr., 45, 300–308.

Thunell, R.C., Benitez-Nelson, C., Varela, R., Astor, Y. and
Muller-Karger, F.E. (2007) Particulate organic carbon

fluxes along upwelling-dominated continental margins:

rates and mechanisms. Global Biogeochem. Cycles, 21,
GB1022. https://doi.org/10.1029/2006GB002793.

Timmermann, A., Gildor, H., Schulz, M. and Tziperman, E.
(2003) Coherent resonant millennial-scale climate

oscillations triggered by massive meltwater pulses.

J. Clim., 16, 2569–2585.
Tyson, R.V. (2005) The “productivity versus preservation”

controversy: cause, flaws, and resolution. In: The

Deposition of Organic-carbon-rich Sediments: Models,

Mechanisms and Consequences (Ed. N.B. Harris), pp. 17–
33. Society of Sedimentary Geology, Tulsa, USA.

Wang, X.F., Auler, A.S., Edwards, R.L., Cheng, H.,
Cristalli, P.S., Smart, P.L., Richards, D.A. and Shen,
C.C. (2004) Wet periods in northeastern Brazil over the

© 2018 The Authors. Sedimentology © 2018 International Association of Sedimentologists, Sedimentology, 66, 1967–1988

Palaeoclimate variability, Cariaco Basin 1987

https://doi.org/10.1029/2006GB002793


past 210 kyr linked to distant climate anomalies. Nature,

432, 740–743.
Weijers, J.W.H., Schouten, S., Spaargaren, O.C. and

Sinninghe Damst�e, J.S. (2006) Occurrence and distribution

of tetraether membrane lipids in soils: implications for the

use of the TEX(86) proxy and the BIT index. Org.
Geochem., 37, 1680–1693.

Weltje, G.J. and Tjallingii, R. (2008) Calibration of XRF core

scanners for quantitative geochemical logging of sediment

cores: theory and application. Earth Planet. Sci. Lett., 274,
423–438.

Wolff, E.W., Chappellaz, J., Blunier, T., Rasmussen, S.O.
and Svensson, A. (2010) Millennial-scale variability

during the last glacial: the ice core record. Quatern. Sci.
Rev., 29, 2828–2838.

Wunsch, C. (2006) Abrupt climate change: an alternative

view. Quatern. Res., 65, 191–203.
Yarincik, K.M., Murray, R.W. and Peterson, L.C. (2000)

Climatically sensitive eolian and hemipelagic deposition

in the Cariaco Basin, Venezuela, over the past

578,000 years: results from Al/Ti and K/Al.

Paleoceanography, 15, 210–228.
Zhang, R. and Delworth, T.L. (2005) Simulated tropical

response to a substantial weakening of the Atlantic

thermohaline circulation. J. Clim., 18, 1853–1860.
Ziegler, M., Jilbert, T., de Lange, G.J., Lourens, L.J. and

Reichart, G.J. (2008) Bromine counts from XRF

scanning as an estimate of the marine organic carbon

content of sediment cores. Geochem. Geophys. Geosys,
9, Q05009. https://doi.org/10.1029/2007GC001932.

Manuscript received 21 January 2018; revision
accepted 28 November 2018

Supporting Information

Additional information may be found in the online
version of this article:

Fig. S1. Digital image of sediment surface of core
MD03-2622 (13�5 to 18�0 m uncorrected depth) with
total reflectance L* record (red).
Fig. S2. Comparison of high-resolution composi-

tional measurements acquired by LA–ICP–MS and
Avaatech XRF core scanner.
Fig. S3. Comparison of high-resolution compositional

measurements acquired by LA–ICP–MS and Avaatech
XRF core scanner from the Younger Dryas (MD03-2621,
~5�74 to 5�83 m uncorrected depth, Figs 4 and S2).
Fig. S4. Comparison of total reflectance L* with ele-

mental bromine intensities (Br), chlorin concentrations
and TOC in core MD03-2621.
Fig. S5. Correlation of titanium (Ti) intensities with

Ti concentrations.
Fig. S6. Detailed view of layer types A, B and C in

thin sections.
Fig. S7. Tracing C-layers with titanium (Ti) measure-

ments (MD03-2621, 21�00 to 21�38 m uncorrected depth).
Fig. S8. Multiproxy analysis of a sediment section at

the onset of Interstadial 8 (MD03-2621, ~21�206 to
21�282 m uncorrected depth).
Fig. S9. Example of a turbidite in core MD03-2621

(adapted from Deplazes et al. 2013).
Table S1. Tiepoints for construction of age model of

core MD03-2622 from the Cariaco Basin.
Table S2. Goodness-of-fit statistics (coefficients of

determination R2) of elemental intensities measured by
XRF core scanner versus elemental concentrations mea-
sured by conventional XRF (Fig. S5).
Table S3. Goodness-of-fit statistics (coefficients of

determination R2) of log ratios of elemental intensities
(XRF core scanner) versus concentrations (conventional
XRF) (Fig. S5).
Table S4. Operating conditions of the Laser and the

quadrupole ICP-MS and list of measured isotopes.
Table S5. Branched and Isoprenoid Tetraether (BIT)

index for samples of core MD03-2621 (Fig. S4).

© 2018 The Authors. Sedimentology © 2018 International Association of Sedimentologists, Sedimentology, 66, 1967–1988

1988 G. Deplazes et al.

https://doi.org/10.1029/2007GC001932

